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!
Abstract!

!
Radiation!sensitivity!and!the!DNA!damage!response!in!!

planarian!stem!cells!
!
!
Ionizing! radiation! (IR)!can! inflict!various! types!of!DNA! lesions!which! if!not! repaired,!can!

induce!genomic!instability!and!subsequent!oncogenic!transformation.!Potentially!immortal!

and!highly!regenerative!animals!are!hypothesized!to!have!enhanced!genome!maintenance!

mechanisms! to! protect! their! stem! cells.! One! such! example,! the! freshwater! planarian,!

Schmidtea!mediterranea,!contains!a!large!population!of!collectively!pluripotent!adult!stem!

cells!called!neoblasts!that!are!completely!ablated!following!exposure!to!lethal!doses!of!IR!

(30!Gy).!We!identified!a!nonPlethal!dose!of!IR!(15!Gy)!that!leads!to!a!significant!decrease!

in!neoblasts!but!where!full!recovery!of! the!stem!cell!number!occurs!over!time.!However,!

there!is!no!evidence!that!DNA!repair!is!required!during!regeneration!and!normal!neoblast!

function.!Here!we!show,!exposure!to!15!Gy!of!IR!following!knockdown!of!DNA!repair!gene!

is!lethal,!proof!of!principle!that!wellPknown!DNA!damage!response!(DDR)!genes!have!a!role!

in!stem!cell!survival!and!repopulation!post!IR.!

We!provide!evidence! that! a!new!nonPcanonical! role!of!DDR! is! to! combat!DNA!damage!

during!stem!cell!migration!and!that! in!the!absence!of!a!fully!functioning!DDR!machinery,!

stem! cells! fail! to! migrate.! Using! an! in:vivo! shieldedPirradiation! assay,! that! allows! cell!

migration! to! be! tracked,! we! observed! that! neoblasts! prePexposed! to! IR! migrate! much!

slower,!in!a!dose!dependent!manner,!but!eventually!reach!the!wound.!Migrating!neoblasts!

were!also!more!sensitive!to!IR!than!stationary!cells!suggesting!that!the!mechanical!stress!

due!to!changes!in!nuclear!shape!during!migration!represents!a!significant! load!on!repair!

mechanisms.!Our!results!provide!an!in!vivo!demonstration!that!a!major!novel!role!of!DNA!

repair!mechanisms!may!be!to!allow!stem!cell!migration.!!

!

Despite!enormous!efforts! to! treat!cancer,! radiotherapy! is! still! the!major! treatment! to! kill!

cancerous!cells.!There!is!growing!evidence!that!tumourPinitiating!cancer!stem!cells!survive!

and!adapt! to! repeated! rounds!of! IR!eventually! leading! to!cancerPrecurrence.!This! radioP

tolerance! is! dependent!on!an!efficient!DDR!signalling.!However,! the!molecular! basis!of!

variations!in!IR!resistance!is!not!well!understood.!The!extraordinary!capacity!of!neoblasts!

to! tolerate! high! doses! of! IR! offer! an! opportunity! to! get! novel! mechanistic! insights! into!

radiation!resistance.!Using!RNAPsequencing!we!delineate!the!transcriptional!response!to!

IR!in!planarian!stem!cells.!We!identified!genes!that!were!differentially!expressed!in!!
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!

response!to!IR!and!characterized!the!role!of!transcription!factors!(FHLP1)!and!a!tetraspanin!

family!of!genes!in!stem!cell!repopulation!post!IR.!We!further!extended!our!investigation!by!

comparing!the!transcriptome!of!irradiated!planarian!stem!cells!with!a!human!fibrosarcoma!

cell!line,!HT1080.!We!identified!conserved!transcriptional!responses!to!IR!providing!a!rich!

resource!to! identify! radiation! responsive!genes.!Given! the!conservation!between!pASCs!

and!mammalian!stem!cells!these!conserved!genes!may!include!novel!druggable!targets!for!

combining!with!radiotherapy.!!

!

Key!words:!Adult!stem!cells,!Cancer,!Cell!migration,!DNA!damage!response,!Genome!
stability,!Ionizing!radiation,!Neoblast,!Planarian,!Radiotherapy.!
!
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bp! Base!pair!
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cDNA! complementary!deoxyribonucleic!acid!
CSC! cancer!stem!cell!
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!
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ribonuclease!
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Part!of! this!chapter!has!been!published! in! “Secrets( from(Immortal(worms:(What(can(we( learn(
about(biological(ageing(from(the(planarian(model(system?”!S.!Sahu,!A.!Dattani,!A.!A.!Aboobaker9!
Seminars!in!Cell!and!Developmental!biology9!20179!70,108D121.!Some!recent!references!have!
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1.!Introduction!

1.1!Regeneration!and!stem!cells!!

A!fundamental!feature!of!multicellular!organisms!is!the!ability!to!respond!to!injury!

and! regenerate!missing!body!parts! to! restore! tissue! integrity.! In! recent!years,!

great! strides! have! been!made! in! our! understanding! of! how! stem! cells! (SCs)!

govern! tissue!homeostasis,!repair!and!regeneration.!For!example,!human!skin!

constantly!regenerates! to!heal! from!wounds!and!deal!with!daily!wear!and!tear!

(Fuchs,!2016).!Other!cells!that!contribute!to!regeneration!can!be!found!in!many!

human! tissues! like! heart,! skeletal! muscle,! bone! and! liver! (Carlson,! 2005).!

Compared!to!most!vertebrates,!adult!mammals!have!a!very!limited!regenerative!

capacity! (Iismaa! et! al.,! 20189! Simkin! et! al.,! 2015).! This! has! led! to! modern!

regeneration!biologists! focussing!on!highly!regenerative!species! in! the!animal!

kingdom.! Animals! that! have! robust! regenerative! abilities! throughout! their! life!

history!include!Hydra!(Galliot,!2012),!Hydractinia!(Gahan!et!al.,!2016),!ascidians!

(Brown!et!al.,!2009),!echinoderms!(Kondo!and!Akasaka,!2010),!annelids!(Bely!et!

al.,!20149!Özpolat!and!Bely,!20169!YoshidaDNoro!and!Tochinai,!2010),!planarians!

(Reddien!and!Sánchez!Alvarado,!2004),!macrostomum!(Wudarski!et!al.,!2017)!

crustaceans! (Grillo! et! al.,! 2016)! and! urodele! amphibians! (like! newts! and!

salamanders!(Brockes!and!Gates,!20149!Nacu!and!Tanaka,!2011))![for!reviews!

on! regeneration! in! nonDmodel! organisms9! refer! to! (Lai! and! Aboobaker,! 20189!

Tanaka!and!Reddien,!20119!Yun,!2015)].!Some!of! these!regenerating!animals!

like! Hydra! (Schaible! et! al.,! 20159! Tomczyk! et! al.,! 2015)! and! planarians!

(Aboobaker,!20119!Mouton!et!al.,!20099!Rink,!20139!Tan!et!al.,!20129!Valenzano!

et!al.,!2017)!seem!to!avoid!the!physiological!decline!that!characterises!ageing.!

These!can!even!be!referred!to!as!somatically!immortal,!based!on!the!observation!

of! a! species! life! cycle! that! does! not! involve! either! sexual! reproduction! (and!

meiosis)!or!development! from!a!zygote,!but! instead!uses!only!regeneration! to!

reproduce.!!

Recent! efforts! to! understand! stem! cell! biology! and! the! widespread! nature! of!

regenerative! process! have! focused! on! freshwater! planarians,! in! particular,!

Schmidtea(mediterranea([Fig!1.1!A!and!B].!In!this!chapter,!we!focus!on!discussing!
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planarian! flatworms,! that!have!been!formally!studied!as!a!research!system!for!

well!over!a!century!and!were!recognised!as!potentially!immortal!(Dalyell,!18149!

Reddien! and! Sánchez! Alvarado,! 2004).! These! animals! are! famous! for! their!

amazing!powers!of!regeneration9!capable!of!regenerating!all!organs!and!tissues!

of!the!body!starting!from!small!fragments.!This!ability!is!fuelled!by!a!population!of!

collectively!pluripotent!adult!stem!cells!called!neoblasts!(NBs)!capable!of!making!

all!body!tissues!and!undergoing!indefinite!selfDrenewal![Fig!1.1!C!and!D]!(Elliott!

and!Sánchez!Alvarado,!20139!Newmark!and!Sánchez!Alvarado,!2002).!!

The!extent!of!regenerative!ability!varies!greatly!across!flatworms!(Egger!et!al.,!

2007)!and!even!within! the!Triclad!planarians!where!head!regeneration!can!be!

reactivated! by! genetic! manipulation! (Liu! et! al.,! 2013b9! Sikes! and! Newmark,!

2013).!Planarians!generally!reproduce!sexually,!however,!in!many!cases,!such!

as! the! laboratory!model!species!Schmidtea(mediterranea,!an!asexual!species!

that!reproduces!by!exploiting!regeneration!has!also!evolved!from!the!sexual!state!

[Fig.!1.1!E!and!F]!(Solana,!2013).!In!these!scenarios,!reproduction!has!become!

entirely!a!collective!function!of!the!stem!cell!population,!which!as!well!as!powering!

regeneration! effectively! take! on! the! role! of! the! germline.! For! these! asexual!

species!to!persist!as!a!continuous!adult!population!these!somatic!stem!cells!must!

be!collectively!immortal!and!underpin!everDongoing!homeostatic!maintenance!of!

healthy!adult!tissues.!!

!

!

!

!

!

!

!
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Figure!1.1!A!simplified!overview!of!planarian!regeneration,!different!cell!types!and!
reproductive! strategy.! (A)! Molecular! phylogeny! places! planarian! within! the!
Lophotrochozoans.!(Branch!lengths!of!the!phylogenetic!tree!are!not!drawn!to!scale).!!
!
(B)! Bright! field! image! of! a! live! planaria! (Model:! Schmidtea( mediterranea),! showing!
photoreceptor!(eyes)!on!the!anterior!side!and!with!pharynx!in!the!trunk!(feeding!organ).!!
!
(C)!Fluorescence!In(Situ!Hybridisation!(FISH)!showing!the!distribution!of!planarian!stem!
cells,! neoblasts! (Piwi?1),! gut,! central! nervous! system! (Immunostaining! with! AntiD
SYNAPSIN)! showing! bilobed! brain! and! ventral! nerve! cord,! protonephridia! (Carbonic(
anhydrase(VII),!pharynx! (Laminin),!photoreceptors! (Tyrosine(hydrolase,(TPH)! [mRNA!
are!italicized!and!protein!names!are!in!BOLD].!
!
(D)!The!robust!regenerative!ability!of!a!decapitated!planarian!(Schmidtea(mediterranea).!
Regeneration! in!planarians! involves!a! rapid!wound!closure!by! the!adjacent!epithelial!
cells!(0D1!dpa),!formation!of!unpigmented!blastema!(2D3dpa),!regeneration!of!the!brain!
and! formation! of! photoreceptors! (3D7dpa)! followed! by! a! phase! of! morphallaxis! to!
maintain!body!proportion.![dpa:!days!post!amputation]!

(E)!Mode!of!reproduction!in!Schmidtea(mediterranea.(Asexually!reproducing!planarians!
stretch!their!body!postDpharyngeal!and!split!into!two!pieces.!Each!piece!regenerates!the!
missing! parts! resulting! in! two! worms,! thus! exploiting! regeneration! as! a! mode! of!
reproduction.! Sexually! mature! hermaphrodites! copulate! and! lay! cocoons.! These!
cocoons!give! rise! to! hatchlings,!which!eventually! develop! the! germline! and!become!
sexually! mature.! Sexually! reproducing! planarians! are! also! capable! of! wholeDbody!
regeneration!but!use!the!germline!as!their!mode!of!reproduction.!

!

!

!

!

!
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1.2.! An! overview! of! planarian! stem! cells,! tissue! homeostasis! and!

regeneration!

!

1.2.1.!The!experimental!accessibility!of!planarians!and!their!stem!cells!

!

While! a! substantial! amount! of! research! has! been! conducted! on! planarians!

throughout! the! late!nineteenth!and!twentieth!century!(Dalyell,!18149!Elliott!and!

Sánchez! Alvarado,! 20139! Johnson,! 18229! Morgan,! 1898,! 1901),! it! was! the!

discovery!of!RNAi!that!catalysed!a!major!rejuvenation!in!planarian!research!(Fire!

et!al.,!19989!Newmark!et!al.,!20039!Reddien!et!al.,!2005a9!Sánchez!Alvarado!and!

Newmark,!1999).!Over!the!last!twenty!years,!the!ability!to!study!gene!function!in!

planarians! has! allowed! the! growing! research! community! to! advance! our!

understanding!of!the!biology!of!these!exciting!animals!(Aboobaker,!20119!Adler!

and! Sánchez! Alvarado,! 20159! Elliott! and! Sánchez! Alvarado,! 20139! Reddien,!

20189!Rink,!2013).!Improvements!in!sequencing!technology!have!also!benefited!

planarian! research! leading! to! the! sequencing!of! the!S.(mediterranea! genome!

(Grohme!et!al.,!20189!Robb!et!al.,!2015),!many!transcriptome!studies!(Blythe!et!

al.,!20109!Brandl!et!al.,!20169!Kao!et!al.,!20139!Labbé!et!al.,!20129!Önal!et!al.,!

20129!Rozanski!et!al.,!20189!Solana!et!al.,!20129!Swapna!et!al.,!2018),!single!cell!

expression! profiling! (van! Wolfswinkel! et! al.,! 2014)! and! RNA! sequencing!

(Molinaro! and! Pearson,! 20169! Wurtzel! et! al.,! 2015,! 2017),! single! cell!

transcriptome!atlases!(Fincher!et!al.,!20189!Plass!et!al.,!2018)!and!genomeDwide!

epigenetic!studies!(Dattani!et!al.,!2018a9!Duncan!et!al.,!20159!Mihaylova!et!al.,!

2018).!The!ability! to!accurately!FACSDsort!stem!cells!at!different!stages!of! the!

cellDcycle!and!undifferentiated!progenitor!cells!from!differentiated!cells,!based!on!

nuclear! to! cytoplasmic! ratios,! has! provided!essential! access! to! these! cells! to!

apply!genomeDwide!analysis!(Hayashi!et!al.,!20069!Romero!et!al.,!2012).!These!

‘omic!approaches,!combined!with!an!everDgrowing!list!of!cell!and!tissue!markers!

and!improved!protocols!of!visualising!gene!expression!in!whole!animals,!provides!

a! powerful! set! of! tools! for! planarian! researchers! (Brown! and! Pearson,! 20159!

Currie!et!al.,!20169!King!and!Newmark,!20139!Newmark!and!Sánchez!Alvarado,!

2000).! One! notable! absence! is! an! approach! to! deregulate! gene! function! or!

exploiting!genome!editing!tools,!and!this!deficit!needs!urgent!attention!to!improve!
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the!depth!of!mechanistic!insight!that!can!be!achieved!in!this!model!organism.!

Due! to! these!developments! and! some!elegant! experimental! designs,!we!now!

understand!some!fundamental!aspects!of!regeneration.!One!emerging!theme!is!

that! wellDknown! signalling! pathways! conserved! in! embryogenesis! have!

conserved! roles! and! interactions! during! regeneration! (AlmuedoDCastillo! et! al.,!

20119!Hill!and!Petersen,!20159!Petersen!and!Reddien,!2008,!2009,!20119!Rink!et!

al.,!20099!RobertsDGalbraith!and!Newmark,!20139!TejadaDRomero!et!al.,!2015).!

Additionally,! many! similarities! between! planarian! stem! cells! and! mammalian!

embryonic!and!germDline!stem!cells!have!been!discovered!(Aboobaker!and!Kao,!

20129!Dattani!et!al.,!2018a9!Önal!et!al.,!20129!Solana,!2013).!This,!along!with!

other!studies!across!metazoans!(Alié!et!al.,!2011,!20159!Juliano!et!al.,!2010)!,!

has!contributed!to!an!appreciation!of!surprising!levels!of!molecular!conservation!

across! animal! stem!cells! and! the!mechanisms! that! underpin! “stemness’.! This!

molecular!conservation!suggests!that!many!discoveries!made!in!planarians!and!

other!highly!regenerative!animals!will!be!directly!relevant!to!understand!human!

diseases!related!to!dysfunction!of!stem!cell!population.!

!

1.2.2.!Neoblast!heterogeneity!and!lineage!commitment!in!planarians!!

!

Planarians!are!somewhat!unusual!in!having!adult!stem!cells!that!are!collectively,!

and!in!at!least!some!cases!individually,!pluripotent!(Wagner!et!al.,!20119!Zeng!et!

al.,! 2018).!Currently! the! consensus! is! that!planarian! stem!cells! (SCs)! are! the!

cycling!cells!that!express!transcripts!considered!to!be!panDstem!cell!markers,!with!

the!most!widely! used!being! the!smedwi?1! (coding! for! a!PIWI! family! ortholog)!

(Reddien!et!al.,!2005b)!and!Smed?Histone(2B!(encoding!a!Histone!2B!protein)!

(Guo!et!al.,!20069!Solana!et!al.,!2012)!(Fig!2!A!D!B).!The!injection!of!single!NBs!

into!a!lethally!irradiated!hosts,!where!all!cycling!cells!have!been!killed,!has!been!

shown! to! rescue! individual! planarians.! It! was! also! possible! to! establish! new!

populations!from!these!rescued!individual!(Wagner!et!al.,!2011).!While!the!main!

conclusion!from!this!work!is!that!individual!SCs!can!be!pluripotent,!it!also!provides!

compelling! evidence! that! a! ‘individual’! somatic! stem! cell! and! its! descendants!

generated!by!selfDrenewal!are!immortal.!

!
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Sampling! expression! in! individual! planarian! SCs! has! revealed! some!

heterogeneity!in!the!population!at!both,!the!level!of!gene!expression!and!at!the!

level!of!potency.!These!experiments!reveal!a!stem!cell!population!(called(sigma)!

that!gives!rise!to!zeta!and!gamma!SC![Fig!1.2.!A!–!B].!Each!of!these!three!classes!

is! enriched! for! expression! for! specific! transcription! factors.! Functional!

experiments! have! revealed! that! zetaDSCs! are! committed! to! the! epidermal!

lineage,!which!is!currently!the!bestDdescribed!lineage!in!planarians![Figure!1.2.!A!

–!B].! (van!Wolfswinkel! et!al.,! 2014).!The!expression!profile! of!markers! of! the!

gamma! subDpopulation! suggests! that! these! SCs! are! very! likely! committed! to!

making! the!gut!and!endodermal! lineages.! !Both!zeta!and!gamma!SCs!do!not!

appear!to!have!any!selfDrenewing!capacity.!Once!transiting!from!the!sigmaDSC!

class!to!zeta!or!gamma!during!SDphase!they!appear!to!go!through!mitosis!and!

leave! the! cell! cycle.! This! observation! is! based! on! gene! expression,! so! it! is!

possible!they!switch!off!zeta(and!gamma!marker!expression!and!reactivate!sigma!

marker! expression! to! stay! in! the! cell! cycle.! However,! recent! analyses! of!

condensin! knockdown! phenotypes,! which! block! mitosis! and! can! result! in!

endocycling,! revealed! that! only! the! sigma?SCs! have! increased! DNA! content!

indicative!of!having!attempted!multiple!rounds!of!division.!These!data!suggest!

that!only!sigmaDSCs!are!capable!of!selfDrenewal!(Lai!et!al.,!2018).!Another!single!

cell!RNADseq.!study!has!suggested!the!existence!of!a!smedwi?1Dve/low!population!

of!nuDneoblasts,!committed!to!neural!fate!(Molinaro!and!Pearson,!2016).!To!date,!

the!use!of!piwi1!expression!to!identify!SC!subclasses!has!been!qualitative!and!

recent!quantitative!methods!to!simultaneously!measure!piwi1!mRNA!and!PIWI1!

protein!expression!resolved!some!heterogeneity!of!the!SC!compartment.!SingleD

cell! RNADsequencing! of! Piwi1high! cells! revealed! a! SC! cluster! marked! by! a!

tetraspanin! family! integral! membrane! protein! (TSPAN1).! We! now! can!

prospectively! isolate!pluripotent!stem!cells!using!an!antibody! to!TSPAND1!and!

single!cell!transplantation!of!TSPAN1+!cells!can!rescue!and!repopulate!a!lethally!

irradiated! planarian,! suggesting! the! existence! of! a! truly! pluripotent! stem! cell!

cluster.!(Zeng!et!al.,!2018).!However,!the!authors!did!not!directly!address!whether!

or!not!other!cells!are!also!pluripotent.!

!
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!
Figure! 1.2.! A! simplified! diagram! of! neoblast! heterogeneity! and! lineage!
commitment! in!planarian!stem!cells.! (A)!Stem!cells/Neoblasts! (NBs)! in!planarians!
express!smedwi?1!(coding!for!a!PIWI!family!ortholog)!and!Smed?Histone2B!(encoding!a!
Histone! 2B! protein)! transcripts.! Smedwi?1+! cells! are! considered! to! be! collectively!
pluripotent!and!contain!a!population!of!clonogenic!neoblasts!expressing!tetraspaninD1(
(tspan?1),!polyketide!synthetase!(pks?1)!and!tetraspanin!group!specific!gene((tgs?1)!that!
can!selfDrenew!and!collectively!give!rise!to!other!stem!cell!lineages/!progenitors.!Sigma!
class!NBs! (expressing! relatively!high! levels!of!SRYDbox! family!genes!SoxP1,(SoxP2)!
give!rise!to!Zeta!(expressing!Zinc!finger!protein!family!genes!Zfp1,(SoxP3,(egr1)!NBs,!
Gamma!NBs!(expressing!hnf4)!and!nu!NBs!(expressing!smedwi?2,(elav2,(ston2,(but(with(
low/no( smedwi?1).! This! subset! of! lineage! committed!NBs! differentiate! to!give! rise! to!
epidermis,!gut!and!the!neuronal!cell!types.!
!
(B)!Representative!FISH!images!showing!the!different!subclasses!of!cycling!stem!cells!
(Sigma!class!represented!by!piwi?1!in!yellow,!Sigma!pool!consisting!of!SOX?P1,(SOX?
P2,!in!magenta9!Zeta!class!represented!by!piwi?1!in!yellow,!Zeta!pool!consisting!of!ZfpD
1,!SOX?P3,(egr?1,!in!magenta).!This!represents!the!X1!(stem!cells!in!S/G2/M!phase!of!
the!cell!cycle)!fraction!in!a!FACS!plot.!X2!Fraction!is!a!mixture!of!stem!cells!in!G1!phase!
and!postDmitotic!progenies.!The!epidermal!progeny!is!characterized!by!Prog?1!(Yellow)!
marking!the!early!epidermal!progenitors!and!Agat?1!(Cyan)!marking!the!late!epidermal!
progenitors.! Xins! fraction! in! a! FACS! plot! represents! the! XDray! insensitive! cells!
comprising!of!differentiated!cells,!marking! the!Gut,!Ventral!Nerve!Cord! (SYNAPSIN),!
Photoreceptors!(TPH),!and!brain!(Choline(Acetyl(Transferase,ChAT)!
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We!now!know!that!many!aspects!of!stem!cell!biology!in!planarians!are!conserved!

with! vertebrates! and!mammals.! These! include! the! overall! molecular! expression!

profile!of!stem!cells!(Önal!et!al.,!20129!Wang!et!al.,!2010b),!control!of!splicing!and!

intron!retention!(Solana!et!al.,!2016),!epigenetic! regulation!(Dattani!et!al.,!2018a9!

Duncan!et!al.,!20159!Mihaylova!et!al.,!2018)!and!the!mechanisms!controlling!stem!

cell!migration!(Abnave!et!al.,!20179!Guedelhoefer!and!Sánchez!Alvarado,!2012).!

Together!this!body!of!work!has!established!planarians!as!a!powerful!model!system!

for!studying!stem!cells!and!fundamental!aspects!of!regeneration.!!

!

1.3.!Planarians!as!a!model!for!stem!cell!biology!to!study!genome!maintenance!

mechanisms!

!

If!planarians!are! to!be!a!useful!model!organism!we! first!need! to!establish!which!

specific!causes!of!genome!instability!are!relevant!to!an!animals’!life!history!and!have!

been!solved!by!the!evolution!of!appropriate!cellular!and!molecular!mechanisms.!If!

we!consider!what!are!currently!thought!to!be!the!likely!causes!of!genome!instability!

in!humans,!we!can!see!that!many!of! the!primary!molecular!causes!must!also!be!

relevant! to!planarians.!For!example,! the! immortal! life!history!of!planarian!SCs! is!

aided!by!their!ability!!to!protect!their!DNA!against!both!endogenous!and!exogenous!

mutagenic!agents!as!well!as!circumvent!the!issue!of!telomere!attrition!common!to!

all! eukaryotic! cells! with! linear! chromosomes! (Tan! et! al.,! 2012).! In! addition! to!

avoiding!mutation!to!the!genome!sequence!itself,!SCs!must!avoid!adverse!effects!

from! other! necessary! cellular! activities! such! as! the! maintenance! of! a! tightly!

regulated!genomeDwide!epigenetic!state!(Pal!and!Tyler,!20169!Sen!et!al.,!2016)!and!

correct!cellular!proteostasis!(Kaushik!and!Cuervo,!20159!Steffen!and!Dillin,!2016),!

both! of! which! can! have! longDterm! effects! on! cellular! function.! Another! relevant!

fundamental! cause! of! genome! instability! is!mitochondrial! dysfunction! leading! to!

increased!production!of!mutagenic!and!damaging!reactive!oxygen!species!(ROS)!

(Finkel!and!Holbrook,!20009!LópezDOtín!et!al.,!2013).!It!may!be!that!planarian!SCs!

have! evolved! efficient! and/or! novel! pathways! for! dealing! with! these! harmful!

processes.!!

!
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Stem!cell!pools!can!eventually!become!exhausted!as!cells!undergo!senescence!as!

a!result!of!elevated!levels!of!DNA!damage!or!simply!due!to!reaching!the!end!of!their!

normal! replicative! lifespan! (Burkhalter! et! al.,! 20159! Sperka! et! al.,! 2012).!

Alternatively,! transformation! of! stem!cells! leads! to! overDproliferation! and! cancer.!

Poorly!functioning!stem!cells!will!produce!poorly!functioning!differentiated!cells!in!

tissues! and! organs! that! can!affect! broader! physiological! function.! This! can! also!

feedback!to!the!stem!cell!pool!through!poor!stem!cell!niche!signalling!affecting!both!

stem! cell! selfDrenewal! and! differentiation! (Oh! et! al.,! 20149! Schultz! and! Sinclair,!

2016).! Investigating! the! underlying! processes! bestowing! the! ability! to! maintain!

genome! stability! in! stem! cells! will! be! informative! for! developing! antiDcancer!

strategies!in!the!future.!

!

1.3.1! The! immortality! of! the! stem! cell! population! and! regenerative!

mechanisms!act!together!to!maintain!genome!stability!in!planarians!

!

We!might!predict!those!mechanisms!that!maintain!genome!integrity!would!be!very!

efficient!and!play!a!core!part!of!stem!cell!function,!and!that!highDrisk!processes!(like!

ROS!forming!energy!production)!would!be!limited!or!removed.!We!now!know!that!

SCs!appear!to!be!able!to!avoid!telomere!attrition!in!some!contexts,!have!powerful!

protection!against!endogenous!sources!of!genome! instability!and!are!remarkably!

resistant!to!exogenous!sources!of!DNA!damage!(Tan!et!al.,!2012).!This!suggests!

that,! as! has! been! found! in! other! longDlived! animals! like! the! naked! mole! rat!

(Buffenstein,!20089!Valenzano!et!al.,!2017),!that!mechanisms!to!maintain!genome!

integrity!and!reduce!errors!in!other!cellular!processes!have!been!optimised!during!

evolution!compared!to!animals!that!do!age!(Gorbunova!et!al.,!20149!Kim!et!al.,!20119!

LagunasDRangel!and!ChávezDValencia,!2017).!Currently,!there!is!little!known!about!

the!regulation!of!mitochondrial!function!in!SCs,!except!that!planarian!SCs!have!a!

very!few!immature!mitochondria!(Brubacher!et!al.,!20149!Morita!et!al.,!1969).!This!

suggests!that!oneDway!SCs!protect!from!endogenous!DNA!damage!is!by!avoiding!

ROS!production,!instead!generating!energy!by!other!means!or!perhaps!importing!it!

from!other!shorterDlived!differentiated!cells!where!the!effects!of!ROS!are!less!critical.!!

!
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Another!level!at!which!planarian!stem!cells!can!protect!from!DNA!damage!is!through!

regeneration! itself.(As! previously!mentioned! a! constant! process! of! homeostasis!

replaces! all! differentiated! tissues! at! a! regular! rate,! meaning! that! no! individual!

differentiated! cell! is! old.!All! of! these!processes!are! controlled! by!an! interplay! of!

nutritional! and! positional! signals! in! the! animals! that! regulate! the! pluripotent! SC!

population!(GonzálezDestévez!et!al.,!2012).!This!means!that!if!any!single!SC!does!

acquire!mutations! that!might! lead! to! genome! instability,! will! eventually! trigger! a!

response!from!those!SCs!that!are!still!fully!functional.!While!the!damaged!SC!and!

its!progeny!may!not!survive,!the!remaining!SCs!are!more!than!sufficient!to!maintain!

the!organismal!function.!For!the!rest!of!this!discussion,!I!focus!on!what!is!currently!

known!about! the!mechanisms!to!maintain!genome!stability! in!planarian!SCs!and!

how!it!protects!from!oncogenic!transformation.!

!

1.3.2.!Protection!against!stem!cell!transformation!and!cancer!

!

One!major!risk!associated!with!longevity!(and!size)!is!the!balance!between!having!

the!proliferative!capacity!for!extensive!tissue!homeostasis!(and!growth)!and!the!risk!

of! proliferative! cells! becoming! transformed! leading! to! the! formation! of! tumours!

(Campisi,!19979!Gorbunova!et!al.,!20149!Rodier!and!Campisi,!20119!Seluanov!et!al.,!

2008).!The!highly!proliferative!nature!of!SCs!and!the!constant!homeostatic!process!

offer!an!opportunity!to!study!this!balance!in!a!highly!accessible!context.!It!is!tempting!

to!hypothesize!that!planarians!will!have!evolved!very!effective!tumour!suppressive!

mechanisms!and!although!SCs!are!amazingly!proliferative!they!are!also!kept!under!

strict! control.! For! example,! SC! proliferation! increases! upon! wounding! with! two!

characteristic! peaks,! before! returning! to! basal! levels! (Wenemoser! and!Reddien,!

2010),!demonstrating!fine!temporal!control!that!is!able!to!both!accelerate!and!brake!

SC!proliferation!as!necessary.!This!control!makes!planarians!an!excellent!model!

system!to!study!the!mechanism!controlling!stem!cell!activity!relevant!to!cancer!(see!

below).!However,!while!molecular!mechanisms!to!control!SC!activity!are!crucial!to!

prevent! hyperDproliferation,! planarians! are! protected! against! the! occurrence! of!

cancers!by!the!very!fact!they!are!highly!regenerative.!This!can!be!demonstrated!by!

a!simple!thought!experiment!that!walks!through!what!would!happen!when!a!SC!first!

becomes!transformed!and!cycles!out!of!control![Fig.!1.3].!!
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Imagine!a!single!SC!becomes!transformed!through!the!acquisition!of!mutations!that!

allow!it!to!avoid!both!proliferative!control!and!any!cell!death!mechanisms!normally!

triggered!by!genome!instability.!Subsequently,!a!clone!of!cells!potentially!consisting!

of!both!selfDrenewing!and!postDmitotic!cells!will!form.!As!this!clone!of!cells!begins!to!

cause! any! physiological! damage,! for! example! by! disturbing! the! integrity! of! an!

epithelial! layer! or! an! organ,! this! damage! would! be! sensed! by! regenerative!

mechanisms.!!

!

As! a! result! of! this,! normally! functioning! SCs! would! be! mobilised! to! repair! the!

damaged!tissue!and!eventually!a!fragment!containing!the!tumour!like!tissue!would!

separate! from! healthy! tissue! [Figure! 1.3].! Given! it! is! highly! unlikely! that! a! large!

proportion! of! SCs! would! be! transformed! simultaneously! we! can! assume! that!

naturally!occurring!cancers!are!not!a!major!concern!in!a!highly!regenerative!system.!

Other!highly! regenerative! animals!may!benefit! from! the! same!protection! against!

mutation!and!transformation!of!their!stem!cell!populations.!The!chances!that!cancer!

can!arise!through!the!transformation!of!stem!cells!obviously!increases!with!age!and!

the! primary! function! of! some! of! the! mechanisms! that! lead! to! ageing! through!

senescence!is!to!prevent!cancers.!Intuitively!planarians!and!their!SCs!could!be!an!

excellent!model!system!to!study!fundamental!aspects!of!stem!cell!activity!that!are!

common!to!both!regeneration!and!cancer.!While!the!control!of!proliferation!is!central!

to! this,! mechanisms! that! regulate! migration! and! differentiation! (or! failure! to!

differentiate)! are! also! important.! As! planarian! SCs! are! always! proliferating! both!

potentially!oncogenic!drivers!of!proliferation!and!tumour!suppressive!mechanisms!

are!likely!key!to!allow!proper!NB!regulation!and!provide!protection!against!neoplasia!

(Pearson!and! Sánchez! Alvarado,! 20089! Sánchez! Alvarado,! 2012).! Use! of! RNAi!

allows!a!direct!method!to!screen!for!both!oncogenic!and!tumour!suppressor!gene!

(TSG)!function!in!S.(mediterranea.!These!studies!have!revealed!both!conservation!

and! divergence! of! function! between! planarians! and!mammals! and! have! clearly!

demonstrated!planarians! can!be!used! to!make!novel! insights! relevant! to! cancer!

(GonzálezDEstévez! et! al.,! 20129! Mihaylova! et! al.,! 20189! Pearson! and! Sánchez!

Alvarado,!2008,!20109!Van!Roten!et!al.,!20189!Sánchez!Alvarado,!2012).!

!

!
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!

!
!

Figure! 1.3.! Evolution! of! a! high! regenerative! capacity! can! protect! against! the!
pathology!caused!by!cancer.!A!single!stem!cell!(neoblast9!brown!cell)!acquires!mutations!
that!cause!it!to!escape!the!proliferative!control!and!avoid!cell!death!mechanisms!that!are!
ordinarily! triggered!by!genome!instability!(green!cell).!As!these!cancerDlike!cells!begin!to!
grow!in!number,! this!colony!may!disrupt!normal!tissue!patterning,!for!example!disrupting!
the! epithelial! layer! (blue! cells).! This! damage! will! be! sensed! by! a! currently! unknown!
signalling!mechanism!that!triggers!a!regenerative!response.!As!a!consequence,!neoblasts!
are! mobilised! to! the! damaged! site,! where! they! repair! tissue! and! eliminate! the! overD
proliferative!NBs.!!Conversely,!in!mammals,!a!regenerative!response!is!not!able!to!resolve!
the!tissue!pathology!caused!by!a!tumour.!
!
!

!

!

!

!

!
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The!first!conservation!of!tumour!suppressor!function!was!demonstrated!for!PTEN!

(Phosphatase! and! tensin! homolog),! a! frequently! mutated! TSG! in! most! human!

cancers,! that! governs! a! plethora! of! biological! processes! including! cellular!

proliferation,!migration!and!differentiation! (Song!et!al.,!2012).!Combined!RNAi!of!

two!homologs!of!PTEN! in! planarians! (Smed?PTEN1(and(2)! resulted! in! a! hyperD

proliferative!phenotype!with!ectopic!cellular!outgrowths!(Oviedo!et!al.,!2008).!This!

RNAi! approach! can! also! be! used! to! implicate! novel! tumour! suppressors.!

Knockdown!of!the!planarian!ortholog!of!SMGD1!(Suppressor!of!male!genitalia)!,!a!

member!of!Pi3k!family!with!similarity!to!TOR!(Target!Of!Rapamycin),!was!found!to!

increase!SC!proliferation!and! lead! to!ectopic!outgrowths!providing!evidence! that!

SMGD1!was!a!novel!tumour!suppressor!(GonzálezDEstévez!et!al.,!2012).!Rapamycin!

treatment! reduced! cellular! proliferation! in! both! PTEN! or! SMGD1! RNAi! worms!

suggesting! that! for! these!phenotypes!planarian! tumorigenesis! is!driven!by! overD

activity!of!the!canonical!Pi3kDAKTDmTOR!signalling!pathway!(GonzálezDEstévez!et!

al.,! 20129! Oviedo! et! al.,! 2008).! Another! recent! study! has! also! shown! potential!

conservation!of!genomeDwide!epigenetic!regulation!of!SC!proliferation.!Knockdown!

of! the!planarian!orthologs!of! the!histone!methyltransferases!human!MLL3!(Mixed(

Lineage( Leukaemia)! and! MLL4! leads! to! ectopic! outgrowths! caused! SC! overD

proliferation!(Mihaylova!et!al.,!2018).!Combined!RNADseq.!and!ChIPDseq.!of!FACSD

sorted! stem! cells! after! MLL3/4! knockdown! reveal! a! selection! of! conserved!

oncogenes!and!TSGs!are!epigenetically!misDregulated,!and! this! likely! drives! the!

tumourDlike!phenotype!in!planarians!(Mihaylova!et!al.,!2018).!

!

The! function! of! other! tumour! suppressor! pathways! in! planarians! is! not! clearly!

conserved,!and!this!may!be!a!necessary!adaption!to!allowing!the!high!rates!of!SC!

proliferation! that!underpin! their! regenerative! life!history.!For!example,!planarians!

have!a!single!homolog!of!the!p53/63/73!gene!family!and!of!the!Retinoblastoma!(Rb)!

gene,! which! are! amongst! the!most! commonly! mutated! TSGs! in! human! cancer!

(Pearson!and!Sánchez!Alvarado,!20109!Zhu!and!Pearson,!2013).!Studies!of!these!

two!genes!suggest!that!in!planarians!they!have!a!minor,!if!any!role,!in!limiting!stem!

cell!proliferation.!The!planarian!p53/63/73!ortholog!is!mainly!expressed!in!the!early!

postDmitotic!progeny!of!SCs,!rather!than!in!cycling!SCs.!Knockdown!of!Smed?p53!

results!in!loss!of!both!SCs!and!postDmitotic!progeny!after!a!brief!initial!increase!in!



!
Chapter!1!(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Introduction(
(
!

! 16!

proliferation,!which! is! perhaps! compensatory! response! for! the! disappearance!of!

progeny.!The!loss!of!SC!progeny!and!potential!defects!in!differentiation!are!lethal!

(Pearson!and!Sánchez!Alvarado,!2010).!The!Smed?(Rb!gene(is!mostly!expressed!

in!NBs!and!knockdown!of!Rb!showed!hypoDproliferation!of!mitotic!cells!leading!to!

stem!cell!depletion,!suggesting!conservation!of!a!role!in!cell!division!but!not!a!role!

analogous!to!tumour!suppressor!function!(Zhu!and!Pearson,!2013).!!

!

Overall,!our!present!understanding!of!the!role!of!different!oncogenes!and!TSGs!is!

still!rather!limited.!What!we!know!so!far!suggests!that!SCs!can!efficiently!regulate!

proliferation!to!ensure!regeneration.!A!balance!exists!between!the!antiDaging!effects!

of!a!constant!homeostatic!SC!activity!and!antiDcancer!pathways!to!maintain!genome!

stability.!While! all! metazoans!must! achieve! this! balance! as! appropriate! to! their!

normal! lifespan,! this!will!be!most!extreme! in!animals! that!have!high!regenerative!

potential.!

!

1.3.3.!Guarding!the!genome!against!endogenous!DNA!damage!and!mutational!

processes!

!

Genome!sequencing!has!revealed! that! transposable!elements!(TEs)!constitute!a!

large!portion!of!eukaryotic!genomes!(Cordaux!and!Batzer,!20099!Levin!and!Moran,!

2011).!As!active!TEs!are!highly!mutagenic!and!may!target!proteinDcoding!genes!for!

insertion,! their! repression! is! necessary! for! the!maintenance!of! genomic! stability.!

This! is! particularly! true! of! germline! stem! cells! (GSCs),! which! must! repress! TE!

activity!in!order!to!maintain!a!longDterm!ability!to!proliferate!and!produce!both!new!

stem! cells! (selfDrenew)! and! differentiating! progeny.! To! combat! the! invasion! and!

expansion!of! these! selfish! elements! in! the!germline,!metazoans!have!evolved!a!

novel!class!of!small!RNA!molecules!called!piwi!interacting!RNAs!(piRNAs),!that!are!

typically!24D31nt! long!and! that!bind! to!members!of! the!PIWI! (P?element?induced(

wimpy(testis)!subclass!of!the!Argonaute!superfamily!of!proteins.!These!PIWIDpiRNA!

effector! complexes! bind! to! complementary! TEs! and! silence! them! both!

epigenetically,! by! the! recruitment! of! H3K9me3! chromatin! marks! and/or! DNA!

methylation!(Aravin!et!al.,!20089!Huang!et!al.,!20139!Sienski!et!al.,!20129!Le!Thomas!

et!al.,!20139!Walter!et!al.,!2016)!and!through!postDtranscriptional!mechanisms,!via!



!
Chapter!1!(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((Introduction(
(
!

! 17!

direct!cleavage!of!TE!transcripts!in!a!selfDamplifying!‘pingDpong’!cycle!(Aravin!et!al.,!

20089!Brennecke!et!al.,!20079!Gunawardane!et!al.,!20079!Weick!and!Miska,!2014).!

!

Although!the!PIWIDpiRNA!pathway!has!been!best!characterized!in!the!germline!of!

classical! model! systems,! observations! in! other! organisms! suggest! that! PIWI!

proteins!are!present! in!somatic!stem!cells!and! in!many!cases!are!necessary! for!

stem! cell! function.! Moreover,! phylogenetic! analysis! suggests! an! intriguing!

correlation! between! the! presence! of! multipotent! and! pluripotent! stem! cells! that!

confer!the!ability!for!extensive!regeneration,!and!the!level!of!PIWI!expression!(van!

Wolfswinkel,!2014).!Sponges! (Funayama!et!al.,!2010),!acoels! (De!Mulder!et!al.,!

2009),!cnidarians!(Juliano!et!al.,!20149!Lim!et!al.,!2014),!and!tunicates!(Rinkevich!et!

al.,! 20139! Rosner! et! al.,! 2009)! are! all! capable! of! wholeDbody! regeneration,! and!

contain!pluripotent!adult!stem!cells!that!express!one!or!more!PIWI!proteins.!!The!

correlation!between!PIWI!and!potency!can!be!explained!by!the!fact!that!these!stem!

cells!must!protect!their!genome!from!the!malevolent!effects!of!endogenous!TEs!in!

order!to!maintain!a!longDlived!stem!cell!program!consisting!of!differentiation!and!selfD

renewal.!

!

TEs!are!predicted!to!constitute!in!excess!of!31%!of!the!planarian!asexual!genome!

(Friedländer!et!al.,!2009),!and!studies!have! identified! three!major!planarian!PIWI!

proteins:! SMEDWID1,! SMEDWID2,! and! SMEDWID3! in! Schmidtea( mediterranea(

(Palakodeti!et!al.,!20089!Reddien!et!al.,!2005b)!and!their!respective!orthologs!DjD

PIWIA,!DjDPIWIB,! and!DjDPIWIC! in!Dugesia( japonica( (Shibata! et! al.,! 2016).!The!

transcripts!for!all!three!of!these!genes!are!highly!expressed!in!SCs,!and!inhibition!

of! smedwi?2! and! smedwi?3! (but! not! smedwi?1)! causes! significant! reductions! in!

organismal! piRNA! levels,! and! results! in! regenerative! defects! and! lethality!

(Palakodeti! et! al.,! 2008).! This! phenotype! was! investigated! in! greater! detail! by!

Shibata!et!al!(2016)!who!showed!that!following!RNAi!of!DjpiwiB,!SCs!are!able!to!

proliferate!normally!and!TEs!continue!to!be!silenced!in!DjpiwiB!depleted!SCs!7!days!

postDRNAi.!By!contrast,!TEs!were!deDrepressed!at! the!onset!of!differentiation,!as!

observed! by! the! up! regulation! of! a! gypsy! element! in! differentiated! somatic!

cells.! !Unlike! DjPIWIA! and! DjPIWIC! that! have! cytoplasmic! expression! patterns!

restricted! to!neoblasts,!DjPIWIB! is!expressed!at! the!protein! level! in! the!neoblast!
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nuclei!and!continues!to!be!expressed!in!neoblast!progeny!and!differentiated!cells.!

This!suggested!that!DjPIWIA!and!DjPIWIC!compensate!for!the!loss!of!DjPIWIB!to!

maintain!genome! integrity! in!SCs,!but!since!only!DjPIWIB! is! inherited!by! the!SC!

descendants,! knockdown!of!DjPIWIB! results! in! a! loss! of!SC!progeny!during! the!

differentiation!process.!Since!DjPIWIB!expression!is!nuclear,!whereas!DjPIWIA!and!

DjPIWIC!are!cytoplasmic,!a!convincing!parallel!may!be!drawn!between!the!planarian!

and! Drosophila/mouse! germline! PIWIDpiRNA! pathways.! DjPIWIB! may! be! the!

counterpart! of! Drosophila! Piwi,! transcriptionally! silencing!TEs! in! the! nucleus! via!

epigenetic! processes,! while! cytoplasmic! DjPIWIA! and! DjPIWIC! might! be! the!

counterparts!of!Drosophila!cytoplasmic!Piwi!proteins!Aub!and!Ago3!and!implement!

transposon!silencing!at! the!postDtranscriptional! level!by! functioning!as!part!of! the!

‘pingDpong’!pathway.!

!

The!hypothesis!that!PIWI!is!necessary!for!the!maintenance!of!genomic!integrity!and!

cellular!longevity!is!not!restricted!to!stem!cell!systems.!!For!example,!the!presence!

of! a! functional! somatic! PIWIDpiRNA! pathway! in! differentiated! cells! has! been!

discovered!in!the!adult!Drosophila!fat!body,!where!loss!of!this!pathway!leads!to!TE!

mobilization! and! DNA! damage! in! these! cells! and! manifests! in! mutants! being!

starvation!sensitive,! immunologically!compromised,!and!shortDlived! (Jones!et!al.,!

2016).!

!

1.3.4.! High! resistance! to! exogenous! damaging! agents! suggests! highly!

efficient!DNA!repair!mechanisms!

!

Defects!in!DNA!repair!mechanisms!in!adult!stem!cells!leads!to!genome!instability!

that!causes!ageing,!stem!cell!exhaustion!and!carcinogenesis!(Kenyon!and!Gerson,!

2007).!They!must!act!to!repair!damage!from!endogenous!sources!(e.g!replicative!

error! or! damage! by!ROS)! and! exogenous! damage! from! environmental! sources!

(Jackson!and!Bartek,!2009).!Planarians!SCs!can!withstand!relatively!high!doses!of!

ionizing!radiation!(IR),!suggesting!they!have!very!efficient!DNA!repair!mechanisms.!

Very!little!is!known!about!the!DNA!damage!response!(DDR)!in!normal!adult!stem!

cells!in(vivo!and!planarians!provide!a!potential!system!to!study!this.!

!
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While!doses!of!IR!around!60!Gray!(Gy)!kill!all!SCs!by!24!hours!after!exposure!and!

are!therefore!lethal!to!planarians,!lower!doses!of!up!to!17.5!Gy!have!been!reported!

to!be!nonDlethal!as!the!animal!can!rescue!its!SC!population!from!the!few!remaining!

stem!cells!that!survive!(Wagner!et!al.,!2011,!20129!Zhu!et!al.,!2015).!These!surviving!

SCs!are!able!to!repair!any!damage!and!repopulating!the!animal.!Planarians!are!not!

exposed!to!high!levels!of!IR,!UV!or!genotoxic!agents!in!their!natural!environment!at!

the! bottoms! of! lakes! and! rivers.! Animals! that! do! experience! highly! stressful!

environment!or!conditions,!like!tardigrades,!tend!to!have!even!higher!IR!resistance!

(>200! Gy)! (BeltránDPardo! et! al.,! 20159! Hashimoto! et! al.,! 20169! Horikawa! et! al.,!

2013).! Based! on! this! it! seems! highly! likely! that! the! relative! resistance! to! IR! of!

planarian!SCs!compared!to!mammalian!cells!in!culture!is!an!emergent!property!of!

having!highly!efficient!DNA! repair!and!other!cellular!machinery! to!avoid!genome!

instability!over! long! time!periods.!This!would!also!help! to!explain!how!planarians!

avoid!ageing.!!

!

A!survey!of!the!planarian!genome!shows!that!they!possess!many!members!of!the!

different!DNA!repair!pathways!for!different!types!of!damage!(Discussed!in!Chapter!

