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CBX7C,PHC2 interaction facilitates PRC1
assembly and modulates its phase
separation properties

Shanli Guan,1 Jiajia Tang,1 Xiaojun Ma,1 Ruidong Miao,1 and Bo Cheng1,2,3,*
SUMMARY

CBX7 is a key component of PRC1 complex.Cbx7C is an uncharacterizedCbx7 splicing isoform specifically
expressed in mouse embryonic stem cells (mESCs). We demonstrate that CBX7C functions as an epige-
netic repressor at the classic PRC1 targets in mESCs, and its preferential interaction to PHC2 facilitates
PRC1 assembly. Both Cbx7C and Phc2 are significantly upregulated during cell differentiation, and knock-
down of Cbx7C abolishes the differentiation of mESCs to embryoid bodies. Interestingly, CBX7C,PHC2
interaction at low levels efficiently undergoes the formation of functional Polycomb bodies with high
mobility, whereas the coordination of the two factors at high doses results in the formation of large,
low-mobility, chromatin-free aggregates. Overall, these findings uncover the unique roles and molecular
basis of the CBX7C,PHC2 interaction in PRC1 assembly on chromatin and Pc body formation and open a
new avenue of controlling PRC1 activities via modulation of its phase separation properties.

INTRODUCTION

Polycomb group (PcG) proteins are well-known epigenetic repressors essential for the formation and maintenance of "cell memory" in the

process of stem cell differentiation. They are often organized into two protein complexes, PRC1 and PRC2, and both complexes function

coordinately as histone writers and readers to drive the formation of facultative heterochromatin.1–5 PRC2 is responsible for catalyzing the

trimethylation at H3K27 positions around the targeted chromatic regions.6–8 All the subtypes of PRC1 (PRC1.1�PRC1.6) share the catalytic

component RING1B (or RING1A) and generate the mono-ubiquitination of H2AK119 on the adjacent nucleosomes.9,10 The canonical

PRC1 (cPRC1) subtypes are specified by the inclusion of one of the five mammalian orthologs for fly Pc protein (CBX2, 4, 6, 7, 8), which rec-

ognizes and binds to H3K27me3.3,11–14

In the current model, the chromatin-targeting process of cPRC1 mainly depends on the chromodomain-containing CBX family protein to

recognize the H3K27me3marks,3,11–14 followed by the sequential assembly of the whole complex on the targeted chromatin via the intermo-

lecular interactions among the core components (Figure S1A). The conserved Pc box (PC) at the C-terminus of the CBX protein directly in-

teracts to the RAWUL domain at the C-terminus of RING1B, harboring the E3 ubiquitin ligase activity, serving as a heterodimeric core to drive

the complex assembly15–18 (Figure S1B). However, when the H3K27me3mark was diminished by knocking out the essential PRC2 component,

EED, the chromatin association of CBX7 was largely unaffected,19 which was consistent with the recent report that JARID2-PRC2.2 subcom-

plex had a weaker catalytic activity for H3K27me3 and was responsible for the recruitment of CBX7-cPRC1.20 These findings emphasize that

the delicate targeting and assembly mechanisms of cPRC1 remain to be further explored.

Another layer of complexity comes from the alternative splicing-associated protein isoforms of the PRC1 components. For example, hu-

man CBX2 was reported to produce an alternative splicing isoform due to the change of an intron/exon boundary, and the resultant PC-less

CBX2 isoform remained functioning as an epigenetic repressor via unknown working mechanisms.21 The Cbx4 and Cbx6 of zebrafish also

encode PC-less isoforms.22 In addition, there are three annotated splicing isoforms for the mouse Cbx7 locus (http://genome.ucsc.edu,

mouse genomeNCBI37/mm9 version), namely Cbx7A, Cbx7B, and Cbx7C for easy distinguish, and among themCbx7C produces an unchar-

acterized PC-less CBX7C protein. The prevalent existence of the PC-less CBX isoforms in metazoans suggests that these CBX variants may

assemble specialized PRC1 subtypes or play important regulatory roles for their full-length counterparts. The conserved PCdomain is respon-

sible for mediating RING1B binding and therefore important for PRC1 assembly.18,23 Theoretically, the PC-less CBX proteins may fail to

assemble into functional PRC1, meanwhile competing with its functionally competent counterparts for binding to the target genes. The mo-

lecular properties and functions of the PC-less mouse CBX7C isoform have not been explored, presumably due to its low expression. Thus, in

this study, we mainly explored the molecular properties and functions of CBX7C, focusing on its unique working mechanisms in cPRC1 as-

sembly and the subsequent phase separation.
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It has been well known that polycomb proteins tend to form membrane-less nuclear condensates, namely Polycomb bodies (Pc bodies),

which dynamically regulate the three-dimensional genomic structures and facilitate the co-repression of multi-targets via mediating the long-

distance chromatin interactions and compaction.15,16,24,25 The intrinsically disordered regions (IDRs) of CBX2 play an important role to trigger

liquid-liquid phase separation (LLPS) of the Pc bodies.26,27 In addition, the PHC2 protein in cPRC1 is also associated with phase separation,

which is contributed by both its C-terminal SAMdomain and theN-terminal IDRs.28–33 AlthoughCBX7 is the dominant CBX protein in mESCs,

its intrinsic phase separation capability seemed to be relatively weak compared with CBX2, suggesting that CBX2 plays a key role in the initial

formation of Pc bodies during early embryogenesis.15,34,35 In the process of cell fate transition, the dynamic changes of chromatin structures

are closely related to the changes of gene expression and are tightly associated with diseases when misregulated.36,37 However, so far it re-

mains unclear whether and how the phase separation properties of PRC1 can be precisely controlled by the developmental program.

In this study, we confirmed the expression of CBX7C in mESCs and dissected its molecular properties in PRC1 assembly and Pc body for-

mation. Our data indicated that CBX7C indeed lost its direct interaction to RING1B, whereas it remained capable of PRC1 assembly at the

known PRC1 targets via an alternative PHC2-dependent strategy. Strikingly, the intrinsic phase separation capabilities of CBX7Cwere dramat-

ically enhanced in the presence of PHC2, and with the increase of the CBX7C,PHC2 interaction, they tended to generate large, chromatin-

free aggregates containing all the cPRC1 components. In addition, we identified the regions CBX7 or PHC2 via mutant analyses that were

responsible for their direct interaction, Pc body formation, and abnormal condensation. The expression of Cbx7C in mESCs was particularly

interesting because CBX7 was found as the dominant member among the CBX family members for cPRC1 assembly in mESCs and later re-

placed by the other CBX proteins upon differentiation.38 Our data indicated that CBX7C and PHC2 were expressed in mESCs at low levels,

whereas they were both upregulated significantly upon differentiation, which was consistent to the downregulation of PRC1 activities during

this cell fate transition. RNAi data further revealed that CBX7Cplayed an essential role for the differentiation process frommESCs to embryoid

bodies. Overall, this study identified a specialized CBX7C-containing cPRC1 subtype in mESCs and proposed a detailed working model that

relied on the CBX7C,PHC2 interaction to drive cPRC1 assembly and to modulate the phase separation status of the cPRC1-containing poly-

comb proteins in a dose-dependent manner.

