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The histone lysine methyltransferase nuclearreceptor-bind-
ing SET domain protein 2 (NSD2, also known as WHSC1/
MMSET)isan epigeneticmodifierand isthoughtto play a driv-
ing role in oncogenesis.Both NSD2 overexpression and point
mutationsthatincrease itscatalytic activity are associated with
severalhuman cancers.Although NSD2 is an attractive thera-
peutic target,no potent,selective,and bioactive smallmolecule
inhibitorsofNSD2 have been reported to date,possibly due to
the challengesofdeveloping high-throughputassaysforNSD2.
Here,to establish a platform forthe discovery and development
ofselective NSD2 inhibitors,we optimized and implemented
multiple assays.We performed quantitative high-throughput
screening with full-length WT NSD2 and a nucleosome sub-
strate againsta diverse collection ofbioactive smallmolecules
comprising 16,251 compounds.We further interrogated 174
inhibitory compounds identified in the primary screen with
orthogonaland counterassaysand with activity assaysbased on
the clinically relevantNSD2 variantsE1099K and T1150A.We
selected five confirmed inhibitorsforfollow-up,which included
a radiolabeled validation assay,surface plasmon resonance
studies,methyltransferase profiling,and histonemethylation in
cells.We found thatallfive NSD2 inhibitorsbind the catalytic
SETdomainandone exhibited apparentactivity in cells,validat-
ing the workflow and providing a template foridentifying selec-
tive NSD2 inhibitors.In summary,we have established a robust
discovery pipeline foridentifying potentNSD2 inhibitorsfrom
small-molecule libraries.

Epigenetic modifiers are widely recognized as targets for
therapeutic intervention,due to theircriticalrolesin regulating
gene expression and chromatin integrity in addition to their
dysregulation in a range ofhuman pathologies.In particular,

the nuclearreceptor-binding SETdomain (NSD)2 family ofhis-
tone lysinemethyltransferase enzymes,NSD1,NSD2/WHSC1/
MMSET,and NSD3/WHSC1L1,have allbeen implicated as
cancertherapeutic targets(1).The catalytic SET domain (Sup-
pressor ofvariegation,Enhancer of zeste,Trithorax) ofNSD
family enzymescatalyzesthe mono-and di-methylation ofthe
e-amine oflysine 36 ofhistoneH3(H3K36),utilizing themethyl
donorS-adenosyl-L-methionine (SAM)(Fig.1A).The nonover-
lapping rolesofthe NSD family ofenzymesin normalphysiol-
ogy are attributed to a variety ofadditionaldomains,including
a PWWP (proline–tryptophan–tryptophan–proline) domain,
planthomeodomain,zinc fingerdomains,and a high-mobility
group box domain (1).

NSD2hasbeen implicated asa therapeutic targetfora variety
of cancers. Because the gene is located within the Wolf-
Hirschhorn syndrome criticalregion ofchromosome 4,NSD2
is also known as Wolf-Hirschhorn syndrome candidate 1
(WHSC1)(2).NSD2 wasfirstdescribed asa gene dysregulated
by the t(4;14)(p16.3;q32.3)translocation in ;15% ofmultiple
myeloma (MM)cases and is called MMSET (2–4).The trans-
location resultsin a fusion transcriptofNSD2 with the immu-
noglobulin heavy chain and increased NSD2 expression.The
t(4;14) translocation can cause overexpression ofboth NSD2
and fibroblastgrowth factor receptor 3 (FGFR3)(2,3).How-
ever,NSD2 isthoughtto be the primary oncogenic driverofthe
t(4;14)1 MM subtype because NSD2 is universally overex-
pressed,whereasFGFR3 isnotexpressed in;30% ofMMcases
(4–6).The role ofNSD2 in driving t(4;14)1 MM pathogenesis
was supported by knockdown ofNSD2 in MM t(4;14)1 cell
lines,which led to reduced growth and tumorigenesis (7–11).
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Conversely,transfection oft(4;14)2 cellswith NSD2 promotes
tumorigenesis and oncogenic transformation ofprimary cells
via elevated levels ofdimethylated H3K36 (H3K36me2) (12).
Numerous studies have linked increased expression ofNSD2
with globally increased levels ofH3K36me2 (9,12–21).High
expression ofNSD2 protein has been demonstrated in many
differenthuman cancertypes,including bladder,brain,gastro-
intestinal,lung,liver,ovary,skin,and uterus(18,20,22–28).

Notably,NSD2 isamong the mostfrequently mutated genes
in pediatric cancergenomes(29).The NSD2 SET domain var-
iant,E1099K,wasidentified in both acute lymphoblastic leuke-
mia tumors and celllineswith increased H3K36me2 thatlack
the t(4;14)translocation (21,30).Sequence results of.1,000
pediatric cancer genomes,representing 21 different cancers,
revealed the E1099K variantin 14% oft(12;21)ETV6-RUNX1
containing acute lymphoblastic leukemias (21).NSD2 is also
among the mostfrequently mutated genesfound inmantle cell
lymphoma tumors,where both E1099K and T1150A variants
are observed (31).The E1099K varianthasalso been reported in
chronic lymphocytic leukemia (CLL) and lung and stomach
cancers(32–35).RecombinantNSD2E1099K showed higherin
vitro activity compared with the WT enzyme (21). Ectopic
expression of NSD2 E1099K induced H3K36me2 and pro-
moted transformation, whereas knockdown of the enzyme
reduced cellline proliferation and tumorigenesis(21).
Although NSD2 isan attractive therapeutic target,few small

molecule inhibitorshave been reported,and none demonstrate
the desirable attributes ofhigh-quality chemicalprobes (36).
The compound LEM-06 (IC50 5 900 mM)was discovered by
virtualscreening againstan NSD2 homology model(37).The
antiparasitic drug suramin inhibitsNSD2 (IC50 5 0.3–21 mM)
butis a pan-inhibitor ofmethyltransferases (38,39)aswellas
other enzymes (40).Likewise,the nonspecific histone lysine
methyltransferase inhibitorchaetocin (IC50 5 3–6mM)showed
similar inhibition ofNSD1–3 (39).The naturalproductsine-
fungin isa close structuralanalog ofSAM and a modestinhib-
itor ofNSD2 (IC50 5 26–30 mM)(41,42).Structure–activity
relationships have been reported for sinefungin analogs,the
most potent of which inhibited the SET domains of NSD2
(IC50 5 1.8 mM) and SETD2 (IC50 5 0.29 mM) (41).Also,a
peptide inhibitorofNSD2,PTD2 (IC50 5 3–22 mM),hasbeen
reported thatwasderived from the histone H4 sequence (43).
Amajorchallenge in screening forsmallmolecule inhibitors

is thatnative NSD2 requires nucleosomes as a substrate (17).
Interestingly,the apparentspecific activity ofNSD2 is higher
with HeLa-derived nucleosomes compared with recombinant
nucleosomes,which hasbeen attributed to unknownmodifica-
tions of the native substrate (17).Thus,native nucleosomes
purified from HeLa are likely a more physiologically relevant
substrate than recombinantnucleosomes.RecombinantNSD2
doesnotacton peptidesand isthusnotamenable to the com-
monly adapted histone-derived peptide screening platforms.
Here,we reportbiochemicalassay developmentand pilot-scale
screening using full-length recombinant WT, E1099K, and
T1150A NSD2 enzymes with native HeLa nucleosomes as a
substrate.Chemicallibraries were screened in a three-dose–
point quantitative high-throughput screening (qHTS) format
(44)with the Methyltransferase-Glo (MTase-GloTM)biolumi-

nescence assay (45). A number of counter and orthogonal
assays were also developed to characterize the hits from the
primary screen.Confirmed hitswere validated with a radiola-
beled SAM substrate-based NSD2 activity assay and further
interrogated with binding studies by surface plasmon reso-
nance (SPR),methyltransferase profiling,and activity assess-
mentsin U-2 OS cells.

