I[TANEIIIXTHMIO KPHTHX IATPIKH 2XOAH KPHTHX

ATAAKTOPIKH AIATPIBH

BIOCHEMICAL CHARACTERIZATION OF THE CXXC- AND
PHD- FINGERS OF THE NOVEL ONCOGENE KDM2B

BIOXHMIKOX XAPAKTHPIXMOX TQN ITPQTEINIKQN
EINIKPATEIQN CXXC KAI PHD TOY OI'KOI'ONIAIOY KDM2B

EAEYOEPIOY AEIKTAKHY

HPAKAEIO KPHTHX

MAIOZX 2020



Biochemical Characterization of the CxxC and PHD fingers of the novel oncogene KDM2B — E. E. Deiktakis

FUNDING

This research was funded by the State Scholarship Foundation (IKY) Partnership Agreement
Program “Development of Human Resources, Education and Lifelong Learning” (EXITA 2014-20)
that was co-financed by the European Social Fund (ESF) and the Greek State, grant no. 2017-050-

0504-10806.

II



Biochemical Characterization of the CxxC and PHD fingers of the novel oncogene KDM2B — E. E. Deiktakis

EINIBAETIOQON

Xpnotog Toatoavng
Kabnyntc KAwvikng Xnueiog, latpikn yoin, Moavemotiuo Kprng

TPIMEAHY. EEETAYXTIKH EHITPOITH

Xpiotog Toatodvng

KoOnynmce Khvumce Xnuelag, lotpikn Zxoin, [Havemompo Kpnng

Xomiprog Kapmpavng

Avominpotg Kadnynmc, Touéag Bloteyvoroyiag Gutav, [Tavemotiuio Komeyydyng
Anptprog Kapodong

Koafnynmc Bluoynpeiag, latpikn Zyxoin, Havemomuo Kpnng

III



Biochemical Characterization of the CxxC and PHD fingers of the novel oncogene KDM2B — E. E. Deiktakis

EYXAPIXTIEX

Oa MBera va evyaplotom Beppud o PEAN ToL S101KNTIKOV cLpPoLAiov ™G laTpikng TyoAng Tov
[Movemotpiov Kpnmg yio tv gukaipio mov pov €8moav, Vo EKTOVICH Kol VO OAOKANPOCH® TNV
Adoktopikn Aatpipn oty xdpa Hov.

®a M0eha va exkepdow TV Pabdtatn evyvopochvn LoV 6TOLS VTEVBVVOVG KON YNTES OV, ZOTHPLO
Kopmpdvn kot Xprioto Toatcdvn, yio TIC YVOGCELS TOL OV UETOAQUTAIELGOV, Y10 TV VITOUOVY Kot
EMUOVN TTOV £JE1E0V OAOV QTAV TOV KOPO GTNV EKTAIOELGN LoV Kat Yio, TV fondeta mov mapeiyov
Kot cuveYILovV va TapEYOVV TNV TOPEL TNG EMGTNHOVIKNG GTAO0OPOUING [LOV.

®a N0ela va gvyaploTiom Tov Tpmny kadnynt pov, Kpitova Koloavtion, kot ta péAn g opddag
TOV Y10 TO EVOLPEPOV OV €OE1EAV Y1 TO EMOTNUOVIKO avTd £pyo Kot wwaitepa Tov SOAKTOPQL
Iodvvn Bhatdkn mov ftav exéyyvog kot fondntikdc oe otidnmote ypetdotnio ota EMSA meipdpota.

Oa NBeia va gvyapiotion Tov kabnyntm Avoaoctdsio Owovopov (IMBB-FORTH) ywo v guyevn
KOAOGUOVI VO OV EMITPEYEL VO xpNGLomocm to punydvnua tov ITC, po kupiog Ba Hbera va
eEKQPAc® TNV guyaplotio pov oty ddaktopa Mapiva Kovkdkn, n orola avérafe v ekmaidevon
LoV KOl MTav TOpovca 6e KAOe melpapo yoo va mopEXEL TIG YVAGELS TNG OTNV OVAALGT T®V
OTOTEAECUATOV.

Ba Nnbeha va vyapiomom tov Kabnynt Xproto Xtovpvdpa (Iatpikn Zyoin av/piov Kpnme) kot
ewKotepa Vv ddaktopa Avvo Toamdpa, yio v copforn g oV ekmaidevon pov mlve oe
TEYVIKEG KUTTOPOKOAALEPYELOGS.

Oa NBeha va. evyaploTo® OAa To LEAN amd T epyacTiple otig trépuyes 2B kou 3T g latpikng
YxoAng tov Iav/piov Kpntng yio v BonBeta toug kot 116 cupfoviéc toug.

Oa Mbeha va guyoploTo® TOVG cLVAdEAPOVS pov: dwdaktopo Codruta Ignea, Avooctocio
AbBavacdkoyrov, Mopia Aackardakn, I'priyopn [Haviéhoylov kot Ne@édn Zoyopomoviov, Oyt Lovo
Y10l TV TTVELLLOTIKT] GUVELGPOPA TOVG GTO £PYO OVTO, GAAL KOL TV EUTIGTOGVVT TTOL LoV £0E1EAV GTNV
OLIPKELD OVTNG TNG TETPOETIOG.

Agv o pmopodca va Taparelym Evo HeYOAO EVYOPIOT® GTOVS avOPOTOVS, PiIAovg Kot £TEpa HGA,
7OV GTAONKAV KOVTA LoV OAQ AVTA Ta XPOVLa, Y10 TNV £E1GOPPOTOVGE. SOVVOLT TOV TPOGEPEPAY GTNV
KaOnUepvOTNTO POV, KOl TTOL diymg avTiv Ba NUOVY avamOPEVKTO EAMTNG, O AVOP®TOG,.

To Pacikdtepo oTOLKElO Y100 TO OMOI0 €l EVYVOU®V Kol VIEPNPOVOG €ivar 1 otkoyéveld pov. O
Eppavound Aswktdkng kou 1 NukoAétta Toapovpd ntav, Kot tvat, apwyoi oe kébe katdopOopa pov.
Atymg v cuppoin Tovg Kal TV aydmY TV, ciyovpa dev Oa elya PTAGEL £®G £00. G EVYAPLOTM
ek Kapdiog:.

Ev xataxieiorn, Ba nbeha va apiepodco avth 1 Awaktopikn Awatpi] otov dvOpmmo mov pe
peydamoe Ko pe 6idate moAld Ko ag elxe tehewmoetl povo v I” TaEn tov Anpotikov, v yoyld
pov, Kovortavtiva Toapovpd.
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SUMMARY

The fine line between physiological and pathological cell fate does not only depend on DNA sequence
but also on a multifaceted matrix of regulatory elements derived from chemical modifications on the
histone proteins or the DNA itself. Specific histone and DNA interacting factors that contain
dedicated reader domains for specific modifications or combinations of them mediate the
interpretation of this regulatory information. Deciphering what is written on chromatin with
posttranslational modifications, elucidating their potential role in pathological cellular states,
identifying the army of proteins that associate with them and understanding the way of function of
those key player proteins, has become an exponentially growing field of research. Successful efforts
on identifying readers and writers of the methyl mark on histone tails introduced an broaden spectrum
of methyl transferases and demethylases that coordinate spatially and temporally, resulting in a
dynamic epigenome that affects not only chromatin structure but physiological functions such as

cellular development and proliferation while it is associated with several human diseases and cancer.

Up until now, more than 20 proteins have been found being able to remove methyl groups from lysine
residues on histone tails and they are classified into two super families. The amine oxidase
superfamily includes demethylases that require FAD as co-factor and the oxygenase superfamily
consists of proteins of which the demethylase activity, derived from their Jumonji C (JmjC) domain,
is dependent on a-ketoglutarate and Fe?*. In human, the lysine specific demethylases are divided into
seven families (KDM1-7), and most of them have been addressed as key epigenetic regulators. Some
of them constitute vital components of more elaborate protein complexes (i.e. PRCs, NuRD,
CoREST, MMLs) and participants in an abundance of physiological cellular processes (i.e
transcription, DNA replication, DNA repair, etc.) in several signaling pathways (i.e Notch, TGF-f,
FGF, NF-xB). Deregulation in the expression of these factors has been interconnected with numerous
cases of cancer, leukemia and human tumorigenesis, suggesting a bivalent role as both oncogenic and

tumor suppressor proteins.

One such case is the lysine-specific demethylase 2B (KDM2B), a major PRC1-associated factor that
targets H3K36me2, H3K4me3 and H3K79me2/3. Upon PRC2 recruitment, KDM2B participates in
the repression of the senescence-associated expression genes. KDM2B functions by coupling several
chromatin modifications, including histone H3K36me2 demethylation, with histone H3K27
trimethylation and histone H2AK 119 monoubiquitination. Numerous studies revealed that KDM2B
has a central role in occurrences of colon, prostate and pancreatic cancer and leukemogenesis. In
addition, KDM2B functions as a master regulator of a set of microRNAs that target several members

of the Polycomb complexes PRC1 and PRC2 and its deregulation has important effects on PRC gene
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expression in both normal and cancer cells. KDM2B has also been associated with inhibition of NF-
kB/p65-dependent cellular apoptosis, by a mechanism where NF-kB upregulates KDM2B expression,
resulting in the repression of ¢-FOS and the interception of apoptosis in human cancer cells.
Moreover, KDM2B has been suggested to regulate genes of the glycolytic pathway and proteoglycan
synthesis, as well as several other metabolic, antioxidant and pluripotency genes during

morphogenesis and development.

The protein structure of the KDM2B includes at the N-terminal the JmjC domain that responsible for
the histone demethylation reaction and at the C-terminal several leucine-rich regions (LRRs) and an
F-box domain that participate in protein-protein interactions. In addition, KDM2B contains two Zn?*"
finger motifs, CxxC and PHD (Plant homeodomain), located at the center of the amino acid sequence.
There is strong structural interdependence between these domains that prevents either of the two from
being produced independently in a stable form. The KDM2B CxxC finger has been implicated in the
DNA binding and the recognition of non-methylated CpG DNA sequences, however the structural
determinants responsible for this interaction remain unclear. As far as the KDM2B PHD finger is
concerned, it is considered the facilitator of KDM2B interactions with chromatin, however there have
been several conflicting arguments about the substrate specificity of this domain, and its precise role
is still elusive. In the current thesis, we set out to elucidate the role of the two Zn?" finger domains of
KDM2B, CxxC and PHD, in order to improve our understanding, on a molecular level, of their
involvement in the KDM2B function that would enable us to develop a high-throughput domain-

specific inhibitor-screening assay for KDM2B.

Following this domain-wise approach, we cloned in a bacterial expression vector the CxxC-PHD
coding sequence of the mouse KDM2B and the recombinant protein was submitted in a series of
biochemical and biophysical assays. A series of side-directed mutageneses created several CxxC
finger and PHD finger mutants that were used to identify the key residues involved in the interactions
of these domains. Using electrophoresis mobility shift assays, we confirmed the Mg?*- independent
binding of mKDM?2B to non-methylated CpG-containing DNA sequences and we identified residues
R585, K608 and K616 as key players in this interaction. The mKDM2B mutants that contained point
mutations of those residues showed up to 24-fold reduced DNA binding capacity. The identification
of the structural elements in the CxxC finger of KDM2B that participate in the DNA binding
mechanism enabled us to correlate its function with its biological role in replicative senescence
bypass in MEFs. Furthermore, we examined the role of this domain in the process of cellular
migration of prostate cancer cells, by employing in vitro wound healing assays. Our results showed

that the overexpression of the mKDM2B that carried the K616A mutation failed to induce the
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increased motility that was illustrated by the cells overexpressing the wild type KDM2B, suggesting
that DNA recognition may be vital during metastasis and adhesion of cancer cells. With the view of
our findings on the KDM2B CxxC finger, we aimed to develop a CxxC-targeting inhibitor screening
by setting up a fluorescence-based assay that would provide a fast and easy way to assess the DNA
recognition. The recombinant mKDM2B was fused with enhanced green fluorescent protein and a
series of fluorescence resonance energy transfer experiments were designed. We managed to observe
FRET between KDM2B-EGFP and DNA sequences that carried a Cy3 fluorophore, however, despite
our best efforts, setting up a robust inhibitor-screening assay turned out to be unfeasible at that time

due to several limitations set by the technical equipment.

As far as the KDM2B PHD finger is concerned, we employed the technology of MODified® Histone
Peptide Array that enabled us to examine 384 unique histone modification combinations as possible
interactors. We confirmed the previously reported interaction of the KDM2B PHD domain with
H3K4me3 (Kp= 370 mM) and we revealed an unprecedented interaction with H4K20me3 (Kp= 3
mM) and a weaker interaction with H2B tail spanning from residues 1 to 19. The ability of KDM2B
PHD finger to recognize a modification mark such as H3K4me3 that is associated with euchromatin,
and H4K20me3 that is a hallmark of silencing in some cases and of cancer in others, supports vividly
the notion that this demethylase has pleiotropic functions that depend on the temporal and spatial
intracellular context. In addition, the relatively high Kp measured in the ITC experiments suggests
that the overall binding of KDM2B with chromatin might be facilitated by additional interactions.
Further investigation on the structural elements that participate in the histone recognition, illustrated
that the phenylalanine residue (F654) that is placed in the expected active site of the PHD finger based
on the in silico analysis, is not associated for this function, since the point-mutated protein
successfully recognized H3K4me3 and H4K20me3, similarly to the wild type. Based on these results,
we sought to investigated whether the substrate specificity of KDM2B PHD finger is similar to its
sister protein, KDM2A. Comparative analysis of the MODified Histone Peptide Array results from
both PHD fingers showed that KDM2A and KDM?2B have different substrates, which is consistent
with previous studies that have supported the idea of distinct and unrelated roles between these two

demethylases.

As a conclusion, the characterization of the molecular interactions of the CxxC and PHD fingers of
KDM2B that is presented in this thesis provides a more explicit idea of their role and contribution to

the function of this significant epigenetic factor and creates contemporary paths for further research.
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HEPIAHYH

H Aent) ypopun petald @uotodoyikng Kot TafoAoyikng KotdoToong ToV KVTTApov dev e&aptdTot
uovo amd v aAiniovyio tov DNA oAld Kot amd TOAVTAOKOVG PLOGTIKOVES UNYaVIGHOVS TOL
TPOKVITOVV AT YNUIKES TPOTOTOWCELS OTIG 10TOVES Tov DNA 1 axoun kot oto ido. [apdyovieg
aAAnienidpaong pe to DNA 1/kat Tig 16TOVES, TEPIAAUPAVOVV EIOIKES TPOTEIVIKEG EMKPATELES TTOV
pecsorlafovv oy dnuovpyie, avoayvoplon 1 daypoen o puluiotikng mAnpoeopiag.  H
OTOKPVTTOYPAPNON TNG TANPOPOPING TOV BPICKETOL EYYEYPAUUEVT) OTNV YPOUATIVY, 1| dtevkpivion
TOV OLVNTIKOV TOLG POAOL TMOV UETO-UETAPPACTIKMV TPOTOMOCENMY GE KATOOTAGELS TOOOYEVELNG, M
AVaYVOPIGT TOV TPOTEIVOV TOV GYETILOVTOL LLE TIG TPOTOTOMGELS OVTEC KABMG Kot 1) KOTavOn e Tov
TPOTOL AEITOVPYIOG OVTAOV TOV TPOTEIVOV, OTOTEAOVV TTEdIN EPEVLVOC TOL CLVEXDS e&EMGGOVTAL.
Emroymuéveg mpoomdfeieg oty avoyvapilorn emKpateldv mov oyetilovran pe v pebuiioon kot
amopefVAIOON TOV 10TOVIKOV AKpmV glonyayav &va €upd QAGHO HeBLAOTPAVOEPACHOY KoL
amopefLAAGHOV TOL GVVTOVILOVTOL YOPIKE KOl YPOVIKA, 00YDOVTOS GE [0 SUVOUIKT KOTAGTAGT| TOV
EMLYEVOUATOC, TO omoio emnpedlel Oyt povo ™ doun g YPOUOTIivNG dAAL KOl TIG QLUGIOAOYIKEG
Aertovpyleg OO TV KLTTOPIKN AVATTLEN KO TOV KLTTOPIKO TOAAATAAGIOCUO, EVA £ivol £Tiong

oLVOEDEUEVO e OPKETEG avOPOTIVES 0oBEVELES AAAG KO [LE KOPKIVO.

‘Eog topa, ndveo and 20 mpoteiveg exovv oavakorlvedel va eivor vmedBoveg yio v agaipeon
peBLAOLAd®V o KOTAAOUTA AVGIVIG GTO AKPO LIGTOVAV Kol TAEIVOLOUVTOL GE 0V0 VITEPOIKOYEVELES.
H owoyévela g apuvoéerddong neprhapfavel omopebvidoeg mov anattovv FAD wg cupmapdyovta
KOl 1 OWKOYEVEWL TOV 0&uyovacdv mov meplhapPdvel mpwteiveg 6mov 1 amouebBviioon, mov
gEaptaTol omd a-KeToyAovTopikd o kou d160evi| 10vta cdfpov (Fe?) kou yiveton amd v Jumonji
C emkpdretla. Xtov avOp®OTIVO 0pYaVIGHO, Ol E0TKES Yo Avcivng amopebuidosg yopilovtal og entd
owoyéveleg (KMDI1-7) kot ot mepiocotepeg amd avtég mailovv poAo KAWL ®g emiyeveTiKol
pvOuoTéc. Mepikég and avtég amaptiCovv otoryeia mepimiokwv cvopmieypdtov (m.y. PRCs, NuRD,
CoREST, MMLs) kot coppetéyovy otnv mAnddpa @UGIOAOYIKOV KLTTOPIKOV Sodkacldv (..
petaypaen, aviypaen, emdopboon tov DNA) péow O0@dpov  HOVOTATIOV KUTTOPLKNG
onuoatoddtong (my. Notch, TGF-B, FGF, NF-kB). H amopbOuion ¢ £k@pacn ovtodv twv
TPOTEIVOV 6TOoV AvOpOTOo givor Guesa cvvoedepévn e o TAnfdpa TepmTO®oe®y KaKondelog,
ASVYOLOV, OVOPOTIVIG OYKOYEVESTG, AVOOEIKVDOVTAG £VaL SITTO POLO KO MG OYKOYOVIOH KOl (G

O0YKOKOTOGTOATIKA YOVidLaL.

M tétola mepintmon gival 1 €101k yuo Avoivng aropebvidon (KDM2B), | omoia oyetileton pe to

PRCI1 ovumieypo kot otoyxevel 11g tpomonomoelg H3K36me2, H3K4me3 kot H3K79me2/3. H
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KDM2B GupUeTéXEL 0TV KATOGTOAN TNG £KQPOONS YOVIdlwv Tov oyetilovtal e TNV KLTTOPIKY
mpavon pécm tov PRC2 cuuniéypatoc. H amopegbuidon ot cuvoéetl 014popeg TPOTOTOINGELS TNG
ypouativig ontmg v amopebuiioon g H3K36me2 pe v tpipuebvriioon g H3K27 wor v
ovPucovttividioon g H2AK119. "Epgvveg éxovv deiletl 0Tl €xel KEVIPIKO POLO GTNV EUEAVION
KOpKivov 6TO oD EVIEPO, GTOV MPOGTATY KOl GTO TAYKPENS, KAOMG Kol 6 O1APpOPES AEVLYOLLIES.
Emniéov, 1 KDM2B Aettovpyel ¢ kevipikog puvOuotic pog opddog microRNAs ta omoia
otoxevovv péAN Tov PRCI kot PRC2 counhokwv, éxovtog peydin enintmon o€ gkeiva ta yovidwa
1660 o€ VY1 660 Kot o€ Kapkwvikd kottapo. H KDM2B €yet cuoyetiotel pe v avactoAn e NF-
kB/p65-e&aptdpevng KuTTtapikig andnTtmong HEcm evog punyovicpol oémov o mapdyovtag NF-xB
npodyel v ékepaocn g KDM2B, n omola xotactéAlel tov mapdyovta c-FOS oe avBpodmva
KapKvikd kouttapa. Téhog, 1 KDM2B €xet deybel 6t1 puOpuilet yovidia 610 YAVKOALTIKO LOVOTATL
KOl GTO LOVOTATL GUVOESTC TPOTEOYAVKAV®V KaBmG emiong Kot HeTABOAKE, OVTIOEEIMTIKA YOVidia
KoL yoviola mov oyetilovton pe TNV moAvSHVUKOTNTO TOV KVTTAP®V KATE TNV LOPPOYEVEST] KOl TNV

avamToln.

H npoteivikn doun g KDM2B mepihapfdaverl 6to apvotediko dxpo v JmjC enkpdreia mov givan
vrevBouvn Yo v aropebviinon Kot 6to KapPoLuTelkd AKpo TEPLOYEG TAOVGIEG GE AEVKIVI KOl Lol
F-Box empdrteio mov coppetéyovyv otig oAANAETIOPAcELS TG He AALeC mpwteiveg. EmmAéov,
KDM2B s10étet ovo emkparteies, tig CxxC kar PHD, mov mpocsdévouv die0evn 16vta wevdapyvpov
Kot o1 omoieg Ppiokovtarl 610 k€vIpo TG apvo&ikng aAiniovyioc. ‘Eyxet oyl 611 vapyet woyvpn
dopk) aAANAEEGpTNOT HETAED QVTOV TOV dVO ETIKPOTELOV 1) OTOI0L OTOTPEMEL TNV OTOUOVAOGCT
éxaotng aveCdptra oe otabepn popoern. H CxxC emkpdreia £xel GLGYETIOTEL e TV KAVOTNTO
npocdecng DNA Kot mo cuykekpluéva e TV ovayvaopion un peBulopévov aAiniovyidv mov
TEPLEYOLY dtvovkAe0oTida Kutosvnc-yovovivig (CpG), ®6TdG0, To SOLKEA YOPAKTNPIOTIKA TOL £ivol
vevBova Yo avtiv TV oAAnAeniopacn mapapévovy adievkpiviora. Ocov agopd, tv PHD
emkpdrelo Oempeital vrevbovvn Yo T1Ic aAAnAemdpdoelg g KDM2B pe v ypopotivn ©ctéco ot
amOyELS OlloTaVTaL Yo TO oL €tvon 1) €EE10TKEVOT) TN GE LITOCTPMUATO KO TO10G £fvat 0 akpPng e
POLOG. XNV TapoHGa SOAKTOPIKY OTPIPN GTOXEVCAUE VO HAEVKAVOVLE TOV POAO OVTMOV TMOV
CxxC ot PHD emikpateidv pe 6160 vo PEATIOGOLUE TNV KOTOVONOT] GE HOPLOKO EMIMEDO TNG
avapelEng tovg oty Asttovpyia g KDM2B 10 omoio Oa pog enétpene va avamtoEovpe £vo OGTN O

EVTOTIGLOD OVAGTOAEWMV EOIKMV Y10l AVTEG TIG EMKPATELEC.

Mo v pedémn emkpateldv, KAOVOTOcoUe 6€ PaKTNPLOKOVS POPEiS EKPpacng TV aAAnAovyio Tov
kodwonowovoe T1g emikpdreleg CxxC-PHD tg KDM2B tov movtikold Kot 1 ovacLvovacuévn

TPOTEIVY YpNoLoTomOnke oe pia 6epd amd Proynuikd kot Bropuoikd mepdpata. Mo celpd and
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UETOAAOEOYEVEGELS ONUOVPYNGE LETAAAAYLLATO OVTAOV TV ETKPOTELDVY TO OTTOL0L YPTCYLOTOM ONKOV
YL TNV OVaYVOPLoT TOV POCIKOV OUIVOEEDMV TOV GUUUETEYOLV OTIS OAANAETIOPAGELS OLTMOV TV
emkpateldv. EmPefardoape v Mg? -aveldptntn wovotnta npodcdeone me KDM2B og un-
nebvopéveg DNA aAiniovyieg mov mepieiyav CpG dtvovkieotidwn Kot avayvopicape To KatdAouro
R585, K608 ko K616 g Pactkovg maiyteg avtng g aAAnieniopaons. Ot tpmteivec mov mepieiyov
UETOAAAEELG ALTOV TOV OUIVOEEDV EUQAVICOV LEXPL Kal 24 QOPES LELOUEVT] IKOVOTNTA TPOGOECTG
DNA. H avayvapion tov dopik®v ototyeimv g CxxC emkpATeELOS TO. OTOI0t CUUUETEYOVY GTOV
unyoviopd tpodcdeong DNA, pog emétpeye vo GUGYETIGOVE TNV AgtTovpyia TG He TOV PloAoyikod
pOAo otV dSladIKaGIioG TOPAKOUYNS NG YNpPavong o€ eUPpuikos VOPAAGTEG TOVTIKAOV.
Emmpocbétmg, eEetdoape tov poOA0 avuTAg NG EMKPATEWG OVTNG OTNV  dodkacio g
LETAVAGTEVONG KAPKIVIKMOV KVTTAP®V TPOooTatr. To arotedAéopatd pog £0e&av 0Tl 1 VTEPEKPPAOT
mg KDM2B n omoio épepe v KO616A petddholn amétvoye vo mpokaAéoel v ovEnuévn
KNTIKOTTA ToL  guedviioy ta KOTTOpo TOv VIEPEKPpalay v aypiov TOMOL TPWTEIVN
vrodelkviovTag g 1 avayvopion tov DNA va givol onpovtikny yoo v HETAvAGTELGT Kot
TPOCKOAANGN KOPKIVIK®V KLTTApOV. Me Bdon avtd to dedopévo oyxeddoope €vo cOoTNUA
EVTOTIGLOV 0VOGTOAE®V BacIGHEVO 6TO PBOPIGHO TO omoio Ba pag mapeiye Evav Ypryopo Kot E0KOAO
Tpomo aglorldynong g avayvopiong DNA and v CxxC emkpdrelo. H avacvvdvaopévn mpmteivn
ocovtyOnke pe mpdowvn @Bopilovoca mpwTeiv Kol oYedACTNKE o CEWPE amd TEWPHpATO
oTnpoUEVa oTNV TEYVIKN NG HeTapopds evépyelag péow ocvvtoviopot (FRET). Katagépape va
napatnprioovpe 1o eovopevo FRET katd v npdcsdeon g avacvvdvacuévn tpoteivng pe DNA
aAlovAovyleg mov £pepav TO KATdAANAO @BopopOpo, woTdG0 TapOAEg TIG mPoomdOelés pag, M
onpovpyia €vdg €mMTLYOVS GULOTNUOTOS EVIOMIGUOL OVOCTOAL®V 0modeiyOnke advvarn AOyw

TEPLOPIGUMV A0 TOV TEXVIKO EEOTAIGUO.

Oocov agopd tmv KDM2B PHD emwkpdreia ypnoponomoape v texvoroyio MODified® Histone
Peptide Array, m omoia pog emétpeme va efgtdoovpe 384 poOvVASIKOUS GLVOLAGLOVS Ao
TPOTOTONGELS 1I0TOVAOV ¢ TBavog mpocodétes tg. EmPePaidoape v aAinienidopaon g PHD
emkpatetog pe v H3K4me3 tpononoinomn Kot amokaAOWape o IpoTo@ovy OAANAETIOpaoT| Le TNV
H4K20me3 kafdg kot pa mo advvaun aAAnienidpaocn pe v ovpd g H2B mov mepiddpPove ta
apwvo&éa 1-19. H woavomrta g PHD emkpdrteiag va avayvopiler g tpomomoinon Ommg
H3K4me3, n omnoia oyetileton pe evypopativn ko v H4K20me3, n omoia eival onpatoddtng
YOVIOLOKNG GlyaoNg G€ KATOEG TEPUTTMGELS Kol KOPKivov og GALeS, otnpilel emapKk®g TV 10€a OTL
AT 1 aopeBVAAGT £xEL TOIKIAOTPOTES AEITOVPYIEG O1 0TOieg EEUPTMVTAL OO TO YMPIKO KOl YPOVIKO

EVOOKVTTOPIKO TANIG10. AKOUM, 1) OYETIKA VYNAN otobepd didomaons mov petpndnke ota ITC
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TEPALOTA VTOOEIKVVEL OTL | GUVOAKT TPdGdeoT T KDM2B pe v ypouativn dieknepoidvetal
and meplocdTepes aAniemdpdcels. EmumAéov, epedva mive oto dopukd ototyeio to omoia
CUUUETEYOLV TAVEO GTNV  OVAYVOPLST TGOV 10TOVOV TOPOLGINCE TWS TO KATOAOITO 1TNg
eowvvraravivng (F654), to omoio PBpioketal oto evepyd kévipo g PHD emkpdreiog coppova pe
mv in silico avélvon, 0ev oyetileTon pe aTAV TNV Agttovpyion KaBdc M TpwTeEiv oL £PEPE
LETOAAOYT] OTO GULYKEKPUEVO KATAAOUTO OVOYVOPLIGE TIC OVO TPOaVAPEPDEICES TPOTOTOUNGELS
napopoln pe v aypiov tomov tpwteivn. Téhog, e€etdoaiie dv 1 €E€10TKEVOT GE VTOGTPMLOTA TOV
éxet KDM2B PHD emikpdtewo givarl n 10w pe ekeiv g adedong g, g KDM2A. Xvykprtikn
avdivon tov anoteAespdtov yo TG 0vo PHD emkpdteieg £de1&e 011 avayvopilovyv dopopeTikd
VTOGTPOUOTO KOl TO OO0 GLVAOEL PE TPONYOVUEVEG PEAETEG TOV vrooTnpilovy EExmPLETOVGS

POAOLG Yo AVTEG TIC 0V0 amopeBuAAoES.

