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Mammalian development requires effective mechanisms to repress genes whose expression would generate inap-
propriately specified cells. The Polycomb-repressive complex 1 (PRC1) family complexes are central to maintaining
this repression. These include a set of canonical PRC1 complexes, each of which contains four core proteins,
including one from the CBX family. These complexes have been shown previously to reside in membraneless
organelles called Polycomb bodies, leading to speculation that canonical PRC1 might be found in a separate phase
from the rest of the nucleus. We show here that reconstituted PRC1 readily phase-separates into droplets in vitro at
low concentrations and physiological salt conditions. This behavior is driven by the CBX2 subunit. Point mutations
in an internal domain of Cbx2 eliminate phase separation. These same point mutations eliminate the formation of
puncta in cells and have been shown previously to eliminate nucleosome compaction in vitro and generate axial
patterning defects in mice. Thus, the domain of CBX2 that is important for phase separation is the same domain
shown previously to be important for chromatin compaction and proper development, raising the possibility of a
mechanistic or evolutionary link between these activities.
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Proper organismal development requires precise regula-
tion of gene expression that is stably maintained. Poly-
comb group (PcG)-repressive complexes (PRCs) PRCI1
and PRC2 act directly on chromatin to repress key devel-
opmental genes and maintain this repressed state through-
out development (Di Croce and Helin 2013). PRC1
represents a variety of complexes with differing subunit
composition and biological function (Gao et al. 2012).
The PRC1 family of complexes is divided into canonical
PRC1, which drives nucleosome compaction and repres-
sion, and variant PRC1, which ubiquitylates histone
H2A on Lys119 (Simon and Kingston 2013). PRC2 com-
plexes trimethylate Lys27 on histone H3 (H3K27me3),
and this modification recruits canonical PRC1 complexes
to compact chromatin and repress gene expression (Fig.
1A; Di Croce and Helin 2013). The recruitment of canoni-
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cal PRC1 complexes relies on the CBX subunit, which
binds to the H3K27me3 mark via a chromodomain at the
N terminus and interacts with the RING1b subunit via
the C-box at the C terminus. Thus, the coordinated activ-
ities of multiple PcG complexes regulate the establish-
ment of gene repression at specific loci.

A key strategy in defining the function of PRC1 com-
plexes involves examination of their localization in the
nucleus and on the genome. PRCI is concentrated into
nuclear condensates called Polycomb bodies (Satijn et al.
1997; Saurin et al. 1998). It remains unclear what drives
formation of Polycomb bodies and how they relate to
PcG complex functions such as chromatin compaction
and inheritance of a repressed state. These bodies, as orig-
inally defined, are large and might serve to store PcG pro-
teins in nonfunctional reservoirs or may represent
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Figure 1. PRCI1 phase-separates in vitro. (A) Schematic of canonical PRC1 subunits. (B) Turbid solutions of individual PRC1 subunits at
increasing protein concentrations were measured at absorbance 405 nm. All proteins are wild type except PHC2-L307R, which contains a
point mutation in the SAM domain required for expression and purification. (C) Spin-down assay of monomeric enhanced GFP (mEGFP)
and mEGFP-CBX2 + RING1b to visualize separation of high-concentration condensates at increasing protein concentrations. (D) Micro-
graphs of full PRC1 complex containing mEGFP-CBX2, RING1b, BMI1, PHC2-L307R, mEGFP-CBX2 + RING1b, or individual mEGFP-
tagged PRC1 subunits at 6.3 nM protein concentration in buffer containing 20 mM HEPES (pH 7.9), 100 mM KCI, and 1 mM MgSO,.
For each experiment, a representative micrograph from two independent protein preparations is shown. (E) Micrographs of mEGFP-
CBX2 + RINGIb at the indicated micromolar protein concentration. Scale bars, 10 nm. Black circles common across images in all figures
are the result of permanent impurities in the epifluorescence microscope used in data acquisition.

functional hubs of maintained repression (Satijn et al.
1997; Saurin et al. 1998). Many other proteins form simi-
lar condensates, which can form by phase separation to
enrich and sequester components from bulk solution (Lar-
son et al. 2017; Strom et al. 2017; Boehning et al. 2018;
Cho et al. 2018; Chong et al. 2018; Sabari et al. 2018).
Phase separation into these condensates might compart-
mentalize biochemical activities and enhance the effi-
ciency of cellular processes. For example, the repressive
factor HP1a/a has been shown to phase-separate while
bound to chromatin, suggesting that phase separation
can be used to organize constitutive heterochromatin
and selectively exclude certain proteins from the hetero-
chromatin condensate (Larson et al. 2017; Strom et al.
2017). These observations have intriguing implications
for the maintenance of PRCIl-mediated repression, as
the significantly increased concentration of factors within
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phase-separated condensates could promote re-establish-
ment of repressive structures following replication and/
or mitosis.

Given the heterogeneity of PRC1 complexes that exist
in the cell, characterization of any role for phase separa-
tion in PRC1 function requires definition of the specific
class of PRC1 complex and the subunits within this com-
plex that promote phase separation. This requirement is
underscored by the observation that the activities of ca-
nonical and variant classes of PRC1 complex differ in
their contributions to gene repression during develop-
ment. Notably, disruption of H2A ubiquitylation does
not lead to defects in early murine development (Illing-
worth et al. 2015). In contrast, mutations within a posi-
tively charged low-complexity disordered region (LCDR)
in the canonical PRC1 subunit Cbx2 result in axial pat-
terning defects in mice (Lau et al. 2017). These mutations



reduce the overall positive charge within the LCDR and
also disrupt chromatin compaction in vitro (Grau et al.
2011). Thus, canonical PRC1 and its compaction function
are central to maintaining repression during cellular
specification.

How the mechanisms that establish gene repression re-
late to the mechanisms that maintain repression is a key
issue in developmental biology. These two mechanistic
requirements of PcG function might have evolved a direct
relationship or might be distinct. Here we show that the
CBX2 component of canonical PRC1 can phase-separate
in vitro and generate dynamic puncta in cells. Mutations
in CBX2 that were shown previously to impair compac-
tion and proper axial development in mice disrupt phase
separation in vitro and formation of puncta in cells. This
unites, into a single component of PRCI1, the ability to
bind H3K27me3, compact nucleosomes, and phase-sepa-
rate. These data support the hypothesis that phase separa-
tion and compaction by PRCI are generated by linked
mechanisms. We speculate that the high concentration
of PRC1 within phase-separated bodies could facilitate
maintenance of a repressive chromatin state during
development.

Results

CBX2 drives PRC1 phase separation in vitro

Several subunits of PRC1 contain disordered regions,
which are observed in many proteins that phase-separate
(Supplemental Fig. SIA-C; Shin and Brangwynne 2017).
We tested various purified PRC1 protein preparations for
turbidity, a known characteristic of phase-separated solu-
tions (Fig. 1B; Schwartz et al. 2013; Larson et al. 2017).
PRCI formed a turbid solution in a concentration-depen-
dent manner. The CBX2-RING1b heterodimer (heterodi-
merization is necessary to stabilize full-length CBX2)
displayed turbidity that was more prominent than other
individual PRC1 subunits, including RING1b individual-
ly. We extended these studies using purified monomeric
enhanced GFP (mEGFP) (Zacharias et al. 2002) fusions
of PRC1 subunits (Supplemental Fig. S1D). After centri-
fugation of purified protein, mEGFP remained distri-
buted throughout the solution, whereas mEGFP-CBX2 +
RINGI1b coalesced into a protein-rich pellet (Fig. 1C), indi-
cating that mEGFP-CBX2 + RINGI1Db could form a dense
phase separable from bulk solution. Furthermore, fluores-
cence microscopy revealed the formation of protein-rich
foci by purified mEGFP-PRC1 and mEGFP-CBX2 +
RINGI1Db, while other PRC1 subunits remained diffusely
distributed (Fig. 1D; Supplemental Fig. S2A,B). As seen
with other proteins that phase-separate (Brangwynne
2013), mEGFP-CBX2 + RING1b formed spherical droplets
in the presence of volume excluder that increased in size
as a function of concentration (Fig. 1E; Supplemental
Fig. S2C). We also observed droplets that appeared to be
in the process of fusing/fissioning (Supplemental Fig.
S2D). Thus, PRC1 can form phase-separated condensates
in vitro, and CBX2 is a candidate to drive this phase
separation.

