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The Philadelphia chromosome signals BCR-ABL1 migration in myeloid clonal
proliferation disorders such as chronic myeloid leukemia (CML). The crucial
function of the Musashi2-Numb axis in deciding cell fate and its connection
to significant signaling pathways like Hedgehog and Notch, which are necessary
for the self-renewal pathways of CML stem cells, will be the subject of future
research in this work. For this review, we conducted a PubMed search using the
terms Musashi2-Numb, signaling pathways, and leukemia. As a result, we
assembled several studies. Tyrosine kinase inhibitors like imatinib can kill and
eradicate BCR-ABL1 translocated cells, but they cannot directly target BCR-ABL1
leukemia stem cells. The primary issue is stem cells’ resistance to imatinib therapy.
Since leukemia stem cells are thought to be treated by the Musashi2-Numb
signaling pathway, a successful therapy approach may involve comprehending
and controlling the downstream molecules and signaling pathway of BCR-ABL1
that are important in the survival and self-renewal of leukaemia stem cells. Here,
we focused on the generalised perspectives of the drugs that target major
signaling proteins and change elements or pathways downstream of BCR-
ABL1 can effectively treat chronic leukemia stem cells. There are handful
number of proteins such as Musashi2 which have substantial diagnostic use in
leukemia treatment and strategy. After going through a number recent
develeopments in CML and its therapeutics, I presented here an overview of
the latest advancements in CML, natural drugs, biomarkers, potential signaling
pathways, and treatment strategies.
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1 Introduction

Abnormal cell proliferation, which primarily permits cells to penetrate and migrate
from the originating location to other sections of the body, is a characteristic of a family of
disorders known as cancer (Allavena et al., 2008; Hanahan, 2022; Hanahan and Weinberg,
2011; Stangis et al., 2024). Leukemia arises when bone marrow functions are disturbed and
unchecked cell division takes place. Leukemia can result in early death if treatment is not
received. It arises when progenitor cells, sometimes referred to as precursor cells, in bone
marrow grow out of control and prevent the production of healthy blood cells. Acute and
chronic leukemias are classified into lymphoid and myeloid lineages based on their origins
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(Ahmed and Etten, 2013; Andersson et al., 2015; Balandrán et al.,
2023; Bosch and Dalla-Favera, 2019; Clarke et al., 2016; Di Giorgio
et al., 2023; Golub et al., 1999).

A monoclonal, rapidly spreading cancer linked to the myeloid
lineage is chronic myeloid leukemia (CML). A change between
chromosomes 9 and 22 and a rise in clonal hemopoietic stem
cells (HSCs) are characteristics of CML. The Philadelphia (Ph)
chromosome is the end outcome. Tyrosine kinase BCR-ABL1,
which is always active and the activator of several molecular
pathways, is created when the breakpoint cluster region protein
(BCR) gene, located in the 22q11 zone, is positioned in the inverted
Abelson murine leukemia viral oncogene homolog 1 (ABL1) gene,
which is located in 9p34. In the end, this gene causes aberrant cell
adhesion, accelerated cell proliferation, and suppression of
apoptosis. Blastic, rapid, and chronic are the three stages of CML
clinical stages. The percentage of bone marrow and blood blasts
increases over time, despite a gradual start. Following the expedited
phase, there will be greater resistance to treatment during the blast
crisis stage (Andersson et al., 2015; Balandrán et al., 2023; Bosch and
Dalla-Favera, 2019; Banjar, 2018; Bawazir et al., 2019; Branford et al.,
2018; Chandran et al., 2019; Clark, 2007; Clarkson et al., 2003;
Druker et al., 2001a; Druker et al., 2001b; Eagle et al., 2022; Fabbri
et al., 2011; Garcia-Manero et al., 2003; Janowski et al., 2022; Jensen
et al., 2013; Kennedy and Hobbs, 2018).

In numerous biological processes, including development,
differentiation, metabolism, and death, tyrosine kinase (TK) is a
crucial mediator of the signaling cascade (Table 1). The first
molecularly targeted medication, imatinib mesylate, has been
considered the most successful and selective treatment approach
for many years. It inhibits the particular tyrosine kinase, BCR-ABL1.
Imatinib is ineffective against leukemia stem cells (LSCs), however it
usually targets the aberrant cells in leukemia (Alekseenko et al.,
2022; Cavazzana-Calvo et al., 2010; Heaney and Holyoake, 2007;
Holyoake, 2001; Hsieh et al., 2021; Huntly and Gilliland, 2005;
Mackall et al., 2014; O’Hare et al., 2012; Patterson and Copland,
2023; Sinclair et al., 2013). Consequently, these cells are subjected to
standard cancer therapies such as chemotherapy and radiation,

which causes tumors to grow and recur. Therefore, by focusing
on cancer stem cells, we can learn more about how normal/
malignant stem cells proliferate, self-renew, and survive, which
will help us better understand cancer and develop new treatments.

LSCs can self-renew because the oncogene BCR-ABL1 has been
shown to activate all of the key signaling pathways involved in LSC
survival. However, the ability of committed progenitors to self-
renew is dependent on the self-renewal characteristics of cells like
HSCs and cannot be explained by the BCR-ABL1 oncogene alone
(Huntly and Gilliland, 2005; Boelens, 2006; Dunn et al., 2006; Joenje
and Patel, 2001; Mempel et al., 2024; Reya et al., 2001; Vera et al.,
2011). Foxo, Ras, Wnt/β-catenin, Notch, Alox5, and Hedgehog (Hh)
are some of the signaling pathways that may affect LSC
differentiation and survival (Ahmed and Etten, 2013; Clarkson
et al., 2003; Abdulmawjood et al., 2021; Deininger et al., 2000;
Goldman and Melo, 2003; Huuhtanen et al., 2023).

