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1  |  INTRODUC TION

Today, the number of patients suffering from cancer is growing as 
a result of increasing environmental risk factors in both developing 
and developed countries.1-3 Hematopoietic cancers are heterog-
enous malignancies which show various prognosis, etiology, and 
incidence rate. According to numerous population studies, these 
types of cancer are classified into different subtypes including leu-
kemias, lymphomas, and myelomas.4-7 Currently, enormous studies 
are investigating the possible mechanisms involved in the onset and 
progression of hematopoietic malignancies. Different signaling path-
ways have been suggested to have important role in this context. 
Accordingly, dysregulation of PI3K/mTOR/AKT signaling pathway 
which is paramount important in various cellular events, such as 
cell growth, differentiation, and proliferation, has been observed in 
different cancer types, especially in hematopoietic cancers. Hence, 

changes in the expression of mediators of PI3K/mTOR/AKT axis 
not only participate in cancer onset, but also it would affect the re-
sponses of tumor cells to the common therapies.8,9

Gene regulation is a complex process that delicately regulates 
cellular activities and homeostasis. Numerous reports have high-
lighted the role of non-coding RNAs, such as miRNAs, in regula-
tion of various gene expressions. miRNAs are small RNAs that do 
not encode any protein, but they regulate gene expression mostly 
at the translational levels.10 In recent years, with increasing infor-
mation regarding the miRNA's structure and its gene expression 
regulatory function, many studies have been conducted to clar-
ify the relationship between dysregulation of miRNA's expression 
and development of different cancer types such as blood cancers. 
Since the PI3K signaling pathway has a central role in blood cancer 
development, we tried to compile studies that examined the rela-
tionship between dysregulation of different miRNA targeting PI3K/
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mTOR/AKT signaling mediators and development of hematopoietic 
malignancies.

2  |  PI3 KINA S SIGNALING AND C ANCER

Disturbance of the balance between cell proliferation and apoptosis 
may lead to cancer. Numerous proteins and signaling pathways regu-
late this delicate process. These signaling pathways are the main regu-
lators of cell proliferation, differentiation, and cell growth, so that any 
imbalanced expression of their mediators may lead to cancer develop-
ment11 (Figure 1). One of the most important signaling pathways in 
this context is the PI3K/AKT/mTOR signaling. Until now, relationship 
between this biological pathway and various cancers has been well 
established and new treatments have been designed based on target-
ing the mediators involved in the signaling pathway.12

Phosphatidylinositol 3-kinases (PI3Ks) are a highly conserved fam-
ily of lipid kinases. In general, the members of this family are divided 
into three categories: 1—class I kinases, which are divided into two 
subclasses including IA and IB, 2—class II with three isoforms including 
PI3K-C2α, PI3K-C2β, and PI3K-C2γ, and 3—Class III, which includes 
a member called PI3K-C3. The kinases in the class IA group are het-
erodimers consisting of a catalytic component (p110) and a regulating 
subunit (p85).13 Each of these components has several isoforms in-
cluding 3 isoforms for p110 (p110α, p110β, and p110δ) and 5 isoforms 
for p85 subunit (p85α, p55α, p50α, p85β, and p55γ). Class Iβ kinases 
consist of two catalytic and regulatory subunits, including p110γ and 
p101, respectively. PI3K activation occurs following binding to the 
tyrosine kinase receptor (RTK) directly or through the IRS protein.14 

However, this enzyme can be activated by G protein-coupled recep-
tor (GPCR) and RAS protein activation.15 After receiving extracellular 
signal, the tyrosine kinase (RTK) receptor and PI3K regulatory sub-
unit bind together directly or in an IRS protein-mediated manner.16 
Afterward, the catalytic subunit of the enzyme is activated, leading 
to phosphorylation of the phosphatidyl inositol 4,5 (PIP2) located in 
cell membrane that turns it into the phosphatidyl inositol 3,4,5 (PIP3). 
Phosphorylating of PIP2 and converting it into PIP3 make the latter 
molecule able to bind to proteins that possess the FYVE and Pleckstrin 
homology domain (PHIP) domains such as AKT protein. After bind-
ing the PHIP domain of AKT protein to PIP3, its thr308 site will be 
exposed to phosphoinositide-dependent kinase 1 (PDK1). Full acti-
vation of AKT occurs following phosphorylation at the ser473 site.13 
After activation, AKT phosphorylates and inhibits numerous proteins 
within cytosol and nucleus such as PRAS40, GSK-3β, and BAD. On 
the other hand, AKT activates mTOR by inhibitory phosphorylation 
of TSC2 protein. TSC2 protein is a serine/threonine kinase that forms 
two distinct complex structures including mTORC1 and mTORC2. By 
activating mTORC1, this protein causes phosphorylation of 4EBP1 
and S6K1 proteins, which ultimately increases protein synthesis in 
cell through activating S6 protein. In addition, PIP3 activates Rac by 
triggering a number of Rac-GEF factors such as P-Rex and Vav, result-
ing in activation of different biological events including cell migration, 
growth, adhesion, and even changes in cell morphology.17

