


The role of microenvironment in ALL chemoresistance

Introduction

Leukaemias acancercharacterisethy aberrantproliferation of white blood cellsand maybe
acute/chronicand myeloid/lymphoblasticApproximately80%of childhood ALL patients
reachremission[1]. Topoisomeras# inhibitors and GCsareusedto treatALL [2]. Drug tox-
icity andchemoresistancaremajor challengesandthe outcomefor patientswho fail therapy
remainspoor,increasinghe necessityjor more potent,lesgtoxic therapiesGCsareusedto
treatALL [3+5] astheyinduceleukocytecelldeaththroughthe glucocorticoidreceptor(GR)
[6]. Upon enteringthe cytoplasmGCsbind to GR causingdissociatiorfrom heatshockpro-
teins,translocationinto the nucleusandregulationof targetgeneg7, 8]. GCsutilise mainly
theintrinsic apoptoticpathway{9+13]modulatingthe geneexpressiorof the pro-apoptotic
BCL-2-interactingnediatorof celldeath(Bim) [14], aswell asfine tuning the balancebetween
NOXA andMcl-1[10].

The syntheticglucocorticoidDexamethasonéDex) andthetopoisomerasd inhibitor
EtoposidgEtop) actvia GRand p53respectivelyEtoposide-dependermelldeathis partly
mediatedby theinduction of Bax,Pumaand NOXA throughp53activation[15]. Bothp53
and GRaffectother pathwayghat regulatecellfatesuchasautophagyor necroptosispoten-
tially throughthe regulationof the autophagymarkerBECN1[16, 1 7] or the keymodulatorof
necroptosiRIPK1(receptorinteractingserine-threoninkinasel) respectively18].

GRfunctionis controlledat multiple levelsjncluding protein stability,cofactorinterac-
tions and post-translationaimodifications[10, 19+24] GR phosphorylatiormodulategran-
scriptionalactivity andcellularresponséo GCshy alteringcofactorrecruitment,nuclear/
cytoplasmidocation,proteasomatiegradatiorandprotein half-life[10, 25,26]. GRphosphor-
ylationis differentiallyregulatedn sensitiveversugesistantALL [10] andin particularratio
of GRphosphorylatiorat Ser21versusSer228s higherin sensitiveo GCsALL cells.GR
phosphorylatiorat Ser211s mediatedby cyclin-dependenkinasesand p38-MAPK pathway,
while Ser226s targetedoy c-JunN-terminal kinasegJNK)[10,23,24,27,28].Ser211s
hyperphosphorylatedfterhormonebinding whereaphosphorylatiorof GRat Ser226s asso-
ciatedwith nuclearexport,GRsumoylationand suppressiorf its transcriptionalactivity
[20,24,27].

Drug resistancend cancemprogressioraremediatedby severafactorsincluding commu-
nication betweerthe bonemarrow microenvironmentand leukaemiacellsin atwo-way
exchangef regulation[29, 30]. Different modesof communicationareinvolvedsuchassolu-
blefactorsanddirect cell-cellcontact[31+33].Furthermore jinflammation,oxidativestress
anddifferenttypesof celldeathhavebeenimplicatedin determiningleukaemiacellfate,
dependingon the drugsusedand exposurdo the microenvironment[10,29,34,35].However,
betterunderstandingof therole of the bonemarrow microenvironmentin leukaemids
important, givenits impacton clinical outcomes.

In this studythe effectof the microenvironmenton ALL cellsexposedo individual and
combinedtreatmentsvasinvestigatedTranscriptomeanalysisvasperformedandalterations
in geneexpressioriollowed.Furthermore the effectsof the combinatorydrug treatmentand
CM on GRphosphorylatiorstatus GR phosphoisoformsranscriptionalselectivityandcell
fatewereexplored.

Methods
Cell lines and treatments

CEM-C1-15(C1,GC-resistantells)and CEM-C7-14(C7,GC-sensitiveells) MOLT4 ALL
andK562chronic myeloidleukemiacelllineswereculturedin RoswelParkMemorial
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Institute-164QRPMI-1640 Sigma-Aldrich)mediumsupplementedavith DextranCoated
Charcoaltreatedserum(DCC) (Hyclone)usedduring experimentsBonemarrow cell-condi-
tionedmedia(CM) wasgeneratedrom the supernatanbf HS5cellsafterincubationwith
serum-freeRPMI -1640for 48hours.Leukaemicellsweretreatedwith CM atafinal ratio of
1/6" CM for 48hours.

Western blot analysis

Cellswereseededvith DCC-FBSRPMI mediain the presencer absencef CM, treatedwith
Dex/Etopfor theindicatedtimesandwesterrnblot analysigperformedasdescribedoreviously
[36]. Cellswerelysedin high saltlysisbufferandprotein concentratiorwasdeterminedusing
the BioRadassayAntibodiesrecognizingactin (Sigma-Aldrich) GR (H300,SantaCruz Bio-
technology) GR phosphorylatedt S211(Abcam),GR phosphorylatedt S226Abcam),
BECN1(Abcam),RIPK1(SantaCruz Biotechnologypandcaspase-@NewEnglandBiolabs)
wereusedImagedvasusedfor quantifyingblots[37].

Transcriptome analysis

TotalmMRNA wasextractedrom C7 cellstreatedwith Dex,Etopand CM in varyingcombina-
tionsusingthe RNeasyPlusMini Kit and QIAshredderspin columnsaccordingto manufac-
turer'sguidelineqgQiagen).The extractedRNA wassuppliedto the GenomicTechnologies
CoreFacility,ManchestetJniversity.GeneChipHuman GenomelU133plus2.0Array was
usedto analysexpressiomrofilesin cellsasdescribegreviously38]. Backgrounccorrec-
tion, quintile normalization,andgeneexpressiormnalysisvereperformedusingthe robust
multiarray averag€éRMA) in Bioconductorsoftwarg39]. Principalcomponentanalysis
(PCA)wasperformedwith PartekGenomicsSolution(v6.5).Differentialexpressioranalysis
wasperformedusingthe Limma packagén the Bioconductorsoftwarg40]. Two-waycom-
parisonswvereperformed.Genelistsof differentiallyexpressedenesverecontrolledfor false
discoveryrate(FDR)errorsusingQVALUE [41].

Profilefiltering wasusedto clustergenesasedn expressiomrofile similarity acrosghe
datasef42]. A list of differentially-expressegenesvascreatedy filtering for probesetsvith a
g-valuelesghan0.05andfold changegreaterthanor equalto 2.0.Clusteringwasperformed
on themeansof eachsamplegroup (log,) thathadbeenz-transformedfor eachprobesethe
meansetto zero,standarddeviationto 1). K-meansclusteringwasdoneon the basisof simi-
larity of profiles(ManhattanDistance)acrosghe datasetisingthe "SuperGrouper“plug-in of
maxdViewsoftwareThis methodclustersall geneghat havethe sametrend of expression
acrosdlifferenttreatmentsDataweresegregatethto eightclustersbasedn expressiompro-
file similarity. DAVID wasusedfor functionalgeneannotation.

Caspase-8 assay

Cellswereincubatedwith CM, Dexand Etopfor 48,36and 24 hoursrespectivelyharvested
andprocessedccordingto manufacturer'gjuidelineqg43]. In brief, 5ul diluted FLICA (fluoro-
chrome-labeledhhibitor of caspasesssayjeagentasaddedto 93ul cellsuspensionsupple-
mentedwith 2ul 500ug/ml Hoechst33342Following1 hour incubationat 37ECtwo washes
with ApoptosisWashBuffer,cellswerecentrifugedandresuspendeth 100ulof Apoptosis
WashBuffersupplementedvith 10pg/mipropidium iodide andanalysedisingthe Nucleo-
CounterNC-3000.
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Quantitative RT-PCR

QuantitativeRT-PCRanalysisvasperformedasdescribedreviously{44]. Total RNAwas
extractedrom the cellsusingRNeasyPlusMini Kit (QiagenUSA)and 1ugtotal RNA from
eachsamplevasconvertedo cDNA accordingto the BioScriptreversdranscriptas¢Bioline)
two-stepprotocolusinganoligo-dT primer (Bioline). cDNA wassubjectedo gPCRanalysis
usingSensiFASTBYBRNo-ROXK:it (Bioline). Theprimersusedfor Rpl19,RIPK1,BECN1
andBIRC3arelistedin TableA in S1File.