The Musashi2 (Msi2)-Numb signaling axis is a molecular
mechanism that regulates the self-renewal characteristics of LSCs
and is connected to other signaling pathways such as Hh and Notch.
Increased levels of numb expression could be the outcome of
Msi2 deletion. This increase in Numb may reduce the number of
LSCs through the important genes of the Hh and Notch signaling
pathways. In order to eliminate LSCs, a detailed explanation of the
significance of focusing on the Msi2-Numb signaling axis will be
provided (Sinclair et al., 2013). These signalling pathways are
disrupted by cancer cells, hence study in this area may offer
some leukaemia therapy options (Moradi et al., 2019). Even if
stronger tyrosine kinase inhibitors have been developed, certain
mechanisms, specifically related to CML leukemic stem cells (CML
LSC), result in recurrence, intrinsic or acquired therapeutic
resistance, and the advancement of the disease. Indeed,
maintenance CML LSCs in TKI-resistant patients suggest that
CML LSCs contribute to drug resistance through survival
mechanisms that are not entirely reliant on BCR-ABL activation.
Through study and targeting of genetic alterations and molecular
pathways involved in CML LSC survival in a favorable leukemic
milieu and resistance to apoptosis, targeted therapy techniques seek
to destroy CML LSCs in the hopes of offering a functional cure
(Sinclair et al., 2013; Crews and Jamieson, 2012; Gullaksen et al.,
2025; Houshmand et al., 2019; Mojtahedi et al., 2021; Soverini
et al., 2021).

Thus, we aimed to present the review on CML and its
progression, the recent developments on possible signalling
pathways, biomarkers, natural medications, and therapeutic
approaches for CML have been discussed. The detailed of the
review includes CML progression, potential signaling pathways
associated with CML progression and therapeutics, prognostic
factors, biomarkers, and therapeutics. Therapeutics mainly
covered immunotherapeutics and natural drug targets in
case of CML.

2 CML and its progression

From their original location, cancer cells can move to different
areas of the body. Anywhere blood flows, leukemia, a cancer of the
bone marrow’s blood-forming tissue, can spread. Your healthcare
team may be able to better plan your treatment and future care if

TABLE 1 TKI sensitivity of lung cancer cell lines (As shown in previous work
(Phan et al., 2016)).

Cell lines Gefitinib IC50 (μm) Erlotinib IC50 (μm)

TKI-sensitive

HCC827 0.1 0.1

H3255 0.1 0.1

TKI-intermediate

H1666 1.6 1.1

HCC827C1 2.5 4.6

TKI-resistant

H1650 12.4 16.5

H358 15.4 5.4

H1975 21.2 27

HCC827C2 27 29.7
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they are aware of the typical course of CML. Often, CML advances
slowly. Leukemia cells, also known as CML cells, are granulocytes
that have the BCR-ABL gene and progressively begin to accumulate
in the blood and bone marrow. More genetic alterations take place
throughout time. Additional chromosomal abnormalities (CAs) are
the term used to describe these alterations. They speed up the growth
of blast cells. Consequently, the bone marrow produces additional
blast cells, which then begin to proliferate in the blood. Red blood
cells, white blood cells, and healthy platelets are all replaced by these
cells (Albiges et al., 2022; Albiges et al., 2020; Alexander and Friedl,
2012; Ali and Sjöblom, 2009; Aranda-Anz and aldo, 2001; Ascierto
et al., 2023; Bajrai et al., 2021). As the illness worsens, a person with
CML may have escalating fatigue, pain on the left side around the
ribcage due to a swollen spleen, and early satiety, which occurs when
the spleen develops and prevents the stomach from growing when
you eat. Bone discomfort, weight loss, and the recurrent infections
(Clarke et al., 2016; Rinaldi and Winston, 2023).

The two main types of myeloid leukemia are acute and chronic.
Patients frequently have an underlying haematological issue, and
AML advances quickly. With more than 80% of all cases, AML is the
most prevalent type of leukemia. CML instances, however, are less
common and account for 15% of all adult leukemia occurrences.
About one instance of chronic myeloid leukemia (CML) occurs for
every 100,000 people worldwide. This indicates that approximately
34,000 new cases are diagnosed annually throughout the world.
About 15% of adult leukemia cases are CML. Nonetheless, CML is
identified sooner in many countries with younger populations. By
comparison, in the United States, there are few new cases of CML for
annually (GBD, 2015 Risk Factors Collaborators, 2016; Hu et al.,

2021; Lin et al., 2020). Additionally, the progression of CML is
slower and takes longer before the patient reaches the rapid and blast
phases than AML (Figure 1). Before discussing how it develops into
myeloid sarcoma, it is imperative to examine important aspects of
the pathophysiology, presentation, diagnosis, and treatment.

It is believed that a spontaneous chromosomal mutation is the
source of CML, a slow-growing malignancy that starts in the bone
marrow’s blood-forming cells (Horn et al., 2013; Anderson et al.,
2011; Landau et al., 2013; Li et al., 2016). Myeloid sarcoma (MS), a
rare tumor made of immature myeloid cells, can arise from CML
and grow into a tumor mass in any part of the body other than the
bone marrow. MS may arise on its own or in conjunction with
another type of myeloid neoplasm (Linde et al., 2023). Within two to
3 years of the first diagnosis of chronic phase (CP), during the age of
pre-tyrosine kinase inhibitor (TKI) treatment, the majority of CML
cases grow before blast phase (BP). According to the research, MS in
CML patients receiving TKI treatment is rare and usually only
happens in isolated cases. As a result, no information is available
regarding how MS affects the prognosis of people with CML. It is
unclear if multiple sclerosis and medullary blood pressure have
similar clinical and prognostic significance in the era of TKI therapy.
Effective treatment for multiple sclerosis requires a proper diagnosis,
however this is usually postponed because of the significant risk of
misdiagnosis (Rinaldi and Winston, 2023; Baccarani et al., 2013;
Faderl et al., 1999; Konig et al., 2008; Trinchieri, 2012).

According to studies done so far, the fact that CML exists and
that patients are at risk of developing multiple sclerosis (MS)
underscores the many implications that this disorder has for the
practice of haematology. Even though cases are usually rare, patients

FIGURE 1
Different phases of CML and its progression. CML phases shown represent the details in each phase and the details are the time period, percentage
of blast, and phase characteristics.
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have a poor prognosis, which calls for research and the use of new
developments in diagnosis and therapy. It needs in-depth research
because nothing is known regarding its presence throughout the
medullary chronic phase or its effects during the TKI period.
Additionally, it could be the initial sign of an infection before a
hematopoietic system is established (Almeida et al., 2022; Ascierto
et al., 2020; Atkins et al., 2022; Atkins et al., 2023; García-Gutiérrez
et al., 2022; Holyoake and Helgason, 2015).

