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Abstract 

 
Somatic mutations cause cancer and determine patient clinical presentation and 

outcomes. Systematic profiling of somatic mutations in cancer has led to 1) the adoption 

of mutation profiling to inform patient diagnosis and risk stratification and 2) the 

development and clinical translation of targeted therapeutic agents. However, the majority 

of patients with cancer harbor multiple genomic alterations(Greenman et al. 2007; Forbes 

et al. 2017). Understanding how serially acquired mutations cooperate to drive 

oncogenesis and determine clinical presentation is a major challenge in the field.  

 

This thesis elucidates the role of acquired somatic mutations in two complementary and 

clinically relevant contexts: 1) Myelodysplastic Syndromes (MDS) patients who have 

newly discovered mutations in UBA1; and 2) high risk (IDH1/2-mutant) Acute Myeloid 

Leukemia (AML). 

 

The incorporation of genetic information in MDS has enabled improved patient 

stratification and definition of molecularly-defined subgroups(Bernard et al. 2022, 2020). 

However, a subset of patients do not have any identified molecular alterations. Further, 

some patients have concomitant inflammatory presentations which complicates diagnosis 

and clinical management. Somatic mutations in UBA1 have recently been linked to 

VEXAS (Vacuoles, E1 enzyme, X-linked, Autoinflammatory, Somatic) syndrome, an adult-

onset autoinflammatory disorder. Approximately 40% of VEXAS patients are also 

diagnosed with MDS. However, the prevalence of UBA1 mutations and associated clinical 

presentation in MDS patients are unknown. To understand the overlap between MDS with 

no genetic alterations in known myeloid pathogenesis genes and investigate a potential 
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etiology for inflammation-associated MDS, a large representative diagnostic and 

treatment-naive MDS cohort (n= 3,323) ascertained through the International Working 

Group for MDS was profiled by ddPCR (n=375) or by NGS panel (n=2027) for mutations 

in UBA1. 54 MDS patients with UBA1 mutations were identified and correlation was 

performed with cytogenetic and sequencing data from 121 genes involved in myeloid 

pathogenesis to identify patterns of co-mutation. Clinical associations of UBA1 mutations 

were evaluated and clinical history was reviewed for inflammatory conditions in 44 

patients. UBA1  mutation in isolation or in combination with other mutations implicated in 

myeloid pathogenesis accounted for a significant proportion (7%) of patients diagnosed 

as MDS but without established disease classification. This study informs clinical 

guidelines for the screening of UBA1 mutations in MDS patients.   

 

AML is an aggressive blood cancer with exceedingly poor patient outcomes(Kantarjian et 

al. 2021). Systematic sequencing studies in myeloid neoplasms have identified genes 

recurrently mutated in AML(“Genomic and Epigenomic Landscapes of Adult De Novo 

Acute Myeloid Leukemia” 2013; Papaemmanuil et al. 2016), raising opportunities for the 

development of targeted therapeutics (e.g. IDH1/2 and FLT3) and molecularly guided 

clinical care, whereby genetic information informs diagnosis, risk stratification and, in 

some cases, determines therapeutic options. To understand how serially acquired 

mutations shape disease presentation in the context of IDH1/2-mutant AML, 15 diagnostic 

patient samples were profiled using multimodal single cell profiling approaches inclusive 

of targeted DNA sequencing,single cell RNA-sequencing and cell surface marker profiling. 

Integrated single cell gene expression profiling and genotyping enabled the assignment 

of single cells to phylogenetic subclones and the delivery of clone-specific gene 

expression profiles. Patient samples were also profiled after treatment with IDH1/2 

targeted inhibitors to identify clonal responses to therapy and identify transcriptomic shifts 
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from diagnosis to remission and in a subset of cases, relapse. This study delivers detailed 

mapping of IDH1/2-mutant AML and a framework for dissecting the impact of sequentially 

acquired somatic mutations on disease phenotype at diagnosis and under therapy.  

 

This thesis integrates large scale population genomic approaches and single cell profiling 

techniques to delineate the role of somatic mutations in two clinically relevant contexts: 

UBA1-mutant MDS and IDH1/2-mutant AML. This contributes to the understanding of how 

co-occurring mutations drive disease pathogenesis and will guide the development of new 

diagnostic and therapeutic strategies. 
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Chapter 1: Introduction 

Population genomics studies on large hematologic 
malignancies patient cohorts identify recurrently mutated 
genes, patterns of co-mutation and clinical associations 

Somatic mutations accumulate in normal tissues as a function of age, as well as with 

environmental exposures(Martincorena and Campbell 2015; Martincorena et al. 2015, 

2018; Yizhak et al. 2019; Yokoyama et al. 2019). Within the hematopoietic system, the 

acquisition of mutations with age in genes that promote cell fitness result in clonal 

expansions, a phenomenon termed clonal hematopoiesis(Genovese et al. 2015). While 

this clonal expansion predisposes for leukemia, it is not sufficient for overt disease(Desai 

et al. 2018; Abelson et al. 2018; Young et al. 2019). Transformation is underwritten by the 

acquisition of secondary mutations. To identify the recurrently mutated genes in AML and 

other myeloid neoplasms that underlie disease initiation and progression, large patient 

cohorts have been systematically sequenced (“Genomic and Epigenomic Landscapes of 

Adult De Novo Acute Myeloid Leukemia” 2013; Haferlach et al. 2014; Papaemmanuil et 

al. 2016; Bernard et al. 2022).  

 

The discovery of these mutations has informed clinical decision support of hematologic 

malignancies in three ways: 1) understanding correlations between gene mutations and 

clinical phenotype and outcomes informs diagnostic classification(Khoury et al. 2022; 

Arber et al. 2022); 2) the definition of prognostic biomarkers enables risk-adapted clinical 

management and treatment decisions(Tazi et al. 2022; Bernard et al. 2022); 3) targeted 

therapeutics have been developed (Stein et al. 2017; DiNardo et al. 2018; de Botton et al. 

2021; Stone et al. 2017; Perl et al. 2019; Issa et al. 2022; Erba et al. 2022). However, the 
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full potential of molecularly guided medicine is challenged by the fact that most patients 

have multiple mutations in driver genes and the frequency of most mutated genes in 

cancer is rare. Patients with AML have a median of 3 mutations in one of ~100 myeloid 

driver genes. The systematic sequencing of large and well clinically annotated patient 

cohorts has enabled definition of specific patterns co-mutation and order of mutation 

acquisition (Papaemmanuil et al. 2016). For example, mutations in epigenetic modifiers 

such as IDH1/2 or DNMT3A are frequently observed as early or clonal mutations, followed 

by the acquisition of secondary mutations in chromatin or spliceosome genes, and 

conversely, mutations in the receptor tyrosine kinase (RTK)-RAS signaling pathway genes 

(such as NRAS), are frequently observed as subclonal, late events. These patterns of co-

mutation point to potential biological synergies that are selected for in disease initiation 

and progression and nominate these interactions for further characterization within 

primary patient samples. 

 

Single cell technologies enable understanding of the 
biological consequences of somatic mutations in primary 
patient samples  

Bulk genomic profiling has provided putative patterns of mutation acquisition based on 

large cohorts and single cell genomic profiling has validated these recurrent clonal 

architectures within individual patient samples (Miles et al. 2020; Morita et al. 2020).  

 

However, it has historically been challenging to study the biological consequences of 

these somatic mutations as they sit within individual patients’ complex clonal architecture. 

Conventional tools for isolating cell populations, such as flow cytometry, are not able to 

isolate cells from primary patient samples on the basis of specific somatic mutations. Bulk 
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phenotyping methods, such as RNA-sequencing, thus provide only an average signal 

across all cells within the sample, obscuring the contributions from particular phylogenetic 

subclones. Fortunately, the advent of genomic technologies described below has laid the 

foundation to enable the dissection of clone-specific signals from primary patient samples.  

 

Single cell gene expression profiling studies of normal hematopoiesis (Velten et al. 2017; 

Karamitros et al. 2018; Popescu et al. 2019; Pellin et al. 2019) and AML (van Galen et al. 

2019) have delivered a detailed map of how transcriptional regulators define the cellular 

hierarchy in normal hematopoiesis and how this is dysregulated in AML. These studies 

serve as a foundation and reference for studies of specific AML genetic subtypes. 

 

Furthermore, technologies aimed at simultaneous detection of copy number states and 

somatic mutations with single cell phenotyping are emerging. This includes platforms 

which enable single cell targeted DNA profiling and surface protein expression (Miles et 

al. 2020) and single cell mutation genotyping and gene expression(van Galen et al. 2019; 

Nam et al. 2019; Petti et al. 2019; Velten et al. 2021). Additionally, to further resolve tumor 

clonal architecture, single cell copy number states can be inferred from single cell gene 

expression (Gao et al. 2022; Tickle et al., n.d.; Fan et al. 2018).  

 

These resources, including the learnings of genetic co-mutation patterns from population 

genomics studies, single cell maps of normal and AML hematopoiesis, and new methods 

which enable linking single cell genotypes and phenotypes, now enable the investigation 

of clonal architecture and the role of somatic mutations in driving clone-specific 

phenotypes in primary patient samples. 
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This thesis addresses the challenges posed by genetic heterogeneity in the context of 

myeloid neoplasms. In Chapter 2, patients with Myelodysplastic Syndrome were 

systematically screened for mutations in UBA1, which has recently been linked to a severe 

autoinflammatory disease associated with high prevalence of hematologic malignancies 

including MDS. In Chapter 3, integrative single cell profiling was employed to characterize 

the phenotype of a high-risk AML subtype defined by mutations in IDH1/2 and their 

frequent co-mutation partners. 
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Chapter 2: Prevalence, co-mutation patterns, and 
clinical presentation of UBA1 mutations in 
Myelodysplastic Syndromes 
 

Abstract 

Mutations in UBA1, which are linked to VEXAS syndrome, have been reported in patients 

diagnosed with Myelodysplastic Syndromes (MDS). However, the prevalence and clinical 

implications of UBA1 mutations in MDS are unknown. We analyzed the prevalence and 

characteristics of UBA1 mutations in a representative cohort of patients with MDS. First, 

we used ddPCR to screen a selected cohort of 375 male patients lacking disease-defining 

mutation or established disease classification by WHO guidelines and identified 28 

patients (7%) with UBA1 p.M41T/V/L mutations. To understand the prevalence in MDS 

more broadly and enable detection of mutations beyond the p.Met41 hotspot, we used 

targeted next-generation sequencing to profile 2027 representative patients and identified 

an additional 28 variants in 27 patients, which we classified as likely/pathogenic (n = 12) 

and unknown significance (n=15). We focused on the 40 patients with likely/pathogenic 

variants, representing 2% of our cohort. All patients were male and most (63%) were 

classified by WHO 2016 as MDS-MLD/SLD (25/40). The most frequent co-occurring 

mutations were in TET2 (n=12), DNMT3A (n=10), ASXL1 (n=3), and SF3B1 (n=3). 5 

patients had loss of ChrY. We performed a retrospective clinical review for inflammation 

or inflammatory-rheumatological symptoms in 24/40 patients with pathogenic variants and 

found that 14/24 cases had inflammation-associated clinical presentation including 

inflammatory-rheumatological disease diagnosis (n=9), inflammatory symptoms (n=11), 

chondritis (n=6), thrombo-embolic disease (n=5), non-infection fever (n=5), and vacuoles 
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(n=4). Within the subset of patients with no MDS driver mutations, UBA1-mutated patients 

had worse overall survival. Our study highlights that UBA1 mutations are enriched in, but 

not limited to, the subset of MDS cases without established MDS driver mutations. The 

adverse risk and distinct clinical presentation of UBA1-mutant MDS argues for systematic 

screening, particularly in patients with inflammatory disease presentation. 

 

Introduction 

Patients with Myelodysplastic Syndromes (MDS) have heterogeneous clinical 

presentation, variable response to therapy and differential outcomes. In recent years, the 

consideration of genetic alterations alongside established clinical and morphologic 

features in guidelines for disease classification and risk stratification have enabled 

treatment decisions tailored to each patient's tumor and led to improved patient outcomes. 

However ~6-10% of MDS patients have no established disease defining mutations 

(Haferlach et al. 2014; Bernard et al. 2022). Furthermore, approximately 10-30% of MDS 

patients present with inflammatory symptoms, imposing further challenges in diagnosis 

and clinical management, as they frequently associate with high-risk disease features and 

comorbidities (Braun and Fenaux 2013; Zhao, Boy, et al. 2021). The etiology of this mixed 

presentation is not well understood and we lack clinical management plans tailored to the 

underlying pathophysiology (de Hollanda et al. 2011; Mekinian et al. 2016; Montoro et al. 

2018; Oganesyan et al. 2021). 

 

One such overlap between MDS and inflammatory clinical presentation is VEXAS 

(vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic) syndrome, a systemic 

autoinflammatory disease(Beck et al. 2020). VEXAS is linked to mutations in the UBA1 
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gene, which encodes the major E1-activating enzyme required for ubiquitylation. While 

high variant allele fraction mutations at the p.Met41 hotspot were the first to be linked to 

VEXAS, additional variants have since been characterized as pathogenic(Bourbon et al. 

2021; Poulter et al. 2021; Collins et al. 2022; Sakuma et al. 2023; Beck et al. 2023; 

Stiburkova et al. 2023). UBA1 mutations have been reported in patients that harbor 

common mutations associated with myeloid neoplasia including DNMT3A, TET2, and 

SF3B1 in the context of VEXAS(Beck et al. 2020), clonal hematopoiesis(Fernandez et al. 

2022; Patel et al. 2022), and MDS(Zhao, Schell, et al. 2021; Georgin-Lavialle et al. 2022). 

The incidence of MDS in VEXAS patients is high (25-55%) (Beck et al. 2020; Bourbon et 

al. 2021; Georgin-Lavialle et al. 2022), however, the incidence of UBA1 mutations and 

VEXAS syndrome have not been systematically screened in a representative MDS 

population.  

 

In this study, we deliver a comprehensive landscape of UBA1 mutations in MDS. First, we 

define the prevalence of UBA1 mutations in a representative cohort of clinically and 

molecularly annotated MDS patients and then characterize the clinical and molecular 

presentation of UBA1-mutant MDS. This informs diagnostic classification guidelines for 

patients with VEXAS, MDS, or overlap syndromes.  

 

Methods 

 
Cohort Selection 

Molecular and clinical data were reviewed from a representative diagnostic and treatment-

naive MDS cohort (n= 3,323) ascertained through the International Working Group for 
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MDS (Bernard et al. 2022) (Figure 2-1A). We prioritized 375 cases (Cohort A) for 

genotyping of UBA1 hotspot p.Met41 by digital droplet PCR based on: 1) male gender; 

and 2) no identified driver mutations or few mutations, such as DTA (DNMT3A, TET2, 

ASXL1) genes; or 3) MDS unclassifiable (eg. MDS-U) or 4) subsets of MDS/MPN overlap 

syndromes (MDS/MPN-U, MDS/MPN-RS-T, aCML) per 2016 WHO Classification (Table 

2-1).  

 

For the expanded cohort (Cohort B), targeted DNA sequencing of the entire UBA1 locus 

was performed on 2027 representative MDS samples (Figure 2-1 and Table 2-2). 

 

Digital droplet PCR for UBA1 p.Met41 mutations 

Three ddPCR assays were designed for the UBA1 p.M41 locus: p.Met41Thr (c.122T→C), 

p.Met41Val (c.121A→G), p.Met41Leu (c.121A→C). 375 samples were profiled by each 

assay. A droplet cutoff of 3 positive droplets was used to identify UBA1 p.M41 mutant 

samples. As no UBA1-mutant patient sample controls were available, synthetic DNA 

fragments (IDT gBlocks) with the mutant allele sequence were used for assay validation 

and as positive controls.  

  

Targeted DNA sequencing of UBA1  

2027 MDS samples were sequenced with a targeted panel for UBA1 and uniformly 

analyzed. Capture based NGS sequencing in paired-end 100bp configuration was 

performed for all UBA1 exons from all known transcripts, including splice sites, to 100X 

coverage. Sample quality control and bioinformatics processing was performed as 

previously described (Bernard et al. 2022, 2020). In brief, alignment was performed by 

BWA, quality control by fastQC, Picard, and MultiQC, variants were called using 



 9 

Mutect(Cibulskis et al. 2013) (SNV and indel), Strelka(Saunders et al. 2012) (SNV and 

Indel), CaVEMan(Jones et al. 2016) (SNV) and Pindel(Ye et al. 2009) (Indel). Variants 

were annotated for protein change and using VAGrENT and Ensembl-VEP, with the most 

deleterious protein change across all transcripts retained. Variants were filtered by the 

following criteria: on target, VAF>2%, passed by Mutect and Strelka or called by CaVEMan 

with fewer than 2 flags. Common germline polymorphisms were removed by referencing 

the gnomAD database. Variants passing these filters were annotated as “likely 

pathogenic” if previously reported and validated in the literature(Beck et al. 2020; Poulter 

et al. 2021; Collins et al. 2022; Bourbon et al. 2021) and “variant of unknown significance” 

(VUS) otherwise. For patients profiled by both ddPCR and NGS assays, all known ddPCR 

variants were recovered in the NGS variants, including one <2% VAF variant which was 

manually recovered from filtered variants.  

 

Statistical Analysis  

Distributions of continuous variables between two subgroups were compared using the 

Wilcoxon rank sum test.  For overall survival analysis, time-to-event data was measured 

from time of sample collection to the time of the death from any cause or last follow-up 

using the survminer R package version 0.4.9 and survival R package version 3.3-1. 

Overall survival probabilities were estimated using the Kaplan-Meier method and 

comparisons between subgroups were conducted using the log-rank test. All analyses 

were conducted using R version 4.0.5.  

