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presents a comprehensive study integrating ncRNA biology and Wnt-driven leukemic development in
order to identify crucial insights into disease vulnerabilities and future research initiatives.

Non-coding RNAs
Drug resistance

Introduction factors, genes involved in relevant signaling pathways (i.e.,

Leukemia pathogenesis begins when somatic genetic and
epigeneticalterations accumulate in hematopoietic stem or
progenitor cells, leading to unrestricted proliferation and
abnormal differentiation."” These molecular alterations
disrupt normal cellular processes, including growth,
survival, and apoptosis, which leads to an expansion of
transformed clonal hematopoietic cells that infiltrate
the bone marrow and peripheral blood.”” Common
leukemogenic drivers include recurrent chromosomal
abnormalities, such as translocations observed in chronic
myeloid leukemia (CML) and acute lymphoblastic
leukemia (ALL) that generate oncogenic fusion genes.*”
Although there are recurrent mutations that create
oncogenic fusion genes, some of the most common
mutations occur in inherited mutations, transcription

FLT3, RAS), or epigenetic modifications that are referred
to as mutational events (i.e., mutations to DNMT3A,
TET2). These and other mutations likely contribute to
the varied genomic diversity of acute myeloid leukemia
(AML) and other myeloid neoplasms.?** The proliferative
and survival advantages of the leukemic cells is derived in
part from a dysregulated bone marrow microenvironment
that promotes a supportive niche, that enables leukemic
cell proliferation and drug resistance."” Understanding
the interplay between intrinsic genetic alterations and
the extrinsic environmental factors is needed to clarify
the pathways within the clonal expansion of leukemic
transformation and to develop a targeted therapeutic
approach to treating the diverse threats presented by
chronic and acute leukemias.**
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The Wnt signaling pathway, which is a well-conserved
pathway that is essential for normal hematopoiesis and
embryonic development, plays a complicated role in the
development of leukemia. Aberrant activation of Wnt
signaling due to loss of regulation is one of the most
common events in various types of leukemia. Activation
of the Wnt pathway can promote the self-renewal,
survival, and proliferation of leukemic cells.”® Canonical
Wnt/B-catenin activation is thought to enhance LSC
maintenance, which has important implications with
disease initiation, progression, and relapse particularly
in acute myeloid leukemia.* Wnt signaling may also
modulate the bone marrow microenvironment creating a
niche that supports leukemic cell survival or proliferation,
thereby enabling persistence and resistance. ” Beyond the
potential direct effects of Wnt signaling in leukemic cells,
little is known about how it contributes to the complex
roles the Wnt signaling in stem cell biology and acute
leukemia development. Nevertheless, targeting this
pathway may open new avenues for developing treatments
for this challenging disease.®’

ncRNAs have been shown to be significant regulatory
factors in the Wnt signaling pathways in leukemia,
contributing to an intricate network of factors that
profoundly influence disease development

ncRNAs have been shown to be significant regulatory
factors in the Wnt signaling pathways in leukemia,
contributing to an intricate network of factors that are
profoundly influence disease development.

miRNAs, a class of ncRNAs, are most often considered
in targeting Wnt components. For example, in chronic
lymphocytic leukemia (CLL), miRNAs have been shown
to target intrinsic regulators of WNT signaling, and in
CML, the expression of sFRP1 can promote miRNAs that
target Wnt signaling.'®!

Similarly, long non-coding RNAs play roles in CML,
with IncRNA SNHG1 promoting acute myeloid leukemia
cell proliferation by regulating the miR-489-3p/SOX12/
Wnt/B-catenin axis.'? Certain circRNAs, such as hsa_
circ_0121582, can suppress leukemia development by
antagonizing Wnt/p-catenin signaling.'* Other complex
interactions have emerged, demonstrating that ADAR1's
activity is critical for acute myeloid leukemia cell
survival. It achieves this by inhibiting miRNA biogenesis,
which regulates post-transcriptional WNT signaling.'
Understanding these reciprocal regulatory relationships
between ncRNAs and Wnt signaling offers valuable
opportunities to identify new therapeutic targets for
leukemia. This narrative review will provide a thorough
synthesis of the current understanding of the complex
relationship between ncRNAs and the Wnt signaling
pathway in leukemia. We will address how ncRNAs
regulate Wnt signaling and vice versa, as well as the
impact of Wnt activation on ncRNA expression. A better
understanding of the regulatory complexity of ncRNAs

and the Wnt signaling pathway provides greater insight
intoleukemia pathogenesis of and aids in the identification
of novel diagnostic biomarkers and therapeutic targets.

The Wnt signaling pathway in leukemia: An overview
Canonical Wnt/f-catenin pathway

The canonical Wnt/B-catenin pathway is a central
signaling pathway regulating important functions
during embryonic development, tissue homeostasis, and
stem cell maintenance, including hematopoietic stem
cells.”>'® Careful regulation of the pathway is essential,
as its inappropriate activation is linked to various
diseases, particularly hematological malignancies such
as leukemia.’*!” The pathway begins with the binding of
secreted Wnt ligands to transmembrane Frizzled (FZD)
receptors and low-density lipoprotein receptor-related
protein (LRP5/6) co-receptors expressed on the cell
surface. This binding activates downstream signaling
pathways that subsequently result in inhibition of a large
cytoplasmic "destruction complex" composed of Axin,
adenomatous polyposis coli (APC), glycogen synthase
kinase 3 beta (GSK3), and casein kinase 1 alpha (CKla).
In the absence of stimulation with Wnt ligands, this
destruction complex phosphorylates p-catenin, tagging
it for ubiquitination and degradation by the proteasome,
keeping cytoplasmic pB-catenin levels low. Once cells
signal through the Wnt pathway, the destruction
complex is disassembled or inactivated, and PB-catenin is
allowed to accumulate in the cytoplasm. Once stabilized,
catenin enters the nucleus, where it binds to TCF/LEF
transcription factors. This interaction transforms TCF/
LEF from transcriptional repressors into activators,
inducing the expression of many Wnt target genes that
are involved in cell proliferation, survival, differentiation,
and self-renewal, including c-MYC and CCND1 (Cyclin
DI1)."?

