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1 Summary 

1.1 Summary 

In the last decade, phase separation has been proposed as a mechanism for the formation 

of a variety of subcellular compartments such as chromatin compartmentalization in 

eukaryotic cell nuclei. Yet, the requirements for chromatin compartmentalization have not 

been well characterized and several overlapping factors have been implied. This study 

aimed to gain insight into the function and underlying mechanisms of the MBD family 

proteins (MBDs) on chromatin organization. 

Firstly, I characterized the phase separation properties, functions, and dynamics of the 

MBDs in vitro and in vivo. I found that the MBDs have different phase separation properties 

and functions in heterochromatin organization. In vitro, MBD1∆CxxC3 formed only irregular 

aggregates, while MBD2, MBD3, MBD4, and MeCP2 formed liquid-like spherical droplets in 

certain conditions. In vivo, MBD1∆CxxC3 and MBD3 did not influence heterochromatin 

compartment size, while MBD1, MBD2, MBD4, and MeCP2 promoted the heterochromatin 

clustering in a dose-dependent manner. Besides, MBD1, MBD1∆CxxC3, and MBD4 were 

shown to decrease the roundness of heterochromatin compartments, while MBD2, MBD3, 

and MeCP2 did not. I also detected the molecule exchange dynamics of MBDs in between 

heterochromatin compartments and surrounding environments and found that all MBDs are 

highly dynamic. In conclusion, the LLPS properties were: MeCP2 > MBD2 > MBD3 > MBD4 

≥ MBD1∆CxxC3. The functions in heterochromatin compartment size were: MeCP2 > MBD4 

> MBD2 > MBD1∆CxxC3 ≈ MBD3. The functions in heterochromatin compartment 

roundness were: (MBD3 >) MeCP2 > MBD2 > MBD4 > MBD1∆CxxC3. The protein mobility 

was: MeCP2 < MBD2 < MBD1∆CxxC3 < MBD4. The immobile fractions were: MeCP2 ≈ 

MBD2 > MBD4 ≈ MBD1∆CxxC3. Thus, the heterochromatin organization could be regulated 

by the MBDs mediated phase separation. MBD2 and MeCP2 show the highest liquid-liquid 

phase separation (LLPS) properties in vitro and more significantly influence the 

heterochromatin compartment structure. 

Secondly, I elucidated the functional difference of MBD2 isoforms in vivo and in vitro. MBD2 

has three isoforms, MBD2a, MBD2b, and MBD2c. MBD2a is the longest isoform and 

contains N-terminus, MBD-TRD, and the C-terminus, while MBD2b and MBD2c contain the 

conserved MBD-TRD, but lack either the N-Terminus (MBD2b) or the C-Terminus (MBD2c). 

All MBD2 isoforms showed the ability of phase separation with distinct properties. MBD2b 

exhibited overall similar but weaker phase separation properties than the full-length MBD2a. 

MBD2b was less enriched in heterochromatin compartments and promoted the 

heterochromatin compartment clustering to a lesser extent than MBD2a. MBD2b showed a 
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faster molecule exchange between heterochromatin compartments and surrounding 

environments. Compared to MBD2a, MBD2c showed similar molecule dynamics and 

enrichment in the heterochromatin compartments but did not influence the heterochromatin 

compartment size. In vitro, the purified MBD2c formed only irregular aggregates. Besides, 

the N-terminus formed only irregular aggregates in all conditions tested and showed the 

ability to recruit DNA. The MBD-TRD alone did not form any condensates but formed 

irregular aggregates in the presence of DNA. The C-terminus could form either irregular 

aggregates or spherical droplets depending on buffer conditions that are not influenced by 

DNA. Thus, polymer-polymer phase separation (PPPS) also plays a role in MBD2 function, 

especially for MBD2c. Consistently, high levels of MBD2-MBD-TRD and MBD2c did not 

influence the total occupancy of heterochromatin while the high levels of MBD2b promoted 

the spreading of the heterochromatin region. In conclusion, the N-terminus is responsible for 

protein-DNA interaction, the MBD-TRD is responsible for PPPS and heterochromatin 

localization, and the C-terminus is responsible for the LLPS. The three isoforms of MBD2 

exhibit distinct functional properties due to a combination of the three regions. 

Thirdly, I demonstrated that MeCP2 alone could form liquid-like spherical droplets via self-

interaction-induced LLPS. The fold enrichment of MeCP2 in the droplets in vitro and 

heterochromatin compartments in vivo was similar. MeCP2 LLPS could be promoted by 

various factors that somehow mimic the in vivo physiological conditions. DNA promoted the 

LLPS of MeCP2 in both DNA length and concentration-dependent manner by providing 

additional sites for multivalent weak protein-DNA interactions. Crowders promoted the 

MeCP2 LLPS by increasing the local protein concentration and enhancing the weak 

interactions via the “excluded volume” effect. The weak MeCP2-MeCP2 and MeCP2-DNA 

interactions were characterized by the emergence of a properly confined diffusion population 

in the droplets and heterochromatin compartments. Cytosine methylation restricted the size 

of MeCP2 condensates in vivo and in vitro with more confined overall mobility. The specific 

mC-DNA interaction contributed to the emergence of the static population with low to static 

diffusion in MeCP2 condensates in vivo and in vitro. The phase separation properties of 

MeCP2 were altered by the RTT-related nonsense mutations. In vivo, the MeCP2 promoted 

the heterochromatin compartment clustering, which was attenuated by RTT-related 

nonsense mutations. The phase separation properties and function of RTT-related nonsense 

mutations in heterochromatin compartment clustering are negatively correlated with the 

severity in RTT patients. RTT-related nonsense mutations influence the heterochromatin 

organization via impaired LLPS properties. 

These results provide new insights into the function and underlying mechanism of the MBD 

protein family in heterochromatin organization and thus contribute to our general 

understanding of phase separation in nuclei architecture.  
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1.2 Zusammenfassung 

In den letzten zehn Jahren wurde die Phasentrennung als Mechanismus für die Bildung 

verschiedener subzellulärer Kompartimente vorgeschlagen, z. B. für die Kompartimentierung 

des Chromatins in eukaryotischen Zellkernen. Die Voraussetzungen für die 

Chromatinkompartimentierung wurden jedoch nicht gut charakterisiert und es wurden 

mehrere sich überschneidende Faktoren diskutiert. Ziel dieser Studie war es, einen Einblick 

in die Funktion und die zugrunde liegenden Mechanismen der Methyl-CpG-bindende 

Domäne (MBD)-Proteinfamilie bei der Chromatinorganisation zu gewinnen. 

Zunächst habe ich die Phasentrennungseigenschaften, Funktionen und Dynamik der 

Proteine der MBD-Familie in vitro und in vivo charakterisiert. Ich fand heraus, dass die 

Proteine der MBD-Familie unterschiedliche Phasentrennungseigenschaften und Funktionen 

bei der Organisation der Chromozentren haben. MBD1∆CxxC3, eine Isoform, der die 

unmethylierte CpG-Bindungsdomäne CxxC3 fehlt, bildete unregelmäßige Aggregate, 

während MBD2, MBD3, MBD4 und MeCP2 unter bestimmten Bedingungen in vitro 

flüssigkeitsähnliche sphärische Tröpfchen bildeten. In vivo kolokalisierten MBD1, MBD2, 

MBD4 und MeCP2 mit den Chromozentren und förderten dosisabhängig die Chromozentren 

Clusterbildung. MBD1∆CxxC3 und MBD3 hingegen hatten keinen Einfluss auf die Größe der 

Chromozentren. Außerdem zeigte sich, dass MBD1, MBD1∆CxxC3 und MBD4 die Rundheit 

der Chromozentren verringerten, während die anderen MBD Proteine keinen Einfluss darauf 

hatten. Die Messung der Dynamik des Molekülaustauschs der MBDs zwischen den 

Chromozentren und der Umgebung ergab, dass alle MBDs sehr dynamisch sind. 

Zusammenfassend lässt sich festhalten, dass die MBD Proteine sich wie folgt in ihrer 

Fähigkeit zur Flüssig-Flüssig-Phasentrennung (LLPS) unterscheiden: MeCP2 > MBD2 > 

MBD3 > MBD4 ≥ MBD1∆CxxC3. Ihre Auswirkung auf die Größe der Chromozentren war in 

absteigender Reihenfolge: MeCP2 > MBD4 > MBD2 > MBD1∆CxxC3 ≈ MBD3. Der Einfluss 

der MBD Proteine auf die Rundheit der Chromozentren war: (MBD3 >) MeCP2 > MBD2 > 

MBD4 > MBD1∆CxxC3. Bei der Proteinmobilität unterschieden sich die MBD Proteine wie 

folgt: MeCP2 < MBD2 < MBD1∆CxxC3 < MBD4. Bei den immobilen Fraktionen waren: 

MeCP2 ≈ MBD2 > MBD4 ≈ MBD1∆CxxC3. Die Organisation der Chromozentren könnte also 

durch die von den Proteinen der MBD-Familie vermittelte Phasentrennung reguliert werden. 

MBD2 und MeCP2 zeigen in vitro die besten Eigenschaften bei der LLPS und beeinflussen 

die Chromozentrenstruktur am stärksten. 

Im zweiten Teil dieser Thesis habe ich die funktionellen Unterschiede der MBD2-Isoformen 

in vivo und in vitro aufgeklärt. MBD2 hat drei Isoformen: MBD2a, MBD2b und MBD2c. 

MBD2a umfasst den N-Terminus, die MBD-TRD und den C-Terminus, während MBD2b und 

MBD2c die konservierte MBD-TRD Domäne, aber entweder keinen N-Terminus oder keinen 
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C-Terminus aufweisen. Alle MBD2 Isoformen zeigten die Fähigkeit zur Phasentrennung, 

jedoch mit unterschiedlichen Eigenschaften. MBD2b zeigte in vivo und in vitro insgesamt 

ähnliche, aber schwächere Funktionen als die Isoform MBD2a. MBD2b war weniger stark in 

Chromozentren angereichert, förderte die Clusterbildung von Chromozentren in geringerem 

Maße und zeigte einen schnelleren Molekülaustausch zwischen den Chromozentren und der 

Umgebung. Im Vergleich zu MBD2a zeigte MBD2c eine ähnliche Moleküldynamik und 

Anreicherung in den Chromozentren, hatte aber keinen Einfluss auf die Größe der 

Chromozentren. In vitro bildete MBD2c nur unregelmäßige Aggregate. Der N-Terminus 

allein formte irreguläre Aggregate in allen getesteten Konditionen und zeigte die Fähigkeit, 

DNA zu rekrutieren. Die MBD-TRD allein formte keine Kondensate, sondern unregelmäßige 

Aggregate in Gegenwart von DNA. Der C-Terminus konnte abhängig von den 

Pufferkonditionen und unabhängig von anwesender DNA entweder unregelmäßige 

Aggregate oder sphärische Tröpfchen formen. Somit spielt die Polymer-Polymer-

Phasentrennung (PPPS) eine Rolle bei der Funktion von MBD2, vor allem von MBD2c. 

Übereinstimmend mit diesen Beobachtungen, hatten auch hohe Level MBD2-MBD-TRD und 

MBD2c keinen Einfluss auf die Heterochromatinbeschäftigung, während hohe Level MBD2b 

die Ausweitung der Heterochromatinregion förderten. Zusammenfassend lässt sich 

festhalten, dass der N-Terminus für die Protein-DNA-Interaktion, die MBD-TRD für die PPPS 

und die Chromozentren Lokalisation und der C-Terminus für die LLPS verantwortlich ist. Die 

drei Isoformen von MBD2 weisen unterschiedliche funktionelle Eigenschaften auf, die auf 

eine Kombination der drei Regionen zurückzuführen sind. 

Im dritten Kapitel habe ich gezeigt, dass MeCP2 allein flüssigkeitsähnliche sphärische 

Tröpfchen durch Selbstinteraktion-induzierte LLPS bilden kann. Die Anreicherung von 

MeCP2 in den Tröpfchen in vitro und den Chromozentren in vivo war ähnlich. Die LLPS von 

MeCP2 wurde durch verschiedene Faktoren gefördert, die die physiologischen Bedingungen 

in vivo nachahmen. Die Anwesenheit von DNA förderte die LLPS von MeCP2 sowohl in 

Abhängigkeit von der DNA-Länge als auch von der Konzentration, indem sie zusätzliche 

Stellen für multivalente schwache Protein-DNA-Wechselwirkungen bereitstellte. Crowder 

förderten die LLPS von MeCP2, indem sie die lokale Proteinkonzentration erhöhten und die 

schwachen Wechselwirkungen durch den "excluded volume"-Effekt verstärkten. Die MeCP2-

MeCP2- und MeCP2-DNA-Wechselwirkungen wurden durch das Auftreten einer begrenzten 

Diffusionspopulation in den Tröpfchen und in den Chromozentren charakterisiert. Cytosin-

Methylierung schränkte die Größe der MeCP2-Kondensate in vivo und in vitro ein und führte 

zu einer eingeschränkten Gesamtmobilität. Die spezifische mC-DNA-Wechselwirkung trug 

zum Entstehen der statischen Population mit geringer bis statischer Diffusion in MeCP2-

Kondensaten in vivo und in vitro bei. RTT-bedingte Nonsense-Mutationen veränderten die 

Phasentrennungseigenschaften von MeCP2. In vivo förderte MeCP2 die Clusterbildung von 
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Chromozentren, die durch RTT-bezogene Nonsense-Mutationen stark abgeschwächt wurde. 

Die Phasentrennungseigenschaften und die Funktion von RTT-bedingten Nonsense-

Mutationen bei der Chromozentren Clusterbildung sind negativ mit dem Schweregrad der 

Erkrankung von RTT-Patienten korreliert. RTT-bedingte Nonsense-Mutationen beeinflussen 

die Chromozentrum Organisation durch beeinträchtigte LLPS-Eigenschaften. 

 

Diese Ergebnisse geben neue Einblicke in die Funktion und den zugrundeliegenden 

Mechanismus der MBD-Proteinfamilie in der Heterochromatin Organisation und tragen somit 

zum Gesamtverständnis der Phasentrennung im Zellkern bei. 
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2 Introduction 

2.1 Chromatin organization and phase separation 

2.1.1 Chromatin organization 

In eukaryotic cells, chromatin is hierarchically organized into distinct domains with different 

epigenetic modifications, gene expression profiles, and chromatin dynamics (Botchkarev, 

Gdula et al. 2012). Based on the chromatin-chromatin interactions, chromatin is 

subcompartmentalized into topologically associating domains (TADs) (Dixon, Gorkin et al. 

2016). Within TAD, loops are formed and maintained via loop extrusion (Fudenberg, 

Imakaev et al. 2016). Multiple TADs assemble to form A/B compartments (Fudenberg, 

Imakaev et al. 2016). A compartments are hallmarked by gene-rich, active transcription 

activities, and interior localization within nuclei, while B compartments are hallmarked by 

gene-poor and gene silencing lies on the nuclear periphery or nuclear center. Based on the 

compaction levels, the chromatin is divided into two components: euchromatin and 

heterochromatin. In vivo, the two components could be distinguished by differential DNA 

staining under the microscope (Fig. 1).  

 
Figure 1 Heterochromatin recognition and epigenetic modifications. 
Left: transmission electron microscopy (EM) image of a mouse liver cell nucleus with electron-dense regions 
corresponding to heterochromatin. Scale bar = 0.5 µm. Middle: graphical representation of densely packed 
nucleosomes within heterochromatin. Right: cartoon showing epigenetic modifications and relative “readers” 
within heterochromatin regions. NU: nucleolus; EU: euchromatin; HU: heterochromatin. Symbols are as 
indicated. 
 
Euchromatin is composed of mainly transcriptional active genes hallmarked with low DNA 

methylation and high histone H3 lysine 4 acetylation (H3K4ac) (Grewal and Moazed 2003, 

Guillemette, Drogaris et al. 2011). Heterochromatin is the highly compacted form of 

chromatin with restricted DNA accessibility and includes the mainly inactive satellite 

sequences, such as major satellite DNA. Heterochromatin is hallmarked by high DNA 

methylation, trimethylation at histone 3 lysine 9 and 27 (H3K9me3 and H3K27me3) (Hennig 
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1999, Grewal and Moazed 2003, Allshire and Madhani 2018, Poleshko, Smith et al. 2019). 

Heterochromatin is located in the nuclear periphery and regions surrounding the nucleolus 

(Fig. 1).  
Heterochromatin plays an essential role in nuclear architecture, genome stability, et al. 

(Peters, O'Carroll et al. 2001, Yan, Lim et al. 2011, Janssen, Colmenares et al. 2018, 

Greenstein and Al-Sady 2019). In mouse, Drosophila and plants, the pericentromeric 

heterochromatin aggregates to form large heterochromatin compartments (also called 

chromocenters, or heterochromatic foci), associated with an enrichment of heterochromatin 

related proteins. The composition, function, and dynamics of heterochromatin compartments 

have been investigated (Peters, O'Carroll et al. 2001, Cheutin, McNairn et al. 2003, Simon 

and Meyers 2011, Yan, Lim et al. 2011, Isaac, Sanulli et al. 2017, Johnson and Straight 

2017, Johnson, Yewdell et al. 2017, Strom, Emelyanov et al. 2017, Erdel, Rademacher et al. 

2020, Li, Coffey et al. 2020). Dysregulation of the heterochromatin compartments is 

associated with senescence and aging, which are hallmarked by deregulated lamin B1 

(LMNB1) (Shah, Donahue et al. 2013). Low LMNB1 leads to loss of H3K9me3 modifications 

at the nuclear periphery and contributes to the reactivation of inflammatory genes (Chen, 

Zheng et al. 2014). Besides, disease-causing lamin A (LMNA) mutations lead to globally 

reduced levels of LMNB1, HP1α, H3K9me3, and H3K27me3 (McCord, Nazario-Toole et al. 

2013, Fernandez, Scaffidi et al. 2014, Loi, Cenni et al. 2016). 

Nevertheless, the underlying mechanisms regulating the formation, maintenance, and/or 

dynamics of heterochromatin are still far from clear. Recent findings indicate a role of (liquid-

liquid) phase separation on nuclei compartmentalization. 

2.1.2 Liquid-liquid phase separation 

The liquid-liquid phase separation (LLPS) is originally applied in membrane science to 

describe and characterize the demixing process during asymmetric membrane formation in 

polymer solution (Koenhen, Mulder et al. 1977). In vitro, the lysozyme was also shown to 

undergo demixing and form liquid droplets with high lysozyme concentrations, which 

promoted the crystallization process (a process called phase transition) (Muschol and 

Rosenberger 1997). Yet, the involvement of LLPS in cellular activities was not described 

until 2009, when Brangwynne et al. proposed that germline P granules are liquid-like 

spherical droplets with fast exchange dynamics, fusion, and fission properties (Brangwynne, 

Eckmann et al. 2009). This indicates that P granules are probably regulated by LLPS.  

Now we are realizing that LLPS might be a general mechanism underlying the organization 

of various membraneless organelles with well-delineated physicochemical boundaries, but 

without phospholipid membrane barriers, such as germ granules, stress granules, nucleoli, 

centrosomes. Such membraneless organelles are essential for normal cellular activity, 
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whose disruption is increasingly linked to human disease as reviewed in recent papers (Fig. 

2) (Shin and Brangwynne 2017, Babinchak and Surewicz 2020, Zbinden, Pérez-Berlanga et 

al. 2020, Lu, Qian et al. 2021, Pakravan, Orlando et al. 2021).  

 
Figure 2 Liquid-liquid phase separation (LLPS) in vitro and in vivo. 
(A) In a mixture containing different molecules, unstructured protein(s) demix to form two phases, the dense 
phase and the dilute phase. The dense phase (droplets) shows the properties of reversibility, spherical 
morphology, and dynamic molecule exchange between the two phases. At certain conditions (such as proteins 
with certain disease-related mutations), the liquid-like droplets further transmit into irregular aggregates with 
slow/no molecule dynamics and are irreversible. 
(B) LLPS is now characterized as a common mechanism underlying the formation and dynamic regulation of 
membraneless organelles within the cytoplasm and nucleus. 
 

Proteins that could undergo phase separation often contain intrinsically disordered regions 

(IDRs) or low complexity regions (LCRs) (Oldfield and Dunker 2014). LCRs have biased 

amino acid preferences and thus show distinct charge clusters. For instance, the LCR would 

be positively charged if enriched with positively charged amino acids, such as arginine, 

lysine, and histidine, and therefore promotes electrostatic interactions among molecules. 

The LLPS is driven by multivalent weak hydrophobic interactions and/or electrostatic 

interactions including charge-charge, charge-π, π-π stacking interactions, and hydrogen 
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bonds (Li, Banjade et al. 2012, Brangwynne, Tompa et al. 2015, Molliex, Temirov et al. 

2015, Krainer, Welsh et al. 2021).  

The droplets formed by LLPS are always reversible, while they can undergo a further 

transition to less reversible gel-like and, at extreme conditions, solid condensates. This 

process is named phase transition. The driving force underlying phase transition is not clear, 

but likely sequence coded. Phase transition plays a role in cellular activity. For example, in 

yeast, poly(A)-binding protein (Pab1) undergoes LLPS under heat shock and forms grainy, 

amorphous particles with little or no dynamics at higher temperature and lower pH (Riback, 

Katanski et al. 2017). This suggests that the gel-like condensates are possibly an adaptive 

response during stress.  

2.1.3 LLPS in chromatin compartmentalization and human disease 

Recent studies focus on LLPS as a mechanism of chromatin compartmentalization.  

Now, an increasing amount of chromatin-binding proteins are shown to bear the ability of 

LLPS, indicating that LLPS might be a general mechanism underlying chromatin 

compartmentalization. 

Nucleosome arrays (NAs) were shown to undergo histone tail-dependent liquid-like phase 

separation in physiologic salt conditions (Gibson, Doolittle et al. 2019). This could be 

promoted by histone H1, controlled by linker DNA length, and disrupted by histone 

acetylation. Furthermore, NAs with acetylated histones could form a new liquid phase with 

multi-bromodomain proteins, and these droplets had distinct properties compared to droplets 

formed by unmodified histones. This indicates a role of LLPS in the segregation of 

euchromatin and heterochromatin. 

In the euchromatin region, LLPS plays a role in local enrichment of certain factors that are 

essential for certain nuclear activities, including DNA replication, transcription, damage 

repair, and alternative splicing (Sabari, Dall'Agnese et al. 2018, Parker, Bell et al. 2019, 

Wang, Gao et al. 2019, Laflamme and Mekhail 2020, Levone, Lenzken et al. 2021, Pessina, 

Gioia et al. 2021, Reber, Jutzi et al. 2021). For example, the super-enhancer-associated 

transcription coactivators BRD4 and MED1 could form liquid-like condensates in vivo and in 

vitro in an IDR-dependent manner (Sabari, Dall'Agnese et al. 2018). The coactivators could 

recruit multiple transcriptional factors, such as OCT4, SOX2, and NANOG and 

transcriptional machinery (Boija, Klein et al. 2018, Sabari, Dall'Agnese et al. 2018). Besides, 

disrupting the phase separation properties of OCT4 with MED1 via acidic mutation (mutate 

negatively charged aspartic/glutamic acids to non-polar alanine) also decreased the ability of 

OCT4 in gene activation (Boija, Klein et al. 2018). This further links the LLPS with 

transcription activation. 
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In the heterochromatin region, heterochromatin protein 1α and β (HP1α and β), H3K9me3 

readers, were shown to drive heterochromatin compartment formation via LLPS in a 

dimerization dependent manner and could be enhanced by phosphorylation and interactive 

partners like H3K9 trimethylated histones (Bannister, Zegerman et al. 2001, Larson, Elnatan 

et al. 2017, Strom, Emelyanov et al. 2017, Sanulli, Trnka et al. 2019, Qin, Stengl et al. 2021). 

Multivalent interactions of HP1β with H3K9me3-modified nucleosomes via its chromodomain 

enables phase separation and contribute to the formation of heterochromatin compartments 

in vivo (Qin, Stengl et al. 2021). Moreover, in vitro droplets formed by HP1β in the presence 

of H3K9me3 and SUV39H1, an HP1β binder and H3K9me3 enzyme, showed the ability to 

exclude active chromatin-related proteins, suggesting a role of LLPS in heterochromatin 

segregation from euchromatin (Wang, Gao et al. 2019). Besides HP1, LLPS of Polycomb 

complex PRC1 also plays an important role in polycomb-induced heterochromatin 

compaction and gene repression.  

Abnormal phase transition is tightly correlated with human disease. Take Parkinson's 

disease as an example, which is hallmarked by α-Synuclein (α-Syn) aggregation and 

amyloid formation (Lücking and Brice 2000). Both in vivo and in vitro results show that α-Syn 

could form liquid-like droplets, which eventually transform into amyloid-hydrogel-containing 

oligomers and fibrillar species (Ray, Singh et al. 2020). In particular, familial Parkinson’s 

disease mutations promote the LLPS and phase transition to aggregated states (Ray, Singh 

et al. 2020). Similar phenomena are also observed for tau, another component involved in 

Alzheimer’s disease (Kanaan, Hamel et al. 2020). 

2.1.4 Polymer-polymer phase separation (PPPS) and heterochromatin organization 

Polymer-polymer phase separation (PPPS) promotes the formation of ordered collapsed 

globules in the presence of polymer scaffold via proteins that could bridge units within 

polymers in close spatial proximity and assemble cross-links (Erdel and Rippe 2018). Both 

LLPS and PPPS are driven by multivalent interactions but with different properties (Fig. 3) 

(Brangwynne, Tompa et al. 2015, Erdel and Rippe 2018, Wang, Cairns et al. 2019). In LLPS, 

protein-protein interactions contribute to the liquid-like droplet formation, and the protein-

polymer interactions are not necessary. While in PPPS, the protein-polymer interactions 

promote the formation of ordered globules, and the protein-protein interactions are not 

necessary. Thus, upon removal of polymers, the PPPS mediated condensates will fall apart, 

while LLPS mediated droplets persist. Conceptually, the PPPS is similar to the coil-globule 

transition, a phenomenon that in solution, the polymers collapse into polymer-rich globules 

via polymer-polymer interaction (Moore 1977). 

Although both LLPS and PPPS promote the formation of dynamic spherical condensates, 

LLPS and PPPS show distinct functional implications, such as size, density, and stability of 
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condensates (Erdel and Rippe 2018). Bodies formed by LLPS and PPPS show distinct 

responses to concentration changes. For PPPS, increasing the total concentration of 

bridging factors promotes the enrichment of the factors at binding sites, but the size of 

globules does not change till saturated concentration. Oppositely, for LLPS, the droplets 

become bigger at higher protein concentrations, while the protein concentrations remain 

invariant. Besides, condensates formed by PPPS and LLPS show distinct internal structures, 

molecular transport, coalescence, et al. For example, LLPS predicts a homogeneous 

molecule distribution while PPPS predicts a local enrichment of bridging factors if the binding 

sites within polymers are not homogeneously distributed.  
 

 
Figure 3 Comparison of liquid-liquid phase separation and polymer-polymer phase separation. 
Unstructured proteins with the ability of self-interaction form liquid-like spherical droplets regardless of DNA (up). 
While proteins containing multiple DNA binding sites could condensate the DNA into globules. Upon removal of 
the DNA scaffold, the condensates fall apart (bottom). 
 
LLPS and PPPS mechanisms are not mutually exclusive. Chromatin is the most common 

polymer in cell nuclei, which could be recognized by chromatin-binding proteins. Some of 

such proteins retain both bridging and protein-protein interaction functions, such as HP1 

(heterochromatin protein 1) and MeCP2 (methyl CpG binding protein 2). HP1 exhibits both 

homodimerization and binding affinity with methylated H3 at lysine 9 (H3K9me3), a 

heterochromatin marker (Bannister, Zegerman et al. 2001). Indeed, several observations did 

not support the LLPS mechanism underlying HP1 function in heterochromatin 

compartments. Firstly, all three HP1 homologs showed no predominant enrichment (2~3 

fold) in heterochromatin compared to chromatin compaction levels (~2 fold) in NIH-3T3 

fibroblasts (Müller‐Ott, Erdel et al. 2014). Secondly, HP1α is less expressed in vivo 

compared to heterochromatin-associated proteins such as MeCP2 and SUV39H1(Müller‐

Ott, Erdel et al. 2014). Thirdly, HP1α does not influence the heterochromatin clustering and 
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compaction (Müller‐Ott, Erdel et al. 2014). Lastly, the purified human HP1α could not form 

liquid-like droplets in vitro in the absence of DNA (Strom, Emelyanov et al. 2017, Erdel, 

Rademacher et al. 2020). The observation that HP1 could form bridges between 

nucleosomes suggests an alternative PPPS mechanism of HP1 function in heterochromatin 

compartalization. Indeed, Erdel et al. show that the size, global accessibility, and compaction 

of heterochromatin foci are independent of HP1, suggesting that HP1 might also adopt the 

PPPS mechanism in heterochromatin compartment formation (Erdel, Rademacher et al. 

2020).  

2.2 DNA methylation and readers 

2.2.1 Overview of the epigenome  

“An epigenetic trait” was defined as “a stably heritable phenotype resulting from changes in a 

chromosome without alterations in the DNA sequence” (Berger, Kouzarides et al. 2009). The 

epigenetic modifications involve DNA methylation, histone modifications, histone variants, 

nucleosome positioning, and non-coding RNAs, among which the covalent DNA methylation 

and histone modifications are the best-studied epigenetic modifications.  

Epigenomics plays a crucial role in shaping the developmental decisions of multicellular 

organisms, human cancers, and other diseases. During development, the cells start from 

pluripotent stem cells, differentiate into various cell types with progressively restricted 

pluripotency, together with restricted gene expression patterns due to global epigenetic 

modifications (Reik, Dean et al. 2001, Reik 2007, Feng, Jacobsen et al. 2010). Genomic 

imprinting is an epigenetic phenomenon that leads to gene expression in a parent-of-origin-

specific manner and is thus important during normal development. Loss of imprinting 

contributes to several inherited genetic diseases, such as Beckwith–Wiedemann syndrome 

(Walter and Paulsen , Robertson 2005, Kalish, Jiang et al. 2014). In cancers, genome-wide 

hypomethylation and gene-specific hypermethylation events are observed simultaneously in 

the same cell (Robertson 2005). 

2.2.2 Cytosine methylation  

DNA methylation was discovered as early as 1946 (McCarty and Avery 1946), and cytosine 

methylation was discovered in 1948 (Hotchkiss 1948). Subsequently, various studies 

demonstrated that cytosine methylation plays essential roles in multiple cellular processes 

including genome regulation, development, and disease (Walsh and Bestor 1999, Robertson 

and Wolffe 2000, Chen, Akbarian et al. 2001, Vaillant and Paszkowski 2007, Lister and 

Ecker 2009, Zhang, Kimatu et al. 2010, Severin, Zou et al. 2011, Schubeler 2015, Angeloni 

and Bogdanovic 2019). Besides, adenine was reported to be methylated in E. coli (Dunn and 

Smith 1955), but the underlying mechanism is still poorly understood. DNA methylation 
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exists in both prokaryotic and eukaryotic cells and occurs predominantly at cytosine sites 

and rarely at adenine sites in mammals (Vanyushin 2005, Iyer, Zhang et al. 2016, Wu, Wang 

et al. 2016, Koh, Goh et al. 2018, Xiao, Zhu et al. 2018, Beaulaurier, Schadt et al. 2019, 

Woodcock, Horton et al. 2020). Here I will review the observations on cytosine methylation. 

 
Figure 4 Graphic summary of cytosine methylation and demethylation. 
The cytosine methylation at the 5′ carbon (5mC) is catalyzed by DNMT enzymes and could be oxidized to 5hmC 
by TET enzymes. 5hmC undergoes further oxidization and base-excision repair (BER) to convert back to an 
unmodified cytosine (C).  
 
Cytosine methylation is also one of the best-studied and most mechanistically elucidated 

epigenetic modifications and is well conserved among most plant, animal, and fungal 

models. The cytosine methylation by adding a methyl group to the carbon 5 position of 

cytosine (5mC) is catalyzed by the DNA methyltransferase Dnmts (Dnmt1, Dnmt3a/b) (Fig. 

4) (Ludwig, Zhang et al. 2016). Cytosine methylation has been involved in various pathways, 

such as gene transcription (Dolinoy, Weidman et al. 2007, Reik 2007), DNA damage repair 

(Rossetto, Truman et al. 2010, Williamson, Zhu et al. 2018), chromatin remodeling 

(Williamson, Zhu et al. 2018, Li, Xia et al. 2019), chromatin accessibility (Klemm, Shipony et 

al. 2019, Li, Wu et al. 2021) and chromatin organization (Noma, Allis et al. 2001, Richards 

and Elgin 2002, Grewal and Moazed 2003, Ng, Robert et al. 2003, Huisinga, Brower-Toland 

et al. 2006). Cytosine methylation plays an essential role during normal development. 

Transgenic mice expressing decreased but not completely absent DNA methyltransferase 

(MTase) activity showed abnormal development and embryonic lethality (Li, Bestor et al. 

1992, Yoder, Walsh et al. 1997). Others showed that during the early development, cells 

undergo removal and reestablishment of genome-wide methylome, which as a result 

influences the gene imprinting, cell fate decision, gene expression et al. (Razin, Webb et al. 
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1984, Brandeis, Ariel et al. 1993, Smith and Meissner 2013). Dysregulation of cytosine 

methylation is correlated with developmental disorders and diseases including cancer 

(Gopalakrishnan, Van Emburgh et al. 2008, Smith and Meissner 2013, Vukic and Daxinger 

2019, Yuan and Huang 2019, Chen, Miao et al. 2020). 

2.2.3 CpG methylation and function 

Cytosine methylation is primarily restricted to the CpG dinucleotides (mCpG) and occupies 

around 4% of all cytosine (~ 1% of all nucleic acid bases) and 60%-80% of all CpG 

dinucleotides in most vertebrates (Ehrlich, Gama-Sosa et al. 1982, Lister, Mukamel et al. 

2013, Smith and Meissner 2013, Bachman, Uribe-Lewis et al. 2014).  

In vitro, mCpG stabilizes the DNA helix, increases its melting temperature, and reduces DNA 

helicase and RNA/DNA polymerase speed (Rausch, Zhang et al. 2021). This suggests a role 

of mCpG in regulating replication and transcription speed. At the single molecular level, 

Cassina et al. found that methylation produces measurable incremental changes in 

persistence lengths, together with unchanged DNA contour lengths (Cassina, Manghi et al. 

2016). This indicates that DNA methylation-induced DNA conformational modification may 

play a role in the binding affinities of protein-DNA interactions. Cytosine methylation also 

promotes the condensation of chromatin fibers in the presence of linker histone (Karymov, 

Tomschik et al. 2001), indicating a role of DNA methylation on heterochromatin compaction 

in vivo. However, in vivo studies by Gilbert, et al. showed that DNA methylation affects the 

nuclear organization and nucleosome structure but not chromatin compaction. Yet, we 

showed before that DNA methylation binding protein MeCP2 promotes the chromocenter 

(heterochromatin compartment) fusion (clustering) in mouse cell nuclei (Brero, Easwaran et 

al. 2005, Bertulat, De Bonis et al. 2012, Casas-Delucchi, Becker et al. 2012). These studies 

indicate that DNA might, directly and indirectly, regulate chromatin dynamics by itself and 

multiple methylation binding proteins (methylation “readers”). 