Ev kataxieidt, o xapoaktnpiopdc tov poplokdv oAiniemidpdoemv tov CxxC kot PHD emikpoateimv
g KDM2B, o omolog mapatifetar oe autiv TV O100KTOPIKY| TP TOPEYEL oL TO EVKPIVY
EIKOVA TOL POAOV TOVG KOl TNG GLUVEICPOPAS TOLG GTNV AELTOVPYIO CVTOV TOV GUAVTIKOV EMLYEVETIKOL

TOPAYOVTa KoL ONHOVPYEL VEQ LOVOTTATLOL Y10 TEPALTEP® EPEVVAL.
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1.1.Chromatin Structure

The DNA of an eukaryotic cell is orders of
magnitude larger than its nucleus. However,
its ability to condense enables it to fit easily
inside it. This process derives from multiple
sets of spatial and temporal packaging events
that push chromatin into forming higher level
structures. The process begins with DNA
interacting with a set of proteins, histones.
There are four core histones (H2A, H2B, H3,
H4) which are recruited in pairs, forming an
octamer. The amino acid sequences of the

histones, including the N-terminal tails, are

{8 histone molecules +
146 nucleotide pairs of DNA)

Figure 1.1. Schematic representation of the nucleosome
structure. The two strands of DNA are wrapped around the
histone octamer forming the basic unit of chromatin, the
nucleosome. Adapted by Addison Wesley Longman (1999).

highly conserved from S. cerevisiae to human. The positively charged histones are attracting the

negatively charged DNA, and this structure that contains a 146-base pair DNA fragment and one

000
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I300 nm

I?OO nm
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SUANEN R

Figure 1.2. Schematic representation of the
chromatin structure. Adapted by Felsenfeld
& Groudine (2003).

histone octamer, the nucleosome, is stabilized under the
action of a histone protein, H1 (Figure 1.1). Series of
nucleosomes are set in a helical layout that forms stacked
layers. This structure is attributed to molecular interactions
between the N-terminal tails of histones that extend away
from the octamer cores as well as to H1. The folding of these
nucleosomal fibers into loops further condenses the DNA.
Finally, the loops packed to the maximum degree with the
help of protein scaffolds, thus forming a structure known as
chromosome (Figure 1.2) (Strayer, Biochemistry, Volume I,

Chapter 31, 983-386; Lewis, Genes VII, 567-9).

The role of the packaging of the eukaryotic genome is
directly related to the regulation of gene expression (Brink et
al., 2006). The open state of chromatin, i.e. the regions where
DNA is accessible to transcription factors and the RNA
polymerase, describe the euchromatin while the regions of
the genome that do not facilitate the onset of transcription

describe heterochromatin (Kwon et al., 1994; Reyes et al.,

-
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2002). The transition from one state to the other is the basic feature of the potential of gene expression
in eukaryotic organisms, and is due to forces acting on the structure of the nucleosome (Horvath et
al., 2001; Liu et al., 2003). Eukaryotic cells handle the expression of their genes with greater
complexity than prokaryotic organisms. Cells in multicellular organisms must have full control of the
start, end and duration of gene expression. This control is the result of the endogenous cellular state
and its successful interactions with the environment. Gene regulation describes the collaboration
between a particular part of the genome, the gene, the transcription factors or other regulatory factors
that determine the fate of this gene. (Campbell, Biology, 2nd edition, p. 377-8). These players
recognize specific patterns in both the sequence and structure of chromatin, and a great effort has
been put to locate these regulatory element motifs, in order to elucidate gene regulation (Caselle et

al., 2002).

1.2. Post —Translational Modifications (PTMs)
Over the last quarter century, studies focused on plant, mammalian and other eukaryotic cell gene
regulation have proven its mere complexity. Covalent modifications on the N-terminal tails of

histones, broadly known as post-translational modifications (PTMs), seem to play a crucial role in

the process as well as in the chromatin aming acjy "
fray, O’/f
. . S Crg 0y,
structure (Strahl and Allis, 2000) and in a o e %,
. , v —_—
variety of other processes like DNA & A Caon
$ hydroxylation

eliminylation
phosphorylation /
acetylation \

methylation —,

replication, and DNA damage (Murr, 2010).

&

3

PTMs exist also on the histone cores, but we &
b proteolysis

know little about the impact they have on gene

target
expression (Zhang et al., 2010). Up until now, o protein
. . . AMPylation
almost 15 different classes of modifications yADP / ‘\‘\ ubiquitylation
. -. 0:
(such as methylation, acetylation, 5 ribosylation / UBL- 3
: o % lycosylati protein &
phosphorylation, ubiquitination, etc) have %é gycosyé =i ~ conjugation o\—\?
' oo,- isoprenylation & éQ
been documented (Zhao & Garcia, 2015) on @ o
, : : : o
specific ~ histone  residues, affecting ®

O/GCU les

dynamically the DNA interactions with

Figure 1.3. Post-translational modifications on proteins.
histones as well as with other non histonic Adapted by Ribet & Cossart (2010)
proteins (Kourazides, 2007) (Figure 1.3). For example, residues H3K4, H3K9, H3K27, H3K36,
H3K79 and H4K20 can be mono-, di- and tri- methylated, with each methylation state representing a

specific epigenetic mark with a specific biological meaning (Margueron et al., 2005). H3K4, H3K36,

3-
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and H3K79 are markers of actively transcribed genes, whereas H3K9, H3K27 and H4K20 are
frequently found in promoters of repressed genes (Bhaumik et al., 2007). Furthermore, the plethora
of these PTMs and the cross-talk between them, can result in a combinatorial outcome, not fully
understood even nowadays. Deciphering this “histone code” (Strahl & Allis, 2000; Fischle et al.,
2005) that is written on chromatin with these PTMs, identifying the army of proteins that catalyze
them (Grant, 2001), elucidating their potential role in pathological cellular states, like cancer
(Feinberg, 2004) and understanding the way of function of those key player proteins that associate
with them, using ChIP-seq analysis and other biochemical methods (Li & Li., 2012; Rothbart and

Strahl, 2014), has become an exponentially growing field of research.

Based on their effect, three models have been

Phosphoryl
@ Methyl

Acetyl

|
oL, ' e,
??-,__ _:_?___ jz_—., HaTtO nes 0 @_ _:?j)_:j_ag :g%

N-terminus

proposed for the effect of PMTs on histones.

The most important element of the histone code
is the communication between the

%?/gi?ﬁffﬁ%_? 1 K 3%28‘?‘?9 modifications. Histone modifications do not

, '3
®

occur separately but in a combinatorial manner

Erasing Writing Reading whereby any set of them near a regulatory

@ _ ) e .‘?'I ) @ .?I ) region of a gene may have a different effect on
~_ I\ A

the chromatin structure and thus on gene

expression (Wang et al, 2008). Some

Demethylases, Methyltransferases, Proteins with domains . . .
deacetylases and  acetyltransierases, kinases  such as bromo, chromo  NOdifications may promote the formation or

phosphatases and ubiquitin ligases and tudor
removal of some others in the same (cis action)
Figure 1.4. The molecular interactions of the ‘histone . . .
code’. The PTM:s on histone tails exist under a dynamic state Or different (¢rans action) histone (Murr, 2010).
as they are created by writers, removed by erasers and
recognized by readers during gene regulation. Adapted by
Helin & Dhanak (2013)

The proteins that interact with these PTMs are
divided into three major categories: the
"writers" who place the modifications, the "erasers" that remove them and the "readers" that recognize
and regulate the gene expression (Berger, 2002; Taverna et al., 2007, Helin & Dhanak, 2013) (Figure
1.4). Some of these chromatin traits, like methyl marks on histone residues, specifically lysine and
arginine, were considered irreversible epigenetic marks until histone demethylases emerged into the
scenery. As a result, a more complex pathway of chromatin epigenetic regulation was suggested, thus
reshaping the common belief of a predestined gene expression pattern derived from the histone
methylation status (Bannister and Kouzarides, 2005; Agger et al. 2008). Successful efforts on
identifying readers and writers of the methyl mark introduced an broaden spectrum of methyl

transferases and demethylases that coordinate spatially and temporally, resulting in a dynamic

4-
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epigenome that affects not only chromatin structure but physiological cellular functions such as
proliferation, aging and development (Lachner et al., 2003; Margueron et al., 2005; Dimitrova et al.,
2015) and is also interconnected with several human diseases (Shi & Whetstine, 2007) and cancer

(Lizcano & Garcia, 2012).

1.3. Lysine specific demethylases (KDMs)

Since the identification of the first protein with histonic demethylase activity, several studies have
followed identifying and elucidating the function of these molecules in cellular processes. Up until
now, more than 20 proteins have been found being able to remove methyl groups from lysine residues
on histone tails and they are classified into two superfamilies based on the nature of their catalytic
reaction. One superfamily is the amine oxidase superfamily, which includes demethylases that require
FAD as co-factor, while the Jumonji C (JmjC)-containing superfamily (oxygenase superfamily)
consists of proteins of which the demethylase activity is dependent on a-ketoglutarate and Fe**

Lizcano & Garcia, 2012) (Figure 1.5).

NH

Amine Oxidase (LSD 1)

FAD FADH HCHO

HyN

HO
Hzoz

Fez
HCHO

o- ketoglutarate Sucdnate

+C0, HyN

: ~NT
& Oxygenase (JMJs) B /5:
Q
HNT
OH
CH

Figure 1.5. Mechanism of demethylation. (a) Proteins with FAD-dependent
demethylase activity target mono- and dimethylated forms of modified residues. (b)
Demethylases with oxygenase activity are able to act also on the quaternary form of a
methylated amine. Adapted from Lizcano & Garcia (2012).

Most of these demethylases have been addressed as key epigenetic regulators during physiological
cellular processes (Lan et al., 2008) but also as participants in numerous cases of cancer, leukemia
and human tumorigenesis, resulting in constant efforts being made to elucidate their way of function

in order to identify potential inhibitors of these proteins (Jambhekar et al., 2017; Janardhan et al.,

-5-
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2018). Previous studies have examined the evolutionary relationship between JmjC domain-
containing proteins as well as the interplay of enzymatic activities within this epigenetic modification
system in human (Klose et al., 2006a; Tsukada & Zhang, 2006), while most recently significant
progress has been made to unravel the role of the Jmj-containing proteins in maize (Qian et al., 2019).
In human, the KDMs can be divided into seven families (KDM1-7), and all protein members have

distinct roles (Figure 1.6).

KDM4B JHDM3B/JMJD2B H3K36me3d/me2
KDM4D JHDM3D/JMJD2D
KDMSB JARID1B/PLU1
KDMSC JARID1C/SMCX

Phylogenetic tree Protein domains Name Synonyms Specificity
—OH N KDM1A AOFZ/BHC110/LSD1 H3K4me2/me1 H3K9meZ/ime1
— O KDM1B AOF1/LSD2 H3K4me2/me1
— —» JMJD7
— HIF1AN
—e JMJD5
—a»— JMJD4
E —— JMJD6 PSR/PTDSR H3R2 H4R3
— JMJDB
—&@—H— i KDM2B JHDM1B/FBXL10 H3K36me2/me1 H3Kdme3
_|: ——— KDM2A JHDMAA/FBXL11 H3K36me2/me1
[ — JHDM1D | KIAA1718 H3K9me2/me1 H3K27me2/med
_|'|: —— PHF8 JHDMAF H3K9me2/me1
—eo— PHF2 JHDMAE
- HR
o KDM3B
_|_|: - o KDM3A | JHDM2A/JMJDIATSGA | H3K9me2/mel
4»- | Jmpic
o— DI — H3K27mea/me2
e & KDMEA uTX
@& uTY
+—000- KDM4A JHDM3A/JMID2A
EE +O—o00- KDM4C JHDM3C/JMJID2C/GASC1 | H3KOmed/me2
+HO—o-
+o—
40 @00
4|E o H3Kame3/me2
o—0 @+ 0 KDMSD JARID1D/SMCY
$o—G-Ap—0— KDM5A JARID1A/RBP2
—— @ JARID2
—o— MINA
— NO66 H3K4me3/me2 H3K36med/me2

Key:
B Amino oxidase @ JmiIC  @SWIRM  pCW  pCXXC @PHD FBOX |LRR JTPR §JmN @§TUDOR @ ARID 4 CEHC2

Figure 1.6. Classification of Lysine specific demethylases. The lysine specific demethylases are divided into
seven families (KDM1-7) based on their phylogenetic origin. Adapted from Pedersen & Helin (2010)

1.3.1. The KDMI family

KDMI1A demethylates lysine 4 of histone H3 and acts as a component of the CoREST complex
promoting histone acetylation (Shi et al., 2005; Yang et al., 2006). It plays an essential regulatory
role during cellular differentiation and organ development (Choi et al., 2010; Sun et al., 2011) as well
as associates with determination of ESCs cellular fate (Adamo et al., 2011). LSD1 in cooperation
with HDAC1 promote repression inflammatory-associating genes (Janzer et al., 2012) while

association with IMJD2C/KDM4C (Kahl et al., 2006) and JMID2A/KDM4A (Kauffman et al., 2011)

-6-
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implicates LSDI1 in the development of prostate and bladder cancer, respectively. Furthermore, recent
studies have shown high levels of LSD1 in several cases of cancer, such as neuroblastoma (Schulte
et al., 2009), breast cancer (Lim et al., 2010), leukemia (Li et al., 2012), Ewing’s sarcoma (Bennani-
Baiti et al., 2012) and lung cancer (Lv et al., 2012). On the other hand, as part of the Mi-2/nucleosome
remodeling and deacetylase (NuRD) complex, LSD1 has been shown to suppress metastatic potential
of breast cancer cells in vivo (Wang et al., 2009), indicating a rather more complex function. Further
research on the crystal structure of LSD1/KDMI1A shed light on the steric requirements for substrate

specificity of most Jumonji-containing histone demethylases (Anand & Marmorstein, 2007).

LSD2/KDM1B is another member of the FAD-dependent demethylases family, with H3K4mel and
H3K4me2 substrate specificity and is not associated with CoOREST or NuRD complexes like its
homolog, LSD1 (Karytinos et al., 2009; Fang et al., 2010). On the other hand, KDM1B has been
shown to associate with NF-xB, regulating inflammatory genes (Van Essen et al., 2010). Furthermore,
KDMIB is highly expressed in growing oocytes and facilitates the maternal genomic imprints,
establishing H3K4me0-depedent DNA methylation during oogenesis (Ciccone et al., 2009). In
addition, KDM1B has been associated with the indirect regulation of reprogramming genes like
Nanog, Oct4 and Sox2, being an epigenetic key player in the induced pluripotent stem cells (iPSCs)

generation process. (Lin et al., 2011).

1.3.2. The KDM?2 family

The lysine specific demethylase 2A (KDM2A), and the mammalian paralog KDMZ2B, are
evolutionarily conserved and ubiquitously expressed members of the JmjC-domain-containing
histone demethylase family. KDM2A targets H3K4me3 (Gao et al., 2013) and H3K36me3 (Dhar et
al., 2014; Tanaka et al., 2014) and regulates cell proliferation and arrest cell cycle progression at the
G1/S-phase in human stem cells from apical papilla (SCAPs) through histone demethylation on ink4b
and Kip1 genes that encode p15 and p27, respectively (Gao et al., 2013). KDM2A binds to numerous
CpG-rich promoters via its CxxC-PHD domains recruiting more than 90 nuclear factors that are
involved in replication, ribosome synthesis, and mitosis (Iuchi et al., 2019). A study by Zhou et al.
(2012) showed that the KDM2A PHD finger does not play a direct or indirect role in the interaction
with DNA since destabilization of the PHD finger by replacing one of the structural cysteine residues
did not reduce the efficiency of DNA binding attributed to the KDM2A CxxC finger. KDM2A is
highly active during mitosis when it participates in with the transcriptional repression of small non-

coding RNAs that are present at the centromere of chromosomes, thus promoting the heretochromatin

-
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state (Frescas et al., 2008). In addition, this demethylase interacts directly with the Heterochromatin
Protein 1 (HP1) that occupies repressed genes and is able to anchor HP1 in H3K9me3- modified
chromatin, thus maintain gene silencing (Borgel et al., 2017). Other non-histonic interactions, by
targeting directly developmental proteins, such as Wtn during early embryogenesis in Xenopus, and
demethylates lysine residues of NF-kB p65 subunit or B-catenin in mouse embryonic fibroblasts,
suggesting a more elaborative role (Lu et al., 2015, Lu et al 2010). KDM2A has been associated with
human breast cancer by regulating genes such as JAG1, HOTCHI1 and HEY'1 in the Notch signaling
pathway in a JmjC-dependent manner (Chen et al., 2016). Full length KDM2A is able to reduce
ribosomic RNA (rRNA) transcription in a JmjC and CxxC- dependent manner in triple-negative
breast cancer cells (Okamoto et al., 2019) and in human breast adenocarninoma cells (Tanaka et al.,
2014). However, it has been shown that the short form of KDM2A, that lacks the JmjC domain
directly induces trnascription by binding to ribosomal RNA gene promoters and activate transcription
(Okamoto et al., 2017) or indirectly by occupying H3K36me2-modified pericentromeric regions,
averting full length KDM2A to remove the mark (Ladinovi¢ et al., 2017).

KDM2B (also known as Fblx10, Ndyl, and Jhdmlb) is a lysine-specific histone demethylase that
targets H3K36me2 (He et al., 2008; Tzatsos et al., 2009), H3K4me3 (Tzatsos et al., 2009, Janzer et
al., 2012) and H3K79me2/3 (Kang et al., 2018). KDM2B is a major PRC1-associated factor and a
bona fide oncogene (Pfau et al., 2008; He et al., 2008; Tzatsos et al., 2009; He et al., 2011). The role
and function of KDM2B is discussed extensively in paragraph 1.4.

1.3.3. The KDM3 family

JMID1A/ KDM3A is a histone demethylase specific for H3K9mel and H3K9me2 (Yamane et al.,
2006). KDM3A is key epigenetic factor in germ cell lines, regulating expression of cAMP-response
element modulator- associated genes, like Tnpl and Prml, which are involved in chromatin
condensation (Okada et al., 2007; Liu et al., 2010). Furthermore, KDM3A has been associated with
regulation of metabolic genes in muscle and adipose cells (Inagaki et al., 2009; Tateishi et al., 2009)
and it also, similarly to KDMI1A, regulates self-renewal in ESCs (Loh et al., 2007) and tumorigenic
growth (Krieg et al., 2010). There are two KDM3A homologues, JIMJID1B/ KDM3B and JMJD1C/
KDM3C, although there has been no evidence suggesting demethylase activity.

1.3.4. The KDM4 family
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JIMJD2A/KDMA4A indicates demethylase activity on H3K9me3/me2 and H3K36me3/me2 (Klose et
al., 2006b) and also on H1.4K26me3/me2 (Trojer et al., 2009). KDM4A is a key epigenetic regulator
of proliferation genes and interacts with chromatin-modifying and cell cycle regulator proteins (Gray
et al., 2005).Furthermore, KDM4A is associated with skeletal muscle cell differentiation (Verrier et
al., 2007), self-renewal of ESCs (Loh et al., 2007), and DNA damage repair (Mallete et al., 2012).
Moreover, high expression levels of KDM4A have been found is several cancer cases, such as
prostate cancer (Chen et al., 2010), breast cancer (Li et al., 2011), colon cancer (Kim et al., 2012),

and bladder cancer (Kauffman et al., 2011), suggesting a vital role in tumorigenesis.

Very few is known about the function of JIMJID2B/KDM4B. It has been identified as possible
oncogene since amplification of KDM4B and JMJD2C/KDM4C genes has been detected via genomic
analysis in several medulloblastoma cases (Ehrbrecht et al., 2006) and also ectopic expression of
KDM4B and KDMA4C decreases H3K9me3/me2 levels, delocalizes HP1 and reduces

heterochromatin in vivo (Cloos et al., 2006).

The JMIJD2C/KDM4C has showed oxygenase activity with the capacity to demethylate
H3K9me3/me2 marks (Cloos et al., 2006). KDM4C has also been involved in the regulation of self-
renewal process and the cellular fate of undifferentiated ESCs (Loh et al. 2007) and the regulation of
adipogenesis (Lizcano et al., 2011). Furthermore, studies have shown that hypoxia-inducible factor
(HIF)-1a regulates the expression levels of KDM4C, along with other lysine demethylases, as a
response to a hypoxic signal (Pollard et al., 2008). Similarly, to KDM4B, genetic analysis in several
different cancer cases, such as sarcomatoid carcinomas (Italiano et al., 2006) and Mucosa-associated
lymphoid tissue (MALT) lymphomas (Vinatzer et al., 2008), mediastinal B-cell lymphomas (PMBL)
and Hodgkin lymphomas (HL) (Rui et al., 2010) have been associated with the amplification of the
KDMA4C gene, suggesting a vital oncogenic role. This function as oncogene has also been supported
by the elevated expression levels of KDM4C in cases of desmoplastic medulloblastoma (Ehrbrecht
et al., 2006), breast carcinomas (Liu et al., 2009; Wu et al., 2012) and glioblastoma (Haque et al.,
2011).

JMDIJ2D/KDM4D, like the other members of that family, demethylates via the JmjC domain,
specifically the H3K9me3 and H3K9me?2 repressive marks (Chen et al., 2006). By associating with
Cdc45, proliferating cell nuclear antigen (PCNA) and DNA polymerase & during S phase, a KDM4D-
dependent DNA replication mechanism has been proposed, where demethylation of H3K9me3 mark
resulted in the recruitment of the pre inition complex at transcription starting sites (Wu et al. 2017).

Furthermore, it has been shown that KDM4D carries two distinct regions with a RNA binding
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capacity. Interestingly, one of the two regions is located in the JmjC domain, revealing an

unprecedented function for this domain (Zoabi et al., 2014).

1.3.5. The KDMS5 family

JARID1A/KDMSA demethylates specifically H3K4me2 and H3K4me3 marks (Christensen et al.
2007) and as part of the Notch—RBP-J repressor complex, KDMS5A has shown a vital regulatory key
in Notch-associated cellular growth (Liefke et al., 2010). KDMS5A is regulated by miR-132, during
light response and participates in the fine-tuning of the mammalian and Drosophila circadian clock
in a demethylase-independent manner (Alvarez-Saaverda et al., 2011; DiTacchio et al., 2011).
KDMS5A, as well as KDMS5B, has indicated a tumor suppressing role, by promoting the
demethylation- dependent silencing of genes regulated by retinoblastoma (Rb) in senescent cells
(Chicas et al., 2012). On the contrary, there is evidence of KDMS5A overexpression in gastric cancer
(Zeng, J. et al., 2010) and gene amplification in acute leukemia cases (Van Zutven et al., 2006),

suggesting a possible oncogenic role for KDM5A.

The JmjC domain of JARIDIB/KDMS5B manifests the same substrate specificity as KDMS5A,
removing the di- and trimethyl mark of lysine 4 on histone H3 (Yamane et al., 2007). KDMS5B has
been found to interact with several Polycomb proteins, thus participating in gene silencing (Lee et al.,
2007b). KDMS5B plays an essential regulatory role, through H3K4 demethylation, in cell development
and proliferation (Dey et al., 2008) and also is regulated by miR-134 during ESCs differentiation
(Tarantino et al., 2010) and neural lineage differentiation (Schmitz et al., 2011). Studies have
confirmed high expression levels and a significant regulatory role of KDM5B in breast cancer cells,
with the protein localized in discrete foci inside the nucleus, through its DNA-binding domain and
PHD/LAP fingers (Lu et al., 1999; Yamane et al., 2007; Barrett et al. 2007), as well as in testicular
cancer cells (Liggins et al., 2010) and prostate cancer cells (Xiang et al., 2007b). On the other hand,
KDMS5B is has been shown to participate in TGF-f signaling, via interaction with TIEG1/KLF10,
which suggests a possible role in suppressing tumorigenesis (Kim et al., 2010). Furthermore, KDM5B
regulates proliferation and apoptosis of acute promyelocytic leukemic (HL-60) cells by promoting
the p27 expression and suppressing c-myc expression, via its demethylase activity (Wong et al.,

2012).

JARIDIC/KDMSC recognizes the H3K9me3 mark via its PHD finger, and catalyzes H3K4
demethylation during transcriptional repression (Iwase et al., 2007). It was initially identified as

partner of the REST complex, promoting gene repression and resulting to the X-linked mental
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retardation (Jensen et al., 2005; Tahiliani et al., 2007; Abidi et al., 2008), and later on it implicated to
brain function-associated gene regulation and cognitive development (Adegbola et al., 2008; Jensen
et al. 2010). The H3K4me3 demethylase activity of KDMS5C has been shown to play a vital role in
VHL-suppressed clear cell renal cell carcinoma (CCRCC), in which KDM5C acts as tumor
suppressor gene, and alterations in expression or mutation can lead to tumorigenesis (Niu et al., 2012).
As an oncogene, KDMS5C has also been implicated in cervical cancer, as target of the human

papillomavirus (Smith et al., 2010).

1.3.6. The KDMG6 family

UTX/KDMBO6A catalyzes in a highly specific manner (Hong et al., 2007; Sengoku & Yokoyama, 2011)
the demethylation of mono- and di-methylated forms of lysine 27 in histone H3 and is also part of the
mixed lineage leukemia complexes MLL3 and MLL4, promoting gene activation via H2A
ubiquitination (Lee et al., 2007a). It has been associated with regulation of tissue-specific chromatin
changes that result in specific gene expression and cellular differentiation, such as myogenesis
(Seenundun et al., 2010) brain (Xu et al., 2011) and cardiac development (Lee et al., 2012),
spermatozoa maturation (Yap et al., 2011) and hematopoiesis (Thieme et al., 2013). Disruption of the
physiological function of KDM6A in these processes, in cases where Rb was included, resulted in
tumorigenesis, indicating an essential tumor suppression role for this enzyme. On the other hand, high
expression levels of KDM6A have been documented in several tumors and malignancies, such as
renal cell (Dalgliesh et al., 2010) and bladder carcinomas (Gui et al., 2011), multiple myeloma (Van
Haaften et al., 2009; McDevitt et al., 2012), acute lymphoblastic (Mar et al, 2012) and chronic

myelomonocytic leukemias (Muramatsu et al. 2012), suggesting a dual role as TGS and as oncogene.

JIMJD3/KDMG6B, like its sister demethylase KDMO6A, illustrates a narrow substrate specificity for the
trimethylated form of lysine 27 on histone H3 (Xiang et al., 2007a; Hong et al., 2007), and has been
shown to be significantly upregulated in prostate cancer cells, accompanied with a genome-wide
depletion of H3K27me3 mark (Xiang et al., 2007b). Participating as a component in the MLL
complexes, it antagonizes the activity of the repressive Polycomb proteins (Lee et al., 2007a; Dahle
et al., 2010), thus suggesting an epigenetic role in cellular differentiation. Studies have shown that
KDMG6B regulates the bone marrow cells differentiation to M2 macrophages via Irf4 in a Jm;jC-
dependent manner (Satoh et al., 2010), or to osteoclasts through NF-xB (Yasui et al.,2011).
Furthermore, KDM6B has been associated indirectly with regulation of endothelial lineage

committed genes, since silencing of KDM6B resulted in apoptotic and senescent proangiogenic cells
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and reduction of the expression levels of endothelial nitric oxide synthase (eNOS),which facilitates
endothelial commitment (Ohtani et al., 2011). In addition, KDM6B-derived faulty enrichment of
H3K27me3 mark at the promoter of hematopoietic progenitor kinase 1 (HPK1) resulted in T cell
overactivation and B cell overstimulation in CD4+ cells of systemic lupus erythematosus. Moreover,
elevated expression levels of KDM6B have been found in colon cancer cells (Periera et al., 2011),
and Hodgkin’s lymphoma (Anderton et al., 2011). As far as its tumor suppressing role, studies have
shown that KDM6B in mouse embryonic fibroblasts (MEFs) can be induced by RAS-RAF signaling
pathway and demethylates ink4a-Arf promoter, causing p16-p19 dependent arrest and thus inducing
cellular senescence (Agger et al., 2009; Barradas et al., 2009; Martinelli et al., 2011).

1.3.7. The KDM?7 family

JHDM1D/ KDM7A catalyzes the demethylation of both H3K9me2/mel and H3K27me2/ mel marks
(Tsukada et al., 2010), acting as transcriptional activator, since these modifications are correlated
with silenced genes (Bannister et al., 2002). KDM7A has been associated with brain development by
regulating the follistatin — TGF-B axis (Tsukada et al., 2010) and with regulation of neural
differentiation through activation of FGF-4 (Huang et al., 2010) as well as with regulation of
angiogenesis acting as suppressor of tumor development and progression under starvation conditions

(Osawa et al., 2011).

PHF8/KDMT7B also possesses H3K9me2/mel demethylase activity and it was initially identified as
key player in the development of X-linked mental retardation and cleft lip/cleft palate formation
(Laumonnier et al., 2005; Abidi, et al., 2007). KDM7B and KDM7A and KDM7C (the last member
of this family) harbor a similar PHD finger, which recognizes and binds to H3K4me3, resulting in an
antagonistic status between these two demethylases in cases of combinatorial readout of multiple cis-
modifications (Horton et al., 2010; Shi et al., 2014). In addition, KDM7B has been implicated in
hypoxia- induced prostate cancer, where high expression levels of KDM7B upregulate HIF1a and
HIF2a, resulting in an AR-dependent prostate cancer progression. Furthermore, KDM7B has been
associated also with breast cancer, by regulating deubiquitinase USP7, which under a positive
feedback loop upregulated KDM7B and cyclin A2, resulting in cellular proliferation (Wang et al.,
2016). KDM7B also has been found to interact with acetyltransferase TIP60 forming a chromatin
modification complex, that activates the expression of Arc, thus regulating neuronal-specific genes

(Oey et al., 2015).
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PHF2/KDM7C was identified as tumor suppressor gene in studies associating with chromosomal
alterations during head and neck squamous cell carcinoma (HNSCC) development (Ghosh et al.,
2012) as well as in colon and stomach cancers in a p53/p21- dependent manner (Lee et al., 2015).
KDM7C has been found to demethylate specifically H3K9me2 in promoters of rDNA, indicating
vital regulatory role (Wen et al., 2010). Studies have supported the multiple interactions of KDM7C
with other regulatory elements, such as CCATT/enhancer binding proteins a and 6 (C/EBPa and
C/EBP9), suggesting a direct role in adipogenesis (Okuno et al., 2013; Lee et al., 2014) and in CCRCC
development (Lee et al., 2017; Park et al., 2017). In addition, strong interplay between KDM7C and
transcription factor Arid5b has been shown participate in the regulation of many Sox9 target genes,

during skeletal development (Hata et al., 2013).

1.4. A deeper look into lysine specific demethylase 2B

1.4.1. KDM2B is a novel oncogene

Following its identification as an oncogene that is activated by provirus insertion in Moloney Murine
Leukemia Virus (MoMuLV)-induced rodent lymphomas, it was demonstrated that KDM2B promotes
the immortalization of mouse embryo fibroblasts (MEFs) by allowing them to bypass replicative
senescence (Pfau et al., 2008). This is the result of the binding of KDM2B to the Ink4a-Arf-Ink4b
locus, which, combined with PRC2 recruitment, represses the senescence-associated induction of the
p15Ink4b (He et al., 2008), pl6Ink4a and p19Arf proteins (Tzatsos et al., 2009). Subsequent studies
revealed that KDM2B has a central role in epigenetic regulation and cancer. In leukemic stem cells,
modulation of the levels of p15Ink4b by KDM2B regulates cell proliferation and self-renewal (He et
al., 2011). Furthermore, KDM2B has been linked to acute myeloid leukemia (AML) as its knock-
down impairs MLL-AF9-induced leukemogenesis and affects primary patient-derived acute myeloid

leukemia cell growth in mice (Van den Boom et al., 2016).

