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Abstract

Acute myeloid leukaemia (AML) is a genetically diverse malignancy with a high incidence 
in Pakistan. But patients rarely benefit from personalized care due to the unavailabil-
ity of molecular diagnostics. This study aims to identify actionable genetic variants in 
adult Pakistani AML patients by using the inDxTM Extended AML/myelodysplastic syn-
drome panel for targeted next generation sequencing (NGS). Nine patients were included 
(median age = 42 years, 77.8% males). Mutations were found in six (66.7%) patients. The 
total number of mutations was 13 and these mutated 11 different genes, nine genes 
being affected in single cases (7.7%) and two genes: WT1 and DNMT3A, were mutated in 
two cases (15.4% each). Missense mutations constituted 69.2% of all 13 mutations. The 
variant allele frequencies for these mutations ranged from 7% to 54%. A number of clini-
cally important mutations were observed, including an adverse WT1 variant, a favourable 
NPM1 mutation, targetable IDH1/JAK2 dual mutations and a myelodysplasia-related 
U2AF1 mutation. Co-mutation of DNMT3A with KRAS/NRAS or NPM1 indicated com-
plex clonal dynamics. One of the three patients with no detectable mutations on NGS, 
was found Breakpoint cluster region-abelson murine leukaemia viral oncogene homo-
log 1-positive through polymerase chain reaction. This highlights the limitations of NGS 
panel, and advocates for the need for a multi-layered diagnostic approach. These findings 
support the viability of NGS in detecting clinically significant mutations in low-resource 
settings to guide risk stratification and personalized treatment planning. This study high-
lights the need for broader NGS integration in routine care and larger regional studies to 
improve AML management in Pakistan.

Keywords: aute myeloid leukaemia, next-generation sequencing, genetic variation, Pakistan, 
mutation, hematologic neoplasms, molecular targeted therapy

Introduction

Acute myeloid leukaemia (AML) is a genetically heterogeneous clonal malignancy of 
myeloid precursors [1] and is the most common acute leukaemia in adults [2]. These 
tumours comprise approximately 80% of adult leukaemia cases [3]. Globally, the inci-
dence and mortality of AML have been increasing, with particularly high rates observed 
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in South Asia [4]. Despite recent advances in diagnostic and therapeutic modalities, AML continues to carry a poor prognosis, especially in 
elderly patients and those with high-risk genetic features [5,6]. It is therefore highly relevant to investigate molecular players associated with 
AML pathogenesis in order to identify novel molecules of diagnostic, therapeutic and prognostic significance in these patients.

In Pakistan, AML is the most frequently diagnosed leukaemia, comprising 35.9% of all diagnosed leukaemia cases [7,8], with a leukaemia 
incidence of 4.3 per 100,000, even higher than those reported for the United States highlighted by the GLOBOCAN 2020 [9]. Notably, and 
in contrast to the rest of the world, AML tends to present at a much younger age (mean age of ~36.7 years) in Pakistani populations, with a 
male predominance (M:F = 1.4:1) [7,8].

While cytogenetic/molecular studies from Pakistan in the context of AML patients are scarce, it has been reported that roughly 28.3% of 
AML cases from Pakistan harbor some degree of chromosomal abnormalities [10]. Favourable-risk abnormalities such as t(8;21), inv(16) 
and t(15;17) are reported, while complex karyotypes and monosomy 7 are associated with adverse prognosis [11]. Additionally, mutations 
including NPM1, FLT3-ITD [12], MLL::AF9 [13] and RUNX1-RUNX1T1 [10] have been reported, with FLT3-ITD prevalence ranging from 17.3% 
to 22% and D835 mutations in 6.3% of cases [14,15]. Despite these data, routine molecular profiling using next-generation sequencing 
(NGS) remains limited in Pakistan and are yet not part of routine AML patient workup. Moreover, AML-specific survival data from Pakistan 
are feeble.

The use of NGS worldwide has undoubtedly transformed the molecular diagnostic/therapeutic/prognostic landscape of AML patients. Addi-
tionally, NGS has been essential in developing treatment plans for hematological malignancies, particularly AML. However, a major challenge 
to its application in standard clinical practice is its high cost. As a result, it is only applied in situations where there is strong clinical evidence 
in limited-resource settings, such as Pakistan. Nevertheless, NGS is still a valuable tool that offers precise diagnosis, risk assessment and 
selection of treatment therapy.

It is noteworthy that the International Consensus Classification (ICC) and European Leukaemia Net (ELN) 2022 recommend using genetic 
mutations in biomarkers such as NPM1, FLT3, TP53 and myelodysplasia-related (MR) mutations such as ASXL1, RUNX1, EZH2, SRSF2 and 
others to predict the prognosis of AML patients [16].

Considering this, we present a set of genetic variants in AML patients receiving NGS in Pakistan in this study Our primary objective was to 
investigate the frequency of specific genetic variants, percentages of variant allele frequencies (VAF), resultant protein changes and their 
clinical significance in a series of AML patients. These data hold potential to guide local risk stratification practices and selection of targeted 
therapy for patients based on their mutational background. 

