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ABSTRACT

Background

The JAK2 V617F mutation can be found in patients with polycythemia vera, essential throm-
bocythemia and idiopathic myelofibrosis. Mutation or methylation of other components of
JAK/STAT signaling, such as the negative regulators suppressor of cytokine signaling 1
(S0CS1) and SOCS3, may contribute to the pathogenesis of both JAK2 V617F positive and
negative myeloproliferative disorders.

Design and Methods
A cohort of patients with myeloproliferative disorders was assessed for acquired mutations,
aberrant expression and/or CpG island hypermethylation of SOCS1 and SOCS3.

Results

No mutations were identified within the coding region of either gene in 73 patients with myelo-
proliferative disorders. No disease-specific CpG island methylation of SOCS1 was observed.
SOCS1 expression was raised in myeloproliferative disorder granulocytes but the level was
independent of JAK2 V617F status. Hypermethylation of the SOCS3 promoter was identified
in 16 of 50 (32%) patients with idiopathic myelofibrosis but not in patients with essential
thrombocythemia, polycythemia vera or myelofibrosis preceded by another myeloproliferative
disorder. Confirmation of methylation status was validated by nested polymerase chain reac-
tion and/or bisulphite sequencing. SOCS3 transcript levels were highest in patients with poly-
cythemia vera and other JAK2 V617F positive myeloproliferative disorders, consistent with
SOCS3 being a target gene of JAK2/STAT5 signaling. There was a trend towards an associa-
tion between SOCS3 methylation and lower SOCS3 expression in JAK2 V617F negative
patients with idiopathic myelofibrosis but not in JAK2 V617F positive ones. Finally, SOCS3
methylation was not significantly correlated with survival or other clinical variables.

Conclusions

S0OCS3 promoter methylation was detected in 32% of patients with idiopathic myelofibrosis
suggesting a possible role for SOCS3 methylation in this disorder. The pathogenetic conse-
quences of SOCS3 methylation in idiopathic myelofibrosis remain to be fully elucidated.
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Introduction

An acquired valine to phenylalanine mutation of Janus
kinase 2 (JAK2) at position 617 is present in the vast
majority of patients with polycythemia vera (PV)."?
Furthermore, approximately one half of patients with
the related myeloproliferative disorders (MPD), essen-
tial thrombocythemia (ET) and idiopathic myelofibrosis
(IMF), carry the same mutation.”" Inn vivo expression of
the JAK2 V617F mutant protein results in erythrocytosis
and eventual myelofibrotic transformation in mouse
models™"** demonstrating the crucial pathogenetic role
that the JAK2 V617F mutation plays in MPD. Further-
more, in PV, the JAK2 V617F mutation arises in a very
early hematopoietic progenitor with both myeloid and
lymphoid potential.”**®

JAK2 is a cytoplasmic tyrosine kinase that is crucial
for effective signaling through type I cytokine receptors
including receptors for erythropoietin, thrombopoietin,
interleukin-3, granulocyte-macrophage colony-stimulat-
ing-factor (GM-CSF) and granulocyte colony-stimulat-
ing-factor (G-CSF).” Homozygous knockout of murine
Jak2 results in embryonic death at day 12.5 due to a
complete absence of definitive erythropoiesis.'*” The
JAK2 V617F mutation results in cytokine independent
activation of JAK/signal transducers and activators of
transcription (STAT), phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) and extracellular signal-
related kinase (ERK)/mitogen-activated protein kinase
(MAPK) signaling pathways. Acquired mutations affect-
ing other components of these signaling pathways are
likely to contribute to the pathogenesis of JAK2 V617F-
negative MPD. Indeed, mutations within the receptor
for thrombopoietin (MPL) have been detected among
JAK2 V617F-negative cases of ET and IME*®
Furthermore, such mutations may also modulate the
degree of JAK2 kinase activity leading to the variable
phenotype observed among patients with JAK2 V617F-
positive disease.

Suppressor of cytokine signaling (SOCS)1 and SOCS3
are negative regulators of the JAK/STAT pathway" and
are therefore attractive candidates. They are rapidly
induced by a broad spectrum of cytokines including ery-
thropoietin, interleukin-3, and GM-CSE" Expression of
SOCS1 and SOCS3 leads to reduced JAK and STAT
phosphorylation, reduced STAT dimerization and
import to the nucleus and reduced transcription of tar-
get genes.” Unlike the other members of the SOCS fam-
ily, SOCS1 and SOCS3 contain a 12 amino acid region
termed the kinase inhibitory region (KIR) which binds
to and inactivates the catalytic JH1 domain of JAK pro-
teins.” SOCS1 binds phosphorylated JAK2 directly,
whereas SOCS3 inhibits JAK2 while bound to a
cytokine receptor, e.g. erythropoietin receptor.”” SOCS
proteins may also target JAK2 for proteosome-mediated
degradation.” Socs1” mice have low B-cell numbers due
to defective interferon-y signaling.” Socs3” mice die in
utero due to fetal liver erythrocytosis and overexpression
of SOCS3 blocks fetal liver erythrocytosis® implying
that SOCS3 plays a critical role in the negative regula-
tion of definitive erythropoiesis.
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Aberrant CpG island hypermethylation of tumor sup-
pressor genes is a well recognized mechanism that can
lead to tumorigenesis. Methylation and down-regula-
tion of SOCS7 has been demonstrated in a number of
hematologic malignancies including myelodysplasia
and chronic myeloid leukemia®* although conflicting
results have been obtained in some diseases.
Methylation of the SOCS3 promoter and reduced gene
expression have been detected in patients with lung
cancer, head and neck squamous cell carcinoma, hepa-
tocellular carcinoma and Barrett’s adenocarcinoma.”*

We, therefore, wanted to investigate the contribution,
if any, of aberration(s) of SOCS1 and SOCS3 in the
pathogenesis of MPD. A large cohort of patients with a
MPD were examined. The coding region and splice sites
of SOCS1 and SOCS3 were assessed for acquired muta-
tions. The methylation status of the CpG islands with-
in the promoter and exon 2 of SOCS1 and within the
promoter of SOCS3 were investigated. Transcript levels
of SOCS1 and SOCS3 were also determined. Finally,
we examined whether expression and/or methylation
were associated with outcome and other clinical and
laboratory variables.