Phase separation by Polycomb-repressive complex 1

The CBX2 LCDR is required for in vitro condensate
formation

We examined CBX2 mutants to identify a region needed
for phase separation. CBX2 contains a positively charged
LCDR (Fig. 2A-D), a type of domain often found in pro-
teins that phase-separate (Shin and Brangwynne 2017).
This LCDR was shown previously to be critical for the
ability of CBX2 to compact nucleosomal arrays in vitro
(Grau et al. 2011) and regulate proper murine develop-
ment (Lau et al. 2017). A paralogous subunit, CBX7, which
lacks the ability to compact nucleosomal arrays in vitro
(Grau et al. 2011), does not have a positively charged
LCDR (Supplemental Fig. S3D). To test the importance
of the CBX2 LCDR for phase separation in vitro, we puri-
fied mEGFP-tagged variants of CBX2 in combination with
RING1D that reduce (CBX2-23KRA) or increase (CBX2-
DEA) the net positive charge of the region as well as a het-
erodimer of mEGFP-CBX7 and RING1b (Fig. 2A,D; Sup-
plemental Fig. S3). In contrast to wild-type CBX2,
both mEGFP-CBX2-23KRA + RING1b and mEGFP-CBX7
+RINGI1bD failed to form a protein-rich pellet after cen-
trifugation, while mEGFP-CBX2-DEA + RING1b retained
the ability to separate from bulk solution (Fig. 2E). In
agreement with these data, fluorescence microscopy re-
vealed condensates formed by mEGFP-CBX2 + RING1b
and mEGFP-CBX2-DEA + RING1b, whereas mEGFP-
CBX2-23KRA + RING1b and mEGFP-CBX7 + RINGID re-
mained diffuse (Fig. 2F; Supplemental Fig. S2). In addition,
PRCI containing mEGFP-CBX2-23KRA showed impaired
phase separation relative to PRCI1 containing wild-type
CBX2, indicating that the LCDR of CBX2 is a driving force
for PRC1 phase separation (Fig. 2E,F). Similarly, a CBX2
mutation disrupting only 13 rather than 23 positively
charged residues, CBX2-13KRA, which has less severe
effects on nucleosome compaction in vitro and axial de-
velopment in mice relative to CBX2-23KRA, failed to
phase-separate in vitro (Supplemental Fig. S4A). We fur-
ther examined the role of positively charged residues in
the LCDR by analyzing two additional intermediate com-
paction mutants for their ability to phase-separate in
vitro. These variants—CBX2-10RA, which mutates 10 ar-
ginines to alanine, and CBX2-16KA, which mutates 16
lysines to alanine—contain nonoverlapping sets of muta-
tions to positively charged residues in the LCDR (Sup-
plemental Fig. S3A). These purified CBX2 mutants
complexed with mEGFP-RINGI1b displayed defects in
phase separation that correlate with their intermediate
compaction defect (Supplemental Fig. S4B-D). We con-
clude that the positive charge within the CBX2 LCDR is
critical for phase separation in vitro in addition to its pre-
viously described roles in chromatin compaction (Grau
et al. 2011) and proper axial patterning in mice (Lau
et al. 2017).

The observation that mutations in positively charged
residues disrupt phase separation raised the hypothesis
that negatively charged residues in CBX2 might form
multivalent interactions with the positive residues. Fur-
thermore, increasing monovalent salt concentration dis-
rupted condensates formed by mEGFP-CBX2 + RINGI1b,
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PRC1 complexes (containing mEGFP-CBX2 or mEGFP-CBX2-23KRA), all at 6.3 uM. For each experiment, a representative micrograph
from two independent protein preparations is shown. Scale bar, 10 pm.

suggesting a role for electrostatic interactions in mediat-
ing condensate formation (Fig. 3A; Supplemental Fig.
S2E). Mutation of negative residues within the LCDR
(CBX2-DEA) did not impact phase separation, leading us
to consider other sources of negative charge. Phosphoryla-
tion increases negative charge and modulates phase sepa-
ration of proteins both positively and negatively (Kwon
etal. 2013; Larson et al. 2017; Monahan et al. 2017; Strom
etal. 2017; Boehning et al. 2018; Lu et al. 2018). Serine res-
idues in CBX2, including a serine-rich patch (14 of 15 res-
idues are serines) located on the N-terminal side of the
LCDR of CBX2, are phosphorylated in vivo and targeted
by casein kinase II (CK2) in vitro (Kawaguchi et al. 2017).
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We tested a role for phosphorylation in condensate for-
mation by using Escherichia coli to express a truncated
nonphosphorylated form of CBX2 (mEGFP-CBX2ACbox)
that is stable in the absence of RING1b. This CBX2 trun-
cation has been shown previously to inhibit chromatin re-
modeling, a proxy for compaction, similarly to full-length
CBX2 expressed and purified from Sf9 cells (Grau et al.
2011). We also coexpressed this protein with the catalytic
subunits of CK2 to generate phosphorylated mEGFP-
CBX2ACbox. Phosphorylated mEGFP-CBX2ACbox form-
ed spherical droplets distinct in size and shape from the
more diffuse signal and small nonspherical aggregates
formed by unphosphorylated mEGFP-CBX2ACbox (Fig.
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3B). Phosphorylation was validated by mass spectrometry
and confirmed that the serine-rich patch of CBX2 was
extensively phosphorylated (Supplemental Fig. S5A-C;
Supplemental Table S1). The phosphorylated residues
identified in preparations of proteins from Sf9 and E. coli
+ CK2 differed with some overlap, the differences perhaps
arising from a distinct set of kinases in Sf9 as compared
with E. coli. We failed to detect peptides covering the ser-
ine-rich patch from Sf9 purified protein, preventing any
conclusions regarding its phosphorylation status. To ex-
plore the possible role for the serine-rich patch further,
CBX2 variants containing mutations in the serine-rich
patch that either delete the patch or change all of the ser-
ines to alanines were purified from Sf9. These mutants
displayed disrupted phase separation in vitro (Supplemen-
tal Fig. S5D,E). Mutating the serines to aspartic acid to
mimic constitutive phosphorylation also disrupted phase
separation (Supplemental Fig. S5D,E). These latter data in-
dicate that it is not overall charge of this region that is crit-
ical but possibly either phosphates per se or a structure for
this region that is disrupted by mutation to aspartic acid

residues. The results from CK2 overexpression and from
mutations in the serine-rich patch are consistent with a
role for phosphorylation in generating the negative charge
necessary for phase separation. However, more studies are
needed to untangle the potential roles for the numerous
serines (55) and acidic residues (40) in this region of CBX2..

