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Polycomb-repressive complex 2 (PRC2) is a histone methyltransferase that promotes epigenetic gene silencing, but
the dynamics of its interactions with chromatin are largely unknown. Here we quantitativelymeasured the binding
of PRC2 to chromatin in human cancer cells. Genome editing of a HaloTag into the endogenous EZH2 and SUZ12
loci and single-particle tracking revealed that ∼80% of PRC2 rapidly diffuses through the nucleus, while ∼20% is
chromatin-bound. Short-term treatment with a small molecule inhibitor of the EED–H3K27me3 interaction had no
immediate effect on the chromatin residence time of PRC2. In contrast, separation-of-function mutants of SUZ12,
which still form the core PRC2 complex but cannot bind accessory proteins, revealed amajor contribution of AEBP2
and PCL homolog proteins to chromatin binding.We therefore quantified the dynamics of this chromatin-modifying
complex in living cells and separated the contributions of H3K27me3 histone marks and various PRC2 subunits to
recruitment of PRC2 to chromatin.
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Post-translational modifications (PTMs) on histone
tails can promote either transcriptional silencing or up-
regulation. Polycomb-repressive complex 2 (PRC2) is
responsible for monomethylating, dimethylating, and tri-
methylating Lys27 on histone H3. The H3K27me3 signa-
ture is highly correlated with silent loci and is important
for regulating developmental and oncogenic genes. For ex-
ample, homeotic gene clusters are silenced by PRC2 in a
cell lineage-specific manner (Margueron and Reinberg
2011), and PRC2 can acquire both gain-of-function and
loss-of-function mutations that associate with aggressive
cancers (Comet et al. 2016). However, the intracellular de-
terminants of PRC2 chromatin binding are not well
understood.

This question has remained difficult to answer due to
the complexity of PRC2 interactions (Piunti and Shilati-
fard 2016). EZH2, SUZ12, and EED constitute the mini-
mal core subcomplex necessary for catalytic activity in
vitro, while the fourth core subunit, RbAp46/48, enhanc-
esmethyltransferase activity (Cao and Zhang 2004; Pasini
et al. 2004; Holoch and Margueron 2017). EZH2 contains

the histone methyltransferase (HMTase) SET domain
(Muller et al. 2002), and its activity is allosterically regu-
lated by a variety of ligands. For example, H3K27me3
andH3K4me3 increase and decrease PRC2HMTase activ-
ity, respectively (Margueron et al. 2009; Schmitges et al.
2011). In addition to allosteric regulation by histone
PTMs, the core PRC2 subcomplex associates with many
accessory proteins in cells, including AEBP2, PHF1,
MTF2, PHF19, JARID2, and EPOP (Grijzenhout et al.
2016; Hauri et al. 2016; Kloet et al. 2016; Oliviero et al.
2016). Importantly, PRC2 binds several of these proteins
in a mutually exclusive manner, generating unique sub-
complexes that are implicated in directing PRC2 to chro-
matin (Holoch and Margueron 2017).

These previous studies have generated several attrac-
tive models to describe intracellular PRC2 chromatin
binding. PRC2 recruitment to chromatin is commonly
thought to involve its recognition of H3K27me3 through
its EED subunit, a binding interaction that has been ob-
served in X-ray structures (Margueron et al. 2009; Jiao
and Liu 2015). However, it was shown recently that
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DNAdominates the interaction of PHF1- and AEBP2-con-
taining PRC2 complexes with nucleosome arrays in vitro
(Choi et al. 2017; Wang et al. 2017). Additionally, increas-
ing the DNA linker length between dinucleosomes
increases PRC2 affinity, but modifying the nucleosomes
with H3K27me3 has little effect on PRC2 affinity (Wang
et al. 2017). This raises the question of whether
H3K27me3, which certainly has an allosteric regulatory
function for PRC2 activity, plays any role in the associa-
tion of PRC2 with chromatin in vivo.
The aforementioned accessory proteins have also been

implicated in recruiting PRC2 to chromatin. In Droso-
phila melanogaster, PRC2 chromatin binding relies on
similar accessory proteins (Klymenko et al. 2006; Nekra-
sov et al. 2007). Additionally, in Arabidopsis thaliana, a
broad family of transcription factors has been suggested
recently to recruit PRC2 to chromatin (Xiao et al. 2017).
In mammals, PRC2 accessory proteins are often found
bound to polycomb target genes, and depleting them leads
to a reduction of PRC2 and H3K27me3 at some, but not
all, PRC2 target genes (Kim et al. 2009; Peng et al. 2009;
Shen et al. 2009; Walker et al. 2010; Casanova et al.
2011; Li et al. 2011; Ballare et al. 2012; Brien et al. 2012;
Hunkapiller et al. 2012; Sanulli et al. 2015; Li et al.
2017). However, attributing these observations to a direct
mechanism for PRC2 recruitment is often difficult
because depletion of these proteins can perturb biological
function of many complexes in addition to PRC2.
Here, we set out to study themolecular determinants of

PRC2 chromatin binding in vivo using CRISPR genome
editing to generate HaloTag-EZH2 and HaloTag-SUZ12
fusion proteins. Using the HaloTag, live-cell single-mole-
cule imaging revealed that only 20% of PRC2 is chroma-
tin-bound in human U2OS cells. Additionally, disrupting
the interaction between EED and H3K27me3 with a com-
petitive inhibitor had no short-term effect on PRC2 chro-
matin binding. In contrast, disrupting the interaction of
PRC2 with both PCL homolog proteins and AEBP2 was
sufficient to significantly deplete the chromatin-bound
fraction of PRC2. We conclude that the interaction be-
tween SUZ12 and these accessory proteins is crucial for
PRC2 chromatin binding in vivo.

Results

HaloTagging EZH2 and SUZ12 by CRISPR genome
editing

The HaloTag is a 33.5-kDa protein that reacts covalently
with modified fluorophores and is well suited for live-cell
single-molecule imaging (Chen et al. 2014; Liu et al. 2014;
Knight et al. 2015; Schmidt et al. 2016; Zhen et al. 2016;
Hansen et al. 2017). Although the HaloTag is large, it
was encouraging that N-terminal tagging of PRC2 sub-
units with maltose-binding protein did not disrupt com-
plex assembly (Davidovich et al. 2013). To test the
integrity of HaloTagged PRC2 subunits, we transiently
expressed and immunopurified PRC2 proteins containing
a 3xFlag-HaloTag. Each tagged subunit could interact
with untagged endogenous PRC2 components (Supple-

mental Fig. S1A), suggesting that the N-terminal HaloTag
did not disrupt PRC2 assembly.
Expressing these proteins at endogenous levels is essen-

tial for analyzing the dynamics of PRC2 because ectopic
overexpression increases the likelihood of imaging free
HaloTagged subunits that are not complexed with the re-
mainder of PRC2. A two-step CRISPR genome-editing
strategy (Xi et al. 2015) was implemented to generate
U2OS cell lines that express 3xFlag-HaloTag-EZH2 and
3xFlag-HaloTag-SUZ12 fusion proteins from their endog-
enous loci (Fig. 1A, top). PCR with primers flanking both
homology arms gave the 2-kb PCR product characteristic
of unedited alleles, while edited alleles generated the ex-
pected 3-kb product (Fig. 1A, bottom). Western blots dem-
onstrated that HaloTag-EZH2 and HaloTag-SUZ12 had
the expected increase in molecular weight relative to un-
tagged subunits (Fig. 1B), and the corresponding untagged
protein band was also absent in these clones. These re-
sults are consistent with correct editing of all EZH2 and
SUZ12 alleles.