In vivo, mCpG is tightly correlated with gene repression and is mainly located at the 

promoters of transposable elements, imprinting genes, and tissue-specific genes with lower 

CpG densities. Transposable elements occupy around 45% of the mammalian genome but 

their replication may lead to gene disruption and DNA mutation due to insertion (Ukai, Ishii‐

Oba et al. 2003). Thus, the transposable elements are commonly silenced by bulk 

methylation (Schulz, Steinhoff et al. 2006). Imprinted genes are expressed from only one of 

the two inherited parental chromosomes which are regulated by DNA methylation and 

histone modifications. For example, during male gametogenesis, the methylation at the 

maternal allele of the H19 locus was delayed, thus the maternal allele retains transcriptional 

activity (Lee, Singh et al. 2010). Yet, methylation-independent imprinting was also reported 

(Inoue, Jiang et al. 2017). 
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mCpG also occurs in gene bodies, but the functional consequences are still fuzzy or may 

vary. The housekeeping genes are generally more highly methylated at the gene bodies 

than the tissue-specific genes, indicating that the methylation at the gene bodies correlates 

with transcription activity (Aran, Toperoff et al. 2011, Muyle and Gaut 2019). One hypothesis 

is that DNA methylation at the gene body enhances splicing accuracy, reduces the 

accumulation of histone variant H2A.Z, and/or establishes constitutive expression patterns 

within housekeeping genes (Entrambasaguas, Ruocco et al. 2021). But contrary results 

showed that loss of gene body methylation does not affect the gene expression, the 

enrichment of histone variant H2A.Z, and histone modification profiles in E. salsugineum and 

Arabidopsis thaliana epigenetic recombinant inbred lines. Thus, if/how gene body DNA 

methylation functions is still an open question (Bewick, Ji et al. 2016). 

mCpG is lacking from the CpG dense regions (CpG islands). CpG island consists of around 

one thousand base pairs with enrichment for CpG dinucleotides and is always located at the 

promoters of many housekeeping genes (Bird, Taggart et al. 1985). The hypomethylation at 

CpG islands is maintained by several possible mechanisms. Firstly, the binding of 

transcription factors could exclude the binding and enrichment of DNA methyltransferase 

and thus prevent the de novo methylation at the CpG islands. This is confirmed by the result 

that truncating or deleting the binding sites of transcription factors promoted the methylation 

at CpG islands (Lienert, Wirbelauer et al. 2011). Secondly, histone modifications could 

influence the hypomethylation state of CpG islands. H3K4 methylation inhibits the 

recognition and binding between Dnmt3 and histone H3 (Ooi, Qiu et al. 2007). Thirdly, other 

factors might participate in the maintenance of CpG island hypomethylation, such as TET 

dioxygenases and base excision repair (BER) enzymes (Fig. 4) (Tahiliani, Koh et al. 2009, 

Bellacosa and Drohat 2015, Ko, An et al. 2015, Nissar, Kadla et al. 2021). Although CpG 

islands at the promoters are rarely methylated, the CpG islands at the intragenic and gene 

body regions show tissue-specific methylation patterns. During tumorigenesis and aging, 

these CpG islands are frequently hypermethylated due to methylation-induced rapid and 

terminal heterochromatin formation. 

2.2.4 Non-CpG methylation and function 

The non-CpG methylation (mCH, H = A, T, C) was firstly discovered in 1970 in newborn 

mice and mouse embryo cell cultures (Salomon and Kaye 1970). Subsequent research 

using the same method confirmed the existence of non-CpG methylation in mouse 

fibroblasts and human spleen (Grafstrom, Yuan et al. 1985, Woodcock, Crowther et al. 

1987). Woodcock et al. also indicated that 54.5% genome-wide cytosine methylation was 

present in mCpA, mCpT, and mCpC (Woodcock, Crowther et al. 1987). But more precise 

technologies are required for further characterization of such non-CpG methylation. Applying 
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a combination of dual-labeling nearest neighbor technique and bisulfite genomic sequencing 

methods, Ramsahoye et al. found that, in embryonic stem cells, non-CpG methylation was 

significantly enriched at CpA and, to a lesser extent, at CpT, which was catalyzed by 

Dnmt3a. In somatic tissues, non-CpG methylation was less detectable (Ramsahoye, 

Biniszkiewicz et al. 2000, Ziller, Muller et al. 2011). Yet, the first genome-wide single-base-

resolution map of methylated cytosines in a mammalian genome was not presented until 

2009 (Lister, Pelizzola et al. 2009). Lister et al. also indicated that ~ ¼ of cytosine 

methylation was identified in non-CpG sites in human embryonic stem cells, which 

disappeared upon differentiation. These data suggest that embryonic stem cells may use 

different methylation mechanisms to regulate gene expression. The non-CpG methylation 

was mainly enriched in gene bodies and depleted from protein binding sites and enhancers 

(Lister, Pelizzola et al. 2009). It is clear now that the non-CpG methylation is universally 

distributed in the mammalian genome and enriched in oocytes, ES cells, neurons, and glial 

cells (Lister, Pelizzola et al. 2009, Xie, Barr et al. 2012, Lister, Mukamel et al. 2013, Guo, Su 

et al. 2014).  

The underlying mechanism of non-CpG methylation is still unclear. One hypothesis is that 

the non-CpG methylation is a by-product of the hyperactivity of non-specific de novo 

methyltransferases Dnmt3a and Dnmt3b (Ziller, Muller et al. 2011, Lee, Park et al. 2017). 

Indeed, Dnmt3a and Dnmt3b could preferentially methylate cytosines in CAC and CAG 

contexts, respectively (Lee, Park et al. 2017). 

Non-CpG methylation is recognized as a key epigenetic mark in mammalian embryonic stem 

cells (ESCs) and neurons, regulating cell type-specific functions. In human and mouse 

neurons, the non-CpG methylation occupies around 53% and 38% of all cytosine 

methylation, respectively (Lister, Mukamel et al. 2013). During human synaptogenesis, 

highly conserved non-CG methylation accumulates in neurons and is enriched in genes 

escaping X-chromosome inactivation (Lister, Mukamel et al. 2013). These indicate an 

essential role of non-CpG methylation in brain development. Non-CpG methylation could 

promote and repress gene expression depending on the binding partners. MeCP2 could 

recognize non-CpG methylated sites, recruit corepressors such as SIN3 transcription 

regulator (Sin3a) and histone deacetylases (HDACs) and induce gene repression (Guo, Su 

et al. 2014). In ESCs, histone H3 tri-methylated at lysine 36 (H3K36me3) recruits Dnmt3b to 

the actively transcribed genes, resulting in hyper-methylation at non-CpG sites. These 

transcriptional active genes with high non-CpG methylation are involved in embryo 

development (Lee, Park et al. 2017). Besides, the mitochondrial genomes are also highly 

methylated at the non-CpG sites and the methylation patterns display notable differences in 

mitochondrial genomes between normal and cancer cells. This suggests a function of non-

CpG methylation in cancer (Patil, Cuenin et al. 2019).  
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2.2.5 DNA methylation readers 

In mammals, DNA methylation is recognized by various methyl-CpG binding proteins 

(MBPs) (Ludwig, Zhang et al. 2016). Among various MBPs with different structures (Ludwig, 

Zhang et al. 2016), the methyl-CpG binding domain (MBD) containing protein family is the 

first discovered and well-characterized (Lewis, Meehan et al. 1992, Tate and Bird 1993, 

Cross, Meehan et al. 1997, Hendrich and Bird 1998). The MBD family proteins (MBDs) are 

characterized by the shared 70-85 amino acid-long methyl-CpG binding domain (MBD) with 

specific mCpG binding affinity for all MBDs except MBD3. The MBDs are highly conserved 

inside the MBD, but share little similarities outside the MBD, indicating distinct and possibly 

complementary functions among MBDs (Hendrich and Bird 1998). The MBDs are now 

thought to function as a scaffold protein bridging DNA methylation and binding partner such 

as histone deacetylase, indicating a role of MBDs in gene expression, epigenetic 

modifications, and chromatin organization. 

Eleven members of MBDs have been discovered and characterized, including MeCP2, 

MBD1-6, SETDB1/2, and BAZ2A/B (Fig. 5), and will be introduced in detail as follows. 

 
Figure 5 Schematic graph showing the structures of methyl-CpG binding domain-containing protein 
family. 
MBD: methyl-CpG binding domain; NTD: N-terminal domain; TRD: transcriptional repression domain. CxxC: 
unmethylated CpG binding zinc finger; G/R: glycine/arginine; CC: coiled-coil domain; Glycosylase: DNA 
glycosylase function; P rich: Proline-rich domain; PWWP: Proline-tryptophan-tryptophan-proline; Tud: Tudor 
domain; SET: Suvar3-9, Enhancer-of-zeste, Trithorax domain; DDT: DNA binding domain; Bromo: Bromodomain. 
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2.3 MeCP2 

2.3.1 MeCP2 isoforms and structure 

The Methyl-CpG Binding Protein 2 (MeCP2) gene is highly conserved in Euteleostomi (bony 

vertebrates) and humans and is located on the X chromosome. The MeCP2 protein has two 

isoforms (MeCP2 e1 (exon 1) and MeCP2 e2 (exon 2)) with different amino termini due to 

alternative splicing and different translational start sites (Fig. 6). MeCP2-e1 is 498 amino 

acid-long with 21 unique N-terminal residues. MeCP2-e2 is 486 amino acids long with 9 

unique N-terminal residues leading to a partially different N-terminal domain (NTD). The 

remaining protein sequence keeps the same to both isoforms with two functionally 

characterized domains: the methyl-CpG binding domain (MBD) and the transcriptional 

repression domain (TRD). The MBD specifically recognizes and binds mCpG, while the TRD 

was found to bind multiple transcriptional repressors, thus silencing gene expression (Jones, 

Veenstra et al. 1998, Nan, Ng et al. 1998, Kokura, Kaul et al. 2001, Lunyak, Burgess et al. 

2002, Suzuki, Yamada et al. 2003, Forlani, Giarda et al. 2010). However, the TRD was also 

shown to bind to multiple transcriptional activators and activate gene expression (Chahrour, 

Jung et al. 2008, Gonzales, Adams et al. 2012, Leoh, van Heertum et al. 2012). Thus, the 

function of MeCP2 in gene expression is context-dependent. More recently, the TRD has 

been narrowed down to the N-CoR/SMRT interacting domain (NID) (Lyst, Ekiert et al. 2013). 

The MBD and TRD (or NID) are linked by the intervening domain (ID). Both isoforms end 

with a long C-terminal domain (CTD). 

The two isoforms of MeCP2 are abundantly expressed in the central nervous system, but 

with different expression levels and distributions in developing and postnatal mouse brains. 

MeCP2 e1 is the predominant isoform in the brain and has an earlier expression onset than 

MeCP2 e2 (Olson, Zachariah et al. 2014). The two isoforms are commonly considered 

functionally equivalent, yet recent evidence shows that MeCP2 e1 plays a role in neuronal 

maturation (Li, Wang et al. 2013) and is more relevant for RTT (Fichou, Nectoux et al. 2009, 

Saunders, Minassian et al. 2009, Sheikh, de Paz et al. 2017).  

As MeCP2 e2 was the first isoform to be known and commonly explored during the past, the 

coding sequence from MeCP2 e2 was applied throughout the work. 
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Figure 6 Schematic representation of MECP2 structure and function in chromatin organization. 
(A) MeCP2 gene organization. TSS: translational start site.  
(B) Protein structure of MeCP2 two isoforms: MeCP2 e1 (exon 1) and MeCP2 e2 (exon 2). NTD: N-terminal 
domain; MBD: methyl binding domain; ID: intervening domain; NID: N-CoR/SMRT interacting domain; CTD: C-
terminal domain; TRD: transcriptional repression domain. 
(C) MeCP2 binding to 5mC induces nucleosome arrays (NAs) compaction. While the nonsense mutation MeCP2 
R168X failed to compact NAs. 
(D) MeCP2 promotes silent chromatin loop formation in the imprinted Dlx5-Dlx6 locus. 
 

2.3.2 DNA binding and genome-wide distribution 

MeCP2 was originally recognized to bind to symmetrically methylated CpG sites (mCpG) via 

the MBD domain (Lewis, Meehan et al. 1992, Nan, Meehan et al. 1993). The mCpG binding 

affinity could be enhanced by the flanking regions of MBD (Ghosh, Nikitina et al. 2010). The 

specific MBD-mCpG interaction is mediated by three amino acid residues: D121, R111, and 

R133 (Ho, McNae et al. 2008). Further point mutations at D121, R111, and R133 

significantly reduced MeCP2-mCpG binding affinity (Chahrour, Jung et al. 2008, Agarwal, 

Becker et al. 2011, Casas-Delucchi, van Bemmel et al. 2012). In vivo, using genome-wide 

chromatin immunoprecipitation-sequencing (ChIP-seq) analysis, MeCP2 was found to bind 

globally across the genome and tracked the mCpG density (Skene, Illingworth et al. 2010).  
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The MBD was also reported to bind to asymmetric methylated CpG sites (Buchmuller, Kosel 

et al. 2020) and non-CpG methylation sites (mCpH, H = A, T, C) although with a higher 

preference for mCAC over all other forms (Chen, Chen et al. 2015, Gabel, Kinde et al. 2015, 

Lagger, Connelly et al. 2017, Sperlazza, Bilinovich et al. 2017, Liu, Xu et al. 2018). Distinct 

from other mammalian somatic cell types, post-mitotic neurons accumulate high levels of 

mCpH, especially mCAC, suggesting an essential function of mCAC in neuron maturation 

and functioning (Xie, Barr et al. 2012, Varley, Gertz et al. 2013, Guo, Su et al. 2014). Recent 

research by Tillotson and collaborators showed that such non-CpG methylation is an 

essential target of MeCP2 function in neurons, whose lack would lead to severe phenotypic 

features that largely mirrored those seen in mouse models of RTT (Lagger, Connelly et al. 

2017, Tillotson, Cholewa-Waclaw et al. 2020). RTT (Rett syndrome) is a neurological 

disorder caused by MeCP2 dysfunction (Amir, Van den Veyver et al. 1999, Chen, Akbarian 

et al. 2001, Guy, Hendrich et al. 2001, Collins, Levenson et al. 2004, Van Esch, Bauters et 

al. 2005, Samaco, Fryer et al. 2008). 

The MeCP2 could also bind to hydroxymethyl-cytosine (5hmC), an oxidative intermediate of 

5mC catalyzed by the Ten-eleven translocation dioxygenase (Tet). In the brain, 5hmC 

accounts for ~40% of all cytosine modification in the brain (Kriaucionis and Heintz 2009, 

Szulwach, Li et al. 2011). The binding affinity of MeCP2 to 5hmC is lower than 5mC but 

higher than unmodified DNA (Buchmuller, Kosel et al. 2020). Further, the R133 was reported 

to directly bind to 5hmC, as mutations at the R133 site (R133C) abolished the specific 

binding with 5hmC (Mellén, Ayata et al. 2012). Besides, the binding of MeCP2 with 5hmC 

was reported to function in gene activation (Mellén, Ayata et al. 2012). 

The MeCP2 was also reported to bind to unmethylated DNA, which is mediated by the 

intervening domain (ID), TRD, and C-terminal domain (CTD) alpha (aa:310-355 (Nikitina, Shi 

et al. 2007, Ghosh, Nikitina et al. 2010). Furthermore, three AT-hook-like domains were 

identified within the ID, TRD, and CTD domains (AT-hook 1, aa 184–195; AT-hook 2, aa 

264–273; AT-hook 3, aa 341–364). The AT-hook motif is a short motif binding to the minor 

groove of AT-rich DNA via the core consensus amino acid sequence RGRP (Lyst, Connelly 

et al. 2016). In the cell nuclei, the MeCP2 AT-hook domains were shown to play important 

roles in MeCP2 mobility (Piccolo, Liu et al. 2019). 

These methylation-dependent and independent DNA binding capabilities allow MeCP2 to 

bind to different sites on the DNA under different contexts and thus, possibly contribute to 

genome-wide chromatin organization. In vivo, MeCP2 binding across the genome might 

reduce the transcriptional noise. MeCP2 was reported to inhibit the oxidation of 5mC. The 

MeCP2-mC binding protects the methylated sites from TET binding, prevents the oxidation 

of mC to 5hmC, and therefore restricts transcriptional noise (Skene, Illingworth et al. 2010, 

Ludwig, Zhang et al. 2017). 
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To summarize, MeCP2 could bind to DNA of various contexts with various functions in nuclei 

metabolism and chromatin organization.  

2.3.3 MeCP2 on chromatin architecture 

MeCP2 is a multifunctional epigenetic reader and is regulated at multiple levels including 

specific isoforms, interacting factors, post-translational modifications, and their interplay 

within the chromatin context (Schmidt, Zhang et al. 2020). Yet, it is not well understood how 

MeCP2 orchestrates nuclei structure. 

In neurons, MeCP2 expression is nearly as abundant as histone octamers (Skene, 

Illingworth et al. 2010). In MeCP2 deficient neurons, the level of histone H1 doubled (Skene, 

Illingworth et al. 2010) whereas, in wild-type neurons, the H1 level was half of the amount of 

H1 in other cells (Pearson, Bates et al. 1984), indicating that MeCP2 may act as a histone 

H1-like chromatin linker. Accordingly, MeCP2 was shown: to accelerate histone H1 

exchange in vivo and decrease histone H1 dwell time in chromatin (Ghosh, Horowitz-

Scherer et al. 2010); to have a similar mobility to H1 in vivo; and to share an overlapping 

binding site on nucleosomes with H1 in vitro (Misteli, Gunjan et al. 2000, Kumar, Kamboj et 

al. 2008, Ghosh, Horowitz-Scherer et al. 2010, Skene, Illingworth et al. 2010). In fact, by in 

vitro fluorescence anisotropy assays, it was observed that MeCP2 could replace histone H1 

from chromatin (Nan, Campoy et al. 1997, Ghosh, Horowitz-Scherer et al. 2010) and globally 

alter the chromatin state.  

MeCP2 regulates global epigenetic modifications. MeCP2 deficiency was reported to affect 

global chromatin composition and state by increasing H3 acetylation (Skene, Illingworth et 

al. 2010). MeCP2 was also shown to increase H3K9me2 at the promoter of the SIRT1 

(Wang, Wang et al. 2018), indicating a role of MeCP2 in facultative heterochromatin 

regulation. Hence, MeCP2 could probably dampen transcriptional noise from repetitive DNA 

elements including satellite DNA in a DNA methylation-dependent manner (Skene, 

Illingworth et al. 2010). On the other hand, MeCP2 was also reported to activate gene 

expression by binding and recruiting the transcription activator CREB1 in euchromatin 

(Chahrour, Jung et al. 2008).  

MeCP2 is enriched at pericentric heterochromatin (chromocenter) and proposed to 

participate in the chromocenter organization (Lewis, Meehan et al. 1992). Indeed, Brero et 

al. showed that, during myogenic differentiation, the number of chromocenters decreased 

concomitantly with increased MeCP2 level and genome methylation (Brero, Easwaran et al. 

2005). Of note, ectopic MeCP2-YFP could promote pericentric heterochromatin clustering 

even in the absence of cellular differentiation. 

Further, the role of MeCP2 during neuronal differentiation was analyzed comparing wild type 

and MeCP2 deficient mouse embryonic stem cells (mESCs) (Bertulat, De Bonis et al. 2012). 
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An increased MeCP2 level and enrichment at chromocenters were measured during 

neuronal differentiation, together with significant chromocenter clustering. Accordingly, the 

chromocenter clustering function was impaired during the differentiation of MeCP2 deficient 

mESCs. Furthermore, ectopic expression of MeCP2 with RTT mutations showed impaired 

heterochromatin accumulation and decreased chromatin clustering function (Agarwal, 

Becker et al. 2011), suggesting a role of heterochromatin organization in RTT.  

MeCP2 was described to compact nucleosomal arrays (Georgel, Horowitz-Scherer et al. 

2003) in vitro (Nikitina, Ghosh et al. 2007). Georgel et al. in 2003 observed using electron 

microscopy that NAs formed both extensively condensed ellipsoidal particles and oligomeric 

superstructures upon addition of MeCP2. This was independent of DNA methylation and 

relied upon regions downstream of MBD, as R168X nonsense mutation failed to assemble 

oligomeric superstructures (Georgel, Horowitz-Scherer et al. 2003, Nikitina, Ghosh et al. 

2007). This was further confirmed by the observation that the ID, TRD, and C-terminal 

domain alpha (CTD alpha) could bind and compact NAs and that R270X and R273X, 

truncated within the TRD and missing the whole CTD, could not compact and oligomerize 

NAs (Ghosh, Nikitina et al. 2010, Baker, Chen et al. 2013). These facts could in part explain 

how nonsense mutations of MeCP2 lead to severe symptoms of RTT.  

Besides, MeCP2 was proposed to be involved in the formation of a silent chromatin loop at 

the imprinted Dlx5-Dlx6 locus which was lost in RTT (Horike, Cai et al. 2005). Current 

models though propose that the chromatin loops are promoted by ‘loop extrusion’, where 

cohesin extrudes chromatin until it encounters boundaries created by CTCF (CCCTC-

binding factor) binding (Sanborn, Rao et al. 2015, Fudenberg, Imakaev et al. 2016), albeit 

the underlying mechanism is unclear. MeCP2 has been reported to interact with ATRX and 

cohesin subunits SMC1 and SMC3 using coimmunoprecipitation experiments in the mouse 

forebrain (Kernohan, Jiang et al. 2010). ATRX was proposed to create an extended DNA 

linker region for CTCF binding (Kernohan, Vernimmen et al. 2014), and CTCF was reported 

to promote loop formation (Lewis and Murrell 2004, Nativio, Wendt et al. 2009). Of note, the 

interaction of MeCP2 with cohesin subunit SMC3 was found to be induced by S229 

phosphorylation and inhibited by the S80 phosphorylation of MeCP2 (Gonzales, Adams et 

al. 2012), indicating a role of MeCP2 and its modifications on chromatin looping. 

MeCP2 was described to form loops involving undersaturated (DNA partially occupied by 

nucleosomes) nucleosomal arrays in vitro (Nikitina, Shi et al. 2007). Wild type MeCP2 was 

shown to form nucleosome-MeCP2-nucleosome ‘sandwich’ structures bringing two 

nucleosomes closely together. While the RTT truncation mutant R294X was shown to form 

DNA-MeCP2-DNA ‘stem’ motifs, bringing nucleosome entry and exit site in close proximity 

(Nikitina, Shi et al. 2007). Interestingly, the RTT mutation R106W, which does not bind to 

methylated DNA (Table 4), did not induce any chromatin conformations. Thus, MeCP2 loop 
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formation was proposed to proceed in a two-step process involving methylation-dependent 

DNA binding followed by methylation-independent interactions between MeCP2 CTD and 

nucleosomes (Nikitina, Shi et al. 2007). Of note, MeCP2 was also shown to bind to four-way 

junction DNA, which has a similar conformation as the ‘stem’ motif (Galvao and Thomas 

2005, Nikitina, Shi et al. 2007).  

It is still far from clear how MeCP2 organizes heterochromatin structure, but emerging 

evidence suggests a role of phase separation in heterochromatin condensation. 

2.3.4 Dysfunction  

MeCP2 was shown to be associated with the neurological disorder Rett syndrome (RTT), as 

mutations in this gene were found in about 80% of Rett patients (Amir, Van den Veyver et al. 

1999). RTT affects mostly young girls and is characterized by normal development until 7-18 

months of age, followed by developmental stagnation and decline of higher brain functions 

(Hagberg, Aicardi et al. 1983). Mutations causing RTT and related neurological disorders 

have been identified along the entire MeCP2 locus, but effects vary depending on the 

mutation type and location. Missense and nonsense mutations are the most commonly 

found and relatively well studied. A collection of all RTT-related mutations can be found in 

the online RettBASE: RettSyndrome.org (http://mecp2.chw.edu.au/cgi-

bin/mecp2/search/printGraph.cgi). 

In the following, we will concentrate on RTT mutations impacting MeCP2 DNA binding and 

chromatin organization. 

MeCP2 RTT-related missense mutations are largely found in the MBD, and a large 

proportion of these mutations reduce the 5mC binding affinity and, consequently, lead to 

impaired heterochromatin organization and function in cells (Agarwal, Becker et al. 2011).  

MeCP2 R133 and R111 residues located within the MDB directly contact 5mC, and 

mutations at either site decrease MeCP2 localization at heterochromatin in vivo albeit to 

different extents. MeCP2 R111G is a rare RTT mutation found only in one patient, which 

abolishes MeCP2 localization to heterochromatin (Agarwal, Becker et al. 2011). MeCP2 

R133 mutation influences the pericentric heterochromatin localization depending on the 

amino acid substitution. MeCP2 R133C and R133L decrease the enrichment at 

heterochromatin, whereas R133H promotes it (Agarwal, Becker et al. 2011, Casas-Delucchi, 

Becker et al. 2012). Furthermore, artificially targeting MeCP2 R111G and R133L mutants to 

pericentric heterochromatin rescued their ability to cluster heterochromatin (Casas-Delucchi, 

Becker et al. 2012). 

In addition to missense mutations, several nonsense RTT mutations have been described 

within the ID or the TRD and account for around 15% of RTT-causing mutations. In general, 

http://mecp2.chw.edu.au/cgi-bin/mecp2/search/printGraph.cgi
http://mecp2.chw.edu.au/cgi-bin/mecp2/search/printGraph.cgi
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these truncations showed decreased protein stability in vivo and DNA binding affinity in vitro 

(Table 1) (Yusufzai and Wolffe 2000). 

 
Table 1: Summary of high-frequency RTT-related MeCP2 nonsense mutations and phenotypes 

Mutation Frequency Effect on: mice, cell, protein References 

 
R168X 
 

364 

Mice: Breathing dysfunction, hind limb clasping, and atrophy, 
hypoactivity.  
Decreased life span of ~12 weeks. 
Male mice: Impaired motor and cognitive function and reduced 
anxiety, abnormal hypoxic and hypercapnic responses, apnea 
incidence, irregular breath cycle and decreased breathing rate, 
enriched outside heterochromatin. 
Protein: Decreased chromatin compaction ability, decreased 

methyl-DNA binding. 

Lawson-Yuen et al. 2007  
Schaevitz et al. 2013 
Bissonnette et al. 2014 
Georgel et al. 2003 
Yusufzai et al. 2000 

R255X 313 

Mice: Decreased brain weight, increased breathing, incidence of 
arrhythmia, anxiety, motor and learning impairments. 
Cell: mTORC1 pathway abnormalities, decreased nucleolin level, 
increased phosphorylation of mTORC2 (S2481) and mTORC1 
(S2448). 
Protein: Decreased methyl-DNA binding. 

Pitcher et al. 2015 
Olson et al. 2018  
Yusufzai et al. 2000  

R270X 274 

Male: Severe neonatal encephalopathy and death before 4 years of 
age. 
Mice: Median life span of 85 days, increased body weight, 
decreased brain weight. 
Cell: Less athalassemia/mental retardation syndrome X linked 
(ATRX) foci. 
Protein: Decreased methyl-DNA binding, failed to form a higher 

order structure with nucleic acids, and reduced activity to 

oligomerize nucleic acids. 

Villard et al. 2007  
Baker et al. 2013 
Yusufzai et al. 2000  

G273X 1 

Mice: Longer life span than R270X mice, bigger brain than that in 
R270X mice but smaller than that in WT. 
Cell: Impaired function in heterochromatin compartment clustering 
Protein: Impaired binding activity with NAs (better than R270X) 

Baker et al. 2013 

R294X 237 
Cell: Induce caspase-mediated apoptosis, rescued by FoxG1. 
Protein: Decreased methyl-DNA binding; decreased stability. 

Lundvall et al. 2006  
Yusufzai et al. 2000  
 

X means point mutation generating a truncated protein. Mutation numbering according to human MeCP2 isoform starting in 
exon 2. 
 
MeCP2 R168X generates a truncated protein with a deletion of the complete TRD and C-

terminal region. Male and female mice with R168X expression showed typical RTT 

phenotype, but little is known about the underlying mechanism. Although the entire MBD is 

retained, MeCP2 R168X has an impaired ability to form higher-order structures as tested by 

in vitro nucleosomal array (NA) assays (Georgel, Horowitz-Scherer et al. 2003).  

MeCP2 R255X generates a truncated protein retaining partial ID domain, which was shown 

to promote the binding affinity of MBD to mCpG. RTT patients with R255X showed a 100% 

skewed XCI pattern in leukocytes (Nielsen, Henriksen et al. 2001). Mice with R255X showed 

typical RTT phenotypes, including decreased brain weight, increased breathing, the 

incidence of arrhythmia, anxiety, motor and learning impairments (Pitcher, Herrera et al. 

2015). Molecularly, MeCP2 R255X increased the phosphorylation levels of mTORC2 
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(S2481) and mTORC1 (S2448), leading to mTORC1 pathway abnormalities (Pitcher, 

Herrera et al. 2015, Olson, Pejhan et al. 2018).  

Besides, other nonsense mutations like R270X and R294X are frequently found in RTT 

patients with severe phenotypes. Moreover, Baker and coworkers generated two mouse 

models bearing the R270X and G273X, which mimic the RTT-causing R279fs and G273fs, 

separately (Baker, Chen et al. 2013). They found that the G273X had a delayed disease 

onset and longer lifespan compared to the R270X mice. In comparison, the G273X bears the 

AT-hook2 (aa: 264–273) which is impaired in R270X mice. Thus, the AT-hook2 seems 

essential for the MeCP2 function. Besides, the MECP2-R270X mice exhibited a reduction in 

heterochromatic foci ellipticity in CA1 pyramidal cells at age 8-9 weeks, while the MECP2-

G273X mice showed no significantly reduced heterochromatic foci ellipticity in CA1 

pyramidal cells until 5 months old (Ito-Ishida, Baker et al. 2020). 

Of note, the MeCP2 nonsense mutations leading to larger deletions cause a more severe 

phenotype than those nonsense mutations causing smaller C-terminal truncations (Vashi 

and Justice 2019). Molecularly, the larger C-terminal deletions caused weaker methyl-DNA 

binding properties (Yusufzai and Wolffe 2000), suggesting that the function of MeCP2 is, at 

least partially, dependent on specific binding to methylated cytosine. 

2.4 MBD2 

2.4.1 Isoforms and structure feature 

Methyl-CpG-binding domain protein 2 (MBD2) was originally identified via searching the EST 

(expressed sequence tag) database using the amino acid sequence of the MeCP2-MBD 

region (Hendrich and Bird 1998, Jongeneel 2000). In humans, the MBD2 gene is located at 

chromosome 18 (18q21.2), encoding three isoforms of MBD2 due to alternative splicing or 

alternative translational start sites (TSS) (Fig. 7). The MBD2a encodes the full-length long 

isoform with a glycine and arginine-rich region (G/R) at N-terminus, coiled-coil domain (CC) 

containing region at the C-terminus and the conserved MBD and TRD in between. MBD2b 

encodes the short isoform with a deletion of the N-terminus due to alternative TSS. The 

MBD2c encodes a premature version of MBD2 lacking the CC containing C-terminus due to 

the inclusion of the alternative third exon. All three isoforms contain the MBD and TRD.  

The MBD2 MBD is responsible for mCpG binding (Hendrich and Bird 1998, Buchmuller, 

Kosel et al. 2020), and the TRD is responsible for interactions with multiple transcription 

repression factors, such as Sin3A (Boeke, Ammerpohl et al. 2000). Distinct from MeCP2, in 

which the MBD and TRD are linked by the ID domain, the MBD and TRD of MBD2 overlap to 

a large extent, indicating a close relationship between DNA methylation and transcriptional 

repression of the MBD2 (Boeke, Ammerpohl et al. 2000). Besides, the MBD2 MBD shows a 
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much weaker (or no) binding affinity to mCpG than the MeCP2 MBD (Buchmuller, Kosel et 

al. 2020). The arginines in the G/R are reported to be posttranslationally methylated which 

reduced the mCpG binding properties of the MBD. The MBD2 CC domain promotes the 

assembly of the nucleosome remodeling and histone deacetylase (NuRD) complex via 

binding with the CC domain from p66a (Gnanapragasam, Scarsdale et al. 2011), yet the CC 

of MBD2 fails to self-interaction (Becker, Allmann et al. 2013, Walavalkar, Gordon et al. 

2013). The highly disordered region in between TRD and CC was shown to be responsible 

for binding with histone deacetylase core sub-complex (HDCC, a subcomplex of NuRD), as 

modifying two consecutive residues (R286E/L287A) disrupts binding of MBD2 to the HDCC 

and therefore blocks methylation-dependent gene silencing by NuRD (Desai, Webb et al. 

2015, Yu, Azzo et al. 2019).  

 
Figure 7 Schematic representation of MBD2 isoforms and expression profile during differentiation. 
(A-B) The MBD2b arises from the second alternative translational start site in exon1, generating a truncated 
isoform lacking the N-terminus. The MBD2c is a premature form lacking the C-terminus due to the alternative 
third exon. G/R: glycine and arginine-rich region, MBD2 has 11 G/R repeats at the N-terminus, also called (G/R)11 
in some papers; MBD: methyl binding domain; TRD: transcriptional repression domain; CC: coiled-coil domain. 
The CC domain is a helical peptide that performs as a monomeric helix in solution but forms stable interactions 
with the CC from p66a due to charge distribution.  
(C) MBD2a and MBD2b are highly expressed in somatic cells in tissues and differentiated cells in culture, while 
MBD2c is highly expressed in embryos and embryonic stem (ES) cells and promotes the maintenance of 
pluripotency.  
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The three structurally distinct isoforms of MBD2 exhibit different expression profiles and 

functions. MBD2a and MBD2b is highly expressed in somatic tissues (Hendrich and Bird 

1998, Wood and Zhou 2016) while MBD2c is highly expressed in embryonic stem cells 

(Hendrich and Bird 1998, Lu, Loh et al. 2014). In vivo studies using MBD2 knockout (KO) 

mice showed that MBD2 KO was not embryonically lethal yet it depicted a maternal nurturing 

defect (Hendrich, Guy et al. 2001). This suggests a role of MBD2 in mouse brain 

development. Moreover, MBD2a and MBD2c were shown to perform opposite roles in cell 

fate decisions (Lu, Loh et al. 2014). MBD2a was shown to repress the expression of OCT4, 

NANOG, and SOX2 via recruiting the NuRD complex and therefore promote the ES cell 

differentiation. MBD2c, the isoform lacking the C-terminus, binds to the promoters of OCT4 

and SOX2 but does not recruit the NuRD complex and thus did not influence the expression 

of those genes. Moreover, either MBD2a repression or MBD2c overexpression enhanced 

the reprogramming efficiency of the somatic cells (Lee, Prasain et al. 2013) (Lu, Loh et al. 

