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Abstract

Enhancer of Zeste Homolog(EZH2) has been characterized as a critical oncogene gmdmising
drug target in humamalignant tumors The current EZH2 inhibitors stromg suppresshe enhanced
enzymaticfunctionrof mutant EZH2 in some lymphomaslowever, the recent identification of a
PRC2 and methyltransferasadependent role of EZH2 indicates tleatomplete suppression of all
oncogenic functions of EZH2 is needddere, we reporta unique EZHzZargeting strategy by
identifying a_gambognic acid (GNA) derivative as a novelagentthat specifically and covalently
boundto Cys668 within theEZH2-SET domainiriggeringEZH2 degradation througBOOH terminus
of Hsp70interacting protein(CHIP)}»mediatedubiquitination This classof inhibitors significantly
suppressd H3K27Me3 and effectively reactivatePolycombRepressoiComplex 2 PRC2-silenced
tumor suppress genes. Moreover, the novel inhibitaignificantly suppressd tumorgrowthin an
EZH2-dependent™manner, antimors bearing a ne@NA-interacting C668FEZH2 mutation
exhibited resistance tdhe inhibitors Together,our resultsidentify the inhibition of the signaling

pathway that gavernrGNA-mediatel destruction bEZH2 as a promising antiancer strategy.
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I ntroduction

In eukaryotes, postiranslational modificatios of histones such as methylation, acetylation,
phosphorylatiorand ubiquitinationarecritical for regulatng chromatin structure and gene expression
(Cao et al,_2002Plath et al, 2008 The methylation of lysine residues within the histone tails, a
process thas’ promoted by methyltransferases and antagonized by the histone demethylases, has been
characterized as| major regulatory step(Shangary et al, 2008 In this regard the histone
methyltransferase. enhancef zeste homolog 2HZH?2) and its binding partnerSUZ12 Polycomb
repressive complex 2 subunisWzZ12 and embryonic ectoderm developmenEHD) form the
multi-subunit_Polycomlyepressocomplex2 (PRC2) to trinethylate histone Hat the K27 (Bracken

& Helin, 2009 Ezhkova et al, 20Q9Shih et al, 201Presidue Biologically, H3K27Me3has been
largely characterized to function as a suppressive marker of gene transoi@damet al, 208). EZH2
hasreceiveddnereasing attention in recent ydarsits oncogenic roles in driving aggressive human
cancergCao et al, 201;1Chang et al, 20)1 Consistenwith this notion,aberrant overexpression of
EZH2 and gain-offunction EZH2 mutatios have been frequently observed in various human
malignanciegChang et al, 201Uones & Baylin, 2007 andEZH2 overexpression could drive normal
cells to dedifferentiate, subsequently acquiring steefi-like featureqCao et al, 20L11Jones & Baylin,
2007 Kondo et al, 2008Sparmann & van Lohuizen, 20068Vechanistically,previous studies have
revealed that'the oncogenic roles of EZH2 are largely due to its ability to sup@esgtession of a
cohort of downstreamtumor suppress targes via H3K27 trimethylatioomediated epigenetic
silencing (Bonasio_ et al, 2090 To this end, mosbf the currently developed EZH2 inhibitors are
designed to.suppress the H3K2imethyltransferase enzymatic activity of EZldgainst lymphomas
with mutant EZH2 which exhibits enhanced enzymatic funct{@gmutson et al, 20;2McCabe et al,
2012 Qi et al, 2012Xu et al,2015).

However; recent findings have begun to reveal B¥t2 canalsoexert its oncogenic roles
independent of \PRC2 by switching from a polycomb repressor to a transcripticaativador
independent oits intrinsic histone methyltransferase actwiiKim et al, 2015 Xu et al, 2012 Yan et
al, 2013. Moreover,acquiredresistance to EZH2nzymatic inhibitormay arise incancer patients

part through mutations in the EZH2 oncoprotein. Even though there is demonstrated potential for
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active siteinhibitor resistant EZH2 mutanthat remaindargetable bythe second geeration EZH2
enzymatic inhibitordBaker et al, 2015Gibaja et al, 2016 there is increasing needs é&pand the
arsenal of EZH2 targeting druggotentially with differentfunctional mechanisms in further
suppressing EZH2 To this end, the discoveryof a PRC2independent as well as a
methyltransferasendependent mechanism for EZH2 in promoting tumorigersesigess that simply
inhibiting the, enzymatic activity of EZH2 methyltransferase cannot fully terminate its oncogenic
functions Ku et al, 2012 Therefore, there is a need fdevelopingnovel EZH2 inhibitorghat are
capable of decreasing the abundance of the EZH2 oncopaoigihat will serve as aovel anticancer
therapy taeversePRC2mediated epigenetic gene silencing

To develop such inhibitors, triggering the degradation of the EZH2 oncoprotein, rather than
the simple inhibition of its enzymatic activitfKim et al, 2013bMiranda et al, 2009 will be a more
effective strategy To this end, given thathe ubiquitinproteasome pathwalg a major systemin
mammal celldor controling protein stability and fate, the stability BZH2 is alsocontrolledby the
E3 ligass Smurf2 Yu et al, 2013 and B-TrCP (Sahasrabuddhe et al, 2Q018lowever, itremains
largely undefined whether these two E3 ligases are mutated or inactivated to allow the aberrant
elevation of EZH2 in human cansewhether these two E3 ligases play physiological srate
triggering [EZH2«degradation upon environmental challengesvdrather themisregulation of this
process contributes to the pathological role of EZH2 in driving malignancy.

GNA is_natural compound derived from gamboge and is reported as a potecdraeti
agent for many types of human can¢éas et al, 2011Yu et al, 2012 Its chemical structure contains
activebond, which is able to bind with target protein, but the detailed molecular mechanisnyingderl
its anticancer effects remain not fully understoétere we reported thagambogenic acidGNA)
derivatives funetions aa novel class of EZH2 inhibitor by direct andvalentbinding of EZH2, a
process that™isufficient to disassocia the PRC2 complex thus inhibitingits methyltransferase
activity. Moreover we also demonstratetiat covalently GNAmodified EZH2 could b targeted for
ubiquitinationmediated degradation e COOH terminus of HspZhteracting protein CHIP), a
key playerin the protein quality control systethat mediateshe polyubiquitination of misfolded or
aggregated proteins for degradatidierreira et al, 2033Vhitesell & Lindquist, 200p Our studies

therefore reveal a novel class of EZH2 inhilstibrat could achieveuperioranticancer effects by not
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only inhibiting EZH2 enzymatic activity but also promoting its ubiquitinatioediated degradation to

fully inhibit its oncogenic functions.

Results

The Cys668 residuewithin the EZH2 SET domain covalently binds to gambogenic acid

To search fora novel EZH2 inhibitorymechanismye focused omdentifying agentsthat specifically
decreas EZH2 expression. To achieve this goak wcreened a chemical library D215 chemical
compoundwith.ashighconent screenin@perettgplatform (PerkinElmey Waltham, MA USA) using
human epithelial cancétN-6 cells These celldirmly adhere tahe cell culture platethusallowing
for clear imagng=After incubationwith compounds for 24ours the immunduoresent signad of
EZH2 were analyzedvith the Harmony 3 softwareNotably, GNA was the most effectivef the 1215
compounds in reducingZH2 immunofluorescent signals (Appendtg S1A-B). Consistentith this
finding, we farther found that GNA (Appendix Fig S1C) significantly reducd EZH2 nuclear
abundanceHig 1A). More importantlyjn support of a direct interaction between GNA and EZH2 as a
possible mechanism to suppress EZH2, we detextadlocalization of BieGNA with endogenous
EZH2 in themnuclei of N-6 cellsusing immunofluorescence analygilowing a shortterm (2-hour)
incubation Fig 1B).

Subsequentlyto searchfor GNA-interacting cellular proteins as possible dieiciding
target(s), we performed affinity puflown assayausing BicGNA (Appendix Fig S1F) conjugatedo
streptavidiragarose beads followed byhigh-performance liquid chromatography tandem mass
spectrometry IPLC-MS/MS) analysis Our analysis identified HSP9O0, tubulin and EZH2 as the top
hits of the GNA=interactingproteins Appendix Table S1). Furthermore, th&NA-interacting95kD
bandwas validatecasthe EZH2 protein (Appendix Fi§lG-H), indicatinga possibledirect binding
betweenEZH2 and GNA Consistenwith this finding, wefurther demonstratethat GNA specifically
interactedwith EZH2 and otheknown PRC2 complex componentuch as SUZ12 and EEPig 1C).

On the other hand, unconjugated, free GNA could specifically competeBwitENA to associate
with endogenou€ZH2 (Fig 1C) Strikingly, GNA did not interact withthe EZH2 close homolog

EZH1, or other examine@ET domain containingiethyltransferasesuch as SET8 and ESEThese
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results demonstratethat the interaction between GNA and EZH®as specifi & least in this
experimental settin¢Fig 1C).