Chromatin immunoprecipitation (ChIP)

Chromatinimmunoprecipitationassaysvereperformedasdescribegreviously[45]. Proteins
werecrosslinkedo DNA by 1%formaldehydeCrosslinkingwasquenchedy adding125mM
glycine Cellswerewashedwicewith PBSandoncewith ChIP Buffer1 and ChIP Buffer2,
thenresuspendeth 3ml of ChIP Buffer3. Chromatinwasshearedo approximately300bpvia
sonication(DiagenodeBioruptor) andsubjectedo immunoprecipitationusingantibodies
againstotal GR (Diagenode)Ser211-phosphorylat€dR and Ser226-phosphorylatgaR.
Anti-rabbit IgG wasusedasa negativecontrol. PrecipitatedDNA-protein complexesvere
reversecross-linkedoy incubatingwith elution buffer (50mM Tris-HCI; pH 8, 100mMEDTA
and1%SDSw/v) at 65ETor 16hours.DNA waspurified usingQlAquick PCRPurification
Kit andsubjectedo gPCRusingprimersflanking the putativeGREsn the BIRC3,BECN1
andRIPK1promoters(TableBin S1File).Datafor eachantibodywasnormalisedto the
respectivanegativecontrol IgG.

Results
Transcriptome analysis

In orderto establishthe experimentatonditionsto analysehe effectsof clinically useddrugs
andthemicroenvironmenton ALL cells effectof glucocorticoidDexand Etopwereanalysed
by assessinthe viability of theresistantCEM-C1-15andthe sensitiveaCEM-C7-14ALL cells
to glucocorticoidandanthracyclindnducedapoptosisaswell ask562chronic myelogenous
leukemia(CML) celllines,usingtrypanblueexclusionassayFigsA andBin S1File).It was
observedhattreatmentwith 1uM Dexfor 36hrsand 10uM Etoposidgor 24hrsdisplayedpti-
mal effecton ALL GC sensitivecellswhereasCML cellswerelargelyGC-resistantCondi-
tioned mediaobtainedfrom bonemarrow stromalcellline HS5wasusedto mimic the effect
of the microenvironmentakolublefactorson ALL cellsandits amountandduration of incu-
bationchoserat 1/6" CM/total mediaand48hoursof treatment(Fig C in S1Fileanddata
not shown).

To investigatehe moleculareffectsof CM on ALL cellularpathwaystranscriptomeanaly-
siswasperformedin C7 cellstreatedwith CM, DexandEtopin variouscombinationsUsing
fold-changeasacriterion, 2632geneshowingalteredexpressiomweredetectedthoughmost
wereof unknown function. Thereforeprofile filtering wasusedto clustergenesnto 8 catego-
riesbasedn expressiomprofile similarity acrosgreatmentqFig 1, Tablel). For eachcluster,
geneontology(GO, termsindicating biologicalprocessesr cellularfunctions)groupswere
identified usingthe expressioranalysisystemati@xplorerto identify biologically-related
genegroupshasedn GOterm overrepresentatiofFig 1).

Clusterl genesvereupregulatedy Etop/Dexin the presencendabsencef CM and
affectecautophagyhaematopoiesiand lymphocytedifferentiation.Cluster3 genesvere
mostlydownregulatedy combinedtreatmentandaffectechuclearfunctions,celldivision
andcellcycle Clusters2/4 comprisegenesnvolvedin cellcyclecontrol andfatty acid
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Cluster Profile Cellular process (GO terms)
number

autophagy, transcription, cell activation, hemopoesis,
lymphocyte differentiation

cell cycle arrest proteins, fatty acid metabolism

nuclear lumen, cell activation, nucleus, cell division,
regulation of cell cycle

cell cycle arrest proteins, fatty acid metabolism

apoptosis, lymphocyte activation, cell motion, immune
response, inflammation

DNA damage response, signal transduction by p53
mediator, apoptosis

metal ion binding, calcium, cell adhesion, motor activity
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8 lipid synthesis, membrane, autophagy, apoptosis
532553
& s
&

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, log, values for the mean of each experimental group/condition. The most
significantly overrepresented GO terms are shown for the genes within each cluster.

https://cbi.org/10.1371durnal.por.0178606.¢0L

metabolismandweredownregulatedy CM. Genesupregulatedn cellstreatedwith Dex
aloneor in combinationwereassociatedith apoptosislymphocyteactivation,cellmotility,
immuneresponsandinflammation (Cluster5). Cluster7 is associatewith metalbinding,
celladhesiorand motor activity,wherea<luster8 genesareinvolvedin the regulationof
lipid andmembranegunction, apoptosisandautophagyClusteré representgenes
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Table 1. Further clustering according to the percent of different cellular processes assigned by EASE analysis.

ClusterNo. Lysosomes | Apoptosis DNA

7%
0%
0%
0%
1%
4%
3%
4%

O IN OO [s~ W N =

2%
6%
7%
4%
4%
12%
5%
6%

Cell Mitochondria |[ER | Cytoplasmic Phosphorylation |Inflammation | Others

Damage Cycle vesicles

0% 2% 2% 8% | 4% 0% 2% 73%
4% 6% 14% 0% | 0% 3% 1% 66%
2% 5% 4% 6% | 3% 7% 1% 65%
4% 10% 6% 2% 1% 5% 0% 68%
0% 0% 0% 3% | 0% 0% 2% 90%
8% 5% 23% 0% | 7% 7% 3% 31%
2% 6% 7% 6% | 6% 7% 5% 53%
0% 4% 10% 31% | 7% 4% 2% 47%

https://da.org/10.1371durnal.pon®178606.t001

downregulatedy CM andupregulatedby DNA damageassociatedvith the p53(Fig 1). Fur-
ther analysiof geneghat control variouscellularprocessesuggestethat cluster6 hasthe
highestpercentagef genesnvolvedin apoptosisDPNA damageand mitochondrial processes
(Tablel). Giventheimportanceof theseprocessem the responsef leukemiacellsto drug
treatmentthis clusterwasfurther analysedCluster6é amongotherscontainedthe Bim, Fos,
Runx3andlxB genesnvolvedin apoptosiandthesegenesveredownregulatedn cells
grownin CM. Furthermore repressiorof RIPK1and BAD geneexpressiowasrecordedin
cellsgrownin CM. The RIPK1ubiquitinatingenzymeBIRC3(clAP2)geneexpressiomwas
upregulatedn Dex-treatedC7 cells(Clusters). BIRC3andRIPK1areinvolvedin pathways
importantin regulatingGR suchasNF-xB[46].

Differential regulation of cell death pathways in ALL

Microarrayanalysisndicatedthat RIPK1wasdownregulatedn cellsgrownin CM (Fig 1).
RIPK1lexertspro-survivaleffectsvhenit formsthe complexl togethemwith TRADD, TRAF
andclAP proteinstherebyactivatingNF-«B, or facilitatesapoptosis/necroptosependingon
thetypeof complexformedwith RIPK3(complexlla or lIb) [47,48].We hypothesizedhat
CM-mediatedRIPK1downregulationcould explainthe developmenbf chemoresistanc&.o
testthis wefollowedRIPK1mRNA andprotein levelsunderdifferenttreatmentgFigs2 and 3
respectively)in ClcellsalthoughincreasingnRNA trendswereobservedn cellstreated
with CM and Dex,the changewvasnot statisticallysignificant(Fig 2A, compardanes2 and 3
with lanel, blackbars).In C7cellsCM aloneor in the presencef Dexand Dex/Etoposide
combinationledto decrease RIPK1geneexpressiorf{Fig 2A compardanes?,4 and8to
lanel). A similar effectwasobservedn cellstreatedwith acombinationof Dexand Etoposide
(Fig 2A compardane? to lanel). BECNIMRNA wasmeasuredo asseswhetherthis key
indicator of autophagywasaffectedoy thesetreatmentqFig 2B).BECNIMRNA levelsvere
alteredby severatreatmentshoweverno significantchangesvereobserved.

