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ABSTRACT 

 Recently, considerable advances have been made in the study of the pathophysiology of 

leukemias. However, significant knowledge gaps still exist in our understanding of the 

heterogeneity of these diseases at the molecular level and of the mechanisms of treatment 

resistance. Improvements in the fields of multiparameter flow cytometry (MFC) and genetics have 

the potential to answer some of these questions with regards to hematological malignancies. Such 

knowledge is essential for the development of rational therapeutic strategies. In this thesis, I 

present two projects related to this common theme. 

 In the first project, I designed a single-tube, 17-color flow cytometry strategy allowing for 

the identification of minimal/measurable residual disease (MRD) in acute myeloid leukemia 

(AML). In order to better evaluate this high-dimensional MFC data, I explored novel bioinformatic 

analysis approaches. I then demonstrated how this antibody panel can be used with fluorescence-

activated cell sorting (FACS) to physically isolate AML cells that resist chemotherapy. Finally, in 

order to identify gene expression changes in these cells, I performed a single-cell RNA sequencing 

(scRNA-seq) protocol on the isolated MRD cells. This has the potential to lead to a better 

understanding of why these cells resist treatment. I obtained successful cDNA libraries in a small 

fraction of cases, demonstrating the feasibility of this approach. However, frequent RNA 

degradation in the single cells precluded the generation of full gene expression data. Further 

protocol modifications to address the issue of RNA degradation should be explored. 

 In the second project, I constructed a putative sequence of clonal evolution in a patient who 

sequentially developed myelodysplastic syndrome (MDS), chronic myelomonocytic leukemia 

(CMML), and B-cell acute lymphoblastic leukemia (B-ALL). This was achieved through FACS 

to isolate the different leukemias followed by whole-exome sequencing (WES) on these cell 

fractions and a buccal swab. I identified 11 potential driver mutations with various distributions 

between the clones. In this unusual case, I identified a germline variant in the tumor suppressor 

CHEK2 gene (c.475T>C, p.Y159H) previously considered a variant of undetermined significance 

(VUS). I performed a protein binding assay demonstrating that this variant impairs binding to 

BRCA1 and may represent an inherited cancer predisposition. My findings support the re-

classification of this variant as likely pathogenic. 
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RÉSUMÉ 

 Récemment, l’étude de la pathophysiologie des leucémies a subi des avancées 

considérables. Cependant, nous n’apprécions pas complètement l’hétérogénéité au niveau 

moléculaire ni les mécanismes de résistance au traitement de ces maladies. Les techniques de la 

cytométrie en flux et de la génétique sont très prometteuses pour répondre à ces questions sur les 

cancers du sang. Ces connaissances sont essentielles pour le développement de nouveaux 

traitements rationnels. Dans cette thèse, je présente deux projets liés à ce thème commun. 

 Au cours du premier projet, j’ai créé une stratégie de cytométrie de 17 couleurs permettant 

l’identification de la maladie résiduelle minimale (MRD) en leucémie myéloïde aiguë (LMA). 

Pour mieux évaluer ces données complexes de cytométrie, j’ai exploré une nouvelle méthode 

d’analyse bio-informatique. J’ai par la suite démontré comment ce panneau d’anticorps peut être 

utilisé pour isoler, à l’aide du tri cellulaire induit par fluorescence (FACS), les cellules de LMA 

qui survivent à la chimiothérapie. Finalement, dans le but d’identifier un profil d’expression 

génétique unique, j’ai appliqué un protocole de séquençage ARN de cellule unique sur ces cellules 

de LMA isolées. Ceci aurait le potentiel de mener à de nouveaux traitements qui exploitent un 

point faible de ces cellules. J’ai obtenu des librairies d’ADN complémentaire adéquates dans une 

fraction des cellules, démontrant que cette approche est réalisable. Cependant, une dégradation 

fréquente de l’ARN a empêché la génération de données d’expression génétique. Je propose des 

modifications au protocole dans le but de minimiser la dégradation de l’ARN. 

 Pour le deuxième projet, j’ai établi une séquence d’évolution clonale à partir d’une origine 

commune chez le cas rare d’un patient diagnostiqué successivement avec un syndrome 

myélodysplasique (SMD), une leucémie myélomonocytaire chronique (LMMC) et finalement une 

leucémie lymphoblastique aiguë à lymphocytes B (LLA-B). Pour ce faire, j’ai utilisé le FACS pour 

isoler ces différentes leucémies que j’ai ensuite soumises, ainsi qu’un frottis buccal, au séquençage 

de l’exome entier. J’ai identifié 11 mutations pilotes potentielles avec une distribution variée entre 

les différents clones. J’ai également identifié une variante dans la lignée germinale de ce patient 

affectant le gène suppresseur de tumeurs CHEK2 (c.475T>C, p.Y159H). Cette variante étant 

auparavant considérée une variante de signification incertaine (VSI), j’ai exécuté un test de liaison 

protéique démontrant que cette variante entrave la liaison avec BRCA1 et représente possiblement 
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une prédisposition génétique au cancer. Ces trouvailles supportent la reclassification de CHEK2 

c.475T>C, p.Y159H comme étant probablement pathogène. 
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INTRODUCTION 

 There is an increasing body of evidence suggesting that leukemias and related disorders 

exhibit considerable heterogeneity at the molecular level2, 3, 4. This concept applies not only 

between different patients, who may have leukemias exhibiting a variety of distinct driver 

mutations, but also within individual patients, where multiple clones with distinct functional and 

genetic properties may coexist. Understanding this heterogeneity is critical in the design of 

treatments able to eradicate subclones resistant to standard therapeutic approaches.  

 In recent years, major advances have been made in the field of multiparameter flow 

cytometry (MFC). Improvements in the selection of available fluorochromes and the performance 

of cytometers have allowed for an increasing quantity of parameters to be acquired simultaneously. 

This enables researchers to obtain very detailed immunophenotypes of cell populations of interest, 

which can then be purified using fluorescence-activated cell sorting (FACS). In parallel to the 

advances in MFC, increasing throughput and decreasing costs of next-generation sequencing 

(NGS) technologies now allow entire genomes/exomes to be sequenced rapidly and at relatively 

low cost. Furthermore, single-cell methodologies enable the detailed genomic and transcriptomic 

profiling of individual cells, allowing for the characterization of heterogeneous and/or rare 

populations. These flow cytometric and genomic methods are highly valuable and practical for the 

study of leukemias, where tumor cell suspensions can be readily obtained from the peripheral 

blood or bone marrow. In this thesis, I combined MFC and genetic methods with the goal of 

improving our understanding of the pathophysiology of different leukemias. Two projects are 

presented around this common theme. 

 My first project centers on acute myeloid leukemia (AML), an aggressive malignancy 

arising from hematopoietic stem and progenitor cells5, 6. In untreated AML, malignant myeloblasts 

rapidly expand, leading to death from bone marrow failure within weeks to months. Despite recent 

advances in AML therapeutics, the prognosis remains poor, and the majority of AML patients do 

not survive the disease7. Somewhat counterintuitively, a large proportion of AML patients are able 

to achieve complete remissions following induction chemotherapy8. Unfortunately, a small 

fraction of leukemic cells often survive treatment and subsequently expand, leading to relapse. 

This is the major cause of treatment failure and death in AML. With recent advances in flow 

cytometry and immunophenotyping, it is now possible to identify minute amounts of leukemia 
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cells in samples drawn from patients in complete remission. The identification of such cells is 

termed minimal/measurable residual disease (MRD) and is the focus of this project. These cells 

are of considerable interest as they are the putative cause of recurrent disease. A better 

understanding of why these cells selectively resist therapy could potentially lead to targeted 

treatments to eradicate them, with the potential to improve the cure rate in AML. The goal of this 

project was to identify, isolate and characterize AML minimal residual disease cells at the level of 

the transcriptome. Specifically, I studied paired diagnosis/remission samples of AML patients 

treated with intensive chemotherapy at the Jewish General Hospital. Using a custom-designed flow 

cytometry antibody panel, I identified and isolated AML MRD cells using fluorescence-activated 

cell sorting (FACS). I then attempted to perform single-cell RNA-sequencing on these cells to 

identify key up- or down-regulated cellular pathways. Adequate cDNA libraries were obtained in 

a small fraction of cells, suggesting this approach may be feasible. However, technical issues 

related to RNA degradation in single cells precluded the generation of the desired transcriptomic 

data. Protocol modifications, which are discussed in this thesis, may eventually allow for this 

powerful approach to link phenotypic and transcriptomic data. 

 My second project was inspired by the very rare case of a patient who had been sequentially 

diagnosed with myelodysplastic syndrome (MDS), chronic myelomonocytic leukemia (CMML), 

and B cell acute lymphoblastic leukemia (B-ALL). My goal was to clarify the genetic 

underpinnings of this complex case and to build a putative sequence of clonal evolution. I used 

FACS to isolate the concomitant CMML and B-ALL clones and processed the cell fractions using 

whole-exome sequencing (WES). I identified 11 potential driver mutations, including a possible 

inherited cancer predisposition in the CHEK2 tumor suppressor gene. The effect of this CHEK2 

variant on protein function was not well established in the literature. I therefore performed a 

functional protein binding assay to confirm the negative effect of this variant on a downstream 

effector protein (BRCA1). The objective of this validation was to reclassify this CHEK2 mutant 

as a likely pathogenic variant. I submitted my novel interpretation of this CHEK2 variant on 

ClinVar and my findings were published in a peer-reviewed journal1. 
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LITERATURE REVIEW 

Acute Myeloid Leukemia 

 Overview, epidemiology, and prognosis 

 Acute myeloid leukemia (AML) is an aggressive hematological malignancy. It is the most 

common form of acute leukemia affecting adults, with an incidence rate of 4.3 cases/100,000 

population/year in the Unites States. AML is increasingly common in older individuals and the 

median age at diagnosis is 68 years9. Currently, the treatment of AML represents a substantial 

challenge in the field of malignant hematology. Standard therapeutic approaches consisting of 

intensive chemotherapy have changed relatively little since the 1970’s and produce largely 

unsatisfactory outcomes. Most patients diagnosed with AML eventually die from the disease7, 9. 

In young, fit individuals, the development of relapsed and/or chemoresistant disease represents the 

major cause of treatment failure and death10. In elderly patients or those unfit for chemotherapy, 

treatment options have historically been limited. This group has long represented an unmet clinical 

need and has suffered from a dismal prognosis. Many of these patients do not receive any form of 

anti-leukemic therapy in a real-world setting11. Fortunately, recent years have seen improvement 

in low-intensity AML treatments and outcomes are likely to improve in older/unfit individuals12. 

 

 Biology 

 Acute leukemias are characterized by uncontrolled proliferation and impaired 

differentiation of malignant blast cells10. It has become appreciated in recent years that many AML 

cases are preceded by a pre-leukemic state referred to as clonal hematopoiesis of indeterminate 

potential (CHIP). CHIP consists of the detection of cancer-associated mutations in the blood cells 

of apparently healthy individuals13. The three most common genes mutated in CHIP are DNMT3A, 

TET2 and ASXL1, but many others have been described14. Three large studies performed whole-

exome sequencing (WES) on the blood cells of many thousands of individuals unselected for 

hematologic phenotype and identified CHIP in over 5% of subjects over age 7014, 15, 16. This 

percentage continued to increase with advancing age. Many of the common CHIP mutations are 

considered weak cancer drivers and are insufficient to cause leukemia on their own. However, they 

promote clonal expansion or dominance within the affected pool of immature hematopoietic 
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cells13. This represents fertile ground for the acquisition of further driver mutations that may 

eventually lead to overt disease. Indeed, detectable CHIP is a strong risk factor for the subsequent 

development of hematological malignancies (hazard ratio 12.9) and also confers an increased risk 

of death (hazard ratio 1.4)14. Interestingly, CHIP has also been shown to be a risk factor for 

atherosclerotic cardiovascular disease, likely via aberrant macrophage-related inflammatory 

pathways17. 

 Another concept of increasing importance in AML is that of the leukemia stem cell (LSC). 

The LSC hypothesis proposes that AML is organized hierarchically, with a pool of rare, self-

renewing cells (LSCs) maintaining the bulk leukemic blasts, which are more mature and unable to 

propagate the leukemia on their own. The strict definition of an LSC requires demonstration of the 

cell’s ability to propagate the leukemia in serial transplantation experiments in mice, as well as the 

capacity to give rise to non-LSC progeny (bulk leukemic blasts)18. Two landmark papers published 

in the 1990’s identified LSCs from human AML samples using serial xenotransplantation in 

immunodeficient mice19, 20. Initially, LSCs appeared to be found exclusively in the very immature 

CD34+/CD38- compartment. More recent work has identified cells with LSC properties within 

the CD34+/CD38+ and even CD34- compartments21, 22, 23. However, it appears the frequency of 

LSCs is highest in the classical CD34+/CD38- compartment for most AML cases23. 

 LSCs are characterized by proliferative and self-renewal properties. The cell of origin 

giving rise to the LSC is thought to be either a hematopoietic stem cell (HSC) or progenitor cell, 

possibly having already acquired a CHIP mutation. Non-malignant HSCs, which have naturally 

high self-renewal properties but low proliferative potential, could potentially be transformed into 

LSCs following the acquisition of mutations conferring increased proliferation. Conversely, 

normal progenitor cells, which are very proliferative but lack self-renewal capacity, could achieve 

LSC status following acquisition of self-renewal properties5. There is evidence to support both 

hypotheses regarding the cell of origin in AML5, 6. 