Notably, we obsered a timedependent increase in the association betweerGBIA and
recombinant @erminal EZH2 in denatured sodium dodecyl suladéyacrylamide gel electrophoresis
(SDSPAGE)"gels fig 1D), suggestingthat a possiblecovalent bonding was involved in the
interactionthat s resistant to SD#ediated denaturingxperimentatonditions Zhou et al, 2000 A
series of deletion experiments allowed uutther pinpointthe GterminalSET domairwithin EZH2
as the major binding site for GNA (Appendix FB3@A-C). Given the critical rolef cysteine residues
in mediating thesharacterizedMichad reactiori between a giveagentand itsdirecttargets(Yun et
al, 2009, the contribution of the thregysteine residuewithin the EZH2-SET domairto its specific
association withaGNAwvas further explored. hterestingly, onlynutaing C668,but not the other two
cysteineresidues(C647 and C699)specifically abolishedhe interactionbetweenEZH2 and GNA
(Fig 2A-B). Interestingly, the GNA nointeracting EZH1 has a serine residue (Ser664) in the
EZH2-C668 eorresponding positipwhile the $64CEZH1 acquired ability to interact with GNA, in
a similar fashion"as EZH2 (FigB). Given that EZH1 is highly homologous to EZH2, thessults
supportthe notienthat the presence of the C668 residue in EZH2 but not in EZH1 cotifers
specificity forsGNA and GNA derivative GNAOO2 tdlirectly interact with EZH2 in a relatively
specificfashion

Similarly, computational modeling revealed a favorable covalk8tbond with the Michael
acceptoron theC8atomof GNA bridging tothe S atom oCys668within WT-EZH2 (Appendix Fig
S2D-B. On the other handhe EZH1-like, C668S mutantorm of EZH2 does not containreS atom as
a receptor(Appendix Fig S2D-F) andthus cannot form a direct association with GNA (Fig .2B)
Consistent with==this model, matrix-assisted laser desorption ionizatieiime of flight mass
spectrometryNTALDI-TORMS) analysisfurtherrevealed that the m/z ratio of the Cys&&fhtaining
peptide BiotihkDKYMCSFLFN was 1493.5 in the absemaeGNA and 2124.9 in the presence of GNA.
Thus, the caldated mass shift of 634 was consistent with the covalent additminone molecule of

GNA to the Cys668 residue of EZHRi§ 2C).

The stability of PRC2 complex components as well as H3K27 trimethylation are decreased by GNA
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derivatives

To further incrase the efficacy of GNA as a more effectvZH2 inhibitor,we synthesized several
GNA derivatives (Appendix Table S2 and identified a small molecule, GNA002, as apotentially
strongerEZH2 inhibitor than GNA (Fig 2D-E andAppendix Fig S1D) Further @idence fromthe
experimental and computational modesimgdicatedthat GNAOO2 binds to EZH2 more strongly than
doesGNA (Appendix Fig S2E-H. Notably, GNAOO2 directly bing to the EZH2 SET domainas
revealed bytheliquid chromatographynass spectrometn C-MS) assay Appendix FigS2G). As
GNAOO2 is arelatviely8 more potent EZH2 imtracting agent than GNA (FigE), we primarily used
GNAO0O02in the,fellowing mechanistic and functional studies.

Impartantly, we observedthat both GNA0OO2and thepreviously repaded EZH2 inhibitor
GSK126 (McCaberet al, 20)2 efficiently reducedEZH2-mediatedH3K27 trimethylation Fig 3A).
More interestingly, unlike the enzymatic EZH2 inhibite6K126, GNA00Zed to a dosalependent
reductionin endogenous EZH2 protein abundafiery 3A). However EZH2 mRNA levels were not
significantly redueced after GNAOO2 treatmemt both HN4 and Cal27 cells, indicatinga possible
postirangriptional regulationof EZH2 by GNAO0O02(Fig 3B). Consistent withprevious studies
reportingthat covalent binding of the small molecular compowatfigct protein stability(Titov et al,
2011 Zhang-et=aly 2010Zhen et al, 2012 we found thathe GNA0O2induced EZH2 decrease was
inhibited by the 26S proteasome inhibitorMG132 Fig 3C). This effect wasconcurrentwith an
increase irubiquitination ofWT-EZH2, but notby the nonRGNAOO24interacting,C663S mutant form
of EZH2 (Fig\3D){ Furthermore, we found th&NAO0O02 treatmentiecreasedH3K27Me3levelsin
UMSCG12 thead and neckcancer cell expressingvild type EZH2 but not in C668S
mutantexpressingUMSCGC12 cells (Appendix Fig S3A-B). Intriguingly, other histone lysine
methylation, =ubiquitination and acetylatigmatternswere not significantly altered by GNA002
treatment(Appendix FigS3A-B). These datdhus demorsated that GNAOO2 exertsits biological
effect by specifically interacting with and inhibiting EZH2 enzymatic activities.

We nextexamined the biological consequences of GNAOOZhedPRC2 complex and found
that GNAOO2 incubationled to the dissociationfdhe functionalPRC2 complexFig 3E) that was
coupled taa reduction in the abundance of all of the PRC2 compotiatise examineafter prolonged

GNAO002 treatmen(Fig 3F). Interestingly,the C668S mutanform of EZH2, which is deficient in
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interactirg with GNA dervatives exhibited resistance t8NA002induced dissociation of the PRC2
complex Appendix FigS3Q. Consistent withEZH2 being the atalytic subunit of PRC2histone
H3K27Me3 but not H3K9Me3 levels were strongly reduced in GNAOGReated cks (Fig 3F and
EV3D). Notably, GNAOO2treatmentdid not result in an obvious reduction in the abundance of BMI
a critical component of the mukubunitPolycombrepressocomplex 1(Fig 3F) thatsuppresssgene
transcription of afaculty of target genes largely by promoting H2A ubiquitinéGeo et al, 2006
These resultdurther illustrae the specificity of theSNA derivatives in suppressing EZH2 and PRC2
enzymaticactivitiesin cells, at least in this experimental condition

Moreaover;the levels of EZH2 and SUZ12but not of other methyltransferasescluding
ESET or SET8decreaseduponthe GNA0O2 treatmeni{Appendix FigS3E) indicating that GNA
derivatives specifically decreasedhe abundance oPRC2 complexcomponents but not other
methyltransferases Similarly, using chromatin immunoprecipitationanalysis, we found that
GNAOO2treatedepithelial cancecells (Cal27) lost H3K27 trimethylationwithin the core promoter
region of manypreviously reported EZHBownstreantarget gene¢Cao et al, 2011(Fig 3G). As a
result, the mRNAevels of a cohort o€haracterizedEZH2 target geneseresignificantly reactivated in
epithelial cancercells, such Ed-12 (Appendix Fig S35 Cal27 (Appendix Fig S3G) and HN<klls
(AppendixiFig=S3Hl after 24 hour®f incubationwith 2 uM GNAO0O02.

EZH2 protein levels are reduced largely through the CHIP E3 ubiquitin ligase

To further pinpoint the molecular mechanism underlying ®GR2-inducedeZH2 ubiquitination we
next screened farpstreanE3 ligasés) thatmay potentially mediat&ZH2 ubiquitination.  this end,
EZH2 proteinlevelsin Cal27 cancer cellsvereassessed afténe depletionof a series of ubiquitin E3
ligases by siRNAThe knockdownefficiency of the human homolog of AriadnéHHARI), c-Cbl,
Parkin, EGassociated protein (E6AP) a@dHIP was examined by retime polymerase chain reaction
(PCR assayqAppendix FigS3l). Notably, the épletion of endogenouSHIP led to anincreasein
endogenous EZH2, whereBZH?2 levelsupondepletion ofotherE3 ligases appeared to katively
unchangedn this experimental settinfAppendix FigS3J). To further monitorCHIP expression in
clinical epithelial cancer samples,immunohistochemida(IHC) assag were performed incancer

tissues versusormal tissues.As presentedn Appendix FigS3K, CHIP expressionwas relatively
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increasedn cancer tissuecompared withnormal tissuesConsistently, previouslypublishedresults
have also illustragd relatively increasedexpression of CHIP irhuman cancerssuch asleukemia
(Bonvini et al, 200% and glioma(Xu et al, 2011 Hence, the broad expression status of CHIP in
various human tumor types supports the potential general utility of GNA dersativelinical
anti-cancer treatments

In furthersupport of CHIP as a physiological E3 ligase for EZH2, abbservedhat CHIP
appeargo bepresenin both nucleus and cytoplasm compartments, whét&at? is mostly localized
in the nucleugFig 4A). Additionally, we founda physical interaction between endogenG&dP and
endogenousEZH2 by co-immunoprecipitation IP) assag (Fig 4B). Moreover, depletion of
endogenousCHIP | by multiple shRNAs significantly retarded GNAGOfluced degradation of
endogenousEZH2rin the epithelial cancer cell lindJMSCG12 (Fig 4C). Interestingly, etopic
expression of CHIP required the presence of GNAOO2 to significantly promote the ulbigqritiof
EZH2 (Fig 4D). On the other hand, CHIP failed toromote the ubiquitination ofthe
non-GNA-interactingC663S mutanform of EZH2, even in the presence of GNAOGZJ 4D), further
emphasizing the*critical role of CHIP in mediating Giiuced EZH2 ubiquitinabn, a processhat
may require GNA covalent bound to EZH2, presenting as a protein misfolding. $igsabport of
this finding,inwitre GST-pull down assay demonstratethatthe WT-EZH2 SET domainbut notthe
C668S mutanEZH2 SET domairinteracs with CHIP only in the presencef GNA0O2 (Appendix Fig
S4A).