Alterationsin the protein levelsof RIPK1,BECNl1andcaspase-&eredeterminedby
westerrblot analysisin C1cellsRIPK1proteinlevelsveredownregulatedn cellstreated
with Dex/Etopcombination(Fig 3A/3B,comparedark greybarsin line 7 to otherbars).In
C7cellsmodestandsignificantdownregulationof RIPK 1 protein levelsvasdetectedn most
treatmentsTheseobservationsrerecapitulatedo someextentin anotherALL cellline
MOLT4 whereCM downregulatedRIPK1proteinlevelgFigD in S1File).CM affectedDex-
mediateddownregulationof RIPK1(Fig 3B,compardight greybars4 to 3) suggestinghat
alterationsof RIPK1in cellsgrownin CM is apotentialrouteto ALL survivalor altered
responsé¢o chemotherapy.
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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
0.05is indicated by .
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https://da.org/10.1371¢urnal.pon®178606.902

Proteinlevelsof apoptosigcaspase-HndautophagyBECN1)markerswerefollowedto
determinethe effectof CM on celldeathandsurvivalin ALL upon Dex/Etoptreatment[49]
(Fig 3). Analysisof thesemarkers(Fig 3C) indicatedthat BECN 1protein levelswverenot signif-
icantly affectedn eithercellline grownin CM with or without Dex (Fig 3A and3C,lanes
1+4).Repressionf BECN1wasobservedn Cl cellstreatedwith Dex/Etopcombination(Fig
3 comparedark greybarin lane7 to otherbars).Reductionof BECN1proteinlevelsvas
observedn Etop,Etop/CM and Dex/Etop-treatedC7 cells wherea®ex/Etop/CMshowedo
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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://dbi.org/10.137/journal.pon€®178606.g003

statisticallysignificantloss(Fig 3C compardight greybar8to bars5,6 and 7). Theseresults
suggesthat CM reversesheinhibitory effectof Etoposideon BECN1proteinlevelsn C7
cells.However Clcellswereinsensitiveo CM asthe downregulationof BECNlobservedn
thesecellstreatedwith Dex/Etopwasnot reversedy CM (Fig 3, comparedark greybarsof
lanes7 and 8), suggestinghat CM exertscell-specifieffectson BECNL1.

No majorchangedn cleavedtaspase-®ereobservedn Clcellsapartfrom anelevation
exhibitedin cellstreatedwith EtoposidgFig 3A). Cleavedcaspase-&asdetectedat verylow
levelsn C7 cellstreatedwith all combinationsexcepthosecontainingEtoposidgFig 3A and
datanot shown).Decreasegrotein levelsof cleavedaspase-@ererecordedin C7cells
grownin CM andtreatedwith combinationof Dexand Etopcomparedo cellsgrownin nor-
mal mediaandtreatedwith combinationof Dexand Etop,suggestinghat CM potentially
exertspro-survivaleffectqFig 3A compardanes’ and8). Takentogethertheseresultsindi-
catedthat CM exertsinhibitory effectson the celldeathmediatorsRIPK1andcaspase-&nd
possiblystimulategro-survivalautophagy.
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CEM-C1-15

The microenvironment alters GR phosphorylation

To investigatavhetherCM affectsGR phosphorylationtherebymediatingsensitivityor resis-
tancein ALL cells[27,28,46] total GRprotein levelsandits phosphoisoform&211and S226
weremonitoredin ALL cellsfollowing Dexand Etoptreatment(Fig 4, datanot shown).

Althoughsomeincreasen total GRlevelsn the presencef Dexanddecreasé thepres-
enceof Etopwereobservedthesechangesveremarginaland mostlyinsignificant,except
whenC7 cellsweretreatedwith Dexand Etoposidg(Fig 4A and4B,lane? light greybars).
S226-phosphorylate@Rincreasedn CM and Dex-treatedC1 cellswherea®ex/CM com-
binedtreatmentdownregulateds22@hosphorylation(Fig 4A and4C,compardanesl+4 |eft
panel).S22@hosphorylationvasmostlydownregulatedn the presencef Etoposidendivid-
uallyor in combinationwith othertreatmentdn C1 cellswith significanteffectsecordedin
Etoposidereatedcells(Fig4A and4C,compardaness, 6, 7 and8to lanel). However effects
of DexandCM on S226phosphorylationwerenot recapitulatedn C7 cellsasDex,CM and
combinationDex/CM exertedminor effectyFig4A and4C,compareanesl+4).Etoposide
aloneor with co-treatmentslownregulateds228hosphorylationin C7 cells(Fig4A and4C,
compardanesb+8to lanel).

Theefficiencyof GRphosphorylatiorat S21washigherin C7thanin C1cellsundermost
conditions.Increasen S211-phosphorylate@Rwasobservedn C1cellsgrownin CM,
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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://cbi.org/10.137/ournal.pon®178606.9g004
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whereaso further changesvereobservedn C1cellsexposedo othertreatmentgFig 4A and
4D, dark greybars).Increased5211-phosphorylateé@Rwasevidentin Dexand Etoposide
treatedC7 cells(Fig4A and 4D, compardanes3+8to 1, light greybars).In C7 cellswhenCM
wasaddedto cellstreatedwith Dexand Etoposidetrendsof decreasetevelsof phosphoryla-
tion weredetectedupon quantificationof multiple blots(Fig 4D, compardanes3, 5, 7 with
lanes4, 6, 8).

Recruitment of GR on RIPK1 and BECN1 promoters

Recruitmentof GRandits S211/S22phosphoisoformso the RIPK1and BECN1promoters
wasanalysedisingChlP assayTwo putativeGREswereidentifiedin the RIPK1promoter
usingthe QiagenChampionChiP TranscriptionFactorSearcHPortal. GRrecruitmentwas
detectedbn both GRE=of the RIPK1promoterin Dex-treatedC7 cells(Fig 5A). Surprisingly,
GRphosphoisoformsecruitmentto the GRE2of the RIPK1promoterdecreaseth the pres-
enceof hormone(Fig 5A).

Sequencanalysiof BECN1revealedhe existencef numerouspotential GRESN its pro-
moterregion(thirteenwereidentified by QiagenChampionChlP).No significantGRrecruit-
mentto BECN1GREswasevidentin the Dex-treatedcomparedo untreatedC1 cellswhereas
S211-phosphorylatedRwasrecruitedslightlylesscomparedo untreatedcells(Fig 5B, left
panel).Increasedecruitmentof total GRbut not GRphosphorylatedt S21wasevidentin
Dex-treatedC7 cells(Fig 5B,right panel).

BIRCS3 gene expression

Ubiquitination/deubiquitinaion cyclesof RIPK1definethe multiprotein complexesormed
by this protein, determiningwhethercellssurviveor undergonecroptosis/apoptosig:orma-
tion of the pro -survivalcomplexl requiresthat RIPK1is ubiquitinatedby BIRC3 leadingto
NF-xBactivationandcellsurvival[47]. Alternatively,RIPK1deubiquitinationresultsin the
formation of the complexlla inducing apoptosig48]. When caspase-8ctivity is blocked,and
caspase-8-mediatettavagef RIPK1doesnot takeplace RIPK1bindsto RIPK3(complex
IIb) andnecroticsignallingis triggered[48]. BIRC3geneexpressionwasfollowedin Dex-
treatedC1land C7 cellsto validateBIRC3upregulationobservedn microarrayexperimentin
Dex-treatedC7 cellsandgaininsightin molecularaspect®f RIPK1signalling.Upregulation
of BIRC3geneexpressiowasobservedn C1cellsgrownin CM andmore prominentupregu-
lation of the expressiorof this genewasobservedn the presencef Etoposidealoneor in
combinationwith DexandCM (Fig 6A, comparedark greybarslane2to 1 andlanes5+8to
1).CM aloneledto downregulationof BIRC3mRNAin C7 cells(Fig 6A, compareane2to
lanellight greybars).BIRC3wassubstantiallyupregulatedn C7 cellstreatedwith Dexor CM
(Fig6A, light greybars3 and4). Dexand Etopwith/without CM upregulatedBIRC3gene
expressiorbut to alesseextentthan cellstreatedwith Dexonly (Fig 6A, compardanes//8
with lane1/3,light greybars).

No changen total GRand S226-phosphorylate@Rrecruitmenton BIRC3promoterwas
observedn Dex-treatedC1 cellswhereaslecreasedecruitmentof the S211-phosphorylated
GRin thesecellswasevident(Fig 6B).In contrast,substantiaDex-dependentecruitmentof
total GRandmodestdecrease phosphorylatedsRwasrecordedin C7 cells(Fig 6C).

