
ONCOLOGY REPORTS  37:  2295-2307,  2017

Abstract. Myeloproliferative neoplasms (MPNs) are clonal 
hematopoietic progenitor cell disorders characterized by the 
proliferation of one or more hematopoietic lineages. The 
classical MPNs include polycythemia vera (PV), essential 
thrombocythemia (ET) and primary myelofibrosis (PMF) 
entities. These disorders are characterized by bone marrow 
morphology typical for each disease, and by the presence of 
JAK2V617F mutation in the marrow and blood. However, 
JAK2V617F cannot account for the phenotypic heterogeneity 
of MPNs because approximately half of all cases of ET and 
PMF show no evidence of this molecular marker. Therefore, 
the search for novel markers of these diseases is necessary 
to improve pathomorphological and molecular diagnostics. 
This study aimed to investigate the changes in expression 
patterns of the proteins STAT5 (the signal transducers and 
activators of transcription 5) and ERK (extracellular signal-
regulated kinase) in bone marrow trephine specimens, derived 
both from patients with wild-type and mutant (V617F) 
forms of JAK2 kinase. Furthermore, the changes in STAT5 
and ERK2 gene expression levels in the same patients were 
also investigated. The results of our immunohistochemical, 
immunoblotting and RT-qPCR studies revealed at least four 
major unique features of three types of MPNs. These include: 
i) more pronounced expression of phosphoSTAT5 protein in 
patients with JAK2V617F mutation compared to patients with 
wild-type of JAK2 kinase ii) different expression pattern of 
pSTAT5 in the nucleus and the cytoplasm of megakaryocytes 
and other bone marrow cells; iii) approximately 5-fold higher 

expression level of STAT5a gene in PV in comparison to 
patients with PMF and approximately 2-fold higher than in 
ET patients; iv) different, intracellular expression patterns 
of ERK2 and ERK1/2 antigens allowed to distinguish each 
subtype of MPN. These abnormalities in expression patterns 
of STAT5 and ERK proteins and genes provide some novel 
molecular features of MPNs and brings us closer to explaining 
the pathogenesis of MPNs.

Introduction

Myeloproliferative neoplasms (MPNs) are a group of clini-
cally related diseases characterized by extensive proliferation 
and expansion of one or more myeloid cell lineages in the 
bone marrow and peripheral blood, with relatively preserved 
differentiation  (1,2). MPNs are divided into Philadelphia 
chromosome (BCR-ABL) positive (Ph+) chronic myeloid 
leukemia (CML) and Philadelphia negative (Ph-) disorders 
including polycythemia vera (PV), essential thrombocy-
themia (ET), and primary myelofibrosis (PMF) (3). From the 
clinical and histopathological standpoints, the differentiation 
between the various types of MPN often presents difficulties, 
especially in cases of fibrosis or thrombocytosis. In addition, 
PV, ET and PMF can progress, usually after several years, to 
secondary myelofibrosis or, in rare cases, into acute leukemia 
(AML) (4-6). These secondary AML are associated with an 
extremely poor prognosis compared to de novo AML (4).

The genetic cause of MPNs was not known until 2005, 
when four independent groups (7-10) published that an iden-
tical, point mutation in Janus kinase 2 gene (JAK2), G to T 
substitution, at position 1849, was present in the majority of 
Ph-negative patients. This mutation occurs within the JAK 
homology domain 2 (JH2) pseudokinase and leads to substitu-
tion of valine by phenylalanine at codon 617 (V617F) of JAK2 
tyrosine kinase  (7-9,11). This mutation causes constitutive 
phosphorylation of JAK2 protein and activation of substrate 
molecules such as STAT proteins and ERK (12). JAK2V617F 
mutation has been identified as a unifying event for typical 
MPNs, rarely occurring in other myeloid malignancies (13-16). 
The frequency of JAK2V617F version is approximately 
65-97% in patients with PV, approximately 23-57% with ET, 
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and 35-57% with PMF (8-11). The discovery of JAK2V617F 
allowed WHO to formulate a new definition of classification 
of MPNs, until 2008 called myeloproliferative disorders (17). 
JAK2 is a cytoplasmic protein kinase, a member of the signal 
transducers located downstream of cellular receptors such as 
EPO, IL-6, and GM-CSF receptor. JAK2 tyrosine kinase plays 
a critical role in the proliferation and differentiation of hema-
topoietic cells (18). In normal cells, ligand binding induces 
oligomerization of the receptor subunits, and subsequent 
activation of the JAKs. The JAK2V617F mutation causes a 
constitutive activation of JAK2 (19) and enhanced prolifera-
tion capacity even in the absence of the ligand (8,9,11). The 
pathogenic significance of JAK2V617F has been demonstrated 
in a mouse model whereby transplanted bone marrow cells 
containing JAK2V617F led to the development of MPN 
features in the recipient mice (11,20). It is noteworthy that high 
levels of retroviral expression of JAK2V617F in transgenic 
murine models have been associated with the development 
of PV-like phenotype  (11,20,21), whereas lower levels of 
JAK2V617F expression has induced in mice different MPN 
phenotypes, including ET and PMF-like disorders (22,23).

Nevertheless, the identification of the JAK2V617F muta-
tion was a cardinal step in distinguishing BCR/ABL negative 
disorders from other hematologic diseases, the mechanisms 
of MPNs development are not thoroughly understood. Hence, 
further cellular and genetic characterization is needed. 
Cellular characterization is important especially for all patho-
morphological laboratories, which are not well equipped with 
molecular biology assay tools, and immunohistochemistry 
is widely available. However, the discovery of JAK2V617F 
mutation has inspired an intensive search for novel molecular 
changes in MPNs, because it is not yet clear how single muta-
tion can generate at least three different phenotypes (PV, 
ET and PMF) and also some other myeloid neoplasms with 
different clinical features and prognosis (15,16,24,25). It is also 
unclear how it is possible that patients without V617F mutation 
in JAK2 gene can develop MPNs. That is why we searched 
for other factors in members of the JAK2 kinase signal trans-
duction pathways, which could be markers distinguishing PV, 
ET and PMF entities; factors that may be involved in these 
pathological processes.

