
complementing our data demonstrating the genetic concordance of both
immunophenotypic subpopulations in patient 2279.

In summary, althoughweused complexgenomic analyses,wedidnot
identify any genetic aberrations that were specifically present in only 1 of
the immunophenotypically distinct subpopulations in either of the 2
patients investigated upon the diagnosis of BLL. Although we cannot
exclude that such aberrations triggering the immunophenotypic lineage
split (or contributing to it) do exist in certain BLLs, this does not appear
to be a general mechanism, at least in T/myeloid BLL. Conversely,
mutational analysis ofWT1 in patient 2279 suggests that lineage plasticity
is inherent to the vast majority of leukemic blasts, which alter their
transcriptional programs and differentiate into different lineages in
a stochastic manner. Our results shed new light on BLL: not only can
all immunophenotypically heterogeneous leukemic populations be
derived from an identical founder cell, but multiple leukemic cells
possess the potential to differentiate into very distinct cell types.
Further studies with large cohorts are needed to elucidate whether
this lineage plasticity in BLL associates with certain specific genetic
and/or epigenetic backgrounds.

The online version of this article contains a data supplement.
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Philadelphia chromosome–negative myeloproliferative neoplasms
(MPNs) can be viewed as clonal premalignant disorders that precede
development of acute leukemia wherein the order of mutation
acquisition, together with environmental insults such as inflammation,
matters. MPN disease-defining somatic mutations are in Janus kinase
2 (JAK2), calreticulin (CALR), and myeloproliferative leukemia virus
oncogene (MPL; a gene encoding thrombopoietin receptor) genes.
Several studies have revealed other somatic mutations affecting
intracellular signaling of hematopoietic stem cells in MPNs, but these
are considered as phenotype-modifying, not disease-initiating, muta-
tions (reviewed by Tefferi and Pardanani1), such as Tet methylcyto-
sine dioxygenase 2 (TET2) mutations, which may precede or follow
acquisition of JAK2V617F.2-4 However, the order of TET2 mutation
occurrence alters the transcriptional program in hematopoietic stem
cells and patients’ clinical outcome.5

In polycythemia vera (PV), the JAK2V617F mutation is present in
the vast majority of patients, yet is not always the disease-initiating
mutation and constitutes only part of the clone.6,7 We reported in 2014
the mutational landscape of 31 JAK2V617F-positive PV patients4,8 and
identified 2 patients with an acquired polycythemia phenotype carrying
JAK2 variants at conserved residues of JAK2: first (T108A) in the
4-point, ezrin, radixin, moesin (FERM) domain, and the other (L393V)
in 7 amino acids upstream of the Src homology 2 (SH2) domain
(Figure 1A-C). Both mutations were verified by Sanger sequencing
in DNA isolated from patients’ granulocytes, and then proven to be
heterozygous germ line mutations by their presence in T cells and
nail DNA. Protein prediction algorithms (SIFT,9 AGVGD,10 and
PolyPhen11) considered both variants as tolerated, benign, and
light, respectively, but both variants were predicted to be damag-
ing by MutationTaster12 and possibly damaging by LoFtool.
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Nevertheless, the functional significance of these germ line JAK2
variants and their putative predisposition to PV are not known.

The first patient (JAK2T108A) had a JAK2V617F allele burden of 41%
in granulocytes. He initially presented 13months prior to our encounter
with hemoglobin 19.4 g%, thrombocytosis of 535 3 109/L, mild
leukocytosis (11.3 3 109/L), and recent history of pulmonary
embolism. Detailed family history was not available, but there was
an undocumented history of increased hematocrit in maternal uncle.
Subsequent therapywith hydroxyurea normalized his blood counts.He
moved to a different state, and several months later, he developed bone
pain, prostration, thrombocytopenia, and transfusion-requiring anemia
and died with fulminant blast transformation. The second patient
(JAK2L393V) was ethnic Japanese who had a preceding 12-year history
of initially isolated thrombocytosis followed within an ensuing year
also by erythrocytosis. He had a history of coronary thromboses. He
achieved normalization of blood counts by hydroxyurea therapy. At
the time of the study, he had very low JAK2V617F allele burden at 1%
(confirmed by sensitive quantitative JAK2V617F assay6). A year later,
he became anemic, and hydroxyurea therapy was stopped. His mar-
row showed ;10% of blasts. In the ensuing 2 years, he developed
progressive pancytopenia with increasing blasts; he then refused
supporting therapy, at which time he developed leukocytosis and
peripheral blood blast count exceeding75%, refused further supportive
therapy, and died. Their other mutations detected at the time of the
study that may have contributed to their PV phenotype are depicted in
Figure 1D.4

We first analyzed individual burst-forming unit erythroid colonies
(BFU-Es) for erythropoietin (EPO)–independent growth (EECs) from
the patient with JAK2L393V. All individually genotyped colonies had
wild-type (wt) and JAK2L393V alleles in similar proportions, and only 1
EEC (1/16) had an equal proportion of JAK2V617F and wt alleles
(heterozygous). Material from the JAK2T108A patient was not available
for BFU-E analyses; however, we cloned and sequenced his com-
plementary DNA (cDNA) from his granulocytes and found that
JAK2T108A and JAK2V617F were cis. In the patient with the JAK2L393V

mutation, a paucity of material and low allelic burden of JAK2V617F

precluded determination of a JAK2L393V/V617F configuration.
Unfortunately, in silico modeling of potential interactions of JAK2

germ line variants cannot be obtained because the structure of the JAK2
FERM domain is not yet available, whereas in the structure of the
TYK2 FERM domain, these residues are exposed and do not appear
to interact with other residues that lack the kinase and pseudokinase
domains or with partners of other receptor subunits.13 Interestingly, our
JAK2 variants contain precise residues of TYK2 at the 108 (Ala) and
393 (Val) positions, suggesting that, in themselves, they are compatible
with functional JAK kinases. TYK2 functions in heteromeric receptor
complexes, whereas JAK2 functions in homodimeric receptor com-
plexes, and it is possible that these exposed residues play a role in
limiting JAK2 self-activation.

In order to determine the functional consequences of JAK2 germ
line mutations on the PV phenotype, we generated stably transfected
Ba/F3 cell lines expressing erythropoietin receptor (EPOR) and JAK2
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Figure 1. Clinical and molecular features of 2 PV patients with germ line JAK2 mutations, T108A and L393V. (A) The schematic structure of the JAK2 domains with

depicted locations of T108A and L393V mutations and V617F. (B) Sequencing analysis of germ line JAK2 mutations, causing an amino acid substitutions at codon 108

(threonine to alanine, p.T108A, c.A322G, novel mutation) and codon 393 (leucine to valine, p.L393V, c.C1177G, rs2230723; G allele presented in 1% of the population). (C)

Alignment of amino acid sequences of JAK2 residues 93 to 125 and 379 to 407 (human JAK2 nomenclature) from different species shows highly conserved pattern.

Conserved residues are colored in black, differences are in bold, and the residues at which the mutation occurs are in red. (D) The mutational screening was determined by

whole exome sequencing (details published elsewhere4,8). G cells, granulocytes; T cells, CD31 T lymphocytes. The chromosomal position of new mutation toward V617F was

determined by cDNA cloning, followed by Sanger sequencing. JAK2 GGCC haplotype represents a set of single nucleotide polymorphisms (SNPs) that are associated with

a predisposition to MPN.24 JAK2 GGCC haplotype was determined using polymerase chain reaction and TaqMan SNP assay on demand: (a) rs3780367, C_27515396_10, G/T,

intron 10; (b) rs10974944, C_31941696_10, G/C, intron 12; (c) rs12343867, C_319416 89_10, C/T, intron 14. Several other acquired mutations that may have contributed to

their MPN pathogenesis and clinical course were found in both patients. The allele frequencies of these mutations in patients’ granulocytes were as follows: IDH2 p.R140Q,

0.43; ALK p.R1360Q, 0.14; DNMT3 p.R882H, 0.31; ALK p.K52R, 0.13; GATA-2 p.L359V, 0.19 (sequencing, annotation, and validation details published elsewhere4,8).
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variants (T108A, L393V,V617F, andwt). Cells expressing JAK2V617F

were EPO independent, and their viability was significantly increased
in comparison with JAK2WT-expressing cells, which did not grow in

the absence of EPO and proliferated less at various EPO concentra-
tions. The 2 interrogated JAK2 mutants were dependent on EPO
but were hypersensitive (Figure 2A). Response to a JAK2 inhibitor
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encoding wt or mutated forms of JAK2 kinase (as indicated) using AMAXA II device (program X_001). Transfected cells were selected with 2 mg/mL puromycin for 2 weeks.

(A) Proliferation of cells in the absence of EPO was quantified by CellTitre-Blue reagent (Promega, Madison, WI) and Perkin-Elmer Envision analyzer (top). Data are

expressed as a percentage of maximum value at starting point (day 0). Results are shown as the mean (6 standard deviation [SD]) of 3 independent experiments performed in

triplicate. Proliferation of cells in increased concentrations of EPO (0, 0.001, 0.01, 0.1, and 1 U/mL) were quantified by CellTitre-Blue reagent (Promega) and Perkin-Elmer

Envision analyzer (bottom). Data are expressed as a percentage of maximum value (EPO 1 U/mL). Results are shown as the mean (6 SD) of 3 independent experiments

performed in triplicate. (B) Luciferase reporter assay. STAT-dependent transcriptional activity induced by JAK2 variants was measured using firefly luciferase STAT reporter

(pGl4.26/GRR4.CZ) in HCT116 cells. Reporter plasmid was constructed with STAT responsive elements,25 when single-stranded oligos were annealed, ligated, and cloned to
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independent experiments performed in duplicate. Two-tailed Student t test: *P . .05. (C) Protein assay. The level of human JAK2 protein in stably transfected Ba/F3-EPOR

cell-lines is equal, as indicated by western blot using anti-DDK antibody (Cell Signaling Technology). Ba/F3-EPOR cells expressing different JAK2 wt and mutant variants
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(LY2784544)14was similar for both germ line andwt JAK2variants at
different concentrations of LY2784544 after 72 hours of exposure
(data not shown).

Weevaluated signal transductionof JAK2mutant andwtkinases, as
measured by STAT activation, using dual luciferase assays with STAT
responsive elements reporter plasmid. STAT activation was markedly
increased without EPO for JAK2V617F and less so, but still more,
compared with wt in both germ line variants (P, .05; Figure 2B, top).
Using double mutants in the luciferase assay, only cis configuration of
T108A/V617F increased the STAT activation above JAK2V617F signal
(P , .05; Figure 2B, middle). The L393V mutation does not seem
to synergize in augmenting V617F signaling, which is consistent with
only 1%V617Fallele burden in thepatients’granulocytes. It is possible
that JAK2L393V variant synergizes with other acquired mutations with
higher allele frequency in this patient (Figure 1D), but without further
study, the existence of such cooperation of these mutations should
be interpreted with caution. We then stimulated cells with different
EPO concentrations (0,1, and 1 U/mL, EPO added 24 hours after
transfection) and determined STATs activation. Increased STAT ac-
tivation by EPO was significant only at low concentrations of EPO
(P, .05; Figure 2B, bottom) for both germ line mutants, whereas no
further increase of STAT activation was observed in already markedly
hyperactive JAK2V617F-transfected cells after addition of EPO (data not
shown).

We also investigated JAK/STAT signaling in stably transfected Ba/
F3-EPOR cell lines. Cells were cytokine starved for 6 hours and then
stimulated with an increased concentration of EPO for 15 minutes.
Similar levels of human JAK2 protein in all cell lines were verified by
western blot using anti-DDK antibody (Cell Signaling Technology,
Danvers, MA). Constitutive activation of the STAT5 pathway was
obvious in JAK2V617F-expressing cells in the absence of EPO. We
repeatedly observed stronger phosphorylation of JAK2 and STAT5 at
low concentrations of EPO in bothmutant variants (T108A, L393V) in
comparison with JAK2WT cell line (Figure 2C).