2).!So! far! relatively! little! is!known!about! repair!mechanisms!or!genes!associated!

with!DNA!repair! in!planarians.!For!example,!RNAi!of!Smed?msh2,!the!ortholog!of!

the!mismatch!repair!gene!MSH2,!was!able!to!confer!SC!resistance!to!a!cytotoxic!

DNA!alkylating!agent!compared!to!control!worms!(Hollenbach!et!al.,!2011).!While,!

Knockdown!of!a!Rad51,!a!core!component!in!homologous!recombination!mediated!

DNA! repair! leads! to! stem!cell! defects! and!also! induced!genome! instability! in!S.(

mediterranea!(Peiris!et!al.,!2016),!it!is!not!known!yet!whether!other!components!of!

DDR!also!play!a!major!role!in!genome!maintenance!in!planarians.!

!

!

!

!

!

!

!
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1.4.! DNA! damage! response:! the! evolutionary! trade;off! between!
regeneration!and!tumour!suppression.!
!
Both!exogenous!and!endogenous!agents!constantly! threaten!genome! integrity!

and!cells!have!evolved!with!mechanisms!to!counteract! these!various! forms!of!

DNA! damage! (Hoeijmakers,! 2001B! Tubbs! and! Nussenzweig,! 2017).! Efficient!

DNA! repair!mechanisms,! in! particular,! to! counteract! the! effects! of! replication!

stress,! are! therefore! hypothesized! to! be! central! to! avoiding! both! premature!

ageing!and!cancer.!However,!the!relationship!between!the!biology!of!ageing!and!

cancer! has! been! well! documented,! the! functional! interplay! between! ageing!

processes! and! cancer! still! remain! a! complex! problem.! DNA! damage,! and!

genome! instability! increases!with!age!and!deleterious!mutation!accumulate! in!

stem!cell! compartments.!Accumulated!genotoxic! damage,! particularly! in! stem!

cells,!is!thought!to!underpin!both!ageing!and!the!development!of!cancer!(Goodell!

and!Rando,!2015B!Mandal!et!al.,!2011B!Vitale!et!al.,!2017).!The!accumulation!of!

mutations! coupled! with! the! longevity! of! stem! cells! makes! them! a! “mutation!

reservoir”!and!they!are!often!considered!to!be!“precancerous!units”!(Mandal!et!

al.,! 2011).! Here! we! discuss! a! systematic,! inRdepth! understanding! of!

exogenous/endogenous!sources!of!DNA!damage!and!how!different!stem!cells!

maintain! genome! integrity! in! response! to! DNA! damage.!Given! that! asexual!
planarians!show!negligible!signs!of!ageing,!it!is!important!to!know!how!planarian!

SCs!can!maintain!genome!stability!and!can!proliferate!throughout!their!life.!

!
1.4.1!DNA!damage!response!in!embryonic!stem!cells!(ESCs)!and!induced!
Pluripotent!stem!cells!(iPSCs)!
!
ESCs!are! totipotent!cells!with!a!key!role! in! the!process!of!development!and!a!

potential!tool!for!regenerative!medicine.!The!high!proliferation!rate!in!ESCs!make!

them! prone! to! replicationRinduced! DNA! breaks! and! are! mostly! repaired! by!

homologous! recombination! (HR)Rbased! DNA! repair! (Ahuja! et! al.,! 2016).!
Moreover,!failure!to!repair!DNA!breaks!can!lead!to!apoptosis!or!senescence!or!

suppress!the!pluripotency!factors!and!pushed!to!differentiate!(Li!et!al.,!2012B!Lin!

et!al.,!2005B!Liu!et!al.,!2013a).!Thus,!ESCs!can!efficiently!avoid!propagation!of!
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mutations!to!the!next!generation!by!employing!error!free!HR!to!accurately!repair!

DNA!lesions!or!block!cellRcycle!progression!when!damage!is!unresolvable.!

!
On!other!hand,!somatic!cells!can!be!reprogrammed!into!induced!pluripotent!stem!

cells! (iPSCs),!a!breakthrough! in!modern!biology!and!a!promising! resource! for!

drug! discovery,! stem! cell! therapy! and! regenerative! medicine! (Robinton! and!

Daley,!2012).!However!multiple!studies!highlighting!genome!instability!in!iPSCs!

during!reprogramming!raises!concerns!about!the!safety!of!its!clinical!application.!

For!example,!iPSCs!generated!from!aged!donors!could!exhibit!genome!instability!

compared!to!young!donors,!thus,!mutational!profiling!and!understanding!the!DDR!

status!are!important!parameters!for!the!clinical!application!of!iPSCs!(Kang!et!al.,!

2016B!Lo!Sardo!et!al.,!2017).!!

!

During! cellular! reprogramming,! iPSCs! undergo! a! metabolic! shift! from! an!

oxidative! to!glycolytic!stage! leading! to! increased!ROS!production! that!causes!

DNA!damage!and!poor!iPSC!generation![Fig.!1.4.]!(Apostolou!and!Hochedlinger,!

2013B!Chen!et! al.,! 2013B!Esteban!et! al.,! 2010B!Yoshida!et! al.,!2009).!Another!!

critical!factor!is!telomere!maintenance!in!stem!cells!as!shortened!telomere!affects!

both! reprogramming! efficiency! and! also! exhibit! DDR! leading! to! genomic!

instability!in!iPSC!(Marion!et!al.,!2009B!Marión!et!al.,!2017B!MelguizoRSanchis!et!

al.,! 2018).! Replicative! stress! due! to! prolonged! in! vitro! culturing! of! iPSCs! is!

considered!to!be!one!of!the!major!sources!of!DNA!damage!(Liang!and!Zhang,!

2013B! Mayshar! et! al.,! 2010B! Ruiz! et! al.,! 2015)! that! leads! to! chromosomal!

aberrations!and!aneuploidy!(Felgentreff!et!al.,!2014B!Lamm!et!al.,!2016)![Fig.1.4.].!

In! response! to! reprogrammingRinduced! DNA! damage,! iPSCs! can! efficiently!

resolve!DSBs!by!overexpressing!DDR!factors!and!eliciting!a!robust!antioxidant!

response!to!ROS!(Dannenmann!et!al.,!2015B!Momcilovic!et!al.,!2010).!Although!

studies! are! currently! ongoing! to! understand! DDR! during! reprogramming! to!

efficiently! generate! viable! iPSCs! for! biomedical! research,! we! can! focus! on!

experimentally! accessible! animal!models!with! pluripotent! adult! stem!cells! like!

planarians!to!understand!how!stem!cells!can!maintain!their!pluripotent!state!in!

response!to!genotoxic!assaults.!
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!
Figure!1.4.!Schematic!showing!the!effect!of!different!exogenous!and!endogenous!
sources!lead!to!DNA!damage!in!induced!pluripotent!stem!cells!(iPSCs).!The!preR
existing!mutation!of! the!donor!cells!may!induce!DNA!damage!to!reprogrammed!stem!

cells.! Indeed,! somatic! reprogramming! also! lead! to! genome! instability.! Different!DNA!

repair! pathways! have! evolved! to! deal! with! these! physical! assaults! during! somatic!

reprogramming! (due! to! replicative! stress! and! ROS! generation).! Homologous!

recombination!undergoes!errorRfree!DNA! repair! thus!producing! viable! iPSCs.!On! the!

other!hand,!Error!proneRrepair!pathway!(mostly!via!NHEJ)!leads!to!mutated!iPSCs!that!

are!inefficient!in!reprogramming!and!often!lead!to!apoptosis/cell!cycle!arrest.!
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1.4.2.!DNA!damage!response!in!tissue;specific!adult!stem!cells!
!
Most!adult! tissues,! including! the!epidermis,! the!hematopoietic!system!and! the!

intestine!undergo!constant!wear!and!tear!to!ensure!tissue!homeostasis!(Morrison!

and!Spradling,!2008).!Adult!stem!cells!(ASCs)!play!a!major!role!in!replenishing!

these! damaged/dead! cells! and! in! regeneration! after! wounding.! The! lifelong!

regenerative!capacity!demands!tight!control!of!genome!maintenance! in!ASCs.!

Unlike!ESCs,!ASCs!can!exist! in!a!low!metabolic!state!called!quiescence!or!G0!

phase.!!For!example,!ASCs!in!the!hair!follicle,!gut!and!bone!marrow!can!coexist!

in!a!dynamic!pool!of!actively!dividing!and!quiescent!cells!(Li!and!Clevers,!2010).!

ASCs!reside!and!selfRrenew!in!adult!tissues!for!extended!periods!and!thus!are!

prone!to!higher!risk!of!DNA!damage.!On!contrary,!nonRcycling!quiescent!stem!

cells!minimize!DNA! lesion!by! limiting!metabolic!activity!and!making! them! less!

prone!to!endogenous!DNA!damage!(Tothova!et!al.,!2007B!Yamazaki!et!al.,!2006).!

Here!we!will!discuss!how!adult!stem!cells!residing!in!a!particular!tissue!maintain!

genome! stability! in! response! to! different! DNA! damage.! The! DNA! repair!

mechanism!and! the! outcome! of! DDR! varies! greatly! between! different! tissueR

specific!ASCs!and!here!we!will!discuss!how!ASCs!residing!in!intestine,!epidermis,!

lungs!and!mammary!gland!respond!to!DNA!damaging!agents.!

!

1.4.2.1.!Stem!cells!in!the!intestine!
!

The!human!intestine!is!very!sensitive!to!IR!and!wholeRbody!exposure!(<6Gy)!lead!

to!defects!in!the!intestinal!lining!(consists!of!proliferative!(crypt)!and!differentiated!

(villi)!cells).!Intestinal!stem!cells!(ISCs,!small!intestine)!coexist!with!cycling!and!

quiescent! ISCs! (Barker,!2014).!The!cycling! ISCs! (crypt)! resolve!DSBs!via!HR!

(Barry!et!al.,!2013B!Gregorieff!et!al.,!2015B!Hua!et!al.,!2012)!and!quiescent!ISCs!

by!promoting!Ligase!IV!mediated!NHEJ!(Gong!et!al.,!2016B!Jun!et!al.,!2016B!Saha!

et! al.,! 2016B! Yousefi! et! al.,! 2016)! [Fig.! 1.5.! A].! There! are! conflicting! lines! of!

evidence!as!to!whether!cycling!ISCs!are!more!sensitive!to!IR!than!quiescent!ones!

or!vice!versa.!It! is!interesting!to!note!that!colon!(large!intestine)!stem!cells!can!

resist!higher!doses!than!ISCs!due!to!overexpression!of!proRapoptotic!genes!like!

Bcl2!and!down!regulation!of!p53.!This!induction!of!cell!death!in!ISCs!has!been!
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correlated! to! frequent! colon! cancer! (large! intestine)! compared! to! intestinal!

neoplasia!(small!intestine),!despite!higher!cellular!turnover!in!the!small!intestine,!

although!this!hypothesis!needs!more!experimental!investigation!(Blanpain!et!al.,!

2011).!!

!

1.4.2.2.!Hematopoietic!stem!cells!(HSCs)!
!
Hematopoietic! stem! cells! (HSCs)! divide! asymmetrically! to! undergo!

haematopoiesis! throughout! our! life.! These! stem! cells! also! exist! in! an! active!

cycling!state!to!undergo!haematopoiesis!and!in!a!quiescent!phase!to!ensure!HSC!

preservation! (Crane! et! al.,! 2017).! HSCs! are! considered! to! be! the! most!

radiosensitive!cells!in!human!and!are!one!of!the!first!organs!to!fail!after!whole!

body!radiation!(Milyavsky!et!al.,!2010B!Mohrin!et!al.,!2010).!The!outcome!of!DDR!

varies!from!the!developmental!stage!of!HSCs,!for!example,!foetal!HSCs!induce!

apoptosis,!but!adult!HSCs!(quiescent!in!bone!marrow)!induce!cell!survival!and!

DNA! repair! (Mohrin! et! al.,! 2010).! This! can!be! achieved!because! proliferating!

HSCs! repair!DSBs!via!HR!but!quiescent!cells!preferentially!activate! the!errorR

prone! NHEJ! pathway! (Moehrle! et! al.,! 2015).! This! often! leads! to! genomic!

rearrangement! and! mutations! in! HSC! clones! leading! to! haematological!

malignancies!(Adams!et!al.,!2015).!It!may!also!explain!the!rapid!occurrence!of!

haematological!disorders!(leukaemia!and!lymphoma)!in!cancer!patients!treated!

by!radiotherapy!or!other!DNA!damaging!agents!(Blanpain!et!al.,!2011).!Overall,!

a! robust!DDR!mechanism! is! required! for! efficient! haematopoiesis!and! to! limit!

haematological!malignancies.!

!

1.4.2.3.!Epidermal!stem!cells/Hair!follicle!stem!cells!
!

The!epidermis!protects!our!body!from!the!external!environment!and!is!constantly!

assaulted! by! genotoxic! stresses! such! as! UV! irradiation.! Different! classes! of!

epidermal! stem! cells! maintain! tissue! homeostasis! in! humans! (Blanpain! and!

Fuchs,!2009).!In!fact,!skin!epidermis!in!human!is!considered!to!be!radioRresistant!

and! increased! survival! is! linked! to! upRregulation! of!FGF2! that! increases!DNA!

repair!(Harfouche!et!al.,!2010)![Fig.!1.5.!C].!Hair!follicle!bulge!stem!cells!in!aged!
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mice!could!not!selfRrenew!due!to!impaired!DDR!leading!to!stem!cell!exhaustion!

and!eventual!loss!of!hair!follicles!(Matsumura!et!al.,!2016).!Conditional!deletion!

of! BRCA1! in! mice! leads! to! hairless! epidermis! suggesting! its! role! in! the!

development!of!hair!follicle!and!hair!follicle!bulge!stem!cells!(Sotiropoulou!et!al.,!

2013),!suggesting!that!DNA!repair!machinery!in!mammals!has!evolved!not!only!

to! deal! with! genotoxic! assaults! but! also! to! promote! development! and!

regeneration.! Another! kind! of! tissueRspecific! stemRcells! that! reside! in! the! hair!

follicle!bulge!(melanocyte!stem!cells)!are!involved!in!body!hair/skin!pigmentation.!

Despite!sharing!the!similar!niche,!DDR!mechanisms!vary!a!lot!in!melanocyte!SCs!

compared! to! hair! follicle! bulge! SCs! as! melanocyte! SCs! undergo! terminal!

differentiation! to! eliminate! precancerous! stem! cells! from! the! hair! follicle! in!

response!to!IR/DNA!damaging!agents!(Blanpain!et!al.,!2011)![Fig.!1.5.!C].!This!

suggests!the!existence!of!a!complex!and!intricate!relationship!between!stem!cells!

and!its!response!to!DNA!repair!that!can!be!modulated!depending!on!their!niche.!

!

Other! tissueRspecific! ASC! includes! the!mammary! stem! cells! (MaSC)! that! are!
involved! in! the!development!of!mammary!gland!and! to!maintain!breast! tissue!

homeostasis!during!pregnancy!and!lactation!(Shackleton!et!al.,!2006B!Stingl!et!

al.,!2006B!Yang!et!al.,!2017).!The! longRterm!maintenance!of! these!multipotent!

SCs! during! glandular! tissue! remodelling! demands! an! efficient! genome!

maintenance! mechanism.! Human! mesenchymal! stem! cells! show! a! ATMR

dependent! resistance! to!DNA!damaging!agents! (Oliver! et! al.,! 2013).!Skeletal!

muscle!stem!cells!(Satellite!cells)!accurately!resolve!DSBs!induced!by!radiation!

via! a!DNARPKcs!dependent!NHEJ! (Vahidi! Ferdousi!et! al.,! 2014).!Collectively,!

these!studies!underpin!the!functional!significance!of!DDR!in!adult!stem!cells!and!

how!their!deregulation!leads!to!stem!cell!exhaustion.!The!generalized!view!of!the!

complex! DDR! in! mammals! is! to! promote! cellular! senescence! or! activate!

premature!differentiation! to! prevent!propagation! of!mutagenic! genetic! lesions.!

Although!hematopoietic!stem!cells,!epidermal!stem!cells!and!intestinal!stem!cells,!

can!maintain! tissue! functionality! by! repairing! their!DNA!via!error! prone!NHEJ!

pathway! this! can! also! lead! to! genomic! rearrangements! that! could! be!

precancerous.!Thus!NHEJ!in!adult!stem!cells!is!considered!to!be!a!“double!edged!

sword”!(Blanpain!et!al.,!2011B!Soteriou!and!Fuchs,!2018).!
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Figure!1.5.!Schematic!showing!the!role!of!different!DNA!repair!pathways!employed!
by!tissue;specific!adult!stem!cells.!Stem!cells!in!G2/M!phase!mostly!undergo!HR!due!
to!the!availability!of!the!sister!chromatid!and!if!unrepaired!undergo!apoptosis.!Most!adult!

stem!cells!in!human!exist!in!a!niche!and!in!a!quiescent!phase!and!when!pushed!to!divide!

undergo!NHEJ!in!G1!phase.!Individual!cartoons!depict!the!DNA!repair!choice!in!intestinal!

stem!cells,!hematopoietic!stem!cells,!hair!follicle/melanocyte!stem!cells!and!lung!stem!

cells.!
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1.4.3.!DNA!damage!response!in!germline!stem!cells!
!
Germline!stem!cells!play!a!pivotal!role!as!carriers!of!genetic!information!from!one!

generation!to!the!next.!Primordial!germ!cells!(PGCs)!are!transient!precursors!of!

germline!stem!cells!that!give!rise!to!either!sperm!or!egg.!Spermatogonia!remain!

quiescent!until!puberty!and!then!require!coordination!of!mitosis!and!meiosis!to!

produce!mature!gametes!(sperm).!In!contrast,!a!pool!of!oogonia!is!established!

during!embryogenesis!and!females!are!born!with!finite!number!of!egg!(Lehmann,!

2012B!Spradling!et!al.,!2011).!Mutations!in!the!germline!lead!to!several!hereditary!

diseases!like!breast,!ovary!and!pancreatic!cancer!that!necessitates!maintaining!

the!genome!integrity!of!the!immortal!germline.!Several!DNA!repair!proteins!that!

are! involved! in! HR! also! play! a! major! role! during! meiosis! to! produce! fertile!

gametes.! Therefore! the! occurrence! of!meiotic! DSBs! are! very! frequent! in! the!

germline!!and!this!requires!the!activity!of!highly!conserved!kinases!like!ATR,!ATM!

and!other!checkpoint!regulators!(Sasaki!et!al.,!2010).!For!example,!ATM!and!ATR!

deficient!undifferentiated!spermatogonia!show!higher!levels!of!DNA!damage!and!

G1R! arrest! (Takubo! et! al.,! 2008)! and! impaired! spermatogenesis! in! mice!

(Ruzankina!et!al.,!2007).!Thus,!maintenance!of!genome!stability!in!germ!line!is!

very!crucial!to!limit!transmission!of!heritable!mutations!to!the!next!generation.!!

!

The! vast! majority! of! studies! focusing! on! DDR! rely! on! the! use! of! in,vitro!

experiments!on!the!cultured!cell!or!singleRcelled!organisms.!It!is!well!known!that!

DNA!damage! response! varies! from!cell! type!and! their! response!on! individual!

tissues!in,vivo.!Studies!using!germline!stem!cells!of!C.!elegans!and!Drosophila!

melanogaster! have!provided!mechanistic! insights! to! understand! the! stem!cell!

response! to! DNA! damaging! agents! in! vivo.! (Ma! et! al.,! 2016).! These! studies!

provide! our! fundamental! understanding! of! how! the! decrease! in! proliferative!

capacity,!accumulation!of!DNA!damage!and!loss!of!stem!cells!eventually!lead!to!

organismal!ageing.!The!C.!elegans!germline!consists!of!mitotic!stem!cells!that!

proliferate!in!the!distal!tip!and!undergo!meiosis!as!it!descends!towards!the!uterus.!

The!proliferating!and!the!meiotic!germ!cells!preferentially!use!HR!over!NHEJ!to!

repair!DSB!in!order!to!limit!heritable!mutations!(Clejan!et!al.,!2006).!In!response!

to!IR,!the!mitotic!germline!stem!cells!undergoes!cell!cycle!arrest!whereas!meiotic!
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germ! cell! undergo! apoptosis! (Gartner! et! al.,! 2000B! Stergiou! and! Hengartner,!

2004).! [Fig.! 1.6.]!Multiple! other!DNA! repair!pathways! (NER,!BER,! ICL! repair)!

work!in!order!to!maintain!genome!stability!in!germ!cells!and!reduce!replicative!

stress!in!mitotic!cells!(Dengg!et!al.,!2006B!Lee!et!al.,!2010B!Stergiou!et!al.,!2011B!

Youds!et!al.,!2008).!The!presence!of!active!DDR!in!the!germline!and!absence!of!

checkpoint!signalling!in!somatic!cells!is!an!evolutionary!strategy!to!minimalize!the!

maintenance!of! the! soma!and! to! support! efficient!DNA! repair! in! the! immortal!

germline!(Vermezovic!et!al.,!2012).!DNA!damage!in!the!worm’s!germline!induces!

the! activation! of! ERKR! MAPK! signalling! that! enhances! stress! resistance! in!

somatic!tissue.!This!altruistic!behaviour!of!germ!cells!promotes!somatic!tissues!

to!delay!progeny!production!when!germ!cells!are!compromised!due!to!!genomic!

instability! (Ermolaeva! et! al.,! 2013).! A! similar! phenomenon! is! observed! in!

spermatogonia! within! Drosophila! testis! that! die! synchronously! to! protect! the!

genome!integrity!of!the!gamete!to!be!passed!on!to!the!next!generation(Lu!and!

Yamashita,!2017).!The!genetic!tractability!and!defined!lineage!commitment!in!C.!

elegans!have!improved!our!understanding!of!how!germline!stem!cells!cope!with!

DNA!damaging!agents!in!vivo.!
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Figure! 1.6.!DNA! damage! response! in! germline! stem! cells.! The! germline! of! the!
nematode!worm!C.!elegans!provide!insights!on!how!exogenous!DNA!damage!lead!to!
double!stranded!breaks!that!upregulate!checkpoint!kinases!to!either! lead!to!cell!cycle!

arrest!of!mitotic!cells!or!apoptosis!in!meiotic!cells.!The!proliferating!meiotic!germline!cells!

preferentially! use! HR! to! inhibit! errorRprone! mutations! to! be! transmitted! to! the! next!

generation.!
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1.4.4.!DNA!damage!response!in!cancer!stem!cells!(CSC)!
!
Most!neoplasms!contain!multipotent!stem!cells!with!a!high!degree!of!genotypic!

and! functional! heterogeneity! that! have! an! efficient! DNA! repair! pathway! to!

promote! tumorigenesis! and! block! senescence.! Thus! DNA! damage! response!

(DDR)! is! often! considered! to! be! a! doubleRedged! sword,! that! promotes! selfR

renewal! in! healthy! stem! cells! by! repairing!DNA! breaks! and! is! detrimental! by!

promoting!survival/resistance!in!cancer!stem!cells!(Mandal!et!al.,!2011).!These!

highly!debated!“cancer!stem!cells!(CSC)”!coexist! in!proliferative!and!quiescent!

phase!(G0/dormant)!and!have!an!extraordinary!resistance!to!genotoxic!agents!

and!efficient!DNA!repair!mechanism!(Kreso!and!Dick,!2014)![Fig.!1.7.!A].!Multiple!

lines!of!experimental!evidence!using!cultured!cancer!stem!cell!models!proved!

efficient!HR!plays!a!major! role! in!DDR!in!CSCs!compared!to!their!progenitors!

(Desai! et! al.,! 2014B! Lim!et! al.,!2012B!Yuan!et! al.,! 2014).!Currently,!CSCs!are!

identified!based!on!the!expression!of!cell!surface!markers!(namely!CD24,!CD44,!

CD117!or!CD133)!and!are!abundant!in!3R40%!of!total!population!of!cancer!cells!

(Kreso!and!Dick,!2014).!Although!radiotherapy!is!considered!to!be!an!effective!

nonRsurgical!strategy!to!treat!solid!tumour,!gliomas!are!highly!radioresistant!with!

frequent!relapse!after!radiotherapy.!This!is!because!CSCs!can!efficiently!repair!

their!DNA!post!IR.!For!example,!glioblastomas!show!increased!PARP1!activity!

that!repairs!singleRstranded!DNA!breaks!and!contributes!to!radiation!resistance!

(Ahmed!et! al.,! 2015B!Bao!et! al.,!2006B!Desai! et! al.,! 2014).!To! counteract! this!

effect,!PARP!inhibitors!have!been!developed!to!selectively!target!glioblastomas!

(Venere!et!al.,!2014).!PARP!inhibitors!(PARPi)!has!been!shown!to!be!synthetic!

lethal!to!BRCA!mutants!(Bryant!et!al.,!2005)!but!not!all!breast!cancers!respond!

to!PARPi.!For!example,!triple!negative!breast!cancers!that!do!not!express!genes!

for!oestrogen!and!progesterone!receptor!and!Her2!(ER,PR,Her2,TNBC)!shows!

high!resistance!to!PARPi.!TNBC!accounts!for!10R17%!of!all!breast!cancers!and!

often!needs!combinatorial! therapies!as!most!of! the!hormonal! therapies!do!not!

work.!A!recent!study!has!shown!knockdown!of!Rad51!sensitizes!BRCA1Rmutant!

TNBC!to!PARPi!(Liu!et!al.,!2017)![Fig.!1.7.!B].!This!could!potentially!lead!to!an!

improved! therapeutic! response! in! TNBC! patients.! The! concept! of! synthetic!

lethality! and! the! development! of! PARPi! to! cure! BRCARmutant! cancer! is! a!



!
Chapter!1!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Introduction!
!
!

! 31!

breakthrough! in! cancer! research! but! multiple! studies! now! suggests! that! the!

stabilization!of!replication!fork!in!BRCA!mutants!confers!increased!resistance!to!

PARPi! (Ding! et! al.,! 2016B! He! et! al.,! 2018B!Ray!Chaudhuri! et! al.,! 2016).! This!

suggest!the!clinical!application!of!PARPi!may!be!limited!to!few!BRCARmutated!

cancer!patients!and!studies!are!currently!ongoing! to! identify!synthetic! lethality!

with!other!DDR!genes.!!

!

Another!efficacious!treatment!for!cancer!is!to!inhibit!checkpoint!kinases!like!ATM!

or!ATR!signalling.!Recently!checkpoint!inhibitors!have!been!shown!to!sensitize!

CD133+glioblastomas,! lung!CSCs!and!pancreatic!CSCs! (AlREjeh!et!al.,! 2014B!

Bao! et! al.,! 2006B! Bartucci! et! al.,! 2012).! Epigenetic! drugs! like! DNA!

methyltransferase! (DNMT1)! inhibitor! (5Razacytidine)! and! histone! deacetylase!

(HDAC)!inhibitor!(butyrate)!are!also!used!to!selectively!target!CSCs!(Pathania!et!

al.,! 2016)! and! hematopoietic! stem! cells! (Zhou! et! al.,! 2015).! Hypomethylating!

agents! in! combination! with! HDAC! and! PARP! inhibitors! have! been! shown! to!

induce!apoptosis!in!human!leukaemia!and!lymphoma!(Valdez!et!al.,!2018).![Fig.!

1.7.! B].! Abrogation! of! multiple! signalling! pathways! that! modulate! DDR! also!

sensitizes! CSCs! to! chemotherapy! or! radiotherapy.! For! example,! induction! of!

BMP! signalling! forces! colorectal! CSCs! to! differentiate! and! increase! their!

sensitivity!to!drugs!(Lombardo!et!al.,!2011).!Similarly,!Notch!signalling!increases!

sensitivity!of!ovarian!CSCs!(McAuliffe!et!al.,!2012),!glioma!stem!cells!(Hovinga!et!

al.,!2010B!Wang!et!al.,!2010a)!and!melanoma!stem!cells!(Kaushik!et!al.,!2015)!to!

IR,! inhibition! of! TGFR! β! signalling! sensitizes! CSCs! (Hardee! et! al.,! 2012),!

abrogation! of! AKT! signalling! increases! radioRsensitivity! of! breast! cancer! cells!

(Zhang!et!al.,!2010),!mTOR!signalling!sensitize!glioblastoma!by!inhibiting!DDR!

(Kahn!et!al.,!2014)![Fig.!1.7.!B]!

!
Although!much!of!our!understanding!comes!from!studying!DDR!in!cells!in!vitro!

but!studying!how!the!microenvironment!modulates!DDR!in!CSCs! in!vivo! is!still!

limited.!Therefore,!studies!focussed!at!the!wholeRorganism!level!with!evolutionary!

conserved!mechanisms!will!provide!insights!to!understand!genome!instability!and!

can!be!used!to!better!understand!cancer!stem!cells.!
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Figure!1.7.!DNA!damage!response!in!cancer!stem!cells.!!
!
(A)!Mutations!in!stem/progenitor!cells!lead!to!defects!in!checkpoint!kinase!which!either!
lead! to! hyper! proliferation! by! asymmetric! division! or! undergo! differentiation! to! form!

tumour.!The!heterogeneous!tumour!is!difficult!to!treat!by!normal!therapies!and!eventually!

lead!to!metastasis.!

!

(B)!Radiotherapy!and!chemotherapy!are!routinely!used!to!treat!solid!tumour,!but!survival!
of!some!radiationRresistant!cells!often!leads!to!relapse!of!tumour.!The!radiation!resistant!

cells! are! termed! as! cancer! stem! cells! that! have! efficient! DNA! repair! machinery,!

increased!Wnt!and!TGFR!β!signalling.!CSCs!are!also!resistant!to!multiple!drugs!including!

PARP,!HDAC!and!different!checkpoint!kinase!inhibitors.!
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1.4.5.!DNA!damage!response!in!post;mitotic!cells!
!
We!have!already!discussed!how!the!DNA!damage!response!varies!depending!

on! the!cell!cycle!stage!and!proliferative!capacity!of!stem!cells.!DDR!in!cycling!

cells! (pluripotent! SC)! is! different! from! their! progenitors! (lineage! committed!

multipotent/! unipotent! SCs),! which! differs! again! from! postRmitotic! progenies!

(terminally! differentiated! cells).! Compared! to! neurons! or! adipocytes,! highly!

dividing!cells!like!blood!and!skin!can!efficiently!deal!with!genome!instability.!The!

majority!of!human!cells!are! terminally!differentiated! that!are!derived! from!selfR

renewing!somatic!stem!cells.!Dysfunctional!DDR!machinery!is!often!correlated!

with! the! occurrence! of! many! neurodegenerative! disorders! and! neurological!

abnormalities! (Madabhushi! et! al.,! 2014).! Therefore,! understanding! how! postR

mitotic!cells!deal!with!genotoxic!assaults!will!have!a!broader! implication! in! the!

pathogenesis!of!several!degenerative!diseases.!!A!general!notion!is!terminally!

differentiated! cells! downRregulate! DDR,! as! removal! of! damaged! cells! can! be!

replenished!by!stem!cells!and!thus!functional!restoration!is!possible.!But!how!do!

post!mitotic!cells!respond!to!DNA!damaging!agents!despite!not!showing!efficient!

DNA!repair!is!clinically!relevant.!A!major!application!to!understand!DDR!in!postR

mitotic! cells! is! to! design! specific! therapeutic! targets! for! several!

neurodegenerative!or!muscle!related!disorders.!break!will! lead! to!apoptosis!or!

senescence!leading!to!neurodegenerative!diseases.!

!!

Pioneering!studies!suggest!the!role!of!nucleotide!excision!repair!(NER)!and!base!

excision!repair!(BER)!in!modulating!DDR!in!postRmitotic!/terminally!differentiated!

cells! (Narciso! et! al.,! 2007).!Differentiated! cells!mostly! rely! on!NHEJ! to! repair!

DSBs.!Myotubes!have!been!shown!to!downRregulate!genes!responsible!for!NHEJ!

(Ligase!1!and!XRCC1)!compared!to!postRmitotic!neural!cells,!whereas!XRCC1!

protects!neuronal!cells!from!oxidative!damage!(Kulkarni!et!al.,!2008B!Lee!et!al.,!

2009).!Moreover,!myotubes!that!lack!ATR!and!Chk1!upregulates!ATMRChk2!axis!

in! response! to! DNA! damaging! agents/IR! (Fortini! et! al.,! 2012aB! Latella! et! al.,!

2004).!The!high!resistance!to!DNA!damaging!agents!in!myotubes!and!astrocytes!

is!also!linked!with!the!lack!of!p53!phosphorylation!after!DDR!activation,!thereby!

limiting!cell!death.!Another!study!revealed!ATM!is!transcriptionally!downregulated!
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in! astrocytes! (predominant! cells! in! the! brain)! and! DNARPKcs!mediates! H2Ax!

phosphorylation!to!initiate!the!DDR!signalling!(Schneider!et!al.,!2012).!Adipocytes!

also!upRregulate!DNARPKcs!in!response!to!DNA!damaging!agents/IR.!Not!many!

studies! have! been! done! to! understand! the! DDR! in! postRmitotic! cells! due! to!

experimental! limitations.! Planarians! possesses! a! distinct! pluripotent! stem! cell!

and!a!differentiated!cell!compartment!and!therefore!establishing!these!nonRmodel!

organisms!to!understand!the!DNA!damage!response!will!be!useful.!

!

We!have!explained!in!detail!on!what!is!currently!known!on!DDR!in!different!stem!

cells! and! summarised! these! in! TableR1.! Overall,! this! literature! will! be! our!

foundation! to!explore!DDR!mechanisms! in!a!model!organism! that! is!currently!

understudied!in!the!field!of!cancer,!DNA!damage!and!radiation!biology.!

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



!
Chapter!1!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Introduction!
!
!

! 35!

Table!1.!Summarised!table!showing!the!differences!in!physiological!status!and!
response!to!DNA!damage!between!stem!cells!and!postRmitotic/somatic!cells.!
Adapted!from!!(Fortini!et!al.,!2012b)!!

!

Process! Cell!type!!
ESC! ASC! Post;mitotic!

cells!
Germline!
cells!

Proliferation! Yes! Quiescent! Irreversible!exit!

from!cell!cycle!

Yes!

ROS!level! Low! Low! High! High!

Mutation!
rate!

Low! High! –! Low!

Turnover! High! Persistence!of!

damaged!cells!

Restricted!

apoptosis!

High!

DNA!repair! Efficient! Efficient/less!

efficient!

Downregulated! Efficient!

DSB!repair! HR! NHEJ*! NHEJ! HR!

DDR! Lack!of!G1!

checkpoint!

TissueRspecific!

and!cellRcycle!

phase!dependent!

Not!fully!active! Active!

!

*!When!ASC!are!stimulated!to!replicate.!!

(ESC:!Embryonic!stem!cell,!ASC:!Adult!stem!cells,!ROS:!Reactive!Oxygen!

Species,!DSBR:!Double!stranded!break!repair,!NER:!Nucleotide!Excision!

Repair,!BER:!Base!Excision!Repair,!DDR:!DNA!damage!response)!
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1.5.!Thesis!aim!and!outline!
!

The!inherent!longevity!of!planarian!stem!cells!raises!the!possibility!that!unique!

protective!mechanisms!may! exist! to! balance! the! tradeRoff! between! stem! cell!

ageing!and!oncogenic!transformation.!In!highly!regenerative!contexts,!the!cost!of!

accumulating! deleterious! mutations! is! high! because! mutations! inherited! by!

progeny!will!eventually!lead!to!genome!instability!with!an!increased!risk!of!cancer!

occurrence.!This!raises!an!important!question!how!do!stem!cells!handle!these!

genotoxic!assaults?!Much!of!our!understanding!of!DDR!pathways!originates!from!
elegant!genetic!studies!in!the!yeasts!Saccharomyces!cerevisiae!and!S.!pombe.!

These! studies,! together! with! work! performed! in! Aspergillus,! C.! elegans,!

Drosophila!and!various!mammalian!species!have!revealed!much!conservation,!

but!also!some!surprising!changes!in!DNA!damage!response!pathways!through!

evolution.!!

!
Chapter!1!has!given!a!brief!outline!of!the!stateRofRart!in!today’s!planarian!stem!
cell!biology!and!DNA!damage! response!mechanism! in!different! types!of!stem!

cells.! The! highly! regenerative! planarian! Schmidtea! mediterranea! has! a!

population!of!collectively!pluripotent!adult!stem!cells!and!potentially!avoids!both!

ageing! and! cancer.! A! lethal! ionizing! radiation! (IR)! dose! of! 30! Gray! (Gy)! is!

required! to! kill! these! cycling! stem! cells! but! radiation! resistance! up! to! 15! Gy!

suggests!they!might!have!an!efficient!DNA!damage!response!(DDR)!machinery.!

Chapter!2!describes!all!the!material!and!methods!used!in!the!subsequent!results!
chapters!presented!in!this!thesis.!In!Chapter!3,!I!have!identified!the!different!DNA!
repair!pathways!and!their!role!in!stem!cell!maintenance!postRIR!and!elucidating!

the!potential!to!use!a!flatworm!stem!cell!model!to!study!DDR!in!the!context!of!

stem!cells.!!

!

The! impact! of! mechanical! stress! during! cell! migration! may! be! a! previously!

unappreciated!source!of!genome! instability!but! to!what!extent! this!happens! in!

vivo!remains!unknown.!Our!lab!has!generated!a!novel!system!whereby!planarian!

stem!cells!are!required!to!migrate!over!long!distances!to!a!distal!wound!site,!thus!

enabling!the!interplay!between!DNA!damage!and!migration!to!be!studied!during!
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regeneration.!In! chapter! 4,! I! have! discussed! how! mechanical! stress! during!
migration!due!to!changes!in!nuclear!shape!affects!the!sensitivity!of!SCs!to!DNA!

damaging!agents.!I!have!also!demonstrated!a!nonRcanonical!role!of!DDR!is!to!

combat! DNA! damage! during! stem! cell! migration! and! in! the! absence! of! fully!

functioning!DDR!machinery!stem!cells!fail!to!migrate.!

!

Improvements! in! sequencing! technology!have!benefited! planarian! research! in!

the!last!few!years.!With!an!aim!to!understand!the!transcriptional!response!to!IR,!

we! used! RNA! sequencing! on! planarian! stem! cells! after! irradiation.!We! have!

identified!some!novel!targets!that!are!upRregulated!in!response!to!IR!and!a!loss!

of!function!strategy!to!understand!their!role!in!radiation!response!and!stem!cell!

maintenance! is! described! in! chapter! 5.!We! have! extended! our! findings! by!
identifying!a!conserved!response!to!IR!between!planarian!stem!cells!and!human!

fibrosarcoma!model!(HT1080!cell!line).!

!
Chapter!6!gives!a!summary!of!this! thesis.! I!discuss! the!key!findings!of!all! the!
studies!mentioned!here,!state!of!art!of!ongoing!research!and!future!perspectives!

to!understand!DNA!damage!response!in!stem!cells.!
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2.1.!Planarian!culture!

Asexual!freshwater!planarians!of!the!species!Schmidtea!mediterranea!were!used!

in!this!study.!The!culture!was!maintained!in!0.5%!Instant!Ocean,!fed!with!organic!

calf!liver!twice!a!week!and!cultured!in!the!dark!at!200C.!Planarians!were!starved!

for! 7! days! prior! to! each!experiment!and!also! throughout! the! duration! of! each!

experiment.!

2.2.!Total!RNA!isolation!

1F2!worms!(~5!mm!size)!were!added! in!a!microFcentrifuge! tube!and!500!μl!of!

TRIZOL! was! added,! snapFfrozen! in! dry! ice! for! 1! hour! (or! overnight).! After!

homogenization,! samples! were! incubated! for! 15!minutes! at! F200C.! 100! μl! of!

chloroform!were!added!and!samples!were!shaken!vigorously!for!15!seconds!and!

incubated!at! room! temperature! for! 5!minutes.! The! sample!was! centrifuged!at!

12000g!for!15!minutes!at!40C!and!the!aqueous!phase!was!carefully!transferred!

to! a! fresh! new! microFcentrifuge! tube.! 250! μl! of! isopropanol! and! 3M! sodium!

acetate! was! added,! vortex! and! incubated! for! 15! minutes! at! F200! C.! Sodium!

acetate!was!added!to!remove!the!pigments!from!planarian!samples.!The!sample!

was!centrifuged!at!12000g!for!15!minutes!at!40C!followed!by!70%!ethanol!(chilled!

and!freshly!prepared)!wash!and!centrifuged!at!7500g!for!7!minutes!at!40C.!The!

pellet!was!carefully!airFdried!and!suspended!in!RNAse!free!water.!The!quality!of!

RNA! was! checked! using! nanodrop! and! quantity! was! estimated! and!

approximately!1!μg!of!RNA!was!used!for!cDNA!synthesis.!The!samples!were!kept!

at!F800!C!for!longFterm!storage.!

2.3.!cDNA!synthesis!and!amplification!of!planarian!genes!

1!μg!of!RNA!was!used!for!20!μl!of!cDNA!synthesis!using!OligoFdT!primers!and!

Superscript!IVFReverse!Transcriptase!polymerase!(Invitrogen).!Total!RNA!along!

with! 50! μM!OligoFdT,! 10mM! dNTPs! was! incubated! at! 650C! for! 5! minutes! to!

denature!RNA/primer!sample!and!chilled!on!ice! for!2!minutes.!The!first!strand!

buffer! mix,! 0.1M! DTT,! Superscript! IV! polymerase! (200! U/! μl),! RNAse! OUT!

inhibitor!(40U/ml)!were!added!to!the!reaction!mix!and!incubated!at!500C!for!90!

minutes!and!at!850C!for!20!minutes.!1!Unit! (U)!of!RNAseFH!was!added!to! the!
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reaction!mix!and!incubated!at!370C!for!20!minutes.!The!cDNA!was!stored!at!F

200C.!

Primer!designing!was!performed!using!Primer!3!plus!https://primer3plus.com/cgiF

bin/dev/primer3plus.cgi!with! the! following!parameters:!product!size!range!600F

800bp,!GC! content:! 50!%,!Tm:! 600C.! The! following! adapter! sequences!were!

added!to!individual!primer!sets:!

Forward!primer!adapter:!5’FCATTACCATCCCGF3’!

Reverse!primer!adapter:!5’FCCAATTCTACCCGF3’!

!

The! PCR! cycling! parameters! used! for! amplification! were! as! follows:! initial!

denaturation!F!940C!for!1!minute,!35!cycles!of![940C!for!45!seconds,!annealing!

temp!550C! for! 30! seconds,! 720C! for! 45! seconds]d! final! extension!720C! for! 10!

minutes!and!40C!hold.!The!PCR!product!was!gel!extracted!using!the!Wizard!®!

SV!Gel!and!PCR!CleanFUp!kit!(Promega)!as!per!the!manufacturer’s!guideline.!

The! product! was! visualized! using! 1! %! agarose! gel! before! any! downstream!

experiments.!

!

2.4.!Cloning!into!pPRA242!vector!

Planarian! genes! were! cloned! into! the! pPRF242! plasmid! vector! containing!

opposable!T7!promoters!(a!kind!gift!from!Dr.!Jochen!Rink,!Max!Planck!Institute,!

Dresden).!PCR!products!were!cloned!directly!into!a!T7/T7!pPRF242,!vector!which!

can!be!utilized!to!generate!PCRFproduct!templates!for!riboprobe!synthesis!(using!

PR244! and! AA18! primers)! and! doubleFstranded! RNA! generation! (using! the!

universal! M13! forward! and! reverse! primers)! followed! by! in! vitro! transcription!

using!T7!polymerase.!Since!this!is!a!directional!cloning!procedure,!the!forward!

and!reverse!sequences!are!different,!such!that!PCR!products!always!ligate!in!the!

same! orientation.! This! makes! it! easy! to! simply! use! T7! polymerase! to! make!

antisense!riboprobe.!

pPRF242!vector!was! linearized!using! the!SmaI! restriction!enzyme!overnight!at!

room!temperature!and!the!digested!vector!was!gel!eluted.!The!linearized!vector!
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and!the!purified!insert!were!put!in!a!thermoFcycler!for!the!T4FPolymerase!(T4P)!

reaction! using!T4!DNA!polymerase!and!dGTP! (for! vector)! and!dCTP! (for! the!

insert).!T4!DNA!polymerase!is!very!unstable!and!small!aliquots!should!be!ordered!

to!prevent!degradation!of!the!enzyme.!T4P!reaction!should!be!performed!fresh!

during!every!cloning!procedure.!2!μl!of!the!T4PFinsert!PCR!product!was!added!

into!tubes!containing!T4PFdigested!vector!for!ligation!at!40C!overnight.!The!vector!

to!insert!ratio!is!very!critical!for!efficient!ligation.!15!μl!of!highFefficiency!competent!

cells! (Bioline)! were! added! to! the! ligation! mixture! and! transformed! into! preF

warmed!kanamycin!containing!LB!plates.!The!LB!plates!were!incubated!at!370C!

overnight.!There!is!no!possibility!of!selfFligation!due!to!the!T4P!reaction!and!all!

colonies!in!kanamycin+!LB!plates!should!be!containing!the!gene!of!interest.!The!

following! day,! the! colonies!were! screened!with! T7! promoter! primer! using! the!

following!PCR!cycling! parameter:! initial! denaturation! at! 940C! for! 1!minute,! 25!

cycles!of![940C!for!45!seconds,!annealing!temp!550C!for!30!seconds,!720C!for!45!

seconds]d! final! extension! 720C! for! 10! minutes! and! 40C! hold.! A! successful!

amplification!using!T7!promoter!primer!indicates!that!the!flanking!T7’s!was!intact.!

The! flanking! T7! promoters! in! this! vector! decides! the! orientation! of! the! gene!

sequence!thus!making!it!easier!for!the!generation!of!antisense!riboprobes!and!

also!making!doubleFstranded!RNA!by!using!T7!polymerase!only.!The!positive!

colonies!(with!gene!of!insert)!were!incubated!for!an!overnight!liquid!culture!for!

plasmid! isolation.!Plasmids!were! isolated!using!Wizard!®!plus!SV!Miniprep!kit!

(Promega)!according!to!the!manufacturer’s!guideline.!Plasmids!were!quantified!

using!a!nanodrop!and! sent! for! sequencing! to! check! the! insert!of! our! gene!of!

interest.!

2.5.!RNA!interference!for!gene!knockdown!in!planarians!

2.5.1.!Generation!of!doubleAstranded!RNA!(dsRNA)!

The!M13!amplified!template!was!used!for!in3vitro!transcription!reaction!using!T7!

polymerase!and!20mM!rNTPs!for!6!hours!at!370C.!The!sample!was!treated!with!

DNAse! (Ambion)! for! 30!minutes! at! 370C! to! remove! any! residual! DNA! in! the!

sample.!The!product!was!then!precipitated!using!3M!Sodium!acetate!and!chilled!

100%!Ethanol!at!F200C!overnight.!The!following!day!the!sample!was!centrifuged!
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at!13000!g!for!30!minutes!at!40C.!The!pellet!was!washed!using!300!μl!of!70%!

ethanol!(fresh!and!chilled)!at!10000g!for!10!minutes!and!airFdried.!The!dsFRNA!

was!eluted! in!RNAse!free!water!and!the!sample!was!annealed!at!680C!for!15!

minutes!followed!by!370C!incubation!for!45!minutes.!The!sample!was!mixed!and!

2!μl!of!dsRNA!was!loaded!in!a!1%!agarose!gel!and!the!remaining!was!stored!at!

F200C.!

2.5.2.!Microinjection!

dsRNA!was!delivered!via!microinjection!using!Nanoject!II!apparatus!(Drummond!

Scientific)!with!3.5’’!Drummond!Scientific!(Harvard!Apparatus)!glass!capillaries!

pulled! into! fine!needles!on!a!Micropipette!Puller! (Sutter! instrument!company).!

The!needle!was!filled!with!mineral!oil!and!dsRNA!was! loaded! into! the!needle.!

Worms!were!placed!on!a!piece!of!black!card!in!an!iceFfilled!petridish!(to!limit!worm!

movement).!The!worms!were!turned!with!their!ventral!side!up!(less!pigmented)!

for!the!ease!of!injection.!Each!worm!was!injected!in!the!middle!of!the!anterior!gut!

branch!with!32nl!of!dsRNA!(thrice!per!day)!6!times!over!2!weeks.!A!1Fday!gap!

was!kept!between!the!last!injection!and!irradiation!experiments!(as!described!in!

individual!experiments).!

2.6.!Riboprobe!synthesis!

The! template! for! riboprobe! synthesis! was! amplified! from! the! plasmid! using!

PR244!and!AA18!primer.!This!makes! it!easy! to!simply!use!T7!polymerase! to!

generate! antisense! riboprobe.! The! PCR! parameters! used! were:! 940C! for! 5!

minutes,!35!cycles!of! (940C! for!45!seconds,!550C! for!30!seconds,!720C! for!1!

minute),!720C!for!10!minutes.!The!PCR!product!was!column!purified!using!Wizard!

