


Author summary

Repetitivelow-intensitymagneticstimulationhasbeenusedin thetreatmentof disease
for over50years.Associatedbenefitshaveincludedalleviationof depression,memory
loss,andsymptomsof Parkinsondisease,aswellasacceleratedboneandwoundhealing
andthetreatmentof certaincancers,independentlyof surgeryor drugs.However,thecel-
lular mechanismsunderlyingtheseeffectsremainunclear.Here,wedemonstratethat
repetitivemagneticfield exposurein humancellsstimulatesproductionof biological
stressresponsechemicalsknownasreactiveoxygenspecies(ROS).At moderatedoses,we
find that reactiveoxygenactivelystimulatescellularrepairandstressresponsepathways,
whichmight accountfor theobservedtherapeuticeffectsto repetitivemagneticstimula-
tion. Wefurther showthat this responserequiresthefunction of awell-characterized,
evolutionarilyconservedflavoproteinreceptorknownascryptochrome,whichhasbeen
implicatedin magneticsensingin organismsrangingfrom plantsto flies,including
migratorybirds.Weconcludethatexposureto weakmagneticfieldsinducestheproduc-
tion of ROSin humancellsandthat thisprocessrequiresthepresenceof thecrypto-
chromereceptor.

Editor’s Note:

ThisShortReportreceivedpositivereviewsbyexperts.TheAcademicEditor haswritten an
accompanyingPrimerthatwearepublishingalongsidethisarticle(https://doi.org/10.1371/
journal.pbio.3000018).Thelinked Primerpresentsacomplementaryexpertperspective;it
discussesconsiderationsaboutthestatusof knowledgeandexperimentalsystemsin the
field thatencouragecautiousinterpretation.

Introduction

Weakelectromagneticradiation(μT-mT), which increasinglypollutesour environment,has
beenassociatedwith dualandseeminglycontradictoryeffectson humanhealth.On theone
hand,possiblydeleteriouspublichealthconsequenceshaveelicitedconsiderabledebateon
safetyandexposurelimits to electromagneticfield (EMF) radiation[1±4].On theotherhand,
weakmagneticfieldshavebeenappliedastherapeutictools,notablyin theform of pulsedelec-
tromagneticfields(PEMFs),whichhaveshownbenefitsin abroadrangeof regenerativemedi-
cinetherapeutics,aswellasin thealleviationof depression,reducingsymptomsof Parkinson
disease,andreducingmemoryloss[5±10].SuchPEMFsalsoaffectnonexcitabletissues[7,9]
andarebelowfiring thresholdfor neurons[11,12]consistentwith magneticfield effectsand
therebyactivationof abiologicalmagnetoreceptor.Thecurrentchallengeis thereforeto iden-
tify theseputativemagnetosensor(s)andto proposeamechanismthatmayexplaintheseem-
ingly disparateeffectsof EMFsin medicineandin publichealth.

A possibleclassof biologicalmagnetoreceptor[13] arethecryptochromes,whicharecon-
servedflavoproteinreceptors[14] implicatedin magnetosensingin organismsrangingfrom
plantsto migratorybirds[14±16].Cryptochromereceptorsundergoredoxreactionsin the
courseof their activationthat leadto thesynthesisof reactiveoxygenspecies(ROS)[17±19].
ROSareglobalregulatorsthatareimplicatedin numerouscellularsignalingfunctionsrelated
to responseto stressandageingandaretoxicathighconcentrations[20±23].In mammalian
cells,cryptochromesarebothcytosolicandnuclearproteinsthathavebeencharacterizedfor a
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roleascorecomponentsof thecircadianclock[24,25]but thatarenot known to respondto
externalmagneticfields.However,recombinantmammaliancryptochromesexpressedin a
heterologousDrosophila systemarereportedto confermagneticsensitivityin behavioralassays
in flies[16], andtheywererecentlyproposedto playaroleassensorsof low EMFsin theonset
of childhoodleukemia[26]. Thisraisesthequestionof whethercryptochromescouldbeimpli-
catedin magneticsensitivityin humans.

Results

To explorethisquestion,wechoseto usePEMFexposureasasourceof magneticstimulation
becauseit hasdemonstratedtherapeuticeffectson awidevarietyof mammaliancelltypes[5±
10].To determinewhethercryptochromesareimplicatedin PEMFeffects,wefirst established
whetheraknownmagnetosensitivecryptochromecanmediatearesponseto aPEMFsignalin
awell-establishedmagneticallysensitivemodelsystem.Weusedthefruitfly Drosophila mela-
nogaster, whichdisplayanaturalbehavioralavoidanceresponseto staticmagneticfields[16].
Adult flieswereplacedon squarepetri platesto layeggsfor 24hoursandweresubsequently
removed.Theensuinghatchedlarvamigratedfreelyovertheplatefor severaldaysbefore
choosingalocationto attachto andform sessilepupafor metamorphosis.Thesepupaewere
locatedrandomlyaroundtheperimeterof theplate,with preferencefor thecorners(Fig1).
Wetestedmagneticsensitivity,with acoil generatingcontinuousPEMFat10Hz,with peak
amplitudeof 1.8mT at thelevelof thelarvae(S1andS2Figs),placedunderneathoneof the4
cornersof thepetri plate(seeMaterialsandmethods).Fly larvaegrownundertheseconditions
avoidedthecornerof thepetri plateabovethePEMFdevice(Fig1A) comparedto theother
corners.BothCantonS(WTS)andOregon(WTO) wild-typefly strainsshowedthisavoidance
response(Fig1A and1B)in bluelight (whichactivatesDrosophila cryptochrome;Fig1B)but
not in redlight (whichdoesnot activateDrosophila cryptochrome;S3Fig).Asacontrol,a1.0
mm mu-metalplate,whichblocksstaticor low-frequencymagneticfields,wasinserted
betweenthemagneticcoil andthepetri platecontainingthefly larvae.In theseconditions,lar-
vaedid not showtheavoidanceresponse(S3Fig).Asafurther control,wetestedacoil in
whichthewire hadbeenwoundin anantiparallelfashionin orderto cancelthemagneticfield
without alteringthecurrent in anyway(seeMaterialsandmethods);thiswasalsoineffective
in causinganavoidanceresponse.Wenextobservedthat fly mutantsdeficientin crypto-
chrome(cryb andcry02; [27]) did not avoidthePEMF,confirming arole for cryptochromein
this response.Finally,wetestedtransgenicfruitflies expressingthehumancryptochrome-1
(HsCry1)protein in Drosophila cryptochrome-deficient strainsasdescribedpreviously[16,
27]).HsCry1expressionindeedrestoredthebehavioralavoidanceresponseto PEMFin flies
lackingtheir endogenouscryptochrome(Fig1B).TheseresultsindicatethatPEMFcanbe
detectedby insectsthroughtheactionof eitherDrosophila (DmCry) or human(HsCry1)cryp-
tochrome,consistentwith theresponseto staticmagneticfieldsin thisorganism[16].