In hematologic neoplasms, particularly leukemia,
the dysregulation of the Wnt/B-catenin pathway is an
important oncogenic event.’>” This aberrant activation
helps sustain both uncontrolled proliferation and
survival of leukemic cells and plays an important role in
sustaining the self-renewal potential of leukemia stem
cells (LSCs), which promote initiation, progression, and
relapse of these diseases.''” For example, in AML, the
Wnt/B-catenin pathway is often constitutively active
and contributes to the aggressive nature of the disease
and therapy resistance, as this pathway often acts
downstream of enhancer regions in regularly activated
signaling pathways. This hyperactivation can be the result
of many potential mechanisms, including mutations in
various components of the pathway (e.g., APC, AXINI,
CTNNBI1 (B-catenin)) and/or the overexpression of
Wnhnt ligands or receptors.” In addition, the stability and
activity of B-catenin are more than simply transcriptional.
It can interact with conventional RNA-binding proteins
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(RBPs), including Musashi-2 (MSI2), to co-occupy a Wnt
signaling mRNA network in myeloid leukemia cells. This
network regulates important post-transcriptional gene
programs required for leukemogenesis.*®

Such a broad regulatory role suggests that -catenin
regulates not only transcription butalso mRNA processing
and translation, reinforcing our view of it as a central
player in myeloid leukemias. Similarly, in T-cell acute
lymphoblastic leukemia (T-ALL), the Wnt/p-catenin
pathway is often hyperactivated, sometimes alongside
other oncogenic pathways such as PI3K/Akt/mTOR,
leading to dysregulated cell proliferation and survival."”

Overall, the Wnt/B-catenin pathway represents a
promising therapeutic target in leukemia due to its
central role in promoting leukemic cell proliferation
and maintaining stem cell identity.””* Potential
agents targeting the Wnt/P-catenin pathway are under
development, preclinical studies are beginning to show
promising results. For instance, the multi-CDK inhibitor
dinaciclib has been shown to reverse resistance to bromo-
and extra-terminal domain (BET) inhibitors in acute
myeloid leukemia by inhibiting Wnt/p-catenin signaling.
This suggests that combining dinaciclib with other
agents could enhance therapeutic efficacy against AML."
Understanding of the complex mechanisms by which
Wnt signaling becomes dysregulated and contributes
to leukemic transformation continues to grow. Further
discoveries of its interactions with cellular processes
and critical regulators, including RBPs, may enable the
development of targeted therapies for these challenging
hematological malignancies.'>'®

Non-canonical Wnt pathways

Thenon-canonical Wnt signaling pathway, which includes
the distinct Wnt/PCP (planar cell polarity) and Wnt/p-
catenin pathways, is increasingly recognized as important
in the development of leukemias and other hematological
malignancies. Although the evidence is rapidly emerging,
the distinct B-catenin-independent cascades may provide
therapies typically targe Wnt signaling when altered in
the context of hematological malignancies.

Within the context of adult T-cell leukemia/lymphoma
(ATL), a very aggressive malignancy caused by human
T-cell leukemia virus type 1 (HTLV-1) infection, Wnt5a
is aberrantly overexpressed contributing to the malignant
phenotype.?® Wnt5a, as an important ligand involved in
non-canonical Wnt signaling, has been shown to enhance
ATL cell proliferation and survival, and possibly prevent
apoptosis.” These reports imply, targeting the Wnt5a-
mediated non-canonical cascade may be an avenue
for significantly reducing or blocking oncogenesis by
controlling major malignant attributes associated with
ATL>

Additional information pertaining to non-canonical
pathway regulation in leukemia stems from studies

in CML. For example, Dvl (dishevelled) proteins are
important cytoplasmic scaffold proteins that differentially
regulate canonical and non-canonical Wnt signaling
pathways. #* Studies have also shown that Dvl proteins
modulate the expression of several other important
proteins (e.g., in CML cell lines, we have previously
identified pathways for Dvl, including SMADI, Aryl
Hydrocarbon Receptor (AHR), mammalian target of
rapamycin  (mTOR), and Bromodomain-containing
protein 7 (BRD7)). ?! Such studies suggest a complex
relationship where Dvl-mediated non-canonical Wnt
signaling might functionally crosstalk with other
survival and proliferation-relevant signaling pathways,
such as mTOR, a central regulator of cell growth and
metabolism.?* Dvl proteins allow integration of several
distinct targets and pathways, reflecting the complex
nature of the regulatory network controlled by non-
canonical Wnt signaling and implications for therapeutic
targeting of CML.”

Together, these findings show the importance of non-
canonical Wnt signaling in leukemia. The potential
contributions of specific ligands, like Wnt5a, to ATL
and Dvl proteins, indicate the contribution of this
pathway in disease progression. Targeting these aberrant
mechanisms of non-canonical Wnt signaling, either
by inhibition of Wnt5a and its signaling or by reducing
the contribution of Dvl proteins, represents a potential
avenue for new targeted therapies for various leukemias.
Fig. 1 illustrates the canonical and non-canonical Wnt
signaling dysregulation in leukemias.

ncRNAs in leukemia: Classification and roles

The molecular biology landscape in cancer has undergone
a paradigm shift with the discovery of ncRNAs being key
modulators of transcription and cellular activities. The
ncRNAs were long regarded as transcriptional noise,
and are, in fact, not protein-coding. Until recently,
the roles of ncRNAs in health and disease were largely
misunderstood, but they have now been shown to have
diverse and significant roles, including the initiation,
progression, and response to therapy of a multitude of
malignancies. Leukemia, a complex and heterogeneous
group of hematological malignancies characterized by
excessive and uncontrolled proliferation of aberrant
blood cells, represents a robust area where ncRNAs play
significant roles. 2 Dysregulation of ncRNAs is directly
associated with deregulation of transcriptional and
other key oncogenic signatures that affect on programs
regulating  cellular  proliferation, differentiation,
apoptosis, and the immune microenvironment.?>*
The present section will first classify the major types of
ncRNAs associated with leukemias and provide a brief
overview of their roles, which may be characterized and
utilized as diagnostic and prognostic biomarkers and
new therapeutic targets.
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Fig. 1. Overview of Canonical and Non-Canonical Wnt Signaling Pathways and Their Therapeutic Targets. The Wnt signaling pathway splits into two
main branches, continuing with the canonical (B-catenin-dependent) pathway (left) and the non-canonical (8-catenin-independent) pathway (right). For
the canonical pathway, Wnt ligands bind to Fzd receptors and LRP5/6 co-receptors, subsequently recruiting dishevelled (Dvl) and inhibiting the B-catenin
destruction complex consisting of APC, Axin, CK1, and GSK3p. The inhibited B-catenin is stabilized, translocates into the nucleus, and activates gene
transcription in complex with LEF1/TCF. Several upstream target inhibitors of the canonical Wnt signaling pathway are presented, including BHQ880,
DKN-01, and DKKs, which all inhibit the interaction between Wnt-LRP, BC2059, and CWP232291. They take a different approach and interrupt B-catenin
instead; PRI-724 is able to interrupt B-catenin signaling without blocking its interaction. The non-canonical pathway works in a B-catenin-independent
manner and uses different co-receptors, for example, ROR1/2. Binding of Wnt activates the downstream effectors through Dishevelled and activates the
Wnt/Ca?* pathway (through PLC, PKC, and NFAT) and the planar cell polarity (PCP) pathway (through Daam1, RhoA, Rock, and JNK), ultimately affecting
cytoskeletal dynamics and gene expression. Cirmtuzumab is an anti-ROR1 therapeutic antibody directed against this non-canonical pathway. The remaining
extracellular regulators are sFRPs and WIF that sequester Wnt ligands, Norrin (a different ligand for Fzd), RSPO (potentiates Wnt signaling through
LGRA4/5), and ZNFR3 (a negative regulator of receptor availability). Therapeutic inhibitors are represented with the pill icons, as are some components of
specific pathways, and we've used colors for clarity. The figure was generated by Adobe lllustrator 30.0.0.123 software.

