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Abstract

Resistance to glucocorticosteroids (GCs) is a major adverse prognostic factor in B-ALL, but

the molecular mechanisms leading to GC resistance are not completely understood.

Herein, we sought to elucidate the molecular background of GC resistance in B-ALL and

characterize the therapeutic potential of targeted intervention in these mechanisms. Using

exploratory bioinformatic approaches, we found that resistant cells exhibited significantly

higher expression of MEK/ERK (MAPK) pathway components. We found that GC-resistant

ALL cell lines had markedly higher baseline activity of MEK and small-molecule MEK1/2

inhibitor selumetinib increased GCs-induced cell death. MEK inhibitor similarly increased in

vitro dexamethasone activity in primary ALL blasts from 19 of 22 tested patients. To further

confirm these observations, we overexpressed a constitutively active MEK mutant in GC-

sensitive cells and found that forced MEK activity induced resistance to dexamethasone.

Since recent studies highlight the role GC-induced autophagy upstream of apoptotic cell

death, we assessed LC3 processing, MDC staining and GFP-LC3 relocalization in cells

incubated with either DEX, SEL or combination of drugs. Unlike either drug alone, only their

combination markedly increased these markers of autophagy. These changes were associ-

ated with decreased mTOR activity and blocked 4E-BP1 phosphorylation. In cells with

silenced beclin-1 (BCN1), required for autophagosome formation, the synergy of DEX and

SEL was markedly reduced. Taken together, we show that MEK inhibitor selumetinib
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enhances dexamethasone toxicity in GC-resistant B-ALL cells. The underlying mechanism

of this interaction involves inhibition of mTOR signaling pathway and modulation of autop-

hagy markers, likely reflecting induction of this process and required for cell death. Thus,

our data demonstrate that modulation of MEK/ERK pathway is an attractive therapeutic

strategy overcoming GC resistance in B-ALL patients.

Introduction

Synthetic glucocorticoids (GCs) such as dexamethasone or prednisolone have been used for

decades in the treatment of acute lymphoblastic leukemia (ALL) and other malignancies [1].

Current chemotherapy regimens allow achieving complete remission (CR) in the majority of

ALL patients, but about 20% of children and 60% of adults eventually relapse [2–7]. In vitro

and in vivo response to glucocorticoids is a major prognostic factor in childhood ALL [5, 7–9].

Resistance to glucocorticoids is much more frequent in adult ALL, and resistance to GCs is a

common feature of relapsed leukemic clone [2–7]. Since lymphoblasts from children and

adults who achieve CR are in vitromore sensitive to GCs, major efforts are being made for bet-

ter understanding of the molecular mechanisms driving resistance to these drugs. This knowl-

edge might be an important step toward development of targeted therapeutic strategies

restoring drug sensitivity, reducing risk of relapse and thus, improving patients outcome.

Despite their extensive use and tremendous clinical impact, the mechanisms by which GCs

exert their biological and clinical effects are incompletely understood. GCs action within the

cells is initiated upon binding to the glucocorticoid receptor (GR), responsible for the induction

of genomic and non-genomic effects. Treatment with GCs in leukemic cells leads to G1 phase

cell cycle arrest and induction of a programmed cell death (apoptosis). Multiple intermediate

pathways and mechanisms have been implicated in mediating these effects; likewise, many

mechanisms have been identified to contribute to GC-resistance, including certain protein

kinases (e.g. GSK3, AKT, mTOR, AMPK), expression of BCL2-family members (MCL1,

BCL-XL), activity of deubiquitinase USP9X, or posttranslational modifications of FOXO3a

[10–14].

Apoptosis has been suggested to be the main effector mechanism associated with GCs ther-

apy [13, 15, 16], but recent studies highlighted the role of autophagy upstream of apoptotic cell

death [17–19]. Autophagy is a highly conserved process, regulating normal protein and organ-

elle turnover, characterized by the formation of double-membrane vesicles, called autophago-

somes, that engulf a portion of the cytoplasm and deliver it for lysosomal degradation [20].

The formation of autophagic vesicle depends on a class III phosphatidylinositol 3-kinase PI3K,

beclin-1, and is inhibited by the AKT/mTOR pathway in response to various growth factors

[21, 22]. Although autophagy was initially described as a process that facilitates cellular survival

under starvation or metabolic stress, it may also lead to cell death, presumably by an excessive

degradation of cellular components [23, 24].

In this study, we examined potential mechanisms responsible for glucocorticoid resistance

in ALL cells, and found that blasts resistant to GCs exhibit significantly higher expression of

mitogen-activated protein kinase (MAPK/ERK) pathway components. We show that MEK1/2

inhibitor selumetinib enhances DEX toxicity in GC-resistant B-ALL cells. The mechanism

underlying this interaction involves inhibition of mTOR signaling pathway, induction of cer-

tain markers of autophagy and subsequent cell death. These observations provide new insights

into the biological bases of clinically observed GCs resistance and demonstrate that modulation
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of autophagy by MEK/ERK pathway is a new, targetable mechanism of GC resistance in

B-ALL patients. From the clinical standpoint, these observations may facilitate development of

clinical trials testing optimized treatment protocols and maximizing chances for complete

remission and cure of ALL patients.

