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ABSTRACT Polycomb repressive complex 2 (PRC2) is a conserved chromatin-modifying enzyme that methylates histone H3 on lysine-
27 (K27). PRC2 can add one, two, or three methyl groups and the fully methylated product, H3-K27me3, is a hallmark of Polycomb-
silenced chromatin. Less is known about functions of K27me1 and K27me2 and the dynamics of flux through these states. These
modifications could serve mainly as intermediates to produce K27me3 or they could each convey distinct epigenetic information. To
investigate this, we engineered a variant of Drosophila melanogaster PRC2 which is converted into a monomethyltransferase. A single
substitution, F738Y, in the lysine-substrate binding pocket of the catalytic subunit, E(Z), creates an enzyme that retains robust K27
monomethylation but dramatically reduced di- and trimethylation. Overexpression of E(Z)-F738Y in fly cells triggers desilencing of
Polycomb target genes significantly more than comparable overexpression of catalytically deficient E(Z), suggesting that H3-K27me1
contributes positively to gene activity. Consistent with this, normal genomic distribution of H3-K27me1 is enriched on actively
transcribed Drosophila genes, with localization overlapping the active H3-K36me2/3 chromatin marks. Thus, distinct K27 methylation
states link to either repression or activation depending upon the number of added methyl groups. If so, then H3-K27me1 deposition
may involve alternative methyltransferases beyond PRC2, which is primarily repressive. Indeed, assays on fly embryos with PRC2
genetically inactivated, and on fly cells with PRC2 chemically inhibited, show that substantial H3-K27me1 accumulates independently
of PRC2. These findings imply distinct roles for K27me1 vs. K27me3 in transcriptional control and an expanded machinery for
methylating H3-K27.
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COVALENT histone modifications such as methylation,
acetylation, phosphorylation, and ubiquitylation are

widespread ineukaryotic genomes,where they impactdiverse
chromatin processes including transcription, DNA replication
and repair, andmitotic progression (Bannister andKouzarides
2011; Zentner and Henikoff 2013). This large spectrum of
histone modifications creates great diversity in chromatin
landscapes. Since implementers and modulators of chroma-
tin processes can read thesemodifications via direct biochem-
ical contact (Taverna et al. 2007), their many combinations

provide an array of potential regulatory levers and buttons.
For histone methylation, this complexity is expanded by the
possibility of three distinct states at each modified residue.
Specifically, arginine (R) can be monomethylated, symmetri-
cally dimethylated, or asymmetrically dimethylated and
lysine (K) can be mono-, di-, or trimethylated (Klose and
Zhang 2007). Each alternative state has potentially distinct
functional impacts, reflecting altered affinities or influences
upon chromatin factors that recognize them.

Although precise mechanistic consequences of many his-
tone modifications are yet to be determined, general insights
have emerged from studies on the responsible enzymes and
from extensive epigenomic analyses. Methylation of his-
tone H3 on lysine-4 (H3-K4me) and lysine-36 (H3-K36me)
are associated with gene activity, whereas H3-K9me and
H3-K27me often mark transcriptionally silent or low-activity
loci. Importantly, genome-wide analyses reveal that different
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methylation states at these key lysines are linked to distinct
roles in transcription. For example, H3-K4me3 is a common
feature at active gene promoters (Heintzman et al. 2007;
Kharchenko et al. 2011) whereas H3-K4me1 forms part of
the chromatin signature at enhancers (Heintzman et al.
2009; Creyghton et al. 2010; Rada-Iglesias et al. 2011;
Herz et al. 2012). Similarly, although H3-K36 methylation
is generally associated with active gene bodies (Barski et al.
2007; Barrand et al. 2010; Kharchenko et al. 2011), there are
distinct peak distributions: K36me1 predominates in 59 re-
gions, K36me2 is most abundant in midgene locations, and
K36me3 is highest at 39 ends (Bell et al. 2007; Venkatesh and
Workman 2013). These differential distributions imply that
functional roles and molecular interactions are altered by the
mere addition of one or two methyl groups.

One of themost extensively studied histonemodifications,
H3-K27me3, is a hallmark of Polycomb silencing (Margueron
and Reinberg 2011; Simon and Kingston 2013). The enzyme
responsible for K27 trimethylation, PRC2, is present in single-
celled eukaryotes and fungal species and is highly conserved
in plants and animals (Sawarkar and Paro 2010), where it is
centrally integrated into stem cell transcriptional programs
(Pereira et al. 2010; Surface et al. 2010; Xie et al. 2014).
Although H3-K27me3 is fundamentally associated with de-
velopmental gene silencing, its mechanistic consequences are
not completely understood. Importantly, analyses of histone
H3 mutants in Drosophila imply that K27 methylation has a
causative rather than passive role in transcription decisions
(Pengelly et al. 2013; McKay et al. 2015). Furthermore, al-
tered H3-K27 methylation resulting from PRC2 subunit mu-
tation or H3-K27M substitution is implicated as a driver in
certain lymphomas (McCabe et al. 2012; Kim and Roberts
2016) and glioblastomas (Chan et al. 2013; Lewis et al.
2013), and PRC2 subunit overabundance is linked to many
types of solid tumors (Simon and Lange 2008; Kim and
Roberts 2016). These findings underscore the critical role
of H3-K27me3 in setting and reprogramming genome expres-
sion profiles during both normal development and disease.

The importance of H3-K27me3 in eukaryotic genomes
raises questions about alternative K27 methylation states.
Are K27me1 and K27me2 merely neutral steps on the path
to repressive K27me3 or do they each convey distinct epige-
netic functions? An original study, using Drosophila polytene
chromosome immunostaining (Ebert et al. 2004), found that
K27me1 and K27me2 are widespread, with both decorating
much of the euchromatic genome. In contrast, K27me3 is
much more limited, with signal detected mainly at �100
discrete sites corresponding to Polycomb targets such as
Hox loci. Since the patterns were clearly not coincident, these
distributions suggest that K27me1 and K27me2 are not just
intermediates toward building K27me3. However, functional
consequences at the many sites that harbor K27me1 and/or
K27me2 have not been defined.

