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ABSTRACT

Background
Polycythemia vera is a clonal hematopoietic stem cell disorder in which the JAK2 V617F muta-
tion is observed in >95% of patients, but an as yet unidentified process appears to initiate the
clonal expansion of hematopoiesis. Because microRNA regulate hematopoietic differentiation,
we hypothesized that dysregulated expression of microRNA may contribute to the pathophysi-
ology of polycythemia vera.

Design and Methods
We performed gene expression profiling in five patients with polycythemia vera and in five con-
trols using CombiMatrix MicroRNA CustomArray. ANOVA identified deregulated microRNA in
polycythemia vera, and their expression was studied in a larger set of samples by quantitative
reverse transcriptase polymerase chain reaction. The expression of these microRNA was also
analyzed in other myeloproliferative disorders.

Results
We observed down-regulation of let-7a and up-regulation of miR-182 in polycythemia vera
granulocytes, up-regulation of miR-143, miR-145 and miR-223 in polycythemia vera mononu-
clear cells, up-regulation of miR-26b in polycythemia vera platelets, and down-regulation of
miR-30b, miR-30c and miR-150 in polycythemia vera reticulocytes. JAK2 V617F frequency was
positively correlated with miR-143 expression and inversely correlated with let-7a, miR-30c,
miR-342 and miR-150. Transcript level of predicted target genes was determined, and over-
expression of IRAK2 was detected in all granulocytes from patients with myeloproliferative dis-
orders and in polycythemia vera reticulocytes. Abnormally high HMGA2 microRNA was found in
myelofibrosis granulocytes.

Conclusions
Our study demonstrates that peripheral blood cells from patients with polycythemia vera have
microRNA signatures distinct from those of controls. Our findings of aberrant microRNA expres-
sion underline the complexity of the molecular basis of polycythemia vera.
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Introduction

Polycythemia vera (PV) is a clonal myeloproliferative
disorder (MPD) caused by somatic mutation(s) arising in
a hematopoietic multipotent cell. Hematopoiesis in PV is
characterized by the accumulation of phenotypically
normal erythrocytes with variable overproduction of
platelets and myeloid leukocytes. A single nucleotide
substitution (G1849T) generates the JAK2 V617F tyro-
sine kinase that is present in the bone marrow and
peripheral blood myeloid cells of more than 95% of PV
patients and in approximately 50% of patients with
essential thrombocythemia (ET) and primary myelofi-
brosis (PMF). JAK2 V617F has also been identified in a
small proportion of patients with chronic neutrophilic
leukemia, acute megakaryocytic leukemia, and in most
patients with refractory anemia with ringed sideroblasts
and thrombocytosis.1,2 The non-specificity of the muta-
tion, the absence of JAK2 V617F in some PV patients,
the existence of familial PV in which affected members
can be either JAK2 V617F-negative or positive, only a
proportion of clonal PV cells are JAK2 V617F-positive,
and the existence of erythropoietin-independent burst-
forming units-erythroid (BFU-E) that are either JAK2
V617F-negative or positive demonstrate that somatic
mutation of JAK2 is not the sole pathogenic process in
PV.3-7 Moreover, several mutations in exon 12 of JAK2
have been described in JAK2 V617F-negative PV
patients.8,9

MicroRNA (miRNA) are non-coding 18-22nt RNA that
regulate gene expression either by destabilizing target
mRNA or by inhibiting protein translation.10 Both in vitro
and in vivo data show that miRNA are important regula-
tors of hematopoiesis and that they play a role in the
pathogenesis of some acquired hematologic disorders,11

functioning either as tumor suppressors (miR-15/16) or as
oncogenes (miR-17-92 cluster). For example, in chronic
lymphocytic leukemia, somatic deletion of 13q14 is
observed in more than 50% of clonal lymphocytes,
resulting in loss of expression of miR-15 and miR-16.12 As
these miRNA upregulate expression of the anti-apoptot-
ic gene BCL2, mutant cells have a survival advantage.13

Abnormally high expression of miR-155 has been report-
ed in both Hodgkin’s lymphoma and diffuse large B-cell
lymphoma.14,15 The precursor sequence of miR-155 is
located in the non-coding region of the BIC locus. BIC
activation accelerates lymphopoiesis and is associated
with over-expression of MYC (V-myc myelocytomatosis
viral oncogene homolog).16

Microarray studies have defined miRNA signatures in
some hematopoietic cell lineages and hematologic dis-
eases,17-22 and comparison of samples from patients and
controls samples revealed aberrantly expressed miRNA
that correlated with disease phenotype.23-27 Disease-spe-
cific miRNA expression may have diagnostic signifi-
cance, prognostic significance, or both and may provide
new insights into the pathogenesis of disorders such as
PV in which the etiology is incompletely understood. To
define the miRNA profiles in PV, miRNA expression was
analyzed in peripheral blood cells from healthy volun-
teers and from patients with PV. 