In general, the PI3K/AKT/mTOR signaling is a very important 
and vital pathway in cells which plays a critical role in biological 
processes such as cell growth, proliferation, survival, and cell mobil-
ity by converting extracellular signals into an intracellular response. 
It is obvious that disturbing the balance of the expression of any 
of mediators involved in this biological pathway may lead to ma-
lignancy.18,19 For example, overexpression of the mTOR2 protein 
has been reported in a number of cancers. In this regard, unbal-
anced expression of Rictor protein, as a component of the mTOR2 
complex is frequently observed in samples obtained from patients 
with CLL.20 There is also an intertwined correlation between PI3K 
signaling and other cancer-related signaling networks. For exam-
ple, AKT activation elevates the SOX2 stability and its nuclear lo-
calization that introduces AKT as an upstream regulator of SOX2 
transcription factor. However, the relationship between SOX2 and 
AKT is reciprocal which is exemplified in glioblastoma, when SOX2 
accumulation in nucleus increases PI3KCA gene expression.21

Although the role of this signaling pathway in cancer has been 
well studied, various regulatory factors appear to play a role in dys-
regulation of this biological pathway. In recent years, with highlight-
ing the crucial role of non-coding RNAs such as miRNAs in regulation 
of signaling effectors, numerous researches have been conducted 
on the effect of dysregulation of various miRNAs in these pathways.

3  |  miRNA AND GENE REGUL ATION

MiRNAs are small RNAs which are not translated into proteins, 
but they contribute to different cellular processes by regulating 

F I G U R E  1 PI3 kinase signaling pathway. As shown in the figure, 
activation of PI3K/mTOR/AKT signaling activates a cascade that 
eventually changes several critical activities including cell growth, 
cell proliferation, cell survival, cell transformation, and motility in 
cell
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the expression of various proteins. Today, the role of miRNAs in 
a wide range of biological events, including cell growth, prolifera-
tion, cell cycle, differentiation, and cellular metabolism has been 
well-documented.22-24 It is found that there are more than 2,000 
non-coding RNAs in the human genome, about 3–4% of which 
are miRNAs. miRNAs are mainly divided into the two groups 
based on their locations in genome, intragenic and intergenic.25 
Intergenic miRNAs are placed in non-coding regions of genome 
and synthesized by the RNA polymerase III enzyme, while intra-
genic miRNAs are found at the exon and introns regions of differ-
ent encoding genes which are transcribed by RNA polymerase II. 
A small group of miRNAs can be found in duplicated sequences 
which are transcribed by RNA polymerase III.26,27 The process of 
developing a miRNA starts from the nucleus and ends in the cyto-
plasm. The synthesis of miRNAs is initiated by RNA polymerase II 
or III in the cell nucleus, resulting in production of a long primary 
miRNA (Pri-miRNA). Pri-miRNA undergoes post-transcriptional 
changes including cleavage, 3′ UTR polyadenylation, and add-
ing 5′-7-methylguanosine cap. Following cleavage by Drosha and 
DGCR8, Pri-miRNA converts into pre-miRNA with approximately 
70 nt long which is transported from nucleus to the cytoplasm 
via a GTP-dependent transporter named exportin 5. In the cy-
toplasm, pre-miRNA undergoes further cleavages by the Dicer 
enzyme, which is turned to mature miRNA by losing its hairpin's 
end. Subsequently, miRNA along with AGO proteins form a RISC 
complex that mainly targets 3′ UTR of the target mRNA, causing 
mRNA degradation.10 In addition to 3′ UTR, miRNA can target 5′ 
UTR and even coding region of mRNA. Beside this, miRNA may 
even target the promoter region of the coding gene, resulting in 
regulation of gene expression at the transcriptional level. Although 
miRNAs mostly downregulate their target genes through targeting 
3′ UTR, 5′ UTR, and coding regions, they may overexpress their 
targets when they bind to the gene promoters.28 At the transla-
tional level, various studies have confirmed the miRNA-mediated 
gene overexpression in several situations such as food starvation. 
In the mentioned circumstance, AGO2 and other miRNA-binding 
proteins, such as FXR1, bind to the AU-rich sequence in the 3՝ UTR 
of the target mRNA and increase its translation.29 In the amino 
acid deficiency condition, miRNAs can bind to the 5՜ UTR region 
of mRNAs encoding ribosomal proteins, leading to increase the 
translation of these proteins.30 Despite increasing information 
about miRNA's mechanism of action, there are still dark areas in 
this context that need to be elucidated in future studies.