Subsequent analysesofH3-K27me1genomicdistributions,
in a wide spectrum of plant and animal species, supplies
further clues about potential functions. However, different

outcomes have been observed among different classes of
organisms. In mammalian cells, the bulk of evidence corre-
lates K27me1 distribution with active genes (Barski et al.
2007; Wang et al. 2008; Ernst and Kellis 2010; Ferrari et al.
2014). Most of these studies detect K27me1 enrichment
within gene bodies, suggesting a cotranscriptional role. En-
richment at mammalian gene enhancers and promoters has
also been described (Cui et al. 2009; Ernst and Kellis 2010;
Steiner et al. 2011). In Caenorhabditis elegans, K27me1 is
coassociated with dosage compensation proteins that medi-
ate X-linked gene repression (Liu et al. 2011b). However,
depending upon worm developmental stage, K27me1 was
coenriched with features of either silent or active chromatin.
This is clearly distinct from K27me3, which is highly coinci-
dent with repressed chromatin in C. elegans (Liu et al.
2011b). In plants, K27me1 is mainly linked to heterochroma-
tin (Jacob et al. 2009; Roudier et al. 2011; Baker et al. 2015),
which implies a primary role in silent chromatin. Thus,
K27me1 has been linked to either gene activity or silencing,
depending upon developmental stage and species assayed.

Here we sought to address potential K27me1 functions via
further analyses using Drosophila. We report that K27me1
genomic distribution in Drosophila cells resembles its distri-
bution in mammalian cell types, with clear enrichment in
transcriptionally active regions. We also developed tools to
manipulate K27me1 abundance to enable investigation of its
functional consequences in target chromatin. Specifically, we
engineered a PRC2 variant with dramatically elevated K27
monomethylation activity, and harnessed this tool to track
changes in target gene output when local K27me1 density
is boosted. Our findings suggest that K27me1 exerts a positive
influence on transcriptional activity. We also exploit genetic
and chemical tools that impair PRC2 activity to reveal that a
substantial fraction of K27me1modification inDrosophilamay
be delivered by enzymes other than PRC2.

Materials and Methods

Determination of methylation state distributions from
genome-wide data

Genome-wide chromatin immunoprecipitation (ChIP) enrich-
ment dataweredownloaded from themodENCODE repository
(http://data.modencode.org). All data represent ChIP-chip
experiments performed with chromatin from S2 cells. The
following modENCODE IDs were used: 298 (K27me3),
303 (K36me3), 305 (K4me3), 3000 (K27me2), and
3943 (K27me1). RNA-sequencing data from modENCODE
was used to identify genes highly expressed and genes not
expressed in S2 cells; see Table S3 in Cherbas et al. (2011) for
reads per kilobase of transcript per million mapped reads
(RPKM) values. Genes with RPKM . 50 were considered
highly expressed, and genes with RPKM = 0 were called as
not expressed. Metagene plots, with partitioning by highly
expressed and unexpressed genes, were generated using
the cis-regulatory element annotation system as part of the
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Cistrome platform (Shin et al. 2009; Liu et al. 2011a). Pearson
correlation coefficients for all ChIP datawere also calculated in
Cistrome (Liu et al. 2011a), using average enrichment signals
for 1 kb windows across the whole genome.

Baculovirus expression and purification of recombinant
PRC2 complexes

Baculovirus expression of recombinant proteins in insect Sf9
cellswasperformedusingtheBac-to-Bacsystem(ThermoFisher
Scientific). Full-length complementary DNAs encoding FLAG-
ESC, E(Z), SU(Z)12, and NURF55 inserted into pFastBac1
were obtained as described (Muller et al. 2002; Ketel et al.
2005). Site-directed E(Z) mutations were generated using
the QuikChange Mutagenesis kit (Agilent Technologies) and
were sequenced to confirm intact coding regions. Anti-FLAG
immunoaffinity purification of PRC2 complexes was performed
as described (Ketel et al. 2005; Joshi et al. 2008), withwashes of
resin-bound PRC2 containing up to 1.2 M potassium chloride.
Mutant complexes were routinely prepared in parallel with a
wild-type control, and purified at least twice independently for
each complex.

Histone methyltransferase assays

Histone methyltransferase (HMTase) assays onmutant PRC2
complexes (Figure 2C) were performed as described (Rai
et al. 2013), and were repeated at least twice using indepen-
dent preparations of mutant PRC2. Histone content was vi-
sualized by Amido Black staining. HMTase quantitation was
performed by scintillation counting of excised histone bands.
HMTase reactions using 3H-S-adenosylmethionine (SAM)
were performed for 1 hr at 30�. Reactions with nonradioac-
tive SAM were performed for 18 hr at 30� with 300 mM SAM
(Figure 3, B and C), or for 1 hr at 30� with either 3 or 30 mM
SAM (Supplemental Material, Figure S5B). Polynucleosome
substrate, consisting of 8–12 mers purified from HeLa cells,
was prepared as described (Ketel et al. 2005) and used at
60 ng/ml. Drosophila H3/H4 tetramers were prepared after
coexpression of histones H3 and H4 in Escherichia coli
(Levenstein and Kadonaga 2002) and used at 15 ng/ml.