2014). 

2.4.2 DNA binding and genome-wide distribution 

The MBD2 MBD specifically binds to symmetrically methylated CpG sites, which could be 

enhanced by the C-terminus (Hendrich and Bird 1998, Desai, Webb et al. 2015). In vivo 

chromatin immunoprecipitation assays showed that MBD2 mainly binds to highly methylated 

CpG sites with no detectable sequence specificity. Distinct from MeCP2, which tracks the 

mCpG density (Skene, Illingworth et al. 2010), MBD2 is absent from low density methylated 

CpG sites (Chatagnon, Perriaud et al. 2011, Baubec, Ivanek et al. 2013, Gunther, Rust et al. 

2013, Menafra, Brinkman et al. 2014, Devailly, Grandin et al. 2015).  

In vivo, MBD2 (MBD2a) promotes the de novo and maintenance methylation via interaction 

with Dnmt1 and Dnmt3a and thereby functions in CpG islands hypermethylation in cancer 

cells (Stirzaker, Song et al. 2017). Meanwhile, it was reported that the arginine methylation 

at the G/R region reduced the MBD-mCpG interaction, together with decreased MBD2-

NuRD complex formation at the mCpG sites and impaired transcriptional repression function 

(Tan and Nakielny 2006).  

Although the MBD2 shows only a weak interaction with hemimethylated CpG and 

hydroxymethylcytosine (hmC) and no binding with unmodified cytosine in vitro (Hendrich and 

Bird 1998, Hashimoto, Liu et al. 2012, Buchmuller, Kosel et al. 2020), the MBD2a and 

MBD2b were also detected in unmethylated sites in vivo (Baubec, Ivanek et al. 2013). 

MBD2c, the isoform lacking the C-terminal NuRD interaction region, was lost from 

unmethylated sites but retained at highly methylated CpG sites (Baubec, Ivanek et al. 2013). 

Thus, the interaction with NuRD could probably direct the localization of MBD2 at 

unmethylated sites (Baubec, Ivanek et al. 2013). Besides, the G/R is highly positively 
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charged, likely contributing to nonspecific MBD2-DNA binding via weak electrostatic 

interactions.  

2.4.3 MBD2 on chromatin architecture  

MBD2 was shown to be enriched into the highly methylated pericentromeric heterochromatin 

and promote chromocenter clustering in mouse cells (Hendrich and Bird 1998, Brero, 

Easwaran et al. 2005). Using the LacO/LacI system, researchers found that LacI-MBD2a 

and LacI-MBD2b dramatically converted the euchromatic LacO array into heterochromatin 

with repressed transcription by recruiting the NuRD complex (Gunther, Rust et al. 2013). 

The MBD2/NuRD complex is involved in transcription regulation and chromatin architecture. 

The MBD2/NuRD complex was isolated as early as 1989, whose components and functions 

were further characterized by subsequent research. 

On the one hand, two specific methyl-CpG binding proteins (complex) were identified, the 

multiprotein complex MeCP1 and a single peptide MeCP2 (Meehan, Lewis et al. 1989). 

MBD2 was recognized as a component of the MeCP1 complex via the EST searching based 

on the MBD from MeCP2 (Lewis, Meehan et al. 1992, Hendrich and Bird 1998). Further, the 

MBD2 was shown to be involved in the histone deacetylase (HDAC) complex including the 

Mi2, a member of the SWI2/SNF2 helicase/ATPase family (Zhang, Ng et al. 1999). On the 

other hand, two histone deacetylase complexes were identified: Sin3a/HDAC complex 

(Zhang, Iratni et al. 1997) and NuRD complex (Zhang, LeRoy et al. 1998). Sin3A/HDAC 

could bind with MeCP2 and thus be located at the mCpG sites (Zhang, Ng et al. 1999). The 

NuRD complex contains histone deacetylase and Mi2 (Wade, Jones et al. 1998, Zhang, 

LeRoy et al. 1998, Wade, Gegonne et al. 1999), thereby the NuRD showed both histone 

deacetylase and chromatin remodeling function. The MBD2 and MBD3 were found to be the 

core components of the HDAC subunit within the NuRD complex (Ng, Zhang et al. 1999). 

The NuRD complex could be divided into two stable distinct subunits, the histone 

deacetylase core sub-complex (HDCC) and the chromatin remodeling sub-complex which 

are bridged by the MBD2 or MBD3 (Zhang, Ng et al. 1999, Gnanapragasam, Scarsdale et al. 

2011, Yu, Azzo et al. 2019). Subsequent research revealed that the NuRD complex contains 

at least 7 proteins with variants, including metastasis Tumor-Associated 1, 2, or 3 (MTA1, 2, 

or 3), Histone Deacetylase 1 or 2 (HDAC1 or 2), Retinoblastoma Binding Protein 4 or 7 

(RBBP4 or 7), GATAD2A or B, Chromodomain Helicase DNA Binding Protein 3, 4, or 5 

(CHD3, 4, or 5), 

Cyclin-Dependent Kinase 2 Associated Protein 1 (CDK2AP1), and MBD2 or 3 (Leighton and 

Williams Jr 2020).  

Taken together, the NuRD complex likely represents the original MeCP1 complex, and the 

MBD2 bridges the three epigenetic regulatory elements: DNA methylation, histone 
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deacetylation, and ATP-dependent chromatin remodeling. Firstly, the MBD2 recruits the 

chromatin remodeling sub-complex via the specific coiled-coil (CC) interaction, which is 

located at the C-terminus of MBD2 and the N-terminus of p66a (homolog in human, 

GATAD2A) (Gnanapragasam, Scarsdale et al. 2011). Secondly, the MBD2 recruits the 

HDCC sub-complex via the interaction between the disordered region linking the TRD and 

CC of MBD2 and HDCC. This is further confirmed by the observation that MBD2 point 

mutations R286E/L287A disrupted the binding to HDCC (Desai, Webb et al. 2015). Lastly, 

MBD2 recruits the NuRD complex to the highly methylated sites. As a result, MBD2 

decreased the chromatin accessibility at the highly methylated CpG sites via chromatin 

remodeling and chromatin deacetylation. 

The MBD2-NuRD complex could also be influenced by other MBDs, especially MBD3, which 

also participates in the NuRD complex assembly. The MBD2-NuRD and MBD3-NuRD are 

mutually exclusive subunits with different biochemical and functional properties (Hendrich, 

Guy et al. 2001, Le Guezennec, Vermeulen et al. 2006). 

The MBD2 isoforms also perform differently to NuRD complex assembly due to post-

translational modification or interactions. MBD2/NuRD could interact with the protein arginine 

methyltransferase (PRMT) 1 and/or 5, which catalyzed the arginine methylation at the G/R 

region. Such arginine methylation was shown to weaken the interaction with NuRD and 

methylated DNA, thus decreasing the transcription repression ability (Tan and Nakielny 

2006). This is not the case for the MBD2b as it lacks the G/R containing N-terminus. MBD2c 

lacks a C-terminus and therefore does not participate in the assembly of the NuRD complex, 

yet it retains the binding ability with mCpG. Thus, the MBD2c might compete with MBD2a/b 

for certain mCpG sites and regulate the distribution of the NuRD complex. 

MBD2 could also promote histone arginine methylation by recruiting the PRMT1 and PRMT5 

in vivo. MBD2-PRMT1 interaction catalyzes the asymmetrical dimethylation of histone H4 at 

arginine 3 (H4R3me2) and promotes gene expression (Wang, Huang et al. 2001). MBD2-

hSWI/SNF-PRMT5 interaction catalyzes the methylation of histone H3 at arginine 8 and 

thereby represses the expression of ST7 and NM23 tumor-suppressor genes (Pal, 

Vishwanath et al. 2004). 

MBD2 participates in the maintenance and spreading of cytosine methylation via recruiting 

the Dnmts (Stirzaker, Song et al. 2017). Besides, MBD2 occupancy inhibits the binding of 

Tet, thus inhibiting the Tet-mediated oxidative demethylation (Ludwig, Zhang et al. 2017). 

MBD2 was also shown to promote gene transcription by interacting with multiple factors that 

are independent of the NuRD complex. MBD2a, but not MBD2b, was shown to selectively 

interact with different transcriptional activators such as RNA helicase A (RHA) and NGFI-A 

(egr-1) and promote the gene activation. Interestingly, the specific binding of MBD2a to RHA 

inhibits the binding to histone deacetylase (Fujita, Fujii et al. 2003, Weaver, Hellstrom et al. 



INTRODUCTION 

 31 

2014). These studies further highlight the importance of G/R containing N-terminus in 

regulating the MBD2 function. The MBD2 could also promote gene expression via promoter 

demethylation, but the underlying mechanism is still controversial (Cervoni and Szyf 2001, 

Wang, Liu et al. 2013). Besides, MBD2 was shown to indirectly interact with the histone 

acetyltransferase pCAF via the TACC3 to methylated promoters and activate transcription of 

repressed genes (Angrisano, Lembo et al. 2006). The highly disordered regions between 

TRD and CC direct the interaction with TACC3 (Angrisano, Lembo et al. 2006). 

2.4.4 Dysfunction 

Although closely correlated with neuronal functions in both mouse models and humans, loss 

of MBD2 in mice only causes mild phenotypes with maternal nurturing phenotypes including 

little body size and impaired nurturing behavior (Hendrich, Guy et al. 2001). Latter research 

by Wood, K. H and collaborators showed that the MBD2 knockout mice showed no 

significant alterations in locomotor activity, sociability, anxiety-related behaviors, learning, 

and memory compared to the wildtype and heterozygous littermates (Wood, Johnson et al. 

2016). In cells, MBD2 was shown to regulate the specific transition stage during olfactory 

receptor neuron (ORN) differentiation. Mbd2 null progenitors display enhanced proliferation, 

while the Mbd2 null ORNs display a decreased lifespan (Macdonald, Verster et al. 2010). 

Taken together, the MBD2 seems dispensable during brain development. Yet considering 

the high heterogeneity of the brain, one possible explanation of this might be that MBD2 is 

indispensable during the differentiation and functioning of certain cell types, which is too 

small a population to be identified when the whole brain and/or all neurons were taken.  

MBD2 is also involved in human cancers (Berger and Bird 2005, May, Owen et al. 2018, Li, 

Li et al. 2020). Overexpression of MBD2 is associated with aberrant hypermethylation at the 

promoters of tumor-suppressor genes, such as GSTP1 and 14–3–3σ and thus inhibits their 

expression in human prostate cancer cells (Lodygin, Diebold et al. 2004, Pulukuri and Rao 

2006, Chatagnon, Bougel et al. 2009, Stirzaker, Song et al. 2017). Besides, MBD2 recruits 

the PRMT5 to the p16INK4a and p14ARF CpG islands and inhibits the expression of P16INK4a 

via H4R3 methylation in human colon cancer cells (Magdinier and Wolffe 2001, Le 

Guezennec, Vermeulen et al. 2006, Martin, Jorgensen et al. 2008). During gliomagenesis, 

high levels of MBD2 suppress the antiangiogenic activity of a key tumor suppressor BAI1, 

and thus drive tumor growth (Zhu, Hunter et al. 2011). Besides, a high frequency of MBD2 

mutations was detected in human colon and lung cancers (Bader, Walker et al. 2003) but the 

exact relationships between mutations and cancers are to be elucidated. 

MBD2 is also involved in immunity (Szyf 2010, Wood and Zhou 2016, May, Owen et al. 

2018). MBD2 promotes the Dendritic cells (DCs) directed CD4+ T-cell differentiation into 

diverse helper (Th) cells (Cook, Owen et al. 2015). MBD2 absence during the differentiation 
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of naive CD8 T cells into effector and memory cells leads to impaired memory CD8 T cells 

(Kersh 2006). Primary immune thrombocytopenia (ITP) is hallmarked with genome-wide 

hypomethylation, which is positively correlated with decreased levels of MBD2 and MBD4, 

indicating that the MBD2 is involved in the pathogenesis of ITP (Chen, Gu et al. 2011).  

2.5 Other MBD family proteins 

MBD1, MBD3, and MBD4 were originally identified together with MBD2 in 1998 (Hendrich 

and Bird 1998) by homology searching using the MBD from the MeCP2.  

2.5.1 MBD1 

In humans, MBD1 (also known as PCM1) is located at chromosome 18, encoding the largest 

member of the MBD protein family with many variants 

(https://www.ncbi.nlm.nih.gov/gene/4152). The longest isoform of MBD1 consists of 605 

amino acids (643 amino acids in mus musculus). Similar to MeCP2 and MBD2, MBD1 

contains the MBD and TRD with mCpG binding and transcriptional repression function, 

respectively. Besides, depending on variants, MBD1 contains two or three CxxC domains, 

which are called CxxC1, CxxC2, and CxxC3 (if the variants contain the third one) from the N-

terminus to the C-terminus. CxxC is a small zinc finger motif with ∼50–70 amino acids and 

can specifically bind to unmethylated CpG via the highly conserved KFFG motif. MBD1 

CxxC3 has a positively charged surface and specifically binds to unmethylated CpG, 

whereas the CxxC1 and CxxC2 show a negatively charged surface and do not bind to 

unmethylated CpG (Jørgensen, Ben-Porath et al. 2004, Xu, Liu et al. 2018). MBD1 is 

involved in DNA methylation-dependent and independent transcriptional repression at the 

heterochromatin and euchromatin, respectively (Fujita, Takebayashi et al. 1999, Ng, 

Jeppesen et al. 2000). Still, the precise contribution of MBD and CxxC3 on the MBD1 

genome-wide distribution is not clear.  

MBD1 could modulate the DNA methylation levels. MBD1 could recruit the Tet1 to the highly 

methylated heterochromatic regions in a CxxC3 dependent manner and promote the 5mC to 

5hmC conversion. While the MBD1 variant without the CxxC3 was shown to block the 

localization of Tet1 at highly methylated CpG sites and thus inhibit the 5mC to 5hmC 

conversion (Zhang, Rausch et al. 2017).  

MBD1 participates in heterochromatin architecture. In vivo, MBD1 is enriched into the highly 

methylated pericentromeric heterochromatin foci and maintains the heterochromatin state by 

recruiting the histone H3 methylase Suv39h1, HP1, and histone deacetylase (Hendrich and 

Bird 1998, Fujita, Fujii et al. 2003). Besides, MBD1 forms complex with MBD1-containing 

chromatin-associated factor (MCAF) 1 and SET domain bifurcated histone lysine 
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methyltransferase 1 (SETDB1) and therefore facilitates the formation of heterochromatic 

domains (Ichimura, Watanabe et al. 2005). 

In mouse models, MBD1 KO is not embryonically lethal but shows deficits in adult 

neurogenesis and hippocampal function together with increased genomic instability (Zhao, 

Ueba et al. 2003). In adult neural stem/progenitor cells (NSPCs), MBD1 knock-out was 

shown to be accompanied by increased Fgf-2 level. Further, both acute knockdown of Mbd1 

and overexpression of Fgf-2 in adult NSPCs inhibited their neuronal differentiation. Thus, 

MBD1 plays an essential role in NSPCs differentiation via regulating the Fgf-2 expression 

(Li, Barkho et al. 2008). In NSPCs, MBD1 also regulates the expression of miR-184, which 

further regulates the expression of Numblike (Numbl). Numbl is a key regulator and induces 

the NSPCs differentiation during brain development (Liu, Teng et al. 2010). 

In the primary sensory neurons of dorsal root ganglion (DRG), MBD1-deficient mice exhibit 

reduced responses to acute mechanical, heat, cold, and capsaicin stimuli and the blunted 

nerve injury-induced pain hypersensitivities. Molecularly, MBD1 inhibits the expression of 

Oprm1 and Kcna2 by recruiting DNA methyltransferase DNMT3a and promoting the 

methylation at the promoters (Mo, Wu et al. 2018).  

2.5.2 MBD3 

In humans, the MBD3 gene is located at chromosome 19 (19p13.3) and encodes the 

smallest member of the MBD protein family. The MBD3 protein shows high sequence 

similarity to MBD2 (71.1%) and is thought to have arisen from an ancient gene duplication 

during the evolution of the vertebrate lineage (Hendrich and Bird 1998, Hendrich and 

Tweedie 2003). MBD3 has two isoforms due to an alternate in-frame splice site in the 5' 

coding region in exon 1. Different from MBD2a while similar to MBD2b, MBD3 is coded from 

the MBD domain, lacking the G/R containing N-terminus (Hendrich and Bird 1998). MBD3 is 

expressed in both ESCs and somatic tissues (Hendrich and Bird 1998, Roloff, Ropers et al. 

2003). 

MBD3 is the only MBD-containing protein that does not bind to symmetrically methylated 

CpG sites but retains the binding affinity to unmethylated DNA and hydroxymethylated DNA 

(Hendrich and Bird 1998). This is because the two amino acids in the MBD domain that are 

responsible for the direct interaction with DNA were mutated (K30H and Y34F) (Buchmuller, 

Kosel et al. 2020).  

MBD3 could regulate the DNA methylation levels. On the one hand, MBD3 maintains the 

DNA methylation and silencing state of the paternal H19 allele(Reese, Lin et al. 2007). On 

the other hand, MBD3 maintains the demethylated and active state of rRNA genes (Brown, 

Suderman et al. 2008). These suggest that MBD3 might function in maintaining the DNA 

modification state, preventing a conversion between unmethylated and methylated states.  
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Recently, MBD3 was reported to bind to the 5hmC (Yildirim, Li et al. 2011, Iurlaro, Ficz et al. 

2013), which was questioned by other publications (Buchmuller, Kosel et al. 2020). Genome-

wide, MBD3 localizes at promoters, gene bodies, and enhancers of active genes (Shimbo, 

Du et al. 2013). MBD3 was also reported to be enriched at the 5hmC sites in a Tet-

dependent manner (Baubec, Ivanek et al. 2013). Indeed, Mbd3 knockdown affects the 

expression of 5hmC-marked genes in ESCs (Baubec, Ivanek et al. 2013), suggesting that 

MBD3 might perform 5hmC specific functions.  

Like MBD2, MBD3 is a scaffold subunit of the NuRD complex and plays an essential role in 

ES cell pluripotency maintenance and differentiation. Mbd3-deficient embryonic stem (ES) 

cells showed LIF-independent self-renewal and defects in differentiation as they failed to 

commit to developmental lineages (Kaji, Caballero et al. 2006, Kaji, Nichols et al. 2007). 

Disrupting the Mbd3/NuRD complex by inhibiting GATAD2A facilitates deterministic murine 

iPSC reprogramming of MEF cells induced by the four Yamanaka factors (Oct4, Sox2, Klf4, 

and Myc) (Mor, Rais et al. 2018). More recently, Schmolka N and collaborators observed 

that the ectopic expression of MBD2a and MBD2b but not MBD2c could partially rescue the 

differentiation block in MBD3 KO ESCs during neuron differentiation (Schmolka, Bhaskaran 

et al. 2021). This indicates that the MBD2/NuRD and MBD3/NuRD are functionally 

redundant. 

Contradictory, Mbd3-deficient neural stem cells, EpiSCs, and preiPSCs displayed a severe 

defect in reprogramming to iPSCs, while MBD3 overexpression could facilitate the 

reprogramming progress in a context-dependent manner (dos Santos, Tosti et al. 2014). In 

primary human fibroblasts, inhibiting MBD3 reduced the efficiency of reprogramming and the 

final iPSCs were incapable of trilineage differentiation. While overexpression of MBD3 

increased the number of fibroblast-derived iPSC colonies with trilineage differentiation 

capability (Jaffer, Goh et al. 2018). Similarly, MBD3 overexpression improved the 

reprogramming of cloned pig embryos (Wang, Shi et al. 2019). Besides, MBD3 restricted ES 

cells from differentiating towards the trophectoderm lineage (Zhu, Fang et al. 2009). Taken 

together, MBD3 seems essential to maintain the pluripotent stem cells in the native state 

with trilineage differentiation capability. Loss of MBD3 induces the native ES cells to a less 

pluripotent stage with restricted differentiation ability. Consistently, Mbd3-deficient 

blastocysts in the inner cell mass (ICM) failed to develop into mature epiblast after 

implantation (Kaji, Nichols et al. 2007). Thus, MBD3 KO mice are embryonically lethal 

(Hendrich, Guy et al. 2001, Kaji, Caballero et al. 2006).  

2.5.3 MBD4 

MBD4 (also known as MED1) gene is located in chromosome 3 (3q21.3) and encodes a 

protein with 5 variants due to alternate in-frame splice sites and alternative exon inclusion 
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and exclusion. The longest isoform consists of 580 amino acid residues with a conserved 

MBD domain and a C-terminal glycosylase domain (Hendrich and Bird 1998), a homolog to 

bacterial DNA damage specific endonucleases with glycosylase activity during base excision 

repair (BER) (McCullough, Dodson et al. 1999). BER is initiated with DNA glycosylase 

mediated excision of damaged DNA base pairs, generating an abasic site and followed by 

the endonuclease catalytic backbone incision and DNA polymerase catalytic gap-filling 

(Bosshard, Markkanen et al. 2012, Sjolund, Senejani et al. 2013). 

The deamination of 5-methylcytosine (5-meC) and cytosine (C) to thymine (T) and uracil (U), 

respectively, generates G:T and G:U mismatch pairs. These occur at a rate of 2–300 

lesions/cell/day and lead to C:G to T:A transitions and genome instability if not repaired 

before replication (Duncan and Miller 1980). Besides, such transitions frequently occur in 

human cancer and other diseases (Cooper and Youssoufian 1988). MBD4 is responsible for 

the removal of deaminated C (U), 5-meC (T), and 5-hmC (hmU) within CpG sites 

independent of cytosine methylation (Hendrich, Abbott et al. 1999, Moréra, Grin et al. 2012, 

Sjolund, Senejani et al. 2013, Yakovlev, Kuznetsova et al. 2017, Pidugu, Bright et al. 2021).  

Emerging evidence shows that MBD4 promotes cytosine demethylation (Rai, Huggins et al. 

2008). In zebrafish, deaminase/glycosylase pair AID/Mbd4 (human) overexpression was 

shown to promote widespread DNA demethylation, while AID or Mbd4 knockdown caused 

remethylation of a set of common genes (Rai, Huggins et al. 2008). However, contradictory 

studies using the zebrafish embryos showed that no aberrant methylation was observed 

upon AID or MBD4 (zebrafish) knockdown (Shimoda, Hirose et al. 2014). One possible 

explanation lies that the zebrafish MBD4 contains the DNA glycosylase domain but lacks the 

MBD domain, thus zebrafish MBD4 might not be able to bind to the methylated CpG site and 

convert the mCpG to CpG. These studies also indicate an MBD- and species-dependent 

demethylation of MBD4, but more work should be done.  

Although lacking a transcriptional repression domain, MBD4 represses gene transcription at 

mCpG sites via promoting DNA methylation and histone modification. (Kondo, Gu et al. 

2005, Laget, Miotto et al. 2014, Liao, Li et al. 2017). MBD4 recruited HDAC and Sin3A at 

mCpG sites and repressed gene expression in an HDAC dependent manner (Kondo, Gu et 

al. 2005). In mammalian cells, MBD4 cooperates with DNMT1 to mediate methyl-DNA 

repression and protect mammalian cells from oxidative stress (Laget, Miotto et al. 2014). 

More recently, downregulation of MBD4 contributed to overexpression and hypomethylation 

of the CD70 gene in SLE CD4+ T cells, suggesting a positive role of MBD4 in DNA 

methylation (Liao, Li et al. 2017).  

MBD4 is enriched in the highly methylated pericentromeric heterochromatin foci in mouse 

cells and functions in heterochromatin organization (Hendrich and Bird 1998). Meng et al. 

showed that MBD4 recruited both the UHRF1, an E3 ubiquitin ligase, and USP7, a 
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deubiquitinating enzyme to the heterochromatin compartments, and therefore promoted the 

stability of Dnmt1(Meng, Harrison et al. 2015).  

MBD4 KO mice are viable and fertile but have increased CG to TA mutations at CpG sites 

(Millar, Guy et al. 2002, Wong, Yang et al. 2002). Moreover, heterozygous mice with 

deficient MBD4 and adenomatous polyposis coli Min (ApcMin) mutation, a mutation with 

intestinal tumor formation (Su, Kinzler et al. 1992), showed increased gastrointestinal tumor 

formation. 

In conclusion, MBD4 is associated with various nuclear pathways including DNA repair, DNA 

(de)methylation, transcriptional repression, and heterochromatin organization. However, the 

precise contribution of MBD4 to these processes remains unclear. 

2.5.4 MBD5/6, SETDB1/2, and BAZ2A/B 

Besides, other MBD-containing proteins were also reported, including MBD5, MBD6, 

SETDB1/2, and BAZ2A/B but their functions are uncharacterized.  

MBD5 has two isoforms due to alternative splicing, with the short isoform lacking a PWWP-

containing C-terminus (Laget, Joulie et al. 2010). PWWP is a ~70 amino acid long domain 

centered by proline-tryptophan-tryptophan-proline (P-W-W-P) and is responsible for protein-

protein interaction. MBD5 is enriched at heterochromatin compartments in both PWWP and 

MBD dependent manner, as both mutations at the MBD (P39A) and PWWP (W1399A, 

P1400A) disrupted MBD5 distribution at heterochromatin compartments (Laget, Joulie et al. 

2010). MBD5 long isoform is highly expressed in the brain, while the short isoform is highly 

expressed in oocytes, suggesting an isoform-specific role in the development and especially 

brain development. Indeed, deletion, duplication, and mutation of MBD5 lead to MBD5-

associated neurodevelopmental disorder (MAND), a 2q23.1 microdeletion syndrome 

characterized by microcephaly, intellectual disabilities, severe speech impairment, and 

seizures (Williams, Mullegama et al. 2010, Talkowski, Mullegama et al. 2011, Mullegama 

and Elsea 2016, Myers, Marini et al. 2021). Further studies showed that in the heterozygous 

hypomorphic Mbd5+/GT mouse, the haploinsufficiency of MBD5 changed the gene expression 

in the cortex region, suggesting context-dependent effects (Camarena, Cao et al. 2014, 

Seabra, Aneichyk et al. 2020). 

MBD6 has only one isoform, is highly expressed in testis, and is localized to heterochromatin 

compartments in an MBD-dependent manner (Laget, Joulie et al. 2010). Surprisingly, both 

MBD5 and MBD6 do not bind methylated DNA (Laget, Joulie et al. 2010). 

MBD5 and MBD6 also share some functions in vivo. Both MBD5 and MBD6 promote gene 

silencing via recruiting a J-domain protein, SILENZIO, which serves as a co-chaperone with 

HSP70s (Ichino, Boone et al. 2021). The MBD of MBD5 and MBD6 mediate the interaction 

with mammalian PR-DUB Polycomb protein complexes in a mutually exclusive manner, 
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which catalyzes deubiquitination of H2AK119. While MBD6-PRDUB is specifically enriched 

at the DNA damage sites (Baymaz, Fournier et al. 2014). Besides, MBD6 protein level is 

downregulated in uterine leiomyoma (UL) tissues and MBD6 is mutated and differentially 

expressed in gastric (GC) and colorectal (CRC) cancers. These indicate a role of MBD6 in 

cancer (Choi, Yoo et al. 2015, Liang, Zeng et al. 2019). 

Distinct from the core MBD proteins, SETDB1/2 contains the SET domain that confers 

histone H3K9 lysine methyltransferase activity. SETDB1 promotes chromatin compaction 

and gene repression by H3K9 methylation (Schultz, Ayyanathan et al. 2002) and is involved 

in normal physiology and brain development (Markouli, Strepkos et al. 2021). SETDB1 is 

involved in cancer, such as non-small cell lung cancer (NSCLC) (Sun, Ding et al. 2015) 

tumorigenesis, and breast cancer Metastasis (Batham, Lim et al. 2019). During NSCLC 

tumorigenesis, SETDB1 was shown to stimulate the WNT/β-catenin pathway and diminish 

P53 expression (Sun, Ding et al. 2015).  

SETDB2 is also involved in the carcinogenesis of human gastric cancers (GCs). Nishikawaji 

et al. noticed that SETDB2 was highly expressed in GC tissues and that SETDB2 

knockdown significantly decreased cell proliferation, migration, and invasion together with 

lower global H3K9 trimethylation (H3K9me3) levels. Molecularly, SETDB2 inhibited the 

expression of tumor suppressor genes WWOX and CADM1 (Nishikawaji, Akiyama et al. 

2016). SETDB2 is also involved in the immune response. During influenza virus infection, 

SETDB2 regulates the crosstalk between the type-I interferon and NF-κB pathway. The NF-

κB pathway represents an important mechanism for virus-induced susceptibility to bacterial 

superinfection. More recently, COVID-19 infection was shown to repress the expression of 

SETDB2, followed by decreased H3K9me3 levels at NFkB binding sites on inflammatory 

gene promoters. As a result, the inflammatory response is increased upon coronavirus 

infection. 

Bromodomain adjacent to zinc finger domain protein 2 (BAZ2) contains an MBD and a 

bromodomain that confers acetylated histone binding capability. BAZ2 is a subunit of the 

nucleolar remodeling complex NoRC and controls rDNA accessibility and transcription by 

interacting with acetylated lysine sites on histone H3 (Peña-Hernández, Aprigliano et al. 

2021) or H4 (Zhou and Grummt 2005, Anosova, Melnik et al. 2015).  

BAZ2A overexpression is involved in prostate cancer (PCa) (Peña-Hernández, Aprigliano et 

al. 2021). High levels of BAZ2A are frequently detected in metastatic tumors with cell 

proliferation, viability, invasion, and repression of genes silenced in aggressive PCa (Wood, 

Johnson et al. 2016). Molecularly, the inactive enhancers are marked by acetylation, which 

is catalyzed by the EP300, a histone acetyltransferase that acetylates H3K14ac (Jin, Yu et 

al. 2011, Peña-Hernández, Aprigliano et al. 2021). BAZ2A binds to inactive enhancers via 

bromodomain-H3K14ac interaction (Peña-Hernández, Aprigliano et al. 2021). Besides, RNA-
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mediated BAZ2A interaction with TOP2A and KDM1A was also shown to regulate the gene 

expression in PCa.  

The molecular function of BAZ2B is still not fully defined. In vivo, BAZ2B could bind to 

H3K14ac (Charlop-Powers, Zeng et al. 2010) and might function in neurodevelopment (Guo, 

Bettella et al. 2019). BAZ2B significantly promotes reprogramming of human hematopoietic 

committed progenitors to multipotent state and enhances self-renewal and engraftment of 

human CD34+ cells (Arumugam, Shin et al. 2020). This suggests a potential role of BAZ2B 

in human B cell development. 
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3 Aims of this work 

It is increasingly clear that the phase separation could promote the assembly of distinct 

microscale condensates. In cell nuclei, heterochromatin plays an essential role in genome 

integrity, gene expression, and nuclear architecture. Many factors have been well 

characterized for their functions in the formation, maintenance, and dynamics of 

heterochromatin, yet the underlying mechanism is controversially discussed. In the last 

years, it has been shown that HP1 can promote heterochromatin formation via phase 

separation, but whether this is the case for the other factors is unclear, especially for DNA 

methylation “readers”.  

In this work, I focus on the core members of the MBD protein family (MBD1-4, MeCP2) and 

their abilities regarding phase separation in vivo and in vitro (Fig. 8). The work is divided in 

three main aims as followed: 

 

i) The function of the MBD family proteins in the heterochromatin compartments and their 

phase separation properties.  

Previous work showed that MeCP2 could promote heterochromatin compartment fusion. I 

investigated whether this it is the same for the other MBD family proteins. In vitro, I purified 

the MBD family proteins and checked their abilities to phase separate and the morphology of 

condensates. 

ii) The functions of MBD2 isoforms in the heterochromatin compartments.  

MBD2 has three isoforms, one lacking the N-terminus, one lacking the C-terminus, and one 

with both termini. Although all contain the MBD-TRD, N-terminus and C-terminus contain 

different functional domains, suggesting that the three isoforms might perform N- or C-

terminus dependent functions in heterochromatin compartments. Thus, I tested their phase 

separation properties, functions in heterochromatin compartment clustering, and molecular 

dynamics inside heterochromatin compartments. 

iii) The phase separation properties of MeCP2 and the influence of RTT-related nonsense 

mutations.  

Molecularly, I analyzed how self-interaction contributes to MeCP2 phase separation and how 

nonspecific and specific protein-DNA interactions influence the phase separation properties 

of MeCP2. I examined how RTT-related nonsense mutations influence the function of 

MeCP2 in LLPS induced heterochromatin organization. 
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Figure 8 Schematic graph showing the work of this thesis 
The heterochromatin is hallmarked with high cytosine methylation, which could be “read” by the methyl-CpG 
binding protein family except for MBD3. In this work, I focus on the core members of the MBD protein family 
(MBD1-4, MeCP2) and checked their possibilities of phase separation in vitro and their influence on 
heterochromatin dynamics in vivo. 
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4 Materials and Methods  

4.1 Plasmids  

All plasmids used in this study and the source references are listed in Table 2. 

4.1.1 Bacterial expression plasmids 

The pTYB1 vector was used for fusion protein purification because it utilizes the inducible 

self-cleavage activity of intein to separate the target proteins (MBDs) from the affinity tag 

(chitin-binding domain, CBD). 

The pTYB1-MeCP2wt (pc1294) plasmid (Georgel, Horowitz-Scherer et al. 2003) was 

modified to generate various MBD expression plasmids pTYB1-GFP-MBDs. The GFP-

MeCP2, MBD1∆CxxC3, MBD2a, MBD2b, MBD3, and MBD4 coding sequence was amplified 

by PCR from pEG-MeCP2 (pc1208) (Kudo, Nomura et al. 2003), pGmMBD1.3 (pc 2899), 

pFB-mMBD2aG (pc1565), pFB-mMBD2.2G (pc2083), pFB-mMBD3G (pc1566), and pFB-

mMBD4G (pc1567), respectively using primer pairs containing NdeI (NEB, R0111S) for the 

forward primer and EcoRI (NEB, R0101S) for the reverse primer (Table 3). Then, the 

amplified coding sequence was digested with NdeI/EcoRI and ligated into the NdeI/EcoRI 

digested pTYB1-MeCP2wt vector to finally generate the pTYB1-GFP-MeCP2, 

MBD1∆CxxC3, MBD2a, MBD2b, MBD3, and MBD4, separately. 

Using either pTYB1-MeCP2wt or pTYB1-GFP-MeCP2 as templates, the Q5 site-directed 

mutagenesis strategy was adopted following the standard protocol (NEB, E0554S) using the 

primer pairs listed in Table 3 (from IDT) to generate the truncated versions R168X, R255X, 

R269X, G273X, R294X, and ∆AT-hook2 without or with GFP tag respectively, followed by 

ligation, transformation of E. coli cells Top 10 (Table 4), and DNA sequencing. 

Using the pTYB1-MBD2a as a template, the pTYB1-MBD2-N (aa: 1-152), MBD2a-MBD2a-1-

235, MBD2a-C (236-414) were generated by Q5 site-directed mutagenesis strategy 

following the standard protocol (NEB, E0554S). Using pTYB1-MBD2b (1-235) as a template, 

the pTYB1-MBD-TRD were generated by Q5 site-directed mutagenesis strategy.  