A possiblemechanisticbasisfor this fly avoidanceresponsewassuggestedbyrecentobser-
vationsthatROSarebyproductsof cryptochromeactivation[17,28] linked to signaling[29,
30].Furthermore,athighconcentrations,ROSaretoxic metabolitesimplicatedin oxidative
stressandageing,whichdamagecellmembranes,nucleicacids,andproteins[20], consistent
with thebehavioralavoidanceresponse.In contrast,atphysiologicalconcentrations,ROSare
reportedto havebeneficialeffects[20,23],consistentwith theobservedtherapeuticeffectsof
PEMF[5±10].To determinewhetherthePEMFsignalstimulatesformationof ROS,Spodop-
tera frugiperda (Sf21)insectcellculturesoverexpressingDmCry [28] werestimulatedby
PEMFin bluelight for 15minutesin thepresenceof theROSlabel,{5-(and-6)-chloromethyl-
2',7'-dichlorofluoreceindiacetate}(DCFH-DA) [17,28].Confocalimageanalysisrevealeda
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Fig 1. Insect behavioral and cellular response to PEMF. (A). Distribution of wild-typeCantonSlarvaefollowing96-hourexposurein bluelight
(60μmolm−2s−1) to PEMF(10Hz) to theindicatedcorner.(B) Responseto PEMFexpressedaspercentageof larvaein thepetri platecorners:PEMF
exposedcorner(blackbars),meanof 3nonexposed corners(whitebars).Datarepresentaveragesfrom 8 to 10independent biologicalexperiments
(n = 8±10)(seeS1Data).StrainsusedareCantonS(WTS),Oregon(WTO), cry-deficient mutants(cry02andcryb). Gal4andUASarenonexpressing
parentalstrainsfor thecross(tim-gal4;cry02× UAS-Hscry1;cry02) (HsCry1)thatexpressestheHsCry1proteinasdescribedin ref.[27]. ���p< 0.001(see
Materialsandmethodsfor detailsof statisticaltreatment).Error barsareSEM.(C) SF21insectcellsoverexpressing DmCry exposedto PEMF.Dark
grownSf21insectcellculturesexpressinghighconcentrationsof DmCry asdescribed[28] wereilluminatedfor 15minutesat80μmolm−2s−1 bluelight
in thepresence(+) or absence(−) of PEMFandwereviewedbyconfocalmicroscopyasdescribedin Materialsandmethods. n = 5biologicalrepeats.
Scalebar100μm. Datafor Fig1Bis in S1Data.DmCry,Drosophila cryptochrome;Gal4,tim-gal4;cry02; HsCry1, humancryptochrome-1;PEMF,pulsed
electromagnetic field;Sf21,;UAS,UAS-Hscry1;cry02.

https://doi.org/10.1371/journal.pbio.2006229.g001
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markedincreasein fluorescentsignalin PEMF-treatedcellscomparedto unstimulatedcul-
tures(Fig1C).In contrast,no visibleeffectof PEMFstimulationwasobservedin Sf21cells
lackingDmCry (S4Fig).ThesedataindicatethatPEMFstimulationleadsto intracellularaccu-
mulationof ROSandthat thiseffectrequiresDrosophila cryptochrome.

Althoughflavin binding affinity is reportedlypoor for vertebratecryptochromesin vitro
[31], theyneverthelessconferlight-sensitivephenotypesin expressingtransgenicflies[16,
27]andundergolight-sensitiveconformationalchangein theavianretina[15,32], indicat-
ing that flavin is boundin vivo.Moreover,vertebrate-typecryptochromesareshownto
undergophotoreductionandflavin radicalformation in wholecellcultures,usinganEPR
spectroscopicapproach[33]. Thesepropertiesareconsistentwith thecapacityto undergo
flavin redoxstateinterconversionandto form ROS,asdo othercryptochromes[17,28,34].
Wethereforetestedfor ROSinduction followingPEMFstimulationof humanembryonic
kidney293(HEK293)cells,grownin darknessfor 48hoursin thepresenceor absenceof
PEMF(Fig2).After incubation,theextracellularmediawerescoredfor secretedhydrogen
peroxide(H2O2), abyproductof ROSformation,usingtheAmplexUltra Redfluorescence
detectionsubstrateasdescribed[35]. Theconcentrationof ROSwassignificantlyelevated
in mediafrom PEMF-treatedcellculturescomparedto controls(Fig2).To evaluatetoxicity
of prolongedexposureto PEMF,wecountedcellsat theendof theexposureperiod(see
Materialsandmethods).A markeddecreasein cellulargrowthwasobservedin PEMF-
exposedHEK293culturescomparedto untreatedcontrols,consistentwith thetoxicity of
accumulatedROS(Fig2).To assessapossibleeffectof cryptochromeon this response,short
hairpin RNA (shRNA)lineswith doubleHsCry1andHsCry2mRNA knockdownwerecon-
structed(seeMaterialsandmethods,S5Fig)andsimilarlyanalyzed.TheseshRNAlines
deficientin bothHsCry1andHsCry2showedno significanteffectof PEMFeitheron cell
growthor on ROSsecretion(Fig2A and2B),in markedcontrastto wild type.Therefore,
thesemagneticfield effectsappearto involvecryptochromefunction andformationof ROS
in humancells.

