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Abstract
Myeloproliferative neoplasm (MPN) is a hematological 
disease. The Janus kinase 2 (JAK2) V617F mutation (valine 
→ phenylalanine at amino acid 617) has been identified in fifty 
(essential thrombocythemia) to ninety (polycythemia vera) percent 
of patients. JAK2 governs the phosphorylation of signal transducer 
and activator of transcription 3 (STAT3), a transcription factor. 
Through this signaling relay, we hypothesized that JAK2V617F 
expression results in specific epigenetic modifications, including 
DNA methylation, and we aimed to identify these modifications. 
Methylation-specific PCR (MSP) was used to detect changes within 
JAK2-targeted genes before and after JAK2V617F expression and 
in MPN patient samples. To identify JAK2 targets, whole-genome 
sequencing was used to measure the enrichment of phosphorylated 
STAT3 (pSTAT3), enhancer of zeste homolog (EZH2), and 
methylated DNA before and after JAK2V617F expression. We then 
tested whether methylation was altered concurrently. Methylation 
of JAK2-regulated genes Lin28A and HMGA2 is affected by 
JAK2V617F in BA/F3 cells; similar changes in methylation were also 
observed in MPN samples expressing JAK2V617F. JAK2V617F 
also affected pSTAT3 and EZH2 binding. The methylation profile 
was specifically altered. Therefore, JAK2V617F affected both 
the DNA methylation profile and binding of pSTAT3 and EZH2 
at specific promoter sites. Specific changes in EZH2 binding and 
methylation suggest that aberrant JAK2 signaling results in the 
accumulation of heritable changes. Methylation changes in patient 
samples expressing JAK2V617F suggest that these changes occur 
in vivo. Future study of affected epigenomes is necessary to identify 
the critical factors required for cellular transformation.
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Introduction
Myeloproliferative neoplasms (MPNs) are hematological 

neoplasms that arise from bone marrow and can progress to 
myelodysplastic syndrome and acute myeloid leukemia [1]. Next-
generation genomic and exomic sequencing has revealed that the 
Janus kinase 2 (JAK2, NM_004972) V617F mutation (valine → 
phenylalanine at amino acid 617) is a major contributor to MPN 
transformation [2,3]. Clinical and animal models have shown that 
the JAK2V617F mutation is sufficient for transformation [4]. Other 
studies have indicated that JAK2V617F contributes to cellular 
transformation by either interfering with the phosphorylation of 
signal transducer and activator of transcription (STAT) proteins or 
altering tet methylcytosine dioxygenase 2 (TET2, NM_017628) [5-7].

The lineage/clonal selection theory for cellular transformation 
may help identify the effector genes whose functions are crucial 
for MPN tumorigenesis [8]. MPNs originate from hematopoietic 
stem cells carrying compartmental mutations such as JAK2V617F 
[9]. JAK2 signaling regulates target gene expression by altering the 
phosphorylation and nuclear localization of STATs [5,10]. To provide 
selectable gene expression that promotes transformation of certain 
cellular lineages, specific signals relayed to the cell nucleus could 
be memorized as heritable codes such as epigenetic modifications 
[11,12]. Because expression of TET2, a demethylation enzyme, 
was found to be inhibited in MPNs [13,14], the related epigenome, 
especially the methylome, might then be abnormal in MPNs [7]. 
Abnormal cell signaling may alter the methylation of genes involved 
in cell fate, which would change the expression of these critical genes 
and their contribution to the transformation process.
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Signaling-specific epigenetic changes were identified in cultured 
cells and may occur in vivo [12]. For example, nuclear receptors 
such as the estrogen receptor (ER) are transcription factors that bind 
directly to their target promoters and change their methylation states 
[11,15]. Previous data indicate that silencing upstream ER signals 
suppressed ER-targeted loci and allowed for DNA methylation [11]. 
These epigenetic changes are regulated by the ER and associated co-
regulators Myc and STAT [11,16,17]. New techniques have made 
tracking these reproducible modifications possible, even when the 
systems are regulated by multiple factors in vivo; consequently, 
signaling-specific abnormal DNA methylation can now be assessed 
in tumor samples [18,19]. In addition, similar signaling-specific 
epigenomic searches may reduce the number of potential targets that 
typically accumulate in “big data” genomics and epigenomics studies 
[20]. Furthermore, the correlation of epigenomic changes identified 
in target loci and in vivo samples is important for therapeutic 
applications [12].

