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SUMMARY
Background: Chronic myeloid leukemia (CML) is a myeloproliferative disorder, which is caused by BCR-ABL fusion that has tyrosine kinase activity. The emergence of the first generation of tyrosine kinase inhibitors increased
survival in patients. CML patients remain in silent phase for a long time by using drugs such as imatinib. Resistance to imatinib causes relapse of disease after using it. Different factors such as mutations, epigenetic factors,
and changes in the drug’s receptor can play an important role in drug resistance. SIRT1 is an NAD-dependent deacetylase that has a role in regulation of metabolic activities. It has been recently considered as a key regulator of
drug resistance in malignancies such as CML.
Methods: The resources of this study are from different sites and journals such as ncbi.nlm.nih.gov/pubmed,
scopus.com, American Journal of Hematology, International Journal of Hematology, etc.
Results: Expression of SIRT1 is increased in patients with imatinib resistance. The mechanism of this resistance is
not exactly understood. The inhibition of SIRT1 in CML causes increased sensitivity to imatinib.
Conclusions: Recognition of drug resistance factors, reduction or neutralization of them is so important in patients’ survival. This study indicates the role of SIRT1 as one of the most common causes of drug resistance in
many cancers such as CML.
(Clin. Lab. 2021;67:1110-1118. DOI: 10.7754/Clin.Lab.2020.200835)
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LIST OF ABBREVIATIONS
CML - Chronic myeloid leukemia
SIRT1 - Sirtuin1
TKI - Tyrosine kinase inhibitor
FISH - Fluorescence In Situ Hybridization
RT-PCR - Real-time polymerase chain reaction
CP - Chronic phase
AP - Accelerated phase
BP - Blastic phase
ABC - ATP binding cassette
MDR-1 - Multi drug resistance-1
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MRD - Minimal residual disease
Tregs - Regulatory T cells
NHEJ - Non-homologous end joining