 

Retrospective review of inflammatory symptoms  

A retrospective chart review was conducted for 44/54 identified UBA1-mutant MDS 

patients across 14 centers who contributed the samples. To standardize reporting of 



 10 

clinical features by these independent abstractors, a questionnaire (115 questions) was 

circulated to tabulate inflammatory rheumatic disease (IRD) diagnoses, inflammatory 

symptoms, treatment for IRD, hematologic diseases, bone marrow counts at time of MDS 

and/or IRD, and update on survival or transformation to AML at last follow up. Responses 

to the questionnaire were uniformly curated and patients were classified as having either 

1) No inflammatory or IRD presentation or 2) low-grade presentation or 3) high-grade 

presentation. Patients were graded as “low-grade” if they did not have a formal diagnosis 

of IRD or multi-organ inflammatory presentation. Patients whose sole potentially 

inflammation-associated clinical presentation was non-specific, such as fever of unknown 

origin or weight loss, were classified as low-grade. For high grade, patients had a 

diagnosis of IRD and/or presented with inflammation localized to multiple organ systems, 

such as chondritis and lung or cartilage inflammation, or arthralgia.  

 

Results 

UBA1 p.M41T/V/L mutations in unclassifiable MDS or MDS without disease-

defining mutations 

First, we report the results of UBA1 ddPCR profiling of Cohort A (Table 2-1). We identified 

30 UBA1 p.M41T/V/L mutations (median number of mutant droplets: 1301; range: 4-

12166) in 7% (n=28 of 375 patients) of the cohort profiled with ddPCR. This included 15 

patients with p.M41T (c.122T>C), 7 with p.M41V (c.121A>G), 4 with p.M41L (c.121A>C), 

and 2 patients with more than one mutation (1 with p.M41V/T, and 1 with p.M41L/V) 

(Figure 2-1). 
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Figure 2-1 Schematic of study design showing Cohort A (top) profiled by ddPCR and 
Cohort B (bottom) profiled by NGS for UBA1 mutations. 
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Table 2-1 Cohort A Characteristics for UBA1 p.M41T/V/L -mutant and wildtype patients 
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In 71% (20 of 28) of UBA1-mutant cases, the karyotype was normal (Figure 2-2A). Loss 

of the Y chromosome was observed in 5 cases. Three cases had MDS-associated 

cytogenetic abnormalities: del(11q), del(13) and focal del(20q) (Figure 2-2B). The patient 

with del(11q) had two additional events: loss of the Y chromosome as well as gain(8).  
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(continued) i 

 

Figure 2-2 Co-mutation patterns and clinical characteristics of UBA1 p.M41T/V/L mutant 
MDS patients in Cohort A 
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A) Histogram of co-occurring mutations (SNVs and insertions/deletions), CNAs, and 
total events (mutations+CNAs) in UBA1-mutant patients 

B) Oncoprint showing all co-occurring events in UBA1 mutant patients  
C) WHO 2016 classification for patients profiled in Cohort A colored by UBA1 

p.M41T/V/L mutation status.  
D) Clinical characteristics of UBA1 p.M41T/V/L mutant and wildtype patients in Cohort 

A. 
 

 

 

In 43% of UBA1-mutant cases (12 of 28), UBA1 mutations were the sole gene 

mutations(Figure 2-2A). For a further 43% we observed co-mutation with DTA genes 

(DNMT3A, TET2, ASXL1) with median variant allele fraction (VAF) of 0.21 (0.02-0.56) 

(Figure 2-2B). SF3B1 co-mutations with VAF>0.3 were observed in 3 cases, which were 

classified per WHO 2016 as MDS-U, aCML, and MDS/MPN-RS-T.  

 

67% (18/27) UBA1-mutant cases were classified per 2016 WHO as MDS-SLD/MLD, and  

two cases were MDS with excess blasts 1, and one case was CMML-1 with 9% blasts  

(Figure 2-2C). Both MDS excess blasts cases had 5% bone marrow blasts and UBA1 

p.M41T mutations: at 2% VAF with del(11q) and gain(8) while the other had  UBA1 p.M41T 

at 78% and no other genomic events.  The CMML case had UBA1 p.M41T at 0.5 VAF and 

no other mutations in myeloid pathogenesis genes. The median age at diagnosis in cases 

with UBA1 mutations was 72 years (range 44-89) and 71 years (range 21-93) for cases 

with no UBA1 p.M41 mutation (Figure 2-2D). No significant difference was found when 

comparing clinical parameters (age, blast percentages, blood counts) between UBA1-

mutant and -wildtype MDS (Figure 2-2D). 
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These data demonstrate that mutations in UBA1 found in isolation or in combination with 

other mutations in myeloid genes account for a significant proportion (7%) of patients 

diagnosed and treated as MDS but without established disease classification or disease-

defining co-mutation patterns. This highlights the need to understand the clinical 

associations of UBA1 mutations in patients diagnosed as MDS in order to inform 

diagnostic classification guidelines. 

 

UBA1 mutations in a representative MDS cohort 

In order to 1) determine whether mutations in UBA1 were indeed enriched in patients 

without disease classification, 2) detect recently described mutations beyond the p.M41 

locus (such as p.S56F, p.A478S, p.S621C)(Bourbon et al. 2021; Poulter et al. 2021; 

Collins et al. 2022; Sakuma et al. 2023; Beck et al. 2023; Stiburkova et al. 2023), and 3) 

enable unbiased discovery of novel variants in UBA1, we deployed a targeted DNA 

sequencing strategy for the entire UBA1 locus across an expanded cohort of 2,027 MDS 

samples (Cohort B)  (Figure 2-1). Cohort B characteristics are in Table 2-2.  
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Table 2-2 Characteristics of Cohort B (n=2,027). 
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By NGS in Cohort B, we identified 35 UBA1 mutations in 34 (1.7%) patients, of which 20 

(0.97%) had likely pathogenic variants and 14 had variants of unknown significance (VUS) 

(Figure 2-3A, Table 2-3). The 20 likely pathogenic cases comprised 13 p.M41T/V/L (VAF 

range 0.013-0.94), as well as 7 patients with non-p.M41 mutations where 6/7 had 

VAF>0.35: 2 with p.S56F (VAF 0.87 and 0.93), 2 p.A478S (VAF 0.72 and 0.80), 2 p.S621C 

(VAF 0.80 and 0.82) and 1 p.Y55H (VAF 0.025) (Figure 2-3B). Three of the VUS were 

truncating frameshift variants in alternative transcripts: p.K14fs*51 (VAF 0.93; 

ENST00000442035), p.S37fs*1 (VAF 0.502; ENST00000451702), and a complex event 

with p.K3N and K3fs*99 (VAF 0.615 and 0.583; ENST00000451702). 204 cases were 

profiled by both ddPCR and NGS and of those, 8/8 p.M41T/V/L mutations were identified 

by both assays. This included one mutation with 1% VAF that would likely have been 

missed by NGS profiling alone due to a VAF cutoff of 2%. We observed a very high 

correlation between VAF calculated from NGS or ddPCR (R2=0.999 p<0.0001) (Figure 2-

3C). Despite profiling a large cross-section of MDS patients only 1% (20/2027) of MDS 

patients were positive for known pathogenic mutations in UBA1. This confirmed our 

original hypothesis that mutations in UBA1 were most likely to be found in male MDS 

patients without disease-driving molecular alterations (prevalence 7%).  

 



 20 

Table 2-3 Characteristics of n=54 UBA1-mutant MDS cases. Table is split by UBA1 
mutation: p.M41, non-p.M41 pathogenic, and VUS 

 



 21 

 

Figure 2-3 UBA1 mutations detected by ddPCR and NGS in Cohorts A and B 

 
A) Lollipop plot showing likely-pathogenic mutations (top) and VUS (bottom) in UBA1 

detected by ddPCR and/or NGS. Variants are colored by VAF and point shape 
indicated whether the variant was detected by ddPCR, NGS, or both. VUS in the 
non-canonical transcripts are reported in the box below the axis.  

B) VAF of UBA1 mutations detected by NGS in Cohort B.  
C) Correlation of UBA1 NGS VAF and ddPCR mutant droplet fraction for patients 

(n=8) with UBA1 p.M41T/V/L variants detected by both assays.  
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Among the 40 patients with pathogenic UBA1 variants from either ddPCR and/or NGS 

(Cohort A and B), the WHO 2016 classification (available for n=38 of 40) was MDS-

SLD/MLD (25), MDS-EB1 (4), MDS-U (3), CMML (2), MDS-RS-MLD (1), aCML (1), 

MDS/MPN-RS-T (1), MDS/MPN-U (1)(Figure 2-4A and Table 2-3). The most frequent 

co-occurring events were in DNMT3A (n = 12), TET2 (n=10), ASXL1 (n=3), SF3B1 (n=3) 

and loss of the Y chromosome (n=5) (Figure 2-5).   

 

Figure 2-4 WHO 2016 classification and IPSS-M Risk Category of UBA1-mutant patients 
in total cohort (Cohort A+B) 

A) Stacked barplot of WHO 2016 class for total cohort of UBA1-mutant patients 
(available for n=51/54).  
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B) Stacked barplot of IPSS-M Risk Category for total cohort of UBA1-mutant patients 
(available for n=48/54).  

 

 

Next, we describe the 14 patients with VUS. 3/14 patients were female (variants: p.D16V, 

a splice variant c.2275-1G>A, and p.K3fs*99 in ENST00000451702). By WHO 2016 

classification, MDS-SLD/MLD (n=6), MDS-EB1/2 (n=4), MDS-RS-MLD (n=1), and CMML-

1 (n=1) (Figure 2-4A). These patients had a higher number of mutations in established 

myeloid driver genes, with 50% (7 of 14) having 3 or more co-mutations, than the cases 

with pathogenic UBA1 mutations (18%; 7 of 40) and were more likely to harbor alterations 

associated with adverse-prognosis such as TP53 (n=2), -7/7q (n=3), ASXL1 (n=4), BCOR 

(n=2), EZH2 (n=2), RUNX1 (n=2), and U2AF1 (n=1) (Bernard et al. 2022) (Figure 2-5).  
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Figure 2-5 Oncoprint for total cohort of UBA1-mutant patients (n=54) including results of 
retrospective review of clinical history for inflammatory features (bottom). Patients are 
ordered by decreasing UBA1 VAF per group (p.M41, non-p.M41 pathogenic, VUS). 

(continued) ii 
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As this study leveraged the cohort from the IPSS-M study (Bernard et al. 2022), the IPSS-

M risk category was readily available for 48 patients (Figure 2-4B). Among UBA1-mutant 

patients with pathogenic variants, the majority were IPSS-M Very-Low/Low Risk (73% 

27/37). In contrast, patients with VUS were more likely to be Moderate-Low or higher risk 

(64% 7/11) compared to those with pathogenic variants (27%).  

 

To understand the clonal relationship between UBA1 mutations and other frequently 

mutated genes, we compared VAFs. In 8 patients with pathogenic UBA1 > 2% VAF and 

co-occurring DNMT3A mutations, DNMT3A and UBA1 VAF exhibited strong correlation 

(slope = 0.88, r = 0.87, p = 0.0005), suggesting that these mutations occur in the same 

cells and co-mutation leads to clonal expansion (Figure 2-6A). Conversely, co-mutations 

in RUNX1 tended to be subclonal to UBA1 (3/4), and TET2 co-mutation were either 

subclonal (n=4) or clonal (n=8) to UBA1 (Figure 2-6B). 
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Figure 2-6 Analysis of VAF of UBA1 and co-occurring mutations 

 
A) VAF of pathogenic UBA1 and co-occurring DNMT3A mutations in 8 patients. Grey 

dashed line represents DNMT3A VAF = UBA1 VAF. Black solid line represents a 
linear model fit to the data.  

B) VAF of pathogenic UBA1 and all additional co-occurring mutations. Gray dashed 
line represents co-mutation VAF = UBA1 VAF.  
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Clinical presentation of inflammatory and/or VEXAS-associated symptoms in 

UBA1-mutant MDS   

A retrospective review of IRD and inflammatory symptoms was conducted for 44/54 (81%) 

cases (Figure 2-5). First, we describe the clinical presentation of the total 24/33 cases 

with pathogenic UBA1 p.M41T/V/L variants with available data. 9/18 (50%) with available 

data had IRD including relapsing polychondritis, sweet syndrome, vasculitis, bronchiolitis 

obliterans with organizing pneumonia, ear chondritis, and rosacea. 3 patients had more 

than one IRD. 8/8 received treatment for IRD including steroids (n=6), methotrexate (n=2). 

Four of 19 patients had MGUS, 4 had bone marrow myeloid/erythroid vacuoles. We 

acknowledge that we are likely under-estimating the true incidence of vacuoles since this 

feature is not always reported on pathology reports and it was not possible to return to 

original images in all cases. Other symptoms included thromboembolic disease (5/16), 

non-infection fever (5/14), weight loss (4/14), ocular symptoms (5/15), arthralgia/joint 

stiffness (3/16), rash/chondritis (5/15), other inflammation (6/14) most frequently localized 

to skin (4) and lung (4). The time from IRD diagnosis to MDS diagnosis was on average 

102 days (range 16.5 years prior to MDS diagnosis to 1.4 years after).  

 

 
Within the cases with likely-pathogenic mutations outside of the p.M41T/V/L locus (n=7), 

none of the 5/7 of  patients with available data had an IRD diagnosis, but two patients had 

inflammatory symptoms including i) rash in a patient with UBA1 p.Y55H variant (VAF 

0.025) and VUS variant p.R869L at 0.02 VAF with co-occuring mutations in TET2 

(p.Q138L 0.491 VAF and p.C1289Y at 0.072 VAF) and ii) lung inflammation in a patient 

with UBA1 p.A478S (VAF 0.722) and DNMT3A and BCOR co-mutations.  
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Within the VUS cohort, 7/12 cases with available clinical history had IRD (n=3) or other 

symptoms (n=4) (Figure 2-5). The IRD diagnoses included sweet syndrome, systemic 

lupus erythematosus, rheumatoid arthritis and collagenosis for which all three patients 

received treatment, including steroids, methotrexate, azathioprine and 

hydroxychloroquine. Four patients had skin involvement from nonspecific inflammation 

(n=2), rash/chondritis (n=2) and pyoderma gangrenosum (n=1). One additional patient 

with UBA1 p.I894S VAF 0.022 but no other myeloid mutations had MGUS, vacuoles, aortic 

aneurysm with thrombus, and Hodgkin’s Lymphoma. UBA1 p.I894S and p.I894F have 

been separately reported in two symptomatic patients, but in those patients, the VAF was 

high (56% and 37% VAF, respectively) and both patients had additional UBA1 mutations 

at p.N606I and p.Y55H, respectively (Sakuma et al. 2023). Together, these reports build 

evidence that link the UBA1 p.I894 locus to inflammatory presentation, but further 

functional characterization of UBA1 VUS will be necessary to determine if they are 

disease-causative. 

 

 

Frameshift VUS in non-canonical UBA1 transcripts in patients with inflammation 

and IRD 

Interestingly, patient E-H-116520-T1-1-D1-1 with the complex truncating event UBA1 

p.K3N and K3fs*99 (VAF 0.615 and 0.583) in transcript ENST00000451702 was a female 

and had significant inflammatory presentation. The transcript ENST00000451702 is lowly 

expressed compared to the canonical ENST00000377351 (Figure 2-7A) in the normal 

tissue gene expression database (GTEx). This patient was diagnosed with Systemic 

Lupus Erythematosus and Rheumatoid Arthritis 16 and 13 years, respectively, prior to 

MDS diagnosis at age 41. She also had deep vein thrombosis, pulmonary embolism, 
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rash/chondritis, arthralgia, and additional inflammation localized to the kidney and central 

nervous system. She was refractory to many lines of therapy including chloroquine and 

rituximab, cyclosporine, cyclophosphamide, and mycophenolic acid. Furthermore, by both 

clinical karyotyping and review of copy number state by NGS revealed 3 copies of Chr X 

(Figure 2-7B). While VEXAS has been reported in women with monosomy ChrX (Stubbins 

et al. 2022; Barba et al. 2021), this case represents duplication of the ChrX allele carrying 

the UBA1 mutation. Interestingly, she underwent allo-HSCT and experienced remission 

of both IRD and MDS. Her relapse of MDS was associated with concomitant relapse of 

IRD.  
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Figure 2-7 Review of female patient with UBA1 frameshift VUS 

A) UBA1 isoform expression in the GTEx database.  
B) Copy number state per chromosome inferred from NGS panel sequencing of 

female patient (H116520) with UBA1 VUS in non-canonical transcript.  
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Another frameshift and truncating VUS, UBA1 p.S37fs*1 (VAF 0.502)  also in transcript 

ENST00000451702, was found in a male patient who had neutrophilic dermatosis/Sweet’s 

Syndrome, diagnosed 4 months prior to MDS diagnosis, as well as skin inflammation and 

pyoderma gangrenosum, and chondrocalcinosis.  

 

The clinical presentation of these patients nominates these UBA1 VUS for further 

functional validation to determine their potential pathogenicity. UBA1 isoform expression 

in MDS and VEXAS patients is under investigation.  

 

 

Association of UBA1 VAF with inflammatory clinical presentation 

Because not all patients with UBA1 p.M41T/V/L mutations had a clinical presentation 

suggestive of VEXAS syndrome, we next asked whether there was an association 

between UBA1 VAF and presentation with inflammatory symptoms or IRD. 8/12 (67%) 

patients with UBA1 p.M41 VAF >5% exhibited VEXAS-associated symptoms (Figure 2-

8A). Within the 7 patients with non-p.M41 pathogenic variants, 3 had no inflammatory 

features and two had low grade, limited to rash in one patient and lung inflammation in the 

other. Amongst the VUS, two patients, which were described in the previous section with 

high VAF frameshift truncating variants had high-grade, and 10 had None or Low grade.  
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Figure 2-8 Association of UBA1 VAF with clinical presentation of inflammatory symptoms 
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Transformation to AML and overall survival   

Despite growing numbers of identified VEXAS/MDS patients, to date only one UBA1-

mutant MDS patient has been reported to have transformed to AML (Battipaglia G 2023). 

Thus, we next examined whether any UBA1-mutant patients within our cohort transformed 

to AML (median follow up 2.2 years; range: 0-13.7 years). Three patients in the total cohort 

transformed to AML, however, they did not have high VAF UBA1 p.Met41 mutations. One 

patient had UBA1 p.M41V, but at a very small VAF (0.0002 by ddPCR) and co-mutation 

in TET2, SF3B1, FLT3, ASXL2, del4q24 (Figure 2-5). The second had a UBA1 p.S56F 

mutation (VAF 0.868) and a deletion of chromosome 7q. The third had VUS UBA1 

p.R869L (VAF 0.222) and co-mutations in IRF1, NFE2 and RRAS. Among the other 

patients that died or were censored after 1 year (n=37), none transformed to AML.  