A B

C

Figure 1. HaloTagging theN termini of EZH2 and SUZ12 by ge-
nome editing: HaloTag-EZH2maintains endogenous protein lev-
els and intracellular PRC2 activity. (A, top) Diagram of the EZH2
or SUZ12 locus before and after 3xFlag-HaloTag genome editing.
The 3xFlag-HaloTag is inserted downstream from the transcrip-
tion start site (bent arrow) and in frame with the first codon of
either EZH2 or SUZ12. The resulting gene editing generates an
N-terminal 3xFlag-HaloTag fusion protein. PCR primers (hori-
zontal arrows) bind outside of the left and right homology arms
(LHA and RHA) and identify correctly edited alleles by a size in-
crease of 1 kb, corresponding to the 3xFlag-HaloTag insertion.
(Bottom) PCR of the EZH2 or SUZ12 locus in parental (P) or
3xFlag-HaloTag-edited cells. 3xFlag-HaloTag-EZH2 clone = dty3;
3xFlag-HaloTag-SUZ12 clone = 9.32. Parental genes give a 2-kb
amplification, whereas the edited 3xFlag-HaloTag alleles give a
3-kb product. (B) Protein levels in parental and genome-edited
cells were assessed by Western blots with αFlag, αEZH2,
αSUZ12, and αHistone H3 antibodies. Based onmolecular weight
markers, the expected sizes of wild-type and 3xFlag-HaloTag fu-
sionproteins are indicated at the right. (C )H3K27me3 levels in pa-
rental, 3xFlag-HaloTag-EZH2, and 3xFlag-HaloTag-SUZ12 cell
lines. Cells were lysed in SDS lysis buffer, and αH3K27me3 and
αH3 Western blots were performed on a dilution series (0.56×,
0.75×, and 1×) of the lysate.

Live-cell imaging reveals the dynamics of PRC2

GENES & DEVELOPMENT 795

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.311936.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.311936.118/-/DC1


Importantly, HaloTag-EZH2 was expressed at a level
equivalent to that of EZH2 in parental cells (Fig. 1B) and
retained in vitro histone lysine methyltransferase activity
(Supplemental Fig. S1B). Additionally, HaloTag-EZH2
maintained intracellular H3K27me3 levels equivalent to
those in parental cells (Fig. 1C). In contrast to HaloTag-
EZH2, HaloTag-SUZ12 expression was decreased com-
pared with parental SUZ12, and anN-terminal truncation
product was present (Fig. 1B). Additionally, the HaloTag-
SUZ12-edited cells maintained H3K27me3 at reduced
levels compared with parental cells (Fig. 1C). EZH2 is
also reduced in HaloTag-SUZ12 cells (Fig. 1B), suggest-
ing that depletion of H3K27me3 is a result of reduced
PRC2 abundance rather than the HaloTag affecting
PRC2 activity.

HaloTag-EZH2 and HaloTag-SUZ12 here refer to the
3xFlag-HaloTag-EZH2(dty3) and 3xFlag-HaloTag-SUZ12
(9.32) clones (Fig. 1B,C), respectively.

Single-molecule imaging of EZH2 and SUZ12 reveals
that most of PRC2 is rapidly diffusing rather than
chromatin-bound

To study the intracellular dynamics of PRC2, theHaloTag
on EZH2 and SUZ12 was covalently modified with a
cell-permeable dye (JF646), (Supplemental Movie S1, S2;
Grimm et al. 2015). Cells were treated with a low concen-
tration of JF646 to minimize tracking errors caused by
high particle densities.

This imaging and tracking initially revealed that PRC2
diffuses throughout most of the nucleus (Fig. 2A,B). Here,
each colored line represents a unique single-molecule tra-
jectory. The diffuse pattern of these trajectories suggests
that PRC2 explores the entire nucleus rather than being
sequestered within heterochromatic subdomains.

Spot-On, newly developed software that minimizes
bias within single-particle tracking (Hansen et al. 2018),
was used to calculate the diffusion coefficient of the freely
diffusing fraction (Dfree) as well as the fraction of chroma-
tin-bound molecules (fraction bound) for EZH2 and
SUZ12. Consistent with EZH2 and SUZ12 being integral
components of the PRC2 complex, HaloTag-EZH2 and
HaloTag-SUZ12 possess similar intracellular dynamics
(Fig. 2C,D; Supplemental Fig. S2). HaloTag-EZH2 has a
Dfree of 2.09 µm2/sec ± 0.12 µm2/sec, and HaloTag-
SUZ12 has a Dfree of 1.99 µm2/sec ± 0.13 µm2/sec (Fig.
2C). A greater fraction of HaloTag-SUZ12 is chromatin-
bound relative to HaloTag-EZH2, but the difference is
not statistically significant (Fig. 2D). An alternativemeth-
od of data acquisition and analysis (Supplemental Fig. S3)
gave qualitatively the same conclusion—that only a small
fraction of HaloTag-EZH2 or HaloTag-SUZ12 is chroma-
tin-bound.

EZH2 has a larger immobile fraction and slower off rate
at a H3K27me3-enriched locus

The HaloTag genome editing was performed in U2OS pa-
rental cells that have a chromosomal integration of re-

peats of the lactose repressor-binding DNA sequence
(lacO array) (Jegou et al. 2009). Additionally, the lacO ar-
ray in this cell line (F42B8) was reported to have a high
density of EZH2 and H3K27me3 (Weth et al. 2014). Using
immunofluorescence to EZH2 andDNA-FISH to the lacO
array, we confirmed that EZH2 colocalizes with the lacO
array in the HaloTag-EZH2 F42B8 cell line but does not
colocalize in another U2OS cell line (Supplemental Fig.
S4A; Janicki et al. 2004). Consistent with EZH2 occupan-
cy, the lacO array in the HaloTag-EZH2 (F42B8) cell line
is also an H3K27me3-enriched domain (Supplemental
Fig. S4B).

The elevated concentration of HaloTag-EZH2 at the
lacO array enabled us to investigate EZH2 dynamics at
this H3K27me3-enriched site using fluorescence recovery
after photobleaching (FRAP) without a lacO array marker
(Fig. 3A,B; SupplementalMovie S3). Comparing the recov-
ery of HaloTag-EZH2 at the LacO arraywith other nuclear
sites, HaloTag-EZH2 had a larger immobile fraction and
slower recovery rate at the lacO array (Fig. 3C,D). These
data indicate that PRC2 has a higher affinity toward this
H3K27me3-rich domain, which could be a result of sever-
al factors: the H3K27me3 marks, the degree of chromatin
compaction, the particular DNA sequence, and/or the
lack of local transcription.

