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Author summary

Repetitivdow-intensitymagneticstimulationhasbeenusedin thetreatmentof disease
for over50years Associatedbenefitshaveincludedalleviationof depressionmemory
loss,and symptomsof Parkinsondiseaseaswell asacceleratetitoneandwoundhealing
andthetreatmentof certaincancersindependentlyof surgeryor drugs.However the cel-
lular mechanismsinderlyingtheseeffectsemainunclear.Here,wedemonstratehat
repetitivemagnetidield exposuren humancellsstimulatesproduction of biological
stresgesponsehemicaldknown asreactiveoxygenspeciegROS). At moderatedosesye
find thatreactiveoxygenactivelystimulatescellularrepairandstresgesponsegathways,
which might accountfor the observedherapeuticeffectso repetitivemagneticstimula-
tion. Wefurther showthat this responseequiresthefunction of awell-characterized,
evolutionarilyconservedlavoproteinreceptorknown ascryptochromewhich hasbeen
implicatedin magneticsensingn organismgangingfrom plantsto flies,including
migratorybirds. We concludethat exposuré¢o weakmagneticfieldsinducesthe produc-
tion of ROSin humancellsandthatthis processequiresthe presencef the crypto-
chromereceptor.

Editor’s Note:

This ShortReportreceivedositivereviewshy expertsThe AcademicEditor haswritten an
accompanyindPrimerthatwearepublishingalongsidehis article (https://doi.org/10.1371/
journal.pbio.300008).Thelinked Primer presentsa complementaryexpertperspectiveit
discussesonsiderationgboutthe statusof knowledgeand experimentakystemsn the

field thatencourageautiousinterpretation.

Introduction

Weakelectromagneticadiation (uT-mT), which increasinglypollutesour environment,has
beenassociate@ith dualandseeminglycontradictoryeffectson humanhealth.On the one
hand,possiblydeleteriougpublic healthconsequencdsaveelicitedconsiderablelebateon
safetyandexposurdimits to electromagnetifield (EMF) radiation[1+4]. On the otherhand,
weakmagneticfieldshavebeenappliedastherapeutidools,notablyin theform of pulsedelec-
tromagneticfields(PEMFs)which haveshownbenefitsn abroadrangeof regenerativenedi-
cinetherapeuticsaswellasin the alleviationof depressionreducingsymptomsof Parkinson
diseaseandreducingmemoryloss[5+10].SuchPEMFsalsoaffectnonexcitabldissueg7,9]
andarebelowfiring thresholdfor neurons[11,12]consistentith magnetidield effectsand
therebyactivationof abiologicalmagnetoreceptoiThe currentchallenges thereforeto iden-
tify theseputativemagnetosensor(gndto proposeamechanisnthat mayexplainthe seem-
ingly disparateeffectsof EMFsin medicineandin public health.

A possibleclassof biologicalmagnetoreceptdfl 3] arethe cryptochromeswhich arecon-
servedlavoproteinreceptord14] implicatedin magnetosensing organismgangingfrom
plantsto migratorybirds[14+16].Cryptochromereceptoraindergoredoxreactionsn the
courseof their activationthat leadto the synthesi®f reactiveoxygenspeciegROS)[17+£19].
ROSareglobalregulatorghatareimplicatedin numerouscellularsignalingfunctionsrelated
to responséo stressaandageingand aretoxic at high concentrationg20+23].In mammalian
cells cryptochromesareboth cytosolicand nuclearproteinsthat havebeencharacterizedor a
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role ascorecomponentf the circadianclock[24, 25] but that arenot known to respondto
externalmagneticfields.However recombinantmammaliancryptochromesxpresset a
heterologou®rosophila systemarereportedto confermagneticsensitivityin behaviorahssays
in flies[16], andtheywererecentlyproposedo playarole assensor®f low EMFsin the onset
of childhoodleukemia[26]. Thisraiseghe questionof whethercryptochromesouldbeimpli-
catedin magneticsensitivityin humans.

Results

To explorethis questionwechoseto usePEMFexposureasa sourceof magneticstimulation
becausé hasdemonstratedherapeuticeffectson awide varietyof mammaliancelltypes[5+
10]. To determinewhethercryptochromesreimplicatedin PEMFeffectswefirst established
whetheraknown magnetosensitiveryptochromecanmediatearesponseo a PEMFsignalin
awell-establishethagneticallysensitivenodelsystemWe usedthefruitfly Drosophila mela-
nogaster, which displayanaturalbehaviorabvoidanceesponseo staticmagneticfields[16].
Adult flieswereplacedon squarepetri platesto lay eggsfor 24hoursandweresubsequently
removed.Theensuinghatchedarvamigratedfreelyoverthe platefor severatiayshefore
choosingalocationto attachto andform sessil@upafor metamorphosisThesepupaewere
locatedrandomlyaroundthe perimeterof the plate with preferencdor the corners(Fig 1).
Wetestedmagneticsensitivity with acoil generatingcontinuousPEMFat 10Hz, with peak
amplitudeof 1.8mT atthe levelof the larvae(S1and S2Figs),placedunderneathoneof the4
cornersof the petri plate(seeMaterialsand methods) Fly larvaegrownundertheseconditions
avoidedthe cornerof the petri plateabovethe PEMFdevice(Fig 1A) comparedo the other
cornersBothCantonS(WTS)and Oregon(WTO) wild-typefly strainsshowedhis avoidance
responsgFig 1A and 1B)in bluelight (which activateDrosophila cryptochromejfig 1B)but
notin redlight (which doesnot activateDrosophila cryptochrome S3Fig).Asacontrol,al1.0
mm mu-metalplate,which blocksstaticor low-frequencymagnetidfields,wasinserted
betweerthe magneticcoil andthe petri platecontainingthe fly larvaeln theseconditions,lar-
vaedid not showthe avoidanceesponsgS3Fig). Asafurther control, wetestedacoil in
whichthewire hadbeenwoundin anantiparallelfashionin orderto cancethe magneticfield
without alteringthe currentin anyway(seeMaterialsand methods)this wasalsoineffective
in causinganavoidanceesponseWe nextobservedhat fly mutantsdeficientin crypto-
chrome(cryb andcry®Z [27]) did not avoidthe PEMF,confirming arole for cryptochromein
this responsefinally, wetestedransgenidruitflies expressinghe humancryptochrome-1
(HsCryl)proteinin Drosophila cryptochrome-deficienstrainsasdescribedreviously{16,
27]). HsCrylexpressionndeedrestoredthe behaviorabvoidanceesponseéo PEMFin flies
lackingtheir endogenousryptochrome(Fig 1B). Theseresultsindicatethat PEMFcanbe
detectedby insectghroughthe actionof either Drosophila (DmCry) or human(HsCry1)cryp-
tochrome,consistentith the responséo staticmagneticfieldsin this organism[16].

