


Introduction

Leukaemiaisacancercharacterisedbyaberrantproliferationof whitebloodcellsandmaybe
acute/chronicandmyeloid/lymphoblastic.Approximately80%of childhoodALL patients
reachremission[1]. TopoisomeraseII inhibitors andGCsareusedto treatALL [2]. Drug tox-
icity andchemoresistancearemajorchallengesandtheoutcomefor patientswhofail therapy
remainspoor, increasingthenecessityfor morepotent,lesstoxic therapies.GCsareusedto
treatALL [3±5]astheyinduceleukocytecelldeaththroughtheglucocorticoidreceptor(GR)
[6]. Upon enteringthecytoplasm,GCsbind to GRcausingdissociationfrom heatshockpro-
teins,translocationinto thenucleusandregulationof targetgenes[7, 8]. GCsutilisemainly
theintrinsic apoptoticpathway[9±13]modulatingthegeneexpressionof thepro-apoptotic
BCL-2-interactingmediatorof celldeath(Bim) [14], aswellasfine tuning thebalancebetween
NOXA andMcl-1 [10].

ThesyntheticglucocorticoidDexamethasone(Dex)andthetopoisomeraseII inhibitor
Etoposide(Etop)actviaGRandp53respectively.Etoposide-dependentcelldeathispartly
mediatedby theinduction of Bax,PumaandNOXA throughp53activation[15]. Bothp53
andGRaffectotherpathwaysthat regulatecellfatesuchasautophagyor necroptosis,poten-
tially throughtheregulationof theautophagymarkerBECN1[16,17]or thekeymodulatorof
necroptosisRIPK1(receptorinteractingserine-threoninekinase1) respectively[18].

GRfunction iscontrolledatmultiple levels,includingproteinstability,cofactorinterac-
tionsandpost-translationalmodifications[10,19±24].GRphosphorylationmodulatestran-
scriptionalactivityandcellularresponseto GCsbyalteringcofactorrecruitment,nuclear/
cytoplasmiclocation,proteasomaldegradationandproteinhalf-life[10,25,26].GRphosphor-
ylation isdifferentiallyregulatedin sensitiveversusresistantALL [10] andin particularratio
of GRphosphorylationatSer211versusSer226ishigherin sensitiveto GCsALL cells.GR
phosphorylationatSer211ismediatedbycyclin-dependentkinasesandp38-MAPKpathway,
whileSer226is targetedbyc-JunN-terminal kinases(JNK)[10,23,24,27,28].Ser211is
hyperphosphorylatedafterhormonebinding whereasphosphorylationof GRatSer226isasso-
ciatedwith nuclearexport,GRsumoylationandsuppressionof its transcriptionalactivity
[20,24,27].

Drug resistanceandcancerprogressionaremediatedbyseveralfactorsincludingcommu-
nicationbetweenthebonemarrowmicroenvironmentandleukaemiacellsin atwo-way
exchangeof regulation[29,30].Differentmodesof communicationareinvolvedsuchassolu-
blefactorsanddirectcell-cellcontact[31±33].Furthermore,inflammation,oxidativestress
anddifferenttypesof celldeathhavebeenimplicatedin determiningleukaemiccellfate,
dependingon thedrugsusedandexposureto themicroenvironment[10,29,34,35].However,
betterunderstandingof theroleof thebonemarrowmicroenvironmentin leukaemiais
important,givenits impacton clinicaloutcomes.

In thisstudytheeffectof themicroenvironmenton ALL cellsexposedto individual and
combinedtreatmentswasinvestigated.Transcriptomeanalysiswasperformedandalterations
in geneexpressionfollowed.Furthermore,theeffectsof thecombinatorydrug treatmentand
CM on GRphosphorylationstatus,GRphosphoisoformstranscriptionalselectivityandcell
fatewereexplored.

Methods

Cell lines and treatments

CEM-C1-15(C1,GC-resistantcells)andCEM-C7-14(C7,GC-sensitivecells),MOLT4 ALL
andK562chronicmyeloidleukemiacelllineswereculturedin RoswellParkMemorial
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Institute-1640(RPMI-1640,Sigma-Aldrich)mediumsupplementedwith DextranCoated
Charcoaltreatedserum(DCC) (Hyclone)usedduring experiments.Bonemarrowcell-condi-
tionedmedia(CM) wasgeneratedfrom thesupernatantof HS5cellsafterincubationwith
serum-freeRPMI -1640for 48hours.Leukaemiccellsweretreatedwith CM atafinal ratio of
1/6th CM for 48hours.

Western blot analysis

Cellswereseededwith DCC-FBSRPMI mediain thepresenceor absenceof CM, treatedwith
Dex/Etopfor theindicatedtimesandwesternblot analysisperformedasdescribedpreviously
[36]. Cellswerelysedin highsaltlysisbufferandproteinconcentrationwasdeterminedusing
theBioRadassay.Antibodiesrecognizingactin(Sigma-Aldrich),GR(H300,SantaCruzBio-
technology),GRphosphorylatedatS211(Abcam),GRphosphorylatedatS226(Abcam),
BECN1(Abcam),RIPK1(SantaCruzBiotechnology)andcaspase-3(NewEnglandBiolabs)
wereused.ImageJwasusedfor quantifyingblots[37].