C D

A B

Figure 2. Live-cell single-molecule imaging of EZH2 and SUZ12
reveals that themajority of PRC2 is rapidly diffusing. (A,B) Single-
particle trajectories of 3xFlag-HaloTag-EZH2 (A) and 3xFlag-Hal-
oTag-SUZ12 (B) over 15 sec in a single nucleus. Each colored line
corresponds to a unique particle trajectory. (C,D) The diffusion
coefficient of the rapidly diffusing fraction (Dfree) (C ) and the frac-
tion of chromatin-bound molecules (D) for both EZH2 and
SUZ12. Cells were labeledwith JF646 and imaged at 97.5 Hz. Par-
ticles were localized, tracked, and evaluated using SLIMfast and
evalSPT. Spot-On was used to calculate Dfree and the fraction of
chromatin-bound molecules for either EZH2 or SUZ12. C and
D show the average and SD from n = 3 biological replicates using
n > 12 cells per replicate. Differences between EZH2 and SUZ12
were not statistically significant, based on P-values generated
from a heteroscedastic t-test using a two-tail distribution.
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Using a small molecule inhibitor to study how
the EED–H3K27me3 interaction contributes to PRC2
chromatin binding in vivo

Given the multitude of factors that could promote PRC2
binding to the lacO array, we sought to test the contribu-
tion of the H3K27me3 marks. PRC2 binds to H3K27me3
via its EED subunit, which allosterically activates PRC2
HMTase activity and could also contribute to PRC2 re-
cruitment (Margueron et al. 2009; Margueron and Rein-
berg 2011). A small molecule (A-395) that competitively
inhibits the interaction between EED and H3K27me3
(He et al. 2017) allowed evaluation of the contribution
of this binding event to chromatin association of PRC2
in vivo.
Consistent with previously reported data (He et al.

2017), treating HaloTag-EZH2 cells with A-395 for 72 h
depleted H3K27me1, H3K27me2, and H3K27me3 (Sup-
plemental Fig. S5A,B). A-395N, a control drug closely re-
lated to A-395 but incapable of inhibiting EED, did not
cause a reduction in H3K27 methylation. Furthermore,
fixed-cell imaging showed a striking depletion in the
colocalization of HaloTag-EZH2 with the lacO array
upon treatment with A-395 but not with the control
drug (Fig. 4A; Supplemental Fig. S6). This could be the di-
rect result of inhibiting the interaction between EED and
H3K27me3 or a secondary effect due to the depletion of
H3K27me3.
Wewere unable to use the previous FRAPmethodology

to study live-cell dynamics of EZH2 because EZH2was no
longer enriched on the lacO array in the presence of
A-395. Additionally, single-molecule imaging did not re-
veal a difference in the chromatin-bound fraction of Halo-
Tag-EZH2 (Supplemental Fig. S7). However, it remained

possible that A-395 could affect the residence time of
PRC2 on chromatin because ChIP-qPCR (chromatin im-
munoprecipitation [ChIP] combined with quantitative
PCR [qPCR]) demonstrated that A-395 depletes but does
not eliminate PRC2 from target genes (He et al. 2017).
Time-lapse imaging was used to evaluate the residence

time of chromatin-bound PRC2 (Supplemental Movie S4;
Liu et al. 2014; Knight et al. 2015; Hansen et al. 2017) in
the presence of A-395 or A-395N. This analysis used inter-
mittent acquisitions at a frame rate of 2 Hz and tracked
only particles with a maximum expected diffusion of 0.1
µm2/sec.
The residence time of chromatin-boundHaloTag-EZH2

was not disrupted by a 30-min treatment of A-395, a con-
dition intended to inhibit the interaction between EED
and H3K27me3 without reducing H3K27me3 levels (Fig.
4C). In contrast, a 72-h treatment with A-395 decreased
the residence time of chromatin-bound HaloTag-EZH2
compared with controls and the 30-min A-395 treatment
(Fig. 4C). This reduced residence time is evidenced by a
significant decrease in EZH2 that remains chromatin-
bound after 3 sec (Fig. 4C – P < 0.05). These results suggest
that depleting H3K27me3modestly reduces the affinity of
PRC2 for chromatin but that this reduction may not
depend on the interaction between EED and H3K27me3
(see the Discussion).

The interaction between the N terminus of SUZ12 and
accessory proteins promotes the recruitment of PRC2 to
chromatin

PRC2 accessory proteins such as AEBP2 and the PCL ho-
molog proteins PHF1, MTF2, and PHF19 are correlated

A B

DC

Figure 3. EZH2 has a greater immobile fraction
and recovers more slowly after photobleaching at
a H3K27me3-enriched locus compared with other
nuclear sites. (A, top) Three time points from a
FRAP experiment performed on 3xFlag-HaloTag-
EZH2 cells. HaloTag-EZH2 cells were labeled
with 500 nM JF646. Dashed circles indicate differ-
ent regions of interest (ROIs) where the mean in-
tensity of 3xFlag-HaloTag-EZH2 was measured
over time. (Red) lacO array; (yellow) nonspecific
nuclear site. The mean fluorescence of each ROI
was monitored every 2 sec before and after photo-
bleaching. (Bottom) The lacO array signal and an-
other nuclear signal are shown at−2 sec, 0 sec, and
every 6 sec up to 128 sec. (B) Normalized total in-
tensity values within each ROI (from the cell inA)
after photobleaching. The fluorescence recovery
was fit to y(t) =A(1− e−Bt) (shown by the smooth
red and yellow lines). The dashed line indicates
the fraction of fluorescent nuclear EZH2 remain-
ing after photobleaching the lacO array and nucle-
ar site. The immobile fraction was calculated by
accounting for this depletion in EZH2 (yellow

and red arrows) (see the Materials and Methods). (C ) The immobile fraction of 3xFlag-HaloTag-EZH2 at the lacO array and nonspecific
nuclear sites. (D) The recovery constant “B” of 3xFlag-HaloTag-EZH2 at the lacO array and nonspecific nuclear sites. C and D show
the average and SD of n = 20 cells. Data were collected on 2 d from 10 cells on each day. P-values were generated from a heteroscedastic
t-test using a two-tail distribution.
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with recruiting PRC2 to chromatin, but their effects on
PRC2 dynamics have not been studied. We first sought
to generate separation-of-function mutations within
PRC2 that do not affect the assembly of its core (EZH2,
SUZ12, EED, and RbAp46/48) but do disrupt its interac-
tion with specific accessory proteins.

