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Abstract

Ataxia telangiectasia (A-T) is an incurable and rare hereditary syndrome. In recent times,

treatment with glucocorticoid analogues has been shown to improve the neurological symp-

toms that characterize this condition, but the molecular mechanism of action of these ana-

logues remains unknown. Hence, the aim of this study was to gain insight into the molecular

mechanism of action of glucocorticoid analogues in the treatment of A-T by investigating the

role of Dexamethasone (Dexa) in A-T lymphoblastoid cell lines. We used 2DE and tandem

MS to identify proteins that were influenced by the drug in A-T cells but not in healthy cells.

Thirty-four proteins were defined out of a total of 746�“63. Transcriptome analysis was per-

formed by microarray and showed the differential expression of 599 A-T and 362 wild type

(WT) genes and a healthy un-matching between protein abundance and the corresponding

gene expression variation. The proteomic and transcriptomic profiles allowed the network

pathway analysis to pinpoint the biological and molecular functions affected by Dexametha-

sone in Dexa-treated cells. The present integrated study provides evidence of the molecular

mechanism of action of Dexamethasone in an A-T cellular model but also the broader

effects of the drug in other tested cell lines.

Introduction
AtaxiaTelangiectasia(A-T) isararegeneticsyndromecausedbymutationsin theataxiatelan-
giectasiamutated(ATM) [1] gene.Thegeneproductcodesfor aproteinkinasebelongingto
thePI3Kinase-likeKinase(PIKK) [2]. Dependingon thelevelof themutation,theresultant
lossof ATM proteinexpressionor function canleadto pleiotropicclinicalphenotypes[3]
suchasataxia,oculocutaneousteleangiectasias,immunodeficiency,infections,radiosensitivity
andpronenessto cancerandneurodegenerativedisorders.Typically,A-T patientsarewheel-
chairdependentby theageof ten,andtheir life expectancyisaroundtwenty-fiveyears.The
ATM geneensuresDNA repairin thenucleus[4], while its role in thecytosolisstill poorly
understood[5Ð7].
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No effectivedisease-modifyingtreatmentispresentlyavailable,andsupportingtherapies
areusedto carefor patients.However,in thelastfewyears,observationalstudies[8,9] and
clinical trials [10Ð12] haveshownthat treatmentwith glucocorticoidsimprovessymptomsand
neurologicfunctionsin patientswith A-T.

In spiteof their efficiency,themechanismof actionof glucocorticoidsin A-T subjects
remainsunclear.Hence,severalstudieshavebeencarriedout seekingto gaininsightinto the
likely molecularactionof glucocorticoidsin A-T patients.Theauthorsof thepresentstudy
havepreviouslydescribedtheinfluenceof Dexamethasoneon geneexpression,splicing,
NRF2-mediatedantioxidantresponseby redoxbalanceimprovementandcellularnano-
mechanicsbycytoskeletonandnucleardynamics[13Ð18]. DÕAssanteetal.havereportedthe
influenceof Betamethasoneon moleculesinvolvedin autophagosomedegradation[19].

Themainaimof thepresentstudywasthereforeto addto thisbodyof knowledgeregarding
themechanismof actionof glucocorticoidsin A-T, whichmayin turn leadto improvements
in A-T patienttherapies.Herein weexaminethecombinationof two ÒomicsÓapproaches
(proteomicandtranscriptomic)adoptedto studylymphoblastoidcelllines(LCLs)treated
with Dexamethasone.Themodulatedproteinsandgenesthatwerediscoveredwereemployed
in afunctionalnetworkanalysisin orderto evaluatethecellularmolecularfunctionsandbio-
logicalprocessesinfluencedbyDexaaction.Theinvestigationwasalsoextendedto awider
samplesize,allowingusto explorethevariabilityof Dexaeffectsin differentcelllines.Tran-
scriptomicdatawerealsocomparedwith availablein vivodatarecentlypublished[18].

Material and methods

Cell cultures
Thelymphoblastoidcelllines(LCLs)usedin thisstudywereobtainedfrom A-T patients
(ATM-/- AT129RM,AT50RM,ATK13RM,ATK36RM)andahealthydonor (ATM+/+

WT238).ThecelllinesWT238,AT50RMandAT129RMderivedfrom apreviouswork [17],
while thecellline ATK13RMandATK36RMwereisolatedduring aphaseII clinical trial [11]
with theapprovalof ethicalcommitteeandall patientsprovidedinformedconsent(alongwith
theconsentof their parentsor legalguardian,asrequired).TheLCLsweremaintainedin
RPMI1640mediumsupplementedwith 2mmol/l L-glutamine,50mg/ml gentamycinand
10%fetalcalfserumin 5%CO2at37ûC.Cellsweretreatedwith 100nMDexafor 48hprior to
proteinandRNA extractions.Dimethylsulfoxide(DMSO)wasusedasthedrugvehicleand
thusadministeredin untreatedcellsusedascontrols.