A possiblenechanistidasidfor this fly avoidancaesponsevassuggestetly recentobser-
vationsthat ROSarebyproductsof cryptochromeactivation[17, 28] linked to signaling[29,
30]. Furthermore at high concentrationsROSaretoxic metabolitesmplicatedin oxidative
stressand ageingwhich damagecellmembranesnucleicacids,andproteins[20], consistent
with the behaviorabvoidanceesponseln contrastat physiologicatoncentrationsROSare
reportedto havebeneficiakffectd20, 23], consistentvith the observedherapeuticeffectsof
PEMF[5£10].To determinewhetherthe PEMFsignalstimulatesormation of ROS Spodop-
tera frugiperda (Sf21)insectcellculturesoverexpressin@mcCry [28] werestimulatedby
PEMFin bluelight for 15minutesin the presenc®f the ROSlabel {5-(and-6)-chloromethyl-
2" 7'-dichlorofluoreceirdiacetatefDCFH-DA) [17,28]. Confocalimageanalysisevealed
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Fig 1. Insect behavioral and cellular response to PEMF. (A). Distribution of wild-type CantonSlarvaefollowing 96-hourexposuren bluelight
(60umolm™s7) to PEMF(10Hz) to theindicatedcorner.(B) Resposeto PEMFexpressedspercentag of larvaein the petri platecornersPEMF
exposedorner(blackbars),meanof 3 nonexposéd corners(white bars).Datarepresentiverageffom 8 to 10independenbiologicalexperimats

(n = 8+10)(seeS1Data).StrainsusedareCantonS(WTS),Oregon(WTO), cry-deficient mutants(cry® andcr)/"). Gal4andUASarenonexpresing
parentalstrainsfor the cross(tim-gal4;cry*® x UAS-Hscryl;cry®®) (HsCryl)thatexpressethe HsCrylprotein asdescribedn ref.[27].***p < 0.001(see
Materialsand methodsfor detailsof statisticatreatment).Error barsareSEM.(C) SF2linsectcellsoverexpresag DmCry exposedo PEMF.Dark
grown Sf2linsectcellculturesexpressingnigh concentratims of DmCry asdescribed28] wereilluminatedfor 15minutesat80umolm=2s~* bluelight
in thepresencé+) or absencé¢-) of PEMFandwereviewedby confocalmicroscopyasdescribedn Materialsandmethodsn = 5 biologicalrepeats.
Scaldar100um. Datafor Fig 1Bisin S1Data.DmCry, Drosophila cryptochr(me;Gal4,tim—gal4;cr)92, HsCry1 humancryptochrane-1;PEMF,pulsed
electromagniic field; Sf21,1UAS, UAS-Hscryl;cry™>.

https://doi.0g/10.1371§urnal.pbio.206229.g001
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Fig 2. PEMF response of HEK293 cell cultures. (A) Cellsof WT or HSCRYI and HSCRY2 doubleKD (HsCry) wereseededn 24-wellcellculture
dishesandgrownfor 48hoursin the presencéPEMF blackbars)or absenc€Shamwhite bars)of appliedPEMFasdescribedMateriasand
methods) Theconcentréion of H,0, in the culturemediawasdeterminedusingthe AmplexRedfluoresceat detectionsysten(Materialsand methods)
andnormalizedto the numberof cells. Thegraphpresentgherelativeconcentraion of H,0, from PEMF-treatd cells(PEMF blackbars)comparedo
the control (Shamwhite bars)untreatedsampleError barrepresentSDof 12indeperdentmeasurement$B) Relatie numberof cellsperwellin
PEMF-treatd cells(PEMF blackbars)comparedo the control (Shamwhite bars)untreatedsamplen = 12biologicalrepeatsError barrepresents
SD.***p < 0.001(seeMaterialsand methods)Underlying datais includedin S1Data.HEK293 humanembryonickidneycells;HsCry,human
cryptochrane;KD, knockdown;PEMF pulsedelectronagneticfield; WT, wild-type.

https://doi.0g/10.1371§urnal.pbio.206229.9002

markedincreasen fluorescensignalin PEMF-treatedellscomparedo unstimulatedcul-
tures(Fig 1C).In contrastno visibleeffectof PEMFstimulationwasobservedn Sf21cells
lackingDmCry (S4Fig). Thesedataindicatethat PEMFstimulationleadso intracellularaccu-
mulation of ROSandthatthis effectrequiresDrosophila cryptochrome.