In this study, JAK2V617F was overexpressed in BA/F3 (BaF3) 
cells as described by Pradhan et al. [21], and the methylation of 
JAK2-targeted loci, such as Lin28A [22], HMGA2 [23], and enhancer 
of zeste homolog (EZH2) [24] was assessed to determine whether 
JAK2V617F expression results in specific epigenetic modifications, 
including DNA methylation.

Materials and Methods
Cell culture

BaF3 cells were cultured in RPMI 1640 media supplemented 
with 10% fetal bovine serum (Invitrogen), 100 mg/ml penicillin/
streptomycin (Invitrogen), 10 ng/ml human recombinant 
interleukin-3 (R&D), and 2 mM L-glutamine (Invitrogen). Cells were 
incubated in 5% CO2 at 37°C.

Chromatin immunoprecipitation sequencing (ChIP-seq)

DNA in control or JAK2V617F-transfected BaF3 [21] cells (1 
× 108) was cross-linked by the addition of 1% formaldehyde for 10 
minutes. Cross-linking was stopped by the addition of 0.125 M glycine. 

Cells were washed twice in phosphate-buffered saline (PBS) and lysed 
using cell lysis buffer (5 mM PIPES, pH 8.0, 85 mM KCl, and 0.5% 
NP-40). Lysates were passed through a Dounce tissue homogenizer 
20 times, and the nuclei were isolated by centrifugation (3000 × g, 15 
minutes). DNA was released from isolated nuclei using ChIP dilution 
buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-
Cl, pH 8.1, and 167 mM NaCl) and sonicated into fragments (size 
~200 base pairs). Antibodies against pSTAT3 (Millipore, 05-485) 
and EZH2 (Millipore, 07-689) were added to the fragmented DNA. 
After an overnight incubation, 60 µl Protein A/agarose were added to 
the samples for 4 hours. Samples were washed with a low-salt buffer 
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 
and 150 mM NaCl), a high-salt buffer (0.1% SDS, 1% Triton X-100, 
2 mM EDTA, 20 mM Tris-HCl, pH 8.1, and 500 mM NaCl), a LiCl 
buffer (0.25 M LiCl, 1% IGEPAL-CA630, 1% deoxycholate, 1 mM 
EDTA, and 10 mM Tris-HCl, pH 8.1), and TE (100 mM Tris-HCl, 
pH 8.0, and 1 mM EDTA). The DNA was then eluted in buffer (1% 
SDS and 0.1 M sodium bicarbonate). Samples were incubated in 5 M 
NaCl at 65°C to reverse the cross-linking, and proteins were digested 
using proteinase K. After phenol-chloroform extraction, DNA was 
precipitated with twice volumes of alcohol, quantified, and sequenced 
(Welgene, Taiwan).

Methylation-binding protein/domain capture sequencing 
(MBD-seq)

Methylated DNA from control and JAK2V617-transfected BaF3 
cells was isolated using the MethylMiner Methylated DNA Enrichment 
kit (Invitrogen) following the manufacturer’s instructions. DNA was 
sheered into approximate 200-base-pair fragments, quantified, and 
sequenced (Welgene, Taiwan).

Semi-quantitative real-time methylation-specific PCR 
(qMSP)

We performed qMSP experiments and quantified the PCR 
products as described in Yan et al. [25]. Bisulfite-converted 
genomic DNA (0.5 µg initially) was used to perform real-time PCR 
with methylation-specific primers (Table S1). The reactions were 
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Figure 1: JAK2V617F-associated methylation changes in BaF3 cells and MPN samples. (a) qMSP was used to measure methylation within the HMGA2, Lin28A, 
EZH2, and L1TD1 promoters in control BaF3 cells (JAK2, +) and BaF3 cells expressing JAK2V617F (JAK2, -).  In human normal control (N) and MPN samples 
with (V617F, +) or without the JAK2V617F mutation (V617F, -), qMSP was used to detect methylation within the (b) L1TD1, (c) Lin28A, and (d) HMGA2 promoters. 
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performed using the SYBR Green I PCR kit (Roche) and an iQ5 
Real-Time PCR instrument (Bio-Rad). Melting curves were assessed 
to ensure amplification of specific amplicons. Serial dilutions of 
Col2A1 (NM_033150)-amplified, bisulfite-converted, universal 
methylated DNA (Millipore) were used to generate a standard curve. 
The percentage of methylation was calculated as: [Mean of target 
gene]×100%/[Mean of Col2A1].

Statistical analyses
Paired Student’s t test was used to examine the methylation 

differences between control and JAK2V617F-overexpressing BaF3 
cells. The sequence data were quality controlled and aligned. Peaks 
were identified using the CLC Genomics Workbench package (CLC 
bio). Spearman’s coefficients were deduced from sorted methylation 
differences from either wild type or JAK2V617F MPNs.

