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ABSTRACT  
 
Heterochromatin (HC) tethering at the nuclear lamina (NL) is observed in almost every cell, 

and mutations in tethering proteins lead to a variety of diseases called laminopathies that have 

been the subject of intense study. Nonetheless, the importance of HC tethering for genome 

regulation and/or other cellular functions is not fully understood. Unlike most cells, murine 

rod photoreceptors have an inverted organization, in which euchromatin (EC) is localized to 

the nuclear periphery, and HC is untethered. Using rods as a model system devoid of any 

tethering proteins, two players were identified as crucial in HC tethering. The lamin B receptor 

(Lbr) is sufficient for HC tethering and is expressed during development, but Lbr levels decline 

upon rod photoreceptor differentiation. A second tether is the intermediate filament lamin A 

(LA), which is not normally expressed in murine rods. In my first published data chapter, I 

found that LA ectopically upregulates and reorganizes the genome during rod degeneration. 

Using ATAC-seq to examine genome accessibility, we showed that LA and Lbr tethering 

proteins both lead to marked increases in genome accessibility at regions associated with 

stress-responsive genes. However scRNA-seq on LA- and Lbr-expressing rods revealed 

relatively minor stress-responsive gene transcription. Together, our data reveal that HC tethers 

have a global effect on genome accessibility and suggest that HC tethering primes the 

photoreceptor genome to respond to stress.  

In my next data chapter, I performed experiments designed to understand why LA upregulates 

during degeneration. Along with Jasmine Levesque , we found that in the rd1 model of retinitis 

pigmentosa, LA upregulation correlates with markers of DNA damage. Moreover, functional 

manipulations suggest that LA upregulation promotes rod photoreceptor survival. Together, 

these data imply that LA may upregulate as an adaptive response to DNA damage. 
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Next, to better understand the logic of HC tethering, I performed experiments designed to 

elucidate the tethering mechanism. I performed a structure/function study of LA-dependent 

HC tethering. More than 400 different LMNA gene mutations are associated with laminopathic 

disease. Studies have previously linked mutations to reduction of HC, abnormal nuclear 

morphology and DNA damage, but most experiments have been performed in conventionally 

organized cell types – many of which express wild-type LA/C and Lbr. It has therefore been 

difficult to determine whether genome disorganization is directly caused by specific LA 

mutations, or is a consequence of other pathological mechanisms. I expressed a panel of mutant 

LA constructs in rod photoreceptors to determine how mutations affect tethering competence. 

I identified protein domains necessary for HC tethering within the LA C-terminus and IG-fold 

domain. Moreover, progeroid and non-progeroid laminopathic disease mutations exhibited a 

complete loss of tethering competence. However, defarnesylating these laminopathic mutants 

partially restored HC tethering. My results suggest that the LA C-terminus is necessary and 

sufficient for HC tethering, in part, due to the requirement for C-terminal processing.  

In my final data chapter, since LA does not have an obvious chromatin binding domain, we 

evaluated the hypothesis that partner proteins act as a bridge between chromatin and LA. Using 

rod photoreceptors as a model for tethering sufficiency, I ectopically expressed a set of LA-

interacting proteins. However, my results suggest that these partner proteins could not act in 

trans to restore tethering to versions of LA that were tethering-incompetent. Together with 

proteomic experiments profiling LA and molecular modelling, our results suggest that LA does 

not depend on known partner proteins to interact with HC, but interacts directly with 

nucleosomes. Our findings might impact the field of human disease genomics and provide 

insight into mechanisms regulating genome organization. 
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Chapter 1. Introduction

1.1. Higher order genome architecture  

The genetic material of every cell is hierarchically organized. Different levels of three-

dimensional (3D) DNA organization in the nucleus contribute to gene regulation. The 

hierarchical structure of the genome is necessary for allowing cell-type specific gene 

expression programs to play out at the right point in development, and to regulate various 

physiological processes. Therefore, higher order genome organization is crucial for different 

biological functions, and its impairment can lead to deregulation of gene expression.  

The building blocks of chromatin are called nucleosomes. Each nucleosome consists of a core 

histone protein octamer, made of H3-H4 histone tetramer and two H2A-H2B histone 

heterodimers, encircled by 146 base pairs (bp) of DNA. 

 

Figure 1.1. Nucleosomes – basic units of chromatin. 
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DNA (dark blue) encircles the nucleosome. Nucleosome (light blue) compaction forms the 

chromatin fiber. 

 

Negatively charged DNA and highly basic histones form a stable complex with five- to ten-

fold compaction. The amino-terminal histone tails are susceptible to post-translational 

modifications which regulate chromatin accessibility and ultimately gene expression. For 

example, acetylation and phosphorylation lower the charge of the histone core and loosen its 

association with DNA, enabling transcriptional factors (TFs) to regulate gene transcription 1,2,3 

(Figure 1.1). In a similar manner, the methylation or monoubiquitination of some tail residues 

strengthens the nucleosome contacts and promotes compaction of chromatin. Alternatively, 

nucleosomes can be evicted or slid by ATP-dependent nucleosome remodelers4. Between each 

nucleosome is a 10-80 bp linker DNA. H1 linker histones can be recruited to the linker DNA 

and support further folding of the chromatin fiber5 with a diameter of 5–24 nm and a fifty-fold 

compaction that suppresses gene expression6. 

The chromatin fiber also self-interacts to form chromatin loops, which mediate short to 

medium range interactions between promoters and enhancers7 . At the largest scale, self-

interacting genomic regions associate into topologically associating domains (TADs) ranging 

to several hundred kilobases (kb) in size, as detected by Hi-C8. TADs form through an ATP-

dependent loop extrusion mechanism driven by cohesin9, defined at the boundaries by the 

architectural chromatin protein CTCF10. Finally, major units of the genome are chromosomes. 

During interphase, decondensed chromosomes occupy specific territories within the nucleus11 

(Figure 1.2).  
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Figure 1.2. The organization of the eukaryotic genome. 

Chromatin fiber folds into topologically associating domains (TADs). The DNA of each 

chromosome occupies a distinct chromosome territory (different colors). 

 

1.2. Functional units of chromatin organization 

The logic of genome regulation may be determined to a large extent by the intricate spatial 

organization of chromatin within the nucleus. Chromatin types tend to be segregated into 

different compartments; gene poor condensed heterochromatin (HC), and gene rich 

decondensed euchromatin (EC)12 . EC is characterized mostly by histone acetylation (eg. 

H3K9ac, H3K14ac, H3K27ac) which loosens the association between the nucleosome and the 

DNA. Some types of histone methylation can also be euchromatic (eg. H3K4me3, 

H3K36me3) 13 . HC is further classified into stable constitutive HC (cHC), enriched in 

centromeres and telomeres14, and facultative HC (fHC) that is able to decondense in response 
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to developmental or environmental signals15. cHC is typically demarcated by the presence of 

H3K9me3, a histone modification deposited by the histone methyltransferase (HMT) 

Suppressor of variegation 3–9 homologue (Suv39h), and H3K9me2 deposited by G9A (also 

known as euchromatic histone‐lysine N‐methyltransferase 2; EHMT2) and G9A-like protein 

(GLP; also known as EHMT1) in mammals16,17. Methylation of H3K9 provides the foundation 

for association with the heterochromatin protein HP1 in mammals18,19,20. fHC is marked by the 

presence of the H3K27me3, deposited by Polycomb repressive complex 2 (PRC2)21.  

Further insight into compartmentalization of the genome was provided by using chromosome 

conformation capture techniques such as Hi-C, which enabled researchers to get a glimpse into 

chromosomal looping configurations and TAD structures. It was noted that chromosomes 

additionally organize in A and B compartments, which correlate with high and low 

transcriptional activity, respectively22.  

 

1.3. Nuclear lamina 

A driving force for chromatin segregation is homotypic association between heterochromatic 

domains, facilitated by binding to scaffolding structures like the nucleolus and the nuclear 

lamina (NL)23. In most cell types, transcriptionally inactive genes tend to locate at the nuclear 

periphery, and active genes mostly reside in the nuclear interior24. The nuclear envelope (NE) 

is a system that consists of an inner nuclear membrane (INM) and an outer nuclear membrane 

(ONM). The inner and outer nuclear membrane represent a boundary between the nucleus and 

the cytoplasm in eukaryotic cells. The nucleus of most metazoans contains NL, a network of 
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intermediate filament proteins called lamins as well as their partner proteins, that are located 

beneath the INM (Figure 1.3.)  

 

Figure 1.3. Nuclear envelope membrane system and the nuclear lamina. 

Nuclear envelope is a system made of inner and outer nuclear membrane. The nuclear lamina, 

which consists of the lamin intermediate filament proteins and associated inner nuclear 

membrane proteins, is located on the interior of the inner nuclear membrane. 

 

1.3.1. Lamina associated domains 

The identification of genomic regions associated with the NL was made possible via the 

development of the DNA adenine methyltransferase identification (DamID) technique using 

lamin B1 (LB1)25. Lamina associated domains (LADs) have been shown to be dynamically 



6 
 

reorganized in response to developmental changes in gene regulation, and are newly 

established in every cell after fertilization25. LADs have a characteristic genomic signature, 

consisting of gene poor regions, that tend to be rich in repetitive elements, A/T content, 

H3K9me2/3 and H2K27me3 histone modifications26 (Figure 1.4). 35–40% of the mammalian 

genome is bound to the NL in LADs27. In terms of gene regulation, research shows that the 

NL actively promotes the compaction and repression of chromatin in LADs28,29.  

 

Figure 1.4. Lamina associated domains. 

Lamina associated domains are gene poor regions, rich in the repressive histone modifications 

H3K9me2/3 and H2K27me3. Euchromatin is rich in acetylated histones. 

 

However, heterochromatic repression can be achieved without the NL23. LADs which show 

stability and consistency within different cell types are called constitutive LADs (cLADs), 

while LADs which are present in specific types of cells are called facultative LADs 
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(fLADs)30,31. Single-cell DamID has shown that contacts with the NL involve continuous 

stretches of chromatin up to several Mb in length32. Although H3K9me3 is associated with 

cHC, H3K9me2 is the mark most associated with LADs and required for nuclear peripheral 

localization of chromatin33,34. The fHC mark H3K27me3 is also enriched at LAD boundaries 

of some cell types35.  

1.3.2. Lamin structure  

In vertebrates, lamins are classified as A or B type. The A-type lamins, lamins A (LA) and C 

(LC) are alternative splice forms transcribed from the LMNA gene and are expressed in most 

differentiated cells36 (Figure 1.5). B-type lamins, lamin B1 (LB1) and lamin B2 (LB2) are 

encoded by LMNB1 and LMNB2 genes, respectively, and ubiquitously expressed (Figure 1.5). 

Thus, A- and B-type lamins display unique expression patterns and have different assembly 

properties, suggesting they have independent functions37,38.  

Based on sequence homology, nuclear lamins are classified as type V intermediate filament 

proteins39. Lamins consist of a central coiled coil rod domain composed of four α-helical 

subdomains (coils 1A, 1B, 2A, 2B) that are separated by flexible linker regions. The rod 

domain is flanked by an N-terminal head domain and a C-terminal tail domain containing 

lamin-specific motifs. The C-terminal domain includes a nuclear localization signal (NLS), an 

immunoglobulin IG-fold, and a C-terminal CaaX (C, cysteine; a, aliphatic amino acid; X, any 

amino acid) that is present in lamins A, B1, and B2, but not LC39 (Figure 1.5). The rod domain 

contains highly conserved elements that are essential for lamin filament assembly40,41. The IG-

fold domain is known as an interaction hub that serves as an anchor site for numerous partner 

proteins42,43. 
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Figure 1.5. Lamin domain organization and protein structure.  

Nuclear lamins are characterized by an N-terminal head domain; a central coiled coil rod 

domain (α-helical coils 1A, 1B, 2A, and 2B) with flexible linker regions (L1, L12, L2), a C-

terminal tail domain with the globular immunoglobulin (IG)-fold, and a CAAX box, which 

undergoes farnesylation in lamin A, and lamin B1/B2. 

 

1.3.3. Lamin sequence homology 

Lamins are highly conserved. All invertebrate lamins show the same overall sequence 

organization typical for vertebrate lamins and resemble the B-type lamins in terms of overall 

protein size. The LA sequences of mammalian species are very similar, with 97–98% 

homology between mouse, dog, pig, and human 44 . Lamins B1 and B2 are also highly 

homologous, with human and mouse LB1 sharing 95.92% amino acid homology, LB2 sharing 

81.51% homology, LA sharing 96.40% homology, and LC sharing 97.21% homology. Human 

LA and LB1 exhibit high sequence homology, as they share 62% sequences in short coil 2 

(rod), and 51% in globular IG-fold (tail) domain45, with overall 56.70% homology (Figure 
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1.6). However, the structure of LA differs from all other lamins, since the LA C-terminal tail 

domain is longer than that of the B-type lamins, and is divergent at the level of the amino acid 

sequence (Figure 1.6). These extra amino acid residues are encoded by a single exon. 

Figure 1.6. Alignment between human B- and A-type lamins. Multiple sequence alignment 

of the human lamin B1, lamin B2, lamin A, lamin C. Highly conserved amino acids are shown 

in red, less conserved in blue.  

 

The first 566 or 568 residues of two main somatic isoforms LA and LC are identical in human 

and mice, respectively46 and have identical sequences at the N-terminal head, rod and C-

terminal IG-fold domains. LC has six unique C-terminal residues (567 – 572), whereas LA has 

a unique extended tail domain (567 – 664) that undergoes four post-translational modification 
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steps to achieve its final mature length of 646 or 647 residues, in humans and mice, 

respectively47.  

1.3.4. Post-translational modifications of lamins 

Lamins undergo post-translational modifications (PTMs) via phosphorylation, farnesylation, 

myristoylation, ubiquitination, acetylation, sumoylation and proteolytic cleavage48.  

Lamins generally share a C-terminal CaaX motif, where “C” represents Cysteine, “aa” are two 

aliphatic amino acids and “X” is some other terminal amino acid49. Each group of lamins has 

different amino acids in the C-terminal tail sequence (e.g. CSIM, CAIM and CYLM in human 

LA, LB1 and LB2, respectively). LA also has a signal RSYLLG for proteolytic cleavage by 

protease ZMPSTE24 (Face1), which also cleaves off the terminal aaX sequence after fatty acid 

modification50. The C-terminus of lamins A, B1, and B2, but not LC, contains this C-terminal 

CaaX motif.  

Post-translational modifications of A- and B-type lamins starts with the addition of the farnesyl 

(isoprenyl) group to the C-terminal CaaX Cysteine residue51. The farnesyl group is extremely 

hydrophobic and supports interactions with the lipid inner nuclear membrane. The zinc 

metalloprotease ZMPSTE24 and the endopeptidase Rce1 recognize the Cysteine farnesyl 

group and proteolytically remove -aaX from prelamin A and LB, respectively. The 

farnesylated Cysteine therefore remains exposed and is then methylated by isoprenyl 

carboxymethyltransferase. Finally, ZMPSTE24 again cleaves prelamin A at Leucine 647 to 

produce mature LA with only 646 residues (Figure 1.7A). Therefore, the C-terminal 

farnesylation is ultimately removed from mature LA protein. Although they share the 

polymerization mechanism with A-type lamins (Figure 1.7B), B-type lamins remain 
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permanently farnesylated (Figure 1.7C), and thus, they are anchored at the inner nuclear 

membrane52 (Figure 1.7D). Although primarily located at the NL, A-type lamins have been 

found to localize to the nucleoplasm53,54. A-type lamins are  thus more dynamic than B-type 

lamins53.  

 

Figure 1.7. Schematic model of lamin polymers and processing. 

A. Prelamin A goes through several post-translational modifications before becoming mature 

lamin A. Farnesylation of the Lamin A C-terminal Cysteine is necessary for recognition by 
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ZMPSTE24 zinc metallopeptidase which catalyzes its cleavage at Leucine 647. Mature lamin 

A is defarnesylated and can freely interact with chromatin within the nucleus. 

B. Lamin A and B monomers associate in a head-to-head fashion into parallel dimers, mainly 

through the α-helical rod coiled coil domain. Dimers associate in a head-to-tail fashion into 

polymers. Lamin polymers associate in an anti-parallel manner into lamin protofilaments. 

Protofilaments associate laterally into a lamin intermediate filament. 

C. B-type lamins remain permanently farnesylated at the C-terminal tail. 

D. B-type lamins are anchored at the inner nuclear membrane through a hydrophobic farnesyl 

group, while A-type lamins are located interior to B-type lamins.  

 

1.3.5. Polymerization of lamins 

A- and B-type lamins polymerize to form the NL in interphase cells. Previous super-resolution 

microscopy studies indicated that A- and B- type lamins form separate intermediate filament 

networks which interact with each other55,56,57. Consequently, the loss of one lamin isoform 

can impact the structural organization of the other isoform filamentous network. For example, 

the loss of either LA/C or LB1 in mouse embryonic fibroblasts (MEFs) changed the structural 

organization of the remaining NL filaments. Loss of LB2 had minimal effect on the structure 

of the remaining lamin filaments in the NL network53. 

The first phase of lamin polymerization begins with parallel joining of two lamin monomers 

through their α-helical rod domain, which is abundant in hydrophobic and charged residues. It 

was previously shown that prelamin A, LA, LB1 and LC are able to associate into homo- and 

hetero-dimers in vitro58,59. Lamin dimers form a polymer through head-to-tail association 

between highly conserved rod domain segments60. Interestingly, the amino-terminal head, the 

shortest lamin domain, is essential for the head-to-tail polymerization in vitro and for 
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intermediate filament formation in vivo61. Lamin polymers join in an anti-parallel manner into 

a lamin protofilament (Figure 1.8B). Interestingly, lamins are the most bendable of all known 

intracellular filament systems57,62. Typically, A-type lamins are positioned on the interior of 

the B-type lamin network63 (Figure 1.7D). 

1.3.6. Lamin interacting proteins 

Besides the A- and B-type lamins, the NL is formed through the interlinking of lamins with 

many structurally and functionally distinct inner nuclear membrane proteins, including the 

Linker of Nucleoskeleton and Cytoskeleton (LINC) complex, Lamin B Receptor (Lbr), LAP2 

(thymopoietin or lamina-associated polypeptide 2), emerin, LEMD2 (NET25), MAN1 

(LEMD3), and many others64,65 (Figure 1.8). By using different proteomics-based studies, 

researchers have discovered more than thirty direct, and up to a hundred indirect partners of 

lamins and other lamina proteins64,65. 

LBR - a nuclear multipass transmembrane protein, is an essential molecular tether for HC at 

the NE66. Studies have characterized LBR’s67 mechanism of binding peripheral H3K9me2/3 

HC through HP1, and direct interaction with the H4K20me3 histone modification 68 . 

Specifically, the nucleoplasmic N-terminal chromatin-binding Tudor domain of LBR, 

associates with the B-type lamins and HP1 chromatin proteins69, while the C-terminal domain, 

domain, which is localized in between the inner and outer nuclear membrane, functions as a 

sterol C14 reductase, making LBR one of the major proteins required for cholesterol synthesis 

in human cells70. 
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Figure 1.8. Inner nuclear membrane proteins. 

Inner nuclear membrane proteins, TMPO (LAP2α), Emerin, LEMD and LBR, interact directly 

with the nuclear lamins. Emerin, TMPO (LAP2α), LEMD2 and LEMD3 contain a LEM 

domain which interacts with BAF (barrier-to-autointegration factor), a chromatin-binding 

protein. The nuclear lamina forms a network underneath the inner nuclear membrane, where 

A- type lamins (pink) are positioned interior to B-type lamins (blue) and form separate, 

filamentous networks. 

 

This enzymatic activity is also very important for controlling the size of the endoplasmic 

reticulum, which is contiguous with the ONM71. Solovei et al. identified LBR as one of the 

key players in genome organization, sufficient for tethering of the HC to the NL. The absence 

of both LBR and LA/C led to loss of peripheral HC66. B-type lamins seem to be dispensable 

for HC tethering since absence of LB1 and LB2 in murine cells doesn’t affect HC distribution 
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at the nuclear periphery72, and because cells can lack HC tethering despite expressing B-type 

lamins.  

The molecular mechanism of LA/C tethering is still not elucidated. A variety of studies have 

shown that lamins can bind DNA in vitro 73,74,75, but these studies show that A and B -type 

lamins bind DNA with equivalent affinity, suggesting that these results may not relate to in 

vivo HC tethering. Interestingly, LA/C was found to be required for HC tethering in some 

tissues by Solovei, et al. using mouse knockouts66. However, Solovei et al. transgenically 

expressed LC in mouse rods but found that it was not sufficient for HC tethering, suggesting 

that LA/C needs a mediator for HC binding66. Unlike Lbr, lamins do not encode a conventional 

DNA or chromatin binding domain. However, a number of interacting partners have been 

proposed to bridge chromatin to the lamina cytoskeleton. Thus, an adapter protein may be 

required for LA/C-mediated HC tethering in rods. Below, we review the leading candidates. 

LEMD proteins (emerin, LAP2, LEMD2, LEMD3) are integral membrane proteins at the inner 

nuclear membrane. They are known to bind lamins and the DNA-bridging protein BAF 

(Banf1) through the LEM domain76,77,78.  The structural inter-dependence of lamins, LEM-

domain proteins and BAF was revealed by downregulating each of the complex components 

in C. elegans. If any component was missing, the other two couldn’t properly assemble79,80
. 

However, C. elegans encodes only a single lamin. The Lmn-1 gene  appears to be most 

homologous to B-type lamins80, suggesting that these results may not reflect how these 

proteins assemble with LA/C.  A variety of LEMD adapters, which are potential candidates for 

LA/C and HC interaction, were tested by Solovei in detail66.  Solovei et al. reported that the 

absence of LA/C is correlated with the lack of LEMD proteins (emerin, LEMD2, LEMD3) in 

different tissues66. This, along with a reported insufficiency of transgenic LC to reverse the 
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nuclear inversion66, suggested that LA/C might bind HC indirectly through LEMD adapter 

proteins. However, studies in rod photoreceptors suggest that LEMD proteins are not sufficient 

for HC tethering – both individually and when co-expressed with LC66,81.  

There are other potential  candidates that could function as intermediates between LA and HC. 

Like Lbr, rods express low levels of BAF, PRR14 and RBBP4.  

BAF is a small (89 amino acid) chromatin protein that localizes to the nucleus, at the NE and 

in the cytoplasm. BAF dimerizes and binds to LEMD proteins and the IG-fold domain of 

LA/C82, while each individual subunit can bind dsDNA83. It was shown that without LA, BAF 

remains in the cytoplasm, and LA accumulation induces BAF nuclear translocation84.  

Interestingly, PRR14 is a nucleocytoplasmic protein that simultaneously binds HC and the NL. 

It contains a NL targeting domain and a domain that binds HP1α, which is known to bind 

H3K9me2/3. PRR14 requires LA/C for its localization at the NL. Depletion of PRR14 causes 

a wrinkled NL morphology and partial loss of H3K9me3 at the nuclear periphery85.  

Finally, retinoblastoma-binding protein 4 (RBBP4) is a protein crucial for  chromatin 

remodeling and transcriptional regulation 86 , 87 . RBBP4 is a member of H3K27 

methyltransferase polycomb repressive complex PRC2 and has additionally been reported to 

interact with the histone acetyltransferase activator p300/CREB 88 . The Nucleosome 

Remodeling and Deacetylase complex (NuRD) contains RBBP4 and its homolog RBBP789 ,90. 

Based on data that is available, it is ultimately unclear which candidate, if any, would be the 

key one for tethering HC.  

In summary, a large number of chromatin-binding proteins have been shown to interact with 

LA/C, and these proteins are excellent candidates that could be required for lamin -dependent 
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HC tethering. However, the Misteli lab recently showed that a domain spanning the IG-fold 

and C-terminus of LA could bind directly to histone H3 in vitro, and exhibited a preference 

for certain heterochromatic modifications including H3K9me291. Intriguingly, the equivalent 

domain within LC was incapable of interacting with histones. These data suggest that LA 

might specifically and directly bind to heterochromatic nucleosomes, but this model had not 

previously been tested in an intact cellular system. 

 

1.4. Multifunctionality of lamins 

Lamins are highly multifunctional proteins that play roles in nuclear assembly, nucleo-

cytoskeletal coupling, nuclear stability, nuclear migration, chromatin organization, gene 

silencing, DNA replication, transcriptional regulation and DNA damage repair78,54 92 , 93 . 

Traditionally, genetics has been a key method with which to study protein function in living 

cells. However, most of the LMNA mutations observed in humans are heterozygous94, meaning 

that cells express wild-type LA (and/or LC) along with the mutated protein. This enables a 

compensation for the mutated allele, which makes it challenging to understand how LMNA 

mutations affect HC tethering. It has therefore been difficult to determine the exact role of LA 

in genome organization and pathological mechanisms of disease. Knockout and conditional 

knockout models have provided a way around this conundrum, but functional redundancy with 

LBR and other lamina proteins nonetheless make it complicated to dissect the contributions of 

individual lamin genes to HC tethering and other cellular functions. It is important to 

emphasize that it remains unclear that all tethers of HC have been identified to-date. In certain 

cell types, proteins other than lamins and LBR might be sufficient to tether HC, perhaps 

providing additional layers of functional compensation. 
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1.4.1. Developmental and tissue-specific expression of Lamin A  

All mammalian cells express at least one B-type lamin throughout development, while high 

levels of LB1 and LB2 are found in embryonic stem cells (ESCs). LBR is important in dividing 

stem and progenitor cells95,96. By contrast, A-type lamins are absent from embryonic cells, and 

are usually expressed only after cells commit to a differentiation program. A-type lamin 

expression is not essential for murine development as mice that lack LA/C appear to be normal 

at birth. This might be due to functional compensation since LBR is often expressed in cells 

that lack LA/C66. However, LMNA absence leads to postnatal death in knockout mice97. In 

humans, complete loss of LMNA may lead to preterm lethality98.  

Interestingly, besides developmental regulation, LA/C expression has a cell-type-specific 

dimension. For example, in neurons of the central nervous system (CNS), the translation of 

LA, but not LC, is prevented by the microRNA miR-999. However, B-type lamins are required 

for normal development of the CNS100,101.   

1.4.2. Lamin A/C and DNA damage response 

LA has both direct and indirect influences on the regulation of DNA damage response (DDR). 

The ATM, ATR and DNA-PK kinases are main regulators of DNA repair pathway, and they 

directly detect broken DNA ends. The DNA repair pathway starts with ATM phosphorylation 

of H2A.X Ser-139 residue as an initial response to a DNA break, amplifying the DNA damage 

response signaling102.  

One of the key proteins in chromatin based DNA damage response cascade is 53BP1, which 

is crucial in regulating the balance between DNA repair pathways103,104, and promoting the 

local enrichment of proteins required for non-homologous end joining104. LA/C binds 53BP1, 
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protecting it from degradation and maintaining its availability for rapid recruitment during 

DNA repair105.  There is a significant decrease in 53BP1 levels at radiation-induced DNA 

breaks in LA/C deficient cells106. LA is also involved in SIRT6-dependent recruitment of the 

DNA-PK catalytic subunit to chromatin in response to DNA damage, additionally enhancing 

SIRT6 deacetylase activity107. LA/C was shown to bind RAD51, another regulator of the DNA 

damage response, protecting it from degradation108. 

After irradiation, DNA repair in EC proceeds faster than DNA repair in HC, which follows 

later. Heterochromatic ATM –dependent DDR is activated through phosphorylation of KAP-

1 (KRAB-associated protein 1), which was shown to be critical for the 53BP1-associated DNA 

damage response 109 . Interestingly, DNA double-strand break repair is inefficient in rod 

photoreceptors, which correlates with low level of KAP1 expression and phosphorylation, as 

well as LA/C absence110,111.  

Lmna-null fibroblasts have a marked increase of chromosome breaks with γ-H2AX foci, which 

are signs of unrepaired DNA112,113. Increased DNA damage during aging can coincide with 

loss of LA/C114,115 and accumulation of progerin, a mis-spliced mutant version of  LA missing 

50 C-terminal amino acid residues. Accordingly, LA increase in centenarian cells favored 

recruitment of DNA repair machinery116.  

