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Primary myelofibrosis (PMF) is a Myeloproliferative Neoplasm (MPN) characterized by megakaryocyte hyperplasia, progressive bone

marrow fibrosis, extramedullary hematopoiesis and transformation to Acute Myeloid Leukemia (AML). A number of phenotypic

driver (JAK2, CALR, MPL) and additional subclonal mutations have been described in PMF, pointing to a complex genomic land-

scape. To discover novel genomic lesions that can contribute to disease phenotype and/or development, gene expression and

copy number signals were integrated and several genomic abnormalities leading to a concordant alteration in gene expression lev-

els were identified. In particular, copy number gain in the polyamine oxidase (PAOX) gene locus was accompanied by a coordinated

transcriptional up-regulation in PMF patients. PAOX inhibition resulted in rapid cell death of PMF progenitor cells, while sparing

normal cells, suggesting that PAOX inhibition could represent a therapeutic strategy to selectively target PMF cells without affect-

ing normal hematopoietic cells’ survival. Moreover, copy number loss in the chromatin modifier HMGXB4 gene correlates with a

concomitant transcriptional down-regulation in PMF patients. Interestingly, silencing of HMGXB4 induces megakaryocyte differentia-

tion, while inhibiting erythroid development, in human hematopoietic stem/progenitor cells. These results highlight a previously

un-reported, yet potentially interesting role of HMGXB4 in the hematopoietic system and suggest that genomic and transcriptional

imbalances of HMGXB4 could contribute to the aberrant expansion of the megakaryocytic lineage that characterizes PMF patients.

Myeloproliferative neoplasms (MPNs), that include Polycyte-
mia Vera (PV), Essential Thrombocythemia (ET) and Pri-
mary Myelofibrosis (PMF) are clonal hematopoietic stem cell
disorders characterized by increased proliferation of termi-
nally differentiated myeloid cells. In 2005, the JAK2V617F
mutation was found to be present in almost all patients with

PV, and in 60% of those with ET and PMF.1 In addition,
somatic mutations of JAK2 exon 12 are found in approxi-
mately 50% of JAK2V617F negative PV and activating muta-
tions of the thrombopoietin receptor gene MPL are present
in 5–10% of JAK2 negative ET or PMF.2 Other mutations in
several epigenetic modifiers, such as ASXL1, DNMT3a,
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TET2, EZH2, IDH1 and IDH2,3 as well as in genes involved
in mRNA splicing, such as SF3B1 and U2AF2,4 have also
been reported in recent years in patients with BCR–ABL1-
negative MPNs. In 2013, two independent groups reported
the discovery of mutations in the calreticulin gene (CALR) in
60–80% of JAK2 and MPL unmutated ET and PMF
patients.5,6 Mutations leading to dysregulation of JAK-STAT
pathway are a common feature of MPNs, however, whether
predating genetic abnormality/ies that are responsible for the
onset of the MPN disease do occur, is still largely debated.

In the last few years, Single Nucleotide Polymorphisms
(SNPs) arrays have been proven to be a sensitive technology
capable of achieving high resolution genome-wide DNA copy
number analysis and detection of segmental region of homo-
zygosity (Copy Number Neutral Loss of Heterozygosity
[CNN-LOH]). In particular, SNP arrays have been shown to
increase the detection rate of chromosomal abnormalities
compared with karyotyping and to identify clinically signifi-
cant copy number aberrations in genomic regions that have
not been targeted by routine karyotyping or FISH probes.7–9

In this study, we performed SNP and gene expression profil-
ing on a set of 31 PMF samples. Taking advantage of the high
sensitivity of Cytoscan HD arrays, we detected several novel
recurrent chromosomal abnormalities in our sample set. To
select those chromosomal aberrations that have higher chances
to effectively impact on disease development and/or phenotype,
we integrated copy number (CN) data with gene expression
(GE) profiles.10,11 This integrative approach allows detecting
genomic regions with coordinated CN alterations and changes
in transcriptional levels, thereby identifying genomic aberrations
that have a direct impact on gene expression level and, there-
fore, are more likely to play a functional role.12 By integrative
analysis, we discovered that PMF samples are characterized by
genomic and transcriptional alterations in the polyamine oxi-
dase PAOX and in the chromatin modifier HMGXB4. Both loci
resulted of particular interest since the inhibition of PAOX
induced a rapid cell death in PMF progenitor cells, while silenc-
ing of HMGXB4 produced the expansion of the megakaryocytic
lineage, a feature commonly observed in PMF patients.

Material and Methods
Patients and samples

Thirty-one patients with a diagnosis of PMF in a typical
fibrotic stage of the disease according to the World Health
Organization (WHO)13 were included in the study. Their

characteristics are reported in Table S1, Supporting Informa-
tion. PMF CD341 cells were purified from peripheral blood
(PB). In addition, 16 PB samples and 15 bone marrow (BM)
samples were collected from normal donors.

Ethics committee approval. All subjects provided informed
written consent, and the study was performed under the local
Institutional Review Board’s approved protocol (Florence:
approval date: April 22, 2011, approval file number # 2011/
0014777; Pavia: approval date: February 24, 2011, file number
#174). The study was conducted in accordance with the Dec-
laration of Helsinki.

