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Abstract

The last decade has witnessed an explosion of knowledge on microRNAs (miRNAs) and their functions
in both normal and abnormal physiological contexts. Myeloid leukaemias are extremely diverse and
complex diseases. Their occurrence has been demonstrated to be correlated with miRNAs expression
aberrations. In order to identify miRNAs that have main role in regulation of OSKM factors and Tp53,
here we present an in-depth analysis of miRNomes in human Acute Myeloid Leukaemia (AML) cell line,
HL-60 and one human Chronic Myeloid Leukaemia (CML) cell line, K562, via high-throughput
sequencing. Small RNA sequences obtained by high throughput sequencing of normal peripheral blood
samples and myeloid cell lines K562 and HL60 were analysed to identify known miRNAs expression
patterns. Target genes of the miRNAs were also identified using miRTarBase database. All the unique
transcripts were used for the functional annotation exploiting the blast2go functional annotation tool.
Our miRNome analysis identified about 50 miRNAs with complementary sites within target mRNAs of
OSKM and Tp53 transcription factors. They included miR-335, miR-126, miR-34c, miR-21, miR-340,
miR-10b, miR-25, miR-130a, miR-103a and miR-107. They were differentially expressed in myeloid cell
lines. The unique expression patterns of miRNAs in cell lines confirm cell type and context dependent
expression of miRNAs. Moreover, we identified a number of miRNAs that were differentially expressed
in myeloid cell lines acting as regulators of OSKM and Tp53 transcription factor genes. These findings
suggest the existence of complicated crosstalk mechanisms between identified differentially expressed
miRNAs and these factors. This underlines the importance and complexity of the functional roles of
dysregulated miRNAs in leukemogenesis. That act by disturbing some essential networks related to
proliferation, differentiation, apoptosis, signal transduction, cell division and tumor suppression.
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Introduction
Myeloid leukaemias, including Acute Myeloid Leukaemia
(AML) and Chronic Myeloid Leukaemia (CML), are clonal
bone marrow diseases identified by the pathological
proliferation of abnormal white blood cells [1]. It is assumed
that Cancer Stem Cells (CSCs) originate from stem cells
carrying mutations or dedifferentiated mature cells [2]. As
stem cells possess longer life span compared to their progeny,
it is supposed that stem cells have the highest potential to
accumulate a mandatory number of mutations to disturb
intrinsic mechanisms tuning normal cell metabolisms and
proliferation. Furthermore, the dedifferentiation of mature cells
possibly occurs in tumorigenesis. For instance, in the process
of Epithelial Mesenchymal Transition (EMT), mature cell
becomes more “stem cell-like” with specific dysregulated
transcription factor genes, e.g. Sox2 and Klf4 [3]. Tp53
mutations are the most common genetic alteration associated
with stem cell-like gene expression signatures in

Hepatocellular Carcinoma (HCC) [4], and loss of p53 function
enhances the efficiency of OSKM factors-induced
reprogramming [5,6]. These data together propose that factors
tune cellular reprogramming and may also be involved in
CSCs generation as oncogenes during cell dedifferentiation
process. In a similar context, Leukaemia Stem Cells (LSCs) are
very similar to their normal counterparts, Haematopoietic Stem
Cells (HSCs). These similarities are obvious in their function,
surface antigenic properties, cytologic properties and gene
expression patterns. Therefore, it has been hypothesized that
AML and CML may arise as a result of accumulation of
genetic and epigenetic events (including miRNA
dysregulation) in HSCs [7]. In fact Yamanaka and colleagues
demonstrated that differentiated cells can be reprogrammed to
acquire pluripotency by specific transcription factors including
Oct3/4, Sox2, Klf4, and Myc (Yamanaka or OSKM factors).
These factors have been revealed to be activated in Embryonic
Stem cells (ES cells) [8,9]. Likewise aberrant acquisition of
stem-cell like characteristics through molecular mechanisms
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including miRNA dysregulation affecting the expression of
OKSM genes may be a cause of transition from leukaemia
cells to LSCs with self-renewing capabilities. The miRNA
molecules are now known to play diverse regulatory functions
in both plants and animals [10,11]. They are generally 19-24
nucleotides in length, small non-coding RNAs which can
inhibit the translation or lead to degradation of mRNA, usually
by binding to the 3/-Untranslated Regions (UTRs) of target
mRNAs [12]. A set of miRNA-coding genes are closely
distributed in genome and these closely organized miRNAs are
termed as the miRNA cluster.