Materials and Methods

Bioinformatics and statistical analyses

To identify potential mechanisms responsible for GC-resistant phenotype, we utilized gene

expression data from previous studies that assessed transcriptional profiles of GC-sensitive and

GC-resistant cells [25, 26]. Primary data deposited under ID GSE5820 and GSE32962 are avail-

able from Gene Expression Omnibus, (http://www.ncbi.nlm.nih.gov/geo/). We used these data

to perform an exploratory in silico data mining approach using Gene Set Enrichment Analysis

(GSEA) www.broadinstitute.org/gsea/. Top genes differentiating studied phenotypes were

ranked with respect to the absolute signal to noise ratio (SNR) [27, 28] and subsequently inter-

rogated with gene sets from the MSigDB repository (representing e.g. a common signaling

pathways). The proximity of a given gene set to the top end of the ranked list were measured

with an enrichment score (ES) and Kolmogorov-Smirnov [29] statistics and by comparing the

observed ES to the distribution of permuted ES scores [30–32].

Data are presented as means from three independent experiments ± SD, unless otherwise

stated. Statistical comparisons were performed with Student’s t-test. P-values<0.05 were con-

sidered statistically significant. All calculations were performed using GraphPad Prism or R

software.

Cell lines and primary ALL blasts

Human pre-B ALL cell lines SEMK2, RS4;11, 697 and a T-ALL cell line CCRF-CEM were

obtained from DSMZ (Braunschweig, Germany). Cell lines were maintained at a density of

0.6–2.0×106/ml in RPMI-1640 medium (Lonza) supplemented with 10% heat inactivated fetal

bovine serum (Biovest), 2 mM L-glutamine, 10 mMHEPES and 100 U/ml of penicillin/strepto-

mycin (Lonza). Peripheral blasts from adult pre-B-ALL patients were isolated using density

gradient centrifugation (Ficoll-Hypaque; density 1.077 g/mL) within 24 hours from harvesting.

If necessary, ALL samples were further purified to achieve more than 90% blasts by removing

nonmalignant cells using immunomagnetic beads (B-cell isolation kit, Miltenyi). Cells were

then frozen in liquid nitrogen or cultured at 2×106/ml concentration in RPMI-1640 medium

(Lonza) containing 20% heat-inactivated fetal bovine serum (FBS), 2mM L-glutamine, 10mM

HEPES and 100U/mL of penicillin/streptomycin. The study was conducted after approval of

Bioethics Committee (Komisja Bioetyczna, http://www.ihit.waw.pl/komisja-bioetyczna.html).

The study was conducted according to Declaration of Helsinki principles. Patients provided

written informed consent, and all sensitive information were blinded and data were analyzed

anonymously.

Chemicals, antibodies and vectors

Dexamethasone was used at 0.05 μg/ml (0.1 μM), 2 μg/ml (4 μM) or 30 μg/ml (60 μM) con-

centrations, as indicated. MEK1/2 inhibitor selumetinib (Selleck Chem) was used at 200 nM,

chloroquine (Sigma Aldrich) was used at a 50 μM or 100 μM and monodansylcadaverine

(MDC) (Sigma Aldrich) at 50 μM concentrations, mTORC1 inhibitor rapamycin at 100 nM.

Selumetinib, chloroquine and MDC were dissolved in DMSO and stored at -20°C. Antibodies

against LC3 A/B (#4108), BIM (#2933), p-ERKT202/204 (#4370), p4E-BP1T37/42 (#5114),
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p-p90RSKT353/S356 (#9344), 4E-BP1 (#9452), BCN1 (#3738), RSK1/2/3 (#9355), GR (#3660)

and β-actin (#4970) were purchased from Cell Signaling. Antibodies against GAPDH (#MAB

374) and ERK1/2 (#05–1152) were purchased from Millipore. Plasmids encoding MEK1

kinase and pBabe-puro were obtained from dr W. Hahn and dr H. Land via Addgene [33,

34]. Introduction of Q56P mutation into MEK1 sequence was performed using two-stage site

directed PCR mutagenesis followed by fusion PCR. In a first stage of mutagenesis N- and C-

termini of MEK1 kinase were amplified with primers introducing desired mutation. Both

fragments overlapped in 25 base pairs. In the second stage of mutagenesis, products of the

first stage PCR were used as a templates to perform fusion PCR with flanking primers. Prim-

ers sequences are given in Table 1. pLVX-IRES-PURO-GFP-LC3 plasmid containing rat LC3

protein N-terminally fused to GFP was generated from a pEGFP-LC3m plasmid (a kind gift

of Prof. Noboru Mizushima and Dr Tamotsu Yoshimori [35]) using XhoI and NotI sites. All

constructs were sequenced and confirmed to be correct. Vectors were then used to transform

XL1 blue bacterial strains and plasmid DNA was prepared and purified using an Endo-free

Plasmid maxi kit (Qiagen), according to the manufacturer’s instructions. Plasmids were dis-

solved in endotoxin-free TE buffer and stored at −20°C until use. Vectors were used to gener-

ate retroviruses and infect target cells as previously described [36].

shRNA-mediated BCN1 downregulation

Short hairpin (sh) RNA targeting BCN1 gene was designed as previously described [37]. Sin-

gle-stranded shRNA’s corresponding to the 5’GTAAGACGTCCAACAACAGC3’ sequence in

BCN1 cDNA were purchased from Sigma-Aldrich and annealed. Obtained double-stranded

oligo was cloned into pSIREN-RetroQ-Puro retroviral vector (Clontech) using BamHI/EcoRI

sites as described [36] and retrovirally transferred to SEMK2 cells. BCN1 silencing was assessed

by immunoblotting.

