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Proteins associated with the nucleus’ double lipid membrane 
system (i.e., nuclear envelope proteins) have gained increasing 
attention in recent years. The bulk of my dissertation work focuses 
on the development and application of technologies to quantify the 
contribution of nuclear envelope proteins to the mechanical wiring 
within living cells. These powerful assays enable measurements of 
nuclear deformations, nuclear movements (e.g., during muscle 
differentiation) and nucleo-cytoskeletal force transmission in 
response to both intra- and extracellular-generated forces.  
 
Diseases caused by mutations in genes encoding nuclear envelope 
proteins, such as Emery-Dreifuss muscular dystrophy, often have 
convoluted mechanisms due to the multifaceted role of the nuclear 
envelope in a variety of biochemical and mechanical cellular 
processes. Therefore, the assays presented herein are particularly 
valuable in determining the relative contribution of certain proteins 
to cellular health and disease when they are absent or mutated.  
 
While much of my work supports the idea that that mutations in 
nuclear envelope proteins cause mechanical defects that render the 
nucleus less stable and more susceptible to physical damage that 
results in disease, I have also begun investigating whether nuclear 
envelope proteins can instantaneously translate mechanical force 
into transcriptional changes, thus addressing a major question in 
the field of mechanobiology.     
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SUMMARY PAGE 

Chapter 1: Background. The entire cell is mechanically interconnected with the nuclear 
envelope as one of the most critical interfaces. Nuclear envelope proteins are physically coupled 
to chromatin at one face, and the three major cytoskeleton networks at the other face. Besides 
organizing and protecting the genome, nuclear envelope proteins anchor and help to regulate the 
cytoskeleton and also play a major role in signaling networks and gene regulation.  
 
Chapter 2: Cell microharpooning to study nucleo-cytoskeletal coupling and nuclear 
mechanics. To evaluate the intracellular force transmission between the nucleus and 
cytoskeleton, I optimized an assay that involves the manipulation of living, adherent cells and 
tissues with a fine glass microneedle and a microscope-mounted micromanipulator. 
Quantification of regional displacements, together with calculations of nuclear elongation, 
nuclear centroid translocation, and nuclear shape changes, enable quantitative assessments of 
nucleo-cytoskeletal coupling in both normal and disease conditions and provide an improved 
understanding of the role of specific nuclear envelope proteins in intracellular force propagation.  
 
Chapter 3: High-throughput micropipette aspiration device to probe nuclear mechanics. I 
helped design, fabricate, characterize, and optimize a microfluidic micropipette aspiration device 
to study nuclear deformations at high spatial and temporal resolution. The device design, which 
consists of many micropipettes in parallel, in conjunction with an automated analysis platform, 
facilitates rapid data acquisition and analysis. 
 
Chapter 4: Lamin mutations linked to muscular dystrophy cause progressive nuclear 
envelope rupture and DNA damage in muscle fibers. Our findings reveal that lamin A/C 
mutations impair nuclear stability and result in nuclear defects in contractile muscles that 
correlate with the severity of the disease phenotype, suggesting a mechanism for the muscle-
specific phenotypes observed in many laminopathies. Progressive nuclear damage is mediated 
through microtubules and can be remedied using microtubule-stabilizing drugs.  
 
Chapter 5: The role of the LINC complex in nuclear mechanics and 3D cell migration. 
Nucleo-cytoskeletal coupling through an intact LINC complex does not appear to be necessary 
for confined, 3D cell migration.  
 
Chapter 6: The effect of cell density on nuclear mechanics and lamin A/C epitope 
accessibility. Some lamin A/C antibody immunostains show density-dependent variation in 
fluorescence intensity. This does not reflect changes in lamin A/C protein expression, 
phosphorylation or contractility, but rather is modulated though F-actin polymerization.   
 
Chapter 7: Investigating the role of lamin A/C in mechanosensitive gene expression using 
precision nuclear run-on sequencing (PROseq). In this chapter, I apply a novel assay called 
PRO-seq in conjunction with our membrane strain assay to study the role of nuclear envelope 
proteins (e.g., lamin A/C) in transmitting forces to the genome to influence transcription. By 
comparing lamin A/C-depleted and wild type human fibroblasts, under cyclic strain (1 hour) and 
baseline conditions, I generated a list of differentially expressed mechanosensitive genes.  
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CHAPTER 1: BACKGROUND1 
 

The nucleus, often considered the “brain” of the cell, contains the cell’s vast genome. The 

nucleus is primarily responsible for regulating gene expression, which in turn controls the 

instructions for protein synthesis. It is well established that the nucleus plays an important role in 

mechanotransduction signaling, i.e., the process of biochemical signal propagation and 

processing, as most signaling pathways eventually culminate with nuclear proteins binding to 

specific genomic elements to modulate transcription. It is also known that the nucleus is 

mechanically connected to the rest of the cell via the nuclear envelope, with LINC (Linker of 

Nucleoskeleton and Cytoskeleton) complex structures in the nuclear envelope acting akin to 

focal adhesions at the plasma membrane, so that cytoskeletal and external forces can result in 

nuclear deformations (Lombardi and Lammerding, 2011; Rothballer et al., 2013). Many of the 

diseases that are caused by mutations in nuclear envelope proteins disproportionally effect 

mechanically active tissues. A major question not only for basic science, but also for 

translational science, is this— can mechanically induced nuclear deformations directly control 

gene expression in a predictable, biologically-meaningful way? Or do these nuclear associated 

proteins function in a purely mechanical sense? If they do function as mechanosensors (i.e., 

translators of mechanical inputs into biochemical outputs), what are the molecular mechanisms 

that enable the nucleus to sense and respond in this way?  

                                                 
 
1 Segments of the text are reproduced from two published manuscripts: 
 
G. Fedorchak, A. Kaminski, J. Lammerding, Cellular Mechanosensing: Getting to the nucleus of 
it all, Progress in Biophysics and Molecular Biology (2014).  
 
A. Kaminski*, G. Fedorchak*, J. Lammerding, The cellular mastermind(?): Mechanotransuction and the 
nucleus, Progress in Molecular Biology and Translational Science, Volume 126 (2014). *contributed 
equally. 
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Overview of Nuclear Structure and Organization 

In eukaryotic cells, the nucleus not only houses the genome, but also transcriptional machinery, 

thus allowing it to act as the central processing center for incoming signals. The nucleus is 

typically the largest cellular organelle and is separated from the surrounding cytoplasm by two 

lipid membranes and the underlying nuclear lamina meshwork which provides structural support. 

Together the membranes, lamina, and  associated proteins make up the nuclear envelope, which 

also mechanically connects the cytoskeleton to the nuclear interior (Crisp et al., 2006). To date, 

over 100 membrane proteins have been identified that are specific to the nuclear membranes, 

with their expression varying widely between cell-types and tissues (de las Heras et al., 2013; 

Schirmer et al., 2003). Bridging the nuclear membranes are nuclear pores that allow for transport 

of large molecules, such as transcription factors or RNA, between the nucleus and the cytoplasm. 

As the nucleus is substantially stiffer than the surrounding cytoplasm in most cell-types, the 

mechanical properties of the nucleus significantly contribute to the overall cell deformability and 

the transmission of forces across the cell. In the following, I provide a brief description of the 

structural and mechanical components of the cell nucleus, from the nuclear interior to the outer 

nuclear membrane and the proteins linking the nucleus to the cytoskeleton, an overview of which 

can be seen in Figure 1. Given the relevance to human disease, I will focus primarily on 

mammalian cells.  