 Since LSCs are responsible for AML initiation and relapse following chemotherapy, their 

elimination is a highly attractive clinical goal18. Unfortunately, LSCs exhibit cell cycle and 

metabolic properties that may confer resistance to standard chemotherapy. LSCs have been shown 

to be relatively quiescent compared to the bulk leukemic blasts, thus promoting resistance to cell-

cycle specific (S-phase) agents such as cytarabine24. These quiescent cells display lower metabolic 
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activity and reactive oxygen species, which offers protection against chemotherapy-induced 

oxidative stress25. These characteristics may explain why relapse is frequent in AML. Indeed, the 

expression of LSC-associated genes in AML cells has been associated with adverse outcomes in 

large patient cohorts26. Of note, some studies have contradicted the notion of LSC chemoresistance 

by showing that cytarabine could eradicate LSC populations27, 28. 

 Leukemogenesis in AML can thus be conceptualized as a multistep process evolving 

through a variety of stages (CHIP, LSC generation, overt disease). During this process, genetic 

and epigenetic lesions accumulate within the immature hematopoietic compartment29. Single-cell 

and bulk sequencing studies have demonstrated complex patterns of clonal evolution in AML, 

which can be further altered once the selective pressures of anti-leukemic therapy are introduced30, 

31. At the genetic level, AML is a highly heterogeneous disease. A wide variety of recurrent driver 

mutations have been identified and affect various cellular processes32. These include mutations in 

transcription factors, signaling proteins, epigenetic modifiers, splicing factors, and tumor 

suppressors. Larger-scale chromosomal abnormalities (translocations, aneuploidies) and 

epigenetic changes are also well-described in AML8, 32. These diverse genetic drivers both define 

prognosis2, 8 and can be used to guide treatment12 in the era of molecular targeted therapy. 

 Once the leukemia is initiated, malignant AML blasts accumulate in the blood and bone 

marrow. These cells proliferate rapidly and are unable to differentiate into functional blood cells. 

This process disrupts normal progenitors and leads to bone marrow failure with associated blood 

cell count abnormalities (anemia, thrombocytopenia, neutropenia). Therefore, the AML patient 

becomes highly vulnerable to infectious and bleeding complications. Without effective treatment, 

the disease is usually fatal within weeks to months33. 

 

 Diagnosis and Treatment 

 AML patients will typically present with manifestations of anemia (fatigue, dyspnea), 

thrombocytopenia (easy bruising, petechiae, hemorrhage) and/or neutropenia (infections, fever). 

Occasionally, AML may also present with extramedullary disease such as tissue masses (myeloid 

sarcoma) or infiltration of the skin (leukemia cutis) and other organs34. Peripheral blood cytopenias 

are usually accompanied by an elevated white blood cell (WBC) count with abnormal morphology 
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(blasts). The diagnosis is confirmed by demonstrating ≥ 20% myeloid blasts in the blood or bone 

marrow35. In addition to the morphologic blast count which establishes the diagnosis, the bone 

marrow aspirate is sent for key ancillary studies including flow cytometry, cytogenetics, and 

molecular testing. Historically, AML was categorized using the French-American-British (FAB)36 

system based on morphological features and cytochemical staining. Modern AML classification 

systems such as the World Health Organization 201635 classification rely heavily on cytogenetic 

abnormalities. In addition, genetic information derived from targeted next-generation sequencing 

(NGS) panels is increasingly being used to define new AML categories based on genetic drivers. 

The categorization of AML based on genetics and cytogenetics is very clinically relevant as it 

allows for the risk stratification of patients into three distinct prognostic groups (favorable, 

intermediate, adverse) that are used to guide the intensity of therapy8. Furthermore, some genetic 

drivers can now be targeted using small molecule inhibitors (FLT3, IDH1, IDH2)12. 

 The standard treatment for AML patients fit for intensive chemotherapy consists of 7 days 

of infusional cytarabine and 3 days of the anthracycline daunorubicin (“7+3” regimen)10. This 

regimen successfully induces complete remission (CR) in 60 to 80% of younger patients (age < 

60) and 40 to 60% of older individuals (age ≥ 60)8. Select patient categories may benefit from the 

addition of a third agent such as the FLT3 inhibitor midostaurin37 or CD33-directed gemtuzumab 

ozogamicin38, 39. Following induction, consolidation treatment is required to prevent relapse. For 

favorable risk AML, this usually consists of further courses of intermediate- or high-dose 

cytarabine. Intermediate and adverse risk AML patients are usually referred for consideration of 

allogeneic hematopoietic stem cell transplantation (aHSCT) assuming they are fit for this 

procedure and a suitable source of stem cells can be identified. Elderly and/or unfit AML patients 

typically do not have good outcomes with such intensive approaches due to increased treatment 

toxicities and lower response rates. The combination of the hypomethylating agent azacitidine with 

the BCL-2 inhibitor venetoclax has recently emerged as the new gold standard treatment to prolong 

survival in this group, although it is not curative40. 

 In all patient categories, disease that is refractory to chemotherapy or that relapses after 

initial remission is a major clinical problem. There is no standard therapy for these cases. Further 

intensive chemotherapy can be attempted but responses are rarely durable without consolidation 

with aHSCT41. Patients with specific driver mutations can be treated with small molecule 
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inhibitors such as gilteritinib (FLT3-mutated AML), ivosidenib (IDH1-mutated AML) and 

enasidenib (IDH2-mutated AML)12. A full discussion of the treatment of relapsed-refractory AML 

is beyond the scope of this literature review but excellent articles are available on this topic41, 42. 

A clinical trial, if available, often represents a good option for these patients. 

  

Minimal/Measurable Residual Disease in Acute Myeloid Leukemia  

 Concept and Techniques 

 Despite the fact that most AML patients are able to achieve CR with intensive 

chemotherapy, relapse is common. This implies that a small subset of leukemic cells selectively 

resist therapy and eventually re-expand, leading to recurrence of the disease. The detection of a 

small quantity of residual AML cells in remission is referred to as minimal/measurable residual 

disease (MRD). Such cells often only represent 0.1 to 0.01% of the total bone marrow WBCs43. 

Therefore, a highly sensitive laboratory assay is required to detect MRD. 

 Currently, two major techniques are widely applied to measure MRD in AML: 

multiparameter flow cytometry (MFC) and real-time quantitative polymerase chain reaction 

(qPCR)43. Most NGS-based gene panels do not have sufficient sensitivity to be used for MRD. 

However, modifications such as error-corrected sequencing (ECS), aimed at improving sensitivity 

to the 0.01 to 0.001% variant allele frequency (VAF) level, have led to the emergence of NGS as 

another valid MRD method44. With the exception of qPCR-based monitoring for patients with very 

specific genetic lesions (RUNX1-RUNX1T1, CBFB-MYH11, PML-RARA, NPM1)45, 46, AML 

MRD assays have yet to be fully standardized or universally adopted43. These assays all rely on 

identifying leukemia-specific features (genetic or cell surface proteins) that distinguish malignant 

cells from their normal counterparts. Each method has its own advantages and limitations. 

 The detection of AML MRD by MFC relies on the principle that leukemic blasts have 

aberrant expression of cell surface markers compared to normal myeloid progenitors. These 

immunophenotypic aberrancies can be grouped into three major categories47. The first group 

consists of myeloid markers that are either over- or under-expressed on AML cells compared to 

normal myeloblasts. Another group consists of asynchronous antigen expression, which is 

described as the expression on immature blasts of markers which are normally only expressed at a 



20 
 

later maturational stage. Finally, cross-lineage antigen expression refers to the aberrant expression 

of lymphoid markers on myeloid cells. The abnormal immunophenotype found on the AML blasts 

is termed leukemia-associated immunophenotype (LAIP) and is highly variable from patient to 

patient. A wide variety of LAIPs are described in the literature48, 49. There are two major 

approaches to analysis for MFC-based MRD evaluation in AML. The first consists of identifying 

the LAIP present at diagnosis and attempting to track this same population in remission (LAIP-

based approach)43. The major disadvantage of this method is that it may yield a false negative 

result if the LAIP changes between diagnosis and remission. This phenomenon, referred to as 

immunophenotypic shift, is well described in AML50. In addition, a sample drawn at the time of 

diagnosis must be analyzed with the same antibody panel that will be used for the MRD assay to 

establish the baseline LAIP. In contrast to the LAIP-based approach, the different-from-normal 

(DfN) approach seeks to identify aberrant cells forming a distinct population compared to the 

normal myeloid blasts. Effectively, the normal progenitors serve as internal controls from sample 

to sample and leukemic cells are identified based on their deviation from the normal pattern51. The 

DfN and LAIP-based approaches are increasingly being perceived as complementary rather than 

mutually exclusive43. Once a population is identified as being suspicious for MRD, it is quantified 

as a percentage of CD45+ WBCs in the bone marrow. The recommended threshold for MRD 

positivity in AML is 0.1%43, although residual leukemia can be detected at the 0.01% level if 

enough cells (1 million) are acquired51. The interpretation of MFC-based AML MRD is complex 

and requires extensive knowledge of normal myeloid maturation patterns. There is also a degree 

of subjectivity in the identification of the abnormal population51. The assay is only available in 

large medical centers with access to expert operators. A major advantage of MFC for MRD is that 

this approach is applicable to over 90% of AML patients, irrespective of mutational status52. 

 Molecular MRD methods include qPCR and NGS (ECS), which rely on the longitudinal 

tracking of AML driver mutations between diagnostic and remission samples. These techniques 

are highly sensitive and prone to less subjectivity. The major challenge in this case is the 

identification of mutations suitable for MRD tracking, which is not applicable to all AML patients. 

Common CHIP mutations such as DNMT3A, TET2 and ASXL1 are known to persist in pre-

leukemic clones during remission and do not necessarily represent residual leukemia53. Such 

mutations are unsuitable for MRD tracking. On the other hand, mutations such as NPM1, FLT3, 

NRAS/KRAS and KIT are expected to be cleared with successful treatment54. Their persistence 
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strongly suggests MRD is present. Unfortunately, for many mutations, suitability for MRD is not 

yet known. For AML cases driven by specific chromosomal translocations (RUNX1-RUNX1T1, 

CBFB-MYH11, PML-RARA) and NPM1 mutations, qPCR is widely used to monitor for MRD43, 

45, 46. 

 

 Applications 

 The most well-established clinical application for MRD in AML is prognostication. 

Numerous studies have demonstrated that detectable MRD is associated in multivariate analyses 

with an increased risk of relapse and, in many cases, lower overall survival (OS) depending on the 

method used and AML subtype43, 46, 55, 56, 57, 58, 59, 60. This includes MRD assessed using a variety 

of methods (MFC, qPCR and NGS) and at various time points (after induction chemotherapy, at 

the end of treatment, in follow-up and pre-transplant). Importantly, it appears that this increased 

risk cannot be entirely mitigated with aHSCT61. 

 There is considerable interest in using MRD to tailor the treatment of AML patients, and 

this represents a very active field of research62. Theoretically, this could allow for de-escalation of 

therapy in MRD-negative patients (who are known to have good outcomes) with the purpose of 

minimizing treatment-related toxicity. Conversely, MRD-positive patients, who have poor 

outcomes, could potentially benefit from intensification of treatment with the goal of eradicating 

MRD prior to overt relapse. The GIMEMA AML1310 trial explored such a strategy by assigning 

different transplantation strategies (autologous versus allogeneic) based on MRD status in 

intermediate risk (IR) AML patients in first remission63. Using this approach, the IR patients had 

disease-free survival (DFS) comparable to favorable risk patients, with no noted difference in OS 

and DFS between the MRD-positive and MRD-negative IR patients. The AML05 study used MRD 

to stratify AML patients with t(8;21) into high and low risk groups64. The high risk (MRD-positive) 

group was assigned to a more intensive consolidation regimen (aHSCT) and this appeared to 

reduce the risk of relapse and improve survival. In the RELAZA2 study, preemptive azacitidine 

administration was able to delay/prevent relapse in MRD-positive AML patients in remission65. 

Although MRD-directed therapy is still considered experimental, these studies indicate the 

strategy holds promise in the treatment of AML. Many immunotherapies are currently being 

investigated for their potential to eradicate MRD66. 
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 From a basic/translational research point of view, the AML cells responsible for MRD 

persistence are of great interest. A better understanding of why these cells selectively resist 

treatment and lead to relapse has the potential to lead to powerful new therapeutics. 

 

Mechanisms of Treatment Resistance in Acute Myeloid Leukemia 

 It is not entirely understood why a subset of AML cells are able to survive chemotherapy 

and subsequently lead to relapse. At the genetic level, it has been shown that the founding clone 

or subclones may acquire additional mutations and expand at relapse31. In addition, a growing 

body of evidence supports the concept that a cell population with LSC-like properties already 

exists at diagnosis, is selected for by cytotoxic chemotherapy, and subsequently leads to relapse67, 

68. As previously discussed in this review, LSC’s appear to possess properties that make them 

relatively chemoresistant. While a considerable amount of work has been done to study AML in 

the relapsed state, relatively few studies have attempted to characterize the MRD state. This is 

likely related to the challenge in identifying and isolating this rare cell population. Nonetheless, 

promising work has been done in this field. A study using a patient-derived xenograft (PDX) model 

revealed that the AML cells responsible for regenerating the leukemia following cytarabine 

exposure have a distinct gene expression signature enriched for G-protein-coupled receptor 

signaling28. A similar PDX-based study showed that chemoresistant AML cells upregulate genes 

involved in oxidative phosphorylation and fatty acid metabolism, as well as the cell surface marker 

CD36 (fatty acid translocase)27. These features appeared to confer resistance to cytarabine. Taken 

together, these studies suggest that residual AML cells surviving chemotherapy exhibit unique 

functional and metabolic changes. These features represent potential vulnerabilities that could be 

targeted therapeutically. As proof of principle, an inhibitor of DRD2, a gene found to be 

upregulated in chemoresistant AML cells, was shown to be able to delay relapse in treated mice28. 