2.1 Different phases of CML and the
aberrations

The form of treatment is mostly determined by the CML stage
(CP, AP, and BP). To ascertain the stage of CML, doctors do
diagnostic tests. The quantity of immature white blood cells
(blasts) in the patient’s blood and bone marrow is the main
factor that determines the CML phase. The majority of CML
patients receive their diagnosis when the illness is in its chronic
phase. Patients with chronic phase CML may or may not exhibit
symptoms, have a higher white blood cell count, and typically react
well to standard treatment. If treatment is not obtained, chronic
phase CML will eventually proceed to either blast phase or
accelerated phase CML. The quantity of immature blast cells has
increased during the accelerated phase, and occasionally
chromosomal alterations other than those involving the Ph
chromosome will take place. Additional chromosome
abnormalities in CML cells, peripheral blood basophils (a type of
white blood cell) of 20% or higher, bone marrow or peripheral blood
blasts of 10%–19%, and the fact that the number of CML cells grows
faster in the accelerated phase—which results in symptoms like
fatigue, fever, weight loss, and an enlarged spleen—are additional
criteria for diagnosing accelerated phase CML. Accelerated phase
CML will eventually develop into blast phase CML if treatment is
not received. The blast phase resembles acute myeloid leukemia in
appearance and behavior. The criteria used to diagnose blast phase
CML are myeloid sarcoma, a rare form of cancer composed of
myeloblasts, which are immature white blood cells, lymphoblasts
(>5%), and blasts in the bone marrow or peripheral blood that are
larger than or similar to 20%. Some symptoms that persons with
blast phase CML may experience include fever, fatigue, shortness of
breath, stomach discomfort, bone pain, enlarged spleen, low appetite
and weight loss, night sweats, bleeding, and/or infections. These
indicators may indicate a lymphoblastic crisis.

2.2 Musashi2–Numb role in chronic
myeloid leukemia

The Musashi2-Numb signaling axis is essential to the
development of CML, especially during the change from the
chronic phase to the more aggressive blast crisis phase. By
inhibiting the translation of Numb, a protein that stimulates cell
differentiation and functions as a tumor suppressor, Musashi2
(MSI2), an RNA-binding protein, controls stem cell maintenance
and differentiation. Higher amounts of Numb are expressed
throughout the chronic phase of CML, which promotes
hematopoietic cell differentiation and keeps the disease state

comparatively constant. However, MSI2 expression is markedly
elevated as the disease advances to blast crisis. Numb is
suppressed by this rise in MSI2, which prevents differentiation
and promotes the growth of undifferentiated leukemia stem cells
(LSCs). These LSCs add to the aggressive character of blast crisis
CML and are more resistant to traditional treatments (Moradi et al.,
2019; Ito et al., 2010).

In blast crisis CML, the oncogene NUP98–HOXA9 has been
found to be a major activator of MSI2 expression. This oncogene
strengthens the stem-like characteristics of leukemia cells and
accelerates the course of the disease by indirectly suppressing
Numb by raising MSI2 levels. A possible therapeutic target, high
MSI2 expression is linked to a poor prognosis and a decreased
responsiveness to treatment. There are encouraging treatment
prospects when the Musashi2-Numb axis is targeted. Techniques
that block MSI2 or restore Numb expression may encourage
leukemia cell differentiation, decrease the number of leukemia
stem cells, and increase the efficacy of currently used therapies
such tyrosine kinase inhibitors (Moradi et al., 2019; Ito et al., 2010;
Pereira et al., 2012).

3 Potential signaling pathways

Molecular alterations in cancer genes and associated signaling
pathways are used by precision medicine in cancer to direct novel
cancer therapies. Small molecule inhibitors and monoclonal
antibodies that target relevant cancer-related proteins have
enabled successful treatments for blood cancers (e.g., imatinib for
CML) and some solid tumors (e.g., trastuzumab for HER2-positive
breast cancer and tamoxifen for ER-positive breast cancer). Innate
limitations including drug toxicity and the emergence of acquired or
de novo resistance mechanisms continue to be the cause of treatment
failure. Understanding the benefits and drawbacks of the targeted
medications now used to treat cancer is crucial. It’s also critical to
highlight how recent technological advancements have deepened
our understanding of the molecular complexity behind resistance to
cancer treatments. Furthermore, it has raised basic questions about
the creation of cancer medications based on modifications to
particular signaling pathways and molecular markers (Moradi
et al., 2019; Maru, 2001; Melo and Deininger, 2004; Sawyers,
1999) (Figure 2). Additionally, it could be hard to understand
how combination medications could prove to be a superior
cancer treatment alternative than monotherapy. Furthermore, it’s
important to comprehend the latest therapeutic advancements that
could enhance medication distribution and greatly enhance cancer
patients’ clinical response and results (Abdulmawjood et al., 2021;
Yip and Papa, 2021; Sanchez-Vega et al., 2018; You et al., 2023;
Younes et al., 2023; Muselli et al., 2019; Ashankyty, 2025).

3.1 Ras and the MAP kinase pathways

There are several known relationships between Ras and Bcr-Abl.
Grb-2, the adaptor molecule, has a docking site thanks to tyrosine
177 autophosphorylation. After attaching itself to the Sos protein,
Grb-2 stabilizes Ras in its active GTP-bound state. Two more
adaptor molecules, Shc and Crkl, can also activate Ras. Both are
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substrates of Bcr-Abl and bind it through their SH2 (Shc) or SH3
(Crkl) domains. However, the importance of Crkl-induced Ras
activation is questioned because it appears to be restricted to
fibroblasts. Moreover, direct binding of Crkl to BCR-ABL is not
necessary for myeloid cell transformation.

