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Abstract  

Polycomb group (PcG) proteins are key developmental regulators involved in gene 

repression and the maintenance of cell identity. They are a dynamic part of facultative chromatin 

found clustered in the nucleus as Polycomb bodies. Canonical Polycomb Repressive Complex 1 

(cPRC1) is hypothesized to facilitate the silencing of chromatin by compaction and phase 

separation. The CBX subunit recruits cPRC1 to chromatin and has been shown to contribute to 

PRC1 condensate formation. The goal of my thesis work was to characterize the phase 

separation of PRC1 driven by paralogs of the CBX family of proteins and to demonstrate the 

function of phase separation in PRC1 epigenetic regulation.   

In Chapter 1, I will introduce PRC1 and its role in gene repression and development. I 

will also introduce the concept of liquid liquid phase separation and its proposed role in 

transcriptional control. Additionally, I will describe the many ways in which PcG proteins, such 

as the CBXs, are misregulated in cancer.  

In Chapter 2, I will describe my characterization of the CBX4 and CBX8 proteins and 

their phase separation activity both in vitro and in cells. I will show how positively charged 

amino acids in the intrinsically disordered regions of these proteins contribute to their condensate 

behavior and compare the dynamics of CBX4 and CBX8 to CBX2 in cells.  

In Chapter 3, I will share an adaptation of my submitted manuscript demonstrating that  
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heterologous phase separation can rescue PRC1 function of a CBX2 phase separation mutant in a 

cancer model system.  

In Chapter 4, I will summarize the conclusions from my thesis research and discuss the 

ways in which this work advances the field of epigenetic regulation. I will also explore potential 

future directions for further understanding the mechanisms of CBX phase separation in 

Polycomb-mediated gene repression.  
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1.1 Polycomb Group Proteins and their role in mammalian development  

The term epigenetics was first coined by Conrad Waddington in 1948 to describe the “whole 

complex of developmental processes” connecting genotype to phenotype during embryogenesis.1 

In the decades since, this concept has been further developed to include the regulation of gene 

expression during cellular differentiation at a molecular level.1,2 The development of an 

organism from a single cell with a single genome requires the proper spatial and temporal 

regulation of gene expression.3 This requires both activation of lineage specific genes and the 

maintenance of repression at non-lineage genes.3,4 The Polycomb Group (PcG) proteins have 

important roles in silencing non-lineage specific genes during differentiation and maintaining 

cell identity throughout the organism over many generations of cell division.5 A year before 

Waddington defined epigenetics, Pam Lewis discovered the first PcG protein in Drosophila 

melanogaster.6 Mutations in the Pc gene (a homolog of the mammalian CBX proteins) resulted 

in disrupted body segmentation of flies.7  Consistent with their important role in development, 

PcG proteins are functionally conserved from Drosophila melanogaster to Homo sapiens.8,9 

Mammalian PcG complexes have diversified with the expansion of this family of proteins 

reflecting the evolved complexity of mammalian development.8,9 PcG proteins are often 

essential; gene ablation leads to failures in gastrulation or to early embryonic or post-natal 

lethality.10-14 However, there is known to be some redundancy amongst paralogs, suggesting 

some overlapping function.9 Overall, the PcG proteins play a vital role in gene repression and 

cellular memory in mammalian development. Additionally, the diversity of mammalian PcG 

complexes maintaining silent chromatin states enables the tunability of the epigenetic landscape 

as a fundamental mechanism of developmental biology.8,9    
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Polycomb-mediated gene repression in mammals is accomplished through the interplay of two 

major complexes: PRC1 and PRC2.15 In the current working model, unmethylated CpG-enriched 

DNA near gene promoters, known as CpG Islands (CGIs), is recognized by the KDM2B protein 

or Polycomb Like proteins (PCLs), which recruit noncanonical PRC1 (ncPRC1).16,17 Other 

Polycomb recruitment methods include RNA dependent targeting.3 For example, X chromosome 

inactivation involves the recruitment of ncPRC1 by the lncRNA, Xist, to initiate Polycomb 

silencing of the inactive X.3 The RING1 subunit of ncPRC1 is a ubiquitin E3 ligase responsible 

for depositing a ubiquitin group at Histone 2A lysine 119 (H2AK119ub1).3 This histone mark 

can recruit PRC2, whose EZH subunit is a histone methyltransferase that deposits mono, di, and 

trimethylation at Histone 3 lysine 27 (H3K27) in broad domains. Canonical PRC1 (cPRC1_ 

binds to H3K27me3 and compacts chromatin to maintain a silent, repressed state and prevent 

transcription machinery from accessing target loci.3,4,10 Changes to genome structure upon 

cPRC1 binding occur at multiple levels. There is local compaction of the promoter region 

alongside the establishment of Polycomb Associated Domains (PADs), which can span many 

kilobases to form higher orders of chromatin structure.18-20 These self-interacting H3K27me3 and 

cPRC1-defined domains can change throughout the process of differentiation to affect gene 

regulation.18-20 The hierarchical model of Polycomb recruitment is nuanced by the feedback 

provided between complexes.3 PRC2 can spread along the chromatin by recognizing its own 

H3K27me3 mark through the EED subunit and further stimulating the catalytic EZH subunit.21 

Canonical PRC1 can interact with the EED subunit, potentially recruiting PRC2 to stimulate 

more H3K27me3 deposition.22 The interplay of Polycomb complexes reinforces gene repression 

and facilitates epigenetic memory. The repression of Polycomb target genes is heritable: the 

epigenetic memory of repression passes on to daughter cells to maintain cell identity.3,23 
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Although the mechanisms of epigenetic memory are still being worked out, the necessity of 

maintaining gene repression over many cellular divisions is undeniable for the maintenance of 

healthy tissues.  

 

The focus of my dissertation is canonical PRC1, which is composed of four main subunits: PHC, 

RING1, PCGF, and CBX (Fig. 1.1).10,24 Each subunit exists as a family of proteins with several 

paralogs, which can be included in the complex diversifying the possible complexes.10,24 

Different paralogs are expressed at different levels in distinct tissues and at different times during 

development. For example, CBX7 is highly expressed in embryonic stem cells, but as cells 

differentiate CBX7 expression goes down and CBX2/4/8 expression goes up.10 The PHC protein 

has a SAM domain that has important roles in oligomerization to generate the long-range 

chromatin contacts found in PADs.20,25 Mutations in the SAM domain disrupt higher order 

chromatin structure in vivo.20,25 The RING protein is an E3 ubiquitin ligase, but it is known to be 

more enzymatically active when it is part of the noncanonical form of PRC1, therefore canonical 

PRC1 has very little ubiquitylation activity.26 PCGF2/4 are the main PCGF proteins found in 

cPRC1 and structurally form the heart of the complex bringing the other subunits together.24 The 

CBX protein is specific to cPRC1 and includes a chromodomain that binds to the H3K27me3 

mark and helps to localize cPRC1 to target genes.24 However, the affinity for the mark varies 

among the different CBX paralogs and there are likely other mechanisms of DNA targeting at 

work.27,28 
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Figure 1.1 Schematic of cPRC1 

Canonical PRC1 has four core subunits and binds H3K27me3 via the chromodomain of the 

CBX protein to compact heterochromatin. 
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My thesis work has focused on the CBX family of proteins, specifically CBX2, CBX4, and 

CBX8. Besides the chromodomain, the CBX proteins have a C box domain that is responsible 

for interacting with RING1B and the rest of the cPRC1 complex (Fig 1.2A).23 CBX2 also has an 

AT-Hook motif and the other CBXs have AT-Hook like motifs with DNA binding capacity (Fig 

1.2A).23 CBX2, CBX4, and CBX8 each have an Intrinsically Disordered Region (IDR) at the 

center of the protein that is highly charged (Fig. 1.2B). This region in CBX2 has been shown to 

drive in vitro chromatin compaction and condensate formation in cells, thus it has been referred 

to as the Compaction and Phase Separation (CaPS) region.29,30 CBX7 is a much smaller paralog 

lacking this disordered region (Fig. 1.2A). In line with these observations, CBX7 cannot 

compact nucleosomes or form condensates in vitro.29,30 Interestingly, CBX7 is highly expressed 

in embryonic stem cells, where bivalent chromatin facilitates a plastic chromatin environment.31 

It is hypothesized that the transition from CBX7 to CBX2, CBX4, and CBX8 in more 

differentiated cell types corresponds with the repression of non-lineage specific genes in a more 

stable, and heritable manner.10 Accordingly, introduction of the CaPS region of CBX2 into the 

CBX7 protein impaired mESC differentiation and the proper activation of lineage specific 

genes.31 Phase separation of CBX7 can be induced in vitro with the insertion of CBX2’s CAPS 

domain and this leads to changes in gene expression and differentiation.31 This suggests that 

phase separation may be related to the biology of nucleosome compaction and gene silencing.29-

31 CBX6 is the least-studied CBX protein. It is highly expressed in embryonic stem cells and has 

recently been shown to be essential for pluripotency maintenance.32 CBX6 is also highly 

disordered, but it can associate with both ncPRC1 and cPRC1 and has low affinity for 

H3K27me3.32 Characterizing the ability of CBX4 and CBX8 to phase separate will enable 
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greater understanding of these proteins and their role in heterochromatin formation while further 

exploring the relationship between phase separation and compaction.  

 

There are many tools for characterizing intrinsically disordered proteins based on their amino 

acid sequence. The plots in Fig. 1.2B compare disorder and charge between CBX2, CBX4, and 

CBX8 as predicted by the PONDR VSL2 algorithm and the MobiDB algorithm.33-35 CBX4 and 

CBX8 were hypothesized to phase separate based on their ability to compact nucleosomes and 

their similarly disordered regions in the central domain of the protein when compared to CBX2. 

Therefore, this research has focused on the role of CBX2, CBX4, and CBX8 in cPRC1-mediated 

epigenetic regulation. In Chapter 2, I will discuss the role of the CaPS region in the phase 

separation behavior of the CBX proteins and compare the tunability of condensation amongst 

CBX2, CBX4 and CBX8.  
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Figure 1.2 The CBX family of proteins 

The CBX family contains paralogs with diverse disordered regions. (A) Schematic of the 

protein domains in the CBX family of paralogs. (B) PONDR VSL2 disorder plots highlighting 

strong polyampholyte sequences in CBX2, CBX4 and CBX8.33-35 
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1.2 Polycomb bodies and liquid liquid phase separation in transcriptional control  

Polycomb defined chromatin domains enriched with H3K27me3, H2AK119ub1 and Polycomb 

complexes are thought to condense within nuclear foci.36 These foci, or Polycomb bodies, were 

first described in 1998 and are one type of biomolecular condensate found in the cell (Fig. 

1.3.)37,38 There are many membraneless compartments throughout the nucleus thought to form 

through liquid liquid phase separation, a physical phenomenon that occurs due to thermodynamic 

favorability driven by homotypic and heterotypic multivalent interactions between 

macromolecules.38 Proteins and nucleic acids can phase separate from the surrounding milieu of 

the nucleus or cytoplasm as liquid droplets that concentrate certain factors and exclude others.38 

These membraneless organelles in the nucleus are important for compartmentalizing biological 

processes.38 For example, the nucleolus is a biomolecular condensate involved in ribosome 

biogenesis, whereas nuclear speckles have a role in RNA splicing.39,40 Phase separation in the 

cell is specific and controlled since the viscoelasticity of liquid droplets can be tuned by 

molecular actors such as DNA, RNA, protein concentration, post-translational modifications and 

more.41  
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Figure 1.3 Phase separation in the nucleus 

Phase separated condensates form membraneless organelles in the nucleus including 

Polycomb bodies. The nucleolus houses ribosomal RNA transcription and processing.38 Cajal 

bodies are important for snRNP biogenesis.38 PML bodies play a role in DNA damage and 

repair.38 Nuclear speckles are involved in mRNA processing.38 SE clusters bring together 

superenhancers and transcription machinery.38 Heterochromatin maintains gene repression.38 

Paraspeckles contain noncoding RNA and proteins involved in the stress response.38 The histone 

locus body is involved in histone mRNA transcription and processing.38    
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Biomolecular condensates can compartmentalize distinct cellular processes within the cell, while 

also facilitating the dynamics of biological interactions. In the context of chromatin, phase 

separation may be a mechanism for concentrating activating or silencing factors to initiate or 

maintain transcriptional states.42,43 It is an attractive model for transcriptional control supported 

by a wide variety of recent work: RNA Polymerase II and Mediator phase separation facilitate 

transcriptional bursting and super enhancer condensation;44-46 HP1 forms liquid droplets in 

vitro and stable, silent chromatin compartments in vivo;47-50 nucleosomes demonstrate liquid-like 

properties as the foundation for chromatin dynamics;51-53 and the chromatin remodeler, cBAF, 

forms condensates that mediate partner recruitment for transcriptional activation.54 Within the 

Polycomb field, our group and others have furthered this paradigm demonstrating a potential role 

for condensation in Polycomb-driven gene silencing.30,55 In the case of Polycomb bodies, the 

concentration of cPRC1 in biomolecular condensates may generate a repressed chromatin state 

and facilitate epigenetic memory by stabilizing H3K27me3 and chromatin compaction.30,55 It has 

been shown that phase separation can be involved in the catalysis of histone modifications such 

as ubiquitination on H2B.56 Similarly, Polycomb body formation may be important in driving 

H3K27me3 spreading, an important aspect of epigenetic inheritance. The concentration of PcG 

proteins in biomolecular condensates may also facilitate the reestablishment of repression after 

DNA replication and cell division on the inherited parental nucleosomes. However, the 

Polycomb phase separation model is not without controversy. First, some have argued that the 

number of cPRC1 complexes quantified by single molecule imaging in Polycomb bodies is 

lower than the proposed saturation point required for true phase separation.57 Additionally, 

CBX8-cPRC1 chromatin condensates seem to be porous and accessible as measured by cryo-

electron tomography contradicting the concept of stable, inaccessible Polycomb compartments in 
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the nucleus.58 Recent work has described the mechanism of Polycomb repression as spatial 

feedback rather than phase separation or compaction due to the high amount of intermingling of 

Polycomb bound chromatin with A or B compartments.59 Overall, this might suggest a view of 

Polycomb bodies as very dynamic rather than stable globule-type droplets. Additionally, the role 

of histone marks as the main encoding of repression rather than cPRC1 compaction has also been 

proposed.60 These challenges to the model of cPRC1 phase separation are important to consider 

as our work further explores the mechanisms and function of phase separation in Polycomb-

mediated gene repression.  

 

Canonical PRC1 condensate formation is driven by two subunits of cPRC1: PHC and CBX. The 

Drosophila Ph subunit has been shown to phase separate and recruit PRC1 from cell extracts via 

its polymerizing SAM domain while promoting PRC1’s ubiquitin ligase activity.61 Mammalian 

PHC phase separation is also influenced by its polymerization activity, which enables the 

generation of stable chromatin condensates in vitro.62 In contrast, CBX was shown to be more 

important for initiating condensation of cPRC1 in vitro.62 Phase separation of CBX2 is driven by 

the CaPS region and more specifically by the positive lysine and arginine residues sprinkled 

through the IDR.30 The mutation of twenty-three lysines and arginines in the CBX2 IDR to 

alanine ablated phase separation activity in vitro and greatly reduced the formation of puncta in 

cells.30 These same residues are simultaneously required for cPRC1’s nucleosome compaction 

activity in vitro.29 Significantly, mutating these residues in mice causes axial patterning defects 

suggesting an important functional role for the CaPS region in mammalian gene expression (Fig. 