To determine whether the droplets formed by mEGFP-
CBX2ACbox and mEGFP-PRC1 were solid aggregates or
reversible liquid condensates, we performed a salt-depen-
dent reversibility assay. Droplets were formed and visual-
ized as described above (Fig. 3B,C; Supplemental Fig. S5F),
and the salt concentration was then increased to 500 mM
KCI. At higher salt, the preformed droplets drastically re-
duced in number and size (Fig. 3C; Supplemental Fig. S5F).
Reducing the salt concentration to 100 mM KCl resulted
in reformation of droplets. These droplets were smaller,
perhaps due to reduced protein concentration. This hy-
pothesis was supported by direct dilution of the sample
to the same extent in 100 mM KCI and observation of
similarly sized droplets (Fig. 3C). These results support
the hypothesis that reversible electrostatic interactions
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between phosphorylated serines and positively charged
residues are necessary for phase separation of CBX2 in
vitro.

Mutations in the CBX2 LCDR disrupt condensate
formation in vivo

As mutations in the CBX2 LCDR impair its ability to
phase-separate in vitro, we assessed the impact of these
mutations on the morphology of structures formed by
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CBX2 (Fig. 4A,B). Quantification of puncta in mEGFP-
CBX2- and mEGFP-CBX2-23KRA-expressing nuclei re-
vealed a clear difference in total number and distribution
across a range of doxycycline concentrations (Fig. 4C,D;
Supplemental Fig. S6A,B). There was also a significantly
higher number of puncta in mEGFP-CBX2-13KRA-ex-
pressing compared with mEGFP-CBX2-23KRA-express-
ing nuclei. This intermediate defect for CBX2-13KRA
mirrors the less severe defects in chromatin compaction
activity in the in vitro and in vivo axial patterning pheno-
type for this mutant relative to CBX2-23KRA. Cells were
resistant to high mEGFP-CBX2 expression even at high
doxycycline concentrations (Supplemental Fig. S6C,D).
Dividing an equal number of nuclei into bins of increasing
overall GFP intensity and measuring puncta size revealed
that higher GFP intensity (i.e., higher mEGFP-CBX2
expression) correlates with a higher mean puncta size
(Supplemental Fig. SGE). Together, these in vivo results re-
capitulate the findings of our in vitro assays and under-
score the importance of positively charged residues in
the CBX2 LCDR for PRC1 phase separation.

To address whether the puncta in cells contain canoni-
cal PRC1 subunits, we used coimmunoprecipitation (co-
IP). This revealed that both mEGFP-CBX2 and mEGFP-
CBX2-23KRA interacted with other PRCI subunits in
vivo, indicating that the lack of puncta formation by
mEGFP-CBX2-23KRA was not due to impaired PRC1 com-
plex formation (Supplemental Fig. S7A; Supplemental Ta-
ble S2). Coimmunofluorescence of RINGI1b revealed
extensive colocalization with mEGFP-CBX2 (Fig. 5A) in
3T3 fibroblasts, which do not endogenously express
CBX2 (Supplemental Fig. S7B). Furthermore, the level of
mEGFP-CBX2 expression induced in 3T3 cells was similar
to endogenous CBX2 expression in mouse embryos as as-

RING1b mEGFP-CBX2 DAPI RING1b
(Bethyl, A302-869A) mEGFP-CBX2

RING1b mEGFP-CBX2 DAPI RING1b
(Abcam, ab3832) mEGFP-CBX2

mEGFP-CBX2 DAPI H3K27me3

mEGFP-CBX2

H3K27me3
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sessed by Western blot (Supplemental Fig. S7C). Immuno-
fluorescence in mouse embryos also revealed similar
overall number and variability of endogenous CBX2
puncta in addition to extensive overlap with RINGI1b
puncta (Supplemental Fig. S8A,B). RING1b puncta were
not impacted by the expression of mEGFP-CBX2-23KRA
in 3T3 cells (Supplemental Fig. S8C,D), presumably re-
flecting the normal association of RING1b with other
CBX family proteins that are also expressed in 3T3 cells
(Supplemental Fig. S7B). We also observed extensive over-
lap of mEGFP-CBX2 puncta with H3K27me3, consistent
with previous observations (Tatavosian et al. 2019), and ex-
clusion of histone modifications or proteins associated
with active transcription (histone H3 Lys27 acetylation
and RNA polymerase II C-terminal domain [CTD])
by coimmunofluorescence in 3T3 fibroblasts (Fig. 5B,C).
Overall, these data indicate that puncta visualized
by mEGFP-CBX2 contain PRC1 and associate with
H3K27me3-decorated chromatin.

Phase-separated condensates undergoing demixing with
the surrounding aqueous environment display a rapid ex-
change of interacting components (Hyman et al. 2014).
To interrogate the dynamics of nuclear puncta formed by
CBX2 in vivo, we performed live-cell microscopy of 3T3 fi-
broblasts expressing mEGFP-CBX2 and mEGFP-CBX2-
23KRA (Supplemental Fig. S9A,B). As seen in formalde-
hyde-fixed cells, mEGFP-CBX2 organized into puncta,
whereas mEGFP-CBX2-23KRA remained diffusely distrib-
uted throughout the nucleus. To quantify the concentra-
tion of mEGFP-CBX2 in cells, we compared fluorescence
intensity of mEGFP-CBX2 with fluorescence intensities
obtained from a standard curve of increasing concentra-
tions of purified mEGFP added to the cell culture medium
as described previously (Chong et al. 2018). This analysis

H3K27ac mEGFP-CBX2 DAPI

mEGFP-CBX2 DAPI

H3K27ac
mEGFP-CBX2

Rpb1 CTD

Rpb1 CTD
mEGFP-CBX2

Figure 5. CBX2 puncta specifically incorporate PRC1 factors in cells. (A-C) Coimmunofluorescence in 3T3 fibroblasts after 500 ng/mL
doxycycline induction of mEGFP-CBX2. Column panels from left to right are the Cy3 channel, GFP channel, DAPI channel, and merged
images of Cy3 and GFP for RINGI1b using the indicated commercially available antibodies (A), H3K27me3 (B), and H3K27ac or Rpbl

CTD|(C).
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determined that the concentration of mEGFP-CBX2 with-
in puncta ranged from 5 to 10 uM, whereas the concentra-
tion of diffusely distributed mEGFP-CBX2 was 0.25-1.5
BM (Supplemental Fig. SOC,D). The mean size of puncta
of mEGFP-CBX2 + RING1b in vitro at the corresponding
nuclear mEGFP-CBX2 levels (1.6 pM) was roughly similar
to the mean puncta size measured in cells (Supplemental
Fig. S9E). We performed fluorescence recovery after photo-
bleaching (FRAP) to determine whether mEGFP-CBX2 in
puncta was dynamic or instead behaved as a solid aggre-
gate. Upon photobleaching, mEGFP-CBX2 puncta rapidly
recover fluorescence within 60 sec (Supplemental Fig.
S9F). Roughly 30% of mEGFP-CBX2 does not recover in
this time frame, representing an immobile fraction, as
has been seen previously for CBX2 and other chromatin-
associated proteins that phase-separate (Ren et al. 2008;
Zhen et al. 2014; Tardat et al. 2015; Strom et al. 2017;
Cho et al. 2018; Chong et al. 2018; Sabari et al. 2018).
In contrast, diffuse mEGFP-CBX2 displayed 100% recov-
ery at a similar time scale (Supplemental Fig. S9G). Con-
sistent with these nuclear puncta behaving as phase-
separated condensates, we observed a rapid loss of puncta
upon addition of 1,6-hexanediol, as observed for other
phase-separated bodies (Supplemental Fig. S10A-D;
Strom et al. 2017; Cho et al. 2018; Chong et al. 2018;
Lu et al. 2018; Sabari et al. 2018). Nuclear mEGFP-
CBX2 puncta were not significantly impacted by treat-
ment with 2,5-hexanediol, an aliphatic alcohol shown
to be less disruptive than 1,6-hexanediol to certain pro-

mEGFP-CBX2 + RING1b mEGFP-PRC1

Cys-labeled Substrates

+0.3 M DNA

+0.3 uM RNA

+0.3 uM mixed array.