 

Finally, we asked whether UBA1 mutations conferred adverse risk in MDS. To address 

this, we focused on the ddPCR cohort as this is the MDS patient population most likely to 

have UBA1 mutations and predominantly comprises MDS cases considered to be low risk 

(Bernard et al. 2022). There was no difference in overall survival between UBA1-mutant 

(n=27) and wildtype (n=312) patients (log-rank test p = 0.7)  (Figure 2-9A), however, when 

subsetting for patients with no driver mutations detected by targeted DNA sequencing 

(UBA1-mutant n=7; wildtype n=45), UBA1-mutant patients had worse overall survival 

(median 5.2 vs 7.3 years; log-rank test p = 0.03) (Figure 2-9B). 
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Figure 2-9 Survival analysis of UBA1 p.M41T/V/L mutant and wildtype MDS patients 

A) Kaplan-Meier curve for overall survival in Cohort A (ddPCR) of MDS patients with 
or without mutations in UBA1. Number of patients per group and p-value are 
indicated on the plot.  

B) Kaplan-Meier curve for overall survival in the subset of patients in Cohort A with 
no myeloid driver mutations, with or without mutations in UBA1. Number of patients 
per group and p-value are indicated on the plot.  
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Discussion 

In this study, we deliver a landscape of UBA1 alterations in the largest diagnostic 

and representative MDS cohort to date, unravel the critical genetic co-operators of 

UBA1 mutations driving clonal evolution, and inform disease classification for 

MDS/VEXAS overlap syndromes. Findings from this study enable basic, 

translational and clinical research.  

 

First, we inform clinical diagnostic assay development and implementation. We 

identify that the patients most likely to have UBA1-mutations are those without 

established MDS disease classification and few, if any, co-occurring mutations. 

Our analysis, together with previous studies, suggest that while p.M41 mutations 

are the most common UBA1 alterations in MDS, other variants have been 

identified in patients with VEXAS-like clinical presentation (Poulter et al. 2021; 

Bourbon et al. 2021; Beck et al. 2023). As clinical manifestations of inflammation 

or IRD predominantly occur in patients with UBA1 VAF >5%, it is not necessary to 

employ ultra-sensitive assays for variant detection. Future longitudinal studies 

tracking UBA1 clonal evolution will be needed to assess the selective potential of 

low-VAF UBA1-mutated clones.  

 

Next, we identify biological pathway dependencies through our analysis of patterns 

of co-mutation and order of mutation acquisition. The distinct patterns of clonal 

architecture in DNMT3A- or TET2-mutant cases suggest different mechanisms of 

cooperation in these frequently occurring pairwise genotypes. The interaction 
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between these mutations, which are also often found in clonal hematopoiesis and 

MDS, may help elucidate risk factors for developing MDS.  

 

Through a retrospective review of UBA1-mutant patient clinical histories, we are 

able to integrate UBA1 mutations and co-occurring MDS driver mutations with a 

complete picture of clinical manifestations of inflammatory symptoms or IRD. We 

find a diverse clinical presentation among patients that cannot be explained by 

UBA1 mutation alone. Within larger cohorts of UBA1-mutant patients, it may be 

possible to fully understand how co-occurring mutations in MDS driver genes 

shape clinical presentation and outcomes. Finally, within the MDS patient 

population with no myeloid driver mutations, UBA1 mutations confer adverse risk 

on survival. Thus, this data shows that patients with MDS but no clear canonical 

driver mutations should be screened for UBA1 mutations, particularly in the 

presence of inflammatory features. More broadly, systematic assessment of  UBA1 

mutations in MDS patients will enable proper clinical management.  
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Chapter 3: High resolution mapping of IDH1/2-mutant 
Acute Myeloid Leukemia 
 

Abstract 

Mutations in Isocitrate dehydrogenase 1/2 (IDH1/2) are early initiating events in Acute 

Myeloid Leukemia (AML), and are associated with high-risk disease. The complex clonal 

architecture and cellular heterogeneity in IDH1/2-mutant AML underlies the 

heterogeneous clinical presentation and outcomes. Utilizing integrated single cell 

genotyping and gene expression, we demonstrate a stem-like and inflammatory 

phenotype of IDH1/2-mutant AML and identify transcriptomic programs associated with 

phylogenetic clones harboring mutations in NPM1, NRAS, and SRSF2. Furthermore, 

these clones had diverse responses to treatment with combination IDH1/2 inhibitors and 

chemotherapy including elimination, reconstitution of myeloid differentiation, or retention 

within progenitor populations. In patients that relapse after IDH1/2 inhibitor monotherapy, 

we identify upregulated stemness, inflammation, mitochondrial metabolism, and anti-

apoptotic factors, as well as downregulated MHC Class II antigen presentation at relapse. 

Applying this framework to IDH2-mutant clonal hematopoiesis reveals an upregulation of 

IDH2-associated pathways, including inflammation, early at the pre-leukemic stage. In 

conclusion, we provide a detailed phenotyping of IDH1/2-mutant AML and a framework 

for dissecting contributions of recurrently mutated genes in AML at diagnosis and under 

therapy, with implications for precision medicine.  
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Introduction 

Acute Myeloid Leukemia (AML) is an aggressive blood cancer with rapid onset, limited 

therapeutic options, and 25% 5-year survival (Kantarjian et al. 2021). AML is characterized 

by the stepwise acquisition of oncogenic mutations, leading to aberrant hematopoiesis 

and the accumulation of immature cells of the myeloid lineage. From population genomics 

studies, we understand the genomic landscape of AML is defined by specific and ordered 

patterns of co-mutation(Papaemmanuil et al. 2016). These patterns likely reflect 

functionally relevant interactions between frequent co-mutators which shape disease 

biology and clinical presentation.  

 

The Isocitrate Dehydrogenase 1/2 (IDH1/2) genes are mutated in about 20% of AML 

cases and represent a high-risk disease subset that often predicts relapse (Papaemmanuil 

et al. 2016; Paschka et al. 2010). These mutations are often acquired early and thus 

considered initiating events in AML. This is further corroborated by studies in clonal 

hematopoiesis where the presence of  IDH1/2 mutations has been associated with high 

risk of AML transformation(Desai et al. 2018; Abelson et al. 2018; Young et al. 2019). 

Mutations in IDH1 (p.R132) and IDH2 (p.R140 and p.R172) confer neomorphic activity to 

IDH, leading to the increased production of the oncometabolite 2-hydroxyglutarate (R-2-

HG). R-2-HG overproduction competitively inhibits alpha-ketoglutarate (ɑ-KG) dependent 

enzymes (Ward et al. 2010; Clark, Yen, and Mellinghoff 2016), including the TET family 

of demethylases (Moran-Crusio et al. 2011) resulting in a globally hypermethylated 

phenotype and blocked differentiation (Figueroa et al. 2010; Xu et al. 2011; C. Lu et al. 

2012; Lev M. Kats et al. 2014).  
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In AML, IDH1/2 mutations are mutually exclusive with TET2(Figueroa et al. 2010), and are 

frequently found with co-mutations in DNMT3A, NPM1, and SRSF2. These specific 

pairwise and ordered interactions indicate functional redundancy (TET2) or cooperativity 

that likely underwrites the transition from pre-leukemic cells to overt myeloid malignancies. 

As IDH1/2 mutations are early events in leukemogenesis and often persist at relapse, they 

are attractive drug targets(Ok et al. 2019; Shlush et al. 2014). Thus, first-in-class targeted 

therapies for IDH1/2 mutant AML have been clinically investigated and/or FDA approved 

for relapsed/refractory disease (Stein et al. 2017; DiNardo et al. 2018; de Botton et al. 

2021) and newly diagnosed AML (Pollyea et al. 2019; Roboz et al. 2020), as well as in 

rational combination with intensive chemotherapy (Stein et al. 2021) or hypomethylating 

agents (DiNardo et al. 2021; Montesinos et al. 2022). These studies along with preclinical 

models, suggest that the inhibitors reduce 2-HG production, and thus induce cellular 

differentiation of leukemic blasts, with normalization of the immature-to-mature cell 

population ratio (Amatangelo et al. 2017; Fang Wang et al. 2013; Yen et al. 2017). 

However, the clinical implementation of IDH1/2 targeted agents has revealed highly 

variable patient responses which have implicated resistance-associated mutations, such 

as in the spliceosome or Receptor Tyrosine Kinase (RTK)-RAS pathway (Amatangelo et 

al. 2017; DiNardo et al. 2018; Choe et al. 2020). This highlights the importance of better 

understanding how serially acquired mutations shape disease biology at diagnosis and 

ultimately influence treatment response. Despite detailed phenotyping and modeling 

studies of IDH1/2-mutant AML, the biological consequences of these mutations within the 

context of cooperating mutations in primary disease is not well understood. A major 

complication of bulk phenotyping studies is the clonal and genetic heterogeneity in primary 

disease.  
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The application of high throughput genomic profiling at single cell resolution to AML patient 

samples has defined the cellular hierarchy in AML (van Galen et al. 2019; Lasry et al. 

2022).  However, these studies have been conducted across genomically heterogeneous 

patient populations, making it difficult to extract insights regarding the role of specific driver 

mutations and their co-mutated genes in disease biology. The further development of 

methods which link single cell genotype  (van Galen et al. 2019; Nam et al. 2019; 

Rodriguez-Meira et al. 2019; Velten et al. 2021; Petti et al. 2019) and allelic state (Tickle 

et al., n.d.; Fan et al. 2018; Gao et al. 2022) to single cell transcriptomic profiles and cell 

lineage provides the opportunity to design studies to understand the transcriptomic 

consequences of each mutation across leukemic cell lineages and clonal phylogenies.  

 

In this study, we characterized how IDH1/2 mutations and their most frequently occurring 

co-mutations dysregulated hematopoiesis in a genomically representative cohort of 15 

IDH1/2-mutant AML patients. We leveraged newly developed single cell techniques to 

assign leukemic cells to phylogenetic subclones in order to delineate the role of serially 

acquired co-mutations in shaping cell type composition and transcriptional programs. 

Furthermore, we track genetic, clonal and transcriptional changes at three stages of the 

AML disease process: diagnosis, remission, and relapse under IDH1/2 inhibitor therapy, 

to identify transcriptional programs altered at response and relapse. Finally, we identified 

mIDH-related biological processes including inflammation and hypoxia pathways, that are 

already dysregulated at the pre-leukemic state of CH. Together, this work provides a high-

resolution map of IDH1/2-mutant AML and is highly relevant for validating potential new 

targets or biomarkers. 
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Results 

Genomic landscape of IDH1/2-mutant AML 

IDH1/2 mutations represent early genomic events in AML, but are not sufficient for the 

development of overt leukemia (Sasaki, Knobbe, Munger, et al. 2012; Chen et al. 2013; 

Lev M. Kats et al. 2014). To identify recurrently co-mutated genes in IDH1/2-mutant AML, 

we performed a meta-analysis of 3,653 AML patients  with comparable molecular profiling 

data (Tazi et al. 2022; Papaemmanuil et al. 2016). Of these, 284 (8%) and 604 (17%) 

patients had mutations in IDH1 or IDH2, respectively. IDH1/2 mutations are not typically 

observed in fusion driven AML or AML with TP53 mutations and or complex karyotype 

(Odds Ratio (OR) IDH1 0.32; IDH2 p.R140 0.29)(Figure 3-1A). We confirm the mutual 

exclusivity between mutations in IDH1, IDH2  and TET2 (OR IDH1:IDH2 p.R140 0.24; 

IDH1:IDH2 p.R172 0.13), (OR IDH1 0.2; IDH2 p.R140 0.29; IDH2 p.R172 0.05), due to 

their epistatic relationship (Figueroa et al. 2010).  
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Figure 3-1 Co-mutation landscape in IDH1/2-mutant AML informs study cohort 
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A) Pairwise associations among gene mutations and cytogenetic alterations in 3,653 
AML diagnosis AML samples, subset for IDH1- (n = 284) or IDH2-mutant (n = 604) 
cases for visualization. The color of each tile reflects the odds ratio for each pair 
whereby brown indicates mutual exclusivity (observed, relative to the expected co-
mutation based on each alteration’s gene frequency) and green indicates pairs that 
are co-mutated (found together more frequently than would be expected by each 
genes individual frequency). Colored tiles indicate significant relationships, tile 
annotation by star (*) indicates family wise error rate (FWER<0.05) or point (.) 
indicates false discovery rate (FDR < 0.1).  

B) VAF distribution and relative order of mutation acquisition in IDH1- or  
C) IDH2-mutant AML based on pairwise precedence amongst genes shown in 

Bradley-Terry plot. X axis reflects relative order of acquisition. Points indicate the 
point estimate and black lines indicate 95% confidence intervals of gene ordering 
in time.  

D) Summary of AML and CH patients. For each patient, genetic alterations detected 
by targeted DNA sequencing or cytogenetics(red) are shown in the oncoprint. Pie 
charts represent the blast percentage reported clinically from bone marrow 
aspirate at the time of sample collection, indicated in days from diagnosis above 
the pie chart.  

E) Uniform Manifold Approximation and Projection (UMAP) visualization of 259,610 
single cells from integrated from 17 primary samples from unaffected (n=12), AML 
(n=15) and CH (n= 2) donors at all profiled timepoints. Points are colored by donor 
identifier.  

F) UMAP colored by marker-based cell type annotation and classification of single 
cells to major hematopoietic cell types.  

 
 

Both IDH1 and IDH2 are significantly co-mutated with DNMT3A (OR range 2.10-4.59). 

Enrichment for NPM1 mutations is observed in the context of IDH1 (OR 2.35) and IDH2 

p.R140 (2.81) but not with IDH2 p.R172 (OR 0.06). IDH2 p.R140 co-mutation with SRSF2 

was the strongest association within IDH1/2-mutant AML (OR 5.45, FWER p-value 1.32e-

24), corroborating their cooperatively in leukemogenesis (Yoshimi et al. 2019). However, 

the acquisition of NPM1 and SRSF2 mutations represent different phylogenetic 

trajectories in IDH1/2-mutated AML, as evidenced by the mutual exclusivity between 

NPM1 and SRSF2 mutations (OR 0.51, FWER p-value 3.87e-04). In IDH1/2 AML with co-

mutations in myelodysplasia related genes, IDH2 p.R172 mutations were associated with 

ASXL1 (OR 1.94) whereas IDH2 p.R140 was associated with STAG2 (OR 2.00). Last, 
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NRAS mutations were mutually exclusive to the IDH2 p.R172 hotspot, and although 

mutations in NRAS are frequently seen in IDH1/2 mutated AML (13%) there is no evidence 

of a pairwise interaction between these two genes. Taken together this analysis identifies 

composite genotypes that are independently selected for during AML transformation.  

 

Next, we inferred the preferential order of mutation acquisition using the variant allele 

fractions (VAF) of co-mutations in reference to IDH1 (Figure 3-1B) or IDH2 (Figure 3-1C). 

DNMT3A. IDH1 and IDH2 mutations are acquired early along with DNMT3A, 

substantiating that these are early and disease initiating events. Mutations in chromatin-

spliceosome genes (eg. SRSF2, STAG2, ASXL1) or NPM1 are secondary events, 

whereas mutations in RTK-RAS pathway (eg. NRAS, FLT3) are typically acquired late 

(Miles et al. 2020). These patterns of clonal architecture nominate biologically relevant 

interactions for characterization in primary patient samples.  

 

To study the role of co-mutations in shaping disease presentation and treatment response 

to IDH-directed inhibitor (IDHi) monotherapy or in combination with intensive 

chemotherapy or hypomethylating agents, patient samples with representative genotypes 

as determined by prospective clinical sequencing were nominated for single cell gene 

expression profiling. The cohort totals 43 cryopreserved bone marrow aspirate or 

peripheral blood samples from 15 patients with a diagnostic sample and additional 

longitudinal timepoints (range: 23-1593 days, median 3 samples per patient) (Figure 3-

1D). Of these 15 patients, 5 patients were treated with IDHi monotherapy, 6 patients were 

treated with IDHi in combination with intensive chemotherapy (NCT02632708), 2 patients 

with IDHi and hypomethylating agent azacytidine, and 2 patients with intensive 

chemotherapy alone. Detailed cohort characteristics are provided in Figure 3-1B, 

Methods, and Supp Table 1.    
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In this cohort, we had 6 AML patients with an IDH1 mutation, 8 patients with IDH2 

mutations, as well as one patient with mutations in both IDH1 and IDH2  (IDH1 25% VAF; 

IDH2 12% VAF) (Figure 3-1D, Supp Table 1). IDH1/2 VAF was consistent with IDH1/2 

mutations being acquired as early disease initiating events (Supp Table 1). Representative 

genotypes inclusive of DNMT3A mutations (n=9 patients), NPM1 (n=5), and SRSF2 (n=5) 

(Figure 1D, Supp Table) were mapped. (Figure 3-1A). Five patients had copy number 

aberrations reported by clinical karyotype and fluorescence in situ hybridization (FISH) 

(Supp Table 1). Finally, to study how IDH2 mutations affect hematopoiesis at a pre-

leukemic state, we profiled peripheral blood mononuclear cells from two donors with IDH2 

mutant CH(Bolton et al. 2020). In CH-01, IDH2 mutation (VAF 16%) was the sole 

abnormality whereas in CH-02 we observed an IDH2 mutation (VAF 17%) and an SRSF2 

(VAF 17%) mutation, both likely present in the same clone.  