Fig 2. PEMF response of HEK293 cell cultures. (A) Cellsof WT or HSCRY1 andHSCRY2 doubleKD (HsCry) wereseededin 24-wellcellculture
dishesandgrownfor 48hoursin thepresence(PEMF,blackbars)or absence(Sham,whitebars)of appliedPEMFasdescribed(Materialsand
methods).Theconcentration of H202 in theculturemediawasdeterminedusingtheAmplexRedfluorescent detectionsystem(Materialsandmethods)
andnormalizedto thenumberof cells.Thegraphpresentstherelativeconcentration of H202 from PEMF-treated cells(PEMF,blackbars)comparedto
thecontrol (Sham,whitebars)untreatedsample.Error barrepresentsSDof 12independentmeasurements. (B) Relativenumberof cellsperwell in
PEMF-treated cells(PEMF,blackbars)comparedto thecontrol (Sham,whitebars)untreatedsample.n = 12biologicalrepeats.Error barrepresents
SD.���p< 0.001(seeMaterialsandmethods).Underlyingdatais includedin S1Data.HEK293,humanembryonickidneycells;HsCry,human
cryptochrome;KD, knockdown;PEMF,pulsedelectromagneticfield;WT, wild-type.

https://doi.org/10.1371/journal.pbio.2006229.g002
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Wefurther analyzedPEMFeffectson mammaliancellsusingfluorescenceimagingto
detectmultiple ROSforms.Asobservedfor theSf21insectcellexperimentsabove(Fig1C),
HEK293cellswereincubatedin thepresenceof DCFH-DA at37ÊCfor 15minutesin thepres-
enceor absenceof PEMF(Fig3).FluorescentROSlabelingincreasedsignificantlyin PEMF-
stimulatedcellscomparedto unstimulatedcontrol cellcultures.ROSstainingcanbeseenin
bothnuclearandcytosoliccompartments,with areasof concentrationin nuclearspeckles
(nucleoli)andvesicularstructures(E.RandGolgi),consistentwith subcellularlocalizationof
mammaliancryptochromes[36].

To further confirm theinvolvementof cryptochromein this response,weexaminedcells
from murinecryptochromemCry1/mCry2doubleknockoutmice[37]. Specifically,weana-
lyzedimmortalizedmouseembryonicfibroblast(MEF)cellculturesfrom wild-typeand
mCry1/mCry2doubleknockoutlines,usingtheROSfluorescenceimagingtechniquesused
for theHEK cellcultures.A markedinduction of intracellularROSafter15minutesof PEMF
stimulationwasobservedin wild-typeMEFcells(Fig3,middlepanels),equivalentto those
observedfor theHEK293humancellcultures(Fig3,upperpanels).However,mCry1/mCry2
null mutantcellculturestreatedin anidenticalmanner(Fig3, lowerpanels)showedno visible
increasein ROSlabelling.Takentogether,thesedatashowthatcryptochromeisnecessaryfor
PEMF-inducedROSformation in mammaliancells.

To further definetheeffectsof PEMFsandrelatethemto therapeuticconsequences
observedin humans[5±10],weperformedmicroarrayanalysisof geneexpressionin HEK293
cellsculturedwith or without 3 hoursof PEMFstimulation(S1andS2Tables).Severalhun-
dredgeneswereup-regulatedor down-regulatedbyPEMFstimulation.Of thesetranscripts,a
significantproportion encodedproteinslocalizedto nuclear,Golgi,andendoplasmicreticu-
lum (ER)compartments(S5Table).Significantly,bioinformaticgeneontology(GO) analysis
of biochemicalfunction showedenrichmentin oxidoreductasefunction consistentwith
increasedproductionof ROS(seeMaterialsandmethods,S6Table).Furthermore,promoter
analysisof PEMF-inducedgenesindicatedthatamajority (75%)containedpromoterelements
knownto interactwith ROS-responsivetranscriptionfactors.Thesedataareconsistentwith
stimulationof ROS-responsivegenesfollowingPEMFexposure(S7Table).Furthermore,they
paralleltheimagingdataof theseHEK293cells,whichshowedenhancedlocalizationof ROS
to thenuclear,Golgi,andERcompartments,whereastranscriptionof proteinslocalizedto
thesecompartmentsareparticularlyenrichedamongPEMF-regulatedgenes(S5Table).Thus,
theinduction of ROSbyPEMFis indicatedby two entirelyindependentandcomplementary
approaches:imagingandtranscriptomeanalysis.

Discussion

A widelyheldparadigmfor cryptochromemagnetosensinginvolvesaradicalpair-basedmech-
anism,wherebythesinglet/tripleinterconversionratesof unpairedradicalsformedin the
courseof cryptochromeredoxchemistrycanbealteredbystaticmagneticfields[13]. Thispro-
videsamechanismwherebycryptochromereactionratesandproductyields,includingof
H202 andotherROSformedduring thecryptochromeredoxcycle[17,28],canbealteredby
magneticfields.Recentexperimentsprobingthelight dependenceof magneticorientationin
birdshavepinpointedcryptochromeflavin reoxidationasthelikely stepfor radicalpair forma-
tion leadingto magneticsensitivity[32,38].Suchflavin reoxidation,whichoccursindepen-
dentlyof light, involvesreactionof cryptochrome-boundreducedflavin with molecular
oxygenandfulfills thecriteriaof radicalpair formationduring magnetoreception[39]. None-
theless,in thecaseof bothaviananddrosophilacryptochromes,theinitial formationof
reducedflavin requireslight (by theprocessof flavin photoreduction)[34,38].Thisexplains
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therequirementfor light in establishingmagneticsensitivityin fliesandbirdsbecausereduced
flavin is requiredfor themagneticallysensitiveredoxreaction(reoxidation)to ensue[38].