PRC2was first separated into its catalytic [EZH2–EED–

SUZ12(VEFS)] and regulatory [RbAp46/48-SUZ12(N ter-
minus)] lobes because cross-linking data have shown
that AEBP2 has numerous interactions with the N termi-
nus of SUZ12 (Ciferri et al. 2012). To assess complex for-
mation, 3xFlag-SUZ12 (wild type or mutants), 3xMyc-
EZH2, and either 3xHA-AEBP2 or 3xHA-PHF1were coex-
pressed in HEK293T cells and immunoprecipitated with
anti-Flag beads. The N terminus of SUZ12 copurified
AEBP2 and PHF1, while the catalytic lobe of PRC2 con-
taining the VEFS domain of SUZ12 bound EZH2 but did
not interact with AEBP2 or PHF1 (Fig. 5A). MTF2 and
PHF19 similarly copurified with the N terminus of
SUZ12 (Supplemental Fig. S8A). These findings are con-
sistent with partial structures of PRC2 (Chen et al. 2018;
Kasinath et al. 2018) but are in disagreement with previ-
ous work suggesting that EZH2 mediates the interaction
between PRC2 and PCL homolog proteins (O’Connell
et al. 2001).

AEBP2 and PHF1 have been considered to bind PRC2 at
the same site, given that they interact with PRC2 in amu-
tually exclusivemanner (Grijzenhout et al. 2016; Oliviero
et al. 2016). Based on the recent cryo-electron microscopy
(cryo-EM) structure (Kasinath et al. 2018), wemutated the
AEBP2-binding helix (ABHmut) on SUZ12 [SUZ12(95–
106)2xNAAIRS] and found that this disrupted the interac-
tion between PRC2 and AEBP2 but surprisingly did not
affect the interaction with PHF1 (Fig. 5B,C). Screening

SUZ12 for a different interaction sitewith PHF1 identified
SUZ12(PHF1mut) [SUZ12(338–353)GSGSGS]. PHF1mut
disrupted the interaction between PRC2 and PHF1 but
did not disrupt the association of PRC2 with AEBP2
(Fig. 5B,C). Furthermore, PHF1mut disrupted the interac-
tion between PRC2 and PHF19 (Supplemental Fig. S8B).
As expected, a SUZ12 double mutant containing the mu-
tated residues in both PHF1mut and ABHmut (PHF1 +
ABHmut) was no longer able to interact with AEBP2,
PHF1, or PHF19 (Fig. 5B,C; Supplemental Fig. S8B). Impor-
tantly, these are separation-of-function mutants that
retain the association of SUZ12 with EED, EZH2, and
RbAp46/48 (Fig. 5B, EED, Myc, and RbAp46/48 blots,
respectively).

Thesemutants were used to study how PRC2 accessory
proteins affect PRC2 dynamics in vivo. Specifically, wild-
type SUZ12, SUZ12(PHF1 +ABHmut), or SUZ12(VEFS)
was expressed in HaloTag-EZH2 cells while simultane-
ously knocking down endogenous SUZ12 with siRNA
(Supplemental Fig. S8C). To control for nonspecific effects
on PRC2 dynamics, a nontargeting pool of siRNA (NTC)
was also transfected without SUZ12 overexpression. Dif-
fusion and fraction-bound analyses were then performed
on HaloTag-EZH2 using conditions identical to those ap-
plied in Figure 2.

The Dfree of HaloTag-EZH2 increased slightly when
complexed with 3xFlag-SUZ12(PHF1 +ABHmut) and in-
creased significantly (P < 0.001) with 3xFlag-SUZ12
(VEFS) (Fig. 5D,E; Supplemental Fig. S9; Supplemental
Movies S5–S7). Additionally, the amount of chromatin-
bound PRC2 was significantly depleted (P < 0.006) in the
presence of either 3xFlag-SUZ12(PHF1 +ABHmut) or
3xFlag-SUZ12(VEFS) (Fig. 5D,E; Supplemental Fig. S9;
Supplemental Movies S5–S7). The residual 0.08 fraction

A B

C

Figure 4. Depleting H3K27me3 with A-395
destabilizes the association of PRC2 with
chromatin. (A) Fixed-cell imaging of Halo-
Tag-EZH2 cells that were untreated, treated
with A-395N (an inactive variant of A-395),
or treated with A-395 for 72 h. HaloTag-
EZH2 was labeled with 500 nM JF549. Ar-
rowheads indicate colocalization of EZH2
with the lacO array, and the dashed circle in-
dicates the absence of EZH2 at the lacO
array. (B) The fraction of cells showing
colocalization of EZH2 with the lacO array.
The average and SD of n > 10 images are
shown, with at least 327 cells counted per
condition. (C ) The lifetime of chromatin-
bound EZH2 plotted as a function of time
in untreated and drug-treated cells. Time-
lapse imaging at 2 Hz was used for the life-
time analysis of static 3xFlag-HaloTag-
EZH2. Dots and error bars indicate the aver-
age and SD of n = 3 biological replicates using
>15 cells per replicate. There is a significant
depletion (P < 0.05) in the fraction of particles
that remains after 3 sec in the 72-h A-395
treatment compared with the untreated,

72-h A-395N-treated, and 30-min A-395-treated cells. P < 0.05. P-values were generated from a heteroscedastic t-test using a two-
tail distribution.
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bound seen with these mutants approaches the back-
ground level of chromatin binding seenwith HaloTag pro-
teins alone (see the Discussion; Hansen et al. 2018).
Lysate from these cells was subjected to an αEZH2 im-

munoprecipitation to test the possibility that these muta-
tions prevented association with the imaged HaloTag-
EZH2. There was no appreciable difference in the amount
3xFlag-SUZ12 that immunoprecipitated with an αEZH2
antibody between wild-type SUZ12, SUZ12(PHF1 +ABH-
mut), and SUZ12(VEFS) (Supplemental Fig. S8D). We con-
clude that the interaction between SUZ12 and these

accessory proteins is a major contributor to the associa-
tion of PRC2 with chromatin in vivo.

Discussion

How human PRC2 is recruited to chromatin for epigenet-
ic silencing remains a major question in the field. Clearly,
PRC2 can bind histone H3 N-terminal tails; DNA (Choi
et al. 2017; Wang et al. 2017); RNA (Long et al. 2017); var-
ious accessory subunits, including AEBP2, PCL homolog