Design and Methods

Blood samples 
Peripheral blood from patients and controls was

obtained following written informed consent using a
protocol approved by the Institutional Review Board of
the University of Utah. The diagnosis of PV, ET and
PMF was made using the criteria of the Polycythemia
Vera Study Group, and these clinical criteria were fur-
ther supported by the following laboratory studies: low
serum erythropoietin, identification of erythropoietin-
independent colonies, and clonal hematopoiesis in
informative females.28 The allele frequency of the JAK2
V617F mutation was quantified in patients’ cells as
described elsewhere.29 The PV group consisted of 17
patients, in whom the JAK2 V617F mutation frequency
ranged from 0.8% to 100%. The patients were catego-
rized according to JAK2 V617F allele frequency into
two groups: those with a low allele burden (patients with
a mutation frequency <50%; n=6) and those with a
high allele burden (patients with a mutation frequency
>50%; n=11). We tested nine patients with PMF (6/9
JAK2 V617F-positive) and nine with ET (4/9 JAK2
V617F-positive). All patients were negative for
MPLW515L and MPLW515K mutations.30 The control
group was composed of ten volunteer donors.

Platelets were separated from plasma by centrifuga-
tion at 500g for 10 min. Mononuclear cells and granu-
locytes were isolated by Ficoll-Paque (Sigma, St. Louis,
MO, USA) density gradient centrifugation. 

Gene expression profiling
Total RNA was extracted using Tri-Reagent (MRC,

Cincinnati, OH, USA) according to the manufacture’s
instructions. Reticulocyte RNA was isolated as
described previously.22

CombiMatrix MicroRNA CustomArrays (#3725)
were used for gene expression profiling. These arrays
contained 326 probes for human mature miRNA
including corresponding mismatch oligonucleotides.
We used labeling and hybridization protocols as
described elsewhere.31 Briefly, 6 µg of total RNA were
3’-end labeled with Cy3 dinucleotides (Dharmacon,
Lafayette, CO, USA) using T4 RNA ligase (NEB,
Ipswich, MA, USA) by incubating on ice. After 2 hours,
the labeled RNA was precipitated and resuspended in
12% formamide, 5% sodium dodecyl sulfate (SDS),
0.8% bovine serum albumin (BSA) and 400 mM
Na2HPO4 (pH 7.0). The sample was hybridized on array
slides overnight at 37°C. The slides were washed by
incubation (3 minutes) once in 2xSSC, 0.029% SDS at
room temperature, three times in 1.6xSSC at 23°C and
twice in 0.8xSSC at 4°C. Processed slides were scanned
using a GenePix 4000B (Axon, Sunnyvale, CA, USA)
scanner at a resolution of 10 µm.

Microarray data analysis
The raw data were extracted by CombiMatrixImager

software (www.combimatrixcorp.com). The median signal
from all mismatch probes was set to background. This
value was subtracted from all miRNA probe signals.
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Probe signals greater than 1.5 times background were
considered present. By using Genesis 1.6.0Beta1 software
(http://genome.tugraz.at/), signal intensity values were nor-
malized to per-chip mean values, and hierarchical clus-
tering analysis was performed using average linkage and
Pearson’s correlation. Additionally, the data were
processed by one-way ANOVA (Welch analysis of vari-
ance) to determine differentially expressed miRNA (a p
value of <0.05 was considered statistically significant).

Expression analysis by quantitative real time 
polymerase chain reaction (qRT-PCR)

Expression of selected miRNA was analyzed by qRT-
PCR using TaqMan MicroRNA Expression Assays
(Applied Biosystems, Foster City, CA, USA) as previ-
ously described.22 Briefly, 10 ng of total RNA were
reverse transcribed under the following conditions:
16°C for 30 min, 42°C for 30 min, 85°C for 5 min. The
conditions for the PCR reaction were as follows: 95°C
for 10 min followed by 40 cycles of 95°C for 15 s and
60°C for 1 min using an ABI PRISM 7000 thermal
cycler. The miRNA expression levels were normalized
to RNU6B (Applied Biosystems). 

The levels of putative target mRNA (MYB:
Hs00920571_m1, HMGA2: Hs00171569_m1, CCND2:
Hs00922418_g1, HIC2: Hs00740546_s1; IRAK2:
Hs00176394_m1, KRAS: Hs00270666_m1) were quan-
tified by TaqMan Expression Assays (Applied
Biosystems) according to the manufacturer’s instruc-
tion. Briefly, 500 ng of total RNA were reverse tran-
scribed using SuperScript III First-Strand Synthesis
SuperMix for qRT-PCR kit (Invitrogen, Carlsbad, CA,
USA), under the following incubation conditions:
25°C for 10 min, 50°C for 30 min and 85°C for 5 min.
Two microliters of cDNA were used for TaqMan qRT-
PCR. The PCR reaction was performed under the fol-
lowing conditions: 95°C for 10 min, followed by 40
cycles of 94°C for 15 s and 60°C for 1 min. Expression
levels of the genes were normalized to 18S rRNA
(Hs99999901_s1, Applied Biosystems). 

Relative fold changes of gene expression were calcu-
lated by the ∆∆CT method and the values are expressed
as 2-∆∆Ct.32

Prediction of putative miRNA targets
Putative gene targets of miRNA were predicted using

the following two algorithm tools: TargetScan 4.0
(www.targetscan.org) and Pictar (http://pictar.bio.nyu.edu/).
The target genes predicted in both databases are report-
ed. 