Design and Methods

Patients’ samples

This study was approved by the appropriate Regional
Ethics Committees. Peripheral blood granulocytes and
mononuclear cells were prepared by Ficoll gradient cen-
trifugation.”® Genomic DNA from 73 MPD patients [15
with PV, 25 with ET and 33 with myelofibrosis (MF)]
was assessed for acquired mutations. The analysis of
the methylation status of the CpG islands within the
promoter and exon 2 of SOCS1 and/or within the pro-
moter of SOCS3 was conducted on a total of 100
patients (15 with PV, 25 with ET and 60 with MF).
Methylation status was also determined for DNA from
34 normal individuals; in 19 cases the DNA was extract-
ed from peripheral blood, in 8 cases from purified gran-
ulocytes, and in 7 cases from bone marrow. SOCS1 and
SOCSS3 transcript levels were determined in 112 MPD
patients (20 with PV, 48 with ET and 44 with MF), 6
patients with idiopathic erythrocytosis (IE) and 11 nor-
mal individuals. Ten MF patients had myelofibrosis sec-
ondary to another MPD (5 PV, 5 ET) and two MF
patients showed coexisting myelodysplastic features.
All patients were diagnosed according to current crite-
ria.*** JAK2 V617F and MPL exon 10 status were deter-
mined by allele-specific polymerase chain reaction
(PCR)."

Mutation analysis of SOCS1 and SOCS3

Genomic DNA was amplified by PCR and the coding
regions and splice sites of SOCS1 and SOCS3 were
sequenced (Online Supplementary Table S1).

Methylation analysis of SOCS1 CpG islands

The structure of SOCS1 and the location of the CpG
islands are shown in Figure 1A. The methylation-specif-
ic primers (MSP) and unmethylation-specific primers



(UMSP) were described by Liu e al*’ (promoter region)
and Yoshikawa et al.” (exon 2 region). Genomic DNA
from patients, normal individuals and methylated con-
trol samples [5 peripheral blood DNA samples that had
been methylated using CpG methylase (New England
Biolabs, Hitchin, UK)] were modified with sodium
bisulphite” and the CpG island regions were amplified
by PCR as previously described.**® PCR products were
analyzed by agarose gel electrophoresis, purified and
sequenced as described elsewhere.”

Methylation analysis of the SOCS3 CpG island

The structure of SOCS3 and the location of the CpG
island are shown in Figure 2A. Primers were designed
using the MethPrimer program.* Primer sequences and
their location relative to the transcription start site
were: methylation specific primers; SOCS3-MF1, 5'-
GAGGGGTCGTTGTTAGGAACS’, nt -1265; SOCS3-
MR1, S’ACAAAAACCGAAAAAAACGCS’, nt -1176;
unmethylation specific primers; SOCS3-UNF1, 5’
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Figure 1. Methylation analysis of SOCS1 CpG islands. (A) Structure
of SOCS1 showing the location of CpG islands, methylation-specif-
ic primers (MSP) and unmethylation-specific primers (UMSP).
UTR; untranslated region. (B) Methylation-specific PCR amplifica-
tion of the SOCS1 promoter CpG island. U, unmethylated; M,
methylated. N1, N2, normal; MF1, myelofibrosis; PV1, poly-
cythemia vera; ET1, essential thrombocythemia. (C) Methylation-
specific PCR amplification of the SOCS1 exon 2 CpG island. U,
unmethylated; M, methylated. N3, N4, N5, normal; MF2, MF3,
myelofibrosis; PV2, PV3, polycythemia vera; ET2, ET3, essential
thrombocythemia. For both CpG islands, methylated control DNA
yields a PCR product within both the unmethylated and methylat-
ed-specific PCR due to mispriming of UMSP primers.
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Figure 2. Methylation analysis of the SOCS3 CpG island. (A)
Structure of SOCS3 showing the location of the CpG island, the
methylation-specific primers (MSP) and unmethylation-specific
primers (UMSP). UTR; untranslated region. (B) Methylation-specif-
ic PCR amplification of the SOCS3 promoter CpG island. U,
unmethylated; M, methylated. N6-N7, normal; MF4-MF9, myelofi-
brosis; PV4, polycythemia vera; ET4, essential thrombocythemia.
A methylated CpG island was identified in samples MF4, MF5 and
MF®6. (C) Sequence of the methylation-specific PCR product from
patient MF4. The expected sequence corresponding to methylated
CpG and unmethylated CpG dinucleotides is shown. Non-CpG cyto-
sine residues are shown in red (converted to ‘T’ in bisulphite-mod-
ified DNA) whilst CpG cytosine residues are shown in blue (remain-
ing as ‘C’ in bisulphite-modified methylated CpG dinucleotides).
Patient MF4 showed complete methylation of all CpG dinu-
cleotides examined. (D) Real time PCR detection of SOCS3 pro-
moter CpG island methylation. MF10-MF13, myelofibrosis. Control
samples containing methylated DNA at known concentrations
(100%, 50%, 25%, 1% and 0% methylated) are indicated. The
results for mononuclear cells are shown for patients MF10 and
MF13 while the results using granulocyte DNA are shown for
patients MF11 and MF12.
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GGAGGGGTTGTTGTTAGGAATS’, nt -1266;
SOCS3-UNR1, 5’CAAAAACAAAAACCAAAAAAA-
ACAS8’, nt -1175. Bisulphite-modified DNA from
patients, normal individuals or the methylated control
(0.5 pg) was amplified by PCR in a 25 pL reaction vol-
ume containing 1X PCR buffer (Applied Biosystems,
Warrington, UK), 1.5 mM MgCL, 0.2 mM dNTP and 1
UM of each primer using 1.25 units AmpliTaq Gold
(Applied Biosystems) on a thermal cycler (PTC-200, MJ
Research Inc., MA, USA). The PCR conditions were
94°C for 11 min followed by 40 cycles of 94°C for 30 s,
an annealing temperature of 61°C for 30 s and exten-
sion at 72°C for 30 s with a final extension at 72°C for
10 min. PCR products were analyzed by agarose gel
electrophoresis and sequencing.

SOCS3 promoter CpG island methylation was quan-
tified using a Stratagene MX3000P sequence detection
system (Stratagene, Amsterdam, The Netherlands).
Bisulphite-modified DNA (0.5 pg) from purified granu-
locytes and/or mononuclear cells was PCR-amplified in
duplicate in a 25 pL reaction volume containing 1X
SYBR Green mix (Stratagene), 0.6 UM of each primer
and 0.03 uM ROX reference dye (Stratagene). For
methylation-specific PCR, the primers described above
were utilized. For unmethylation-specific PCR, the
primers were SOCS3-UNF1 and SOCS3-UNR2
(5CAACCAAAACAACCAATAAACACS’, nt -1227).
Amplification conditions were 95°C for 10 min fol-
lowed by 40 cycles of 95°C for 15 s and an annealing
temperature of 60°C (methylation-specific PCR) or
61°C (unmethylation-specific PCR) for 1 min followed
by a final dissociation cycle of 95°C for 1 min, 55°C for
30 s and 95°C for 30 s. A dilution series of 0%, 1%,
25%, 50%, 75% and 100% control methylated DNA,
diluted with unmethylated DNA, was prepared. A stan-
dard curve was created by plotting ACt (Ct(UMSP) —
Ct(MSP)) against percentage methylation for this series.
This standard curve was utilized to determine percent-
age methylation within samples from patients. To veri-
fy that the MSP PCR products were derived from
methylated DNA, nested PCR was carried out. Five
microliters of each PCR product were amplified in a 25
UL reaction containing 1X SYBR Green mix (Stratagene),
0.6 UM of each primer and 0.03 pM ROX reference dye
(Stratagene). Nested primers were: SOCS3-MF1-nested,
SGTTGTTAGGAACGCGTCGTC3’, nt -1257;
SOCS3-MR1-nested, 5’AACAAAACGCGACGAA-
AAACS’, nt -1203. Amplification conditions were 95°C
for 10 min followed by 40 cycles of 95°C for 15 s, 61°C
for 1 min followed by a final dissociation cycle of 95°C
for 1 min, 55°C for 30 s and 95°C for 30 s.

