
O R I G I N A L  R E S E A R C H

Multiclonal Profiling of FLT3-ITD in AML Using 
MinION Sequencing: A Tailored Clustering 
Approach to Enhance Subclonal Detection
Jordi Martínez-Serra1, Aser Alonso-Carballo 1, Ángel Horrillo1, Paula Gómez1, Oliver Vögler 2, 
Antonio Gutiérrez 1, Antonia Sampol 1

1Hematology Department, Son Espases University Hospital, IdISBa, Palma, Spain; 2Group of Advanced Therapies and Biomarkers in Clinical Oncology, 
IUNICS, University of the Balearic Islands, Palma, Spain

Correspondence: Jordi Martínez-Serra, Molecular Diagnostic Laboratory, Son Espases University Hospital, Palma de Mallorca, Spain, 
Email jordimserra@gmail.com

Background: Internal tandem duplications (FLT3-ITDs) in the FLT3 gene constitute a key driver mutation in acute myeloid leukemia 
(AML), strongly associated with poor prognosis and therapeutic resistance. Although general-purpose structural variant callers such as 
Sniffles have been used to detect FLT3-ITDs, their limitations in resolving clonal diversity and low-frequency variants can lead to 
underrepresentation of minor clones. These shortcomings highlight the need for a dedicated bioinformatics pipeline.
Materials and Methods: We developed a custom clustering-based pipeline to overcome the constraints of generic SV callers, 
leveraging Oxford Nanopore’s MinION for sequencing. Our method focuses on FLT3-ITDs by grouping near-identical insertions into 
biologically meaningful subclones, thereby allowing accurate variant detection of even low-frequency events. The pipeline was 
benchmarked against capillary electrophoresis (CE) and Sniffles at various thresholds (including 10%, 20%, and 50% allele-frequency 
cutoffs), with results validated via IGV inspection and cross-mapping.
Results: The pipeline successfully detected FLT3-ITDs across all tested samples, including low-frequency variants and diverse 
subclones that Sniffles overlooked. Analyses uncovered complex multiclonal architectures composed of dominant clones (~20–25% of 
reads) plus multiple minor subclones differing in length, sequence, and breakpoint. Crucially, our approach identified duplications as 
short as 15 bp—events often dismissed by conventional SV callers. Comparative analyses showed that Sniffles failed to call several 
biologically validated ITDs detected by our custom pipeline.
Conclusion: Third-generation sequencing combined with a tailored clustering strategy enhances the detection of FLT3-ITDs and 
clonal diversity in AML compared to generic variant callers. This method provides critical insights into subclonal populations driving 
relapse and therapeutic resistance—particularly in relapsed/refractory AML—underscoring the importance of specialized pipelines for 
precision medicine in leukemia.
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Background
Acute myeloid leukemia (AML) is a clinically heterogeneous malignancy characterized by the rapid accumulation of 
abnormal myeloid progenitor cells. Among the genetic abnormalities implicated in AML, mutations in the FLT3 gene— 
especially internal tandem duplications (FLT3-ITDs) and tyrosine kinase domain mutations (TKDs)—stand out for their 
high prevalence and strong correlation with adverse outcomes, making them clinically significant therapeutic targets.1–3 

FLT3-ITDs typically appear in the juxtamembrane domain, disrupting normal receptor function and promoting consti
tutive signaling that drives leukemogenesis. Notably, co-occurrence of FLT3-ITDs with other mutations (eg, DNMT3A, 
TET2, NPM1, and partial MLL duplications) can worsen prognosis and highlights the genetically complex nature of 
AML.4–6
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Third-generation sequencing (TGS) platforms such as the Oxford Nanopore MinION generate long reads that span 
repetitive or duplicated regions in full, thereby overcoming many of the limitations inherent in short-read platforms. In 
addition to fast turnaround times, TGS enables long-read sequencing that can span repetitive regions, providing 
advantages for structural variant detection. While its subclonal resolution is promising, it does not exceed second- 
generation sequencing platforms in terms of cost-effectiveness or throughput. Therefore, the benefit lies more in read 
architecture than in absolute sequencing depth.7,8 Despite its potential, TGS-based FLT3-ITD detection requires 
sufficiently high coverage to capture minor variants. Limited depth may fail to delineate low-frequency events, under
estimating the complexity of FLT3-ITD burdens. Detection of FLT3-ITD from MinION sequencing (MS) can be 
facilitated by structural variant callers such as Sniffles,9 although these tools are primarily optimized for large genomic 
rearrangements and may underperform with smaller duplications or low-frequency subclonal events in repetitive 
regions.10,11