Contrary to most other malignancies, activating mutations are
uncommon, even during the disease’s blastic phase. This suggests
that Ras activation is a key factor in the pathophysiology of Ph-
positive leukemias. This implies that since the Ras pathway is
constitutively active, no additional activating mutations are
required. It is still unclear which mitogen-activated protein
(MAP) kinase pathway in Ph-positive cells is downstream of Ras.
The serine–threonine kinase Raf is drawn to the cell membrane
when cytokine receptors, such as IL-3, are triggered when Ras is
activated. Mek1/Mek2 and Erk are serine-threonine kinases that Raf
uses to initiate a signaling cascade that ultimately triggers gene
transcription. Although some research indicates that this route may
only be activated in v-abl-transformed cells and not in BCR-ABL-
transformed cells, this viewpoint has recently been challenged.

Additionally, it has been demonstrated that Bcr-Abl triggers the
Jnk/Sapk pathway, which is essential for the development of cancer.
Consequently, signaling from Ras may be transmitted to Gckr
(germinal center kinase related) via the GTP–GDP exchange
factor Rac, and subsequently down to Jnk/Sapk. There is
evidence that BCR-ABL-transformed cells may also activate p38,
the third pillar of the MAP kinase pathway, and that other pathways
may have mitogenic potential. In either case, the signal eventually

reaches the transcriptional machinery of the cell (Deininger et al.,
2000; Baccarani et al., 2013; Deininger, 2013).

3.2 Jak-Stat pathway

The earliest evidence that the Jak-Stat pathway was involved
came from earlier research on B cells that had undergone v-abl
transformation. Since then, it has been demonstrated that Stat
transcription factors (Stat1 and Stat5) are constitutively
phosphorylated in a variety of BCR-ABL-positive cell lines and
primary CML cells, and that Stat5 activation may contribute to
malignant transformation. Although Stat5 has a variety of
physiological functions, its effect in BCR-ABL-transformed cells
appears to be primarily anti-apoptotic and involves transcriptional
activation of BCL-xL. Unlike the Jak-Stat pathway, which is
triggered by physiological stimuli, BCR-ABL may directly activate
Stat1 and Stat5 without first phosphorylating Jak proteins.
Compared to P210 BCR-ABL proteins, P190 BCR-ABL proteins
seem to activate Stat6 more selectively. It would be easy to assume
that this trait is related to the leukemias’ mostly
lymphoblastic nature.

The role of the Ras and Jak-Stat pathways in the cellular
response to growth factors may help to explain why BCR-ABL
renders a number of growth factor-dependent cell lines factor
independent. In some experimental settings, evidence of an
autocrine loop dependent on growth factor secretion produced

FIGURE 2
A generalized layout for the CML signaling pathways for a quick look. It display the detailed insight of aberrations at multiple levels, diagnostic
approach, and the common techniques used for the understanding of CML propagation, signaling control and coordination, and the computational
approaches commonly used for the understanding and exploration.
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by BCR-ABL has been discovered. Furthermore, it was recently
found that Bcr-Abl induces an autocrine loop involving G-CSF and
IL-3 in early progenitor cells. Interestingly, BCR-ABL tyrosine
kinase activity may also promote the production of growth factor
receptors, such as the oncostatin M β receptor. Though not as much
as normal progenitors, it is crucial to keep in mind that CML
progenitor cells still need external growth factors for survival and
proliferation throughout the chronic phase. A recent study sheds
further light on this issue. FDCPmix cells transduced with a
temperature-sensitive BCR-ABL mutant need few (GBD
2015 Risk Factors Collaborators, 2016)er growth inputs at the
kinase permissive temperature without differentiation block. In
this situation, which is comparable to chronic-phase CML, the
malignant clone has a minor growth advantage while retaining
nearly normal differentiation potential (Deininger et al., 2000;
Baccarani et al., 2013; Deininger, 2013).

3.3 PI3K/AKT signaling pathway

Without PI3K activity, BCR-ABL-positive cells are unable to
multiply. In order to create multimeric complexes that activate
PI3K, BCR-ABL joins forces with PI3K, Cbl, and adaptor
molecules Crk and Crkl. The next relevant substrate in this
cascade appears to be the serine–threonine kinase Akt. This
kinase was previously associated with anti-apoptotic signaling. A
recent study placed Akt in the IL-3 receptor’s downstream cascade
and identified the pro-apoptotic protein Bad as a critical substrate of
Akt. Phosphorylated Bad is inactive because it is restricted by
cytoplasmic 14-3-3 proteins and is unable to bind anti-apoptotic
proteins such as BCL. This implies that the physiological IL-3
survival signal may be replicated by Bcr-Abl in a manner that is
PI3K-dependent. BCR-ABL and growth factor signals activate the
isothiol phosphatases Ship and Ship-2, which have somewhat
different specificities. Thus, BCR-ABL appears to play a major
role in phosphoinositol metabolism, which may again alter the
balance in a manner similar to physiologic growth factor
stimulation (Deininger et al., 2000; Baccarani et al., 2013;
Deininger, 2013; Hughes et al., 2006).

3.4 Myc pathway

Numerous human malignancies have been shown to
overexpress Myc. It is thought to work as a transcription factor,
despite the fact that its target genes are mostly unknown. The
SH2 domain is necessary for the Bcr-Abl-dependent activation of
Myc. Overexpression of Myc partially recovers transformation-
defective SH2 deletion genes, but overexpression of a dominant-
negative mutant decreases transformation. As of right now, no
mechanism linking Myc to the Bcr-Abl SH2 domain is
understood. The signal is transduced through E2F transcription
factors, cyclin-dependent kinases (CDKs), and Ras/Raf, which then
activates the MYC promoter, according to data in cells that have
undergone v-abl transformation. Similar results were observed with
BCR-ABL-transformed murine myeloid cells. The implications of
these findings for human Ph-positive cells are unknown. The effects
of Myc on Ph-positive cells seem to be similar to those on other

cancers. Myc could be a signal for proliferative or apoptotic
processes, depending on the cellular environment. Consequently,
the apoptotic arm of its dual role in CML cells is most likely being
counteracted by other mechanisms, most notably the PI3 kinase
pathway (O’Hare et al., 2012; Deininger et al., 2000; Baccarani et al.,
2013; Deininger, 2013; Hughes et al., 2006; Eiring and Deininger,
2014; O’Hare et al., 2007).