PARP1 is a protein with a role in non-homologous end joining, homologous recombination 

and base excision repair pathways. As a response to DNA breaks, PARP1 covalently attaches 

adenosine di-phosphate (ADP)-ribose chains to itself and other proteins, which signals the 

recruitment of DNA repair proteins117. LA/C interactor SIRT6 activates PARP1 as part of the 

DNA damage response107. Overall, evidence for LA/C involvement in DNA damage repair 
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remains compelling, although whether LA/C modifies DNA repair by scaffolding chromatin 

and repair proteins together remains less clear.

1.4.3. Role of lamins in chromatin organization and gene regulation 

In addition to acting as a mechanical support for the nucleus, the NL serves as an anchor for 

HC. Tethering of HC to the NL plays a crucial role in establishing interphase chromosome 

topology and the overall genome spatial organization, which is known to contribute to nuclear 

stiffness118. It is reported that chromatin by itself can provide a resistance force  to prevent 

deformation119,120,121,122,123, while lamins can resist more extensive nuclear deformations110,124.  

The specific contribution of each lamin isoform to LAD organization is still unclear. Different 

DamID studies suggest that LB1, LB2 and LA can interact with the same LADs, however, 

with different frequency125. In contrast, it is possible that certain LAD regions are uniquely 

associated with LA/C or LB1126.  

Depletion of all lamins in Drosophila28 or mammals29 alters the state of chromatin organization 

and affects gene activation or repression patterns. When lamins are absent in Drosophila cell 

lines, HC tethering is reduced28. However, Lbr expression in those cell lines is persistent, thus 

the role of lamins in HC tethering mechanism in this study is not clarified. In murine embryonic 

stem cells, absence of lamins produces a partial loss of LADs29, similarly to what is reported 

in cells where LA/C is mutated127,128. The loss of lamins in Drosophila28 is not only associated 

with the reduction of HC tethering at the nuclear periphery, but also repositioning to the 

nuclear interior and condensation28. This might suggest that HC tethering at the NL anchors 

the HC, and simultaneously promotes stretching of the chromosomes in the nuclear interior. 

Additionally, artificial tethering of the internal genome regions to the nuclear periphery led to 

their repression129,130. Although the absence of A-type lamins in differentiated cells was proved 
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to be sufficient to disrupt peripheral HC organization, despite the presence of B-type lamins66, 

some studies have reported that B-type lamins131 and even LC132 are required to maintain 

LADs  and tether HC. Given all the research on this topic, the molecular mechanisms by which 

chromatin interacts with the nuclear periphery are still poorly understood.  

 

1.5. Lamina-related diseases 

Discovered in 1994, the EMD gene that codes for LEM domain protein emerin, was the first 

to be associated with a laminopathic disease, namely X-linked Emery-Dreifuss Muscular 

Dystrophy (EDMD)133. Over the few decades, mutations in other genes encoding proteins of 

the inner/outer nuclear membrane or the NL were found to be responsible for several diseases 

collectively called nuclear envelopathies. Most of envelopathies are caused by mutations in 

LMNA and are called primary laminopathies, with diverse clinical phenotypes and overlapping 

symptoms, ranging from cardiac and skeletal myopathies to lipodystrophy, peripheral 

neuropathy, and premature aging or Hutchinson-Gilford progeria syndrome (HGPS)134. More 

than 400 mutations in LMNA have been identified as causative of diseases135. The secondary 

laminopathies are caused by mutations in the gene encoding the enzyme ZMPSTE24, which 

results in an incomplete post-translational processing of prelamin A136. Surprisingly, most 

laminopathies are tissue-specific, affecting the skeletal muscle, heart, peripheral nerves, 

bone(s) or adipose tissue, although lamins are ubiquitously expressed137. LMNA mutations in 

a single residue can result in different diseases, affecting different tissues138. This may suggest 

that specific LA mutations could be responsible for disrupted interactions between tissue-

specific transcription factors64. This is specifically true for transcription factors Oct1139 and 
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SREBP1 140 , which are important regulators of adipogenesis, cholesterol and fatty acid 

synthesis. 

 

Figure 1.9. The structure of the human LMNA gene. Various mutations identified correlate 

to pathologies that cause progeroid syndromes (blue, red) and/or segmental diseases affecting 

connective tissues (green, yellow). MAD, mandibualoacral dysplasia. APS, atypical progeroid 

syndrome. A-WS, atypical Werner syndrome. HGPS, Hutchinson–Gilford progeria syndrome. 

EDMD, Emery–Dreifuss muscular dystrophy. DCM, dilated cardiomyopathy. EDMD2 

(LGMD1B), AR-CMT2A, Autosomal recessive Charcot-Marie-Tooth disease type 2A, Limb-

girdle muscular dystrophy 1B. FPLD2, Dunnigan familial partial lipodystrophy 2141. 

 

These are processes impaired in lipodystrophy and many other lamin-linked diseases. LMNA 

has 12 exons encoding 664 amino acids (Figure 1.9). The first 10 exons, encoding 566 amino 

acids of LA/C, are identical in LC and prelamin A, the precursor to mature LA. 
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Duplication of the LMNB1 gene is associated with autosomal dominant leukodystrophy 

associated with demyelination of neurons, while mutations in LMNB2 gene produce an 

acquired partial lipodystrophy disease phenotype142. 

Genetic mutations in LBR are also linked to Pelger-Huet anomaly and Greenberg skeletal 

dysplasia, which share common problems in cholesterol biosynthesis due to loss of LBR sterol 

C14 reductase activity. Pelger-Huet anomaly is a benign autosomal dominant laminopathic 

blood disorder, characterized by distorted nuclear organization of white blood cells 

(neutrophils and eosinophils). In contrast, Greenberg dysplasia is a lethal, autosomal recessive, 

prenatal bone disorder143. Taken together, these disorders point to the potential importance of 

HC tethering, but the multi-functional roles of lamina genes leave open the possibility that 

disease pathology is primarily driven by other cellular mechanisms. 

1.5.1. Lamin A in premature and normal aging  

Progeroid laminopathies may arise due to mutations in different genes. Progeroid syndromes 

caused by LMNA mutations include HGPS, Atypical Progeria Syndrome (APS), type A 

Mandibuloacral Dysplasia (MADA), Atypical-Werner’s Syndrome (A-WS) and Restrictive 

dermopathy (RD)144. HGPS, A-WS, RD and APS are mostly associated with heterozygous 

dominant LMNA mutations145, while MADA is characterized by recessive LMNA mutations146. 

Type B Mandibuloacral Dysplasia (MADB) is a consequence of heterozygous and 

homozygous ZMPSTE24 mutations147. Diseases with a MAD phenotype are usually associated 

with LMNA mutations which abrogate the ZMPSTE24 cleavage site 148 . Complete loss 

of ZMPSTE24 gene function due to homozygous mutation cause a severe developmental 

disease which results in perinatal death (RD)149,150. Interestingly, there are several additional 

https://www-sciencedirect-com.proxy.bib.uottawa.ca/topics/biochemistry-genetics-and-molecular-biology/enzyme
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progeroid syndromes caused by mutations in genes which are a part of  DNA repair 

pathways151, suggesting convergence between the NL, DNA repair and lifespan. 

Among the premature aging traits such as aged appearance, short stature caused by growth 

abnormalities and lack of subcutaneous fat, progeroid laminopathies are characterized by 

symptoms shared with other age-related disorders such as osteoporosis, atherosclerosis and 

cardiovascular defects, which are the most frequent cause of death, along with strokes152. 

One of the most notable progeroid laminopathies is Hutchinson-Guilford Progeria syndrome 

(HGPS). Children affected with progeria suffer a slower growth rate and in childhood their 

appearance resembles that of old age. HGPS is characterized by baldness, accelerated skin 

aging and a small face and jaw relative to head size. HGPS patients suffer from stiffness of 

joints, hip dislocations and severe cardiovascular disease. In HGPS, a partially processed LA 

isoform lacking 50 amino acids (LA Δ50), called progerin, accumulates at the NL. Progerin is 

a product of a single nucleotide de novo mutation c.1824C>T (Gly608Gly) which generates a 

cryptic splice site in exon 11. The cryptic splice site results in a deletion of 150 base pairs in 

pre‐mRNA, that correspond to 50 amino acid residues from C-terminal domain of  LA protein 

(LA Δ50, 606 – 656), including the second ZMPSTE24 recognition site (L647). Therefore, 

progerin cannot be cleaved by ZMPSTE24 and remains farnesylated at the C-terminal 

Cysteine153,154,155 (Figure 1.10). The mutation is heterozygous dominant. 

The transition from prelamin A to mature LA is a process that happens very fast under 

physiological conditions 156 . As farnesylated progerin accumulates in progeroid cells, its 

pathogenic effects manifest as abnormal nuclear morphology 157 , 158 ,129, chromatin 

disorganization159 and aberrant transcription160. Loss of peripheral HC and generally altered 
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nuclear architecture with mislocalized NE proteins is a signature of HGPS158, MAD159 and 

other progeroid disorders. 

The accumulation of damaged DNA seems to be another feature of progeria, with HGPS161, 

MADA162 and RD nuclei163 exhibiting increased DNA damage and impaired repair. In most 

progeroid laminopathies, LA mutations can directly affect intermolecular interactions and/or 

protein stability164.  

 

Figure 1.10. Comparison of Lamin A and Progerin (LA Δ 50) structures. A. Lamin C is 

encoded by exons 1 to 10, while Lamin A is encoded by exons 1 to 12. A dominant de novo 

c.1824C>T (Gly608Gly) mutation activates a cryptic premature splice donor, excluding 150 

nucleotides from exon 11. This event leads to the production of mutant Lamin A (prelamin A 
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Δ50) lacking 50 residues (aa 607 - 656) from the C terminus of pre-lamin A. The second 

proteolytic cleavage site (L647) involved in prelamin A processing is missing. B. Pre-lamin A 

Δ50 is farnesylated and carboxymethylated at the Cysteine residue of the CAAX box, 

identically to pre-lamin A processing (for details, see Fig. 1.7A). As the Zmpste24 (L647) 

cleavage site is missing in the mutant pre-lamin A Δ50, the mature Lamin A Δ50 (LA Δ50, 

progerin) is permanently farnesylated and carboxymethylated. 

In addition to HGPS, progerin protein can be found in normal aging cells where lamin 

transcript splicing is not as efficient 165 . Premature and normatively aged cells both lose 

methylation at Lysine of H3K9 and H3K27 heterochromatic histone marks. In those cells, 

genome organization is significantly impaired and HC structures at the nuclear periphery are 

disrupted 166 ,156, with a notable loss29 and epigenetic deregulation of LADs 167 . Important 

heterochromatic proteins like HP1 are downregulated 168 ,128 and there is a noted loss of 

repression at genome regions that are normally heterochromatic169. In the same time, LA 

interaction with SIRT1/6 and HDAC2 deacetylases is diminished in aging cells 170,171,107. 

Accordingly, several NuRD complex components are lost in premature and normally aged 

cells172, along with DNA damage accumulation162. LB1 was found to have a role in aging, 

specifically in the formation of the senescence-associated heterochromatin foci which serve to 

repress proliferation of damaged cells 173 . However, LB1 is downregulated during 

physiological174,175 and premature aging 169,176, promoting neurodegeneration177. LA- and LB-

networks diverge in laminopathic cells178, which could explain LB1 dysfunction during aging.  

 

1.6. Retina and rod photoreceptors as a model system 

The retina is an innermost part of the eye and a crucial visual processing component of the 

central nervous system (CNS) that consists of seven different cell types179. They are rod and 
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cone photoreceptors, retinal ganglion cells (RGCs), bipolar cells, horizontal cells, amacrine 

cells, and Müller glia180 (Figure 1.11). The retinas of humans (but not mice) contain a high 

acuity region within the central retina called the macula or fovea. This structure is made up of 

mostly cone photoreceptors which are responsible for color vision, while the peripheral retina 

is thinner and is composed of mostly rods which mediate vision in low light conditions. The 

outer segments of rod and cone photoreceptors contain all the components required for 

phototransduction. The retina is supported by the retinal pigment epithelium (RPE)181. 

1.6.1. Rod photoreceptors in phototransduction cascade 

Rods are depolarized at rest, and must constantly expend energy to maintain ionic homeostasis. 

Along with the photopigment Rhodopsin, which is encoded by the gene Rho, the outer segment 

contains the cationic cyclic guanosine monophosphate (cGMP)-gated channels, which control 

the flow of sodium (Na+) and calcium (Ca2+) ions into the outer segment. In the dark, cGMP 

levels are high, so Na+ and Ca2+ flow in to the outer segment through the channel. This dark 

current keeps rods depolarized at about -40 mV, leading to glutamate release at the synapse. 

Although glutamate is usually an excitatory neurotransmitter, it binds a metabotropic 

glutamate receptor called mGluR6 expressed by some postsynaptic bipolar cells, which can 

invert the signal to turn it into an inhibitory signal182. In this way, glutamate release can prevent 

the excitation of downstream neurons in the dark.   

Photoreceptors are energetically expensive to maintain. Na+K+-ATPase and Na+K+-Ca2+ 

exchangers pump the excess Na+ and Ca2+ ions out of the cells and maintain ionic homeostasis, 

but at a high cost. A single rod consumes about four times more ATP in darkness than in 

light183. Rod photoreceptors are able to respond even to single photons of light184. Light 

activation of Rhodopsin starts a chain of reactions that lead to hyperpolarization of the 
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photoreceptor’s membrane potential. Upon light stimulation, the covalently bound 11-cis 

retinal isomerizes to the all-trans form, enabling Rhodopsin to activate transducin (G protein). 

Activated transducin excites a third protein, cGMP phosphodiesterase (PDE), which 

hydrolyzes cGMP to 5′-noncyclic GMP.  

 

Figure 1.11. Retinal neurons. 
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Retinal layers: nerve fiber layer; ganglion cell layer encompassing retinal ganglion cells and 

displaced amacrine cells; inner plexiform layer containing synaptic connections; inner nuclear 

layer made of cell bodies of bipolar cells, horizontal cells, amacrine cells and Müller glia; outer 

plexiform layer containing ribbon synapses; outer nuclear layer containing the cell bodies of 

rod and cone photoreceptors and photoreceptor layer consisting of the inner segments and 

outer segments of rods and cones. 

The decrease in cGMP closes the channels, which stops entry of Na+ and Ca2+ and 

hyperpolarizes the rod185. While the physiology of rod photoreceptors makes them exquisitely 

sensitive to light, the high metabolic costs associated with this physiology make rod 

photoreceptors vulnerable to oxidative stress and degeneration. 

1.6.2. Retinal degeneration  

Retinal tissue is extremely sensitive to genetic and environmental changes. Retinal tissue 

surpasses any tissue in the human body by its level of metabolic activity and oxygen 

consumption181. Interestingly, photoreceptors are the most susceptible cell type in humans to 

genetic diseases186. Gene regulation may contribute to this vulnerability. Photoreceptors must 

maintain a high-level expression of at least 50 genes that specifically cause retinal 

degeneration when compromised 187 , 188 . Among genetic causes of blindness, retinitis 

pigmentosa is among the most common189. Genetic studies have identified at least 80 disease-

causing genes, and it starts with the loss of night vision by accelerated degeneration of rod 

photoreceptors190. This is accompanied by the secondary loss of cone photoreceptors, since 

rods and cones depend on each other for survival191. There is evidence that photoreceptor 

degeneration is accompanied by higher order reorganization of the genome. Defects in key rod 

transcription factors, such as Crx and Nr2e3, or their co-factors, result in photoreceptor 

degeneration 66,192,193,194,195,196,197,198,199. Genome organization66,193,199,200 and chromosome 
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looping201 were shown to be significantly affected on a global level when these transcriptional 

regulators were mutated. 

1.6.3. Rd1 model 

The rd1 mouse model of retinal degeneration was first described in the early 1920s202. In rd1 

animals, the gene encoding for the beta subunit of the rod photoreceptor-specific cGMP 

phosphodiesterase-6 B (PDE6B) is mutated203, causing PDE6 dysfunction, accumulation of 

cGMP and rod cell death, followed by secondary cone photoreceptor cell loss204,205. Similar 

mutations have been linked to human retinitis pigmentosa206. Nowadays, the rd1 model is used 

to study the pathogenesis of retinal degeneration and to discover potential therapeutic 

pathways. Although rods degenerate rapidly in the rd1 model, this model also provides an 

opportunity to study genome organization changes in rod photoreceptors during retinal 

degeneration. 

1.6.4. The unique inverted organization of rod photoreceptors 

The majority of eukaryotic nuclei, including cone photoreceptors, exhibit a conventional 

pattern of chromatin distribution, with HC tethered at the nuclear periphery and the nucleoli, 

whereas EC is situated in the nuclear interior between the heterochromatic domains. According 

to computer modeling and Hi-C data, the tendency of heterochromatic regions to interact with 

each other seems to be essential for the separation of the EC and HC, whereas interactions of 

the chromatin with the NL are necessary to build the conventional nuclear architecture23. 

Unlike cones, the nuclei of rod photoreceptors found in nocturnal mammals are a unique 

example of an inverted nuclear architecture. Rod nuclei actually function as microlenses that 

help prevent photon scattering in the retina, which affects vision in low light conditions207. 
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Behavioral and physiological studies revealed that inverted rod nuclei enhance contrast 

sensitivity and general optical quality in mice208. Mature mouse rod nuclei are highly spherical 

with an approximately 5 µm diameter, and consist of three concentric chromatin classes 

(Figure 1.12). A decade ago, studies on the peculiar rod photoreceptor genome organization 

were intensifying. Solovei et al. used DNA fluorescence in situ hybridization (FISH) to define 

the central dense domain of constitutive HC surrounded by a more decondensed region of 

HC208, while Kizilyaprak et al. used immunogold electron microscopy 209  to study rod 

photoreceptor distinct chromatin domains. Finally, the Solovei lab used confocal microscopy 

to examine the distribution of specific chromatin marks to reveal the cellular organization of 

of the epigenome in inverted and conventional mouse retinal nuclei210, making a distinction 

between central pericentromeric satellite and surrounding “LINE-rich” HC.  

The center of the rod nucleus is formed by the single condensed chromocenter (cHC), encircled 

by a shell of fHC, whereas EC outlines the periphery. Rod genome inversion occurs during 

postnatal differentiation of rod photoreceptors (P1 – P28), through remodeling of the 

conventional nuclear architecture. HC first segregates from the nuclear periphery and it 

concentrates around chromocenters, which fuse together (P21) and eventually form a single 

chromocenter at P28 (Figure 1.12). Kizilyaprak et al. also showed that HC increases markedly 

over this time period, occupying a much larger fraction of the total nuclear volume210. 

Combining aforementioned techniques and chromatin modeling, Aldiri et al. and Norrie et al. 

described rod nuclear chromatin organization using genome-wide methods as well as DNA 

FISH, and found that some retinal progenitor genes that are localized to EC during 

development, become sequestered and repressed by polycomb during rod maturation, and 

relocalize within the outer shell of HC enriched for H3K27me3 known as “LINE-rich” or 



32 
 

“facultative” (fHC) 211 , 212 . Norrie et al. reported that the number of TADs is markedly 

increased as rod photoreceptors differentiate and the central HC condenses213,213.  

Interestingly, rods are characterized with a uniquely closed global chromatin landscape in 

comparison to cones and other cell types214. The unique organization of the rod nucleus has 

been suggested to arise due to the lack of HC tethering. Previous studies have shown that 

mature rod cells completely lack LA/C expression, and Lbr expression drops below a 

functional threshold66,215. 

 

Figure 1.12. Stages of rod genome inversion. From conventionally organized postnatal P0 

to P28 mature reorganized and remodeled inverted rod nuclei. EC = euchromatin, fHC = 

facultative heterochromatin, cHC = constitutive heterochromatin. 

 

Therefore, NL of murine rod photoreceptors is structured by B-type lamins only. Solovei et al. 

showed that in various tissues, knocking out LA/C or Lbr leads to rod-like nuclei66.  

In rods, the single central chromocenter displays enrichment of H4K20me3 and H3K9me3 

methylated histones. The surrounding ring of fHC is accordingly enriched in H3K27me3210. It 
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has been suggested that prior the inversion, de novo methylated H3K9me3 histones relocate 

from the nuclear periphery to the center of the nucleus, while H3K9me2 marked histones 

remain at the periphery, even at euchromatic regions in rods34. This might suggest that spatial 

inversion of chromatin in rods is accompanied with epigenetic relabeling. However, Eberhart 

et al. (Solovei lab) showed that H3K9me2 is not enriched at the nuclear periphery in rod 

photoreceptors, but localizes to the LINE-rich fHC211. Moreover, they generated G9A 

knockout rods, and showed loss of H3K9me2, validating their reported staining pattern. In 

these rods, although H3K9me2 was ablated early in development, the rate of chromatin 

inversion in rod photoreceptors was not accelerated. Thus, it is somewhat difficult to reconcile 

these two studies. 

The mouse retina provides an advantageous model system with which to study dynamic 

changes in genome organization and the functions of specific molecular chromatin tethers. 

Specifically, rod photoreceptors provide a clean read-out system since they don’t express any 

tethering proteins in the adult stage, and the process of chromatin inversion can be studied in 

rod photoreceptors using confocal microscopy211. Additionally, sorted rods have been 

investigated at the transcriptomic and epigenomic level, at mature stages 216 , and during 

differentiation217. While these studies provide a strong groundwork for understanding of rod 

photoreceptor dynamic genome organization, molecular determinants of the higher order 

genome organization are still poorly understood. 
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1.7. Significance of the thesis 

1. In our previously published research, we discovered LA is sufficient for tethering of the HC 

to the nuclear lamina and for restoring conventional nuclear architecture218. We hypothesized 

that LA might contribute to degeneration-associated nuclear reorganization. We examined rd1 

mice, the most studied mouse model of retinitis pigmentosa caused by Pde6b gene mutation. 

At the onset of degeneration, we found that LA/C significantly upregulates in rod 

photoreceptors, and reorganizes the genome. Together, our data reveal that the HC tethers LA 

and LBR have a global effect on genome accessibility, and suggest that tethering primes the 

photoreceptor genome to respond to stress219.  

2. Photoreceptor cells are highly susceptible to degeneration. Retinitis pigmentosa and in age-

related macular degeneration are among the most common forms of neurodegeneration. 

However, the mechanisms of photoreceptor cell death and pathophysiology of retinal diseases 

are not fully understood. Not many molecular markers can be used to distinguish between early 

and later stages of rod photoreceptor cell death. We previously showed that LA upregulated at 

the onset of rod photoreceptor degeneration in the rd1 mouse model of retinitis pigmentosa220. 

These data suggest that LA might be a marker of early degeneration and cell death. Here, we 

show that LA upregulation correlates with the DNA damage response. Our data suggest that 
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LA transiently marks an early phase of the cell death process, while phosphorylated (p)KAP1 

marks rods throughout degeneration. We found that LA depletion accelerated cell death, 

whereas LA overexpression prolonged survival. Together, these data suggest that LA 

upregulation forestalls degeneration and facilitates the DNA damage response. 

3. The potential importance of LA in genome organization is suggested by more than 400 

different LMNA gene mutations associated with laminopathic disease. We reasoned that 

ectopically expressing laminopathic mutants in mouse rods might allow the interaction 

between mutant LA proteins and HC to be analyzed systematically. We hypothesized that 

laminopathic mutations would disrupt the interaction between LA and HC. By expressing C-

terminal progeroid and non-progeroid IG-fold LA mutants in rod photoreceptors, we 

discovered that both sets of laminopathic mutants disrupt tethering, thus shedding light on the 

molecular mechanisms underlying HC tethering and IG-fold dependent stability of the protein. 

These data suggest that specific progeroid and non-progeroid laminopathic disease mutations 

exhibit a complete loss of tethering, indicating that this may play a role in disease pathology.  

Since LA, B-type lamins and LC proteins only diverge at the C-terminus, our data implicate 

the LA C-terminus is necessary for HC tethering. While the LA C-terminus might therefore 

be sufficient to interact with HC, an alternative hypothesis is that C-terminal processing is 

required in order for LA to be competent to tether HC. To distinguish between these 

possibilities, we ectopically expressed a panel of LA constructs in rods. We found that the C-

terminus of LA was sufficient to tether HC. However, we also found evidence that C-terminal 

processing is required to allow LA to tether HC. In particular, mutation analysis suggests that 

the LA C-terminus must be defarnesylated in order to be tethering-competent. 
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Progeroid mutants affected nuclear morphology more strongly versus wild-type LA, 

excessively elongating the nuclei and causing nuclear distortion. Overall, we find that 

defarnesylated progeroid mutants that partially tether HC, have a reduced effect on nuclear 

shape, reversing the nuclear phenotypes of progeroid cells and preventing nuclear distortion.  

4. Although the tethering of HC to the nuclear lamina is a well-described phenomenon, the 

molecular mechanisms mediating this process remain poorly understood. While our 

experiments provided evidence that LA can tether HC by directly interacting with 

nucleosomes, these findings do not exclude the idea that A-type lamins might need additional 

co-factors. Since LA does not contain a conventional chromatin interaction domain, we 

hypothesized that it might need to interact with partner proteins in order to tether HC. We 

explored the tethering ability of several LA binding partners, which were proposed to 

participate in LA-dependent tethering, according to previous literature. We hypothesized that 

BAF (BANF1), RBBP4, PRR14 or LEMD proteins might be important for the function of LA-

tethering complex. We tested this in rod photoreceptors, but found that none exhibited 

tethering activity – either when expressed alone, or in combination with a tethering 

incompetent version of LA. Moreover, LA mutations that reduced or abolished BAF binding 

retained tethering competence. Since all of these partner proteins appeared to be dispensable 

for LA- mediated HC tethering, we used proteomics to find the most enriched proteins in LA 

tethering complex. The results  suggest that LA interacts with H2 and H4 nucleosomes directly 

rather than through additional partner proteins. PARP1 was also found to be enriched in the 

tethering-competent LA complex, suggesting that LA might also interact with damaged DNA. 

Along with molecular modelling, my studies reveal the importance of the LA C-terminus in 

HC tethering. My work also suggests that rod photoreceptors upregulate LA in response to 
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DNA damage, and that the consequent increase in HC tethering can help to counteract retinal 

degeneration. 

 

Chapter 2. Methods 

2.1. Animals 

Animal work was conducted according to the guidelines of the Canadian Council on Animal 

Care and the Animal Care and Veterinary Service at uOttawa using ethical protocols OHRI-

2856, OHRI-2867, OHRI-3949 and OHRI-4029. CD1 mice were obtained from Charles River 

Laboratories. C57BL/6J and rd1 (C57BL/6J-Pde6brd1-2J/J; strain# 004766) mice were obtained 

from Jackson Laboratories and maintained as homozygous stocks. 

2.2. DNA constructs 

pCIG2 and pCIG2 Lamin A were previously described219,220. A pCIG2 Lbr plasmid was 

generated by PCR amplifying Lbr from pMSCV-Flag-Lbr, generously provided by Peter 

Gaines221 in order to remove the Flag tag.  

Primers were Lbr XhoI F: 5’-CACACTCGAGATGCCAAGTAGGAAGTTTGTTG-3’ and 

Lbr EcoRI R: 5’- CACAGAATTCTCAGTAAATGTAGGGGAATATG-3’. To mark rod 

photoreceptors, we utilized pRho-DsRed generously provided by Connie Cepko (Addgene 

#11156)222. Stable cell lines were generated using pBABE-puro-GFP-wt-lamin A (Addgene 

#17662) and pBABE-puro-GFP-Progerin (Addgene #17663) plasmids, generously shared by 

the Tom Misteli lab223. For the purpose of ectopic overexpression of NL proteins in rod 
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photoreceptors, we cloned several constructs. For the pCIG LA C-terminus (LA 540-646), we 

used pCIG LA vector  and the primers were Mm Lmna C-term EcoRI F:  

5’- GTGTGAATTCCACTGGAGAAGAAGTGG CCA TG-3’  and Mm Lmna C-term EcoRI 

R: 5’- GTGTGATATCTTACATGATGCTGCAGTTCTGGG-3’. We cloned pCIG LA 646-

Stop using pCIG LA vector and LmnA 1646 R primer: 5’-GAGAAGATCTTTAGTAGGAGC 

GGGTGACCAGATTGTCC-3’, which replaces Leucine 647 with a stop codon. We cloned 

pCIG LA L647R using pCIG LA vector and Gibson Assembly protocol224 using L647R-F: 

5’GGTCACCCGCTCCTACCGCCTGGGCAACTCCAGCCCCCGAACCCAG-3’ and 

L647R-R: 5’-GCGGTAGGAGCGGGTGACCAGATTG-3’ primers. pCIG RBBP4 was 

amplified from cDNA using primer sets Rbbp4  EcoRI F: 5’- GAGAGAATTCAT 

GGCTGACAAGGAAGCGGC-3’ and Rbbp4  PstI R: 5’- 

CTCTCTGCAGCTAGGACCCTTGTCCCTCTGG-3’.  