Antibodies, Western blots, and co- immunoprecipitations

Protein extracts from fly S2 cells were prepared as described
(Wang et al. 2004), andwere fractionated on 10% SDS-PAGE
gels for Western blot analysis. Blots were incubated with
primary antibodies anti-HA (Cell Signaling Technology) at
1:1000, anti-E(Z) (Carrington and Jones 1996) at 1:100,
and anti-tubulin (Sigma, St. Louis, MO) at 1:2500 as lane
loading control. Histones were acid-extracted from S2 cells
or from fly embryos using the EpiQuick kit (Epigentek) and
histone extracts, or H3/H4 tetramers (Figure 3B), were frac-
tionated on 15% SDS-PAGE gels and transferred to Protran
(Schleicher & Schuell, Keene, NH) for Western blotting.
Histone modifications were detected with anti-H3K27me1
(Epigentek) at 1:1000, anti-H3K27me2 (Millipore, Bedford,
MA) at 1:1000, and anti-H3K27Me3 (Millipore) at 1:1000 (Fig-
ure 3B and Figure 4A) or anti-H3K27Me3 (Cell Signaling

Technology) at 1:1000 (Figure 6, A and C, Figure S5B, and
Figure S6A). Loading controls on histone blots were per-
formed using anti-H3 (Millipore) at 1:500 (Figure 3B) or
anti-H4 (Abcam) at 1:2000. Immunoprecipitations on S2 cell
extracts were performed as described (Jones et al. 1998;
Wang et al. 2006), using 10 ml of anti-SU(Z)12 (Muller
et al. 2002) and anti-HA (see above) to detect associated
HA-E(Z).

S2 cell transfections, ChIPs, and RT- PCR

Transfection constructs were built with the pAc5.1 vector
(Invitrogen, Carlsbad, CA) to express E(Z) transgenes from
an actin promoter. S2 cell transfections were performed as
described (Rai et al. 2013), except S2 cells were transfected
twice, on days 1 and 4 of culture, prior to harvesting for
assays on day 7. ChIP assays were performed as described
(Wang et al. 2010), using 5 ml anti-H3K27me1 (Active Motif),
5 ml anti-H3K27Ac (Active Motif), or 5 ml anti-H3K27me3
(Cell Signaling Technology). RT-PCRwas performed using total
RNA extracted from S2 cells using TRIzol reagent (Invitrogen).
Reverse transcription was performed as described (Wang et al.
2010). Briefly, complementary DNAwas synthesized from total
RNA and random primers using SuperscriptII (Invitrogen).
Real-time quantitative PCR (Q-PCR) was carried out in a 10 ml
volume using Platinum SYBR green qPCR SuperMix-UDG
(Invitrogen). Q-PCR was performed using 45 cycles consisting
of 95� for 30 sec, 50� for 30 sec, and 72� for 30 sec on a
Mastercycler RealPlex 2S (Eppendorf). RpII140 was used as an
internal control.

PRC2 inhibitor assays and RNA interference in S2 cells

Aliquots of 23 106 fly S2 cells were treated twice with 10mM
EZH2 inhibitor EPZ6438 (Knutson et al. 2013) over a 7-day
period, with inhibitor administered on the first and fourth
days of culture. Cells were then harvested and histones were
acid-extracted using the EpiQuick kit (Epigentek), before
subjecting to Western blot analyses (see above) to track
H3-K27 methylation states. E(Z) RNA interference was per-
formed as described (Wang et al. 2004).

Mass spectrometry

HMTase reactions using nonradioactive SAM, and matrix-
assisted laser desorption/ionization (MALDI) mass spectro-
metric analysis of resulting H3-K27 products (Figure 3C),
were performed as described (Joshi et al. 2008), using an
AB SCIEX 4800 MALDI TOF/TOF analyzer (Sciex, Framing-
ham, MA). Spectral counting was performed as follows.
Total histones were acid-extracted from wild-type and esc
mutant fly embryos (0–24 hr) using the EpiQuick kit (Epi-
gentek). Production of escmutant fly embryos, as the progeny
of esc10 b pr/esc2 Cy0 adults, was as described (Ketel et al.
2005). esc10 is a 380-kb deficiency that removes the esc locus,
and esc2 is an apparent null allele resulting from a frameshift
(Struhl 1981; Frei et al. 1985; Sathe and Harte 1995). Two
micrograms of acid-extracted proteins were resolved on 15%
SDS-PAGE gels and stained with Coomassie Blue. Histone H3
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bands were excised, destained, treated with propionic anhy-
dride, digested with trypsin, and resulting peptides were
eluted as described (Joshi et al. 2008). After purification via
C18 resin using the “Stage Tip” protocol (Rappsilber et al.
2003), one 50th of total samples were analyzed on an LTQ
Orbitrap Velos (Thermo Scientific) instrument essentially as
described (Lin-Moshier et al. 2013). PEAKS 7.5 software (Bio-
informatics Solutions) was used to search the Drosophila pro-
tein FASTA database, with cross-checking against the common
laboratory contaminants database at http://www.thegpm.
org/crap. Numbers of tandem mass spectra corresponding
to H3/H3.3 peptides spanning amino acid residues 27–40
(aa27–40) and bearing K27 methylation(s) or acetylation
were counted. Relative abundance of modification states
(Figure 6B) represents the number of aa27–40 spectra in-
dicative of K27me0, K27me1, K27me2, or K27me3, divided
by the total number of aa27–40 spectra.

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article.

Results

Enrichment of H3-K27me1 on active genes in Drosophila

To investigate potential functions ofH3-K27me1 inDrosophila,
we began by analyzing its genome-wide distributions in data-
sets compiled from fly cells relative to the transcriptome
(http://data.modencode.org). Figure 1A shows metagene
profiles that compare the three possible K27 methylation
states in cultured Drosophila S2 cells. Whereas K27me2 and
K27me3 distributions are highly correlated with repressed
genes, K27me1 is instead preferentially enriched at active
gene loci. When compared with canonical marks of active
transcription, namely promoter-enriched H3-K4me3 and gene
body–enriched H3-K36me3 (bottom two panels), K27me1
more closely tracks with the cotranscriptional distribution of
K36me3, including its characteristic increase toward the 39
ends of genes.When plots are instead centered at transcription
start sites (Figure S1), promoter-associated K4me3 is empha-
sized, as expected, and the distinct coenrichment of K27me1
with K36me3 along downstream gene bodies is again appar-
ent. Indeed, K27me1displays substantial overall genome-wide
correlation with K36me3 (0.66; Figure 1B). These findings
suggest an active role for K27me1 in transcription, rather than
a neutral entity used merely to build repressive K27me3. This
enrichment pattern resembles findings frommammalian cells;
for example, the genome-wide distribution of K27me1 in
mouse embryonic stem cells is also highly correlatedwith gene
activity rather than silencing (Ferrari et al. 2014).

