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KEY POINTS

The transcription factor NF-E2 is mislocalized in patients with primary myelofibrosis.

Immunohistochemical staining for nuclear factor erythroid-2 distinguishes essential
thrombocythemia from primary myelofibrosis.

ABSTRACT

The WHO classification of myeloproliferative neoplasms (MPN) comprises several
entities including essential thrombocythemia (ET), primary myelofibrosis (PMF) and
MPN,unclassifiable (MPN,U). Differential diagnosis between ET and early, prefibrotic PMF can be challenging but is critical as clinical course and outcome vary
considerably between these entities. We have previously shown that the transcription
factor NF-E2 is aberrantly expressed in MPN patients. Here we demonstrate that NFE2 is mis-localized in PMF cells and that aberrant NF-E2 localization discriminates
statistically highly significantly between ET and PMF. A threshold of 20% nuclear NFE2 staining was cross-validated by “.682+ bootstrapping”. Moreover, this cut-off
correctly classifies diagnostic bone marrow biopsies of MPN,U patients specified
upon follow-up as ET or PMF with 92% accuracy. Because inter-observer
concordance between independent pathologists was high (Spearman's rank
correlation

coefficient:

0.727),

we

propose

that

quantitative

NF-E2

immunohistochemistry represents a diagnostic tool which can reliably support a
differential diagnosis between ET and PMF.
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INTRODUCTION

In 1951 Dr. William Dameshek first classified a group of clinically interrelated
disorders, among them polycythemia vera (PV), essential thrombocythemia (ET) and
primary myelofibrosis (PMF), naming them the myeloproliferative syndromes.1 The
diagnostic criteria for these diseases, renamed myeloproliferative neoplasms (MPN),
were last revised by the WHO in 2008.2
Despite the discovery of an activating point mutation in the JAK2 kinase (JAK2V617F)
in the majority of MPN patients3-6, the differential diagnosis between ET and PMF can
remain challenging.7 Particular in the early stages, both the clinical presentation and
the histopathological appearance of ET and PMF can be similar, a problem that has
sparked lively discussion on distinguishing diagnostic criteria, including those of the
WHO classification.8-10 In addition, the WHO classification has been criticized for
relying on histopathology, which may be subject to a high degree of inter observer
variability.8,9 However, because of the large difference in clinical course and outcome
between ET and PMF, accurate classification and diagnosis of these entities is
essential.10-13
We have previously reported that expression of the transcription factor nuclear factor
erythroid 2 (NF-E2) is aberrantly elevated in MPN patients.14 In ET and PMF, NF-E2
overexpression is independent of the presence or absence of the JAK2V617F
mutation.15 Moreover, in a murine model, elevated NF-E2 levels cause an MPN
phenotype.16
Here we test the hypothesis that immunohistochemical staining for NF-E2 can be
used to distinguish ET from PMF and that this distinction can aid in the classification
of MPN,U patients.
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Patients, Materials and Methods

Patients and bone marrow biospies
A cohort of 163 bone marrow biopsies, which had been referred to and evaluated in
the Institute of Pathology, Medical Center Freiburg between 2001 and 2010, was
analyzed (Table 1). The first set consisted of 72 cases: 14 healthy controls (HC,
obtained from patients with lymphoma biopsied for staging, that showed neither bone
marrow infiltration nor complete blood count (CBC) abnormalities), 10 patients with
reactive thrombocytosis (RT), 41 patients with essential thrombocythemia (ET), 39
patients with primary myelofibrosis (PMF; with the following fibrosis grades: MF-0
n=10, MF-1 n=19, MF-2 n=8, MF-3 n=2), and 33 patients with polycythemia vera
(PV). The study was approved by the local internal review board (Albert-Ludwigs
University, Freiburg, Germany). The study was conducted in accordance with the
Declaration of Helsinki.
The second set consisted of 26 patients who presented with thrombocythemia. Of
these 19 patients were initially diagnosed as MPN, unclassifiable (MPN,U). The
WHO defines these as cases that show definite clinical, laboratory and morphological
features of a myeloproliferative neoplasm, but that fail to meet the criteria for any of
the specific MPN entities.2,17 By follow-up biopsy, one to nine years later, and by
clinical course, these 19 cases were subsequently diagnosed as either ET (n=10;
MPN,U-ET) or PMF (n=9; MPN,U-PMF).
In addition, the second set contained 7 patients (here called ET-PMF) initially
interpreted by us as ET, who were, however, found to satisfy the criteria for PMF,
including characteristic histological atypia, in the follow-up biopsy one to eight years
later. These are nonetheless not examples of ET that developed fibrosis, so called
post ET-MF by WHO definition, as this WHO definition of post-ET-MF requires a
degree of fibrosis grade 2, which these patients did not show. In addition, these
patients transformed to PMF with a median of 1 year of the initial diagnosis, six of the
seven patients transformed within 2 years of diagnosis. Post ET-MF, when it occurs,
takes much more time to develop, patients transforming with a median of 8-9 years
after diagnosis (range 3.6 – 20.2) 18,19
All cases were diagnosed according to the WHO criteria