4.1.2 Mammalian expression plasmids 

pEG-MeCP2-R168X, -R255X, -R269X, -G273X, -R294X, and ∆AT-hook2 were engineered 

using the Q5 site-directed mutagenesis with the pEG-MeCP2 (pc1208) vector as the PCR 

template as described above. pEG-MBD2-1-235 was engineered by inserting the MBD2a-1-

235 coding sequence into the pEGFP-N3 (pc714) plasmid. In brief, the MBD2a-1-235 coding 

sequence was amplified using a primer pair containing HindIII (NEB, R0104S) for the 

forward primer and SalI (NEB, R0138S) for the reverse primer (Table 3). Then, the amplified 
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coding sequence was digested with HindIII/SalI and ligated into the HindIII/SalI digested 

pEGFP-N3 vector to finally generate the pEG-MBD2a-∆C. 

Using the pEG-MBD2a as template, the pEG-MBD2-N (aa: 1-152), -MBD2a-1-235, -MBD2a-

C (236-414) were generated by Q5 site-directed mutagenesis strategy following the standard 

protocol (NEB, E0554S). Using pEG-MBD2b (1-235) as template, the pEG-MBD-TRD were 

generated by Q5 site-directed mutagenesis strategy.  

pEG-MBD2c was generated by inserting the synthesized short double-strand short C-

terminus of MBD2c into the C-terminus of MBD2a-∆C within pEG-MBD2a-∆C-MeCP2. In 

brief, the forward and reverse strands of the C-terminus of MBD2c with EcoNI and SalI 

overhangs separately were synthesized and annealed by 95 °C for 3 min and slow cooling 

down till room temperature. The dsDNA with EcoNI and SalI overhangs was then inserted 

into the EcoNI/SalI digested pEGFP-MBD2a-∆C vector to finally generate the pEG-MBD2c 

vector. 

4.2 Protein purification and analysis 

4.2.1 Protein purification 

(GFP tagged) MeCP2 full length and truncations, MBD1∆CxxC3, MBD2b, MBD3, MBD4 

carrying the C-terminal intein-CBD were expressed in BL21(DE3) E. coli cells. MBD2a 

carrying the C-terminal intein-CBD were expressed in BL21(DE3) pLysS E. coli cells. 

MBD2a-N, MBD2a-∆C (MBD2c), MBD2a-MBD-TRD, and MBD2a-C carrying the C-terminal 

intein-CBD were expressed in BL21(DE3) Star E. coli cells (Table 4).  

Expression was induced with 0.5 mM IPTG (Sigma-Aldrich, I6758-10G) at room temperature 

(RT) overnight. Subsequently, the cell lysates were prepared by pelleting and resuspending 

the bacteria in lysis buffer (20 mM Tris-HCl pH 8.5, 500 mM NaCl, 0.25% Triton X-100 and 

protease inhibitors PMSF, AEBSF, E64, and pepstatin A), followed by sonication on ice and 

centrifugation at 15000 rpm for 30 min. The cleared lysates were incubated with 2 ml chitin 

beads (NEB, S6651S) at 4 °C with rotation for 3 h to allow CBD-chitin binding. Then beads 

were washed and treated in benzonase buffer (20 mM Tris-HCl, pH 8.5, 2 mM MgCl2, 20 

mM NaCl, 0.1 mM PMSF) with benzonase (MERCK, 70746-3, 1:2000 dilution) at 37 °C for 4 

h, followed by washing and treatment in DNase buffer (20 mM Tris-HCl pH 8.5, 50 mM KCl, 

2 mM MgCl2) with DNase I (4 µg/ml), RNase A (0.2 µg/µl) at 37 °C for 25 min to remove 

DNA and RNA contaminants. Finally, proteins were eluted by cleavage at 4 °C for two days 

in cleavage buffer (20 mM Tris-HCl pH 8.5, 500 mM NaCl) with 50 mM DTT (Sigma-Aldrich, 

D9779-5G). The eluted fraction was concentrated using Amicon® Ultra Centrifugal Filters 

(MERCK), aliquoted, flash frozen, and stored at -80 °C in storage buffer (20 mM Tris-HCl, 

pH 8.5, 300 mM NaCl).  
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4.2.2 Protein quantification 

Protein concentrations were determined using Pierce™ 660 nm Protein Assay Kit (Thermo 

Fisher Scientific, 22660) following the manufacturer’s instruction. In brief, 10 µl of BSA 

standard (Thermo Fisher Scientific, 23208) proteins and storage buffer (blank) were mixed 

with 150 µl Protein Assay Reagent in the 96-well micro test plate (SARSTEDT, 82.1581.001) 

and incubated at room temperature for 5 min. Three replicates for each condition were 

performed. The absorbance at 660 nm was measured using a plate reader Infinite 200 

(TECAN). The blank-corrected absorbance was calculated by subtracting the average 

absorbance of the blank. The standard curve was generated by plotting the average blank-

corrected absorbance for each BSA standard versus the relative concentrations (µg/µl). The 

protein concentrations were calculated according to the standard curve using the blank-

corrected measurements.  

4.2.3 Protein purity analysis 

2 µg and 10 µg protein were loaded separately onto an SDS-PAGE gel and 15% Tris-borate 

EDTA polyacrylamide gel. The gels were stained with coomassie (to detect the proteins) and 

ethidium bromide (EtBr; to detect the potential contamination with nucleic acids) separately 

after electrophoresis. The SDS-PAGE gels after coomassie staining were captured by 

colorimetric trans-illumination imaging using the Amersham Imager 600 (Table 6) equipped 

with white light trans-illumination following the manufacturer’s instruction. The Tris-borate 

EDTA PAGE gels after EtBr staining were imaged using the VWR genosmart (Table 6) UV 

trans-illumination system. 

4.3 DNA templates and methylation  

4.3.1 Synthesis of short DNA templates for binding assay 

42 bp dsDNA was synthesized by primer extension using the large (Klenow) fragment of E. 

coli DNA polymerase I (NEB, M0210L) as described before (Rothbauer, Zolghadr et al. 

2008, Zhang, Hastert et al. 2017). In brief, the longer CG-up/MG-up and shorter Fill-in-647N 

(Table 3) were annealed by slowly cooling down to 37 °C from 95 °C in NEB buffer 2 (50 mM 

NaCl, 10 mM Tris–HCl, 10 mM MgCl2, 1 mM dithiothreitol; New England Biolabs). The short 

CG/MG-down were extended by adding 1 mM dATP, dGTP, dTTP, and 1mM dCTP (Carl 

Roth) or 0.1 mM dmCTP (Jena Bioscience, NU-1125S) and Klenow fragment polymerase, 

followed by incubating for 1 h at 37 °C to generate the double-strand oligos with or without 

CpG methylation.  

20 bp dsDNA with or without cytosine methylation was generated by resuspending and 

mixing the Cy5-MG/CG-up and MG/CG-down (Table 3) to a final concentration of 10 mM in 
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a solution containing 20 mM Tris pH 8.5 and 150 mM NaCl, followed by heating at 95 °C for 

2 min and gradual cooling by switching off the thermomixer. 

4.3.2 Synthesis of long DNA templates for phase separation assay 

The DNA used for the phase separation assay with different lengths and methylation levels 

were synthesized by PCR (polymerase chain reaction) using Q5 polymerase (NEB, 

M0491S) as described before (Ludwig, Zhang et al. 2017). In brief, pUC18-MINX plasmid 

(Table 2) was applied as a template and different reverse (Rev) primers (Table 3) were used 

to amplify DNA of different lengths.  

4.3.3 Synthesis of methylated DNA 

The DNA with various methylation levels at cytosine residues randomly were generated by 

partially replacing the dCTP with dmCTP, followed by Q5 polymerase directed PCR as 

aforementioned. 

The 800 bp DNA with CpG methylation was obtained with the CpG methyltransferase M.SssI 

(NEB, M0226S) after PCR and followed by DNA purification from agarose gel according to 

the manufacturer’s instructions. Briefly, 1 µg of purified 800 bp DNA product was mixed with 

160 µM SAM (S-adenosyl-methionine; NEB, B9003S), methylated by 4 units M.SssI for 4 h 

at 37 °C in the 1 x NEB buffer 2.  

4.3.4 DNA methylation assay 

DNA methylation levels were determined with methylation-sensitive restriction enzymes 

HpaII (NEB, R0171S) and its methylation insensitive isoschizomers MspI (NEB, R0106S). In 

brief, 150 ng DNA was incubated with MspI or HpaII (control with no enzyme) at 37 °C for 2 

h before being loaded to 15% Tris-borate EDTA PAGE. After electrophoresis, the gel was 

stained with EtBr for 4 min and washed with water. The images were captured by the 

Amersham Imager 600 equipped with RGB fluorescence (Cy5-20 bp DNA) and the VWR 

genosmart UV trans-illumination system (Table 6). 

4.4 In vitro phase separation and detection 

4.4.1 In vitro phase separation 

Proteins were firstly thawed on ice, centrifuged at 14000 rpm, 4 °C for 10 min to remove all 

aggregates. Phase separation in solutions (20 mM Tris-HCl pH 8.5) with various 

concentrations of salt, protein, crowding agents, and DNA was achieved by incubating for 45 

min at RT (Fig. 9A).  
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4.4.2 Microscopy analysis 

To check the droplet morphology, phase separation samples were loaded onto chambers 

made of double-sided tapes and sealed with coverslips (Fig. 9B). Fluorescence and 

differential interference contrast (DIC) images were taken using a Nikon Eclipse TiE2 

microscope equipped with a Plan Apo λ 40x objective or a Nikon Ti-E microscope equipped 

with a CFI Planapochromat VC 20x objective (Table 6). All images were processed and 

analyzed using ImageJ. 

The biophysical properties of droplets were quantified using ImageJ according to the 

fluorescent images from the phase separation assay. Droplets were identified and 

segmented using an FFT/bandpass filter to decrease the background and fluorescence 

intensity-based thresholding which was manually adjusted. Droplets with an area > 0.1 µm2 

were considered. The aspect ratio of droplets was calculated by the ratio of the minimal 

Feret diameter to the maximal Feret diameter. 

4.4.3 Droplet sedimentation assay 

The phase separation samples were sedimented by centrifugation at 14000 rpm for 15 min 

at RT. The top half of the supernatants were applied to a 12% SDS-PAGE gel, which was 

stained with Coomassie for 1-2 h after electrophoresis and subsequently washed with 

destaining buffer (100 ml acetic acid, 100 ml ethanol, and 500 ml H2O) overnight. The image 

was taken using an Amersham Imager machine (Table 6), quantitatively analyzed, and 

plotted (Fig. 9C).  
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Figure 9 Graph elucidating the in vitro phase separation and detection 
(A) In vitro phase separation assay. Purified proteins were incubated to form protein droplets at different 
conditions (Protein concentration, salt concentration, etc.) at room temperature for 45 min. 
(B) Microscopic detection of droplets. The mixtures after in vitro phase separation assay were transferred to 
chambers made of double-sided tapes and covered with coverslips. Droplets were visualized under the 
microscope. With proper fluorescent labeling, the droplets were segmented followed by quantitative analysis. 
(C) Sedimentation assay. The droplets after in vitro phase separation assay were pelleted by centrifuge. The 
clear supernatants were collected and loaded into SDS-PAGE, followed by coomassie staining and quantitative 
analysis. 

4.4.4 Turbidity assay 

20 µl phase separation solutions with various conditions were prepared as above and 

transferred to the 384-well plate with an optically clear bottom (PerkinElmer, 6007550). The 

phase separation was done by incubating at RT for 45 min, followed by absorbance 

measurement at 340 nm at room temperature using a plate reader Infinite 200 (TECAN).  

4.5 In-droplet and in-solution MeCP2 quantification 

4.5.1 Standard curve 

Solutions containing gradient concentrations of GFP-MeCP2 were loaded onto chambers 

made of double-sided tapes and sealed with coverslips. The images were taken using a 

Nikon Eclipse TiE2 microscope equipped with Plan Apo λ 40X objective (Table 6). The mean 

fluorescence intensities of free GFP-MeCP2 were measured using ImageJ and plotted 

versus the corresponding known GFP-MeCP2 concentrations to generate the standard 

curves. 

4.5.2 In-droplet and in-solution MeCP2 quantification 

Purified GFP-MeCP2 was mixed with unlabeled MeCP2 in a molar ratio of 1:99 and diluted 

to a final concentration of 80 µM in buffer (20 mM Tris-HCl, pH 8.5, 300 mM NaCl). In vitro 

phase separation was done by incubating at RT for 45 min at various conditions. To quantify 

the protein concentration in droplets, droplet mixtures were then moved to chambers made 

of double-sided tapes and sealed with coverslips. To quantify the protein concentration in 

solution, droplets were sedimented by centrifuge at 14000 rpm for 15 min at RT, the upper 

clear supernatants were transferred to new PCR tubes and mixed by pipetting before being 

transferred to chambers. The images were taken by a Nikon Eclipse TiE2 microscope 

equipped with a Plan Apo λ 40x objective (Table 6). Mean fluorophore intensity in droplets or 

solutions was measured using ImageJ, the protein concentrations were calculated relative to 

the standard curves. 

4.6 Pull-down interaction assay 

The immobilization of untagged human MeCP2 and truncations with intein-CBD were 

generated as described above. Briefly, the human MeCP2 or truncations fused with intein-
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CBD were bound to the chitin beads by incubating the bacteria extracts with chitin beads. 

Then the beads were treated with nuclease to remove nucleic acid contaminants as 

described above. 25 µl clean beads (control) and beads with immobilized MeCP2 or 

truncations were transferred to cold 1.5 ml tubes, washed with PBS supplemented with 125 

mM NaCl, 0.05% NP-40, and protease inhibitors PMSF, AEBSF, E64, and pepstatin A for 

twice, and incubated with 300 µl 0.1 µg/µl corresponding GFP tagged full-length MeCP2 or 

truncations in PBS supplemented with 125 mM NaCl, 0.05% NP-40, and protease inhibitors 

for 90 min with rotation at 4 °C. Finally, the beads were collected by centrifugation, washed 

three times using the PBS supplemented with 125 mM NaCl, 0.05% NP-40, and protease 

inhibitors and followed by adding 50 µl 1X protein loading buffer (1% SDS, 25 mM Tris pH 

6.8, 5% glycerol, 50 mM DTT and 0.005% bromophenol blue), and boiling at 95 °C for 5 min.  

Samples were then loaded to SDS-PAGE gel, electrophoresis was performed at 90 V for 

100 min followed by semi-dry transfer at 25 V for 35 min. Then the membranes were blocked 

with 3% low-fat milk in PBS for 30 min at RT, incubated with rabbit anti-GFP antibody (Table 

7) at 4 °C overnight on a rotary shaker, and followed by anti-rabbit IgG conjugated with Cy3 

for 1 h at RT. The fluorescence signals were detected using an Amersham Imager (Table 6). 

4.7 Microscale thermophoresis assay  

The microscale thermophoresis (MST) assay was conducted using the Monolith NT.115 

(NanoTemper) following the manufacturer's instructions. To check if MeCP2 is capable of 

self-interaction, 10 µl 200 or 300 µM GFP tagged MeCP2 or truncations were mixed with 

equal volumes of untagged MeCP2 gradients or truncations in buffer containing 20 mM Tris-

HCl and 150 mM NaCl. To check the binding affinity of MeCP2 with DNA, 10 µl 100 µM short 

oligos labeled with ATTO-647N and Cy5 with or without methylation (Table 3) were mixed 

with equal volumes of untagged MeCP2 gradients or truncations in buffer containing 20 mM 

Tris-HCl and 150 mM NaCl. Then the mixtures were transferred into Monolith NTTM 

capillaries and the fluorescent changes to microscopic temperature gradients were 

measured by Monolith NT.115 using 20% (for self-interaction assay) or 40-50% (for protein-

DNA interaction) excitation power. The dissociation constants (Kd) were calculated using 

MO. Affinity Analysis software. 

4.8 Mammalian cell culture and transfection  

C2C12 mouse myoblast cells (Table 5) were cultured in Dulbecco’s modified Eagle medium 

(DMEM) high glucose (Sigma-Aldrich Chemie GmbH, D6429) supplemented with 20% fetal 

calf serum (FCS), 1x L-glutamine (Sigma-Aldrich Chemie GmbH, G7513), and 1 µM 

gentamicin (Sigma- Aldrich Chemie GmbH, G1397). 
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MEF-P (P53-/-, methylation proficient) and MEF-PM (P53-/- DNMT1n/m, methylation 

deficient) mouse embryonic fibroblast (Table 5) were cultured in DMEM high glucose 

(Sigma-Aldrich Chemie GmbH, D6429) supplemented with 15% FCS, 1x L-glutamine 

(Sigma-Aldrich Chemie GmbH, G7513), and 1 µM gentamicin (Sigma- Aldrich Chemie 

GmbH, G1397).  

The transfection was performed using a Neon Transfection System (Thermofisher) following 

the manufacturer’s instruction. Cells were seeded into 35 mm plates with a glass bottom for 

live cell experiments (Fig. 10). Cells were seeded into plates with coverslips for fixed cell 

experiments (Fig. 10). 

4.9 Fluorescence and image analysis 

36 h after transfection, C2C12 cells were fixed with 3.7% formaldehyde in phosphate 

buffered saline (PBS) for 15 min, washed 3 times using 0.02% PBST (0.02% Tween 20 in 

PBS), permeabilized using 0.5% Triton X-100 in PBS for 10 min, and washed 3 times using 

0.02% PBST. For DNA visualization, cells were incubated with 4,6-Diamidine2-phenylindole 

dihydrochloride (DAPI, 1 g/ml) for 6 min, followed by 3 times washing using 0.02% PBST. 

Cells were finally kept in mounting media and stored at -20 °C till use. 

GFP and DAPI signals were imaged using Leica TCS SP5 II confocal microscope with a 

HCX PL APO 100x / 1.44 oil Corr CS objective (Table 6). 405 nm Diode Laser (50 mW) and 

488 nm argon ion laser (~20 mW) were applied for DAPI and GFP signal excitation, 

respectively. The settings for scanning were scanning at 400 Hz, 2.5x zoom, image format 

1024 × 1024 pixels, pinhole 95.55 μm.  

The images were further quantitatively analyzed with ImageJ (Fig. 10). The cell nuclei and 

heterochromatin compartments were identified by Auto Threshold based on the DAPI 

intensities (nuclei segmentation: “Auto threshold” “Li white”; heterochromatin compartment 

segmentation: "Gaussian Blur..." "sigma=4", "Subtract Background..." "rolling=15"). Cells 

were subgrouped by GFP intensities. Nuclei and heterochromatin compartment parameters 

(size, number, GFP intensity, Ferret diameters, etc.) in each cell were measured.  

The mean heterochromatin compartment size per nuclei was calculated and plotted.  

The GFP fold enrichment was calculated as the ratio of mean GFP intensity within 

heterochromatin compartments to the mean GFP intensity outside heterochromatin 

compartments per nuclei. The equation is: E = ICC / [(IN - ICC x SCC x N) / (SN - SCC x N). E 

was the fold enrichment; ICC and IN were mean GFP intensity inside heterochromatin 

compartments per nuclei and mean GFP intensity per nuclei, respectively; SCC and SN were 

the mean heterochromatin compartment area per nuclei and nuclei area; N was the number 

of heterochromatin compartments per nuclei.  
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The Feret diameter (or caliper diameter) is defined as the distance between the two parallel 

planes restricting the object perpendicular to that direction. Minimal and maximal Feret 

diameters (MinFeret and MaxFeret separately) per heterochromatin compartment were 

measured. Heterochromatin compartments with mean GFP intensity > 0.01 were applied. 

Aspect ratio (AR) was calculated using the equation AR = MinFeret/MaxFeret and plotted. 

 
Figure 10 Schematic graph examining the functions and dynamics of MBDs in vivo. 
C2C12 cells were transfected with plasmids expressing GFP tagged MBDs. After incubation, the cells were fixed 
and stained with DAPI (top). The nuclei and heterochromatin compartments were segmented based on the DAPI 
intensities. Alternative, the live cells were directed applied for fluorescence recovery after photobleaching (FRAP) 
24 hours after transfection (bottom). 

4.10 Fluorescence recovery after photobleaching (FRAP) 

24 h after transfection, live cells were transferred onto a prewarmed Leica TCS SP5 II 

confocal microscope with a HCX PL APO 100x / 1.44 oil Corr CS objective (Fig. 10, Table 

6). The FRAP assay was performed at 37 °C. For excitation of GFP, the 13% 488 nm argon 

ion laser was applied. The emission at 490-560 nm was detected. The settings for scanning 

were scanning at 400 Hz, 10x zoom, image format 256 × 256 pixels, pinhole 95.55 μm. The 

photobleaching was obtained by 100% 488 nm argon ion laser power. The fluorescent 

changes were tracked with 9 images taken before and 130 taken after photobleaching with 

an interval of ~1.3 s. 

FRAP recovery plots were generated from the fluorescence intensities in the bleached 

region of interest (ROI), nucleoplasm (NP), and background (BG) at each time step. The 

fluorescence recovery in the ROI was double normalized using the equation Ft = [(IROI(t) - 

IBG(t))/(IROI(0) - IBG(0))]/[(INP(t) - IBG(t))/(INP(0) - IBG(0))] (Phair, Gorski et al. 2003).Ft was the 
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normalized fluorescence recovery at each time point (t). IROI(t) and IROI(0) were the mean 

fluorescence intensity of the bleached ROI at time point (t) and prebleached point, 

separately. IBG(t) and IBG(0) were the mean fluorescence intensity of the background (BG) at 

time point (t) and prebleached point, separately. INP(t) and INP(0) were the mean fluorescence 

intensity of the unbleached NP at time point (t) and prebleached point, separately. Half 

recovery time (t1/2) and immobile fractions were extracted from the mean exponential fitting.  

Plots were generated using the GraphPad Prism software 

(https://www.graphpad.com/scientific-software/prism/). 
 
Table 2: Plasmid characteristics. 

Name pc number* Fluorophore Gene species Promoter Reference 

pEGFP-MeCP2 pc1208 EGFP Homo sapiens CMV Kudo et al., 2003 

pEGFP-MeCP2_R111G pc1441 EGFP Homo sapiens CMV Kudo et al, 2003 

pEGFP-MeCP2_R168X pc4748 EGFP Homo sapiens CMV This study 

pEGFP-MeCP2_R255X pc4749 EGFP Homo sapiens CMV This study 

pEGFP-MeCP2_R270X pc4774 EGFP Homo sapiens CMV This study 

pEGFP-MeCP2_G273X pc4775 EGFP Homo sapiens CMV This study 

pEGFP-MeCP2_R294X pc4776 EGFP Homo sapiens CMV This study 

pEGFP-MeCP2∆AT-hook2 pc4777 EGFP Homo sapiens CMV This study 

pMBD1-GFP pc1191 EGFP Mus musculus CMV Hendrich and Bird, 1998 

pGmMBD1.3 pc2899 EGFP Mus musculus CMV Zhang et al. 2017 

pGFP-MBD3 pc1193 EGFP Mus musculus CMV Hendrich and Bird, 1998 

pMBD4-GFP pc1194 EGFP Mus musculus CMV Hendrich and Bird, 1998 

peMBD2G pc2399 EGFP Mus musculus CMV Cardoso Lab 

pMBD2.2-GFP pc2068 EGFP Mus musculus CMV Cardoso Lab 

pmMBD2.4G pc2841 EGFP Mus musculus CMV Zhang et al. 2017 

pMBD2.1G-GFP pc2067 EGFP Mus musculus CMV Cardoso Lab 

pmMBD2.6G pc2843 EGFP Mus musculus CMV Zhang et al. 2017 

pEGFP-MBD2a∆C pc4794 EGFP Mus musculus CMV This study 

pEGFP-MBD2c pc4795 EGFP Mus musculus CMV This study 

pTYB1-MeCP2 pc1294 - Homo sapiens T7 Georgel, et al. 2003 

pTYB1-GFP-MeCP2 pc4741 GFP Homo sapiens T7 This study 

pTYB1-MeCP2-R168X pc4734 - Homo sapiens T7 This study 

pTYB1-GFP-MeCP2-R168X pc4742 GFP Homo sapiens T7 This study 

pTYB1-MeCP2-R255X pc4735 - Homo sapiens T7 This study 

pTYB1-GFP-MeCP2-R255X pc4743 GFP Homo sapiens T7 This study 

pTYB1-MeCP2-R270X pc4778 - Homo sapiens T7 This study 

pTYB1-MeCP2-G273X pc4779 - Homo sapiens T7 This study 
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pTYB1-MeCP2-R294X pc4781 - Homo sapiens T7 This study 

pTYB1-MeCP2∆AT-hook2 pc4782 - Homo sapiens T7 This study 

pTYB1-MBD1∆CxxC3 pc4783 - Mus musculus T7 This study 

pTYB1-MBD3 pc4784 - Mus musculus T7 This study 

pTYB1-MBD4 pc4785 - Mus musculus T7 This study 

pTYB1-MBD2a pc4786 - Mus musculus T7 This study 

pTYB1-MBD2b pc4787 - Mus musculus T7 This study 

pTYB1-MBD2c pc4788 - Mus musculus T7 This study 

pTYB1-MBD2a-N pc4789 - Mus musculus T7 This study 

pTYB1-MBD2a-MBDTRD pc4791 - Mus musculus T7 This study 

pTYB1-MBD2∆C pc4792 - Mus musculus T7 This study 

pTYB1-MBD2-C pc4793 - Mus musculus T7 This study 

pUC18-MINX-M3 pc3902 - Synthetic AmpR 
Zhang, et al. 2017;  

Zillmann M, et al. 1988 

*pc: plasmid collection. “-“: no 

 
Table 3: Oligonucleotide characteristics. 

Name Sequence [5’ - 3’] Application Reference 

NdeI-GMeCP2-

F 
ACATATGATGGTGAGCAAGGGCGAG pTYB1-GFP-MeCP2 This study 

EcoRI-

GMecp2-R 
CGAATTCGCTAACTCTCTCGGTCACG pTYB1-GFP-MeCP2 This study 

pTYB1-BB 

PCR-F-1 
TCGAGGGCTCTTCCTGCTTTGCC 

TYB1-hMeCP2-1-

167, 1-255 
This study 

pTYB1-BB 

PCR-F-2 
GAGGGCTCTTCCTGCTTTGC 

pTYB1-MBD2a-N, 
MBDTRD, 

MBD2a∆C, 

This study 

hMECP2-

1_167-R 
CCGGGAGGGGCTCCCTCT 

pTYB1- hMECP2-

1_167; pEG- 

hMECP2-1_167 

This study 

hMECP2-

1_254-R 
CTTCCTGCCGGGGCGTTT 

pTYB1- hMECP2-

1_254; pEG- 

hMECP2-1_254 

This study 

hMECP2-

1_269-R 
GCCCCGTTTCTTGGGAAT 

pTYB1- hMECP2-

1_269; pEG- 

hMECP2-1_269 

This study 

hMECP2-

1_272-R 
CGGCTTTCGGCCCCGTTTC 

pTYB1- hMECP2-
1_272; pEG- 

hMECP2-1_272 

This study 

hMECP2-

1_309-R 
CCGGGTCTTGCGCTTCTT 

pTYB1- hMECP2-

1_309; pEG- 

hMECP2-1_309 

This study 
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hMECP2-

1_293-R 
GATAGAAGACTCCTTCACG 

pTYB1- hMECP2-

1_293; pEG- 

hMECP2-1_293 

This study 

pEG-hMECP2-

BB-F-2 
TGACTTTACACGGAGGATCCACCG 

pEG-hMeCP2-1-

167, 1-254 
This study 

MeCP2-AT-

hook2-F 
AGTGTGGTGGCAGCCGCTG 

pTYB1-MeCp2∆AT-

hook2, 

pEG-MeCp2∆AT-

hook2 

This study 

MeCP2-AT-

hook2-R 
GGCCTGAGGGTCGGCCTCA  This study 

NdeI-MBD1-F AAGAAGGAGATATACATATGATGGCTGAGTCCTGGCAG pTYB1-MBD1 This study 

EcoRI-MBD1-R GAAGAGCCCTCGAGGAATTCCAAAACTTCCTCCTTCAA pTYB1-MBD1 This study 

NdeI-MBD2-F AAGAAGGAGATATACATATGATGCGCGCGCACCCGGGG pTYB1-MBD2a This study 

EcoRI-MBD2-R GAAGAGCCCTCGAGGAATTCCGCCTCATCTCCATCGTC pTYB1-MBD2a This study 

NdeI-MBD3-F AAGAAGGAGATATACATATGATGGAGCGGAAGAGGTGG pTYB1-MBD3 This study 

EcoRI-MBD3-R GAAGAGCCCTCGAGGAATTCCACTCGCTCTGGCTCCG pTYB1-MBD3 This study 

NdeI-MBD4-F AAGAAGGAGATATACATATGATGGAGAGCCCAAACCTT pTYB1-MBD4 This study 

EcoRI-MBD4-R GAAGAGCCCTCGAGGAATTCAGATAGACTTAATTTTT pTYB1-MBD4 This study 

NdeI-MBD2-

153-414-F 
TATGAAGAGTACATCATATGATGGACTGCCCGGCCCTC pTYB1-MBD2b This study 

EcoRI-MBD2-

153-414-R 
GAAGAGCCCTCGAGGAATTCCGCCTCATCTCCATCGTC pTYB1-MBD2b This study 

MBD2-

236_414-F 
AACAAGGGTAAACCAGAC pTYB1-MBD2a-C This study 

pTYB1-BB 

PCR-R-1 
CATCATATGTATATCTCCTTCT pTYB1-MBD2a-C This study 

MBD2-1_152-

R 
CCTCTTCCCGCTCTCCG pTYB1-MBD2a-N This study 

MBD2-1_235-

R-2 
CTGATTGAGGGGGTCATTCCG 

pTYB1-MBDTRD;  

pTYB1-MBD2a-∆C 
This study 

HindIII-MBD2-

F 
ACATATTTATAAGCTTATGCGCGCGCACCCG pEG- MBD2a-∆C This study 

SalI-MBD2a-

1_235-R 
GCACGCATTATCGTCGACCTGATTGAGGGGGTCATTCC pEG- MBD2a-∆C This study 

MBD2c-C-

terminus-F 

ATCAGAACAAGTTCCGGCTCATTAAGAAGCAGACACTAA

TTGGTCTCG 
pEG- MBD2c This study 

MBD2c-C-

terminus-R 

TCGACGAGACCAATTAGTGTCTGCTTCTTAATGAGCCGG

AACTTGTTCTGA 
pEG- MBD2c This study 

MG-up 
CTCAACAACTAACTACCATCXGGACCAGAAGAGTCATCA

TGG 
dsDNA synthesis 

Rothbauer, 2008; 

Zhang, et al. 2017 

CG-up CTCAACAACTAACTACCATCCGGACCAGAAGAGTCATCA dsDNA synthesis Rothbauer, 2008; 
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TGG Zhang, et al. 2017 

Fill-In-550 ATTO550- CCA TGA TGA CTC TTC TGG TC dsDNA synthesis 
Rothbauer, 2008; 

Zhang, et al. 2017 

Fill-In-647N ATTO647N- CCA TGA TGA CTC TTC TGG TC dsDNA synthesis 
Rothbauer, 2008; 

Zhang, et al. 2017 

MGup(20bp) Cy5-ACTACCATCXGGACCAGAAG dsDNA synthesis Zhang, et al. 2017 

MGdown(20bp) CTTCTGGTCXGGATGGTAGT dsDNA synthesis Zhang, et al. 2017 

CGup(20bp) Cy5-ACTACCATCCGGACCAGAAG dsDNA synthesis Zhang, et al. 2017 

CGdown(20bp) CTTCTGGTCCGGATGGTAGT dsDNA synthesis Zhang, et al. 2017 

Fw CGGTACCTAATACGACTCACTATA 
dsDNA synthesis 

(PCR) 
Zhang, et al. 2017 

Rev 380 GTGCCAAGCTTGCATGC 
dsDNA synthesis 

(PCR) 
Zhang, et al. 2017 

Rev 800 ATAGGCGTATCACGAGGC 
dsDNA synthesis 

(PCR) 
Zhang, et al. 2017 

Rev 1600 TGGTCCTGCAACTTTATCCG 
dsDNA synthesis 

(PCR) 
Zhang, et al. 2017 

Rev 3000 ATTCGTAATCATGGTCATAGCTG 
dsDNA synthesis 

(PCR) 
Zhang, et al. 2017 

X: mC 

 
Table 4: Bacterial cell line characteristics. 

Name Species Purpose Genotype Reference 

Top 10 Escherichia coli plasmid production 
F^– mcrA Δ(mrr-hsdRMS-
mcrBC) φ80lacZΔM15 ΔlacX74 

recA1 araD139 
Invitrogen 

BL21(DE3) Escherichia coli 
IPTG induced protein 

expression 

F – ompT hsdSB (rB – , m~B– ) 

gal dcm (DE3) 

Studier and Moffatt, 

1986 

BL21(DE3) pLysS Escherichia coli 
IPTG induced protein 

expression 

F- ompT hsdSB(rB- mB-) gal 

dcm (DE3) pLysS (CamR) 

Studier and Moffatt, 

1986 

BL21(DE3) Star Escherichia coli 
IPTG induced protein 

expression 

F-ompT hsdSB (rB-, mB-) 

galdcmrne131 (DE3) 

New England Biolabs 

GmbH (NEB) 

 

 
Table 5: Eukaryotic cell line characteristics. 

Name Species Type Genotype Reference 

C2C12 Mus musculus myoblast wildtype Yaffe et al, 1977 

MEF P Mus musculus embryonic fibroblast p53 -/- 
Lande-Diner et al, 

2007 

MEF PM Mus musculus embryonic fibroblast p53-/- Dmnt1 -/- 
Lande-Diner et al, 

2007 
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Table 6: Imaging systems characteristics. 