Samplepreparation and2DEanalysis
The2DEanalysiswereperformedon theAT129RMandWT238samples.A totalof approxi-
mately1x107 cellsfor eachcondition werewashedin isotonicTris/sucrosebufferandsubse-
quentlylysedin icebysonicationcyclesin lysisbuffer(50nMTris-HCl, 150mMNaCl,CHAPS
0.5%,SDS0.1%)containingproteaseandphosphataseinhibitors.After 20Õincubation,15Uof
Benzonasewasaddedandincubationwascontinuedfor anadditional30Õ.After afurther soni-
cationcyclein ice,thelysateswereclarifiedbycentrifugation.Proteinswereprecipitatedby
Acetone/TCA(4/1volumes),washedin Acetoneanddried.Thepelletswerere-suspendedin
ProteinExtractionReagentType4 (SIGMA) andaftertheproteinconcentrationassay,1mg
wasfurther diluted in thesamebuffercontainingpH 3Ð10ampholytes,5mM TBPandloaded
onto IPGReadyStripspH 3Ð10NL (Bio-Rad),rehydratedat50Vfor 12hat20ûC.Isoelectric
focusingwasperformedon theproteanIEFCell(Bio-Rad)asfollows:15Õat250V,rapidvolt-
agerampingto 10,000Vandafinal stepat10,000Vup to 80,000Vhours.After equilibration
andalkylation,thestripswerelaid on an8Ð15%T gradientSDS-PAGEgel.Therunswere
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performedat20ûCatconstantcurrent(eachgelat8mA for 60Õ,followedby16mAuntil the
run wascompleted).ThestaininghadbeenpreviouslyperformedbyBrilliant BlueGÐColloidal
(SIGMA) andthenswitchedto amodifiedsilverstainingasdescribedbyShevshenkoand
Mortz [20,21]. Theanalysiswasperformedin triplicateandtherewasafair reproducibility
betweenthereplicates.

ImageanalysisandLC-MS/MS
Theimageof eachgelwasacquiredbyFluor-SMAX Multi-Imager scanner(Bio-Rad).Spots
weredetected,matchedandquantifiedbyMelaniesoftware.Spotselectionwasperformedon
specificallyalteredproteinabundancein AT129RMthenon WT afterthedrug treatment.The
spotswerequalifiedasdifferentiallyabundantwith afold change> 1.5andp! 0.05,andwere
subsequentlyselectedfor MSanalysis.Briefly,thespotswereexcisedandprocessedasreported
byShevchenkoandcolleagues[22]. Theresultingpeptideswereprocessedby theLC-ESI-MS/
MSsystem(Q-TOFMicroTM Micromass,Manchester,UK) equippedwith aZ-spraynanoflow
electrosprayion sourceandaCapLCapparatus.A SymmetryC18nanocolumn(Waters,Mil-
ford, Mass,USA)wasemployedasananalyticalcolumn.

Theinstrumentwassetin apositiveion modeusingN2 asthecarryinggas.Thecapillary
wassetto 2,800V, thesampleconeto 30V anddesolvationtemperatureto 80ûC.Thesurvey
scanmodewassetasfollows:MSrangefrom 200to 1,500m/z,MSto MS/MSby ion intensity,
MS/MSrangefrom 200to 2,000m/z.Collisionenergywassetaccordingto theionsÕcharge
stateusingArgon asthecollisiongas.Forprotein identification,MS/MSspectrawereusedas
queryin MASCOT(Matrix Sciences,LondonUK). Proteinidentity wasassessed(in addition
to MASCOTscore)with at leastthree-peptidecoverageandconsistencywith pI/Mw inferred
by2D-PAGE.

Westernblot analysis
Theantibodies(anti-HSPA8,anti-AIF, anti-14.3.3z/��, anti-Calreticulin,anti-HMGB1,anti-
HPRT1andAnti-PP2AA subunit)usedin thisstudywerefrom CellSignalingTechnologyand
wereusedasrecommendedby thesupplier.Cell lysateswerepreparedfrom all availablecell
lines.After PBSwashing,thepelletswerere-suspendedin ProteinExtractionReagentType4,
andfollowingsonicationin ice,thelysateswereclarifiedbycentrifugation.Theproteincontents
weremeasuredusingtheBradfordassayand20! gof eachsamplewasusedfor SDSPAGEsep-
arationandsubsequenttransferredon Hybond-Cmembranes(GEHealthcareLifeSciences).
PrimaryantibodiesweredetectedbysecondaryHRP-conjugatedantibodiesusingtheECL
detectionsystem(Advansta).Wholelanenormalizationwasusedfor quantitativeinvestigation,
aspreviouslydescribedbyColellaetal.[23] andGu¬rtler etal.[24]. Experimentswereperformed
in quintuplicatesandthestatisticalanalysiswasperformedusingthepairedt-test.

Affymetrix microarray analysis
TotalRNA extractswereobtainedfrom all usedcelllinesusinganRNeasyPlusMini Kit (QIA-
GEN).RNA labellingandhybridizationwerecarriedout accordingto theAffymetrix two-
cycletargetlabellingprotocol.ForeachexperimentthecRNAwashybridizedto Affymetrix
HTA 2.0GeneChip Array.