1.4).63 In Chapter 2, I will characterize the other CBX proteins containing a CaPS-like IDR 

region - CBX4 and CBX8 - and investigate the role of positive lysine and arginine residues in 
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their condensate formation activity. In Chapter 3, I will return to the CBX2KRA phase separation 

mutant and demonstrate functional rescue of the mutant at a phenotypic and molecular level 

using heterologous IDRs to interrogate phase separation activity as a mechanism of cPRC1 gene 

repression. The biophysical concept of phase separation offers a Kuhnian paradigm shift for how 

we understand chromatin and the biological mechanisms of transcriptional control. My thesis 

research has attempted to contribute to this paradigm by characterizing the phase separation of 

cPRC1 and establishing the significance of its role in Polycomb-mediated transcriptional 

silencing.   
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Figure 1.4 CBX2 compaction and phase separation mutant 

Positively charged residues in the disordered region of CBX2 are important for phase 

separation, in vitro nucleosome compaction, and axial patterning in mice. (A) Schematic of the 

proposed model of CBX2-driven phase separation and compaction of nucleosomes. (B) Z-stacks 

of live cell imaging of mEGFP-CBX2 and mEGFP-CBX2KRA expressed in NIH-3T3 cells. Scale 

bar is 10 m.30 (C) In vitro droplet assay for CBX2 and CBX2KRA purified as a heterodimer with 

mEGFP-RING1B.30 (D) Scanning electron microscopy of CBX2 and CBX2KRA with 

nucleosomal arrays.29 (E) Axial patterning defect in mice expressing the mutant CBX2KRA.63 (F) 

Schematic of the domains of CBX2 highlighting the twenty-three lysine and arginine residues 

mutated in the CBX2KRA. 
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1.3 PcG proteins in cancer  

Understanding the mechanisms of phase separation for PcG bodies will also have significant 

implications for disease. As regulators of development and cell identity, the Polycomb group of 

proteins have long been associated with a myriad of cancers.64 PcG proteins can silence tumor 

suppressor genes and they have been postulated as crucial regulators of cancer stem cell 

populations.64 Gain-of-function and loss-of-function mutations in PcG proteins alongside 

misregulation of expression have all been linked to cell transformation.64 Importantly, the role of 

PcG proteins is highly dependent upon the cellular context. In distinct cancers, PcG proteins can 

have oncogenic or tumor-suppressing effects.64 Therefore, developing cancer therapeutics 

targeting PcG proteins will not have a one-size-fits-all strategy. A significant amount of cancer 

research into PcG proteins has focused on PRC2 and global changes in H3K27me3.65 EZH2, the 

catalytic subunit of PRC2 responsible for writing the H3K27me3 mark, has gain-of-function 

mutations in multiple cancers that lead to hyperactivity.64,65 Tazemetostat, the first EZH2 

inhibitor, was recently approved for epithelioid sarcoma and follicular lymphoma.66 EZH2 

inhibitors are also in clinical trials for several other types of cancers, including in combination 

with other therapeutics.67  

 

PRC1 has also been linked to cancer development. Significantly, PRC1 proteins are less prone to 

mutation in cancer compared to PRC2, rather changes in expression levels are the bigger 

culprit.64 PCGF4, also known as BMI1, is often highly expressed in cancer and can be a 

biomarker for certain malignancies.68 PCGF4 regulates the cancer stem cell niche mainly 

through increased repression of the Ink4a/Arf locus, which encodes two tumor suppressors.68  

PCGF4 also has roles in other hallmarks of cancer such as proliferation, anti-apoptosis, and 
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metastasis.64 PCGF2, or MEL18, has been shown to have an antagonistic relationship with 

PCGF4 in cancer.64 PCGF2 acts as a tumor suppressor by regulating c-Myc expression.64 

Therefore, downregulation of PCGF2 promotes tumorigenesis and PCGF2 is lowly expressed in 

several cancers including gastric cancer.64,69 RING1B can be upregulated in certain cancers, 

however it has also been shown to have potential activation effects at target genes contrary to 

canonical mechanisms of PRC1 repression.70 In additional complexity, RING1B’s expression in 

breast cancer can be differentially correlated with metastasis or survival depending upon the 

cancer type.70  

 

The CBX family of proteins are also misexpressed in cancer.64 CBX2 is highly expressed in 

brain cancers including neuroblastoma and gliomas.71,72 Neuroblastoma is thought to be 

dependent on CBX2 expression to promote tumorigenesis according to the Cancer Dependency 

Map.73 CBX2 regulates the cancer stem cell population and promotes invasion through the 

Akt/PI3K signaling pathway in brain tumors.71 CBX2 is also highly expressed in Triple Negative 

Breast Cancers (TNBCs), where it contributes to tumorigenesis through the same Akt/PI3K 

pathway.74 CBX2 promotes the invasiveness of breast cancer cells contributing to an aggressive, 

metastatic phenotype.74 High CBX2 expression also strongly correlates with poor prognosis in 

hepatocellular carcinoma and is a potential therapeutic target in gastric cancer as well.75 CBX4 is 

also highly expressed in gastric cancer with a role in maintaining the cancer stem cell niche via 

expression of CDC20, which promotes stemness of the cancer cells.76 Additionally, CBX4’s 

sumoylation activity drives HIF-1a’s expression in hepatocellular carcinoma to support increased 

angiogenesis.77 Pan-cancer meta-analysis for CBX8 demonstrates high correlation with 

carcinogenesis and poor prognosis.78 CBX8 is highly expressed in breast cancer and in 
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leukemia.79,80 In hepatocellular carcinoma, CBX8 upregulates the expression of Bmp4, a known 

oncogene, and thereby induces the epithelial-mesenchymal transition contributing to 

metastasis.81 CBX6 and CBX7 both have more complicated, context-dependent roles in cancer 

development. Alongside CBX2, CBX4, and CBX8, CBX6 is upregulated in hepatocellular 

carcinoma, however it is downregulated in glioblastoma and plays a tumor-suppressive role in 

that cellular context.64 Similarly, CBX7 has a tumor-suppressing role in breast cancer or colon 

cancer where it is lowly expressed.82 However, in gastric cancer or B-cell lymphomas, CBX7’s 

increased expression promotes cancer cell stemness and proliferation.82 Overall, the CBX family 

of proteins may be important cancer biomarkers and potential therapeutic targets.83 Small 

molecules are being developed to target the chromodomain of the CBX proteins to prevent 

binding to H3K27me3 with sufficient specificity.84 While the CBX proteins clearly play a role in 

cancer development, the mechanisms of their contributions to the hallmarks of cancer are under-

explored. This research and other studies will be significant for furthering our understanding of 

this family of proteins as therapeutic targets for drug development.  

 

Generally, CBX2, CBX4, and CBX8 tend to be upregulated in cancer suggests that increased 

phase separation activity caused by increased protein concentration in the nucleus may be linked 

to a functional role in promoting tumorigenesis. Given the emerging role of the CBX family in 

cancer development, we chose to use several cancer cell lines throughout this research. We use a 

neural differentiation assay with the mouse neuroblastoma cell line, Neuro2a, to demonstrate the 

role of CBX2 phase separation in driving the cancer stem cell promoting phenotype of CBX2 in 

neuroblastoma. Additionally, we study CBX2 in a TNBC cell line, 4T1, to examine its role in 

driving an invasive phenotype. Overall, greater understanding of the relationships among PcG 
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protein misexpression, H3K27me3, and Polycomb body formation in establishing and 

maintaining silent chromatin will facilitate the development of new therapeutic opportunities in 

oncology.   
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2.1 Introduction to CBX4 and CBX8  

The CBX family of proteins plays a central role in targeting canonical PRC1 to genes to facilitate 

heterochromatin formation and maintain gene silencing by the PcG proteins.1-4 They have a 

chromodomain that binds to the H3K27me3 mark deposited by PRC2.5 There are likely other 

means of targeting PRC1 to promoters in mammalian cells, but the exact mechanism is 

unknown.6,7 The chromodomains of each CBX protein have different affinities for H3K27me3 

and H3K9me3.8 There has been some contradictory studies of in vitro nucleosome binding by 

the chromodomains of the CBX proteins. One study demonstrated that CBX2 and CBX7 bind 

preferentially to H3K27me3, whereas CBX4 binds preferentially to H3K9me3.8 CBX6 and 

CBX8 did not bind to either mark under the conditions of this assay.8 In contrast, a different 

group demonstrated that CBX8 association with chromatin was mainly drive by its 

chromodomain with preferential binding for H3K27me3 over H3K9me3 alongside DNA 

binding.9 Indeed, CBX8 peaks in ChIP-seq overlap with H3K27me3 peaks by more than 70% in 

K562 and fibroblast cell lines.9 They conclude that binding to H3K27me3 drives CBX8’s 

association with chromatin in vivo.9 Besides the chromodomain, CBX2 has an AT-Hook region 

that binds to DNA and the CBX4 and CBX8 also have AT-Hook like regions, which may play a 

role in DNA targeting.2 The CBX proteins differ greatly in size and amino acid sequence outside 

of the conserved structured domains such as the chromodomain or the C box, and this has been 

shown to facilitate distinct chromatin association patterns in the nucleus.7  CBX2, CBX4, and 

CBX8 all have highly disordered regions at the center of the protein that are strongly 

charged.10,11 Alphafold2 predictions show the central disordered regions as an unstructured cloud 

of spaghetti surrounding the structured domains (Fig. 2.1).12 Proteins that interact with chromatin 

are enriched with IDRs in comparison to the rest of the proteome, suggesting an evolutionary 
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conservation of disorder to facilitate chromatin modulation.13 Their proposed function includes 

regulating intranuclear localization and facilitating higher order complex formation via 

multivalent interactions.13 Nucleic acid targeting may also be specified by the interaction of 

IDRs with more structured binding domains.13,14   
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Figure 2.1 Predicted protein structure for CBX2, CBX4, and CBX8 

CBX2, CBX4, and CBX8 have long disordered regions. Alphafold 2 structure predictions for 

mus musculus CBX2, CBX4, and CBX8.12 
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The behavior of IDRs may be modulated by post-transcriptional modifications.15 CBX2 has an 

enriched serine patch that is known to be phosphorylated.16 Phosphorylation of the CBX2 serine 

rich region contributes to its ability to phase separate.11 CBX4 has a long histidine stretch. 

Histidine rich regions have been shown to play a role in the phase separation of other proteins 

and are often phosphorylated.17-19 CBX8 is known to be phosphorylated by the PIM1 kinase.20 

This phosphorylation promotes the degradation of CBX8 controlling the concentration of CBX8 

in the nucleus to induce senescence in fibroblasts.20 Modification of the CBX4 and CBX8 IDRs 

may play a role in tuning the proposed phase separation activity of these proteins.   

 

The CBX family of proteins are differentially expressed in distinct cell types.21,22 Differences in 

expression levels may help to modulate the silencing of target genes to maintain chromatin states 

specific to a particular tissue.21,22 For example, CBX4 plays an important role in thymus 

development, whereas CBX8 is thought to regulate erythroid differentiation.23,24 There is 

evidence that they often target the same genes, however some studies have shown that they have 

distinct target genes subsets.21,22,25 Additionally, the differential roles of CBX proteins in 

different cancer types suggests that they have unique roles in maintaining distinct cell 

populations.26  

 

Another perspective on the role of CBX proteins includes their potential ability to compensate 

for one another through some overlapping gene targets.2 RING1B knockout leads to defects in 

gastrulation.27 However, knockout of the individual CBX proteins has less severe effects, and 

knockout of CBX2 in spermatogonia upregulates CBX4 and CBX8 expression.2,28 Although it is 

challenging to compare since RING1B is also part of the ncPRC1 complex, this could been 
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interpreted as potential evidence for the redundancy of the CBX proteins. CBX2, CBX4, and 

CBX8 are all found within a 65 kb region of the genome.29 Similarly, CBX6 and CBX7 are 

located together in the genome.29 This suggests that the diversity of the CBX family may have 

come about through evolutionary gene duplication events during mammalian evolution.30 There 

is a single homolog in Drosophila melanogaster known as the Pc gene, whereas the CBX 

paralogs diversified in vertebrates.30 Recent work suggests that ncPRC1 preceded cPRC1 in 

evolution and the CBX family might have evolved as an ortholog of RYBP from ncPRC1 at the 

start of metazoan evolution.31 The expansion of the CBX locus may be related to the increasing 

number of cell types requiring differential silent chromatin states in mammalian development.30  

 

Previous work from the lab characterized the ability of CBX2 to form condensates in vitro and in 

cells.11 Positive charges from its IDR contribute to its ability to phase separate in vitro and form 

condensates in cells.11 These residues are also responsible for the compaction of nucleosomal 

arrays in vitro.10 This suggests that CBX2’s phase separation and compaction activity are 

inextricably linked in its IDR. Thus, this region was named the Compaction and Phase 

Separation (CaPS) region of CBX2.11 Mutations of the same lysine and arginine residues of 

CBX2 in a mouse led to the development of axial transformations effected by Hox gene 

misexpression.32 Thus, there was strong evidence that the CaPS region was important for cPRC1 

function. CaPS-like disordered regions can be found in CBX4 and CBX8 as well. Previous in 

vitro assays demonstrated compaction of nucleosomal arrays by CBX8 as well.10 Therefore, the 

goal of this work was to determine if CBX4 and CBX8 also contribute to phase separation of 

cPRC1 and Polycomb body formation. Additionally, it was hypothesized that the positive 

charges in the IDRs of CBX4 and CBX8 would be important for phase separation activity.  
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2.2 CBX4 and CBX8 form droplets in vitro and condensates in cells  

CBX4 and CBX8 were individually co-expressed with GFP tagged Ring1b as a heterodimer and 

purified from insect cells. The purified proteins form round fluorescent droplets in vitro even at 

low concentrations in physiological salt conditions as visualized by fluorescence microscopy 

(Fig. 2.2). These spherical condensates increase in size with an increase in protein concentration. 

Additionally, in a spin down assay that involves centrifugation of the purified heterodimer, 

CBX4-RING1B and CBX8-RING1B both form condensates at the bottom of an Eppendorf tube 

(Fig. 2.2). Both experiments suggest that CBX4 and CBX8 self-interact to facilitate liquid liquid 

phase separation.  

 

To test if positive charges in the IDRs of CBX4 and CBX8 are responsible for phase separation, 

lysine and arginine residues in the disordered regions were mutated to alanine. The CBX4 and 

CBX8 mutants do not form droplets or condense in the spin-down assay (Fig. 2.2).  This data 

suggests that the positive charges in the CBX4 and CBX8 IDRs are important for in vitro phase 

separation. 
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Figure 2.2 CBX4 and CBX8 in vitro assays 

Lysine and arginine residues in the IDRs of CBX4 and CBX8 drive condensation in vitro.  

Purified CBX4 and CBX8 heterodimerized with mEGFP-RING1B forms droplets in vitro and 

condenses in a spin-down assay. Lysine and arginine mutations in the CBX4 or CBX8 IDRs 

prevent phase separation. Scale bar is 10 m. 
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2.3 CBX4 and CBX8 drive condensate formation in cells  

I examined the behavior of CBX4 and CBX8 in cells by overexpressing mEGFP-CBX4 and 

mEGFP-CBX8 in NIH-3T3 fibroblasts through lentiviral integration and doxycycline induction. 

Both cell lines had bright, fluorescent puncta in the nucleus in live cell imaging on a confocal 

microscope (Fig. 2.3). In contrast, the IDR mutants, mEGFP-CBX4KRA or mEGFP-CBX8KRA, do 

not form puncta in the nuclei of NIH-3T3 cells (Fig. 2.3). Therefore, we conclude that the 

positive charges in the IDRs of CBX4 and CBX8 contribute to condensate formation in cells.  

 

Although the IDRs of CBX2, CBX4, and CBX8 seem to have similar functions in driving in 

vitro phase separation and condensate formation in cells, they are different in amino acid 

composition and length. Perhaps these differences alter the dynamics of the condensates formed 

in cells. In order to study these dynamics, Fluorescence Recovery After Photobleaching (FRAP) 

was performed on mEGFP-CBX4 and mEGFP-CBX8 puncta in NIH-3T3 cells (Fig. 2.3).  Both 

show full recovery within sixty seconds similarly to CBX2.11 This recovery time is also similar 

to FRAP recovery for the nucleolus, a well-established liquid liquid phase separated nuclear 

body.33 The unrecovered fraction, which is ~30% for CBX4 and ~10% for CBX8, is likely an 

immobile chromatin bound fraction of respective CBX proteins. Previous data on CBX2 shows 

~30% immobile fraction.11 This may indicate that less CBX8 is bound in this cell line, which is 

in line with in vitro data suggesting that CBX4 and CBX2 both have stronger affinities for 

H3K27me3 than CBX8.8 CBX4 puncta are also more stable than CBX8 puncta with CBX8 being 

more highly dynamic. The half-time for CBX4 recovery is 27 seconds whereas the half-time for 

CBX8 recovery is 15 seconds. This is consistent with previous findings in U2OS cells.34 

Previous FRAP data for CBX2 shows a similar half-life.11 Concerns have been raised over the 
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use of FRAP to quantify phase separation activity.35 With this in mind, FRAP is most likely a 

qualitative perspective for CBX dynamics. Regardless, this data demonstrates that CBX4 and 

CBX8 diffuse dynamically into nuclear Polycomb bodies in a manner that is consistent with 

LLPS.     

 

Additionally, the dynamics of CBX2, CBX4 and CBX8 phase separation were explored with the 

use of OptoDroplet technology.36 Fusion of Cry2, a light inducible homo-oligomerizing protein 

from Arabidopsis thaliana, and mCherry to CBX2, CBX4, and CBX8 allows for light induction 

of Polycomb bodies in NIH-3T3 cells.36 The N-terminus of FUS, a classic phase separating IDR, 

was used as a control. Droplets were induced with blue light activation for one minute and then 

the rate of droplet dissolution was measured with the hypothesis that weaker multivalent 

interactions would lead to higher dissolution rates. Consistent with this theory, CBX8 droplets 

seem to dissolve the fastest when the blue light is turned off (Fig. 2.3). However, the differences 

between the dissolution rates for CBX2, CBX4, and CBX8 were not statistically significant. 

Encouragingly, droplets formed by CBX2, CBX4, or CBX8 dissolved at similar rates to droplets 

formed by FUS. This assay likely does not have the resolution to truly differentiate the phase 

separation dynamics of distinct CBX proteins, however it does give an interesting perspective on 

the potential relative strengths of homotypic and heterotypic interactions within Polycomb 

bodies. Although these dynamics may be dependent on protein expression in the nucleus, and the 

particular cellular context of distinct cell lineages. Overall, examination of live cell dynamics for 

CBX2, CBX4, and CBX8 demonstrate that they are relatively similar in their abilities to phase 

separate, perhaps unsurprising given that they often colocalize at target genes in the same 

Polycomb bodies.    
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Figure 2.3 CBX4 and CBX8 form condensates in cells 

Lysine and arginine residues in the IDRs of CBX4 and CBX8 drive dynamic condensates in 

live cells. mEGFP-tagged CBX4, CBX8, CBX4KRA, and CBX8KRA, were expressed in NIH-3T3 

cells by lentivirus integration and imaged by live cell confocal microscopy. Scale bar is 10 m. 

Fluorescence Recovery After Photobleaching (FRAP) was performed on mEGFP-CBX4 and 

mEGFP-CBX8 puncta to measure dynamics. OptoDroplet constructs were used to compare the 

rates of droplet dissolution for CBX2, CBX4, CBX8 and the FUSIDR.36 
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2.4 Conclusions and future directions 

CBX4 and CBX8 phase separate in vitro and form condensates in cells. This confirms that CBX4 

and CBX8 are more similar to CBX2 and distinct from CBX7, which does not phase separate in 

vitro.11,37 Further characterization of CBX4 and CBX8 phase separation activity will include in 

vitro phase diagrams and assays to measure nucleosomal array incorporation for purified CBX4 

and CBX8 containing cPRC1.  Phase diagrams for CBX4 and CBX8 would indicate the 

threshold concentration required for in vitro phase separation, which should be in the range of 

intracellular concentrations of the protein to confirm LLPS in cells.38 CBX2 has been shown to 

coat nucleosomal arrays before initiating condensate formation in TIRF microscopy 

experiments.39 It would be interesting to compare CBX4 and CBX8 to CBX2 in these types of 

assays to further understand the differences between the paralogs and the impact of their distinct 

IDR composition on nucleosome compaction and thresholds of condensate formation.   