RESULTS

Cbx7C is a Cbx7 isoform specifically expressed in mESCs and in certain mouse tissues

The splicing patterns of all threeCbx7 isoforms are shown in Figure 1A. We set out to examine their expression profiles in mESCs and various

mouse tissues. The RT-qPCR results indicated that all three isoforms were expressed in mESCs (Figures 1B and 1C). Although the expression

level of Cbx7C was much lower than Cbx7A or Cbx7B, it was clearly detectable in mESCs and in specific mouse tissues, such as spleen and

testis. Meanwhile, Cbx7C was also expressed in the mouse teratocarcinoma F9 cells (Figure S2A). A rabbit polyclonal antibody against the

unique region of CBX7C (amino acids 83–166) was generated and verified (Figure S2B). Western blotting analyses showed that Cbx7C pro-

duced a protein with an expected size around 20 kDa (Figure 1D), and the identity of this protein was also verified via RNAi assays (Figure S2C).

The abovementioned data confirm thatCbx7C is a protein codingCbx7 isoform specifically expressed in mESCs, F9 cells, and certain tissues.

CBX7C loses RING1B-binding activity yet remains present in enzymatically active cPRC1 in mESCs

Based on the known information about domain interaction, missing the PC domain in CBX7C will cause a loss of the direct interaction to

RING1B and may change its interaction pattern to the other cPRC1 components. We next carried out BiFC experiments to examine the in-

teractions between CBX7 isoforms and the cPRC1 components highly expressed in mESCs, including RING1B, PHC1, and PCGF2 (Figures 1E

and S2D). The results confirmed that CBX7C lost the interaction to RING1B. None of the three CBX7 proteins generated positive BiFC signals

with PCGF2, consisting to the reported PRC1 assembly model where CBX proteins did not directly interact to PCGF proteins.39 Although

PHC1 was expressed at a much higher level than PHC2 in mESCs (Figure S2E), interestingly, we found that all three CBX7 isoforms interacted

to PHC2 but not PHC1, suggesting that the conformation of PHC2 in PRC1 complex might bemore beneficial for setting up the interaction to

CBX7. It was reported that the small amount of PHC2 expressed in mESCs worked synergistically with PHC1 in transcriptional repression.40,41

Therefore, in this study we focused more on PHC2 than PHC1.

The abovementioned BiFC interactions were further verified via GST-pull down assays. Here, we chose CBX7A as a full-length counterpart

for parallel comparisons with CBX7C, because it covered the entire sequences and shared very similar epigenetic regulatory properties with

CBX7B (Figures S2F and S2G). The data further prove that CBX7C indeed loses the direct interaction to RING1B andmeanwhile both CBX7A

and CBX7C interact directly to PHC2 in vitro (Figure 1F).

Next, we tested the capabilities of CBX7C in cPRC1 assembly at target genes and transcriptional repression in mESCs. The physiological

interactions of CBX7C to the core cPRC1 components were detected via co-immunoprecipitation (co-IP) assays in an mESC line inducibly

expressing CBX7C. Different from the data of BiFC and GST pull-down assays shown earlier, the co-IP results indicated that CBX7C was

able to precipitate both RING1B and PCGF2 (Figure 2A). In addition, ChIP-qPCR analyses indicated that the ectopically expressed

CBX7C, induced by doxycycline (Dox) in mESCs, was enriched at those classical cPRC1 target genes, and the binding of CBX7C on those

loci often reduced the association of CBX7A or 7B, suggesting that CBX7C competed binding with the other isoforms at the target genes

(Figure 2B). On the contrary, there was a general upward trend for the enrichment signals of PCGF2 and RING1B at the majority of genes

tested, and consistently, the resultant H2AK119ub modification was also increased (Figure 2B). Overall, these data suggest that CBX7C com-

petes with CBX7A and 7B for binding on their target genes, whereas the integrity and the enzymatic activities of the cPRC1 complexes are well

sustained. Furthermore, the transcription levels of the CBX7C-containing cPRC1 bound genes were frequently downregulated (Figure 2C),
2 iScience 27, 109548, April 19, 2024



Figure 1. Mouse Cbx7C is a Cbx7 splicing isoform that specifically expressed in mESC and certain tissues

(A) The basic information of the three mouse Cbx7 isoforms and the protein products.

(B) The RT-qPCR analyses of the expression of Cbx7 isoforms in mESCs. The primer pairs used in each PCR reaction were indicated on the top of the gel and

labeled in (A).

(C) RT-qPCR analyses of the expression of the three Cbx7 isoforms in the indicated mouse tissues. Data are represented as mean G SD.

(D) Western blotting analyses of the expression levels of CBX7C in mESCs and in the indicated mouse tissues. The asterisk indicated the position of the CBX7C

bands.

(E) BiFC analyses and the confocal images of the interaction between each CBX7 isoform and the indicated PRC1 components in HeLa cells. Scale bar, 10 mm.

(F) GST-pull-down analyses between CBX7A or CBX7C and RING1B or PHC2. The asterisks point out the intact band of the indicated protein.
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and the transcriptional repression capabilities of CBX7C, CBX7A, and PHC2 were assessed and proved in the reporter assays (Figure 2D).

These results reveal that CBX7C is capable of competing with CBX7A or CBX7B in assembling cPRC1 with the transcriptionally repressive

activity at their common targets in mESCs.

CBX7C is capable of driving the de novo assembly of functional cPRC1 on chromatin

Although CBX7C was found to be enriched at cPRC1 target genes, it remained unclear whether it acted as a ‘‘driver’’ or it was passively re-

cruited as a ‘‘passenger’’ during the assembly process of cPRC1. Usually, PRC1 and PRC2 complexes and their correspondingmodifications of

H2AK119ub and H3K27me3 are enriched at the facultative heterochromatin regions.4,5 Hereby, we employed a heterochromatin targeting

module (HTM)-mediated artificial tethering system to identify the potential driver(s) in the assembly of cPRC1. Each candidate was fused

with an mCherry tag and an 88 aa, HTM motif cloned from the H4K20 methyltransferase, SUV420H2. The resultant fusion protein would
iScience 27, 109548, April 19, 2024 3



Figure 2. The molecular interactions and functions of CBX7C in mESCs

(A) The co-IP analyses of the interactions between CBX7C and the indicated PRC1 components in the mESCs cell line inducibly expressing CBX7C (mESC:

iCBX7C-EGFP-Flag). The asterisks indicate the bands of RING1B and PCGF2.

(B) Examination of the enrichment of the indicated proteins or histone modifications at the classical PRC1 target genes. ChIP-qPCR analyses of the enrichment of

CBX7C-EGFP-Flag at the indicated known cPRC1 target genes and the effects on the enrichment of other PRC1 components or H2AK119ub at these loci in the

stable mESC line. NC-1 (Myc) and NC-2 (Klf4) were the confirmed negative controls in mESCs. The statistical graph represents the ChIP-qPCR results (significant

differences between means were determined using Student’s t test: ns, not significant, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).

(C) RT-qPCR analyses of the expression of the selected PRC1 target genes are shown in (B).