Thedataanalysis,afterpre-processingatprobelevel(CELfiles),wereperformedbyRMA
backgroundadjustment,quantilemethodfor normalizationandmedianpolishfor summari-
zation.TheFKBP5,TMEM2 andNFIL3geneexpressionwereevaluatedbyqPCR(Thermo-
FisherTaqMan1 GeneExpressionAssays)througha7500Real-TimePCRSystem(Applied
Biosystems).
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Therelationshipbetweenproteinquantitiesandcorrespondinggeneexpression
(AT129RMandWT238)wasindividually evaluatedin thesamples.For thefunctionalannota-
tion of DEGs,geneswereselectedby theAffymetrix TAC console,usinganFDRp-value
! 0.05andthesubsequentnetworkanalysiswasperformedby theReactome(FI) Functional
InteractionNetworkplugin for Cytoscape[25]. Alternativesplicinganalysiswasalsoper-
formedfor thesametwo samples.Theexpressedgeneswith at leastonedifferentiallyexpressed
PSRor Junction(FDRp-value! 0.05andsplicingindex> |2|) wereconsideredasalternatively
spliced.

Thegeneexpressionanalysiswasextendedto all A-T samplesbyMeV [26,27]. Statistically
anddifferentiallyexpressedgeneswereselectedby thepairedpermutationt-test(FDR! 0.01)
andwerefurther usedto computethehierarchicaltree(HLC).

Results

Impact of Dexaon proteomic profile
In thepastfewyears,wehavecarriedout geneexpressionanalysisof A-T cellsafterDexameth-
asonetreatment[13]. In thepresentstudy,weperformedaproteomiccomparativeanalysisof
A-T andWT LCLstreatedwith Dexamethasonecombinedto adeepergeneexpressionand
splicingexaminationperformedbymicroarray.

Representative2DEimagesarereportedin Fig1 (ATRM129,WT238treatedor not). Since
theinvestigationmainly focusedon thoseproteinsthatwerespecificallyalteredbyDexain
A-T samples,bycomparingsignalabundancein all samples,it waspossibleto isolate52spots
out of 746±63.After processing,it waspossibleto define(dueto handlingand/orHPLC-MS
failure)34differentiallyexpressedproteins,reportedin Table1. Asillustrated,theisolated
spotswerechosensincetheywereselectivelyanddifferentiallyalteredin DexatreatedA-T
samplesthanin treatedor not WT. Evenif abasaldifferencebetweentheA-T sampleandthe
WT oneisnoticeable(AT129RM/WT238ÒProteinU or DÓcolumn)theeffectof Dexa,not
only eventuallyrestoredthelackingbetweensamples,but alsoimprovedtheextentof response
wasstatisticallydifferentwhencomparedto treatedWT (Table1, AT129RM+Dexa/WT238
+DexaÒProteinU or DÓcolumn).Thegeneexpressionof eachprotein-matchinggeneisalso
reportedalongsidethep valuesfrom thevarianceanalysisandFDRscores.

Theentireprotein interactionnetwork(PPIenrichmentp-value= 0) basedon theproteo-
mic datasetisshownin Fig2A. Thecorrespondingbiologicalprocesses,molecularfunctions,
KEGGpathways,PFAMdomainsandINTERPROfeaturesarereportedin S1Supplementary
File, whilethecorrespondingReactomeFI networkpathwaysarereportedin Fig2Band
describedin S2SupplementaryFile.

Theaccuracyof theproteomicresultswasassessedby testingsomerandomlychosentargets
(HSPA8,AIF, CALR,HMGB1,HPRT1,PP2AA subunitand14.3.3z/��) usingthewesternblot
techniqueasreportedin Fig3 andFig4. All thetestedwesternblotsagreewith the2DEresults
(WT238andAT129RM).Only theexpressionof the14.3.3z/�� proteindiffersfrom the2DE
data,asit appearedunaffectedbyDexa.It shouldbenotedthat theproteinassignmentfor the
2DE14.3.3spotwasbasedon themaximumnumberof identifiedpeptidesin theMascotout-
come(14.3.3z/�� definitely),but at leastfive isoformsweretruly presentin theisolatedspot
(supplementaryS1Fig). Accordingly,anerroneousantibodycouldbeused,leadingto theun-
matchingresultsof 2DEandthewesternblots.

Impact of Dexaon geneexpressionprofile
TheDexaalteredgeneexpressionprofilesof samplesAT129RMandWT238(599and362
genesymbolsrespectively)arereportedin S3SupplementaryFile, while thecorresponding

Dexa effects in A-T cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0195388 April 2, 2018 4 / 19



ReactomeFI networksarereportedin supplementaryS2Figaswellasthenetworkpathways,
biologicalpathwaysandmolecularfunctions(S4SupplementaryFile). Theconsistencyof the
microarrayexperimentswasassayedbyevaluatingthegeneexpressionof FKBP5,TMEM2
andNFIL3 targets,sincetheyarewell-knowngenesalteredbyDexaadministrationboth in
vitro andin vivo[18,26Ð29]. In brief, theabove-mentionedgeneswereactuallyfound to be
upregulatedin all themicroarraysets(treatedsamplesovercontrols;FKBP5averageoverex-
pressionFC2.2p = 0.00FDR= 0.05;TMEM2 averageoverexpressionFC5.5p = 0.00
FDR= 0.07;NFIL3averageoverexpressionFC2.11p = 0.00FDR= 0.8).Theoverexpression
wasconfirmedalsobyqPCRperformedon thesametargets(Fig5).