Classification of ncRNAs in leukemia
ncRNAs can be classified into broad categories depending
on their size and structure. The most studied non-coding
RNAs in the setting of leukemia are miRNAs, IncRNAs,
and circRNAs.
miRNAs
MicroRNAs are a class of short (generally 19-25
nucleotides), evolutionarily conserved ncRNAs, and
they post-transcriptionally regulate gene expression.*
miRNAs execute gene regulation by base pairing with the
complementary sequence, mostly in the 3' untranslated
regions (3'UTRs) of their target messenger RNAs
(mRNAs), which ultimately leads to either translational
repression or mRNA destruction.® miRNA biogenesis
involves multiple enzymes from the generation of miRNA
transcripts to the formulation of mature and functional
miRNAs, including Drosha and Dicer, for example.
MiRNAs are often dysregulated in leukemia, either
as onco-miRs or as tumor suppressors.”** For instance,

the miR-15a/miR-16-1 cluster, which is located in the
DLEU?2 locus, is often deleted or downregulated in CLL,
which accounts for uncontrolled cell proliferation and
apoptosis suppression, thus demonstrating their tumor-
suppressive role.”*** undoubtedly, some other miRNAs
are found to be aberrantly upregulated in leukemia
and would promote leukemogenesis. An example of
this is miR-125b, which has been observed to promote
and accelerate  PML-RARa-mediated murine acute
promyelocytic leukemia (APL),”” which is a subtype of
AML. MicroRNA-22 (miR-22) has been shown to have a
complex role in leukemia, with involvement in apoptosis,
proliferation, and therapeutic response, and has even
been assessed for prognostic significance in leukemia
patients.”**” In AML, miR-185-5p has demonstrated the
ability to inhibit leukemic cell growth by suppressing
GPX1.** Additionally, engineered mesenchymal stem cell
exosomes containing miR-34c-5p have been successful
in selectively facilitating the destruction of acute myeloid
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leukemia stem cells (LSCs), establishing the potential
therapeutic implications of miRNAs.*! In the case of acute
ALL, miR-126 is associated with a subset of quiescent and
chemoresistant human B-ALL cells that correspond with
minimal residual disease,* and the inhibition of miR-126
has been implemented in specific Ph+ ALL studies.”
IncRNAs

LncRNAs are ncRNA molecules longer than 200
nucleotides and are not translated into proteins. Although
IncRNAs are not protein-coding molecules, they are
structurally diverse and exhibit functional specificity
through their effects on gene regulation, including
chromatin remodeling, transcriptional regulation, post-
transcriptional modification, and competing endogenous
RNAs (ceRNAs).? Unlike miRNAs and other ncRNAs,
the functional mechanisms of IncRNAs are highly context
dependent (e.g., act as scaffolds that recruit protein
complexes to specific genomic regions, serving as decoys
that absorb transcription factors, or absorbing miRNAs
or their targets).>*

LncRNAs continue to show their potential to be relevant
to the pathogenesis, progression, and drug resistance in
leukemia.”**** A common characteristic among diverse
subtypes of leukemia is the dysregulation of IncRNAs.>**
For example, some IncRNAs in stem cells are known to be
involved in the development of leukemia, suggesting their
role in maintaining the malignant stem cell phenotype.*
LncRNAs can modulate treatment outcomes in leukemia,
with evidence in studies of their involvement in drug
resistance mechanisms.’®” In the case of AML, some
IncRNAs, such as LINC00987 (IncRNA), have been
shown to reverse adriamycin drug resistance by changing
the regulation of the miR-4458/HMGA2 axis.** Other
IncRNAs, such as XIST, have been reported to affect AML
cell function via the miR-142-5p-PFKP axis.” The IncRNA
HOTAIRMI1 (HOX antisense intergenic RNA myeloid 1)
from the HOXA cluster regulates myeloid differentiation;
the dysregulation of this IncRNA is involved in AML.*
LncRNAsin ALL have also been shown to regulate cellular
traits essential for leukemogenesis.** The bone marrow
osteoblast mesenchymal stromal cell exosomes have
recently also been studied as a component of the bone
marrow microenvironment, with reports on biologically
relevant IncRNAs transferring via exosomes to regulate
myeloid cells.*
circRNAs
Distinct from linear versions, circular RNAs are a new
type of ncRNA with covalently closed loop structures that
do not have 5' caps or 3' poly(A) tails, and hence they are
connected to unique aspects of mRNA metabolism and
gene regulation.”® Circular RNAs’ unique structure and
closure make them particularly resilient to degradation
by exonucleases.”” CircRNAs are believed to be generated
by backsplicing when a downstream 5' splice site is joined
with an upstream 3' splice site.*

Early research has shown that circRNAs likely play
a significant role in the development of leukemia and
leukemia progression.”**”* The primary function of
circRNA is often thought to be "miRNA sponges,"
where circRNAs sequester miRNAs with the effect of
derepressing miRNA target genes.* Circular RNAs
have been extensively studied in AML; it was shown that
circRNAs can be interplay with oncogenic and tumor-
suppressive functions by sponging miRNAs that can be
oncogenic or tumor-suppressive.'®*

CircPVT]I, for example, has been described to support
AML malignancy, with MEF2A as its transcription factor.
Although circRNAs and untranslatable regions (UTRs)
are emerging in our understanding of acute myeloid
leukemia, they've gained attention in the context of
disease progression.* The circRNAome of childhood ALL
has been defined, providing subtype-specific expression
profiles and indicating involvement in specific fusion-
driven leukemias such as TCF3/PBX1 ALL.* circRNAs
can also bind directly to RNA-binding proteins, act as
scaffolds for proteins, or even be translated into small
peptides in certain contexts, but most of the research
in leukemia has focused on circRNA activities as
ceRNAs as compared to other interactions with cellular
components.** The concept of ceRNAs, which include
IncRNAs and circRNAs, builds and integrate an even
more complex regulatory network in AML that has
biologically and clinically relevant implications.*® Table 1
summarizes the ncRNAs in leukemia biology.