PCR products from the first round SOCS3 methyla-
tion-specific quantitative PCR were cloned. Five micro-
liters of each product were purified using 2 pL of
ExoSAP-IT (USB Corporation, Cleveland, USA) accord-
ing to the manufacturer’s protocol and then diluted by
the addition of 3 uL of water. The products were then
cloned using the GeneJET™ PCR cloning kit (Fermentas,
York, UK). Twelve colonies from each reaction were
PCR-amplified using pJET1 sequencing primers
(Fermentas) and sequenced.
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Evaluation of SOCS1 and SOCS3 expression levels

Quantitative real-time reverse transcriptase-PCR was
performed on a Stratagene MX3000P sequence detec-
tion system. RNA was prepared from 11 normal indi-
viduals, 112 MPD patients and 6 IE patients (the source
of RNA being peripheral blood in 2 cases, purified gran-
ulocytes in 123 cases and purified mononuclear cells in
48 cases). Approximately 1 ug of total RNA was reverse
transcribed as described elsewhere.”® Duplicate reac-
tions with 5 pL aliquots of cDNA were used for real-
time PCR in a final volume of 25 uL containing 1X SYBR
Green mix (Stratagene), 0.3 uM of each primer and 0.03
UM of ROX reference dye (Stratagene). Oligonucleotide
primers were designed using the Primer3 program.”
PCR product sizes, primer sequences and location rela-
tive to the 5 end of the mRNA were: SOCS1
(NM_003745): 92 bp; SOCS1-E STGGTAGCACA-
CAACCAGGTGS’, nt 156; SOCS1-R, 5’GAGGAG-
GAAGAGGAGGAAGGS, nt 247, SOCS3
(NM_003955): 110 bp; SOCS3-F 5’CAAGGACGGA-
GACTTCGATTS’, nt 300; SOCS3-R, 5-GGAGCC-
AGCGTGGATCTGS, nt 409; ABL (NM_005157): 118
bp; ABL-E 5’GCGTGAGAGTGAGAGCAGS, nt 456;
ABL-R, ¥CTCTCGGAGGAGACGTAGS, nt 578.
Amplification conditions were 95°C for 10 min fol-
lowed by 40 cycles of 95°C for 15 s, 60°C for 1 min fol-
lowed by a final dissociation cycle of 95°C for 1 min,
55°C for 30 s and 95°C for 30 s. The threshold was set
as dRn = 0.21. The mean threshold cycle (Ct) was calcu-
lated for each transcript and the SOCS7 and SOCS3
transcript levels relative to ABL were calculated using
the equation 2204,

Statistical analysis

Overall survival was assessed using the Kaplan-Meier
method and groups were compared by the log-rank test.
Cox proportional hazards regression analysis was car-
ried out to assess expression levels. Calculations were
performed using SigmaPlot 10 (Systat Software,
London, UK) and MedCalc (Mariakerke, Belgium).

Results

Mutation analysis of SOCS1 and SOCS3

The coding regions and all splice sites of both SOCS1
and SOCS3 were amplified and sequenced. No muta-
tion was identified in any of the 73 MPD patients (15
with PV, 25 with ET, and 33 with MF) indicating that
inactivation of SOCS1 and SOCS3 by acquired muta-
tion is not a frequent finding within MPD.

Methylation assessment of SOCS1 and SOCS3
SOCS1 and SOCS3 CpG island methylation was
then assessed in 73 patients with a MPD and in 34 nor-
mal individuals. Three CpG islands were assessed:
SOCS1 promoter and exon 2 regions (Figure 1A) and
SOCS3 promoter region (Figure 2A). No hypermethyla-
tion of the SOCS1 promoter region was detected in nor-
mal individuals or in 68 MPD patients (Figure 1B, Table
1). However, methylation of SOCS1 exon 2 region was
observed in 53% (18/34) of normal individuals (in all cell



types assessed) and in 38% (28/73) of MPD patients
(Figure 1C, Table 1). These results are in agreement with
previous reports on the detection of methylation of the
exon 2 region in normal individuals.**

We next assessed the CpG island within the SOCS3
promoter. Hypermethylation of the SOCS3 promoter
was identified by methylation-specific PCR in 5/33
patients with MF but not in any of the 15 PV or 23 ET
patients or 34 normal samples assessed (Figure 2B, Table
1). Methylation of the SOCS3 promoter CpG island
was confirmed in three MF patients by bisulphite
sequencing (Figure 2C). All CpG dinucleotides had a
methylated cytosine. Quantification of SOCS3 promot-
er methylation was next assessed in purified granulo-
cytes and/or peripheral blood mononuclear cells from a
total of 37 MF patients of whom 27 had not been previ-
ously assessed (Figure 2D). The quantitative PCR had a
sensitivity of approximately 0-1% and identified
SOCS3 promoter methylation in an additional 11 out of
these 37 MF patients (in purified granulocytes from 7

A P=0.04
= 10 | P00t !
£
==
o
2
3 100 X
E = |
ch =
o5 10 B m
th o

=
ﬂ g 1 |
eg ™ = l
L H] 14 |
E 1
O | P = 0.005 |
o
@ oyl 10 6 20 48 5 30
Normal IE PV ET postPV IMF
control MF
c P=0.036 P=0.049

w1

Y

R

-
L=

S0CS3 expression
(2+EHS0CS3-ABLY)

P=0.01

11 11 13 17

0.01

Normal  IMF IMF Normal  IMF IMF
Control V617F+ V617F- Control VB17F+ VB17F-

Mononuclear Cells Granulocytes

SOCS3 hypermethylation in MPD

patients, purified mononuclear cells from 3 patients and
in both from 1 patient). The methylation level was low
(<1%) in ten patients but was significant (>10%) in

Table 1. Methylation status of SOCS1 and SOCS3 CpG islands in
myeloproliferative disorders patients.

CpG island Normal MPD

MF ET PV
S0CS1 0/34 0/33 0/20 0/15
promoter
S0CS1 18/34 17/33 6/25 5/15
exon2
S0CS3 0/34 16/60 0/23 0/15
promoter

MPD: myeloproliferative disorder; MF: myelofibrosis; PV: polycythemia vera;
ET: essential thrombocythemia.