SV! gel! and! PCR! clean! up! kit! (Promega)! according! to! the! manufacturer’s!

guidelines! and! checked! in! 1! %! agarose! gel! for! the! correct! size! of! the! PCR!

product.!

In3vitro! transcription! reaction! was! performed! using! the! purified! template,! T7!

polymerase!along!with!its!buffer,!and!either!DIGFlabelled!rNTPs!or!FITCFrNTPs!

and! RNAseFOUT! inhibitor! for! 3! hours! at! 370C.! The! sample! was! treated! with!

DNAse!for!30!minutes!at!370C.!The!reaction!mix!was!transferred!to!a!new!microF
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centrifuge!tube!and!lithium!chloride,!glycogen,!ethanol!was!added!for!overnight!

precipitation!at!F200C.!The!sample!was!centrifuged!at!13000g!for!30!minutes!at!

40C,!followed!by!70%!ethanol!wash.!The!pellet!was!airFdried!and!reFsuspended!

using!hybridization!buffer!followed!by!incubation!at!680C!for!15!minutes.!2!μl!of!

probes! were! checked! in! 1%! agarose! gel! and! stored! at! F200C! for! longFterm!

storage.!Probes!were!reFsuspended!in!hybridization!buffer!and!can!be!stored!>1!

year!at!F200C.!

2.7.!In!situ!hybridization!!

Fluorescent!In!situ!hybridization!(FISH)!was!performed!as!described!previously!

(King!and!Newmark,!2013).!Worms!are!killed!using!5%!NAC!solution!(should!not!

be! more! than! 5! minutes! to! reduce! epidermal! peeling)! and! fixed! with! freshly!

prepared!4%!formaldehyde!solution!for!30!minutes.!The!worms!are!dehydrated!

in!50!%!methanol!solution!and!can!be!stored!at!F200!C!for!a!month.!The!worms!

were!then!rehydrated!in!50%!methanol!followed!by!rinsing!in!PBSTx!(0.3%!TritonF

X).!Worms!were!bleached!in!6%!bleaching!solution!(formamideFH2O2FSSC)!for!2!

hours!under!white! light.!Animals!were! then!digested!with!Proteinase!K! for!10!

minutes!followed!by!fixation!using!4%!formaldehyde!for!20!minutes.!Optimization!

with! proteinase! K! and! the! concentration! of! riboprobes! are! both! important! for!

better!in3situ!signals!and!to!detect!lowly!expressed!genes.!Insufficient!digestion!

result! in! a! diminished! hybridization! signal! and! excess! riboprobes! leads! to!

background!nonFspecific!signals.!After!two!washes!in!PBSTx!(5!minutes!each),!

worms!were!then!placed!in!a!preFhybridization!buffer!at!560!C!for!2!hours!followed!

by!hybridization!solution!(containing!the!desired!DIG/FITC!labelled!riboprobe!in!

5%!dextran!sulfate)!at!560!C!for!>15!hours.!After!riboprobe!incubation,!a!series!of!

washes!using!2x!SSC!(3!times)!and!0.2x!SSC!(4!times)!were!performed!with!30!

minutes! per! wash.! SSC! washes! shouldn’t! be! prolonged! more! than! those!

recommended!in!the!protocol.!Animals!were!then!rinsed!in!TNTx!for!5!minutes!

followed!by!blocking!solution!(TNTx,!Horse!Serum!and!western!blocking!reagent)!

for!1!hour!in!room!temperature.!Secondary!antibody!solution!(AntiFDIGFPOD!or!

FITCFPOD!antibody!diluted!in!blocking!solutiond!1:2000!dilution)!was!added!and!

incubated!overnight!at!40!C.!The!following!day,!animals!were!rinsed!6!times!using!

TNTx,! for!20!minutes!per!wash.!The!samples!were!developed!using! tyramide!
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signal!amplification!(TSA)!and!a!fluorophore!of!choice!(TAMRA,!Alexa!Fluor!488d!

1:500! dilution).! For! double! FISH,! the! samples! were! washed! in! PBSTx! after!

development!with!a!single!fluorophore!and!followed!by!Sodium!Azide!treatment!

for!1!hour!to!eliminate!the!peroxidase!activity.!The!sodiumFazide!treatment!was!

necessary!if! immunostaining!(developed!using!TSA)!has!to!be!performed!after!

in3situ!hybridization.!This!step!is!not!required!if!a!conjugated!fluorophore!antibody!

is! used! for! visualization.! The! samples! were! washed! thrice! in! PBSTx! for! 15!

minutes,!per!wash!and!blocked!for! the!secondary!antibody!of!choice.!After!an!

overnight!incubation,!the!samples!were!rinsed!6!times!using!TNTx,!for!20!minutes!

per!wash.!The!samples!were!developed!using!tyramide!signal!amplification!and!

the!second!fluorophore!of!choice.!After!a!couple!of!PBSTx!washes,!the!samples!

were! incubated! with! Hoechst! 33242! (1:! 5000! dilution)! for! nuclear! labelling!

overnight.!The!animals!were!rinsed!in!0.3%!PBSTx!followed!by!fixation!with!4%!

formaldehyde! and! two! washes! using! PBS.! The! samples! were! kept! in! 70%!

glycerol!overnight!and!mounted!in!a!clean!slide!for!confocal!microscopy.!

2.8.!Immunostaining!

The!worms!were!killed!using!2%!HCl! in!5/8!Holtfreter’s!solution! for!5!minutes.!

Followed! by! fixation! using! Carnoy’s! solution! (freshly! prepared! using! Ethanol,!

Chloroform,!Acetic!acid!in!the!ratio!6:3:1)!for!2!hours!at!40C.!Alternatively,!worms!

can!be!fixed!in!4%!formaldehyde!solution.!The!worms!were!then!bleached!in!5%!

H2O2Fmethanol! solution! overnight! and! can! be! stored! (if! needed)! in! 100%!

methanol!for!1!month.!The!samples!were!dehydrated!through!a!gradient!of!75%F

50%F25%!methanol!washes! followed!by!PBSTx! (0.3%!TritonFX)!washes.!The!

samples!were!blocked!using!1%!BSA!(dissolved!in!PBSTx!and!western!blocking!

reagent)!for!1!hour!at!room!temperature.!The!primary!antibodies!were!diluted!in!

the! blocking! reagent! and! the! samples! were! incubated! at! 40C! overnight.! The!

following!day!samples!were!washed!in!0.3%!PBSTx![7!F!8!times,!30!minutes!per!

wash! at! room! temperature].! The! samples! were! blocked! in! 1%! BSAFPBSTx!

solution! for! 1! hour! followed! by! an! overnight! incubation! with! the! respective!

secondary!antibody!(1:!2000!dilution).!The!following!day!samples!were!washed!

in!0.3%!PBSTx,!7!F!8! times,!30!minutes!per!wash!at! room!temperature!and! if!

HRPFbased!secondary!antibodies!were!used!the!samples!were!developed!using!
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tyramide!signal!amplification!(TSA)!and!a!fluorophore!of!choice!(similar!to!in3situ!

hybridization).!After!a!couple!of!PBSTx!washes,!the!samples!were!incubated!with!

Hoechst!33242!(1:!5000!dilution)! for!nuclear! labelling!overnight.!The! following!

day,!the!animals!were!rinsed!in!PBSTx!followed!by!fixation!with!4%!formaldehyde!

and!two!washes!using!PBS.!The!samples!were!kept!in!70%!glycerol!overnight!

and!mounted!in!a!clean!slide!for!confocal!microscopy.!

Primary! antibodies! used! were:! antiFH3FpSer10! (phosphorylated! serine! 10! on!

histone!H3d!Millipored!09F797d!1:1000!dilution),!antiFSMEDFRAD51!(1:500d!kind!

gift! from!Scott!Hawley,!Stowers! Institute!USA),!antiFPoly! (ADP)!Ribose! (PAR)!

monoclonal! antibody! (1:500)! (Santacruz)! and! the! secondary! antibodies! used!

were! AntiFRabbitFHRP,! antiFGuineapigFHRP! and! antiFmouseFHRP! respectively!

(1:2000!dilution).!!

2.9.!Sectioning!of!planarian!worms!

1Fweek!starved!planarians!were!killed!in!2%!HCl!and!Holtfreter!solution!and!fixed!

with!4%!formaldehyade!for!2!hours.!The!worms!were!then!washed!in!PBST!(0.3%!

TritonFX)!and!dehydrated!with!an! increasing!gradient!of!methanol!washes!and!

stored!at! F200C.!The! following!day!worms!were!reFhydrated!with!a!decreasing!

gradient!of!Methanol!and!PBS,!Xylene!washes!(2!washes!of!7!minutes!each)!and!

put!into!molten!paraffin!for!1!hour.!Individual!worms!were!then!aligned!(sagittal!

or! transverse)! in! paraffin!moulds! followed! by! trimming! and! sliced! into! 10!μm!

sections!using!a!microtome.!Individual!ribbons!of!planarian!sections!were!put!in!

a! 370C! water! bath! and! aligned! to! have! the! entire! worm! on! each! PolyFlysine!

coated!slide.!

2.9.1.!Immunostaining!and!FISH!on!sections!!

Planarian!sections!were!deparaffinized!using!Xylene!substitute!(2!washes!of!7!

minutes!each)!and!washed!with!PBSFTx0.3!(0.3%!TritonFX).!The!sections!were!

subjected!to!antigen!retrieval!with!proteinase!K!(370C)!or!sodium!citrate!buffer!at!

370C! or! Trilogy! (Cell! Marque)! at! 900C.! Trilogy! was! used! for! RAD51!

immunostaining,!and!Proteinase!KFbased!antigen!retrieval!method!was!used!for!

PAR!immunostaining.!Sodium!citrate!buffer!was!found!to!be!harsh!that!reduces!
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the!efficiency!of!FISH/immunostaining.!The!slides!were!then!fixed!in!4%!fixative!

for!15!mins!followed!by!two!washes!of!PBSFTx0.5!(0.5%!TritonFX)!for!30!mins!

and! transferred! to! a! blocking! solution! (0.5%!BSA! and! PBSFTx0.5).! 150! μl! of!

primary!antibody!(diluted!in!blocking!solution)!was!added!to!individual!slides!and!

a!Parafilm!was!placed!on!top!for!uniform!spreading!of!the!antibody!solution.!After!

an!overnight!antibody!incubation!at!40C,!the!slides!were!washed!with!alternating!

changes! of! PBSFTx0.5! and! PBS+0.1%! TweenF20.! The! secondary! antibodies!

were!diluted!in!blocking!solution!and!incubated!overnight.!Slides!were!washed!

again!with!alternating!changes!of!PBSFTx0.5!and!PBS+0.1%!TweenF20.!After!two!

10! minutes! washes! slides! were! developed! with! Tyramide/other! fluorophores!

(according!to!the!in3situ!protocol!described!in!section!2.8).!For!double!FISH!and!

immunostaining,!FISH!was!performed!followed!by!immunostaining.!Extreme!care!

was! taken! during! the! entire! procedure! and! SodiumFAzide! based! peroxide!

inactivation!was!performed!after!the!development!of!each!probe/antibody.!After!

two! 10!min!washes!with! PBSFTW,! slides!were! stained!with!DAPI! for! nuclear!

staining! overnight.! Slides! were! mounted! and! imaged! in! Olympus! FV1000!

confocal!microscope!with!the!appropriate!fluorescent!laser.!

2.10.!Cell!dissociation!and!fluorescenceAactivated!cell!sorting!(FACS)!

Planarians!were!cut!into!small!pieces!with!a!scalpel!and!transferred!into!1.5!ml!

lowFbinding! tubes! with! CMFHE2+! solution! (calciumFmagnesium! free! buffer!

supplemented!with!0.1%!BSA,!0.5%!glucose!15!mM!HEPES!and!3mM!EDTA).!

Repeated!wiping!of!the!scalpel!is!recommended!during!cutting!planarians!to!get!

rid!of!the!mucus.!The!worms!were!gently!diced!to!reduce!any!mechanical!stress!

to! the! cells! (mostly! for!Comet! assay).! The! tissue!pieces!were!digested!using!

Papain! (Sigma!Aldrich)! (15!U/ml)! for! 1! hour! at! 250C.! 10X!CMF,!HEPES! and!

EDTA!can!be!stored!as!a!stock!solution!at!40C!for!6!months,!but!CMFHE2+!and!

the! digestion! solution! should! be! made! fresh.! The! pieces! were! mechanically!

dissociated! using! a! P1000! pipette! to! form! single! cell! suspension! and! filtered!

through! 100μm! followed! by! 35! μm! cell! strainer! (BD! Falcon).! This! step!

preferentially!enriches! the!stem!cell!population!by!reducing! the!cellular!debris.!

The! filtered! cells! were! collected! and! stained! with! a! nuclear! marker! Hoechst!

34580! (1mg/ml! stock! concentration)! at! a! final! concentration! of! 20μg/ml.!
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Cytoplasmic! staining! was! performed! using! calcein! AM! (1mg/ml! stock!

concentration)!at!a! final!concentration!of!0.5!μl/ml.!Staining!was!performed!at!

least!for!1!hour!at!room!temperature!and!protected!from!being!exposed!to!light.!

Prior!to!FACS!acquisition,!1!μl/ml!of!propidium!iodide!(Sigma)!solution!was!added!

to! the!cells! to!exclude!dead/apoptotic!cells.!FACS!was!performed!with! the!BD!

FACS!Aria!III!instrument!with!Hoechst!34580!signal!at!450!nm!while!calcein!AM!

signal!at!488!nm.!Appropriate!gating!was!performed!based!on!forward!vs.!side!

scatter!and!excluding!PI!positive!cells.!Cells!were!finally!collected!based!on!their!

nuclear!vs.!cytoplasmic!content!into!individual!tubes!containing!either!CMFHE2+!

buffer!or!into!“RNAlater”!(invitrogen)!(for!RNAFsequencing!experiments).!The!final!

volume!of!cell!suspension!should!be!around!1!ml!(from!50!worms).!This!reduces!

the!sorting!time!(around!30!mins!when!sorted!using!80!μm!nozzle)!and!multiple!

samples! can! be! processed! in! a! day! to! reduce! batch! effects.! Dissociating! 60!

worms!will!give!roughly!around!>!350,000!X1!cells,!>!1million!X2!cells!and!>1!

million!Xins!cells.!

2.11.!RNA!isolation!from!FACS!sorted!planarian!cells!for!library!preparation!

The!cells!were!collected!directly!into!“RNAlater”!(Invitrogen)!stabilization!solution!

and!centrifuged!at!5000g!for!25!minutes!at!40C.!The!RNAlater!was!replaced!with!

1!ml!of!TRIZOL!and!stored!at!F800C.!RNA!was!isolated!as!described!in!section!

2.2.!To! increase! the!purity!of! the!sample,! the!RNA!was!column!purified!using!

“RNA!clean!and!concentrator”! (Zymo)!kit.!The! total!RNA!was!quantified!using!

“Qubit!broad!range!Assay”!(Invitrogen)!kit.!Around!0.8!F!1μg!of!RNA!was!used!for!

library! preparation.! It! is! important! to! note! that! around! 400,000! X1! cells! give!

around!1.2!μg!of!total!RNA!and!1!million!X2!cells!will!give!approximately!1!μg!

RNA.!600!ng!of!RNA!has!given!a!good!quality!of!library!for!RNAFseq.!!

2.12.!Library!preparation!for!RNA!sequencing!

Around! 1! μg! of! RNA! was! used! for! library! preparation! using! Illumina! TruSeq!
stranded! mRNA! LT! kit,! as! per! manufacturers! guideline.! The! adapters! were!

diluted!1:1!using!reFsuspension!buffer!to!reduce!the!chance!of!getting!adapterF

dimers.!The!libraries!were!quantified!using!“Qubit!High!sensitivity”!kit!(Invitrogen)!
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and!the!quality,!size!of!the!libraries!was!checked!in!“Agilent!4200!Tapestation”!

system.! The! libraries! were! individually! quantified! using! KAPA! qPCR! library!

quantification! kit! and! multiple! libraries! were! then! pooled! together! to! 4nM!

concentration.!The!pooled!libraries!with!different!indices!were!sequenced!on!an!

Illumina!NextSeq!machine.!Two!biological! replicates!per!condition!per!sample!

were! prepared! and! sequenced! paired! end! to! generate! high! quality,! alignable!

sequence!data.!

2.13.!RNAAsequencing!data!analysis!(Planarian!and!human!dataset)!

Raw!pairedFend!reads!were!trimmed!with!Trimmomatic!0.32!and!the!reads!were!

imported! to!CLC!genomics!(Qiagen)!workspace.!The!reads!were!mapped!to!a!

set!of!asexual!transcripts!downloaded!from!the!publicly!available!S.!mediterranea!

transcriptome! ! dd_Smed_v6.pcf.contigs.fasta.zip! ! or! human! genome! and!

transcriptome!(downloaded!from!Uniprot)!with!the!following!mapping!parameters!

(mismatch!cost!=!2,!insertion!cost!=!2,!deletion!cost!=!3)!The!RNAFseq.!algorithm!

produces!expression!tracks!one!for!each!transcripts!mapped!and!were!used!and!

expression! value!was! calculated! as! TPM! (Transcripts! per!million)! and!RPKM!

(Reads!Per!Kilobase!per!Million!mapped!reads).!The!differential!expression!was!

analysed!from!two!replicates!of!each!condition!using!Walds!Test.!Each!gene!is!

modelled!by!a!separate!Generalized!Linear!Model!(GLM)!and!fold!changes!are!

calculated!from!the!GLM,!which!corrects!for!differences!in!library!size!between!

the!samples!and!the!effects!of!confounding! factors.!The!statistical!comparison!

plots! were! used! to! represent! the! relationship! between! the! pFvalues! of! the!

statistical!test!and!fold!changes!among!the!samples!as!a!volcano!plot.!Heat!maps!

were!generated!to!cluster!expression!values!(Euclidean!distance!and!complete!

linkage)! of! each! transcript! that! are! differentially! expressed.! The! hierarchical!

clustering! feature! in! CLC! workspace! uses! the! TMM! normalization! to! make!

samples! comparable! and! perform! a! ZFscore! normalization! to! make! features!

comparable.! The! Gene! Set! Test! tool! for! HT1080! RNAFseq.! dataset! was!

performed!to!identify!the!Gene!Ontology!(GO)!terms!that!were!overFrepresented!

in! a! set! of! differentially! expressed! genes! (from! a! statistical! test)! using!

hypergeometric! test.! GO! annotations! were! downloaded! from! Gene! Ontology!

database!for!humans.!
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2.14.!COMET!Assay!(Single!cell!gel!electrophoresis)!

Frosted!microscope!slides!were!coated!with!700μl!of!1%!Normal!Melting!Point!

Agarose!(NMPA)!in!1X!PBS.!A!coverslip!was!placed!on!top!to!make!a!uniform!

layer!and!kept!for!overnight!drying!in!a!hybridization!oven!(~550C).!The!thickness!

of! the! first! layer!of!NMPA!(800!μl!of!1%!NMPA)!should!be!optimum!and!dried!

completely,! to! avoid! peeling! off! from! the! slide! during! the! entire! procedure.!

Planarian!worms!were!dissociated! into!single!cell!suspension!(as!described! in!

section!2.10.)!and!reFsuspended!in!80μl!of!CMFHE2+.!Equal!amount!of!1.5%!Low!

Melting!Point!Agarose!was!added!and!mixed!uniformly.!40!μl!of!the!cellFagarose!

suspension!was!added!onto!NMPA!coated!slides!and!allowed!to!solidify!at!40C!

until!the!agarose!is!solidified!(~30!mins!and!should!not!be!prolonged!as!keeping!

embedded! cells! in! the! fridge! induce! cellular! stress).! Slides! were! incubated!

overnight!(~15!hours)!in!a!coplin!jar!at!40C!with!89%!Lysing!solution![(2.5!M!Nacl,!

100mM!EDTA,!10!mM!Trizma!base,!8g!pelletized!NaOH!in!dH2O,!filter!and!pH!

10.0)!and!freshly!added!1%!Triton!xF100].!The!solution!was!then!replaced!with!

neutralization!buffer!(0.4M!Tris!base!in!dH2O,!pH!to!7.5)!for!15!mins!and!kept!at!

40C.!The!neutralization!buffer!was!then!removed,!and!slides!were!placed!into!an!

electrophoresis!chamber!at!40C!filled!with! freshly!prepared!1X!electrophoresis!

buffer!(10N!NaOH!and!200!mM!EDTA!in!dH2O,!pH!=!13).!The!slides!were!allowed!

to!equilibrate!for!15!minutes!followed!by!an!alkaline!electrophoresis.!The!current!

was!adjusted!to!20!V!for!20!minutes!at!40C.!Next,!slides!were!transferred!back!

into!the!coplin!jar!and!equilibrated!for!5!minutes!in!neutralization!buffer.!The!slides!

were!stained!with!SYBR!Green!I!(1:10000!dilution)!into!1X!TE!buffer!(10mM!TrisF

HCl!and!1mM!EDTA,!pH!7.5).!For!long!term!storage!the!slides!were!fixed!with!

cold!100%!ethanol!for!5!minutes!and!kept!for!drying.!After!drying!the!comets!were!

at!the!same!plane!making!it!easy!for!automated!imaging.!50!comets!per!slides!

were! analysed! using! KOMET! software! (Andor)! and! the! %! of! tail! DNA! was!

measured! after! different! doses! of! gamma! irradiation.! Individual! comets! were!

analysed! from! the!centre!of! the!coverslip,!due! to!variation! in!comet! formation!

towards!the!edges!(because!of!varied!thickness!of!cellFagarose!and!overflowing!

of!cells).!!
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2.15.!Western!blotting!

Total!protein!was!extracted!by!homogenizing!5F7!worms!in!a!solution!containing!

1XPBS,!protease!and!phosphatase!inhibitors.!2X!Laemmli!buffer!(Invitrogen)!and!

DTT!were!added!and!the!samples!were!denatured!at!800C.!The!protein!samples!

were! immediately! used! for! western! blotting! or! stored! at! F800C! for! long! term!

storage.!

The!protein!sample!from!each!irradiated!condition!was!run!on!a!NuPAGE®!4F12!

%!BisFTris!gel!(Life!technologies)!in!1X!NuPAGE®!MES!SDS!running!buffer!using!

Xcell!SureLockTM!electrophoresis!chamber!(Invitrogen)!at!200V/125mA!for!1!hour!

until! the! protein! ladder! was! resolved.!The! proteins!were! transferred! to! PVDF!

membrane! (activated! in! methanol! for! 1! minute)! using! a! Mini! transFBlot!

Electrophoretic! Transfer! Cell! (Biorad)! for! 1.5! hours! in! chilled! conditions! at!

125V/300mA.!The!PVDF!membrane!was!washed!with!distilled!water!and!stained!

with!PonceauFS!to!ensure!successful!transfer!of!proteins.!The!membrane!was!

then! washed! with! PBSTx! (0.1%! TritonX)! and! blocked! for! 1! hour! in! freshly!

prepared!3%!skimmed!milk!in!PBSTw!(0.05%FTween20).!The!blocking!solution!

was!replaced!with!the!respective!antibody!solution!(diluted!in!blocking!solution)!

and!the!samples!were!left!at!40C!overnight!on!a!rocker.!The!following!day,!the!

membrane!was!washed!with!PBSTw!(0.05%FTween20)!for!3!hours!followed!by!

incubation!with!respective!HRPFbased!secondary!antibody!(1:4000!dilution)!for!

1.5!hours!on!the!rocker!at!room!temperature.!The!membrane!was!washed!for!45!

minutes!in!PBSTw!(0.05%FTween20)!and!developed!with!“Clarity!Western!ECL!

substrate”! (Biorad)! as! per! manufacturer’s! guidelines.! Exposure! times! varied!

depending!on!the!signals.!All!the!washes!were!changed!to!TBS!instead!of!PBS!

to!detect!any!phosphorylated!antibodies!in!a!western!blot.!Tubulin!was!used!as!

a! loading!control! for!all!western!blots!and!H3FpSer10!as!a! technical!control! to!

detect!phosphorylated!proteins.!The!western!blots!presented!in!this!thesis!using!

RAD51!were!exposed!for!1!minute,!H3PFSer10!for!3!minutes,!SmedFH2Ax!(nonF

phosphorylated)! for! 5! minutes! and! SmedFH2Ax! (phosphorylated)! for! 1! to! 10!

minutes!and!Tubulin!for!30!seconds.!

!



!
Chapter!2!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Material!and!methods!
!
 

 51 

2.16.!Generation!of!Schmidtea!H2AX!antibody!!

A! putative! H2AX! was! identified! after! aligning! the! 6! H2A! variants! of! S.!

mediterranea!(described!in!chapter!3,!section!3.3.2.1.1).!A!synthetic!peptide!was!

designed! to! the!CFterminal! of!Schmidtea!H2Ax! (phosphorylated!peptide:!CysF

NKENRAPKVIE[pS]QEF! and! NonFphosphorylated! peptide! CysF

NKENRAPKVIESQEF! )! to! immunize! two! rabbits! (serial! number:!S4527F1! and!

S4527F2).! A! test! bleed!was! taken! after! 2! booster! doses! followed! by! the! first!

production!bleed!(serum!volume:13!ml)!after!3rd!boost!and!a!second!production!

bleed!(serum!volume:!15!ml)!after!4th!boost.!The!ELISA!result!of!the!test!bleed!

titer!was!1:100,000.!60!ml!of! final!bleed!was!taken!from!individual! rabbits!and!

both!the!phosphorylated!and!nonFphosphorylated!antibody!was!affinity!purified.!

The!ELISA! titer! for! the!purified!phosphorylated!antibody! from! two! rabbits!was!

1:2000!and!1:10,000!and!for!the!nonFphosphorylated!was!1:10000!and!1:10000!

respectively.!The!antibody!concentration!was!estimated!by!SDSFPAGE!and!1!ml!

(150! μg/ml)! of! phosphorylated! H2AX! and! 0.9! ml! (300! μg/ml)! of! nonF

phosphorylated!H2AX!antibody!was!purified!from!1st!rabbit!and!0.9!ml!(200!μg/ml)!

of! phosphorylated! H2AX! and! 3! ml! (350! μg/ml)! of! nonFphosphorylated! H2AX!

antibody! was! purified! from! 2nd! rabbit.! The! immunization! of! rabbits! and!

subsequent! purification! of! antibody! was! performed! by! Proteintech! Group!

(Manchester).!!

2.17.!Cell!culture!of!HT1080!cells!

HT1080! cells! were! cultured! using!High!Glucose!DMEM! (Dulbecco’s!modified!

Eagle’s! medium)! supplemented! with! 10%! Fetal! Bovine! Serum! (FBS),!

Penicillin/Streptomycin,!7.5%!NaHCO3!and!20mM!HEPES,!and!grown!in!a!humid!

incubator! at! 370C!with! 5%!CO2.!HT1080! cells!were! grown! in! a! tissue! culture!

treated! TF75! flasks! (Corning)! and! upon! reaching! 75%! confluency! (visually!

determined!using!inverted!light!microscope),!the!cell!culture!media!in!each!flask!

was!changed!to!fresh!medium.!Cells!were!passaged!every!three!days!using!a!

standard! TrypFLE! based! cell! trypsinization! protocol.! HT1080! cells! were! a!

generous!gift!by!Prof.!Geoffrey!Higgins!(Department!of!Oncology,!Oxford)!and!

cell!culture!was!performed!in!the!laboratory!of!Prof.!Paul!Fairchild!(Dunn!School!
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of!Pathology,!Oxford).!For!irradiation!experiments,!cells!were!plated!with!equal!

number!and!once!attached!after!48!hours,!flasks!were!irradiated!with!2!Gy,!4Gy!

or!6Gy!of!137Cs!gamma!rays.!The!cells!were!incubated!at!370C!and!5%!CO2!and!

fixed!for!immunostaining!after!defined!time!points.!!

2.18.!Immunostaining!of!HT1080!cells!for!γAH2Ax!assay!

HT1080!cells!were!grown!on!tissueFculture!treated!coverslips!in!a!6Fwell!culture!

plates!until!they!reached!75%!confluency.!Confluent!HT1080!cells!were!irradiated!

and!incubated!for!2!hours,!following!which!the!coverslips!were!washed!in!PBS!

and! fixed! in! 4%! fixative! in! 1X! PBST! for! 10! minutes! at! room! temperature.!

Coverslips! were! then! washed! in! 0.3%PBSFTriton! for! 10! minutes! at! room!

temperature.! The! cells! were! blocked! for! 30!minutes! in! 1%!BSA/PBST! (0.1%!

Tween!20).!Following!blocking!and!incubation,!HT1080!cells!on!coverslips!were!

incubated!with!mouse!antiFhuman!γFH2Ax!monoclonal!antibody!(Santacruz!SC3

517348)!at!a!dilution!of!1:250!overnight!at!40C.!Following!3!washing!for!10!mins!

each!in!0.1!%!PBSFTween,!the!coverslips!were!incubated!with!goat!antiFmouse!

Alexa!Fluor!568!secondary!antibody!in!1%!BSA!in!PBST!(0.1%!Tween!20)!for!1!

hour! at! room! temperature! at! a! dilution! of! 1:! 2000.! The! coverslips! were! then!

washed! and! carefully! mounted! onto! 1.5! mm! glass! slides! using! the! DAPIF

containing!mounting!medium!Fluorshield!(Thermos!Fisher).!HT1080!cells!were!

imaged!using!Olympus!Fluoview!FV1000!Confocal!laser!microscope.!The!images!

were!processed!and!γFH2AX!foci!were!manually!counted!using!Fiji!software!(cell!

counter!plugin).!

2.19.!Gamma!Irradiation!

Radiation! is! considered! to! be! ionizing,! if! the! energy! of! radiation! exceeds! the!

amount!needed!to!eject!a!single!electron!from!and!therefore!ionize!a!target!atom.!

The!dose!(D)!delivered!by!IR!is!the!energy!(E)!absorbed!per!mass!unit!(m)!and!

is!represented!by!the!unit!Gray!(Gy)![D!=!E/md!Joule/kilogram]!named!after!Louise!

Harold!Gray.!1Gy!=!100!rad.!This!thesis!will!use!the!dose!of!radiation!as!Gy.!

Animals!were!starved!for!at!least!7!days!and!exposed!to!1.5,5,10,15,20!and,!30!

Gray!(Gy)!of!137Cs!gamma!rays!using!a!GSR!D1!Gsm!(Gamma!service!GmbH,!
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serial! number:! A0108)! gamma! irradiator! at! a! dose! rate! of! 1.9! Gy/min.! The!

irradiations!were!performed!using!a!50!ml!falcon!tubes!with!worms!settled!at!the!

bottom!with!minimal!amount!of!planarian!water!(~2!ml).!

2.20.!Shielded!irradiation!assay!
!
XFray!irradiation!and!design!of!shield!Irradiations!were!performed!using!a!Comet!

MXRF321!XFray!set!operated!at!225!kVp!and!17!mA!with!a!0.5!mm!aluminium!

filter.!The!XFray! field! is!collimated! to!40×20!mm!with!a!6.1!mm!thick! lead!disc!

positioned!centrally,!directly!above!the!XFray!tube!focal!spot!and!supported!within!

an!aluminium!frame.!The!removable!central!shielded!area! is!achieved!using!a!

0.8!mm!wide,!6.1!mm!thick! lead!strip!spanning! the! long!axis!of! the!collimated!

fieldd!this!sits!slightly!proud!of!the!main!lead!collimator!so!that!it!is!in!contact!with!

the!base!of!the!Petri!dish.!When!in!position,!the!worms!are!irradiated!at!a!dose!

rate!of!23!Gy/min,!reducing!to!∼1!Gy/min!underneath!the!shielded!region.!The!
circular!hole!in!the!top!aluminium!plate!corresponds!to!the!outside!diameter!of!

the!Petri!dish!and!enables!dishes!to!be!positioned!quickly!and!reproducibly.!Thin!

strips!of!materials!such!as!tungsten!or!tantalum!could!be!used!to!replace!the!lead!

strip!to!achieve!thinner!shielded!regions!if!required.!The!details!of!the!apparatus!

including!the!dimensions!are!available!in!(Abnave!et!al.,!2017).!

!
2.21.!Dosimetry!
Dosimetry!for!all!irradiation!experiments!were!performed!by!Dr.!James!Thompson!

and!Dr.!Mark.!A.!Hill!at!ORCRB,!Department!of!Oncology,!Oxford.!A!Gafchromic!

EBT3!film!(International!Specialty!Products,!Wayne,!NJ,!USA)!was!placed!in!the!

base!of!an!empty!60!mm!petri!dish!to!measure!the!dose!rate.!The!EBT3!film!was!

scanned!after!24!hours!post!exposure!in!transmission!mode!at!48Fbit!RGB!(16!

bits!per!colour)!with!300!dots!per!inch!resolution!using!a!flatbed!scanner!(Epson!

Expression!10000XL).!A!template!was!used!to!position!the!film!within!the!scanner!

and!the!scanning!direction!was!kept!constant!with!respect!to!the!film!orientation,!

as! recommended! in! the!manufacturer’s! guidelines.! The! dose! was! calculated!

using!the!optical!density!of!the!red!channel!and!corrected!using!the!optical!density!

of!the!blue!channel!in!order!to!compensate!for!small!nonFuniformities!in!the!film,!

which!cause!false!apparent!variations!in!dose.!
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2.22.!Measurement!of!cell!migration!in!shielded!irradiation!assay!
!Lack!of!posterior!migration!of!cells!during!the!experimental!timeframe!allowed!

us! to!define! the!posterior!boundary!of! the!shield.!This!posterior!boundary!was!

used!as!reference!for!all!distance!measurements.!Usually,!cells!in!the!posterior!

boundary! are! confined! in! a! straight! lateral! line.! Next,! we!defined! the! anterior!

boundary!of!the!shield!at!0.8!mm!in!front!of!the!posterior!boundary!(thickness!of!

shield).! By! knowing! both! the! posterior! and! anterior! boundary! of! the! shielded!

region! we!moved! on! to! measure! distances!migrated! by! individual! cells.! The!

distance!between!cells!and!the!anterior!boundary!gave!a!direct!measurement!of!

the!distance!migrated!by!cells.!!

!

2.23.!Image!processing!and!data!analysis!

Bright! field! images! were! captured! using! the! Zeiss! SteREO! Discovery! V8!

microscope!attached!with!a!Canon!EOS!1200D!digital!SLR!camera.!The!images!

were! processed! in! Adobe! photoshop! and! the! background! was! changed! into!

black.!Whole!worm!confocal!imaging!was!done!with!Olympus!FV1000!and!Zeiss!

880!Airyscan!microscope!using!63X!Oil! objective! lens! and! taken!as!ZFstacks!

(slices! of! 4! μm! each! D/V! axis)! stitched! and! then! processed! as! maximum!

projection! using! Fiji! software.! The! intensity! of! the! DAPI! channel! is! manually!

increased! to! make! it! uniform! without! deleting! any! biological! information.! All!

measurements!and!quantifications!were!done!with!Fiji!https://fiji.sc/! (using!cell!

counter! plugin)! and! normalized! to! the! area.! Images! are!

processed/cropped/pseudoFcoloured! in! Fiji! software.! The! background! was!

changed!into!black!for!better!visualization!and!cropping/rotating!of!images!were!

performed! using! Adobe! Photoshop.! All! figures! are! prepared! using! Adobe!

illustrator!v6.!

2.24.!Statistical!analysis!

Results!are!expressed!as!mean!±!standard!deviation!(SD).!Statistical!analyses!

were! performed! using! Prism,! GraphPad! Prism! version! 6.0!

(https://www.graphpad.com/).!Student’s! tFtest!and!Tukey’s!multiple!comparison!

test!was!used!for!statistical!significance!at!p<0.05.!
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3.1.!Introduction!
All! cells!must!accurately!maintain! their!DNA! to!ensure! faithful! transmission!of!

their! genetic! material! to! the! next! generation.! DNA! replication! allows! the!

duplication!of!genome,!whereas!DNA!repair!maintains!the!integrity!in!response!

to!a!myriad!of!exogenous!and!endogenous!genotoxic!agents.!For!example,!DNA!

replication! errors,! transposition,! spontaneous! chemical! reactions,! reactive!

metabolic! bi@products,! exogenous! environmental! agents,! and! anti@cancer!

therapeutics!cause!DNA!damage!resulting!~1!million!molecular!lesions!per!cell!

per! day! (Ciccia! and! Elledge,! 2010H! Hoeijmakers,! 2009H! Lodish! et! al.,! 2004).!

Single! strand! DNA! lesions! are! the!most! common! and! it! has! been! estimated!

approximately! 1%!of! endogenous! single@strand!DNA! breaks! are! converted! to!

around!50!Double!stranded!breaks!(DSBs)!per!cell!after!each!round!of!cell!cycle!

(Vilenchik!and!Knudson,!2006).!!

!

Two! principal! recombinant! repair! pathways! to! repair! DNA! lesions! have! been!

described,! homologous! recombination! (HR)! and! non@homologous! end! joining!

(NHEJ).! HR! requires! an! undamaged! template! molecule! that! contains! a!

homologous!DNA!sequence,!typically!on! the!sister!chromatid! in! the!S!and!G2!

phase!of!the!cell!cycle.!In!contrast,!NHEJ!may!occur!in!all!cell!cycle!phases,!and!

does!not!require!an!undamaged!partner!or!any!homology!between!recombining!

ends.! It! is! important! to! note! that!DSBs!are! required! for! programmed!genome!

rearrangements!necessary!for!antibody!generation!(class@switch!recombination!

or!V(D)J!recombination).!So!not!all!DSBs!are!harmful!but!a!vital!component!of!

the! immune! system! in! jawed! vertebrates! (Alt! et! al.,! 2013H! Arya! and! Bassing,!

2017).!In!this!chapter!we!will!discuss!the!functional!significance!of!DSBs!caused!

by!ionizing!radiation!(IR)!and!how!adult!stem!cells!(SCs)!deal!with!these!harmful!

DNA!lesions.!

3.1.1.!The!DNA!damage!response!pathway!

DNA! double@strand! breaks! (DSBs)! are! cytotoxic! lesions! generated! due! to!

exposure!to!IR,!UV!radiation,!clastogenic!(chromosome!breakage)!agents,!and!

other!endonucleases!(Jackson!and!Bartek,!2009H!Khanna!and!Jackson,!2001).!

Unrepaired!DSBs!lead!to!apoptosis!or!senescence!of!cells!whereas!errors!in!DSB!



!
Chapter!3!!Radiation!sensitivity!and!the!DNA!damage!response!in!planarian!stem!cells!
!

 

 57!

repair!can!often!lead!to!genome!instability!and!carcinogenesis!(Davis!and!Chen,!

2013).!The!generalised!view!for!Double!stranded!break!(DSB)!repair!is!described!

by!the!!Access@Repair@Restore!(ARR)!model!(Smerdon,!1991).!In!this!model!the!

damaged!chromatin!first!becomes!accessible!to!enable!DNA!repair,!followed!by!

restoration!of!chromatin!organization.!DNA!damage!response!(DDR)!machinery!

is! a! cascade! of! signal! transduction! processes! consisting! of! multiple!

interconnected!pathways!which!sense!and! transduce! the!damage!signals!and!

trigger!cellular!responses!(for!example!cell!cycle!arrest,!DNA!repair!or!apoptosis).!

This! is! primarily!mediated!by! proteins! of! the! phosphatidylinositol!3@kinase@like!

protein!kinase!(PIKKs)!family@!ATM,!ATR,!and!DNA@PK!and!by!members!of!the!

poly! (ADP@ribose)! polymerase! (PARP)! family! (Ciccia! and! Elledge,! 2010).! An!

early! event! after! a!DSB! is! encountered! involves! recruitment! of!MRN! (Mre11@

Rad50@Nbs1)! complex! that! eventually! recruits! ataxia@telengiectasia! mutated!

(ATM),! DNA! protein! kinase! (DNA@PKcs)! and! ATR! (ATM! and! RAD3! related).!

Activated!ATM!phosphorylates!the!C@terminal!tail!of!the!histone!variant!H2AX!at!

ser139!(also!known!as!γH2AX)! that! recruits!MDC1!(mediator!of!DNA!damage!

checkpoint!protein!1)!and!other!checkpoint!mediators! like!53BP1!(p53!binding!

protein@1)!and!BRCA1! (breast!cancer!1,!early!onset)! (Soria!et!al.,!2012).!The!

downstream!effects!of!DDR!signalling!are!mediated!by! the!kinases!CHK1!and!

CHK2!that!execute!p53!dependent!cell!cycle!arrest!and!promote!cell!survival!or!

activate!apoptosis!/senescence.!!

3.1.2.!DNA!repair!pathway!choices!
!
DSBs!are! resolved!by! four!possible! repair!mechanisms!depending!on! the!cell!

cycle! stage,! extent! of! resection,! presence! of! a! sister! chromatid,! chromatin!

compaction!and!extent!of!the!damage![Fig.!3.1].!!

!

3.1.2.1.!Role!of!end!resection!and!cell!cycle!phase!in!DNA!repair!
!
During!DNA!replication!a!chromosome!gets!untangled!for!successful!cell!division!

and! the! chromatin! gets! compacted! which! eventually! lead! to! changes! in! the!

substrate!of!DNA!repair.!Thus!the!cell!cycle!stage!at!which!a!DSB!is!encountered!
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plays!a!major!role!for!the!repair!pathway!choice!(Hustedt!and!Durocher,!2017).!

Nuclease@mediated! end! resection! is! activated! by! the! phosphorylation! of! C@

terminal!binding!protein@interacting!protein! (CtIP!or!Rbbp8! (Sae2! in!Yeast))! to!

generate!recombinase@coated!single@stranded!overhangs!(Huertas!and!Jackson,!

2009H!Sartori!et!al.,!2007).!The!end!resection!leads!to!the!formation!of!ssDNA!

varying!from!few!hundred!nucleotides!to!few!kilobases!long,!depending!on!the!

availability!of!the!homologous!template!(Chung!et!al.,!2010).!The!ssDNA!is!first!

bound!by!RPA!(Replication!Protein@A),!which! is! replaced!by!RAD51!forming!a!

nucleo@filament! through! a! concerted! action! of! BRCA1@PALB2@BRCA2!

recombination!mediator!complex![Fig.!3.1.!A].!

!

Cells!in!G1!phase!also!show!limited!end!resection!due!to!reduced!CDK!(cdc28)!

activity!and!thereby!activates!Ku@dependent!NHEJ/Classical!NHEJ!(C@NHEJ).!C@

NHEJ!is!a!blunt!end!ligation!that!is!independent!of!any!sequence!homology!and!

can!occur!throughout!the!cell!cycle!but!predominantly!by!cells!in!G0/G1!phase!

(Chiruvella! et! al.,! 2013H! Karanam! et! al.,! 2012).! In! contrary,! HR! uses! a!

sister/homologous! chromatid! and! requires! a! strand! invasion!mediated! by! the!

recombinase!RAD51.!This!process!is!generally!error!free!and!cells!mostly!use!

HR!in!mid@S!phase!(4N!stage)![Fig.!3.1.!A].!!!3’!end!resected!DNA!can!also!be!

repaired!either!by!single!stranded!annealing!(SSA)!or!by!the!Alternative!NHEJ!

(alt@NHEJ)!repair!pathway![Fig.!3.1.!B@C].!Overall,!the!extent!of!resection!is!the!

critical! factor! that! decides! SSA,! Alt@NHEJ! or! HR! and! C@NHEJ.! 53BP1! (end!

resection!inhibitor)!is!the!major!regulator!that!monitors!the!balance!between!HR!

and!SSA!(Ochs!et!al.,!2016).!!

!

!

!

!

!

!

!

!
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!

Figure! 3.1.! Schematic! showing! the! different! DNA! repair! pathway! choice! in!
eukaryotic! cells.!Nuclease@mediated! end@resection! is! specifically! activated! in! S/G2!
phase!of!the!cell!cycle.!(A)!Proteins!that!help!in!strand!invasion!to!undergo!homologous!
recombination!(HR)!bind!the!ssDNA.!(B,!C)!3’!end!resected!DNA!can!also!be!repaired!
by!SSA!or!Alt!NHEJ!depending!on! the!homology! search!and!mostly! in! the! repetitive!
sequences.!(D)!C@NHEJ!does!not!require!end!resection!and!is!active!throughout!the!cell!
cycle!but! is!mostly!used!to!repair!DSBs!in!G0/G1!phase!of!cell!cycle.! ![Adapted!from!
(Ceccaldi!et!al.,!2016)]!
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3.1.2.2.!DSB!repair!in!repetitive!sequence!and!in!microhomologies!
!
DSB! encountered! between! a! tandemly! repeated! sequences! may! expose!

complementary!sequences!after!end!resection.!This!can!lead!to!the!annealing!of!

homologous! repeat! sequences! flanking! a! DSB! without! undergoing! strand!

exchange.!The!outcome!is!often!mutagenic!and!error!prone!due!to!the!deletion!

of!sequences!and!rearrangement!between!the!repeats.!Therefore,!a!competition!

always!exists!to!supress!the!mutagenic!repair!pathways!and!activate!error!free!

HR,!as!both!involves!end@resection!via!phosphorylation!of!CtIP.!

!

CtIP! mediates! the! end! resection! to! form! 3’! ssDNA! flanking! the! homologous!

repeats!that!are!annealed!together!to!form!a!synapsed!intermediate.!The!non@

homologous! 3’! ssDNA! tails! are! eventually! cleaved! off! by! endonucleases! and!

polymerase!ligates!the!end!gaps![Fig.!3.1.!B].!Another!recombinase!RAD52!re@

anneals!the!Replication@protein!A!(RPA)!bound!ssDNA!(homologous!sequences!

flanking! the! DSB)! leading! to! deletion! of! intervening! sequence! and! thus!

considered! to! be!a!mutagenic! repair! process! (Bhargava!et!al.,! 2016).!RAD52!

plays!a!major!role!in!SSA!in!yeast!(Lee!et!al.,!2003H!Shinohara!and!Ogawa,!1998)!

,!however!vertebrate!RAD52!does!not!seem!to!be!crucial!for!DSB!repair.!This!is!

based!on!the!observation!that!RAD52!knockout!mice!do!not!show!any!DSB!repair!

defects!or!increased!sensitivity!to!IR!(Rijkers!et!al.,!1998).!In!contrary,!BRCA2!

plays! the! major! role! in! loading! RAD51! on! RPA@coated! ssDNA,! thus! making!

RAD52! redundant.! However,! RAD52! deficiencies! are! synthetic! lethal! with!

BRCA1!and!BRCA2!deficient!mammalian! cells! (Feng!et! al.,! 2011H! Lok! et! al.,!

2013)!suggesting!RAD52!may!act!as!a!back@up!to!BRCA1!or!BRCA2!containing!

organisms.!!

!
CtIP!dependent!end!joining!is!not!only!restricted!to!DSB!repair!in!S/G2!phase!but!

also!required!for!Alt@NHEJ!in!G1!cells!(Yun!and!Hiom,!2009).!Alternative!NHEJ!

anneals!short!(6@20!bp)!homologous!repeats!(microhomology)!flanking!the!DSBs,!

hence!also!termed!as!microhomology@mediated!End!joining!(MMEJ).!This!repair!

pathway!can!also!lead!to!deletion!of!fragments!and!is!therefore!considered!to!be!

mutagenic! like! SSA.! Although! both! SSA! and! Alt@NHEJ! involves! annealing! of!
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flanking! homologous! repeats,! the! intermediate! factor! responsible! to! mediate!

synapsis! and! annealing! appear! to! be! distinct.! For! example,! RAD52! plays! a!

conserved! mediator! for! SSA,! while! PARP! and! DNA@Polymerase! theta! is!

important!for!Alt@NHEJ!(Sfeir!and!Symington,!2015H!Wang!and!Xu,!2017).!

!
3.1.2.3.!DSB!repair!throughout!the!cell!cycle:!canonical!NHEJ!
!
C@NHEJ! does! not! require! an! intact! homologous! template! or! end! resection! to!

bridge!the!DSB!and!is!therefore!active!throughout!the!cell!cycle!but!preferentially!

in!G0/G1!phase!and!in!some!post@mitotic!cells.!Both!ends!of!the!DNA!break!are!

bound!by!the!Ku70/80!heterodimer,!which!recruits!the!catalytic!subunit!of!DNA@

dependent!protein!kinase!(DNA@PKcs)!(Chang!and!Lieber,!2016)!.!The!ends!can!

be! either! trimmed! by! nucleases! (like! Artemis)! or! filled! by! DNA! polymerases!

lambda! and!mu! to! create! compatible! ends! (Lieber,! 2008,! 2010).! The! ligation!

complex!(Ligase!IV,!X@ray!cross@complementation!group!4!(XRCC4),!XRCC4!like!

factor!(XLF)!and!paralog!of!XRCC4!and!XLF!(PAXX))!ligates!the!ends!(Ahnesorg!

et!al.,!2006)![Fig.!3.1.!D].!!