Cell isolation

CD341 cells were purified from 30 to 50 mL of PB collected
from PMF patients, from 150 mL of PB from G-CSF
untreated healthy donors, or from 5 mL of BM aspirates, all
obtained in preservative-free heparin. Mononuclear cells were
separated over a Ficoll–Paque gradient (Lympholyte; Ceder-
lane Labs) and processed through two sequential steps of
immunomagnetic CD341 selection (Miltenyi Biotec; Bergisch
Gladbach, Germany). Purity of the isolated CD341 cell pop-
ulation was evaluated by flow cytometry after labeling with
PE-HPCA2 anti-CD34 monoclonal antibody (BD Bioscien-
ces) and was always greater than 95%. CD341 cells (3 3

105) were immediately lysed in Qiazol (Qiagen; Valencia,
CA). Granulocytes were isolated from the pellet of the Ficoll–
Paque gradient after Ammonium Chloride lysis of red blood
cells, by means of immunomagnetic CD161 selection (Milte-
nyi Biotec; Bergisch Gladbach, Germany).14

Umbilical cord blood (CB) samples from normal donors
were collected after normal deliveries, according to the insti-
tutional guidelines for discarded material. CD341 CB cells
were purified as previously described.15

RNA extraction and gene expression profiling (GEP). GEP
was performed on RNA isolated from CD341 cells of 31
PMF patients and 31 healthy donors (n5 15 BM, n5 16 PB)
as described in Norfo et al.16 Samples were hybridized on
Affymetrix HG-U219 microarrays. Microarray data were sub-
mitted to the Gene Expression Omnibus repository (GEO;
http://www.ncbi.nlm.nih.gov/geo) and can be downloaded as
GSE41812 and GSE53482 series.

SNP array analysis. DNA was extracted from granulocytes
obtained from the same 31 PMF patients analyzed for GEP.
Briefly, DNA was extracted by means of DNeasy Blood &

What’s new?

Primary myelofibrosis (PMF) is a proliferative hematopoietic stem cell disorder associated in some cases with mutations in

the JAK-STAT signal transduction pathway. Here the authors performed a detailed genetic analysis of blood and bone marrow

samples and identified the gain of function of the polyamine oxidase PAOX and the loss of function of the chromatin modifier

HMGXB4 as novel genomic abnormalities in PMF. This brings new insight into the mechanism of PMF development as in vitro

manipulations of the two factors affected resistance to apoptosis and hyperplastic megakaryopoiesis, both features of PMF.
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Tissue Kit (Qiagen) following the manufacturer’s recommen-
dations. NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies; Wilmington, DE) was used to evaluate the
DNA sample concentration, while 260/280 nm and 260/
230 nm ratios were used to assess DNA purity. DNA (250
ng) was then digested, amplified, purified, fragmented and
labeled following Affymetrix’s protocols. Labeled DNA was
hybridized on Affymetrix Cytoscan HD Arrays. Scanning was
performed using the GeneChip system 3000 7G according to
the manufacturer’s instructions (Affymetrix). Data were sub-
mitted to the Gene Expression Omnibus repository (GEO;
http://www.ncbi.nlm.nih.gov/geo) and can be downloaded as
GSE 69161 series.

Integrated analysis of GEP and copy number variation

(CNV) data

The integrative analysis of gene expression and copy number
data was performed using PREDA (Position RElated Data
Analysis), an R Bioconductor package to detect regional var-
iations in genomic features from high-throughput data.11

PREDA is particularly suited for the identification of chromo-
somal regions with coordinated copy number and transcrip-
tional imbalances.10 The computational framework integrates
copy number and gene expression profiles at genome-wide
level, by statistically assessing the gene dosage and transcrip-
tion status on common genomic positions. Specifically, CN
data are transformed into a score, which quantifies, for each
SNP in any sample, the amplitude of the CN variation from
the diploid status estimated using HapMap (http://hapmap.
ncbi.nlm.nih.gov/index.html.en) data as a reference. Similarly,
a GE score is defined as the differential expression in two
populations of any microarray probe set. CN and GE scores
are then estimated at the same gene positions using a kernel
regression estimator with an automatically adapted local
plug-in bandwidth. Finally, a permutation scheme is used to
identify genes with statistically significant CN/GE imbalances
under the assumption that each chromosomal position has a
unique CN/GE characteristic and that the corresponding
score is not comparable with any score in other positions of
the genome. The copy number (or gene expression) status of
a gene is defined as loss (down-regulation) or gain (up-regu-
lation) when the false discovery rate (expressed by the
q-value) is below a given threshold and the CN score (GE
score) is smaller than a low score threshold or larger than a
high score threshold, respectively.

For CN calculation, Signal Log to Ratio were quantified
by ChAS software using HapMap data (http://hapmap.ncbi.
nlm.nih.gov/index.html.en) as a reference, while gene expres-
sion levels were estimated using RMA algorithm directly
from raw microarray data. Both data were used as input to
PREDA to identify regions concomitantly harboring CN loss
and down-regulated genes or CN gain and up-regulated
genes (deleted and amplified regions, respectively). To further
validate the presence of areas of deletion and amplification,
we intersected the list of deleted and amplified genes with

the list of differentially expressed genes obtained comparing
the expression levels of 31 PMF patients with 31 healthy
donors using SAM17 (Significant Analysis of Microarray)
algorithm.

Quantitative reverse transcription polymerase chain

reaction (qRT-PCR)

Total RNA (100 ng) was reverse-transcribed to cDNA using
a High Capacity cDNA Archive Kit (Life technologies; Carls-
bad, CA). TaqMan PCR was carried out using the 23 Taq-
Man OpenArrayReal-Time PCR master mix and TaqMan
gene expression assays (all reagents from Life Technologies),
by means of the QuantStudio 12K Flex Real-Time PCR Sys-
tem (Life Technologies). Assays were performed in triplicate.
Gene expression profiling was achieved using the compara-
tive cycle threshold (CT) method of relative quantitation
using glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as the housekeeping gene. Data analysis was performed by
means of Expression Suite Software (Life Technologies). To
normalize data, DDCTs were calculated for each sample using
the median DCTs measured among the entire population of
subjects (PMF patients and healthy donors) for calibration.
Thus, the relative quantity (RQ) value (52^-DDCT) repre-
sents the mRNA expression for each sample relative to the
median expression of that mRNA in all subjects.

