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Azacytidine (5-AZA) is the standard first-choice treatment for high-risk myelodysplasia
(MDS) patients. However, the clinical outcome for those patients who interrupt treatment
or whose disease failed to respond is very poor. In order to identify the cellular pathways
that are modified by long-term exposure to 5-AZA, we evaluated key proteins associated
with the autophagy pathway by reverse-phase microarray (RPPA). Comparing bone
marrow mononucleated cells (BMMCs) obtained from 20 newly-diagnosed patients and
after four 5-AZA cycles we found an increased autophagy signaling. We then evaluated
ex-vivo the effect of the combination of 5-AZA with autophagy inhibitors chloroquine
(CQ) and leupeptin. Since 5-AZA and CQ showed synergism due to an increase of basal
autophagy after 5-AZA exposure, we adopted a sequential treatment treating BMMCs
with 5 µM 5-AZA for 72 h followed by 10 µM CQ for 24 h and found increased apoptosis,
associated to a reduction of G2M phase and increase in G0-G1 phase. Long-term
exposure to 5-AZA induced the reduction of the autophagic marker SQSTM1/p62,
reversible by CQ or leupeptin exposure. In conclusion, we identified autophagy as a
compensatory pathway occurring in MDS-BM after long-term exposure to 5-AZA and we
provided evidences that a sequential treatment of 5-AZA followed by CQ could improve
5-AZA efficacy, providing novel insight for tailored therapy in MDS patients progressing
after 5-AZA therapy.
Keywords: myelodysplastic syndrome, azacytidine, autophagy

INTRODUCTION
Myelodysplastic Syndromes (MDS) are a heterogeneous group of bone marrow (BM) diseases
characterized by peripheral cytopenias due to ineffective hematopoiesis and susceptibility
to leukemic transformation. MDS are characterized by an uncoupling of proliferation and
differentiation at the level of the hematopoietic stem cells (HSCs). According to the International
Prognostic Scoring System (IPSS), MDS are distinguished into low- and high-risk subtypes based
on the number of hematopoietic deficits, the percentage of marrow blasts, and cytogenetic pattern
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(Greenberg et al., 1997; Sanz et al., 1998; Valent et al., 2007; Della
Porta et al., 2015). Approximately one third of patients present
with high-risk disease (Int-2 and High IPSS scores), associated
with a significant probability of leukemia transformation with a
corresponding lower apoptotic index and higher percentage of
marrow blasts.
In IPSS high-risk MDS patients, several therapeutic
approaches have been used to kill abnormal blasts, including
intensive conventional chemotherapy and low-dose cytarabine
(Valent et al., 2007; Greenberg, 2011). Patients can sometimes
achieve long-term remission or cure with allogeneic
hematopoietic stem cell transplantation, but only those who are
healthy enough to undergo the procedure can benefit from this
type of therapy.
Azacytidine (5-AZA) is a pyrimidine nucleoside analog and
a DNA methyltransferase inhibitor, thus resulting in a reduction
of DNA methylation and altered gene expression that might, in
turn, help to restore normal hematopoiesis (Raj et al., 2007).
Actually, 5-AZA is the first choice of therapy for high-risk MDS
patients for low toxicity, achievement of hematological response
and increased survival times (Fenaux et al., 2009; Silverman et al.,
2011). However, the outcome for MDS patients who progressed
after an initial clinical response is poor (Barresi et al., 2010), with
a median overall survival was of 5.6 months (Prebet et al., 2011).
Little is known about pro-survival compensatory pathways
induced by chronic exposure to 5-AZA, to address the clinical
question about the best therapeutic option in patients previouslytreated with 5-AZA and to personalize the treatment at first
relapse.
We hypothesized that during chronic, long-term exposure
to 5-AZA pro-survival pathways could be elicited in malignant
clones, thus to emerge at the treatment interruption. Although
the small size of the MDS clone in the BM hinders deep
mechanistic biomolecular investigations, to test our hypothesis
we performed a proteomic characterization of a relatively
large panel of primary, patient-derived BM mononuclear cells
(BMMCs) before and after 5-AZA long-term exposure.
Our study revealed autophagy as a pro-survival pathway in
MDS-BMMCs elicited by long-term treatment with 5-AZA, that
could be triggered in those patients who failed to respond after
initial clinical benefit.

TABLE 1 | Characteristics of patients evaluated for RPPA.
Characteristics at diagnosis
Male/Female (n)

71 (59–81)

Median Hemoglobin, g/dL (range)

7.8 (6.8–10.2)

Median Platelet count,103 /mmc (range)

56 (50–89)

Median White Blood Cell count,103 /mmc (range)

2.7 (1.9–4.2)

Normal /Complex karyotype/Failed cytogenetics

13 /4/3

IPSS INT-2/HIGH (n)

14/6

Response after 4 cycles
Complete remission

0

Partial remission

2

Hematological improvement

14

Stable disease

4

Failure

0

Response after 8 cycles
Complete remission

1

Partial remission

2

Hematological improvement

7

Stable disease

5

Failure

2

Cytogenetic response

3

RPPA, reverse phase microarray; response was detected according to International
Working Group (IWG) response criteria.

achieving at least a hematological response, to focus the study to
early responder patients.
All patients included in the study provided written informed
consent, in accord to Declaration of Helsinki.