Results 

miRNA signatures of peripheral blood cell lineages  
For initial gene expression profiling by microarrays,

we used peripheral blood cells from five PV patients
and five controls. Hierarchical clustering analysis deter-
mined miRNA expression clusters for particular periph-
eral blood cell lineages in both controls and PV patients
(e. g., cluster –R: down-regulation of miR-23a, miR-23b,
miR-342, miR-27a, and miR-150 in reticulocytes; cluster

R: up-regulation of miR-185, miR-195, let7-c/b/i, miR-92,
miR-363, and miR-182 in reticulocytes; cluster G: up-
regulation of miR-338, miR-148a, miR-424, miR-143, and
miR-199b in granulocytes; cluster P: up-regulation of
miR-199a*, miR-221, and miR-130a in platelets, and
down-regulation of miR-451 in mononuclear cells)
(Online Supplementary Figure S1).

Validation of miRNA array data by qRT-PCR
The array data of 12 miRNA were validated in the

tested cell lineages by qRT-PCR. The relative fold
changes of miRNA expression, controls versus PV
patients, determined by qRT-PCR were similar to those
detected by microarrays (r=0.95, p<0.01) (Online
Supplementary Figure S2). Relative gene expression was
assessed using both quantitation derived from a stan-
dard curve and the ∆∆CT method. A high concordance
(r>0.96, p<0.01) was observed when the two methods
were compared.

Differentially expressed miRNA in polycythemia vera
peripheral blood cells

The ANOVA of array data showed significantly dif-
ferent expression of 40 miRNA in particular PV cells as
compared to in control cells (p<0.05) (Figure 1). Of
these, we selected 25 miRNA (p<0.03) for further test-
ing in a larger set of PV patients (n=17) and controls
(n=10) by qRT-PCR. We confirmed down-regulation of
let-7a (p<0.05) and up-regulation of miR-182 (p<0.01) in
PV granulocytes; up-regulation of miR-143 (p<0.01),
miR-145 (p<0.01) and miR-223 (p<0.01) in PV mononu-
clear cells; up-regulation of miR-26b (p<0.05) in PV
platelets; and down-regulation of miR-30b (p<0.05),
miR-30c (p<0.05) and miR-150 (p<0.05) in PV reticulo-
cytes (Figure 2). miR-30b and miR-30c belong to the
same gene family and their levels of expression were
significantly correlated with each other (r=0.96,
p<0.01). Array data showed miR-342 down-regulation
in PV cell lineages except reticulocytes but we did not
confirm this by qRT-PCR at a p value of <0.05. 

miRNA expression in cells from patients 
with primary myelofibrosis and essential 
thrombocythemia

To investigate PV specificity of deregulated miRNA,
we analyzed miRNA expression in peripheral blood
cells of patients with PMF (n=9) and ET (n=9). In gran-
ulocytes, the down-regulation of let-7a was specific for
PV, but abnormally high expression of miR-182 was
also found in all other MPD patients (p<0.05). In addi-
tion, we detected significantly decreased levels of miR-
30c in ET granulocytes (p<0.01). We did not confirm PV
specificity of miR-143, miR-145 or miR-223 over-expres-
sion in mononuclear cells, as increased levels of those
miRNA were also detected in mononulcear cells from
patients with PMF and ET (p<0.01). Because of the lim-
ited amount of blood available from non-PV MPD
patients, we did not attempt to isolate reticulocyte
RNA from patients with PMF or ET. 

Correlation of JAK2 V617F allele frequency with
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miRNA expression
To analyze the relationship between miRNA expres-

sion and JAK2 V617F allele frequency, PV patients were
grouped into two categories according to their muta-
tional status and Spearman’s correlation analysis was
applied. The patients with an allelic burden of <50%
were categorized into a low allele burden group (n=6)
and those with an allele frequency of >50% were cate-
gorized into a high allele burden group (n=11). We deter-
mined a positive correlation of miR-143 (r=0.62)
(p<0.05) in PV mononuclear cells; an inverse correlation
of let-7a (r=-0.67)(p<0.01), miR-30c (r=-0.63)(p<0.01),
miR-150 (r=-0.74)(p<0.001) and miR-342 (r=-0.63)
(p<0.01) in PV granulocytes; and an inverse correlation
of miR-150 (r=-0.75)(p<0.01) in PV platelets. In PV retic-
ulocytes, only miR-150 showed a slight trend towards
an inverse correlation (r=-0.42)(p>0.05). We also corre-
lated expression levels of these miRNA in PMF and ET.
Although we had a limited number of JAK2 V617F-pos-
itive PMF and ET patients, we found an inverse corre-
lation of miR-199a (r=-0.77)(p<0.05) and miR-342 (r=-
0.82)(p<0.05) in PMF platelets. Generally, we observed

the same correlation trend (either positive or negative)
in PV and PMF, but in ET, the correlation trend was in
the opposite direction for some miRNA (e.g., miR-143,
miR-342, miR-27b).