Engineering an F-to-Y switch in the catalytic domain
of PRC2

To investigate functional consequences of altered K27me1
levels in cells, we sought to modify PRC2 enzyme function so

Figure 1 Distributions of select histone H3 methylation states in
Drosophila S2 cells. (A) Metagene profiles derived from genome-wide histone
modification ChIP data (http://data.modencode.org). Profiles for H3-
K27me1, H3-K27me2, and H3-K27me3 are displayed along with profiles
for the active marks H3-K36me3 and H3-K4me3. Average signal across all
genes is represented in gray, average signal across highly expressed genes
is in red, and average signal across unexpressed genes is in blue. (B) Genome-
wide Pearson correlation coefficients for the five indicated histone modifica-
tions. K27me1 is positively correlated with active gene-associated histone
methylation marks.
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that its K27 methylation activity is restricted to monomethy-
lation. This could provide a tool to create elevated levels of
H3-K27me1 at normal PRC2 target genes. Prior work on
HMTases that target H3-K4, H3-K9, or H4-K20 identified
particular aromatic residues within the catalytic SET domain
that govern methylation multiplicity (Zhang et al. 2003;
Collins et al. 2005; Couture et al. 2005, 2008). Specifically,
presence of a phenylalanine (F) residue at a key position in
the lysine-substrate binding pocket (Figure 2A) supports
mono-, di-, and trimethylation, whereas occurrence of tyrosine
(Y) at this position can restrict activity to monomethylation.
Thus, monomethylation vs. di- and trimethylation capacity can
be toggled by targeted substitution, a process referred to as the
F-to-Y switch (Collins et al. 2005).

Wild-typeflyE(Z)bearsF738at this keypositionand,when
assembled into recombinant PRC2, is fully capable of all three
methyl transfer reactions to ultimately produce K27me3 from
a K27me0 substrate (Nekrasov et al. 2007; Joshi et al. 2008).
Based on successful F-to-Y switch engineering in DIM-5, G9a,
and SET8 (Zhang et al. 2003; Collins et al. 2005; Couture
et al. 2005, 2008) at the comparable position (Figure 2A), we
constructed an E(Z) mutant bearing F738Y. We also con-
structed F738A, which should disrupt all HMTase activity
and thereby serve as a key comparative control. Figure 2B
shows that E(Z) bearing either F738Y or F738A retains the
ability to assemble into PRC2, like wild type. Encouragingly,
HMTase assays, using eitherHeLa polynucleosomes or unmod-
ified H3/H4 tetramers as substrate, show that PRC2 bearing
F738Y retains robust histone methylation activity, whereas the
F738A version is dramatically impaired (Figure 2C).

E(Z)-F738Y converts PRC2 into a monomethyltransferase

To determine if E(Z)-F738Y alters methylation output, we
analyzedHMTase reaction products generated by recombinant
four-subunit PRC2 bearing this substitution (Figure 3A). The
substrate usedwas H3/H4 tetramers produced in E. coli, which
are unmodified at K27 upon isolation (Figure 3B, right lane
and Figure 3C, upper left). Western blot analyses of reaction
products are shown in Figure 3B. The negative control, F738A,

shows dramatically reduced accumulation of all K27-methylated
species, as expected. As a positive control, we used E(Z)-F679Y, a
different F-to-Y mutant which we previously found to retain
trimethylation activity (Joshi et al. 2008). Under these reaction
conditions, both wild-type PRC2 and the F679Y control pro-
duce readily detectable amounts of K27me1, K27me2, and
K27me3 from the K27me0 substrate. In contrast, PRC2-F738Y
produces elevated amounts of K27me1 but comparatively little
K27me2 or K27me3 (Figure 3B, lane 4).

To assessmethylation capacity using an antibody-indepen-
dent method, we analyzed the products of similar HMTase
reactions byMALDImass spectrometry. Figure 3C showsmass
spectra of the H3 peptide spanning residues aa27–40, pro-
duced by tryptic cleavage after propionylation (Peters et al.
2003). The results confirm that PRC2-F738Y primarily gen-
erates K27me1 (Figure 3C, red arrow, lower right panel)
whereas wild-type PRC2 and the F679Y positive control pro-
duce all three methylation products. Thus, under these con-
ditions, wild-type PRC2 enacts successive methyl transfers to
ultimately yield K27me3, whereas PRC2-F738Y activity is
mainly limited to production of K27me1. We conclude that
incorporation of E(Z)-F738Y converts recombinant PRC2 in-
to a monomethyltransferase in vitro.

Overexpression of E(Z)-F738Y boosts H3-K27me1 in
fly cells

To investigate impact of this monomethylating PRC2 in a
cellular context, we overexpressed E(Z)-F738Y in fly S2 cells
via transfection and then assayed consequences upon chro-
matin state and transcriptional outputs. Comparison of trans-
fected vs. mock-treated cell samples routinely yielded a
several-fold increase in overall E(Z) above endogenous levels
(Figure 4A). In these and following experiments, cells
expressing HA-tagged versions of wild-type E(Z), monome-
thylating E(Z)-F738Y, and enzyme-deficient E(Z)-F738A
were assayed in parallel, with comparable accumulations of
exogenous E(Z) monitored by anti-HA Western blot.
Co-immunoprecipitations on extracts from transfected cells
confirmed association of exogenous E(Z) with endogenous

Figure 2 Engineering an F-to-Y switch in
PRC2 to alter methylation capacity. (A) Loca-
tion of key residues that impact methylation
multiplicity in SET domain methyltrans-
ferases. F-to-Y switches have previously been
described for DIM-5, G9a, and SET8 (Zhang
et al. 2003; Collins et al. 2005; Couture et al.
2008). (B) Assembly of indicated mutant ver-
sions of E(Z) into recombinant four-subunit
PRC2. (C) HMTase activities of PRC2 bearing
indicated F738 mutations. Top panels show
HMTase assays and bottom panels show
Coomassie Blue gels of the substrates used
(HeLa polynucleosomes on left and recombi-
nant H3/H4 tetramers on right).
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SU(Z)12 (Figure 4B and Figure S2A), implying that the al-
tered versions of E(Z) can assemble into PRC2 in cells.