Cell death assay

Cell death was measured using AnnexinV—fluorescein isothiocyanate (FITC) and propidium

iodide (PI) staining according to manufacturer instructions (Annexin V—FITC apoptosis

detection kit I, BD Biosciences). Cell death data were acquired on a BD FACS Canto I flow

cytometer (BD Biosciences) and analyzed by FacsDiva software (BD Biosciences).

Immunoblotting

Cells were washed in PBS and lysed in RIPA buffer supplemented with protease and phospha-

tase inhibitor cocktail (Complete Protease Inhibitor Cocktail Tablets, PhosSTOP Phosphatase

Inhibitor Cocktail Tablets, Roche) as described [38]. Proteins were size-fractionated by sodium

dodecyl sulfate (SDS)–PAGE and transferred to Immunobilon-PVDF membranes (Millipore).

Blots were incubated in blocking buffer (5% BSA, 0.1% Tween/Tris-buffered saline TBS) at

room temperature for 1 hour and subsequently incubated with primary antibodies diluted

Table 1. Primer sequences used for MEK1mutagenesis.

Name Primer sequence

MEKQ56P_BamHI_F 5’ CTTTGTACACCCTAAGCCTCCG 3’

MEKQ56P_SnaBI_R 5’ TAGATACGTAGCGGCCGCCTAGATG 3’

Q56PI_R 5’CTTCTGCTTCGGCGTCAGAAAGGCC 3’

Q56PII_F 5’GGCCTTTCTGACGCCGAAGCAGAAG 3’

doi:10.1371/journal.pone.0155893.t001
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1:1000 in 5% BSA/TBST overnight at 4°C with rotation. After washing in TBST, blots were

incubated with appropriate horseradish peroxidase (HRP)–conjugated secondary antibodies at

room temperature for 1 hour, developed by ECL (Perkin Elmer), and visualized with G:

Box image acquisition system (Syngene). To reprobe with another antibody, blots were incu-

bated in stripping buffer at 50°C for 30 minutes and analyzed as described above. Densitomet-

ric analyses were performed using ImageJ software (www.imagej.net).

Phospho-specific flow cytometry

Activity of MAPK/ERK pathway in primary blasts was assessed using intracellular phospho-

specific flow cytometry according to manufacturer’s protocol (BD Phosflow Protocol II for

Human PBMCs, BD Biosciences). Briefly, 1×106 cells were resuspended in 1 mL of ice cold

PBS, then fixed, permeabilized and stained with phycoerythrin conjugated pERK1/2 (pT202/

pY204) or isotype control antibody (IgG1ĸ) (BD Bioscience). Flow cytometric analysis was per-

formed on FACS Canto I flow cytometer (BD Bioscience) and analyzed by Facs Diva.

Monodansylcadaverine staining (MDC) and fluorescence microscopy

For labeling and visualization of MDC labeled vacuoles, SEMK2 and RS4;11 cells (2 × 105)

were incubated with DEX, SEL or combination of drugs for 24h, then stained with MDC

(50 μM) for 15 minutes at 37°C in the dark and washed 3 times with PBS, centrifuged with a

cytospin centrifuge and directly visualized by a fluorescence microscope, equipped with DAPI

filter and CCD camera (Axio Imager.Z2, Zeiss). SEMK2 cells stably expressing GFP-LC3 were

washed with PBS, stained with Hoechst 33342 (2.5 μg/ml) (Life technologies) for 20 minutes in

the dark, again washed 3 times with PBS, centrifuged with a cytospin centrifuge and directly

visualized using Axio Imager.Z2 fluorescence microscope equipped with FITC/DAPI filters

and CCD camera. All fluorescence images were captured at 630 × magnification.

Results

MAPK/ERK gene expression signature and activity differentiates GC-
resistant and GC-sensitive ALL blasts

To elucidate the molecular mechanisms responsible for GCs resistance in B-ALL blasts, we per-

formed gene set enrichment analysis of publicly available gene expression profiles obtained

from GC-resistant and -sensitive primary B-ALL blasts [25, 26]. These analyses revealed that

GC-resistant cells exhibit significantly higher expression of MAPK/ERK pathway components

as compared to sensitive cells (p = .006, FDR = 0.19 and p = .0019, FDR = 0.0756 (Fig 1A).

These observations led us to hypothesize that MAPK/ERK activation might contribute to cellu-

lar resistance to GCs. To test this hypothesis, we determined the activation status of MAPK/

ERK pathway in ALL cell lines. Since ERK1/2 is the only physiological substrate of MEK1/2,

the activity of MAPK/ERK pathway can be monitored by evaluating the level of phosphory-

lated ERKT202/204 and its substrate, p90RSKS353/T356. Three of four examined ALL cell lines

(SEMK2, 697, CCRF-CEM) exhibited baseline phosphorylation of ERK1/2 and p90RSK, which

rapidly and markedly decreased after incubation with MEK1/2 inhibitor, selumetinib (SEL),

approved for treatment of melanoma and tested in other solid malignancies (Fig 1B). To assess

whether inhibition of MAPK/ERK pathway would sensitize ALL cells to dexamethasone, we

incubated cells with high (SEMK2, 697, CCRF-CEM) or undetectable (RS4;11) activity of

MAPK/ERK pathway with increasing concentrations of dexamethasone (DEX), selumetinib

(SEL) or combination of these drugs (DEX+SEL) for 72h. Cells were subsequently stained with

annexinV/PI and cell death was assessed by flow cytometry analysis. Inhibition of MEK1/2

MEKModulates Autophagy and DEX Sensitivity in ALL
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Fig 1. MEK1/2 inhibitor, selumetinib sensitizes GC-resistant ALL cells to dexamethasone. (A) GC-
resistant cells exhibit coordinate upregulation of MAPK/ERK pathway components. GSEA plots show relative
upregulation of MAPK/ERK cascade components in GC-resistant ALL cells in two independent datasets [25,
26]. Relative expression of pathway components is visualized by the heat map. FDR- false discovery rate. (B)
ALL cell lines with active MAPK/ERK pathway (SEMK2, 697, CCRF-CEM) and ALL cells with undetectable

MEKModulates Autophagy and DEX Sensitivity in ALL
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increased dexamethasone toxicity in all resistant cell lines (Fig 1C). Of note, DEX alone in

resistant cells did not change the pERK levels (Fig 1D).