 

CBX6 and CBX7 are typically expressed in the embryonic stem cell stage.40,41 CBX2, CBX4 and 

CBX8 turn on as cells differentiate.21 Therefore, it would be helpful to understand the 

cooperativity or competition between CBX2, CBX4, and CBX8 driven Polycomb bodies. CBX2 

has previously been shown to concentrate CBX4 in condensates, but to disperse CBX8 

condensates.42 The relationship between these paralogs may be distinct in different cell types. 

Measuring all three endogenous paralogs in the same cell by single molecule tracking would help 

to illuminate the relative dynamics of these proteins in condensates. Previous single molecule 

tracking studies suggest low target occupancy of cPRC1.43 This might seem counterintuitive to 

stable repression, but it likely highlights the importance of the liquid-like dynamics contributed 

by each of the CBX proteins to Polycomb body function in repression. Co-IP of RING1B 
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coupled with mass spec methods could be used to determine the stoichiometry of CBX paralogs 

in cPRC1 complexes throughout multiple cell lines. The ratio of CBX2, CBX4, and CBX8 found 

at different genomic loci and the corresponding chromatin state or transcriptional profile of the 

gene would give insight into the relationship between Polycomb body composition and gene 

repression.   

 

The relationship between Polycomb body dynamics and cPRC1 DNA binding is also unclear. 

DNA Fluorescence In Situ Hybridization (FISH) combined with Immunofluorescence could be 

used to visualize the colocalization of CBX4 and CBX8 containing Polycomb bodies with 

canonical target genes such as the Hox clusters. It is known that often the CBX proteins co-

occupy target genes, however they can also have different targets depending on the cell 

type.21,22,25 Profiling of CBX target genes in the NIH-3T3 cell lines by CUT&RUN or ChIP-seq 

with CBX4 or CBX8 would give insight into targeting of CBX4 and CBX8, which are 

endogenously expressed in this cell line. CBX2 is also expressed in this cell line at very low 

levels. Comparison of binding profiles for each CBX and the effect of overexpression of each 

could distinguish the effect of increasing protein concentration in the nucleus on genomic 

targeting.  

 

Mutation of all lysine and arginine residues in the CBX4 and CBX8 IDRs strongly impacted the 

ability of CBX4 and CBX8 to phase separate. However, these mutants represent drastic changes 

to the amino acid composition of these proteins. Narrowing down the minimum number of 

positive charges that drive phase separation would be a necessary next step. For example, the 

positive charges in the first half of CBX2’s IDR seem to be most important for driving its phase 
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separation activity.11,37 CBX4 has a pattern of alternating charged and uncharged stretches in its 

disordered region. This type of distribution pattern has been shown to be important in phase 

separation of other transcriptional regulators such as MED1.44 The blocks of charge are thought 

to give a sticker and spacer arrangement that facilitates multivalent interactions.44 Shuffling of 

these blocks of charge within the CaPS-like region of CBX4 could be studied. Additionally, 

CBX4 has a stretch of histidine repeats, which have been shown to regulate transcriptional 

control via phase separation.45 The histidine-rich region of the Positive transcription elongation 

factor b (P-TEFb) allows for phase separation partitioning with RNA Polymerase (Pol) II and 

hyperphosphorylation of Pol II’s C terminal domain.45 Further work to examine the impact of 

this histidine stretch, by mutation or deletion, on CBX4 phase separation in vitro and in cells 

would further our understanding of key amino acid drivers of CBX family condensation activity.  

 

The regulation of Polycomb condensate formation is another underexplored topic. Post-

translational modifications are known to regulate other nuclear bodies.15 Previous work has 

shown that serine phosphorylation of CBX2 is important for its ability to phase separate in 

cells.11 CBX8 is also phosphorylated in its disordered region.20 Mutations could be made to the 

phosphorylated amino acids to understand the significance of phosphorylation in CBX8 phase 

separation. The PIM1 kinase has been shown to phosphorylate CBX8.20 A PIM1 inhibitor could 

also be used to visualize the effects of phosphorylation on CBX8 phase separation, although this 

approach may have more non-specific effects given PIM1’s other target proteins.  

 

In contrast to the other CBX paralogs, CBX4 is an E3 SUMO ligase that also contains two 

SUMO Interaction Motifs (SIMs) that affect its sumoylation activity. Mutations of these SIMs 



   42 

has been shown to alter recruitment of CBX4 to Polycomb bodies and decrease the downstream 

sumoylation of proteins such as CtBP.46 Studies on other condensate forming proteins have 

shown that sumoylation can play a role in phase separation.47 Purification of a SUMO-modified 

CBX4 or SIMs deletion mutant will be useful for understanding the effect of this PTM on in 

vitro phase separation. Deletion of the SIMs in endogenous CBX4 by CRISPR could also 

measure the impact of the SIMs on CBX4 localization to the genome and the effect on the 

recruitment of other CBX proteins to Polycomb bodies. Overall, the impact of CBX4’s 

sumoylation activity on its canonical role in PRC1 repression should be more thoroughly 

examined.   

 

This work demonstrates that CBX4 and CBX8 can also drive the phase separation of cPRC1 in a 

similar manner to CBX2. Lysine and arginine residues in the disordered regions of these proteins 

are important for generating phase separation activity. There are minor differences in the 

dynamics of CBX2, CBX4, and CBX8 that deserve further elucidation. Already this points to a 

system where the evolution of distinct CBX paralogs may tune condensate formation to adjust 

Polycomb-mediated repression. This may come about both through the relative levels of CBX2, 

CBX4, and CBX8 protein expression in each cell type or differential relative stoichiometry of 

CBX-containing cPRC1 complexes within Polycomb bodies or bound at Polycomb target genes.  

Further research will correlate the comparative dynamics of CBX2, CBX4, and CBX8 phase 

separation and the ability to suppress target genes. A recent preprint on CBX8-PRC1 suggests a 

porous chromatin structure that allows for both static chromatin and dynamic diffusion of CBX8-

cPRC1 through multivalent interactions with histone tails, DNA, and nucleosomes.48 This may 

contradict more simplistic hypotheses that Polycomb condensates form as impenetrable globules. 
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However, although the CBX8-cPRC1 structures are porous to cPRC1 complexes there is still 

proposed to be size exclusion of large transcription factors at target sites.48 This contributes to a 

view of Polycomb bodies as dynamic nuclear structures in line with single molecule studies and 

FRAP dynamics while maintaining static, closed chromatin that is inaccessible to transcription 

machinery.43 Perhaps the ratio of different CBX proteins present at a particular genomic locus 

tunes accessibility to transcriptional activators or the maintenance of gene repression. Further 

experiments to test the correlation of accessibility with cPRC1 composition will be required. 

Overall, the CBX4 and CBX8 data herein presented supports the hypothesis that phase 

separation and compaction can be attributed to an intrinsically disordered region that is 

functionally conserved even while amino acid composition has evolved variation between 

paralogs for tunable function of cPRC1. More generally, this work supports a growing body of 

evidence that cells use nuclear phase separation to regulate transcriptional control within the 

chromatin environment.   

 

As discussed in Chapter 1, CBX4 and CBX8 have distinct roles in cancer.49 Changes in CBX 

protein expression by gene amplification or misregulation of expression are often culprits in 

disease pathology.22,26,49 This suggests that phase separation, which is sensitive to protein 

concentration, may play a role in CBX4 and CBX8 function in disease. Further understanding 

the mechanisms of CBX4 and CBX8 phase separation and their role in driving Polycomb-

mediated repression will give further insight into CBX4 or CBX8-dependent cancers. Small 

molecules have been designed to target CBX4 and CBX8. UNC3866 has been developed to 

inhibit the chromodomain of CBX4, although selectivity amongst CBX proteins is still a 

challenge.50 Treatment of hepatocellular carcinoma cells with UNC3866 suppressed tumor 
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growth in xenograft mouse models.50 In contrast, UNC7040 has been developed as a positive 

allosteric modulator of CBX8 that displaces CBX8 from H3K27me3 binding.51 Treatment of 

colorectal cancer cells with this compound led to decreased proliferation, suggesting a CBX8 

dependency in this type of cancer.51 In the future, developing small molecules to modulate CBX4 

and CBX8 condensate formation may be a potential strategy to target disease pathology in many 

different cancer types.  
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2.5 Materials and methods  

Protein Purification 

Fastbac plasmids containing cDNA encoding Flag-tagged CBX4 or CBX8 and mEGFP-tagged 

RING1B were used to make baculovirus utilizing the Bac-to-Bac system from Thermo Fisher. 

Sf9 cells were infected with baculovirus and incubated with gentle shaking for 72hr at 27°C to 

express proteins. Sf9 cells were harvested by centrifugation. Nuclear extracts were prepared as 

follows on ice. Harvested Sf9 cells were washed once with PBS and then spun down and 

resuspended in Hypotonic buffer (10 mM Hepes pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.2 mM 

PMSF, 0.5 mM DTT) at 2x the pelleted cell volume. Spun down for 5 min at 3000 rpm, then 

resuspended in Hypotonic buffer at 3x the pelleted cell volume. The cells were incubated on ice 

for 10 minutes. Then, the cells were transferred to a dounce homogenizer and dounced for ~25 

strokes. The cells were transferred to 50mL Falcon tubes and centrifuged for 15 min at 4000 

rpm. The cytoplasmic supernatant was removed. The sample was resuspended in low salt buffer 

(20 mM HEPES pH 7.9, 25% glycerol, 1.5 mM MgCl2, 0.02 M KCl, 0.2 mM EDTA, 0.2 mM 

PMSF, 0.5 mM DTT) at half the pelleted nuclei volume. The same volume of high salt buffer (20 

mM HEPES pH 7.9, 25% glycerol, 1.5 mM MgCl2, 1.2 M KCl, 0.2 mM EDTA, 0.2 mM PMSF, 

0.5 mM DTT) was added drop-wise to the tube while vortexing at low speed.  The tube was 

placed on a rotator at 4oC for 30 minutes. Then the sample was spun at 14,500 rpm for 30 min, 

The nuclear extract was removed to new tubes and the pellet was discarded. The nuclear extract 

was incubated with anti-Flag M2 affinity resin (Sigma) for 2 hr and then washed with BC buffer 

(20 mM HEPES 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 KCl. The resin was 

washed with BC buffer containing increasing concentrations (300, 600, 1200, and 2000 mM) of 
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KCl and then washed with BC buffer in decreasing order of KCl concentration to 300 mM KCl. 

Proteins were eluted from the resin using BC buffer containing 300 mM KCl and 0.8 mg/mL of 

Flag peptide. Fractions were taken every 30 min for several hours. The purity of the protein was 

assessed by Coomassie staining. The fractions were combined and concentrated using Amicon 

Ultra-4 centrifugal filter units and the protein samples quantified by Bradford assay.  

 

Spin Down Assay  

Purified protein was diluted into Eppendorf tubes on ice with buffer containing a final 

concentration of 20 mM HEPES (pH 7.9), 100 mM KCl, and 1 mM MgSO4.  

The samples were incubated at room temperature for 5 minutes and then centrifuged at 10,000 g 

for 5 minutes. The tubes were then visualized with a UV light box.   

 

Droplet Assay  

Purified mEGFP-tagged RING1B heterodimerized with CBX4 or CBX8 was diluted proteins in 

buffer containing a final concentration of 20 mM HEPES (pH 7.9), 100 mM KCl, and 1 mM 

MgSO4 on ice. The solution was pipetted onto glass slides with coverslips. Samples were imaged 

at room temperature with a Nikon 90i Eclipse epifluorescence microscope equipped with an 

Orca ER camera (Hamamatsu). A 100× oil objective and images were collected using Volocity 

software (Perkin Elmer). 
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Cell Culture 

NIH-3T3 cells were obtained from the American Type Culture Collection (ATCC) and cultured 

in sterile filtered DMEM with 10% Fetal Bovine Serum (FBS) and penicillin/streptomycin 

(100U/mL).  

HEK293T cells were a gift from the lab of Prof. Paul Lehner (CITIID, Cambridge, UK). They 

were cultured in sterile filtered IMDM with 10% FBS and penicillin/streptomycin (100 U/mL).  

All cell lines were grown at 37o C with 5% CO2.   

 

Lentiviral Cell Line Generation   

Second generation lentiviral plasmids, pCMVR8.91 and pMD.G were transfected into 

HEK293T cells alongside the lentiviral vector containing the transgene of interest using the 

TransIT-293 Reagent from Mirus bio. The viral supernatant was harvested and filtered after 48 

hours. The viral supernatant was used fresh or stored at -80oC. NIH-3T3 cells were seeded at 

0.5*10^5 cells/mL in a 24 well plate. After 24 hours, the media was aspirated from the 24 well 

plate and 1mL of the desired viral supernatant was used to transduce the cells. The cells were 

incubated with virus for 4-6 hours at 37o C. Then, the virus was removed and replaced with 

regular growth media. After 48 hours, the cells were selected in puromycin at 1ug/mL for several 

days. For the cell lines transduced with a GFP or mCherry containing transgene, the selected 

lines were sorted on a BD FACS Melody cell sorter for high GFP or high mCherry expression.  

 

Live Cell Imaging 

Cell lines were seeded on round glass bottom dishes from Mattek at 0.5*105 cells/mL and 

incubated overnight in imaging media, DMEM without phenol red supplemented with 10% FBS. 
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Expression of GFP-CBX4 and GFP-CBX8 was induced in the engineered NIH-3T3 cell lines 

with doxycycline at 1ug/mL concentration. Twenty-four hours later, the samples were imaged on 

a confocal Nikon A1R with a temperature-controlled live cell chamber at 63x magnification. Z-

stack images were generated with 0.25uM intervals through the whole cell. Z-stacks were 

collapsed using Max intensity settings on FIJI.   

 

Fluorescence Recovery After Photobleaching (FRAP)  

FRAP was performed on a Nikon A1R confocal microscope. Images were acquired every 2 sec 

for 90 sec (45 frames). The first few frames were collected before the bleach pulse to determine 

the baseline fluorescence. A circular region of interest (ROI) was selected for bleaching puncta 

with 100% laser power (488 nm). FRAP curves were generated used the FIJI plugin FRAP 

Profiler V2. Fluorescence was normalized to the whole cell to account for bleaching over the 

timecourse of the experiment. The difference between the normalized FRAP intensity before and 

at the first frame after bleach pulse was calculated and normalized to 100%. FRAP recovery 

measurements were averaged over 10-15 replicates in different cells. The immobile fraction was 

estimated as the percentage of fluorescence intensity unrecovered when the recovery curve levels 

out. The half-life was calculated as the amount of time for recovery to reach half of the final 

recovered fluorescence. 

 

OptoDroplet Residency Assay  

OptoDroplet plasmids from Cliff Brangwynne’s lab were ordered from Addgene. CBX2, CBX4, 

and CBX8 cDNA was cloned into the plasmid backbone to generate the fusion protein with 

Cry2, and mCherry. NIH-3T3 cells expressing these constructs were engineered as described 
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above. Cell lines were seeded on round glass bottom dishes from Mattek at 0.5*105 cells/mL and 

incubated overnight in imaging media, DMEM without phenol red supplemented with 10% FBS. 

Twenty-four hours later, the samples were imaged on a confocal Nikon A1R with a temperature-

controlled live cell chamber at 63x magnification. The Cry2 protein was activated by a minute of 

blue light exposure (488 nm). Then, the blue light was turned off and the mcherry signal was 

imaged for 2 min.  Round ROIs of the induced puncta were selected using FIJI and the 

fluorescence of these ROIs was quantified across the timecourse. The average slope for 

fluorescence change over the timecourse was measured as the rate of droplet dissolution.  
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3.1 Summary and acknowledgements 

Polycomb Group (PcG) proteins play an essential role in development through the maintenance 

of repressed chromatin states. Proper axial patterning in mice, condensate formation in cells, and 

nucleosome compaction in vitro, are driven by the Intrinsically Disordered Region (IDR) of 

CBX2, a subunit of canonical Polycomb Repressive Complex 1 (cPRC1). To investigate the 

significance of phase separation activity, we fused a condensate deficient CBX2 IDR mutant to 

heterologous IDRs. The FUS IDR functionally rescued the CBX2 mutant in a neuronal lineage 

by inducing Polycomb body formation and suppressing neurite elongation. The fusion construct 

binds to similar genomic targets as wildtype cPRC1 and represses transcription. Orthogonal 

phase separation activity is sufficient to rescue CBX2 function, demonstrating the central role of 

phase separation in Polycomb-mediated epigenetic regulation. 
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3.2 Introduction to CBX2 in Polycomb epigenetic regulation 

Polycomb Group (PcG) proteins play a conserved and crucial role in development by regulating 

chromatin accessibility, silencing genes, and maintaining cell identity.1,2,3,4,5 Noncanonical 

Polycomb Repressive Complex 1 (ncPRC1) catalyzes H2AK119ub1 and this histone mark 

recruits Polycomb Repressive Complex 2 (PRC2) stimulating deposition of H3K27me3.6,7,8,9 

Canonical PRC1 (cPRC1) recognizes the H3K27me3 mark via the chromodomain of the CBX 

subunit and plays a structural role in compacting the surrounding chromatin while also 

generating long-distance chromatin contacts.9,10 Consistent with their role as developmental 

regulators, PcG proteins are often misexpressed in cancer, leading to repression of tumor 

suppressor genes or maintenance of the cancer stem cell niche.11,12 CBX2 overexpression 

correlates with poor prognosis in several cancers.12,13,14 

 

The CBX2 protein has the strongest chromatin compaction activity of the CBX paralogs and 

contains a long, charged IDR referred to as the Compaction and Phase Separation (CaPS) 

region.15,16,17 Mutation of twenty-three lysines and arginines in this region of CBX2 (CBX2KRA) 

prevents chromatin compaction and phase separation in vitro, obviates the formation of nuclear 

puncta known as Polycomb bodies in live cells, and causes homeotic transformation in 

mice.18,19,20 Polycomb bodies were first identified as nuclear foci in 1998,21 and their role in gene 

regulation has been studied in several systems.22 Phase separation has been proposed as a 

mechanism for genome regulation by concentrating and compartmentalizing select biomolecules 

in the context of a crowded nuclear milieu.23,24,25 Numerous studies highlight the potential role 

for phase separation in the regulation of active and repressive chromatin,26-40 presenting it as a 

compelling model for transcriptional control. Recently, different amino acid sequences that 
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promote phase separation have been shown to aid in concentration of specific proteins in 

transcriptional condensates, supporting a direct role for condensate formation in regulatory 

mechanisms.28,37 However, establishing a clear link between condensate formation and 

regulatory function has been challenging.38 Here, we investigate the role of phase separation in 

CBX2 biology, specifically in two cancer cell models with known CBX2 involvement. We show 

that a heterologous IDR with no biological or sequence similarity to the CBX2 IDR can rescue 

PRC1 epigenetic function, both at a phenotypic and at a molecular level. These experiments 

support a key functional role for CBX2’s phase separation activity in driving Polycomb-

mediated gene repression.  