Transcript levels of putative target genes 
Putative miRNA targets were predicted by

TargetScan 4.0 and PicTar software (Table 1), and tran-
script levels were measured by qRT-PCR (Figure 3). The
highest scored target of miR-150 is MYB (V-myb
myeloblastosis viral oncogene), but we did not detect a
significant difference in MYB mRNA levels between
control and MPD granulocytes or between control and
PV reticulocytes. Another high scored target of miR-150
is IRAK2 (interleukin-1 receptor-associated kinase 2),
and we detected its significant over-expression in all
MPD granulocytes (p<0.01) and in PV reticulocytes
(p<0.05). The highest scored target of let-7a is HMGA2
(high mobility group AT-hook 2), and we observed sig-
nificantly increased expression of HMGA2 mRNA in
PMF granulocytes (p<0.05) but not in PV and ET gran-
ulocytes. CCND2 (cyclin D2) may be regulated by let-

Figure 1. Differently expressed miRNA in PV peripheral blood cells detected by microarrays. The one-way ANOVA of array data revealed
significantly deregulated miRNA (p<0.05) in PV mononuclear cells (A), granulocytes (B), platelets (C) and reticulocytes (D). The PV
patients are listed according to their JAK2 V617F level, from the lowest level in PV1 to the highest level in PV5. The relative gene expres-
sions are expressed by a gradient intensity of color, as shown in the color scale at the right upper corner of this Figure. The dark blue
color indicates low expression and the lightest red color indicates maximal expression. NORM: control; PV: polycythemia vera patient;
MNC: mononuclear cells; GRAN: granulocytes; PLAT:platelets; RET: reticulocytes. 
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7a, miR-182 or miR-145, and we found decreased
expression of CCND2 in all MPD granulocytes; howev-
er, in PMF and ET, the p values were of borderline sig-
nificance (0.06 and 0.05, respectively). HIC2 (hyperme-
thylated in cancer 2 gene), a potential target of let-7a,
181a or miR-145, was not expressed aberrantly in MPD
granulocytes. As let-7a, miR-143 or miR-150 may target
KRAS (v-Ki-ras2 Kirsten rat sarcoma viral oncogene
homolog), we found a significantly decreased level of
KRAS in PMF granulocytes (p<0.05). 

Discussion

We determined the miRNA expression profiles of
peripheral blood cells from patients with PV and com-
pared these data to those of control samples and sam-
ples from patients with PMF and ET (the other two
Philadelphia chromosome negative MPD). We identi-
fied aberrant expression of eight miRNA (let-7a, miR-
182, miR-143, miR-145, miR-223, miR-26b, miR-30b, miR-
30c and miR-150) in either granulocytes, mononuclear
cells, platelets, or reticulocytes of PV patients. We
observed correlations between aberrant expression of
miR-143, let-7a, miR-30c, miR-342 and miR-150 and JAK2
V617F mutation frequency. In some cases (miR-30c,
miR-150 and miR-342), a statistically significant differ-
ence in granulocyte expression was observed only after
samples were categorized into low allele burden (<50%

JAK2 V617F allelic frequency) and high allele burden
(>50% JAK2 V617F allelic frequency) groups.
Granulocytes from patients with a high allele burden had
significantly lower expression of these miRNA com-

Table 1. Putative target genes of deregulated miRNA in poly-
cythemia vera peripheral blood cells. Target genes of the miRNA
were predicted by TargetScan 4.0 and PicTar software and the
genes predicted in both databases are reported. 

miRNA IDa Chromosomal Deregulation Putative targetsb

location in PV

hsa-let-7a 9q22.32 down/GR HMGA2,ARID3B,HIC2,CCND2,DTX2,RAS
hsa-miR-182 7q32.2 up/GR ADCY6,RGS17, HAS2,DTR,FRS2

hsa-miR-143 5q32 up/MNC KRAS, SSH2,TRPS1,BRD2,AKAP6,ERK5
hsa-miR-145 5q32 up/MNC FLI1,HIC2,DDR1,TRIM2,ADD3
hsa-miR-223 Xq32.2 up/MNC PRDM1,MEF2C,HLF,SFRS12,DUSP10

hsa-miR-30b 8q24.22 down/RET CELSR3,MKRN3,TNRC6,EED,LHX8
hsa-miR-30c 1p34.2 down/RET CELSR3,MKRN3,TNRC6,EED,LHX8
hsa-miR-150 19q13.33 down/RET MYB,IRAK2,MLL,HMGA2,ZNF403

hsa-miR-26b 2q35 up/PLT ATP11C,CHORDC1,ALS2CR2,NAB1,NHS
hsa-miR-27b 9q22.32 up/PLT PLK2,SLC6A1,GPAM,SNAP25,NRK,TXN2

PV: polycythemia vera; GR: granulocytes; MNC: mononuclear cells;
PLT: platelets; RET: reticulocytes, down: down-regulation, up: up-regulation, 
bold genes-tested genes. aThe miRNA sequences are available at
http://microrna.sanger.ac.uk/sequences/. bThe gene names are available at
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene. 