The role of miRNAs in mouse and human embryonic stem
cells has been previously explored using Dicer1- and DGCR8-
deficient cells, which are essential for miRNA biogenesis.
Deletion of Dicer1 causes embryonic lethality in mice [13] and
DGCR8-deficient mouse ESCs exhibit altered regulation of the
cell cycle and differentiation that are associated with decline in
silence stemness markers, such as Oct4, Rex1, Sox2, and
Nanog, likewise delayed expression of differentiation markers
[14].

As a repercussion, miRNA dysregulation could lead to
disruption of the hematopoietic system and leukaemia may
arise. Accumulating evidence implies that miRNAs have
crucial functions in myeloid development and leukemogenesis.
MiRNA expression profiling is gaining popularity because
miRNA signatures have been associated with the diagnosis and
prognosis of diseases such as leukaemia [15,16]. Here we
present an in-depth analysis of miRNomes in human acute
Myeloid Leukaemia (AML) cell line, HL-60 and one human
Chronic Myeloid Leukaemia (CML) cell line, K562, via high-
throughput sequencing to identify miRNAs that have main role
in regulation of OSKM factors and Tp53. This could shed light
on better understanding of the important aspects of molecular
mechanisms of leukemogenesis.

Materials and Methods

sRNA libraries and sRNA-seq analysis
SRNA-seq data of normal blood samples, K562 and HL-60
leukaemia cell lines were obtained from the NCBI SRA
(Sequence Read Archive). In brief samples were sequenced
according to the following steps; total RNA was isolated from
K562, HL-60 and normal peripheral blood cells using
TRIZOL® Reagent. Total RNA was separated on denaturing
polyacrylamide gel electrophoresis, then approximately 18-30
nucleotide RNAs were excised from and ligated to sequencing
adaptors on the both ends, and were reversely transcribed using
a sRNA sample prep kit (Illumina, San Diego, CA, USA) and
then PCR amplified with adapter specific primers. The
amplified cDNAs were finally purified on acrylamide gel to
generate cDNA tag libraries for sequencing on the illumina
platform. Sequences were then queried against ribosomal and
transfer RNAs from Rfam (http://www.sanger.ac.uk/Software/
Rfam/), the genomic tRNA database (http://gtrnadb.ucsc.edu/)
and NCBI database (www.ncbi.nlm.nih.gov/) via Bowtie
aligner [17]. Unmatched sequences retrieved for identify

known miRNAs expression in the leukaemia cell lines and
normal blood samples.

Target prediction and functional annotation
Target genes of miRNAs were identified using miRTarBase
database, an information resource for experimentally validated
miRNA-target interactions [18]. All the unique transcripts were
taken for the functional annotation using the blast2go
functional annotation tool [19].

Statistical analysis
To compare abundance of miRNAs in normal blood samples
and leukaemia cell line libraries, the count of each miRNA was
normalized to Transcripts per Million (TPM). The significance
of differences in miRNA frequency between normal blood
samples and leukaemia cell lines was calculated using a χ2 test.
The thresholds we considered to identify differentially
expressed miRNAs were fold-change ≥ 1.5 and p ≤ 0.05.