In our studies we collected data from a series of 132 patients 
with PV, ET, PMF and also from 17 healthy individuals as 
control group and then addressed the issue of whether i) the 
presence, distribution and protein expression level of transducer 
activator of transcription 5 (STAT5) and extracellular signal-
regulated kinases (ERK) 1 and 2, and ii) gene expression level 
of STAT5a and ERK2 in bone marrow trephine biopsies could 
clearly distinguish between each MPN. We selected these 
molecules, because they are the elements of JAK2/STAT and 
JAK2/Raf/MEK/ERK signalling pathways, which probably 
plays a critical role in the promotion of hematopoietic cells 
growth, prevention of apoptosis and consequently contribute 
to induction of MPNs. These pathways are constructively 
phosphorylated by V617F form of JAK2 kinase (9,11,26).

Materials and methods

Bone marrow study group. The trephine biopsies were inde-
pendently diagnosed at the Department of Clinical Pathology 

in Bydgoszcz by two experienced pathologists (A.M. and G.D.) 
based on the histopathological typing of the World Health 
Organization. Patient samples were collected between 2008 
and 2013 in the Department of Clinical Pathomorphology of 
Dr Antoni Jurasz, University Hospital in Bydgoszcz. From 
more than 1000 cases, we selected 132 patient samples for 
this study. Out of these, 52 samples derived from patients 
suffered from PV (37 with JAK2V617F mutation), 41 from ET 
(22 with JAK2V617F mutation), and 22 from PMF (10 with 
JAK2V617F mutation) and 17 healthy controls with no signs 
of neoplastic proliferation.

Histopathological analysis. The bone marrow trephine biop-
sies were fixed in 5% neutral buffered formalin (pH 7.6) for 
24 h, at 4˚C and then decalcificated with 0.1 M ethylenedi-
aminetetraacetic acid (EDTA) in phosphate-buffered saline 
(PBS) for 24 h at 4˚C. Then samples were dehydrated, passing 
through several changes of xylene and finally embedded in 
paraffin wax. This method has been found to offer excellent 
morphology, good antigen for immunohistochemical (IHC) 
reaction, satisfactory DNA and even RNA preservation for 
molecular studies (27). Fixation in neutral buffered formalin 
and decalcification with EDTA is also recommended by 
International Council for Standardization in Hematology 
(ICSH). Tissue samples for accurate pathological diagnosis 
were analyzed in 3-4 µm sections stained with H&E, Gomori 
silver impregnation, periodic acid-Schiff (PAS), Masson 
trichrome and other histological stains. Then slides were 
viewed under light microscopy (BX51, Olympus Polska, 
Warszawa, Poland). The study was approved by the ethics 
committee of the Collegium Medicum in Bydgoszcz Nicolaus 
Copernicus University in Torun (approval no. 267/10).

Immunohistochemistry for pSTAT5, ERK2 and total ERK1/2 
localization. The tissues were cut with an Accu-Cut SRM 
200 rotary microtome (Sakura Finetek Europe B.V., Olympus 
Polska) into 3-4 µm sections, which were collected onto elec-
trostatically charged Superfrost Plus glass slides (Thermo 
Scientific, Life Technologies, Polska, Warszawa, Poland) 
and dried on a warm plate. IHC reactions were performed 
with the use of several monoclonal antibodies in order to 
detect specific proteins within the cell components of bone 
marrow tissues. These were anti-pSTAT5, anti-ERK2 and 
anti-ERK1/2. The antibodies are characterized in detail 
in Table I.

Paraffin was removed from tissue sections by passing the 
slides through several changes of xylene, followed by tissue 
rehydratation in graded ethanols and finally in distilled water 
solutions. Antigens retrieval was carried out in water bath 
using Dako retrieval solution pH 9.0, at 95˚C for 40 min. 
After cooling and rinsing in 0.01 M PBS buffer (0.138 M 
NaCl, 0.03 M Na2HPO4, 0.002 M KH2PO4, pH 7.4), the slides 
were incubated with 3% H2O2 for 10 min for block endog-
enous peroxidases activity. Non-specific binding sites were 
blocked by 0.01 M PBS containing 5% bovine serum albumin 
(BSA; Sigma-Aldrich, Poznań, Poland) for 10 min. Then the 
primary antibodies, diluted in 0.01 M PBS supplemented 
with 1% BSA (Table I) were applied for 16 h at 4˚C. At the 
next step, sections were incubated with secondary anti-rabbit 
antibody coupled to peroxidase (EnVision system, Dako, 
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Gdynia, Poland), for 1 h. Between each step, the sections 
were rinsed in pure PBS buffer. Reaction products were 
visualized with 3,3'- diaminobenzidine chromogen (DAB; 
Dako) for 5 min. The reaction was stopped by using distilled 
water. Next, the slides were counterstained with Mayer's 
haematoxylin, dehydrated, cleared in xylene and finally 
mounted in Shandon Consul-Mount (Thermo Scientific, Life 
Technologies Polska).

All reactions took place at room temperature, except for 
incubation with antigens retrieval solution and with the panel of 
primary antibodies (Table I). The incubation with primary and 
secondary antibodies as well as with DAB was performed in a 
humid chamber. Negative control reactions were performed by 
leaving out the incubation with primary antibodies which were 
replaced by 1% BSA in 0.01 M PBS.

Morphometric analysis. Interpretation of IHC staining was 
performed as described in detail earlier (28,29). Remmele 
and Stegner  (30) scoring system was used. The slides 
were viewed under light microscope Eclipse E800 (Nikon 
Instruments Europe, Amsterdam, The Netherlands) at a 
magnification of x400 and analyzed with the NIS-Elements 
3.30 software (Nikon).

Preparation of protein extract and dot blot reaction. Proteins 
isolated from trephine biopsies derived from patients with ET, 
PV and PMF and from healthy control group were analyzed 
by using dot-blot assay. This technique allowed for immuno-
detection of pSTAT5, ERK2 and ERK1/2 antigens and their 
quantitative estimate in total protein extract.