Impact of Dexaon splicing
Thesplicinganalysiswasperformedby theGeneChip Array datasetand614transcriptsin
AT129RMand891transcriptsin WT238(553and813matchinggenesymbolsrespectively)

Fig 1. 2DErepresentative images.A-T andWT samplestreatedor not treatedwith Dexa.Eachgelimagewaselaboratedwith Melanie
software.Threetechnicalreplicateswereused.

https://doi.org/10.1371/journal.pone.0195388.g001
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werefound to bealternativelysplicedasreportedin S5SupplementaryFile. Theaffectedbio-
logicalpathwaysarereportedin thesamefile,andthecorrespondingReactomeFI networks
areillustratedin supplementaryS3Fig. Throughthecomparisonof thesplicinganalysisgene
setsandgeneexpressionvariationsof bothsamples,it waspossibleto drawtheVeendiagram
reportedin Fig6. Only 19genesymbolswerefound to bebothmodulatedandsplicedin
AT129RMsampleand24genesymbolsin WT238(only AP3S1wasin common,supplemen-
taryS1Table).

Table1. Proteinsregulatedby Dexainferred by the 2DEexperiments. All comparisonsscores.Thebold textcolumnshowstheproteinratio (ÒUÓupregulated,ÒDÓ
downregulatedandÒ=Òasunvaried)of theindicatedcomparison, whiletheplain textreportsthegeneexpressionratio (U upregulated,D downregulatedandÒ=Òasunvar-
ied),thevarianceanalysisp valueandtheFDRp value.

AT129RM/ WT238 AT129RM+ Dexa/ AT129RM WT 238+ Dexa/ WT238 AT129RM+Dexa/ WT238+Dexa