Figure 2. Gene expression of selected miRNA in myeloproliferative disorder peripheral blood cells detected by qRT-PCR. Gene expression of
the miRNA was determined by qRT-PCR in peripheral blood mononuclear cells (A), granulocytes (B), platelets (C) and reticulocytes (D) from
polycythemia vera, primary myelofibrosis and essential thrombocythemia patients. Relative fold changes of expression were calculated by
the ∆∆CT method and the values are expressed as 2-∆∆Ct. Data are presented as the mean plus standard error. The statistical significance
between miRNA expression in controls and patients was calculated by Student’s t-test. Reticulocyte RNA was available only from poly-
cythemia vera patients. PV: polycythemia vera, PMF: primary myelofibrosis, ET: essential thrombocythemia, *p<0.05, **p<0.01.
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pared to controls, and patients with a low allele burden
expressed the miRNA at significantly higher levels than
the patients with a high allele burden. For example, a
comparison of granulocytes from high allele burden PV
patients and those from controls showed a significant
difference in miR-150 expression (p=0.02), but the
expression was not significantly different between low
allele burden PV patients and controls. This demon-
strates that JAK2 V617F allelic heterogeneity must be
considered in comparative analyses.

In our previous study, we tested miRNA expression
in in vitro expanded erythroid progenitors and found
that miR-150 was reduced in PV erythroid cells.22 In
concordance with these in vitro data, we also found sig-
nificant down-regulation of miR-150 in native PV retic-
ulocytes. Together, these results suggest that the down-
regulation of miR-150 expression plays a role in the
pathophysiology of PV. In contrast, up-regulation of
miR-150 was reported in chronic lymphocytic
leukemia.33

Transcript levels of some miRNA targets were ana-
lyzed to determine their potential dysregulation at the
mRNA stability level. High scored targets of miR-150
are the MYB and IRAK2 genes. We did not detect aber-
rant expression of MYB transcript in MPD granulocytes
or in PV reticulocytes; however, the level of mRNA
IRAK2 was significantly up-regulated in these cells.
IRAK2 plays a key role in innate immunity through
Toll-like receptor signaling pathways that interface
with nuclear factor κB.34 Its role in MPD is unclear and
thus represents an interesting target for further studies.

In this study, let-7a down-regulation was specific for
PV granulocytes and inversely correlated with the JAK2
V617 allele burden. Previously, the down-regulation of
let-7a had been shown in etiologically heterogeneous
disorders such as chronic lymphocytic leukemia35 and
gastric carcinoma,36 demonstrating its relevance in clon-
al disorders. The target of let-7a is HMGA2,37 an archi-
tectural transcription factor, whose aberrant expression
contributes to clonal hematopoiesis in some cases of
paroxysmal nocturnal hemoglobinuria.38 Compared to
levels in normal controls, we detected a significantly
higher HMGA2 mRNA level in PMF granulocytes but
not in granulocytes from patients with PV and ET.
Similar findings have been reported by others.39

However, expression of HMGA2 mRNA in PMF granu-
locytes did not correlate with let-7a expression in either
PV (r=-0.46) or PMF (r=0.28) granulocytes, suggesting
an alternative mechanism for controlling HMGA2
expression. For example, in head and neck squamous
cell carcinoma, HMGA2 expression was reportedly
controlled by miR-98,40 whereas in Burkitt’s lymphoma,
let-7a down-regulated MYC.41

RAS oncogenes can be regulated by let-7.42 We
observed decreased expression of KRAS in all MPD
granulocytes; however, only in PMF granulocytes did
this decrease reach statistical significance. In the PV
group, the p value was 0.10, but when the patient with
the lowest JAK2 V617F allele frequency (0.8%) was
excluded from the analysis, the p value was <0.01, sug-
gesting apparent down-regulation of KRAS in patients
with a high allele burden. Deregulation of Ras signaling
has been reported in myeloid malignancies through
alternative genetic mechanisms that include somatic
mutations in NRAS and KRAS.43 Mutations of RAS
genes are found occasionally in MPD with NRAS being
affected most commonly and KRAS rarely.44

Interestingly, somatic activation of KRAS blocks ery-
throid differentiation and causes anemia in a mouse
model.45 We may speculate that decreased expression
of KRAS in PV patients is associated with exaggerated
erythropoiesis.

We tested two other genes (HIC2 and CCND2) that
are putative targets of deregulated miRNA. CCND2, a
positive regulator of G1 phase promotion of the cell
cycle, has been shown to be involved in JAK2 V617F-
mediated signaling.46 A borderline low CCND2 tran-
script level was observed in PMF and ET (p=0.06 and
0.05, respectively). 

Although most of the mRNA targets did not show
differential expression in the tested MPD cells, this
does not rule out their suppression at the translational
level, which represents a major mechanism of miRNA-
mediated regulation in animals. The functional rele-
vance of the dysregulated targets in the pathogenesis
of PV will be studied in detail. These data will need to
be compared to those of other heterogeneous acquired
and congenital, as well as primary, secondary and
Chuvash polycythemias; these studies are in progress. 