Transcriptome analysis

TotalmRNA wasextractedfrom C7cellstreatedwith Dex,EtopandCM in varyingcombina-
tionsusingtheRNeasyPlusMini Kit andQIAshredderspincolumnsaccordingto manufac-
turer'sguidelines(Qiagen).TheextractedRNA wassuppliedto theGenomicTechnologies
CoreFacility,ManchesterUniversity.GeneChipHumanGenomeU133plus2.0Array was
usedto analyseexpressionprofilesin cellsasdescribedpreviously[38]. Backgroundcorrec-
tion, quintile normalization,andgeneexpressionanalysiswereperformedusingtherobust
multiarrayaverage(RMA) in Bioconductorsoftware[39]. Principalcomponentanalysis
(PCA)wasperformedwith PartekGenomicsSolution(v6.5).Differentialexpressionanalysis
wasperformedusingtheLimmapackagein theBioconductorsoftware[40]. Two-waycom-
parisonswereperformed.Genelistsof differentiallyexpressedgeneswerecontrolledfor false
discoveryrate(FDR)errorsusingQVALUE [41].

Profilefiltering wasusedto clustergenesbasedon expressionprofile similarity acrossthe
dataset[42]. A list of differentially-expressedgeneswascreatedby filtering for probesetswith a
q-valuelessthan0.05andfold changegreaterthanor equalto 2.0.Clusteringwasperformed
on themeansof eachsamplegroup(log2) thathadbeenz-transformed(for eachprobesetthe
meansetto zero,standarddeviationto 1).K-meansclusteringwasdoneon thebasisof simi-
larity of profiles(ManhattanDistance)acrossthedatasetusingthe"SuperGrouper"plug-in of
maxdViewsoftware.Thismethodclustersall genesthathavethesametrendof expression
acrossdifferenttreatments.Dataweresegregatedinto eightclustersbasedon expressionpro-
file similarity.DAVID wasusedfor functionalgeneannotation.

Caspase-8 assay

Cellswereincubatedwith CM, DexandEtopfor 48,36and24hoursrespectively,harvested
andprocessedaccordingto manufacturer'sguidelines[43]. In brief,5μl dilutedFLICA (fluoro-
chrome-labeledinhibitor of caspasesassay)reagentwasaddedto 93μlcellsuspension,supple-
mentedwith 2μl 500μg/ml Hoechst33342.Following1 hour incubationat37ÊC,two washes
with ApoptosisWashBuffer,cellswerecentrifugedandresuspendedin 100μlof Apoptosis
WashBuffersupplementedwith 10μg/mlpropidium iodideandanalysedusingtheNucleo-
CounterNC-3000.
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Quantitative RT-PCR

QuantitativeRT-PCRanalysiswasperformedasdescribedpreviously[44]. TotalRNA was
extractedfrom thecellsusingRNeasyPlusMini Kit (Qiagen,USA)and1μgtotalRNA from
eachsamplewasconvertedto cDNA accordingto theBioScriptreversetranscriptase(Bioline)
two-stepprotocolusinganoligo-dTprimer (Bioline).cDNA wassubjectedto qPCRanalysis
usingSensiFASTSYBRNo-ROXKit (Bioline).Theprimersusedfor Rpl19,RIPK1,BECN1
andBIRC3arelistedin TableA in S1File.

Chromatin immunoprecipitation (ChIP)

Chromatinimmunoprecipitationassayswereperformedasdescribedpreviously[45]. Proteins
werecrosslinkedto DNA by1%formaldehyde.Crosslinkingwasquenchedbyadding125mM
glycine.Cellswerewashedtwicewith PBSandoncewith ChIPBuffer1 andChIPBuffer2,
thenresuspendedin 3ml of ChIPBuffer3.Chromatinwasshearedto approximately300bpvia
sonication(DiagenodeBioruptor) andsubjectedto immunoprecipitationusingantibodies
againsttotalGR(Diagenode),Ser211-phosphorylatedGRandSer226-phosphorylatedGR.
Anti-rabbit IgGwasusedasanegativecontrol.PrecipitatedDNA-protein complexeswere
reversecross-linkedby incubatingwith elutionbuffer(50mMTris-HCl; pH 8,100mMEDTA
and1%SDSw/v) at65ÊCfor 16hours.DNA waspurified usingQIAquick PCRPurification
Kit andsubjectedto qPCRusingprimersflankingtheputativeGREsin theBIRC3,BECN1
andRIPK1promoters(TableB in S1File).Datafor eachantibodywasnormalisedto the
respectivenegativecontrol IgG.