3.1.3.!DSB!repair!and!genome!plasticity!
!
SSA!may!restore!broken!chromosome!with!DSBs!that!have!undergone!extensive!

end!resection!and!cannot!be!resolved!by!HR!or!Alt@NHEJ!(Bhargava!et!al.,!2016).!

The!presence!of!large!numbers!of!highly!repetitive!sequences!in!the!DNA!also!

affects! the!DSB!repair!choice!and! is!a!major!source!of!genome!plasticity.!Any!

DSB! encountered! in! the! repetitive! element! gives! the!HR!machinery! to! either!

recombine!with!allelic!sequences!on!sister!chromatid/homologous!chromosome!

or! to! recombine! with! non@allelic! repeats.! This! often! makes! HR! between!

homologous!repeats!prone!to!misalignment! leading! to!extensive!chromosomal!

rearrangements! between! repetitive! DNA! sequences.! Therefore,! a! balance!

between!genome! size! and!genome! instability! exists! in! higher! eukaryotes! like!

humans! (large! genome! with! high! repetitive! elements).! For! example,! NHEJ!

generally! dominates! over!HR! in! higher! eukaryotes! to! reduce!misalignment! of!

homologous! sequences! (Brandsma!and!Gent,! 2012).!On! the! other! hand,! HR!
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dominates! in! organisms! with! a! small! genome! and! with! low! abundance! of!

repetitive!sequences.!A!recent!study!reported!a!complete! loss!of!C@NHEJ!and!

instead! relies! on! mutagenic! Alt@NHEJ/MMEJ! repair! pathway! in! larvaceans!

Oikopleura.! The! consequence! of! MMEJ! is! deletion! of! larger! gene! fragments!

which!would!contribute!to!extensive!genome!compaction!and!a!relatively!smaller!

genome! size! in! Oikopleura! dioica! (<70Mb)! compared! to! other! larvacean!

genomes!(!~1!Gb)!(Deng!et!al.,!2018).!!Non@allelic!HR!between!repetitive!DNA!

sequences! such! as! transposable! elements! have! also! played! a! major! role! in!

reshaping!the!genome!(Argueso!et!al.,!2008H!Kidd!et!al.,!2008H!Korbel!et!al.,!2007H!

Sharp!et!al.,!2006).!!

3.2.!Aim!of!this!Chapter!
!
IR!leads!to!DNA!damage!by!creating!double@stranded!breaks!(DSBs)!which!if!not!

repaired,! can! lead! to! cell! death! or! oncogenic! transformation.! We! lack! the!

complete! understanding! of! the! molecular! processes! that! lead! to! cell!

transformation,!tissue!hyperplasia!and!tumour!formation!that!would!allow!us!to!

design!more!effective!personalised!therapies!for!cancer.!Understanding!both!the!

broad!properties!of!stem!cells!that!are!related!to!cancer!pathology!and!how!stem!

cells!survive!and!adapt!to!anticancer!therapies!is!therefore!a!key!goal!and!any!

suitable!new!model!is!of!potentially!very!high!biomedical!value.!

In! this! chapter,! we! want! to! exploit! the! potential! of! the! planarian! model! for!

understanding!the!radiation!sensitivity!and!the!DNA!damage!response!in!SCs.!

Planarians!contain!a!large!population!of!pluripotent!adult!stem!cells,!which!are!

required!for!their!celebrated!powers!of!regeneration!and!homeostatic!plasticity.!

We!have!discussed!the!role!of!many!conserved!pathways!that!regulate!stem!cell!

renewal,!differentiation!and!proliferation!in!planarians!and!like!cancer!cells,!the!

planarian!SCs!show!a!heterogenous!dose!dependent!sensitivity!to!IR!(Wagner!et!

al.,!2011).!The!aim!of! this!chapter! is! to! identify!different!DNA! repair!genes! in!

planarians!and!to!characterize!the!pathways!that!repair!DNA!breaks!in!SCs.!
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3.3.!Results!and!discussion!
!
3.3.1.!Planarians!can!resist!a!high!dose!of!ionizing!irradiation!
!
Planarian!stem!cells!can!be!selectively!ablated!following!exposure!to!lethal!dose!

(>30!Gy)!of!IR!(Wagner!et!al.,!2011,!2012).!In!order!to!understand,!the!maximum!

dose!a!planarian!can!survive,!planarians!were!exposed!to!an!increasing!gradient!

dose!of!γ@irradiation.!The!survival!curve!suggests!asexual!planarians!(~!5!mm!

size)!were!capable!of!resisting!doses!up!to!15!Gy.!The!worms!initially!show!head!
regression!and!tissue!lesion,!but!eventually!resolve!this!damage!normally![Fig.!

3.2.! A@B].! Using! Fluorescent! In;Situ! Hybridisation! (FISH)! of! smedwi;1! mRNA!

transcript!on!planarians!exposed!to!different!dose!of!γ@irradiation,!we!observed!

decrease!in!SC!number!(smedwi;1+!cells)!concomitant!with!an!increase!in!dose!

of!irradiation!ranging!from!5!to!30!Gy![Fig.!3.2.!C].!SCs!that!survive!after!exposure!

to!doses!below!15!Gy!can!repopulate!and!rescue!the!entire!worm!within!21@days!
post!irradiation!(dpi)![Fig.!3.2.!C@D].!On!the!other!hand,!SCs!that!survived!after!
exposure!to!20!Gy!of!IR!failed!to!repopulate.!This!led!us!to!use!15!Gy!as!a!non@

lethal!dose!of!IR!that!reduces!the!SCs!number!but!does!not!affect!worm!survival.!

The!number!of!cells! in!mitosis!undergoes!a!dose@dependent!decrease!post@IR!

[Fig.!3.3.!A]!and!the!repopulation!of!mitotic!cells!suggests!the!worms!irradiated!

with!doses!up!to!15!Gy!can!eventually!proliferate!back!to!wild!type!worms![Fig.!

3.3.!B].!The!number!of!stem!cells!in!M!phase!was!greatly!reduced!as!early!as!1.5!

hours!post!15!Gy!exposure.!This!suggests!that!IR!exposure!induces!a!cell@cycle!

checkpoint!block!in!most!of!the!cycling!cells,!that!only!start!to!proliferate!after!72!

hours!post!IR![Fig.!3.3.!B].!To!study!if!clonal!repopulation!of!SCs!after!exposure!

to!15!Gy!of! IR! leads! to!complete!recovery!without!any! long@term!physiological!

defects,!we!amputated!the!rescued!animals!to!check!regenerative!capacity.!We!

did! not! observe! any! discernible! regeneration! defects! after! amputation! of! the!

rescued!worms!(27!days!post!15!Gy!exposure)![Fig.!3.3.!C@D].!Using!FISH,!we!

also!verified!that!stem!cell!(smedwi;1),!early!epidermal!progenitor!(prog;1)!and!

later!epidermal!progenitor!(Agat;1)!counts!were!as!in!wildtype!worms![Fig.!3.3.!

E].!
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Figure!3.2.!Planarian!stem!cells!can!resist!doses!up!to!15!Gy!of!γRirradiation.!(A)!
Brightfield!images!of!wild!type!planarians!exposed!to!15!Gy!of!IR!(non@lethal!dose)!and!
30!Gy!of!IR!(lethal!dose).!(B)!Survival!curve!showing!the!percentage!of!worms!survived!
after!different!dose!of!IR.!(C)!smedwi;1!FISH!of!planarians!exposed!to!different!doses!of!
gamma!IR!(5,10,15,20!and!30!Gy)!after!1,3,7,14!and!21!days!post!IR!(dpi)!showing!a!
dose! dependent! decrease! in! stem! cell! number.! Scale! bar:! 300! μm.! The! nucleus! is!
stained!with!Hoechst!(Blue).!(D)!Quantification!of!smedwi;1+!cells/mm2!(yellow)!showing!
the!repopulation!kinetics!of!surviving!stem!cells!after!different!doses!of!IR!post!IR!(n!=!5!
per!dose,!per!time!point).!Results!are!expressed!as!mean!±!SD 
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We!also!checked!the!proportion!of!cells!at!different!phase!of!cell!cycle!that!survive!

post@IR.! Using! flow@cytometry,! we! observed! cells! in! S/G2/M@phase! (X1!

population)!were!most!sensitive!to!IR!and!are!completely!ablated!after!lethal!dose!

of!30!Gy![Fig.!3.4].!The!stem!cells!in!G1!phase!(X2!population!with!post!mitotic!

progenies)!were!present!after!irradiation,!that!led!us!to!hypothesize!that!G1!stem!

cells!are!mostly!radio@resistant!and!can!repopulate!the!whole!worm![Fig.!3.4].!Our!

previous! data! using! immunohistochemistry! with! H3@pSer10! (mitotic! marker)!

showed!the!existence!of!very!few!mitotic!cells!after!24!hours!post!15!Gy!IR![Fig.!

3.3.!A],!which!we!cannot!detect!by! flow@cytometry!suggested!an!accumulated!

effort! of! cells! in! G1! (X2! population)! and! G2/M! phase! eventually! repair! and!

proliferate.! Future! studies! using! antibodies! to! mark! G1! cells! (currently!

unavailable! in! planarians)! will! provide! more! insights! to! understand! radiation!

tolerance!in!a!particular!cell!cycle!phase.!Overall!our!data!suggests!that!animals!

can!tolerate!a!high!dose!of!15!Gy!IR!and!the!surviving!stem!cells!can!repopulate!

and!rescue!the!entire!animals!with!no!long@term!physiological!defects!in!stem!cell!

proliferation!and!differentiation.!
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Figure! 3.3! Dynamics! of! stem! cell! proliferation! after! different! doses! of! IR.! (A)!
Immunostaining!with!mitotic!marker!Anti@H3!phosphorylated@ser10!(H3@pSer10)!showing!
the!repopulation!of!mitotic!cells!(yellow)!after!exposure!to!different!doses!of!gamma!IR!
(5,10,15!Gy)!at!indicated!days!post!IR!(dpi).!Scale:!500!μm!(B)!Quantification!shows!the!
repopulation!kinetics!of!mitotic!cells!at!different!doses!of!irradiation!(n!=!5!per!condition).!
Results! are! expressed! as!mean! ±! SD.! (C@D)! Brightfield! images! showing! the! worms!
rescued!after! exposed! to! 15!Gy! IR!undergo!normal! regeneration!within!7!days! post!
amputation.!(E)!FISH!using!smedwi;1!(stem!cell!marker)!and!prog;1!(Early!epidermal!
progeny!marker)!and!AGAT1!(Late!epidermal!progeny!marker)!show!normal!distribution!
of!cell!after!14@day!post!amputation!in!rescued!planarians.!
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!

Figure.!3.4.!Flow!cytometry!data!showing!the!survival!of!planarian!stem!cells!at!
different! phases! of! cell! cycle! to! different! doses! of! IR.! Planarian! cells! were!
dissociated!and!stained!with!Hoechst!34580!(Nuclear)!and!Calcein!(Cytoplasmic).!Three!
different! population! of! cells! were! detected! using! FACS! based! on! the! nuclear! to!
cytoplasmic!content.!X1! fraction! (containing!stem!cells! in!S/G2/M!phase),!X2! fraction!
(containing! stem! cells! in! G1! phase! and! post@mitotic! progenies)! and! Xins! fraction!
(containing!differentiated!cell!types).!The!X1!stem!cell!fraction!decreases!over!the!time!
with!increasing!dose!of!IR.!
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3.3.2.!Methods!to!study!DNA!damage!response!in!planarian!stem!cells!

IR! induces!DNA!breaks!and!we! focussed! to! develop!markers/assay! to!detect!

DNA!damage!and!understand! the! kinetics! of! IR@induced!DNA!break! repair! in!

planarian!stem!cells.!

3.3.2.1.!Immunostaining!to!detect!DNA!damage!in!stem!cells!

3.3.2.1.1.!H2Ax!variants!in!Schmidtea*mediterranea!

Double! stranded! breaks! (DSBs)! result! in! the! phosphorylation! of! histone!H2A!

variant!at!Ser139!by!kinases!such!as!ataxia!telangiectasia!mutated!(ATM)!and!

ATM@Rad3@related!(ATR).!This!phosphorylated!protein,!also!known!as!γ@H2AX!is!

the!first!step!in!recruiting!and!localizing!DNA!repair!proteins!and!initiate!a!cascade!

of!biochemical!events! to!repair!double!stranded!breaks!(DSBs)!(Bonner!et!al.,!

2008).! Intriguingly,! the!phylogeny!of!nucleosome!suggest!H2AX!variants!have!

arisen!multiple!times!(Malik!and!Henikoff,!2003H!Thatcher!and!Gorovsky,!1994)!

and! is! the!minor! variant! of!H2A!gene! family.!Although!exceptions! include,!S.!

cerevisae! genome! that! contains! only! H2AX! (no! canonical! H2A! gene)! and!C.!

elegans!lacks!H2AX.!!

The!consensus!signature!sequence!specific!to!H2Ax!proteins!and!not!present!in!

canonical!H2A!proteins!in!mammals!is!SQEY.!The!presence!of!serine!in!the!C@

terminal!is!conserved!in!all!metazoans!that!gets!phosphorylated!in!response!to!

DNA! damage! (Rogakou! et! al.,! 1998).! Although! variation! in! SQ! {xx}! exist! in!

metazoans!hinting!an! important! role! for! this!amino!acid!change.!For!example,!

Xenopus!H2AX!encodes!1!protein!with!SQEY!motif!and!2!distinct!genes!encoding!

SQEF!motifs.!H2AX!with!SQEF!motifs!were!also!identified!in!goldfish,!zebrafish!

and!in!Arabidopsis!and!chickpea!(Shechter!et!al.,!2009).!Interestingly,!two!H2Ax!

variants!have!been!identified!in!another!highly!regenerative!model,!Hydractinia.!

H2Ax.1! [SQEY]! is! a! replication@independent! variant! expressed! in! the! feeding!

polyps! in! both! the! sexual! strains.! On! the! other! hand! H2Ax.2! [SQAY]! is! a!

Hydractinia!variant!expressed!only!in!the!female!germ!cells!and!could!be!involved!

in!regulating!DNA!repair!(Török!et!al.,!2016).!To!understand!the!DDR!mechanism!

in!planarians!we!looked!for!H2A!variants!in!the!Schmidtea!mediterranea!genome!
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to!identify!a!putative!H2AX.!We!found!6!H2A!variants!and!identified!a!putative!

H2Ax! with! a! signature! SQEF! motif! at! the! C@terminal! [Fig.! 3.5.! A@B].! Some!

commercially!available!Human!H2Ax!antibodies!have!been!published!to!cross@

react!in!planarians!(Barghouth!et!al.,!2018H!Thiruvalluvan!et!al.,!2017H!Yin!et!al.,!

2016),!but!failed!to!give!a!specific!staining!to!detect!DSBs!in!planarians!in!our!

laboratory.!This! led!us! to! try!and!develop!a!Schmidtea!specific!H2Ax!antibody!

near! the! C@terminal! [NKENRAPKVIE! {pS}! QEF].! [Fig.! 3.5.! C].! The! predicted!

molecular!weight!of!H2Ax!in!Schmidtea!is!16!kDa.!We!performed!a!western!blot!

using!whole!protein!lysate!from!irradiated!worms!to!detect!the!specificity!of!this!

antibody.!Our!data!showed!the!Non@phospho!antibody!can!detect!proteins!at!16!

kDa! and! phosphorylated! one! at! 17! kDa! (probable! H2AX)! and! other! stronger!

bands!at!25,!37!and!50!kDa.!The!molecular!weight!(MW)!of!Ubiquitin!is!8.5!kDa!

and!the!MW!of!SUMO!is!11!kDa.!The!higher!bands!in!our!western!blot!could!be!

ubiquitinated! H2AX! (24! kDa)! and! SUMOylated! H2AX! (37! kDa)! [Fig.! 3.5.! D].!

Although!this!requires!further!verification!by!an!immunoprecipitation!followed!by!

mass@spectrometric!analysis!to!detect!the!protein!modifications.!But!the!phospho@

specific! antibody! (γ@H2AX)! failed! to! give! any! signals! in! western! blot! or!

immunohistochemistry! [Fig.! 3.5.! E].! We! used! a! phosphorylated! H3@Ser10!

antibody!in!our!western!blot/immunohistochemistry!as!a!positive!control!to!detect!

a!phospho@specific!protein!in!planarians.!The!planarian!H2Ax!seem!to!be!more!

conserved!with! the!Drosophila!H2Av.!We! tried! the!Drosophila!H2Av!antibody!

(DSHB)! (Lake!et!al.,!2013)!but! failed! to!detect!any!specific!signals! in!western!

blot/immunohistochemistry.!

!

!

!

!

!

!
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Figure.!3.5.!H2AX!in!planarians.!(A)!Multiple!sequence!alignment!of!the!different!H2A!
variants! identified! in!Schmidtea! genome.!H2AX! is! identified!by! its! unique!C@terminal!
containing![SQ]!motif.!(shown!by!an!arrow)!(B)!Multiple!sequence!alignment!of!Human!
H2AX,!Drosophila!H2Av!variant!and!Smed@H2AX,!showing!a!strong!conservation!in!H2A!
along!with!C@terminal!containing![SQ]!motif.!The!highlighted!region!represents!the!region!
used! for! generating! commercial! antibodies.! (C)!The!peptide! used! for! generating! the!
Schmidtea!H2AX!specific!antibody!by!“Proteintech!Group!(Manchester)”.!The!antibody!
recognising!the!phosphorylated!region!is!in!red!and!the!Non@phosphorylated!region!is!in!
Black.! The! non@phosphorylated! antibody! (Black)! detects! the! phosphor! and! un@
phosphorylated! peptides.! However,! the! red! only! detects! the! phosphor! peptide! thus!
specific!interaction.!(DRE)!Western!blot!showing!the!specificity!of!the!non@phosphorylated!
and! the! phosphorylated! antibody! to! detect! H2AX! in! planarians.! (F)! Western! blot!
(technical!controls)!using!a!DNA!damage!repair!protein!(Smed@RAD51)!and!a!phospho@
specific!antibody!(H3@pSer10)!during!regeneration!time!course!and!after!different!dose!
of!IR.!

!

3.3.2.1.2.! ! RAD51! and! PolyRADPRRibose! (PAR)! formation! detects! DNA!
damage!in!stem!cells.!!

We!have!performed!a!time!course!of!DSB!repair!kinetics!using!a!S.!mediterranea!

specific!RAD51!antibody!(kind!gift!by!Prof.!Scott!Hawley,!Stowers!Institute,!USA)!

previously!used!to!detect!meiotic!DSBs!in!the!germline.!(Xiang!et!al.,!2014).!We!

checked!the!specificity!of!this!antibody!in!a!western!blot!using!whole!worm!lysate!

and!it!gives!an!intense!band!around!37!kDa!(molecular!weight!of!full!length!smed@

RAD51)!and!some!non@specific!bands!(>110!kDa,!faint!bands)![Fig.!3.6.A].!We!

checked!the!expression!of!RAD51!in!planarian!cells!after!exposed!to!a!non@lethal!

dose!of!IR!(15!Gy)!by!western!blot.!Although!RAD51!protein!expression!is!not!

induced!after!irradiation,!we!observed!a!clear!decrease!in!expression!after!5@!and!

9@days!post!15!Gy!IR!due!to!the!presence!of!very!few!stem!cells!at!that!time@point!

[Fig.!3.6.!A].!We!next!investigated!to!detect!DSBs!in!stem!cells!but!failed!to!see!

any!specific!Rad51!staining! in!whole!mount! immunohistochemistry! (IHC)!after!

multiple! attempts! and! using! different! optimisations! (antigen! retrieval,! fixation,!

permeabilization! methods).! So,! we! used! dissociated! cells! to! perform! a! time!

course! of! RAD51! localization! to! nucleus! after! irradiation.! We! observed! an!

increase!in!the!number!of!Rad51!stained!nuclei!as!early!as!6!hours!post!IR![Fig.!

3.6.!B@C]!that!return!to!pre@irradiation!levels!by!72!hours!post!IR.!The!surviving!
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stem!cells!at!72!hours!start!to!proliferate!and!this!data!correlates!with!our!stem!

cell!survival!and!repopulation!kinetics!data![Fig.!3.2!and!3.3].!!This!suggests!cells!

enter! M! phase! and! start! dividing! after! DNA! repair.!We! could! not! detect! any!

staining!in!whole!mount!IHC!and!tried!to!see!if!this!antibody!works!on!planarian!

paraffinized! sections.! We! detected! some! staining! in! irradiated! worms! (using!

Trilogy! based! antigen! retrieval! method)! [Fig.! 3.6.! D]! and! future! experiments!

should! focus!on!detecting!RAD51!co@localization!with!smedwi@1!stem!cells,! to!

detect!DSBs!in!planarian!stem!cells.!

Apart! from! DSBs,! IR! also! leads! to! the! generation! of! single@stranded! breaks!

(SSBs)! that! induce! polymerisation! of! poly@ADP@ribose! (PAR).! An! antibody! to!

detect!PAR!polymer!formation!has!been!previously!used!as!a!marker!for!DNA!

damage!in!planarians!(Shibata!et!al.,!2016)!and!in!human!cells!(Gibbs@Seymour!

et! al.,! 2016).!We!used! the!Anti@PAR!mouse!monoclonal! antibody! (Santacruz,!

clone!10H)!and!detected!nuclear!localization!in!TUD@1+!cells![Fig.!3.6.!E].!Our!lab!

has! developed! an! antibody! to! the! Tudor@1! homologue! in! Schmidtea! (Smed@

TUD1)!that!detects!perinuclear!RNA@granules!(also!known!as!chromatoid!bodies)!

in! neoblasts! (Solana! et! al.,! 2009).! We! therefore! checked! for! the! intense!

perinuclear!staining!of!Tud1!antibody!to!mark!the!stem!cells!and!PAR!antibody!

to!detect!DNA!damage!in!neoblasts![Fig.!3.6.!F].!Smed@TUD1!antibody!detects!

some! of! the! early! stem! cell! progenies! and! therefore! we! used! PAR! antibody!

immunostaining!along!with!smedwi;1!FISH!(pan@stem!cell!marker)!but!observed!

a!strong!background!epidermal!staining!of!Anti@PAR!with!no!staining!in!the!stem!

cell! plane! [Fig.! 3.7.! B].! This! could! be! due! to! lack! of! permeabilization! and!

performing!these!experiments!in!paraffin!sections!might!reduce!the!background!

staining.! Although! some! of! the! Tud1+! cells! have! strong! PAR! signals! in!

unirradiated! controls,! an! optimised! protocol! and! analysis! of! these! staining! is!

important! to! confirm! the! antibody! specificity.! Optimising! these! antibodies! to!

detect!DNA!damage!in!stem!cells!is!currently!ongoing!in!the!lab!and!due!to!lack!

of!any!commercial!antibodies! to!cross@react! in!planarians,!we! looked!for!other!

molecular!techniques!to!detect!DNA!breaks.!

!
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Figure.! 3.6.! RAD51! foci! and! Poly! ADPRRibose! (PAR)! polymer! formation! in!
planarian!stem!cells.!(A)!Western!blot!using!whole!planarian!cell! lysate!showing!the!
specificity!of!RAD51!antibody!(37!kDa),!and!a!time!course!showing!protein!kinetics!post!
15!Gy!IR.!Tubulin!was!used!as!a!control.!(B)!Time!course!showing!RAD51!foci!formation!
in! dissociated! planarian! cells! after! irradiation! (C)! Quantification! of! RAD51! foci! in!
individual!planarian!cells! (ns=not!significant,! *p@value<0.05,!Students!unpaired! t@test).!
(D)!Optimisation!of!RAD51!immunostaining!in!planarian!sections!with!a!magnified!image!
to!visualise!single!cells!showing!RAD51!staining.!(E)!Double!immunostaining!using!anti@
TUD1!and!anti@PAR!antibody!to!detect!DNA!damage!in!planarian!stem!cells!post@IR.!(F)!
A!representative!high!resolution!Airyscan!imaging!of!PAR!staining!in!TUD1+planarian!
cells.!
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Figure.!3.7.!Optimisation!of!AntiRPAR!antibody!to!detect!DNA!damage!in!planarian!
stem!cells.!(A)!Technical!controls!for!double!FISH!and!immunostaining!showing!Anti@
H3@pSer10!immunostaining!in!smedwi;1+!stem!cells!and!Anti@TUD1!immunostaining!in!
smedwi;1+! stem! cells.! (B)!Optimisation! of! anti@PAR! antibody! after! smedwi;1! FISH,!
showing! intense! epidermal! background! staining! of! PAR! antibody! and! no! signals! in!
smdewi;1!(stem!cell!plane).!(C)!Double!immunostaining!with!anti@PAR!and!anti@TUD1!in!
whole!mount!planarians.!
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3.3.2.2.!COMET!assay!in!planarians!!

Single!cell!gel!electrophoresis!(SCGEH!also!known!as!comet!assay)!is!a!classical!

method! to! detect! DNA! breaks! (single/double! stranded! breaks)! base! damage,!

DNA@protein!crosslinks.!The!advantage!of!comet!assay!is!its!sensitivity!to!detect!

various!kinds!of!DNA!damage!at!a!single!cell!resolution,!and!any!eukaryotic!cell!

is!amenable!to!analysis.!Cells!were!embedded!in!agarose!on!a!microscope!slide!

and! lysed! with! detergent! and! high! salt.! The! aqueous! salt! disrupts! the! RNA,!

proteins! within! the! cell! and! the! detergent! dissolves! the! cell! membrane.! The!

cellular!debris!diffuse!into!the!agarose!matrix!leaving!only!the!concentrated!DNA!

(also! known!as! nucleoids).! Under! electrophoresis! at! high! pH! (>13),! the!DNA!

fragments!(strand!breaks)!migrate! in!a!“comet”! like!pattern!compared!to! intact!

DNA!strands.!Therefore,!the!amount!of!damage!is!measured!as!the!percentage!

of!DNA!in!the!comet!tail!relative!to!the!intact!head!(Singh!et!al.,!1988)![Fig.!3.8.!

A].!We!optimised!this!protocol!for!planarian!cells,!including!the!concentration!and!

thickness! of! the! low@melting! agarose,! voltage! and! timing! of! electrophoresis!

(discussed!in!detail!in!chapter!2,!material!and!methods).!The!slides!were!carefully!

handled!after!embedding!of!cells!and!were!protected!from!light.!Previous!studies!

utilising!comet!assay! in!planarians!used!a!manual!visualisation@based!scoring!

methods!(Peiris!et!al.,!2016H!Thiruvalluvan!et!al.,!2017)!which!can!often!be!biased!

or! have! manual! error! in! interpreting! the! data.! In! this! study,! the! following!

parameters! were! analysed! using! Andor! KOMET! 5.5! image! analysis! software!

(Oxford!instruments)!attached!to!Nikon!Eclipse!90i!microscope.!!

Head!%!DNA!=!(Head!Intensity!/!(Head!Intensity!+!Tail!Intensity))!*100.!!
!
Tail!%!DNA!=!100!–!Head!%!DNA.!!
!
We!observed!a!significant!increase!in!Tail!%!DNA!in!cells!exposed!to!5,!15!and!

30!Gy!as!early!as!2!hours!post@IR.!Our!data!revealed!few!cells!have!a!baseline!

damage!after!5!and!15!Gy!suggesting!the!possibility!that!these!cells!were!either!

resistant!to!DNA!damage!or!have!not!been!hit!by!IR![Fig.!3.8.!B@C].!We!observed!

reduction!in!comet!formation!in!5!Gy!exposed!cells!at!7@day!post!IR!suggesting!

successful!repair!of!DNA!breaks.!!
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Figure.!3.8.!Single!cell!gel!electrophoresis! (COMET!assay)! to!detect!irradiationR
induced!DNA!damage! in!planarian!cells.! (A)!Schematic! showing! the!procedure!of!
COMET!assay!in!planarians.!Worms!were!dissociated!into!single!cells!and!embedded!in!
low@melting@agarose.! The! cells! were! lysed! overnight! with! detergent! and! high! salt!
followed!by!electrophoresis!in!an!alkaline!buffer.!(B)!Representative!images!showing!the!
extent!of!comet!formation!in!planarian!cells!irradiated!with!5,!15!and!30!Gy!compared!to!
un@irradiated!controls!after!different!time!post!IR.!(C)!The!percentage!of!DNA!in!the!tail!
compared!to!head!in!individual!comets!were!analysed!and!plotted!in!the!graph,!where!
each!dot!represents!the!value!from!individual!comet.!At!least!100!comets!were!analysed!
per!slide!per!condition.!(ns!=!not!significant,!p@value>0.01H!***p@value<0.0001,!Unpaired!
Students!t@test!with!welch!correction).!

!

It!is!difficult!to!discriminate!between!highly!damaged!cells!and!apoptotic!nuclei!in!

a!comet!assay!as!both!show!increased!DNA!fragmentation.!The!comet!formation!

in!some!cells!after!30!Gy!at!7@day!post!IR!(no!stem!cells!but!only!differentiated!

cells!are!present)!may!be!due!to!increased!rate!of!apoptosis.!Since!the!comet!

assay!was!performed!on!dissociated!cells!containing!stem!cells,!progeny!and!

differentiated!cells,!we!cannot!comment!if!there!is!any!difference!in!the!induction!

of! DNA! damage! and! repair! specifically! in! stem! cells! versus! progenies.! We!

performed! comet! assay! on! FACS! sorted! X1! (stem! cells)! and! X2! (progenies)!

population,! but!we!observed!a!huge! variation! in! comet! formation! indicative! of!

DNA!damage!in!unirradiated!(control)!cells.!This!could!be!due!to!the!sorting!of!

the! cells,! increased!Hoechst! exposure! or! increased! incubation! of! dissociated!

cells! on! ice! leading! to! cell! death! during! the! whole! procedure! and! therefore!

requires!further!optimisation!in!future.!!

3.3.3.!Identification!of!DNA!repair!genes!in!the!S.*mediterranea*genome!

!
The! seemingly! endless! regenerative! capacity! and! well@controlled! SC!

maintenance! in! planarians! would! be! underpinned! by! efficient! DNA! repair!

mechanisms!to!maintain!genome!stability!during!proliferation!and!differentiation!

of!the!pluripotent!SC!population.!This!led!us!to!identify!the!DDR!genes!from!the!

Schmidtea!mediterranea!genome!that!are!essential!to!repair!DNA!breaks!in!other!

metazoans! [Fig.! 3.9].! It! is! interesting! that! planarians! have! lost! many! genes!

thought! to! be! essential! for! DNA! repair! (Grohme! et! al.,! 2018).! For! example,!

BRCA1! (regulates! end! resection! during! HR)! is! present! in! nematodes! and!
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molluscs!but!is!absent!in!Schmidtea!and!other!dipteran!insects!(Drosophila).!It!is!

currently! unknown! how! BRCA2! facilitates! RAD51! homology! search! without!

BRCA1.!!

Moreover,!the!recently!sequenced!Schmidtea!genome!has!revealed!a!repetitive!

fraction!of!61.7%!(Grohme!et!al.,!2018)!that!raises!the!question!how!are!DSBs!

repaired!if!encountered!between!a!tandemly!repeated!sequence?!End!resection!

in!a!repetitive!region!may!expose!complementary!sequences!leading!to!single@

strand!annealing!(SSA)!without!homology!search!(Bhargava!et!al.,!2016).!The!

repair!strategy!involving!SSA!is!studied!in!yeast!and!is!mainly!regulated!by!Rad52!

(Lee! et! al.,! 2003H! Shinohara! and! Ogawa,! 1998)! but! is! not! a! critical! factor! in!

vertebrates!(Rijkers!et!al.,!1998).!But!the!loss!of!RAD52!is!synthetic!lethal!with!

loss!of!BRCA1!or!BRCA2! in!human!cells! (Feng!et!al.,!2011H!Lok!et!al.,!2013)!

indicating!RAD52!act!as!a!backup! to!BRCA1!or!BRCA2!containing!organism.!

Interestingly,!Drosophila! and! Schmidtea! have! lost! both! RAD52! and! BRCA1,!

compared!to!other!arthropods!and!nematodes!that!have!retained!at!least!one!of!

them! (Liu! and!Heyer,! 2011H! Sekelsky,! 2017).! This! led! us! to! hypothesize! that!

BRCA2!may!be! the!major! regulator! for!RAD51!mediated!homology! search!or!

planarians! may! undergo! PARP@mediated! micro@homology@end! joining! (Alt@

NHEJ/MMEJ).!This!has!been!recently! reported! in!Oikopleura! that!have! lost!all!

the!c@NHEJ!genes!and!employ!the!mutation@prone!MMEJ!to!repair!DSBs!(Deng!

et!al.,!2018).!Although!orthologs!of!the!Lig3!gene!were!not!found!in!Schmidtea,!

its!role!in!MMEJ!may!be!played!by!Lig1,!as!reported!in!other!organisms!lacking!

Lig3!(Paul!et!al.,!2013).!In!this!chapter!we!focussed!on!characterizing!in!detail!

the!role!of!HR!and!MMEJ!repair!pathway!genes!in!planarian!stem!cells.!

!

!

!

!

!
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Figure.! 3.9.! Evolutionary! conservation! of! DNA! repair! genes! in! planarians.!
Phylogenetic! conservation! of! genes! involved! in! double! stranded! break! repair.! The!

presence! (Green)! or! absence! (Red)! of! different! DNA! repair! genes! showing! the!

conservation!in!Ecdysozoa,!lophotrochozoans!with!humans.!The!yellow!box!denotes!the!

conservation!of!DDR!genes!in!planarian!Schmidtea!mediterranea.!

!

!

!

!

!

!

!

!
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3.3.4.!Identification!and!understanding!the!role!of!transducers!of!DNA!DSB!
repair!!
!
DSBs!in!mammalian!cells!activate!the!kinases!like!ATR!and!ATM!that!mediates!

DNA!repair!signalling!via!HR.!One!of!the!key!steps!in!HR!is!end@resection!of!the!

broken!DNA!by! the!Mre11@Rad50@Nbs1! (MRN)!complex! to!generate!a!single@

stranded!DNA!(ssDNA).!Replication!protein!A!(RPA)!binds!to!this!ssDNA!tail!and!

activates! ATR! dependent! signalling! and! checkpoint! kinase! I! (Chk1)!

phosphorylation.!BRCA2!mediates!the!replacement!of!RPA!by!RAD51,!to!form!a!

nucleoprotein! filament! for! homology! search.! Using! the! homologous! strand,!

Rad51! undergoes! strand! invasion! and! forms! a! holliday! junction! to! repair! the!

broken!DNA!strand!(Pardo!et!al.,!2009).!

!
ATM! and! ATR! belong! to! class@IV! phosphoinositide! 3@kinase! (PI3K)@related!

kinase!(PIKK)!and!mainly!act!as!transducers!of!DNA!repair.!For!example,!ATM!

is!primarily!activated!due!to!double@strand!breaks!(Álvarez@Quilón!et!al.,!2014)!

and!regulates!CHK2!to!signal!P53!and!BRCA1!(Falck!et!al.,!2001).!On!the!other!

hand,!ATR!initiates! the!signalling!pathway! involving!CHK1!to!P53!and!BRCA2!

(Zou!and!Elledge,!2003).!ATR!forms!a!heterodimer!with!ATR@interacting!protein!

(ATRIP)! (Cortez! et! al.,! 2001)! that! interacts! directly! with! ssDNA@bound! RPA!

leading!to!ATR!activation!(Awasthi!et!al.,!2015H!Yazinski!and!Zou,!2016H!Zou!and!

Elledge,! 2003).!ATM!exists! as! a!multimer! and!upon!DNA!damage!undergoes!

auto@phosphorylation! and! dissociation! into! ATM! homodimers! (Bakkenist! and!

Kastan,!2003)! leading! to! the!activation!of! the!ATM@MRN!signalling!axis.!Apart!

from!CHK2,!ATM@dependent!DDR!also!involves!direct!phosphorylation!of!other!

DNA!repair!factors!like!MRE11,!RAD50,!p53,!NBS1,!DNA@PKcs,!CtIP!(RBBP8)!

(Shiloh!and!Ziv,!2013).!

!

We!have!identified!ATM!and!ATR!in!the!Schmidtea!genome,!which!belongs!to!

PI3K! family! together! with! mammalian! target! of! rapamycin! (mTOR),! human!

suppressor!of!morphogenesis!in!genitalia@1!(SMG@1),!PRKDC!(DNA@PKcs)!and!

TRRAP.!ATM!and!ATR,!mTOR!and!SMG@1!have!been!previously!identified!in!S.!

mediterranea! but! only! the! role! of! ! mTOR! and! SMG@1! have! been! previously!
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identified!and!characterized!in!planarians!to!regulate!stem!cell!proliferation!and!

act! as! a! tumour! suppressor! (González@Estévez! et! al.,! 2012H! Pearson! and!

Sánchez!Alvarado,!2010H!Peiris!et!al.,!2012).!Smed;atm!and!Smed;atr!consists!

of!FRAP@ATM@TRRAP!(FAT)!domain!in!the!N@terminal,!PIKK@regulatory!domain!

(PRD)! and! FAT! carboxy@terminal! (FATC)! domains,! a! characteristic! feature!

shared!among!the!PIKK!enzymes! [Fig.!3.10.!A@B]! (Lovejoy!and!Cortez,!2009)!

that!are!crucial!for!ATM!and!ATR!gene!activation!(Awasthi!et!al.,!2015).!!

!
3.3.5.!Identification!of!BRCA!genes!in!Schmidtea*mediterranea!
!
Another! important!protein! family! that!plays!a!major! role! in!DDR!signalling!are!

BRCA1! and! BRCA2! that! are! frequently! mutated! in! hereditary! breast! cancer.!

BRCA! proteins! maintain! genome! stability! but! the! two! proteins! BRCA1! and!

BRCA2!work!at!different!stages!in!DDR!with!different!chemo!resistant!mechanism!

in! BRCA@mutant! cancers! (Jiang! and! Greenberg,! 2015).! BRCA1! regulates!

checkpoint!activation!and!DNA!repair,!whereas!BRCA2!acts!as!a!mediator!of!HR!

(Venkitaraman,!2014).!

!

BRCA1!possess!a!N@terminal!RING!(really!interesting!new!gene)!domain!(Zinc!

finger!C3HC4)!(interacts!with!E2!enzymes)H!a!coiled@coiled!serine!rich!domain!

near!its!C!terminus!(interacts!with!PALB2),!and!two!BRCA1!C!terminal!(BRCT)!

repeats!(binds! to!phospho@peptides)! [Fig.!3.10.!A].!The!95@100! residue!BRCT!

repeats!are!present!in!other!proteins!involved!in!DDR!and!the!crystal!structure!of!

two!BRCT!domains!in!XRCC1!revealed!the!presence!of!four@stranded!parallel!β@

sheet!surrounded!by!three!α@helices!with!a!secondary!structural!element!ordered!

as!βαββαβα.!BRCT!domains!in!BRCA1!can!bind!to!phosphorylated!proteins!with!

a!signature!sequence!motif!pS@X@X@F!(P@Phosphorylated,!X@any!residue).!

!

We!performed!a!tBLASTN!in!Schmidtea!genome!and!transcriptome!using!human!

BRCA1!sequence!but!failed!to!identify!a!putative!BRCA1!in!Schmidtea.!The!best!

hit! encodes! for! an! E3! Ubiquitin! ligase! Ring! finger! protein! 2!

(dd_smed_v6_8989_0_1).! Despite! the! presence! of! a! conserved! ring! finger!

domain,! the!absence!of!BRCT!domains!suggest!a!possible! loss!of!BRCA1! in!
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Schmidtea![Fig.!3.10.!C].!Interestingly,!Drosophila!and!Schmidtea!have!lost!both!

RAD52!and!BRCA1,! compared! to! other! arthropods!and!nematodes! that! have!

retained! at! least! one! of! them! (Liu! and! Heyer,! 2011H! Sekelsky,! 2017).! For!

example,!C.! elegans! BRCA1! gene! (C36A4.8)! consists! of! a! N@terminal! RING!

domain,!a!nuclear!localization!signal,!and!two!BRCT!repeat!domains.!Ce@BRC@1!

protein!(596!aa)!shares!24%!identity!and!52%!similarity!with!human!BRCA1delta!

exon!11!splice!variants!(721!aa,!largest!exon!comprising!of!60%!of!amino!acids!

that!shares!very!little!homology!with!other!proteins.).!The!alignment!with!human!

BRCA1!delta!exon!11!variant!with! the!closest!hit!of!Smed@BRCA1!amino!acid!

sequences! reveals! the! conservation! of! the! RING! finger! domain! with! a!

characteristic!Zinc!finger!motif![C(3)!HC(4)]!but!lacks!the!BRCT!domain![Fig.!3.10.!

D].!Functional!characterization!of!this!BRCA1@like!gene!is!required!to!confirm,!if!

Schmidtea! has! retained! a! partial! BRCA1! or! another! gene! complements! its!

function!in!HR.!

!

The!BRCA1@RING!domain!interacts!with!BARD1!that!also!possess!a!N@terminal!

RING!domain!and!BRCT!repeats!along!with!ankyrin!repeats.!BARD1!is!present!

in!C.!elegans!(K04C2)!(23%!identity!and!41%!similarity!with!human!BARD1)!but!

we! cannot! find! an! orthologue! in! the! Schmidtea! genome! and! transcriptome.!

Another!interacting!partner!is!PALB2!that!acts!as!a!bridge!between!BRCA1!and!

BRCA2,!and!promotes!RAD51!nucleofilament!formation!during!HR!(Schlacher!et!

al.,!2012H!Xia!et!al.,!2006).!We!could!not! identify!any!orthologue!to!BARD1!or!

PALB2!in!the!Schmidtea!genome.!!

!

On!the!other!hand,!BRCA2!is!an!evolutionary!conserved!gene!with!BRC!motifs!

that! facilitates!binding! to!RAD51,!a!helical!domain!and!OB! folds! that!binds! to!

single@stranded!DNA.!We!have!found!only!one!BRCA!gene! in!Schmidtea!with!

BRC!repeats,!a!helical!domain!and!3!OB!folds!in!the!C@terminal!which!is!more!

similar!to!the!BRCA2!in!humans.!Although!the!protein!sequences!of!these!BRC!

motifs!are!very!conserved,!its!number!varies!among!the!metazoans![Fig.!3.10.!

E].!C.!elegans!possess!a!BRCA2@like!protein!(Ce;brc2)!with!a!single!BRC!motif!

that!interacts!directly!with!Rad51!and!binds!to!the!single@stranded!DNA!through!

OB! folds!(Martin!et!al.,!2005).!BRCA2! in! fungus,!Ustilago! (Brh2)!possesses!a!
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single!BRC!motif!and!two!OB!folds!in!the!C@terminal!region.!BRCA2!in!flies!(Dm;

brca2)! lacks!the!DNA!binding/DSS1!interaction!domain!but!knockdown!of!Dm;

brca2! sensitizes! Drosophila! embryonic! cells! to! X@ray! irradiation! or! genotoxic!

agents!(Brough!et!al.,!2008).!Ce;brc2!does!not!have!a!tower!domain,!and!single!

OB!fold!is!more!related!to!OB!folds!in!RPA!suggesting!a!BRC@RPA!fusion!that!

delivers!RAD51!directly!to!ssDNA!(Martin!et!al.,!2005).!We!have!identified!4!BRC!

repeats! that!may!aid! in!RAD51! localisation! in! the!absence!of!BRCA1@BARD1!

complex.!

!

We!next!checked!the!expression!of!the!DNA!repair!components!in!different!FACS!

sorted!cell!population!and!found!that!the!components!of!HR!repair!genes!have!

enriched!expression!in!the!X1@FACS!sorted!(stem!cell)!population!(Dattani!et!al.,!

2018a)![Fig.!3.10.!F].!This!expression!is!consistent!with!the!single!cell!sequencing!

dataset! revealing! atr,! atm! and! brca2! are! expressed! in! sigma,! zeta,! gamma!

neoblast!with!very!little!expression!in!other!cell!types!(like!post@mitotic!progenies!

and!differentiated!cells)! (Wurtzel!et!al.,!2017).!This!suggest!DNA!repair!genes!

are! important! for! stem! cell! regulation.! We! performed! FISH! to! detect! the!

expression! of! HR@related! genes! in! stem! cells.! These! genes! are! very! lowly!

expressed! in! homeostatic! condition.! It! was! difficult! to! detect! a! whole@body!

expression!and!so!we!focussed!on!individual!stem!cells!after!whole@mount!FISH!

showing!the!co@localisation!of!atr,!atm!and!brca2!expression!in!smedwi;1+!stem!

cells![Fig.!3.10.!F].!

!

!

!

!

!
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Figure.! 3.10.! The! identification! of! key! proteins! involved! in! homologous!
recombination.! (A)!Conserved! domain!architecture!of! the! components!encoding! for!
proteins! involved! in! HR! in! humans! and! (B)! in! Planarians.! (CRD)!Alignment! with! the!
closest!hit!of!BRCA1!like!gene!(Ring!finger!containing)!in!Schmidtea!with!human!BRCA1.!
(D)!Conserved!Ring!finger!of!human!BRCA1!and!planarian!RNF!gene.!(E)!BRC!repeats!
in!planarian!showing!the!consensus!amino!acids!(Box)!with!the!8!BRC!repeats!in!human,!
3!in!Drosophila,!1!in!C.!elegans.!(F)!Single!confocal!stacks!of!double!FISH!showing!the!
co@localisation!of!the!expression!of!atr,!atm!and!brca2!mRNA!in!smedwi;1+!stem!cells!
(left).!The!conserved!domains!of!the!genes!encoding!for!HR!in!Schmidtea!along!with!its!
proportional! expression! in! FACS! sorted! cell! population! (Dattani! et! al.,! 2018)! and! in!
different!subclasses!of!stem!cells!(Sigma,!Zeta!and!Gamma!stem!cells)!Arrows!denote!
double!positive!cells.![Single!cell!sequencing!data!from!Wurtzel!et!al.,!2016].!
!

 

We!next!tested!the!role!of!these!genes!in!stem!cell!regulation,!and!its!role!in!DNA!

damage! response! in! planarians.! We! performed! RNAi! of! atr,! brca2,! RAD51,!

BRCA1@interacting!protein!(BRIP1/Fanc;J).!Previous!research!revealed!the!role!

of!RAD51!in!regulating!cell@cycle!related!genes!and!mediates!regional!differences!

in! cell! proliferation! and! survival! (Peiris! et! al.,! 2016).!We! observed! defects! in!

regeneration!after!rad51!RNAi![Fig.!3.11.!A]!but!did!not!observe!any!phenotypes!

after!atr!and!brca2!RNAi,!consistent!with!a!previous!study!(Pearson!and!Sánchez!

Alvarado,!2010).!Immunostaining!with!H3@pSer10!showed!no!effect!in!stem!cell!

proliferation!after!atr!and!brca2!knockdown![Fig.!3.11.!B@C].!We!have!previously!

established!a!quantitative!assay! to!check!stem!cell!depletion!and!repopulation!

that!scores!smedwi;1+! stem!cells.!Stem!cells!decrease!significantly!by!3!days!

post!IR!and!can!clonally!repopulate!by!7!days!post!IR!(section!3.3.1H!Figure!3.1!

and!3.2).!To!understand!the!role!of!DNA!repair!genes!in!stem!cell!survival!and!

repopulation! post! IR,! we! hypothesized! that! stem! cell! number! should! be!

comparable!and!significantly!lower!in!RNAi!worms!at!7@day!post!IR.!Using!this!

assay! (we! will! term! as! the! “sub@lethal! irradiation! assay”),! we! irradiated! RNAi!

animals!with!a!15!Gy!of!non@lethal!dose!of!IR!and!checked!for!stem!cell!survival,!

stem! cell! proliferation! and! scoring! of! lethal! phenotypes! [Fig.! 3.11.! D].! We!

observed!100%!lethality! in!RNAi!animals! in!2!weeks!compared!to!gfp! injected!

(control)!animals![Fig.!3.11!E@F].!When!assayed!by!smedwi;1!FISH,!RNAi!of!atr,!

brca2,!rad51,!BRIP;1!showed!a!significant!decrease!in!stem!cell!density!after!7!

days!post!15!Gy!IR!compared!to!the!controls![Fig.!3.11.!G@H].!!