2,17

. In order to

achieve pathologic diagnoses by consensus of multiple observers, three hematopathologists (K.A., A.M.M. and M.W.), each blinded to both the initial diagnosis, as
4
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well as to the diagnoses of his or her colleagues, re-reviewed all biopsies, which
were stained for CAE (chloracetate-esterase), Giemsa, H & E (hematoxylin and
eosin) as well as reticulin (Gomorri stain). Only those patients were chosen for
inclusion into this study, for which all three pathologists independently arrived at the
same diagnosis according to WHO criteria, and for which this diagnosis was in
agreement with the initial diagnosis.
Importantly, this panel of pathologists arrived at the same diagnosis and
matched the initial diagnosis in 113/125 (90.4%) of cases. Only 12 out of an initially
available pool of 125 biopsies (9.6%) had to be excluded because of inter-pathologist
disagreement. In addition to the histologies, the pathologists had the following clinical
information: CBC for all patients, LDH for the majority of patients, splenomegaly sofr
a subset of patients, mainly those with suspected PMF, JAK2V617F for all suspected
PV cases as well as the majority of suspected ET and PMF cases,
The biopsies used for NF-E2 staining were obtained at initial diagnosis and
were therapy naïve.
NF-E2 and CD71 Immunohistochemistry
Bone marrow biopsies were either fixed in 4% buffered formalin (FA) or in “CalciumGlutardialdehyde-Formaldehyd, CGF” (0.1 mol/l calcium acetate, 1.1 vol %
formaldehyde and 0.5 vol % glutardialdehyde), as described.20 Following fixation, all
biopsies

were

subjected

to

decalcification

in

a

mixture

of

10

%

ethylenediaminetetraacetic acid disodium salt (EDTA, Serva, Cat. No. 11280.02) and
3.3 % tris-(hydroxymethyl) aminomethane (THAM, AppliChem, Cat. No. A1086,1000)
in dd H2O at pH: 7.0 – 7.2 over-night or for two days at room temperature, as
described,20 and embedded in paraffin. Decalcification for either one or two days
yielded identical staining results (data not shown).
Serial 3µm sections were de-paraffinized in xylene and graded alcohols, followed by
specific antigen retrieval in “Target Retrieval Solution, pH9” in a steamer (Dako,
Glostrup Denmark, Cat. No. S2367; 20 minutes for CGF fixed biopsies and 4-6
minutes for FA fixed biopsies, depending on the NF-E2 antibody lot). After incubation
with one of two primary antibodies against NF-E2 for one hour at room temperature
(NF-E2, polyclonal rabbit, Cat. No. HPA001914, Sigma Aldrich, diluted 1:50 for CGFfixed biopsies and 1:200 for formalin fixed biopsies or anti-NF-E2, rabbit polyclonal
1089, diluted 1:100, raised against amino acids 133 – 147 of the NF-E2 protein21).
5
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Staining was detected with the “Dako Real Detection System“ (Dako, Cat. No.
K5005, Sigma antibody) or the “Dako EnVision FLEX Visualization System“ (Dako,
Cat. No. K8000, antibody 1089). The sections were counterstained with hematoxylin
(Dako, Cat. No. K8008) and mounted. To exclude unspecific staining, negative
controls were prepared by replacing NF-E2 with an immunoglobulin isotype control
(ChromPure Rabbit IgG, Jackson ImmunoResearch, Cat. No. 011-000-003).
For double staining with CD71, NF-E2 staining and detection was followed by a
peroxidase block. Subsequently, an anti-CD71 antibody was applied for 20 minutes
at room temperature (DCS, mouse monoclonal, clone H68.4; ready to use). Staining
was detected with the “Dako EnVision FLEX Visualization System“ (Dako, Cat. No.
K8000).
NF-E2-specific staining was evaluated in 300 erythroid cells, 100 in each of three
random high power fields (600 x magnification) per case. Every biopsy was
evaluated independently by two pathologists, both blinded to the diagnosis. The
percentage (mean +/- standard deviation) of nuclear positive, cytoplasmic positive,
and negative erythroid cells as a proportion of all nucleated erythropoietic precursor
cells was calculated for each biopsy. Cells that were both nuclear and cytoplasmic
positive were regarded as nuclear positive.