Electroporation of CD341 cells

Human CD341 cells were transfected by using the 4D-
NucleofectorTM System (Lonza) as previously reported.18

Briefly, each sample was electroporated three times once
every 24 hrs (h) with a mix of three Silencer Select small
interfering RNAs (siRNAs) targeting the mRNAs of interest
(Table S3, Supporting Information) (Life Technologies), start-
ing from the day after CD341 cell purification. For each
electroporation, 4 3 105 CD341 cells were resuspended in
100 mL of P3 Primary Cell Solution (Lonza), containing 3 mg
of siRNA mix, and pulsed with the program DS112. To
exclude non-specific effects caused by interfering RNA
(RNAi) nucleofection, a sample transfected with a non-
targeting siRNA (NegCTR; Silencer Select Negative Control
#2 siRNA; Life Technologies) was included. Cells were ana-
lyzed 24 h and 48 h after the last nucleofection for both cell
viability and target mRNAs’ expression.

CD341 cell-culture conditions

After immunomagnetic separation, CD341 cells were seeded
in 24-well plates at 5 3 105/mL in serum-free medium SYN-
H (ABCell-Bio, Paris, France), supplemented with stem cell
factor (SCF; 50 ng/mL), Fms-like tyrosine kinase 3 ligand
(Flt3L; 50 ng/mL), thrombopoietin (THPO; 20 ng/mL),
interleukin-6 (IL-6; 10 ng/mL) and interleukin-3 (IL-3; 10
ng/mL; all from Miltenyi). After each transfection, cells were
transferred into pre-warmed fresh medium in 24-well plates
and maintained in the same culture conditions as described
above.
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For liquid culture differentiation assays, 24 h after the last
nucleofection (hereafter reported as post-nucleofection)
CD341 cells were plated (5 3 105/mL) in: (a) multi-lineage
differentiation medium: IMDM added with 20% BIT serum
substitute (bovine serum albumin, insulin and transferrin;
StemCell Technologies), supplemented with SCF (50 ng/mL),
Flt3L (50 ng/mL), THPO (20 ng/mL), IL-6 (10 ng/mL) and
IL-3 (10 ng/mL);16 (b) Mk-differentiation medium: serum-
free medium SYN-H (ABCell-Bio, Paris, France) supple-
mented with SCF (5 ng/mL), THPO (50 ng/mL), IL11 (40
ng/mL), IL3 (2 ng/mL) and IL6 (1 ng/mL);19 (c) erythroid
differentiation medium: IMDM added with 20% BIT serum
substitute (StemCell Technologies) supplemented with eryth-
ropoietin (EPO; 0.4 U/mL; R&D Systems) and SCF (50 ng/
mL; Miltenyi);18 (all cytokines from Miltenyi Biotec). The
medium was replaced every 3 days.

PAOX inhibition in MNCs and CD341 cells

MNCs and CD341 cells were obtained from PMF patients
and CB samples as described above. CD341 cells were
seeded at 5 3 105/mL in IMDM supplemented with 20%
BIT serum substitute (bovine serum albumin, insulin and
transferrin; StemCell Technologies), SCF (50 ng/mL), Flt3L
(50 ng/mL), THPO (20 ng/mL), IL-6 (10 ng/mL) and IL-3
(10 ng/mL). MNCs were seeded at 1 3 106/mL in IMDM
supplemented with 20% FBS (Sigma-Aldrich). Cells were
treated for either 12 h or 24 h with increasing doses (75 lM,
150 lM and 300 lM) of PAOX inhibitor (MDL72,527,
Sigma-Aldrich). Apoptosis was evaluated by Annexin V assay
(Annexin V-FITC Kit, Trevigen Inc.) following manufacturer
protocol. Briefly, 5 3 105 cells were washed with cold PBS
and incubated in 100 lL Annexin V Incubation Reagent for
15 min at room temperature in the dark. After staining, cells
were analyzed by using a BD FACSCanto II (BD Biosciences;
San Jose, CA). At least 10,000 events were counted for each
sample to ensure statistical relevance. Early apoptotic cells
are Annexin V bright and Propidium Iodide (PI) low, late
apoptotic cells or necrotic cells are Annexin V and PI bright,
necrotic cells are PI bright only.20,21

Methylcellulose and collagen clonogenic assays

The methylcellulose assay was carried out by plating CD341

cells in MethoCultTM GF H4434 (StemCell Technologies
Inc.; Vancouver), as previously described.22 MK colony form-
ing units (CFU-MK) were assayed in collagen-based medium,
using a commercial MK assay detection kit (MegaCult-C;
StemCell Technologies Inc.) as previously reported.16 CFU-
MKs were scored according to the manufacturer’s protocol as
small (3–21 cells, deriving from more mature megakaryocyte
progenitors), medium (21–49 cells) and large (>50 cells, aris-
ing from more primitive MK progenitors) colonies based on
their size, which reflects the maturation stage of the progeni-
tor giving rise to each colony.

Morphological and immunophenotypic analysis

Differentiation of CD341 cells was monitored by morpho-
logical analysis of May–Grunwald–Giemsa (MCG)-stained
cytospins and by flow cytometric analysis of differentiaton
markers’ expression (Glycophorin A [GPA], CD41, CD42b)
at Day 9, 12 and 14 after the last nucleofection. Images were
captured by using Ax10scopeA1 microscope equipped with
AxioCam ERc 5S Digital Camera and Axion software 4.8 (all
Carl Zeiss MicroImaging Inc.; Thornwood, NY). The images
were then processed with Adobe Photoshop 7.0 software. The
following monoclonal antibodies (MoAbs) were used for flow
cytometric analysis: FITC-conjugated mouse anti-human
CD41 MoAb, PE-conjugated mouse anti-human CD42b
MoAb and PE-conjugated mouse anti-human GPA MoAb
(all from Dako; Milano, Italia; http://www.dako.com). After
staining, cells were analyzed by using a BD FACSCanto II
(BD Biosciences; San Jose, CA). At least 10,000 events were
counted for each sample to ensure statistical relevance.