A B

C

D

E

Figure 5. The interaction between the PRC2 core and accessory proteins is required for efficient recruitment of PRC2 to chromatin.
(A, left) Diagram of PRC2 subunits based on the negative stain electron microscopy (EM) structure (Ciferri et al. 2012). SUZ12, AEBP2,
or PCL homolog proteins and EZH2were taggedwith 3xFlag, 3xHA, and 3xMyc, respectively. (Right) αHA, αMyc, and αFlagWestern blots
on input and elution samples from an αFlag immunoprecipitation. 3xFlag-SUZ12, 3xHA-AEBP2 or 3xHA-PHF1, and 3xMyc-EZH2 were
expressed in HEK293T cells. TheN terminus of SUZ12(2-560) is necessary to coimmunoprecipitate AEBP2 and PHF1. (B, top) Diagram of
SUZ12 separation-of-function mutations. ABHmut (mutated AEBP2-binding helix) refers to SUZ12(95–106)2xNAAIRS, PHF1mut refers
to SUZ12(338–353)GSGSGS, and VEFS refers to SUZ12(561–739). (Bottom) Western blots using the indicated primary antibody on input
and elution samples from an αFlag immunoprecipitation of 3xFlag-SUZ12 mutants. PHF1 +ABHmut refers to SUZ12 containing both
PHF1 and ABHmutations. ABHmut disrupts the interaction between SUZ12 and AEBP2, and PHF1mut disrupts the interaction between
SUZ12 and PHF1, while neithermutation disrupts the assembly of SUZ12with EZH2, EED, or RbAp46/48. (C ) Quantification of the elut-
edWestern signals. TheHA signalwas first normalized to the amount of 3xFlag-SUZ12 in each elution. The binding fraction is the fraction
of HA signal in the SUZ12mutant condition relative to the wild-type SUZ12 condition. Each gray bar represents the mean, and each dot
represents the results froma biological replicate. (D)Dfree (left) and fraction bound (right) of 3xFlag-HaloTag-EZH2 in cells transfectedwith
the indicated 3xFlag-SUZ12 variants, a siRNA pool targeting the SUZ12 3′ untranslated region (UTR), and a nuclear BFP as a transfection
marker. NTC refers to cells transfectedwith a nontargeting pool of siRNA and nuclear BFP. 3xFlag-HaloTag-EZH2 cells were labeledwith
5 nM JF646 and imaged at 97.5 Hz. SLIMfast and evalSPTwere used to localize, track, and evaluate single-molecule trajectories, and Spot-
Onwas used to calculate theDfree and fraction bound of 3xFlag-HaloTag-EZH2. (E) Diffusion coefficients, chromatin-bound fractions, and
molecular weights of the various PRC2 mutant complexes. D and E show the average and SD from n = 3 biological replicates using >12
cells per replicate. P-values were generated from a heteroscedastic t-test using a two-tail distribution.
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proteins, JARID2, and EPOP (Holoch and Margueron
2017); and other proteins, including histone H1 (Martin
et al. 2006). However, which of these interactions domi-
nates PRC2 recruitment in vivo has remained controver-
sial. Here, using live-cell single-molecule imaging, we
found that H3K27me3marks have only a modest and per-
haps indirect effect on PRC2 affinity for chromatin,
whereas AEBP2 and PCL homolog subunits make a very
large contribution. Given that these accessory subunits
are involved in DNA binding, this conclusion is concor-
dant with recent work in vitro suggesting that PRC2
mostly “sees” the protein-free linker DNA in nucleosome
arrays (Choi et al. 2017; Wang et al. 2017).

Single-molecule imaging reveals that PRC2
is highly mobile

To avoid overexpression artifacts, the intracellular dy-
namics of PRC2 were studied using EZH2 and SUZ12 ge-
nome-edited cell lines. We were particularly concerned
that even modest overexpression of one subunit of a mul-
tisubunit complex could drive assembly of unnatural sub-
complexes or produce free protein. A recent study used
overexpressed eGFP-EZH2 and fluorescence correlation
spectroscopy to measure the Dfree of EZH2 as ∼7 µm2/
sec (Hetey et al. 2017). This is in contrast to our measured
EZH2 Dfree of 2.09 µm2/sec ± 0.12 µm2/sec. This discrep-
ancy could be due to overexpression generating a faster
population of free EZH2 that is not complexedwith PRC2.

We found that endogenously expressed HaloTag-EZH2
protein levels were similar to parental EZH2, and the
tagged protein maintained H3K27me3 at normal levels.
Most imaging was performed with HaloTag-EZH2
because HaloTag-SUZ12 gave reduced expression of
SUZ12 and a lower amount of H3K27me3. We suggest
that the reduced level of H3K27me3was secondary to a re-
duction in PRC2 because EZH2 levels were also reduced
in the HaloTag-SUZ12 clone.

Assembled PRC2 has a molecular weight of ∼320 kDa,
and tracking either EZH2 or SUZ12 gave nearly identical
Dfree measurements of 2.09 ± 0.12 µm2/sec and 1.99 ±
0.13 µm2/sec, respectively. These diffusion coefficients
are slower than those measured for smaller nuclear pro-
teins (HaloTag-Sox2 is ∼67 kDa and has a Dfree of ∼ 2.7
µm2/sec [Liu et al. 2014], and HaloTag-hCTCF is ∼160
kDa and has a Dfree of 2.5 µm2/sec [Hansen et al. 2017]).
Thus, the measured diffusion coefficient of ∼2.0 µm2/sec
for PRC2 is consistent with imaging a larger macromolec-
ular complex. In our experiments, HaloTag-EZH2 was la-
beled with a low concentration of JF646 to avoid high
particle densities and tracking errors. Consistent with
accurate imaging and analysis, Dfree of PRC2 increases
gradually with mutations that decrease the size of the
complex (Fig. 5D,E).

PRC1 is also highly mobile but has a slower diffusion
profile than PRC2

EZH2 and SUZ12 have similar chromatin-bound fractions
of 20% ± 3% and 25%± 3%, respectively. Previous intra-

cellular dynamics studies have been conducted on
PRC1, the H2A ubiquitinating complex that shares no
protein subunits with PRC2 (Hernandez-Munoz et al.
2005; Fonseca et al. 2012; Zhen et al. 2016). One study ob-
served that the majority of PRC1 is also freely diffusing
(Zhen et al. 2016), but the distribution of diffusion coeffi-
cients is distinctly slower than the distribution that we re-
port for PRC2 in Supplemental Figure S3A. This could be
due to unique differences in the chromatin-binding prop-
erties of the complexes or cell line differences between
these studies. Indeed, the intracellular dynamics of
PRC1 are cell line-specific (Fonseca et al. 2012), and the
same could also be true for PRC2. Additionally, a FRAP
study conducted in U2OS cells identified PRC1 as having
a chromatin-bound fraction of ∼40% at enriched poly-
comb domains (Hernandez-Munoz et al. 2005). This is
similar to the 40% of chromatin-bound EZH2 at the
PRC2-enriched lacO array reported in this study. Taken
together, PRC2 seems to be a highly dynamic complex
with a faster diffusion profile than PRC1.

Live-cell imaging reveals information about the mode
of action of an anti-cancer drug

A-395 is a smallmolecule inhibitor that disrupts the EED–

H3K27me3 interaction. It was originally developed as an
anti-cancer therapeutic and shows efficacy in a mouse
lymphoma xenograft model (He et al. 2017). Here, we con-
firm in human osteosarcoma cells (U2OS cells) that the
drug reduces H3K27me3 accumulation but has no short-
term effect on PRC2 chromatin residence time genome-
wide (Fig. 4D, 30-min A-395 treatment). Thus, the drug
appears to act primarily as an HMTase inhibitor, consis-
tent with its inhibiting allosteric activation by histone
tail binding to EED (He et al. 2017), and may additionally
inhibit PRC2 recruitment through long-term alteration of
the chromatin landscape. In the future, the HaloTag-
EZH2 cells engineered here could be used to screen other
small molecule drugs to determine their effects on indi-
vidual steps of PRC2 action.