Methods 

This study included nine consecutive adult patients diagnosed with AML via bone marrow biopsy and flow cytometry, who underwent tar-
geted NGS testing for genetic variants presented at Dow University Hospital, Johar campus, Karachi, Pakistan. All patients underwent NGS 
testing at the time of diagnosis and none had prior exposure to chemotherapy. Consent was obtained from each patient in order to report 
their genetic/clinical data (anonymized). 

Ethical approval

This study was approved by the Institutional Review Board (IRB) of Dow University of Health Sciences (Ref: IRB-4065/DUHS/EXEMP-
TION/2025/256), following the 218th IRB meeting held on June 14, 2025. The study was granted exemption status and approval for 1 year. 
All procedures performed were in accordance with the ethical standards of the institutional research committee.

Inclusion criteria

Patients included in this study met the following eligibility criteria: a confirmed diagnosis of AML based on bone marrow morphology and 
flow cytometry; availability of NGS mutation profiling performed at the time of diagnosis; age 18 years or older; are newly diagnosed and 
have no prior history of chemotherapy at the time of NGS testing. 
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Due to the high cost of NGS testing in our resource-limited setting, molecular profiling was performed when there was strong clinical justifi-
cation, typically in younger patients, those with suspected high-risk features or when targeted therapy options were being considered. This 
selection approach may introduce bias and affect the generalizability of our findings to the broader Pakistani AML population. The NGS panel 
identified relevant mutations, and these patients were retrospectively followed to assess clinical data, including age, sex, clinical presentation 
and diagnostic classification. 

For each patient, the following data were recorded:

•	 Demographics (age, sex)
•	 Molecular mutations detected by NGS, including VAF.
•	 Identification of MR mutations as per 2022 ICC and ELN guidelines.
•	 Clinical interpretation regarding prognosis or targetability, based on published evidence and databases such as MyCancerGenome. 

NGS analysis

All NGS testing was handled by BioMarker Solutions Limited, a College of American Pathologists-accredited and International Organization 
for Standardization (ISO)-certified reference laboratory based in London, UK, using the inDx™ Extended AML/myelodysplastic syndrome 
(MDS) Panel. The inDxTM Extended AML/MDS Panel contains 29–30 cancer-related genes frequently altered in myeloid malignancies. These 
genes include both prognostic biomarkers (e.g., NPM1, DNMT3A, TP53 and WT1) and MR genes (e.g., ASXL1, RUNX1, U2AF1, SRSF2 and 
EZH2), aligned with current diagnostic classifications (ELN 2022, ICC 2022). 

Commercially validated kits (either Monarch or Qiagen, depending on the situation) were used to extract genomic DNA from peripheral blood 
samples (Ethylenediaminetetraacetic Acid). Peripheral blood was used in accordance with the standard protocol of the reference laboratory 
and was deemed acceptable given the presence of adequate circulating blast counts in AML patients. Libraries were sequenced on Ion Tor-
rentTM platforms (Thermo Fisher Scientific) using proprietary targeted capture protocols. With a minimum of 100–200 reads per amplicon 
and analytical sensitivity down to <5% VAF, the sequencing coverage satisfied laboratory quality standards. Thermo Fisher Scientific’s Ion 
ReporterTM bioinformatics software, which makes use of the Torrent Mapping Alignment Program optimized for Ion Torrent sequencing data, 
was used for sequence alignment and variant calling. Variants were annotated against the human reference genome GRCh37/hg19.

Orthogonal validation using alternative platforms (e.g., Sanger sequencing, allele-specific qPCR or Illumina-based NGS) was not performed, 
as all reported variants met internal laboratory quality thresholds and were generated using a clinically validated assay operating under 
external quality assurance programs (EMQN) and ISO-certified laboratory standards (ISO 9001:2015, 15189, 27001). This approach reflects 
real-world diagnostic practice in resource-limited settings.

Only actionable genetic variants were reported and are discussed herein. These include non-synonymous somatic mutations with confirmed 
relevance to AML biology or classification as per the latest literature. Copy number variants, fusions and larger chromosomal rearrangements 
were not assessed by this assay. 

Results

Patient characteristics

Nine AML patients who underwent NGS were included in this study The median age of the cohort was 42 years (Range: 28–57 years), with 
a male predominance (7/9, 77.8%). 

Mutation landscape

NGS analysis revealed actionable genetic mutations in 6/9 cases (66.7%). Among these, 5/6 patients had multiple mutations while 1/6 had 
a single mutation. The remaining 3/9 patients showed no detectable mutations. The total number of mutations found in these 6/9 patients 
was 13, spanning 11 genes. Detailed case-wise mutation is presented in Table 1.
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Table 1. Case wise details of mutations. 