B P =0.0008 P =0.0005
= 100 | | | |
£ [
-
o
2 (w
g __ 100 _|_ W
™ =
[ o '_T
De |
Pt - .
o8 1w H
s
4
£d
= l |
:; 14 P=0.048 +
(%]
S
S 1 6 20 21 13 13
0.4 ¥ T T T -
Normal  [E PV ET ET ET
control V617F+ VB17F- VE17F-
MPL+  MPL-
D 100
P=0.09 T
L4
54 i I
: & ’ »
23,
5 T
0.1 4 l |
- P=0.046
11 1 4 1 13 3
0.01 . T

Meth Normal Unmeth Meth
control  IMF IMF
VE&17F- VB17F-

Normal Unmeth
control  IMF IMF
VE17F- Ve17F-

Mononuclear Cells Granulocytes

Figure 3. Expression of SOCS1 and SOCS3 in myeloproliferative disorders. (A) SOCS1 expression in granulocytes. Boxes represent the
interquartile range that contains 50% of the values; the horizontal line marks the median value; the filled square represents the mean
value and the bars indicate the range of values. IE: idiopathic erythrocytosis; PV: polycythemia vera; ET: essential thrombocythemia;
MF: myelofibrosis; IMF: idiopathic myelofibrosis. Values at the base of the graph indicate the number of patients within each group. Bars
indicate the p value (t-test) of differences between groups. (B) SOCS3 expression in granulocytes. Annotation as for (A). (C) SOCS3 expres-
sion in granulocytes and mononuclear cells from idiopathic myelofibrosis patients. The cross represents a patient carrying a MPL W515L
mutation. Other annotations as for (A). (D) SOCS3 expression in granulocytes and mononuclear cells from JAK2 V617F-negative idiopath-
ic myelofibrosis patients according to methylation status. Unmeth, Unmethylated SOCS3 promoter; Meth, Methylated SOCS3 promoter.

Other annotations as for (A).
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peripheral blood mononuclear cells from patient MF10
(Figure 2D). In each case, the methylation status was
verified by nested PCR, molecular cloning and/or
sequencing (data not shown). Overall, SOCS3 promoter
methylation was identified in 27% (16/60) of MF
patients either by qualitative or quantitative methyla-
tion-specific PCR (Table 1). Of these 16 patients, 9 also
carried a JAK2 V617F mutation but none had a mutation
within MPL exon 10.

Levels of expression of SOCS1 and SOCS3

SOCS1 and/or SOCS3 expression in MPD patients
may be abnormal as a result of CpG island methylation,
aberrant signal transduction pathways or another
unknown mechanism. We, therefore, measured SOCS1
and SOCS3 transcript levels within granulocytes of nor-
mal individuals, IE patients and MPD patients (20 with
PV, 48 with ET, 30 with IMF, 5 with post-PV MF and 5
with post-ET MF) (Figure 3). We also measured SOCS1
and/or SOCS3 transcript levels in peripheral blood
mononuclear cells from normal individuals and IMF
patients. Granulocyte SOCS1 transcript levels appeared
to be slightly higher among IE patients than among nor-
mal individuals (Figure 3A) although this difference was
not statistically significant. Granulocyte SOCS3 expres-
sion was very similar in IE patients and in normal indi-
viduals (Figure 3B).

The transcript levels of both SOCS1 and SOCS3
were increased in granulocytes from JAK2 V617F-posi-
tive PV patients (SOCS1: p=0.013 compared to levels in
normal individuals; p=0.03 compared to levels in IE
patients and SOCS3: p=0.0008 compared to levels in
normal individuals) (Figure 3A, B). Granulocyte SOCS1
transcript level was also increased in ET patients
(»=0.005; Figure 3A) with no significant effect of JAK2
V617F status (data not shown). SOCS3 expression was
only moderately raised in the granulocytes from JAK2
V617E-positive ET patients (p=0.048) while it was simi-
lar to normal levels in JAK2 V617F-negative ET patients
(Figure 3B). We also specifically assessed JAK2 V617F-
negative ET patients known to carry a mutation within
MPL* (n=18). Among the JAK2 V617F-negative
patients, /PL mutation status did not appear to affect
expression level. However, ET patients carrying a MPL
exon 10 mutation did show a significantly lower
SOCS3 transcript level than JAK2 V617F-positive
patients (p=0.0005; Figure 3B). Ten patients whose
myelofibrosis had transformed from an MPD (5 with
PV, 5 with ET of whom one was JAK2 V617E-positive)
were also assessed. The expression level of SOCS1 was
similar to that observed in normal granulocytes and was
dramatically lower than that in untransformed MPD
cases (Figure 3A and data not shown). By contrast, the
expression level of SOCS3 in the same group of patients
was similar to that in patients with untransformed PV
or ET (data not shown).

SOCS1 and SOCS3 transcript levels were assessed in
granulocytes and/or mononuclear cells from 34 IMF
patients of whom 15 carried a JAKZ V617F mutation
and one carried a MPL W515L mutation. Granulocytes
from IMF patients showed moderately raised expres-
sion of SOCS1 (p=0.04 compared to the level in normal
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individuals; Figure 3A) but transcript level did not corre-
late with JAK2 V617F status (data not shown). No signifi-
cant difference was seen within peripheral blood
mononuclear cells. The levels of SOCS3 expression in
mononuclear cells from JAK2 V617F-positive IME
patients was higher than that in both normal individu-
als and JAK2 V617F-negative patients (Figure 3C). This
was not related to the number of myeloid precursor
cells present within the mononuclear cell population.
Granulocytes from JAK2 V617F-positive IMF patients
showed a higher SOCS3 transcript level than did those
from JAK2 V617F-negative patients but a similar level to
granulocytes from normal individuals (Figure 3C).
Hence, in both granulocytes and mononuclear cells,
SOCS3 expression was higher in JAK2 V617F-positive
IMF patients than in JAK2 V617F-negative patients.
Compared to most other JAK2 V617F-negative cases,
the patient carrying a /I/PL W515L mutation expressed
high levels of SOCS3 within mononuclear cells (Figure
3C).

SOCS3 expression data for granulocytes and/or
mononuclear cells were available for 30 patients in
whom methylation status had been assessed (11 methy-
lated; 19 unmethylated). Surprisingly, there was no dif-
ference in the mean SOCS3 transcript level in either
granulocytes or mononuclear cells between IMF
patients carrying a methylated SOCS3 promoter and
those with an unmethylated SOCS3 promoter. Since
there is a correlation between JAK2 V617F status and
SOCS3 expression level in IMF (Figure 3C), we sepa-
rately analyzed IMF patients according to JAK2 V617F
status. Of the 17 patients carrying a wild type JAK2
V617 allele, four had a methylated SOCS3 promoter (1
within granulocytes only; 3 within mononuclear cells
only). Restricting the analysis to JAK2 V617-wild type
patients only, there was a trend towards reduced
SOCS3 expression in patients carrying a methylated
promoter compared to those without SOCS3 methyla-
tion (Figure 3D; granulocytes: 1.4+2.2 v 9.0+6.4,
»=0.046; mononuclear cells: 0.320.2 v 2.0+1.8, »=0.09).
No difference was observed for JAK2 V617F-positive
patients (data not shown).