This drug has since translated to phase I clinical trials in humans69. 

 In human AML patients, bulk RNA-sequencing performed on paired diagnostic and sorted 

MRD samples identified specific gene expression changes following chemotherapy70. This 

included upregulation of genes related to Myc, E2F, cell cycle checkpoints, DNA repair and 

oxidative phosphorylation. In addition, immune-related genes were downregulated in LSCs, 

potentially promoting immune evasion. Recently, a senescence-like phenotype has been described 
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in chemoresistant AML cells following treatment71. These pathways deserve further study as 

potential mechanisms of resistance to treatment and represent promising therapeutic targets. 

 

Single-Cell RNA Sequencing 

 Single-cell RNA sequencing (scRNA-seq) represents an ideal tool to study drug resistance 

in cancer. Whereas traditional bulk RNA-sequencing technologies will provide only the average 

gene expression profile for a tissue, single-cell technologies allow for the transcriptomic 

characterization of heterogeneous and/or rare cell types72. A variety of scRNA-seq protocols have 

been developed over the past decade. These exhibit considerable variation in terms of single-cell 

isolation methods, library preparation, throughput and read length generated (3’/5’-biased versus 

full-length)72. Microfluidics-based methods such as the Chromium 10X protocol allow for a high 

throughput (thousands of cells) at relatively low cost per cell73. For very rare cells (such as MRD 

cells), it is desirable to purify the target population with fluorescence-activated cell sorting (FACS) 

into microwell plates prior to proceeding with scRNA-seq. The plate-based Smart-Seq274 approach 

also has the advantage of generating full-length reads (as opposed to 3’-biased reads with the 

Chromium 10X approach). With certain protocol adjustments, Smart-Seq2 can allow for the 

concomitant generation of somatic variant and transcriptomic data. These protocol modifications 

consist of adding mutation-specific primers at key steps in the protocol to selectively amplify 

regions of interest and enable sensitive detection of somatic variants75. This modified protocol is 

referred to as Target-Seq75 and represents a powerful tool to study drug resistance in cancer cells. 

As an example, this method has allowed for the identification of a rare population of therapy-

resistant stem cells in chronic myeloid leukemia (CML) displaying upregulation of genes 

associated with quiescence3. To the best of our knowledge, application of Target-Seq to FACS-

sorted AML MRD cells has not been performed. Such an assay has the potential to reveal 

heterogeneity and targetable vulnerabilities within the MRD compartment. 
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METHODS 

Overview 

 In this project, we obtained primary AML samples from patients drawn at diagnosis and in 

remission. Using a custom 17-color AML MRD flow cytometry panel, we isolated untreated AML 

cells, residual AML cells persisting in remission (MRD), and normal progenitors in remission. 

These three key populations were then submitted to scRNA-seq with the goal of identifying 

differentially expressed gene pathways between the populations. An overview of the experimental 

design is shown in Figure 1. 

 Figure 1: Experimental design overview 

 

 

Patient samples 

 We obtained bone marrow (BM) samples from patients diagnosed with AML at the 

Montreal Jewish General Hospital (JGH) between June 2014 and September 2020. Acute 

promyelocytic leukemia (APL) cases were excluded. These samples were drawn after the patient 

had achieved CR following intensive chemotherapy. When possible, a paired diagnostic sample 

was also studied. Samples to be used as normal references were obtained from non-Hodgkin’s 

lymphoma patients undergoing staging pre-therapy (and confirmed by pathology to have 
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unaffected BM). All samples were purified using Ficoll gradient centrifugation and cryopreserved 

in a biobank at -80°C until recovery for the study. All patients provided written, informed consent 

for the collection of their samples for research. This project was approved by the local Research 

Ethics Board (protocol 11-047 for the collection of samples, protocol 2020-1925 for use of these 

samples to study MRD). 

 

Design and optimization of a 17-color, single-tube, flow cytometry panel for AML MRD 

 The European LeukemiaNet (ELN) MRD Working Party published guidelines in 2018 in 

an attempt to harmonize AML MRD measurement43. We designed a custom 17-color AML MRD 

panel based on the cell surface markers recommended in this guideline document by 7 major 

European and North American MRD centers. This included markers from all 3 categories of 

immunophenotypic aberrancies described in AML47 (under/overexpression, asynchronous, cross-

lineage). When possible, we selected well-validated (EuroFlow) antibody-fluorochrome 

combinations76. This panel was designed to be compatible with a BD FACSAria Fusion cell sorter. 

We favored a single-tube design to maximize the number of events acquired and sensitivity of the 

panel. The final panel design is shown in Table 1. We carefully tested and titrated all antibodies 

on single-stained normal BM samples. For each antibody-fluorochrome, we selected the titration 

with the highest separation index (SI)77 (Appendix Figure A1). 
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 Table 1: 17-color AML MRD flow cytometry panel 

Laser Fluorochrome Filter Marker Clone 

Ultraviolet 375nm 
  

BUV395 379/28 CD11b D12 
BUV496 515/30 CD14 MφP9 
BUV737 740/35 CD123 9F5 

Violet 405nm 
 
 
 
  

V450 450/40 HLA-DR L243 
V500 525/50 CD45 2D1 
BV605 610/20 CD19 SJ25C1 
BV650 660/20 CD56 NCAM16.2 
BV711 710/50 CD2 RPA-2.10 
BV786 780/60 CD64 10.1 

Blue 488nm  
FITC 530/30 CD15 MMA 
BB700 695/40 CD34 8G12 

Yellow Green 561nm 
  

PE 582/15 CD13 L138 
PE-CF594 610/20 CD7 M-T701 
PE-Cy7 780/60 CD117 104D2 

Red 640nm 
  

APC 670/30 CD33 P67.6 
APC-R700 730/45 LIVE/DEAD  
APC-H7 780/60 CD38 HB7 

 

Flow cytometry 

 Patient samples were thawed in a 37°C water bath and washed once with phosphate-

buffered solution (PBS). To exclude dead cells from analysis, we stained the samples with BD 

Horizon Fixable Viability Stain 700 (1:100 000, cat. #564997) for 10 minutes, followed by 

washing with PBS + 2% fetal bovine serum (FBS). We then added 5uL of BD Fc Block (cat. 

#564220) to minimize non-specific antibody binding (10-minute incubation). The samples were 

stained with the 17-color antibody cocktail in BD Brilliant Stain Buffer (cat. #563794) for 45 

minutes. This buffer is required when multiple Brilliant Violet dyes are combined within the same 

tube. Finally, the sample was washed with PBS +2% FBS and resuspended in 500uL prior to 

proceeding to the cytometer. All handling and incubation steps were performed on ice and 

protected from light. Vortex was avoided to minimize cellular stress. We used UltraComp eBeads 

(Invitrogen, cat. #01-2222-42) compensation beads to prepare fresh compensation controls on each 

day the cytometer was used. To minimize day-to-day instrument variation in mean fluorescence 
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intensity (MFI), we used BD 8-peak Rainbow Calibration Beads (cat. #559123) to adjust the 

voltages to obtain a consistent MFI in each channel prior to every experiment. 

 The data was acquired on a BD FACSAria Fusion cell sorter. We used BD FACSDiva 

(version 8.0.2) to calculate the compensation matrix. We aimed to acquire a minimum of 500 000 

to 1 000 000 leukocyte events per sample as recommended43. When diagnostic and remission 

samples were evaluated on the same day, the remission samples were always acquired first to 

eliminate any risk of contamination from the gross leukemic samples. A line backflush was 

performed for 30 seconds between each sample. 

 

Generation of a normal BM reference file 

 We evaluated 10 normal BM samples with the 17-color MRD panel. These samples serve 

as a valuable reference for later comparison with the diseased samples. We performed a quality 

control on these flow cytometry standard (FCS) files using the flowAI78 package in the R 

programming language79. This package detects and removes low-quality events based on flow rate 

instability, signal acquisition instability and dynamic range margin/outlier status78. Using the 

flowCore80 package, we then randomly selected 100 000 high-quality events from each normal 

bone marrow file to create a merged normal bone marrow (MNBM)81 master reference FCS file 

(1 000 000 leukocytes) for use in later analyses. Debris, doublets, and dead cells are excluded from 

this selection using flowCore tools. 

 

Flow cytometry data analysis 

 Standard gating approach for AML MRD 

 We first applied a standard gating approach using Infinicyt software (version 1.7) to 

identify AML MRD in the remission samples. This approach first consists of identifying the 

immature myeloid compartment (CD45dim, SSClow, CD34+, CD19-), followed by careful 

examination for immunophenotypic aberrancies in relation to the normal progenitors (DfN 

approach)47, 51, 52. When a paired diagnostic sample was available, we also attempted to track the 

diagnostic LAIP within the remission sample (LAIP-based approach). We thus used a combination 
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of the DfN and LAIP approaches as recommended by the ELN MRD Working Party43. A remission 

sample was considered positive for MRD if it contained an aberrant population suspicious for 

residual AML consisting of ≥0.01% of the CD45+ events with a minimum of 20 cells47, 52. There 

is evidence to suggest MRD detected at this level is associated with worse outcomes55, 61. An 

example of the gating strategy to identify the immature myeloid compartment is shown in 

Appendix Figure A2. 

 

 Bioinformatic approach for AML MRD 

 We explored two major bioinformatic approaches to analyze our flow cytometry data. The 

first method was to leverage the principal component analysis (PCA) tool built into Infinicyt. 

Alternatively, we applied the FlowSOM82 R package with the standard settings except for a larger 

grid size (15 x 15, 225 nodes) to facilitate the identification of rare populations. For the FlowSOM 

frozen81 method, the minimal spanning tree (MST) was generated using the MNBM reference FCS 

file. The cellular identity of each node was determined by examining its contents in traditional 2D 

dot plots and comparing the immunophenotype with that of known BM populations83. Patient 

sample FCS files were then mapped back onto the “fixed” MST generated from the MNBM file 

as previously described81. For the FlowSOM free method81, the MST was individually generated 

for each patient case using the MNBM, diagnosis, and remission FCS files. In this case, the cellular 

identity of each node was established by identifying its closest normal counterpart in the FlowSOM 

frozen MNBM MST using Euclidean distance. To complete the FlowSOM free protocol, each file 

(MNBM, diagnosis, remission) was mapped back onto the MST for the patient in question to 

establish a portrait of disease evolution over time in relation to a normal reference81. 

 To evaluate for statistical significance, we used a combination of resampling and 

bootstrapping methods in R to attribute a p-value to each node. Briefly, the 10 normal BM samples 

were used to gauge variability in normal samples. One of the 10 normal samples was randomly 

selected to represent a diagnostic “leukemic” sample and one was selected to represent a 

“remission” sample. One million events were randomly selected from the “leukemic”, “remission” 

and 8 remaining normal BM samples. These events were then used to run the FlowSOM free 

protocol and generate a matrix containing the event count for each node by sample. This process 

was repeated to generate 500 bootstrapped matrices. When FlowSOM free was then applied to 
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actual patient remission samples, each node was queried for the proportion of bootstrapped 

matrices containing at least one node with equal or more extreme variability compared to the 

MNBM sample. This proportion represents the p-value for each node. 

 

Patient survival analysis 

 We assessed differences in survival between the MRD-positive and MRD-negative AML 

patients using the Kaplan-Meier estimate84. For the univariate analysis, statistical significance was 

determined using the log-rank test84. We also performed a multivariate survival analysis with a 

Cox proportional hazards model84 considering MRD status, age, and ELN risk category as 

explanatory variables. 

 

Identification of AML driver mutations using NGS 

 Our clinical molecular laboratory has access to a myeloid NGS panel targeting 35 genes 

recurrently mutated in hematological malignancies (Appendix Table A1). This panel covers the 

full-length sequence of each gene. Each genomic sequence is amplified and sequenced (paired-

end reads) on an Illumina instrument (MiSeq). An average coverage of 100X is obtained with this 

method (minimum coverage 50X, 30X for CEPBA). This panel is routinely performed for AML 

patients at diagnosis in our institution. 