Results

Transcriptome analysis

In orderto establishtheexperimentalconditionsto analysetheeffectsof clinicallyuseddrugs
andthemicroenvironmenton ALL cells,effectsof glucocorticoidDexandEtopwereanalysed
byassessingtheviability of theresistantCEM-C1-15andthesensitiveCEM-C7-14ALL cells
to glucocorticoidandanthracyclineinducedapoptosis,aswellasK562chronicmyelogenous
leukemia(CML) celllines,usingtrypanblueexclusionassay(FigsA andB in S1File).It was
observedthat treatmentwith 1μM Dexfor 36hrsand10μMEtoposidefor 24hrsdisplayedopti-
maleffecton ALL GCsensitivecells,whereasCML cellswerelargelyGC-resistant.Condi-
tionedmediaobtainedfrom bonemarrowstromalcellline HS5wasusedto mimic theeffect
of themicroenvironmentalsolublefactorson ALL cellsandits amountanddurationof incu-
bationchosenat1/6th CM/total mediaand48hoursof treatment(FigC in S1Fileanddata
not shown).

To investigatethemoleculareffectsof CM on ALL cellularpathways,transcriptomeanaly-
siswasperformedin C7cellstreatedwith CM, DexandEtopin variouscombinations.Using
fold-changeasacriterion,2632genesshowingalteredexpressionweredetected,thoughmost
wereof unknownfunction.Thereforeprofile filtering wasusedto clustergenesinto 8catego-
riesbasedon expressionprofile similarity acrosstreatments(Fig1,Table1).Foreachcluster,
geneontology(GO,termsindicatingbiologicalprocessesor cellularfunctions)groupswere
identifiedusingtheexpressionanalysissystematicexplorerto identify biologically-related
genegroupsbasedon GOterm overrepresentation(Fig1).

Cluster1 geneswereupregulatedbyEtop/Dexin thepresenceandabsenceof CM and
affectedautophagy,haematopoiesisandlymphocytedifferentiation.Cluster3 geneswere
mostlydownregulatedbycombinedtreatmentandaffectednuclearfunctions,celldivision
andcellcycle.Clusters2/4comprisegenesinvolvedin cellcyclecontrol andfattyacid
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metabolismandweredownregulatedbyCM. Genesupregulatedin cellstreatedwith Dex
aloneor in combinationwereassociatedwith apoptosis,lymphocyteactivation,cellmotility,
immuneresponseandinflammation(Cluster5).Cluster7 isassociatedwith metalbinding,
celladhesionandmotor activity,whereasCluster8 genesareinvolvedin theregulationof
lipid andmembranesfunction,apoptosisandautophagy.Cluster6 representsgenes

Fig 1. Clusters, profiles, and GO groupings of CEM-C7-14 cells. CEM-C7-14 cells were grown in the absence and presence

of CM or standard RPMI media for 48h and treated with Dex (1��M) and Etop (10��M) individually or in combination for 24h. Cells

were treated with vehicle (1), CM (2), Dex (3), Etop (4), Dex and Etop (5) or Dex, Etop and CM (6). Identified genes were

assigned to one of eight distinct clusters using k-means clustering algorithms. On the left, the data for each cluster are

represented as a profile of the z-transformed, log2 values for the mean of each experimental group/condition. The most

significantly overrepresented GO terms are shown for the genes within each cluster.

https://doi.org/10.1371/journal.pone.0178606.g001
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downregulatedbyCM andupregulatedbyDNA damage,associatedwith thep53(Fig1).Fur-
theranalysisof genesthatcontrol variouscellularprocessessuggestedthatcluster6 hasthe
highestpercentageof genesinvolvedin apoptosis,DNA damageandmitochondrialprocesses
(Table1).Giventheimportanceof theseprocessesin theresponseof leukemiacellsto drug
treatmentthisclusterwasfurther analysed.Cluster6 amongotherscontainedtheBim,Fos,
Runx3andIκB genesinvolvedin apoptosisandthesegenesweredownregulatedin cells
grownin CM. Furthermore,repressionof RIPK1andBAD geneexpressionwasrecordedin
cellsgrownin CM. TheRIPK1ubiquitinatingenzymeBIRC3(cIAP2)geneexpressionwas
upregulatedin Dex-treatedC7cells(Cluster5).BIRC3andRIPK1areinvolvedin pathways
important in regulatingGRsuchasNF-κB[46].

Differential regulation of cell death pathways in ALL

MicroarrayanalysisindicatedthatRIPK1wasdownregulatedin cellsgrownin CM (Fig1).
RIPK1exertspro-survivaleffectswhenit formsthecomplexI togetherwith TRADD,TRAF
andcIAPproteinstherebyactivatingNF-κB,or facilitatesapoptosis/necroptosisdependingon
thetypeof complexformedwith RIPK3(complexIIa or IIb) [47,48].Wehypothesizedthat
CM-mediatedRIPK1downregulationcouldexplainthedevelopmentof chemoresistance.To
testthiswefollowedRIPK1mRNA andprotein levelsunderdifferenttreatments(Figs2 and3
respectively).In C1cells,althoughincreasingmRNA trendswereobservedin cellstreated
with CM andDex,thechangewasnot statisticallysignificant(Fig2A,comparelanes2and3
with lane1,blackbars).In C7cellsCM aloneor in thepresenceof DexandDex/Etoposide
combinationledto decreasein RIPK1geneexpression(Fig2A comparelanes2,4and8 to
lane1).A similareffectwasobservedin cellstreatedwith acombinationof DexandEtoposide
(Fig2A comparelane7 to lane1).BECN1mRNA wasmeasuredto assesswhetherthiskey
indicatorof autophagy,wasaffectedby thesetreatments(Fig2B).BECN1mRNA levelswere
alteredbyseveraltreatmentshowever,no significantchangeswereobserved.