ID Gene Mutation Mutation type Exon Protein change Clinical significance VAF %

Case 1 WT1 c. 1311_1312delTT
Frameshift deletion 
mutation

9 p. Arg439PhefsTer20 Uncertain significance 34

Case 1 CSF3R c. 244 T>G Missense 2 p. Tyr814Ter Likely pathogenic 7

Case 2 None

Case 3 None

Case 4 IDH1 c. 419 G>A Missense 4 p. Arg140Gln Pathogenic 30

Case 4 JAK2 c. 1849 G>T Missense 14 p. Val617Phe Pathogenic 54

Case 5 DNMT3A c. 1915 C>T Missense 18 p. Leu639Phe Pathogenic 45

Case 5 KRAS c. 35 G>A Missense 2 p. Gly12Asp Pathogenic 12

Case 5 NRAS c. 38 G>A Missense 2 p. Gly13Asp Likely pathogenic 15

Case 6 PHF6 c. 834delG
Frameshift deletion 
mutation

8 p. Met278IlefsTer17 Likely pathogenic 16

Case 6 SETBP1 c.2608 G>A Missense 4 p. Gly870Ser Pathogenic 36

Case 6 U2AF1 c. 470 A>C Missense 2 p. Gln157Pro Pathogenic 34

Case 7 DNMT3A c. 1939 G>A Missense 18 p. Gly646Arg Unknown 43

Case 7 NPM1 c. 863_864insCTTG
Frameshift insertion 
mutation

12 p. Trp288CysfsTer12 Pathogenic 26

Case 8 WT1
c. 898_899insAGACCCG 
GAACGCCCAGACTA

Frameshift insertion 
mutation

7 p. Tyr233fsTer Pathogenic 9

Case 9 None

Out of these 11 mutated genes, WT1 and DNMT3A were the most predominantly mutated, each affected in two patients (15.4%). Other 
mutated genes were affected in individual cases (7.7% each), including CSF3R, IDH1, JAK2, KRAS, NRAS, PHF6, SETBP1, U2AF1 and NPM1. 
The distribution of gene frequencies, mutation types, nucleotide substitutions, and exon involvement is illustrated in Figure 1.

Missense mutations were the predominant type found in 9/13 (69.2%) mutations, while frameshift insertions and deletions were equally 
represented in 2/13 (15.4% each) of the mutations. Among the nine missense mutations, five involved G>A substitutions. Exon 2 was most 
frequently affected (4/13, 30.8%), with additional alterations observed in exons 4, 13, 7, 8, 9, 12 and 14. Overall distribution of mutation 
types, gender-based distribution, pathogenicity categories, and variant allele frequencies is shown in Figure 2.

Gene-specific findings and mutation patterns

Frameshift deletions were detected in PHF6 and one of the WT1 mutations, while NPM1 and another WT1 mutation showed frameshift 
insertions. The rest were missense mutations. In the two female patients, each harbored three mutations, mostly missense (5/6, 83.3%), and 
one frameshift deletion (1/6, 16.7%). Among males, four of seven had mutations (57.1%), with three showing no variants. A total of seven 
mutations were seen in the male subset, most were missense (4/7, 57.1%), followed by insertions (2/7, 28.6%) and deletions (1/7, 14.3%).

Pathogenicity and variant distribution

According to the established classification, 8/13 (61.5%) mutations were pathogenic and 3/13 (23.1%) were likely pathogenic. One muta-
tion each was categorized as of uncertain significance or unknown (7.7% each). All insertion mutations (2/13) were classified as pathogenic, 
whereas deletions (2/13) were likely pathogenic. Notably, most missense mutations (7/9, 77.7%) were pathogenic. The variant of uncertain 
significance (VUS) was a WT1 frameshift deletion (c.1311_1312delTT), while the unknown variant was DNMT3A c.1939G>A. These clas-
sifications were based on internal bioinformatics pipelines and external variant databases (ClinVar, COSMIC, published literature).
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Figure 1. Frequencies of mutations in each gene (a), types of mutation (b), nucleotide substitutions (c) and mutations in exons (d).

Co-mutation observations

A subset of cases showed co-mutational patterns: WT1 occurred alone in one patient and alongside CSF3R in another. DNMT3A co-occurred 
with KRAS and NRAS in one case, and with NPM1 in another. IDH1 and JAK2 were seen together in one patient, while PHF6, SETBP1 and 
U2AF1 were simultaneously present in another.

VAF trends

VAF values ranged from 7% to 54% (Median: 30%). DNMT3A, JAK2, SETBP1 and U2AF1 mutations showed higher VAFs (≥30%), representing 
dominant clones. In contrast, WT1, CSF3R, KRAS and NRAS mutations had lower VAFs (7%–15%). WT1 mutations showed wide VAF vari-
ability (9% versus 34%).
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Figure 2. Frequencies of types of mutations (a), across genders (b), across pathogenicity groups (c) and variant allele frequencies of specific mutations (d).

No linear correlation between VAF% and patient age was found in the scatterplot. Boxplot comparison by mutation type showed the widest 
VAF range and the highest median VAF in missense mutations, followed by frameshift deletion and insertion mutations (Figure 3).