The interplay: ncRNAs as modulators of Wnt signaling
in leukemia

The Wnt/f-catenin signaling pathway is a major regulator
of cellular proliferation, differentiation, and survival.
In hematological malignancies, such as leukemia,
dysregulation of this pathway contributes to disease
initiation, progression, and therapy resistance. Recently,
a growing body of evidence has established that ncRNAs,
such as miRNAs, IncRNAs, and circRNAs, can play a role
in regulating Wnt signaling and thereby contribute to
leukemogenesis. In this section, we review the emerging
literature describing how ncRNAs regulate the Wnt/B-
catenin axis in various forms of leukemia, including
mechanistic insights and potential therapeutic directions.

miRNAs as modulators of Wnt signaling in leukemia

Although most studies characterize miRNAs as regulators
of Wnt/B-catenin signaling in leukemia, limitations
remain in the reported outcomes, mechanisms of
action, and context-specific finding. For example, miR-
155 is frequently reported as an oncogenic activator
of Wnt signaling in ALL and AML drug resistance.”**
However, it is established in other contexts that miR-155
has immunomodulatory, or even tumor-suppressive,
activities. Furthermore, these studies do not usually
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Table 1. The role of ncRNAs in leukemias

ncRNA Leukemia type Function/Mechanism Clinical relevance Ref.
uc.112 Childhood T/B-ALL Overexpressed in T-ALL vs B-ALL Potential diagnostic marker 1
SNHG family AML Multiple members associated with prognosis Prognostic biomarkers 2
GAS5 AML Polymorphism impacts hematopoietic recovery ~ Poor prognosis in Chinese AML patients 53
waasawan et een See e
ZEB2-AS1 AML Sponges miR-122-5p - activates PLK1 pathway  Promotes proliferation, inhibits apoptosis 6
TUG1 AML Upregulation promotes proliferation via AURKA  Correlates with poor prognosis 5759
HOXA-AS2 AML il::;r;?:jig;z:gh RNA-seq, correlated with Potential prognostic biomarker 60
HOXB-AS3 AML, MDS | Promotes proliferation Adverse prognostic factor 61-63
LINC00152 AML Sﬁg::gf;lii?ak::eia stem cell self-renewal and Therapeutic target o4
LINC00641 AML miR-378a/ZBTB20 axis Enhances proliferation and migration 65
LINC00662 AML Sponges miR-340-5p to activate ROCK1 Contributes to malignancy 66
LINCO1268 AML ;;‘;r/“scggi growth, suppresses apoptosis viamiR- o o i o rer 67,68
LINCO0899 AML Detected in serum Novel biomarker 9
LINC00987 AML Sponges miR-4458 - regulates HMGA2 Overcoming drug resistance a0
UCA1 AML, APL Induced by C/EBPa-p30, sponges miR-126 Promotes proliferation, diagnostic marker 7071
NEAT1 ALL Sponges miR-335-3p Related to poor prognosis =
CCAT1 AML Acts as ceRNA | Regulates growth and differentiation 7
HOTAIR AML Demethylates HOXAS via Dnmt3b inhibition Tumor suppressor function when silenced B
KIAA0125 AML High expression profile Distinct clinical characteristics 7
CASC1S AML thdeunc:;sz IDH mutations, maintains immature pathogenic role s
IRAIN CML LZ::;:;::LF-KB/CDM = Overcomes imatinib Therapeutic relevance 76
BLACE B-ALL Diagnostic ncRNA Biomarker candidate 77
RP11-252C15.1 B-ALL Hallmark of leukemogenesis in children Prognostic marker 8
AC002454.1 Pediatric AL Clinical relevance under investigation Diagnostic/prognostic potential I
MBNL1-AS1 AML High expression correlates with prognosis Prognostic value 80
DLEU2/DLEU2L CLL, AML, Tumor suppressor, modulates chemo-resistance  Epigenetically silenced in CLL 81-83

IRF2-3 / KIAA1755-4

Pancreatic Cancer
CLL

High expression = poor prognosis

Lnc-223 AML Host of miR-223, acts as ceRNA to induce IRF4
KCNQ10T1 AML Retracted due to data issues
CASC15 AML Associated with IDH mutations
AML, CLL, BM . . .
circRNAs Regulate gene expression, epigenetics

Various miRNAs (e.g.,
miR-335-3p, miR-126)

microenvironment

AML, ALL, CML

Modulated by IncRNAs such as MALAT1, NEAT1,
UCA1

Prognostic indicators
Regulatory role in AML development
N/A

Maintains stem-like state

Potential therapeutic targets

Drug resistance, survival, differentiation

88-90

55,91-93

address how the leukemia lineage, pro-inflammatory
signals, and/or mutational background may influence the
miR-155 effects on Wnt signaling, leaving many questions
about the functional role of miR-155. Claims regarding
miR-370-3p* and miR-222-3p*® describe them as an
inhibitor and an agonist of Wnt signaling, respectively,
yet still leave the question of whether Wnt modulation
is actually necessary or sufficient to drive these anti-
leukemic or pro-leukemic effects. In most of these studies,
involvement of the Wnt pathway was inferred only from

changes in P-catenin expression and/or Wnt reporter
activity, while functional rescue of Wnt pathway activity
following miRNA perturbation has been demonstrated
only rarely.

A further key limitation is the recurring assumption
that miRNAs act via single targets (like USP48 for
miR-26b-5p”” or SOX15 for miR-1294%). Because of
miRNAs’ pleiotropic tendency, such models are almost
certainly incomplete and do not necessarily address the
resulting contribution of Wnt signaling to phenotype
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generation and treatment responses. For example, with
the miR-99a/100~125b tricistron,” which modestly
seems to balance TGFP-Wnt signaling, additional broad
transcriptional, metabolic, and epigenetic consequences
are not explicitly considered. Most data, if not all, are
generated from leukemia cell lines and lack widespread
verification in primary patient samples or in in vivo
studies, and whether miRNA-Wnt associations and
regulatory mechanisms persist in the varying structural
or biological conditions of leukemia remains unclear.
Furthermore, it is currently unclear if “miRNA-Wnt
signatures” exist across leukemia lineages or states of
resistance, or if they can be identified as stable therapeutic
or diagnostic markers.

