
  

Early drivers of clonal hematopoiesis shape the evolutionary trajectories of de novo acute 1 

myeloid leukemia 2 

Ryan D. Chow1†, Priya Velu2,3†, Safoora Deihimi2, Jonathan Belman2, Angela Youn4, Nisargbhai 3 

Shah4, Selina M. Luger1, Martin P. Carroll1, Jennifer Morrissette2, Robert L Bowman4*  4 

 5 
1Department of Medicine, Perelman School of Medicine, University of Pennsylvania, 6 
Philadelphia, PA, USA  7 
1Department of Pathology and Laboratory Medicine, Perelman School of Medicine, University of 8 
Pennsylvania, Philadelphia, PA, USA  9 
3Department of Pathology and Laboratory Medicine, Weill Cornell School of Medicine, Cornell 10 
University, New York, NY, USA  11 
4Department of Cancer Biology, Perelman School of Medicine, University of Pennsylvania, 12 
Philadelphia, PA, USA  13 
† These authors contributed equally to this work 14 
  15 

*Corresponding Author:  16 
Dr. Robert Bowman  17 
Mailing: 421 Curie Blvd, Room 753, Philadelphia, PA, 19104 18 
E-mail: robert.bowman@pennmedicine.upenn.edu  19 

 20 

 21 
Conflict of interest statement: No conflict of interest is declared. 22 
 23 

Key Points 24 

• DNMT3A, TET2 and ASXL1 mutations persist through AML-directed therapy 25 

• Distinct CH-related mutations shape the evolutionary trajectories of AML from diagnosis 26 

through relapse. 27 

 28 

 29 

 30 
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ABSTRACT (266 words) 33 

Mutations commonly found in AML such as DNMT3A, TET2 and ASXL1 can be found in the 34 

peripheral blood of otherwise healthy adults – a phenomenon referred to as clonal hematopoiesis 35 

(CH). These mutations are thought to represent the earliest genetic events in the evolution of AML. 36 

Genomic studies on samples acquired at diagnosis, remission, and at relapse have demonstrated 37 

significant stability of CH mutations following induction chemotherapy. Meanwhile, later 38 

mutations in genes such as NPM1 and FLT3, have been shown to contract at remission and in the 39 

case of FLT3 often are absent at relapse. We sought to understand how early CH mutations 40 

influence subsequent evolutionary trajectories throughout remission and relapse in response to 41 

induction chemotherapy. Here, we assembled a retrospective cohort of patients diagnosed with de 42 

novo AML at our institution that underwent genomic sequencing at diagnosis as well as at the time 43 

of remission and/or relapse (total n = 182 patients). Corroborating prior studies, FLT3 and NPM1 44 

mutations were generally eliminated at the time of cytologic complete remission but subsequently 45 

reemerged upon relapse, whereas DNMT3A, TET2 and ASXL1 mutations often persisted through 46 

remission. Early CH-related mutations exhibited distinct constellations of co-occurring genetic 47 

alterations, with NPM1 and FLT3 mutations enriched in DNMT3Amut AML, while CBL and SRSF2 48 

mutations were enriched in TET2mut and ASXL1mut AML, respectively. In the case of NPM1 and 49 

FLT3 mutations, these differences vanished at the time of complete remission yet readily 50 

reemerged upon relapse, indicating the reproducible nature of these genetic interactions. Thus, 51 

early CH-associated mutations that precede malignant transformation subsequently shape the 52 

evolutionary trajectories of AML through diagnosis, therapy, and relapse. 53 

  54 
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INTRODUCTION 55 

 56 

Acute myeloid leukemia (AML) results from the accumulation of genetic alterations in 57 

hematopoietic stem/progenitor cells, leading to clonal expansion and impaired differentiation.1 58 

While extensive work has been devoted to profiling the genomic aberrations that define AML2–6, 59 

many common AML-associated mutations are also detected with increasing age in patients with 60 

otherwise intact hematopoietic function.7–12 The acquisition of somatic mutations that result in 61 

clonal expansion – termed clonal hematopoiesis (CH) – is associated with increased risk of 62 

developing not only hematologic malignancies, but also a host of other diseases.7,8 While only a 63 

fraction of patients with CH will ultimately be diagnosed with a hematologic malignancy, these 64 

somatic mutant clones are nevertheless thought to represent preleukemic precursors that are 65 

primed for malignant transformation upon the acquisition of further driver mutations.13,14 Of note, 66 

CH-associated mutations can be detected in the peripheral blood of patients that have achieved 67 

complete remission from AML and have been identified in hematopoietic stem/progenitor cells 68 

that survive chemotherapy.15–19 Thus, the mutational drivers of CH likely represent the earliest 69 

genetic events in the pathogenesis of AML, providing the substrate for further genomic evolution 70 

and malignant transformation. 71 

 72 

Extensive genomic profiling has been performed in de novo and secondary AML, highlighting 73 

trends of genomic evolution for FLT3 or NPM1 mutant disease.20–23 Additionally, other studies 74 

have described paired longitudinal sequencing of patient samples undergoing FLT3 tyrosine kinase 75 

inhibition treatment24,25 or following induction chemotherapy.26,27 More recently, the advent of 76 

single cell DNA sequencing28–30 and error corrected sequencing31–33 has dramatically improved the 77 

evaluation of mutation evolution during remission, highlighting both the stability of clonal 78 

hematopoiesis mutations following therapy34,35 and the need to eradicate even the smallest of FLT3 79 

and NPM1 mutant clones to control disease progression.36,37 To date, however, few cohorts have 80 

evaluated serial samples of patients from diagnosis through remission and subsequent relapse, 81 

connecting genomic trajectories through several stages of disease management. 82 

 83 

Here, we assembled a cohort of patients diagnosed with de novo AML at our institution between 84 

2013-2018. To investigate clonal evolution throughout diagnosis and disease management, we 85 
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selected patients that underwent next-generation sequencing (NGS) both at diagnosis and again at 86 

remission and/or relapse. We find that DNMT3Amut, TET2mut, and ASXL1mut (DTA) AML exhibit 87 

distinct mutational profiles at diagnosis, and that these differences persist through the selective 88 

pressure of chemotherapy. Thus, we demonstrate that early preleukemic drivers of CH can 89 

influence the subsequent evolutionary trajectories of AML. 90 

 91 

RESULTS 92 

Charting the genomic evolution of de novo AML at diagnosis, remission and relapse 93 

We retrospectively compiled all patients diagnosed with de novo AML at our institution that had 94 

two or more NGS studies, performed at least 30 days apart, on blood or bone marrow specimens. 95 

The final cohort comprised 182 patients. The average age at diagnosis was 58.06 ± 1.03 (mean ± 96 

s.e.m.) years, and 53.3% of patients were female. In total, 84.6% of patients received induction 97 

chemotherapy with combination anthracycline and nucleoside analog therapy (i.e. “7+3”) 98 

(Supplementary Figure 1A), and 41.8% (n = 76) underwent stem cell transplant at some point in 99 

their treatment.  100 

 101 

At the time of AML diagnosis, FLT3 (38%), NPM1 (32%), DNMT3A (32%), and TET2 (21%) 102 

were the most frequently mutated genes in our cohort (Figure 1A). The mutation frequencies of 103 

the top mutated genes (defined as mutated in ≥ 4% of diagnosis samples) were highly correlated 104 

with those observed in the TCGA4 and BeatAML38 cohorts (Supplementary Figure 1B-C). Based 105 

on karyotype analysis, chromosome 8 gain (10%) and chromosome 16 inversion (5%) were the 106 

most frequent chromosomal abnormalities. Approximately half of the patient cohort underwent 107 

AML NGS profiling twice, while the remaining half had three or more NGS profiles (Figure 1B). 108 

In total, 65.3% of patients (n = 119) were sequenced at the time of first cytologic complete 109 

remission (CR1) and 41.8% (n = 76) at the time of first relapse (REL1) (Figure 1C). 110 

 111 

To investigate how AML-directed therapy would affect the mutational landscape, we compared 112 

gene mutation frequencies across varying disease stages. Comparing samples taken at CR1 to those 113 

at diagnosis, we observed significant depletion of FLT3, NPM1, and NRAS mutations, as well as 114 

chromosome 8 copy gain (Figure 1D). In contrast, the CH-associated genes DNMT3A, TET2, and 115 