KDM2B functions by coupling several chromatin modifications, including histone H3K36me2
demethylation, with histone H3K27 trimethylation and histone H2AK119 monoubiquitination.
H3K27 trimethylation is due to the KDM2B-dependent upregulation of EZH2, along with the
KDM2B-dependent binding of EZH2 to the promoters of a subset of target genes which are regulated
in concert by EZH2 and KDM2B (Tzatsos et al., 2009; Kottakis et al., 2011). The binding of EZH2
to the promoters of these genes depends on the demethylase activity of KDM2B and the concerted
binding of the two is required for transcriptional repression (Kottakis et al., 2011). Following DNA
binding, the variant PRCI complexes monoubiquitinate histone H2A at KI119. This
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monoubiquitination event is the signal for the recruitment of PRC2 and histone H3K27 trimethylation
via EZH2, the catalytic component of PRC2 (Blackledge et al., 2014). Through this mechanism,
KDM2B is involved in many tumors and human carcinomas (Kottakis et al., 2011; Zacharopoulou et

al., 2018a; Zacharopoulou et al., 2018b).

In bladder cancer, KDM2B is induced by FGF2 and promotes in concert with EZH2, the
establishment of EMT, cell migration, invasiveness and angiogenesis. In basal-like breast cancer, it
promotes cancer stem cell self-renewal by upregulating multiple components of the polycomb
complexes via direct repression of the microRNAs that regulate them (Kottakis et al., 2011). The
involvement of KDM2B in cancer was further substantiated by the development of tumors in mouse
xenograft models when KDM2B was overexpressed in human pancreatic ductal adenocarcinoma
cells in combination with a mutant KRAS gene (Tzatsos et al., 2013). In these cells, KDM2B
promotes tumor progression by repressing developmental genes that are under the control of
Polycomb complexes and by activating, in co-operation with ¢-MYC and KDMS5A, genes that
regulate metabolism. In addition, in synovial sarcomas, SS18-SS1/2 chimeric proteins encoded by
hybrid genes generated via chromosomal translocation interact with KDM2B-targeted PRCI1.1
complexes to activate developmental genes normally repressed by PRC1.1, a process giving rise to
irreversible mesenchymal differentiation (Banito et al., 2018). Furthermore, expression of KDM2B
from a Scal promoter-driven transgene in mice and ectopic expression of KDM2B in murine
hematopoietic stem and progenitor cells result in the development of both lymphoid and myeloid
malignancies (He et al, 2011; Ueda et al, 2015).KDM2B has also been associated with inhibition of
NF-kB/p65-dependent cellular apoptosis, by a mechanism where NF-kB upregulates KDM2B
expression, resulting in the repression of ¢-FOS and the interception of apoptosis in human cancer
cells (Ge et al., 2011). In addition, KDM2B has been suggested to positively regulate genes of the
glycolytic pathway (Yu et al., 2015) and proteoglycan synthesis (Wang et al., 2015), as well as several
other metabolic (Janzer et al., 2013) and antioxidant genes (Polytarchou et al., 2008). In addition,
KDM2B functions as a master regulator of a set of microRNAs that target several members of the
Polycomb complexes PRC1 and PRC2 and its deregulation has important effects on PRC gene

expression in both normal and cancer cells (Tzatsos et al., 2011; Kottakis et al., 2014).

Besides its involvement in replicative senescence and leukemogenesis, KDM2B also plays a
significant role in morphogenesis and development via the regulation of pluripotency genes like Oct4
and Nanog (Lu et al., 2015; Zhou et al., 2017; Li et al., 2017), and Coll, Col2 and Sox9 (Wang et al.,
2011). Reciprocally, it has been shown that Oct4 and Sox2 regulate KDM2B/PRC1.1 action in a

positive feedback loop that involves repression of lineage-specific genes, thus contributing in the
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maintenance of pluripotency of mouse ESCs (He et al., 2013). Moreover, both the JmjC and CxxC
domains of KDM2B are required for the activation of early responsive genes in reprogramming of

induced pluripotency stem cells (iPSCs) (Wang et al., 2011; Liang et al., 2012).

1.4.2. KDMZ2B as tumor suppressor

Even though KDM2B exhibits a clear oncogenic behavior, it was also reported as a tumor suppressor
gene in retroviral insertion mutagenesis studies in Blm-deficient mice (Suzuki et al., 2006), while its
homologue in C. elegans was identified as a gatekeeper against genome-wide RNAi mutagenesis
(Pothof et al., 2003). In HeLa cells, KDM2B associates with ribosomal DNA and its downregulation
promotes cell proliferation (Frescas et al, 2007). In these cells, the KDM2B was localized in nucleoli
and its overexpression resulted in repression of ribosomal gene expression and inhibition of cell
proliferation. Furthermore, although KDM2B maintains lymphoid leukemias, it was found to restrain
RAS-driven myeloid transformation (Andricovich et al., 2016). These observations suggest that there
might be opposing functions of KDM2B, and these functions may be cell type or context dependent.
Indeed, recent evidence suggests that there are distinct KDM2B complexes. Although KDM2B
cooperates with PcG and TrxG complexes to regulate cell fate decisions in human leukemias or in
PANCI cells (Tzatsos et al., 2013, Andricovich et al., 2016), it also cooperates with c-MYC and the
histone demethylase KDMS5A in the transcriptional activation of mediators of protein synthesis and
mitochondrial function (Tzatsos et al., 2013).In leukemic stem cells, besides a set of genes that is
targeted by PRC1 and PRC2, ChIP-seq studies show that KDM2B also binds a distinct set of genes
that are devoid of H3K27me3, suggesting that it plays a gene-regulatory role that is independent of
PRC2 (Banito et al., 2018). Furthermore, recent findings revealed an unprecedented function of
KDM2B in the demethylation of H3K79 and the transcriptional repression of HOXA7 and MEIS1
(Kang et al., 2018). Overall, these observations indicate that there are important additional cellular

functions of KDM2B that remain to be explored.

1.4.3.  The protein structure of KDM2B

The KDM2B protein contains several functional domains. The N-terminal JmjC domain is
responsible for the histone demethylation reaction (Tzatsos et al., 2009). At the C-terminal part of the
protein, a leucine-rich region (LRR) and an F-box domain participate in protein-protein interactions
and are involved in ubiquitination (Kipreos and Pagano, 2000). This region is essential for the ability

of KDM2B to tether a ubiquitin chain to H2AK119 leading to gene repression (Sanchez et al., 2007,
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Tzatsos et al., 2009, Farcas et al., 2012; Wu et al., 2013; He et al., 2013, Wong et al., 2016). In
addition, KDM2B contains two zinc-finger motifs, CxxC and PHD (Plant homeodomain), located at
the center of the amino acid sequence (Figure 1.7). The structure of this central region has been

elucidated by X-ray crystallography (Xu et al., 2018).

Figure 1.7. The structure of KDM2B protein. The full-length protein of KDM2B consists of a JmjC domain, a CxxC
and a PHD finger, an Fbox domain and six leucine-rich regions (LRRs).

1.4.4. The two Zn*" fingers of KDM2B

A zinc-finger is a small protein structural motif which is characterized by the coordination of one or
more zinc ions in order to stabilize the fold (Klug et al., 1987). Zinc finger-containing proteins, like
KDM2B, participate in many cellular processes like gene transcription, protein translation, chromatin
remodeling, protein folding, cytoskeleton organization, mRNA trafficking, and zinc sensing (Laity et
al., 2001). Their binding properties depend on the amino acid sequence of the finger. The KDM2B
CxxC domain has similar structure to that of the CxxC fingers of MLL and CFP1 proteins, consisting
of two cysteine-rich clusters that chelate two Zn2+ ions and stabilize the domain (Long et al., 2013).
This domain has been implicated in DNA binding and the recognition of non-methylated CpG DNA
sequences (Koyama-nasu et al., 2007; Farcas et al., 2012). It has been shown to be essential for the
recruitment of KDM2B and the tethering of PRCI to the c-jun promoter (Koyama-nasu et al., 2007)
and for protecting CG- islands from hypermethylation (Boulard et al., 2015). KDM2B regulates the
transcription of mir-101, which controls the

expression of EZH2, in a CxxC and JmjC-

dependent manner (Pfau et al., 2008; Tzatsos PHD finger

et al., 2009; Kottakis et al., 2011). These
results highlight the importance of a
functional CxxC domain, but do not
correlate these phenotypes with the DNA-
binding function of the protein as they were
performed with CxxC finger deletion or
structure destabilizing mutants. Considering

that the loss of 60-80 amino acids from the Figure 1.8. Structure of the two Zn?* fingers of KDM2B. The
. KDM2B CxxC (DNA binding domain) and the PHD (histone
central part of the protein or the pinding domain) fingers are depicted with green and red,
respectively. The predicted residues participating in KDM2B
molecular interaction are represented with yellow sticks.
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have a strong impact on the proper structure of the enzyme, these experiments do not discern the

involvement of the CxxC domain from that of other structural components of the protein.

The second Zn?" finger of KDM2B is the PHD domain that consists of 70 amino acids and forms a
two-strand antiparallel B-sheet and a C- terminal a-helix stabilized also by two zinc ions. There is
strong structural interdependence between these domains that prevents either of the two from being
produced independently in a stable form (Xu et al., 2018) (Figure 1.8). There have been over 170
PHD fingers in the human genome identified as epigenetic reader domains (Liu et al., 2012). In
general, PHD fingers recognize specific peptides and their most commonly reported targets are
histone H3 tail sequences (Sanchez & Zhou, 2011) carrying different posttranslational modifications
such as H3K4me3 (Li et al., 2006; Pena et al., 2006, Wysocka et al., 2006; Iwase et al., 2007),
H3K9me3 (Iwase et al., 2011) H3K14Ac (Zeng, L. et al., 2010), or H3 tails with no modifications
(Lan et al., 2007). Other PHD domains are able to bind PTMs such as acetylation on H4 (Li & Li,
2012) while some non-histonic interactions have also been documented (Fiedler et al., 2008; Wang
et al., 2010). PHDs that recognize methylation on a lysine residue usually bind their ligands through
an aromatic cage, where the presence of a negatively charged residue in the cage can alter their
binding selectivity (Taverna et al., 2007; Kampranis and Tsichlis, 2009, Sanchez and Zhou, 2011).
Interestingly, a recent study by Bortoluzzi et al. (2017) revealed that beside the structure of PHD
finger, the secondary conformations within the H3 histone tail also play an important role in the
molecular recognition. As far as the KDM2B PHD finger is concerned, it has been proposed to
recognize the transcriptional activation marks H3K4me3 and H3K36me2 (Janzer et al., 2012),

however the details of this interaction and its functional significance remain unclear.

1.5. Aim of Research

It is understood that the role of KDM2B as epigenetic key regulator in cell physiology and disease
has been the focus of numerous studies to this date. Examination of this protein domain-wise shed
light on a plethora of interactions that KDM2B participates during both physiological and pathogenic
cellular state. In the current thesis we set out to elucidate the function of the Zn>* finger domains of
KDM2B, CxxC and PHD, in order to improve our understanding on a molecular level of their
involvement in the KDM2B function. In the present study, we aimed to characterize the interaction
of the CxxC and PHD fingers of KDM2B with ligands using a combination of biochemical and

biophysical studies. The optimum goal was to acquire new structural insights into the molecular
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interactions of those domains that could serve as a stepping stone for developing domain-specific

inhibitors for KDM2B.

In order to examine the interaction of KDM2B CxxC finger with DNA ligands we employed
electrophoresis mobility shift assay (EMSA). EMSA is a standard technique used to detect
qualitatively and/or quantitatively (i.e. determination of stoichiometry, kinetics, and binding affinity)
protein-nucleic acid interactions (Hellman & Fried, 2007). Upon successful completion of these sets
of experiments that sought the structural determinants of the CxxC-DNA recognition, the second step
in the CxxC finger characterization included setting up a high-throughput inhibitor screening assay
based on Fluorescence Resonance Energy Transfer (FRET). FRET is sensitive technique for
investigating a variety of molecular interactions (dos Remedios et al., 1987) and FRET- based assays
have already been exploited in vivo (Sekar and Periasamy, 2003) and in vitro (Boichenko et al., 2016).
We aimed to create a prototype, economically feasible and robust technique that would be used for

identifying molecular compounds able to act as domain-specific inhibitors of KDM2B.

The final step of the research on the CxxC finger included the correlation between its DNA binding
capacity and its role in KDM2B function. Previous studies have correlated KDM2B with cellular
motility, migration and cytoskeleton organization (Kottakis et al., 2011; Zacharopoulou et al., 2018b).
Thus, we investigated whether the CxxC finger is participating in these processes by employing in
vitro would healing assays. The wound healing assay is an easy, robust and highly reproducible
technique that is used to study the movement of different cell population and measure their migration

potential under a wide range of conditions (Jonkman et al., 2014).

As far as the KDM2B PHD finger is concerned, there have been several conflicting arguments about
the substrate specificity of this domain. In order to elaborate further on the binding capacity of the
KDM2B PHD finger we employed the technology of MODified Histone Peptide Array (Active
Motif®, US) that enabled us to examine 384 unique histone modification combinations as possible
interactors. Following the identification of possible PHD binders, the next step was to measure
qualitatively their kinetics using Isothermal Titration Calorimetry (ITC). ITC is a powerful tool for
studying the thermodynamics of macromolecular interactions (Malecek et al., 2012) and is broadly
applicable for the study of biological systems (Velazquez-Campoy et al., 2005). A basic advantage
of ITC is that all reactions take place in an aqueous buffer obviating the need for chemical
preparations or modifications and mobilization on a surface. In addition, based on the equilibrium
point, the stoichiometry of the reaction can be easily calculated, while the identification of synergy

in systems that include multiple interactions, defined ITC as the best technique for analyzing
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interactions such as the formation of multi-protein complexes (Rickert et al., 2004) or the binding of

more than one ligands (Dam et al., 2000).

Previous studies have shown that KDM2B and KDMZ2A, as well as their alterative isoforms that lack
the JmjC domain, have distinct roles in cellular physiology (Vacik et al., 2019). Despite the fact that
these two proteins share more than 93% similarity in amino acid sequence, there has been no
substantial data explaining the reason behind their participation in different processes. By employing
MODified Histone Peptide Array (Active motif ®,US) and comparative analysis we sought to identify
the PHD binders of KDM2A and we investigated whether the substrate specificity of KDM2B PHD
finger is similar to its sister protein. We believed that the results from this analysis would shed light
into the interesting role of the PHD finger of those histone demethylases and create a new path for

further research.
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2.1. E. coli strains.

Strain Machl BL21 Codon Plus
Genotype W ArecA1398 endAl thuA B F— ompT hsdS(rg—ms—) dem+ Tetr gal
®80A(lac)M15 A(lac)X74 hsdR(rk mk”) | endA Hte [argU ileY leuW] CamR
Manufacturer | Invitrogen Agilent
Usage Cloning Heterologous protein production
Characteristics | T1/T5/®80 phage resistant Codon optimized for plant proteins
Fast growth Chloraphenicol resistance

2.2. Preparation of bacterial growth media. For preparation of liquid LB medium 0.5% w/v NaCl,
1% w/v bacto-tryptone and 0.5% w/v yeast extract were dissolved in ddH»O and autoclaved at 121°C for 30
min. For LB-agar medium, 2% w/v agar was supplemented in the previous mix, before autoclave at 121°C for
30 min. For Terrific Broth (TB) medium preparation 12 g bacto-tryptone, 24 g yeast extract and 4 mL glycerol
were dissolved in 900 mL ddH,O and autoclaved at 121°C for 30 min. For pH adjustment at 7.5, 100 mL of
autoclaved phosphate buffer (0.17 M KH>PO4, 0.72 M K,HPO,) were added in the medium.

2.3. Preparation of E. coli competent cells. 1 mL of overnight bacterial culture was used to inoculate
400 mL antibiotic-free LB medium. When cell culture reached ODgoo= 0.2, the cells were transferred
in 50 mL falcons for 10 min incubation on ice. Centrifugation at 5,000 rpm for 10 min at 4°C was
followed by resuspension in 50 mL cold Buffer-X (50 mM CaCl,, 5% v/v glycerol, 10 mM MOPS
(pH 6.6)). After 20 min on ice, the cells were again centrifuged and resuspended in 3 mL Buffer X.
Finally, 50 uL aliquots were prepared in 1.5 mL Eppendorf tubes, fast-frozen in liquid nitrogen and
stored at -80°C.

2.4. Bacterial transformation. 1 ng of plasmid DNA was mixed with 50 pL of bacterial competent
cells and incubated for 30 min on ice. 45 s of heat shock at 42°C were followed by supplementation
of 200 pL antibiotic-free LB medium and 1 h incubation at 37°C, shaking, for cell recovery. Plating
of 100 pL of the transformed cells on Petri dishes that contained LB-agar with the proper antibiotics

was followed by overnight incubation at 37°C.

2.5. Mini preparation of plasmid DNA. 4 mL of a bacterial overnight culture were centrifuged at
13,000 rpm for 5 min. After discarding the supernant, addition of 250 pL Resuspension Buffer P1
(50 mM glucose, 25 mM Tris-HCI (pH 8.0), 10 mM EDTA, 100 pg/mL RNase A) was followed by
a short vortex stirring until the pellet was fully diluted. 250 pL Lysis Buffer P2 (0.2 N NaOH, 1%
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SDS) were added and after 5 min incubation at room temperature, 350 uLL Neutralization Buffer N3
(3 M guanidine-HCI (pH 4.8)) were added. After centrifugation at 13,000 rpm for 5 min the supernant
was placed in a Qiagen® miniprep column, attached on the QIAvac Vacuum Manifolds® dock, which
was connected to a vacuum pump. Subsequently, 500 uL. Wash Buffer PE (10 mM Tris-HCI (pH 7.0),
50 mM ethanol) were used, followed by750 pL Purification Buffer PB (1.6 M guanidine-HCI (pH
4.8), 40% 2-propanol) had been added sequentially. Finally, the column was detached from the dock
and placed in a 1.5 mL Eppendorf tube. 50 pL. Elution Buffer EB (10 mM Tris-HCI (pH 8.5)) were
used to obtain 60-70 ng of plasmid DNA, which was stored at -20°C.

2.6. DNA enzymatic digestion and fragment ligation. In a plasmid vector the gene of interest was
inserted in frame in the cloning site in order to be expressed. For our experiments, the in silico cloning
was designed in Vector NTI v11.5 (Invitrogen). The in vitro part of the enzymatic digestion was
carried out according to each enzyme specifications (5-10 ng of plasmid DNA, enzyme buffer and

restriction enzyme). All enzymes used are shown in Appendix 1: Table 2. The efficiency of the

enzymatic digestion was confirmed via agarose gel electrophoresis. For the ligation of the DNA
fragments the T4 DNA Ligation (New England Biolabs) protocol was followed. All the designed
constructs are shown in Appendix 2.

2.7. Agarose gel electrophoresis. In order to prepare a 0.8% agarose gel, 0.8 g agarose were diluted
in 100 mL 1X TAE (0,48 % w/v Tris base, 0,12 % v/v glacial acetic acid, 2 mM EDTA (pH 8.0)).
After short boiling and replacement of the evaporized TAE buffer, 3% v/v GelRed® was added. The
solution was left to solidify in the caster for 15 min with the proper combs. The gel was placed in the
electrophoresis tank filled with 1x TAE, the DNA samples were mixed with 6x loading buffer (0.6
M Tris-HCI (pH 7.5), 6 mM EDTA, 30% w/v glycerol, grains of bromophenol blue) and loaded in
the wells. The electrophoresis run at 150V for at least 25 min for sufficient band separation. The

electrophoresis was viewed over a UV light box.

2.8. DNA agarose gel extraction. In order to isolate the desired DNA fragment (vector or insert)
from the agarose gel, the gel piece that contained it was cut, placed in an Eppendorf tube and
incubated with 400 uL QG buffer (guanidine thiocyanate) at 55°C for 5 min. Then it was transfer in
a Qiagen® miniprep column, attached on the QIAvac vacuum manifold dock and the steps as

described in mini preparation of plasmid DNA were followed.

2.9. Polymerase Chain Reaction (PCR). PCR was used to amplify a specific DNA sequence. For
the reaction a template DNA sequence, DNA primers that provide a free 3’ end for the polymerase to

produce the newly synthesized strand, and dNTPs are needed. The reaction includes three basic steps:
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denaturation of the double strand DNA, primer annealing and extension (Polymerization). The PCR
product can be stored at 4°C until confirmation via agarose gel electrophoresis and insertion to the
plasmid vector. In the basic (pCRII-TOPO TA) cloning technique, the mutagenesis and the USER
cloning, MyTaq® Polymerase, Phusion®— High Fidelity Polymerase and Kapa® HiFi Uracil+ HotStart

Polymerase were used, respectively.

2.10. MyTaq® A- overhangs Reaction. This reaction exploits the capacity of My Taq® polymerase
to add 3’ adenine overhangs to create sticky ends for the pCRII-TOPO TA cloning technique. The
reaction requires 6.5 pL reaction buffer MyTaq®, 1 pL dNTPs, 2 uL. PCR product or linear DNA, and
0.5 uL MyTaq® polymerase mixed together and incubated for 20 min at 72°C. The products of the
reaction can be used in pCRII-TOPO TA cloning or stored at -20°C until use.

2.11. pCRII-TOPO (A-overhangs) Cloning. This technique is highly efficient in cloning Taq-
derived PCR products in a high-copy pCRII-TOPO bacterial vector. The TOPO vector, upon
linearization provide 3’ thymidine sticky ends that hybridize with the adenine tails of the insert. The
reaction requires 3 pL PCR product with A-overhangs, 1 pL salt solution (1.2 M NaCl, 0.06 M
MgCl,), 1 pL ddH2O and 1pL of the pCRII-TOPO (TA) vector incubated for 20 min at room

temperature. The product of this reaction was used to transform E. coli Machl competent cells.

2.12. Cloning CxxC and PHD domains of mKDM2B in bacterial expression vector. The coding
sequences of the region sanning the CxxC and PHD domains of mKDM2B, were cloned in a pET102
vector with a V5 epitope, using the TOPO TA Cloning® Protocol. The recombinant protein,
mKDM?2Bs77.707, was thioredoxin- fused at the N- terminus and carried a 6x His- tag at the C-
terminus. Transformed Machl TIR E. coli cells with the pET102/ D-mKDM2Bs77-707 construct (6.7
kb) were grown on LB agar plates supplemented with 100 pg/ mL of ampicillin overnight at 37°C.
Single colonies were picked to inoculate 6 mL of LB medium with ampicillin and incubated overnight
at 37°C. The plasmid DNA was isolated as described above, with QIAprep Spin Miniprep Kit. The

mKDM2Bs77.707 cloning was confirmed via enzymatic digestion and agarose gel electrophoresis.

2.13. Site-directed mutagenesis of CxxC and PHD. In order to generate mKDM2Bs77.707 mutants,
I followed the protocol described in (Ignea et al., 2014). The mutations were introduced into
pET102/D—-mKDM2Bs77.707 by polymerase chain reaction (PCR) amplification of the original
construct using Phusion® HF DNA Polymerase with a specific forward primer for each mutation as
shown in Appendix 1: Table 6. The single point mutations (R585A, K608A, K616A and F654A) and
the double point mutation (R585A/ K616A) of the pET102/ D-mKDM2Bs77.707 construct were
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confirmed via Sanger sequencing (CEMIA, Greece). Replication and isolation of the mutant

mKDM?2Bs77.707 constructs was performed as described above.

2.14. mKDM2A USER cloning. One of our goals was to examine whether the PHD fingers of
mKDM?2B and mKDM?2A illustrate the same histone binding specificity. To this end, the CxxC and
PHD fingers of mKDM2A were cloned in pET102/ USER vector. A chemically synthesized
nucleotide sequence, encoding mKDM2As60.690, was PCR amplified, using specific USER primers
(shown in Appendix 1: Table 6) and the recombinant protein was fused with theoredoxin and 6xHis
tag at N- and C- terminus, respectively. The USER cloning protocol was carried out as described in
(Genee et al., 2014), and the USER primers were designed with the online software by DTU
Bioinformatics (AMUSER 1.0) (http://www.cbs.dtu.dk/servicess AMUSER/).

2.15. Sub-cloning of Enhanced Green Fluorescent Protein (EGFP). In order to develop a fast and
easy high- throughput screening assay for detecting KDM2B inhibitors, the coding sequence of the
enhanced green fluorescent protein was cloned from the pEGFP — C1 vector to pET102/ D-
mKDM2Bs77.707 and also in the pET102/ D-mKDM?2B577.707(K616A) via basic enzymatic digestion/

fragment ligation cloning technique.

2.16. pET102/ D- mH4- mRFP cloning. One of our side goals was to exploit the Fluoresence
Resonance Energy Transfer (FRET) technique, to examine the interaction of the PHD domain with
parts of the mouse H4 histone protein. Previous results indicated a binding affinity towards the
unmodified 11-30 residues of the N-terminus tail of mH4. On that note, the coding sequences of the
residues 1-18, 17-34, 33-50 and 49-69 were cloned in the bacterial expression vector pET102/D. In
addition, the coding sequence of the monomeric Red Fluorescent Protein (mRFP) was also cloned
next to the mH4 sequence, creating a recombinant protein fused with Theoredoxin and 6xHis tag at
the N- and C- terminus, respectively. The aminoacid sequence of the TRX-mH4-mRFP recombinant

proteins are shown in Appendix 3.

2.17. Heterologous expression and purification of the recombinant proteins. BL21 CodonPlus E.
coli cells were transformed for the heterologous expression of the recombinant proteins. The
successfully transformed cells were cultivated in Luria- Bertani (LB) medium or Terrific Broth (TB)
medium in the presence of ampicillin, kanamycin and chloramphenicol in concentration of 50, 50 and
12 png/ mL, respectively. The cells were incubated for 3 h at 37°C before adding 0.5 mM of IPTG,
followed by incubation for another 24 h at 17°C before cell harvest. Osmotic disruption of cells in
Lysis buffer (0.06 M Tris- HCI (pH 8.0), 0.3 M NaCl, 0.01 M imidazole, 0.1 mM PMSF, 0.5 % w/v

lysozyme) was followed by 10 min sonication at max power, to obtain soluble recombinant proteins
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from the lysate. A 15% denaturating polyacrylamide gel electrophoresis (SDS-PAGE) was used to
quantify the efficiency of the protein expression before further purification. The recombinant proteins

were isolated via His-tag affinity chromatography protocol using Ni-NTA agarose resin.

2.18. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE). Denaturating
polyacrylamide gel electrophoresis is a broadly used technique to quantitatively and qualitatively
evaluate a protein sample. By creating an electic circuit, the negatively charged proteins, based on
their molecular weight, migrate throughout the gel. In our experiment, this technique was used to
confim the production and purification efficiency of heterologous expressed proteins. The BioRad®
gel caster was assembled according to the manufacturers’ guidelines. The resolving gel covered 2/3
of the space between the two glass sheats and after 20 min of polymerization, the stacking gel was
added, covering the remaining 1/3 and a 10-slot Teflon comb created the wells. After stacking gel
polymerization, the gel was placed in the anode/cathode apparatus inside an electrophoresis tank. All
gels run in 1x Running Buffer (1.44% w/v glycine, 0.3% w/v Tris base, 0.1% w/v SDS) at 200 V/ 40
mA. The protein samples were mixed properly with 4x Sample Application Buffer (250 mM Tris-
HCI (pH 6.8), 20% v/v glycerol, 4 % w/v SDS, 1.43 M B-mercaptoethanol, grains of bromophenol
blue), heated (95°C for 5 min) spinned down and loaded in the wells. After 45 min of running, the
gel was carefully removed from the glass sheats and placed in Coomassie Blue Staining Buffer (50%
v/v methanol, 10% v/v glacial acetic acid, 0.2% w/v coomassie dye) for an hour followed by an
overnight destaining in ddH>O.The following table describes the mastermix composition of 12% and

15% acrylamide resolving gels and stacking gel.

Recipe for 2 Gels 12% 15% Stacking
ddH.O 3mL 2.5mL 3.7mL
IM Tris (pH 8.8) 3.75 mL 3.75 mL -

IM Tris (pH 6.8) - - 620 puL
Acrylamide: Bisacrylamide 37.5:1 3mL 3.5mL 500 pL
10% w/v SDS 100 pL 100 pL 50 uL
10% w/v Ammonium persulfate (APS) 100 pLL 100 pL 50 uL
Ready-to-useTEMED 10 uL 10 uL 5uL

2.19. Ni-NTA affinity chromatography. Imidazole interacts with the histidine residues of the 6xHis
tag via Ni*" ions. In Lysis and Wash buffer the imidazole concentration was low (10 mM and 20 mM,
respectively) to avoid non specific interactions and to improve the purity of the target protein sample.

The protein lysate was mixed with 0.5 mL Qiagen® Ni-NTA agarose resin and incubated for 1 h at
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4°C with mild shaking. Then, the lysate was centrifuged at 1500 rpm for 4 min and the resin pellet
was washed 3x times with 2 mL Wash buffer to remove any non specific binders, before protein
elution step. In the elution step, the Elution buffer used, contained 250 mM imidazole which acts as
antagonist to the 6xHis tag leading to the protein release from the resin, and accumulation in the
supernant. In order to minimize imidazole concentration in the final protein solutions, wild type and
mutant mKDM2Bs577.707, mH4-mRFP and mKDM2As60-600 recombinant proteins were dialyzed
through SnakeSkin® Dialysis tubing and stored in Reaction Buffer (0.06 M Tris-HCI (pH 8.0), 0.3
M NaCl,1 mM ZnClz, 1 mM B- mercaptoethanol, 10% glycerol). The final concentrations of the
protein solutions, measured in Nanodrop™ Spectrophotometer (ThermoFisher), ranged from 25 to

30 uM and showed more than 90% purity with Coomassie staining of the 15% SDS PAGE.