Because JAK2 germ line mutations in MPNs were identified at the
same time as oncogenic JAK2V617F,15 their impact on JAK2 kinase
activity and effect on disease initiation or progression have not been
fully evaluated. Several germ line mutations in addition to the somatic
JAK2V617Fmutation in JAK2 pseudo-kinase domains can induceMPN
phenotype (eg, R564Q16 and V625F17) or isolated thrombocytosis
(V617I18) and erythrocytosis (E846DandR1063H),19 but our data also
suggest that germ linemutations outside the core regulatory domain can
alter the EPO-sensing properties of cells and therefore may provide
proliferation advantage. Because the JAK2 FERM domain is required
for EPOR association and consequent relief of inhibitory conformation
of the kinase domain that leads to JAK2 activation,20,21 the molecular
basis of this activation remains to be elucidated.

To our knowledge, this is the first description of an association of
gain-of-function germ line JAK2mutations coexisting with JAK2V617F

in subjects with PV phenotypes. Interestingly, these propositi had
documented normal blood counts for decades prior to their PV
diagnosis. However, after developing the PV phenotype, both
eventually died of acute myeloid leukemia (AML) or myelodys-
plastic syndrome transforming within months to AML. Whether
these germ line mutations increase the probability of acquiring PV is
suggestive; bothmutationswere found in analysis of 31 unrelated PV
subjects (statistically unlikely to be a random occurrence), and, in
1 subject, JAK2T108A and JAK2V617F were in cis. In addition, the
L393V mutation was found with increased frequency among dif-
fuse large B-cell tumors,22 and T108A has been reported in an
adenocarcinoma cell line,23 further supporting their potential to
predispose to malignancy.

In conclusion, we hypothesize that JAK2 germ line mutations may
represent a mechanism that may precede acquisition of JAK2V617F

lesion during the evolution of PV phenotype and may contribute to
further genomic alterations in PV clone and perhaps even leukemic
transformation.

The online version of this article contains a data supplement.
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24. Olcaydu D, Harutyunyan A, Jäger R, et al. A common JAK2 haplotype confers
susceptibility to myeloproliferative neoplasms. Nat Genet. 2009;41(4):450-454.

25. Pearse RN, Feinman R, Ravetch JV. Characterization of the promoter of the
human gene encoding the high-affinity IgG receptor: transcriptional induction by
gamma-interferon is mediated through common DNA response elements. Proc
Natl Acad Sci USA. 1991;88(24):11305-11309.

DOI 10.1182/blood-2016-04-711283

To the editor:

Acute myeloid leukemia with TP53 germ line mutations

Armin Zebisch,1 Ridhima Lal,1 Marian Müller,1 Karin Lind,1 Karl Kashofer,2 Michael Girschikofsky,3 David Fuchs,4

Albert Wölfler,1 Jochen B. Geigl,5 and Heinz Sill1
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Medical University of Graz, Graz, Austria

Acute myeloid leukemia (AML) is considered a sporadic disease
caused by sequential accumulation of somatically acquired mutations
in hematopoietic stem or progenitor cells (HSPCs). However, familial
clustering of myeloid neoplasms is being increasingly observed and
attributed to highly penetrant germ line variants in several different
genes.1 The recently published “2016 revision to the World Health
Organization (WHO) classification of myeloid neoplasms and acute
leukemia” incorporated these findings and defined “Myeloid neo-
plasms with germ line predisposition” as a distinct disease entity.2 In
addition to a series of developmental syndromes, this group currently
comprises caseswith germ linemutations inCEBPA,DDX41,RUNX1,
ANKRD26, ETV6, and GATA2. Here, we describe familial clustering
of AML in a TP53 mutated Li-Fraumeni syndrome (LFS) pedigree.
Further screening of 186 primary AML specimens revealed the
presence TP53 germ linemutations in 1.1% of cases. Finally, we report
their frequent occurrence in therapy-related AML (tAML) arising after
antecedent ionizing radiation, an observation of relevance for future

studies within this area. The study was approved by the ethical
committee of the Medical University of Graz, Graz, Austria (vote
numbers 21-065 ex 09/10 and 26-369 ex 13/14, respectively) and
performed in accordance with the Declaration of Helsinki.

A 46-year-old white woman presented with tAML with a com-
plex karyotype arising after previous administration of chemo- and
radiotherapy for papillary thyroid carcinomaat the age of 26, colorectal
cancer at the age of 30, andbilateral breast cancer at the age of 31 and41
years, respectively.Despite 3 lines of intensiveAML induction/salvage
therapy, the patient never achieved remission and died of progressive
disease 7months after diagnosis. Personal and family history indicated
an LFS according to Chompret criteria3 (Figure 1). Interestingly, in
addition to the characteristic LFS tumor spectrum, secondary AML
following myelodysplasia was observed in the index patient’s father
and chronic myeloid leukemia was observed in one of her brothers.
Analysis of the TP53 gene was performed using skin fibroblasts and
peripheral blood, respectively, as previously described.4,5 A TP53

I:1

II:1 II:2 II:3
CML (35)

II:4
TC (26)

CRC (30)
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Figure 1. An LFS pedigree showing for the first time

familial clustering of AML. The index patient developed

tAML (II:4) following cytotoxic treatment of diverse

antecedent malignancies, and the index patient’s father

(I:2) developed sAML following myelodysplasia. Filled

symbols, subjects with malignancies; asterisk denotes

a TP53 c.467G.C, p.R156P germ line mutation carrier;

the “minus” denotes a wild-type TP53 germ line status.

Numbers in brackets indicate age at diagnosis in years.

BC, breast cancer; CML, chronic myeloid leukemia; CRC,

colorectal cancer; PNET, primitive neuroectodermal

tumor; TC, thyroid carcinoma.
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SUPPLEMENTARY METHODS 

 

Patients 
A total of 31 PV patients were collected for the research study. The collection of blood samples 
was performed at the University of Utah, School of Medicine, and was approved by the 
Institutional Review Board. Written consent was obtained from all patients in accordance with the 
Declaration of Helsinki. The LeukemiaNet criteria for clinical hematologic response were used to 
assess treatment response in patients.  
 
DNA and RNA isolation  
Granulocyte (GNC) and mononuclear cell fractions were isolated using Histopaque (Sigma-
Aldrich, St. Louis, MO) density gradient centrifugation. T-cells were positively selected from 
mononuclear cells using the CD3+ MicroBead Kit (Miltenyi Biotec Inc, Auburn, CA). Genomic 
DNA was isolated from granulocytes and T-cells using the Gentra-Puregene Kit (Qiagen, 
Valencia, CA). DNA from nails was isolated using the QIAamp® DNA Mini Kit (Qiagen, 
Valencia, CA). RNA was isolated from the patient’s granulocytes and BFU-Es using TRI reagent 
and residual DNA was removed by DNA-free DNase Treatment & Removal Reagents (Ambion, 
Life Technologies, NY). 
 
Whole exome sequencing 
Illumina library construction, exome capture, Illumina sequencing, exome sequencing data 
processing and quality control, mutation calling and annotation were previously described1,2. 
Mutation validation was done using the Ion Torrent Personal Genome Machine (PGM, Life 
Technologies Corporation). The Ion Torrent sequencing data were analyzed using Torrent Suite 
Software v3.0. DNA. The average read depth obtained per base was 2226x and 2034x for GNC 
and T-cells pools, respectively.  
 
JAK2 molecular analysis 
The JAK2V617F mutational burden in granulocytes and BFU-Es was determined by quantitative 
allele-specific PCR (qAS-PCR).3 The amplification of the exon 4 (T108A) and 9 (L393V) was 
done using the HotStarTaq Master Mix Kit (Qiagen, Valencia, CA) and the purified products were 
sequenced at University of Utah, Core DNA Sequencing Facility. Aliquots of DNA-free RNA 
were reverse-transcribed with SuperScript VILO (Invitrogen) and cDNA was amplified spanning 
the exon 4 – 16 and cloned into the pCR2.1-TOPO vector (TOPO TA Cloning kit; Invitrogen). 
Single colonies positive for the recombinant plasmid were picked after overnight incubation, 
plasmid DNA was purified using the QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA) and the 
PCR insert was sequenced at University of Utah, Core DNA Sequencing Facility. JAK2 46/1 
GGCC haplotype was determined on FastPCR 7500 instrument (Applied Biosystems) using 
Universal PCR Master Mix and TaqMan SNP assay on demand (rs3780367, C_27515396_10; 
rs10974944, C_31941696_10; rs12343867, C_319416 89_10), all samples were investigated in 
triplicate. 
 
BFU-E analysis 
Erythroid burst-forming unit colonies (BFU-E) were grown from peripheral blood mononuclear 
cells plated (2.3 × 105/mL) in methylcellulose media (MethoCult H4531; StemCell Technologies, 



Vancouver, BC) without EPO. Cell cultures were maintained in humidified atmosphere of 5% 
CO2 at 37°C for 14 days. BFU-Es were scored by standard morphologic criteria. Individual BFU-
Es were picked, genomic DNA and total RNA isolated, and their genotype was established as 
described above. 
 
Characterization of cell lines  
The Ba/F3-EPOR cell (5x105 cells per sample) were nucleofected with 2 g pCMV6-AC-IRES-
GFP-Puro “empty” vector or the construct encoding wt or mutated forms of JAK2 kinase using 
AMAXA II device (program X_001). Transfected cell were selected with 2 mg/mL puromycin for 
2 weeks. The cells were grown in Dulbecco’s modified Eagle medium supplemented with 10% 
fetal bovine serum (Invitrogen) and 1 U/mL EPO (StemCell Technologies). Proliferation of cells 
in the absence of EPO or in increased concentrations of EPO (0, 0.001, 0.01, 0.1 and 1 U/mL) was 
quantified by CellTitre-Blue reagent (Promega, Madison, WI) and Perkin-Elmer Envision 
analyzer. The dose-response curve for potent JAK2 inhibitor (LY2784544)4 and IC50 was 
measured by CCK-8 proliferation assay (Sigma-Aldrich, St. Louis, MO) at 72 hours of exposure 
to different concentrations of LY2784544 in the presence of 1 U/mL EPO.  
 
Dual luciferase transcriptional assays 
STATs dependent transcriptional activity induced by JAK2 variants was measured using firefly 
luciferase STATs reporter (pGl4.26/GRR4.cz) in HCT116 cells. Reporter plasmid was constructed 
with STATs response elements5, where single-stranded oligos (5ˈGAGATGTATTTCCCAGAAAA 
GGTTT) were annealed, ligated and cloned into the pGl4.26 reporter back-bone. The ratios of the 
constructs in the transfection mixtures (i.e. plasmids producing JAK2, EPOR, STATs, the 
luciferase reporter and the Renilla control vector, ratio: 2:1:0.3:0.3:0.3, respectively) were 
determined by titration experiments. The  luciferase  assay  was  performed  according  to  the  
supplier’s protocol  using  Dual-Glo Luciferase Assay System (Promega). 
 
Western blot analysis 
The level of human JAK2 protein in stably transfected Ba/F3-EPOR cell-lines was determined by 
western blot using anti-DDK antibody (Cell Signaling Technology, Danvers, MA). Ba/F3-EPOR 
cells expressing different JAK2 wt and mutant variants were cytokine-starved for 6 hours and then 
stimulated for 15 minutes. Western blots were performed with rabbit antibodies JAK2, pYJAK2 
(Tyr 1007/1008), pYSTAT5 (Tyr 694), STAT5 (Cell Signaling Technology, Danvers, MA) and 
actin (Sigma-Aldrich, St. Louis, MO), which was used as a loading control. Signal was quantified 
using densitometric analysis. 
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While the concept of somatic driver mutations in myeloproliferative neoplasms (MPNs) 

represented by Polycythemia Vera (PV), Essential Thrombocythemia (ET) and Primary 

Myelofibrosis (PMF) is well established1-3, the contribution of germline or co-occurring JAK2

variants to a particular MPN phenotype is less understood.4,5 Recently, two germline JAK2

mutations, E846D and R1063H, were described in a case of hereditary erythrocytosis6; the same 

JAK2 R1063H variant was initially reported in 3 out of 93 PV patients that were JAK2 V617F-

positive.7

In this study, we assessed the presence of JAK2 V617F and JAK2 R1063H mutations in a 

cohort of MPN patients, to characterize the double mutation carriers and gain insight into the 

functional consequences of coexisting mutations on JAK2 signaling. 