Bycontrast,mammalian-typecryptochromesappearto function independentlyof light in
their role in thecircadianclockandasnegativeregulatorsof transcription[14,24,25].How-
ever,mammalian-typecryptochromesreportedlyoccurin apartiallyreducedredoxstatein
vivoevenin dark-adaptedcellcultures[40]. Asaconsequence,theywouldretainthecharac-
teristicsto respondto magneticfieldsbyamechanismwherebyflavin reoxidationisstimu-
lated,with anensuingburstof ROSsynthesisconsistentwith our observations.Wealsonote

Fig 3. Production and subcellular localization of ROS by mammalian cells exposed to PEMF. Living HEK293,
MEF,or MEFCRY1CRY2 cryptochrome-deficientdoublemutantknockoutcelllineswereexposedto PEMF(+PEMF)
for 15minutesin darknesswhilesimultaneouslytreatedwith DCFH-DA, thenviewedbyaninvertedLeicaTCSSP5
microscope.Control cellculturesnot exposedto themagnetic field (−PEMF)weretreatedin anidenticalmanner.
Imagesshowasingleconfocalzsectionthatcrossesthenucleus. DiffusefluorescentROSstainingcanbeseenin the
nucleusandcytoplasm.PunctateandintensefluorescentROSstainingcolocalizeswith ERandnucleoli,asobserved
aroundandinsidethenucleus, respectively.Qualitativelysimilar resultswereobtainedfor 5 independent experiments
(n = 5);quantitation of representativeimagesispresentedin S9Fig.Scalebaris40μm. DCFH-DA, {5-(and-6)-
chloromethyl-2',7'-dichlorofluoreceindiacetate}; ER,endoplasmicreticulum; HEK293,humanembryonickidney293;
MEF,mouseembryonic fibroblast;PEMF,pulsedelectromagnetic field;ROS,reactiveoxygenspecies.

https://doi.org/10.1371/journal.pbio.2006229.g003
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that,althoughtherehasbeenoverwhelmingevidencefor aradicalpair-basedmagneticsensing
mechanisminvolvingvertebratecryptochromes[13], thepossibilityof unrelatedcry-depen-
dentmagnetosensingmechanismscannotbeexcluded.Forexample,arecentlysuggested
interactionof cryptochromewith theputativelymagnetosensitiveMagRproteincouldalso
beconsistentwith our data[41], whereasreportedmagneticsensitivitymediatedthroughaC-
terminaloverexpressionconstructof Drosophila cryptochrome[42] alsosuggestsalternative
magnetosensorsimpactingon acry-basedmagnetosensingmechanism.

A mechanismbasedon regulationof ROScanexplainboth thebeneficialanddeleterious
effectsof magneticstimulationthathavesolongpuzzledthefield.Forexample,proposeddele-
teriouseffects[1±4,26]of low-frequencyEMFscouldresultfrom elevatedROS,which inform
aboutexposureto magneticfieldseitherin humantreatmentor in publichealth.Thisresultis
furthermoreconsistentwith pastsuggestionsthat thelifetimesandreactivityof 02 andROS
(bothparamagneticspecies)maybeaffectedbymagneticfieldsin living systems[5]. However,
prior speculationhasfocusedexclusivelyon ROSgeneratedviametabolicpathwaysof the
mitochondrialelectrontransferchainor viacellmembrane±associatedNADPH oxidases.
Here,weimplicateaflavoproteinreceptorandsignalingmolecule,which issuitablypositioned
within thenucleus[36], to inducelocalizedchangesin ROSconcentrationand/or reactivityin
closeproximity to redox-sensitiveand/orROS-regulatednuclearsignalingmolecules.Wenote
that theprolongedPEMFsignal(S1andS2Figs)usedin thecurrentstudyhasno therapeutic
applicationandisapparentlyharmful to cellculturesoverlongperiods.However,arangeof
alternatefrequenciesandamplitudesof PEMFsignalhavebeenempiricallyderivedthatpro-
videprovenphysiologicalbenefitsinvolvingcellularrepairandhealing[5±12].Thesebenefi-
cialPEMFeffectsarecompatiblewith modulationof intracellularROSwithin atherapeutic
rangeresultingin stimulationof ROSresponsivecellulardefenseandrepairmechanisms
[20,23].

In conclusion,from apublichealthperspective,our work showsthatexposureto even
suchlow levelsof magneticfieldsasthosegeneratedby PEMFdeviceshavedefinitephysio-
logicalconsequences.It shouldbenotedthatpeakoutput at lessthan1.8mT is within an
orderof magnitudeof emissionsby householdelectronicdevicesandof currentsafetyguide-
linesfor exposureto EMFin humans[1±4].In keepingwith our results,it hasalsobeen
shownthat thelow-levelman-madeEMFsemittedfrom electricalequipmentin public
buildingscandisruptorientationin birds,aprocessthathasalsobeenlinked to bothcrypto-
chromesandmagnetoreception[43]. Althoughcurrentepidemiologicalstudieshavenot
providedconclusiveevidenceof EMF-inducedpathologyin humans[1±4],our resultsraise
thepossibilityof synergisticharmfuleffectswith otherenvironmentalor cellularfactorsthat
stimulateintracellularROS[5,20].More refinedepidemiologicalstudiestakingthesefactors
into considerationarethereforeessentialfor atrueassessmentof long-termimpactof EMFs
on publichealth.

Materials and methods

1. Pulsed EMF signal

Thepulsedmagneticfield wasgeneratedbyacommerciallyavailabledevice(EC10701;GEM
PtyLtd.,Perth,WesternAustralia)usedfor thetreatmentof musculoskeletaldisorders.During
Drosophila behavioraltests,PEMFwasappliedcontinuouslyatafrequencyof 10Hz,with the
coil 1 cmbelowthepetri plate.Peakmagneticintensityat theexperimentaldistancewas2 mT.