+0.3 pM H3K27me3 array

+0.3 uM dye

Figure 6. PRCI ligands partition into condensates with PRC1. (A) Micrographs of 6.3 uM mEGFP-CBX2 + RING1b with 0.3 uM indicated
Cyb5-labeled substrate. (Left panels) GFP channel. (Right panels) Cy5 channel. (B) Micrographs of 6.3 pM mEGFP-PRC1 with 0.3 ptM in-
dicated Cy5-labeled substrates. Panels are the same as for A. (C) Micrographs of 6.3 uM unphosphorylated mEGFP-CBX2ACbox alone (top)
or with 0.3 uM indicated Cy5-labeled heterogeneously modified (mixed) or H3K27me3-modified polynucleosomes. (D) Same as in C with
a higher concentration (12.5 pM) of unphosphorylated mEGFP-CBX2ACbox. Scale bar, 10 pm. (E) Model of PRC1 nucleosome compaction
and phase separation.
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mEGFP-CBX2ACbox alone

Cy5-labeled Substrates.
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+0.3 uM RNA
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compacts nucleosomes
Histone H3K27 @ P

trimethylation Q

+0.3 UM H3K27me3 array
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tein condensates (Lin et al. 2016), but were disrupted un-
der osmotic stress conditions (Supplemental Fig. SIOE-
G). We conclude that CBX2 within puncta can readily ex-
change with free CBX2 in bulk solution and can be per-
turbed by addition of aliphatic alcohols and alterations
to osmolarity, consistent with the properties of a liquid-
like condensate.

PRC1 condensates partition with physiologically
relevant ligands

Phase separation can facilitate inclusion or exclusion of
macromolecules from the protein-dense phase, creating
a mechanism to compartmentalize biochemical activities
(Shin and Brangwynne 2017). We tested whether ligands
of PRC1, including DNA, RNA, and nucleosomal arrays,
could incorporate into PRC1 condensates in vitro. We
generated polynucleosomal templates using Cy5-labeled
2.5-kb DNA (Utley et al. 1998) with either heterogeneous-
ly modified polynucleosomes or polynucleosomes con-
taining an H3K27me3 analog (Simon et al. 2007). We
also included Cy5-labeled 2.5-kb DNA alone as well as
Cy5-labeled CAT7 RNA shown previously to associate
with PRCI (Ray et al. 2016). We monitored incorporation
of these ligands into PRCI condensates using fluores-
cence microscopy. All four ligands were incorporated
into condensates formed by mEGFP-CBX2 +RINGI1b
(Fig. 6A) and mEGFP-PRC1 (Fig. 6B), whereas free Cy5
dye or purified mCherry protein was not found within

mEGFP-CBX2ACbox alone

Cy5-labeled Substrates. Cys-labeled Substrates

None None

+0.3 uM mixed array +0.3 uM mixed array

+0.3 M H3K27me3 array

+0.3 uM H3K27me3 array

PRC1 binds
H3K27me3 and

High local concentration
of PRC1 phase separates

Compaction of chromatin
increases local
concentration of PRC1
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the condensate phase (Fig. 6A,B; Supplemental Fig. S11A,
B). Ligands incorporated into PRC1 condensates regard-
less of whether they were added to preformed droplets
(Supplemental Fig. S11C) or included during droplet for-
mation (Fig. 6A), and incorporation led to minor increases
in puncta size (Supplemental Fig. S11D). Thus, PRC1 con-
densates partition with physiologically relevant ligands,
suggesting a mechanism to compartmentalize these inter-
actions in vivo.

The bacterially produced unphosphorylated mEGFP-
CBX2ACDbox did not phase-separate by itself (Fig. 3B) or
upon addition of RING1b (Supplemental Fig. S11E) but
can compact nucleosomal templates (Grau et al. 2011), in-
dicating a possible difference between these activities. We
tested the ability of this protein to phase-separate under
conditions where compaction can occur, which requires
the presence of nucleosomal arrays. Nucleosomal arrays
might increase the effective local concentration of this
protein and thus might enhance interactions required for
phase separation. Incubating unphosphorylated mEGFP-
CBX2ACDbox with nucleosomal arrays resulted in conden-
sate formation (Fig. 6C,D). Furthermore, we observed that
nucleosome arrays containing an H3K27me3 analog,
which bind with higher affinity to the CBX2 protein (Bern-
stein et al. 2006), were more proficient at inducing conden-
sate formation at lower protein concentration. Similarly,
addition of H3K27me3 arrays to mEGFP-CBX2-23KRA +
RINGIb facilitated formation of a small number of puncta,
whereas other ligands did not induce puncta formation
(note that this same mutant formed a small number of
puncta in cells) (Fig. 4C,D; Supplemental Fig. S11F,G).
These results are consistent with the hypothesis that
phase separation requires a high local concentration of
CBX2 protein that can be driven in part by the addition
of nucleosomal arrays to provide a scaffold to facilitate
CBX2 interactions.

Discussion

We show that the abilities of PRC1 both to phase-separate
and to compact nucleosomes require the LCDR of CBX2
and are inhibited by mutation of basic residues. These
same mutations cause axial patterning defects in mice
similar to the Cbx2 knockout, implying a key function
for this domain in developmental progression. As this
domain lies downstream from the chromodomain that
binds H3K27me3, several PcG functions are combined
into a single protein. We propose a model in which
PRC1 compacts nucleosomes and organizes them into
subnuclear condensates in a concerted manner to effi-
ciently and stably repress transcription (Fig. 6E). The com-
pacted chromatin initially formed by PRC1 may facilitate
the transition to a condensate by creating a higher local
concentration of PRC1. This model raises questions con-
cerning the nature of phase separation by PRC1 in cells.
Future work will involve examining the relationship of
phase separation to compaction and the roles for phase
separation in both repression and the stable inheritance
of repression during differentiation.

Phase separation by Polycomb-repressive complex 1

The finding that mutations in positively charged resi-
dues impact both phase separation and compaction might
reflect a mechanistic and/or an evolutionary link between
these two activities. The network of interactions that gen-
erate compacted structures, which contain four or more
nucleosomes in vitro (Francis et al. 2004), might be the
same as the interactions that generate condensates. Alter-
natively, separate types of interactions might form via the
charged residues, with one type of interaction leading to
compaction and another leading to phase separation. Re-
gardless of the extent to which the mechanisms are iden-
tical, the finding that both activities reside in the same
domain and are altered by the same mutations raises the
possibility that these activities coevolved to create a
structure that is both compacted and isolated from the
rest of the nucleus. Formation of the condensates might
increase the extent of compaction and help sequester
the compacted structures away from potential activating
factors, as suggested by our observation that CBX2 puncta
did not colocalize with proteins associated with active
chromatin (Fig. 5C).

The presence of a positively charged LCDR distinguish-
es members of the CBX family from each other (Supple-
mental Fig. S3). For example, CBX7, which is found in
canonical PRC1 in pluripotent cells (Supplemental Fig.
S7B,C; Morey et al. 2012), does not have an LCDR with
high positive charge, lacks compaction activity (Grau
et al. 2011), and fails to phase-separate (Fig. 2). This might
reflect the need for pluripotent cells to maintain plastici-
ty; potent compaction and phase separation could impair
the ability of PcG-bound genes in pluripotent cells to acti-
vate as needed during differentiation. Other CBX proteins
that are expressed in differentiated cells, such as CBX6
and CBX8, have positively charged LCDRs that compact
arrays in vitro (Grau et al. 2011) and might have phase sep-
aration capabilities.