Samples from 390 MPN patients positive for JAK2 V617F from Romania (314) and 

Belgium (76) were collected for the study. JAK2 R1063H mutation screening was performed 

using a custom TaqMan SNP Genotyping Assay. Fourteen out of 390 JAK2 V617F-positive 

MPN patients were found to carry concurrently JAK2 V617F and R1063H mutations. The 

clinical features and hematological data recorded at disease onset are summarized in 

Supplemental Table S1. ET was the most frequent diagnosis in double mutation carriers (9/14). 

After considering bone marrow histology and the new WHO 2016 criteria for PV diagnosis8, 2 

patients were reconsidered as having PV. Our major finding is that a significantly higher white 

blood cell count (P=0.023) and, correspondingly, a significantly higher neutrophil count 

(P=0.025) were observed in double mutation carriers compared to MPN patients harboring only 

JAK2 V617F mutation (Figure 1A). When patients with ET diagnosis were analyzed separately, 

we found that carriers of both mutations displayed a significantly higher neutrophil count 

(P=0.031) and hemoglobin level (P=0.046) than V617F-positive ET patients (Supplemental 

Figure S1). Furthermore, in 5 patients there was at least one thrombotic event during the course 

of the disease, including 2 cases of portal vein thrombosis. Interestingly, in a recent genomic 

study of patients with venous thromboembolism, JAK2 R1063H was identified in one case, being 

considered a probable disease-causing variant.9

To compare the frequency of additional somatic mutations in the analyzed patient groups, 

we employed a targeted next-generation sequencing (NGS) panel for the 14 double-mutated 

patients and for 53 randomly selected patients from the JAK2 V617F cohort without the R1063H 

variant. Although a trend toward a higher mutational load was observed in the V617F/R1063H 
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group, compared to V617F group, the difference did not reach statistical significance (P=0.092) 

(Supplemental Table S2, Table S3). 

Next, we aimed to characterize the genotype and configuration of JAK2 mutations in the 

double-positive MPN patients. For these purposes, JAK2 V617F and R1063H allelic burdens 

were analyzed by qPCR and digital droplet PCR (ddPCR) and cis/trans configurations of JAK2

V617F and R1063H mutations were established by sequencing single colonies of sub-cloned 

JAK2 cDNA obtained from peripheral blood leukocytes in 10 out of 14 double-mutated patients. 

Cis configuration of the mutations was detected in 6 cases and trans configuration in 4 cases 

(Figure 1B). Quantification of R1063H allele in the genomic DNA samples indicated that the 

variant was heterozygous in 8 cases, likely inherited, as shown previously6 (R1063H percentage 

about 50%). In 3 patients with high V617F allelic burden, R1063H was nearly homozygous (a 

fractional abundance >80%), suggesting that one R1063H allele was inherited and the second 

one was acquired by uniparental disomy (UPD). In 3 other patients who exhibited trans

configuration of JAK2 mutations (Figure 1B, supplemental Figure S2), low R1063H allele 

burden was found (allele percentage between 20.7% - 31.5%), raising the hypotheses that 

R1063H was either acquired in the course of the disease, or it was partially lost due to UPD of 

the V617F-non-R1063H clone which, when amplified, decreased R1063H allelic burden.  

Because non-myeloid tissue DNA was not available for the study, we used a combined array-

comparative genomic hybridization/single-nucleotide polymorphism (aCGH/SNP) assay to 

detect unbalanced chromosomal changes and copy number neutral loss of heterozygosity in 

DNA samples with low R1063H allele burden. We detected UPD on chromosome 9p in 2 out of 

3 samples, suggesting that both hypotheses could be valid (Supplemental Figure S3). However, 

without germline DNA, the origin of R1063H mutation cannot be unequivocally established. 

Further on, cellular models were employed to assess the functional consequences of the 

coexisting JAK2 mutations in cis or trans. We generated by site-directed mutagenesis JAK2 

mutants (V617F, R1063H and V617F/R1063H) on the background of JAK2 cDNA cloned into 

pMEGIX-IRES-GFP bicistronic vector. STAT5 transcriptional activity of the JAK2 WT and 

JAK2 mutants in the presence of myeloid dimeric cytokine receptors (EPOR, TPOR, and G-

CSFR) measured by dual luciferase assay led us to observe a significantly higher constitutive 

activity of JAK2 V617F/R1063H (cis mutant) compared to that of JAK2 V617F, in both 

homozygous and heterozygous configurations and with each cytokine receptor (Figure 2A-C). 
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Also, Western blot analysis demonstrated a higher level of constitutive activation of JAK2 and 

STAT5 induced by V617F/R1063H mutant versus V617F (Figure 2D). We then asked whether 

R1063H enhances the same conformational circuit used by V617F or triggers a different one. We 

introduced the E596R mutation in V617F/R1063H, as this mutation was previously found to 

block V617F-constitutive, but not ligand-induced JAK2 activity10. The constitutive STAT5 

transcriptional activities of V617F and V617F/R1063H mutants were decreased to the same 

extent by E596R (Figure 2E). Thus, R1063H amplifies signaling via the same circuit as V617F.  

The enhancement of G-CSFR signaling, which regulates neutrophilic granulocyte 

formation, by V617F/R1063H might be relevant for the neutrophilia, which is not seen in all 

MPN patients with JAK2 V617F. Neutrophilia is detected in the JAK2-double mutant patients, 

irrespective of cis or trans configuration. For the latter, we could not see an enhanced activation 

by R1063H and V617F versus WT JAK2 and V617F via cytokine receptors (Figure 2A-C), 

possibly as small changes are difficult to detect in overexpression systems. We assessed whether 

R1063H changes the association of JAK2 to G-CSFR. Using co-immunoprecipitation, we 

detected a significantly higher biochemical association between JAK2 R1063H and JAK2 

V617F/R1063H with G-CSFR, when compared to JAK2 V617F or JAK2 (Figure 2F). This 

might have a significant impact on signaling at low receptor levels in vivo, and also in a trans-

configuration, as R1063H alone enhances association of JAK2 with G-CSFR. Linking 

neutrophilia to the increased association of JAK2 V617F/R1063H to G-CSFR is in agreement 

with a recent study where differential coupling of JAK2 mutants to different receptors impacted 

the in vivo phenotypes induced by the different mutants.12 In ET double-mutant carriers, the 

higher level of hemoglobin that accompanied the higher neutrophil count supports the hypothesis 

that co-occurrence of JAK2 V617F and R1063H mutations would lead to an ET phenotype with 

PV-like features, due to a cumulative effect on JAK2 signaling.15 Furthermore, the Ruxolitinib 

sensitivity of JAK2 V617F/R1063H-expressing cells may have therapeutic implications (Figure 

2G). 

The frequency of R1063H in our JAK2 V617F-positive MPN cohort (14/390) is 

consistent with the initial report (3/93 PV patients).7 The frequency cited in the normal 

population for R1063H in the Exome Aggregation Consortium database11 is much lower 

(0.004377). More studies on large patient populations, and on families with MPNs, would be 

necessary for determining whether JAK2 R1063H predisposes to acquisition of the JAK2 V617F 
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mutation, and also to assess its role in MPN progression, given the involvement of G-CSFR in 

leukemia.  
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Figure 1. Clinical characteristics, JAK2 analysis and NGS screening for the MPN patients

exhibiting JAK2 V617F and JAK2 R1063H mutations.

(A) Hematological data of JAK2 V617F MPN patients (n = 390) subdivided according to the

JAK2 R1063H mutation status. Data for V617F only (n = 376) and V617F/R1063H double

mutation carriers (n = 14) were recorded at diagnosis. For further information see also

supplemental Material and Methods and Table S1.�The boxes represent 25% to 75% interquartile

range, horizontal lines within the boxes indicate medians, and vertical bars show the range of

values (minimum to maxium). Mann-Whitney U test was used to assess the statistical

significance. P values <0.05 were considered statistically significant.  

(B) JAK2 V617F allele burden, JAK2 R1063H fractional abundance, JAK2 V617F/R1063H

mutations configuration and additional mutations identified by targeted NGS. (i) JAK2 V617F

allele frequency obtained from NGS study and compared with allele burden determined via

qPCR and ddPCR assay. (ii) JAK2 R1063H fractional abundance was determined using ddPCR

in whole blood samples collected at the time of diagnosis (see supplemental Material and
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Methods for details). The JAK2 R1063H mutation was considered as genuine germline only 

when the fractional abundance of the JAK2 R1063H variant was 50 (±1.0) %. Eight patients are 

therefore confirmed to be heterozygous germline carriers for JAK2 R1063H variant. JAK2

R1063H in three samples with percentage frequency of the mutant DNA between 20.7% - 31.5% 

(Samples no. 1, 5 and 14) could be considered as either acquired somatic mutation or an 

inherited variant that was partially lost due to UPD of the V617F-non-R1063H clone. Samples 

No. 4, 12 and 13 were nearly homozygous for JAK2 R1063H and the presence of minor fraction 

of the wild-type allele excluded germline homozygosity. See also supplemental Figure S2. (iii) 

cis/trans JAK2 V617F/R1063H mutations configuration was determined through sequencing of 

subcloned RT-PCR products spanning exons 14 – 24 of the JAK2 gene (see supplemental 

Material and Methods for details). (iv) TruSight Myeloid Sequencing Panel (Illumina, San 

Diego, CA, USA) was used for targeted mutational screening of JAK2 R1063H-positive patients. 

Additional mutations were identified in 8 out of 14 screened patients. A total of 11 variants in 7 

genes were detected. Five of these mutations are indexed in the dbSNP database, and 4 of these 

specific variants are listed in the COSMIC catalogue (#). One additional mutation in DNMT3A

was published recently.13 Two other mutations (frameshift in TET2 and premature stop codon in 

DNMT3A) do not have SNP/COSMIC IDs, but are documented on VarSome genomic variant 

database (§). The GATA2 (A164T) allele (Patient 12) was recently detected in higher than 

expected frequency in MDS, suggesting a possible predisposing function in myeloid 

malignancies.14 Two patients harbor unique undescribed variants, Patient 1 in BCOR and Patient 

9 in TET2. The BCOR variants were identified in two patients (both are missense mutations); 

their variant frequency being of 54% for Patient 1 and 99.5% for Patient 11. They could be 

germ-line variants; both were estimated to be ‘damaging' or ‘probably damaging' by 2 algorithms 

(Sift, PolyPhen). All mutations were identified in DNA collected at the time of diagnosis; 

acquisition of additional mutations during disease evolution was not studied. For further 

information see supplemental Table S2. Abbreviations: PV, Polycythemia Vera; ET, Essential 

Thrombocythemia; PMF, Primary Myelofibrosis; NA, not available; ND, not done.  DbSNP ID: 

ID in The Single Nucleotide Polymorphism database. 



Figure 2. STAT5 transcriptional activity and the status of activation of downstream

signaling by human JAK2 V617F and R1063H in the presence of dimeric myeloid cytokine

receptors (A-E). The binding affinities of JAK2 mutants to G-CSFR (F) and in vitro drug

sensitivity assay (G). 

(A-C) Constitutive and cytokine-dependent STAT5 transcriptional activity assessed by dual-

luciferase assay in γ2A cells transfected with JAK2 WT, JAK2 V617F, JAK2 R1063H, and

JAK2 V617F/R1063H double mutant in the presence of EPOR (A), TPOR (B) and G-CSFR (C)

Homozygous as well as heterozygous states of JAK2 mutants are mimicked. Shown are averages

of nine replicates from three independent experiments ± standard error of the mean (SEM)

Statistical analysis was assessed by one-way ANOVA followed by the post-hoc Tukey’s test. *P

<0.05, **P<0.01, ***P <0.001, ****P<0.0001. rlu: relative light unit. 

(D) Western blot analysis of the constitutive JAK2, STAT5 and ERK 1/2 phosphorylation levels

(indicative of activated status) induced by human JAK2 mutants co-expressed with empty

vector/cytokine receptors in HEK 293T cells. β-actin antibody was used as a loading control
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Higher levels of p–JAK2 (p-Tyr1007/1008), p-STAT5 (p-Tyr694) and p-ERK ½ (p-Thr 202/p-

Tyr 204) are observed in cells expressing JAK2 V617F/R1063H double mutant in comparison to 

JAK2 V617F. Image shown is representative of three independent experiments. 