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

Effectsof differenttreatmentson ALL cellcycleprogressiorwereinvestigatedisingFACS
analysisand Pl staining.CEM-C7-14cellsexhibitedhighersensitivityto glucocorticoidscom-
paredto CEM-C1-15cellsasestimatedy the numberof cellsaccumulatingn the SubG1
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phasgFig 7A). Combinationof Dexwith CM, or Dex/Etopwith CM resultedin reductionof
the sensitivityof CEM-C7-14cellsto treatment(Fig 7A, comparegreybars4/8to greybars3/7
respectively)Similareffectof CM wasobservedn CEM-C1-15cellsbut to alesseextentthan
thatdetectedn the CEM-C7-14cells(Fig 7A, compareblackbars4, 6 and8to blackbars3,5
and7 respectivelyindicatingthe potentialrole of CM in conferringresistancéo leukaemia
cellsin acellandtypeof treatment-dependntmanner.
Theinterplaybetweercaspase-8ndBIRC3is crucialin determiningcellularpathways
leadingto survivalor apoptosis/necroptas[17,18].In orderto investigatavhich of these
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pathwayss predominantin C1andC7 cellsundervariousconditions,caspase-8ctivitywas
determinedin thesecells(Fig 7B).In C1lcells,caspase-&asupregulatedn the presencef
Etoposidealoneor in combinationof Dexwith CM (Fig 7B,comparedark greybarslaness+8
to 1). Increasingrend of caspase-Bitensitywasobservedn C7 cellsupon Dexor Etoposide
treatmentindividually or in combination(Fig 7B,compardight greybarslanes3+8to lanel).

Giventhat BIRC3servessubiquitin ligasefor RIPK1,AT406BIRC3inhibitor wasusedto
assesthe RIPK1proteinleveldn C7cells(Fig 7C).Longerexposureof the blotsrevealedsev-
eralbandsof highermolecularweightthatinteractedwith RIPK1antibody.Bandof about
130kDaincreasedn intensityin C7 cellsincubatedin CM whencomparedo C1 cells(Fig 7C,
compardanes3and4to 5and6). Intensity of high molecularweightbandswasmodifiedin
cellstreatedwith the BIRC3inhibitor AT406(Fig 7C,compardanel to lane2) implying that
thesebandspossiblyrepresenubiquitinatedRIPK1forms. Takentogetherthesedatasuggest
that conditionedmediumdiminishesthe effectof Dexand Etopon ALL cellsandthat this
processs atleastin partexecutedhroughalterationsof RIPK1ubiquitination.
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Discussion

Theeffectoof the microenvironmenton ALL cellswereinvestigatedy microarrayanalysisof
thesecellsgrownin CM andtreatedwith Dexand/or Etop.CM inhibited RIPK1andcaspase-
8/3,andinterferedwith chemotherapy-inducedownregulationof BECN1.GCsinducedthe
RIPK1ubiquitinatingenzymeBIRC3only in GC-sensitiveeells.CM alteredGR phosphoryla-
tion stateproviding potentiallink betweemmicroenvironmentanddrug responseGRwas
recruitedpreferentiallyon RIPK1,BECNland BIRC3promotersin C7 cellswith lower
amountof the phosphorylatedsR occupancyn the presencef hormone.CM showeden-
dencyto increasecellsurvivalandincreasedigh molecularweightRIPK 1formsthatwere
sensitivdo AT406(BIRC3inhibitor).

Althoughgenome-widenalysesf differentiallyexpresse&C- regulatedyeneavebeen
reported limited information existsregardingthe effectsof the microenvironmenton che-
moresistanc¢l3, 38,50+52].Transcriptomeanalysi©f GC-sensitiveellstreatedwith Dex,
Etopand CM identified genesexhibitingalteredexpressioni53, 54]. BCL2-associateggonist
of celldeath(BAD) andthe nuclearfactorof kappalight polypeptidegeneenhancein B-cells
inhibitor beta(l-xB) wererepressethy CM. I-xB is an NK-xB inhibitor thereforeinhibition of
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its activity by CM couldleadto survival/resistanc&rIPK1,relatedto differentformsof cell
death[55] aswell asto pathwaysmportant for the regulationof GRfunction suchasthe
MAPK andNF-kB,wasrepressedh cellsgrownin CM. Furthermore transcriptomeanalysis
indicatedthatthe RIPK1ubiquitinating enzymeBIRC3wasupregulatedn cellstreatedwith
Dex(Fig 1).CM repressedRIPK1levelsn C7 cellsto agreaterextentthanin C1(Figs2 and
3), suggestinghatthis might beapathto chemoresistanogiventherole of RIPK1in necrop-
tosis[56], NF-kB[57] and GR[16] signalling.

Thelargenumberof putative GREswithin the BECN1promotersuggestthat crosstalk
betweerBECNl1and GRmight existandthat BECN1maybeinvolvedin GC-inducedcell
death[58]. Downregulationof BECN1protein levelsby Dexand Etopwasabrogatedn the
presencef CM in C7 cells(Fig 3 compardanes? and8to lanel), suggestinghat CM-depen-
dentBECN1upregulationleadgto induction of pro-survivalautophagyand protectionfrom
chemotherapy.

Downregulationof cleavedtaspase-®&asobservedn C7 cellsgrownin CM andtreated
with both DexandEtop (Fig 3). This couldindicatea pro-survivalpathwayinducedby CM
sincethe phosphatidylinositol-4-phosphaB-kinasgPIK3C2B)that blockscaspase-®as
upregulatedby CM [59+61].In summary,CM downregulateRIPK1andcaspase-3nediators
of necroptosisandapoptosisespectivelyandincreaseshe pro-survivaBECN1protein levels
in C7,butnotin Clcellstherebypromoting survivalof the sensitivecells.

CM displayeccellandsitespecificeffectson GR phosphorylationlt is possibleheseeffects
aremediatedthrough modulationof kinaseknown to affectGR.JNK-mediatecphosphoryla-
tion of GRat S22@playsanimportantrole in reversingGC-sensitivityin resistantr-cells
whereasnhibition of GRphosphorylatiorat S22@otentiatests transcriptionalactivity [10,
20,23,27,62,63].Higherratio of S211/S226&R phosphorylatiorhasbeenshownin C7com-
paredto C1cellscoincidingwith alteredNOXA/Mcl-1 geneexpressiorin sensitivecells,
implying that siteBspecificGR phosphorylatiordeterminesGC sensitivity[10]. The hypothe-
sisof alteredgeneexpressiorby differentially-phosphorylateR therebyleadingto the
induction of probsurvival pathwaysvasinvestigatedemployingChlP to determinethe
recruitmentof GRandits phosphoisoformso the RIPK1,BECN1and BIRC3promoters.
Increasedecruitmentof total GRoccurredat all threepromoterswhenantibodyagainstotal
GRproteinwasused howevertherewasdecreasedecruitmentof GR phosphoisoformén
hormonetreatedC7 cells(Figs4 and5). Thesedatasuggestethat GR mayaffectgeneexpres-
sionof thesegeneiowevemo statisticallysignificanteffectsvereobservedvhenmRNA lev-
elsweredeterminedfor RIPK1and BECN1(Fig2). Thisis potentiallydueto complexcontrol
of BECN1giventhe existencef 13 putativeGRESN its promoterand numerouslevelsof
crosstallbetweerGRandNF-kBthatis aRIPK1downstreantarget.No recruitmentof GRto
the promotersof thesegenesvasobservedn Clcells.

TNF-alphamediatedapoptosisnvolvesthe formation of complexl which containsubiqui-
tinatedRIPK1,TRADD, TRAF2andBIRC3[64+66].Complex] formation activateNF-xB
leadingto cellsurvival.lncreasedecruitmentof GRon BIRC3promotercoincidingwith
markedinduction of this geneexpressiorin Dex-treatedC7 cells(Fig 6) raiseghe possibility
that ALL resistancéo drugtreatmentcould bereversedy applyingcombinatorialtreatments
of Dexwith BIRC3inhibitors. Caspase-8aducedby Dexin C7 cellsonly, is alsoinvolvedin
this pathway However Etop co-treatmentwith Dexchange®8IRC3induction andbringsit to
similarleveldn both C1andC7 cells highlightingthe molecularbasisor the beneficiakffect
of combinationtherapyin theclinic.

Activation of caspase-By Dexcouldinducecleavagef RIPK1and RIPK3andformation
of thecomplexil which containsRIPK1,RIPK3,caspase-&nd FADD andleadsto apoptosis.
Additionally DexupregulatesFLIPin hepatocytethereforecFLIPupregulationin C7cells
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mayleadto caspase-Bihibition andstimulationof necroptosig67,68]. Necrosomdormation
viastimulationof TRAIL/TNF activateRRIPK3whichinteractswith enzymesgegulatingglyco-
Iytic flux andglutaminolysig68]. Reactiveoxygenspeciesiltimatelyform, whilstredoxstatus
isimportantin determiningsensitivityto microenvironmentandchemotherapy35,67+69].
RIPK1substrateareyetto beidentified asarefactorsnecessarfor celldeathinduction
throughnecroptosisor apoptosigs5].