Dot blot analysis was performed as previously described 
(29) with some modifications. In brief, the 10 µm tissue sections 
were cut with an Accu-Cut SRM 200 rotary microtome. 
Depending on the size of patients trephine biopsy 5-7 sections 
to one protein extraction were used. The proteins were isolated 
by using Qproteome FFPE Tissue kit (Qiagen, Alab-Gen, 
Warszawa, Poland) dedicated to formalin-fixed, paraffin-
embedded tissues, in accordance with the provided protocol. 
All proteins concentrations ranged between 25-120  µg/µl 
and were determined by using a Micro BCA Protein Assay 
kit (no. 23235; Thermo Fisher Scientific, Life Technologies 
Polska). It should be mentioned that the quality of obtained 
proteins was lower than protein quality isolated from fresh, 
not fixed in formalin and not embedded in paraffin tissue 
material. Protein quality was checked by using SDS-PAGE 
electrophoresis and staining protein gel with Coomassie Blue 
dye. Similar protein quality is recommended by the kit manu
facturer Qiagen (Qproteome FFPE Tissue, Alab-Gen). Finally, 
for dot-blot assay only slightly degraded protein was used. 
The reaction was carried out on the protein isolated from 25 
patients with PV (15 with JAKV617F mutation), 20 with ET (10 
with JAKV617F mutation), 19 with PMF (9 with JAKV617F 
mutation) and also from 12 healthy persons.

Proteins were diluted to 30 µg/µl. Two microliters (60 µg) 
of each protein were slowly spotted onto membrane (Bio-
Rad Laboratories, Warszawa, Poland) and air-dried. Then 
membranes were incubated with 5% BSA in TBST containing 
0.1% Tween-20 for 40 min at 25˚C. After the blocking, the 
membranes were incubated overnight at 4˚C with the respec-
tive primary antibodies: anti-STAT5, anti-ERK2, anti-ERK1/2 
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and anti-GAPDH antibodies (all described in detail in Table I). 
Then the membranes were washed 5 times in TBST buffer and 
incubated with secondary alkaline phosphatase conjugated 
antibody purchased from Sigma-Aldrich: mouse anti-rabbit 
(no. A2306) or rabbit anti-mouse (no. A4312). Both antibodies 
were diluted 1:4000 in TBST buffer with 0.2% BSA for 2 h 
at 22˚C. After rinsing in TBST buffer the dots were visual-
ized by developing the membranes in substrate for alkaline 
phosphatase (NCBI/BCIP, no. B 3679, Sigma-Aldrich, for 
5 min, at 22˚C. The reaction was stopped by washing several 
times in distilled water. The expression of pSTAT5, ERK2 and 
ERK1/2 proteins was comparable to those seen for GAPDH 
and analyzed by using ImageJ software.

RNA isolation/reverse transcription reaction/relative quantifi­
cation of STAT5a and ERK2 genes. RT-qPCR was performed 
to determine the transcription level of STAT5a and ERK2 
genes in bone marrow samples (obtained by trephine biop-
sies) derived from patients with PV, ET, PMF and healthy 
individuals. The two genes mentioned above were selected for 
RT-qPCR analysis because after performing by the IHC and 
dot-blot reactions, STAT5a and ERK proteins encoded by these 
STAT5a and ERK2 genes showed differential expression levels 
in various disease entities within MPN.

Total RNA was extracted from seven 10 µm paraffin-wax 
sections using NucleoSpin FFPE RNA kit (Marcherey-Nagel, 
Aqua Lab, Warszawa, Poland) according to the instructions 
provided by manufacturer. Then RNA was treated with DNase 
to remove any contaminating genomic DNA, by using RNasy 
Mini kit (no. 74106, Qiagen, Alab-Gen) according to manu-
facturer's instructions. The average yields of RNA isolation 
depending on the size of the biopsy was 20 µg. For further 
analysis only RNA on the quality of a specific absorbance 
ratio A260/A280 comprised in the range 1.90-1.98 was used. 
These values were measured spectrophotometrically using 
a NanoDrop ND-2000 spectrophotometer (Thermo Fisher 
Scientific, Life Technologies Polska). Finally for RT-qPCR the 

RNA isolated from 20 patients with PV (14 with JAKV617F 
mutation), 17 with ET (10 with JAKV617F mutation), 14 with 
PMF (6 with JAKV617F mutation) and also from 11 healthy 
persons were used.

For cDNA synthesis 200 ng purified RNA and First Strand 
cDNA Synthesis kit (Thermo Scientific, Life Technologies, 
Polska) was used according to the manufacturer's instruc-
tions. Real-time PCR was performed in the final volume of 
25 µl, in LightCycler 480 detection system (Roche Polska, 
Warszawa, Poland). The components of each reaction were: 
100 ng cDNA as template, 300  nM forward and reverse 
primer (appropriate to the amplified sequence, Table II) and 
1X Master mix (LightCycler 480 SYBR Green I Master; nr. 
04 887 352 001; Roche Polska) including FastStart Taq DNA 
polymerase, reaction buffer, dNTP, MgCl2 and SYBR Green I 
Dye. Primer pairs to STAT5a, ERK2 and housekeeping genes 
were designed on the 5' border of one exon and 3' border of 
the neighbouring exon to minimize the probability of DNA 
amplification instead of cDNA by using Primer3 software. 
Primer sequences are presented in Table II. A non-template 
control (RNase-free water) was included on each 96-well 
plate. Amplification was carried out for 45 cycles, and PCR 
cycle parameters were: i) for STAT5a: denaturation at 95˚C 
for 15 sec; annealing at 56˚C for 35 sec; extension at 72˚C for 
5 sec. ii) for ERK2: denaturation at 95˚C for 15 sec; annealing 
at 58˚C for 45 sec; extension at 72˚C for 10 sec.

Additionally, in each qPCR reaction we carried out a 
melting curve, according to the follow program: 95˚C for 
7 sec; 65˚C for 1 min, to assess whether qPCR had generated 
specific and single reaction product.

Housekeeping gene to all qPCR experiments was selected 
from among four conventionally used genes to that purpose: 
glyceraldehydes-3-phosphate dehydrogenase (GAPDH), 
TATA box-binding gene (TBP), β-actin and protein kinase 
cGMP-dependent, type I (PRGK1). Finally, based on Ct values, 
we chose the first of these because the GAPDH gene expres-
sion was similar in all tissues analyzed. Therefore, the mRNA 

Table II. Primer sequences used for real-time PCR.