(E) The effect of E596R mutation on the constitutive STAT5 activation induced by JAK2 V617F 

and JAK2 V617F/R1063H evaluated by dual luciferase assay in γ2A cells in the presence of 

TPOR. Both mutated proteins exhibit a similar decline in constitutive activity. The graphs 

display the averages of nine replicates from three independent experiments ± standard error of 

the mean (SEM). One-way ANOVA followed by the post-hoc Tukey’s test was used for 

statistical analysis. ****P<0.0001. n.s.: not significant, rlu: relative light unit. 

(F)  JAK2 mutants bind to cytokine receptor G-CSFR with different affinities. Flag-tagged JAK2 

mutants were transiently expressed in HEK 293 cells in which HA-tagged G-CSFR was stably 

expressed. Interaction was examined by co-immunoprecipitation with anti-Flag affinity gel. 

Immunoblot band intensity was quantified by ImageJ software and normalized to a loading 

control, and wild-type JAK2 intensity was set to 100%. The data represent the mean of three 

independent experiments; T bars designate standard error of the mean (SEM). For statistical 

analysis Student’s paired t test with equal variance was employed and P values <0.05 were 

considered statistically significant. WT: wild type, VF: V617F, RH: R1063H, VF/RH: 

V617F/R1063H, IP: immunoprecipitation. IB: immunoblot. See also supplemental Figure S4. 

(G) In vitro drug sensitivity assay. Stably transfected Ba/F3/EPOR cells expressing JAK2 WT, 

JAK2 V617F, JAK2 R1063H, and JAK2 V617F/R1063H were cultivated for 72 hours with 

decreasing concentration of JAK2 inhibitor Ruxolitinib (concentrations: 1; 0.5; 0.25; 0.1; 0.05; 

0.01; 0.001; 0 μM). The IC50 value was defined as drug concentration needed to inhibit 50% of 

cell growth (using GraphPad Prism 6.01 software). The data show mean of 7 independent 

experiments performed in triplicates (see also supplemental Material and Methods for details). T 

bars designate standard deviation (SD). When the Ruxolitinib sensitivity of mutant cells is 

compared to wild-type cells, the sensitivity of V617F-positive cells is not statistically significant, 

while R1063H-positive and V617F/R1063H double mutant cells are significantly more sensitive 

to Ruxolitinib than wild-type cells. Statistical significance was assessed using one-way ANOVA 

followed by post-hoc Tukey’s test and P<0.05 was considered as statistically significant. 
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Experiments with AZ-960 revealed comparable results (not shown).�WT: wild type, VF: V617F, 

RH: R1063H, VF/RH: V617F/R1063H. 



Supplemental Materials and Methods, Tables, Figures and References for 
Mambet et al. 
 
SUPPLEMENTAL MATERIAL AND METHODS 
 
Patients and samples 
Screening for the presence of JAK2 R1063H was performed in 390 JAK2 V617F-positive DNA 
samples, previously obtained by standard methods from peripheral blood granulocytes of MPN 
patients and stored in the biobanks of Stefan S Nicolau Institute of Virology, Bucharest, 
Romania, and Cliniques Universitaires Saint-Luc, Université catholique de Louvain, Belgium. 
The Romanian patients received an MPN diagnosis at the Hematology Services of Coltea and 
Fundeni Hospitals and were consequently referred to Stefan S Nicolau Institute of Virology for 
JAK2 V617F mutation testing. All the patients included in the study provided informed consent 
at the time of blood drawing. Clinical data were analyzed retrospectively from the medical 
records of Coltea and Fundeni Hospitals and Cliniques Universitaires Saint-Luc, respectively. 
 
Real-time PCR assay for JAK2 R1063H mutation screening  
To detect the JAK2 R1063H mutation in the samples of genomic DNA (gDNA) we employed 
a custom TaqMan SNP Genotyping Assay (Applied Biosystems, Carlsbad, CA) with PCR 
primers flanking the mutant region and two allele-specific Taqman minor groove-binding 
(MGB) real-time PCR probes, performed on StepOnePlus Real-Time PCR System (Applied 
Biosystems).  
 
Real-time quantitative PCR (qPCR) for JAK2 V617F  
The quantification of JAK2 V617F mutation was performed using the ready-to-use ipsogen 
JAK2 MutaQuant Kit (Qiagen, Hilden, Germany) with a measured limit of detection of 0.1% 
on LightCycler® 480 Real-Time PCR instrument (Roche, Basel, Switzerland). 
 
Next-generation sequencing for targeted mutational screening  
In order to detect additional mutations of potential clinical relevance in MPN patients and to 
compare mutational load of patients harboring both JAK2 V617F and R1063H mutations and 
JAK2 V617F mutation only, we employed a targeted next-generation sequencing (NGS) panel 
(TruSight Myeloid Sequencing Panel, Illumina, San Diego, CA) for 14 JAK2 V617F/R1063H 
double positive patients and for 53 randomly selected patients from the JAK2 V617F cohort. 
The DNA libraries were generated from patients' granulocyte DNA according to the 
manufacturer instructions. The panel targeted 54 genes and covered full coding sequence of 15 
genes and exonic hotspots of 39 genes. Targeted sequencing was performed on the Illumina 
MiSeq or NextSeq500 System using Illumina v3 Reagent Kit (600cycles) and V2 Mid OutPut 
Kit, respectively. We identified sequence alterations with a variant allele frequency (VAF) of 
≥2%. The FASTQ files were analyzed by NextGENe V2.4.2.1 (SoftGenetics, State College, 
PA). The analysis included read quality trimming, alignment to the human hg19 reference 
genome, calling of single-nucleotide variants and short insertions or deletions. Read alignment 
and variant calling were also performed using the MiSeq Reporter (MSR) V2.6.3 software 
(Illumina), and annotated using VariantStudio V2.2 (Illumina). JAK2 V617F allele frequency 



was also obtained from NGS to allow comparison with digital droplet PCR (ddPCR) assay and 
qPCR.  
 
Digital droplet PCR for JAK2 R1063H and JAK2 V617F allele burden measurement 
To calculate the JAK2 R1063H/wild type and JAK2 V617F/wild type allele ratios, ddPCR was 
employed. One reaction of ddPCR was performed using 100 ng of genomic DNA, 1 μl of 
ddPCR™ Mutation Detection Assay mix for human JAK2 R1063H/WT (20x assay mix, 
custom designed: dHsaMDS460320799; Biorad) or 1 μl of each probe PrimePCR™ ddPCR™ 
Mutation Assay for human JAK2 V617F/WT (JAK2 WT for p.V617: dHsaCP2000062 and 
JAK2 p.F617: dHsaCP2000061; Biorad), 10 μl ddPCR™ Supermix for Probes (No dUTP; 
Biorad) and 1 μl of restriction enzyme HindIII (Thermo Scientific™) in total of 20 μl of 
reaction. Droplets were created using Droplet Generation Oil for Probes in QX200™Droplet 
Generator. PCR was performed in C1000 Touch™Thermal Cycler using conditions as follows, 
95 °C for 10 min, 40 cycles of 30 s at 94 °C and 1 min at 55 °C, and a final step at 98 °C for 
10 min. The ramp rate was always limited for 2 °C/sec. After the PCR reaction, droplet 
florescence was measured by QX200 Droplet Reader. Data were analyzed using QuantaSoft 
(Bio-Rad, V1.7.4). 
 
Cis/trans configuration of JAK2 V617F and R1063H mutations  
Patients’ DNA-free RNA isolated either from whole blood or from peripheral blood leukocytes 
using Aurum™ Total RNA Mini Kit; Biorad and TRIzol method, respectively, was reverse 
transcribed by High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). The 
position of V617F mutation relative to R1063H mutation was determined by amplifying a 
region spanning exons 14 – 24 of JAK2 gene. The semi-nested PCR using primers (1st round, 
F1 5’ ACGGTCAACTGCATGAAACA 3’, R1 5’ AGGAGGGGCG TTGATTTACA 3’; 2nd 
round, R2 5’ ATCTCATCTGGGCATCCATC 3’) was performed. The amplicon was gel-
purified using Zymoclean™ Gel DNA Recovery Kit (Zymo Research) and cloned into pGEM-
T easy vector (Promega). Single colonies positive for the recombinant plasmid were picked 
after overnight incubation, plasmid DNA was purified using the High Pure Plasmid Isolation 
Kit (Roche) and the PCR insert was sequenced at SEQme company, Czech Republic. At least 
20 colonies per each amplicon (patient sample) were analyzed.  
 
Microarray analysis for detection of chromosomal changes 
Microarray analysis (array-comparative genomic hybridization/single-nucleotide 
polymorphism [aCGH/SNP]) was performed with SurePrint G3 Cancer CGH+SNP 
Microarray, 4x180K (Agilent Technologies, Santa Clara, CA) to detect unbalanced 
chromosomal changes and copy number neutral loss of heterozygosity (CN-LOH). The 
minimal resolution for the detection of CN-LOH was a region of 3 Mb, which was achieved 
with approximately 20 SNP probes per Mb. The final product was scanned with the Agilent 
G2565CA Microarray Scanner System (Agilent) and analyzed with Agilent Cytogenomics 
v4.0.3.12 (Agilent).  
 
 
 



Mutagenesis and vector construction 
QuickChange II site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA) was 
used to introduce the JAK2 c.1849G>T (V617F), and JAK2 c.3188G>A (R1063H) point 
mutations into a human JAK2 WT cDNA cloned in pMEGIX-IRES-GFP plasmid vector and 
also to generate double mutant JAK2 c.1849G>T/JAK2 c.3188G>A (V617F/R1063H), 
following the manufacturer instructions. Similarly, we introduced the suppressive E596R 
mutation for JAK2 V617F into pMEGIX coding for human JAK2 V617F, R1063H, and 
V617F/R1063H constructs. All JAK2 cDNA constructs were verified for accuracy by Sanger 
sequencing. 
 
Dual luciferase assays for STAT5 transcriptional activity assessment 
STAT5 transcriptional activity of the JAK2 WT and JAK2 mutants in the presence of myeloid 
dimeric cytokine receptors was measured in JAK2-deficient γ-2A fibrosarcoma cells1 where 
we can reconstitute JAK2 or mutants, thereof. Dual luciferase assays were employed, using the 
firefly luciferase reporter Spi-Luc responding to STAT5 and p-RLTK renilla luciferase for 
normalizing transfection efficiencies, as previously described.2 Briefly, γ-2A cells were 
transiently transfected with cDNA of JAK2 WT or mutants, Spi-Luc, STAT5, p-RLTK and 
either EPOR, TPOR or Granulocyte Colony-Stimulating Factor receptor (G-CSFR), at a 
3:3:1:1:3 ratio, using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA). At the 
same time, to mimic heterozygous status encountered in patients, JAK2 V617F, R1063H, or 
V617F/R1063H mutants were co-transfected in γ-2A cells with an equal amount of JAK2 WT 
cDNA. Four hours after transfection, cell culture medium was changed and cells were 
incubated with the corresponding cytokine: 15 U/ml erythropoietin (EPO), 10 ng/ml 
thrombopoietin (TPO) or 10 ng/mL granulocyte colony-stimulating factor (G-CSF). 24 hours 
post-transfection the luciferase production was quantified in cell lysates with Dual-
Luciferase® Reporter Assay kit (Promega, Madison, WI) on a Victor X luminescence 
microplate reader (Perkin Elmer, Waltham, MA). Firefly: Renilla luciferase ratios were 
calculated for each condition in order to assess the STAT5 transcriptional activity of different 
JAK2 constructs. In a similar manner, γ-2A cells were transfected with JAK2 E596R constructs 
and TPOR and dual-luciferase assay was applied to evaluate STAT5 constitutive activation. 
 