 We obtained the raw sequencing files (FASTQ) generated by this panel from the clinical 

laboratory. For analysis, we created a custom bioinformatics pipeline based on the Broad Institute 

GATK best practices workflow for somatic short variant discovery85. Adaptor and duplicate 

sequences were removed. BWA-MEM86 was used to align the reads to the reference genome 

(hg19). Variants were called using Mutect287 with a panel of normals (GATK, Broad Institute, 

Cambridge, MA). The calls were then filtered using FilterMutectCalls (GATK, Broad Institute, 

Cambridge, MA). We used all built-in filters with the exception of the germline and clustered 

events filters. We chose to ignore these two filters because we found the germline filter was 

excluding CHIP variants present at relatively high frequency in the general population and the 

clustered events filter was excluding clearly pathogenic mutations. We used ANNOVAR88 to 
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annotate the filtered variants. This list was further refined by excluding synonymous single-

nucleotide variants, non-coding variants, variants known to be benign in the ClinVar database, and 

variants present in the general population at a rate greater than 0.01% (as per the 1000G, ExAC, 

ESP6500si, and gnomAD databases). We only retained variants present above a 5% variant allele 

frequency (VAF) cutoff. At this stage, a final curation step was performed. A variant was only 

retained if it could be confidently expected to be a leukemic driver in AML. This could consist of 

a gain-of-function variant that is well described in the literature. As an example, NRAS G12 or 

IDH1 R132 variants would fall into this category. Alternatively, a damaging variant in a gene 

where loss of function is associated with leukemia would also be retained. A truncating TET2 or 

ASXL1 mutation would meet this criterion. A variant was defined as damaging if it resulted in 

protein truncation (nonsense, frameshift) or if it was predicted as being pathogenic by a majority 

of 6 in silico tools (SIFT, Polyphen2, FATHMM, PROVEAN, M-CAP, CADD) as per previously 

established methodology89. 

 

Cell sorting and scRNA-seq 

 For scRNA-seq, we used the Target-Seq protocol75. Three cell populations of interest 

(AML blasts at diagnosis, AML blasts in the MRD state, and normal remission myeloid blasts) 

were identified using the AML MRD flow cytometry panel. These were sorted using a BD 

FACSAria Fusion cell sorter into 96-well plates containing the cell lysis solution. The plates were 

incubated 5 minutes at room temperature for protease digestion, briefly centrifuged, and frozen at 

-80°C for short-term storage. 

 For the next phase of the protocol, the plates were thawed and incubated at 72°C for 15 

minutes to inactivate the protease. We then performed reverse transcription (RT) using 

SMARTScribe reverse transcriptase (Clontech, cat. #639538). This was followed by a polymerase 

chain reaction (PCR) step (24 cycles) using SeqAMP DNA polymerase (Clontech, cat. #638509). 

RNAse inhibitor was added at both the protease digestion and RT steps to minimize RNA 

degradation. All steps prior to PCR were performed in a dedicated pre-amplification hood treated 

to eliminate environmental DNA and RNAses. 
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 Target-Seq requires mutation specific primers to improve the sensitivity of somatic 

mutation detection in parallel to single-cell transcriptomic data. These primers amplify specific 

loci from both gDNA and mRNA. The gDNA primers were designed to bind within the introns 

upstream and downstream from the exon containing the mutation of interest. The mRNA primers 

were designed to bind the exons preceding and following the mutation. These mutation-specific 

primers were added at both the RT and PCR steps of Target-Seq75. 

 Following RT and PCR amplification, we purified the cDNA/amplicon mix using Ampure 

XP Beads (Beckman Coulter, cat. #A63881) as per the manufacturer recommendations. The 

quality of the cDNA libraries was assessed using a Bioanalyzer DNA High Sensitivity chip 

(Agilent). We quantified the cDNA libraries using the AccuClear Ultra High Sensitivity dsDNA 

Quantification Kit (Biotium, cat. #31028). Tagmentation was performed using Tn5 transposase 

(prepared in house) to generate sequencing-ready whole transcriptome libraries. This Tn5 

transposase was prepared using a pETM11-Sumo3-Tn5 construct, a generous gift from Dr. Kim 

Remans and the researchers at the European Molecular Biology Laboratory (EMBL)90. 

Tagmentation was followed by PCR amplification, bead-purification, and sequencing using an 

Illumina platform. We planned to analyze this data using the Seurat91 R package for dimensionality 

reduction and clustering, followed by gene set enrichment analysis (GSEA)92 to identify up or 

down-regulated pathways. 
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RESULTS 

Application of the 17-color AML MRD panel to normal BM samples 

 We first evaluated 10 normal BM samples stained with the 17-color AML MRD panel. We 

analyzed these FCS files in Infinicyt and found our panel could reliably identify most major BM 

cell lineages based on well-described immunophenotypic patterns83. These populations included 

myeloblasts (CD34+, CD19-, CD117+), hematogones (CD34+, CD19+), promyelocytes (SSChigh, 

CD33+, CD15+, CD11b-), myelocytes to mature granulocytes (SSChigh, CD33+, CD15+, 

CD11b+), monocytes (CD14+, CD64+, CD33bright), B cells (CD19+), T cells (CD2+ and/or 

CD7+), NK cells (CD56+), and erythroid precursors (CD45-, CD19-). These immunophenotypes 

are simplified in this text for concision. All 17 markers were considered during the gating strategy. 

Using the PCA function in Infinicyt, we could visualize all these key populations on a single 2-

dimensional plot (Figure 2, panel A). When gating on the immature progenitor compartment 

(CD45dim, SSClow, CD34+), we obtained a detailed immunophenotype of normal myeloblasts 

(CD19-) and hematogones (CD19+) (Figure 2, panel B). Normal myeloblasts expressed strong 

CD117 and HLA-DR and were negative for CD2, CD7, CD11b, CD14, CD15, CD56, and CD64. 

When CD13 and CD33 were plotted against each other, a characteristic diagonal pattern was 

observed as described in the literature52. Interestingly, we also identified the rare CD34+/CD38- 

stem cell compartment83 and a CD34+/CD123bright population, likely representing common 

dendritic cell progenitors93 (Figure 2, panel B). Collectively, these data served as a valuable 

reference when the panel was later applied to diseased samples. 
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 Figure 2: 17-color AML MRD panel applied to a normal bone marrow sample 

 

A, Normal bone marrow hematopoietic compartments identified with the 17-color panel. This plot 
represents a principal component analysis in Infinicyt software. This dimensionality reduction tool 
that can automatically cluster cell populations considering all 17 markers simultaneously on a 
single plot. B, Detailed immunophenotype of the myeloblast compartment (CD45dim, SSClow, 
CD34+, CD19-). A typical diagonal pattern was observed when plotting CD13 versus CD33 (black 
arrow). The myeloblast compartment also includes dendritic cell precursors (CD123bright), and the 
very immature stem cell compartment (CD34+/CD38-). 
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 The analytical complexity of multiparameter flow cytometry data was recognized as early 

as the 1980s94. With increasing parameters, it becomes increasingly difficult to fully evaluate the 

data using traditional 2D gating dot plots. For this reason, we explored if the bioinformatic package 

FlowSOM82 could facilitate interpretation of our data. We first used the flowCore80 R package to 

randomly select 100 000 high-quality events from each normal BM sample to generate the merged 

normal bone marrow (MNBM) reference (1 million cells). We then analyzed the MNBM file using 

FlowSOM. This algorithm first performs clustering using a grid of nodes (Figure 3, panel A), 

where each node is situated in proximity to other similar nodes based on marker expression. This 

grid is initialized using randomly selected events from the dataset and updated as each new event 

is assigned to the node it resembles most. Finally, these nodes are organized into a minimal 

spanning tree (MST)82, a branching structure in which the sum of the distances between the nodes 

is minimized (Figure 3, panel B). Each node can then be queried, and its contents visualized on 

standard 2D dot plots to identify cellular identity (Figure 3, panel C). The end result is a detailed 

graphical representation of the different cell populations present in the MNBM sample (Figure 3, 

panel D). All cell surface markers and light scatter parameters (FSC-A, SSC-A) were used for this 

clustering. 
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 Figure 3: FlowSOM analysis applied to the merged normal bone marrow (MNBM) file 

 

A, Events in the MNBM file are clustered into 225 nodes (15 x 15) grid. Each node is in proximity 
to other similar nodes. B, The minimal spanning tree (MST) is built to minimize the total weight 
of the connections between the nodes. This results in similar nodes being grouped together in the 
tree. C, Each node is interrogated on standard 2D dot plots to identify cellular identity. In this 
example, node #150 (red arrow in panel B) is shown to contain myeloblasts (red population: 
CD45dim, CD34+, CD19-, CD117+). D, The MST is recolored based on cellular identity. 
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Application of the 17-color AML MRD panel to diseased BM samples 

 For MRD evaluation, we identified 22 samples in our biobank drawn from AML patients 

after achieving CR with intensive chemotherapy. For 14 of these patients, a paired diagnostic 

sample was also available. The characteristics of this patient cohort are detailed in Table 2. 

 Table 2: AML patient cohort characteristics 

Patient Age Sex FAB Karyotype Molecular ELN risk 
category 

Diagnostic 
sample 

344 52 F n/a normal FLT3-/NPM1- Int no 

767 62 F M1 t(3;10), der(10) n/a Int yes 

819 69 F M1 normal FLT3-/NPM1+/CEPBA+ Fav yes 

1024 59 M M4 inv(16) FLT3-/NPM1- Fav no 

1395 65 M M1 +8, +13 FLT3-/NPM1-/CEPBA- Int yes 

1533 71 M M2 -7p FLT3-/NPM1-/CEPBA+ Fav no 

1550 24 M M2 normal FLT3+/NPM1-/CEPBA- Adv no 

1551 66 M M2 complex FLT3-/NPM1-/CEPBA- Adv no 

1582 53 M M2 +8 FLT3-/NPM1-/CEPBA- Int yes 

1602 54 M M5 complex FLT3+/NPM1-/CEPBA- Adv yes 

1652 44 F M2 t(6;9) FLT3-/NPM1-/CEPBA- Adv yes 

1683 39 F M4 normal FLT3-/NPM1+/CEPBA- Fav yes 

1702 50 F M5 normal FLT3+/NPM1+/CEPBA- Int yes 

1763 66 F M2 t(8;21), -X FLT3-/NPM1-/CEPBA- Fav no 

1821 22 M M5 complex FLT3-/NPM1-/CEPBA- Adv yes 

1863 18 M M1 normal FLT3+/NPM1-/CEPBA- Adv yes 

1887 58 M M4 inv(16) FLT3-/NPM1-/CEPBA- Fav yes 

1974 30 F M2 normal FLT3-/NPM1+/CEPBA- Fav no 

1989 61 F n/a complex FLT3-/NPM1-/CEPBA- Adv yes 

2006 62 M M1 +8 FLT3-/NPM1-/CEPBA- Int no 

2061 55 M M1 normal FLT3-/NPM1+/CEPBA- Fav yes 

2143 65 M M5 normal FLT3-/NPM1+/CEPBA- Fav yes 

 

 Our cohort was representative of the diversity seen in AML patients. The median age of 

the cohort was 56.5 years (range 18-71) with 59% males and 41% females. We had cases 
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representative of four different FAB subtypes (6 M1, 7 M2, 3 M4, 4 M5). No cases of M0, M6 or 

M7 could be obtained, likely due to their rarity. We specifically excluded M3 (APL) cases given 

well-established molecular MRD methods (PML-RARA qPCR) and lack of relevance of MFC-

based MRD in these cases. The cases exhibited a wide variety of karyotypic and molecular 

abnormalities (Table 2). Following ELN 2017 risk categories8, we had 9 (41%) favorable, 6 (27%) 

intermediate, and 7 (32%) adverse risk patients. Since we only selected patients treated with 

intensive chemotherapy and successfully achieving CR, our cohort was biased towards younger 

and lower-risk patients compared to what would be expected in the AML population in general. 

 We first validated that our 17-color MRD panel could reliably identify various aberrant 

immunophenotypes in diagnostic AML samples. Representative examples are shown in Figure 4. 

 Figure 4: 17-color AML MRD panel applied to diagnostic AML samples 

 

A-B, These panels represent two cases of CD34+ AML at diagnosis. The malignant blasts are 
shown in red. The reference merged normal myeloblasts are shown in light blue. Case A shows 
aberrant CD15 and CD7 expression on the AML blasts. In case B, CD33 is overexpressed on the 
AML compared to the normal myeloblasts. C, This is a case of CD34- AML with monocytic 
differentiation (FAB M5b). A large quantity of CD64+, CD56+ blasts are seen. 

 

 We then applied a LAIP-based DfN43 approach to identify MRD in AML patient remission 

samples using a standard gating strategy47, 52 in Infinicyt. Representative MRD populations are 

shown in Figure 5. Using this method, we identified 6 cases harboring a population suspicious for 

MRD in the remission sample (Table 3). 
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 Figure 5: 17-color AML MRD panel applied to remission samples with suspected MRD 

 

Examples of AML remission samples positive for MRD. The reference merged normal 
myeloblasts are shown in light blue. The remission sample is shown in black, with the population 
suspicious for MRD framed in the black rectangle. These cases represent examples of cross-
lineage marker expression (CD56+ myeloblasts, panel A), under-expression of a normal myeloid 
marker (CD117- myeloblasts, panel B), and asynchronous antigen expression (CD15+ 
myeloblasts, panel C). These LAIPs are not observed in the normal reference. 