Clinically significant subgroups

•	 MR mutation: One patient had a pathogenic U2AF1 Q157P mutation (VAF %), along with concurrent PHF6 and SETBP1 mutations, 
consistent with AML-MR as per ELN 2022 and ICC 2022 criteria. This profile suggests a possible transformation from underlying MDS.
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•	 Favourable risk: One case carried the NPM1 W288Cfs12* mutation (VAF 26%)—a favourable prognostic marker.
•	 Targetable lesions: Dual mutations in IDH1 R140Q and JAK2 V617F were detected in a single patient (VAFs 30% and 54%, respec-

tively).
•	 Heat map analysis: Integrated visualization of age, VAF%, and exon-level mutation distribution is shown in Figure 4. 
•	 Oncoprint analysis: The distribution and co-occurrence of mutations across individual patients is shown in the Oncoprint plot (Figure 5).

Figure 3. Boxplot of mutation type with VAF%.

Figure 4. Heat map of age, VAF% and frequencies of exon mutations with genes.
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Figure 5. Oncoprint of number and types of mutations in each patient. aGreen boxes represent missense mutations, blue represent frameshift deletion and 
red represent insertion mutations.

Box plot of VAF% by types of mutations revealed a higher median VAF% of missense mutations, followed by frameshift deletions and inser-
tion mutations; however, missense mutations involved a wide variation in VAF%, ranging from 7% to 54%, where both the smallest and the 
largest VAF percentages were observed for missense mutations. But the sample size was again very small to make a useful interpretation.

Discussion

This study investigates the mutational landscape of adult AML patients from a Pakistani cohort using targeted NGS. The findings of this study 
highlight the genetic diversity of AML and emphasize the necessity of incorporating molecular diagnostics in routine clinical workflows, even 
in low-resource settings.

Several important findings were revealed despite the small sample size. Mutations were observed in 66.7% patients, which is in line with the 
Kenyan cohort (75%) and the other international datasets [5,17]. Multiple mutations were found in most of the mutated cases, highlighting 
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the complex clonal dynamics of AML. WT1 and DNMT3A were the most frequently mutated genes (15.4% each). The Cancer Genome Atlas 
data and other literature suggest that WT1 mutations have a poor prognosis and are often found associated with complex or monosomal 
karyotypes [18,19]. DNMT3A mutations, observed in two patients with high VAF (43% and 45%), suggested early clonal events with clonal 
dominance. Literature suggests that DNMT3A mutations have a poor prognosis, particularly when co-occurring with FLT3-ITD, despite the 
fact that FLT3-ITD was not detected in our cohort [20].

Co-occurring IDH1 and JAK2 mutations represented an uncommon but therapeutically relevant combination because specific inhibitors are 
available for both targets [21]. This finding highlights the need for early implementation of genomic profiling to guide personalized treatment 
plans.

NPM1, a favourable-risk marker, was co-existing with DNMT3A in one patient. This combination is associated with worse outcomes, aligned 
with HARMONY Alliance machine learning data, which show that NPM-1 mutations are often associated with three or more concurrent 
mutations. For instance, the triple mutation pattern of NPM1+FLT3-ITD+DNMT3A predicts poor survival (approximately 33% 2-year overall 
survival). This highlights the limitations of current ELN 2022 risk stratification models and the need for the development of better predictive 
models [22].

Co-mutation of DNMT3A with RAS pathway alterations (KRAS/NRAS) was also detected. This suggests convergence of RAS/MAPK pathway 
activation and epigenetic dysregulation, the two being the critical mechanisms in leukaemogenesis [23]. The co-occurrence of IDH1/JAK2 
and NPM1/DNMT3A is consistent with established mutational hierarchies, where NPM1 mutations typically occur after early driver lesions 
[24].

Low VAFs were observed for WT1, KRAS and NRAS (7%–15%), indicating subclonal evolution, whereas high VAFs (≥30%) were observed for 
SETBP1, JAK2, DNMT3A and U2AF1, suggesting founder or early clonal mutations [25].

Peripheral blood was considered acceptable because circulating blast counts are adequate in AML, and clonal mutations are typically repre-
sented in both compartments, i.e., blood and bone marrow. All samples met the requirements for blast percentage and DNA quality of the 
reference laboratory. However, future prospective studies would benefit from bone marrow sampling, particularly in cases with low periph-
eral blast counts or minimal residual disease.

U2AF1 Q157P mutation was found in one patient. It serves as a defining criterion for AML-MR under the ELN 2022 classification [16]. Con-
current SETBP1 and PHF6 mutations indicate disruption of chromatin regulation and RNA splicing machinery, consistent with that observed 
in Western cohorts [26,27]. This mutational profile supports the hypothesis of transformation from a preleukaemic MDS.

Frameshift mutations were identified in WT1, PHF6 and NPM1. NPM-1 fell into the favourable-risk category according to ELN 2022 guide-
lines [16]. Three cases in our cohort showed no mutations, which is notable when considering that large-scale studies demonstrate driver 
mutations in over 95% of AML cases [28]. This discrepancy likely reflects the limited scope of our NGS panel, which may miss structural vari-
ants, cryptic fusions or mutations in non-coding regions [29]. This can be addressed by complementary cytogenetics or broader sequencing 
platforms.

VUS represent a significant challenge in resource-limited settings. A WT1 frameshift deletion classified as a VUS was interpreted as poten-
tially pathogenic. Based on established WT1 biology in AML, it represents a loss-of-function mutation in this tumour suppressor gene. How-
ever, the lack of functional validation studies or comprehensive population-specific variant databases hinders definitive clinical interpretation.