Western blotting for signaling studies  
Signaling studies were also performed in human embryonic kidney (HEK) 293T cells co-
transfected with JAK2 WT or JAK2 mutants and one of the cytokine receptors, using 
TransIT®-LT1 Transfection Reagent (Mirus Bio, Madison, WI). After obtaining  cell extracts, 
the levels of total JAK2 as well as the phosphorylation status of JAK2, STAT5, and 
extracellular signal-regulated kinase 1/2 (ERK1/2) were analyzed by western blotting with the 
following primary antibodies (all from Cell Signaling Technology, Danvers, MA): JAK2, 
phospho-Jak2 (p-Tyr1007/1008), phospho-Stat5 (p-Tyr694) and phospho-p44/42 MAPK 
(Erk1/2, p-Thr202/p-Tyr204).  
 
Generation of cells stably expressing HA-tagged receptor 
HA-tagged human G-CSFR cDNA was cloned in the retroviral pMX-IRES-GFP vector, as 
described previously.4,5 The construct was co-transfected into retroviral producing cells HEK 



293T together with the envelope encoding construct pCMV-VSV and Gag-Pol construct. 
Retroviral particles were collected at 48 and 72 hours after transfection and concentrated using 
filtration system Vivaspin® 20 (Sartorius). HEK 293 cells were then infected two times 
sequentially with the concentrated viral media overnight. Cells were GFP-sorted 72 hours after 
the second infection and the expression of G-CSFR was confirmed by Western blot.  
 
Immunoprecipitation 
HA-tagged receptor expressing HEK 293 cells cultured in DMEM + 10 % FBS and no 
additional cytokines, were transfected with pCMV-Puro-JAK2 variants using Lipofectamine 
2000 (Thermo Fisher Scientific). 48 hours post transfection cells were lysed using lysis buffer 
(NaCl, Tris, Triton-X, CaCl2, MgCl2, EDTA) and a cocktail of proteinase inhibitors. For 
immunoprecipitation EZview™ Red ANTI-FLAG® M2 Affinity Gel (Sigma) was used 
according to the manufacturer’s instructions. For maximal specificity elution using 3X FLAG® 
Peptide (Sigma) was performed. Receptors were detected using anti-HA rabbit monoclonal 
antibody (Cell Signalling, #3724) and JAK2 using anti-FLAG rabbit monoclonal antibody 
(Cell Signalling, #14793). Total cell lysates (TCL) were immunoblotted alongside the 
immunoprecipitated samples, anti-HA and anti-FLAG antibodies used for the detection are 
listed above, and a loading control anti-CtBP (Santa Cruz, sc-17759) was used. 
 
In vitro Ruxolitinib sensitivity assay 
QuickChange II site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) 
was used to introduce JAK2 c.1849G>T (V617F), JAK2 c.3188G>A (R1063H) and 
combination of both JAK2 c.1849G>T/JAK2 c.3188G>A (V617F/R1063H) mutations into 
human JAK2 WT ORF cDNA cloned in pCMV6-AC-IRES-GFP-Puro mammalian expression 
vector (OriGene, cat. no. PS100059). Ba/F3-EPOR cells cultured in IMDM medium containing 
10% fetal bovine serum (FBS; both from Life Technologies) and 2 ng/mL of IL-3 (Sigma) 
were transfected with all the variants of pCMV-Puro-JAK2 vector by electroporation under 
conditions of 420 V and 250 μF using a Gene-Pulser (Bio-Rad, Hercules, CA). Stable 
transfectants were selected with 1 μg/ml puromycin (Life Technologies) for 2 weeks. In vitro 
drug sensitivity was determined using the MTT cytotoxicity assay, as described previously.3  
 
Statistical analysis 
Statistical tests were performed using GraphPad Prism 6.01 for Windows. Mann–Whitney U 
test was used to compare the differences in blood counts between the two groups of patients 
(double-mutation carriers and patients harboring only JAK2 V617F mutation). One-way 
ANOVA followed by post-hoc Tukey’s allowed for multiple comparisons between the 
measurements obtained by dual luciferase assays and in vitro Ruxolitinib sensitivity assay. 
Student’s paired t test with equal variance was employed for assessing binding affinities of 
JAK2 mutants to G-CSFR. NGS data were compared and analyzed by the two-tailed Fisher 
exact test. Statistical significance was defined as P <0.05. 
 

 

 



SUPPLEMENTAL TABLES AND FIGURES 

Table S1. Clinical data of JAK2 V617F MPN patients (n = 390) subdivided according to 
the JAK2 R1063H mutation status. Data for V617F only (n = 376) and V617F/R1063H 
double mutation carriers (n = 14) were recorded at diagnosis. Abbreviations: PV, Polycythemia 
Vera; ET, Essential Thrombocythemia; PMF, Primary Myelofibrosis; MPN-U, MPN 
Unclassifiable; WBC, White Blood Cell. 

 

 

 

 

Table S2. Detailed information about mutations identified by TruSight Myeloid 
Sequencing Panel for the MPN patients exhibiting JAK2 V617F and JAK2 R1063H 
mutations. 

 Denotes likely inherited GATA2 (A164T) variant, recently associated with increased risk of 
developing myeloid malignancy.6 

Abbreviations: D, deleterious; PD, probably damaging; T, tolerated; B, benign; NA, not 
available. DbSNP ID: ID in The Single Nucleotide Polymorphism database. (1) This variant 
does not have SNP/COSMIC ID, but has been repeatedly viewed on VarSome. 

 

  



Gene CDS mutation Protein change Chr Type Var Freq [%] Var Type Sift PolyPhen dbSNP ID References

1 PV BCOR c.1231C>T p.R411W X snv 54.0 missense D PD NA
2 ET TET2 c.3556_3557insA p.G1187fs 4 insertion 3.1 frameshift NA NA NA (1) www.varsome.com/variant
3 ET
4 ET DNMT3A c.1095C>G p.Y365* 2 snv 3.7 stop NA NA NA (1) www.varsome.com/variant

TET2 c.2599T>C p.Y867H 4 snv 51.2 missense D PD rs144386291 COSM327337
5 PV
6 ET
7 ET
8 PMF
9 PMF TET2 c.4820C>A p.S1607* 4 snv 2.3 stop NA NA NA
10 PV DNMT3A c.2104G>T p.D702Y 2 snv 9.1 missense D PD NA PMC4797027

CBLB c.1399G>A p.V467I 3 snv 61.8 missense T B rs371993076 COSM1035961
ZRSR2 c.1314_1315insAGCCGG p.R448_R449insSR X insertion 39.4 in frame NA NA rs779595035 COSM5762985

11 ET BCOR c.4943C>T p.P1648L X snv 99.5 missense D PD rs763651353
12 PV GATA2** c.490G>A p.A164T 3 snv 57.5 missense rs2335052
13 PV
14 ET EZH2 c.1582T>A p.C528S 7 snv 7.0 missense NA

not detected

not detected
not detected
not detected
not detected

Patient Diagnosis
Additional mutations

not detected



Table S3. Detailed information about mutations identified by TruSight Myeloid 
Sequencing Panel for the JAK2 V617F-positive/R1063H-negative patients in our cohort. 

Additional mutations were identified in 12 out of 53 screened patients (after the exclusion of 
GATA2 (A164T) SNP). A total of 17 variants in 8 genes were detected. Two of these mutations 
are indexed in the dbSNP database, and 7 of these specific variants are listed in the COSMIC 
catalogue (#). Seven patients harbor unique undescribed variants.  Denotes likely inherited 
GATA2 (A164T) variant (11 times in heterozygous and 2 times in homozygous configuration), 
recently associated with increased risk of developing myeloid malignancy.6 In this cohort of 
53 patients, the variant comprises 14% of allele frequency, which is consistent with the 
expected frequency (European non-Finnish 15% allelic frequency - 
http://gnomad.broadinstitute.org/variant/3-128204951-C-T; European 18% allelic frequency - 
https://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=2335052). All mutations were 
identified in the genomic DNA collected at the time of diagnosis; acquisition of additional 
mutations during the disease evolution was not studied.  

Abbreviations: PV, Polycythemia Vera; ET, Essential Thrombocythemia; PMF, Primary 
Myelofibrosis; NA, not available; dbSNP ID: ID in The Single Nucleotide Polymorphism 
database. 

 

  



Patient Diagnosis JAK2 V617F allele
burden [%]

Gene Protein change Type Var Freq [%] dbSNP ID

1 ET 4.0 not detected
2 PMF 38.9 not detected
3 PV 51.8 GATA2** p.A164T snv 58.7 rs2335052# COSM445531
4 ET 5.9 not detected
5 PV 10.2 ETV6 p.R14* snv 5.5 NA

GATA2** p.A164T snv 56.7 rs2335052# COSM445531
6 PMF 38.6 GATA2** p.A164T snv 50.0 rs2335052# COSM445531
7 PV 32.3 not detected
8 PMF 19.5 GATA2** p.A164T snv 99.1 rs2335052# COSM445531
9 PV 83.1 not detected
10 ET 10.6 GATA2** p.A164T snv 48.9 rs2335052# COSM445531
11 ET 5.4 JAK2 p.N542_E543del deletion 10.0 NA# COSM1757322
12 PV 54.7 not detected
13 ET 34 not detected
14 PV 46.6 GATA2** p.A164T snv 56.3 rs2335052# COSM445531
15 ET 18.6 GATA2** p.A164T snv 47.5 rs2335052# COSM445531
16 ET 8.4 not detected
17 ET 14.9 not detected
18 ET 38.9 not detected
19 ET 19.8 GATA2** p.A164T snv 49.0 rs2335052# COSM445531
20 ET 18.1 not detected
21 PMF 26.3 not detected
22 ET 29.2 not detected
23 PV 49.4 not detected
24 PV 70.1 not detected
25 ET 14.7 GATA2** p.A164T snv 50.6 rs2335052# COSM445531
26 PV 46.8 not detected
27 PV 65.3 not detected
28 ET 11.6 ASXL1 p.P805fs deletion 6.8 NA
29 ET 26.6 KDM6A p.Q1377* snv 4.6 NA# COSM255009
30 PMF 41.2 ZRSR2 p.E362* snv 89.1 NA# COSM211059

TET2 p.N377fs deletion 10.4 NA
31 PMF 91.6 not detected
32 ET 18.6 not detected
33 PMF 4.4 KRAS p.R68S snv 15.5 NA# COSM183929

SRSF2 p.H63P snv 5.5 NA
34 ET 12.3 not detected
35 PV 22.1 not detected
36 ET 13.5 GATA2** p.A164T snv 56.8 rs2335052# COSM445531
37 ET 28.0 not detected
38 ET 32.8 DNMT3A p.A884fs deletion 35.3 NA
39 PMF 19.9 ASXL1 p.P647fs insertion 12.0 NA
40 ET 13.8 not detected
41 PMF 27.8 not detected
42 PV 41.6 TET2 p.Q1030* snv 45.8 rs780043982# COSM4766113
43 ET 16.0 GATA2** p.A164T snv 97.5 rs2335052# COSM445531
44 early PV 23.3 GATA2** p.A164T snv 48.4 rs2335052# COSM445531
45 PV 80.3 TET2 p.D1384G snv 18.2 NA# COSM6023668

DNMT3A p.V897D snv 17.8 NA# COSM87000
46 PV 30.8 not detected
47 ET 11.1 not detected
48 ET 21.4 GATA2** p.A164T snv 53.8 rs2335052# COSM445531
49 PV 45.4 TET2 p.P1536fs insertion 32.5 NA

TET2 p.L1065fs deletion 12.8 NA
ASXL1 p.Q757* snv 5.3 rs779078826# COSM132979

50 PV 16.4 not detected
51 ET 54.0 not detected
52 PV 59.6 not detected
53 ET 28.1 TET2 p.L1515* snv 34.7 NA# COSM5945064



Figure S1. Hematological data of JAK2 V617F ET patients (n = 212) subdivided according 
to the JAK2 R1063H mutation status. Data for V617F only (n = 205) and V617F/R1063H 
double mutation carriers (n = 7) were recorded at diagnosis. The boxes represent 25% to 75% 
interquartile range, horizontal lines inside the boxes indicate medians, and vertical bars show 
the range of values (minimum to maxium). Mann-Whitney U test was used to assess the 
statistical significance. P values <0.05 were considered statistically significant.                    