When analyzing the thousands of reads generated by TGS, small sequence discrepancies—whether from biological 
variation or basecalling errors—often produce a swarm of slightly different ITD variants around a major clone.7 Without 
post-processing, this can yield multiple small peaks that obscure the true clonal structure of a sample. Clustering 
algorithms tackle this by merging near-identical insertions into biologically meaningful sets (clones), thus revealing 
discrete FLT3-ITDs that share length and high sequence identity. This approach (i) consolidates artifactual variability by 
grouping minor sequencing errors into true consensus sequences, (ii) reduces noise by limiting the effect of random 
mismatches or small indels, and (iii) differentiates major from minor clones, allowing a more granular view of ITD 
complexity that could be relevant for future studies on AML risk stratification and personalized treatment, although its 
current clinical impact remains to be demonstrated. Based on empirical inspections in IGV and iterative alignments, 
a 90% identity threshold serves as a practical compromise; minor clones with low read counts can still be misclassified at 
this threshold, but higher coverage helps ensure adequate representation of less abundant variants.

Conventional FLT3-ITD detection with capillary electrophoresis (CE) offers only fragment-size profiles, masking 
subtle subclonal diversity. Minor differences in ITD length or breakpoint usage often merge into a single band or go 
undetected if below resolution limits. Thus, CE may underestimate the genuine complexity of FLT3-ITD–positive AML. 
Short-read sequencing technologies (eg, Illumina) can theoretically capture these minor variations but may rely on 
parameters that filter out low-frequency insertions or struggle with alignments in the highly repetitive juxtamembrane 
domain of FLT3. Furthermore, the high costs and extended runtimes required for deep short-read coverage can be 
prohibitive in routine clinical settings.12 We aim to develop a TGS pipeline to analyze FLT3-ITD testing and compare it 
with conventional detection based on CE.

Studies consistently highlight that high FLT3-ITD burden (allelic ratio >0.5–0.7) correlates with worse overall and 
disease-free survival, as well as an increased relapse risk. Co-existing mutations (eg, NPM1, DNMT3A, or TET2) can 
compound this adverse prognosis. Indeed, FLT3-ITD is now recognized as a cornerstone in personalized AML manage
ment, prompting routine incorporation of allelic ratio measurements into risk stratification models (eg, ELN).3 Moreover, 
longer FLT3-ITDs have also been associated with inferior clinical outcomes.13,14 Importantly, widely used SV callers 
often fail to detect small (5–50 bp) ITDs, especially in repetitive domains, leading to underdetection of clinically 
significant subclones. By carefully examining each insertion event—rather than focusing solely on large structural 
rearrangements—our clustering strategy addresses this gap and enables the detection of ITDs as short as 15 bp.

Materials and Methods
Sample Collection and RNA Extraction
Bone marrow aspirates were collected from five AML patients. All were diagnosed with AML, and three had been 
previously confirmed as FLT3-ITD–positive by capillary electrophoresis (CE). The study was conducted in accordance 
with national and international ethical guidelines, including the Declaration of Helsinki, and informed consent was 
obtained under protocols approved by the Ethics Committee for Drug Research of the Balearic Islands (CEIm-IB). 
CEIm-IB was selected as the ethics committee with the relevant expertise and authority to oversee research activities in 
the region. All study protocols were reviewed and approved by the committee, in order to ensure compliance with local 
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regulatory and ethical standards. Total RNA was extracted from fresh or cryopreserved cells using the RNeasy Mini Kit 
(Qiagen), following the manufacturer’s instructions.

cDNA Synthesis and FLT3 Amplification
Complementary DNA (cDNA) was synthesized and amplified in a one-step RT-PCR reaction using the SensiFAST One- 
Step RT-PCR Kit (Bioline), which includes reverse transcription and PCR amplification in a single tube. The reaction 
targeted the juxtamembrane domain of FLT3—a hotspot for internal tandem duplications (ITDs)—and was carried out 
using the following primers:

● Forward primer: 5′-GATCCTAGTACCTTCCCAAACTC-3′.
● Reverse primer: 5′-GGTGTCGACGTACTCTAAACAGT-3′.