In line with these observations, DEX triggered a marked induction of a BH3-only proapop-

totic BCL2 family member, BCL2L11 (BIM) in sensitive RS4;11 cells. In contrast, in GC-resis-

tant SEMK2, CCRF-CEM and 697 cells, BIM abundance was increased only when DEX was

combined with SEL (Fig 2A). DEX-sensitive and—resistant cells exhibited similar baseline lev-

els of glucocorticosteroid receptor (GR), indicating that the baseline level is not an important

determinant of apoptotic response (Fig 2B). Importantly, SEL used as a single agent did not

exhibit significant toxicity to ALL cell lines (Fig 3), indicating that MEK activity is not required

for cell survival.

Overexpression of a constitutively active MEK1 mutant in GC-sensitive
cells (RS4;11) induces resistance to GCs

To further evaluate the role of MAPK/ERK pathway in mediating GCs resistance, we overex-

pressed constitutively active form of MEK1 kinase (MEK-Q56P) in DEX-sensitive RS4;11 cells,

which do not exhibit detectable activity of MAPK/ERK pathway. MEK-Q56P mutation, identi-

fied in melanoma patients, is located in the proximity of regulatory helix A and leads to consti-

tutive kinase activity [39]. Compared to control RS4;11 cells transduced with the empty vector

(pBabe), cells transduced with this MEK1 mutant exhibited increased basal ERK1/2 activation

(Fig 4A). Consistent with our previous results, MEK-Q56-transduced cells exhibited substan-

tially lower sensitivity to dexamethasone-induced cell death than control cells (Fig 4B and 4C).

MEK1/2 inhibitor, selumetinib, potentiates DEX-induced LC3
processing, MDC staining and GFP-LC3 relocalization in ALL cells

We next sought to identify molecular mechanisms responsible for the mechanisms of MEK1/2

inhibitor—induced sensitization of ALL cells to DEX. Since in GC-sensitive cells treatment

with DEX leads to induction of autophagy that precedes apoptotic cell death [17], we hypothe-

sized that MAPK/ERK pathway contributes to GC-resistance by suppressing DEX-induced

autophagy. To test this hypothesis, we incubated GC-resistant and -sensitive ALL cell lines

with DEX, SEL or their combination for 24h and then assessed three independent markers of

autophagy. First, we assessed conversion of microtubule-associated protein light chain 3

(LC3-I) to LC3-II. During the formation of autophagosomes in mammalian cells, carboxyl-ter-

minal region of LC3 is cleaved generating a soluble form LC3-I. LC3-I is subsequently modified

to a membrane-bound form LC3-II, localized to autophagosomes and autophagolysosomes.

Therefore, conversion of LC3-I to LC3-II is widely used to monitor autophagy [35, 40, 41]. We

found that in DEX-sensitive RS4;11 cells, DEX induced conversion of LC3-I to LC3-II, which

was not further increased by co-administration of DEX/SEL (Fig 5A). In GC-resistant SEMK2

cells, DEX or SEL alone had a noticeable effect on the LC3-II abundance, but the simultaneous

incubation with DEX and SEL resulted in markedly increased LC3-II levels (Fig 5A).

expression of MAPK/ERK pathway (RS4;11) were incubated for 4h with MEK1/2 inhibitor, selumetinib (SEL,
200 nM). Thereafter, phosphorylation status of ERK1/2 and its substrate p90RSK were assessed by
immunoblotting. (C) ALL cell lines were incubated with DEX (0.05 μg/ml 2 μg/ml and 30 μg/ml), SEL (200 nM)
or combination of DEX+SEL for 72h and cell death was assessed by annexinV/PI staining followed by flow
cytometry analysis. * p<0.05, ** p<0.01, ns- not significant. Error bars represent SD of three independent
experiment. P values were calculated using Student’s t-test. (D) Cells were incubated as in (C) and used to
determine the phosphorylation status of ERK1/2 by immunoblotting.

doi:10.1371/journal.pone.0155893.g001
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Fig 2. BIM and GR expression in cells incubated with DEX, SEL or their combination.GC- resistant and -sensitive SEMK2 and
RS4;11 were incubated for 24 h with DEX (0.05–2 μg/ml), SEL (200 nM) or combination of DEX+SEL. BIM (A) and GR (B) expression
levels were assessed by western blot.

doi:10.1371/journal.pone.0155893.g002
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While most of the LC3-II at the outer autophagosomal membrane is recycled to the cytosol,

the fraction of LC3-II at the inner membrane is transported to the lysosomal compartment

where it is degraded. Thus, it is important to perform LC3 turnover assays comparing the levels

of LC3-II in the presence of lysosomal inhibitors, like chloroquine (CQ), that prevent degrada-

tion of autophagic vacuoles by increasing lysosomal pH [40, 42]. Incubation of the RS4;11 cells

with CQ alone increased the amount of LC3-II form, reflecting basal level of autophagy in

these cells (Fig 5A). Incubation of these cells with DEX and CQ led to increased amounts of

LC3-II above the levels induced by either CQ or DEX alone (Fig 5A). In GC-resistant SEMK2

cells, co-cultured with DEX or SEL in the presence of CQ inhibitor, the abundance of LC3-II

form moderately increased, but cells incubated with DEX and SEL simultaneously exhibited

markedly greater increase in LC3-II form compared to cells incubated with DEX or SEL alone

(Fig 5A).