                   

 

 

 

 

Figure S2. Quantification of JAK2 R1063H allele in MPN patient samples using digital 
droplet PCR.  

Single-well measurements of hybridization probes FAM/HEX specific for JAK2 R1063H and 
JAK2 WT were analyzed by QuantaSoft software and the count collection areas were held 
constant for each sampling.  
 
(A) Comparison of number of events (amount of FAM- and HEX-positive droplets) of all 
analyzed patients. FAM fluorescence specific for the mutant allele is shown in blue while the 
HEX fluorescence specific for WT allele is shown in green. 
 
(B) 2-D fluorescence amplitude plot generated by QuantaSoft software shows single-well 
measurement of a sample from one patient. The black cluster on the plot represents the negative 
droplets, the blue FAM cluster represents the droplets that are positive for the mutant DNA 
only, the green HEX cluster is specific for wild-type DNA only, and the orange cluster 
represents the droplets that are positive for both mutant and wild-type DNA. Patient 2 is 
presented as an example of a heterozygous sample compared to nearly homozygous sample 
obtained from Patient 4. 
 
(C) Fractional abundance plot shows the percentage frequency of the mutant DNA in a wild-
type DNA background. As presented in the boxplot, patients 1, 5 and 14 have low JAK2 
R1063H mutation allelic burden (20.7%, 31.5% and 27.6% of template copies detected carried 



the mutation, respectively) and were examined for the presence of 9p UPD (see also Figure 
S3). Patients 4, 12 and 13 are nearly homozygous since 92.01%, 84.50% and 89.13% template 
copies carry the JAK2 R1063H mutation, respectively. We hypothesize that one allele was 
inherited while the second one was acquired by UPD. This is also supported by the fact that 
allelic burden of JAK2 V617F mutation in these patients is 83.5%, 73.2% and 76.2%, 
respectively. All the rest of the patients analyzed are heterozygous. All error bars generated by 
QuantaSoft software represent the 95% confidence interval. 
 

 

Figure S3. Determination of uniparental disomy for chromosome 9 of JAK2 V617F 
positive MPN patients with low JAK2 R1063H fractional abundance.  

SNP-A based karyotypic analysis of chromosome 9 for patients with reduced fractional 
abundance of the JAK2 R1063H was used to test hypothesis that the R1063H heterozygous 
germline variant carried by the non-V617F allele (in trans configuration) could have been lost 
due to mitotic recombination generating JAK2 UPD of the V617F-non-R1063H clone which 
then could have been amplified thus leading to decreased R1063H allelic burden. Analysis was 
performed for patient #4 (nearly homozygous for both V617F and R1063H mutations, used as 
a positive control for UPD) and for patients #1, #5 and #14 with reduced fractional abundance 



of the JAK2 R1063H. Patient #4 (A) had cnLOH/UPD 9pterp21.3, patient #1 (B) carried 
cnLOH/UPD 9pterp21.2, patient #14 (C) carried cnLOH/UPD 9pterp21.1 at the detection limit 
and patient #5 (D) did not have detectable cnLOH/UPD 9p. 

 

 

 

 

 



Figure S4. Levels of HA-tagged G-CSFR and FLAG-tagged JAK2 in lysates are 
comparable when different JAK2 mutants are expressed in HEK 293 cells.  

HEK 293 cells stably expressing HA-tagged G-CSFR were transfected with FLAG-tagged 
JAK2 variants and the total cell lysates (TCL) were extracted 24 hours post-transfection. TCL 
were immunoblotted alongside the immunoprecipitated samples. As a loading control CtBP 
protein was detected. WT: wild type, VF: V617F, RH: R1063H, VF/RH: V617F/R1063H. 
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ABSTRACT (max. 240 words) 
 
The majority of the patients with mantle cell lymphoma (MCL) have translocation t(11;14) leading 
to cyclin D1 overexpression and resulting in deregulated cell cycle control. We observed that iron 
depletion (an essential cofactor of prolyl hydroxylases (PHDs) blocked MCL cells’ proliferation, 
induced cell cycle arrest and decreased cyclin D1 level. It was postulated that in cancer cells a loss 
of prolyl hydroxylase EGLN2/PHD1 leads to down-regulation of cyclin D1 by blocking the 
degradation of FOXO3A, a cyclin D1 suppressor. We tested whether inactivation of EGLN2/PHD1 
in MCL cells would diminish cyclin D1 levels and whether inhibition of PHDs would impair MCL 
viability; this would have implications for MCL targeted therapy. We then asked whether cyclin 
D1 down-regulation in MCL by iron chelation is due to PHD1 inhibition and FOXO3A 
stabilization. Surprisingly, the CRISPR/Cas9 based loss-of-function of EGLN2/PHD1 in MCL 
cells did not affect cyclin D1 expression. In addition, loss of FOXO3A did not restore cyclin D1 
levels after chelation treatment. These data suggest that expression of cyclin D1 in MCL is not 
controlled by ENGL2/PHD1-FOXO3A pathway and that iron mediated down-regulation of cyclin 
D1 in MCL cells must be driven by another, yet unknown mechanism. Interestingly, MCL cell 
lines treated with prolyl hydroxylase inhibitor (DMOG) showed decreased proliferation and cyclin 
D1 level. Since DMOG is predicted to inhibit broad spectrum of dioxygenases it is likely that other 
2-oxoglutarate-dependent enzymes have ability to regulate aberrantly expressed cyclin D1 in MCL 
cells.   
 
 
Keywords: mantle cell lymphoma, cell cycle, prolyl hydroxylases (EGLN/PHDs), 2-oxoglutarate-
dependent enzymes, iron 
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INTRODUCTION 
 
Mantle cell lymphoma (MCL) is an incurable B-cell lymphoma characterized by a translocation 
that juxtaposes the CCND1 gene (which encodes cyclin D1, CD1) on chromosome 11q13 and an 
immunoglobulin heavy chain gene promoter on chromosome 14q32. MCL represents a small 
portion of malignant lymphomas, but it accounts for a disproportionately large percentage of 
lymphoma-related mortality. Despite a high rate of achieving complete remission (response rates 
20-80%) by many chemotherapy regimens, the disease typically relapses after treatment with a 
median survival time of approximately 3-4 years.1 Novel therapeutic approaches target several 
cellular pathways of MCL (CDK inhibitors, proteasome inhibitors, mTOR inhibitors, NFκB 
inhibitors and others), but so far have shown only modest effects on overall survival.2 We observed 
that MCL-derived cell lines have decreased survival and proliferation compared to non-MCL when 
grown at iron deprived conditions3 and Vazana-Barad et al.4 reported that MCL patients may also 
benefit from iron chelator agents.  
 
Iron is essential for cell proliferation5, and although iron chelators were developed for treatment 
of iron overload diseases, they are also potent DNA synthesis inhibitors in vitro.6 It has been shown 
that in MCL cell lines iron chelator deferasirox downregulates cyclin D1 which in turn leads to 
inhibition of Rb phosphorylation and increase of the E2F/Rb complex levels ultimately leading to 
G1/S arrest.4 Other in vitro data demonstrate that iron chelation inhibits cell proliferation and 
induces apoptosis in breast cancer, renal carcinoma, neuroepithelioma and melanoma cell lines.7 
The mechanism by which iron may affect cancer cells has been suggested by Nurtjaha-
Tjendraputra, et al7 in a study that examined the ability of iron chelators to inhibit cell proliferation 
and induce apoptosis. It was postulated that iron chelation caused proteasomal degradation of 
cyclin D1. Interestingly, the degradation of cyclin D1 was ubiquitin independent in iron deplete 
conditions, while ubiquitination is important for cyclin D1 degradation in iron-repleted cells. The 
known ubiquitin independent protein degradation processes involve antizyme8–10 and NAD(P)H-
quinone oxidoreductase (NQO1).10–12 
 
On the other hand, Zhang et al. showed that the mammalian cyclin D1-dependant proliferation is 
regulated by prolyl hydroxylase 1 (EGLN2/PHD1) in a hypoxia inducible factor (HIF)-
independent manner by the transcriptional mechanism rather than via the proteasomal pathway.13 
Cyclin D1 is not a direct substrate for EGLN2/PHD1, but it was suggested that forkhead box O3A 
(FOXO3A) transcription factor is the link between the regulation of cyclin D1 and prolyl 
hydroxylase PHD1.14 PHD1 can hydroxylate FOXO3A on two specific prolyl residues thereby 
blocking its interaction with the USP9x deubiquitinase and promoting its proteasomal degradation. 
Loss of EGLN2/PHD1 leads to accumulation of FOXO3A and consequently cyclin D1 is 
suppressed by FOXO3A. 
 
The connection between prolyl hydroxylases and cell cycle regulation was first described in 
drosophila; their PHD homologue Hif-1 prolyl hydroxylase (Hph) was shown to be a regulator of 
cellular growth and a key mediator for the drosophila cyclin-dependent protein kinase complex 
cyclin D/cyclin-dependent kinase 4 (CycD/Cdk4).15 Prolyl hydroxylases are the key oxygen 
sensors, there are three paralogues of the EGLN gene family (EGLN1/PHD2, EGLN2/PHD1 and 
EGLN3/PHD3), and are members of iron and 2-oxoglutarate-dependent dioxygenases family. In 
the cell, PHD1 was found to be exclusively present in the nucleus, PHD2 is mainly located in the 
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cytoplasm while PHD3 protein is homogenously distributed throughout the cytoplasm and 
nucleus.16,17 All members of the PHD protein family contribute to regulation of cellular O2 sensing, 
but only EGLN2/PHD1 and EGLN3/PHD3 were demonstrated to have HIF-independent functions, 
such as in DNA-damage control18,19 and NF-κB activity.20,21 The mouse PHD1 homologue Falkor 
was identified as a DNA damage related growth regulator in mouse embryonic fibroblasts.21 It was 
shown that Falkor can also inhibit HIF-2α and that a combined knockout of PHD1 and PHD3, 
leads to erythrocytosis.22,23 In human breast cancer cells, EGLN2 mRNA was shown to accumulate 
in cells stimulated with estrogen and participate in estrogen-independent growth and resistance to 
hormone therapy.24 
 
In the present study we confirmed the effect of cellular iron depletion on MCL cell lines4,7 and 
observed increased sensitivity to chelation treatment of MCL cell lines in comparison to non-MCL 
cell lines which do not have constitutively active cyclin D1. Since the molecular mechanism 
inducing cyclin D1 degradation after iron chelation is not known, we assumed that it could be 
linked with EGLN2/PHD1-FOXO3A pathway. To further unravel role of prolyl hydroxylases in 
cyclin D1 regulation in MCL, we created MCL cell lines harboring the EGLN2 or FOXO3A loss-
of-function (LOF) genes. In addition, the MCL cells were treated with 2-oxoglutarate analog, 
dimethyl-oxalylglycine (DMOG), competitive inhibitor of prolyl hydroxylase domain-containing 
proteins, which has been used already in clinic and could open new avenue for MCL targeted 
therapy. 
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MATERIALS AND METHODS 
 
Cell culture. Human MCL cell lines Jeko-1 and Mino were a kind gift from Dr. Jianguo Tao at the 
H. Lee Moffitt Cancer Center & Research Institute (Tampa, FL). The HBL-2 cell line were a kind 
gift from Dr. Elliot Epner at Oregon Health and Science University. We purchased SUDHL-6 
(CRL-2959™), DG-75 (CRL-2625™) and HEK293 (CRL-1573™) from ATCC (Manassas, VA). 
All cell lines were maintained in RPMI medium 1640 with GlutaMAX (ThermoFisher Scientific), 
supplemented with 10% fetal bovine serum (ThermoFisher Scientific), and treated with 100 U/mL 
penicillin and 100 μg/mL streptomycin (both ThermoFisher Scientific) in a humidified atmosphere 
containing 5% CO2 at 37°C. The treatments of the cells by deferoxamine mesylate salt (250 M, 
DFO, Sigma Aldrich) and dimethyloxalylglycine (1 mM, DMOG, Sigma Aldrich) are indicated in 
the corresponding figures and legends. For hypoxia induction, cells were cultured 24 hours in 
hypoxia chamber (StemCell Technologies) containing certified gases mixture (1% O2, 5% CO2, 
94% N2), which was placed in the standard tissue culture incubator at 37°C. 
 