Protein Detection Using Reverse Phase
Micro Array (RPPA)
Protein amount in each sample was detected by RPPA, as
previously described (Mueller et al., 2010). Briefly, samples were
washed in PBS twice to remove the fixative, lysed in 40 uL protein
extraction buffer (equal volumes of 2-Tris-Glycine SDS Sample
Buffer (Invitrogen, Carlsbad, CA), and T-PER Tissue Protein
Extraction Reagent (Pierce/Thermo-Fisher, Rockford, IL) plus
1.0% 2-β-mercaptoethanol (Sigma-Aldrich) at an approximate
ratio of 1,000 cells/µL. Proteins were denatured by heating for 5
min at 100 C prior to dilution in the microtiter plate. Serial 2-fold
dilutions of the lysates were printed in duplicate on glass backed
nitrocellulose array slides (Nexterion Slides, Schott, Elmsford, N)
in a dilution curve representing undiluted lysate and 1:2, 1:4,
and negative control dilutions, using an Aushon 2470 arrayer
(AushonBiosystems, Billerica, MA) equipped with 350 µM pins.
Each spot was printed with approximately 30.0 nL of lysate/spot.
The slides were stored with desiccant (Drierite, W. A. Hammond,
Xenia, OH) at −20◦ C prior to immunostaining.
Printed slides were prepared for staining by treating with
1xReBlot (Millipore, Billerica, MA) for 15 min, followed by 2 ×
5 min washes with PBS. Slides were treated for 1 h with blocking
solution (1 g of I-block (Applied Biosystems, Bedford, MA), 0.5%
Tween-20 in 500 mL of PBS) with constant rocking at room

METHODS
Patients
Between January 2009 and July 2010, 40 samples of bone
marrow mononuclear cells (BMMCs) were collected from 20
patients, affected by newly-diagnosed high-risk MDS (defined
in accord to IPSS criteria), before and after treatment with 5AZA, using density gradient centrifugation (Ficoll-Hypaque, GE
Healthcare, Roosendal, The Netherlands) and saved in our biobank at −80◦ C.
Baseline characteristics of patients and response after 4 or 8
cycles are reported in Table 1. Treatment consisted of 8 cycles
of 75 mg/m2 /day for 7 days + 21 days of wash-out. Sample
collection was performed before start treatment (Time 0) and
after 4 cycles (after 112 ± 12 days from baseline Time 1),
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temperature. Each slide was incubated with a single primary
antibody at room temperature for 30 min.
Each array was probed with a single polyclonal or monoclonal
primary antibody.
Primary antibodies used to investigate 25 endpoints for RPPA
are listed in Table 2. Each antibody was subjected to validation by
immunoblotting prior to use on the RPPA. Antibody validation
criteria included detection of a single band at the appropriate
molecular weight in positive control lysates and the absence
or significantly reduced presence of a band in negative control
lysates by immunoblotting.
The negative control slide was incubated with antibody
diluent. Secondary antibody was goat anti-rabbit IgG heavy
+ chain (1:10,000) (Vector Laboratories, Burlingame, CA).
Subsequent protein detection was amplified via horseradish
peroxidase-mediated biotinyltyramide with chromogenic
detection (diaminobenzidine) according to the manufacturer’s
instructions (Dako).
Total amount per microarray spot was normalized on
total DNA level as previously described (Chiechi et al., 2012,
2013), and confirmed on total protein and housekeeping
protein beta-actin. Total protein staining was performed using
Sypro Ruby Protein blot stain (Invitrogen) according to the

manufacturer’s instructions and scanned with a NovaRay CCD
imager (Alpha Innotech, San Leonardo, CA, USA) equipped with
a Cy3 filter.
The stability of three normalization analytes (ssDNA, total
protein and β-actin) and three protein analytes (Akt Ser473, Akt
Thr308, ERK Thr202/Tyr204) was evaluated by geNorm and
NormFinder as previously reported (Chiechi et al., 2012).
Arrays were scanned, spot intensity analyzed with commercial
software Image Quant v.5.0, data normalized, and a standardized,
single data value was generated for each sample on the
array. Additional quality control measures for antibody staining
included evaluation of reference lysate staining by visual
inspection of scanned images and examination of data analysis
results for the positive and negative reference lysates.

Cell Culture
Primary samples were processed upon obtainment of patient’s
informed consent, in accordance with the Declaration of
Helsinki. Bone marrow mononuclear cells (BMMCs) were
purified by standard density gradient centrifugation (FicollHypaque, GE Healthcare, Roosendal, The Netherlands) and
cultured in RPMI medium (Gibco-Life Technologies, 31860)
supplemented with 10% fetal bovine serum (FBS), penicillin (100
U/mL), and streptomycin (100 µg/mL) at 37◦ C in a humidified
atmosphere containing 5% CO2 .
Cell counts were performed with Countess Automated Cell
Counter (Invitrogen, Life Technologies). Briefly, 20 µl cell
suspensions were mixed with 20 µl 0.4% Trypan Blue solution
and loaded into Countess cell counting chamber slides. The
protocol was customized based on sensitivity, maximum and
minimum size and accurate cell density range (2 × 104 to 2.5
× 106 cells/ml).
Viability of cells was also evaluated by the ATP-lite1step assay
(PerkinElmer, Monza, Italy), as described by the manufacturer.
Briefly, cells were plated onto 96-wells microplates in 100
uL growth medium and 100 uL of the reconstituted reagent
was added to each well. Cells were incubated at 37◦ C for 20
min in the dark. Luminescence was measured using a Victor3
(PerkinElmer).