2.20. Protein dialysis. A SnakeSkin® tubing membrane with a cut-off at 7,000 Da was used. The
membrane was equilibrated for 15 min in the Reaction buffer before use. The dialysis bag was
submerged in Reaction buffer, which after 3, 6 and 9 hours was renewed. Mild strirring at 4°C
throughout the process enhanced the quality of the dialysis and prevented in most cases the formation
of protein aggregates. In cases where the protein concentration was low, Amicon Ultra® spin columns

were used (centrifugation at 13,000 rpm for 30 min at 4°C) to increase it.

2.21. Ni-NTA agarose resin recycle. In order to reuse the agarose resin for protein purification, the
NTA requires reactivation. To do so, all used resin was gathered in a 50 mL falcon and centrifuged
at 1,000 rpm for 2 min at room temperature. After removing the supernant, the resin was washed and
dried two times with 2 volumes of ddH>O. Mixing the resin with one volume of 50 mM NaOH, was
followed by centrifugation at 1,000 rpm for 2 min. After removal of the supernant the resin was
washed and dried 3 times with 2 volumes of ddH>O. One volume of 0.6 M guanidine-HCI was mixed
and removed after another centrifugation. After washing the resin like before, one volume of 0.2 M
NiCl; was used to activate NTA and then removed. The activated resin was finaly washed and dried
two times with 2 volumes of ddH>O before resuspending it in one volume of 30% ethanol. The

recycled resin can be stored in 4°C until use.

2.22. [y- 32P] ATP labeling of DNA substrate. One of our basic goals in this thesis was to study the
DNA binding capacity of mKDM?2B CxxC domain. To do so, Electrophoresis Mobility Shift Assay
(EMSA) was suited for our purposes. The initial step was to prepare ssDNA substrates for
radiolabeling. Oligonucleotides CpG2D, CpG6D, GpC6D and ORI2.5D (sequences showed in
Appendix 1: Table 6) were chemically synthesized and purified by Invitrogen, UK. 50 pmol of each

strand were used for the 5’ prime radio phosphorylation following the T4 PNK protocol (New
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England Biolabs). This protocol was used to label the 5’ end of a single strand DNA with y- *’P. The
protocol was provided with the T4 phosphokinase, which catalyzes the reaction. 50 pmol of ssDNA
are mixed with 3 pL of y-ATP, 5 pL enzyme buffer and 2 pL. T4 PNK enzyme in 50 pL total volume.
After 1h incubation at 37°C, the ssDNA sample was passed 2 times through a Sepharose-25 column
and via centrifugation at 2.7 rpm for 2 min all the small unincorporated y-ATP molecules are
discarded. The radiolabeled ssDNA was loaded in a well of a 7 M Urea-15% Polyacrylamide gel for
denaturation.The electrophoresis run in 1X TBE at 500V/ 40 mA for 90 min.The desired bands were
visualized by autoradiography and gel extraction was performed overnight using Gel Extraction
Buffer (390 mM CH3COONa, 1 mM EDTA (pH 8.0), 20% v/v phenol).The phenol/ CHCl; DNA

purification protocol was used to obtain the radiolabeled ssDNA.

2.23. Phenol/ CHCI3 DNA purification protocol. The radiolabeled ssDNA extracted from the
polyacrylamide gel was transferred to a new Eppendorf tube and mixed with 500 pL phenol.
Centrifugation for 2 min at 13,000 rpm was followed by tranferring the supernant into a new
Eppendorf tube. Addition of 500 uL. CHCI; and repetition of the centrifugation took place. The upper
phase was extracted, mixed with 1 mL 100% Ethanol and incubated for 15 min at -80°C.
Centrifugation at 13,000 rpm for 45 min at 4°C created a radioactive pellet at the bottom of the tube.
Resuspension of pellet in 30 uL. ddH>O can obtain up 30 pmols of radiolabeled ssDNA, which can
be stored in -20°C for up to 2 weeks.

2.24. Electrophoresis Mobility Shift Assay (EMSA). The radioactive synthetic double
oligonucleotides CpG2, ORI2.5, CpG6 and GpC6 were produced by annealing of the ssDNA strands
(**P- CpG2D, *?P-ORI2.5D, 3?P-CpG6D and **P-GpC6D) with their complementary strands. To do
so, the two strands were boiled for 5 min and then cooled down slowly until room temperature. In the
EMSA experiments, wild type mKDM2Bs77.707, its mutants and mKDM2Bs77.707-EGFP were
incubated with the radiolabelled CpG2, ORI2.5, CpG6 and GpC6 in Reaction buffer supplemented
with 10 pg/ mL BSA for blocking, in total volume of 10 pL. for 30 min at 37 °C. The samples were
mixed with 10 pL of 2x loading dye (5 mM Tris-HCI pH 8.0, 5% Glycerol, 1% w/v bromophenol
blue, 1% w/v xylene cynool) and loaded in a native 8% polyacrylamide gel in 0.5x TBE run at 100V
for 70 min. Afterwards, the gel was detached carefully from the glass plates, sealed in plastic
membrane to prevent radioactive contamination and placed in a cassette with developing film. The

bands were visualized by autoradiography.

2.25. Fluorescence— based DNA binding assay. A set of fluorescence- based experiments was

conducted in order to detect the CxxC domain — DNA interaction. The first parameter was to choose
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a fluorophore with the proper absorption/ emission wavelengths like FAM (Abmax: 490 nm/ Emmax:
520 nm) to conjugate with CpG2D. Other parameters like, adding protein blockers to avert non
specific binding of FAM- CpG2 on the surface, optimizing the elution buffer and minimizing
background noise, were also tested. 0.1 uM of mKDM2Bs77.707 was used to sufficiently cover the
well surface, followed by 0.25 uM of FAM-CpG2. A step of washing with Reaction buffer was
required to remove unbound DNA before elution. The eluted DNA was transferred in black
microplates for the fluorescence measurement in Victor X5® Light Plate Reader with Excitation

Filter at 485 nm/ Emission Filter at 535 nm.

2.26. Fluorescence Resonance Energy Transfer (FRET) and Time-Related Fluorescence
Attenuation (TRFA) DNA Binding Assay. The second set of experiments on DNA binding assay
was based on FRET. The mKDM?2Bs77.707- EGFP (donor) recombinant protein (Abmax: 495 nm/
Emmax: 520 nm) was tested with two acceptor fluorophores: TET (Abmax: 520 nm/ Emmax: 540 nm)
and Cy3 (Abmax: 550 nm/ Emmax: 570 nm). There are two binding sites of CxxC domain on the CpG2
sequence, so both DNA strands had to carry the fluorophore on the 5’end to ensure the shortest
distance between acceptor and EGFP. In addition, a shorter version of CpG2 was also tested,

CpG2short (sequence shown in Appendix 1: Table 6), conjugated with Cy3. We tested the FRET-

based DNA binding assay in the FluoroMax® 2 Spectrofluorometer (SPEX) that allowed only one
reaction per time to take place. The optimal concentration ration [EGFP]/ [Cy3] was 1:7.5, to avoid
photobleaching. The photospectrometer scanned from 400 nm to 700 nm after a single energy hit.
Background fluorescence was calculated and extracted from signal fluorescence. The data were
analyzed with JY Viewer (Horiba®) and Excel (Microsoft®). In the microplate FRET-based
experiments, the fluorescence of subsequently increaded concentrations of Cy3- CpG2 tested on 5
nM, 20 nM and 200 nM of well surface absorbed mKDM2Bs77.707- EGFP was measured at 535 nm
in Victor X5® Light Plate Reader. Signal-to-noise ratio was calculated with Excel (Microsoft®). In
TRFA, 0.5 uM mKDM2B577.707- EGFP and 0.5 uM mKDM2Bs77.707(K616A)- EGFP with 2 uM Cy3-
CpG2 for 5 min inside the plate reader before apply a single energy hit for 1 s, upon which the
fluorescence attenuation was measured for 40 us. As control we examined the fluorescence

attenuation of 2 uM Cy3-CpG?2 alone. Analysis was done using Excel (Microsoft®).

2.27. Modified Histone Peptide Arrays. Focusing on elucidating the mKDM2B PHD domain
function, we tried to detect possible interactors by using a commercial histone peptide array
(MODified® Histone Array). The slide was blocked for 1 h at room temperature with TBS containing
1% Triton X-100 (TBS-T) and 5% w/v non-fat powder milk. Following 3 washes of TBS-T, the

microscope slide containing the array was incubated with 1 pg/mL recombinant mKDM2Bs77.707
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protein for 1 h at 4°C. Following 3 washes with TBS-T, the slide was incubated for 1 h at room
temperature with anti-V5-HRP antibody and developed using the Thermo Scientific Pierce ECL
Western Blotting kit. List of peptide position and modifications on the slide is shown in Appendix 4.

2.28. Isothermal Titration Calorimetry (ITC). All calorimetric experiments were performed on a
MicroCal VP-ITC Microcalorimeter (GE Healthcare) at 16°C in Reaction buffer. The custom
chemically synthesized and lyophilized 11-mer and 19-mer oligopeptides (Caslo, Denmark), shown

in Appendix 1: Table 3, were dissolved in an appropriate volume of Reaction Buffer to obtain the

desired concentration. Titration of different peptide solutions (2-3 mM) was performed by applying
19 microinjections of 15 pL each, into protein solutions (30- 45 uM) loaded in the cell. The data were
acquired using the MicroCal™ software, analyzed and fitted, using a single-binding site model, on

Origin (OriginLab).

2.29. Virus Production in HEK293T cells. One of the goals of this thesis was to elucidate the
biological role of KDM2B and the importance of the CxxC domain in the migration of cancer cells.
To do so, we created a retrovirus pPBABE-mKDM2B(K616A) mutant and transfected human prostate
cancer cells (DU145), to examine their metastatic potential. The single mutant pBABE-
mKDM2B(K616A) plasmid was created via USER mutagenesis protocol (Genee ef al., 2014) and by
using the pPBABE-mKDM2B construct as template. Replication and isolation of the plasmid DNA
was performed as described above. Human Embryonic Kidney cells (HEK293T) were used to
produce the retrovirus. 10° HEK293T cells were plated in 100 mm dishes with 10mL DMEM medium
(high glucose, 10% v/v Fetal Bovine Serum, 1% v/v Penicillin/ Streptomycin) and after 24 h, the
medium was replaced with DMEM without antibiotics before transfection with the 3 ug of pPBABE-
mKDM2B(K616A) plasmid DNA, 1 ug pE- ampho vector (Takara) and 15 pL ready-to-use
Attractene Reagent (Qiagen). The pE- ampho vector (amphopac), kindly provided by Dr Tsapara,
contains the envelop protein genes of the retrovirus and Attractene is a nonliposomal lipid that enables
transfection of all adherent cells. To increase transfection efficiency, attractene, amphopac and
plasmid DNA are incubated for 15 min in room temperature before use. After 24 h, the medium was
replaced with full DMEM with 1% v/v Pen/Strep and 24 h later the virus, secreted into the medium,

was collected, filtered through 0.45 pm filter and stored in -80 °C until use.

2.30. Freezing, defreezing and trypsin treatment of DU145 prostate cancer cells. DU145 human
prostate cancer cells have a moderate metastatic potential, but sufficient for our research purposes.
The cell stock provided, already had been through 15 passages and was kept in -80 °C for two years.

The growth medium used in our experiments was RPMI+/+ (supplemented with 10% v/v Fetal

9.



Biochemical Characterization of the CxxC and PHD fingers of the novel oncogene KDM2B — E. E. Deiktakis

Bovine Serum and 1% v/v Pen/Strep). Our first step before the retroviral transfection was defreezing
the cell stock. The defrozen cells were spinned down at 900 rpm for 5 min and the freezing buffer
(70% RPMI+/+, 20% FBS and 10% DMSO) was removed. The cells were resuspended in 2 mL
RPMI+/+ and transferred in a 75 mL Corning® cell culture flask. The cells were cultivated until they
reached 80-90% confluency (8-10 days) followed by trypsin treatment. 3 mL of ready-to-use trypsin
were used to cut the focal adhesions that are anchoring the cells to the culture flask and the cells were
transferred in a 15 ml falcon tube with 3 ml RPMI +/+. Using a hemocytometer plate under an electric
microscope the cell density was calculated. Upon proper dilution, 10° cells were placed in a 6-well
plate and incubated for 24 h before viral transfection. The rest of the cells were transferred into a 75
mL Corning® cell culture flask, for further growth. When they reached 90% confluency, they were
treated with trypsin (after two washes with PBS), transferred into a 15 mL falcon and centrifuged at
900 rpm for 5 min. The supernant was discarded and the pellet was resuspended in 3 ml freezing

buffer. Three aliquots of 1 mL each were prepared and stored at -80°C for future use.

2.31. DU145 transfection and growth. Before the viral transfection of the DU145 cells that were
cultivated in the 6- well plate, 2 mL of the pPBABE-mKDM2B(K616A) virus were incubated with 36
ng Polybrene reagent for 15 min at room temperature to enhance the efficiency of the process. In
parallel the cells were washed 2 times with PBS before adding the virus. During the 24 h of the
retroviral transfection no medium was supplemented to the cells, in order to create a proportionate
starvation status and maximize the DNA transfer capacity inside the cells, after which the cells where
cultivated for another 24 h in RPMI+/+ medium for recovery. In order to select the transfected cells,
2 ug Puromycin were added in RPMI+/+. One well that contained no transfected DU145 cells was
used as positive control, to examine the efficiency of puromycin. The successfully transfected cells

were grown in RPMI+/+/+ until they formed visible colonies.

2.32. Pick single DU145 colonies and cell lysis. In order to examine the effect of the mutant CxxC
domain on cellular migration, our initial step was to select the cell colonies that overexpressed the
mutant mKDM2B. To do so, the transfected cells that formed small colonies were washed 2 times
with PBS and treated with ready-to-use trypsin. Pipeting 20 pL of trypsin on top of each colony
separately led to collecting the cells, which then were transferred into a 24-well cell culture plates
with ImL RPMI+/+/+ each, for further growth. After 10-14 days the cells were >85 % confluent, and
treated with trypsin. 1/3 of the cells was transferred to 60 mm cell culture plate for further growth,
destined to verify the protein expression via Western blot, and 2/3 of the cells we transferred to a 25

mL culture flask for further growth destined to be stored at -80°C.When the cells, grown in the 60
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mm plate, reached 90% confluency they were collected in 0.5 mL cell lysis buffer by using a scraper,

sonicated for 45 s and stored at -80°C until use.

2.33. Western blot. In a Western blot, proteins that are separated on polyacrylamide gels on the basis
of size, are transferred to a membrane and then specifically detected in the immunoassay step using
specific antibodies to the protein. The technique involves transferring of electrophoretically separated
components from a gel to a solid support, such as a nitrocellulose, and probing with reagents that are
specific for particular sequences of amino acids. The probes are usually antibodies that bind to
antigenic epitopes displayed by the target protein attached on the solid support. Western blotting is
extremely useful for the identification and quantitation of specific proteins in a complex mixture of
proteins. A 1-5 ng of an average sized protein can be detected by western blotting. The gel cassette
was opened and lifted gently and the gel was cut, stacking gel was thrown away, resolving gel was
immersed in transfer buffer for 15 min, thus allowing it to equilibrate. A piece of the nitrocellulose
membrane was cut to the dimension of the gel. One corner of the membrane was notched for later
correspondence with the corner of the gel. Several Whatman® filter papers, the PVDF membrane and
the gel were assembled in the cassette in the following order starting from the black part: foam pad,
paper, gel, membrane, paper, foam pad. Care should be taken to exclude bubbles between gel and
nitrocellulose membrane, and between nitrocellulose and paper. The cassette was closed and placed
in the tank blotting apparatus so that the side of the cassette holder with the gel was facing the cathode.
Transfer buffer (15.2 % w/v Tris-HCI (pH 8.0), 72 % w/v glycine. 20% v/v methanol) was then added
to the blotting apparatus until the cassette was totally covered. The tank was then connected to the
power output and the system was turned on for 1 hour and a half at 400 mA. The tank was soaked in
ice to prevent overheating of the buffer during the transfer process. After removing the foam pad and
filter papers, the membrane was blocked in TBS-T with 5% w/v milk powder to allow the saturation
of all non-specific protein binding sites on the blots, for 1 hour and then washed three times for 5 min
each in 1X TBS-T (10 mM Tris-HCI, (pH 7.5), 150 mM NacCl, 0.1% v/v Tween 20). The membrane
was then transferred to a plastic bag containing the primary antibodies (1:1,000 for anti-JHDMI1B,
1:30 for anti-tubulin) in TBS-T, and it was incubated slowly shaking overnight at 4°C. The membrane
was washed 3 times for 5 min each in 1X TBS-T. The membrane was transferred to a new plastic
bag, and the HRP-labelled secondary antibodies (1:10,000 each) in TBS-T+ 5% milk were added and
incubated with the membrane for 2 h at room temperature. The membrane was washed again 4 times
for 5 min each with 1X TBS-T. 1 mL of ECL detection buffer was prepared and the membrane was

incubated for 5 min. The membrane was transferred in a clean container until the development of the
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bands. The size of protein of interest was identified by comparison with the molecular markers, and

the efficiency of overexpression was quantified by comparing tubulin expression.

2.34. In vitro Wound Healing Assay. In order to evaluate the role of KDM2B CxxC finger in the
process of cellular motility we employed in vitro would healing assays. Approximately 10° DU145
prostate cancer cells, which expressed empty vector pPBABE, pBABE-mKDM?2B and pBABE-
mKDM2B(K616A) were plated onto 12-well dishes in RPMI+/+/+ medium and incubated until
cultures reached 90% confluency. Two sets of experiments were designed’ one included serum-
starved (RPMI+/+/+/—FBS) cultures for 24 h before wounding and and one without starvation. A
sterile pipette tip was used to produce a wound on the cell monolayers in the middle of the well at
time point zero and the medium of all cultures was exchanged to full RPMI medium. The wounded
areas in each well were marked and photographed in specific time points (0, 6, 12 & 24 hours) using
an inverted microscope (Appendix 1 Table 5) with a 10x objective lens. Image J Analysis Software
was used to measure the wound width and Microsoft Excel was used for the statistical analysis. The

wound width was expressed as percentage of the initial wound width (100%).
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3.1. Biochemical characterization of mKDM2B CxxC finger

3.1.1 Heterologous production of recombinant protein mKDM?2B577.707.

The CxxC domain of KDM2B binds non-methylated CpG DNA sequences (Koyama-Nasu et al.,
2007; Blackledge et al., 2010; Farcas et al., 2012, Xu et al., 2018a). As DNA recognition can act as
a sampling mechanism of KDM2B target genes (Long et al., 2013), elucidating the structural
determinants of this interaction would enable targeted studies on understanding its role in KDM2B-
associated gene regulation. In order to examine the biochemical properties of the CxxC and the PHD
fingers, primers were designed in order to clone their coding sequences into the bacterial expression

vector pET102/D. The pET102/ D-mKDM2Bs77.707 construct (shown in Appendix 2) used to

transform BL21 Codon+ E. coli cells for heterologous protein production. The recombinant protein

mKDM2Bs77.707 (shown in Appendix 3), consisted of 300 residues, was thioredoxin- fused at the N-

terminus to increase the solubility of the protein and had a 6x His- tag at the C- terminus to facilitate
quick protein purification through affinity chromatography. During protein production trials the cells
were grown at 37°C, 25°C (Figure 3.1) and 17°C, concluding to optimal conditions for soluble
proteins were to incubate the cells at 17°C for 16 h before adding the inducer and then incubate at
17°C for another 24h. SDS-PAGE was used to quantify the efficiency of the protein production before
conducting protein purification
through affinity chromatography.
The 6xHis-tag at the N- terminus
of the mKDM2Bs77.707 enabled
isolating the recombinant protein
on nickel- NTA agarose resin and
72 kDa eluting it via imidazole, which

66 kDa acts as a competitor. As shown in

45 kDa Figure 3.2, increasing the salt

35 kDa concentration of the Lysis, Wash

and Elution buffers in the affinity
25 kDal

chromatography  resulted in

Figure 3.1. Recombinant protein mKDM2Bs77.707 production trials. Cell  improved protein solubility and
growth temperatures 37°C and 25°C were tested for protein production . . .

optimization. At 37°C no band was detected and at 25°C the presence of the higher yields. To establish
desired band (shown in red) indicated higher production efficiency at lower
temperatures. Cells transformed with empty vector were used as negative

control. of parameters was evaluated,

optimal assay conditions, a range

including the effect of different
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buffers (Tris and Phosphate), pH, salt concentrations and presence of reducing agents like DTT and
B- mercaptoethanol on the protein stability and activity. In the optimal conditions, applied in Reaction

buffer (described in Chapter 2) the protein maintained its activity for up to 3 weeks at 4°C.
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72 kDa 100 kDa
B 72 kDa

45 kDa

35 kDa

35 kDa

25 kDa

Figure 3.2. Increased buffer salt concentration affects mKDM2Bs77.707 solubility. With 0.3 M NaCl concentration
(right), the buffer maintains mKDM?2Bjs77.797 protein soluble more efficiently compared to 0.1 M NaCl (left) and 0.2 M
NaCl (center) thus resulting in higher eluted protein. Furthermore, 2 M and 8 M urea, used to denaturate possible
protein aggregates formed in inclusion bodies, showed that more than 80% of the produced protein was in soluble state.

Cells transformed with empty vector were used as negative control.

3.1.2. mKDM?2B CxxC finger binds non methylated CpG sequences.

Based on previous results published by Koyama-Nasu and colleagues (Koyama-Nasu et al., 2007) on
the DNA binding capacity of the CxxC domain of KDM2B, we focused on the interaction of the
recombinant mKDM2Bs77.707 with several synthetic double stranded oligonucleotides. We
successfully radiolabeled three different CpG- containing oligonucleotide sequences, **P-CpG6, **P-
CpG2 and ¥*P-ORI2.5, as well as one GpC- containing oligonucleotide as negative control (shown in
Appendix 1: Table 6) to be used in Electrophoresis Mobility Swift Assays. Our first aim was to

confirm the results of Koyama-Nasu and also to examine several other binding parameters, including
sequence specificity and Mg?" dependence. In EMSA, the binding of mKDM2Bs77.707 on the DNA
substrate resulted in retardation of the migration of the radiolabeled substrate. As shown in Figure
3.3, KDM2B bound only CpG- containing sequence as substrate, thus verifying the previous reported
data. Furthermore the reaction of **P-CpG6 with 2 uM mKDM2Bs77.707 illustrated two distinct shifted
bands (shown with black arrows), and also the presence of CpG6 competitor resulted in smear. Since
the sequence of CpG6 contains 6 CG dinucleotides, each DNA molecule can bind up to 6 proteins.

DNA strands that carry less than six proteins run lower than those fully occupied, leading to separate
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bands. These results would also suggest a possible substrate specificity of the finger. To examine this
possibility, mKDM2Bs77.707 was tested with *>P-CpG2 and **P-ORI2.5 oligonucleotides, which differ
not only in length but also on the position of their CG dinucleotides. Our goal was to investigate
whether multiple recognition events were taking place in each CpG. The super shift of *?P-CpG2
incubated with 3 uM protein is explained by both CG dinucleotides being occupied by mKDM2Bs577.
707, instead of the simple shift with 0.5 uM protein, which probable leaves one of the two CpG
available. In addition, ORI2.5 failed to have a proper shift upon incubation with 3 uM protein,
indicating that the surrounding sequences of the CpG affects the recognition event (Figure 3.4). These
findings suggest that there is likely a correlation between DNA sequence and binding efficiency of

mKDM2Bs77.707 CxxC finger.

mKDM2Bs, 707 mKDM2Bs;7.7¢7 mKDM2Bs; 767 - mKDM2B5;7.707
< (7() % )
2 s s @ = = * 2 = 2 %
* a3
T 22 = = 2 232z 2 T o 3 3 T o 3 3
=1 — 0 S =1 ~— 0 = =3 - o - ® - o — o)
~ o o o~ o~ - o o N N

e

. PO

32p-GpC6 32pP-CpG6 32P-ORI2.5 32p-CpG2

Figure 3.3. mKDM2B,,, ., binds non-methylated Figure 3.4. DNA Sequence- specific recognition of
CpG sequences via the CxxC domain. 2 yM of mKDM2B,,, .. The DNA sequence near the CG
mKDM2B,__ . - are sufficient for a total DNA migration dinucleotide plays a role in the recognition event. As 32p.
retardation. nKDM2B,_. . - show no binding capacity for ORIZ..S illustrates a smear rather than a band shift at high
GC dinucleotides, indicating a significant sequence protein co'ncentratlons{ suggests that one mI.(DMzB577'7O7
specificity. BSA was used as control and as blocker in all moleculie 1s not sufﬁmeqt for DNA mlgr.atlor} b31§)ckage.
mKDM2B reactions. (*) 5-fold increased The existence of two different band shifts in **P-CpG

’ reactions, indicate two different conformations, one with

577-707
concentration of non-radioactive CpG6 acts as competitor ¢, gle binding event and one with both CG occupied.

to ¥P-CpG6, resulting to a short smear, created from
unoccupied CGs.

3.1.3. mKDM2B CxxC finger binds DNA in a Mg’*-independent manner.

Previous studies have shown that DNA recognition is significantly altered by the presence of metal

ions, such as Mg?", which may affect protein stability and substrate specificity (Moll et al., 2002). In
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order to investigate whether mKDM2B CxxC DNA binding is affected by Mg?", 5 uM MgCl, were
supplemented in the reaction with **P-CpG2. Since CxxC finger is a Zn-finger domain, the Reaction
buffer already contained 1 pM ZnCl> for protein stability. As seen in Figure 3.5, there was no
significant change in the binding capacity of mKDM?2Bs77.707 to the oligonucleotide at the presence
of Mg?*, verifying that this is a specific recognition event. Moreover, chelation of the Zn>" ions with

EDTA, result in total loss of DNA binding capacity (Figure 3.5).

mMKDM2Bs;7 707
<
%]
a = = =
= = = = = = = = = =
- o -~ ™ o -~ ™ o -~ ™

Figure 3.5. mKDM2B,, ., binds

non-methylated CpG sequences
in a Mg?'- independent manner.

The mKDM2B,,, ... recombinant

protein binds to synthetic double
stranded P- labeled 26-mer
nucleotide (CpG2) that contains
two CpG sequences. MgCl, has no
effect on the binding and EDTA

diminishes the binding due to Zn”

chelation. BSA sample is used as

negative control. +5 yM MgCl, +5 uM EDTA

3.1.4. Several mKDM?2B CxxC finger mutant variant show reduced DNA binding capacity.

When these studies were initiated, the structure of the KDM2B CxxC and PHD domains (RCSB PDB
entry No 4064) was not yet available. Therefore, in order to examine recognition elements of the
domain we constructed a model of the CxxC-DNA interaction based on the structure of the MLL1-
CxxC-DNA complex (Cierpicki et al., 2010). Using the online tool SWISS-MODEL, we identified
candidate residues for DNA interaction, including R585, K608 and K616. To confirm whether these
amino acids interact with DNA, we constructed three single mutant variants mKDM2Bs77.707
(R585A), KDM2B577.707 (K608 A), KDM2B577.707 (K616A) and a double mutant variant mKDM2Bs77.
707 (R585A/K616A). All plasmid constructs (Appendix 2) were produced with the megaprimer
protocol and were confirmed with DNA sequencing as shown in Figure 3.6. All recombinant
mKDM2B mutant proteins were fused with TRX and carried a 6xHis tag. The steps followed for
protein purification were the same as described for the wild type protein, and the resulting proteins

are shown in Figure 3.7.
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Figure 3.6. Chromatograms of the mKDM2B,,, ,,, mutant construct sequencing. The T7 reverse primer was used
for all sequence readings. Adenine (green), thymine (red), guanine (black) and cytosine (blue) are depicted with single
peaks on each chromatogram. The introduced single mutation (A) 5°CGC 3’[Arg]> 5°CCG 3’[Ala], (B) 5°CTT
3’[Lys]> 5’CCG 3’[Ala] (C) 5°CTT 3’[Lys]> 5°CGC 3’[Ala] and the two mutations (D) 5°CGC 3’[Arg]> 5’CCG
3’[Ala] & 5°CTT 3’[Lys]—> 5°’CGC 3’[Ala] are shown with black box.
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100 kDa
72 kDa
66 kDa

45kba Figure 3.7. Heterologous production of

mKDM2B,.. .., recombinant mutant
proteins. 12% SDS-PAGE illustrates more
than 95% purity of protein sample in all
mKDM2B577.707 mutants (34 kDa).
mKDM2Bs77.707(F654) is a PHD finger
mutant, that was used in later studies (see
3.2.5.) The protein elution of pET102 empty
vector- transformed cells was used as control.

35 kDa

25 kDa

20 kDa

15 kDa

To further evaluate the role of these residues as potential DNA recognition elements, their binding
capacity to **P-CpG2 substrate was compared with the binding capacity of the wild type. Our results
showed that all three single mutant variants failed to create a band shift in EMSA at the concentrations
previously used with wild type mKDM2B, suggesting a significantly reduced binding affinity (Figure
3.8). Both R585A and K616A mutations illustrated a strong effect on DNA binding, while the K608A
mutation showed a weaker effect. To detect weaker interactions, we incubated **P-CpG2 with up to
16-fold higher protein concentration, and in addition we tested the double mutant mKDM2Bs77.707
(R585A/K616A), as shown in Figure 3.9. The double mutant exhibited the weakest binding, where
>24-fold higher protein concentration failed to promote a band shift. These results confirmed our
hypothesis that residues R585, K608 and K616 are responsible for the DNA binding capacity of
KDM2B CxxC finger, participate in DNA recognition and specificity. These data could serve as a
starting point for developing KDM2B/ CxxC-targeted inhibitors.
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Figure 3.8. mKDM2Bs77-707 mutants exhibit reduced DNA binding affinity. 10 nM radiolabelled dsDNA (*2P-
CpG2) were incubated with mKDM2Bs77.707 and mutants for 30 minutes at 37°C. Formation of the protein-DNA
complex results in a band shift. Lack of a band shift in the mKDM2B5s77.797 mutants reactions confirms the involvement
of the specific residues in the interaction with DNA.