 

 Table 3: MRD-positive AML cases 

Patient Leukemia-associated 
immunophenotype 

(LAIP) 

MRD 
quantification 

(as % of CD45+ 
leukocytes) 

Diagnostic 
sample 

available 

Same 
LAIP at 
diagnosis 

Selected 
driver 

mutations 

344 CD7+ myeloblasts 1.10% no n/a n/a 

767 CD56+ myeloblasts 0.18% yes no* n/a 

1395 CD56+ myeloblasts 0.10% yes yes FLT3(TKD) 
EZH2 
ZRSR2 
RUNX1 

1550 CD15+ myeloblasts 0.22% no n/a WT1 

1602 CD56+ myeloblasts 1.04% yes no FLT3(ITD) 
U2AF1 

2143 CD34+/CD117-/HLA-DR-
/CD11b+ myeloblasts 

4.77% yes yes NPM1 
IDH2 

*The majority of diagnostic blasts were CD34- with aberrant CD56 expression. In remission, the 
CD34-/CD56+ blasts were eliminated, but a residual CD34+/CD56+ population was identified. 
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 Populations suspicious for MRD were identified at levels ranging from 0.10 to 4.77% of 

the total CD45+ leukocytes. For two cases (1395, 2143), the LAIP identified in remission was 

identical to the diagnostic LAIP. In two other cases (767, 1602), an immunophenotypic shift was 

seen following chemotherapy. For the cases identified as MRD-positive, we obtained (if possible) 

the raw NGS sequencing data performed at diagnosis (panel of 35 myeloid genes, Appendix Table 

A1). Using a custom bioinformatic analysis pipeline, we identified key AML driver mutations in 

these samples (Table 3) for later use in the Target-Seq protocol. 

 After identifying populations suspicious for MRD using a traditional gating approach, we 

sought to explore if bioinformatic flow cytometry tools could provide additional information. We 

applied two variations of the FlowSOM82 algorithm to the diseased samples. The first method is 

referred to as FlowSOM frozen81 and consists of mapping AML diagnostic or remission samples 

to the MST previously generated using the MNBM reference samples. This allows for a very rapid 

assessment of the major bone marrow populations present in the diseased samples. We observed 

expanded myeloblast and/or monocytic populations in diagnostic AML samples according to FAB 

subtypes. This was accompanied by loss of normal bone marrow populations. Following 

chemotherapy and remission, normal hematopoiesis was restored (Figure 6). 
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 Figure 6: FlowSOM frozen applied to diagnostic and remission AML samples.  

 

A, FlowSOM MST derived from the MNBM reference file. B-C, Longitudinal patient samples 
for case 1395. At diagnosis (B), most of the bone marrow is replaced by myeloblasts as would be 
expected from a FAB M1 morphology. Following chemotherapy (C), the myeloblast population 
is reduced and normal hematopoiesis restored. D, FAB M2 AML sample showing a myeloblast 
population accompanied by maturing granulocytes. E, FAB M4 AML sample containing a mixed 
myeloblast/monocytic infiltrate. F, In M5 AML, the majority of the sample consists of cells with 
monocytic differentiation. 
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 Although FlowSOM frozen allows for the rapid assessment of 17-color flow cytometry 

data, it is not suited for MRD as aberrant myeloblasts in remission samples will be assigned to 

their closest normal counterpart during clustering (usually this represents the normal myeloblast 

nodes). Therefore, subtle immunophenotypic differences between leukemic and normal 

myeloblasts will be lost in the graphical representation. FlowSOM free is a variation on FlowSOM 

frozen that is better suited for MRD81. In FlowSOM free, the MST is built using a triplet of samples 

consisting of the MNBM normal reference, the diagnostic AML sample for the patient, and the 

remission sample for the same patient. The resulting MST will thus contain nodes representing 

LAIPs. Each sample is then mapped back to the common MST. This allows for the identification 

of nodes present in the remission sample but absent from the normal reference, ideally occupying 

LAIP nodes. Such populations potentially represent MRD.  

 A certain degree of variability is expected in bone marrow populations, even between 

normal patients. For this reason, we applied a statistical analysis to the FlowSOM free remission 

MST. This allowed us to identify remission-emergent nodes containing a new population 

(compared to the normal reference) of a size larger than could be explained by normal inter-sample 

variation. We used a combination of resampling and bootstrapping techniques to assign a p-value 

to each node in the remission MSTs (see methods). This highlights populations that are absent or 

extremely rare in samples drawn from normal patients. 

 We applied FlowSOM free to our entire cohort. For cases in which the diagnostic sample 

was unavailable, the MST was built using only the MNBM and AML remission samples. Although 

many of the MRD populations we identified using the traditional gating approach were seen in the 

FlowSOM free remission MSTs, none were statistically significant at the p < 0.05 level. This 

highlights the similarity between these MRD populations and normal myeloblasts, often only being 

distinguishable by 1 or 2 markers. However, we observed that immature erythroid cells (CD117+ 

erythroblasts) and monocytes expressing CD123 or CD56 were often significantly increased (p < 

0.05) in the remission samples. This was a trend throughout the cohort. The increase in immature 

erythroid progenitors is expected in BM recovering from chemotherapy. Likewise, CD56 

expression on monocytes has been described as a chemotherapy-induced phenomenon95, 96. A 

representative example of the FlowSOM free analysis is shown in Figure 7. 
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 Figure 7: FlowSOM free applied to a diagnostic-remission AML sample pair 

 

A, FlowSOM free performed on case 1602. A large cluster containing the AML blasts is seen in 
the diagnostic sample (black oval). In remission, a new node (red arrow), which is empty in the 
MNBM normal reference, appears close to the AML cluster. B, When interrogated, the node 
identified by the red arrow in panel A contains a CD56+/CD38dim myeloblast population, highly 
suspicious for MRD. This is the same population identified using the manual gating in Figure 
5A. C, Remission sample nodes colored by statistical significance. The MRD node did not reach 
statistical significance at the p < 0.05 level. However, the proerythroblast population is 
significantly increased in the remission sample compared to the MNBM. 
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Survival analysis 

 After having identified MRD-positive cases within our patient cohort, we sought to 

evaluate if these patients had a worse OS compared to the MRD-negative cases. We first performed 

a univariate analysis (MRD + versus MRD -) using the Kaplan-Meier estimate method with the 

log-rank test to assess for statistical significance84. Unfortunately, over half of the cohort (12/22 

patients) were transferred to another institution for aHSCT during the observation period. We 

could not obtain ethical approval for chart review in these other institutions, resulting in a large 

proportion of patients being lost to follow-up and censored from the Kaplan-Meier analysis. The 

resulting survival curves (Figure 8) did not achieve statistically significant separation by the log-

rank test (p=0.61). In addition, a key assumption of the Kaplan-Meier method is that censored and 

uncensored patients have an equal chance of dying97. In our case, this assumption is clearly not 

met as only the higher-risk patients referred for aHSCT were lost to follow-up. No definitive 

conclusions can be drawn from this survival analysis. Likewise, in the multivariate analysis using 

a Cox proportional hazards model considering age, sex, MRD status, and ELN risk category as 

potential explanatory variables, no statistically significant associations with survival were 

identified. This is also likely related to the small sample size and the many patients lost to follow-

up. 

 Figure 8: Kaplan-Meier survival analysis stratified by MRD status 

 



44 
 

Use of the 17-color AML MRD panel for cell sorting and single-cell RNA sequencing 

 After identifying 6 samples (Table 3) containing populations suspicious for MRD, we used 

the 17-color panel to sort these MRD cells into 96-well plates. As a comparator, we also sorted 

myeloblasts with normal immunophenotype from the remission samples (presumed non-leukemic 

recovering myeloid progenitors). When available, untreated AML blasts from the diagnostic 

sample were also sorted. We then sought to process these three key populations (MRD blasts, 

normal remission blasts, and untreated AML) using Target-Seq75. This scRNA-seq protocol allows 

for the generation of transcriptomic data with parallel high-sensitivity somatic mutation 

identification. We used custom primers to track the mutations listed in Table 3. The goal of 

tracking these mutations was to validate that the populations labelled as MRD based on aberrant 

immunophenotype were enriched in AML driver mutations. We regarded this validation as 

important given the operator-dependence of flow-based MRD in AML. 

 We first tested the Target-Seq protocol on the K562 cell line to confirm that we were able 

to obtain good quality cDNA libraries. These K562 cells were taken directly from culture, stained 

with a viability dye, sorted into 96-well plates (live cells only), and frozen at -80°C. The plates 

were processed the following day using Target-Seq. As K562 cells are derived from chronic 

myeloid leukemia (CML) blast crisis, we added previously validated3 primers specific for the 

BCR-ABL transcript at the RT and PCR steps. We evaluated the quality of the single-cell cDNA 

libraries obtained using a Bioanalyzer device and found that 73% (8/11) of the wells tested 

displayed good quality libraries (Figure 9A). Of note, due to the high cost of the Bioanalyzer 

service, only a random subset of the wells in each plate were evaluated for quality. Single cells 

yielded on average 49.1ng (range 5.0ng to 133.3ng) of dsDNA after the PCR step. In addition, the 

BCR-ABL mutant transcript could be detected by Sanger sequencing in 100% (4/4) of single-cell 

libraries, indicating successful amplification of this sequence. 

 We then proceeded to apply Target-Seq to the 96-well plates containing the sorted patient-

derived populations (cryopreserved). We encountered significant challenges in obtaining good 

quality cDNA libraries from these cells. During our first attempts (patient 1550), only 14% (3/22) 

of cells generated acceptable libraries. Many libraries were either devoid of any product or 

displayed evidence of RNA degradation (Figure 9B). This prompted us to adopt optimization 

measures with the goal of improving the rate of successful library generation. These included 
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performing all cell handling steps on ice, shorter pipetting times, strict measures to eliminate 

RNAses, and an increase in the number of PCR cycles. When we first applied these measures to 

sorted CD34+/CD117+/CD19- myeloblasts from cryopreserved normal BM samples, we obtained 

an improved rate of successful library generation (32%, 7/22 of wells tested) (Figure 9C). 

Unfortunately, this improvement did not translate to the populations sorted from the remainder of 

the patient samples, which yielded only 11% good-quality libraries (5/44 of wells tested). This 

suggests persistent issues with RNA degradation in the MRD cells undergoing a lengthy 

preparation and stressful sorting procedure. 

 Figure 9: Bioanalyzer traces for cDNA libraries obtained with Target-Seq 

 

A, High quality cDNA libraries obtained from the cell line K562. Ideally, the whole 
transcriptome amplification product average is expected to be about 2000bp. B, cDNA libraries 
generated from cryopreserved cells prior to optimization. Some cells show lack of any product 
(G8) and others show evidence of RNA degradation (A11). C, Improvements in library 
generation from single cryopreserved cells following protocol optimization. 
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DISCUSSION 

 Most patients diagnosed with AML and treated with intensive chemotherapy successfully 

achieve remission. Despite this, relapse is common. This implies that a subset of AML cells 

selectively resists therapy and regenerates the leukemia. Using advanced flow cytometry and 

genomic techniques, we sought to study these MRD cells at the level of single-cell gene 

expression. The overarching goal was to clarify why these cells resist treatment, and to identify 

weaknesses that could be targeted therapeutically (with small-molecule inhibitors for example). In 

this project, we successfully identified human remission AML samples containing populations 

suspicious for MRD based on aberrant immunophenotype. In addition, we used FACS to isolate 

these cells for processing with a scRNA-seq protocol. Unfortunately, the protocol was only 

successful in generating adequate cDNA libraries in a small fraction of cells, precluding a gene set 

enrichment analysis. It should be noted that, to the best of our knowledge, performing scRNA-seq 

on sorted primary human AML MRD cells has not been previously performed. From a proof-of-

concept point of view, our results demonstrate that this experimental design is possible as we did 

obtain acceptable cDNA libraries at a low rate. However, further optimizations are required for 

this protocol to generate meaningful transcriptomic data. 

 In terms of MFC-based MRD, we expanded on traditional approaches by creating a single-

tube, 17-color panel. Most AML MRD panels currently in use are 8 to 10 colors and split across 

multiple tubes47, 51. These 8-10 color panels are compatible with common clinical cytometers and 

are simpler from a compensation point of view. However, a single-tube design has the advantages 

of maximizing the number of cells acquired as the sample does not need to be split. This has the 

potential to improve the capacity to detect very rare populations such as MRD. In addition, the 

single-tube approach does not rely on backbone markers and can assess any combination of 

markers on each cell. In our cohort, we identified 6 samples containing LAIPs that are well-

described in the literature48. MRD positivity was seen in roughly one quarter of the cases. This is 

in line with the expected positivity rate published by large MRD centers51. We felt it was important 

to attempt to validate the populations we sorted truly represented leukemic blasts. We first sought 

to do this by comparing survival in the MRD-positive versus MRD-negative patients. 

Unfortunately, barriers related to patient consent did not allow us to obtain up-to-date survival data 

for over half the cohort because they were transferred to another institution for aHSCT. No 
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significant conclusions could be drawn from the resulting Kaplan-Meier survival analysis. We then 

tried to evaluate if the sorted MRD fractions were enriched for AML driver mutations. For 4 out 

of the 6 MRD-positive samples, we could obtain raw NGS sequencing data performed at diagnosis 

to identify such mutations. We attempted to track these mutations in the sorted cell fractions using 

Target-Seq. However, the sorted cryopreserved cells had evidence of severe RNA degradation and 

did not generate acceptable libraries for sequencing. It was therefore not possible to fully validate 

that the MRD populations identified and sorted with the 17-color AML MRD panel truly 

represented residual leukemia. Nonetheless, the aberrant immunophenotypes observed and 

positivity rate were consistent with previously published literature47, 48, 51. 

