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MicroRNA Signatures: Illuminating Minimal Residual
Disease Monitoring in Juvenile Myelomonocytic
Leukemia - A Review

Bhavyadharshini Arun®®, Geofrey John® ¢, Rajeshkumar Raman¢ ¢

Abstract

Juvenile myelomonocytic leukemia (JMML) is an aggressive pedi-
atric myelodysplastic/myeloproliferative neoplasm characterized
by RAS pathway mutations and significant heterogeneity. Minimal
residual disease (MRD) monitoring is crucial for evaluating treat-
ment response and predicting relapse risk. MicroRNA (miRNAs),
small non-coding RNAs with pivotal roles in gene regulation, have
emerged as promising biomarkers for JIMML MRD detection. This
review explores the mechanistic role of miRNAs in JMML patho-
genesis, emphasizing their diagnostic, prognostic, and therapeu-
tic potential. Dysregulated miRNA profiles correlate with distinct
JMML subgroups and disease progression, suggesting utility in
non-invasive MRD monitoring. Emerging evidence highlights miR-
150-5p as a tumor suppressor targeting STATSb and its therapeu-
tic potential in ameliorating JMML’s aberrant signaling pathways.
We compare traditional MRD methods, such as flow cytometry and
polymerase chain reaction (PCR), with miRNA-based techniques,
underscoring the latter’s superior sensitivity, specificity, and non-
invasiveness. Recent advances in miRNA profiling technologies,
including next-generation sequencing and digital PCR, enable pre-
cise detection of residual leukemic cells and support personalized
treatment approaches. Despite significant progress, challenges per-
sist in standardizing miRNA-based assays and validating their clini-
cal utility. Ethical considerations, including patient privacy and in-
formed consent, remain critical for integrating miRNA diagnostics
into routine care. This review provides a comprehensive synthesis
of current knowledge on miRNA signatures in JMML, illuminating
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their transformative potential in MRD monitoring and paving the
way for innovative therapeutic strategies.
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Introduction

Juvenile myelomonocytic leukemia (JMML) is an uncommon
hematological malignancy affecting young children, predom-
inantly under the age of 6, with varying degrees of clinical
aggressiveness depending on the subtype. Classified by the
World Health Organization (WHO) as a myeloproliferative
neoplasm (MPN), JMML is characterized by a clonal prolif-
eration of abnormal myeloid cells within the bone marrow, pe-
ripheral blood, and other tissues [1-3] (Fig. 1).

Secondary mutations, including those in transcription fac-
tors like RUNX1 and GATA2, and spliceosome components
such as ZRSR2, further exacerbate disease progression and
are associated with higher relapse rates and poorer outcomes.
This genetic complexity is reflected in JMML’s clinical pres-
entation, which often includes splenomegaly, hepatomegaly,
anemia, thrombocytopenia, and systemic symptoms such as
fever and weight loss. Autoimmune manifestations, such as
vasculitis and arthritis, are observed in a subset of patients with
JMML, particularly those with mutations in the RAS pathway
(e.g., PTPNI11, NRAS, KRAS, NF1, and CBL) [4, 5]. These
manifestations can precede formal diagnosis, indicating an un-
derlying autoimmune process linked to the disease [6]. For in-
stance, a case report detailed a 7-year-old boy with JMML who
developed severe steroid-dependent uveitis, an inflammatory
eye condition [7]. Such diverse clinical features, combined
with JIMML’s rarity, complicate its diagnosis and management,
often delaying treatment initiation [8, 9].

The current standard of care for IMML is hematopoietic
stem cell transplantation (HSCT), which offers the only po-
tential for long-term disease control. However, relapse rates
remain significant, with overall survival ranging between 52%
and 63% [10]. Allogeneic HSCT is currently the only cura-
tive treatment, but it is associated with significant challenges.
Studies have reported 3-year overall survival (OS) rates of ap-
proximately 63% and event-free survival (EFS) rates around
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Figure 1. The RAS signaling pathway involves small GTPase switch proteins, NRAS, and KRAS. These proteins act downstream
of receptor and non-receptor tyrosine kinases (RTKs and TKs). RAS activation status is regulated through phosphorylation and
dephosphorylation changes. Guanine nucleotide-exchange factors (GEFs) and GTPase activating proteins (GAPs) play opposing
roles in this regulation. Upon RTK or TK stimulation, adaptor proteins (such as GAB2, GRB2, and SHP2) recruit GEFs, leading to
RAS-GDP phosphorylation and activation of RAS-GTP. Active RAS then triggers a signaling cascade, sequentially activating RAF,
MEK, and ERK proteins. These downstream signals ultimately control cell functions like proliferation, survival, and differentiation.
GAPs (e.g., NF1) inactivate the RAS pathway by promoting RAS-GTP dephosphorylation to an inactive RAS-GDP form. Addition-
ally, the ubiquitin ligase CBL negatively regulates the RAS pathway by targeting active RTKs for proteasomal degradation.