Results and Discussion

OSKM and Tp53 transcription factors and miRNAs
as regulators
The dysregulation of some OSKM factors genes including
Oct4, Sox2 and Klf4 in breast, ovarian cancer cells and
leukaemia cells were reported [20-22]. A direct analysis about
miRNAs function in tuning of these genes in myeloid cell lines
has not been established. To determine this mechanism, we
analysed the expression of known miRNAs in our selected cell
lines and their interaction with OSKM and Tp53 transcription
factor genes. To identify the miRNA interacting with OSKM
and Tp53 transcription factor genes in leukaemia, the
miRTarBase database with strong evidence criteria was used.
Based on the obtained data about 4, 14, 15, 44 and 35 miRNAs
with strong evidence were identified as regulators of Pou5f1
(Oct3/4), Sox2, Klf4, Myc and Tp53 genes, respectively (Table
1). Gene ontology analysis of putative target genes by
Blast2Go revealed that the target genes were involved in some
regulatory functions and biological processes including
regulation of stem cell differentiation, apoptosis, signal
transduction, cell division and stress response (Figure 1). These
biological processes may imply the functions of OSKM and
p53 transcription factors in induction of tumors. Dysregulation
of Sox2 promotes the tumorigenesis process and increases
apoptosis-resistance properties in prostate cancer cells [23].
This study exemplifies that miRNAs may strongly contribute
to leukemogenesis by disturbing the tight control of normal
hematopoietic processes via dysregulation of OSKM and Tp53
transcription factor genes (Figure 1).

Expression of miRNAs in CML and AML cell lines
The representative cell lines were obtained from patients with
myeloid leukaemia and therefore can represent clinical aspects
of myeloid leukaemia to some extent. To explore the
underlying mechanism of miRNA expression and the
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relationship between the samples, collected sequences were
perfectly aligned to known human miRNAs. According to our
results some of the identified miRNAs with complementary
sites within target mRNAs of Pou5f1, Sox2, Klf4, Myc and
Tp53 genes, were not expressed in normal peripheral blood
samples and leukaemia cell lines. This pattern may be
associated with miRNAs tissue specificity, indicating that
miRNAs expression may be regulated both temporally and
spatially [24,25]. To demonstrate miRNA function in
leukemogenesis and identify miRNAs which are dysregulated
in acute leukaemia, genome-wide analysis of miRNA
expression studies have been carried out. These works revealed
that leukemic cells of acute leukaemia patients had dissimilar
miRNA expression patterns compared to normal hematopoietic
cells [15,26-28].

Our miRNome analysis confirmed these results and about 50
miRNAs with complementary sites within target mRNAs of
OSKM and Tp53 transcription factors, including miR-335,
miR-126, miR-34c, miR-21, miR-340, miR-10b, miR-25,
miR-130a, miR-103a and miR-107 were differentially
expressed in myeloid cell lines. Some of the differentially
expressed miRNAs such as miR-126, miR-34c, miR-340,
miR-130a, miR-335 and miR-7 were down regulated in both
cell lines (Table 2). This pattern may be considered as a
common function of these miRNAs in leukemogenesis. About
50 miRNAs were differentially expressed in myeloid cell lines,
whereas in HL60 miR-124, miR-487b, miR-1285, miR-504,
miR-485 and in K562 miR-128, miR-10b, miR-92a, miR-30d,
miR-375 were uniquely expressed. These patterns confirm cell
type and context dependent expression of miRNAs
(Supplementary File 1). Analysis of Pou5f1-linked miRNAs
revealed miR-128 and miR-335 as regulator for Pou5f1 in
HL60 and K562 cell lines and miR-335 were down regulated
in both cell lines (Tables 2 and 3). Aberrant expression of this
gene has been reported in several human and rat tumor cells
[29,30]. All expressed miRNAs in HL60 and K562 cell lines
with target sites within Sox2 mRNA, were down regulated in
both cell lines (Table 2). This may indicate common function
of these miRNAs in leukemogenesis via dysregulation of Sox2
and may cause increased expression of this gene in AML and
CML cell lines. Aberrant expression of Sox2 has been reported
in leukaemia and a number of solid tumors, including cancers
of the prostate and brain. This may be correlated with
increased proliferation and tumorigenicity of cancer stem cells
[31-34].