We analyzed expression of miRNA in ET and PMF

Figure 3. Transcript levels of putative targets
of deregulated miRNA in myeloproliferative
disorder peripheral blood cells. Putative
miRNA targets were predicted by TargetScan
4.0 and PicTar software and transcript levels
of selected genes were tested by qRT-PCR in
myeloproliferative disorder granulocytes and
polycythemia vera reticulocytes. Relative fold
changes of expression were calculated by the
∆∆CT method and the values are expressed
as 2-∆∆ Ct. Data are presented as the mean plus
standard error. The statistical significance
between miRNA expression of controls and
patients was calculated by Student’s t-test.
PV: polycythemia vera, PMF: primary myelofi-
brosis, ET: essential thrombocythemia,
∆p=0.06, *p<0.05, **p<0.01.
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cells to determine whether aberrant miRNA expression
was specific to PV. This comparison showed that some
miRNA are aberrantly expressed in other MPD (e.g.,
we demonstrated over-expression of miR-143, miR-145
and miR-223 in all MPD mononuclear cells and abnor-
mally high expression of miR-182 in granulocytes of all
MPD). In contrast, decreased levels of miR-143 and miR-
145 were shown in B-cell malignancies.47 Up-regulated
expression of miR-182 has already been reported in
PMF granulocytes.48 Overlapping dysregulation of
some miRNA is not surprising because miRNA may
regulate multiple targets or may co-operate to regulate
a particular gene. Our study underscores the complexi-
ty of aberrant miRNA expression in clonal premalig-
nant and malignant processes.  

To our knowledge, this study is the first comparison
of the miRNA signatures of PV peripheral blood cells
and normal peripheral blood cells. We show that the
expression of some dysregulated miRNA correlates
with JAK2 V617F mutation frequency, suggesting a
possible effect of JAK2 V617F on miRNA expression.

However, we also identified aberrantly expressed
miRNA without a correlation with JAK2 V617F muta-
tion frequency. As expected from mRNA profiles,39,49

some miRNA (miR-143, miR-145, and miR-150) are
deregulated with expression-specific patterns also in
other clonal hematopoietic disorders. Nonetheless, our
findings of aberrant miRNA expression support the
concept that factors other than constitutive activation
of JAK2 may contribute to the pathogenesis of PV.
Additional studies will be needed to determine the
molecular consequences of aberrant expression of
miRNA in the pathophysiology of PV. 

Authorship and Disclosures

HB performed the research and wrote the manu-
script; MM analyzed microarray data; JTP designed the
research and critically revised the manuscript. The
authors reported no potential conflicts of interest.

References

1. Lea NC, Lim Z, Westwood NB, Arno
MJ, Gäken J, Mohamedali A, et al.
Presence of JAK2 V617F tyrosine
kinase mutation as a myeloid-line-
age-specific mutation in chronic neu-
trophilic leukaemia. Leukemia 2006;
20:1324-6. 

2. Steensma DP, Dewald GW, Lasho
TL, Powell HL, McClure RF, Levine
RL, et al. The JAK2 V617F activating
tyrosine kinase mutation is an infre-
quent event in both “atypical”
myeloproliferative disorders and
myelodysplastic syndromes. Blood
2005;106:1207-9.

3. Nussenzveig RH, Swierczek SI,
Jelinek J, Gaikwad A, Liu E, Ver-
stovsek S, et al. Polycythemia vera is
not initiated by JAK2V617F muta-
tion. Exp Hematol 2007;35:32-8.

4. Levine RL, Gilliland DG. JAK-2 muta-
tions and their relevance to myelo-
proliferative disease. Curr Opin
Hematol 2007;14:43-7.

5. Lippert E, Boissinot M, Kralovics R,
Girodon F, Dobo I, Praloran V, et al.
The JAK2-V617F mutation is fre-
quently present at diagnosis in
patients with essential thrombo-
cythemia and polycythemia vera.
Blood 2006;108:1865-7.

6. Bellucci S, Michiels JJ. The role of
JAK2 V617F mutation, spontaneous
erythropoiesis and megakaryocy-
topoiesis, hypersensitive platelets,
activated leukocytes, and endothelial
cells in the etiology of thrombotic
manifestations in polycythemia vera
and essential thrombocythemia.
Semin Thromb Hemost 2006;32:
381-8.

7. Rumi E, Passamonti F, Pietra D, Della
Porta MG, Arcaini L, Boggi S, et al.
JAK2 (V617F) as an acquired somatic
mutation and a secondary genetic
event associated with disease pro-
gression in familial myeloprolifera-
tive disorders. Cancer 2006;107:
2206-11.

8. Pardanani A, Lasho TL, Finke C,
Hanson CA, Tefferi A. Prevalence
and clinicopathologic correlates of
JAK2 exon 12 mutations in
JAK2V617F-negative polycythemia
vera. Leukemia 2007;21:1960-3.

9. Pietra D, Li S, Brisci A, Passamonti F,
Rumi E, Theocharides A, et al.
Somatic mutations of JAK2 exon 12
in patients with JAK2 (V617F)-nega-
tive myeloproliferative disorders.
Blood 2008;111:1686-9.