Notably, CHIP is a key player of the protein quality control system and medihées
polyubiquitination of misblded or aggregated proteirfer targeteddegradation Kerreira et al, 2013
Whitesell& Lindquist, 20095. In further support of this hypothesige found that ectopic expression of
CHIP efficiently-reduced theroteinabundance of endogenous EZH2 (Appendix34@). In addition,
consistenwith™a“previous reporfYu et al, 2013 we found that depletion of endogauns Smurf2, but
not Smurfly'phenocopie€HIP depletionby elevating the basal lewedf endogenous EZHZ{g 4E).
However, unlike CHIP depletion, the depletion of endogenousSmurf2 could not retard
GNAOO2-induced degradation of EZHZFi¢ 4F), further confirming CHIPbut not Smurf2 as the
physiologich E3 ligase that is largely responsible fortriggering EZH2 degradation undethe

experimentatonditionsof GNAQO2 treatment.
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Next, we continued to explore the biological effects of inhibitmgEZH2 oncoprotein with
this novel class OEZH2 inhibitors. Notably, we found that both GNA and GNAOBRarly inhibited
the proliferationof numerousancer cell linegAppendix FigS4C and Appendix &@bleS3), especially
in cancercells withrelatively increasedexpressiorievels of EZH2 mRNA and proteifAppendk Fig
S4D-G). The"anticancer effectsvere mediated in part through theinduction of cellular apoptosis
(Appendix FigS4H). Consistently GNAOO2 demonstrated an elevated capédoitywducecell death in
human cancer cellsomparedvith GNA, whereaghe inactive GNA derivative, GNAO08Appendix
Fig S1B, was, incapable of inducingpoptosisor inhibiting cellular growth Appendix Fig4H and
Appendix TableS4) These resultsuggest thathe GNA novel classof EZH2 inhibitors most likely
exerttheir antrcarcer effects by inducing cellular apoptosis throutjtect interactiors with critical
targets such as*EZH2as a Michael accept@Appendix Fig S2I)(Groll et al, 208; Liu et al, 2012).

In keeping with this notion, GNAOO2 is more potent than GMHA decreasingthe
mitochondrialmembrangotential Appendix FigS4l) to trigger cancer cell deathroughinduction of
aptotic pathwag (Appendix FigS4J).Importantly, consistent with a previous report, we found that
the GNA-mediated inactivation of EZH2 led tioeelevatel expression of the prapopotic protein Bim
(Appendix FigS4K), which isawell-characterized EZH8ownstreantranscriptional targgfWu et al,
2010) Furthermore, the depletion of endogenousBim in UMSCG12 partially inhibited
GNAOQO02-induced apoptosig\ppendix FigS4K), illustrating thaBim is a critical downstream effector
for GNA derivativeinduced apoptosidNotably, dthough CDK1 was previously reported to reduce
EZH2 stability(Wei et al, 2011 Wu & Zhang, 201}, GNAOO2 appeas to not beinvolved in this
signaling pathway given thatunlike EZH2, neither CDK1, Cyclin A nor Cyclin B levels were
significantly upregulad by GNAOOZreatmeni{Appendix Fig S4K.

As aprevious study reported that GNA treatmalsbinhibited the AT signalingpathway(Yu
et al, 2012, weftrtherexamined phosphorylan statusof the AKT protein. As shown iAppendix Fig
S4L, bothgShEZH2 lentivirusand GNAOO2 treatment redudeAKT phosphorylation.Moreover,
GNAOQO2 incubation inhibitedKT phosphorylation only iWT-EZH2-expressingyMSCGC-12 cells
but notin C668S mutant-expressingells (Appendix Fig S4M). On the other handthe EZH2
enzymatic inhibitor GSK126 did not significantly imp&d{T phosphorylation (Appendix Fi§4L-M).

These data indicateat EZHZ2inactivationinhibits AKT oncogenic signalingn partcontributing to the
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anti-cancer effects of GNA derivatives

Moreover, in agreementwith CHIP being the physiological E3 ligase governing
GNA-induced EZH2 degradatiome observed thaCHIP increasedhe ubiquitination level of only
wild-type EZH2-SET, but not those othe nonGNA-interactingC668Smutant EZH2SET, in anin
vitro ubiquitination assayAppendix Fig S4N). Furthermore, as shown in theellular IP asses;
GNAOQ0O02 treatmenincreased théinding of CHIP to wild type EZH2but notC668S mutantorm of
EZH2 (Appendix Fig S3C). We further found thatdepletion of endogenousCHIP increasedthe
GNAO002 half maximal inhibitory concentration(sg) value In contrastectopic expression of CHJP
conversely,decreasedhe GNAOO2 ICs value (Appendix Fig S40)in Cal27 cells Moreower, in
GNAOQO2-treated Cal27 cells, depletion of endogenousCHIP (Appendix Fig S4B inhibited
GNAOOz-inducedwEZH2argeed gene expressiorfAppendix Fig S4Q), therebyrestoring cell
proliferation "@ppendix Fig S4R) On the other hand, ectopic expressionGHIP elevatedthe
suppression‘ofancer cell proliferatioly GNA002 whereaghis effectwaslargely abolished in cells
expressinghes€6638S mutant form of EZH2whichis deficient in associating with GNA derivatives
(Appendix Fig S4S) These results tegher validate the critical physiological role of CHIP in

GNAO0O2mediated anicancer effects

The EZH2 inhibitor significantly suppresses cancer growth in a xenograft mouse model

We next examined the astancergrowth effect of GNAO0O2in vivo. To this end, thein vivo

pharmacokinetic_pifding of plasma samplesollectedfor up to 24 lours suggested thathe oral

administration of GNAO002 displayed noticeable awmtncer effects(Appendix Fig S5A-C) at

concentrations exceeding J€ values against EZH2btained with in vitro cell culture models
(Appendix FigS4C-and Appendix TableS3. Usinga xenograft mouse model, we found thia oral

administrationoft00 mg/kg GNAOO2 significantly decreasthesize(Fig 5A) and weight [tig 5B) of

tumors formed by C&27 cellscompared with the control grou®n the other hand, alinical,

front-line anticanceragent, csplatin (Galluzzi etal, 2012, also exhibited similar antancer effects
(Fig 5A), but unfavorably reduced the body weight of theatednude mice Fig 5C). Critically, sde

effects havebecome a major hurdl@ the clinical applicationof chemotherapeutic agensuch s

cisplatin in human patientsvith epithelial cancergArimidex et al, 200h Notably, we found that
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GNAO002 treatment had nsignificant influence onmouse body weigh{Fig 5C) suggesting the
potential forminimal side effects for GNAOOgivenits specificityfor EZH2. In support of this notion,
hematoxylin and eosirH&E) analyss showed thathe treatment of nudenice with GNA0OO2 did not
induce major morphologcal changesin the examinedorgantissues including the smallintestinal
crypts and spleenAppendix FigS5D). In contrastcisplatin induced obviougrypt loss and villus
atrophy suggestinghat GNAOOZ2 is potentiallya more specificand less toxi@anticarcer agentthan
cisplatin

Importanty, GNAOO2 treatment not only decreased the vokimfeCal27-derived tumors
(Fig 5B) but alsoreduced H3K27Me®velsin tumor tissus (Fig 5D). Mechanistically IHC analysis
furtherdemonstratethatthe oral admiristrationof GNAQ0OZ2, but notcisplatin stronglyreduced EZH2
levels in Cak27=xenograft tumortissues The observed GNANduced cessationof tumor cell
proliferation wasfurther supported byeducedKi-67-positivestainingand increased TUNEpositive
staning in tumor tissuegAppendix FigS5F). FurthermoreéizNAOO2 also significanthysuppressd the
in vivo tumor growthderived from the xenograit A549 lung cancecells (Appendix FigS5E).