Recombinant protein construct pIRES2-EGFP Hs Lamin BA was synthesized by Bio Basic 

(Markham, Ontario) by fusing the N-terminal LB1 domain and LA C-terminal domain (AA 

534 to 664). We cloned pRho LA via directional cloning, by excising an LA open reading 

frame via Eco RI and PmlI restriction endonucleases. We subcloned LA coding sequence into 

Rho2.2 promoter pRho-DsRed plasmid, generously provided by Connie Cepko (Addgene 

#11156)223. 

Several modified plasmids were purchased: pBABE-puro-GFP-wt-lamin A (Addgene 

#17662), EGFP-BAF-L58R (Addgene #101776), EGFP-BAF (Addgene #101772), pLPC-

L647RLaminA-CS (Addgene #69062), pLPC-Progerin-CS (Addgene #69064), Lemd2 (Myc-

DDK-tagged, Origene MR203621), Lemd3 (Myc-DDK-tagged, Origene MR221903) and 

pCMV6 Prr14 (Myc-DDK-tagged, Origene MR205081). GFP-Lbr was generously provided 
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by Irina Solovei and Heinrich Leonhardt71. pCLE Lamin C was generated by inserting the 

Lamin C sequence into the pCle gateway retroviral vector. The Lamin C gateway donor 

plasmid was purchased from DNASU (HsCD00295844). 

mCherry-LaminB1-10 was purchased (Addgene #55069). mCherry was removed and Lamin 

B1 coding sequence was cloned into pCIG2 vector to generate pCIG LB1. 

pcmvTAG2A-FLAG-Lamin A, LA mutants with reduced affinity for BAF (R435C, K542N, 

A529V, R527H) and IG-fold mutants (R453W, R482W) were generously shared by Zinn-

Justine lab82. We removed the Flag-tag from LA R435C, K542N, A529V, R527H, R453W, 

R482W mutants by using PCR amplification with Lamin A primers using constructs as 

templates. We also removed the GFP-tag from pBABE-puro-GFP-progerin (Addgene 

#17663). 

2.3. DsiRNA constructs 

TriFECTa RNAi Kit was purchased from Integrated DNA Technologies. Three small 

interfering double-stranded RNA (DsiRNA) constructs were predesigned to specifically 

suppress the expression of Lamin A. With minimal light exposure, DsiRNA duplexes were 

resuspended in nuclease-free water to make a 100 µM solution. All three Lamin A targeting 

DsiRNAs were  pooled together. P0 rd1 pups were transfected with Lamin A DsiRNAs along 

with pCIG2 vector expressing EGFP, using electroporation. Non-targeting negative DsiRNA 

control was applied in another group of P0 rd1 mice. Transfected rd1 retinas were harvested 

at P16.  

2.4. Electroporation 
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In vivo retinal electroporations were performed as described previously219,223. Briefly, P0 pups 

were anesthetized on ice, and an incision was made into the eyelid to expose the orbit of the 

eye. Plasmid DNA (2 µg/µl) was mixed with Fast Green dye and injected subretinally, using 

a Femtojet microinjector (Eppendorf) and pulled borosilicate needles (Drummond). Pups were 

placed into an incubator to re-warm, and then replaced into the home cage.  

2.5. Short PFA fixation 

After 42 days (six weeks), when rods are mature/inverted, retinas were harvested and 

dissected. Using curved and straight forceps, a tear was made on the dorsal side of the eyes. 

Retinas were carefully dissected away from the lens under the microscope. Retinas were 

examined for EGFP transfection signal using Zeiss Discovery Stereo microscope with LED 

illumination and filter cubes that could visualize EGFP fluorescence. Retinas were short-fixed 

in 4% paraformaldehyde (PFA), permeated in 20% sucrose overnight and cryo-sectioned using 

a Thermo Shandon cryostat. 

2.6. Immunohistochemistry and microscopy 

Retinas were processed for immunohistochemistry (IHC) as previously described219,225. We 

used the following primary antibodies: Nr2e3 (PNR: R&D Systems PP-H7223-00),  lamin A 

(Fortis A303-433A), and Lamin A/C (Harald Herrmann Lab), Lbr (Monika Zwerger and 

Heinrich Leonhardt). H3K9me3 (Diagenode C15410056), H3K27me3 (Epigentek A-4039-

025), H3K9me2 (Active motif 39240), gammaH2A.X (Bethyl Laboratories (A300-081-T), 

Anti-Myc tag (Abcam ab32), Lamin B1 (Abcam ab16048), Rbbp4 (Fortis A301-206A), BAF 

(Santa Cruz Biotechnology sc-166324), Nab2 (Proteintech 19601-1-AP), KAP1 pS824 

(Bethyl Laboratories A300-767A-T). Hoechst 33342 (Tocris NB5117) and Alexa Fluor-568-
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conjugated peanut agglutin (Molecular Probes L32458) were applied along with the primary 

antibodies. Fluorescently-conjugated secondary antibodies were applied to match the 

appropriate species of the primary antibodies. 

Images were acquired using Zeiss LSM880 or LSM900 confocal microscopes with Airyscan 

detectors. All images presented in the paper are from individual Z-planes, and all level 

transformations were linear. Images were processed using Zen (Zeiss), Fiji (ImageJ), and 

Adobe Photoshop (Adobe) software. 

2.7. Nuclear morphometric analysis 

We applied Hoechst staining to visualize changes in genome organization with Zeiss LSM880 

or 900 confocal microscope using fixed settings to capture single 8-bit Airyscan Z planes. This 

permits high-resolution analysis of rod HC, while allowing transfected cells to be identified 

via the EGFP marker. As a control we used an empty pCIG2 vector expressing GFP. Using 

ImageJ (Fiji) 226 , a detailed morphometric analysis of transfected nuclei was performed 

manually as described previously219,220. Based on the Hoechst signal intensity, transfected 

nuclei were quantified and analyzed. The “Freehand Selection” tool was first used to measure 

mean pixel intensity of each selected nucleus. Then, perimeters were traced along the margin 

of the visible Hoechst signal using the “Freehand Line” tool, and the mean pixel intensity at 

the nuclear perimeter was measured. This measurement was divided by the mean pixel 

intensity of the entire nucleus in order to normalize against cell-to-cell or image-to-image 

variations in intensity. For the chromocenter midpoint/lamina measure, the distance between 

the centroid of each chromocenter within a given nucleus and the nuclear periphery was 

measured (non-cumulatively) using the “Straight Line” tool. Plot profiles for the perimeter 

intensity were generated using the “Freehand Line” tool in concert with the “Plot Profiles” 
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feature in ImageJ. Plot profiles for transect intensity measurements were performed using 

“Straight Line” tool with the “Plot Profiles” feature. Cumulative plot profile intensity values 

were plotted in Graphpad Prism (Graphpad Inc.). We were able to quantitate nuclear perimeter, 

area, nuclear distortion (perimeter/area ratio), facultative and constitutive HC, EC area and 

intensity, proportion and number of chromocenters per nuclei, as well as peripheral HC 

intensity as a measure of tethering activity. 

2.8. Statistics 

Statistical analyses for count and measurement data were performed using Microsoft Excel 

and GraphPad Prism 8 software. n-values refer to biological replicates (independent 

experiments, animals, or cells as indicated in the text and figure legends). All error bars are 

mean ± SEM. After comparing the variance within the group means using one-way ANOVA, 

tethering values were compared with the control using Tukey’s post-hoc test. The analysis was 

performed on 30 cells (technical replicates) per retina (biological replicate), using three 

independently transfected CD1 retinas per construct (ie. n=3; 90 cells total) and completed for 

all constructs.  

2.9. Flow cytometry 

Adult retinas were dissected and placed in StemPro Accutase (Gibco) for 30 minutes at 37 °C. 

Cells were triturated manually, incubated with Dapi as a viability marker, and then sorted by 

the OHRI Flow Cytometry and Cell Sorting Facility using a Beckman Coulter MoFlo XDP.  

2.10. Cell culture and western blot 
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Cell culture and western blotting were performed as previously described219,226. See above for 

immunocytochemistry antibody information. Stable cell lines expressing pBABE-puro-GFP-

wt-lamin A, pBABE-puro-GFP-Progerin, or a vector control plasmids were generated by 

transfecting 293 cells with plasmids and selecting with puromycin (Bio Basic). 293 cells were 

transfected using lipofectamine 2000, with plasmid to lipofectamine ratio 1:2. Cells were 

harvested 36-48h after transfection. For optimal cell adhesion, coverslips were washed with 

1% acid alcohol for 5 minutes and dried for 10 minutes. Coverslips were coated with 0.01% 

poly-L-Lysin in Dulbecco’s phosphate-buffered saline for 5 minutes and dried. Coverslips 

were used in the cell culture dish and imaged. 

HEK293 polyclonal TRex cell immunoprecipitation for western blot and mass-spectrometry 

HEK-293 cells (control or stably transfected) were grown up to 80% confluency. Cell plates 

(100mm) were gently rinsed (twice) with 1x PBS. Cells were gently scraped and pipetted into 

1.5 ml Eppendorf tube. Cells were centrifuged for 5 minutes at 1100 rpm, 4 °C, and the 

remaining PBS was removed. Cells were resuspended in 500 μl of cold RIPA buffer (on ice) 

containing proteinase inhibitors (430 ul RIPA, 70 μl 7x proteinase inhibitors, 1mM PMSF, 1 

mM EDTA, 1 mM EGTA, 10 μg/ml DNAse). Samples were sonicated (on ice) at 10% 

amplitude with a cycle of 8 seconds on and 40 seconds off (3x). Cell debris was pelleted for 

30 minutes at 13000 rpm, 4 °C. Supernatant was collected into tubes (input, IgG control, IP). 

25 μl (5% of the lysate) was collected in the input tube for western blot). The rest of the 

supernatant was equally split between IgG control and IP tube. 20 μl of Protein A magnetic 

beads (Cell Signaling Technology 73778L) were washed with RIPA buffer and added in both 

the IP and IgG control tubes (for MS). 2 μg of the primary antibody was added in appropriate 

tubes (10 μl of Lamin A Bethyl anti rabbit (200 μg/ml) per sample and 2 μl of rabbit IgG (1 
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μg/ml) per sample). Tubes were rotated overnight at 4 °C. 7 μl of 4x sample loading buffer 

was added to the input tube and boiled at 95 °C for 5 minutes. Next day, beads were transferred 

to a new set of tubes and then pelleted using a magnetic rack. They were replenished with 500 

μl of RIPA buffer after each pelleting (3x) and pipetted up and down. Once the beads were 

pelleted, 500 μl of 50 mM pH 7.8 ammonium bicarbonate was added to each tube. Beads were 

washed by pipetting up and down, and ammonium bicarbonate wash cycles were repeated two 

more times. After the washes, beads were transferred to a new set of tubes. Ammonium 

bicarbonate washes were repeated two more times. Beads were resuspended with 100 μl of 50 

mM ammonium bicarbonate and 1 μg of MS-grade Trypsin (Thermo Scientific, PI90057) was 

added. Beads were incubated at 37 °C, rotating overnight. The next day, another 1 μg of MS-

grade Trypsin was added to the each tube and incubated at 37 °C while rotating for 3 hours. 

Samples were transferred to new tubes. Beads were washed twice with 100 μl of HPLC-graded 

ddH20. Beads were pelleted using the centrifuge. A total of 300 μl of peptide solution per 

sample was acidified by adding 12 μl of 50% formic acid to each tube. Samples were 

lyophilized using a speed vac on medium heat for 2 hours. Samples were resuspended in 5% 

formic acid and submitted for mass spectrometry (MS). MS was performed at the Ottawa 

Hospital Research Institute Proteomics Core Facility (Ottawa, Canada). Peptide samples were 

concentrated using a Vacufuge (Eppendorf) and with ZipTips (Millipore Sigma). LC-MS/MS 

was performed using a Dionex Ultimate 3000 RLSC nano HPLC (Thermo Scientific) and 

Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific). Peptide mass/spectral 

fingerprinting was performed using MASCOT software version 2.7.0 (Matrix Science, UK). 

Observed spectra were matched against human sequences from SwissProt (version 2021-02) 

against an in-house-curated database of common contaminants. The results were exported to 

Scaffold 5.0.1 (Proteome Software, USA). Identification of significantly enriched proteins was 
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performed using Graphpad Prism 8 via the Holm-Sidak method, with alpha = 0.05. Gene 

Ontology analysis was performed using ShinyGO 0.76 227 

(http://bioinformatics.sdstate.edu/go76/) using “Cellular Process” and “Cellular Component”. 

Data were visualized and clustered using Morpheus 228 

(https://software.broadinstitute.org/morpheus). 

2.11. ATAC-seq 

ATAC-seq data were generated following Buenrostro et al.229. Briefly, 50,000 flow-sorted 

cells were lysed in cold lysis buffer (10 mM Tris-Cl, pH 7.4, 10 mM NaCl, 3 mM MgCl2 and 

0.1% IGEPAL CA-630). Lysed nuclei were tagmented using 6.5 µl of TDE1 transposase from 

the Nextera DNA Flex Library kit (Illumina). Samples were purified using Zymo-Spin IC 

columns (Zymo), and libraries constructed according to the Nextera workflow. Libraries were 

cleaned up using the AMPure XP kit (Beckman Coulter). Paired end (PE) 150 sequencing was 

performed using the NextSeq 500 platform to a read-depth of 25-35 million reads per sample. 

2.12. Multi-seq 

After flow cytometric sorting, cells were barcoded with ‘anchor’ and ‘co-anchor’ lipid-

modified oligonucleotides generously provided by the Zev Gartner lab 230 . Barcode 

oligonucleotides were purchased from Integrated DNA Technologies as follows. Barcode 1: 

F: 5′-CCTTGGCACCCGAGAATTCCAGGAGAAGAAAAAAAAAAAAAAAAAAAAAA 

AAAAAAAAA-3′; Barcode 2: F: 5′- CCTTGGCACCCGAGAATTCCACCACAATGAGA 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-3′; Barcode 3: F: 5′- CCTTGGCACC 

CGAGAATTCCATGAGACCTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-3′. 
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Each replicate was incubated with barcode oligonucleotides for 10 minutes. Cells were 

pelleted and washed 3 times with PBS. Replicates were pooled and processed in a single 10X 

Genomics Chromium run. Gene expression libraries were sequenced to an average depth of 

369,327 reads per cell. Expression library FASTQs were processed using CellRanger (10X 

Genomics).  

2.13. Bioinformatics – ATAC-seq 

ATAC-seq Fastq files were processed via Fastq Groomer231 and Trimmomatic232, and then 

mapped to the mm10 genome using Bowtie2 233 . Summit and narrowpeak calling was 

performed with Macs2234, and we used GREAT235 for peak-to-gene annotation. GO terms 

analysis was performed using Panther 236 , 237  followed by ReViGO 238 . ATAC-seq gene 

metaplots were generated using Seqplots239. 

Sorted rod and double-sorted green cone ATAC-seq data and narrowpeak files (mm10) were 

obtained from Hughes et al.215 (GSE83312). Ctcf ChIP-seq data (ENCSR343RKY) generated 

by the Bing Ren lab240 were obtained from the ENCODE Consortium241,242. Additional ChIP-

seq and cut&run-seq datasets were obtained from the Jeremy Nathans lab217 (GSE72550), or 

the Epstein/Poleshko labs34 (GSE180006). 

For comparison with compartment data generated by Falk et al.23 and Ctcf ChIP-seq data from 

ENCODE, ATAC-seq data were re-mapped to the mm9 genome as per above, except that we 

used Cutadapt for adapter trimming.  

Footprinting analysis was performed using TOBIAS243. As per the guidelines, we merged peak 

files together: lamin A with control; Lbr with control. Bindetect was performed using 220 

mammalian transcription factor motifs selected from the TRANSFAC database. 

https://www.encodeproject.org/reference-epigenomes/ENCSR343RKY/
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2.14. Bioinformatics – RNA-seq 

RNA-seq data from sorted rod photoreceptors from P10 Rd1 mice were obtained from Jiang 

et al.244 (GSE183117). Figure 5.2 (Chapter 5) presents the bioinformatic data published in the 

original paper. To visualize Lmna transcription and splicing, we re-mapped the data to the 

mm9 genome using Galaxy 245 . Fastq files were processed via Fastq Groomer232 and 

Trimmomatic233, and then mapped to the mm9 genome using RNA Star 246 . Genome 

visualization and sashimi plots were generated using IGV247. Heatmaps were generated using 

Morpheus (https://software.broadinstitute.org/Morpheus). We quantitated differential 

transcripts using FeatureCounts248 and DeSeq2249. 

2.15. Bioinformatics – scRNA-seq 

Fastq files were aligned to the mm10 genome using CellRanger version 6.1.2 (Cell Ranger 

software, 10x Genomics). Output files were filtered and analyzed using Scanpy version 

1.9.1250 in Python (Python Core Team n.d.). Genes detected in less than 3 cells were removed 

from the analysis. Low-quality cells (less than 200 genes detected, more than 2500 genes 

detected or more than 18% of mitochondrial genes) were also excluded. Scrublet version 0.2.2 

was used to detect doublets251. Replicates were demultiplexed with using the MULTI-seq 

workflow231. To annotate cell types, we trained a deep learning model grounded on previously 

published retinal single cell expression data252 using scDeepSort version 1.0253. Mitochondrial 

gene regression and initial gene expression analysis was performed using scVI-tools version 

0.19.0 254 . Differential gene expression analyses were performed using MAST version 

1.24.0255. Data integration was carried out on PostgreSQL version 14.3 (PostgreSQL Core 

Team n.d.) and Python’s library Pandas version 1.5.2 (Pandas Core Team n.d.). 

https://software.broadinstitute.org/Morpheus
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Chapter 3. Lamin A upregulation reorganizes the genome during rod 

photoreceptor degeneration 

Cell Death & Disease, 14, Article number: 701 (2023) 

Ivana Herrera, José Alex Lourenço Fernandes, Khatereh Shir-Mohammadi, Jasmine 

Levesque & Pierre Mattar 

Abstract 

Neurodegenerative diseases are accompanied by dynamic changes in gene expression, 

including the upregulation of hallmark stress-responsive genes. While the transcriptional 

pathways that impart adaptive and maladaptive gene expression signatures have been the focus 

of intense study, the role of higher order nuclear organization in this process is less clear. Here, 

we examine the role of the nuclear lamina in genome organization during the degeneration of 

rod photoreceptors. Two proteins had previously been shown to be necessary and sufficient to 

tether heterochromatin (HC) at the nuclear envelope. The LBR is expressed during 

development, but downregulates upon rod differentiation. A second tether is the intermediate 

filament lamin A (LA), which is not normally expressed in murine rods. Here, we show that 

in the rd1 model of retinitis pigmentosa, LA ectopically upregulates in rod photoreceptors at 

the onset of degeneration. LA upregulation correlated with increased HC tethering at the 

nuclear periphery in rd1 rods, suggesting that LA reorganizes the nucleus. To determine how 

HC tethering affects the genome, we used in vivo electroporation to misexpress LA or LBR in 

mature rods in the absence of degeneration, resulting in the restoration of conventional nuclear 

architecture. Using scRNA-seq, we show that reorganizing the nucleus via LA/LBR 

misexpression has relatively minor effects on rod gene expression. Next, using ATAC-seq, we 
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show that LA and LBR both lead to marked increases in genome accessibility. Novel ATAC-

seq peaks tended to be associated with stress-responsive genes. Together, our data reveal that 

HC tethers have a global effect on genome accessibility, and suggest that HC tethering primes 

the photoreceptor genome to respond to stress. 

Introduction 

Photoreceptor cells are highly susceptible to degeneration – perhaps due to their very high 

metabolic demands 256 . Cone photoreceptors are responsible for high-acuity color vision, 

whereas rod photoreceptors mediate vision in low-light conditions. Indeed, rods are sensitive 

enough to respond to individual photons185. To achieve this feat, rods must maintain high-level 

expression of at least 50 genes that can lead to degeneration when misregulated188,189. Genome 

regulation is thus essential for photoreceptor survival. 

The importance of genome organization in photoreceptors is further underscored by their 

specialized nuclear architecture. In mice, rods undergo a process called chromatin 

inversion211,210,208. Whereas most cells tether heterochromatin (HC) in LADs at the nuclear 

periphery, rod photoreceptors localize HC centrally211,210,208,34. Throughout mammalian 

evolution, chromatin inversion is correlated with nocturnal lifestyle, as the inverted 

configuration decreases light scattering and enhances contrast sensitivity208,209. At the 

molecular level, two proteins have been shown to be sufficient for HC tethering.  

1) The Lbr is a multi-pass transmembrane receptor that contains an intra-nuclear Tudor 

domain. Murine rods naturally express Lbr during development, although Lbr levels decline 

once rods differentiate. However, when Lbr expression in rods was artificially sustained, 

chromatin inversion was prevented66.  



50 
 

2) The Lmna gene encodes two splice variants – LA and LC, neither of which is normally 

expressed in murine rod photoreceptors66,215,219,216. These A-type lamins are IFs that form a 

network across the surface of the inner nuclear membrane. In Lmna knockout mice, HC 

tethering was lost in various tissues, but transgenic misexpression of LC in rods had no effect 

on their inverted organization66, initially suggesting that A-type lamins were not sufficient for 

HC tethering. However, we showed that LA is sufficient to tether HC in rods219, resolving this 

conundrum. Interestingly, the unique LA C-terminus was recently shown to interact with 

histone H3, while the equivalent domain of LC cannot91, which potentially explains this 

functional divergence. 

Interestingly, degenerating rods were found to exhibit altered nuclear organization in a variety 

of mice harbouring mutations in chromatin proteins66,219,257 ,23,193,258 ,201. While these data 

potentially link the associated chromatin proteins to nuclear architecture, the observed 

alterations might instead be driven by cell death. Alternatively, chromatin proteins might act 

indirectly by altering gene expression. For example, mutants for the Nrl and Nr2e3 

transcription factors lead to a rod-to-cone fate switch that reorganizes the nucleus259 ,260 . 

Additionally, A-type lamins have been shown to upregulate in some knockouts66,219,23 raising 

the possibility that HC tethers might contribute to degeneration-associated nuclear 

reorganization. 

Here, we show that LA upregulates in the rd1 mouse – one of the best studied models for 

retinitis pigmentosa. Rod degeneration in the rd1 mutant is triggered via toxic accumulation 

of cGMP - a chromatin-independent process. Using genomic and transcriptomic approaches, 

we find that heterochromatin tethering may help to reconfigure the genome to respond to 

environmental insults.  



51 
 

Results 

3.1. Lamin A upregulates during rod photoreceptor degeneration 

LA is sufficient to reorganize the rod nucleus219, whereas LC has no effect66. Using an isoform-

specific antibody (Fig. 3.1A, B, C), we found that in wild-type mice, LA was extensively 

expressed within the inner retina (Fig. 3.2A, B, Supplemental video 1), as reported 

previously206.  

 

Figure 3.1. Validation of the lamin A -specific antibody. (A) Schematic of endogenous and 

exogenous A-type lamin proteins. (B) 293 cell lines stably expressing GFP-lamin A, GFP-

progerin, or GFP alone as indicated, imaged for GFP epifluorescence. Scale bar = 20 µm.  (C) 

Western blot of stably transfected 293 cell lines expressing GFP-lamin A, GFP-progerin, or 

GFP alone. Green arrowhead indicates GFP-lamin A band. Red arrowhead indicates 

endogenous lamin A. (D) scRNA-seq expression data for Lbr and Lmna obtained from chick 

(Gallus gallus), human (Homo sapiens), macaque (Macaca fascicularis), or mouse (Mus 

musculus) as indicated. The plot was generated using the Plae resource262. 

https://www.nature.com/articles/s41419-023-06224-x#MOESM2
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In photoreceptors, LA immunoreactivity was observed only in cones (Fig. 3.2A, B, 

arrowheads), and was absent from rods (Fig. 3.2A, B). Lmna transcription was also little 

detected in chick, human, or macaque rods as determined via the Plae scRNA-seq database261 

(Fig. 3.1D), in accordance with previous studies66. 
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Figure 3.2. Lamin A upregulates at the onset of rod degeneration in rd1 rods. (A, B) 

Immunohistochemistry on wild-type C57BL/6 at P16 (A) or adult (B) stages using a LA-

specific antibody (white). The retina was counterstained for the rod marker Nr2e3 (A; green) 

or the cone marker peanut agglutinin (B; green), as well as the DNA dye Hoechst 33342 (blue). 

Boxed regions indicate the areas shown in the insets. Arrowheads indicate cone 

photoreceptors. (C, D) Immunohistochemistry for LA or LA/LC (white) and the rod-specific 
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marker Nr2e3 (green) on rd1 retinas at P16 (C) or P21 (D). Boxed regions indicate the areas 

shown in the insets. Arrows indicate LA expression in Nr2e3+ rods. Scale bars = 10 µm. (E-

H) Transcript expression at different postnatal stages as indicated - from the Anand Swaroop 

lab (AS)245. (F) Sashimi plot of splice junctions from P10 rd1 RNA-seq data. (G, H) 

Transcription at the Lmna (G) or Lbr (H) loci from P10 RNA-seq samples as indicated. Data 

were remapped from Jiang et al.245 and plotted on the same scale (group autoscale). 

 

Previous studies revealed nuclear disorganization and LA/LC upregulation in mice harboring 

mutations in essential chromatin proteins (eg. Casz1, Atxn7), but whether this was a general 

feature of degeneration remained unclear. To address this question, we examined rd1 mice – 

a well-studied degenerative model in which rods are completely eliminated by the fourth 

postnatal week. The rd1 mutation disrupts the Pde6b gene, which is linked to retinitis 

pigmentosa in humans207. Examination of P16 rd1 mice revealed extensive LA expression 

within the degenerating photoreceptor layer (Fig. 3.3C). Since cone cell death is more 

protracted versus rods in the rd1 model, we co-stained rd1 retinas with the rod-specific 

transcription factor Nr2e3 (Fig. 3.3C, D, Supplemental video 2). This confirmed that LA 

upregulated in bona fide rods in the rd1 retina. 

https://www.nature.com/articles/s41419-023-06224-x#MOESM3
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Figure 3.3. Increased heterochromatin tethering in Lamin A+ rd1 rods. (A) Airyscan 

confocal imaging of P16 rd1 retinas stained for LA (white), Nr2e3 (green), and Hoechst (blue). 

Boxed regions indicate the areas shown in (B, C). Arrowheads indicate LA+ Nr2e3+ rods. 

Arrows indicate LA-negative Nr2e3+ rods. Asterisk indicates a pyknotic nucleus. Scale bars 

= 10 µm. (D) Mean chromatin intensity at the nuclear margin normalized against the mean 

chromatin intensity of the whole nucleus. (E) Linear distance between chromocenter centroids 

and the nuclear margin. (F) Chromocenters per nucleus. Black datapoints and error bars are 
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the mean intensity values from each biological replicate (30 cells each; circles) ± SEM. * p < 

0.05, ** p < 0.01, *** p < 0.001; ANOVA with Tukey’s post-hoc test. 