Gene
Symbol

Protein
U or D

Gene
Expr. U

or D

p
value

FDRp
value

Protein
U or D

Gene
Expr. U

or D

p
value

FDRp
value

Protein
U or D

Gene
Expr. U

or D

p
value

FDR p
value

Protein
U or D

Gene
Expr. U

or D

p
value

FDRp
value

ACTB D = 0.00 0.02 U = 0.47 0.73 = = 0.03 0.28 U = 0.04 0.18

AIF = U 0.01 0.10 U = 0.43 0.7 = = 0.30 0.70 U U 0.05 0.19

ATP5B = U 0.04 0.16 U D 0.15 0.44 = D 0.29 0.68 U U 0.17 0.35

CALR U U 0.00 0.06 U = 0.05 0.27 D D 0.31 0.70 U U 0.05 0.19

CCT3 U U 0.00 0.02 D = 0.97 0.99 = D 0.13 0.50 D U 0.01 0.11

EEF2 = = 0.27 0.46 U = 0.58 0.81 = = 0.10 0.47 U U 0.02 0.13

ENOPH1 = = 0.72 0.83 U = 0.77 0.9 = D 0.61 0.87 U U 0.71 0.82

EZR D = 0.25 0.44 U U 0.02 0.21 = = 0.43 0.79 U U 0 0.06

FKBP3 U = 0.60 0.75 U U 0.05 0.29 U = 0.95 0.98 U U 0.43 0.59

FUBP1 = U 0.00 0.05 U = 0.76 0.9 U = 0.08 0.42 U U 0.01 0.1

GAPDH = = 0.00 0.06 D = 0.01 0.16 D = 0.02 0.08 D = 0.01 0.09

HCLS1 = = 0.30 0.49 U = 0.01 0.12 D D 0.15 0.54 U U 0.12 0.29

HMGB1 U U 0.02 0.11 U U 0.11 0.39 U = 0.04 0.33 U U 0.07 0.23

HPRT1 U = 0.50 0.67 U U 0.1 0.37 D = 0.73 0.92 U U 0.64 0.76

HSP90AB1 = = 0.02 0.04 U = 0 0.03 = = 0.01 0.19 U U 0 0.04

HSP90AB2P = = 0.06 0.19 U D 0.12 0.39 = U 0.00 0.02 U D 0 0.07

HSP90B1 D U 0.00 0.00 U = 0.42 0.7 = = 0.00 0.12 U U 0 0.01

HSPA8 D U 0.01 0.08 U = 0 0.01 D = 0.50 0.82 U U 0.02 0.12

HSPD1 = U 0.00 0.00 U = 0.07 0.31 = = 0.02 0.25 U U 0 0

HYOU1 = U 0.00 0.02 U D 0.13 0.41 U D 0.07 0.39 U U 0 0.04

LCP1 = = 0.00 0.04 U = 0.002 0.07 U = 0.00 0.02 U U 0.29 0.47

MSN = = 0.00 0.07 U D 0.12 0.4 U = 0.40 0.77 U = 0.28 0.46

MZB1 = U 0.27 0.46 U = 0.96 0.98 = = 0.79 0.81 U U 0.67 0.79

P4HB = = 0.49 0.66 U = 0.28 0.58 U = 0.56 0.85 U U 0.57 0.71

PCBP1 = = 0.25 0.44 D = 0.75 0.9 U D 0.02 0.24 D U 0.03 0.16

PPP2R1A = = 0.15 0.34 U = 0.56 0.79 = = 0.16 0.55 U = 0.61 0.75

PSMB9 = D 0.27 0.46 U = 0.99 0.99 = D 0.43 0.78 U = 0.75 0.84

RPS3A = = 0.67 0.80 U = 0.55 0.79 = = 0.42 0.78 U U 0.73 0.83

SRSF1 U U 0.01 0.10 D = 0.63 0.83 = D 0.39 0.76 D U 0.03 0.11

SYNCRIP D U 0.00 0.01 U = 0.86 0.94 = = 0.00 0.11 U U 0 0.02

TPM3 = U 0.41 0.60 U = 0.71 0.88 = = 0.82 0.95 U U 0.34 0.52

TUBA1B = U 0.11 0.28 U = 0.51 0.76 = = 0.70 0.91 U U 0.1 0.27

XRCC6 D U 0.00 0.05 U = 0.66 0.85 = D 0.08 0.43 U U 0 0.08

YWHAZ = = 0.91 0.95 U = 0.06 0.3 U = 0.78 0.93 U U 0.23 0.41

https://doi.org/10.1371/journal.pone.0195388.t001
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Surveyon other A-T samples
All thetestedantibodies(HSPA8,AIF, CALR,HMGB1,HPRT1,PP2AA subunitand14.3.3z/
��) wereusedto infer proteomicdataof theothertestedA-T celllinesasillustratedin thesame
Fig3. Amongthetestedcelllines,only theAT50RMsamplebehavedlike theAT129RMone.
Theothertestedsamplesshowedverylow amountsof theinvestigatedprotein (exceptfor
HSAP8)with variedoutcomes.Theevaluationof geneexpressionon otherA-T samples
showed675statisticallymodulatedtranscripts(658genesymbols)thatwereemployedin the
HLC clusteringprocessreportedin Fig7.

TheHLC dendrogramshowedasimilarexpressionpatternfor thesamplesAT129RMand
AT50RMand,separatedby theWT238group,theclusterof samplesK13RMandK36RM
sharedasimilargeneexpressionprofile.Thegenomicdatarevealedsimilarity betweenthe
AT129RM-AT50RMandK13RM-K36RMsamples.Thegeneexpressionfeaturesfound in
A-T samplesstatisticallycharacterisedthesharedgenesmodulatedbyDexabeyondthe

Fig 2. (A-B) STRING(A) andReactomeFI (B) networks.Theproteomicdatawereusedto computebothnetworks. The
functionalinteractionof thediscoveredproteinsin theAT129RMsamplewasextremely elevatedasreportedin S1andS2
Supplementary Files.Thenodescolours(in B) representtheReactomeFI clusteredgenesandthenumbersstatethe
enrichmentpathwaysof nodesin clustersasreportedin S2SupplementaryFile.

https://doi.org/10.1371/journal.pone.0195388.g002

Fig 3. Westernblot. Representativeimagesof westernblotsperformedin all testedLCLs,subsequentlyquantifiedasreportedin Fig4.

https://doi.org/10.1371/journal.pone.0195388.g003
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individual samplevariability.Theaffectedbiologicalpathwaysarereportedin S6Supplemen-
taryFileandthedrawnReactomeFI networkin supplementaryS4Fig.

Discussion
Resultsillustratedin thepresentstudyrepresentthefirst integratedanalysisbyproteomicand
transcriptomic,to investigatein vitro theDexamethasonemolecularmechanismof actionin
anA-T establishedmodel,asthisdrug isemployedaseffectivetherapyin A-T patients
[11,12,16,18]. Thechosenspotsselectionapproachallowedhighlightingtheproteinamounts
variationin A-T cellsin responseto Dexatreatment,ratherthanthegeneralisedcellulargluco-
corticoid responsethat,in our opinion, representanattractivebasisto comprehendthepartic-
ular outcomeof glucocorticoidusagein ataxiatelangiectasiatreatment.Someof theselected
proteinsin AT129RMshowedalsoabasaldissimilarexpressionpatterncomparedto
untreatedWT (dependingon A-T status?)but all of themshowedadifferentialtreatment
responsebehaviourthanWT. In fact,wewerenot ableto observeanysimpleprotein recovery
in treatedA-T.

Upon examiningtheseresults,weimmediatelynotedtheoveralllackof correlationbetween
geneexpressionandproteinamountin thetreatedAT129RMsample.Surprisingbut accept-
ableif weconsiderthat in thelastfewyearsseveralstudiesdemonstratedtheoverallmRNA /
proteincorrelationof about0.4[28Ð30].