To determine if excess E(Z)-F738Y alters H3-K27 methyl-
ation status in the transfected cells, we first analyzed bulk
chromatin byWestern blot (Figure 4A, bottom). These assays
revealed that the balance of methylation states is shifted
toward K27me1 in the E(Z)-F738Y-transfected cells (red
arrow). In contrast, E(Z)-F738A-expressing cells showed a
decline in all K27 methylation states, consistent with general

dominant-negative interference with PRC2 activity. To assess
consequences at a defined target gene, we performed ChIP to
track K27me1 at several locations along the Hox gene Ubx
(Figure 4C). We found that K27me1 levels were significantly
elevated in E(Z)-F738Y-expressing cells compared with cells
transfected to express F738A or wild-type E(Z) (Figure 4D).
Elevated K27me1 was detected across a broad swath of the
Ubx gene, spanning the upstream regulatory region, the pro-
moter region, and the coding region. These results suggest

Figure 3 PRC2 bearing E(Z)-F738Y is converted into a monomethylating enzyme. (A) Cartoon depicting PRC2 reengineered into a monomethyltrans-
ferase. (B) Western blots on in vitro-generated HMTase reaction products to track methylation outputs. The methylation state-specific or pan-H3
antibodies used are indicated on the left and mutant forms of PRC2 are indicated at the top. WT indicates wild type and No enz indicates a mock
reaction with PRC2 omitted. (C) MALDI mass spectrometric analyses of HMTase reaction products produced by in vitro treatment of recombinant
Drosophila H3/H4 tetramers with indicated forms of PRC2. Detection of the indicated unmodified and K27-methylated forms of histone H3 tail tryptic
peptide aa27–40 (KSAPATGGVKKPHR), was performed as described (Peters et al. 2003; see Materials and Methods). Red arrow indicates the
predominant K27me1 peak obtained with PRC2 bearing E(Z)-F738Y.

1028 L. Wang et al.

http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.300585/-/DC1/FiguresS2.tif
http://flybase.org/reports/FBgn0003944.html
http://flybase.org/reports/FBgn0003944.html


Figure 4 Impacts of E(Z)-F738Y inDrosophila S2 cells. (A)Western blots to track expression of transfected forms of HA-tagged E(Z) (top) and resultingmethylation status
(bottom) in S2 cells. mock indicates cells transfectedwith empty vector. Red arrow denotes increase in bulk K27me1 level as compared to other K27methylation states. (B)
Co-immunoprecipitation of exogenous E(Z) with endogenous SU(Z)12. Cells were transfected with indicated form of HA-E(Z), resulting extracts immunoprecipitated with
anti-SU(Z)12 antibody, and then probed with anti-HA. mock denotes IP without anti-SU(Z)12 (protein A-agarose alone). (C) Cartoon depicts 59 portions of the Ubx gene,
including the transcription start region and a PRE located �25 kb upstream within the bxd regulatory region. Fragments 1–4 represent amplicons used in ChIP assays.
Fragment 1 is located �2 kb from the PRE. Map is not drawn precisely to scale. (D) ChIP to track H3-K27me1 on the target gene Ubx after transfection with indicated
forms of HA-E(Z). Graphs display four tested locations, numbered in base pairs relative to transcription start site, and corresponding to the amplicons shown in (C). (E) ChIP
to track H3-K27Ac at the same four locations tested in (D) and displayed in (C). (F) RT-PCR to track changes in Ubx mRNA levels. Inset shows Western blot verifying
comparable levels of exogenous E(Z) in the transfected cells. Red arrow emphasizesUbx desilencing observed in F738Y sample (as compared to F738A sample). In (A) and
(F), E(Z) RNAi denotes cells treated with double-stranded RNA to reduce E(Z) levels. In (D)–(F), error bars denote SEM from Q-PCR reactions performed in triplicate.
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that an excess of E(Z)-F738Y, incorporated into PRC2, leads
to chromatin enriched for H3-K27me1. Additional ChIP exper-
iments revealed that H3-K27 acetylation (K27Ac) levels are
also increased at these locations in E(Z)-F738Y–expressing
cells (Figure 4E). ChIP to track H3-K27me3 in parallel showed
modest declines at Ubx, although reduction was not seen at all
amplicons tested (Figure S3A).

Excess E(Z)-F738Y leads to target gene desilencing

To assess transcriptional changes that might accompany ele-
vated K27me1, we performed RT-PCR assays on transfected
cells (Figure 4F). Cells expressing enzyme-deficient F738A
displayed modest Ubx desilencing when compared with wild
type, consistent with dominant-negative action. However,
comparable overexpression of monomethylating F738Y (Fig-
ure 4F, inset) led to much more robust desilencing (Figure
4F, red arrow). This desilencing is not maximal, since E(Z)
knockdown by RNA interference yields more extreme Ubx
activation (Figure 4F, right), but it was reproducibly five- to
sevenfold greater than the enzyme-deficient control. This
partial desilencing may reflect substantial retention of target
gene K27me3 (Figure S3A) at the same time as K27me1 and
K27Ac levels rise (Figure 4, D and E).