Statistical analysis
Statistical analyses were performed after the data of both observers had been
averaged. A two-tailed Wilcoxon test was used to determine whether a significant (p<
0.05) difference existed between two groups. When comparing more than two
groups, a Kruskal Wallis One Way ANOVA on Ranks was used.
A Spearman's Rank Order correlation was run to determine the concordance
between the two pathologists’ nuclear NF-E2 quantification.
The SPSS Software 18.0.2 (IBM Corporation, Somers, NY, USA) was used for
analysis.

Threshold Calculation and Cross Validation by .632+ Bootstrapping
For threshold calculation, a classification was performed after rank transformation of
the measurements using a Naïve Bayes classifier as shown in Fig. 3. A threshold of
20.3% was calculated to optimally discriminate between MPN,U-ET and MPN,U-PMF
patients.
6
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The classification error rate was derived by cross-validation using bootstrapping, a
method that repeatedly divides the data into training- and test sets. For this analysis,
10,000 bootstrap data sets were drawn, of the same sample size as the experimental
data set (10 MPN,U-ET and 9 MPN,U-PMF). The bootstrap sets are randomly
selected from the experimental data set with replacement. For each of the 10,000
bootstrap data sets, the rank transformation was applied, the classification threshold
calculated, and subsequently evaluated how often the classifier correctly predicts
out-of-sample. For the 10,000 realizations, the average out-of-sample classification
error was 9.7%. Because this number is known to overestimate the classification
error, the so-called .632+ estimator

22

was applied for adjustment, such that the out-

of-sample error is reasonably weighted with the in-sample classification error (5.3%).
In our analysis, a weight of 0.66 was derived for the .632+ estimator yielding an
expected classification error of 8.2% for validation measurements.
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Results