INTRODUCTION
Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm, which is identified with the Philadelphia
chromosome. This disease is usually observed in individuals in range of 65 - 75 years old [1]. In new cases,
tyrosine kinase inhibitors (TKIs) such as imatinib, nilotinib, dasatinib, and bosutinib are used as the first line of
treatment. At the beginning of treatment, imatinib is administered for the patients and if drug resistance is observed, other TKIs will be used [2]. Due to the fact that
imatinib plays an important role in increasing the survival of patients, drug resistance is a challenge in treatment. Different studies have investigated the various
factors as drug inhibitors. This study provides an overview of different factors, which are involved in drug resistance and introduces sirtuin1 (SIRT1) as a new factor
in drug resistance.
1. Chronic myeloid leukemia
1a) Epidemiology
The incidence rate of chronic myeloid leukemia (CML)
varies between 0.5 - 1.5% per 100,000 world-wide and
it is approximately 0.8% per 100,000 in Asian countries
[3,4]. In Iran, the number of patients with CML is estimated to be about 500 per year and its incidence in men
is higher than women [5,6]. New drugs such as tyrosine
kinase inhibitors (TKIs) increased survival in CML patients about 80 - 90% in Asian countries [7,8].
1b) Etiology
CML is a clonal myeloproliferative disease that is caused by a chromosomal abnormality due to the integration
of BCR and ABL genes that is called the Philadelphia
chromosome [9]. ABL and BCR genes are located on
the long arms of chromosome 9 (ch9) and 22 (ch22), respectively [10]. This fusion is positioned between ch9
and ch22, which is shown as t (9; 22). BCR-ABL fusion
has the property of tyrosine kinase [11]. Also, lifestyle
affects the rate of CML, including smoking, high body
mass index, exposure to ionizing radiation, and benzene, which are considered as risk factors for CML
[12].
1c) Diagnosis
The leukocyte count is usually more than 5 x 109/L and
may more than 30 x 109/L. The peripheral blood smear
shows a complete spectrum of granulocytic cells, from
myeloblast to neutrophils. Basophilia is seen in all patients with CML, and eosinophilia is present in about
90% of them [13]. According to WHO criteria, not only
hematological findings but also genetic findings are required for diagnosis. Different methods such as FISH or
RT-PCR are used in order to determine the presence of
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the Philadelphia chromosome. Biopsy of bone marrow
is used to identify the number of blasts and granulocytic
hyperplasia and to evaluate other cytogenetic abnormalities [14].
CML has three clinical phases: chronic phase (CP), accelerated phase (AP), and blastic phase (BP). According
to WHO classification in BP, more than 20% blasts are
seen in bone marrow or peripheral blood (Table 1). AP
has one of the following characteristics: 10 - 19% blast,
≥ 20% basophil, platelet count less than 100,000/µL and
no response to treatment with splenomegaly and increased WBC count. AP is more aggressive than CP and
most of the patients in developed countries enter the CP
(Table 1) [15].
1d) Treatment
Since the 19th century, different treatments have been
taken for CML and first arsenic compounds were used
[16]. In the early 20th century, splenic irradiation was
used to reduce the degree of splenomegaly, but it was
replaced by the alkylating agents such as busulfan [17,
18]. After that, busulfan was replaced by hydroxycarbamide, a ribonucleotide reductase inhibitor, due to the
mutagenicity of busulfan and stimulation of blast crisis
[19].
In 1970, interferon α and allogeneic stem cell transplantation were used for treatment leading to prolonged survival of patients [20]. Interferon α, in contrast to busulfan and hydroxycarbamide, increases median life expectancy and, in combination with cytarabine, has more
positive effects, but leads to increased toxicity [21,22].
In 1996, Druker and colleagues reported the first data
about TKIs [23]. Studies gradually showed that the reduction in BCR-ABL transcript levels was higher in patients treated with TKIs such as imatinib, compared to
interferon α and cytarabine [24].
2. Tyrosine kinase inhibitors
TKIs inhibit the activity of tyrosine kinase-associated
proteins by binding to their ATP position [25]. Imatinib
is the first generation of TKIs that were used to treat
CML for the first time. The chemical name of the drug
is methyl amino pyrimidine, which was first examined
in 1998. Imatinib plays its inhibitory role by occupying
the position of ATP kinase in BCR-ABL oncogene.
This drug causes cytogenetic responses in about 80% of
patients [26]. The daily dose is 400 mg orally, but in the
absence of expected response, 600 to 800 mg is also administered. The side effects of this drug are headache,
skin rashes, edema, and bone pains. The toxic effects
are determined by increasing serum transaminases. A
small group of patients also experience neutropenia and
thrombocytopenia [27].
Second generation of TKIs such as nilotinib, dasatinib,
and bosutinib are used for the patients who do not respond to imatinib. Use of these drugs causes complete
cytogenetic and molecular responses [28]. Nilotinib is a
modified form of imatinib with an increase in drug activity and a daily dose of 400 mg. Dasatinib is chemi-
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cally and structurally different from imatinib but with
similar function and daily dose of 70 mg twice a day,
and bosutinib acts in a wide range of tyrosine kinases
and the side effects of this drug include severe diarrhea
(Table 2) [29].

changes in different micro-RNAs such as miR-221, miR-379, miR-548, miR-603, and miR-658, and in these
situations, nilotinib is used as the second line of treatment [35,36].
Using histone deacetylase inhibitors such as hydroxamic acid-based drugs including zolinza in combination
with imatinib can significantly reduce the chance of relapse of the disease and cause the disease to remain silent [37].
ADAM8 is a metalloproteinase and using its inhibitors
can be useful in patients who are receiving imatinib as
the first line treatment but they are resistant to imatinib.
In this situation, the rate of relapse due to drug resistance is reduced [38].
Using PI3K-AKT-mTOR pathway inhibitors accompanied with autophagy inhibitors may present a new treatment role in patients with resistance to imatinib. Combined drugs such as the simultaneous use of NVP-BEZ235 and hydroxychloroquine can greatly reduce the
growth of imatinib-resistant CML cells [39].