One NGS-negative patient was later found BCR-ABL1 positive through polymerase chain reaction. This highlights the limitations of NGS 
panels, which lack fusion gene detection. This emphasizes the need for integrated molecular testing strategies, particularly in cases of sus-
pected AML or Chronic myeloid leukaemia blast crises.
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Missense mutations were the most predominant (69.2%). This was followed by an equal proportion of frameshift deletion and insertion 
mutations (15.4% each). Most missense and all insertion mutations were classified pathogenic, highlighting their role in leukaemogenesis 
[30]. Although correlations between VAF and clinical parameters such as age were not statistically significant due to sample size, these find-
ings are vital for initiating large-scale genomic studies in the region.

While morphological and immunophenotypic subclassification data were not systematically available for this retrospective study, correlation 
of molecular findings with FAB or WHO morphological categories would strengthen future studies. In prospective AML studies, integrating 
molecular, cytogenetic, morphological and immunophenotypic data with clinical outcomes is advised as standard practice because it offers 
the most thorough risk stratification.

Limitations

This study has some important limitations, including a small sample size (n = 9), retrospective design and consecutive sampling that limit gen-
eralizability. We were unable to validate local outcomes and complete ELN 2022 risk stratification due to a lack of systematic morphologi-
cal/ immunophenotypic subclassification, thorough clinical outcomes and complete cytogenetic data. For low blast cases, using peripheral 
blood instead of bone marrow might not be the best option. The targeted NGS panel is unable to identify non-coding mutations, structural 
variations or fusions (such as BCR-ABL1). No independent validation using orthogonal methods (Sanger sequencing, qPCR or Illumina NGS) 
was performed. While all variants met the reference laboratory’s quality thresholds under EMQN and ISO standards, independent validation 
would strengthen confidence in actionable findings. We acknowledge this limitation; however, our primary aim was descriptive, i.e., to dem-
onstrate NGS feasibility and clinical utility in Pakistani AML patients, rather than to establish novel variants or develop new bioinformatics 
pipelines. Future cooperation with specialized molecular biology labs is necessary to carry out functional studies to confirm pathogenicity, 
especially for VUS.

Conclusion

This study shows that targeted NGS has the capability of identifying prognostically significant and clinically actionable mutations in AML, 
even in low-resource settings. These findings support the wider implementation of molecular diagnostics in routine care and highlight the 
cruciality of regional mutation mapping in risk assessments and developing treatment plans. 
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zation for Standardization; MDS, Myelodysplastic syndromes; MR, Myelodysplasia-Related; NGS, Next-Generation Sequencing; VAF, Variant 
allele frequency.

Conflicts of interest

The authors declared no financial or non-financial conflicts of interest.

Funding

None received.

http://www.ecancer.org
https://doi.org/10.3332/ecancer.2026.2132


Re
se

ar
ch

ecancer 2026, 20:2132; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2026.2132� 11

Ethical approval

This study was approved by the Institutional Review Board (IRB) of Dow University of Health Sciences (Ref: IRB-4065/DUHS/EXEMP-
TION/2025/256), following the 218th IRB meeting held on June 14, 2025. The study was granted exemption status. All procedures per-
formed were in accordance with the ethical standards of the institutional research committee and the declaration of Helsinki.

References

1. Döhner H, Weisdorf DJ, and Bloomfield CD (2015) Acute myeloid leukemia N Engl J Med 373(12) 1136–1152 [https://share.google/
OrWvUuhys8gcBhyJC] https://doi.org/10.1056/NEJMra1406184 PMID: 26376137

2. Shallis RM, Wang R, and Davidoff A, et al (2019) Epidemiology of acute myeloid leukemia: recent progress and enduring challenges
[Internet] Blood Rev Internet 36 70–87 [https://linkinghub.elsevier.com/retrieve/pii/S0268960X18301395] Date accessed: 21/06/25
https://doi.org/10.1016/j.blre.2019.04.005

3. Chaurasiya PS, Lamsal DK, and Khatri A, et al (2023) Prevalence of acute myeloid leukemia and its associated risk factors at a ter-
tiary care center: a retrospective cross-sectional study [Internet] Ann Med Surg Internet 85(10) 4794–4798 [https://journals.lww.
com/10.1097/MS9.0000000000001189] Date accessed: 21/06/25 https://doi.org/10.1097/MS9.0000000000001189

4. Yi M, Li A, and Zhou L, et al (2020) The global burden and attributable risk factor analysis of acute myeloid leukemia in 195 countries
and territories from 1990 to 2017: estimates based on the global burden of disease study 2017 [Internet] J Hematol Oncol 13(1) 72
Date accessed: 21/06/25 https://doi.org/10.1186/s13045-020-00908-z PMID: 32513227 PMCID: 7282046

5. Papaemmanuil E, Gerstung M, and Bullinger L, et al (2016) Genomic classification and prognosis in acute myeloid leukemia [Internet]
N Engl J Med 374(23) 2209–12121 Date accessed: 21/06/25 https://doi.org/10.1056/NEJMoa1516192 PMID: 27276561 PMCID:
4979995