Subcellular localization of NF-E2 during erythroid maturation
The transcription factor NF-E2 is known to be expressed in several
hematopoietic lineages.23 However, its subcellular localization during distinct stages
of erythoid differentiation is unknown. We therefore performed immunohistochemistry
of healthy bone marrow biopsies and scored nuclear or cytoplasmic NF-E2
localization in various stages of erythroid maturation. All 14 biopsies were scored
independently by two pathologists.
In healthy bone marrow, megakaryocytes were predominantly NF-E2 positive
either in the cytoplasm, in the nucleus or in both compartments. In addition, cells of
the myeloid lineage were weakly positive for NF-E2. Again both nuclear and
cytoplasmatic staining was observed. Lymphocytes did not stain for NF-E2.
In early erythropoietic cells NF-E2 showed nuclear staining (Fig. 1A and B,
arrows), whereas, unexpectedly, in later nucleated erythroid stages it was found
almost exclusively in the cytoplasm (Figure 1A and B, filled arrowheads). Surprisingly
for a transcription factor, on average only 10.9% (standard deviation, SD: +/- 3.8) of
all erythropoietic cells, mainly the early erythroblasts, showed a nuclear NF-E2
positivity (Fig. 1C), whereas the vast majority, on average 85.7% (+/- 2.2%), stained
cytoplasmatically (Fig. 1C). Very few erythroid cells (an average of 3.4% +/- 2.5%)
were completely negative for NF-E2 (Figure 1A-C). This is the first description of
strong cytoplasmic NF-E2 expression in more mature erythropoietic cells and raises
the possibility that the NF-E2 protein may fulfill additional, previously unrecognized
functions in the cytoplasm.
NF-E2 is mis-localized in MPN biopsies and shows increased nuclear staining
Because of the documented NF-E2 overexpression in MPN patients we
hypothesized that NF-E2 staining or subcellular localization may differ between MPN
patients and healthy controls. We therefore assembled a cohort of MPN bone
marrow biopsies, diagnosed according to the WHO criteria, consisting of n=33 PV,
n=41 ET and n=39 PMF cases. In addition to fulfilling the WHO classification criteria,
most cases had obtained follow up biopsies at least one year after the initial
diagnosis. At this time, the MPN entity was confirmed both by pathological analysis
and by clinical course. The biopsies obtained at the time of diagnosis were stained
8
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for NF-E2 and again scored for subcellular localization in erythroid cells. The two
independently scoring pathologists were blinded to the diagnoses.
Like healthy controls, ET cases showed a low proportion of nuclear positivity
for NF-E2 (16.3% +/- 4.1% of all erythroid cells; Fig. 1D and F). Patients with reactive
thrombocytosis, which serve as an important control, likewise showed low numbers
of NF-E2 nuclear positive erythroid cells (15.1 +/- 3.4% 1F). In contrast, PV cases
showed a slightly higher proportion of nuclear positivity in erythroid cells (23.9% +/10%) and this difference reached statistical significance (Fig. 1F; p<0.0001 vs. HC
and ET, respectively). Most striking is the stark and statistically highly significant
increase in nuclear NF-E2 staining observed in PMF patients (33.7% +/- 10.7%:
p<0.0001 vs PV, ET and HC respectively; Fig. 1E and F). This marked increase in
the proportion of NF-E2 nuclear positive erythroid cells was apparent even in patients
with grade 0 or 1 fibrosis, suggesting that increased nuclear staining of the
transcription factor is inherent to disease development, rather than being a feature of
disease progression.
In order to verify that the cells scored for NF-E2 staining were indeed
erythroblasts, we conducted double stainings with NF-E2 and CD71, a marker of
early erythroid cells. These data were quantitated and are shown in Suppl. Fig. 2.
They reveal that indeed, firstly, more than 95% of all cells that stain nuclear for NFE2 in the bone marrow are CD71-positive erythroblasts (Suppl. Fig. 2C), and,
secondly, that, counting only CD71 positive cells, hence cells that have been
identified as erythroid due to a surface marker, PMF patients show a statistically
highly significant increase in nuclear NF-E2 staining (Suppl. Fig. 2D).
We wished to confirm these differences in NF-E2 staining with a second,
alternative antibody, generated in our lab and raised against a different NF-E2
peptide than the antibody initially used. Cytoplasmic and nuclear NF-E2 staining in
erythroid cells was again quantitated in ET and PMF patients. As with the first
antibody used, a statistically highly significant difference between ET and PMF
patients was observed (Suppl. Fig.1). This second antibody therefore confirms both
the cytoplasmic staining of NF-E2 in mature erythroid cells and the mislocalization of
NF-E2 in PMF patients.
Because early erythropoiesis shows nuclear NF-E2 staining, while more
mature erythroid cells display cytoplasmic NF-E2 (Fig. 1A-C), the increase in NF-E2
nuclear staining observed in PMF could simply result from the presence of increased
9

From bloodjournal.hematologylibrary.org at MEDIZINISCHE UNIVERSITATS on August 29, 2013. For personal use only.

numbers of early erythroblasts in PMF bone marrow. We therefore quantified the
percentage of early and late erythropoietic cells in ET and PMF patients (Fig. 1G).
There was no difference in the percentage of early and late erythropoietic cells
between ET and PMF. Rather, a significantly higher percentage of early
erythyroblasts showed nuclear NF-E2 staining in PMF compared to ET,
demonstrating that the NF-E2 protein is indeed mis-localized in PMF (Fig. 1H).
Aberrant localization could occur either by abnormal retention in the nucleus, by
insufficient cytoplasmic export, or by increased re-import into this organelle.
Because the percentage of nuclear NF-E2 positivity in erythroid cells is highly
significantly different between PMF and ET biopsies (p<0.0001, Fig. 1F), we
proposed that this staining could be used to discriminate between the early,
prefibrotic stage of PMF, and ET, entities which are often challenging to differentiate
diagnostically.
Quantitative NF-E2