Alterationsin theprotein levelsof RIPK1,BECN1andcaspase-3weredeterminedby
westernblot analysis.In C1cellsRIPK1protein levelsweredownregulatedin cellstreated
with Dex/Etopcombination(Fig3A/3B,comparedarkgreybarsin line 7 to otherbars).In
C7cellsmodestandsignificantdownregulationof RIPK1protein levelswasdetectedin most
treatments.Theseobservationsarerecapitulatedto someextentin anotherALL cellline
MOLT4 whereCM downregulatedRIPK1protein levels(FigD in S1File).CM affectedDex-
mediateddownregulationof RIPK1(Fig3B,comparelight greybars4 to 3) suggestingthat
alterationsof RIPK1in cellsgrownin CM isapotentialrouteto ALL survivalor altered
responseto chemotherapy.

Table 1. Further clustering according to the percent of different cellular processes assigned by EASE analysis.

ClusterNo. Lysosomes Apoptosis DNA

Damage

Cell

Cycle

Mitochondria ER Cytoplasmic

vesicles

Phosphorylation Inflammation Others

1 7% 2% 0% 2% 2% 8% 4% 0% 2% 73%

2 0% 6% 4% 6% 14% 0% 0% 3% 1% 66%

3 0% 7% 2% 5% 4% 6% 3% 7% 1% 65%

4 0% 4% 4% 10% 6% 2% 1% 5% 0% 68%

5 1% 4% 0% 0% 0% 3% 0% 0% 2% 90%

6 4% 12% 8% 5% 23% 0% 7% 7% 3% 31%

7 3% 5% 2% 6% 7% 6% 6% 7% 5% 53%

8 4% 6% 0% 4% 10% 31% 7% 4% 2% 47%

https://doi.org/10.1371/journal.pone.0178606.t001
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Proteinlevelsof apoptosis(caspase-3)andautophagy(BECN1)markerswerefollowedto
determinetheeffectof CM on celldeathandsurvivalin ALL uponDex/Etoptreatment[49]
(Fig3).Analysisof thesemarkers(Fig3C)indicatedthatBECN1protein levelswerenot signif-
icantlyaffectedin eithercellline grownin CM with or without Dex(Fig3A and3C,lanes
1±4).Repressionof BECN1wasobservedin C1cellstreatedwith Dex/Etopcombination(Fig
3comparedarkgreybarin lane7 to otherbars).Reductionof BECN1protein levelswas
observedin Etop,Etop/CMandDex/Etop-treatedC7cells,whereasDex/Etop/CMshowedno

Fig 2. RIPK1 and BECN1 gene expression. (A) Gene expression of RIPK1 and (B) BECN1 in ALL cells treated with

1��M Dex, and 10��M Etop individually or in combination for 24h in the presence or absence of CM. The data is

representative of at least three independent experiments. Error bars represent SEM. P-value of less than or equal to

0.05 is indicated by �.

https://doi.org/10.1371/journal.pone.0178606.g002
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statisticallysignificantloss(Fig3Ccomparelight greybar8 to bars5,6and7).Theseresults
suggestthatCM reversestheinhibitory effectof Etoposideon BECN1protein levelsin C7
cells.However,C1cellswereinsensitiveto CM asthedownregulationof BECN1observedin
thesecellstreatedwith Dex/Etopwasnot reversedbyCM (Fig3,comparedarkgreybarsof
lanes7and8),suggestingthatCM exertscell-specificeffectson BECN1.

No majorchangesin cleavedcaspase-3wereobservedin C1cellsapartfrom anelevation
exhibitedin cellstreatedwith Etoposide(Fig3A).Cleavedcaspase-3wasdetectedatverylow
levelsin C7cellstreatedwith all combinationsexceptthosecontainingEtoposide(Fig3A and
datanot shown).Decreasedprotein levelsof cleavedcaspase-3wererecordedin C7cells
grownin CM andtreatedwith combinationof DexandEtopcomparedto cellsgrownin nor-
malmediaandtreatedwith combinationof DexandEtop,suggestingthatCM potentially
exertspro-survivaleffects(Fig3A comparelanes7 and8).Takentogether,theseresultsindi-
catedthatCM exertsinhibitory effectson thecelldeathmediatorsRIPK1andcaspase-3and
possiblystimulatespro-survivalautophagy.