TABLE 2 | List of endpoints and dilution of antibodies used on RPPA.
Manifacturer

Cat #

Dilution for
arrays

Akt Ser473

CellSig

9,271

1:100

Akt Thr308

CellSig

9,271

1:100

Atg5 (part of Autophagy Ab
Sampler #4445)

CellSig

2,630

1:500

Beclin-1 (part of Autophagy Ab
Sampler #4445)

CellSig

3,738

1:500

c-Abl Thr735

CellSig

2,864

1:1,000

CHK1 Ser345

CellSig

2,341

1:100

c-myc

CellSig

9,402

1:200

Cofilin (S3) (77G2)

CellSig

3,313

1:1,000

ERK 1/2 Thr202/Tyr204

CellSig

9,101

1:1,000

Ezrin Tyr353

CellSig

3,144

1:1,000

Foxo1A/3A

NovusBiol

NBP1-70789

1:1,000

HDAC1

CellSig

2,062

1:100

HDAC3

CellSig

2,632

1:1,000

LC3B (part of Autophagy Ab
Sampler #4445)

CellSig

2,775

1:500

mTOR Ser2448

CellSig

2,971

1:1,000

Musashi

CellSig

2,154

1:500

Notch 1

Millipore

AB5707

1:1,000

NUMB

Abcam

ab14140

1:500

p53

CellSig

9,282

1:1,000

phospho-p53 Ser15

CellSig

9,283

1:1,000

PLCY1 Tyr783

CellSig

2,821

1:1,000

Shc Tyr317

Upstate

07-206

1:1,000

Src Tyr416

CellSig

2,101

1:250

STAT3 Tyr705

CellSig

9,145

1:400

STAT5 Tyr694

CellSig

9,351

1:1,000
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Drug Treatments
Azacitidine (5-AZA, kindly given by Celgene Italia), Chloroquine
(CQ, Sigma, St. Louis, MO) and Leupeptin (Leu, Sigma, St.
Louis, MO) were freshly prepared in RPMI1640 medium for each
experiment.

Cell Cycle Analysis
After 24, 48, and 72 h, cells were washed and resuspended in cold
80% ethanol to a final concentration of 0.5∗ 10∧ 6 cells/mL for 1 h
at 4C. The ethanol-fixed cells were centrifuged to remove ethanol
and the pellet was resuspended in propidium iodide-staining
reagent (0.1% triton X-100, 0.1 mm EDTA, 0.05 mg/mLRNase
A and 50 lg/mL propidium iodide). Cells were stored in the dark
at room temperature for 3 h. Cells were then analyzed with a flow
cytometer (FC500 Beckman coulter; Beckman Coulter S.p.A.,
Milano, Italy) and processed by Mod Fit program.
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Immunoblot Analysis

with a sub-lethal dose of 5-AZA (5 µM) and with the prototypical
lysosomotropic autophagy inhibitor chloroquine (CQ), alone or
in combination for 72 h, and found these treatments to exert
significant synergistic toxicity (Figure 2A).
Since mice lacking Atg7 in HSCs develop an atypical
myeloproliferation resembling human MDS progressing to AML
as consequence of accumulation of damaged mitochondria and
reactive oxygen species (ROS) (Mortensen et al., 2011; Watson
et al., 2011), we first investigated the effects of 5-AZA after basal
autophagy inhibition.
Thus, we tested the effect of pre-treatment with 10 µM CQ
for 24 h followed by treatment with 5 µM 5-AZA for 72 h, and
found this combination to exert a modest decrease of viability
(Figure 2B).

Cells were lysed for 10 min on ice in TBS buffer (150 mM
NaCl, 10 mM Tris-HCl, pH 7.5) and 1% SDS supplemented
with protease inhibitors. Genomic DNA was sheared by 10 min
sonication. After lysis, proteins were quantified by Bradford assay
(Bio-Rad Protein assay, Bio-Rad Laboratoires GmbH). 30 µg
proteins were resolved by 8-10-15% SDS-PAGE and blotted on
nitrocellulose (Mini-PROTEAN Tetra Cell, BioRad). Membranes
were blocked with 5% milk in TBS buffer, incubated with primary
and secondary antibodies diluted in 5% BSA in TBS buffer,
washed with 0.1% TBS-Tween, and proteins revealed by ECL
(SuperSignal West Pico Chemiluminescent substrate, Thermo
Scientific) at ChemiDoc-it (UVP) for HRP-conjugated secondary
antibody. The following antibodies were used at the indicated
dilutions: rabbit anti-p62 (1:1,000; Sigma-Aldrich Co.); mouse
anti-beta-actin (1:3,000; A5441, Sigma-Aldrich Co.).

Inhibiting Autophagy after Long-Term
Exposure to 5-AZA Improves Cytotoxic
Effect

Statistical Methods
Mann-Whitney test was used to compare values between two
groups. p < 0.05 were considered statistically significant. All
calculations were performed using GraphPad Prism version 6.00
for Windows, GraphPad Software, San Diego California USA,
www.graphpad.com.

Since previous findings suggested that synergism was due to an
increase of basal autophagy due to 5-AZA exposure, we adopted
a sequential treatment treating BMMCs with 5 µM 5-AZA for 72
h followed by 10 µM CQ for 24 h. We found that 5-AZA lethality
was increased using the sequential approach with CQ (p = 0.003,
Figure 3A) or leupeptin (p = 0.003, Figure 3B), associated to
a reduction of G2M phase and increase in G0-G1 phase (p =
0.0056, Figure 3C).
Since CQ inhibits fusion of autophagosomes with lysosomes
without being a specific autophagy inihibitor, we used the same
approach treating 72-h 5-AZA exposed BMMCs with the distal
autophagy inhibitor leupeptin as well and confirmed its synergic
effect with 5-AZA (Figure 3B).
Finally, we measured autophagy biochemically, under basal
condition and after treatment with 5-AZA for 72 h followed by
treatment with CQ or leupeptin, using the autophagic receptor
SQSTM1/p62. The decrease of p62 upon 5-AZA exposure alone
suggests an autophagic induction by 5-AZA, reversible by CQ or
leupeptin exposure (Figures 3C,D).