Implications for PRC2 architecture

We thought that AEBP2 and the PCL homolog proteins
might interact with PRC2 at identical sites, given that
they are mutually exclusive for PRC2 binding (Grijzenh-
out et al. 2016; Oliviero et al. 2016). Instead, we identified
mutations along SUZ12 that disrupt the interaction with
AEBP2 but do not disrupt the interaction with PHF1 and
vice versa (Fig. 5B,C). These findings can be reconciled
by positing that distinct amino acids on SUZ12 are re-
sponsible for binding AEBP2 and PHF1, but the two pro-
teins occupy overlapping space such that their binding is
mutually exclusive (Fig. 6A).

Recently, structures of PRC2 complexed with AEBP2
have been reported (Chen et al. 2018; Kasinath et al.
2018). One of these studies identified the C2 domain of
SUZ12 as an AEBP2-binding site (Chen et al. 2018), and
another identified a separate ABH in the “neck region”
of PRC2 (Kasinath et al. 2018). In accordance with the

Youmans et al.

800 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.311936.118/-/DC1


cryo-EM structure,mutating the ABH of SUZ12 disrupted
the interaction between SUZ12 and AEBP2 (Fig. 5B,C).
However, mutating the β8 strand within the C2 domain
[SUZ12(PHF1mut)] did not disrupt the interaction be-
tween PRC2 and AEBP2 (Fig. 5B,C) but did disrupt the
interaction with PHF1. It remains possible that the inter-
action between AEBP2 and PRC2 is dominated by the
“neck region” and that a different functional interaction
occurs at the C2 domain interface.
While little is known about the interaction between

PRC2 and PHF1, a previous study used cross-linking
mass spectrometry to identify an interaction between
PHF19 and Lys343 of mouse SUZ12 (Kloet et al. 2016).
This finding agreeswellwith the immunoprecipitation re-
sults presented here; SUZ12(PHF1mut) has mutations
surrounding K343 and is no longer able to interact with ei-
ther PHF1 or PHF19.
Additional structural studies regarding this interaction

will help elucidate the similarities and differences be-
tween the AEBP2–PRC2 and PCL–PRC2 complexes.

Understanding intracellular PRC2 chromatin binding

Previous studies have suggested that H3K27me3 is capa-
ble of recruiting PRC2 to chromatin (Holoch and Mar-
gueron 2017). However, in vitro binding and structural
studies (Poepsel et al. 2018) have argued recently that
PRC2 associates with DNA along nucleosome arrays in
the context of both PHF1–PRC2 (Choi et al. 2017) and
AEBP2–PRC2 (Wang et al. 2017). Dramatically, SUZ12
(N terminus) is recruited to PRC2 target loci in SUZ12
knockout cells in the absence of H3K27methylation (Hoj-
feldt et al. 2018), indicating that H3K27me3 is not neces-
sary for PRC2 recruitment.
Similarly, our live-cell single-molecule imaging shows

that the chromatin-bound fraction of PRC2 is depleted
when PRC2 contains SUZ12(VEFS) or N-terminal
SUZ12 mutations that interfere with binding to AEBP2
and PCL homolog proteins. Our immunoprecipitation
studies indicate that the assembly of the core PRC2 sub-
units is unaffected by these mutations, but we cannot ex-
clude the possibility that these mutations also affect the

interaction between PRC2 and additional proteins such
as JARID2 and EPOP. Much, or perhaps all, of the 8% of
PRC2 that remains chromatin-bound (Fig. 5D) in the ab-
sence of the interaction between SUZ12 and these acces-
sory proteins could be background chromatin binding,
given that theHaloTag alone is reported to have a chroma-
tin-bound fraction of ∼10% (Hansen et al. 2018).
These findings put additional doubt on H3K27me3 re-

cruiting PRC2 to chromatin through an interaction with
EED because EED is still present in these SUZ12 mutant
PRC2 complexes (Fig. 5B). Also in agreement with this,
30-min treatment of cells with A-395 had no effect on
the chromatin residence time of PRC2. While 72 h of
drug treatment did decrease the stability of PRC2 on chro-
matin (Fig. 4C), the reduced residence time could be at-
tributed to altered chromatin architecture, hyperactive
transcription, or other secondary effects due to the deple-
tion of H3K27me3.
Comparing the dynamics of SUZ12(VEFS) with ChIP-

seq (ChIP combined with high-throughput sequencing)
fromHojfeldt et al. (2018) suggests that the freely diffusing
fraction of PRC2 is capable of “crop-dusting” chromatin
with nonspecific H3K27 methylation. We observed that
PRC2 is significantly more mobile in the context of
SUZ12(VEFS), while Hojfeldt et al. (2018) report that
this PRC2 variant can rescue H3K27me3 levels, albeit at
nonspecific loci, in SUZ12 knockout cells. These results
suggest that even the highly mobile population of PRC2
is depositing methyl marks while transiently bound.
Taken together with these previous studies, our find-

ings support a model in which the N terminus of SUZ12
interacts in an “either/or” manner with AEBP2 and PCL
homolog proteins and perhaps with additional proteins
not studied here, driving the association of PRC2 with
chromatin in cells (Fig. 6B). These resulting complexes
then achieve affinity for chromatin primarily by binding
nucleosome-free DNAorDNA linker regions between ad-
jacent nucleosomes (Wang et al. 2017) or histone PTMs
recognized by these accessory proteins. Although PRC2
clearly must also bind histone tails and H3K27me3, these
are micromolar affinity interactions and do not signifi-
cantly contribute to the affinity of PRC2 for chromatin.

A B Figure 6. Model for human PRC2 recruitment to chro-
matin. (A) AEBP2 and PHF1 interact with the N termi-
nus of SUZ12 at nonidentical sites, but their binding is
mutually exclusive. (B) PRC2 interacts with inter-
changeable accessory proteins via the N terminus of
SUZ12 to promote PRC2 recruitment to chromatin. (1)
Initial binding of PRC2 to DNA does not require
H3K27me3, but the presence of H3K27me3 indirectly
stabilizes chromatin binding (the shorter arrow indicates
a slower off rate). (2) After PRC2 is bound, H3K27me3
binding to its EED subunit provides allosteric activation.
(3) Nearby nucleosomes are then H3K27-trimethylated
by the EZH2 subunit.
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Materials and methods

Tissue culture, A-395 treatment, and transfections

All cell lines were maintained in Dulbecco’s modified Eagle me-
dium containing 10% FBS, 2 mM GlutaMAX-I, 100 U/mL peni-
cillin, and 100 µg/mL streptomycin (complete medium) in a
humidified incubator at 37°C and 5% CO2.
Both A-395N and A-395 were dissolved in DMSO to a working

concentration of 10 mM. HaloTag-EZH2 U2OS cells (2.5 × 105)
were plated in one well of a 6-well dish with either 10 µM
A-395N or 10 µMA-395. After treating cells for 55 h, 5 × 105 cells
were split into imaging dishes and imaged ∼17 h later.
All U2OS cells were transfected using aNucleofector 2b device

(Lonza) and kit V (Lonza, VCA-1003) per the manufacturer’s pro-
tocol using 1.5 µg of plasmid DNA± 150 pmol siRNA. Transfect-
ed U2OS cells used for imaging were grown for 48 h after
transfection and then split onto imaging dishes. All HEK293T
cells were transfected using Lipofectamine 2000 (Thermo Fisher,
11668019) per the manufacturer’s protocol.