MKDM2Bs77.707  MKDM2Bg77.70;  MKDM2Bs77.707 mMKDM2Bs;7 707

(R585A) (K608A) (K616A) (R586A/K616A)
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Figure 3.9. Analysis of mKDM2Bs77.707 mutants reduced binding capacity. The single
point mutations in the CxxC finger affected DNA recognition. Both mKDM2Bs577.707(K608A)
and mKDM2B577.707 (K616A) indicated 4-fold reduced binding affinity to the DNA substrate,
while mKDM?2Bs77.707 (R585A) showed more than 12-fold decrease. The CxxC double
mutant mMKDM2Bs77.707 (R585A/ K616A) indicated the weakest DNA binding, with >24-fold
reduced capacity. For these experiment 10 uM of 3?P-CpG2 were used in each reaction.
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3.1.5. Setting up a fluorescence-based assay for
detecting mKDM2B CxxC— DNA binding.

To establish a KDM2B/CxxC— targeted inhibitor
screening, we designed a simple “on/oft” assay based
on fluorescence. It was agreed that a microplate
platform, would provide an excellent scaffold for
constructing our assays. In the wells of a microplate,
the recombinant mKDM2Bs77.707 was physically
absorbed creating a docking surface for fluorescent
DNA. In the presence of inhibitors, no DNA would
bind, resulting in lack of fluorescence signal (Figure
3.10). Before screening compounds as inhibition
candidates, it was essential to examine the CxxC- DNA

interaction at first. To do so, a set of preliminary

s
M I: Addition of mMKDM2Bs77.707
‘/ \ Inhibition

Inhlbmon

L3
M M I1: Addition of compound
M M IV: Addition of labeled DNA

V: Measure Fluorescence

Figure 3.10. Model design of a high throughput
CxxC inhibitor screening. In each well
mKDM2Bs77.707 (purple spheres) is absorbed on
the surface and the inhibitor of CxxC domain
(green dots) remains bound onto it, thus no DNA
is recognized, resulting in no fluorescence

experiments were conducted in order to evaluate this setup and optimize all the participating factors

to reduce background noise (Figure 3.11). It was decided, that lysozyme and EDTA will be used as

surface blocker and DNA elution buffer respectively, as they indicated low intrinsic fluorescence.

The next step was to evaluate the robustness of the protein-DNA interaction after consecutive washes.

10000 -

8000 +

6000 +

4000 -

Fluorescence Counts

2000 +

Figure 3.11. Measurement of background
fluorescence of compounds and buffers.
Lysozyme and BSA were tested for surface
blockers. EDTA was tested for elution buffer.
The concentration of FAM-CpG2 was 0.25 uM

Background Fluorescence

Unfortunately, after the second wash almost all fluorescent signal was lost, indicating a fast —off

reaction with mKDM2Bs77.707 or non-specific binding on the well surfaces or with lysozyme (Figure

3.12). In order to examine if this is the case we measured the fluorescence of 0.1 uM FAM-CpG2
after EDTA (2™ Step FAM-CpG2) and at the presence of an unlabeled DNA competitor (Figure
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3.13). Based on the same levels of fluorescence detected in the 2™ step and the unsuccessful
competition with unlabeled DNA, we concluded that FAM- CpG2 was binding non- specifically on

the surface of the wells.

20000 - DNA Elution
BmKDM2B(577-707)
BmKDM2B(577-707) + FAM-CpG2
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Figure 3.12. Depletion of FAM-CpG2 fluorescence after consecutive washes. The
decrease of fluorescence after two washes indicate a fast- off binding reaction between
mKDM2Bs77.707 and DNA or a non- specific binding of the DNA on the surface or the
protein blocker.
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Figure 3.13. Fluorescence DNA binding assay. The 2" step (addition of 0.1 uM FAM-
CpG2 after EDTA) and 0.1 uM FAM-CpG2 at the presence of CpG2 competitor show the
same fluorescence as the 1% step confirming the non- specific binding of FAM-CpG2 on
the well surface. Buffer, BSA and mKDM2B were measured for background noise.
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3.1.6. mKDM?2B577.707-EGFP binds Cy3-CpG2 resulting in FRET.

To establish an alternative DNA binding assay, we turned to Fluorescence Resonance Energy
Transfer. In a FRET event there is a donor and an acceptor fluorophore and energy transfer can take
place between them if they lay within a certain distance from each other (<40- 80A, depending on the
pair of fluorophores). In our case, the donor fluorophore, EGFP, was fused at the C- terminus of
mKDM2Bs577.707 and mKDM2Bs77.707 (K616A) before the 6xHis tag (Figure 3.14,; Appendix 2). TET
and Cy3 were considered suitable acceptor candidates due to sufficient separation in excitation
spectra for selective stimulation of the donor EGFP (Cy3), and sufficient overlap between the
emission spectrum of the donor and the excitation spectrum of the acceptor (TET). Before starting to
setup the screening platform, we examined whether fusion with EGFP caused steric hindrance on the
interaction between the CxxC finger and DNA. Our data showed that mKDM?2Bs77.707-EGFP bound
32P-CpG2 as efficiently as mKDM2Bs77.707 without EGFP, resulting in band shift in EMSA (Figure
3.15). Thus we continued with the setting up of a FRET-based DNA binding assay. The setup of the
preliminary experiments included FRET detection in a high resolution spectrofluorometer. By using
a cuvette in which mKDM?2B577.707-EGFP interacted Cy3-CpG2, we examined whether the energy
transfer from EGFP to Cy3 could be measured. The recombinant mKDM2Bs77.707 (K616A)-EGFP
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Figure 3.14. Cloning of EGFP coding sequence to pET102/D- mKDM2Bs77.707  Figure 3.15. mKDM2Bs77-707-

and mKDM2Bs77.707(K616A). (Left) Enzymatic digestion with Agel/ BamHI EGFP binds CpG2. The band

confirms the in frame insertion of EGFP coding sequence into pET102/D- shift of 3?P-CpG2 upon

mKDM2Bs77.707 and mKDM2Bs77.707(K616A). (Right) 12% SDS- PAGE shows incubation with 3 uM of

more than 95% purity of mKDM2B577,707—EGFP (59 kDa) and mKDMZBs77_ mKDM2B577_707-EGFP shows

707(K616A)-EGFP (59 kDa) recombinant protein samples. EGFP did not affect the DNA
binding capacity of the CxxC
finger.
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was used as negative control. As shown in Figure 3.16, a fluorescence peak at 600 nm for
mKDM2Bs77.707, but not for the mKDM2Bs77.707 (K616A) mutant, suggests energy transfer from
EGFP to Cy3, due to CxxC-CpG2 binding. This data suggested that detecting CxxC-DNA interaction
by FRET was feasible, however the spectrofluorometer used did not allow for a high throughput

setup. In order to achieve this, we attempted to transfer the developed assay to a microplate format.

Fluorescence Resonance Energy Transfer

mKDM2B(577-707) 0.6 uM
160000 - mKDM2B(577-707)[K616A] 0.6 uM
mKDM2B(577-707) 2.4 uM
" - — = mKDM2B(577-707)[K616A] 2.4 uM
5
[«]
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Figure 3.16. FRET-based DNA binding assay. Both 0.6 uM and 2.4 uM of mKDM2Bs77.7¢7
-EGFP demonstrate fluorescence at 580-600 nm, indicating the energy transfer to Cy3.
mKDM2Bs77.707 (K616A)-EGFP fail to bind DNA, thus no signal is detected at that
wavelength. The graph depicts the total fluorescence of the EGFP- Cy3 complex, after
extracting initial EGFP fluorescence.

In order to optimize the parameters of the new set of experiment in the microplate, we tested the
fluorescent capacity of three different partners of mKDM2Bs77.707- EGFP to examine which shows
the best the signal-to-noise ratio. Signal is considered the fluorescence derived from the coupling of
donor and acceptor fluorophore upon binding and noise is the fluorescence produced only from the
acceptor fluorophore. To calculate the signal-to-noise ratio, the fluorescence spectrum of the three
acceptor candidates (Cy3-CpG2, Cy3-CpGshort and TET-CpG2) was recorded, before and after
addition of mKDM2Bs77.707- EGFP in the reaction. Our analysis showed Cy3-CpG2 exhibited better
overall signal-to-noise ratio compared to the other candidates (Table 3.1), indicating mKDM2Bs77.

707- EGFP and Cy3-CpG?2 as the most promising pair for FRET.
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Excitation (485 nm)

. . L. TET-CpG2  Cy3- CpG2 Cy3-CpG2short
Table 3.1. FRET signal-to-noise ratio in 530 1.4 1.59 1.02

the spectrofluorometer. TET — CpG2 and

Cy3- CpG2 differ on the fluorophore. Cy3- g 540 1.4 1,69 1,06
CpG2 and Cy3- CpG2short differ on the = 550 1.4 1,76 1,24
length of oligonucleotide. mKDM2Bs77.707- -8 560 1,4 1,98 1,7
EGFP and DNA concentrations in each g 570 1,4 2,17 2,13
experiment were 80 nM and 30 nM, W 580 1,4 2,37 2,26
respectively 590 1,3 2,51 2,33

3.1.7. Establishing a microplate- based FRET assay for detecting mKDM2B CxxC — DNA binding.
To set up a microplate-based high throughput inhibitor screening assay, we designed the following
procedure. As shown in Figure 3.17 the recombinant mKDM2Bs77.707-EGFP would physically
absorbed on the wells surface, creating a docking matrix for fluorescent DNA. Evaluation of bound
DNA would be established by measuring the fluorescence of the acceptor fluorophore (Cy3), which
was chemically conjugated at the 5° of the DNA strands. In the presence of inhibitors, DNA binding
to the CxxC finger would be reduced, resulting in lack of energy transfer to Cy3 and reduced

fluorescence signal.

F
¥
g I: Addition of MKDM2Bs77.707 -EGFP
No Inhibition ,/ "\, Inhibition
o O o _ o
m m 11: Addition of compound
¥ \

Il: Wash

1V: Addition of labeled DNA

V: Measure FRET at 600 nm

Figure 3.17. Microplate- based FRET inhibitor screening assay. Recombinant
mKDM2Bs577.707- EGFP is physically absorbed on the well surface and upon DNA
binding, energy is transferred from EGFP to Cy3, resulting in fluorescent signal.
CxxC-DNA inhibition due to compound (pink dots) leads to loss of fluorescence
signal.
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The available emission filters in the plate reader were set at 535 nm, which EGFP still emits
fluorescence. In order to avoid photobleaching of EGFP and to minimize the detected background
noise, several protein concentrations were evaluated by DNA titration. However, the analysis of the
mKDM2Bs77.707- EGFP interaction with Cy3-CpG?2 illustrated significantly low signal-to-noise ratio
even for DNA concentrations below 1 uM (Figure 3.18). These data suggested that the wide band
pass of the plate reader filter could not block EGFP- derived fluorescence, thus increasing the

background, making this assay difficult to implement.

Because of the difficulties in detection FRET directly, we decided to develop an alternative method
based on the detection of Time- Related Fluorescence Attenuation (TRFA). The principle of this
method dictates that the fluorescence of the EGFP-Cy3 complex is quenched faster compared to the
fluorescence of the EGFP alone, due to the energy transfer during DNA binding. To evaluate the
binding interaction by TRFA, we used mKDM2Bs577.707- EGFP and mKDM2Bs77.707(K616A)-EGFP
as negative control with Cy3-CpG2. As shown in Figure 3.19, no difference was observed between
quenching time for both reactions. Furthermore, Cy3-CpG2 showed substantially high fluorescence
and fast quenching time in the absence of both proteins in the well. Altogether, these results suggested
that Cy3-derived fluorescence possibly masked the fluorescence from EGFP, and the signal detected
was not attributed to the EGFP-Cy3 coupling but rather to Cy3 alone. These results suggested that
the further development of this assay was hampered by the technical specifications of the microplate
reader used. To establish a reliable assay, it is necessary to employ a monochromator, which would
allow a narrow range of wavelengths to be detected, resulting in a tailor-made FRET detection

method.

+200 nM mKDM2B(577-707)-EGFP

020 "M mKDM2B(577-707)-EGFP
14 ¢ A5 nM mKDM2B(577-707)-EGFP
2121
e
& 1
[<]
Figure 3.18. FRET Signal-to-noise ratioin = 08 A
Victor X5. Signal (nKDM2Bs7,707+ Cy3- & | ©
CpG2) to noise (Cy3-CpG2) ratio describes @ 06 -
the efficiency of the FRET event. DNA ©
titration with three different protein 041 s O 82 ¢ " oo 2
concentrations (200, 20 and 5 nM) show a 02 -
signal to noise ratio of 0.2 after 1 uM of R c8a AQQXAAAQQ a2
DNA, making it inappropriate for FRET 0? 5 . . 5 o
detection. DNA Concentration (uM)
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Time- Related Fluorescence Attenuation

600000 - - = = Control
PR ——— mKDM2B(577-707)
N
o 500000 - ——— mKDM2B(577-707)[K616A]
5
o
O 400000 -
[
(2]
c
300000 -
Figure 3.19. TRFA DNA binding assay. @
Upon DNA binding, FRET can be observed u_g_ 200000 -

indirectly through faster quenching of
fluorescence. Both wild type and mutant 100000
proteins (0.5 uM) showed same quenching
time at the presence of 2 uM Cy3-CpG2. A ‘ ‘ ‘
sample containing only Cy3-CpG2 was used 0 10 20 30 40
as control.. Time (usec)
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3.2. Biochemical characterization of mKDM2B PHD finger
3.2.1. The PHD finger of mKDMZ2B recognizes specific histone peptides.

To understand the function of the PHD-finger domain of KDM2B we set out to examine its potential
involvement in histone recognition. To this end, we established a screening assay to detect the
interaction of recombinant protein with a panel of 379 histone peptides that contain different
combinations of covalent modifications (Appendix 4) spotted on a commercially available
MODified™ Histone Peptide Array (Active Motif, USA). The recombinant protein mKDM?2Bs577.707,
which contained the CxxC and PHD fingers, was fused to a V5 epitope. We incubated the
recombinant protein with the array and evaluated its binding to specific peptides by detection with

the anti-V5 antibody.

H3 419
H3 756 H4 ;49
L3 =
16-35 e H4 it
H3 5645
H2A 4 19
H2B: ;44 Control

| L |
Figure 3.20. Histone peptide array analysis of mKDM2Bs77.707. Recombinant mKDM2Bs77.707 was incubated with
MODified™ Histone Peptide Arrays and the interaction of the protein with histone peptides was analyzed by
immunodetection. Here, only one of the two panel of the replicate array is shown for clarity and the areas of the array
that correspond to the different peptide groups are shown in different colors to facilitate analysis by the reader. A more
detailed diagram of the different spots and the corresponding modification is provided in Appendix 4. This analysis
revealed strong interaction between mKDM?2Bs77.797 and H41130 (red area). No binding was observed between PHD
and H4.19 (blue area) indicating that the recognition depends on a critical residue that is present in the region 20-30 of
histone H4. Significant interaction with H2B1_j9 (yellow area) can also be seen.

As shown in Figure 3.20, mKDM2Bs77.707 showed strong interaction with different modified peptides
in the region spanning amino acids 11-30 of histone H4. Since mKDM2Bs77.707 displayed very little
binding with all the different modified peptides covering the region 1-19 of H4, we concluded that
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residues playing an essential role in this interaction are located downstream of amino acid 19 of H4.
In agreement, correlation of the modifications present in each peptide (Figure 3.21) with the intensity
of the binding signal highlighted the involvement of methylation of lysine 20 of histone H4 in the
observed interaction. The peptide array analysis also revealed significant binding of mKDM2Bs77.707
to different modified peptides in the region 1-19 of histone H2B. Weaker interactions could be
observed with H3,1-36 peptides containing different methyl or acetyl marks at K27 and H31-19 peptides
containing K4 trimethyl marks. No interaction was observed with any modified H2A1.19 peptide.
Although previous reports had implicated the binding of H3K4me3 by the PHD domain in a
mechanism of cis H3K4me3 demethylation by KDM2B (Janzer et al., 2012), the present results
suggest that the PHD domain of KDM2B preferentially recognizes other histone modifications.

200 1

0.84
150 +—

0.6+

10—

Number of Peptides
Intensity Right

0.4+

0 | 0 - : ) : : :
0- 5 10- 20- 30- 40- =50 0 0.2 04 0.6 0.8 1

5% 10 20 30 40 50 %

Error Range Intensity Left

Figure 3.21. Reproducibility of the histone peptide array analysis of mKDM2Bs77-707. (Left) The distribution graph
presents the errors of the intensities between the right and the left grid. Most of the peptides contain 0-10% error range
indicating minor discrepancies between the two grids. (Right) Comparative analysis of the measured intensities. Perfect
duplicates follow the straight line between points (0,0) and (1,1). Most peptides illustrate intensities below 0.5
indicating mKDM2B PHD substrate specificity.
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3.2.2. mKDM?2Bs577.707 does not recognize H4 N-terminal tail.

Taking a step further into investigating mKDM?2Bs77.707 H4 binding specificity, we tried to exploit
the FRET technique that we had successfully developed for the CxxC domain, to examine the
interaction of the PHD domain with parts of the histone H4. To evaluate whether establishing a FRET-
based assay was possible, monomeric Red Fluorescent Protein (mRFP) was considered an appropriate
partner for EGFP. To this end, the coding sequences of the residues 1-18, 17-34, 33-50 and 49-69 of
H4 were cloned in the bacterial expression vector pET102/D, as shown in Figure 3.22, and the coding
sequence of the monomeric Red Fluorescent Protein (mRFP) was also cloned next to the H4
sequences (Appendix 3). All four H4-mRFP recombinant proteins were heterologous produced and
isolated via affinity chromatography (Figure 3.22). In order to qualitatively examine whether the
PHD domain of mKDM?2B recognizes H4, we set up a FRET-based assay in the previously used
spectrofluorometer. In this set of experiments, only PHD-H4 binding would result in mRFP
fluorescence emission at 585-610 nm, similarly to Cy3, thus the mKDM2Bs77.707-EGFP and Cy3-

CpG2 reaction was used as positive control.

-50-



Biochemical Characterization of the CxxC and PHD fingers of the novel oncogene KDM2B — E. E. Deiktakis
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Figure 3.22. Chromatograms of the H4 construct sequence readings. T7 forward primer was used for all sequencing readings. Adenine (green), thymine (red),
guanine (black) and cytosine (blue) are depicted with single peaks on each chromatogram. The 5’-3’nucleotide sequence of each H4 part is illustrated in black box.
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Figure 3.23. H4-mRFP recombinant proteins. (a) Construct verification via agarose gel electrophoresis. The
pET102/D-mH4 constructs were doubly digested with restriction enzymes BamHI & Agel to confirm the insertion of
the mH4(aa)-mRFP sequences (Appendix 3). pET102/D-mKDM2B-EGFP was used as control. (b) Heterologous
production and isolation of H4-mRFP recombinant proteins. 12% SDS- PAGE shows more than 95% purity of
H4-mRFP (41 kDa) recombinant protein samples. Total Cell Extract (TCE) contained all proteins extracted from the
disrupted BL21 cells.

However, we were unable to observe any peak of fluorescence in the region 585- 610 nm, indicating
lack of FRET (Figure 3.24). At this point, three possible explanations for this outcome were
considered. First, the binding might not have occurred, due to steric hindrance between mKDM2Bs77.
707 -EGFP and H4-mRFP. Secondly, the PHD finger might not had recognized any part of the H4 due
to misfolding of the histone part. Thirdly, by comparing these data with our previous results that
showed interaction between the PHD domain and the 11-30 residues of H4, these findings suggested
that the binding probably requires residues from both 1-18 and 17-33 oligopeptide sequences that

may also carry specific post-translational modifications, such as methylation.
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Fluorescence Resonance Energy Transfer
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3.2.3. mKDM2Bs77.707 recognizes H4K20me3. To examine if this is the case and to expand further our
initial results from MHPA, we focused on the observed interactions with histone H4, histone H3 and

histone H2B, by studying the binding of mKDM?2Bs77.707 to a series of 11-mer and 19-mer synthetic

oligopeptides (Appendix 1: Table 3) using isothermal titration calorimetry (ITC). Our first results
revealed that mKDM2B PHD finger exhibits selective binding to an H4 oligopeptide spanning amino
acids 16-25 and carrying a trimethyl group on lysine 20. Furthermore, there was a markedly weaker
binding to similar oligopeptides carrying mono- or di- methylation marks on lysine 20 or to
oligopeptides without any modification or any part of the recombinant H4 (Figure 3.25), suggesting
that the PHD of mKDM2B interacts specifically with H4K20me3. Moreover, we observed a
significantly weaker interaction (8-fold) with a histone H31.11 oligopeptide carrying a trimethylation
mark on lysine 4 (Kp= 370 mM), confirming the Modified Histone Peptide Array results. As shown
in Figure 3.26, the rest of H3 peptides, carrying methylation marks on H3K27 or H3K36 showed
very weak interaction that was independent of the presence of a methylated amino acid. Finally,
titration of synthetic peptides with the sequence of the first 19 residues of H2B, depicted a weak
interaction between mKDM?2B and H2BK 15ac, which was specific to the presence of the acetylation

(Figure 3.27), suggesting that may be more than one histone substrates of KDM2B.
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Figure 3.25. mKDM2B recognizes specifically H4K20me3. ITC binding curves of mKDM?2Bs77.797 with recombinant H4 proteins and H4 synthetic
oligopeptides show substrate specificity. The integrated AH (kcal/mol) values are plotted versus the peptide/protein molar ratio and shown in the lower
panel. Titration of the H449.69 with the recombinant protein mKDM2B5s77.707 indicates a much weaker binding (K¢ 1 M) compared to H4K20me3 (K¢= 3
mM). The titrating peptide is shown in every graph.
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Figure 3.26. mKDM2Bs77.707 illustrates weak binding affinity to
H3K4me3. Titration of the synthetic oligopeptide H3K4me3 with the
recombinant protein mKDM2B5s77.707 indicates a weak binding (K¢= 370
mM). The titrating peptide is shown in every graph. ITC binding curves of
mKDM2Bs77.797 with H3 synthetic oligopeptides. The integrated AH
(kcal/mol) values are plotted versus the peptide/protein molar ratio and

shown in the lower panel.
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Figure 3.27. mKDM2B shows also weak interaction with histone H2BK15ac. ITC binding curves of mKDM2Bs77.707 with H2B synthetic
oligopeptides. The integrated AH (kcal/mol) values are plotted versus the peptide/protein molar ratio and shown in the lower panel. Titration of the
synthetic oligopeptide H2BK 15ac with the recombinant protein mKDM2Bs77.797 indicates a very weak binding (K¢> 1 M). The titrating peptide is

shown in every graph.
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3.2.4. Residue F654 of mKDM2B PHD finger in not associated with histone binding capacity.

To further elucidate the mechanism behind histone binding, we sought out to examine the structure
of the mKDM2B PHD finger. Previous studies showed that many histone binding domains recognize
the trimethyl mark on lysine via a cage formed by aromatic residues (Taverna et al., 2007, Sanchez
and Zhou, 2011, Musselman and Kutateladze, 2011). We examined the available structural
information for the PHD of mKDM2B but were unable to identify a typical aromatic cage on the
structure. However, we selected the closest possible structural element that could contribute to this
interaction, consisting of residues F654, P670 and W690 for further analysis. To examine the possible
involvement of this arrangement in ligand recognition, we selected F654 for mutagenesis (the other
two residues appeared to play a structural role and were not selected). We constructed variant
mKDM2Bs77.707 (F654A) (Figure 3.28) and analyzed the interaction of the recombinant protein with
the H4K20me3 and H3K4me3 oligopeptides. There was a small decrease in the binding affinity of
the mutant for H4K20me3 but no difference in the binding affinity for H3K4me3 (Figure 3.29),
suggesting that it is unlikely that this phenylalanine residue plays a critical role in the recognition

event. A summary of all ITC experiments is shown in Table 3.2.

Figure 3.28. Chromatogram of the mKDM?2Bs77.707 PHD mutant construct sequencing. The T7 reverse primer was
used for sequence reading. Adenine (green), thymine (red), guanine (black) and cytosine (blue) are depicted with single
peaks on each chromatogram. The introduced single mutation (A) 5°’AAA 3’[Phe] = 5°CGA 3’[Ala] is shown in a
black box.

-57-



Biochemical Characterization of the CxxC and PHD fingers of the novel oncogene KDM2B — E. E. Deiktakis

Time (min) Time (min)
1—10 L] 10 20 30 40 50 60 70 80 1-10 0 10 20 30 40 50 60 70 80
o] ‘I ‘,"_“' R ""‘I‘ .'.‘ ' 2 " T Figure 3.29. F654A mutation does not
310 h (1 “ ‘i | f‘ " "H | | 1 T M i ! "|| e affect mKDM2B PHD binding affinity.
Sj: \‘ “‘ WH‘ “ || ] o 2] ‘“‘ ‘H\m | " ITC binding curves of mKDM2Bs7;.
£l ‘ ‘ ‘ ‘ ‘ J i H ]! | £ ] A 707(F654A),  with  H4K20me3  and
3 pr ‘ \ ‘ [ B 3. ] H3K4me3 synthetic oligopeptides. The
21 1 5] ] integrated AH (kcal/mol) values are plotted
At . . ol R T versus the peptide/protein molar ratio and
. g F14K20me3 s 101 AMBS i shown in the lower panel. Titration of
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E ] Ky é o o respectively. The titrating peptide is shown
5 9 " 8 3 . in every graph.
= MKDM2Bg;.1q; (FE54A) = _MKDM2Bg77 707 (FE54A)
Molar Ratio Molar Ratio
Protein Peptide Kp (mM)
mKDM2B577_707 H4K20me3 3+1.1
mKDM2B577.707 H3K4me3 374 +£ 90
mKDM2Bs77.707 H4 1625 Unmodified >1000
mKDM2B577.707 H4K20mel >1000
mKDM2B577_707 mH449_(,9 -mRFP >1000
mKDM?2Bs577.707 H2BK15ac >10000
mKDM2B577.707 H4K20me2 >10000
mKDM2B577_707 H31_|1 Unmodified ND
mKDM2B577_707 H3K27 ND
mKDM2B577_707 H3K27me3 ND
mKDM2B577_707 H3K36 ND
mKDM2B577_707 H3K36me2 ND
mKDM2B577_707 H41_|1 Unmodified ND
mKDM2B577_707 H2B(1_19) UandiflCd ND
mKDM2B577_707 H2BK5ac ND
mKDM2B577_707 H2BK12ac ND
mKDM2B577_707 mH41_13 -mRFP ND
mKDM2B577_707 mH417.34 -mRFP ND
mKDM2B577_707 mH433_50 -mRFP ND
mKDM2Bs77.707 (F654A) H4K20me3 6+0.8
mKDM2B577_707 (F654A) H3K4me3 401 + 85

Table 3.2. Summary of the ITC-derived dissociation constant (Kp) describing the interaction of
mKDM2B and mKDM2B(F654A) with different histone oligopeptides. Error values for the
dissociation constant (K)) correspond to the standard error of the nonlinear least-squares curve fit of the

experimental data calculated using the program Origin 6.0 (OriginLab Corporation, USA). Abbreviations

ND: Not detected
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11 kDa s compared to mKDM2B5s77.707-EGFP.

3.2.5. mKDM?2A does not bind H4K20me3.

The KDM2 family contains two members, KDM2A and KDM2B. To examine further the H4K20me3
recognition by mKDM2B PHD finger, we considered to test the binding capacity of its homolog
protein, nKDM2A. Apart from its H3K36me2/me demethylase activity, KDM2A has been shown to
interact with the heterochromatin protein, HP1 (Frescas et al., 2008) and histones at ribosomal DNA
(rDNA) promoters (Frescas et al., 2007), but there has been no evidence of interaction with histone
H4. Testing mKDM2B PHD finger substrates with mKDM2A PHD finger would shed light in
possible new functions of these two sister proteins. The mKDM2A sequence, corresponding to the
CxxC and PHD fingers was inserted in a pET102/USER vector, creating the pET102/USER-
mKDM2As60-690 construct (Appendix 2).

The mKDM?2As60-690 recombinant protein (sequence shown in Appendix 3) was purified via Ni-NTA

affinity chromatography (Figure 3.30), dialyzed in Reaction buffer, and used for H2BK15ac,
H3K4me3 and H4K20me3 binding assay. Our results showed that mKDM2Aseo-600 failed to
recognize any of the KDM2B histone substrates, suggesting distinct functions between these two

PHD fingers (Figure 3.31).
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Figure 3.31. PHD fingers of mKDM2B and mKDM2A bind different substrates. ITC binding curves of
mKDM?2As60-600 with H2BK15Ac, H3K4me3 and H4K20me3 synthetic oligopeptides show no binding, indicating
distinct functions. The integrated AH (kcal/mol) values are plotted versus the peptide/protein molar ratio and shown in
the lower panel.

3.2.6. The PHD fingers of mKDM2A and mKDMZ2B have different substrates.

In order to elaborate on the results that suggested that the PHD fingers of mKDM2A and mKDM2B
have different substrates we employed MODified® histone peptide array for mKDM2A s60-690 and
compared the mKDM2A binders with those of mKDM2B. Our findings verified that the PHD
domains of the sister proteins recognize different post-translational modifications at different parts of
the H4 histone (Figure 3.32) supporting further the notion that the KDM2 proteins may play different

roles in the histone demethylation mechanism.
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Figure 3.32. Comparative analysis of mKDM2A and mKDM2B PHD substrates based on MHPA results. The
analysis revealed strong interaction between mKDM?2 A se0.600 and H4.19. Weaker binding was observed between PHD
and H4i1.30 sequences, which was mKDM2B main target, while H326.45 sequences indicated interaction with
mKDM?2Ase0-600, that were absent with mKDM2B. The percentage of interaction with each modification was
normalized based on the interaction that showed the strongest binding for each protein. The background (1 & 2)
sequences include random residue modifications on random aminoacid sequences (Appendix 4).

3.3. Biological role of mKDM2B CxxC finger

3.3.1. KDM2B DNA binding capacity is associated with cellular motility.

Previous studies have shown that KDM2B is implicated in the FGF-2 pathway, participating in cell
proliferation, tumor metastasis and angiogenesis (Kottakis et al., 2011) and overexpression of
KDM2B in DU145 cells can affect cytoskeletal organization-associated genes leading to a significant

increase in their migration potential (Zacharopoulou et al., 2018). The molecular mechanism behind
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this KDM2B function still remains elusive, thus our focus was placed on investigating whether
KDM2B CxxC finger and its DNA binding capacity could be implicated in that matter. By using
electrophoresis mobility shift assays, we have showed that residues R585, K608 and K616 of the
CxxC finger play a key role in the binding of non-methylated CpG-containing DNA and substitution
of K616 revealed that this residue plays the most prominent role. Our goal was to create stable DU145
cells lines, that overexpressed mKDM2B(K616A) and mKDM2B (as control) and compare cellular
motility, via an in vitro wound healing assay. Mutating the pPBABE-mKDM2B construct via USER
mutagenesis led to pPBABE-mKDM2B(K616A) (Figure 3.33), which was produced in human
embryonic kidney cells (HEK293T) and used to infect prostate cancer cells (DU145). The
successfully transfected DU145 cells were cultivated and colony selection and western blot analysis
with anti-KDM2B antibody verified the overexpression of the proteins (Figure 3.34). In order to
examine the motility of the transfected DU145 cells, two set of experiments were designed, one that
included cell cultures undergoing a 24 h serum-starvation period prior to wounding to boost their
migration potential and one without a starvation period. Representing micrographs of the in vitro

would healing assay are shown in Figure 3.35.