Thermal cycling conditions were as follows:

● Reverse transcription: 45 °C for 15 min.
● Initial denaturation: 95 °C for 2 min.
● 30 cycles of:

○ Denaturation at 94 °C for 30s.
○ Annealing at 56 °C for 45s.
○ Extension at 72 °C for 30s.

● Final extension: 72 °C for 7 min.

Amplicon sizes (~500–700 bp) were confirmed via agarose gel electrophoresis and purified prior to library preparation.

MinION Library Preparation and Sequencing
Sequencing libraries were prepared with the Ligation Sequencing Kit V14 (SQK-LSK114) following the manufacturer’s 
protocol. Purified FLT3 amplicons plus Lambda phage DNA (internal control) were ligated to Oxford Nanopore adapters, 
then loaded on Flongle or MinION flow cells depending on the desired throughput. Sequencing was run for up to two 
hours to achieve sufficient coverage. Basecalling employed the Dorado suite (Oxford Nanopore), configured for duplex 
analysis to improve accuracy by utilizing both DNA strands. Reads with Q-scores <10 were discarded. The Lambda 
control served to monitor run performance and validated that the amplicon data were processed under identical 
conditions.

Alignment and Preliminary Insertion Detection
Reads were aligned to the FLT3 reference sequence (XM_054374312.1) via minimap2 (v2.24) with the “map-ont” preset. 
Resulting BAM files were sorted, indexed (samtools v1.15), and visually inspected using IGV. A custom Python script 
parsed CIGAR strings to identify insertions (“I”) ≥15 bp in length, recording insertion start position, size, and the 
inserted sequence.

Clustering ITD Variants
To cluster insertion sequences, we first applied a similarity-based grouping using Python’s difflib.SequenceMatcher, 
which calculates a normalized alignment score based on internal heuristics. Sequences sharing ≥90% similarity were 
clustered together, a threshold empirically chosen to balance MinION’s ~10% base error rate with the detection of 
genuine subclonal divergence. For each cluster, we then computed a consensus ITD sequence using Biopython’s 
pairwise2.align.globalxx, a global alignment function with uniform match scoring (match = 1, mismatch = 0, no gap 
penalties). This dual-step approach allowed efficient clustering of noisy reads followed by accurate consensus refinement. 
Supporting read counts were recorded per cluster.
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Custom FLT3-ITD Detection and Clustering Pipeline
We implemented a Python pipeline to automate the detection, clustering, and consensus refinement of FLT3-ITDs 
following minimap2 alignment. In brief, each aligned read (parsed via pysam) was examined for insertions above a user- 
defined length. The identified insertions were then grouped into clusters if they shared at least 90% sequence identity 
(evaluated by pairwise alignment). A consensus for each cluster was generated by progressively aligning all members; 
positions with mismatches were temporarily replaced with “N” before selecting the most frequent base at each position. 
This targeted approach prioritizes the known FLT3 hotspot for internal tandem duplications, in contrast to general- 
purpose SV callers that may miss insertions failing to meet their minimum size or support criteria.

Validation and Visualization
Manual IGV inspection was performed by tracing representative consensus sequences back to the raw reads in order to 
confirm authentic breakpoints. Finally, the percentage of reads supporting each cluster was calculated relative to the total 
number of high-quality, FLT3-mapped reads.

Results
MinION Sequencing vs Capillary Electrophoresis
In all three clinically confirmed FLT3-ITD–positive AML cases, MinION sequencing accurately detected the ITDs. Insertion 
sizes and allelic ratios largely mirrored those obtained by conventional capillary electrophoresis (CE) (Figures 1 and 2), 
underscoring the suitability of third-generation sequencing for capturing the broader FLT3-ITD landscape, including variants 
that pose challenges for short-read methods (Figure 1).