Moreover, Sox2 up regulation has been reported in several
epithelial tumors [34-37] and is indicative of the function of
Sox2 in tumorigenesis of cancer cells. Xenotransplantation
experiments in NSG mice showed that Sox2-overexpressing
cells induced tumors earlier and more frequent than control
serous ovarian carcinoma cells. Sox2 expression facilitating
transition to a CSC state with enhanced tumor-initiating
properties [33]. Furthermore, we identified some differentially
expressed miRNAs between AML and CML cell lines that
were associated with Klf4, Myc and Tp53 expression. For

instance miR-10b, miR-25, miR-103a, miR-107 and miR-29a
targeting Klf4 and miR-25, miR-15a, miR-16, miR-221,
miR-222 and miR-27a as Tp53 regulators show contrary
expression between AML and CML cell lines. MiR-16 was up
regulated in AML whereas it was down regulated in CML cell
lines significantly (Table 2). Abnormal expression of some
miRNAs, such as miR-16, 151 and 142 were formerly reported
in CML [38-40]. This cell specific pattern may be related to the
physiological characteristics of these cell lines, CML and AML
pathogenesis-related pathways and also genetic alterations in
AML and Philadelphia chromosome (Ph) in CML cell lines
[41-43]. Hematologic malignancies often display genomic
alterations. Balanced and unbalanced chromosome alterations
are established in AML patients [44].

Analysis of human and mouse genomes exhibited that most of
miRNA genes were located at fragile sites and altered genomic
regions that were involved in cancer [45]. These data imply
that in part the mechanism of miRNA deregulation in
leukemogenesis may be due to genomic instability. The unique
miRNA expression pattern in AML and CML cell lines may be
associated with cytogenetic aberrations and may reveal insights
into the biology of leukaemia subtypes. MYC has a
fundamental function in the correct haematopoiesis, tuning the
delicate balance among self-renewal, differentiation, and
proliferation essential for blood formation.

According to our data, most of miRNAs with complementary
sites within Myc mRNA in CML cell line were down regulated
(Table 2). Up regulation of c-Myc mRNA with CML
progression has been reported before. MYC activity can elicit
genomic instability and leukemognesis [46]. Down regulation
of identified miRNAs may be related to up regulation of Myc
in K562 cell line. This confirms that a role is played by these
miRNAs in tuning Myc expression.

Myc deregulation is frequently exposed in different types of
lymphoma and leukaemia, which would demolish the required
equilibrium for blood formation and transform hematopoietic
cells by triggering proliferation and blocking terminal
differentiation [47]. P53 is a tumor suppressor and sequence-
specific transcription factor that regulates expression of genes
involved in apoptosis, cell cycle arrest and senescence. P53 can
also inhibit expression of some genes. This function is partly
mediated by inducing several miRNAs. Indeed, p53 is mutated
in about 50% of human cancers, and is functionally inactivated
in many more. The crosstalk between the Tp53 network and
miRNAs is further substantiated by recent studies on regulation
of Tp53 by miRNAs. Several miRNAs including miR-125b,
miR-504, miR-25, miR-30d, miR-122, miR-29, miR-192,
miR-194 and miR-215 have been indicated to regulate p53
abundance and activity. Among these miR-125b, miR-504,
miR-25 and miR-30d negatively regulate Tp53 gene by binding
to its 3’UTR (Table 4) [48,49]. Therefore, altered expression of
miRNAs associated with these transcription factors in myeloid
cell lines may have a critical function in leukemogenesis by
disturbing biological processes regulated by these molecules.
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Figure 1. (A) Multi-level pie chart of combined graph of GO biological process annotations for Pou5f1 (Oct3/4), Sox2, Klf4, Myc and Tp53 genes,
with node score cut off=5. (B) A Putative functional roles for abnormal expressed miRNAs in leukemogenesis by disturbing the tight control of
normal hematopoietic processes via dysregulation of OSKM and Tp53 transcription factor genes and disturbing their biological process including
proliferation and differentiation, apoptosis, signal transduction, cell division and tumor suppressing.