Results

Primary assay developmentand optimization

To identify smallmolecule inhibitors ofthe WT NSD2,the
MTase-Glo assaywasoptimized foruse asa primary assay,with
whole nucleosomesasthe substrate,in 1,536-wellformatwith
4-mlreaction volumes(Fig.1B).The MTase-Glo assay reagent
measures methyltransferase activity through the coupling of

Figure 1. Optimization of the MTase-Glo primary assay. A, r e a c t io n
s c he me f o r t he me t hy la t io n o f H3 K 3 6 by NS D2 . B– D, o pt imiz e d a s s a y c o ndi-
t io ns f o r t he f u ll- le ngt h NS D2 WT (8 nM) (B) , E 1 0 9 9 K ( 1 2 nM) (C) , o r T 1 1 5 0 A (5
nM) (D) e nz y me s wit h 5 0 0 nM nu c le o s o me s , 0 .5 8 % DMS O, a nd 1 mM S AM. T he
me a n no r ma liz e d lu mine s c e nc e v a lu e s 6 S .D. (n 5 3 2 ) a r e plo t t e d f o r B– D.
T he a s s a y s a r e r o bu s t wit h S / B v a lu e s .3 a nd Z9- f a c t o r v a lu e s ;0 .9 . E,t it r a -
t io ns o f DMS O de mo ns t r a t e d t ha t t he a s s a y pe r f o r ma nc e is no t diminis he d
by t he int r o du c t io n o f v e hic le u p t o 1 .7 % (me a n 6 S .D.; n 5 3 ) . F,line a r c o r -
r e la t io n is o bs e r v e d be t we e n t he WT NS D2 e nz y me c o nc e nt r a t io n a nd me t h-
y lt r a ns f e r a s e a c t iv it y (me a n 6 S .D.; n 5 8 ) .
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the NSD2 reaction productS-adenosyl-L-homocysteine (SAH)
to a bioluminescent signal(45).The assay was further opti-
mized fortheNSD2 variantsE1099K(Fig.1C)andT1150A(Fig.
1D),to enable insightinto cross-inhibitionofclinically-relevant
NSD2 enzymes.The enzyme concentrationswere optimized to
allow a robustsignal-to-background ratio (.3.0)in a 15-min
reaction at room temperature while consuming #20% sub-
strate.The three optimized assays were robustwith Z9-factor
valuesnear0.9.Therewasno reduction in assay performance in
the presence ofup to 1.7% DMSO,which represents a triple
aliquotoffixed volume(23nl)transferred via aKalypsyspintool
equippedwith a 1,536-pin array (Fig.1E )(46).Atitration ofWT
NSD2 demonstrated a linear correlation with methyltrans-
ferase activity asexpected (Fig.1F).

qHTS forNSD2 inhibitors

The primary screen was carried out by performing qHTS
against16,251 compounds atthree concentrations (115,57.5,
and 11.5 mM) in 1,536-well plates (Table 1).Commercially-
available librariesscreened included the LOPAC (1,280 com-
pounds),Prestwick (1,360 compounds),MicroSource (2,000
compounds),and Tocris(1,304 compounds)collections.Addi-

tionally,fourNCATS librarieswere screened,including an epi-
genetics-focused collection (284 compounds),a naturalprod-
ucts library (2,108 compounds), the NPACT library (5,099
compounds), and the NCATS Pharmaceutical Collection
(2,816 compounds)(47).These libraries,enriched with phar-
macologically active compounds,were selected to evaluate the
suitability ofthe primary and secondary assaysto identifyNSD2
inhibitors.The overallquality ofthe primary screen data from
43 plates was high,with average values for the Z9-factor of
0.92 6 0.02,signal-to-background (S/B) of 3.28 6 0.31,and
coefficientofvariation (CV)for the DMSO controlof1.68 6
0.49% (Fig.2,A–C).The screen wasconducted overa period of
4 months, so these data demonstrate excellent day-to-day
reproducibility.

Hitconfirmation and secondary screening

Ofthe 16,251 compounds evaluated in the primary screen,
536 compoundswere active with a maximum response $50%,
corresponding to a hitrate of3.3% (Fig.2D).Promiscuity scores
were calculated foreach hit,and any compoundswith a prom-
iscuity score higherthan 0.2 were eliminated from the cherry-
picking.Next,the remaining hitswere evaluated by a structural

T a b l e 1
Optimized protocolforthe NSD2 MTase-Glo UltraGlo luciferase qHTS assay
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filter to eliminate the pan-assay interference compounds
(PAINS)(48).Finally,289 hitmoleculeswere selected ascherry
picks and prepared in 11-point concentration series from
library stock solutionsforfurtherstudies(Fig.2E ).

First,174 ofthe cherry pickswere confirmed asactive in the
primary assay (a 60% confirmation rate).Activeswere defined
ashaving concentration-response curves(CRCs)in the classes
of1.1,1.2,2.1,2.2,and 3.In brief,classes 1.1 and 1.2 are the
highest-confidence complete CRCscontaining both upperand
lowerasymptoteswith efficacies.80% and#80%,respectively.
Classes 2.1 and 2.2 are incomplete CRCs having only one
asymptote with efficacies.80% and #80%,respectively.Class
3 CRCs show activity atonly the highestconcentration or are
poorly fit.Class4 CRCsare inactive,having a curve-fitofinsuf-
ficient efficacy or lacking a fit altogether (44). Second, an
MTase-Glo counter screen was implemented without NSD2
butcontaining 200 nM SAH (mimicking 20% substrate conver-
sion),which identified 37 assay interference compounds that
mightactby inhibiting the coupling enzymes,luciferase orthe
luminescentsignal.Potentialredox cycling by compoundswas
assessed with an Amplex Red assay performed in the presence
ofreducing agents (49),and 63 compounds were found to be
active with a threshold of3s.To provide additionalevidence
foron-targetactivity againstNSD2,the orthogonalEPIgeneous
homogeneous time-resolved fluorescence (HTRF) methyl-
transferase assaywasutilizedwith reaction conditionsidentical
to the primary assay (Fig.3).The assay measures the NSD2
reaction product SAH,which competitively displaces d2-la-
beled SAH thatispre-bound to anti-SAH labeled with Lumi4-
Tb,resulting in a lossofFRET signal(50).

Among the 37 compounds found to be active with the
MTase-Glo counter assay was a known luciferase inhibitor
NCGC00183809 (Fig.4A).The compound shares structural

commonality with the firefly luciferase inhibitorPTC-124 (51,
52).As such,itwas likely a false-positive hitthatinhibits the
UltraGlo luciferase enzyme utilized in the MTase-Glo assay.
This notion was supported by the results of the orthogonal
assay,which did not indicate inhibition of NSD2 activity.
UltraGlo luciferase is a genetically evolved firefly luciferase
containing 70 mutations to improve its robustness,thermal
stability,and resistance to interference compounds (45,53,
54),which isconsistentwith the 158-fold reduced potency of
NCGC00183809 to UltraGlo compared with firefly lucifer-
ase (Fig.4A).The nonspecific methyltransferase inhibitor
3-deazaneplanocin A (DZNep) showed similar activities in
both the MTase-Glo primary and counter assays;however,
no inhibition ofNSD2 activity wasobserved with the orthog-
onalassay (Fig.4B).