Insertion Analysis Across Diagnostic Samples
We evaluated five diagnostic samples: control1, control2, pos1, pos2, and pos3. A 90% similarity threshold was applied 
to cluster near-identical insertions. Table 1 summarizes key metrics.

Notably, pos1 displayed the highest rate of insertion-bearing reads (59.81%), while pos2 and pos3 showed moderate 
insertion frequencies (17.78% and 13.50%, respectively). Both control samples lacked insertions.

Clustering Reveals Closely Related Subclones and Divergent ITDs
Applying the 90% identity threshold across FLT3-ITD–positive samples yielded 95 clusters encompassing 251 grouped 
insertions. Most samples had a single dominant clone, plus multiple minor subclones with small length or breakpoint 
differences. Sample pos3, however, exhibited a distinct biclonal configuration: besides a major ~80-bp clone, a second 

Figure 1 Representative example of a capillary electrophoresis (CE) profile displaying an FLT3-ITD band whose measured size corresponds closely to the ITD insertion 
identified by our MinION-based pipeline. The alignment of these two measurements confirms both the reliability of the traditional CE approach for initial screening and the 
capacity of third-generation sequencing to pinpoint precise insertion lengths and breakpoints.
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notable ~30-bp clone emerged from a separate breakpoint region, indicating a more divergent branch rather than a minor 
tweak of the same ancestral ITD. In addition, numerous smaller subclones (<10 reads each, <5% frequency) were 
detected (Figure 3).

Shared Breakpoint Hotspot Suggests a Common Ancestral ITD
All major and minor clones mapped to a similar region within the FLT3 juxtamembrane domain.15 This finding supports 
the idea of an original ancestral duplication followed by incremental variations. High mapping quality (MAPQ ≥20) 
across these variants reinforced their authenticity.16,17 Representative clusters were traced back (IGV) to raw reads to 
confirm consistent breakpoints without alignment artifacts. Whereas pos1 displayed a broader distribution of insertion- 
carrying reads, pos3 had a more structured subclonal makeup, including at least four significant groups (Table 2).

The presence of multiple ~80-bp clones sharing partially overlapping breakpoints, combined with a distinct ~30-bp 
event in a different region, suggests parallel or branched evolutionary pathways in pos3.

Addressing Threshold Selection and Limitations
While clustering at 90% identity reduces artifactual noise, coverage depth remains a limiting factor. Minor subclones 
supported by few reads might be underrepresented or merged with dominant clones. Stricter thresholds (≥95%) could 

Figure 2 IGV Visualization of FLT3-ITD Insertions in pos3 vs Control. Top panel: Control sample (no FLT3-ITD) showing wild-type alignment of FLT3 with no insertions. 
Bottom panel: pos3 sample displaying multiclonal ITD architecture, including dominant ~80 bp duplications and a minor ~30 bp insertion cluster (blue reads).

Table 1 Summary of Sequencing Metrics Across Control and FLT3-ITD–Positive Samples

Sample Total Reads  
Analyzed

Reads with  
Insertions (>15 bp)

% with  
Insertions

Total Bases  
(Post-filtering)

Q20 (%) Q30 (%)

Control1 1807 0 0.00% 3,565,349 64.77% 37.24%

Control2 3612 0 0.00% 6,343,452 71.65% 47.12%
pos1 2548 1524 59.81% 4,483,871 78.84% 57.24%

pos2 3470 617 17.78% 5,947,752 69.15% 39.37%

pos3 1541 208 13.50% 2,079,739 73.88% 47.93%

Note: Listed for each sample are the total reads analyzed, number and percentage of reads bearing insertions exceeding 15 bp, total 
bases post-filtering, and the respective Q20 and Q30 percentages, reflecting overall sequencing quality.
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resolve slight variations yet risk fragmenting legitimate subclones if coverage is insufficient. Conversely, lowering the 
threshold (<80%) may unify closely related clones but also risk grouping genuinely distinct events. As such, deeper 
sequencing can mitigate these concerns, balancing over-splitting and over-merging.