ASXL1 were mutated at nearly identical frequencies between diagnosis and CR1, consistent with 116 
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prior reports.6,15–17 However, when these patients subsequently relapsed after an initial remission, 117 

the mutation frequencies of FLT3 and NPM1 largely returned to pre-treatment baseline levels 118 

(Figure 1E-F). Comparison of REL1 and primary refractory (REF1) samples showed similar 119 

mutation frequencies across genes with the exception of NPM1, which was comparatively enriched 120 

in REL1 samples (Figure 1G). Collectively, these analyses illustrate the rise and fall of key driver 121 

mutations over the course of AML progression, highlighting the remarkable consistency in driver 122 

mutation frequencies between diagnosis and relapse despite the interceding selective pressure of 123 

chemotherapy.  124 

 125 

DTA mutations persist at the time of complete remission 126 

We next investigated mutation persistence at CR1. We grouped genes into functional biological 127 

categories and evaluated the frequency at which each mutation was detected in paired diagnosis 128 

and relapse samples (Figure 2A). We observed robust persistence of mutations in genes related to 129 

DNA damage (10/15, 66.7%), CH-associated DTAI factors (DNMT3A, TET2, ASXL1, IDH1 and 130 

IDH2 combined: 83/130, 63.8%), and splicing (12/19, 63.2%), with less mutational persistence 131 

observed in genes associated with the Polycomb repressive complex (PRC; 11/28, 39.3%) and 132 

cohesin complex (4/16, 25%). Breaking these categories down into individual genes, we observed 133 

robust persistence of IDH2 mutations in over half of cases (13/21, 61.9%), whereas a smaller 134 

fraction of IDH1 mutations persisted at remission (2/8, 25%) (Figure 2B). In line with this, the 135 

variant allele frequencies (VAFs) for the two persistent IDH1 mutations were 6.9% and 10.3%, 136 

compared to a mean VAF of 30.3% ± 5.1% (s.e.m.) for IDH2 (Figure 2C-D). Similar to IDH2, the 137 

mean VAFs for DNMT3A, TET2, and ASXL1 remained high at the time of remission (33.7% ± 138 

3.6%, 33.8% ± 2.8%, 34.7% ± 5.0%, respectively), with most patients retaining these DTA 139 

mutations, often showing few differences between diagnosis and CR1 (Figure 2E). In addition, 140 

we found that variants in RUNX1, SRSF2, and TP53 were also frequently identified at CR1 141 

(Supplemental Figure 2A). 142 

  143 

Finally, mutations in signaling genes including FLT3, NRAS, KRAS, and PTPN11 were rarely 144 

maintained at CR1 (16/112, 14.3%), and we observed two instances of an NPM1 mutation 145 

persisting at CR1 (2/39, 5.1%) (Figure 2A). While we did not observe a single case of persistent 146 

NRAS mutations at CR1 (0/16), FLT3 variants were shared between diagnosis and CR1 in 9/57 147 
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patients (16%); of these, four were at similar VAFs between diagnosis and CR1 (Figure 2B,F). 148 

Two of these were FLT3 internal tandem duplications (ITDs) (E604-F605ins[11aa] and 149 

T582_E598dup), representing bona fide pathogenic mutations, while the remaining two variants 150 

were missense mutations of uncertain significance (V214I and V795I). In a similar manner, both 151 

of the identified persistent NPM1 mutations were pathogenic W288Cfs*12 variants. Surprisingly, 152 

we identified one FLT3 variant (Y572ins?) that was newly identified at CR1 compared to diagnosis 153 

(Supplementary Figure 2B). As this CR1-only FLT3 variant was found at 1.24% VAF, it is likely 154 

that this variant was also present at diagnosis but had fallen short of the NGS detection and/or 155 

reporting threshold. We further observed rare persistent or acquired variants in genes such as JAK2, 156 

TP53, U2AF1, NF1, SRSF2, ZRSR2, STAG2, and CBL at the time of remission. (Supplemental 157 

Figure 2B-C). 158 

 159 

Collectively, we observed that DNMT3A, TET2, and ASXL1 variants were less likely to be 160 

eliminated by chemotherapy than FLT3 or NPM1 (DTA combined vs FLT3, p = 9.3 *10-11; DTA 161 

combined vs NPM1, p = 1.7 *10-12). Overall, these data indicate that CH-associated mutations 162 

frequently persist through chemotherapy at the time of remission in de novo AML, presumably 163 

due to their presence in a preleukemic cell compartment that remains intact despite effective AML-164 

directed therapy.  165 

 166 

FLT3 variants are dynamically acquired and eliminated between diagnosis and relapse, while 167 

NPM1 mutations persist 168 

We next compared the presence of matched variants at diagnosis compared to relapse (Figure 3A).  169 

We observed that all ASXL1 variants (11/11, 100%) identified at diagnosis were also present at 170 

relapse. Similar results were evident with DNMT3A (28/31, 90.3%), TET2 (25/26, 96.2%), IDH2 171 

(8/10, 80%) and IDH1 (3/3, 100%). NPM1 variants were similarly stable, with 27/32 (84.4%) 172 

shared between diagnosis and relapse. In comparing differences in VAFs between diagnosis and 173 

relapse, we observed that most of the DTAI mutations reemerged to a similar VAF compared to 174 

the time of diagnosis, indicating their likely presence in the initiating clone (DNMT3A 34.6% ± 175 

3.0%, TET2 35.8% ±2.8%, ASXL1 45.2% ± 2.7%, IDH1 29.5% ±10.6%, IDH2 31.4% ± 4.9%) 176 

(Figure 3B-D). Similar results were evident for NPM1 (Figure 3E). We did not observe an 177 

instance of a new mutation in DNMT3A, TET2, or ASXL1 at time of first relapse, while we did 178 
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observe gain of IDH1 and IDH2 mutations among our cohort. These comprised an IDH1R132H 179 

mutation in a patient who was otherwise not mutated for any other DTAI or epigenetic factors 180 

represented in our NGS panel (Supplemental Figure 3A). In this patient, the emergent IDH1R132H 181 

continued to expand through the subsequent line of therapy, further expanding to dominate the 182 

clonal composition. IDH2R140Q mutations emerged at first relapse in two patients within the cohort, 183 

both of whom had co-occurring DNMT3A, FLT3 and NPM1 mutations at the time of diagnosis. 184 

In contrast to the CH-associated DTAI genes, mutations in signaling genes were largely unstable, 185 

with many being lost between diagnosis and relapse. These included PTPN11 (4/4), NRAS (10/11, 186 

90.9%), KRAS (4/4), and NF1 (3/4, 75%) (Figure 3A). FLT3 mutations showed a more dynamic 187 

pattern compared to the other signaling mutations, with 53.3% (24/45) persisting from diagnosis 188 

to relapse.  Of all identified FLT3 variants in patients with paired diagnosis and REL1 samples, 189 

18/63 (29%) were newly acquired upon relapse. We observed additional mutations with evidence 190 

of dynamic gains/losses including EZH2, NRAS, RUNX1, TP53 and KIT (Figure 3A). Mutations 191 

in WT1 were particularly dynamic, with six lost variants at REL1, six acquired variants, and four 192 

stable patients, mirroring the diverse range of outcomes present in FLT3-mutant disease. To 193 

identify co-mutational partners at diagnosis that might predict this evolution, we constructed 194 

Firth’s penalized regression models to determine the association between mutations at diagnosis 195 

and subsequent gain or loss of FLT3 or WT1 mutations. We identified a significant increase in the 196 

likelihood of gaining a FLT3 mutation at relapse for patients that presented with a PTPN11 197 

mutation at diagnosis (p=0.008; Figure 3F); meanwhile no significant associations were identified 198 

that were associated a loss of FLT3 mutation at relapse (Figure 3G). In one example, Patient 100 199 

initially was found to have IDH1, DNMT3A, NPM1, and PTPN11 mutations on diagnosis; at the 200 

time of relapse, the dominant population in this patient had lost the PTPN11 mutation and instead 201 

gained a FLT3 mutation (Supplementary Figure 3B). Similarly, Patient 156 initially had 202 

DNMT3A and PTPN11 mutations, the latter of which was eliminated by chemotherapy and 203 

undetectable at CR1; at the time of REL1, the PTPN11 mutation had been replaced by a FLT3 204 

mutation (Supplementary Figure 3C). Meanwhile, loss of WT1 mutations were associated with 205 