 

To corroborate these observations, we examined a recently published RNA-seq dataset made 

from sorted rd1 rods245. In this dataset, Lmna was among the most significantly upregulated 

genes. Moreover, Lmna upregulation coincided precisely with the onset of cell death at P10 

(Fig. 3.2E). Since pathological gene expression begins as early as P2245, these data argue that 

Lmna upregulates in response to degeneration. To visualize Lmna transcripts directly, we re-

mapped Jiang et al.’s RNA-seq data. Lmna upregulated significantly in the reanalyzed data 

(Log2 fold-change vs. control: 3.40; adj. p-value: 5.19E-13). Examination of Lmna exon usage 

revealed that alternative splicing generated bona fide LA transcripts (Fig 3.3F, G). Finally, we 

examined Lbr transcripts, but found no difference in wild-type versus rd1 mice (Log2 fold-

change vs. control: 0.042; adj. p-value: 0.91; Fig. 3.3H; Fig. 3.4). Thus, degenerating rods 

upregulate LA, raising the possibility that higher order genome organization might be 

reconfigured in these photoreceptors. 

To test this idea directly, we measured HC tethering in LA–positive versus –negative rods. We 

found that the intensity of DNA at the nuclear periphery was elevated when LA+ cells were 

compared to LA-negative cells from the rd1 mouse, or to C57BL6/J controls (Fig. 3.3A-D). 

Similarly, the distance between each chromocenter and the margin of the nucleus was 

significantly reduced in LA+ versus C57BL6/J control rods (Fig. 3.3E), suggesting that LA 

reorganizes the nucleus during degeneration. 
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Figure 3.4. Lbr expression in the degenerating rd1 mutant. (A-D) Airyscan confocal 

microscopy of P16 wild-type C57BL/6 (A) or rd1 mutant retinas (C) with an Lbr-specific 

antibody (yellow). The retina was also counterstained with DNA dye Hoechst 33342 (blue). 

Boxed regions indicate the areas shown in the insets. (B, D) Inset regions showing individual 

color channels, including lamin A for C57BL/6. Arrowheads indicate cone photoreceptors. 

Scale bars = 10 µm. 

 

3.2. Heterochromatin tethering by Lamin A versus Lbr 

While LA+ rods exhibited increased HC tethering, Lbr is still expressed when LA upregulates 

(Fig. 3.2G, H) raising the question of whether LA and Lbr tether heterochromatin differently. 

To compare LA versus Lbr –dependent HC tethering, wild-type retinas were electroporated at 

P0 with control, LA, or Lbr expression constructs cloned into the pCIG2 vector, which 

contains an IRES2-EGFP reporter cassette. Importantly, due to the exclusively embryonic 
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temporal window for cone generation, cone photoreceptors are never transfected262,263,264. 

Transfected rods were examined at P42, when chromatin inversion is complete (Fig. 3.5A). 

 

Figure 3.5. Heterochromatin tethering by lamin A versus Lbr. (A) In vivo electroporation 

paradigm. Retinas were subretinally injected with plasmids, electroporated, and harvested after 

6 weeks, yielding transfected rod photoreceptors. (B) Wholemount epifluorescence image of 

EGFP expression from a transfected retina. (C) Morphometric analysis of transfected nuclei 

was performed as indicated. (D) Densitometry values for chromatin intensity at the nuclear 

periphery of Control (n=6) or LA -transfected cells (n=6) as indicated, obtained using the “Plot 

profile” tool in Fiji. Each color represents a different cell. (E) Densitometry values for 

chromatin intensity transecting the center of the nucleus from Control (n=30) or LA -

transfected cells (n=30). (F-H) Airyscan confocal imaging of rod photoreceptors transfected 

with GFP-expressing empty vector control (F), LA (G), or Lbr (H) constructs, and harvested 
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after 6 weeks. (I) Quantitation of chromatin intensity at the nuclear margin measured using the 

“Freehand Line” tool in Fiji. (J) Distance from the chromocenter midpoint to the nuclear 

periphery. (K) Chromocenter number per cell. Black datapoints and error bars are the mean 

intensity values from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, 

ANOVA with Tukey’s post-hoc test. *** p < 0.001, **** p < 0.0001, ANOVA with Tukey’s 

post-hoc test.  

 

Using morphometric measures for heterochromatin tethering (Fig. 3.5C-E), we found that both 

LA and Lbr increased the intensity of DNA at the nuclear periphery equivalently in comparison 

to control cells (Fig. 3.5F-I; Fig. 3.6). Chromatin inversion progressively reduces the number 

of chromocenters208. In Lbr-transfected cells, the distance between the chromocenter centroid 

and nuclear lamina was significantly reduced in rods expressing Lbr versus LA (Fig. 3.5J). 

Moreover, LA increased chromocenter number significantly more than Lbr (Fig. 3.5K). LA 

and Lbr thus had different effects on nuclear organization. In accordance with these 

observations, we found no evidence of cross-regulation. Lbr did not upregulate in LA 

transfections, nor did LA upregulate in Lbr transfections (Fig. 3.7). 
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Figure 3.6. Examples of heterochromatin tethering induced by in vivo electroporation. 

(A-C) Airyscan confocal imaging of retinas transfected with empty vector control (A), LA 

(B), or Lbr (C) expression constructs, and harvested after 6 weeks. Arrows mark transfected 

EGFP+ cells Scale bars = 10 µm.  
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Figure 3.7. Lack of reciprocal upregulation upon lamin A or Lbr misexpression. (A-C) 

Airyscan confocal imaging of retinas stained transfected with GFP-expressing empty vector 

control (A), lamin A (B), or Lbr (C) expression constructs, and harvested after 6 weeks. 

Retinas were stained for lamin A, Lbr, and Hoechst. Blue arrows mark transfected EGFP+ 

cells. Magenta arrows indicate cones. Scale bars = 5 µm.  

 

3.3. Heterochromatin tethers have subtle effects on gene expression 

To determine how tethering affects gene expression, we misexpressed LA/Lbr in rods using in 

vivo electroporation. After 8 weeks, we flow-sorted viable EGFP+ cells. As we were only able 

to obtain a few thousand cells per transfected retina, we opted to perform scRNA-seq using 

the 10x Genomics Chromium platform. To avoid batch effects, we multiplexed samples using 
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the Multi-seq barcoding approach. After removing low-quality cells and performing additional 

filtering (see Methods), we clustered individual cells using Uniform Manifold Approximation 

and Projection (UMAP; Fig. 3.8A). To annotate cell types in an unsupervised manner, we used 

scDeepSort254 trained on a previously published retinal RNA-seq atlas253. As expected, most 

sorted cells in the dataset were rods, but a few bipolars and Müllers were also annotated (Fig. 

3.8B).  

 

Figure 3.8. Comparison of gene expression in control versus tethered rods. (A) UMAP 

projection of Multi-seq dataset. (B) Unsupervised cell-type annotation via scDeepSort trained 

on a previously published retinal scRNA-seq dataset253. (C) Demultiplexing of control, lamin 

A, and Lbr samples. (D, E) Overlap of Control, lamin A, or Lbr -transfected cells within the 
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rod cluster. (F, G) Volcano plots of differential gene expression in annotated rods. (F) Lamin 

A versus control. (G) Lbr versus control. 

 

Focusing solely on annotated rods, Control, LA, and Lbr -transfected cells clustered in an 

overlapping fashion, suggesting little difference between their overall gene expression patterns 

(Fig. 3.8D, E). Similarly, we found that both LA and Lbr misexpression had relatively modest 

effects on the expression of individual genes (Fig. 3.8E, F; Table S1). Characteristic 

photoreceptor genes were significantly elevated in LA-expressing rods (eg. Rho, Gnat1; Fig. 

3.8F), and significantly decreased in Lbr-expressing cells (eg. Guca1a, Pde6b; Fig. 3.8G). 

Nonetheless, the overall magnitude of transcriptional changes in tethered rods was generally 

modest, with only a few genes changing more than 2-fold. Interestingly, Hist1h1c and Cbx3, 

which encode key heterochromatic proteins, were significantly downregulated in Lbr-

expressing rods (Fig. 3.8G).  

 

3.4. Heterochromatin tethering regulates genome accessibility 

Previous studies have reported that rod photoreceptors uniquely exhibit megabase-scale 

genomic intervals with unusually reduced chromatin accessibility215. We reasoned that this 

unique accessibility signature might be altered by heterochromatin tethering. We therefore 

performed ATAC-seq on rods transfected with control, LA, or Lbr constructs. To mark rods 

specifically, we co-transfected the plasmids with a pRho2.2::DsRed reporter223 (Fig. 3.9A, B). 

After 8 weeks, rod photoreceptors were sorted using EGFP, DsRed, and Dapi to mark viability.  

https://www.nature.com/articles/s41419-023-06224-x#MOESM4
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Figure 3.9. Heterochromatin tethering promotes chromatin accessibility. (A) In vivo 

electroporation paradigm. Retinas were subretinally injected with expression plasmids, 

including the rod-specific pRho2.2-DsRed reporter. Electroporated retinas were harvested 

after 8 weeks, yielding DsRed+ rod photoreceptors. (B) Wholemount epifluorescence image 

of EGFP and DsRed expression from a transfected retina. (C) Upset plot of of ATAC-seq peak 
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intersections from sorted rods transfected with control, LA, or Lbr expression constructs 

compared against previously published data from the Joe Corbo lab (JC)215 as indicated. (D) 

Alignment of ATAC-seq data from sorted rods transfected with control, LA, or Lbr expression 

constructs compared against previously published data215 as indicated. Plots are centered on 

peak summits from LA transfected rods. Arrows indicate the tethering-specific cluster C2 

peaks. 

 

Next, we processed the ATAC-seq datasets in order to call peaks. We first compared our 

datasets against previously published ATAC-seq data from sorted rods215. In general, we 

observed that all of our datasets exhibited comparable signal at the rod-specific peak loci 

previously identified by Hughes et al.215 (Fig. 3.10). We also observed a lack of signal at the 

promoters of several marker genes for non-rod cell types, such as cones, bipolars, and Müller 

glia (Fig. 3.11).  

In accordance with the hypothesis that inverted nuclear architecture restricts accessibility215, 

we observed an increase in the number of peaks in tethered rods (Fig. 3.9C). We compared LA 

or Lbr -tethered rod ATAC-seq data versus normal rod datasets using two approaches. First, 

we examined the overlap between peaks. We found that more than half of the rod-specific 

peaks identified by Hughes et al. were shared by our ATAC-seq datasets (Fig. 3.9C). The 

control datasets together contained less than 2000 peaks that were absent from tethered rods. 

By contrast, LA and Lbr datasets exhibited 5094 and 6452 unique peaks, respectively, and 

shared an additional 7652 peaks – all of which were absent from the control datasets (Fig. 

3.9C).  
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Figure 3.10. Comparison of control and tethered rod ATAC-seq datasets versus 

previously published data. (A) Alignment of ATAC-seq data from sorted rods transfected 

with control, lamin A, or Lbr expression constructs compared against previously published 

data from the Joe Corbo lab (JC)215 as indicated. Peaks are centered on rod-specific peaks 

(narrowpeaks) published by Hughes et al.215 (B) Visualization of previously published ATAC-

seq tracks and called peaks previously generated by Hughes et al. (JC), in comparison with 

ATAC-seq tracks generated from control, lamin A, or Lbr -transfected rods at the Rhodopsin 

locus. Tracks are plotted on different scales. 
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Figure 3.11. Lack of accessibility at selected cell-type-specific marker genes. (A-I)  

Visualization of previously published ATAC-seq tracks previously generated by Hughes et al. 

(JC)232, in comparison with ATAC-seq tracks and called peaks generated from control, LA, or 

Lbr -transfected rods at bipolar (A-C), cone (D-F), or Müller glia (G-I) marker genes. ATAC-

seq tracks were plotted on different scales. Arrows indicate the transcription start sites for each 

marker gene. (A′-I′) Comparison of marker gene expression in annotated bipolars, cones, 

Müller glia, and rods generated using the Plae scRNA-seq resource262. 

 

Secondly, we also plotted the data centered on the 35 858 LA peaks. This analysis revealed a 

great deal of resemblance between the accessibility signatures of LA+ and Lbr+ rods. We 

performed K-means clustering which allowed us to separate 9754 peaks that had markedly 

elevated signal in LA/Lbr tethered rods in comparison to controls (Fig. 3.9D; cluster C2; 

arrows). Peak-to-gene annotation revealed that only ~10% of these novel peaks were found in 

gene-proximal regions (Fig. 3.12A). Taken together, these analyses indicate that rods with 

tethered HC gain thousands of additional peaks – mainly in distal intergenic regions.  
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Figure 3.12. Characterizing novel tethering-specific accessible sites. (A) Location of 

tethering-specific cluster C2 peaks in relation to the transcription start site (TSS) of adjacent 

genes. (B, C) Motif enrichment in ATAC-seq footprints comparing LA versus control (B) or 

Lbr versus control (C) ATAC-seq datasets. (D) Alignment of ATAC-seq data from sorted rods 

transfected with control, LA, or Lbr expression constructs compared against previously 

published data from the Joe Corbo lab (JC)215, and Ctcf ChIP-seq data from embryonic stem 

cells generated by the Encode Consortium. Plots are centered on tethering-specific cluster C2 

peak summits (see Fig. 3.8D). 

 

We inspected newly accessible peaks, but they did not appear to overlap with any specific 

genomic feature. We therefore opted to perform footprinting analysis using the TOBIAS 

algorithm244. TOBIAS examines ATAC-seq peaks to identify regions occluded by proteins, 
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and to match these ‘footprints’ to transcription factor motifs. We selected 220 transcription 

factor motifs from the TRANSFAC database. Using this approach, we found that Ctcf 

footprints were the most overrepresented motifs in both LA and Lbr datasets (Fig. 3.12B, C). 

Focusing on novel tethering-specific cluster C2 peaks, we next visualized Ctcf ChIP-seq 

datasets made from embryonic stem cells by the Bing Ren lab235. We found that cluster C2 

loci correlated with considerable Ctcf signal (Fig. 3.12D). These data suggest that many of the 

peaks induced by HC tethering are genuine regulatory elements that are normally 

decommissioned in rods. Perhaps accordingly, we found that cluster C2 loci exhibited little 

enrichment for  chromatin marks from published rod-specific datasets34,217 (Fig. 3.13). 

Hughes et al. had also previously hypothesized that HC tethering might explain the increased 

genomic accessibility of cones215. However, we found that in terms of genome accessibility, 

tethered rods are more similar to control rods than to cones – perhaps not surprisingly (Fig. 

3.14A). Inspection of cone-specific peaks revealed that most remained inaccessible in tethered 

rods (Fig. 3.14B; see also Fig. 3.11), except at the Lmna locus itself (Fig. 3.14C), which was 

previously noted to be accessible in cones but not rods208. Some loci might therefore take on 

cone-like accessibility signatures in response to tethering.   
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Figure 3.13. Comparison of control and tethered rod ATAC-seq datasets versus 

previously published rod-specific ChIP-seq and cut&run-seq data. (A, B) Alignment of 

ATAC-seq data from sorted rods transfected with GFP control, lamin A, or Lbr expression 

constructs compared against previously published ChIP-seq data from the Jeremy Nathans lab 

(JN)217 as indicated. Plots are centered on tethering-specific cluster C2 peak summits (see Fig. 

3.8D). (C, D) Alignment of ATAC-seq data from sorted rods transfected with GFP control, 

lamin A, or Lbr expression constructs compared against previously published cut&run-seq 

data from the Epstein and Poleshko laboratories (E/P)34 as indicated. Plots are centered on 

tethering-specific cluster C2 peak summits (see Fig. 3.8D). Tracks are plotted on different 

scales. 
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Figure 3.14. Comparison of ATAC-seq data from control rods, tethered rods, and green 

cones. (A) Upset plot of of ATAC-seq peak intersections from sorted rods transfected with 

control, LA, or Lbr expression constructs compared against previously published sorted rod 

and (double-sorted) green cone data from the Joe Corbo lab (JC)215 as indicated. (B, C) 
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Comparison of previously published ATAC-seq tracks and called peaks versus ATAC-seq 

tracks generated from control, LA, or Lbr -transfected rods as indicated, visualizing the cone-

specific genes Opn1mw (green cone opsin; B) or Lmna (C). ATAC-seq tracks are plotted on 

different scales. Arrows indicate peaks present in cones and/or tethered rods, but not control 

rods. Tracks are plotted on different scales. 

 

Finally, to address the hypothesis that heterochromatin tethering might affect the accessibility 

of B compartment topologically associating domains (TADs), we examined rod-specific Hi-C 

experiments23. Surprisingly, we found that almost all of the novel cluster C2 peaks were 

present in the euchromatic A compartment (Fig. 3.15A). We did observe a few notable 

exceptions, where B compartment accessibility was altered, including at the Myc gene (Fig. 

3.15B), which was previously reported to be localized within a large inaccessible interval215, 

as well as across a TAD that contains the chemokines Ccl1, Ccl2, Ccl7, Ccl8, Ccl11, and Ccl12 

(Fig. 3.15C). Nonetheless, effects on B compartment accessibility were the exception. 
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Figure 3.15. Alteration of genome accessibility in the A versus B -compartments. (A) 

Alignment of ATAC-seq data from sorted rods transfected with control, LA, or Lbr expression 

constructs compared against previously published data from the Joe Corbo lab (JC)215, and 

compartment data from Falk et al.23 as indicated. Peaks are centered on tethering-specific 

cluster C2 peak summits (see Fig. 3.8D). (B, C) Control vs. rd1 RNA-seq from the Anand 
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Swaroop lab (AS)245, ATAC-seq tracks and called peaks from the Joe Corbo lab (JC)215, and 

compartment data from the Leonid Mirny lab (LM)23, compared against ATAC-seq tracks 

generated from control, LA, or Lbr -transfected rods. B-compartment TADs included the Myc 

(B) and Ccl2, Ccl7, Ccl11, Ccl12, Ccl8, and Ccl1 (C) loci. RNA-seq and ATAC-seq tracks 

were respectively group-autoscaled. Arrows indicate peaks present specifically in tethered 

rods. 

 

3.5. Heterochromatin tethering promotes accessibility at a subset of stress-

responsive genes 

To understand how heterochromatin tethering might relate to function, we performed GO 

terms analysis on the tethering-specific cluster C2 peaks using Panther and ReViGO238,239. 

Since 9754 peaks were obtained in the cluster, peak-to-gene annotation would retrieve a large 

fraction of all genes. To reduce false discovery, we restricted our analysis to gene-proximal 

peaks located from 5 kb upstream to 1 kb downstream of a given gene. This reduced the overall 

peak count to only ~1400 peaks, corresponding to 1224 genes. Significantly enriched GO 

terms related to the stress response, including “immune system process”, and “inflammatory 

response” (Fig. 3.16A; Table S2).  

To determine whether the same group of stress-responsive genes might upregulate in rd1 rods, 

we intersected the 1224 tethering-specific cluster C2 genes with the RNA-seq data generated 

by Jiang et al., but observed no systematic change in the expression of these genes (Fig. 3.16B). 

Moreover, we also examined the viability of transfected cells using flow cytometry, but did 

not observe any elevation in LA or Lbr expressing rods (Fig. 3.16C), nor did stress-responsive 

transcripts upregulate in our Multi-seq dataset (Fig. 3.16D, E). Nonetheless, a few cluster C2 

genes exhibited notable increases in accessibility, including the putative tumor suppressor 

https://www.nature.com/articles/s41419-023-06224-x#MOESM5
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Tusc1 (Fig. 3.16F). Novel peaks were also seen at the Ccl3 and Ccl4 chemokine genes (Fig. 

3.17A), as well as the interferon activated gene Ifi204 and the Cd68 surface marker (Fig. 

3.17B, C) – both of which were shown to become acutely accessible in a light damage model 

of retinal degeneration265.  

 

Figure 3.16. Heterochromatin tethering promotes accessibility at stress responsive genes. 

(A) GO terms analysis of tethering-specific cluster C2 genes (see Fig. 3.8D) via PantherDB 

and ReViGO. Peak-to-gene annotation was restricted to gene proximal peaks as described in 

the text. (B) Violin plot of mRNA expression for genes associated with cluster C2 peaks from  

P10 control or rd1 sorted rods. RNA-seq data were generated by the Swaroop lab245. (C) Cell 

viability data from transfected (GFP/DsRed+) cells harvested after 8 weeks, based on Dapi 
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exclusion. (D, E) Expression changes for selected stress-responsive genes, comparing RNA-

seq data from control versus rd1 sorted rods from the Anand Swaroop lab (AS)245 (D) versus 

scRNA-seq data from rods transfected with control, lamin A, or Lbr plasmids (E). (F, G) 

Control vs. rd1 RNA-seq, and ATAC-seq tracks and called peaks from Hughes et al. (JC)215, 

compared against ATAC-seq tracks generated from control, LA, or Lbr -transfected rods at 

the Tusc1 (F) and Nab2 (G) loci. RNA-seq and ATAC-seq tracks were respectively group-

autoscaled. Arrows indicate peaks present specifically in tethered rods, but not control rods. 
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Figure 3.17. Heterochromatin tethering promotes accessibility at a subset of 

degeneration-associated genes. (A-C) Control vs. rd1 RNA-seq from the Anand Swaroop 

lab (AS)245, ATAC-seq tracks and called peaks from the Joe Corbo lab (JC)215, and 

compartment data from the Leonid Mirny lab (LM)23, compared against ATAC-seq tracks 

generated from control, LA, or Lbr -transfected rods as indicated. RNA-seq and ATAC-seq 

tracks were respectively group-autoscaled. Arrows indicate peaks present specifically in 

tethered rods, but not control rods. 

 

We also observed novel tethering-specific peaks at the immediate early gene Nab2 (Fig. 

3.16G). Interestingly, Nab2 has been shown to upregulate during cone degeneration266.  Taken 

together, these data suggest that heterochromatin tethering might ‘poise’ regulatory elements 

to facilitate the stress response, but that additional steps are necessary for full gene activation.  

Discussion 

The rod photoreceptors of nocturnal animals are perhaps the only eukaryotic cells that 

normally function without heterochromatin tethering. Here, we report that LA upregulates in 

the rd1 model of retinitis pigmentosa. Since LA/LC upregulates in two other degenerative 

models66,219, and since Pde6b does not directly regulate gene expression, we conclude that 

Lmna upregulation is likely a general response to degeneration. 

How does LA upregulation affect the photoreceptor genome? Previous studies suggested that 

the absence of tethering leads to a strikingly ‘closed’ accessibility signature215,212. Perhaps 

counterintuitively, our data suggest that tethering the heterochromatic B-compartment at the 

nuclear periphery mainly affects accessibility within the euchromatic A-compartment. Acting 

like the fingers in a “cat’s cradle”, heterochromatin tethering might be important for 

disentangling and segregating B compartment TADs away from the A compartment (Fig. 
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3.18). Alternatively, tethering might provide tensile force to chromosomes that could facilitate 

gene expression. LMNA mutations have accordingly been shown to have extensive effects on 

genome accessibility in other contexts168. 

 

Figure 3.18. Cat’s cradle model for tethering-dependent effects on genome accessibility. 

(A) During the differentiation of wild-type rods, the tethering of heterochromatin (dark blue) 

by Lbr (purple) stretches the chromosomes, promoting accessibility in the A-compartment 

(cyan). Over time, Lbr expression is downregulated leading to chromatin relaxation, and 

finally chromatin inversion. As the chromatin relaxes, accessibility decreases. (B) During the 

differentiation of rd1 rods, lamin A (red) upregulates at the onset of tissue damage. The 

prolongation of tethering promotes accessibility at genomic regions that would normally be 

decommissioned. Rd1 rods downregulate lamin A prior to cell death. 
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Based on genome modeling, the Solovei and Mirny labs predicted that the introduction of 

heterochromatin tethering in fully inverted rods would fail to restore conventional 

architecture23. Results from SCA7 and Casz1 mutant mice, in which LA/LC upregulates in 

mature rods agree with this prediction23,219. By contrast, the upregulation of LA in rd1 rods 

occurs prior to full inversion. Nonetheless, since tethering mainly induced novel peaks within 

the A-compartment, we predict that LA upregulation might have similar effects on genome 

accessibility during the degeneration of mature rods with fully inverted architecture. 

Heterochromatin tethers are permissive—but not instructive—for gene 

expression 

We found that LA/Lbr both increased genome accessibility similarly—mainly at distal 

intergenic regions. Focusing on cluster C2 peaks, we found that Ctcf footprints were increased, 

suggesting that these loci might be bona fide regulatory elements that are normally 

decommissioned in inverted rods. Accordingly, we found that many of these loci exhibited 

Ctcf occupancy in murine ES cells. While the accessibility signatures of LA/Lbr were similar, 

they differed in footprint enrichment profiles and elicited subtle but divergent changes in gene 

expression, in agreement with previous research66. Moreover, morphometric analysis of HC 

tethering revealed that LA/Lbr had different effects on chromocenters. 

In the literature, LA/Lbr are thought to interact with LADs that are characterized by 

localization within the B-compartment, and enrichment for heterochromatic marks. As our 

transfection paradigm only permitted the purification of small numbers of cells, we focused 

on methods such as scRNA-seq and ATAC-seq. However, ATAC-seq would be unlikely to 

identify elements directly bound by LA/Lbr. In the future, it will be important to use a battery 
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of ‘omics’ and microscopic approaches in order to determine how the genome interacts with 

LA/Lbr, and to perform more extensive time coursing and replication. 

One alternative possibility is that the increased accessibility observed in tethered rod datasets 

might arise if samples were contaminated with non-rod cells. However, we disfavor this 

interpretation. First, in our ATAC-seq experiments, we found that cell-type-specific marker 

genes exhibited equivalent accessibility when compared to control rod datasets. Second, most 

of the observed novel peaks were distal to genes. Third, even for gene-proximal peaks, GO 

terms were mainly associated with the stress response rather than cell fate, suggesting that 

changes in cell composition are unlikely to account for the novel peaks. 

Another alternative interpretation is that the observed accessibility signature might be a by-

product of toxicity introduced by construct overexpression. Again, we disfavor this scenario. 

First, while LA/LC overexpression has been associated with toxicity, these effects are often 

linked to mitotic catastrophe or nuclear rupture, which are mitigated in non-motile post-mitotic 

rods. We harvested rods at least 6 weeks after transfection, and observed no effect on cell 

viability, suggesting that LA was well-tolerated over the long-term. Second, similar changes 

in accessibility were observed when rods were transfected with Lbr, which has been shown to 

be well-tolerated in transgenic mice209,66. Third, LA/Lbr are both expressed in the rods of 

various vertebrates66. 

Lamin A reorganizes the nucleus during degeneration 

ATAC-seq has been recently used to characterize degenerating retinas in age-related macular 

degeneration and murine light damage models, revealing a marked decrease in genome 

accessibility266,267. Examination of RNA-seq data from the light damage model revealed that 
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Lmna was similarly upregulated by ~10–20-fold—both at 6 h and one day post-injury, but not 

at 3 days266. While the reported decrease in genomic accessibility thus conflicts with our 

observations, the ATAC-seq data from the above studies were generated using whole retinas, 

whereas we studied sorted rods. Moreover, we note that several genes that were reported to 

become accessible upon light damage, including Ccl4, Ifi204, and Cd68, similarly became 

accessible upon heterochromatin tethering via LA/Lbr (Fig. 3.17). Luu et al. also reported that 

light damage increased accessibility at distal intergenic regions, in accordance with our 

observations.  

Elsewhere in the CNS, changes in nuclear lamins have previously been linked to 

neurodegeneration. For example, alterations in the expression and integrity of B-type lamins 

have been documented in tauopathies and Alzheimer’s disease268,176. A potential linkage 

between LA and photoreceptor degeneration nonetheless seemed unlikely, given that the 

expression of the LA splice variant is usually suppressed in neurons99, and has been repeatedly 

shown to be absent in rods66,215,219,216. However, LA was recently found to upregulate in 

hippocampal neurons in Alzheimer’s disease269 . Indeed, Lmna upregulation was recently 

linked to tissue damage in a variety of other organs270, although the responsible regulatory 

mechanisms have not yet been defined. 