RESULTS
Pro-Survival Pathways Are Elicited by
Long-term Exposure to 5-AZA
To investigate survival pathways elicited by long-term exposure
to 5-AZA in vivo BMMCs were collected from newly-diagnosed
MDS patients (Table 1) before (T0) and after first four 5-AZA
cycles (T1).
To quantify pro-survival signaling we investigated the amount
of proteins involved in the autophagy pathway. ATG5 (p <
0.0001), Beclin 1 (p = 0.0056) and LC3B (p = 0.0124) were
increased in T1 samples (Figures 1A–C).
Activation of the autophagy pathway occurred independently
from activation of mTOR, since mTORSer2448 (Figure 1D),
AktSer473 (Figure 1E) and ERKThr202Tyr204 were not
affected (Supplementary Figure 1). However, increased levels
of AktThr308 (Figure 1F) were associated to increased PLCY-Tyr783, and its targets upstream SrcTyr416, ShcTyr317,
and downstream and STAT3-Ser727 and STAT5-Tyr694
(Figures 1I–M).
Survival signaling was associated to increased expression of
Musashi (MSI-2), a key player of progression from MDS to AML
(Kharas et al., 2010) and its downstream targets Numb, Notch
and active p53 (p53Ser15, Figures 1N–R).
In order to exclude any potential artifact, we
included an additional normalization to total proteins
and beta-actin confirming the results described above
(Supplementary Figures 2A,B).

DISCUSSION
Clinical studies have been shown the 5-AZA efficacy in highrisk MDS patients. The beneficial effects were noted after
approximately four cycles and continued up to eight cycles
(Santini et al., 2010; Silverman et al., 2011). 5-AZA delayed
the onset of acute myeloid leukemia (AML) but after drug
interruption the progression to AML was inevitable (Fenaux
et al., 2009; Seymour et al., 2010; Silverman et al., 2011; Zeidan
et al., 2014).
Several strategies have been evaluated after failure of treatment
with 5-AZA, included rigosertib (Garcia-Manero et al., 2016),
decitabine (Harel et al., 2015) and vorinostat (Prebet et al.,
2014), with dismal outcome. Thus, understanding pro-survival
pathways elicited by long-term exposure to 5-AZA is a clinical
need for tailored salvage therapy.
The molecular basis for 5-AZA efficacy is unclear, whether
due to induction of apoptosis and how MDS clones can displace

Targeting Autophagy Improve Cytotoxic
Effect of 5-AZA
To assess whether autophagy contributes to 5-AZA sensitivity
escape of MDS cells, we treated primary MDS BMMCs (N = 8)
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FIGURE 1 | Proteomic profile of MDS-BMMCs after long-term exposure to 5-AZA in vivo. (A–R) Proteins obtained from BMMCs isolated from patients at
diagnosis (gray bars) and after treatment (black bars) with 4 cycles of 5-AZA were analyzed using RPPA to as described in the Materials and Methods section. Results
represent the mean of 20 observations in triplicate; error bars denote standard deviation. *p < 0.05, **p < 0.001, ***p < 0.0001 (Mann-Whitney test). The label
indicates the endpoint tested (A–C autophagy pathway, D–F proliferation, G–R intracellular signaling).

Frontiers in Pharmacology | www.frontiersin.org

5

April 2017 | Volume 8 | Article 204

Romano et al.

Autophagy in MDS Treated with 5-Aza

FIGURE 2 | Effects of autophagy inhibition and 5-AZA treatment in MDS-BMMCs in vitro. Cell viability was assessed after 72 h of treatment with AZA or CQ
or their combination (10 µM) using ATP-lite assay, showing a synergic effect (A). Pre-treatment with CQ (10 µM) for 24 h and addition of 10 µM AZA for 72 h did not
exhibit a synergic effect of the two drugs (B). Standard deviation was determined from 8 independent experiments, including triplicate wells per experiment.

to modulate in progression from MDS to AML (Watson
et al., 2011). Our findings overlap with emerging data in the
field which has been recently published (Follo et al., 2008,
2009, 2011, 2012). Mice with autophagic defects develop an
atypical myeloproliferation resembling MDS progressing to AML
(Mortensen et al., 2011); while in our in vitro experiments,
increased expression of proteins involved in the autophagy
pathway (ATG5, Beclin and LC3B) was connected to long-term
exposure to 5-AZA. After a median follow-up of 21 months all
patients but one progressed to AML and further analyses are
ongoing to explore the role of autophagy in progression to AML.
Despite several reports in the field, the role of autophagy in
MDS is not clear, and could have an opposite role in patients
with low or high-risk disease. Indeed, in high-risk disease
autophagy could be implicated in the resistance to apoptosis
in MDS progenitors. In low-risk MDS, autophagy in erythroid
cells has been shown to enhance the physiological clearance
of mitochondria during terminal differentiation, thus removing
defective iron-laden mitochondria (Houwerzijl et al., 2009).
Our proteomic approach revealed that 5-AZA long-term
treatment induces autophagy in MDS-BMMCs, through several
triggers: (i) increase of active Abl-Tyr735; (ii) increase of PLC-γTyr783 which activates AKT (Wang et al., 2006); (iii) increase of
p62, associated with phosphorylation of AKT-Thr308. Our study
confirms in the MDS setting that RPPA technology is suitable for
drug and biomarker discovery as a result of the high-sensitivity,
high-reproducibility, high-throughput, and quantitative features
of the approach. Recent studies have applied RPPA to determine
the mechanism of action and selectivity of emerging drug
candidates at the pathway level, as well as to uncover unexpected
drug resistance mechanisms.
Abl and its effector Src has been reported as regulator
of late stages of autophagy. Defective lysosomal degradation