 

3.3 Heterologous IDRs induce orthogonal phase separation of Polycomb condensates 

Inspired by optogenetic phase separation tools,41 we developed a chemogenetic system to 

explore cellular phenotypes of Polycomb function. To test whether we could induce condensate 

formation of CBX2KRA, the CBX2 phase separation deficient mutant, with heterologous IDRs, 

we engineered constructs with an FKBP (F36V variant) homodimerizing protein. We used well-

characterized, phase separating IDRs of varied amino acid composition derived from proteins 

with distinct cellular functions. For example, FUS is involved in transcription, splicing, DNA 

damage repair and cytoplasmic stress granule formation.42,43,44,45 HNRNPA1 plays a role in RNA 

metabolism, splicing, and transport.46 MED1 regulates transcriptional activation as part of the 

mediator complex.47 We generated a fusion construct including the IDR, mEGFP, FKBP(F36V), 

and CBX2KRA (Fig. 3.1A).48 We also designed three control constructs: one of the wildtype 

CBX2 protein without an additional IDR, one of CBX2KRA without an IDR, and one of 

CBX2KRA with the first half of the CBX2 IDR, shown to be sufficient for phase separation 
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activity in previous work (Fig. 3.1A).49 These constructs were stably expressed in Neuro2a (N2a) 

cells via lentivirus transduction. The cell lines expressing the following constructs are hereafter 

referred to by their shortened, bolded names shown in Fig. 1A and listed here: mEGFP-

FKBP(F36V)-CBX2 (CBX2WT), mEGFP-FKBP(F36V)-CBX2KRA (CBX2KRA), FUSIDR- 

mEGFP-FKBP(F36V)-CBX2KRA (FUSIDR), HNRNPA1IDR-mEGFP-FKBP(F36V)-CBX2KRA 

(HNRNPIDR), MED1IDR- mEGFP-FKBP(F36V)-CBX2KRA (MED1IDR), CBX2IDR-mEGFP-

FKBP(F36V)-CBX2KRA (CBX2IDR). The rapalog, AP20187, induces homodimerization of the 

FKBP(F36V) protein and generated bright nuclear GFP puncta for the FUSIDR, HNRNPIDR, 

MED1IDR, and CBX2IDR lines (Fig. 3.1B). Homodimerization of FKBP(F36V) brings the fused 

IDRs into proximity and promotes the weak multivalent homotypic interactions that promote 

condensate formation. The nuclear puncta formed by different IDRs are qualitatively different in 

size and number as seen in live cell imaging (Fig. 3.2A). The CBX2KRA line did not generate 

condensates (Fig. 3.1B). We conclude that heterologous IDRs can rescue CBX2 puncta 

formation in cells.  

 

We performed immunofluorescence experiments with the FUSIDR line to study condensate 

composition. The GFP signal of the FUSIDR construct colocalized with that of endogenous 

cPRC1 subunits including CBX2, RING1B, BMI-1, and PHC2 suggesting that these condensates 

can recruit all components of the full cPRC1 complex (Fig. 3.1C). Interestingly, the FUSIDR 

induced condensates also weakly concentrate CBX4 and CBX7, which are highly expressed in 

N2A cells (Fig. 3.2B). CBX8 is lowly expressed in N2a cells and not specifically concentrated in 

the condensates (Fig. 3.2B). This echoes recent work which demonstrates that CBX2 is 

mechanistically responsible for concentrating other CBX proteins with weaker phase separation 
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activity.38 However, the Polycomb bodies generated in the FUSIDR line do not concentrate 

members of the PRC2 complex such as EZH2, EED or SUZ12 (Fig. 3.1C). This is consistent 

with previous studies demonstrating that cPRC1 is more stably bound to chromatin than PRC2 

and the nucleation of CBX2 condensates is independent of H3K27me3.50,51 Additionally, non-

canonical PRC1 (ncPRC1) is not enriched in the FUSIDR condensates, as shown by staining of 

RYBP (Fig. 3.2B). These results agree with single molecule tracking studies that suggest cPRC1 

is more stably bound to chromatin and is more enriched in Polycomb bodies than ncPRC1.52,53 

H3K27me3 and H2AK119ub1, demonstrate diffuse staining throughout the nucleus that is not 

specifically enriched in the induced puncta consistent with a model of histone modifications 

widely deposited by dynamic Polycomb complexes as a blanket across the genome.54 Moreover, 

the FUS condensates did not colocalize with proteins or histone marks involved in active 

transcriptional processes such as the RPB1 subunit of RNA Polymerase II (Fig. 3.1C), H3K27ac 

(Fig. 3.1C), SMARCC1/BAF155 (Fig. 3.1C), or H3K4me3 (Fig. 3.2B). We conclude that 

condensates induced by the FUSIDR fusion are consistent with the composition of typical 

Polycomb bodies in cells.  
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Heterologous IDRs induce Polycomb body formation of the CBX2 phase separation mutant. 

(A) Schematic of cPRC1 condensate formation induced by the FUSIDR fusion to mEGFP, 

FKBP(F36V), and the CBX2 phase separation mutant, CBX2KRA. Protein constructs designed for 

the CBX2WT, CBX2KRA, FUSIDR, HNRNPIDR, MED1IDR, and CBX2IDR cell lines. (B) Z-

projections of live cell images at 63X magnification of Neuro2a (N2a) cells expressing the 

CBX2WT, CBX2KRA, FUSIDR, HNRNPIDR, MED1IDR, and CBX2IDR fusion constructs from (A). 

The scale bar is 10 m. (C) Immunofluorescence staining for GFP in the FUSIDR line shown 

pairwise with staining for cPRC1 subunits: CBX2, RING1B, BMI-1, and PHC2; histone 

modifications: H3K27me3, H2AK119ub1, H3K27ac; and active transcription markers: RPB1 

subunit of RNA Pol II, and the SMARCC1/BAF155 subunit of SWI/SNF. Images show a single 

z-plane at 100x magnification. The scale bar is 10 m. 
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Figure 3.1 Heterologous IDRs can induce Polycomb bodies 
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Puncta quantification of IDR condensates, additional immunofluorescence experiments for 

FUSIDR condensates, and images for CBX2 KD and overexpression in the neural 

differentiation assay. (A) Quantification of puncta size for the CBX2KRA, FUSIDR, HNRNPIDR, 

MED1IDR, and CBX2IDR lines in square pixels. P-values calculated by two-tailed t-test are as 

follows: CBX2IDR vs. FUSIDR (****, <0.0001), CBX2IDR vs. HNRNPIDR (**, 0.0013), CBX2IDR 

vs. MED1IDR (N.S., 0.1156). Quantification of the average number of puncta per cell for the 

CBX2KRA, FUSIDR, HNRNPIDR, MED1IDR, and CBX2IDR lines. P-values calculated by two-tailed 

t-test for 15 cells per line are as follows: CBX2IDR vs. CBX2KRA (****, <0.0001), CBX2IDR vs. 

FUSIDR (***, 0.0007), CBX2IDR vs. HNRNPIDR (**, 0.0014), CBX2IDR vs. MED1IDR (N.S., 

0.6186). (B) Immunofluorescence staining for GFP in the FUSIDR line shown pairwise with 

staining for cPRC1 subunits: CBX7, CBX4, CBX8, and PHC1; ncPRC1 subunit: RYBP; and 

histone mark, H3K4me3. The scale bar is 10 m. (C) Additional fluorescent images of 

membrane staining were taken at 20x magnification after 24hr differentiation for the control 

shRNA and CBX2 shRNA lines. (D) Z-projections of live cell imaging for mEGFP-CBX2WT and 

mEGFP- CBX2KRA overexpression lines. Scale bar is 10 m. (E) Western Blot with CBX2 and 

Histone 3 antibodies for the N2a, mEGFP-CBX2WT overexpression, and mEGFP-CBX2KRA 

overexpression lines. (F) Representative fluorescent images of membrane staining at 20x 

magnification after 24hr differentiation for the wildtype N2a, mEGFP-CBX2WT, and mEGFP-

CBX2KRA overexpression lines. Scale bar is 100 m. 
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Figure 3.2 Puncta quantification, immunofluorescence, and neurite assay development 

 

 

 



   66 

3.4 Overexpression of CBX2KRA  fails to repress neurite elongation  

To test if condensates formed by the heterologous IDRs can also rescue Polycomb biological 

function, we established a protocol to measure a previously reported neural differentiation 

phenotype in cells.55 Data from the Cancer Dependency Map show that neuroblastomas depend 

significantly on CBX2 expression for tumor development.56 Results from human neuroblastoma 

cell lines demonstrated that CBX2 prevents neurite outgrowth during differentiation to maintain 

a more cancer stem cell-like phenotype.55 In agreement with previous studies,55 we found that 

knockdown of CBX2 in the N2a mouse neuroblastoma cell line leads to a significant increase in 

the proportion of cells that differentiate and develop neurites, whereas overexpression of CBX2 

leads to a decrease in neurite extension across three biological replicates of the differentiation 

(Fig. 3.3A). We found that 49% of cells differentiated in the control condition, while 74% of 

cells differentiated in the CBX2 knockdown condition (Fig. 3.3A, 3.2C). In contrast, 

overexpression of an mEGFP-tagged CBX2WT results in significant repression of neurite growth 

during differentiation, with 38% differentiation compared to the 75% differentiation of the 

wildtype N2a cell line (Fig. 3.3B, 3.2D-F). However, overexpression of mEGFP-tagged 

CBX2KRA fails to repress neurite growth. The percent of neurite-forming cells in the mutant 

overexpression is not significantly different from the wildtype N2a cells at 74%, but nearly 

double the 38% percent differentiation of the mEGFP-CBX2WT overexpressing cells (Fig. 3.3B, 

3.2D-F). These results indicate that the region of CBX2 necessary for phase separation is also 

necessary for its pathogenic role as a negative regulator of neural differentiation to maintain a 

cancer stem cell-like state.  
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Lysine and arginine residues required for CBX2 phase separation are necessary for repression 

of neurite formation in N2a cells. Heterologous IDRs can phenotypically rescue the CBX2 

phase separation mutant. (A) Knockdown of CBX2 by shRNA in N2a cells was compared to a 

scrambled control shRNA treatment as shown by Western Blot with CBX2 and Histone 3 

antibodies. Representative fluorescent images of membrane staining were taken at 20x 

magnification after 24hr differentiation. Scale bar is 100 m. Quantification of the percent of 

neurite-forming cells in the CBX2 knockdown experiment. The P-value was calculated by two-

tailed t-test for three independent differentiations (~200 cells per replicate): control shRNA vs. 

CBX2 shRNA (**, P-value = 0.0024). (B) Quantification of the percent of neurite-forming cells 

in the wildtype N2a, mEGFP-CBX2WT overexpression, or mEGFP- CBX2KRA overexpression. P-

values were calculated by two-tailed t-test for three independent differentiations (~150 cells per 

replicate): N2a vs. mEGFP-CBX2WT (**, P-value = 0.0012), N2a vs. mEGFP-CBX2KRA (N.S., 

P-value = 0.8490), mEGFP-CBX2WT vs. mEGFP-CBX2KRA (***, P-value = 0.0007). (C) 

Quantification of the percentage of neurite-forming cells in the CBX2KRA, FUSIDR, HNRNPIDR, 

MED1IDR, and CBX2IDR lines after 24hr differentiation. P-values were calculated by two-tailed t-

test for three independent differentiations (~150 cells per replicate): CBX2KRA vs. FUSIDR (**, P-

value = 0.002), CBX2KRA vs. HNRNPIDR (*, P-value = 0.02), CBX2KRA vs. MED1IDR (N.S., P-

value = 0.12), and CBX2KRA vs. CBX2IDR (***, P-value = 0.0006). Representative fluorescent 

images of membrane staining were taken at 20x magnification after 24hr differentiation. Scale 

bar is 100 m. 
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Figure 3.3 Heterologous IDRs can rescue a CBX2 mutant phenotype 
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3.5 The FUSIDR rescues CBX2KRA in a neural differentiation phenotype 

We used this neural differentiation assay to compare biological function of induced phase 

separation using the cell lines expressing the IDR fusion constructs (Fig. 3.1A.) Strikingly, only 

27% of cells differentiate in the FUSIDR cell line as compared to 80% of cells differentiating in 

the CBX2KRA cell line (Fig. 3.3C). The FUSIDR line has similar levels of neurite formation as the 

CBX2IDR line in that ~30% of cells differentiate in both cases. In the HNRNPIDR line, neurite 

formation is less significantly suppressed – 55% of cells develop neurites, and the MED1IDR line 

is not significantly different from the CBX2KRA line (Fig. 3.3C). These conclusions hold true 

when we change quantification strategy to average neurite length per cell (Fig. 3.4A). As a 

control, we tested overexpression of the FUSIDR-mEGFP-FKBP portion of the construct alone 

without fusion to the CBX2 mutant. This construct does not form nuclear condensates, nor does 

it impact differentiation (Fig. 3.4C). Additionally, we tested whether the phenotypic rescue by 

the FUSIDR requires CBX2 binding to H3K27me3 (chromodomain) or interaction of CBX2 with 

the rest of cPRC1 (C box) (Fig. 3.1A). We found that the deletion of either domain in the 

FUSIDR-mEGFP-FKBP-CBX2KRA construct abolishes the neurite repression effect (Fig. 3.4C). 

These two deletions are known to strongly impair CBX2 function by preventing binding to 

H3K27me3 (CDdel) or by preventing the interaction of CBX2 with the rest of cPRC1 (Cboxdel). 

Thus, rescue by the FUSIDR fusion requires the same domains for function as normal CBX2.  
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Neurite assay control experiments and quantification of RNA and protein in cell lines used 

in RNA-seq and CUT&RUN. (A) Alternative quantification of neurite assay for the 

CBX2KRA, FUSIDR, HNRNPIDR, MED1IDR, and CBX2IDR lines achieved by dividing the total 

measured neurite length by the total number of cells. P-values calculated by two-tailed t-test 

(~130 cells scored per replicate) are as follows: CBX2KRA vs. FUSIDR (**, 0.0032), CBX2KRA 

vs. HNRNPIDR (*, 0.0219), CBX2KRA vs. MED1IDR (*, 0.0338), CBX2KRA vs. CBX2IDR (**, 

0.0037). (B) IDR sequences for HNRNPA1 and MED1 highlighting serines, hydrophobic 

residues, and charged residues. (C) Schematic of control constructs designed for the FUSIDR 

alone, chromodomain deletion (CDdel), and Cbox deletion (Cboxdel). Z-projections of live 

cell images for FUSIDR alone, CDdel, and Cboxdel cell lines. The scale bar is 10 m. 

Quantification of the percentage of differentiation in the neurite assay for control cell lines 

alongside the N2a, CBX2KRA, and FUSIDR lines. P-values calculated by two-tailed t-test for 

three replicates (~150 cells scored per replicate) are as follows: N2a vs. FUSIDR alone (N.S., 

0.8965), N2a vs. CBX2KRA (**, 0.0049), N2a vs. FUSIDR (**, 0.0031), N2a vs. CDdel (N.S., 

0.5006), N2a vs. Cboxdel (N.S., 0.3646), FUSIDR vs. CDdel (**, 0.006), FUSIDR vs. Cboxdel 

(**, 0.0081). (D) Western Blot for cell lines used in RNA-seq and CUT&RUN analysis 

including wildtype N2a, CBX2WT, CBX2KRA, FUSIDR, and CBX2IDR. Plot of mRNA 

expression in CPM of the GFP, CBX2IDR and CBX2KRA sequences for each of the cell lines at 

0 and 24hr time points. 
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Figure 3.4 Additional neurite assay experiments 
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We further contextualized the function of the FUSIDR line by comparison to wildtype N2a cells 

or the CBX2WT line. On average, 66% of wildtype cells differentiate (Fig. 3.5A). Differentiation 

in the CBX2WT line is reduced to 37%, in contrast to the CBX2KRA line in which 79% of cells 

form neurites (Fig. 3.5A). The fusion of the FUSIDR or the CBX2IDR to the CBX2 phase 

separation mutant suppressed differentiation to 33% and 41%, respectively (Fig. 3.5A). These 

data confirm the functional rescue; the CBX2WT line, the FUSIDR line, and the CBX2IDR line all 

have a similar phenotype in the neural differentiation assay. This result is surprising given the 

differences in amino acid composition between the FUS IDR and the CBX2 IDR. Interestingly, 

both IDRs are enriched for serine residues, but the CBX2 IDR is highly charged, whereas the 

FUS IDR is hydrophobic in nature (Fig. 3.5B). For comparison, the HNRNPA1 IDR is enriched 

with glycine residues and the MED1 IDR is both charged, and serine enriched (Fig. 3.4B). 