It has been shown previously that the polyhomeotic
(PH) subunit of PRC1 mediates subnuclear clustering
through polymerization of its SAM domain (Isono et al.
2013; Wani et al. 2016; Kundu et al. 2017). We cannot
rule out the possibility that PHC1/2 contribute to PRC1
phase separation, as only mutants defective in polymeri-
zation were tested here for technical reasons. Notably,
PHC1 contains an LCDR rich in glutamine residues,
which are highly represented in the LCDRs of other pro-
teins that phase-separate (Wang et al. 2018). Pluripotent
embryonic stem cells (ESCs), which predominately ex-
press PHC1 and compaction-deficient CBX?7, display con-
densed Hox gene clusters whose structure is dependent on
canonical PRC1 (Eskeland et al. 2010; Kundu et al. 2017).
This higher-order compaction of clusters of repressed
genes might differ from CBX-mediated short-range nucle-
osome compaction but could also be a reflection of PH-
mediated phase separation.

Phase-separated condensates are expected to include in-
creased concentrations of proteins that partition into the
condensate. Formation of CBX2 puncta in cells concen-
trated the protein by nearly an order of magnitude (Supple-
mental Fig. S9D). We observed increased concentration of
nucleic acid and nucleosome arrays in CBX2 puncta in
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vitro when labeled substrates such as these are added (Fig.
6A,B) and observed H3K27me3 colocalization with CBX2
puncta in cells (Fig. 5B). Increased concentration of factors
needed for repression in these condensates is a simple
mechanism to promote the maintenance of repression as
replication or mitosis occurs, as mass action would pro-
mote reformation of repressive structures. Repressed
structures such as those generated by PcG proteins or by
heterochromatic components such as HP1 are expected
to be inherently static once formed due to a lack of
transcriptional activity and are thus amenable to seques-
tration from other nuclear components. Condensates
involved in repression could therefore have greater stabil-
ity than phase-separated condensates of proteins required
for dynamic processes such as transcriptional activa-
tion, where interactions are transient. This theoretical
concept is consistent with the low concentrations of
CBX2 needed to form droplets in vitro, which indicates
a strong propensity for this protein and PRC1 to phase-
separate.

The physical nature of the condensates in cells in these
studies is not clear. The various mixtures of PRC1 compo-
nents and ligands investigated in vitro have properties of a
phase-separated liquid in that they form spherical droplets
that can coalesce, increase in size with protein concentra-
tion, and can be disrupted and reformed by manipulation
of salt concentration. In vivo, CBX2 condensates recover
rapidly after FRAP (Supplemental Fig. SOF), the same mu-
tations that disrupt droplet formation in vitro also disrupt
condensate formation in cells, condensate size correlates
with concentration in cells, and previous studies have re-
ported fusion/fission of puncta containing RINGI1b in
cells (Isono et al. 2013). While these characteristics are
consistent with cellular condensates being liquid in na-
ture, they fall short of a rigorous demonstration, and con-
siderable work is needed to further characterize the
physical nature of these condensates, an important aspect
of models for how they might contribute to repression and
maintenance of the repressed state.

Previous studies on the nuclear organization of PRC1
and the studies reported here emphasize the importance
of the types of structures that form on PcG-repressed chro-
matin. Short-range compaction, higher-order compaction,
and the formation of these regions into condensates all
might contribute to repression of PcG targets, as each of
these characteristics is expected to inhibit access of activa-
tors and the transcription machinery. This organization,
which appears to occur at several distinct levels, is also
likely to be central to the mechanisms that allow mainte-
nance of the repressed state by keeping both PcG protein
components and key substrates such as H3K27me3 chro-
matin in an isolated environment.

Materials and methods

Cell culture

NIH-3T3 fibroblasts (American Type Culture Collection [ATCC])
were cultured in DMEM supplemented with fetal calf serum to
10% (v/v) concentration and 25 mM HEPES (pH 7.5). HEK293T
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(ATCC) cells were cultured in IMDM supplemented with fetal
bovine serum to 10% (v/v) concentration. CJ7 (a gift of Stuart
Orkin) (Shen et al. 2008) mouse ESCs (mESCs) were cultured on
a layer of mitotically inactivated PMEF-N mouse embryonic fi-
broblasts (Millipore) in DMEM supplemented with fetal bovine
serum (Hyclone) to 15% (v/v) concentration, 1x L-glutamine, 1x
penicillin/streptomycin, and 10 ng/mL leukemia inhibitory
factor (LIF). CJ7 medium was exchanged daily. NIH-3T3,
HEK293T, and CJ7 cells were maintained in a humidified incuba-
tor at 37°C with 5% CO,. Sf9 cells were maintained in either
Hyclone CCM3 or ESF 921 medium (Expression Systems) at
27°C in a shaking incubator.

Isolation of primary tissue from mice

All animal procedures were performed according to National In-
stitutes of Health guidelines and approved by the Committee
on Animal Care at Massachusetts General Hospital and Harvard
University. Embryonic day 9.5-12.5 (E9.5-E12.5) mouse embryos
were isolated from crosses between C57BL/6 mice heterozygous
for a deletion in Cbx2, producing Cbx2**, Cbx2*/~, and
Cbx2~/~ progeny. The Chx2 deletion mutant mouse lines arose
from CRISPR-mediated modification of Cbx2 without homology
repair during generation of Cbx2-KRA mice (Lau et al. 2017), re-
sulting in a premature stop codon at amino acid position 171 (mis-
sense after amino acid 169).

Expression and purification of proteins from Sf9 cells

For expression of individual PRC1 subunits from Sf9 cells,
c¢DNAs encoding various PRC1 subunits were cloned into pFast-
bacl, incorporating an N-terminal Flag tag. For expression of
mCherry, mEGFP, and individual mEGFP-tagged PRC1 subunits
from Sf9 cells, cDNAs encoding various PRC1 subunits (excluded
for mCherry and mEGFP alone) were cloned into pFastbacl, in-
corporating a Flag tag, the cDNA encoding mEGFP (Addgene
plasmid 18696; a gift of Karel Svoboda), and a seven-amino-acid
linker (GSAAAGS) at the N terminus. These constructs were
used to generate baculovirus using the Bac-to-Bac system
(Thermo Fisher Scientific). Sf9 cells were infected with baculovi-
rus and incubated with shaking for 72 h at 27°C to express pro-
teins. For expression of the full PRC1 complex, only the CBX2
subunit was Flag-tagged. Sf9 cells were harvested by centrifuga-
tion and used to prepare nuclear extracts as described previously
(Abmayr et al. 2006). Nuclear extract was incubated with anti-
Flag M2 affinity resin (Sigma) for 2 h and then washed with BC
buffer (20 mM HEPES at pH 7.9, 0.2 mM EDTA, 20% glycerol,
0.05% NP-40, 0.5 mM DTT, 0.1 mM PMSF, cOmplete EDTA-
free protease inhibitor [Roche]) containing 300 mM KCI. Resin
was washed with BC buffer containing increasing concentrations
(300, 600, 1200, and 2000 mM) of KCI and then washed with BC
buffer in descending order of KCI concentration to 300 mM KCl.
Proteins were eluted from resin using BC buffer containing 300
mM KCl and 0.8 mg/mL Flag peptide. Purified protein was con-
centrated using Amicon Ultra-4 centrifugal filter units and quan-
tified by Bradford assay. The purity of complexes was assessed by
Coomassie staining.