(D) Dual luciferase assays testing the effects of CBX7A, CBX7C, or PHC2 on the reporter expression. HEK293T cells stably expressing the Firefly luciferase were

transfected with a plasmid expressing GAL4-DBD alone or fused with the indicated PRC1 component. The levels of the Renilla luciferase were used for data

normalization. Data in (B–D) are represented as mean G SD.
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be tethered at the constitutive heterochromatin regions featured with H3K9me3 and H4K20me3.5,21,42 Compared with the published TetR-

tetO targeting system,43 which detected the assembly of PRC1 and its regulatory effects on a reporter gene, the tethering system used here

focused more on the driver-passenger relationship during the de novo assembly process of cPRC1 at chromatin sites outside of its regular

territory, detected via fluorescent protein tagging or combining with IF analyses (Figure 3A). The efficiency and specificity of this tethering

system were verified upon the expression of mCherry-HTM alone in mESCs, where the mCherry+ condensates were found perfectly overlap-

ped with the H3K9me3-marked constitutive heterochromatin but distinct from the nuclear distribution of the endogenous RING1B or

H2AK119ub (Figure S3A).
4 iScience 27, 109548, April 19, 2024
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Figure 3. Identification of the driver component(s) for PRC1 assembly via the HTM-mediated tethering system

(A) A diagram of the principle of the HTM-based artificial tethering and PRC1 complex assembly assay.

(B) The confocal images detecting the distribution of the foci composed of the mCherry-HTM-CBX7A (a) or CBX7C (b) or PHC2 (c) and their associated histone

modifications or the recruited PRC1 components in mESCs.

(C) A bar graph indicates the proportions of the colocalized foci to all the mCherry-HTM-labeled foci shown in (B), quantified by ImageJ (n = 5).

(D) The confocal images detecting the recruitment of CBX7 isoforms by mCherry-HTM-PHC2 in mESCs stably expressing CBX7A-EGFP or CBX7C-EGFP (left).

Chromatin was labeled via Hoechst staining. The intensity of various fluorescence across the randomly selected regions (shown as the dashed lines) was scanned

and plotted on the right of each image to demonstrate the colocalization status of the indicated factors or modifications (middle). The proportion of colocalized

foci to the HTM-tethered foci was quantified by ImageJ (n = 5) and shown in the bar graph on the right. Scale bar, 2 mm in (B and C) and 4 mm in (D). Data in (C–D)

are represented as mean G SD.
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Next, we tethered the PRC1 components and monitored the cPRC1 assembly at constitutive heterochromatin. When mCherry-HTM-

CBX7A was tested, we observed the colocalization of the endogenous RING1B and the resultant H2AK119ub signals with the mCherry-

marked condensates, supporting that CBX7A may act as a ‘‘driver’’ for the recruitment of other components to assemble catalytically active

cPRC1 (Figures 3B(a) and 3C). Surprisingly, the mCherry-HTM-CBX7C condensates were also capable of recruiting the endogenous RING1B

and generating H2AK119ub (Figures 3B(b) and 3C), even though it lost the RING1B-binding activity. These data prove that similar to CBX7A,

CBX7C is also capable of driving the formation of cPRC1 complexes with a competent enzymatic activity.

Considering that PHC2 is capable of binding to both RING1A/1B and CBX7 proteins directly (Figures 1F and S1A), the PC-less CBX7Cmay

indirectly set up contacts with the rest of the core components of cPRC1 through PHC2. Next, we analyzed the potential role of PHC2 in orga-

nizing cPRC1 assembly. The result indicated that at least under the tethering conditions, PHC2 could also act as a ‘‘driver’’ to trigger the cPRC1

assembly, although less efficiently than the CBX7 proteins (Figures 3B(c) and 3C). Strikingly, compared with CBX7A, HTM-PHC2 preferentially

recruited CBX7C in mESCs (Figure 3D). Because PHC2 has not been found to act as a direct DNA-binding factor or a histone ‘‘reader,’’ our

data suggest that the PHC2-driven cPRC1 assemblymay occur once being recruited to target genes by certain sequence specific transcription

factors. The combination of the abovementioned results reveals a mutual recruitment model between CBX7C and PHC2, and this coordi-

nated interaction promotes the further assembly of the intact cPRC1 at target sites.
CBX7C and PHC2 are both upregulated during mESC differentiation, and knockdown of Cbx7C abolishes the formation of

embryoid bodies

Because Cbx7C was expressed at a low level in mESCs, we wondered whether it may play any role during mESC differentiation. The protein

levels of CBX7C were detected upon the induction of mESC differentiation and EB formation upon LIF withdrawal. Consistent to the previous

report,44 CBX7A was downregulated upon cell differentiation (Figure 4A). In contrast, our WB results clearly indicated that CBX7C was signif-

icantly increased at the same time. For example, on day 6 of EB formation, CBX7C was greatly increased while simultaneously CBX7A was

almost disappeared (Figure 4A). Notably, PHC2 was also found increased at early stage (before day 6) although it decreased at later stages

(Figure 4A). The fact of the coinduction of CBX7C and PHC2 suggests that they may work together during the early stage of ESC

differentiation.

Next, wemodulated the expression levels ofCbx7C via overexpression or RNAi and examined the corresponding effects on EB formation.

The results indicated that the mESCs stably expressing ectopicCbx7C were able to generate embryoid bodies (EBs), and compared with the

wild-type mESCs, the CBX7C-EBs generally grew faster and looked more rounded and smoother in shape (Figure 4B). In contrast, upon LIF

withdrawal, instead of growing in suspension to form EBs, the mESCs with Cbx7C were being knocked down directly attached to the bottom

of the dish and underwent abnormal differentiation (Figure 4C). These data indicate that CBX7C serves as a promoting factor required for EB

formation during mESC differentiation.

The abovementioned data suggest that CBX7Cmay compete with CBX7A for PHC2 binding and cPRC1 formation (Figures 3D and 2B). To

obtain direct evidence, a set of BiFC competition assays was carried out as follows. Because the transfection efficiency in mESCs was

extremely low, the experiments associated with cotransfection of multiple plasmids were carried out in HeLa cells. The two binding partners,

CBX7A and PHC2, were constructed in a pair of BiFC plasmids respectively and expressed in cells to generate BiFC signals (green color). The

third plasmid expressing the competitor, mCherry-CBX7C, was simultaneously transfected into cells with variable amounts (from 0.2 to

1.6 times of the amounts of theCBX7Aplasmid). The competition betweenCBX7AandCBX7C for PHC2bindingwas examinedbymonitoring

the changes of the BiFC and the mCherry signals. As shown in Figures 4D and S3C, with the increased expression of mCherry-CBX7C, the

CBX7A,PHC2 BiFC signals were gradually deceased while this phenomenon was not seen when expressing mCherry alone, indicating

that CBX7C was efficient in competing with CBX7A for PHC2 binding.
PHC2 and CBX7C coordinately modulate the physical and functional properties of the Pc condensates

PRC1 complexes are known to form Pc bodies in live cells,45–48 which are membrane-less nuclear condensates generated via phase

separation.49 Both CBX7A or CBX7C generally formed nuclear condensates in stably expressed mESCs (Figure 5A). Accumulating

studies have uncovered that the proteins harboring the significant IDRs were prone to form liquid-liquid phase-separated condensates

under appropriate cellular conditions, which has been considered as necessary characteristics for the occurrence of phase transi-

tion.50–52 IDR prediction revealed that CBX7A contained six discontinuous IDRs (�70.92% of the entire protein), and similarly, CBX7C
6 iScience 27, 109548, April 19, 2024



Figure 4. Induced expression of CBX7 and PHC2 during mESC differentiation and the effects of modulating Cbx7C expression on EB formation

(A) WB detection of the expression levels of the indicated proteins during EB formation on 0, 3, 6, 9, and 12 days post LIF withdrawal. The data quantification was

carried out via gray value analyses, and the relative expression value was shown at the bottom.