What might be the purpose of upregulating LA in response to pathology? Tethering 

heterochromatin via LA/Lbr transfection appears to ‘poise’ the regulatory elements of stress-

responsive genes. However, the limited effect on transcription suggests that LA upregulation 

may serve additional purposes. One possibility is that heterochromatin tethering may be 

important for facilitating DNA repair. Indeed, previous studies have shown that DNA repair 

is inefficient in inverted rod photoreceptors, and this inefficiency is ameliorated via transgenic 
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misexpression of Lbr110,111. Given the well-documented linkage between LA/LC and DNA 

repair112, it would be interesting to test whether LA upregulation improves the efficiency of 

DNA repair even further. 

Appendix 

This paper is published in Cell Death & Disease under a license that permits reuse (see Open 

access publishing rules). 

 

Nab2 stress responsive protein expression in Lamin A+ rods 

To help validate the ATAC-seq data generated using sorted rods (Chapter 3), we opted to look 

for the expression of selected genes that exhibit increased promoter accessibility. Nab2 is one 

of the highly upregulated immediate-early stress responsive proteins in rd1 rods, and has a 

highly accessible genomic region in LA/Lbr expressing rods (Figure 3.16G). It has also been 

shown to upregulate in degenerating cones267. Accordingly, in our unpublished data, we found 

a distinct nuclear Nab2 protein expression in rd1 LA expressing rods and transfected LA rods 

(Fig. S1B, D) versus control-tranfected nuclei where Nab2 is limited to the NL (Fig. S1A, C). 

https://www.nature.com/cddis/open-access
https://www.nature.com/cddis/open-access
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Although our scRNA-seq data did not reveal elevated Nab2 mRNA expression in LA 

expressing rods, these immunohistochemical data might provide validation for the increased 

accessibility observed in LA expression rods in the ATAC-seq dataset. 

 

Figure S1. Nuclear Nab2 expression in lamin A expressing rods. Airyscan confocal 

imaging of transfected rod photoreceptors with EGFP-expressing empty vector Control (A) 

and Lamin A (B), harvested after 6 weeks. C57BL/6J wild-type Control (C), rd1 (D), harvested 

after 16 days. 
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Chapter 4. A link between Lamin A upregulation and the DNA damage 

response during rod photoreceptor degeneration 

Abstract 

Photoreceptor cells are highly vulnerable to neurodegenerative disease. In retinitis pigmentosa, 

rod photoreceptors degenerate via cell death mechanisms that are not fully understood. 

Evidence suggests that the process may be multi-phasic, with stress-responsive gene 

expression signatures evident long before rods succumb to die, but the molecular mechanisms 

that link pathophysiological events to gene regulation are unclear. In previous work, we 

showed that lamin A (LA) upregulated at the onset of rod photoreceptor degeneration in the 

rd1 mouse model of retinitis pigmentosa, suggesting that it might be an early marker of cellular 

pathology. Here, we show that LA upregulation correlates with the DNA damage response. 

Using phosphorylated KAP1 (pKAP1) immunohistochemistry, we show that LA upregulation 

correlates tightly with rods harboring an active DNA damage response. Time course analysis 

suggests that LA transiently marks an early phase of the cell death process, whereas  pKAP1 

cumulatively marks rods throughout degeneration. Next, to determine how LA modifies rod 

degeneration, we performed siRNA knock-down or overexpression of LA in the rd1 via in 

vivo electroporation. We found that siRNA-mediated knockdown of LA accelerated cell death, 

whereas LA overexpression reduced cell death. These data suggest that LA upregulation is 

adaptive, and promotes rod photoreceptor survival. Together, these data suggest that DNA 

damage and KAP1 phosphorylation converges with LA upregulation to reorganize 

heterochromatin (HC) during rod photoreceptor degeneration. 
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Introduction 

The death of retinal photoreceptor cells accounts for several of the most common forms of 

neurodegeneration. Cone photoreceptor degeneration in age-related macular degeneration has 

a particularly large burden, afflicting more than 10% of all individuals above age 40271. 

Retinitis pigmentosa (RP) – in which rod photoreceptors degenerate, is among the most 

common genetic disorders, afflicting as many as 1 in 4,000 people, with at least 84 genes 

contributing to the RP genetic landscape191. Since photoreceptor vulnerability contributes to 

the disease process in both cases, improving our understanding of RP pathophysiology should 

provide important insight into neurodegeneration.  

In RP, mutations often misregulate the phototransduction process, leading to profound ionic 

and metabolic imbalances, as well as oxidative stress 272 , 273 , 274 . While these insults are 

ultimately fatal to the cell, many data suggest that photoreceptors go through distinct phases 

of degeneration. While RP is generally driven by inherited mutations, degeneration typically 

occurs during adulthood, and progresses slowly over years or even decades191.  

Transcriptomics has been used to profile cell death in RP models, revealing that initial insults 

drive a cascade of gene expression changes that occur prior to overt cell death. In many cases, 

genes are strikingly upregulated in response to damage245,267,268. Moreover transcription factors 

or co-factors are genetically linked to RP, including CRX, NRL, NR2E3, and OTX2, implying 

that some forms of RP are ‘transcriptionopathies’. However, even when RP is driven by defects 

in phototransduction, studies have revealed consequent alterations to the transcriptome and 

epigenome. Previous studies have linked photoreceptor degeneration to changes in chromatin 

accessibility266,268, DNA methylation 275 , histone modifications 276 , 277 , 278 , and DNA 

damage279,280. 
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While the order-of-events underlying the transcriptomic component of the cell death process 

in RP has been studied previously, the underlying pathophysiological and regulatory 

mechanisms remain largely unclear. Relatively few markers that distinguish between early and 

later phases of rod photoreceptor cell death have been established thus far. In previous work, 

we showed that in the rd1 mouse model of RP, rod photoreceptors upregulate LA, which in 

turn reorganizes the nucleus220. LA upregulation coincided with the onset of the initial wave 

of cell death220, but how exactly cell stress led to altered gene regulation remained unclear. 

To begin to understand the upstream events responsible for this process, we performed co-

staining experiments with other markers of cellular stress response. We report that LA is highly 

co-expressed with  phospho (p) KAP1, a marker of the DNA damage response. Whereas LA 

expression peaks early in the degenerative process, we found that  pKAP1 continues to mark 

photoreceptor nuclei throughout degeneration. These data suggest that LA upregulates in cells 

in response to DNA damage. Next, to determine how LA affects cell death, we knocked-down 

or overexpressed LA in the rd1 mouse model using retinal electroporation. We find that LA 

knock down accelerates cell death. Together, these data establish LA upregulation as an 

adaptive response to DNA damage during rod degeneration. Our data suggest that both LA 

and KAP1 phosphorylation may converge to reorganize heterochromatin (HC) during early 

stages of rod photoreceptor degeneration. Lamin A and  pKAP1 should be useful markers with 

which to identify photoreceptors in distinct phases of degeneration. 

Results 

4.1. Lamin A expression peaks at P16 in the rd1 mouse model 



87 
 

RP is often age-dependent and slowly progressive. This implies that individual photoreceptors 

may exhibit extensive heterogeneity in their response to insult, with some photoreceptors 

persisting for longer than others. Despite this fact, very few molecular markers can be used to 

discriminate between different stages of degeneration. Using the rd1 mutant as a model 

system, we previously reported that LA upregulates during rod photoreceptor degeneration220. 

Analysis of previously published RNA-seq data from sorted rd1 rods revealed that 

upregulation of Lmna – the gene encoding LA – coincided precisely with the onset of cell 

death at postnatal day (P) 10245,220, suggesting that LA might mark rods during early phases of 

degeneration.  

To determine how LA expression correlates with cell death in the rd1 retina, Jasmine 

Levesque, an Honour’s student in Dr. Mattar lab, focused on P10, P16 and P21 stages and 

found that as the retina of the rd1 mouse degenerates, the width of the photoreceptor layer 

drastically decreases between P10 and P16 (Figure 4.1D-G). At P10, the width of the 

photoreceptor layer was 58.86 μm ± 5.3 μm. The photoreceptor layer underwent drastic 

degeneration between P16 and P21, decreasing in width to 9.7 μm ± 1.9 μm and 4.4μm ± 0.8 

μm, respectively. Comparing the photoreceptor layer in the rd1 versus that of C57BL6/J 

controls, we found no significant difference at P10, but a marked reduction in thickness at P16 

and P21, as expected (Figure 4.1G). Similar results were obtained when we measured the 

photoreceptor layer by counting cell rows. Next, we performed IHC for LA to determine how 

LA expression in rods changes during degeneration. In wild-type mice, LA was nearly absent 

in the photoreceptor layer (Figure 4.1A-C). 
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Figure 4.1. Kinetics of lamin A/C upregulation in the rd1 retina.  

Lamin A expression in C57BL6/J retinas (A-C) or rd1 (D-F) retinas at P10 (A, D), P16 (B, 

E), or P21 (C, F). (G) Width of the photoreceptor layer (micrometers). (H) Proportion of 

photoreceptors that are Lamin A positive. (I, J) H2A.X and Lamin A expression in P16 rd1 

rods. 

 

The few LA+ cells were found at the apical margin of the layer, and were probably cone 

photoreceptors as shown previously216,66,219. By contrast, in the P10 rd1 retina, prior to the 

overt loss of rods, 22% of photoreceptor cells expressed LA (Figure 4.1D, H). By P16 (Figure 

4.1E, H), 39% of photoreceptors express LA, which decreased to 32% at P21 (Figure 4.1F, H). 

In each case, these proportions were significantly elevated versus wild-type controls. 
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Additionally, we performed γH2AX IHC in P16 rd1 rods. The data suggest that there is fairly 

widespread DNA damage in the rd1.  Individual foci might arise from oxidative stress (Figure 

4.1I).  However, most of the cells have the whole nucleus marked (Figure 4.1J), suggesting 

that many LA+ cells may be undergoing DNA fragmentation associated with apoptosis. 

4.2. Phospho-KAP1 is upregulated in lamin A -expressing rods 

In response to DNA damage, cells mount repair responses. However, degenerating rod 

photoreceptors repair DNA very inefficiently110. It is reported that DNA double-strand break 

repair efficiency in rods correlates with the level of KAP1 expression and phosphorylation, 

which are low in mature rods after DNA damage110. KAP1 protein is a co-repressor that binds 

to HP1 during gene silencing but is also phosphorylated at Serine 824 in response to DNA 

damage281,282. Therefore, pKAP1 (S824) is a marker of DNA damage. The mechanism of 

photoreceptor death in the rd1 retina is not fully understood, and identifying specific 

mechanisms contributing to rod cell death, (eg. DNA damage), may provide an insight into 

this mechanism.  

While the rod photoreceptors in the wild-type C57BL/J retina rarely express pKAP1, there is 

an increasing expression of pKAP1 in the rd1 model (Figure 4.2G), at every chosen time point 

(P10, P16 and P21). This suggests that as degeneration occurs in the rd1 model, DNA damage 

is increasing. First, we examined how LA and pKAP1 were expressed during rod 

photoreceptor degeneration in the rd1 mutant. Compared to control (Figure 4.2A-C), we found 

that LA upregulation strongly correlated with pKAP1 expression. Approximately 80% of rods 

that expressed LA were observed to co-express pKAP1 (Figure 4.2D-F, H).  
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Figure 4.2. Co-expression of phospho KAP1 and Lamin A/C in the control and rd1 

mutant. (A-F) P10 - P16 cells co-expressing Lamin A/C and pKAP-1 are highlighted with a 

purple arrow. (G) Proportion of photoreceptors that are pKAP1 positive at P10, P16 and P21. 

(H) Comparison of Lamin A+ versus pKAP1+ proportions at P10, P16 and P21. (I) Analysis 

of the published RNA-seq dataset245, Trim28 was upregulated in rd1 rods 1.54 -fold versus 

control rods (adj. p-value < 0.001). 
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We examined RNA-seq data from sorted P10 control and rd1 rods. Interestingly, like Lmna, 

Trim28, which is the transcript that encodes KAP1, was significantly upregulated in rd1 versus 

control, albeit to a lesser extent versus Lmna. In our re-analysis of the published RNA-seq 

dataset245, Trim28 was upregulated approximately 1.54 -fold versus control rods (adj. p-value 

< 0.001) (Figure 4.2I). Increases in pKAP1 in degenerating rods therefore likely have both a 

transcriptional and post-translational basis. 

While the correlation between LA/C and pKAP1 co-expression in rd1 from P10 to P16 remains 

stable (Figure 4.2D-F), LA/C does not upregulate past P16, while pKAP1 does (Figure 4.2H). 

As there is no significant difference in expression levels between the LA/C and pKAP1 at P10 

and P16 of the rd1 retina, this suggests that these stress markers may appear in an ordered 

fashion. Since LA/C and pKAP1 are commonly coexpressed in dying photoreceptors, there 

may be a functional link between DNA damage and LA.  

4.3. Lamin A upregulation is an adaptive response to degeneration 

In order to gain a better understanding of how LA is affecting cell survival versus death in the 

rd1 model of retinitis pigmentosa, I have tranfected siRNA to suppress LA upregulation 

(Figure 4.3B, C). Transfected cells were marked by co-injecting a GFP plasmid. To validate 

the siRNA strategy, I first examined LA upregulation. In general, based on our data, 30-40% 

of the rods should be LA+ at this stage of rd1 development. Accordingly, we readily found 

LA protein expression in rods transfected with an siRNA negative control (NC) (Fig. 4.3A).  

However, on a qualitative level, LA was absent from siRNA LA transfected rd1 rods (Fig. 

4.3B, C). 
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Figure 4.3. siRNA Lamin A expression in rd1 rods to supress Lamin A upregulation. 

Airyscan confocal imaging of rd1 rod photoreceptors transfected with siRNA LA negative 

control (NC) (A), siRNA lamin A (B, C), and pCIG Lamin A (D), harvested after 16 days, 

with Lamin A/Nr2e3 rod-specific marker expression (red/yellow).  

 

Next, we examined the viability of rod photoreceptors to determine whether their survival was 

altered. We counted pyknotic nuclei, as degenerating rods do not express many conventional 

apoptotic markers, including activated caspase 3283. As rd1 rods undergo rapid degeneration, 

pyknotic nuclei are readily observed at P16.  
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Figure 4.4. Lamin A overexpression and depletion in rd1 rods affects viability.  

Airyscan confocal imaging of transfected ( rd1 rod photoreceptors with siRNA lamin A (A), 

Lamin A (B), siRNA lamin A pyknotic nucleus expressing PARP1 magnified (C) harvested 

after 16 days. D. Proportion of pyknotic nuclei per 30 (transfected) nuclei (n=3) comparing 

rods transfected with siRNA NC (negative control) with siRNA Lamin A and pCIG Lamin A. 
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E. Proportion of Lamin A positive (LA+) or Lamin A negative (LA-) nuclei per 30 

untransfected rd1 pyknotic rods at P16 (n=3) (t-test). Black datapoints and error bars are the 

mean intensity values from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, 

one-way ANOVA with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, ANOVA with 

Tukey’s post-hoc test. Data are compared to negative control transfected with non-targeting 

siRNA negative control (rd1) and positive control rd1 LA+ harvested at P16. 

 

We found that the proportion of pyknotic rd1 rod nuclei (P16) was higher in rods transfected 

with siRNA LA versus negative control (NC) (Figure 4.4A, D). Since LA knockdown reduced 

viability, we next performed the converse experiment by overexpressing LA in rd1 rods 

(Figure 4.3D, 4.4B, D). We found that LA overexpression significantly increased survival 

(Figure 4.4B, D). Next, we examined untransfected rd1 rods, counting LA+ versus LA- 

pyknotic nuclei. We similarly found that rods endogenously expressing LA were never 

pyknotic, whereas rd1 rods devoid of LA expression were frequently found to be pyknotic 

(Figure 4.4E). Together, these data suggest that rods depleted of LA may be degenerating 

faster in comparison with LA transfected/upregulating rd1 rod nuclei (Figure 4.4A, B, D). 

What is more peculiar is that the pyknotic nuclei highly express PARP1 (Figure 4.4C).  

Discussion 

DNA fragmentation has long been associated with photoreceptor apoptosis in mouse models 

of RP284,285. Apoptosis is well-known to drive DNA damage, but in photoreceptors, high 

intensity light also leads to DNA damage. Careful analysis of DNA fragmentation has 

suggested that light initially induces an acute phase of random DNA damage that is related to 

oxidative attack, followed later by a second wave of enzyme-mediated damage that is likely 

apoptotic286,287. Since many RP mutations and high intensity light both lead to excessive 
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activation of the phototransduction cascade, we think that oxidative stress likely explains the 

widespread DNA damage that we observed. 

In the rd1 mouse, activation of the DNA damage response has been visualized via EdU 

incorporation, as well as via the aberrant upregulation of cell cycle markers such as PCNA and 

damage responsive proteins such as DNA Ligase IV and P53279,288. In many cases these 

proteins are found mainly in pyknotic rods. For this reason, it has been argued that the damage 

response is a relatively late event during degeneration279. Moreover, DNA repair has been 

shown to proceed slowly in murine rod photoreceptors, with radiation inducing DNA damage 

and γH2AX foci efficiently, but mobilization of  pKAP1 and 53BP1 proceeding 

inefficiently110,111. Similarly, in the rd1 and rd10 mutant photoreceptors, elevations in γH2AX 

and 53BP1 foci were not previously observed280.  

By contrast, we find that pKAP1 expression marks rods at a very early stage in degeneration, 

and continues to cumulatively report the degenerative process. We found considerable 

numbers of  pKAP1+ rods at the onset of degeneration at P10. Moreover, relatively few of 

these nuclei exhibited evidence of pyknosis. Indeed, we found that a considerable proportion 

of these cells co-expressed LA. Since Lmna is upregulated via transcriptional 

mechanisms245,220, these data argue that  pKAP1 marks a proportion of rods early in the 

degenerative process, when the cells are actively upregulating stress-responsive genes. It is 

thus possible that the LA+ rd1 population exhibits less pyknotic nuclei because LA is marking 

an early phase of degeneration, suggesting that the LA+ nuclei are in the initial stages of 

degeneration.  Moreover, when we reanalyzed RNA-seq data from sorted rd1 rods, we found 

that KAP1 transcript (Trim28) was itself significantly upregulated at P10.  
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It is interesting to ponder on the role of LA in the correlation with PARP1 expression. It is 

reported that retinal degeneration may lead to the overactivation of PARP-1, triggering PARP-

dependent cell death289,290. It seems that when LA is absent, a cell death process associated 

with PARP1 upregulation may be increased. LA seems to be a restraining factor for PARP1-

associated cell death, since LA upregulation in rd1 nuclei did not cause an increase in 

degeneration. Upregulated PARP1 expression in  LA-depleted pyknotic rd1 nuclei could 

explain PARP1 involvement in photoreceptor cell death in different models of retinitis 

pigmentosa291,292.  

Moreover, DNA repair mechanism in inverted rods was shown to be inefficient110,111. 

Interestingly, LBR-mediated HC tethering improved DNA repair capacity111. Therefore, it is 

tempting to propose that the simultaneous upregulation of PARP1 with tethering competent 

LA would allow HC tethering with chromatin PARylation to facilitate DNA damage repair 

efficiency. This is supported with our finding that LA upregulation strongly correlated with 

pKAP1, as DNA repair efficiency in rods requires a strong expression of pKAP1110,111. In 

future work, using electroporation, we aim to determine whether phospho-mimetic versions of 

KAP1 are sufficient to induce LA. 

Taken together, these data indicate that LA upregulation forestalls degeneration, suggesting 

that LA upregulation might facilitate the DNA damage response. 
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Chapter 5. Structure-function analysis of Lamin A heterochromatin 

tethering 

Abstract 

The nuclear lamina cytoskeleton plays a critical role in higher order genome organization by 

tethering heterochromatin (HC) at the inner nuclear membrane. Genome disorganization is 

accordingly implicated in laminopathic diseases, many of which arise due to mutations in the 

LMNA gene. LMNA encodes the nuclear intermediate filaments lamin A (LA) and lamin C 

(LC). However, the mechanism through which nuclear lamins tether HC remains unknown. 

Importantly, previous experiments revealed that LA is sufficient to tether HC at the nuclear 

lamina, but that its alternative splice variant LC cannot. Since LA differs from LC only at its 

C-terminus, we performed a structure-function study of the  LA C-terminus. We used murine 

rod photoreceptors as a model system since these cells naturally lack HC tethering. Our 

analyses indicate that the C-terminus of LA provides two essential functions. First, molecular 

modelling predicts that the C-terminus interacts directly with nucleosomes. Second, we found 

that the LA C-terminus must be defarnesylated in order to tether HC. We additionally found 

that HC tethering depends on C-terminal amino acids that are mutated in both progeroid and 

non-progeroid diseases, including surface IG-fold domain residues. Finally, to demonstrate 

sufficiency, we exchanged the LA C-terminus into the Lamin B1 gene. Misexpression of this 

recombinant “Lamin BA” in rod photoreceptors was sufficient to tether HC. Taken together, 

these data provide a framework for understanding how HC tethering is controlled, and how 

this function is disrupted in disease. 

Introduction 
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Nuclear organization is thought to play a critical role in gene regulation 293 ,294 . Whereas 

cytoplasmic functions are often partitioned within membrane-enclosed organelles, the nucleus 

lacks such structures, and so functional compartmentalization must be achieved through 

different mechanisms. In many cases, large domains of the genome that are enriched with 

specific epigenetic modifications associate with particular nuclear structures. For example, the 

nucleolus is associated with HC, whereas nuclear pore complexes tend to associate with 

euchromatin (EC)295,296. The nuclear lamina has perhaps the most well-studied importance in 

nuclear organization. In virtually every eukaryotic cell, HC is tethered at the nuclear lamina. 

Both facultative (H3K27me3) and constitutive (H3K9me2/3, H4K20me3) HC can interact 

with the lamina25,27,297,34,298. Moreover, the artificial recruitment of reporter genes to the lamina 

suppresses transcription35, suggesting that the lamina normally has a repressive influence on 

the genome.  

What are the molecular mechanisms that control HC tethering at the nuclear lamina? 

Addressing this question using genetic approaches is complicated by the highly redundant 

expression of putative tethering proteins – many of which are essential for viability. Uniquely, 

the rod photoreceptors of nocturnal mammals naturally lack the expression of HC tethering 

proteins (both known and as-yet unidentified), and exhibit an inverted chromatin organization 

with centrally localized HC and peripherally localized EC211,210,208. HC inversion reduces light 

scattering and improves contrast sensitivity in low-light conditions211,210,208,209. Interestingly, 

in diurnal animals, rod photoreceptors maintain a conventional nuclear organization208,66. Rods 

of nocturnal mammals invert during development, as retinal progenitors initially exhibit 

conventionally organized nuclei, and chromatin inversion takes place slowly over the course 

of weeks in the differentiating rods209. Using murine rods as a model system, gain-of-function 
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approaches have revealed that the lamin B receptor (LBR) and Lamin A (LA) proteins are 

sufficient to tether HC66,219,220. LBR is a transmembrane protein that localizes within the inner 

nuclear membrane. Heterozygous and homozygous mutations in LBR lead to the Pelger-Huet 

anomaly, in which the nuclear morphology of granulocytes is aberrant299,300. In knockout mice, 

HC tethering is lost in many tissues66. LBR is thought to bind HC directly through an N-

terminal tudor domain. 

LA is an intermediate filament protein encoded by the LMNA gene. Like LBR, LMNA 

mutations are associated with laminopathic disease, but mutations lead to markedly different 

phenotypes92,301. In contrast with LBR, LA lacks a canonical chromatin binding domain. 

Lamin genes do encode an IG-fold domain, which is a structure utilized by some transcription 

factors to bind DNA. However, the lamin IG-fold is thought to lack critical residues that might 

allow it to bind DNA43. Curiously, LA shares extensive homology with the ubiquitously 

expressed B-type lamins that are encoded by the LMNB1 and LMNB2 genes. Moreover, LA is 

nearly identical to lamin C (LC) - an alternative splice variant that differs from LA only at its 

C-terminus. However, only LA is capable of tethering HC in rod photoreceptors66,219,220. 

Intriguingly, the C-terminal domain of LA was recently shown to bind histone H3 in vitro, and 

exhibited a preference for heterochromatic modifications91. By contrast, the analogous domain 

of LC could not bind H3. These data suggest that LA (but not LC) might interact with histones 

directly, but whether this mechanism accounts for HC tethering in vivo remains unclear. 

Here, we used a variety of approaches to decipher the molecular logic of LA-dependent HC 

tethering. First, we used Alphafold3302 to model the interaction between lamin proteins and 

nucleosomes. Second, we validated these data by performing a structure/function study of LA 

-dependent HC tethering in murine rod photoreceptors. Taken together, our results point to a 
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two-fold importance of the unique LA C-terminal domain. First, Alphafold3 predicts direct 

contacts between the unique LA C-terminus and nucleosomes. Second, we find that C-terminal 

post-translational defarnesylation is critical for establishing tethering competence.  

Results 

Rod photoreceptors are perhaps the best model system with which to assess the effectiveness 

of candidate HC tethers. As shown previously, rods do not express LA or LC, but they do 

express Lamin B1 (LB1)66, indicating that B-type lamins are not sufficient to tether HC. 

Mature rods do not express LBR, as shown previously66. Retinas can be readily transfected by 

performing subretinal plasmid injections and electroporation on perinatal mouse pups223, 

which targets progenitor cells during the peak of rod photoreceptor production. Rods 

transfected with control plasmids undergo chromatin inversion on the normal schedule (Figure 

5.1A). As shown previously66,219,220, LA robustly tethers HC, leading to a complete reversal of 

chromatin inversion (Fig. 5.1B), but LC is not sufficient to tether HC (Fig. 5.1C, F-H). 

Likewise, overexpression of LB1 has no effect on nuclear organization (Fig. 5.1D, F-H), 

suggesting that endogenous LB1 does not fail to tether HC due to insufficient expression 

levels.  
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Figure 5.1. Lamin A, but not lamin B1 and lamin C, is sufficient for heterochromatin 

tethering. 

Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing empty 

vector control (A), Lamin A (B), Lamin C (C) or Lamin B1 (D) constructs, and harvested after 

6 weeks (P42). E. Illustration of different lamin proteins, of which only Lamin A can tether 

heterochromatin (HC). F. Quantitation of chromatin intensity at the nuclear margin measured 

using the “Freehand Line” tool in Fiji. G. Distance from the chromocenter midpoint to the 

nuclear periphery. H. Chromocenter number per cell. Black datapoints and error bars are the 
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mean intensity values from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, 

one-way ANOVA with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, ANOVA with 

Tukey’s post-hoc test. 

 

Moreover, we tested misexpressing LA with different promoters, including the Rho2.2 

promoter that is active only in differentiating rods 303 . Changing promoters made no 

appreciable difference (Figure 5.2), suggesting that HC tethering in rods is quantitatively 

robust, and little altered by differences in timing. Analysis of the tethering intensity associated 

with transfection (GFP) intensity implied that LA tethers HC independently on the expression 

stage/level (Figure 5.2G).  

In our published manuscript219, we additionally determined that LA (or LBR) overexpression 

does not alter cell viability, and does not lead to the marked upregulation of stress-responsive 

genes (Chapter 3.1, Fig.3.16). Moreover, upregulation of endogenous LA reorganized HC in 

degenerating rods. 

Together, these data confirm the utility of rod photoreceptors as a model system for studying 

LA-dependent HC tethering. 
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Figure 5.2. Lamin A expression paradigm.                                                                                                                                                                                    

Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing empty 

vector control (A), along with Lamin A (B), or pRho Lamin A (C) constructs, and harvested 

after 6 weeks (P42). Tethering activity was not significantly different between LA and pRho 

LA, based on nucleo-morphometric analysis. D Quantitation of chromatin intensity at the 

nuclear margin measured using the “Freehand Line” tool in Fiji. E Distance from the 

chromocenter midpoint to the nuclear periphery. F Chromocenter number per cell. Black 

datapoints and error bars are the mean intensity values from each biological replicate (30 cells 

each; circles) ± SEM. p < 0.0001, one-way ANOVA with Tukey’s post-hoc test. ***p < 0.001, 

****p < 0.0001, ANOVA with Tukey’s post-hoc test. G Quantitation of chromatin and 

transfection (EGFP) intensity at the nuclear margin measured using the “Freehand Line” tool 
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in Fiji. H Illustration of the difference between Lamin A and pRho Lamin A expression. Data 

are compared to negative control pCIG and positive control wild-type Lamin A average values 

generated from replicates in Figure 5.1. 