Afterthe orthogonalassay,48 confirmed hitsremained that
were notactive in the two counterscreens(Fig.2E ).Ofthe 48
confirmed inhibitors,45 were also active against the E1099K

Figure 2.Quantitative high-throughputscreening and secondary screening forinhibitorsofNSD2 WT and variantenzymes.A– D, s t a t is t ic s f r o m t he
qHT S pr ima r y s c r e e n a ga ins t f u ll- le ngt h WT NS D2 wit h t he MT a s e -Glo me t hy lt r a ns f e r a s e a s s a y f o r 4 3 1 ,5 3 6 -we ll pla t e s . A,o v e r a ll a s s a y pe r f o r ma nc e o f t he
pr ima r y s c r e e n wa s r o bu s t wit h a n a v e r a ge Z9- f a c t o r v a lu e o f 0 .9 2 . B,a v e r a ge s igna l- t o -ba c k gr o u nd r a t io wa s 3 .2 8 . C,a v e r a ge % CV fo r t he DMS O c o nt r o l wa s
1 .6 8 . D,o f t he 1 6 ,2 5 1 c o mpo u nds s c r e e ne d, 5 3 6 we r e ide nt if ie d a s a c t iv e ( 3 .3 % hit r a t e ) . E,pr ima r y a nd s e c o nda r y a s s a y t r ia ge pr o c e s s . E ight c o mpo u nd
libr a r ie s ( 1 6 ,2 5 1 c o mpo u nds ) we r e s c r e e ne d in qHT S f o r ma t a t t hr e e c o nc e nt r a t io ns , r e s u lt ing in 5 3 6 hit s . F r o m t he init ia l hit lis t , 2 8 9 c o mpo u nds we r e s e le c t e d
a s c he r r y pic k s a nd f u r t he r e v a lu a t e d in 1 1 -po int do s e r e s po ns e . Of t he 2 8 9 c he r r y pic k s , t he a c t iv it ie s o f 4 8 we r e c o nf ir me d a ga ins t NS D2 wit h t he pr ima r y
a nd o r t ho go na l a s s a y s wit h no a c t iv it y o bs e r v e d by t he c o u nt e r a s s a y s . T he ma jo r it y o f t he s e c o mpo u nds wa s a ls o a c t iv e a ga ins t t he NS D2 v a r ia nt s E 1 0 9 9 K ( 4 5
c o mpo u nds ) a nd T 1 1 5 0 A (4 4 c o mpo u nds ) .

Figure 3.Optimized EPIgeneousHTRF methyltransferase assay with the
full-length NSD2 WT enzyme (8 nM),500 nM nucleosomes,0.58% DMSO,
and 1 M SAM.A,me a n HT R F r a t io v a lu e s 6 S .D. f o r n 5 3 2 r e plic a t e s a r e
plo t t e d, s ho wing r o bu s t pe r f o r ma nc e wit h S / B v a lu e s .3 a nd a Z9- f a c t o r
v a lu e o f ;0 .9 . B,t it r a t io ns o f DMS O de mo ns t r a t e d t ha t t he a s s a y pe r f o r ma nc e
is no t diminis he d by t he int r o du c t io n o f v e hic le (me a n 6 S .D.; n 5 6 ) .
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enzyme,and 44 showed activity against the T1150A variant.
One ofthese hitsisthe nonspecific histone lysine methyltrans-
ferase inhibitorchaetocin,whichwasreported to inhibitNSD1,
NSD2,and NSD3 (39).Chaetocin inhibited bothWT and vari-
antNSD2 enzymeswithoutshowing activity by theMTase-Glo
counterassay orAmplex Red assay (Fig.4C).The hitDA3003-1
isknown to be redox-active (49,55),and thiswascorroborated
by the Amplex Red counter screen (Fig.4D).Redox activity is
undesirable,because itcan resultin nonspecific modulation of
proteins,activation ofcellpathwayswith redox-switches,and
cytotoxicity (56).DA3003-1 was nevertheless selected for fol-
low-up studiesdue to itssubmicromolarpotency with the pri-
mary assay (IC50 5 0.9 mM). In addition to chaetocin and
DA3003-1,three other hits were selected for further studies
that have not been previously linked to NSD2 inhibition:
PF-03882845,TC LPA5 4,and ABT-199 (Table 2).In anticipa-
tion ofa full-fledged HTS,these five compoundswere selected
to validate our post-HTS workflow,which is intended to fur-
therevaluate compound activities.

Potency evaluation with the HotSpotradiolabelassay

Biochemical activities of the five selected hit compounds
againstWT and variantNSD2 enzymeswere furthervalidated
by the radioisotope-based HotSpotassay (Fig.5).The HotSpot
assay incorporates [3H]SAM to assess totalhistone methyl-
ation by direct measurement of the filter-bound tritiated
substrate,without the need for coupling enzymes or anti-

bodies (38). Both DA3003-1 and chaetocin inhibited WT
and variantNSD2 enzymes with submicromolar potencies,
whereas PF-03882845, TC LPA5 4, and ABT-199 inhibited
the enzymes at low-micromolar concentrations (Table 2).

Figure 4.Primary and secondary assayscharacterize hitcompoundsagainstfull-length NSD2 WT and variantenzymes.A,NCGC0 0 1 8 3 8 0 9 wa s ide n-
t if ie d by t he pr ima r y a s s a y ( IC5 0 5 2 .2 mM; Hill s lo pe 5 21 .8 4 ) a nd c o nt a ins t he P T C- 1 2 4 mo ie t y (red) ( 5 1 , 5 2 ) . T he c o mpo u nd s ho we d s imila r a c t iv it y wit h t he
c o u nt e r a s s a y ( IC5 0 5 1 .8 mM; Hill s lo pe 5 21 .8 5 ) bu t wa s s u bs t a nt ia lly mo r e po t e nt a ga ins t f ir e f ly lu c if e r a s e ( IC5 0 5 1 1 nM; Hill s lo pe 5 22 .2 6 ) . No a c t iv it y
a ga ins t NS D2 wa s o bs e r v e d wit h t he E P Ige ne o u s HT R F o r t ho go na l a s s a y . T he da t a o f WT NS D2 MT a s e -Glo a r e s ho wn a s t he me a n v a lu e 6 S .D. o f n 5 2 t e c hnic a l
r e plic a t e s . B,DZ Ne p s ho we d s imila r a c t iv it ie s be t we e n t he pr ima r y ( IC5 0 5 1 mM; Hill s lo pe 5 21 .6 3 ) a nd c o u nt e r a s s a y s ( IC5 0 5 0 .8 7 mM; Hill s lo pe 5 21 .9 5 ) .
No a c t iv it y wa s o bs e r v e d wit h t he o r t ho go na l a s s a y . C,c o nf ir ma t io n o f c ha e t o c in a s a n NS D2 inhibit o r . Cha e t o c in wa s ide nt if ie d a s a hit f r o m t he pr ima r y
s c r e e n, a nd t he a c t iv it y wa s c o nf ir me d by pr ima r y ( IC5 0 5 8 .5 mM; Hill s lo pe 5 21 .0 9 ) a nd o r t ho go na l a s s a y s ( IC5 0 5 6 7 mM; Hill s lo pe 5 21 .3 7 ) . No a c t iv it y wa s
o bs e r v e d wit h t he MT a s e -Glo c o u nt e r a s s a y o r Ample x R e d a s s a y . Cha e t o c in a ls o inhibit s t he NS D2 v a r ia nt s E 1 0 9 9 K ( IC5 0 5 1 9 mM; Hill s lo pe 5 20 .9 3 ) a nd
T 1 1 5 0 A (IC5 0 5 9 .6 mM; Hill s lo pe 5 21 .1 5 ) . Da t a f r o m t he MT a s e -Glo Co u nt e r a nd Ample x R e d a s s a y s r e s u lt e d f r o m s ingle e x pe r ime nt s . All o t he r da t a a r e s ho wn
a s me a n v a lu e s 6 S .D. o f n t e c hnic a l r e plic a t e s (n 5 3 f o r WT NS D2 MT a s e -Glo a nd n 5 2 f o r HT R F o r t ho go na l, NS D2 E 1 0 9 9 K , a nd NS D2 T 1 1 5 0 A). D,pr ima r y a s s a y
s ho we d inhibit io n o f WT ( IC5 0 5 0 .9 mM; Hill s lo pe 5 21 .4 ) , E 1 0 9 9 K ( IC5 0 5 2 .8 mM; Hill s lo pe 5 21 .5 1 ) , a nd T 1 1 5 0 A NS D2 ( IC5 0 5 2 .9 mM; Hill s lo pe 5 21 .4 4 )
e nz y me s by DA3 0 0 3 - 1 , whe r e a s no a c t iv it y wa s o bs e r v e d wit h t he c o u nt e r a s s a y . Inhibit io n o f WT NS D2 wa s f u r t he r s u ppo r t e d by t he o r t ho go na l a s s a y .
Ho we v e r , DA3 0 0 3 - 1 s ho we d a c t iv it y wit h t he Ample x R e d a s s a y ( IC5 0 5 0 .9 mM; Hill s lo pe 5 1 .2 5 ) indic a t ing r e do x a c t iv it y .