6. Gardin C, Pautas C, and Fournier E, et al (2020) Added prognostic value of secondary AML-like gene mutations in ELN intermediate-
risk older AML: aLFA-1200 study results [Internet] Blood Adv Internet 4(9) 1942–1949 [https://ashpublications.org/bloodadvances/
article/4/9/1942/454775/Added-prognostic-value-of-secondary-AMLlike-gene] Date accessed: 21/06/25 https://doi.org/10.1182/
bloodadvances.2019001349

7. Idris M, Shah SH, and Fareed J, et al (2004) An experience with sixty cases of haematological malignancies; a clinico haematological
correlation J Ayub Med Coll Abbottabad 16(4) 51–54 [https://share.google/7VfnpE2hf96JIWlFI]

8. Ashfaq M, Haider G, and Aslam B, et al (2023) Association of major leukemias with different age groups Pak Armed Forces Med J [Inter-
net] 73(SUPPL-1) S73–S78 [https://www.pafmj.org/PAFMJ/article/view/5389] Date accessed: 21/06/25

9. Rifat RH, MdS P, and Islam S, et al (2023) Incidence, mortality, and epidemiology of leukemia in south Asia: an ecological study [Inter-
net] OJEpi Internet 13(01) 73–82 [https://www.scirp.org/journal/doi.aspx?doi=10.4236/ojepi.2023.131006] Date accessed: 21/06/25
https://doi.org/10.4236/ojepi.2023.131006

	10. Babar H, Malik HS, and Umar M, et al (2023) Prognosis of RUNX1-RUNX1T1 rearrangement in newly diagnosed acute myeloid leu-
kemia patients [Internet] J Bahria Uni Med Dent Coll 13(04) 300–304 [https://jbumdc.bahria.edu.pk/index.php/ojs/article/view/1281]
Date accessed: 21/06/25 https://doi.org/10.51985/JBUMDC2023239

	11. Khan M, Hussain CA, and Malik HS, et al (2023) Cytogenetic profile of acute myeloid leukemia and acute lymphoblastic leukemia in
northern Pakistan Pak J Med Sci 39(5) 1440–2145 [https://share.google/gMT4YExeKuUyHSihY] PMID: 37680814 PMCID: 10480755

http://www.ecancer.org
https://doi.org/10.3332/ecancer.2026.2132
https://share.google/OrWvUuhys8gcBhyJC
https://share.google/OrWvUuhys8gcBhyJC
https://doi.org/10.1056/NEJMra1406184
http://www.ncbi.nlm.nih.gov/pubmed/26376137
https://linkinghub.elsevier.com/retrieve/pii/S0268960X18301395
https://doi.org/10.1016/j.blre.2019.04.005
https://journals.lww.com/10.1097/MS9.0000000000001189
https://journals.lww.com/10.1097/MS9.0000000000001189
https://doi.org/10.1097/MS9.0000000000001189
https://doi.org/10.1186/s13045-020-00908-z
http://www.ncbi.nlm.nih.gov/pubmed/32513227
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC7282046
https://doi.org/10.1056/NEJMoa1516192
http://www.ncbi.nlm.nih.gov/pubmed/27276561
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4979995
https://ashpublications.org/bloodadvances/article/4/9/1942/454775/Added-prognostic-value-of-secondar
https://ashpublications.org/bloodadvances/article/4/9/1942/454775/Added-prognostic-value-of-secondar
https://doi.org/10.1182/bloodadvances.2019001349
https://doi.org/10.1182/bloodadvances.2019001349
https://share.google/7VfnpE2hf96JIWlFI
https://www.pafmj.org/PAFMJ/article/view/5389
https://www.scirp.org/journal/doi.aspx?doi=10.4236/ojepi.2023.131006
https://doi.org/10.4236/ojepi.2023.131006
https://jbumdc.bahria.edu.pk/index.php/ojs/article/view/1281
https://doi.org/10.51985/JBUMDC2023239
https://share.google/gMT4YExeKuUyHSihY
http://www.ncbi.nlm.nih.gov/pubmed/37680814
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC10480755


Re
se

ar
ch

ecancer 2026, 20:2132; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2026.2132� 12

	12.	 Mahmood R, Altaf C, and Malik HS, et al (2019) Clinico-haematologic association and prognostic relevance of NPM1 and FIT3-ITD 
mutations in acute myeloid leukaemia: clinico-haematologic association with AML [Internet] Pak J Med Sci 35(1) Date accessed: 
21/06/25 https://doi.org/10.12669/pjms.35.1.285

	13.	 Tariq M, Shahab S, and Saeed JR, et al (2024) Impact of MLL: AF9 gene rearrangement on survival of acute myeloid leukaemia patients: 
an insight into Pakistani population [Internet] J Coll Physicians Surg Pak Internet 34(04) 424–428 [https://jcpsp.pk/article-detail/pim-
pact-of-mllaf9-gene-rearrangement-on-survival-of-acute-myeloid-leukaemia-patients-an-insight-into-pakistani-populationorp] Date 
accessed: 21/06/25 https://doi.org/10.29271/jcpsp.2024.04.424