!
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Figure.!3.11.!The!role!of!HRRrelated!genes! in!stem!cell!maintenance!and!during!
repopulation! post! irradiation.! (A)! Regeneration! assay! showing! the! failure! in!
regeneration!and!subsequent!lysis!after!Rad51!RNAi!in!planarians.!(B)!Immunostaining!
with!H3@pSer10!antibody!(marker!for!mitotic!cells)!after!atr!and!brca2!RNAi!and!(C)!the!
quantification!showing!no!change!in!stem!cell!proliferation!after!knockdown!compared!to!
the! controls.! (D)! The! experimental! strategy! of! sub@lethal! irradiation! assay.! Double!
stranded!RNA!of! the!gene!of! interest!will! be! injected! to!1@week!starved!worms! for! 2!
weeks!and!then!exposed!to!15!Gy!of!IR.!Worms!will!be!fixed!at!7@day!post!IR!for!smedwi@
1!FISH/10@day!post! IR! for!H3P@immunostaining!and!scored! for! lethal! phenotype.! (E)!
Brightfield! images!of!RNAi!animals!after!days!(indicated!in!the!figure)!post! irradiation.!
Control!animals!show!know!phenotypic!defects!after!day!27!post!IR.!(F)!Survival!curve!
showing!100%!lethality!in!RNAi!animals!compared!to!the!controls.!(G)!smedwi;1!FISH!
showing! defects! in! stem! cell! repopulation! at! 7@day! post! 15Gy@IR! in! RNAi! animals!
compared! to! controls.! (H)!Quantification! showing! a! significant! decrease! in! stem! cell!
density! (number!of!smedwi;1+!stem!cells)! in!RNAi!animals!compared! to! the!controls.!
The! values! are! represented! in! log10! scale! (*p@value<0.05,! Students! t@test,! n! =! 5!
animals/RNAi!condition).!(I)!Immunostaining!with!H3@pSer10!antibody!after!atr!and!brca2!
RNAi!ay!10@day!post!15!Gy!IR.!(J)!Quantification!showing!a!significant!decrease!in!stem!
cell!proliferation!(number!of!H3P+!cells/mm2)!in!RNAi!animals!compared!to!the!controls!
(*p@value<0.05,!Students!t@test,!n!=!5!animals/RNAi!condition).!
!
!
!

Immunostaining!for!mitotic!cells!(using!H3@pSer10!antibody)!showed!a!significant!

decrease! in!stem!cell!proliferation!after!RNAi!of!atr!and!brca2! [Fig.!3.11.! I@J].!

Altogether!these!data!indicate!that!ATR@BRCA2!signalling!cascade!plays!a!major!

role! in! repairing! IR@induced! DNA! strand! breaks! and! is! required! for! stem! cell!

repopulation!post@IR.!Here!we!also!demonstrate!the!use!of!sub@lethal!irradiation!

assay!to!study!DDR!in!adult!stem!cells!in!vivo!and!show!the!components!of!HR@

repair!pathway!are!necessary!for!stem!cell!survival!post@IR.!

!

!

!

!

!

!

!

!

!
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3.3.6.!Role!of!Microhomology!mediated!endRjoining!(MMEJ/Alternative!
NHEJ)!repair!pathway!in!Schmidtea*mediterranea!
!
Ku@independent! NHEJ! (also! known! as! Alternative! NHEJ! or! microhomology!

mediated!end!joining!(MMEJ))!based!DNA!repair!pathway!is!active!during!S!and!

G2!phases!of!the!cell!cycle!and!dependent!on!poly!(ADP@ribose)!polymerase!1!

(PARP1)! signalling.! PARPs! initiate! ADP@ribosylation,! a! post@translational!

modification!that!plays!critical!role!for!a!wide!array!of!cellular!and!physiological!

processes! including! DNA! damage.! PARP! catalyse! the! formation! of! long,!

branched!chains!of!ADP@ribose!known!as!poly@ADP!ribose!(PAR)! that! initiates!

the! nucleation! of! DNA! damage! response! and! recruitment! of! XRCC1! to! DNA!

strand!breaks.![Fig.!3.12.!A].!!According!to!domain!architecture!and!conservation!

of!function,!PARP!family!comprises!of!17!members!(Gibson!and!Kraus,!2012).!

DNA! damage! dependent! PARPs! (PARP1,! PARP2,! PARP3)! are! activated! by!

DNA!breaks!and!involved!in!DNA!repair!and!chromatin!regulation!(Boehler!et!al.,!

2011H! Krishnakumar! and! Kraus,! 2010).! 8! types! of! PARPs! (5! conserved! with!

humans)!are!found!in!choanoflagellates,!9!types!in!sponges!(7!conserved!with!

humans),!2!types!in!Drosophila!(PARP1!and!tankyrase),!C.elegans!(PME@1!and!

PME@2)!and!15!types!of!PARPs!in!fishes!suggests!that!the!ancestral!eukaryote!

had!at!least!two!PARP!enzymes!and!multiple!independent!losses!and!expansions!

of!PARP!genes!occurred!across!the!eukaryotes!(Citarelli!et!al.,!2010H!Perina!et!

al.,!2014).!Schmidtea!genome!shows!a!wide!conservation!of!PARPs!(includes!

PARP1,! 2,! 3,! tankyrase1,! PARP;9! [Macro! H2A]! and! PARP16).! In! humans,!

PARP9,! 15! and! 16! share! the! same! macrodomain! (Macro! H2A)! and!

planarians/other!invertebrates!have!only!Parp9,!suggesting!Parp15!and!16!are!

vertebrate! specific! and! have! evolved! from! its! ancestral! Parp9! gene.! A! single!

PARP!gene!has!been!identified!in!Drosophila!!which!is!similar!to!the!mammalian!

PARP;1!and!involved!in!maintenance!of!chromatin!structure!during!development!

(Tulin! et! al.,! 2002).! Studies! on! PARP1! and! PARP2! knockout! mice! revealed!

hypersensitivity!to!ionizing!radiation!and!embryonic!lethality!in!PARP1/2!double!

knockout!mice!(Ménissier!de!Murcia!et!al.,!2003).!

!
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We!have!identified!3!PARP!genes!in!S.!mediterranea!genome,!PARP1!gene!with!

a!conserved!Zn!finger!domain!in!the!N@terminal,!BRCT!domain!and!tryptophan@

glycine@arginine!(WGR)!domain!in!the!middle!and!the!catalytic!PARP!domain!in!

the!C@terminal.!In!contrast!to!PARP1,!PARP2!and!PARP3!do!not!contain!the!N@

terminal!Zn!finger!domain.!With!their!homology!to!3!mammalian!PARPS,!and!its!

phylogenetic!conservation!with!both!other!lophotrochozoans!and!vertebrates,!we!

have!named!them!as!Smed;parp1,!parp;2!and!parp;3!respectively![Fig.!3.12.!B].!

We!found!Parp1!and!Parp2!are!highly!expressed!in!X1@FACS!sorted!(stem!cell)!

population! while! Parp3! is! mostly! expressed! in! the! Xins! (differentiated! cell)!

fraction!(Dattani!et!al.,!2018a)![Fig.!3.12.!C].!The!expression!is!consistent!in!the!

single! cell! sequencing! dataset! revealing! Parp1! and! Parp2! are! expressed! in!

sigma,!zeta!and!gamma!neoblast!with!no!expression!of!Parp3!in!any!stem!cell!

subclasses! (Wurtzel! et! al.,! 2017).! We! performed! double! FISH! to! detect! the!

expression! of! Parp1,! Parp2! and! Parp3.! Individual! stem! cells! showed! co@

localisation!of!parp1!and!parp2!with!smedwi;1!and!no!detectable!expression!of!

parp3!in!stem!cells![Fig.!3.12.C].!

!
PARP1!is!mainly!required!for!single@strand!break!(SSB)!repair!and!base!excision!

repair!(BER)!in!mammalian!cells.!The!knockdown!of!individual!Parp!genes!didn’t!

show!any!defect! in! regeneration/!worm!survival! and! immunostaining!with!H3@

pSer10!revealed!no!significant!changes!in!stem!cell!proliferation![Fig.!3.13.!A@B].!

This! data! suggest! knockdown! of! PARP! genes! does! not! affect! stem! cell!

proliferation!and!have!no!effect!on!planarian!regeneration.!Using!an!established!

sub@lethal!assay,!we!next!checked!if!RNAi!of!PARP!family!genes!sensitizes!the!

worms!to! IR! [Fig.!3.13.!C].!We!observed!100%!lethality! in!Parp;1,!;2,! ;3!RNAi!

animals!that!are!exposed!to!a!15!Gy!non@lethal!dose!of!IR.![Fig.!3.13.!D@F].!We!

performed! smedwi;1! FISH! and! observed! a! significant! decrease! in! stem! cell!

density!at!7!days!post!15!Gy@IR!compared!to!the!controls!and!failure!to!repopulate!

stem! cells! post! IR! [Fig.! 3.13.! G@H.].! Using! H3@pSer10! immunostaining! we!

checked!the!proliferative!capacity!was!also!impaired!in!RNAi!worms!post@IR![Fig.!

3.13!I@J].!These!data!demonstrate!defects!in!stem!cell!repopulation!and!a!lack!of!

mitotic!cells!to!proliferate!after!irradiation.!This!leads!to!lethality!in!RNAi!worms,!
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suggesting! the! crucial! role! of! PARP! signalling! in! regulating! DDR! post@IR! in!

planarian!stem!cells.!!

 
Figure.! 3.12.! Alternative! NHEJ/MicrohomologyRmediated! endRjoining! (MMEJ)!
pathway!in!planarians.!(A)!Schematic!pathway!representing!the!identification!of!DNA!
lesion!and!the!role!of!PARP!proteins!in!transducing!the!repair!pathway!to!initiate!end@
joining!repair.!(B)!Single!confocal!stacks!of!double!FISH!showing!the!co@localisation!of!
the! expression! of!parp;1,;2,;3! mRNA! in! smedwi;1+! stem! cells! (left).! The! conserved!
domains!of!PARPs!in!Schmidtea!along!with!its!proportional!expression!in!FACS!sorted!
cell!population!(Dattani!et!al.,!2018)!and!in!different!subclasses!of!stem!cells!(Sigma,!
Zeta!and!Gamma!stem!cells)![Single!cell!sequencing!data!from!Wurtzel!et!al.,!2016].!



!
Chapter!3!!Radiation!sensitivity!and!the!DNA!damage!response!in!planarian!stem!cells!
!

 

 91!

 
 



!
Chapter!3!!Radiation!sensitivity!and!the!DNA!damage!response!in!planarian!stem!cells!
!

 

 92!

Figure.! 3.13.!The! role!of!Alternative!NHEJ/MicrohomologyRmediated!endRjoining!
(MMEJ)!pathway! in!stem!cell!maintenance!and!during!repopulation!post! IR.! (A)!
Immunostaining!with!H3@pSer10!antibody!(marker!for!mitotic!cells)!after!parp;1,!parp;2!
and!parp;3!RNAi!and!(B)!the!quantification!showing!no!significant!change!in!stem!cell!
proliferation!after!knockdown!compared!to!the!controls.!(C)!The!experimental!strategy!of!
sub@lethal!irradiation!assay!(D)!Brightfield!images!of!RNAi!animals!after!days!(indicated!
in!the!figure)!post!irradiation.!Control!animals!show!know!phenotypic!defects!(E)!Survival!
curve! showing! 100%! lethality! in! RNAi! animals! compared! to! the! controls! (n=15)! (F)!
Histogram! of! number! of! control! RNAi! versus! PARPs! RNAi! animals! showing! head!
regression!or! lysis!at! indicated! times!post! IR.! (n!=!15).! (G)!smedwi;1! FISH!showing!
defects! in!stem!cell!repopulation!at!7@day!post!15Gy@IR!in!RNAi!animals!compared!to!
controls.!(H)!Quantification!showing!a!significant!decrease!in!stem!cell!density!(number!
of!smedwi;1+! stem!cells)! in!RNAi!animals! compared! to! the! controls.!The!values!are!
represented! in! Log10! scale! (*p@value<0.05,! Students! t@test,! n! =! 5! animals/RNAi!
condition).! (I)! Immunostaining! with! H3@pSer10! antibody! after! parp;1,! parp;2,! parp;3!
RNAi!ay!10@day!post!15!Gy!IR.!(J)!Quantification!showing!a!significant!decrease!in!stem!
cell!proliferation!(number!of!H3P+!cells)!in!RNAi!animals!compared!to!the!controls!(*p@
value<0.05,!ns=not!significant,!Students!t@test,!n!=!5!animals/RNAi!condition).!
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3.3.7.!p53!binding!proteins:!53BP1!and!53BP2!in!planarians!
!
The! p53! binding! protein! (also! known! as! 53BP1! and! 53BP2)! was! initially!

discovered!to!stabilize!p53!in!response!to!IR!(Iwabuchi!et!al.,!1994H!Soussi!et!al.,!

2016)!and!later!it!was!shown!to!regulate!DNA!repair!choice!between!HR!or!NHEJ!

(Wang!et! al.,! 2002).! 53BP1! is! a! chromatin@binding!protein! that! inhibits!5’! end!

resection!(necessary!for!HR),!via!its!interaction!with!PTIP!and!RIF1!to!promote!

NHEJ! (Chapman! et! al.,! 2013H! Munoz! et! al.,! 2007H! Di! Virgilio! et! al.,! 2013H!

Zimmermann!et!al.,!2013).!53BP1!protein!is!characterised!by!a!Tudor!domain!in!

the! N@terminal! and! two! BRCT! domains! in! the! C@terminal.! The! Tudor! domain!

recognizes!symmetrically!di@methylated!arginine!(Sprangers!et!al.,!2003)!and!a!

lot!of!Tudor!domain!containing!proteins!have!been!identified!in!eukaryotes.!But!

the! tandem!Tudor!domains! in!53BP1!specifically! recognizes! the!di@methylated!

histone!H4!at!Lys!20! (H4K20me2)! to!mediate!DDR!signalling! (Botuyan!et!al.,!

2006).!The!formation!of!53BP1!foci!at!the!damage!site!still!remains!unclear!and!

very! recently!multiple! groups! independently! identified! that! 53BP1@RIF1@REV7!

forms!a!complex! (known!as!shieldin)!with!RINN1,!FAM35A! (Shieldin2/RINN2)!

and!C20Orf196!(shieldin1/RINN3)!and!gets!recruited!to!damage!sites!(Dev!et!al.,!

2018H!Findlay!et!al.,!2018H!Gao!et!al.,!2018H!Gupta!et!al.,!2018H!Mirman!et!al.,!

2018H!Noordermeer!et!al.,!2018H!Tomida!et!al.,!2018).!The!53BP1@RIF1@REV7@

RINN! complex! shields! the! DSBs! from! end! resection! thereby! promote! NHEJ!

based!DNA!repair.!Although!budding!yeast!orthologs!of!53BP1,!RIF1!are!involved!

in!DDR!but!their!function!is!not!conserved!in!DSB!repair!pathway!choice.!On!the!

other!hand,!C.!elegans!germline!showed!a!pan@nuclear!staining!of!HSR9!(53BP1!

in! human)! in! response! to! double! stranded! breaks! but!hsr9!mutants!were! not!

hypersensitive!to!IR!(Ryu!et!al.,!2013).!In!the!absence!of!H2AX!in!the!C.!elegans!

genome,! the! localisation! of! 53BP1! to! DSBs! could! substitute! for! the! H2Ax!

signalling!cascade.!Whether!53BP1!in!C.!elegans!also!play!a!role!in!DSB!repair!

pathway! choice! warrants! further! investigation.! 53BP1@! deficient! mice! show!

increased!DNA!damage!and!are!sensitive!to!IR!(Ward!et!al.,!2003).!Interestingly,!

RINN1@3!complex!is!mostly!expressed!in!vertebrates!and!not!in!invertebrates!or!

plants,! suggesting! the! role! of! 53BP1! in! repair! pathway! choice! is! a! recently!

evolved!function!in!vertebrates.!Compared!to!other!core!regulators!of!NHEJ!(like!



!
Chapter!3!!Radiation!sensitivity!and!the!DNA!damage!response!in!planarian!stem!cells!
!

 

 94!

Ku70/80,! Lig1),! 53BP1! is! not! crucial! for! DNA! end! joining! but! essential! for!

vertebrate! specific! immunoglobulin! class@switch! recombination! (Gupta! et! al.,!

2018).! Therefore,! comparative! studies! using! invertebrates! will! provide!

underpinnings!to!the!evolutionary!origin!of!p53!binding!proteins!and!their!function!

in!stem!cell!maintenance.!!

!

In!this!study!we!have!identified!53BP1!and!53BP2![Fig.!3.14.!A@C]!which!were!

previously!overlooked!in!the!planarian!literature!(Pearson!and!Sánchez!Alvarado,!

2010).!53BP1!in!Schmidtea!contains!a!conserved!Tudor!domain![Fig.!3.14.!A@B]!

along!with!two!BRCT!domains!and!53BP2!is!characterized!with!ankyrin!repeats!

and!SH3!domain.!To!understand!the!role!of!53BP1!and!53BP2!in!planarians!we!

performed!a!RNAi!screen!followed!by!a!non@lethal!dose!of!15!Gy!IR.!We!observed!

100%!lethality!in!RNAi!worms!to!irradiation!within!2!weeks!post!irradiation![Fig.!

3.14.!D@E]!suggesting!a!role! in!regulating!DNA!damage!response! in!planarian!

stem! cells.! It! will! be! interesting! to! understand! if! the! role! of! 53BP1! in! repair!

pathway! choice! is! conserved! in! planarians,! but! this! requires! generation! of!

conserved!antibodies!that!can!localise!to!DSB!sites.!Due!to!poor!conservation!of!

the! epitope!with! commercially! available! antibodies,! future!work! should! aim! to!

develop!a! planarian! specific! 53BP1!antibody! to! see! if! the! protein! localizes! to!

DNA@DSBs.!!

!

!

!

!

!

!

!

!

!

!

!

!
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!
!
Figure.! 3.14.! The! role! of! p53! binding! proteins! in! planarians.!Multiple! sequence!
alignment!showing!the!amino!acid!conservation!of!the!BRCT!domain!(A)!and!the!Tudor!
domain!(B)!in!53BP1!in!C.!elegans!(hsr9),!Xenopus!laevis,!Gallus!gallus,!Homo!sapiens!
and! Schmidtea! mediterranea.! (C)! The! conservation! of! domains! that! are! present! in!
53BP1! and!53BP2! genes! in!Schmidtea!mediterranea! (from!smart.embl.de)! (D)!Sub@
lethal!irradiation!assay!after!knockdown!of!53BP1!and!53BP2!followed!by!a!non@lethal!
dose!of!IR!showing!increased!sensitivity!to!IR!(d*!represents!days!post!irradiation)!
!(E)!Survival!curve!after!knockdown!of!53BP1!and!53BP2!followed!by!a!15!Gy!IR!showing!
100%!lethality!after!knockdown!of!worms!compared!to!the!controls.!(n!=!15!worms!per!
RNAi!condition).!
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3.3.8.!Double!knockdown!of!atr,*atm,*brca2*and*parp1!suggest!a!synergistic!
interaction!to!maintain!planarian!stem!cells.!!
!
Our!previous!data!revealed!that!individual!knockdown!of!the!components!of!HR!

and!Alt@NHEJ!does!not!lead!to!any!defect!in!stem!cell!proliferation!or!whole@body!

regeneration.!We!therefore!tested!whether!a!functional!redundancy!in!DNA!repair!

machinery! exists! to! maintain! stem! cell! proliferation.! To! address! this,! we!

performed!double!knockdown!with!combinations!of!atr!and!brca2,!atm!and!brca2,!

parp1!and!brca2.!We!also!performed!single!RNAi!of!these!genes!(with!control!gfp!

ds@RNA!as!the!second!gene!of!RNAi)!as!a!control!to!our!double!RNAi!experiment.!

Using!smedwi;1!FISH,!we!checked!the!number!of!stem!cells!significantly!reduced!

only!after!double!knockdown!of!DDR!genes!in!homeostatic!condition![Fig.!3.15.!

A!and!B].!We!also!exposed!the!RNAi!animals!with!15!Gy!IR!to!check!its!role!in!

stem! cell! repopulation! post! IR.! Our! data! is! consistent! with! our! previous!

observation!that!single!knockdown!of!atr,!atm,!brca2!and!parp1!did!not!affect!the!

homeostasis! of! stem! cell! population! compared! with! controls,! but! robustly!

impaired!repopulation!post!IR![Fig.!3.15!.C@D].!The!failure!to!recover!stem!cell!

number!was!amplified!when!double!knockdown!animals!were!exposed!to!15!Gy!

irradiation![Fig.!3.15.!D].!The!double!knockdown!of!DNA!repair!genes!suggests!a!

synergistic! interaction!exists!between!the! transducers!(atr!and!atm)!and!brca2!

that!work!together!to!maintain!genome!stability!during!normal!stem!cell!turnover.!!
!

!

!

!

!

!

!
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!
Figure.!3.15.!Combination!knockdown!of!atr,*atm,*brca2!leads!to!defects!in!stem!
cell!maintenance.! (A)! smedwi;1! FISH! showing!defects! in! stem! cell!maintenance! in!
atr/brca2,! atm/brca2,! parp1/brca2! RNAi! worms! compared! to! controls! at! 10@day! post!
RNAi!(B)!Quantification!showing!a!significant!decrease!in!stem!cell!density!(number!of!
smedwi;1+! stem! cells)! in! double! RNAi! animals! compared! to! the! controls! and! no!
significant!reduction!after!atr,!brca2!and!parp1!RNAi.!(*p@value<0.05,!Students!t@test,!n!
=! 5! animals/RNAi! condition).! (C)! smedwi;1! FISH! showing! defects! in! stem! cell!
repopulation!in!atr/brca2,!atm/brca2,!parp1/brca2!RNAi!worms!compared!to!controls!at!
7@day! post! 15! Gy! IR.! The! values! are! represented! in! Log10! scale! (*p@value<0.05,!
Students!t@test,!n!=!5!animals/RNAi!condition).!(D)!Quantification!showing!a!significant!
decrease!in!stem!cell!density!(number!of!smedwi;1+!stem!cells)!RNAi!animals!exposed!
to! IR! compared! to! the! controls! (*p@value<0.05,! Students! t@test,! n! =! 5! animals/RNAi!
condition).!gfp!dsRNA!was!injected!as!a!control!for!double!knockdown!experiments!to!
match!the!concentration.!
!
!
!
!
!
!
!
!
!
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3.3.9.!Role!of!the!Fanconi!Anaemia!pathway!in!radiation!sensitivity.!
!
In! the! previous! section,! we! have! discussed! the! role! of! HR,! Alt@NHEJ! repair!

pathways! in! regulating! DDR! signalling! post@IR.! Apart! from! double! stranded!

breaks!DNA@protein!crosslinks!can!also! induce!DNA!damage.! Interstrand!and!

intrastrand! crosslinks! (ICL)! are! caused! by! exogenous! sources! like! platinum!

compounds,! chemotherapeutic! drugs! (like! Mitomycin@C! or! cisplatin)! and! by!

endogenous!sources!like!ROS!and!dietary!fat!like!aldehydes.!A!unique!genetic!

network! comprising! of! 19! gene! products! (FANCA! to! FANCT)! known! as! the!

Fanconi!anaemia!/BRCA!pathway!repairs!the!ICL!lesions.!Among!which!FANCA,!

FANCC,!FANCG!and!FANCD2!are!the!most!frequently!mutated!genes!along!with!

FANCD1! (BRCA2),! FANCS! (BRCA1),! FANCJ! (BRIP1),! FANCM,! FANCN!

(PALB2)!@!ovarian!and!breast!cancer!susceptibility!genes.!It!has!been!estimated!

that!every!human!cell!has!to!repair!around!10!ICLs/day!and!FA@repair!pathway!is!

the!only!mechanism! to! repair! ICLs!(Clauson!et!al.,!2013H!Grillari!et!al.,!2007).!

Failure! to! repair! ICLs! leads! to! replication! fork! stalling,! thereby! leading! to!

chromosomal!rearrangements!and!DNA!breakage.!!

!
The!initial!step!of!lesion!detection!is!mediated!by!FA!proteins!which!subsequently!

co@opt! proteins! from! several! other! DNA! repair! pathways.! There! is! increasing!

evidence!of!crosstalk!between!FA@pathway!and!other!repair!processes.!FANCM!

is!a!DNA@binding!protein!with!helicase!motifs!and!plays!a!major!role!in!ICL!lesion!

recognition!in!a!manner!dependent!on!the!phosphorylation!of!ATR.!The!FA@core!

complex!proteins!are!recruited!to!the!DNA!damage!sites!and!form!nuclear!foci!

(mediated!by!FANCM,!ATR!and!BRCA1).!This!complex! interacts!with!multiple!

other!proteins!and!ubiquitinates!two!other!FA!proteins,!FANCD2!and!FANCI.!It!

forms! a! heterodimer! (named! as! FANCI@D2! complex)! and! they! are!

interdependently!monoubiquitinated!by!FANCL![Fig.!3.16.!A].!FA!proteins!also!

modulate!homologous!recombination!and!participate!in!CtIP@based!end!resection!

(Murina! et! al.,! 2014H!Unno!et! al.,! 2014)! but!antagonize!Ku@mediated! classical!

NHEJ!(Adamo!et!al.,!2010H!Pace!et!al.,!2010)!to!reduce!error!prone!mutations.!

FA!proteins!act!as!ICL!sensors!and!also!co@opt!factors!from!other!repair!pathways!

to!perform!a!rapid!and!robust!repair!machinery!to!maintain!genome!stability.!!



!
Chapter!3!!Radiation!sensitivity!and!the!DNA!damage!response!in!planarian!stem!cells!
!

 

 99!

!

We!have!identified!the!core!FA!proteins,!FANC@I,!FANC@D2!and!FANC@M!in!the!

planarian!genome,!along!with!previously!described!FANCD1!(BRCA2),!FANCJ!

(BRIP1),! FANCO! (RAD51C),! FANCQ! (ERCC4),! FANCR! (RAD51),! FAN1!

(FancD2!and!FancI@associated!nuclease!1)![Fig.!3.16.!B]!Multiple!studies!using!

C.!elegans,!chicken!DT40!and!mammalian!cells!has!revealed!the!active!role!of!

FA@pathway! is! to!suppress!NHEJ!and!promote!HR@based! repair!pathway.!We!

performed!knockdown!of!the!core!FA@complex,!Smed;FancI,!Smed;FancD2!and!

Smed;FancM!and!observed!no!discernible! phenotypes! in! regeneration!assay,!

suggesting!knockdown!of!FA!genes!has!no!effect!on!stem!cell!maintenance![Fig.!

3.16.!C].!We!next!investigated!the!role!of!these!genes!in!radiation!sensitivity!and!

checked!its!role!using!sub@lethal!irradiation!assay![Fig.!3.16.!D].!The!knockdown!

worms!were!exposed! to! 15!Gy!of!non@lethal! dose!of! IR!and! few!worms!after!

FANCD2!(RNAi)!showed!head!regression!but!the!majority!survived!up!to!30!days!

post! IR.! Interestingly,! FANCI! worms! showed! IR@sensitivity! [Fig.! 3.16.! D@E]!

suggesting!the!possibility!that!FANCI!could!play!a!significant!role!in!FANCI@D2!

complex!formation!and!ubiquitination!to!induce!DDR.!

!

Future!work!should!look!into!the!functional!redundancy!of!FANCD2!in!the!I@D2!

complex!formation!or!if!FANCI!has!any!other!functional!role!in!response!to!IR.!

Interestingly,!FA!deficient!cells!are!mostly!sensitive!to!ICL!and!not!to!other!DNA!

damaging!agents!like!IR!or!drugs.!Moreover,!with!an!active!DNA!repair!machinery!

(ATR@BRCA! signalling! axis)! in! planarians! to! repair! DSBs,! Fanconi! anaemia!

proteins!may!be!playing!other!roles!in!addition!to!repairing!DSBs.!Whether!FA@

deficient!planarians!that!are!not!sensitive!to!IR!are!prone!to!other!DNA!damaging!

drugs!warrants!future!investigation.!
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!
!
Figure.! 3.16.!The! role!of!Fanconi!anaemia! (FA)!genes! in!stem!cell!maintenance!
post! IR.! (A)! Schematic! representation! of! the! cascade! of! FA! repair! pathway! in! a!
eukaryotic!cell!with!the!key!proteins!involved!in!each!step.!FA!proteins!are!involved!intra@
strand!crosslink!repair!and!subsequently!activates!homologous!recombination!to!repair!
the! broken! DNA! strand.! (B)! Evolutionary! conservation! of! FA! proteins! from! the! core!
complex,!I/D2!complex!and!other!accessory!effector!proteins!involved!in!ICL!repair.!(C)!
Regeneration! assay! after! knockdown! of! FancI,! FancD2! and! FancM! in! planarians!
showing!normal!capacity!to!regenerate!from!head,!trunk!and!tail!pieces.!(D)!Sub@lethal!
irradiation!assay!after!knockdown!of!FancI,!FancD2!and!FancM!followed!by!a!15!Gy!non@
lethal! dose! of! IR! showing!FancI! RNAi! animals! failed! to! survive! after! irradiation.! (E)!
Survival!curve!after!knockdown!of!FancI,!FancD2!and!FancM!followed!by!a!15!Gy!IR!
showed!100%!lethality!in!FancI!RNAi!animals.!(n!=!15!worms!per!RNAi!condition).!
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3.3.10.!The!Mismatch!Repair!(MMR)!pathway!in!planarians.!
!
In!mismatch!repair,!detection!of!mismatches!and!insertion/deletion!loops!triggers!

a! single@strand! incision! that! is! then!acted!upon!by! nuclease,! polymerase!and!

ligase!enzymes![Fig.!3.17.!A].!Other!than!DDR,!mismatch!repair!pathway!is!also!

involved! in! chromatin! assembly,! immunoglobulin! diversification! and!

recombination.! Germline! mutations! in! mismatch! repair! (MMR)! genes! allow!

abnormal! proliferation! of! damaged! cells! leading! to! increased! risk! of!

tumorigenesis.!3!MMR!genes!(Smed;msh2,!Smed;msh6,!Smed;mlh1)!have!been!

identified!in!planarians![Fig.!3.17.!B].!RNAi!of!Msh2!has!no!characteristic!defect!

in!stem!cell!maintenance,!but! ! showed!a!selective!advantage! to! tolerate!DNA!

alkylating! agent! (MNNG)! compared! to! controls.! (Hollenbach!et! al.,! 2011).!We!

checked!if! loss!of!MMR!genes!show!any!IR!induced!lethality!in!planarians.!As!

previously! reported!we!also!did! not!observe!any!effects! on! regeneration! after!

RNAi!of!MMR!genes![Fig.!3.17.!C].!We!next!wanted! to!check! if!knockdown!of!

MMR!genes!sensitizes!planarians!to!irradiation.!The!RNAi!animals!were!exposed!

to!15!Gy!IR!to!check!the!repopulation!of!stem!cells!post@IR.!msh2!and!msh6!RNAi!

animals!can!be!rescued!and!showed!no!obvious!radiation!sensitivity!phenotype!

[Fig.! 3.17.! D@E],! suggesting! MMR! genes! may! play! major! role! in! stem! cell!

survival/repopulation!post!IR.!Although!similar!to!Fanconi!anaemia!genes,!MMR!

genes!may!be! involved!oxidative!damage/!DNA!damage!caused!by!alkylating!

drugs.!Overall,!our!data!suggests!stem!cell!number!in!MMR!deficient!worms!can!

be!maintained!during!regeneration!and!has!the!capacity!to!repopulate!post!IR.!!
!
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!
!
Figure.! 3.17.! The! role! of!mismatch! repair! proteins! in! planarians.! (A)!Schematic!
representation!of!the!cascade!of!mismatch!repair!pathway!in!a!eukaryotic!cell!with!the!
key!proteins!involved!in!each!step.!(B)!The!conservation!of!domains!that!are!present!in!
mismatch! repair! genes! in! Schmidtea! mediterranea! (from! smart.embl.de)! (C)!
Regeneration!assay!after!knockdown!of!msh2!and!msh6!in!planarians!showing!normal!
capacity!to!regenerate!from!head,!trunk!and!tail!pieces.!(D)!Sub@lethal!irradiation!assay!
after!knockdown!of!msh2!and!msh6!followed!by!a!non@lethal!dose!of!IR!showing!no!effect!
on!survival.!(E)!Survival!curve!after!knockdown!of!msh2!and!msh6!followed!by!a!15!Gy!
IR.!(n!=!15!worms!per!RNAi!condition).!
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3.4.!Conclusion!
!
Overall,! this! study! demonstrates! planarians! are! an! experimentally! accessible!

model!organism!to!study!DDR!in!the!context!of!adult!stem!cells.!We!confirmed!

the! conservation! of! the! key! components! of! DNA! repair! pathways! in! ASCs.!

However,!several!key!components!essential!for! the!DNA!repair!machinery!are!

absent! in! flatworms.! We! cannot! exclude! the! possibility! that! the! sequence!

homology! is! too! low! to! identify!several!DNA! repair! factors,!and!any! functional!

redundancy!in!repair!pathways!exists!in!Schmidtea!requires!further!experimental!

evidence.!!It!may!be!possible!that!planarian!SCs!possess!some!unconventional!

mechanism!to!repair!DSBs!or!other!cellular!responses!that!stabilize!survival!while!

DSBs!are!repaired.!Within!the!context!of!our!sub@lethal!irradiation!assay,!RNAi!of!

genes!encoding!for!DNA!repair!pathways!led!to!failure!in!stem!cell!repopulation.!

These!data!confirm!the!conserved!role!of!DDR!genes!in!planarian!stem!cells!and!

suggest!that!we!can!use!this!assay!for!studying!novel!DNA!repair!genes!that!are!

important!for!SC!survival!post!IR.!
!
!
!
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4.1.!Introduction!
4.1.1!Cell!migration!

Cell! migration! is! a! crucial! physicochemical! process! involved! in! tissue!

surveillance,! wound! healing,! regeneration,! immune! defence! and! also! in!

pathological!conditions!like!chronic!inflammation!and!cancer!metastasis!(Friedl!

and!Gilmour,!2009A!Friedl!and!Wolf,!2010A!Friedl!et!al.,!2011A!Scarpa!and!Mayor,!

2016).! Cells! migrate! to! reach! a! destination! either! individually! or! collectively,!

respond!to!mechanical/chemical!cues!and!interact!with!surrounding!cells/tissues.!!

!

Primordial!germ!cells!(PGCs),!leukocytes!and!hematopoietic!stem!cells!migrate!

as! individual! cells! (Friedl! et! al.,! 2001)! as! compared! to! cells! that! migrate!

collectively!during!border!cell!migration!in!the!Drosophila!ovary!(Montell,!2003),!

neural!crest!cell!migration!and!sensory!lateral! line!development!in!fish!!(Aman!

and!Piotrowski,!2010A!Ghysen!and!DamblyNChaudière,!2004A!Kniss!et!al.,!2016A!

Theveneau!and!Mayor,!2012A!Thiery,!2003A!Vasilyev!et!al.,!2009)![Fig.!4.1.!ANC].!

Cells! show! a! wide! diversity! in! the! mechanism! by! which! they! migrate! and!

understanding! its! dynamics! with! the! extraNcellular! matrix! (ECM)! yield! new!

insights!into!key!developmental!processes.!Migration!of!individually!isolated!cells!

is! mainly! amoeboid! or! mesenchymal.! For! example,! embryonic! cells! and!

leukocytes!migrate!as!ellipsoid!bodies!with!blebs!and!without!attaching!to!the!cell!

matrix! [Fig.! 4.1.! E].! On! the! contrary,! neutrophils! and! dendritic! cells! form!

characteristic! actinNrich! filopodia! and! migrate! with! a! weak! matrix! interaction!

(Charras! and! Paluch,! 2008A! Keren! et! al.,! 2008).! Mesenchymal! migration! by!

fibroblasts!and! tumour! cells! that!undergo!epithelial! to!mesenchymal! transition!

(EMT)! are! characterised! by! a! strong! focal! attachment! to! the! matrix! and! a!

contractile!cytoskeleton!(Grinnell,!2003A!Thiery,!2002).![Fig.!4.1.!F!N!G].!A!dynamic!

reciprocity! exists! between! the! migrating! cell! and! the! matrix! through! which! it!

migrates! (Te! Boekhorst! et! al.,! 2016A! van! Helvert! et! al.,! 2018).! This! complex!

process! is! resilient! to! several! mechanical,! physical! and! chemical! signalling!

assaults!that!allow!cells!to!defend,!remodel!and!repair!on!demand.!Any!defects!

in! cell! migration! can! eventually! lead! to! pathologies! ranging! from! chronic!

inflammation!to!cancer!metastasis!(Te!Boekhorst!et!al.,!2016).!

!
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!
Figure.!4.1.!An!overview!of!different!types!of!cell!migration.!(A)!Border!cell!migration!
in!Drosophila!(B)!Neural!crest!migration! in!chick!embryo!(C)!Lateral! line!sense!organ!
regeneration!in!fish!(D)!Limb!regeneration!in!Salamander!(E)!Different!types!of!isolated!
single!cell!migration! including!amoeboid/fillipodial!migration!by!anchoring! to!the!extra!
cellular!matrix.!(F)!Collective!cell!migration! in!mesenchymal,!epithelial!and!endothelial!
cells.!(G)!Cell!migration!by!cancer!cells!undergoing!EpithelialNMesenchymalNTransition.!
!
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4.1.2.!Cell!migration!in!health!and!disease!
The! efficient! migratory! capability! of! immune! cells! in! our! body! is! important! to!

detect! and!eliminate! foreign!pathogens.!For!example,! dendritic! cells! (DC)!are!

antigenNpresenting! cells! that!migrate! to!maintain! tissue!homeostasis! and!also!

initiate! a! proNinflammatory! immune! response.! Malfunctioned! or! abnormal! DC!

migration! can! often! lead! to! inflammatory! diseases! like! arthritis,! psoriasis! and!

systemic! lupus!erythematosus! (SLE)! (Worbs!et!al.,!2017).!On! the!other!hand,!

deregulated!migration! of! cancer! cells! away! from! the! primary! tumour! site! and!

extravasation!to!secondary!tissues!leads!to!metastasis.!Cancer!metastasis!and!

abnormal!cell!migration!is!often!considered!to!be!the!leading!cause!behind!the!

dissemination!of!the!tumour!cells!(Herraiz!et!al.,!2016).!Metastasis!is!a!multiNstep!

process!and! involves!an! invasion! from!a!primary! tumour!site!and!cancer!cells!

have!evolved!with!strategies!to!move!through!different!tissues!and!organs.!!

!

An!understanding!on!cell!migration!and! its!consequences!will!provide! insights!

into!new!therapeutic!strategies!for!modulating!cell!migration!in!a!broad!range!of!

conditions!ranging!from!cancer!invasion!to!tissue!regeneration.!Several!methods!

have! been! employed! to! study! the! underlying! mechanism! of! cell! migration!

(Kramer!et!al.,!2013),!each!of!them!having!their!own!advantages!and!limitations.!

The!main!advantage!of!in!vitro!assays!is!high!throughput!and!easy!handling,!but!

it!often!does!not!mimic! the! in8vivo! context.!Our! lab!has!established!an! in8vivo!

system! where! the! stem! cells!of! potentially! immortal! and! highly! regenerative!

planarian!flatworms!are!required!to!migrate!over!long!distances!to!a!distal!wound!

site!(Abnave!et!al.,!2017).!This!assay!established!the!conserved!role!of!matrix!

metalloproteinase! (MMPNa)! and! β1Nintegrins! suggesting! planarian! stem! cell!

migration!requires!the!dynamic!interaction!between!the!cell!and!the!underlying!

ECM!on!which!it!is!attached!and!over!which!it!migrates.!It!also!has!implications!

for!the!conserved!role!of!EMTNTFs![like!the!members!of!the!snail!TF!family!(snail8

1!and!snail82)!and!an!ortholog!of!the!zincNfinger!ENboxNbinding!homeobox!1!(zeb8

1)]!that!regulate!stem!cell!migration,!establishing!conservation!of!this!regulatory!

circuit! across! bilaterians! (Abnave! et! al.,! 2017).! This! work! established! an!

experimentally! tractable! assay! for! further! inNdepth! study! of! the! processes!

regulating!stem!cell!migration!in!vivo.!
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4.2.!Aim!of!this!chapter!
!
Recent!in!vitro!studies!using!cancer!cell!lines!and!dendritic!cells!have!shown!that!

mechanical!stress!on!nuclei!during!migration! through!microcapillaries! leads! to!

DNA!damage!(Denais!et!al.,!2016A!Irianto!et!al.,!2017aA!Raab!et!al.,!2016).!The!

genotoxicity! of! cell! migration! is! a! potentially! an! unappreciated! source! of!

mutations! leading! to! the! stem! cell! dysfunction! underpinning! ageing! and! the!

development!of!cancer.!The! impact!of!mechanical!stress!during!cell!migration!

has!just!started!to!be!investigated!in!vitro!but!to!what!extent!this!happens!in!vivo!

remains!unknown.!We!used!the!in8vivo!assay!established!by!Abnave!et.!al.!2017!

to! look! for! a! relationship! between! cell! migration! and! DNA! damage! during!

planarian! regeneration.! The!main! aim! of! this! chapter! is! to! investigate! if! SCs!

experience!increased!stress!owing!to!changes!in!nuclear!shape!during!migration.!

How!does!a!cell!with!DNA!damage!migrate!in!vivo?!What!is!the!role!of!different!

DNA!repair!genes!in!stem!cell!migration?!!

!
4.3.!Results!and!discussion!

!

In!chapter!3,!we!have!already!established!the!role!of!conserved!DDR!genes!in!

maintaining!genome!stability!in!stem!cells!after!IR.!We!next!decided!to!check!how!

cells! with!DNA! damage! behave! during!migration.! Although! the! links! between!

migration!and!DNA!damage!has! just!started! to!be! investigated!(Denais!et!al.,!

2016A!Raab!et!al.,!2016),!almost!nothing!is!known!about!how!cells!in!vivo!behave!

during! migration! with! respect! to! genome! instability! and! the! role! of! DDR! in!

maintaining! this! crucial! process.!Planarian! stem!cells! and! their! progeny!must!

migrate!to!the!site!of!a!wound!following!injury.!Similarly,!migration!may!also!be!

required!during! reproductive!(asexual)! fission! to! form!a! regenerative!blastema!

(Reddien!and!Sánchez!Alvarado,!2004).!To!study!this!phenomenon!in!planarians,!

despite!the!lack!of!liveNcell!imaging!approaches,!our!lab!has!established!a!robust!

assay! for! stem! cell! migration.! This! uses! a! lead! shield! to! perform! ‘shielded!

irradiation’,!to!leave!a!stripe!of!stem!cells!whose!subsequent!migration!can!be!

unambiguously!followed!(Abnave!et!al.,!2017).!!
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4.3.1.! Overview! of! the! XIray! shielded! irradiation! assay! to! study! cell!
migration!

Stem!cells!are!sensitive!to!IR!(discussed!in!chapter!3)!and!exposing!planarians!

to!a!lethal!dose!of!IR!lead!to!failure!in!the!formation!of!a!regenerative!blastema.!

Classical!studies!using!a!lead!shield!to!partially!expose!planarians!to!IR!has!been!

shown!to!slow!down!its!regenerative!ability,!suggesting!the!possibility!that!stem!

cells!have!to!migrate!to!repopulate!and!restore! its! regenerative!ability.!Recent!

studies! also! show! evidence! for! the!migration! of! eye! progenitors! (Lapan! and!

Reddien,!2011)!and!anterior!pole!cell!progenitors!(Oderberg!et!al.,!2017)!during!

regeneration.!Our!lab!has!developed!an!in!vivo!assay!utilising!the!lead!shielding!

approach! to! precisely! observe! the! molecular! control! of! stem! cell! migration!

(Abnave!et!al.,!2017).!There!are!several!advantages!of!this!assay!compared!to!

previously!developed!ones!(Guedelhoefer!and!Sánchez!Alvarado,!2012A!Tasaki!

et!al.,!2016).!For!example,!multiple!animals!can!be!uniformly!irradiated!with!XN

rays,!except!for!a!thin!strip!(0.8!mm)!of!lead!that!significantly!attenuate!the!XNrays!

in!a!preNdetermined!position!along!the!body!axis![Fig.!4.2.!ANC].!This!apparatus!

can!fit!a!standard!60!mm!Petri!dish![Fig.!4.2.!A!iNiii]!and!worms!are!aligned!across!

the!diameter!after!being!anaesthetised!using!0.2%!chloretone!for!5!minutes.!The!

worms!were!then!exposed!to!a!normally!lethal!30!Gy!XNray!dose!with!the!shielded!

region! receiving! less! than!1.5!Gy.!Exposure! to! 1.5!Gy! IR!does!not! affect! the!

survival!of!stem!cells![Fig.!4.2.!DNE],!thus!making!it!easier!to!precisely!observe!

SC!migration! from! the! surviving! band!of! stem!cells.!The! lack!of! posterior! cell!

migration! during! the! experimental! time! frame! also! allows! to! appropriately!

measure!the!distance!migrated!by!individual!stem!cells.!Details!on!the!apparatus!

are!available!in!Abnave!et!al.,!2017.!!

Dr.!Prasad!Abnave!kindly!helped!in!performing!the!shielded!irradiation!assay!for!

the!experiments!described!in!this!chapter.!

!
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Figure.!4.2.!Shielded!irradiation!assay!to!study!stem!cell!migration!!

(A)! Experimental! set! up! showing! the! shielded! irradiation! assay! (i),! with! a! top! view!
showing!the!position!of!the!shield!(ii)!and!focussing!on!the!shield!(iii).!

(B)! Dose! distribution! across! the! lead! strip! shows! >! 95%! attenuation! of! XNRay.! An!
exposure!of!30!Gy!corresponds!to!a!dose!to!the!cells!directly!above!the!shieldNprotected!
region!of!less!than!1.5!Gy.![From!Abnave!et!al.,!2017]!!

(C)!Representative!FISH!of!smedwi81!showing!the!distribution!of!stem!cells!(yellow)!after!
shielded!irradiation!assay!and!the!migration!of!stem!cells!from!the!shield!after!7Nday!post!
head!amputation.!Brackets!“[!]!”represents!the!position!of!the!shield.!Scale!bar!=!400!μm.!

!(D)!Representative!smedwi81!FISH!showing!the!survival!of!stem!cell!after!4Nday!post!
1.5!Gy!of!IR.!!

(E)!The!graph!represents!smedwi81+!cells/mm2!showed!no!significant!difference!in!stem!
cell!maintenance!after!1.5!Gy!IR.!(n!=!5,!*p<0.05,!ns=not!significant).!!

 
 
 
 
 
 
 
!
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4.3.2.!Role!of!the!nucleus!during!stem!cell!migration!

Nuclear!dysmorphia!is!considered!to!be!a!hallmark!feature!for!cancerous!cells,!

but!the!reason!behind!increased!nuclear!envelope!(NE)!rupture!in!cancer!cells!is!

still!unknown!(Chow!et!al.,!2012A!Zink!et!al.,!2004).!Recent!studies!suggest!the!

physical!damage!incurred!during!migration!involves!nuclear!envelope!squeezing!

leading!to!DNA!damage!and!genome!instability!(Cho!et!al.,!2017A!Irianto!et!al.,!

2017bA!Pfeifer!et!al.,!2017A!Shah!et!al.,!2017A!Takaki!et!al.,!2017).!The!transient!

loss! of!NE! integrity! often! leads! to!DNA! rearrangements! called! chromothripsis!

(Isermann!and!Lammerding,!2017A!Maciejowski!et!al.,!2015A!Zhang!et!al.,!2015).!

The! NE! is! a! double! lipid! bilayer! that! acts! as! a! physical! barrier! between! the!

chromosome!and! the! cytoplasm.!Components! of!NE! (inner! and!outer!nuclear!

membranes,! nuclear! pore! complex,! and! lamina)! work! together! to! protect! the!

genetic!material.!The!NE!was! initially! thought! to! facilitate! nuclearNcytoplasmic!

trafficking!but!is!in!fact!a!dynamic!organelle!that!gets!remodelled!during!every!cell!

division.! During! mitosis,! physiologically! normal! cells! undergo! NE! rupture! to!

facilitate! chromosome! segregation! to! daughter! cells! (Smoyer! and! Jaspersen,!

2014).!The!activation!of!cyclinNdependent!kinase!cdk1!leads!to!phosphorylation!

of! lamins! and! reseals! the! envelope! to! resolve! the! transient! rupture! of! NE!

(Güttinger! et! al.,! 2009).! Apart! from! lamins,! actin! filaments! and! actomyosin!
contractility! are! the! major! determinants! that! regulate! nuclear! shape! and! NE!

integrity! (Vishavkarma! et! al.,! 2014).! Recent! studies! also! discovered! that!

mechanical! forces!exerted!by! the!actin!cytoskeleton! increase!the! intraNnuclear!

pressure!leading!to!NE!rupture!(Denais!et!al.,!2016A!Raab!et!al.,!2016).!!

!

Planarian!stem!cells!are!characterized!by!a! large!nucleus!and!a!high!nuclear:!

cytoplasmic!ratio!(Gehrke!and!Srivastava,!2016)!and!the!perinuclear!actin!must!

protect! this! stiff! organelle! from! any! mechanical! damage.! Migratory! cells! in!

planarians!show!extended!protrusions!compared!to!cells!in!the!shielded!region!