T a b l e 2
Biochemicalactivities offive compounds that inhibit NSD2 WT and
variantenzymes
Allvalues are derived from one experimentunless followed by a symbol,in which
casethevaluerepresentsaglobalfitto n technicalreplicateexperiments(*,n 5 2;V,
n 5 3;F,n 5 4; ,n 5 5).
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Although chaetocin is known to inhibitNSD2,inhibition by
DA3003-1,PF-03882845,TC LPA5 4,and ABT-199 has not
been reported.Notably,the HotSpot assay was consistently
more sensitive than the MTase-Glo and HTRF assaysforboth
WT and variantenzymes(Table 2).Overall,the reaction con-
ditions were very similar.The MTase-Glo and HTRF assays
utilized 8 nM NSD2,500 nM nucleosomes,50 mM Tris-HCl,pH
8.8,5 mM MgCl2,50 mM NaCl,1 mM TCEP,0.01% Tween;
and the HotSpot assay used 10 nM NSD2,400 nM nucleo-
somes,50mMTris-HCl,pH 8.5,5mMMgCl2,50mMNaCl,1mM

DTT,0.01%Brij35.AcomparisonofIC50valuesdeterminedbythe
HotSpotassay for allfive compounds from reactions containing
either1mMTCEPorDTTdidnotsuggestthatpotencydifferences
were due to the reducing agent(data notshown).Each ofthe five
compoundsinhibitedWT,E1099K,and T1150A NSD2 enzymes
with similarpotencies(Table 2).

Directbinding ofinhibitorsto the NSD2 SET domain

To support an on-targetmechanism of action for the five
inhibitors,SPR was used to determine whether each inhibitor
interactswith the catalytic SET domain ofNSD2.Asexpected,
the twopositive controls,cofactorSAMandproductSAH,both
bound the NSD2 SET domain with low micromolar affinities
(Table 3). With the exception of chaetocin, the inhibitors
bound the NSD2 SET domain stoichiometrically,with dissoci-

ation constants (Kd)comparable with the in vitro IC50 values
determined by the HotSpotassay (Table 2).Chaetocin bound
the SET domain with an apparentdissociation constantof20
nM.Additionally,the data indicated super-stoichiometric bind-
ing,whichmightbe due to a binding ratio higherthan 1:1 thatis
consistent with chaetocin’s two disulfide moieties forming
adductswith theNSD2 protein orcompound aggregation (data
notshown)(57).These data indicate that allfive compounds
mightmediate inhibition ofNSD2 by directly binding to the
catalytic SET domain.

Selectivity assessmentby methyltransferase profiling

Methyltransferase profiling ofthe five NSD2 inhibitorswas
performed to examine the selectivity toward NSD2 compared
with othermethyltransferases.Activitiesofthe inhibitorswere
evaluated against35 othermethyltransferases,including NSD1
and NSD3,with the HotSpotmethyltransferase assay technol-
ogy (Table 4).DA3003-1 was the least selective methyltrans-
ferase inhibitor and showed potentinhibition ofnearly every
enzyme exceptDOT1L (no activity)andGLP (weak inhibition).
Furthermore,DA3003-1 inhibited 27 enzymes potently with
submicromolarIC50 values.Both PF-03882845 and TC LPA5 4
inhibited most enzymes, albeit with weak potencies, but
showed some selectivity to the PRMT5–MEP50 complex and
theMLL4 complex.Chaetocin inhibited 18methyltransferases,
12 with submicromolarpotencies(including allNSD enzymes)
and two with IC50 values above 75 mM.ABT-199 inhibited 23
methyltransferases,two ofwhich have IC50 valuesabove 65mM.
The NSDswere among the mostpotently inhibited enzymes,
with IC50 valuesin the low-micromolarrange.

Inhibitoractivitiesin a cell-based assay

To evaluate the activitiesofthe five NSD2 inhibitorsin cells,
U-2 OS human osteosarcoma cellswere chosen due to a rela-
tively high expression of endogenous NSD2 protein (18).To
establish a baseline forreduced NSD2 activity,siRNAwasused
to knock down NSD2 in U-2 OS cells (Fig.6A).Variations in
NSD2 transcript knockdown were observed among the three
unique siRNAmolecules,and greaterreductionsin NSD2 cor-
responded to lower levels of H3K36me2 (Fig. 6,B and C).
Knockdown ofNSD2 did notappearto reduce the proliferation
ofU-2 OS cells(Fig.6D).Next,the cellswere treated with each
ofthe five compoundsin 10-pointdose response from0.0025 to
50 mM for 96 h.NSD2 inhibition should result in reduced
H3K36me2.Totalhistone H3 and H3K36me2 levelsweremea-
sured by Western blot analysis.The positive controlDZNep
was tested at a concentration of10 mM in parallelwith each

Figure 5.Inhibition offull-length WT NSD2 activity toward nucleosomes
measured by the radiolabeled HotSpotassay with a 10-pointconcentra-
tion seriesofinhibitor.DA3 0 0 3 - 1 po t e nt ly inhibit s NS D2 wit h a n IC5 0 v a lu e
o f 0 .1 7 mM (Hill s lo pe 5 25 .5 7 ; n 5 4 ) (A) ; P F - 0 3 8 8 2 8 4 5 inhibit s NS D2 a c t iv it y
wit h a n IC5 0 v a lu e o f 7 .6 mM (Hill s lo pe 5 23 .6 8 ; n 5 5 ) (B) ; c ha e t o c in is a
po t e nt inhibit o r o f NS D2 a c t iv it y ( IC5 0 5 0 .1 3 mM; Hill s lo pe 5 20 .7 1 ; n 5 5 ) (C) ;
T C L P A5 4 inhibit s NS D2 wit h a n IC5 0 v a lu e o f 8 .5 mM (Hill s lo pe 5 21 .5 ; n 5 5 )
(D) ; AB T - 1 9 9 inhibit s NS D2 wit h a n IC5 0 v a lu e o f 1 .7 mM (Hill s lo pe 521 .2 3 ; n 5
5 ) (E) . T he po s it iv e c o nt r o l S AH inhibit s NS D2 wit h a n IC5 0 v a lu e o f 8 .2 mM (Hill
s lo pe 5 20 .8 5 ; n 5 4 ) (F) . Da t a a r e plo t t e d a s t he me a n v a lu e 6 S .D. o f n
t e c hnic a l r e plic a t e e x pe r ime nt s .