NN A pBABE- mKDM2B
/," \\/9 \\ / \\ / ‘77

~ N pBABE- mKDM2B(K616A)
/ \\ // \ /\

Figure 3.33. Comparing chromatograms of the pPBABE-mKDM2B and pBABE-mKDM2B(K616A) sequencing
readings. M 13 reverse primer was used for sequencing reading. Adenine (green), thymine (red), guanine (black) and
cytosine (blue) are depicted with single peaks on each chromatogram. The introduced mutation 5°CTT 3’[Lys]>
5’CCG 3’[Ala] is shown in the black box.
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KDM2B
Figure 3.34. Prostate cancer cells (DU145)

overexpressing wild type mKDM2B and CxxC
mutant mKDM2B(K616A). Western blot analysis
shows the overexpression of the mKDM2B and tubulin
mKDM2B(K616A) proteins, using tubulin as reference.

The results from the in vitro would healing assays, showed that the migration potential of the
starvation-free DU145 cells that overexpressed either the wild type or the mutant mKDM?2B is not
significantly changed compared to the normal DU145 cells (Figure 3.36 upper panel). In addition,
serum-starved cells that overexpressed the wild type mKDM2B illustrated enhanced motility
compared to the normal DU14S5 cells, as the wounds were closing faster with would closure occurring
in less than 24 hours. These results lay in accordance with previous reported data by Zacharopoulou
et al., 2018b, and verify that a starvation period is a prerequisite for the wound healing assay with
this cancer cell line. Moreover, our findings revealed that cells that overexpressed the CxxC mutant
mKDM2B(K616A), showed reduced migration rate, almost similar to the normal DU145 cells, with
would closure occurring later than 24 hours (Figure 3.36 lower panel), suggesting that the DNA
binding capacity of mKDM?2B, could play an important role in the cellular migration and adhesion

processes.
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Figure 3.35. In vitro would healing assay. A scratch was made in each confluent monolayer culture of DU145 cells. Wound closure was monitored by microscope at 0, 6,
12 and 24 hours post wounding. Cells overexpressing KDM2B showed enhanced migration potential, compared to wild type DU-145 cells and the cells that expressed the
CxxC mutant. Representative micrographs from n =2 independent wound healing experiments with 24 h serum starvation before wounding.
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Figure 3.36. CxxC finger of KDM2B is associated with cellular motility. Upon 24h
starvation prior to wounding DU145 cells that overexpressed the CxxC mutant
mKDM2B indicated reduced migration potential compared to the cells expressing the
wild type mKDM?2B. Remaining wound area, at the indicated time points, was expressed
as a percentage of the initial wound area from two independent experiments; *(p < 0.05),
** (p<0.01), ***(p <0.001) indicate statistical significance.
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4.1. Biochemical characterization of mKDM2B CxxC finger

This PhD thesis aims to understand the function of the CXXC- and PHD- domains of KDM2B and
their involvement in human disease. In order to elucidate the role of these domains, the recombinant
mKDM?2Bs77.707 was initially analyzed using EMSA with several radiolabeled DNA substrates to
study the interaction between the CxxC finger and DNA. We verified the previously reported binding
specificity towards CpG- containing sequences (Koyama- Nasu et al., 2007; Farcas et al., 2012) by
comparing two different DNA sequences that contained two CG dinucleotides each at different
positions and we provide evidence of possible sequence-specific DNA recognition. Taking into
consideration that DNA binding by KDM2B acts as a sampling mechanism for PRC1 docking and
PRC2 recruitment that in turn leads to locus repression (Blackledge et al., 2014) and DNA
hypomethylation maintenance (Boulard et al. 2015), this finding suggests that there is a rather more
complicated level of molecular interactions underlying the DNA binding event, and further research
is required. Furthermore, we investigated the effect of possible CxxC finger co-factors, like Zn** and
Mg?*, on DNA recognition. Based on the crystallographic structure of mKDM2B CxxC finger, we
examined the importance of the two Zn** ions, which interact with the 8 cysteine residues of the
domain (Long et al., 2013) and show that DNA binding capacity was abolished upon Zn>" chelation,
confirming that these ions play a major role in structural stability. Moreover, the addition of Mg?* in
the CxxC-DNA reaction illustrated no significant changes in the binding affinity, verifying previous

data that showed this interaction being magnesium independent.

Subsequently we focused on elucidating the residues that participate in the DNA recognition event.
We identified three conserved residues, R585, K608 and K616 (that correspond to R612, K635 and
K643 in human KDM2B) as candidates for participation in this molecular interaction (Figure 4.1).
Our results showed that R585, K608 & K616 participate in the DNA recognition as the single mutants
and the double mutant manifested diminished binding to the substrate. Substitution of K616 revealed

that this residue plays Figure 4.1. Close-up view of the
interaction between the CxxC
domain of KDM2B and DNA.
This model was constructed by
J superposition of KDM2B CxxC
= onto MLL CxxC revealing the

5 relative position of the residues
that  participate in  DNA
recognition. The residues R585,
K608 and K616, shown in a yellow
stick representation, interact with
the major groove of a non-
methylated CpG-containing DNA
sequence shown in green and

purple helices.

the most prominent
role of the three tested,
consistent with
previous findings that
report  the  direct

interaction of the

analogous residue in
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the MLL1 CxxC-finger with the major groove of the DNA (Cierpicki et al, 2010).

The significance of these residues was 16 —a— Empty vector
-- & --mKDM2B
. . . . —o6— mKDM2B(R585A/K608A) ,’.
established by conducting in vivo assays, e mKDM2B(K616A/K608A) y

1 —&— mKDM2B(K616A/R585A)

where the DNA binding capacity of

-
o

KDM2B was correlated with its role in

bypassing replicative senescence. The

Number of cells (x106)
o ©

same point mutations that abrogated the

DNA binding affinity of the recombinant

CxxC finger were introduced into full-

Passage

length  mouse KDM2B and were Figure 4.2. DNA binding is essential for KDM2B to support
cell proliferation. Evaluation of the ability of mKDM?2B double
mutant variants to support replicative senescence bypass in

forms in MEFs. All mutants failed to MEFs.

overexpressed singly- and doubly-mutated

support replicative senescence bypass confirming the functional role of the CxxC finger in this
process (S.C. Kampranis, personal communication). Notably, cells that overexpressed the two double
mutant forms of KDM2B containing the K616A mutation (R585A/K616 and K608/K616) entered
the replicative senescent state faster than empty vector-containing cells (Figure 4.2) (S.C. Kampranis,
personal communication). Evaluating the ability of progressive truncations of KDM2B to support
replicative senescence bypass upon ectopic expression in MEFs showed that deletion of the C-
terminal half of the protein that includes the PHD domain did not abolish this activity (S.C.
Kampranis, personal communication), which suggests that the combined action the JmjC and CxxC
domains is by itself sufficient to inhibit cell cycle events that contribute to the bypass of replicative
senescence, including the repression of the locus and also that the DNA binding capacity of KDM2B
is not compromised upon deletion of the PHD domain. Numerous studies have implicated KDM2B
in cancer (Kampranis and Tsichlis, 2009), therefore, confirming the key role of the CxxC finger in
this process, in combination with the available structural information for this domain, has prompted

further studies into the potential of development of CxxC-targeting inhibitors as cancer therapeutics.

In order to develop a CxxC-targeting inhibitor screening, efforts were put in setting up a fluorescence-
based assay, which would provide a fast and easy way to assess the binding of DNA onto the
mKDM?2B CxxC finger. To this end, recombinant mKDM2Bs77.797 was physically absorbed on the
microplate well surface and the fluorescence of CxxC-bound FAM-CpG2 was measured. Our results
showed fluorescence signal derived from FAM-CpG2 before and after addition of EDTA (which had
been shown to abolish the interaction), indicating possible non-specific interactions of the DNA with

the well surfaces, which lead us abandon this setup.
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To overcome the limitations of the previously attempted assay, a FRET- based assay was designed.
In our experiments we selected EGFP as donor and two possible acceptor candidates, each one
meeting a required spectroscopic property (Pollok and Heim, 1999). Monitoring FRET signaling
showed that mKDM2Bs577-707—EGFP, but not mutant mKDM?2Bs77.707(K616A)-EGFP, was able to
bind the CpG- containing sequences that carried the Cy3 fluorophore. This suggests that only upon
CxxC-DNA binding, EGFP and Cy3 came relatively close in order to achieve energy transfer.
Furthermore, in our attempt to increase the signal by bringing closer EGFP and Cy3, we tested a
secondary shorter version of CpG2, but no signal was observed, supporting the idea that a certain
spatial complex conformation may be essential for FRET. Moreover, the EGFP- TET pair illustrated
very low signal-to-noise ratio, making it unsuitable for our purposes. These data altogether, proposed
the two partners, mKDM2Bs77.707-EGFP and Cy3- CpG2, as highly promising candidates for
establishing FRET-based high throughput screening assay for identification KDM2B inhibitors.

However, when we proceeded to transfer this assay to a microplate format, using the available Perkin-
Elmer Victor X5® plate reader, our attempts were unfruitful. This was due to the fact that the filters
were unsuitable for fluorescence detection at the required wavelengths. As a result, EGFP-Cy3
complex in the plate reader showed an even lower signal-to-noise ratio (~0.2), at 535 nm where
emission filter was set, compared to 1.6 measured in the spectrophotometer, suggesting significant
background fluorescence being measured. In addition, by using another feature of Victor X5® that
measured Time —Related Fluorescence, a setup of a fluorescence attenuation assay was designed, in
which the quenching time of EGFP (and not Cy3) would be measured at 535 nm. This assay was
based on the principle that DNA bound to CxxC, leads to fast photobleaching of EGFP fluorescence,
due to FRET. As negative control mKDM2Bs577.707(K616A)-EGFP was used, due to its reduced
binding capacity but no difference between mKDM?2Bs77.707-EGFP and mKDM2Bs77.707(K616A)—
EGFP in quenching time was observed, suggesting that binding of Cy3-CpG could not promote a
faster quenching of EGFP or at least a detectable signal. As a conclusion, our data suggest that a
different fluorescence measuring setup with emission filter around 600 nm, or a monochromator,

would be essential in order to improve the signal-to-noise ratio.
4.2. Biochemical characterization of mKDM2B PHD finger

The KDM2B PHD finger was initially suspected to be responsible for the interaction with other
proteins such as HDACs (Barrett et al., 2007) or for the binding of KDM2B to methylated histone
tail residues (Iwase et al., 2007; Shi et al., 2006; Taverna et al., 2007; Vermeulen et al., 2007,

Wysocka et al., 2006, Janzer et al., 2012), however, its precise function had not been elucidated.
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Using a commercially available modified histone array we screened 379 possible KDM2B PHD
interactors and our initial results showed that PHD finger illustrates an unpreceded recognition
capacity towards parts of histone H4 (either carrying or not posttranslational modifications) and more
specifically, this analysis revealed a selective interaction with residues H411.30, and not H4i.19,
indicating that the recognition depends on residues that are present in the region 20-30 of histone H4.
Furthermore, mKDM2B PHD finger interacted with oligopeptides corresponding to the N-terminal
tail of histone H3 that carried trimethylation on lysine at position 4 (H3K4me3) but on interaction
was observed with oligopeptides containing H3K36me2 modification, thus verifying previously
reported data (Janzer et al., 2012). Moreover, significant interaction with H2B .19 was also observed,

suggesting a broad spectrum of sequence-specific histone substrates.

Our first goal was to evaluate further, the interaction of KDM2B PHD finger with histone H4, thus
we examined the binding events qualitatively via FRET- based experiments and quantitatively via
Isothermal Titration Calorimetry. The first technique failed to provide sustainable data on the mH4
binding capacity of PHD finger, probably due to steric hindrance in the active site derived from the
fluorophore fusion at the C- terminus of the recombinant proteins, or due to large distance between
EGFP and mRFP. On the other hand, ITC experiments illustrated a weak but notable binding of
mKDM2Bs577.707-EGFP to mH449.¢0-mRFP but no interaction with mH41.;s-mRFP, mH417.35-mRFP
and mH433.50-mRFP. These data possibly suggest that a posttranslational modification is required to

as well as multiple recognition events may take place during PHD-histone H4 binding.

In order to investigate whether a posttranslational modification on H4 is required, we examined
synthetic oligopeptides H415.25 with mono-, di- and tri- methylated lysine 20 and as positive control
we used H31.11 trimethylated at lysine 4. In addition, to further expand our research on other KDM2B
histone interactors, mKDM2Bs77.707 was tested also with synthetic oligopeptides, that simulated N-
terminus tails of histone H2B and histone H3, but no significant interaction was observed. Our results
show that PHD domain is able to recognize specifically the trimethylation on lysine 20 of histone H4
(K¢= 3 mM). The relatively high Kp measured in these experiments suggests that is possible that the
overall interaction is facilitated by additional contacts between KDM2B and the nucleosome that
could not be identified with the approach used here, but is supported by ITC results that showed a
weak interaction of mKDM2B with mH449.69. Moreover, the previously reported interaction of the
KDM2B PHD domain with H3K4me3 was confirmed, however it was 100-times weaker (Kp= 370
mM) compared to H4K20me3, indicating that this domain is able to recognize the trimethyl group on
lysine residues but indicates strong preference towards histone H4 sequence. In agreement with recent

ChIP-seq and CARIP-seq analyses in ESCs have shown that H3K4me3 and H4K20me3 can be found
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co-localized at the same genomic regions and in the main bodies of actively transcribed genes (Xu &
Kidder, 2018) and several non-coding RNAs associated with these two modifications are able to

affect chromatin regulation (Kurup and Kidder, 2018).

While H3K4me3 mark is frequently found in the promoter and main bodies of highly transcribed
genes (Barski et al., 2007), H4K20me3 mark is mostly part of condensed heterochromatin around
centromeres (Schotta et al., 2004). Thus, the identification of H4K20me3 as the main chromatin
modification targeted by KDM?2B reveals potentially additional biological roles for this protein. Until
now, the function of KDM2B has been correlated with Polycomb-regulated chromatin and the
coordinated action of the Polycomb repressive complexes. By contrast, H4K20me3 is found in the
condensed heterochromatin around centromeres and its levels are significantly increased in aging
mammalian tissues (Sarg et al., 2002) and senescent cells (Nelson et al., 2016). Thus, it has been
proposed that H4K20me3 plays a role in the heterochromatization and stabilization of the genome of
pre-malignant cells, which contributes to long-term senescence-mediated tumor suppression (Nelson
et al., 2016). Furthermore, in embryonic stem cells, depletion of the H4K20me3 levels lead to the de-
repression of endogenous retroelements and the dysregulated expression of OCT4 targets, resulting
to compromised self-renewal and perturbed differentiation (Kidder et al., 2017). Our findings suggest
a tumor suppressive role for KDM2B that is mediated by its interaction with H4K20me3. In this
context, depletion of KDM2B would lead to H4K20me3 deprotection and potential derepression of
pluripotency genes or endogenous retroelements. This function is consistent with earlier observations
that implicated KDM2B in tumor suppression. Specifically, in retroviral insertion mutagenesis
studies in Blm-deficient mice, disruption of KDM2B (or Fbx110) induced genome instability (Suzuki
et al., 2006). In C. elegans, the homologue of KDM2B was essential for protection against genome-
wide RNA1 mutagenesis (Pothof et al., 2003). In HeLa cells, KDM2B was found to associate and
repress the transcription of ribosomal DNA and downregulation of KDM2B promoted cell
proliferation (Frescas et al, 2007). Furthermore, KDM2B was found to be essential for restraining
RAS-driven myeloid transformation (Andricovich et al., 2016). This bivalent action of KDM2B is
supported by its ability to participate in additional protein complexes, beyond PRCI1, together with
key regulatory factors like c-Jun and c-Myc (Koyama-Nasu et al., 2007; Tzatsos et al., 2013). Overall,
our findings suggest that KDM2B may have pleiotropic functions that depend on the temporal and

spatial intracellular context and are supported by a combination of versatile structural domains.
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4.3. Comparing the PHD fingers of KDM2B and KDM2A.

In addition to KDM2B, mammalian cells also contain a closely related homolog, KDM2A, which has
been shown to participate in chromatin silencing and heterochromatin formation and maintenance
(Maison and Almouzni, 2004; Frescas et al., 2008). ChIP-seq studies in HeLa cells have shown that
KDM2A associates with H3K9me3 repressive mark and also interacts with Heterochromatin Protein
1 (HP1), indicating a direct biological role in gene repression (Borgel et al., 2017). Since KDM2A
has been shown to be involved in recognition of inactive chromatin, we questioned whether it has
binding affinity for other repressive marks, such as H4K20me3. The recombinant mKDM2A 560-690
was analyzed via ITC using mKDM2B PHD finger substrates and our results showed that KDM2A
did not specifically recognize H4K20me3, H3K4me3 or H2BK15ac. To elaborate further on these
results we conducted a screening of KDM2A binders with the use of MODified histone peptide array.
Our results showed the PHD finger of KDM2A interacting mostly with the unmodified sequence of
histone H3 that spanned from residue 26 to 45 and with histone H4 sequence that spanned from
residues 1 to 19 and more strongly when it carried markers such as H4S1P and H4R3me2s. The
phosphorylation of serine 1 on histone H4 has been associated with the chromatin condensation
during mitosis in fruit fly and xenopus (Barber et al., 2004) while the symmetric demethylation of R3
on has also been considered as mark of heterochromatin (Xu et al., 2010) suggesting that the PHD
finger of KDM2A, similarly to KDM2B, also recognizes mostly repressive markers. However, PHD
fingers that bind methylated arginine residues significantly differ in structure from those that
recognize methylation on lysine residues, which bind their ligands through aromatic cages (Taverna
et al.,, 2007; Kampranis and Tsichlis, 2009, Sanchez and Zhou, 2011). To examine whether this
substrate specificity is derived from structural differences between KDM2A and KDM2B, we
analyzed in silico the structure of the two PHD fingers. Using the online available RCSB PDB files
we analyzed the structures on Swiss- PdbViewer v4.1.0 (Swiss Institute of Bioinformatics) and
created a surface model of the two fingers. The structures were fitted using magic fit feature and the
surface schemes revealed several structural differences (Figure 4.3) that could suggest a different
binding specificity. This analysis laid in agreement with our ITC and MHPA results that failed to
show any correlation between mKDM2A and mKDM?2B binders, and supplemented the current belief

that these two members of the KDM2 family are probably involved in distinct molecular mechanisms.
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mKDM2A PHD mKDM2B PHD mKDM2A PHD mKDM2B PHD

Figure 4.3. Surface models of mKDM2A and mKDM2B PHD fingers. The model of the crystal structures of
mKDM2A (RCSB PDB entry P59997) and mKDM2B (RCSB PDB entry Q6P 1G2) illustrate structural differences on
the surface of the PHD finger. Over 408 carbon alpha atoms, the mKDM2B model had an overall - RMSE of 1.26
compared to mKDM?2A.

4.4. Biological role of mKDM2B CxxC finger

The identification of the structural elements in the CxxC finger of KDM2B that participate in the
DNA binding mechanism enabled us to correlate its function with its biological role. Since Koyama-
nasu et al. in 2007 showed that the KDM2B CxxC finger is important for tethering transcription
repression complexes to c-Jun promoter, numerous studies (Farcas et al., 2012; Wu et al., 2013; He
et al., 2013) have followed pinpointing the contribution of the KDM2B CxxC finger to an abundance
of intracellular activities in both physiological and pathogenic status. Kottakis et al. (2011) had
showed that the CxxC finger of NDY1/KDM2B is essential during EZH2/MiR101- mediated
angiogenesis and cellular proliferation in bladder cancer while more recently Zacharopoulou ef al.
(2018) illustrated the vital role of KDM2B in actin cytoskeleton organization and cellular migration
via regulation of Rho GTPases in prostate tumor cells. Focusing on elucidating a possible
participation of KDM2B CxxC finger in this process, we employed in vitro wound healing assays
with DU145 cells that overexpressed the wild type mouse KDM2B and the CxxC mutant
mKDM2B(K616A). Our results showed the cancer cells that overexpressed the mutant protein failed
to exhibit the same enhanced migration potential of those cells overexpressing of the wild type
KDM2B, indicating an active role of the domain in regulating genes that are responsible for cellular
motility. These findings further endorse the notion that most of the functions of KDM2B that include
gene regulation, acting either on its own or as a component of the PRC1.1, preserve a high level of
dependency on its ability to bind DNA, thus further research is required to fully understand the
underlying mechanisms and pathways that KDM2B takes part in.

4.5. Significance and future prospects

In retrospect, the current work has succeeded in elucidating several aspects concerning the molecular

interactions of two domains that are present in an essential chromatin- associated factor that is highly
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conserved among eukaryotes from C. elegans to H. sapiens. Previous studies have addressed the role
of KDM2B in cancer, tumorigenesis and leukemia, aiming to reveal the way of function for this novel
oncogene. Hence, the identification of three key residues that participate in the DNA binding of the
CxxC finger of the mouse KDM2B and the connection of this capacity to processes such as cell
proliferation and migration, accompanied with other available structural information about this
domain, could promote further studies into the potential of development CxxC-targeting inhibitors as
cancer therapeutics. Here, our initial efforts in that research field fortunately resulted in the
introduction of two highly promising candidates, mKDM2Bs77.707-EGFP and Cy3- CpG2, for setting
up a FRET-based high-throughput screening assay for identification of KDM2B CxxC inhibitors.
Taking a step further from a technical point of view, the plasmid construct that fused the KDM2B
domains with EGFP, could be used to clone any protein or domain of interest, creating a vast library
of recombinant fluorescent proteins, to be biochemically examined and characterized. As far as the
PHD finger is concerned, we reported for the first time a PHD finger that preferentially recognizes a
methylation on histone H4, and specifically H4K20me3. The observed interaction is specific for the
trimethyl mark and the overall recognition may be facilitated by additional contacts between KDM2B
and the nucleosome. These findings suggest a tumor suppressive role for KDM2B since H4K20me3
has been proposed as a hallmark of cancer that also plays a critical role in the selection of active DNA
replication initiation sites in heterochromatic regions during late S phase. In order to confirm this
interaction, future research would include immunoprecipitation assays of KDM2B PHD finger with
H4K20me3-containing nucleosomes, and ChIP- seq analysis to identify the chromosomal loci that
are targets of this domain. In addition, site-directed mutagenesis on the PHD finger of KDM2B would
shed light into the structure of the domain that could possibly provide new insights for its unique

substrate specificity.
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Appendix 1

Table 1: Chemicals
Name Manufacturer Cat. No
Acetone Merck 320110-1L
Acrylamide:Bisacrylamide 37.5:1 AppliChem A0857-0500
Agar Scharlau 07-004-500
Agarose Invitrogen 15510-019
Ammonium persulfate AppliChem A1142.0250
Ampicillin Merck A1593-25G
B-Mercaptoethanol Merck M6250-10ML
Bovine Serum Albumin Roche 3117332001
Bromophenol Blue Merck BO176
BugBuster 10x Novagen 70921
Calcium Chloride Merck C-3881
Chloramphenicol Merck C-0378
DC Protein Assay Kit Bio-Rad 500-0113-5
DL-Dithiothreitol Merck D9779
DMEM medium Fisher Scientific 11965092
DNA ladder Jena Bioscience MI103L
ECL Western Blotting Kit Fisher Scientific 32106
Ethanol Absolute Fisher Scientific E10650DF17
Ethylenediaminetetraacetic acid Merck E9884-1KG
Fetal Bovine Serum Merck F0615
GelRed® Biotium 41009 - 41010
Glacial Acetic Acid Merck 1.00063-2511
Glycerol Merck G-5516
Glycine AppliChem A1067.1000
Guanidine Hydrochloride AppliChem A-1499.1000
Hypercassette 18x24cm Ameshram 240195, RPN1642
Imidazole Merck 12399
IPTG AppliChem A1008.0025
Kanamycin Sulfate AppliChem A1493.0025
Lysozyme Fluka 62971
Methanol Merck 18316-4
Nickel (IT) Chloride Merck 339350-50G
Ni-NTA Agarose Resin Qiagen 1018244
Penicillin-Streptomycin Merck P4333-100ML
Phenylmethyl Sulfonyl Floride Merck P7626-5G
Potassium Chloride Merck 1.04936-1000
Potassium Phosphate Dibasic Merck P3786-1KG
Potassium Phosphate Monobasic Merck P0662-1KG
Protein marker Fermentas MWP03
Protein marker MyBiosource MBS355493
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Table 3: Synthetic Oligopeptides

Histone/ modification

Position Sequence (N>C)

N- term. modification

Puromycin Merck 58-58-2
PVDF Transfer membrane ThermoFischer 88520
RPMI 1640 medium ThermoFischer 61870-036
Sodium Chloride AppliChem A1149.1000
Sodium Dodecyl Sulfate CalbioChem 428015
Sodium Hydroxide Merck 1.06498-1000
TEMED AppliChem A1148.0025
Terrific Broth Invitrogen 22711-022
Tris Base AppliChem A1086.1000
Tryptone AppliChem A1553.500
Yeast Extract AppliChem A1552-1000
Table 2: Enzymes
Name 5'-Restriction Sequence-3' Manufacturer Cat. No
Agel-HF A/CCGGT New England Labs R3552
AsiSI GCGAT/CGC New England Labs R0630
BamHI-HF G/GATCC New England Labs R3136
Bglll A/GATCT New England Labs RO144
EcoRI-HF G/AATTC New England Labs R3101
HindIII-HF A/AGCCT New England Labs R3104
Mfel C/AATTG New England Labs R0589
Nb. Bsml NG/CATTC New England Labs RO706
Notl-HF G/CGGCCGC New England Labs R3189
Sall G/TCGAC New England Labs RO138
Xhol C/TCGAG New England Labs RO146
USER enzyme Uracil Excision New England Labs MS5505
NEB Buffers - New England Labs B7001-4
Deoxynucleotides (ANTPs) - New England Labs N0447
MyTaq Polymerase - New England Labs MO0267
Phusion-HF Polymerase - New England Labs MO0530
T4 Ligase - New England Labs M0202
T4 Polynucleotide Kinase - New England Labs M0201
Kapa HF U+ PCR Kit - Kapa/Roche KK2801
pCRII-TOPO Cloning Kit - Invitrogen 451641

H2B

H2BK5ac
H2BK12ac
H2BK15ac

H3 Unmodified
H3K4me3
H3K27

1-19
1-19
1-19
1-19
1-11
1-11

22-32

PDPAKSAPAPKKGSKKAVT

PDPA-K(ac)-SAPAPKKGSKKAVT
PDPAKSAPAPK-K(ac)-GSKKAVT
PDPAKSAPAPKKGS-K(ac)-KAVT

ARTKQTARKST

ART-K(me3)-QTARKST

TKAARKSAPST
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H3K27me3 22-32 TKAAR-K(me3)-SAPST Acetyl Group
H3K36me2 30-40 PSTGGVKKPHR Acetyl Group
H3K36me2 30-40 PSTGGV-K(me2)-KPHR Acetyl Group
H4 Unmodified 15-25 AKRHRKVLRDN Acetyl Group
H4 Unmodified 1-11 SGRGKGGKGLG None
H4K20mel 15-25 AKRHR-K(mel)-VLRDN Acetyl Group
H4K20me?2 15-25 AKRHR-K(me2)-VLRDN Acetyl Group
H4K20me3 15-25 AKRHR-K(me3)-VLRDN Acetyl Group
Table 4: Antibodies
Name Quatity Manufacturer Cat. No
Anti-V5 HRP - Thermo Fischer R961-25
Anti-rabbit I[gG 2mL Millipore AP132P
Anti-mouse IgG 2mL Millipore AP124P
Anti-tubulin 200ug Millipore 05-829
Anti-JHDM1B(KDM2B) 300ug Millipore 09-864
Anti-6xHis tag Img Thermo Fisher MA1-21315
Table 5: Machinery
Equipment Model Manufacturer
Centrifuge KUBOTA 5800 KUBOTA
Centrifuge Microfuge- Lite Beckman
Developing Film Super RX-N Fuji
Film Processor Curix 60 Agfa
Freezer Culus-991 Thermo
Gauger Mini 900 Thermo
Heatblock Multi-Blok Heater Lab-Line
Incubator Excella E24 Eppendorf
Microcalorimeter VP-ITC MicroCal, LLC
Microplate reader Victor X5 Perkin- Elmer
PCR PCR TC312 Techne
Power Unit Power Pack™ Basic (SDS) Bio-Rad
Power Unit Power Supply 1061 (Agarose) Life Technologies
Sonicator Vibra-Cell Sonics
Spectrometer NanoDrop Thermo
Spectrophotometer Fluoromax 2 SPEX
Microscope DM IRE 2 Leica
Stirrer GFL 3005 GFL
Waterbath Medingen B16 E11 Medingen
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Table 6. List of primers & oligonucleotides

Name 5’- Sequence- 3’ Tm (°C) PCR Product (bp)
1 mKDM2B(R585A) aggcgecggacgGCatgecgeaagtgega 48,2/ 49,1 540
2 mKDM2B(K608A) cacttttgcaaggacatgaagGCgtttggaggtcetggge 50,6/ 50,4 480
3 mKDM2B(K616A) gtectgggegeatgGCgeagagetgeateatg 46,3/ 43,3 460
4 mKDM2B(F654A) gaagaggaagaaggcaagGCtaacctcatgctcatggaa 46,9/ 47,2 340
5 T7 Reverse tagttattgctcagcggtg 48,3
6 EGFPF AAGCTTatggtgagcaagggcgaggag 59,5
7  EGFPR ACCGGTagctcgagatctgagtceggactt 59,3 750
8 mRFPF AAGCTTatggcctectecgaggacg 58,1
9 mRFPR ACCGGTggcgeeggtggagtgg 56 687
10 mKDM2B(K616A) USERF  ATGGCGCAGAGCUgcatcatgcggeagtgea 59,7
11 mKDM2B(K616A) USERR  AGCTCTGCGCCAUgcgceccaggacctccaaa 58,2 *9105
12 mKDM2A USER F CGTGCGAUtcaggagccaggeggagaa 58
13 mKDM2A USER R CACGCGAUtttcegcttettctgggetttg 57,6 360
14 mH4(1-18) D GATCCtcgggtegeggecaagggaggaaaaggectgggcaaaggeggegetaagegecacA
15 mH4(1-18) C AGCTTgtggcgcttagecgeegcectttgecccaggecttttecteecttgecgegaccegaG 75,5
16 mH4(17-34) D GATCCcgccaccgtaaggttctccgegataacatccagggeatcaccaageccgecatcA
17 mH4(17-34) C AGCTTgatggcgggcttggtgatgccctggatgttatcgcggagaaccttacggtggegG 72,5
18 mH4(33-50) D GATCCgccatccgecgectggeccggegegggggagtgaagegeatctccggectcatcA
19 mH4(33-50) C AGCTTgatgaggccggagatgegcttcactcceeegegecgggecaggeggeggatggcG 78,5
20 mH4(49-69) D GATCCctcatctacgaggagacccgeggtgtgctgaaggtgttectggagaacgtgatccgegacA
21 mH4(49-69) C AGCTTgtcgeggatcacgttctccaggaacaccttcagcacaccgegggtetectegtagatgagG 73,3
22 CpG6 D taccCGttggacCGgactaaCGcetagtaccCGttggacCGgactaaCGetag
23 CpG6 C ctagCGttagtcCGgtccaaCGggtactagCGttagtcCGgtccaaCGggta 70,6
24 GpC6 D taGCccttggagGCcactaaGCctagtaGCccttggagGCcactaaGCctag
25 GpCé6 C ctagGCttagtgGCctccaaggGCtactagGCttagtgGCctccaaggGCta 70,6
26 CpG2D gggtactagCGttagtcCGgtccaac
27 CpG2C gttggacCGgactaaCGcetagtacce 64,3
28 CpG2short D tagCGttagtcCGgtc
29 CpG2short C gacCGgactaaCGcta 44,4
30 ORI2.5D ctttCGCGttgcatttctg
31 ORI2.5R cagaaatgcaaCGCGaaag 52,6
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Abbreviations:

F: Forward primer,
R: Reverse primer,
D: Direct strand,

C: Complementary
strand.