 Lack of standardization and operator-dependence are major challenges facing MFC-based 

MRD in AML. Recognition of aberrant immunophenotypic patterns requires considerable 

experience. In addition, these aberrancies can be subtle and vary widely from patient to patient. 

For these reasons, standardization of MFC-based MRD in AML has lagged compared to other 

leukemias such as chronic lymphocytic leukemia (CLL)98, 99 and acute lymphoblastic leukemia 

(ALL)100. Bioinformatic flow cytometry analysis approaches have to potential to remedy some of 

these difficulties with AML MRD. As previously described by Lacombe et al.81, we found the 

FlowSOM tool in R to be particularly useful in analyzing our high-parameter data. The FlowSOM 

frozen protocol could rapidly identify major bone marrow populations, whereas the FlowSOM free 

modification allowed for the identification of emergent populations in remission samples 

compared to a normal reference. We took this method further by applying a custom statistical 

analysis to highlight the most significant new nodes in remission. We believe FlowSOM is a very 

promising tool to study MRD with more reproducibility and less operator-dependence. In our 

project, we used bone marrow obtained from untreated NHL patients as a normal control as this is 

what we had available in the biobank. However, a more appropriate control would be bone marrow 

obtained from patients recovering from chemotherapy for non-myeloid malignancies. This would 

allow us to control for non-malignant, chemotherapy-induced populations such as the regenerating 

erythroid progenitors and CD56+ monocytes we observed in the AML remission samples. 

Considerable hurdles remain prior to the application of a full bioinformatic analysis strategy in the 

clinic. More extensive testing of different AML MRD panels would be required to identify optimal 

reagent combinations. Such panels should be validated with known positive and negative controls 

(established by a molecular MRD method such as NPM1 qPCR for example) to confirm the 
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bioinformatic analysis can reliably identify MRD populations. Finally, these tools, which are 

currently code-based and require programming skills to use, would need to be developed into a 

graphical user interface that is usable by the average physician or pathologist. 

 A major limitation of this project was the very low rate of successful cDNA libraries 

generated using the sorted cryopreserved patient samples. This is likely the result of RNA 

degradation related to the cryopreservation process followed by thawing, a lengthy sample 

preparation, and the stress of the cell sorting procedure. This hypothesis is supported by the fact 

that we obtained much better cDNA libraries from the K562 cells compared to the patient samples. 

These K562 cells were taken directly from culture, stained only with a viability dye (< 30 minutes 

of preparation time), and immediately sorted. Cells in culture are also larger and more 

metabolically active, thus containing more starting RNA material than cryopreserved cells. We 

could not significantly improve the rate of successful library generation in the patient samples 

despite multiple optimization procedures including temperature control (all steps on ice), 

shortening the preparation time, taking great care to keep the environment free of RNAses, and 

increasing the number of PCR cycles. The fact that we did, on occasion (~10%), observe successful 

cDNA libraries with the cryopreserved patient samples argues against a problem with the Target-

Seq protocol itself or the reagents used and favors the RNA degradation hypothesis. RNA 

sequencing has previously been successful on sorted MRD cells70. However, these were bulk-

sorted (not single-cell), making the issue of viability and RNA quality less critical as many cells 

are processed together. It is also unclear if cryopreservation was used in this abstract70. Our 

protocol could be further optimized for cellular viability. This should probably involve avoiding 

cryopreservation and performing testing immediately after fresh sample collection. However, this 

would greatly increase the logistical complexity of the assay. Close coordination between the 

clinical team and research laboratory would be required. In addition, MRD would need to be 

identified immediately on the cell sorter without the benefit of advanced analysis tools such as 

Infinicyt or bioinformatics. A large proportion of cases (~75%) would be expected to be MRD-

negative51 and have no residual leukemia cells to sort, representing a waste of the Target-Seq plate 

prepared right before the sort. Nonetheless, if these logistical hurdles could be overcome, we 

believe the approach we have developed would represent a powerful tool to study chemoresistance 

in AML. Some investigators have explored an alternative approach consisting of applying a 

higher-throughput scRNA-seq protocol (Chromium 10x) to unsorted AML remission samples, 
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instead relying on bioinformatic techniques to identify residual leukemia101. It does not appear 

RNA degradation was a major barrier using this protocol. 

 In summary, we developed a high-dimensional (17-color) flow cytometry AML MRD 

panel. We showed this panel was compatible with traditional (gating) and bioinformatic analysis 

methods. We also demonstrated how such a panel has the potential to be used to isolate rare cell 

populations of interest for scRNA-seq. Although further optimization is required, the combination 

of advanced flow cytometry and genomic methods has the potential to yield valuable insight into 

treatment failure in AML and lead to novel therapies. 
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PROJECT 2:  
COMMON CLONAL ORIGIN OF CHRONIC MYELOMONOCYTIC LEUKEMIA AND 

B CELL ACUTE LYMPHOBLASTIC LEUKEMIA IN A PATIENT WITH A 
GERMLINE CHEK2 VARIANT 
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LITERATURE REVIEW 

 Myelodysplastic syndromes (MDS) consist of a group of hematological malignancies that 

are increasingly frequent as people age and represent a growing disease burden102. Clinically, these 

disorders are characterized by ineffective hematopoiesis, chronic cytopenias, and a variable risk 

of leukemic transformation. The bone marrow aspirate typically reveals dysplastic morphological 

changes, with or without increased blasts103. MDS patients suffer from complications related to 

cytopenias, such as fatigue, dyspnea, infections, bleeding, and reduced quality of life104, 105, 106. 

MDS is associated with a wide range of chromosomal and genetic abnormalities. These typically 

affect cellular pathways such as epigenetic regulation, RNA splicing, transcription, signaling, cell 

cycle control, and DNA repair4. 

 Patients with MDS can be stratified into risk categories based on the number/degree of 

affected bone marrow lineages, blast percentage, and genetic abnormalities. This is usually done 

using tools such as the International Prognostic Scoring System (IPSS)107 or its revised version 

(IPSS-R)108. There is thus considerable variation in disease severity from patient to patient. 

Transformation to AML is a well-described component of the natural history of MDS and occurs 

on average in 30% of patients at some point during the disease course109. This transformation is 

more common in higher-risk IPSS categories. 

 Transformation of MDS to other leukemias besides AML is considered exceedingly rare. 

To date, only a few dozen cases of MDS to ALL transformation have been described in the 

literature110, 111, 112. From a disease biology point-of-view, this phenomenon is very interesting as 

it represents a switch from the myeloid (MDS) to lymphoid (ALL) lineage. With the exception of 

lymphoid blast crisis in CML35, lineage switch is rare throughout hematological malignancies. The 

underlying mechanisms underlying MDS to ALL transformation are still poorly understood. One 

plausible hypothesis is that the self-renewing multipotent hematopoietic stem or early progenitor 

cell responsible for the MDS clone acquires further genetic or epigenetic changes leading to 

lymphoid transformation110, 111. It has been appreciated for some time that MDS-specific 

cytogenetic changes (such as -5q or -7) can be detected within the lymphocytes of a subset of MDS 

patients113, 114. However, it is unclear how this low-level lymphoid output occasionally evolves to 

overt ALL. Alternatively, different hematological malignancies may originate from a common 

preleukemic HSC pool (CHIP). Such preleukemic cells can be detected in the blood of individuals 
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without a hematological cancer115, AML patients116, and lymphoma patients117. It is thus possible 

that branching clonal evolution may evolve from this pre-malignant reservoir. 

 MDS to chronic myelomonocytic leukemia (CMML) transformation also appears to be 

quite rare, with only a handful of cases described in the literature118, 119, 120, 121. These two entities 

are more closely related than MDS and ALL. Indeed, CMML was previously included as a type 

of MDS in the FAB classification. It now occupies the category of 

myelodysplastic/myeloproliferative (MDS/MPN) overlap syndromes35. MDS and CMML share a 

number of features including bone marrow dysplasia, a propensity towards elevated bast counts, 

and typical cytogenetic/molecular abnormalities35. Predominantly dysplastic versus proliferative 

forms of CMML are described based on total WBC count35. Often, the only distinguishing feature 

between dysplastic type CMML and MDS is peripheral blood monocytosis (≥ 1 x 109/L) persisting 

for 3 months. This has been criticized as a somewhat arbitrary distinction by some authors121. 

Overall, given the similarity between MDS and CMML, and the fact that both are thought to 

originate from a transformed hematopoietic stem or progenitor cell, it is not surprising that one 

entity may transform into the other. However, the underlying mechanisms remain to be clarified. 

CMML appears to have a different mutational landscape compared to MDS, with a higher 

frequency of ASXL1, NRAS/KRAS, CBL, and SRSF2 mutations122, 123, 124. The acquisition of such 

mutations may lead to differences in proliferative and differentiation potential and underly 

transformation from MDS to CMML. 

 Overall, given the rarity of MDS transformation to CMML and ALL, we believe such cases 

deserve to be aggressively investigated. In this project, we studied such a case with FACS and 

whole-exome sequencing (WES) to elucidate the underlying pathophysiology at the genetic level. 
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METHODS 

Flow cytometry and cell sorting 

 The patient provided written informed consent for the collection of a peripheral blood 

sample and buccal swab for this project (Research Ethics Board protocols 11-047 and 12-052). We 

purified peripheral blood mononuclear cells (PBMCs) from the sample using Ficoll density 

gradient centrifugation. These cells were cryopreserved at -80°C until processing. We then thawed 

and stained this sample using CD19-APC (eBioscience, clone HIB19, 17-0199-41) and CD33-

FITC (eBioscience, clone WM53, 11-0338-41). We sorted the B-lymphoid (CD19+/CD33-) and 

myelomonocytic (CD19-/CD33+) fractions using a BD FACSAria Fusion cell sorter. To isolate 

normal T cells for CHEK2 variant detection, we added CD3-BV786 (BD Biosciences, clone SK7, 

563800) to this antibody panel and sorted CD19-/CD33-/CD3+ cells. The cell sorting strategy is 

illustrated in Figure 10. Post-sorting purity check showed that the sorted fractions were >99% 

pure for the target population. 

 Figure 10: Cell sorting strategy 

 

Abbreviations: APC, allophycocyanin; BV785, Brilliant Violet 785; FITC, fluorescein 
isothiocyanate; FSC, forward scatter; MM, myelomonocytic; PB, peripheral blood; SSC, side 
scatter. 
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Whole-exome sequencing and analysis 

 We extracted genomic DNA from the sorted cell fractions and the concomitantly collected 

buccal swab using the DNeasy Blood and Tissue Kit (QIAGEN, 69506). We sent the B-lymphoid, 

myelomonocytic and buccal swab gDNA for WES (Novogene Co., Beijing, China). The Agilent 

SureSelect Human All Exon kit (Agilent Technologies) was used to generate the sequencing 

libraries. Sequencing was performed on an Illumina platform (150-bp paired-end reads). 

 We performed analysis of the WES data on a Compute Canada Cluster (Beluga). We used 

BWA-MEM86 to align the clean reads to the GRCh37 (hg19) reference genome. To call the 

germline variants from the buccal swab, we used HaplotypeCaller (GATK, Broad Institute). We 

used the following default hard filters on the germline variants: QD < 2.0, FS > 60.0, MQ < 40.0, 

HaplotypeScore > 13.0, MappingQualityRankSum < -12.5, ReadPosRankSum < -8.0. Because 

HaplotypeCaller is not well suited for variant calling on tumor samples (somatic variant detection), 

we opted to use the variant caller Mutect2 (GATK, Broad Institute) with a panel of normals (PON) 

to identify the variants in the tumor samples (B-lymphoid, myelomonocytic). Mutect2 is 

specifically designed for this purpose. We used FilterMutectCalls (GATK, Broad Institute) to filter 

the tumor sample variants. We performed variant annotation using ANNOVAR88. We excluded 

synonymous single-nucleotide variants (SNVs), non-coding variants, variants identified at a rate 

over 0.01% in population databases (1000G, ExAC, ESP6500si, gnomAD), and variants known to 

be benign on the ClinVar database. Furthermore, only variants with at least 10X coverage in at 

least one sample were retained. These first curation steps allow for the exclusion of artifacts, 

single-nucleotide polymorphisms (SNPs), and variants very unlikely to be pathogenic. However, 

many variants will remain at this stage that may not be implicated in cancer biology. To further 

refine our list of variants, we used the web-based application Cancer Genome Interpreter (CGI) to 

identify probable cancer drivers125. In parallel to the CGI analysis, we used a previously described 

method89 to assess pathogenicity in the retained variants. Frameshift and nonsense mutations are 

considered pathogenic, whereas SNVs are assigned a category (benign, variant of uncertain 

significance, likely pathogenic, or pathogenic) based on a combination of 6 in silico tools (SIFT, 

PolyPhen2, M-CAP, FATHMM, PROVEAN, CADD). No benign variants were retained in the 

final mutation list. All mutations identified by NGS were confirmed using Sanger sequencing. 
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 ExomeAI126 is a web-based bioinformatic tool (http://genomequebec.mcgill.ca/exomeai) 

that allows for the identification of allelic imbalances (AIs) in NGS data. AIs can include large 

chromosomal deletions/gains or areas of loss of heterozygosity (LOH). This AI analysis 

complements the standard analysis that can only detect point mutations and small 

insertions/deletions. We used ExomeAI with the default settings to identify such larger scale 

abnormalities in our sequencing data. 