Althoughflavin binding affinity is reportedlypoor for vertebratecryptochromesn vitro
[31], theyneverthelessonferlight-sensitivegphenotypesn expressingransgenidlies[16,
27]andundergolight-sensitiveconformationalchangen the avianretina[15, 32], indicat-
ing thatflavinis boundin vivo. Moreover,vertebrate-typeryptochromesareshownto
undergophotoreductionandflavin radicalformationin wholecellcultures,usingan EPR
spectroscopiapproach33]. Thesepropertiesareconsistentvith the capacityto undergo
flavin redoxstateinterconversiorandto form ROS asdo othercryptochromeg17,28,34].
Wethereforetestedfor ROSinduction following PEMFstimulationof humanembryonic
kidney293(HEK293)cells,grownin darknesgor 48hoursin the presencer absencef
PEMF(Fig 2). After incubation,the extracellulamediawerescoredfor secretedydrogen
peroxide(H,0,), abyproductof ROSformation, usingthe AmplexUltra Redfluorescence
detectionsubstrateasdescribed35]. Theconcentrationof ROSwassignificantlyelevated
in mediafrom PEMF-treatectell culturescomparedo controls(Fig 2). To evaluatdoxicity
of prolongedexposurdo PEMF,we countedcellsatthe endof the exposurgeriod (see
Materialsandmethods) A markeddecreasén cellulargrowthwasobservedn PEMF-
exposedHEK293culturescomparedo untreatedcontrols,consistenwith the toxicity of
accumulatedROS(Fig 2). To assesapossibleeffectof cryptochromeon this responseshort
hairpin RNA (shRNA)lineswith doubleHsCrylandHsCry2mRNA knockdownwerecon-
structed(seeMaterialsand methods S5Fig) and similarly analyzedTheseshRNAlines
deficientin both HsCrylandHsCry2showedno significanteffectof PEMFeitheron cell
growthor on ROSsecretionFig 2A and 2B),in markedcontrastto wild type.Therefore,
thesemagnetidfield effectsappearto involvecryptochromefunction andformation of ROS
in humancells.
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We further analyzed®EMFeffectson mammaliancellsusingfluorescencémagingto
detectmultiple ROSforms. As observedor the Sf2linsectcellexperimentsabove(Fig 1C),
HEK293cellswereincubatedn the presencef DCFH-DA at37 ECfor 15minutesin thepres-
enceor absencef PEMF(Fig 3). FluorescenROSlabelingincreasedignificantlyin PEMF-
stimulatedcellscomparedo unstimulatedcontrol cellcultures ROSstainingcanbeseerin
both nuclearandcytosoliccompartmentsyith areaf concentrationin nuclearspeckles
(nucleoli)yandvesiculasstructured E.Rand Golgi), consistentvith subcellulatocalizationof
mammaliancryptochromeg36].

To further confirm the involvementof cryptochromein this responseweexaminedcells
from murine cryptochromemCry1/mCry2doubleknockoutmice[37]. Specificallyyweana-
lyzedimmortalizedmouseembryonicfibroblast(MEF) cell culturesfrom wild-typeand
mCry1l/mCry2doubleknockoutlines,usingthe ROSfluorescencémagingtechniquesised
for the HEK cellcultures A markedinduction of intracellularROSafter 15 minutesof PEMF
stimulationwasobservedn wild-type MEF cells(Fig 3, middle panels)equivalento those
observedor the HEK293humancellcultures(Fig 3, upperpanels)However mCry1/mCry2
null mutantcellculturestreatedin anidenticalmanner(Fig 3, lowerpanels)showedno visible
increasen ROSlabelling.Takentogetherthesedatashowthat cryptochromeis necessarfor
PEMF-inducedROSformationin mammaliancells.

To further definethe effectsof PEMFsandrelatethemto therapeutiacconsequences
observedn humang[5+10],weperformedmicroarrayanalysiof geneexpressionn HEK293
cellsculturedwith or without 3 hoursof PEMFstimulation(S1and S2Tables)Severahun-
dredgenewereup-regulatedr down-regulatedy PEMFstimulation.Of thesdranscriptsa
significantproportion encodedproteinslocalizedo nuclear,Golgi,andendoplasmiceticu-
lum (ER)compartmentgS5Table).Significantly bioinformatic geneontology(GO) analysis
of biochemicafunction showedenrichmentin oxidoreductaséunction consistentvith
increasegroductionof ROS(seeMaterialsand methods,S6Table).Furthermore promoter
analysiof PEMF-inducedgenesndicatedthat amajority (75%)containedpromoterelements
knownto interactwith ROS-responsiviganscriptionfactors.Thesedataareconsistentwvith
stimulationof ROS-responsivgenedollowing PEMFexposurgS7Table).Furthermore they
paralleltheimagingdataof theseHEK293cells which showedenhancedocalizationof ROS
to thenuclear,Golgi,and ERcompartmentswhereagranscriptionof proteinslocalizecto
thesecompartmentsreparticularlyenrichedamongPEMF-regulategienegS5Table).Thus,
theinduction of ROSby PEMFis indicatedby two entirelyindependenand complementary
approachedmagingandtranscriptomeanalysis.

Discussion

A widelyheld paradigmfor cryptochromemagnetosensinmvolvesaradicalpair-basednech-
anism,wherebythe singlet/tripleinterconversiorratesof unpairedradicalsformedin the
courseof cryptochromeredoxchemistrycanbealteredby staticmagnetidields[13]. This pro-
videsamechanisnwherebycryptochromereactionratesand productyields,including of
H.0, and otherROSformedduring the cryptochromeredoxcycle[17,28],canbealteredby
magnetidields.Recenexperimentgprobingthelight dependencef magneticorientationin
birds havepinpointedcryptochromeflavin reoxidationasthe likely stepfor radicalpair forma-
tion leadingto magneticsensitivity[32,38].Suchflavin reoxidation,which occursindepen-
dentlyof light, involvesreactionof cryptochrome-boundeducedflavin with molecular
oxygenandfulfills the criteria of radicalpair formation during magnetoreceptiofi39]. None-
thelessin the caseof both aviananddrosophilacryptochromestheinitial formation of
reducedflavin requireslight (by the proces®f flavin photoreduction)[34,38].Thisexplains
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Fig 3. Production and subcellular localization of ROS by mammalian cells exposed to PEMF. Living HEK293,
MEF,or MEF CRY1CRY2 cryptochrane-deficientdoublemutantknockoutcelllineswereexposedo PEMF(+PEMF)
for 15minutesin darknessvhile simultaneuslytreatedwith DCFH-DA, thenviewedby aninvertedLeicaTCSSP5
microscog.Control cellculturesnot exposedo the magnetc field (-PEMF)weretreatedin anidenticalmanner.
Imagesshowasingleconfocalz sectionthat crosseshe nucleus DiffusefluorescenROSstaining canbeseernin the
nucleusandcytoplasmPunctateandintensefluorescenROSstaining colocalizewith ERandnucleoli,asobserved
aroundandinsidethe nucleusrespectivelyQualitativelysimilar resultswereobtainedfor 5independethexperimens
(n =5); quantitaton of representatieimagesds presentedn S9Fig.Scaléaris 40um. DCFH-DA, {5-(and-6)-
chloromehyl-2',7'-dichlorofluoreceindiacetatg ER,endoplasmiceticulum; HEK293 humanembryonickidney293;
MEF, mouseembryont fibroblast;PEMF pulsedelectromagniic field; ROS reactiveoxygenspecies.

https://abi.org/10.1371djurnal.pbi2006229.g003

therequirementfor light in establishingnagneticsensitivityin fliesandbirds becauseeduced
flavinisrequiredfor the magneticallysensitiveredoxreaction(reoxidation)to ensug38].