*USER mutagenesis
regenerates the
whole construct

Initial nucleotides in
upper case indicate
the point mutation
being made (1-4), the
restriction enzyme
used for cloning (5-
21), or the CxxC
substrate CpG
sequence (22-31).
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Appendix 2

His PatchTRX BamHI (2)

Xbal (6367) mKDM2B(577-707)
lac operator HindIII (488)
T7 promoter Agel (542)

T7 forward primer 6xHis
BglII (6301) T7 reverse primer

T7 transcription terminator

lacl
pET102/D-mKDM2B(577-707) }
Amp(R)
6744 bp

pBR322 origin
His-Patch TRX
Xbal (7057)
lac operator BamHI (2)
T7 promoter mKDM2B(577-707)
T7 primer HindIII (488)

EGFP
Agel (1232)
6xHis

lacl

T7 reverse primer

ET102/D-mKDM2B(577-707)-EGFP

7434 bp

T7 transcription terminator

Amp(R)

-

pBR322 origin
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Xbal (6562)
lac operator His Patch TRX
T7 promoter HindlIII (387)
mKDN 8)
6xHis

T7 primer
lacl
T7 reverse primer

T7 transcription terminator

pET102/USER-mKDM2A(560-690) 8)
6603 bp

~ Amp(R)

pBR322 origin

His-Patch TRX BamHI (2)
mH4(aa)

Xbal (6568)
HindIII (62)
mRFP

lac operator

T7 promoter

T7 primer Agel (743)
6xHis
lacl T7 reverse primer

T7 transcription terminator

pET102/D-mH4(aa)-mRFP

6945 bp
__Amp(R)

pBR322 origin
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Amp(R) promoter

psi plus pack

pBR322 origin pBABE 5' primer

pBABE-mKDM2B

9105 bp
3MoMuLV LTR

Puro(R)
SV40 forward primer
SV40 promoter mKDM2B
SV40 origin
SV40 promoter
$V40 enhancer

pBABE 3' primer
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Appendix 3

Amino acid sequence of TRX-mKDM2Bs77-707

1 MGSDKIIHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADE
51 YQGKLTVAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
101 LKEFLDANLAGSGSGDDDDKLGIDPFTMEAEKDSGRRLRAGARRRRTRCR
151 KCEACLRTECGECHFCKDMKKFGGPGRMKQSCIMRQCIAPVLPHTAVCLV
201 CGEAGKEDTVEEEEGKFNLMLMECSICNEIIHPGCLKIKESEGVVNDELP
251 NCWECPKCNHAGKTGKQKRGKGELKLEGKPIPNPLLGLDSTRTGHHHHHH

Amino acid sequence of TRX-mKDM2Bs77-707(R585A)

1 MGSDKIIHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADE
51 YQGKLTVAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
101 LKEFLDANLAGSGSGDDDDKLGIDPFTMEAEKDSGRRLRAGARRRRTACR
151 KCEACLRTECGECHFCKDMKKFGGPGRMKQSCIMRQCIAPVLPHTAVCLV
201 CGEAGKEDTVEEEEGKFNLMLMECSICNEITHPGCLKIKESEGVVNDELP
251 NCWECPKCNHAGKTGKQKRGKGELKLEGKPIPNPLLGLDSTRTGHHHHHH

Amino acid sequence of TRX-mKDM2Bs77-707(K608A)

1 MGSDKIIHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADE
51 YQGKLTVAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
101 LKEFLDANLAGSGSGDDDDKLGIDPFTMEAEKDSGRRLRAGARRRRTRCR
151 KCEACLRTECGECHFCKDMKAFGGPGRMKQSCIMRQCIAPVLPHTAVCLV
201 CGEAGKEDTVEEEEGKFNLMLMECSICNEIIHPGCLKIKESEGVVNDELP
251 NCWECPKCNHAGKTGKQKRGKGELKLEGKPIPNPLLGLDSTRTGHHHHHH

Amino acid sequence of TRX-mKDM2Bs77-707(K616A)

1 MGSDKITHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADE
51 YQGKLTVAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
101 LKEFLDANLAGSGSGDDDDKLGIDPFTMEAEKDSGRRLRAGARRRRTACR
151 KCEACLRTECGECHFCKDMKAFGGPGRMAQSCIMRQCIAPVLPHTAVCLV
201 CGEAGKEDTVEEEEGKANLMLMECSICNEITHPGCLKIKESEGVVNDELP
251 NCWECPKCNHAGKTGKQKRGKGELKLEGKPIPNPLLGLDSTRTGHHHHHH

Amino acid sequence of TRX-mKDM2Bs77-707(F654A)

1 MGSDKITHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADE
51 YQGKLTVAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
101 LKEFLDANLAGSGSGDDDDKLGIDPFTMEAEKDSGRRLRAGARRRRTRCR
151 KCEACLRTECGECHFCKDMKKFGGPGRMKQSCIMRQCIAPVLPHTAVCLV
201 CGEAGKEDTVEEEEGKANLMLMECSICNEITHPGCLKIKESEGVVNDELP
251 NCWECPKCNHAGKTGKQKRGKGELKLEGKPIPNPLLGLDSTRTGHHHHHH

Amino acid sequence of TRX-mKDM2Bs77-707 (RS85A/K616A)

1 MGSDKIIHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADE
51 YQGKLTVAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
101 LKEFLDANLAGSGSGDDDDKLGIDPFTMEAEKDSGRRLRAGARRRRTACR
151 KCEACLRTECGECHFCKDMKKFGGPGRMAQSCIMRQCIAPVLPHTAVCLV
201 CGEAGKEDTVEEEEGKFNLMLMECSICNEITHPGCLKIKESEGVVNDELP
251 NCWECPKCNHAGKTGKQKRGKGELKLEGKPIPNPLLGLDSTRTGHHHHHH
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Amino acid sequence of TRX-mKDM2Bs77-707-EGFP

1 MGSDKITHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADE
51 YQGKLTVAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
101 LKEFLDANLAGSGSGDDDDKLGIDPFTMEAEKDSGRRLRAGARRRRTRCR
151 KCEACLRTECGECHFCKDMKKFGGPGRMKQSCIMRQCIAPVLPHTAVCLV
201 CGEAGKEDTVEEEEGKFNLMLMECSICNEIIHPGCLKIKESEGVVNDELP
251 NCWECPKCNHAGKTGKQKRGKGELKLMVSKGEELFTGVVPILVELDGDVN
301 GHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSR
351 YPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRI
401 ELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIED
451 GSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEF
501 VTAAGITLGMDELYKSGLRSRATGHHHHHH

Amino acid sequence of TRX-mKDM2Bs77-707(K616A)-EGFP

1 MGSDKITHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADE
51 YQGKLTVAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
101 LKEFLDANLAGSGSGDDDDKLGIDPFTMEAEKDSGRRLRAGARRRRTRCR
151 KCEACLRTECGECHFCKDMKKFGGPGRMAQSCIMRQCIAPVLPHTAVCLV
201 CGEAGKEDTVEEEEGKFNLMLMECSICNEIIHPGCLKIKESEGVVNDELP
251 NCWECPKCNHAGKTGKQKRGKGELKLMVSKGEELFTGVVPILVELDGDVN
301 GHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSR
351 YPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRI
401 ELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIED
451 GSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEF
501 VTAAGITLGMDELYKSGLRSRATGHHHHHH

Amino acid sequence of TRX-mH4(aa)-mRFP

1 MGSDKITHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADE
51 YQGKLTVAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ
101 LKEFLDANLAGSGS----- Ho-m-- KLMASSEDVIKEFMRFKV

151* RMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFQ
201* YGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDG
251* EFIYKVKLRGTNFPSDGPVMQKKTMGWEASTERMYPEDGALKGEIKMRLK
301* LKDGGHYDAEVKTTYMAKKPVQLPGAYKTDIKLDITSHNEDYTIVEQYER
351* AEGRHSTGATGHHHHHH

# mH4(1-18): SGRGKGGKGLGKGGAKRH
mH4(17-34): RHRKVLRDNIQGITKPAI
mH4(33-50): AIRRLARRGGVKRISGLI
mH4(49-69): LIYEETRGVLKVFLENVIRD

* (+2) for mH4(49-69)- mRFP
Amino acid sequence of TRX-mKDM2As60-690

1 MGSDKITHLTDDSFDTDVLKADGAILVDFWAHWCGPCKMIAPILDEIADE

51 YQGKLTVAKLNIDHNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQ

101 LKEFLDANLAANACDSGARRRRVRCRKCKACVQGECGVCHYCRDMKKFGG
151 PGRMKQSCVLRQCLAPRLPHSVTCSLCGEVDQNEETQDFEKKLMECCICN

201 EIVHPGCLQMDGEGLLNEELPNCWECPKCYQEDSSDKAQKRKIACILHHHHHH
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Amino acid sequence of mKDM2B(K616A)

1 MEAEKDSGRRLRAIDRQRYDENEDLSDVEEIVSVRGFSLEEKLRSQLYQG
51 DFVHAMEGKDFNYEYVQREALRVPLVFRDKDGLGIKMPDPDFTVRDVKLL
101  VGSRRLVDVMDVNTQKGTEMSMSQFVRYYETPEAQRDKLYNVISLEFSHT
151 KLEHLVKRPTVVDLVDWVDNMWPQHLKEKQTEATNALAEMKYPKVKKYCL
201 MSVKGCFTDFHIDFGGTSVWYHVFRGGKIFWLIPPTLHNLALYEEWVLSG
251 KQSDIFLGDRVERCQRIELKQGYTFFIPSGWIHAVYTPVDSLVFGGNILH

301 SFNVPMQLRIYEIEDRTRVQPKFRYPFYYEMCWYVLERYVYCVTQRSYLT
351 QEYQRELMLIDAPRKTSVDGFSSDSWLDMEEESCEQQPQEEEEEEEDKEE
401 EGDGADKTPKPPTDDPTSPTSTPPEDQDSTGKKPKAPAIRFLKRTLSNES

451 EESVKSTSMPMDDPKTPTGSPATEVSTKWTHLTEFELKGLKALVEKLESL
501 PENKKCVPEGIEDPQALLEGVKNVLKEHVDDDPTLAITGVPVVSWPKKTA
551 KNRVVGRPKGKLGPASAVKLAANRTTAGARRRRTRCRKCEACLRTECGEC
601 HFCKDMKKFGGPGRMAQSCIMRQCIAPVLPHTAVCLVCGEAGKEDTVEEE
651 EGKFNLMLMECSICNEIIHPGCLKIKESEGVVNDELPNCWECPKCNHAGK
701 TGKQKRGPGFKYASNLPGSLLKEQKMNRDNKEGQEPAKRRSECEEAPRRR
751 SDEHPKKVPADGILRRKSDDVHLRRKRKYEKPQELSGRKRASSLQTSPGS
801 SSHLSPRPPLGSSLSPWWRSSLTYFQQQLKPGKEDKLFRKKRRSWKNAED
851 RLSLANKPLRRFKQEPEDDLPEAPPKTRESDQSRSSSPTAGPSTEGAEGP

901 EEKKKVKMRRKRRLVNKELSKELSKELNHEIQKTESTLAHESQQPIKSEP
951 ESENDEPKRPLSHCERPHRFSKGLNGTPRELRHSLGPGLRSPPRVMSRPP
1001 PSASPPKCIQMERHVIRPPPISPPPDSLPLDDGAAHVMHREVWMAVFSYL
1051 SHRDLCVCMRVCRTWNRWCCDKRLWTRIDLNRCKSITPLMLSGIIRRQPV
1101 SLDLSWTNISKKQLSWLINRLPGLRDLVLSGCSWIAVSALCSSSCPLLRT
1151 LDVQWVEGLKDAQMRDLLSPPTDNRPGQMDNRSKLRNIVELRLAGLDITD
1201 VSLRLIIRHMPLLSKLQLSYCNHINDQSINLLTAVGTTTRDSLTEVNLSD
1251 CNKVTDLCLSFFKRCGNICHIDLRYCKQVTKEGCEQFIAEMSVSVQFGQV
1301 EEKLLQKLS
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Appendix 4

List and position of peptides in MODified™ Histone Peptide Array slide (Active Motif) Catalog Nos.
13001 & 13005. Peptides with position written in bold are acetylated at the N-terminus. The peptide array
is spotted in duplicate on the left and right hand side of the slide.
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peptide Peptide

location Peptide sequence location Peptide sequence

A1 ARTKQTARKSTGGKAPRKQ 11 ARme2a TKme2 QT ARme2aKme1 STGGKAPRKQ

A2 ARme2s TKQTARKSTGGKAPRKQ 12 ARme2a TKme3QTARme2aKme1 STGGKAPRKQ

A3 ARmMme2aTKQTARKSTGGKAPRKQ 13 ARme2a TKacQTARme2aKme1 STGGKAPRKQ

A4 ACtTKQTARKSTGGKAPRKQ 14 ARme2s TKme1 QTARmMe2aKme2STGGKAPRKQ

A5 ARpTKQTARKSTGGKAPRKQ 15 ARme2s TKme2 Q TARme2a Kme2STGGKAPRKQ

A6 ARTKmel1QTARKSTGGKAPRKQ 16 ARme2s TKme3 Q TARmMe2a Kme2STGGKAPRKQ

A7 ARTKme2QTARKSTGGKAPRKQ 17 ARme2s TKacQTARmMe2aKme2STGGKAPRKQ

A8 ARTKme3QTARKSTGGKAPRKAQ 18 ARme2a TKme1 QT ARme2aKme2STGGKAPRKQ

A9 ARTKacQTARKSTGGKAPRKQ 19 ARme2a TKme2 QT ARme2aKme2STGGKAPRKQ

A10 ARTKQTARmMe2sKSTGGKAPRKQ 110 ARme2a TKme3QTARmMe2aKme2STGGKAPRKQ

A11 ARTKQTARmMe2aKSTGGKAPRKQ 111 ARme2a TKacQTARme2aKme2STGGKAPRKQ

A12 ARTKQTACitKSTGGKAPRKQ 112 ARme2s TKme1 Q TARmMe2a Kme3STGGKAPRKQ

A13 ARTKQTARKme1STGGKAPRKQ 113 ARme2s TKme2 Q TARmMe2a Kme3STGGKAPRKQ

A14 ARTKQTARKme2STGGKAPRKQ 114 ARme2s TKme3 Q TARmMe2a Kme3STGGKAPRKQ

A15 ARTKQTARKme3STGGKAPRKQ 115 ARme2s TKacQ TARmMe2aKme3STGGKAPRKQ

A16 ARTKQTARKacSTGGKAPRKQ 116 ARme2a TKme1 QT ARmMe2aKme3STGGKAPRKQ

A17 ARTKQTARKpSTGGKAPRKQ 17 ARme2a TKme2 QT ARme2aKme3STGGKAPRKQ

A18 ARTKQTARKSpTGGKAPRKQ 118 ARme2a TKme3 QTARmMe2aKme3STGGKAPRKQ

A19 ARTKQTARKSTGGKacAPRKQ 119 ARme2a TKacQTARme2aKme3STGGKAPRKQ

A20 ARme2spTKQTARKSTGGKAPRKQ 120 ARme2s TKme1 QTARme2aKacSTGGKAPRKQ

A21 ARme2s TKme1 QTARKSTGGKAPRKQ 121 ARme2s TKme2 Q TARme2aKacSTGGKAPRKQ

A22 ARme2s TKme2 QTARKSTGGKAPRKQ 122 ARme2s TKme3QTARme2aKacSTGGKAPRKQ

A23 ARme2s TKme3QTARKSTGGKAPRKQ 123 ARme2s TKacQTARme2aKacSTGGKAPRKQ

A24 ARme2s TKacQTARKSTGGKAPRKQ 124 ARme2a TKme1 QT ARme2aKacSTGGKAPRKQ

B1 ARme2apTKQTARKSTGGKAPRKQ J1 ARme2a TKme2 QT ARme2aKacSTGGKAPRKQ

B2 ARme2a TKme1 QTARKSTGGKAPRKQ J2 ARme2a TKme3QTARmMe2aKacSTGGKAPRKAQ

B3 ARmMe2a TKme2QTARKSTGGKAPRKQ J3 ARme2a TKacQTARme2aKacSTGGKAPRKQ

B4 ARme2a TKme3QTARKSTGGKAPRKAQ J4 ARKSTGGKAPRKQLATKAAR

B5 ARme2aTKacQTARKSTGGKAPRKQ J5 ARKSTGGKacAPRKQLATKAAR

B6 ACitp TKQTARKSTGGKAPRKQ J6 ARKpSTGGKacAPRKQLATKAAR

B7 ACitTKme1QTARKSTGGKAPRKQ J7 ARKSpTGGKacAPRKQLATKAAR

B8 ACitTKme2QTARKSTGGKAPRKQ J8 ARKSTGGKAPRmMe2sKQLATKAAR

B9 ACitTKme3QTARKSTGGKAPRKQ J9 ARKSTGGKAPRmMe2aKQLATKAAR

B10 ACitTKacQTARKSTGGKAPRKQ J10 ARKSTGGKAPCitKQLATKAAR

B11 ARpTKme1QTARKSTGGKAPRKQ J11 ARKSTGGKAPRKacQLATKAAR

B12 ARpTKme2QTARKSTGGKAPRKAQ J12 ARKSTGGKacAPRme2s KQLATKAAR

B13 ARpTKme3QTARKSTGGKAPRKAQ J13 ARKSTGGKacAPRme2aKQLATKAAR

B14 ARpTKacQTARKSTGGKAPRKAQ J14 ARKSTGGKacAPRKacQLATKAAR

B15 ARme2s pTKme1 QTARKSTGGKAPRKQ J15 ARKSTGGKAPRme2sKacQLATKAAR

B16 ARme2s pTKme2QTARKSTGGKAPRKQ J16 ARKSTGGKAPRme2aKacQLATKAAR

B17 ARme2s pTKme3QTARKSTGGKAPRKAQ J17 ARKSTGGKAPCitKacQLATKAAR

B18 ARme2s pTKacQTARKSTGGKAPRKQ J18 ARKSTGGKacAPRme2s KacQLATKAAR

B19 ARme2a pT Kme1 QTARKSTGGKAPRKQ J19 ARKSTGGKacAPRme2aKacQLATKAAR

B20 ARme2a pT Kme2QTARKSTGGKAPRKQ J20 PRKQLATKAARKSAPATGG

B21 ARme2apT Kme3QTARKSTGGKAPRKQ J21 PRKQLATKAARmMe2sKSAPATGG

B22 ARme2apTKacQTARKSTGGKAPRKAQ J22 PRKQLATKAARmMe2aKSAPATGG

B23 ARTKQTARmMe2aKmel STGGKAPRKQ J23 PRKQLATKAACtKSAPATGG

B24 ARTKQTARmMe2aKme2STGGKAPRKQ J24 PRKQLATKAARKmMel1 SAPATGG

C1 ARTKQTARmMe2aKme3STGGKAPRKQ K1 PRKQLATKAARKmMe2SAPATGG

Cc2 ARTKQTARmMe2aKacSTGGKAPRKQ K2 PRKQLATKAARKmMe3SAPATGG
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C3 ARTKQTARmMe2aKpSTGGKAPRKQ K3 PRKQLATKAARKacSAPATGG

C4 ARTKQTARmMe2aKSpTGGKAPRKQ K4 PRKQLATKAARKpPSAPATGG

C5 ARTKQTARmMe2aKmel STGGKAPRKQ K5 PRKQLATKAARmMe2s Kme1 SAPATGG
Cc6 ARTKQTARmMe2aKme2STGGKAPRKQ K6 PRKQLATKAARmMe2s Kme2SAPATGG
c7 ARTKQTARmMe2aKme3STGGKAPRKQ K7 PRKQLATKAARmMe2s Kme3SAPATGG
Ccs8 ARTKQTARmMe2aKacSTGGKAPRKQ K8 PRKQLATKAARmMe2s KacSAPATGG
C9 ARTKQTARmMe2aKpSTGGKAPRKQ K9 PRKQLATKAARmMe2s KpSAPATGG
C10 ARTKQTARmMe2aKSpTGGKAPRKQ K10 PRKQLATKAARmMe2aKme1 SAPATGG
c11 ARTKQTACitKme1 STGGKAPRKQ K11 PRKQLATKAARmMe2aKme2SAPATGG
C12 ARTKQTACitKme2STGGKAPRKQ K12 PRKQLATKAARmMe2aKme3SAPATGG
C13 ARTKQTACitKme3STGGKAPRKQ K13 PRKQLATKAARmMe2aKacSAPATGG
C14 ARTKQTACitKacSTGGKAPRKQ K14 PRKQLATKAARmMe2aKpSAPATGG
C15 ARTKQTACitKpSTGGKAPRKAQ K15 PRKQLATKAACitKmel1 SAPATGG

C16 ARTKQTACitKSpTGGKAPRKAQ K16 PRKQLATKAACitKme2SAPATGG
Cc17 ARTKQTARKme1pSTGGKAPRKAQ K17 PRKQLATKAACitKme3SAPATGG
C18 ARTKQTARKme1SpTGGKAPRKAQ K18 PRKQLATKAACitKpSAPATGG

C19 ARTKQTARKmMe1STGGKacAPRKQ K19 PRKQLATKAARKmelpSAPATGG

C20 ARTKQTARKmMe2pSTGGKAPRKAQ K20 PRKQLATKAARKmMe2pSAPATGG

c21 ARTKQTARKmMe2SpTGGKAPRKAQ K21 PRKQLATKAARKmMe3pSAPATGG
Cc22 ARTKQTARKmMe2STGGKacAPRKQ K22 PRKQLATKAARKacpSAPATGG

C23 ARTKQTARKmMe3pSTGGKAPRKAQ K23 PRKQLATKAARmMe2s Kme1 pSAPATGG
C24 ARTKQTARKmMe3SpTGGKAPRKAQ K24 PRKQLATKAARmMe2s Kme2pSAPATGG
D1 ARTKQTARKmMe3STGGKacAPRKQ L1 PRKQLATKAARmMe2s Kme3pSAPATGG
D2 ARTKQTARKacpSTGGKAPRKQ L2 PRKQLATKAARmMe2s KacpSAPATGG
D3 ARTKQTARKacSpTGGKAPRKQ L3 PRKQLATKAARmMe2aKme1 pSAPATGG
D4 ARTKQTARKacSTGGKacAPRKQ L4 PRKQLATKAARmMe2aKme2pSAPATGG
D5 ARTKQTARKpSpTGGKAPRKQ L5 PRKQLATKAARmMe2aKme3pSAPATGG
D6 ARTKQTARKpPSTGGKacAPRKQ L6 PRKQLATKAARmMe2aKacpSAPATGG
D7 ARTKQTARKSpTGGKacAPRKQ L7 RKSAPATGGVKKPHRYRPG

D8 ARTKQTARmMe2s Kme1 pSTGGKAPRKQ L8 RKSAPATGGVKme1KPHRYRPG

D9 ARTKQTARmMe2s Kme2pSTGGKAPRKQ L9 RKSAPATGGVKme2KPHRYRPG

D10 ARTKQTARmMe2s Kme3pSTGGKAPRKQ L10 RKSAPATGGVKme3KPHRYRPG

D11 ARTKQTARmMe2s KacpSTGGKAPRKQ L11 RKSAPATGGVKacKPHRYRPG

D12 ARTKQTARmMe2s Kme1 SpTGGKAPRKQ L12 SGRGKGGKGLGKGGAKRHR

D13 ARTKQTARmMe2s Kme2 SpTGGKAPRKQ L13 pPSGRGKGGKGLGKGGAKRHR

D14 ARTKQTARmMe2s Kme3 SpTGGKAPRKQ L14 SGRmMe2sGKGGKGLGKGGAKRHR
D15 ARTKQTARmMe2s KacSpTGGKAPRKQ L15 SGRmMe2aGKGGKGLGKGGAKRHR
D16 ARTKQTARmMe2aKmel pSTGGKAPRKQ L16 SGRGKacGGKGLGKGGAKRHR

D17 ARTKQTARmMe2aKme2pSTGGKAPRKQ L17 SGRGKGGKacGLGKGGAKRHR

D18 ARTKQTARmMe2aKme3pSTGGKAPRKQ L18 SGRGKGGKGLGKacGGAKRHR

D19 ARTKQTARmMe2aKacpSTGGKAPRKQ L19 SGRGKGGKGLGKGGAKacRHR

D20 ARTKQTARmMe2aKmel SpTGGKAPRKQ L20 pSGRmMe2sGKGGKGLGKGGAKRHR
D21 ARTKQTARmMe2aKme2 SpT GGKAPRKQ L21 pSGRmMe2aGKGGKGLGKGGAKRHR
D22 ARTKQTARmMe2aKme3SpTGGKAPRKQ L22 pPSGRGKacGGKGLGKGGAKRHR

D23 ARTKQTARmMe2aKacSpTGGKAPRKQ L23 SGRmMe2sGKacGGKGLGKGGAKRHR
D24 ARTKQTARmMe2aKmel pSpTGGKAPRKQ L24 SGRmMe2sGKGGKacGLGKGGAKRHR
E1 ARTKQTARmMe2aKme2 pSpTGGKAPRKQ M1 SGRmMe2aGKacGGKGLGKGGAKRHR
E2 ARTKQTARmMe2aKme3 pSpTGGKAPRKQ M2 SGRmMe2aGKGGKacGLGKGGAKRHR
E3 ARTKQTARmMe2aKacpSpTGGKAPRKQ M3 SGRGKacGGKacGLGKGGAKRHR
E4 ARme2s TKme1 QTARMe2s KSTGGKAPRKQ M4 SGRGKGGKacGLGKacGGAKRHR
E5 ARme2s TKme2 QTARmMe2s KSTGGKAPRKQ M5 SGRGKGGKacGLGKGGAKacRHR
E6 ARme2s TKme3QTARmMe2s KSTGGKAPRKQ M6 SGRGKGGKGLGKacGGAKacRHR
E7 ARme2s TKacQTARmMe2s KSTGGKAPRKQ M7 pSGRmMe2s GKacGGKGLGKGGAKRHR
E8 ARme2a TKme1 QTARMe2aKSTGGKAPRKQ M8 pSGRme2a GKacGGKGLGKGGAKRHR
E9 ARme2a TKme2 QTARmMe2aKSTGGKAPRKQ M9 SGRme2s GKacGGKacGLGKGGAKRHR
E10 ARme2a TKme3QTARmMe2aKSTGGKAPRKQ M10 SGRme2aGKacGGKacGLGKGGAKRHR
E11 ARme2a TKacQTARmMe2aKSTGGKAPRKQ M11 SGRGKacGGKacGLGKacGGAKRHR
E12 ARme2s TKme1 QTARKme1 STGGKAPRKAQ M12 SGRGKGGKacGLGKacGGAKacRHR
E13 ARme2s TKme2QTARKme1 STGGKAPRKAQ M13 pS GRme2s GKacGGKacGLGKGGAKRHR
E14 ARme2s TKme3QTARKme1 STGGKAPRKQ M14 pS GRme2aGKacGGKacGLGKGGAKRHR
E15 ARme2s TKacQTARKme1 STGGKAPRKQ M15 SGRme2s GKacGGKacGLGKacGGAKRHR
E16 ARme2a TKme1 QTARKmMe2STGGKAPRKQ M16 SGRme2aGKacGGKacGLGKacGGAKRHR
E17 ARme2a TKme2QTARKmMe2STGGKAPRKQ M17 SGRGKacGGKacGLGKacGGAKacRHR
E18 ARme2a TKme3QTARKmMe2STGGKAPRKQ M18 GKGGAKRHRKVLRDNIQGIT

E19 ARme2aTKacQTARKmMe2STGGKAPRKQ M19 GKacGGAKRHRKVLRDNIQGIT

E20 ARme2s TKme1 QTARKmMe3STGGKAPRKAQ M20 GKGGAKacRHRKVLRDNIQGIT

E21 ARme2s TKme2QTARKme3STGGKAPRKQ M21 GKGGAKRmMe2sHRKVLRDNIQGIT
E22 ARme2s TKme3QTARKmMe3STGGKAPRKQ M22 GKGGAKRme2aHRKVLRDNIQGIT
E23 ARme2s TKacQTARKme3STGGKAPRKQ M23 GKGGAKRHRmMe2sKVLRDNIQGIT
E24 ARme2a TKme1 QTARKacSTGGKAPRKQ M24 GKGGAKRHRmMe2aKVLRDNIQGIT
F1 ARme2a TKme2QTARKacSTGGKAPRKQ N1 GKGGAKRHRKme1VLRDNIQGIT