Gene/sequence identification no.
in GeneBank	 Primer sequence (5'-3')	 Size of qPCR amplicon

GAPDH	 Forward (F): AGCCGAGCCACATCGCT	 125 bp
M17851.1	 Reverse (R): TGGCAACAATATCCACTTTACCAGAGT
TBP	 Forward (F): GCACAGGAGCCAAGAGTGAA	 127 bp
M55654.1	 Reverse (R): TCACAGCTCCCCACCATGTT
β-actin	 Forward (F): CCCCGCGAGCACAGA	 171 bp
NM_001101.3	 Reverse (R): CCACGATGGAGGGGAAGAC
PRGK1	 Forward (F): GGGAAAAGATGCTTCTGGGAA	 75 bp
NM_000291.3	 Reverse (R): TTGGAAAGTGAAGCTCGGAAA
STAT5a	 Forward (F): GGCAAGGCCTGTAGAGAGTT	 76 bp
NM_003152.3	 Reverse (R): TTGAGCCCCTTCAGAAAAGTCC
ERK2	 Forward (F): CGGAACTTGCAATCCTCAGT	 76 bp
NM_003154.4	 Reverse (R): TCGTGTGGGTCCTGAATTGG
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levels of STAT5a and ERK2 are expressed as the ratio of 
STAT5a/GAPDH and ERK2/GAPDH, respectively. The rela-
tive quantification was performed using the ∆∆Ct method (31). 
As calibrator we used cDNA from healthy patients. The 
primer sequences used for the real-time PCR to GAPDH, TBP, 
β-actin and PRGK1 are listed in Table II.

Statistical analysis. Statistical analysis of the results was 
performed using Statistica 9.0 software. The distribution of 
all results was analysed with Kolmogorov-Smirnov test with 
Lilliefors correction and with the Shapiro-Wilk test. Finally, 

the significance of differences was analysed with the use of 
non-parametric Kruskal-Wallis test for multiple comparison 
for results with non-normal distribution. Differences were 
considered statistically significant at a p-value <0.05.

Results

The presence, spatial distribution and relative abundance 
of STAT5 and ERK proteins which are the elements of 
JAK2/STAT and Raf/MEK/ERK signalling pathways were 
traced by the IHC and dot-blot detection by using monoclonal 

Table III. Comparative scoring of pSTAT5, ERK2 and pERK1/2 in patients with PV, ET, PMF and patients from control group. 
All results manifest non-normal distribution and are presented in the form of median and upper-lower quartiles range.

	 Expression level	 Expression level
	 of group 1	 of group 2
	 ------------------------------------------------	 -------------------------------------------------	S ignificance
Antigen	G roup 1	 Median 	U pper-lower	G roup 2	 Median 	U pper-lower	 between group 1
			   quartiles			   quartiles	 and 2 (P-value)

pSTAT5	 PV JAK2-	 10.00	 9.6-10.40	 PV JAK2+	 11.70	 11.35-11.90	 0.956b

	 ET JAK2-	 8.40	 8.0-9.00	 ET JAK2+	 11.40	 11.0-11.70	 0.566b

	 PMF JAK2-	 5.20	 4.6-5.70	 PMF JAK2+	 6.10	 5.6-6.30	 0.730b

	 PV JAK2-	 10.00	 9.6-10.40	 Control	 3.15	 2.6-3.60	 0.001a

	 ET JAK2-	 8.40	 8.0-9.00	 Control	 3.15	 2.6-3.60	 0.003a

	 PMF JAK2-	 5.20	 4.6-5.70	 Control	 3.15	 2.6-3.60	 0.430b

	 PV JAK2+	 11.70	 11.35-11.90	 Control	 3.15	 2.6-3.60	 0.001a

	 ET JAK2+	 11.40	 11.0-11.70	 Control	 3.15	 2.6-3.60	 0.001a

	 PMF JAK2+	 6.10	 5.6-6.30	 Control	 3.15	 2.6-3.60	 0.574b

	 PV JAK2-	 10.00	 9.6-10.40	 ET JAK2-	 8.40	 8.0-9.00	 1.000b

	 PV JAK2-	 10.00	 9.6-10.40	 PMF JAK2-	 5.20	 4.6-5.70	 0.001a

	 ET JAK2-	 8.40	 8.0-9.00	 PMF JAK2-	 5.20	 4.6-5.70	 0.004a

	 PV JAK2+	 11.70	 11.35-11.90	 ET JAK2+	 11.40	 11.0-11.70	 1.000b

	 PV JAK2+	 11.70	 11.35-11.90	 PMF JAK2+	 6.10	 5.6-6.30	 0.001a

	 ET JAK2+	 11.40	 11.0-11.70	 PMF JAK2+	 6.10	 5.6-6.30	 0.001a

ERK2	 PV JAK2-	 7.25	 7.05-8.80	 PV JAK2+	 4.40	 3.3-4.60	 0.005a

	 PV JAK2-	 7.25	 7.05-8.80	 ET	 11.25	 11.0-11.30	 0.425b

	 PV JAK2-	 7.25	 7.05-8.80	 PMF	 6.80	 6.2-7.50	 0.931b

	 PV JAK2-	 7.25	 7.05-8.80	 Control	 8.55	 7.6-9.60	 1.000b

	 PV JAK2+	 4.40	 3.3-4.60	 ET	 11.25	 11.0-11.30	 0.001a

	 PV JAK2+	 4.40	 3.3-4.60	 PMF	 6.80	 6.2-7.50	 1.000b

	 PV JAK2+	 4.40	 3.3-4.60	 Control	 8.55	 7.6-9.60	 0.003a

	 ET	 11.25	 11.0-11.30	 PMF	 6.80	 6.2-7.50	 0.958b

	 ET	 11.25	 11.0-11.30	 Control	 8.55	 7.6-9.60	 0.630b

	 PMF	 6.80	 6.2-7.50	 Control	 8.55	 7.6-9.60	 1.000b

ERK1/2	 PV	 7.10	 6.95-8.00	 ET	 9.80	 9.3-10.20	 0.908b

	 PV	 7.10	 6.95-8.00	 PMF	 7.20	 6.9-7.40	 1.000b

	 PV	 7.10	 6.95-8.00	 Control	 10.20	 9.7-11.00	 0.830b

	 ET	 9.80	 9.3-10.20	 PMF	 7.20	 6.9-7.40	 1.000b

	 ET	 9.80	 9.3-10.20	 Control	 10.20	 9.7-11.00	 1.000b

	 PMF	 7.20	 6.9-7.40	 Control	 10.20	 9.7-11.00	 0.986b

aIndicate significant differences in expression level of the above-mentioned antigens vs. particular MPNs or control grouping in two groups. 
bLack of significance. Differences are significant at the 0.05 level (p<0.05).
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(phosphoSTAT5) and polyclonal (ERK2 and ERK1/2) anti-
bodies. Additionally, relative expression level of pSTAT5a and 
ERK2 gene were examined in order to answer the question 
whether expression levels of pSTAT5 and ERK2 proteins and 
their mRNA level overlap. Three types of MPNs were involved 
in the study with the aim to establish whether the expression 
level of the studied proteins and genes are similar or different 
between PV, ET, PMF and control cases. Furthermore, it was 
also important to determine whether there are differences in 
expression of the studied proteins and genes between tissues 
with wild-type and V617F version of JAK2 kinase.