Together with the imaging data, the neurite assay results suggest that the FUSIDR induced 

condensates are capable of silencing CBX2 target genes to suppress neural differentiation.    

 

3.6 The FUSIDR rescues transcriptional repression of neurogenesis genes 

We next tested if the phenotypic rescue by the FUSIDR in the neurite assay is reflected in 

transcriptional changes at PRC1 target genes. To this end, we performed genome-wide 

transcription and binding analysis in the wildtype N2a, CBX2WT, CBX2KRA, FUSIDR, and 

CBX2IDR cell lines. First, we analyzed gene expression by RNA-seq for three biological 

replicates of the differentiation across three time points (0hr, 12hr, 24hr). The MDS plot of the 

RNA-seq samples (Fig. 3.5C) shows differentiation driving the y-axis variation, separating all 

0hr samples from later timepoints. The FUSIDR replicates cluster towards the N2a, CBX2WT, and 

CBX2IDR samples and away from the CBX2KRA samples. The shift of the FUSIDR replicates away 
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from the CBX2KRA suggests a nearly complete rescue of gene expression by fusion of the CBX2 

phase separation mutant to the FUSIDR. 

 

When genome-wide expression was analyzed, we found that CBX2 overexpression 

downregulates neurogenesis genes as compared to wildtype N2a cells. At the 24hr timepoint, the 

majority of Differentially Expressed Genes (DEGs) are downregulated in the CBX2WT line (Fig. 

3.5D). Many of the downregulated genes are represented in the Gene Ontology (GO) term for 

neurogenesis pathways (Fig. 3.5D).57,58,59 The Npr2 gene, a neurogenesis gene involved in 

neuron projection during differentiation,60,61 is one of the most significantly affected genes (Fig. 

3.5D). To determine whether impaired phase separation impacts transcriptional regulation, we 

compared gene expression in the CBX2WT and CBX2KRA lines. The majority of DEGs were 

upregulated in the CBX2KRA line and these genes are enriched for neurogenesis related pathways 

including Npr2 (Fig. 3.5E). The upregulation of neurogenesis genes is consistent with the 

observed increase in neural differentiation of the CBX2KRA line. We compared gene expression 

patterns in the CBX2KRA line and the FUSIDR line to determine the effect of the heterologous IDR 

on genome-wide transcription. A volcano plot of the DEGs (Fig. 3.5F) demonstrates that 

neurogenesis genes were also downregulated in the FUSIDR line, when compared to the 

CBX2KRA line. The rescue of neurogenesis gene repression by the FUSIDR, including Npr2, is 

consistent with the phenotypic result from the neurite assay. A comparison of the genes changing 

in the CBX2WT line vs. the CBX2KRA line and those changing in the FUSIDR line vs. the 

CBX2KRA line demonstrates strong correlation (Pearson correlation coefficient = 0.768) (Fig. 

3.6A). Together, these data suggest that the FUSIDR rescues transcriptional repression of 

neurogenesis genes.    
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We examined individual Polycomb target genes; Lhx2 and Npr2 are shown in Fig. 3.5G. Lhx2 is 

a known Polycomb target and homeobox transcription factor involved in regulating neuron 

development and differentiation from ES cells.62 For Lhx2, RING1B occupancy is similar to the 

wildtype N2a line for all overexpression cell lines including CBX2WT, CBX2KRA, FUSIDR, and 

CBX2IDR (Fig. 3.5G). However, Lhx2 is misexpressed in the CBX2KRA line. The FUSIDR fusion 

reduces Lhx2 transcription to similar levels as the CBX2WT or CBX2IDR lines. Another example 

of FUSIDR rescue is the Npr2 gene. In accordance with their respective differentiation 

phenotypes, Npr2 is more highly expressed in the N2a and CBX2KRA lines relative to the 

CBX2WT, FUSIDR or CBX2IDR lines (Fig. 3.5G). Therefore, the FUSIDR restores the repressive 

nature of cPRC1 bound at the Npr2 TSS directly impacting the neurite extension phenotype. 

Additional examples of Polycomb target genes, including Bex4, Ccnd2, Nrbp2, and Foxf1, also 

demonstrate this rescue effect (Fig. 3.6B). 
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FUSIDR phenotypically rescues the CBX2 phase separation mutant similarly to the CBX2IDR 

and represses neurogenesis genes. (A) Quantification of the percentage of neurite-forming cells 

in the N2a, CBX2WT, CBX2KRA, FUSIDR, and CBX2IDR lines after 24hr differentiation. P-values 

were calculated by two-tailed t-test for three independent differentiations (~200 cells per 

replicate): N2a vs. CBX2WT (**, P-value = 0.0022), N2a vs. CBX2KRA (**, P-value = 0.0049), 

N2a vs. FUSIDR (**, P-value = 0.0031), N2a vs CBX2IDR (**, P-value = 0.0021), CBX2KRA vs. 

CBX2WT (***, P-value = 0.0003), CBX2KRA vs. FUSIDR (***, P-value = 0.0006), and CBX2KRA 

vs. CBX2IDR (***, P-value = 0.0002). (B) Comparison of CBX2 IDR sequence and FUS IDR 

sequence amino acid composition highlighting serine residues, hydrophobic residues, and 

positively charged residues. (C) RNA-seq MDS plot of 0, 12, and 24hr differentiation timepoints 

for three biological replicates of the N2a, CBX2WT, CBX2KRA, FUSIDR, and CBX2IDR cell lines. 

(D) RNA-seq Differentially Expressed Genes (DEGs) at the 24hr timepoint are shown in a 

volcano plot for CBX2WT vs. N2a with highlighted neurogenesis genes. (E) RNA-seq DEGs at 

the 24hr timepoint are shown in a volcano plot for CBX2WT vs. CBX2KRA with highlighted 

neurogenesis genes. (F) RNA-seq DEGs at the 24hr timepoint are shown in a volcano plot for 

FUSIDR vs. CBX2KRA with highlighted neurogenesis genes. (G) IGV browser tracks for Lhx2 and 

Npr2 showing RING1B normalized CUT&RUN signal and RNA-seq transcription for N2a, 

CBX2WT, CBX2KRA, FUSIDR, and CBX2IDR lines at the 24hr differentiation timepoint. 
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Figure 3.5 Heterologous phase separation rescues gene repression 
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Figure 3.6 The FUSIDR and CBX2IDR both silence transcription 

Correlation of FUSIDR and CBX2IDR effects on gene expression and additional IGV browser 

tracks of Polycomb target genes. (A) Scatterplots showing the correlation between DEGs of 

FusIDR vs. CBX2KRA against the DEGs of CBX2 vs. CBX2KRA (Pearson correlation coefficient = 

0.768) and correlation between DEGs of CBX2IDR vs. CBX2KRA against the DEGs of CBX2 vs. 

CBX2KRA (Pearson correlation coefficient = 0.901). (B) IGV browser tracks of RING1B 

normalized CUT&RUN and RNA-seq for Polycomb targets Bex4, Ccnd2, Nrbp2, and Foxf1 for 

the N2a, CBX2WT, CBX2KRA, FUSIDR, and CBX2IDR cell lines at the 24hr timepoint. 
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3.7 PRC1 target loci are mostly identical in the wildtype, mutant and rescue cell lines   

Gene expression changes in cell lines with various altered versions of CBX2 might be caused by 

differences in cPRC1-mediated gene silencing, in cPRC1 localization, or in cPRC1 bound 

occupancy. To determine the relationship between binding by PcG components and 

transcriptional changes, CUT&RUN was performed with antibodies for GFP, CBX2, RING1B, 

H3K27me3, and H2AK119ub1. The GFP signal tracks the localization of the fusion constructs. 

There were approximately 11,000 RING1B peaks that showed significant fold enrichment over 

IgG in the wildtype N2a cell line. This number increased slightly with overexpression of CBX2, 

and the GFP peaks in the CBX2WT line almost completely overlap with RING1B peaks and 

CBX2 peaks (Fig. 3.7A). Overexpression of the CBX2KRA or FUSIDR construct led to fewer 

significant cPRC1 binding sites as indicated by the modest reductions in GFP, CBX2, and 

RING1B signal demonstrated in the binding graphs (Fig. 3.7A). The positively charged lysine 

and arginine residues in CBX2’s IDR might help mediate CBX2 binding to the negatively 

charged DNA backbone, which is consistent with the recovery of GFP, CBX2, and RING1B 

signal in the CBX2IDR line (Fig. 3.7A). The overlap of GFP and RING1B binding sites or GFP 

and CBX2 binding sites was highly significant for each cell line, confirming that the fusion 

constructs have similar binding to endogenous CBX2 and normal recruitment of cPRC1 (Fig. 

3.7A). Analysis of GFP peaks and RING1B peaks demonstrates that nearly all peaks in the 

CBX2KRA and FUSIDR lines are a subset of the peaks in the CBX2WT line (Fig. 3.7B-C). This 

confirms that there are very few loci where the CBX2KRA or FUSIDR constructs have mislocalized 

(Fig. 3.7B-C). This is also consistent when looking at the overlap of GFP peaks in the CBX2KRA 

and FUSIDR lines with CBX2 peaks from the wildtype N2A line (Fig. 3.8A). Localization and 

levels of H3K27me3 and H2AK119ub1 in all cell lines are largely similar, consistent with 
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retained function of the Polycomb system and an absence of global disruption of these covalent 

modifications (Fig. 3.8B). We conclude that the rescue of gene regulation by the FUSIDR fusion 

was not caused by mislocalization of fusion constructs to non-CBX2 targets, by changes in 

ability to recruit cPRC1, or by increased cPRC1 occupancy at target genes. Instead, we observe a 

trend to decreased binding in both the CBX2KRA and FUSIDR lines.  

 

3.8 FUSIDR fusion rescues gene repression of bound genes  

A volcano plot of DEGs in the FUSIDR line vs. the CBX2KRA line shows common RING1B target 

genes are more highly expressed in the CBX2KRA line (Fig. 3.7D). This is also true for GFP 

target genes as demonstrated by a scatterplot showing an increased number of significantly 

altered targets skewed towards lower expression in the FUSIDR line (Fig. 3.8C). Additionally, 

changes in H3K27me3 signal strongly correlate with changes in gene expression, supporting a 

Polycomb-mediated mechanism of repression (Fig. 3.8D). Thus, though the FUSIDR does not 

recover cPRC1 occupancy to the same extent as the positively charged CBX2IDR, it represses 

cPRC1 genes where it is bound to functionally rescue gene expression, resulting in the 

phenotypic rescue of neurite suppression (Fig. 3.7E).  
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Similar Polycomb targets are bound in each cell line and the FUSIDR represses cPRC1 bound 

genes. (A) Binding graphs for CUT&RUN enrichment of GFP, CBX2, and RING1B over IgG at 

TSSs demonstrate co-binding of overexpression constructs in the CBX2WT, CBX2KRA, FUSIDR, 

and CBX2IDR lines at RING1B bound loci and CBX2 bound loci. (B) Venn diagram showing 

overlap of GFP CUT&RUN peaks in the CBX2WT, CBX2KRA, and FUSIDR lines. (C) Venn 

diagram showing overlap of RING1B CUT&RUN peaks in the CBX2WT, CBX2KRA, and FUSIDR 

lines. (D) RNA-seq DEGs at the 24hr timepoint are shown in a volcano plot for FUSIDR vs. 

CBX2KRA highlighting RING1B target genes bound in both cell lines. (E) Table summarizing a 

comparison of the FUSIDR and the CBX2IDR in cellular condensate formation, neural 

differentiation, breast cancer transwell invasion, transcriptional repression, and Polycomb target 

gene binding. 
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Figure 3.7 The FUSIDR rescues bound Polycomb target genes 
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Figure 3.8 Additional CUT&RUN data for H3K27me3 and H2AK119ub1 

Additional Venn diagram, H3K27me3 and H2AK119Ub1 binding graphs, and correlation of 

GFP and H3K27me3 peaks with gene expression changes. (A) Venn diagram showing the 

overlap of CBX2 peaks from the wildtype N2a cells with GFP peaks from the CBX2KRA and 

FUSIDR cell lines. (B) Binding graphs showing H3K27me3 and H2AK119Ub1 enrichment over 

IgG in N2a, CBX2WT, CBX2KRA, FUSIDR, and CBX2IDR cell lines at the 24hr timepoint. (C) 

Scatterplot of GFP target genes bound in both the CBX2KRA and the FUSIDR lines with 

significant changes in expression highlighted. (D) Graph of DEGs for CBX2KRA vs. FUSIDR 

plotted against changes in H3K27me3 coverage. Significant changes in both gene expression and 

H3K27me3 coverage are highlighted in red. 
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3.9 FUSIDR fusion rescues a CBX2-dependent breast cancer phenotype 

To confirm the function of CBX2 phase separation in a different model system, we studied the 

effects of induced phase separation in the 4T1 mouse breast cancer cell line. CBX2 is known to 

have a role in shaping the aggressive phenotype of triple negative breast cancer (TNBC).63,64 A 

transwell invasion protocol was used to measure the aggressiveness of 4T1 cell lines expressing 

the mEGFP-FKBP(F36V) fusion constructs used in the neurite assay: CBX2WT, CBX2KRA, 

FUSIDR- CBX2KRA, and CBX2IDR- CBX2KRA (Fig. 3.9A). These constructs showed similar 

ability to form condensates in the breast cancer cell line (Fig. 3.9A) as compared to the 

neuroblastoma cell line (Fig. 3.1B). In the transwell invasion assay, the FUSIDR line was 

significantly more aggressive than the CBX2KRA line and had increased transwell invasion 

similar to the CBX2IDR line, although both IDR fusion lines were not as invasive as the wildtype 

4T1 or the CBX2WT line (Fig. 3.9B-D). Overall, these data show that CBX2 phase separation 

activity also plays a role in promoting invasiveness in a breast cancer model system, 

demonstrating that this effect is not limited to neuroblastoma.  
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Figure 3.9 The FUSIDR can rescue a CBX2 breast cancer phenotype 

The FUSIDR rescues the CBX2 phase separation mutant in a breast cancer transwell invasion 

assay. (A) Schematic demonstrating the experimental setup. (B) Sample images of invading cells 

for the wildtype 4T1, CBX2KRA, and FUSIDR cell lines after 24hr incubation and staining. Scale 

bar is 50 m. Small round shapes are the holes of the membrane. (C) Z-projection of live cell 

images for the CBX2WT, CBX2KRA, FUSIDR, and CBX2IDR overexpressing 4T1 cell lines. The 

scale bar is 10 m. (D) Quantification of the average number of invading cells for the 4T1, 

CBX2WT, CBX2KRA, FUSIDR, and CBX2IDR lines for three replicates. P-values calculated by two-

tailed t-test are as follows: 4T1 vs. CBX2WT (**, 0.0026), 4T1 vs. CBX2KRA (**, 0.009), 4T1 vs. 

FUSIDR (*, 0.0326), 4T1 vs. CBX2IDR (**, 0.0029), CBX2KRA vs. FUSIDR (*, 0.0117), CBX2KRA 

vs. CBX2IDR (**, 0.0074). 
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3.10 Conclusions 

The primary conclusion from this work is that phase separation makes a functional contribution 

to cPRC1-mediated gene repression. A heterologous IDR from the FUS protein, with distinct 

amino acid composition and a distinct biological regulatory role from CBX2’s IDR, rescues 

function of a CBX2 phase separation deficient mutant at both phenotypic and transcriptional 

levels. This functional complementation with the FUSIDR is surprising, because it is increasingly 

appreciated that despite their disorder, IDRs have specific functions in their native protein 

context.28,37,65 Consistent with these observations, we found that the Med1IDR and the 

HNRNPA1IDR did not rescue the neural phenotype to the same extent as the FUSIDR. 

Additionally, the CBX2IDR seems to uniquely facilitate enhanced occupancy at Polycomb target 

genes. This suggests that the positive charges in the CBX2IDR contribute to binding of Polycomb 

targets through electrostatic interactions with the negatively charged DNA backbone.  We 

conclude that the unique properties of the FUSIDR happen to be compatible with generating 

functional Polycomb condensates within this context, while the biological specificity of IDRs 

remains a truism. Serine phosphorylation of the IDR is known to regulate both CBX2 and FUS 

condensate formation, which might help to explain their compatibility in this study.19,20,66 We 

will compare the dynamics of CBX2 and FUSIDR condensates by performing Fluorescence After 

Photobleaching (FRAP). Perhaps similarities in condensate dynamics help to facilitate functional 

rescue by the FUSIDR. We note that cPRC1 family complexes have multiple components and at 

least two distinct subunits, one from the CBX and one from the PHC families of proteins, are 

known to contribute to phase separation.67,68 Overall, the simplest explanation for our 

observations is that phase separation per se plays a key role in generating the repressive function 
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of PRC1, potentially by compacting chromatin, concentrating repressive components, or 

excluding activating factors from the condensate.38,39,40,69  

 

Rescue of transcriptional repression by the FUSIDR is nearly complete (Fig. 3.5C). The binding 

localization of PRC1 on the genome is not altered substantially by any of the overexpressed 

CBX2 constructs examined in this study (Fig. 3.7A-C, Fig. 3.8A-B). The lack of complete 

transcriptional rescue by the FUSIDR might therefore be explained by decreased occupancy 

and/or decreased repressive function. There is a trend toward lower levels of binding in both the 

CBX2KRA and the FUSIDR lines (Fig. 3.7A). The significance of this is unclear, due to both the 

modest change observed and a poor understanding of the binding threshold required for full 

repression. We show that the condensates formed by the FUSIDR restore the function of cPRC1 

enabling significant gene repression despite decreased binding occupancy. To determine if 

FUSIDR driven condensates sequester nonfunctional cPRC1 off the genome as an alternative 

mechanism of rescue, we will knockdown endogenous CBX2 in these lines with an shRNA 

targeting the 3’UTR of the endogenous mRNA. This will confirm that the observed rescue 

comes from the FUSIDR driving repression rather than from endogenous CBX2 present in the cell 

functioning more effectively when CBX2KRA occupancy decreases. 