FLT3 and NRAS mutations, but in opposing directions Figure 3H,I). The presence of a FLT3 206 

mutation at diagnosis was associated with lower probability of WT1 mutation loss (p=0.035), 207 

whereas the presence of an NRAS mutations was associated with in increased likelihood for loss 208 

of WT1 mutations (p=0.004). Collectively, these results indicated that co-mutational partners are 209 
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associated with distinct evolutionary outcomes following induction chemotherapy. While FLT3 210 

mutations are dynamically acquired and eliminated between diagnosis and relapse, CH-related 211 

mutations and NPM1 mutations largely persist through complete remission into relapse. 212 

 213 

Co-mutation analyses reveal conserved and disease stage-specific genetic interactions in AML 214 

To further explore this concept of dynamic co-mutational partners we identified co-occurring and 215 

mutually exclusive mutation pairs at the time of diagnosis (Supplementary Figure 4A), CR1 216 

(Supplementary Figure 4B), and REL1 (Supplementary Figure 4C). We identified eight 217 

putative genetic interactions that were conserved between diagnosis and CR1: co-occurrence of 218 

ASXL1-STAG2, ASXL1-SRSF2, BCOR1-SF1, BIRC3-MYD88, CBL-TET2, CDKN2A-PRPF40B, 219 

chr5qdel-TP53, and IDH2-SRSF2. We further identified ten putative genetic interactions that were 220 

shared between diagnosis and REL1: co-occurrence of CBL-TET2, CDH2-t(8;21), CDH2-CSF3R, 221 

chr17loss-TP53, DNMT3A-NPM1, DNMT3A-FLT3, FLT3-NPM1, NOTCH2-U2AF2, NPM1-222 

TET2, along with mutual exclusivity of NPM1-TP53. Co-occurrence of the CBL-TET2 mutation 223 

pair was consistently identified across diagnosis, CR1, and REL1 disease stages. The majority of 224 

putative interactions identified at diagnosis or REL1 were unique to each disease stage, despite 225 

being sampled from the same patient cohort: 32/49 (65.3%) unique to diagnosis and 18/28 (64.3%) 226 

unique to REL1. One such interaction pair was chr8gain-TET2, which was only observed to be 227 

statistically significant at the time of diagnosis (Supplementary Figure 4D-E). Our analyses 228 

therefore suggest that many genetic interactions in AML exhibit a certain degree of context-229 

dependence, demonstrating the importance of interrogating the genomic features of AML across 230 

diverse disease stages. 231 

 232 

Early DNMT3A and TET2 mutations differentially shape the evolutionary trajectories of AML 233 

We next sought to determine how early CH mutations influence downstream mutation stability at 234 

CR1 and loss/gain at REL1. We categorized patients by their mutational status in DNMT3A, TET2, 235 

and ASXL1 at the time of diagnosis (Figure 4A). Comparing pairs of DTA genes, we assessed 236 

cohort-level mutation frequencies in each of these patients at the time of diagnosis and relapse 237 

(Supplemental Figure 5A-F). While FLT3 mutations were observed across patients with any of 238 

the DTA mutations, FLT3 mutations were uniquely enriched in DNMT3Amut cases at diagnosis (p 239 

= 0.01) and relapse (p = 0.02) (Figure 5B). Meanwhile, NPM1 mutations were significantly 240 
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enriched in DNMT3Amut cases at both diagnosis (p = 9.8*10-11) and relapse (p = 5.5*10-7) , as well 241 

as in TET2mut cases – albeit to a lesser extent – both at diagnosis (p = 0.03) and relapse (p = 0.02). 242 

In contrast, CBL mutations were uniquely enriched in TET2mut samples at all three stages of 243 

disease: diagnosis (p = 0.009), remission (p = 0.03) and relapse (p = 0.008). Notably, none of these 244 

mutations (FLT3, NPM1, and CBL) showed significant association with ASXL1mut patients; rather 245 

these samples showed an enrichment for SRSF2 mutations at diagnosis (p = 0.02) and remission 246 

(p = 0.01) (Figure 4B). Given the divergent genetic associations with distinct DTA mutations, and 247 

the relative enrichment of CBL and SRSF2 mutations in myelodysplastic syndrome (MDS), we 248 

wondered if these findings generalized beyond our de novo AML cohort. We analyzed a cohort of 249 

untreated MDS patients39, and observed strong enrichment of NPM1 mutations exclusively in 250 

DNMT3Amut patients, while CBL and SRSF2 mutations were associated with both TET2 and ASXL1 251 

alterations (Figure 4C). FLT3 mutations were observed at similar frequencies between 252 

DNMT3Amut and ASXL1mut samples. Collectively, these results indicate that early CH-related 253 

mutations show distinct mutational partners that persist at multiple stages of disease development 254 

and after therapy. While some of these co-mutational patterns are conserved between de novo AML 255 

and MDS, there are nevertheless important distinctions between the two, suggesting differences in 256 

the genetic interaction networks driving genomic evolution in these disease states. 257 

 258 

Patterns of AML genomic evolution from diagnosis to relapse 259 

As the prior analyses were performed on the cohort-level, comparing mutation frequencies in 260 

different cross-sections of the AML disease course, we next sought to explore the characteristics 261 

of AML evolution within individual patients. We therefore applied the CALDER algorithm40 to 262 

help infer and visualize phylogenetic relationships from matched longitudinal AML sequencing 263 

data in individual patients.  264 

 265 

Among the patterns of AML evolution from diagnosis to relapse, we observed several cases in 266 

which, at the time of relapse, an additional driver mutation had been acquired on top of the original 267 

mutations that were seen on diagnosis (Figure 5A). For instance, Patient 63 had a dominant clone 268 

at diagnosis with mutations in FLT3, NPM1, DNMT3A, and STAG2. At the time of relapse 269 

following induction chemotherapy, the above four mutations were still present, but now the cells 270 

had acquired an additional SETBP1 mutation. In such patients, it is likely that the initial AML 271 
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clone observed at diagnosis subsequently re-expanded following incomplete elimination by 272 

induction chemotherapy, gaining additional mutations in the process. In other cases, we observed 273 

evidence of subclonal replacement, with reciprocal loss and gain of driver mutations as a 274 

consequence of therapy and subsequent relapse (Figure 5B). As an example, Patient 28 had a 275 

dominant clone on diagnosis with ASXL1, TET2, BRAF, NPM1, and SETBP1 mutations; on 276 

relapse, the dominant clone had lost the BRAF, NPM1, and SETBP1 mutations, instead acquiring 277 

a CBL mutation. Among such cases of subclonal replacement, we observed cases in which a FLT3 278 

mutation seen at the time of diagnosis was subsequently replaced by a different FLT3 alteration on 279 

relapse (Figure 5C). For Patient 66, the initial FLT3D839G mutation was replaced with a FLT3 280 

internal tandem duplication (ITD) at relapse. Similarly, Patient 98 had a FLT3 ITD mutation at 281 

diagnosis that was replaced with a distinct FLT3 ITD mutation on relapse. It is likely that 282 

chemotherapy had successfully eliminated the AML-driving FLT3mut clone, with subsequent 283 

disease relapse being driven by the acquisition or expansion of a distinct FLT3mut clone. These 284 

cases demonstrate “convergent evolution” occurring within individual patients, consistent with the 285 

well-established role of FLT3 mutations in driving malignant transformation. 286 

 287 

We next analyzed the evolutionary trajectories for all patients profiled at diagnosis and relapse (n 288 

= 76) and classified them into one of four broad relapse patterns. Patients were distributed across 289 

these four categories, with 14/76 (18.4%) of cases demonstrating stable mutational profiles, 21/76 290 

(27.6%) acquiring a new mutation, 20/76 (26.3%) losing an initial mutation, and 21/76 (27.6%) 291 

exhibiting subclonal swaps (Figure 5D). In patients sequenced at the time of refractory disease (n 292 

= 27), we observed that comparatively fewer patients (3/27, 11.1%) underwent subclonal swaps 293 

while stable mutational profiles were most common (10/27, 37%). Across all patients, subclonal 294 

swapping trended towards being more common in relapse compared to refractory disease (p = 295 

