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Abstract
The iron chelator deferasirox is widely used in patients with iron overload. Patients with low-grade myelodysplastic
syndromes (MDS) get transfusion dependency and need to be treated with deferasirox to avoid iron overload. Moreover, in
some patients an increase in both erythroid and platelets have been observed after deferasirox therapy. However, the
mechanisms involved in these clinical findings are poorly understood. The aim of this work was to analyze, in patients
treated with deferasirox, the changes in the gene-expression profile after receiving the treatment. A total of 15 patients with
the diagnosis of low-grade MDS were studied. Microarrays were carried out in RNA from peripheral blood before and after
14 weeks of deferasirox therapy. Changes in 1457 genes and 54 miRNAs were observed: deferasirox induced the
downregulation of genes related to the Nf kB pathway leading of an overall inactivation of this pathway. In addition, the
iron chelator also downregulated gamma interferon. Altogether these changes could be related to the improvement of
erythroid response observed in these patients after therapy. Moreover, the inhibition of NFE2L2/NRF2, which was
predicted in silico, could be playing a critical role in the reduction of reactive oxygen species (ROS). Of note, miR-125b,
overexpressed after deferasirox treatment, could be involved in the reduced inflammation and increased hematopoiesis
observed in the patients after treatment. In summary this study shows, for the first time, the mechanisms that could be
governing deferasirox impact in vivo.

Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous
group of clonal stem cell disorders, usually characterized
by the presence of anemia. Red blood cell transfusion is the
only therapeutic option for most patients, who usually
develop transfusion dependence, which can be correlated
with poorer outcomes partially caused by transfusional iron
overload. The magnitude of total body iron load correlated
with hepatic iron concentration (HIC) [1]. Thresholds of
HIC predict the development of potentially fatal compli-
cations: [2] HIC exceeding 15 mg iron/g liver, dry weight,
and sustained elevations of serum ferritin (SF) over
2500 μg/L, increase the risk of premature death. Deferox-
amine has been the standard drug for iron chelation therapy
over the past four decades. However, the major dis-
advantage is the patient’s lack of adherence, because it
needs an 8–12 h parenteral administration since it has a
short half-life and a very poor oral bioavailability [1–4].
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Therefore, in the 1980s, the parenteral requirement for
deferoxamine stimulated studies of orally active chelators.
Deferasirox was licensed as first line therapy by the FDA in
2005, following randomized trials comparing this drug, and
demonstrating its noninferiority, to deferoxamine [5]. The
safety profile is acceptable, the drug is well tolerated and
effective even in long-term follow-up [6]. Deferasirox is
widely used in low-risk MDS [1] and also in high-risk
MDS [7].

Changes in the gene-expression profile (GEP) of MDS
have been described [8], being different between low-risk
and high-risk MDS patient groups. Thus, patients with
refractory anemia with ring sideroblasts showed an over-
expression of mitochondrial and iron homeostasis genes [9].
Moreover, iron overload could selectively affect peripheral
T lymphocytes and induce an impaired cellular immunity
by increasing reactive oxygen species (ROS) level [10]. The
application of system-wide “omics” technologies could
provide new insights into the knowledge of pathogenic
mechanisms involved after deferasirox therapy. In fact,
several in vitro studies analyzed the effects of deferasirox in
the blood cells, identifying pathways or cellular mechan-
isms such as Nf kB [11], MTOR [12], or ROS [10] as the
most frequently involved during this treatment. However,
only few in vivo studies have been performed to assess the
main cellular mechanisms affected by deferasirox therapy in
MDS patients [1].

In this work, we aimed to perform an in vivo pharma-
cogenomic analysis in patients diagnosed as low-risk MDS
treated with deferasirox, in order to identify the changes in
the GEP induced by the treatment in these patients.

Patients and methods

Patients

Fifteen patients diagnosed as low-risk MDS and treated
with deferasirox were included in the study. All patients
have the diagnosis of low-risk MDS according to WHO
2008 classification [13]. Blood samples were analyzed
before deferasirox and 14 weeks after treatment (range
6–40 weeks). Supplementary Table 1 summarizes the
main clinical characteristics and laboratory findings
before and during the treatment. All patients received the
treatment without additional drugs during the study. The
median age was 77 years (range 62–90 years), and 36%
patients were male. This study was performed in accor-
dance with the Declaration of Helsinki guidelines,
and approved by the Local Ethical Committees “Comité
Ético de Investigación Clínica, Hospital Universitario
de Salamanca”. All patients provided written informed
consent.