 

These data further confirm the importance of CBX2 in neuroblastoma and breast cancer 

pathogenesis. Phase separation activity is necessary for CBX2 function in driving a cancer stem 

cell-like, tumor-promoting phenotype. This suggests that targeting CBX2 phase separation in 

CBX2-dependent cancers, such as these, might be a successful therapeutic strategy. Overall, this 
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work demonstrates the functional significance of phase separation in Polycomb epigenetic 

regulation, thereby providing new perspectives on CBX2 mechanism. 
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3.11 Materials and methods 

Cell Culture 

Neuro2a cells were obtained from ATCC (https://www.atcc.org/products/ccl-131) and cultured 

in sterile filtered DMEM with 10% Fetal Bovine Serum (FBS) and penicillin/streptomycin 

(100U/mL).  

HEK293T cells were a gift from the lab of Prof. Paul Lehner (CITIID, Cambridge, UK). They 

were cultured in sterile filtered IMDM with 10% FBS and penicillin/streptomycin (100 U/mL).  

4T1 cells were obtained from ATCC (https://www.atcc.org/products/crl-2539) and cultured in 

sterile filtered RPMI with 10% FBS and pen/strep (100U/mL). The 4T1 cell line was single cell 

cloned to generate all cell lines in a consistent genetic background. All cell lines were grown at 

37o C with 5% CO2.   

 

Lentiviral Cell Line Generation   

Second generation lentiviral plasmids, pCMVR8.91 and pMD.G were transfected into 

HEK293T cells alongside the lentiviral vector containing the transgene of interest using the 

TransIT-293 Reagent from Mirus bio. The viral supernatant was harvested and filtered after 48 

hours. The viral supernatant was used fresh or stored at -80oC. Neuro2a or 4T1 cells were seeded 

at 0.5*10^5 cells/mL in a 24 well plate. After 24 hours, the media was aspirated from the 24 well 

plate and 1mL of the desired viral supernatant was used to transduce the Neuro2a or 4T1 cells. 

The cells were incubated with virus for 4-6 hours at 37o C. Then, the virus was removed and 

replaced with the appropriate media. After 48 hours, the cells were selected in puromycin at 

1ug/mL for several days. For the cell lines transduced with a GFP-containing transgene, the 

selected lines were sorted on a BD FACS Melody cell sorter for high GFP expression. Full 
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hairpin sequences for constitutive CBX2 shRNA knockdown are as follows: 

gatccGGAACATGAGAAGGAGGTTTTCAAGAGAAACCTCCTTCTCATGTTCCTTTTTTg, 

gatccAGGCTATTCCTGCTACCAATTCAAGAGATTGGTAGCAGGAATAGCCTTTTTTTg. 

Full hairpin sequence for the scrambled shRNA control sequence is as follows: 

gatccAGGCTATTCCTGCTACCAATTCAAGAGATTGGTAGCAGGAATAGCCTTTTTTTg. 

These sequences were cloned into the pSIREN vector backbone. Lentiviral plasmids or cell lines 

available upon reasonable request.     

 

Induced Phase Separation System and Live Cell Imaging 

An IDR (FUSIDR, HNRNPA1IDR, MED1IDR, CBX2IDR) was fused to the FKBP12 protein variant, 

that has a F36V mutation known to cause homodimerization. This was fused to mEGFP and the 

N-terminus of the CBX2(23KRA) mutant. A construct lacking any IDR was also engineered. An 

sv40 NLS sequence was added to the CBX2IDR construct to ensure nuclear localization. These 

constructs were integrated by lentiviral transduction into the Neuro2a or 4T1 cell lines as 

described above. From there, the AP20187 rapalog (Sigma-Aldrich SML2838-1MG) 

was used at 25nM concentration to induce homodimerization of FKBP(F36V).   

Cell lines were seeded on round glass bottom dishes from Mattek at 0.5*105 cells/mL and 

incubated overnight in imaging media, DMEM without phenol red supplemented with 10% FBS. 

The samples were imaged on a confocal Nikon A1R with a live cell chamber at 63x 

magnification. Z-stack images were generated with 0.25uM intervals. Collapsed z-stacks using 

Max intensity settings were scored for puncta area and number with FIJI.   
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Western Blots  

Cells were pelleted and resuspended in RIPA buffer. They were incubated at 4oC for 15 minutes. 

The samples were centrifuged at 14,000G for 15 minutes and the supernatant was removed to a 

new Eppendorf tube. The Pierce BCA Protein Assay Kit was used to measure the concentration 

of total protein in each sample. 60-100 ug of protein was run on a Nupage 4-12% gel in MOPS 

running buffer at 90V using 1ul of BioRad’s protein plus ladder. A wet transfer was done 

overnight onto a PVDF membrane in 1X NuPage transfer buffer with 10% methanol. The 

membrane was activated for 5 minutes in 100% methanol prior to the transfer. The transfer was 

run at 100 milliAmps for 8 hours. The membrane was blocked for an hour in 5% Milk (w/v) PBS 

with 0.2% Tween-20 and incubated in primary antibody overnight. Antibodies used included 

Rabbit Polyclonal anti-CBX2 by Bethyl (A302-524A) at 1:1000 dilution and Rabbit Polyclonal 

anti-Histone 3 by Abcam (ab1791) at 1:5000 dilution. The membrane was washed three times for 

30 minutes in total with PBS-T. The membrane was incubated with fluorescent secondary 

antibodies overnight at 1:10,000 dilution in 5% Milk (w/v) PBS-T and washed three times with 

PBS-T before imaging on an Amersham Typhoon biomolecular imager.     

 

Immunofluorescence  

Neuro2a cell lines were plated overnight on coverslips in a 12 well plate at 0.5*10^5 cells/mL 

with 25nM of AP20187. The media was removed and the coverslips were washed once with 

PBS. The cells were fixed in PBS with 1% formaldehyde for 10 minutes. The solution was 

removed and the coverslips were washed with PBS for 5 minutes. The coverslips were incubated 

in PBS with 0.2% Triton for 10 minutes. The solution was removed and the coverslips were 

blocked in PBS with 3% BSA and 0.05% Triton for 30 minutes. The blocking solution was 
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removed and primary antibody solutions in PBS with 3% BSA and 0.05% Triton were added to 

the coverslips. The coverslips were incubated overnight at 4oC. From there, the primary antibody 

solution was removed and the coverslips were washed once with PBS with 0.05% Triton for 5 

minutes. Secondary antibody solutions in PBS with 3% BSA and 0.05% Triton were added to the 

coverslips and incubated overnight at 4oC. The next day, the coverslips were washed twice with 

PBS with 0.05% Triton and mounted on glass slides using Vectashield Mounting Medium with 

Dapi. The slides were imaged on a Nikon Eclipse 90i at 100x magnification. Antibodies used 

included GFP Invitrogen (A11120), GFP Invitrogen (A11122), CBX2 Bethyl (A302-524A) , 

CBX4 Cell Signaling Technology (44268), CBX8 Cell Signaling Technology (D2O8C), CBX7 

Abcam (ab21873), RING1B Cell Signaling Technology (D22F2), PHC1 Active Motif (39723), 

PHC2 Active Motif (39661), BMI-1 Abcam (ab54897) , EZH2 Cell Signaling Technology 

(D2C9), EED Cell Signaling Technology (E4L6E), SUZ12 Cell Signaling Technology (D39F6), 

RYBP Abcam (ab5976), H3K27me3 Cell Signaling Technology (C36B11), H2AK119Ub1 Cell 

Signaling Technology (D27C4), H3K4me3 Cell Signaling Technology (C42D8), RPB1 Cell 

Signaling Technology (D8L4Y), H3K27ac Active Motif (39133), and SMARCC1/BAF155 Cell 

Signaling Technology (D7F8S).    

 

Neurite Assay  

Neuro2a cells were plated on coverslips in a 12 well plate at 0.5*10^5 cells/mL in 1% FBS 

supplemented DMEM with 10uM of trans-retinoic acid. Rapalog AP20187 was dissolved in 

DMSO and added to the appropriate wells at 25nM concentration. Cells were incubated for 24 

hours to induce differentiation. Media was removed and the coverslips were washed once with 

PBS. Cells were stained with the 1:10,000 dilution of the cell membrane stain from Invitrogen’s 



   92 

Neurite Outgrowth Staining Kit and a 1:10,000 dilution of Hoechst 3342 in 1% formaldehyde 

PBS for 20 minutes. The solution was removed and the cells were washed twice with PBS. 

Coverslips were dried and mounted on to glass slides using 20 ul of Vectashield PLUS mounting 

solution. Slides were imaged on a Nikon Eclipse 90i at 20x magnification. Neurites were traced 

and quantified using the NeuronJ plugin for ImageJ.70  

 

RNA Sequencing 

The following Neuro2a cell lines were differentiated with 1% FBS DMEM and 10 uM Retinoic 

acid: wildtype N2a, CBX2WT, CBX2KRA, FUSIDR, and CBX2IDR as defined in Fig. 1A. 

Timepoints were taken at 0, 12, and 24hrs. Cells were trypsinized and spun down at 500g for 5 

minutes. They were washed once with PBS and stored at -80oC until further processing. Total 

RNA was extracted with Trizol reagent and chloroform. The mRNA was isolated using the 

NEBNext Poly(A) mRNA Magnetic Isolation Module. 1 ug of mRNA was used as input for the 

NEBNext Ultra II Directional RNA Library Prep Kit for Illumina. Adaptors and primers from 

the NEBNext Multiplex Oligos for Illumina (Dual Index Primer Set 1) were used and the 

libraries were sequenced on a Nextseq 2000.   

 

RNA Sequencing Analysis 

Prior to analysis, the sequencing reads underwent quality control with FastQC v0.11.9,71 whose 

reports indicated that, apart from the first bases of the 5’ end, the sequencing data were of high 

quality, with no significant issues in base quality or composition. For further processing, the 

initial 10 bp of all (61 bp long) reads were clipped off the 5’ end. Adapter sequences were then 

trimmed using Trimmomatic v0.39.72 Ribosomal reads were filtered out by alignment with 
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Bowtie2 v2.4.573 to mouse ribosomal sequences retrieved from NCBI.74 Remaining reads were 

then aligned splicing-aware with STAR v2.7.10a75 to the mouse genome mm39 using RefSeq 

annotations from NCBI.76 A database lookup of unaligned reads with Kraken277 confirmed that 

all samples were free of contamination. Alignments were mapped to genomic feature annotations 

using featureCounts v2.0.3.78 The thereby generated gene expression data was further analyzed 

and visualized in R. Differential gene expression analysis was based on the exact test provided 

by edgeR79 using TMM normalization. Differentially expressed genes were determined by a 

significant coverage change of FDR < 0.05 (Benjamini-Hochberg) between the compared sample 

group triplicates and a median coverage of TPM > 1 among the compared samples. The 

neurogenesis reference gene set is presented in GO term GO:0022008.57-59 MDS analysis was 

performed on CPM and quantile-normalized counts using the limma package v3.58.1 for R.80 

Volcano and MDS plots were generated with plotly v4.10.3.81 

 

CUT&RUN 

CUT&RUN experiments were performed on the N2a, CBX2WT, CBX2KRA, FUSIDR, and 

CBX2IDR cell lines at 0hr and 24hr differentiation timepoints. Approximately 1.2 million cells 

were used per sample. Human cells, HEK293ET cells were spiked-in for each sample at 2% 

(24,000 cells). The method was based on the Henikoff protocol with the following alterations.82 

Concanavalin A beads (20 ul per sample) were prepped in binding buffer (1 mM MnCl2, 1mM 

CaCl2, 10 mM KCl, 20mM HEPES) with three washes over ~15 minutes and resuspended in 40 

ul of binding buffer per sample. All cells were fixed with 1% formaldehyde for 10 minutes and 

fixing was quenched with 0.5M Tris (pH 8). After two PBS washes, the cells were resuspended 

in 100 ul of PBS per sample. To this was added 100 ul of wash buffer (20mM HEPES (pH 7.9), 
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150 mM NaCl, 2mM EDTA (pH 8), 0.5% BSA, and 0.1% Triton) and 40 ul of the prepped Con 

A beads. The cells were incubated with the beads on a rotator for 10 minutes at room 

temperature. A magnet was used to collect the beads and they were washed once with wash 

buffer before being resuspended in a primary antibody solution (150 ul per sample) and 

incubated overnight at 4oC. The following antibodies were used: H3K27me3 Cell Signaling 

Technology (C36B11), H2AK119Ub1 Cell Signaling Technology (D27C4), CBX2 custom-made 

serum (JK856)83, RING1B Cell Signaling Technology (D22F2), GFP Invitrogen (A-11122), and 

Normal Rabbit IgG Cell Signaling Technology (#2729). Antibodies were diluted at 1:100 in 

wash buffer.  

The next day samples were washed twice with wash buffer and each was resuspended in 50 ul of 

wash buffer containing 0.04 ug/ul concentration of pA-Mnase. Samples were incubated at room 

temperature for an hour, then washed three times with wash buffer. Samples were resuspended in 

100 ul of wash buffer containing 10mM CaCl2 and incubated on ice at 4oC for 2 hours. 100 ul of 

STOP Buffer (340 mM NaCl, 20 mM EDTA, 4 mM EGTA, 0.1 ug/ul Rnase A) was added to 

each sample and they were incubated at 37oC for 15 minutes. The supernatant was removed to 

new tubes and 2 ul of 10% SDS and 2 ul of Proteinase K (19 mg/mL) were added to each 

sample. The samples were incubated overnight at 50oC in a hybridization oven.  

The next day the samples were treated with a standard ethanol precipitation and resuspended in 

30 ul of TE buffer. The NEBNext Ultra II DNA Library Prep Kit for Illumina was used to prep 

libraries. Adaptors and primers from the NEBNext Multiplex Oligos for Illumina (Dual Index 

Primer Set 1) were used and the libraries were sequenced on a Nextseq 2000.  

 

 



   95 

CUT&RUN Sequencing Analysis  

The quality of the sequenced libraries was again confirmed by an analysis with FastQC.71 

Trimmomatic72 was then used to trim the first 5 bases from the 5’ end of all sequenced reads and 

remove sequencing adapters. Mitochondrial reads were removed by aligning sample libraries to 

the mitochondrial sequence from the mouse genome mm39 with Bowtie2.73 Furthermore, human 

spike-in reads were removed by alignment to the human genome hg38 and were not used for 

normalization in further analysis because of their fluctuation between replicates. The remaining 

reads were aligned to mm39. Reads with multiple alignments alongside with distant or poorly 

aligned pairs were discarded, and unaligned reads were analyzed with Kraken277 and the nt 

database to verify the absence of contaminants. Duplicate reads were marked by Picard’s 

MarkDuplicates84 function and excluded from further analysis. Peaks were called using the 

findPeaks function provided by Homer v4.1185 using condition- and time-point-specific IgG 

controls as input and empirically determined parameters. Details are presented in the source code 

uploaded to the repository Zenodo (Table S1). Peak sets were merged for further analysis, first, 

by antibody, requiring peak regions to be called as peaks by Homer in multiple samples. 

Subsequently, the merged peak sets for CBX2, GFP, and RING1B were merged again into a 

single peak set to effectively compare the differential occupancy by the different proteins 

throughout conditions and time points. The occupancy tracks for the shown screenshots were 

generated from the merged replicates using the bamCoverage function from the deepTools 

v3.5.2 package86 normalizing all samples to 1x coverage in non-peak (background) regions. For 

differential peak analysis, occupancy was determined with featureCounts, and the results were 

further processed in R. Peak presence was denoted as at least 2-fold enrichment over IgG with an 

FDR<0.05 as computed by edgeR’s exact test using library-size normalization. Binding 
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heatmaps were generated with computeMatrix and plotHeatmap functions from deepTools.86 A 

direct comparison of peak coverage with an exact test between the wildtype N2A line and other 

lines showed that CBX2 and Ring1b peaks were mainly lost in the CBX2KRA and FUSIDR lines 

and peak gains represented only 3% of all peaks. We therefore sorted peaks by their occupancy 

in the FUSIDR and CBX2KRA samples in a descending order. The bigWigs used for the binding 

heatmap convey the enrichment over IgG and were generated by bigWigCompare using the 

‘ratio’ parameter.86 Repositories for the raw and processed data is shown in Table S1. 

 

Breast Cancer Transwell Invasion Assay  

Corning Matrigel Invasion Chambers were thawed and rehydrated with serum-free RPMI media 

for several hours with 500ul in the well and 500 ul in the insert. The 4T1 cell lines were 

trypsinized and resuspended in serum-free RPMI at 1*105 cells/mL concentration. The media 

was removed from the top of the inserts and the inserts were transferred to wells with 750 ul of 

serum-free RPMI (one triplicate of wildtype 4T1 cells as a control) or full RPMI media with 

10% FBS. 500 ul of the 4T1 cell line solutions were seeded in the inserts in triplicated. The 

plates were incubated overnight for 22 hours.   

 

The Tek-Select Diff Stain Kit from IMEB was used to stain the cells that invaded the matrigel. 