52%. Additionally, transplantation-related mortality (TRM) including tyrosine kinase inhibitors (TKIs), mitogen-activated
contributes to the overall mortality, with some studies noting protein kinase (MEK) inhibitors, and mTOR inhibitors, as ad-
TRM rates of approximately 21% [11]. Advances in molecular juncts to HSCT. These agents target the dysregulated signaling
biology have highlighted the potential of targeted therapies, pathways driving JMML pathogenesis, such as the RAS/RAF/

44 Articles © The authors | Journal compilation © ] Hematol and Elmer Press Inc™ | = https://jh.elmerpub.com



Arun et al

J Hematol. 2025; 1 4(2):43-55

MEK/ERK and PI3K/AKT/mTOR cascades. Despite their
promise, these treatments remain experimental and necessitate
robust biomarkers to refine patient stratification, monitor treat-
ment response, and predict outcomes [12].

Minimal residual disease (MRD) monitoring has emerged
as a cornerstone of JMML management, enabling the detec-
tion of residual leukemic cells that are undetectable by conven-
tional diagnostic modalities [13]. MRD serves as a prognostic
indicator for disease relapse and guides therapeutic decisions,
including the intensification or de-escalation of treatment
regimens. In JMML, MRD monitoring, typically using flow
cytometry (FCM) and polymerase chain reaction (PCR), is
essential but not yet standardized, unlike in other leukemias
such as acute myeloid leukemia (AML), acute lymphoblastic
leukemia (ALL), or chronic lymphocytic leukemia (CLL).
Recent advances, such as droplet digital PCR (ddPCR), show
promise in detecting relapse earlier, particularly after HSCT
[14]. While these methods are effective, they have limitations,
including invasiveness, moderate sensitivity, and dependence
on bone marrow aspirates. These challenges highlight the need
for novel, non-invasive, and more sensitive approach to MRD
monitoring [15-17].

An important advancement is the incorporation of MRD
evaluations into standard clinical decision-making proto-
cols. Recent research has identified microRNAs (miRNAs)
as promising biomarkers for MRD detection in JMML [18].
MiRNAs are small, non-coding RNA molecules that regulate
gene expression post-transcriptionally by binding to target
mRNAs, leading to their degradation or translational repres-
sion. Dysregulated miRNA expression has been implicated in
various cancers, including hematological malignancies, where
they play oncogenic or tumor-suppressive roles. In JMML,
specific miRNA signatures have been associated with disease
pathogenesis, prognosis, and therapeutic response. For in-
stance, studies have demonstrated the tumor-suppressive role
of miR-150-5p, which targets STAT5b, a regulator of myeloid
proliferation. The downregulation of miR-150-5p in JMML
correlates with enhanced leukemic cell growth and poor clini-
cal outcomes [19].

Advancements in molecular profiling technologies, such
as next-generation sequencing (NGS) and single-cell RNA se-
quencing, have significantly enhanced the precision of miR-
NA detection and characterization. These techniques enable
the identification of miRNA expression patterns with unprec-
edented sensitivity and specificity, allowing for earlier disease
detection and better relapse prediction. Additionally, miRNA
profiling can be performed using easily accessible biological
samples, such as blood or serum, reducing the need for inva-
sive procedures like bone marrow biopsies. This non-invasive
approach is particularly advantageous in pediatric patients,
minimizing discomfort and associated risks.

The integration of miRNA-based MRD monitoring into
JMML management holds great promise for improving patient
outcomes. While miRNA profiling has shown promise in de-
tecting neoplastic miRNAs in various cancers, its clinical util-
ity in JMML remains limited. Studies have identified specific
miRNAs, such as miR-150-5p, as potential tumor suppressors
in JIMML as previously discussed [19]. However, these find-
ings have not yet translated into clinically actionable results

for disease monitoring or personalized treatment strategies. In
contrast, miRNA profiling has demonstrated more established
clinical applications in other cancers. For instance, in prostate
cancer, miRNAs have been utilized as biomarkers for diagno-
sis, prognosis, and therapy response assessment [20, 21]. Simi-
larly, in colorectal cancer, deregulated miRNAs have been as-
sociated with disease progression, highlighting their potential
as diagnostic and prognostic tools [22].