IncRNAs: Multifunctional regulators of the Wnt pathway
Studies looking at IncRNAs have led to a similarly complex
and inconsistent picture around their modulation of
Wnt signaling. Most studies examined IncRNAs such
as SNHGIL,'™ LINC00909,"”" and DUXAP8' through
ceRNA-based models, wherein they were assumed to
predict modulation of Wnt activity by sequestering a
single miRNA, but to generate a functional ceRNA model
for an IncRNA, the functional abundance of the IncRNA
compared to its targeted miRNA must be known. When
examining the efficiency of ceRNA models, relative
abundance is often estimated based on qPCR testing of
patient samples, rather than measuring the abundances
of IncRNA and competing miRNAs directly in patient-
derived leukemia cells. Therefore, the biological
plausibility of ceRNA-mediated Wnt modulation is
unclear in most of the cases reported. In addition,
other potential IncRNA functions, including chromatin
remodeling, scaffolding functions, or direct interactions
with Wnt signaling proteins, are rarely accounted for
in many of the studies reported, even though IncRNA
scaffolding effects and roles in chromatin regulation have
clearly been demonstrated in other cancer types.

These methodological limitations are particularly
concerning when interpreting both metabolic and
Wnt interactions mediated by IncRNA. For example,
DUXAPS8' is said to inhibit glycolysis due to Wnt
inhibition, while HOTAIRMI1 appears to promote
glycolytic flux as a result of Wnt activation in AML.”>'®®
Together, these observations suggest that there is no
universally applicable mechanistic model connecting
Wnt signaling to metabolic modulation in leukemia.
This raises the possibility that other microenvironmental
or genetic determinants specify how Wnt is integrated
into metabolic processes. LncRNAs such as HOTTIP'™
and LEF-AS1' have been identified as regulators of
hematopoietic progenitor function, but their direct
involvement in Wnt signaling is not well supported.
Therefore, their involvement in Wnt signaling may allow
for alternative explanations, such as regulating chromatin

topology or competing for transcription factors.

Addingto theselimitations is the restricted experimental
framework of most studies. Many studies rely on either
single leukemia cell lines or artificial overexpression
systems, which do not fully recapitulate the biological
complexity of IncRNA-Wnt interactions. In addition,
thereisa paucity of validation in patient-derived xenografts
(PDX) or longitudinal patient cohorts, thus precluding
any determination about whether IncRNA-mediated Wnt
regulation plays a role in disease initiation, progression,
or relapse. Finally, a fundamental unanswered question
is whether Wnt-regulating IncRNAs serve as universal
modulators across all leukemia subtypes or whether
their impact is largely determined by transcriptional and
mutational contexts that are subtype-specific.

circRNAs: New players in Wnt pathway regulation
While there is extensive evidence of miRNA and IncRNA
involvement in Wnt signaling, circRNA research is still in
its infancy. Most evidence of circRNA involvement in Wnt
signalinghasnotbeen mechanisticin natureand has mainly
described the role of circRNAs in regulation. For example,
hsa_circ_0121582,'% circ-CBFB,'”” and circNPM1'*® are
reported to regulate Wnt signaling primarily through
miRNA sponging, while a wider spectrum of circRNA
activity—including protein sequestration, alteration of
receptor localization, transcriptional regulation, and
translation into peptides—has not been considered in
leukemia. Further, while the bulk of circRNA activity is
considered to be "predominantly” in the form of miRNA
sponging, the complexity more likely arises through
additional mechanisms.

Conversely, many studies suggest Wnt activation via
increased levels of receptors, such as FZD3 or FZD5,
as cited for circ-CBFB'” and circNPM1.'”® However,
receptor upregulation does not necessarily reflect
activation of canonical Wnt/B-catenin signaling. In
addition, Frizzled receptors also function in non-
canonical Wnt pathways, making it unclear whether the
phenotype observed is a direct result of canonical Wnt
activation and functionally unrelated to FZD receptor
input. Even critical aspects of circRNA biology—i.e.,
circRNA localization, copy number per cell, and
stoichiometric potential to sequester miRNAs—are
often not measured, leading to challenges in determining
whether proposed Wnt regulatory functions induce
physiologically relevant changes.

Furthermore, the field lacks clarity on whether
circRNA-mediated Wnt signaling regulation is unique to
leukemic stem cells, a feature of drug-resistant subclones,
or a general property of malignant hematopoiesis.
Determining this is crucial for establishing whether
circRNAs can serve as therapeutic targets or biomarkers.
Table 2 summarizes the recently recognized effect of
ncRNAs on Wnt signaling in leukemia.
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Table 2. ncRNAs affecting Wnt signaling in leukemias

ncRNA Type ncRNA name Target(s)/Pathway Effect on Wnt signaling Leukemia type Ref.
miR-155 Wnt regulators Activates ALL, AML 76,94
miR-370-3p PDLIM1 Inhibits CML %
miR-222-3p Axin2 Activates AML 9%
miR-26b-5p USP48 Inhibits AML 97
miR-1294 SOX15 Activates ALL %
miR-301b-3p FOXF2 Activates AML 109
miR-181a-5p Unknown Activates ALL 10
miRNA miR-221 Unknown Activates ALL L
miR-29b Spl/FUT4 Activates AML 12
miR-92a Unknown Activates MDS 13
miR-187-5p DKK2 Activates ALL 114
miR-136 MCL1 Activates LPS-treated leukemia model s
miR-34b HSF1 Inhibits AML 16
miR-625 Unknown Activates AML 101
miR-607 FzD3 Activates CLL 107
SNHG1 miR-489-3p/SOX12 Activates AML 100
LINC00909 miR-625 Activates Pediatric AML 101
DUXAPS8 Wnt/Glycolysis genes Inhibits AML 102
CRNDE P-gp/Wnt Activates AML 17
LncRNA
HOTAIRM1 PFKP Activates AML 7
LOC101928834 Unknown Activates MDS %
HOTAIR Unknown Activates Mouse leukemia model 18
LINP1 HNF4a/AMPK/WNT5A Activates AML 1
hsa_circ_0121582 Unknown Inhibits Leukemia 106
circRNA
circ-CBFB miR-607/FZD3 Activates CLL 107

ncRNAs and Wnt-mediated drug resistance in leukemia
While ncRNAs have been implicated in Wnt-driven
chemoresistance, there remains a lack of a robust
framework to better understand this relationship. The
relationship between miR-155 and drug resistance in
ALL* and the relationship between HOTAIRMI and
resistance to cytarabine or daunorubicin in AML'® have
been linked to Wnt/B-catenin activation. However, few
studies indicate that direct inhibition of Wnt signaling
can reverse resistance without concomitant assessment
of the ncRNA component. This is a substantial gap in
our understanding, as we currently cannot distinguish
whether ncRNAs act as primary and upstream drivers
of chemoresistance or simply amplify the effects of Wnt-
dependent/protected biological pathways. Ultimately,
chemoresistance in leukemia arises from a convergence
of intersecting mechanisms, including, for example,
metabolic adaptations, alterations of mitochondrial
dynamics, protective autophagy (as suggested by miR-
199a/b-5p'¥), and the increased expression of efflux
transporters; however, most models of resistance, which
are currently divorced from Wnt signaling, have failed to
integrate these additional layers.