Given that the lymphoma cells were more dependentthenEZH2 oncqrotein and
gain-offunctionsmutarfEZH2-expressg lymphomacells are amore suitable target for EZH2
inhibitors, wesalse examined EZH2 expressionymphoma cell lines harboring either wild type
mutant EZH2(Appendix FigS5G). Interestingly, we found that GNAOO2 significantly reduded
abundance of PRC2 componentdath wild type EZH2expresig Daudi cells (Fig 5E) and mutant
EZH2-expressindfeiffer cells(Fig 5G), regardless of EZH2 mutation stat@onsistently, GNA002
sufficiently suppressedhe xenograft tumor growth of Daudi (Fig 5F) and Pfeiffer (Fig Sdg)ls
Moreover, ve continued toexaminethe cellular response of K&/ cells, a cell linghat have been
previously demonstrated to grow irregardless of EZH2 activity status, as well as the Pfeiffératells t
are addictedt0"EZH2 enzymatic activity. Notably, we fotivat although in both cell lines, GNA002
can reduce EZH?2 protein abundance to comparable levels (AppenddbHigthe IC50 of KE37 to
GNA and GNAOO0Z2 is much higher thaneitfer cells (Appendix TableS3), indicating that GNA and
GNAO002 might block cell growth in part by specifically suppressing EZH2 enzymaitittyg&racken
et al, D03). These results together dom that the newly identified GNAOO2 is orally bioavailable

and accumulates at levdlsat aresufficient to inhibitthe aberrant oncogenic functions BZH2, thus
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inhibiting tumor growthin vivo, at least in the xenogtaéxperimental model

Next, given that drugresistage is an obstacle for successful clinical ardncer
practicéTiedt et al, 201, we also examirg potential nutations in EZH2 that could escape the
inhibitory effects of GNA derivatives. To this end, our biochemical analysis aothputational
modeling (Appendix FigS6A-B) revealedthat EZH2 has one cysteinesidue(C663) that isdirected
outwardto provideanappropriate site fothe Michaelreaction tomediatethe covalent bond with GNA
and GNAQ002 whereasother examined methyltransferases do not contain this reSthiéngly, the
non-GNA-interacting (Fig2A-C) C668S mutation has been detectetiumanclinical cancer samples
(Network, 2022.(Appendix Fig S6C), indicatingthat an acquired C668S mutation time EZH2
oncoprotein might provida growth advantage for tumor cells in partéscajng theinhibitory effects
of the GNAmeclass of inhibitors. In support ofhis assumption we found that the C668S
mutantexpressing UMSCC12 canceells displayed arelevated resistance the GNAOO2-mediated
inhibition of' anchoragéndependent growth FH{g 6A-B). The in vivo xenograft tumor model
experimentsfurther indicatedthat cancer cellsexpressing the ne@NA-interactingC668S mutant
displayed significantesistance to GNAOOReatmentcompared with WIEZH2-expressing cell§Fig
6E). These results together coherentlgicatethat GNA derivatives are specific EZH2 inhibitors by
covalently’bindingo theCys668 residue withithe SET domain.

More importantly, theC663S mutant displaye@n enzymatic activitysimilar to that of
WT-EZH2 regarding the maintenance l@BK27 trimethylationin vitro (Appendix FigS6D), arguing
that the observed effedf the C668S mutation was largely due to its deficienayassociahg with
GNAOO2 rather than dectly affecting the methyltraresfase activity of EZH2. Given the critical role
of CHIP in promoting the destruction tfe EZH2 oncopotein when challenged with GN®2 we
also reasoned-=thatihe reduced expression of CHIR human cancermight overridethe anticancer
effectson GNA"derivatives. In support of thiontentionwe found thathe depletion of endogenous
CHIP moderately demnsitized UMSCC12 cells to GN®2 {ig 6C-D), thereby leading to ascquired
resistance to GNAOO vivo asassessed bgxenograft nouse model (FigF). This effect occurs
part throughsignificantly elevatedEZH2 levels and a subsequent increaseH8K27Me3 levels
(Appendix Fig S6E).

Discussion
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Covalent modification®f specific oncoprotes haverecentlygained increasing attentias anovel
anti-cancer strategy anir drug developmenfKim et al, 2013aZhou et al, 200P To sufficiently
decrease thexpression level anthe oncogenitunction ofthe EZH2 proteinin cancer cellsGNA and
its derivatives represe a unique category of inhibit®) thatcovalently bindso EZH2, but notto the
other methyltransferaseabat we examined We found that thistrategy isan effectivemethodto
terminatetheoncogenic functions of EZHRothin vivo andin vitro. Notably, recent studiebave begun
to reveal thathe oncogenic functions of EZH2 are dependent on its histetigyltransferasactivity as
well asits role_as a cactivator for critical transcription factotisatpromote tumorigenesiShih et al,
2012 Sparmann.& van Lohuizen, 2006Ve discoveedthat EZH2 degradation was induced ®XA
derivativesin part by directly binding to EZH2. Biochemical analysis allowed us torther identify
Cys668 as thessingle residue locatethe SET domain of EZH2 to form a covalent bond with the C8
equivalent atom 0GNA andGNA derivatives Although previouly the EZH2 inhibitor DZNg was
also reportedo indu@ thedegradtion of the oncoprotein EZHZan et al, 200 the underlying
mechanism @ff{GNAO0O02 igery different from that of DZNep. Speciically, DZNep functions as an
analog of methyl"group donor, while GNAOO2 could covalently bind with spanifiteineresidue of
EZH2 to triggemits ubiqutination and subsequent degradation by the protein quoatitgl E3 ligase,
CHIP.

Strikingly, the C668S mutation of EZH2 has been reported in colon calitieal samples
(Network, 2012. We alsofound thatthe C668S mutarform of EZH2 failed to interact with GNAnd
GNA derivatives As indicated inAppendix Fig S5 the levels of H3K27Me3 of C6688utant
UMSCG-12 cells are not obviously changed compared to the wild type of UMIRCf@lls. These data
suggest that,the C668S mutation might functioa passenger mutation, but patiemasboring sucla
mutationmay-netbenefit fromclinical treatment withtGNAOO2. As a biological consequenceancer
cells expressing the C66&EXH2 mutantwere more resistant to GNAderivativeinduced growth
inhibition bothin vitro andin vivo. Hence, our study has clearly defined a target pagigoipopulation
bearing the C668S mutation in EZH2 who might not be suitabl@NA-derivative treatmentlthough
patiens carrying theC668S EZH2 mutationonly accounted for &ery small proportion.

However,our mechanistic studies indicate that the accurate exclustbes#esstantpatients

against GNAOO2reatmentould enhance the clinical efficacy, whidhconsistent with the concept of
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predsion medidne(Stadler et al, 20)4Furthermore, we pinpointed the signaling pathway involved in
the upstreamE3 ubiquitin ligase CHIP that gover@NA-mediated ubiquitination andegradation of
theEZH2 oncoprotein. Although previous studies have reported that dissociated PRC2 compments
be degraded by the proteasome pathgayet al, 2013 the identity of B ligase(s) remainkargely
elusive. Wedemonstratethat depletion of eithegmurf2 or CHIP led toincreasecendogenous EZH2
levels However,only the depletion ofendogenou£HIP conferredcell resistance t&NA-mediated
degradatiorof EZH2.

Recently, lenalidomidéound Cullin 4Cereblon E3 ligase acquired “glue” ability to
promote the ubiguitination of IKZF1 and IKZF3 as novel downstream sulssiodtock myeloma cell
growth Kronke et al, 2014Lu et al, 2013 In our discovery,the novel “glue” effectdetween
CHIP-mediated-degradation and the EZH2 oncoprotein were trigget@dlByand its derivatives at the
substrate levelThis special feature dhetarget ubiquitination and degradation of EZRight be a
promisingalternativeanti-cancerstrategyin treating patientsvith elevated EZHZnzymaticactivity,
especially thesewwith aberraiiZH2 overexpression.The covalent binding role and thorough
suppressiorf itsfull oncogenic function were validated byvitro andin vivo experiments both in
wild-type EZH2w«solid tuma andin the gainrof-function mutah form of EZH2 in lymphoma.
Moreover thissnevel mechanism distinguishiesse potent agentsom the currentlyavailableEZH2
enzymatic inhibitors.

Additionally, our studydemonstratethat covalent binding to the Cys668 residu¢hefEZH2
SET domain,s_a promising method omodulating the EZH2 oncoprotein stability following
ubiquitination and proteasommeediated degradation. We also present GNA and its derivatives as
novel EZH2modulating candidates. In this study, wemarily used GNA andthe more ative
GNAOO2 derivative to illustrate thenovel antrEZH2 strategy GNA possesss some toxic activity,
such asthe inhibition of Cdk4/Gyclin D1, AKT and p38(Yan et al,2011) and the induction of
GSK33-dependent G1 arre§Yu et al, 2012 However our current studies demonstrated that under
our experimental conditions, GNAnd tomore extend,its derivative GNA0O2specifically inhibit
EZH2 but notthe other methyltransferasdhat we examinedthrough thecovalent inhibition of a
specific cysteine oEZH2. These resultsndicaie that thesepotent agentagainst EZH2C668 act

uniqudy and independelyt of other potential arttancer mechanissnBased on our discovery, other
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chemical compounds can been designed and developed as more specific EZH®rsodula

In summay, we haveuncovered the molecular mechanism underlyingtwalen binding of
EZH2 to potent agentas well as the signaling pathwayfor the CHIP-mediated ply-ubiquitingion of
the covalently boundEZH2 oncoprotein Fig 6G). More importantly, we utilized a combination iof
vitro andin vivo assaydo validate the nvel mechanismaof EZH2 degradationtherebyuncovering a
novel method.to develop new anti-EZH2 agents as promisingamter therapies
Materials and Methods
Cell culture
The human head/and neck canoelt lines UMSCG12 and SCE5 as well adreast cacer cell lines
MDA-MB-231, MDA-MB-468, and MCF-7 and their drug+esistant variant MGF/ADM were
obtained fromstherAmerican Type Culture Collection. The human head andeaiklikes HN4, HN-6,
HN-12, HN-13,"HN-30, Cal27, KB, andKB/VCR; the hepatocytearcinoma cell line SMM&721;
and the cervical cancer cell line HeLa were obtained frdid. Nhese cells were maintained in
Dulbecco'sminimum essential mediur(invitrogen) that wassupplemented with 10% fetal bovine
serum, 100 units/ml penicillin, and@ pg/ml streptomycin. MV4-11, RS411, Reh, Daudi, Pfeiffer
and KE37 weresobtained frorthe American Type Culture Collectiand cultured witrRPMI-1640
medium and=10% fetal bovine serum (Invitrogemhe indicated cell lines were incubated in a

humidified atmosphere with 5% Cat 37°C.