To further assess the putative role of autophagy in cell death induced by DEX and SEL, we

stained these cells with monodansylcadaverine (MDC), a dye of autophagosomes and autopha-

golysosomes [42]. The amount of MDC-positive structures in RS4;11 cells increased after DEX

and did not change in response to SEL or combination of DEX/SEL. In contrast, in DEX-resis-

tant SEMK2 cells, the number of MDC-positive structures in response to DEX or SEL alone

did not change significantly as compared to control cells, but combination of these agents

markedly increased the abundance of MDC-positive structures (Fig 5B).

Because MDC is not a specific marker of autophagy, as it associates not only with acidic

(lysosomes, autophagolysosomes) but also with lipid-rich compartments (autophagic vacuoles

and lamellar bodies), we further performed fluorescence-based visualization of autophago-

somes using LC3 N-terminally fused to GFP (GFP-LC3). This approach allows to monitor

autophagy by observing LC3 protein relocalization from a diffuse cytoplasmic to a dotty pat-

tern, indicating recruitment of this protein to autophagosome membranes [42, 43]. For this

purpose, we retrovirally transduced DEX-resistant SEMK2 cells with pMIP-GFP-LC3 vector.

After obtaining stable transfectants, cells were incubated with DEX, SEL or combination of

Fig 3. Viability of ALL cell lines incubated with SEL. ALL cell lines were incubated with SEL at the
indicated doses for 72h and cell death was assessed by annexinV/PI staining followed by flow cytometry
analysis. Error bars indicate SD from at least 3 independent repeats.

doi:10.1371/journal.pone.0155893.g003
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Fig 4. Overexpression of a constitutively active MEK1mutant (MEK-Q56P) in GC-sensitive RS4;11 cells induces resistance to DEX. (A)
RS4;11 cells were retrovirally transduced with MEK-Q56P or empty control. Cells were lysed and ERK1/2 phoshorylation status was assessed by
immunoblotting. (B-C) Control cells and MEK-Q56P—transduced cells were incubated with DEX (0.05, 2 or 30 μg/ml) for 72h. Thereafter, cell death
was assessed by annexinV/PI staining and flow cytometry analysis. Absolute, averaged numbers of apoptotic cells in two independent experiments
are indicated in (C). Error bars represent SD. P value was calculated using Student’s t-test.

doi:10.1371/journal.pone.0155893.g004
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Fig 5. MEK1/2 inhibitor, selumetinib, intensifies DEX induced LC3 conversion, MDC staining and GFP-LC3 relocalization in GC-resistant
SEMK2 ALL cells. (A) GC-sensitive (RS4;11) and GC-resistant (SEMK2) cells were incubated with DEX (0.05 μg/mL) in the presence or absence of
MEK1/2 inhibitor, selumetinib (SEL, 200 nM) for 24h. When indicated, cells were pretreated for 3 h with 50 μM or 100 μM of chloroquine (CQ). Thereafter,
LC3 processing was assessed by immunoblotting. Densitometric analyses of LC3II/I are indicated below the blots. (B) SEMK2 and RS4;11 cells were
cultured as described above for 24h, stained with MDC (50 μM) and analyzed by fluorescence microscopy. (C) SEMK2 cells were stably transduced with
GFP-LC3 and incubated with DEX, SEL or combination of DEX+SEL for 24h. GFP-LC3 relocalization from diffuse cytoplasmic in control cells to a
massive dotty pattern in DEX+SEL treated cells indicates LC3 recruitment to autophagosomemembranes. In the lower panel, the percentage of cells with
GFP-LC3 dots was quantified by counting the number of cells with > 3 dots and divided by a total number of GFP positive cells in 5 random non-
overlapping fields. Pictures were taken at 630 × magnification. P value was calculated using Student’s t-test. (D) Induction of autophagy markers by the
DEX and SEL co-treatment involves mTOR suppression. SEMK2 and RS4;11 cells were incubated with DEX in the presence or absence of SEL and
lysed. 4E-BP1 phoshorylation status was assessed by immunoblotting. (E) GC-resistant (SEMK2) and—sensitive (RS4;11) cells were incubated with
mTOR inhibitor rapamycin (100nM) in the presence or absence of DEX (0.05 μg/mL) for 24h. Thereafter, LC3 processing was assessed by
immunoblotting and quantified. Densitometric analyses of LC3II/I are indicated below the blots. (F) Cells were treated as in (E) for 72h. Thereafter, cell
numbers were assessed by counting 6 independent fields in Burker’s chamber. Data represent two independent experiments. P-values were calculated
using 2-sided Student’s t-test.

doi:10.1371/journal.pone.0155893.g005
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these drugs for 24 h. Consistent with previous results, DEX or SEL treatment alone induced

only weak GFP-LC3 relocalization to autophagosome membranes in GFP-positive cells, but

co-administration of this drugs robustly enhanced LC3 relocalization to a distinct punctual

pattern (Fig 5C).