Fig 3. RIPK1, BECN1 and Caspase-3 protein levels in ALL cells. (A) CEM-C7-14 and CEM-C1-15 cells were grown in the absence and presence of

CM or standard RPMI media for 48h and treated with Dex (1��M) and Etop (10��M) individually or in combination for 24h. Cells were lysed and analysed by

SDS PAGE followed by western blot. Blots were probed with antibodies specific for RIPK1, BECN1 and cleaved caspase 3. Actin was used as a loading

control. Western blots (Fig 2A and data not shown) were densitometrically scanned, normalised to actin and presented as bar charts. (B) RIPK1 protein

expression; (C) BECN1 protein expression. The data is representative of at least three independent experiments. Error bars represent SEM. P-value of

less than or equal to 0.05 is indicated by �. C is control; CM is conditioned media; D is Dex; DCM is Dex and CM; E is Etop; ECM is Etop and CM; DE is

Dex and Etop; DECM is Dex, Etop and CM.

https://doi.org/10.1371/journal.pone.0178606.g003
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The microenvironment alters GR phosphorylation

To investigatewhetherCM affectsGRphosphorylation,therebymediatingsensitivityor resis-
tancein ALL cells[27,28,46] totalGRprotein levelsandits phosphoisoformsS211andS226
weremonitoredin ALL cellsfollowingDexandEtoptreatment(Fig4,datanot shown).

Althoughsomeincreasein totalGRlevelsin thepresenceof Dexanddecreasein thepres-
enceof Etopwereobserved,thesechangesweremarginalandmostlyinsignificant,except
whenC7cellsweretreatedwith DexandEtoposide(Fig4A and4B,lane7 light greybars).
S226-phosphorylatedGRincreasedin CM andDex-treatedC1cells,whereasDex/CM com-
binedtreatmentdownregulatedS226phosphorylation(Fig4A and4C,comparelanes1±4,left
panel).S226phosphorylationwasmostlydownregulatedin thepresenceof Etoposideindivid-
uallyor in combinationwith othertreatmentsin C1cells,with significanteffectsrecordedin
Etoposidetreatedcells(Fig4A and4C,comparelanes5,6,7 and8 to lane1).However,effects
of DexandCM on S226phosphorylationwerenot recapitulatedin C7cellsasDex,CM and
combinationDex/CM exertedminor effects(Fig4A and4C,comparelanes1±4).Etoposide
aloneor with co-treatmentsdownregulatedS226phosphorylationin C7cells(Fig4A and4C,
comparelanes5±8to lane1).

Theefficiencyof GRphosphorylationatS211washigherin C7thanin C1cellsundermost
conditions.Increasein S211-phosphorylatedGRwasobservedin C1cellsgrownin CM,

Fig 4. Dex, Etop and the microenvironment affect GR phosphorylation in ALL. (A) CEM-C1-15 and CEM-C7-14 cells were cultured in CM or

standard RPMI media for 48h and treated with Dex (1��M) and Etop (10��M) individually or in combination for 24h. Treatments were as in Fig 2. Cells were

lysed and protein extracts were subjected to western blot analysis. Total and phosphorylated GR was detected using specific antibodies against these

proteins. Actin was used as loading control. Western blots (Fig 4A and data not shown) were densitometrically scanned, normalised to actin and presented

as bar charts. For phosphorylation experiments, phosphorylation blot data was scanned and normalised to the actin-normalised total GR. (B) Total GR

protein expression. (C) S226-phosphorylated GR protein expression. (D) S211-phosphorylated GR protein expression. The data is representative of at

least three independent experiments. Error bars represent SEM. P-value of less than or equal to 0.05 is indicated by �.

https://doi.org/10.1371/journal.pone.0178606.g004
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whereasno further changeswereobservedin C1cellsexposedto othertreatments(Fig4A and
4D,darkgreybars).IncreasedS211-phosphorylatedGRwasevidentin DexandEtoposide
treatedC7cells(Fig4A and4D,comparelanes3±8to 1,light greybars).In C7cells,whenCM
wasaddedto cellstreatedwith DexandEtoposide,trendsof decreasedlevelsof phosphoryla-
tion weredetecteduponquantificationof multiple blots(Fig4D,comparelanes3,5,7with
lanes4,6,8).

Recruitment of GR on RIPK1 and BECN1 promoters

Recruitmentof GRandits S211/S226phosphoisoformsto theRIPK1andBECN1promoters
wasanalysedusingChIPassay.Two putativeGREswereidentifiedin theRIPK1promoter
usingtheQiagenChampionChiPTranscriptionFactorSearchPortal.GRrecruitmentwas
detectedon bothGREsof theRIPK1promoterin Dex-treatedC7cells(Fig5A).Surprisingly,
GRphosphoisoformsrecruitmentto theGRE2of theRIPK1promoterdecreasedin thepres-
enceof hormone(Fig5A).

Sequenceanalysisof BECN1revealedtheexistenceof numerouspotentialGREsin its pro-
moterregion(thirteenwereidentifiedbyQiagenChampionChIP).No significantGRrecruit-
mentto BECN1GREswasevidentin theDex-treatedcomparedto untreatedC1cellswhereas
S211-phosphorylatedGRwasrecruitedslightlylesscomparedto untreatedcells(Fig5B,left
panel).Increasedrecruitmentof totalGRbut not GRphosphorylatedatS211wasevidentin
Dex-treatedC7cells(Fig5B,right panel).