Correlation between the presence of V617F and expression 
of pSTAT5a protein. Generally, IHC detection of STAT5 
protein, phosphorylated on tyrosine residue 694 (Tyr694) 
under the light microscope revealed less pronounced 
expression level in patients with wild-type of JAK2 kinase 
(Fig. 1A-C), as compared to the patients expressing JAK2 
with V617F mutation (Fig. 1E-G). However, these differences 
were not statistically significant (p=0.566-0.956; Table III). 
Results were statistically significant when we compared 
pSTAT5 expression level between control cases and PV 
or ET with wild-type of JAK2 kinase (p=0.001 and 0.003, 
respectively; Table III); and between control cases and PV 
or ET with V617F mutation (p=0.001 for both subtypes of 
MPNs; Table III).

Additionally, it should be distinctly noted that the highest 
expression level of pSTAT5 protein was observed predomi-
nantly in approximately 75% of the nucleus of bone marrow 
cells expressing JAK2V617F (Fig. 1E-G). It was clearly seen 
mainly in ET (Fig. 1F) and slightly less pronounced in PMF 
(Fig. 1G). Their nuclei were rich in pSTAT5 antigen, and the 
cytoplasm was completely lacking the signal or only scarcely 
labelled (Fig. 1F). In contrast, PV bone marrow cells with 
V617 mutation were characterized by widespread distribu-
tion of epitopes that recognized pSTAT5 antibody (Fig. 1E). 
Although they were present both in the nucleus and in the 
cytoplasm, their intracellular expression was relatively stronger 
in the nucleus (Fig. 1E). However, among studied MPNs with 
wild-type JAK2 kinase, brown signal derived from pSTAT5 
was observed (similar to PV with JAK2V617F) both in the 
nucleus and in the cytoplasm (Fig. 1A-C) but their intracel-
lular expression was on similar level (Fig. 1A-C). Thereby, the 
pSTAT5 signal derived from bone marrow cells was homoge-
neous (Fig. 1A-C).

Additionally, we observed that, regardless of the JAK2V617F 
presence, expression of pSTAT5 protein in PV and ET concerned 
almost all bone marrow cells (Fig. 1A, B, E and F), whereas in 
PMF it was observed only in approximately 50% bone marrow 
cells. Other cells were unmarked (Fig. 1C and G). Regarding 
the statistical significant relationships between particular 
MPNs with wild-type of JAK2 kinase and between particular 
MPNs with JAKV617F mutation, statistical significance was 
detected between expression level of pSTAT5 protein in PV 
and PMF (p=0.001; Table III) and also between ET and PMF 
(p=0.001‑0.004; Table III). On the contrary, no significant corre-
lations were found between PV and ET (p=1.000; Table III).

pSTAT5a protein expression on megakaryocytes. Further 
differences observed between MPNs entities are reflected in 

pSTAT5 expression pattern in megakaryocytes (Fig. 1, only 
inside images). In normal cases, pSTAT5 expression is limited 
to the cytoplasm of bone marrow cells (Fig. 1D, inside). While, 
in all analyzed MPNs, epitopes that bind STAT5 are mainly 
localized in the nucleus of megakaryocytes (Fig. 1A-C and 
E-G, inside). However, the cytoplasm of MPNs revealed 
different expression pattern of this protein. In all analysed 
MPNs with JAK2 V617F positive, the cytoplasm showed 
only trace amount of recognized epitope. In PV, ET and PMF 
without JAK2 V617F mutation we could distinguish several 
grades of expression: extremely rich in PV (Fig. 1A, inside), 
strong in ET (Fig. 1B, inside) and present in trace amount or 
absence in PMF (Fig. 1C, inside).

Diverse expression patterns of unphosphorylated ERK2 and 
ERK1/2 antigens in MPNs. Immunohistochemical compar-
ison of the three disorders among MPNs revealed that both 
similarities and differences exist between them in terms of 
presence, relative abundance and cellular localization of two 
ERK antigens (Fig. 2; Tables III and IV). These antigens were 
recognized by two different antibodies, ERK2 and ERK1/2 
derived from Abcam and Cell Signaling Technology, respec-
tively. Detailed information on specificity of antibodies used 
are presented in Table I.

The similarities were the relative abundance of antigens 
recognized by ERK antibodies. Both antigens are richly present 
within the bone marrow cells of PV, ET, PMF and healthy indi-
viduals (Fig. 2; Tables III and IV), and small differences in their 
expression levels were not statistically significant (p=0.425-
1.000; Table III), except ERK2 expression level in PV. When 
we compared differences in expression level of ERK2 between 
tissues with and without V617F mutation of JAK2 kinase, results 
were statistically significant (p=0.005). Additionally statistical 
differences concerning ERK2 expression level were indicated 
between PV with JAK2V617F and ET (p=0.001) and between 
PV with JAK2-positive and control group (p=0.003).

The most important differences, but not statistically 
measured, are connected with intracellular localization of 

Table Ⅳ. The presence and relative abundance of ERK2 and 
ERK1/2 antigens in megakaryocytes observed after IHC reac-
tion onto slides derived from patients with PV, ET, PMF and 
healthy controls.

	 ERK2	 ERK1/2
	 -------------------------------------------	 -------------------------------------------
Patients	 Nucleus	 Cytoplasm	 Nucleus	 Cytoplasm

PV	 ++/+++	 +	 -	 ++
ET	 +++	 ++	 ++	 ++
PMF	 +	 +	 +	 +/++
Control	 ++	 +	 ++	 ++/+++

-, Antigen not present; +, antigen present; ++, antigen present in 
abundance; +++, antigen present in great abundance; +/++, two dif-
ferent images, i.e., + and ++ were obtained depending on the sample; 
++/+++, two different images, i.e., ++ and +++ were obtained 
depending on the sample.
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ERK antigens. Although, the ERK proteins were detected 
both in the nucleus and cytoplasm of bone marrow cells, their 
expression level within these cell compartments were different 
in each MPN entity (Fig. 2; Table IV).