Correlation with clinical and laboratory factors

Of the 60 MF patients in whom SOCS3 methylation
was assessed, 50 had idiopathic myelofibrosis and,
among these, two showed coexisting myelodysplastic
features. In ten patients, the myelofibrosis was second-
ary to a pre-existing MPD (5 PV, 5 ET). All 16 patients
demonstrating SOCS3 promoter methylation were clas-
sified as having IMF suggesting that SOCS3 methyla-
tion is not merely a reflection of myelofibrotic transfor-
mation of a previously unrecognised MPD. Within the
IMF patients, there was no association between SOCS3
promoter methylation and patient’s sex, age, hemoglo-
bin level, white cell count, Lille prognostic score,
platelet count, blast count, fibrosis grade, JAK2 V617F
status or the presence of an abnormal karyotype.
Survival data were available for 47 of the 50 IMF
patients assessed. As previously described,” the pres-
ence of a JAK2 V617F mutation was associated with
shorter survival (p=0.026). However, there was no sig-



nificant difference in the length of survival between
patients with SOCS3 promoter methylation and those
without (p=0.67) (Figure 4). Furthermore, SOCS3
methylation status did not affect the survival of JAK2
V617F-negative IMF patients or of any subgroup based
on Lille prognostic score (data not shown).

Concerning expression levels, despite the higher level
of SOCS3 transcript seen in JAK2 V617F-positive
patients in our study, the level of SOCS3 transcript
showed no significant correlation with survival.
Likewise, SOCS1 transcript level was not correlated
with length of survival. There was also no significant
correlation between SOCS1 or SOCS3 transcript level
and patient’s sex, age, hemoglobin level, white cell
count, Lille prognostic score, platelet count, blast count
or grade of fibrosis.

Discussion

Here, we describe hypermethylation of the SOCS3
locus in a significant proportion of patients with IME
but not in patients with PV or ET. CpG island methyla-
tion has been infrequently assessed in patients with a
MPD. Jones et al.** detected methylation of the retinoic
acid receptor-B gene (RARB) in 89% (16/18) of IMF
patients and also showed reduced expression in CD34*
cells. However, Jost et al.*” failed to detect methylation
of RARB in any of 23 MF patients. Hypermethylation of
the ABL1, CALCA, CDH1, CDKN4A, CDKN4B,
DAPK1, MGMT, NPM1, TIMP2 and TP73 genes has
been reported, albeit usually in low percentages of
patients.”” No methylation of TGFBR2 CpG islands
was detected in PV or IME*'®

Recently, Jost et al.* reported methylation of SOCS1
in 15% of MPD patients. However, the primers utilized
in their study correspond to the CpG island within exon
2 and the SOCS1 promoter region was not assessed.
Although we also observed methylation of the exon 2
CpG island in 38% of MPD patients, the same pattern
was detected in 53% of normal individuals. Results
from our study and others in which both the promoter

1.07 — 50CS3 unmethylated
— — S0CS3 methylated
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Figure 4. Survival curves of idiopathic myelofibrosis patients
according to SOCS3 promoter methylation status. Sixteen patients
carried a methylated SOCS3 allele and 31 patients had no SOCS3
promoter methylation.

SOCS3 hypermethylation in MPD

and the exon 2 regions of SOCS1 have been assessed”*
suggest that methylation of the SOCS7 exon 2 CpG
island, but not the promoter region, is a variable feature
in blood cells of normal individuals. The relevance of
SOCS1 exon 2 CpG island methylation for leukemoge-
nesis in general and for the pathogenesis of the MPD in
particular is, therefore, unclear and should be consid-
ered with caution.

SOCS1 expression was increased, to varying degrees,
in most types of MPD. Raised SOCS1 mRNA levels
have also been detected in bone marrow of MPD
patients using formalin-fixed bone marrow trephines.”
In contrast to our findings, this study failed to demon-
strate significantly raised expression in granulocytes
from patients with PV but only seven patients were
examined (compared to 20 in our analysis) and a differ-
ent control gene and SOCS1 primers were used. SOCS1
expression can be induced by a number of cytokines
including many interleukins, erythropoietin and GM-
CSF” but not thrombopoietin.”* Although JAK?2 is tar-
geted by SOCS1 leading to reduced phosphorylation of
JAK2 and STATS, it is not clear whether STATSA or
STAT5B transcriptionally activate SOCS1 directly.
Indeed, the SOCS1 promoter contains binding sites for
STAT1, STAT3 and STAT6.” JAK2 V617F status did not
significantly affect SOCS1 expression in MPD and,
unlike for SOCS3, transformation to myelofibrosis
resulted in normalization of SOCSY transcript level.
Taken together, these observations suggest that activa-
tion of SOCS1 transcription within MPD may be inde-
pendent of activated JAK2/STATS5.

SOCS3 represents an attractive target gene in both
JAK2V617F-positive and JAK2 V617F-negative MPD for
a number of reasons. Firstly, SOCS3 plays a crucial neg-
ative regulatory role in erythroid differentiation as
shown by the fact that Socs3” mice die as a result of ery-
throcytosis® whereas Jak2” mice die due to the absence
of erythropoiesis.”*" Conversely, mice overexpressing
transgenic SOCS3 lack fetal liver erythrocytosis.”
Secondly, SOCS3 expression is induced by a number of
cytokines including interleukin-3, thrombopoietin, ery-
thropoietin and GM-CSE" growth factors to which
hematopoietic progenitors from MPD patients show
hypersensitivity.” Thirdly, SOCS3 directly inhibits
JAK2-related signaling by binding to a cytokine receptor
and interacting with JAK2.** Finally, hypermethylation
of SOCS3 promoter has been demonstrated in a num-
ber of malignancies.***¥ We detected SOCS3 promoter
methylation in 32% (16/50) of patients with IMF but
not in patients with PV, ET or myelofibrosis preceded
by another MPD. Hence, epigenetic modification of
SOCS3 represents a novel mechanism by which
JAK/STAT signaling may become aberrant within MPD.
When assessed, the level of SOCS3 methylation was
low suggesting that SOCS3 methylation represents a
secondary acquired change in IME

Cell lines carrying a methylated SOCS3 promoter
show no expression and treatment with the demethy-
lating agent 5-aza-2’-deoxycytidine results in reactiva-
tion of SOCS3 transcription confirming the link
between methylation and transcriptional inactiva-
tion.”** Hence, a reduction in SOCS3 transcript level
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would be expected in patients carrying a methylated
promoter. Surprisingly, in the IMF group as a whole,
SOCS3 promoter methylation did not correlate with
reduced transcript level. However, within the JAK2
V617F-negative IMF group, there was a trend towards
reduced SOCS3 expression in those patients catrying a
methylated promoter. Within the cell populations
assessed, only a proportion of cells carried a methylated
SOCS3 promoter. Hence, it is possible that any affect of
SOCS3 methylation would be masked. Additionally,
JAK2 V617F-positive patients may exhibit increased
expression in those cells not carrying a methylated
SOCS3 promoter. The pathogenetic consequences of
SOCS3 methylation for IMF, therefore, remain to be
fully investigated. To clarify these observations, addi-
tional patients will be required and it will be important
to assess SOCS3 methylation and expression within
megakaryocytes and myeloid progenitors of both JAK2
V617F-positive and negative patients.