 

Chromatin and chromosome territories  

Long, contiguous DNA polymers are packaged into discrete units called chromosomes, which 

are made of chromatin, a fibrous combination of DNA and DNA-binding proteins. The most 

prominent of these proteins are histones; histone polypeptides facilitate the efficient packing of 
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two meters of human DNA into a ≈10 µm-diameter nucleus (Martins et al., 2012). This stunning 

packaging is achieved by winding the DNA like thread around a histone spool. Histones H2A 

and H2B, and H3 and H4, unite as heterodimers to form octamer “beads” that are—together with 

the wound DNA—called nucleosomes. The odd-histone out, histone H1, helps link nucleosomes 

together and stabilizes higher-order structures. Histones are well suited to transmit signals 

directly to the genome through a plethora of covalent biochemical modifications such as 

acetylation, phosphorylation, methylation, poly-ADP-ribosylation, ubiquination, and 

SUMOylation which affect the structure and transcriptional activity of chromatin without 

altering the DNA sequence (Kouzarides, 2007; Simon and Wilson, 2013). Broadly speaking, 

chromatin exists in two states, (1) the more transcriptionally active, more loosely organized 

euchromatin, which typically localizes to central regions of the nucleus, and (2) the 

transcriptionally inactive, more densely packed heterochromatin, which inhabits the nuclear 

periphery and the area surrounding nucleoli (Simon and Wilson, 2011). DNA-binding dyes such 

as DAPI or Hoechst stain compact heterochromatin darker than its euchromatic counterpart. 

Euchromatin and heterochromatin can also be easily distinguished in transmission electron 

micrographs (Martins et al., 2012).  

 

The differences in chromatin compaction have important implications for deformation under 

force. Studies on isolated nuclei have shown that the nuclear interior, chromatin in particular, 

substantially contributes to the mechanical property of the nucleus (Dahl et al., 2005). Both 

condensed and non-condensed chromatin behave as complex viscoelastic fluids, but demonstrate 

plastic changes after ≈10 seconds of stress in micropipette aspiration experiments (Pajerowski et 

al., 2007). In addition, condensed chromatin is substantially less deformable than non-condensed 
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chromatin, suggesting that the higher packing density limits further compaction (Pajerowski et 

al., 2007). Importantly, the nucleoplasm is ≈2-to 10-times stiffer than the cytoplasm and resists 

further compression after being compacted more than 60% (Guilak and Mow, 2000; Rowat et al., 

2013). The “compression limit” is one contributor to chromatin’s, and especially 

heterochromatin’s, ability to bear up to 50% of the load applied to the nucleus (Mazumder and 

Shivashankar, 2010; Pajerowski et al., 2007), and may become highly relevant when cells must 

deform during migration through tight interstitial spaces (Wolf et al., 2013). These findings 

illustrate the interrelation between chromatin and nuclear mechanics, and may hint at 

mechanisms by which force induced changes in chromatin structure could contribute to nuclear 

mechanosensing.  

 

Recent technological advancements have enabled stunning views of the non-random 

chromosome organization (chromosome territories) within the interphase nucleus. For example, 

fluorescence in situ hybridization (FISH) techniques with multiple fluorescent probes have been 

used to construct a probability model of chromosome territories. Using FISH, Cremer et al. 

showed that chromosomes have preferential locations that do not become intermingled (Cremer 

and Cremer, 2010). Intriguingly, these territories appear to be relatively stable throughout 

mitosis (Walter et al., 2003). This non-random orientation could enable specific directional 

forces, such as shear stress, to consistently impact the same chromatin region. For instance, it has 

been shown that cytoskeletal filaments in endothelial cells stiffen in regions exposed to high 

levels of localized shear (Sato et al., 1996). It is conceivable that these forces could then 

propagate to specific nuclear territories and potentially influence gene expression.   
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The nucleoskeleton 

For decades, researchers have sought to characterize the putative nucleoskeleton as either an 

active framework, a passive framework, or an artifact (Cook, 1988; Dahl and Kalinowski, 2011). 

The existence of simple, cell-free technologies to replicate and transcribe DNA proves that many 

of the quintessential functions of the nucleus can be carried out without higher order structures 

(i.e. nucleoskeletal elements). At the same time, a nucleoskeletal framework or scaffold could 

help organize chromosome territories as well as position the transcriptional machinery and 

regulatory complexes. Relating back to mechanosensing, a dynamic, well-networked 

nucleoskeleton has the potential to directly couple extracellular forces to the genome. A 

prominent class of nucleoskeletal proteins are lamins, which exist not only as a solid-like 

meshwork at the periphery but also may form stable structures with transcription factors and 

other molecules in the interior (Ho and Lammerding, 2012). Lamins and their interaction 

partners will be discussed in detail later.  

 

In addition to specialized nuclear proteins, recent findings suggest that many proteins 

traditionally found in the cytoskeleton, such as spectrin II-alpha, titin, 4.1R, myosin, and actin, 

have roles in the nucleus as well (Castano et al., 2010; Zhong et al., 2010). The organization of 

these proteins in the nucleus remains uncertain – they may form a structural scaffold throughout 

the nuclear interior, or they may form a peripheral network supporting the nuclear envelope 

(Dahl et al., 2008). Spectrin II-alpha and titin are cross-linking proteins known for their large 

size and elasticity. Consistent with these characteristics, nuclei that lack spectrin II-alpha have 

difficulty recovering from swelling and stretching (Zhong et al., 2010). Beyond its mechanical 

function, spectrin II-alpha is also important for DNA repair, (McMahon et al., 2001) 
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demonstrating how structural and regulatory roles often overlap in the nucleus (Simon and 

Wilson, 2011; Zhong et al., 2010). Titin, normally found in muscle sarcomeres, has been shown 

to also interact with lamins both in vitro and in vivo. Structurally, loss of titin results in large 

nuclear blebs (Zastrow et al., 2006).  

 

Lamins, the nuclear lamina, and nuclear mechanics 

Lamins and their associated proteins form a dense meshwork (nuclear lamina) along the inner 

nuclear membrane. The lamina interacts with inner nuclear membrane proteins, nuclear pore 

complexes, and the nuclear interior. Lamins are type V intermediate filaments that can be 

grouped into two classes: (1) A-type lamins, which are generated by alternatively splicing of the 

LMNA gene into lamin A and C and some less abundant isoforms, and (2) B-type lamins, which 

are encoded by the LMNB1 and LMNB2 genes, which produce lamin B1 and B2/B3, respectively 

(Ho and Lammerding, 2012). While A-type lamins and lamins B1 and B2 are expressed in 

almost all somatic cells, lamin B3 expression is restricted to germ cells. Lamin A and B-type 

lamins undergo extensive posttranslational processing at the C-terminus, including farnesylation 

and endoproteolytic cleavage. B-type lamins remain permanently farnesylated and thus attached 

to the inner nuclear membrane, even during mitosis (Rober et al., 1989). In contrast, lamin A 

undergoes an additional modification, where the protein Zmpste24 removes the farnesylated tail, 

resulting in mature lamin A. Lamin C, which has a distinct C-terminus, does not undergo the 

same processing and is not farnesylated (Simon and Wilson, 2013). Mature lamin A and lamin C, 

which lack the hydrophobic farnesyl tail, can be found both in the nucleoplasm and the nuclear 

lamina (Ottaviano and Gerace, 1985).  
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Figure 1. Cellular connectivity. The genome is connected to the extracellular environment through an 
array of proteins. The nucleoplasm houses the chromatin, and subnuclear bodies (nucleolus, Cajal bodies, 
and PML bodies). The chromatin associates with the nuclear lamina along the inner nuclear membrane, 
where it also interacts with LEM domain proteins. Reaching across the luminal space, SUN proteins on 
the inner nuclear membrane bind to the KASH domains of nesprins to form the LINC complexes that link 
the nuclear interior to the cytoskeleton filaments (actin, intermediate filaments, and microtubules), often 
through intermediary linker proteins such as plectin, dynein, or kinesin. The cytoskeletal filaments 
connect to cell-cell and cell-matrix adhesions, completing the physical connection from genome to 
extracellular environment. 
 

Lamins, which have a half-life of ≈13 hours, assemble into stable filaments (Eden et al., 2011). 