To visualize how subclones transition across multiple thresholds, we generated a Sankey diagram (Figure 4) for the 
pos3 sample, ranging from a highly stringent cutoff (1.0) down to a more relaxed one (0.5). Each column in the diagram 
represents the clusters identified at a given threshold, and the width of each flow corresponds to the number of reads 
shared between successive thresholds. Notably, several smaller clusters at Th1.0 and Th0.9 converge into a handful of 
larger, unified clusters by Th0.5. This highlights that seemingly distinct subclones at higher similarity requirements can in 
fact share enough identity to merge under more lenient criteria. Consequently, the Sankey visualization both confirms the 
multiclonal nature of pos3 and illustrates the threshold’s pivotal role in defining the boundaries between closely related 
variants. Importantly, the persistence of two dominant clusters—one centered around an ~80 bp ITD and another around 
~30 bp—across all thresholds suggests the presence of biclonal architecture, potentially reflecting parallel evolutionary 
trajectories within the leukemic population.

Detection Limitations of Conventional SV Callers in Short Insertions
In our analysis, we observed that Sniffles, a commonly used structural variant caller, exhibited limitations in detecting 
insertions of approximately 30 base pairs in length (Table 3). This oversight highlights a critical gap in the tool’s 

Figure 3 Clustering and ITD Length Distribution in the three FLT3-ITD–positive AML samples (pos3). Visualization of clustering dynamics across sequence similarity 
thresholds, ranging from 100% (1.0) to a minimum of 70% (0.7). Each panel shows a histogram representing the size of insertions detected using our clustering-based 
pipeline. Dominant clones typically appear as major peaks, while minor clones manifest as smaller satellite peaks. As the similarity threshold decreases, the total number of 
clones is reduced, reflecting the merging of closely related sequences. However, lower thresholds (eg, 0.7) enable the differentiation of distinct subclones that are otherwise 
grouped under higher similarity criteria, highlighting divergent evolutionary trajectories within the FLT3-ITD population. Color intensity corresponds to the relative 
abundance of each cluster. These visualizations reinforce that AML samples often harbor both dominant clones and a constellation of lower-frequency subclones. By 
improving resolution of this multiclonal environment, our method refines prognostic models and supports precision medicine strategies.

Table 2 Summary of the Main Clonal Groups Detected in Sample pos3

Clonal Group Reads (Approx. %) Insertion Length Breakpoints

1 56 (~19.05%) ~80.34 bp 1812, 1814–1816
2 43 (~14.63%) ~80.53 bp 1814–1816, 1818–1820

3 27 (~9.18%) ~29.81 bp 1853, 1856–1859

4 26 (~8.84%) ~79.92 bp 1815–1816

Note: Each clone is characterized by its approximate frequency (percentage of total FLT3-ITD reads), 
average insertion length, and specific breakpoint positions.
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sensitivity, particularly for small insertions within our sample set, which could impact the overall accuracy of variant 
detection in genomic studies. Further investigation into these discrepancies would be necessary to refine the tool’s 
performance or to consider alternative methods for capturing these subtle genetic changes.

Challenges with Duplex Basecalling in Low Clonality Scenarios
Despite employing duplex basecalling with Dorado, this approach presents a significant drawback when dealing with 
very low clonal fractions. The tool tends to dismiss these events as potential sequencing errors rather than true biological 
variants. This issue is not unique to nanopore sequencing; similar challenges are encountered with technologies like 
Illumina, where low-frequency variants might be filtered out during data processing. In the case of Sanger sequencing, 
such events might not even produce a detectable peak on the electropherogram, rendering them invisible to traditional 
analysis methods. This underscores the need for more sensitive detection algorithms or alternative strategies to accurately 
capture and verify these rare variants in clinical and research settings.

Figure 4 Sankey diagram illustrating clonal merging at different similarity thresholds in the pos3 sample. The leftmost column (Th1.0) shows many small clusters. As the 
threshold decreases (Th0.9, 0.8, 0.7, 0.6, 0.5), these clusters merge—often uniting several previously distinct sets of reads into a smaller number of larger, unified clusters. 
Flow width indicates the relative number of reads transferred from one threshold’s cluster(s) to the next. This visualization emphasizes the importance of threshold 
selection: small differences in insertion sequence can be preserved at high cutoffs but are grouped under more relaxed criteria.