 

Single cell profiling of IDH1/2-mutant AML and CH 

Bone marrow or peripheral blood mononuclear cells from 15 AML and 2 CH donors were 

profiled by single cell RNA sequencing (scRNA-seq) (Figure 3-1E). To enable comparison 

against non-malignant hematopoiesis, we integrated scRNA-seq from 12 unaffected age-

matched donors (n=8) (Lasry et al. 2022) including 10 bone marrow- and 2 peripheral 

blood-derived samples. We analyzed 261,345 cells (AML n=191,471, CH n=16,766, 

healthy n=53,108) using the Seurat toolkit utilizing reciprocal principal component analysis 

based integration method to account for technical variance between individual samples 

(Figure 1E)(Butler et al. 2018). Cells were clustered based on gene expression and each 

cluster was labeled using established markers that differentiate stem and progenitor cell 

populations such as AVP (Zheng et al. 2018), HLF(Komorowska et al. 2017; Karamitros 
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et al. 2018), and CRHBP (Pellin et al. 2019) for hematopoietic stem cells (HSCs), SELL 

and SPINK2 for multipotent progenitors (MPPs) (Velten et al. 2017; Popescu et al. 2019), 

AZU1, ELANE, and MPO(Karamitros et al. 2018; Popescu et al. 2019) for granulocyte-

macrophage progenitors (GMPs), PLEK and GATA2 for megakaryocyte-erythrocyte 

progenitor (MEPs)(Y.-C. Lu et al. 2018), and GATA1 and HBB for Erythroblasts (Psaila et 

al. 2016; Pellin et al. 2019) (Figures 3-1F, 3-2A). Combined Indexing of Transcriptomes 

and Epitopes sequencing (CITE-seq) was performed on a subset of samples (n=9) to 

facilitate cell type annotation (Stoeckius et al. 2017). The annotated cell types correspond 

to established cell surface markers such as CD34, CD117, and CD133 in HSC and MPP, 

CD33 in GMP, and CD71 in MEP (Triana et al. 2021)(Figure 3-2B). Through the 

integration of diagnostic and treated AML, CH, and normal reference samples, we 

generate an atlas which enables downstream analysis of transcriptional programs relevant 

to disease presentation and treatment response. This is the first direct comparison of 

healthy hematopoiesis, IDH2 CH, and IDH1/2 AML at the single cell level. Together with 

transcriptomic information of leukemic cells, we also profile cells of the immune 

microenvironment, including myeloid and lymphoid populations (Figure 3-1F).  
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Figure 3-2 Marker expression informs cell type annotation 

 
A) Heatmap of average expression of top gene markers from gene expression 

analysis across different cell types in unaffected healthy donors (n=12, left) and 
AML patients (n= 15, right). 

B) Heatmap of average expression of top surface protein markers as measured by 
CITE-seq for different cell types in AML patients.  
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IDH1/2-Mutant AML at diagnosis is characterized by a stem-like and 

inflammatory phenotype 

Previous studies have demonstrated the role of somatic mutations in shaping the cellular 

hierarchy in AML (A. G. X. Zeng et al. 2022; van Galen et al. 2019). However, the impact 

of IDH1/2 mutations as well as serially acquired mutations on this hierarchy has not been 

well characterized. To define the cellular hierarchy and transcriptional landscape of IDH1/2 

mutant AML at diagnosis, we compared the cell type representation to healthy donors 

(Figures 3-3A , 3-4A). We observed that AML patients had an expansion of hematopoietic 

stem- and progenitor-like populations including HSC/MPP-like, and GMP-like cells, as well 

as a marked reduction in mature myeloid populations including monocytic and dendritic 

cells (Figures 3-3B,C, 3-4A). Preclinical models of IDH1/2-mutant AML have described 

IDH1/2-mutant blasts as stem-like (Lev M. Kats et al. 2014; Zhang et al. 2020; L. M. Kats 

et al. 2017), which led us to assess whether IDH1/2-mutant AML is particularly stem-like 

compared to other AML genotypes. We compared IDH1/2-mutant to non-IDH mutant AML 

from our recent study(Lasry et al. 2022). We observed significantly more HSC/MPP-like 

cells in IDH-mutant AML compared to non-IDH mutant AML (n=11) (Figure 3-3D). In line 

with this enrichment, IDH1/2-mutant AML had upregulation of the HSC and progenitor-like 

gene set compared to non-IDH mutant AML within the MPP, GMP and CD14+ monocyte 

compartments (Figure 3-3E). To validate this finding, we applied cell type 

deconvolution(Tsoucas et al. 2019) to the Alliance Cohort (Lasry et al. 2022), an 

independent, large cohort (n=848)  of clinically and molecularly profiled (RNA-(Lasry et al. 

2022) and targeted DNA-sequencing) adult AML patients. We found that compared to 

non-IDH mutant AML patients (n=719), samples harboring IDH1/2 mutations (n=129) 

indeed had a higher ratio of HSC/MPP-like cells and a lower ratio of mature myeloid 

populations (Figure 3-4B).  
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Figure 3-3 Stem-like and inflammatory phenotype of IDH1/2-mutant AML at diagnosis 
shaped by co-mutations in NPM1 and SRSF2 

 
A) UMAP visualization of single cells from unaffected donors (left, n=12 donors, n= 

27,195 cells) and AML patients at diagnosis (right, n=15 donors, 65,037 cells), 
colored by cell type.  

B) Stacked barplot showing cell type representation of diagnosis samples.  
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C) Boxplot showing the fraction of cells from immature (HSC, MPP, GMP, MEP, Ery, 
and progenitor DC) over total myeloid (additionally includes CD14+ monocytes, 
CD16+ monocytes, cDC, and macrophage). Each point represents a single patient. 
Wilcoxon rank-sum test performed to measure differences in representation 
between unaffected donors and diagnosis groups, with p-value indicated on plots. 
Horizontal lines in the boxplots represent the median, the lower and upper hinges 
correspond to the first and third quartiles, and the whiskers extend from the hinge 
up to 1.5 times the interquartile range from the hinge. 

D) Violin plots showing the fraction of cells in the myeloid lineage; HSC/MPP (left), 
GMP (middle), mature monocytes/DCs (right). Each data point represents each 
donor from the control group (n=12), the IDH1/2 mutant AML group (n=17), and 
the non-IDH mutant group (n=11). Wilcoxon rank-sum test was performed for 
statistical significance.  

E) Violin plots showing the average HSC score of MPP (left), GMP (middle), and 
CD14+ monocytes of each individual. The control group (n=12), the IDH1/2 mutant 
AML group (n=17), and non-IDH mutant group (n=11). Wilcoxon rank-sum test was 
performed for statistical significance.  

F) Cellular hierarchy of AML diagnosis blasts (n cells =42,994). Lineage and 
stemness scores from 15 patient samples. Distributions in the margin reflect cell-
type specific expression of lineage and stemness modules. Right, Cellular 
hierarchy similar as in left, split by co-mutation with NPM1 (n=4 patients) or SRSF2 
(n=4 patients) with lineage score distribution in the bottom margin.  

G) Boxplots of GMP score (top) and MEP/ery score (bottom) in the MPP compartment 
from NPM1- or SRSF2-mutant patients. Wilcoxon rank-sum test performed to 
measure differences in representation between NPM1- and SRSF2-mutant 
patients, with p-value indicated on plots.  

H) Volcano plot depicting genes enriched (right) or depleted (left) in MPPs derived 
from IDH1/2-mutant AML patients (n=15) diagnosis samples compared to 
unaffected donor MPPs (n=12), cells downsampled to 250 per donor.  

I) Gene set enrichment analysis performed per celltype comparing diagnosis AML-
derived cells to counterparts from unaffected donors, cells downsampled to 250 
per donor per cell type. Heatmap depicts normalized enrichment scores of 
Hallmark pathways.  

 
 

To further define hematopoietic lineage biases, individual cells were scored for the 

expression of stemness and lineage transcriptional modules (van Galen et al. 2019; Velten 

et al. 2017). We observed that IDH1/2 mutant AML samples comprised a mixture of 

HSC/MPP-like, GMP-like and MEP/Ery-like cells (Figure 3-3F). Previous studies have 

demonstrated that driver mutations shape cellular hierarchy in AML (van Galen et al. 2019; 
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A. G. X. Zeng et al. 2022; Beneyto-Calabuig et al. 2022; Miles et al. 2020). Thus, we next 

asked how the most frequent co-mutations, NPM1 (n=4) and SRSF2 (n=4) in IDH1/2 

mutant AML affect lineage biases. We observed that patients with co-occurring NPM1 and 

SRSF2 mutations exhibited granulo-monocytic (GMP-like) and megakaryocytic/erythroid 

(MEP/Ery-like) biases, respectively, exhibited by the cell type representation (Figures 3-

3F). We examined the MPP-like population within NPM1- and SRSF2-co-mutated patients 

and found that NPM1-mutant AML-derived MPPs upregulated the GMP lineage module 

compared to SRSF2-mutant AML-derived MPPs, which upregulated the 

Megakaryocyte/Ery lineage module  (Figures 3-3G). Overall, IDH1/2-mutant AML has a 

stem-like phenotype which is further primed to the GMP or erythroid lineage by the 

frequent co-mutations NPM1 and SRSF2, respectively.  

 

Next, to identify genes and pathways dysregulated in IDH1/2-mutant AML blasts 

compared to normal hematopoiesis, we performed differential gene expression analysis 

between blast and normal cell types (e.g. MPP-like blasts from AML vs MPPs from healthy 

donors) (Figure 3-3H). Since the most overrepresented cell population shared amongst 

mIDH AML patients is MPP-like cells (Figure 3-3B), therefore, we initially focused on this 

subpopulation. AML-derived MPP-like cells exhibited myeloid bias by downregulation of 

normal HSC markers (CRHBP, PCDH9, and AVP)(Zheng et al. 2018; Karamitros et al. 

2018; Pellin et al. 2019), downregulation of lymphoid factors including IGLL1, DNTT, 

AFF3, and MZB1, and the simultaneous upregulation of myeloid factors (SPI1, CEBPA/B, 

S100A9/10). AML-derived MPP-like cells also upregulated hypoxia-related factors (e.g 

HIF1A), unfolded protein response genes (DDIT3, ATF3/4), NF-KB signaling (NFKB2, 

REL, RELB), as well as cell surface proteins previously identified as upregulated in AML 

(CD44, and CD99). The surface receptor CD63 and its ligand TIMP1, associated with pro-

survival and HIF1A activation (Forte et al. 2017), were also upregulated in AML MPP. 



 53 

Gene set enrichment analysis using the Molecular Signatures Database Hallmark gene 

sets showed that AML-derived cells significantly upregulate TNFa/NF-KB signaling, 

inflammatory response, IL6/JAK/STAT3 signaling, and TGFbeta signaling, demonstrating 

the inflammatory phenotype of IDH1/2 mutant AML (Figure 3-3I). 

 

AML-derived MPPs downregulated proliferation-associated pathways including G2M 

Checkpoint, MYC Targets, E2F targets, and Oxidative Phosphorylation, suggesting that 

IDH1/2 mutant AML exhibits a less proliferative phenotype (Figure 3-3I). Furthermore, 

AML-derived MPPs downregulated DNA damage response pathway genes (BRCA1, 

MYC, and RAD50/51)(Figure 3-3H). These trends are shared among progenitor cell types 

including GMPs and MEPs (Figure 3-3I). Finally, we asked whether these pathways 

broadly reflect AML disease pathogenesis or specifically IDH1/2-mutant AML biology. 

Scoring IDH1/2-mutant and other subtypes of AML for the expression of these gene sets  

across MPPs (Figure 3-4C), GMPs (Figure 3-4D), and CD14+ Monocytes (Figure 3-4E) 

confirmed that IDH1/2 AML specifically upregulated inflammation-associated gene sets in 

MPPs and GMPs, but not CD14+ Monocytes, including TNFα, IL6-JAK-STAT, and TGFβ 

signaling compared to other AML and downregulated proliferation-associated pathways 

including G2M Checkpoint and E2F- and MYC-Targets. Together, these results highlight 

the inflammatory and less proliferative phenotype of IDH1/2 AML.  
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Figure 3-4 Gene expression programs specific to IDH1/2-mutant AML 

 
A) Stacked barplot of cell type representation per sample, including 12 unaffected 

donors.  
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B) Violin plots showing the estimated fractions of HSC/MPP, mature mono/DC, GMP, 
and MEP in the bulk RNA sequencing data from the Alliance cohort (n=872). Each 
cell compartment of the IDH1/2-mutant AML group (n=129) and non-IDH mutant 
AML group (n=719) was compared using unpaired Wilcoxon rank sum test. 

C) D)  E) Violin plots showing the pathway scores of MPP(C), GMP(D), and CD14+ 
monocytes(E) of 100 downsampled cells per sample: control group (n samples 
=12), the IDH1/2 mutant AML group (n=17), and non-IDH mutant group (n=11). 
Unpaired Wilcoxon rank sum test was performed for statistical significance. 

 
 

Integrative single cell profiling delineates clonal responses to combination of 

IDH1/2 inhibitors and intensive chemotherapy 

Targeted IDH1/2 inhibitors Ivosidenib and Enasidenib have been clinically investigated in 

combination with intensive chemotherapy for patients harboring IDH1 or IDH2 mutations, 

respectively (Stein et al. 2021). We profiled patients treated with Ivosidenib (n=3) or 

Enasidenib (n=3) in combination with intensive chemotherapy at diagnosis and a median 

of 4 weeks after therapy (range: 3.3-4.5 weeks). At post-treatment sampling time, 3 

patients had count recovery (Figure 3-5A). Five patients achieved complete remission, of 

which 4 patients ultimately underwent hematopoietic stem cell transplantation. These 5 

patients were still alive at the time of last follow up. The 6th patient, AML-04, had partial 

response at post-treatment sampling time and was deceased after induction and 

consolidation therapy.  
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Figure 3-5 Patient treatment overview and identification of somatic mutations and copy 
number alterations from single cell transcriptomic data 

 
A) Timelines of clinical history, including treatment and response ascertainment, for 

6 patients treated with combination of IDH-inhibitors and intensive chemotherapy.  
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B) Genotyping efficiency of mutations targeted by genotyping of transcriptomes. 
Distance from 5’ end was calculated using the most frequently expressed transcript 
in hematopoietic cells. Average gene expression for each gene (in parentheses) 
was calculated within the patients with mutations in that gene. 

C) D) E) Numbat clone-specific pseudobulk profiles for n=3 patients at diagnosis (left) 
and post-treatment (right) with copy number events detected in clinical 
cytogenetics. Clinical karyotype is annotated for each sample.  

 
 

Single cell gene expression profiling of these patients at diagnosis (Figure 3-6A) and after 

treatment (Figure 3-6B) with IDH1/2 inhibitors and chemotherapy revealed a cell type shift 

from predominantly immature cells (median fraction of immature cells 0.85) to a  recovery 

of the monocytic population after treatment (median fraction immature cells 0.228)(Figure 

3C, 3D). While AML-04 showed a reduction of immature cells after therapy, their immature 

cell fraction (0.662) falls within the range for diagnosis samples (0.657-0.912), consistent 

with the existence of persistent disease.  
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Figure 3-6 Tracking clonal and cellular evolution using integrated single cell gene 
expression and genotyping under combination of IDHi and intensive chemotherapy 

 
A) UMAP visualization of 41,156 single cells from 6 patients’ diagnosis samples.  
B) UMAP visualization of 16,913 single cells from 6 patients’ post-treatment samples.  
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C) Stacked barplot showing cell type representation per patient at diagnosis and post-
treatment. Total number of cells per sample is indicated on each bar.  

D) Boxplot showing the fraction of cells from immature (HSC, MPP, GMP, MEP, Ery, 
and progenitor DC) over total myeloid (additionally includes CD14+ mono, CD16+ 
mono, cDC, and macrophage). Each point represents a single patient. 

E) Fish plots depicting clonal evolution from diagnosis and after therapy. Sampling 
timepoints (diagnosis and after therapy) are indicated by vertical arrows and pie 
chart with corresponding blast percentage by bone marrow aspirate. Fish plots 
integrate VAFs from targeted DNA sequencing and clinical cytogenetics.  

F) Diagnosis sample cells colored by genotype status. Gray cells in the background 
represent unaffected donor UMAP for reference.  

G) UMAP of post-treatment cells colored by genotype as in f).  
H) Stacked barplot of cells harboring mutations identified by genotyping of 

transcriptomes or copy number events detected by Numbat, split by diagnosis (left) 
and after treatment (right). If cells had multiple events, assignment was prioritized 
by the most subclonal event or in cells with both mutations and copy number 
events, cells were colored by mutation. “WT” represents cells with only wildtype 
alleles detected for mutations assayed and NA represents cells with no identified 
events by genotyping or copy number state inference. Number of total cells per 
time point per cell type is indicated on the plot.  

 
 

To infer evolutionary histories in individual AML patients, we integrated targeted bulk DNA-

sequencing and clinical cytogenetics from diagnosis and post-treatment samples (Figure 

3-6E) with single cell genotyping and gene expression profiling. Briefly, for each cell, 

multiplexed Genotyping of Transcriptomes (GoT) (Nam et al. 2019) enabled the detection 

of acquired mutations that were previously identified by clinical sequencing of the primary 

bulk sample. Inference of chromosomal copy number state from the scRNA-seq data 

further enabled the identification of distinct copy number alterations (CNA) to include allelic 

imbalances that were previously detected by clinical cytogenetics or FISH(Gao et al. 

2022). Last, integration of mutation and copy number status with gene expression data 

allowed us to assign each cell across the hematopoietic hierarchy. This analytical workflow 

enabled us to map the presence of acquired genetic alterations for each cell type.  
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For GoT, target clone-defining mutations were selected by analysis of VAF from targeted 

DNA sequencing and sufficient gene expression. Cells were profiled using the 5’ 10X 

Genomics kit to maximize GoT efficiency, as most mutations were within 1000bp of the 5’ 

end (IDH1/2, NRAS, NPM1, and SRSF2) (Figure 3-5B). By GoT, 23% of cells at diagnosis 

were genotyped for at least one clone-defining mutation including IDH1 (n=2%), IDH2 

p.R140 (32%), IDH2 p.R172 (25%), NPM1 (22%), NRAS (8%) and SRSF2 (34%). We did 

not genotype DNMT3A due to technical limitations of low gene expression (Average 

expression in single cell data: 0.19; comparable to IDH1 0.15) and >2000 base pair 

mutation distance from 5’ end. Additionally, three patients (AML-02, AML-04, AML-05) had 

CNA reported by clinical karyotyping and FISH analysis, all of which were detected by 

inference of copy number profiles from single cell transcriptomes (Figure 3-5C-E). No 

cytogenetic events beyond those clinically reported were discovered.  

 

To characterize where in the hematopoietic hierarchy mutant AML cells reside at 

diagnosis, mutation and CNA status was overlaid on the single cell gene expression-

derived clusters (Figure 3-6F,H). Indeed, at diagnosis, we observe mutant cells in both 

progenitor and mature compartments, suggesting that the differentiation block is not 

complete, and even cells harboring multiple driver mutations including IDH1/2, NPM1, 

NRAS, and/or SRSF2 are able to differentiate into the CD14+ monocyte compartment 

(Figure 3-6F,H).  