They form parallel dimers through coiled-coil interaction of their central rod domains (Ho and 

Lammerding, 2012). The dimers associate head-to-tail and then laterally assemble in an anti-
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parallel fashion into non-polar filaments. Initial transmission electron micrographs of 

mammalian cells revealed the nuclear lamina as a visible 25–50 nm thick dense protein layer 

underneath the inner nuclear membrane  (Crisp et al., 2006; Versaevel et al., 2013). The higher 

order structure of lamins in somatic cells is not completely understood due to the tight 

association of the lamina with chromatin, which makes high resolution imaging challenging 

(Aebi et al., 1986). However, Xenopus oocytes do not pose the same challenges; electron 

micrographs in these cells show a lamin structure composed of a square lattice of ≈10 nm thick 

cross-linked filaments (Aebi et al., 1986; Goldberg et al., 2008). Recent studies using cryo-

electron tomography to get an unobstructed view of the lamina in vimentin-null MEFs suggest 

that lamin filaments are much less thick than initially predicted. Tetrameric lamin filaments were 

measured to be 3.5 nm thick and assembled into 14 nm thick layers  (Turgay et al., 2017). Lateral 

interactions between dimers and proto-filaments are thought to be critical for maintaining the 

correct higher order structure. Based on mathematical modeling, correct coiling direction of the 

heptads appears to be important to allow for “unzipping” and subsequent attachment to adjacent 

strands (Gangemi and Degano, 2013). Mutations could result in increased or decreased stability 

due to incorrect assembly and/or binding (Zwerger et al., 2013). It is important to note that these 

ideas await experimental confirmation. Intriguingly, although different lamin isoforms can all 

interact and form heteropolymers in vitro, they typically segregate into homopolymers and form 

distinct, but overlapping, networks in vivo (Kapinos et al., 2010; Kolb et al., 2011; Shimi et al., 

2008; Zuela et al., 2012).  

 

Although there are still some questions about the filament and structural assembly of the lamina 

in vivo, the importance of nuclear lamins in contributing to nuclear stiffness and stability has 
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been unequivocally established. Based on micropipette aspiration experiments on isolated 

Xenopus oocyte nuclei, which can be osmotically swollen to separate the chromatin from the 

nuclear lamin, the lamin network has an elastic modulus of ≈25 mN/m (Dahl et al., 2004). For 

comparison, the plasma membrane of neutrophils has an elastic modulus of ≈0.03 mN/m and 

chondrocyte and endothelial cell membranes have a modulus of ≈0.5 mN/m (Hochmuth, 2000). 

Using a variety of experimental approaches, the stiffness of the nucleus has been determined to 

be 2- to 10-times stiffer than the surrounding cytoplasm, depending on the particular cell-type 

and measurement method (Caille et al., 2002; Guilak and Mow, 2000; Kha et al., 2004). When 

comparing the lysis strain of the nuclear envelope (i.e., the nuclear lamina and the nuclear 

membranes) with that of a simple double lipid membrane to distinguish the contribution of the 

nuclear lamina, the lysis strain of the nuclear envelope was 12-fold higher than that of the 

standard double membrane system, highlighting the stabilizing impact of the nuclear lamina 

(Dahl et al., 2004). Similarly, when fluorescently labelled dextran is injected into the nucleus of 

living cells, cells that lack lamins A/C show dramatically increased rates of nuclear rupture 

compare to wild-type cells (Lammerding et al., 2004). And more recently, cells with reduced 

levels of lamin A/C experience increased spillage of NLS-GFP into the cytoplasm during 

confined cell migration (Denais et al., 2016). 

 

Given this important role of lamins in conferring structural integrity to the nucleus, what is the 

contribution of the different types of lamins to nuclear mechanics? While B-type lamins are 

nearly ubiquitously and uniformly expressed among different cell-types and tissues, lamin A/C 

expression is highly tissue-specific. For instance, muscle cells and other mesenchymal cells are 

typically among the highest in A-type lamin expression levels (Stewart and Burke, 1987; Swift et 
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al., 2013). A recent study found that the ratios of A-type to B-type lamins in different tissues 

closely correlates with the tissue stiffness suggesting a mechanosensitive regulation of lamin 

levels (Swift et al., 2013), which could help protect the nucleus from mechanical stress by 

increasing mechanical stability (Lammerding et al., 2004). In cells that express both A-type and 

B-type lamins, lamins A and C are the major contributors to nuclear stability, with B-type lamins 

having a smaller role in overall nuclear stiffness (Lammerding et al., 2006). Nonetheless, there 

may be some functional redundancy between lamins regarding mechanical properties. For 

instance, introducing lamin B into lamin A-null cells can partially rescue mechanical defects 

(Chen et al., 2013; Zuela et al., 2012). Furthermore, B-type lamins are important for nuclear 

anchoring to the cytoskeleton, particularly during neuronal migration/development in the brain, 

as these cells lack A-type lamins (Coffinier et al., 2010; Ji et al., 2007; Jung et al., 2013a; Jung et 

al., 2013b).  

 

Similarly, embryonic stem cells do not express A-type lamins until they begin to differentiate. 

Once they decrease their stemness, their nuclear stiffness increases up to 6-fold compared to the 

undifferentiated state. This is most likely due to the increased levels of lamins A/C in the new 

lineage and possibly due to changes in chromatin configuration (Pajerowski et al., 2007; Stewart 

and Burke, 1987). A few specialized differentiated cells, notably neutrophils and neurons, hardly 

express any A-type lamins even after differentiation (Jung et al., 2013a; Olins et al., 2001). The 

lack of A-type lamins in embryonic stem cells, neutrophils, and neurons may facilitate migration, 

enabling these cells to travel through dense tissues and interstitial spaces during development 

and inflammation (Friedl et al., 2011). For example, the decrease in lamin A/C levels along with 

the concomitant increase in expression of lamin B receptor (LBR) during granulopoiesis 
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promotes the distinct highly lobulated nuclear shape of mature neutrophils (Rowat et al., 2013). 

In addition, the low levels of lamin A result in a highly deformable nucleus allowing neutrophils 

to easily squeeze through small spaces (Rowat et al., 2013). Similarly, regulation of lamin A/C 

levels may also regulate trafficking and lineage maturation of other hematopoietic cell types 

(Shin et al., 2013). 

 

In addition to changes in lamin expression, posttranslational modifications of lamins may further 

affect nuclear mechanics. Lamins are phosphorylated during mitosis, causing them to become 

soluble and dispersed into the cytoplasm (Kuga et al., 2010; Ottaviano and Gerace, 1985). 

Because farnesylation and phosphorylation of lamins changes their solubility, binding affinities, 

and localization, these posttranslational modification may also offer cells a way to dynamically 

adjust their nuclear stiffness in response to mechanical stimuli (Swift et al., 2013). 

 

Lamin binding proteins 

Beyond their direct structural role, lamins bind many different proteins, including transcriptional 

regulator, histones, and several inner nuclear membrane proteins (Figure 1). Lamin binding 

partners include LBR, nesprins, SUN proteins, and members of the LEM-domain protein family, 

which include LAP2, emerin, and MAN1 proteins (Lin et al., 2000; Wilson and Berk, 2010). In 

the absence of lamins, many of the lamin binding proteins become mislocalized. This has severe 

consequences for force propagation across the nuclear envelope and mechanotransduction 

signaling. The LEM-domain proteins share a conserved ~40 amino acid sequence that allows 

them to bind BAF (Barrier to Autointegration Factor), a protein with roles in nuclear 

organization and DNA bridging (Lee and Wilson, 2003; Margalit et al., 2007). BAF helps to 
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recruit lamin A and stabilize emerin at the nuclear envelope in addition to maintaining 

heterochromatin (Haraguchi et al., 2001; Margalit et al., 2005). The LEM-domain proteins have 

additional binding partners that could affect mechanotransduction signaling. Broadly, LAP2, 

emerin, and MAN1 all interact with GCL, a transcriptional repressor. Emerin is particularly 

interesting in this regard because it competitively binds BAF and GCL (Dorner et al., 2007). 

Mutations in LEM domain proteins can cause changes in downstream BAF signaling, but can 

also disrupt additional signaling pathways such as TGF-β and Wnt signaling, which are 

described in detail in the cited published reviews (Lin et al., 2005; Markiewicz et al., 2006). 

