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Abstract. — OBJECTIVE: Janus kinase/sig-
nal transducer and activator of transcription
(JAK/STAT) pathway activation is initiated by
mutations in the JAK2 gene. This activation is in
turn, a vital pathogenetic mechanism in myelop-
roliferative neoplasms (MPNs). However, sever-
al factors affect the pathogenesis of MPNs oth-
er than the JAK2 gene mutations, such as the
downregulation of cytokine signaling (SOCS)
proteins, which are potent inhibitors of the JAK/
STAT pathway. Therefore, we hypothesized that
the regulation of SOCS protein system might be
a possible pathogenetic mechanism of MPNs
through activating the JAK/STAT pathway.

PATIENTS AND METHODS: Our study aimed
to investigate the status of the Suppressors of
cytokine signaling 1 (SOCS1) in 125 MPNs spec-
imens at the level of mutated points. The ac-
quired mutations, aberrant expression, and/or
CpG island hypermethylation of SOCS1 were an-
alyzed among Philadelphia-negative myelopro-
liferative neoplasm patients.

RESULTS: SOCS1 was identified in 20.0% of all
patients with Philadelphia-negative myeloprolifer-
ative neoplasm. At the diagnosis, the prevalence
of methylation was 41.0% for Polycythaemia Vera
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(PV), 27.7% for Essential Thrombocythaemia (ET),
and 6.6% for Primary Myelofibrosis (PMF). The
methylation was not detected in 20 healthy adult
people. A significant association was found be-
tween disease groups (p=.077). The presence of
methylated SOCS1 was found to be significant-
ly correlated with age (p=.005), total RBCs count
(p=.019), hemoglobin (Hb) concentration (p=.002),
and Hematopoietic cell transplant (HCT) (p=.007)
in PV patients. However, the presence of methyl-
ated SOCS1 was found to be significantly associ-
ated with age (p=.012), total RBCs count (p=.022),
Hb concentration (p=.024), HCT (p=.033), and
platelets count (p=.037) in ET patients. Moreover,
the presence of methylated SOCS1 was signifi-
cantly associated with Hb concentration (p=.046)
and HCT (p=.040) in PMF patients.

CONCLUSIONS: We concluded that the ac-
tivation of the JAK/STAT signaling pathway in
alternative or with JAK2 mutations leads to
SOCS1 hypermethylation, which could repre-
sent a potential therapeutic target.
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Introduction

Janus kinase 2 (JAK2) is an acquired muta-
tion in patients with polycythemia vera (PV).
It results from valine replacement by phenyl-
alanine at position 617'5. J4K2 mutations ac-
count for 50% of patients with myeloproliferative
neoplasms (MPNSs), essential thrombocythemia
(ET), and primary myelofibrosis (PMF)*'°. It
was observed that proteins produced from the
JAK2V617F led to erythrocytosis and an eventual
myelofibrotic transformation in mouse models 2'"
. This demonstrates the vital pathogenesis role
of JAK2V617F mutation in MPNs. Furthermore,
the JAK2V617F mutation in PV increases in early
hematopoietic stem cells with both myeloid and
lymphoid potential'>'6.

JAK?2 is a cytoplasmic tyrosine kinase that
is essential for type I cytokine receptors, such
as those for erythropoietin, thrombopoietin,
interleukin-3, granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF), and granu-
locyte colony-stimulating factor (G-CSF)".
Murine JAK2 homozygous knockdown causes
embryonic mortality at day 12.5 due to the lack
of definitive erythropoiesis'®'". It seems that the
acquired mutation affects different elements of
the signaling pathways for phosphatidylinosi-
tol 3-kinase (PI3K), protein kinase B (AKT),
extracellular signal-related kinase (ERK), and
mitogen-activated protein kinase (MAPK).
These signaling pathways were activated in the
JAK2V617F mutation without necessitating cy-
tokines. Thus, such signaling pathways play a
pivotal role in the pathophysiology of MPNs
without the JAK2V617F mutations. Furthermore,
different phenotypes were seen in patients with
the JAK2V617F-positive disease, which could
modulate JAK?2 kinase activity.