Expression and purification of proteins from E. coli

For expression of mEGFP-CBX2ACbox from E. coli cells, cDNA
encoding CBX2ACbox was cloned into pET15b, incorporating a
Flag tag and the cDNA encoding mEGFP at the N terminus.
This vector was used to transform Rosetta (DE3) pLysS E. coli
for protein purification. Phosphorylated mEGFP-CBX2ACbox
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was obtained by coexpression with the catalytic subunits of CK2
in a pRSF-Duet vector. Cells were grown to an OD 0.6 at 37°C in
2-YT with 50 pg/mL carbenicillin and 25 pg/mL chlorampheni-
col. For coexpression with pRSF-Duet CK2 vector, 25 pug/mL
kanamycin was added. Cells were induced with 0.5 mM isopropyl
B-D-1-thiogalactopyranoside overnight at 18°C. Cell extracts
were prepared as described previously (Grau et al. 2011). Briefly,
harvested cells were resuspended in lysis buffer (50 mM HEPES
at pH 7.5, 0.5 mM EDTA, 1.6 M KCI, 20% glycerol, 0.5 mM
MgCl,, 0.05% NP-40, 1 mg/mL lysozyme, 1 mM DTT, protease
inhibitors). The cells were taken through three freeze-thaw cy-
cles and then sonicated to shear DNA before centrifugation at
25,000g for 20 min to remove debris. Five percent polyetheleni-
mine (PEI) in 20 mM HEPES (pH 7.5) was added dropwise to the
supernatant while stirring to a final concentration of 0.15% and
stirred an additional 30 min. The precipitated nucleic acid was re-
moved by centrifugation at 25,000g for 20 min. Extracts were
bound to M2 resin, and protein purification was carried out as de-
scribed for Sf9 cells.

Turbidity assay

To measure turbidity of purified proteins, concentrated proteins
were serially diluted to the specified concentrations into buffer
containing a final concentration of 20 mM HEPES (pH 7.9), 100
mM KCl, and 1 mM MgSO, on ice. Diluted proteins were loaded
into a clear-bottomed 384-well plate (Corning), and absorbance at
405 nm was measured using a Spectramax M3 plate reader at
room temperature. Turbidity measurements reflect the average
of three samples.

Centrifugation assay

Serial dilutions of mEGFP-tagged proteins were performed in
0.5-mL microcentrifuge tubes as described above for untagged pro-
teins in the turbidity assay. The samples were assembled on ice
and incubated at room temperature for 5 min and then centrifuged
at 10,000g for 5 min. Material was visualized under UV light.

Fluorescence microscopy of in vitro protein condensates

Prior to imaging, purified mEGFP-tagged proteins were diluted to
specified concentrations into buffer containing a final concentra-
tion of 20 mM HEPES (pH 7.9), 100 mM KCl, and 1 mM MgSO,
on ice and spotted on glass slides with coverslips. Proteins were
imaged at room temperature with a Nikon 90i Eclipse epifluores-
cence microscope equipped with an Orca ER camera (Hamama-
tsu) using a 100x oil objective and Volocity software (Perkin
Elmer). All images were acquired within the dynamic range of
0-4095 pixel intensity. Minor image contrasts were performed
in Fiji to adjust pixel intensity to span the maximum range possi-
ble for optimal visualization. For calculation of intensity ratios of
in vitro protein condensates, the average maximum intensity val-
ues for condensates and bulk phases were calculated as described
previously (Banani et al. 2016) and done using Fiji software. After
spot calling, the intensities and size of puncta were measured.
The ratio of the intensity values in spots to the bulk phase was
calculated to quantify the partitioning of protein into conden-
sates. The spot size was used in calculating mean puncta size.

Generation of cell lines for doxycycline-inducible expression of mEGFP-
CBX2 variants

¢DNAs encoding mEGFP and mEGFP-CBX2 variants were cloned
into a modified pTRIPZ vector (Dharmacon). In the modified vec-
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tor, the RFP- and shRNA-encoding segments were removed by re-
striction digest with Agel and Mlul and replaced with a multiple
cloning site. pTRIPZ vectors expressing mEGFP and mEGFP-
CBX2 variants were transfected into HEK293T in combination
with pCMV-dR8.91 containing gag, pol, and rev genes and
pMD2.G encoding VSV-G envelope protein using TransIT-Lenti
transfection reagent (Mirus). After 48 h, medium was collected
and filtered through a 0.45-um filter. Filtered medium was con-
centrated using Lenti-X concentrator (Takara), and concentrated
lentivirus was resuspended in Opti-MEM (Thermo Fisher Scien-
tific). NIH-3T3 fibroblasts were transduced with lentivirus at
low multiplicity of infection. After 48 h, transduced cells were se-
lected with puromyecin at a final concentration of 2 ng/mL. After
selection, stably transduced 3T3 cells were maintained as detailed
above.

Fluorescence microscopy of doxycycline-inducible cell lines

For fixed cell experiments, transduced 3T3 fibroblasts were grown
on coverslips. To induce expression of mEGFP and mEGFP-CBX2
variant fusions, medium containing the indicated concentration
of doxycycline (Sigma) was added for 24 h. Coverslips were washed
with PBS and then cross-linked with 4% formaldehyde in PBS for
15 min. The formaldehyde was removed, and coverslips were
washed twice with PBS. Coverslips were mounted on slides with
mounting medium containing DAPI (Vector Laboratories, Vecta-
Shield H-1200) and imaged with a Nikon 90i Eclipse microscope
equipped with an Orca ER camera (Hamamatsu) using a 60x oil ob-
jective and Volocity software (Perkin Elmer). A z-stack of images
was collected with 0.2-um spacing and collapsed using maximum
intensity. Images in figures were prepared using Fiji software. For
live-cell imaging, cells were grown on 35-mm glass-bottomed flu-
orodishes (WPI) in phenol red-free medium and induced with 500
ng/mL doxycycline for 24 h. Cells were imaged using a Nikon A1R
laser-scanning confocal inverted microscope equipped with a
thermostatically controlled stage maintained at 37°C with a 63x
oil immersion objective. A z-stack of images was collected with
0.5-um spacing and collapsed using maximum intensity. For
high-content imaging and unbiased quantification of nuclear
puncta, transduced 3T3 fibroblasts were grown in black-walled
poly-L-lysine-coated 96-well microplates (Greiner, 655090) and
induced with the indicated concentration of doxycycline for 24
h. The cells were fixed as described above for coverslips and
stained with Hoechst 33342 (Thermo Fisher Scientific, H3570).
Images were acquired on the Opera Phenix high-content screening
system (Perkin Elmer). Confocal images with four stacks per field
and 28 fields per well were automatically acquired using a 63x wa-
ter objective. Three replicates per cell line and doxycycline con-
centration were included in each experiment. At least 500 cells
were analyzed for each experimental group. Image segmentation,
nuclei and spot identification per cell, spot size, and quantifica-
tion were performed using the Columbus data storage and analysis
system (Perkin Elmer). After running the spot-finding script on
wells without doxycycline, the raw spot intensities were aver-
aged, and standard deviation was calculated. Mean of intensities
plus two standard deviations was applied as the intensity thresh-
old for identifying positive spots in all of the wells. Statistically
significant differences in the distributions of puncta per cell for
each doxycycline treatment were assessed using a two-tailed
Mann-Whitney U-test.