By contrastmammalian-typecryptochromesppeato function independentlyof light in
their rolein thecircadianclockandasnegativaegulatorsof transcription[14,24,25]How-
ever,mammalian-typecryptochromeseportedlyoccurin apartiallyreducedredoxstatein
vivo evenin dark-adaptedtellcultures[40]. Asaconsequenceheywould retainthe charac-
teristicsto respondto magnetidieldsby amechanismwherebyflavin reoxidationis stimu-
lated,with anensuingburstof ROSsynthesiconsistentvith our observationsWe alsonote
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that, althoughtherehasbeenoverwhelmingevidencdor aradicalpair-basednagneticsensing
mechanisminvolving vertebratecryptochromeg13], the possibilityof unrelatedcry-depen-
dentmagnetosensinmmechanismgannotbeexcludedFor examplearecentlysuggested
interactionof cryptochromewith the putativelymagnetosensitiviBlagRprotein couldalso
beconsistentvith our data[41], whereaseportedmagneticsensitivitymediatedthrougha C-
terminal overexpressiononstructof Drosophila cryptochrome[42] alsosuggestalternative
magnetosensoimpactingon acry-basednagnetosensinmechanism.

A mechanisnmbasedn regulationof ROScanexplainboth the beneficialand deleterious
effectsof magneticstimulationthat havesolong puzzledthefield. For exampleproposediele-
teriouseffectd1+4,26]of low-frequencyEMFscouldresultfrom elevatedROS which inform
aboutexposurdgo magnetidieldseitherin humantreatmentor in public health.Thisresultis
furthermoreconsistentith pastsuggestionthatthelifetimesandreactivityof 0, andROS
(both paramagnetispeciesinaybeaffectedoy magnetidieldsin living systemg$5]. However,
prior speculatiorhasfocusedexclusivelyon ROSgeneratediia metabolicpathwayf the
mitochondrialelectrontransferchainor viacellmembrane+associat®ADPH oxidases.
Here,weimplicateaflavoproteinreceptorandsignalingmoleculewhichis suitablypositioned
within the nucleug36], to inducelocalizedchange$n ROSconcentrationand/or reactivityin
closeproximity to redox-sensitivand/or ROS-regulateduclearsignalingmoleculesWe note
thatthe prolongedPEMFsignal(S1and S2Figs)usedin the currentstudyhasno therapeutic
applicationandis apparentlyharmful to cellculturesoverlong periods However arangeof
alternatefrequenciesand amplitudesof PEMFsignalhavebeenempiricallyderivedthat pro-
vide provenphysiologicabenefitsnvolving cellularrepairand healing[5+12]. Thesebenefi-
cial PEMFeffectsarecompatiblewith modulationof intracellularROSwithin atherapeutic
rangeresultingin stimulationof ROSresponsiveellulardefensendrepairmechanisms
[20,23].

In conclusionfrom apublic healthperspectivegur work showsthat exposureo even
suchlow levelsof magneticfieldsasthosegeneratedy PEMFdevicesavedefinite physio-
logicalconsequence# shouldbenotedthat peakoutput atlesshan1.8mT iswithin an
order of magnitudeof emissiondy householdelectronicdevicesand of current safetyguide-
linesfor exposurdo EMFin humans[1+4].In keepingwith our resultsjt hasalsobeen
shownthatthe low-levelman-madeEMFsemittedfrom electricalequipmentin public
buildingscandisruptorientationin birds,aprocesghat hasalsobeenlinked to both crypto-
chromesandmagnetoreceptiofé3]. Although currentepidemiologicastudieshavenot
providedconclusiveevidenceof EMF-inducedpathologyin humans[1+4], our resultsraise
the possibilityof synergisticharmful effectswith otherenvironmentalor cellularfactorsthat
stimulateintracellularROS[5,20].More refinedepidemiologicastudiesakingthesefactors
into consideratiorarethereforeessentialor atrue assessmemf long-termimpactof EMFs
on public health.

Materials and methods
1. Pulsed EMF signal

The pulsedmagneticfield wasgeneratedy acommerciallyavailabledevice( EC10701GEM
PtyLtd., Perth,WesternAustralia)usedfor thetreatmentof musculoskeletalisorders During
Drosophila behavioratests PEMFwasappliedcontinuouslyat afrequencyof 10Hz, with the
coil 1 cm belowthe petri plate.Peakmagnetiantensityat the experimentatlistancevas2 mT.