BIRC3 gene expression

Ubiquitination/deubiquitination cyclesof RIPK1definethemultiprotein complexesformed
by thisprotein,determiningwhethercellssurviveor undergonecroptosis/apoptosis.Forma-
tion of thepro -survivalcomplexI requiresthatRIPK1isubiquitinatedbyBIRC3,leadingto
NF-κBactivationandcellsurvival[47]. Alternatively,RIPK1deubiquitinationresultsin the
formationof thecomplexIIa inducingapoptosis[48]. Whencaspase-8activityisblocked,and
caspase-8-mediatedcleavageof RIPK1doesnot takeplace,RIPK1bindsto RIPK3(complex
IIb) andnecroticsignallingis triggered[48]. BIRC3geneexpressionwasfollowedin Dex-
treatedC1andC7cellsto validateBIRC3upregulationobservedin microarrayexperimentin
Dex-treatedC7cellsandgaininsightin molecularaspectsof RIPK1signalling.Upregulation
of BIRC3geneexpressionwasobservedin C1cellsgrownin CM andmoreprominentupregu-
lation of theexpressionof thisgenewasobservedin thepresenceof Etoposidealoneor in
combinationwith DexandCM (Fig6A,comparedarkgreybars,lane2 to 1 andlanes5±8to
1).CM aloneledto downregulationof BIRC3mRNA in C7cells(Fig6A,comparelane2 to
lane1 light greybars).BIRC3wassubstantiallyupregulatedin C7cellstreatedwith Dexor CM
(Fig6A, light greybars3 and4).DexandEtopwith/without CM upregulatedBIRC3gene
expressionbut to alesserextentthancellstreatedwith Dexonly (Fig6A,comparelanes7/8
with lane1/3,light greybars).

No changein totalGRandS226-phosphorylatedGRrecruitmenton BIRC3promoterwas
observedin Dex-treatedC1cellswhereasdecreasedrecruitmentof theS211-phosphorylated
GRin thesecellswasevident(Fig6B).In contrast,substantialDex-dependentrecruitmentof
totalGRandmodestdecreasein phosphorylatedGRwasrecordedin C7cells(Fig6C).

Effects of Dex, Etop and the microenvironment on leukaemia cell fate

Effectsof differenttreatmentson ALL cellcycleprogressionwereinvestigatedusingFACS
analysisandPI staining.CEM-C7-14cellsexhibitedhighersensitivityto glucocorticoidscom-
paredto CEM-C1-15cellsasestimatedby thenumberof cellsaccumulatingin theSubG1
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phase(Fig7A).Combinationof Dexwith CM, or Dex/Etopwith CM resultedin reductionof
thesensitivityof CEM-C7-14cellsto treatment(Fig7A,comparegreybars4/8 to greybars3/7
respectively).Similareffectof CM wasobservedin CEM-C1-15cellsbut to alesserextentthan
thatdetectedin theCEM-C7-14cells(Fig7A,compareblackbars4,6and8 to blackbars3,5
and7 respectively)indicatingthepotentialroleof CM in conferringresistanceto leukaemia
cellsin acellandtypeof treatment-dependentmanner.

Theinterplaybetweencaspase-8andBIRC3iscrucialin determiningcellularpathways
leadingto survivalor apoptosis/necroptosis [17,18].In orderto investigatewhichof these

Fig 5. Differential recruitment of GR and its phosphoisoforms on the RIPK1 and BECN1 promoters. Chromatin immuniprecipitation (ChIP) analysis

was carried out in CEM-C1-15 and CEM-C7-14 cells treated with 1��M Dex for 24hrs. We identified potential GR binding sites on the (A) RIPK1 and (B)

BECN1 promoters and analysed total GR, and GR phosphorylated on S211 and S226 on a subset of sites. The data is representative of at least three

independent experiments. Error bars represent SEM. P-value of less than or equal to 0.05 is indicated by �.

https://doi.org/10.1371/journal.pone.0178606.g005
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pathwaysispredominantin C1andC7cellsundervariousconditions,caspase-8activitywas
determinedin thesecells(Fig7B).In C1cells,caspase-8wasupregulatedin thepresenceof
Etoposidealoneor in combinationof Dexwith CM (Fig7B,comparedarkgreybarslanes5±8
to 1). Increasingtrendof caspase-8intensitywasobservedin C7cellsuponDexor Etoposide
treatmentindividually or in combination(Fig7B,comparelight greybarslanes3±8to lane1).

GiventhatBIRC3servesasubiquitin ligasefor RIPK1,AT406BIRC3inhibitor wasusedto
assesstheRIPK1protein levelsin C7cells(Fig7C).Longerexposureof theblotsrevealedsev-
eralbandsof highermolecularweightthat interactedwith RIPK1antibody.Bandof about
130kDaincreasedin intensityin C7cellsincubatedin CM whencomparedto C1cells(Fig7C,
comparelanes3 and4 to 5and6). Intensityof highmolecularweightbandswasmodifiedin
cellstreatedwith theBIRC3inhibitor AT406(Fig7C,comparelane1 to lane2) implying that
thesebandspossiblyrepresentubiquitinatedRIPK1forms.Takentogetherthesedatasuggest
thatconditionedmediumdiminishestheeffectsof DexandEtopon ALL cellsandthat this
processisat leastin partexecutedthroughalterationsof RIPK1ubiquitination.