0.11). When specifically comparing the relative proportions of stable mutational profiles to 296 

mutational swaps, mutational swaps were more common in relapse than in refractory disease (p = 297 

0.049). Finally, we sought to determine how founding CH-mutations in DNMT3A, TET2, or ASXL1 298 

influenced evolutionary trajectories in relapse. While there were limited sample sizes for patients 299 

with only a single DTA mutation (DNMT3A, TET2, or ASXL1), we observed that DNMT3Amut 300 

(TET2wt, ASXL1wt) AML was more likely to relapse through subclonal swaps (7/15, 46.7%) than 301 

TET2mut (DNMT3Awt, ASXL1wt) AML (1/6, 16.7%). On the other hand, TET2mut (DNMT3Awt, 302 
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ASXL1wt) AML more often relapsed with stable mutation profiles (3/6, 50%) than DNMT3Amut 303 

(TET2wt, ASXL1wt) AML (2/15, 16%) (Figure 5F). Taken together, these analyses showcase the 304 

utility of longitudinal genomic profiling to reveal recurrent evolutionary modes of AML relapse 305 

across individual patients. 306 

 307 

DISCUSSION 308 

While other large cohorts of patients have been analyzed with both exome sequencing and panel-309 

based approaches, most include mixtures of AML evolved from a prior MDS, de novo AML, and 310 

relapsed/refractory AML. Our retrospective study specifically focused on patients with no prior 311 

hematological diagnoses or hematopoietic abnormalities. Similar studies have been performed 312 

retrospectively on clinical trial samples27, including those specifically focused on FLT3 mutant24,25 313 

or NPM1 mutant22,41 AML. These studies were largely executed in the research setting using 314 

exome wide assays.42 Both a strength and limitation of our study was the use of a CLIA-approved 315 

targeted gene panel; as our study is built on real-world data collected as part of routine clinical 316 

practice, our findings are directly relevant to clinicians and patients. However, the technical 317 

limitations of our NGS panel likely leads to underestimation of mutation evolutionary processes, 318 

as we did not query genes outside of the panel. The NGS panel at our institution was also updated 319 

throughout the course of the study, with subsequent versions including additional genes; in the 320 

current study, however, we did not identify any variants that were exclusively detected at later 321 

timepoints solely due to discordant panel versions. Another important limitation is that our clinical 322 

sequencing and analysis pipeline allowed for a minimum 2-4% VAF cutoff for reporting variants. 323 

Error corrected sequencing approaches have demonstrated that VAFs as low as 10-5 can offer 324 

prognostic information for FLT3 and NPM1 mutations in the context of measurable residual 325 

disease detection at first remission.36,37 The paucity of NPM1 mutations detected at CR1, and their 326 

near uniform recurrence at relapse, suggests that our dataset is likely enriched for false negatives 327 

for NPM1, and potentially other genes, at remission. While these limitations are important to 328 

recognize, our study represents real-world data presented to clinicians at the time of diagnosis, 329 

remission and relapse, using standard sequencing approaches in routine clinical practice. 330 

 331 

To our knowledge, no study to date has systematically compared the genomic profiles of 332 

DNMT3Amut and TET2mut AML as the disease evolves from initial diagnosis through remission and 333 
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subsequent relapse. DNMT3A and TET2 are the most commonly mutated genes associated with 334 

CH7–9, and both of these genes encode key regulators of DNA methylation.43 As DNMT3A and 335 

TET2 mutations are among the earliest genetic alterations in AML, dysregulation of DNA 336 

methylation is presumably an important predisposing factor for the subsequent pathogenesis of 337 

AML. Curiously, however, DNMT3A and TET2 play diametrically opposing roles in DNA 338 

methylation: whereas DNMT3A catalyzes DNA methylation, TET2 demethylates DNA. It stands 339 

to reason, then, that the evolutionary fitness landscapes of malignancies arising from DNMT3Amut 340 

clones likely differ from those that derive from TET2mut clones. Our analyses illuminate the distinct 341 

genomic features of DNMT3Amut, TET2mut, and ASXL1mut AML. While DNMT3Amut AML is 342 

comparatively enriched in FLT3 and NPM1 mutations4,  TET2mut and ASXL1mut AML are instead 343 

enriched in CBL and SRSF2 mutations. We further demonstrate that these differences persist 344 

through chemotherapy and are often conserved at diagnosis and relapse. As DNMT3A, TET2, and 345 

ASXL1 mutations represent the earliest genetic events in the pathogenesis of AML, our findings 346 

demonstrate how “founding” preleukemic driver mutations can subsequently mold the 347 

evolutionary paths traversed in the course of AML evolution.  348 

 349 

Of note, we had carefully curated the present cohort to exclude patients that had preexisting MDS 350 

prior to AML diagnosis. As the co-occurring module of TET2, CBL, and SRSF2 mutations is highly 351 

prevalent in MDS39, it is interesting that we were able to recapitulate this mutational pattern in our 352 

cohort of de novo AML. We further found that the co-occurring module of DNMT3A and NPM1 353 

mutations that we observed in de novo AML was also seen in the MDS cohort. While there were 354 

distinctions between the mutational archetypes seen in each cohort, these commonalities suggest 355 

that regardless of whether AML arises de novo or as a gradual progression from MDS, the 356 

underlying genetic interactions shaping their evolutionary trajectories appear to be broadly 357 

conserved.  These data are consistent with the ELN2022 guidelines of NPM1 mutations being 358 

sufficient to diagnose patients with AML, that might otherwise fit histopathological descriptions 359 

of MDS.44 Our data support the notion that DNMT3Amut MDS likely encompasses a genomic co-360 

mutational landscape that is reminiscent of co-mutational partners found in AML. 361 

 362 

Moving forward, further mechanistic studies are needed to understand the molecular basis 363 

underlying the divergent mutational trajectories of DNMT3Amut vs TET2mut AML. Given their 364 
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opposing functions in DNA methylation, we anticipate that the distinct epigenetic changes 365 

associated with DNMT3A vs TET2 loss-of-function act to differentially pre-pattern the epigenetic 366 

landscape on which hematopoietic stem/progenitor cells subsequently evolve into AML.45 We 367 

speculate that these early epigenetic differences can impact the fitness effects of subsequent AML 368 

driver mutations, leading to divergent evolutionary trajectories through diagnosis and relapse. 369 

  370 
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Methods 371 

All sequencing results, ancillary studies, and clinical information were collected retrospectively in 372 

accordance with protocols approved by the Institutional Review Board at the University of 373 

Pennsylvania.  374 

 375 

Patient selection and data collection 376 

We searched internal pathology databases for all patients with two or more NGS studies performed 377 

at least 30 days apart on blood or bone marrow specimens between February 14, 2013 and June 378 

31, 2018 using our institution’s clinical targeted hematologic malignancies NGS panel. Patients 379 

with testing performed at initial diagnosis of de novo AML and subsequent testing performed at 380 

cytologic complete remission (CR), relapse (REL), or disease refractory to initial therapy for de 381 

novo AML (REF) were included. Remission, relapse, and refractory states were determined from 382 

review of clinical notes from the electronic medical record (EMR) and corresponding 383 

hematopathology studies performed on bone marrow specimens. CR was defined as having 384 

morphologic evidence on bone marrow biopsy of trilineage hematopoiesis and <5% blasts. 385 

Subjects with diagnoses of therapy-related AML or AML with myelodysplasia-related changes 386 

were excluded. Cytogenetics, treatment history, and demographic details were also retrospectively 387 

recorded from the electronic medical record (Supplementary Table 1). 388 

 389 

Genomic sequencing 390 

All patients were sequenced at the same institution on a clinically validated and CLIA-certified 391 

customized NGS panel which covers targeted coding regions and splicing junctions of genes that 392 

are commonly mutated in myeloid malignancies. All tests were ordered by treating physicians for 393 

clinical purposes.  394 

 395 

DNA was extracted from fresh bone marrow aspirate or whole blood samples, and targeted 396 

sequencing of hot spots in exomes of 33 genes (HemeV1 panel, 2/14/2013 to 4/21/2015) or 68 397 

genes (HemeV2 panel, 4/22/2015 to present) was performed using an Illumina TruSeq Custom 398 