progressively the normal hematopoiesis or to restoring gene
expression and blast differentiation, reducing methylation of
aberrant silencing of key genes (Tefferi and Vardiman, 2009;
Buckstein et al., 2011).
Potential target proteins include those of p53 family, affecting
cell differentiation and apoptosis, or the p21 and p18 affecting the
behavior of stem cells, and altered p38 mitogen-activated protein
kinase (MAPK) activation (Navas et al., 2006). Little is known
about pro-survival compensatory pathways induced by chronic
exposure to 5-AZA. In our work, we investigated the role of
autophagy in MDS patients who achieved at least a hematological
response after the first four 5-AZA cycles, in order to evaluate
molecular markers in the window of clinical benefit.
The characterization of biologic properties of myelodysplastic
cells in vitro is hampered by a lack of animal models (Komeno
et al., 2009) and by difficulties in isolating the cell populations
responsible for the disease and/or its maintenance, thus some
speculations are only possible based on clinical observations.
Our data are not able to show the differentiation pathway from
the neoplastic proliferation itself, since we could not separate
neoplastic from non-neoplastic cells due to a lack of unique
surface antigens on the BMMCs milieu.
BMMCs of patients with MDS have altered signal
transduction pathways. For example, the erythropoietin
receptor is expressed at a normal density on MDS cells, but
STAT5 activation in response to erythropoietin stimulation is
defective (Mittelman et al., 1996; Hoefsloot et al., 1997; Shimizu
et al., 1999). Few studies have been conducted regarding the basal
activation of proliferative signaling in MDS marrow progenitors
(Hoefsloot et al., 1997; Fontenay-Roupie et al., 1999; Spinelli
et al., 2012), and none after exposure to drugs.
Autophagy signaling is needed for survival and proliferation
in stressful conditions, and it is emerging as a novel pathway
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FIGURE 3 | Effects of sequential treatment with 5-AZA followed by CQ on MDS-BMMCs in vitro. BMMCs were treated with 5 µM 5-AZA for 72 h, washed in
PBS and exposed to 10 µM CQ (A), 10 µM leupeptin for further 24 h (B). When cells were treated with CQ after 72 h of treatment with 5-AZA, a change in cell cycle
was appreciated (C). The effect on the autophagic marker SQSTM1/p62 after 72 h of treatment with 5-AZA followed or not by 10 µM CQ or leupeptin was evaluated
by WB (D,E). Standard deviation was determined from 6 independent experiments, including triplicate wells per experiment.

membrane proteins, which are known to be substrates for
lysosomal enzymes and play a role in regulating lysosome
mobility (Yogalingam and Pendergast, 2008).

of long-lived proteins in the absence of Abl kinase signaling
was accompanied by a perinuclear redistribution of lysosomes
and increased glycosylation and stability of lysosome-associated
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favor compensatory pro-survival pathways that can emerge
when the drug exposure is interrupted and confer advantage
to malignant clones. Targeting autophagy after 5-AZA washout could delay the emergence of this potential malignant
signaling.

Recent reports showed that PI-PLCβ1 was associated with
activated Akt levels in high-risk MDS (Follo et al., 2008) and that
a specific increase of PI-PLCβ1 mRNA within the first 3 cycles
of 5-AZA correlated with a longer duration of response and with
an increase in myeloid differentiation (Cocco et al., 2015). Our
study also reveals that PLC-γ is associated with increased AKT,
and could contribute in the same way as PI-PLCβ1 in mediating
5-AZA responsiveness.
Activation of AKT through phosphorylation of Threonine308
has recently been found to be associated with increased levels of
p62 during the initial induction of p62. The translocation of AktPhafin2 in the nucleus to the lysosome is essential for autophagy
activation (Matsuda-Lennikov et al., 2014).
After 5-AZA exposure, autophagy flux was increased
as suggested by increase of ATG5, Beclin-1 and LC3-B
(Figures 1A–C) and p62 reduction (Figures 3D,E). When we
added chloroquine or leupeptin, authophagy flux was inhibited,
p62 could not be degraded and accumulated in the cells
(Figures 3D,E). Inhibiting the fusion of autophagosomes with
lysosomes with chloroquine increased cytotoxic effect of 5-AZA
(Figure 3B). On the opposite, leupeptin, a distal autophagy
inhibitor increased cytotoxic effect of 5-AZA associated to p62
accumulation in the cells.
Chloroquine is a lysosomotropic agent that prevents
endosomal acidification and is commonly used to study the
role of endosomal acidification in cellular processes and inhibit
early phases of autophagy in vitro and in vivo (Greenberg et al.,
1997; Sanz et al., 1998; Amaravadi et al., 2007; Carew et al., 2007;
Maclean et al., 2008; Bellodi et al., 2009; Milan et al., 2015).
Chloroquine is used therapeutically in the context of clinical
trials due to its manageable toxicity profile as recently reviewed
(Rebecca and Amaravadi, 2016).
Finally, 5-AZA long-term exposure was associated to
progression in cell-cycle, with an increase of transcriptional
factors based on our proteomics screening: (i) Msi-2; (ii) c-myc;
(iii) STAT-3, and STAT-5.
Previous work showed that Msi-2 overexpression and
knockdown strategies influence proliferation and differentiation
of HSCs and myeloid progenitors, through increased c-myc
levels, associated with blastic crisis in chronic myeloid leukemia
and poor outcome in AML (Kharas et al., 2010). The hypothesis
that Msi-2 increases after 5-AZA long-term exposure could be
involved in the progression from high-risk MDS through AML is
currently under investigation in our laboratory.
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Supplementary Figure 1 | Survival signaling pathway investigated by RPPA
in MDS-BMMCs (A). Proteins obtained from BMMCs isolated from patients at
diagnosis (gray bars) and after treatment (black bars) with 4 cycles of 5-AZA were
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Supplementary Figure 2 | Survival signaling pathway investigated by RPPA
in MDS-BMMCs. Proteins obtained from BMMCs isolated from patients at
diagnosis (gray bars) and after treatment (red bars) with 4 cycles of 5-AZA were
analyzed using RPPA as described in the Methods section. Results represent the
mean of 20 observations in triplicate, normalized on the amount of total protein (A)
or Beta-Actin (B); error bars denote SEM. Stars report p < 0.005 (Mann-Whitney
test). 5-AZA = 5-azacitidine. The effect on the autophagic marker SQSTM1/p62
after 72 h of treatment with 5-AZA was evaluated by WB.