10. Du T, Zamore PD. microPrimer: the
biogenesis and function of micro-
RNA. Development 2005;132:4645-
52.

11. Lawrie CH. MicroRNAs and haema-
tology: small molecules, big func-
tion. Br J Haematol 2007;137:503-12.

12. Calin GA, Dumitru CD, Shimizu M,
Bichi R, Zupo S, Noch E, et al.
Frequent deletions and down-regula-
tion of micro- RNA genes miR15 and
miR16 at 13q14 in chronic lympho-
cytic leukemia. Proc Natl Acad Sci
USA 2002;99:15524-9.

13. Cimmino A, Calin GA, Fabbri M,
Iorio MV, Ferracin M, Shimizu M, et
al. miR-15 and miR-16 induce apop-
tosis by targeting BCL2. Proc Natl
Acad Sci USA 2005;102:13944-9.

14. Kluiver J, Poppema S, de Jong D,
Blokzijl T, Harms G, Jacobs S, et al.
BIC and miR-155 are highly
expressed in Hodgkin, primary
mediastinal and diffuse large B cell
lymphomas. J Pathol 2005;207:243-
9.

15. Eis PS, Tam W, Sun L, Chadburn A,
Li Z, Gomez MF, et al. Accumulation
of miR-155 and BIC RNA in human
B cell lymphomas. Proc Natl Acad
Sci USA 2005;102:3627-32.

16. Tam W, Hughes SH, Hayward WS,
Besmer P. Avian bic, a gene isolated
from a common retroviral site in
avian leukosis virus-induced lym-
phomas that encodes a noncoding
RNA, cooperates with c-myc in lym-
phomagenesis and erythroleukemo-
genesis. J Virol 2002;76:4275-86.

17. Choong ML, Yang HH, McNiece I.

MicroRNA expression profiling dur-
ing human cord blood-derived CD34
cell erythropoiesis. Exp Hematol
2007;35:551-64.

18. Zhan M, Miller CP, Papayannopoulou
T, Stamatoyannopoulos G, Song CZ.
MicroRNA expression dynamics dur-
ing murine and human erythroid dif-
ferentiation. Exp Hematol 2007;35:
1015-25.

19. Calin GA, Ferracin M, Cimmino A,
Di Leva G, Shimizu M, Wojcik SE, et
al. A microRNA signature associated
with prognosis and progression in
chronic lymphocytic leukemia. N
Engl J Med 2005;353:1793-801.

20. Georgantas RW 3rd, Hildreth R,
Morisot S, Alder J, Liu CG, Heimfeld
S, et al. CD34+ hematopoietic stem-
progenitor cell microRNA expres-
sion and function: a circuit diagram
of differentiation control. Proc Natl
Acad Sci USA 2007;104:2750-5. 

21. Calin GA, Liu CG, Sevignani C,
Ferracin M, Felli N, Dumitru CD, et
al. MicroRNA profiling reveals dis-
tinct signatures in B cell chronic lym-
phocytic leukemias. Proc Natl Acad
Sci USA 2004;101:11755-60. 

22. Bruchova H, Yoon D, Agarwal AM,
Mendell J, Prchal JT. Regulated
expression of miRNAs in normal and
polycythemia vera erythropoiesis.
Exp Hematol 2007;35:1657-67.

23. Debernardi S, Skoulakis S, Molloy
G, Chaplin T, Dixon-McIver A,
Young BD. MicroRNA miR-181a
correlates with morphological sub-
class of acute myeloid leukaemia
and the expression of its target genes
in global genome-wide analysis.
Leukemia 2007;21:912-6.

24. Venturini L, Battmer K, Castoldi M,
Schultheis B, Hochhaus A,
Muckenthaler MU, et al. Expression
of the miR-17-92 polycistron in
chronic myeloid leukemia (CML)
CD34+cells. Blood 2007;109:4399-
405. 

25. Meng F, Henson R, Wehbe-Janek H,
Ghoshal K, Jacob ST, Patel T.
MicroRNA-21 regulates expression



H. Bruchova et al. 

| 1016 | haematologica | 2008; 93(7)

of the PTEN tumor suppressor gene
in human hepatocellular cancer.
Gastroenterology 2007;133:647-58. 

26. Gramantieri L, Ferracin M, Fornari F,
Veronese A, Sabbioni S, Liu CG, et
al. Cyclin G1 is a target of miR-122a,
a microRNA frequently down-regu-
lated in human hepatocellular carci-
noma. Cancer Res 2007;67:6092-9.

27. Weber F, Teresi RE, Broelsch CE,
Frilling A, Eng C. A limited set of
human microRNA is deregulated in
follicular thyroid carcinoma. J Clin
Endocrinol Metab 2006;91:3584-91.

28. Liu E, Jelinek J, Pastore YD, Guan Y,
Prchal JF, Prchal JT. Discrimination
of polycythemias and thrombocy-
toses by novel, simple, accurate
clonality assays and comparison
with PRV-1 expression and BFU-E
response to erythropoietin. Blood
2003;101:3294-301.

29. Gaikwad A, Nussenzveig R, Liu E,
Gottshalk S, Chang K, Prchal JT. In
vitro expansion of erythroid progen-
itors from polycythemia vera
patients leads to decrease in JAK2
V617F allele. Exp Hematol 2007;35:
587-95.