Plasmid construction and oligonucleotide sequences

px330 plasmids EZH2 and SUZ12 sgRNAs were inserted into
px330 plasmids as described inCong et al. (2013) using the follow-
ing spacer sequences: GAGAAGGGACCAGTTTGTTGG for
EZH2 and GCCTCCCCCGGACCCCGCGC for SUZ12.

Homology-directed repair (HDR) plasmids HDR vectors were gener-
ated using Gibson assembly (New England Biosciences, E2611)
and PCR from genomic DNA.

PRC2 cDNA plasmids cDNA expression plasmids were generated
by restriction enzyme cloning and PCR mutagenesis. All SUZ12
mutations refer to the SUZ12 isoform 1 (739 amino acids).
OnTarget plus siRNAs to the SUZ12 3′ UTRwere ordered indi-

vidually from Dharmacon and then pooled together for transfec-
tions using the following SUZ12 siRNA sense strand sequences:
AGAUGUAGGUGUAGAAUUAUU, GAUCAAUGCUGCUG
UAAAUUU, UAGUAGAUCUCGAGCGUUUUU, and UUAG
AUAAUCACACGGAAAUU.

CRISPR/Cas9 genome editing and genomic DNA extraction

HaloTag genome editing was performed as reported previously
(Xi et al. 2015). In brief, 106 F42B8 cells (a kind gift from Karsten
Rippe) were transfected using a Nucleofector 2b device (Lonza)
and kit V (Lonza, VCA-1003) per the manufacturer’s protocol
with px330 plasmid and HDR vector. To select for genomic inte-
gration of the HDR plasmid, cells were trypsinized and expanded
to a 10-cm2 dish in complete medium supplemented with 1 µg/
mL puromycin (Sigma-Aldrich, P8833) 48 h after the transfection.
Cells were selected with puromycin for a total of 7 d.
Of the surviving cells, 106 were transfectedwith 2 µg of pBS598

EF1α-EGFPcre recombinase plasmid. pBS598 EF1α-EGFPcre was
a gift from Brian Sauer (Addgene, 11923) (Le et al. 1999). Forty-
eight hours after transfection, single cells were sorted into single
wells of a 96-well plate using fluorescence-activated cell sorting
at an excitation wavelength of 488 nm. After clones grew out, ge-
nomicDNAwas extracted based on the protocol reported in Laird
et al. (1991). Oligos used for PCR were as follows: DY 132 (EZH2
LHAup [F], GCTGCAGCATCATCTAACCTGG), DY135 (EZH2
RHA down [R], CAGTGAGTCAGAAAACCTTGCTC), DY 137
(SUZ12 LHA up [F], CATCTTGTCCAACCTGAAATTCAAA
TC), and DY 138 (SUZ12 RHA down [R], GGGAACCAATC
AGGATATAACATTCC).

Whole-cell Western blot analysis

Cells (106) were resuspended in 1× NuPAGE LDS sample buffer
(Thermo Fisher Scientific, NP0008) supplemented with 36 mM
β-mercaptoethanol (Sigma-Aldrich, M6250) and 2500 U/mL ben-
zonase (Sigma-Aldrich, E1014). The cell resuspension was heated
for 15 min to 37°C and for 5 min to 98°C, placed for 30 sec on ice,
and spun at >13,000 rcf for 30 sec. The protein extracts and 7.5 µL
of protein ladder (SeeBlue Plus 2, Invitrogen, LC5925)were run on
NuPAGE 4%–12% Bis-Tris protein gels (Thermo Fisher Scien-
tific, NP0321) for 1 h at 150 V. The gels were transferred using
standard Western blotting protocols onto 0.45-µm nitrocellulose
membranes (GE Healthcare, 10600002).
Blots were blocked in StartingBlock T20 (PBS) blocking buffer

(Thermo Fisher, 37539). All primary and secondary antibodies
were diluted in StartingBlock T20 (PBS) blocking buffer (Thermo
Fisher, 37539). Primary and secondary antibody incubations
were washed four times in PBS + 0.05% Tween-20 and once in
PBS. All Western blots were quantified using ImageQuant TL.
The following antibodies were used at the indicated dilutions:
EED (1/200; Abcam, 4469), EZH2 (1/1000; Cell Signaling, 5246),
Flag-HRP (1/2500; Sigma-Aldrich, A8592), H3 (1/1000; Abcam,
1791), H3K27me3 (1/500; Cell Signaling, 9733), SUZ12 (1/200;
Santa Cruz Biotechnology, sc-67105), RbAp46/48 (1/1000; Cell
Signaling, 4633), HA (1/1000; Abcam, 18181), Myc (1/1000; Cell
Signaling, 2272), goat α-mouse IgG-HRP (1/5000; Jackson Immu-
noResearch, 715-035-150), and goat α-rabbit IgG-HRP (1/5000;
Jackson ImmunoResearch, 715-035-152).

Flag immunoprecipitation on ectopically expressed 3xFlag-SUZ12

HEK293T cells (1.25 × 106) were plated in wells of a six-well dish
∼17 h before transfection. Forty-eight hours after transfection,
cells were trypsin-harvested and washed twice with cold 1×
PBS. Cells were lysed in 250 µL of cold NP-40 lysis buffer (1%
nonidet P 40 substitute [Sigma-Aldrich, 74385], 25 mM Tris at
pH 7.5, 5% glycerol, 150 mM NaCl, 2.5 mM MgCl2, 1× protease
inhibitor cocktail [Thermo Fisher, A32965], 2 mM tris[2-carbox-
yethyl]phosphine [TCEP] at pH 7.0 [Thermo Fisher, 20490], 250
U/mL benzonase [Sigma-Aldrich, E1014]) for 30 min on ice
with vortexing every 5 min. Cell lysate was clarified by centrifu-
gation at >13,000 rcf for 10min at 4°C. Lysate (150 µL) was bound
to 15 µL of pre-equilibrated anti-Flag affinity resin (Sigma-Al-
drich, A2220) resuspended in 50 µL of lysis buffer. The binding
was performed for 2 h at 4°C, rotating end over end.
Beads were then washed four times with wash buffer (1% non-

idet P 40 substitute [Sigma-Aldrich, 74385], 25mMTris at pH 7.5,
5% glycerol, 150 mM NaCl, 2.5 mM MgCl2,) at room tempera-
ture. The final wash was completely removed, and bound pro-
teins were eluted for 30 min at room temperature in 60 µL of
wash buffer supplemented with 150 ng/µL 3xFlag peptide
(Sigma-Aldrich, F4799).