T a b l e 3
Directbinding ofhitcompoundsto the NSD2 SET domain asmeasured
by surface plasmon resonance,with SAH and SAM aspositive controls

Compound name kon koff K d

M21 s21 s21 mM

SAH 2.33 3 103 1.19 3 1022 5.1
SAM 4.06 3 103 1.70 3 1022 4.2
DA03003-1 3.67 3 104 1.34 3 1022 0.37
PF-03882845 8.55 3 103 3.31 3 1022 3.9
Chaetocin 2.21 3 103 4.59 3 1025 0.02
TC LPA5 4 4.29 3 103 3.59 3 1022 8.4
ABT-199 4.39 3 103 3.64 3 1022 8.3
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compound and was also evaluated in dose response (Fig.6E ).
Densitometry was used to quantify both H3K36me2 and total
H3,and the densitiesofH3K36me2were normalized to those of
H3 (Fig.6F).The growth ofU-2 OS cellsover96 h in the pres-
ence oftest compounds at the same concentrations was also
evaluated (Fig.6G).The IC50 value of DZNep for reducing
H3K36me2 levels in U-2 OS cells was 390 nM with a modest
dose-dependentreduction in U-2 OS confluency (IC50 5 180
nM).Similarto DZNep,DA3003-1 treatmentalso resulted in a
dose-dependent reduction in H3K36me2 (IC50 5 545 nM);
however,higher drug concentrations resulted in cytotoxicity
(CC50 5 270 nM) similar to chaetocin and the controlbort-
ezomib,both of which were cytotoxic at all concentrations
tested.PF-03882845 reduced H3K36me2 (IC50 5 3.2 mM)over

a range of concentrations that had negligible influence on
growth;however,substantialcelldeath atconcentrationsabove
16.7 mM wasobserved during the Western blotanalysisexper-
iment (Fig.6E ),so data from the two highest concentrations
were excluded fromthe potency calculation.TCLPA5 4didnot
reduceH3K36me2overthe concentrationstested,andminimal
reduction in growth wasobserved.ABT-199 modestly reduced
H3K36me2 levels at16.7 mM;however,higher concentrations
were cytotoxic.

Discussion

A number of histone lysine methyltransferases have been
implicated asattractive therapeutic targetsin the field ofoncol-
ogy,and smallmolecule inhibitors are in different stages of

T a b l e 4
Selectivity ofinhibitorcompoundstoward WT NSD2 wasassessed by profiling 37 othermethyltransferases,including the E1099K and T1150A
NSD2 variants,with the HotSpotmethyltransferase assay
TheIC50 valuesforalltestcompoundsarecolored asaheatmapwith green indicating potentinhibition and red indicatingweak inhibition.Nocolorindicatesnomeasurable
activity.Allvaluesare derived from a single experimentexceptforthose ofWT NSD2,which resultfrom a globalfitofmultiple data setsasindicated in Table 2.
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preclinicaland clinicaldevelopment(59,60).Selective inhibi-
tors of NSD2 are of major interest both to advance basic
research and for therapeutic development.However,NSD2 is
regarded as a challenging target (61),and no selective small
molecule inhibitorsofNSD2 have been reported to date.Chal-
lengesin studyingNSD2 in vitro include thatthe targetofNSD2
methylation depends on the nature ofthe substrate (17),and
full-length NSD2 isonly active againsta nucleosome substrate
(38),which may be costprohibitive in many cases.
A wide variety of methyltransferase assays have been

described in the literature (38,45,62–67);however,few opti-
mized assayshave been reported forNSD2 in plate formatsto
enable HTS.Recently,a radiolabeled [3H]SAM assay wasopti-
mized for the NSD2 SET domain with both histone octamer
(Z95 0.69)and nucleosome (Z95 0.75)substratesin a 384-well
format (39).The assay utilizing a nucleosome substrate was

used to screen 1,040 compoundsfrom the Prestwick Chemical
Library at a single concentration of 25 mM. Although the
reported assays show robustperformance in the 384-wellfor-
mat,the use ofradiolabeled reagentsforHTS isa challenge for
many laboratoriesdue to safety regulationsand disposalcosts.
Herein,we reportthe implementation and validation oftwo

optimized homogeneous NSD2 activity assays in the highly
miniaturized 1,536-well format for the identification of
small molecule inhibitors from chemical libraries. The
assays were utilized to screen the full-length WT NSD2
enzyme againsta nucleosome substrate in qHTS formatwith
three concentrations of test compounds.The use ofqHTS
reduces both false-positive and false-negative hits common
to single-pointHTS and facilitates selection ofactives (44).
Forthe primary screen,we used the recently reported Meth-
yltransferase-Glo assay reagentwith a sensitive biolumines-

Figure 6.AnalysisofsiRNA and inhibitoractivitiestoward U-2 OS human osteosarcoma cells.NS D2 t r a ns c r ipt le v e ls in U- 2 OS c e lls we r e r e du c e d by a 7 2 -h
t r a ns f e c t io n wit h s iWHS C1 (A) , s iWHS C1 (B) , o r s iWHS C1 (C) c o mpa r e d wit h s iR NA c o nt r o l o r t r a ns c r ipt le v e ls in c e lls t ha t we r e no nt r a ns f e c t e d. B,We s t e r n blo t
a na ly s is o f t he s a me c e ll s a mple s in A indic a t e s t ha t t he le v e l o f H3 K 3 6 me 2 r e du c t io n c o r r e s po nds t o t he e x t e nt o f NS D2 t r a ns c r ipt k no c k do wn. C,de ns it o me t r y
wa s pe r f o r me d wit h t he We s t e r n blo t t ing in B,a nd t he H3 K 3 6 me 2 v a lu e s we r e no r ma liz e d t o t ho s e o f t o t a l H3 . D,pr o lif e r a t io n o f U- 2 OS c e lls 7 2 h a f t e r a 7 2 -h
t r a ns f e c t io n wit h t he indic a t e d s iWHS C1 . E,U- 2 OS c e lls we r e t r e a t e d wit h t he indic a t e d c o nc e nt r a t io ns o f t e s t c o mpo u nds o r 1 0 mM o f t he glo ba l his t o ne
me t hy lt r a ns f e r a s e inhibit o r DZ Ne p, whic h s e r v e d a s a po s it iv e c o nt r o l. Af t e r 9 6 h o f t r e a t me nt , who le - c e ll ly s a t e s we r e s u bje c t e d t o We s t e r n blo t t ing a na ly s e s .
T he blo t s we r e pr o be d wit h a nt i-his t o ne H3 K 3 6 me 2 a nd a nt i-his t o ne H3 a nt ibo die s , r e s pe c t iv e ly . F, de ns it o me t r y wa s pe r f o r me d, a nd t he v a lu e s f o r
H3 K 3 6 me 2 de ns it ie s we r e no r ma liz e d t o t he t o t a l H3 de ns it ie s . T he r e s u lt ing da t a f o r DZ Ne p (IC5 0 5 3 9 0 nM; Hill s lo pe 5 21 .3 4 ) , P F - 0 3 8 8 2 8 4 5 ( IC5 0 5 3 .2 mM;
Hill s lo pe 5 21 .7 4 ) , DA3 0 0 3 - 1 ( IC5 0 5 5 4 5 nM; Hill s lo pe 5 20 .8 1 ) , a nd AB T - 1 9 9 we r e plo t t e d a nd f it t o a no nline a r f o u r -pa r a me t e r e qu a t io n. T he da t a f o r T C
L P A5 4 wa s f it t o a line a r e qu a t io n. G,U- 2 OS c e lls we r e t r e a t e d wit h t he indic a t e d c o nc e nt r a t io ns o f t e s t c o mpo u nds , a nd pe r c e nt c o nf lu e nc y o f t he c e lls a t 9 6 h
is s ho wn a s a r e a u nde r t he c u r v e . B o r t e z o mib wa s inc lu de d a s a c o nt r o l f o r c y t o t o x ic it y .