Table 3 Comparison of FLT3-ITD Detection Results 
Across Three Positive AML Samples

Sample Clustering-Based Method Sniffles Result

pos1 Detected (one clone) Not Detected

pos2 Detected (one clone) Not Detected
pos3 Detected (two clones) Not Detected

Note: While our clustering-based method identified insertions in all 
cases, Sniffles failed to detect any structural variant. These results high
light the limitations of generic SV callers in identifying short duplications 
within repetitive genomic regions such as FLT3. Detected | Not 
Detected.
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Discussion
Our results confirm that third-generation Nanopore sequencing enhances FLT3-ITD detection over traditional CE by 
revealing a broader range of major and minor subclones. While CE effectively screens for primary FLT3 mutations, it can 
overlook minor variants if they are too close in size or below detection limits.18,19 Multiclonality in FLT3-ITD under
scores the heterogeneous nature of AML, as demonstrated by dominant clones frequently representing ~20–25% of ITD- 
bearing reads alongside multiple minor variants with distinct lengths and breakpoints.4,20 Conventional CE may under
estimate this subclonal complexity when insertion sizes are similar or below detection thresholds.21–23 Capturing both 
high- and low-frequency events may provide a more comprehensive view of clonal complexity in AML, which could be 
relevant for future studies assessing prognosis and treatment response.24–26 Incorporating a clustering-based approach 
into routine diagnostics could thus reveal a richer subclonal landscape, provided that sequencing depth is sufficient.27

Although clustering at 90% identity reduces noise, coverage remains a key limitation. Additionally, the presence of 
PCR artifacts or sequencing chimeras cannot be entirely ruled out, especially for low-frequency events supported by few 
reads. While we used high-fidelity enzymes and size selection to mitigate such artifacts, future implementations of this 
workflow could benefit from Unique Molecular Identifiers (UMIs) to confirm the biological origin of minor subclones 
and enhance confidence in their interpretation. Minor clones supported by only a few reads risk merging with dominant 
clones or being lost entirely.28 Based on our empirical observations, the current pipeline reliably detects subclonal ITDs 
down to ~5% variant allele frequency (VAF) in regions with coverage exceeding 500–1000×. Below this threshold, 
sensitivity is reduced and detection becomes more stochastic, especially in the absence of strand-paired reads or UMIs. 
Variants supported by fewer than 10 reads were considered low-confidence and not included in final outputs. Future 
improvements—including UMI incorporation and synthetic benchmarking—could help extend the limit of detection 
toward the 1% VAF range, enabling even finer resolution of minor subclones. More stringent thresholds (≥95%) can split 
genuine events if coverage is inadequate, while less stringent thresholds (<80%) may collapse truly distinct clones. 
Furthermore, we observed that outside of the ITD regions, aligned reads showed high base-level concordance with the 
reference, indicating that sequencing errors were not uniformly distributed but rather concentrated around insertions. This 
pattern lends additional support to the biological validity of the detected ITDs and the appropriateness of the 90% 
clustering threshold, even in the absence of synthetic benchmarking.

Our findings also highlight that multiple coexisting FLT3-ITDs point to branching evolution in AML. Even minor 
variants initially considered silent may expand during therapy, emphasizing the need for early detection to guide more 
aggressive or combination treatments before relapse occurs.29,30 As shown in Figure 3, we illustrate the ITD length 
distributions and genomic positions for the three positive AML samples, reinforcing that AML samples often harbor both 
dominant clones and a constellation of lower-frequency subclones. By improving the resolution of this multiclonal 
environment, our method refines prognostic models and supports precision medicine strategies. While our study was not 
powered to draw direct correlations between low-frequency subclones and patient outcomes due to the small cohort size, 
previous reports have demonstrated that minor FLT3-ITD variants—particularly those initially present at low VAF—can 
expand under therapeutic pressure and contribute to relapse.13 Such subclones may harbor differential sensitivity to FLT3 
inhibitors or coexist with other mutations (eg, NPM1, DNMT3A) that modulate disease progression.26 Therefore, early 
identification of these minor ITD-bearing clones could inform risk-adapted treatment decisions, especially in the context 
of post-remission monitoring or targeted therapies. Larger prospective studies integrating clinical follow-up and 
therapeutic response data will be essential to validate these associations.