Theparametersof thePEMFsignalwereverifiedbymeasurementof thecurrentaspre-
sentedin S1andS2Figs.Thecoil was9× 5.5cmand200turnsandproducedamaximum
magneticfield intensity1 cmabovethecoil of 1.8mT.
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2. Drosophila behavioral experiments

Flystrainsusedwereasfollows:wild-typeCantonS,wild-typeOregon-R,cry02andcryb

(describedin [27]). Transgenicstrainstim-gal4;cry02andUAS-Hscry1;cry02werecrossedto
generatetheheterozygoteHsCry1-expressingstrainasdescribedin Vieira andcolleagues[27].
Light sourcesandgrowthconditionson completemediawereaspreviouslydescribed[27].
For thelarvaemigrationstudies(pupaldistribution), adultdrosophilaweretransferredto a
squareplate(12.5cm× 12.5cm) containingcompleterich mediumandwereallowedto lay
eggs.After aperiodof 24hours,theadultswerediscardedandtheplatesplacedundertheindi-
catedlight conditions(blueor redlight) for 3daysat23ÊC.Subsequently,asinglecornerof
eachplatewasexposedto PEMFfrom underneathfor anadditional5days.Temperaturedif-
ferentialbetweencornerswaslessthan0.5ÊC.Thecontrol conditionwasestablishedbyshield-
ing theplatefrom thePEMFdevicewith 1.0mm mu-metalsheeting,whichwasmeasuredto
reducemagneticfield signalby85%.Oncepupaldevelopmentwascomplete,thedistribution
of thenownonmotilepupaecouldbereadilyscoredbycountingthenumberof pupaein a
definedareaof theplate.Asthepupaeshowedapreferencefor thecornersof theplates,we
evaluated3.12× 3.12cm2 areasovereachof the4 (PEMFtreatedversusuntreated)corners
andcomparedthecornersthathadreceivedno PEMFtreatmentwith thoseexposedto PEMF.
Statisticalmethodswereasfollows:for eachexperimentalcondition,atotalof between8 and
10plateswereanalyzed(n = 8±10).Thenumberof drosophilacountedin eachcornerwas
expressedasthepercentageof thetotalnumberof pupae± SEMperplate.All statisticaltests
werecarriedout usingSPSS(version20,IBM Corporation,NY). Datawereanalyzedfor nor-
mality (Shapiro-Wilktest,p< 0.05),sothedifferencesbetweenthePEMFandmeanof the3
non-PEMFcornersperplatewerecomparedusingKruskal-Wallisanalysisof varianceand
Mann-Whitney-Uposthocwhereappropriate.Theα valuewassetto p< 0.05.

Furtherdetailsof thebehavioralexperimentalsetuparepresentedin S3Figasfollows:the
positionof theplatecontainingdrosophilagrowthmediaandgrowinglarvaunderwhichthe
PEMFcoil wasplaced(upperleft) isdesignatedasthepositionª1,º theªtestºcorner.The
PEMFcoil wasatadistanceof 1cmfrom thebottomof thetestplatecontainingthedrosophila
larvae.Thetemperatureatall 4cornerswasmeasured,andthePEMFdevicedid not causeany
changein temperaturefrom theothercornerpositionsof theplate.Equivalent-sizesquares
ateachof theothercorners(designatedpositions2,3,and4) serveastheinternalªcontrolº
positionsto thePEMFstimulatedªtestºposition.Thenumberof pupaethatweredeposited
beneaththePEMFcoil wascomparedto thenumberof pupaedepositedwithin anequivalent
volumeateachof theother3 cornerpositions.

Additional controlsto thebehavioralexperimentsareshownin S3BandS3CFig.The
PEMFdevicewasshieldedfrom thetestplateusingmu-Metalsheetingof 1.0mm thickness.
Under theseconditions(S3BFig),no significantavoidanceof thePEMFcornerposition
wasdetected.In addition,responseto PEMFwasscoredin redlight, whichdoesnot activate
insect(Drosophila) cryptochrome(S3CFig).In thiscasealso,no avoidanceof thePEMFwas
observed.

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

cultures

Preparationof DmCry-expressingandcontrol (Spa1)-expressinginsectcellcultureswasper-
formedasdescribedin Arthaut andcolleagues[28]. For imagingexperiments,Sf21cellswere
seededatadensityof 400,000cellsin a3.5cm2 observationchamber.After incubationatRT
for 2 hoursfor cellattachment,Sf21cellswereincubatedin 40mM potassiumphosphate
buffer(pH 6.4)containing12.5μM DCFH-DA (MolecularProbes,LifeTechnologies,Grand
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Island,NY) for 15minutesin thedark,rinsed2 timesin phosphatebuffer,andwerethen
exposedto bluelight with or without PEMFfor 15minutesandobservedwith aninverted
LeicaTCSSP5confocalmicroscopeusinga40×objectif.Greenfluorescencefrom DCFH-DA
anddifferentialinterferencecontrast(DIC) wereexcitedat488and561nm wavelengths,
respectively.EmissionfluorescenceintensitiesandDIC weredetectedusingaphotomultiplier
between498and561nm, andatransmissionphotomultiplier,respectively.Twochannels
wererecordedsequentially.Z seriesprojectionsweretakenusingImageJsoftware(W. S.Ras-
band,ImageJ).Asacontrol for theseexperiments,control cellculturesthatdid not express
DmCry wereused(S4Fig).Thesecellsdid not showinduction of ROSin responseto PEMF.