Amplicon assay that was optimized to identify mutations with known or suspected associations in 399 

the pathogenesis of myeloid malignancies, as well as some mutations enriched in a subset of 400 

lymphoid neoplasms. Matched-normal samples were not submitted for any of the patients. 401 

14

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted September 1, 2024. ; https://doi.org/10.1101/2024.08.31.24312756doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.31.24312756
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

  402 

The first version of the panel included hotspots from the following genes (350 total amplicons): 403 

ASXL1, ATM, BRAF, CBL, CDKN2A, DDX3X, DNMT3A, ETV6, EZH2, FBXW7, FLT3, GNAS, 404 

IDH1, IDH2, JAK2, KIT, KLHL6, KRAS, MAPK1, MYD88, NOTCH1, NPM1, NRAS, PHF6, 405 

PTEN, PTPN11, RUNX1, SF3B1, TET2, TP53, WT1, XPO1, ZMYM3. The second version of the 406 

panel added hotspots from the following genes (673 total amplicons): ABL1, BCOR, BCORL1, 407 

BIRC3, CALR, CEBPA, CSF1R, CSF3R, BRINP3 (FAM5C), GATA2, HNRNPK, IL7R, MAP2K1, 408 

MIR142, MPL, MYC, MYCN, NF1, NOTCH2, PDGFRA, POT1, PRPF40B, RAD21, RIT1, 409 

SETBP1, SF1, SF3A1, SMC1A, SRSF2, STAG2, TBL1XR1, TPMT, U2AF1, U2AF2, and ZRSR2. 410 

As CEBPA testing is performed only upon request, particularly at diagnosis, this data was excluded 411 

from the analysis as not all patients were routinely tested for it. 412 

 413 

Variant calling and annotation 414 

NGS data was processed through a custom in-house bioinformatics pipeline that was clinically 415 

validated to call single nucleotide variants (SNVs) at a frequency of 2-4% and small insertions and 416 

deletions (indels) at a frequency of 1%. The minimum mean coverage was 2500x across the entire 417 

panel and the minimum read depth for each amplicon was 250x. The lowest reportable variant 418 

allele frequency was 2% for SNVs in FLT3 and NPM1 and 4% for mutations in all other genes in 419 

the panel. Variants passing these filtering criteria were included for analysis, regardless of 420 

pathogenicity classifications. 421 

 422 

Data analysis 423 

For simplicity, if multiple NGS studies were conducted at the same “stage” of disease (eg CR1, 424 

REL1), only the earliest NGS sample was retained for further analysis. To compare the mutation 425 

frequencies of genes between different groups, we used Fisher’s two-sided exact test. We classified 426 

variants as exclusive or shared across disease stages using a binary classification schema (i.e., 427 

present or absent), based on the variants that were reported following the variant calling approach 428 

described above. To calculate ΔVAFs, we directly subtracted the VAFs between disease stages, 429 

taking care to match the same variants within individual patients by the annotated amino acid 430 

changes. 431 

 432 

15

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted September 1, 2024. ; https://doi.org/10.1101/2024.08.31.24312756doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.31.24312756
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

For genetic interaction analyses, we compared the co-mutation frequencies for each gene pair 433 

using Fisher’s two-sided exact test. For visual clarity in the figures, we omitted gene pairs that did 434 

not meet the nominal significance threshold of p < 0.05. Data were reported in terms of log odds 435 

ratios (ORs). For analysis of mutational co-occurrence patterns in the MDS cohort39, we extracted 436 

data using the cBioPortal browser46,47 and used Fisher’s two-sided exact test. 437 

 438 

To construct parsimonious phylogenies for the longitudinal NGS data, we used the CALDER 439 

algorithm40. For each patient, we included all identified variants (expressed in terms of VAFs) at 440 

diagnosis, CR1, and/or REL1. We visualized the resulting phylogenies using clevRvis.48 To 441 

classify relapse patterns into different categories, we manually reviewed the longitudinal changes 442 

in VAFs within each patient. If all mutations observed at diagnosis were again observed at REL1 443 

with no additional or lost mutations, the relapse pattern was classified as “stable mutations.” 444 

Accordingly, if the REL1 mutation profile was the same as the diagnosis mutation profile, but with 445 

the addition or loss of one or more mutations, these cases were classified as “mutation gain” or 446 

“mutation loss.” If the REL1 sample had acquired one or more new mutations while also losing 447 

one or more mutations that were originally present at diagnosis, we classified it as a “subclonal 448 

swap”. 449 

 450 

To compare the mutation frequencies observed in our cohort at diagnosis to previously published 451 

datasets (TCGA-AML4 and OHSU-AML38), we extracted data using the cBioPortal browser.46,47 452 

We included all genes that were mutated in ≥ 4% of our cohort for analysis. To compare mutation 453 

frequencies between cohorts, we calculated Spearman and Pearson correlation statistics.  454 

 455 

Data availability 456 

All mutation calls and clinical annotations are publicly available on Github: 457 

https://github.com/rdchow/PennAML.  458 

 459 

Code availability 460 

All analysis code is publicly available on Github: https://github.com/rdchow/PennAML.  461 

16

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted September 1, 2024. ; https://doi.org/10.1101/2024.08.31.24312756doi: medRxiv preprint 

https://github.com/rdchow/PennAML
https://github.com/rdchow/PennAML
https://doi.org/10.1101/2024.08.31.24312756
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

Supplementary Tables 462 

Table S1: All called mutations and karyotype aberrations across all samples. 463 

Table S2: Filtered mutations and karyotype aberrations in the final analysis set. 464 

Table S3: Clinical annotations of all samples. 465 

Table S4: Filtered clinical annotations of samples included in the final analysis set. 466 

Table S5: Comparison of mutation frequencies for each gene across disease stages. 467 

Table S6: Longitudinal tracking of variant allele frequencies in individual patients. 468 

Table S7: Co-mutation analysis at the time of diagnosis. 469 

Table S8: Co-mutation analysis at the time of first remission. 470 

Table S9: Co-mutation analysis at the time of first relapse. 471 

Table S10: Patterns of genomic evolution  472 

ACKNOWLEDGEMENTS 473 

R.L.B. was supported by the National Cancer Institute (R00CA248460, UG1CA233332), 474 

American Society of Hematology and the Leukemia Research Foundation.  475 

 476 

AUTHOR CONTRIBUTIONS 477 

P.V., and J.M. conceived and designed the study. R.D.C. designed and executed the experimental 478 

analysis. R.D.C., P.V., S.D., J.M., A.Y., and N.S. performed experimental analysis and curated 479 

patient records and data. J.M. and R.L.B., supervised the study. R.D.C. and R.L.B. wrote the 480 

manuscript with significant revisions and critical feedback from P.V., S.M.L., and J.M.; all authors 481 

reviewed and commented on the final manuscript. 482 

 483 

References 484 

1. Khwaja A, Bjorkholm M, Gale RE, et al. Acute myeloid leukaemia. Nat Rev Dis Primers. 485 
2016;2(1):1–22.  486 

2. Ley TJ, Mardis ER, Ding L, et al. DNA sequencing of a cytogenetically normal acute myeloid 487 
leukaemia genome. Nature. 2008;456(7218):66–72.  488 

3. Ley TJ, Ding L, Walter MJ, et al. DNMT3A Mutations in Acute Myeloid Leukemia. New 489 
England Journal of Medicine. 2010;363(25):2424–2433.  490 

4. Cancer Genome Atlas Research Network, Ley TJ, Miller C, et al. Genomic and epigenomic 491 
landscapes of adult de novo acute myeloid leukemia. N Engl J Med. 2013;368(22):2059–2074.  492 

5. Shen Y, Zhu Y-M, Fan X, et al. Gene mutation patterns and their prognostic impact in a cohort 493 
of 1185 patients with acute myeloid leukemia. Blood. 2011;118(20):5593–5603.  494 

6. Ding L, Ley TJ, Larson DE, et al. Clonal evolution in relapsed acute myeloid leukemia 495 
revealed by whole genome sequencing. Nature. 2012;481(7382):506–510.  496 

17

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted September 1, 2024. ; https://doi.org/10.1101/2024.08.31.24312756doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.31.24312756
http://creativecommons.org/licenses/by-nc-nd/4.0/


7. Jaiswal S, Fontanillas P, Flannick J, et al. Age-related clonal hematopoiesis associated with497 
adverse outcomes. N Engl J Med. 2014;371(26):2488–2498. 498 