Moreover, as miRNA research continues to evolve, new
therapeutic opportunities may emerge, including miRNA mim-
ics and inhibitors that target dysregulated pathways in JMML
[23]. miR-126 is upregulated in leukemic stem cells (LSCs)
in AML, where its overexpression promotes cell quiescence
and reduces differentiation, contributing to chemotherapy re-
sistance [24]. Targeting miR-126 with antagomiRs delivered
via lipid nanoparticles has shown promising results, reduc-
ing AML blasts by 80% in vitro and improving survival in
mouse models [25]. It may also enhance the efficacy of exist-
ing chemotherapies. MiR-9, involved in the transformation of
hematopoietic progenitor cells, promotes monocytic differen-
tiation and has therapeutic potential by targeting the LIN28B/
Let-77HMGAZ2 axis [26]. Other miRNAs like miR-29b, miR-
181a, and miR-155 are also being explored for their ability to
inhibit leukemic cell growth and improve treatment outcomes
in AML, with miR-155 currently in clinical trials [27].

Despite these advances, challenges remain in the stand-
ardization of miRNA-based assays and their validation in clin-
ical settings. Future research should focus on addressing these
challenges to facilitate the translation of miRNA biomarkers
into routine clinical practice [15].

The discovery and application of miRNA signatures in
JMML represent a significant step forward in the field of pedi-
atric oncology. These biomarkers not only provide a power-
ful tool for MRD monitoring but also offer new insights into
JMML pathogenesis and therapeutic vulnerabilities. As re-
search progresses, the integration of miRNA-based approaches
with existing diagnostic and therapeutic modalities has the po-
tential to transform JMML management, improving outcomes
for affected children worldwide.

MiRNAs

Biogenesis and function

MiRNAs are short regulatory non-coding RNAs, typically
composed of 19-25 nucleotides in length [28]. MiRNAs, in-
tegral RNA regulators of gene expression, have emerged as
a central subject of investigation in the context of molecular
biology [29]. They constitute a family of molecules crucial for
modulating the types and quantities of proteins synthesized
within cells, thereby playing a pivotal role in the regulation
of gene expression post-transcriptionally by binding to target
mRNAs, resulting in gene silencing. These miRNA molecules
are ubiquitously present within cells as well as in the circu-
latory system [30]. They are also found in various genomic
locations including, intragenic regions introns of non-coding
and coding genes, and exons of non-coding genes. Research
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has shown that miRNAs regulate numerous cellular functions
such as cell growth, differentiation proliferation, and apopto-
sis. They are also involved in specifying tissue identity during
differentiation processes, making them valuable markers for
identifying specific cell types [31].

MiRNAs are transcribed as primary miRNA (pri-miRNA)
molecules from precursor genes (mir-genes) by RNA polymer-
ase II in the nucleus. These transcripts undergo splicing and
capping, forming double-stranded, stem-loop structures with 5’
capping and 3’ polyadenylation. Pri-miRNAs are processed by
Drosha, a nuclear RNase III enzyme, in collaboration with its
cofactor DGCRS. Drosha cleaves the stem-loop structure, re-
leasing precursor miRNA (pre-miRNA), which is transported to
the cytoplasm by Exportin 5 and Ran-GTP. In the cytoplasm,
the RNase III enzyme Dicer further processes pre-miRNAs by
cleaving the double-stranded region to generate mature miRNA
duplexes. This step involves the recognition of 2-nucleotide 3’
overhangs by Dicer’s PAZ domain. The mature miRNA du-
plex is then loaded onto the RNA-induced silencing complex
(RISC), with Argonaute (Ago) proteins, particularly Ago2, play-
ing a central role. Ago2 cleaves the passenger strand, leaving the
guide strand to bind target mRNAs. The level of complementa-
rity between the miRNA and its target determines the outcome:
partial binding inhibits translation, while perfect binding leads
to mRNA degradation [28, 31] (Fig. 2).

Alternative pathways for miRNA biogenesis include mir-
tron formation by spliceosomes and the processing of short hair-
pin RNAs (shRNAs) into miRNAs. These mechanisms, along
with their interaction with RISC, enable miRNAs to regulate
gene expression post-transcriptionally, highlighting their versa-
tility and functional significance in cellular processes [32].

Crosstalk between miRNAs and signalling pathways

These small non-coding RNAs, which regulate gene expres-
sion, have been found to play a crucial role in the progression
of various diseases, influencing numerous aspects of cellular
function. For instance, miRNAs are involved in modulating
neuroinflammation in Parkinson’s disease by targeting inflam-
matory pathways, such as miR-146a’s regulation of Toll-like
receptor 4 (TLR4) and nuclear factor (NF)-kappaB signaling,
which mitigates inflammation [33]. In cancer, miRNAs act as
oncogenes or tumor suppressors, influencing processes like
cell proliferation and metastasis through mechanisms such as
regulating E2F transcription factors and epithelial-mesenchy-
mal transition [34]. Alterations in miRNA expression levels
across various diseases underscore their significance in patho-
genesis and their potential as biomarkers and therapeutic tar-
gets [35]. One of the most extensively studied interactions is
between miRNAs and the Wnt/B-catenin signaling pathway.
This pathway plays a key role in cellular processes, and a study
by Peng et al suggested that specific miRNAs can modulate its
activity. This modulation can impact various cellular process-
es, adding another layer of complexity to our understanding of
disease progression [36].