Althoughthe CM constituentsarenot fully known, theymayincludemembranereceptor
activatorsmiRNAsandexosome§35]. CM mayaffectRIPK1potentiallyleadingto altered
GRandother proteinsphosphorylatiorievels Alternatively, miRNA-mediatedmodulation of
kinasegargetingGR could explainits differentialphosphorylatiorpatternsin the sensitive
versugesistantALL cells.lt is evidentthat RIPK1is atargetof direct (promoterbinding) and
indirect (BIRC3upregulation)GRactivity. It is alsopossiblehat CM increasefRIPK1ubiqui-
tination thus promoting survivaland potentiallyaffectingNFxB signalling.Our datasuggest
thatthe microenvironmentaffectscomponentof the autophagyapoptosisand necroptosis
pathwaydavouringsurvivaland chemoresistanc&ffectivetreatmentof ALL maybeachieved
throughtherapiegargetingcomponentof the microenvironment.

Conclusions

This studyprovidedevidenceo suggesthat severatomponentof apoptosisautophagyand
necroptosisareregulatedoy the tumour microenvironmentin amannerdependenbn the
post-translationamodification profile of the GR.Theseeffectf the microenvironmentcor-
relatewith the outcomeof theresponséo particularchemotherapeutitreatmentsFurther
studiesareneededo identify the detailsof the causativeelationshipsbetweertumour micro-
environmentandresponsego chemotherapyn orderfor thesefindingsto beutilisedin the
clinic.

Supporting information

S1 File. This is the S1 File containing the Table A, the Table B and Fig A, Fig B, Fig C and
Fig D.
(DOCX)

Acknowledgments
We aregratefulto the King SaudManchesteand SalfordUniversitiesand GIME for support.

Author Contributions

Conceptualization: CD MK-D.

Data curation: MYQ EYBRRDW-CC LZ J-MSVSJL.
Formal analysis: MYQ EYBRRDW-CC LZ J-MS.
Funding acquisition: LM CD MK-D.

Investigation: MYQ EYBRR.

Methodology: MYQ EYBRRDW-CC LZ J-MS.
Project administration: LM CD MK-D.

Resources: LZ J-MSVSJL.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178606 June 5, 2017 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178606.s001
https://doi.org/10.1371/journal.pone.0178606

The role of microenvironment in ALL chemoresistance

Software: LZ J-MS.

Supervision: CD MK-D.

Validation: RRDW-CC J-MSLM CD MK-D.
Visualization: MYQ EYBRR.

Writing - original draft: J-MSLM CD MK-D.

Writing - review & editing: EYBLM CD MK-D.

References

1.

10.

1.

12.

13.

14.

15.

16.

Belz K, Schoeneberger H, Wehner S, Weigert A, Bonig H, Klingebiel T, et al. Smac mimetic and gluco-
corticoids synergize to induce apoptosis in childhood ALL by promoting ripoptosome assembly. Blood.
2014; 124(2):240-50. PMID: 24855207. https://doi.org/10.1182/blood-2013-05-500918

Bertrand MJ, Milutinovic S, Dickson KM, Ho WC, Boudreault A, Durkin J, et al. clAP1 and clAP2 facili-
tate cancer cell survival by functioning as E3 ligases that promote RIP1 ubiquitination. Mol Cell. 2008;
30(6):689-700. PMID: 18570872. https://doi.org/10.1016/j.molcel.2008.05.014

Sionov RV, Spokoini R, Kfir-Erenfeld S, Cohen O, Yefenof E. Mechanisms regulating the susceptibility
of hematopoietic malignancies to glucocorticoid-induced apoptosis. Advances in cancer research. 2008;
101:127-248. Epub 2008/12/06. https://doi.org/10.1016/S0065-230X(08)00406-5 PMID: 19055945.

Schmidt S, Rainer J, Ploner C, Presul E, Riml S, Kofler R. Glucocorticoid-induced apoptosis and gluco-
corticoid resistance: molecular mechanisms and clinical relevance. Cell Death Differ. 2004; 11:S45-
S55. https://doi.org/10.1038/sj.cdd.4401456 PMID: 15243581

Chen J, Odenike O, Rowley JD. Leukaemogenesis: more than mutant genes. Nat Rev Cancer. 2010;
10(1):23-36. http://www.nature.com/nrc/journal/v10/n1/suppinfo/nrc2765_S1.html. PMID: 20029422

Zhou J, Cidlowski JA. The human glucocorticoid receptor: One gene, multiple proteins and diverse
responses. Steroids. 2005; 70(5—7):407—-17. http://dx.doi.org/10.1016/j.steroids.2005.02.006. PMID:
15862824

Yamamoto KR. Steroid receptor regulated transcription of specific genes and gene networks. Annual
review of genetics. 1985; 19:209-52. Epub 1985/01/01. https://doi.org/10.1146/annurev.ge.19.120185.
001233 PMID: 3909942.

Kadmiel M, Cidlowski JA. Glucocorticoid receptor signaling in health and disease. Trends in Pharmaco-
logical Sciences. 2013; 34(9):518-30. http://dx.doi.org/10.1016/j.tips.2013.07.003. PMID: 23953592

Chen DW-C, Lynch JT, Demonacos C, Krstic-Demonacos M, Schwartz J-M. Quantitative analysis and
modeling of glucocorticoid-controlled gene expression. Pharmacogenomics. 2010; 11(11):1545-60.
https://doi.org/10.2217/pgs.10.125 PMID: 21121775

Lynch JT, Rajendran R, Xenaki G, Berrou |, Demonacos C, Krstic-Demonacos M. The role of glucocorti-
coid receptor phosphorylation in Mcl-1 and NOXA gene expression. Mol Cancer. 2010; 9:38. Epub
2010/02/17. https://doi.org/10.1186/1476-4598-9-38 PMID: 20156337;

Miller A, Garza A, Johnson B, Thompson EB. Pathway interactions between MAPKs, mTOR, PKA, and
the glucocorticoid receptor in lymphoid cells. Cancer Cell International. 2007; 7(1):3.

Ploner C, Rainer J, Niederegger H, Eduardoff M, Villunger A, Geley S, et al. The BCL2 rheostat in gluco-
corticoid-induced apoptosis of acute lymphoblastic leukemia. Leukemia. 2008; 22(2):370-7. https://doi.
org/10.1038/sj.1eu.2405039 PMID: 18046449

Wang Z, Malone MH, He H, McColl KS, Distelhorst CW. Microarray analysis uncovers the induction of
the proapoptotic BH3-only protein Bim in multiple models of glucocorticoid-induced apoptosis. The
Journal of biological chemistry. 2003; 278(26):23861—7. Epub 2003/04/05. https://doi.org/10.1074/jbc.
M301843200 PMID: 12676946.

Jing D, Bhadri VA, Beck D, Thoms JA, Yakob NA, Wong JW, et al. Opposing regulation of BIM and
BCL2 controls glucocorticoid-induced apoptosis of pediatric acute lymphoblastic leukemia cells. Blood.
2015; 125(2):273-83. Epub 2014/10/28. https://doi.org/10.1182/blood-2014-05-576470 PMID:
25336632.