SOCS3 transcription is upregulated by cytokine-
induced signal transduction and transcript levels are
raised in PV, as shown in this study and by Kralovics et
al® Although we did not quantify JAK2 V617F tumor
burden, our data show that SOCS3 expression is, in
general, highest in those patients with increased levels
of JAK2 V617E JAK2 V617F-positive PV patients
showed higher levels than did JAK2 V617F-positive ET
patients reflecting the increased V617F burden in PV
compared to ET.*** ET patients without a JAK2 V617F
mutation displayed a pattern similar to that of normal
individuals in agreement with recent data that a propor-
tion of JAK2 V617F-negative ET patients do not have
activation of the JAK/STAT pathway.” Similarly, for
IME SOCSS3 transcript levels were higher among JAK2
V617F-positive patients than among JAK2 V617F-nega-
tive cases. Among the patients with ET, those who were
JAK2 V617F-positive displayed higher levels of SOCS3
within granulocytes than those who were /IPL muta-
tion-positive, reflecting the lineage specificity of AMPL
expression.

In addition to increased SOCS3 transcription, PV
patients carrying a biallelic JAK2 V617F mutation also
show higher levels of phosphorylated SOCS3.%
Although SOCSS3 inhibits wild type JAK2 and targets it
for degradation, it has no such effect on mutant JAK2
and SOCS3 may even enhance the proliferative effect of
the mutant JAK2 V617F protein.® Hence, inactivation of
SOCS3, for example by methylation, may not offer a
proliferative advantage in JAK2 V617F-positive PV

patients. This may explain why methylation of SOCS3
was observed in IMF but not in PV and also why methy-
lation may only affect total SOCS3 mRNA level in JAK2
V617F-negative IMF patients.

A number of possible explanations exist for the differ-
ent phenotypes of JAK2 V617F-positive MPD patients;
transformation of different progenitor cells, inherited
genetic differences and additional, acquired genetic or
epigenetic modifications.” Current data support the
hypothesis that acquired changes modulate JAK2 kinase
activity and modify the MPD phenotype. Mitotic
recombination of 9p24, leading to duplication of the
JAK2 V617F mutation (homozygosity), has been detect-
ed in erythroid progenitors of most PV patients but not
in ET. By contrast, neither mutations in APL* nor
methylation of SOCS3 (this study) have been detected
in PV suggesting that homozygosity for JAK2 V617F
may be sufficient for the development of PV. The role of
SOCS3 methylation in patients with JAK2 V617F-posi-
tive IMF remains to be elucidated.

The pathogenetic mechanisms underlying JAK2
V617F-negative cases of MPD are thought to reflect
abnormalities affecting cytokine receptor signaling. In
support of this, for example, JAK2 V617F-negative ET
patients frequently demonstrate features of a JAK2
V617F-positive MPD such as erythropoietin independ-
ent erythroid colonies, abnormal megakaryocyte mor-
phology and overexpression of PRV-1.° Acquired muta-
tions within the /IPL gene have been detected in up to
8% of IMF patients and in up to 4% of ET patients but
not in PV patients.”* Hypermethylation of SOCS3 rep-
resents another acquired aberration affecting one com-
ponent of a signaling pathway within JAK2 V617F-neg-
ative cases of IME The identification of promoter
hypermethylation affecting components of signaling
pathways raises the possibility of the use of demethy-
lating agents as potential therapy in patients with
myelofibrosis.”

Authorship and Disclosures

NE JL, JTR, ARG and AJB conceived and designed the
strategy; NE JL, DCG, PJC, PAB, EMB, ACG and AJB
carried out the research; PJC, PAB, DB, CNH, JTR and
ARG identified appropriate patients and acquired clini-
cal data; NE JL, ARG and AJB wrote the manuscript. All
authors reviewed and contributed to the manuscript.
The authors reported no potential conflicts of interest.

References

1. Baxter EJ, Scott LM, Campbell PJ,
East C, Fourouclas N, Swanton S, et
al. Acquired mutation of the tyrosine
kinase JAK2 in human myeloprolif-
erative disorders. Lancet 2005;365:
1054-61.

2.James C, Ugo V, Le Couedic JP,
Staerk ], Delhommeau E, Lacout C, et
al. A unique clonal JAK2 mutation
leading to constitutive signalling
causes polycythaemia vera. Nature

| 1642 | haematologica | 2008; 93(11)

4.

5.

2005;434:1144-8.

. Kralovics R, Passamonti F, Buser AS,

Teo SS, Tiedt R, Passweg JR, et al. A
gain-of-function mutation of JAK2 in
myeloproliferative disorders. N Engl
] Med 2005;352:1779-90.

Levine RL, Wadleigh M, Cools J,
Ebert BL, Wernig G, Huntly B, et al.
Activating mutation in the tyrosine
kinase JAK2 in polycythemia vera,
essential thrombocythemia, and
myeloid metaplasia with myelofi-
brosis. Cancer Cell 2005;7:387-97.
Zhao R, Xing S, Li Z, Fu X, Li Q,

Krantz SB, et al. Identification of an
acquired JAK2 mutation in poly-
cythemia vera. ] Biol Chem 2005;
280:22788-92.

. Antonioli E, Guglielmelli P, Pancrazzi

A, Bogani C, Verrucci M, Ponziani V,
et al. Clinical implications of the
JAK2 V617F mutation in essential
thrombocythemia. Leukemia 2005;
19:1847-9.

. Barosi G, Bergamaschi G, Marchetti

M, Vannucchi AM, Guglielmelli P,
Antonioli E, et al. JAK2 V617F muta-
tional status predicts progression to



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

large splenomegaly and leukemic
transformation in primary myelofi-
brosis. Blood 2007;110:4030-6.

. Campbell PJ, Scott LM, Buck G,

Wheatley K, East CL, Marsden JT, et
al. Definition of subtypes of essen-
tial thrombocythaemia and relation
to polycythaemia vera based on
JAK2 V617F mutation status: a
prospective study. Lancet 2005;366:
1945-53.