The parameter®f the PEMFsignalwereverifiedby measuremenof the currentaspre-
sentedn SlandS2Figs.Thecoil was9 x 5.5cmand200turns and producedamaximum
magneticfield intensity 1 cm abovethe coil of 1.8mT.
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2. Drosophila behavioral experiments

Fly strainsusedwereasfollows:wild-type CantonS,wild-type Oregon-R ¢cry°?and cryb
(describedn [27]). Transgenicstrainstim-gal4;cry®? and UAS-Hscry1;cry° werecrossedo
generatehe heterozygotéisCryl-expressingtrainasdescribedn Vieira andcolleaguef7].
Light sourcesand growth conditionson completemediawereaspreviouslydescribed27].
Forthelarvaemigration studiegpupaldistribution), adultdrosophilaweretransferredo a
squareplate(12.5cm x 12.5cm) containingcompleterich mediumandwereallowedto lay
eggsAfter aperiodof 24hours,the adultswerediscardedandthe platesplacedundertheindi-
catedlight conditions(blueor redlight) for 3 daysat 23 EC Subsequentlyg singlecornerof
eachplatewasexposedo PEMFfrom underneathfor anadditional5 days.Temperaturedif-
ferentialbetweercornerswaslessthan0.5EC The control condition wasestablishetby shield-
ing the platefrom the PEMFdevicewith 1.0mm mu-metalsheetingwhichwasmeasuredo
reducemagnetidield signalby 85%.0ncepupaldevelopmentvascompletethedistribution
of the now nonmotile pupaecould bereadilyscoredby countingthe numberof pupaein a
definedareaof the plate.Asthe pupaeshoweda preferencdor the cornersof the plateswe
evaluated.12x 3.12cm? area®vereachof the 4 (PEMFtreatedversusuntreated)corners
andcomparedhe cornersthat hadreceivecho PEMFtreatmentwith thoseexposedo PEMF.
Statisticamethodswereasfollows:for eachexperimentatondition, atotal of betweer8 and
10plateswereanalyzedn = 8+10).Thenumberof drosophilacountedin eachcornerwas
expressedsthe percentag®f thetotal numberof pupaet SEMper plate.All statisticatests
werecarriedout usingSPS$%version20,IBM Corporation,NY). Datawereanalyzedor nor-
mality (Shapiro-Wilktest,p < 0.05) sothedifferencedetweerthe PEMFand meanof the 3
non-PEMFcornersper platewerecomparedusingKruskal-Wallisanalysiof varianceand
Mann-Whitney-U posthocwhereappropriate The o valuewassetto p < 0.05.

Furtherdetailsof the behaviorakxperimentaketuparepresentedn S3Figasfollows:the
position of the platecontainingdrosophilagrowth mediaand growinglarvaunderwhich the
PEMFcoil wasplaced(upperleft) is designatedsthe position1,° the3test°corner.The
PEMFcoil wasatadistanceof 1 cm from the bottom of thetestplatecontainingthe drosophila
larvae Thetemperatureat all 4 cornerswasmeasuredandthe PEMFdevicedid not causeany
changen temperaturdrom the othercornerpositionsof the plate.Equivalent-sizequares
ateachof the othercorners(designategbositions2, 3, and4) serveastheinternal®control®
positionsto the PEMFstimulated?test®position. The numberof pupaethat weredeposited
beneaththe PEMFcoil wascomparedo the numberof pupaedepositedvithin anequivalent
volumeat eachof the other3 cornerpositions.

Additional controlsto the behaviorakxperimentsareshownin S3Band S3CFig. The
PEMFdevicewasshieldedrom thetestplateusingmu-Metal sheetingof 1.0mm thickness.
Undertheseconditions(S3BFig), no significantavoidancenf the PEMFcornerposition
wasdetectedIn addition, responseéo PEMFwasscoredn red light, which doesnot activate
insect(Drosophila) cryptochrome(S3CFig). In this casealso,no avoidanceof the PEMFwas
observed.

3. Intracellular localization of ROS in DmCry-expressing insect cell
cultures

Preparationof DmCry-expressingnd control (Spal)-expressinigsectcellcultureswasper-
formedasdescribedn Arthautandcolleaguef?8]. ForimagingexperimentsSf21cellswere
seededtadensityof 400,00@ellsin a3.5cm? observatiorchamber After incubationat RT
for 2 hoursfor cellattachmentSf21cellswereincubatedin 40mM potassiunphosphate
buffer(pH 6.4)containing12.5uM DCFH-DA (MolecularProbes| ife TechnologiesGrand
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Island,NY) for 15minutesin the dark, rinsed2 timesin phosphatéuffer,andwerethen
exposedo bluelight with or without PEMFfor 15minutesandobservedvith aninverted
LeicaTCSSP5confocalmicroscopausinga40xobjectif. Greenfluorescencérom DCFH-DA
anddifferentialinterferencecontrast(DIC) wereexcitedat488and561nm wavelengths,
respectivelyEmissionfluorescencntensitiesand DIC weredetectedusinga photomultiplier
betweert98and561nm, andatransmissiorphotomultiplier, respectivelyTwo channels
wererecordedsequentiallyZ seriegrojectionsweretakenusinglmagesoftwareg(W. S.Ras-
band,ImageJ)Asacontrol for theseexperimentsgontrol cellculturesthatdid not express
DmCry wereused(S4Fig). Thesecellsdid not showinduction of ROSin responséo PEMF.

4. Construction of human CRYI- and CRY2-targeting shRNA plasmids and
Hscryl/Hscry2 knockdown HEK cells

By usingthe InvivoGensiRNAWizardtool, shRNAsequencergetinghumanCRY1
(NM_004075.4and CRY2(NM_021117.3)vereselectedandapair of complementarysense
andantisensedligonucleotidesveredesignedor eachsequencasfollows:

ShCRY1sens¢5'GTACCTCGGAACRGACGCAGCTATTAATCAAGAGTTAATAGC
TGCGTCTCGTTCCTTTTGGAAA 3'); shCRYlantisens¢5'’AGCTTTTCCAAAAAGGAA
CGAGACGCAGCTATTAACTTTGATTAATAGCTGCGTCTCGTTCCGAGS3')shCRY2
sensé€5'’ACCTCGTACGTATGTCACCTTCACTATCAAGAGTASTGAAGGTGACATAC
GTACTT3");shCRY2antisens€5'CAAAAAGTACGTATGTCACCTTCACTACTCTIGA
TAGTGAAGGTGACATACGTACG3')(complementarysequencesf the hairpin areunder-
lined). ComplementaryligonucleotidepairswerePAGE-purified,and25uM of eachwere
annealedy incubationin 0.1M NaClat80EC(2 minutes)followedby slow(1 ECper minute)
coolingto 35EC Theresultingdouble-strandedNA fragmentswvereclonedinto the same
psiRNA-DUO-GFPzeplasmidaccordingto the manufacturer'snstructionsusingatwo-step
procedure(InvivoGen).Briefly,the psiRNA-DUO plasmidwasdigestedvith Acc65landHin-
dlll restrictionenzymesndligatedwith thefirst insert(shCRY lannealedligonucleotide
pairs).Theresultingconstructwastransformedinto Escherichia coli GT115cells(InvivoGen),
andpositivecolonieswereselectedisingFast-MediaZeo X-gal(5-bromo-4-chloro-3-irdolyl-
B-d-galactopyranosidg)nvivoGen).The plasmidcontainingshCRY wassubsequently
digestedvith Bbslrestrictionenzymeandligatedwith the secondnsert(shCRY2annealed
oligonucleotidegpairs).Theresultingconstructwastransformedinto E. coli GT115cells(Invi-
voGen),and positivecolonieswereselectedisingFast-MediaZeo5-bromo-4-chloro-3-indo-
lyl-B-D-glucuronic acid,cyclohexylammoniunsalt(X-gluc) (InvivoGen).The obtained
psiRNA-Cry1Cry2-GFPzeexpressiomplasmidwasusedfor transfectionof HEK cells,and
psiRNA-LucLac-GFPzeencodingshRNAfor the silencingof a prokaryotegene(InvivoGen)
wasusedto transfectHEK cellsasnonsilencingcontrol. Stableransfectantsvereselectedn
completemediumcontaining300ug/ml Zeocin(InvivoGen).Expressiorof HsCryland
HsCry2wasverifiedby gPCR(S5Fig).

5. Fluorimetric detection of H,0, in HEK cell culture medium

HEK293cellsweregrownandmaintainedin Eagle'sMinimum EssentiaMedium (EMEM),
supplementedy 10%fetalbovineserum.The cellswereculturedin 75cm? flasksto expand
cellnumber.After reachingconfluencethe cellswereseededn 12-wellplates.Thevolume

of mediumtotaled1 mL. Medium wasthenchangedevery2 days.Thecultureswereincubated
in a5%CO, atmospheret 37 ECin the samancubator(FisherScientific;Model 5). Thetem-
peratureand CO, levelsveremonitored daily andweremaintainedat 37 ECand 5%,respec-
tively. All experimentsvereconductedn the samencubator.To control for locationin the
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incubatorandanyassociateélectromagnetiaoiseor other spatialvariation,the orientation
of experimentabndcontrol cultureswereperiodicallyreversedand 0.3mm mu-Metalshield-
ing wasappliedbetweerPEMF-treatecand control cell culture disheswithin theincubator.
Cellswereseededndallowedto restfor 4 hoursunderthe samebackgroundconditions,at
whichtime the magneticexposuredeganThistime is denotedast,. Fluorometricdetection
of H,0, productionwasperformedusingthe horseradistperoxidase-linkedmplexUltra
Red(Invitrogen) fluorometricassayHEK cellswereseededtaconcentrationof 25.0x 10*
cellsperwellin al12-wellplateandwereexposedo PEMFsfor the duration of the experiment.
Medium wasaspirateff, and cellswerethenwashedvith PBSandincubatedfor 2 hours
with DMEM containing2%FBS 0.2units/ml horseradistperoxidaseand 10 uM Amplex
UltraRed(AUR). Resorufinfluorescencavasmeasuredy a Varian CaryEclipsespectrofluo-
rimeter. Cellularnumberandresorufinfluorescenceveremeasuredhtthe sameermination
points.H,0, productionwasnormalizedto cellcount.H,O, calibrationcurveswith
HRP-AURiIn PEMFsdid not showanydifferencecomparedo control, thusdemonstrating
that PEMFsdo not interactwith the detectionsystem.

6. Intracellular localization of ROS in human HEK293 or murine MEF cell
cultures using confocal imaging techniques

HumanHEK andMEF cellsweregrownin Dulbecco'dModified EagleMedium (DMEM) sup-
plementedwith 10%fetalcalfserum(FCS)and2 mM I-glutaminein a95%air+5%CO, incu-
batorat 37 EC For intracellularlocalizationof ROS Jiving HEK or MEF cellswereseededn
cellobservatiorchambersandincubatedin 40mM potassiunphosphatduffer (pH 7) con-
taining 12.5uM DCFH-DA (MolecularProbes)or 15minutesin theincubatorat 37 EC dur-
ing whichtheywereeitherexposedr not to PEMF.Cellswererinsedfor 15minutesin the
potassiunphosphatéuffer solutionandwereobservedvith aninvertedLeicaTCSSP5con-
focalmicroscopeequippedwith a 95%air+5%C0,—37 ECthermostaticobservatiorchamber
andusinga63xobjective Greenfluorescencé&om DCFH-DA andDIC weredetectedaspre-
viouslydescribedsection5). For quantitationof intensity,usingLEICA TCSsoftwarethe
regionof interest(ROI) correspondingo cellsweredawnand meanfluorescenintensity
(MFI) measuredn eachROl.

7. Microarray analysis of HEK293 cell cultures

Human HEK cellsweregrownin DMEM supplementedvith 10%FCSand2 mM I-glutamine
in a95%air+5%CO, incubatorat 37 EC Cellswereseedednto multiple 3.5cm? round cell
culturedishesandweregrown underidenticalconditionsfor 48 hours.Prior to confluence,
cellculturedishesweretreatedwith 3 hoursof continuousPEMFin theabsencef light (test
condition). Control cellcultureswereharvestegrior to applicationof PEMF.Triplicate
PEMPFtreatedand control cellcultureswerethenharvestednto liquid nitrogen,andtotal
RNA wasextractecby RNEasyRNA extractionkit (Promegalnc.) andrelatedprotocols.
MicroarraygeneexpressiorandanalysisisingAgilent affymatrixtechnologywasperformed
by IMGM LaboratoriessmbH, Martinsried, Germany.