In contrast,thesamegenesin thetreatedAT129RM/WTcomparisonshowedagoodgene
expression-proteinamountmatch.It ispossibleto suppose(within thesensitivityof microar-
rayapproach)that in theA-T sample,Dexaincreasedthelevelof theidentifiedproteinbut not
thecorrespondinggeneexpressionwhile,at leastafter48hof Dexaexposure,in theWT sam-
plethedrugaffectedtheexpressionof theexaminedgenes.ConcerningtheA-T sample,only
theFKBP3andEZRproteinsshowedamatchinggeneexpressionvariation(accordingto thep
value).

TheFKBP3geneexpressionmight bemodulatedbyDexain thesamewaythat theFKBP5
geneismodulated.Thecodifiedproteinhasarole in DNA packaging,interactionwith
HDACs[31] splicingof mRNA,ribosomalassembly,alongwith otheraspectsof neuronalsig-
nalling[32,33]. TheEZRgenehasrecentlybeenreportedto beinducedbyDexain podocytes

Fig 4. Westernblot analysisof all testedLCLs.Theproteinabundanceof selectedtargetsin sampleAT129RMis in
agreementwith the2DEoutcome(pairedt-testp< 0.05)exceptfor 14.3.3z/�� (seetext).Only theAT50RMsample
behavedin asimilarmannerto theAT129RMsample,despitetheATK13RMandATK36RMcelllines.TheW-N
graphicreportsthewholelanenormalizationdataof theWB experiments.

https://doi.org/10.1371/journal.pone.0195388.g004

Fig 5. FKBP5,TMEM2 andNFIL3 geneexpressionby qPCR.Thewell-knowngenesalteredbyDexaadministration have
beentestedbyqPCRin orderto validatethemicroarray procedure.

https://doi.org/10.1371/journal.pone.0195388.g005
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[34] andto codifyfor anactin-bindingprotein involvedin cytoskeletonreassembly.This last
finding, togetherwith theotheridentifiedcytoskeletalproteinsdiscoveredthroughproteomic
analysis(ACTB,MSN,TPM3,CCT3,LCP1andTUBA1B),supportthefindingsof aprevious
work by theauthorsof thepresentinvestigation,in whichthemechanicalproprietiesof the
samecellline werefound to beinfluencedbyDexa[15].

Theoverexpressionof Calreticulin,aprotein thatbindsCalcium,wasparticularlyelevated
in theAT129RMsample.It hasachaperonin-likeactivityandisableto bind transcriptionfac-
tors.Its regulationmayberelatedto theeffectsof theglucocorticoids.In fact,it isableto inter-
actwith theDNA-binding domainof NR3C1,areceptorfor glucocorticoids[35,36], and
mediatesits nuclearexport[37]. Furthermore,CALRis involvedin calciumstoragein the
endoplasmicreticulum,regulatingdiversevital cellfunctions.

Fig 6. Veendiagram.Thesplicingandexpressionoutputswerecomparedandplottedto showdifferencesaboutsplicedandalteredexpressiongenesbetweenWT and
AT. Only smallamountsof genesymbolsweresharedin all testedcomparisons.

https://doi.org/10.1371/journal.pone.0195388.g006
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HSPA8wasfound to bedownregulatedin WT238andupregulatedin AT129RM.Thispro-
tein isalsoamolecularchaperonethat isnot just involvedin proteinhomeostasis.Indeed,
wheninteractingwith otherpartners,HSPA8isableto acquireothercellularfunctions[38],
includingarole in autophagyregulation[39], oneof thebiologicalpathsaffectedin A-T cells.

In theproteomicderivedReactomeFI network(Fig2B), thefollowingpathwayswereinflu-
enced:PI3K-AKT path,ATR signalling,spliceosomeregulationand,aspreviouslydescribed,
theregulationof theactincytoskeleton.Thestimulationof theAKT pathwaybyDexais in
agreementwith our previousobservation[17] of AKT-ERKsignallingactivation.Theroleof
AKT in DNA doublestrandbreakrepairhasbeenthoroughlydescribedin theradioresistance
mechanismof tumor cells[40Ð44], andwecannotexcludeasimilarbehaviourin A-T cellsasa
balancingfunction for DNA repair.Furthermore,severalstudiesassociatethelackof ATM
mediatedAKT signalingwith neuronaldegeneration[45Ð47], andthepossibilityof arescue
mechanismpromotedbyDexaisaveryinterestingprospect.

TheHSP90protein family (includedin thereportedproteomicdata)is found in the
PI3K-AKT node.ThereportedcytosolicHSP90AB1,HSP90AB2PandtheERHSP90B1[48]
mayberelatedto theoverallglucocorticoideffectson GRsignalling,but interestingly,this
family isalsoinvolvedin DNA repair[49] andwasreportedlyimpairedin A-T cellularmodels
usedin apreviousproteomicstudy[50]. In thepresentinvestigation,Dexawasshownto
improvetheamountof theseproteins.