3. Drug resistance
Drug resistance is an innate and acquired response to
treatment, and multiple mechanisms such as internal
and external factors contribute to it. Innate resistance is
defined as an inherited ability of cancer to develop resistance to drugs and the following factors are involved
in this resistance: increased drug release to the outside
of the cell, which is the responsibility of an ATP-dependent pump called ABC (ATP binding cassette). One
type of ABC is ABCB-1, which is known as MDR-1
(multi drug resistance-1) or the drug resistance protein1. Other factors such as multiple drug resistance-dependent proteins and toxin depletion system such as cytochrome P450, superoxide dismutase, and glutathione
peroxidase are involved in this process. Acquired drug
resistance is defined as the development of cancer after
the initial recovery of the patient. In contrast to the innate drug resistance, acquired drug resistance is produced by several mechanisms such as genetic mutations
and gene amplification. The molecular mechanisms of
acquired drug resistance through mutations are not completely understood due to inadequate studies [30-32]
(Figure 1).

5. SIRT1
5a) Historical background
About a century ago, Peyton Rous discovered a protein
called sirtuin, which had beneficial effects on limiting
body calories [40]. Sirtuin family has seven members in
mammals, SIRT1-7, which regulates metabolism in different tissues. SIRT1 is an NAD-dependent deacetylase
and the function of this protein is related to deacetylation and ADP ribosyl transferase. This protein plays an
important role in apoptosis, cell cycle, mitochondria
function, metabolism, and metabolic functions [41].

4. Drug resistance to imatinib and treatment strategy
Imatinib resistance may be primary or secondary. After
treatment, small groups of patients do not show hematologic and cytogenetic responses to the drug, despite the
fact that most of them have appropriate responses. Secondary drug resistance occurs 2 years after initiation of
the treatment. The cause of the primary drug resistance
is still unknown, but it probably reflects the heterogeneity of the disease at the time of diagnosis. Resistance to
TKIs may be in correlation with different mechanisms,
including overexpression of BCR-ABL proto-oncogene,
dissemination of drug to the outside of the cell or generation of point mutations in the domains of ABL-1 kinase. Today, about 50 point mutations in patients with
positive Philadelphia chromosome are observed with
varying degrees of drug resistance [33]. Each mutation
causes the coding of different amino acids that are in the
sections of the BCR-ABL proto-oncogene and its kinase
part. The substitution of an amino acid such as T315I
induces drug resistance to all TKIs. Consumers of TKI
should be examined every three months for the gene involved in order to reach the desired MRD (minimal residual disease) [34].
Several biomarkers have been identified in order to indicate resistance to imatinib, which is the result of study
on K562-R cells, a cell line resistant to drugs. These
biomarkers include epigenetic changes such as methylation of THAP2, FEM1B, RPRM, and MLH1 genes or