 

Lamins can also directly connect to the genome by binding DNA and histones (Lin et al., 2000; 

Wilson and Foisner, 2010). The areas of the genome that are bound to the nuclear lamina are 

called Lamina-Associated Domains (LADs) and are often transcriptionally repressed 

heterochromatin. In addition, lamins also directly bind to numerous transcriptional factors such 

as extracellular-signal-regulated kinases 1 and 2 (ERK1/2), retinoblastoma protein pRb (RB1), 

Fos, sterol regulatory element-binding protein-1 (SREBP1) and MOK2, among others (Lloyd et 

al., 2002; Moiseeva et al., 2011; Rodriguez et al., 2010; Wilson and Foisner, 2010). Of note is 

that phosphorylated Rb, one proposed regulator of lamin expression, can also directly bind 

lamins (together with LAP2α), suggesting a potential feedback loop. Some of these factors, such 

as ERK1/2 and c-Fos, have well established roles in mechanotransduction signaling, but are 

outside of the scope of this dissertation. For a detailed discussion of lamin binding partners and 

their function, we refer to a recent review by Simon and Wilson (Simon and Wilson, 2013). 
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Nuclear membranes and nuclear pore complexes  

Adjacent to the nuclear lamina lies the inner nuclear membrane, which together with its outer 

nuclear membrane counterpart, forms a barrier to the surrounding cytoplasm. The outer nuclear 

membrane is continuous with the endoplasmic reticulum (ER), a large intracellular membrane 

system. The space enclosed by the inner and outer nuclear membranes is the ≈30–50 nm wide 

luminal or perinuclear space. Proteins in the inner nuclear membrane can interact with and be 

retained by the underlying lamina and nuclear interior. In the absence of these interactions, as in 

the case of lamin A/C-deficient cells, the inner nuclear membrane proteins can diffuse into the 

outer nuclear membrane at the nuclear pores, where the membranes converge, and then further 

into the ER. Similarly, proteins in the outer nuclear membrane are often retained there by their 

interaction with inner nuclear membrane proteins and can be mislocalized to the ER if this 

interaction is lost (Zuleger et al., 2012). As previously mentioned, over 100 membrane proteins 

specific to the nuclear envelope have been identified to date, conferring a variety of often tissue-

specific functions from import and export, chromatin anchoring and regulation, and nucleo-

cytoskeletal coupling (de las Heras et al., 2013; Schirmer et al., 2003). 

 

Nuclear pores help to regulate the active transport of large molecules (larger than ≈40 kDa) into 

and out of the nucleus. Ions and small molecules can passively diffuse through the membranes or 

the nuclear pores. Nuclear pore complexes are highly structured, symmetric channels that are 

regularly spaced along the nuclear envelope. This spatial regulation is likely due to interactions 

with the nuclear lamina, because loss of lamins can result in clustering of nuclear pore 

complexes (Sullivan et al., 1999). Nuclear pore complex components interact with a larger 

number of proteins at the nuclear envelope (e.g., lamins, SUN proteins) and the nuclear interior 
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(Lombardi and Lammerding, 2011; Lu et al., 2008). Recent evidence suggests that proteins 

typically associated with the nuclear pore complex proteins can also be found deep inside the 

nuclear interior, where they may play a role in transcriptional regulation (Kouzarides, 2007; 

Simon and Wilson, 2011). 

 

LINC complexes 

The lamina is connected to the cytoskeleton by the Linker of Nucleoskeleton and Cytoskeleton 

(LINC) complex, which spans both the inner and outer nuclear membrane to transmit forces 

across the nuclear envelope (Figure 1). The LINC complex consists of SUN proteins at the inner 

nuclear membrane and KASH-domain proteins at the outer nuclear membrane. LINC complex 

proteins are highly conserved across organisms and their vertebrate names are a combination of 

the names originally given in C. elegans, D. melanogaster, and S. pombe. The SUN (Sad-

1/UNC-84) proteins bind to the lamina and the SUN domain occupies the perinuclear space. 

There are two SUN proteins in somatic cells, SUN1 and SUN2, which have distinct but 

overlapping functions (Rothballer et al., 2013). Three additional SUN proteins, SUN3–5, are 

only expressed in male germline cells (Fridkin et al., 2009). All SUN proteins are composed of 

an N-terminal nucleoplasmic domain, a transmembrane domain, and a luminal coiled-coil rod 

domain that ends in a trimeric, SUN-domain head (Sosa et al., 2013). The main difference 

between SUN1 and -2 and the germline SUN proteins is the length of the rod domain (Sosa et al., 

2013). 

 

The trimeric C-terminal of the SUN proteins binds up to three KASH (Klarsicht/ANC-1/Syne 

homology) peptides, which make up the luminal C-terminus (and the transmembrane domain) of 
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the aptly named KASH-domain proteins. The first four KASH-domain family members are 

referred to as nesprins (nuclear envelope spectrin repeat proteins), each consisting of several 

isoforms resulting from alternative splicing or initiation (Mellad et al., 2011). Historically, 

nesprin-1 and -2 were named Enaptin and NUANCE, respectively. Some nesprins were also 

referred to as SYNEs (synaptic nuclear envelope proteins), because of their presence in 

myonuclei at neuromuscular junctions (Apel et al., 2000). A fifth family member, KASH5, is 

germ cell specific and lacks the name-sake spectrin repeats of nesprins (Morimoto et al., 2012). 

Nesprins-1, -2, and -3 are generally widely expressed, and at least one nesprin isoform is found 

in all cell-types (Rajgor and Shanahan, 2013). In contrast, nesprin-4 expression is specific to 

secretory epithelial cells. On the cytoplasmic side, nesprins can interact with all major 

cytoskeletal structures. The largest isoforms of nesprin-1 and -2 directly bind to actin and 

nesprins-1 and -2 also bind to kinesin and dynein; nesprin-3 engages intermediate filaments via 

plectin; nesprin-4 connects to the microtubule network via kinesin-1 (Figure 1) (Roux et al., 

2009; Wilhelmsen et al., 2005; Zhang et al., 2002; Zhang et al., 2001). The large, “giant”, 

nesprin isoforms are found on the outer nuclear membrane, while smaller nesprin isoforms like 

nesprin-1α and nesprin-2β also localize to the inner nuclear membrane and bind lamins (Wheeler 

et al., 2007; Zhang et al., 2007a; Zhang et al., 2002). 

 

The integrity of the LINC complex and cytoskeletal filaments is needed to support intracellular 

force transmission to the nucleus. LINC complex disruption causes changes in both the nuclear 

and cytoskeletal morphology, including loss of the actin and vimentin networks surrounding the 

nucleus (Lombardi et al., 2011; Lu et al., 2012). Depletion of LINC complex components, or 

expression of dominant negative nesprin constructs, results in altered nuclear cross-sectional area 
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and an increase in nuclear height. This is presumably due to loss of cytoskeletal tension or 

compression acting on the nucleus (Chancellor et al., 2010). In additional to changes in nuclear 

morphology, down regulation of nesprin-1 also increases focal adhesion strength, potentially in 

an attempt to balance the forces normally distributed to the nucleus. In addition to these findings, 

many other groups have demonstrated the effect of the LINC complex on nuclear morphology 

based on substrate stiffness, 2-D versus 3-D microenvironment, and under strain (Anno et al., 

2012; Houben et al., 2007; Khatau et al., 2012; Lovett et al., 2013; Tamiello et al., 2013).  

 

In many ways, the LINC complexes appear analogous to the focal adhesion complexes at the 

plasma membrane, which help transmit forces from the cellular environment to the cytoskeleton 

and are also involved in mechanosensing (Geiger et al., 2001). Comparing the current view of 

the simple LINC complex structure with the complex structure and interaction of focal adhesion 

complexes and the many associated proteins, it becomes apparent that there is still much work to 

be done to better understand nucleo-cytoskeletal coupling. As of now, there are a few other 

proteins that are known to help control the interaction between nesprins and SUN-proteins. 