The conflicting descriptions of how Wnt regulates
metabolism adds further complexity to the story. For
example, HOTAIRMI1-mediated Wnt activation is said
to increase glycolytic activity,'” while others state the
opposite, e.g., DUXAP8-mediated Wnt inhibition leads
to reduced glycolysis.'®® These conflicting reports suggest
that the metabolic functions of Wnt are very context-
dependent and don’t apply to all subtypes of leukemia or
to treatment status. Finally, there are promising results.
For example, circNPM1 is correlated with Adriamycin
resistance.'”® However, there has been limited or no
clinical validation, and very few ncRNA-Wnt signatures
have been correlated with patient survival, relapse rate,
or treatment response on a wide scale. Fig. 2 illustrates
the regulatory functions of ncRNAs on the Wnt signaling
pathway. Additionally, Fig. 3 illustrates the interplay
between Wnt signaling and the ncRNAs and their role in
leukemia.

Wnt pathway inhibitors

The Wnt/B-catenin signaling pathway is often aberrantly
activated in hematologic malignancies, especially in AML
and T-ALL. Wnt signaling maintains LSC self-renewal,
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Fig. 2. Regulatory functions of ncRNAs on the Wnt signaling pathway. This figure demonstrates the multitude of different ncRNA species that influence
either the activation or inactivation of the Wnt pathway (left: activated Wnt pathway; right: inactivated Wnt pathway): LncRNAs SNHG1, LINC00909,
CRNDE, HOTAIRM1, LOC101928834, HOTAIR, LIMP1, miRNAs miR-155, miR-222-3p, miR-1294, miR-301b-3p, miR-181a-5p, miR-221, miR-29b, miR-
92a, miR-187-5p, miR-136, miR-625, miR-607, circRNA circ-CBFB (left: indicated in grey); LncRNA DUXAP8, miRNAs miR-370-3p, miR-26b-5p, HSF1,
circRNA hsa_circ_0121582 (right: indicated in grey). In the middle of the figure is the Wnt receptor complex with LRP co-receptors, along with the cyclical
activation and inactivation state of Wnt. The figure was generated by Adobe lllustrator 30.0.0.123 software.

survival, and chemoresistance, all of which suggest that
therapeutic targeting may be possible. Several Wnt
pathway inhibitors have emerged from pharmacological
studies, presenting a new opportunity for therapeutic
intervention in leukemia.

Kamga et al. '* showed that small-molecule inhibitors
of the Wnt/B-catenin signaling axis sensitize AML
cells to chemotherapy by disrupting the stabilized
microenvironment that supports leukemia. Importantly,
restoration of sensitivity was observed when minimal
residual disease occurred. Elyamany et al'*! reported that
cancer cells induce hyperactivation of Wnt signaling and
noted that hyperactivation has been linked to deregulation
of endogenous Wnt inhibitors, and this effect is more
pronounced in older AML patients. Therefore, restoring
endogenous Wnt inhibitor function may be beneficial in
improving treatment response and outcomes in a high-
risk population.

Multiple new compounds show compelling preclinical
data supporting Wnt pathway inhibition in leukemia. For
example, Wakabayashi et al'** discovered a peptide-type
Whnt inhibitor that exhibited potent inhibition of AML cell
proliferation. Hadate et al'*® discovered “Compound 41”
that inhibited Wnt/B-catenin signaling, which inhibited
Whnt/B-catenin signaling and induced apoptosis in AML
cells. This represents a promising example of a dipeptide

Wnt inhibitor with potential as a targeted therapy.

Another challenge in developing Wnt inhibitors has
been improving their bioavailability and pharmacokinetic
properties. Ai et al'** developed molecules designed to
sterically disrupt structural planarity, thereby improving
antileukemic activity, and addressing the poor solubility of
Wnt inhibitors. This will also be important for advancing
effective Wnt inhibitors into clinically viable drugs.

Combination treatment approaches using Wnt
inhibition strategies have shown very promising results. Xi
and colleagues'* showed that salinomycin, in combination
with all-trans retinoic acid (ATRA) was able to activate
apoptosis and conversion to a differentiated morphology
of AML cells through a decrease in Wnt signaling. Such
combinationscouldhaveadvantagesbynotonlyenhancing
the apoptotic and differentiating effects of each agent but
also targeting multiple leukemogenic mechanisms of
action at the same time. Following that work, Qian et al'*
also described the impact of combining a BRD4 inhibitor
(ACCO010) with homoharringtonine. In their study, they
demonstrated the synergistic effect their BRD4 inhibitor
in combination with homoharringtonine, which suggests
that simultaneously targeting the epigenetic regulator
and Wnt signaling pathway regulators could be useful,
especially in FLT3-ITD-mutant AML.

In T-ALL, Al-Hamaly et al'*>'?* developed a zebrafish
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Fig. 3. ncRNA-Mediated Modulation of Canonical Wnt/B-Catenin Signaling Across Major Leukemia Subtypes. Both Wnt/B-catenin signaling modifiers are
modulated by acute lymphoblastic leukemia. Wnt ligands activate and recruit APC/CK1/GSK3/Axin together with Dvl, which displaces B-catenin from the
B-catenin destruction complex (BDC). In this case, miR223-3p represses the expression of GSK3f and reduces the quantity of suitable receptor complexes
for B-catenin to form intermediate proteins in the cytoplasm, and upon accumulation in the nucleus, B-catenin co-opts less TCF/LEF transcription factors to
activate leukemogenic genes. The acute myeloid leukemia (AML) panel depicts the impairment of the B-catenin destruction complex in AML. Wnt-FZ-LRP
signaling impairs the degradation of B-catenin by stimulating the disruption of the APC-CK1-GSK3B-Axin-mediated system. The result of these interactions
over time is not only an accumulation of B-catenin but also a subsequent entry into the nucleus. The modulation of Wnt signaling pathway activity is mediated
through the repression of USP48 that survives and ultimately inhibits B-catenin stability and activity by identifying regulatory sites. The CML panel indicates
that chronic myeloid leukemia has a Wnt signaling (via FZ/LRP) activation of Dvl that reduces the B-catenin destruction complex by Wnt signaling activation.
The accumulation and nuclear translocation of B-catenin enable transcription of Wnt-responsive genes. miR-370-3p targets Dvl (intended to indirectly
regulate PDML1) by interfering with the upstream signaling strength of Wnt signaling. PLIN2 amplifies B-catenin accumulation to enhance the output of
oncogenic Wnt signaling. The CLL panel indicates that chronic lymphocytic leukemia has an alternate means (i.e., ncRNA) of regulating Wnt signaling.
Similar to that of CML, Wnt signaling activates Dvl by inhibiting the B-catenin destruction complex, thereby enabling B-catenin accumulation and nuclear
translocation. miR-21 inhibits PTEN, and in doing so activates the PI3K/Akt pathway, which subsequently enhances the accumulation and stabilization of
B-catenin through the inhibition of GSK3B. The combined action of these signals enhances B-catenin-mediated transcriptional activity and thus promotes
the survival and proliferation of leukemic cells. The figure was generated by Adobe lllustrator 30.0.0.123 software.