[Fig.!4.3.!A]!and!knockdown!of!βNintegrin!and!MMPs!affect!the!formation!of!these!

extended!processes,!thus!inhibiting!cell!migration!(Abnave!et!al.!2017).!Nuclei!in!

stem!cells!are!more!prone!to!deform!compared!to!differentiated!cells!(Pajerowski!

et!al.,!2007).!To!determine!the!changes!in!nuclear!shape!during!cell!migration,!
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we!measured!the!nuclear!aspect!ratio!(NAR)!by!taking!the!ratio!of!the!length!and!

the!width!of! the!nucleus!of!smedwi81+!cells.!The!nuclear!aspect! ratio!changes!

significantly!in!migratory!cells!compared!to!cells!in!the!shielded!region![Fig.!4.3.!

BND]!highlighting!the!possibility!of!mechanical!stress!in!stem!cells.!The!transient!

NE!rupture!in!cancer!cells!also!leads!to!misNlocalization!of!diffusible!DNA!repair!

proteins!like!Ku80,!BRCA1,!53BP1!(Pfeifer!et!al.,!2018A!Xia!et!al.,!2018)!The!lack!

of!NE!markers!and!any!antibodies!to!DNA!damage!proteins!(Ku80!or!BRCA1)!in!

planarians!means!that!we!were!unable!to!test!if!this!stress!may!lead!to!defects!in!

the!NE!integrity!and!if!DNA!repair!proteins!invariably!mis!localize!after!migration.!

The!extent!of!NE!rupture!also!varies!based!on!the!pore!size!of!the!matrix!through!

which! a! cell! migrates! (Pfeifer! et! al.,! 2018)! and! understanding! the! matrix!

composition! through! which! planarian! stem! cells! migrate! is! an! outstanding!

question!that!needs!to!be!addressed!in!the!future.!
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Figure.!4.3.!Changes!in!nuclear!aspect!ratio!during!stem!cell!migration.!!

(A)!Representative!FISH!showing!stem!cells!(smedwi81+)!with!extended!protrusions!in!
migratory!cells!and!stationary!cells!from!the!shielded!region.!Nuclei!stained!with!hoechst!
(blue).!Images!are!shown!as!single!confocal!ZNstack!(0.32μm).!(iNiv)!is!the!single!ZNstack!
from!top!to!bottom.!Scale!bar:!5!μm.!(B)!Quantification!of!Nuclear!aspect!ratio!(NAR)!in!
the!migratory!cells!compared!to!stationary!cells!(n!=!28!cells!in!migratory!region!and!n!=!
24! cells! from! the! shield! at! 7dpa/11! dpi! (shielded! irradiation! assay).! Representative!
images!of!FISH!showing!stem!cells!(smedwi81+)!with!extended!protrusions!from!shielded!
region!(C)!and!migratory!region!(D).!Nuclei!stained!with!Hoechst!33342!(blue).!Images!
are!shown!as!single!confocal!ZNstack!(0.32μm).!The!number!represents!the!NAR!value!
of!individual!cells,!plotted!in!(B).!Scale!bar!=!5!μm.!
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4.3.3.!Effect!of!ionizing!radiation!in!stem!cell!migration!

Mechanical!stress!during!immune/cancer!cell!migration!can!lead!to!DNA!damage!

(Denais!et!al.,!2016A!Raab!et!al.,!2016)!but!the!interplay!between!cell!migration!

and!DNA!damage!is!currently!unknown.!Here!we!looked!to!what!extent!does!DNA!

damage!impede!stem!cell!migration!in!planarians.!We!used!IR!as!a!method!to!

induce!DNA!damage!to!stem!cells!and!then!track!for!cell!migration.!Fig.!4.4.!A!

describes!the!overview!of!the!experimental!strategy!where!we!preNirradiate!the!

whole! worms! with! 5! Gy! and! 10! Gy! IR! before! following! stem! cell! migratory!

behaviour!using!our!shielded!irradiation!assay![Fig.!4.4.!B].!With!the!activation!of!

the!DNA!damage!response,!we!decapitated!the!worms!after!24!hours!post!IR!to!

trigger!stem!cell!migration!towards!the!wounded!region.!The!stem!cells!show!a!

significant!delay!in!migration!after!5!days![Fig.!4.4.!C]!and!7Nday!postNIR![Fig.!4.4.!

D]!in!preNirradiated!worms!compared!to!unNirradiated!controls![Fig.!4.4.!E].!This!

data!reveals! that!preNloading!stem!cells!with!damage!prevent!migration!until! it!

has!been!repaired.!Although!there!is!a!significant!delay!in!migration,!stem!cells!

eventually!reach!the!woundA!maintain!normal!stem!cell!number,!and!fuel!normal!

regeneration! [Fig.! 4.4.! F].! Taken! together! this! data! suggests! that! genome!
integrity!must! be! sufficiently! restored! before!migration! can! proceed.!With! the!

current!lack!of!DNA!damage!markers,!it!is!not!yet!possible!to!study!the!crosstalk!

between!repair!of!DNA!breaks,!and!subsequent!initiation!of!stem!cell!migration.!

It!will!be!essential!to!develop!tools!to!directly!measure!DNA!damage! in!vivo! in!

stem!cells!to!answer!these!fundamental!questions!and!is!currently!ongoing!in!the!

lab.!
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Figure.!4.4.!Stem!cells!preIloaded!with!DNA!damage!before!wounding!show!delays!
in!migration.!!

!(A)! Experimental! scheme! showing! worms! preNexposed! to! irradiation! (5! and! 10! Gy)!
followed!by!shielded!irradiation!and!decapitation!after!24!hours.!Worms!are!fixed!at!4dpa!
and! 6dpa! (dpa! =! days! postNamputation).! Box! represents! the! migratory! region,!
represented! in! the! figure!below.! (B)!Representative!FISH!showing! the!distribution!of!
stem!cells!in!the!shield!after!5!and!10!Gy!of!IR!followed!by!the!shielded!irradiation!assay!
(3Nday!postNIR).![!]!brackets!indicate!the!shielded!area.!Scale!bar:!400!μm.!(CID)!FISH!
showing!worms!preNexposed!to!IR!(5!and!10!Gy)!show!delayed!stem!cell!migration!after!
4!and!6dpa.!The!dotted!line!represents!the!anterior!boundary!of!the!shield.!Scale!bar:!
350!μm!(E)!Distance!migrated!by!10!most!distant!cells!are!counted!from!individual!worms!
(n! =! 5! per! condition)! Results! are! expressed! as! mean! ±! SD.! Statistical! significance!
determined!by!multiple!tNtest!using!the!HolmNSidak!method,!*p<0.05!(F)!The!stem!cells!can!
eventually!migrate!and!rescue!the!whole!animal.!Representative!FISH!showing!the!stem!
cells!migrate!and!reach!the!wound!and!rescue!the!worm!(25Nday!post!IR).!Scale!bar:!400!
μm.!
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4.3.4.!Migrating!cells!are!sensitive!to!a!low!dose!of!ionizing!radiation! 
!
Live!cell! imaging!by!monitoring!the!accumulation!of!fluorescently!labelled!DNA!

damage!marker! 53BP1! or! performing! γNH2AX! immunostaining! revealed! DNA!

damage!occurs!near!the!NE!rupture!and!also!within!the!nuclear!interior!(Denais!

et!al.,!2016A!Raab!et!al.,!2016).!We!still! lack!a!complete!understanding!of! the!

mechanism!behind!DNA!damage!in!migrating!cells,!and!multiple!hypotheses!can!

be!stated!(as!reviewed!in!Shah!et!al.!2017).!For!example,!cytoplasmic!nucleases!

can!damage!the!exposed!DNA!after!nuclear!rupture!and!evidence!suggests!that!

the! “Three! prime! repair! exonuclease”! (TREX1)! has! a! role! in! cleaving!

chromosomal! DNA! outside! the! nucleus! (Maciejowski! et! al.,! 2015).! Chromatin!

fragmentation!can!further!contribute!to!genomic!instability,!as!exposed!chromatin!

is!more!prone!to!damage.!Recent!gene!expression!studies!comparing!cells!with!

rupture!due!to!compression!also!suggest!NE!rupture!results!in!activation!of!DNA!

damage!response.!A!recent!study!reported!heritable!changes!and!chromosome!

copy! number! variations! in! cells!migrating! in! vitro! through! narrow! pore!matrix!

(Bennett!et!al.,!2017A! Irianto!et!al.,!2017aA!Pfeifer!et!al.,!2017).!These!studies!

suggested!the!possibility!that!genome!instability!can!be!induced!during!migration,!

but!its!consequences!still!remain!unknown.!!

!

We!hypothesized!that!cells!with!accumulated!DNA!damage!during!migration!will!

either!be!sensitive!to!DNA!damaging!agents!due!to!genome!instability!or!resistant!

to!DNA!damaging!agents!due!to!increased!DNA!repair.!To!understand!the!effect!

of!IR!(DNA!damaging!agent)!on!migrating!stem!cells,!we!exposed!the!whole!worm!

to!a!low!dose!of!5!Gy!γNirradiation!at!7Nday!post!decapitation!where!a!significant!

number!of!stem!cells!are!present!in!the!migratory!region![Fig.!4.5.A].!SC!survival!

was!checked!at!24!hours!postNIR!using!smedwi81!FISH!to!assay!SC!sensitivity!to!

IR.!The!survival!of!stem!cells!in!the!migratory!region!after!5!Gy!γNirradiation!was!

significantly! less!compared! to!unNirradiated!controls! [Fig.!4.5.!BNG]!suggesting!

stem!cells!are!indeed!more!sensitive!to!IR!in!the!migratory!region!than!the!cells!

in!the!shielded!region![Fig.!4.5.!H].!!
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Figure.!4.5.!Radiation!sensitivity!of!stem!cells!during!migration!!

!(A)!Schematic!of!experimental!set!up!to!study!the!sensitivity!of!migrating!cells!to!IR.!In!
addition!to!the!initial!shielded!irradiation,!the!worms!were!irradiated!with!a!low!dose!of!
IR!(5!Gy,!whole!body)!at!7dpa!and!were!fixed!after!24!hours!to!check!the!survival!of!the!
migratory!stem!cells!to!IR.!!

(BIG)!Representative!smedwi81!FISH!showing!migrating!cells!are!more!sensitive!to!IR!
than!the!cells!in!the!shielded!region.!The!region!counted!for!analysis!is!marked!with!a!
box!(bold:!migratory!region,!dotted:!shielded!region).![n!=!5!per!condition,!scale!bar:!200!
μm!(B,!E),!100!μm!(C,!D,!F,!G)].!!

(H)! Quantification! of! smedwi81+! cells/mm2! cells! in! the! shielded! region! and! in! the!
migratory! region.! The! decrease! in! cells/! mm2! in! the! migratory! field! is! significant!
compared! to! the!decrease! in! the!shielded! region! indicating! that!cells! in! the!migratory!
region!are!sensitised!to!IR.!Cartoon!showing!the!region!counted!for!analysis.!Each!dot!
represents! the! number! of! surviving! cells! from! individual! worms,! n! =! 5.! Statistical!
significance!determined!by!Tukey’s!multiple!comparison!test!(*p!<!0.05).!!

(I)!Distance!migrated!by!stem!cells!showing!that!cells!are!more!sensitive!to!low!dose!IR!
the!further!they!have!migrated.!Each!dot!represents!the!distance!migrated!by!individual!
cells.!Distance!migrated!by!11!most!distant!cells!are!counted!from!individual!worms!(n!=!
5!per!condition)!Results!are!expressed!as!mean!±!SD!(student’s!tNtestA!*p<0.05,!ns!=!not!
significant).!!!

(J)!Worms!are!irradiated!with!a!low!dose!of!IR!(5!Gy)!when!cells!start!to!migrate!(4dpa,!
JIO)!and!cells!reach!the!wound!(20!dpa,!PIU).!Worms!are!fixed!after!24!hours!to!check!
the!survival!of!the!migratory!stem!cells.!The!region!counted!for!analysis!is!marked!with!
a!box!(bold:!migratory!region,!dotted:!shielded!region).![n!=!5!per!condition]!

(V)!Distance!migrated!by!stem!cells!suggests!no!significant!sensitivity!of!stem!cells!to!IR!
(at! least!10!distant!cells!are!counted! from! individual!worms!and!plotted! in!the!graph.!
Results!are!expressed!as!mean!±!SD!and!students’! tNtest!used!for!analysis!(*p<0.05,!
ns=not!significant)!n!=!5!worms/condition.!

(W)!Quantification!of!smedwi81+!cells/mm2!cells!(yellow)!in!the!shielded!region!and!in!the!
migratory!region.!The!rate!of!decrease!in!the!migratory!field!and!in!the!shielded!region!
is! plotted! in! the! graph.! The! region! counted! for! analysis! is!marked!with!a! box! (bold:!
migratory!region,!dotted:!Shielded!region).!!Cells!are!counted!by!making!a!300!x!300!box!
anterior! to!the!shield! (counted!as!migratory! field)!and!300!x!300!box!posterior! to! the!
shield!(counted!as!shielded!region).!Results!are!expressed!as!mean!±!SD!and!Tukey’s!
multiple!comparison! tests! is! used! to! check! for! significance.!Each!dot! corresponds! to!
smedwi81+cells/mm2!in!individual!worm,!n=5,!*p<0.05,!ns!=!not!significant).!!

!
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There!is!no!significant!difference!in!stem!cell!survival!after!low!dose!IR!at!4Ndays!

postNamputation,!when!cells!have!just!started!to!migrate![Fig.!4.5.!JNO,!W]!or!have!

reached! their! wound! site! at! 20Ndays! postNamputation! [Fig.! 4.5.! PNU].! The!

sensitivity!of!migratory!stem!cells! to! IR!and!the! fact! that!cells! that!are! farthest!

from!the!shield!are!more!sensitive!to!IR!at!7!dpa![Fig.4.5.!I]!is!an!exciting!finding!

that!suggest!cells!accumulate!more!damage!during!the!course!of!migration!and!

are!therefore!more!sensitive!to!IR.!

!

4.3.5.!RNAi!of!conserved!DNA!repair!genes!impairs!stem!cell!migration!to!
wound!sites!

Mechanical!stress!at!the!nuclear!envelope!activates!the!wellNknown!checkpoint!

kinase! ATR! in! mammalian! cells! and! is! known! to! regulate! genome! integrity!

(Kidiyoor! et! al.,! 2016A! Kumar! et! al.,! 2014).!Moreover,! knockdown! of! another!

kinase!ATM!or!using!an!ATM!inhibitor!has!been!shown!to!inhibit!migration!and!

invasion!of!human!glioma!cells!(Chen!et!al.,!2015A!Golding!et!al.,!2009A!Hall!et!

al.,!2016).!Although!ATR!is!upregulated! in!response!to!mechanical!stress,! the!

role! of! other! DNA! repair! genes! in! cell! migration! still! remains! unknown.! The!

mechanical!stress!incurred!during!migration!can!potentially!cause!DNA!damage!

in! planarian! SCs! and! we! hypothesized! an! active! DNA! repair! machinery! is!

therefore!necessary!for!SCs!to!migrate!and!reach!the!wound!site.!In!chapter!3,!

we! have! identified! the! different! DNA! repair! genes! and! their! role! in! stem! cell!

survival!postNIR.!We!next!investigated!the!role!of!some!conserved!repair!specific!

DDR!genes! (like!atr,!atm,!brca2!and!parp1)! in!cell!migration! in! the!context!of!

shielded!irradiation!assay.!After!knockdown!of!DNA!repair!genes!for!two!weeks!

followed!by!shielded!irradiation!assay,!the!worms!were!decapitated!after!4!days!

to!induce!cell!migration![Fig.!4.6.!A].!Knockdown!of!DDR!genes!leads!to!anterior!

tissue!regression!ultimately!leading!to!worm!lethality,!suggesting!that!stem!cells!

failed!to!migrate.!Then!we!performed!FISH!to!check!the!migration!of!smedwi81+!

stem!cells,!and!observed!reduced!migration!in!atr,!atm,!brca2!and!parp1!RNAi!

worms!compared! to!migrating!cells! in! the!control!RNAi!worms! [Fig.!4.6.!BNG].!

Stem!cell!migration!was!impaired!after!knockdown!of!DDR!genes!but!the!number!

of!smedwi81+!stem!cells!was!not!affected!in!the!shieldNprotected!region![Fig.!4.6.!
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H].!These!data!suggest!that!knockdown!of!these!genes!did!not!affect!normal!stem!

cell! turnover! as! previously! shown! in! chapter! 3.! The! significant! reduction! in!

distance!migrated!by!stem!cells! [Fig.4.6.! I]!suggests!DNA!repair!genes!play!a!

pivotal!role!in!regulating!genomic!integrity!during!stem!cell!migration.!The!role!of!

these!genes!may!be!cellNcycle!specific!and!due!to!the!lack!of!availability!of!cellN

cycle!stageNspecific!antibodies!in!planariansA!it!is!difficult!to!study!at!what!stages!

of!the!cellNcycle!the!damage!occurs.!Here!we!show!that!rather!than!replicative!

stress,!enhanced!DDR!in!planarians!is!required!for!stem!cell!migration!and!with!

the!lack!of!DDR!machinery,!stem!cells!fail!to!migrate!and!reach!the!wound!site.!!

!
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!

Figure.!4.6.!Active!DNA!repair!machinery!is!necessary!for!continued!migration!in!
response!to!wounding.!!

(A)!Experimental!scheme!to!study!the!role!of!DDR!genes!in!stem!cell!migration.!Worms!
are!injected!for!2!weeks!(RNAi)!followed!by!the!shielded!irradiation!assay!and!fixed!for!
FISH!7!days!post!head!amputation!(dpa).!(BIG)!Representative!smedwi81!FISH!shows!
the!migration!of! stem!cells! (yellow)!at!7!dpa! in!control! (RNAi)! (B!and!E)!worms,!but!
migration!is!inhibited!in!atr!(C),!atm!(D)!brca2!(F)!and!parp1!(G)!RNAi!worms.!(n!=!5!per!
RNAi!condition).!Scale!bar:!400!μm,!dotted!line!represents!the!anterior!boundary!of!the!
shielded!region.!(H)!Stem!cells!in!the!shielded!region!show!no!significant!changes!in!the!
stem! cell! turnover.! (*p<0.05,! ns=! not! significant,! n=5! per! RNAi! condition).! (I)!
Quantification! showing! the!distance! travelled! by! stem! cells! after! knockdown! of!DNA!
repair!genes!compared!to!the!control!RNAi.!Each!dot!represents!the!distance!migrated!
by!individual!cells.!Distance!migrated!by!15!most!distant!cells!are!counted!from!individual!
worms.!Results!are!expressed!as!mean!±!SDA!n!=!75!cells,!N!=!5!worms/RNAi!condition!
(student’s!tNtestA!*p<0.05,!ns!=!not!significant).!!

!
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4.4.!Conclusion!

Both!ageing!and!oncogenic!phenotypes!thought!to!be!caused!by!mutations!due!

to!replicative!stress!may!also!result!from!genome!instability!incurred!during!cell!

migration.!This!could!be!an!underNappreciated!source!of!genomic!heterogeneity!

in! highly! invasive! cancer! cells! that! encounter! tight! spaces! in! the! tissue!

microenvironment.!Using!an! in!vivo!assay,!we!revealed!DNA!repair!genes!are!

necessary!for!normal!stem!cell!migration.!Planarian!SCs!incur!mechanical!stress!

during!migration! in!vivo! that!can!potentially! lead! to!DNA!damage!Nonetheless!

many!open!questions!remain!as!to!whether!planarian!SCs!undergo!NE!rupture!

during!migration!and!what!are!its!longNterm!effects!on!genome!instability.!How!

does! NE! rupture! affect! transcriptional! regulation! and! chromatin! organization!

during!migration?!Future!work!in!planarians!can!reveal!the!regulatory!interplay!

between! stem!cell!migration! and!DNANrepair! processes.!Understanding! these!

fundamental!questions!using!an!experimentally!accessible!model!organism!will!

improve!our!understanding!of!cell!migration!and!also!provide!new!avenues!for!

translational!cancer!research.!
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5.1.!Introduction!!
!
IR! is! used! to! treat! cancers! and! increasing! the! sensitivity! and! specificity! of!

radiotherapy!is!a!priority.!!There!is!growing!evidence!that!tumour<initiating!cancer!

stem!cells!are! resistant! to! IR!and!so!can!be!selectively!enriched!by! repeated!

radiotherapy!(Bao!et!al.,!2006D!Chiou!et!al.,!2008D!Pajonk!et!al.,!2010D!Rich,!2007D!

Woodward! et! al.,! 2007).! Therefore,! identification! of! biomarkers! of! radiation!

survival! are! critical! to! understand! this! process!and! for! developing! therapeutic!

strategies!to!target!cancer!cells!specifically.!In!chapter!3,!we!have!identified!that!

planarian!stem!cells!can!resist!a!high!dose!of!15!Gy!(thrice! the! lethal!dose!to!

humans)! without! any! physiological! defects.! Many! organisms! can! resist! high!

doses! of! IR,! like! the! bacterium!Deinococcus! that! can! resist! 30,000! Gy,! and!

Tardigrades,! which! can! tolerate! up! to! 5000! Gy! (Beltrán<Pardo! et! al.,! 2013D!

Horikawa!et!al.,!2006,!2013D!Levin<Zaidman!et!al.,!2003D!Zahradka!et!al.,!2006).!

An!understanding!of!how!these!organisms!can!resist!such!a!high!dose!will!help!

to!identify!targetable!mechanisms!contributing!to!increased!radiation!resistance.!

5.1.1!Interplay!between!transcription!and!DNA!repair!
!
Broadly,! DDR! includes! the! stalling! of! the! cell! cycle,! initiation! of! DNA! repair,!

regulation! of! transcription,! translation! and! ubiquitin<proteasomal! system! to!

ensure! normal! cell! physiology.! The! crosstalk! between! activation! of! DDR! and!

transcription! is! particularly! important! if! a! break! is! encountered! in! an! actively!

transcribed! gene.! The! prevailing! model! is! that! DNA! damage! elicits!

phosphorylation!and!ubiquitination!of!RNA!polymerase!II!(RNAPII)!leading!to!the!

global!repression!of!transcription!both!at!sites!of!DNA!damage!and!even!genes!

that!are!not!damaged!(Proietti<De<Santis!et!al.,!2006D!Rockx!et!al.,!2000)! [Fig.!

5.1.!A<B].!Depending!on!the!nature!of!the!genetic!lesion,!cells!react!differently!at!

the!transcriptional!level![Fig.!5.1.!C]!and!the!advantage!of!global!repression!of!

transcription!is!to!allow!efficient!DNA!repair.!With!this!idea,!this!chapter!aimed!to!

explore!the!interplay!between!transcriptional!response!and!IR<induced!DDR.!!

!
!
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5.1.2.!The!transcriptional!response!to!IR!in!different!organism!
!
IR!induces!damage!to!DNA!and!cells!activate!a!cascade!of!biochemical!events!

to! modulate! gene! expression! (Radman,! 2016).! The! role! of! p53! and! ATM! in!

modulating! IR<induced! transcriptional! changes! have! been! well! documented!

(Amundson!et!al.,!2005D!Jen!and!Cheung,!2005D!Rashi<Elkeles!et!al.,!2014)!but!

one!limitation!of!these!studies!was!the!changes!in!transcript!level!could!be!due!

to! alterations! in! the! synthesis! or! stability! of! pre<existing!RNA.! A! recent! study!

approached! this! problem! by! labelling! and! isolating! the! nascent! RNA! using!

bromouridine,!showed!p53!and!ATM!regulates!RNA!stability!post! IR! (Venkata!

Narayanan! et! al.,! 2017).! Apart! from! human! cells,! studies! on! Bryophyte!

Physcomitrella! (Kamisugi! et! al.,! 2016)! and! a! radio<resistant! bacterium!

Kineococcus!radiotolerans!(Li!et!al.,!2015)!also!revealed!the!!role!of!DNA!repair!

genes!as!a!response!to!IR<induced!DSBs.!A!comprehensive!investigation!of!the!

transcriptional! response! of! radiation<resistant! species! will! provide! a! better!

understanding!of! the! underlying!genetic!mechanisms! responsible! for! radiation!

resistance.! Moreover,! studying! the! transcriptional! response! to! IR! could! also!

provide! insights! to! identify! novel! factors! that! contribute! to! increased! radiation!

tolerance!and!stem!cell!survival!in!planarians.!

!

!
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!
Figure!5.1.!The!fate!of!transcription!near!doubleCstranded!break!is!dependent!on!
the!DNA!damage!sensing!mechanism.! (A)!KU70/80!sense!DSBs!and! recruit!DNA<
PKcs!that!actively!removes!RNAPII!from!damaged!genes!via!the!proteasomal!pathway.!
(B)!ATM!gets!phosphorylated!leading!to!monoubiquitylation!of!H2A<K119!that!results!in!
chromatin! compaction! and! inhibition! of! RNAPII! elongation! but! not! degradation! of!
RNAPII.! (C)! Although! transcription! halts! near! DSBs,! small! RNAs! are! transcribed! by!
RNAPII!near!the!breaks.!Dicer/Drosha!cleaves!the!small!RNAs! to!generate!DDRNAs!
that! are! important! for! recruitment! of! secondary! DDR! factors! and! also! for! RAD51!
mediated! homologous! recombination.! [Figure! adapted! from! (Capozzo! et! al.,! 2017D!
D’Alessandro!and!d’Adda!di!Fagagna,!2017D!Michelini!et!al.,!2017)]!
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5.2.!Aim!of!this!chapter!
!
Radiation! tolerance! (RT)! depends! on! the! efficient! performance! of! the! DNA!

damage!response!(DDR)!genes!(Bunting!et!al.,!2010D!Fokas!et!al.,!2014D!Gibson!

and! Kraus,! 2012D! Panier! and! Boulton,! 2014).!An! understanding! could! enable!
radioresistant! cancer! patients! experiencing! tumour! relapse! to! have! more!

effective! personalized! therapeutic! strategies! along! with! radiotherapy! or!

chemotherapy.!Currently,!there!are!no!clinically!predictive!markers!available!to!

detect!cancer!cells!or!to!indicate!the!effective!treatment!outcome.!Planarian!SCs!

can!resist!a!high!dose!of!IR,!where!the!surviving!stem!cells!clonally!repopulate!

and!rescue!the!animal.!The!aim!of!this!study!is!to!understand!the!transcriptional!

response! to! IR! in! adult! stem! cells! and! identify! some! novel! genes! that! are!

responsible!for!increased!RT!in!SCs.!An!understanding!of!the!mechanism!will!be!

useful! for! the!development!of!biomarkers! for!surviving!radiation!exposure!and!

identify!targets!for!radio<sensitization.!We!also!studied!the!radiation!response!of!

a!radioresistant!human!fibrosarcoma!cell!line!HT1080!to!a!clinically!relevant!dose!

of! IR! to!understand!the! functional!conservation!of! radiation!response!between!

invertebrate!adult!stem!cells!and!a!human!cancer!cell! line.!These!findings!will!

provide!a!better!understanding!of!radiation<induced!carcinogenesis.!!

!
5.3.!Results!and!discussion!
!
Radiation! transcriptomics! has! been! effectively! utilized! to! gain! mechanistic!

insights! into! radiation! resistance! in! tumour! or! cancer! stem! cells! and! also! to!

identify!biomarkers!for!radio<response!(Krause!et!al.,!2017D!Lu!et!al.,!2014D!Rashi<

Elkeles!et!al.,!2014).!Although!much!of!the!DNA!repair!mechanism!operates!at!a!

protein!level,!the!cellular!transcriptome!is!also!a!key!modulator!of!DDR!signalling.!

Lethal! doses! of! IR! (>30! Gy)! eliminates! all! stem! cells! in! planarians! and!

transcriptomic! analysis! after! lethal!doses!have!been!used! to! identify!neoblast!

enriched!transcripts!(Blythe!et!al.,!2010D!Cheng!et!al.,!2018D!Galloni,!2012D!Önal!

et!al.,!2012D!Solana!et!al.,!2012D!Wagner!et!al.,!2012).!RNA<sequencing!after!a!

sub<lethal!dose!of!IR!(12.5!Gy)!has!also!been!used!to!identify!markers!involved!

in!stem!cell!repopulation!(Lei!et!al.,!2016D!Wagner!et!al.,!2012D!Zeng!et!al.,!2018).!
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Our!independent!analysis!of!the!RNA<Seq!datasets!from!lethally!irradiated!worm!

(60!Gy!IR)!(Cheng!et!al.,!2018)!!revealed!838!genes!were!significantly!depleted!

after!24!hours!post!IR,!most!of!which!are!associated!with!stem!cell!maintenance,!

such!as!cell!cycle!and!replication!related!genes!(PCNA,!cyclin=B,!mcm2,!wee1,!

cdt1),!RNA<binding!proteins!(piwi=1,!ddx52),!and!genes!involved!in!DDR!(RAD51,!

RAD54B,!RAD50,!ERCC6).!Interestingly,!many!of!the!DDR!related!genes!were!

depleted!due!to!stem!cell!depletion!after!lethal!dose!of!IR.!!

!

The!transcriptional!response!to!IR!using!an!entire!worm!gives!a!heterogeneous!

response!from!different!cell!types,!especially!with!higher!doses!of!IR!(>10!Gy)!as!

very! few!SCs!survive!post! IR!(previously!described! in!chapter!3).!Most!of! the!

differentially! expressed! genes! will! be! a! mixed! response! from! the! very! few!

surviving!stem!cells! (after!12.5!Gy)!and!mostly! from!the!progeny/differentiated!

cells!(in!lethal!60Gy!dose).!Therefore,!using!whole!worm!irradiation!dataset!is!not!

informative!regarding!changes!in!the!stem!cells.!!

!

5.3.1.!The!transcriptional!response!to!γCIR!in!planarian!stem!cells!
!

Despite!the!significant!advancement!of!identifying!novel!stem!cell!markers!using!

lethal!irradiation!as!a!tool,!the!current!literature!lacks!the!understanding!of!how!

IR<induced!DNA!damage!can!lead!to!transcriptional!changes!specifically!in!stem!

cells.!High!dose!of!IR!(including!15!Gy)!leads!to!the!survival!of!few!stem!cells!to!

be!FACS!sorted! (previously!described! in!chapter!3)!and! in!order! to! isolate!an!

optimum! amount! of! stem! cells! for! a! robust! RNA<seq! library! preparation,! we!

exposed! the!worms! to! a! low!dose!of! 5!Gy! γ<IR.!From!our! comet! assay!data!

described!in!chapter!3,!we!know!exposure!to!5!Gy!IR!causes!DNA!breaks!at!2<

hours! and! 24<hours! post<IR! and! is! therefore! used! to! understand! the!

transcriptional!response!of!SCs!to!IR.!The!stem!cells!were!FACS<sorted!into!X1!

(containing!stem!cells!in!S/G2/M!phase!of!the!cell!cycle)!and!X2!(containing!stem!

cells!in!the!G1!phase!of!the!cell!cycle!and!post<mitotic!progenies)!fractions!after!

3!hours!and!24!hours!post<IR![Fig.!5.2.!A].!We!used!an!early!time!point!(3<hours!

post<IR)! and! a! late! time! point! (24<hours! post<IR)! to! understand! the! DDR!

signalling.!Total!RNA!was!isolated!from!X1!fraction!and!X2!fraction!followed!by!



!
Chapter!5!!!!!!!!!!!!!!Transcriptional!response!of!planarian!stem!cells!to!ionizing!radiation!
!
!

! 130!

library!preparation!for!sequencing![Fig.!5.2.!A!–!C].!SC!heterogeneity!exists!within!

the!X1!fraction!and!the!present!study!is!aimed!to!understand!the!effect!of!IR!on!

global!transcriptional!response!of!SCs!at!different!cell!cycle!phase.!!

!

We! used! the! publicly! available! S.! mediterranea! transcriptome! assembly!

(Planmine!Dresden,!dd_smed_v6!transcriptome!assembly)(Brandl!et!al.,!2016)!

to!map!our!raw!RNA<seq.!FASTQ!reads!and!differential!gene!expression!(DGE)!

analysis! was! performed! using! the! Walds! test! (details! on! RNA<sequencing!

analysis! is! described! in! chapter! 2).! DGE! analysis! revealed! 221! genes! were!

upregulated! [Fold! change! (FC)! >2,! p<value<0.05],! 615! genes! were!

downregulated,! [FC<<2,! p<value<0.05]! after! 3! hours! and! 2010! genes! were!

upregulated![Log2FC>4,!p<value<0.01]!after!24!hours!post!IR!in!X1!sorted!stem!

cells.!On!the!other!hand,!328!genes!were!upregulated![FC>2,!p<value!<0.05],!693!

genes!were!downregulated! [FC>2,!p<value!<0.05]!after!3!hour!and!644!genes!

were!upregulated![FC>2,!p<value!<0.05],!592!genes!were!downregulated![FC>2,!

p<value!<0.05]!after!24!hours!post!IR!in!X2!sorted!cells![Fig.!5.3.!A!–!D].!42!genes!

were!common!to!X1!and!X2!irradiated!cell!dataset!at!24!hours!out!of!which!23!

genes!were!upregulated!that!includes!cell<death!related!nuclease,!apoptosis!and!

autophagy<related!genes.!!

!

Genes!that!are!upregulated!in!X1!stem!cells!at!24!hours!post<IR!include!genes!

involved! in! Reactive! Oxygen! Species! (ROS)! signalling,! metabolic! pathways,!

stress<related! genes,! interferon! signalling! along! with! genes! involved! in!

extracellular!matrix!remodelling.!For!example,!ULK1=like!(dd_1620)!is!autophagy!

related!kinase!that!was!significantly!upregulated!in!planarian!stem!cells!following!

IR!(log2!FC=4.2).!Autophagy!plays!a!significant!role!in!cancer!because!of!its!role!

in! tumour! suppression! and! cell<cycle! arrest! to! protect! cells! from! a!myriad! of!

genotoxic!assaults.!

!
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Figure.!5.2.!Experimental!strategy!to!understand!the!transcriptional!response!to!
γCirradiation!in!planarian!stem!cells.!(A)!!Stem!cells!were!isolated!based!on!nuclear!
to!cytoplasmic!content.!X1!(cells!from!S/G2/M!phase)!and!X2!(G1stem!cells,!post!mitotic!
progenies)!population!were!separately!collected! from!5Gy! IR!worms!and!unirradiated!
control!worms.!RNA!was!isolated,!libraries!were!prepared!and!sequenced!in!the!Nextseq!
550! machine.! (B,! C)! Quality! control! of! libraries! using! Agilient! Tape<station.! The!
electrophenogram!showing!a!clean!band!~280!bp!with!no!adapter!dimers!from!one!of!
the!experimental!replicates. 
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!
Figure.!5.3.!Transcriptional!response!to!γCirradiation!in!planarian!stem!cells.!(ACD)!
Volcano!plots!showing!the!differentially!expressed!transcripts!in!X1!and!X2!cells!after!3!
hours!and!24!hours!post! irradiation! respectively.!The!X<axis! represents! the! log! (Fold!
change)!and!the!Y<axis!represent!the!Log!(p!values).!(ECF)!The!hierarchical!clustering!of!
differentially!expressed!genes!in!X1!and!X2!cells!after!24!hours!post<irradiation,!based!
on!Euclidean!distance!and!single!linkage.!Statistical!significance!was!calculated!using!
Walds!test!FDR!p<value<0.01!as!a!part!of!CLC!genomics!package.!!
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A!key!therapeutic!strategy!currently!being!employed!to!treat!cancer!is!to!couple!

autophagic! pathways! along! with! radiotherapy! (Levy! et! al.,! 2017D! Tam! et! al.,!

2017).!The!role!of!autophagy!in!DNA!repair!has!not!been!extensively!studied!and!

the!role!of!beclin1!has!just!been!identified!to!regulate!DSB!repair!independent!of!

autophagy! (Xu! et! al.,! 2017a).! Low! dose! irradiation! (~0.02! Gy)! leads! to! an!

increase!in!oxidative!stress,!ROS!generation!in!hematopoietic!stem!cells!(HSC)!

and! upregulation! of! ULK1! have! been! observed! to! trigger! autophagy! and!

mitophagy!(Rodrigues<Moreira!et!al.,!2017).!Upregulation!of!NF<κB in!response!

to! IR!plays!a!major! role! in!apoptotic!signalling! leading! to! increased!survival! in!

human! neuroblastoma! cells! (Veeraraghavan! et! al.,! 2011)! and! hematopoietic!

stem!cells!(Kim!et!al.,!2014a).!!

!

We!observed!upregulation!of!TNF!signalling!pathway!genes,!encoding!for!TNF!

(tumour! necrosis! factor),! chemokines,! and! interleukins,! along! with! MAPK!

(mitogen<activated!protein!kinase)!phosphatases!in!planarian!SCs!post<IR.!TNF!

receptor!associated!factors!(TRAFs)!are!a!family!of!proteins!involved!in!antiviral!

responses! and! apoptosis.! TRAFs! have! been! greatly! expanded! in! planarians!

(Swapna!et! al.,!2018)! and!our! dataset! identified! four!different!TRAFs! (TRAF=

1,2,3,! 6)! that! are! upregulated! in! stem! cells! in! response! to! IR.! NF<κB<TNF!

signalling!activation!mediates!IR<induced!expression!of!cell!death!inhibitors!which!

enhances! cell! survival! and! induce! radiation! resistance! in! several! cancers!

(Veeraraghavan!et!al.,!2011D!Yu!et!al.,!2017).!The!activation!of!TNF!signalling!

and!MAPK!pathway!in!planarians!in!response!to!IR!could!be!a!survival!strategy!

employed! by! the! stem! cells! to! resist! such! a! high! dose! of! IR.! Our! data! also!

correlates!with!a!previous!study!using!radioresistant!non<small<lung!cancer!cell!

line,!showing!upregulation!of!MAPK,!solute!carrier!family!genes!involved!in!ion!

transport,!membrane<bound!proteins,!TNF!signalling!pathway!genes!(Yang!et!al.,!

2013).!!

!

IR!is!a!stressful!response!to!living!cells!that!induces!several!stress<responsive!

proteins! like! Heat! shock! proteins! (HSPs).! HSPs! are! evolutionarily! conserved!

proteins! that!assists! in!refolding!or!degradation!of!other!proteins!and! interfere!

with! anti<apoptotic! pathways!or! elicit! anti<cancer! immunity.!HSPs!are! typically!
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based!on!their!molecular!weight!and!classified!into!five!major!families:!HSP100,!

HSP70,!HSP60!and!small!HSPs.!These!molecular!chaperones!are!known!to!be!

upregulated!in!flies!in!response!to!irradiation!(Moskalev!et!al.,!2015),!and!recently!

HSPs!have!been!characterized!in!planarians!(D.!japonica)!to!be!critical!for!stem!

cell! maintenance! during! regeneration! (Isolani! et! al.,! 2012).! Our! RNA<seq.!

analysis! revealed!upregulation!of!hsp40/!DnaJ,!hsp60,!hsp83,!hsp90,! in!stem!

cells! in! response! to! IR! and! this! could! play! a! major! role! in! cell! survival.! The!

functional!role!of!HSPs!in!response!to!IR!and!how!it!regulates!SC!survival!post<

IR!is!still!unknown!and!requires!experimental!characterization!in!the!future.!

!

Several!genes!involved!in!metabolic!processes!were!upregulated!in!X1!stem!cells!

in!response!to!IR.!There!are!three!arginine<glycine!amidino<transferases!(AGAT=

1,2,3)! that!catalyse! the! first! step! in!creatine!biosynthesis! to!yield!ornithine.! IR!

induces! the! activation! of! these! three! AGATs! along! with! antizymes! Ornithine!

decarboxylase! (ODC)! and! cytochrome! P450! (CYP450).! Polyamines! are! well!

known!for!their!role!in!tumour!suppression!or!DNA!repair!after!the!discovery!of!

ODC!as!a!transcriptional!target!of!MYC!oncogene!(Bello<Fernandez!et!al.,!1993).!

Dysregulated!polyamine!biosynthesis!is!considered!to!be!the!hallmark!of!several!

cancer!like!leukaemia,!neuroblastoma,!and!breast!cancer!(Funakoshi<Tago!et!al.,!

2013D!Hogarty!et!al.,!2008).!Elevated!ODC!and!polyamine!production!promote!

increased!proliferation!in!tumour!cells!and!polyamines!are!currently!being!used!

as!biomarkers! for!several!cancers.!Targeting! the!polyamine!metabolism! led! to!

the! development! of! ODC! inhibitors! that! are! recently! implemented! in! cancer!

prevention! (Casero! et! al.,! 2018).! ODCs! catalyse! the! first! rate<limiting! step! in!

polyamine!synthesis!and!6!ODCs!have!been!identified!in!planarians!(Cassella!et!

al.,! 2017).! ODC1! gets! activated! during! wounding! (Wenemoser! et! al.,! 2012D!

Wurtzel! et! al.,! 2015)! and! its! inhibition! leads! to! failure! in! SC! proliferation! and!

differentiation.!It!is!currently!unknown!whether!ODCs!are!activated!in!stem!cells!

near!the!wound!site!and!how!it!regulates!neoblast!proliferation!requires!further!

characterization.! ODCs! are! induced! in! response! to! UV! irradiation! in! mouse!

keratinocytes! and! have! been! reported! to! play! a! major! role! in! DNA! double<

stranded!break!repair!(Rosen!et!al.,!1990D!Tsuji!et!al.,!2007).!These!metabolic!

genes! like! AGAT=1,2,3! and! antizymes! like! ODC! were! highly! expressed! in!
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planarian!epidermal!progeny!(Eisenhoffer!et!al.,!2008D!Tu!et!al.,!2015).!Although!

very!little!is!known!regarding!the!function!of!these!metabolic!genes!in!Schmidtea,!

it!has!been!hypothesized!that!AGAT+!cells!synthesize!creatinine!which!is!taken!

up!by!neighbouring!muscle!and!neuronal!cells!(Eisenhoffer!et!al.,!2008D!Tu!et!al.,!

2015),!but!this!requires!further!experimental!evidence.!Metabolic!genes!including!

polyamines!are!essential!for!cell!growth,!maintenance!of!chromatin!conformation,!

gene! regulation! and! ion! channel! regulation! (Casero! and!Marton,! 2007D!Pegg,!

2009).!The!upregulation!of!multiple!metabolic!genes!in!stem!cells!after!irradiation!

suggests! that! despite! these! transcripts! being! lowly! expressed! in! homeostatic!

condition,!these!genes!play!a!significant!role!in!stem!cell!survival!post<irradiation.!!

!

Other!genes!that!were!upregulated!in!stem!cells!post!IR!include!genes!from!notch!

signalling! (Jagged!1=like!and!E3!ubiquitin! ligase!mindbomb!1! (MIB1)),!Protein!

Phosphatases! (PTPRJ,! PTPRN),! Matrix! metalloproteinases! (MMP1,! MMP2,!

MMPa,! MMPb),! Limpet! homeobox! proteins! (FHL1,! FHL2,! FHL3,! LHX1),!

transcription! factors! (EGR1=like! and! EGR4=like)! along! with! novel! genes! with!

domains! of! unknown! function! [c14orf166,! c10orf11].! Two! novel! genes!

downregulated! in!response!to! IR! include!c8orf45!and!c10orf2.!Although! in! this!

study,! we! focused! on! characterizing! genes! with! homology! to! mammals,!

irradiation! also! induced! a!multitude! of! flatworm! and!S.! mediterranea! specific!

genes.!A!similar!study!using! low!dose!IR! in!another! flatworm!D.! japonica!also!

revealed! upregulation! of! Plexin=B,! Ornithine! decarboxylase! (ODC1),! Rab7,!

Tetraspanin!CD63,!Ras<related!C3!Botulinum!toxin!(Rac1),!Astacin!after!4!and!

7<days! post<irradiation.! All! of! these! genes! are! common! to! the! Schmidtea!

irradiation!transcriptome!dataset!that!suggests!a!conserved!response!to!IR!exists!

among!the!flatworms.!Although!D.!japonica!dataset!was!performed!using!whole!

worms!(technical!limitation!to!isolate!stem!cells),!the!qPCR!data!revealed!lethal!

dose!of!IR!does!not!lead!to!upregulation!of!these!genes.!This!data!explains!the!

upregulation! of! the!metabolic! genes! could! be! in! the!D.! japonica! stem!cells! is!

similar!to!what!we!observe!in!X1<FACS!sorted!stem!cells!post!IR.!!

!

!

!
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5.3.2.!Functional!characterization!of!IRCresponsive!genes!
!

We! next! wanted! to! study! the! role! of! the! differentially! upregulated! genes! in!

response!to!IR!(as!described!in!section!5.3.1),!to!identify!genes!that!are!involved!

in!stem!cell!survival!and!DNA!repair.!Our!RNA<seq.!dataset!revealed!upregulation!

of!two!Tspan!family!genes!were!induced!(Tspan18_1003!and!TspanCD63_440)!

in!X1!stem!cells!after!24!hours!post!IR.!Tspan!CD63!has!been!shown!to!be!up<

regulated!after!low!dose!radiation!in!Dugesia!japonica!(Rossi!et!al.,!2007,!2018)!

but!whether!it!regulates!stem!cell!repopulation!post!IR!still!remain!unknown.!The!

tetraspanin!family!of!genes!have!a!broad!role!in!cancer!initiation,!metastasis,!cell!

adhesion! and! immune! signalling! (Charrin! et! al.,! 2014D! Hemler,! 2014D! Zöller,!

2009).! Tetraspanins! (TSPAN)! are! a! family! of! small! transmembrane! integral!

proteins!expressed!by!plants!and!all!metazoans,!with!33!members!in!mammals,!

37!in!Drosophila,!20!in!C.!elegans!and!48!in!Schmidtea!mediterranea!(Huang!et!

al.,! 2005D! Zeng! et! al.,! 2018).! Tetraspanins! (Tspan)! are! a! diverse! family! of!

membrane! proteins! that! regulate! cellular! interactions! with! other! cells! or!

stroma/matrix! along! with! some! Tspan! with! more! specialized! functions! like!

uroplakins!in!the!bladder!and!retinal!outer!segment!membrane!protein!(ROM1)!

in! the! retinal!photoreceptors.!These! integral!membrane!proteins!modulate!cell!

signalling! during! cell! motility! by! interacting! with! growth! factor! receptors! or!

integrins! (Lazo,!2007).!For!example,!CD63! (also!called!melanoma!associated!

antigen)!was!the!first!tetraspanin!to!be!related!to!the!invasive!property!of!human!

melanomas!and!colon!carcinoma!cell!line!(Radford!et!al.,!1995).!!

!!

Using!FISH,!we!checked!the!expression!of!the!two!Tspan!identified!in!our!RNA<

seq.!dataset!and!observed!TspanCD63!is!mostly!expressed!in!the!gut!branches!

and! Tspan18<like! in! the! parenchymal! cells.! The! single<cell! RNA<seq.! dataset!

(Fincher!et!al.,!2018)!is!also!consistent!with!our!FISH!showing!the!expression!of!

TSPCD63!and!Tspan18=like!in!intestine!and!parenchymal!cells!respectively.![Fig.!

5.4].!TSPCD63!has!also!been!shown!to!be!upregulated!in!the!gut!branches!of!D.!

japonica!in!response!to!low!dose!IR!and!is!hypothesized!to!play!a!major!role!in!

stem!cell!survival!and!proliferation!near!the!gut!branches!(Rossi!et!al.,!2018).!

!
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Next,!we!investigated!the!role!of!LIM!homeobox!transcription!factors!(TFs),!FHL<

1!in!stem!cell!survival!post!IR.!The!four!and!a!half!LIM!(FHL)!proteins!comprises!

of!4!complete!LIM!(an!acronym!derived!from!LIN<11,!ISL<1!and!MEC<3)!domains!

with!zinc!finger!motifs!preceded!by!an!N<terminal!half!LIM!domain.!These!proteins!

play!a!diverse!role! in!cell!migration,!proliferation,!differentiation!and!apoptosis!

(Johannessen! et! al.,! 2006).! The! role! of! FHL! proteins! in! carcinogenesis! is!

debatable! as! upregulation! of! FHLs! has! been! reported! in! ovarian! and!

gastrointestinal! cancers! and! downregulation! in! rhabdomyosarcoma!

(Johannessen!et!al.,!2006).!FHL1/2!and!3!regulate!TGF<β!mediated!transcription!

via!interaction!with!Smad!proteins!to!suppress!tumour!growth!(Ding!et!al.,!2009).! 

!

Many!of!the!upregulated!transcripts!in!neoblasts!following!IR!correspond!to!genes!

that!in!wild<type!animals!have!expression!enrichment!in!the!differentiated!cells!

(Xins!compartment).!We!therefore!hypothesized!that!these!genes!could!play!a!

role!in!stem!cell!survival/repopulation!post!IR.!We!silenced!the!expression!of!TFs!

like! FHL<1,! and! the! two! tetraspanin! genes! in! our! sub<lethal! IR! assay! (as!

described!in!chapter!3)!and!stem!cell!repopulation!was!scored!using!smedwi=1!