Microscope/ 

Company 
Lasers/lamps 

Filters (ex. & 
em. [nm])* 

Objectives/ 

lenses 
Detection system 

Incubation 
system 

Application 

Amersham 

AI600 

imager  

white 

transillumination:  

470 – 635 nm; 

UV transillumination: 

312 nm 

- - 
16-bit Pelltier 

cooled Fujifilm 

Super CCD 
- 

Western 

blot, 

coomassie 

gels 

Nikon 

Eclipse TiE2 

SPECTRA X LED   

470/24 nm (196 mW)  

640/30 nm (231 mW) 

 em.: 

Quadbandpass 

(432/25 nm; 

515/25 nm; 

595/25 nm; 

730/70 nm) 

40X air Plan 

Apo λ DIC 

(0.95 NA, 230 

µm WD) 

 Nikon Qi2 751600 

16.25 MPx 
- 

Phase 

separation 

Nikon Ti-E 

Wide-field 
epifluorescence; 

Transmitted light 

source 

88 nm (50 mW) 

F36-525 

(472/30 & 

520/35) 

Plan Fluar 
Multiimersion 

20x (0.75 NA, 

0.38 µm WD) 

Hamamatsu® 

Electron 

Multiplying 

Charge-Coupled 

Devices 

(EMCCDs) 

C9100-50 EMCCD 

- 
Phase 

separation 

Nikon 

Eclipse Ti  

AOTF ** shutter  

 488:  

Sapphire 488-75       

 561:  

Sapphire 561-75 CW    

640:  

OBIS 640 (100 mW)  

em.: 

Quadbandpass 

(432/25 nm; 

515/25 nm; 

595/25 nm; 

730/70 nm)  

 oil immersion 

Nikon 100X 

Apo TIRF 

(1.49 NA) 

Andor iXon 

DU897BV 

EMCCD (EM: 300, 

camera zoom 

factor 1.5X, 107 

nm/px) 

- 

Single-

Molecule 

Tracking 

Confocal 

microscope 

Leica TCS 

SP5-II  

405 nm Diode Laser 

50 mW; 

488 nm Argon ion 

laser: 

458 nm ~5 mW 

476 nm ~5 mW 

488 nm ~20 mW 

496 nm ~5 mW 

514 nm ~20 mW 

DAPI:   

ex. 420/30   

em. 465/20 

FITC:    

ex. 495/15   

em. 530/30 

Rhod:   

ex. 570/20   

em. 640/40 

HCX PL APO 
100x / 1.44 oil 

Corr CS 

HyD Hybrid 

Detectors 

ACU live cell 
chamber 

(Olympus) 

fixed and 

live cell 

imaging 

(FRAP) 

*ex.: excitation; em.: emission; ** AOTF: Acousto-optic tunable filters EtBr: ethidium bromide. 

 

Table 7: Primary and secondary antibody characteristics. 

Reactivity Host Dilution Application Catalog/clone Company/reference 

Anti-GFP (primary) rabbit 1:100 WB CCHL Lab Rothbauer et al, 2008 

Anti-rabbit IgG Cy3 (secondary) donkey 1:1000 WB 711-165-152 Jackson ImmunoResearch 

WB: western blot  
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5 Results 

5.1 The MBD family proteins drive heterochromatin organization via phase 
separation  

5.1.1 The phase separation prediction of the MBD family proteins 

Previous studies show that the HP1-driven phase separation promotes heterochromatin 

formation (Strom, Emelyanov et al. 2017, Erdel, Rademacher et al. 2020). Yet, the 

heterochromatin compartment is a complex context, in which many factors are involved and 

may play overlapping roles, such as SUV39H1, Dnmt, and members of the MBD protein 

family. It is interesting to explore if phase separation is a common mechanism underlying 

heterochromatin organization. The MBD family proteins (MBDs), as DNA methylation 

readers, are of particular importance. 

Proteins that could undergo liquid-liquid phase separation (LLPS) always contain the 

intrinsically disordered regions (IDRs) or low complexity regions (LCs). First of all, we 

analyzed the disorder properties of the five members of the MBD protein family using the 

online PONDR VLXT algorithm for disorder prediction (http://www.pondr.com/), the 

EMBOSS charge for residue charge analysis (https://www.bioinformatics.nl/cgi-

bin/emboss/charge), and the Peptide property calculator (https://pepcalc.com/) for the iso-

electric point (pI) prediction (Fig. 1.1). We found that all MBDs are more than 50% 

disordered as predicted except for MBD4 which is around 48.74%. The disordered regions 

are distributed across the amino acid sequence flanking the MBD domain (Fig. 1.1A-E). This 

means that the MBDs could probably undergo LLPS in vivo and in vitro. Besides, the 

isoelectric points (pI) of all proteins except for MBD3 are more than 7, predicting probably 

unspecific binding with negative charged DNA (Fig. 1.1F).  

Besides, as the best-characterized member of mCpG binding protein, previous studies 

support the hypothesis that LLPS is the underlying mechanism of MeCP2 function in the 

heterochromatin compartments. Firstly, MeCP2 interacts with DNA, methyl cytosines, and 

nucleosomes via separate domains, and interacts with several chromatin proteins. Like most 

proteins that could form liquid-like droplets, MeCP2 intrinsically disordered regions consist of 

mainly positively charged residues (arginines, histidines, and lysines). These residues form 

electrostatic interactions with the negatively charged amino acids in other proteins and 

phosphates in DNA or RNA, thus, building multivalent protein-protein/DNA/RNA interactions. 

Secondly, MeCP2 foci exhibit liquid-like properties in vivo. Brero et al. showed that MeCP2 

forms round-shaped foci within the cell nucleus and that foci in close proximity tend to fuse 

over time. Furthermore, during mitosis, these chromatin clusters undergo fission and 

reformation. MeCP2 was also shown to promote heterochromatin compartment clustering in 

http://www.pondr.com/
https://pepcalc.com/
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a dose-dependent manner (Brero, Easwaran et al. 2005). Thirdly, purified MeCP2 protein 

alone showed oblate ellipsoid appearance in electron microscopy analysis (Nikitina, Shi et 

al. 2007).  

Taken together, we propose that the functions of MBDs at the heterochromatin 

compartments are possibly mediated by (liquid-liquid) phase separation. 

5.1.2 Phase separation properties of the MBD family proteins in vitro 

First of all, we tested if the purified MBD family proteins (MBDs) are capable of phase 

separation. MBDs were purified from bacteria using chitin beads, but the eluted proteins 

contained large amounts of DNA. DNA has been recognized as an important regulator for 

the phase separation of many proteins in test tubes (Shakya and King 2018). Thus, DNaseI 

and benzonase were applied to remove the nucleic acids during purification (Fig. 1.2A). 

Unfortunately, we failed to purify the MBD1 protein due to its fast degradation but succeeded 

in purifying the MBD1∆CxxC3, the short isoform lacking the CxxC3 domain.  

LLPS is mediated by electrostatic interactions and/or hydrophobic interactions. The 

electrostatic interactions are enhanced at lower salt conditions, and the hydrophobic 

interactions can be disrupted by adding chemicals like 1,6-hexanediol. Firstly, we checked 

the phase separation properties of all MBDs using the in vitro phase separation assay at 

different salt concentrations. Both MBD2 and MBD3 formed spherical droplets at all 

conditions tested (Fig. 1.2C-D). While MeCP2 only formed liquid-like droplets at low salt 

conditions but did not form droplets at physiological salt concentrations (Fig. 1.2F). 

MBD1∆CxxC3 and MBD4 formed irregular protein aggregates rather than liquid-like droplets 

(Fig. 1.2 B, E).  

Then, we analyzed the phase separation properties of MBDs by disrupting the hydrophobic 

interactions. 1,6-hexanediol is an aliphatic alcohol that specifically disrupts weak 

hydrophobic interactions and is thus widely applied in the phase separation assays (Alberti, 

Gladfelter et al. 2019)(Fig. 1.3A). Irregular aggregates formed by MBD1∆CxxC3 dissolve in a 

1,6-hexanediol concentration-dependent manner (Fig. 1.3B). While the irregular aggregates 

formed by MBD4 became bigger at low 1,6-hexanediol concentrations and dissolved at 

higher 1,6-hexanediol concentrations (Fig. 1.3B). MBD2 and MBD3 droplets became 

irregular at lower 1,6-hexanediol concentrations and dissolved at higher 1,6-hexanediol 

concentrations (Fig. 1.3B). MeCP2 droplets kept spherical at lower 1,6-hexanediol 

concentrations but became less spherical at higher 1,6-hexanediol concentrations (Fig. 

1.3B). Taken together, MeCP2 LLPS is likely mainly driven by electrostatic interactions, 

while MBD2/3 LLPS is mainly driven by hydrophobic interactions. Besides, disrupting the 

hydrophobic interactions (+ 1,6-hexanediol) induced a transition of MBD2/3 from spherical 

droplets to irregular aggregates.  
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Macromolecules were reported to promote the LLPS of proteins by increasing the local 

target concentration via the “excluded volume” effect. The artificial PEG 8000 (polyethylene 

glycol 8000) (Fig. 1.3C) is commonly applied for the in vitro phase separation assay to mimic 

a crowded environment (André and Spruijt 2020). We tested the influence of the crowding 

environments on the phase separation properties of MBDs in the physiological salt condition 

(150 mM NaCl). Upon adding PEG 8000, irregular aggregates from MBD1∆CxxC3 and 

MBD4 became bigger (Fig. 1.3D). The spherical droplets formed by MBD2 and MBD3 

became irregular aggregates, which grew at higher PEG 8000 concentrations (Fig. 1.3D). At 

physiological salt conditions, MeCP2 did not form any condensate even at higher protein 

concentrations but formed liquid-like droplets in the presence of PEG 8000, which became 

bigger at higher concentrations of PEG 8000 (Fig. 1.3D).  

In conclusion, MBD2/3 and MeCP2 alone could undergo LLPS in a salt dependent manner. 

Increasing the viscosity (+ PEG 8000) and disrupting the hydrophobic interactions (+ 1,6-

hexanediol) could induce a transition of MBD2/3 from spherical droplets to irregular 

aggregates. MeCP2 droplets showed a resistance to 1,6-hexanediol and a coexistence of 

spherical droplets and irregular aggregates at high 1,6-hexanediol concentration. Increasing 

the viscosity (+ PEG 8000) could promote LLPS of MeCP2. MBD1∆CxxC3 and MBD4 

formed irregular aggregates in a protein, salt, and crowding agent dependent manner, which 

are driven by both electrostatic interactions and hydrophobic interactions. 

5.1.3 The influence of DNA on the phase separation properties of the MBD family 
proteins in vitro 

Nucleic acids (DNA or RNA) were reported to promote LLPS of multiple disordered proteins 

(Shakya and King 2018, Zhou, Song et al. 2019, Chen, Cui et al. 2020). All MBD proteins 

except for the MBD3 were reported to be enriched at the highly methylated pericentromeric 

heterochromatin, which forms heterochromatin compartments in mouse cells. 

Heterochromatin compartments are mainly composed of AT-rich (64% AT) major satellite 

repeats. The basic unit of major satellite repeats (MajSat) is 234 bp with 8 CpG dinucleotides 

(Fig. 1.4 A). 

Here, we checked whether and how DNA influences the phase separation properties of 

MBDs using the 234 bp-long MajSat sequence. MBD1∆CxxC3 formed bigger but still 

irregular aggregates with increased protein and MajSat DNA concentrations (Fig. 1.4 B). 

MBD2 and MBD3 still formed liquid-like spherical droplets but the size was unchanged with 

increased DNA concentrations (Fig. 1.4 C). Besides, DNA was weakly enriched into the 

MBD3 droplets, which could only be observed at low DNA concentration (Fig. 1.4 D). MBD4, 

which could form only irregular aggregates without DNA, formed both irregular aggregates 

and liquid-like spherical droplets at certain protein/DNA concentrations (Fig. 1.4 E). Upon 
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adding MajSat DNA, MeCP2 formed liquid-like droplets at the physiological salt 

concentration with 5% dextran T150, and the droplet size increased in a protein and DNA 

concentration-dependent manner (Fig. 1.4 F). Conclusively, MajSat DNA could promote the 

LLPS of both MBD4 and MeCP2 and irregular aggregate formation of MBD1∆CxxC3, but 

has no significant influence on the phase separation properties of MBD2 and MBD3. 

Taken together, by in vitro phase separation assay, we found that MBDs adopt distinct 

phase separation properties with distinct biophysical properties under various conditions. 

The MeCP2 showed the strongest LLPS properties, followed by MBD2, MBD3, MBD4 and 

finally MBD1∆CxxC3 (MeCP2>>MBD2>=MBD3>MBD4>>MBD1∆CxxC3). The 

MBD1∆CxxC3 did not form liquid-like spherical droplets in all conditions tested. Of note, 

MBD3 showed similar phase properties to MBD2 but required higher protein concentration. 

This is probably due to their high sequence similarity (76% and 75.2% identity in human and 

mouse, respectively). Considering the similarities of MBDs in genome-wide distribution, 

MBDs might probably play differential but somehow redundant roles in heterochromatin 

organization except for MBD3.  

5.1.4 Functions of the MBD family proteins in heterochromatin compartment size 

In our previous work, we showed that MeCP2 promotes heterochromatin compartment 

fusion in mouse cells in a dose-dependent manner (Brero, Easwaran et al. 2005, Agarwal, 

Becker et al. 2011), but it is not clear if the other MBDs could also modulate heterochromatin 

compartment dynamics. We firstly checked the influence of MBDs in heterochromatin 

organization (Fig. 1.5) and morphology (Fig. 1.6) in mouse myoblast C2C12 cells with 

transient overexpression of GFP tagged MBDs. 36 h after transfection, the C2C12 cells were 

fixed with 3.7% formaldehyde, stained with DAPI, and analyzed by confocal microscopy. The 

nuclei and heterochromatin compartments were segmented using the DAPI channel (Fig. 

1.5A), and the nuclei and heterochromatin compartment parameters (intensity, size, etc.) 

were measured. The heterogeneous C2C12 populations after transfection were further 

subdivided into three groups with low (mean intensity [a.u.]: 0.01-0.5), middle (mean 

intensity [a.u.]: 0.5-5) and high (mean intensity [a.u.]: ≥5) MBD level based on the average 

GFP intensities in the nuclei. 

Consistent with previous work (Agarwal, Becker et al. 2011), MeCP2 was enriched into the 

heterochromatin compartments and its overexpression led to increased mean 

heterochromatin compartment area in a dose-dependent manner (Fig. 1.5D). MBD1, MBD2, 

and MBD4 were also enriched into heterochromatin compartments and were shown to 

promote the formation of bigger heterochromatin compartments in a concentration-

dependent manner although to different extent (Fig. 1.5A-D). MBD1∆CxxC3 was localized at 

and enriched into heterochromatin compartments (Fig. 1.5A-B), but the levels of enrichment 
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did not change with increased expression levels (Fig. 1.5C). Besides, MBD1∆CxxC3 

overexpression did not affect the heterochromatin compartment size regardless of 

expression levels (Fig. 1.5D). Thus, the function of MBD1 in heterochromatin compartment 

fusion must rely on the CxxC3 domain. CxxC3 binds to unmethylated CpG dinucleotides, 

and the CpG dinucleotides in the major satellites were reported to be ~70% methylated 

(Casas-Delucchi, Becker et al. 2012, Wen, Li et al. 2014). Thus, the specific CxxC3-CpG 

interaction largely determines the function of MBD1 in heterochromatin compartment fusion. 

MBD3, the only member of MBDs with no methyl-CpG binding properties, was evenly 

distributed in the nucleoplasm outside the nucleolus (DAPI depleted region) (Fig. 1.5A-C) 

and did not influence the heterochromatin compartment size (Fig. 1.5D).  

In summary, MBD1, MBD2, MBD4 and MeCP2 could promote heterochromatin compartment 

fusion in a dose-dependent manner.  

5.1.5 Functions of the MBD family proteins in heterochromatin compartment 
morphology 

As LLPS produces spherical condensates in vivo and in vitro, we then evaluated the 

heterochromatin compartment morphology in the presence and absence of MBDs by 

measuring the aspect ratio (AR) (Fig. 1.6A, right). The aspect ratio of a circle is exactly 1.  

We first checked the aspect ratio (AR) of heterochromatin compartments in C2C12 cells 

expressing GFP (0.703 ± 0.002), which was applied as the control (Fig. 1.6B, green line). 

We found that all MBDs regulated the heterochromatin compartment morphology to distinct 

extents. MeCP2 promoted the formation of more spherical heterochromatin compartments 

(0.727 ± 0.005, P < 0.0001) due to the strong LLPS. Surprisingly, the heterochromatin 

compartments became more spherical upon MBD3 expression (0.735 ± 0.002, P < 0.0001). 

As MBD3 does not accumulate at  heterochromatin compartments, the side effects of MBD3 

overexpression should be considered such as the crowding effects of MBD3 molecules. 

Overexpression of MBD2 did not influence the heterochromatin compartment morphology 

(0.700 ± 0.001, P = 0.281), which is consistent with the in vitro studies that major satellite 

DNA did not influence the phase separation properties of MBD2 (Fig. 1.4C). However, 

heterochromatin compartments showed significantly decreased aspect ratio in cells 

expressing MBD1 (0.676 ± 0.002), MBD1∆CxxC3 (0.672 ± 0.002), and MBD4 (0.684 ± 

0.003) compared to those expressing GFP (P < 0.0001 for all three). This is consistent with 

the finding that purified MBD1∆CxxC3 and MBD4 preferably formed irregular aggregates in 

vitro. Thus, there is a strong relationship between droplet morphology in vitro and 

heterochromatin compartment morphology in vivo.  



 RESULTS 
 
 

 60 

5.1.6 Molecular dynamics of the MBD family proteins in heterochromatin 
compartments 

Beside morphology, liquid-like compartments are also characterized by the dynamic 

exchange of proteins between the droplet and the surrounding soluble proteins. Thus, the 

fluorescence recovery after photobleaching (FRAP) assay was performed in living C2C12 

cells expressing GFP tagged MBDs 20-30 h after transfection. To exclude the possible 

influence of protein levels, cells with similar protein levels were selected and photobleached 

(Fig. 1.7). And the intensities were double normalized (Fig. 1.7, right) (Phair, Gorski et al. 

2003). For MBD3, which did not form any droplets or aggregate in C2C12 cells, the 

fluorescence at the photobleached region recovered immediately and was not further 

analyzed.  

To keep all data consistent (compared with fixed cells) and reproducible, we firstly analyzed 

the fold enrichment of MBDs in the photobleached region of interest (ROI) prebleach relative 

to the mean fluorescence intensities in the nucleoplasm. MBD2a showed the highest 

enrichment at ROI, followed by MeCP2, MBD1, MBD1∆CxxC3 and finally MBD4, which is 

consistent with the protein fold enrichment in fixed C2C12 populations with high MBDs levels 

(Fig. 1.7B, D).  

Then the molecular diffusion rates and the extent of recovery were evaluated by recovery 

halftime and immobile fractions separately (Fig. 1.7E-F). All MBDs recovered more than 60% 

(< 40% immobile fractions) within one minute after bleaching (Fig. 1.7C, E), indicating liquid-

like properties. MBD1∆CxxC3 and MBD4, which caused the formation of less spherical 

heterochromatin compartments, recovered faster than the others together with lower 

immobile fractions. While MBD1, which also promoted irregular heterochromatin 

compartments, showed the slowest recovery and the largest immobile fraction. MBD2 and 

MeCP2, which did not affect heterochromatin compartment roundness showed intermediate 

levels of an immobile fraction and recovery rate. Besides, comparison of recovery half time 

and immobile fractions between MBD1 (39.7 ± 2.9 s and 32.7 ± 2.2%, respectively) and 

MBD1∆CxxC3 (18.0 ± 1.3 s and 13.0 ± 1.5%, respectively) showed > 2 fold change, further 

confirming the importance of CxxC3-CpG interaction for MBD1 function in heterochromatin. 

Thus, we could summarize that all MBDs exhibit dynamic exchange between 

heterochromatin compartments and the surrounding environment, but there is no consistent 

relationship between LLPS properties (or condensates morphology) and mobility. 

MBD1 function is highly dependent on the CxxC3, as the MBD1∆CxxC3 showed significantly 

decreased heterochromatin compartment size and roundness and is more mobile. This 

indicates that the protein dynamics is highly influenced by the protein-DNA binding. The 

binding affinities measured by EMSA assay were reported as: MBD3(MBD) < MBD1(MBD) < 
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MBD4(MBD) < MBD2(MBD) < MeCP2(MBD) (Buchmuller, Kosel et al. 2020), and are, thus, 

negatively correlated with the protein dynamics: MBD4 > MBD1∆CxxC3 > MBD2 > MeCP2. 

These results indicate direct relationships between methyl-CpG binding and protein 

dynamics. Yet, other MBDs-protein and MBDs-DNA interaction might also contribute to 

molecular mobility if strong enough, such as CxxC3-CpG interaction. 

5.1.7 Conclusion 

In this chapter, we analyzed the phase separation properties of the core MBD members 

(MBD1-4, MeCP2) in vivo and in vitro and confirmed that MBDs drive the heterochromatin 

organization via (liquid-liquid) phase separation with distinct properties.  

In vitro, all MBDs tested except for MBD1∆CxxC3 could form liquid-like droplets. The overall 

LLPS properties are: MeCP2 > MBD2 > MBD3 > MBD4 > MBD1∆CxxC3 (Fig. 1.8D). MBD3 

shows a similar phase diagram with MBD2 likely due to a high sequence similarity of the 

MBD and C-terminus but requires higher protein concentration. Besides, MBD3 lacks the N-

terminus of MBD2, one can imagine that the N-terminus of MBD2 is not essential for MBD2 

LLPS but enhances the MBD2 LLPS by decreasing the concentration threshold. Although 

MBD1∆CxxC3 formed only irregular aggregates in all conditions tested, it still keeps the 

possibility of LLPS in vivo, as the in vitro conditions could not 100% mimic the in vivo 

environments.  

In cells, we evaluated the liquid-like behaviors of MBDs in heterochromatin compartments by 

the fusion properties, heterochromatin compartment morphology, and dynamics exchange 

between heterochromatin compartments and surroundings, which are displayed by the in 

vitro droplets (McSwiggen, Mir et al. 2019) (Fig. 1.8A-B).  

MeCP2 promotes the formation of bigger and more spherical heterochromatin 

compartments. MBD2 promotes heterochromatin compartment fusion but does not influence 

the heterochromatin compartment morphology. Both MeCP2 and MBD2 show slower 

dynamic exchange between heterochromatin compartments and surroundings. MBD3 is not 

enriched into heterochromatin compartments, and does not influence the heterochromatin 

compartment size, but makes more spherical heterochromatin compartments probably due 

to side effects, such as crowding. MBD1 and MBD4 promote heterochromatin compartment 

fusion, generating bigger but less spherical heterochromatin compartments with different 

dynamics. The most irregular heterochromatin compartments were observed in cells 

expressing MBD1∆CxxC3. Besides, MBD1∆CxxC3 showed > 2 fold decreased 

heterochromatin compartment size, roundness, t1/2, and immobile fraction compared to the 

full-length MBD1. CxxC is an unmethylated CpG dinucleotides binding domain and 

collaborates with MBD to bind unmethylated and methylated CpG separately. MBD1 has 

three CxxC motifs but only the third CxxC (CxxC3) shows strong interactions with 
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unmethylated CpG dinucleotides. CpG dinucleotides in the heterochromatin compartments 

are around 70% methylated (Casas-Delucchi, Becker et al. 2012, Wen, Li et al. 2014), 

resulting in a molar ratio of 7:3 (mCpG:CpG) and highlighting the importance of 

unmethylated CpG binding in heterochromatin compartments. Thus, the MBD1 dynamics is 

highly dependent on both MBD-mCpG and CxxC3-CpG interactions.  

Yet, not all MBDs show strong interaction with unmethylated DNA and the MBDs-DNA 

interactions are mainly provided by the specific interactions between the MBD and the 

methylated cytosine (mC). The protein dynamics in vivo were: MeCP2 < MBD2 < 

MBD1∆CxxC3 < MBD4 (Fig. 1.8B), which is negatively correlated with the MBD-mC binding 

affinities: MeCP2(MBD) > MBD2(MBD) > MBD4(MBD) > MBD1(MBD)(∆CxxC3) (> 

MBD3(MBD)) (Buchmuller, Kosel et al. 2020) (Fig. 1.8C), and LLPS properties: MeCP2 > 

MBD2 > (MBD3 >) MBD4 ≥ MBD1∆CxxC3 (Fig. 1.8D). These results indicate a possible 

relationship among methyl-CpG binding, dynamics and LLPS.  
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Figure 1.1 Analysis of MBD protein sequences.  
(A-E) Protein structure (top) and amino acid sequence analysis (bottom) of MBD1 (A), MBD2a (B), MBD3 (C), 
MBD4 (D), and MeCP2 (e2) (E). NTD: N-terminal domain; MBD: methyl binding domain; ID: intervening domain; 
NID: N-CoR interacting domain; CTD: C-terminal domain; TRD: transcriptional repression domain. Blackline: 
PONDR prediction (http://www.pondr.com/) of MeCP2 ordered/disordered regions, >0.5 is considered disordered. 
Grayline: Protein charge, >0 means positively charged (https://www.bioinformatics.nl/cgi-bin/emboss/charge).  
(F) Summary table of the molecular weight, overall disorder, and iso-electric point (pI) prediction. The Isoelectric 
points (PI) of the MBD protein family are predicted using INNOVAGEN (https://pepcalc.com/).  

https://pepcalc.com/
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Figure 1.2 Phase separation properties of the MBD family proteins. 
(A) Detection of MBDs purity. The MBDs were expressed in bacteria by IPTG induction, purified using chitin 
beads and eluted by DTT induced self-cleavage. The final protein concentrations were measured by Pierce™ 
660nm Protein Assay Reagent. Top: SDS polyacrylamide gel electrophoresis of purified MBDs followed by 
Coomassie staining. 2 µg each lane. Bottom: TBE polyacrylamide gel electrophoresis of purified MBDs followed 
by ethidium bromide staining. 10 µg each lane. Negative control: BSA with the same amount. Positive control: 
synthesized 42 bp DNA.  
(B-F) Phase separation of MBDs droplet formation at the indicated salt and protein concentrations. Images were 
taken under the Nikon Eclipse TiE2 microscope equipped with differential interference contrast (DIC). Scale bar = 
10 µm. 
 

 
 
Figure 1.3 The phase separation of the MBD family proteins in the presence of molecular crowder or 1,6-
hexanediol. 
The in vitro phase separation assay in the presence of PEG 8000 or 1,6-hexanediol was done by incubating at 
room temperature for 45 min. Images were taken under the Nikon Eclipse TiE2 microscope equipped with 
differential interference contrast (DIC).  
(A) Chemical structure of 1,6-hexanediol.  
(B) DIC images of MBDs phase separation at different concentrations of 1,6-hexanediol.  
(C) Chemical structure of polyethylene glycol (PEG).  
(D) DIC images of MBDs phase separation at different concentrations of PEG 8000. Scale bar = 10 µm.  
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Figure 1.4 Phase separation of the MBD family proteins in the presence of DNA. 
(A) Nucleotide sequence of a single major satellite unit (MajSat) from the mouse genome. MajSat is highly AT 
riched (63%) with 8 CpG dinucleotides.  
(B-F) DIC images of MBD1∆CxxC3 (B), MBD2 (C), MBD3 (D), MBD4 (E), and MeCP2 (F) phase separation with 
MajSat. The MajSat were synthesized by PCR, purified from agarose gel, and labeled by DRAQ5 for DNA 
visualization. The DRAQ5 labeled DNA was mixed with purified MBD family proteins at different conditions for in 
vitro droplet formation. Both fluorescent and DIC images were taken under the Nikon Eclipse TiE2 microscope 
equipped with a 40x objective. Buffer conditions for MBD1∆CxxC3 and MBD3: 150 mM NaCl; for MBD2, MBD4, 
and MeCP2: 150 mM NaCl and 5% Dextran T150. Scale bar = 10 µm. 
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Figure 1.5 Influence of the MBD family proteins on heterochromatin compartment dynamics. 
C2C12 cells were transfected with plasmids expressing GFP tagged MBDs, fixed with 3.7% formaldehyde, 
stained with DAPI (4′,6-diamidino-2-phenylindole) and analyzed using a confocal microscope Leica TCS SP5 II 
equipped with 100 X objective.  
(A) Representative images showing the localization of MBDs in vivo. The heterochromatin compartments were 
marked by dense DAPI signals. Scale bar = 5 µm.  
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(B) Plot profiles showing the normalized distribution of GFP and DAPI fluorescence intensities measured in 
transiently transfected C2C12 cells and indicated by lines. Arrows indicate the direction of measurement. 
(C, D) Quantification of protein enrichment in heterochromatin compartments (C) and heterochromatin 
compartment size (D). The cells are analyzed using imageJ. The cell nuclei and heterochromatin compartments 
were identified by Auto Threshold based on the DAPI intensities. Cells were subgrouped by GFP intensities. The 
scatter plot represents the distribution of protein fold enrichment (C) and mean heterochromatin compartment 
area (D) per nucleus. Green dashed lines represent the fold enrichment of GFP fluorescence signals (C) and the 
mean heterochromatin compartment area (D) in C2C12 cells 36 h after transfection with the plasmid coding for 
GFP only. The blue dashed line represents the mean heterochromatin compartment area (D) in untransfected 
C2C12 cells after fixation. Error bars on the histogram correspond to standard deviation (SD). Significances were 
calculated by unpaired t-test comparing the high expressing samples with low expressing samples as indicated 
by lines. ns P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.  
 
 

 
Figure 1.6 Influence of the MBD family proteins on heterochromatin compartment morphology. 
(A, left) Schematic graph showing how to measure the minimal and maximal Feret diameters (MinFeret and 
MaxFeret separately). The Feret diameter (or caliper diameter) is defined as the distance between the two 
parallel planes restricting the object perpendicular to that direction. Thus, the MinFeret and MaxFeret of 
heterochromatin compartments are defined as the minimal and maximal distance between the two parallel planes 
restricting the heterochromatin compartment perpendicular to that direction separately. (A, right) The equation 
used to calculate the aspect ratio (AR) to evaluate the heterochromatin compartment roundness. Higher AR 
indicates a more spherical shape.  
(B) The scatter plot with mean ± SD represents the distribution of aspect ratio (AR) of heterochromatin 
compartments in fixed C2C12 cells after transfection. Heterochromatin compartments with mean GFP 
fluorescence intensity > 0.01 pixels were chosen. Green lines represent the mean AR in C2C12 cells transiently 
expressing GFP. Red, black, and blue lines represent the increased, unchanged, and increased AR values in 
C2C12 cells after transfection compared to samples with GFP only, respectively. Significances were calculated 
by unpaired t-test comparing the MBD expressing samples with GFP expressing samples.ns P = 0.2812; *P ≤ 
0.05; **P ≤ 0.01; ***P ≤ 0.001.  
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Figure 1.7 Dynamics of the MBD family proteins at heterochromatin compartments measured by 
fluorescence recovery after photobleaching (FRAP). 
(A) Schematic graph showing the experimental procedure. C2C12 cells were transfected with plasmids 
expressing GFP tagged MBDs by electroporation and incubated for 24 h before FRAP. In the FRAP experiment, 
a circular heterochromatin compartment area in a C2C12 cell expressing GFP tagged MBDs was rapidly and 
irreversibly bleached using a 488 laser pulse with 100% laser power, leaving a circular region devoid of GFP 
signal. Due to molecular exchange between bleached and unbleached regions, the GFP signal increased with 
time till plateau in the bleached region. The fluorescence changes were imaged. The extent of final recovery 
depends on the fraction of mobile molecules. The recovery halftime (t1/2) is the time from the bleach point to the 
timepoint where the fluorescence intensity reaches half of the final recovered intensity. The GFP signal intensity 
in the nucleoplasm and outside nuclei were applied for double normalization (box with dashed line) (Phair, Gorski 
et al. 2003). All FRAPs were done at 37 °C, 5% CO2, 90% humidity in an incubation chamber.  
(B) Time-lapse confocal images of C2C12 cells expressing GFP-MBDs before, immediately after, half recovered 
(t1/2) and 150 s after photobleaching. Arrows marked the bleached regions (ROIs). t1/2 on representative series 
was indicated (red). The scale bar is 5 µm.  
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(C) Mean FRAP curves in C2C12 cells expressing GFP-MBD1 (n = 24), GFP-MBD1∆CxxC3 (n = 22), GFP-
MBD2a (n= 25), GFP-MBD4 (n = 17) and GFP-MeP2 (n = 16).  
(D) Fold enrichment of MBDs in bleached regions relative to the nucleoplasm. The fold enrichment is calculated 
as (IROI - IBG)/(INP - IBG). ROI: bleached region; BG: background; NP: nucleoplasm. Data were given as mean 
± SD.  
(E-F) Immobile fraction and fluorescence recovery t1/2 of FRAP curve in (C). Data are plotted as mean ± SD.  
 
 

 
 

Figure 1.8 Summary of  the functions of the MBD family proteins in vivo and in vitro. 
(A) Schematic graph showing the structure of heterochromatin compartments upon MBDs expression.  
(B) Comparison of MBDs influence on heterochromatin compartment structure and boundary effects.  
(C) Binding affinities of the MBD domain from different MBDs with methylated DNA (Buchmuller, Kosel et al. 
2020).  
(D) Phase separation properties of MBDs.  
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5.2 Isoform-specific influence of MBD2 in heterochromatin organization via 
phase separation  

5.2.1 Truncated isoforms of MBD2 have different impacts on heterochromatin 
organization 

MBD2 (methyl-CpG binding domain protein 2) has three isoforms due to alternative splicing 

and translation start sites (Fig. 2.1A). All isoforms contain the highly conserved MBD-TRD, 

but retain either the N-terminus (MBD2c) or the C-terminus (MBD2b) or both (MBD2a). 

These distinctions of the three isoforms correspond to different binding partners and 

functions (Lu, Loh et al. 2014, Zhang, Hastert et al. 2017). Thus, it becomes relevant to 

understand the functional variants of MBD2 isoforms.  

MBD2a was shown to promote the differentiation of mouse myoblast C2C12 cells to 

myotubes via interaction with focal adhesion kinase (FAK) accompanied by heterochromatin 

reorganization (Luo, Zhang et al. 2009). Thus, the C2C12 cells were chosen as the in vivo 

cellular model to check whether/how MBD2 isoforms contribute to the heterochromatin 

organization. 

To exclude the possible influence of GFP, cells with only GFP expression were used as a 

negative control. All images were taken at the confocal microscopy Leica TCS SP5 II and 

further processed with the imageJ. The localization of MBD2 isoforms was firstly analyzed. 

Compared to the GFP only, which showed homogeneous distribution across the cells, all 

three isoforms were localized in the nuclei and highly enriched locally (Fig. 2.1B). Further 

plot profiles of both GFP and DAPI fluorescence intensity confirmed the colocalization of 

GFP dense foci and DAPI dense foci (Fig. 2.1C).  

Further, we checked if MBD2 isoforms could influence the heterochromatin compartment 

fusion, which was found for MBD2a and MeCP2 (Brero, Easwaran et al. 2005, Karaca, Brito 

et al. 2018, Mok, Zhang et al. 2020). The nuclei and the heterochromatin compartments 

were segmented based on the DAPI intensities with the same parameters for reproducible 

cross-comparisons. Considering that the expression levels of MBD2a also plays a role in 

heterochromatin compartment dynamics, the heterogeneous C2C12 populations after 

transfection were further subdivided into three groups with low (mean intensity [a.u.]: 0.01-

0.5), middle (mean intensity [a.u.]: 0.5-5) and high (mean intensity [a.u.]: ≥5) MBD2 

expression based on the average GFP intensities in the nuclei.  