immunohistochemistry discriminates

between early,

prefibrotic PMF and ET
In order to test the hypothesis that NF-E2 staining can discriminate between
early, pre-fibrotic PMF and ET, we analyzed a second MPN cohort. This cohort again
consisted entirely of cases which were diagnosed according to the WHO criteria and
had both follow-up biopsies and clinical data available for all patients. The WHO
classification recognizes an entity termed “MPN-Unclassifiable (MPN,U)” for MPN
cases who do not clearly fulfill the diagnostic criteria for either PV, ET or PMF. Upon
follow-up, these patients, if they now fulfill the WHO criteria for another MPN entity,
may be reclassified. Our second cohort consisted of n=19 MPN,U patients, 10 of
which were re-classified as ET upon follow up (MPN,U-ET, Fig. 2A) and 9 reclassified as PMF upon follow up (MPN,U-PMF, Fig. 2B). In addition, we included 7
patients whose initial diagnosis of ET was revised to PMF upon follow-up (ET-PMF,
Fig 2C).
The proportion of nuclear NF-E2 positive erythroid cells in the initial biopsies of
MPN,U cases later diagnosed as ET was as low as that observed in ET patients
(14.8% +/- 4.3%; Fig. 2D). In contrast, NF-E2 nuclear staining in initial biopsies of
MPN,U cases later reclassified as PMF (27.6% +/- 5.4%) was statistically highly
significantly elevated compared to either ET or to MPN,U-ET cases (both p<0.0001;
Fig. 2D) and similar to that of PMF cases (Fig. 2D). Likewise, biopsies of patients
10
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initially diagnosed as ET, who were later reclassified as PMF cases revealed a high
proportion of NF-E2 nuclear positive erythroid cells in their initial biopsies (27.6% +/6.7%), comparable to that of PMF cases (Fig. 2D). ET-PMF cases differ highly
significantly from both ET (p<0.0001) and from MPN,U-ET cases (p<0.01) Fig. 2D).
We

therefore

propose

that

NF-E2

immunohistochemistry

allows

a

discrimination of MPN patients with ET from those with early, prefibrotic PMF, which
is especially important for those patients whose clinically presentation and bone
marrow morphology does not allow this differential diagnosis. The threshold for NFE2 nuclear positivity was calculated to be 20%, samples showing more nuclear NFE2 positive erythropoiesis can be classified as PMF, while those showing less are
classified as ET (Fig. 3A). In order to validate this threshold, we performed a “.682+
bootstrapping” cross-validation. The 10,000 bootstrap data sets generated predict a
correct distinction between ET and pre-fibrotic PMF in 92% of cases, hence an error
rate of 8%, using 20% nuclear NF-E2 as a cut off (Fig. 3B).
Morphological analysis has been criticized, especially in the MPN field, for
being difficult to apply in daily practice as it may be subject to considerable interobserver variability9,24. We therefore calculated the inter observer variability between
the two pathologists, who scored the biopsies blinded both to the diagnosis as well
as to the results of the other researcher. The Spearman's rank correlation coefficient
of 0.727 demonstrates an extremely high inter-observer consistency for all 163 cases
(p<0.001).
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Discussion
Despite the rising number of molecular aberrations detected in MPN patients,
the distinction between the three related entities, especially between the early, prefibrotic phase of PMF and ET remains difficult and relies mainly on histology and
clinical diagnosis. The reason is that none of the mutations detected in MPN patients
are exclusive to any one entity.11 In addition, many of the mutations are found in a
small subset of patients (5 – 10%) and the costs of searching for 10 possible
mutations in any one patient are prohibitive given the current technology. Therefore,
in patients with isolated thrombocytosis, histology remains one of the most important
tools for distinguishing ET from pre-fibrotic PMF.
However, it has been criticized that histology alone is insufficient in its
discriminatory power and inter-observer variability remains a concern.24 Additional
tools for distinction of ET from pre-fibrotic PMF would clearly be beneficial not only
for diagnosis, but also for the interpretation of clinical trial results. For example, the
PT1 trial, which investigated the use of hydroxyurea and anagrelide in ET25 has been
criticized for including pre-fibrotic PMF patients in its cohort10,26,27.
Here we describe a simple, highly reproducible immunohistochemical stain,
which demonstrated a low inter-observer variability, and a high degree of accuracy.
Interestingly, the proportion of nuclear NF-E2 staining in PMF patients is already
significantly elevated at diagnosis and remains stable during follow-up (Suppl. Fig. 3).
Our data indicate that analysis of the proportion of nuclear NF-E2 positive erythroid
cells represents a viable diagnostic tool which can add a highly reliable support to
reaching a differential diagnosis between ET and PMF.
In summary, quantitative NF-E2 immunohistochemistry of bone marrow
biopsies of MPN patients presenting with thrombocytosis can help to distinguish ET
from early, prefibrotic PMF, with important consequences for both therapeutic
decisions and prognostic implications.

12

From bloodjournal.hematologylibrary.org at MEDIZINISCHE UNIVERSITATS on August 29, 2013. For personal use only.