The activity of the PI3K-AKT and Ras-ERK pathways might be
adversely regulated by one another. When one pathway is
chemically blocked, the cross-inhibition is released and the other
pathway is effectively activated, revealing such cross-inhibition.
MEK inhibitors, for instance, promote AKT activation brought
on by epidermal growth factor (EGF). This procedure may entail
ERK phosphorylation of GAB1 induced by EGF, which prevents
PI3K from being recruited to the EGF receptor (EGFR) by GAB1.
Four residues on GAB1 are phosphorylated by ERK, and
substituting these locations prevents constitutively active MEK
from lowering phospho-AKT levels. These ERK phospho-sites
may serve to attract SHP2, which controls PI3K binding in
addition to dephosphorylating the RasGAP binding sites
(Mendoza et al., 2011; Adjei and Hidalgo, 2005; Aksamitiene
et al., 2010; Alberghina et al., 2014).

3.5 Role of immune system in CML

The recent study has evaluated in detail the phenotype and
function of different immune cell subsets in CML patients who wish
to stop TKI therapy. The results showed that compared to patients
who relapsed after 6 months of stopping imatinib, those who were in
remission when TKI discontinuation occurred had more mature NK
cells in their peripheral blood that displayed CD57 and
CD16 antigens. Consequently, molecular relapse was associated
with the proportion of NK cells that were CD56-bright (Ilander
et al., 2017; Rodriguez-Mora et al., 2023). When the clinical data
were examined, it was discovered that the percentage of NK cells had
nothing to do with the duration of TKI treatment, previous IFN-α
treatment, or the CML risk score (also known as the Sokal Score).
Similar findings have also been observed by other investigations.
Interestingly, NK cells, Th1 type of response, and memory T cells
(both CD4+ and CD8+) were all higher in CML patients who were
able to discontinue IFN-alpha monotherapy and stay in remission.
Furthermore, a larger Th1 response of CD4+ T cells (production of
TNF-α/IFN-γ) was associated with a greater number of NK cells in
patients receiving TKI (Rea et al., 2017; Imagawa et al., 2015; Ilander
et al., 2014). The cytokines released by antigen-presenting cells
(APCs) in combination with leukemia cell-driven activation may
enhance the proliferation of NK cells. Repeated stimulation may
cause NK cells to develop a more mature, flexible phenotype. NK
cells have the capacity to either directly destroy leukemic cells or
stimulate T lymphocytes to more efficiently target leukemia (Ilander
et al., 2017; Ilander et al., 2014; Ilander and Mustjoki, 2017).

The overall updates in this field indicate that the immune system
is complicated and that the function of various immune cell subsets
is still unclear. But when we looked at the dendritic cells (DC) from
CML patients who stopped taking TKIs, we couldn’t clearly see a
link between the other cells and successfully stopping TKIs. It has
been demonstrated that plasmocytoid DCs (pDCs) that express
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CD86 are associated with the tired CD8+ T-cell phenotype and
molecular relapse. This could be one of the immunological escape
mechanisms used by CML. Given these numerous discoveries, more
research may be done on the connection between NK cells and
pDCs. Higher NK cell counts could be a sign of potential anti-
leukemia immunity, which could be mediated by both adaptive and
innate immunity (Hsieh et al., 2021; Babamo et al., 2024; Qin et al.,
2019; Schutz et al., 2017; Sobhani et al., 2021). The extra immune
escape mechanisms that leukemic cells employ could be the subject
of future research in the hunt for curative therapeutic alternatives for
CML. Since NK cell modifying medications are now being tested in
clinical trials for other hematological malignancies, it is imperative
to assess them for CML. A higher proportion of patients may be able
to cease using TKIs and move closer to a cure by employing these
techniques (Huuhtanen et al., 2023; Ilander et al., 2017; Ilander et al.,
2014; Ilander and Mustjoki, 2017).

4 Prognostic factors

In addition to the CML phase, several criteria that influence
treatment choices can be used to predict a patient’s prognosis. We
refer to these as prognostic factors. A less favorable prognosis is also
linked to the following prognostic variables for patients with CML at
the time of diagnosis (Janowski et al., 2022; Kennedy and Hobbs,
2018; Almeida et al., 2022; Ascierto et al., 2020; Atkins et al., 2022;
Atkins et al., 2023; Bruck et al., 2018; Levitzki, 2013; Perez et al.,
2020; Rabian et al., 2019; Zhou and Xu, 2015; Chuang et al., 2012;
Sweet et al., 2013).

• CML phase: Compared to individuals with chronic phase
CML, those with rapid or blast phase CML

• Age: Patients must be 60 years of age or older.
• Spleen size: Patients with an enlarged spleen in terms of size
• Platelet count: Patients with extremely high or extremely low
platelet counts at diagnosis

• Blood blasts: individuals with a significant blood blast count
• Basophil counts: Patients with elevated basophil counts

Prognostic scoring methods employ several of these indicators
to predict the course of treatment for patients with CML. When a
patient is diagnosed with chronic phase CML, their risk profile is
assessed using one of three prognostic scoring methods. These
include the Hasford scoring system, the Sokal scoring system,
and the European Treatment and Outcome Study for CML
(EUTOS) Long-Term Survival scoring system (ELTS).

5 Biomarkers

Our knowledge of drug interactions is aided by the vast majority
of the well-known pharmacogenomics research utilized in the
medical sciences. It significantly affects how drugs are made and
administered. The advancement of therapeutics depends on the
widespread application of pharmacogenomics. The primary focus is
on how the body’s response to drugs is influenced by genes and a
complex gene system. Recent advances in clinical therapeutics have
led to the discovery of novel biomarkers that assist in identifying a

patient group that is more or less likely to respond to a certain
medicine. By ensuring that the right prescriptions are written and
that the right medication is administered at the right time in the
right dose, it seeks to enhance personalized therapy. Interindividual
variation in medication response is caused by a confluence of
patient, environmental, and genetic factors that affect a drug’s
pharmacokinetics and/or pharmacodynamics. Pharmacogenomics
influences therapy efficacy, illness susceptibility, and drug
development (Khan et al., 2024; Qahwaji et al., 2024; Cohen,
2008; Apellaniz-Ruiz et al., 2016; Arbitrio et al., 2018; Brown
et al., 2015; Daly, 2010; Eichelbaum et al., 2006).