Live-cell single-molecule imaging

Live-cell imaging dishes were prepared as follows: Schott Nexte-
rion 1.5H 22-mm× 22-mm coverslips (170 µm± 5 µm) were soni-
cated for 30 min in 1 M KOH and an additional 30 min in 200
proof ethanol (Decon Labs, 2701). The treated coverslips were at-
tached to the bottoms of the 35-mm dishes containing a hole in
the center using Sylgard 184 silicone elastomer kit (Dow Corn-
ing, 3097366-1004).
Cells were plated on these coverslips ∼17 h before imaging and

labeled with HaloTag Janelia fluor 646 (JF646 was a gift from the
Lavis laboratory) for 30 sec in 37°C complete medium at a con-
centration that produced ∼10 localizations per frame (Zhen
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et al. 2016). The concentrations used were 5 nM HaloTag-EZH2
and 25 nM HaloTag-SUZ12.
Cellswere imaged in 2mLof FluoroBriteDMEM (Thermo Fish-

er, A1896701) at 37°C and 5% CO2. All single-molecule imaging
was performed under high-incline laser conditions (Tokunaga
et al. 2008) on a NikonN-Stormmicroscope described previously
(Schmidt et al. 2016). All imaging was performed using HiLo illu-
mination (Tokunaga et al. 2008). Diffusion imaging was per-
formed at 97.5 fps, 25% AOTF, and continuous illumination,
whereas lifetime analysis imaging was performed at 2 fps, 15%
AOTF, and 31-msec exposures of intermittent illumination.
n > 12 cells were analyzed for each biological replicate.

Single-particle tracking

Particles were localized and tracked using MatLab 2011b to run
SLIMfast (Serge et al. 2008). The trajectories of the particles
were evaluated using evalSPT (Normanno et al. 2015). Particle
trajectories were visually inspected, revealing that most mole-
cules were tracked correctly and that trajectories followed single
molecules. Diffusion coefficients and fractions bound were ob-
tained with Spot-On using the following parameters: KineticMo-
del = two-state, dZ = 0.7 µm, TimePoints = seven, GapsAllowed =
one, JumpsToConsider = four, MaxJump = 3 µm, LocError = 0.035
µm, Dbound = [0.0005;0.08], Dfree = [0.15;25], Iterations = three,
BinWidth = 0.01 µm, and ModelFit = CDF.
Forstaticparticle residence time (Fig.4C),weused theempirical

cumulativedistribution function (MatLab) on all tracked particles
to determine the survival probability of each of the particles as a
function of time. For diffusion analysis, the following parameters
were used: lag time = 10.3msec, λex = 647 nm, λem = 670 nm, pixel
size = 160 nm, numerical aperture = 1.49, expected Dmax = 10
µm2/sec, track length =more than two frames, deflation loops =
none, localization error = 10−6, maximum competitors = one,
and blinking = two frames. For survival probability (Fig. 4C), the
following parameters were used: lag time = 500 msec, λex = 647
nm, λem = 670 nm, pixel size = 160 nm, numerical aperture =
1.49, expectedDmax = 0.1 µm2/sec, track length =more than three
frames, deflation loops = none, localization error = 10−6, maxi-
mum competitors = one, and blinking = two frames.

FRAP imaging

3xFlag-HaloTag-EZH2 U2OS cells (5 × 105) were plated in pre-
pared imaging dishes (detailed above) in a total of 2 mL of com-
plete medium ∼17 h before imaging. Cells were then labeled
with 500 nM JF646 for 5 min and diluted in 37°C complete medi-
um. The labeling medium was removed, and cell washes were
performed as detailed above.
FRAP imaging was performed on a Nikon A1R scanning confo-

cal microscope equipped with a quad emission filter, a 100× oil
immersion objective, a 638-nm laser line, and an environmental
chamber to control temperature, humidity, and CO2 levels.
Nikon softwarewas set toNyquist acquisitionwith the following
settings: pinhole size = 4.2 AU, fast mode pixel dwell time = 2.2
µsec, 638-nm laser power for acquisition = 2.0% AOTF, and
638-nm laser power for stimulation/bleach = 75% AOTF.
Regions of interest (ROIs) with identical areas were drawn

around the EZH2-enriched lacO array and around two other nu-
clear sites (one was photobleached and the other was a reference
ROI). The cells were then imaged for 30 sec before photobleach-
ing, photobleached within the ROIs for 2 sec, and then imaged
for 5 min after photobleaching to monitor recovery. The frame
rate for all acquisitions was 0.5 fps except during stimulation,
where the laser was illuminated for a continuous 2 sec. Mean in-

tensity (t) data within each ROI were used for quantification of
fluorescence recovery.

Quantifying recovery after photobleaching

All quantification of fluorescence recovery was done in Matlab.
The background fluorescence (signal outside of the nucleus)
was first subtracted from the intensity (t) within each ROI inside
the nucleus. The normalized fluorescence recovery within
either the nuclear nonspecific ROI or the lacO ROI was fit to
y(t) =A(1− e−Bt). We found that total fluorescent EZH2 was
depleted after photobleaching the lacO array and nuclear site.
A reference ROI within the same nucleus was used to calculate
the fraction of fluorescent EZH2 remaining at the end of imaging
(dotted line Fig. 3B) to account for both stimulation- and acquisi-
tion-induced photobleaching (C = [EZH2 fluorescence]end of imaging/
[EZH2 fluorescence]before photobleach). The corrected immobile frac-
tion = C−A. The recovery constant was reported as the value B of
the fit curve.

Immunofluorescence and DNA-FISH imaging

Cells (1.5 × 105) were plated in wells of a 24-well glass imaging
dish (Cellvis, P24-1.5H-N) for ∼17 h before performing immuno-
fluorescence. Cells were labeled for 5 min with 500 nM JF549
(Grimm et al. 2015) and then fixed in 1× PBS supplemented
with 3.7% formaldehyde (Thermo Fisher, BP531500) for 10 min
at room temperature. Fixing solution was removed, and the cells
were washed twice with PBS and permeabilized in 1× PBS con-
taining 0.1% Triton X-100 for 5 min at room temperature.
Cells were then dehydrated using 70% ethanol for 5min at 4°C

followed by 95% ethanol for 5 min at 4°C and then 100% ethanol
for 5 min at 4°C. The ethanol was then removed entirely, and the
cells were air-dried.
Hybridization buffer (70% formamide, 12 mMTris at pH 8.0, 5

mMKCl, 1 mMMgCl2, 0.001%Triton X-100, 0.1 µg/mL salmon
DNA) with 200 nM lacO PNA FISH probe (Alexa647-O-
AATTGTTATCCGCTCAC) was heated to 78°C, and 400 µL
was added to each well of the 24-well plate. The wells were
then heated for 5 min to 78°C in the dark and then placed in a
dark humidified chamber for 2 h at room temperature.
The hybridization buffer was removed, and the cells were

rinsed once with 70% formamide/2× saline sodium citrate
(SSC) buffer, washed twice with 70% formamide/2× SSC buffer
for 15 min each, and washed three times with 1× PBS for 5 min
each. The final wash was then replaced with 1× PBS containing
1 µg/mL Hoechst dye and 0.02% NaN3.
All fixed-cell imagingwas performed on aDeltaVisionCoremi-

croscope (Applied Precision). TwelveZ-sectionswere collected in
0.2-µm increments. A maximum intensity projection was used
for presentation and quantification of colocalization.
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