Table 1. Identified miRNAs with complementary sites within mRNAs of Pou5f1, Sox2, Klf4, Myc and Tp53 genes according strong evidence in
miRTarBase database.

Target genes Identified miRNAs with strong evidence

Pou5f1 miR-145-5p, miR-128-3p, miR-335-5p, miR-34a-5p

Sox2 miR-145-5p, miR-126-3p, miR-522-3p, miR-34a-5p, miR-34b-3p, miR-34c-5p, miR-140-5p, miR-429, miR-128-3p, miR-21-5p, miR-340-5p,
miR-625-5p, miR-638, miR-1181
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Klf4 miR-145-5p, miR-10b-5p, miR-25-3p, miR-135b-5p, miR-130a-3p, miR-663a, miR-103a-3p, miR-107, miR-128-3p, miR-124-3p, miR-29a-3p,
miR-15a-5p, miR-34a-5p, miR-7-5p, miR-137, miR-152-3p, miR-206

Myc miR-24-3p, let-7a-5p, let-7g-5p, miR-335-5p, let-7f-5p, miR-744-5p, miR-148a-3p, miR-212-3p, miR-494-3p, miR-155-5p, miR-33a-5p,
miR-487b-3p, miR-7-5p, miR-93-5p, miR-324-3p, miR-184, miR-126-5p, miR-25-3p, miR-92a-2-5p, miR-92a-1-5p, miR-19b-2-5p, miR-19b-1-5p,
miR-19a-3p, miR-106b-5p, miR-34a-5p, miR-98-5p, let-7c-5p, miR-26a-5p, miR-145-5p, miR-21-5p, miR-34b-5p, miR-34c-5p, miR-18a-5p,
miR-17-5p, miR-20a-5p, miR-34b-3p, miR-378a-3p, miR-371a-3p, miR-373-3p, miR-451a, miR-33b-5p, miR-135a-5p, miR-449c-5p, miR-429

Tp53 miR-125b-5p, miR-125a-5p, miR-25-3p, miR-30d-5p, miR-1285-3p, miR-612, miR-15a-5p, miR-16-5p, miR-221-3p, miR-222-3p, miR-214-3p,
miR-10b-5p, miR-608, miR-605-5p, miR-504-5p, miR-485-5p, miR-27a-3p, miR-150-5p, miR-92a-3p, miR-375, miR-200a-3p, miR-491-5p,
miR-30a-5p, miR-30b-5p, miR-30c-5p, miR-30e-5p, miR-19b-3p, miR-92a-2-5p, miR-92a-1-5p, miR-20a-5p, miR-18a-5p, miR-106b-5p,
miR-106a-5p, miR-17-5p

Table 2. Differentially expressed miRNAs related to OSKM and Tp53 in AML (HL60) and CML (K562) cell lines, compare to normal peripheral
blood cells. N, indicate miRNA that are NOT expressed in AML (HL60) or CML (K562) cell lines.