Combination of MEK1/2 inhibitor with DEX in resistant cells inhibits
mTOR activity

Autophagy is controlled by mTOR, thought to be a master-regulator of this process [44].

Reduction of mTOR activity is associated with induction of autophagy. We hypothesized that

constitutive MEK activity in ALL cells might suppress DEX-mediated induction of autophagy

by modulating mTOR. Of note, our previous data indicated that MEK1/2 inhibition led to

decreased activity of ERK1/2 and p90RSK (Fig 1B). Both ERK1/2 and p90RSK phosphorylate

and inactivate TSC2, functioning as a molecular switch that regulates mTOR’s activity [45–47].

To test this hypothesis, we assessed the activity of a key mTORC1 substrate, 4E-BP1, in DEX-

resistant and DEX-sensitive ALL cell lines following incubation with DEX, SEL or both com-

pounds simultaneously. In RS4;11 cells DEX, but not SEL, decreased the level of phosphory-

lated of 4E-BP1 (Fig 5D). In contrast, in SEMK2 cells, incubation with DEX or SEL alone only

moderately changed the phosphorylation level of 4E-BP1, but co-treatment resulted in a

marked inhibition of this protein (Fig 5D). Consistent with these findings, an mTORC1 inhibi-

tor rapamycin similarly synergized with DEX (Fig 5E and 5F) with respect to induction LC3

conversion and inhibition of cellular proliferation. Thus, mTOR activation downstream of

MAPK/ERK signaling pathway plays an important role in inducing resistance to GCs in ALL

blasts.

BCN1 is required for MEK1/2 inhibitor-dependent sensitization of ALL
cells to DEX

After demonstrating that inhibition of MAPK/ERK pathway concurrent with GCs treatment in

ALL cell lines increases autophagy and GC-induced cell death, we asked whether BCN1, a gene

required for autophagosome formation, is required for this synergy. We thus compared

responses to DEX/SEL treatment in SEMK2 cells with silenced BCN1, and in control cells

transduced with non-targeting shRNA (Fig 6A). As expected, SEL sensitized mock-transduced

cells to DEX. In contrast, BCN1-deficient cells exhibited markedly lower induction of cell

death after SEL/DEX treatment (Fig 6B and 6C). Importantly, expression of this protein is not

modulated by DEX or SEL treatment in ALL cells (Fig 6D). These data indicate that the

increased toxicity of DEX/SEL combination in ALL cells is at least partially reliant on expres-

sion of BCN1.

MEK1/2 inhibitor sensitizes pre-B ALL primary blasts to glucocorticoid
treatment through a mechanism involving modulation of mTOR activity
and induction of LC3 processing

We next assessed responses to DEX/SEL combination in blast samples obtained from periph-

eral blood of 22 newly diagnosed adult ALL patients. All these samples exhibited basal ERK1/2

activity, although its magnitude varied considerably (S1 Fig). After incubation of these primary

cells with DEX (0.05 μg/ml) or combination of DEX/SEL, cell death was assessed by Annex-

inV/PI staining. DEX treatment alone led to variable apoptotic responses. Concurrent incuba-

tion of primary ALL blasts with DEX and SEL increased the fraction of dead cells in 17 of 22

patients by 10.2–73.3% (mean 28.6%), compared to DEX alone. In 2 patients, SEL/DEX

MEKModulates Autophagy and DEX Sensitivity in ALL
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Fig 6. BCN1 knockdown reduces SEL-mediated sensitization to DEX. (A) SEMK2 cells were retrovirally transduced with BCN1-specific shRNA or
scrambled control (SCR). After selection of stable transfectants, BCN1 knockdown was confirmed by western blot. (B,C) Cells with BCN1 knockdown or
control cells were incubated with DEX, (0.05 μg/ml or 2 μg/ml) in the presence or absence of MEK1/2 inhibitor, selumetinib (SEL, 200 nM) for 72h.
Apoptosis was assessed by annexinV/PI staining followed by flow cytometry analysis. Representative dot-plots from FACS analysis are shown in B;
averaged results from 3 independent experiments with SD are indicated in (C) Statistical difference in responses betweenmock- and shBCN1-
transduced cells were determined using 2-sided Student’s t-test. (D) Beclin-1 expression in cells treated with DEX, SEL or their combination. SEMK2 cells
were incubated for 24 h with DEX (0.05 μg/ml), SEL (200 nM) or combination of DEX+SEL and BCN1 expression level was assessed by western blot.

doi:10.1371/journal.pone.0155893.g006
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combination exhibited only a weak effect (apoptosis increased by 2–7%) and in remaining 3

patients, SEL had no effect on DEX response (Fig 7A). We further assessed the molecular

markers of autophagy in 3 representative ALL blasts specimens, in which SEL increased DEX-

induced apoptosis. Combination of DEX and SEL markedly decreased phosphorylation of

Fig 7. Selumetinib sensitized primary ALL blast do DEX throughmodulation of mTORC1 activity. (A) Primary blast were isolated from peripheral
blood of ALL patients and incubated with DEX (0.05 μg/ml), SEL (200 nM) or DEX+SEL. Cell death was assessed by annexinV/PI staining and flow
cytometry analysis. (B) Primary blasts from patients indicated with asterisks (panel A) were incubated as described above and phosphorylation status of
4E-BP1 and LC3 processing were assessed in total cell lysates by immunoblotting. Densitometric analyses of LC3II/I are indicated below the blots.

doi:10.1371/journal.pone.0155893.g007
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4E-BP1(T37/42) (indicating decreased mTORC1 activity) and increased level of autophagy, as

measured by LC3 turnover (Fig 7B). These observations indicate that in primary ALL cells with

active MAPK/ERK signaling, the drugs cooperatively decrease mTOR activity and stimulate

LC3 processing and relocalization, likely reflecting increased autophagy.