	14.	 Zulfiqar M, Ali N, and Shaikh U, et al (2023) Outcomes of patients with FLT3 positive acute myeloid leukemia; an experience from a ter-
tiary care hospital in Karachi, Pakistan [Internet] J Cancer Allied Spec 9(2) [https://journals.sfu.ca/jcas/index.php/jcas/article/view/553] 
Date accessed: 21/06/25 https://doi.org/10.37029/jcas.v9i2.553

	15.	 Faiz M and Rashid F (2019) Molecular study of FLT3 gene mutations in acute myeloid leukemia from Pakistan: correlation with clinico-
pathological parameters [Internet] Asian Pac J Cancer Biol Internet 4(4) 81–84 [http://apjcc.ir/clean/index.php/apjcb/article/view/365] 
Date accessed: 21/06/25 https://doi.org/10.31557/apjcb.2019.4.4.81-84

	16.	 Döhner H, Wei AH, and Appelbaum FR, et al (2022) Diagnosis and management of AML in adults: 2022 recommendations from 
an international expert panel on behalf of the ELN Blood 140(12) 1345–1377 [https://share.google/RrKlmbliv9JvdoluI] https://doi.
org/10.1182/blood.2022016867 PMID: 35797463

	17.	 Gatua M, Navari M, and Ong’ondi M, et al (2022) Molecular profiling of kenyan acute myeloid leukemia patients [Internet] Front Genet 
13 843705 Date accessed: 21/06/25 https://doi.org/10.3389/fgene.2022.843705

	18.	 Pospiech M, Tamizharasan M, and Wei YC, et al (2023) Features of the TCR repertoire associate with patients’ clinical and molec-
ular characteristics in acute myeloid leukemia [Internet] Front Immunol Internet 14 1236514 Date accessed: 21/06/25 https://doi.
org/10.3389/fimmu.2023.1236514

	19.	 Renneville A, Boissel N, and Zurawski V, et al (2009) Wilms tumor 1 gene mutations are associated with a higher risk of recurrence in 
young adults with acute myeloid leukemia: a study from the Acute Leukemia French Association Cancer 115(16) 3719–3727 [https://
share.google/uDaUGzFINaEP42Szt] https://doi.org/10.1002/cncr.24442 PMID: 19536888

	20.	 El Gammal MM, Ebid GT, and Madney YM, et al (2019) Clinical effect of combined mutations in DNMT3A, FLT3-ITD, and NPM1 among 
Egyptian acute myeloid leukemia patients [Internet] Clin Lymphoma Myeloma Leuk 19(6) e281–e290 [https://linkinghub.elsevier.com/
retrieve/pii/S2152265019300072] Date accessed: 21/06/25 https://doi.org/10.1016/j.clml.2019.02.001 PMID: 30926392

	21.	 Shimony S, Stahl M, and Stone RM (2025) Acute myeloid leukemia: 2025 update on diagnosis, risk‐stratification, and management 
[Internet] Am J Hematol 100(5) 860–891 Date accessed: 21/06/25 https://doi.org/10.1002/ajh.27625 PMID: 39936576 PMCID: 
11966364

	22.	 Hernández Sánchez A, Villaverde Ramiro A, and Sträng E, et al (2022) Machine learning allows the identification of new co-mutational 
patterns with prognostic implications in NPM1 mutated AML - results of the european harmony alliance [Internet] Blood Internet 
140(Supplement 1) 739–742 [https://ashpublications.org/blood/article/140/Supplement%201/739/488678/Machine-Learning-
Allows-the-Identification-of-New] Date accessed: 21/06/25 https://doi.org/10.1182/blood-2022-167138

	23.	 Lawrence L (2023) Co-mutation patterns allowed for updated risk stratification of NPM1-mutated AML ASH Clin News [Internet] 
[https://ashpublications.org/ashclinicalnews/news/6393/Co-Mutation-Patterns-Allowed-for-Updated-Risk] Date accessed: 21/06/25

	24.	 DiNardo CD and Cortes JE (2016) Mutations in AML: prognostic and therapeutic implications [Internet] Hematology Internet 1(1) 
348–355 [https://ashpublications.org/hematology/article/2016/1/348/20975/Mutations-in-AML-prognostic-and-therapeutic] Date 
accessed: 21/06/25 https://doi.org/10.1182/asheducation-2016.1.348