High-throughputNSD2 screening with nucleosome substrate

J . Biol. Che m. (2018)293(35)13750 –13765 13757

 by guest on Septem
ber 12, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 



cent readout (45).A similar approach has been applied for
the discovery ofNSD1 inhibitorsby HTS (68).Afterscreen-
ing eight libraries, including numerous pharmacologically
active collections,containing over16,000 compounds,many
hitswere identified,including chaetocin,which is known to
inhibitNSD2 (39).By incorporating orthogonaland counter
screens, hits were prioritized for subsequent follow-up
studies.
Among the confirmed active inhibitors,DA3003-1,PF-

03882845,chaetocin,TC LPA5 4,and ABT-199 were selected
forfurthercharacterization.In vitro potencieswere determined
by the HotSpot assay,which is a direct readout ofthe NSD2
reaction product(38).The HotSpotassay isvery similarin for-
mat to the traditional gold standard radioisotope detection
used in conjunction with gelelectrophoresis orMS.The five
compounds inhibited WT NSD2 as wellas the E1099K and
T1150A variantenzymes.
DA3003-1 is a cell-permeable Cdc25 phosphatase inhibitor

that potently and irreversibly inhibits all Cdc25 isoforms,
includingCdc25A(IC505 29nM),Cdc25B2 (IC505 95nM),and
Cdc25C (IC50 5 89 nM) (69).It is known that DA3003-1 is
capable ofredox cycling (49,55),which wasverified here by the
Amplex Red counterscreen.In addition to potentinhibition of
NSD2 activity,ourdata demonstrate thatDA3003-1 bound the
SET domain with a strong affinity (Kd 5 370 nM,Table 3),
which iscomparable with itspotency (IC50 5 170 nM,Table 2).
Together,thissuggeststhatDA3003-1 inhibitsNSD2 through a
directinteraction with the catalytic SET domain,although itis
mostlikely nonspecific.Notably,DA3003-1 inhibited 27 ofthe
38 methyltransferase enzymes tested with submicromolar
potencies and another eightwith IC50 values near 1 mM.The
potency of DA3003-1 in cells with respect to reducing
H3K36me2 (IC50 5 545 nM) corresponds to cytotoxicity
(CC50 5 270 nM).
The Pfizer compound PF-03882845 is a highly potentmin-

eralocorticoid receptor antagonist (IC50 5 0.755 nM)(70).In
comparison,it inhibited NSD2 in vitro with an ;10,000-fold
weaker potency (IC50 5 7.6 mM)and bound the SET domain
(Kd 5 3.9 mM)within 2-fold ofthe IC50 value.Profiling studies
indicated thatPF-03882845 inhibitsmany othermethyltrans-
feraseswith modestpotencies,although itinhibitsthe histone
arginine methyltransferase PRMT5 with a submicromolar
potency. Interestingly, PF-03882845 reduced H3K36me2 in
cellswith a potency (3.2 mM)within 2-fold ofthe biochemical
IC50 value.Concentrationsatand above 17 mM resulted in sub-
stantialcelldeath in theWestern blotanalysisexperiment,but
only minimalreductionsin cellgrowth were observed with up
to 50 mM drug at96 h in the cellgrowth assay.
TC LPA5 4 wasfirstreported by SanofiAventisasa selective

lysophosphatidic acid receptor5 (LPA5)antagonistthatinhib-
ited LPA-mediated human platelet aggregation with an IC50
value of2.2 mM (71).The biochemicalpotency ofTC LPA5 4
againstNSD2 (IC50 5 8.5 mM)wasnearly identicalto itsaffinity
to the catalytic SET domain (Kd 5 8.4 mM).The methyltrans-
ferase activity profilesofTC LPA5 4 and PF-03882845 showed
striking similarities (Table 4).Both compounds inhibited WT
NSD2 with an IC50 value near 8 mM.Also,both compounds
were most potent against the PRMT5–MEP50 complex with

nearly identicalIC50 values.Furthermore,both compoundshad
;3-foldweakerpotency againsttheMLL4 complex.Compared
with the PRMT5–MEP50 complex, the potency values of
PF-03882845were atleast8-foldweakeragainst31 othermeth-
yltransferases.Similarly,compared with the PRMT5–MEP50
complex,the potency value of TC LPA5 4 is at least 7-fold
weakeragainst28 othermethyltransferases.No activity ortox-
icity wasobserved forTC LPA5 4 in U-2 OS cells.
The fungalmycotoxin chaetocin is known to inhibitNSD2

(39),so identifying it as a hit further validated our screening
approach. Of the 38 methyltransferases profiled, chaetocin
inhibited 12with submicromolarpotencies.Notably,themeth-
yltransferase profiling indicated chaetocin potenciesof740 nM
againstSUV39H1 and 570 nM againstSUV39H2,which iscon-
sistentwith a previously reported value of600 nM (72).Chaeto-
cinwasinitially reported to be a specific inhibitorofthe histone
lysine methyltransferase SU(VAR)3-9 both in vitro and in vivo
(72).However,the two disulfide bonds ofchaetocin can com-
plicate bioassay interpretation because of the potential for
redox activity and covalent modification of proteins (36).
Indeed,reportshave indicated thatthe activity againsthistone
lysinemethyltransferasesisdue to chemicalmodification ofthe
enzyme by the disulfide groups (73,74).Superstoichiometric
binding ofchaetocin to theNSD2 SET domainwasobserved by
surface plasmon resonance,which mightbe due to the forma-
tion ofdirectcompound–thioladducts.The affinity ofchaeto-
cin to the NSD2 SET domain was strong (Kd 5 20 nM)with a
biochemicalpotency about7-fold weaker.Chaetocin wascyto-
toxic to U-2 OS cellsatallconcentrationstested.
ABT-199, also known as GDC-0199 or venetoclax, binds

BCL-2 with a subnanomolar affinity (Ki ,0.010 nM) and is
approved by the Food and Drug Administration for the treat-
ment ofCLL (75,76).The biochemicalpotency ofABT-199
against WT NSD2 (IC50 5 1.7 mM) was similar against the
NSD2 variants,NSD1 andNSD3 (Table 4).The compound was
mostpotentagainsttheMLL1 andMLL4 complexes.The affin-
ity ofABT-199 to theNSD2SETdomain (Kd 5 8.3mM)isnearly
5-fold weaker than the biochemicalpotency.Ata concentra-
tion of50mM,ABT-199wascytotoxic,consistentwith itsuse in
oncology,butany influenceson cellularH3K36me2 levelswere
negligible.
DZNep isa carbocyclic analog ofadenosine and a derivative

of the antibiotic neplanocin-A.It was initially reported as a
competitive inhibitor ofSAH hydrolase atpicomolar concen-
trations(77).DZNephassince been reported asa globalhistone
methylation inhibitor when used at substantially higher con-
centrations(36,78,79).AlthoughDZNepwasidentified asa hit
from the primary screen,similaractivitieswere observed with
the MTase-Glo primary and counterassays,and no inhibition
ofNSD2 activity wasobserved with the orthogonalassay.The
potency of DZNep in reducing H3K36me2 in U-2 OS cells
(IC50 5 390 nM;Fig.6F)is similar to its potency in reducing
H3K27me3 in SU-DHL-6 cells(IC50 5 160 nM)when assessed
by the same method ofWestern blotanalysis(80).DZNep has
been also shown to reduce H3K36me2 in SW480 cellsata con-
centration of5 mM (81).