4. Construction of human CRY1- and CRY2-targeting shRNA plasmids and

Hscry1/Hscry2 knockdown HEK cells

ByusingtheInvivoGensiRNAWizardtool, shRNAsequencestargetinghumanCRY1
(NM_004075.4)andCRY2(NM_021117.3)wereselected,andapair of complementary(sense
andantisense)oligonucleotidesweredesignedfor eachsequenceasfollows:

shCRY1sense(5'GTACCTCGGAACGAGACGCAGCTATTAATCAAGAGTTAATAGC
TGCGTCTCGTTCCTTTTTGGAAA 3'); shCRY1antisense(5'AGCTTTTCCAAAAAGGAA
CGAGACGCAGCTATTAACTCTTGATTAATAGCTGCGTCTCGTTCCGAG3');shCRY2
sense(5'ACCTCGTACGTATGTCACCTTCACTATCAAGAGTAGTGAAGGTGACATAC
GTACTT3');shCRY2antisense(5'CAAAAAGTACGTATGTCACCTTCACTACTCTTGA
TAGTGAAGGTGACATACGTACG3')(complementarysequencesof thehairpin areunder-
lined).ComplementaryoligonucleotidepairswerePAGE-purified,and25μM of eachwere
annealedby incubationin 0.1M NaClat80ÊC(2 minutes)followedbyslow(1 ÊCperminute)
coolingto 35ÊC.Theresultingdouble-strandedDNA fragmentswereclonedinto thesame
psiRNA-DUO-GFPzeoplasmidaccordingto themanufacturer'sinstructionsusingatwo-step
procedure(InvivoGen).Briefly,thepsiRNA-DUOplasmidwasdigestedwith Acc65IandHin-
dIII restrictionenzymesandligatedwith thefirst insert(shCRY1annealedoligonucleotide
pairs).Theresultingconstructwastransformedinto Escherichia coli GT115cells(InvivoGen),
andpositivecolonieswereselectedusingFast-MediaZeoX-gal(5-bromo-4-chloro-3-indolyl-
β-d-galactopyranoside)(InvivoGen).TheplasmidcontainingshCRY1wassubsequently
digestedwith BbsIrestrictionenzymeandligatedwith thesecondinsert(shCRY2annealed
oligonucleotidepairs).Theresultingconstructwastransformedinto E. coli GT115cells(Invi-
voGen),andpositivecolonieswereselectedusingFast-MediaZeo5-bromo-4-chloro-3-indo-
lyl-β-D-glucuronicacid,cyclohexylammoniumsalt(X-gluc)(InvivoGen).Theobtained
psiRNA-Cry1Cry2-GFPzeoexpressionplasmidwasusedfor transfectionof HEK cells,and
psiRNA-LucLac-GFPzeoencodingshRNAfor thesilencingof aprokaryotegene(InvivoGen)
wasusedto transfectHEK cellsasnonsilencingcontrol.Stabletransfectantswereselectedin
completemediumcontaining300μg/ml Zeocin(InvivoGen).Expressionof HsCry1and
HsCry2wasverifiedbyqPCR(S5Fig).

5. Fluorimetric detection of H202 in HEK cell culture medium

HEK293cellsweregrownandmaintainedin Eagle'sMinimum EssentialMedium (EMEM),
supplementedby10%fetalbovineserum.Thecellswereculturedin 75cm2 flasksto expand
cellnumber.After reachingconfluence,thecellswereseededin 12-wellplates.Thevolume
of mediumtotaled1 mL. Medium wasthenchangedevery2 days.Thecultureswereincubated
in a5%CO2 atmosphereat37ÊCin thesameincubator(FisherScientific;Model5).Thetem-
peratureandCO2 levelsweremonitoreddailyandweremaintainedat37ÊCand5%,respec-
tively.All experimentswereconductedin thesameincubator.To control for locationin the
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incubatorandanyassociatedelectromagneticnoiseor otherspatialvariation,theorientation
of experimentalandcontrol cultureswereperiodicallyreversed,and0.3mm mu-Metalshield-
ing wasappliedbetweenPEMF-treatedandcontrol cellculturedisheswithin theincubator.
Cellswereseededandallowedto restfor 4 hoursunderthesamebackgroundconditions,at
whichtime themagneticexposuresbegan.This time isdenotedast0. Fluorometricdetection
of H2O2 productionwasperformedusingthehorseradishperoxidase-linkedAmplexUltra
Red(Invitrogen) fluorometricassay.HEK cellswereseededataconcentrationof 25.0× 104

cellsperwell in a12-wellplateandwereexposedto PEMFsfor thedurationof theexperiment.
Medium wasaspiratedoff, andcellswerethenwashedwith PBSandincubatedfor 2 hours
with DMEM containing2%FBS,0.2units/ml horseradishperoxidase,and10μM Amplex
UltraRed(AUR).ResorufinfluorescencewasmeasuredbyaVarianCaryEclipsespectrofluo-
rimeter.Cellularnumberandresorufinfluorescenceweremeasuredat thesametermination
points.H2O2 productionwasnormalizedto cellcount.H2O2 calibrationcurveswith
HRP-AURin PEMFsdid not showanydifferencecomparedto control, thusdemonstrating
thatPEMFsdo not interactwith thedetectionsystem.

6. Intracellular localization of ROS in human HEK293 or murine MEF cell

cultures using confocal imaging techniques

HumanHEK andMEFcellsweregrownin Dulbecco'sModified EagleMedium(DMEM) sup-
plementedwith 10%fetalcalfserum(FCS)and2 mM l-glutaminein a95%air±5%CO2 incu-
batorat37ÊC.For intracellularlocalizationof ROS,living HEK or MEFcellswereseededon
cellobservationchambersandincubatedin 40mM potassiumphosphatebuffer(pH 7) con-
taining12.5μM DCFH-DA (MolecularProbes)for 15minutesin theincubatorat37ÊC,dur-
ing whichtheywereeitherexposedor not to PEMF.Cellswererinsedfor 15minutesin the
potassiumphosphatebuffersolutionandwereobservedwith aninvertedLeicaTCSSP5con-
focalmicroscopeequippedwith a95%air±5%CO2−37ÊCthermostaticobservationchamber
andusinga63×objective.Greenfluorescencefrom DCFH-DA andDIC weredetectedaspre-
viouslydescribed(section5).Forquantitationof intensity,usingLEICATCSsoftware,the
regionof interest(ROI) correspondingto cellsweredawnandmeanfluorescentintensity
(MFI) measuredin eachROI.