Acknowledgements

The authors extend their sincere thanks to Theresa Lowka and Katja Thurig for
technical assistance and to Dr. Heiko Becker and Jonas Jutzi for critical review of the
manuscript. This work was supported by grants from the Medical Faculty of the
University of Freiburg (AUM843/11) as well as from the German Society of
Pathology, both to KA, as well as by grants from the National Cancer Institute (PO1
CA108671) and the Deutsche Forschungsgemeinschaft, DFG (Pa 611/6-1), both to
HLP.
Author Contributions

KA designed experiments, conducted the experiments analyzed the data and wrote
the manuscript. AVF, AMM, JM, CK, JT and DH analyzed data. MW analyzed data
and critically reviewed the manuscript. HLP designed experiments, analyzed the data
and wrote the manuscript.

Conflict of Interest

None of the authors have any conflict of interest to declare.

13

From bloodjournal.hematologylibrary.org at MEDIZINISCHE UNIVERSITATS on August 29, 2013. For personal use only.

REFERENCES

1.
Dameshek W. Some speculations on the myeloproliferative syndromes. Blood.
1951;6(4):372-375.
2.
Swerdlow SH, Campo E, Harris NL, et al. eds. WHO Classification of Tumours
of Haematopoietic and Lymphoid Tissue. In: Bosman FT, Jaffe ES, Lakhani SR,
Ohgaki H eds. WHO Classification of Tumours. Vol. 4. Lyon: IARC Press; 2008.
3.
James C, Ugo V, Le Couedic JP, et al. A unique clonal JAK2 mutation leading
to constitutive signalling causes polycythaemia vera. Nature. 2005;434(7037):11441148.
4.
Baxter EJ, Scott LM, Campbell PJ, et al. Acquired mutation of the tyrosine
kinase JAK2 in human myeloproliferative disorders. Lancet. 2005;365(9464):10541061.
5.
Kralovics R, Buser AS, Teo SS, et al. Comparison of molecular markers in a
cohort of patients with chronic myeloproliferative disorders. Blood. 2003;102:18691871.
6.
Levine R, Wadleigh M, Cools J, et al. Activating mutation in the tyrosine kinase
JAK2 in polycythemia vera, essential thrombocythemia, and myeloid metaplasia with
myelofibrosis. Cancer Cell. 2005;7:387-397.
7.
Spivak JL. Narrative review: Thrombocytosis, polycythemia vera, and JAK2
mutations: The phenotypic mimicry of chronic myeloproliferation. Ann Intern Med.
2010;152(5):300-306.
8.
Brousseau M, Parot-Schinkel E, Moles MP, Boyer F, Hunault M, Rousselet
MC. Practical application and clinical impact of the WHO histopathological criteria on
bone marrow biopsy for the diagnosis of essential thrombocythemia versus
prefibrotic primary myelofibrosis. Histopathology. 2010;56(6):758-767.
9.
Buhr T, Hebeda K, Kaloutsi V, Porwit A, Van der Walt J, Kreipe H. European
Bone Marrow Working Group trial on reproducibility of World Health Organization
criteria to discriminate essential thrombocythemia from prefibrotic primary
myelofibrosis. Haematologica. 2012;97(3):360-365.
10.
Thiele J, Kvasnicka HM, Mullauer L, Buxhofer-Ausch V, Gisslinger B,
Gisslinger H. Essential thrombocythemia versus early primary myelofibrosis: a
multicenter study to validate the WHO classification. Blood. 2011;117(21):5710-5718.
11.
Tefferi A, Vainchenker W. Myeloproliferative neoplasms: molecular
pathophysiology, essential clinical understanding, and treatment strategies. J Clin
Oncol. 2011;29(5):573-582.
12.
Barbui T, Thiele J, Carobbio A, et al. Disease characteristics and clinical
outcome in young adults with essential thrombocythemia versus early/prefibrotic
primary myelofibrosis. Blood. 2012;120(3):569-571.
13.
Barbui T, Thiele J, Passamonti F, et al. Survival and disease progression in
essential thrombocythemia are significantly influenced by accurate morphologic
diagnosis: an international study. J Clin Oncol. 2011;29(23):3179-3184.
14.
Goerttler PS, Kreutz C, Donauer J, et al. Gene expression profiling in
polycythaemia vera: overexpression of transcription factor NF-E2. British Journal of
Haematology. 2005;129(1):138-150.
15.
Wang W, Schwemmers S, Hexner EO, Pahl HL. AML1 is overexpressed in
patients with myeloproliferative neoplasms and mediates JAK2V617F-independent
overexpression of NF-E2. Blood. 2010;116:254-266.