30. Pardanani AD, Levine RL, Lasho T,
Pikman Y, Mesa RA, Wadleigh M, et
al. MPL515 mutations in myelopro-
liferative and other myeloid disor-
ders: a study of 1182 patients. Blood
2006;108:3472-6. 

31. Thomson JM, Parker J, Perou CM,
Hammond SM. A custom microar-
ray platform for analysis of micro-
RNA gene expression. Nat Methods
2004;1:47-53.

32. Livak KJ, Schmittgen TD. Analysis
of relative gene expression data
using real-time quantitative PCR
and the 2(-Delta Delta C(T))
Method. Methods 2001;25:402-8.

33. Fulci V, Chiaretti S, Goldoni M,
Azzalin G, Carucci N, Tavolaro S, et
al. Quantitative technologies estab-
lish a novel microRNA profile of
chronic lymphocytic leukemia.
Blood 2007;109:4944-51.

34. Keating SE, Maloney GM, Moran
EM, Bowie AG. IRAK-2 participates
in Toll-like receptor signaling path-
ways to NFκB via activation of
TRAF6 ubiquitination. J Biol Chem
2007;282:33435-43. 

35. Marton S, Garcia MR, Robello C,
Persson H, Trajtenberg F, Pritsch O,
et al. Small RNAs analysis in CLL
reveals a deregulation of miRNA
expression and novel miRNA candi-
dates of putative relevance in CLL
pathogenesis. Leukemia 2008;22:
330-8.

36. Zhang HH, Wang XJ, Li GX, Yang E,
Yang NM. Detection of let-7a
microRNA by real-time PCR in gas-
tric carcinoma. World J Gastro-
enterol 2007;13:2883-8.

37. Shell S, Park SM, Radjabi AR,
Schickel R, Kistner EO, Jewell DA,
et al. Let-7 expression defines two
differentiation stages of cancer. Proc
Natl Acad Sci USA 2007;104:11400-
5.

38. Inoue N, Izui-Sarumaru T, Mura-
kami Y, Endo Y, Nishimura J,
Kurokawa K, et al. Molecular basis
of clonal expansion of hemato-
poiesis in 2 patients with paroxys-
mal nocturnal hemoglobinuria
(PNH). Blood 2006;108:4232-6.

39. Guglielmelli P, Zini R, Bogani C,
Salati S, Pancrazzi A, Bianchi E, et al.
Molecular profiling of CD34+ cells in
primary myelofibrosis identifies a
set of disease-associated genes and
reveals the clinical significance of
Wilms’ tumor gene 1 (WT1). Stem
Cells 2007;25:165-73.

40. Hebert C, Norris K, Scheper MA,
Nikitakis N, Sauk JJ. High mobility
group A2 is a target for miR-98 in
head and neck squamous cell carci-
noma. Mol Cancer 2007;6:5.

41. Sampson VB, Rong NH, Han J, Yang
Q, Aris V, Soteropoulos P, et al.
MicroRNA Let-7a down-regulates
MYC and reverts MYC-induced
growth in Burkitt lymphoma cells.
Cancer Res 2007;67:9762-70.

42. Johnson SM, Grosshans H, Shingara
J, Byrom M, Jarvis R, Cheng A, et al.
RAS is regulated by the let-7
microRNA family. Cell 2005;120:
635-47.

43. Zhang J, Liu Y, Beard C, Tuveson
DA, Jaenisch R, Jacks TE, et al.
Expression of oncogenic K-ras from
its endogenous promoter leads to a
partial block of erythroid differenti-
ation and hyperactivation of cyto-
kine-dependent signaling pathways.
Blood 2007;109:5238-41.

44. Janssen JW, Steenvoorden AC, Lyons
J, Anger B, Böhlke JU, Bos JL, et al.
RAS gene mutations in acute and
chronic myelocytic leukemias,
chronic myeloproliferative disorders,
and myelodysplastic syndromes.
Proc Natl Acad Sci USA 1987;
84:9228-32.

45. Braun BS, Archard JA, Van Ziffle JA,
Tuveson DA, Jacks TE, Shannon K.
Somatic activation of a conditional
KrasG12D allele causes ineffective
erythropoiesis in vivo. Blood 2006;
108:2041-4.

46. Walz C, Crowley BJ, Hudon HE,
Gramlich JL, Neuberg DS, Podar K,
et al. Activated Jak2 with the V617F
point mutation promotes G1/S
phase transition. J Biol Chem 2006;
281:18177-83.

47. Akao Y, Nakagawa Y, Kitade Y,
Kinoshita T, Naoe T. Downregul-
ation of microRNAs-143 and -145 in
B-cell malignancies. Cancer Sci 2007;
98:1914-20. 

48. Guglielmelli P, Tozzi L, Pancrazzi A,
Bogani C, Antonioli E, Ponziani V, et
al. MicroRNA expression profile in
granulocytes from primary myelofi-
brosis patients. Exp Hematol 2007;
35:1708-18.

49. Goerttler PS, Kreutz C, Donauer J,
Faller D, Maiwald T, März E, et al.
Gene expression profiling in poly-
cythaemia vera: overexpression of
transcription factor NF-E2. Br J
Haematol 2005;129:138-50.