The molecular hallmark of CML, a rare haematopoietic
malignant proliferative disease, is the Philadelphia chromosome
(Ph) (Druker et al., 2001a; Druker et al., 2001b; Holyoake, 2001;
Abdulmawjood et al., 2021; Faderl et al., 1999; Almeida et al., 2022;
Maru, 2001; Helgason et al., 2010). Reactive oxygen species buildup
and genetic instability are linked to the development of disease and
are caused by an aberrant fusion gene with inappropriate kinase
activity that originates on the Ph chromosome. Chromosome
abnormalities and frequently changed genes are among the
genetic abnormalities linked to CML in the blast phase
(Abdulmawjood et al., 2021). Others, like catenin beta 1
(CTNNB1), are involved in cell adhesion; still others, like SKI
like proto-oncogene (SKIL), transforming growth factor beta 1
(TGFB1), or transforming growth factor beta 2 (TGFB2), are
linked to TGF-β or TNF-α pathways, like TNF-α. Some of these
genes, like epidermal growth factor receptor (EGFR), tumor protein
p53 (TP53), or Schmidt-Ruppin A-2 proto-oncogene (SRC), control
cell apoptosis and proliferation. The role of miRNAs in CML is
becoming increasingly apparent. Dysregulation of several important
miRNAs, including as miRNA-451 and miRNA-21, has been linked
to the development of disease states, the response to treatment, and
the molecular modification of pathogenesis (Druker et al., 2001a;
Druker et al., 2001b; Rinaldi and Winston, 2023; Faderl et al., 1999;
Maru, 2001; Peterson et al., 2011; Thijsen et al., 1999; Warmuth
et al., 1999; Wolf et al., 2013; Wylie et al., 2017; Yilmaz et al., 2015).

Assessing biomarkers is necessary to ascertain safety,
effectiveness, and the mode of action. Numerous biologics and
small compounds, as well as therapeutically significant cytokines,
chemokines, cell surface receptors, and intracellular signaling
molecules, have been discovered by prior biomarker studies.

Studies using gene expression (GE) profiling have assessed how
clinically useful GE signatures are at the time of diagnosis. RNA
sequencing, microarrays, and, more recently, single-cell RNA
sequencing have all been used to profile patient material from
different sources. However, because to variations in the cell types
examined, the technologies employed, and the intrinsic complexity
of genetic data interpretation, it is difficult to distill GE datasets into
clinically useful markers (Krishnan et al., 2022). The current
therapeutic goals include producing molecular responses
profound enough to make the risks of BC transformation almost
insignificant and increasing the long-term rates of treatment-free
remission. As a readout of the depth of the reaction to TKI, clinical
criteria for obtaining deep molecular responses have been
investigated elsewhere. In essence, these guidelines suggest
measuring BCR-ABL1 transcript levels every 3 months using the
International Scale (IS). The degree of TKI response, in turn, is a
crucial biomarker that directs patient treatment and prognosis.
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An optimal biomarker would precisely identify patients who will
either need to transition to alternative therapy or obtain a deep
molecular response with first-line TKI, as well as those who will be
able to successfully cease TKI, given the goals of current treatment.
In order to facilitate early patient stratification for therapy with a
first-generation TKI as opposed to a second or third-generation TKI,
allosteric BCR-ABL1 inhibitor, clinical trial, or allogeneic transplant
preparation, the biomarker would be instructive from the time of
diagnosis and before TKI initiation. Furthermore, the ideal
biomarker would detect other treatments that would improve
treatment-free remissions in patients who fulfill the criteria for
discontinuing TKI therapy. Finally, both low and high Human
Development Index countries may have clinically reliable GE-
based biomarkers that are readily accessible across centers
and regions.

There are two different categories of research objectives:
prognostic and mechanistic. Finding variables that, independent
of treatment, can forecast an illness’s future course or result, such as
survival rates, relapse risk, or disease progression, is the main goal of
prognostic research. Clinicians can use these indicators to inform
monitoring practices and estimate patient prognoses. A mechanistic
investigation, on the other hand, aims to comprehend the
fundamental biological pathways or processes that underlie the
onset or course of disease. It describes the ways in which
particular chemicals, genes, or biological processes influence the
course of disease. For instance, increased Musashi2 expression is
thought to be prognostic in CML since it is associated with poor
outcomes, but it also plays a mechanistic function in increasing
leukemia stem cell survival and suppressing Numb, which shows
how the disease develops at the molecular level.

6 CML therapeutics

The presence of multipotent and controlled self-renewing
hematopoietic stem cells, which leads to balanced hematopoiesis
between myeloid and lymphoid lineages, is a characteristic of
normal hematopoiesis. Myeloproliferative neoplasm, a rare blood
malignancy characterized by rapidly proliferating and
uncontrollable myeloid cells, is thought to represent the etiology
in CML patients. A genetic alteration between chromosomes nine
and 22 causes hematopoietic stem cells (HSCs) to create the
transformative mutation known as the breakpoint cluster region
gene-Abelson proto-oncogene (BCR-ABL) (Vuelta). This mutation
causes the cells to become leukemic stem cells (LSCs), which leads to
CML. The development of the BCR shortens chromosome 22 and
destroys its vital connection to chromosome 9, leading to a disorder
of hemopoietic stem cells.