Co-IP of mEGFP-CBX?2 variants

Transduced 3T3 fibroblasts containing mEGFP, mEGFP-Cbx2,
or mEGFP-Cbx2-23KRA were grown to 80% confluency in
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15-cm tissue culture dishes. Medium containing 500 ng/mL
doxycycline was added for 24 h. Cells were washed with PBS
and collected using a cell scraper. Nuclear extracts were pre-
pared as described previously (Abmayr et al. 2006). Protein lev-
els in nuclear extracts were measured on a Nanodrop using
A280. Equal protein mass between samples was used in subse-
quent co-IPs. One percent volume was saved as input. For co-
IP, magnetic protein A beads (Invitrogen) were pre-equilibrated
in BC buffer containing 300 mM KCl and 0.05% NP-40. Wash-
es were performed on a magnetic rack. For each immunoprecip-
itation, 2.5 pg of GFP antisera (Abcam, ab290) was conjugated
to pre-equilibrated beads by incubating for 1 h at 4°C. GFP
antisera-conjugated beads were washed three times with BC
buffer containing 300 mM KCI and 0.05% NP-40 and mixed
with nuclear extracts for 2 h at 4°C. Immunoprecipitations
were washed three times with BC buffer containing 300 mM
KClI and 0.05% NP-40 and resuspended in 1x SDS sample buff-
er. Samples were heated for 5 min to 95°C, and supernatant
was loaded onto an SDS 4%-20% polyacrylamide gel (Bio-
Rad). Samples were processed for either mass spectrometry or
immunoblotting.

Mass spectrometry

To detect proteins associated with mEGFP-CBX2 variants by
mass spectrometry, coimmunoprecipitated material was run
on an SDS-polyacrylamide gel and Coomassie-stained. Four gel
sections were excised for each immunoprecipitation. Gel sec-
tions were minced and subjected to a modified in-gel trypsin
digestion procedure (Shevchenko et al. 1996). Gel pieces were de-
hydrated with acetonitrile and dried to completion in a Speed-
Vac. Gel pieces were rehydrated with 50 mM ammonium
bicarbonate supplemented with 12.5 ng/uL modified sequenc-
ing-grade trypsin (Promega) at 4°C. Rehydrated samples were
then incubated overnight at 37°C. Peptides were extracted by re-
moving the ammonium bicarbonate solution, washed with a sol-
ution of 50% acetonitrile and 1% formic acid, and dried in a
SpeedVac. Dried samples were reconstituted in HPLC solvent
A (2.5% acetonitrile, 0.1% formic acid). Samples were loaded
onto a reverse-phase HPLC capillary column packed with 2.6-
pm C18 spherical silica beads into a fused silica capillary (Peng
and Gygi 2001). After gradient formation, peptides were eluted
with increasing concentrations of HPLC solvent B (97.5% aceto-
nitrile, 0.1% formic acid). Eluted peptides were subjected to elec-
trospray ionization and entered an LTQ Orbitrap Velos Pro ion
trap mass spectrometer (Thermo Fisher Scientific). Peptides
were detected, isolated, and fragmented to produce a tandem
mass spectrum of specific fragment ions for each peptide. Pep-
tide sequences were identified using Sequest (Eng et al. 1994).
All databases include a reversed version of all of the sequences.
Data were filtered to between a 1% and 2% peptide false discov-
ery rate.

To identify phosphorylated residues within CBX2 purified
from E. coli and Sf9 cells, purified protein was run on an SDS-
polyacrylamide gel and Coomassie-stained. A band correspond-
ing to the molecular weight of tagged CBX2 was excised from
the gel and analyzed by mass spectrometry as above with the
following alterations. Prior to in-gel trypsin digestion, minced
gel pieces were reduced with 1 mM DTT for 30 min at 60°C fol-
lowed by alkylation with 5 mM iodoacetamide for 15 min in the
dark at room temperature. During mass spectrometry analysis, a
modification of 79.9663 mass units to serine, threonine, and ty-
rosine was included in the database searches to determine phos-
phopeptides. Phosphorylation assignments were determined by
the Ascore algorithm (Beausoleil et al. 2006).
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Immunofluorescence

Fixed cells on coverslips were washed once with PBS and then
permeabilized in PBS with 0.2% Triton X-100 for 15 min. After
permeabilization, cells on the coverslip were blocked for
30 min with incubation solution (PBS with 3% BSA, 0.05% Tri-
ton X-100). Coverslips were then incubated with incubation sol-
ution containing primary antibodies (anti-RINGI1b [1:4500;
Bethyl, A302-869A] or anti-RING1b [1:900; Abcam, ab3832],
anti-H3K27me3 [1:1000; Cell Signaling, 9733], anti-H3K27ac
[1:1000; Cell Signaling, 8173], and anti-Rpb1 CTD [1:1000; Cell
Signaling, 2629]) overnight at 4°C in the dark to minimize bleach-
ing of GFP fluorescence. Coverslips were washed three times
with PBS with 0.1% Tween-20 and then incubated with incuba-
tion solution containing secondary antibodies (Alexa 568-conju-
gated antirabbit or Cy3-conjugated antigoat, both at 1:500) for
2 h in the dark. After three washes with PBS containing 0.1%
Tween-20, coverslips were rinsed with distilled water and mount-
ed on slides with mounting medium containing DAPI All incu-
bations and washes were done at room temperature except for
incubation with primary antibody. Slides were imaged with a
Nikon 90i Eclipse microscope as described above.

Dissociated embryonic cells were obtained by incubating
decapitated embryos in 0.05% Trypsin EDTA (Thermo Fisher
Scientific, 25300062). The released cells were filtered through a
40-um cell strainer. Filtered cells were washed once with medium
and then resuspended with PBS. About 1 x 10° cells in PBS were
plated on 18-mm round coverslips precoated with poly-D-lysine
(R&D Systems, 3439-100-01) in 12-well plates. Plates were centri-
fuged at 100g for 1 min to expedite cell attachment. Cells on the
coverslips were then fixed and proceeded with the immunofluo-
rescence protocol detailed above. Slides with embryonic cells
were imaged using an SP5 AOBS scanning laser confocal micro-
scope (Leica Microsystems). CBX2 (Santa Cruz Biotechnology,
$c-366649) primary antibody was used with donkey antirabbit
secondary antibody, Alexa fluor 488 conjugate (A-21206). Quanti-
fication of puncta was carried out by running the spot-finding
script initially without a threshold. The mean intensity of all
spots per nucleus and the standard deviation of intensities were
calculated. A threshold of mean intensity plus one standard devi-
ation was applied to select spots above background.

Nuclear fluorescent protein calculation

Fluorescence intensity standard curve for free mEGFP added to
cell culture medium was generated as described (Chong et al.
2018). Briefly, purified mEGFP was added to the imaging medium
in a dilution series, and the fluorescence intensities of free
mEGFP outside live cells were measured in 13 images to generate
the standard concentration curve. Nuclear, diffuse, and puncta
concentrations for mEGFP-CBX2 were calculated based on the
mEGFP standard curve from 15 individual fluorescence intensity
measurements.

FRAP

FRAP was performed on a Nikon A1R laser-scanning confocal in-
verted microscope as described above for live-cell imaging of 3T3
fibroblasts transduced with mEGFP-Cbx2 and induced with 500
ng/mL doxycycline. Images were acquired every 2 sec for 90 sec
(45 frames). The first five frames were collected before the bleach
pulse for baseline fluorescence. A circular region of interest (ROI)
with a radius of 0.5-1 pm was selected for bleaching puncta or dif-
fuse mEGFP-CBX2 with 100% laser power (488 nm). Fluorescent
intensities and images analysis were done using Fiji software.
FRAP curves were generated as described previously (Chong



et al. 2018) using three-step normalization. First, the mean inten-
sity of the bleach spot and the whole nucleus at each time point
were normalized to the respective prebleach baseline intensity.
Second, the relative bleach spot intensity was normalized to
the relative nuclear intensity. Finally, the difference between
the double-normalized FRAP intensity before and at the first
frame after bleach pulse was calculated and normalized to
100%. FRAP recovery measurements were averaged over 15 rep-
licates spanning multiple cells. Immobile fraction was estimated
as percentage of fluorescence intensity unrecovered at the last
frame.