4  |  miRNA AND PI3 KINA SE SIGNALING 
IN HEMATOPOIETIC C ANCERS

As mentioned earlier, precise regulation of PI3 kinase signaling is im-
portant so that avoid unbridle proliferation of hematopoietic cells. 
In the following subsections, we will describe how different miRNAs 
regulate the mediators involved in PI3 kinase signaling in various he-
matopoietic malignancies (Table 1).

4.1  |  miRNA and leukemias

Chronic myeloid leukemia (CML) is a type of blood malignancy that 
affects hematopoietic stem cells, leading them to produce a large 
numbers of immature white blood cells. The main feature of CML is 
reciprocal translocation between ABL1 and BCR genes that causes 
formation of BCR/ABL fusion gene and shorten chromosome 22 
which is called Philadelphia chromosome. The fusion gene shows 
an elevated tyrosine kinase activity that increases proliferation of 
immature myeloid cells.31 According to the reports, miRNAs regu-
late the expression of BCR/ABL gene via binding to its 3՝ UTR and 
promoter.32,33 mir-7 is a tumor suppressor that targets BCR/ABL 
gene (Figure  2). As the downstream signaling pathway of BCR/
ABL, PI3K/Akt is indirectly downregulated by mir-7.34,35 Jiang et al. 
investigated the possible synergistic effect of miR-7 with imatinib 
in the K562 cell line.31 In that study, miR-7 directly targeted ABL1, 
resulting in the decreased expression of BCR/ABL and PI3K/Akt 
proteins. Accordingly, miR-7 inhibited proliferation of K562 cells, 
induced apoptosis in the cells, and increased their sensitivity to 
imatinib through the BCR/ABL/PI3K/Akt signaling pathway.31 In 
another study, Huang et al. reported that the expression of miR-
310a was significantly higher in patients with CML compared with 
normal individuals. Moreover, overall survival rate in the CML pa-
tients with overexpression of miR-310a was lower than those with 
normal expression of this oncomir. A study on the K562 cell line 
showed that upregulation of miR-310a increased proliferation and 
inhibited apoptosis and activities of Cas-3 and Cas-9 in these cells. 
Indeed, Bax/Bcl2 ratio, TIMP2 expression, ERK1/2 phosphoryla-
tion, and eventually, AKT phosphorylation decreased in the miR-
310a overexpressed K562 cells, suggesting the regulatory role 
of this miRNA in TIMP2/ERK1/2 and AKT signaling pathways.36 
miRNAs also involve in drug resistance in CML patients via target-
ing AKT signaling. Comparison of two K562 and imatinib-resistant 
K562 (K562/IMA-3  μM) cell lines showed the lower expression 
rate of miR-2278 in the drug-resistant cells. Further investiga-
tions revealed that miR-2278 had a tumor suppressor role which 
induced apoptosis by reducing STAT5, AKT2, and STAM2 proteins 
in both transcriptional and translational levels.37 As mentioned be-
fore, BCR/ABL tyrosine kinase is the main fusion protein in CML. 
Despite development of effective therapeutic strategies based on 
targeting tyrosine kinase activity, full elimination of CML stem cells 
is challenging and these cells exhibit resistance to tyrosine kinase 
inhibitors. Although the exact mechanism is not well-understood, 
recent studies have highlighted the role of miRNAs in the context. 
It is reported that targeting miR-21 by an antagomir significantly 
increased the imatinib-induced apoptosis in CD34+ leukemic cells. 
The cells treated with miR-21-antagomir or PI3 kinases inhibitors 
exhibited a decreased AKT phosphorylation and c-myc expression 
compared with control. It implies that miR-21 may induce resist-
ance to imatinib via PI3 kinase signaling.38