But the story does not end there. Another fascinating as-
pect of miRNA research is the interaction between miRNAs

and circular RNAs (circRNAs). Recent research has increas-
ingly focused on the interaction between miRNA and circR-
NAs, highlighting their significant roles in gene regulation
and cellular processes. For example, a study utilizing a novel
sequencing technology identified hundreds of mRNA-interact-
ing circRNAs, suggesting that these interactions play a crucial
role in gene expression regulation [37]. Additionally, circR-
NAs have been shown to act as miRNA sponges, influenc-
ing transcriptional and post-transcriptional regulation, which
opens new avenues for understanding complex diseases [38].
This crosstalk between miRNAs and circRNAs is essential for
comprehending the regulatory networks involved in disease
progression, as evidenced by their involvement in various con-
ditions such as cancer and diabetes [39, 40].

The interplay between Wnt-signaling pathways and miR-
NAs is particularly relevant in the context of cancer. Recent
studies have demonstrated that a network of miRNAs influ-
ences Wnt-signaling, contributing to cancer development and
progression. For instance, research has shown that miRNAs
can activate or inhibit the Wnt/B-catenin pathway at vari-
ous levels, with specific miRNAs targeting Wnt antagonists
to enhance signaling, thereby promoting oncogenesis and
metastasis [36, 41]. This highlights the potential of miRNA
research in developing new therapeutic strategies for cancer
treatment, as understanding these interactions could lead to
targeted therapies that manipulate these signaling pathways
effectively [42].

Role of miRNAs in hematological malignancies

In hematological malignancies, such as leukemias, lympho-
mas, and myeloma, which account for approximately 10-12%
of annual cancer cases in the USA, miRNAs play a pivotal
role in disease progression. Dysregulation of miRNAs in these
malignancies often arises from genomic alterations, epige-
netic modifications, or transcriptional disruptions, emphasiz-
ing their complex role in cancer pathology [43]. For instance,
exosomal miRNAs from CLL cells promote proangiogenic
and immunosuppressive factors within the tumor microen-
vironment [44]. Disruptions in miRNA biogenesis and post-
transcriptional regulation are central to hematological cancers.
Specific miRNAs like miR-155 are consistently overexpressed
across multiple malignancies, while others, such as miR-150,
show variable expression patterns [45]. In diffuse large B-cell
lymphoma (DLBCL), the upregulation of miR-155, miR-221,
and miR-21 correlates with prognosis [44]. Conversely, thera-
pies like all-trans retinoic acid (ATRA) in acute promyelocytic
leukemia (APL) have been shown to restore tumor-suppres-
sive miRNAs.

MiRNA dysregulation in JMML

While substantial research has elucidated the role of miRNAs
in leukemia, their specific involvement in JMML remains un-
derexplored. Recent studies have highlighted significant find-
ings regarding miRNA expression in JMML. For instance,
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Figure 2. Schematic diagram of microRNA (miRNA) biogenesis and function pathway.

elevated levels of miR-15 and miR-223 were observed in
human-induced pluripotent stem cells (hiPSCs) derived from
JMML patients with PTPN11 mutations, a common genetic al-
teration in this disease. This observation was validated in mon-
onuclear cells from JIMML patients, where inhibiting miR-223
in hiPSC-derived myeloid cells restored normal hematopoie-
sis, suggesting a critical role for this miRNA in disease pa-
thology [46]. Additionally, the LIN28B gene’s overexpression

was linked to increased hemoglobin F (HbF) levels and de-
creased expression of let-7 family miRNAs, correlating with
poor clinical outcomes in JMML patients [47]. These findings
indicate that dysregulated miRNA expression may contribute
significantly to JMML pathogenesis. Specific miRNA expres-
sion signatures have also been identified that correlate with
molecular subgroups of JMML, revealing distinct patterns
of downregulated and upregulated miRNAs [48]. Moreover,
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certain miRNAs are associated with disease progression and
survival rates, enabling risk stratification and the development
of personalized treatment strategies. For example, miR-150-5p
has been identified as a tumor suppressor in JMML. Its resto-
ration may enhance sensitivity to therapeutic agents like gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF),
illustrating the therapeutic potential of targeting dysregulated
miRNAs [19]. Furthermore, the identification of distinct miR-
NA fingerprints associated with specific molecular subtypes
of JMML paves the way for more tailored interventions based
on individual patient profiles. Ongoing research into these
small RNA molecules not only enhances our understanding of
JMML but also holds promise for improving diagnostic accu-
racy and therapeutic outcomes.