Suppressors of cytokine signaling 1 (SOCSI)
and SOCS3 are considered attractive candidates
because they negatively regulate the JAK/STAT
pathway'’. SOCS! and SOCS3 are promptly ac-
tivated by several cytokines, including eryth-
ropoietin, interleukin-3, and GM-CSF". An in-
crease in SOCSI and SOCS3 expression levels
causes a reduction in JAK and STAT phosphor-
ylation and STAT dimerization. Consequently,
such cytokines are imported into the nucleus,
reducing target gene transcription®®. Unlike the
other members of the SOCS family, SOCSI and
SOCS3 contain a 12-amino acid region termed
the kinase inhibitory region (KIR), which inter-
acts with and inhibits the catalytic JHI domain
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of JAK proteins®*. SOCSI binds phosphory-
lated JAK2 directly, while SOCS3 inactivates
JAK?2, but enables bound to a cytokine recep-
tor, e.g., erythropoietin receptor??2, Moreover,
JAK?2 targets proteosome-mediated degradation
through SOCS proteins'. In vivo, it was shown
that SOCSI-/- mice have a low level of B-cell
numbers due to interferon-g signaling deficien-
cy?, while SOCS3-/- mice die in utero due
to up-regulation of SOCS3, which blocks fetal
liver erythrocytosis®**. These findings show that
SOCS3 plays a vital role in controlling definitive
erythropoiesis.

Irregular CpG island hypermethylation of
tumor suppressor genes is a well-recognized
mechanism that can lead to the development
of tumors. Some hematologic malignancies,
including myelodysplasia and chronic myeloid
leukemia, have been involved in the methylation
and down-regulation of SOCSI. However, some
diseases have obtained conflicting results?-°,
An increase in SOCS3 promoter methylation
and a decrease in its gene expression have been
identified in patients with solid tumors such as
in lung cancer and, head and neck squamous cell
carcinoma®’,

Our study aimed to examine the contribution
of the aberration(s) of SOCS! in the development
of MPNs. A cohort of patients with MPNs were
recruited to examine the coding region and splice
sites of SOCS! for acquired mutations. Then, we
determined the transcript level of SOCS! and
the status of the CpG islands methylation within
the promoter and exon 2. Finally, we evaluated
the association of gene methylation with clinical
manifestations and other laboratory variables.

Patients and Methods

Patients

MPN specimens (N = 125) were collected ret-
rospectively from the King Abdulaziz University
Hospital (Jeddah, Kingdom of Saudi Arabia) cov-
ering the period from January 2016 to December
2020 (Bioethical approval code: 01-CEGMR-Bio-
eth-2019). The samples were categorized into
type of hematological disease as follows: 68 with
PV, 46 with ET, and 11 with PMF; clinical data
such as gender, age, tumor grade, and lymph node
status were considered; and follow-up results
were retrieved from the patients’ records, after
obtaining the relevant ethical approvals as per the
rules of the Helsinki Declaration.



SOCS1 Methylation in Ph-ve MPNS

Bisulfite DNA Modification and
MethyLight Assay

Around 0.5 microgram of DNA was used for
bisulfite conversion using the Qiagen Epitect Bi-
sulfite Conversion kit (Qiagen, Germantown, MD,
USA). DNA methylation analysis was conducted
using MethyLight as described elsewhere®’. The
methylation levels of the SOCSI were analyzed
using the primer-probe combinations. Forward
primer sequence: GCGTCGAGTTCGTGGG-
TATTT, Reverse primer sequence: CCGAAAC-
CATCTTCACGCTAA; and 6FAM-Probe oligo
sequence: ACAATTCCGCTAACGACTATCG-
CGCA-BHQI, all made according to previously
published reports**3. A probe targeting bisul-
fite-modified Alu repeat sequences was used to
normalize input DNA. The specificity of the
reaction was ascertained using sssl-treated and
bisulfite-modified positive control DNA (Qiagen,
Germantown, MD, USA) and the negative control
DNA (Qiagen, Germantown, MD, USA). The
percentage of fully methylated reference (PMR)
was calculated by dividing the gene — Alu ratio
of a sample by the gene: Alu ratio of the positive
control DNA and multiplying by 100. Samples
with a PMR of more than 10 were considered
positive for methylation, whereas the samples
with a PMR of less than 10 were considered
negative (i.e., unmethylated). A PMR above 10 is
considered positive as it indicates a likely hyper-
methylation-mediated loss of expression for the
genes analyzed.

Statistical Analysis

The extracted data were analyzed using IBM
SPSS Statistics version 20 (SPSS Corp., Armonk,
NY, USA). The correlation between methylation
events and clinicopathologic factors was deter-
mined by using Fisher exact test. The p-values
less than (<) 0.05 were considered statistically
significant in all statistical tests used in this study.

The Gene CLUSTER 3.0 program, visualized
using JavaTree software, was used to analyze
K-means clustering.