Acute myeloid leukemia is one of the most common types of 
invasive hematopoietic cancers in adults that exhibits different 
clinical manifestations. Its pathogenesis can vary based on the 
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different pathways involved in the disease.39 Despite the discovery 
of different effective drugs for treatment of AML, which have been 
mostly designed based on targeting different signaling pathways, 
the overall prognosis is still unsatisfactory.40 Increased proliferation, 
suppression of apoptosis, and inhibition of differentiation are the 
most important features of AML leukemia. Previous studies have 
shown that miR-29a and miR-29b act as the tumor suppressors. A 
study conducted by Gong et al. on the miR-29 family showed the 
lower expression rate of miR-29 in peripheral blood mononuclear 
cells and bone marrow CD34+ cells in patients with AML compared 
with healthy individuals. Forced overexpression of miR-29 in AML-
derived cell lines including THP1 and NB4 cells significantly reduced 
proliferation and induced apoptosis in these cells. Further evalua-
tions suggested that the AKT2 and CCND2 are the main targets of 
miR-29. Patients with decreased expression of miR-29 showed the 
upregulation of CCND2, AKT2, and c-myc.40 miR-628 indirectly de-
creased the phosphorylation rate of PI3K/Akt signaling in patients 
with AML. The overexpression of IGF-R1, as the direct target of miR-
628, has been observed in different cancers. Chen et al. reported 
the high levels of miR-628 expression in the samples obtained from 
patients with AML and AML-derived cell lines (HL-60, Kasumi-1 and 
THP-1). Ectopic expression of miR-628 in AML cell lines inhibited 
cell proliferation and cell cycle and induced apoptosis. Similar to the 
other cancer types, the adverse correlation between IGF-R1 and 
miR-628 expression rates was confirmed in the patients suffering 
from AML. Since activation of IGF-R1 results in PI3K/AKT activa-
tion, miR-628 by suppressing IGF-R1 consequently inhibits phos-
phorylation and activation of PI3K/AKT pathway.41 In the WHO 
classification of patients with AML, those with the FLT3-ITD muta-
tion have a poor prognosis. Following FLT3-ITD activation, different 

important signaling pathways such as MAPK/ER, PI3K/AKT, NFĸB, 
and STAT5 will be activated. FLT3-ITD can also suppress PU1 that is 
one the key transcription factors involved in differentiation of my-
eloid linage. According to reports, miR-155 expression was higher 
in FLT3-ITD-positive patients, suggesting that FLT3-ITD signaling 
induced miR-155 expression. In fact, downstream proteins of the 
FLT3-ITD signaling including P65 and STAT5 regulate miR-155 ex-
pression. As a result of silencing miR-155 expression or increasing 
the expression of PU1 transcription factor, cell proliferation of AML-
derived cells decreased.42

Acute lymphoblastic leukemia (ALL) is a type of blood cancer 
that affects both adults and children. The onset age in children is 
between 2 and 5 years.43 ALL is one of the most common blood ma-
lignancies among children, accounting for about 80–85% of cases. 
Given that some poor clinical outcomes in ALL are related to mTOR-
mediated signaling, different drugs targeting mTOR are available 
for ALL treatment which are divided into three groups including 
allosteric inhibitors, ATP-competitive dual PI3K/mTOR inhibitors, 
and mTOR kinase inhibitors.44 Despite being a favorable therapeutic 
strategy, mTOR inhibitors have not met expectations in treatment 
of cancers. There are several reasons for failure of these drugs. It 
is reported that targeting mTOR activates the mediators involved 
in the PI3K or other signaling pathways.45,46 For example, rapalogs 
increase AKT phosphorylation while suppressing mTORC1 func-
tion. Moreover, mTOR inhibition is reported to activate MAPK/ERK 
signaling in cancer cells.46 The existence of an intertwined signal-
ing network seems to pose serious challenges to the use of mTOR 
inhibitors.