Computational,modeling
The structuralof the EZH2 CXC-SET domain (PDB4MIO) were usedfor covalent binding. The
covalent binding mechanism was determined using software Autodo@Wofts et al, 2009 The
GNA derivativesswere manually docked into the coordinated center of covahelimdisite (x30,
y=30, z=30).

Furthermore, protein residue conservation analysis was performed with the Caessite
(Ashkenazy et al, 20)0which is publically available atttp://consurf.tau.ac.ilThe EZH2 mutation
was identified in the Cosmic (catalog of somatic mutations in cancer) welisdeges € al, 201),

which is publically available dittp://cancer.sanger.ac.uk/cancergenome/projects/cosmic/
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MALDI-TOF analysis

The biotinylated EZH2 peptide (BiotDKYMCSFLFN) was synthesized by Shanghai Sangon Co.
Ltd. Bacterially purified recombinant GSEZH2 proteins were incubated with GNA or GNA0O2 for 1
hour at 37°C. The molecular weight (MW) of proteins and addwas recorded with the
MALDI -TOF Mass Spectrum (Shanghai Applied Protein Technology Co. Ltd.).

Cell growth'and survival assays

Cell viability was _assessed using the MTT assay (Sigma). Cells were seededéh @ticro-culture
plates for 12 hours to allow for cell attachment before being incubatea &siditional 72 hours with
various concentrations of the tested compounds. AfterwdreldTT reagent was added to each well,
and the cellsswere incubated for 4 hours. Then, the colored formazan products wergedquantif

photometrically'at 490 nm using a muMell plate reader (Bidrkad Laboratories).

Plasmids

The wildtype MyeCHIP constrats were kindly provided by Dr. Jing YYan et al, 201p(Shanghai
Jiao Tong University, School of Medicine, Shanghai, P.R. Chirtag.His-EZH2 expression vector
was purchasedsfrom Neobio, Chifde Nterminal GSTor Histagged EZH2 wileype and deletion
mutants were described previouglaneko et al, 2000 The mammalian expression constructs for
Flagtagged wild type and various mutants of EZH2 were also described pre\iGashet al, 2013
The EZH2 mutantg/hereinresidues C668, C699 or C647 were replaced by serine were generated with
site-directed (mutagenesis (Agilent) according to the manufacturer’s instructions. hBmeul1,
shCHIP and,shSmurf2 lentiviral constructs were purchased from Open Biosyi$tenshBim and
shEZH2 lentiviral=constructs were purchased from Addgene. Synthesized siRNanomalian
expression vectors were transfected into cells ab4&D% confluence using the Lipofectamine2000

reagent according to the manufacturer’s instructions.

Reverse-transcriptional polymerase chain reaction and quantitative PCR assays
HN-4 and Cal27 cells were treated with GNAOGR 0, 0.2 and 0.5 uM for 24 hours, and quantitative

PCR was performed using the ABI Prism 7300 system (Applied Biosystems, FigteCA; USA)
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and SYBR Green (Roche, Mannheim, Germany). For PCR, up to 1 pl of cDNA was used as a template.
The thermal cycling conditions were 95°C for 10 utes bllowed by 40 cycles of 95°C for 15
secondsand 60°C for 30econdsA primer efficiency of >90% was confirmed with a standard curve
spanning four orders of magnitude. Following the reactions, the raw data were exportedeugB@pt
System Software 4 v1.3.0 (Applied Biosystems) and analyzed.

The ‘primers were as followg-actin, sense BACC AAC TGG GAC GAC ATG GAG
AAA -3 and antisense 5TAG CAC AGC CTG GAT AGC AAC GTA3’; EZH2, sense 5STGCAGT
TGC TTC AGT ACC CAT AAT-3 and antisense SATC CCC GTG TAC TTT CCC ATC ATA
AT-3’; miR-200bssense BCAT CTT ACT GGG CAG CAT TG-3' and antisense 85TC ATC ATT
ACC AGG CAG TAT TAG-3’; miR-200c, sense BCTC GTC TTA CCC AGCAGT GT-3' and
antisense 5GTC-ATC ATT ACC AGG CAG TAT TAGSI’; c-Chl, sense 5GGA CCA GTG AGT
TGG GAG TTATTA CT-3' and antisense 855GC AAG ACT TCA CTG TGA AT CA-3’; CHIP,
sense 5TGT.GCT ACC TGA AGA TGC AG3’ and antisense 5TGT TCC AGC GCT TCT TCT
TC-3’; E6APgsense 5AGG AGC AAG CTC AGC TTA CCT3 and antisense 82AG CAG CAG
AAC ATG CAG CG3’; HHARI, sense 5GCT ACG AGG TGC TCA C&’ and antisense FATC
CTG TGC TGA=LGA CCT T@&3'’; and Parkin, sense £CA GAT TGC CAC CAT GTT GT3’ and
antisense BECAC-TFGT CAT CAT CAC ACTF3'.

Antibodies

The antibodieshat ' wereused in this study were as follows: mouse monoclonal antibody against EZH2
(612667, BD Science); rabbit polyclonal antibody against -324203661-AP, Proteintech, USA);
mouse monaclonakhaibody against B-actin (ab6276, AbcamUSA); rabbit polyclonal antibody against
H3K27Me3 (0#449, Millipore USA); rabbit polyclonal antibody against H3K@3 (051242,
Millipore, USA);"rabbit polyclonal antibody against H3 histone (AH433, Beyotime, Chiadpit
polyclonal@ntibody against EED (16818AP, Proteintech); rabbit polyclonal antibody against BMI
(10832-1AP, Proteintech); rabbit polyclonal antibody against PARP (AP102, Beyotime, )China
rabbit polyclonal antibody againstaspasé (134231-AP, Proteintech USA); rabbit polyclonal
antibody againstaspase (196771-AP, ProteintechUSA); rabbit polyclonal antibody against B2l

(12789-1AP, Proteintech USA); rabbit polyclonal antibody against Bax (505®4%g, Proteintech
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USA); the rabbit plyclonal antibody againstbiquitin (16461, Epitomics USA); mouse monoclonal
antibody against Smurfl &®0616, Santa CruaJSA); rabbit polyclonal antibody against Smurf2
(se¢25511, Santa Cryua2JSA); rabbit monoclonal antibody against Bim (2933, Gainal USA); and
mouse monoclonal antibody against Flag (F1804, Sigo®@A); Methyl-Histone H3 Antibody
Sampler Kit"(9847, Cell SignalUSA); Tri-Methyl Histone H3 Antibody Sampler Kit 783 Cell
Signal USA);,Rabbit polyclonal antibodies against H4K20 methylation (ab9051, ab9052, ab9053,
Abcam, USA) Rabbit polyclonal antibodies against EZH1(A5818, Abclonal, China).

I mmunofluoreseenee and immunohistochemistry assays
To visualizethe effects of GNA002 on the intracellular retention of Rhodamine 123 (Rho123}f, 1x10
HN-4 cells weresseeded on L-dek 8well chamber slides the day prior to the assay. The welie
then incubated with 0.25 uM Rho123 eitheralone or in the presence of 2 uM GNAO002 in DMEM for
12 hours at 37°C. Afterwards, the cells were fixed with 4% paraformaldehyde. Nsizsang was
achieved by ineubating cells in DAPI for 5 minutes. The slides were then washed ged msing a
laserscanning confocal microscope (TCS SP2, Leica, Germatgyg( al, 2009 ).

Monolayers of HN6 cells were fixed with 4% paraformaldehyde, permeabilized with 0.2%
Triton X-100-and=blocked with 5% bovine serum albunBi®A) before incubating with antibodies
against EZH2, CHIP or biotin for 2 hours at 37°C. Subsequently, cells were incubated with a
fluorescein isothiocyanate (FIT@pnjugated secondary antibo@YMED, S. San Francisco, CA,
USA) for 2 heursat 37°C. The cé&d were then examined by a laser confocal microsco@s (SP2,

Leica, Germany

Chromatin immunaepr ecipitation (ChlP) assays

ChIP assays*were performed@sviouslydescribedChopra et al, 2011DavalosSalas et al, 20)1
Cal27 cells'were treated with or without GNA002 (2 uM) for 24 hours. ChIP assays were performed
using EZ ChIP kit (Millipore). Briefly, CaR7 cells (1x10 cells) were fixed with 1% formaldehyde
and then neutralized by adding 0.125 M glycine. Cells wetkected and lysed in cell lysis buffer
containing SDS and a cocktail of protease inhibitors. The lysates were soriwatbtain soluble

chromatin with an average length of 1000 bp. After a 1:10 dilution in dilution buffer, the ¢chmoma
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solutions weregpre<leared and incubated with IgG or aHBK27Me3 antibodiesNext, the mixtures
were incubated overnight at 4°C on a rotating platform. The immunocomplexes \wéueedaby
protein A/GSepharose beads. After extensive washing, the bound DNA fragments were elutked, and t
resulting DNA was subjected to rdahe qPCR analysis using the following ChIP primer pairs:
miR-200a,bsensex’-CGT CTG GCC AGG ACA CTA3’ and antisens®-AAT GCT GCC CAG TAA

GAT GG-3’; miR-200c, sens&’-AGG GCT CAC CAG GAA GTG T3’ and antisens&’-CCA TCA

TTA CCC GGC AGT AF3’; CB;, senses’-GCA GAG CTC TCC GTA GTC A&’ and antisense
5-AAC AGG CTG GGG CCA TAC AG3’; and GAPDH, sensg’-TAC TAG CGG TTT TAC GGG
CG-3’ andantisens®’-TCG AAC AGG AGG AGC AGA GAG CGA3..