 

5.1. Modelling lamin-nucleosome interactions 

What is the structural basis for tethering competence? Previous results have suggested  that 

the LA C-terminus can interact directly with histone H3 in vitro, whereas the corresponding 

C-terminal domain of LC cannot91. Using AlphaFold3305, we first simulated the interaction 

between two lamin proteins. We found that LA, LC and LB1 all formed braided filament-like 

structures. Next, we modelled the interactions between lamin dimers and a nucleosome 

octamer (Figure 5.3). We found that LC dimers maintained their filamentous configuration, 

and that the nucleosome self-assembled into an octamer, but no robust interaction between LC 

and the octamer was evident (Figure 5.3B). Next, we performed the same simulation with two 

LA proteins. We found that instead of forming a rod-like structure, the two LA subunits took 

on a hoop-like configuration which encircled the nucleosome. Closer inspection revealed that 

the LA dimers formed a number of Van der Waals bonds with histones, and the IG-fold 

domains took on an oriented alignment over and under the nucleosome (Figure 5.3C). While 

this interaction was striking, we thought that LA would be unlikely to take on this 

configuration once polymerized into intermediate filaments. The hoop-like structure seemed 

much more likely to be formed by nucleoplasmic, soluble lamin. 
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Figure 5.3. Alphafold3 projection of A- and B-type lamins and nucleosomes. 

A legend for the lamin dimer and nucleosome interaction matrix (Lamin A as an example), 

with a highlighted Lamin A C-termini contacts (A). Modelling of the Lamin C dimer with the 

unmethylated nucleosome (B). Modelling of the processed Lamin A dimer with the 
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unmethylated nucleosome (C). Modelling of the Lamin B1 dimer with the unmethylated 

nucleosome (D). In a modeled Lamin A dimer, the colours blue, turquoise, yellow, orange 

signify the model prediction confidence – with blue representing the highest level of prediction 

confidence.  

 

Moreover, when we tested a LB1 dimer, we found that it could take on a similar hoop-like 

configuration (Figure 5.3D). Indeed, for both LC and lamin B1, the IG folds and C-terminus 

were oriented away from the nucleosome (Figure 5.3B, D). 

Next, we simulated a series of euchromatic and heterochromatic modifications of histone tails, 

including H3K27me3, H3K27ac, and H4K20me2/3. Strikingly, when the nucleosome was 

modified to contain the H3K9me2 modification, we noted that the contacts between the LA 

C-terminus could be retained while the LA dimer remained in the filamentous configuration 

(Figure 5.4A).  

Of note, H3K9me2 is particularly enriched at the nuclear lamina in conventional cells, and is 

a key modification that defines lamina-associated domains (LADs) in the genome33,34. Similar 

results were observed when the nucleosome was supplemented with the H1.2 linker histone 

(HIST1H1C) (Figure 5.4B). By contrast, nucleosomes containing H3K9me2 did not form 

bonds with LB1 or LC (Figure 5.4C, D).  
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Figure 5.4. Alphafold3 projection of Lamin A, Lamin C and Lamin B1 with modified 

nucleosomes. Alphafold3 modeling of fully processed mature Lamin A protein interaction 

with H3K9me2 nucleosome (A), with nucleosome linker histone H1.2 (B). Alphafold 

modeling of Lamin C (C) and Lamin B1 (D) protein interaction with H3K9me2 nucleosome. 

The colours blue, turquoise, yellow, orange signify the model prediction confidence – with 

blue representing the highest level of prediction confidence.  

 

Next, we inspected Van der Waals bonds predicted to form between residues in the LA dimers 

and the nucleosome. In all cases, LA/histone bonds were found to be symmetrical, with each 

LA subunit pairing with one side of the nucleosome in a mirrored fashion. Alphafold3 

predicted a number of such bonds (visualized via ChimeraX304), including one in the N-

terminus (Figure 5.5A), as well as V629  and E578 in the LA C-terminus, which paired with 
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histone H2A and H2B, respectively, while Y579 paired with H4 (Figure 5.5B). Interestingly, 

a recent preprint by the Medalia lab shows that  LA residues between 579-585 contact H2A-

H2B histones305. 
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Figure 5.5. ChimeraX modeling of direct Lamin A C-terminal tail and N-terminal head 

interactions with histones.  

A. Arginine 63 of histone H3 contacts the LA N-terminal residue Asp 87.  

B. LA C-terminal contacts between Valine 629 and Glutamic acid 25 of histone H2A (pink). 

LA C-terminal Glutamic acid 578 interacts with the Lysine 117 of histone H2B (yellow), and 

C-terminal Tyrosine 579 interacts with Glycine 23 of histone H4 (green). 

 

The most extensive set of interactions were made by a patch of interface amino acid residues 

(LA578-585), specific to the unique LA C-terminus (not found in LC), which interacted with 

both H2B and H4 (Figure 5.5B). Interestingly, some of those AA are also implicated in disease 

(eg. E578V; R582H; R584H)306. Extensive internal Van der Waals interactions within a large 

internally looping stretch of the LA C-terminal tail appear to be important for exposing and 

orienting a C-terminal loop harboring most of the residues that made contacts with the 

nucleosome. Together, these simulations provide a framework for understanding HC tethering 

by LA that we tested experimentally below. 

 

5.2. The IG-fold domain is necessary for tethering 

To test the predictions of the Alphafold3 model, we decided to simulate interactions between 

nucleosomes and laminopathic LA variants, and then to compare these predictions with results 

from in vivo tethering assays in rod photoreceptors. We first examined mutations associated 

with the IG-fold domain. Previous work has implied that the IG-fold can bind DNA directly307, 

although other work suggests that it cannot bind histones by itself91. While Alphafold3 

modelling suggests that the IG-fold does not make direct contacts with the nucleosome, IG-
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fold missense mutations are associated with laminopathic disease. We first examined LA 

R453W and LA R482W, which cause Emery-Dreifuss muscular dystrophy and dilated 

cardiomyopathy, respectively82. In simulations, LA R453W dimers retained a filamentous 

configuration, but LA R482W was rearranged into a loose hoop-like configuration (Figure 

5.6B, C). Compared to wild-type LA (Figure 5.6A), simulations reveal that both mutants lose 

Van der Waals contacts with the H3K9me2 nucleosome. 

 

Figure 5.6. Alphafold3 projection of Lamin A IG-fold mutants with the nucleosome.  
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Alphafold3 modeling of the processed Lamin A-H3K9me2 interaction matrix as a control (A), 

Lamin A IG-fold mutant LA R453W-H3K9me2 (B), and Lamin A IG-fold mutant LA R482W-

H3K9me2 interaction (C). The colours blue, turquoise, yellow, orange signify the model 

prediction confidence – with blue representing the highest level of prediction confidence. 

 

In both cases, the IG-folds and C-termini were oriented away from the nucleosome and the 3D 

structure of the IG-fold appeared to be disorganized (Fig. 5.6B, C).  

In perfect agreement, overexpressing both LA R453W and LA R482W in rod photoreceptors 

completely failed to tether HC (Fig. 5.7A-H). LA immunostaining confirmed that the failure 

to tether was not due to lack of protein expression or incorrect localization. Likewise, LA IG-

fold mutant expression in 3T3 cells revealed that mutant proteins form precipitates (Figure 

5.7I-L). These data suggest that the IG-fold plays an important role in lamin function, but that 

with respect to HC tethering, its likely role is to orient more C-terminal regions of LA in order 

to surface-expose regions that directly contact the nucleosome. 
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Figure 5.7. Loss of tethering in IG-fold non-progeroid disorders.  

Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing empty 

vector control (A), Lamin A (B), Lamin A R53W  (C) Lamin A R482W (D) constructs, and 

harvested after 6 weeks. E. Illustration of IG-fold lamin A point mutants. F. Quantitation of 

chromatin intensity at the nuclear margin measured using the “Freehand Line” tool in Fiji. G. 
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Distance from the chromocenter midpoint to the nuclear periphery. H. Chromocenter number 

per cell. Black datapoints and error bars are the mean intensity values from each biological 

replicate (30 cells each; circles) ± SEM. p < 0.0001, one-way ANOVA with Tukey’s post-hoc 

test. ***p < 0.001, ****p < 0.0001, ANOVA with Tukey’s post-hoc test. Data are compared 

to negative Control pCIG and positive control wild-type Lamin A average values generated 

from replicates in Figure 5.1. 3T3 cell line transfected with (I) Control, (J) Lamin A, (K) 

R453W and (L) R482W.  

 

5.3. Post-translational processing is essential for tethering competence 

In addition to the histone tails, post-translational processing occurs on lamin proteins. Both 

LA and B-type lamins are farnesylated on the Cysteine residues of their C-terminal CAAX 

motifs. To approximate this in Alphafold3, we added palmitoyl to the C-terminal CAAX 

motifs. After C-terminal palmitoylation, we noted that LA maintained its hoop-like 

encirclement of the nucleosome, but now failed to make contacts with the nucleosome (Figure 

5.8). Upon farnesylation, LA undergoes subsequent processing that culminates in the cleavage 

of amino acids 647-665 by the ZMPSTE24 protease, which removes the farnesylated cysteine. 

When we simulated this cleavage, we found that processed LA C-terminus resumed a robust 

interaction with the nucleosome (Figure 5.8). 
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Figure 5.8. Alphafold3 projection of palmitoylated Lamin A with the nucleosome 

H3K9me2. 

Alphafold3 modeling of C-terminally palmitoylated Lamin A protein interaction with 

H3K9me2 nucleosome (A) and processed (cleaved) Lamin A protein interaction with 

H3K9me2 nucleosome (B). The colours blue, turquoise, yellow, orange signify the model 

prediction confidence – with blue representing the highest level of prediction confidence. 

 

Since Alphafold3 predicted that farnesylation would block HC tethering, we next examined 

the effects of mutations that block LA processing. The most famous LA mutation is likely 

progerin, which is associated with Hutchinson-Guilford progeria syndrome. Progerin usually 

arises due to the activation of a cryptic premature splice donor, resulting in generation of a 

protein that lacks 50 C-terminal amino acids, including the proteolytic cleavage site at Leucine 

647. We simulated the interaction between progerin and the nucleosome. We found that 

palmitoylated progerin lost the normal contacts exhibited between LA and histones, even 
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though many of the relevant amino acids remain present in the protein (AA578-585) (Figure 

5.9B).  

 

Figure 5.9. Alphafold3 projection of palmitoylated Progerin with the nucleosome 

H3K9me2. 

Alphafold3  modeling of processed Lamin A protein interaction with H3K9me2 nucleosome 

as a control (A) and C-terminally palmitoylated Progerin protein interaction with H3K9me2 

nucleosome (B). The colours blue, turquoise, yellow, orange signify the model prediction 

confidence – with blue representing the highest level of prediction confidence. 

 

When we misexpressed progerin in rod photoreceptors, we accordingly observed that rod 

nuclei became markedly misshapen (Figure 5.10C). However, when we performed 

densitometric measurements, we found that progerin completely failed to tether HC to the 

periphery (Figure 5.10C-F).  
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Figure 5.10. Abolished tethering in Progerin is partially recovered via defarnesylation. 

Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing empty 

vector control (A), Lamin A (B), along with Progerin (C), or Progerin-CS (D) constructs, and 

harvested after 6 weeks. E) Illustration of post-translational mutants. Progerin is missing 50 

aa residues at the C-terminus (including the cleavage site at Leucine 647), and is permanently 

farnesylated at terminal Cysteine. Progerin-CS has an additional mutation at this C-terminal 

Cysteine, replacing it with Serine, so farnesylation is prevented, which partially rescues 
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tethering. F. Quantitation of chromatin intensity at the nuclear margin measured using the 

“Freehand Line” tool in Fiji. G. Distance from the chromocenter midpoint to the nuclear 

periphery. H. Chromocenter number per cell. Black datapoints and error bars are the mean 

intensity values from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, one-

way ANOVA with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, ANOVA with 

Tukey’s post-hoc test. Data are compared to negative control pCIG and positive control wild-

type Lamin A average values generated from replicates in Figure 5.1. 

 

To examine whether permanent farnesylation underlies the loss of tethering by progerin, we 

next tested a progerin mutant that lacks the ZMPSTE24 cleavage site, but additionally contains 

a C663S mutation that abrogates the thiol sidechain required for CAAX box farnesylation 

(Progerin-CS). Strikingly, this farnesylation incompetent mutant regained partial tethering 

ability - with facultative HC (fHC) being tethered at the nuclear lamina (Figure 5.10D-F).  

To further confirm that failure to tether HC is due to permanent farnesylation, and not due to 

the 50 amino acid deletion, we next examined LA L647R. The L647R substitution retains the 

50 amino acid lost in progerin, but prevents LA C-terminal cleavage leading to permanent 

farnesylation and progeria142. Interestingly, LA L647R also failed to tether HC, suggesting that 

cleavage/defarnesylation is critical (Figure 5.11C-F). Moreover, addition of the C663S 

mutation (LA L647R-CS) restored some tethering activity (Figure 5.11D-F). Thus, 

farnesylation-incompetent progeroid mutants regained partial tethering ability. 

Taken together, these data indicate that both, cleavage and defarnesylation are essential for 

HC tethering competence.  
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Figure 5.11. Abolished tethering in progeroid misprocessed mutant LA L647R is 

partially recovered via defarnesylation. 

Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing empty 

vector control (A), Lamin A (B), along with Lamin A L647R (C), or Lamin A L647R-CS (D) 

constructs and harvested after 6 weeks. E) Illustration of post-translational mutants. LA L647R 

is a point mutant that abolishes the cleavage site and is permanently farnesylated. LA L647R-

CS point mutant has an additional mutation at C-terminal Cysteine, replacing it with Serine, 

so farnesylation is prevented, which partially rescues tethering. F. Quantitation of chromatin 
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intensity at the nuclear margin measured using the “Freehand Line” tool in Fiji. G. Distance 

from the chromocenter midpoint to the nuclear periphery. H. Chromocenter number per cell. 

Black datapoints and error bars are the mean intensity values from each biological replicate 

(30 cells each; circles) ± SEM. p < 0.0001, one-way ANOVA with Tukey’s post-hoc test. 

***p < 0.001, ****p < 0.0001, ANOVA with Tukey’s post-hoc test. Data are compared to 

negative control pCIG and positive control wild-type Lamin A average values generated from 

replicates in Figure 5.1. 

 

5.4. The unique lamin A C-terminus is sufficient to tether facultative 

heterochromatin 

In order to test the sufficiency of the LA C-terminus, we reasoned that it would need to be 

expressed in the context of a functional full-length lamin protein. We therefore fused the N-

terminus of the tethering incompetent LB1 protein, with the LA IG-fold and C-terminal 

domains to generate a recombinant Lamin BA protein.  

We found it was able to tether HC from the outer chromocenter layer to the nuclear periphery, 

and localizing at the NL (Figure 5.12C). Lamin BA produced the “partial tethering” phenotype 

that was very similar to the Progerin-CS and LA L647R-CS constructs, pulling what appears 

to be the fHC at the nuclear lamina.   

Interestingly, wild-type LA is observed to produce the “partial tethering” phenotype in some 

instances (Figure 5.13). This suggests that the HC tethering mechanism observed in Lamin BA 

and LA-CS mutants is identical to wild-type LA, but exhibited at a quantitatively reduced 

level.  
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Figure 5.12. The unique Lamin A C-terminus is sufficient to tether heterochromatin.  

Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing empty 

vector control (A), Lamin A (B), along with a Lamin BA construct (C), and harvested after 6 

weeks. D. Illustration of lamin BA recombinant protein. Lamin BA is a recombinant protein 

between N-terminal domain of lamin B1 and C-terminal domain of lamin A (534 to 664), 

partially tethering HC. E. Quantitation of chromatin intensity at the nuclear margin measured 

using the “Freehand Line” tool in Fiji. F. Distance from the chromocenter midpoint to the 

nuclear periphery. G. Chromocenter number per cell. Black datapoints and error bars are the 

mean intensity values from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, 

one-way ANOVA with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, ANOVA with 

Tukey’s post-hoc test. Data are compared to negative control pCIG and positive control wild-

type Lamin A average values generated from replicates in Figure 5.1. 
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Figure 5.13. Wild-type Lamin A and Lamin BA partial tethering phenotype. 

Airyscan confocal imaging of rod photoreceptors transfected with mCherry (red) and pRho 

Lamin A at P1 and harvested at P52 (A, B), along with mCherry (red) and Lamin BA at P1 

and harvested at P42 (C, D). 

 

5.5. Bypassing of Lamin A post-translational processing does not affect 

heterochromatin tethering 

Finally, to determine whether post-translational processing is neccessary for targeting of LA 

to the nuclear lamina, we tested a LA 646-Stop construct designed to generate a mature form 

of LA that bypasses all processing steps. However, although it was never farnesylated, LA 

646-Stop was normally incorporated into the NL and tethered HC at similar levels vs. wild-

type LA (Figure 5.14C-F). These data suggest that mature LA protein is competent to tether 

HC, whether it is directly synthesized or post-translationally processed, similar to reports from 

Coffinier et al308.  
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Figure 5.14. Bypassing post-translational processing does not alter heterochromatin 

tethering. 

Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing empty 

vector control (A), Lamin A (B), Lamin A 646-Stop (C) constructs and harvested after 6 

weeks. D. Illustration of post-translational mutants. LA 646-Stop terminates at the mature 

lamin A residues so it doesn’t go through farnesylation/cleavage and defarnesylation. E. 

Quantitation of chromatin intensity at the nuclear margin measured using the “Freehand Line” 

tool in Fiji. F. Distance from the chromocenter midpoint to the nuclear periphery. G. 

Chromocenter number per cell. Black datapoints and error bars are the mean intensity values 

from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, one-way ANOVA 
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with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, ANOVA with Tukey’s post-hoc 

test. Data are compared to negative control pCIG and positive control wild-type Lamin A 

average values generated from replicates in Figure 5.1. 

 

5.6. Histone modifications demarcating heterochromatin tethering 

Next, to determine which type of HC is tethered by LA, we performed IHC experiments on 

several histone marks. To test the Alphafold3 modeling predictions, we performed IHC 

staining for H3K9me2 on untransfected and LA transfected rod nuclei (Figure 5.15). 

Accordingly, LA can relocate H3K9me2, which seems to mark fHC in the untethered and 

tethered nuclei. 

 

Figure 5.15. H3K9me2 heterochromatin mark deposition by wild-type Lamin A.  

Airyscan confocal imaging of untransfected rod photoreceptor (A), and transfected rod with 

Lamin A (B) construct and harvested after 6 weeks. Nuclei were stained for H3K9me2. 
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Next, we performed IHC experiments for H3K9me3 constitutive HC mark. In nuclei 

transfected with a control GFP plasmid, the H3K9me3 marked the central constitutive HC 

(cHC), while H3K9me3 marked the chromocenters in wild-type LA transfected rods and 

appeared to be pulled towards the periphery. In LA L647R-CS transfected rods, where HC is 

tethered more weakly, H3K9me3 was pulled to the periphery in correlation with whorls of 

denser chromatin (Figure 5.16). 

 

Figure 5.16. H3K9me3 constitutive heterochromatin mark deposition by defarnesylated 

Lamin A L647R-CS mutant. Airyscan confocal imaging of rod photoreceptors transfected 

with GFP-expressing empty vector control (A), along with Lamin A L647R (B), or Lamin A 

L647R-CS (C) constructs and harvested after 6 weeks. Nuclei were stained for H3K9me3. 
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To examine whether LA C-terminus is indeed sufficient to interact with fHC and cHC, we 

performed IHC experiments for H3K9me3 and H3K27me3 which demarcate cHC and fHC, 

respectively (Figure 5.17, 5.18). 

 

Figure 5.17. H3K9me3 constitutive heterochromatin mark deposition by Lamin BA 

recombinant protein.  

Immunohistochemistry for facultative heterochromatin mark H3k27me3 (red). Airyscan 

confocal imaging of rod photoreceptors transfected with GFP-expressing empty vector control 

(A), wild-type Lamin A (B) and Lamin BA (C). 

 

H3K9me3 marked the central chromocenter (Figure 5.17A). In LA transfected nuclei, we 

found that H3K27me3 fHC mark appeared to surround the chromocenters on the periphery 
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(Figure 5.18B), while H3K9me3 was mainly limited to chromocenters (Figure 5.17B). In 

accordance with partial tethering phenotype, Lamin BA affected the H3K27me3 mark, 

relocalizing it towards the nuclear periphery (Figure 5.18C), with little effect on H3K9me3 

(Figure 5.17C). 

 

Figure 5.18. H3K27me3 facultative heterochromatin mark deposition by Lamin BA 

recombinant protein. 

Immunohistochemistry for facultative heterochromatin mark H3k27me3 (red). Airyscan 

confocal imaging of rod photoreceptors transfected with GFP-expressing empty vector control 

(A), wild-type Lamin A (B) and Lamin BA (C). 
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In nuclei transfected with a control GFP plasmid, H3K27me3 marked the LINE-rich outer 

heterochromatic ring, and dimly stained the peripheral EC as well as the central constitutive 

HC (cHC) (Figure 5.18A). These data suggest that LA is sufficient for tethering of facultative 

and/or LINE-rich HC (marked by H3K27me3), and might tether cHC (ie. the chromocenters) 

marked by H3K9me3 more indirectly.  

5.7. Laminopathic mutants affect heterochromatin recessively, but cell 

shape dominantly 

A key advantage of the rod photoreceptor model system is that it allows the functions of 

individual LA variants and isoforms to be examined without interference from any other A-

type lamins that might potentially provide compensation. However, in most cells, LA variants 

are expressed heterozygously. To examine if HC tethering by wild-type LA would be disrupted 

by laminopathic point mutants, we misexpressed LA along with progerin (Figure 5.19C). We 

found that when co-expressed together, wild-type LA continued to tether HC with progerin 

making no detectable impact (Figure 5.19). These results predict that laminopathic mutations 

will affect HC tethering in a recessive manner. 

In previous work, we showed that LA transfected rods exhibit alterations in nuclear position 

and appeared elongated219. LA affects the stiffness and shape of the nucleus – both by 

providing intrinsic rigidity and by interacting with the Linker of Nucleoskeleton and 

Cytoskeleton (LINC) complex, which transduces forces between the nuclear and cytoplasmic 

cytoskeletons. We therefore additionally analyzed the shape of the rod nuclei transfected with 

LA progeroid mutants. 
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Figure 5.19. Lamin A and Progerin co-expression in rods. 

Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing empty 

vector control (A), Lamin A (B), Lamin A and Progerin (C) constructs, and harvested after 6 

weeks.  D. Quantitation of chromatin intensity at the nuclear margin measured using the 
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“Freehand Line” tool in Fiji. E. Distance from the chromocenter midpoint to the nuclear 

periphery. F. Chromocenter number per cell. Black datapoints and error bars are the mean 

intensity values from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, one-

way ANOVA with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, ANOVA with 

Tukey’s post-hoc test. Data are compared to negative control pCIG and positive control wild-

type Lamin A average values generated from replicates in Figure 5.1. 

 

Since rod nuclei are usually spherical or hexagonal in shape, we reasoned that nuclear length 

and perimeter measurements would reveal cell shape distortions. We found that LA 

significantly increased nuclear length (elongation) and deviated from the circular shape 

(circularity), but progeroid mutants distorted nuclear shape significantly more than wild-type 

LA (Figure 5.20A, B). This distortion was greatly diminished when progerin was modified 

with the C-terminal CS mutation. Similar results were seen with LA L647R and LA L647R-

CS (Figure 5.20A, B). These data might suggest that increased tethering can ameliorate nuclear 

shape phenotypes. However, when we co-expressed progerin with wild-type LA, tethering was 

fully restored (Figure 5.19B) but the nuclear shape phenotype was not rescued (Figure 5.20A, 

B). Taken together, these data suggest that the nuclear distortions associated with laminopathic 

mutations are intrinsic to the cytoskeleton, and likely modified by farnesylation, but are not 

modified by lamina-HC interactions. Moreover, they suggest that laminopathic mutants have 

a dominant action on nuclear shape that cannot be rescued by wild-type LA in trans. 
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Figure 5.20. Defarnesylation can reverse elongated progeroid nuclear phenotypes.  

A. Quantitation of the length of the nuclei using the “Straight line” tool in Fiji with microscopy 

images (Hoechst) of the nuclei. Defarnesylated mutants (LA L647R CS, Progerin CS) induce 

less elongated nuclei versus progeroid mutants (LA L647R, Progerin). B. Circularity 

(Perimeter2/4πArea). Violin plots are compiled from biological replicates (30 cells each; n=3) 

± SEM. p < 0.0001, one-way ANOVA with Tukey’s post-hoc test. ***p < 0.001, 

****p < 0.0001, ANOVA with Tukey’s post-hoc test.  

 

Discussion 

Lamins have a well-established connection to genome organization. Fibroblasts from patients 

harboring laminopathic mutations were repeatedly shown to exhibit reduced peripheral HC 

and loss of epigenetic marks such as H3K9me3 and H3K27me3 within the nucleus. Such 

epigenetic distortions were an appealing mechanistic explanation for diseases like progeria, in 

which the striking acceleration of aging seemed unlikely to be due to structural defects in cells 

or tissues alone. Moreover, Lmna knockouts were shown to lose HC tethering in particular cell 

types66. However, whether nuclear lamins were sufficient to tether HC was much less clear. 

Rod photoreceptors have been a key model system with which to resolve such questions, and 

while rods do not express A-type lamins, they do express structurally similar B-type lamins. 

Moreover, transgenic misexpression of LC in rods had no effect on HC. In previous work66 as 

well as this study, we showed that LA can tether HC219, and confirmed that LC cannot. 

However, these data do not resolve the key question of how LA might tether HC. Indeed, the 

only difference between LA and LC is approximately 100 C-terminal amino acids that do not 

contain a DNA or chromatin-binding domain. 
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Here, we addressed this question by using a combination of molecular modelling and tethering 

sufficiency assays in rod photoreceptors. Our data collectively suggest that defarnesylation is 

absolutely required for HC tethering. Interestingly, using Drosophila polytene 

chromosomes 309  it has been demonstrated that defarnesylated B-type lamins might be 

competent to tether HC. However, B-type lamins don’t have the corresponding ‘interface’ 

amino acids (578-585) found to contact the nucleosomes in LA Alphafold3 modeling. 

Moreover, our modelling predicts that the C-terminus of LA takes on a conformation that 

enables direct Van der Waals bonding between histone subunits and the LA C-terminus 

(Figure 5.21).  
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Figure 5.21. Alphafold3 modelling of the Lamin A dimer C-terminal loop configuration 

in order to contact H3K9me2. 

The IG-fold of Lamin A takes on a conformation that enables direct Van der Waals bonding 

between histone subunits and the Lamin A C-terminus. 

 

This prediction already has experimental support from the Misteli lab, who previously showed 

that an interval spanning the IG-fold through to the LA C-terminus is sufficient to bind histone 

H3 in vitro, with a preference for H3K9me2 modifications91. The C-terminal amino acids that 

are unique to LA and not shared with B-type lamins or LC, appear to directly bond with 

histones, as suggested by the Medalia lab306. An interface of residues that follow the IG-fold 

domain appear to make the majority of lamin-histone Van der Waals bonds. These residues 

are present in progerin, but are absent in B-type lamins and LC. However, the lack of tethering 

in progerin can be explained by a conformational change that fails to form contacts with the 

nucleosomes, as predicted with Alphafold3. 

In modelling results, lamins normally took on filamentous braided structures, but were 

reconfigured into hoop like structures that encircled nucleosomes. We think that these sorts of 

structures might be able to occur within the nucleoplasm. However, only defarnesylated LA 

could interact with the nucleosome while maintaining a filamentous configuration, and only 

when nucleosomes contained heterochromatic modifications, such as H3K9me2 or linker 

histones.  