Statistical analysis

The statistics used for data analysis were based on two-tailed
Student’s t-tests for averages comparison in paired samples.
Data were analyzed with Microsoft Excel (Microsoft Office,
2008 release) and are reported as mean6 standard error of
the mean (SEM). A p values less than 0.05 was considered
significant.

Results
Array based molecular cytogenetics analysis identifies new

recurrent CN alterations in PMF patients

Chromosomal alterations were investigated in 31 PMF samples
using Cytoscan HD arrays. Specifically, CN status for each
probe set was quantified by comparison with HapMap data
(http://hapmap.ncbi.nlm.nih.gov/index.html.en) using the ChAS
software. These data were used as input to PREDA, an R bio-
conductor package suitable to detect regional variations in
genomic features from high-throughput data.11 PREDA identi-
fies relevant chromosomal patterns in high-throughput data
using a smoothing approach that accounts for distance and
density variability of genomics features. CN data were trans-
formed into a score, which quantifies for each SNP in any
sample, the amplitude of the CN variation from the diploid
status: the result of this type of analysis is a distribution of sta-
tistical scores, each associated to a specific genomic region
(window), gain and loss regions were identified as q-value less
than 0.01. Genome-wide copy number analysis revealed various
numbers of genetic lesions. Figure 1A shows a representation
of gain and loss regions across autosomes detected in the sam-
ple set. The complete list of chromosomal gains and losses is
reported in Table S2, Supporting Information.

The high resolution potential of Cytoscan HD arrays
allowed identifying chromosomal aberrations already known
to be associated with PMF, such as gains at 1p36 and
17q25,23 18, 5q-, 11q-, 13q-, 15q-,24,25 together with gains
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and losses affecting small genomic regions previously not
described in the context of PMF, such as gains at 2p25, 4p16,
10q26, 22q13 and losses at 3q13, 4q13, 6p22, 12q24, 19p12
and 22q12 (Table S2, Supporting Information).

Integrated analysis of gene expression and copy number

data identifies novel PMF-associated disease genes

To investigate the potential of these gains and losses to alter
molecular mechanisms underlying PMF pathogenesis, we
applied an integrated analysis of copy number and gene
expression profiles. Copy number and transcriptional data
were analyzed using PREDA, a bioinformatics procedure that
allows the integration of copy number, obtained from SNP
mapping arrays, with transcriptional signals from expression
arrays.10,11 The integration of genomic and transcriptomic
data from the same samples resulted in 11 regions with con-
comitant chromosomal gain (q-value� 0.01) and increased
mRNA level (in PMF samples as compared with controls; q-
value� 0.5) and 27 regions with concomitant copy number
loss (q-value� 0.01) and transcriptional down-regulation (q-
value� 0.5) (Table 1). Interestingly, the amplified regions
comprise genes such as PXDN, protein involved in extracellu-
lar matrix remodeling,26 and PAOX, a polyamine oxidase
that plays an important role in the regulation of polyamine
intracellular concentration and has the potential to act as a
determinant of cellular sensitivity to the antitumor polyamine
analogs (Figs. 2A and 2B). On the other hand, in the deleted
signature (Figs. 2C and 2D), we found several genes coding
for zinc finger proteins such as ZNF92, ZNF107 and ZNF430,
not previously reported as being affected in the context of
PMF. Moreover, HMGXB4 and ZNF431, negative regulators
of WNT and Hedgehog (Hh) pathways, respectively,27,28

were also found in the deleted signature. Finally, worth of
notice is YTHDC1,29 a splicing factor whose loss has been
recently associated with poor overall and disease-specific sur-
vival in endometrial cancer.30 Mutations of the spliceosome
machinery have been recently described in MPNs as well as
in myelodysplastic syndromes,31 but the loss of YTHDC1
locus in PMF patients is first reported in this study. mRNA
expression levels of genes included in the amplified and
deleted genomic regions reported in Figures 2B and 2D were
validated by Real-Time PCR. Overall, more than 90% of the
mRNAs showed the same expression pattern described by
microarray analysis. In particular, eight out of nine tran-
scripts identified as differentially expressed based on array
results, were confirmed by Real-Time PCR as significantly
modulated in PMF CD341 cells versus normal donors (Figs.
2E and 2F).

PAOX inhibition induces cell death in PMF cells

The integrative analysis evidenced the concordant increase in
copy number and gene expression of the polyamine oxidase
PAOX in PMF samples. Previous reports showed that PAOX
inhibition could lead to apoptosis in IL3-dependent 32D cells,
without affecting mouse spleen hematopoietic precursor cells’

Figure 1. Karyogram view of chromosomal gain and loss regions. (A)

Ideogram representing regions of chromosomal gain (red) and loss

(blue). (B) Ideogram representing differentially expressed genomic

regions (up-regulated gene expression: red, and down-regulated gene

expression: blue) (C) Overlap of copy number and gene expression sig-

natures: amplified signature (red; genomic regions with concordant

gain in copy number and increased mRNA level compared with con-

trols) and deleted signature (blue; genomic regions with concordant

loss in copy number and decreased mRNA level compared with

controls).
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survival.32 To assess the impact of PAOX deregulation on the
survival of PMF and normal primary hematopoietic cells,
PMF and normal donors cells were incubated with increasing
doses of the PAOX inhibitor MDL-72,572. MDL-72,572
induced rapid cell death of PMF CD341cells (5.76 0.9% of
late apoptotic cells in NT sample vs. 20.16 3.2% of late apo-
ptotic cells in 150 lM treated-sample), as monitored by
Annexin V/PI staining (Figs. 3AD). Rates of cell death were
dose dependent. By contrast, survival of normal CD341 cells
was not affected by MDL-72,572 treatment (0.976 0.09 of
late apoptotic cells in NT sample vs. 2.76 0.4 of late apopto-

tic cells in 150 lM treated-sample) (Figs. 3EH). Similar data
were obtained on MNCs isolated from PMF patients and
normal donors (Fig. 1, Supporting Information).