FISH.! Knockdown! of! these! genes! does! not! affect! the! regeneration! capability!

suggesting!cell!proliferation!does!not!get!affected.!But! the!expression!of! these!

genes!was!significantly!upregulated!in!SCs!after!24!hours!post<!IR.!To!validate!

the!role!of!these!genes!in!stem!cell!survival!post<IR!we!silenced!the!expression!

of! FHL<1,! Tetraspanin<CD63! (TSPCD63)! and! Tetraspanin<18<like! followed! by!

exposure! to! 15!Gy!of! IR!and! checked! for! stem!cell! repopulation! post! IR.!We!

performed! FISH! using! the! pan! stem! cell! marker! smedwi=1! and! observed! a!

significant!decrease!in!stem!cell!repopulation!in!FHL=1,!TSP18!like!and!TSPCD63!

(RNAi)!worms!after!7!days!post<IR![Fig.!5.5.!A!<!B].!This!data!suggests!the!role!

of!these!genes!is!not!required!for!homeostatic!SC!turnover!but!involved!in!the!

survival!and!repopulation!of!SCs!post!IR.!Future!work!should!focus!to!perform!

RNAi!screen!of!other!upregulated!genes!to!understand!the!role!of!these!genes!in!

SC!survival!post!IR.!

!

!

!
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!
Figure.!5.4.!!Expression!pattern!of!Tetraspanin!group!genes!in!planarians.!(A)!Cell!
type!transcriptome!atlas!from!https://digiworm.wi.mit.edu/!(B)!Double!FISH!with!a!pan!
stem!cell!marker!smedwi=1!(Yellow)!and!tetraspanin!CD63!(expressed!in!the!gut,!Cyan,!
Magenta)! after! 24! hours! post<5! Gy! IR.! We! did! not! observe! upregulation! of! these!
transcripts! in!smedwi=1+!stem!cells! (C,E)!Seurat!map!showing! tSNE!plot!showing! the!
expression! of! tetraspanin! transcripts! from! single<cell<sequencing! dataset!
(https://digiworm.wi.mit.edu/)!(D)!Double!FISH!with!smedwi=1!(Yellow)!and!tetraspanin!
18!like!(expressed!in!the!parenchymal!cells,!Magenta)!after!24!hours!post<5!Gy!IR.!
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!

 
Figure.!5.5.!Role!of!FHL!and!Tetraspanin! in!stem!cell! repopulation!post! IR.! (A)!
Experimental!schematic!showing!the!loss!of!function!strategy!to!understand!the!role!of!
IR!induced!transcripts!in!stem!cell!survival/!repopulation!post!irradiation.!(B)!smedwi=1!
FISH!showing!the!repopulation!of!stem!cells!after!knockdown!of!FHL1,!Tetraspanin!18!
like! and! tetraspanin<CD63,! after! 7! days! post! 15! Gy! IR.! (C)! Graph! showing! the!
repopulation!of!stem!cells!after!knockdown!compared!to!gfp!RNAi!(control).!Each!dot!
represents!the!smedwi=1+!cells/!mm2!!in!individual!worm,!n!=!8!worms/!RNAi!condition,!
Unpaired!students’!t<test,!(**p<value<0.001,***p<value<0.0001,****p<value<0.00001).!
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5.3.3.!Evolutionarily!conserved!responses! to! ionizing! radiation! in!human!
cancer!cells*!
!
S.!mediterranea!can!tolerate!a!high!dose!of!IR!and!are!considered!to!be!radiation!

resistant.!Similarly,!most!of!the!human!cancers!are!considered!to!be!resistant!to!

radiotherapy!and!understanding!the!mechanism!behind!this!radiation!resistance!

is!crucial!for!developing!therapies!to!target!cancer!cells.!Therefore,!investigating!

the!transcriptional!responses!to!IR!in!a!wide!range!of!evolutionary!diverse!range!

of!species!is!important.!The!current!study!examines!the!radiation!response!of!a!

human!fibrosarcoma!HT1080!cell!line.!To!date,!the!transcriptome!of!this!cell!line!

post<irradiation! has! not! been! characterized! and! therefore! provides! exciting!

insights! into!the!radiation!response!of!cancer!cells! in=vitro.!Here!we!perform!a!

comparative!analysis!between!S.!mediterranea!and!HT1080!RNA<seq.!data!sets!

to! identify! genes! with! conserved! and! differential! profiles! between! the! two!

datasets.!

!

5.3.3.1.!γCH2AX!immunostaining!show!IRCinduced!DNA!damage!in!HT1080!
cells.!
To!understand!the!DNA!repair!mechanism!in!HT1080!cells!and!optimise!a!clinical!

dose! that! leads! to!DNA! damage!we! performed! γ<H2AX! immunostaining! after!
exposure!to!IR.!HT1080!cells!were!grown!on!fibronectin<coated!coverslips!in!6<

well! tissue!culture!treated!plates!until! they!reached!75%!confluency.!The!cells!

were!irradiated!with!either!0!Gy!(Un<irradiated!control),!2!Gy,!4!Gy,!and!8!Gy!of!

gamma!IR!and!were!fixed!after!2!hours!to!detect!IR<induced!DNA!damage!foci.!

γ<H2AX!staining!was!performed! to! identify! a! relevant! dose! that! induces!DNA!

damage!in!the!cells![Fig.!5.6.!A<D].!!

!

!
*This! section! was! performed! as! a! part! of! M.! Sc.! thesis! of! Mr.! Talal! Syed! (TS)! (Oncology)!
associated! with! this! project.! HT1080! cells! were! kindly! provided! by! Dr.! Geoffrey! Higgins!
(Oncology).!Maintenance!of!cell!line!and!preparation!of!RNA<seq.!libraries!of!HT1080!cells!were!
done!by!TS!with!the!help!of!Sounak!Sahu!(SS).!Anish!Dattani!helped!in!sequencing!the!RNA<
seq.! libraries.! All! data! presented! in! this! section! including! RNA<sequencing! analysis! was!
independently!performed!by!the!author.!
!
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!
!
Figure.! 5.6.! γCH2AX! immunostaining! show! IRCinduced! DNA! damage! in! HT1080!
cells.!HT1080!cells!were!exposed!to!2,!4!and!8!Gy!of!γ<irradiation!and!fixed!after!2!hours.!
(ACD)!Immunostaining!was!performed!using!a!DNA!damage!marker!γ<H2Ax!(Cyan)!to!
detect!damage!foci! in! individual!cells.!DAPI!was!used!to!stain!the!nucleus!(Blue).!(E)!
Quantification!of!γ<H2Ax!foci!showing!a!significant! increase!in!DNA!damage!foci!after!
different! dose! of! irradiation.! N! number! in! parenthesis! denotes! the! number! of! cells!
counted!per!condition.!(students!t<test!was!performed!to!check!for!significance,!**p<value!
<0.01,!***p<value!<0.001).!
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Some!un<irradiated!HT1080!cells!also!show!baseline!DNA!damage!foci,!due!to!

intrinsic!genome!instability!in!cancer!cells!(Inset!figure!under!0!Gy)![Fig.!5.6.!A].!

Based!on! this!result,!2!Gy!was!sufficient! to! induce!DNA!damage![Fig.!5.6.!E].!!

and! a! clinically! relevant! dose! that! are! used! to! treat! human! cancer.!We! next!

performed!RNA<sequencing!on!HT1080! cells! exposed! to! 2!Gy!along!with! the!

unirradiated!controls!at!different!time!points!to!get!a!global!transcriptomic!profile!

over!a!24<hour!post!IR!time!course.!
!
5.3.3.2.! IR! induces! DNA! protective! proteins,! antiCapoptotic! and! matrix!
remodelling!proteins!in!HT1080!cells!!
!

HT1080!fibrosarcoma!cell!line!was!exposed!to!2!Gy!of!γ<irradiation!and!total!RNA!

was! isolated! after! 3<hours,! 6! hours! and! 24! hours! (hr)! post<IR! [Fig.! 5.7.! A].!

Differential!gene!expression!analysis!using!Walds!test!was!performed!between!

the! irradiated! and! control! samples.! We! have! identified! 767! differentially!

expressed!genes!(DEG)!within!3!hours,!6!hours!and!24!hours!datasets!compared!

to!un<irradiated!control.!Out!of!these!767!DEGs,!308!genes!were!unique!to!the!3<

hr!dataset,!128!to!the!6<hr!dataset!and!4!were!unique!to!the!24<hr!dataset.!The!

highest!number!of!DEGs!were!identified!after!3!hours!post!IR,!suggesting!a!major!

transcriptional!response!occur!immediately!as!a!response!to!IR,!which!decreases!

within!24!hours.!The!PCA!plot!demonstrated! the!clustering!of!24!hr! irradiated!

dataset!with! the!un<irradiated! control! and!expression!of! very! few!differentially!

expressed! genes! [Fig.! 5.7.! B<C].! This! suggests! cells! resume! normal!

transcriptional!activity!after!24!hours!post<IR!and!this!has!been!reported!recently!

by! a! reduction! in! γ<H2Ax! foci! after! 24! hours! post<IR! in! HT1080! cells!

(Bhattacharya!et!al.,!2017).!The!genes!that!are!differentially!up<regulated!post!IR!

includes!up<regulation!of!Protein!phosphatases!like!DUSP10,!SMAD9,!FGFR3,!

GATA2! and! ID1/2/3,! RNF43!and! down<regulation! of!OPN3,! PDE2A,! ADOR1,!

DEPP1,!PECAM,!ALDH1L2,!PTGS2,!KDM7A,!PAPPA2![Fig.!5.7.!D].!!

 

Gene!ontology!analysis!identified!two!genes!induced!in!response!to!IR!belong!to!

the! DNA! protection! category,! CBS! (Cystathionine! beta<synthase)! and! an!

endonuclease!SLX1A.!Studies!using!tumour!samples!reported!the!upregulation!
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of! CBS! contributes! to! drug! resistance! and! promotes! carcinogenesis!

(Bhattacharyya!et!al.,!2013D!Phillips!et!al.,!2017D!Szczesny!et!al.,!2016D!Vanzin!et!

al.,!2014).!We! lack!any!knowledge!of!a! role! for!SLX1A! in!DNA! repair,!but! it’s!

sustained!up<regulation!up!to!24!hr!post<IR!suggests!it!may!have!a!role!in!cell!

survival!post<irradiation.!

!

After! 3<hr! and! 6<hr! post! irradiation,! ID3! (Inhibitors! of! DNA! binding! and! cell!

differentiation)!genes!were!upregulated!and!this!family!of!Helix<loop<Helix!(H<L<

H)! transcription! factors!are!often! linked!to!cancer! invasion,! tumour!growth!and!

drug!resistance!(Roschger!and!Cabrele,!2017).!!ID!proteins!are!mostly!involved!

in!cellular!pathways!regulating!proliferation!and!differentiation.!Dysregulation!of!

cell!proliferation!often!leads!to!oncogenic!transformation!and!therefore!it! is!not!

surprising!to!identify!Id!proteins!in!the!HT1080!fibrosarcoma!cell!line.!However,!

these! proteins! may! also! regulate! DNA! repair! or! promote! IR<induced!

differentiation.! A! recent! study! reported! the! phosphorylation! of! ID3!by! ATM! is!

required!to!recruit!MDC1!to!γ<H2AX!to!facilitate!DNA!repair!(Lee!et!al.,!2017).!

 

Gene! Set! Enrichment! Analysis! (GSEA)! revealed! a! set! of! genes! differentially!

upregulated!in!HT1080!cells!post<IR![Fig.!5.8].!The!top!highly!upregulated!GSEA!

category! includes!up<regulation!of!DNA!protective!mechanisms!or!DNA! repair!

along! with! an! up<regulation! of! genes! involved! in! the! negative! regulation! of!

apoptosis! (GDF5,! IFIT2,! MMP9,! and! TNFRSF6B),! modulation! of! hypoxia!

response! (ARNT2,! EPAS1)! and! generation! of! reactive! oxygen! species.! In!

response! to! IR,! HT1080! cells! upregulate! genes! involved! in! the! negative!

regulation!of!apoptosis<like!GDF15,!IFIT2,!and!TNFRSF6B!(DcR3).!TNFRSF6B,!

also!known!as!Decoy!Receptor!3!(DcR3)!belong!to!the!Tumour!Necrosis!Factor!

(TNF)! superfamily! that! act! as! an! immunomodulator! in! tumour! growth! and! a!

regulator!of!EMT!in!cancer!(Hsieh!and!Lin,!2017D!Liu!et!al.,!2016).!The!role!of!

TNFRSF6B! is! to! inhibit! apoptosis! thereby!provide! radiation! resistance! in! lung!

cancer!(Pitti!et!al.,!1998D!Sung!et!al.,!2010).!Conversely,!upregulation!of!a!pro<

apoptotic! IFIT2! (Interferon! induced!protein!2)!gene! in!HT1080!cells!suggest!a!

regulatory! interplay! exists! between! anti! and! pro<apoptotic! gene! to! promote!

survival!of!HT1080!cells!post!IR.!!
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!
Figure.!5.7.!!Transcriptional!response!of!HT1080!fibrosarcoma!cells!in!response!
to! gamma! irradiation.! (A)!Experimental! schematic! showing! confluent! HT1080! cells!
were!exposed!to!2!Gy!of!γ<irradiation!and!RNA!was!isolated!after!3<hour,!6!hour!and!24<
hours!post<IR! in!duplicates.! (B)! !The!PCA!plot!showing! the!clustering!of! the!different!
replicates!of!the!RNA<seq.!libraries.!(C)!!Venn!diagram!showing!the!number!of!genes!in!
common!to!3hr,!6hr!and!24!hr!dataset!compared!to!unirradiated!controls.!(D)!Hierarchical!
clustering!of!the!differentially!expressed!genes!that!were!upregulated/downregulated!in!
HT1080!cell! line!after!3!hour!and!6<hours!post<irradiation!compared!to!unirradiated!(0!
Gy)!controls.!



!
Chapter!5!!!!!!!!!!!!!!Transcriptional!response!of!planarian!stem!cells!to!ionizing!radiation!
!
!

! 145!

!
 
 

!
Figure.! 5.8.! Gene! ontology! (GO)! analysis! of! differentially! expressed! genes! in!
HT1080!fibrosarcoma!cell!line!after!exposure!to!2!Gy!of!γCirradiation.!The!XCAxis!
represents!the!number!of!genes!in!the!subset!that!are!differentially!expressed!(pC
value<0.05)!
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5.3.3.3.! Evolutionarily! conserved! responses! between!planarian! stem! cell!
and!HT1080!fibrosarcoma!cell!line.!
!
We!have!identified!767!DEGs!at!3<hour,!6!hour!and!24<hours!post<IR!and!these!

were! compared! with! the! radiation! transcriptome! of! planarian! stem! cells.!

Comparative! analysis! between! the! two! RNA<seq.! datasets! identified! 139!

radiation!responsive!genes,!of!which!77!genes!had!similar!expression!profiles!in!

response!to!radiation.!Some!of!these!genes!that!are!common!to!both!the!datasets!

like!Four!and!a!half!LIM!homeobox!(FHL),!Protein!tyrosine!phosphatase!receptor!

(PTPR)!Wnt! 5,! Annexin! have! well<characterized! roles! in! radiation! response!

(Omerovic!et!al.,!2010D!Xu!et!al.,!2017bD!Zhao!et!al.,!2018).!We!looked!into!genes!

with! functional! orthologs! that! were! not! studied! previously! in! the! context! of!

radiation! or! DNA! damage! response.! For! example,!MEGF6! (Multiple! EGF<like!

domain!6)!is!upregulated!post!IR!in!planarian!stem!cells!and!HT1080!cells!has!

been!recently!identified!to!induce!EMT!in!colorectal!cancer!(Hu!et!al.,!2018).!

!

Like!MEGF6,!several!of!these!common!genes!are!direct!targets!of!TGFβ/SMAD!

signalling! and! include! genes! like!LTBP! (latent! TGFβ! binding! protein), tumour!

suppressor!gene! <!Tropomyosin1! (TPM1)!which!has!been!previously! linked!to!

cancer!progression!and!metastasis!(Hu!et!al.,!2018D!Massagué,!2008D!Zhu!et!al.,!

2007).! Another! common! upregulated! gene! is! Ras<oncogene! family! protein!

RAB27B,!a! regulator! of! vesicle! exocytosis!and! a!marker! for! breast! cancer! is!

reported!to!correlate!with!tumour!invasion!and!metastasis!(Hendrix!et!al.,!2010a,!

2010b).!Forkhead!box!transcription!factor!(FOXO4)!involved!in!cell!cycle!arrest!

was! a! conserved! response! to! irradiation! between! planarian! stem! cells! and!

HT1080! (Huang! and!Tindall,! 2007D! Lüpertz! et! al.,! 2008D! Zhang! et! al.,! 2012).!

Additionally,!the!cytoskeletal!protein!PDLIM7!(PDZ!and!LIM!domain<containing!

protein!7),!a!positive!regulator!of!Mdm2!is!reported!to!promote!cell!survival!and!

chemo<resistance!in!cancer!cell!line!by!inhibiting!p53<mediated!apoptosis!(Jung!

et!al.,!2010D!Klein!et!al.,!2018).!!

!
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5.4.!Conclusion!
!

It!is!evident!that!there!exists!a!robust!transcriptional!response!to!irradiation!that!

regulates! a! diverse! range! of! biological! processes.! Many! of! these! processes!

involve!regulation!of!apoptosis,!cell!metabolism,!migration!and!DNA!repair.!The!

comparative!study!between!an!invertebrate!radioresistant!model!planarian!and!a!

human!cancer!cell!line!(HT1080)!prove!to!be!informative!to!the!development!of!

targeted! approaches! to! overcome! radiation! resistance! in! cancer! cells.! In! this!

study! we! have! put! together! a! dataset! of! evolutionary! conserved! radiation!

responsive! genes! that! can! be! functionally! analysed! in! the! future! to! predict!

potential!biomarkers!of!radio<resistance!and!identify!novel!factors!responsible!for!

cell! survival/DNA! repair! post<IR.! ! Future! functional! studies! are! required! to!

understand!the!mechanistic!role!of!these!genes!in!radiation!sensitivity/tolerance.!

Although!the!majority!of!the!genes!still!remain!functionally!unexplored,!this!work!

involving!global!gene<expression!profiling!holds!great!promise!for!unravelling!the!

mechanisms!that!control!DNA!repair!and!cell!survival.!!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!
!
!
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Table.5.1.!Mapping!statistics!of!RNACsequencing!data!used!in!this!study!
 
5Gy!IR!transcriptome!(sorted!planarian!cells)!
!
[X1!represents!FACS!sorted!planarian!neoblast!at!S/G2/M!phase!of!cell!cycle,!X2!represents!
FACS!sorted!stem!cells!at!G1!phase!and!post!mitotic!progeny]!
 
 
X1!FACS!sorted!
cells!

Replicate! Number!of!
reads!
(Paired)!

Percentage!
of!reads!
mapped!

Mapped!in!
pairs!

Percentage!

0Gy_X1! 1! 137494710! 95.74! 96783952! 70.39!!
2! 62278820! 98.19! 46785248! 75.12!

5Gy_24hr_X1! 1! 148028772! 97.13! 92801022! 62.59!!
2! 152705236! 96.5! 982599356! 64.35!

5Gy_3hr_X1! 1! 185771234! 96.81! 127797680! 68.79!!
2! 152082588! 96.62! 108835948! 71.56!

X2!FACS!sorted!
cells!

!     

0Gy_X2! 1! 67,856,194! 94.53! 47357504! 69.79!!
2! 172,352,496! 97.97! 124101958! 72!

5Gy_24hr_X2! 1! 66,601,850! 97.4! 42,782,604! 64.24!!
2! 69,148,278! 94.62! 48,213,896! 69.73!

5Gy_3hr_X2! 1! 75,534,084! 97.25! 54,448,212! 72.08!!
2! 66,676,784! 96.45! 45,939,766! 68.9!
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6.1.!Discussion!
!
Cells!are!under!constant!assault!from!a!multitude!of!genotoxic!stresses!leading!

to!disruption!of!the!stability!of!the!genome.!The!preservation!of!the!genome!is!

therefore!crucial!for!the!survival!and!well>being!of!all!organisms.!Erroneous!repair!

of! DNA! lesions! often! leads! to! chromosomal! re>arrangements! and! loss! of!

heterozygosity,!which!potentiates!the!development!of!various!diseases!such!as!

cancer.! Organisms! have! evolved! with! different! repair! strategies! to! preserve!

genome! stability! and! cellular! fitness! for! successive! generations.! The! process!

needs!to!be!well!regulated!and!monitored,!thus!understanding!the!evolution!of!

DNA!repair!machinery!for!cell!survival! is!critical!to!elucidate!novel!mechanistic!

insights!into!genome>maintenance.!DNA!damage!signalling!is!considered!to!be!

an! intricate! network! of! responses! involving!DNA! repair,! apoptosis,! chromatin!

remodelling,! transcriptional! regulation,! cell! cycle! progression,! and! metabolic!

control.!A!significant!amount!of!research!using!yeast,!Drosophila,!C.!elegans!and!

mammalian!species!(along!with! immortalized!cell! lines)!has!contributed! to!our!

understanding!of!DNA!damage!response!and!how!genome>instability!can!lead!to!

oncogenic! transformation.! Here,! we! have! begun! to! develop! planarians! as! a!

model!system!for!these!studies.!

!
Chapter!1!provided!an!overview!of! recent!advancements! in!our!knowledge!of!
planarian!stem!cell!biology!and!how!genome!integrity!is!maintained!in!response!
to!DNA!damage!by!different!stem!cells!throughout!metazoans.!Planarians!are!an!

amazing!model!showing!negligible!signs!of!ageing!or!natural!cancers!(Sahu!et!

al.,!2017).!This! inherent! longevity!suggests! the!existence!of!a!robust!genome>

maintenance! mechanism.! A! fine! balance! must! exist! to! monitor! stem! cell!

proliferation!and!differentiation!and!also!protect!from!genotoxic!stress!to!inhibit!

oncogenic! transformation.! Cancer! occurrence! is! pervasive! in! metazoans! and!

may!be!unavoidable!in!animals!with!highly!dividing!cells.!This!predicts!animals!

with! larger! body>mass! imposes! an! increased! risk! of! developing! cancer! than!

small>bodied!organism.!However,!the!incidence!of!cancer!does!not!correlate!with!

the!number!of!cells!(Peto’s!paradox)!(Peto!et!al.,!1975).!In!fact,!recent!evidence!

suggests! larger!and! long>lived!animals!have!a! lower>than>expected!chance!of!
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getting! cancer.!For! example,! cancer! resistance! in! elephants! is! linked! to! copy!

number! expansion! of! tumour! suppressor! p53! (twenty! copies! in! elephants!

compared!to!one!in!humans/other!mammals)!(Abegglen!et!al.,!2015T!Sulak!et!al.,!

2016)!or!duplication!of!the!pro>apoptotic!gene,!LIF!(Vazquez!et!al.,!2018).!On!the!

other!hand,!there!is!no!evidence!that!long>lived!gigantic!bowhead!whales!evolved!

extra! copies! of! any! tumour! suppressor! genes! (Keane! et! al.,! 2015).! Every!

organism!in!the!animal!kingdom!has!evolved!with!their!own!secrets!to!supress!

oncogenic!transformation!and!induce!cellular!longevity.!For!example,!hyaluronic!

acid!and!CDKN2A!tumour!suppressive!gene!that!limit!over>proliferation!of!naked>

mole!rat!cells.!If!cancer!suppression!has!repeatedly!evolved!as!a!trait,!then!basic!

research! into! the! life! history! and! cell! biology! of! animals! will! provide! better!

therapeutic!approaches!to!treat!human!cancers.!We!believe!regenerative!animals!

have!an!extra!advantage!when!it!comes!to!combatting!cancer,!as!they!are!able!

to! induce! a! regenerative! outcome! if! a! single! cell! becomes! transformed.! The!

damage!caused!by!a!transformed!cell!cycling!inappropriately!can!be!repaired!by!

other! highly! proliferative! but! healthy! stem! cells,! thereby! protecting! them! from!

naturally!occurring!cancer.!!

!

The! primary! goal! of! this! research! is! to! understand! the! genome!maintenance!

mechanisms! and! DNA! repair! strategies! in! adult! stem! cells.! This! brings! a!

regenerative! flatworm! with! well>developed! molecular! biology! tools! and!

techniques! (described! in! chapter! 2)! along!with! an! array! of! Next>! generation!
sequencing!methods!to!study!DNA!repair!and!cell!survival!after!IR!exposure.!!

!

In!Chapter!3,!we!have!identified!the!different!DNA!repair!pathways!and!their!role!
in!the!survival!of!stem!cell!survival!post>irradiation,!first!of!its!kind!in!the!planarian!

literature.!The!recent!genome!sequencing!identified!the!loss!of!several!important!

regulators!of!DDR!signalling!by!sequence!analysis!(for!example!BRCA1>BARD1>

PALB2! complex,! some! regulators! of! NHEJ! and! the! core! Fanconi! anaemia!

pathway! genes).! Several! vertebrate>specific! protein! complexes! have! been!

identified!to!regulate!DNA!repair!machinery.!The!most!recent!example!includes!

the!discovery!of!the!“shieldin”!complex!comprising!of!REV7!and!three!previously!

uncharacterized!proteins!RINN1,!RINN2!(FAM35A),!RINN3!(c20orf96).!Shieldin!
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is! recruited! via! ATM>53BP1>RIF1! complex! to! promote! NHEJ>dependent>DSB!

repair!and!sensitises!BRCA1!mutant!cells!to!PARP!inhibitors!(Dev!et!al.,!2018T!

Gupta!et!al.,!2018T!Noordermeer!et!al.,!2018).!The!reduced!complexity!of!DDR!

proteins!in!invertebrates!particularly!in!worms,!flies!or!flatworms!is!an!advantage!

to!understand!the!underlying!fundamental!mechanism!of!DNA!repair.!
!

Over!the!last!few!decades,!studies!shed!light!on!various!endogenous!sources!of!

mutation! that! promote! genome! instability,! the! recent! being! the! cellular!

microenvironment.!Most!somatic!and!adult!stem!cells!in!the!human!body!do!not!

exist!in!isolation!but!in!the!presence!of!spatial>mechanical!constraints!that!often!

deform!the!cells!and!change!their!shape/size.!Therefore,! the!underlying!extra>

cellular! matrix! (ECM)! and! the! associated! cellular>cytoskeleton! regulates! the!

nuclear!morphology.!!Abnormalities!in!the!!nuclear>organization!or!alterations!in!

nuclear>mechanotransduction!are!hallmarks!of!many!diseases!including!cancer!

(Tubbs!and!Nussenzweig,!2017T!Uhler!and!Shivashankar,!2018).!ECM!plays!a!

major! role! in! cell>migration! through! interstitial! tissues! and! the! impact! of!

mechanical!stress!during!migration!may!be!a!previously!unappreciated!source!of!

genome!instability!(Denais!et!al.,!2016T!Irianto!et!al.,!2017aT!Raab!et!al.,!2016).!

Chapter!4!revealed!the!importance!of!DDR!signalling!and!the!role!of!DNA!repair!
factors! during! stem! cell! migration.! Using! an! in5vivo! assay! where! the! stem!

cells!!are!required!to!migrate!over!long!distances!to!a!distal!wound!site!(Abnave!

et! al.,! 2017)! we! looked! into! the! relationship! between! cell!migration! and!DNA!

damage! after! wounding.! Recent! in! vitro! studies! using! cancer! cell! lines! and!

dendritic! cells! have! shown! that! mechanical! stress! on! nuclei! during!migration!

through!microcapillaries! is!a!source!of!genome! instability! (Denais!et!al.,!2016T!

Irianto!et!al.,!2017aT!Raab!et!al.,!2016).!The!nucleus!being!the!largest!and!stiffest!

cellular!organelle!act!as!a!mechanosensor!for!cell>cycle!progression!and!cell!fate!

choices.!The!size!and!mechanical!properties!of!the!nucleus!thus!play!a!significant!

role! in! the! behaviour! of! motile! cells.! Interestingly,! planarian! stem! cells!

characterised!by!a!higher!nucleus!to!cytoplasmic!ratio!are!migratory!(in!response!

to! wound>stimulus)! and! therefore! prone! to! mechanical! damage! from! the!

underlying! ECM! and! the! associated! cytoskeleton.! We! observed! a! significant!

nuclear! deformity! during! migration.! The! extended! actin>rich! cytoplasmic!
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protrusion!exerts!mechanical!stress!to!deform!the!nucleus,!and!this!could!be!a!

major! source!of!DNA!damage!during!migration.!Nuclear! deformation! leads! to!

changes!in!gene!expression!and!can!induce!differentiation!(Connelly!et!al.,!2010T!

Jain!et!al.,!2013T!Roy!et!al.,!2018T!Trappmann!et!al.,!2012).!With!the!discovery!of!

a!DNA!repair!protein!ATR!to!translocate!to!the!nuclear!membrane!in!response!to!

mechanical!stress!(Kumar!et!al.,!2014),! it! is!plausible!to!hypothesize!that!stem!

cells! may! undergo! differentiation! in! response! to! mechanical! damage! to! limit!

genome!instability.!Future!experiments!should!aim!to!understand!if!a!planarian!

stem!cells!are!forced!to!differentiate!due!to!mechanical!stress!during!migration!to!

reduce! genome! instability.!We! observed!migratory! stem! cells! have! increased!

sensitivity! to! IR! indicative!of!accumulating!DNA!damage!during!migration!and!

therefore!require!active!DNA!repair!machinery! to!migrate.! !These!experiments!

also!reveal!that!pre>loading!stem!cells!with!DNA!damage!delays!migration!until!

the! damage! is! repaired! suggesting! a! potential! co>regulatory! link! between! cell!

migration! and! DNA! repair.! Our! observation! is! strengthened! by! some! recent!

studies! that! potentially! links! the! role! of! DNA! repair! genes! with! Epithelial>

mesenchymal!Transition!(EMT)!(Lee!et!al.,!2016T!Weyemi!et!al.,!2016T!Zhang!et!

al.,!2014).!Using!a!combination!of!epigenomics!and!transcriptomics,!we!can!now!

look!into!the!regulatory!changes!in!stem!cells!during!migration!and!identify!novel!

molecules!that!maintain!genomic!integrity!during!cell!migration.!!It!will!also!help!

us!to!understand!how!adult!stem!cells!perceive!spatial!and!mechanical!cues!from!

their! immediate! environment! and! translates! into! cell! fate! decisions,! including!

DNA!repair!mechanism!during!migration.!Unravelling!these!basic!principles!could!

provide!new!protein!targets!to!modulate!stem!cell!behaviours!for!the!development!

of! regenerative! medicine! and! also! effectively! target! migratory! cancer! cells!

undergoing!metastasis.! 

!

Whole>body!exposure!to!10!Gy!of!IR!is!lethal!to!most!vertebrates!including!

humans,!but!surprisingly!some!species!including!bacteria,!archaea!and!bdelloid!

rotifers!are!known!to!show!exceptional!resistance!to!ionising!radiation!(Gladyshev!

and!Meselson,!2008T!Harris!et!al.,!2009T!Krisko!and!Radman,!2013).!Numerous!

studies! over! the! years! conducted! by! environmental! radiation! biologists! have!

determined!that!invertebrates!are!capable!of!tolerating!acute!doses!of!IR,!several!
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folds! greater! than! maximum! tolerable! doses! for! humans! and! can! maintain!

genomic!and!reproductive!integrity.!For!example,!Tardigrades!can!resist!a!high!

dose!up!to!5000!Gy,!and!a!recent!study!identified!a!tardigrade!specific!protein!

named!Dsup!(Damage!suppressor)!that!act!as!a!shield!to!resist!a!high!dose!of!

IR.! Furthermore,! this! study! demonstrated! this! histone>binding! protein! Dsup!

rapidly!localises!to!the!nucleus!in!response!to!IR.!Overexpression!of!tardigrade!

specific!Dsup!in!human!cells!leads!to!increased!survival!and!significantly!reduced!

DNA!damage!post>IR.!!!

!

Despite! the! loss! of! several! DDR! genes,! the! reduced! complexity! of! gene!

structure/function!makes!invertebrates!a!unique!model!organism!to!study!basic!

mechanisms!of!radiation!resistance.!For!example,!understanding!the!molecular!

mechanisms! that!allows!planarian!stem!cells! to! tolerate!such!a!high!dose!will!

allow!to!draw!parallels!with!radiation!response!in!mammals.!With!this!idea,!we!

focussed! chapter! 5! on! understanding! the! transcriptional! response! to! IR! in!
planarians,!and!how!this!response!is!conserved!in!a!human!cancer!cell!model.!

The!overarching!aim!was!to!identify!novel!factors!that!are!important!for!stem!cell!

survival!post!IR!in!planarians.!

!

Improvements! in! sequencing! technology!have!benefited! planarian! research! in!

the!last!few!years.!With!an!aim!to!understand!the!transcriptional!response!to!IR,!

we! used! RNA! sequencing! on! planarian! stem! cells! after! irradiation.!We! have!

identified!some!novel!genes!encoding!proteins!with!domain!of!unknown!function!

(DUF)!along!with!lots!of!flatworm/planarian!specific!genes!that!were!upregulated!

in!response!to!IR.!Using!an!RNAi>based!screening!we!have!identified!tetraspanin!

family!of!genes! responsible! for!stem!cell! repopulation!post! IR.!Whether! these!

proteins!function!in!regulating!DNA!damage!signalling!or!act!as!a!transducer!to!

initiate!DNA!repair!will!require!further!investigation.!Our!study!gives!an!overview!

of!the!potential!of!a!flatworm!model!to!study!the!radiation!response!to!stem!cells!

and! perform! high>throughput! robust! screening! on! adult! stem! cells! to! identify!

biomarkers! for! radiation! resistance.! The! prediction! of! radiation! response! is! a!

critical! step! in! cancer! therapy!and!any! knowledge! regarding! the! role! of! these!

radiation>responsive!genes!could!be!verified!using!a!mammalian!model.!!We!also!
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extended! our! investigation! by! performing! a! comparative! analysis! of! the!

transcriptional! response! to! IR! in! a! radiation! tolerant! planarian! and! a! human!

cancer! cell! line! model! of! fibrosarcoma.! We! have! identified! evolutionarily!

conserved!responses!which!might!contribute!to!the!survival!of!stem!cells!after!IR!

and!high!radiation!resistance!in!human!cancers.!For!example,!our!data!revealed!

that!LIM!homeobox!domain!containing!gene,!FHL1!was!upregulated!in!planarians!

and! in! HT1080! cancer! cell! line! in! response! to! IR.! IR>inducible! LIM! proteins!

regulate!G2/M!checkpoint!via!CDC25!regulation.!Cell!cycle!checkpoint!proteins!

are!well!known!regulators!that!are!responsible!for!increased!radiation!tolerance!

in!cancer!cells!(Ding!et!al.,!2009T!Xu!et!al.,!2017b).!FHL2!has!also!been!shown!

to!regulate!radio>resistance!in!pancreatic!cells!(Zienert!et!al.,!2015)!via!regulating!

cyclin!B.!!

!

Apart!from!damaging!the!chromatin,!IR!also!leads!to!tissue!damage!(Kim!et!al.,!

2014bT!Vorotnikova!et!al.,!2010T!Zhao!et!al.,!2014).! In!response!to! IR>induced!

injury,! stem! cells! and! adjacent! other! cell! types! could! activate! a! wound>like!

response!to!elicit!proper!healing.!Multiple!studies!have!been!done!to!understand!

the! gene! activation! program! and! we! now! have! a! firm! understanding! on! the!

different! wound>induced! transcripts! that! coordinate! regeneration! in! planarians!

(Wenemoser!et!al.,!2012T!Wurtzel!et!al.,!2015).!In!future,!we!can!look!if!the!wound!

response! transcripts! overlap! with! our! irradiation! transcriptome! dataset.! As!

upregulation!of!these!transcripts!may!contribute!to!the!mechanisms!that!lead!to!

increased!SC!survival!post!IR,!we!can!investigate!whether!amputation!to!activate!

wound!response!could!enhance!SC!survival!post! IR.!An!understanding!of! this!

phenomenon!will!help!us!to!draw!parallels!between!the!IR>responsive!genes!that!

might!have!common!effectors!with!generic!stress!and!wound>responsive!genes!

for!SC!survival.!

!

!
!
!
!
!
!
!
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6.2.!Future!directions!
!
Although!regenerating!new!body!parts!is!not!necessary!for!humans!but!daily!wear!

and!tear!demands!constant!replenishment!of!lost!cells.!This!is!mainly!regulated!

and!replenished!by!the!stem!cells.!Planarian!stem!cells!have!conserved!genetic!

and!epigenetic!regulation!of!stem!cell!maintenance!with!humans!(Dattani!et!al.,!

2018a,!2018bT!Önal!et!al.,!2012).!Knowledge!of!their!basic!biological!properties!

including! DDR! mechanism! and! radiation! tolerance! will! provide! mechanistic!

insights! into! how! stem! cells! may! be! used! for! regenerative! medicine! and! to!

develop! effective! therapeutic! strategies! to! treat! cancer! and! other! age>related!

diseases.!With!the!discovery!of!a!heterogeneous!stem!cell!population!with!a!small!

proportion! being! pluripotent! (Wagner! et! al.,! 2011T! Zeng! et! al.,! 2018),! future!

progress!will!require!investigation!to!understand!the!DNA!repair!mechanisms!in!

the!different!subclasses!of!stem!cells.!!

!
An!essential!aspect!of!DDR!signalling!is!the!modulation!of!chromatin!to!provide!

access!to!the!DNA!repair!machinery.!How!chromatin!modulation!occurs!during!

DDR! signalling! is! an! outstanding!question.! The! development! of! robust! ChIP>

sequencing!methodologies! on! different! histone!marks! to! study! the! epigenetic!

regulation!in!adult!stem!cells!in!Schmidtea!(Dattani!et!al.,!2018aT!Mihaylova!et!

al.,!2018),!now!gives!us!a!better!platform!to!answer!some!of!these!fundamental!

questions! in! flatworms.! It!will! be! particularly! interesting! to! understand!histone!

modifications!during!DNA!damage!signalling!and!how!it!changes!with!loss!of!DDR!

factors!in!stem!cells.!Future!work!should!also!aim!to!develop!antibodies!that!can!

detect! DNA!damage! in! vivo! in! stem! cells.! Although!Schmidtea! specific! H2Ax!

(developed! by! proteintech,! described! in! chapter>3)! failed! to! give! any! specific!

signal,! future!work! should! focus! on!developing! other! DDR! sensors! like!RPA,!

53BP1!or!MDC1!that!are!known!to!form!DNA!damage!foci!in!response!to!DNA!

breaks!in!mammalian!cells.!Using!these!DNA!damage!antibodies!and!performing!

a! ChIP>sequencing! will! provide! a! comprehensive! mapping! of! histone!

modifications!at!DNA!double!stranded!breaks.!Although,!ionizing!radiation!lead!

to! non>clustered! breaks! in! the! genome! and! in! a! very! randomised! fashion!

(compared! to! locus>specific! restriction>enzyme! based! DSB! generation! in!

mammalian! cells),! it! can! be! challenging! to! interpret! the!DSB! break! site.! The!
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histone!modifications!at!DSB!sites!will!reveal!the!existence!of!any!hotspots!in!the!

planarian! genome! that! are! more! prone! to! DNA! breaks.! Active! genes! are!

considered!to!be!fragile!loci!and!frequently!experience!DSBs!(Marnef!et!al.,!2017)!

therefore!performing!ATAC>seq.!after!irradiation!(to!detect!chromatin!accessibility!

at!open/closed!chromatin)!coupled!with!H3K27me3!(at!active!promoter)!could!be!

an!alternative! to! identify!DSB!/translocation!hotspots! in! the!planarian!genome.!

Another! approach! that! can! be! employed! to! understand! changes! in! genomic!

landscape! in! response! to! replication! stress/other!DNA!damaging!agents! is! to!

label! the!DNA! breaks! followed! by! sequencing! (direct! in! situ! breaks! labelling,!

enrichment! on! streptavidin! and! next>generation! sequencing,! also! known! as!

BLESS)! (Crosetto! et! al.,! 2013).! BLESS! is! a! powerful! technology! to! detect!

specifically! DSBs! and! prevents! labelling! of! artificially! formed! DSBs! during!

genomic! DNA! extraction.! This! technique! has! been! successfully! employed! to!

identify!hotspots!in!the!HeLa!genome,!human!and!mouse!cells!and!can!be!used!

for!planarian!stem!cells.!Future!work!with! the!development!of!genome!editing!

strategies! in! planarian! stem! cells,! we! can! also! try! to! map! DSB! site! at! any!

particular!locus![For!review!on!Breaks!Labelling!In!Situ!and!Sequencing!(BLISS)!

read!(Iannelli!et!al.,!2017!and!Yan!et!al.,!2017)].!

!

Recent! advances! using! Next>generation! sequencing! have! developed! novel!

methods!to!detect!DSBs!and!understand!genome>wide!changes!at!DNA!breaks.!

The!frequency!of!DSBs! is!generally!higher! in!nucleosome>depleted!regions!at!

transcriptional!start!sites!(TSS)!of!active!genes!and!mostly!in!actively!transcribed!

genes! (Schwer!et!al.,!2016).!Despite!such! improvements! in!our!knowledge!of!

DDR! signaling,! a! highly! debated! concept! in! the! field! is! the! coexistence! of!

transcription!and!DNA!repair.!What!is!the!fate!of!elongating!RNA>polymerase!II!

(RNAPII)! after! encountering! a! double>stranded! break?! How! do! chromatin!

modulation,!transcription!and!RNA!processing!are!regulated!on!the!same!stretch!

of! damaged! chromatin?! Multiple! studies! looked! into! the! concept! of! global!

transcription!shutdown!even! in!gene! loci! that!are!not!damaged,!but! the!exact!

mechanism! is! still! not! very! well! understood.! These! are! some! fundamental!

questions!that!need!to!be!addressed!to!understand!this!transcription!dilemma!of!

the! damaged! chromatin.! It! has! been! hypothesised! that! DSBs! result! in! the!
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localised! shutdown!of! transcription! around! the! damage! site! (Shanbhag!et! al.,!

2010)! while! base! damage! results! in! temporary! pausing! of! elongating! RNA!

polymerase! (RNA! Pol)! ! II! (Charlet>Berguerand! et! al.,! 2006).! We! are! able! to!

distinguish!between!paused!and!elongating!RNA!Pol!II,!owing!to!differences!in!

serine!phosphorylation!in!the!deeply!conserved!heptad!YSPTSPS!repeat!of!the!

C>terminal!domain!of!the!largest!subunit!of!RNA!Pol!II.!With!the!conservation!of!

RNA>Pol!II!in!planarians!(Dattani!et!al.,!2018a)!we!can!now!perform!ChIP>seq!on!

both!the!paused!(Ser5P)!and!elongating!(Ser2P)!form!of!RNA!Pol!II!to!understand!

the!genome>wide!dynamics!of!RNA!transcription!following!irradiation!in!planarian!

stem!cells.!

The!intricate!network!of!DDR!signalling!is!tightly!regulated!in!a!spatio>temporal!

manner! mediated! by! numerous! reversible! post>translational! modifications!

(PTMs)! like! phosphorylation,! ubiquitination,! SUMOylation,! acetylation,! ADP>

ribosylation!and!NEDDylation! that!regulates!DDR!signalling!at!DNA!breaks.! !It!

will! be! of! great! interest! to! perform! phospho>proteomics! in! irradiated! cells! to!

understand! the! post>translational! modifications! of! DNA! repair! proteins! after!

irradiation.! Stable! Isotope! Labelling! by! Amino! acids! in! Cell! culture! (SILAC)!

proteomics!have!been!employed!in!planarians!to!understand!the!proteome!of!the!

stem! cell! component! (Böser! et! al.,! 2013).! The! identification/quantification! of!

phosphorylation!sites!in!the!differentially!regulated!proteins!post!IR!will!provide!

novel! targets! for! radiotherapy.! The! comprehensive! insight! into! the! radiation>

induced! phospho>proteome! landscape! of! stem! cells! will! broaden! our!

understanding!of!the!intricate!signalling!network!of!DDR!factors!and!will!improve!

better! therapeutic! interventions! in! cancer! patients.! These! finding! will! provide!

insights!into!how!PTMs!regulate!DDR!factors,!which!otherwise!trigger!genomic!

instability,!a!hallmark!of!cancer!progression.!

!

In! summary,! we! explored! the! potential! of! a! freshwater! planarian!

Schmidtea!mediterranea!as!an!experimentally!accessible!organism!to!study!DNA!

repair.! The! extraordinary! capacity! to! resist! a! high! dose! of! irradiation! and! the!

accessibility!to!its!pluripotent!adult!stem!cell!system!provides!an!opportunity!to!

study! DDR! in! the! context! of! stem! cell! regulation.! While! the! present! study!
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catalogued! the! role!of!different!DNA! repair!genes! in!planarian!stem!cells!and!

understanding!the!transcriptomic!changes!to!IR!in!stem!cells,!future!work!should!

look!into!the!mechanistic!insights!of!radiation!resistance!and!understand!the!post>

translational!modifications!after! IR.!Planarian! research!over! the! last! few!years!

has! seen! extraordinary! technical! advancement! in! the! field! of! stem! cell! and!

regenerative! biology.! The! remaining! mysteries! to! understand! how! these!

flatworms!might!accomplish! their!astounding! regenerative! feat!and! resist!high!

dose!of!irradiation!make!this!an!exciting!era!for!research!in!radiation!biology.!An!

exciting!opportunity!for!the!future!would!be!to!identify!and!answer!fundamental!

questions!related!to! in5vivo!regulation!of!pluripotency,!DNA!repair!and!genome!

maintenance!using!the!regenerative!flatworm!as!a!model.!

!
!
!
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7.1.!Appendix!A:!Details!of!the!reagents!used!in!this!study!
!
7.1.1.!Molecular!biology!techniques!(PCR,!cloning,!in#vitro!transcription)!
!
Components! Company! Catalogue!Number!
rNTPsD!UTP,!ATP,!GTP,!CTP! Roche! 11140949001,!

11140965001,!

11140957001,!

11140922001,!

dNTPsD!dATP,!dTTP,!dCTP,!dGTP! Roche! 11934511001,!

11934546001,!

11934520001,!

11051466001!

DigoxigeninD11DUTP! Roche! 11209256910!

Fluorescein!RNA!labelling!mix! Roche! 11685619910!

Hyclone!Water!! GE! SH30538.01!

Phusion!HiDFidelity!DNA!
polymerase!

NEB! M0530S!

RedDTaq!ready!mix! Sigma! R2523H20RXN!

Superscript!IV!reverse!
transcriptase!

Invitrogen! Trial!kit!

TURBO!DNAse! Thermo!fisher! !

RNAseOUT!Ribonuclease!
inhibitor!

Invitrogen! 10777H019!

pPR244!cloning!vector! Jochen!Rink!lab! !
DH5alpha!competent!cells!
(Bronze!efficiency)!

Bioline! BIOH85025!

Wizard!SV!plus!gel!extraction!kit! Promega! A9282!

Wizard!SV!plus!miniprep!plasmid!
isolation!kit!

Promega! A1460!

SP6!RNA!polymerase! NEB! M0207S!

T7!RNA!polymerase! Roche! 10881767001!

T4!DNA!polymerase! NEB! M0203S!

TRIZOL! Invitrogen! 15596H026!

Chloroform! Fluka!Analytical! 25669H2.5L!

Isopropanol! Sigma! I9516H500ml!

Sodium!Acetate! Applichem! A3947,0100!

Glycogen! ! !

Lithium!chloride! Ambion! AM9480!

Ultrapure!water! Ambion! AM9937!

Kanamycin!sulfate! Fisher!scientific! BP906H5!

!
!
7.1.2.!Fluorescence!InDsitu!Hybridization!(FISH)!&!Immunohistochemistry!(IHC)!
!
Components! Company! Catalogue!Number!
NDacetylDL!cysteine!(NAC)! Sigma! A7250!

Formaldehyade! Sigma! 252549H1L!

Phosphate!Buffered!Saline!(PBS)! Sigma! P4417!

Hydrogen!Peroxide! Sigma! H1009!

Formamide! Sigma! F7503H2.5L!

20X!SSC! Calbiochem! 8310!



!
Chapter!7!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Appendix!
!
 

 162 

Yeast!RNA!(10mg/ml)! Ambion! AM7118!

Dextran!sulfate! Sigma! D8906!

ProteinaseDK! Sigma! P4850H5ML!

Ultrapure!10%!SDS! Invitrogen! 15553H035!

Hoechst!33342!(for!Insitu!and!
Immunostaining)!

Sigma! B2261H25MG!

Pasteur!pipettes! Appleton! KS230!

Ethanol! Sigma! 32221H2.5LHM!

Methanol! Sigma! 322213H2.5LHM!

Hydrogen!chloride! Sigma! H1758H500ML!