Discussion

GC resistance in the initial phase of chemotherapy is a strong predictor of adverse outcome for

B-ALL. Multiple studies were aimed to elucidate the mechanisms underlying defective induc-

tion of cell death by GCs, with a long-term goal being the specific, targeted intervention in the

deregulated pathways and re-sensitization to GCs. For example, there is clear evidence for

hyperactivation of AKT [48] and mTOR [25] in GC-resistant B-ALL. As treatment of B-ALL

cells with GCs leads to programmed cell death, increased expression of BCL2 family antiapop-

totic proteins (e.g. MCL-1) was another particularly interesting finding in GC-resistant B-ALL

blasts [18, 25, 49]. As expected, targeting the overexpressed MCL-1 with BH3-mimetic obato-

clax increased the cellular sensitivity to GCs; however, the molecular mechanisms leading to

resensitization were far more complicated than solely modulation of mitochondrial apoptotic

machinery [18, 19, 49]. Obatoclax combined with GC induced multiple cell death pathways

(including necroptosis and caspase—dependent and -independent apoptosis), which were pre-

ceded by induction of autophagy [18, 19]. Mechanistically, treatment with obatoclax was asso-

ciated with dissociation of MCL-1 from BCN1 and BAK, increased LC3 processing, LC3

relocalization and decreased p62 abundance [18, 19]. Downregulation of BCN1 or ATG5

decreased the amount of cell death, indicating that autophagy is required for all these cell death

mechanisms to occur [18, 19].

These findings are consistent with earlier landmark studies indicating that in B-ALL blasts,

autophagy is required for subsequent induction of apoptosis [17]. Formation of autophago-

somes occurred early in the sequence of DEX-induced events, before BAK activation, loss of

mitochondrial membrane potential and nuclear fragmentation [17]. Furthermore, chemical

and genetic inhibition of autophagosome formation led to a decrease in the apoptotic cell

death [17]. These data indicate that induction of autophagy by GCs in ALL cells is a prerequi-

site for subsequent initiation and execution of apoptosis. Mechanistically, induction of autop-

hagy in GC-sensitive cells by dexamethasone involved upregulation of promyelocytic leukemia

protein, PML, its complex formation with AKT and a PML-dependent AKT dephosphoryla-

tion [17]. Initiation of autophagy and the onset of apoptosis were both dependent on these

events. Since AKT is a major regulator of mTOR, thought to play a central role in the regula-

tion of autophagy, these results suggest that DEX-induced autophagy is mediated by the

decreased activity of this pathway. Consistent with the key role of autophagy in GCs sensitivity,

previous high-throughput studies, utilizing a compendium of drug-induced gene expression

signatures and pattern-matching algorithms to identify compounds that modulate the GCs

resistance, revealed that rapamycin, an mTORC1 inhibitor, sensitized ALL cells to GCs [25].

Of note, combination of obatoclax with DEX decreased mTOR-AKT activity [19]. GC-resistant

ALL cells could therefore be primed for mTOR-controled autophagy.

In this study, using an unbiased bioinformatics approach, we found that GC-resistant ALL

cells exhibit significantly higher expression of all MAPK/ERK pathway components (RAS,

RAF, MEK1/2, ERK1/2, JNK, cFOS), as compared to sensitive cells, indicating that GCs resis-

tance in ALL cells might be driven by MAPK/ERK pathway signaling. MAPK/ERK activity has

been previously implicated in mediating the resistance to GCs in lymphoid cells in several dif-

ferent mechanisms [49–51]. For example, ERK1/2 phosphorylates BIM, which targets this pro-

tein for proteasomal degradation [51]. By disrupting this mechanism, MEK inhibitors increase
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BIM protein level [51]. Other studies indicate that BIM dephosphorylation (resulting from

MEK inhibition) allows it to bind to and neutralize MCL-1 [49]. Thus, BIM might compete

with MCL1 for BCN1 binding, and released BCN1 might be free to induce autophagy. In more

recent studies, MEK2 inhibition was shown to sensitize B-ALL cells to DEX in a p53-dependent

manner [50]. Levels of p53 have been previously shown to be modulated through the MEK/

ERK pathway via MDM2 [52, 53]. Thus, MEK inhibition in GC-resistant B-ALL cells leads to

increased stability and expression of p53 [50]. Introduction of transcriptionally-deficient, dom-

inant-negative p53 allele to cells with siRNA-blocked MEK2 abrogated the resensitization

effect, thereby indicating that it requires p53-dependent transcription upon cellular insult [50].

It is particularly interesting, as nuclear (transcriptionally active) pool of p53 is involved in stim-

ulation of autophagy via induction of multiple genes involved in this process [54, 55]. MEK

expression and activity in B-ALL cells are also regulated by microRNAs [56]. Low levels of

MIR335 are associated with poor outcome in primary pediatric B-ALL, and forced expression

of this micro RNA decreased MEK1 expression and increased cellular sensitivity to predniso-

lone [56].