 

Next, we extended these approaches to delineate clonal responses to therapy (Figure 3-

6E, G, H). We observed that in 4 cases (AML-01, AML-02, AML-04, AML-05), the ancestral 

clone, defined by IDH1/2 +/- DNMT3A mutations retained clonal dominance after therapy.  

In all of these cases, the subclones defined by mutations in NPM1, NRAS, or SRSF2, 

were either markedly reduced compared to the diagnosis timepoint or not detectable by 
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GoT or targeted DNA sequencing (limit of detection 2% due to NGS error rate). This is 

consistent with the observations from clinical studies that report persistence of IDH1/2 

mutations after IDH-inhibitor or chemotherapy does not preclude complete remission 

(Stein et al. 2021; DiNardo et al. 2018; Wiseman et al. 2016). In the other two cases (AML-

03, AML-06), we observe that all mutations, including IDH1/2, DNMT3A, NPM1 and 

SRSF2 were not detected by targeted sequencing or GoT after therapy. We observe that 

the two NPM1 co-mutated cases (AML-01 and AML-03) have different trajectories after 

treatment. While AML-03 does not have detectable NPM1 mutation after therapy and is 

relapse free within 6.5 years follow up, AML-01 has persistent NPM1 at 4% VAF and 

relapses after drug discontinuation with a concomitant increase in blasts (60%) and NPM1 

VAF (26%) (Figure 3-5A, Supp Table 1). These clinical trajectories are aligned with 

reports that NPM1-mutant measurable residual disease after chemotherapy is associated 

with higher risk of relapse (Ivey et al. 2016; R. Dillon et al. 2020; L. W. Dillon et al. 2022).  

 

To further investigate how these genetic clones reconstituted the hematopoietic hierarchy 

after IDH inhibitor and chemotherapy, we examined whether mutant cells were stem- and 

progenitor-like cells or differentiated towards the myeloid lineage (Figure 3-6H). In the 

four samples without mutation clearance post therapy (AML-01, AML-02, AML-04, AML-

05), we detected mutant cells in all HSPC-like and mature myeloid compartments. For 

example, the remission sample for AML-02 reflects the clearance of the NRAS and +6/+10 

subclones, and the reconstitution of hematopoiesis by the ancestral clone (IDH1, 

DNMT3A, +1q/+8) evidenced by clonal DNMT3A and IDH1 VAF (45% and 37%, 

respectively) and detection of chromosomal gains of Chr1q;8 (in 98% of cells) from the 

single cell expression data. Patients AML-05 and AML-06 had complete remission with 

incomplete count recovery, precluding a robust analysis of cell type representation and 

mutant status at the time of post-treatment sampling. Taken together, we find that parent 
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clones defined by IDH1/2 +/- DNMT3A or copy number events can respond to combination 

therapy by differentiation and reconstitution of hematopoiesis.  

 

Defining clone-specific phenotypes in diagnosis AML 

Thus far, we demonstrated that common composite genotypes in IDH1/2-mutant AML 

exhibit differential lineage biases and responses to therapy. Next, we investigate the gene 

expression programs that may underlie these observations. Two patients, AML-02 and 

AML-04, have multiple discernable clones at diagnosis, including a parental clone defined 

by IDH1/2 + DNMT3A mutations and subclones with signaling (NRAS) or splicing 

mutations (SRSF2), respectively (Figure 3-6E). This provides the unique opportunity to 

investigate the impact of sequentially acquired somatic mutations on hematopoiesis while 

controlling for all potential patient-specific and environmental variables. 

  

AML-02 is a female patient with 66% blasts reported by flow cytometry at diagnosis. 

Phylogenetic reconstruction of  bulk targeted sequencing data and clinical FISH identify 

three clones: 1) an ancestral clone harboring IDH1 (VAF 30%), DNMT3A (VAF 32%), Gain 

of Chr 1q (FISH 66% of cells), gain of Chr 8 (FISH 63%); 2) a subclone defined by NRAS 

(VAF 10%) and; 3) a subclone defined by an independent gain of Chr 6 (FISH 17%), Chr 

10 (FISH 16%) (Supp Table 1). Gene expression-based clustering of cells from the 

diagnosis sample revealed two predominant clusters (Population 1 and 2) with mixed 

composition of MPP-like and GMP-like cells (Figure 3-7A). We evaluated whether these 

cell  clusters could represent different genetic clones within this sample. Overlaying 

inferred copy number states (Figure 3-7B) and the mutation status (Figure 3-7C) revealed 

that IDH1-mutant Chr1+8+ gain cells (IDH1-mutant parent clone) were uniformly distributed 

throughout all gene expression clusters, while NRAS mutant cells (NRAS co-mutant 
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subclone) were predominantly confined to Population 2 and a subset of NRAS co-mutant 

subclone harbored gains in Chr 6 and 10 (NRAS/Chr6+10+ co-mutant subclone) formed a 

subcluster in Population 2 (Figure 3-7B, C). Based on this, we assign each cell to a 

phylogenetic clone.  

 

 

Figure 3-7 Distinct phenotypes of a IDH1 mutant parent clone and NRAS co-mutant 
subclone in AML patient at diagnosis 
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A) UMAP of diagnosis sample from patient AML-02 (n=14,155 cells) colored by cell 

type.  
B) UMAP as in A) colored by copy number-defined clones predicted by Numbat.  
C) UMAP as in A) colored by genotyping status for IDH1 (n=338 genotyped cells) 

(left) and NRAS (n = 1184 genotyped cells) (right). 
D) Clinical flow cytometry of bone marrow aspirate identifies distinct blast population 

phenotypes within the CD34+ population.  
E) UMAPs colored by scaled gene expression of surface markers from d).  
F) Expression of stemness, myeloid, and cell cycle gene modules in the parent clone 

and NRAS clone. Wilcoxon rank-sum test performed to measure differences in 
expression between cells from parent vs NRAS-mutant clone, with p value 
indicated on plots.  

G) Gene set enrichment analysis in MPPs belonging to the NRAS clone versus parent 
clone. Size of the point represents the absolute value of the Normalized 
Enrichment Score (NES) and the shading the adjusted p-value.  

H) Volcano plot showing differentially expressed genes between IDH1 parent clone 
and NRAS clone. Selective genes from the gene set enrichment analysis g) are 
shown.  

I) Activity of selected transcription factors relevant to enriched pathways from g) 
calculated by Area Under the Curve (AUCell). Expression of transcription factor 
target genes was ascertained using SCENIC.  

 
 

Evaluation of the clinical flow profile for this sample also identified three distinct blast 

populations, which were defined by differential expression of CD11b, CD13, and CD33 in 

the CD34+ population (Figure 4D). Thus, we next investigated whether these two blast 

populations were associated with the IDH1-mutant parental clone and the NRAS co-

mutant subclone. We found that CD13 (ANPEP) is highly expressed in the parent clone 

while CD33 and CD11b (ITGAM), markers of myeloid differentiation, are expressed in the 

NRAS co-mutant subclone and NRAS/chr6+10+ co-mutant subclone, respectively (Figure 

3-7E). This phenotype is aligned with a previous report of upregulated CD11b expression 

in MAPK/ERK signaling mutation subclones compared to IDH1 mutant clones (Miles et al. 

2020). Next, we investigated whether these markers of differentiation were correlated with 

transcriptional programs and found that, indeed, the IDH1-mutant parental clone had 
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higher expression of HSC-like modules and the NRAS-subclone had higher expression of 

the more differentiated myeloid-like module (Figure 3-7F). Furthermore, the NRAS co-

mutant subclone had higher cell cycle activity than the IDH1-mutant parent clone (Figure 

3-7F). 

 

To understand how clone-defining mutations shape the transcriptional phenotype of AML 

blasts, differential gene expression analysis was performed between the IDH1 mutant 

parent clone and the NRAS co-mutant subclone. While we previously observed that 

IDH1/2 AML blasts downregulate MYC and MYC targets and E2F targets compared to 

their wildtype counterparts, we find that the NRAS subclone upregulates these pathways 

(Figure 3-7G). NRAS co-mutation is associated with non-response in the setting of 

ivosidenib monotherapy in relapsed/refractory AML (DiNardo et al. 2018), but not in 

combination chemo- and ivosidenib therapy (Stein et al. 2021). Indeed, the NRAS co-

mutant clone was not detected at complete remission in AML-02 after combination 

therapy. Our data suggest that the high chemosensitivity of NRAS co-mutant clones (Ball 

et al. 2021) may be due to their proliferative phenotype.  

 

Conversely, IDH1/2 and/or DNMT3A mutations can persist after therapy, leading us to 

further characterize the parent clone phenotype at diagnosis. Compared to the NRAS 

subclone, the parental clone had higher expression of the Hypoxia (HIF1A) and TNFA 

Signaling via NF-KB (CD44, ATF3, AREG, MAP3K8), inflammatory response, and IL6-

JAK-STAT3 signaling pathways (Figure 3-7G, H). To investigate whether the increased 

expression of these key transcription factors had global effects on shaping the 

transcriptome, SCENIC (Aibar et al. 2017) was employed to analyze the activity of targets 

of these transcription factors. The expression of genes with AP-1, HIF1A, and NF-KB 

transcription factor binding sites were also induced in the parent clone (Figure 3-7I).  
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Next, we investigated whether this paradigm of a hypoxic and inflammatory parental and 

proliferative leukemic subclone was mirrored in the clones identified in a second 

IDH/DNMT3A-mutated patient AML-04. AML-04 is a 62-year old female with 46% blasts 

at diagnosis by bone marrow aspirate smear with two clones identified by bulk targeted 

sequencing: an ancestral clone harboring IDH2 (VAF 39%) and DNMT3A (VAF 38%) 

mutations and a leukemic subclone defined by SRSF2 (VAF 32%) (Supp Table 1). The 

diagnosis sample comprises MPPs, MkEPs and a small population of CD14+ monocytes 

(Figure 3-8A). Cells were genotyped for IDH2 and SRSF2 (n = 2,824 IDH2 mutant cells; 

2739 SRSF2 mutant cells). IDH2-mutant cells (IDH2 mutant parent clone) were uniformly 

distributed throughout the gene expression clusters, while SRSF2 mutant cells (SRSF2 

co-mutant subclone) were notably excluded from a subpopulation of MPPs (Figure 3-8B). 

Based on the fraction of IDH2- and/or SRSF2-mutant cells in each gene expression 

cluster, we assigned all cells as belonging to either the IDH2-mutant parent clone or the 

SRSF2-mutant subclone (Figure 3-8C, D).  
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Figure 3-8 Distinct phenotypes of a IDH2 mutant clone and SRSF2 co-mutant subclone 

A) UMAP visualization of diagnosis sample from AML-04 (n=6,630 cells) colored by 
annotated cell type.  
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B) Cells colored by genotype status for IDH2 p.R172K ascertained by genotyping of 
transcriptomes (n= 2,978) (left) and cells colored by genotype status for SRSF2 
p.P95L ascertained by genotyping of transcriptomes (n= 3,149) (right). 

C) Clonal assignment to IDH2 clone and SRSF2 subclone.  
D) Barplot of fraction genotyped cells for IDH2 R172 (left) and SRSF2 P95 (right) per 

clone.  
E) Fraction of genotyped cells (mutant or wildtype) for IDH2 R172 in progenitor 

(HSPC) (left) or differentiated myeloid (mono/DC) compartment (right) from 
diagnosis to post-therapy timepoints.  

F) Fraction of genotyped cells (mutant or wildtype) for SRSF2 P95 in progenitor 
(HSPC) (left) or differentiated myeloid (mono/DC) compartment (right) from 
diagnosis to post-therapy timepoints.  

G) Volcano plot depicting genes enriched (right) or depleted (left) in the IDH2-mutant 
clone versus the SRSF2-mutant subclone.  

H) Enriched Molecular Signatures Database Hallmark gene sets in MPPs belonging 
to the SRSF2-mutant subclone versus IDH2-mutant clone. Size of the point 
represents the absolute value of the Normalized Enrichment Score and the 
shading the adjusted p-value.  

I) Mutation-associated gene expression modules derived by assigning all diagnosis 
blast cells to a phylogenetic subclone. Heatmap of normalized expression of 
differentially expressed genes between mutation groups.  

 
 
 

Next, we looked at how the distribution of IDH2- and SRSF2- mutant cells across 

progenitor populations and mature myeloid populations including monocytes and DCs 

changed across timepoints from diagnosis and post-treatment. Post-treatment, the VAF 

of IDH2 remained clonal at 45%, while the SRSF2 decreased to 22% so we asked whether 

the mutant cells post-treatment had any changes in cell type distribution. We observed 

that the fraction of IDH2-mutant cells remains constant across both immature and mature 

cell populations after treatment (Figure 3-8E), reflecting that IDH2-mutant cells 

reconstitute both immature and mature myeloid cell populations after treatment. 

Conversely, the SRSF2-mutant fraction decreases sharply in the progenitors (from 83% 

of genotyped cells to 4% and 7% at D28 and D84), and to a lesser degree in the monocyte 

and DCs (66% to 30%), after treatment  (Figure 3-8F). This suggests that SRSF2-mutant 
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cells are largely eliminated from the progenitor compartment yet remain within the 

monocyte population. There is no significant shift in mutation fraction between Day 28 and 

Day 84, which represents persistent disease after consolidation chemotherapy. Together, 

this highlights how the parent clone and subclone differentially respond to enasidenib 

treatment in combination with chemotherapy.  

 

Next, we characterized the clone-specific phenotypes at diagnosis. Differential gene 

expression analysis revealed that the SRSF2-mutant clone upregulated proliferation-

associated pathways including MYC Targets and E2F Targets compared to the parental 

clone, similar to the clone-specific expression pattern in AML-02 (Figure 3-8G, H). In 

addition, oxidative phosphorylation and antigen presentation machinery are upregulated 

in the SRSF2-mutant clone. Furthermore, the SRSF2 clone had higher expression of 

GATA2 and NFE2, erythroid-lineage transcription factors, likely driving the MEP-like 

phenotype. This SRSF2 mutant erythroid lineage priming is reflected in the depletion of 

SRSF2-mutant cells in the monocyte population suggesting that monocytes are derived 

from the IDH2 parent clone (Figure 3-8F). In the parental clone, we observe upregulation 

of HIF1A, pro-inflammatory chemokines CXCL2/3/8 (Figure 3-8G). GSEA showed an 

enrichment of TNFA signaling via NFKB in the parent clone versus the SRSF2 subclone 

(Figure 3-8H). Interestingly, we also find anti-inflammatory transcription factors 

NR4A1/2/3 are overexpressed (Figure 3-8G), known as immunomodulators which confer  

HSPCs’ fitness by enhancing resistance to the  inflammatory environment (Avagyan et al. 

2021).  

 

This suggests that whereas mutations in epigenetic regulators such as IDH1/2 or 

DNMT3A, which are acquired early, drive a stem-like and non-proliferative phenotype, the 

acquisition of additional mutations in signaling or splicing genes such as NRAS or SRSF2 
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drives cell proliferation, lineage skewing and impaired differentiation. Importantly, deep 

subclonal phenotyping at the single-cell resolution enables derivation of subclone-specific 

transcriptomic programs that highlight the contribution of individual somatic mutations in 

shaping the AML phenotype. 

 

Deriving mutation-associated transcriptomic signatures 

Thus far, we have observed the role of mutations in shaping cell type representation and 

clone-specific transcriptional programs. In the pre-treatment samples besides AML-02 and 

AML-04, all blast cells belonged to the same genetic clone as defined by mutation VAF, 

thus, all blast-like cells were assigned to five co-mutation groups: 1) IDH1+DNMT3A, 2) 

IDH2+DNMT3A, 3) IDH1/DNMT3A+NPM1, 4) IDH1/2/DNMT3A+NRAS, and 5) 

IDH2/DNMT3A+SRSF2. Differential gene expression analysis between these subgroups 

identifies both patient- and genotype-specific gene expression signatures (Figure 3-8I). 

Group 1 (IDH1/DNMT3A) had upregulated expression of STAT3, hypoxia (HIF1A) and 

AP-1 complex (FOS, JUN), and Group 2 (IDH2/DNMT3A) had overexpression of pro-

inflammatory chemokines including CXCL2/3/8, and anti-inflammatory transcription 

factors NR4A1. Group 1 and 2 shared expression of ATF3 and NR4A2.  Group 3 

(IDH1/DNMT3A+NPM1), had overexpression of GMP-like genes including AZU1, ELANE, 

CTSG, and MPO as well as MLL-target genes including the HOX cluster (HOXA7/9/10, 

HOXB3/4/5) and MEIS1 (Armstrong et al. 2002). These cells had the lowest expression 

of CD34. Group 5 (SRSF2-co-mutant) cells showed overexpression of erythroid 

transcription factors including GATA2, NFE2, and MAX.  IDH2+SRSF2-mutant patients 

also shared high expression of MHC-II antigen presentation (CD74, HLA-DRA, HLA-

DPB1, HLA-DRB1) compared to other genotype groups, possibly reflecting the 

downregulation of MHC-II via methylation of the HLA Class II transactivator CIITA in IDH1- 
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and NPM1-mutated AML (Dufva et al. 2020). Taken together, these clonal analyses 

provide early insights on the role of IDH specific co-mutators in further shaping  IDH1/2-

mutant phenotype in AML. 

 

 

 

Relapse after IDHi Monotherapy Occurs in the Context of Stemness and 

Inflammation and downregulation of MHC Class II   

To characterize patterns of response and relapse of mIDH1/2 AML patients upon mIDH 

inhibitors treatment, we profiled longitudinal samples of AML patients who were treated 

with mIDH inhibitors monotherapy or in combination with azacytidine. Among these 7 

patients, three patients achieved complete remission while four patients eventually 

relapsed from treatment (Figure 3-9A). For AML-13, there are no relapse samples 

available for sequencing. Three patients (AML-07, AML-08, AML-10) relapsed an average 

of 352 days after treatment (range: day 112 - day 756) initiation with mIDH inhibitor 

monotherapy. In two cases, relapse was accompanied by the acquisition of new 

mutations, KRAS (AML-07) and GNAS (AML-08).  
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Figure 3-9 Genetic and transcriptomic patterns of relapse after IDHi monotherapy 

A) Clinical time course of three AML patients who relapsed. Genes labeled as red 
represent RTK-RAS pathway mutations newly acquired in the relapse stage.  