To test the sufficiency of the LA C-terminus to tether HC, we expressed the LA IG-fold and 

C-terminal domain into the N-terminus of Lamin B1, which is normally tethering-incompetent. 

We found that this artificial lamin BA construct was sufficient to tether HC, albeit partially. 
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Next, we performed immunohistochemistry in order to understand what type of chromatin was 

tethered. We found that wild-type LA could relocalize H3K9me2, H3K27me3 and H3K9me3 

chromatin. However, H3K9me3 did not appear to directly contact the nuclear periphery. In 

previous comparisons between LA and Lbr, we showed that Lbr tethers chromocenters much 

more directly to the nuclear lamina versus LA220, suggesting that chromocenters might be 

recruited to LA indirectly. Many additional results agree with this interpretation. First, Lamin 

BA led to reorganization of H3K27me3, but did not dramatically affect H3K9me3. Moreover, 

we identified several additional constructs with similar ‘partial tethering’ phenotypes, 

including Progerin-CS and LA L647R-CS. Since the latter presumably bind to the same type 

of HC as wild-type LA, but to a reduced degree, we think that these partial tethering 

phenotypes represent a quantitative difference in binding strength rather than a qualitative 

difference in chromatin type, but further investigation is warranted. Although we demonstrated 

that GFP levels do not correlate with tethering levels (Figure 5.2G), GFP construct was co-

expressed with LA, which means that the GFP levels might not reflect LA levels. Taken 

together, these results suggest a molecular logic that we think can explain HC tethering by LA 

(Figure 5.22). In summary, Alphafold3 predicted direct contacts between the unique LA C-

terminus (578 – 585, V629 in green) and H2/H4 histones in a looping conformation (similarly 

to Medalia critical interval in vitro 579 – 585 in purple). We find that LA IG-fold domain 

residues (orange/red)  are crucial for tethering conformation (similar to Misteli critical 

intervals in blue). We show unique LA C-terminus (in pink) is sufficient for tethering of the 

fHC and required for cleavage/defarnesylation. 

Interestingly, CS-mutants did not achieve full tethering effect like wild-type LA. Partial 

tethering CS mutant phenotypes might be due to lack of cleavage. This is the main structural 
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difference between LA-L647R-CS and wild-type LA after C-terminal processing. Indeed, 

when simulated in Alphafold3, uncleaved LA, even if it isn’t farnesylated, doesn’t bind 

nucleosomes well. 

 

 

Figure 5.22. Structure-function analysis of Lamin A heterochromatin tethering. Lamin A 

IG- fold (AA 425-542) and unique C-terminal tail (AA 565-665) domains containing 

mutations (via variant interpretation database ClinVar). Missense mutations (in orange) are of 

uncertain significance, while likely pathogenic mutations are in red. Misteli critical intervals 

for histone binding in vitro (AA 506-550, AA 627-638) highlighted in blue. Lamin BA in vivo  

sufficieny interval (AA 534-665) highlighted in pink. Medalia critical interval highlighted in 

purple. Alphafold3 predicted Van der Waals histone bonds (E578, Y579, S582, R584, V629) 
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highlighted in green. IG-fold non-progeroid and progeroid mutations reflect residues required 

for heterochromatin tethering (highlighted in red), whereas residues partially required for 

tethering are coloured in orange. See also Chapter 6 below. 

 

On Laminopathic mutations 

Lamins provide the nucleus with mechanical stability and nuclear shape, and are involved in 

establishing connections between the nucleoskeleton and the cytoskeleton. In addition to 

impacting nuclear organization, loss or mutation in lamina proteins can lead to nuclear 

fragility, undermine nuclear movement and cell migration, increase DNA damage or defective 

DNA repair340, and lead to cell division defects. Given this pleiotropy, it is not surprising that 

LA mutations lead to diverse pathologies, such as muscular dystrophy, lipodystrophy, or 

premature aging disorders. Here, we assessed the tethering sufficiency of several LA variants. 

We had predicted that disruptions in HC tethering would be observed only for disorders linked 

to premature aging. Surprisingly, we saw defective tethering associated with most 

laminopathic mutants that we tested. Indeed, IG-fold mutants linked to atypical progeria were 

among the few variants that exhibited some residual tethering activity (Chapter 6). However, 

in combinatorial co-expression experiments with wild-type LA and Progerin, we found that 

wild-type LA could fully restore tethering – even in the presence of a LA variant associated 

with profound effects on the nucleus and a rapidly progressing, lethal phenotype. These data 

perhaps match prior work using patient fibroblasts, where effects on HC tethering have been 

reported, but residual tethering generally remains present. By contrast, we found that the effect 

of Progerin on cell shape was dominant, and not rescued by supplying wild-type LA in trans. 

The effect was however partially rescued by preventing farnesylation via the CS mutation. 
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Whereas Progerin-CS exhibited an elevated ability to tether HC, tethering was fully restored 

in cells expressing Progerin when LA was co-transfected, yet cell-shape was not rescued, 

suggesting that Progerin’s dominant effect on the nucleus is intrinsic to the nucleoskeleton. 

We think that the results of the Progerin-CS mutation imply that this nucleoskeletal phenotype 

is modified by farnesylation rather than by HC interactions. Progerin contains two defects – 

permanent farnesylation and a 50 amino acid deletion in the LA C-terminus. Interestingly, in 

our hands, all progerin phenotypes were perfectly recapitulated by LA L647R, suggesting that 

permanent farnesylation underlies progerin phenotypes. 

Taken together, our work provides a partial explanation for how LA tethers HC, while LC and 

B-type lamins do not. We find that the LA C-terminus is necessary to allow for lamin 

defarnesylation, and structural modelling additionally suggests that the unique C-terminus can 

additionally contact nucleosomes. In the future, it will be important to determine whether the 

amino acid residues found to form Van der Waals bonds with nucleosomes, including LA578-

585, and LA V629, are required for HC tethering. 
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Chapter 6. Evaluation of lamin A partner protein importance in 

tethering 

Abstract 

It is increasingly clear that lamins support a broad range of cellular processes, in part, by acting 

as an interaction hub to interlink the nuclear lamina with a large number of proteins that 

function in a variety of cellular pathways. Heterochromatin (HC) is also tethered to the nuclear 

lamina, but the mechanisms responsible for this tethering are unclear. Mutations in A-type 

lamins (LMNA), or lamin-binding membrane proteins such as emerin (EMD) or lamin-B 

receptor (LBR), cause a wide range of heritable or sporadic human diseases (laminopathies), 

which include muscular dystrophy, cardiomyopathy and accelerated aging (progeria) 

syndromes, many of which are characterized by defective protein-protein interactions as well 

as disrupted HC tethering. Moreover, previous work by ourselves and others has shown that 

lamin A (LA) and LBR are sufficient for tethering of the HC to the nuclear lamina. LBR’s 

Tudor domain has been shown to directly bind H4K20me3 rich HC. However, LA doesn’t 

have a defined DNA binding domain. LA has been shown to be capable of binding DNA and 

histones directly in vitro, however it additionally interacts with a variety of chromatin binding 

proteins like Cbx (Hp1) proteins, PRR14, LEMD2/3, RBBP4 or BAF (BANF1), suggesting 

that it might bind chromatin indirectly. To evaluate whether LA can tether HC through these 

identified partners, we examined several LA protein candidates in order to identify potential 

members of LA-HC binding complex. However, none of these factors was capable of altering 

HC tethering in sufficiency assays. Comparisons between tethering competent versus 

incompetent LA interactomes indicate that PARP1, H2A and H4 histones are significantly 
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enriched in LA tethering competent interactomes. Taken together, our data suggest that LA 

likely associates with nucleosomes directly. 

Introduction 

Lamins play a crucial role in genome organization by constraining LADs and through 

interactions with HC at the inner nuclear membrane. Lamin A (LA) has been shown to be 

capable of binding naked DNA directly in vitro74. However, under these experimental 

conditions, proteins such as lamin C (LC) LC73 and B-type lamins also bind DNA74,75, and yet 

these latter proteins have been shown not to be capable of tethering heterochromatin (HC) in 

vivo66. Despite the abundance of research conducted to resolve the molecular mechanism of 

HC tethering, the mechanism responsible for lamin-dependent HC tethering remains unclear, 

due to complexity of dynamic chromatin protein-nuclear lamina (NL) interactions and the 

dearth of model systems that lack tethering. 

Murine rod photoreceptors have recently been utilized as a convenient in vivo model system 

for understanding principles of nuclear architecture in living cells. Rod photoreceptors exhibit 

an inverted chromatin organization, with euchromatin (EC) localized within a ring at the 

nuclear periphery, and HC concentrated at the center of the nucleus. This organization is 

achieved in part due to a lack of HC tethers, including LA and LBR66. Unlike other model 

systems, in which genetic mutations disrupt HC tethering, the inverted organization of murine 

rod photoreceptors arises in the absence of pathology or phenotypes. Moreover, rod 

photoreceptors convert between conventional and inverted organization during 

development208 and degeneration193,220. Rod photoreceptors are therefore an ideal model with 

which to understand molecular mechanisms of genome partitioning and HC tethering at the 

nuclear periphery310,66,214,215. 
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Since LA/C knockout leads to chromatin inversion in cell types such as dermal fibroblasts, but 

transgenically expressed LC in mouse rods did not lead to HC tethering66, previous studies 

concluded that LA/C is necessary but not sufficient for HC tethering, and likely requires a 

partner protein for tethering66. According to this model, the absence of tethering exhibited by 

LC would reflect the requirement for a second protein that is absent or insufficiently expressed 

in rod photoreceptors. While we later showed that misexpression of LA by itself is sufficient 

to tether HC in rods, this does not negate the idea that additional proteins are required to 

mediate the interaction between A-type lamins and HC. If so, modifying the levels of these 

adapters would be expected to modify HC tethering. Here, we wished to address the hypothesis 

that LA/C tethers HC indirectly through an adapter protein. 

While LA lacks a known DNA binding motif, it additionally interacts with a variety of 

chromatin binding proteins. Genetic and biochemical data nominate several partner proteins 

as potential mediators of LA-dependent HC tethering. Researchers have described 337 LA/C–

interacting proteins in total64, although many of these proteins may bind LA/C indirectly. 

Moreover, several of these partner proteins require LA/C for their positioning at the NL, since 

they mislocalize in absence of A-type lamins311. It has been established that emerin is a 

dispensable component of the LA/C-dependent HC tether66. It is also reported that a LEM-

domain protein mutation, which disrupts interaction with LA, causes dilated 

cardiomyopathy 312 . In humans, LEMD2 mutations have also been linked to arrhythmic 

cardiomyopathy313 and a benign progeroid disorder314. Intriguingly, the lamin -interacting 

protein BAF (BANF1) has also been suggested to mediate the interaction between A-type 

lamins and chromatin, and BANF1 mutations are associated with a form of progeria that 

strongly resembles a laminopathic disorder135. Since LA does not contain a canonical DNA 
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binding motif, we hypothesized that LA might potentially interact with HC through LA partner 

proteins, including BAF83, RBBP486-90, PRR1485, LEMD76-78. While all of these proteins 

appear to be endogenously expressed in murine rods based on transcriptomic data (Figure 6.1), 

we hypothesized that increasing the levels of these proteins might alter tethering in the 

presence of modified A-type lamins. However, in sufficiency assays, we found little evidence 

that these known partners affect HC tethering – either when expressed alone, or with LA. 

Additionally, we provide proteomic data that tethering competence increases the interaction 

between LA and nucleosomes. Along with our structure/function study of LA/HC interactions 

(Chapter 5), our data together imply that LA likely binds chromatin directly.  

 

 

 

Figure 6.1. Lamin A-interacting proteins expression in the retina between species. 



142 
 

scRNA-seq expression data for Rbbp4, Banf1, Prr14, Lemd2 and Lemd3 obtained from chick 

(Gallus gallus), human (Homo sapiens), macaque (Macaca fascicularis), or mouse (Mus 

musculus) as indicated. The plot was generated using the Plae resource262. 

 

Results 

6.1. Absence of functional tethers in the nuclear lamina of murine rod 

photoreceptors 

The Lmna gene gives rise to two splice variants, LA and LC. It has been suggested that the 

translation of LA, but not LC, is blocked in neurons99. However, we previously reported that 

LA is the dominant Lmna gene transcript in murine cone photoreceptors219. The expression of 

LA by retinal neurons is further supported by immunohistochemical staining of the P42 retina 

(Figure 6.2A, D and Razafsky et al216). In contrast, the NL of rod photoreceptors is organized 

exclusively by B-type lamins (Figure 6.2B). Murine rod photoreceptors never express LA/C67 

(Figure 6.2A, D). Instead, the alternative tether LBR is expressed in rods during development66 

but falls below functional level threshold in adult rods (Figure 6.2C, D). LBR is responsible 

for the maintenance of the conventional nuclear architecture66, prior to complete genome 

inversion by P28209.  

To examine the sufficiency of putative tethers, we performed retinal transfections as described 

above. As a negative control, we performed morphometric analysis of untransfected rods. 
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Figure 6.2. Lamin A/C, Lamin B1 and LBR expression in wild-type rod photoreceptors. 

Airyscan confocal microscopy of P42 wild-type CD1, with LA/C specific antibody (red) and 

cone-arrestin (green) (A), with an Lamin B1-specific antibody (red) (B), and with LBR-

specific antibody (yellow) (C). The retina was also counterstained with DNA dye Hoechst 

33342 (blue). Cones are marked by cone arrestin and express Lamin A/C, while rods never 
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express Lamin A/C. Lamin B1 is expressed ubiquitously. (D) scRNA-seq expression data for 

Lmna, Lmnb1 and Lbr obtained from chick (Gallus gallus), human (Homo sapiens), macaque 

(Macaca fascicularis), or mouse (Mus musculus) as indicated. The plot was generated using 

the Plae resource262.  

 

To ensure that untransfected rods were similar to rods transfected with a control plasmid, we 

compared EGFP-transfected cells (control) versus untransfected (neighbouring) nuclei, but 

found no statistical difference between the two (Figure 6.3). 
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Figure 6.3. Tethering profiles of untransfected and Control (pCIG vector expressing 

GFP) nuclei. Airyscan confocal imaging of untransfected (A) and  transfected rod 

photoreceptors with GFP-expressing empty vector control (B), along with Lamin A (C) 

constructs, and harvested after 6 weeks. D. Illustration of an empty pCIG vector and lamin A. 

E. Quantitation of chromatin intensity at the nuclear margin measured using the “Freehand 

Line” tool in Fiji. F. Distance from the chromocenter midpoint to the nuclear periphery. G. 

Chromocenter number per cell. Black datapoints and error bars are the mean intensity values 

from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, one-way ANOVA 

with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, ANOVA with Tukey’s post-hoc 

test. 

 

Untransfected nuclei served as an internal technical control and were used to quantify the 

internal variation and normalize the chromatin intensity values between replicates.  

 

6.2. BAF is dispensable for the tethering function of lamin A 

The Barrier-to-Autointegration Factor (BAF; BANF1) is a chromatin-interacting protein that 

forms a complex between lamins and the LEM- domain family of nuclear proteins315,316 

including TMPO (LAP2α), emerin and LEMD3317. Interestingly, BAF protein mutation is 

associated with Néstor-Guillermo progeria syndrome (NGPS)318 characterized by accelerated 

aging with severe skeletal abnormalities - placing BAF within the progeroid disease 

spectrum319. Besides premature aging phenotype, NGPS patients suffer from progressive bone 

degeneration. However, they don’t exhibit signs of cardiovascular complications like HGPS 

patients320. In contrast, they suffer profound skeletal abnormalities that affect their quality of 

life. Additionally, the BAF, LA and emerin complex was shown to be disrupted in atypical 

progeroid disorders82.  
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BAF-DNA complexes formed in vitro show remarkable stability as BAF can compact or loop 

DNA320. In photoreceptors, BAF associates indirectly (via DNA) with transcription factor Crx, 

and with other paired rule homeodomain proteins in vitro321,322. BAF also directly binds to 

histones H1.1, H3 and H4 which suggests a role in HC organization323,324. Moreover, depletion 

of BAF in C. elegans affects peripheral HC and gene repression325. BAF is thus a potential 

candidate for tethering  chromatin through the interaction with LA. 

We hypothesized that LA might depend on BAF to tether HC. In order to test if the LA 

interaction with BAF is indispensable for HC tethering function of LA, we obtained several 

homozygous IG-fold LA point mutants (R435C, K542N, R527H, A529V) associated with 

atypical progeroid syndromes, with reduced or no affinity for BAF (courtesy of Zinn-Justin 

Laboratory, France)82. These LMNA mutations are associated with progeroid laminopathies 

RD (R435C), HGPS (K542N), and MAD (R527H, A529V). LA R435C, LA K542N, and LA 

R527H lose the ability to bind BAF, while LA A529V has a significantly lower affinity for 

BAF. Mutants were confirmed to be well folded and had a thermal stability close to that of the 

wild-type LA IG-fold82.  

Nuclear-morphometric analysis revealed that ectopically expressed LA/BAF mutants were 

nonetheless sufficient for HC tethering in rods. However, they tethered less efficiently than 

wild-type LA (Figure 6.4). In all examined LA mutants, we observed occlusions (protein 

precipitates) in the interior of the nucleus. Since BAF is reported to form a complex with LA, 

LA mutations at BAF binding sites most likely interrupt the protein localization at the NL. We 

confirmed LA protein localization at the NL and on the occlusions in the interior of the 

transfected rod nuclei, using IHC (Figure 6.4). 



147 
 

 

Figure 6.4. Lamin A mutants with reduced or no affinity for BAF tether 

heterochromatin.  

Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing empty 

vector control (A), along with Lamin A (B), Lamin A R435C  (C), Lamin A K542N (C) Lamin 

A R527H (E) Lamin A A529V (F) constructs, and harvested after 6 weeks. Red arrows 



148 
 

indicate Lamin A staining on the occlusions and in the nuclear interior. G. Illustration of lamin 

A mutants with no or reduced affinity for BAF. H. Quantitation of chromatin intensity at the 

nuclear margin measured using the “Freehand Line” tool in Fiji mutants against the negative 

(pCIG) and positive control (Lamin A). I. Distance from the chromocenter midpoint to the 

nuclear periphery. J. Chromocenter number per cell. Black datapoints and error bars are the 

mean intensity values from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, 

one-way ANOVA with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, ANOVA with 

Tukey’s post-hoc test. Data are compared to negative control pCIG and positive control wild-

type LA average values (purple bar) generated from replicates in Figure 6.3. 

 

We additionally overexpressed these LA mutants in 3T3 cells and spotted occlusions that 

included EGFP protein that we co-expressed to mark transfected cells, which might suggest 

that lamina targeting of the mutant LA proteins might be impaired, leading to aggregate 

formation  (Figure 6.5C-F).  

To further examine BAF, we transfected wild-type EGFP-BAF or a EGFP-BAF L58R 

dominant negative mutant, containing a point mutation associated with NGPS. These BAF 

constructs were transfected with or without LA (cloned into a pBABE vector that does not co-

express GFP). Misexpression of BAF by itself was not sufficient for tethering (Figure 6.6C). 

Misexpression of BAF with wild-type LA did not increase tethering (Figure 6.6D), nor did 

misexpression of LA with the NGPS L58R BAF mutant disrupt HC tethering (Figure 6.6F). 

Together, experiments with mutant LA or BAF constructs suggest that BAF doesn’t affect HC 

organization (Fig. 6.6C, E), and is dispensable for tethering function of LA (Figure 6.6D, F).  
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Figure 6.5. Lamin A mutants with reduced or no affinity for BAF form occlusions in 3T3 

cells. Airyscan confocal imaging of 3T3 cell line transfected with control (A), along with 

Lamin A (B), R435C (C) K542N (D) R527H (E) A529V (F). Note that EGFP was co-

transfected to mark cells, and is not directly tagged onto the LA constructs. 

 



150 
 

 

Figure 6.6. BAF L58R dominant negative mutant does not disrupt heterochromatin 

tethering. Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing 

empty vector control (A), along with Lamin A (B), EGFP-BAF (C) EGFP-BAF and pBabe 

Lamin A  (D) EGFP-BAF L58R (E) EGFP-BAF L58R and pBabe Lamin A (F) constructs, 

and harvested after 6 weeks. G. Quantitation of chromatin intensity at the nuclear margin 

measured using the “Freehand Line” tool in Fiji. H. Distance from the chromocenter midpoint 
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to the nuclear periphery. I. Chromocenter number per cell. Black datapoints and error bars are 

the mean intensity values from each biological replicate (30 cells each; circles) ± SEM. 

p < 0.0001, one-way ANOVA with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, 

ANOVA with Tukey’s post-hoc test. Data are compared to negative control pCIG and positive 

control wild-type Lamin A average values generated from replicates in Figure 6.3. 

 

6.2.1. LEMD2/3 proteins are not sufficient for heterochromatin tethering 

In addition to experiments focused on BAF, I additionally examined the importance of LEMD 

proteins in HC tethering. LEMD proteins like emerin are involved in the complex with BAF 

and LA. LEMD proteins share an ∼45-residue bihelical domain326,327,328. There are several 

LEMD proteins known, which are all localized mainly at the NL329,330. Mutations in genes 

encoding the lamina LEMD proteins are associated with several human diseases. The loss of 

LEMD proteins is the cause of bone disorders, cardiomyopathies and muscular dystrophies331. 

Like laminopathies, these diseases are tissue specific and linked to advanced aging phenotypes. 

Structural analyses of LEMD proteins suggest that some of these proteins also interact directly 

with chromatin. LEMD3 (MAN1) contains a MAN1-Src1p C-terminal (MSC) domain that 

forms a winged helix DNA-binding domain332. Therefore, LEMD3 is a DNA-bridging protein 

that contributes to nuclear organization. It was suggested recently that LEMD proteins mediate 

the association between lamins and chromatin333. Additionally, heterozygous mutations in the 

human MAN1 gene are associated with osteopoikilosis and the Buschke–Ollendorff 

syndrome334. Disease phenotypes caused by LMNA mutations overlap with those caused by 

the loss of MAN1, implying that the loss of one NL component may alter the function of other 

proteins in the network.  
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LMNA mutations lead to significant loss and aberrant positioning of LEMD281. These results 

suggest that LEMD2 requires LA/C for its localization. Accordingly, it was shown that 

LEMD2 binds LC C-terminal tail in vitro335. However, LEMD2 (or co-expressed with LC), 

was not able to restore the conventional nuclear architecture in murine rod nuclei81. Solovei et 

al. reported that emerin deletion did not produce chromatin inversion in the murine cell types, 

but it was compensated in a cell-type specific manner by another LEMD protein66. 

To test the hypothesis that HC tethering depends on LEMD proteins336, we overexpressed 

LEMD2 and LEMD3 in rods. In accordance with previous research81, we confirmed LEMD2, 

and LEMD3 (MAN1) are not sufficient to tether HC (Figure 6.7). Based on 

immunohistochemistry, we nonetheless observe that both LEMD2 and LEMD3 correctly 

localized to the nuclear periphery – even in the absence of LA/C.  

Although we confirmed that LEMD2 nor LEMD3 (MAN1) are not probable mediators of LA-

dependent tethering, they are likely to be co-localized with the lamin scaffold (as other proteins 

we studied). Despite the strong implication of DNA-bridging BAF and LEMD proteins in LA-

mediated HC tethering, we found that BAF or LEMD protein overexpression in rod 

photoreceptors don’t affect HC tethering.  
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Figure 6.7. LEMD proteins are not sufficient for heterochromatin tethering. Airyscan 

confocal imaging of rod photoreceptors transfected with GFP-expressing empty vector control 

(A), along with Lamin A (B), myc-LEMD2 (C) myc-LEMD3 (D) constructs, and harvested 

after 6 weeks. E. Quantitation of chromatin intensity at the nuclear margin measured using the 

“Freehand Line” tool in Fiji. F. Distance from the chromocenter midpoint to the nuclear 
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periphery. G. Chromocenter number per cell. Black datapoints and error bars are the mean 

intensity values from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, one-

way ANOVA with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, ANOVA with 

Tukey’s post-hoc test. Data are compared to negative control pCIG and positive control wild-

type Lamin A average values generated from replicates in Figure 6.3. 

 

6.3. RBBP4 is not involved in Lamin A heterochromatin tethering 

Retinoblastoma-binding protein 4 (RBBP4) is a reported physical interactor of LA, BAF337 

and histones86. RBBP4, along with RBBP7, is a shared subunit of several multi-protein 

complexes involved in the establishment of HC, including the Nucleosome Remodeling and 

Deacetylase (NuRD) complex 338  and the Polycomb PRC2 complex 339 . RBBP4 is also a 

component of the CAF-1 complex, which assembles chromatin upon DNA replication and 

DNA damage repair340.   Interestingly, Pegoraro et al. showed that RBBP4 interacts with wild-

type LA, but not with progerin167, suggesting that the LA-RBBP4 interaction might depend on 

the unique LA C-terminus, and that this interaction is disrupted by progeroid LA mutation. 

Accordingly, fibroblast cells from patients with HGPS showed reduced protein levels of 

RBBP4. Furthermore, loss of RBBP4 correlated with lower levels of HP1173, pointing to global 

chromatin defects. Silencing of RBBP4 recapitulated chromatin defects associated with aging, 

followed by DNA damage accumulation173. Considering that HGPS cells exhibit several 

chromatin defects which are also characteristic for physiological aging, including loss of HC 

structure, RBBP4 might be a key LA partner in HC tethering. 



155 
 

 

Figure 6.8. ΔRBBP4 dominant negative mutant does not disrupt Lamin A 

heterochromatin tethering. Airyscan confocal imaging of rod photoreceptors transfected 

with GFP-expressing empty vector control (A), along with Lamin A (B), RBBP4 (C) truncated 

ΔRBBP4 and pCIG Lamin A  (D) constructs, and harvested after 6 weeks. E. Quantitation of 

chromatin intensity at the nuclear margin measured using the “Freehand Line” tool in Fiji. F. 

Distance from the chromocenter midpoint to the nuclear periphery. G. Chromocenter number 
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per cell. Black datapoints and error bars are the mean intensity values from each biological 

replicate (30 cells each; circles) ± SEM. p < 0.0001, one-way ANOVA with Tukey’s post-hoc 

test. ***p < 0.001, ****p < 0.0001, ANOVA with Tukey’s post-hoc test. Data are compared 

to negative control pCIG and positive control wild-type Lamin A average values generated 

from replicates in Figure 6.3. 

 

We tested the tethering sufficiency of RBBP4, by overexpressing wild-type and dominant 

negative mutant ΔRBBP4 along with LA, to test whether it will block LA-dependent tethering. 

ΔRBBP4 mutant is missing 54 N-terminal residues, essential for the interaction with histone 

H4341,342. However, ectopic expression of RBBP4 (and truncated ΔRBBP4 along with wild-

type LA) in rods didn’t alter the genome, which suggests that RBBP4 doesn’t play a role in 

tethering of HC (Figure 6.8C, D). 

To examine the NuRD complex relationship to LA more closely, we expressed a dominant 

negative NuRD protein (GATAD2A 335-486) in rods219. This GATAD2A mutant led to LA 

upregulation and genome reorganization (Figure 6.9). These data suggests that NuRD is 

suppressing LA expression. This is supported by our published research, where we show that 

Casz1 cooperates with polycomb and NuRD repressor complexes to control rod genome 

organization, in part by silencing LA/C219. While we did not quantitate HC tethering in these 

cells, qualitative inspection of the nucleus suggests that LA does alter HC in the presence of 

the dominant negative NuRD protein. Taken together, these data suggest that NuRD is 

dispensable for HC tethering. Although RBBP4 is a chromatin protein interacting with LA, 

our results suggest that RBBP4 is not a relevant player in genome organization via LA 

tethering. Again, future genetic work will be required to confirm these observations.  
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Figure 6.9. Mutated NuRD protein expression in rod photoreceptors. 

GATAD2A 335-486 construct was transfected at P0 and harvested at P21/P42. Lamin A 

expression (red) in transfected rods (green). 