RNA interferencerand transfection

RNA interference oligonucleotides were transfected with Lipofectamine28@@eaiously reported
(Yan et al, 201D siRNA oligonucleotides were synthesized Bgne PharmaChina. The siRNA
sequences were=as follows: negative contehse 5UUC UUC GAA CGU GUC ACG UTT3 and
antisense 5SACG'UGA CAC GUU CGG AGA ATT3’; EZH2, sense 5GAA UGG AAA CAG CGA
AGG ATT-3" and.antisense 5UCC UUC GCU GUU UCC AUU CT33’; c-Cbl, sense 8SGGA GAC
ACA UUU €GG-AUU A dTdT3' and antisense-3JAA UCC GAA AUG UGU CUC C dTd¥3;;
EGAP, sense 85UA GAG AAA GAG AGG AUU A dTdT-3' and antisense-8AA UCC UCU CUU
UCU CUA C dIdF3’; HHARI, sense, 5CGA ACA CGC CAG AUG AAU A dTdTF3' and antisense,
5'-UAU UCA,UCU GGC GUG UUC G dTdB’; CHIP, sense, 5AGG CCA AGC ACG ACA AGU
A dTdT-3' and antisense-53UAC UUG UCG UGC UUG GCC U dTd®’; Parkin, sense 85GA
AGG AGC UGA GGA AUG A dTdT3' and antisense -8CA UUC CUC AGC UCC UuC C
dTdT-3’; and=CHIP (3'UTR), sense-BAC GUG CUG GUG UGU GAA A dTdB' and antisense
5-UUU CAC'ACACCA GCACGU C dTd®B'.

Cell cycleanalysis
The cell cycle distribution of cancer cells was determined as previously repgatect al, 201D
HN-4 and Cal27 cells were seeded inviell plates at a density of 2.5x1€ells/well overnightOn the

following day, the cells were treated with vehicle (DMSO) or 1 uM GNAO002 for 24 hours. The cells
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were tlen trypsinized, and fixed cells were incubated with 0.5 ml of PI/RNase stainirey farffl5
minutes at room temperatu@@T). The DNA content and cell cycle distribution were assessed by the

FACScan laser flow cytometry. The data were analyzed using NTD&rd CELLQUEST software.

Flow cytometric analysis for detecting cellular apoptosis

Cancer cells were treated with 2 puM GNA or GNAOO02 for 24 hours. The cells were then harvested and
re-suspended with 500 pl of binding buffer. The cell suspension (100 pl) was incubated with 5 pl of
annexinV and propidium iodide aRT for 20 minutes. The tained cells were analyzed with
fluorescentactivated cell sorting using the BD LSR Il flow cytometry machine (Becton Dickinson,

San Jose, CA, USA).

Measurements of mitochondrial membrane potentials (Aym)

As a previous study reportdéerlini & Scambia, 200)7 the cells were harvested andstespended
with 500 ul of'binding buffer for 20 minutes after the cancer cells were treated with GNA or GNA002
for 24 hours. The' stained cells were then analyzedfluitinescentactivated cell sorting usintpe BD

LSR 11 flow cytometry machine (Becton Dickinson, San Jose, CA, USA).

Immunobl otting analysis

The cells were_lysed in lysate solution, and the proteins were separated on 82% $DSPAGE
gels and trarigrred to nitrocellulose membran@&gext, 5% milk powdercontaining buffer was used to
reduce the nospecific background. Bands were detected using various antibodies as inditeted.
membranes were incubated with the primary antibodies at 4°C overnight and secontdadiesntor

2 hours at R¥=before using the Odyssey® Infrared Imaging System (Biosciemsgosurego X-ray

film in the darkfor band detection.

Immunoprecipitation (1P) and denaturing IP analysis
Cells were harvested using IP buffeqIriton X-100, 150 mM NaCl, 10 mM Tris, pH 7.4, 1 mM
EDTA, 1 mM EGTA, pH 8.0, 0.2 mM sodium orthvanadate, 1 mMbhenylmethanesulfonylfluoride

(PMSH, 0.5% protease inhibitor cocktadnd0.5% IGEPAL CA630). Cell lysates were centrifuged
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at 16,000 g for30 minutes at 4°C, and the supernatants were incubated with specific antitsodies a
indicated overnight at 4°C followed by incubation with Protein A/ Proteico&@ed agarose beads
(Merck) for an additional 4 hours at 4°C. After the samples were wakteglwith ice-cold IP buffer
and the supernatants were removed by centrifugation at X@@0r 1 minute, the proteins were
precipitated individually or crecipitated. The proteins were then separated from the beads using
immunoblotting loading buffer for 5 minutes at 95°C. The supernatants were collectd$equent
immunoblotting analysis after SDS gel separation.

Denaturing cdP was performed to detect the ubiquitin conjugations of EgH#2vo. Cells
were lysed in“100«ul of denaturing buffer (100 mM Tris-HCI, 2% SDS, 10% glycerol) before being
harvested. After boiling for 10 minutes, cell lysates were centrifuged for 5 miatRd. Supernatants
were mixed witheEBC buffer [(50 mM Tris pH 7.5, 120 mM NacCl, 0.5% 4 buffer supplemented
with protease inhibitors (Complete Mini, Roche) and phosphatase inhibitors (phospin&iagor
cocktail set I.and II, Calbiochem)] and incubated with Méybeads (A2220, Sigma). The proteins
were separated+from the beads using immunoblotting loading buffeificgiey containing 50 mM
dithiothreitol OTT) for 5 minutes at 95°C. The supernatants were collected for subsequent

immunoblotting-analysis with the indicated antibodies.

Pull-down of gambogenic acid-bound proteins for HPLC/MSMS analysis

Biotin- or biatin-gambogenic acidonjugated agarose beads were prepared as previdestyibed
(Shen et al, 2009 HN-12 cells were harvested and lysed in RIPA buffer supplemented with various
protease and phosphatase inhibitors (Calbiochem, Darmstadt, Germany) witkobigation. After
centrifugation at 12,008g for 30 minutes, the s@pnatants (2 mg/ml) were collected and equally
divided into foursparts, two oivhich were preincubated with unlabeled GNA (4#0ld or 20fold of
biotin-labeled"GNA)andthen incubated with 100 ul of biotin, biotin-GNA-beads or biotrGNA-beads

in the presence of unlabeled GNA in RIPA buffer overnight at 4°C. After incubation, tie Wweeae
washed five times with RIPA buffer, the belaolund proteins were eluted, the protenese separated

by SDSPAGE, and the bandgerevisualized by silver staining.he protein fragments were recorded

with the HPLC/MS/MS analysis (Shanghai Applied Protein Technology Co. Ltd.).
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CHIP in vitro ubiquitination activity assays

CHIP activity was performed using a commercial kit following the manufacturer’s instructions (Boston
Biotechnology, USA). GlowFold™ control protein is progressively ubiquitinated using the reagents
and protocol conditionthat weresupplied in this kit. Ubiquitinated Glowold™ products are visible

via immunoblotting antrubiquitin antibodies may detect the targets in addition to polyubiquitinated

substrate proteins.

Fortebio octet.assay

The interaction between EZHZET and compounds was tested by the ForteBio Octet System
according tothe manufacturer’'s instructiong-orteBio, Inc., USA). Thel0 uM Bio-GNA was
immobilized onto"Super Streptavidin Biosenstos 30 mirutesat 25°C The 10 uM recombinant

protein of EZH2-SET was prepared in SD buffer & phosphatdsuffered saline KBS, 0.02%
Tween20, 0.1% BSA) in the presence of DMSO, GNA uM) or GNA002(10 uM). The association

and dissociation“of the EZH3ET were monitored in parallel to minimize timélhe competing
binding of compounds to EZHRET in the coated and uncoated reference sensors was measured over
1400 secondsThis analysis acaants for normspecific binding, background, and signal drift and

minimizes welbased and sensor variability.