B) Boxplot showing ratio of myeloid subsets in total myeloid cells across different 
treatment stages. Each dot represents one patient and different timepoints within 
the same patient are connected by lines.  
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C) UMAP of pseudotime projecting differentiation hierarchy during longitudinal 
treatment stages. 

D) Pseudotime projecting differentiation hierarchy during longitudinal treatment 
stages. 

E) Heatmap showing DEGs in the MPP subset of AML-08 across different stages of 
treatment.  

F) Heatmap showing DEGs in the GMP subset of AML-08 across different stages of 
treatment.  

G) Heatmap showing DEGs in the CD14+ Monocytes subset of AML-08 across 
different stages of treatment.  

H) Pathways that are commonly and uniquely upregulated among MPP cells in 
relapse stages versus diagnosis stages in AML-07, AML-08 and AML-10.  

 

Our previous analysis of the cell type composition under combination of IDHi and 

chemotherapy revealed a shift from predominantly immature cells to mature myeloid cells 

after treatment, particularly in patients who achieved complete remission. Next, we 

investigated whether patients treated with IDHi monotherapy +/- hypomethylating agents 

follow a similar trajectory, and whether this is reversed at relapse. Single cell gene 

expression profiling of this cohort of patients at diagnosis (n=9), remission (n=9), and 

relapse (n=3) revealed that although the cell type composition at remission resembles 

healthy bone marrow, relapse is marked by the significant outgrowth of MPP-like blasts 

among all three relapse patients (Figure 3-9B). We also observed a modest increase in 

GMPs but not in the other cell compartments including erythroid progenitor, DC progenitor, 

or mature monocytes, suggesting that MPP-like blasts are the compartment emerging at 

resistance. 

 

While genetic mechanisms of relapse have been well described in IDH1/2-mutant AML, 

the transcriptional patterns of relapse after mIDH inhibition have not been well 

characterized. To address this, we compared myeloid cell types present at diagnosis, 

remission, and multiple relapse stages from three patients. Because these patients had 
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highly variable genomic evolution and clinical responses, we first performed the analysis 

on serial samples on a per-patient basis.  

 

For AML-08, we analyzed a total five timepoints from diagnosis, complete remission, and 

three different relapse stages in which 3% (R1), 7% (R2), and 35% (R3) blasts were 

detected by flow cytometry, with R1 and R2 after Ivosidenib and R3 after Olutasidenib 

(second generation mIDH1i) and Azacytidine treatment (Figure 3-9A). Pseudotime 

ordering showed a shift from predominantly MPPs at diagnosis, to a distribution 

resembling healthy bone marrow at CR, followed by the reversion toward MPP-like cells 

from the early time point of relapse (R1) to the later time points (R2, R3). (Figure 3-9C, 

D). Within the MPP compartment, relapse cells significantly upregulated levels of pro-

inflammatory genes including pro-inflammatory cytokines such as CXCL8, CXCL2, and 

several transcription factors including AP-1 complex (FOS, JUN), IRF1, NF-kB complex 

(NFKB1, NFKB2), whereas diagnosis MPPs showed the high expression level of ID 

protein family (ID1/2/3), which have been implicated in cancer initiation, maintenance and 

progression of various cancer types (Lasorella, Benezra, and Iavarone 2014). (Figure 3-

9E). We observed that a few of those genes including CXCL2, CXCL8, IRF2BP2 were 

increased at R1 and further elevated at R2 and R3, but some inflammatory genes (NFKB2, 

IRF1, IFIT1/2/3) were specifically upregulated at R3, suggesting a correlation between the 

inflammation level and disease progression. In addition, we found MCL1 and PMAIP1, 

pro-survival members of the BCL-2 family, are increasingly upregulated through the three 

relapse stages (Figure 3-9E). Next, we investigated the gene expression patterns of 

GMP- and monocyte-like cells over time. GMP-like cells at relapse generally share the 

pattern of upregulated pro-inflammatory genes with MPP-like cells in respective relapse 

time points (Figure 3-9F). Interestingly, CD14+ monocytes showed two distinct 

inflammation-associated gene modules at early and late relapse time points (Figure 3-
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9G). At R1, which pre-dates the outgrowth of MPPs in later stages of relapse, a set of 

hypoxia and inflammation related genes including CXCL2, HIF1A, CTSL, HMOX1, THBD 

were overexpressed in CD14+ monocytes. The expression of these genes was diminished 

in later relapse stages R2 and R3, and R3 instead uniquely exhibited elevated expression 

of interferon-related genes (IRF1, IFITH1/2/3). In summary, we find distinct inflammatory 

pathways active at different disease stages in AML-08. 

 

Longitudinal profiling of AML-07 provided a unique opportunity to characterize phenotype 

changes of sequential IDH1m and IDH2m-directed treatment in a patient with co-existing 

IDH1  (VAF 25%) and IDH2 (VAF 12%) mutations at diagnosis. AML–07 relapsed under 

Ivosidenib treatment (R1: 6% blasts), and exhibited further disease progression on 

Enasidenib (R2: 66% blasts). At this R2 time point, IDH2 was not detected, while IDH1 

was retained at high VAF (30%), together with the newly acquired KRAS mutation (VAF 

31%). Consistent with progression, we found that the MPP compartment was profoundly 

expanded at R2 (Figure 3-10A, B). This was accompanied by elevated expression of 

stemness-associated genes including HOXA9, CD99 throughout myeloid lineages 

(Figure 3-10C). Additionally, we found that genes such as LGALS1, CPT1A, involved in 

fatty acid metabolism and mitochondrial complex I (NDUFA4, NDUFC2, NDUFB4/7) and 

IV (COX5A, COX6B1, COX5B, COX7C) of oxidative phosphorylation (OxPHOS) were 

upregulated in R1 and further elevated in R2 compared to diagnosis, suggesting the 

potential role of mitochondria metabolism in resistance to mIDH inhibitors (Figure 3-10C). 

In addition, GMP-like cells and CD14+ monocytes at relapse also largely shared the 

dysregulated genes involved in stemness and mitochondria metabolism with the MPP 

compartment (Figure 3-10C). Interestingly, while we found AML-10 relapsed with a 

majority of monocytic-like blasts (Figure 3-10D, E), they shared the upregulated pathways 
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with relapse MPPs in AML-07, including stemness, fatty acid metabolism and OxPHOS 

(Figure 3-9H, Figure 3-10F).  
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Figure 3-10 Transcriptomic and cellular composition shifts in serial samples under IDHi 
monotherapy 

A) UMAP of pseudotime projecting differentiation hierarchy during longitudinal 
treatment stages of AML-07.  

B) Pseudotime projecting differentiation hierarchy during longitudinal treatment 
stages of AML-07. 

C) Heatmap showing DEGs in each myeloid subset of AML-07 across different stages 
of treatment. 

D) UMAP of pseudotime projecting differentiation hierarchy during longitudinal 
treatment stages of AML-10.  

E) Pseudotime projecting differentiation hierarchy during longitudinal treatment 
stages of AML-10. 

F) Heatmap showing DEGs in each myeloid subset of AML-10 across different stages 
of treatment.  

 

Thus far, we identified heterogeneous genetic and transcriptomic patterns of relapse to 

IDH inhibitors, which highlights the need to dissect treatment response and relapse in a 

patient-specific manner and in the context of their clinical progress. However, we next 

interrogated whether any transcriptional changes associated with relapse were shared by 

all patients. MPPs derived from all patients exhibited reduced expression of major 

histocompatibility complex (MHC) class II (HLA-DRA, HLA-DRB1) and CD74, MHC II-

associated protein invariant chain, in relapse (Figure 3-9H, E, Figure 3-10C, F). The 

distinctive transcriptomic  shifts occurring during therapy response and relapse, including 

upregulation of inflammation pathways, gain of stemness, and downregulation of antigen 

presentation highlights the need for further investigation into the role of each of these 

pathways in disease relapse.  
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IDH2-mutant Clonal Hematopoiesis Exhibits Dysregulation of IDH2-associated 

Pathways 

IDH2 mutations are rare in CH, compared to more frequent CH mutations such as 

DNMT3A or TET2, possibly due to high risk of and rapid transformation to overt leukemia 

(Desai et al. 2018; Abelson et al. 2018; Young et al. 2019). However, we were able to 

identify two individuals with IDH2-mutant CH. Because these individuals did not exhibit 

hematologic abnormality that would meet criteria for bone marrow assessment, only 

peripheral blood samples were readily available for bulk targeted DNA sequencing and 

single cell gene expression profiling.  

 

Clinical sequencing of these samples reported VAFs for IDH2 and SRSF2 at 16-17% 

(Supp Table 1). To determine the VAF of IDH2 and SRSF2 within the myeloid 

compartment, we sequenced lymphoid-depleted cells on a targeted panel of myeloid 

genes. In CH-01, IDH2 VAF was 45%, reflecting that IDH2 mutant cells are clonal in this 

population (Supp Table 1). In CH-02, the VAF for IDH2 and SRSF2 were 34% and 29%, 

respectively. This demonstrates that the VAFs reported by clinical sequencing of unsorted 

samples underestimates the prevalence of mutant cells in the myeloid lineage, with 

potential implications for assessing risk of AML transformation or non-hematologic 

sequelae.   

 

To investigate the impact of IDH2 mutations at CH, we profiled lymphoid-depleted 

peripheral blood derived mononuclear cells from two IDH2 CH donors (Figure 3-11A). 

The samples are predominantly comprised of CD14+ monocytes, CD16+ monocytes, and 

dendritic cells (Figure 3-11B, C).  
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Figure 3-11 Joint single cell gene expression profiling and genotyping in IDH2 mutant CH 
reveals upregulated inflammation and hypoxia pathways 

 
A) UMAP of 16,288 cells from two IDH2-mutant CH donors colored by donor identifier.  
B) UMAP as in a) colored by annotated cell type.  
C) Stacked barplot of cell type composition of two IDH2-mutant CH samples.  
D) Cells with mutation in IDH2 (left) and SRSF2 (right) are colored by donor identifier. 

Cells in gray did not have mutant transcripts detected.  
E) Stacked barplot of cells mutant for IDH2 and SRSF2 per donor. Number of total 

mutant cells annotated in the plot.  
F) Volcano plot of genes enriched (right) or depleted (left) in IDH2-mutant CD14+ 

monocytes from CH donors vs CD14+ monocytes from unaffected donors.  
G) Enriched Molecular Signatures Database Hallmark gene sets in IDH2-mutant CH 

versus unaffected donor cells within each of the hematopoietic cell types.  
 



 80 

 

Single cell genotyping (GoT) was deployed on these samples to identify mutant cells and 

reconstruct the phylogeny of co-occurring mutations. IDH2 p.R140Q was genotyped in 

both CH-01 and CH-02 and 2,186 mutant cells were identified, distributed throughout the 

gene expression-derived clusters (Figure 3-11D). CH-02 had a co-occuring SRSF2 

p.P95H mutation and by single cell genotyping it was confirmed that the IDH2 and SRSF2 

mutations occur in the same cells (Figure 3-11E). This demonstrates that stem or 

progenitor cells harboring IDH2 mutation in isolation or in combination with SRSF2 

mutation are able to differentiate into mature myeloid cells at CH. This is consistent with 

murine models of mutant IDH2 which exhibit impaired but not abrogated myeloid 

differentiation (Figueroa et al. 2010; Chen et al. 2013; Mylonas et al. 2014).  

 

To identify the transcriptomic consequences of the acquired IDH2 mutations on 

monocytes in CH, differential gene expression analysis was performed between the 

mutated monocytes and monocytes from the normal reference samples (Figure 3-11F). 

Compared to healthy donor-derived monocytes, IDH2-mutant monocytes exhibited 

upregulation of upregulation of the hypoxia (HIF1A, HMOX1), Inflammatory Response 

(TIMP1, IRF1, ICAM1, IFNGR2), and Interferon Gamma Response (IFITM2/3), IL6-JAK-

STAT3 (CD44, MAP3K8, TGFB1) and TNFA signaling via NFKB (NFKB2, NFKBIE, REL, 

NFKBIA, RELB) (Figure 3-11F, G). This data supports the paradigm whereby pro-

inflammatory mutant mature myeloid cells facilitate clonal expansion in CH (Avagyan et 

al. 2021; Yeaton et al. 2022) and may ultimately contribute to cardiovascular and other 

inflammation-associated disease (Sano et al. 2018). Importantly, many of these pathways 

are shared with IDH1/2 mutant AML-derived monocytes at diagnosis (Figure 3-11I), 

suggesting that aspects of the mutant IDH pathogenic phenotype are already present at 

CH.  
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Discussion 

While characterization of the molecular landscape of AML has enabled the development 

of novel targeted agents for recurrent genomic alterations, patient responses to these 

agents are highly variable and many patients develop resistance. Overcoming this 

challenge is complicated in part by complex intra-tumoral heterogeneity as well as clonal 

evolution under the selective pressures of treatment. To address the unique challenges 

posed by the clonal architecture in AML, we established a framework to delineate clone-

specific transcriptomic phenotypes and delivered a detailed characterization of IDH1/2 

mutant AML phylogeny at diagnosis, remission, and relapse. 

 

Our analysis of diagnosis samples demonstrate a stem-like, quiescent, and inflammatory 

phenotype conferred by IDH1/2 mutations in AML, corroborating similar observations in 

AML preclinical models (Gruber et al. 2022; Sasaki, Knobbe, Munger, et al. 2012; Zhang 

et al. 2020), as well as in models of IDH-mutant glioma (Bralten et al. 2011; Sasaki, 

Knobbe, Itsumi, et al. 2012; Fu et al. 2015). Specifically, this provides validation of 

previous in vitro studies reporting mIDH1/2- or R-2-HG-mediated downregulation of 

proliferation (Su et al. 2018; Bralten et al. 2011; Gruber et al. 2022) and MYC (Su et al. 

2018; P. Zeng et al. 2022) in primary patient samples at a single cell resolution. We 

corroborated previous reports of DNA repair deficiency and consequently, efficacy of 

PARP inhibitors in IDH1/2 AML pre-clinical models (Sulkowski et al. 2017; Gbyli et al. 

2022). This analysis supports the relevance of these pathways in primary patient samples.  
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To further understand how the most frequent co-mutations in IDH1/2 AML modify this 

phenotype, we established an integrative approach to assign AML cells to phylogenetic 

subclones and interrogate clone-specific transcriptional programs. We observed that 

mutations in SRSF2 and NPM1 modulate the AML blast phenotype, towards erythroid 

(SRSF2) or GMP-like (NPM1). Subclones defined by mutations in NRAS or SRSF2 

exhibited elevated proliferation and metabolic pathways, in contrast to IDH1/2-mutant 

parent clones which upregulated stemness and inflammation. The highly proliferative, and 

thus likely chemosensitive, phenotype of the NRAS-mutant subclone provides a potential 

explanation for the observation that NRAS-mutations were no longer associated with non-

response when IDH1/2 inhibitors were combined with chemotherapy(Amatangelo et al. 

2017; DiNardo et al. 2018; Ball et al. 2021; Stein et al. 2021). Furthermore, we find that in 

the context of NPM1 and IDH1 co-mutation, AML blasts upregulate MLL-target genes, 

supporting the relevance of Menin inhibition in IDH/NPM1 co-mutated AML(Fiskus et al. 

2022). Indeed, there is promising clinical evidence of the synergistic combination of IDHi 

and Menin inhibitors (Yoon et al. 2022) that warrant further investigation in larger well-

powered studies. 

 

We next profiled serial samples from patients treated with IDHi monotherapy from 

diagnosis to remission to relapse. In all cases, relapse was accompanied by the 

acquisition of new mutations, including in the RTK-RAS pathway, which has been 

previously implicated as driving resistance (Feng Wang et al. 2021; Amatangelo et al. 

2017; Choe et al. 2020). Our analysis of transcriptomic patterns of response nominates 

several pathways for further investigation including stemness, mitochondrial metabolism, 

inflammation, and immune evasion by downregulation of MHC Class II. Our finding of 

increasing stemness at relapse builds upon growing evidence for the role of stemness in 

mediating resistance to IDHi (Feng Wang et al. 2021) as well as other therapeutic agents. 
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Furthermore, our analysis identified higher levels of fatty acid metabolism and OxPHOS 

upon disease relapse, adding evidence to earlier reports (Stuani, et al 2021) to provide 

more rationale for investigating mitochondria metabolism as a therapeutic vulnerability. 

We also identified inflammation-associated pathways upregulated at relapse, pointing to 

a potential role for inflammation in mediating relapse. This adds to a growing body of 

evidence from our group and others that inflammation may contribute to AML initiation and 

progression (Avagyan et al. 2021; Yeaton et al. 2022; Lasry et al. 2022). A striking feature 

shared by all three relapse patients was the downregulation of MHC Class II at relapse, 

pointing to immune evasion of AML as a potential relapse mechanism. MHC Class II 

downregulation has been previously reported in other contexts, such as AML relapse after 

allogeneic transplantation (Christopher et al. 2018; Toffalori et al. 2019; Shahid et al. 

2022). Together, these findings motivate and guide future efforts to define the functions of 

immunomodulatory AML populations, and ultimately, therapeutic interventions to modify 

their activity. 

 

Finally, we investigated the role of IDH2 mutations at the preleukemic stage of CH using 

joint transcriptomic profiling and genotyping. Our analysis revealed elevated inflammation 

at CH, consistent with reports in other more well-studied CH genotypes (DNMT3A, 

TET2)(Jaiswal and Ebert 2019). Because IDH1/2 mutations confer high risk of AML 

transformation and there exist therapeutic interventions with reasonable side effect 

profiles, IDH1/2 inhibitors are currently being investigated in patients with IDH1/2-mutated 

clonal cytopenia of unknown significance (NCT05030441, NCT05102370 (“Ivosidenib for 

Patients With Clonal Cytopenia of Undetermined Significance and Mutations in IDH1” n.d., 

“A Study of Enasidenib in People With Clonal Cytopenia of Undetermined Significance” 

n.d.)). Importantly, we show that targeted bulk DNA sequencing in unsorted mononuclear 

samples underestimates the expansion of IDH1/2-mutant cells within the myeloid 
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compartment. Our methods and findings provide the foundation to identify biomarkers and 

assess pathogenic consequences of IDH1/2 mutations at CH in a larger patient cohort. 