drug screen and identified erlotinib (a well-studied EGFR Therapeutic potentials

inhibitor) as a Wnt/B-catenin signaling inhibitor and A recent expansion in the awareness and role of ncRNA
a suppressor of self-renewal of leukemia cells, which is in the treatment of disease has substantially changed
exciting. Repurposing drugs in this way and identifying how ncRNA is viewed and used in disease progression
Whnt signaling repressors allow clinicians to monitor the and as a possible therapeutic target. With the discovery
clinical effects. of new roles for miRNA, IncRNA, circRNA, etc., as well

In addition, inhibitors of the upstream regulators as the existence of preclinical evidence demonstrating
of Wnt signaling have been identified with potential the use of miRNA mimics and antisense oligonucleotide
therapeutic relevance in preclinical models. In a study technologies that are capable of modulating and affecting
published by Mao et al,'® the authors demonstrated that the genetic networks associated with the pathogenesis of
phosphodiesterase 4 inhibition suppressed Wnt signaling cancer and other diseases, the amount of data supporting
and ultimately diminished mitochondrial function and the potential of these drug delivery methods is growing
survival of leukemic cells. This also offered a unique rapidly.”****> Nonetheless, transferring the preclinical
metabolic approach to Wnt-targeted therapeutics. success of these ncRNA technologies into clinical

One of the most interesting Wnt inhibitors, BC-2059, was practice will require overcoming major delivery, stability,
investigated by Soldi et al.”** BC-2059 is able to disrupt the distribution, and immunogenicity obstacles. Currently
B-catenin/TBL1 complex and inhibit Wnt-dependent gene available strategies to conquer these obstacles include the
transcription. Given its specific mechanism of action, BC- use of engineered chemically stabilized miRNA mimic or
2059 can target downstream transcriptional outputs while antisense oligonucleotides to complement physiologic
circumventing primary upstream signaling components miRNA function and/or prevent the activity of
and thus likely reducing potential off-target effects. Table 3 oncogenic miRNA. Many synthetic miRNA mimic have
summarizes the Wnt pathway inhibitors used in leukemias. demonstrated effectiveness against a wide variety of solid
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Table 3. Wnt/B-catenin signaling pathway inhibitors used in leukemias

Compound Target Leukemia type

Mechanism Notes Ref.

Small Molecule

Disrupts microenvironmental

Inhibitors Wnt/B-catenin AML Enhances chemosensitivity support 120
- Endogenous inhibitors ~ AML (elderly) Restores regulation Targets pathway deregulation 121
Dipeptide Inhibitor ~ Wnt/B-catenin AML Suppresses proliferation Novel small molecule 122
Compound #41 Wnt/B-catenin AML Inhibits signaling, induces apoptosis High efficacy in vitro 123
Improved Inhibitor ~ Wnt/B-catenin AML Increased solubility and potency Structure modification 124
Salinomycin + ATRA  Wnt/B-catenin AML Induces apoptosis/differentiation Combination therapy 125
Erlotinib Wnt/B-catenin T-ALL Inhibits self-renewal Identified via zebrafish screening 127128
PDE4 Inhibitor W.nt/B—catehin (via AML Impaired energy metabolism Targeting metabolic axis 129
mitochondria)
ACCO010 + HHT BRD4/Wnt pathway AML (FLT3-ITD)  Synergistic inhibition Epigenetic + Wnt targeting 126
BC-2059 B-catenin/TBL1 complex Multiple cancers Blocks transcription Highly specific inhibitor 130

tumors, hematologic malignancies, and inflammatory
diseases through the restoration of physiologically
functioning gene regulatory circuits.*"*2 However,
despite compelling biological rationales, administration
of miRNA mimic into the circulation of an individual is
complicated by biological processes such as nucleic acid
degeneration in plasma and the rapid clearance of miRNA
mimics from circulation via the renal route. As a result, a
great deal of research has been done to develop effective
delivery systems for ncRNA-based products.’**'*

The use of engineered carriers to protect and to promote
delivery of ncRNA therapeutics into the intended site of
action is increasingly being developed. For example, while
lipid nanoparticles (LNPs) have provided a stable platform
for approved RNA-based drugs, LNPs are also being
modified for enhanced stability in serum and improved
cellular uptake and endosomal escape efficiency.”**!
Recent advances in engineering, including ionizable
lipids, pH-responsive polymers, and fusogenic peptides,
have been designed to address entrapment during
transport within an endosome. These advances have
been instrumental in making RNA expression in cytosols
safer.”” In addition to engineered LNPs, several teams are
currently working toward developing an exosome-based
method of delivering RNA, which would have several
advantages over existing LNP-based RNA delivery. The
use of engineered exosomes to transport miRNA mimics
or inhibitors has demonstrated excellent potential to
selectively inhibit tumor growth or induce apoptosis in
tumor cells. However, scalability of manufacturing these
exosome-based delivery systems remains a barrier to
successful clinical translation.'?5!%

An alternative to traditional methods of delivering
various products via lipid systems is the use of
nanoparticles made with polymers and polysaccharides.
One such example is chitosan. This is naturally occurring
polymer that has excellent biocompatibility and stability,
and can be engineered to specifically target cancerous/
inflamed tissues with ncRNA (such as miRNAs and

siRNAs)."*” Other approaches with RNA nanostructures
exhibiting inherent stability and modularity have shown
potential in several diseases, such as hepatocellular
carcinoma (HCC), where programmable RNA scaffolds
with multiple therapeutic modules can affect oncogenic
signaling pathways at once **. Likewise, for treatment of
cardiovascular and metabolic disease models, peptides,
antibodies, or ligand-receptor systems are being used to
optimize targeted delivery methods that result in specific
uptake of ncRNA therapies by cells located in vascular
tissues, macrophages, or cardiomyocytes. !