CONCLUSIONS
Based on our data, prolonged exposure to 5-AZA can induce
pro-survival signaling, including autophagy, without affecting
proliferation. We suggest that 5-AZA long-term treatment can

REFERENCES

Barresi, V., Palumbo, G. A., Musso, N., Consoli, C., Capizzi, C., Meli, C. R., et al.
(2010). Clonal selection of 11q CN-LOH and CBL gene mutation in a serially
studied patient during MDS progression to AML. Leuk. Res. 34, 1539–1542.
doi: 10.1016/j.leukres.2010.07.004
Bellodi, C., Lidonnici, M. R., Hamilton, A., Helgason, G. V., Soliera, A.
R., Ronchetti, M., et al. (2009). Targeting autophagy potentiates tyrosine

Amaravadi, R. K., Yu, D., Lum, J. J., Bui, T., Christophorou, M. A., Evan, G.
I., et al. (2007). Autophagy inhibition enhances therapy-induced apoptosis
in a Myc-induced model of lymphoma. J. Clin. Invest. 117, 326–336.
doi: 10.1172/JCI28833

Frontiers in Pharmacology | www.frontiersin.org

8

April 2017 | Volume 8 | Article 204

Romano et al.

Autophagy in MDS Treated with 5-Aza

treated with decitabine after azacitidine failure. Leuk. Res. 39, 501–504.
doi: 10.1016/j.leukres.2015.02.004
Hoefsloot, L. H., van Amelsvoort, M. P., Broeders, L. C., van der Plas, D. C., van
Lom, K., Hoogerbrugge, H., et al. (1997). Erythropoietin-induced activation of
STAT5 is impaired in the myelodysplastic syndrome. Blood 89, 1690–1700.
Houwerzijl, E. J., Pol, H. W., Blom, N. R., van der Want, J. J., de Wolf, J. T.,
and Vellenga, E. (2009). Erythroid precursors from patients with low-risk
myelodysplasia demonstrate ultrastructural features of enhanced autophagy of
mitochondria. Leukemia 23, 886–891. doi: 10.1038/leu.2008.389
Kharas, M. G., Lengner, C. J., Al-Shahrour, F., Bullinger, L., Ball, B., Zaidi, S., et al.
(2010). Musashi-2 regulates normal hematopoiesis and promotes aggressive
myeloid leukemia. Nat. Med. 16, 903–908. doi: 10.1038/nm.2187
Komeno, Y., Kitaura, J., and Kitamura, T. (2009). Molecular bases of
myelodysplastic syndromes: lessons from animal models. J. Cell. Physiol. 219,
529–534. doi: 10.1002/jcp.21739
Maclean, K. H., Dorsey, F. C., Cleveland, J. L., and Kastan, M. B. (2008).
Targeting lysosomal degradation induces p53-dependent cell death and
prevents cancer in mouse models of lymphomagenesis. J. Clin. Invest. 118,
79–88. doi: 10.1172/JCI33700
Matsuda-Lennikov, M., Suizu, F., Hirata, N., Hashimoto, M., Kimura, K.,
Nagamine, T., et al. (2014). Lysosomal interaction of Akt with Phafin2:
a critical step in the induction of autophagy. PLoS ONE 9:e79795.
doi: 10.1371/journal.pone.0079795
Milan, E., Perini, T., Resnati, M., Orfanelli, U., Oliva, L., Raimondi, A., et al. (2015).
A plastic SQSTM1/p62-dependent autophagic reserve maintains proteostasis
and determines proteasome inhibitor susceptibility in multiple myeloma cells.
Autophagy 11, 1161–1178. doi: 10.1080/15548627.2015.1052928
Mittelman, M., Gardyn, J., Carmel, M., Malovani, H., Barak, Y., and Nir,
U. (1996). Analysis of the erythropoietin receptor gene in patients with
myeloproliferative and myelodysplastic syndromes. Leuk. Res. 20, 459–466.
doi: 10.1016/0145-2126(96)00002-1
Mortensen, M., Watson, A. S., and Simon, A. K. (2011). Lack of autophagy
in the hematopoietic system leads to loss of hematopoietic stem cell
function and dysregulated myeloid proliferation. Autophagy 7, 1069–1070.
doi: 10.4161/auto.7.9.15886
Mueller, C., Liotta, L. A., and Espina, V. (2010). Reverse phase protein
microarrays advance to use in clinical trials. Mol. Oncol. 4, 461–481.
doi: 10.1016/j.molonc.2010.09.003
Navas, T., Nguyen, A., Hideshima, T., Reddy, M., Ma, J., Haghnazari, E., et al.
(2006). Inhibition of p38alpha MAPK enhances proteasome inhibitor-induced
apoptosis of myeloma cells by modulating Hsp27, Bcl-X(L), Mcl-1 and p53
levels in vitro and inhibits tumor growth in vivo. Leukemia 20, 1017–1027.
doi: 10.1038/sj.leu.2404200
Prebet, T., Braun, T., Beyne-Rauzy, O., Dreyfus, F., Stammatoullas, A., Wattel, E.,
et al. (2014). Combination of vorinostat and low dose cytarabine for patients
with azacitidine-refractory/relapsed high risk myelodysplastic syndromes.
Leuk. Res. 38, 29–33. doi: 10.1016/j.leukres.2013.07.023
Prebet, T., Gore, S. D., Esterni, B., Gardin, C., Itzykson, R., Thepot, S., et al. (2011).
Outcome of high-risk myelodysplastic syndrome after azacitidine treatment
failure. J. Clin. Oncol. 29, 3322–3327. doi: 10.1200/JCO.2011.35.8135
Raj, K., John, A., Ho, A., Chronis, C., Khan, S., Samuel, J., et al. (2007).
CDKN2B methylation status and isolated chromosome 7 abnormalities
predict responses to treatment with 5-azacytidine. Leukemia 21, 1937–1944.
doi: 10.1038/sj.leu.2404796
Rebecca, V. W., and Amaravadi, R. K. (2016). Emerging strategies to effectively
target autophagy in cancer. Oncogene 35, 1–11. doi: 10.1038/onc.2015.99
Santini, V., Alessandrino, P. E., Angelucci, E., Barosi, G., Billio, A., Di
Maio, M., et al. (2010). Clinical management of myelodysplastic syndromes:
update of SIE, SIES, GITMO practice guidelines. Leuk. Res. 34, 1576–1588.
doi: 10.1016/j.leukres.2010.01.018
Sanz, G. F., Sanz, M. A., and Greenberg, P. L. (1998). Prognostic factors
and scoring systems in myelodysplastic syndromes. Haematologica 83,
358–368.
Seymour, J. F., Fenaux, P., Silverman, L. R., Mufti, G. J., HellströmLindberg, E., Santini, V., et al. (2010). Effects of azacitidine compared with
conventional care regimens in elderly (≥ 75 years) patients with higherrisk myelodysplastic syndromes. Crit. Rev. Oncol. Hematol. 76, 218–227.
doi: 10.1016/j.critrevonc.2010.04.005