Media was removed from the top of the inserts and they were moved into a 24-well plate 

containing 1 mL of PBS. 500 ul of PBS was added to the top of the insert. A cotton swab was 

used to remove the cells from the top of the insert scraping gently. The media on the top of the 

insert was removed and a second cotton swab was used to remove residual media. Then, the 

insert was moved to a 24-well plate containing 1 mL of the fixative, Solution A, from the Diff 



   97 

Stain Kit. The plate was incubated at RT on a shaker for 4 minutes. Solution A was removed 

from the top of the insert and the insert was moved to a new 24-well plate containing 1 mL of 

Solution B from the Diff Stain Kit. 100 ul of Solution B was added to the top of the insert and 

the plate was incubated at RT on a shaker for 4 minutes. Solution B was removed and the insert 

was moved to a well containing 1 mL of Solution C. 100 ul of Solution C was added to the top of 

the insert and the plate was incubated at RT on a shaker for 4 minutes. Solution C was removed 

and the insert was moved to a 24 well plate containing 1 mL of Milli-Q water. 500 ul of water 

was added to the top of the insert. After 5 minutes, the water was removed and the insert was 

moved to a new well with 1 mL of water for additional destaining. 500 ul of water was added to 

the top of the insert. After 5 minutes, the water was removed and the insert was dried upside 

down overnight. The next day, the inserts were cut out and mounted on glass slides for imaging 

using Vectashield PLUS mounting media. The slides were imaged on a Nikon Eclipse 90i using 

the bright field setting at 20x magnification. Cell counting was performed using FIJI.  
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4.1 CBX2, CBX4, and CBX8 drive phase separation of Polycomb Repressive Complex 1  

The overarching conclusion from this dissertation is the importance of phase separation by 

CBX2, CBX4, and CBX8 in cPRC1 function. While CBX2 had been previously studied, the 

phase separation activity of CBX4 and CBX8 in addition to CBX2 demonstrates the importance 

of condensate formation as a general mechanism for this family of paralogs.1,2 CBX4 and CBX8 

form droplets in vitro and condensates in cells. FRAP dynamics demonstrate the liquid-like 

properties of CBX4 and CBX8 condensates within the nucleus. Polycomb bodies containing 

CBX4 and CBX8 in NIH-3T3 cells are highly dynamic. It is proposed that these dynamics are 

part of a system where the diffusion of cPRC1 into and out of Polycomb bodies maintains 

repression at target genes. CBX4 and CBX8 are also capable of driving Polycomb condensate 

formation in synthetic systems. The OptoDroplet experiments discussed in Chapter 2 suggest 

self-interactions facilitated by CRY2 oligomerization drove condensate formation for CBX4 and 

CBX8 as well as CBX2. Mutation of positive charges in the IDRs of CBX4 and CBX8 attenuate 

their ability to form condensates. Therefore, the IDRs of CBX4 and CBX8 act in a similar 

manner to the IDR of CBX2 to facilitate Polycomb body formation in cells. 

 

We propose that the differences in amino acid composition and liquid-like dynamics amongst 

CBX2, CBX4, and CBX8 may have evolved as a mechanism to tune Polycomb body formation 

or stability. The exact dynamics of the Polycomb bodies may be altered by the ratio of different 

CBX paralogs in these condensates. CBX2, CBX4, and CBX8 seem to have slightly different 

phase separation behavior although more studies are needed to differentiate their dynamics in 

cells. It seems the ability to tune phase separation through the inclusion of a different paralog in 

the complex provides a potential mechanism of modulating gene repression (Fig. 4.1). Single 
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molecule studies tagging the endogenous CBX2, CBX4, and CBX8 proteins in differentiated 

cells will give us a deeper understanding of their respective dynamics within heterogeneous 

Polycomb bodies. Experiments to quantify the differences in dynamics of Polycomb bodies that 

contain multiple CBX proteins in different quantities may also help to determine the synergistic 

or prohibitive effect each CBX might have on condensate formation or stability. 
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Figure 4.1 Model for CBX phase separation 

CBX2, CBX4, and CBX8 condensate dynamics may tune repression of Polycomb target genes. 
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The expression of CBX paralogs with phase separation activity is an important inflection point in 

development. The main transition during mouse embryonic stem cell (mESC) differentiation 

occurs between inclusion of CBX7, a non-phase separating paralog, in cPRC1, to expression and 

inclusion of CBX2, CBX4, and CBX8 in cPRC1.3 In mESCs, the inclusion of a non-condensate 

forming CBX protein is proposed to be important for maintaining bivalent chromatin.4 Bivalent 

chromatin includes both activating and repressive histone marks and exists in a poised state 

ready for either expression or silencing during subsequent differentiation.5 Therefore, a non-

phase separating CBX protein might be a feature of bivalent chromatin that enables greater 

plasticity.4 When a CBX7 mutant containing the IDR of CBX2 is expressed in mESCs, 

differentiation programs cannot be properly activated.4 As development progresses, lineage 

genes are expressed while pluripotency and non-lineage genes are turned down to maintain cell 

identity.6 Meanwhile, CBX2, CBX4, and CBX8 increase in expression to different levels based 

on cell type with both overlapping and distinct target genes.3,7,8 This suggests that CBX2, CBX4, 

and CBX8 driven PRC1 condensate formation is important for the maintenance of a 

differentiated cell identity.  

 

The tuning of gene repression by Polycomb body composition may explain the variable levels of 

each CBX in distinct cell lineages. The ratio of CBX2, CBX4, and CBX8 may create a more 

complex system of Polycomb repression via condensate behavior. Although some compensation 

has been observed between paralogs, there are also lineages that are dependent on one paralog 

over the others.3,7,9 CBX2, CBX4, and CBX8 are often found at similar genes throughout the 

genome as determined by genome-wide binding analysis such as ChIP-seq.9,10 We propose that 

phase separation properties of these paralogs might add another layer of gene regulation. Indeed, 
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previous work from our lab and others has shown that the composition of Polycomb bodies is 

important for the regulation of their properties.11,12 Inclusion of CBX2 or CBX7 in cPRC1 

influences the threshold for condensation of nucleosomal arrays and purified protein, while 

inclusion of PHC1 or PHC2 influences the gel-like or liquid-like properties of the condensates by 

way of their polymerization activity.11 The composition of Polycomb bodies also influences the 

enrichment or exclusion of other PRC1 subunits.12 For instance, CBX2 condensates can 

concentrate CBX4, CBX7 and CBX8 containing PRC1 in Polycomb bodies, while excluding 

CBX6 containing PRC1.12 Additionally, phase separation may provide a non-stoichiometric 

means of concentrating Polycomb proteins. Single molecule studies recently demonstrated that 

only 3 CBX2 molecules are necessary to concentrate ~70 RING1B molecules in ES cells 

suggesting not all PcG protein located at a target gene are within a PRC1 complex.13 

Additionally, they show that the number of CBX2 molecules per condensate is cell-type 

dependent.13 When the mESCs were differentiated to NPCs, there was an increase to ~15 CBX2 

molecules per condensate.13 However, other data has shown that the concentration of 

condensates is at least somewhat controlled by stoichiometry amongst the different subunits.12 

CBX2 condensates are enriched with PHC1 until a high concentration of PHC1 actually begins 

to dissolve the CBX2 driven condensates.12 This suggests that the ratio of PRC1 subunits within 

Polycomb bodies can influence the stability of the condensates formed. Further studies will be 

needed to fully understand the composition of Polycomb bodies in vivo including the ratio of 

CBX proteins and the stoichiometry of cPRC1 components for different cell types.  

 

Besides regulating condensate composition, the IDRs of the CBX proteins may also regulate 

cPRC1 binding to the genome. While the chromodomain of the CBX proteins has traditionally 
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thought to be the main mechanism of chromatin binding for PRC1, it is known that Polycomb 

condensates are not dependent on H3K27me3 and the deposition of H3K27me3 is not sufficient 

for gene repression.2,14-16 The chromodomain of the CBX proteins certainly plays a part in 

targeting to the genome. For example, a chromodomain mutant of CBX2 shows a decrease in 

condensate overlap with H3K27me3 compared to wildtype CBX2.17 Additionally, the AT-Hook 

region of the CBX2 protein can bind to DNA.18 CBX4 and CBX8 have AT-hook like motifs that 

may similarly facilitate DNA binding.18 Therefore, chromatin binding of PRC1 is almost 

certainly regulated by domains beyond the chromodomain. The charged amino acids in the IDRs 

of CBX2, CBX4, and CBX8 are important for phase separation activity and may also contribute 

to DNA binding.8 As shown in Chapter 2, mutation of lysine and arginine residues in the IDRs of 

CBX2, CBX4, and CBX8 disrupts the ability of these proteins to phase separate in vitro and 

form nuclear foci in cells.1 In Chapter 3, the overexpression of the CBX2KRA mutant led to a 

global decrease in the binding of cPRC1 to CBX2 genomic targets. Binding was restored when 

the mutant was fused to the positively charged CBX2IDR, but was unchanged by fusion to the 

uncharged and hydrophobic FUSIDR. The importance of acidic amino acids is unsurprising given 

that the charges likely enable the protein to interact more strongly with the negative DNA 

backbone as is the case with HP1.19 Therefore, we hypothesize that the positive charges in the 

IDRs of the CBX paralogs may play a dual role in the multivalent interactions required for phase 

separation and the interactions required for occupancy at genomic targets. Work from the Ren 

lab has shown that phase separation may contribute to CBX2’s target search for its binding 

sites.20 The formation of condensates is thought to increase the local concentration of CBX2 and 

its chromatin occupancy and therefore speed up CBX2’s target search.20 They found that while 

H3K27me3 was not necessary for the binding of CBX2 to the genome, the mark did facilitate 
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CBX2’s target search.20 Once CBX2 binds to its genomic targets, it is thought to recruit the rest 

of the PRC1 complex.20 The positive charges in the IDRs of the CBX proteins may play an 

important role in maintaining genomic occupancy at target genes even while they facilitate the 

concentrating and recruitment of Polycomb complexes via condensate formation.   

 

4.2 Model for Polycomb body phase separation  

Given the initiation of cPRC1 localization to the genome by CBX2, it has been proposed that 

condensation occurs through a client-scaffold mechanism.2,12 Client-scaffold models of phase 

separation have been described for other nuclear bodies.21 For example, P bodies have RNA 

molecules that act as scaffolds.21 Scaffold interactions are typically stronger and drive the 

formation of the condensate.21 Scaffolds then recruit client molecules.21 These interactions are 

more transient and the localization of client molecules is dependent on the presence of the 

scaffold molecules.21 In the case of Polycomb bodies, CBX2 has been proposed to act as a 

scaffold binding to genomic target genes and then recruiting and concentrating other PcG 

proteins as clients.12 The heterotypic multivalent interactions of CBX2 with other PRC1 

molecules or nucleic acids are more transient and these molecules are thought to depend on 

CBX2 for assembly to Polycomb bodies.12 Supporting data for this theory includes knockout of 

other PRC1 subunits demonstrating that CBX2 will still form condensates even when it is not 

part of a complex.12 Additionally, in vitro experiments demonstrate that CBX2 has the strongest 

phase separation activity compared to the other CBX paralogs or the other cPRC1 subunits.12 

While CBX2 drives the formation of the most stable condensates, this does not necessarily mean 

it is the only scaffold for Polycomb body formation. It is possible that the family of CBX 

proteins may be capable of acting as scaffolds, or perhaps the general scaffold-client model is too 
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simplistic to explain the dynamics of Polycomb body formation. Previous studies have shown 

that the CBX proteins may have a weaker or stronger Kd depending on the cellular context.22,23 

Therefore, different CBXs may act as the main scaffold in different cell lineages. Another 

possibility is that the multivalent interactions amongst PRC1 subunits may provide additional 

specificity to seed condensate formation.  

 

The mechanism of client recruitment or partitioning of components into CBX2 condensates is 

mediated by the structured C box domain, which binds to RING1B, and by the multivalent 

interactions of CBX2’s disordered region: both heterotypic interactions with other cPRC1 

subunits or nucleic acids, and homotypic interactions with other CBX2 proteins.24,12 It may be 

that CBX2 recruits the rest of the cPRC1 complex together as a heterotrimeric unit made up of 

the PHC, PCGF, and RING1 proteins by direct binding to the RING1 subunit.2 Crystal structures 

reveal a RAWUL ubiquitin-like binding domain of RING1B that binds to the CBX protein to 

generate the heterodimer.24 The N-terminus of RING1B has a ring finger domain that associates 

with the ring finger domain of PCGF4, also known as BMI1.25 The PCGF subunit interacts with 

the PHC subunit to complete the core complex.26 Interestingly, some single molecule tracking 

studies have shown that the four main cPRC1 subunits are not always present in Polycomb 

bodies in 1:1:1:1 stoichiometry.13 As described above, in mESCs where CBX2 is lowly 

expressed, three CBX2 molecules are capable of recruiting ~70 RING1B molecules.13 However, 

CBX7 is the most highly expressed CBX in mESCs4, so it is possible that the “extra” RING1B 

molecules are actually in complex with CBX7. The stoichiometry of cPRC1 within Polycomb 

bodies in vivo requires additional study. 
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Multiple CBX paralogs are often present in the cell and determining their functional contribution 

to Polycomb-mediated gene repression will be important. A recent preprint has shown that in 

diffuse midline glioma (DMG), CBX4 has lower expression than CBX2 or CBX8 and only 

makes up ~5% of the cPRC1 complexes in the cell as demonstrated by IP-mass spec for 

RING1B.27 However, CBX4 functionally drives the oncogenic repression that is important for 

DMG tumor progression and is more highly bound at Polycomb target genes.27 Therefore, the 

abundance of CBX paralogs within a cell or the ratio of their inclusion in cPRC1 may not be 

predictive of functional contributions to Polycomb-mediated gene silencing. The factors 

controlling CBX paralog inclusion in cPRC1 are not clear. Perhaps the binding of CBX to 

RING1B via the C box domain is competitive amongst the paralogs, or perhaps different post-

translational modifications in distinct cell types dictate protein stability or affinity for the 

complex. Regardless, the functional contribution of a CBX protein to gene repression seems to 

be independent of paralog inclusion in cPRC1.27 This raises the question of whether the other 

~95% of cPRC1 complexes are included in Polycomb bodies in DMG.27 It would be interesting 

to study Polycomb bodies in DMG or other cancers with a known CBX4 dependency to 

determine if functional repression by CBX4 is reflected in Polycomb body composition. Even if 

CBX4 makes up a minority of cPRC1 in DMG cells, non-stoichiometric CBX4 proteins may be 

included in Polycomb bodies to tune gene repression or CBX4 might have the highest affinity for 

Polycomb targets. Determining the mechanism of repression when multiple CBX paralogs are 

present in a cell type will entail a deeper understanding of the relationship between Polycomb 

body composition, the ratio of CBX proteins present at target genes, and subsequent levels of 

transcription.     
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4.3 Mechanism of Polycomb-mediated gene repression by phase separation  

The work from Chapter 3 suggests that phase separation itself is important for the functional 

repression of genes by Polycomb complexes. While the FUSIDR cannot recover the binding of 

cPRC1 mediated by the CBX2IDR, it nearly completely rescues repression of neurogenesis genes 

as demonstrated by the phenotypic rescue and RNA-sequencing data. Highlighting RING1B 

targets in a volcano plot of the Differentially Expressed Genes (DEGs) between the CBX2KRA 

and FUSIDR
 lines demonstrates that the inclusion of a condensate forming CBX2, even if phase 

separation activity is conferred by a heterologous IDR, makes cPRC1 more repressive at target 

genes. This suggests that phase separation activity, independently of the specific sequence of the 

CBX2IDR, is an important part of Polycomb-mediated gene repression. However, the mechanism 

of repression by phase separation is still unclear.  

 

Since the positive charges in the CBX2IDR facilitate both compaction and phase separation, it has 

been proposed that the presence of CBX condensates is inextricable linked to nucleosome 

compaction.1,28,29 The lysine and arginine residues that drive CBX2 phase separation also drive 

compaction of nucleosomal arrays in vitro as demonstrated by electron microscopy and 

Restriction Enzyme Accessibility assays, where nucleosome compaction prevents the cutting of 

DNA bound to nucleosomal arrays.1,28 Driving synthetic CBX2 phase separation with the corelet 

system, results in chromatin compaction in cells as represented by increased variance in 

fluorescent signal of labelled H2B nucleosomes.17 Treatment of cells with hexanediol, a 

compound known to disrupt the multivalent interactions necessary for phase separation, 

disperses Polycomb condensates in cells.30 Simultaneously, the HoxD locus, a known Polycomb 

target, is decompacted as the distance between Fluorescence In Situ Hybridization (FISH) probes 
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bound to the DNA locus increases significantly.30 This decompaction is reversible and can be 

recovered by the removal of hexanediol.30 Altogether, these data support the ability of Polycomb 

condensate formation to drive local compaction of chromatin as a potential model for gene 

repression (Fig. 4.2).  
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Figure 4.2 Model for the FUSIDR rescue of the CBX2KRA mutant 

Heterologous phase separation by the FUSIDR rescues phase separation and compaction of 

CBX2KRA to restore gene repression. 
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This model is not without controversy. Some argue that compaction itself rather than phase 

separation is responsible for driving gene repression. Work from the Brangwynne lab has 

demonstrated that Polycomb phase separation is important for establishing repressive histone 

marks, but the formation of condensates is dispensable for sustained compaction and 

repression.17 In this case, gene repression is attributed to the compacted state rather than the 

formation of membraneless compartments in the nucleus.17 In contrast, others argue that neither 

compaction nor phase separation is primarily responsible for gene repression by Polycomb. 

Recent work from Alistair Boettiger’s group argued that repression is generated by spatial 

feedback, transient interactions that propagate memory of the repressed state.31 They use ORCA, 

Optical Reconstruction of Chromatin Architecture, to record the behavior of the HoxA cluster.31 

Dynamic simulations show intermixing of the HoxA locus with both open and closed chromatin 

even while the locus is uniformly repressed.31 They interpret this as a refutation of a compacted 

globule compartmentalized by liquid liquid phase separation and propose a spatial feedback 

mechanism as a model for repression.31  

 

In order to determine the impact of phase separation on compaction, one could measure 

compaction in vivo by changes in FISH probe distances to see the changes in locus compaction at 

genes repressed by heterologous phase separation in the FUSIDR line such as Lhx2 or Npr2. In a 

more controlled experiment, the heterologous IDR fusion constructs could be recruited directly 

to a target locus by fusion to dCas9. Then, FISH could be performed to measure compaction and 

qPCR could be used to measure the transcriptional output from the locus. This experimental 

design could also be used to compare the CBX paralogs, which display different levels of 

compaction in vitro.28 One caveat is that it may be challenging to discern if compaction is a 
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primary effect of phase separation or a secondary effect of transcriptional changes at the locus. 