This will support detailed correlative studies under IDHi therapy to track responses and 

identify additional therapeutic vulnerabilities in patients who may ultimately transform to 

AML.   

 

In summary, we leveraged innovative single cell transcriptomic and genotyping 

methodologies to characterize the phenotypic consequences of somatic mutations in 

IDH1/2-mutant AML, a high-risk subtype. We delineate the transcriptional heterogeneity 

of diagnosis IDH1/2-mutant AML and the striking impact of cooperating mutations in 

shaping blast phenotypes. Our study highlights the role of inflammation at CH and AML at 

multiple stages from diagnosis to relapse. Our findings can guide development of 

therapeutic strategies to achieve better responses in IDH1/2-mutant AML and address 

mechanisms of resistance that make this disease so challenging to treat.   

 

Methods 

 
Meta-analysis of large genomic cohorts of AML patients 

Genomic data from two large cohort studies of AML patients (n=3,653) with comparable 

molecular profiling was integrated (Tazi et al. 2022; Papaemmanuil et al. 2016). We 

performed a systematic evaluation of all potential pairwise interactions between gene 

mutations and/or cytogenetic abnormalities (Figure 3-1A) using methods previously 

described in Papaemmanuil et al. 2016. The analysis was restricted to mutations/events 

occurring at least 8 times in the dataset. Gene-pairs were said to co-occur if both genes 

were mutated in more patients than expected by random chance (Odds Ratio > 1). 
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Conversely, gene-pairs were classified as mutually exclusive if they were mutated in fewer 

patients than expected by chance (Odds Ratio < 1). Fisher’s exact tests were performed 

for each interaction pair and adjustment for multiple hypothesis testing was performed 

using the Benjamini Hochberg approach to identify statistically significant interactions.  

 

Mutational ordering (Figure 3-1B, C) was performed as follows. The analysis was 

performed within patients with IDH1 (n= 247) or IDH2 (n=453) mutations and restricted to 

genes with more than 15 occurrences within the dataset. Gene-pairs found to be 

statistically significantly mutually exclusive with IDH1 or IDH2, such as TET2, (Odds Ratio 

< 1) were excluded from the analysis. Variant allele fraction estimates were adjusted for 

local ploidy status and 95% confidence intervals were drawn for the variant allele fraction 

using sequencing depth, under a bimodal distribution. Variant allele fraction of gene 

mutations mapping on the X chromosome of male patients were adjusted to account for a 

single copy. Within each sample, a Fisher test with cut off p< 0.01 was performed to test 

whether mutations occurred in the same clone (null hypothesis) or whether they were in 

separate clones. From the set of genes in which 10 or more precedences were observed, 

Bradley-Terry models were applied using maximum likelihood to the observed 

precedences using the R package BradleyTerry2 version 1.1-2.  

 
 
Cohort selection and sample acquisition 

To study the role of co-mutations in shaping disease presentation and treatment response 

in IDH1/2-mutant AML to either conventional cytotoxic chemotherapy and/or IDH-directed 

inhibitors +/- hypomethylating agents, we screened the MSKCC and OSU biobanks for 

samples from patients receiving targeted IDH1/2 inhibitors and prioritized samples on the 

basis of availability of sequential samples, including matched diagnostic and post-
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treatment samples. In total, we obtained 43 cryopreserved bone marrow aspirate or 

peripheral blood samples from 15 patients at longitudinal timepoints beginning at 

diagnosis.  

 

We profiled 6 patients (median age = 58 years) on clinical trial NCT02632708 for the 

treatment of newly diagnosed IDH1/2-mutant AML with IDH1/2 inhibitors in combination 

with standard of care chemotherapy (Stein et al. 2021). Specimens were collected under 

MSKCC IRB protocol 16-012. Post-treatment samples were selected at ~4 weeks after 

treatment started. For one patient with persistent disease, AML-04, a third sample was 

profiled at 12 weeks after consolidation.  

 

We also selected 9 newly diagnosed patients (median age = 70 years) receiving IDH1/2 

inhibitor monotherapy (n=5) or in combination with Azacytidine (n=2) or chemotherapy 

alone (n=2). Serial samples were collected at remission (n= 9 patients, median time after 

diagnosis (41 days) ) and relapse timepoints (n=4 patients; median time 985 days). 

Healthy control specimens were collected from unaffected individuals undergoing hip-

replacement surgery (n=4) or bought from STEMCELL Technologies (n=6) (catalog# 

70001) 

 
Sample Preparation and Single Cell RNA-seq 

Samples from AML-01, AML-02, AML-03, AML-04, AML-05, AML-06, CH-01, CH-02 were 

processed as follows. Frozen bone marrow and peripheral blood samples were thawed 

under standard procedures and prepared for sorting by flow cytometry. Briefly, 

cryopreserved samples were thawed and transferred to 15 ml conical tubes containing 10 

ml of RPMI media with 10% fetal bovine serum (FBS) and 0.1mL of a 1 mg/mL DNAse I 

solution. Cells were centrifuged at 300 x g for 4 minutes at 4℃, and supernatant was 
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removed. Cells were resuspended in FACS buffer and incubated with Fc blocker for 15 

minutes. Next, cells were stained with PE-conjugated CD45, and FITC-conjugated CD3, 

CD19, and CD56 to enable lymphoid-depleted sorting. Cells were stained for 15 minutes 

and resuspended in FACS-DAPI to enable enrichment for live cells. Cells were then sorted 

for DAPI-, CD3-/CD19-/CD56- cells using the BD Influx at the Weill Cornell Medicine flow 

cytometry core. Sorted cells were processed using the 10X Genomics Chromium 

controller with the Single Cell Gene Expression 5’ V1 protocol (except sample CH-02 

which was processed on 5’ V2 after V1 was discontinued). The 5’ kit was selected to 

maximize genotyping efficiency because most mutations, including IDH1, IDH2, NRAS, 

and SRSF2, were closer to the 5’ end of the mRNA. Single cell gene expression libraries 

were sequenced on a Nova-seq 6000 with 150:8:16:150 paired end format.  

 
 
Sample Preparation and CITE-seq 

Samples from AML-07, AML-08, AML-09, AML-10, AML-11, AML-12, AML-13, AML-14, 

AML-15 were processed as follows. Frozen bone marrow samples were thawed and 

transferred into 50ml conical tubes containing 1x PBS +2% fetal bovine serum(FBS). Cell 

suspensions were centrifuged at 300 x g for 5 minutes at 4℃, and supernatant was 

removed. Samples were then enriched for >90% alive cells by using a dead cell removal 

kit, or stained with DAPI before sorted for alive cells using SY3200 Cell Sorter (SONY). 

For cell sorting, DAPI low cells are collected into 15ml conical tubes containing 3ml FBS 

on ice. Samples were then centrifuged at 300 x g for 5 mins at 4℃. 

 

For CITE-seq, enriched alive cells were first stained with cell-hashing oligo-tagged 

antibodies(Biolegend)  according to manufacturer’s instructions. Then samples were 

counted and pooled together and stained with a CITE-seq antibody cocktail (Biolegend) 
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according to the manufacturer’s instructions. After staining, samples were processed 

using 10X Genomics Chromium controller with the Single Cell Gene Expression 3’ 

Reagent Kits (v3 and v3.1).  Libraries were sequenced on an Illumina NovaSeq 6000. 

 
 
Targeted DNA sequencing 

For a subset of samples from 8 patients/donors (AML-01, AML-02, AML-03, AML-04, 

AML-05, AML-06, CH-01, CH-02), sorted cells remaining after the 10X Genomics Single 

Cell protocol were sequenced on a bulk targeted DNA panel to confirm clinically reported 

mutations and ascertain the VAF within the lymphoid depleted population. Remaining cells 

were pelleted, flash frozen, and DNA-extracted. Targeted-DNA libraries were made using 

a panel of genes recurrently mutated in myeloid malignancies (n=152). The approaches 

for targeting sequencing, sample quality control, bioinformatics processing, and variant 

pathogenicity annotation have been previously described in detail (Bernard et al. 2021; 

Medina-Martínez et al. 2020). In summary, libraries were sequenced at 600x coverage. 

Putative oncogenic mutations (Variant Allele Fraction > 2%) were annotated, including 

single nucleotide variants, insertions and deletions. Chromosomal alterations, including 

arm-level and whole chromosome events, were assessed. These data were used to 

validate and complement the clinical mutation calls and karyotype and FISH assays. A 

putative clonal structure was derived for each patient using a proportion test to test 

whether the proportion of mutant reads over total reads for each mutation were the same, 

and therefore in the same clone. For each sample this led to a complete catalog of 

mutations and the anticipated clonal structure.   
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Single cell genotyping 

Single cell genotyping was applied to 8 patients/donors (AML-01, AML-02, AML-03, AML-

04, AML-05, AML-06, CH-01, CH-02). Mutations were prioritized for Genotyping of 

Transcriptomes (GoT) on the basis of being clone-defining (see Targeted DNA 

sequencing), proximity to the 5’ end, and expression levels. GoT libraries were prepared 

for IDH1, IDH2, NRAS, NPM1, and SRSF2 as described in Nam et al 2019. Primers and 

number of PCR amplification cycles are provided in Supp Table 2. GoT Libraries were 

pooled and sequenced on Illumina MiniSeq 300 cycle mid-output kit in 147:8:16:147 

paired end configuration. FASTQs were aligned to reference genome GRCh38 using 

CellRanger 5.0.1. Mutation status for single cells was ascertained by performing a pileup 

on each mutation while tabulating cell barcodes and UMIs (automatically stored in BAM 

file by CellRanger) in both the GoT and gene expression libraries (Code provided on 

github). Cells were assigned Mutant if one or more mutant UMIs was detected. Due to 

allelic dropout, increased stringency was applied for wildtype cells. Cells were assigned 

as wildtype if 2 or more UMIs had only wildtype alleles.  

 
 
 
Single cell gene expression 

FASTQs were aligned to GRCh38 and cell by gene count matrices were generated using 

CellRanger 5.0.1 with default parameters. Gene expression analysis was conducted using 

Seurat v4 in R4.0. Analysis scripts will be provided on GitHub. Details for specific analyses 

are described below.  
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Inference of copy number state from gene expression data 

Inference of chromosomal alterations from single cell gene expression data was 

performed using a haplotype-aware caller, Numbat (Gao et al. 2022). AML samples with 

normal karyotype were used as the reference. The clusters output from Numbat were 

examined and compared against the clinically reported karyotype and FISH reports. 

Clusters were annotated as bellowing to clones defined by the copy number alterations 

present in both the Numbat results and clinical reports. No new events were discovered. 

This enabled mapping of single cells to phylogenetic clones defined by chromosomal 

alterations.  

 
 
Clustering and cell type annotation 

We first filtered out the cells with more than 20 percent of mitochondrial genes, less than 

200 number of genes detected, and greater than 4000 number of genes detected, 

assuming the dead cells, empty droplets, and multiplets, respectively. For the hashtagged 

libraries, we additionally identified singlets using the `HTODemux` function implemented 

in the Seurat package with a default setting. To account the technical batch effects of 3’ 

sequencing, 5’ sequencing, and different sequencing depths, we integrated the datasets 

using Seurat integration. Briefly, after log-normalization of each dataset using 

`NormalizeData`, we selected the top 2,000 highly variable genes across the datasets 

using `SelectIntegrationFeatures` and scale the normalized data of the 2,000 genes and 

regressed out the percentage of mitochondrial genes and ribosomal genes. Next, we used 

Reciprocal Principal Component Analysis (RPCA) for the integration using the 

`FindIntegrationAnchors` function with k=10 and `IntegrateData`, followed by PCA 

analysis and Uniform Manifold Approximation and Projection for Dimension Reduction 

(UMAP) for dimensionality reduction. Next, we clustered the cells using the Louvain 
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algorithm based on the k-nearest neighbor graph derived from the integrated data. We 

used `FindClusters` with resolution = 3, which generates a total 78 clusters. We assessed 

the marker genes of 78 clusters and identified 7 clusters as the mixture of different 

biological cell types, potentially multiplets. After filtering out these cells, we performed 

another iteration of integration described below, confirming that there are no mixed 

biological cell types as a single unbiased cluster. With various resolutions of the Louvain 

algorithm, we manually annotated the cell types based on the pre-defined gene markers. 

For the comparison with non-IDH1/2 mutated AML samples (Lasry et al, 2022), we used 

Seurat reference mapping, and transferred the cell type annotations to non-IDH1/2 

mutated AML scRNA-seq data.  

 
Differential gene expression and gene set enrichment analysis 

Comparison of AML-derived cell types to healthy control counterparts was performed by 

first downsampling the number of cells per cell type per patient (250 cells) and then using 

Seurat’s FindMarkers function with log fold change set to 0 and all other default 

parameters. For the comparison of clonal hematopoiesis samples, we compared IDH2 

mutant CD14+ monocytes from two different donors (total 1,391 cells, 753 cells, 638 cells, 

respectively) and healthy CD14+ monocytes (total 2,000 cells, each 1,000 cells from two 

control peripheral blood samples). For the longitudinal analysis comparing healthy, 

diagnosis, remission, and relapse, we compared two different stages in pair-wise manner 

Top 20 differentially expressed genes were selected for visualization based on their log 

fold changes and adjusted p-values from every pairwise comparison. To visualize the 

gene expression level, we used Z-score standardization across the stages for the selected 

genes. We used the Wilcoxon rank sum test implemented by `FindMarkers` in the Seurat 

package throughout the study. Gene set enrichment analysis was performed using the 

fgsea R package on msigdb’s Hallmark Gene Sets (minSize 15, maxSize 500, 
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nPermSimple 100000). Gene ontology (GO) enrichment analysis was performed using the 

clusterProfiler R package with minGSSize =3, maxGSSize=800.  

 
 
Pseudotime analysis 

Pseudotime analysis was performed as described in the previous study (Granja et al, 

2020). Briefly, since the differentiation order of stem cells to mature cells are preserved in 

the UMAP coordinates, the mean coordinates of HSC, MPP, GMP, and CD14+ monocytes 

were used to align single cells across the trajectory. First, the euclidean distance between 

each cell to the mean coordinate of its corresponding cell type and to the coordinate of 

further differentiated cell type was computed. Next, the pseudotime vector was computed 

based on the quantiles of the distance of each cell to the next cell type cluster. Lastly, we 

used `smooth.spline` to fit a continuous trajectory and aligned all cells to the trajectory 

using their nearest point to the fitted trajectory.  

 
 
Gene set scoring analysis 

Individual cells were scored with Hallmark Gene Sets from Molecular Signatures Database 

using the UCell R package (Andreatta and Carmona 2021; Liberzon et al. 2015). For the 

statistical test between the patient groups, the average score of each gene set was 

calculated per cell type and Wilcoxon Rank Sum test was performed on the average score. 

Lineage score was calculated based on the lineage gene modules for HSC-like and GMP-

like (van Galen et al. 2019)and MEP(Velten et al. 2017). For the lineage score plot in 

Figure 2F-G, GMP and MEP scores were scaled 0-1. The x-axis is the difference between 

the GMP and Ery score (yields negative values for MEP/Ery-like blasts). HSC score was 

scaled from -0.8 to 0.5. HSC-like cells, based on cell type annotation, scored >0 so the 

top fraction of stem-like cells was assigned to the stemness/vertical axis and for 
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visualization purposes, scores (stemness and GMP-MEP) were plotted on a unique axis. 

Cells were also scored for expression of cell cycle gene modules (Tirosh et al. 2016).  

 
 
Assignment of single cells to phylogenetic subclones  

Assignment of single cells to phylogenetic clones was performed by integrating copy 

number alteration and mutation genotype status. Copy number alteration-defined clones 

were defined based on the cell clustering and output of Numbat. Next, the fraction of 

mutant cells by Genotyping of Transcriptomes per gene expression-derived cluster was 

tabulated. Gene expression derived clusters were assigned as belonging to the parent 

clone or subclone based on having predominantly mutant or wildtype/NA composition. 

Given the clonal variant allele fractions of IDH1/2 and DNMT3A mutations at diagnosis, 

all cells were assumed to harbor these clonal events. This could be confirmed in cases 

with clonal copy number alterations where the events were detected in nearly all cells. 

Differential gene expression analysis between parent clones and subclones were 

performed by subsetting for MPPs, the majority cell type, to avoid confounding by 

unbalanced cell type representation per clone. FindMarkers was used with logFC set to 0 

and all other default parameters. GSEA was performed as described above.  

 
 
Gene set scoring analysis and cell type deconvolution from bulk RNA-

sequencing data 

Bulk RNA-seq from Alliance cohort (Lasry et al. 2022) was used to study IDH1/2 mutant 

AML in a large cohort. The RNA-seq was log2-transformed and each sample was scored 

with lineage markers and hallmark gene sets using the UCell R package. Wilcoxon Rank 

Sum test was used to compare the IDH mutant group and the non-IDH mutant group. To 

identify cell type fractions based on our single-cell RNA-seq annotations, we used 
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dampened weighted least squares (DWLS). DWLS first identifies cell type-specific gene 

expression profiles in the annotated scRNA-seq data set, and then uses the derived 

signatures to deconvolute cell type fractions from the bulk RNA-seq data using a weighted 

least squares approach, which improves upon commonly used ordinary least square 

methods to control for large estimation errors in rare cell types and improves the 

contribution of lowly expressed genes with highly differential expression between cell 

types. 
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Table 3-1 Supplementary Table 1: Cohort Characteristics 
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Chapter 4: Perspectives and Future Directions 

 

Summary 

 
This thesis leveraged integrated genomic technologies to characterize UBA1 mutations in 

MDS and recurrent IDH1/2 clonal phylogenies in AML.  

 

In the UBA1-mutated MDS study, we find that UBA1 p.M41/T/V/L hotspot mutations are 

present in 7% of male MDS patients who either have no molecular disease-defining 

alterations or are unclassifiable by WHO 2016. Among UBA1-mutated patients, those with 

high UBA1 VAF (>5%) were the most likely to have inflammatory clinical presentation 

associated with VEXAS syndrome. This directly informs clinical implementation of UBA1-

mutation diagnostic screening in MDS. We identify frequently co-occurring mutations in 

TET2 and DNMT3A and find distinct patterns of clonal architecture for these co-mutations 

that point to differential mechanisms of selection. This informs future mechanistic studies 

of UBA1, TET2, and DNMT3A interactions.  