5b) Structure and classification
Sirtuin is classified into four classes (I - IV) according
to molecular polygenetic analysis of different types of
organisms and domain sequences. SIRT1, SIRT2, and
SIRT3 are known as Class I sirtuins, SIRT4 is a member of the Class II, SIRT5 is a part of the Class III,
SIRT6 and SIRT7 are a subset of Class IV [42].
SIRT has two specific domains: small domain, which
includes a helical module and a Zn2+-binding module
and the large domain is a Rossmann fold. The position
of NAD connection is between these two domains [43].
5c) Tissue distribution
SIRT is expressed in a wide range of tissues and organs
such as liver, heart, pancreas, muscle, adipose tissues
and some parts of the brain. There is a high level of
SIRT in embryonic tissues and less in the spleen, kidney, lung, thymus, testis, and ovary [41].
5d) Cellular distribution
Cellular distribution is dependent on cell type, stress
status, and molecular reactions. SIRT1 has been seen in
both nucleus and cytoplasm regions [44] (Figure 2).
5e) Cellular regulation and signaling pathway
SIRT1 acts on different substrates such as histone and
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non-histone proteins. SIRT1 has a deacetylation activity
that plays an important role in metabolism, inflammation, and regulation of DNA damage (Table 3) [45].
SIRT1 is responsible for the chemical reactions and deacetylation of lysine residues. This reaction consumes
NAD+ and converts it to nicotinamide. These NAD-dependent reactions are performed in 6 steps simultaneously. In the first step of deacetylation, NAD+ is broken down and produces nicotinamide and 2′-O-acetylADP ribose. Also, the NAD+ dependent SIRT1 deacetylase reaction is inhibited by Sirtinol [41].
SIRT1 regulates regulatory T cells (Tregs) through the
signaling pathway of NF-KB/AP1. Inactivation of
SIRT1 in animal models causes inflammation and high
sensitivity to oxidative stress due to defects in this signaling pathway. For regulation of this pathway, SIRT1
reacts to a subunit of NF-KB called ReIA/p65 and the
result of this reaction is suppression of transcription and
a reduction in the target gene expression [46]. Smac/
NF-KB signaling pathway plays an important role in
some tumors such as lung cancer. In this situation,
SIRT1 expression reduces the sensitivity of cancer cells
to radiation [47].
SIRT1 is activated in hematological malignancies such
as AML, CML, and lymphoma. In CML patients, this
activation occurs by the BCR-ABL oncogene, which
exacerbates the progression of disease. SIRT1 promotes
the mutant leukemic cells to increase drug resistance
through a change in the DNA repair and the error-prone
NHEJ (non-homologous end joining) repair, a pathway
that repairs double-strand breaks in DNA [48]. Therefore, SIRT1 may result in the lack of intracellular penetration of the drug to the cell through different signaling
pathways [49].
Most of the sirtuins are related to the signaling pathways associated with the lifetime of the hematopoietic
stem cells. These signaling pathways include DNA repair, mTOR, FOXO, NF-KB, and P53 (non-histone proteins). In normal situations, sirtuin is involved in activating these signaling and regulatory pathways by acetylating these agents. In abnormal situations, SIRT1 and
7 can deacetylate these genes such as P53 and reduce its
activity. This gene has an important role in cell cycle
and apoptosis. In the same conditions, SIRT1 and 2 inhibit the autoacetylation of P300 or TIP60. Excessive
activation of the error-prone NHEJ repair pathway in
hematopoietic stem cells by SIRT may explain the
cause of mutations in these cells [50].
SIRT1 regulatory pathways can be disrupted by miR-9.
Due to the fact that miR-9 directly attaches to the 3ʹ-untranslated region of SIRT1 and reduces the activity of
the deacetylation function of it, this disorder is justifiable in sirtuin-dependent regulatory pathways [51].
6. SIRT1 and drug resistance in cancers
SIRT1 has two faces in cancer biology; it can act as a
tumor suppressor or an oncogene. This gene plays its
oncogenic role by deactivating tumor suppressor genes
such as P53, E2F1, etc. Therefore, its overexpression is

Clin. Lab. 5/2021

observed in prostate cancer, breast cancer, and leukemia
[52-54]. The tumor suppressive role of SIRT1 is performed by inhibiting oncogenes and it is observed in
some cancers such as sarcomas, lymphomas, and lung
tumors [52].
Autophagy is a mechanism for life and survival of cells
and also has a role in apoptosis. SIRT1 can play a role
in creating drug resistance or increasing carcinogenesis
by influencing this pathway. SIRT1 plays this role by
deacetylating ATG, which is an autophagy-dependent
factor [55].
SIRT1 has an important role in regulating lipid metabolism as a regulator of metabolic activities. In cancer
cells, SIRT1 reduces lipid metabolism by activating
transcription factors such as FOXO1 and PGC-1a or by
inhibiting SREBP-1c. Autophagy or m-TOR pathways
may also be involved in lipid homeostasis. SIRT1 affects m-TOR pathways through deacetylation and decreases it. Also, SIRT1 prevents the growth of tumor
cells in different cancers [56].
7. SIRT1 and drug resistance in CML
Some studies have indicated that patients with higher
expression of SIRT1 are more prone to drug resistance
[57]. CML is a cancer with increased expression of
SIRT1, which causes drug resistance, and increased expression of this gene has been investigated in cell-lines
such as KCL-22 [58]. Evaluation of this gene expression in samples of CML patients has also indicated that
SIRT1 expression is higher in imatinib-resistant compared with imatinib-sensitive patients [59].