The purpose ofthisstudy wasto establish an HTS discovery
pipeline forNSD2 and to evaluate the workflow foridentifying
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high-quality toolinhibitorsofNSD2.The majority ofthe mol-
ecules screened were from pharmacologically active libraries
thatserved to validate the primary and secondary assays.The
identification ofknownmethyltransferase inhibitors,including
chaetocin and DZNep,furthervalidated the workflow.During
this pilot,many known interference compounds were identi-
fied by the secondary assays,thereby demonstrating how such
bad actors behave among the various assays. Five actives
selected from the primary screen were shown to bind the cata-
lytic SET domain and inhibitNSD2 activity in vitro.Although
these studiesconfirm inhibition ofNSD2,they do notrule out
inhibitionby intractablemechanismsofaction,such asnonspe-
cific reactivity,redox,or aggregation.Two of the five com-
pounds reduced H3K36me2 in U-2 OS cells,but the mecha-
nismsare likely to be complicated and involve multiple targets.
These studiesprovide a basisforthe future discovery and devel-
opment of novelselective NSD2 inhibitors by establishing a
robust workflow for identifying and triaging hits from high-
throughputscreens.

Experimentalprocedures

Chemicals,reagents,and libraries

MTase-Glo (V7602) was purchased from Promega, Inc.
(Madison,WI).The EPIgeneousHTRFmethyltransferase assay
(catalog no.62SAHPEB)waspurchased from Cisbio (Bedford,
MA).Dimethylsulfoxide (DMSO)was purchased from Ther-
moFisher Scientific (Pittsburgh,PA).The libraries screened
include the following:Library of1280 PharmacologicallyActive
Compounds (LOPAC1280;Sigma);Tocris (1,304 compounds,
Tocris Bioscience,Bristol,UK);Prestwick (1,360 compounds,
Prestwick Chemical, San Diego);MicroSource (2,000 com-
pounds,MicroSource Discovery Systems,Gaylordsville,CT);
NPC (the NCATS PharmaceuticalCollection (2,816 com-
pounds) (47);NPACT (NCATS Pharmacologically Active
ChemicalToolbox,5,099 compounds);an epigenetic collection
(284 compounds);and a naturalproducts library (2,108 com-
pounds).The reference compoundDZNepwaspurchased from
Selleckchem and dissolved with DMSO to a 10 mM stock.The
U-2OShumanosteosarcoma cellline andMcCoy’s5Amedium
were purchased from American Type Culture Collection
(Manassas, VA). U-2 OS cells were grown in McCoy’s 5A
medium supplemented with 10% fetalbovine serum (FBS),100
mg/mlpenicillin,and 100 mg/mlstreptomycin.Cultures were
maintained at37 °C in a humidified atmosphere of5% CO2 and
95% air.The 12% BisTris gel,nitrocellulose membrane,Lipo-
fectamine RNAiMAX reagent, and High-Capacity RNA-to-
cDNA kitwere purchased from ThermoFisher Scientific.The
RNeasy minikit and AllStars Hs CellDeath ControlsiRNA
were obtained from Qiagen (Germantown,MD).The TaqMan
Gene Expression Master Mix and TaqMan WHSC1 human
(Hs00983720_m1) were obtained from Applied Biosystems
(Foster City, CA). Silencer Select Negative Control No. 2
siRNA,siWHSC1 A (Assay ID 42800),siWHSC1 B (Assay ID
42732),siWHSC1 C (Assay ID 42650),and human GAPDH
endogenouscontrol(4352934E)were obtained fromLife Tech-
nologies,Inc.Dimethylhistone H3 (Lys-36)rabbitmAb (2901)
and histone H3 mouse mAb (3638)were purchased from Cell

Signaling Technology.Anti-rabbitIgG IRDye 680RD and anti-
mouse IgG IRDye 800CW secondary antibodies were pur-
chased from LI-COR.