To assess generality of these findings, we determined
chromatin and transcriptional consequences at the even-skipped
(eve) and caudal (cad) genes, which we verified as additional
direct targets of Polycomb silencing in the S2 cells used
(Figure S4). As for Ubx, ChIP experiments on F738Y- vs.
F738A-expressing cells revealed elevated K27me1 levels
in promoter and gene body regions of these additional tar-
gets (Figure 5, A and B). K27Ac levels also increase on eve
and cad (Figure 5C), whereas K27me3 signals on these tar-
gets appear reduced or, at certain amplicons, unchanged
(Figure S3B). Also, as seen with Ubx, RT-PCR assays showed
that eve and cad desilencing is quantitatively more robust
with F738Y compared with F738A (Figure 5D and Figure
S2B). Taken together, these findings imply that PRC2 engi-
neered to boost K27me1 in target gene chromatin has a
positive influence on transcriptional output.

Evidence for in vivo H3-K27 monomethylation
independent of PRC2

The results here usingfly cells, togetherwith previouswork in
mammalian cells (Ferrari et al. 2014), implies functions for
K27 methylation states distinct from repressive me3. Conse-
quently, it is important to fully understand how mono-, di-,

Figure 5 Changes in K27me1, K27Ac, and transcriptional
status at target genes after E(Z)-F738Y overexpression. (A)
Cartoons depict 59 portions of the eve and cad genes
spanning the transcription start site regions. Fragments
shown below maps represent amplicons used in ChIP as-
says. Maps are not drawn precisely to scale. (B) ChIP to
track H3-K27me1 at indicated locations on the target
genes eve (top pair of graphs) and cad (bottom pair of
graphs) after transfection with indicated forms of HA-E(Z).
Tested locations are numbered relative to transcription
start sites. (C) ChIP to track H3-K27Ac at the same loca-
tions tested in (B) and displayed in (A). (D) RT-PCR to track
changes in levels of eve and cadmRNAs. Error bars denote
SEM from Q-PCR reactions performed in triplicate.
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and trimethylated K27 are created and interconverted in vivo.
Previous experiments suggested that PRC2 was the only K27-
targeted methyltransferase in Drosophila (Ebert et al. 2004).
However, in Arabidopsis and Tetrahymena, methyltransferases
wholly distinct from PRC2 have been identified that canmodify
H3-K27, but their activity is restricted to monomethylation
(Jacob et al. 2009; Zhang et al. 2013).

To further assess the spectrum of possible K27 methyl-
transferases in Drosophila, we tracked bulk accumulation of
mono-, di-, and trimethylated H3-K27 in fly embryos and in
fly cells where PRC2 activity is eliminated or severely re-
duced. This is accomplished in embryos by exploiting muta-
tions that remove fly ESC, a PRC2 subunit required for
activity in vitro and in vivo (Struhl 1981; Ketel et al. 2005;
Nekrasov et al. 2005). Flies lacking the esc gene survive to
adulthood based on the maternal load (Struhl 1981). Inter-
breeding such esc2 adults enables bulk harvesting of embryos
that lack both maternal and zygotic gene product, thereby
providing PRC2-deficient embryo populations for convenient
use in biochemical assays (Ketel et al. 2005). We first tracked
methylation states by Western blot, which revealed dramatic
reductions in overall levels of K27me2 and K27me3 in the
esc2 fly embryos (Figure 6A). In contrast, substantial K27me1
signal is retained in esc2 embryos, suggesting a fraction that
is monomethylated independent of PRC2. We also analyzed
wild type vs. esc2 methylation states via tandem mass spec-
trometry (seeMaterials andMethods) to obtain a readout that
avoids reliance on methylation-specific antibodies. Consis-
tent with above findings, mass spectrometric analysis
revealed substantial reduction in K27me2 and K27me3, but
retention of about half of the bulk K27me1 in esc2 embryos
compared to wild type (Figure 6B and Table S1).

As an alternative method for PRC2 disruption, we also
analyzed methylation states in fly S2 cells where enzyme
activity was inhibited by small molecule interference. After

screening a panel of PRC2 inhibitors (Knutson et al. 2012;
McCabe et al. 2012) for impact on fly PRC2 in vitro, we de-
termined that EPZ6438 (Knutson et al. 2013) provides robust
inhibition (Figure S5A). EPZ6438 and its chemically related
PRC2 inhibitors work via competition with the SAM methyl
donor (Knutson et al. 2012, 2013; McCabe et al. 2012). Thus,
it should block all PRC2-mediated methyl transfer reactions,
which was confirmed by in vitro HMTase assays of recombi-
nant fly PRC2 (Figure S5, A and B). We then established a
regimen for PRC2 inhibition in fly S2 cells, featuring treat-
ment with 10 mM EPZ6438 over 7 days, which eliminates
detection of K27me3 byWestern blot. Under these conditions
of PRC2 inhibition, K27me2 is substantially reduced but still
detectable, and K27me1 appears unaffected (Figure 6C). A
more quantitative repeat of this PRC2 inhibition experiment
reveals that bulk K27me3 is reduced between 16- and
32-fold, and K27me2 is reduced about 10-fold (Figure S6,
A and B). In contrast, the level of bulk K27me1 is again,
largely unchanged (Figure S6C). Taken together, these find-
ings suggest that substantial amounts of H3-K27 monome-
thylation can occur in Drosophila independent of PRC2.