Anotherproteindirectlyinvolvedin DNA repairis theidentifiedproteinXRCC6(Ku70).
Thisprotein isknown to participatein earlytime during theDSBdamageresponseandcan
modulatetheATM-dependentATR activationduring this response[51Ð53]. It isnoteworthy
that in theanalysedLCLs,theexpressionof miniATM wasstanding[17], andit couldpartici-
patealongsidetheabove-mentionedprotein in theDNA repairprocess.Indeed,thepresence
of theterm ÒATRsignallingpathwayÓ(in theproteomederivedReactomeFI network,S2Sup-
plementaryFile) andthehighlightedbiologicalpathwaysregardingDNA homeostasis(S4Sup-
plementaryFile, ReactomeFI networksbymicroarray:Mitotic G1-G1/Sphases,M/G1
Transition,DNA replication,Synthesisof DNA), suggestthat theDNA repairprocessmight
beactivein thecaseof DSBs.

Interestingtheterm ÒsplicingÓin theabove-mentionednetworksisoftenpresentandactu-
ally,bymicroarray,wewereableto showthatsplicingoccurredafterDexaexposure.It isalso
noteworthythat theATM geneproductwasfound to bealternativelyspliced,whichisconsis-
tentwith findingsof apreviousreport [17] by theauthorsof thepresentstudy.Sinceonly 19
geneswith alteredexpressionwerealsospliced,all theotherunalteredexpressedbut spliced
genesprobablycontributeto confusethewholeoutcomeof Dexaeffectin A-T cells,asillus-
tratedby theinfluencedbiologicalpathwaysof splicedgenelist.Alsoin WT238samplethe
splicingresponsewasobserved(24geneproductsresultedbothdifferentiallyexpressedand
spliced),but only 38genesresultedcommonlysplicedasin A-T sample,suggestingthatalso
thesplicingresponseisdifferentiallyinfluencedbyglucocorticoidsin ataxiatelangiectasia.

Cheemaetal.[54] havereportedproteomicprofile changesin responseto ionizing radia-
tion (IR) in A-T cellsandATM complementedA-T celllines.Interestingly,someof theidenti-
fiedproteinswerealsonotedin thepresentinvestigation.In fact,Dexaprovedcapableof
inducingtheproteinsACTB,EEF2,EZR,FUBP1,GAPDH,MSNandSRSF1in A-T cellsin
thesamemannerthat theywereinducedin theIR exposureresponse.On thecontrary,

Fig 7. HLC outcomeobtainedby microarray expression profile of A-T samples.A totalof 675differentially
expressedtranscriptsallowedusto classifyAT129RMandAT50RMassimilar to eachother,whiletheotherA-T
samplesbehaveddifferently. Thesamebehaviourpatternwasinferredbywesternblot analysis.

https://doi.org/10.1371/journal.pone.0195388.g007
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HSP90B1,HSPA8andLCP1wereupregulatedbyDexa,while theyweredownregulatedin the
caseof IR stimulation.It couldsupposedthatDexacanpartiallysimulatetheradiation
exposure.

Theaccuracyof theproteomicresultswasassessedby testingsomerandomlychosenby
westernblotting with agooddataagreement,andby thesameassay,it waspossibleto extend
theproteomicdatato theothertestedsamples.Thebehaviourof theothercelllineswasinho-
mogeneous,andespeciallythecelllinesK36RMandK13RMshowedadifferentproteomic
patterncomparedto AT129RMandAT50RM,at leastregardingthetestedtargets.In thelast
two samples,theamountof investigatedproteinsis lowerthanin all othercelllinesandoften
theybehavedcompletelydifferent.Thismaybedueto geneticvariabilityof sampleshence
leadingto adifferentresponseto glucocorticoids.Thesamematchingcorrespondencewas
highlightedbyHLC examination,thussuggestingthat theproteomicpatternmodulatedby
Dexaisactuallyinfluencedby thegenotypeof thetestedcells,thusfurther puzzlingthecom-
prehensionof acommonmolecularmechanismof actionof Dexamethasone.Variationof
Dexaefficacywasalsonotedin treatedA-T patients[11] andthedataillustratedmaysupport
thesuggestionthat responseto DexaisA-T subjectgenotypedependent.Unfortunately,we
arenot ableto comparethetestedcelllinesto patienttreatmentoutcome(concerningthecell
linesK36RMandK13RM,derivedfrom aclinical trial); theAT129RMandAT50RMsamples
arecelllinesfrom Ô90andno glucocorticoidtherapywasongoing.Theauthorsof thepresent
paperhaverecentlyreportedthetranscriptomicresultsof aclinical trial in whichlongterm
Dexaadministrationwasperformedin A-T patientsusingredbloodcells[18]. Hence,the
comparisonof geneexpressionvariationbetweenin vivodataandthein vitro modelwasactu-
allypossible.Thegenelist of commonmodulatedgenesymbolsis reportedin supplementary
S2Tablealongsidethesharedmolecularpathwaysin theReactomeFI networks.Therewas
only aslightoverlappingof theresults.This isprobablydueto thedifferentbiologicalsamples
usedin thetwo studies,but undoubtedlythemaindifferenceslie in theadministrationmodal-
ity, andhencethedrugconcentration,andeffectiveexposuretime.On theotherhand,some
biologicaleffectswerefoundboth in in vivoandin vitro, suchasthepresenceof theATMdexa1
transcript[16]. Alongsidetheillustratedresults,remainsthepuzzlingeffectsof Dexaadminis-
tration on thetestedcelllines,assumingthat thegeneticvariabilityexertsasignificantinflu-
enceon drugadministrationoutcome.