 

6.4. PRR14 is not sufficient for heterochromatin tethering in murine rods 

Proline-rich protein 14 (PRR14) is a nuclear protein that was reported to tether HC and 

suggested to localize at the lamina in a LA/C dependent fashion85. PRR14 was shown to bind 

HC and the NL via different domains. PRR14 associates with the NL through central lamina-

binding domains343. The N-terminal domain of PRR14 contains HP1-binding LxVxL motifs 

allowing PRR14 to bind HC. Two HP1-binding sites have a major role in HC binding and 

stabilizing the interaction with HC344. PRR14 is able to alter the localization of all three 

mammalian HP1 isoforms in vivo334. Tethering to the nuclear periphery in the context of 

PRR14 overexpression was associated with the HP1α and HP1β isoforms85, in contrast to the 
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HP1γ isoform which has been found in both HC and EC regions345. PRR14 was reported to 

tether HC by associating with H3K9me2/385. During interphase, PRR14 localization at the 

nuclear periphery is disrupted by siRNA knockdown of the NL components LA and LC, but 

not by knockdown of LB1 or LB285, which indicates PRR14 localization at the lamina depends 

directly on LA/C. These findings suggested that PRR14 functions to tether HP1-marked HC 

directly, or indirectly, to LA/C. SiRNA knockdown of PRR14 is associated with partial loss 

of perinuclear H3K9me3 HC and misshapen nuclei85, as seen in laminopathies346. Compelled 

by all these data, we hypothesized that PRR14 and LA might be co-dependent in their 

localization and tethering function. 

However, PRR14 was not sufficient for HC tethering and it didn’t affect rod photoreceptor 

genome organization when expressed by itself (Figure 6.10C). We next decided to test whether 

PRR14 might enhance tethering in the presence of LA. We opted to co-express PRR14 with a 

GFP-LA fusion construct which was shown to lose tethering sufficiency219 (see also Figure 

6.11 below). Although GFP-LA is not competent to tether, it contains the whole LA protein 

and it is correctly localized at the NL219. From previous studies, we know that other N-

terminally tagged proteins like Flag-LA polymerize into filaments347.  

However, we found that PRR14 wasn’t able to restore tethering when co-expressed with a 

tethering-incompetent GFP-LA construct that localizes to the NL (Figure 6.9). While it is 

unclear whether PRR14 can interact properly with GFP-LA, PRR14 appeared to be 

concentrated at the nuclear periphery in these transfected cells – both in the presence or 

absence of GFP-LA. 
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Figure 6.10. PRR14 is not sufficient for heterochromatin tethering. Airyscan confocal 

imaging of rod photoreceptors transfected with GFP-expressing empty vector control (A), 

along with Lamin A (B), myc-PRR14 (C) myc-PRR14 and pCIG Lamin A  (D) myc-PRR14 

and GFP-Lamin A (E) constructs, and harvested after 6 weeks. F. Quantitation of chromatin 

intensity at the nuclear margin measured using the “Freehand Line” tool in Fiji. G. Distance 
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from the chromocenter midpoint to the nuclear periphery. H. Chromocenter number per cell. 

Black datapoints and error bars are the mean intensity values from each biological replicate 

(30 cells each; circles) ± SEM. p < 0.0001, one-way ANOVA with Tukey’s post-hoc test. 

***p < 0.001, ****p < 0.0001, ANOVA with Tukey’s post-hoc test. Data are compared to 

negative control pCIG and positive control wild-type Lamin A average values generated from 

replicates in Figure 6.3. 

 

Importantly, while epitope tags are function-blocking in the context of LA fusion proteins, it 

was previously shown that PRR14 could tether HC even when fused to GFP, so we surmise 

that the failure to tether HC is not due to the addition of the Myc epitope tag onto the PRR14 

construct. However, further experiments would be required in order to fully confirm the 

validity of our assumptions.  

 

6.5. N-terminal tags obstruct Lamin A heterochromatin tethering  

To further understand how tethering competence changes the LA interactome, we decided to 

compare wild-type LA with tethering-incompetent forms of the protein. We previously 

reported that ectopically expressed N-terminal GFP-fusion proteins encoding LA (prelamin A) 

and Progerin had no effect on chromatin inversion or nuclear position in rods, while wild-type  
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Figure 6.11. N-terminally tagged constructs lose tethering function.  

Airyscan confocal imaging of rod photoreceptors transfected with GFP-expressing empty 

pCIG vector control (A), Lamin A (B), along with GFP-Lamin A (C), Flag-Lamin A (D) or 

co-transfected with GFP-Lamin A/Lamin A  (E) GFP-LBR (F) constructs, and harvested after 

6 weeks. G. Illustration of N-terminally tagged Lamin A proteins, which lose tethering 
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function. H. Quantitation of chromatin intensity at the nuclear margin measured using the 

“Freehand Line” tool in Fiji. I. Distance from the chromocenter midpoint to the nuclear 

periphery. J. Chromocenter number per cell. Black datapoints and error bars are the mean 

intensity values from each biological replicate (30 cells each; circles) ± SEM. p < 0.0001, one-

way ANOVA with Tukey’s post-hoc test. ***p < 0.001, ****p < 0.0001, ANOVA with 

Tukey’s post-hoc test. Data are compared to negative control pCIG, positive control wild-type 

Lamin A average values (purple bar) generated from replicates in Figure 6.3. and positive 

control wild-type LBR average values (black/white bar) generated from replicates in Figure 

3.5. 

 

untagged LA was sufficient for HC tethering, and for relocalizing of photoreceptor soma to 

the apical side of the neural retina219. These results suggest that the N-terminal GFP tag is 

function blocking. Both tagged and untagged LA proteins localized correctly to the nuclear 

periphery, in accordance with dozens of studies that previously validated fusion constructs. 

However, the GFP-LA construct generated protein inclusions that were not apparent in cells 

transfected with the untagged version. We additionally tested a panel of Flag- and GFP-tagged 

LA and LBR constructs. However, these constructs seem to have lost tethering function as a 

consequence of the N-terminal tags, although they localize correctly at the NL (Figure 6.11). 

 

6.7. Comparing the interactome of tethering competent vs. incompetent LA 

To determine whether LA depends on any protein partners for HC tethering, we performed a 

co-IP/MS experiment (n=3) on endogenous LA (n=3), GFP-LA (n=3) and GFP-Progerin (n=2) 

stably transfected in HEK 293 cells (Figure 6.12A, B). The experiment was designed to 

identify proteins that would interact with LA to tether HC, but whose interactions with LA 

would be disrupted by the presence of the function-blocking GFP tag. As expected, we 
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detected NL proteins (LA, LB1, LB2, and the LEMD proteins TMPO and EMD) enriched in 

LA, GFP-LA and GFP-Progerin co-IPs (Fig. 6.12C).  Interestingly, when proteins enriched by  

 

Figure 6.12. coIP-MS experiment on lamin A interacting proteins.  

A. Western blot of co-immunoprecipitated non-functional GFP-Lamin A or GFP-Progerin, 

IgG and endogenous functional Lamin A (293), using a Lamin A-specific antibody performed 

by myself and Samuel Clémot-Dupont. B. Illustration of  tethering non-competent GFP-Lamin 
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A, GFP-progerin (function blocking). C. Mass spectrometry hits graphed to detect common 

binding partners (nuclear lamina proteins) between Lamin A, GFP-lamin A, GFP-Progerin, 

and IgG. D. GO terms analysis of biological processes associated with Lamin A interactome 

(top 50) (Lamin A vs IgG). E. GO terms analysis of cellular components associated with 

Lamin A interactome (top 50 enriched proteins) (Lamin A vs IgG). ). Analysis via Shiny GO 

and ReViGO. 

 

GFP or LA were compared against the IgG control, enriched GO terms included gene 

expression, chromosome organization, DNA-protein complex assembly (Figure. 6.12D). GO 

terms analysis of biological components specified nucleosomes, organelles and filaments  

(Figure 6.12E). However, as determined by peptide counts, enrichments for LA and other 

lamina -associated proteins were very similar when GFP coIPs were compared against LA 

coIPs. 

We found that only three proteins reached statistical significance when the LA tethering 

competent interactome was compared against incompetent GFP-LA, namely PARP1, H2A and 

H4 (Figure 6.13A), suggesting that LA might interact with nucleosomes directly rather than 

through additional partner proteins. When we examined the top 50 proteins enriched by 

endogenous LA vs. GFP-LA, GO terms analysis of biological processes showed that LA-

partner proteins were highly correlated with DNA damage response, stress response, 

chromatin organization, HC formation, DNA conformation change (Figure 6.13B). The GO 

terms analysis of biological components revealed that tethering competence is associated with 

DNA repair complexes and chromatin (Figure 6.13C).  
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Figure 6.13. Lamin A-tethering competent interactome.  

A. Mass spectrometry hits graphed to detect differential binding partners between Lamin A 

and GFP-lamin A. B. GO terms analysis of biological processes associated with Lamin A 

interactome (top 50) (Lamin A vs GFP). C. GO terms analysis of cellular components 

associated with Lamin A interactome (top 50 enriched proteins) (Lamin A vs GFP). Analysis 

via Shiny GO and ReViGO. 
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Discussion 

The nuclear envelope has an essential role in the 3D organization of the genome. The inner 

nuclear membrane interior is lined by a network of filamentous lamin proteins that represents 

a multifunctional interface for different cellular processes. A subset of NL- and inner nuclear 

membrane-associated proteins function as anchors to hold transcriptionally silent 

heterochromatic regions (LADs) at the nuclear periphery. A major question is how LAD–NL 

interactions are mediated and controlled? 

Several proteins have been proposed to be key players in HC tethering at the lamina. Previous 

work has shown that the transmembrane multi-pass protein LBR is necessary and sufficient 

for HC tethering66. Previous data further show that LBR tethers HC through a direct interaction 

via its Tudor chromatin binding domain69. Based on transgenic LC expression in rods, it was 

previously concluded that LA/C is necessary, but not sufficient for tethering of the HC to the 

NL and that it most likely tethers through a mediator protein66. However, while many proteins 

that interact with both chromatin and LA/C have been identified, none have been shown to be 

sufficient for HC tethering, and the majority of these proteins interact with LA, but additionally 

interact with LC or B-type lamins. Although we subsequently discovered that LA is able to 

restore conventional nuclear architecture, when ectopically expressed in mouse rods219, LA 

might nonetheless require a partner protein in order to achieve this effect. Here we performed 

experiments in order to evaluate the potential contribution of known partner proteins to HC 

tethering by A-type lamins. Here we addressed the hypothesis that altering the expression of 

putative co-factors would modulate HC tethering – either in the absence or presence of LA. 

However, we were unable to identify LA partner proteins that altered HC tethering. Our results 

show that none of the tested proteins are sufficient to tether HC, and only LA mutants that lose 
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affinity for BAF seem to modify HC tethering. Another explanation is that the LA mutations 

affecting affinity for BAF simply destabilize the LA IG-fold domain conformation. 

Accordingly, dominant negative BAF L58R mutation didn’t affect LA –mediated HC 

tethering, suggesting that BAF might be irrelevant for HC tethering. However, limitations of 

the experiments used for answering the question of LA tethering mediator are significant. For 

example, we did not include dominant negative mutants of all the examined proteins, such as 

PRR14 and LEMD2/3. To definitively address their requirement in LA-dependent HC 

tethering, it will be necessary to knock-down or knockout these proteins alongside LA 

misexpression in future experiments. 

Our data further suggests that LA doesn’t need an intermediate protein to tether HC since 

nucleosomes H2 and H4, along with PARP, are primary partners enriched in a comparison 

between tethering competent versus incompetent versions of LA. Accordingly, the Misteli lab 

showed that LA (but not LC) can bind H3 in vitro91, which supports our proteomics data (see 

also Chapter 5 above). We conclude that LA doesn’t require an intermediate and the C-

terminus might be sufficient for tethering.  

Lamin A might promote DNA repair via PARP1 

To determine whether LA requires protein partners for HC tethering in an unbiased proteome-

wide fashion, we used a co-IP/MS experiment using tethering competent endogenous LA and 

incompetent GFP-LA transfected in 293 cells. The experiment was designed to identify the 

specific proteins interacting with tethering competent endogenous LA versus the tethering 

incompetent GFP-LA construct. Understandably, both complexes had proteins in common, 

since both localize at the NL and both include identical LA amino acid sequences. B-type 

lamins, emerin (EMD), Lap2α (TMPO) proteins were found to be equally enriched in LA and 
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GFP-LA interactomes. Co-IP experiment revealed that only histones H2 and H4, and PARP1 

were significantly enriched by tethering competent LA.  

The interaction between PARP1 and LA might reflect the role of tethering in DNA damage 

repair. Previous studies have shown that DNA repair is inefficient in inverted mouse rod 

photoreceptors, and this effect is improved through tethering activity by the transgenically 

expressed LBR110,111. It is reported that absence of LA/C induces loss of 53BP1 protein105 and 

aberrant DNA repair mechanism (non-homologous end joining), causing persistent DNA 

damage. Similarly, deletion of lamins was shown to supress the efficiency of the DNA damage 

repair mechanism of homologous recombination, through the loss of BRCA1 and 

RAD51108,348,349,350. Therefore, A-type lamins might be responsible for regulation of genomic 

stability through interaction with proteins crucial for DNA double-strand break repair. In 

LA/C-depleted cells, there was a noted reduction in base excision repair efficiency, through 

downregulation of poly-ADP-ribose (PAR), PARP1, and other enzymes important in this 

DNA repair pathway351. Thus, our results are in accordance with a notion that LA/C might 

promote DNA base excision repair which involves PARP1. Interestingly, this is supported by 

our LA interactome analysis, where PARP1 is the strongest binding partner for tethering-

competent LA, but not GFP-LA. This makes the connection between tethering activity and 

DNA damage repair even more compelling.  
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Chapter 7. Discussion  

Although interactions between heterochromatic regions drive compartmentalization of EC and 

HC into A and B compartments, respectively, interactions of HC with the NL are essential for 

the conventional organization of the nucleus23. The NL therefore has a major role in 3D 

genome organization and gene regulation. Lamina proteins such as LBR and LA play a key 

role in organizing the genome66. However, both the mechanisms responsible for these effects, 

and the cellular functions served by HC tethering remain poorly defined352. This is partly due 

to a lack of useful and convenient experimental systems for studying lamina functions. The 

murine rod photoreceptor is a striking exception to this rule. Rods express a much-reduced 

complement of lamina proteins, and are perhaps the only cell known not to express any 

heterochromatic tethers in the adult stage66. Here, we used mouse rod photoreceptors as an 

assay system for HC tethering sufficiency. 

Previous work showed that transgenically expressed Lbr in murine rods is sufficient for HC 

tethering66.  However, since transgenically expressed LC was shown not to be sufficient for 

HC tethering, it was suggested that LA isoform is not sufficient either66. Although LA/C was 

found to be genetically required for tethering in hair follicles, and despite the fact that HC 

tethering is reduced in laminopathic cells, LA was dismissed as a protein capable of directly 

tethering HC. While researchers focused their attention on the rich LA/C interactome64, we 

ectopically expressed untagged wild-type LA in murine rods and finally concluded that LA is 

indeed sufficient for HC tethering219.  However, we still had many questions to answer about 

the logic and the purpose of LA/C-dependent HC tethering, with respect to rod photoreceptor 

genome organization.   
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Interestingly, we and others found that degenerating rods (SCA766, Casz1-KO219, rd1220) 

upregulate LA/C, and these mutants were shown to exhibit higher order genome 

reorganization. It was reported that HC drives compartmentalization of inverted and 

conventional nuclei23. However, it was yet unclear whether nuclear reorganization is a 

consequence of degenerative changes or if LA/C expression mediated these changes directly. 

Similarly, reduced HC at the nuclear periphery is correlated with laminopathic mutations353,162, 

and accumulation of DNA damage354,355, but it is unclear whether disruption in HC tethering 

directly or indirectly contributes to this pathology. 

In Chapter 3, we found that LA upregulates in response to degeneration. In Chapter 4, we show 

that this is likely in response to DNA damage. LA upregulation was sufficient to reorganize 

the rod nucleus in degenerating rd1 rods and prolong HC tethering. In Chapter 5, I performed 

a structure/function study designed to test the hypothesis that the unique LA C-terminus is 

necessary and sufficient to tether HC. In Chapter 6, we addressed the alternative hypothesis 

that LA might require a partner protein to tether HC. We screened several proteins (BAF, 

PRR14, RBBP4, LEMD) that were implicated in the chromatin organization. We also 

performed a proteomic study designed to identify the interactome of tethering competent vs. 

incompetent lamins.  However, our data did not support the idea that these proteins are 

essential LA partners in HC tethering.  

Taken together, our data suggest the following model (Figure 6.1): The NL consists of inter-

dependent networks of A- and B-type lamins and inner nuclear membrane proteins. Murine 

rod photoreceptors uniquely lack HC tethering under normal conditions. However, during 

degeneration and DNA damage accumulation, LA/C upregulates in rods. The LA isoform 

directly interacts with heterochromatic nucleosomes to tether HC to the nuclear periphery via 
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its defarnesylated and cleaved C-terminal tail. At the same time, HC tethering stretches the 

chromosomes, promoting accessibility in the transcriptionally active A-compartment and 

poising the regulatory elements for stress-responsive gene activation. Additionally, LA/C 

might facilitate DNA damage repair in concert with PARP1 and KAP1. 

 

Figure 7.1. Proposed model of Lamin A functions.  

Unique Lamin A C-terminal residues (red) directly bind nucleosomes (blue). IG-fold residues 

(pink) are important for Lamin A conformational structure. By tethering the heterochromatin 

at the nuclear periphery, the chromosomes are stretched (turquoise), and the nuclear area is 

expanded. Lamin A binds KAP1/PARP1 (green), important in DNA damage repair. 

Defarnesylation is an important determinant of Lamin A heterochromatin tethering, and it 

affects nuclear size and shape. 
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Interestingly, in Chapter 4 we report high PARP1 expression by degenerating rd1 rods devoid 

of LA expression. This suggests that excessive PARP1 activation could contribute to retinal 

degeneration. It would be interesting to directly test the role of LA/C in PARP1-dependant 

DNA damage response. 

The logic of Lamin A heterochromatin tethering 

Recently, lamin proteins have been a focus of intense studies35,66,219,220, but their role in HC 

tethering is unclear in the literature. A-type lamins have been portrayed as being insufficient 

for tethering, while B-type lamins and LC are often portrayed as exhibiting equivalent 

tethering competence versus LA. Here, we define and reinforce LA’s position as an 

independent HC tethering organizer and a major regulator of genome architecture. In 

agreement with Misteli and Medalia study on the LA C-terminal domain sufficiency, using 

Alphafold3 modeling, we found that the LA C-terminus interacted directly with the 

heterochromatic nucleosomes H2A, H2B and H4. However, the internal LA C-terminal 

contacts between the IG-fold and C-terminal tail were also required for full HC tethering 

function. 

Here, we find that the LA isoform tethers H3K9me2, H3K27me3 and H3K9me3 histones to 

the nuclear periphery via its defarnesylated C-terminal tail. Fusion of epitope tags (Flag, GFP) 

to the N-terminal head of lamins has been a consistent practice in cell biology research for a 

number of years. However, we219 and others reported347,356 that tags interfere with normal LA 

function. It is likely that N-terminal tags affect the ability of LA to form a functional 

filamentous network337 and thereby cause complete function-blocking of HC tethering219. 



173 
 

While our functional experiments perhaps cannot definitively prove that LA binds HC 

independently of protein partners, we addressed this question by using biochemical 

experiments.We took advantage of the tethering-incompetent LA constructs, in order to reveal 

the differences between the wild-type LA and GFP-LA interactomes. We showed that indeed, 

the interactomes differed very little. Only histones and PARP1 were significantly enriched in 

the LA-tethering competent interactome. These observations argue against the requirement for 

partner proteins in HC tethering. PARP1 might be an exception to this conclusion, but we think 

that PARP1 is more likely to reflect an interaction between tethering-competent LA and 

damaged DNA present in the 293 cell lines, rather than with undamaged HC. 

By overexpressing laminopathic mutants in mouse rods, we revealed that complete loss of 

tethering function is a common trait of different non-progeroid and progeroid laminopathies, 

suggesting this can have a significant effect on disease pathology. Interestingly, 

defarnesylation can partially rescue tethering of permanently farnesylated progeroid mutants. 

This is in line with previous research which revealed that progeroid cells treated with 

farnesyltransferase inhibitors restore nuclear shape 357 . Interestingly, it was shown that 

defarnesylated B-type lamin in Drosophila can tether chromatin310. In the future, 

defarnesylated LB1/2 C-terminal domain would be an interesting target for HC tethering 

sufficiency tests in rod photoreceptors. However, our data would predict that LB1/2 will not 

tether HC very well, as these proteins do not include the V629 and interface amino acids that 

form bonds with histone proteins in our models. Moreover, in preliminary experiments (not 

shown), we cultured adult retinas in the presence of farnesylatransferase inhibitors, but did not 

observe obvious HC tethering. Considering the loss or defective HC tethering in virtually all 

laminopathic mutants inspected in this study, it would be useful to transgenically express 
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specific LA disease mutations in rods and examine the consequences of aberrant tethering on 

the disease-specific interactome without the interference of other potential tethers358,64. 

Future perspectives on LA functions in genome organization and 

degeneration 

Photoreceptors are extremely prone to degeneration, as they are among the most metabolically 

expensive cells in the body257. Higher order genome organization has a well-established and 

fundamental importance in gene regulation, especially in photoreceptors66,199,200,201,202,203,204. 

The dynamic changes in the photoreceptor epigenome during retinal development have been 

thoroughly explored by Aldiri et al212. Interestingly, dynamic DNA methylation during 

retinogenesis accounts for a small percentage of developmental gene regulation. Epigenetic 

modifications that happen in parallel with rod genome inversion seem to be the drivers for the 

activation of differentiation genes, rather than silencing of progenitor genes. Interestingly, rod 

genes have been characterized by some of the most dramatic changes during development, 

through activated promoters and superenhancers. However, non-rod genes are repressed via 

H3K27me3 deposition in a cell-type specific fashion212.  More detailed study of the chromatin 

landscape during retinal development identified cell-type and developmental stage specific 

enhancers. 25% of rod specific genes increase promoter-enhancer interactions (that span even 

across EC/fHC domains) that correlate with gene expression during development. Although 

they report that TAD boundaries in rods are conserved throughout development, there are still 

major changes in the localization of genes between A and B chromatin compartments213. 

Based on our ATAC-seq (Chapter 3) and Nab2 expression data in LA upregulating rods 

(Chapter 3 Appendix), HC tethering in the context of degeneration serves to poise regulatory 
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elements to facilitate the stress response. Our data suggest that LA-mediated HC tethering 

might reconfigure the genome as a general response to degeneration. This is in line with other 

reports where LA/C is defined as a part of a proinflammatory response. In insulin resistant 

obese mice, LA/C upregulates in adipose tissue macrophages359. It would be interesting to 

probe LA and siRNA LA effects on chromatin accessibility and transcriptome in the rd10 

model of retinal degeneration, which is known to degenerate slower than rd1. Equally 

important, transgenic laminopathic mutant expression in rods would potentially reveal an exact 

effect of aberrant HC tethering on the genome and transcriptome. Rod nuclei have a high level 

of transcriptional activity189, so any kind of transcriptomic changes are readily detectable. 

What is the purpose of HC tethering? LA/C upregulates in degenerating rod 

photoreceptors66,219,220, cancers360 and neurodegenerative diseases270. We showed that LA/C 

upregulation correlates with the start of rod photoreceptor degeneration, reorganizing the 

nucleus and prolonging HC tethering in maturing rods. Our experiments in wild-type cells 

suggest that LA likely stretches the chromosomes and increases genome accessibility220. 

Interestingly, inverted rod photoreceptors repair DNA inefficiently and express low pKAP 

levels in response to gamma irradiation. Restoration of HC tethering by expressing Lbr in 

murine rod photoreceptors rescued both of these inefficiencies110,111. It is observed that 

absence of LA/C accelerates aging and causes DNA damage accumulation in laminopathic 

cells115,357. It is reasonable to presume that the LA-tethering mediated stretching of the 

accessible chromatin favours DNA repair. LA is required to maintain a pool of 53BP1 so it 

can be recruited to the sites of DNA damage to facilitate non-homologous end joining103,104.  

Interestingly, Lammerding group reported that LMNA mutations reduced nuclear stability and 

caused rupture of the NE in skeletal muscle cells, resulting in DNA damage, DNA damage 
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response activation and reduced cell viability. Nuclear migration during skeletal muscle 

maturation correlated with disease and DNA damage severity in the mouse models, while 

reducing cytoskeletal forces on the myonuclei prevented NE damage and rescued myofiber 

function and viability in LMNA mutant myofibers, indicating that myofiber dysfunction is the 

result of mechanically induced NE damage and can be observed as a pathogenic contributor 

for LMNA skeletal muscle diseases361.  

To begin to understand the upstream events responsible for LA upregulation during 

degeneration, we performed co-staining experiments with other markers of cellular stress 

responses. We report that LA is highly co-expressed with pKAP1, a marker of the DNA 

damage response. Whereas LA expression peaks early in the degenerative process, we found 

that pKAP1 marks rod photoreceptor nuclei throughout degeneration. We also show that LA 

depletion in rods accelerates cell death. Together, these data establish LA upregulation as an 

adaptive response to DNA damage during rod degeneration. Our data suggest that both LA 

and KAP1 phosphorylation may converge to reorganize HC during early stages of rod 

photoreceptor degeneration. LA and pKAP1 may be used as markers of distinct phases of 

degeneration. Given what we learned in previous chapters, and that in inverted murine rod 

nuclei DNA repair is inefficient, it would be interesting to see how the competence or 

incompetence of laminopathic mutants affects DNA repair in photoreceptor degeneration. 

Nuclear envelope instability in inflammation and aging 

The efficiency of DNA repair is known to decrease with age362. It has been theorised that aging 

arises due to DNA damage accumulation or perhaps the loss of HC. Progeroid and normative 

aging cells show several common hallmarks such as increased DNA damage, loss of 

constitutive HC, epigenetic alterations and genome instability. Interestingly, mutations of 
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proteins which play a crucial role in DNA repair are known to cause progeroid disorders152. 

Lamin A/C modulates healthy aging363,364 and upregulates in degeneration220 as an adaptive 

stress response to DNA damage. Despite a fairly high occurence of HC loss in progeroid and 

healthy aging cells, our work implies that HC tethering seems to be separable from aging. Our 

results demonstrate that both progeroid and non-progeroid LMNA mutations lead to loss of HC 

tethering at the nuclear periphery. Additionally, progeroid nuclei are characterized by extreme 

nuclear size and shape aberrations. Here, we show that LA mutants dominantly affect nuclear 

morphology, while HC tethering can be rescued by wild-type LA (or Lbr) expression in 

laminopathic nuclei. These data suggest that destabilization of the nuclear envelope, and 

perhaps rupture, might be the driving force towards aging. However, nuclear rupture has been 

demonstrated in non-progeroid laminopathies as well, especially cardiomyopathies 365  and 

muscular dystrophies, as reported by Lammerding group361, essentially accelerating the aging 

process within the muscle itself. 

For example, cGas/Sting366 or extracellular matrix signaling pathways367 link nuclear rupture 

with upregulated inflammatory signalling. Interestingly, it was found that laminopathic 

nuclear rupture precedes transcriptional changes and DNA damage accumulation365. In the 

future, it will be necessary to examine the mechanisms behind nuclear rupture and the role it 

plays in inflammation and aging. 
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Conclusion 

Since LA/C is frequently upregulated in the conditions of transcriptional stress and DNA 

damage, there is enough evidence to suggest that heterochromatin tethering may be a cell 

mechanism important for the regulation of chromatin accessibility, in order to poise the 

regulatory elements for a stress response. Lamin A-induced heterochromatin tethering might 

additionally support DNA damage repair. Given all the experimental evidence, we propose 

that the Lamin A C-terminus is the main heterochromatin tethering domain and a determinant 

of nuclear size and shape, while the IG-fold domain is required to position C-terminal residues 

in apposition to the nucleosome. In the future, a further insight into these mechanisms could 

be the way of understanding longevity and providing therapeutics for many laminopathies. 

Heterochromatin tethering certainly is an important determinant of the life of the cell. 
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