MiRNAs: pioneering tools in disease diagnosis, prognosis,
and therapeutic advancement

MiRNAs play a critical role as diagnostic biomarkers, es-
pecially in cases where traditional methods fail to identify
the disease. Their distinct expression profiles can serve as
diagnostic biomarkers, especially in cases where traditional
methods fail to provide clear insights. For example, specific
miRNA signatures have been identified that can differenti-
ate between ALL and other types of leukemia, enhancing di-
agnostic accuracy and enabling earlier intervention [49]. As
prognostic biomarkers, miRNAs are linked to leukemia pro-
gression and treatment responses. They influence critical fac-
tors such as ATP-binding cassette (ABC) transporters, which
play a significant role in drug resistance among ALL patients
[50]. In B-cell acute lymphoblastic leukemia (B-ALL), miR-
NAs can also function as therapeutic targets by regulating
protein expression through mRNA translation. Emerging
technologies, such as miRNA mimics and inhibitors, show
promise for therapeutic applications, although these strate-
gies are still in the early stages of development [51]. The
differential expression of miRNAs between pediatric and
adult ALL underscores the urgent need for further research,
particularly to address the less effective chemotherapy out-
comes observed in adults [52]. Large-scale clinical trials are
essential to validate miRNA-based diagnostics and therapies.
Additionally, deeper insights into the interactions between
miRNAs and immune cells could pave the way for improved
immunotherapy strategies [53]. For instance, researchers
have utilized data from the Chinese Glioma Genome Atlas
(CGGA) to establish miRNA signatures that predict glioma
patient survival, emphasizing the expanding role of miRNAs
in precision medicine [54]. In JMML, where prognosis re-
mains poor despite HSCT, miRNA research offers new in-
sights. Studies have identified downregulated miRNAs such
as miR-150-5p and let-7 that are linked to key signaling
pathways like RAS and GM-CSF. MiR-150-5p acts as a tu-
mor suppressor by targeting STAT5D; its restoration has been
shown to reduce JMML cell proliferation and aberrant signal-
ing [19]. These findings suggest that miRNA-based therapies
could significantly improve outcomes for JMML patients,
paving the way for future clinical applications.

MRD Detection Techniques
Conventional MRD detection methods

MRD detection through phenotyping identifies mutated leuke-
mic progenitor cells in the bone marrow using multiparametric
FCM. This technique compares post-relapse bone marrow sam-
ples with pretreatment leukemic cell immunophenotypes. Flu-
orescently tagged antibodies specific to leukemia markers fa-
cilitate MRD identification. Tracking B-cell maturation through
FCM reveals marker changes between normal and leukemic pre-
B-cell phenotypes. Prognostically, MRD levels below 0.01% (1
MRD cell per 10,000 bone marrow cells) significantly increase
the risk of leukemia relapse, underscoring its clinical relevance
[16]. FCM is utilized to differentiate the immunophenotypes
typical of leukemic cells from normal cells [55].

PCR is a sensitive method for MRD quantification, de-
tecting gene rearrangements, fusion transcripts, and aberrant
genes. Its sensitivity for ALL MRD typically reaches 0.001%.
Real-time quantitative PCR (RQ PCR) tracks DNA amplifica-
tion in real-time using fluorescent probes, while reverse tran-
scription PCR (RT-PCR) processes mRNA to quantify fusion
gene transcripts. Bone marrow samples, collected at treatment
intervals, are the primary source for PCR-based MRD analy-
sis, though peripheral blood can also be used with sensitivity
< 107, Despite being costlier and more labor-intensive than
FCM, PCR remains the preferred method for MRD detection
due to its superior sensitivity [16].

MiRNA profiling techniques

Numerous techniques are utilized for miRNA profiling (Fig. 3).
Microarray analysis, including techniques like array compara-
tive genome hybridization (CGH) and single nucleotide poly-
morphism (SNP) arrays, is used in molecular cytogenetics to de-
tect specific DNA sequences. A microarray contains thousands
of DNA probes that can hybridize with matching DNA sequenc-
es from a patient’s sample, enabling the analysis of vast regions
of the genome. Array CGH compares a patient’s DNA to a ref-
erence genome to identify genomic imbalances, such as copy
number alterations, through fluorescence-based detection. SNP
arrays detect single nucleotide variations, which can be inher-
ited or acquired, with probes identifying both alleles at specific
SNP sites. Microarrays can identify genetic variants like copy
number changes, aneuploidy, and single base mutations [56].

Moreover, microarray chip analysis, which enables ge-
nome-wide gene expression analysis, presents new avenues
for identifying markers for MRD studies [55].