Therefore, in vitro studies of the purified FUSIDR
 construct compared to the CBX2KRA construct 

when incubated with nucleosomal arrays could contribute to understanding the relationship 

between phase separation and compaction. If compaction by phase separation is the main 

mechanism of gene repression, it would be hypothesized that the FUSIDR
 could induce 

nucleosomal array compaction and prevent cutting in the REA assay. Although in vitro studies 

could be an important first step in establishing this mechanism, validation in cells will be 

required at Polycomb target genes.  

 

Chromatin compaction is one feature of higher order genomic architecture within the cell that 

provides another layer of transcriptional regulation.32,33 Changes in 3D genome structure occur 

during development corresponding with changes in transcriptional states regulated, at least in 

part, by Polycomb group complexes.34,35 Generally, chromatin can be divided into open and 

transcribed euchromatin and compacted, silent heterochromatin.36,37 Euchromatin, also known as 

Compartment A, is gene rich and accessible to transcription factors, whereas heterochromatin, or 

Compartment B, is inaccessible and densely packaged.36,37,38,39  Heterochromatin can be divided 

into two types: constitutive and facultative.39 Constitutive heterochromatin is guarded by proteins 

such as HP1 in stable silent domains, while Polycomb proteins are enriched in facultative 

heterochromatin that represents an in-between state with the “facultas,” Latin for “opportunity”, 

to become open or closed depending on the context.39 Facultative heterochromatin includes genes 

that are temporally constricted in expression to a certain stage of development.39 Facultative 

heterochromatin is known to occupy both A and B compartments and Polycomb coated regions 

of the genome regularly interact with both A and B compartments in molecular dynamic 
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simulations.31 A and B compartments occur on the scale of several megabases and within these 

compartments are Topologically Associated Domains (TADs), which are insulated by CTCF 

boundaries and can span hundreds of kilobases.35 Chromatin within TADs is self-interacting and 

occupies a similar transcriptional state.40 Within facultative heterochromatin, Polycomb 

Associated Domains (PADs), which are smaller than TADs at 20-140 kilobases, are coated with 

H3K27me3 and preferentially interact to form higher order structure via oligomerization of the 

PHC subunit of PRC1.35,41,42 Knockout of Ring1A and Ring1B strongly reduces the strength of 

PAD boundaries in mouse oogenesis.34 Previous work from our lab demonstrated that knockout 

of Phc1 impacts PAD boundaries and leads to decompaction of Hox loci as seen by Stochastic 

Optical Reconstruction Microscopy (STORM).41 PADs were shown to change during 

differentiation reflecting changes in binding of PRC1.34,41 PADs were independent of 

ubiquitylation, suggesting ncPRC1 is not important for PAD formation.41 Knockout of Eed did 

not impact established PADs in mouse oocytes, but did prevent the reestablishment of PADs in 

early embryonic development.34 Therefore, PRC2 and PRC1 are thought to work together to 

establish PADs in higher order chromatin architecture as an important layer of PcG regulation. 

 

As previously discussed, the PHC subunit of PRC1 can contribute to the formation of Polycomb 

condensates.11 Therefore, we speculate that phase separation may play a role in higher order 

chromatin structure driven by PADs. Local nucleosome compaction and long-range contacts may 

both contribute to the formation of facultative 3D heterochromatin structure. While it is known 

that oligomerization of the PHC subunit of PRC1 has a major role in driving higher order 

structure,41,42 it is unclear if the phase separation activity driven by the CBX subunit can also 

contribute to the formation of PADs. Future work will study the heterologous IDR lines from 
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Chapter 3 in Hi-C experiments to understand the potential influence of phase separation on 

genome structure, particularly at genes where the FUSIDR rescued repression. Advances in Hi-C 

methods have improved the resolution of 3D genome mapping and consequently it may be 

possible to resolve shorter range Polycomb compaction as well.43 Understanding the relationship 

between the higher order structure of PADs, chromatin compaction, and Polycomb phase 

separation will be important to develop a model for the mechanism of Polycomb-mediated gene 

repression. 

 

The early models of transcriptional control by phase separation proposed membraneless 

compartments demixed from the surrounding chromatin as sites of activation or repression.44 In 

the case of Polycomb, these nuclear bodies might be thought to concentrate repressive PcG 

components and occlude transcription factors or activating machinery.1,2 However, this model is 

likely too simplistic. For Polycomb bodies, the dynamic nature of condensates seems to be an 

important feature and as described above Polycomb Associated Domains are intermixed with 

active and repressive TADs.31 Additionally, our genome-wide analysis of Polycomb bound genes 

shows that many RING1B and CBX2 targets are not completely repressed. In these cases, the 

presence of Polycomb condensates may be tuning down transcriptional output without making 

the locus inaccessible to transcriptional machinery. For example, the Npr2 gene is bound in all 

cell lines, but the overexpression of CBX2WT decreases gene expression whereas the CBX2KRA 

does not. This demonstrates that overexpression of CBX2WT is modulating transcription at this 

gene even while the gene is still expressed. In contrast, the CBX2KRA is incapable of tuning down 

gene expression at this locus, presumably due to its inability to form condensates. Additionally, 

if Polycomb condensates concentrate repressive factors, it would be expected see an increase in 
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RING1B and CBX2 binding at Polycomb target genes in the FUSIDR line. However, we tend to 

see a decrease in RING1B and CBX2 occupancy upon induced phase separation in the 

CUT&RUN data. It is possible that condensates recruit more cPRC1 that is not bound but 

diffusing freely and therefore the local increase in cPRC1 concentration due to condensate 

formation is not reflected in the CUT&RUN signal. It also could be that condensate formation 

reduces the amount of PRC1 required for repression of a target gene. Alternative methods to 

measure whether Polycomb condensates increase recruitment of PRC1 to the target gene might 

include the use of proximity labelling methods such as TurboID.44 This type of experiment might 

determine if there is an increase in PRC1 or PRC2 complexes in the general vicinity of the gene, 

when the FUSIDR
 construct binds near the TSS. Conversely, the exclusion of activating factors 

such as chromatin remodelers or transcription factors could also be examined. Since facultative 

heterochromatin can be engaged by activating factors, it provides a unique opportunity to study 

the tug-of-war between repression and activation at genes.39 Designing experiments to 

understand these dynamics will require precise temporal control to measure the transition at 

these sites as they moved from active to silent or silent to active rather than measuring an end 

state. Even a recent preprint demonstrating the porosity of CBX8 condensates suggests that these 

condensates are still impermeable to larger proteins such as transcription factors.45 Thus, even if 

the edges of condensates are not completely impermeable boundaries, they still function to 

control access to bound genes.45 Overall, understanding the dynamics of modulating gene 

repression by cPRC1 will be an important aspect of establishing a model for Polycomb 

condensates. 
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It will also be important to remember that distinct subsets of Polycomb bound target genes may 

exist. These subsets may behave differently with regards to regulation by Polycomb complex 

binding, repressive histone marks, or condensate formation. They also may vary in different cell 

lineages. For example, Hox clusters are often studied as typical Polycomb targets and must be 

stably turned off to maintain cell identity.46 These loci are also heavily coated with H3K27me3 

and H2AK119ub1 to reinforce gene silencing.46 In the Neuro2a cell lines, the Hox genes were 

not affected by the presence of the CBX2KRA or the induced phase separation by the FUSIDR and 

remained transcriptionally silent, even as other Polycomb target genes were modulated by the 

variation in Polycomb complexes. The Hox clusters may represent one extreme of a spectrum of 

Polycomb target genes, where repression is strongly reinforced and therefore these genes are 

insensitive to changes in one isolated aspect or another. There is also evidence in plants that 

changes in repression at Polycomb loci may occur stochastically over the course of many cell 

divisions.47 In Arabidopsis, the FLC locus is a Polycomb target that behaves in a stochastic, 

switch-like manner digitally transitioning from an ON state to an OFF state upon cold exposure 

with positive feedback reinforcing the OFF state over time. Therefore, it might require studying 

Polycomb on longer timescales and at a single-cell level to observe changes in the maintenance 

of gene expression over time.   

 

4.4 Polycomb condensates in maintenance and memory 

It has long been known that Polycomb proteins play a role in epigenetic memory to maintain cell 

identity.46 Further understanding of the function of Polycomb bodies in facilitating epigenetic 

memory will be essential to establishing a comprehensive model. Condensate formation could be 

a potential mechanism for the quick reestablishment of silencing after cell division. Work from 
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the Ren lab has shown that ~96% of CBX2 remains bound to mitotic chromosomes as shown by 

live cell imaging of fluorescently tagged proteins in mESCs.48 The other CBX proteins were 

bound to a lesser extent: ~22% of CBX4, ~44% of CBX7, and ~40% of CBX8. CBX2 was 

required for the association of other cPRC1 subunits with mitotic chromosomes and directly 

recruited them.48 In contrast, the recruitment of CBX2 to mitotic chromosomes was independent 

of PRC1 or PRC2 proteins.48 CBX2’s stability on chromatin throughout cell division might make 

it responsible for regenerating Polycomb bodies, promoting histone marks, and reestablishing 

silent domain of heterochromatin to maintain repression of lineage non-specific genes (Fig. 4.3). 

It has recently been shown that compaction of chromatin by the H1 histone is important for 

reestablishing H3K27me3 and H2AK119ub1 after DNA replication and cell division.49 

Compaction by H1 helps to propagate the H2AK119ub1 mark.49 There is a positive feedback 

loop whereby binding RYBP or YAF2, subunits of ncPRC1, to H2AK119ub1 recruits ncPRC1 

and thereby spreads the H2AK119ub1 mark to neighboring nucleosomes.49 H2AK119ub1 is also 

capable of recruiting PRC2 in a hierarchical model of Polycomb complexes to promote 

establishment of H3K27me3 as well.50 In a more direct fashion, another study has shown that H1 

compaction helps to restore H3K27me3 at dense repressive regions of the genome.51 Knockout 

of H1 strongly reduced H3K27me3 levels particularly at regions of the genome that were highly 

repressed and typically recover H3K27me3 most quickly after replication.51 Therefore, H1’s role 

in compaction may work synergistically with CBX2 compaction and phase separation to promote 

repressive histone marks. Study of histone turnover during replication demonstrates symmetric 

dilution of histones into daughter strands.52 Histones with repressive marks such as H3K27me3 

are preferentially recycled at the same loci in daughter cells, but histones in active regions of the 

genome are not.53 This local redeposition of repressive histones signifies the particular 
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importance of epigenetic memory for repression. Local redeposition may facilitate the quick 

reestablishment of PADs by stimulating the deposition of H3K27me3 and recruiting Polycomb 

complexes.53   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   128 

 

 

 

 

Figure 4.3 Model for CBX2 phase separation in epigenetic memory 

CBX2 phase separation as a mechanism of epigenetic memory during cell division to 

reestablish Polycomb silencing. 
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Another potential mechanism for repression by cPRC1 condensates may be the spreading of 

repressive histone marks stimulated by compaction and phase separation. H3K27me3 spreading 

may reestablish PADs after cell division in epigenetic memory, but it may also be a more general 

mechanism of reinforcing gene repression.54 PRC1 complexes are the main component of 

Polycomb bodies, however PRC2 might also partition dynamically into Polycomb condensates. 

EED has been shown to directly interact with cPRC1 helping to recruit cPRC1 to sites of 

H3K27me3.55,56 PRC2 deposits H3K27me3 and this may create a positive feedback loop to 

recruit more PRC1 for compaction and silencing. Recruitment experiments show that heritable 

silencing requires both PRC2 deposition of H3K27me3 and cPRC1 function.57 Therefore, PRC1 

condensates may help to concentrate PRC2 or directly stimulate PRC2 activity to promote 

H3K27me3 spreading. Phase separation has been shown to catalyze other histone marks such as 

H2B ubiquitination.58 The rescue of gene repression in the FUSIDR
 line was highly correlated 

with changes in H3K27me3, suggesting phase separation might directly stimulate H3K27me3 to 

facilitate repression. To further understand the relationship between Polycomb condensates and 

H3K27me3, PRC2 inhibitors such as UNC1999 or GSK343 could be used to reduce global 

levels of H3K27me3.59,60 If H3K27me3 is necessary for the mechanism of silencing by phase 

separation, then the rescue of gene repression in the FUSIDR
 line will be compromised in the 

inhibitor treated sample. This experiment would help to elucidate the role of H3K27me3 in the 

proposed Polycomb condensation-driven mechanism of gene repression. In contrast to 

H3K27me3, H2AK119ub1 was less reliably correlated with gene repression in the Neuro2a cell 

lines. Work from the Brangwynne lab has demonstrated the writing of H2AK119ub1 by 

induction of CBX2 phase separation using the synthetic corelet system.17 It is known that 

ncPRC1 and the H2AK119ub1 mark play important roles in mESCs to regulate developmental 
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genes.61,62 However, the role for ncPRC1 in differentiated cell lineages is unclear. Recent work 

has shown that H2AK119ub1 can increase transcription at Polycomb target genes by inhibiting 

cPRC1 binding to nucleosomes and preventing condensation.63 In line with these observations, 

immunofluorescence experiments in the FUSIDR
 line did not show enrichment of ncPRC1 

subunit, RYBP, in the induced Polycomb bodies. The use of a PRC1 inhibitor, such as RB-3 to 

deplete H2AK119ub1 would be useful to test if this histone mark is inhibiting cPRC1 binding in 

Neuro2a cells.64 Upon treatment, we would expect see an increase in CUT&RUN signal for 

RING1B and CBX2 at target genes if H2AK119ub1 is interfering with the binding of cPRC1. 

Additionally, we would expect to see a decrease in gene expression as cPRC1 binding increased. 

It would be interesting to note if the phase separation induced by the FUSIDR altered gene 

expression in the absence of H2AK119ub1. The use of PRC2 or ncPRC1 catalytic inhibitors 

could be a useful tool in teasing out the relationship between condensate formation, the 

spreading of histone marks, and gene repression.  

 

4.5 Polycomb condensates in disease 

The experiments performed in Chapter 3 demonstrate the importance of Polycomb function in 

cancer pathology. CBX2 plays a tumor promoting role in both neuroblastoma and breast cancer 

by supporting an aggressive, stem cell-like phenotype.65-67 CBX2’s phase separation activity 

helps to drive the dependence these cancer cell lines have on Polycomb function. The CBX2KRA 

line is less stem-like and differentiates more in the neural differentiation assay compared to the 

CBX2WT overexpression line. Fusion of the FUSIDR
 to CBX2KRA not only rescues CBX2 

condensate formation and gene repression, but also rescues a cancer stem cell phenotype. In a 

similar fashion, the FUSIDR
 rescues the aggressive transwell migration phenotype of the 4T1 
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breast cancer cell line. As discussed in Chapter 1, it is increasingly clear that PcG proteins play 

important roles in cancer, however the tumor-promoting mechanisms often vary with cell 

lineage.68 The overexpression of CBX2 is found in several cancer types, and this likely increases 

Polycomb body formation and stability.65-68 Our work confirms the importance of CBX2 

epigenetic regulation in maintaining the cancer stem cell niche and supports a role for increased 

condensate formation in driving cancer pathology.  

 

Beyond cancer, PcG proteins likely play an important role in aging. The CBX paralogs have 

been implicated in cellular senescence and play important roles in maintaining adult stem cell 

populations.69-71 Loss of CBX2 has been shown to induce genome instability that leads to 

premature senescence in fibroblasts.72 The PRC2 clock has even been proposed as a companion 

to the DNA methylation clock, which has been widely discussed as a biomarker of aging.73 CpG 

islands have low levels of DNA methylation and are known to recruit PRC2.73 Over the course 

of aging, CpG islands enriched for PRC2 increase in methylation levels, likely reducing PRC2 

binding and destabilizing Polycomb regulation.73,74 Rejuvenation treatments such as calorie 

restriction for mice resulted in a reversal of the PRC2 clock.73 Thus, there seems to be evidence 

of a direct relationship between DNA methylation and Polycomb silencing. It would be 

interesting to examine the changes in Polycomb body formation in models of aging and cellular 

senescence. It seems likely that CBX2 condensate formation plays an important role in 

regulating cellular health by stabilizing heterochromatin and maintaining gene repression.  

   

The significant role of CBX proteins in cancer and aging suggests the potential for a therapeutic 

strategy targeting Polycomb condensate formation. The development of small molecules 
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targeting IDRs has been challenging, particularly because the lessons from targeting structured 

domains of proteins may be inappropriate for designing small molecules against disordered 

regions.75,76 For example, drug development targeting the disordered N-terminus of the androgen 

receptor was reported to only be possible with natural product libraries.76 Chromatin interacting 

proteins are often disordered.77 Therefore, modulating gene regulation will likely take 

developing new strategies for targeting IDRs for drug development. Advances in the 

development of heterobifunctional degraders may be a good place to start for this class of 

“undruggable” proteins.78,79 In these cases, weak binders to the IDR of the protein of interest 

could be leveraged for degradation by PROTACs or molecular glues. As the diversity and 

function of IDRs are discerned, the development of strategies for drug development will be more 

and more relevant. One exciting example is the development of a potent degrader targeting MYC 

a white whale of an oncogene that is highly disordered.80 We are just at the tip of the iceberg 

when it comes to understanding the biology of disordered proteins and developing targeted 

therapeutics. Several biotech companies are tackling the challenges of drugging disordered 

proteins highlighting the innovation and promise of targeting IDRs in many disease contexts.  

 

As this dissertation comes to a close, I can only hope to have made a small contribution to the 

march of scientific advancement. At the beginning of my graduate studies, I was captivated by 

the Kuhnian paradigm shift that phase separation represented for the field of gene regulation. 

Hopefully, this work has deepened our understanding of the mechanisms at play in Polycomb-

mediated gene repression as we continue to discover the function of intrinsically disordered 

proteins in chromatin biology and disease.   
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