 

Functional analysis of the CHEK2 variant 

 The germline variant we identified in the tumor suppressor CHEK2 (c.475T>C, p.Y159H) 

was of great interest to us for its possible role as an inherited cancer predisposition. Therefore, we 

performed a functional assay to evaluate the effect of this variant on protein function. The CHK2 

Y159H variant affects the forkhead-associated (FHA) domain that is critical to bind downstream 

effectors such as BRCA1127. We thus leveraged a LacO/LacR protein binding assay to evaluate 

the effect of Y159H on the CHK2-BRCA1 protein interaction. 

 The LacO/LacR system128, 129 takes advantage of the binding between the lac operator 

(LacO) repeat DNA sequence and the lac repressor (LacR) protein. A protein of interest (in this 

case CHK2) is tagged with LacR and a fluorescent protein (mCherry). By expressing this protein 

in a cell line containing a stable integration of a repeat LacO array, CHK2 is tethered at a specific 

point within the cell that can be identified by the mCherry signal. The interaction between CHK2 

and a second protein of interest (in this case BRCA1) can be evaluated using a second 

fluorochrome bound to BRCA1 and measured at the LacO array. A schematic representation of 

this assay is shown in Figure 11. 
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 Figure 11: LacO/LacR system to assess the CHK2-BRCA1 interaction 

 

 To generate variant CHK2 protein, we obtained the CHEK2 open reading frame (ORF) 

vector from the ORFeome Collaboration provided by the McGill Platform for Cellular 

Perturbation of the Goodman Cancer Research Centre and Biochemistry at McGill University. We 

used the QuikChange II Site-Directed Mutagenesis kit (Agilent Technologies) to generate the 

Y159H mutant as well as the known dysfunctional variants I157T and H143Y130 as positive 

controls. The oligonucleotides used for the QuikChange reaction are detailed in Appendix Table 

A2. We then used Gateway cloning technology (Invitrogen) to insert the variant and wild type 

(WT) CHEK2 vectors into a pDEST-mCherry-LacR vector. Successful cloning of the different 

variants into the final constructs was confirmed using Sanger sequencing. 

 For the single-cell assay, we used U2OS cells containing a stable integration of the LacO 

repeat sequence. These cells were plated onto #1.5 coverslips in a 12-well plate. We transfected 

the U2OS-LacO cells at 60% confluency with 1 µg of each mCherry-LacR-CHEK2 construct. The 

coverslips were then rinsed with PBS, fixed with PBS +2% paraformaldehyde (Thermofisher), 

washed again with PBS, and permeabilized with PBS + 0.3% Triton-100 solution for 20 minutes. 

After blocking the coverslips with PBS + 5% BSA + 0.1% Triton-100 (PBSA-T), we performed a 

one-hour incubation with 1:400 rabbit anti-BRCA1 primary antibody (EMD Millipore, 07-434). 

This was followed by two washes and incubation with goat anti-rabbit Alexa Fluor 647 secondary 

antibody (Thermofisher, A-21244). Finally, the coverslips were washed twice in PBS, once in 

ddH2O, and mounted with Fluoromount-G (Thermofisher). The images were acquired using a 

LSM 800 confocal microscope (Carl Zeiss AG) and analyzed as previously described131. The 
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colocalization of BRCA1 (AF647 signal) with WT and variant CHK2 was measured at the LacO 

repeat array and quantified by calculating the mean fluorescence intensity (MFI) of AF647 at the 

mCherry focus divided by the MFI of AF647 in the background region of the nucleus (relative 

fluorescence). We performed two biological replicates for each variant and a minimum of 25 cells 

were evaluated per replicate. We assessed statistical significance using ordinary one-way ANOVA 

with Dunnett’s multiple comparisons test using WT CHK2 as the control (GraphPad Prism 

software, version 9.0.0). 
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RESULTS 

Description of the patient case and family history 

 A 56-year-old male was referred to the hematology clinic for an incidental finding of severe 

neutropenia. His family history was positive for essential thrombocytosis (ET) in his mother, 

colorectal cancer in his father, and an unspecified malignancy in his brother. The patient himself 

did not have any previous history of cancer or hematological disorders. A bone marrow aspirate 

and biopsy was performed and was compatible with a diagnosis of myelodysplastic syndrome with 

multilineage dysplasia (MDS-MLD) by modern World Health Organization (WHO) 2016 

criteria35. G-band karyotyping showed -Y in all metaphases. His IPSS107 risk score was low. Given 

the low-risk nature of his disease and the asymptomatic neutropenia, he was initially managed with 

observation alone for 10 years. Eventually, he developed worsening anemia which prompted the 

initiation of recombinant erythropoietin (EPO). Although he did initially respond to EPO, the 

anemia eventually became refractory. This was accompanied by progressive neutrophilia and 

monocytosis. Repeat diagnostic workup including bone marrow examination and flow cytometry 

was now consistent with transformation to CMML without elevated blasts (CMML-0 by WHO 

201635). His karyotype remained unchanged (-Y) and IPSS risk score was now intermediate-1. He 

was treated with lenalidomide 10 mg daily. This helped control the leukocytosis, but he remained 

dependent on red blood cell (RBC) transfusions. After a two-year period of stability, he 

experienced an abrupt onset of leukocytosis with abundant blasts on the peripheral blood smear. 

Morphology and flow cytometry performed on the bone marrow now showed a B-ALL clone in 

addition to the background CMML. His karyotype remained -Y. The patient was admitted to the 

hospital and treated with combination chemotherapy (prednisone, vincristine, daunorubicin, 

cyclophosphamide, and L-asparaginase). His treatment was complicated by an invasive fungal 

infection (fusariosis) and liver toxicity. This resulted in prolonged hospital admission after which 

he was no longer considered fit for intensive chemotherapy. The B-ALL and CMML both relapsed 

8 months after the induction regimen. The sample we evaluated in this project was drawn at this 

time point (with both B-ALL and CMML clones in the peripheral blood). The patient’s physician 

attempted to control the disease with sequential vincristine monotherapy, mitoxantrone 

monotherapy, and finally inotuzumab ozogamicin. Ultimately, these agents were ineffective in 
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controlling the leukemias. A decision was made to pursue comfort care and the patient died 14 

years after the initial MDS diagnosis. 

 

Identification of genomic variants in the buccal swab and CMML/B-ALL fractions 

 We processed the patient sample by using FACS to isolate the B-ALL (CD19+/CD33-) 

and CMML (CD19-/CD33+) clones. We then extracted the DNA from these two malignant 

fractions and a concomitantly collected buccal swab. We sent these three samples for WES. The 

sequencing metrics are shown in Appendix Table A3. We identified a total of 11 different variants 

meeting retention criteria (see methods) distributed between the three samples (Table 4). These 

were comprised of 6 nonsynonymous single-nucleotide variants (SNVs), 4 insertions or deletions, 

and 1 stop-gain (nonsense) variant. All variants reported in Table 4 had their presence or absence 

confirmed using Sanger sequencing. This was especially important for the buccal swab sample 

where the DNA quantity and sequencing coverage (12.72X) were lower. 

 By evaluating which variants were unique or shared between the various samples, we built 

a putative clonal evolution sequence for this patient case (Figure 12). Specifically, variants shared 

between all samples (buccal swab, CMML, B-ALL) were considered to have a germline origin. 

Variants absent from the buccal swab but shared between the CMML and B-ALL clones are likely 

to have been acquired at the MDS or CMML disease stages, prior to the emergence of the B-ALL. 

Finally, mutations unique to the CMML or B-ALL clones may represent later events in the disease 

course. 

 We used the web-based application ExomeAI126 to evaluate for larger scale allelic 

imbalances (AIs). This analysis showed a large AI in the long arm of chromosome 4 (chr4q) in the 

CMML and B-ALL samples. This is consistent with the TET2 frameshift deletion (located on 

chr4q) with a variant allele frequency (VAF) of 1.0 identified in both tumor samples. We also 

identified a large AI on chromosome 16q unique to the B-ALL sample.
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Table 4: Variants identified in the buccal swab sample and sorted cell populations using whole-exome sequencing 

*Although this variant was classified as a VUS using the combination of in silico tools, it is a well validated pathogenic variant in ClinVar and we considered it as such.

Gene Chromosome and 
GRCh37 position 

HGVS DNA Reference HGVS Protein 
Reference 

Variant Type In Silico 
Pathogenicity 
Assessment 
(see methods) 

ClinVar 
status (if 
available) 

Buccal Swab Myeloid Lymphoid 

Genotype Variant Allele 
Frequency 

NRAS Chr 
1:115258747 

NM_002524:c.35G>A p.G12D Nonsynonymous 
SNV 

VUS* Pathogenic - 0.47 0.39 

CLOCK Chr 
4:56322165 

NM_001267843:c.881C>T p.P294L Nonsynonymous 
SNV 

Likely 
pathogenic 

Not reported - 0.41 0.38 

TET2 Chr 
4:106158398_106158399 

NM_001127208:c.3299_3300del2 p.V1100Afs*2 Frameshift 
deletion 

Pathogenic Not reported - 1.00 1.00 

BRD2 Chr 
6:32943865_32943865 

NM_001113182:c.529_530insTGA p.V177_A178insI Nonframeshift 
insertion 

Unknown Not reported - - 0.41 

CDKN1A Chr 
6:36652068 

NM_001291549:c.292G>A p.A98T Nonsynonymous 
SNV 

VUS Not reported Heterozygous 0.47 0.47 

EZH2 Chr 
7:148507467_148507468 

NM_004456:c.1986_1987del2 p.Y663fs*0 Frameshift 
deletion 

Pathogenic Not reported - 0.54 0.39 

BMPR1A Chr 
10:88683261 

NM_004329:c.1471G>A p.E491K Nonsynonymous 
SNV 

VUS VUS Heterozygous 0.39 0.64 

FOXA2 Chr 
20:22562771 

NM_021784:c.1109T>G p.L370R Nonsynonymous 
SNV 

Pathogenic Not reported Heterozygous 0.50 0.58 

ASXL1 Chr 
20:31022922_31022922 

NM_015338:c.2407delC p.Q803Kfs*14 Frameshift 
deletion 

Pathogenic Not reported - 0.41 - 

CHEK2 Chr 
22:29121082 

NM_007194:c.475T>C p.Y159H Nonsynonymous 
SNV 

Pathogenic VUS Heterozygous 0.40 0.38 

ZRSR2 Chr 
X:15809088 

NM_005089:c.73G>T p.E25X Stopgain Pathogenic Not reported - 1.00 0.75 
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 Figure 12: Putative sequence of clonal evolution in the presented case 
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Functional analysis of the CHEK2 c.475T>C, p.Y159H variant 

 The variant we identified in the tumor suppressor CHEK2 represents a potential inherited 

cancer predisposition. We confirmed the presence of this variant by Sanger sequencing in the 

buccal swab, myelomonocytic, and lymphoid samples. In addition, the variant was also observed 

in non-malignant T cells sorted from this patient (Figure 13). This strongly suggests a germline 

origin for CHEK2 c.475T>C. 

 Figure 13: CHEK2 c.475T>C chromatograms 

 

 The CHEK2 c.475T>C SNV leads to a tyrosine to histidine substitution at codon 159 

(Y159H) of the CHK2 protein. This change occurs in the forkhead-associated (FHA) domain, 

which binds downstream effectors including BRCA1, p53, and CDC25 proteins127. The Y159H 

variant is located only two amino acid positions away from the I157T variant, which is known to 

disrupt the FHA domain (Figure 14)127. In addition, the Y159H variant was predicted as 

damaging/pathogenic by all six in silico prediction tools we used. Therefore, we hypothesized that 

the Y159H variant could have a deleterious effect comparable to the known damaging I157T 
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variant. Currently, the Y159H variant is considered a variant of uncertain significance (VUS) in 

the ClinVar database. This is in part due to limited functional studies showing a lack of growth 

perturbation in yeast with this variant132. The American College of Medical Genetics and 

Genomics (ACMG) provides criteria for the classification of genetic variants. Prior to performing 

our functional assay, we evaluated the Y159H variant as meeting the ACMG criteria PM1 (located 

in a critical protein domain), PM2 (absent/rare in normal control databases), and PP3 (in silico 

prediction), giving an overall score of VUS (2 moderate, 1 supporting criteria) similarly to the 

ClinVar assessment133. 

 Figure 14: Graphical representation of the CHK2 protein and domains 

 

The CHK2 protein and its domains are illustrated. A selection of five pathogenic mutations 
described in the literature are shown in red. The Y159H variant identified in this case report is 
shown in black, highlighting its proximity to I157T. Figure redrawn using data from Cai et al. 
2009134 and Stolarova et al. 2020135. 
 
 To test our hypothesis that CHK2 Y159H impairs binding to BRCA1, we used a 

LacO/LacR system. This assay allows for the evaluation of the association of two proteins at an 

integrated LacO array by tethering an mCherry-LacR tagged version of the protein of interest 

(CHK2). A detailed description of the technique is provided in the previous chapter (Methods). 

We first confirmed that our mCherry-LacR-tagged version of WT CHK2 could recruit endogenous 

BRCA1 to the LacO array. We then compared the ability of the Y159H variant to bind BRCA1 

using the I157T and H143Y as positive controls, and WT CHK2 as a negative control. I157T is 

known to disrupt the FHA domain and H143Y produces an unstable protein product127, 130. Our 

results showed that the Y159H variant strongly impairs CHK2 association to BRCA1 compared 

to WT CHK2 (Figure 15). This impaired binding was similar in degree to the known pathogenic 
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variants (I157T, H143Y). This strongly suggests Y159H is disruptive to the FHA domain. Our 

data supports the reclassification of CHK2 Y159H as likely pathogenic based on this additional 

functional data. Our novel interpretation of this clinical variant was deposited to the ClinVar 

database under accession number (SCV001593269). 