This is one of the genetic distinctions between the two
chromosomes. Note that the fusion of the ABL1 gene also affects
chromosome 9. Although scientists have a good understanding of
molecular aetiology, they still do not know what caused the genetic
alteration between the two chromosomes. Nonetheless, the
pathology reported has aided in determining the course of CML
in afflicted patients as well as future therapy choices. Other genetic
changes may transpire after BCR-ABL is established in CML CP,
and the disease ultimately progresses to the deadly BC CML blastic
phase. A blast crisis is a halt in the myeloid or lymphoid lineage’s

maturation. Blast cells go from the bone marrow to the peripheral
circulation, and LSCs produce new genetic and epigenetic
abnormalities (Druker et al., 2001a; Druker et al., 2001b;
Holyoake, 2001; Rinaldi and Winston, 2023; Hughes et al., 2006;
Yilmaz et al., 2015; Kantarjian et al., 2006; Kantarjian et al., 2007;
O’Brien et al., 2003).

The way that CML is presented is unique and impressive.
Chronic anemia usually manifests as malaise, weariness, weight
loss, upper left quadrant discomfort or heaviness, and in rarer
cases, bleeding problems. The disease frequently progresses from
the chronic stage to the accelerated stage and the final blast stage,
which results in uncontrolled white cell counts in the body and the
continuance of increasing symptoms. Recording CML symptoms
is a step in the diagnostic procedure, and blood count information
obtained from lab draws can be used to confirm these symptoms.
By detecting the altered chromosomes and the BCR-ABL1
transcripts, genetic testing frequently validates the diagnosis.
These are frequently extracted from bone marrow cells or
peripheral blood.

Over the past few decades, CML has been treated using a
variety of methods. To monitor the patient’s symptom
presentation and progression, a single therapeutic approach
was employed. As an alternative, chemotherapy has been used
with either hydroxyurea or busulfan. Stem cell transplants,
interferon-alpha (INF-a) injections, and TKIs have all been
used in different situations. Combination therapy techniques
have grown in popularity in recent years. To increase the
efficacy of treatment regimens, this includes TKI and
interferon and TKI and chemotherapy combos. In addition to
a vaccine approach, immune modulation has been considered as
a treatment option to elicit the desired response to leukemia
activity. Despite the usage of both, there is still no known
treatment for CML.

Since, the BCR-ABL translocation is present in every case of
CML and serves as a target for TKI therapy as well as a diagnostic
marker for the illness, CML is a “poster child” of genetically based
diagnosis and treatment. The so-called chronic phase of CML is
typically indicated by an increase in the number of mature myeloid
cells in circulation. All instances of CML will eventually accrue new
mutational events, first entering an accelerated phase and
subsequently progressing to a deadly blast phase, if treatment is
not received. The natural history of chronic phase sickness has
changed significantly with the introduction of TKI therapy, and few
patients are currently getting well while receiving treatment.
Nonetheless, advanced phase disease does exist in certain patients
and persons. The available treatment choices for these people are few
and largely unsuccessful.

The development of diagnostic methods to forecast the course of
CML and treatment options to prevent or treat it is hampered by our
incomplete knowledge of the genetic “clock” that governs its
advancement. The absence of mice models of CML that closely
resemble human CML is one of the primary reasons for this
limitation. Unlike CML blast crisis, which is primarily myeloid,
the majority of mice with CML models either remain in a chronic
phase or rapidly develop an acute leukemia, frequently of the
lymphoid lineage. In this way, earlier research advances the field
by creating a meticulously designed mouse model that accurately
mimics human CML (Giotopoulos et al., 2015).
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6.1 Cancer immunotherapy in CML

Immunotherapy is proven to be effective in treating clonal bone
marrow stem cell neoplasms like CML. It is thought that patients are
not cured by the existing therapy approaches, even though TKIs that
target the BCR-ABL1 oncokinase are effective. New, curative
therapeutic approaches, however, might result from recent
developments in our knowledge of the disease’s immunobiology,
such as tumor-specific antigens and immunostimulatory drugs. A
small proportion of CML patients are able to discontinue treatment,
despite having very few leukemia cells left, according to encouraging
research. This implies that tumor cell development can be regulated
by the immune system. In this work, we want to give a brief
summary of the new immune system characteristics in CML
patients and the changing strategies for immunotherapy-based
CML control.

One kind of drug that boosts the immune system is
immunotherapy. The immune system naturally produces
interferon, a form of immunotherapy, but it is also possible to
synthesize it in a lab. Interferon prevents cancer cells from
proliferating and dividing. Interferon was thought to be the first-
line treatment for patients who were not candidates for an allogeneic
stem cell transplant prior to the development of TKIs. Because TKIs
are more effective and have fewer side effects than interferon,
interferon medicine is rarely used to treat CML these days.
However, for those who are pregnant or unable to handle the
side effects of TKI therapy, interferon may be a suitable
alternative. The main adverse effects of interferons include mood
swings, difficulty focusing and remembering things, flu-like
symptoms such headaches, chills, fever, nausea, and vomiting,
low red blood cell, white blood cell, and platelet counts, and
difficulty concentrating and remembering things. Although these
adverse effects persist as long as the patient is taking the medication,
they may gradually become less severe. However, a lot of people
struggle to manage these side effects on a regular basis, therefore
they should discuss stopping interferon treatment with their doctor
(Hsieh et al., 2021; Ureshino et al., 2020).

The innate and adaptive immune systems, which have different
roles, make up the majority of the human immune system. The innate
immune system is mostly composed of natural killer (NK) cells,
whereas the adaptive immune system is primarily composed of T
lymphocytes (T cells). Both T cells and NK cells play a major role in
CML bymediating immunological responses. Because they encourage
the growth of regulatory T cells (Tregs), which in turn dampen the
host immune system, myeloid-derived suppressor cells (MDSCs) are
also crucial. Tumor antigens (such as Wilms tumor-1) and surface
receptors (such as natural killer group 2 and killer immunoglobulin-
like receptor) on NK cells are significant participants in these immune
system controls, even though the exact method of regulation is still
unclear. Thus, we examined the latest immunological studies,
concentrating on T cell and NK cell immunity in CML (Clark,
2007; Ilander et al., 2014; Ureshino et al., 2020; Owonikoko et al.,
2021; Bertazzoli et al., 2000; Holmstrom and Hasselbalch, 2019).