14

From bloodjournal.hematologylibrary.org at MEDIZINISCHE UNIVERSITATS on August 29, 2013. For personal use only.

16.
Kaufmann K, Gründer A, Hadlich T, et al. A novel murine model of
myeloproliferative disorders generated by overexpression of the transcription factor
NF-E2. J Exp Med. 2012;209:35-50.
17.
Jaffe ES, Harris NL, Stein H, Vardiman JW. Pathology and Genetics of
Tumours of Hematopoietic and Lymphoid Tissues. Vol. 3. Lyon: IARC Press; 2001.
18.
Cervantes F, Alvarez-Larran A, Talarn C, Gomez M, Montserrat E.
Myelofibrosis with myeloid metaplasia following essential thrombocythaemia:
actuarial probability, presenting characteristics and evolution in a series of 195
patients. Br J Haematol. 2002;118(3):786-790.
19.
Passamonti F, Rumi E, Arcaini L, et al. Prognostic factors for thrombosis,
myelofibrosis, and leukemia in essential thrombocythemia: a study of 605 patients.
Haematologica. 2008;93(11):1645-1651.
20.
Mufti G, Flandrin G, Schaefer H, Sandberg A, Kanfer E. An Atlas of Malignant
Haematopathology: Cytology, Histology and Cytogenetics. In: Dunitz M, ed. London;
1996:387.
21.
Roelz R, Pilz IH, Mutschler M, Pahl HL. Of mice and men: human RNA
polymerase III promoter U6 is more efficient than its murine homologue for shRNA
expression from a lentiviral vector in both human and murine progenitor cells. Exp
Hematol. 2010;38(9):792-797.
22.
Efron B, Tibshirani R. Improvements on Cross-Validation: The .632+ Bootstrap
Method. Journal American Statistical Association. 1997;92:548-560.
23.
Andrews N, Erdjument-Bromage H, Davidson MB, Tempst P, Orkin SH.
Erythroid transcription factor NF-E2 is a hematopoietic-specific basic-leucine zipper
protein. Nature. 1993;362:722-728.
24.
Wilkins BS, Erber WN, Bareford D, et al. Bone marrow pathology in essential
thrombocythemia: interobserver reliability and utility for identifying disease subtypes.
Blood. 2008;111(1):60-70.
25.
Harrison CN, Campbell PJ, Buck G, et al. Hydroxyurea compared with
anagrelide in high-risk essential thrombocythemia. N Engl J Med. 2005;353(1):33-45.
26.
Barbui T, Finazzi G. When and how to treat essential thrombocythemia. N
Engl J Med. 2005;353(1):85-86.
27.
Thiele J, Kvasnicka HM, Vardiman JW, et al. Bone marrow fibrosis and
diagnosis of essential thrombocythemia. J Clin Oncol. 2009;27(34):e220-221; author
reply e222-223.
28.
Conover WJ, Iman RL. Analysis of covariance using the rank transformation.
Biometrics. 1982;38:715 - 724.

15

Number of
patients

HC

14

RT

10

PV

33

ET

41

PMF

39

MPN,U-ET

10

MPN,U-PMF

9

ET-PMF

7

WBC
median
range
6.9
3.7 - 10.0
9.1
6.9 - 19.7
11.2
5.9 - 20.0
9.2
1.6 - 18.4
10.5
2.4 - 40.0
9.2
5.1 – 12.9
11.5
8.9 - 18.4
9.0
3.5 – 16.7

PLT
median
range
242
227 - 300
780
503 - 1078
442
266 - 897
801
450 - 7400
525
15 - 1811
809
600 - 1696
790
500 - 1056
903
602 - 1959

HB
median
range
14
12.0 - 14.6
10
8.9 - 13.5
19.0
16.8 - 23.2
14.2
11.7 - 16.6
12.1
6.7 - 15.5
15
13.7 - 16.5
14.0
8.6 - 16.0
12.0
5.5 - 14.0

LDH
median
range

Cases with
splenomegaly

ns

ns

Cases
with
JAK2 V617F
(%)
ns

ns

ns

ns

309
174 - 689
251
181 - 339
447
92 - 1455
201
142 - 275
293
184 - 401
364
230 - 489