The first-line chemotherapy drugs for patients with ALL are glu-
cocorticoids such as prednisone and dexamethasone.47 Chen et al. 

F I G U R E  2 The role of various miRNAs in development of hematopoietic cancers by targeting proteins involved in PI3K signaling
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reported an upregulation of miR-185-5p in the ALL cell lines as well 
as samples obtained from glucocorticoid-sensitive ALL patients. The 
expression of mTORC2 as the direct target of miR-185-5p is down-
regulated in ALL patients. Chen and colleagues reveled a direct rela-
tionship between miR-185-5p expression and sensitivity of ALL cells 
to glucocorticoid drugs. To confirm this claim, they assessed the ef-
fect of miR-185-5p on drug-resistant CEM-C1 cell lines. Accordingly, 
overexpression of this miRNA increased apoptosis rate and cell cycle 
suppression through targeting mTORC2.43

Despite favorable results, 15–20% of children suffering from 
ALL still do not respond to therapy. By analyzing the miRNA expres-
sion profile of these patients, Nemes et al. confirmed the possible 
role of miRNAs in the context. Based on their report, the expres-
sion levels of miR-128b were high in the ALL-derived cell lines, while 
these cells showed a low level of miR-223 expression. miR-128 af-
fected the PI3K/AKT/mTOR signaling pathway by reducing PTEN 
expression. On the other hand, overactivation of IGFR1 signaling 
decreased the expression of miR-223 via overactivating the mTOR 
signaling. Nemes et al. reported that there was a relationship be-
tween increased levels of miR-128b and response to prednisolone in 
patients with ALL.48

Chronic lymphocytic leukemia (CLL) is one of the most com-
mon blood cancers in Western countries, which occurs as a result 
of accumulation of neoplastic B lymphocytes in the bone marrow 
and peripheral blood and other lymphatic organs.49 These leukemic 
lymphocytes protect themselves against apoptosis by stimulating 
the production of autocrine cytokines and, of course, activation of 
receptors involved in the related signaling pathways.50 The role of 
BCR receptor in the pathophysiology of CLL disease and subsequent 
activation of downstream pathways (MEK/ERK, PI3K/Akt, NFKB) 
that are involved in cell survival is well described in literature.51 The 
PTEN protein can act as a tumor suppressor by inhibiting the PI3K/
Akt pathway, which regulates cell metabolism, growth, and survival. 
Recent studies in lung,52 breast,53 glioblastoma, intestine,54 endo-
metrial,55 and hematologic cancers have shown a decrease in the 
levels of this protein. Zou and colleagues found the relationship be-
tween PTEN levels and the prognosis of CLL patients. They reported 
that decreased PTEN levels were associated with a poor prognosis 
in these patients.56 In the next study, they showed that miR-26a and 
miR-214 reduced PTEN protein expression, suggesting PTEN as the 
main target of miR-26a and miR-214. Therefore, these miRNAs indi-
rectly increased the PI3K/AKT levels by decreasing PTEN expres-
sion in patients with CLL.57

4.2  |  miRNA and lymphomas

Lymphomas are a group of clonal malignancies of the lymphatic 
system. The tumor cells in these cancer types origin from lympho-
cytes and NK cells that underwent mutation in different maturation 
stages. In recent years, the role of PI3K/mTOR/AKT signaling path-
way in the onset and progression of lymphomas has been well stud-
ied. In this regard, the role of miRNAs in regulating the mediators 

involved in this signaling pathway is prominent. In patients suffer-
ing from Burkitt's lymphoma, which is known as an invasive non-
Hodgkin's lymphoma, the expression of miRNA-21 and miR-155 
miRNAs in their blood samples was significantly higher than in 
normal individuals. Further evaluations by knocking down of these 
miRNAs in Raji cell line showed that these miRNAs increased the 
activity of the PI3K/AKT pathway by targeting C1RL and TCAP, so 
that downregulating of these miRNAs inhibited the proliferation of 
tumor cells through increasing apoptosis and cellular arrest at the 
stage S.58 The overexpression of mir-21 has been also reported in 
diffuse large B-cell lymphoma (DLBCL). The analyzing of samples 
obtained from patients with diffuse large B-cell lymphoma (DLBCL) 
showed that the expression of miR-21 in these patients was higher 
than normal samples. It was found that the expression of this miRNA 
was inversely correlated with the expression of FOXO1 and PTEN 
proteins. Decreased expression of these proteins would ultimately 
increase cell growth through overactivation of PI3K/AKT/mTOR 
pathway.59