Enzymesand substrates

HumanASH1L (residues2046–2330;GenBankTM accession
no.NM_018489) was expressed in E scherichia coli with an
N-terminal polyhistidine tag. Human DNMT1 (residues
2–1632;NM_001130823)wasexpressed in an insectcell/bacu-
lovirusexpression systemasanN-terminalGSTfusion.Human
DNMT3a (residues 2–912;NM_175629)was expressed in an
insect cell/baculovirus expression system as an N-terminal
GST fusion.Human DNMT3b (residues 2–853;NM_006892)
was expressed in an insectcell/baculovirus expression system
as an N-terminal GST fusion. The two proteins human
DNMT3b (residues 564–853; NM_006892) containing an
N-terminalpolyhistidine tag and human DNMT3L (residues
160–387;NM_013369)with anN-terminalGSTtagwere coex-
pressed in an insectcell/baculovirusexpression system.Human
DOT1L (residues1–416;NM_032482)wasexpressed in E .coli
as an N-terminalGST fusion.Human recombinant EZH1
(residues 2–747; NM_001991) or EZH2 (residues 2–746;
NM_001203247)was coexpressed with human recombinants
AEBP2 (2–517;NM_001114176),EED (2–441;NM_003797),
RbAp48 (2–425; NM_005610), and SUZ12 (2–739; NM_
015355)in an insectcell/baculovirusexpression system to form
the five-memberEZH1 orEZH2 complexes.Allproteinswere
full-length (residue 2 through C terminus).The EED subunit
incorporated an N-terminalFLAG tag,and allothersincluded
an N-terminalpolyhistidine tag.Human GLP (residues 894–
1298; NM_024757) and human G9a (residues 786–1210;
NM_006709) were expressed as N-terminal GST fusion
proteins in E .coli. Human MLL1 (residues 3745–3969;
NM_005933),human WDR5 (22–334;NM_017588),RbBP5
(1–538;NM_005057),Ash2L (2–534;NM_001105214), and
DPY-30 (1–99;NM_0325742) were expressed in E .coli with
N-terminal polyhistidine tags,assembled as a complex (two
copiesofDPY-30),and stored in 20 mM Tris-HCl,pH 7.5,300
mM NaCl,1 mM TCEP,10% (w/v)glycerol,and 1 mM ZnCl2.
Human MLL2 (residues 5319–5537; NM_003482), human
MLL3 (residues 4689–4911;NM_170606),and human MLL4
(residues 2490–2715;NM_014727) were expressed in E .coli
withN-terminalpolyhistidine tags,and SET1B (residues1629–
1923;NM_015048)wasexpressed in E .coliwith an N-terminal
GST tag. All four were assembled in complexes as MLL1,
as described above. Human recombinant NSD1 (residues
1538–2696;NM_022455)was expressed with an N-terminal
polyhistidine tag in an insect cell/baculovirus expression
system.Human recombinantNSD2 (residues 2–1365;NM_
001042424) was expressed with an N-terminal polyhisti-
dine tag in an insect cell/baculovirus expression system.
Human recombinantNSD2-SET domain forSPR studies(res-
idues 934–1241; NM_001042424) was expressed with an
N-terminal polyhistidine tag in E .coli.Human recombinant
NSD3 (residues 1021–1322;NM_023034) was expressed in
E .coliasan N-terminalGST fusion.Human PRDM9 (residues
2–414;NM_020227)wasexpressed in an insectcell/baculovi-
rus expression system as an N-terminalGST fusion.Human
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recombinant PRMT1 (residues 2–371; NM_001536) was
expressed in E .coli as an N-terminal GST fusion. Human
recombinant PRMT3 (residues 2–531; NM_005788) was
expressed in E .coli with an N-terminal polyhistidine tag.
Human recombinant PRMT4 (residues 2–608;NM_199141)
was expressed in E .coli as an N-terminalGST fusion.Human
recombinant PRMT5 (residues 2–637; NM_006109) was
expressed with an N-terminalFLAG tag in an insectcell/bacu-
lovirus expression system.The complex of PRMT5–MEP50
wascoexpressed with PRMT5 asdescribed above with MEP50
(residues2–342;NM_024102)containing an N-terminalpoly-
histidine tag in an insect cell/baculovirus expression system.
Human recombinant PRMT6 (residues 2–375;NM_018137)
and PRMT7 (residues 2–692;NM_019023.2)were expressed
withN-terminalpolyhistidine tagsin an insectcell/baculovirus
expression system.Human recombinant PRMT8 (residues
61–394;NM_019854) was expressed in E .coli with N- and
C-terminal polyhistidine tags. Human recombinant SET7/9
(residues 2–366; NM_030648) was expressed in E .coli as
an N-terminal GST fusion with a C-terminal polyhistidine
tag. Human recombinant SETD2 (residues 1434–1711;
NM_014159) and SMYD1 (residues 2–490;NM_198274),
both with N-terminalGST fusions,were expressed in E .coli.
Human recombinantSMYD2 (residues 2–433;NM_020197)
was expressed in E .coli with an N-terminal polyhistidine
tag.Human recombinantSUV39H1 (residues 44–412;NM_
003173) and SUV39H2 (residues 48–410;NM_001193424),
both with C-terminal polyhistidine tags, were expressed in
E .coli.Human recombinantSUV420H1-tv2 (transcriptvariant
2,residues2–393;NM_016028)wasexpressed as an N-termi-
nalGST fusion in an insectcell/baculovirus expression sys-
tem.Purified nucleosomes (HMT(35–130)) were obtained
from HeLa according to Schnitzler(82).Core histones,includ-
ing histone 5 (HMT(35–435)), were purified from chicken
erythrocytesby amodification ofthemethod ofSchnitzler(82)
followed by acid extraction/dialysis (83).Human recombi-
nanthistone H2A (residues1–130;NM_021052)and histone
H3.3 (residues 1–136; NM_002107), both untagged, were
expressed in E .coli.Human recombinantGST-GAR (glycine-
and arginine-rich sequence from the N terminusoffibrillarin,
residues 2–78; NM_001436) was expressed in E .coli as an
N-terminalGST fusion.The following substrates were pur-
chased from vendors:poly(dI-dC)(dI-dC)from Sigma;l DNA
from New England Biolabs;histone H4 from BPS Biosciences,
and histone H3(1–21) peptide from AnaSpec.The following
reference compoundswere purchased from vendors:SAH and
chaetocin fromCaymanChemicals,and LLY 507 and ryuvidine
from R & D Systems.

Methyltransferase-Glo assay

MTase-Glo assayswere performed by a multistep formatin
white solid bottom 1,536-well plates (Greiner, catalog no.
789175-F).First,23 nlofcompounds(orDMSO control)were
pin-transferred into 3 mlofreaction buffer (50 mM Tris-HCl,
pH 8.8,5 mM MgCl2,50 mM NaCl,1 mM TCEP,and 0.01%
Tween 20)containing 666.7 nM (500 nM final)nucleosomesand
either10.7 nM (8 nM final)WT,16 nM (12 nM final)E1099K,or
6.67 nM (5 nM final)T1150A NSD2 enzyme orno enzyme (low

activity control,columns2–3).Plateswere then incubated for
30 min atroom temperature priorto reaction initiation with 1
mlof4 mM (1 mM final)SAM in reaction bufferand incubated at
room temperature for15 min.Upon completion,methyltrans-
ferase conversion ofSAM to SAH was then detected using a
two-step detection system where 1 mlofMTase-Glo reagent
wasfirstadded to each wellto convertSAH to ADP for30 min
atroom temperature.Secondly,5 mlofMTase-Glo Detection
Solution wasadded to each welland allowed to incubate for30
min atroom temperature to convertADP to ATP,which was
then measured by luminescence detection using a ViewLux
uHTS Microplate Imager (PerkinElmer Life Sciences) and
compared with controlsamplesto determine relative activity.

Methyltransferase-Glo counterassay

MTase-Glo counterassay wasperformed with identicalpro-
cedures as with the MTase-Glo primary assay but without
NSD2 enzyme ornucleosomes.Instead,200 nM SAHwasadded
to mimic the reaction with 20% substrate conversion.

EPIgeneousHTRF methyltransferase assay

The EPIgeneous HTRF methyltransferase assay was per-
formed using white solid bottom 1,536-wellplates (Greiner,
catalog no.789175-F).First,23 nlof compounds (or DMSO
control)were pin-transferred into 3 mlofreaction buffer (50
mM Tris-HCl,pH 8.8,5 mM MgCl2,50 mM NaCl,1 mM TCEP
and 0.01% Tween 20) containing 666.7 nM (500 nM final)
nucleosomesand either10.7 nM (8 nM final)WTNSD2 enzyme
orno enzyme (low activity control,columns2–3).Plateswere
then incubated for30 min atroom temperature priorto reac-
tion initiation with 1 mlof4 mM (1 mM final)SAM in reaction
bufferand incubated atroom temperature for15min.Afterthe
incubation period,0.8 mlofEPIgeneousDetection BufferOne
was added to each well,followed by a 10-min incubation at
room temperature. Next, anti-SAH/Lumi4-Tb solution was
prepared according to the manufacturer’sinstructions,and 1.6
mlofthe solution were added to each well.Finally,the SAH-d2
conjugate was prepared as a 32-fold dilution according to the
manufacturer’s instructions, and 1.6 ml of the solution was
added to each well.The assay plate wasallowed to incubate for
1 h atroom temperature before detection ofthe HTRF signal
using an Envision plate reader(PerkinElmerLife Sciences).

Amplex red (10-acetyl-3,7-dihydroxyphenoxazine)assay

The assay wasadapted from a previously described protocol
to assessredox cycling ofcompoundsin the presence ofreduc-
ing agents (49).23 nlofcompounds (orDMSO control)were
pin-transferred into 2.5 mlofHBSS (ThermoFisher Scientific;
containing 1.26 mM CaCl2,0.49 mMMgCl2,1 g/literD-glucose)
in black 1,536-wellplates.Compound fluorescence was mea-
sured immediately (READ 0) using a ViewLux uHTS micro-
plate imager(PerkinElmerLife Sciences)equipped with excita-
tion 525/20 and emission 598/25 filters.2.5 mlofa 23 Amplex
Red solution (100 mM Amplex Red (Cayman Chemical,Ann
Arbor,MI), 200 mM DTT (ThermoFisher Scientific), and 2
units/mlhorseradish peroxidase (Sigma);diluted in HBSS and
protected from light) were added to each well.Fluorescence
wasmeasured after a 15-min incubation atroom temperature
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