The nucleus exhibits differential expression patterns 
of ERK2 within the MPNs (Fig. 2; Table IV). The highest 
signal derived from cell nucleus was observed in PV and ET 
(Fig. 2A-C; Table IV), slightly lower in normal trephine biop-
sies (Fig. 2E; Table V), and the lowest in the PMF (Fig. 2D, 
Table IV). Additionally, it is worth noting that the highest 
expression levels of ERK2 antigens in PV were observed only 

in approximately 30% nucleus with JAK2V617F mutation 
and in approximately 80% nucleus without V617F version 
of JAK2 kinase (Fig. 2A and B). The cytoplasm of MPNs 
exhibit equally diverse pattern of ERK2 protein expression 
level. Distinct differences were demonstrated in PV between 
trephine biopsies with wild-type JAK2 (Fig. 2A; Table IV) 
and JAK2V617F (Fig. 2B; Table IV). In the first case, the 
cytoplasm was characterized by relatively high expression 
level of ERK2 (Fig. 2A; Table IV), whereas in the second 
case, ERK2 epitopes were absent or only scarcely repre-
sented in the cytoplasm (Fig. 2B; Table IV). In contrast to 

Figure 1. Expression of pSTAT5 protein in MPNs and in normal cases. Bone marrow trephine specimens derived from patients both with wild-type (A-D) 
and mutated (E-G) form of JAK2 kinase were evaluated by using Remmele and Stegner scoring system (30). Signal was different in intensity and intracellular 
localization. Generally, pSTAT5 expression was distinctly lower in samples with wild-type JAK2 (A-D) compared to JAK2V617F (E-G). Moreover, positive 
expression of this antigen was relatively high in PV (A and E) and ET samples (B and F) compared to PMF (C and G) and to control cases (D). Except PV with 
wild-type JAK2 (A inside image), pSTAT5 was mainly localized in the nuclei of MPNs megakaryocytes, whereas the cytoplasm is only slightly labelled (B and 
C, E-F, mainly inside images) or free of pSTAT5 antigens (G inside). Inversely, in control cases (D, inside), pSTAT5 is primarily located in the cytoplasm 
of megakaryocytes. Similarly in PV with JAK2-negative, pSTAT5 antigens is primarily localized in the cytoplasm, but the signal from the nuclei is lower 
(A, inside images). All images were taken under microscopic magnification of x1000.
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PV (Fig. 2A and B; Table IV), in the cytoplasm of ET, PMF 
and control cells (Fig. 2C-E; Table IV) we did not observe 
differences depending on presence JAK2V617F mutation 
concerning expression pattern of ERK2 antibody. In ET they 
could be identified in the cytoplasm in relatively high levels 
(Fig. 2C; Table IV), slightly higher than in PMF and control 
cells (Fig. 2D and E; Table IV).

A differ situation was observed in localization of both 
ERK1 and ERK2 antigens recognized by ERK1/2 antibody 
(Fig. 2F-I; Table IV). In contrast to ERK2, the expression 
patterns of ERK1/2 antibody in PV and other analysed 
subtypes of MPN were independent of the presence of 
JAK2V617F mutation. The analysed epitopes were not 
observed in most cell nuclei of PV (Fig. 2F; Table IV), whereas 
in the nucleus of ET, PMF and control group they occurred 
richly (Fig. 2G-I; Table IV). The cytoplasm of all examined 
tissues were characterized by high expression of epitopes 

that react with ERK1/2 antibody (Fig. 2F-I; Table IV). They 
could be detected in high levels in the cytoplasm of ET and 
in normal cells (Fig. 2G and I; Table IV); smaller amounts 
was present in PV cells (Fig. 2F, Table IV) and only trace 
amounts could be localized in PMF cells (Fig. 2H; Table IV). 
Single cells of normal trephine biopsies were extremely rich 
in these epitopes; expression in these single cells was higher 
than expression in the nucleus of these cells (Fig. 2I). The 
control IHC reaction performed by omitted primary anti-
bodies resulted in a complete lack of the brown signal (not 
shown).

Dot blot assay results. Data obtained from our IHC studies 
was further confronted by dot blot analysis. As illustrated 
in Fig.  3 and Table  V, we observed that protein extracts 
derived from JAK2V617F positive cases of PV, ET and PMF 
were characterized by the abundant occurrence of pSTAT5 

Figure 2. Differential intensity of signal with ERK2 (A-E) and ERK1/2 (F-I) antibody in PV (A, B and F), ET (C and G), PMF (D and H) and control bone 
marrow tissues (E and I). All images were taken under microscopic magnification of x1000.
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antigens (Fig. 3). However, proteins from JAK2 wild-type 
cases showed relatively lower pSTAT5 antigen content. 
Control cases are only scarcely represented by protein of 
interest (Fig. 3, Table V). These results coincide with the 
results of IHC reactions (Fig. 1), which are described in the 
Results section.

Additionally, we did not see differences between expression 
levels of ERK antigens bound by ERK2 or ERK1/2 antibodies. 
These epitopes appear in abundance in all analysed proteins, 
extracted from bone marrow tissues (Table V).

Comparison of the expression levels of STAT5a gene between 
all analysed MPN subtypes. We determined whether statisti-
cally significant differences of STAT5a and ERK2 protein 
expression, which were observed between various disease 
among MPNs, after IHC and dot-blot reactions are reflected 
in the RNA level.

Whichever of eleven calibrators was chosen in order to 
determinate relative STAT5a gene expression level, the results 
were always similar and statistically significant (p<0.001). 

When we did not take into consideration JAK2V617F muta-
tion status, we could observe approximately 5-fold higher 
expression level of STAT5a gene in PV in comparison to 
the patients with PMF and approximately 2-fold higher than 
in ET. Similarly, patients with ET displayed approximately 
2-fold higher STAT5a mRNA levels compared to patients 
with PMF (Fig.  4A). Further comparison, revealed that 
in any case the highest STAT5a gene expression level was 
positively correlated with the presence of JAK2V617F muta-
tion; patients who were tested positive for JAK2V617F were 
characterized by high expression of STAT5a gene. RT-qPCR 
results coincide with the results of the IHC and dot-blot 
staining for the presence of phosphorylated form of STAT5 
protein.