Methods

PBMCs and RNA isolation

Peripheral blood mononuclear cells (PBMCs) were isolated
from whole peripheral blood using Ficoll-Paque Plus gra-
dient, snap-frozen and stored at −80 °C. Total RNA was
extracted by QIAgen (Qiagen, Valencia, CA, USA), fol-
lowing the manufacturer’s recommendations. RNA integrity
was assessed on an Agilent 2100 Bioanalyzer (Agilent
technologies, Santa Clara, CA, USA) employing an RNA
6000 Nano Assay kit. All RNA samples had an A260/A280
ratio ~ 1.8 and RNA integrity number (RIN) ≥ 8.0.

Gene expression profiling

Genome-wide expression analysis of the paired samples
(before and after the treatment) was performed using
Human Transcriptome Array 2.0 ST (Affymetrix, Inc.,
Santa Clara, CA, USA) following the manufacturer’s pro-
tocols for the GeneChip platform by Affymetrix. Briefly,
cDNA was regenerated through a random-primed reverse
transcription (RT) using a dNTP mix containing dUTP.
After cDNA was hybridized to the arrays at 60 rpm for 18 h
at 45 °C, the chips were processed in a Genechip Fluidics
Station 450 (Affymetrix). Microarray images were collected
by Affymetrix GeneChip 3000 scanner, and data were
extracted using Affymetrix GCOS Software.

Bioinformatic analysis: normalization, signal
calculation, and significant differential expression

The robust microarray analysis algorithm was used for
background correction, intra- and inter-microarray normal-
ization, and expression signal calculation [14]. The absolute
expression signal for each gene was calculated for each
microarray. Differential gene expression before and after
treatment were obtained using the MultiExperiment Viewer
4 (MeV4, TM4 software suite), using the Student’s paired
t test for matched samples to analyze the statistical sig-
nificance. P < 0.05 was considered statistically significant.

Functional analysis and gene annotation

The functional assignment of the genes included in the
expression signature of MDS patients was carried out by the
Database for Annotation, Visualization, and Integrated
Discovery [15, 16] and the GeneCodis application [17]
which identifies concurrent annotations in GO and KEGG,
and thereby constructs several groups of genes of functional
significance. The most significant biological mechanisms,
pathways, and functional categories in the data sets of genes
selected by statistical analysis were identified through the
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use of Ingenuity Pathways Analysis (Ingenuity Systems
Inc., Redwood City, CA, USA).

Upstream regulator analysis

The goal of this analysis is to identify the cascade of
upstream transcriptional regulators that can explain the
observed gene expression changes in a dataset. This ana-
lysis is based on prior knowledge of expected effects
between transcriptional regulators and their target genes
stored in the Ingenuity® Knowledge Base. The analysis
examines how many known targets of each transcription
regulator are present in the analyzed dataset, and also
compares their direction of change to what is expected from
the literature in order to predict likely relevant transcrip-
tional regulators. If the observed direction of change is
mostly consistent with a particular activation state of the
transcriptional regulator (“activated” or “inhibited”), then a
prediction is made about that activation state.

Integrative analysis of miRNA and gene-expression
profile

MiRNAs with significantly different expression (P < 0.05)
before and after treatment were further analyzed to identify
the networks and pathway targets. For this purpose, IPA’s
microRNA Target Filter, which enables prioritization of
experimentally validated and predicted mRNA targets from
TargetScan Knowledge Base was used. This tool identified
the putative targets for the input miRNAs and then devel-
oped the networks among the targets and identified the
known and most relevant biological functions, pathways,
and annotations in this enriched set of target genes. By
applying the expression pairing tool, the analysis was
focused on targets exhibiting altered expression in our
analysis, finding miRNAs and their target genes with
opposite or same expression.

Droplet digital PCR

First-stranded cDNA was synthesized from 500 ng total
RNA using the SuperScript III First-Strand Synthesis
SuperMix assay (Invitrogen) according to manufacturer’s
instruction. Transcript expression for selected genes were
quantified in MDS patients before and after treatment using
QX200 ddPCR (Bio-Rad, Hercules, CA, USA). Primers are
listed in Supplementary Table 2. ddPCR mix were prepared
containing 10 μL of 2× QX200 ddPCR EvaGreen Supermix
(Bio-Rad, cat. no. 1864034), 8 μL of nuclease-free water, 1
μL of primers 20× and 1 μL of diluted cDNA. A 20 μL
aliquot was taken from each of the assembled ddPCR
mixtures and pipetted into each sample well of an eight-
channel disposable droplet generator cartridge (Bio-Rad,