(B) Images of EBs (103magnification) formed by the wild type or mESCs stably expressing CBX7C at the indicated time post LIF withdrawal. Scale bar, 200 mm.

The average diameters of the EBs weremeasured using ImageJ software. All error bars represent the standard error of themean diameter from at least 12 EBs for

each condition.

(C) Images of EBs (103magnification) formed by mESCs with either the control knockdown (shNC) or the Cbx7C knockdown (shCbx7C#1 or #2) at the indicated

time post LIF withdrawal. Scale bar, 200 mm. The average diameters of the EBs were calculated using ImageJ software. All error bars represent the standard error

of the mean diameter of EBs for each condition. Different letters indicate significant differences as determined using ANOVA followed by Duncan’s multiple

range test (p < 0.05). Data in (B–C) are represented as mean G SD.
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Figure 4. Continued

(D) The competitive interaction between CBX7C and CBX7A for binding to PHC2 detected via BiFC competition experiment. HeLa cells were transiently

transfected with the combination of plasmids expressing the indicated proteins. The amounts of the ‘‘competitor’’ plasmid were ranged from 0.2, 0.4, 0.8, and 1.6

times of each one of the BiFC plasmid (400 ng of the indicated plasmid to each well of a 12-well plate). Images at a 103magnification are shown. Scale bar, 20 mm.
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contained four (�69.88% of the total sequence) (Figure S4A), suggesting that both of the CBX7 proteins have the potential to drive

phase separation.

To compare the phase separation capabilities of CBX7 isoforms in cells, we adopted an optogenetics-based system, in which the fusion of

Cry2 with a typical IDR from a phase separation driver would undergo a rapid blue-light-induced cluster assembly (Figure 5B(a)).53 mCherry-

labeled Cry2 was expressed alone (as a negative control) or further fused with one of the three CBX7 isoforms in HeLa cells, and the occur-

rence of the blue-light-induced phase separation events was monitored. Without induction, the basal levels of condensates were formed,

among which CBX7C generated the highest amount of the condensates (Figure 5B(b and c)). Unlike CBX7A and CBX7C, CBX7B was also

expressed partially in the cytoplasm, which was consistent with its subcellular localization in mouse MEF cells shown in previously published

article.54 Upon blue light activation, the quantities of the condensates formed by all the CBX7 isoforms were further increased. Overall, this

result indicates that all three CBX7 isoforms have the capability of phase separation to some extent, and the intrinsic phase separation capa-

bility of CBX7C seems to be the strongest.

Next, we examined the effects of PHC2 on the phase transition capabilities of CBX7A or CBX7C in HeLa cells. Consistent to the results

obtained in mESCs (Figure 3B), tethering CBX7A, CBX7C, or PHC2 alone to the constitutive heterochromatin via an HTM fusion resulted

in the formation of the catalytically active Pc condensates (Figures 5C(a) and S4B). The coexpression of CBX7C (or CBX7A) and PHC2 formed

much larger condensates with the two proteins perfectly colocalized (Figure 5C(b)). Notably, these huge condensates looked quite different

from those catalytically active Pc bodies because they were excluded from the chromatin (Hoechst negative). Similar observation was ob-

tained when HTM-fused PHC2 was coexpressed with ‘‘free’’ CBX7C or CBX7A (Figure S4C). These results indicate that the phase separation

capabilities of CBX7C and PHC2 are mutually coordinated. When massive amounts of both factors were present, the HTM-mediated teth-

ering force was completely overcome. In addition, the average sizes of the large condensates formed by CBX7Cweremuch bigger than those

made by CBX7A (Figure 5C(c)), which further proved the discovery that the phase separation capability of CBX7C is much potent than CBX7A.

Furthermore, we found that PHC2 not only coordinated with CBX7 in promoting the phase transition of Pc condensates but also worked

together with other cPRC1 components to achieve similar effects, such as RING1B (Figure S4D). Overall, PHC2 works as a general phase tran-

sition enhancer for CBX proteins and potentially other cPRC1 components, and the concentration or strength of their coordinated interaction

may determine the status of their phase separation.

Next, we performed the Fluorescence Recovery After Photobleaching (FRAP) assays to compare the intrinsic dynamics of the functional Pc

bodies with the large condensates formed by CBX7A/C,PHC2 interaction seen in Figure 5C. It turned out that the fluorescent signals of the

chromatin-bound Pc bodies (generated upon the single transfection of mCherry-HTM-CBX7A or CBX7C) were rapidly recovered within a

couple ofminutes after photobleaching (Figure 5D). This phenomenon of rapid diffusion of theseCBX7-containing condensates fit the golden

criterion for LLPS condensates.55,56 In contrast, it took much longer time (>15 min) for the signals within the large condensates to be recov-

ered, and the recovery rates of the CBX7A,PHC2 and CBX7C,PHC2 condensates were about the same (Figures 5D and S4E). These results

suggest that the presence of the potent CBX7C/CBX7A,PHC2 interaction will dramatically change the characteristics of the resultant con-

densates, promoting their agglutination and eventually switching them into a hydrogel state.

Next, we used a live cell imaging system to capture the dynamic formation process of the CBX7C,PHC2 condensates. Figure 5E(a) pre-

sented a series of confocal images taken every 3 h from 18 to 27 h post a transient transfection. During this process, the condensates started

forming, and their volumes and the fluorescent intensity were gradually increased. Consistent to the phenomenon shown in Figure 5C, the

Hoechst signals within the same nuclear regions were simultaneously decreased. Thus, the formation of the large CBX7,PHC2 condensates

occurred along with the reorganization of chromatin, and the condensates continuously grew to generate huge chromatin-free areas. Our

data from immunofluorescence assays further confirmed the accumulation of all the endogenous cPRC1 core subunits and exclusion of all

the histone modifications within these huge condensates (Figures 5E(b and c) and S4F). Interestingly, the immunofluorescence signal of

the endogenous CBX7A was excluded and distributed around those CBX7C-containing condensates, further supporting that CBX7C and

CBX7A were mutually exclusive in a given cPRC1 complex (Figures 5E(b and c) and S4G). Taken together, these results demonstrate that

CBX7C has a potent capability to undergo phase separation, and PHC2 dramatically enhances this property, and the coordinated action

of CBX7C and PHC2 strongly controls the phase transition and the functionality of the resultant Pc condensates.
Identification of the regions responsible for the CBX7,PHC2 interaction and their coordinated phase separation

Next, we dissected the key region(s) that mediated the formation of the CBX7,PHC2 dimer in His-pull down assays and compared the dif-

ferences between CBX7A and CBX7C. Because their interaction properties may be tightly correlated to their phase separation activities, we

expressed the N- or C-terminal region of CBX7A or CBX7C, namely CBX7AN or CBX7CN or CBX7AC or CBX7CC, respectively, based on their

natural distribution of the IDRs (see details in Figure S4A and the top panel of Figure 6A). The results showed that theN-termini of bothCBX7A

and CBX7C played amajor role in mediating their direct interactions to PHC2, although the C-termini might be involved as well (Figure 6A). In

addition, it was reported that the C-terminal SAM domain of PHC2 played an important role in complex polymerization and the LLPS pro-

cess.29,32 Thus, we also compared the SAM-deleted PHC2 mutant (PHC2DSAM) with the full length (PHC2FL) in the CBX7,PHC2 interaction.
8 iScience 27, 109548, April 19, 2024
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Figure 5. Comparison of the phase separation capability of the CBX7 isoforms

(A) Confocal images of the mESC stable cell line expressing CBX7A or CBX7C. Scale bar, 2 mm.