Relative levels of ERK2 transcripts are similar in each of 
the three MPN subtypes. We also examined the expression 
levels of ERK2 gene as shown in Fig. 4B. ERK2 expression 
in patients with ET and PV was approximately 1.5 times 
higher as compared to patients with PMF. Whichever of the 
eleven calibrators was selected, the results were similar and 
not statistically significant (p=0.566-1.000; Table IV). These 
results only partially overlap with IHC and dot-blot studies. 
Statistical analysis confirmed the observations performed 
under a light microscope.

Discussion

The results of our study demonstrate different levels as well 
as various expression patterns of antigens recognized by 
phospho-STAT5, ERK2 and total ERK1/2 antibodies within 
bone marrow trephine biopsies from patients with PV, ET, 
PMF and in healthy subjects. Differential expressions of these 
proteins were observed both in the megakaryocytes and in 
other haemopoietic cells. It seems that these differences of 
proteins/genes expressions, visible under the light microscope, 
onto membrane after performing dot-blot reaction and after 
RT-qPCR could allow to classify each sample to one of 3 types 
of MPNs in a simpler manner, sometimes without checking 
JAK2V617F mutation status.

We believe that our findings are particularly important, 
especially because, as it is well known, the most common 
MPN JAK2V617F mutation alone cannot explain the pheno-
typic heterogeneity of PV, ET and PMF. It should also be 
noted that even in healthy persons, the V617F version of JAK2 
kinase may be recognize, but with a low frequency (10%). 
Phenotypic manifestation of MPNs depends on V617F dosage, 
therefore in these people clinical signs of MPNs were never 
developed (32). In the MPN patients who lack V617F muta-
tion, other but less common genetic alternations have been 
described: including mutations in exon 12 of JAK2 (33) and in 
exon 10 of thrombopoietin receptor gene (MPL) (34). The first 
one may be found only in PV with a low frequency, estimated 
at approximately 3% (33,35). The second alternation, resulting 
in several common variants of mutation in codon 515 of MPL 
gene, W515A/K/L, are described only in patients with ET and 
PMF but also in only small percentage, approximately 1% and 
10%, respectively (34,36-38). 

Furthermore, in ET and PMF patients other than the above-
mentioned mutations in MPL gene have been described: MPL 

Figure 3. Immunodetection of pSTAT5 in protein extract by dot-blotting 
in MPN patients, both without and with JAK2V617F mutation and also in 
healthy control.

Table V. The presence and relative abundance of phosphory-
lated STAT5 protein and unphosphorylated ERK2 and ERK1/2 
proteins in the protein extracts isolated from patients with PV, 
ET, PMF and healthy controls.

	 phospho-STAT5
	 -----------------------------------------------
Patients	 JAK2 wt	 JAK2 V617F	 ERK2	 Total-ERK1/2

PV	 +	 ++	 ++	 ++
ET	 +	 ++	 ++	 ++
PMF	 +	 ++	 ++	 ++
Control	 tr.	 nd.	 ++	 ++

nd., not determined; tr., antigen present in trace amounts; +, antigen 
present; ++, antigen present in abundance.
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S505N, W515Ki, W515Kii, W515R and W515A. They were 
present both in patients who are V617F-negative and V617F- 
positive, and also in low frequency, up to 12% (39). To date, 
in MPNs, aberrations were additionally described in several 
subsequent genes, e.g. in TET2, ASXL1, DNMT3A, LNK 
IDH1, IDH2, CBL, CALR, SH2B3 and EZH2 gene (40,41), 
with different, but always relatively low frequency in PV, ET 
and PMF entities, in JAK- and/or JAK+, MPL- and/or MPL+ 
patients. The evidence described above encourages to pursue 
other morphological and molecular features to be used for 
better characterization of the three phenotypes of MPN. This, 
in turn, can help to provide: a much better understanding of 
MPNs pathophysiology, and the establishment of appropriate 
diagnostic algorithm to monitor diseases.

We selected STAT5 molecule to our study because out 
of seven members of STAT family (STAT1, STAT2, STAT3, 
STAT4, STAT5a, STAT5b, STAT6) only three, STAT3, 
STAT5a and STAT5b were predominantly phosphorylated 
by JAK2V617F kinase in hematopoietic disorders (42). As a 
result of phosphorylation, closely related STAT5a and STAT5b 
proteins are activated. They form heterodimers (43) and then 

they are translocated from the cytoplasm into the nucleus where 
they act as transcription factors regulating multiple target 
gene expression with anti-apoptotic function. These target 
genes are responsible for cell cycle progression, cell growth 
and survival (43). JAK2V617F phosphorylate STAT5a only at 
tyrosine 694 and STAT5b only at tyrosine 699. In addition, 
STAT5 proteins could also directly lead to the activation of 
RAF/MEK/ERK signalling cascades, where ERK1 and ERK2 
are downstream proteins (44,45). These proteins were phos-
phorylated at threonine 202 (ERK1) and tyrosine 204 (ERK2) 
and they are ready to activate the next downstream elements 
of signaling pathway. Reduced STAT5, STAT3 and ERK1/2 
expression in human HEL cells with JAK2V617F mutation, 
was observed as a result of JAK2 inhibition by WP1066 
inhibitor treatment (46). This result shows that STAT5 and 
ERK proteins are associated with JAK2 kinase pathway. In 
addition, Pircher and colleagues (44,45) indicated that ERK 
proteins cooperate with STAT5a and they are necessary for 
full activation of STAT5a protein.

Upon examining the bone marrow trephines derived from 
patients with PV, ET and PMF we found some interesting data 

Figure 4. Relative levels of pSTAT5a (A) and ERK2 (B) mRNA transcripts in PV, ET and PMF, determined by real-time semi-quantitative PCR. The graph 
shows maximum, minimum and median (▲) values of the data set.
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concerning STAT5 protein and gene expressions. The first one 
and, at the same time, the easiest to observe is not surprising, 
because it had also been shown by others investigators. STAT5 
protein expression phosphorylated on 694 tyrosine residues 
was enhanced only in MPNs with JAKV617F mutation. 
Similar results have been reported by James et al (11) and 
Shide et al (23), who observed an increasing level of phospho-
STAT5 proteins in transgenic mice expressing JAKV617F. 
Sometimes high level of STAT5 expression is used as surro-
gate marker of JAKV617F mutation (47). 