Proliferation assay. Cell number and viability were determined using CellometerAutoT4 
(Nexcelom Bio-science) based on the trypan blue exclusion method or by CellTitre-Blue reagent 
(Promega) and Perkin-Elmer Envision analyzer. 
 
Cell cycle and apoptosis analysis. Cell cultures were synchronized by serum starvation as 
described elsewhere.7 Briefly, cells were washed with PBS and serum-starved for 24 hours at 37°C. 
Starved cells were stimulated with 10% FBS for 16 hours at 37°C in the presence or absence of 
250 M DFO. Cells were harvested and washed with ice-cold PBS and fixed with 70% ethanol 
and the cell cycle was analyzed using a BD FACSCanto II flow cytometer (BD Biosciences) and 
FlowJoTM software. Apoptosis was evaluated by flow cytometry using an Annexin V-FITC Kit 
apoptosis detection kit (Miltenyi Biotec). Data were acquired by at least 10 000 cells using BD 
FACSCanto II instrument.  
 
Western blot analysis. Cells were harvested to an ice cold RIPA buffer (Sigma-Aldrich) 
supplemented with a cocktail of protease inhibitors. Proteins were resolved on SDS-
polyacrylamide gels and electro-blotted onto PVDF membranes (Millipore) or nitrocellulose 
membranes (Biorad). Membranes were incubated with following rabbit anti-human primary 
antibodies: cyclin D1 (#2922S, Cell Signaling, 1:1000), actin (Sigma-Aldrich, 1:1000), HSP90 
(#4877, Cell Signaling, 1:2000), FOXO3A (#2497, Cell Signaling, 1:1000) and PHD1 (NB100-
310, Novus Biologicals, 1:500); and mouse anti-human primary antibody CtBP (sc-17759, Santa 
Cruz, 1:1000) at 4°C overnight, washed in PBS with 0.05% Tween 20, and incubated for 1 hour 
with goat anti-rabbit or goat anti-mouse horseradish peroxidase (HRP)-conjugated secondary 
antibody (ThermoFisher Scientific). HRP activity was detected with an ECL detection kit (Pierce, 
ThermoFisher Scientific).  
 
RNA isolation and quantitative RT-PCR. RNA was isolated using TRI reagent (Sigma Aldrich) 
and 500 ng of DNA-free RNA was reverse-transcribed using the First Strand cDNA Transcriptor 
Synthesis Kit (Roche) or 1000 ng of DNA-free RNA was reverse-transcribed using the RevertAid 
Reverse Transcriptase (Thermo Fisher Scientific) according to the manufacturer’s manual. Gene 
expression experiments were performed on LightCycler 480 system (Roche) with following 
TaqMan probes: Hs00765553_m1 CCND1, Hs00153380_m1 CCND2, Hs00236949_m1 CCND3, 
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Hs00254392_m1 EGLN1, Hs00363196_m1 EGLN2, Hs00222966_m EGLN3, Hs00900055_m1 
VEGFA, Hs00892681_m1 SLC2A1, Hs00175976_m1 HK1, Hs00818121_m1 FOXO3A and 
reference genes 4333761F RPLP0 and 4333767F GUSB. All experiments were investigated in 
triplicate. The data reported represent the mean of three independent experiments; T bars designate 
SD. For statistical analysis Student’s paired t-test with unequal variance was employed and P 
values <0.05 were considered statistically significant. 
 
Plasmids, virus production and infection. Lentiviral LentiCas9-Blast (Addgene plasmid #52962) 
and LentiGuide-Puro (Addgene plasmid #52963) single guide RNA plasmids were processed 
according to Lentiviral CRISPR ToolBox protocol GeCKO. Briefly, 293T packaging cell line was 
used for LentiCas9 amplification using packaging plasmids pVSVg (Addgene #8454) and psPAX2 
(Addgene #12260). The viruses were collected 24 hours after transfection, precipitated with PEG-
it reagent (System Biosciences) and Mino cells were infected in the presence of 4 g/ml Polybrene 
(hexadimethrine bromide) prior to drug selection (blasticidin 18 g/ml) to produce cell line stably 
expressing Cas9 (Mino LentiCas9). The LentiCRISPR single guide RNA plasmid was digested by 
BsmBI enzyme, purified from agarose gel (Roche, High Pure PCR Product Purification Kit) and 
ligated with phosphorylated and annealed oligo pairs for single guide RNA (target sequence for 
FOXO3A 5’ GTGGGTACGCACCTTCCAGC 3’, for EGLN2/PHD1 5’ 
TGATGCAGCGCCCATCGCCG 3’). Mino LentiCas9 cell line was infected as described above in 
the presence of 4 g/ml Polybrene prior to drug selection (puromycin 1 g/ml). 
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RESULTS  
 
The effect of cellular Fe depletion on human mantle cell and non-mantle cell lymphoma cell 
lines 
In order to confirm that iron chelation inhibits cell growth and promotes apoptosis in MCL derived 
cell lines, human MCL cell lines Jeko-1, Mino and HBL-2 were treated with deferoxamine 
mesylate salt (DFO) using previously reported concentrations.7 A 24- and 48-hour incubation with 
DFO decreased MCL viability (Figure 1A, upper panel) and increased apoptosis (Figure 1A, 
lower panel) of MCL cells. A possible cytotoxic effect due to a high concentration of DFO was 
ruled out by abrogating the effect by concomitant administration of ferric ammonium citrate (FAC) 
as co-incubation of cells with DFO and FAC had reverted the cytotoxic effect of DFO. Post-
incubation with FAC after the pre-incubation with DFO also reversed the effect of iron chelation 
further demonstrating that the deprivation of iron is a cause of growth reduction and this iron effect 
is reversible (FAC added at 24 hours, data not shown). Treatment with FAC alone had no effect 
on cell growth or apoptosis (data not shown).  
We then examined the iron depletion effect on the cell lines which do not have constitutively active 
cyclin D1, SUDHL-6 originating from diffuse large B-cell lymphoma and DG-75 isolated from 
Burkitt’s lymphoma. Their growth after DFO treatment was decreased but not fully inhibited 
(growth rate of MCL vs. non-MCL cell lines at 48 hour time point is significantly different, P < 
0.05) (Figure 1B, left panels) suggesting that the overexpression of cyclin D1 sensitizes MCL 
cell lines to treatment with DFO. The level of apoptosis after DFO treatment was comparable 
between non-MCL and MCL cell lines (Figure 1B, right panel).  
All MCL cell lines had detectable levels of cyclin D1 at baseline; while under the same 
experimental conditions the expression of cyclin D1 in non-MCL cell lines was not detected. In 
MCL cell lines, cyclin D1 protein was no longer detectable on Western blot after 24 hours of 
incubation with DFO and FAC post-incubation fully restored the cyclin D1 protein level (Figure 
1C, left panel).  
In order to determine the iron chelation effect on the cell cycle progression, we synchronized MCL 
and non-MCL cells by serum starvation for 24 hours and then released the cells into the medium 
with 10% FBS or 10% FBS with DFO (protein levels of cyclin D1 are shown on Figure 1C, right 
panel). Cell cycle analysis revealed that MCL cell lines do not abrogate the cell cycle in the G1 
phase under serum-starved conditions, suggesting that overexpression of cyclin D1 promotes cell 
proliferation (Figure 1D). In addition, the overexpression of cyclin D1 makes MCL cell lines more 
susceptible to treatment with DFO (percentage of G1 cells of MCL cell lines is significantly higher 
than in non-MCL cell lines, Figure 1D).  
Despite the report7 suggesting that cyclin D1 mRNA is stable after iron chelation and its expression 
is regulated via the proteasome, DFO treatment of MCL cell lines decreased mRNA level of cyclin 
D1 (Figure 1E, left panel). We also investigated the possible compensatory effect described by 
Klier et al25, where a specific shRNA-mediated knockdown of cyclin D1 mRNA had minimal 
effect on cell survival because of up-regulation of cyclin D2 mRNA and protein expression. After 
treatment with DFO, we did not detect altered levels of either cyclin D2 or cyclin D3 mRNA 
(Figure 1E, middle panel). We further tested whether the DFO effect may be due to inhibition of 
one of the iron-dependent hypoxia-inducible factor hydroxylases. Expression analysis of MCL cell 
lines treated with DFO revealed down-regulation of PHD1 encoded by the EGLN2 gene and up-
regulation of EGLN1/PHD2 (Figure 1E, right panels).  
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Regulation of cyclin D1 in MCL cell lines is not controlled by EGLN2/PHD1 and its 
hydroxylation target FOXO3A 
It has been previously reported that an inability of EGLN2/PHD1 to hydroxylate FOXO3A 
promotes its accumulation in cells, which in turn suppresses cyclin D1 expression by a yet 
unknown mechanism.14 In order to decipher whether iron chelation downregulates cyclin D1 by 
inhibiting EGLN2/PHD1 function and thus prevents FOXO3A proteasomal degradation, we 
created EGLN2/PHD1 and FOXO3A CRISPR/Cas9 based loss-of-function MCL Mino cell lines 
(Figure 2A, 2B). The loss of EGLN2/PHD1 did not lead to the down-regulation of cyclin D1 
expression in MCL cell line (Figure 2A, upper panels). In order to validate our CRISPR/Cas9 
system we created EGLN2/PHD1 LOF in HEK 293 cells and as expected, we observed down-
regulation of cyclin D1 on mRNA level (data not shown) suggesting that transcriptional regulation 
of cyclin D1 in MCL cell lines is not controlled by EGLN2/PHD1. 
We further examined the effect of iron chelation on cyclin D1 regulation in EGLN2/PHD1 and 
FOXO3A LOF cell lines. As expected, level of cyclin D1 was reduced on protein and also mRNA 
level after DFO treatment and restored when Fe source FAC was present in medium, in both edited 
cell lines (Figure 2A, B). As seen in Figure 2B, FOXO3A LOF in MCL line Mino did not prevent 
cyclin D1 down-regulation after DFO treatment (protein level, 2B upper right panel; mRNA 
level, 2B lower panel). These data suggest that FOXO3A is not required for cyclin D1 repression 
in these cells and that cyclin D1 down-regulation in MCL cells after DFO treatment is not directly 
mediated by EGLN2/PHD1 hydroxylase. Interestingly, DFO treatment leads to up-regulation of 
FOXO3A transcript in parental Mino, CRISPR/Cas9 unedited cells. Up-regulation of FOXO3A 
was detected also in other MCL cell lines after DFO treatment (Figure 2C). 
 
Down-regulation of EGLN2 and accumulation of FOXO3A mRNA after DFO treatment in 
MCL cell lines is caused by induced hypoxia 
Since DFO is a known hypoxia-mimetic agent we asked whether the down-regulation of cyclin 
D1 after DFO treatment is caused by induced hypoxia. First, we checked the expression of selected 
known HIF target genes (VEGFA and SLC2A); both were upregulated after DFO treatment in MCL 
cell lines (Figure 3, upper left panel). We then cultured MCL cell lines for 24 hours in hypoxia 
chamber with 1% O2 atmosphere and performed expression analysis. While hypoxia effect was 
confirmed by expression of HIF target genes VEGFA and SLC2A (Figure 3, upper right panel) 
the level of cyclin D1 was not significantly altered (Figure 3, lower left panel). However, the 
detected down-regulation of EGLN2 and accumulation of FOXO3A mRNA (Figure 3, lower 
panels). It has been previously shown that EGLN2 promoter contains binding sites for aryl 
hydrocarbon nuclear translocator (ARNT/HIF-1β)26 which mediates its down-regulation under 
hypoxic conditions and that FOXO3A transcript level, in response to hypoxia, accumulates in 
HIF1-dependent manner, resulting in enhanced FOXO3A activity.27 Our data demonstrate that 
down-regulation of EGLN2 and accumulation of FOXO3A mRNA after DFO treatment is rather 
consequence of induced hypoxia created by Fe depletion, but neither hypoxia nor ENGL2/PHD1-
FOXO3A pathway regulate cyclin D1 expression in MCL cells.  
 