(B) Detection of the LLPS properties of the three CBX7 isoforms via an optogenetic platform expressing one of the CBX7 isoform fused to Cry2 andmCherry. The

simplified scheme of the optogenetic system is shown in (a), and the confocal images of the cells before and after blue light activation are shown in (b). Scale bar,

2 mm. Particle numbers were measured using ImageJ software. All error bars represent the standard error of the mean numbers from 3 cells for each condition,

and the significant differences betweenmeans were determined using Student’s t test (*p < 0.05; **p < 0.01; ns, not significant, p > 0.05) (c). Data are represented

as mean G SD.

(C) The confocal images of HeLa cells transiently transfected with mCherry-HTM-CBX7A or CBX7C alone (a) or together with EGFP-PHC2 (b). Scale bar stands for

2 mm in (a) and 4 mm in (b). Chromatin was labeled via Hoechst staining. The intensity of various fluorescence across the randomly selected regions (shown as the

dashed lines) was scanned and plotted on the right of each image to demonstrate the colocalization status of the indicated factors ormodifications. (the right part

of b). The diameter of mCherry positive foci was measured using ImageJ software (c). The letters marked indicate significant differences as determined using

ANOVA followed by Duncan’s multiple range test (p < 0.05).

(D) FRAP analyses monitoring the dynamic diffusion properties of the various types of foci formed in (C). Each of the marked region was bleached with a 488-nm

laser pulse at time 0. The line charts on the right demonstrate the relative changes of the fluorescence intensities of each marked region at the indicated time

points before and after the photobleaching. Scale bar, 2 mm.

(E) Live cell detection of the dynamic formation process of the CBX7C,PHC2 BiFC condensates using DeltaVision Elite high-resolution live cell imaging system

(a) and analyses of their composition (b). The images shown were taken every 3 h starting from 18 h post transfection (a). Detection of the endogenous PRC1

components in the CBX7,PHC2 BiFC condensates via IF assays (b). Scale bars, 2 mm. A bar graph indicates the proportions of the colocalized foci (BiFC and

the indicated IF signals) to the total BiFC positive foci shown in E(c), quantified by ImageJ. Data are represented as mean G SD. Nucleus outlines are

indicated with dashed lines in (D and E).

ll
OPEN ACCESS

iScience
Article
It turned out the loss of SAM only slightly affected the interaction between CBX7A or CBX7C and PHC2 (Figure 6A), indicating that the SAM

domain was not essential for their direct interaction.

To further identify the key region(s) responsible for the CBX7,PHC2-coordinated phase separation, we employed BiFC assays and tested

the condensate formedby the full lengthor the truncated formsof the abovementioned factors (Figure 6B). The results indicated that either the

N- or the C-termini of CBX7A and CBX7C were sufficient to undergo phase separation together with PHC2. However, compared with the full-

length counterpart, the extent of CBX7,PHC2-mediated phase separation was greatly discounted upon the deletion of SAM in PHC2, with a

significant amount of the BiFC signals diffused throughout the nucleus (Figure 6B). Interestingly, notable differences were observed between

theN- andC-termini of theCBX7 isoforms. The vastmajority of the condensates formedby theN-terminus ofCBX7AorCBX7Cwith PHC2DSAM
were partially colocalized with the compact chromatin with their sizes similar to the regular Pc bodies observed (Figure 6B). In the case of the

CBX7CC,PHC2DSAM interaction, they also formedmuchsmaller condensates than theonesmadeby their full-length counterparts. Importantly,

these condensates partially colocalizedwith theH2AK119ubmark, therefore representing the functional Pc bodies (Figure 6C). In contrast, the

C-terminus of CBX7A or CBX7C with PHC2DSAM remained to form the huge condensates with chromatin being excluded. These results indi-

cated that theN-terminus of CBX7 played a crucial role in chromatin targeting and formation of enzymatically active cPRC1, whereas the SAM

domain of PHC2 significantly affected the coordinated phase separation of the chromatin-free CBX7,PHC2 condensates. Furthermore, the

C-terminus of CBX7C played a more important role than CBX7A in the phase separation process of generating chromatin-free condensates,

which well explained the differential phase separation capabilities between CBX7C and CBX7A seen earlier. Taken together, the whole set of

data supports amodel that the CBX7,PHC2-mediated Pc body formationmight be a self-controllable phase transition event with distinct out-

comes.When the core factors are expressedat lowormodest doses, the initial formationof the functional Pc bodies is a process of LLPSmainly

achieved by the intermolecular interactions between the N-terminus of CBX7C and PHC2. In the case of highly expressing both components,

the phase transition into the dysfunctional, chromatin-free condensates is promoted, which relies on the further contribution of both the

C-terminus of CBX7C and the SAM domain of PHC2.

DISCUSSION

In this study, we investigate the functional properties of an uncharacterized Cbx7 splicing isoform, Cbx7C, which is lacking the C-terminal PC

domain. Our data discover that CBX7C is specifically expressed inmESCs and utilizes a unique PRC1 assembly strategy. In thismodel, PHC2 is

alternatively serving as a bridging molecule in between RING1B and CBX7, and the CBX7C,PHC2 dimer may be set a core to facilitate the in

situ assembly of cPRC1 on chromatin (Figure 7). Furthermore, the cPRC1 complexes bound at various targets gather together to form Pc

bodies through LLPS to achieve more effective transcriptional corepression. Therefore, CBX7C may play an important role as a potent

cPRC1 organizer to drive the establishment of the epigenetic repressive function, rather than acting as an independent regulator as another

PC-less CBX2 isoform.21 This indicates that the emergence of distinct splicing isoforms of the cPRC1 components during evolution may

greatly increase the diversity and the sophisticated division of PRC1.

Our results demonstrate that the phase separation potential of CBX7C is greater than CBX7A and further enhanced upon the inter-

action to PHC2. CBX7C alone was sufficient to form condensates via LLPS in cells. Although PHC2 binds to DNA in vitro, the purified

PHC proteins can only form condensates along with the chromatin templates.32 Therefore, PHC2 possibly relies on the other PRC1 com-

ponents or transcription factors to achieve its enrichment at certain target genes.30,31,57–59 In addition, it is known that the PHC proteins

mainly exist as oligomers through the head-to-tail connection of the SAM domain.29,60–62 Based on all these findings, CBX7C may act as

an initiator for target recognition and cPRC1 assembly, whereas further inclusion of PHC2 greatly enhances the formation of Pc bodies

(Figure 7).
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Figure 6. Identification of the domains/regions involved in the CBX7dPHC2 interaction and their coordinated phase separation

(A) His pull-down analyses between PHC2 and the full length (FL) or the truncated forms of CBX7 isoforms. The subscripts N or C stands for theN- or C-terminus of

the indicated CBX7 isoform. The asterisk indicates the positions of the intact proteins with GST-tag.