In our study we reported the differences in pSTAT5 protein 
expression level and intracellular expression pattern in mega-
karyocytes and other hematopoietic cells. Previously, these 
differences have not been described in detail. The differences 
in expression level of STAT5 between the wild-type-JAK2 and 
JAK2V617F were clear in almost every cases, but they were 
statistically significant only for ET and PMF. We reported that 
in ET and PMF patients, with JAK2V617F mutation, pSTAT5 
antigens are concentrated primarily in the nucleus of bone 
marrow cells, whereas the cytoplasm is completely devoid of 
signal or only scarcely labelled (Fig. 1F-G). However, in PV 
with JAK2V617F and in PV, ET, PMF with wild-type JAK2, 
pSTAT5 is observed both in the nucleus and in the cytoplasm 
of hematopoietic cells (Fig. 1B), and the expression pattern 
of these antigens is different in each disease among MPNs. 
We have also observed different patterns of pSTAT5 protein 
expression in megakaryocytes. 

In most MPN cases (except PV with JAK2-negative), 
pSTAT5 were present predominantly in the nucleus of mega-
karyocytes, and their cytoplasm was usually free of signal 
(Fig. 1B and C, E-G, inside images). However, in PV with 
wild-type of JAK2 kinase pSTAT5 gave positive signal in 
both cell organelles, but in the cytoplasm expression was more 
abundant (Fig. 1A, inside). As reported by others (48,49), in 
the cytoplasm, STAT5a protein cooperated with Gab2 protein 
and it was associated with cell proliferation through activa-
tion of PIK3/AKT signalling cascade. High nuclear expression 
of pSTAT5 in megakaryocytes of PV, ET and PMF has 
already been reported and interpreted by others researchers 
as abnormal  (50) because pSTAT5 protein expression in 
megakaryocytes of healthy cases is restricted only to the 
cytoplasm. The results of our experiment in this respect are in 
agreement with previous reported by Gibson et al (50). On the 
contrary, Grimwade and co-authors (51) have suggested that 
intracellular localization of STAT5 protein, phosphorylated on 
694 tyrosine residue, in megakaryocytes depends on the type 
of pSTAT5 antibody used.

This work also demonstrated extremely high transcription 
level of STAT5a gene by using RT-qPCR in patients with 
JAK2V617 mutation compared to the individuals without this 
mutation. Expression level of STAT5a gene in PV patients 
revealed approximately 5 times higher RNA level compared 
to the patients with PMF and approximately 2-fold higher 
than in ET. These results were of course statistically signifi-
cant, and simultaneously they suggest that STAT5a RT-qPCR 
assay could be a good diagnostic tool even without checking 
JAK2V617F status.

We suggest that when we bind these results from IHC 
studies concerning phosphor-STAT5 protein expression with 
RT-qPCR analysis, clear distinction of the three subtypes of 

MPNs is possible and relatively simple. However, our studies 
should be broaden by increasing the number of subjects in order 
to answer the question whether different patterns of pSTAT5 
expression are in fact characteristic for each entities or not. To 
the best of our knowledge, this kind of intracellular difference 
between the three phenotypes of MPNs observed and described 
here by us has not been described in detail before.

We also compared the expression of antigens recognized 
by ERK2 and ERK1/2 antibodies in MPNs and in healthy 
controls and we found a variety of differences. To the best 
of our knowledge, this is the first report which demonstrated 
different intracellular localization of ERK proteins in MPNs. 
At first, we showed that ERK expression is independent of 
the presence of JAK2V617F mutation, with one exception, in 
PV where clearly visible differences in distribution of ERK2 
antigens were visible (Fig. 2A and B). The highest expression 
levels of ERK2 antigens were observed only in approximately 
30% of the nucleus with JAK2V617F mutation and in approxi-
mately 80% with wild-type JAK2 kinase (Fig. 2A and B). The 
cytoplasm in JAK2V617F cells is free of signal. This kind 
of ERK2 expression pattern in PV patients allows to distin-
guish tissue samples derived from patients with and without 
JAK2V617F mutation. However, localization of both ERK1 
and ERK2 antigens by using total ERK1/2 antibodies revealed 
opposite results. Firstly, the expression was independent of the 
presence of JAKV617F mutation and secondly it was localized 
only in the cytoplasm. Nuclei were free of signal. Such signifi-
cant differences in intracellular localization of ERK2 and 
ERK1/2 antigens may result from the fact that, as suggested by 
the manufacturer of ERK1/2 antibodies, these molecules could 
recognize ERK1 more readily than ERK2 antigens. It seems 
that in our experiment this situation appears to be most likely. 
It is worth noting at this moment that, as reported by others, 
ERK2 has pro-proliferative effects on the cells, while ERK1 is 
anti-proliferative (52).

We concluded that differences in expression pattern of 
ERK2 antigens may be helpful in distinguishing PV and ET 
from PMF. ERK2 expression in PV and ET were relatively 
stronger than in PMF and, additionally, concentrated rather in 
the nucleus (Fig. 2A-C). Cytoplasm was less marked. In PMF, 
the intensity of signal both in nucleus and cytoplasm was on 
a similar level (Fig. 2A-D). It should be observed that dot-blot 
analysis and RT-qPCR did not revealed differences between 
expression levels of ERK2 gene among the MPN entities. In 
our opinion, using antibodies binding to both ERK1 and ERK2 
proteins also allows to distinguish PV and ET from PMF. In 
most of PV cells, the signal is concentrated in the cytoplasm, 
whereas in ET and PMF it was localized both in the cyto-
plasm and nucleus. Additionally, we observed that in ET the 
expression level is relatively stronger than in PMF but these 
differences were not statistically significant. The mechanisms 
leading to the accumulation of STAT5 and ERK2 proteins in 
the cell nucleus remain poorly elucidated. We speculate that 
it could be associated with the presence JAKV617F and/or 
MPL W515 alterations because these molecules (i.e. JAK2 and 
MPL) are known as regulators of JAK/STAT and RAF/MAP/
ERK signalling pathways.

However, in future research, we should increase the 
number of subjects and the number of antibodies directed to 
different epitopes of STAT5 and ERK1/2 proteins and then 
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again describe in details the expression levels and patterns 
of these antigens, similarly to this report. Here we used only 
small number of cases of each disease and only one antibody to 
pSTAT5 protein and two antibodies directed to ERK protein.
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