Tian K, Rajendran R, Doddananjaiah M, Krstic-Demonacos M, Schwartz J-M. Dynamics of DNA Dam-
age Induced Pathways to Cancer. PLoS ONE. 2013; 8(9):€72303. https://doi.org/10.1371/journal.pone.
0072303 PMID: 24023735

Bonapace L, Bornhauser BC, Schmitz M, Cario G, Ziegler U, Niggli FK, et al. Induction of autophagy-
dependent necroptosis is required for childhood acute lymphoblastic leukemia cells to overcome

PLOS ONE | https://doi.org/10.1371/journal.pone.0178606 June 5, 2017 16/19


http://www.ncbi.nlm.nih.gov/pubmed/24855207
https://doi.org/10.1182/blood-2013-05-500918
http://www.ncbi.nlm.nih.gov/pubmed/18570872
https://doi.org/10.1016/j.molcel.2008.05.014
https://doi.org/10.1016/S0065-230X(08)00406-5
http://www.ncbi.nlm.nih.gov/pubmed/19055945
https://doi.org/10.1038/sj.cdd.4401456
http://www.ncbi.nlm.nih.gov/pubmed/15243581
http://www.nature.com/nrc/journal/v10/n1/suppinfo/nrc2765_S1.html
http://www.ncbi.nlm.nih.gov/pubmed/20029422
http://dx.doi.org/10.1016/j.steroids.2005.02.006
http://www.ncbi.nlm.nih.gov/pubmed/15862824
https://doi.org/10.1146/annurev.ge.19.120185.001233
https://doi.org/10.1146/annurev.ge.19.120185.001233
http://www.ncbi.nlm.nih.gov/pubmed/3909942
http://dx.doi.org/10.1016/j.tips.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23953592
https://doi.org/10.2217/pgs.10.125
http://www.ncbi.nlm.nih.gov/pubmed/21121775
https://doi.org/10.1186/1476-4598-9-38
http://www.ncbi.nlm.nih.gov/pubmed/20156337
https://doi.org/10.1038/sj.leu.2405039
https://doi.org/10.1038/sj.leu.2405039
http://www.ncbi.nlm.nih.gov/pubmed/18046449
https://doi.org/10.1074/jbc.M301843200
https://doi.org/10.1074/jbc.M301843200
http://www.ncbi.nlm.nih.gov/pubmed/12676946
https://doi.org/10.1182/blood-2014-05-576470
http://www.ncbi.nlm.nih.gov/pubmed/25336632
https://doi.org/10.1371/journal.pone.0072303
https://doi.org/10.1371/journal.pone.0072303
http://www.ncbi.nlm.nih.gov/pubmed/24023735
https://doi.org/10.1371/journal.pone.0178606

The role of microenvironment in ALL chemoresistance

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

glucocorticoid resistance. J Clin Invest. 2010; 120(4):1310-23. Epub 2010/03/05. https://doi.org/10.
1172/JCI39987 PMID: 20200450.

Nikoletopoulou V, Markaki M, Palikaras K, Tavernarakis N. Crosstalk between apoptosis, necrosis and
autophagy. Biochim Biophys Acta. 2013; 1833(12):3448-59. Epub 2013/06/19. https://doi.org/10.1016/
j.bbamcr.2013.06.001 PMID: 23770045.

Long JS, Ryan KM. New frontiers in promoting tumour cell death: targeting apoptosis, necroptosis and
autophagy. Oncogene. 2012; 31(49):5045—-60. Epub 2012/02/09. https://doi.org/10.1038/onc.2012.7
PMID: 22310284.

Davies L, Paraskevopoulou E, Sadeqg M, Symeou C, Pantelidou C, Demonacos C, et al. Regulation of
glucocorticoid receptor activity by a stress responsive transcriptional cofactor. Mol Endocrinol. 2011; 25
(1):58-71. Epub 2010/12/15. https://doi.org/10.1210/me.2010-0212 PMID: 21147850.

Davies L, Karthikeyan N, Lynch JT, Sial EA, Gkourtsa A, Demonacos C, et al. Cross talk of signaling
pathways in the regulation of the glucocorticoid receptor function. Mol Endocrinol. 2008; 22(6):1331—
44. Epub 2008/03/14. https://doi.org/10.1210/me.2007-0360 PMID: 18337589.

So AY, Chaivorapol C, Bolton EC, Li H, Yamamoto KR. Determinants of cell- and gene-specific tran-
scriptional regulation by the glucocorticoid receptor. PLoS Genet. 2007; 3(6):€94. Epub 2007/06/15.
https://doi.org/10.1371/journal.pgen.0030094 PMID: 17559307.

Wallace AD, Cidlowski JA. Proteasome-mediated glucocorticoid receptor degradation restricts tran-
scriptional signaling by glucocorticoids. The Journal of biological chemistry. 2001; 276(46):42714—-21.
Epub 2001/09/14. https://doi.org/10.1074/jbc.M106033200 PMID: 11555652.

Garza AS, Miller AL, Johnson BH, Thompson EB. Converting cell lines representing hematological
malignancies from glucocorticoid-resistant to glucocorticoid-sensitive: signaling pathway interactions.
Leukemia research. 2009; 33(5):717—-27. Epub 2008/11/18. https://doi.org/10.1016/j.leukres.2008.10.
006 PMID: 19012965.

Krstic MD, Rogatsky |, Yamamoto KR, Garabedian MJ. Mitogen-activated and cyclin-dependent protein
kinases selectively and differentially modulate transcriptional enhancement by the glucocorticoid recep-
tor. Molecular and cellular biology. 1997; 17(7):3947-54. Epub 1997/07/01. PMID: 9199329.

Adzic M, Djordjevic A, Demonacos C, Krstic-Demonacos M, Radojcic MB. The role of phosphorylated
glucocorticoid receptor in mitochondrial functions and apoptotic signalling in brain tissue of stressed
Wistar rats. Int J Biochem Cell Biol. 2009; 41(11):2181-8. Epub 2009/09/29. https://doi.org/10.1016/j.
biocel.2009.04.001 PMID: 19782950.

Ramamoorthy S, Cidlowski JA. Corticosteroids: Mechanisms of Action in Health and Disease. Rheum
Dis Clin North Am. 2016; 42(1):15-31, vii. Epub 2015/11/28. https://doi.org/10.1016/j.rdc.2015.08.002
PMID: 26611548.

Galliher-Beckley AJ, Cidlowski JA. Emerging roles of glucocorticoid receptor phosphorylation in modu-
lating glucocorticoid hormone action in health and disease. IUBMB Life. 2009; 61(10):979-86. Epub
2009/09/30. https://doi.org/10.1002/iub.245 PMID: 19787703.

Kfir-Erenfeld S, Sionov RV, Spokoini R, Cohen O, Yefenof E. Protein kinase networks regulating gluco-
corticoid-induced apoptosis of hematopoietic cancer cells: fundamental aspects and practical consider-
ations. Leuk Lymphoma. 2010; 51(11):1968—2005. Epub 2010/09/21. https://doi.org/10.3109/
10428194.2010.506570 PMID: 20849387.

Bakker E, Qattan M, Mutti L, Demonacos C, Krstic-Demonacos M. The role of microenvironment and
immunity in drug response in leukemia. Biochim Biophys Acta. 2016; 1863(3):414—26. Epub 2015/08/
10. https://doi.org/10.1016/j.bbamcr.2015.08.003 PMID: 26255027

Konopleva MY, Jordan CT. Leukemia stem cells and microenvironment: biology and therapeutic target-
ing. J Clin Oncol. 2011; 29(5):591-9. Epub 2011/01/12. https://doi.org/10.1200/JC0.2010.31.0904
PMID: 21220598.

Kurtova AV, Balakrishnan K, Chen R, Ding W, Schnabl S, Quiroga MP, et al. Diverse marrow stromal
cells protect CLL cells from spontaneous and drug-induced apoptosis: development of a reliable and
reproducible system to assess stromal cell adhesion-mediated drug resistance. Blood. 2009; 114
(20):4441-50. Epub 2009/09/19. https://doi.org/10.1182/blood-2009-07-233718 PMID: 19762485.

Lane SW, Scadden DT, Gilliland DG. The leukemic stem cell niche: current concepts and therapeutic
opportunities. Blood. 2009; 114(6):1150—7. Epub 2009/04/30. https://doi.org/10.1182/blood-2009-01-
202606 PMID: 19401558.

Szczepanski MJ, Szajnik M, Welsh A, Whiteside TL, Boyiadzis M. Blast-derived microvesicles in sera
from patients with acute myeloid leukemia suppress natural killer cell function via membrane-associated
transforming growth factor-betal. Haematologica. 2011; 96(9):1302-9. Epub 2011/05/25. https://doi.
org/10.3324/haematol.2010.039743 PMID: 21606166.