(B) Analyses of the phase separation properties in HeLa cells transfected with the indicated BiFC plasmid pairs. The measurement of the fluorescent intensity was

carried out as described in Figure 3D.

(C) The confocal images of IF assays detecting the distribution of the H2AK119ub in the foci generated by the indicated forms of CBX7 and PHC2. Scale bars

(B and C), 2 mm.

ll
OPEN ACCESS

iScience 27, 109548, April 19, 2024 11

iScience
Article



ll
OPEN ACCESS

iScience
Article
Some recent reports proposed a client-scaffold model in which CBX2 was modestly expressed in mESCs and acted as a scaffold based on

its intrinsic properties and its interactions to the other phase separation-prone PRC1 subunits.15,63 Our data suggest that CBX7C may sup-

plement or even replace the function of CBX7A and CBX7B in mESCs during differentiation. We propose that CBX7C works as a seeding

factor to initiate complex assembly and further amplify its valence to drive the formation of larger condensates under the assistance of

PHC2. Certainly, future efforts should be directed toward understanding the biological functions of CBX7C under the corresponding phys-

iological scenarios.

In this study, the intrinsic properties of the CBX7C,PHC2 condensates are found varied according to their cellular doses. At normal con-

centration, the catalytically active Pc bodies are formed, whereas when the doses are higher than the threshold, the condensates tend to un-

dergo the liquid-solid phase transition and converge into a dense hydrogel with the chromatin being excluded simultaneously. At the same

time, the dense condensates continuously absorb PRC1 components from the cellular pool like a molecular sponge. Because the chromatic

modifying enzymes are spatially encapsulated in these condensates, isolated from their histone targets, the resultant Pc bodies are virtually

dysfunctional even with all the components included. Our systematic analyses of the truncation mutants help dissect the detailed process of

these phase separation events. The SAM domain of PHC2 is not required for the direct interaction to CBX7C, whereas it helps strengthen the

formation of the hydrogel aggregates. The N-terminus of CBX7C mainly mediates the dimer formation of CBX7C,PHC2 and is sufficient to

drive the generation of the enzymatically active Pc bodies via LLPS in the absence of SAM. However, the C-terminus of CBX7Cmainly plays a

role in promoting the formation of the CBX7C,PHC2 aggregates with hydrogel properties, which is possibly associatedwith the development

of diseases (Figure 7). Overall, the conformation of CBX7C,PHC2 interaction may play an essential role in defining the involved domains and

thus determine the choice of phase separation.

Taken together, this study uncovers that various CBX7 isoforms have distinct properties and working mechanisms in complex assembly

and Pc body formation, emphasizing the essential role of CBX7C in mESC differentiation. The main finding of this study provides a promising

strategy of regulating the homeostasis of cellular PRC1 activities via the modulation of its phase separation capabilities.
Limitations of the study

In this study, although the expression level of Cbx7C detected in mESCs was relatively low, we observed severe differentiation defects

during the ESC to EB process upon knocking down of Cbx7C. However, the poor growth status of these knockdown cells aborted the

effective sample collection and following analyses. Thus, alternative strategies such as conditional knockdown via RNAi or inducible de-

gron system would be useful in the future to uncover CBX7C’s essential functions and its relationship with the other CBX7 isoforms during

differentiation.

In addition, although the combination of the methodologies used in this study was efficient to support our main conclusions about the

phase separation properties of CBX7 isoforms, more direct evidence obtained under physiological conditions remains needed in order to

reveal the delicatemechanisms of howdistinct CBX7 isoforms trigger LLPS and/or other types of phase separation differently. Another related

limitation was that we only tested the short form of PHC2 (323 aa), which contained the three conserved domains, HD1, FCS zinc finger, and

SAM, and had been used as a classical model to the study of its phase separation and SAM-mediated polymerization.32,64 The CBX7$PHC2

interaction with the long form of PHC2 (850 aa) remains to be further explored.
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Figure 7. A working model of CBX7C and 7A in participating PRC1 assembly and phase separation in mESCs and during differentiation

The switch of PRC1 components and their isoforms during the differentiation of mESCs modulate the composition of PRC1. The cellular levels of CBX7C,PHC2

interaction strongly affect the phase separation properties and the functions of PRC1.
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Antibodies

Rabbit ant CBX7C This paper N/A

Mouse anti His Abmart Cat#M30111

RRID: AB_2889874

Mouse anti GST Abmart Cat#M20007;

RRID: AB_2864360

Mouse anti Flag Abmart Cat#M20008;

RRID: AB_2713960

Rabbit anti RING1B CST Cat#5694;

RRID: AB_10705604

Rabbit anti CBX7 Abcam Cat#ab21873;

RRID: AB_726005

Rabbit anti PCGF2 Abclonal Cat#A17327;

RRID: AB_2770811

Rabbit anti H3K27me3 PTM BIO Cat#PTM-622;

RRID: AB_2752230

Rabbit anti H2AK119ub CST Cat#8240;

RRID: AB_10891618

Goat-anti-Rabbit IgG/Alexa Fluor 594 Abcam Cat#ab150116;

RRID: AB_2650601

Bacterial and virus strains

pLKO-Cbx7C shRNA #1-3-Puro This paper N/A

Biological samples

Healthy adult C57BL/6 mouse Medical Experimental Center of Lanzhou University N/A

Chemicals, peptides, and recombinant proteins

Doxycycline Biogems 2431450

G418 Sangon Biotech A100859

Hoechst 33342 Solarbio Life Sciences C0031

Critical commercial assays

BeaverBeads� GSH Beaver 70601

BeaverBeads� IDA-Co Beaver 70502

GE-CNBr activated Sepharose� 4B GE Healthcare 71-7086-00

Protein A/G magnetic beads Beaver 22202

RNaseA TransGen Biotech RL4250

Protease K ThermoFisher 25530049

MolPure� Cell/Tissue Total RNA Kit Yeasen 19211ES60

Hifair III 1st Strand cDNA Synthesis Kit Yeasen 11141ES10

23SYBR GREEN qPCR MASTER MIX Bimake B21702

Dual Luciferase Assay Kit Promega E1910

ExFect Transfection Reagent Vazyme T101-02

Experimental models: Cell lines

PGK12.1 (Mus., ESCs) Provided by Dr. Tom Kerppola (Univ. of Michigan) N/A
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pBiFC (VN- or YC-) Provided by Dr. Tom Kerppola (Univ. of Michigan) N/A
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bo Cheng

(bocheng@lzu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Original western blot images have been deposited at supplementary information and are publicly available as of the date of publica-

tion. Microscopy data reported in this paper will be shared by the lead contact upon request.
� This manuscript does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

The mESC cell line (PGK12.1) were grown in the Dulbecco’s modified Eagle’s medium (DMEM, 12100046, ThermoFisher) supplemented

with 15% fetal bovine serum (A9TE009, GEMINI), 0.1 mM nonessential amino acids (1628158, Gibco), 100 units/mL penicillin-strepto-

mycin (A600135 and A100382, Sangon Biotech), 0.55 mM b-mercaptoethanol (20130110, Sigma), 2 mM L-glutamine (A100374, Sangon

Biotech), and 0.1 mg/mL leukemia inhibitor factor (lab made). The cells were seeded in gelatinized (A609764, Sangon Biotech) culture

dishes (Beaver). HeLa and HEK293T cell lines were maintained in the DMEM supplemented with 10% newborn calf serum (04-102-1A,

Biological Industries), and 100 units/mL penicillin-streptomycin. All cell lines were cultured at 37�C in humidity-saturated 5% CO2

atmosphere.