Sodium!hydroxide!(NaOH)!pellets! Sigma! 71690H500G!

Tween20! Sigma! P9416H100ML!

TritonXD100! Sigma! T8787H250ML!

!
7.1.3.!Antibodies!used!in!Immunohistochemistry!(IHC)!and!Western!blot!(WB)!
!
Primary!Antibody! Company! Catalogue!number! Dilution!
AntiDH3D
phosphorylated!
ser10,!Rabbit!
polyclonal!

Millipore! 09H797! 1:1000!(IHC)!

1:2000!(WB)!

AntiDRADD51d!
Guineapig!Polyclonal!

Scott!Hawley!

Lab!

H! 1:500!(IHC)!

1:1000!(WB)!

AntiDPAR,!Rabbit!
Polyclonal!

Trevigen! 4336HBPCH100! 1:250!(IHC)!

!

AntiDTubulin,!Mouse!
monoclonal!(E7)!

DSHB! E7!(AB!2315513)! 1:2000!(IHC)!

1:2000(WB)!

AntiDmouse!IgG!HRP!
linked!antibody!

Cell!signalling! 7076P2! 1:2000!(IHC)!

1:4000!(WB)!

AntiDrabbit!IgG!HRP!
linked!antibody!

Cell!signalling! 7074P2! 1:2000!(IHC)!

1:4000!(WB)!

AntiDPAR!(Clone!10!
H),!Mouse!
Monoclonal!

Santacruz! SCH56198! 1:500!(IHC)!

AntiDGammaH2AX,!
Rabbit!Polyclonal!

Thermo!fisher! LFHPA0025! 1:500!(IHC)!

1:1000!(WB)!

AntiD!Drosophila!
H2Av,!Mouse!
monoclonal!

DSHB! UNC93H5.2.1! 1:500!(IHC)!

1:1000!(WB)!

! ! ! !

!
!
7.1.4.!Western!Blot!
!
Components! Company! Catalogue!

Number!
cOmplete!Protease!inhibitor! Roche,!Sigma! 11697498001!

NuPAGE!Novex!4D12%!BisDTris!
protein!gels!

Thermo!Fisher!

scientific!(Invitrogen)!

NP0327!

NuPAGE!MES!SDS!Running!buffer!
(20X)!

Thermo!Fisher!

scientific!(Invitrogen)!

NP0002H02!

Ponceau!S!solution! Sigma! P7170H1L!

Qubit!protein!assay!kit! Thermo!Fisher! Q33211!
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Laemmli!buffer!2X! Sigma! S3401H10VL!

SeeBlue!Pre!stained!protein!standard! Thermo!Fisher! LC5625!

SuperSignal!West!Pico! Thermo!Fisher! 34079!

Dried!Skimmed!milk! TESCO! N/A!

Western!blocking!reagent! Roche! 11921673001!

Bovine!serum!albumin!(BSA)!!
fraction!V!

Roche! 10735078001!

! ! !
!
7.1.5.!Planarian!cell!dissociation!protocol!
!

Components! Company! Catalogue!
Number!

Papain! Sigma! P4762H100MG!

Hoechst!34580! Sigma! 63493H5MG!

Trypsin!Inhibitor!from!chicken!egg!
white!

Sigma! T9253!

Calcein!(in!DMSO)! Sigma! C1359!

Propidium!iodide!(PI)! Sigma! P4864H10ML!

NaH2PO4! VWR!International! 102454R!!

KCl! VWR! 101985M!

NaHCO3! VWR! 102475W!

NaOH!Pellets! Fisher!chemical! S/4880/53!

Glucose! Fisher!chemical! G/0500/53!

LDcysteine!hydrochloride! Merck! K47440335606!

HEPES! Sigma! H3375H100G!

BSA!Fraction!V! Roche! 10735078001!

0.5M!EDTA! Promega! V4231!

Eppendorf!safe!lock!DNA!lo!bind!
tubes!

Eppendorf!(Fisher)! 0030108051!

Eppendorf!DNA!loDbind!tbes!(0.5ml)!
for!storage!of!libraries!

Sigma! Z666521H250EA!

Molecular!grade!nuclease!free!water! Thermo! SH30538.03!

Filter!tips! Starlab! S1121H3810!

!

7.1.6.!RNADsequencing!reagents!
!

Components! Company! Catalogue!
Number!

RNA!later!(100ml)! Thermo!fisher! AM7020!

Trizol! Ambion!Invitrogen! 15596026!

RNA!clean!and!concentratorD5!with!
DNAseI!

Zymo! R1013!

RNAsin!RNAse!inhibitor! Promega! N2111!

SuperscriptDII!reverse!
transcriptase(2000U)!

Life!technologies! !

Agencourt!AMPure!XP!5ml! Beckman!coulter! A63880!

Ethanol!200!proof!(Absolute)! Sigma!

Fisher!Scientific!!

E7023!

10644795!

KAPA!library!quantification!kit!(KK4835)! Roche!! 07960204001!

Truseq!stranded!mRNA!LT!set!A! RSH122H2101! Illumina!

NextSeq!v2.!Flow!cell!(75!cycles)! FCH404H2005! Illumina!
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!
7.1.7.!Planarian!maintenance!
!
Components! Company! Catalogue!

Number!
Instant!Ocean!(Planarian!culture)! Aquatic!biosystem! N/A!

Chloretone!(worm!immobilization)!
[C4H7Cl3O.5H2O]!

Sigma! 112054H250G!

Mineral!oil! Fisher!scientific! BP2629H1!

!
7.1.8.!Paraffin!sectioning!
!
Components! Company! Catalogue!

Number!
Paraffin! Sigma! 76244!

Xylene!Substitute! Sigma! A5597!

Paraffin!moulds! ! !

Microtome!blades! AccuEdge! 4689!

PolyDlysine!coated!slides! Sigma! P0425H72EA!

!
7.1.9.!COMET!Assay!
!
Components! Company! Catalogue!

Number!
Superfrost!slides! Thermo!Scientific! !
Coverslip! Thermo!scientific! !
Normal!melting!Agarose! ! !
Low!melting!Agarose! Sigma! A2576H5G!

SYBR!Green! Molecular!probes! 4689!

!
7.1.10.!Software!
!
Details! URL!link!
Fiji! https://fiji.sc/!!
GraphpadDPrism! https://www.graphpad.com/scientificDsoftware/prism/!!
Adobe!Illustrator! https://www.adobe.com/uk/illustrator!!
Adobe!Photoshop! https://www.adobe.com/uk/photoshop!!
Primer3Plus! http://www.bioinformatics.nl/cgiD

bin/primer3plus/primer3plus.cgi!!
Microsoft!office! https://www.office.com/!!
Olympus!FV1000! https://www.olympusD

lifescience.com/en/support/downloads/!!
ZEN!imaging!
(Airyscan)!

https://www.zeiss.com/microscopy/int/confocal.html!!

Nikon!NIS!element! https://www.nikoninstruments.com/Products/Software!!
Andor!KOMET! https://andor.oxinst.com/products/kometD

software/kometD7!!
CLC!genomics! https://www.qiagenbioinformatics.com/products/clcD

genomicsDworkbench/!!
!
!
!
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7.2.!Appendix!B:!Details!of!primer!sequences!
!
!

ADAPTER.
SEQUENCES.

Forward! CATTACCATCCCG!

!
Reverse! CCAATTCTACCCG!

ATR! ATR_F! GCGCAGGAATTCAGAAACTC!
!
ATR_R! GACGGTCACCGAGACCTAAA!

ATM! ATM_Fw_1! ATTCACTGGGCCAACGTTGA!
!
ATM_Re_1! TCTTCCCTCGACACCAAACG!

BRCA2! BRCA2_Fw_1! ATGGACGGGATGTGATGAGC!
!
BRCA2_Re_1! ATGCACCTTCCACGAGCAAT!

PARP1! PARP1_Fw_2! AACGTGCAATGCTGGAGTTT!
!
PARP1_Re_2! TCCTACCCCTTTGCAACTGT!

PARP2! PARP2_Fw_2! TGACTGGCAAGATCGTCAGA!
!
PARP2_Re_2! AGTTGTTCTTGAACCGTGCC!

PARP3! PARP3_F1! AACTCTTGTGGCATGGAACC!
!
PARP3_R1! CGCAGAGTTCGTGAAATGAA!

PARG! PARG_F! GACAAAACCAATTCCGCTGT!
!
PARG_R! CAGCGAATTGCTGACTACCA!

XRCC1! XRCC1_F! CCTGAAATTAATCCTGCCAAA!
!
XRCC1_R! TTCATCATTGCGGCTATTCA!

FANCD2! Smed_FANCD2_F! GAGGTTTCGATTCCGTTGAA!
!
Smed_FANCD2_R! TGGCATTTGGTGGGTTAAAT!

FANCM! Smed_FANCM_F! AGCATTACAACACGGCCTTC!
!
Smed_FANCM_R! GTGCCTTTGGGTTCTGATGT!

FANCI! Smed_FANCI_F! CAAGCTGGGATTCAGATGGT!
!
Smed_FANC_R! CAAAAGTGGGAGGTTTTCCA!

MRE11! Smed_Mre11_F! GCATGCAGCGAAGAATTACA!
!
Smed_Mre11_R! TTGTCGATTGACAGCCTCAG!

FANCJ_1! Smed_FANCJ_1_F! TCGTGCCTAATGGAATATTGA!
!
Smed_FANCJ_1_R! TGTTGCCTTTTTGGAATAGGA!

PNK! Smed_PNK_F! CGTGCGATTTCACTGTGAGT!
!
Smed_PNK_R! TTGTAGCAACGGCATACTCG!

MSH6! Smed_msh6_F! CGGATCATCCAGATTCTCGT!
!
Smed_msh6_R! CCCCGTCTAAACCACGACTA!

MSH2! Smed_msh2_F! TCGGTTCATTGCACCAGTTA!
!
Smed_msh2_R! TGCCTTGGCTACCTCGATAC!

p53BP1! Smed_p53BP1_F! CCGCTCGGTGTAACCATTAT!
!
Smed_p53BP1_R! TCAATAACGCACCCATTGTG!

FANCJ!(BRIP)! Smed_FANCJ_1_F! AGCGGAAAGGAAGACTGTCA!
!
Smed_FANCJ_1_R! TAGGCACGACTTCACTGCAC!
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7.3.!Appendix!C:!AminoHacid!sequences!of!DNA!repair!genes!used!in!this!study!
!
SmedDATR!
>dd_Smed_v6_8754_0_1!
!
MNLLKDYLESKETIPFDEAFKSLLLNVVNHCNWSWEHQSISAIVAMFRICFQSSAIKLQY 
DCRLIIFEFAKKLVCPNQPWPLTQQALANIFEELIDKNNSKIIRPVIYSLESLLKIVPIR 
TLGIFIRLICKIAYFPDQKVVTLLRNTVGRVLVYREISEEQLVKQWSIVIVEVLCSEPDF 
QQWMVNRLSEIFNLSYTNFYKMLLPHIFIYFVIKGGYESHQSIQRAFQFVTWVNQNEDHF 
NRVIQTVVLPESIVHFYLNFSNERFNEIKNFLNDHFSMTLEKLILYNDVSRTIHSFMVYL 
SEKFANVLAGIKWIALDVIQVQGIVDRLSIRKDFNDDKISKFLREYSVGILEHFKLQLLD 
NKLPSQEHERVISSLQHFIRLIKNDLKNIHIMCSSILKTCLKFTSPSLMEKSYTTWYEFI 
TLLDFADLEGLLVESIAVLLFIENPLINRIKDILLYIFNNENYLKTKILDLHFILELPSL 
SEFHDKLLRLISADNQSDSFISILKCCNRNLHHENSCVRYLSANHLFTVLSSNLVKLSML 
MAVFKLENETNTDNMDLIHSLNHSLMSSITEEIGDNKLVFSRCLGLLGAVDSGRYRELTV 
SGNHSTSMEFVTSPRFSYEIMCELGKFYLGITTTTQMDAMCITIQELIKTFKISKPSYDC 
SDSKKFKTQDSYPCAFDGMITGHLLWEMIPGPIKEIFQPFLNSRYKLLITVDWSHITIPL 
LTLSDGMKLDNWICTWTGYLVHLMKNSGHISVFTHFQILIKNDAKFAKYILRHVILALLI 
ENNPDVVSNINLEIISIFKSISRVSDEESHFNVEKILNNSSSVNLSEIHNFNNENTKILQ 
SAGQIIFKVLDYLQLWLNMTRNEIEKLGKDQPKSLILANNLELIKTFVRSIPNSLLAVCS 
FKCGSLARSVKHWMLAYRCDINAEEDAMLKTRKRKEIIIGILQVYSALHDSDEITGYLST 
FKSELEPFAQTLKLEYEGKYDLALSIYEQQLLEHQRKNQDLLFSKESIDLHRSSFRCQLF 
NISALPSIIARTNCCLNDPNFPLEYYESMNSIQVEALYKIGDWKRLETSLNMADENDDNW 
TISVTKALCQAKNQKLEVSQINIDAIWKKTITNLEVSSVEGFDYERVHTDLSRFARLTEI 
EMILATKEICAINTLSMNNKMKYFKKMRLKNLPTFFNQRYKLSETNFVNQESLLTSHFNL 
FQLISDSQMQSDNKSKSNLNANFLNNEIGQIWLQRCKIARRAGLFASAMACLMNVEKMDF 
IEFSIEKGKLFWKMGRVEESLGHLDEVIENISPLRVNNCARTNKKYNMDRFWKLLLLRAH 
LTDVTCRHDFKTTKEMYKAVFEFESQSEVAHFRFAHFLDETLKLTKDYEETLSNCLMEYG 
NALMYGCKFVYQSMPRLLSLWLDKKAKSKNLGSINAIMKKNIKVIPKFQFYVALYQIISR 
LCHEEDNEILTLLNDLVVQLMILFPQQTIWSLICLNGSSIKVRRNKFDLIFAHIKNQKKE 
MQEFIHKMINLSNALREIGDVEESFFVKMQLNLKKCGKSFDHLLKPGIYSGVILPLYHQL 
FGTLPTPATFKDSYLPFPSKLVCISHMEESADVLPSLTKPKKMIWIGTDGKKYIMIVKPK 
DDLRRDCRIMELNGMFNRLMRRNSETRHRLLYIRTYAVTPLGEKSGLIEWVNNTESFRQV 
VVDLHIQRNNPIIWQKLHARYAQRGDSFEKKLMKFTKEVLPLYPVVFNKWFLQKFPEPNA 
WYRSVQKYCRSVAVMSMVGYILGLGDRHIENILFDHTSGDVVHIDYNCLFNHGKTLEWPE 
VVPFRLTRNMQDGLGPCGENNGLFRSSCVATLNLLRNEIEPIMAVFKPMYYDTLTEVKDP 
LIKSNKQSNAVTMTENKLEEMENRLKGKVNQLPLSVEGEVNYLIAQAIDEKLLCQMYMGW 
GSFI 
 
Smed!ATM!
>dd_Smed_v6_14586_0_1!
!
MEIFPSLKSPETSDAIISCLMYLKLLLPQYHISPNQQLAIVGKFDQDPVISDQIDLLYHL 
SIICLQDFGNRSWCSYLSLCSLYQSINTSKNKFLTDILSLFHPEKNNKKINIIYEKNPDF 
PAILKFLENSIPFCPHTQWRCELTKMLAVRSSKPVYNRCHPELVSSVASISFYCLPRIFA 
TVEFSTEETRILSQVINRILHEQHYCESRKIVLVDCVVKKLEYIIIEEGNCRNNWEDIDF 
FKAAEVAYCGKMYTATLLLLDKLWLKESNTEMNAGIVNLYYKTFKSLASQEDLTADRFLI 
GSSSQYNDYGDGDGDCNDLLWLIKNGKFKVLHRLLKAEKNSDIFSFKPEAKIDILWKLSR 
WGDEEKLEINNLSQENVCSLAMYDFLYSRSEHVSEFYRNHVVDSCKISWDQEACFRPLIE 
RATLFGNETSLPTILESLIRIANKSNIDQLDSSIVWALIRSNRFARNLEIVNQQLLGISD 
LAKRCKRHEYIDFIRDMLNLHKVDNSILKCSGESSLFRTIDIFSQKTETEETKKSFLQLE 
QFIYDSQKHILTCQQIKRNHDLFFKLYFKAVSKICAWNQEYPVHSVSHIRTKILEPAMGV 
FGKSLKQESDMLSTMSTFSYQQYTHINQYMRSSEYENRVKILTESKRDVSYLVDLRGKCP 
LRKILEKQSEVDWDELNNLSQDRERFLLSAAISCSECLQNEDGNDFKIFHLMSMWLSNES 
NEKLNNIISDVIGKIETHKFLVLMPQLCARLNSENNKSFEINLEKLIKRIILDHPFHSIY 
NLLAIRNANRDSELEKSKKSIKEANDKMNSRISVAYTMVEQLVKESQSDIIRDADILTTA 
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YIHWANVDMSAFKQDIHKKLKFPLNCSLLRIAKQVKLPVPTLSIPIDRSLKYSLDRLPLI 
VGFDDVYSLQGGINLPKIVWCQSSDGLKRRQLVKSNDDLRQDSVMQQVFSVVNSLLGNKG 
SITYKANSIKSSDWSAFIYNRMISIRTYKVIPMTQTSGIIEWCEDTVPLGDWLANDKTGA 
HQRYRPQDSTPLQCRKRLQISAEENIKKRIETFKDILTKIQPVLGYFHFEKFPESQRWFK 
AKKSYANSLAINSIVGFILGLGDRHVQNILLDVNTAELIHIDFGIAFDLGKLMPTQERVP 
FRLTRDLVHGLGPFGVEGRFKTTCCDVLNLLRSQKDIILTLIEVLLHDPLHSWKLNPQHA 
RVLHTKREADNDCNNTSNTSSKTIEGFDNKSRPGSSQNQMAERVILEMSRKFAGAVDSSY 
LNCEGHVNYLIQTASNVENLARMFHGWQAYL 
 
Smed!BRCA2!
>dd_Smed_v6_12551_0_1!
 
MNSEDDLFDFDYSQKDNSNINSTTSVLNDIFEVTQKQIKMNANIVNLTKKCAINTLLNSE 
FNYKKFIYPSNDDIIKEMEDTKNPNINCKSVVPDETCSQLDPEILRQFDIPMTLPHENIE 
TRYENSPVHEISKELNKNIYVNSDFEVDLDLSIVSEENQKEIEFDNQEIFSDFKTETRKR 
KAIPFNEHSIEESEYISEVTNNKMACFGFKTGTGKQVSISKLAEQKAKQLFEEIEEKEII 
VDQDESINLNRIVFNPSTNTDNQISKTKSTLIHKETSSRNVSSSTVTVGFATATGRIIPK 
SKSALNQAKKLLNEIEEYGHENIFEPVEFKSNLAEPFCPSKMSGIEIETNSNQSHSNKEN 
KEFIGFKTGTGRAISVSESAKLTYQRMLENVAKEISFEESAVSKETPHLNTTENLGDTDS 
IYKFDSDKAATIIHPDNGGTVSKLSKEQLLETDLIMKEVENMECSWDYVETSDSWNNDRT 
VNCLSNLIQSPIINKTAGSITNQKAHLLSSTPIRKSKPDIHVRSINSFSENFDVESNSLA 
NRVNASIKLQEATASKCITEISPNAGRFSRLRLNRSQLFPMRKLFKLAAPASVEEAAGEH 
IDFMSCIHVRFYCDQSVVSLDVGDNGVIVPDEGGYIGLPQFIDSFMGLPNVDPKLISAEW 
IKNHYQMILWKLMALDMRYRQYLADDWLSPHHIMLQLKYRYDKEIDLAKRPCLRKICEQD 
DTANKRLVLVVAFIEKIENDSFKVFVSDGWYCVPAIFDKFLKDQIINKKIKPGTKLVSCN 
AVWTGCDEPLVLPVDHFPPGCGLKLHGNSTRRARAFAKLGYQSNLKPFPVTLGSLNPNGG 
TASLINVVINRIYPLQYMETIYHPNQDIPQRVFRNERAEEFSRKQFDLLKENIINTTLEK 
MMSSVSTNKKRYHLGQKKDKVTDLCNGEDIMNWLNNSMDQESALTELSFNQQNMLRIYRE 
NLVSDALQEKCPNRNVVTLLRILVGGCLAVDVDSNQVAIFTLWKPNDDLMTLLVEGASIK 
LYSVGVTHGKLDAQFSASSSASVALNSISTTRFERNKEIHENLISKIYQSRQLFSITNAC 
QFLSDTSTACEIDCIGIVIAFSKVNTTSNDSWQHVVLSDPDDMDNGIILVKLWGGLKGNF 
LTSVIEIGNFVKFFNLQYRKSVYSKFNPNSKIPAFECHYNTHSNVVYVSRKWDFHAMKQS 
IGEKLEKCLPAFEIFTNDKYNSIKSLSSRTLSPLTPKNKLIKNHGNSLNVSELKSNLSLN 
IAASTPKRLGLSSKRILKTTTLETIFQKNELLKSTGIEESKIQTDIPKPSNSSSYNYHDS 
FGMDSSIAELVKIRKRTSTVNASYFINKKK 
 
Smed!BRCA1!interacting!protein!(BRIP/!FANCDJ)!
>dd_Smed_v6_16638_0_2!
 
MVEFKLSDVPVTFPIEPYPQQLYMMRRIINSINKSENCLMELPTGSGKTIALLCSTLGWL 
KQYQSQLLLNSRNDECKENAKQVKIFFGTRTHKQIGQVIRELKKSAYSNTRMSILSGRNL 
SCLNQEVLMSKEIDQNCKDLCKKMGCIYKIDNQPHPETTWDIESISMKLKKVKICPYFQF 
KSWMKSADIVFCPYNYILNPFIRKSMGVNLENNIIILDEAHNIEDICREGASMSISLKDI 
DYLKMLLPHILKKSGKEDCQHDLLTMLEKMHEVIELLSSKLFYKDEDVLKKTWDLESFVQ 
LLKNCQLDLENIKNFENHLAKLRNEIRVNGEITDSTSEIPSSFMQLIDSFIMLVKLMMDS 
DKTKQNDFSIVITEGEKYAEPINEKVASGEWISCKKRKADALNNNFVLNIWCMNPGIVFK 
QISDISRSIILTSGTLSPVVSFEKELNCKFSAIFQAGHVVQPEKTFLASIGNGPSGNAMK 
AVFSTTSKLSFQDELGQMLLKCSEVVPNGILIFLSSFALIELFMQRWTNTGLINEIRKHK 
SIFIEPRQTSEMNECIDAYFKHVKDGALLLAVFRGKASEGVDFADEAARLVITVGIPYPS 
IADPKVVLKMNYNTNKKKHFDDQLLSGNEWYNIQAFRALNQALGRCIRHREDWGAMIMID 
SRLDGSNPTYSGGLCGWIQKRKIDFRNCEDLYVSLQLFIDLHCQVDIDKLPID 
 
Smed!PARP1!
>dd_Smed_v6_10338_0_1!
 
MEKDYPYMTEYAKSSRSCCKLCKISITKDSLRMAKMCQSPHFDGKIPNWYHFDCFFNKFK 
LNCLGDINNVDTLRWEDQENIKMKLNEAVSEPPYHLTIEYSKAKNKCNGCKEKINKGDIR 
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ILIMEKVNNTSRVKKSWYHINCFIDLKNEIIKEATFDIEKINGFDSLSEDDKQILSKFKT 
SNRSKKRPVKDDSEPFTIIKKPKLEDELDNQLKEQNLLLWDVRDKINAEVSKAALVHLLE 
INKQHIPIGEANLLNSVADCMVFGCLNACPECGGQLHYSSSRYKCKSMVNEWSKCLYTSR 
EVIRSPFVISEEYMEADILKNYRYKKLTRILPPESEECSNINPLKGYYVTIDQVNFPEEF 
GKLQIQNRIKELGGRCNKTLTTSSLILISTIEGLKTKKSHKTKAENYGVDVVSAEFLINV 
KNADLVEAIKKNSLVNWGRSKDEIATLYNSGERTADKDNWQIQTIKGGAAVDPDSGLIDK 
AHLYQDRKTRDPLNAILGTADIITGSNSFYKIQLLESDKLSKWWVFRSWGRIGTAIGSNK 
LELFHDLDSAIKNFCGIYLEKTGNKWENRNEFKKCPYKFVPLDIDYGNRAKVIENITEES 
SNLPQTVEGLIRFIFDVESMKRAMLEFKIDSNKMPLGKVSQKQIDISYTILKELQDLLIN 
SNPTKTKLCELSNRFYTMMPHNFGMMSPPLINSLSMVKDKCEMIESLMEIEVAYKLMEAE 
KGKNIIDSQYEKLHNCISPLDKSSDVYKRLETYLQNTHAPTHNYKIMIEDIFDVSREGES 
NRYHSFKRLPNRMMLWHGSRRTNWAGILSQGLRIAPPEAPVTGYMFGKGVYFADVVSKSA 
NYCHSSSTSPDGILLLCEVALGKMTERYQADSNIVLKPGEHSCKGVGLTEPDPNGNFDDN 
GVIYPMGKLVQQDIKSSLLYNEYIVYDIGQIKQRYLFKVKFIYK 
 
Smed!PARP2!
>dd_Smed_v6_6154_0_1!
 
MRKCEKSTICNNSNKRPKIIVKLDNLSMDSQEDTYKSFIIKRSEHVKDESCVDSPDLNSD 
CKSSKRETRKIKKLISSESSDVISNKRKRKFTEPPKENFSTKNLKQRLTERKNILKCNNK 
IHAIAIDEEKKKAKTISSKNKENLLSNDLSVALSPVITEHGRYPTRRKIVQEVELNISNK 
VHKNRVIKKNLKIVKSPVKTSKRLVNSVNSNPNQSNDSDSSIKAKKSKIIVSKDDKKSKS 
AKLNKKVKIENQTIKENGSITVGMEKLDIPVDKECKELSCKAKIYVENSEVFDVMLNQTN 
LQFNNNKFYIIQLLKDEKEPIYYVWMRWARVGKIGQMKLTRFYNNLAAAKECFMKKFYDK 
TKNDWQDRQKFEKINGKYDLVQIDYCKKEILETNKIASQVKLEPIESKLEEKLQVDKMN 
 
Smed!PARP3!
>dd_Smed_v6_2611_0_1!
 
MPPKRKASAKLKKAPVKKKVKNEFDSIKTALTKGPSFRKKIHTIDKFAATLFHGGIVVDD 
YDCMLNQTNIDGNNNKYYVIQMIQYNGKYFVWTRWGRVGENGATLKLGPYNTKEDAHKQF 
DKKFQDKTKNHWDNRDNFKSVKGKYTLLEMGVEDEDETSEVLVTNSDASEKFSPSKLAKE 
TQFLVDLIFQTDMFNHALAQLKLDTKKLPLGKLSKPQIMKGFEVLEELQNEISKNKTAKL 
SELSSKFYTIIPHDFGRTVPPKITTLDTVREKMDMLLVLTDIESTQALLKTKKT 
 
Smed!RAD51!
>dd_smed_v6_8626_0_1!
 
MAAKQMVQADVAQEEECMGPLPLKKLEGAGISAQDIKKLIEAGYHSIESIQYVPKKTLASIK
GLSEPKVDKIVEAASKLVPLGFTTAAEFHQKRSEIIQLTTGSKEFDKLLQGGVETGSITEIF
GEFRTGKTQICHSLAVTCQLPVDLGGGEGKCLYIDTEGTFRPERLLAVAERYGLSGTEVLEN
VAYARAYNTDHQNELLVQAAAMMSESRYALLVVDSATALYRTDYSGRGELSARQMHLARFLR
ALLRLADEFGVAVVITNQVVAQVDGASMFTADPKKPIGGNIMAHASTTRLYLRKGRGETRIC
KIYDSPCLPESEAMFAILPDGIGDAKE 
 
Smed!53BP1!
>dd_smed_v6_12961_0_1!
 
MTEINISSQNTLESIETSESLSIKMFKENEFSHDSNKSKSSNSKQYCTGCLLLNLSFHGY 
QLNKVIEADGENIDQAMKNIKENMKVLDTYVDNFKSLIDERLMSADRRTNGNKQNSGNMK 
SETDCALLSLPNTREFKYPNLELSDNFKRRLTSSSSSSNRPGSSIVNRYSTASSNAFSGF 
SEYAVKTDSEELISETSDSEQEPLGVTIIEQEEESEYIKIYAKWKTDKYYYSGKVKDIYS 
NENWEVLFDDGTVETVKRGDILQMCLFPEGTEVSVDTEGDGNFLRNFVISEHLDIKVNFG 
KKPERGCRVLNKLTGEYFTVTRNRISIHSAVAKKLMSLFGDVNISLTENSESGNISVDNI 
VTEKRTLKRKRYSQYITLDDIKSKRCPSPSIFNMSTPNRAKSIFPNTKHHIPKSESNLFT 
NCFFMITGVKNGDETGNDLTKDSLEKIIYKHNGCVIEQPTQAHVEKNKNKQYRLILIVLG 
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DVTQTAKFMMALAVGQMPIVNDKWIHECSDQSKFLDYGPFLLFRGIDEEGQIIPLNLTNI 
NQPGIFINKYILIVTDNVLTFGKIWQYILELAGAETFLMDTLFNKPSISSDCCDFAVIDK 
DGVTNNRINKLKNSNILVLDILYATKCLVLNELIDNKDFILXXXXIFGYINL 
 
Smed!53BP2!
>dd_smed_v6_8443_0_1!
 
MFSDKNRDPYQKNESRRTGKEAPIEVELMKNRNRNTSRDVQVNKVDVSDKNKVQRSSLSS 
SAGSMHNSNPTFEIFNTHTLVAKANPSTAKSSKSTLIKSRTGNLLQPQQPVITLKPHYNN 
NTMVVNSSDINPKITRHQFNPQEEKRSMSAVVKSQSRPDMGYKSSSVKSTHPIISKSQIR 
TLSATSKSNNHSYNTNNYDSLNRSRNKNANRSNDQNNDPNLIYYSLPRKSKSHIPAESKP 
SNRTKPIIISTDMSKKHKLPLDTAATIATDVSDANPINFSTTLAKAATNSPPIKRRSSSL 
IHSPNPRMPARFASRSTINDIYTSKNFKEYQEKYKRAASEILRENLALKFGPNASFLNQN 
NIEAAQSRSSISSASSSSSSTSTSSGTDQQISISSIPHDDIPLEIPLKNGSFPKPKENVP 
ILLLPSHIQNKKEEEPVNEIVQGMVMFDDNIKKDADVVHVSDEDNDEYDEYSVDDQSSSG 
SYSSDSNEDIENLKKKFIPLYEIERMDDDFVIQNEISGLPDHQHSQSFRVENTSVASNTE 
VFVHKESLQRAKNALKIEPNRGILSLKYLESSENLKVKKRKAIFDPHILLLDACLEPDFE 
LVKELVPKVPNLSKKTIDGITALHNAVCSADPKLVLFLLQSGADVNASDADGWTPLHCAA 
CCNNKQISKILVEHGASLFSITLSDFEIPSQKCNKASQEDTQCEEYLFWEQENLGVCNKG 
IAYALFHYEPQKEDELPLVPNQILKILDTNPHGESGWFFAEDLSQIVAVSRKGFVAAAYV 
SVYPLIIPQKRSDLIHRS 
!

Smed!MSH2!
>dd_smed_v6_11434_0_1!
!
MDELTNSFSLFWNSLGDKPNSTIRFFDRQDYYTVHFEDAEMLARSYYKSMEILKYFRRDS 
VSSPYINISKSNSDGVFKYLLIANQYKVEVYSNNKSHDSWDLDFVATPGNLEKYQDILFK 
DVELVSSNSLLGLNIKRINDDYRIFLGFCDLDNGIFMIGGFEESFTGYEQLANLSSALFQ 
LNCRECLIPNDTRPELLAVKNAVQSAGLLVTEVKKSFFSSENVMNSILKLICKTKLNNEN 
TVLKLVDTEGAETIGCLGSVITYLDLANDESFFNFFDVQTFKLDNYMRVGEQCSRALNIL 
PSPNDLRKHDSLYGLLNCCRTASGERLLLQWIKQPLMDVNLINNRLDIVESLINDNKLRG 
CLYEENLRRIPDLQRITRRLQRNKGNLQDIYKLYVALRQASDMLNLLNEHNGPYKCIIQS 
ELSSVIQEILKDTENFIQMFTSFFDFEAVKNHEFKVKCDVDESLKECENSMITLKSQMET 
ESSRVSDKLGIESTKQLKFESSNSLGYYMRVSRKDENVLRNKSFISIIETLKDGVKFHST 
QMTLMNESYLQHRRDYEEYERSIIEEIMKITNKYVGSLHQLSSIIAKLDVLCSLATMVCG 
APGTYARPKVVDDCKTRVFKVKNCRHPLVEMQNNMSYIANDISFDESRTFQIITGPNMGG 
KSTYIRSIGLISVMAQIGSFVPCDGAEISIFDRIMTRIGAGDCQLTGVSTFMAEMLDISW 
ILKTATSKSLIIIDELGRGTSTFDGFGLAWSISEHIATELKAFSAFATHFHELTDLSKIH 
CNVNNLHVTAQTIGNELIFMYKVEEGPAVRSYGIEVAKASGLPDESIKLAKLKLSEYENL 
MEWDSNHSEKLAATRNALMEFCLKDLVKDSIDFPVFVKMLRDKL 
 

Smed!MSH6!
>dd_smed_v6_15463_0_1!
 
MQKSILSFFPKTPSSKNKQTDILNIETANSKSKVNKTDKIKFKDNDSMPSTDNKDSDDFR 
NNSRKSFKRLKALSEDDESDKENSLIFSTNKKIKVKPNYESPPMTKTENEFLSGIRKNVN 
ASTPHKKKPTKDEKSINDSTKALLSSFSINANDSNIETNISQVIEDDFKNDIESYEHFSY 
EFLKKENIRDAQRRKPDHPDYDPTTLFIPESFMMSLIQSKLTPGLKQWWKIKANGNMETI 
FFFKVGKFYELYHMDAVTAVSELGLTYMRGNYAHSGFPEIAFSKMADQLGFKVARVEQTE 
TVEAMTERIKHESSKNKVVNREICQVITPGTRGFSLRNRTCRETGQEGSEELGYIEDAGG 
LLYSFKESLIEENVKGKLKNTVNIGVALIAQFADDDQRSRFRTLISRFQPNEIIYLKGNL 
SKNTQHVFNSCLAATKKECFTNNKQFLSSEDTLSRLMSSDYFAEAPANKLSRFGLPNGLT 
KTLNEADNLGRSSSKEYELAVSCLGALLYYLGKCLIDKYLVSIADFNLYYPSDGDCIQPH 
QLAIDDKEPFYTHQSHMIIDSNTLTNLDLLKNSSLGGIDGTLLERLDFSLTAFGRRLLIQ 
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WIATPLCDPDKIIERQKAIKELIELDANLSNIKNNLKSCPDLEKLVAKIHVLGLSKSVSD 
HPDSRAVLYEGLLYSRRKITDFVNTLTAFDNIIKIQLEFTRMHVEQNIQSKLLRKIMLHS 
KDSKIGEFPDISEIISFFKTAFDQENAKKNGKIIPESGIDADYDESVALIKEIERDLAEY 
LEKQKKIINSNVLINFFGTGKNRFQLEIPESKCSKVPSTYIASSQRKGFKRYLTVEIEGL 
LKKLINAEDKRDLVLKNIMSKIFAKFDEHYFQWTQVINSIAQFDALLSLTSFSRGLDGGP 
MTRPEIRHINPGDKPFLIITEGRFPCKAKTQSGEFISNTIKLGSLLMNSNRNLDNPVMLL 
TGPNMGGKSTLMRQTALIIILSQLGCYVPAEGPVILTPVDRLFTRQGANDSIGSGQSTLQ 
VEMNEAALILSYMSPHSFLLIDELGRGTATYDGCALAFSILKRIADSCSPRTIFSTHFHK 
LLEEKEIGDNLQISHMACMIEDDNDDDVGNNECHLDNNLKLQNITFLYKLTHGGCPKSYG 
FNAARLANIPEQIILNGLKKAKIFEEETLIMEFR 

 
Smed!FANCD2!
>dd_smed_v6_12881_0_1!
 
MRNDDLQSLNHILSICGIEFDLNFVQKRPTNVVLENIIDLLNKGIVSNYAKFQEMIRGIE 
TNRINFTQFLQPVKSNYDLYLFSTPKSLCQICLMIPKLNDFLIEMLVNKICECSLTNDDE 
DNELAILCLNQFKWNVYNKNMNEIVDKLLDVGYIANNFVQNHLISIFPDICQDKCNPRLA 
EKLHDWMSSNNYLITSSLDTISKLNLPTSFLKEIELLVMNMLDSATMGMLPSLITFLIKN 
TDKNNLVELIDKIRINVEFENLNSMFNSAVSSTPLMHVRNESSCGVKLINSLKINLQFNP 
YLRKAWLKSISTKSDSVRSPSFDFIILLIIFNEYKVEMHVITNIIKSKITKEQFTQQTIE 
TVFKYHFSILKPIYRGFLTIINSIMISDKGLLLDFAKEAYYNAFMNPNKDFIIDQIFEYL 
IADISTKPKSNINAILEVLKHLAENCRNKIQLFYTQISGLLSNNLEFNSIQIYNIYSIFG 
IIAFKDISENDDIFGDEKQIRNHVILLVKKQLQNPNFLIKRNGGIGAVTLMKYLCNVDVN 
TDSTVNAITNLLNSAGGVLNDTEEEQQSQMTNSQKIVSKILKLLLSYSETVPELIIVVFD 
ELYRLISTGEITEINVEKIIEKIISDSFLYNFTSEIDEIDEIDKKDRHLLFGVGVGLDYC 
EIAVIVSQSNSSSNLIGKTAKIHLPAHFRLLALLELRNKKSLCEINALFGCPVRFVGGFD 
SVEAVELQTVINWLIEVVNAFSSDINNGGGIDNFRLKMVQRMKLIVEQVSNLQSMLLLSV 
QSKPTKLPIIQASNVGYGVVGVGGGGGGGSHLLINVTEIIIKKVSVKRKTVKKKKKSKKS 
KQNHDNNNNNKTTTVGNSIQESDESEELFETDKIENATTSVRCKLLEENLRFCFRELDLS 
VFTMLSSLTKSDLVLFDHNSELLGWKELKYYLSDLWLKVEHCFRDRNELPNGFNPPNANK 
NGMLFRNIDQVDNLTILENIISMQDLFKLIISKSIEFCLSDEILENVDDPCFLVFEFVLK 
ILSKIFHYLKNNLTDSGDEMIKRLLDGLSPVNYSKSLLKQILSIREKIPSINIAAAYCEF 
VSELLTITSDNESEVSMLDLTAKFLGTKWISTNMTIYKSSVLRLFEIHLLLLSDKWFEVI 
VSAILPEMQTIVTRNIDDNESEPVYACLDKTTILGVFKLVSDFILKKCKNLSKVSYSQRN 
TLEMLESWEKIVVIVKLFTIVISNNKESNMILSFIKFSREFIKFIIKNLMPILDNMLRHE 
NAQVIKLLTEIQFVTRFIQRLCTHCKQKNNLSSASLVPQVRRYLETFMFRVKKMLCINKC 
SGDSINILFLANKDIHGRRIEESVQSENEEEDEDNEEEVCTDVSEELNACSDDVENESLN 
E 
 
Smed!FANCI!
>dd_smed_v6_8024_0_1!
 
MIREDSNTIFIKVLKFFWTLESKNFDSYIYIFINSLANFNVAASYSILDSLKEILNEVTL 
VQECVLSSIPVLVENIRRNDSLFTGYIDVTKINERPENIIPLVKVLREMNTLTGSEKNLL 
IKNLLEMITTIDLEFCPGLVNEILHLCGKNNFQFCVGAVVNFFNQRTISCSQLSQSNINV 
DSRRLISIQTSVLHHYYEIAKNNNEFVKEILKLCKNNNALYSISGFMCIILLNLAGLEFI 
KAQILDMMTSCITSCYKDTKLFIESAFIRESVFENFDMDSLLMNSIKYCCISEREHISKS 
LLELGFLLIKSGLPRSKITSLKSGTSNKKGGDILISEMCNNDINMNTAQRVGQAGIQMVI 
QLFKRLPRLRQLIIDNIQNFILKESHKVSVFVYLELFADLISLMPTEIFDFIDEATTGQP 
IFELLCHFREDVAVALVNAMLPLIRYSSTIRNNLISIIMNNILSGRSQSRLICVESALTL 
LKYLRITVEQFGTENVASSNSYLTQCSQFACTQIAADSKPLPVDNFNNDEICSQILQIIN 
ESSLQYPDTKSLIYKGLLQVIEKNYYFAGRVVMFLLEKLQSVVTNISDSNNISDNNPFVF 
SKILSDTNVLENLPLLVSCLAESVRQCRKNMPENDLLSAAVEENACISQAVSKAEKTLDQ 
LSLYLSRHDILKICQLSNEISASNHQMFVEQFIDFYEVLLVHFMCSNNQENNEKIEKLFQ 
HKELALKSLKTDRKPKKSNTGSVISLTSLIAAIRYLFDSLLNEAKTTDSNRVPNLSQRRF 
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RTTQAIATEISIENNNSNSIHRNIVENVDSTSMAGLLNEKVSIYLLNKAINTVKTIGSPE 
YRISYRNRKDICILLRDFVSICLDYYVNCLRRENIDTIPAYQRQIMQHSITLYCLSINKA 
ILFCSKSLDIFLENLFEVTDHIKSLQASIGLISLDEEFSSTAEKNQVSMSSFVRLHKYMV 
SMILIGGVRKLYGDIDSILNATLNIAIFCGIEDARKSGGSDFAYGTNHLNVLLLTNLNAW 
SYNILKSSKLHFKTKTGEIVKNIELSDTHVCRCLFYICMVTSRAAIPDSVNTLEKFVIDM 
SVKIGSYSGVAQETPKLTFEFIVHPTDLLVDLINALTLALDDVDCLLFKWKCSWQGFKQR 
KAINNSQLSNINSTPSDFVEESLSVITDQERLLFEQLFPLCTMLNKLIGCAVTNIPRLQS 
LIKLCTRIFDQLTTLVKQYISLIKSKMGCFASNFEKLVRISGGTLSFQASQFIVYNQKN 

Smed!FANCM!
>dd_smed_v6_11718_0_1!

MKQTTLFDFKLQKLENKSNTLDNDFKYPEHKLKKLLYKPSAVDSDIIEGFDASKSNWIYP 
INFPIRDYQLQIVQECLFKNTLVCLPTGLGKTFIASVVMYNFYLWYPKGKLIFVAPTRPL 
VNQQMYACQETIPIYSSDIVEMTGSINQGLRINLWKEKRVFFLTAQVLVNDLISKICPGK 
SIVFIVLDEAHKASKNHAYCQIIRELTGVNFNNRLFRIIGLSATPGNELETIQDVIKNLL 
ISHIELRTDECKDIKIYSHERLIEEIIVPLGSDVIDIRDRLLAICSPILDRLKAAGAIRA 
MNSNHCFSKFGLLKMKDEYRMTTGGYKSHSVLTDFSQAISIYYAIELVQQHGIKSTFLYL 
SNAISNSQANPQILYLIQNKEFMDFFELLQQKVSSESFTFSHPKLKRLHDIVKDHFSNKT 
EENRKKSRVIIFSQIRDSVGEIMELLKKLEPLIRPIAFMGQTKNVSQKEQMEAMRLFTEG 
TANVLVSTCIGEEGLDIGEVDLIICFDSQKSPIRLVQRAGRTGRKKEGRVVMLLSEGKEV 
SNYRTSLSKKSRIHSAIFEGYKHLVFYPDNPRMVPLGFEPTVSFQKVIISKSPTKKTRKS 
LKQKDITECIGNIPQKLKFKTEFNDCDSMRFLNELPISGSETFTQRFHCNRYKNSFYQLQ 
TTINIEHSELTVNLISILKLKELHNRGKTNIIFHLSNLRILDIDEPMTQIDEEFSQHSSK 
SFSVSVSSNESDSKDDNLTEKECLIKLGNSFIISPFLQLFQPNLSNKMFNGFLEKLNNSK 
PDLISFLDQKIKEIDHKSIIENNQKKLGISDDKFSLNEFDDINQEILDQFSPVKDLKSTI 
ALYTSTPISSNFRQSNLNNILTSFNISKSAPKLPINQSLLRSFKISPGSISSIKKENKLG 
MESALKFFEEKSVLCCELSSDLFSDCESSYQNDQSNGVSVHCQQNVTDSVITISSNESDS 
SIETDLVGKVGTIKELECQNKNNKNIDLKSDDDLFSDDFELYSPASDSESLSFDNEKNKN 
ENPRNQWSSDLPGSFLVSIEPNLNRHLTLTQNPISTLTENDEIANEEANKSRSPSFESNV 
SSENGFSENEPQNKVNQNPVKEFFFSQAEIYRNKEYKSNEIDDDEEDNNDSEQQLLASSF 
INDKDTSGVVSHTQMQQIYLQSIKSPSMKRNLYEIQSNRKQPIYSQTSSLDDDDDYIMDS 
FVIPDDYITPKRKRPNRLKRQINSSENPMMTFKRLKSITDSPD 

Smed!XRCC1!
>dd_smed_v6_18657_0_1!
 
MPEINPAKIISFSSEDQLYPVKNLLKGSSLYQWKCKNTSEIEGYVEFQFEKLTRFTRIEI 
GNQSSAFIEIKVSRSMDDQDYKVLLGQTSLMSPSESLKFENLNRVKYFKDFNFSTELSQE 
KWDIVRVILTQPFNKTLQFGLSFIKFFGELDSVIHVDETENNTIDQKIDISKLLNSRNDE 
EFKPGSLFANRKKADEFSKLKEIKIESESVSHSSSSSIDIIPTDSNTLSEKDKKKQIKQL 
SSEVTNDENNTKSNEDITLKSDKSIDKLKKLSEKSSLLLTTKRPIQDSGNKLSSQCKRPK 
LDSIPNENVKAKLTPCSSSLSQSSDHHNSISKKKSLDLSSNNIFKDVIFVLSGYLNPFRN 
ELRDKALSLGAKYRTSWTDDSTHLICAYNNTPKFNEVCGKGIIVSEKWIIQSYNQKKLLN 
WRDFRLKGATSPPKIINSSKRSYSNSISSVGNDISNYSDIKDAPSTSKDKYSSCDKTENE 
DNVDSINTLPPLPDIFEGLNFFFYGNFENKDLRFFKRIIVTFGGVIHEYMDSAVRIVITN 
SSWDHNFDEALESNPGLKFIRSSWLNACDEQNFLVSFDDFEMKKE 
!
!
!
!
!
!
!
!
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!
7.4.!Appendix!D!
!
!
Publications!during!the!course!of!D.!Phil.!
!
!
Review!
!
Sahu,!S.,!Dattani,!A.,!and!Aboobaker,!A.A.!(2017).!Secrets!from!immortal!worms:!What!

can!we!learn!about!biological!ageing!from!the!planarian!model!system?!Semin.!Cell!Dev.!

Biol.!70,!108–121.!
!

Article!
!
Lai,!A.G.,!PouchkinaHStantcheva,!N.,!Di!Donfrancesco,!A.,!Kildisiute,!G.,!Sahu,!S.,!and!

Aboobaker,!A.A.!(2017).!The!protein!subunit!of!telomerase!displays!patterns!of!dynamic!

evolution!and!conservation!across!different!metazoan!taxa.!BMC!Evol.!Biol.!17,!107.!
!
Lai,!A.G.,!Kosaka,!N.,!Abnave,!P.,!Sahu,!S.,!and!Aboobaker,!A.A.!(2018).!The!abrogation!

of! condensin! function! provides! independent! evidence! for! defining! the! selfHrenewing!

population!of!pluripotent!stem!cells.!Dev.!Biol.!433,!218–226.!
!
Dattani,! A.,! Kao,! D.,! Mihaylova,! Y.,! Abnave,! P.,! Hughes,! S.,! Lai,! A.,! Sahu,! S.,! and!

Aboobaker,! A.! (2018).! Epigenetic! analyses! of! planarian! stem! cells! demonstrate!

conservation! of! bivalent! histone! modifications! in! animal! stem! cells.! Genome! Res.!

122135.!

!
!
In!preparation!
!

Sahu!S,! Abnave!P,!Kosaka!N,!Dattani! A,! Thompson! J!M,!Hill!M!A! ,!Aboobaker!AA,!
Ongoing! repair!of!migrationHcoupled!DNA!damage! is! required!for!stem!cells! to! reach!

wound!sites.!(Under!review)!
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