Tricot GJ. New insights into role of microenvironment in multiple myeloma. Int J Hematol. 2002; 76
Suppl 1:334-6. Epub 2002/11/15. PMID: 12430876.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178606 June 5, 2017 17/19


https://doi.org/10.1172/JCI39987
https://doi.org/10.1172/JCI39987
http://www.ncbi.nlm.nih.gov/pubmed/20200450
https://doi.org/10.1016/j.bbamcr.2013.06.001
https://doi.org/10.1016/j.bbamcr.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23770045
https://doi.org/10.1038/onc.2012.7
http://www.ncbi.nlm.nih.gov/pubmed/22310284
https://doi.org/10.1210/me.2010-0212
http://www.ncbi.nlm.nih.gov/pubmed/21147850
https://doi.org/10.1210/me.2007-0360
http://www.ncbi.nlm.nih.gov/pubmed/18337589
https://doi.org/10.1371/journal.pgen.0030094
http://www.ncbi.nlm.nih.gov/pubmed/17559307
https://doi.org/10.1074/jbc.M106033200
http://www.ncbi.nlm.nih.gov/pubmed/11555652
https://doi.org/10.1016/j.leukres.2008.10.006
https://doi.org/10.1016/j.leukres.2008.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19012965
http://www.ncbi.nlm.nih.gov/pubmed/9199329
https://doi.org/10.1016/j.biocel.2009.04.001
https://doi.org/10.1016/j.biocel.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19782950
https://doi.org/10.1016/j.rdc.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26611548
https://doi.org/10.1002/iub.245
http://www.ncbi.nlm.nih.gov/pubmed/19787703
https://doi.org/10.3109/10428194.2010.506570
https://doi.org/10.3109/10428194.2010.506570
http://www.ncbi.nlm.nih.gov/pubmed/20849387
https://doi.org/10.1016/j.bbamcr.2015.08.003
http://www.ncbi.nlm.nih.gov/pubmed/26255027
https://doi.org/10.1200/JCO.2010.31.0904
http://www.ncbi.nlm.nih.gov/pubmed/21220598
https://doi.org/10.1182/blood-2009-07-233718
http://www.ncbi.nlm.nih.gov/pubmed/19762485
https://doi.org/10.1182/blood-2009-01-202606
https://doi.org/10.1182/blood-2009-01-202606
http://www.ncbi.nlm.nih.gov/pubmed/19401558
https://doi.org/10.3324/haematol.2010.039743
https://doi.org/10.3324/haematol.2010.039743
http://www.ncbi.nlm.nih.gov/pubmed/21606166
http://www.ncbi.nlm.nih.gov/pubmed/12430876
https://doi.org/10.1371/journal.pone.0178606

The role of microenvironment in ALL chemoresistance

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Liu J, Masurekar A, Johnson S, Chakraborty S, Griffiths J, Smith D, et al. Stromal cell-mediated mito-
chondrial redox adaptation regulates drug resistance in childhood acute lymphoblastic leukemia. Onco-
target. 2015; 6(40):43048—-64. Epub 2015/10/17. https://doi.org/10.18632/oncotarget.5528 PMID:
26474278.

Demonacos C, Krstic-Demonacos M, La Thangue NB. A TPR motif cofactor contributes to p300 activity
in the p53 response. Mol Cell. 2001; 8(1):71-84. Epub 2001/08/21. PMID: 11511361.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Meth-
ods. 2012; 9(7):671-5. Epub 2012/08/30. PMID: 22930834

Chen DW, Saha V, Liu JZ, Schwartz JM, Krstic-Demonacos M. Erg and AP-1 as determinants of gluco-
corticoid response in acute lymphoblastic leukemia. Oncogene. 2013; 32(25):3039-48. Epub 2012/08/
08. https://doi.org/10.1038/onc.2012.321 PMID: 22869147.

Bolstad BM, Irizarry RA, Astrand M, Speed TP. A comparison of normalization methods for high density
oligonucleotide array data based on variance and bias. Bioinformatics. 2003; 19(2):185-93. Epub 2003/
01/23. PMID: 12538238.

Smyth GK. Linear models and empirical bayes methods for assessing differential expression in microar-
ray experiments. Stat Appl Genet Mol Biol. 2004; 3:Article3. Epub 2006/05/02. https://doi.org/10.2202/
1544-6115.1027 PMID: 16646809.

Storey JD, Tibshirani R. Statistical significance for genomewide studies. Proc Natl Acad Sci U S A.
2003; 100(16):9440-5. Epub 2003/07/29. https://doi.org/10.1073/pnas. 1530509100 PMID: 12883005.

Brown DM, Zeef LA, Ellis J, Goodacre R, Turner SR. Identification of novel genes in Arabidopsis
involved in secondary cell wall formation using expression profiling and reverse genetics. The Plant cell.
2005; 17(8):2281-95. Epub 2005/06/28. https://doi.org/10.1105/tpc.105.031542 PMID: 15980264.

Skindersoe ME, Rohde M, Kjaerulff S. A novel and rapid apoptosis assay based on thiol redox status.
Cytometry A. 2012; 81(5):430—6. Epub 2012/03/13. https://doi.org/10.1002/cyto.a.22032 PMID:
22407950.

Xenaki G, Ontikatze T, Rajendran R, Stratford IJ, Dive C, Krstic-Demonacos M, et al. PCAF is an HIF-
1alpha cofactor that regulates p53 transcriptional activity in hypoxia. Oncogene. 2008; 27(44):5785-96.
Epub 2008/06/25. https://doi.org/10.1038/0nc.2008.192 PMID: 18574470.

Rajendran R, Garva R, Ashour H, Leung T, Stratford |, Krstic-Demonacos M, et al. Acetylation mediated
by the p300/CBP-associated factor determines cellular energy metabolic pathways in cancer. Int J
Oncol. 2013; 42(6):1961-72. Epub 2013/04/18. https://doi.org/10.3892/ij0.2013.1907 PMID:
23591450.

Cardoso BA, Girio A, Henriques C, Martins LR, Santos C, Silva A, et al. Aberrant signaling in T-cell
acute lymphoblastic leukemia: biological and therapeutic implications. Braz J Med Biol Res. 2008; 41
(5):344-50. Epub 2008/05/20. PMID: 18488097.

Wu W, Liu P, Li J. Necroptosis: an emerging form of programmed cell death. Crit Rev Oncol Hematol.
2012; 82(3):249-58. Epub 2011/10/04. https://doi.org/10.1016/j.critrevonc.2011.08.004 PMID:
21962882.

Schenk B, Fulda S. Reactive oxygen species regulate Smac mimetic/TNFalpha-induced necroptotic
signaling and cell death. Oncogene. 2015; 34(47):5796—-806. Epub 2015/04/14. https://doi.org/10.1038/
onc.2015.35 PMID: 25867066.

Chaabane W, User SD, El-Gazzah M, Jaksik R, Sajjadi E, Rzeszowska-Wolny J, et al. Autophagy, apo-
ptosis, mitoptosis and necrosis: interdependence between those pathways and effects on cancer. Arch
Immunol Ther Exp (Warsz). 2013; 61(1):43-58. Epub 2012/12/12. https://doi.org/10.1007/s00005-012-
0205-y PMID: 23229678.

Schmidt S, Rainer J, Riml S, Ploner C, Jesacher S, Achmuller C, et al. Identification of glucocorticoid-
response genes in children with acute lymphoblastic leukemia. Blood. 2006; 107(5):2061-9. Epub
2005/11/19. https://doi.org/10.1182/blood-2005-07-2853 PMID: 16293608.

Thompson EB, Johnson BH. Regulation of a distinctive set of genes in glucocorticoid-evoked apoptosis
in CEM human lymphoid cells. Recent progress in hormone research. 2003; 58:175-97. Epub 2003/06/
11. PMID: 12795419.

Tissing WJ, den Boer ML, Meijerink JP, Menezes RX, Swagemakers S, van der Spek PJ, et al. Geno-
mewide identification of prednisolone-responsive genes in acute lymphoblastic leukemia cells. Blood.
2007; 109(9):3929-35. Epub 2007/01/16. https://doi.org/10.1182/blood-2006-11-056366 PMID:
17218380.