Results

The 125 patients with Philadelphia-negative
myeloproliferative neoplasm were analyzed ac-
cording to the accessibility of specimens and
clinical data. Among these patients, 68 (54.4%)
were diagnosed with PV, 46 (36.8%) were di-
agnosed with ET, and 11 (8.8%) were diag-
nosed with PMF. The mean age at diagnosis was
46.97+£7.00, 48.87+7.58, and 47.45+9.45 years for
PV, ET, and PMF, respectively. SOCS! was iden-
tified in 20.0% of all patients with MPNs. At the
diagnosis, the prevalence of methylation was 41%
for PV, 27.7% for ET, and 6.6% for PMF. The
methylation was not detected in 20 healthy adult
people. A significant association was found be-
tween the disease group (p=.077) (Table I).

The association of hematological parameters
of PV patients and SOCSI methylation are sum-
marized in Table II. The presence of methylated
SOCSI was found to be significantly associated
with age (p=.005), total RBCs count (p=.019),
Hb concentration (p=.002), and HCT (p=.007)
in PV patients. No significant associations were
detected between total WBC count, or platelets
count, and methylated SOCS! in PV patients (see
Table II).

The presence of methylated SOCS! was found to
be significantly associated with age (p=.012), total
RBCs count (p=.022), Hb concentration (p=.024),
HCT (p =.033), and platelets count (p=.037) in ET
patients. No significant association was detected
between total WBC count (p=.281) and methylated
SOCS! in ET patients (Table III).

The presence of methylated SOCSI was found
to be significantly associated with Hb concen-
tration (p=.046) and HCT (p=.040) in PMF pa-

Table I. SOCS1 methylation status among myeloproliferative neoplasm (MPN).

SOCs1 SOCs1
Disease Total No. unmethylated methylated
subtypes of subjects type N (%) type N (%) p-value
PV 68 (54.4%) 55 (59.0%) 13 (41.0%) .358
ET 45 (36.8%) 39 (72.3%) 7 (27.7%) 279
PMF 11 (8.8%) 6 (93.4%) 5 (6.6%) 323
Total 125 (100%) 077

p-value significant at < 0.05.
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Table Il. Associations of hematologic parameters with the SOCS1 methylation in PV patients.

SOCSI1 SOCS1
PV unmethylated methylated Total p-value

No. of patients 55 13 68

Age (years, mean = SD) 4711 +7.58 46.38 +3.79 46.97 +7.00 .005
WBC (x10%/L, mean + SD) 23.00 + 32.37 12.85+11.98 21.06 +29.78 176
RBC (x10°/L, mean + SD) 6.75+1.17 715+ 1.35 6.82+1.21 .019
Hb (g/dL, mean + SD) 16.29 + 3.14 16.38 £3.79 16.31 £3.25 .002
Hct (%, mean £+ SD) 50.93 + 8.04 52.08 +£9.62 51.15+8.29 .007
Platelet (x10°/L, mean + SD) 364.22 £226.92 746.46 + 951.49 437.29 + 476.01 211

p-value significant at < 0.05.
Table IlI. Associations of hematologic parameters with the SOCS1 methylation in ET patients.
SOCs1 SOCS1
ET unmethylated methylated Total p-value

No. of patients 39 7 46

Age (years, mean + SD) 48.59 +£7.36 5043 +£9.22 48.87+7.58 .012
WBC (x10%L, mean + SD) 35.49 £ 56.13 98.86 + 70.49 45.13 £ 62.07 281
RBC (x10°L, mean = SD) 474 £1.02 443 +1.27 4.69 £ 1.05 .022
Hb (g/dL, mean + SD) 10.87 £ 1.74 1171 £2.49 11.00 + 1.86 .024
Hct (%, mean + SD) 35.59 £5.85 3943 +7.72 36.17+6.23 .033
Platelet (x10°/L, mean + SD) 1119.13 £461.13 1256.29 + 420.02 1140.00 + 453.39 .037

p-value significant at < 0.05.

tients. No significant associations were detected
between total age (p=.107), WBC count (p=.162),
total RBCs count (p=.141), or platelets count
(p=.235), and methylated SOCS! in PMF patients
(Table IV).

Discussion

The study has described the hypermethyla-
tion of the SOCS! locus in patients with Phil-
adelphia-negative myeloproliferative neoplasm
(PV, ET, and PMF). Methylation of CpG island

has been occasionally assessed in patients with
MPNSs, where it has been reported that SOCSI
methylation was found in 15% of Myeloprolif-
erative Disorders (MPD) patients. We observed
methylation of the exon 2 CpG island in 20% of
MPNs patients. However, the primers used in the
previous study on patient samples corresponded
to the CpG island within exon 2, without assess-
ing the SOCS1 promoter region, whereas the
20 samples extracted from healthy individuals
showed an unmethylation pattern®’. Subsequent-
ly, these results suggest that methylation of the
SOCSI exon 2 CpG island, but not the promoter

Table IV. Associations of hematologic parameters with the SOCS1 methylation in PMF patients.