These results suggest that the copy number gain at 10q26,
leading to PAOX up-regulation, could promote myeloid cells
resistance to apoptosis in the context of PMF.

HMGXB4 silencing favors megakaryocyte differentiation

potential of HSPCs

Among the genes comprised in deleted regions, HMGXB4,
ZNF431, ZNF92, ZNF107 and YTHDC1 are of particular

Figure 2. Expression levels of genes comprised in amplified and deleted regions. (A) Average signature expression of genes in amplified

regions 2p and 10q as calculated from microarray profiling in control (white bars) and PMF (black bars) cells. Average signature expression

has been calculated as the standardized average expression of all genes in a region in each sample subgroup (e.g., controls; PMFs). Data

are shown as mean 6 SEM. (B) Fold change of genes within amplified regions 2p and 10q in the comparison of PMF versus control sam-

ples. Genes up-regulated more than 1.5 folds are highlighted in red. (C) Same as in (A) for genes in deleted regions 4q, 7q, 19p and 22q.

(D) Same as in (B) for genes in deleted regions 4q, 7q, 19p and 22q. Genes down-regulated more than 1.5 folds are highlighted in green.

(E, F) Real-Time PCR results showing significantly modulated genes in CD341 cells from PMF patients (gray bars) versus normal donors

(white bars). Relative mRNA expression was measured using qRT-PCR and the comparative CT method of relative quantitation using GAPDH

as the housekeeping gene. Data are presented as Relative Quantity (RQ) 6 SEM. The relative quantity (RQ) value (52^-DDCT) represents

the mRNA expression for each sample relative to the median expression of that mRNA in all subjects, *p�0.05, **p�0.01, ***p�0.001.

Abbreviations: PMF, primary myelofibrosis; CTR, control.
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Table 1. Summary of amplified and deleted regions in PMF samples

Chr Start End Gene symbol Entrez Gene ID

Amplified regions

2 42702 7120915 FAM110C; SH3YL1; ACP1; FAM150B;
TMEM18; SNTG2; TPO; PXDN; MYT1L;
TSSC1; TTC15; ADI1; RNASEH1; COLEC11;
ALLC; SOX11; CMPK2; RSAD2; RNF144A

642273; 26751; 52; 285016; 129787;
54221; 7173; 7837; 23040; 7260; 51112;
55256; 246243; 78989; 55821; 6664;
129607; 91543; 9781

7 41735654 41735654 INHBA 3624

8 1839477 3822602 ARHGEF10; KBTBD11; MYOM2; CSMD1 9639; 9920; 9172; 64478

8 15509861 15509861 TUSC3 7991

10 134170312 134170312 LRRC27; PWWP2B; C10orf91; INPP5A; NKX6-
2; C10orf93; GPR123; KNDC1; UTF1; VENTX;
ADAM8; TUBGCP2; ZNF511; CALY; PRAP1;
C10orf125; ECHS1; PAOX; MTG1; SPRN;
CYP2E1; SYCE1; SPRNP1

80313; 170394; 170393; 3632; 84504;
255352; 84435; 85442; 8433; 27287;
101; 10844; 118472; 50632; 118471;
282969; 1892; 196743; 92170; 503542;
1571; 93426; 399833

10 46963022 46997056 SYT15; GPRIN2 83849; 9721

18 6875097 7231589 ARHGAP28; LAMA1; LRRC30 79822; 284217; 339291

22 28170876 28281456 MN1; PITPNB 4330; 23760

22 33181459 33227914 SYN3; TIMP3 8224; 7078

22 49016515 49016515 FAM19A5 25817

22 51142355 51214003 SHANK3; RABL2B 85358; 11158

Deleted regions

2 86694054 87065754 KDM3A; RNF103; RMND5A; CD8A; CD8B 55818; 7844; 64795; 925; 926

4 68957251 69469753 TMPRSS11F; TMPRSS11BNL; TMPRSS11B;
YTHDC1; TMPRSS11E; UGT2B17; UGT2B15

389208; 401136; 132724; 91746; 28983;
7367; 7366

6 70749302 70749302 COL19A1 1310

7 64148955 66241044 ZNF107; ZNF138; ZNF273; ZNF117; ZNF92;
VKORC1L1; GUSB; ASL; CRCP; TPST1;
KCTD7; RABGEF1

51427; 7697; 10793; 51351; 168374;
154807; 2990; 435; 27297; 8460;
154881; 27342

11 51411913 51515745 OR4A5; OR4C46 81318; 119749

11 55111169 55111169 OR4A16 81327

11 55322338 55606720 OR4C15; OR4C16; OR4C11; OR4P4; OR4S2;
OR4C6; OR5D13; OR5D14; OR5L1; OR5D18;
OR5L2; OR5D16

81309; 219428; 219429; 81300; 219431;
219432; 390142; 219436; 219437;
219438; 26338; 390144