Subramaniam MM, Chan JY, Yeoh KG, Quek T, Ito K, Salto-Tellez M. Molecular pathology of RUNX3
in human carcinogenesis. Biochim Biophys Acta. 2009; 1796(2):315-31. Epub 2009/08/18. https://doi.
org/10.1016/j.bbcan.2009.07.004 PMID: 19682550.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178606 June 5, 2017 18/19


https://doi.org/10.18632/oncotarget.5528
http://www.ncbi.nlm.nih.gov/pubmed/26474278
http://www.ncbi.nlm.nih.gov/pubmed/11511361
http://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.1038/onc.2012.321
http://www.ncbi.nlm.nih.gov/pubmed/22869147
http://www.ncbi.nlm.nih.gov/pubmed/12538238
https://doi.org/10.2202/1544-6115.1027
https://doi.org/10.2202/1544-6115.1027
http://www.ncbi.nlm.nih.gov/pubmed/16646809
https://doi.org/10.1073/pnas.1530509100
http://www.ncbi.nlm.nih.gov/pubmed/12883005
https://doi.org/10.1105/tpc.105.031542
http://www.ncbi.nlm.nih.gov/pubmed/15980264
https://doi.org/10.1002/cyto.a.22032
http://www.ncbi.nlm.nih.gov/pubmed/22407950
https://doi.org/10.1038/onc.2008.192
http://www.ncbi.nlm.nih.gov/pubmed/18574470
https://doi.org/10.3892/ijo.2013.1907
http://www.ncbi.nlm.nih.gov/pubmed/23591450
http://www.ncbi.nlm.nih.gov/pubmed/18488097
https://doi.org/10.1016/j.critrevonc.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21962882
https://doi.org/10.1038/onc.2015.35
https://doi.org/10.1038/onc.2015.35
http://www.ncbi.nlm.nih.gov/pubmed/25867066
https://doi.org/10.1007/s00005-012-0205-y
https://doi.org/10.1007/s00005-012-0205-y
http://www.ncbi.nlm.nih.gov/pubmed/23229678
https://doi.org/10.1182/blood-2005-07-2853
http://www.ncbi.nlm.nih.gov/pubmed/16293608
http://www.ncbi.nlm.nih.gov/pubmed/12795419
https://doi.org/10.1182/blood-2006-11-056366
http://www.ncbi.nlm.nih.gov/pubmed/17218380
https://doi.org/10.1016/j.bbcan.2009.07.004
https://doi.org/10.1016/j.bbcan.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19682550
https://doi.org/10.1371/journal.pone.0178606

The role of microenvironment in ALL chemoresistance

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Yamamura Y, Lee WL, Inoue K, Ida H, Ito Y. RUNX3 cooperates with FoxO3a to induce apoptosis in
gastric cancer cells. The Journal of biological chemistry. 2006; 281(8):5267—76. Epub 2005/12/24.
https://doi.org/10.1074/jbc.M512151200 PMID: 16373335.

Christofferson DE, Yuan J. Necroptosis as an alternative form of programmed cell death. Curr Opin Cell
Biol. 2010; 22(2):263-8. Epub 2010/01/05. https://doi.org/10.1016/j.ceb.2009.12.003 PMID: 20045303.

Silke J, Rickard JA, Gerlic M. The diverse role of RIP kinases in necroptosis and inflammation. Nat
Immunol. 2015; 16(7):689-97. https://doi.org/10.1038/ni.3206 PMID: 26086143

O’Donnell MA, Legarda-Addison D, Skountzos P, Yeh WC, Ting AT. Ubiquitination of RIP1 regulates
an NF-kappaB-independent cell-death switch in TNF signaling. Curr Biol. 2007; 17(5):418—-24. Epub
2007/02/20. https://doi.org/10.1016/j.cub.2007.01.027 PMID: 17306544.

Laane E, Tamm KP, Buentke E, Ito K, Kharaziha P, Oscarsson J, et al. Cell death induced by dexa-
methasone in lymphoid leukemia is mediated through initiation of autophagy. Cell Death Differ. 2009;
16(7):1018-29. Epub 2009/04/25. https://doi.org/10.1038/cdd.2009.46 PMID: 19390558.

Greenstein S, Ghias K, Krett NL, Rosen ST. Mechanisms of glucocorticoid-mediated apoptosis in
hematological malignancies. Clin Cancer Res. 2002; 8(6):1681-94. Epub 2002/06/13. PMID:
12060604.

Martini M, Ciraolo E, Gulluni F, Hirsch E. Targeting PI3K in Cancer: Any Good News? Front Oncol.
2013; 3:108. Epub 2013/05/10. https://doi.org/10.3389/fonc.2013.00108 PMID: 23658859.

Zhang JP, Wong CK, Lam CW. Role of caspases in dexamethasone-induced apoptosis and activation
of c-Jun NH2-terminal kinase and p38 mitogen-activated protein kinase in human eosinophils. Clin Exp
Immunol. 2000; 122(1):20-7. Epub 2000/09/30. PMID: 11012613. https://doi.org/10.1046/j.1365-2249.
2000.01344.x

PengH, Wen J, Zhang L, LiH, Chang CC, Zu Y, et al. A systematic modeling study on the pathogenic
role of p38 MAPK activation in myelodysplastic syndromes. Molecular bioSystems. 2012; 8(4):1366—
74. Epub 2012/02/14. https://doi.org/10.1039/c2mb05184b PMID: 22327869.

Blind RD, Garabedian MJ. Differential recruitment of glucocorticoid receptor phospho-isoforms to gluco-
corticoid-induced genes. J Steroid Biochem Mol Biol. 2008; 109(1-2):150—7. Epub 2008/02/29. https://
doi.org/10.1016/j.jsbmb.2008.01.002 PMID: 18304804.

Bell BD, Walsh CM. Coordinate regulation of autophagy and apoptosis in T cells by death effectors:
FADD or foundation. Autophagy. 2009; 5(2):238—40. Epub 2008/12/17. PMID: 19077534.

Kinnally KW, Peixoto PM, Ryu SY, Dejean LM. Is mPTP the gatekeeper for necrosis, apoptosis, or
both? Biochim Biophys Acta. 2011; 1813(4):616—22. Epub 2010/10/05. https://doi.org/10.1016/j.
bbamcr.2010.09.013 PMID: 20888866.

Smith CC, Yellon DM. Necroptosis, necrostatins and tissue injury. J Cell Mol Med. 2011; 15(9):1797—
806. Epub 2011/05/14. https://doi.org/10.1111/j.1582-4934.2011.01341.x PMID: 21564515.

Holler N, Zaru R, Micheau O, Thome M, Attinger A, Valitutti S, et al. Fas triggers an alternative, cas-
pase-8-independent cell death pathway using the kinase RIP as effector molecule. Nat Immunol. 2000;
1(6):489-95. Epub 2001/03/23. https://doi.org/10.1038/82732 PMID: 11101870.

Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G. Molecular mechanisms of necroptosis: an
ordered cellular explosion. Nat Rev Mol Cell Biol. 2010; 11(10):700-14. Epub 2010/09/09. https://doi.
org/10.1038/nrm2970 PMID: 20823910.

Berrou I, Demonacos C, Krstic-Demonacos M. Molecular mechanisms conferring resistance/sensitivity
to glucocorticoid-induced apoptosis. In: Qian X, editor. Glucocorticoids—New Recognition of Our Famil-
iar Friend: InTech; 2012. p. 151-74.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178606 June 5, 2017 19/19


https://doi.org/10.1074/jbc.M512151200
http://www.ncbi.nlm.nih.gov/pubmed/16373335
https://doi.org/10.1016/j.ceb.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20045303
https://doi.org/10.1038/ni.3206
http://www.ncbi.nlm.nih.gov/pubmed/26086143
https://doi.org/10.1016/j.cub.2007.01.027
http://www.ncbi.nlm.nih.gov/pubmed/17306544
https://doi.org/10.1038/cdd.2009.46
http://www.ncbi.nlm.nih.gov/pubmed/19390558
http://www.ncbi.nlm.nih.gov/pubmed/12060604
https://doi.org/10.3389/fonc.2013.00108
http://www.ncbi.nlm.nih.gov/pubmed/23658859
http://www.ncbi.nlm.nih.gov/pubmed/11012613
https://doi.org/10.1046/j.1365-2249.2000.01344.x
https://doi.org/10.1046/j.1365-2249.2000.01344.x
https://doi.org/10.1039/c2mb05184b
http://www.ncbi.nlm.nih.gov/pubmed/22327869
https://doi.org/10.1016/j.jsbmb.2008.01.002
https://doi.org/10.1016/j.jsbmb.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18304804
http://www.ncbi.nlm.nih.gov/pubmed/19077534
https://doi.org/10.1016/j.bbamcr.2010.09.013
https://doi.org/10.1016/j.bbamcr.2010.09.013
http://www.ncbi.nlm.nih.gov/pubmed/20888866
https://doi.org/10.1111/j.1582-4934.2011.01341.x
http://www.ncbi.nlm.nih.gov/pubmed/21564515
https://doi.org/10.1038/82732
http://www.ncbi.nlm.nih.gov/pubmed/11101870
https://doi.org/10.1038/nrm2970
https://doi.org/10.1038/nrm2970
http://www.ncbi.nlm.nih.gov/pubmed/20823910
https://doi.org/10.1371/journal.pone.0178606