Hercules, CA, USA). A 70 μL volume of Droplet Genera-
tion Oil for EvaGreen (Bio-Rad) was then loaded into each
of the eight oil wells. The cartridge was placed into the
QX200 droplet generator (Bio-Rad) where a vacuum was
applied to the outlet wells to simultaneously partition each
20 μL sample into nanoliter sized droplets. After ∼1.5 min,
the cartridge was removed from the generator, and the
droplets that had collected in each of the independent outlet
wells were transferred with a multichannel pipet to a 96-
well polypropylene plate (Eppendorf, Hamburg, Germany).
The plate was heat-sealed with foil using a PX1 PCR Plate
Sealer (Bio-Rad) and placed in a conventional thermal
cycler (C1000 Touch, Bio-Rad), where an endpoint PCR
run was performed with the following program: an activa-
tion period (95 °C for 10 min), followed by 40 cycles of a
two-step thermal profile comprising of a denaturation step
(95 °C for 30 s), and a combined annealing-extension step
(60 °C for 1 min). A final signal stabilization step was also
included (90 °C for 10 min) and then cooling to 4 °C. After
PCR, the 96-well plate was loaded into the QX200 Droplet
Reader (Bio-Rad), and the appropriate assay information
was entered into the analysis software package provided
(Quanta-Soft, Bio-Rad). Droplets were automatically aspi-
rated from each well and streamed single-file past a two-
color fluorescence detector and finally to waste. The quality
of all droplets was analyzed and rare outliers (e.g., doublets
and triplets) were gated based on detector peak width.
Analysis of the ddPCR data was performed with QuantaSoft
analysis software (Bio-Rad) that accompanied the QX200
Droplet Reader. Expression levels of the selected genes
before and after treatment were analyzed using the
Mann–Whitney U test with a two tailed value of P= 0.05
for statistical significance. All tests were performed using
SPSS v19.0.

Results and discussion

GEP was carried out in paired samples before deferasirox
and during the treatment. The analysis revealed changes in
1457 genes (709 overexpressed after the therapy), and 54
miRNAs (33 of them, overexpressed) (Supplementary
Tables 3 and 4). The expression data are available to the
public on the NIH GEO (http://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE141958. Table 1 shows the
top-ten deregulated genes after deferasirox therapy. Of note,
several genes from the Nuclear factor-κappa B, Nf kB
pathway (NFBIA), and immune system (IFNG, CX3CR1) as
well as miRNAs (miR-2682 and miR-147b) were deregu-
lated. Moreover, the functional analysis of the most relevant
pathways affected showed an overall downregulation of the
Nf kB pathway, as well as NO and ROS and hypoxia-
related genes (Table 2).
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Deferasirox treatment downregulated the NF kB
pathway in low-risk MDS patients

Deferasirox therapy induced an overall downregulation in
several genes involved in the Nf kB pathway (Table 2).

These results now detected in patients confirmed previous
in vitro observations, in which deferasirox was associated to
repression of Nf kB activity in samples showing high basal
activity as well as in cell lines, whereas no similar behavior
was observed with other iron chelators. This observation
has been linked to the hemoglobin improvement showed in
some patients treated with this iron chelator [18–21].
Moreover, our results pointed out the genes which could be
involved in this downregulation, such as BCL10, IL1B,
NFKBIA, RIPK1, RELA, BID, BIRC2, and TANK (Table 3).
The interactions among these genes leading to an overall
downregulation of the whole Nf kB pathway is showed in
Fig. 1. Expression changes in BIRC2, TRAF6, BID, RELA,
REL, TANK, and NFKBIA were validated by ddPCR
(Supplementary Fig. 1).

The overall downregulation of the Nf kB pathway could
be related to a decrease in levels of pro-inflammatory
cytokines and also could be promoting an increased apop-
tosis in the cells. Altogether, these changes could be related
to a decrease in the transfusion dependency of these
patients, as previously reported [1, 11, 22].

Table 2 Most relevant altered pathways after deferasirox treatment in
low-risk MDS patients.

Pathway P value Z score

NF-κB 0.02 −1.5

NO and ROS 0.01 −1.4

RIG1-like 0.00004 −1.9

NRF2 0.03 −2.6

Hypoxia 0.0003 NC

iNOS 0.03 −2.4

Interferon 0.01 −2.2

Table 3 Most relevant deregulated genes from the Nf kB pathway in
low-risk MDS patients treated with deferasirox.