11 55735487 56020186 OR10AG1; OR5F1; OR5AS1; OR8I2; OR8H3;
OR8J3; OR8K5; OR5J2; OR5T2; OR5T3

282770; 338674; 219447; 120586;
390152; 81168; 219453; 282775;
219464; 390154

11 56380504 56510796 OR5M1; OR5AP2; OR5AR1; OR9G1; OR9G4 390168; 338675; 219493; 390174;
283189

11 59271516 59627161 OR4D11; OR4D9; OSBP; PATL1; OR10V1;
STX3; MRPL16; GIF; TCN1

219986; 390199; 5007; 219988; 390201;
6809; 54948; 2694; 6947

11 59944877 59944877 MS4A6A 64231

13 77457422 78509640 KCTD12; CLN5; FBXL3; MYCBP2; SCEL;
SLAIN1; EDNRB

115207; 1203; 26224; 23077; 8796;
122060; 1910

14 39536780 39884291 SEC23A; GEMIN2; TRAPPC6B; PNN; MIA2;
CTAGE5; FBXO33

10484; 8487; 122553; 5411; 117153;
4253; 254170

14 103805926 103910932 EIF5; MARK3 1983; 4140

15 100270620 100338746 LYSMD4; DNM1P46 145748; 196968

17 61681977 61874121 TACO1; MAP3K3; LIMD2; STRADA; CCDC47;
DDX42

51204; 4215; 80774; 92335; 57003;
11325

17 61973130 62033096 CSH1; CSHL1; GH1; CD79B; SCN4A 1442; 1444; 2688; 974; 6329

17 62400534 62599560 PECAM1; MILR1; POLG2; DDX5; CEP95;
SMURF2

5175; 284021; 11232; 1655; 90799;
64750
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interest. Previous evidences showed that HMGXB4 mRNA is
preferentially expressed during megakaryocyte (Mk) differen-
tiation,33 whereas ZNF431, ZNF92, ZNF107 and YTHDC1
mRNAs are steadily expressed throughout the hematopoietic
development (data not shown). To assess whether the down-
regulation of these selected genes, observed in PMF samples,
could play a role in the development of myeloproliferative
diseases, we performed RNAi-mediated gene silencing experi-
ments. CD341 cells were transfected with a mixture of three
Silencer Select siRNAs targeting respectively ZNF431, ZNF92,
ZNF107 or YTHDC1 mRNAs (Table S3, Supporting Informa-
tion) and with a non-targeting siRNA as a negative control
(NegCTR). The expression level of target mRNAs in control
samples and siRNA-treated cells was assessed by qRT-PCR at
24 h after the last nucleofection. Even though significant
down-regulation of target mRNAs was achieved via RNAi-
mediated gene silencing, no evident effect was observed on
either CD341 cell proliferation, survival or differentiation
toward any of the hematopoietic lineages (data not shown).
On the other hand, flow cytometric analysis of CD41 and
CD42b Mk markers performed on serum-free Mk uni-lineage
culture at Day 9, 12 and 14 showed that HMGXB4 silencing
(Fig. 4D) induces a significant increase in the Mk fraction
compared with the NegCTR sample (Fig. 4). In particular,
flow cytometry data highlighted an increase of the immature
megakaryocyte population (CD411 CD42b2 cells) in
HMGXB4-siRNA compared with NegCTR cells (Figs. 4A and
4B).

Next, we examined the effect of HMGXB4 silencing on
Mk commitment by plating NegCTR and HMGXB4-siRNA
CD341 cells in a collagen-based serum-free semisolid culture
medium that supports Mk progenitors’ growth in vitro.
Results evidenced that HMGXB4 silencing induces a remark-
able increase in colony-forming unit-megakaryocytes (CFU-
Mk) and a strong decrease of non-megakaryocyte colonies
(CFU non-Mk) compared with the NegCTR sample (Fig.
4C). More in detail, the CFU-Mks scoring showed remark-

able differences in small CFU-MKs between HMGXB4-siRNA
and NegCTR samples, demonstrating that HMGXB4 silencing
affects mainly early steps of megakaryocyte differentiation
(Fig. 4C). Consistently with these observations, morphological
evaluation of MGG-stained cytospins at Day 12 and 14 after
the last nucleofection clearly displayed a considerable enrich-
ment in Mk precursors at different stages of maturation in
HMGXB4-siRNA cells compared with NegCTR (Fig. 4E).

When performed in erythroid uni-lineage culture,
HMGXB4 silencing repressed the erythroid differentiation, as
indicated by a decrease in the percentage of cells positive for
the erythroid marker GPA (10.8%6 5.6 in HMGXB4-siRNA
vs. 24.8%6 5 in NegCTR, p< 0.05) (Fig. 5A) and by the
reduction of immature erythroblasts, such as proerythroblasts
and basophilic erythroblasts, in HMGXB4-siRNA compared
with NegCTR, particularly at Day 9 of culture (Fig. 5C). In
agreement with liquid culture data, methylcellulose-based
clonogenic assay showed a significant decrease in Burst
Forming Unit-Erythroid (BFU-E) and Colony-Forming Unit-
Erythroid (CFU-E) in HMGXB4-siRNA compared with
NegCTR sample (Fig. 5B).

Finally, we did not notice significant modulations in gran-
ulocytic and mono-macrophage lineage differentiation
between HMGXB4-siRNA CD341 cells and the NegCTR
sample (data not shown).

Taken together, these data suggest that HMGXB4 silenc-
ing in human Hematopoietic Stem/Progenitor Cells (HSPCs)
favors megakaryocyte differentiation while restraining the
erythroid lineage.