Discussion

A positive role for H3-K27me1 in transcription

The array of possible chromatin states is amplified by the
capacity of histone lysines to bear zero, one, two, or three
methyl groups. This reinforces the need to query each meth-
ylation state to define their individual impacts on the tran-
scription process. Here, we deployed a PRC2 variant (Figure 2)
that primarily catalyzes H3-K27monomethylation (Figure 3)
in an effort to track consequences of altered K27me1 levels
at Polycomb targets. Monomethylating E(Z) was made over-
abundant by transfection into fly S2 cells, leading to several-
fold excess of this E(Z)-F738Y compared to endogenous E(Z)

Figure 6 Analyses of H3-K27me1 status af-
ter PRC2 disruption in Drosophila. (A) West-
ern blots to track bulk H3-K27 methylation in
wild-type vs. esc mutant Drosophila embryos.
(B) Tandem mass spectrometric analysis to
track H3-K27 methylation states in wild-type
vs. esc mutant Drosophila embryos. Relative
abundance of H3/H3.3 peptides spanning res-
idues aa27–40 and bearing indicated K27
modification state is displayed. Error bars de-
note SEM from mass spectrometric determi-
nations performed in triplicate. Student’s
t-test yielded P , 0.001 for all wild-type vs.
esc mutant pairwise comparisons. (C) West-
ern blots to track bulk H3-K27 methylation in
untreated Drosophila S2 cells (2) and in cells
treated with the PRC2 inhibitor EPZ6438 (+).
In (A) and (C), blots were also probed with
pan-H4 antibody to assess equivalence of
lane loading.
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(Figure 4A, top). We found that this boosts K27me1 levels in
bulk chromatin (Figure 4A, bottom) and at select target
genes (Figure 4D and Figure 5B). We find that genes bearing
elevated K27me1 are desilenced to a degree much greater
than achieved by comparable overabundance of a generally
HMTase-deficient E(Z). Although these experiments do not
define stepwise molecular consequences of elevated
K27me1, they imply a positive role for this modification in
transcription. Thus, K27me1 function is distinct from, and
potentially opposed to, the widely recognized role of
K27me3 in gene silencing. The association of K27me1 with
active transcription is also evident from epigenomics studies
in mouse embryonic stem cells (Ferrari et al. 2014) and ge-
nome-wide distributions in Drosophila cells (Figure 1). Pre-
vious findings that link fly E(Z) (LaJeunesse and Shearn
1996) or its mammalian orthologs (Shi et al. 2007a;
Mousavi et al. 2012) to positive roles in gene activity could
also connect to altered levels of K27me1.

These findings suggest that the number of attachedmethyl
groups on a histone lysine can help dictate active vs. repressed
chromatin states. Besides the H3-K27 states tracked here,
prior studies also associate H3-K9 monomethylation with ac-
tive genes, whereas K9me2 and K9me3 are highly correlated
with repressed chromatin (Barski et al. 2007; Wang et al.
2008). Another intriguing example is H3-K79, where conver-
sion of the active marks K79me2/3 to K79me1 accompanies
Hox gene downregulation in hematopoietic cells, and leukemic
transformation is associated with abnormally high K79me2/3
levels via dysfunction of the K79 methyltransferase DOT1
(Deshpande et al. 2014). These examples suggest that
methyl group addition/subtraction underlies key switches
in gene activity and highlight the potential of chemother-
apeutic strategies that interconvert target lysine methylations.

Ultimately,manipulationof individual histonemethylation
states in intact organisms will be needed to fully define func-
tional roles. Indeed, cleverly designed in vivo studies validate
the key requirement for H3-K27 modification in Polycomb
gene silencing (Pengelly et al. 2013; McKay et al. 2015). How-
ever, these approaches, which exploit mutant histone H3
wholly resistant to K27 modification, were not intended to
specifically distinguish functions of H3-K27 mono-, di-, and
trimethylation. Thus, further work is needed to test engi-
neered PRC2 variants, including E(Z)-F738Y, in transgenic
flies. Accomplishing this via CRISPR/Cas-mediated E(z) gene
conversion would appear straightforward, although condi-
tional expression is likely required because development pow-
ered solely by monomethylating PRC2 should be severely
compromised.

K36me3, K27me1, and chromatin dynamics during
transcription elongation

The K27me1 genomic distribution in Drosophila cells (Figure
1), and in mouse embryonic stem cells (Ferrari et al. 2014),
displays enrichment along gene bodies with peak levels often
observed toward 39 ends. Among other transcription-associated
histone modifications, this pattern most closely resembles

that of H3-K36me3 (Figure 1; Li et al. 2007; Venkatesh and
Workman 2013). This implicates K27me1 as one of a suite of
chromatin features that track with and/or accumulate in the
wake of RNA polymerase II. Besides K36me3, similarly
enriched cotranscriptional marks include H3-K79me2/3 and
H2B-K120 monoubiquitylation (Tanny 2014; Wu et al. 2014).
Although functions and interplay of these cotranscriptional
modifications are not fully understood, key progress on this
has emerged from studies in yeast (Venkatesh and Workman
2015). In particular, Set2, the H3-K36–methylating enzyme,
can be recruited to elongating RNA polymerase II via binding
to its C-terminal domain repeats bearing phosphorylated
serine-2 and serine-5 (Li et al. 2003, 2005). Once in place,
K36 methylation is implicated in resetting chromatin altered
by RNA polymerase II passage; thus, K36me3 suppresses fur-
ther histone exchange (Venkatesh et al. 2012), activates his-
tone deacetylases to restore a hypoacetylated histone state
(Carrozza et al. 2005; Joshi and Struhl 2005), and promotes
re-establishment of regularly spaced nucleosomes by recruit-
ing the ISWI chromatin remodeler as well as CHD1 (Radman-
Livaja et al. 2012; Smolle et al. 2012). Intriguingly, another
cotranscriptional remodeler, Kismet (CHD7), promotes K36
methylation in Drosophila (Dorighi and Tamkun 2013).