Samp1 was recently identified as a LINC complex-associated protein that interacts with SUN1 

and aids in nuclear positioning (Gomes et al., 2005; Gudise et al., 2011). Other potential LINC 

complex regulators include Torsin-A, the outer NE protein Kuduk and the nuclear pore protein, 

Ndc1 (Chen et al., 2014; Ding et al., 2017; Nery et al., 2008), but much remains to be uncovered 

about the role of these proteins in nucleo-cytoskeletal coupling and in regulating binding 

between SUN-proteins and nesprins. Furthermore, there are still many questions regarding the 

formation, maintenance, and regulation of LINC complexes, especially in response to 

mechanical stimuli. For example, does the same principle of concurrent inside-out and outside-in 
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signaling that governs cell adhesion also apply to the LINC complex? And which other proteins 

could be involved in such regulation or potential mechanosensing?   

 

Potential mechanisms of nuclear mechanosensing  

As we gain a better understanding of the structure and function of the nucleoskeleton, we move 

ever closer to comprehending how the nucleus perceives and responds to force. Based on our 

current knowledge, we can propose a number of (non-mutually exclusive) molecular 

mechanisms that could enable the nucleus to transduce mechanical forces into biochemical 

signals that could directly modulate nuclear morphology and transcriptional regulation (Figure 

2).  

 

Conformational changes of nuclear (envelope) proteins and chromatin 

Force-induced unfolding of nuclear proteins, either at the nuclear envelope or the nuclear 

interior, may reveal cryptic binding sites, promoting altered protein-protein interactions or 

phosphorylation of specific residues via nuclear kinases. Phosphorylation of specific nuclear 

envelope components may further alter interaction with their binding partners or, in the case of 

lamins, trigger (partial) depolymerization of the nuclear lamina, similar to the events occurring 

during mitosis (Kochin et al., 2014; Swift et al., 2013). Even forces too low to result in partial 

protein unfolding (e.g., in the low picoNewton range) may still be sufficient to dissociate nuclear 

proteins from each other, as demonstrated for nucleosomal protein complexes (Poh et al., 2012), 

or to affect chromatin structure (Iyer et al., 2012; Li et al., 2011), which could alter accessibility 

to transcriptional regulators. Further biophysical and biochemical assays will be required to 
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define the relevant force thresholds, identify the corresponding protein conformational changes, 

and evaluate the impact on protein-protein interactions or chromatin structure and organization.  

 

 
Figure 2. Potential mechanisms of nuclear mechanosensing. The nucleus receives a vast amount of 
mechanical and biochemical signals from the surrounding cytoplasm. Incoming signals may trigger 
various responses at the nuclear envelope or within the interior that can result in changes in gene 
expression. (1) Nuclear deformations may alter the interactions (via change in proximity or other means) 
between chromatin and the nuclear lamina, causing transcriptional activation or repression. Force-induced 
changes in chromatin organization may also alter accessibility of chromatin to transcriptional regulators. 
(2) Mechanically-induced damage to the nuclear membranes, or changes in the permeability of nuclear 
pores or stretch-sensitive ion channels can results in altered nuclear import/export. (3) Ca2+ or other ions 
may enter the nucleus or be release from perinuclear stores in response to osmotic stress or other 
mechanical stimuli. (4) Forces transmitted across the LINC complex may lead to force-induced 
conformational changes in nuclear envelope proteins, resulting in their phosphorylation or altered 
interaction with binding partners. (5) Nuclear actin serves as both a mechanical scaffold and a signaling 
moiety; nuclear actin polymerization can modulate activity and import/export of MKL1/SRF. (6) Changes 
in membrane fluidity or curvature may alter the conformational state of bound proteins and cause 
assembly/disassembly of multi-protein structures at the nuclear envelope. (7) Nuclear envelope proteins 
can sequester transcriptional regulators at the nuclear periphery or form active/inactive complexes, 
thereby regulating their activity. (8) Nuclear actin, along with other structural elements such as spectrin 
Iiα, may also serve as a scaffold for transcriptional regulation by positioning DNA near transcriptional 
machinery or specific DNA-regulatory elements.  
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Changes in gene location 

In addition to changes in chromatin conformation, forces transmitted to the nuclear interior may 

also impact gene location. Novel technologies such as DNA FISH and ChIP-Seq have been 

instrumental in mapping the location of not only individual chromosomes, but also specific genes 

and DNA-protein interactions. We now know that chromosomes reside with high probability in 

specific “territories” and that the spatial arrangement of specific DNA segments can vary widely 

between cell types and even change position over time within a given cell (Stancheva and 

Schirmer, 2014). For the most part, transcriptionally active chromatin resides in the nuclear 

interior or close to nuclear pores, whereas heterochromatic and transcriptionally repressed 

regions associate with lamins and lamin-associated proteins at the nuclear periphery. Force-

induced detachment of specific gene loci from the nuclear periphery may thus result in activation 

of the associated genes, whereas recruitment of genes to the nuclear periphery (for example, due 

to altered protein-protein interactions), may result in gene silencing. 

 

While changes in the position of specific gene loci are well documented, the underlying 

molecular mechanisms remain elusive, including the potential involvement of nuclear molecular 

motors such as myosin. A further examination of nuclear actin and nucleosome scaffolding will 

be necessary to understand if/how forces may directly modulate gene localization and 

transcription. Interestingly, nuclear actin has the potential to integrate both biophysical and 

biochemical cues, making it a prime candidate for nuclear mechanosensing. The recent 

development of fluorescent reporters to visualize monomeric and filamentous nuclear actin 

(Belin et al., 2013) and other nucleoskeletal components will enable imaging of dynamic 

changes in nuclear organization in real time.  
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Changes in nuclear structure and organization 

Recent evidence suggests that the nucleus may also play a more direct role in cellular 

mechanosensing. Forces exerted at the cell surface or cytoskeleton can induce rapid, subnuclear 

deformations by propagating through the cytoskeleton and the LINC complex (Lombardi et al., 

2011; Maniotis et al., 1997). The corresponding forces acting on the nuclear envelope and 

interior may be sufficient to trigger direct mechanotransduction responses from the nucleus. 

Since mechanical forces can be transmitted through the cytoplasm much faster than diffusion 

based biochemical signals (30 m/s for mechanical stress propagation versus 1-2 µm/s for small 

chemical diffusion or motor-based transport) (Wang et al., 2009), such rapid direct nuclear 

mechanosensing should be distinguishable from changes resulting from signals with cytoplasmic 

origin when imaged with sufficiently high temporal resolution (Na et al., 2008; Wang et al., 

2009). Indeed, recent findings of ultrafast, long-distance force propagation to the nucleus and 

rapid intranuclear events hint at potential mechanisms for gene regulation via “direct” 

mechanical force transfer.  

 

For example, applying forces to the surface of HeLa cells results in a rapid (< 5 second) decrease 

in the fluorescence anisotropy of GFP-labelled histones, indicative of chromatin decondensation 

(Iyer et al., 2012). The effect is reversible upon cessation of the force; however, sustained force 

application (> 225 seconds) promotes irreversible changes to nuclear morphology. One caveat is 

that the observed intranuclear changes may also result from altered cell morphology in response 

to mechanical stress (Guilak, 1995; Knight et al., 2002; Legant et al., 2010), placing the nucleus 

downstream of these cytoplasmic changes. Nonetheless, additional evidence for molecular level 

changes inside the nucleus in response to external force application was provided by Poh and 
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colleagues, who used fluorescence resonance energy transfer (FRET) assays to demonstrate rapid 

(< 1 second) dissociation of two Cajal body (CB) proteins (SMN and coilin) in response to 

mechanical stress at the HeLa cell membrane. This phenomenon was irreversible and dependent 

on both substrate stiffness and an intact nuclear envelope. As this example illustrates, genetically 

encoded FRET-based biosensors offer a particularly attractive tool to study mechanically 

induced conformational changes inside living cells at high spatio-temporal resolution. FRET-

based biosensors have already been successfully applied to study the physical forces acting on 

vinculin at focal adhesions (Grashoff et al., 2010) and spectrin structures in the cytoskeleton 

(Meng and Sachs, 2011), but applications that address nuclear mechanosensing are only slowly 

emerging.  