Discussion
In the last decade several genomic abnormalities have been
reported in PMF patients depicting a complex genomic land-
scape.1–3,5,6 Although most of the genomic abnormalities
described to date seems to impact to a certain degree on
JAK2 signaling pathway, it is not yet clear whether and how
these abnormalities contribute to disease initiation, clonal

Table 1. Summary of amplified and deleted regions in PMF samples (Continued)

Chr Start End Gene symbol Entrez Gene ID

19 19832601 21346822 ZNF14; LOC284440; ZNF506; ZNF253;
ZNF93; ZNF682; ZNF90; ZNF486; ZNF737;
ZNF626; ZNF85; ZNF430; ZNF714; ZNF431

7561; 284440; 440515; 56242; 81931;
91120; 7643; 90649; 100129842;
199777; 7639; 80264; 148206; 170959

21 15659905 15749474 ABCC13; HSPA13 150000; 6782

22 18603975 18603975 TUBA8 51807

22 23439945 24178945 GNAZ; RTDR1; RAB36; BCR; FBXW4P1; IGLL1;
C22orf43; GUSBP11; RGL4; ZNF70; VPREB3;
C22orf15; CHCHD10; MMP11; SMARCB1;
DERL3

2781; 27156; 9609; 613; 26226; 3543;
51233; 91316; 266747; 7621; 29802;
150248; 400916; 4320; 6598; 91319

22 25262474 25262474 SGSM1 129049

22 35672622 35719626 HMGXB4; TOM1 10042; 10043

22 41190516 41358025 SLC25A17; ST13; DNAJB7; XPNPEP3; RBX1 10478; 6767; 150353; 63929; 9978

22 42995345 42995345 POLDIP3 84271

22 50355931 50511089 PIM3; IL17REL; TTLL8; MLC1 415116; 400935; 164714; 23209
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evolution or blastic transformation. Here we present a com-
bined approach of high-resolution genomic and gene expres-
sion profiling aimed at identifying novel oncogenic lesions
and dysregulated pathways in PMF patients.

In agreement with previous reports, our study highlighted
several recurrent genomic gains and losses, already described
by conventional karyotyping or Comparative Genomic

Hybridization (CGH) arrays, such as 18, 5q-, 11q-, 13q- or
15q-.24 Moreover, the high resolution of copy number data
allowed the identification of novel gains and losses affecting
small genomic regions previously not described in the context
of PMF, such as gains at 2p25, 4p16, 10q26, 22q13 and losses
at 3q13, 6p22, 12q24, 19p12 and 22q12 (Table S2, Supporting
Information). Worth of notice, gain on 4p16 affects a

Figure 3. Effects of PAOX inhibitor MDL-72,572 on CB and PMF CD341 cells. Results of annexin V/PI staining on PMF CD341 cells after

12 h (A) and 24 h (B) of MDL-72,572 treatment (mean 6 SEM; n 5 3), *p�0.05. Early apoptotic cells (black bars in the histogram plot) are

Annexin V bright and PI low, late apoptotic cells or necrotic cells (white bars in the histogram plot) are Annexin V and PI bright, necrotic

cells (gray bars in the histogram plot) are PI bright only. Representative dot plots for flow cytometry detection of Annexin V and PI staining

at 12 h and 24 h after treatment are shown (C,D). Results of Annexin V/PI staining on CB CD341 cells after 12 h (E) and 24 h (F) of MDL-

72,572 treatment (mean 6 SEM; n 5 3), *p�0.05. Representative dot plots for flow cytometry detection of Annexin V and PI staining at

12 h and 24 h after treatment are shown (G–H).
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Figure 4. Effect of HMGXB4 silencing megakaryocyte differentiation. (A,B) Flow cytometric analysis (mean 6 SEM; n 5 3) of CD41 and CD42b

expression at days 9, 12 and 14 post-nucleofection on serum-free megakaryocyte uni-lineage culture. (C) Megakaryocyte clonogenic assay

results (mean 6 SEM; n 5 3). CFU-MKs were scored according to the manufacturer’s protocol based on their size, which reflects the matura-

tion stage of the progenitor giving rise to each colony, as large (>50 cells, arising from more primitive MK progenitors), medium (21–49

cells) and small (3–21 cells, deriving from more mature megakaryocyte progenitors) colonies. The cells were plated 24 h after the last

nucleofection and scored after 12 days. Values are reported as percentage of small Mk-, medium Mk-, large Mk-, mixed- and non-Mk colo-

nies on total colonies number. *p�0.05 and **p�0.01 in HMGXB4-siRNA compared with NegCTR sample. (D) The effective silencing of

HMGXB4 expression upon siRNA transfection was checked 24 h after the last nucleofection by qRT-PCR. Data are reported as RQ compared

with NegCTR sample (RQ 6 SE, 0.314 6 0.04, p<0.05) (E) Morphological analysis of NegCTR (i–iii) and HMGXB4 siRNA-transfected cells (ii–

iv) after MCG staining at Day 12 and 14 post-nucleofection in megakaryocyte uni-lineage culture (a representative experiment is shown).

Magnification, 31,000. Abbreviations: NegCTR siRNA, negative control siRNA; HMGXB4siRNA, HMGXB4-targeting siRNA; Mk, megakaryocyte;

CFU, colony-forming unit; n, number of experiments.
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Figure 5. Effect of HMGXB4 silencing on erythroid differentiation. (A) Flow cytometric analysis (mean 6 SEM; n 5 3) of GPA expression at

days 9, 12 and 14 post-nucleofection on serum-free erythroid uni-lineage culture. (B) Methylcellulose-based clonogenic assay results

(mean 6 SEM;n 5 3). About 3 3 102 cells/mL were plated 24 h after the last nucleofection and scored after 14 days. Values are reported

as percentage of BFU-E & CFU-E, CFU-GM, CFU-G, CFU-M and CFU-GEMM colonies on total colony number. *p�0.05 in HMGXB4-siRNA com-

pared with NegCTR sample. (C) Morphological analysis of NegCTR (i–iii) and HMGXB4 siRNA-transfected cells (ii–iv) after May–Gr€unwald–

Giemsa staining at Day 9 post-nucleofection in erythroid uni-lineage culture (a representative experiment is shown). Magnification, 31,000.