7.1 Transcriptional analysis of altered gene expression in response to PEMF exposure of
HEK?293 cell cultures. Genesnducedandrepressedfterexposureof HEK293cellsto 3
hoursof PEMFidentified 488up-regulated S1Table)and 80down-regulatedS2Table)tran-
scripts respectivelyMicroarray expressiomatafor representativeip- and down-regulated
genewereverifiedby gPCRanalysisaspresentedn S6Fig,usingprimersaspresentedn
S3Table.
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For biologicalinterpretationof the transcriptomedatasetthe significantlyoverrepresented
GOterms,biologicalpathwaysandtranscriptionfactorbinding sites(TFBSswereexplored
with the R (3.3.0)andthe Bioconductorsuite(3.3).GO, pathwaysand TFBSwereconsidered
significantlyoverrepresentedith an FDR < 0.05.

GO analysiof biologicalfunction (S4Table)showsenrichmentof enzymesnvolved
in cyclicnucleotidemetabolismgorticosteroidreceptorpathway andwound healing;GO
analysiof subcellulatocalizationshowsenrichmentin Golgi,vesiclesER,andnucleolar
compartmentgS5Table);and GO analysiof biochemicafunction showsenrichmentin
oxidoreductaséunction andcyclicnucleotidemetabolism(S6Table).Theseunctionsshow
consistencyvith ROSinduction andlocalizationdatapresentedn Figs2 and3in the main
text.

7.2 Enrichment of ROS-responsive elements in promoters of PEMF-regulated genes.
Becaus®EMFis shownto induceaccumulationof ROS we additionallytestedwhether
PEMF-inducedgenesouldbelinked to ROSsignalingpathwaysWe analyzed248PEMF+
up-regulatedyenesvith known functions(from S1Table)for the presencef ROSresponse
elementsn their promoterregionsusingbioinformaticsmethodologyasdescribedn Beeland
colleaguefi4]. Thenumberandtypeof ROS-responsivelementavereidentifiedin 2 kb of
promoterregionsupstreanof the transcriptionalstartsitesof PEMF-regulatedienegS7
Table).We observedhatthe majority (over75%)of analyzedEMF-regulategieneshowed
oneor more ROS-responsivapstreanpromoterelement(S7Table). Thetranscriptional
analysiglatathereforesupportarole for PEMFin inducing ROSbiosynthesiandsignaling
pathways.

8. Cancelled magnetic field coil control experiments

Asacontrol to eliminatethe possibilityof artifactdueto temperatureand/or vibrationalfac-
torsgeneratedy the pulsedfield device wedesignedandbuilt amodified PEMFcoil in which
thewire wasfoldedin half beforeprecisionwinding to achieveanantiparallelcurrenttravel-
ling in oppositedirectionswithin the samecoil during activation.This antiparallelcoil hadthe
samewire lengthand dimensionsasthe testcoil usedin our experimentsandit wasdriven by
the samepulsedfield generatordeviceand with theidenticalcurrentbwhich, becausef the
antiparalleinding of the coil, ran simultaneouslyn opposingdirectionswithin the coil. The
signalmeasuredn S7Figshowshat, whereashereareresidualspikesn the antiparalleffield
coil (panelB) that couldnot becancelledthesespikesarelessthan 0.01secondsn duration

in comparisorno the magneticsignalin the original PEMFcoil, which lastsfor 0.5seconds
(panelA). Theresidualspikesarenot visibleon panelD becaus¢heyaretoo shortlivedfor
thedetectionlimit for theinstrumentatthistime scaleWe concludethat theseresidualspikes
areof negligibleduration comparedo the signalgivenout by theintact coil andaredemon-
strablytoo briefto triggerabiologicalresponseAs aresult,weachievedsignificantreduction
(cancelling)of the pulsedmagnetidield (S7Fig) while keepingall other parametergelectric
currentdriven by the pulsedfield device)the same.

Wetestedhe effectof the cancelled?EMFfield on the behaviorabvoidanceesponsef
wild type(CantonS)fly pupaaccordingto the methodsusedfor Fig 1. We measuredhe num-
berof pupain the cornerof squarepetri platesexposedo the antiparallel(cancelled®EMF
field) coil comparedo thetestcoil (generatinghe PEMFsignal)placedbeneatithe platecor-
ner (S8Fig). Thefliesdid not showan avoidancaesponseo the cancelledield (antiparallel
coil), indicatingthatthe magnetidield of the PEMFwasindeedtriggeringthe response.

We nextevaluatedhe effectof the cancellednagneticfield coil on the stimulationof ROS
in mammaliancellcultureexperimentsUsingboth HEK and MEF cellcultures we observed
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that significantstimulationof ROSformation occurredonly in responséo PEMFbut not to
theantiparallel PEMF-cancelledhagnetidfield (SOFig).

In conclusionthesedataindicatethat therewasno discernablartifactintroducedinto our
experimentghroughthe operationof the pulsedfield deviceandthat positiveresultsrequired
the presencef the magneticfield.

Supporting information

S$1 Fig. Output of PEMF device. Output wasmeasuredvith acurrentprobedirectly con-
nectedto EC1070ktimulator.Current| asfunction of time.
(TIF)

S2 Fig. Zoom of S1 Fig. Output of PEMF during a pulse.
(TIF)

S$3 Fig. Drosophila pupal distribution in response to PEMF. Blackbar:exposedorner;white
bar:nonexposedorners.(a) Diagramof experimentaketupshowingthe position of PEMF
coil (upperleft), asthe3testcorner.°The other cornerpositionsof equivalentvolume(desig-
natedpositions2, 3,and4) serveastheinternal@control® positions.(b) Distribution of pupae
in responseo PEMFin redlight (60 umolm?sec?). Strainsusedarewild-type strainsCanton
S(WTS)andOregon(WTO), and cry-deficientmutants(cry®?and cryb). Blackbarrepresents
theexposedorner;white barrepresentshe nonexposeaorner.(c) Drosophilastrains
exposedo PEMFunderbluelight (60umolm?sec?) with a1.0mm mu-metalsheeplaced
betweerthe PEMFdeviceandthe bottom of the petri platecontainingthe flies (at position 1).
Blackbarsrepresenthe exposedorner;white barsrepresenthe nonexposeaorner.Strains
usedareCantonS(WTS),Oregon(WTO), cry-deficientmutants(cry”andcry’). Gal4and
UASarenonexpressingarentalstrainsfor the cross(tim-gal4;cry®® x UAS-Hscryl;cry®?
(HsCryl)thatexpressethe HsCrylprotein asdescribedn ref.[27]. Error barsare SEM.
Underlyingdatafor graphsb andc arein S2Data.Gal4,tim-gal4;cry*% UAS, UAS-Hscryl;
cryoz.