METHOD DETAILS

shRNA-mediated knockdown

shRNA constructs targeting Cbx7C (#1: GCCTCTGAGCCTTCTGCCTCG; #2: GCCCTGCCCAACCCTGCCTTG) or negative control (shNC:

TCACCAAGGAGACTGCTATTT) sequence were generated by introducing core sequences into pLKO plasmid. These shRNA lentiviruses

were packaged by transfecting 10 cm dish HEK293T cells with 3 mg of PMD.2G glycol protein-expressing vectors, 6 mg of lentiviral packaging

constructs PAX2 and 6 mg of shRNA constructs utilizing ExFect Transfection Reagent (T101-02, Vazyme) according to the manufacturer’s in-

structions. After 48 h post transfection, the collected shRNA lentiviruses within the supernatant were filtrated with a 0.22 mm filter and centri-

fuged at 3000 rpm. The wild typemESCs were infected with shNC and shCbx7C lentiviruses respectively. The puromycin were added to each

group after 36 h post infection to screen the cells expressing shRNA for another four days before EB formation assays.
18 iScience 27, 109548, April 19, 2024
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Generation of stable cell lines

For the generation of the mESC cell lines stably harboring and inducibly expressing the CBX7-EGFP-Flag, we first amplified the Cbx7A or

Cbx7C sequences from the cDNA of mouse spleen tissue and inserted it into the downstream of pCMV promoter sequence within the

pcDNA3.1-TRE-pCMV-EGFP-Flag vector to generate pcDNA3.1-TRE-pCMV-CBX7A or CBX7C-EGFP-Flag. The pcDNA3.1-TRE-pCMV-

EGFP-Flag vector was reformed by inserting the inducible element TRE amplified from the commercial pTripZ vector into the front of the

minimal pCMV promoter. Then, the expression vector was linearized and transfected into the mESCs via electroporation (ECM830, BTX)

following the instructions of the manufacturer (http://btxonline.com). 1 mg/mL G418 (A100859, Sangon Biotech) was used to screen stable

transfected cells 48 h post transfection and positive clones survived was isolated and further verified upon Doxycycline-treatment at

1 mg/mL for 48 h (Doxycycline [2431450, Biogems]).

BiFC assays

The BiFC vectors were constructed via the in-frame insertion of the coding sequences of Cbx7 or the indicated factors in VN or YC BiFC plas-

mids (gifts from Dr. Tom Kerppola, the University of Michigan). VN encoded the N-terminal 172 amino acids of the Venus/EGFP, and YC

encoded the C-terminal amino acids 173 to 238 of the yellow fluorescent protein. HEK293T or HeLa cells seeded into 6-well plates were

co-transfected with the pBiFC plasmid pairs as indicated, 2 mg each, and imaged with a fluorescence microscope at 36 h post transfection

(488 nm excitation, 103).

Pull-down assays

The full-length coding sequences of CBX7A, CBX7C, RING1B, and PHC2 were inserted downstream of either the GST tag of pGEX-6p-1 vec-

tor or His tag of pET-28a vector for the expression of GST-CBX7A/CBX7C or His-RING1B/PHC2 and their truncation mutants. The fused con-

structs were transformed into Escherichia coli Rosetta strain for protein expression.

For GST pull-down assays, the GST-tagged recombinant proteins were purified with the BeaverBeads GSH (70601, Beaver) according to

the manufacturer’s instructions. The magnetic GSH beads bound with GST alone or GST-proteins (CBX7A or CBX7C) were washed with the

washing buffer (140mMNaCl, 2.7mMKCl, 10mMNa2HPO4, 1.8mMKH2PO4, 2mMdithiothreitol, 1.5%Triton X-100, and 1mMPMSF, pH 7.4)

for five times. Then, the equivalently His-proteins (RING1B or PHC2) were incubatedwith pre-washedGST-bound orGST-protein-boundGSH

magnetic beads in the lysis buffer (140 mMNaCl, 2.7 mM KCl, 10 mMNa2HPO4, 1.8 mM KH2PO4, and 1 mM PMSF, pH 7.4) for 2 h at 4�C with

gentle shaking. After incubation, the magnetic beads were washed twenty times with the washing buffer. The magnetic beads were boiled

with 23SDS loading buffer for 10 min, and then proteins pulled-down by GSH magnetic beads were subjected to western blot analysis with

anti-His (lab-made antibody) and anti-GST (M20007, Abmart) antibodies.

The similar strategy was used to analyze the interaction between different truncations of CBX7 and full length of PHC2 using His pull-down

assays. The His-PHC2 protein expressed in Escherichia coli were dissolved in binding buffer (20 mM phosphate buffer, pH 7.4, 500 mMNaCl,

20 mM Imidazole, and 1 mM PMSF) and bound with the BeaverBeads IDA-Co (70502, Beaver) according to the manufacturer’s instructions.

After being washedwith the washing buffer (20mMphosphate buffer, pH7.4, 500mMNaCl, 20mM Imidazole, and 1mMPMSF) for five times,

the magnetic beads bound with His-PHC2 protein were equally divided and further incubated with different truncations of GST tag-CBX7 for

2 h at 4�Cwith gentle shaking. Then, themagnetic beads were washed for ten times with the washing buffer. To achieve better removal of the

non-specific binding proteins on themagnetic beads, we added tiny amounts of the reduced glutathione (0.05mM) in the washing buffer. The

harvestedmagnetic beads weremixed with 23SDS loading buffer and boiled for 10 min, then western blot analyses were performed with His

and GST antibodies.

Production of CBX7C polyclonal antibody

A partial cDNA fragment that encodes from V83 to the stop codon of Cbx7c was sub cloned into the pET28a vector to express a His-SUMO-

CBX7C (83–166 aa) fusion protein. This fusion protein was purified with the BeaverBeads IDA-Co (70502, Beaver) according to the manufac-

turer’s instructions, and then injected three times into rabbits to generate collect antiserum at the Biodragon company. For Antibody affinity

purification next, the collected CBX7C antiserum were purified with the GE-CNBr activated Sepharose 4B (71-7086-00, GE Healthcare) ac-

cording to the manufacturer’s instructions. The efficiency and specificity of the antibody was tested in WB assays and we confirmed that it

did not recognize SUMO tag, or CBX7A or CBX7B.

Co-immunoprecipitation assays

ThemESCs induced expressing CBX7C fusion proteins were collected without or with 1 mg/mL Dox-treatment more than 48 h. About 53 107

of mESCs were lysed in a high salt buffer (300 mM NaCl, 20 mM Tris-HCl, 0.5 mM EDTA, 1 mM Na3VO4, 50 mM NaF, 1% NP-40, 1% Triton

X-100, 1mMPMSF, and EDTA-freemini-Tab, pH 8.0) for 2 h at 4�C. After a centrifugation for 20min at themaximumspeed at low temperature

to remove cell debris, 5% of the soluble material was taken and saved as input and the rest were incubated overnight with corresponding

antibodies (IgG [BF01001, Biodragon], FLAG tag Antibody [M20008, Abmart], RING1B Antibody [5694, CST]). Meanwhile, ads Protein A/G

(22202, Beaver) were washed with PBS for three times according to the manufacturer’s instructions, and then incubated in PBS containing

4 mg/mL BSA (A602449, Sangon Biotech) at 4�C with gentle shaking overnight to reduce the binding of non-specific proteins. After that,

the antibody containing cell lysate were incubated with blocked beads for 4 h at 4�C with gentle shaking. Immunoprecipitated materials
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were washed for three times with high salt buffer, and finally resuspendedwith 80 mL 23SDS loading buffer and boiled for 10min before west-

ern blot analysis.