. Campbell PJ, Griesshammer M,

Dohner K, Dohner H, Kusec R,
Hasselbalch HC, et al. V617F muta-
tion in JAK?2 is associated with poor-
er survival in idiopathic myelotibro-
sis. Blood 2006;107:2098-100.
Tefferi A, Lasho TL, Schwager SM,
Steensma DP, Mesa RA, Li CY, et al.
The JAK2(V617F) tyrosine kinase
mutation in myelofibrosis with
myeloid metaplasia: lineage speci-
ficity and clinical correlates. Br J
Haematol 2005;131:320-8.
Lacout C, Pisani DF Tulliez M,
Gachelin EM, Vainchenker W,
Villeval JL. JAK2V617F expression in
murine hematopoietic cells leads to
MPD mimicking human PV with
secondary myelofibrosis. Blood
2006;108:1652-60.
Shide K, Shimoda HK, Kumano T,
Karube K, Kameda T, Takenaka K et
al. Development of ET, primary
myelofibrosis and PV in mice
expressing JAK2 V617E Leukemia
2008;22:87-95.
Tiedt R, Hao-Shen H, Sobas MA,
Looser R, Dirnhofer S, Schwaller ],
et al. Ratio of mutant JAK2-V617F to
wild type JAK2 determines the MPD
henotypes in transgenic mice.
Blood 2008;111:3931-40.
Wernig G, Mercher T, Okabe R,
Levine RL, Lee BH, Gilliland DG.
ExFression of Jak2V617F causes a
polycythemia vera-like disease with
associated myelofibrosis in a murine
bone marrow transplant model.
Blood 2006;107:4274-81.
Ishii T, Bruno E, Hoffman R, Xu M.
Involvement of various hematopoi-
etic-cell lineages by the JAK2V617F
mutation in polycythemia vera.
Blood 2006;108:3128-34.
Jamieson CH, Gotlib J, Durocher JA,
Chao MP, Mariappan MR, Lay M, et
al. The JAK2 V617F mutation occurs
in hematopoietic stem cells in poly-
cythemia vera and predisposes
toward erythroid differentiation.
Proc Natl Acad Sci USA 2006;103:
6224-9.
Greenhalgh CJ, Hilton DJ. Negative
regulation of cytokine signaling. |
Leukoc Biol 2001;70:348-56.
Neubauer H, Cumano A, Muller M,
Wu H, Huffstadt U, Pfeffer K. Jak2
deficiency defines an essential
developmental checkpoint in defini-
tive hematopoiesis. Cell 1998;93:
397-409.
Parganas E, Wang D, Stravopodis D,
Topham DJ, Marine JC, Teglund S,
et al. Jak2 is essential for signaling
through a variety of cytokine recep-
tors. éeﬂ 1998;93:385-95.
Beer PA, Campbell PJ, Scott LM,
Bench AJ, Erber WN, Bareford D, et
al. MPL mutations in myeloprolifer-
ative disorders: analysis of the PT-1

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

cohort Blood 2008;112:141-9.
Guglielmelli P, Pancrazzi A, Berga-
maschi G, Rosti V, Villani L, Anto-
nioli E, et al. Anaemia characterises
Eatients with myelofibrosis har-
ouring Mpl mutation. Br ] Haema-
tol 2007;137:244-7.
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.
Pikman Y, Lee BH, Mercher T,
McDowell E, Ebert BL, Gozo M, et
al. MPLW515L is a novel somatic
activating mutation in myelofibrosis
with myeloid metaplasia. PLoS Med
2006;3:€270.
Larsen L, Ropke C. Suppressors of
cytokine signalling: SO@S. APMIS
2002;110:833-44.
Sasaki A, Yasukawa H, Shouda T,
Kitamura T, Dikic I, Yoshimura A.
CIS3/SOCS-3 suppresses erythro-
poietin (EPO) signaling by binding
the EPO receptor and JAK2. ] Biol
Chem 2000;275:29338-47.
Yasukawa H, Misawa H, Sakamoto
H, Masuhara M, Sasaki A, Wakioka
T, et al. The JAK-binding protein
JAB inhibits Janus tyrosine kinase
activity through binding in the acti-
vation loop. EgMBO J 1%99;18:1809—

Marine JC, Topham DJ, McKay C,
Wang D, Parganas E, Stravopodis D,
et al. SOCS1 deficiency causes a
lymphocyte-dependent perinatal
lethality. Cell 1999;98:609-16.
Marine JC, McKay C, Wang D,
Topham D], Parganas E, Nakajima
H, et al. SOCS3 is essential in the
regulation of fetal liver erythro-
oiesis. Cell 1999;98:617-27.
Fohan ME Bowen DT, Frew ME,
Goodeve AC, Reilly JT. Aberrant
methylation of the negative regula-
tors RASSFIA, SHP-1 and SOCS-1 in
myelodysplastic syndromes and
acute myeloid leukaemia. Br ]
Haematol 2005;129:60-5.
Liu TC, Lin SE, Chang JG, Yang MY,
Hung SY, Chang CS. Epigenetic
alteration of the SOCS1 gene in
chronic myeloid leukaemia. Br J
Haematol 2003;123:654-61.
He B, You L, Uematsu K, Zang K, Xu
Z, Lee AY, et al. SOCS-3 is frequent-
ly silenced by hypermethylation and
suppresses cell growth in human
lung cancer. Proc Natl Acad Sci USA
2003;100:14133-8.
Niwa Y, Kanda H, Shikauchi Y,
Saiura A, Matsubara K, Kitagawa T,
et al. Methylation silencing of
SOCS-3 promotes cell growth and
migration by enhancing JAK/STAT
and FAK signalings in human hepa-
tocellular carcinoma. Oncogene
2005;24:6406-17.
Tischoff I, Hengge UR, Vieth M, Ell
C, Stolte M, V%/eber A, et al. Me-
thylation of SOCS-3 and SOCS-1 in
the carcinogenesis of Barrett’s ade-
nocarcinoma. Gut 2007;56:1047-53.
Weber A, Hengge UR, Bardenheuer
W, Tischoff I, Sommerer F
Markwarth A, et al. SOCS-3 is fre-
quently methylated in head and
neck squamous cell carcinoma and

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

SOCS3 hypermethylation in MPD

its precursor lesions and causes
rowth inhibition. Oncogene 2005;
4:6699-708.

Bench AJ, Nacheva EP, Hood TL,
Holden JL, French L, Swanton S, et
al. Chromosome 20 deletions in
myeloid malignancies: reduction of
the common deleted region, genera-
tion of a PAC/BAC contig and iden-
tification of candidate genes. UK
Cancer  Cytogenetics  Grou
(gKCCG). Oncogene 2000;19:3902-
13.

Barosi G, Ambrosetti A, Finelli C,
Grossi A, Leoni P, Liberato NL, et al.
The Italian Consensus Conference
on Diagnostic Criteria for Myelo-
fibrosis with Myeloid Metaplasia. Br
J Haematol 1999; 104:730-7.
McMullin -~ ME ~ Bareford D,
Campbell P, Green AR, Harrison C,
Hunt B, et al. Guidelines for the
diagnosis, investigation and man-
agement of polycythaemia/erythro-
cytosis. Br ] Haematol 2005;130:
174-95.