kinase inhibitor-induced cell death in Philadelphia chromosome-positive
cells, including primary CML stem cells. J. Clin. Invest. 119, 1109–1123.
doi: 10.1172/JCI35660
Buckstein, R., Yee, K., and Wells, R. A. (2011). 5-Azacytidine in myelodysplastic
syndromes: a clinical practice guideline. Cancer Treat. Rev. 37, 160–167.
doi: 10.1016/j.ctrv.2010.05.006
Carew, J. S., Nawrocki, S. T., Kahue, C. N., Zhang, H., Yang, C., Chung, L., et al.
(2007). Targeting autophagy augments the anticancer activity of the histone
deacetylase inhibitor SAHA to overcome Bcr-Abl-mediated drug resistance.
Blood 110, 313–322. doi: 10.1182/blood-2006-10-050260
Chiechi, A., Mueller, C., Boehm, K. M., Romano, A., Benassi, M. S., Picci,
P., et al. (2012). Improved data normalization methods for reverse phase
protein microarray analysis of complex biological samples. Biotechniques 1–7.
doi: 10.2144/000113926
Chiechi, A., Novello, C., Magagnoli, G., Petricoin, E. F., Deng, J., Benassi,
M. S., et al. (2013). Elevated TNFR1 and Serotonin in bone metastasis is
correlated with poor survival following bone metastasis diagnosis for both
carcinoma and sarcoma primary tumors. Clin. Cancer Res. 19, 2473–2485.
doi: 10.1158/1078-0432.CCR-12-3416
Cocco, L., Finelli, C., Mongiorgi, S., Clissa, C., Russo, D., Bosi, C., et al. (2015). An
increased expression of PI-PLCbeta1 is associated with myeloid differentiation
and a longer response to azacitidine in myelodysplastic syndromes. J. Leukoc.
Biol. 98, 769–780. doi: 10.1189/jlb.2MA1114-541R
Della Porta, M. G., Tuechler, H., Malcovati, L., Schanz, J., Sanz, G., GarciaManero, G., et al. (2015). Validation of WHO classification-based Prognostic
Scoring System (WPSS) for myelodysplastic syndromes and comparison with
the revised International Prognostic Scoring System (IPSS-R). A study of the
International Working Group for Prognosis in Myelodysplasia (IWG-PM).
Leukemia 29, 1502–1513. doi: 10.1038/leu.2015.55
Fenaux, P., Mufti, G. J., Hellstrom-Lindberg, E., Santini, V., Finelli, C.,
Giagounidis, A., et al. (2009). Efficacy of azacitidine compared with that of
conventional care regimens in the treatment of higher-risk myelodysplastic
syndromes: a randomised, open-label, phase III study. Lancet Oncol. 10,
223–232. doi: 10.1016/S1470-2045(09)70003-8
Follo, M. Y., Finelli, C., Bosi, C., Martinelli, G., Mongiorgi, S., Baccarani, M.,
et al. (2008). PI-PLCbeta-1 and activated Akt levels are linked to azacitidine
responsiveness in high-risk myelodysplastic syndromes. Leukemia 22, 198–200.
doi: 10.1038/sj.leu.2404855
Follo, M. Y., Finelli, C., Mongiorgi, S., Clissa, C., Bosi, C., Testoni, N., et al. (2009).
Reduction of phosphoinositide-phospholipase C beta1 methylation predicts the
responsiveness to azacitidine in high-risk MDS. Proc. Natl. Acad. Sci. U.S.A.
106, 16811–16816. doi: 10.1073/pnas.0907109106
Follo, M. Y., Finelli, C., Mongiorgi, S., Clissa, C., Chiarini, F., Ramazzotti, G.,
et al. (2011). Synergistic induction of PI-PLCbeta1 signaling by azacitidine and
valproic acid in high-risk myelodysplastic syndromes. Leukemia 25, 271–280.
doi: 10.1038/leu.2010.266
Follo, M. Y., Russo, D., Finelli, C., Mongiorgi, S., Clissa, C., Fili, C., et al.
(2012). Epigenetic regulation of nuclear PI-PLCbeta1 signaling pathway in
low-risk MDS patients during azacitidine treatment. Leukemia 26, 943–950.
doi: 10.1038/leu.2011.300
Fontenay-Roupie, M., Bouscary, D., Guesnu, M., Picard, F., Melle, J.,
Lacombe, C., et al. (1999). Ineffective erythropoiesis in myelodysplastic
syndromes: correlation with Fas expression but not with lack of
erythropoietin receptor signal transduction. Br. J. Haematol. 106, 464–473.
doi: 10.1046/j.1365-2141.1999.01539.x
Garcia-Manero, G., Fenaux, P., Al-Kali, A., Baer, M. R., Sekeres, M. A., Roboz,
G. J., et al. (2016). Rigosertib versus best supportive care for patients with
high-risk myelodysplastic syndromes after failure of hypomethylating drugs
(ONTIME): a randomised, controlled, phase 3 trial. Lancet Oncol. 17, 496–508.
doi: 10.1016/S1470-2045(16)00009-7
Greenberg, P., Cox, C., LeBeau, M. M., Fenaux, P., Morel, P., Sanz, G., et al. (1997).
International scoring system for evaluating prognosis in myelodysplastic
syndromes. Blood 89, 2079–2088.
Greenberg, P. L. (2011). Myelodysplastic syndromes: dissecting the heterogeneity.
J. Clin. Oncol. 29, 1937–1938. doi: 10.1200/JCO.2011.35.2211
Harel, S., Cherait, A., Berthon, C., Willekens, C., Park, S., Rigal, M., et al.
(2015). Outcome of patients with high risk Myelodysplastic Syndrome
(MDS) and advanced Chronic Myelomonocytic Leukemia (CMML)