8. Genovese G, Kähler AK, Handsaker RE, et al. Clonal hematopoiesis and blood-cancer risk499 
inferred from blood DNA sequence. N Engl J Med. 2014;371(26):2477–2487. 500 

9. Xie M, Lu C, Wang J, et al. Age-related cancer mutations associated with clonal hematopoietic501 
expansion. Nat Med. 2014;20(12):1472–1478. 502 

10. Kar SP, Quiros PM, Gu M, et al. Genome-wide analyses of 200,453 individuals yield new503 
insights into the causes and consequences of clonal hematopoiesis. Nat Genet. 504 
2022;54(8):1155–1166.  505 

11. Bick AG, Weinstock JS, Nandakumar SK, et al. Inherited causes of clonal haematopoiesis in506 
97,691 whole genomes. Nature. 2020;586(7831):763–768. 507 

12. Busque L, Patel JP, Figueroa ME, et al. Recurrent somatic TET2 mutations in normal elderly508 
individuals with clonal hematopoiesis. Nat Genet. 2012;44(11):1179–1181. 509 

13. Desai P, Mencia-Trinchant N, Savenkov O, et al. Somatic mutations precede acute myeloid510 
leukemia years before diagnosis. Nat Med. 2018;24(7):1015–1023. 511 

14. Abelson S, Collord G, Ng SWK, et al. Prediction of acute myeloid leukaemia risk in healthy512 
individuals. Nature. 2018;559(7714):400–404. 513 

15. Pløen GG, Nederby L, Guldberg P, et al. Persistence of DNMT3A mutations at long-term514 
remission in adult patients with AML. Br J Haematol. 2014;167(4):478–486. 515 

16. Corces-Zimmerman MR, Hong W-J, Weissman IL, Medeiros BC, Majeti R. Preleukemic516 
mutations in human acute myeloid leukemia affect epigenetic regulators and persist in 517 
remission. Proceedings of the National Academy of Sciences. 2014;111(7):2548–2553.  518 

17. Hou H-A, Kuo Y-Y, Liu C-Y, et al. DNMT3A mutations in acute myeloid leukemia: stability519 
during disease evolution and clinical implications. Blood. 2012;119(2):559–568. 520 

18. Shlush LI, Zandi S, Mitchell A, et al. Identification of pre-leukaemic haematopoietic stem cells521 
in acute leukaemia. Nature. 2014;506(7488):328–333. 522 

19. Jan M, Snyder TM, Corces-Zimmerman MR, et al. Clonal evolution of preleukemic523 
hematopoietic stem cells precedes human acute myeloid leukemia. Sci Transl Med. 524 
2012;4(149):149ra118.  525 

20. Garg M, Nagata Y, Kanojia D, et al. Profiling of somatic mutations in acute myeloid leukemia526 
with FLT3-ITD at diagnosis and relapse. Blood. 2015;126(22):2491–2501. 527 

21. McMahon CM, Ferng T, Canaani J, et al. Clonal Selection with RAS Pathway Activation528 
Mediates Secondary Clinical Resistance to Selective FLT3 Inhibition in Acute Myeloid 529 
Leukemia. Cancer Discov. 2019;9(8):1050–1063.  530 

22. Höllein A, Meggendorfer M, Dicker F, et al. NPM1 mutated AML can relapse with wild-type531 
NPM1: persistent clonal hematopoiesis can drive relapse. Blood Adv. 2018;2(22):3118–3125. 532 

23. Vosberg S, Greif PA. Clonal evolution of acute myeloid leukemia from diagnosis to relapse.533 
Genes Chromosomes Cancer. 2019;58(12):839–849. 534 

24. Smith CC, Levis MJ, Perl AE, et al. Molecular profile of FLT3-mutated relapsed/refractory535 
patients with AML in the phase 3 ADMIRAL study of gilteritinib. Blood Adv. 2022;6(7):2144–536 
2155.  537 

25. Schmalbrock LK, Dolnik A, Cocciardi S, et al. Clonal evolution of acute myeloid leukemia538 
with FLT3-ITD mutation under treatment with midostaurin. Blood. 2021;137(22):3093–3104. 539 

26. Bataller A, Kantarjian H, Bazinet A, et al. Outcomes and genetic dynamics of acute myeloid540 
leukemia at first relapse. Haematologica. 2024; 541 

18

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted September 1, 2024. ; https://doi.org/10.1101/2024.08.31.24312756doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.31.24312756
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

27. Rapaport F, Neelamraju Y, Baslan T, et al. Genomic and evolutionary portraits of disease 542 
relapse in acute myeloid leukemia. Leukemia. 2021;35(9):2688–2692.  543 

28. Ediriwickrema A, Aleshin A, Reiter JG, et al. Single-cell mutational profiling enhances the 544 
clinical evaluation of AML MRD. Blood Adv. 2020;4(5):943–952.  545 

29. Dillon LW, Ghannam J, Nosiri C, et al. Personalized Single-Cell Proteogenomics to 546 
Distinguish Acute Myeloid Leukemia from Non-Malignant Clonal Hematopoiesis. Blood 547 
Cancer Discov. 2021;2(4):319–325.  548 

30. Robinson TM, Bowman RL, Persaud S, et al. Single-cell genotypic and phenotypic analysis 549 
of measurable residual disease in acute myeloid leukemia. Sci Adv. 2023;9(38):eadg0488.  550 

31. Patkar N, Kakirde C, Shaikh AF, et al. Clinical impact of panel-based error-corrected next 551 
generation sequencing versus flow cytometry to detect measurable residual disease (MRD) in 552 
acute myeloid leukemia (AML). Leukemia. 2021;35(5):1392–1404.  553 

32. Hourigan CS, Dillon LW, Gui G, et al. Impact of Conditioning Intensity of Allogeneic 554 
Transplantation for Acute Myeloid Leukemia With Genomic Evidence of Residual Disease. J 555 
Clin Oncol. 2020;38(12):1273–1283.  556 

33. Dillon LW, Higgins J, Nasif H, et al. Quantification of measurable residual disease using 557 
duplex sequencing in adults with acute myeloid leukemia. Haematologica. 2024;109(2):401–558 
410.  559 

34. Jongen-Lavrencic M, Grob T, Hanekamp D, et al. Molecular Minimal Residual Disease in 560 
Acute Myeloid Leukemia. N Engl J Med. 2018;378(13):1189–1199.  561 

35. Tanaka T, Morita K, Loghavi S, et al. Clonal dynamics and clinical implications of 562 
postremission clonal hematopoiesis in acute myeloid leukemia. Blood. 2021;138(18):1733–563 
1739.  564 

36. Dillon LW, Gui G, Page KM, et al. DNA Sequencing to Detect Residual Disease in Adults 565 
With Acute Myeloid Leukemia Prior to Hematopoietic Cell Transplant. JAMA. 566 
2023;329(9):745–755.  567 

37. Dillon LW, Gui G, Ravindra N, et al. Measurable Residual FLT3 Internal Tandem Duplication 568 
Before Allogeneic Transplant for Acute Myeloid Leukemia. JAMA Oncol. 2024;e240985.  569 

38. Bottomly D, Long N, Schultz AR, et al. Integrative analysis of drug response and clinical 570 
outcome in acute myeloid leukemia. Cancer Cell. 2022;40(8):850-864.e9.  571 

39. Bernard E, Tuechler H, Greenberg PL, et al. Molecular International Prognostic Scoring 572 
System for Myelodysplastic Syndromes. NEJM Evidence. 2022;1(7):EVIDoa2200008.  573 

40. Myers MA, Satas G, Raphael BJ. CALDER: Inferring Phylogenetic Trees from Longitudinal 574 
Tumor Samples. Cell Systems. 2019;8(6):514-522.e5.  575 

41. Cocciardi S, Dolnik A, Kapp-Schwoerer S, et al. Clonal evolution patterns in acute myeloid 576 
leukemia with NPM1 mutation. Nat Commun. 2019;10(1):2031.  577 

42. Greif PA, Hartmann L, Vosberg S, et al. Evolution of Cytogenetically Normal Acute Myeloid 578 
Leukemia During Therapy and Relapse: An Exome Sequencing Study of 50 Patients. Clin 579 
Cancer Res. 2018;24(7):1716–1726.  580 