Chromatin immunoprecipitation and qPCR assays

Chromatin immunoprecipitation (ChIP) assays were performed as previously reported.65 The mESCs induced expressing CBX7C fusion pro-

teins were collected without or with 1 mg/mL Dox-treatment more than 48 h. About 53107–13108 of mESCs were used for each immunopre-

cipitation. Antibodies used were listed as follows. Flag (M20008, Abmart), CBX7A (ab21873, Abcam, both CBX7A and B can be recognized),

RING1B (5694, CST), PCGF2 (ab17327, Abclonal), H3K27me3 (PTM-622, PTM BIO), H2AK119ub (8240, CST). Commercial protein A/G mag-

netic beads (22202, Beaver) were employed. The obtainedChIPmaterials were treatedwith RNaseA (RL4250, TransGenBiotech) and Protease

K (25530049, ThermoFisher) respectively for q-PCR analysis.

Fluorescence recovery after photo bleaching (FRAP)

For FRAP assays, HeLa cells expressing VN-CBX7C and YC-PHC2 simultaneously or CBX7-EGFP-Flag individually were seeded onto cover-

slips inside of a culture dish. Images of cells were acquired using laser scanning confocal microscopy (LSCM [A1R + Ti2-E, Nikon]) in 100-fold

magnification and further zoomed in for 5-folds. FRAP imaging was performed with excitation wavelength at 488 nm, and one image were

taken before photobleaching. Immediately after photobleaching with 2% of 488 nm laser in the selected square area, images were taken

with 1-min intervals (expressing VN-Cbx7C and YC-Phc2) or with 10-s intervals (expressing CBX7-EGFP-Flag). Meanwhile, NIS-Elements soft-

ware was used to collect the fluorescence values of the bleached area in real time. The fluorescence intensities before photobleaching were

normalized before calculating the fluorescence recovery.

Embryoid bodies preparation assays

Weprepared Embryoid bodies (EBs) withmESCs using the hanging-dropmethod (with 1500 cells/drop). Firstly, Normal culturedmESCs were

digested from dishes and obtained single cell suspension and washed cells twice with PBS. Collected cells were resuspended to about 63

104–13105 cells/mL concentration (with 1500 cells/drop) with differentiation medium without LIF after being. The above cell suspension was

put into drop by drop with 25 mL on the dish cover before turned over and cover it on the 10 cm dish containing 10 mL PBS, and put it into the

incubator. After 24 h, the white granular embryoid bodies formed in the liquid drop were sucked out using the micro pipette carefully and

transferred to the dish containing the differentiation culture medium without LIF for further culture. EBs at different time points obtained

were conducted the subsequent qPCR and west blot detection, or image by microscope. The average diameters of the EBs were calculated

using ImageJ software.

Quantitative real-time PCR

Total RNAs were isolated from various organs of C57BL/6 adult mouse using anMolPure Cell/Tissue Total RNA Kit (19211ES60, Yeasen). RNA

concentration was quantified by Nanodrop (Thermo Scientific, US). cDNA was processed with DNase treatment and reverse transcription

from 1 mg total RNA using the Hifair III 1st Strand cDNA Synthesis Kit (11141ES10, Yeasen). Reverse transcription was performed on a metal

bath at 25�C for 5 min, 55�C for 15 min and then 85�C for 5 min. RT–PCR was processed for 45 cycles on an ABI-Q5 (Life technologies) with

denaturation at 94�C for 15 s, annealing at 60�C for 15 s, and extension at 72�C for 30 s using 23SYBR GREEN qPCR MASTER MIX (B21702,

BIMAKE). Primer sequences used for this experiment are shown in Table S1. Quantitative assessment of RNA levels was performed using the

ABI-Q5. Relative mRNA expression was normalized to Gapdh (See Table S1).

Immunofluorescence assays

For immunofluorescence (IF) assays, cells were grown on coverslips placed in a 24 well culture dish. They were fixed with 4% formaldehyde for

20 min at room temperature and washed three times with PBS. And then after permeabilized with 0.5% Triton X-100 for 20 min at room tem-

perature. The coverslips with cells werewashed three timeswith PBS again and incubatedwith 5%BSA for 1 h at room temperature. Cells were

then incubated with corresponding antibody (1:200 diluted in TBST) at 4�C overnight. After being washed for three times with TBST, the cells

were subjected for secondary antibody (Goat-anti-Rabbit IgG/Alexa Fluor 594 [ab150116, Abcam]) incubation for 1 h at room temperature.

The cells were further stained with 1 mg/mL of Hoechst 33342 (C0031, Solarbio Life Sciences) for 10 min and confocal images were taken in

100-fold magnification and zoom in for 5-folds.

Reporter assays

For classical Dual-luciferase reporter assay, 2 mg plasmids of GAL4 DNA binding domain (GAL4-DBD) alone, or fused with either CBX7 iso-

forms or PHC2 were transfected into an HEK293T cell line stably expressing Firefly Luciferase. Renilla luciferase was co-expressed with the

GAL4-DBD proteins and facilitate the normalization of the transfection efficiency among samples. Cells were harvested at 36 h post transfec-

tion and the levels of both Firefly luciferase and Renilla luciferase were assayed with the Dual Luciferase Assay Kit (E1910, Promega) and

measured using a GloMax 20/20 Luminometer (E5311, Promega).

For the reporter assays shown in the supplemental information, a GAL4 binding element array was fused to the hCYP26A1 promoter

located upstream of the EGFP-Flag reporter gene. Meanwhile, the plasmids expressing either GAL4-DBD alone or fused with CBX7A or
20 iScience 27, 109548, April 19, 2024



ll
OPEN ACCESS

iScience
Article
CBX7C were constructed. 2 mg of the plasmid expressing the EGFP reporter and the indicated GAL4-DBD effectors were sequentially trans-

fected into HEK293T cells with 36 h apart using Exfect Transfection Reagent (T101-02, Vazyme) following the instructions of the manufacturer.

Cells were harvested 48 h after the second transfection and the expression of the reporter was assayed with western blot. TUBULIN was used

as an internal reference protein.
QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analyses have been clearly described in the main text, figure legends and methods, including the statistical tests, sample

numbers, standard errors of the mean (SEM) and P-values, etc. Student’s t test and ANOVA followed by Duncan’s multiple range test

(p < 0.05) were conducted with SPSS. Data from the biological repeats were presented as mean SEM. p < 0.05 was considered to be sta-

tistically significant and represented as asterisk (*). p < 0.01 and p < 0.001 were considered to be more statistically significant and repre-

sented as double asterisks (**) or triple asterisks (***), respectively. p < 0.0001 was considered to be the most statistically significant and

represented as four asterisks (****).
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