The three isoforms had distinct influences on heterochromatin compartment size compared 

to the control GFP-expressing cells (Fig. 2.1D, green line). The full-length MBD2a promoted 

the formation of bigger heterochromatin compartments in a dose-dependent manner. A 

similar tendency was also found for MBD2b whereas to a much less extent. MBD2c showed 

the least influence on heterochromatin compartment size regardless of MBD2c levels.  
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Further, we measured the fold enrichment of MBD2 isoforms into heterochromatin 

compartments via the ratio of the mean GFP fluorescence in heterochromatin compartments 

to the mean GFP fluorescence in the nuclei outside heterochromatin compartments 

(nucleoplasm plus euchromatin) (Fig. 2.1E). Compared to the fold enrichment of GFP, which 

showed no enrichment at heterochromatin compartments (ratio = 0.98 ± 0.01), both MBD2a 

and MBD2c were enriched at the heterochromatin compartments to a similar extent and in a 

concentration-dependent manner. MBD2b was also enriched in heterochromatin 

compartments in a concentration-dependent manner, yet to a far less extent. A possible 

explanation underlying the differential function and localization was that the C-terminus of 

MBD2a is essential for heterochromatin compartment fusion while the N-terminus of MBD2a 

promotes the enrichment of MBD2a at heterochromatin compartments. MBD-TRD is 

responsible for the MBD2 binding to mC in the highly methylated heterochromatin 

compartments. 

5.2.2 The MBD-TRD of MBD2 is essential for heterochromatin localization and 
clustering 

Due to the distinct functions and distributions of the three MBD2 isoforms, we further 

checked in detail if/how different regions of MBD2a influence the heterochromatin 

compartment structure using the same strategy as mentioned above. Here, the C2C12 cells 

were transfected with the constructs expressing GFP tagged N-terminus (1_152) (MBD2a-

N), MBD-TRD (153_235) (MBD2a-MBD-TRD), C-terminus (236-414) (MBD2a-C) and the 

truncation lacking C-terminus from MBD2a, MBD2a (1_235) (MBD2a-∆C) (Fig. 2.2A). The 

samples were analyzed by confocal microscopy after fixation.  

MBD2a-N was localized in the nuclei and formed condensates locally, but did not colocalize 

with heterochromatin compartments (Fig. 2.2B-D). Indeed, the MBD2 nuclear localization 

signal (NLS) is predicted within the N-terminus and includes the glycine/arginine repeats 

(G/R). G/R is positively charged and thus probably interacts with negatively charged DNA via 

weak electrostatic interactions. As arginine-rich motifs are responsible for RNA binding, the 

MBD2a-N is locally enriched in the RNA-rich nucleolus (Fig. 2.2B) (Bayer, Booth et al. 2005). 

Both MBD2a-MBD-TRD and MBD2a-∆C were localized in the nuclei and enriched locally at 

the heterochromatin compartment regions (Fig. 2.2B-D) due to the specific methyl-CpG 

binding property of the MBD domain. While the enrichment of MBD2a-MBD-TRD was not 

concentration-dependent, the enrichment of MBD2a-∆C was concentration-dependent. 

Thus, the MBD is responsible for the heterochromatin compartment localization while the N-

terminus promotes the enrichment of MBD2 into heterochromatin compartments (Fig. 2.2D). 

The MBD2a-C was evenly distributed throughout the cells due to a lack of nuclear 

localization signal (Fig. 2.2B-D).  
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Further, we analyzed the influence of MBD2a constructs in heterochromatin dynamics (Fig. 

2.2E). We found that both MBD2a-N and MBD2a-C alone did not influence the 

heterochromatin compartment size. The MBD-TRD promoted the heterochromatin 

compartment growth in a concentration-dependent manner, which was surprisingly 

suppressed by the N-terminus. The comparison of heterochromatin compartment size in 

cells expressing high levels of MBD2a-MBD-TRD (1.25 ± 0.04 µm2) and MBD2a (1.25 ± 0.06 

µm2) (Fig. 2.1D) indicated that the MBD-TRD is essential to promote the heterochromatin 

compartment fusion (P value = 0.935). As MBD2a-∆C lacks the C-terminus from MBD2c 

which was composed of 14 amino acids, we compared the influence of the short C-terminus 

from MBD2c on heterochromatin compartment fusion but found no significant difference at 

both low and high expression levels (low levels: 0.91 ± 0.01 µm2 for MBD2a-∆C and 0.90 ± 

0.02 µm2 for MBD2c, P value = 0.894; high levels: 1.00 ± 0.02 µm2 for MBD2a-∆C and 0.98 

± 0.03 µm2 for MBD2c, P value = 0.533). Thus, the C-terminus of MBD2c is dispensable for 

the localization and function of MBD2c in heterochromatin organization.  

5.2.3 The N-terminus of MBD2a restricts the MBD2 mobility 

Next, we checked the dynamic exchange of MBD2 isoforms and domains between 

condensates and surrounding environments in live cells by the fluorescence recovery after 

photobleaching assay (FRAP) (Fig. 2.3A). As MBD2a-N formed aggregates outside the 

heterochromatin compartments (incorporated into the nucleolus), the signals at the 

condensates rather than heterochromatin compartments were photobleached. MBD2a-C 

showed no local enrichment and thus was not included in the FRAP assay. 

For all constructs tested, the fluorescence was half recovered within 30 seconds and more 

than 60% signals were recovered (mobile fractions) after photobleaching (Fig. 2.3B-E), 

confirming that all constructs have fast molecule exchange between condensates and 

surrounding environments. In detail, these constructs could be divided into two groups 

according to the fluorescence recovery rates and immobile fractions. Group A (marked in the 

yellow box): MBD2a, MBD2c, and MBD-∆C with slower recovery rates and more immobile 

fractions; Group B (marked in the red box): MBD2a-N, MBD2a-MBD-TRD, and MBD2b with 

faster recovery rates and smaller immobile fractions. The constructs within each group 

showed similar recovery rates and immobile fractions. Structurally, all constructs in group A 

contain both N-terminus and MBD-TRD while constructs in group B contain either N-

terminus or MBD-TRD domain. Thus, the MBD and the N-terminus cooperate to regulate the 

MBD2 exchange dynamics.  

Meanwhile, we measured the fold enrichment of GFP signals in the bleached regions 

relative to the nucleoplasm. The result showed that the MBD2a, MBD2c, and MBD2a-∆C 

(Group A) that contains the N-terminus, had higher fold enrichment at the bleached region 



 RESULTS 
 
 

 73 

than MBD2b and MBD2a-MBD-TRD (Group B), which lack the N-terminus. These are 

consistent with MBD2 fold enrichment observed in fixed cells. 

To summarize, the MBD-TRD is the core element of MBD2 localization, function, and 

dynamics in vivo. The N-terminus promotes the enrichment and stability of MBD-TRD at 

heterochromatin compartments, while the C-terminus regulates the MBD-TRD mediated 

heterochromatin compartment clustering.  

5.2.4 The C-terminus drives the MBD2 LLPS 

The MBD2 isoforms are highly dynamic inside heterochromatin compartments with distinct 

mobility and functions, indicating that MBD2 might probably mediate the heterochromatin 

compartment organization via phase separation. To further dissect the functional difference 

among MBD2 isoforms in vitro, we explored the phase separation properties of MBD2 

isoforms using purified proteins from bacteria (Fig. 2.4A). As MBD2a-∆C and MBD2c 

showed a similar influence on heterochromatin compartment dynamics, we assumed that 

MBD2a-∆C and MBD2c are functionally consistent. The MBD2-∆C protein was purified and 

applied to the phase separation assay.  

First, we checked the phase separation abilities of the MBD2 isoforms using the in vitro 

phase separation assay at different conditions. Both MBD2a (Fig. 2.4B and E) and MBD2b 

(Fig. 2.4C and E) formed liquid-like spherical droplets, which decreased at higher salt 

concentration and lower protein concentration. Moreover, at physiological salt condition (150 

mM NaCl), MBD2a formed spherical droplets at both low and high protein concentrations, 

while MBD2b formed less spherical droplets at low protein concentrations (≤10 µM) (Fig. 

2.4C). Besides, MBD2b still formed liquid-like droplets at the higher salt concentration (300 

mM) although required higher protein concentration (Fig. 2E). MBD2c (MBD2-∆C) (Fig. 

2.4D-E) formed irregular aggregates in all conditions tested. Besides, the aggregates 

increased with increased protein concentrations.  

Next, we checked the influence of hydrophobic interactions on phase separation properties 

of MBD2 isoforms by adding 1,6-hexanediol. We found that the droplets or aggregates 

decreased at high 1,6-hexanediol concentrations (Fig. 2.4F). MBD2a droplets became 

irregular aggregates at low 1,6-hexanediol concentration (5%). The size of the aggregates 

decreased at higher 1,6-hexanediol concentrations (10-20%). MBD2b and MBD2c 

aggregates fall apart with increased 1,6-hexanediol concentration. Yet the MBD2a and the 

MBD2c exhibited higher resistance to 1,6-hexanediol, as the aggregates still existed at high 

1,6-hexanediol concentrations (20%) (Fig. 2.4F).  

Besides, the phase separation properties were explored in crowding conditions by adding 

PEG 8000. We found that in the presence of PEG 8000, the MBD2a spherical droplets 

turned into irregular aggregates, while MBD2b irregular aggregates turned into liquid-like 
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spherical droplets, which could grow at higher PEG 8000 concentration. MBD2c (MBD2-∆C) 

still formed irregular droplets regardless of crowding environment.  

Thus, the condensates formed by the three isoforms of MBD2 had distinct physical 

properties. The LLPS of MBD2a and MBD2b were driven by both electrostatic interactions 

and hydrophobic interactions. The phase separation of MBD2c is mainly driven by 

hydrophobic interactions. For MBD2a and MBD2b, the morphology of condensates 

(spherical droplets or irregular aggregates) could be oppositely modulated by the strength of 

weak interactions. One possible explanation is that the N-terminus enhances the MBD-TRD-

C mediated self-interaction or provides additional self-interaction sites (Becker, Allmann et 

al. 2013). Higher weak interaction promotes the formation of more spherical MBD2b 

condensates.  

Then, we checked how different regions of MBD2 contributed to the phase separation 

properties of MBD2 using the MBD2a truncations purified from bacteria (Fig. 2.4A). We 

found that MBD2a-N (Fig. 2.5A) and MBD2a-C (Fig. 2.5B) proteins formed irregular 

aggregates in both protein and salt concentration-dependent manner. MBD2a-MBD-TRD 

was dissolved in solvents, with no detectable condensates formed (Fig. 2.5C). Besides, the 

aggregates formed by MBD2a-N were shown to be more resistant to 1,6-hexanediol (Fig. 

2.5D) and PEG 8000 (Fig. 2.5E). Consistent with MBD2b, the MBD2a-C aggregates 

disappeared at high 1,6-hexanediol concentrations (Fig. 2.5D) and became liquid-like 

spherical droplets in the presence of PEG 8000 (Fig. 2.5E). MBD2a-MBD-TRD did not demix 

in solutions containing PEG 8000.  

Taken together, the C-terminus is responsible for the LLPS of MBD2, which could be 

enhanced by the MBD-TRD and the N-terminus with increased multivalent weak 

interactions. Weak interactions modulate a phase transition of MBD2a and MBD2b. With 

increased weak interactions, the MBD2a and MBD2b could probably undergo a phase 

transition from aggregates (MBD2b at low concentration) to droplets (MBD2a and MBD2b at 

higher concentration and MBD2b with PEG 8000) and further to aggregates (MBD2a with 

PEG 8000). At the same condition, MBD2a and MBD2b show different condensate 

morphology due to distinct overall weak interactions. The N-terminus, a 100% disordered 

region, is responsible for irregular aggregate formation rather than LLPS. MBD2c does not 

have the ability of LLPS due to the absence of the C-terminus. 

5.2.5 DNA-protein interactions promote the phase transition of MBD2a 

Further, the possible influence of DNA on the phase separation properties of MBD2 was 

explored, as MBD2 could bind to unmethylated and methylated (Hendrich and Bird 1998, 

Baubec, Ivanek et al. 2013, Buchmuller, Kosel et al. 2020). Considering that both higher 

DNA concentration and longer DNA could provide more binding sites (valency), the phase 
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separation was done by adding DNA with various lengths and concentrations. The DNA was 

labeled with DRAQ5 for visualization. The condensates were observed under the Nikon 

Eclipse TiE2 microscope. 

The DNA had distinct influences on different MBD2 constructs (Fig. 2.6). MBD2a 

condensates became more irregular in the presence of longer or more DNA (Fig. 2.6A-B). 

MBD2b condensates decreased while the irregular MBD2c and MBD2a-N aggregates 

increased in both DNA length and concentration-dependent manner (Fig. 2.6C-E, G). 

Besides, the morphology of MBD2b, MBD2c, and MBD2a-N condensates did not change 

(Fig. 2.6C). The DNA could only be weakly incorporated into the MBD2a-C droplets and did 

not influence the phase separation properties of MBD2a-C (Fig. 2.6F).  

Besides, the protein-DNA binding affinity was quantitatively analyzed via the DNA fold 

enrichment (Fig. 2.6H). The DNA was highly enriched into the condensates of MBD2a, 

MBD2c, and MBD2a-N but much weaker enriched into the MBD2b aggregates (≤ 2 fold). 

This is consistent with the in vivo studies showing that the MBD2a and MBD2c showed a 

higher protein enrichment at heterochromatin compartments than MBD2b. Meanwhile, 

longer DNA showed less enrichment inside the MBD2b and MBD2a-N aggregates. 

5.2.6 Cytosine methylation promotes the phase transition of MBD2a/b 

As MBD could specifically bind to methylated DNA (Hendrich and Bird 1998, Buchmuller, 

Kosel et al. 2020), we further checked the influence of DNA methylation on the phase 

separation properties of MBD2 constructs (Fig. 2.7A). The 800 bp DNA with various 

methylation levels was generated by PCR using Q5 polymerase by replacing partially dCTP 

with dmCTP (Rausch, Zhang et al. 2021). We found that DNA methylation promoted the 

transition from liquid-like droplets to irregular aggregates for MBD2a and MBD2b in a 

methylation level-dependent manner but had no influence on the aggregate morphology of 

MBD2c, MBD2a-N, and MBD2a-MBD-TRD (Fig. 2.7A-B). Higher DNA methylation promotes 

the formation of bigger condensates of MBD2a and MBD2b together with decreased 

aggregate numbers (Fig. 2.7C-D). Interestingly, the number of MBD2b condensates 

decreased sharply at low DNA methylation levels while the size of MBD2b condensates 

increased only in the presence of highly methylated DNA (Fig. 2.7C-D). Therefore, low DNA 

methylation inhibits the LLPS of MBD2b, while high DNA methylation promotes the formation 

of irregular aggregates. The DNA methylation level showed no influence on the MBD2c and 

MBD2a-N aggregate morphology, size, and number (Fig. 2.7A-D).  

Surprisingly, MBD2a-MBD-TRD formed irregular aggregates in the presence of DNA (Fig. 

2.7A). Higher DNA methylation levels promoted bigger condensate formation with slightly 

increased condensate number (Fig. 2.7A-D, F). These data suggest that the DNA 

methylation could switch on the MBD2a-MBD-TRD mediated phase separation and that the 
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DNA induced MBD2-MBD-TRD phase separation promotes the heterochromatin 

compartment clustering in vivo (Fig. 2.2E). 

The MBD2-DNA binding affinities were further analyzed by the DNA fold enrichment (Fig. 

2.7E). The DNA was highly enriched into the MBD2a, MBD2c, and MBD2a-N aggregates 

regardless of DNA methylation levels. The DNA was weakly enriched into the MBD2b 

condensates at low methylation levels but highly enriched at higher methylation levels. The 

DNA was weakly enriched into the MBD2a-MBD-TRD aggregates regardless of DNA 

methylation levels. 

In summary, DNA methylation promotes the phase transition of MBD2a/b from liquid-like 

spherical droplets to irregular aggregates with distinct properties. DNA methylation promotes 

the condensate growth of MBD2b in a methylation level-dependent manner. In the presence 

of DNA, the MBD2a-MBD-TRD formed irregular aggregates, which grew with methylated 

DNA and fell apart upon (methyl-)DNA removal. This indicates a possible polymer-polymer 

phase separation (PPPS) property of MBD2a-MBD-TRD. 

As for the protein-DNA interaction, the unspecific interactions between N-terminus and DNA 

play a major role in DNA enrichment for MBD2a and MBD2c as MBD2a/c and MBD2a-N 

recruited DNA to a similar level. In the absence of the N-terminus (MBD2b), the specific 

interactions between the MBD and methylated cytosine (mC) play a cumulative role in DNA 

enrichment, which could be enhanced by the C-terminus. 

5.2.7 Polymer-polymer phase separation properties of MBD2-MBD-TRD in vitro and in 
vivo 

The high dependency of MBD2-MBD-TRD phase separation on methylated DNA points to a 

hypothesis that polymer-polymer phase separation (PPPS) also underlies the function of 

MBD2 in heterochromatin organization. To distinguish, the total amount of DNA in 

heterochromatin compartments was measured in cells expressing MBD2c, MBD2-MBD-

TRD, and MBD2b. The percent of heterochromatin did not change in cells with increased 

MBD2c and MBD2a level, while it increased in cells with increased MBD2b levels (Fig. 2.8A, 

B). Thus, the MBD2c and MBD2-MBD-TRD might probably adopt PPPS while MBD2b 

adopts LLPS for heterochromatin organization. In organisms, PPPS and LLPS might 

collaborate to mediate heterochromatin structure. 

5.2.8 Conclusion 

In this chapter, we studied the functional differences of the MBD2 isoforms and found that 

the N-terminus, the MBD-TRD, and the C-terminus played distinct roles in MBD2 localization 

and function in vivo together with altered phase separation behavior in vitro (Fig. 2.9A).  
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The N-terminus is predicted to be 100% disordered and shows a biased charge distribution. 

The very N-terminal region is enriched with negatively charged amino acid residues, which is 

followed by an enrichment of positively charged amino acid residues. These lead to a 

negatively charged region (-) and positively charged region (+), suggesting possible MBD2a-

N-MBD2a-N and MBD2a-N-DNA interactions. Indeed, the N-terminus of MBD2a is 

responsible for nonspecific protein-DNA interaction and shows the ability to form irregular 

aggregates in vitro by itself or in the presence of DNA. In vivo, the MBD2a-N was mislocated 

into the nucleolus rather than heterochromatin compartments due to strong electrostatic 

RNA binding properties.  

The MBD-TRD contains the MBD and TRD domain, two conserved domains that are 

responsible for methylated CpG binding and protein-protein interaction, separately. The 

MBD-TRD is less disordered (~42% disordered). In vivo, the MBD2a-MBD-TRD was 

enriched into the heterochromatin compartments and showed a similar influence on 

heterochromatin compartment size to MBD2a. Thus, the MBD-TRD retains the majority of 

MBD2a functions and is the minimal requirement for MBD2 function in heterochromatin 

organization. In vitro, the MBD-TRD alone did not phase separate in all conditions tested, 

while adding methylated DNA promotes the condensate formation. This is a typical 

characteristic of polymer-polymer phase separation (PPPS) (Erdel and Rippe 2018), 

indicating that the PPPS might also play a role in MBD2 function in heterochromatin 

compartments.  

The C-terminus is highly disordered (~60% disordered) and is responsible for the NuRD 

complex assembly. In vitro, the purified MBD2a-C displayed no (or weak) DNA binding 

affinity but showed the ability of LLPS, indicating that the C-terminus drives the LLPS of 

MBD2a and MBD2b.  

The three isoforms of MBD2 found in vivo adopt different combinations of the three regions, 

the N-terminus, the MBD-TRD, and the C-terminus, and thus exhibit distinct functions in vivo 

and different phase separation behaviors in vitro.  

MBD2a was enriched into heterochromatin compartments in a protein concentration-

dependent manner and promoted heterochromatin compartment fusion together with a slow 

exchange between heterochromatin compartments and the surrounding context in vivo. In 

vitro, the MBD2a formed irregular aggregates under low weak interactions (at low protein 

concentrations, or destroying the hydrophobic interactions), which changed into liquid-like 

spherical droplets with increased weak interactions (lower salt and higher protein 

concentrations), and further transformed into irregular aggregates with higher weak 

interactions (adding PEG or methyl-DNA) (Fig. 2.9B). These studies suggest that the phase 

separation behavior of MBD2a is strictly regulated by the strength of weak interactions. 
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MBD2b exhibits an overall similar but weaker function than the full-length MBD2a in vivo and 

in vitro. Compared to MBD2a, MBD2b was less enriched into the heterochromatin 

compartments and promoted the heterochromatin compartment fusion to a less extent yet 

with faster mobility in vivo. Meanwhile, the unmethylated DNA was less enriched into the 

MBD2b condensates than into the MBD2a condensates in vitro. Besides, MBD2b showed a 

delayed phase transition behavior compared to MBD2a, as MBD2b requires a higher protein 

concentration and DNA methylation to induce a phase transition (Fig. 2.9B). These 

observations are consistent with the N-terminal properties of DNA binding and irregular 

aggregate formation. Besides, the (G/R), a glycine-arginine repeat within the positively 

charged N-terminus, was reported to weaken the NuRD complex assembly and MBD-mCpG 

interaction when the arginine residues were methylated (Tan and Nakielny 2006). Taken 

together, the N-terminus enhances the phase behavior and functions of MBD2a. 

Indeed, MBD2a and MBD2b performed distinct functions in ES cell differentiation although 

both were increasingly expressed during differentiation (Du, Luu et al. 2015). MBD2b could 

fully rescue the differentiation block in MBD3 KO ES cells, while the full-length MBD2a could 

only partially rescue the differentiation block (Schmolka, Bhaskaran et al. 2021). Besides, 

previous work showed that the MBD2a could be located at unmethylated sites in vivo 

mediated by the NuRD complex (Baubec, Ivanek et al. 2013). Here, we confirmed the 

unmethylated DNA binding affinity of the N-terminus and found that the MBD2b is less 

enriched at the heterochromatin compartments than MBD2a. These data indicate that the 

genome-wide distribution of MBD2a is probably different from that of MBD2b, especially at 

unmethylated sites. 

MBD2c retains the N-terminus and MBD-TRD, showed similar molecular dynamics and 

enrichment into heterochromatin compartments but did not influence the heterochromatin 

compartment size as compared to MBD2a. In vitro, the MBD2c formed only irregular 

aggregates (Fig. 2.9B). These indicate that the C-terminal induced LLPS is responsible for 

heterochromatin compartment fusion. The MBD2c plays distinct roles in heterochromatin 

compartmentalization via phase separation compared to MBD2a and MBD2b. 

MBD2c is highly expressed in pluripotent stem cells and the expression decreased during 

differentiation, indicating a role of MBD2c in pluripotent state maintenance (Lu, Loh et al. 

2014). Indeed, the MBD2c promotes the ES cell self-renew, while the MBD2a/b promotes 

the ES cell differentiation (Lu, Loh et al. 2014, Schmolka, Bhaskaran et al. 2021). 

Molecularly, the MBD2c competes with MBD2a/b for promoters of OCT4 and NANOG, 

inhibits the MBD2a/b induced assembly and localization of NuRD complex locally, and thus 

inhibited the MBD2-NuRD induced OCT4 and NANOG gene repression (Lu, Loh et al. 

2014). Here, we provided an alternative mechanism underlying the isoform-specific functions 
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of MBD2 isoforms. The MBD2a and MBD2b promote the ES cell differentiation via LLPS 

induced heterochromatin reorganization.  

The MBD-TRD and the C-terminus are capable of PPPS and LLPS, respectively. The PPPS 

is featured with invariant chromatin bodies with increased protein concentration, as the 

chromatin region that contains binding sites for bridging factors (proteins) is not changed 

(Erdel and Rippe 2018). The LLPS is characterized by an increased size of chromatin bodies 

with increased protein concentration due to increased multivalent interactions (Erdel and 

Rippe 2018). We measured the occupancy of heterochromatin compartments in cells 

expressing MBD2c, MBD-TRD, MBD2b, and full-length MBD2a, respectively. The percent of 

heterochromatin did not increase with increased MBD-TRD and MBD2c levels but increased 

with increased MBD2b levels. Thus, the MBD2b might adopt the LLPS process in 

heterochromatin compartments, while the MBD2c adopts the PPPS process. The MBD2a 

adopts alternative or both processes depending on the context conditions. 

 
Figure 2.1 Truncated isoforms of MBD2 have impaired functions in heterochromatin compartment fusion. 
(A) Schematic representation of MBD2 constructs from Mus musculus (house mouse). Fusion proteins with GFP 
tag at the C-terminus were expressed in C2C12 cells. MBD2a is the full-length MBD2 containing both N- and C-
terminal disordered regions. MBD2b lacks the disordered N-terminus due to alternative translational start sites 
(TSS). MBD2c utilizes an alternative shorter C-terminus due to alternative splicing. aa: amino acids. MBD: 
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methyl-DNA binding domain. TRD: transcriptional repression domain. Green ellipse: GFP. The line between 
MBD2 isoforms and GFP does not represent the length of the linker region in between.  
(B) Representative images showing the distribution of MBD2 isoforms in vivo with individual optical sections. 
C2C12 myoblast cells were transfected with plasmids expressing the three isoforms of MBD2, which were fused 
with a GFP coding sequence at the C-terminus. Cells were fixed 36 h after transfection with formaldehyde and 
the genome was stained with DAPI before microscope observation. The confocal microscopy Leica TCS SP5 II 
equipped with 100 X objective was applied in this study. Cells with GFP expression, which has homogeneous 
distribution across cells, were applied as a control to exclude the possible influence of GFP on heterochromatin 
compartment size. The Yellow dashed line tracked the nuclei boundary. All images were taken under the same 
microscope settings. Scale bar = 5 µm.  
(C) Fluorescence intensity profile and co-localization analyses of MBD2 isoforms. Graphs represent relative GFP 
(green line) and DAPI (blue line) fluorescence intensity profiles, which were calculated on images in (B; white 
arrows) using ImageJ.  
(D-E) Quantification of the heterochromatin compartment size (D) and protein enrichment in heterochromatin 
compartments (E) relative to MBD2 expression levels. Heterochromatin compartments were segmented by DAPI 
staining and cells were subgrouped by GFP fluorescence intensities using the images obtained from confocal 
microscope as described above. Scatter plots represent the distribution of the mean heterochromatin 
compartment areas (D) per nucleus and protein fold enrichment in the heterochromatin compartments (E) in 
C2C12 cells, related to (B). Green dashed lines represent the mean heterochromatin compartment area (D) and 
the fold enrichment of GFP fluorescence signals (E) in C2C12 cells fixed 36 h after transfection with the plasmid 
expressing GFP only. The blue dashed line represents the mean heterochromatin compartment area (D) in 
untransfected C2C12 cells after fixation. Error bars on the histogram correspond to SD (standard deviation). 
Significances were calculated by unpaired t-test comparing the high expressing samples with low expressing 
samples as indicated by lines. ns P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.  
 

 
Figure 2.2 Contributions of different MBD2a regions to heterochromatin compartments. 
(A) Schematic representation of MBD2a-GFP fusion constructs. Green ellipse: GFP. 
(B) Representative images showing the distribution of MBD2a constructs in vivo. Cells were transfected, fixed, 
DAPI stained, and visualized by confocal microscopy (Leica TCS SP5 II) equipped with a 100 X objective. The 



 RESULTS 
 
 

 81 

yellow dashed line marked the nuclei boundary. All images were taken with the same microscope settings. Scale 
bar = 5 µm.  
(C) Fluorescence intensity profile and co-localization analyses of MBD2a constructs. Graphs represent relative 
GFP (green line) and DAPI (blue line) fluorescence intensity profiles, which were calculated on the images in (B; 
white arrows).  
(D-E) Quantification of protein enrichment in heterochromatin compartments (D) and heterochromatin 
compartment size (E) relative to the expression levels of MBD2a constructs. Heterochromatin compartments 
were segmented based on the DAPI intensities and cells were subgrouped by GFP fluorescence intensities using 
the images obtained from confocal microscope. Scatter plots represent protein fold enrichment in the 
heterochromatin compartments (D) per nucleus and the distribution of the mean heterochromatin compartment 
areas (E) in C2C12 cells, related to (B). The green dashed lines represent the fold enrichment of GFP 
fluorescence signals (D) and the mean heterochromatin compartment area (E) in C2C12 cells fixed 36 h after 
transfection with the plasmid expressing GFP only. Error bars on the histogram correspond to SD values 
(standard deviation). Significances were calculated by unpaired t-test comparing the high expressing samples 
with low expressing samples as indicated by lines. ns P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.  
 
 

 

Figure 2.3 Dynamics of MBD2 constructs at nuclear condensates. 
(A) Schematic graph showing the process of FRAP in heterochromatin compartments. In the FRAP experiment, 
the GFP fluorescence in the circular heterochromatin compartment area in a cell was rapidly and irreversibly 
bleached using a 488 laser pulse with 100% laser power, leaving a circular region devoid of GFP signal. Due to 
molecular exchange between bleached and unbleached regions, the GFP signal increased with time till reaching 
a plateau in the bleached region. The images were taken using a time-lapse confocal microscope Leica TCS SP5 
II equipped with 100 X objective. The extent of final recovery depends on the fraction of mobile molecules. The 
recovery halftime (t1/2) is the time from the bleach point to the time point where the fluorescence intensity 
reaches half of the final recovered intensity. The GFP signal intensity in the nucleoplasm and outside nuclei were 
used for double normalization (box with dashed line).  
(B) Mean FRAP curves in C2C12 cells expressing GFP-MBD2a (n = 25), GFP-MBD2b (n = 18), GFP-MBD2c (n= 
14), GFP-MBD2a-N (n = 19) , GFP-MBD2-∆C (n = 17) and GFP-MBD2a-MBD-TRD (n = 19). MBD2a-C did not 
form any condensates in cells, so no FRAP was done with this construct.  
(C-E) Fluorescence recovery half time (1/2) (C), the immobile fraction (D), and the fold enrichment (E) of MBD2 
constructs in bleached regions relative to the nucleoplasm. The fold enrichment was calculated as (IROI - 
IBG)/(INP - IBG). I: mean GFP fluorescence intensity; ROI: bleached region; BG: background; NP: nucleoplasm. 
Data were given as mean ± SD. Significances were calculated by unpaired t-test comparing the high expressing 
samples with low expressing samples as indicated by lines. ns P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. 
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Figure 2.4 Phase separation properties of MBD2 isoforms.  
(A) Detection of protein purity. Different MBD2 constructs were expressed in bacteria by IPTG induction, purified 
using chitin beads, and finally stored in buffer containing 300 mM (for MBD2a) and 500 mM NaCl (all other 
proteins). Top: SDS polyacrylamide gel electrophoresis of purified MBDs followed by Coomassie staining. 2 µg 
each lane. Bottom: TBE polyacrylamide gel electrophoresis of purified MBDs followed by ethidium bromide 
staining. 10 µg each lane. Negative control 1: BSA with the same amount. Positive control 2: synthesized ~140 
ng 42 bp dsDNA.  
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(B-E) Phase diagram of MBD2 isoforms droplet formation at indicated salt and protein concentrations. The in vitro 
phase separation assay was done at different protein and salt concentrations. The mixtures were transferred to 
chambers made of double-sided tapes and sealed with coverslips 45 min after incubation at room temperature. 
The droplets were observed using a Nikon Eclipse TiE2 microscope equipped with differential interference 
contrast (DIC) microscopy. Scale bars = 10 µm. conc.: concentration.  
(F-G) Phase diagram of MBD2 isoforms phase separation. 10 µM proteins were incubated in buffer containing 
150 mM NaCl and various concentrations of 1,6-hexanediol (F) or PEG 8000 (G) at room temperature for 45 min 
before imaging. conc.: concentration. 

 
Figure 2.5 Phase separation properties of MBD2a truncations.  
(A-D) DIC images showing the LLPS properties of MBD2a-N (A), MBD2a-C (B), and MBD2a-MBD-TRD (C) 
truncations at indicated salt and protein concentrations. conc.: concentration.  
(E-F) DIC images showing the LLPS properties of MBD2a-N, MBD2a-C, and MBD2a-MBD-TRD truncations in 
the presence of 1,6-Hexanediol (E) or crowding reagents (F). 10 µM MBD2a-N and MBD2a-C and 20 µM 
MBD2a-MBD-TRD were incubated with various concentrations of 1,6-hexanediol and PEG 8000 in buffer 
containing 150 mM NaCl for in vitro phase separation and imaged. conc.: concentration. Scale bar = 10 µm.  
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Figure 2.6 Influence of DNA on the phase separation properties of MBD2 constructs.  
The phase separation assay was done by incubating 10 µM protein with DNA of different lengths and 
concentrations in buffer containing 150 mM NaCl for 45 min at room temperature. The DNA was labeled by 
DRAQ5. The condensates were visualized by the Nikon Eclipse TiE2 microscope. The condensates were 
recognized based on the DRAQ5 intensities inside/outside condensates. Droplets with size > 0.1 µm2 were 
identified and droplet parameters were measured. The aspect ratio (AR) was calculated as the ratio of maximal 
Feret diameter to minimal Feret diameter. The fold enrichment of DRAQ5 represented the fold enrichment of 
DNA. The DNA (DRAQ5) fold enrichment was calculated as the ratio of DRAQ5 intensity within droplets to 
DRAQ5 overall mean intensity per image. Three images for each condition.  
(A) Fluorescence images showing the phase separation behavior of MBD2a in the presence of DNA. conc.: 
concentration. Scale bar = 10 µm.  
(B) Graph showing the condensate roundness changes formed by MBD2a in the presence of DNA with different 
lengths and concentrations. Data were given as mean ± SD. Significances were calculated by unpaired t-test 
comparing the high expressing samples with low expressing samples as indicated by lines. ns P > 0.05; *P ≤ 
0.05; **P ≤ 0.01; ***P ≤ 0.001.  
(C-F) Fluorescence and DIC images showing the phase separation behavior of MBD2b (C), MBD2c (D), MBD2a-
N (E), and MBD2a-C (F) in the presence of DNA. conc.: concentration.  
(G-H) Separated bar graph showing the average condensate area (G) and average DNA fold enrichment (H) 
within condensates. The condensates formed in mixtures containing 10 µM protein, 10 ng/µl DNA with different 
lengths, and 150 mM NaCl were applied for quantitative analysis. Error bars correspond to the standard error of 
the mean (SEM) for condensate area and standard deviation (SD) for fold enrichment. 
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Figure 2.7 DNA methylation promotes phase transition of MBD2a and MBD2b. 
The 800 bp DNA with various methylation levels was generated by PCR using Q5 polymerase by replacing 
partially dCTP with dmCTP. The DNA was labeled by DRAQ5 to visualize the distribution of DNA. The in vitro 
phase separation assay was done by incubating proteins in buffer containing DNA of different methylation levels 
at room temperature for 45 min. NaCl: 150 mM. The condensates were visualized by the Nikon Eclipse TiE2 
microscope. The condensates were recognized based on the DRAQ5 intensities inside/outside condensates. 
Droplets with size > 0.1 µm2 were identified and droplet parameters were measured. The aspect ratio (AR) was 
calculated as the ratio of maximal Feret diameter to minimal Feret diameter. The fold enrichment of DRAQ5 
represented the fold enrichment of DNA. The DNA fold enrichment was calculated as the ratio of DRAQ5 
intensity within droplets to DRAQ5 overall mean intensity per image. Three images for each condition.  
(A) Fluorescence and DIC images showing the phase separation behavior of MBD2a, MBD2b, MBD2c, MBD2a-
N, and MBD2a-MBD-TRD in the presence of DNA with different methylation levels. DNA for MBD2a, MBD2b, 
MBD2c, and MBD2a-N: 10 ng/µl; DNA for MBD2a-MBD-TRD: 20 ng/µl. Scale bar = 10 µm.  
(B-E) Graphs showing the influence of DNA methylation on condensate size (B), number (C), roundness (D), and 
DNA enrichment into protein condensates (E). Error bars correspond to the standard error (SEM). 
(F) Fluorescence and DIC images showing the phase separation behavior of MBD2a-MBD-TRD with 
unmethylated (C) and methylated (mC) DNA. DNA: 20 ng/µl. 
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Figure 2.8 MBD2b overexpression increased the total amount of heterochromatin 
 (A) Equation applied to quantify the percent of heterochromatin. the percent of heterochromatin was calculated 
as the percent ratio of total DAPI intensity in heterochromatin compartments (SHC * n * IHC) to total DAPI intensity 
in the whole nuclei (SN * IN). 
(B) Scatter plot showing the heterochromatin compartment % of the total nuclei volume in C2C12 cell expressing 
MBD2c, MBD-TRD, and MBD2b. Data were given as mean ± SD. Significances were calculated by unpaired t-
test comparing the high expressing samples with low expressing samples as indicated by lines. ns P > 0.05; *P ≤ 
0.05; **P ≤ 0.01; ***P ≤ 0.001. 
 