Gene Gene title Expression Diff exp

AZI2 5-Azacytidine induced 2 Down −0.219

BCL10 BCL10 immune signaling adaptor −0.341

EIF2AK2 Eukaryotic translation initiation
factor 2 alpha kinase 2

−0.508

IL1B Interleukin 1 beta −0.789

KRAS KRAS proto-oncogene, GTPase −0.200

NFKBIA NFKB inhibitor alpha −0.810

RELA RELA proto-oncogene, NF KB
subunit

−0.304

RIPK1 Receptor interacting serine/
threonine kinase 1

−0.141

TANK TRAF family member associated
NFKB activator

−0.437

TLR2 Toll like receptor 2 −0.664

TRAF3 TNF receptor associated factor 3 −0.215

TRAF6 TNF receptor associated factor 6 −0.200

PDGFRB Platelet derived growth factor
receptor beta

Up 0.130

TK1 Thymidine kinase 1 0.059

TNFSF11 TNF superfamily member 11 0.094

Ratio: 17/169.

Z score: −1.5.

P value: 0.042.

Diff exp: differential gene expression before and after treatment. The
positive sign means overexpressed after treatment and the negative
sign means underexpressed.

Table 1 Top-ten deregulated genes after deferasirox therapy in low-
risk MDS patients.

Gene ID Gene Title Diff exp

Overexpressed

CX3CR1 Chemokine (C-X3-C motif) receptor 1 0.500

SRRM5 Serine/arginine repetitive matrix 5 0.491

miR-2682 MicroRNA 2682 0.483

OR10J3 Olfactory receptor, family 10, subfamily J,
member 3

0.432

OR52B6 Olfactory Receptor Family 52 Subfamily B
Member 6

0.417

HCG24 HLA Complex Group 24 0.399

OR1F2P Olfactory receptor, family 1, subfamily F,
member 2, pseudogene

0.392

RNU6-64P RNA, U6 Small Nuclear 64, Pseudogene 0.381

KPRP Keratinocyte Proline Rich Protein 0.374

OR3A1 Olfactory Receptor Family 3 Subfamily A
Member 1

0.357

Underexpressed

miR-147b MicroRNA 147b −1.077

DDIT3 DNA Damage Inducible Transcript 3 −1.010

IFNG Interferon Gamma −0.991

CD69 CD69 Molecule −0.968

CCL3L3 C-C Motif Chemokine Ligand 3 Like 3 −0.848

NFKBIA NFKB Inhibitor Alpha −0.810

IL1B Interleukin 1 Beta −0.789

GPR183 G Protein-Coupled Receptor 183 −0.782

MAPK6 Mitogen-Activated Protein Kinase 6 −0.780

HIF1A Hypoxia Inducible Factor 1 Subunit Alpha −0.739

Diff exp: differential gene expression before and after treatment. The
positive sign means overexpressed after treatment and the negative
sign means underexpressed.
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Deferasirox treatment deregulated genes related to
ROS in low-risk MDS patients

In silico upstream regulator analysis predicted the involve-
ment of the transcriptional regulator nuclear factor erythroid
2 (NFE2L2/NRF2) as inhibited, pointing it as the respon-
sible for the deregulation of a great number of genes after
deferasirox treatment. NFE2L2/NRF2 is a master gene
which controls the response to the oxidative stress induced
by the ROS and regulates over 200 genes (Fig. 2). ROS are
a group of highly reactive chemicals containing oxygen
produced either exogenously or endogenously. They are
related to a wide variety of human disorders, such as
chronic inflammation, age-related diseases, and cancers
[10, 23]. Interestingly, in MDS patients the iron overload is
related to an increase of the cytoplasmic ROS. By contrast,
the decreased ROS activity observed after deferasirox
treatment could be related to the Nf kB activation [23] and
linked to the abnormalities in T cell lymphocytes [10].

Our study confirmed that these previous results, mainly
based on in vitro models, are also observed in patients during
deferasirox therapy. Moreover, in a recent study, deferasirox
has been reported to reduce DNA oxidation and double strand
breaks in bone marrow cells from MDS patients, which
would suggest beneficial effects of this therapy [24].

Erythropoiesis improvement after deferasirox
therapy in low-risk MDS patients could be related to
the overexpression of GFI1 and the downregulation
in the interferon pathway

The present study showed an activation of the gene growth
factor independent 1 (GFI1) transcriptional repressor, a
transcription factor which plays a critical role in the
hematopoiesis, activating both erythroid and mega-
karyocyte lineages [25]. Of note, several studies have
reported an improvement of hemoglobin and platelet levels
in MDS patients treated with deferasirox [18–20, 26, 27].