High-content Screening assay

At 24 hoursafter incubation with a library composing of different compounds, the cellsixeste f
with formalinrandwashedhrice with PBS.Thelibrary consistf naturalcompounds from previously
reported Chinese traditional medicine. We selected these compounds thaghéyebio-active and
most of them are used in the ancifarmulato treat cancer in Chindfter the cells were incubated
with a primary antEZH2 antibody (1:300) and a secondary fluorescent antibody (1R208@/nuclei
were stained with DAPI (5 pg/mL) that wadiluted in blocking solution. The plates were incubated for

1 hour at room temperatune the dark.
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According toprevious studieseportedfdams et al, 2014Martin et al, 2014 The plates
were im@ed using a PerkinElmer Operetta higintent widefield fluorescence imaging system
coupled to Harmony software. The plates were barcoded with specific infammaind the barcodes
were read before loading onto the Operetta. The wells were imaged uéihgabjective lens in a
single focal ‘plane across each plate. The bottom of each well was detected automatically by the
Operetta focusing laser, and the focal plane was calculated relative to this value. DAPI ediigsion (
nm) was imaged for 50 ms. A towf 8 fields of view were imaged per well, with an identical pattern
of fieldsbeingused in every well. This pattern was designed to avoid imaging cells in thibareass
targeted by the.dispensers.

Modified Columbus (PerkinElmer) image analysis algorithms were used througholgi Nuc

were detected usingia modified “find nuclei” algorithm as blue (DAPI) fluorescent regions >100 umz,
with a split factor, of 7.0, an individual threshold of 0.40, and a contrast >0.10 (method B). The
phenotypic nuclear spothat arecharacteristic of EZH2 were detected using a modified “find spots”
algorithm as wellhas using fluorescent spots with a relative spot intensity >a3a aplitting
coefficient,0f.1:0-(method A). Key output parameters were the number of whole nucleieand th
percentage of nuclei with EZH2.

Statistical analyses were performed on a gigtplate basis using thescore calculation.
The strictly standardized mean difference (SSMD) was chosen as the quality control nesaicate
the variability*of'and the difference between the control populatibims.threshold was set 8t38
relative to the original EZH2 protein abundance to identifyhbgompounds, which will be further

validated by subsequent immunofluorescent and immunoblot assays.

Pharmacokinetic study

The protocolis based on the previous rg@at et al, 201l Adult male ICR mice were fasted
overnight prior to drug administration. GNAOG&s administered as a single dose of 12 mg/kg by tail
vain injection or oral gavage. At pomseand at0.083, 0.25, 0.5, 1, 2, 4, 8, and 24 hours -posg,

blood was collected from three male mice and immediately processed for plasma by centrifagation f
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10 minutes at 3,000gx The resulting plasma was frozen on dry ice, and the samples were stored at
-80°C until analysis. Proper measures were taken to minimizeapditiscomfortexperienced byhe
mice. The experimental procedures were in accordaitbettve National Institutes of Health Guide for
Care and Use of Laboratory Animals (revised 1996). The experiments were performeghiaromnm
with ethical regulations and the protocols were approved by the institute’s tteenfAdr mouse
plasma samplenalysis for GNA002a 0.1ml aliquot of plasma sample was treated with 0.3 ml of
methanol containing 250 nM (internal standard, 1S) for direct deproteinization.vaftex mixing for
1 minute and, centrifuging for 5 minutes at 10,0Q4f) 8.2 ml of superntant was transferred to a
sample vial, ‘and«pl of the sample was injected onto the LC/MS/MS. The LC was performed on an
Agilent 1200 HPLC system (Agilent Technologies, Inc., USA), and separation wasnpedfat 30C
using an Xterrasecolumn (2.1x50 mm, 3uB; Waters, USA).

The"'mobile phase consisted of 0.1% formic acid in watethanol (45:55, v/v), and the flow
rate was 0.3nl/min. The HPLC system was interfaced to an Agilent 6410 tgpkdrupole mass
spectrometers(Agilent Technologies, Inc., USA)hwain electrospray interface (ESI). The ESI source
parameters were as follows: highrity dryinggas (N2) flow rate, 8/min; temperature, 35C;
capillary voltage;,4000 V; and nebulizer pressure, 30 psi. Multiple reaction monitoringl)MBRs
used to quantify=GNA002 (m/z 732[B1+H]+a608.6 fragmentor 150 g\¢ollision energy -69 eV) and
IS (m/z 274.9 [M+H]+a201.8 fragmentor 150 e\tollision energy-40 eV). Data analysis was
performed using the MassHunter software package (Agilent Technologies, Inc., tf§aipmg both
gualitative and guantitative software. Plasma standard curves ranged from 2.5 to 1n0i00r imgy/
curves were' fitted with a linear regression equation. Concentrations oD@NA2.5 nghl were
reported as BOL (below the quantification limit of the method). To determinghhenacokinetic
parameters, =plasma concentrations versus time data for GNA002 were analyzed by standard
noncompartmental methods using the WinNonlin Pro 6.1 software (Pharsight CorporationaiMount
View, CAj USA). Concatrations reported as BQL were set equal to zerocalculate the
pharmacokinetic parameters and summary statistics. The maximum plasma concentration (Cmax) and
time to maximum concentration (Tmax) were determined directly from the concentmatenata.
The data in the terminal ldghear phase were analyzed by linear regression to estimate the terminal

rate constant (k) and hdlfe (t1/2=0.693/k). AUCBInf was computed as the sum of AUCthrough
This article is protected by copyright. All rights reserved



the last measurable concentration (Clast) using tieaditrapezoidal rule and the terminal area.

Animal experiments
Male BALB/C nude mice, aged 3&b days and weighing 1® g, were used for the animal
experiments. The mice were maintained in autoclaved-fofemicroisolator cages with autoclaved
water and sterile foodad libitum. The cages were kept in an isolator uhaét wasprovided with
filtered air. To generate the results fbrg 5, thirty mice were subcutaneously inoculated with
injections of 1x10 cells/nude mice. After 5 daythe tumor sizesvere determined using micrometer
calipers, andithesnude mice with similar tumor volumes (eliminating mice with tumors that were too
large or too small) werthenrandomly divided into 3 groups (10 nude mice per group): the saline
tumor control=group (negative control group); the oral gavage groupthétbral administration of
GNAO002 100 'mg/kg/day group; the intraperitoneal injection (i.p.) group with cisgfanmy/kg/week
group) or GSK126 (@ mg/kg, once per dgy At the end of 4 weeks, the nude micera sacrificed,
and the tumerxenografts were excised and meastivgdor volume (TV) was calculated using the
following formula® TV (mnf)=d’xD/2, where d and D are the shortest and the longest diameters,
respectively. Thewentire experimental procedure wasrformedin accordance with the National
Institutes of-Health Guide for Care and Use of Laboratory Animals (revised I986g¢xperiments
were performed in compliance with ethical regulations and the protocols ampeoved by the
institutés committee.In addition, the animals were weighed twice per week and monitored for
mortality throughout the experimental period to assess treatment toxicity.

To examine tissue damage, H&lRained tissue samples from mice receiving vehicle control
were compared with tissues from mice receiving 100 mg/kg GNAOO2 daibe (Shangary et al,
2008). Histopathelogical analyses were performed by three independent, experi¢ndedipts.

Satistical analyses
Statistical analyses were performeding two-way analysis of varianceANOVA) and unpaired

two-tailedt test using Prism (version 5.0) from GraphRa®).05 was considered significant.

Chemical preparation
This article is protected by copyright. All rights reserved



Synthesis of GNA002

To a solution of GNA (26 g, 41.27 mmol, 1.0 eq) in 8fLDCM was added HATU (14.9 g, 0.95 eq),

the mixture was stirred at 0°C for 30 minutes, and then a solutiotbio®yethanamine (3.49 g, 0.95

eq) and TEA (4.17 g, 1.0 eq) in 500 aflDCM was addd dropwise to the mixture at 0°Q\ext, the
reaction mixture was stirred at 30°C overnight. The solvent was then evaporated by 26t&/apor

to generate the crude GNA002, and the crude product was purified by the preparative HPL{D to obta
the final GVA002 compound. Briefly, The HPLC fractions were evaporated at 25°@thyaporto
remove most acetonitrile and then lyophilized (freeze dried) to remove twajenerate the dry power

product.

Preparation ofbiatinylated GNA

The carboxy group of GNA was modified by amidation with EZlinkbi&tinamido) pentylamine
(PiercefPalempalli et al, 2009 Briefly, GNA (2 mg) and E4ink (5-biotinamido) pentylaminé mg)
were dissolvedin®DMSO (300 pl) and allowed to react with EDAC (1-ethyl-3{3-dimethylaminopropyl)
carbodiimid@ in"100 mM MES (pH 5.5) at 37°C for 3 hourdNext, the reactions were halted by
extracting the™products with a buffer containing ethyl acetaig MES (1:1, v/v). The extracted
biotinylated-GNA:was then purified using the revepbase HPLC with a linear gradient of acetonitrile
(10-100%).

Preparation for the inactive GNA0OS8

To generate the inactive GNA derivative, GNA0O08, to a solution of GNA (300 mg, 0.476 mmol, 1.0 eq)
in THF, 30 ml GNAOO8 was addechan L-selectride solution in THF (0.23 ml, 0.23 mmol, 0.5 eq)
drop-wise at-90°C=under dry ic@cetondiquid nitrogen. After 10 minutes of stirring, the reaction was
guenched with*20 ml of 2 N HGIt -90°C. Then, the mixture was allowed to warmRD and was
diluted with  EtOAc (20 ml).Next, the mixture was extracted with EtOAc (20x2), dried over
Na,SO,, and evaporated by rotavapor to generate the crude inactive GNRD@AyY, the crude

GNAO0O08 product was purified by the preparative HPLC
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Figurelegends

Figure 1 Screening and identifation ofgambogenic acifGNA) to directlyinteract with EZH2.