F2 ARme2a TKme3QTARKacSTGGKAPRKQ N2 GKGGAKRHRKmMe2VLRDNIQGIT

F3 ARme2aTKacQTARKacSTGGKAPRKQ N3 GKGGAKRHRKmMe3VLRDNIQGIT

F4 ARTKme1 QTARmMe2s Kme1 STGGKAPRKQ N4 GKGGAKRHRKacVLRDNIQGIT

F5 ARTKme2QTARmMe2s Kme1 STGGKAPRKQ N5 GKGGAKRHRKVLRmMe2aDNIQGIT
F6 ARTKme3QTARmMe2s Kme1 STGGKAPRKQ N6 GKGGAKRHRKVLRmMe2sDNIQGIT
F7 ARTKacQTARmMe2s Kme1 STGGKAPRKQ N7 GKacGGAKacRHRKVLRDNIQGIT

F8 ARTKme1 QTARmMe2aKme1 STGGKAPRKQ N8 GKGGAKacRme2sHRKVLRDNIQGIT
F9 ARTKme2QTARme2aKme1 STGGKAPRKQ N9 GKGGAKacRme2aHRKVLRDNIQGIT
F10 ARTKme3QTARmMe2aKme1 STGGKAPRKQ N10 GKGGAKacRHRme2sKVLRDNIQGIT
F11 ARTKacQTARme2aKme1 STGGKAPRKQ N11 GKGGAKacRHRme2aKVLRDNIQGIT
F12 ARTKme1l QTARmMe2s Kme2STGGKAPRKQ N12 GKGGAKacRHRKme1VLRDNIQGIT
F13 ARTKme2QTARmMe2s Kme2STGGKAPRKQ N13 GKGGAKacRHRKme2VLRDNIQGIT
F14 ARTKme3QTARmMe2s Kme2STGGKAPRKQ N14 GKGGAKacRHRKme3VLRDNIQGIT
F15 ARTKacQTARmMe2s Kme2STGGKAPRKQ N15 GKGGAKacRHRKacVLRDNIQGIT
F16 ARTKmel QTARmMe2aKme2STGGKAPRKQ N16 GKacGGAKacRHRKme1VLRDNIQGIT
F17 ARTKme2QTARmMe2aKme2STGGKAPRKQ N17 GKacGGAKacRHRKme2VLRDNIQGIT
F18 ARTKme3QTARmMe2aKme2STGGKAPRKQ N18 GKacGGAKacRHRKme3VLRDNIQGIT
F19 ARTKacQTARmMe2aKme2STGGKAPRKQ N19 GKacGGAKacRHRKacVLRDNIQGIT
F20 ARTKme1 QTARmMe2s Kme3STGGKAPRKQ N20 GKGGAKRHRme2aKme1 VLRDNIQGIT
F21 ARTKme2QTARmMe2s Kme3STGGKAPRKQ N21 GKGGAKRHRmMe2aKme2VLRDNIQGIT
F22 ARTKme3QTARmMe2s Kme3STGGKAPRKQ N22 GKGGAKRHRmMe2aKme3VLRDNIQGIT
F23 ARTKacQTARmMe2s Kme3STGGKAPRKQ N23 GKGGAKRHRme2aKacVLRDNIQGIT
F24 ARTKmel QTARmMe2aKme3STGGKAPRKQ N24 GKGGAKRHRmMe2s Kme1 VLRDNIQGIT
G1 ARTKme2QTARmMe2aKme3STGGKAPRKQ o1 GKGGAKRHRmMe2s Kme2VLRDNIQGIT
G2 ARTKme3QTARmMe2aKme3STGGKAPRKQ 02 GKGGAKRHRmMe2s Kme3VLRDNIQGIT
G3 ARTKacQTARmMe2aKme3STGGKAPRKQ 03 GKGGAKRHRmMe2s KacVLRDNIQGIT
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G4 ARTKmel1 QTARmMe2s KacSTGGKAPRKQ o4 GKGGAKRHRKme1VLRme2aDNIQGIT
G5 ARTKme2QTARmMe2sKacSTGGKAPRKQ 05 GKGGAKRHRKmMe2VLRme2aDNIQGIT
G6 ARTKme3QTARmMe2sKacSTGGKAPRKQ 06 GKGGAKRHRKmMe3VLRme2aDNIQGIT
G7 ARTKacQTARme2s KacSTGGKAPRKQ o7 GKGGAKRHRKacVLRme2aDNIQGIT
G8 ARTKmel QTARme2aKacSTGGKAPRKQ ok:) GKGGAKRHRKme1VLRme2sDNIQGIT
G9 ARTKme2QTARmMe2aKacSTGGKAPRKQ 09 GKGGAKRHRKmMe2VLRme2sDNIQGIT
G10 ARTKme3QTARmMe2aKacSTGGKAPRKQ o10 GKGGAKRHRKmMe3VLRme2sDNIQGIT
G11 ARTKacQTARme2aKacSTGGKAPRKQ o11 GKGGAKRHRKacVLRme2sDNIQGIT
G12 ARme2s TKme1 Q TARmMe2s Kme1 STGGKAPRKQ 012 SGRGKQGGKARAKAKSRSS

G13 ARme2s TKme2 Q TARmMe2s Kme1 STGGKAPRKQ 013 pPSGRGKQGGKARAKAKSRSS

G14 ARme2s TKme3 QTARmMe2s Kme1 STGGKAPRKQ 014 SGRGKacQGGKARAKAKSRSS

G15 ARme2s TKacQTARme2s Kme1STGGKAPRKQ 015 SGRGKQGGKacARAKAKSRSS

G16 ARme2a TKme1 QT ARme2s Kme1 STGGKAPRKQ 016 SGRGKQGGKARAKacAKSRSS

G17 ARme2a TKme2 QT ARme2s Kme1 STGGKAPRKQ 017 pPSGRGKacQGGKARAKAKSRSS

G18 ARme2a TKme3 QTARme2s Kme1 STGGKAPRKQ 018 pPSGRGKQGGKacARAKAKSRSS

G19 ARme2a TKacQTARme2s Kme1 STGGKAPRKQ 019 pPSGRGKQGGKARAKacAKSRSS

G20 ARme2s TKme1 QTARmMe2s Kme2STGGKAPRKQ 020 SGRGKacQGGKacARAKAKSRSS

G21 ARme2s TKme2 Q TARmMe2s Kme2S TG GKAPRKQ 021 SGRGKacQGGKARAKacAKSRSS
G22 ARme2s TKme3 Q TARmMe2s Kme2STGGKAPRKQ 022 SGRGKQGGKacARAKacAKSRSS
G23 ARme2s TKacQTARmMe2s Kme2STGGKAPRKQ 023 pPSGRGKacQGGKacARAKAKSRSS
G24 ARme2a TKme1 QT ARme2s Kme2STGGKAPRKQ 024 pPSGRGKacQGGKARAKacAKSRS S
HA1 ARme2a TKme2 QTARmMe2s Kme2STGGKAPRKQ P1 pPSGRGKQGGKacARAKacAKSRSS
H2 ARme2a TKme3 QTARmMe2s Kme2STGGKAPRKQ P2 SGRGKacQGGKacARAKacAKSRSS
H3 ARme2a TKacQTARmMe2s Kme2STGGKAPRKQ P3 pPSGRGKacQGGKacARAKacAKSRSS
H4 ARme2s TKme1 Q TARmMe2s Kme3STGGKAPRKQ P4 PDPAKSAPAPKKGSKKAVT

HS5 ARme2s TKme2 Q TARmMe2s Kme3STGGKAPRKQ P5 PDPAKacSAPAPKKGSKKAVT

H6 ARme2s TKme3 QTARmMe2s Kme3STGGKAPRKQ P6 PDPAKSAPAPKKacGSKKAVT

H7 ARme2s TKacQTARme2s Kme3STGGKAPRKQ P7 PDPAKSAPAPKKGpPSKKAVT

H8 ARme2a TKme1 QTARmMe2s Kme3STGGKAPRKQ P8 PDPAKSAPAPKKGSKacKAVT

H9 ARme2a TKme2 QT ARmMe2s Kme3STGGKAPRKQ P9 PDPAKacSAPAPKKacGSKKAVT

H10 ARme2a TKme3QTARmMe2s Kme3STGGKAPRKQ P10 PDPAKacSAPAPKKGpPSKKAVT

H11 ARme2a TKacQTARme2s Kme3STGGKAPRKQ P11 PDPAKacSAPAPKKGSKacKAVT

H12 ARme2s TKme1 QTARmMe2s KacSTGGKAPRKQ P12 PDPAKSAPAPKKacGpSKKAVT

H13 ARme2s TKme2 QTARmMe2s KacSTGGKAPRKQ P13 PDPAKSAPAPKKacGSKacKAVT

H14 ARme2s TKme3 QTARmMe2s KacSTGGKAPRKQ P14 PDPAKSAPAPKKGpPSKacKAVT

H15 ARme2s TKacQTARme2s KacSTGGKAPRKQ P15 PDPAKacSAPAPKKacGpSKKAVT

H16 ARme2a TKme1 QTARmMe2s KacSTGGKAPRKQ P16 PDPAKacSAPAPKKacGSKacKAVT
H17 ARme2a TKme2 QT ARme2s KacSTGGKAPRKQ P17 PDPAKacSAPAPKKGpPSKacKAVT

H18 ARme2a TKme3QTARmMe2s KacSTGGKAPRKQ P18 PDPAKSAPAPKKacGpSKacKAVT

H19 ARme2a TKacQTARme2s KacSTGGKAPRKQ P19 PDPAKacSAPAPKKacGpSKacKAVT
H20 ARme2s TKme1 Q TARmMe2aKme1 STGGKAPRKQ P20 BoAANWSHPQFEKAA

H21 ARme2s TKme2 Q TARmMe2aKme1 STGGKAPRKQ P21 EQKLISEEDLA

H22 ARme2s TKme3 Q TARme2aKme1 STGGKAPRKQ P22 HAc

H23 ARme2s T Kac Q T ARme2a Kme1 STGGKAPRKQ P23 o o me2 Kme3 Kac R Rme2s R Rme2a R Cit K Kme1 Kac
H24 ARme2a T Kme1QTARme2aKme1STGGKAPRKQ P24 R Rmezs K KmeT Kac R Rme2a Kme2 K Kme3 R Kme1 Rme2s K
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Abstract

Background Lysine specific demethylase 2B, KDM2B, regulates genes that participate in cellular development, morpho-
genesis, differentiation and metabolism as a component of the polycomb repressive complex 1 (PRC1). The CxxC finger of
KDM2B is responsible for the DNA binding capacity of this epigenetic regulator, acting as a sampling mechanism across
chromatin for gene repression

Objectives The molecular determinants of the CxxC—DNA interaction remain largely unknown, revealing a significant
knowledge gap to be explored. Our goal was to elucidate the key residues of the CxxC domain that contribute to its function as
well as to further elaborate on the significance of this domain in the KDM2B role

Methods By using electrophoresis mobility swift assay, we identified structural elements of CxxC domain that participate in
the DNA recognition. We created mouse embryonic fibroblasts overexpressing different truncated and point-mutated mouse
KDM2B variants to examine the contribution of the KDM2B domains in replicative senescence bypass

Results In this study, we show that only the CxxC finger is essential for the ability of mKDM2B to bypass replicative senes-
cence in primary cells by ink4A-Arf-ink4B locus repression, and that this is mediated by specific interactions of residues R585,
K608 and K616 with non-methylated CpG containing DNA

Conclusions These results provide new structural insights into the molecular interactions of CxxC and could serve as a
stepping-stone for developing domain-specific inhibitors for KDM2B.

Keywords Lysine demethylase - Polycomb repressive complex - Oncogene - Zn-finger - Non-methylated CpG - Replicative
senescence
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1 Introduction

The fine line between physiological and pathological cell fate
does not only depend on DNA sequence but also on a
multifaceted matrix of regulatory elements derived from
chemical modifications on the histone proteins or the DNA
itself [1-9]. The plethora of histone readers has been under
intense investigation in recent years, but essential informa-
tion for key cellular factors is still missing. One such case is
the lysine-specific demethylase 2B (KDM2B), a major
PRCl1-associated factor and a bona fide oncogene [10-14].
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Elucidating the detailed biochemical properties of KDM2B
will help understanding its role in cellular biology and can-
cer pathology.

KDM2B (also known as Fblx10, Ndyl, and Jhdmlb) is a
lysine-specific histone demethylase that targets H3K36me2
[11, 12], H3K4me3 [12, 14] and H3K79me2/3 [15]. Upon
PRC2 recruitment, KDM2B participates in the repression of
the senescence-associated expression of the p15™4° [11],
p16"™42 and p19A T proteins [12] and act as promoter of mouse
embryo fibroblasts (MEFs) immortalization by allowing
them to bypass replicative senescence [10]. KDM2B
functions by coupling several chromatin modifi- cations,
including histone H3K36me2 demethylation, with histone
H3K27 trimethylation and histone H2AKI19 mon-
oubiquitination. This is mediated by the KDM2B-dependent
upregulation of EZH2, along with the KDM2B-dependent
binding of EZH2 to the promoters of a subset of target genes
[12, 16].

Numerous studies revealed that KDM2B has a central role in
epigenetic regulation [17—19] as well as in occur- rences of
colon [20], prostate [21], pancreatic [22] cancer

and leukemogenesis [13, 16, 23]. In addition, KDM2B
functions as a master regulator of a set of microRNAs that
target several members of the Polycomb complexes PRC1
and PRC2 and its deregulation has important effects on PRC
gene expression in both normal and cancer cells [24, 25].
KDM2B has also been associated with inhibition of NF-
«B/p65-dependent cellular apoptosis, by a mechanism where
NF-kB upregulates KDM2B expression, resulting in the
repression of c-FOS and the interception of apoptosis in
human cancer cells [26]. Moreover, KDM2B has been sug-
gested to regulate genes of the glycolytic pathway [27] and
proteoglycan synthesis [28], as well as several other meta-
bolic [14], antioxidant [29] and pluripotency genes [30—33]
during morphogenesis and development.

The KDM2B protein contains several functional domains. The
N-terminal JmjC domain is responsible for the histone
demethylation reaction [12]. At the C-terminal part of the
protein, a leucine-rich region (LRR) and an F-box domain
participate in protein—protein interactions and are involved in
ubiquitination. This region is essential for the ability of
KDM2B to tether a ubiquitin chain to H2AK 119 leading to
gene repression [ 12, 34-38]. In addition, KDM2B con- tains
two zinc-finger motifs, CxxC and PHD (Plant homeo-
domain), located at the center of the amino acid sequence.
There is strong structural interdependence between these
domains that prevents either of the two from being produced
independently in a stable form [39]. The KDM2B CxxC
domain has similar structure to that of the CxxC fingers of
MLL and CFP1 proteins, consisting of two cysteine- rich
clusters that chelate two Zn*>" ions and stabilize the domain
[40]. This domain has been implicated in DNA binding and
the recognition of non-methylated CpG DNA

sequences [37, 41]. It has been shown to be essential for the
recruitment of KDM2B and the tethering of PRC1 to the c-
jun promoter [40] and for protecting CG- islands from
hypermethylation [42]. KDM2B regulates the transcription of
mir-101, which controls the expression of EZH2, in a CxxC
and JmjC-dependent manner [10, 12, 16]. Moreover, both the
JmjC and CxxC domains of KDM2B are required for the
activation of early responsive genes in reprogram- ming of
induced pluripotency stem cells (iPSCs) [33, 43].
Furthermore, studies in the closely related lysine specific
demethylase, KDM2A, showed that the PHD does not play a
direct or indirect role in the interaction with DNA since
destabilization of the PHD domain by replacing one of the
structural cysteine residues did not reduce the efficiency of
DNA binding [44]. These results highlight the importance of
a functional CxxC domain, but do not correlate these
phenotypes with the DNA-binding function of the protein as
they were performed with CxxC deletion or structure-
destabilizing mutants. Considering that the loss of 60-80
amino acids from the central part of the protein or the desta-
bilization of Zn coordination could have a strong impact on
the proper structure of the enzyme, these experiments do not
discern the involvement of the CxxC domain from that of
other structural components of the protein.

Elucidating the function of the zinc-finger CxxC domain

of KDM2B will improve our understanding in a molecular
level of the involvement of this epigenetic key regulator in
cell physiology and disease. In the present study, we set out
identify the key structural determinants of the DNA recogni-
tion and analyze the contribution of this interaction in the
ability of KDM?2B to mediate replicative senescence bypass in
primary mouse cells.

2 Materials and Methods

21 Cloning CxxC and PHD Domains of
mKDM2B in Bacterial Expression
Vector

The coding sequences of CxxC and PHD domains of the
mouse Lysine- specific demethylase 2B, mKDM2B, were
cloned in a pET102 vector with a V5 epitope, using the
TOPO® TA Cloning® Protocol. The recombinant protein,
mKDM2Bs77.707, was Thioredoxin- fused at the N-terminus
and carried a 6 x His-tag at the C-terminus. Transformed
Machl TIR E. coli cells with the pET102/D-mKDM2Bs77.707
construct (6.7 kbp) were grown on Luria- Bertani (LB) agar
plates supplemented with 100 pg/mL of ampicillin overnight at
37 °C. Single colonies were picked to inoculate 6 mL of LB
medium with ampicillin and incubated overnight at 37 °C. The
plasmid DNA was isolated with QIAprep Spin Miniprep Kit.
The mKDM2Bs77.707 cloning was confirmed via enzymatic
digestion and agarose gel electrophoresis.
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22 Site-Directed Mutagenesis of CxxC and
PHD

In order to generate the mKDM2B and mKDM2Bs77.707
mutants, we followed the protocol described in [45]. The
mutations were introduced into pET102/D-mKDM2Bs77.707
by polymerase chain reaction (PCR) amplification of the
original construct using Phusion® HF DNA Polymer- ase
with a specific forward primer for each mutation (Table
S1). The PCR primers are shown in Table S2. The single
point mutations (R585A, K608A and K616A) and the double
point mutation (R585A/K616A) of the pET102/ D-
mKDM?2Bs77.707 construct were confirmed via Sanger
sequencing (CEMIA, Greece). Replication and isolation of
the mutant mKDM2Bs77.707 constructs was performed as
described above.

23 Heterologous Expression and
Purification of the Recombinant
Proteins

BL21 CodonPlus E. coli cells were transformed for the het-
erologous expression of the proteins. The successfully trans-
formed cells were cultivated in Luria- Bertani (LB) medium in
the presence of ampicillin, kanamycin and chlorampheni- col
in concertation of 50, 50 and 12 pg/mL, respectively. The cells
were incubated for 3 h at 37 °C before adding 0.5 mM of
IPTG, followed by incubation for another 24 h at 17 °C before
cell harvest. Osmotic disruption of cells in Lysis buffer
(Tris-HCI (0.06 M) pH 8.0, 0.3 M NaCl, 0.01 M Imi- dazole,
0.1 mM PMSF, 0.5% w/v Lysozyme) was followed by 10 min
sonication at max power, to obtain soluble recom- binant
proteins from the lysate. SDS-PAGE was used to quantify
the efficiency of the protein expression before fur- ther
purification. The recombinant proteins were isolated via His-
tag Affinity Chromatography protocol using Ni—NTA
agarose resin. Wild type and mutant mKDM2Bs77.797 pro-
teins were dialyzed through SnakeSkin® Dialysis tubing and
stored in Reaction Buffer (Tris—HCI (0.06 M) pH 8.0, 0.3 M
NaCl, 1 mM B- mercaptoethanol, 10% Glycerol) without
prior cleavage of the tag sequences. The final concentrations of
the protein solutions, measured in Nanodrop™ Spectro-
photometer (ThermoFisher) ranged from 25 to 30 pM and
showed more than 90% purity with Coomassie staining of the
SDS Polyacrylamide Gel (Figure S2B).

24 [y- %2P] ATP Labelling of DNA Substrate

The 26-mer fully complementary strands of DNA (CpG2F:
5'-GGG TACTAGCGTTAGTCCGGTCCAAC-3' and
CpG2R: 5'-GTTGGACCGGACTAACGCTAGTACCC-3")

were chemically synthesized and purified by Invitrogen,
UK. The 5' radio phosphorylation of 50 pmol single strand
CpG2F was based on the T4 PNK protocol (New England

Biolabs). The radioactive ssDNA strands were separated in
a denaturing 15% polyacrylamide gel electrophoresis and
extracted overnight with gel extraction buffer (0.4 M
CH3COONa, 0.001 M EDTA pH 8.0, Phenol 20%). Phenol/
CHCl; DNA purification protocol obtained 20-25 pmol of
radiolabeled CpG2F strands.

25 Electrophoresis Mobility Shift Assay
(EMSA)

The radioactive synthetic double-stranded CpG2 was pro-
duced by annealing of the single-stranded ssDNA strands
(3*P-CpG2F and CpG2R). In these EMSA experiments, wild
type mKDM2Bs77.707 and its mutants (2-360 pmol) were
incubated with 0.5 pmol *2P-end-labelled dsDNA CpG2 in
Reaction Buffer supplemented with 0.006 M MgCl, and 10
pg/mL BSA, in total volume of 10 puL for 30 min at 37 °C. The
samples were analyzed in a native 8% polyacrylamide gel in
0.5 xTBE. Bands were visualized by autoradiography.

2.6 Construction of Truncated KDM2B Vectors

Construct pPBABE-puro-NDY1 [12] was used as template in
Quickchange deletion mutagenesis (Agilent Inc.) using the
primers described in Table S2.

2.7 MEF Culture

Cell culture procedures and evaluation of replicative senes-
cence bypass were performed as described previously [10,
12].

All restriction enzymes, Phusion® HF DNA Polymer- ase
and T4 PNK were purchased by New England Biolabs.
Bacterial expression vector pET102, E. coli competent cells,
TOPO® TA Cloning® Kit and SnakeSkin® Dialysis tub- ing
were purchased by ThermoFisher Scientific. PCR prim- ers
were purchased by Invitrogen. QIAprep Spin Miniprep Kit
and Ni-NTA agarose resin were purchased by Qiagen.
Ampicillin, Kanamycin, Chloramphenicol, PMSF, EDTA,
Imidazole, Glycerol and B-mercaptoethanol were purchased
by Sigma Aldrich. All other chemicals were purchased by
AppliChem GmbH.

3 Results

3.1 Biochemical Analysis of DNA
Recognition by the mKDM2B CxxC
Finger

The CxxC domain of KDM2B binds non-methylated CpG
DNA sequences [36, 39, 41, 46]. As DNA recognition can
act as a sampling mechanism of KDM2B target genes [39],
elucidating the structural determinants of this interac- tion
will enable targeted studies to understand its role in
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KDM2B-associated gene regulation. When these studies
were initiated, the structure of the mKDM2B CxxC and
PHD domains (RCSB PDB entry No 4064; Figure S1a) was
not yet available. Therefore, we constructed a model of the
CxxC-DNA interaction based on the structure of the MLL1-
CxxC-DNA complex [47]. Based on this analysis, we
identified candidate residues for DNA interaction, including
R585, K608 and K616 (Figure S1b). To confirm whether
these amino acids interact with DNA, we constructed and
expressed a fragment of mouse KDM2B that spans resi-
dues 577-707 and contains the CxxC and PHD domains
along with three single variants mKDM2Bs77.707 (R585A),
mKDM2B577_707 (K608A), mKDM28577_707 (K616A) and
one double mKDM?2B577.707 (R585A/K616A) (Figure S2). We
studied the binding of the wild-type and mutant recom- binant
proteins on a 26-mer DNA molecule containing two CpG
sequences using electrophoresis mobility shift assay. All three
mKDM?2Bs77.707 mutants indicated significantly reduced
binding affinity compared to the wild-type protein (Fig. 1).
Increasing protein concentration in the reaction resulted in a
rough quantification of the mutants’ affinity showing up to
24-fold reduced DNA binding capacity (Fig- ure S3). Overall,
these results confirm that residues R585, K608 and K616 are
responsible for the DNA binding capac- ity of mKDM2B
CxxC domain.

3.2 The PHD Domain is not Required
for KDM2B-Supported Bypass of Replicative
Senescence

Previous studies have shown that overexpression of KDM2B
enables Mouse Embryonic Fibroblasts (MEFs) to bypass

replicative senescence through repression of the Ink4a-Arf-
Ink4b locus [10-12]. To elucidate the contribution of the
different KDM2B domains in this process, we examined the
function of a set of progressively truncated forms of mouse
KDM2B (Fig. 2a). A series of pBABE-based retrovi- ral
insertion constructs were produced and used to establish
MEFs stably expressing different C-terminally truncated
KDM2B proteins. Our data showed that cells expressing the
full-length mKDM2B or the variants ending upstream of the
LRR domain or immediately after the PHD domain
(mKDM2B.1045 and mKDM2B .77, respectively) were able
to bypass replicative senescence and undergo cellu- lar
immortalization (Fig. 2b). Based on previous data [37]
showing that the LRR domain of KDM2B is crucial for
recruiting the rest of PRC1.1 components on the PcG tar- get
genes and leading to H2AK119 monoubigitination, we
conclude that histone H2A ubiquitination is not required for
KDM2B-mediated Ink4a-Arf-Ink4b repression. Notably, the
variant ending right before the PHD domain, mKDM2B 30,
was also able to sustain replicative senescence bypass, sug-
gesting that the histone binding function supported by the
PHD domain is not essential for efficient repression of the
Ink4a-Arf-Ink4b locus in the context of PRC1 (Fig. 2b).

3.3 The DNA Binding Capacity of mKDM2B
is Essential for Replicative Senescence
Bypass in MEFs

To understand the contribution of the CxxC finger-mediated
DNA binding to the biological function of mKDM2B, retro-
viral vectors for three variants of the full-length mKDM2B

mKDM2Bs77.707

Fig. 1 mKDM2Bs77.707 mutants exhibit reduced DNA binding affin- ity.
10 nM radiolabeled dsDNA were incubated with mKDM?2Bs77.707 and
mKDM2B577.707 mutants for 30 min at 37 °C. Formation of the

mMKDM2Bs77.707
(R585A)

mMKDM2Bs77.707
(K608A)

MKDMZ2Bs77.707
(K616A)

protein-DNA complex results in a band shift during 8% native PAGE.
No band shift of the mKDM2Bs77.707 mutant samples confirms the
involvement of the specific residues in the interaction with DNA
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Fig. 2 Evaluation of the ability
of different forms of mKDM2B
to support replicative senes-
cence bypass in MEFs. a
Schematic representation of the
truncated mKDM2B proteins. b
MEFs transduced with full-
length and truncated forms of
mKDM2B were passaged and
the total number of cells were
counted. Empty pBABE-puro
vector was used as control
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containing the single residue CxxC mutations shown to abol-
ish DNA binding in the in vitro assays (R585A, K608A and
K616A) and three additional variants containing their pair
wise combinations (R585A/K608A, R585A/K616A and
K608A/K616A) were constructed. Following transduction of
MEFs, the ability of the different variants to sustain replicative
senescence bypass was evaluated. Our results confirmed that
DNA binding was essential for mKDM2B to support cell pro-
liferation (Fig. 3a). Notably, the K616A variant and any of the
double mutants containing the K616A substitution (RS85A/
K616A and K608A/K616A) showed the strongest effect in
abolishing the KDM2B phenotype (Fig. 3b). These results
confirm that the DNA binding capacity of CxxC is essential
for its role in replicativesenescence.

1o —B— mKDM2B(1-630) .

Passage

4 Discussion

In order to understand the interplay between KDM2B and
chromatin, we investigated the DNA interactions of the
zinc-finger CxxC of mouse KDM2B. We confirmed the
DNA binding function of the CxxC finger and identified key
residues involved in this interaction. Using -electro-
phoresis mobility shift assays, we showed that residues
R585, K608 and K616 on the mKDM2B play a key role in
the binding of non-methylated CpG-containing DNA. The
K616A substitution revealed that this residue plays the
most prominent role of the three tested, consistent with
previous findings that reported the direct interaction
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Fig. 3 DNA recognition is required for KDM2B- mediated replica- tive
senescence bypass in MEFs. a Mutation of R585, K608 or K616
compromises the ability of full-length mKDM2B to support repli-cative

of the analogous residue in the MLL1 CxxC-finger with the
major groove of the DNA [47]. Further experiments in
which these residues are substituted by amino acids with
larger or differently charged side-chains will further improve
our understanding of the molecular details of this interaction.
Taking a step further, we correlated the DNA binding
capacity of the mouse KDM2B with its functional role. To
this end, we introduced the same point mutations that
abrogated the DNA binding affinity of the recombinant CxxC
finger into full-length mouse KDM2B and we over- expressed
singly- and doubly-mutated forms in MEFs. All mutants
failed to support replicative senescence bypass confirming the
functional role of the CxxC finger in this process. Notably,
cells that overexpressed the two double mutant forms of
mKDM?2B containing the K616A muta- tion (R585A/K616A
and K608A/K616A) entered the rep- licative senescent state
faster than empty vector-containing cells. Furthermore
deletion of the C-terminal half of the protein that includes the
PHD domain did not abolish this activity. This suggested that
the combined action of the JmjC and CxxC domains is by
itself sufficient to inhibit cell cycle events that contribute to
the bypass of repli- cative senescence, including the
repression of the locus. These results also showed that the
DNA binding capacity of mKDM2B is not compromised
upon deletion of the PHD domain, similar to previous
findings with the closely related histone demethylase
KDM2A, which supported that the CxxC and PHD fingers are
functionally independ- ent in DNA binding [44].

Numerous studies have implicated KDM2B in cancer [48,

49]. Therefore, confirming the key role of the CxxC finger in
this process, in combination with the available structural
information for this domain, prompts further studies into

16 —a— Empty vector
- - - mKDM2B °
14 —o— mKDM2B(R585A/K608A) e
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senescence bypass. b Evaluation of the ability of the double mutants
mKDM2B(R585A/K608A), mnKDM2B(R585A/K616A) and
mKDM2B(K608A/K616A) to bypass replicative senescence

the potential of development of CxxC-targeting inhibitors as
cancer therapeutics.
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