All of these alterations returned to normal throughout imatinib
therapy, and the immunoprofile began to match that of healthy
controls. One set of dasatinib patients, however, appeared to be
immunoactivated, as evidenced by large increases in PB’s CD8+,
NK-, and NKT-like cells, whereas the other group appeared to be

healthy controls. The latter group’s T cells contained low levels of the
CD62L antigen, a sign of late memory cytotoxic lymphocytes, and
significant expressions of CD57+, HLA-DR, and CD45RO. Their
results indicate that while both TKIs have immunosuppressive
properties in vitro, their effects on the quantity and location of
immune effector cells in vivo are distinct and evident. In particular, a
subpopulation of individuals treated with dasatinib exhibits
markedly elevated immunological reactivity, necessitating careful
observation (Clark, 2007; Ilander et al., 2014; Ureshino et al., 2020;
Owonikoko et al., 2021; Bertazzoli et al., 2000; Holmstrom and
Hasselbalch, 2019).

The interaction between natural killer (NK) cell numbers, DADI
(a possible biomarker), and checkpoint-related signals like CTLA-4
and CD86 on pDC (plasmacytoid dendritic cells) is critical in the
context of treatment-free remission (TFR) in CML and other
malignancies. In particular, low levels of CD86+pDC may
indicate effective TFR, but large levels are linked to an increased
risk of relapse following TKI (tyrosine kinase inhibitor) withdrawal.
NK cells have a checkpoint protein called CTLA-4, which regulates
their activity. Blocking this protein can increase the cytotoxicity of
NK cells (Albiges et al., 2020; Schutz et al., 2017).

6.2 Natural drugs/products and CML
therapeutics

Chemical compounds or molecules created by living things are
known as natural products. Because of their low toxicity and
affordability, they are increasingly being studied in order to
develop cancer medicines. Numerous lines of evidence
demonstrate that many NPs, such as lignans, alkaloids,
flavonoids, terpenoids, polyketides, and saponins, impede the
growth of CML cells and cause apoptosis. NPs can reverse multi-
drug resistance (MDR) and shift CML cells into monocyte/erythroid
lineage. Here, we also present the anti-CML properties of a number
of NPs. NPs are a large class of varied secondary metabolites that
play a significant role in biology. Numerous organisms, including
bacteria, fungi, plants, and marine life, create NPs. Because NPs are
cheap and have few to no adverse effects, they are being studied as a
potential treatment for infectious and cancerous disorders.
Numerous NPs or NP-inspired compounds (semi-synthetic NP
derivatives, synthetic compounds based on NP pharmacophores,
or NP mimics) were approved, according to the records of new
chemical entities (NCEs). Plant extracts, polyketides, lignans,
alkaloids, flavonoids, terpenoids, and peptides were among the
NPs with strong anti-CML efficacy (Faderl et al., 1999; Brown
et al., 2015; Ali Abdalla et al., 2022; Childs and Carlsten, 2015;
Tascilar et al., 2006; Xu et al., 2018; Wang et al., 2024).

Uncontrolled myeloid cell divisions in the bone marrow are a
hallmark of chronic myeloid leukemia (CML), a hematopoietic
malignancy. Chromosomes 9 and 22 reciprocally translocate to
form CML [(9; 22) (q34; q11)], which ultimately leads to the
formation of the bcr-abl oncogene. The “Philadelphia
chromosome,” a truncated chromosome, is seen in the majority
of CML patients (Ph). The constitutively active tyrosine kinase BCR-
ABL is encoded by the BCR-ABL oncogene. Multiple cell
proliferatory signaling pathways, including RAS, a small GTPase,
mitogen activated protein kinase (MAPK), signal transducers and
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activator of transcription (STAT), and phosphoinositide-3-kinase
(PI3K) pathways, are subsequently activated by the catalytically
active kinase (Goel et al., 2023; Fleischer et al., 2016; Chuang
et al., 2015).

Abl kinase targeting is unquestionably a tried-and-true method
of treating CML. Imatinib, a first-generation tyrosine kinase
inhibitor (TKI) that is also marketed under the names Gleevac
and STI571, reduced BCR-ABL and slowed the course of CML. CML
is now treated with third-generation TKIs (ponatinib), which are
more effective in inhibiting BCR-ABL kinase, and second-
generation TKIs like nilotinib, dasatinib, and bosutinib. The US
Food and Drug Administration (FDA) approved all of these TKIs.
The clinical trajectory of CML has been altered by TKIs. TKIs are
less effective, nevertheless, when BCR-ABL mutations and multi-
drug resistance (MDR) emerge from drug efflux brought on by
p-glycoprotein overexpression. Although there is still primary or
secondary resistance to TKI therapy, alternative therapeutic
approaches are constantly required (Figure 3).

7 Future perspectives and conclusion

Here, I’ve included the most noteworthy advancements in CML
research and care. Research may focus on biomarkers, drugs,
especially NPs, and signaling pathways given the state of
technology and available treatments for cancer diagnosis.
Haematology practice is impacted in a number of ways by the
existence of CML and its possible progression in affected
individuals. More study is required to better understand the onset
and progression of CML and determine the best therapeutic options
to lower its incidence. This is especially true in situations where they
could appear in soft tissue areas that are difficult to find. Additionally,
in order to lower the risk of sickness development and progression
during this critical period, patients in remission require closer
surveillance. The majority of publications on the illness are
retroactive and only include a few characteristics, making it
impossible for practitioners to depend on all studies due to its

rarity. Currently, this is one of the limitations. The relationship
between myeloid sarcoma and chronic myeloid leukemia may
become clearer with more prospective research and randomized
controlled trials involving a broader patient population.
Furthermore, research into biomarkers, natural medicines, and
precision therapy might be necessary.

The degree, mechanisms, and co-occurrence of genetic
alterations in signaling pathways that control cell proliferation,
apoptosis, and cell-cycle progression differ from tumor to tumor
and from tumor type to tumor, despite the fact that these alterations
are commonly observed in cancer. Previous studies have used
mutations, copy-number variations, mRNA expression, gene
fusions, and DNA methylation to examine the processes and
patterns of somatic modifications in important pathways, such as
the cell cycle, Hippo, Myc, Notch, Nrf2, PI3K/AKT, RTK-RAS,
TGFB signaling, p53, and B-catenin/Wnt.
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