Another study on patients with nasal natural killer cell lymphoma 
(NNL) revealed that overexpression of miR-494-3p in these patients 
increased the AKT activity. It was reported that miR-494-3p by tar-
geting PTEN indirectly increased AKT activity in the NK92 cells.60 
miRNAs are also involved in the sensitivity of NK/T lymphoma cells 
to radiotherapy via AKT signaling. For example, decreased miR-150 
expression in 36 patients with NK/T cell lymphoma was associated 
with increased resistance to radiotherapy. The results of the lucifer-
ase reporter assay showed that miR-150 directly targeted the 3′ UTR 
region of AKT2 and AKT3 mRNAs. It was reported that NK-92 and 
Hank-1 cells overexpressing miR-150 showed the higher apoptosis 
rate after exposure to IR compared with the control group. Wu et al. 
created a tumor model by injection of Hank-1-miR-control and Hank-
1-miR-150 in the NODSCID mice to evaluate the effect of radio-
therapy treatment on the tumor size. Accordingly, the tumors in the 
Hank-1-miR-150 injected mice were more sensitive to radiotherapy 
than the control group. This study showed that miR-150 could play a 
pivotal role in the treatment of NK/T cell lymphoma by inhibiting the 
PI3K/AKT/mTOR signaling pathway.61

4.3  |  miRNA and myelomas

Multiple myeloma (MM) is a malignant disease that is known with 
infiltration and accumulation of plasma cells in the bone marrow, re-
sulting in dysfunction of hematopoietic cells and fragility of bone 
tissue.62 Bone tissue malfunction is the main cause of death in 90% 
of patients with MM.63 Multiple myeloma is the second most com-
mon blood malignancy that still shows poor prognosis despite many 
advances in diagnosis and treatment of the disease.64,65 Plasma cell 
infiltration results in different complications including lytic lesions 
in the bone, hypercalcemia, renal dysfunction, and spinal cord com-
pression syndrome.66 RUNX-2 is one of the bone-specific transcrip-
tion factors that is reported to be increased in myeloma cells. Gowda 
et al. reported that there was an inverse relationship between the 
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expression of miR-342/miR-363 and RUNX-2 in the patients with 
MM. Forced overexpression of miR-342/miR-363 in the CAG cell 
line significantly decreased the expression of RUNX-2 and its target 
genes including DKK1 and RANKL. Moreover, these miRNAs down-
regulated the downstream signaling of RUNX-2, the AKT/β-catenin/
surviving, leading to inhibition of MM progression.67

Sp1 protein is one of the important transcription factors involved 
in various biological events such as apoptosis, cell cycle, and differ-
entiation. Amodio et al. described the regulatory role of miR-29b 
in regulation of SP1 expression. They showed that the expression 
of SP1 is increased in the patients with MM. It is reported that in-
duction of miR-29b expression in the multiple myeloma-derived cell 
lines (SKMM1 and NCL-H-929) reduced the expression of Sp1 at 
both mRNA and protein levels. Overexpression of miR-29b signifi-
cantly decreased the tumor size in MM-xenograft mice models.

Proteasome inhibitors are the major drugs used to treat MM. 
Amodio et al. reported that combination of bortezomib and miR-29b 
induced apoptosis in myeloma cells. In that study, concomitant use 
of bortezomib and miR-29b induced apoptosis in cancer cells which 
emphasized the role of PI3K/Akt pathway in regulating miR-29b/
Sp1 loop and inducing apoptosis in MM cells. In fact, increased AKT 
levels led to a decrease in the miR-29b rate which consequently up-
regulated the Sp1 expression. This effect was reversed by inhibition 
of PI3K activity using LY294002 drug. These findings highlighted 
the negative regulatory role of PI3K/Akt pathway on miR-29b 
expression.68