 

To minimize confounding effects from upstream biochemical signals emanating from the 

cytoplasm, several groups have begun investigating nuclear mechanotransduction mechanisms in 

isolated nuclei. Using this strategy, Swift et al. (Swift et al., 2013) uncovered a cryptic site 

(Cys522) in the Ig-domain of lamin A that partially unfolds in response to shear stress on the 

order of 1 Pa. The shear-sensitive residue was identified using ‘cysteine shotgun mass 

spectrometry’ (CS-MS), a technique that utilizes the biochemical properties of cysteine (i.e., a 

hydrophobic amino acid often found buried at the core of proteins and possessing a reactive 

thiol-group) to covalently link the exposed amino acid to a fluorescent molecule. Whether the 

observed force induced unfolding is biologically relevant and occurs under physiological 

conditions in intact cells remains to be seen; nonetheless, the study presents an exciting advance 

in examining the ability of the nucleus to directly “sense” forces.  
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Perhaps some of the strongest evidence for direct nuclear mechanosensing to date comes from a 

study showing that isolated nuclei adjust their stiffness in response to force application through 

nesprin-1 by recruiting lamin A/C to the LINC complex and thereby strengthening the nuclear 

envelope and nucleo-cytoskeletal coupling (Guilluy et al., 2014). The response is mediated by 

Src-dependent phosphorylation of emerin at two specific tyrosine residues (Tyr 74 and Tyr 95). 

While the study nicely illustrates that nuclear players are sufficient to dynamically regulate 

emerin phosphorylation and nuclear envelope composition, many important questions remain: is 

nuclear Src activated by mechanical stress (via nesprin-1), or do the mechanical forces induce 

changes in emerin accessibility or localization that then result in the phosphorylation of emerin 

by already active Src? How does emerin phosphorylation mediate lamin A/C recruitment to the 

LINC complex? Does emerin phosphorylation regulate nuclear mechanics (Guilluy et al., 2014) 

and transcription (Ho et al., 2013; Lammerding et al., 2005) through distinct or overlapping 

pathways? Recent evidence suggests that LINC complex-dependent stretching of chromatin may 

directly affect gene expression (Tajik et al., 2016). Tajik et al. used 3D magnetic twisting 

cytometry to deliver forces of known amplitude, frequency, duration and direction to the cell 

surface and measured force-induced changes in the location and expression of a lac/GFP labeled 

transgene (DHFR) on a bacterial artificial chromosome. They found a direct correlation between 

the applied force vector, the apparent stretching of the chromatin (based on the distance between 

GFP-labeled foci), and gene expression.  Diverse interactions between lamins, emerin, nesprins 

and SUN proteins with signaling and structural proteins, along with dynamic posttranslational 

modifications at the NE may work to fine tune mechanosensitive gene expression.  
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The potential for dynamic lamin recruitment to the mechanically perturbed-LINC complex as 

suggested by Guilluy et al. has interesting implications (Guilluy et al., 2014). First, it requires 

updating the simple model of lamins acting as a static scaffold during interphase for neighboring 

proteins to bind. Rather, it suggests that many of the known interactions, for example, at the 

LINC complex, may be highly dynamic and regulated by phosphorylation or binding to other 

proteins such as Samp1 (Borrego-Pinto et al., 2012). Furthermore, SUN proteins, emerin, and 

nesprins may conversely help anchor A-type lamins at the nuclear periphery and form an 

interdependent network there (Banerjee et al., 2014); with the loss of any of these proteins due to 

mutations or posttranslational modifications, the network and its connection to the nuclear 

membranes are re-arranged, modulating nuclear stability, nucleo-cytoskeletal coupling, and other 

nuclear envelope functions. There is also evidence that nuclear envelope components such as 

BAF-1 may become mobile or immobile in response to stress, leading to further reorganization 

(Bar et al., 2014). Protein mobility studies and pull-down assay can be used to assess the 

dynamic behavior of the nuclear membrane, while knock down studies can help assess the 

impressive (partial) redundancy of NE proteins, such as SUN1/SUN2, A-Type/B-Type lamins 

(Lee et al., 2014), LEM-domain proteins, and nesprin1/2 (Banerjee et al., 2014).  

 

Other potential nuclear mechanosensing mechanisms 

It is intriguing to speculate on additional molecular mechanisms that may contribute to nuclear 

mechanotransduction. Several studies have shown that cellular and nuclear volume can change 

dramatically in response to mechanical force application (Guilak, 1995; Rowat et al., 2006; 

Versaevel et al., 2012). As the volume reduction is primarily caused by loss of water (Rowat et 

al., 2006), the osmolarity of the cellular compartments and concentration of nuclear and 
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cytoplasmic proteins is expected to change significantly, affecting biochemical signaling and 

intracellular mechanics. Nuclear confinement during cell migration through dense tissue may 

result in chromatin compaction and depletion of soluble proteins within the constriction. 

Consequently, this may delay the DNA damage response due to physical exclusion of repair 

factors (Irianto et al., 2016). Osmotic, tensile, and compression forces may also influence nuclear 

membrane permeability by opening stretch-sensitive channels or by inducing transient ruptures 

in the membrane. Taken together, calcium entry through nuclear ion channels or nuclear volume 

fluctuations may be sufficient to trigger a nuclear mechanoresponse (Finan et al., 2011).  

 

The nuclear pore complex (NPC) is another potential mechanotransduction gateway into the 

nucleus, yet it remains much of a black box despite advancements in theoretical modeling 

techniques. NPCs interact with both the cytoskeleton and the genome (directly and through 

lamins) and their constituent nucleoporin proteins play a role in both mRNA export (Ball et al., 

2007) and gene expression (Griffis et al., 2004; Kalverda et al., 2010). Until recently, it remained 

to be proven whether cell stretching forces could expand the pore, thus increasing the size 

discrimination threshold and allowing passive diffusivity of molecules at or near the size cutoff 

(e.g. monomeric actin ~40 kDa). It now appears that forces resulting in nuclear flattening can 

decrease mechanical restriction in nuclear pores to facilitate nuclear import of mechanosensitive 

transcription activator such as YAP (Elosegui-Artola et al., 2017). 

 

Lastly, mechanically induced changes in nuclear membrane composition or conformation may 

provide an additional mechanosensing mechanism. For instance, hypotonic swelling of the 

nuclear membranes results in the translocation of cytosolic phospholipase A2 to the inner nuclear 
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membrane (Enyedi et al., 2016). This process, mediated by actin and the nuclear lamina, is 

important for a proper inflammatory response to tissue damage. Other mechanosensitive 

mechanisms, involving conformational changes in transmembrane proteins or recruitment of 

proteins or other factors which are sensitive to membrane curvature, await discovery.  

 

Functional consequences of impaired mechanotransduction and disease 

As illustrated by the above sections, proper mechanosensing and mechanotransduction signaling 

is essential for numerous cellular functions. Both the external mechanical input, as well as the 

integrity of the internal connectivity, can affect nuclear morphology, mechanosensing, and 

transcription. Mutations in nuclear envelope proteins and disturbed expression of nuclear 

proteins can have severe functional consequences, resulting in a variety of human diseases. 

Therefore, it is crucial to understand how mechanical forces affect the cell, both structurally and 

by rerouting its signaling pathways. This is especially true for mechanically active tissues, such 

as skeletal and cardiac muscle, which are primarily affected in many of the pathologies resulting 

from defects in nuclear (envelope) proteins. Beyond the immediate effects of disturbed protein 

function, the mechanical microenvironment is implicated in several other diseases, such as 

cancer, where changes in the mechanical environment are thought to contribute to the disease 

progression, or vascular disease, where plaques often form at sites of perturbed fluid shear stress 

(Jaalouk and Lammerding, 2009). An improved understanding of the underlying disease 

mechanisms is critical for developing therapeutic approaches. In particular, it is important to 

distinguish which of the following scenarios constitutes the primary disease driver: (1) changes 

in the mechanical environment, in which cellular mechanotransduction signaling functions 

normally but responds to an altered input; (2) physical defects in cellular structure, resulting in 
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altered force transmission, mechanosensing, and/or direct physical damage in response to 

mechanical stress; or (3) altered mechanotransduction signaling. The third scenario is readily 

amenable to pharmaceutical intervention with small molecules to restore normal signaling. 