13/18*

100

4/15*

51

13/18*

59

2/9*

ns

5/8*

ns

3/7*

ns

Table 1: Clinical data at the time of the initial biopsies. WBC: white blood cell count x 106 per µl; PLT: platelet count x 106 per µl;
HB: hemoglobin in g/dl; LDH: lactate dehydrogenase in U/l; ns: not specified; * data was not available for the remainder of the patients.
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Figures and Figure Legends

Figure 1: Immunohistochemistry of NF-E2 in healthy controls, reactive
thrombocytosis, ET, PV and PMF patients. (A and B, healthy controls; D,
Essential Thrombocythemia; E, Primary Myelofibrosis) Bone marrow biopsies
were stained with an antibody against NF-E2 and counterstained with hematoxylin
(1000x original magnification, bar indicates 20µm). Arrows point to erythropoietic
cells with nuclear NF-E2 staining, filled arrow heads indicate cytoplasmic NF-E2
staining, whereas open arrowheads mark cells negative for NF-E2 staining. (C, F-H)
One hundred erythropoietic cells in each of three high power fields per bone marrow
biopsy (n=300 erythroid cells in total) were evaluated for NF-E2 subcellular
localization and/or differentiation stage. (C) Quantitative analysis of NF-E2
17
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subcellular localization in healthy controls. Shown is the percentage of nuclear or
cytoplasmic NF-E2 positive erythroid cells, respectively, as well as NF-E2 negative
cells as a proportion of all erythroid precursors. (F) Quantitative analysis of nuclear
NF-E2 positivity in erythroid cells in healthy controls, reactive thrombocytosis
(RT) and MPN patients. Shown is the percentage of nuclear NF-E2 positive
erythroid cells as a proportion of all erythroid precursors. *p<0.05; ***p<0.001,
****p<0.0001 by two-tailed Wilcoxon-test.
(G) Proportion of early and late erythroblasts of all erythroid cells in ET and
PMF. Shown is the percentage of early and late erythroblasts as a proportion of all
erythroid cells in ET and PMF. An early erythroblast was defined on a CAE stain as a
CAE negative erythroid cell with a small cytoplasm, a large nucleus (1.5 – 2.5 fold of
the diameter of an erythrocyte), and one or two prominent nucleoli. A late erythroblast
was defined as a CAE negative cell, with abundant cytoplasm, frequently polygonal
in shape, and with a round nucleus with dense chromatin. (H) Proportion of NF-E2
nuclear or cytoplasmic positive early erythroblasts in ET and PMF. Shown is the
percentage of nuclear or cytoplasmic NF-E2 positive cells, as indicated, in early
erythroid precursors. ***p<0.001 by two-tailed Wilcoxon-test.
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Figure 2: Immunohistochemistry of NF-E2 in MPN,Unclassifyable, ET, and PMF
patients. Bone marrow biopsies were stained with an antibody against NF-E2 and
counterstained with hematoxylin (1000x original magnification, bar indicates 20µm).
Arrows point to erythropoietic cells with nuclear NF-E2 staining, filled arrow heads
indicate cytoplasmic NF-E2 staining.
(A) MPN,Unclassifyable later re-classified as ET (B) MPN,Unclassifyable later
re-classified as PMF. (C) ET later re-classified as PMF (D) Quantitative analysis
of NF-E2 immunohistochemistry in MPN,U patients. One hundred erythropoietic
cells in each of three high power fields per bone marrow biopsy were evaluated
(n=300 erythroid cells in total). Shown is the percentage of nuclear NF-E2 positive
erythroid cells as a proportion of all erythroid precursors. Data for ET and PMF as in
1F; **p<0.01, ***p<0.001, ****p<0.0001 by Wilcoxon-test.
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Figure 3: Rank Transformation and Threshold Calculation
Rank transformations constitute an efficient strategy to perform robust analyses with
respect to distributional assumptions.28
(A) Posterior probability densities for MPN, U-ET and MPN, U-MPF patients fitted to
the measurements after rank transformation. A rank transformation of the data was
applied to perform the classification analysis. The posterior probability densities are
plotted for both groups, MPN,U-ET and MPN,U-PMF patients. The threshold of 10.48
for the ranks is obtained by determining the rank with equal posterior probabilities.
(B) Transformation: The threshold value for the ranks (10.48) was translated to the
measurement scale. Ranks are plotted in vertical direction, the horizontal axis
denotes the measurements as % nuclear positive cells. The threshold 10.48 for ranks
(vertical axis) corresponds to 20.26% nuclear positive cells (horizontal axis).
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