miRNAs Target genes Expression HL60 Expression K562 miRNAs Target
genes

Expression Hl60 Expression K562

miR-128-3p Pou5f1 N Down miR-155-5p Myc Up Down

miR-335-5p Pou5f1 Down Down miR-487b-3p Myc Down N

miR-126-3p Sox2 Down Down miR-7-5p Myc Down Down

miR-34c-5p Sox2 Down Down miR-93-5p Myc Up Down

miR-128-3p Sox2 N Down miR-126-5p Myc N Up

miR-21-5p Sox2 Down Down miR-25-3p Myc Up Up

miR-340-5p Sox2 Down Down miR-92a-1-5p Myc N Up

miR-10b-5p Klf4 N Up miR-19b-1-5p Myc Up Up

miR-25-3p Klf4 Down Up miR-19a-3p Myc Down Up

miR-130a-3p Klf4 Down Down miR-106b-5p Myc Down Down

miR-103a-3p Klf4 Up Down miR-125b-5p Tp53 Down Up

miR-107 Klf4 Up Down miR-125a-5p Tp53 Down Down

miR-128-3p Klf4 N Down miR-25-3p Tp53 Down Up

miR-124-3p Klf4 Up N miR-30d-5p Tp53 N Down

miR-29a-3p Klf4 Down Down miR-1285-3p Tp53 Down N

miR-15a-5p Klf4 Up Down miR-15a-5p Tp53 Up Down

miR-7-5p Klf4 Down Down miR-16-5p Tp53 Up Down

miR-152-3p Klf4 Up Down miR-221-3p Tp53 Up Down

miR-24-3p Myc Down Down miR-222-3p Tp53 Up Down

let-7a-5p Myc Up Down miR-10b-5p Tp53 N Up

let-7g-5p Myc Down Down miR-504-5p Tp53 Down N

miR-98-5p Myc Up Down miR-485-5p Tp53 Down N

let-7c-5p Myc Up Down miR-27a-3p Tp53 Up Down

miR-26a-5p Myc Down Down miR-150-5p Tp53 Down Down

miR-21-5p Myc Down Down miR-92a-3p Tp53 Up Up

miR-34c-5p Myc Down Down miR-375 Tp53 N Down

miR-18a-5p Myc Down Up miR-30b-5p Tp53 Up  Up

miR-17-5p Myc Up Down miR-30c-5p Tp53 Up Up
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miR-20a-5p Myc Up Up miR-19b-3p Tp53 Down Up

miR-378a-3p Myc Down Down miR-92a-1-5p Tp53 N Up

miR-451a Myc Down Down miR-20a-5p Tp53 Up Up

miR-335-5p Myc Down Down miR-18a-5p Tp53 Down Up

let-7f-5p Myc Up Down miR-106b-5p Tp53 Down Down

miR-744-5p Myc Down Down miR-17-5p Tp53 Up Down

miR-148a-3p Myc Down Down     

Table 3. miR-128 binding sites in 3'UTR of Pou5f1 mRNA as regulator
for Pou5f1 (predicted by miRanda). Minimum Free Energy (MFE) is
calculated by miRanda.

Duplex structure Position Score MFE

230-251 107 -11.7

161-186 97 -9.2

88-108 90 -5.5

Table 4. miR-125b binding sites in 3'UTR of Tp53 mRNA predicted by
miRanda. Minimum Free Energy (MFE) is calculated by miRanda.

Duplex structure Position Score MFE

1010-1029 147.00 -15.20

1268-1289 130.00 -15.44

1475-1494 124.00 -18.00

Conclusions
The discovery of target regulation by miRNAs may shed new
lights on comprehension of leukemogenesis mechanisms.
Myeloid leukaemias are extremely diverse diseases and have
been demonstrated to be correlated with miRNAs expression
aberrations. In this work, we identified a number of miRNAs
that were differentially expressed in myeloid cell lines as
regulators of OSKM and Tp53 transcription factor genes. This
suggests the existence of crosstalk mechanisms between

identified differentially expressed miRNAs and these factors
which underlies the functional roles of dysregulated miRNAs
in leukemogenesis via disturbing some essential networks
related to proliferation, differentiation, apoptosis, signal
transduction, cell division and tumor suppression (Figure 1).
The unique miRNA expression patterns that were found for
subtypes of myeloid cell lines may contribute to the biology of
diverse leukaemia subtypes. Accordingly, we deduced that
some of the uniquely expressed miRNAs between the AML
and CML cell lines may discriminate between these two
myeloid leukaemia types and act as diagnostic, predictive and
prognostic biomarkers. This indicates that miRNAs are
potentially useful in categorizing leukaemia subtypes and that
specific classification may be useful for improvement clinical
approach such as diagnosis and treatment strategies for
myeloid leukaemia. This study provides useful data to further
explore the mechanisms of microRNA-mediated gene
regulation in human leukaemia subtyping, leukemogenesis and
myeloid development.
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