 Figure 15: Effect of CHK2 variants on BRCA1 binding 

 

A, Graphical representation of the LacO/LacR system. B, Confocal microscopy images. The 
LacO array position is identified by the accumulation of mCherry signal. Colocalization of 
BRCA1 and CHK2 is assessed at this mCherry focus (white square) by measuring the AF-647 
signal (bound to endogenous BRCA1). The control (Ctrl) condition represents an mCherry-LacR 
construct lacking CHK2. C, Relative AF-647 signal (representing BRCA1) at the mCherry focus 
for WT and variant CHK2. Statistical significance was assessed using one-way ANOVA 
(Dunnett’s multiple comparisons test) using WT CHK2 as the comparator (* = p ≤ 0.05, ** = p ≤ 
0.01). 
 
Abbreviations: AF-647, Alexa Fluor 647; BRCA1, breast cancer type 1 susceptibility protein; 
CHK2, checkpoint kinase 2; WT, wild-type. 
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DISCUSSION 

 Sequential transformation of MDS to CMML to B-ALL is exceedingly rare. We sought to 

combine FACS and WES to elucidate the genetic underpinning of such a case. Using this approach, 

we identified 11 suspected driver mutations with a varied distribution between the sorted leukemic 

populations and a buccal swab. In addition, we identified a previously poorly characterized 

CHEK2 variant and performed functional validation to evaluate its pathogenicity. Finally, we 

proposed a putative sequence of clonal evolution applicable to this patient case (Figure 12). 

 Germline variants affecting genes implicated in cancer are of interest to researchers as they 

may represent inherited predispositions to a wide range of malignancies. This has implications 

regarding genetic counselling and cancer screening. In our patient case, we identified four germline 

variants meeting retention criteria. Three of the affected genes (CDKN1A, BMPR1A, and FOXA2) 

have been implicated in human malignancies to a certain degree136, 137, 138. However, we could not 

find any evidence that the specific variants identified in this case were pathogenic beyond in silico 

prediction tools. We therefore chose to focus our study on the CHEK2 variant because this gene is 

considered a multiorgan cancer susceptibility gene, albeit with a low to moderate penetrance135, 

139. CHEK2 encodes the protein CHK2, which binds and activates BRCA1 to promote the DNA 

damage response (homologous recombination repair pathway). Other functions that have been 

associated with CHK2 include cell cycle arrest, apoptosis, and senescence139. We hypothesized 

CHEK2 c.475T>C, p.Y159H could be a damaging mutation based on in silico tools and its 

proximity to the I157T variant that is known to disrupt CHK2 binding to BRCA1, p53, and 

CDC25127. Case control studies have shown that the I157T variant is a risk factor for hematological 

malignancies including MDS and ET140, 141. Furthermore, recently published functional studies 

demonstrated that I157T leads to hematopoietic stem and progenitor cell (HSPC) expansion, 

representing a mechanism by which this variant may promote hematological malignancies142. In 

this project, we generated functional data using a LacO/LacR system showing that Y159H impairs 

binding to BRCA1 similarly to I157T. Although we did not evaluate the entire spectrum of CHK2 

function, our findings suggest Y159H likely interferes with the DNA damage response and may 

represent a cancer susceptibility allele. The Y159H variant is currently considered a VUS based 

on ACMG criteria. Our functional assay results would qualify as an additional supporting criterion 

for pathogenicity (PS3_supporting)143. Assuming our findings can be reproduced by other 
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laboratories, this could reclassify Y159H as likely pathogenic (2 moderate, 2 supporting ACMG 

criteria)133. Further work is required to fully elucidate the effects of Y159H. 

 We considered variants shared between the CMML and B-ALL clones, but absent in the 

buccal swab, to likely represent somatic mutations acquired earlier in the course of the disease 

(prior to the emergence of the B-ALL clone). The variants in TET2, EZH2, and ZRSR2 are highly 

typical of MDS. These genes are involved in cellular processes that are frequently dysregulated in 

MDS4 (DNA methylation, histone modification, and RNA splicing, respectively). The finding of 

a variant in the circadian regulator CLOCK was intriguing. Little is known of the role of this gene 

in hematological malignancies. However, there is increasing evidence to suggest that the circadian 

clock acts as a tumor suppressor via modulation of the immune system, apoptosis, and cellular 

proliferation144. An increased risk of cancer has been identified in individuals who experience 

altered circadian rhythms from night-shift work145. NRAS mutations are rare in low-risk MDS but 

frequent in CMML4, 122. The NRAS G12D variant we identified is known to promote aberrant 

cellular proliferation and survival146. We believe this variant was acquired at the MDS to CMML 

transition in the patient’s history, when he transformed from a low-risk, indolent MDS to the more 

proliferative CMML. This remains speculative however as we did not have access to samples 

drawn earlier in the disease course to confirm this hypothesis. 

 Only two variants were found to be unique to a single clone. It is reasonable to assume 

these variants emerged later in the disease course, after divergence into distinct CMML and B-

ALL clones. The B-ALL clone harbored a unique 3-bp insertion in the gene BRD2, resulting in 

the in-frame addition of a single amino acid. BRD2 encodes the BET protein family member BRD2 

that acts as a transcriptional regulator147. Experiments performed in murine models have shown 

that overexpression of BRD2 induces B cell malignancies148, but the role of this protein in human 

cancers is poorly defined. We believe this BRD2 variant is unlikely to be solely responsible for the 

lineage shift that was observed in this patient. It is possible other driver mutations unique to the 

B-ALL clone were missed due to the imperfect coverage obtained with WES. Alternatively, the 

myeloid-to-lymphoid shift could be explained by additional karyotypic abnormalities beyond -Y 

that were missed with G-band karyotyping. However, the more likely explanation, in our view, is 

that the lineage shift may have been induced by epigenetic alterations. Epigenetics are increasingly 

recognized as critical in the pathobiology of cancer149. Normal hematopoietic progenitors undergo 
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progressive epigenetic changes (including DNA methylation and histone modifications) as they 

progress through lineage determination and differentiation150, and it is likely similar processes are 

active in malignant hematopoiesis. Our case notably demonstrated variants in two key epigenetic 

regulators (TET2 and EZH2), which may have contributed to epigenetic alterations leading to 

lineage switch. Unfortunately, our study design could not directly evaluate epigenetic state in the 

various cell populations. The CMML clone contained one unique variant in the ASXL1 gene. 

Truncating mutations in exon 12 of ASXL1, such as the one we identified in this case, are very 

common in CMML (roughly 45% of cases)151. This variant has also been described as cooperating 

with the NRAS G12D variant (which was also observed in our patient) to promote accelerated 

leukemogenesis152. Mechanistically, loss of ASXL1 protein function leads to aberrant chromatin 

remodelling and activation of oncogenes such as HOXA and the PI3K/AKT pathway152, 153. 

Because ASXL1 mutations are generally considered early events in leukemogenesis154, we 

expected this variant would be shared between both the CMML and B-ALL clones. It is 

nonetheless possible that the subclone responsible for the emergence of the B-ALL clone simply 

did not carry the ASXL1 variant, or that this variant was lost upon transformation to B-ALL due to 

lack of selective advantage. 

 Overall, the methodology we employed in this project allowed us to elucidate the genetic 

underpinnings of a case of complex and unusual hematological disease. We identified multiple 

potential driver mutations and proposed a model of branching clonal evolution from a common 

origin. We also identified a CHEK2 variant (Y159H) that possibly represented an inherited cancer 

predisposition in this patient. The functional data we generated concerning this variant has the 

potential to reclassify it as likely pathogenic and represents a novel contribution in the field of 

cancer genetics and DNA repair. 
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CONCLUSIONS 

 Understanding molecular heterogeneity and mechanisms of disease resistance in leukemias 

represents a major challenge in the field of hematology. Multiparameter flow cytometry, FACS, 

scRNA-seq, and WES are powerful technologies to tackle such questions. 

 In the first project, we created a 17-color AML MRD flow cytometry panel. This represents 

the acquisition of considerably more parameters than most panels currently in use for this purpose, 

which are usually 8 to 10 colors47, 51. The 17-color panel has the advantages of providing a highly 

detailed immunophenotype while maximizing the number of events that can be acquired for each 

sample. As clinical cytometers gain the ability to detect over 10 colors, it is likely larger panels 

such as ours will make their way into the clinic. With the increasing complexity of such panels, 

bioinformatic analysis tools will become important adjuncts in data interpretation. We expanded 

upon the FlowSOM approach described by Lacombe et al.81 by applying it to a diverse cohort of 

AML remission samples and adding a statistical analysis method allowing for the rapid 

identification of the most relevant remission-emergent nodes. Although a major goal of our project 

was to analyze the transcriptome of AML MRD blasts at the single-cell level, we encountered 

significant challenges in obtaining adequate cDNA libraries from the cryopreserved sorted cells. 

This was likely due to RNA degradation related to the stress of freeze-thaw cycles, lengthy sample 

preparation, and cell sorting. However, a small percentage of cells did yield adequate libraries, 

suggesting our approach may be feasible with protocol modification. This would likely require the 

use of fresh (as opposed to cryopreserved) samples. This would be challenging from a logistical 

point of view but nonetheless possible in our opinion. We believe this is worth pursuing as the 

generation of single-cell transcriptomic data from AML MRD cells has the potential to identify 

targetable vulnerabilities that may lead to novel therapeutics. 

 In the second project, we combined FACS and WES to establish a complex pattern of 

clonal evolution underlying a case of MDS sequentially transforming into CMML and B-ALL. 

We identified many known pathogenic variants driving leukemogenesis in this case (NRAS, TET2, 

EZH2, ZRSR2, and ASXL1). Although such mutations are not currently directly actionable155, this 

type of case-level knowledge may eventually be used for the selection of targeted treatments, 

fulfilling the goal of personalized medicine. The most notable contribution of this project to the 

medical literature was the identification of a germline CHEK2 variant (c.475T>C, p.Y159H). 
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Although this variant had been identified previously in cancer patients, its biological effects were 

largely unknown beyond some preliminary yeast studies, and it was considered a VUS by most 

laboratories (ClinVar). The functional data we generated demonstrates impaired binding of this 

variant protein to one of its principal downstream effectors (BRCA1). Assuming our results can 

be reproduced by other laboratories, this finding has the potential to reclassify the Y159H variant 

as likely pathogenic by ACMG criteria. Further functional and case control studies will be required 

to fully establish this variant as an inherited cancer predisposition allele.  
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APPENDICES 

 

Tables 

Appendix Table A1: Next-generation sequencing myeloid gene panel* 

ABL1 MPL 
ASXL1 MYD88 
BRAF NOTCH1 
CALR NPM1 
CBL NRAS 
CEBPA PDGFRA 
CSF3R PTEN 
CXCR4 PTPN11 
DNMT3A RUNX1 
EZH2 SETBP1 
FLT3 SF3B1 
HRAS SRSF2 
IDH1 TET2 
IDH2 TP53 
JAK2 U2AF1 
KIT WT1 
KRAS ZRSR2 
KMT2D/MLL2  

*Courtesy of Dr. Yury Monczak 

 

Appendix Table A2: QuikChange oligonucleotides used to generate the CHK2 variants 

Variant Oligonucleotide pair 

Y159H F: CCACTGTGATCTTCTATGTGTGCAATGTAAGAGTTTTTAGGAC 
R: GTCCTAAAAACTCTTACATTGCACACATAGAAGATCACAGTGG 

I157T F: CTTCTATGTATGCAGTGTAAGAGTTTTTAGGACCCACTTCCC 
R: GGGAAGTGGGTCCTAAAAACTCTTACACTGCATACATAGAAG 

H143Y F: TCCCTGAAAATCCGAAAATATTTCTTGCTGTATGTTCGGTATTTATCTGTT 
R: AACAGATAAATACCGAACATACAGCAAGAAATATTTTCGGATTTTCAGGGA 
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Appendix Table A3: Whole-exome sequencing metrics 

Sample Reads % Duplicate % Mapped Mean 
coverage on 
target 

% of target 
covered with 
at least 10X 

B Lymphoid 47,361,768 25.10 99.88 79.17X 97.0 
Myeloid 63,717,732 25.45 99.92 97.19X 97.8 
Buccal Swab 6,849,050 23.71 99.89 12.72X 49.8 
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Figures 

Appendix Figure A1: Antibody titration curves for 17-color AML MRD panel 
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Appendix Figure A2: Myeloblast gating strategy 

 

Doublets are excluded using FSC-H vs FSC-W and SSC-H vs SSC-W as is customary on a BD 
FACSAria Fusion instrument (A-B). Debris are excluded using a FSC-A vs SSC-A plot (C). A 
CD45dim, SSClow gate is drawn (D). This gate will contain myeloblasts, hematogones, and 
erythroid progenitors. Myeloblasts are identified within this gate as CD34+, CD19- (E-F). CD19 
is used to exclude hematogone (CD19+). The final myeloblast population (red) is shown 
backgated on plots D to F. 
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