7. Microarray analysis of HEK293 cell cultures

HumanHEK cellsweregrownin DMEM supplementedwith 10%FCSand2mM l-glutamine
in a95%air±5%CO2 incubatorat37ÊC.Cellswereseededinto multiple 3.5cm2 round cell
culturedishesandweregrownunderidenticalconditionsfor 48hours.Prior to confluence,
cellculturedishesweretreatedwith 3 hoursof continuousPEMFin theabsenceof light (test
condition).Control cellcultureswereharvestedprior to applicationof PEMF.Triplicate
PEMFtreatedandcontrol cellcultureswerethenharvestedinto liquid nitrogen,andtotal
RNA wasextractedbyRNEasyRNA extractionkit (Promega,Inc.) andrelatedprotocols.
MicroarraygeneexpressionandanalysisusingAgilentaffymatrixtechnologywasperformed
by IMGM LaboratoriesGmbH,Martinsried,Germany.

7.1 Transcriptional analysis of altered gene expression in response to PEMF exposure of

HEK293 cell cultures. Genesinducedandrepressedafterexposureof HEK293cellsto 3
hoursof PEMFidentified488up-regulated(S1Table)and80down-regulated(S2Table)tran-
scripts,respectively.Microarrayexpressiondatafor representativeup- anddown-regulated
geneswereverifiedbyqPCRanalysisaspresentedin S6Fig,usingprimersaspresentedin
S3Table.
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Forbiologicalinterpretationof thetranscriptomedataset,thesignificantlyoverrepresented
GOterms,biologicalpathways,andtranscriptionfactorbinding sites(TFBSs)wereexplored
with theR(3.3.0)andtheBioconductorsuite(3.3).GO,pathways,andTFBSwereconsidered
significantlyoverrepresentedwith anFDR< 0.05.

GO analysisof biologicalfunction (S4Table)showsenrichmentof enzymesinvolved
in cyclicnucleotidemetabolism,corticosteroidreceptorpathway,andwoundhealing;GO
analysisof subcellularlocalizationshowsenrichmentin Golgi,vesicles,ER,andnucleolar
compartments(S5Table);andGO analysisof biochemicalfunction showsenrichmentin
oxidoreductasefunction andcyclicnucleotidemetabolism(S6Table).Thesefunctionsshow
consistencywith ROSinduction andlocalizationdatapresentedin Figs2 and3 in themain
text.

7.2 Enrichment of ROS-responsive elements in promoters of PEMF-regulated genes.

BecausePEMFisshownto induceaccumulationof ROS,weadditionallytestedwhether
PEMF-inducedgenescouldbelinked to ROSsignalingpathways.Weanalyzed248PEMF±
up-regulatedgeneswith known functions(from S1Table)for thepresenceof ROSresponse
elementsin their promoterregionsusingbioinformaticsmethodologyasdescribedin Beeland
colleagues[44]. Thenumberandtypeof ROS-responsiveelementswereidentifiedin 2kb of
promoterregionsupstreamof thetranscriptionalstartsitesof PEMF-regulatedgenes(S7
Table).Weobservedthat themajority (over75%)of analyzedPEMF-regulatedgenesshowed
oneor moreROS-responsiveupstreampromoterelement(S7Table).Thetranscriptional
analysisdatathereforesupportarole for PEMFin inducingROSbiosynthesisandsignaling
pathways.

8. Cancelled magnetic field coil control experiments

Asacontrol to eliminatethepossibilityof artifactdueto temperatureand/orvibrationalfac-
torsgeneratedby thepulsedfield device,wedesignedandbuilt amodifiedPEMFcoil in which
thewire wasfoldedin halfbeforeprecisionwinding to achieveanantiparallelcurrenttravel-
ling in oppositedirectionswithin thesamecoil during activation.Thisantiparallelcoil hadthe
samewire lengthanddimensionsasthetestcoil usedin our experiments,andit wasdrivenby
thesamepulsedfield generatordeviceandwith theidenticalcurrentÐwhich, becauseof the
antiparallelwinding of thecoil, ran simultaneouslyin opposingdirectionswithin thecoil.The
signalmeasuredin S7Figshowsthat,whereasthereareresidualspikesin theantiparallelfield
coil (panelB) thatcouldnot becancelled,thesespikesarelessthan0.01secondsin duration
in comparisonto themagneticsignalin theoriginalPEMFcoil,whichlastsfor 0.5seconds
(panelA). Theresidualspikesarenot visibleon panelD becausetheyaretoo shortlivedfor
thedetectionlimit for theinstrumentat this time scale.Weconcludethat theseresidualspikes
areof negligibledurationcomparedto thesignalgivenout by theintactcoil andaredemon-
strablytoo brief to triggerabiologicalresponse.Asaresult,weachievedasignificantreduction
(cancelling)of thepulsedmagneticfield (S7Fig)whilekeepingall otherparameters(electric
currentdrivenby thepulsedfield device)thesame.

Wetestedtheeffectof thecancelledPEMFfield on thebehavioralavoidanceresponseof
wild type(CantonS)fly pupaaccordingto themethodsusedfor Fig1.Wemeasuredthenum-
berof pupain thecornerof squarepetri platesexposedto theantiparallel(cancelledPEMF
field) coil comparedto thetestcoil (generatingthePEMFsignal)placedbeneaththeplatecor-
ner (S8Fig).Thefliesdid not showanavoidanceresponseto thecancelledfield (antiparallel
coil), indicatingthat themagneticfield of thePEMFwasindeedtriggeringtheresponse.

Wenextevaluatedtheeffectof thecancelledmagneticfield coil on thestimulationof ROS
in mammaliancellcultureexperiments.UsingbothHEK andMEFcellcultures,weobserved
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thatsignificantstimulationof ROSformationoccurredonly in responseto PEMFbut not to
theantiparallel,PEMF-cancelledmagneticfield (S9Fig).

In conclusion,thesedataindicatethat therewasno discernableartifactintroducedinto our
experimentsthroughtheoperationof thepulsedfield deviceandthatpositiveresultsrequired
thepresenceof themagneticfield.

Supporting information

S1 Fig. Output of PEMF device. Output wasmeasuredwith acurrentprobedirectlycon-
nectedto EC10701stimulator.Current I asfunction of time.
(TIF)

S2 Fig. Zoom of S1 Fig. Output of PEMF during a pulse.