 

 
Figure 2.9 Different regions of MBD2a show distinct functions in vivo and in vitro.  
(A) Schematic graph showing region-dependent functions of MBD2 from publications (up) (Hendrich and Bird 
1998, Boeke, Ammerpohl et al. 2000, Tan and Nakielny 2006, Leighton and Williams Jr 2020) and this study 
(down). The G/R containing N-terminus is post-translationally modified and is responsible for nonspecific DNA 
binding and aggregate formation. The MBD-TRD shows the ability of protein-protein (PPI) and protein-mCpG 
interactions, polymer-polymer phase separation (PPPS), and heterochromatin localization and clustering. The C-
terminus participates in the NuRD complex assembly, liquid-liquid phase separation (LLPS), and heterochromatin 
clustering in the presence of the MBD-TRD, which provides the heterochromatin localization ability. The LLPS 
properties of the C-terminus could be enhanced by the upstream sequence (MBD-TRD and N-terminus).  
(B) Graphic representation elucidating the phase behaviors of MBD2 isoforms under various homo and hetero 
interaction strengths.  
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5.3 MeCP2-induced heterochromatin organization is driven by oligomerization-
based liquid-liquid phase separation and restricted by DNA methylation  

5.3.1 MeCP2 forms condensates with characteristics of liquid-like droplets in 
physiological concentrations 

In section 5.1, we already showed that purified MeCP2 could form liquid-like droplets in a 

NaCl and protein concentration-dependent manner. To further characterize the phase 

separation properties of MeCP2 in vitro, both untagged MeCP2 and GEP tagged MeCP2 

(GFP-MeCP2) were purified which are free of DNA (Fig. 3.1A). Firstly, based on the MeCP2 

levels in the mouse brain (6 x 106 molecules per nucleus) (Skene, Illingworth et al. 2010) 

and the size of the nuclei (200-800 µm3, 500 µm3 was taken as average) (Wegiel, Flory et al. 

2015), we calculated the MeCP2 concentration!" 10-50 µM in mouse brain cells). 

Secondly, the phase separation properties of MeCP2 were checked. The turbidity assay was 

applied to check the MeCP2 absorbance at λ = 340 nm in buffer containing different 

concentrations of NaCl and MeCP2. The result showed that the turbidity increased at higher 

protein concentration and lower salt concentration (Fig. 3.1B). The droplets were observed 

under the microscope after incubating at room temperature for 45 min to induce droplet 

formation. We observed that MeCP2 alone in the range of physiological concentrations (~10 

µM) formed distinct spherical condensates at low salt concentration independent of the 

cations used in the buffer (Na+, K+, NH4+). The number and size of the condensates 

increased with increasing protein concentration but decreased with increasing salt 

concentration till no droplet formed at physiological salt conditions (150 mM salt) (Fig. 3.1C, 

E-F). Time-lapse imaging showed that these condensates could fuse into bigger ones (Fig. 

3.1D), indicating that the MeCP2 condensates are highly dynamic and liquid-like in NaCl 

buffer. This is reminiscent of the fusion of MeCP2 labeled heterochromatin domains in cells 

as we have previously shown (Brero, Easwaran et al. 2005). Together with previously shown 

results in 5.1 that MeCP2 showed resistance to 1,6-hexanediol, the MeCP2 LLPS is 

probably mainly driven by electrostatic interactions rather than hydrophobic interactions. Bio-

macromolecules are commonly used to mimic nuclear crowding environments and were 

shown to promote LLPS. We found that in physiological salt conditions dextran T150 could 

promote LLPS of MeCP2 in a concentration-dependent manner (Fig. 3.1G). Yet, the 

crowders themselves were not enriched inside the protein droplets (Fig. 3.1H).  

Thirdly, the MeCP2 distribution was analyzed based on sedimentation and fluorescent 

intensity. The MeCP2 levels in the buffer phase (supernatant (S)) and the droplets were 

quantified by droplet sedimentation assay (Fig. 3.2A-B). 10 µM MeCP2 were incubated in 

different conditions for in vitro phase separation assay, then the droplets were pelleted by 
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centrifuge at 14000 rpm for 15 min at room temperature. The supernatants were applied for 

the SDS-PAGE gel electrophoresis and followed by coomassie staining (Fig. 3.2A). The 

result showed that more MeCP2 molecules were concentrated into the droplets with higher 

concentrations of PEG 8000 (Fig. 3.2B), indicating a decreased MeCP2 concentration 

threshold for LLPS when in crowding environments.  

The droplet properties were further quantitatively analyzed based on the fluorescent intensity 

inside and outside droplets. The fluorescent intensities of GFP-MeCP2 in buffer with no 

droplet formation (150 mM NaCl) were measured under a microscope and plotted versus 

GFP-MeCP2 concentration to generate the standard curves (Fig. 3.2C-E). 10 µM untagged 

and GFP-tagged MeCP2 mixture (molar ratio: 99:1) was applied for in vitro phase separation 

assay (Fig. 3.2C-J). For in-solution protein concentration, the droplets were pelleted by 

centrifuge at 14000 rpm for 15 min. The supernatants were applied for imaging, and the 

mean GFP intensities in supernatants were measured (Fig. 3.2C). For in-droplet protein 

concentration, the MeCP2 mixtures after in vitro phase separation were applied for 

microscope detection, and the fluorescence intensities in droplets were measured (Fig. 3.2C, 

F). The MeCP2 concentrations in solution and droplets were quantified based on the GFP 

intensity in solution and inside the droplets interpolated from a standard curve of GFP-

MeCP2 in solution (Fig. 3.2D-E). In the low salt condition without PEG 8000, MeCP2 

concentration in droplets (121.7 ± 20.5 µM) and the solution (8.6 ± 0.5 µM) revealed a 14 

fold enrichment of MeCP2 in droplets following LLPS (Fig. 3.2G). Yet, the MeCP2 

concentration in solution did not decrease significantly (8.6 ± 0.3 µM compared to the total 

initial concentration 10 µM) probably because only a small fraction (~25%) of MeCP2 

underwent LLPS in this condition (Fig. 3.2B). Then, we analyzed the MeCP2 concentration 

in the droplets at physiological salt (150 mM) and protein (10 µM) conditions with various 

crowder concentrations (Fig. 3.2F, H). With increasing crowder concentration, the MeCP2 

concentration in the droplets increased from 45.63 ± 0.11 µM at 5% PEG 8000 to 104.01 ± 

1.27 µM at 20% PEG 8000 (Fig. 3.2H, J). This means that the (crowding) environment 

influences the MeCP2 distribution. In vivo, MeCP2 was reported to be 9 fold enriched at 

heterochromatin compartments in NIH3T3 fibroblast cells and 5 fold enriched in Pmi28 

myoblast cells (Agarwal, Hardt et al. 2007, Müller‐Ott, Erdel et al. 2014), which is of a 

similar magnitude to the MeCP2 enrichment in the droplets. Besides, all droplets were highly 

spherical (Fig. 3.2 I-J), further suggesting that they are liquid-like.  

In conclusion, purified MeCP2 showed the ability to form liquid-like droplets by itself in 

physiological protein concentrations, which we defined as the minimal MeCP2-LLPS system.  
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5.3.2 DNA promotes the liquid-liquid phase separation of MeCP2 

We next investigated the influence of DNA on in vitro MeCP2 phase separation properties. 

Firstly, template DNA was synthesized with different lengths (Fig. 3.3A-B) and labeled with 

the DNA dye DRAQ5 to detect the DNA distribution during MeCP2 LLPS. By mixing 

template DNA with MeCP2 in the physiological salt condition (150 mM NaCl) in which 

MeCP2 alone does not form droplets (150 mM NaCl), we found that MeCP2 could form 

liquid-like droplets with longer DNA (800, 1600, or 3000 bp) but not with short (380 bp) DNA 

(Fig. 3.3D) together with enrichment of DNA (DRAQ5) in the droplets. This indicates a multi-

valency induced phase separation property of MeCP2 with DNA. The DRAQ5 signals were 

further applied for droplet segmentation and quantitative analysis. Longer and higher 

concentrations of DNA were shown to promote the formation of more and bigger droplets 

(Fig. 3.3E). Thus, DNA promoted (switched on) de novo phase separation of MeCP2 in 

physiological conditions in a DNA length and concentration-dependent manner, highlighting 

the importance of multiple ionic interactions among MeCP2 and DNA molecules for LLPS. 

5.3.3 DNA methylation restricts the size of MeCP2 droplets 

MeCP2 was originally recognized as a methyl-cytosine binding protein (Lewis, Meehan et al. 

1992). Recently, MeCP2 was found to bind methylated cytosine at non-CpG sites (mCpH, 

H=A, G, C). mCpH was shown to increase during early brain development, in parallel with 

MeCP2 postnatal accumulation. MeCP2 interactions with noncanonical cytosine methylation 

were shown to be important for normal brain function (Chen, Chen et al. 2015, Jang, Shin et 

al. 2017, Tillotson, Cholewa-Waclaw et al. 2020). Thus, we checked if/how CpG methylation 

(mCpG) and non-canonical cytosine methylation (mC) play a role in MeCP2 LLPS. As the 

800 bp template DNA could already promote the LLPS of MeCP2 under physiological 

conditions, we further generated 800 bp DNA templates with methylated cytosines. CpG 

methylated DNA (mCpG) was generated by the M.SssI methyltransferase, validated with the 

methylation-sensitive enzyme HpaII (Fig. 3.3C). DNA with all cytosine methylated was 

generated by replacing all dCTP with dmCTP (Fig. 3.3C). Then unmethylated DNA (CpG), 

mCpG DNA, and mC DNA were labeled with DRAQ5 and introduced into the in vitro phase 

separation assay of MeCP2 (mixed with 1% GFP-MeCP2).  

We found that all three kinds of DNA could be incorporated into the MeCP2 droplets (Fig. 

3.4A). The GFP signals were used for droplet segmentation. Quantification of droplet size 

showed that both protein and DNA promoted the LLPS of MeCP2 in a concentration-

dependent manner (Fig. 3.4B-F). Surprisingly, the addition of mCpG DNA and mC DNA to 

the mixture restricted the increase in droplet size in most conditions tested (Fig. 3.4B-F) 

compared to the unmethylated DNA. Moreover, MeCP2 formed far smaller droplets with mC 

DNA than with mCpG DNA (Fig. 3.4G), indicating a non-CpG methylation-dependent 
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influence on MeCP2 phase separation. Alternatively, cytosine methylation cumulatively 

restricts the MeCP2 droplet growth regardless of methylation context. 

In summary, the cumulative weak DNA-MeCP2 interaction enhances the MeCP2 LLPS, 

while the stronger specific 5mC-MeCP2 restricts the growth of MeCP2 droplets. 

To measure the binding affinities of MeCP2 to (methyl)-DNA, we applied the microscale 

thermophoresis (MST) technique. Using 20 and 42 bp template DNA with single mCpG 

methylation or no methylation (Fig. 3.4H), we found that MeCP2 had higher binding affinities 

for methylated and longer DNA. This is due to, on the one hand, specific 5mC-MeCP2 

interaction and, on the other hand, cumulative multivalent nonspecific DNA-MeCP2 

interaction. With the longer DNA, adding methylation did not affect the binding affinity. With 

the shorter DNA, adding methylation increased the binding affinity (Fig. 3.4I). We interpret 

this as, in the longer template, the multiple MeCP2-DNA interactions dominate the 

population KD, whereas, in the shorter template with less possible MeCP2-DNA interactions, 

the 5mC-MeCP2 interaction becomes more prominent. Accordingly, MeCP2-R168X, an 

RTT-related nonsense mutation lacking all regions downstream of the MBD that are 

responsible for DNA interaction, showed an overall decreased binding affinity with DNA (Fig. 

3.4I). 

5.3.4 MeCP2 liquid-like droplet formation requires self-oligomerization 

RTT-related MeCP2 nonsense mutations frequently occur in the intervening domain (ID) and 

transcriptional repression domain (TRD). Previously, we reported that the ID-TRD is 

responsible for the homo-dimerization of MeCP2 (Becker, Allmann et al. 2013). As LLPS can 

be induced by weak homo/hetero-interactions, we examined if the ID-TRD driven self-

interaction is required for MeCP2 LLPS. 

Firstly, as the MeCP2 RTT mutation R168X lacks the ID-TRD while the R255X retains partial 

ID-TRD and R294X retains most ID-TRD (Fig. 3.5A), we examined whether these nonsense 

mutations retain the ability of self-interaction by in vitro pull-down assay and MST assay. The 

in vitro pull-down experiment was done by incubating the immobilized MeCP2 truncations 

with purified GFP tagged MeCP2 truncations, followed by western blot analysis (Fig. 3.5B-

C). The GFP-MeCP2-R255X, GFP-MeCP2-R294X, and the GFP-MeCP2 were pulled down 

by MeCP2-R255X, MeCP2-R294X, and MeCP2 separately, while the GFP-MeCP2-R168X 

was not pulled down by MeCP2-R168X (Fig. 3.5C).  

We, then, quantified the self-interaction strength of full-length MeCP2, R255X, and R168X 

by MST assay. The GFP tagged MeCP2 and the two truncations were incubated with 

corresponding untagged proteins and the dissociation constants (Kd) were calculated (Fig. 

3.5D). We found that MeCP2-R255X had a higher dissociation constant (Kd) (320.36 ± 

14.35 nM) than the MeCP2 (121.66 ± 11.00 nM), while the shortest truncation MeCP2-
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R168X showed a micromolar scale dissociation constant (1970 ± 19.91 nM). These data 

indicate that the shortest nonsense mutation MeCP2-R168X is not capable of self-

interaction, the MeCP2-R255X is capable of self-interaction but with a lower binding affinity 

than the MeCP2. In summary, the amino acid sequence from position 168 to 254 is 

responsible and essential for MeCP2 self-interaction, which could be enhanced by the 

downstream C-terminal region. 

Secondly, we checked the phase separation properties of MeCP2 R168X, R255X, R294X 

and MeCP2 full length (FL) compared to the MeCP2 using the turbidity assay and the phase 

separation droplet assay. We registered the absorbance changes at 340 nm of MeCP2 and 

truncations at low salt conditions (37.5 mM NaCl). The turbidity of MeCP2 increased with 

higher protein concentration, while there was no turbidity change for MeCP2 R168X, R255X, 

and R294X (Fig. 3.5E). Then, we analyzed the phase separation properties of the three 

MeCP2 truncations and found that R168X failed to form liquid-like droplets in all tested 

conditions, while the MeCP2 R255X and R294X could form liquid-like droplets at higher 

protein concentration (≥ 20 µM) or in the presence of crowding agents (Fig. 3.5F). 

In conclusion, self-interaction is essential for MeCP2 LLPS. Both self-interaction and LLPS 

are enhanced by the MeCP2 C-terminus. 

5.3.5 RTT-related MeCP2 nonsense mutations impact the phase separation properties 
of MeCP2 

Previously, we already showed that MeCP2 RTT-related missense mutations disrupted its 

ability of chromatin organization (Agarwal, Becker et al. 2011, Bertulat, De Bonis et al. 2012, 

Zhang, Rausch et al. 2017). But little is known about the functions of nonsense mutations on 

chromatin organization. The above work confirmed that MeCP2 nonsense mutations 

impaired the function of LLPS. Thus, we examined whether MeCP2 nonsense mutations 

influence the phase separation properties of MeCP2 with methylated and unmethylated 

DNA. As the MeCP2 R168X showed no phase separation properties, the MeCP2 R255X 

and R294X were chosen, and the purified proteins were incubated with unmethylated DNA 

of different lengths (380bp, 800 bp, 1600 bp, 3000 bp) for in vitro phase separation. R255X 

showed weak phase separation properties (Fig. 3.6A-B). Similar to full length (FL) MeCP2, 

R294X showed overall DNA length- and concentration-dependent phase separation 

properties (Fig. 3.6A-B). Yet the ability of R294X phase separation increased with increased 

DNA length till 1600 bp and followed by a slight decrease with the longest 3000 bp DNA 

(Fig. 3.6A-B). Besides, the R294X showed weaker phase separation properties compared to 

the full-length MeCP2 (FL) (Fig. 3.6A-B). Thus, the nonsense mutations closer to the N-

terminus showed much weaker phase separation properties. Considering the observation 

that the nonsense mutations closer to the N-terminus showed more severe symptoms, the 
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severity of RTT nonsense mutations was inversely correlated with phase separation 

properties.  

As MeCP2 tracks the DNA methylation density in vivo. We checked the phase separation 

properties of MeCP2 RTT nonsense mutations with DNA of different methylation levels. The 

3000 bp DNA with different methylation levels was generated by replacing partially dCTP 

with dmCTP for polymerase chain reaction (PCR). Purified proteins were incubated with 

DNA of different concentrations and methylation levels for in vitro phase separation assay. 

Still, the R255X showed rather weak phase separation properties regardless of DNA 

concentrations and methylation levels (Fig. 3.6C-D). Consistent with the phase separation of 

full-length MeCP2 with methylated 800 bp DNA, methylated 3000 bp DNA restricted the 

droplet size in a methylation level-dependent manner (Fig. 3.6C-D). Surprisingly, DNA 

methylation promoted the phase separation of R294X (Fig. 3.6C-D), indicating that the ability 

of MeCP2 full length and truncations are distinctly regulated by DNA methylation.  

5.3.6 RTT-related MeCP2 nonsense mutations impact the heterochromatin 
compartment clustering with distinct dynamics 

In vivo, the functions of MeCP2 nonsense mutations in genome-wide heterochromatin 

organization were examined. The C2C12 myoblast cells were transfected with plasmids 

expressing GFP tagged MeCP2 nonsense mutations. 36 hours after incubation, the cells 

were fixed and DAPI stained for microscope imaging. The heterochromatin compartments 

(DAPI dense regions) were segmented based on the DAPI intensity. The heterochromatin 

compartment size and protein fold enrichment were further measured (Fig. 3.7 A). Previous 

publications observed that the MeCP2 promoted the heterochromatin compartment fusion in 

a concentration-dependent manner. Thus, the cell populations were subdivided into three 

groups based on the protein levels (Fig. 3.7 B-C). The fold enrichment of R168X is similar to 

the DAPI enrichment, indicating that the enrichment of R1168X is mediated by the DNA 

compaction levels rather than DNA methylation levels (Fig. 3.7 B). Functionally, the R168X 

did not influence the heterochromatin compartment size significantly (Fig. 3.7 C). MeCP2 

R255X, R294X, and full length showed increased enrichment at heterochromatin 

compartments in a concentration-dependent manner. Consistently, full-length MeCP2 

promoted the formation of bigger heterochromatin compartments in a concentration-

dependent manner (P < 0.001). Yet for R255X and R293, high expression levels promoted 

the formation of bigger droplets than full MeCP2 together with higher protein enrichment, 

while middle expression levels showed no influence on heterochromatin compartment size 

(P > 0.05) together with lower protein enrichment. Considering that protein enrichment or 

protein levels inside heterochromatin compartments might influence the heterochromatin 

compartment size. The mean heterochromatin compartment size was plotted versus mean 



 RESULTS 
 
 

 94 

GFP intensity in heterochromatin compartments per nuclei and the linear trendlines were 

generated (Fig. 3.7 D). MeCP2 full length showed a concentration-dependent influence on 

heterochromatin compartment growth, which was impaired by the RTT-related nonsense 

mutations. The more the MeCP2 C-terminus was deleted, the weaker it promoted 

heterochromatin compartment growth. R294X showed a similar phase property and 

influence in heterochromatin compartments. This is consistent with the observation that CTD 

deletion does not affect MeCP2 function or recruitment in cells and that MeCP2 CTD 

truncation has no overt phenotypic consequences in this mouse model (Guy, Alexander-

Howden et al. 2018). 

Besides, we also checked the dynamics of MeCP2 nonsense mutations in heterochromatin 

compartments by FRAP assay in C2C12 cells with ectopic overexpression. A whole 

heterochromatin compartment was photobleached by a 100% 488 nm laser and the time-

lapse images were taken using the Leica SP5 confocal microscope (Fig. 3.7 A). More than 

50% of molecules were mobile and the fluorescence was half recovered within one minute, 

showing that they are highly dynamic (Fig. 3.7 E-G). MeCP2 R168X signals recovered rather 

fast with > 80% mobile fraction, suggesting that R168X has a weak interaction with 

chromatin although retains the MBD domain. For the truncations with longer C-terminus, the 

fluorescence recovery required a longer duration. Consistently, the ID and TRD of MeCP2 

were shown to enhance the MBD-DNA binding (Ghosh, Nikitina et al. 2010). Surprisingly, 

similar to R255X, the full-length MeCP2 had intermediate mobility and immobile fraction. 

These observations demonstrate a functional connection between CTD and MeCP2 

molecular dynamics. In summary, the ID and TRD inhibit MeCP2 dynamics by enhancing the 

MBD-DNA interaction, while the CTD promotes MeCP2 mobility. 

The severities of MeCP2 nonsense mutations were: R168X > R255X > R294X > FL; the 

phase separation properties were: R168X (no) < R255X < R294X ≤ FL; the phase 

separation properties with methylated DNA were: R168X (no) < R255X < FL (and R294X); 

the function in heterochromatin compartment growth were: R168X (little) < R255X < R294X 

< FL; the protein dynamics were: R168X > R255X ≈ FL > R294X. These observations 

strongly correlated the severities of MeCP2 RTT mutations with LLPS-mediated 

heterochromatin organization and protein dynamics. Moreover, self-interaction mediated 

MeCP2 LLPS drives the heterochromatin compartment clustering. 

5.3.7 AT-hook2 regulates the phase separation properties of MeCP2  

MeCP2 contains three highly conserved AT-hook-like motifs (AT-hook1: aa 184–195; AT-

hook 2: aa 264–273; AT-hook 3: aa 341–364) (Fig. 3.8A). All three AT-hooks bear the 

homology to the high-mobility group AT-hook family of DNA bending proteins (HMGA) and 

are responsible for binding with AT-rich DNA (Baker, Chen et al. 2013). AT-hook1 is located 
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within the ID region; AT-hook2 is located at the boundary of the ID and NID domain; AT-

hook3 is located at the CTD. AT-hook2 is disrupted by the RTT-related nonsense mutation 

R270X (Fig. 3.8A), and its disruption caused more severe phenotypes in RTT patients and 

mouse models (compared to G273X, RTT mutation retaining the AT-hook 2). Here we 

examined if disrupting AT-hook 2 impacts MeCP2 phase separation and heterochromatin 

organization. 

Firstly, the MeCP2 R270X, G273X, and MeCP2∆AT-hook 2 (full-length MeCP2 with a 

deletion of AT-hook 2 sequence) were purified and applied for in vitro phase separation 

assay (Fig. 3.8B). In low salt concentration (37.5 mM NaCl), MeCP2 R270X and R273X only 

formed liquid-like droplets at high protein concentration. MeCP2-∆AT-hook2 showed similar 

phase separation properties to full-length MeCP2, forming droplets in both low and high 

protein concentrations. At physiological salt concentration (150 mM NaCl), all three 

constructs formed liquid-like droplets in the presence of PEG 80008.  

Next, the phase separation properties of all three constructs were examined in the presence 

of 3000 bp unmethylated DNA by in vitro phase separation assay and subsequent 

quantitative analysis (Fig. 3.8C-D). All three constructs showed a weaker phase separation 

ability compared to the full-length MeCP2, demonstrating the observation that the MeCP2 

RTT-related nonsense mutations comprise the phase separation properties of MeCP2. Yet 

the R270X and G273X showed a similar phase separation property.  

Given that the AT-hook binds with the AT-rich DNA sequence, the AT-rich major satellite 

DNA repeat (234 bp) (MajSat) was applied. The in vitro phase separation assay was done 

with majSat DNA in buffer containing 5% Dextran and 150 mM NaCl (Fig. 3.8E-F). R273X 

showed a stronger phase separation property than R270X. Consistently, MeCP2 full length 

formed bigger droplets than MeCP2∆AT-hook2. These results demonstrated a role of AT-

hook 2 in MeCP2 phase separation. This observation is also in agreement with the finding 

that MeCP2-R270X failed to facilitate NA oligomerization, while MeCP2-G273X facilitated 

NA oligomerization (Baker, Chen et al. 2013). 

Then we checked the influence of AT-hook2 in heterochromatin organization based on the 

heterochromatin compartment size. C2C12 cells were transfected with plasmids expressing 

MeCP2 full length, MeCP2 R270X, G273X, and MeCP2∆AT-hook 2 and incubated for 36 

hours. Then the cells were fixed, DAPI stained, and observed under a confocal microscope 

Leica SP5. The heterochromatin compartments were segmented based on the DAPI 

intensity and heterochromatin compartment parameters were measured. Similar to the 

nonsense mutation R255X, MeCP2 R270X, G273X, and MeCP2∆AT-hook 2 showed 

impaired functions on heterochromatin compartment size (Fig. 3.9A). Surprisingly, R270X 

and G273X showed a similar influence on heterochromatin compartment size. Thus, the 
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functions of MeCP2 R270X and G273X in heterochromatin compartment size are the same 

or not distinguishable by 2D imaging, higher resolution 3D images are required. 

We then checked the molecular dynamics of the three constructs by FRAP in C2C12 cells 

24 hours after transfection (Fig. 3.9B). MeCP2 R270X, G273X, and MeCP2∆AT-hook 2 were 

dynamic, as the fluorescence recovered within 80 seconds for all these constructs (Fig. 

3.9C). G273X exhibited a slower recovery compared to the R270X, together with a higher 

immobile fraction (Fig. 3.9C-D). Consistently, full-length MeCP2 required more time to 

recover the signals and had more immobile fractions compared to MeCP2∆AT-hook 2 (Fig. 

3.9C-D). This result is consistent with publications showing that MeCP2 AT-hook domains 

constrain the diffusion of unbound MeCP2 molecules by single-molecule tracking (Piccolo, 

Liu et al. 2019).  

Taken together, the AT-hook2 regulates the MeCP2 LLPS via interactions with AT-rich 

DNA/chromatin with more confined mobility.  

5.3.8 Molecule dynamics of MeCP2 in droplets and in cells 

The molecule dynamics of various disordered proteins inside condensates in vivo and in 

vitro were commonly examined by FRAP analysis. Recently, single-molecule tracking was 

applied to dissect the protein dynamics under the single-molecule level in cellulo, yet the 

single-molecule protein mobility in droplets is still blank. Here, we further investigated 

whether and how LLPS impacts MeCP2 dynamics in cellulo and in the minimal LLPS system 

in vitro using a fluorescence-based high-resolution single-molecule tracking (SMT) 

approach.  

In cellulo, the C2C12，MEF-P, and MEF-PM (DNA methylation deficient) cells were 

transfected with plasmids expressing GFP-MeCP2 and MaSat-mRFP. In vitro, 1% GFP-

MeCP2 and 99% untagged MeCP2 were mixed for in vitro phase separation assay at 

different conditions. The mixtures were then transferred to chambers made of double-sided 

tapes and sealed with coverslips. Cells and droplets were observed under the Nikon Eclipse 

Ti microscope equipped with oil immersion Nikon 100x Apo TIRF (1.49 NA objective and 

highly inclined laminar optical sheet illumination (HILO) (Tokunaga, Imamoto et al. 2008) 

(Fig. 3.10A, C). Fluorescence was photobleached by a 488 nm laser. For single-molecule 

tracking, fluorescence bleaching was stopped when about 10-20 spots per time point were 

detected in TrackMate (Fig. 3.10A, C). Then, the track coordinates were imported to 

SMTracker to determine the number of populations, diffusion coefficients, and population 

weights (Fig. 3.10B, D).  

In cellulo, as the MeCP2 bound fractions and diffusion of the unbound fractions are similar in 

euchromatin and heterochromatin regions, the MeCP2 movement within the whole nucleus 

was measured. Heterogeneous mobility with three dynamic populations with distinct diffusion 



 RESULTS 
 
 

 97 

was detected (Fig. 3.10B). Overall, increasing MeCP2 concentration led to a general slow 

down of MeCP2 movement (Fig. 3.10B). Furthermore, MeCP2 R111G, an RTT-related 

mutation with no methylcytosine binding properties exhibited only the fast and slow 

population. Further, the influence of DNA methylation levels on MeCP2 dynamics was 

explored using MEF-P (high DNA methylation level) and MEF-PM (low DNA methylation 

level) with ectopic GFP-MeCP2 expression. Overall, MeCP2 mobility is decreased in cells 

with higher DNA methylation levels. Thus, the stable MeCP2-mC interactions promote the 

static population in cells. 

In vitro, MeCP2 alone showed an isotropic diffusion fitted to a one-population model with a D 

of 0.530 µm2 s-1 (Fig. 3.10D) in droplets (fast population only). The addition of crowders led 

to an anisotropic MeCP2 movement fitted to a two-population model (Fig. 3.10D). From the 2 

populations, one (fast population) diffuses similarly as in the absence of crowders (0.530 

µm2 s-1). The second (slow) population was almost 10-fold more constrained with a D of 

0.059 µm2 s-1 and occupied around 16% of MeCP2 molecules. Considering that crowding 

agents affect molecule mobility in a size-dependent manner and that MeCP2 molecules 

could cluster via multivalent weak self-interactions, the slow population occurs due to weak 

self-oligomerization. Further adding DNA increased the second slow population due to 

enhanced weak interactions (Fig. 3.10D). Surprisingly, DNA methylation promoted the 

emergence of the third static population due to strong MeCP2-mC interactions, confirming 

that the MeCP2-mC interactions contribute to the static population found in cellulo.  

In conclusion, in the crowding environments in vivo and in vitro, stable MeCP2-mC 

interactions contribute to the static population, multivalent weak interactions (MeCP2-

MeCP2/DNA) contribute to the properly confined slow population, and free MeCP2 

molecules make up the fast population. 

5.3.9 Discussion 

We demonstrated that MeCP2 alone could form liquid-like spherical droplets via self-

interaction-induced LLPS (Fig. 3.11A). The self-interaction is mediated by the amino acid 

sequence from position 168 to 254 and enhanced by the downstream sequence. The 

downstream sequence after the self-interaction region increased the strength and enhanced 

the phase separation properties. The strength of self-interaction positively correlates with 

LLPS properties (Fig. 3.11B). The fold enrichment of MeCP2 in the droplets is similar to that 

in the heterochromatin compartments (Agarwal, Hardt et al. 2007, Müller‐Ott, Erdel et al. 

2014). MeCP2 LLPS could be promoted by various factors that somehow mimic the in vivo 

physiological conditions (Fig. 3.11B). DNA promotes the LLPS of MeCP2 in both DNA length 

and concentration-dependent manner due to increased sites for multivalent weak 

interactions. The kind of weak interactions was characterized by the emergence of a 
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properly confined diffusion population in the droplets and heterochromatin compartments. 

Cytosine methylation restricts the size of MeCP2 condensates in vivo and in vitro with more 

confined overall mobility (Fig. 3.11B). The specific MeCP2-mC interaction contributes to the 

emergency of the static population with low to static diffusion in MeCP2 condensates in vivo 

and in vitro.  

Self-interaction-induced MeCP2 phase separation is mainly driven by electrostatic 
interaction.  
LLPS is mainly driven by electrostatic and/or hydrophobic interactions. To declare how the 

MeCP2 droplets are driven, we examined the phase separation properties of MeCP2 at 

different salt conditions and in the absence/presence of 1,6-hexanediol. We found that 

increasing the electrostatic interactions at lower salt concentration enhances the phase 

separation properties of MeCP2 while disrupting the hydrophobic interactions by 1,6-

hexanediol does not dissolve the MeCP2 droplets easily. These indicate that the MeCP2 

phase separation is probably mainly driven by electrostatic interactions.  

We further explored which region of MeCP2 is responsible for the self-interaction and found 

that the MeCP2 R168X, which shows no self-interaction, failed to form condensates. MeCP2 

R255X, which shows intermediate self-interaction, succeeded in forming liquid-like spherical 

droplets. This is consistent with in vivo experiments, which found that the R168X (or MBD) is 

less enriched in the heterochromatin with higher mobility (Kumar, Kamboj et al. 2008, 

Schmiedeberg, Skene et al. 2009) and causes the most severe RTT phenotypes in patients 

(Schanen, Houwink et al. 2004, Neul, Fang et al. 2008, Schmidt, Zhang et al. 2020). Thus, 

self-interaction is a prerequisite for MeCP2 phase separation (Fig. 3.11A). Stronger self-

interaction promotes the formation of bigger droplets with a more restricted but 

homogeneous diffusion population (Fig. 3.9A-C). 

Crowdedness and DNA promote MeCP2 LLPS with distinct effects on MeCP2 mobility 
In the real biological system, high densities of macromolecules (protein, nucleic acids, etc.) 

not only perform function-related activities but also show an influence of crowding via 

nonspecific “excluded volume” effect (Richter, Nessling et al. 2008). The macromolecular 

crowding could increase the local concentration of targets via decreasing the available space 

and thus promotes protein stabilization (Homouz, Perham et al. 2008), influences 

biochemical reaction (binding, enzymatic activities) (Zhou, Rivas et al. 2008) and restricts 

molecular diffusion (Dix and Verkman 2008). The eukaryotic cell is a heterogeneous system 

with various crowding states. 50-400mg/ml macromolecules in the cell make it 5-40% 

crowded (Biswas, Kundu et al. 2018), 100 mg/ml protein and 50 mg/ml chromatin in the 

nuclei makes it around 15% crowded (Hancock , Handwerger, Cordero et al. 2005, Richter, 
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Nessling et al. 2008), 110mg/ml macromolecules in the nucleoplasm make the nucleoplasm 

around 11% crowded (Rippe 2007). Depending on condensation levels, chromatin varies 

from euchromatin to facultative heterochromatin and finally to constitutive heterochromatin 

with higher compaction levels, lower mobility, and increased crowding environments. 