Various studies in cancer biology have shown that the PTEN/
PI3K/AKT oncogenic pathway is one of the important pathways 
in tumorigenesis, growth, proliferation, and invasion of malignant 
cells.69 Jiang et al. determined the effect of miR-20a on PTEN/PI3K/
AKT pathway in MM-derived cell lines and plasma cells obtained 
from MM patients. According to their report, there was an inverse 
correlation between miR-20a and PTEN expression. Suppressing the 
expression of miR-20a significantly increased the PTEN levels, which 
confirmed that the PTEN is the main target of this miRNA. Further 
evaluations exhibited the lower proliferation, colony formation, and 
migration in the miR-20a-suppressed MM-derived cells. These cells 
also showed lower PI3K expression and AKT phosphorylation.70 In a 
study on MM cancer stem cells, Wang and colleagues surveyed the 
role of miR-19b in the progression of MM. Q-PCR results showed the 
high expression levels of miR-19b and low expression levels of TSC1 
in these cells. By targeting TSC1, miR-19b significantly elevated the 
proliferation and survival of MM-derived stem cells, in vitro.71

5  |  PHARMACOLOGIC AL MODUL ATION 
OF miRNA s

As aforementioned, dysregulation of miRNAs is frequently observed 
in various cancer types. Considering the important influence of 
these molecules on cell biological process, restoring their expres-
sion pattern is paramount important. To aim this, transfection of 
the desired sequences that mimic or inhibit a specific miRNA offers 

an extraordinary strategy to treat cancer cells. However, delivering 
naked miRNA mimic or inhibitor constructs is problematic due to 
degradation by various RNases and even self-hydrolysis.72 To over-
come this barrier, numerous approaches are developing each day 
to protect and increase the half-life of the developed constructs. 
Beside this, restoring some miRNA expression has been achieved 
using small molecules.

Chemical modifications of miRNAs dramatically increase their 
stability within the body. Removing or modifying the 2′-OH in the 
RNA structure makes them resistance to the enzymatic degrada-
tion. For example, locked nucleic acid (LNA) modification of hsa-
miR-15a-5p mimic increased its stability, so that treating MM cell 
lines with this tumor suppressor construct significantly suppressed 
their proliferation.73 Virus vectors are also used as an efficient de-
livery system for expressing miRNAs in the target cells. In this de-
livery system which is mostly applied for constantly expression of 
miRNA mimics, the miRNAs are expressed under a cell-specific pro-
moter in the target cell. Yamamoto et al. used a retroviral expres-
sion vector encoding miR-133 to target Evi1 gene in the leukemic 
cells. Accordingly, the transfected cells showed an elevated level of 
miR-133 expression, leading to downregulation of Evi1 and promote 
apoptosis in the leukemic cells.74 Despite favorable results, viral de-
livery system suffers from some disadvantages such as provoking 
immune responses, notable toxicity, and limited loading capacity, 
encouraging researchers to find alternative solutions.

Non-viral delivery system has been extensively used to transfect 
miRNA mimics or inhibitors to cancer cells. These vectors include a 
wide range of synthetic and natural materials such as lipides, poly-
mers, nanoparticles, and even exosomes.72 For example, Cosco et al. 
successfully used a chitosan/PLGA nanoparticle to deliver miR-34a 
into the multiple myeloma cell lines and human multiple myeloma 
xenograft mice model.75 In addition to the miRNA delivery systems, 
the expression of these non-coding RNAs can be modulated through 
targeting with different small molecules. Zhao et al. reported that 
targeting BET bromodomain and EZH2 proteins by two small mol-
ecules restored the expression of miR-26a in the aggressive and 
primary lymphoma cell lines. According to their results, lymphoma 
cells treated with JQ1 and DZNep small molecules showed the lower 
expression of MYC and consequently lower survival and growth 
compared with control.76

6  |  FUTURE PERSPEC TIVE

Increasing advances in molecular genetics have highlighted the role 
of non-coding RNAs in regulating the expression of various genes. 
In this light, extensive studies have been performed on miRNAs as 
the most well-known non-coding RNAs, suggesting them as the 
key regulators of signaling pathways involved in cell growth, pro-
liferation, and differentiation. To date, dysregulation of the PI3K/
AKT/mTOR signaling pathway has been observed in many different 
cancer types. In hematopoietic cancers, this signaling pathway is 
reported to be responsible for cancer onset, progression, and even 
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drug resistance. Considering the regulatory role of miRNAs in the 
expression of mediators involved in PI3K/AKT/mTOR signaling, fu-
ture studies provide a plan to overcome drug resistance in hemat-
opoietic malignancies using different miRNAs.
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