NGS is a powerful technique for sequencing DNA frag-
ments, providing precise data on sequences and variations. It
is particularly effective in detecting MRD in ALL and AML
by identifying epigenetic and clonal alterations with high ac-
curacy. NGS can detect MRD at levels as low as 0.001% to
0.00001%, surpassing the sensitivity of PCR and FCM. The
process involves sonication, restriction enzyme application,
and PCR amplification, followed by sequencing. NGS is also
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showcasing their potential in leukemia diagnosis and monitoring.

valuable in diagnosing and monitoring lymphoproliferative
disorders by sequencing the lymphoid receptor gene reper-
toire, aiding in risk stratification and relapse detection [16, 55].
ddPCR is an advanced technique used for MRD detection,
offering absolute quantification of target DNA. Unlike RQ-PCR,
which provides relative quantification, ddPCR partitions the re-
action mixture into approximately 20,000 droplets, each acting
as an independent reaction chamber. Fluorescence is measured
in each droplet, and the frequency of positive amplifications is
analyzed using the Poisson distribution to estimate template
concentration [57]. ddPCR has demonstrated high sensitivity in
monitoring MRD, particularly in patients post-HSCT. In a study
involving 32 JMML patients, ddPCR detected relapses ecar-
lier than traditional methods, revealing a critical 1- to 3-month
window post-transplantation. Elevated ddPCR-MRD levels
within this period significantly predicted relapse and survival
outcomes, with a cut-off of 0.465% providing prognostic value.
Developed by Vogelstein and Kinzler in 1999 and commercially
available since 2011, ddPCR is more sensitive than RQ-PCR,
detecting MRD down to one blast cell per 10° cells. However, it
is less standardized and requires patient-specific reagents, mak-
ing it more labor-intensive. Despite these challenges, ddPCR’s
ability to provide absolute quantification and its high sensitivity
make it a promising alternative for MRD detection, particularly
in cases where traditional methods may not be sufficient [58].

Comparison With Traditional MRD Monitoring
Methods

Monitoring MRD in JMML is crucial for evaluating treatment

response and guiding clinical decisions. Traditional methods,
such as FCM and PCR-based assays, have been standard for
MRD detection. However, recent advancements suggest that
miRNA signatures could offer a superior approach. These
miRNA signatures are highly sensitive and specific, allowing
for the detection of residual leukemia cells even at low levels.
Importantly, miRNA signatures can identify JMML-associated
miRNAs in patient samples, enabling early detection of dis-
ease recurrence [59].

What distinguishes miRNA signatures is their non-inva-
sive nature. Unlike traditional methods that rely on invasive
procedures like bone marrow aspirates or biopsies, miRNA
signatures can be detected in easily accessible body fluids
such as blood or urine. This provides a less invasive, more
convenient alternative for patients. Additionally, miRNA sig-
natures offer the potential for precision monitoring, tailored to
the unique characteristics of each JMML case, facilitating a
personalized approach to treatment [60].

Table 1 [1-3] provides a comparative overview of these
traditional MRD monitoring methods and miRNA signatures,
highlighting their respective advantages and limitations.

Early MRD detection is critical in preventing relapse, and
miRNA signatures have shown the ability to identify MRD at
carlier stages than conventional methods [61]. Continued re-
search and clinical validation are essential to establish miRNA
signatures as a standard part of routine clinical practice for
JMML.

Understanding miRNA-mediated regulatory networks in
JMML is crucial for improving diagnosis and treatment strate-
gies. Exosomal miRNAs, which are stable and transportable,
have emerged as promising biomarkers for JMML, offering
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Table 1. A Comparative Overview of Traditional MRD Monitoring Methods vs. miRNA Signatures in JMML

Aspect Traditional MRD monitoring methods MiRNA signatures

Methodology PCR-based strategies: e.g., ASO-RQ- NGS-based clonality assays: high-throughput sequencing of
PCR. Immunophenotype-based strategies: Ig rearrangements provides ultrasensitive MRD detection.
MFC for immunophenotyping

Sensitivity Moderate sensitivity (approximately 1 x 10-) Ultra-sensitive detection, capable of identifying

very low levels of residual leukemia cells

Specificity Provides moderate specificity through Identifies specific miRNA patterns associated with
detection of immunophenotypic markers distinct cancer subtypes, grades, and stages

Sample type Typically requires invasive procedures Non-invasive approach using easily

(e.g., bone marrow aspirates)

Clinical utility Well established in clinical practice for

various hematological malignancies

Customization Limited to standardized assays with fixed parameters
Functional Focuses on identifying specific immunophenotypic
insights markers without broader pathway insights

Role in EMT Not directly linked to EMT

Early detection =~ May not detect MRD at very early

stages due to limited sensitivity

Cost and speed  Cost and turnaround time can vary; some methods
may be both time-consuming and expensive.

Recommended Generally, a threshold of at least 10 is

sensitivity required for reliable assessment.

threshold

accessible body fluids (blood, urine)

Shows promise for early diagnosis and improved
prognosis, particularly in breast cancer

Can be tailored to individual patient profiles based

on unique miRNA expression patterns

Provides additional information on miRNA networks and their
roles in oncogenic processes, such as EMT and cellular plasticity
Directly implicated in EMT and cellular

plasticity, playing a role in tumorigenesis

Capable of detecting MRD at earlier stages, offering

a potential advantage in timely intervention

Emerging evidence suggests potential for a more cost-effective
and rapid detection method, though further validation is ongoing.