The use of circRNA-targeted therapies is an area
showing rapid progress. circRNA have many functions,
including acting as a sponges, scaffolds, and transcription
regulators, and the fact that circRNAs have a covalently
closed structure makes them incredibly stable in vivo.
There are several strategies to influence circRNAs in a
therapeutic setting, such as by creating oligonucleotides
that bind to pathogenic circRNAs and cause them to
degrade, or alternatively developing synthetic circRNAs
that function as highly competitive inhibitors or protective
RNA sponges. 1*¢** While the technologies to create these
products are currently in development, the high stability
and tissue-specific properties of circRNAs greatly enhance
their potential to be future drug targets."**'*

At the same time that therapeutic applications are
being developed, there is a significant effort underway
to evaluate circulating non-coding RNAs as potential
minimally invasive biomarkers for diagnosis, prognosis,
and monitoring of treatment outcomes. The high stability
of ncRNAs in biofluids (blood, saliva, and CSF) is due to
the fact that they are protected from degradation by being
contained within extracellular vesicles, lipoproteins, or
ribonucleoprotein complexes."**'** Many studies from
different patient cohorts haveidentified the unique profiles
of circulating ncRNA that are associated with a variety
of clinical conditions, including cancer progression,
treatment resistance, cardiovascular disease severity, and
neurological disorders. For example, various miRNA
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panels in plasma have been found to have diagnostic
accuracy in large cancer populations and are superior to
conventional protein biomarkers for both sensitivity and
the ability to distinguish different stages of disease.’*"#
Similarly, miRNAs isolated from exosomes have been
validated in cohort studies as prognostic markers in lung
cancer and correlated with tumor burden and therapeutic
response.'*

The potential for miRNA to be developed into clinically
relevant biomarkers is demonstrated via numerous
clinical trials targeting the assessment of circulating
miRNA to determine their usefulness as an indicator of
therapeutic efficacy and risk of relapse when evaluating
patients diagnosed with hepatocellular carcinoma, breast
carcinoma, and colorectal carcinoma using miR-21,
miR-122, and miR-200 family members as predictive
biomarkers to response to therapy. CircRNAs are at
the same level of developmental activity as miRNAs;
researchers are beginning to use circRNAs to create
biomarker panels to provide insight into the underlying
biology of the tumors and the risk of recurrence and
relapse to predict survival. CircRNAs have shown promise
in the field of neurology, where researchers have studied
unique profiles of specific circRNAs in the plasma and
cerebrospinal fluid of patients diagnosed with temporal
lobe epilepsy. Researchers have documented differences
in circRNA levels in the blood of patients with different
cancers and cardiovascular diseases. Together with their
stability, these characteristics make them highly desirable
as biomarkers for clinical use. Therefore, researchers must
incorporate ncRNA profiling into clinical trial protocols
to further improve the validation of ncRNA biomarkers
and the establishment of standardized quantification
methods for these markers.

Conclusion and future perspectives
Consequently, based on the cellular environment and
the molecules present or co-expressed with the genes, as
well as the form of leukemia, these genes (onco/tumor
suppressor genes) may may promote or inhibit leukemia
development. The modulation of Wnt signaling in
lymphocytic leukemia represents a potential target for
new therapies. Therefore, they can act as either oncogenes
or tumor suppressor genes depending on the cellular
context, the specific molecular partners that are expressed
in conjunction with them, and the relevant leukemia
subtype. Their ability to modulate Wnt signaling is an
indicator of their potential utility as potential targets of
therapeutic intervention in the treatment of leukemia.
Research priorities will focus on developing high-
resolution maps of ncRNA-Wnt signaling interactions
through the use of high-throughput transcriptomic,
epigenomic, proteomic, and single-cell analyses in order
to identify subtype-specific circuits, as well as discover
novel regulatory ncRNAs. In addition, it is important to

explore how multiple ncRNAs interact to modulate both
canonical and non-canonical Wnt signaling (collectively)
in order to understand the combined regulatory impact of
ncRNAs on the Wnt signaling pathway. Functional studies
examining the influence of ncRNA-Wnt interactions
on stemness, clonal evolution in response to treatment,
and progression of leukemia should include the use of
CRISPR perturbations, antisense oligonucleotides, RNAi
(RNA interference), and relevant in vivo models (e.g.,
PDX and organoids). In particular, ncRNAs involved in
modulating non-canonical Wnt signaling pathways have
not yet been characterized in leukemic systems and may
provide insight into additional mechanisms of resistance
or disease progression.

When used therapeutically together, Wnt pathway
enzymes (such as tankyrase and porcupine) inhibitors
and ncRNA-directed methods such as miRNA
mimics, antagomirs, IncRNA silencers, and circRNA
silencers are approaches to target cancer-causing
signal loops, particularly those that maintain LSCs.
Also, the availability of new delivery methods for RNA
(lipid nanoparticles and exosomes) will aid in making
therapeutic decisions more accurately. Lastly, circulating
ncRNAs (particularly circRNA) are expected to be used
as noninvasive predictive biomarkers for diagnostics,
risk stratification, treatment monitoring, and predicting
relapse. Therefore, profiling of clinical data for patients
will aid in making therapeutic decisions more accurately
by continuously profiling the ncRNA signature for
each patient and determining the level of Wnt activity,
as these will be critical components in advancing
personalized therapeutics through better integration of
patient-specific ncRNA and Wnt activity data into PDX
and organoid platforms.
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Review Highlights

What is the current knowledge?

What is new here?

The Wnt signaling pathway functions as a major
regulator of hematopoietic stem cell self-renewal, and
significantly deregulated in several leukemia types
(e.g, AML, CML, ALL, and CLL) in the context of
leukemogenesis, disease progression, and resistance to
drug therapies.

ncRNAs, such as miRNAs, IncRNAs, and circRNAs,
are important regulators of gene expression and are
increasingly understood to be important players in
hematological =~ malignancies.

Current evidence has suggested ncRNAs can directly
or indirectly modulate Wnt pathway components
impacting leukemic cell proliferation, survival, and
response to therapy.

In summary, this review provides the most extensive
review to date of the various ncRNAs (miRNAs,
IncRNAs, circRNAs) that regulate (and are regulated by)
Wnt signaling in leukemia.

The authors highlight the bidirectional nature of the
ncRNA-Wnt signaling interactions since ncRNAs
regulate Wnt signaling, while activation of the Wnt
pathway can also affect these ncRNAs, and likely creates
feedback loops that maintain leukemic phenotypes.
This manuscript categorizes and describes how ncRNAs
regulate the canonical Wnt and non-canonical Wnt
signaling components, regulation of leukemic stem cell
biology, and aid in drug resistance in leukemia.

The authors highlight ncRNA-Wnt interactions as
potential biomarkers for diagnosis and prognosis, and
therapeutic targets suggesting prospective RNA-based
and combination treatment approaches for leukemia.
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