Fig. 1 Network analysis of differentially expressed genes (DEG) from the Nf kB pathway in low-risk MDS patients treated with deferasirox (green
color refers to underexpression, while red color indicates overexpression) (color figure online).
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Moreover, the GEP of patients after deferasirox therapy
showed a marked downregulation of gamma interferon, as
well as other cytokines such as TRAF6, IL8, ILB, and
IL1RAP. The role of IL-1 and gamma interferon as inhibi-
tors of erythropoiesis has been already reported [28]. Thus,
our results showing the downregulation of the expression of
these genes could be related to an erythropoiesis activation.
Taking together, several mechanisms reported in this study,
including activation of GFI1 or repression of gamma
interferon, could lead to an erythropoiesis stimulation, thus
providing the biological basis for the clinical results
observed in MDS patients treated with this iron chelator.

miRNA deregulation in MDS patients treated with
deferasirox

The analysis of miRNA expression revealed that 54 miR-
NAs were deregulated in MDS patients after the treatment:
hsa-miR-2682 was the most highly upregulated miRNA
(Diff exp= 0.48), while hsa-miR-147b was the most sig-
nificantly downregulated (Diff exp=−1.08) (Supplemen-
tary Table 4). Functional analysis of the deregulated
miRNAs after treatment (Fig. 3) revealed that the most

strongly affected cell function by these miRNAs was gene
expression, with a total of seven miRNAs involved
(mir-146, mir-515, mir-665, mir-548, mir-30, mir-154, and
mir-130). Inflammation (inflammatory disease and inflam-
matory response), cancer, hematological-related functions
(hematological disease and hematological system develop-
ment and function), and hematopoiesis were other important
functions affected by these miRNAs.

The influence of these deregulated miRNAs on defer-
asirox treated MDS patients was assessed. Specifically, we
investigated whether observed changes in miRNAs were
correlated with changes in the expression of genes. There-
fore, the posttranscriptional regulatory network of miRNA
and genes in MDS patients treated with deferasirox was
carried out by analyzing the miRNA-mRNA relationships.
Indeed, because miRNAs tend to downregulate the target
genes, we focused our study on the subset of eight miRNAs
selected for analysis in IPA and the genes experimentally
observed or predicted with high confidence to be regulated
by them and characterized by expression profiles strongly
anticorrelated. MiR-125b, overexpressed after deferasirox
treatment, was negatively correlated with the expression of
20% expected target genes (data not shown) demonstrating

Fig. 2 In silico upstream
regulator analysis predicts the
inhibition of nuclear factor
erythroid 2 in low-risk MDS
patients treated with
deferasirox. Most of the genes
involved in reactive oxygen
species (ROS) were
downregulated after the therapy.
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the relationship between miRNA and gene deregulation.
Interestingly, the expression of miR-125b is modulated by
NF kB signaling. MiR-125b targets the 3′UTR region of
TNF-alpha gene to negatively regulate the inflammatory
response [29]. By contrast, another study has reported that
miR-125b can promote macrophage mediated inflammation
and enhance antitumor activities by targeting interferon
regulatory factor 4 [30]. These data suggest that miRNAs
could play different roles in diverse biological contexts. Of
note, a recent study [31] has shown that miR-146b, also
overexpressed after deferasirox therapy (Supplementary
Table 4), can regulate inflammatory responses by targeting
mRNAs encoding TRAF6, a gene downregulated in our
work (Table 3 and Supplementary Table 3).

Moreover, miR-125 has recently emerged as a key reg-
ulator of hematopoietic stem cells (HSCs) [32], although
there are contradictory findings regarding the lineage that is
expanded because of the overexpression of miR-125b,
lymphoid [33], or myeloid [32]. However, the contribution
of miR-125 family members in blood cell production is well
recognized [32], as miR-125 has been identified in a subset
of miRNAs enriched in HSCs, providing evidence that these
miRNAs function to properly manage hematopoietic output.

In summary, in low-risk MDS patients, the treatment
with deferasirox induced strong changes both in gene and
miRNA expression of the patients. These changes mainly
involved the downregulation of the Nf kB pathway, which
could be related to the reduced inflammation. as well as the
hemoglobin improvement observed after deferasirox treat-
ment. Moreover, an important role regarding ROS-related
genes, namely NFE2L2/NRF2, is suggested. In addition, the
GFI1 overexpression and the downregulation of gamma
interferon could be related to the increase in hemoglobin
and platelets levels following the therapy. Besides, miRNAs
may play an important role in the hematopoiesis, controlling
diverse biological process.

Our in vivo work not only confirms previous results,
mainly based on in vitro models, but also provides the
biological basis for the clinical results observed in MDS

patients treated with deferasirox, such as the erythropoiesis
improvement and the decrease in the transfusion depen-
dency of these patients, thus explaining the effects of this
iron chelator and making this therapy more rational.
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