43. Greenberg MVC, Bourc’his D. The diverse roles of DNA methylation in mammalian 581 
development and disease. Nat Rev Mol Cell Biol. 2019;20(10):590–607.  582 

44. Döhner H, Wei AH, Appelbaum FR, et al. Diagnosis and management of AML in adults: 2022 583 
recommendations from an international expert panel on behalf of the ELN. Blood. 584 
2022;140(12):1345–1377.  585 

45. Izzo F, Lee SC, Poran A, et al. DNA methylation disruption reshapes the hematopoietic 586 
differentiation landscape. Nat Genet. 2020;52(4):378–387.  587 

19

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted September 1, 2024. ; https://doi.org/10.1101/2024.08.31.24312756doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.31.24312756
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

46. Cerami E, Gao J, Dogrusoz U, et al. The cBio Cancer Genomics Portal: An Open Platform for 588 
Exploring Multidimensional Cancer Genomics Data. Cancer Discov. 2012;2(5):401–404.  589 

47. Gao J, Aksoy BA, Dogrusoz U, et al. Integrative analysis of complex cancer genomics and 590 
clinical profiles using the cBioPortal. Sci Signal. 2013;6(269):pl1.  591 

48. Sandmann S, Inserte C, Varghese J. clevRvis: visualization techniques for clonal evolution. 592 
GigaScience. 2023;12:giad020.  593 

 594 

FIGURES  595 

20

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted September 1, 2024. ; https://doi.org/10.1101/2024.08.31.24312756doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.31.24312756
http://creativecommons.org/licenses/by-nc-nd/4.0/


TP53

ETV6

*

KIT
BCORL1
IDH1
STAG2
KRAS
NF1
PTPN11
chr8+
inv(16)

6%
6%
5%
5%
5%
5%
4%

10%
5%

Initial therapy
Stem cell transplant

Subsequent targeted therapy
ELN 2022 risk class

FLT3
NPM1
DNMT3A
TET2
IDH2
ASXL1
NRAS
SRSF2
RUNX1
TP53
WT1

38%
32%
32%
21%
16%
13%
12%
8%
7%
7%
7%

Initial therapy

Mutation type

Subsequent targeted therapy

Inframe Mutation Missense Mutation Other Mutation Truncating Mutation chr gain inversion

anthracycline_HDACi

anthracycline_nucleosideAnalog anthracycline_nucleosideAnalog_CD33abanthracycline_nucleosideAnalog_FLT3i anthracycline_nucleosideAnalog_HDACi

ATRA_ATOCD33ab_monotherapy

HMA_monotherapy MEC

nucleosideAnalog_CD33ab

nucleosideAnalog_monotherapy

Supportive

CD33_ADC FLT3i IDHi

Figure 1

Genomic profile at time of diagnosis

ELN 2022 risk class favorable intermediate adverse

A

B

C

n = 90

n = 48

n = 25
n = 14

n = 4 n = 1
0

10

20

30

40

50

2 3 4 5 6 8
# of samples per patient

%
of

pa
tie

nt
s

n = 182

n = 119

n = 76

n = 27
n = 20 n = 13 n = 4

0

25

50

75

100

Diag
no

sis CR1
REL

1
REF

1
CR2

REL
2

REF
2

Sample category

%
of

pa
tie

nt
s

w
ith

a
sa

m
pl

e
in

ea
ch

ca
te

go
ry

-log10 P
0.0

5.0

10.0

* P < 0.05

-log10 P
0.0

5.0

10.0

* P < 0.05

CR1 vs REL1

CR1 mut frequency (% patients)

R
EL

1
m

ut
fre

qu
en

cy
(%

pa
tie

nt
s)

R
EL

1
m

ut
fre

qu
en

cy
(%

pa
tie

nt
s)

REF1 mut frequency (% patients)

E

G
Diagnosis vs REL1 REF1 vs REL1

R
EL

1
m

ut
fre

qu
en

cy
(%

pa
tie

nt
s)

F

Diagnosis vs CR1

Diagnosis mut frequency (% patients)

Diagnosis mut frequency (% patients)

C
R

1
m

ut
fre

qu
en

cy
(%

pa
tie

nt
s)

D

FLT3

NPM1

DNMT3A

TET2

IDH2

ASXL1

PTPN11
KIT
WT1

NRAS
chr8gain

0

10

20

30

40

50

10 20 30 40 500

FLT3

NPM1
DNMT3A

TET2

IDH2
ASXL1

WT1

0

10

20

30

40

50

10 20 30 40 500

FLT3

NPM1

DNMT3A
TET2

IDH2
ASXL1

BCORL10

10

20

30

40

50

10 20 30 40 500

FLT3

NPM1

DNMT3A

TET2

IDH2
ASXL1

TP53 WT1

0

10

20

30

40

50

10 20 30 40 500

*
*

*

*

*

-log10 P
0.0

5.0

10.0

* P < 0.05

-log10 P
0.0

5.0

10.0

* P < 0.05

*

*** *

*
*

21

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted September 1, 2024. ; https://doi.org/10.1101/2024.08.31.24312756doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.31.24312756
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

Figure 1: Charting the genomic evolution of de novo AML at diagnosis, remission and relapse 596 

A. Frequently mutated genes and karyotype aberrations at time of diagnosis in the Penn AML 597 

cohort (total n = 182 patients). Patients are annotated by the treatments received throughout the 598 

course of the disease and by ELN 2022 risk classifications. B. Distribution of the number of serial 599 

genomic profiles obtained for each patient, expressed as a percentage of the total cohort. All 600 

patients included in the cohort underwent genomic profiling at least twice, with more than half 601 

having 3 or more matched genomic samples. The number of patients in each category is annotated 602 

above. C. Distribution of the number of patients with a genomic profile at each stage of AML 603 

disease progression, expressed as a percentage of the total cohort. The number of patients 604 

represented in each category is annotated above. CR1: first complete remission. REL1: first 605 

relapse. REF1: first refractory disease. CR2: second complete remission. REL2: second relapse. 606 

REF2: second refractory disease. D-G. Comparison of cohort-level mutation frequencies across 607 

different disease timepoints. (D) diagnosis (n = 182) vs CR1 (n = 119); (E) CR1 vs REL1 (n = 76); 608 

(F) diagnosis vs REL1; (G) REF1 (n = 27) vs REL1. Point sizes are scaled by statistical 609 

significance (Fisher’s two-sided exact test) and colored based on mutation frequency. Asterisks 610 

indicate P < 0.05. Dashed lines denote equality between disease stages. CR1, first remission; 611 

REL1, first relapse; REF1, first refractory disease; HDACi, histone deacetylase inhibitor. 612 
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 614 

Figure 2: Mutations associated with clonal hematopoiesis are persistent at remission 615 

A. Bar plot depicting the percentage of mutations identified in diagnosis that were also identified 616 

at first remission (CR1). Numbers to the right each bar indicate the proportion of variants initially 617 

found at diagnosis that were subsequently detected at CR1. Genes are grouped into their biological 618 

categories as relevant (DNA damage: TP53, ATM; DTAI: DNMT3A, TET2, ASXL1, IDH2, IDH1; 619 

Splicing: SRSF2, U2AF1, ZRSR2; PRC/RUNX: BCOR, BCORL1, RUNX1, EZH2; Cohesin: 620 

SMC1A, RAD21, STAG2; Signaling: CSF1R, FLT3, NF1¸KRAS, NRAS, BRAF, KIT, PTPN11, 621 

JAK2, CSF3R, CBL). B. As in A, but individual genes are shown. C. Violin plot of VAFs for 622 

persistent variants at CR1. D-F. Scatterplot detailing patient-matched VAFs at diagnosis (x-axis) 623 

and CR1 (y-axis) for (D) IDH1 and IDH2, (E) DNMT3A, TET2, and ASXL1, (F) FLT3, NPM1, 624 

and NRAS. Each point represents one variant in a specific patient, matched across time. 625 
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 627 

Figure 3: Signaling mutations undergo dynamic losses and gains from diagnosis through 628 

relapse 629 

A.  Bar plot depicting the relative proportions of different mutation trajectories between diagnosis 630 

and first relapse (REL1) in individual patients, filtered for genes with at least 4 variants identified 631 

across the cohort. Colors indicate whether the mutation was stable (grey), lost (yellow) or gained 632 