Abbreviations: NegCTR siRNA, negative control siRNA; HMGXB4siRNA, HMGXB4-targeting siRNA; BFU-E, erythroid burst-forming units; CFU-E,

erythroid colony-forming units; CFU-G, granulocyte colony-forming units; CFU-GEMM, granulocyte/erythrocyte/macrophage/megakaryocyte

colony-forming units; CFU-M, macrophage colony-forming units; CFU-GM, colony forming unit granulocyte/macrophage.
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genomic region previously reported as involved in a recipro-
cal (4;15) translocation in few cases of Ph-negative MPNs
and Chronic Myeloid Leukemia;34 within this region is
located STK32B, a gene encoding for a serin/threonine pro-
tein kinase. Gain on 22q13 affects a region involved in the
t(1;22) translocation, commonly described in acute megakar-
yoblastic leukemia,35 and containing genes as MKL1, PDGFB,
TCF20 and FBLN1. PDGFB gene is a member of the
platelet-derived growth factor family, TCF20 encodes for a
transcription factor that recognizes the platelet-derived
growth factor-responsive element, while FBLN1 mediates pla-
telet adhesion via fibrinogen. The 3q13 region has been
reported as recurrent Minimal Deleted Region (MDR) in
relapsed Acute Myeloid Leukemia (AML) patients.36 Deletion
affecting the short arm of chromosome 6 has been associated
with MPN progression to AML.37,38 Likewise, loss on 12q24
involves a genomic region frequently affected by deletion in
different types of tumors and leukemias.39 Very recently,
aberrations involving chromosome 12 have been described in
MPN patients, and in particular 12q24 abnormalities have
been associated with poorer outcomes.40

To deepen the search for genomic lesions that could
influence or have a functional impact on the pathological
phenotype, we integrated copy number data with gene
expression signals. The integrative analysis identified 38
genomic regions (11 amplified and 27 deleted) with con-
cordant alteration in CN and transcriptional levels. Worth
to notice, this analysis revealed amplification on chromo-
some 10 associated with concordant copy number gain and
transcriptional up-regulation of PAOX in PMF samples.
PAOX is a polyamine oxidase that plays an important role
in the regulation of cellular sensitivity to the antitumor
polyamine analogs. Inhibition of PAOX effectively induces
cell death in PMF CD341 cells and MNCs without affecting
normal myeloid cell survival. These results suggest that
PAOX might represent a novel interesting therapeutic target
for the specific eradication of neoplastic cells, particularly in
those patients carrying the amplification on chromosome
10q26.

Among deleted regions, of particular interest were chro-
mosomal losses affecting 19p13.11–19p12 and 22q12. In the
first region, the most down-regulated gene in PMF was
ZNF431 located at 19p12. ZNF431 is a nuclear transcriptional
repressor, directly targeting Patched1 and likely inhibiting
hedgehog response.27 Given several evidence connecting Hh
signaling pathway to the development of myeloid malignan-
cies,41 we investigated the role of ZNF431 in human HSPCs.
In particular, we silenced ZNF431 in HSPCs but its down-
regulation resulted in no significant difference on cell prolif-
eration, survival or differentiation. This result could be due
to the high degree of similarity found in ZNF proteins:
ZNF431 is located on chromosome 19p12, together with two
other ZNF proteins (ZNF430 and ZNF506), with similar
functional domains,42 that could therefore compensate for
ZNF431 silencing.

Moreover, among the most frequently altered genomic
regions, our integrative analysis pointed out a region on
chromosome 22q12, with the most strongly down-regulated
gene being HMGXB4. HMGXB4, also known as HMG2L1,
is non-histone chromosomal protein, belonging to the fam-
ily of High Mobility Group (HMG)-box containing pro-
teins. This protein has been shown to negatively regulate
WNT/b-catenin signaling pathway in Xenopus.28 Several
reports demonstrated that activation of WNT signaling
pathway through nuclear localization of b-catenin is linked
to development and progression of AML,43,44 Based on
these premises, we studied the role played by HMGXB4 in
human HSPCs to assess whether the down-regulation
observed in PMF samples could indeed be linked to PMF
development. Our data demonstrated that HMGXB4 silenc-
ing in human HSPCs favors megakaryocyte differentiation
while inhibiting erythroid differentiation. Therefore
HMGXB4 loss/down-regulation observed in PMF patients
could contribute to the abnormal expansion of the Mk line-
age, frequently associated with PMF.13 To our knowledge,
this is the first report describing a role for HMGXB4 in the
hematopoietic system.

Taken together, these data suggest that the integration of
copy number and gene expression profiles is a powerful tool
to identify genomic alterations that may have a functional
impact on disease pathogenesis. Our integrative analysis iden-
tified the amplification and the deletion of genomic regions
that might have not been highlighted by individual gene
expression or copy number data analysis. Our results pointed
out the concordant loss and down-regulation affecting the
HMGXB4 locus in PMF patients that could be responsible
for the aberrant megakaryopoiesis observed in PMF. More-
over, we described the gain at 10q26 with resulting upregula-
tion of the PAOX mRNA, allowing the identification of a
novel therapeutic target for the selective eradication of PMF
cells.

In conclusion, our work sheds light on the influence of
genomic abnormalities on gene expression regulation in PMF
CD341 cells and on their impact to features typical of PMF,
such as a hyperplastic megakaryopoiesis and resistance to
apoptosis, and therefore potentially contributing to the devel-
opment of the myeloproliferative disease.
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