http://www.ecancer.org
https://doi.org/10.3332/ecancer.2026.2132
https://doi.org/10.12669/pjms.35.1.285
https://jcpsp.pk/article-detail/pimpact-of-mllaf9-gene-rearrangement-on-survival-of-acute-myeloid-le
https://jcpsp.pk/article-detail/pimpact-of-mllaf9-gene-rearrangement-on-survival-of-acute-myeloid-le
https://doi.org/10.29271/jcpsp.2024.04.424
https://journals.sfu.ca/jcas/index.php/jcas/article/view/553
https://doi.org/10.37029/jcas.v9i2.553
http://apjcc.ir/clean/index.php/apjcb/article/view/365
https://doi.org/10.31557/apjcb.2019.4.4.81-84
https://share.google/RrKlmbliv9JvdoluI
https://doi.org/10.1182/blood.2022016867
https://doi.org/10.1182/blood.2022016867
http://www.ncbi.nlm.nih.gov/pubmed/35797463
https://doi.org/10.3389/fgene.2022.843705
https://doi.org/10.3389/fimmu.2023.1236514
https://doi.org/10.3389/fimmu.2023.1236514
https://share.google/uDaUGzFINaEP42Szt
https://share.google/uDaUGzFINaEP42Szt
https://doi.org/10.1002/cncr.24442
http://www.ncbi.nlm.nih.gov/pubmed/19536888
https://linkinghub.elsevier.com/retrieve/pii/S2152265019300072
https://linkinghub.elsevier.com/retrieve/pii/S2152265019300072
https://doi.org/10.1016/j.clml.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/30926392
https://doi.org/10.1002/ajh.27625
http://www.ncbi.nlm.nih.gov/pubmed/39936576
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC11966364
https://ashpublications.org/blood/article/140/Supplement%201/739/488678/Machine-Learning-Allows-the-
https://ashpublications.org/blood/article/140/Supplement%201/739/488678/Machine-Learning-Allows-the-
https://doi.org/10.1182/blood-2022-167138
https://ashpublications.org/ashclinicalnews/news/6393/Co-Mutation-Patterns-Allowed-for-Updated-Risk
https://ashpublications.org/hematology/article/2016/1/348/20975/Mutations-in-AML-prognostic-and-ther
https://doi.org/10.1182/asheducation-2016.1.348


Re
se

ar
ch

ecancer 2026, 20:2132; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2026.2132� 13

	25.	 Shlush LI, Zandi S, and Mitchell A, et al (2014) Identification of pre-leukaemic haematopoietic stem cells in acute leukaemia Nature 
506(7488) 328–333 [https://share.google/VHLPlxIAckocwV5kA] https://doi.org/10.1038/nature13038 PMID: 24522528 PMCID: 
4991939

	26.	 Makishima H, Yoshida K, and Nguyen N, et al (2013) Somatic SETBP1 mutations in myeloid malignancies Nat Genet 45(8) 942–946 
[https://share.google/lTzImHDiurFgCaSD0] https://doi.org/10.1038/ng.2696 PMID: 23832012 PMCID: 3729750

	27.	 Graubert TA, Shen D, and Ding L, et al (2012) Recurrent mutations in the U2AF1 splicing factor in myelodysplastic syndromes [Internet] 
Nat Genet 44(1) 53–57 [https://www.nature.com/articles/ng.1031] Date accessed: 21/06/25 https://doi.org/10.1038/ng.1031 PMCID: 
3247063

	28.	 Kurzer JH and Weinberg OK (2023) Updates in molecular genetics of acute myeloid leukemia [Internet] Seminars Diagnostic Pathol 40(3) 
140–151 [https://linkinghub.elsevier.com/retrieve/pii/S074025702300031X] Date accessed: 21/06/25 https://doi.org/10.1053/j.
semdp.2023.04.002

	29.	 Abbasi A and Alexandrov LB (2021) Significance and limitations of the use of next-generation sequencing technologies for detecting 
mutational signatures [Internet] DNA Repair Internet 107 103200 [https://linkinghub.elsevier.com/retrieve/pii/S1568786421001567] 
Date accessed: 21/06/25 https://doi.org/10.1016/j.dnarep.2021.103200

	30.	 Jambhekar A, Ackerman EE, and Alpay BA, et al (2024) Comparison of TP53 mutations in myelodysplasia and acute leukemia sug-
gests divergent roles in initiation and progression [Internet] Blood Neoplasia 1(1) 100004 [https://linkinghub.elsevier.com/retrieve/pii/
S2950328024000049] Date accessed: 21/06/25 https://doi.org/10.1016/j.bneo.2024.100004 PMID: 40453522 PMCID: 12082110

http://www.ecancer.org
https://doi.org/10.3332/ecancer.2026.2132
https://share.google/VHLPlxIAckocwV5kA
https://doi.org/10.1038/nature13038
http://www.ncbi.nlm.nih.gov/pubmed/24522528
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4991939
https://share.google/lTzImHDiurFgCaSD0
https://doi.org/10.1038/ng.2696
http://www.ncbi.nlm.nih.gov/pubmed/23832012
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3729750
https://www.nature.com/articles/ng.1031
https://doi.org/10.1038/ng.1031
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3247063
https://linkinghub.elsevier.com/retrieve/pii/S074025702300031X
https://doi.org/10.1053/j.semdp.2023.04.002
https://doi.org/10.1053/j.semdp.2023.04.002
https://linkinghub.elsevier.com/retrieve/pii/S1568786421001567
https://doi.org/10.1016/j.dnarep.2021.103200
https://linkinghub.elsevier.com/retrieve/pii/S2950328024000049
https://linkinghub.elsevier.com/retrieve/pii/S2950328024000049
https://doi.org/10.1016/j.bneo.2024.100004
http://www.ncbi.nlm.nih.gov/pubmed/40453522
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC12082110