The extent towhich these K36me3 functions are conserved
in mammalian systems is under investigation. In higher cells,
an important cotranscriptional event ishistoneH3.3swapping
forH3by theHirA chaperone (Mito et al. 2005;Goldberg et al.
2010), with regions enriched in K36me displaying a lower
H3.3 exchange rate (Kraushaar et al. 2013). Thus, a role in
suppressing histone turnover in the wake of RNA polymerase
II appears conserved. In addition, in higher cells, ZMYND11
is a reader of H3.3-K36me3, where it interacts with other
chromatin regulators to influence transcription elongation
(Guo et al. 2014; Wen et al. 2014). Future studies will be
needed to reveal if and how K27me1 interfaces with these
cotranscriptional players to impact elongation. In particular,
the functional connection between K27me1 and K36me3 is
supported by frequent coexistence of these marks on the
same H3.3 tail and by dependence of gene body K27me1
levels upon activity of K36-methylating enzyme (Ferrari
et al. 2014). An important goal will be to identify protein
“readers” (Taverna et al. 2007), which specifically recognize
K27me1 and potentially recruit additional chromatin-modi-
fying components. Candidate K27me1 readers might be
found among PHD finger proteins, given this domain’s ability
to distinguish discrete lysine methylation states (Shi et al.
2007b).

Potential role of K27me1 in enhancer regions

In addition to gene body enrichment, studies on human
hematopoietic cells show that K27me1 can also be enriched
at enhancers (Cui et al. 2009; Ernst and Kellis 2010; Steiner
et al. 2011). This is relevant given that a likely impact of the
monomethylating PRC2 used here is to boost K27me1 in
regions where PRC2 is normally targeted (i.e., Figure 4D
and Figure 5B). What regulatory role might K27me1 have
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at enhancers and how could this contribute to the desilencing
observed here when K27me1 levels are elevated? This might
be explained via impacts on K27 acetylation (K27Ac) levels,
which genome-wide studies suggest is a signature mark of
active enhancers (Creyghton et al. 2010; Rada-Iglesias et al.
2011). Specifically, whereas H3-K4me1 is identified as a
global mark of “primed” enhancers, additional acquisition
of H3-K27Ac is implicated in converting enhancers to the
active state (Creyghton et al. 2010; Rada-Iglesias et al.
2011). Thus, the range of possible K27 modification states
(K27Ac-K27me0-K27me1-K27me2-K27me3) at enhancers
may reflect a range of activity states from on to off. Indeed,
there is evidence that K27me3 generally antagonizes K27Ac
in fly and mammalian cells (Tie et al. 2009; Pasini et al.
2010), which makes sense since these are mutually exclusive
modifications. More precisely, Ferrari et al. (2014) suggest
that K27me2 dampens gene activity by preventing K27Ac
accumulation at enhancers. In this context, our monomethy-
lating PRC2 could trigger desilencing by shifting the balance
away from K27me2/3 at enhancers and toward activating
K27Ac. Although we have not tracked defined enhancers,
we note that the rise in K27me1 levels at queried targets is
accompanied by increased K27Ac (Figure 4E and Figure 5C).
Overall, the activating role of K27me1 in coding regions may
be coordinated with K36me2/3, whereas at enhancers it may
instead impact the balance between K27Ac and K27me2/3.

Machinery for dynamic interconversion of H3-K27
methylation states

PRC2 is the sole H3-K27methyltransferase identified so far in
animal systems and it can perform all three methyl transfer
reactions to convertK27me0toK27me3. Inaddition, twoK27-
targeted histone demethylases, Utx and Jmjd3, can remove
PRC2-mediated methylation. However, our analyses of fly
embryos and cells with PRC2 disrupted (Figure 6) suggest
that there are additional enzymes tomonomethylate H3-K27.
In escmutant embryos, about half of bulk K27me1 is retained
whereas K27me2 and me3 are more substantially reduced
(Figure 6, A and B). Since these embryos lack PRC2 from
fertilization onward, the observed K27me1 is not likely due
to transient production of K27me2/3 followed by demethy-
lation. Rather, these results suggest additional methyltrans-
ferases, distinct from PRC2, that can monomethylate H3-K27
in chromatin newly assembled after replication. Similarly,
PRC2 chemical inhibition in fly cells dramatically reduces
K27me2 and me3 levels, but has minimal impact on
K27me1 (Figure 6C and Figure S6). Although the mechanics
of K27 monomethylation in metazoans has received scant
attention, we note that retention of K27me1 after PRC2 dis-
ruption has been documented in prior studies using animal
cells (Schoeftner et al. 2006; Pasini et al. 2007; Tie et al.
2009; Jung et al. 2010; Knutson et al. 2012; McCabe et al.
2012). These precedents feature PRC2 blockage by a wide
variety of chemical or genetic means, including null alleles
that remove the mammalian EED or SUZ12 subunits
(Schoeftner et al. 2006; Pasini et al. 2007). Taken together,

these findings suggest that K27-specific methyltransferases
besides PRC2 may be present in animal systems.

Recently, monomethyltransferases that target H3-K27
have been described in plants and Tetrahymena (Jacob
et al. 2009; Zhang et al. 2013). Therefore, these systems
are equipped with dedicated enzymes for K27 monomethy-
lation plus PRC2 activity for di- and trimethylation. Further-
more, K27me1 is implicated in DNA replication elongation in
Tetrahymena (Gao et al. 2013) and in replication-coupled
heterochromatin maintenance in Arabidopsis (Jacob et al.
2014), so its functions extend beyond the transcription cycle.
Intriguingly, the K27 monomethylating enzymes in these
cases interact with the replication processivity factor PCNA
(Raynaud et al. 2006; Gao et al. 2013). However, obvious
homologs of these characterized K27 monomethyltrans-
ferases, such as ATRX5 and ATRX6 in plants (Jacob et al.
2009), appear absent from animal systems based on SET
domain-focused searches. Since non-SET HMTases are also
possible (Feng et al. 2002), biochemical approaches may
prove useful as unbiased means to identify any additional
K27-methylating enzymes. Thus, further work should assess
the full complement of enzymes that control H3-K27 meth-
ylation in animals as well as the mechanistic contributions of
H3-K27me1 to transcription and other chromatin-based
processes.
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