Basedon all of thesefindingswecannotruleout thepossibilitythat theobtainedproteomic
datamayalsobeextendedto somein vivobiologicalresponses.It wouldbeveryinterestingto
testsomeof theabove-mentionedtargetsin thebloodof A-T patientswhowill beenrolledin
anupcomingphaseIII clinical trial (ATTeST,https://clinicaltrials.gov/show/NCT02770807).

Supporting information
S1Fig.Mascotoutcomeof Spot#21.Theproteinassignmentperformedaccordingto the
highestnumberof coveringpeptides,in thiscasethe14-3-3zeta/delta.However,thesame
spotalsoreturnedas14-3-3gamma,beta/alpha,thetaandeta.Thewesternblot unlatching
resultsmaybedueto thedifferentisoformof thetestedantibody.
(TIF)

S2Fig. (A-B) ReactomeFI networksderivedbyDexamodulatedgenesin WT238sample(A)
andin A-T129RM(B).ThegeneexpressionanalysisusingtheAffymetrix platformallowedus
to isolatestatisticallyanddifferentiallyexpressedtranscripts.Thefull list of differentially
expressedtranscriptsis reportedin S3SupplementaryFile. Thenodescoloursrepresentthe
ReactomeFI clusteredgeneswhile thenumbersstatetheenrichmentpathwaysof nodesin
clustersasreportedin S4SupplementaryFilealongsidebiologicalpathwaysandmolecular
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functions.
(TIF)

S3Fig.ReactomeFI network of splicedtranscripts. TheSTRINGanalysisof 2DEcharacter-
isedspotsfrom theA-T AT129RMsamplelied to performasplicinganalysisof thesamesam-
pleusingtheAffimetrix platform.Actually614transcriptsprovedto bealternativelyspliced
andwereusedto drawthefunctionalnetworkreportedin B. ConcurrentlyalsotheWT spliced
transcriptswereinferredandusedto computethefunctionalnetworkreportedin A. The
nodescoloursrepresenttheReactomeFI clusteredgeneswhile thenumbersstatetheenrich-
mentpathwaysof nodesin clustersasreportedin S5SupplementaryFilealongsidebiological
pathwaysandmolecularfunctions.
(TIF)

S4Fig.ReactomeFI network by transcriptomic analysisof all A-T samples.Thenetwork
detailsarereportedin S6SupplementaryFile. ThenodescoloursrepresenttheReactomeFI
clusteredgeneswhile thenumbersstatetheenrichmentpathwaysof nodesin clusters.The
profile of all A-T allowedtheHLC outcomeandsampleclusterizationillustratedin Fig7. The
wholeA-T transcriptomestatisticallywoulddecreasetheDexamodulatedgenesvariancedue
to thegeneticvariabilityof thesamples.
(TIF)

S1SupplementaryFile. Excelfile containing the STRINGoutcomeof the protein
highlighted by 2DEanalysisin the AT129RMsample.
(XLSX)

S2SupplementaryFile. Excelfile reporting the ReactomeFI outcomeof the protein
highlighted from 2DEof the AT129RMsample.
(XLSX)

S3SupplementaryFile. Excelfile containing the lists of differentially expressedtranscripts
in the WT238andAT129RMsamples.
(XLSX)

S4SupplementaryFile. Excelfile containing the outputs of ReactomeFI analysisof micro-
array experiments.Genesymbols,nodes,pathsin networks,biologicalpathwaysandmolecu-
lar functionsfor samplesWT238andAT129RMarereported.
(XLSX)

S5SupplementaryFile. Excelfile with the genesymbolslist obtainedby Affymetrix splic-
ing analysisof the AT129RMandWT238samples.ReactomeFI nodes,pathsin networks,
biologicalpathwaysandmolecularfunctionsarealsoreported.
(XLSX)

S6SupplementaryFile. Excelfile with microarray investigationof all A-T samples.Reac-
tomeFI nodes,pathsin networks,biologicalpathwaysandmolecularfunctionsaredescribed.
(XLSX)

S1Table.Comparisonof the genelist from the splicing analysiswith the geneexpression
variation in sampleAT129RM(19geneswerefound to beboth modulatedandspliced),
and in WT238(24geneswereboth modulatedandspliced).
(DOCX)

S2Table.Genelist of commonmodulatedgenesymbolsandsharedmolecularpathwaysin
the ReactomeFI networksfrom the comparisonof geneexpressionvariation betweenin
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vivoand in vitro data.
(DOCX)
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