Hexanediol and osmotic stress treatments

Live-cell imaging was performed as described above for 3T3 fibro-
blasts transduced with mEGFP-Cbx2 and induced with 500 ng/
mL doxycycline. For hexanediol treatments, images were ac-
quired every 8 sec for 600 sec (75 frames). After 1 min and as im-
age acquisition was ongoing, 1,6-hexanediol or 2,5-hexaneiol
diluted in medium was added to a final concentration of 10%.
In control experiments, an equal volume of medium alone was
added. The time of hexanediol addition was time 0 sec, and the
first frame after addition was time 16 sec. For osmotic stress treat-
ments, cell culture medium was exchanged for medium contain-
ing 10% sorbitol or 0.6 M NaCl for hypertonic stress or medium
diluted to 30% in water for hypotonic stress and incubated for
30 min prior to imaging. Image analysis was done using Fiji.

Preparation of Cy5-labeled ligands and incorporation into condensates

For visualization of DNA incorporation into condensates, the
2.5-kb G5E4 nucleosome-positioning array (Utley et al. 1998)
was labeled with Cy5. The G5E4 array was excised from pG5E4
by restriction digest with Asp718, Clal, Ddel, and Dralll and
purified by PEG precipitation. The excised fragment was end-
labeled using Klenow fragment (New England Biolabs) to incorpo-
rate Cy5-dCTP into the G5E4 array.

For visualization of RNA incorporation into condensates, tem-
plates for in vitro transcription of CAT7 RNA (Ray et al. 2016)
were generated. The DNA sequence encoding CAT7 was ampli-
fied from human genomic DNA using primers incorporating a
T7 promoter and subsequently cloned into pUC19. DNA tem-
plates for in vitro transcription were prepared by Smal digest of
the pUC19 vector containing T7-CAT7 followed by ethanol pre-
cipitation. In vitro transcription was performed with the MEGA-
script T7 kit (Ambion), incorporating trace Cy5-UTP into the
reaction. In vitro transcription proceeded for 4 h at 37°C followed
by digestion of template DNA with DNase I for 30 min at 37°C.
RNA was purified using a MEGAclear kit (Ambion).

For visualization of polynucleosome and MLA polynucleo-
some incorporation into condensates, HeLa nucleosomes were
isolated as described previously (Schnitzler 2000), and MLA nu-
cleosomes containing an H3K27me3 analog were assembled as
described (Simon et al. 2007). HeLa and MLA nucleosomes
were assembled onto Cy5-labeled G5E4 nucleosome-positioning
arrays by salt dialysis as described previously (Lee and Narlikar
2001). Proper assembly of polynucleosome arrays was confirmed
by EcoRI digest to visualize mononucleosomes and Hhal digest to
assess the extent of occupancy of the central core of the array
lacking nucleosome-positioning sequences.

To assess incorporation of Cy5-labeled ligands into in vitro pro-
tein condensates, purified mEGFP fusion proteins were diluted
into buffer as described above. Cy5-labeled ligands were added
to preformed condensates to a final concentration of 0.3 uM. Con-
temporaneous incorporation of ligands into condensates was as-
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sessed by adding Cy5-labeled ligands to purified mEGFP fusion
proteins prior to condensate formation. In vitro condensates
were visualized by fluorescence microscopy as described above.

Restriction enzyme accessibility (REA) assays

REA assays were carried out as described previously (Grau et al.
2011) with Cy5-G5E4 mixed nucleosome arrays used in ligand in-
corporation assays. Briefly, a titration of each CBX2 construct was
added to reactions containing 12 mM HEPES (pH 7.9), 12% glyc-
erol, 60 mM KCl, 0.12 mM EDTA, 0.12 mg/mL BSA, 2 mM ATP,
1.25 mM MgCl,, 2 nM nucleosome arrays, and 100 ng of purified
human SWI/SNF chromatin remodeler to measure inhibition of
remodeling. Reaction products were separated on an agarose
gel, scanned using a Typhoon phosphorimager, and quantified us-
ing ImageQuant software (GE Healthcare). The extent of inhibi-
tion was measured as the fraction of DNA uncut by the Hhal
restriction enzyme due to the lack of nucleosome remodeling
and access to the underlying recognition sequence. Each experi-
ment represents three technical replicates.

Analysis of protein disorder and charge

Predicted protein disorder for individual PRC1 subunits was cal-
culated using the predictor of natural disordered regions
(PONDR) VSL2 algorithm (Peng et al. 2006). Protein charge distri-
bution was calculated using the EMBOSS charge algorithm (Rice
et al. 2000) with default parameters using a window size of
10 residues.

Immunoblot analysis

The indicated cell lines were induced with the specified concen-
tration of doxycycline for 24 h, cells were lysed in RIPA buffer
(Thermo Fisher Scientific, 89900), and protein was quantified
by Bradford assay. Samples were run on SDS 4%-20% polyacryl-
amide gels (Bio-Rad) and transferred to nitrocellulose mem-
branes. After transfer, membranes were blocked with 5% milk
in TBS with 0.1% Tween-20 for 1 h at room temperature. Mem-
branes were incubated with anti-CBX2 (1:500; Santa Cruz Bio-
technology, sc19297) or anti-GAPDH (1:2500; Santa Cruz
Biotechnology, sc32233) diluted in 2% milk in TBS with 0.1%
Tween-20 overnight at 4°C. After being washed three times
with TBS with 0.1% Tween-20 for 5 min at room temperature,
membranes were incubated with secondary antibody conjugated
to HRP (1:20,000) diluted in 1% milk in TBS with 0.1% Tween-20
for 1 hatroom temperature. Membranes were washed three times
with TBS with 0.1 % Tween-20 for 5 min at room temperature, de-
veloped with SuperSignal West Pico Plus chemiluminescent sub-
strate (Thermo Fisher Scientific, 34577), and imaged using a
Chemidoc (Bio-Rad) or film. Quantification was done using Fiji
software, and relative expression level was normalized to 1 for
CBX2 at each doxycycline concentration. For analysis of proteins
obtained by co-IP, membrane was incubated with anti-GFP-HRP
(1:10,000; Abcam, ab184207), anti-CBX2 (1:500; Santa Cruz Bio-
technology, sc19297), anti-RING1b (1:5000; Bethyl, A302-
869A), or anti-PHC1 (1:1000; Active Motif, 39723) and processed
as above (note that the secondary antibody step was omitted for
anti-GFP-HRP-blotted membranes). All co-IP membranes were
imaged using a Chemidoc (Bio-Rad). To compare expression of
different CBX paralogs, CJ7 mESCs and E11.5 Cbx2*/*, Cbx2*/-,
and Cbx27/~ mouse embryos were examined in comparison
with 3T3 fibroblasts. Embryos were homogenized by running
through a 25-gauge needle >10 times using a syringe, and lysates
were generated as above. Membranes were first stained with
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Ponceau prior to incubation with anti-CBX2 (1:500; Santa
Cruz Biotechnology, sc19297), anti-CBX4 (1:2000; Millipore,
MAB11012), anti-CBX7 (1:1000; Santa Cruz Biotechnology,
sc376274), or anti-CBX8 (1:3000; Bethyl, A300-882A); processed
as above; and imaged on film.
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