Murphy S, Peterson P, Iland H,
Laszlo J. Experience of the Poly-
cythemia Vera Study Group with
essential thrombocythemia: a final
report on diagnostic criteria, sur-
vival, and leukemic transition by
treatment. Semin Hematol 1997;
34:29-39.

Yoshikawa H, Matsubara K, Qian
GS, Jackson P, Groopman JD,
Manning JE, et al. SOCS-1, a nega-
tive regulator of the JAK/STAT path-
way, is silenced by methylation in
human hepatocellular carcinoma
and shows growth-suppression
activity. Nat Genet 2001;28:29-35.
LiJ, Bench AJ, Vassiliou GS, Fourou-
clas N, Ferguson-Smith AC, Green
AR. Imprinting of the human
L3MBTL gene, a polycomb family
member located in a region of chro-
mosome 20 deleted in human
myeloid malignancies. Proc Natl
Acad Sci USA 2004;101:7341-6.

Li LC, Dahiya R. MethPrimer:
designing primers for methylation
PCRs. Bioinformatics 2002;18:1427-

31.

Rozen S, Skaletsky H. Primer3 on
the WWW for general users and for
biologist programmers. Methods
Mol Biol 2000;132:365-86.

Chim CS, Fung TK, Cheung WC,
Liang R, Kwong YL. SOCS1 and
SHPI hypermethylation in multiple
myeloma: implications for epigenet-
ic activation of the Jak/STAT path-
way. Blood 2004;103:4630-5.

Jones LC, Tefferi A, Idos GE, Kuma-
gai T, Hofmann WK, Koeffler HP.
RARP2 is a candidate tumor sup-
pressor dgene in myelofibrosis with
myeloid metaplasia. Oncogene
2004;23:7846-53.

Jost E, do O N, Dahl E, Maintz CE,
Jousten P, Habets L, et al. Epigenetic
alterations complement mutation of
JAK2 tyrosine kinase in patients
with BCR/ABL-negative myelopro-
liferative disorders. Leukemia 2007;
21:505-10.

Aviram A, Witenberg B, Shaklai M,
Blickstein D. Detection of methylat-
ed ABL1 promoter in Philadelphia-
negative myeloproliferative disor-

haematologica | 2008; 93(11) | 1643 |



N. Fourouclas et al.

47.

48.

49.

50.

51.

52.

53.

ders. Blood Cells Mol Dis 2003;30:
100-6.

Thalainen J, Juvonen E, Savolainen
ER, Ruutu T, Palotie A. Calcitonin
gene methylation in chronic myelo-
proliferative disorders. Leukemia
1994;8:230-5.

Kumagai T, Tefferi A, Jones L,
Koeffler HP. Methylation analysis of
the cell cycle control genes in
myelofibrosis with myeloid meta-
plasia. Leuk Res 2005;29:511-5.

Oki Y, Jelinek J, Beran M, Verstovsek
S, Kantarjian HM, Issa JP. Mutations
and promoter methylation status of
NPM1 in myeloproliferative disor-
ders. Haematologica 2006;91:1147-
8

Wang JC, Chen W, Nallusamy S,
Chen C, Novetsky AD. Hyper-
methylation of the P15INK4b and
P16INK4a in agnogenic myeloid
metaplasia (AMM) and AMM in
leukaemic transformation. Br ]J
Haematol 2002;116:582-6.
Hemavathy KC, Chang TH, Zhang
H, Charles W, Goldberg A, Aithal S,
et al. Reduced expression of TGF
betalRII in agnogenic myeloid
metaplasia is not due to mutation or
methylation. Leuk Res 2006;30:47-
53.

LiJ, Bench AJ, Huntly BJ, Green AR.
Mutation and methylation analysis
of the transforming growth factor
beta receptor II gene in poly-
cythaemia vera. Br ] Haematol 2001;
115:872-80.

Bock O, Hussein K, Brakensiek K,
Buhr T, Schlue J, Wiese B, et al. The

| 1644 | haematologica | 2008; 93(11)

54.

55.

56.

57.

58.

59.

suppressor of cytokine signalling-1
(SOCS-1) gene is overexpressed in
Philadelphia chromosome negative
chronic myeloproliferative disor-
ders. Leuk Res 2007;31:799-803.
Wang Q, Miyakawa Y, Fox N,
Kaushansky K. Interferon-alpha
directly represses megakaryopoiesis
by inhibiting thrombopoietin-
induced signaling through induction
of SOCS-1. Blood 2000;96:2093-9.
Krebs DL, Hilton DJ. SOCS pro-
teins: negative regulators of cyto-
kine signaling. Stem Cells 2001; 19:
378-87.
Kralovics R, Prchal JT. Haemato-
poietic progenitors and signal trans-
duction in polycythaemia vera and
rimary thrombocythaemia. Bail-
Eére’s Clin Haematol 1998;11:803-
18.
Isomoto H, Mott JL, Kobayashi S,
Werneburg NW, Bronk SE Haan S,
et al. Sustained IL-6/STAT-3 signal-
ing in cholangiocarcinoma cells due
to SOCS-3 epigenetic silencing.
Gastroenterology 2007;132:384-96.
Kralovics R, Teo SS, Buser AS,
Brutsche M, Tiedt R, Tichelli A, et
al. Altered gene expression in
myeloproliferative disorders corre-
lates with activation of signaling by
the V617F mutation of Jak2. Blood
2005;106:3374-6.
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.

60.

61.

62.

63.

64.

65.

Blood 2006;108:1865-7.

Moliterno AR, Williams DM, Rogers
O, Spivak JL. Molecular mimicry in
the chronic myeloproliferative dis-
orders: reciprocity between quanti-
tative JAK2 V617F and Mpl expres-
sion. Blood 2006;108:3913-5.

Scott LM, Scott MA, Campbell PJ,
Green AR. Progenitors homozygous
for the V617F mutation occur in
most patients with polycythemia
vera, but not essential thrombo-
cythemia. Blood 2006;108:2435-7.
Schwemmers S, Will B, Waller CF,
Abdulkarim K, Johansson P, An-
dreasson B, et al. JAK2V617F-nega-
tive ET patients do not display con-
stitutively active JAK/STAT signal-
ing. Exp Hematol 2007;35:1695-703.
Hookham MB, Elliott J, Suessmuth
Y, Staerk J, Ward AC, Vainchenker
W, et al. The myeloproliferative dis-
order-associated  JAK2  V617F
mutant escapes negative regulation
by suppressor of cytokine signaling
3. Blood 2007;109:4924-9.
Vainchenker W, Constantinescu SN.
A unique activating mutation in
JAK2 (V617F) is at the origin of poly-
cythemia vera and allows a new
classification of myeloproliferative
diseases. Hematology Am Soc
Hematol Educ Program 2005:195-
200.

Hoffman R, Rondelli D. Biology and
treatment of primary myelofibrosis.
Hematology Am Soc Hematol Educ
Program 2007;2007:346-54.