Studies suggest that thresholds as low as 10" might
correlate with prolonged progression-free survival,
warranting further research and validation.

ASO-RQ-PCR: allele-specific oligonucleotide-real-time quantitative PCR; EMT: epithelial-mesenchymal transition; |g: immunoglobulin; JMML: juvenile
myelomonocytic leukemia; MFC: multicolor flow cytometry; miRNA: microRNA; MRD: minimal residual disease; NGS: next-generation sequencing.

advantages over traditional serum or urine biomarkers due to
their higher stability [62]. Additionally, the let-7 miRNA fam-
ily plays a significant role in JMML pathogenesis, with ele-
vated LIN28B expression, which inhibits let-7, identified in a
fetal-like subgroup of JMML. This highlights a key regulatory
mechanism that could be targeted for therapeutic interventions.
In summary, miRNAs, particularly those in exosomes and the
let-7 family, provide valuable insights into JMML pathobiol-
ogy and offer potential avenues for improved management of
the disease [63].

Impact of MiRNA Dysregulation on Disease
Progression

MiRNA dysregulation plays a critical role in the progression
of various diseases by influencing cellular processes such as
inflammation and oncogenesis [64]. Altered miRNA expres-
sion has been linked to the pathogenesis of numerous diseases,
including cancer, where they act as tumor suppressors or on-
cogenes, impacting tumor development and drug resistance
[33]. Dysregulated miRNAs have shown promise as potential
biomarkers for early disease diagnosis and monitoring. Fur-
thermore, miRNAs are being explored as therapeutic agents
for gene silencing, offering potential for future treatments [65,

66]. Overall, the dysregulation of miRNAs significantly af-
fects disease progression, with ongoing research uncovering
new opportunities for diagnosis and therapy.

Clinical Applications

Prognostic value of miRNA signatures

The potential of miRNA signatures in cancer prognosis has
gained increasing recognition. A signature of 11 miRNAs has
been identified as a prognostic marker, aiding clinicians in tai-
loring treatment plans and predicting cancer outcomes [67].
Additionally, a nine-miRNA immune-related signature has
shown effectiveness in predicting prognosis and immune re-
sponses, which can influence treatment efficacy and disease
progression [68]. Non-invasive blood-based miRNA signa-
tures provide valuable prognostic information, helping pre-
dict disease course without the need for invasive procedures
[69]. Machine learning techniques have also been applied to
miRNA signatures, enhancing the accuracy of prognosis pre-
dictions and aiding in personalized treatment strategies [70].
Circulating miRNAs serve as markers for both diagnosis and
prognosis, offering insights into disease status and treatment
response. A ten-miRNA signature has been shown to be a su-
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perior predictor of prognosis, helping clinicians customize
treatment plans. While miRNA signatures hold significant
promise in cancer research, further research and validation are
needed for their clinical application [71, 72].

Monitoring treatment response using miRNA signatures

Monitoring treatment response through miRNA signatures is a
growing field, with significant implications in cancer therapy
and infectious diseases [73]. MiRNAs have emerged as prom-
ising biomarkers for tracking treatment efficacy. Their versa-
tility has been demonstrated in various biological processes,
making them appealing candidates for monitoring therapeutic
outcomes [74]. Beyond cancer, miRNAs have shown potential
in infectious disease treatment monitoring. They are also being
explored as therapeutic agents, with ongoing advancements in
miRNA therapeutics potentially enhancing their role in treat-
ment response tracking [75, 76]. MiRNAs regulate tumor me-
tabolism, the microenvironment, and immunity, highlighting
their multifaceted roles in treatment response. The potential
of miRNAs as diagnostic and prognostic tools continues to be
investigated, offering hope for improved patient care and treat-
ment management [77, 78].

Personalized treatment approaches based on miRNA
profiles

Tailored therapeutic interventions based on miRNA profiles
are an emerging field within precision medicine that aims to
customize healthcare based on individual patient characteris-
tics [79]. They can identify diseases through unique miRNA
profiles and potentially treat conditions by targeting specific
miRNAs involved in disease pathways [80]. Accurate miRNA
profiling is vital for effective personalized treatment, with
tools like “mirTools” aiding in identifying relevant signatures.
In cancer, recognizing specific miRNA profiles is especially
important, as they can guide personalized treatment strategies,
as seen in the case of colon cancer, where specific miRNA
profiles may lead to tailored therapies [81]. This technique is
expected to be effective in JIMML as well.