However, as shown in Chapter 5, pharmaceutical intervention can also help protect against the 

physical damage in scenario two.  

 

In the following, we highlight some of the diseases that are caused by mutations in nuclear 

envelope proteins. Many of these diseases are caused by mutations in the LMNA gene and thus 

termed laminopathies. To date, more than 450 disease-causing mutations have been discovered 

in the LMNA gene alone (http://www.umd.be/LMNA). In the case of the LMNA gene, the 

specific effects of subtle differences between these mutations on the resulting disease are 

fascinating. For instance, changing a single amino acid in lamin A/C at position 528 from 

threonine to lysine causes muscular dystrophy, while changing the identical amino acid position 

to methionine results in lipodystrophy symptoms (Bonne et al., 1999; Savage et al., 2004). 

Equally interesting is the fact that similar disease phenotypes can often be caused by mutations 

in one of multiple proteins (e.g., mutations in either lamins, emerin, nesprins, or the cytoskeletal 

protein dystrophin all cause muscular dystrophy). Furthermore, many of these diseases 

predominately affect skeletal and cardiac muscle and tendons, despite their ubiquitous 

expression. Thus, several hypotheses have been proposed to explain these tissue-specific effects. 

One hypothesis is the ‘structural hypothesis’— loss of protein function causes nuclear fragility, 

rupture and cell death. This mechanism helps to explain the progressive nature of many of the 

laminopathies, especially in mechanically stressed tissues. Another hypothesis is that of 

disturbed gene regulation – mutations in nuclear envelope proteins affect their (tissue-specific) 



 
 

27 
 

binding partners and lead to altered gene expression. Another, related hypothesis is that the 

mutations alter the ability for stem cells to differentiate and decrease their self-renewal capacity, 

thereby causing defects in the maintenance and repair of tissues (Scaffidi and Misteli, 2008). 

Importantly, these hypotheses are not mutually exclusive, and the specific disease mechanism 

probably lies at an intersection of these propositions.  

 

Muscular Dystrophy 

The discovery that mutations in the nuclear envelope protein emerin cause Emery-Dreifuss 

muscular dystrophy was one of the main motivators for studying nuclear structure and mechanics 

(Bione et al., 1994). To date, the nuclear envelope proteins lamin A/C, emerin, nesprin-1/2, and 

SUN1 have all been linked to Emery-Dreifuss muscular dystrophy (Bione et al., 1994; Bonne et 

al., 1999; Zhang et al., 2007a). Emery-Dreifuss muscular dystrophy presents with early 

contractures, humero-peroneal weakness, and cardiac conduction defects, although overall the 

disease is less severe than Duchenne muscular dystrophy, which is caused by mutations in the 

dystrophin gene (Emery, 2000). Muscle biopsies from patients with Emery-Dreifuss muscular 

dystrophy often show highly fragmented nuclei (Markiewicz et al., 2006). Another signature of 

muscular dystrophy is the mislocalization of the nucleus in muscle fibers, with cells lacking 

lamins or nesprins showing loss of myonuclei from the neuromuscular junction, suggestive of 

defects in anchoring of the nucleus to the cytoskeleton (Mejat et al., 2009; Tifft et al., 2009; 

Zhang et al., 2007b). Impaired nucleo-cytoskeletal coupling and disrupted force transmission 

between the cytoskeleton and nucleus has also been reported in fibroblasts expressing lamin A/C 

mutations responsible for muscular dystrophies (Folker et al., 2011; Zwerger et al., 2013). A 

detailed analysis comparing a large set of lamin A/C mutations found that mutations that cause 



 
 

28 
 

striated muscle disease often lead to impaired lamin assembly, reduced nuclear stability, and 

impaired nucleo-cytoskeletal coupling, while mutations that cause familial partial lipodystrophy 

have no effect on nuclear stability (Zwerger et al., 2013). Importantly, cells lacking lamins A/C 

or emerin have severe defects in several mechanotransduction pathways in vitro and in vivo, 

including failure to adequately activate expression of the mechanosensitive genes Egr-1 and Iex-

1 (Cupesi et al., 2010; Lammerding et al., 2006; Lammerding et al., 2004) and in the 

translocation of MKL1 to the nucleus (Ho et al., 2013). However, it remains to be established 

whether the defects in mechanotransduction signaling are caused by altered nuclear mechanics 

and impaired force transmission to the nucleus, or primarily represent disturbed interactions 

between lamins/emerin and binding partners involved in transcriptional regulation. Regardless of 

the mechanism, the impaired mechanotransduction signaling may not only weaken muscle 

adaptation to mechanical stress (Cupesi et al., 2010) but could also affect appropriate stem cell 

differentiation, as lineage commitment is strongly modulated by cells sensing their mechanical 

environment (Engler et al., 2006).  

 

Dilated Cardiomyopathy 

While dilated cardiomyopathy is often associated with muscular dystrophy, some lamin A/C 

mutations also cause cardiomyopathies without affecting skeletal muscle (Schreiber and 

Kennedy, 2013). Dilated cardiomyopathy is characterized by progressive weakening of the heart 

muscles, thinning of the left ventricle wall, and insufficient pumping that typically leads to heart 

failure (Nikolova et al., 2004). Dilated cardiomyopathy is the most prevalent disease caused by 

mutations in LMNA but can also be caused by mutations in genes encoding for emerin, nesprin-1 

and -2, LUMA, an inner nuclear membrane protein that binds emerin, and LAP2α (Bengtsson 
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and Otto, 2008; Schreiber and Kennedy, 2013). Many of the disease mechanisms may mirror 

those for muscular dystrophy described above, and it remains unclear why/how some mutations 

specifically affect cardiac but not skeletal muscle. Possible explanations include cell-type 

specific differences in (mechanotransduction) signaling pathways or the fact that skeletal muscle 

has a higher potential for repair and regeneration compared to cardiac tissue. Recent animal 

studies have produced promising evidence that blocking hyperactive MAPK signaling can 

significantly delay the development of cardiomyopathy and prolong survival in mice expressing 

lamin or emerin mutations (Muchir et al., 2012a; Muchir et al., 2009; Muchir et al., 2012b; Wu 

et al., 2014; Wu et al., 2011).  

 

Additional Human Diseases  

In addition to muscular dystrophy and dilated cardiomyopathy, mutations in lamins and other 

nuclear envelope proteins can cause a variety of other diseases such as familial partial 

lipodystrophy, Hutchinson-Gilford progeria syndrome and Charcot-Marie-Tooth disorder. Please 

see (Isermann and Lammerding, 2013) for a detailed review. As lamins have a broad range of 

functions (Ho and Lammerding, 2012), it remains unclear to what extent defective 

mechanotransduction contributes to the various laminopathies. At least for the premature aging 

disease Hutchinson-Gilford progeria syndrome, it has been shown that the mutant form of lamin 

(progerin) increases nuclear stiffness and alters the cellular response to mechanical stress (Dahl 

et al., 2006; Verstraeten et al., 2008), providing a potential explanation for the lethal 

cardiovascular phenotypes in this disease. Complicating matters further, different mutations in 

similar or even identical amino acid positions can cause distinct diseases. For instance, the 
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T528M and T528K mutations in the LMNA gene result in lipodystrophy and muscular dystrophy, 

respectively (Bonne et al., 1999; Savage et al., 2004). 