(teal) from diagnosis through relapse. The number to the right indicates the total number of variants 633 

identified among paired diagnosis and relapse samples for the indicated gene; within each section 634 

of the bar plot, the numbers indicate the number of variants within each category. B. Violin plot 635 

depicting the difference in VAFs (ΔVAF) between relapse and diagnosis. Negative values indicate 636 

a lower VAF at relapse, while positive values indicate a higher VAF. C-E. Scatterplot indicating 637 

VAF at diagnosis (x-axis) and REL1 (y-axis) for (C) IDH1 and IDH2, (D) DNMT3A, TET2, and 638 

ASXL1, (E) FLT3, NPM1, and NRAS. Each point represents one variant in a specific patient, 639 

matched across time. F-I. Forest plot from Firth’s penalized logistic regression models evaluating 640 

the association between mutations at diagnosis in the indicated genes on the y-axis and (F) FLT3 641 

mutation gain, (G) FLT3 mutation loss, (H) WT1 mutation gain, and (I) WT1 mutation loss. Points 642 

indicate the log odds ratios (logORs), with 95% confidence intervals. 643 
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 645 

Figure 4: Early mutations in DNMT3A, TET2, and ASXL1 differentially shape the 646 

subsequent evolution of AML from diagnosis through relapse 647 

A. Upset plot indicating the number of patients at diagnosis with mutations in DNMT3A, TET2 648 

and ASXL1. The number of patients per group is indicated above each bar.  B. Co-mutation analysis 649 

of FLT3, NPM1, CBL, and SRSF2 in relation to DNMT3A, TET2 or ASXL1 across the entire cohort. 650 

Dots are color-coded by logORs and size-scaled by statistical significance (Fisher’s two-sided 651 

exact test). Asterisks denote p < 0.05. C. Bar plot detailing the frequency of FLT3, NPM1, CBL, 652 

or SRSF2 mutations in a cohort of patients with untreated myelodysplastic syndrome (MDS)39, 653 

stratified by DNMT3A, TET2, and ASXL1 mutation status. Statistical significance was assessed by 654 

Fisher’s two-sided exact test. 655 
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 657 

Figure 5: Patterns of AML genomic evolution from diagnosis to relapse 658 

A-C. Fish plots detailing the expansion and contraction of specific variants within individual 659 

patients from diagnosis to relapse. D. Classification of evolutionary patterns at the time of relapse 660 

(left) or refractory disease (right) across the entire cohort. E. Bar plot detailing the type of relapse 661 

patterns observed in patients jointly stratified by DNMT3A, TET2 and ASXL1 mutation status.    662 
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Supplementary Figure Legends 663 

  664 

31

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted September 1, 2024. ; https://doi.org/10.1101/2024.08.31.24312756doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.31.24312756
http://creativecommons.org/licenses/by-nc-nd/4.0/


10

20

30

10 20 30 40
Penn-AML: % mut freq

TC
G
A
-A

M
L:
%
m
ut
fre
q

10

20

30

10 20 30 40
Penn-AML: % mut freq

O
H
SU

-A
M
L:
%
m
ut
fre
q

C
Spearman rho = 0.85
P = 7.47*10-6

Pearson R = 0.92
P = 8.69 *10-8

Supplementary Figure 1

BA

1

1

1

1

1

3

3

6

7

8

10

140

Supportive

nucleosideAnalog_CD33ab

CD33ab_monotherapy

anthracycline_nucleosideAnalog_HDACi

anthracycline_HDACi

MEC

anthracycline_nucleosideAnalog_CD33ab

ATRA_ATO

nucleosideAnalog_monotherapy

HMA_monotherapy

anthracycline_nucleosideAnalog_FLT3i

anthracycline_nucleosideAnalog

0 20 40 60 80
% of patients

Initial treatment
Spearman rho = 0.60
P = 0.0079

Pearson R = 0.92
P = 6.18 *10-8

32

 . CC-BY-NC-ND 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted September 1, 2024. ; https://doi.org/10.1101/2024.08.31.24312756doi: medRxiv preprint 

https://doi.org/10.1101/2024.08.31.24312756
http://creativecommons.org/licenses/by-nc-nd/4.0/


  

 665 

Supplementary Figure 1: Comparison of mutation frequencies across AML patient cohorts 666 

A. Bar plot depicting distribution of initial treatments in the Penn AML cohort. B-C. Comparison 667 

of gene mutation frequencies in the current cohort (Penn-AML) vs (B) TCGA-AML or (C) 668 

BeatAML. The associated Spearman and Pearson correlation statistics are annotated. Genes were 669 

filtered to those that were mutated in ≥ 4% of patients in the Penn-AML cohort at diagnosis.  670 
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672 

Supplementary Figure 2: Cohort-wide patterns of mutations gained and lost at first 673 

remission 674 

A.  Comparison of VAFs at diagnosis vs CR1 for RUNX1, SRSF2 and TP53. Each point represents675 

one variant in a specific patient across time. Dashed lines denote equality between disease stages. 676 

B.  Bar plot depicting the relative proportions of different mutation trajectories between diagnosis677 

and CR1 in individual patients, filtered for genes with at least two variants identified across the 678 

cohort. Colors indicate whether the mutation was stable (grey), lost (yellow) or gained (teal) from 679 

diagnosis through CR1. The number to the right indicates the total number of variants identified 680 

among paired diagnosis and remission samples for the indicated gene; within each section of the 681 

bar plot, the numbers indicate the number of variants within each category. C. Violin plot depicting 682 

the difference in VAFs (ΔVAF) between CR1 and diagnosis. Negative values indicate a lower VAF 683 

at CR1, while positive values indicate a higher VAF. 684 

685 
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 686 

Supplementary Figure 3: Representative examples of observed mutational patterns 687 

A-C. Fishplots detailing the expansion and contraction of specific variants within individual 688 

patients from diagnosis to relapse. A. Clonal evolution of patient 132, showing the acquisition of 689 

an IDH1 mutation that subsequently expanded through refractory disease. B-C. Clonal evolution 690 

in patients 100 and 156, where an initial PTPN11mut clone was eliminated by treatment and 691 

subsequently replaced with a FLT3mut clone. 692 
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 694 

Supplementary Figure 4: Conserved and disease stage-specific genetic interactions in AML 695 

A-C. Pairwise co-occurrence analysis for mutations or karyotype aberrations, (A) at diagnosis, (B) 696 

at CR1, and (C) at REL1. Visualized alterations were filtered to those comprising a significant 697 

genetic interaction at diagnosis and/or at REL1. Dots are color-coded by logORs and size-scaled 698 

by statistical significance (Fisher’s two-sided exact test). Alteration pairs that were not statistically 699 

significant (p ≥ 0.05) are omitted for clarity. Alteration pairs that were significant both at diagnosis 700 

and REL1 are highlighted with a black box, while those significant at diagnosis and CR1 are 701 

highlighted in a purple box. Alteration pairs that were significant across diagnosis, CR1, and REL1 702 

are outlined in green. D. Mutation frequencies of select genomic alterations at time of diagnosis in 703 

patients with (right) or without (left) chr8 gain. Alterations with ≥ 10% mutation frequency in 704 

patients either with or without chr8 gain are shown. The associated p-values by Fisher’s two-sided 705 

exact test are shown on the far right. E. Co-occurrence matrix of chr8 gain and TET2 mutation at 706 

time of diagnosis, assessed by Fisher’s two-sided exact test. 707 
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 709 

Supplementary Figure 5: Comparison of co-mutational frequencies for distinct DTA mutant 710 

groups at diagnosis and relapse. 711 

A-F. Direct comparison of mutation frequencies between DNMT3Amut vs TET2mut (A,D), 712 

DNMT3Amut vs ASXL1mut (B,E) and TET2mut vs ASXL1mut (C,F) samples at the time of diagnosis 713 

(A-C) or REL1 (D-F). For relapse samples, the classification of DNMT3Amut, TET2mut and 714 

ASXL1mut was based on their mutational profile at time of diagnosis. Point sizes are scaled by 715 

statistical significance (Fisher’s two-sided exact test) and colored based on mutation frequency. 716 

Genes reaching the statistical significance threshold are denoted with an asterisk. Dashed lines 717 

denote equality between the two categories.  718 
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