Challenges and Future Directions

The field of miRNA profiling has advanced significantly, yet
challenges remain in standardizing techniques. Variations in
profiling methods, including microarrays, RNA sequencing,
and quantitative PCR, can affect sensitivity, specificity, and
data normalization, making cross-study comparisons diffi-
cult [82, 83]. To address these challenges, the development of
bioinformatics tools for data processing, along with a deeper
understanding of miRNA biogenesis, is essential. Overcom-
ing these issues is critical for miRNAs to realize their poten-
tial as disease biomarkers and tools for integrating precision
medicine data into clinical decision-making, which has a
promising development in precision medicine [84]. MiRNAs

are implicated in various diseases, including cancer and car-
diovascular disorders, and understanding their biogenesis and
roles in health and disease is crucial. Bioinformatics tools aid
in the analysis of miRNA data, enabling researchers to predict
miRNA targets and assess their functional roles [85]. Machine
learning is applied to identify disease-associated miRNA sig-
natures, offering new possibilities for personalized treatment,
particularly in cancer prognosis [84].

Longitudinal studies are crucial for the dynamic roles of
miRNAs, particularly in the context of disease progression and
response to treatment in cancers.

Technological advancements, such as high-throughput
sequencing and technologies, have significantly improved
the sensitivity and specificity of MRD detection. NGS allows
comprehensive analysis of miRNA profiles, enabling the de-
tection of low-abundance miRNAs that may indicate MRD
in hematological malignancies. However, large-scale clinical
trials are needed to validate miRNA-based assays for MRD
detection and establish their routine clinical use [86, 87].

Protocols are standardized for miRNA extraction, quan-
tification, and analysis to ensure reproducibility and consist-
ency across different laboratories. This standardization is
necessary for the clinical application of miRNA profiling in
MRD detection. Combining miRNA data with other omics
data, such as genomics and proteomics, enhances the MRD
detection. This multi-omics approach provides a more com-
prehensive view of disease molecular underpinnings and sup-
ports better-informed treatment decisions. The integration
of ctDNA analysis with miRNA profiling further improves
MRD detection by providing complementary insights into
tumor biology [88].

In pediatric malignancies like JMML, miRNAs may be
used as early prognostic markers, potentially predicting relapse
and guiding treatment decisions. Longitudinal monitoring of
miRNA levels can aid in early detection of relapse, improv-
ing patient outcomes. Exploring miRNA-based therapies, such
as miRNA mimics or inhibitors, could offer new avenues for
treatment, particularly when combined with existing therapies
to enhance efficacy and reduce relapse risk [89, 90].

Overall, the integration of miRNA into MRD detection
and its application in hematological malignancies, including
JMML, represents a significant advancement in disease man-
agement [91, 92]. Continued research, clinical validation, and
standardization are essential to fully realize the potential of
miRNA-based approaches in precision medicine.

Ethical Considerations

In miRNA studies targeting JMML, ensuring patient privacy
and informed consent is essential [93]. Ethical guidelines, such
as those from the European Leukaemia Net (ELN), empha-
size transparency, confidentiality, and participant anonymity.
As miRNA research progresses, researchers must adapt their
ethical practices to emerging technologies and maintain com-
pliance with data protection laws [94, 95].

Regarding intellectual property rights (IPR) and commer-
cialization, miRNA-based diagnostics and therapies for IMML
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are gaining importance [96]. While specific discussions on
IPR in JMML are limited, related studies on pediatric cancers
and RNA therapies highlight the potential for patenting miR-
NA-based tools [97]. The integration of miRNAs into cancer
treatments raises commercialization concerns, including pat-
enting and the transparency of prediction models [98]. Future
research will be key in addressing these IPR issues as miRNA
technologies continue to evolve.

Conclusion

MiRNA signatures hold significant potential as sensitive
biomarkers for MRD detection and monitoring in JMML.
These small non-coding RNA molecules play critical roles
in gene regulation and exhibit both oncogenic and tumor-
suppressive functions. In JMML, dysregulated miRNA ex-
pression impacts disease progression and clinical outcomes.
The identification of specific miRNA signatures correlates
with molecular subgroups of JMML, offering promise for
personalized, non-invasive MRD monitoring. While current
research shows that miRNAs can detect MRD earlier than
traditional methods, further validation is required for clinical
implementation.

Ethical considerations, such as patient privacy and in-
formed consent, remain critical in miRNA research, while IPR
and commercialization will drive advancements in miRNA-
based diagnostics and therapies. The integration of miRNA
signatures with other technologies, such as single-cell se-
quencing, could provide deeper insights into JMML biology
and improve treatment strategies. Despite promising prospects,
miRNA-based MRD monitoring requires standardization and
clinical validation to ensure broader adoption.

In conclusion, miRNA signatures offer exciting pos-
sibilities for enhancing the clinical management of JMML,
improving early detection, treatment monitoring, and patient
outcomes. Continued research and validation will be key to
realizing their full potential in clinical practice.
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