Moreover, our targeted pipeline differs from generic SV callers such as Sniffles—though Sniffles is effective for large 
rearrangements, it often struggles with small (<30 bp) duplications.11,28 By focusing on known FLT3 hotspots and 
employing a specialized clustering approach, we detect short events that might otherwise go unnoticed. Future enhance
ments could include higher sequencing depth, adaptive thresholding to refine cluster boundaries, and larger, longitudinal 
cohort studies to correlate subclonal patterns with clinical outcomes. Integration with co-occurring mutations (eg, NPM1, 
DNMT3A) would offer an even broader genomic context. By pairing deeper coverage with specialized clustering, 
subsequent research can more accurately delineate the evolutionary trajectories of AML, refine prognostic tools, and 
optimize individualized therapies.

https://doi.org/10.2147/OTT.S526628                                                                                                                                                                                                                                                                                                                                                                                                                                                                      OncoTargets and Therapy 2025:18 818

Martínez-Serra et al                                                                                                                                                                

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



This study demonstrates that MinION sequencing, combined with a tailored bioinformatics approach based on 
clustering, significantly enhances the detection of FLT3-ITD subclones in AML patients, even for low-frequency variants 
and short duplications (≥15 bp) that generic tools like sniffles could overlook. The strategy of clustering insertions with 
a 90% similarity threshold aligns with the historical error profile of MinION (~10%), allowing differentiation between 
technical artifacts and genuine biological variants. Moreover, the use of duplex basecalling via Dorado increased the 
overall read accuracy. However, it is important to note that Oxford Nanopore sequencing does not sequence both strands 
of each DNA molecule in a deterministic or paired manner. Rather, strands arrive stochastically, and many reads are 
derived from only one strand. In such cases, Dorado’s consensus model may either fail to form a duplex or may 
downweight strand-specific variants as noise. This limitation can lead to the underrepresentation or loss of rare subclonal 
variants that are only observed in one strand, especially in regions with high homology or repetitive content such as 
FLT3.

Although the results are promising, the study has inherent limitations due to its preliminary design. Firstly, the small 
cohort size (n=5), moderate number of reads analyzed and coverage in some samples might underestimate the true 
subclonal diversity, particularly for variants present in <5% of reads. While our results demonstrate clear technical 
advantages of the MinION-based clustering pipeline, we acknowledge that the limited sample size—particularly the 
number of FLT3-ITD–positive patients—constrains broader clinical generalization. This study was designed as 
a methodological proof-of-concept to validate the detection and resolution of subclonal ITDs rather than to provide 
outcome-linked statistical models. Ongoing efforts are now focused on expanding the patient cohort through multicenter 
collaboration to enable more comprehensive clinical correlation and validation.

Future work should prioritize larger cohorts with deeper sequencing (≥1000×) to validate the method’s sensitivity in 
real clinical contexts. Secondly, while the 90% threshold was empirically chosen to balance MinION’s technical error 
and biological diversity, its optimization would require benchmarks with synthetic controls or validation through 
orthogonal methods (eg, Sanger sequencing of individual clones). Lastly, the current pipeline does not comprehensively 
assess the impact of computational resources, a critical aspect for its implementation in diagnostic settings with limited 
infrastructure.

Despite these limitations, the proposed approach lays the groundwork for exploring clonal heterogeneity in AML with 
unprecedented resolution. Integrating this method into longitudinal studies could reveal evolutionary dynamics during 
relapse or therapeutic resistance, while its extension to other genes prone to ITDs (eg, CEBPA) would broaden its clinical 
utility. Collectively, this methodology represents an advancement towards the precise characterization of genomic 
complexities that escape conventional techniques, establishing nanopore sequencing as a viable tool for personalized 
medicine in oncological hematology.
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