Frontiers in Pharmacology | www.frontiersin.org

9

April 2017 | Volume 8 | Article 204

Romano et al.

Autophagy in MDS Treated with 5-Aza

Watson, A. S., Mortensen, M., and Simon, A. K. (2011). Autophagy in the
pathogenesis of myelodysplastic syndrome and acute myeloid leukemia. Cell
cycle 10, 1719–1725. doi: 10.4161/cc.10.11.15673
Yogalingam, G., and Pendergast, A. M. (2008). Abl kinases regulate autophagy by
promoting the trafficking and function of lysosomal components. J. Biol. Chem.
283, 35941–35953. doi: 10.1074/jbc.M804543200
Zeidan, A. M., Kharfan-Dabaja, M. A., and Komrokji, R. S. (2014). Beyond
hypomethylating agents failure in patients with myelodysplastic syndromes.
Curr. Opin. Hematol. 21, 123–130. doi: 10.1097/MOH.0000000000000016

Shimizu, R., Komatsu, N., and Miura, Y. (1999). Dominant
negative effect of a truncated erythropoietin receptor (EPORT) on erythropoietin-induced erythroid differentiation: possible
involvement of EPOR-T in ineffective erythropoiesis of myelodysplastic
syndrome. Exp. Hematol. 27, 229–233. doi: 10.1016/S0301-472X(98)
00048-4
Silverman, L. R., Fenaux, P., Mufti, G. J., Santini, V., Hellström-Lindberg, E.,
Gattermann, N., et al. (2011). Continued azacitidine therapy beyond time
of first response improves quality of response in patients with higher-risk
myelodysplastic syndromes. Cancer 117, 2697–2702. doi: 10.1002/cncr.25774
Spinelli, E., Caporale, R., Buchi, F., Masala, E., Gozzini, A., Sanna, A., et al.
(2012). Distinct signal transduction abnormalities and erythropoietin
response in bone marrow hematopoietic cell subpopulations of
myelodysplastic syndrome patients. Clin. Cancer Res. 18, 3079–3089.
doi: 10.1158/1078-0432.CCR-11-0686
Tefferi, A., and Vardiman, J. W. (2009). Myelodysplastic syndromes. N. Engl. J.
Med. 361, 1872–1885. doi: 10.1056/NEJMra0902908
Valent, P., Horny, H. P., Bennett, J. M., Fonatsch, C., Germing, U., Greenberg, P.,
et al. (2007). Definitions and standards in the diagnosis and treatment of the
myelodysplastic syndromes: consensus statements and report from a working
conference. Leuk. Res. 31, 727–736. doi: 10.1016/j.leukres.2006.11.009
Wang, Y., Wu, J., and Wang, Z. (2006). Akt binds to and phosphorylates
phospholipase C-gamma1 in response to epidermal growth factor. Mol. Biol.
Cell 17, 2267–2277. doi: 10.1091/mbc.E05-10-0918

Frontiers in Pharmacology | www.frontiersin.org

Conflict of Interest Statement: FD and AR received honoraria and grants by
Celgene.
The other authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2017 Romano, Giallongo, La Cava, Parrinello, Chiechi, Vetro, Tibullo,
Di Raimondo, Liotta, Espina and Palumbo. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

10

April 2017 | Volume 8 | Article 204