Treatment with prolyl hydroxylases inhibitor DMOG decreases MCL cells viability 
Despite the fact that direct PHD1 hydroxylase inactivation does not seem to influence regulation 
of cyclin D1 in MCL, we asked whether inhibition of 2-oxoglutarate-dependent hydroxylases 
family could have impact on MCL cells viability and cyclin D1 levels. We treated MCL cell lines 
with prolyl hydroxylase inhibitor (DMOG), a synthetic analog of 2-oxoglutarate which 
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catalytically inhibits hydroxylation reaction. We found decrease proliferation rate of MCL cells 
(Figure 4, upper left panel), their decreased cyclin D1 protein and mRNA levels while expression 
of cyclin D1 homologs, cyclin D2 and D3 was unchanged (Figure 4, middle, right panels). 
DMOG, similarly to DFO, mimics hypoxia and controls expression of endogenous HIF target 
genes including down-regulation of the EGLN2 and up-regulation of the FOXO3A mRNA (Figure 
4, lower panels). Since DMOG is predicted to inhibit broad spectrum of dioxygenases including 
hydroxylases it is possible that these enzymes have additional substrates with ability to regulate 
aberrantly expressed cyclin D1 in MCL cells.   
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DISCUSSION 
 
In the present study we recapitulated findings that iron chelation is effective in inhibiting 
proliferation, inducing apoptosis and cell cycle arrest in MCL cell lines and therefore represents a 
potential non-cytotoxic therapeutic strategy for the treatment of MCL. We also showed that 
intrinsic overexpression of cyclin D1 makes MCL cells more susceptible to chelation treatment. 
Future studies will be needed to determine if DFO, or other iron chelators, could be relevant in 
vivo in clinical trials for MCL. We also tested the effect of inhibition of the human 2-oxoglutarate- 
dependent prolyl hydroxylases on MCL cells. Cells treated with DMOG had decreased 
proliferation at 24 hours together with down-regulation of cyclin D1 at mRNA and protein level.  
 
Since the role of iron in regulation of cyclin D1 expression is not completely understood, we 
investigated the molecular mechanism underlying decreased cyclin D1 mRNA and protein levels 
in MCL cell lines after DFO-induced iron deficiency. PHDs are dependent on iron28 to catalyze its 
hydroxylation activity, thus iron chelation decreases their enzyme activity and increases HIFs. 
Nevertheless, EGLN2/PHD1 LOF in Mino cells did not affect cyclin D1 expression and FOXO3A 
LOF did not restore cyclin D1 levels after chelation treatment. Therefore, the cyclin D1 in MCL 
cells escapes this regulation circuit and its down-regulation by iron depletion is mediated by 
another, yet unknown mechanism(s). We hypothesize, that in MCL cells production of cyclin D1, 
which is aberrantly localized in proximity of a nucleolus and influenced by specific transcription 
enhancers (e.g. nucleolin)29 due to t(11;14) translocation, escapes the ENGL2/PHD1-FOXO3A 
regulation. 
 
It is known that iron chelators enhances HIFs-  accumulation30 and thus induce hypoxia response. 
We measured expression of cyclin D1, EGLN2 and known HIF target genes VEGF and SLC2A 
after 24 hours in 1% O2 hypoxia and found out that cyclin D1 level was not altered but EGLN2 
expression was down-regulated suggesting that its down-regulation after DFO treatment is caused 
by hypoxia. FOXO3A is a transcription factor known to be involved in many cellular processes 
such as apoptosis31–33, autophagy34, oxidative stress34 and DNA repair.35 We ruled out the role of 
FOXO3A in cyclin D1 repression due to iron depletion but we observed accumulation of FOXO3A 
after chelation treatment as a result of induced hypoxia. In many MCL, FOXO3A is constitutively 
inactivated and its reactivation by nuclear export inhibitors had profound impact on cell viability.36 
We can only speculate that FOXO3A induction by chelation treatment would be also beneficial for 
MCL therapy.  
 
In conclusion, iron chelation and treatment with hydroxylases inhibitor DMOG or by other 2-
oxoglutarate-dependent dioxygenase inhibitors decrease MCL cell lines proliferation by down-
regulating cyclin D1 mRNA and protein levels. This may be exploited as novel therapeutic avenue. 
Unlike in other cancer cells, the expression of cyclin D1 in MCL is not regulated by EGLN2/PHD1 
nor by FOXO3A and the molecular mechanism controlling cyclin D1 production and degradation 
in MCL remains to be discovered. Our data indicate that in MCL cells cyclin D1 regulation is not 
solely driven by EGLN2/PHD1, by FOXO3A abundance or by decreased oxygen availability but 
by intersection of yet to be identified mechanisms which can be targeted by both, 2-oxoglutarate-
dependent dioxygenase inhibitors and iron chelators.   
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LEGEND TO FIGURE 
 
FIGURE 1 
Figure 1. The effect of cellular Fe depletion on human mantle cell lymphoma cell lines (Jeko-1, Mino 
and HBL-2) and two lymphoma cell lines (SUDHL-6 and DG-75) which do not harbor 
t(11;14)(q13;32) translocation. All data are represented as the mean of three independent experiments; T 
bars designate standard deviations; *P < 0.05. A. (Upper panel) Proliferation rates during DFO (250 M) 
treatment in MCL cell lines. Iron chelator DFO inhibited the growth of all MCL cell lines. Cell number and 
viability were determined using CellometerAutoT4 based on the trypan blue exclusion method. The results 
are demonstrated as percentage of cell growth in comparison to number of cells at time 0. (Lower panel) 
Percentage of total apoptotic cells (divided into early and late fractions) during DFO treatment. All cell 
lines exhibited increase in the percentage of apoptotic cells already after 24 hours after Fe depletion but co-
incubation of DFO treated cells with Fe source FAC (100 g/ml) abolished the effect. For detection of 
apoptotic cells, cell-surface staining was performed with FITC-labeled anti–Annexin V antibody and PI co-
staining. B. (Left panels) Proliferation rates during DFO treatment (250 M) in non-MCL cell lines. Iron 
chelator DFO impaired the growth of non-MCL cell lines but did not inhibit it. Cell number and viability 
were determined using CellometerAutoT4 based on the trypan blue exclusion method. The results are 
demonstrated as percentage of cell growth in comparison to number of cells at time 0. (Right panel) 
Percentage of total apoptotic cells (divided into early and late fractions) during DFO treatment. Both lines 
exhibited increase in the percentage of apoptotic cells after 24-hour treatment. For detection of apoptotic 
cells, cell-surface staining was performed with FITC-labeled anti–Annexin V antibody and PI co-staining. 
C. (Left panel) Treatment with DFO (250 M) depleted cyclin D1 protein level. The level of cyclin D1 
was not detectable in MCL cell line treated with DFO already after 24 hours. Re-incubation of DFO-treated 
cells with FAC (100 g/ml) for 24 hours restores cyclin D1 protein levels. SUDHL-6 and DG-75 cell lines 
have undetectable level of cyclin D1 (data not shown). (Right panel) Cyclin D1 protein level in MCL cell 
lines after serum-starvation (24 h) and after the release into the medium with 10% FBS or 10% FBS with 
DFO (250 M). D. Cellular Fe depletion sensitizing MCL cell lines to G1/S arrest. MCL cell lines do not 
stop cell cycle under serum-starved condition and release with medium containing 10% FBS and DFO (250 

M) sensitizing them to G1/S arrest (comparing to non-MCL cell lines SUDHL-6 and DG-75). Data are 
demonstrated as percentage of cells in G1 phase. Representative cell cycle histograms analysis by FlowJo 
software. E. Expression analysis of selected genes in DFO-treated (250 M) MCL cell lines after 24 hours 
were determined by quantitative PCR. (Left panel) Treatment with DFO significantly decreases mRNA 
expression of cyclin D1. (Middle panel) The mRNA expression of cyclin D1 homologs, cyclin D2 (CD2) 
and cyclin D3 (CD3), is not significantly affected by DFO treatment. (Right panels) Expression of EGLN1 
gene is significantly increased, the expression of EGLN2 is significantly decreased and the expression of 
EGLN3 is not affected by DFO treatment. In all experiments, data are normalized to GUSB and RPLP0 
reference genes. 
 
FIGURE 2 
Figure 2. Regulation of cyclin D1 in MCL cell lines is not controlled by EGLN2/PHD1 and its 
hydroxylation target FOXO3A. All data are represented as the mean of three independent experiments; 
T bars designate standard errors. *P < 0.05. Expression analysis are normalized to GUSB and/or RPLP0 
reference gene. A. Loss of EGLN2/PHD1 does not affect cellular level of cyclin D1. (Upper left panel) 
The decreased expression of EGLN2 after CRISPR-Cas9 mediated loss-of-function in Mino cell line was 
determined by quantitative PCR. The expression of cyclin D1 in these cells did not change. (Upper right 
panel) Parental Mino cell line and EGLN2/PHD1 LOF Mino cell line were treated with DFO (250 M) 
only or in combination with FAC (100 g/ml) for 24 hours and protein levels of cyclin D1, PHD1 and CtBP 
(loading control) were determined by Western blot. (Lower panel) The expression analysis of parental 
Mino cell line and EGLN2/PHD1 LOF Mino cell line after DFO (250 M) and FAC (100 g/ml) treatment 
for 24 hours. B. Loss of FOXO3A does not affect cellular level of EGLN2/PHD1 and cyclin D1. (Upper 
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left panel) The decreased expression of FOXO3A after CRISPR-Cas9 mediated loss-of-function in Mino 
cell line was determined by quantitative PCR. The expression of cyclin D1 and EGLN2 in these cells did 
not change. (Upper right panel) Parental Mino cell line and FOXO3A LOF Mino cell line were treated 
with DFO (250 M) only or in combination with FAC (100 g/ml) for 24 hours and protein levels of 
FOXO3A, cyclin D1, PHD1 and CtBP (loading control) were determined by Western blot. (Lower panel) 
The expression analysis of parental Mino cell line and FOXO3A LOF Mino cell line after DFO (250 M) 
and FAC (100 g/ml) treatment for 24 hours. C. FOXO3A up-regulation after DFO (250 M) treatment. 
Treatment with iron chelator for 24 hours increased expression of FOXO3A gene in MCL cell lines Jeko-
1, Mino and HBL-2. 
 
FIGURE 3 
Figure 3. Hypoxia treatment of MCL cell lines. Expression levels of cyclin D1, EGLNs, selected HIF 
target genes (VEGFA and SLC2A) and FOXO3A were determined by quantitative PCR after incubation in 
hypoxia chamber with 1% O2 for 24 hours. All data are represented as the mean of three independent 
experiments; T bars designate standard errors. *P < 0.05. Expression analyses are normalized to GUSB 
and/or RPLP0 reference gene. (Upper panels) The mRNA expression of HIF target genes (VEGFA and 
SLC2A) are significantly upregulated after DFO and hypoxia treatment. (Lower panels) The level of cyclin 
D1 was not significantly altered by hypoxia treatment, but we detected down-regulation of EGLN2 and 
accumulation of FOXO3A mRNA.  
 
FIGURE 4 
Figure 4. The effect of PHD inhibitor DMOG (1 mM) on MCL cell lines. (Upper left panel) 
Proliferation rates during DMOG treatment. Inhibition of PHDs has significant effect on growth of Mino 
cell line compared to a non-treated control and a control treated with vehicle DMSO (0.2 %, data not 
shown). Cell number and viability were determined using CellometerAutoT4 based on the trypan blue 
exclusion method. The results are demonstrated as percentage of cell growth in comparison to the number 
of cells at time 0. (Upper middle, right panels) Treatment with DMOG decreases cellular cyclin D1 level 
in MCL cell lines. The expression of cyclin D1 was reduced in MCL cell lines after incubation with DMOG 
for 24 hours on protein and also mRNA level. The mRNA expression of cyclin D1 homologs, cyclin D2 
(CD2) and cyclin D3 (CD3), is not significantly affected by DMOG treatment. (Lower panel) Expression 
levels of EGLNs, selected HIF target genes (VEGF and, SLC2A) and FOXO3A were determined by 
quantitative PCR after incubation with DMOG for 24 hours. 
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