 

In the IDH1/2 AML study, we 1) define recurrent co-mutation patterns in IDH1/2 mutant 

AML, 2) develop a framework for phylogenetic clone-specific transcriptomic phenotyping 

in primary IDH1/2 mutant AML patient samples to investigate how these co-mutations 

shape the blast phenotype at diagnosis, 3) characterize transcriptomic patterns of 

diagnosis, remission, and relapse samples from patients treated with IDH1/2 inhibitors, 

and 4) identify IDH2-associated gene expression programs dysregulated at the pre-

leukemic stage of CH.  
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This thesis highlights the importance of incorporating learnings from population genomics 

studies and individual patient clonal architecture to understand disease phenotypes. The 

frameworks developed to characterize the impact of IDH1/2 and other frequently co-

occurring mutations in AML in Chapter 3 of this thesis can be applied across cancer 

subtypes. In particular, this thesis identifies an opportunity to study the role of UBA1 and 

co-occurring mutations such as TET2 and DNMT3A in VEXAS and MDS.  

 
 

Advances in single cell genomics technologies will enable 
clone-specific phenotyping within more complex clonal 
architectures 

 
In the IDH1/2 AML study, the distinct clonal phenotypes exhibited by the IDH1/2 mutant 

parent clones and NRAS- NPM1- and SRSF2-mutant subclones highlight the importance 

of incorporating clonal architecture into the analysis of primary patient samples. Most 

single cell gene expression profiling studies to date in AML have integrated samples with 

heterogeneous genomic alterations and complex clonal phylogenies. Thus, clone-specific 

transcriptomic programs, which can be relevant for identification of biomarkers or 

therapeutic vulnerabilities, are obscured.  

 

The most significant technical limitation of the IDH1/2 AML study is that currently, single 

cell gene expression technologies capture a small fraction of the mRNA within a particular 

cell (10-20%, depending on cell type and technology platform)(G. X. Y. Zheng et al. 2017). 

This poses challenges for the analysis of rare cell populations as differential gene 
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expression requires pseudo-bulk analysis of hundreds of transcriptionally similar cells. 

Furthermore, the genotyping efficiency of somatic mutations was limited by the level of 

gene expression. Many somatic mutations occur in genes which are quite lowly expressed 

relative to genes involved in cellular processes such as cell cycle or differentiation. To 

overcome these limitations, there are promising ongoing efforts to leverage the additional 

information from the clonal evolution in mitochondrial variants for lineage tracing which will 

improve the confidence of single cell clonal assignment (J. Xu et al. 2019; Ludwig et al. 

2019; Velten et al. 2021). Another approach is to derive mutation status from DNA, rather 

than mRNA. Emerging multi-modal technologies which include profiling epigenetic 

regulation (Gaiti et al. 2019) and chromatin accessibility (Myers et al. 2022) simultaneously 

with genotyping will further expand our understanding of how somatic mutations 

dysregulate hematopoiesis and drive leukemogenesis. The genotyping efficiency from the 

single cell chromatin accessibility assay is not limited by gene expression, expanding the 

catalog of mutations amenable to genotype-phenotype profiling. Furthermore, technical 

advances increasing the number of cells profiled per sample, the fraction of transcripts 

captured per cell and genotyping efficiency will facilitate phenotyping of rare subclonal 

populations. This will be relevant for tracking the emergence of treatment resistance-

associated or measurable residual disease clones.  

 

The genotype-phenotype single cell technologies have been predominantly applied to 

hematologic malignancies which have a median of 3 driver mutations in myeloid 

neoplasia-related genes(Gaiti et al. 2019; Nam et al. 2019; Petti et al. 2019; Rodriguez-

Meira et al. 2019; Miles et al. 2020; Demaree et al. 2021; Myers et al. 2022). As the 

technical specifications and performance of these platforms improve, it will be possible to 

apply these frameworks to other cancers with higher genomic instability and mutational 

burden, and more complex clonal architecture(Kandoth et al. 2013).  
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The in-depth characterization of primary patient samples 
identifies patient-specific patterns of treatment response and 
resistance in IDH1/2-mutant AML 

 
In this study, as well as other published studies, patient responses to IDH1/2 inhibitors are 

highly variable. Published primary mechanisms associated with non-response include 

leukemia stemness (Feng Wang et al. 2021) and mutations in Receptor Tyrosine Kinase 

(RTK) pathway genes (Amatangelo et al. 2017; DiNardo et al. 2018). Secondary relapse-

associated mechanisms include clonal evolution (Quek et al. 2018), especially acquisition 

of RTK pathway mutations particularly KRAS which is mutated less frequently in primary 

resistance(Choe et al. 2020), acquisition of second-site mutations precluding drug 

binding(Intlekofer et al. 2018), isoform switching (ie. cytosolic IDH1 to mitochondrial 

IDH2)(Harding et al. 2018), and changes in mitochondrial metabolism (Stuani et al. 2021).  

 

In the IDH1/2 AML study, the three patients who relapsed after IDHi therapy had 

concomitant acquisition of additional mutations, including in KRAS. Single cell gene 

expression profiling of patients’ serial samples from diagnosis to remission to relapse 

identifies transcriptomic patterns associated with these different disease stages. While 

many of these shifts were patient specific, such as upregulated mitochondrial metabolism, 

all three patients shared downregulation of Major Histocompatibility Complex (MHC) Class 

II components at relapse. As immune escape mediated by MHC Class II downregulation 

has been previously reported in AML outside of the IDH1/2 inhibitor context (Christopher 

et al. 2018; Toffalori et al. 2019; Shahid et al. 2022), this is unlikely to be a relapse 

mechanism specific to IDH1/2 inhibitors. From comparison of the different co-mutation 
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associated transcriptomic programs, we find that SRSF2 co-mutated patients expressed 

the highest levels of MHC-II components at diagnosis compared to IDH1/2, NPM1 and 

NRAS mutated clones, consistent with previous reports that IDH1/2- and NPM1-mutant 

AML downregulate MHC Class II at diagnosis(Dufva et al. 2020). The role of MHC-II in 

immunosurveillance of mutant HSPCs has recently been described in the context of AML 

disease initiation (Hernández-Malmierca et al. 2022). It will be important to extend this 

analysis to determine the immunogenicity of different CH and AML founding mutations 

and investigate how the activity of these immune surveillance mechanisms shifts at 

different stages from CH to AML transformation, then under therapy and at relapse. 

Further studies that incorporate close examination of the T cell populations and functional 

validation are needed to investigate this potential mechanism.  

 
 

Single-cell analyses of IDH-mutant CH and AML to 
understand high risk of IDH CH transformation 

 
While somatic mutations in genes such as DNMT3A and TET2 are found at high frequency 

in aging populations, the risk of progression or transformation to an overt hematologic 

malignancy is relatively low(Jaiswal et al. 2014; Young et al. 2016; Desai et al. 2018; 

Abelson et al. 2018). Furthermore, it is unclear which factors determine an individual’s risk 

of transformation as hotspot mutations alone are insufficient predictors. In contrast, IDH 

mutations are rarely found at the pre-leukemic stage of CH but when they are found, they 

confer high risk of transformation to AML. Furthermore, IDH2 p.R140Q mutations were 

identified as one of the fittest CH variants (Watson et al. 2020). It is possible that rapid 

progression of IDH-mutant CH to over leukemia explains the low prevalence of IDH CH in 
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the general population. However, it is unclear which mechanisms under this rapid disease 

progression. The rapid acquisition of additional somatic mutations in IDH1/2 mutant cells, 

leading to rapid clonal expansion may explain this phenomenon. This explanation is 

supported by our observation of a stemlike and non-proliferative phenotype in IDH1/2 

ancestral clones in AML as well as decreased DNA damage repair in IDH1/2 mutant AML. 

Our study was limited by availability of only peripheral blood samples from a small number 

of CH donors and could not definitely address this question. Further study of the 

mechanisms underlying IDH mutant CH progression to MDS or AML is needed. To 

address this, a longitudinal study profiling IDH progression from CH to MDS and/or AML 

incorporating clone-specific phenotyping frameworks as established here can identify the 

transcriptomic shifts within clonal populations and the immune microenvironment during 

disease progression.  

 

In the meantime, IDH inhibitors, which have a reasonable safety profile for long-term use, 

are being investigated clinically for patients with IDH1/2-mutant clonal cytopenia of 

unknown significance (CCUS) (NCT05102370, NCT05030441). It remains to be seen 

whether there is a clinical benefit for this approach either in limiting pathological sequelae 

of IDH CH or in preventing transformation. While promising, there is a risk that the same 

resistance mechanisms observed in AML treated with IDH inhibitors (e.g. isoform 

switching(Harding et al. 2018), second-site mutations(Intlekofer et al. 2018)) will pose a 

challenge here.  
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Inflammation plays a key role in disease initiation, 
maintenance, and progression across the spectrum of CH, 
MDS and AML. 

 
Together, this thesis builds evidence for the important role for inflammation in hematologic 

malignancies, including IDH1/2-mutant AML and UBA1-mutant MDS. In the IDH1/2 AML 

study, IDH1/2 AML upregulated inflammation-associated pathways and this was often 

specific to the IDH1/2-mutated ancestral clone. Furthermore, relapse under IDH1/2 

inhibitors was accompanied by increased inflammation. Lastly, IDH2-mutant CH exhibited 

upregulation of inflammation pathways. In the UBA1-mutant MDS study, we identify 

frequent co-mutation with TET2, a mutation often found in CH as well as overt hematologic 

malignancies, and associated with increased inflammation(Yeaton et al. 2022). 

 

Previous studies have implicated inflammation in driving disease initiation, progression, 

and relapse. CH has been associated with elevated inflammation and increased incidence 

of systemic autoinflammatory diseases (Hecker et al. 2021; Ricard et al. 2020; Marnell, 

Bick, and Natarajan 2021). Inflammation has been implicated in pre-clinical models of 

clonal selection in CH due to increased fitness of mutant clones in inflammatory 

environments(Avagyan et al. 2021). It will be important to understand how (if) the 

interaction between UBA1-mutant and proinflammatory TET2-mutant clones may shape 

MDS progression. Patients with autoimmune diseases have increased risk of MDS(Boddu 

and Zeidan 2019) and IDH1/2 and TET2 mutations specifically have been associated with 

inflammatory clinical presentation in the context of MDS(Zhao, Boy, et al. 2021). 

Furthermore, high levels of inflammation have been associated with poor patient 

outcomes in AML(Lasry et al. 2022). Understanding how inflammation drives disease 
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initiation, progression, and relapse in hematological malignancies will be the focus of 

future research.  

 
 
 

Co-mutation analysis highlights DNMT3A and TET2 as key 
interacting partners with UBA1 mutations, highlighting the 
need for further investigation in VEXAS/MDS 

 
From the MDS population genomics study, we find different patterns of co-mutations in 

these genes: DNMT3A and UBA1 are likely acquired within the same cell and lead to rapid 

expansion of that clone, suggestive of a fitness advantage (Figure 4-1A). In other 

contexts, such as the frequently observed co-mutation with TET2, we observe either low 

VAF TET2/high VAF UBA1  (Figure 4-1B) or the opposite trend (Figure 4-1C). This clonal 

architecture has also been recently described in a study leveraging single cell DNA-

sequencing of UBA1- and TET2-mutant CH(Fernandez et al. 2022; Patel et al. 2022). 

Since TET2 is also a pro-inflammatory driver, it would be important to understand how 

these two cell populations interact and if there are any cell non-autonomous interactions 

driving disease progression. Furthermore, investigation of shifts in clonal composition in 

longitudinal samples correlated with detailed annotation of inflammatory symptoms would 

elucidate mechanisms of cooperation between these co-occurring mutations.   
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Figure 4-1 Schematics of putative recurrent clonal structures in MDS: UBA1 co-mutation 
with A) DNMT3A and B,C) TET2. 

 

 

The methodologies of clonal phenotyping established in the IDH1/2-mutant AML study 

could be applied to study the distinct clonal phenotypes of UBA1-mutant vs TET2-mutant 

vs UBA1-DNMT3A co-mutated populations. Characterization of the pathobiology of these 

co-occurring genomic events could enable identification of therapeutic vulnerabilities in 

UBA1-mutant VEXAS and MDS.   
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On the other hand, from the UBA1 study, we find that in some cases of MDS, UBA1 is the 

sole genetic abnormality detected. Given the high incidence of MDS among VEXAS 

patients (25-55%)(Beck et al. 2020; Bourbon et al. 2021; Georgin-Lavialle et al. 2022), 

MDS may represent progression of the VEXAS disease. Longitudinal mutation profiling of 

VEXAS patients will be needed to understand risks of developing MDS.  

 
 
 
 
 

Integrative clone-specific gene expression analysis may 
identify therapeutic vulnerabilities in VEXAS/MDS   

 
Due to the inflammatory clinical presentation of VEXAS, patients are often treated with 

high-dose glucocorticoids, which have an unacceptable safety profile for long-term use 

and result in symptom relapse if reduced or discontinued. Thus, it is imperative to identify 

therapeutic strategies that are curative and/or safe for long-term use. Much of the data to 

date on treatment response in VEXAS is from retrospective analysis of patients with 

heterogeneous clinical management of associated clinical manifestations of the disease. 

From retrospective analyses, there is some evidence of the benefit of hypomethylating 

agents, Janus kinase (JAK) inhibitors, and allogeneic hematopoietic stem cell transplant 

in VEXAS.  

 

Hypomethylating agents, specifically Azacytadine, are used in the clinical management of 

high-risk MDS, and have shown benefit in VEXAS patients (Comont et al. 2022; 

Raaijmakers et al. 2021; Arsene Mekinian et al. 2022). As many of the patients we 
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identified in the UBA1-profiling study actually have low-risk subtypes of MDS, it will be 

crucial to screen MDS patients with inflammatory presentation for UBA1 mutations and 

incorporate this into clinical management of VEXAS/MDS.  

 

The JAK inhibitor Ruxolitinib has been found to show particular benefit over other JAK 

inhibitors in VEXAS (Heiblig et al. 2022). However, responses to JAK inhibitors are highly 

variable and not yet well-characterized in a prospective cohort. Furthermore, this approach 

does not eradicate the UBA1-mutant clone, which poses a risk for patients eventually 

acquiring resistance to JAK inhibition as has been seen in other hematologic malignancies 

(Bhagwat, Levine, and Koppikar 2013).  

 

Allogeneic stem cell transplant has the potential to be a curative treatment as it can 

eradicate the disease-causing UBA1-mutant clone from the hematopoietic stem and 

progenitor cell reservoir(Diarra et al. 2022; Loschi et al. 2022; Al-Hakim et al. 2022; 

Mangaonkar et al. 2023). However, many patients are not eligible for allogeneic 

hematopoietic stem cell transplant, which is an intensive procedure with high mortality 

rate. A clinical trial to evaluate the risk-benefit of this therapeutic option is ongoing 

(NCT05027945).  

 

Given the limited therapeutic options for VEXAS patients, identification of additional 

interventions is a significant unmet need. To identify therapeutic vulnerabilities in VEXAS, 

further characterization of primary patient samples and development of preclinical models 

is needed. As described above, a mechanistic understanding of the association between 

MDS and VEXAS is also needed to manage the disease course. A case report of an MDS 

patient with a UBA1 mutation treated with azacitidine and venetoclax showed concomitant 

reduction of the UBA1 mutation and autoinflammatory symptoms, suggesting that 
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therapeutic approaches targeting UBA1-mutated cells can ameliorate the disease. Clone-

specific phenotyping methods such as those established in this thesis may be able to 

identify targetable cell surface proteins or dysregulated biological pathways. Given the 

role of UBA1 in initiating protein ubiquitination and degradation, therapeutic strategies 

targeting the proteasome or cellular stress pathways such as the unfolded protein 

response may also be beneficial.  

 
 
 
 
 

Novel genomic drivers of hematologic malignancies and 
autoinflammatory diseases 

 
While previous genomic studies have made huge strides in characterizing recurrently 

mutated genes in hematological malignancies, there are still a significant number of 

patients (5-10%) with no identified genetic alterations(Papaemmanuil et al. 2016; Tazi et 

al. 2022; Bernard et al. 2022). Newly recognized mutations in UBA1 only explain a fraction 

of the mutation-negative MDS cases in our study and a small fraction of the disease 

etiology of the Undiagnosed Diseases cohort(Beck et al. 2020). Furthermore, there have 

been reports of patients with VEXAS-like clinical presentation that do not have UBA1 

mutations(Duminuco et al. 2022). There may be somatic mutations yet to be discovered 

and characterized whose identification will eventually unlock new diagnostic, prognostic 

and therapeutic strategies in AML and MDS, and overlapping autoinflammatory and 

autoimmune diseases. Systematic whole exome or whole genomic profiling of these cases 

may identify novel drivers of hematologic malignancies and/or autoinflammatory diseases 
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and enable improved risk stratification and clinical management for these patients. 

Biobanks with detailed and uniform clinical annotation are essential to supporting these 

large cohort discovery studies.   

 

Additionally, there is building evidence for non-genetic drivers of hematologic 

malignancies including the microenvironment(Baryawno et al. 2019; Lasry et al. 2022; 

Barreyro, Chlon, and Starczynowski 2018; Galán-Díez et al. 2022). Rapidly advancing 

single cell technologies that enable high resolution profiling of the bone marrow niche in 

primary patient samples, including with spatial resolution(Baccin et al. 2020), will shed 

light on the complex and dynamic networks driving hematologic malignancies and 

autoinflammatory diseases.  

 

In conclusion, in this thesis I 1) designed and executed population-based studies for 

biomarker characterization; 2) identified disease-defining genotypes in hematologic 

neoplasms; 3) delivered genotype-focused analysis of phylogenetic subclones and 

hematopoietic cellular hierarchies in primary patient samples; 4) deployed these 

approaches across distinct disease transitions including preleukemic, diagnosis, and on 

therapy. Scaling up these approaches to larger patient cohorts will enable identification of 

prognostic biomarkers or therapeutic vulnerabilities.  
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