These previous studies addressing the mechanisms of MEK1/2 inhibitors-induced sensitiza-

tion to GCs underscore on the role of apoptotic cell death. Given additional studies, highlight-

ing the role of autophagy upstream of apoptosis [17–19], we hypothesized that MEK/ERK

signaling pathway modulation would sensitize DEX-resistant cells in a mechanism involving

alterations in autophagy. We demonstrate herein that MEK/ERK1/2 pathway interferes with

DEX-mediated induction of cell death by inhibition of mTOR pathway. Mechanistically, these

effects are likely mediated by cooperative inhibition of TSC2 complex by AKT and ERK,

thereby allowing small GTPase RHEB to activate mTORC1 [45, 57]. Thus, only concurrent

blockade of both pathways by GCs and a MEK1/2 inhibitor would allow to block mTORC1

(Fig 8). These changes were associated with increased LC3 processing, LC3 relocalization and

MDC staining, which, together, most likely reflect increased autophagy. However, it has to be

noted that the nature of these changes cannot be yet unequivocally defined. It is unclear

Fig 8. Schematic diagram showing a postulatedmechanism of MEK inhibition—induced sensitization to GCs via
modulation of autophagy.

doi:10.1371/journal.pone.0155893.g008
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whether the changes in markers of autophagy result from increased autophagy flux and are

associated with increased cargo loading. Accumulation of GFP-LC3 puncta can be not only

due to induction of autophagy but also to unspecific aggregation of LC3, whereas increased

MDC staining can result from the dye’s affinity to certain lipid-rich compartments (autophagic

vacuoles and lamellar bodies). Thus, additional studies are required to unequivocally confirm

the nature of these changes, to determine the role of autophagy in GC resistance and to demon-

strate that MEK inhibition unleashes the potential of DEX to induce autophagy [58].

Altogether, the current and previously published studies highlight complex and multiface-

ted role of MEK/ERK pathway in modulation of cellular responses to GCs. Although inhibition

of p90RSK/TSC2/mTOR by SEL/DEX combination and increased autophagy in this context

play an important role, alternative/additional mechanisms operating through altered BIM

abundance, MCL1 sequestration and liberation of BCN1 cannot be excluded. Interestingly, in

contrast to cytodestructive autophagy triggered by GCs (or by their combinations overcoming

GC resistance) in B-ALL blasts, in many solid tumors autophagy is a defense mechanisms,

increasing resistance to multiple chemotherapeutics [59, 60]. MEK seems to play an important

role in this process, stimulating autophagy via distinct direct mechanisms, such as modulation

of BCN1 or by phosphorylating GAIP, which stimulates its GTPase activity towards the GTP-

bound conformation of the autophagy-stimulating Gαi3 protein [61, 62]. Alternatively, Raf/

MEK/ERK pathway can affect LC3 levels by affecting its mRNA level, while the MTORC1/

RPS6KB1 can affect LC3 protein levels via GRP78/BiP, increasing cellular capacity for autop-

hagy [63]. Furthermore, recent studies indicate that the relationships between ERK and autop-

hagy are bidirectional, as autophagy proteins function as scaffolds regulating ERK

phosphorylation and activity [64]. Together, our results further indicate that autophagy is a

highly versatile process with composite regulation, highly dependent on cellular context, coex-

isting signaling circuitry and cellular stressors.

From the clinical standpoint, inhibition of MEK as a strategy to increase GC responses is a

very attractive concept, regardless of the underlying mechanism of sensitization. In previous

studies, high-level activation of this pathway was present in about 30% of adult ALL patients

and was associated with increased WBC at diagnosis and with adverse prognosis [65]. How-

ever, unlike in other malignancies, structural abnormalities leading to MEK/ERK activation in

B-ALL are uncommon. Activity of MAPK/ERK pathway in B-ALL is also triggered by normal

extracellular stimulation through stromal contact and serum growth factors [66]. Treatment

with selumetinib resulted in a rapid, complete and persistent reduction of microenvironment-

generated pERK1/2. Similarly, in our series of 22 patients, low-level activity of MAPK/ERK

was detected in the majority of cases using a similar, sensitive intracellular phospho-specific

FACS-based assay. These observations are particularly important, as we found that inhibition

of MEK1/2 with selumetinib increased DEX-induced apoptosis in 19 of 22 pERK-positive

patients, irrespective of the magnitude of baseline ERK1 activity. Interestingly, the study by

George et al [66] revealed a synergy between MEK inhibitors and PI3Kδ inhibitor idelalisib

(CAL101), a potent inducer of autophagy in certain B-lineage derived cells [67].

Taken together, we describe the role of MEK/ERK activation in glucocorticoid resistance in

ALL cells and characterize a mechanism of MEK1/2 inhibition-induced sensitization to GCs.

We show that the mechanism underlying this synergy involves inhibition of mTOR pathway

and induction of certain markers of autophagy, likely reflecting induction of this process, lead-

ing eventually to cell death. These observations highlight the therapeutic potential of MEK1/2

inhibition in adult ALL and may contribute to the development of targeted therapies increasing

the activity of GCs. For example, such inhibitors might be utilized to increase the likelihood of

successful reduction in WBC counts in the GC-pretreatment phase or increase chances to

achieve a MRD-negative status upon completion of induction phase. Since both these
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parameters are broadly accepted prognostic factors, such approaches might improve patient

outcomes. For these reasons, the place of MEK1/2 inhibitors in the treatment of ALL patients

needs to be further evaluated in clinical trials.

Supporting Information

S1 Fig. Phospho-specific flow cytometric analysis of pERK activity in primary ALL blasts

obtained from 22 newly diagnosed B-ALL patients.
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