SOCsI1 SOCS1
PMF unmethylated methylated Total p-value

No. of patients 6 5 11

Age (years, mean + SD) 40.00 +4.09 56.40 +4.34 4745 +9.45 107
WBC (x10%/L, mean + SD) 49.67 £ 39.92 84.60 + 48.19 65.55+45.37 162
RBC (x10°/L, mean + SD) 6.00 +£2.37 3.80 + .45 5.00 +2.05 141
Hb (g/dL, mean + SD) 9.33+1.86 10.80 + 1.64 10.00 + 1.84 .046
Hct (%, mean + SD) 6.00 +2.37 35.20+6.26 3291 +£6.43 .040
Platelet (x10°/L, mean + SD) 40.00 £ 4.09 198.60 + 74.87 334.82 +313.55 235

p-value significant at < 0.05.
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region, is a variable feature in the blood cells of
ordinary individuals®?*. {Chim, 2004 #311}The
relevance of SOCSI exon 2 CpG island methyl-
ation for leukemogenesis and the pathogenesis
of the MPNss is, therefore, unclear and should be
considered with caution.

In most MPNs, an increase in SOCSI mRNA
level has been identified in the bone marrow of
MPNS s patients using formalin-fixed bone marrow
trephines®. However, the number of PV samples
was limited to 13 (compared to 68 in our anal-
ysis), and a different control gene and SOCSI
primers were used. In addition, our study failed
to reveal a significant rise in granulocyte expres-
sion in patients with PV.

Several cytokines, including many interleuk-
ins, erythropoietin, and GM-CSF, but not throm-
bopoietin, can activate SOCSI expression'’.
Although JAK?2 is targeted by SOCSI, leading
to reduced phosphorylation of JAK2 and STATS,
it is uncertain whether STATSA or STATSB
transcriptionally triggers SOCS! directly. Indeed,
the SOCSI promoter contains binding sites for
STAT1, STAT3, and STAT6*. In JAK2V6I7F
mutations, the SOCSI expression in MPNs has
shown no significant change, while the SOCS3
has shown a revolution in myelofibrosis, resulting
in the stabilization of the SOCS]I transcript level.
Accordingly, these findings suggest that a rise in
SOCSI transcription within MPNs may be inde-
pendent of activated JAK2/STATS.

Current data support the hypothesis that de-
veloped alteration can modulate JAK?2 kinase ac-
tivity and modify the MPNs phenotype. Several
possible elucidations could reveal the different
phenotypes of JAK2V617F-positive MPNs pa-
tients, the transformation of varying progenitor
cells, inherited genetic differences and acquired
genetic or epigenetic modifications*?. Mitotic re-
combination of 9p24, leading to duplication of
the JAK2V617F mutations (homozygosity), has
been detected in erythroid progenitors of most
PV patients, but not in ET*. By contrast, nei-
ther mutations in Myeloproliferative Leukemia
(MPL) mnor methylation of SOCS3 have been
detected in PV, suggesting that homozygosity for
JAK2V617F may be sufficient for developing PV.
The role of SOCS3 methylation in patients with
JAK2V617F-positive PMF remains to be eluci-
dated*.

The mechanisms underlying JAK2V617F-neg-
ative cases of MPNs are thought to reflect ab-
normalities affecting cytokine receptor signal-
ing. In support of this, JAK2V617F-negative

ET patients frequently demonstrate features of
JAK2V617F-positive MPNs such as erythropoi-
etin independent erythroid colonies, abnormal
megakaryocyte morphology, and overexpression
of Polycythemia Rubra Vera 1 gene (PRV-1)%. On
the other hand, acquired mutations within the
MPL gene have been identified in 8% and 4%
of PMF and ET patients, respectively. However,
these finding has not been observed among PV
patients**¢. Hypermethylation of SOCS3 rep-
resents another acquired aberration affecting
one component of a signaling pathway within
JAK2V617F-negative cases of PMF*. This obser-
vation raises the possibility of using demethylat-
ing agents as a potential therapy in patients with
myelofibrosis*.

Conclusions

The JAK/STAT signaling pathway can be ac-
tivated through SOCS! hypermethylation instead
of, or together with, J4K2 mutations. These mod-
ifications might consider a prospective therapeu-
tic target.
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