(TIF)

$4 Fig. Effect of PEMF on Sf21 ROS production in control cell cultures. SF2linsectcells
expressingnonphotoreceptorcontrol protein SPA1[28] in the absencef DmCrylwereillu-
minatedfor 15minutesat 80 umolm ?sec™ bluelight in the presencé+) or absencé-) of
PEMFandviewedby confocalmicroscopyasdescribedn [28]. No differencein ROSstaining
wasobservedn = 5independenbiologicalreplicatesScalédar 100pum.

(TIF)

S5 Fig. qPCR analysis of HSCRY1 and HSCRY2 gene expression in antisense HEK293 cell
lines. HSCRY1 and HSCRY2 geneexpressiotis shownin control cellsharboringthe psiRNA-
DUO-GFPzemlasmidwithout shRNAinsert(blackbars)andcomparedo shRNAlines
containingantisenseonstructdo HSCRYI and HSCRY2 genegHsCry KD: greybars)con-
structedasdescribedabove Primersusedfor gPCRanalysisvereasfollows:HsCryl1Forward:
5-GTGTTTCCCAGGCTTTCAA-3';HsCrylReverse5-TGGTTCCATTTTGCTGATGA-
3';HsCry2F5-CTCGGAACAGT GCCTCAAATC-3;HsCry2R:5-GATAACGACCCTTCCA
CACAA-3.Datausedto creategraphsarein S2Data.

(TIF)

S6 Fig. qPCR analysis of gene expression in response to 3 hours of stimulation by PEMF in
HEK?293 cell cultures. PEMF-treatedblackbars)arecomparedwith sham-treateqwhite
bars)cells Primersusedanddesignatiorof accessionumbersaredescribedn S1Table.
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Underlyingdataarein S2Data.
(TIF)

S7 Fig. Comparison of output of PEMF and cancelled PEMF coil in mT as a function of
time. PanelsA and B: magnetidield outputis on amillisecond(ms)time scaleShapeof signal
in the original coil (panelA) is comparedo thatin the cancelledEMFcoil (panelB). Note
theexceedinglghort(lessthan0.01ms)duration of the spikein the cancelledield condition
comparedo signalof the original coil (0.5msecaduration). Panel€C andD areon aslower
(second}ime scalePanelC representshe zoomout of signalin panelA from the PEMFcaoil.
PanelD representshe zoomout of the signalfrom the cancellectoil in panelB. The signalis
too shortto bedetectedn the cancellectoil atthistime scale.

(TIF)

S8 Fig. Response of wild-type (Canton S) fly larvae to PEMF delivered by normal (black
bar) or antiparallel (grey bar) coils. The percentagef pupaeshownis thatin theexposed
petri platecornersasa percentag®f pupaen all corners(seeViaterialsand methodsfor full
descriptionof experimentaprocedureandanalysis)Thefliesshowedavoidancef corners
exposedo pulsedmagnetidield signal(seeS1Fig) but did not showavoidanceo acancelled
PEMFsignalusingan antiparallelcoil with cancellednagnetidield (seeS7Fig). Thehorizon-
tal dottedline is 25%.,i.e.,the percentagef pupaepresenty chanceandthe percentagén the
PEMFcorneris significantlyreduced MWU, p = 0.028)n = 4 independenbiologicalexperi-
ments;error baris SEM.Underlyingdataarein S2Data.

(TIF)

S9 Fig. Production and subcellular localization of ROS by mammalian cells exposed to
PEMF and control antiparallel coil. Living HEK293or MEF wereexposecitherto PEMF
(+PEMF)or cancelled®®EMF(seeS7Figfor signal)for 15minutesin darknesssimultaneously
treatedwith DCFH-DA, thenviewedby aninvertedLeicaTCSSP5microscopeControl cell
cultures(—-PEMF)weretreatedin anidenticalmannerbut not exposedo eitherparallelor
antiparallelPEMFcoils(no exposurdo anyelectricalor magnetidield). Imagesshowapro-
jectionof all confocalz section.Scaldar 40pum. Quantificationof PMF effectis indicatedby
MFI ratio for eachcellline (seeMaterialsand methods)s = 5independenbiologicalrepeats
for all conditions.DCFH-DA, {5-(and-6)-chloromethyl2',7'-dichlorofluoreceirdiacetate}.
(TIF)

S1 Table. Genes up-regulated by PEMF in HEK cell culture.
(XLSB)

$2 Table. Genes down-regulated by PEMF in HEK cell culture.
(XLSB)

$3 Table. Table showing the 9 genes selected for qPCR analysis (in S6 Fig) and their
designed primers.
(XLSX)

$4 Table. GO biological function analysis of PEMF-regulated genes.
(XLS)

S5 Table. GO subcellular localization analysis of PEMF-regulated genes.
(XLS)

S6 Table. GO biochemical function analysis of PEMF-regulated genes.
(XLS)

PLOS Biology | https://doi.org/10.1371/journal.pbio.2006229 October 2, 2018 14/17


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006229.s007
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006229.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006229.s009
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006229.s010
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006229.s011
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006229.s012
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006229.s013
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006229.s014
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2006229.s015
https://doi.org/10.1371/journal.pbio.2006229

Electromagnetic fields and ROS

S7 Table. Analysis of PEMF-regulated genes for ROS-responsive upstream promoter ele-
ments.
(XLSX)

S1 Data. Data files for Figs 1 and 2.
(XLSX)

$2 Data. Data files for Supporting S3b, S3c, S5, S6 and S8 Figs.
(XLSX)
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