Fig 6. Control of BIRC3 gene expression by GR in ALL. (A) mRNA expression of BIRC3 in ALL cells treated with Dex, Etop and CM. (B) ChIP analysis

was carried out in CEM-C1-15 and (C) CEM-C7-14 cells treated with 1��M Dex for 24hrs. Occupancy on one of the GREs by total GR, and GR

phosphorylated on S211 and S226 was analysed. The data is representative of at least three independent experiments. Error bars represent SEM. P-

value of less than or equal to 0.05 is indicated by �.

https://doi.org/10.1371/journal.pone.0178606.g006
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Discussion

Theeffectsof themicroenvironmenton ALL cellswereinvestigatedbymicroarrayanalysisof
thesecellsgrownin CM andtreatedwith Dexand/orEtop.CM inhibited RIPK1andcaspase-
8/3,andinterferedwith chemotherapy-induceddownregulationof BECN1.GCsinducedthe
RIPK1ubiquitinatingenzymeBIRC3only in GC-sensitivecells.CM alteredGRphosphoryla-
tion stateprovidingpotentiallink betweenmicroenvironmentanddrugresponse.GRwas
recruitedpreferentiallyon RIPK1,BECN1andBIRC3promotersin C7cellswith lower
amountof thephosphorylatedGRoccupancyin thepresenceof hormone.CM showedten-
dencyto increasecellsurvivalandincreasedhighmolecularweightRIPK1formsthatwere
sensitiveto AT406(BIRC3inhibitor).

Althoughgenome-wideanalysesof differentiallyexpressedGC-regulatedgeneshavebeen
reported,limited information existsregardingtheeffectsof themicroenvironmenton che-
moresistance[13,38,50±52].Transcriptomeanalysisof GC-sensitivecellstreatedwith Dex,
EtopandCM identifiedgenesexhibitingalteredexpression[53,54].BCL2-associatedagonist
of celldeath(BAD) andthenuclearfactorof kappalight polypeptidegeneenhancerin B-cells
inhibitor beta(I-κB) wererepressedbyCM. I-κB isanNK-κB inhibitor thereforeinhibition of

Fig 7. Microenvironment and chemotherapy effects on ALL cell fate. (A) Cells were treated with CM (48 hours), 1��M Dex (36 hours) and 10��M Etop

(24 hours) in varying combinations. Percentage of cell death was obtained using FACS analysis of PI-stained CEM-C1-15 and CEM-C7-14 cells treated as

above. SubG1 phase is shown. (B) Caspase-8 activity was measured in ALL CEM-C7-14 and CEM-C1-15 cells treated as indicated. CEM-C1-15 cells are

represented by dark grey bars, CEM-C7-14 by light grey bars. (C) RIPK1 high molecular weight forms were analysed in cells treated with CM and BIRC3

inhibitor AT406 (10��M for 48 hours). Western blot analysis was carried out as described above. The data is representative of at least three independent

experiments. Error bars represent SEM. P-value of less than or equal to 0.05 is indicated by �.

https://doi.org/10.1371/journal.pone.0178606.g007
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its activitybyCM couldleadto survival/resistance.RIPK1,relatedto differentformsof cell
death[55] aswellasto pathwaysimportant for theregulationof GRfunction suchasthe
MAPK andNF-κB,wasrepressedin cellsgrownin CM. Furthermore,transcriptomeanalysis
indicatedthat theRIPK1ubiquitinatingenzymeBIRC3wasupregulatedin cellstreatedwith
Dex(Fig1).CM repressedRIPK1levelsin C7cellsto agreaterextentthanin C1(Figs2 and
3),suggestingthat thismight beapathto chemoresistancegiventheroleof RIPK1in necrop-
tosis[56], NF-κB[57] andGR[16] signalling.

Thelargenumberof putativeGREswithin theBECN1promotersuggeststhatcrosstalk
betweenBECN1andGRmight existandthatBECN1maybeinvolvedin GC-inducedcell
death[58]. Downregulationof BECN1protein levelsbyDexandEtopwasabrogatedin the
presenceof CM in C7cells(Fig3 comparelanes7 and8 to lane1),suggestingthatCM-depen-
dentBECN1upregulationleadsto induction of pro-survivalautophagyandprotectionfrom
chemotherapy.

Downregulationof cleavedcaspase-3wasobservedin C7cellsgrownin CM andtreated
with bothDexandEtop(Fig3).Thiscouldindicateapro-survivalpathwayinducedbyCM
sincethephosphatidylinositol-4-phosphate3-kinase(PIK3C2B)thatblockscaspase-3was
upregulatedbyCM [59±61].In summary,CM downregulatesRIPK1andcaspase-3,mediators
of necroptosisandapoptosisrespectively,andincreasesthepro-survivalBECN1protein levels
in C7,but not in C1cells,therebypromotingsurvivalof thesensitivecells.