(TIF)

S3 Fig. Drosophila pupal distribution in response to PEMF. Blackbar:exposedcorner;white
bar:nonexposedcorners.(a)Diagramof experimentalsetupshowingthepositionof PEMF
coil (upperleft),astheªtestcorner.ºTheothercornerpositionsof equivalentvolume(desig-
natedpositions2,3,and4) serveastheinternalªcontrolº positions.(b) Distribution of pupae
in responseto PEMFin redlight (60μmolm−2sec−1). Strainsusedarewild-typestrainsCanton
S(WTS)andOregon(WTO), andcry-deficientmutants(cry02andcryb). Blackbarrepresents
theexposedcorner;whitebarrepresentsthenonexposedcorner.(c) Drosophilastrains
exposedto PEMFunderbluelight (60μmolm−2sec−1) with a1.0mm mu-metalsheetplaced
betweenthePEMFdeviceandthebottomof thepetri platecontainingtheflies(atposition1).
Blackbarsrepresenttheexposedcorner;whitebarsrepresentthenonexposedcorner.Strains
usedareCantonS(WTS),Oregon(WTO), cry-deficientmutants(cry02andcryb). Gal4and
UASarenonexpressingparentalstrainsfor thecross(tim-gal4;cry02× UAS-Hscry1;cry02)
(HsCry1)thatexpressestheHsCry1proteinasdescribedin ref. [27]. Error barsareSEM.
Underlyingdatafor graphsb andc arein S2Data.Gal4,tim-gal4;cry02; UAS,UAS-Hscry1;
cry02.
(TIF)

S4 Fig. Effect of PEMF on Sf21 ROS production in control cell cultures. SF21insectcells
expressinganonphotoreceptorcontrol proteinSPA1[28] in theabsenceof DmCry1wereillu-
minatedfor 15minutesat80μmolm−2sec−1 bluelight in thepresence(+) or absence(−) of
PEMFandviewedbyconfocalmicroscopyasdescribedin [28]. No differencein ROSstaining
wasobserved.n = 5 independentbiologicalreplicates.Scalebar100μm.
(TIF)

S5 Fig. qPCR analysis of HSCRY1 and HSCRY2 gene expression in antisense HEK293 cell

lines. HSCRY1 andHSCRY2 geneexpressionisshownin control cellsharboringthepsiRNA-
DUO-GFPzeoplasmidwithout shRNAinsert(blackbars)andcomparedto shRNAlines
containingantisenseconstructsto HSCRY1 andHSCRY2 genes(HsCryKD: greybars)con-
structedasdescribedabove.Primersusedfor qPCRanalysiswereasfollows:HsCry1Forward:
5'-GTGTTTCCCAGGCTTTTCAA-3';HsCry1Reverse:5'-TGGTTCCATTTTGCTGATGA-
3';HsCry2F:5-CTCGGAACAGTGCCTCAAATC-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

HEK293 cell cultures. PEMF-treated(blackbars)arecomparedwith sham-treated(white
bars)cells.Primersusedanddesignationof accessionnumbersaredescribedin 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 andB:magneticfield output ison amillisecond(ms)time scale.Shapeof signal
in theoriginalcoil (panelA) iscomparedto that in thecancelledPEMFcoil (panelB).Note
theexceedinglyshort(lessthan0.01ms)durationof thespikein thecancelledfield condition
comparedto signalof theoriginal coil (0.5msecduration).PanelsC andD areon aslower
(second)time scale.PanelC representsthezoomout of signalin panelA from thePEMFcoil.
PanelD representsthezoomout of thesignalfrom thecancelledcoil in panelB.Thesignalis
too shortto bedetectedin thecancelledcoil at this time scale.
(TIF)

S8 Fig. Response of wild-type (Canton S) fly larvae to PEMF delivered by normal (black

bar) or antiparallel (grey bar) coils. Thepercentageof pupaeshownis that in theexposed
petri platecornersasapercentageof pupaein all corners(seeMaterialsandmethodsfor full
descriptionof experimentalprocedureandanalysis).Thefliesshowedavoidanceof corners
exposedto pulsedmagneticfield signal(seeS1Fig)but did not showavoidanceto acancelled
PEMFsignalusinganantiparallelcoil with cancelledmagneticfield (seeS7Fig).Thehorizon-
tal dottedline is25%,i.e.,thepercentageof pupaepresentbychance,andthepercentagein the
PEMFcornerissignificantlyreduced(MWU, p = 0.028).n = 4 independentbiologicalexperi-
ments;error barisSEM.Underlyingdataarein S2Data.
(TIF)

S9 Fig. Production and subcellular localization of ROS by mammalian cells exposed to

PEMF and control antiparallel coil. Living HEK293or MEFwereexposedeitherto PEMF
(+PEMF)or cancelledPEMF(seeS7Figfor signal)for 15minutesin darkness,simultaneously
treatedwith DCFH-DA, thenviewedbyaninvertedLeicaTCSSP5microscope.Control cell
cultures(−PEMF)weretreatedin anidenticalmannerbut not exposedto eitherparallelor
antiparallelPEMFcoils(no exposureto anyelectricalor magneticfield). Imagesshowapro-
jectionof all confocalzsection.Scalebar40μm. Quantificationof PMFeffectis indicatedby
MFI ratio for eachcellline (seeMaterialsandmethods).n = 5 independentbiologicalrepeats
for all conditions.DCFH-DA, {5-(and-6)-chloromethyl-2',7'-dichlorofluoreceindiacetate}.
(TIF)

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

(XLSB)

S2 Table. Genes down-regulated by PEMF in HEK cell culture.

(XLSB)

S3 Table. Table showing the 9 genes selected for qPCR analysis (in S6 Fig) and their

designed primers.

(XLSX)

S4 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)
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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)

S2 Data. Data files for Supporting S3b, S3c, S5, S6 and S8 Figs.

(XLSX)
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