Results
JAK2V617F overexpression results in methylation 
differences at specific loci

To test whether JAK2V617F is sufficient to alter the 
methylation profile, the methylation of JAK2-targeted loci 
[Lin28A (human, NM_024674; mouse, NM_145833), HMGA2 
(human, NM_003483; mouse, NM_010441), and EZH2 (human, 
NM_003456; mouse, NM_007971)] was examined in BaF3 cells 
expressing JAK2V617F. L1TD1 was used as a negative control in 
vivo (Figure 1a and Figure 1b). We found significant methylation 
differences within the Lin28A and HMGA2 promoters when 
control samples were compared to cells expressing JAK2V617F 
(Figure 1a). Therefore, JAK2V617F might be sufficient to change 
the methylation of JAK2-targeted loci. In patient samples, the 
methylation profiles within these two loci also varied (Figure 1c 
and Figure 1d), which suggested changes to the epigenome in 
transformed cells; however, the role of JAK2V617F to the altered 
epigenetic landscape was unclear (Figure 1b, Figure 1c, Figure 1d 
and Figure S1, patient information in Table S2).

Characterization of the affected epigenome in JAK2V617F-
expressing cells

JAK2 governs the phosphorylation of STATs, such as STAT3; 
pSTAT3 enters the nucleus to regulate the expression of select 
target genes. If changes in the expression of these targeted loci 
were a result of epigenetic changes, such as DNA methylation, 
then these changes could be caused by aberrant JAK2 signaling. 
This finding would suggest that altered JAK2 signaling and 
heritable JAK2-dependent epigenetic changes are both associated 
with tumorigenesis and that JAK2 oncogenic effector genes are 
modified epigenetically. Therefore, identifying the epigenetic 
changes associated with the JAK2V617F mutation is one way to 
find important oncogenic genes.

To test this idea, ChIP-seq and MBD-seq were performed 
to identify alterations in pSTAT3 and EZH2 binding, and 
alterations in the methylation profiles, respectively. EZH2 is a 
polycomb group (PcG) protein that represses associated genes 
[26,27]. Loss of PcG proteins and their substrates induce stem 
cell differentiation [28-30]; the same PcG-regulated loci and 
epigenetic modifications have been observed in cancer stem-like 
cells [31]. Therefore, the detected changes in EZH2 binding might 
indicate an altered cell fate [26,27]. Using the same rationale, 
we assessed DNA methylation in JAK2V617F-expressing cells, 
because changes in DNA methylation are associated with cell fate 
alterations [12]. We observe that pSTAT3 targets differed in cells 
expressing the JAK2V617F mutation (green → red bars, Figure 2). 
Changes in DNA-associated EZH2 (blue → orange bars, Figure 
2) and DNA methylation (grey → black bars, Figure 2) were also 

revealed. Because our experiment assessed global alterations, we 
also identified loci unaltered by the JAK2V617F mutation, which 
could serve as negative controls. The candidate targets are listed 
in Table S3.

Subtle epigenetic changes in JAK2V617F-expressing cells

JAK2 downstream targets were affected differently, revealing 
the specificity and complexity of the epigenetic alternations caused 
by JAK2V617F. These complexities were revealed by examining the 
binding differences within the top JAK2V617F-altered pSTAT3-
enriched genes in Table S3. Only five percent of wild type pSTAT3 
targets still can be recognized in JAK2V617F cells. In Figure 3 (Top), 
Sfi1 (NM_030207) is used as control locus that its pSTAT3 enrichment 
is not affected by the JAK2V617F mutation. pSTAT3 enrichment 
within Litaf (NM_019980) was reduced in JAK2V617F mutation. For 
the Lars2 (NM_153168) and Aida (NM_181732) promoter, pSTAT3 
was significantly enriched in JAK2V617-expressing cells but not in 
the wild type cells. These changes also demonstrate the specificity of 
the sequencing results.