(A) Immunefluerescence analysis demonsttdteata 12-hour treatment o2 uM GNA decreased
the abundance @ndogenou&ZH2 in the nucleus dfiN-6 head and neck cancer cells. B26
pumt

(B) Immunofluorescence analysis demonsttabtatbiotinylated GNA (BieGNA) colocalized with
EZH2 in the nuclei of mouse embryonic fibrobladtdEEs). Bar, 25 um.

(C) Invitro binding assays coupled witmmunoblot assays reveal that BENA boundto EZH2

in thewhole cell lysate that waderived fromCal27 head and neck canalls, whereas free,
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unconjugated GNA efficiently competavith Bio-GNA to bind endogenous EZH2fter the
cells were lysed to generatdole cell lysatesthe indicated concentration of b@&NA or free
GNA wasadded to perform thie vitro binding assays.

(D) Bio-GNA (5 uM) bindsto the recombinant @rminal portion of EZH2 in d@me-dependent

manner,

Figure 2 EZH2 covalently binddéo GNA and its derivatives
(A) Recombinant wiledype (WT) C-terminal EZH2 and its indicated three muta(@588S,
C699S,.and C647S)ere incubated witts uM Bio-GNA in vitro for 1 hour followed by
immundolotting with antibodies against biotin and EZH2.
(B) Full-lengthWT and the C668S mutafdrm of EZH2 (bottom panel), as well as fléngth and
the S664C mutant form of EZH1 (upper pamwvedre incubated with uM Bio-GNA in vitro for
1 hour followed by immunoblotting with antibodies against biotin and EZH2.
(C) TheMAEDI-TOFRMS analysis illustrates the direct interaction between GNA and EZH2.
(D) Immunobloting assays reveadl that BioGNA bindsto EZH2 in whole cell lysates derived
from Cak27 and UMSCC1l%ead and eck cancercells, whereasfree GNA and GNAO002
competedvith Bio-GNA to bind EZH2.
(E) The Octet assay indicaiethat GNA and GNA0O02 could compete with BBENA to bindthe
bacterially purified recombinant HEZH2-SET domain.

Figure 3 The"protein stabilit of PRC2 complexcomponents an#i3K27Me3 are decreased b%NA
derivatives:
(A) Immunobloting analysis demonstratehat longterm (48 hour)incubation of both GNA002
and GSK126 significantly reduced H3K27Me3 levels in-Eahead and neck canceells.
However, GNA002but not GSK126, led tosignificantreduction in EZH2 abundance.

(B) Treatment with GNAOO2 for 24 hours did not reduce EZH2 mRNA levetstirer Cal-27 or
This article is protected by copyright. All rights reserved



HN-4 head and neck canceells. The data are presented as the nfelthchange oexpressin
+ SEM (n=3), *, p<0.05, **, p<0.01, ***, p<0.001.

(C) Treatment with the26S proteasome inhibitprMG132 (5 pM) reversed GNA002 (2 puM)-
inducedredudion of EZH2 proteinlevelsin Cal27 cells.

(D) GNAOQOZ2 increased the ubiquitination of ectopically expresskdrtegged wildtype EZH2
but not theaon GNA-interactingC668S mutant form of EZH2sdetected by the anti-ubiquitin
antibody of the Flagmmunoprecipitatesecovered from HEK293 cellthat weretransfected
with the indicated plasmids

(E) GNA0O02,treatmentor 24 hours decreased the association between EZH2 and EED within the
PRC2complexn Cal27 cells.

(F) Immunebletting assaygemonstratethat GNA0O2 treatment (24 hours) reduced the abundance
of PRCcomplex components and H3KE3 in Cal27 cells in a dose-dependent manner.

(G) Cal27. cells were treated with 2 uM GNAO002 for 24 hours and subject taChIP assays to
determinethe H3K27Me3 status within the promoter regions of characterized EZH2 gene

targetssuch as CBImiR-200C and miR-200C.

Figure 4 EZH2:protén levelsaredecreased largethrough the E3 ubiquitihgase CHIP.

(A) Immunofluorescence analysis indichtthat EZH2 and CHIP proteins d¢ocalized in the
nuclei of HN-6head and neck cancer cells. B& um.

(B) Detection/ofthe endogenous interaction between EZH2 and CHIP byncounoprecipitation
in Cak27head and neck cancer cells.

(C) Immunobleting analysis demonstradethat the depletion of endogenouSHIP using two
independent lentiviral ShRNA constructs led to elevated basal EZH2 levels and resstance
GNAO00Zinduced EZH2 degradation in UMSCC-ti@ad and neck cancer cells.

(D) Ectopic expression of CHIP promdtethe ubiquitination of WIEZH2, but not the
non-GNA-interacting C6683nutantEZH2, only when challenged with GNA0GA HEK293
cells for24 hours.

(E) Immunobloting analysis to monitor changes in endogenous EZH2 abundance folltveng

lentiviral sShRNAmediated depletion afndogenou€HIP, Smurflor Smurf2in UMSCG12
This article is protected by copyright. All rights reserved



(F)

cells.
Depletion of endogenouSHIP, but not endogenouSmurf2, conferred resistance EZH2
degradation induced by a 48-hour GNAQO2 treatrimrettMSCG12 cells.

Figure 5 EZH2.degradation induced by GNA derivatisegppresses vivo tumor growth.

(A)

(B)
(©)
(D)

(E)

(F)

(G)

Nude mice bearing C&7 xenograft tumors were orally administered GNA0OO2 (p.o., 100
mg/kgyonce per day, n=10§3SK126 (i.p., 9 mg/kg, once per day, n=1Q@jsplatin (i.p., 5
mg/Kg, onceperweek, n=10) or vehicle control (p.o., once per day, n=IMMor sizes were
measured dby, converted to tumor volumand plotted against days of trimaent. The data

are presented dhe meanpercentage change aimor volumez standard error of the mean
(SEM).

Representative images$ the xenograétidtumors after vehicle or GNA0O2 treatments.
Body-weights of the treated mice were recordely ddterthe indicated treatments.

Oral GNA0O2 treatment (100 mg/kg) for 4 weeks led to a decrease in H3K2&#8in the
collected Cal27 xenogratdtumors.

Immunobloting assay indicated that GNAOO2 incubation for 48 hours not only reduced
H3K27Me3levelsas GSK126 didbut alsosignificantlyreducedhe EZH2 proteirabundance

in the wild,type EZHZexpressig lymphoma Daudi cells.

Nude=mice bearing Daudi xenograft tumors were orally administered GNA0OO2 (p.o., 100
mg/Kg; once per day, n=10) or vehicle control (p.o., once per day, n=10). Tumor sizes were
measured every days.The chta are presented #ise meanpercentage change of tumor
volume +SEM.

Immunobloting assay indicated that GNAOO2 incubation for 48 hours not only reduced
H3K27Me3 levels as GSK12@lid, but also significantlyreducedmutant EZH2 protein

expressionn Pfeiffer cellsthat harbor gakof-function EZH2 mutation.
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(H) Nude mice bearingfeiffer xenograft tumors were orally administered GNA0O2 (p.o., 100
mg/kg, oncedaily, n=10) or vehicle cdrol (p.o., oncedaily, n=10). Tumor sizes were
measured every days.The data are presented &lse meanpercentage change of tumor
volume +SEM.

Figure 6 The non-GNA-interacting EZH2-C668S mutatiorrescuesGNA002induced reduon of
tumor growth.

(A) The arhorageindependent growth of WEZH2-expressing but not C668pressing
UMSCG12 head and neck canceells wasretarded byl uM GNAOO2 treatment for up t&
weeks

(B) Quantificationof the resultshat wereobtained inA.

(C) Depletion of endogenou€HIP in UMSCG12 cells partially conferred resistance to
GNAOO2mediated suppression of anchorage-independent growth at the end of 6 weeks.

(D) Quantificationof the resultshat wereobtained inC.

(E) Nudermice bearing WEEZH2- or C668SEZH2-expressing UMSCQ2 xenogragd tumors
were orally administered GNA0O02 (p.o., 100 mg/kg, ceidy, n=10) or vehicle control (p.o.,
oncedaily, n=10).The data are presented #® meanpercentage change of tumor volume
SEM;##%2p<0.001.

(F) Nude mice bearing shGFBr shCHIRexpressing UMSCQ2 xenograft tumors were orally
administered GNAOO2 (p.o., 100 mg/kg, omizly, n=10) or vehicle control (p.o., ondaily,
n=10).The data are presented tee mean tumor volume + SEM, **h<0.001.

(G) A proposed model to illustrate the molecular mechanisms underlying GNA dersvasva
novel class of EZH2 inhibitors. GNA and GNArdatives specifically interact with EZH2
but net-ether methyltransferasigy forming a covalent bond between the C8 equivalent atom
of the"GNA derivatives and the S atom of the Cys668 residue in the SET domain of EZH2.
Subsequently, GNAinding to EZH2 iduces CHIRdependent polyubiquitination arttie
subsequent degradation of EZH2, thereby leading to a total termination of the EZH2

oncogenic functions in human cancer cells.
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