Dextran T150 (~150 kDa) and PEG 8000 (~8 kDa) were introduced to the in vitro phase 

separation system to declare how the crowding environment influences the MeCP2 

activities. We found that both Dextran T150 and PEG 8000 could promote the MeCP2 LLPS 

in a dose-dependent manner by increasing the MeCP2 local concentration and/or (2) 

enhancing the self-interaction (Fig. 3.11B). The first is confirmed by the finding that in-droplet 

MeCP2 concentration increased at higher crowding environments. The second is confirmed 

by the overall slower diffusion and the segmentation of the second confined population, 

which was not detectable in droplets formed in low salt conditions with no crowders (Fig. 

3.11B). In vivo, MeCP2 showed an overall faster diffusion in the cells with lower MeCP2 

levels (similar level in mature neurons) (Fig. 3.11B). Meanwhile, it has been reported that 

lower temperature promotes the LLPS of multiple proteins, such as LAF-1, a key component 

of P granules (Schuster, Dignon et al. 2020). These indicate that enhancing multivalent weak 

interactions could promote the LLPS, which could be achieved by increasing protein 

concentration or buffer crowdedness. Besides, Dextran T150 and PEG 8000 showed 

different potentials on MeCP2 LLPS due to the crossing effect, which is affected by physical 

parameters such as size and shape (Richter, Nessling et al. 2008).  

DNA is commonly considered an important factor for LLPS of multiple proteins, especially 

nucleic proteins involved in DNA replication, damage repair, and chromatin architecture 

(Laflamme and Mekhail 2020). Both MeCP2-MeCP2 and MeCP2-DNA interactions occurred 

in droplets containing both protein and DNA. Quantification of MeCP2 binding affinity with 

itself (121.66 ± 11.00 nM) and with DNA (138.73 ± 22.10 nM) exhibited a similar binding 

affinity. However, DNA increased the binding frequency by providing more binding sites, 

leading to overall more restricted diffusions and increased second population (Fig. 3.11B). 

Besides, The influence of crowding environments on molecules is highly molecule size-

dependent (Minton 2001), the bigger molecules are much more strongly affected than 

smaller molecules. Thus, the free molecules and the molecules undergoing oligomerization 

are distinguished as two separate populations. As DNA is a much larger molecule than 

MeCP2, crowding agents may directly and more pronouncedly affect its ability to move, 

observed as slowed MeCP2 diffusion. Alternatively, the DNA may also contribute to the 

crowding effect. 

Thus, DNA promotes MeCP2 LLPS via providing additional sites for multivalent weak 

interaction between MeCP2 and DNA. Crowding agents enhance the frequency of 

multivalent weak interactions by increasing local protein concentrations. Besides, crowding 
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agents promote population segmentation due to a size-dependent influence of crowding 

agents on molecule dynamics.  

Cytosine methylation negatively regulates droplet size and reduce MeCP2 mobility 
Originally, MeCP2 was found to specifically recognize and bind methyl-CpG (mCpG) via the 

MBD domain (Lewis, Meehan et al. 1992), which could be enhanced by both flanking 

regions. More recently, researchers found that non-CpG methylation contributes around 25% 

of all cytosine methylation (5mC) in neurons, which is recognized as an essential target of 

MeCP2 (Chen, Gu et al. 2011, Guo, Ma et al. 2011, Chen, Chen et al. 2015, Jang, Shin et 

al. 2017, Tillotson, Cholewa-Waclaw et al. 2020). Thus, we checked how DNA methylation 

influences MeCP2 phase separation properties under different contexts (mCpG and mC). 

Both mCpG and mC restrict the droplet size in most (> 50%) conditions tested. Contrary to 

publications (Fan, Zhang et al. 2020, Wang, Hu et al. 2020), who found that DNA with mCpG 

promotes the growth of MeCP2 droplets in most conditions tested. We thus examined the 

influence of cytosine methylation in MeCP2 mediated heterochromatin compartment 

clustering using Dnmt1 knockout MEF fibroblast cells. Recovered cytosine methylation via 

Dnmt1 overexpression decreased the heterochromatin compartment size, while MeCP2 

overexpression increased the heterochromatin compartment size, which is in parallel with 

the in vitro phase separation assay (data not shown). This is also in agreement with the fact 

that highly condensed heterochromatin is hallmarked with high cytosine methylation and 

inactivity (Bhaumik, Smith et al. 2007, Wen, Li et al. 2014, Saksouk, Simboeck et al. 2015, 

Penagos-Puig and Furlan-Magaril 2020). The apparent inconsistency to our results can be 

explained by the fact that while we base this conclusion on measuring individual droplet 

compartment size to directly relate to the size of heterochromatin compartments within the 

cell nucleus, the other authors measured the sum of all the droplets. The latter measures 

whether DNA methylation promotes LLPS altogether and not whether the individual 

compartments can grow in size to the same extent. By comparing to the equivalent in vivo 

situation, e.g., using cells with lower DNA methylation and RTT mutants of MeCP2 deficient 

on 5mC binding, we found our measurement and effect to be a good representation of 

heterochromatin compartmentalization dynamics in cells.  

In vivo, MeCP2 exhibited three diffusion populations with heterogeneous distribution across 

heterochromatic regions. In Dnmt1 deficient cells, the second confined and the third static 

population decreased, leading to an increased fast population. R111G, an RTT-related 

mutation within MBD and devoid of specific MeCP2-mC interaction, showed overall faster 

diffusion, and only two diffusion populations were identified, losing the static population. 

These indicate that the specific and strong MeCP2-mC interaction is responsible for the 

fractionation of the third static population. In droplets, MeCP2 molecules exhibit two diffusion 
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populations with unmethylated DNA and three populations with methylated DNA in the 

presence of crowders, confirming that the third population is induced by the specific and 

strong interaction between MBD and methylated cytosine. 

RTT-related nonsense mutations comprised the MeCP2-induced heterochromatin 
organization 
MeCP2 was shown to be associated with the neurological disorder Rett syndrome (RTT), as 

mutations in this gene were found in about 80% of Rett patients (Amir, Van den Veyver et al. 

1999). Mutations causing RTT and related neurological disorders have been identified along 

the entire MeCP2 locus, but effects vary depending on the mutation type and location. 

Previously, we already elucidated that RTT-related MeCP2 missense mutations within the 

MBD domain showed impaired function in the large-scale chromatin organization (Agarwal, 

Becker et al. 2011). Yet, little is known about the influence of nonsense mutations on MeCP2 

function in the cell nucleus. Here, we checked the influence of MeCP2 nonsense mutations 

on heterochromatin organization and protein LLPS.  

The severities of MeCP2 nonsense mutations in RTT patients and mice models were: 

R168X > R255X > R270X > G273X > R294X; the phase separation properties were: R168X 

< R255X < R270X < R273X < R294X < FL; the function in heterochromatin compartment 

growth were: R168X < R270X ≈ G273X < R255X < R294X < FL. These observations 

strongly correlated the severities of MeCP2 RTT mutations with LLPS-mediated 

heterochromatin organization. The protein dynamics were: R168X > FL ≈ R255X ≈ R270X > 

R273X ≈ R294X. Considering that the amino acid sequence from 168 to 254 contains the 

AT-hook 1 and is responsible for self-interaction, the R255X showed slower mobility due to 

multivalent weak interactions. Besides, the AT-hook 2, which is retained by G273X but 

absent from R270X. The AT-hook2 mediated MeCP2-DNA interaction regulates the MeCP2 

mobility. Rather, full-length MeCP2 moved faster than the R294X, a nonsense mutation 

retaining the majority TRD (NID) domain. These Indicate that the CTD could regulate the 

dynamics of MeCP2. 

In summary, we establish in vitro and in vivo the parameters determining the LLPS 

properties of MeCP2 and how MeCP2 diffusion and binding properties change when inside 

the droplets as well as in cells and how these contribute to heterochromatin compartment 

organization and kinetics. 
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Figure 3.1 Purified MeCP2 forms liquid-like droplets in physiologically crowding environments. 
The in vitro phase separation assay was done at different conditions by incubating at room temperature for 45 
min. The mixtures after phase separation were then transferred to chambers made of double-sided tapes and 
sealed with coverslips. The droplets were observed using a Nikon Eclipse TiE2 microscope equipped with 
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differential interference contrast microscopy. Alternatively, the mixtures were transferred to a 384-well plate and 
incubated for 45 min at room temperature. The absorbance was measured at λ = 340 nm at room temperature to 
check the turbidity of MeCP2 solutions.  
(A) Validation of MeCP2 purity. The MeCP2 and GFP-MeCP2 proteins were expressed in bacteria by IPTG 
induction, purified using chitin beads, and eluted by DTT. The final protein concentrations were measured by 
Pierce™ 660nm Protein Assay Reagent. 2 µg and 10 µg purified proteins were then used for SDS 
polyacrylamide gel electrophoresis and tris borate EDTA polyacrylamide gel electrophoresis, respectively. Left: 
SDS polyacrylamide gel electrophoresis of purified human MeCP2 and GFP-MeCP2 followed by Coomassie 
staining. 2µg each lane. Right: tris borate EDTA polyacrylamide gel electrophoresis of purified human MeCP2 
and GFP-MeCP2 followed by ethidium bromide (EtBr) staining. 10 µg each lane. ~140 ng 42 bp DNA was used 
as a positive control.  
(B) Turbidity assay showing a protein and salt concentration-dependent phase behavior of MeCP2. Absorbance 
was plotted as mean ± SD. 
(C-G) DIC images of MeCP2 droplets under various protein and salt conditions. Scale bars = 10 µm. Time-lapse 
DIC images showing a fusion event of MeCP2 in a buffer containing 37.5 mM NaCl and 10 µM MeCP2 (D) 
(Movie S1). Scale bar = 10 µm.  
(H) Fluorescence images of droplets formed by human GFP-MeCP2 in the presence of Texas Red labeled 
dextran. The phase separation was conducted in a buffer containing 10 µM MeCP2, 150 mM NaCl, 18% Dextran 
T150 and 0.1% 10 kDa Texas Red labeled dextran. Fluorescent images (GFP and Red) and DIC images were 
taken using the Nikon Eclipse TiE2 microscope. The plot profile of GFP and Red intensity was conducted to 
analyze the distribution of dextran. Scale bar = 10 µm. 
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Figure 3.2 Distribution of MeCP2 in droplets and solution 
The in vitro phase separation assay was done at different conditions by incubating at room temperature for 45 
min in the presence or absence of GFP-MeCP2 and followed by droplet sedimentation or microscope detection. 
(A) Schematic graph showing the droplet sedimentation assay and quantification. In brief, MeCP2 solutions with 
or without droplet formation were centrifuged at 14000 rpm for 15 min to pellet (if any) the droplets. The clear 
supernatants were transferred to new tubes with 1X loading buffer (to avoid destroying the pellet, the top half was 
collected) followed by 95 °C for 5 min. The supernatants were then loaded to SDS-PAGE gel and the gel was 
stained by coomassie for quantification. 
(B) Quantification of MeCP2 distribution in solution (supernatant) and droplets (pellets). Top: Coomassie staining 
result of the supernatants after SDS-PAGE electrophoresis. Bottom: Quantitative analysis for SDS-PAGE gel 
above. Replicates (N) = 2. 
(C) Schematic drawing showing how to quantify the protein concentration in the droplets and solution. Top: the 
fluorescent intensities of the gradient concentrations of GFP-MeCP2 were measured under the microscope, and 
were plotted versus the corresponding protein concentrations to generate the standard curve. Middle and bottom: 
in-droplet and in-solution protein concentration measurement. In brief, 1% GFP-MeCP2 was mixed with 99% 
untagged MeCP2 and the mixtures were incubated at RT for 45 min for LLPS. The droplet-free solutions were 
collected by centrifugation as mentioned in A and the in-solution fluorescent intensities were measured by 
microscopy. The in-solution protein concentration was measured by the in-solution GFP-MeCP2 fluorescent 
intensity relative to the standard curve. To measure the protein concentration in the droplets, the droplet-
containing solutions (no centrifugation) were directly used for microscopy. Then, the droplets were segmented 
and the in-droplet fluorescent intensities were measured using ImageJ. The in-droplet protein concentrations 
were measured by the in-droplet GFP-MeCP2 fluorescence intensity relative to the standard curve. 
(D-E) Standard curve of fluorescence intensity versus low (E) and high (F) protein concentration.  
(F) Fluorescence images and DIC images of MeCP2 phase-separated droplets. Both fluorescent images (GFP) 
and DIC images were taken under the Nikon Eclipse TiE2 microscope equipped with differential interference 
contrast (DIC) microscopy. Total MeCP2 concentration: 10 µM. Scale bar = 10 µm. 
(G) Schematic graph showing the MeCP2 concentration in solution and droplets formed by 10 µM MeCP2 with 
37.5 mM NaCl. 
(H-I) In-droplet protein concentration (H) and droplet aspect ratio (I) for experiments in (F).  
The GFP channel was applied for droplet segmentation by a bandpass filter and threshold based on the mean 
intensity in/out droplets. Droplets with size > 0.1 µm2 were identified and droplet parameters were measured. 
The aspect ratio (G) was calculated as the ratio of maximal Feret diameter to minimal Feret diameter. The in-
droplet MeCP2 concentration (H) was measured by the GFP intensity inside the droplets. Replicates (N) = 3.  
(J) Mean values of aspect ratio and in-droplet MeCP2 concentration from (G-H). n: number of droplets.  
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Figure 3.3 DNA promotes the liquid-liquid phase separation of MeCP2. 
(A) Top: Schematic graph showing that different reverse primers were applied to generate PCR products with 
different lengths using plasmid DNA as PCR template. Fw: forward primer. Rev: reverse primer. Bottom: 
Schematic graph showing the positions of two HpaII restriction sites on the 800 bp DNA template. 
(B) Agarose gel electrophoresis after PCR. PCR products with various lengths as described in (A) were analyzed 
by agarose gel electrophoresis followed by ethidium bromide staining and imaging. 
(C) Unmethylated (CpG), CpG methylated (mCpG), and all cytosine methylated (mC) DNA templates were 
generated by PCR. The CpG methylated (mCpG) was generated by incubating the purified 800 bp DNA with the 
CpG methyltransferase (M.SssI). All cytosine methylated DNA was synthesized by replacing the dCTP with an 
equal amount of dmCTP. Different DNA templates were incubated with HpaII at 37 °C for 2 h, followed by 15% 
native tris borate EDTA polyacrylamide gel electrophoresis, ethidium bromide staining, and imaging. In the non-
methylated templates, the HpaII enzyme can cleave the DNA generating additional 35 bp and 75 bp DNA 
fragments (red box). 
(D) Fluorescent images of MeCP2 droplets in the presence of DRAQ5 labeled DNA with different concentrations 
and lengths. The synthesized DNA was labeled with DRAQ5. The in vitro phase separation assay at different 
conditions was done by incubation at room temperature for 45 min. The fluorescent and DIC images were taken 
using the Nikon Eclipse TiE2 microscope. MeCP2: 3 µM, NaCl: 150 mM, no PEG. Scale bar = 10 µm. 
(E) Quantification of size, area, and the number of droplets from (A). The red channel was applied for droplet 
segmentation by a bandpass filter and threshold based on the mean intensity in/out droplets. Droplets with size > 
0.1 µm2 were considered and droplet parameters were measured. ≥ 3 images were taken for each condition. The 
droplets number and sum droplet area per image and mean droplet area were plotted with mean ± SD (standard 
deviation). 
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Figure 3.4 DNA methylation restricts the droplet formation of MeCP2. 
(A) Fluorescent images of MeCP2 droplets formed in the presence of 800 bp DNA with different methylation 
patterns. The synthesized 800 bp DNA was labeled with DRAQ5. 1% GFP-MeCP2 was mixed with 99% 
untagged MeCP2. The in vitro phase separation assay was done at different conditions by incubating at room 
temperature for 45 min. Then, the mixtures were transferred to chambers made of double-sided tapes and sealed 
with coverslips. The droplets were observed using a Nikon Eclipse TiE2 microscope based on the fluorescent 
and DIC images. MeCP2: 10 µM, NaCl: 150 mM, DNA: 20 ng/µl, no PEG. Scale bars = 10 µm. 
(B-D) Fluorescent images of droplets by MeCP2 in the presence of DNA with no methylation (CpG) (B), CpG 
methylation (mCpG) (C), and non-canonical all cytosine methylation (mC) (D). MeCP2 and DNA concentrations 
are as mentioned. NaCl: 150 mM, no PEG. Representative images of the GFP channel. Scale bar = 10 µm. 
(E) Quantitative measurements showing the influence of CpG DNA and mCpG DNA on the LLPS properties of 
MeCP2 based on droplet number, droplet size (mean droplet area), and sum droplet area from (B-C). The 
droplets were segmented by a bandpass filter and threshold based on the mean GFP intensities in/out droplets. 
Droplets with size > 0.1 µm2 were considered and droplet parameters were measured. 
(F) Quantitative measurements showing the influence of CpG DNA and non-canonical mC DNA on the LLPS 
properties of MeCP2 based on droplet size from (B) and (D). 
(G) Quantitative measurements showing the influence of mCpG DNA and non-canonical mC DNA on the LLPS 
properties of MeCP2 based on droplet size from (C-D). 
(H) DNA methylation detection. 1 µl of 10 µM 42 bp and 20 bp dsDNA with and without CpG methylation was 
treated with HpaII and MspI respectively for 2 h ar 37 °C and then applied to tris borate EDTA polyacrylamide gel 
electrophoresis. The gel was stained with ethidium bromide and imaged.  
(I) Left: MST analysis of the dissociation constants of MeCP2 and RTT related truncation MeCP2-R168X with 
methylated or unmethylated DNA synthesized in (H). Student t-test was applied, ns (not significant), P > 0.05; *, 
P < 0.05; **, P < 0.001; ***, P < 0.0001. Right: Table showing the mean values of the dissociation constant (Kd). 
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Figure 3.5 Oligomerization of MeCP2 is a prerequisite for liquid-liquid phase separation in vitro 
(A) Schematic graph showing three representative nonsense mutations in the MeCP2 gene in patients with Rett 
syndrome.  
(B) Schematic graph showing the in vitro pull-down experiments. Shortly, the GFP tagged proteins were purified 
and stored in a buffer containing 0.5 M NaCl using chitin beads (A-D). The untagged MeCP2-CBD and MeCP2-
truncations (MeCP2-tru.)-CBD were purified using immobilized chitin beads by incubating the bacterial lysates 
with the beads for 3 h at 4 °C with rotation. The pull-down assay was conducted by incubating purified GFP-
MeCP2 or truncations in solution with immobilized MeCP2 or truncations in PBS plus 150 mM NaCl and 0.05% 
NP-40. The bound fractions were released by adding 40 µl loading buffer and boiling, followed by western blot for 
further analysis. 
(C) Western blot analysis of the in vitro pull-down assays as mentioned in (B). 
(D) Dissociation constant (Kd) values measured by microscale thermophoresis assay (MST).  
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(E) Turbidity changes of the full-length MeCP2 and RTT-related nonsense mutations with increasing protein 
concentrations. The phase separation was done by incubating proteins of various concentrations in a buffer 
containing 37.5 mM NaCl at room temperature for 45 min in a 384-well plate. The absorbance was measured at 
λ = 340 nm at room temperature. Absorbance was plotted as mean ± SD. 
(F) DIC images showing the phase separation properties of MeCP2 full length and truncations at different 
conditions. The in vitro phase separation assay at the conditions indicated was done by incubating at room 
temperature for 45 min. The DIC images were taken using the Nikon Eclipse TiE2 microscope. The boxed region 
was shown at higher magnification. Scale bar (green) = 5 µm; Scale bar (white) = 10 µm. 
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Figure 3.6 RTT-related nonsense mutations affect MeCP2 LLPS with unmethylated and methylated DNA. 
The synthesized DNA was labeled with DRAQ5. The in vitro phase separation assay at different conditions was 
done by incubation at room temperature for 45 min. Then, the mixtures were transferred to chambers made of 
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double-sided tapes and sealed with coverslips. The fluorescent and DIC images were taken using the Nikon 
Eclipse TiE2 microscope. MeCP2: 3 µM, NaCl: 150 mM, no PEG. 
(A) Fluorescent images of MeCP2 droplets in the presence of DRAQ5 labeled DNA with different concentrations 
and lengths. MeCP2 and DNA concentrations (conc.) are as mentioned. Representative images of the QRAQ5 
(Cy5) channel are shown. Scale bar = 10 µm.  
(B) Heatmap graphs showing the influence of mCpG on the LLPS properties of MeCP2 based on droplet size 
from (A). Droplets were segmented by a bandpass filter and thresholded based on the mean fluorescence 
intensities in/out droplets. Droplets with size > 0.1 µm2 were considered. The droplet parameters were measured 
and plotted. conc.: concentration. 
(C) Fluorescent images showing the phase properties of MeCP2 nonsense mutations in the presence of 
methylated DNA. 3000 bp DNA with various methylation levels was synthesized by replacing partially the dCTP 
with dmCTP during polymerase chain reaction (PCR). DNA methylation levels and concentrations (conc.) are as 
mentioned. Representative images of the QRAQ5 (Cy5) channel are shown. Scale bar = 10 µm.  
(D) Heatmap graphs showing the influence of mCpG on the LLPS properties of MeCP2 based on droplet size 
from (C). Droplets were segmented by a bandpass filter and thresholded based on the mean fluorescence 
intensities in/out droplets. Droplets with size > 0.1 µm2 were considered and droplet parameters were measured. 
conc.: concentration. Arrows indicate increased droplet size. 
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Figure 3.7 The influence of RTT-related nonsense mutations on MeCP2 driven chromatin organization 
and dynamics in vivo. 
(A) Schematic overview of the cell transfection, heterochromatin compartment segmentation, and FRAP assay. 
The C2C12 cells were transfected with plasmids expressing GFP-MeCP2 nonsense mutations (truncations 
(tru.)). 24 - 36 hours after transfection, the cells were either fixed to analyze the function of MeCP2 truncations on 
heterochromatin compartment size or applied for live-cell imaging and FRAP analysis. 
(B-C) Quantification of protein enrichment in heterochromatin compartments (B) and heterochromatin 
compartment size (C). The cells are analyzed using imageJ. The cell nuclei and heterochromatin compartments 
were identified by Auto Threshold based on the DAPI intensities (A). Cells were subgrouped by GFP intensities. 
The scatter plot represents the distribution of protein fold enrichment (B) and mean heterochromatin 
compartment area (C) per nucleus. Red dashed lines represent the fold enrichment of GFP fluorescence signals 
(B) and the mean heterochromatin compartment area (C) in C2C12 cells 36h after transfection with the plasmid 
expressing GFP only. Error bars correspond to standard deviation (SD). Significances were calculated by 
unpaired t-test comparing the middle and high expressing samples with low expressing samples as indicated by 
lines. ns P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.  
(D) Scatter graph with fitted linear regression illustrating the influence of actual protein concentrations inside 
heterochromatin compartments in heterochromatin compartment size. The mean heterochromatin compartment 
size per nuclei was plotted versus the mean fluorescent intensity of GFP-MeCP2 truncations within 
heterochromatin compartments per nuclei. 
(E) Mean FRAP curves in C2C12 cells expressing GFP-MeCP2 FL (full length) (n = 25), GFP-MeCP2 R168X (n 
= 16), GFP-MeCP2 R255X (n = 19), GFP-MeCP2 R294X (n = 29).  
(F-G) Fluorescence recovery t1/2 (F) and immobile fractions (G) of FRAP curve in (E). Data were given as mean 
± SD. Significances were calculated by unpaired t-test comparing the high expressing samples with low 
expressing samples as indicated by lines. ns P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.  
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Figure 3.8 AT-hook2 regulates the MeCP2 phase properties. 
The in vitro phase separation assay at the conditions indicated was done by incubating at room temperature for 
45 min. Then, the mixtures were transferred to chambers made of double-sided tapes and sealed with coverslips. 
The DIC and fluorescence images were taken using the Nikon Eclipse TiE2 microscope. 
(A) Top: schematic graph showing the distribution of three AT-hook-like motifs (red boxes) across the MeCP2 
coding sequence and two AT-hook 2 related nonsense mutations found in patients with Rett syndrome. Bottom: 
schematic graph showing the MeCP2 coding sequence lacking the AT-hook 2 region. 
(B) DIC images showing the phase separation properties of MeCP2 R270X, G273X and MeCP2∆AT-hook 2 at 
different conditions. Scale bar (green) = 5 µm; Scale bar (white) = 10 µm. 
(C) Fluorescent images showing the phase separation properties of MeCP2 R270X, G273X, MeCP2∆AT-hook 2, 
and full-length MeCP2 in the presence of DRAQ5 labeled 3000 bp DNA with different concentrations (conc.). 
Representative images of the QRAQ5 (Cy5) channel are shown. MeCP2: 3 µM, NaCl: 150 mM, no crowding 
agents. Scale bar = 10 µm.  
(D) Line graph showing the droplet size formed by MeCP2 R270X, G273X, MeCP2∆AT-hook 2, and full-length 
MeCP2 in the presence of DRAQ5 labeled 3000 bp DNA with different concentrations from (C). The droplets 
were segmented by a bandpass filter and threshold based on the mean fluorescence intensity in/out droplets. 
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Droplets with size > 0.1 µm2 were considered and droplet parameters were measured. ≥ 3 images were taken for 
each condition. The mean droplet area was plotted with mean ± SEM (standard error of the mean). 
(E) Fluorescent images showing the phase separation properties of MeCP2 R270X, G273X, MeCP2∆AT-hook 2, 
and full-length MeCP2 in the presence of DRAQ5 labeled 234 bp major satellite repeat (MajSat) with different 
concentrations (conc.). Representative images of the QRAQ5 (Cy5) channel are shown. MeCP2: 10 µM, NaCl: 
150 mM, 5% dextran T150. Scale bar = 10 µm.  
(F) Line graph showing the droplet size formed by MeCP2 R270X, G273X, MeCP2∆AT-hook 2, and full-length 
MeCP2 in the presence of DRAQ5 labeled 234 bp major satellite repeat (MajSat) with different concentrations 
(conc.) from (F). The droplets were segmented by a bandpass filter and threshold based on the mean 
fluorescence intensity in/out droplets. Droplets with size > 0.1 µm2 were considered and droplet parameters were 
measured. ≥ 3 images were taken for each condition. The mean droplet area was plotted with mean ± SEM 
(standard error of the mean). 

 

Figure 3.9 AT-hook 2 function in MeCP2 mediated heterochromatin organization and MeCP2 dynamics. 
The C2C12 cells were transfected with plasmids expressing MeCP2 R270X, G273X, MeCP2∆AT-hook 2, and 
full-length MeCP2. 24 - 36 hours after transfection, the cells were either fixed to analyze the function of MeCP2 
truncations on heterochromatin compartment size or applied for live-cell imaging and FRAP analysis. 
(A) Scatter graph with fitted linear regression illustrating the influence of actual protein concentrations inside 
heterochromatin compartments in heterochromatin compartment size in fixed cells. The cells are analyzed using 
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imageJ. The cell nuclei and heterochromatin compartment were identified by Auto Threshold based on the DAPI 
intensities and the heterochromatin compartment parameters were measured for quantitative analysis. The mean 
heterochromatin compartment size per nuclei was plotted versus the mean fluorescent intensity of GFP-MeCP2 
truncations within heterochromatin compartments per nuclei. 
(B) Mean FRAP curves in C2C12 cells expressing GFP-MeCP2 FL (full length) (n = 25), GFP-MeCP2 R168X (n 
= 16), GFP-MeCP2 R255X (n = 19), GFP-MeCP2 R294X (n = 29).  
(C-D) Fluorescence recovery t1/2 (C) and immobile fractions (D) of FRAP curve in (B). Data were given as mean 
± SD. Significances were calculated by unpaired t-test comparing the high expressing samples with low 
expressing samples as indicated by lines. ns, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001.  
 

 
Figure 3.10 Single-molecule dynamics of MeCP2 in different conditions in cellulo and in vitro. (in 
collaboration with Hector Romero, AG Cardoso) 

(A) Exemplary images of myoblast C2C12 cells with GFP-MeCP2 expression and the MeCP2 tracks. The pre-
bleached image corresponds to an image taken before photobleaching using a 488 nm laser. MajSat overview 
image corresponds to an image taken before photobleaching using a 561 nm laser to elucidate the 
heterochromatin compartments. MeCP2 tracks were obtained from movies after eliminating the bleaching frames. 
Scale bar = 2 µm. 
(B) Gaussian-mixture model comparison of MeCP2 populations and population fractions in different conditions in 
cellulo. 
(C) Scheme graph of LLPS and single-molecule tracking. 10 µM MeCP2 with 1% GFP-MeCP2 was induced for 
droplet formation at different conditions. Then the mixtures were then transferred to chambers made of double-
sided tapes and sealed with coverslips. Droplets were observed under the Nikon Eclipse Ti microscope equipped 
with oil immersion Nikon 100x Apo TIRF (1.49 NA objective and highly inclined laminar optical sheet illumination 
(HILO) (Tokunaga, Imamoto et al. 2008). Tracks and mobility populations were analyzed by TrackMate and 
SMTracker, separately. 
(D) Gaussian-mixture model comparison of MeCP2 populations and population fractions in different conditions in 
vitro. 
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Figure 3.11 Summary of factors and conditions affecting MeCP2 LLPS and diffusion properties leading to 
a model comparing minimal and cell systems. 
(A) Schematic chart depicting the conditions required for MeCP2 LLPS in vitro. MeCP2 is composed of the 
structured MBD domain, which is surrounded by the highly disordered amino acid sequences including the self-
interaction domain (amino acids 168 to 254). Purified MeCP2 molecules locally condense to form a liquid-like 
spherical phase (LLPS). Self-interaction drives the formation of liquid-like droplets. 
(B) Regulatory factors for MeCP2 LLPS and dynamics. The droplet size is positively regulated by protein, 
crowders, and unmethylated DNA concentration and negatively regulated by DNA methylation and salt 
concentration. MeCP2 mobility is reduced by increased concentration of protein, crowders, and methylated DNA. 
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7 Appendix 

7.1 Abbreviations 

A 
ApcMin              Adenomatous Polyposis coli Min  

AR               Aspect ratio  

AT               Adenine-thymine 

AT-hook           AT rich DNA binding motif with a predicted "hook" structure 

 

B 
BAZ2             Bromodomain adjacent to zinc finger domain protein 2 (BAZ2) 

BER              Base excision repair  

Bromo  Bromodomain 

 

C 
CBD             Chitin-binding domain 

CC              Coiled-coil domain  

CDK2AP1         Cyclin-Dependent Kinase 2 Associated Protein 1 

CHD             Chromodomain Helicase DNA Binding Protein  

ChIP-seq         Chromatin immunoprecipitation-sequencing 

CRC            Colorectal cancer  

CTCF            CCCTC-binding factor  

CTD             C-terminal domain  

CxxC Unmethylated-CpG-binding zinc finger 

 

D 
DAPI            4,6-Diamidine2-phenylindole dihydrochloride  

DC              Dendritic cells  

DDT  DNA binding domain 

DIC             Differential interference contrast  

DMEM           Dulbecco’s modified Eagle medium  

Dnmt            DNA methyltransferase  

DRG            Dorsal root ganglion  
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E 
ESC            Embryonic stem cell 

EST            Expressed sequence tag 

EtBr            Ethidium bromide  

 

F 
FAK            Focal adhesion kinase  

FCS            Fetal calf serum  

FRAP           Fluorescence recovery after photobleaching  

 

G 
G/R            Glycine/arginine 

GC             Gastric cancer  

Glycosylase DNA glycosylase function 

 

H 
H3K27me3       Histone 3 lysine 27 trimethylation 

H3K4ac         Histone H3 lysine 4 acetylation  

H3K36me3       Histone 3 lysine 36 trimethylation 

H3K9me3        Histone 3 lysine 9 trimethylation  

H4R3me2        Dimethylation of histone H4 at arginine 3 

HDAC           Histone deacetylase  

HDCC           Histone deacetylase core sub-complex  

HILO            Highly inclined laminar optical sheet illumination  

HP1            Heterochromatin protein  

5hmC           Hydroxymethyl-cytosine  

 

I 
ICM            Inner cell mass  

ID              Intervening domain  

IDR             Intrinsically disordered regions  

ITP             Primary immune thrombocytopenia  

 

K 
Kd              Dissociation constants  
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L 
LCR            Low complexity region  

LLPS           Liquid-liquid phase separation 

 

M 
MajSat          Major satellite repeat  

MAND          MBD5-associated neurodevelopmental disorder  

MBD           Methyl-CpG binding domain 

MBD1          Methyl-CpG binding domain protein 1 

MBD2          Methyl-CpG binding domain protein 2 

MBD3          Methyl-CpG binding domain protein 3 

MBD4          Methyl-CpG binding domain protein 4 

MBDs  MBD family proteins 

MBP           Methyl-CpG binding proteins  

5mC            5-methylcytosine  

MCAF          MBD1-containing chromatin-associated factor  

mCpG          Cytosine methylation at CpG dinucleotides 

MeCP2         Methyl-CpG binding protein 2 

MinFeret/ MaxFeret      Minimal/ Maximal Feret diameters (and  

MST           Microscale thermophoresis  

MTA           Metastasis Tumor-Associated  

MTase          DNA Methyltransferase  

 

N 
NA             Nucleosomal array  

NID            N-CoR/SMRT interacting domain  

NLS            Nuclear localization signal 

NSCLC         Non-small cell lung cancer 

NSPC          Neural stem/progenitor cell 

NTD            N-terminal domain  

NuRD           Nucleosome remodeling and histone deacetylase  

 

O 
ORN           Olfactory receptor neuron  

 

P 
P-W-W-P       Proline-tryptophan-tryptophan-proline  
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Pab1           Poly(A)-binding protein  

PBS           Phosphate buffered saline  

PCa           Prostate cancer  

PCR           Polymerase chain reaction  

PEG 8000       Polyethylene Glycol 8000 

pI              Iso-electric point  

PPPS          Polymer-polymer phase separation 

P rich Proline rich domain 

PRMT          Protein arginine methyltransferase 

PTM           Post-translational modifications  

 

R 
RBBP          Retinoblastoma Binding Protein  

RHA           RNA helicase A 

RT             Room temperature 

RTT           RETT syndrome 

 

S 
SETDB1        SET domain bifurcated histone lysine methyltransferase 1 

Sin3a          SIN3 transcription regulator 

 

T 
t1/2            Half recovery time 

TAD           Topologically associating domains  

Tet            Ten-eleven translocation methylcytosine dioxygenase 

Th             T helper 

TRD           Transcriptional repression domain 

TSS           Translational start site 

Tud  Tudor domain 

 

U 
U             Uracil  

UL            Uterine leiomyoma 

 

S 
α-Syn          α-Synuclein 

SET  Suvar3-9, Enhancer-of-zeste, Trithorax domain  
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