Associated methylation changes between Lin28A and 
HMGA2 in MPN samples

Lin28A and HMGA2 are regulated by JAK2 signaling [22,23]; 
the associated methylation changes in these genes in vivo would 
indicate the existence of a causal relationship in patient samples. In 
Figure 4a, methylation heat maps were generated when data were 
sorted according to L1TD1 (a non-JAK2 regulated gene, Figure 4a, 
left panel) or Lin28A (Figure 4a, right panel) methylation. Similar 
heat map patterns were observed for Lin28A and HMGA2; however, 
they differed from that for L1TD1. The methylation changes between 
HMGA2 and Lin28A showed a significant association (Figure 4b). 
The associations between Lin28A and L1TD1 (Figure 4c) and between 
HMGA2 and L1TD1 (Figure 4d) are not significant, compared to the 
association observed between Lin28A and HMGA2. In contrast to 
the concurrent alterations in Lin28A and HMGA2 methylation, the 
methylation difference of the three genes in the MPN samples between 
with or without the JAK2V617F mutation are all not significant, 
indicating that other factors interfere with the establishment of 
downstream abnormal epigenetic modifications.

Discussion
Hematopoietic differentiation is a well-characterized process; 

JAK2 signaling is known to control normal differentiation [32]. The 
JAK2V617F mutation has been detected in hematopoietic illnesses 
such as MPN, suggesting that JAK2 is responsible for normal 
differentiation and that alternations in gene expression downstream 
of JAK2 signaling might be involved in the transformation process 
[2,4]. Presently, numerous candidate genes have been identified 
from whole-genome association and methylome studies. Signaling-
based searches have recently gained attention to help narrow the 
list of candidate genes and ultimately identify those involved in 
transformation [33,34]. The rationale that aberrant signaling leads to 
specific epigenetic changes that are inherited by somatic cells during 
cellular transformation has bolstered the viability of using such 
studies [12]. Because the effect of JAK2 signaling on the development 
of MPN from hematopoietic precursors is well known, the use of the 
JAK2V617F mutant in future studies might accelerate the discovery 
of important mediators of this transformation.

The complexity of altered pSTAT3 binding in JAK2V617F-
expressing cells demonstrates the specificity of the sequencing 
results and reveals that a more complex regulatory system is involved 
in the development of MPN (Figure 2 and Figure 3). If the JAK2-
initiated, pSTAT3-determined, epigenetic changes were regulated 
through a simple, single molecular machine, then we would expect 
the JAK2V617F-induced pSTAT3 association to be the same for 

http://clinmedjournals.org/ijpcr-2-027/ijpcr-2-027-supplementary-file.doc
http://clinmedjournals.org/ijpcr-2-027/ijpcr-2-027-supplementary-file.doc
http://clinmedjournals.org/ijpcr-2-027/ijpcr-2-027-supplementary-file.doc
http://clinmedjournals.org/ijpcr-2-027/ijpcr-2-027-supplementary-file.doc
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pSTAT3-binding loci. However, we observed locus-specific changes, 
and the loci were difficult to organize into specific patterns (Figure 
3). There are likely more regulators, working in trans or in cis, 
involved in MPN development, and identifying these regulators 
will be the topic of future studies. The identification of true targets 
might also reveal additional complexity, because it is unlikely that all 
of the regulators are involved in transformation. Also, the switched 
EZH2 and DNA methylation pattern (Figure 2 and Figure 3) after 
JAK2V617F-expression revealed the changed inheritable epigenomic 
marks and potentially the changed cell fates. EZH2 belongs to the 
Polycomb group proteins and is responsible for the maintenance of 
stemness in several progenitor cells [35]. JAK2V617F-expression is 
one of the mutations that was reported to cause the transformation 
from hematopoietic stem cell niche [10,36]; and there are more 
accumulated, ordered mutations that might lead to different types of 
MPNs [37]. Tracing specific mutations-induced epigenetic changes 
might help the reduction of target findings in MPNs.

Whether the above-mentioned signal/mutation generated 
epigenetic changes occurred during the in vivo transformation 
remains to be validated. Lin28A and HMGA2 are reported to be 
associated with JAK2 mutated MPNs [38-41]. Lin28A itself is a stem 
cell mark [42] that regulates the let7 microRNAs formation [43]. Let 
7 miRNAs also regulate the carcinogenesis and stem cell phenotype 
through its regulation on HMGA2 [44]. HMGA2 is able to regulate 
the telomere stability and proliferation [45] in cells and is related to 
cellular transformation. Associated methylation changes of both genes 
(Figure 4) revealed the signal/mutation specific epigenetic changes 
occurred in vivo. Together, if more mutation-specific downstream 
epigenetic changes can be identified, more different downstream 
target genes for different types of MPNs could be identified and might 
be used for their diagnosis or designs of treatments.

Human subjects
MPN samples were collected from Chang Gung Memorial 

Hospital, Chiayi, Taiwan in accordance with Institutional Review Board 
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regulations (IRB100-1520B, 102-5970B). The pathological characteristics 
of the patient samples are listed in Table S2.
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