DISCUSSION
Recently, resistance to imatinib is a major challenge in
CML patients. The usefulness of imatinib in survival of
patients is undeniable, but when there is drug resistance,
the use of second and third generation TKIs such as
nilotinib is an appropriate solution. The role of known
agents such as mutations occurring in the BCR-ABL
proto-oncogene causes no effect of imatinib on patients.
Factors affecting epigenetics such as SIRT1 and even
the role of autophagy in drug resistance in these patients
have been underestimated. Most studies on animal models or cell culture confirm the role of SIRT1 in drug resistance, while there are few patient-based studies. Still,
a precise mechanism that demonstrates how SIRT plays
a role in drug resistance is not mentioned. However, this
article discussed the latest developments about the role
of SIRT1 in drug resistance.
In a study performed by Guanglin Qiu et al., the role of
SIRT1 was emphasized as influencing the autophagy
pathway in gastrointestinal cancers [55]. Other review
studies have discussed less about the role of SIRT1 in
resistance in CML patients. However, a study carried
out by Ling Li and colleagues on CML patients specifically focused on the role of this factor in drug resistance
and has shown that inhibiting the expression of the
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Table 1. Characteristics of clinical phases of CML.
Parameter

Chronic phase

Accelerated phase

Blast crisis

BM blasts

< 5%

10 - 19%

≥ 20%

Basophils

< 20%

≥ 20%

Is different in leukemias

Platelets

↑ or normal

↓ or ↑ *

↓*

Marrow cellularity

↑

↑

↑

Cytogenetic

Ph+ *

Ph+

Ph+

Abbreviations: BM - bone marrow.
* ↑ - increase, ↓ - decrease, Ph+ - Philadelphia positive.

Table 2. TKIs dosing and risk profiles.
TKIs

Dosing in chronic phase

Adverse effects

Imatinib

400 mg/day

edema, diarrhea, muscle cramps

Nilotinib

300 mg twice a day

skin rash, hyperglycemia

Dasatinib

100 mg/day

fluid retention, skin rash, headache

Bosutinib

500 mg/day

diarrhea, nausea, fatigue, skin rash, thrombocytopenia

Table 3. The molecules that are targeted for SIRT1.
Targeted molecules

Physiologic role

Effects of deacetylation by SIRT1

Histones

compressing DNA and chromatin

contribution to DNA compression

P53

cell cycle, DNA repair and apoptosis

KU70

DNA repair, regulation of transcription and
recombination

inactivation by sirt1 and prevention DNA
repair
prevention of apoptosis

FOXO

cell cycle and apoptosis

P300

histone acetyl transferase

TIP60

histone acetyl transferase and increased
apoptosis
immunity, inflammation, and apoptosis

NF-KB

SIRT1 gene through activating the P53 causes elimination of leukemic cells in patients who are resistant to
imatinib [60].
Based on the current approaches, considering the efficacy of imatinib in keeping patients in silent phase, elimination of factors that cause drug resistance instead of
using alternative drugs can be an appropriate method to
reduce or neutralize drug resistance. Using the technology to remove or modify the gene in cases where muta-

promotion of the expression of FOXO
target genes involved in stress resistance
and decreasing the transcription of genes
involved in apoptosis
inhibition of P300
inhibition of apoptosis
suppression of the transcription activity of
NF-KB

tions exist, such as CRISPR/Cas9 editing, can also be a
new way to counteract drug resistance.
Given that signaling pathway is performed through
mTOR and AMPK, using drugs that can inhibit these
pathways can be used to reduce SIRT1 activity when it
is necessary.
At the gene expression level, the interfering miRNA can
be used to prevent the synthesis of SIRT1 during translation at the mRNA level.
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Figure 1. Mechanism of drug resistance.
1. Drug influx (MDR1), 2. Gene amplification, 3. Survival of leukemic cells by SIRT1, 4. Mutation in BCR-ABL.

Figure 2. SIRT1 plays different roles in the nucleus and cytoplasm.
In the cytoplasm, it is more commonly used as a tumor suppressor, while in the nucleus, it is responsible for genome repair. 1. DNA repair,
2. Oncoproteins, 3. Transcription factor related to inflammation, 4. Oncoproteins, 5. Tumor suppressor, 6. Proteins with migration role in cell.
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Cancer cells require NAD for proliferation, and the
NAD concentration is increased in tumors. Different enzymes have roles in NAD production, and SIRT1 plays
a role as a mediator in this pathway. Identifying the factors that reduce the energy of cancer cells or the production of NAD in tumors can reduce the growth of cancer
cells.
The main activity of SIRT1 is influencing acetylation
on the level of transcription factors and epigenetics. Using drugs that can block the active site of the enzyme or
interfere with the active site by competitive mechanism
may be beneficial in the presence of drug resistance and
when there is no suitable alternative for the drug.
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