CM displayedcellandsitespecificeffectson GRphosphorylation.It ispossibletheseeffects
aremediatedthroughmodulationof kinasesknownto affectGR.JNK-mediatedphosphoryla-
tion of GRatS226playsanimportant role in reversingGC-sensitivityin resistantT-cells
whereasinhibition of GRphosphorylationatS226potentiatesits transcriptionalactivity[10,
20,23,27,62,63].Higherratio of S211/S226GRphosphorylationhasbeenshownin C7com-
paredto C1cells,coincidingwith alteredNOXA/Mcl-1 geneexpressionin sensitivecells,
implying thatsiteÐspecificGRphosphorylationdeterminesGCsensitivity[10]. Thehypothe-
sisof alteredgeneexpressionbydifferentially-phosphorylatedGRtherebyleadingto the
induction of proÐsurvival pathwayswasinvestigatedemployingChIPto determinethe
recruitmentof GRandits phosphoisoformsto theRIPK1,BECN1andBIRC3promoters.
Increasedrecruitmentof totalGRoccurredatall threepromoterswhenantibodyagainsttotal
GRproteinwasused,however,therewasdecreasedrecruitmentof GRphosphoisoformsin
hormonetreatedC7cells(Figs4 and5).ThesedatasuggestedthatGRmayaffectgeneexpres-
sionof thesegeneshoweverno statisticallysignificanteffectswereobservedwhenmRNA lev-
elsweredeterminedfor RIPK1andBECN1(Fig2).This ispotentiallydueto complexcontrol
of BECN1giventheexistenceof 13putativeGREsin its promoterandnumerouslevelsof
crosstalkbetweenGRandNF-κBthat isaRIPK1downstreamtarget.No recruitmentof GRto
thepromotersof thesegeneswasobservedin C1cells.

TNF-alphamediatedapoptosisinvolvestheformationof complexI whichcontainsubiqui-
tinatedRIPK1,TRADD,TRAF2andBIRC3[64±66].ComplexI formationactivatesNF-κB
leadingto cellsurvival.Increasedrecruitmentof GRon BIRC3promotercoincidingwith
markedinduction of thisgeneexpressionin Dex-treatedC7cells(Fig6) raisesthepossibility
thatALL resistanceto drug treatmentcouldbereversedbyapplyingcombinatorialtreatments
of Dexwith BIRC3inhibitors.Caspase-8,inducedbyDexin C7cellsonly, isalsoinvolvedin
thispathway.However,Etopco-treatmentwith DexchangesBIRC3induction andbringsit to
similar levelsin bothC1andC7cells,highlightingthemolecularbasisfor thebeneficialeffect
of combinationtherapyin theclinic.

Activationof caspase-8byDexcouldinducecleavageof RIPK1andRIPK3andformation
of thecomplexII whichcontainsRIPK1,RIPK3,caspase-8andFADD andleadsto apoptosis.
Additionally DexupregulatescFLIPin hepatocytesthereforecFLIPupregulationin C7cells
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mayleadto caspase-8inhibition andstimulationof necroptosis[67,68].Necrosomeformation
viastimulationof TRAIL/TNF activatesRIPK3which interactswith enzymesregulatingglyco-
lytic flux andglutaminolysis[68]. Reactiveoxygenspeciesultimatelyform, whilst redoxstatus
is important in determiningsensitivityto microenvironmentandchemotherapy[35,67±69].
RIPK1substratesareyetto beidentifiedasarefactorsnecessaryfor celldeathinduction
throughnecroptosisor apoptosis[55].

AlthoughtheCM constituentsarenot fully known,theymayincludemembranereceptor
activators,miRNAsandexosomes[35]. CM mayaffectRIPK1potentiallyleadingto altered
GRandotherproteinsphosphorylationlevels.Alternatively,miRNA-mediatedmodulationof
kinasestargetingGRcouldexplainits differentialphosphorylationpatternsin thesensitive
versusresistantALL cells.It isevidentthatRIPK1isatargetof direct(promoterbinding) and
indirect (BIRC3upregulation)GRactivity.It isalsopossiblethatCM increasesRIPK1ubiqui-
tination thuspromotingsurvivalandpotentiallyaffectingNFκBsignalling.Our datasuggest
that themicroenvironmentaffectscomponentsof theautophagy,apoptosisandnecroptosis
pathwaysfavouringsurvivalandchemoresistance.Effectivetreatmentof ALL maybeachieved
throughtherapiestargetingcomponentsof themicroenvironment.

Conclusions

Thisstudyprovidedevidenceto suggestthatseveralcomponentsof apoptosis,autophagyand
necroptosisareregulatedby thetumour microenvironmentin amannerdependenton the
post-translationalmodificationprofile of theGR.Theseeffectsof themicroenvironmentcor-
relatewith theoutcomeof theresponseto particularchemotherapeutictreatments.Further
studiesareneededto identify thedetailsof thecausativerelationshipsbetweentumour micro-
environmentandresponseto chemotherapyin orderfor thesefindingsto beutilisedin the
clinic.
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