 

The fact that mutations in very different proteins can lead to similar diseases (e.g., Duchenne 

muscular dystrophy and EDMD) while different mutations in the same gene can cause very 

distinct phenotypes (as seen in the various LMNA mutations) highlights a particularly important 

question: how is the specific disease mechanism related to nuclear mechanics and 

mechanotransduction?  Is it primarily structural, with a decrease in nuclear stability and impaired 

intracellular force transmission promoting cell death and dysfunction in mechanically stressed 

tissues? Is it primarily biochemical, with changes in specific protein-protein interactions causing 

aberrant signaling and function? Or is it a combination of both, with structural and biochemical 

changes affecting nuclear mechanosensing and mechanotransduction processing? The answer 

likely lies in a combination of these hypotheses. Various genetic models and cellular biophysical 

assays are being employed to better understand how specific mutations in nuclear envelope 

proteins cause changes in mechanotransduction signaling and cellular function. 

 
Table 1. Nuclear mechanics and the role of nuclear proteins on cell organization/function. A brief 
overview of the work done over the past 15 years on nuclear/cellular structure and mechanics and the 
effect of specific nuclear proteins.  

Category Insight Reference 

Nuclear 
mechanics 

The nucleus has two main mechanical 
components: (1) the viscoelastic 
chromatin, and (2) the elastic lamina. 

(Caille et al., 2002; Guilak and Mow, 
2000; Rowat et al., 2013; Rowat et al., 
2006 ;  Versaevel et al., 2013) 

The nucleus can undergo both elastic 
and plastic deformations. 

(Deguchi et al., 2005; Sato et al., 1987 ;  Sato 
et al., 1996) 

Cells deficient in A-type lamins, but 
not B-type, have increased 
deformation in response to mechanical 
stimuli. 

(Broers et al., 2004; Guilluy et al., 
2014; Lammerding et al., 2006; Lammerding 
et al., 2004 ;  Lee et al., 2007) 

Disease causing lamin point mutations 
can increase, decrease, or have no 

(Zwerger et al., 2013); (Dahl et al., 
2006 ;  Verstraeten et al., 2008) 
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Category Insight Reference 

effect on nuclear mechanical 
properties. 

Force 
propagation 

LINC complexes are necessary for 
mediating the mechanical connection 
from the focal adhesions to the 
nucleus. 

(Maniotis et al., 1997); (Crisp et al., 
2006 ;  Lombardi et al., 2011) 

Cellular 
organization 
and function 

LINC complex disruption and emerin 
deficiency disrupt the underlying 
nuclear lamina and cause defects in 
cell polarization and migration. 

(Anno et al., 2012; Chambliss et al., 
2013; Chancellor et al., 2010; Hale et al., 
2008; Lombardi et al., 2011; Luxton et al., 
2010 ;  Morgan et al., 2011) 

The perinuclear actin and vimentin 
structures help to deform or stabilize 
the nucleus, respectively, and are 
disrupted by nuclear envelope protein 
depletion. 

(Versaevel et al., 2012); (Lovett et al., 
2013 ;  Tamiello et al., 2013); (Li et al., 
2014; Lu et al., 2012; Nagayama et al., 
2013; Tamiello et al., 2013 ;  Tremblay et al., 
2013) 

Nuclear lamin A/C levels correlate 
with substrate stiffness. 

(Swift et al., 2013) 

The nucleus must undergo substantial 
deformation during migration through 
constructions and transit efficiency is 
strongly correlated with lamin A/C 
levels. 

(Balzer et al., 2012; Fu et al., 2012; Harada 
et al., 2014 ;  Wolf et al., 2013); (Rowat 
et al., 2013); Harada et al., 2014) 

 
 

Conclusions 

Since the discovery of the first mutations in nuclear envelope proteins as cause for muscular 

dystrophy 20 years ago, research on nuclear mechanics and nuclear mechanotransduction has 

been a rapidly growing field, a summary of which appears in Table 1. In the last decade alone, 

many details have emerged on the role of lamins in conferring nuclear stability, the 3-D 

organization of chromatin, and the molecular details involved in transmitting forces between the 

cytoskeleton and nuclear interior, not to mention the growing number of mutations, diseases, and 

binding partners associated with nuclear envelope proteins. Nonetheless, the question—what 

exactly is the role of the nucleus in mechanosensing and mechanotransduction signaling—has 

not yet been completely answered. Increasing evidence suggests that external force application 

can lead to direct changes in chromatin organization and dissociation of protein complexes in 
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subnuclear structures, but insights into mechanistic details and functional consequences are still 

lacking. Undoubtedly, the direct physical connection of the nucleus to the cytoskeleton and the 

cellular exterior provides a means for physical forces to propagate through the cell and results in 

nuclear deformation, which may ultimately cause changes in chromatin organization and mediate 

transcriptional regulation. Concurrently, many nuclear envelope proteins play a crucial role in 

correctly interpreting mechanically induced biochemical signals that originated in the cytoplasm. 

Mutations in these proteins, including lamins, emerin, and nesprin, therefore not only affect force 

transmission to the nucleus and potential nuclear mechanosensing, but also disturb biochemical 

pathways independent of immediate structural changes to the nucleus, which may further affect 

gene expression, differentiation, and proliferation. Going forward, new experimental techniques 

to probe deeper into associations between the nuclear envelope, the nucleoskeleton and the 

genome are expected to elicit many of the mechanistic details currently lacking. Ultimately, 

insights gained from these studies will not only enhance our understanding of normal cellular 

processes and mechanotransduction but will also provide important novel therapeutic targets for 

diseases ranging from deafness to muscular dystrophy, heart disease, and cancer.  
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CHAPTER 2: CELL MICROHARPOONING TO STUDY NUCLEO-CYTOSKELETAL 

COUPLING AND NUCLEAR MECHANICS2 

 

Introduction 

Connecting the nucleus to the cytoskeleton is important for a number of cellular processes, such 

as nuclear positioning, cell migration, cellular differentiation, chromosome movements and 

mechanotransduction signaling (Chang et al., 2015b). However, the specific molecular 

connectors that maintain nuclear shape and position under various mechanical stimuli are just 

beginning to emerge. One important component is the linker of nucleoskeleton and cytoskeleton 

(LINC) complex, comprised of SUN and nesprin proteins, which span the inner and outer 

nuclear membranes, respectively. In 2006, Crisp and colleagues first identified the LINC 

complex and characterized the consequences of LINC complex disruption  (Crisp et al., 2006). 

This foundational work has led to the recent discovery of various human pathologies related to 

mutations in LINC complex proteins, including Emery-Dreifuss muscular dystrophy, dilated 

cardiomyopathy and various types of cancer, prompting a search for additional LINC complex 

components and regulators (Luxton and Starr, 2014; Mejat et al., 2009; Méjat, 2010). Despite 

these efforts, the precise mechanisms underlying these diseases are still not well understood. 

                                                 
 
2 Parts of this chapter were published in:  

G. Fedorchak, J. Lammerding, Cell Microharpooning to Study Nucleo-Cytoskeletal Coupling, Methods in 
Molecular Biology (2016). 

The use of the microharpoon technique to evaluate LINC complex protein candidates was presented at the 
2015 BMES Conference: 
Using Micromanipulation to Probe Nucleo-Cytoskeletal Force Transmission & the LINC Complex; G. R. 
Fedorchak, D. Osório, E. Gomes and J. Lammerding 
 



 
 

34 
 

This may be due in part to the limited arsenal of tools to study intracellular force coupling within 

living cells.  

 

The microharpoon assay—a technique which harpoons the cytoskeleton of single adherent living 

cells with a glass microneedle and exerts a pulling force on the cytoskeleton and nucleus while 

monitoring the induced nuclear displacement and deformation—is fully capable to study the 

force-transmitting properties of nuclear envelope proteins. The first applications of this technique 

in the late 1990s demonstrated that the cell is mechanically interconnected, with forces being 

transmitted from the cytoskeleton to the nucleus, where they can induce large deformation 

(Maniotis et al., 1997). In the same seminal study, Maniotis et al. also used a glass micropipette 

and a micromanipulator to pull on extracellular matrix (ECM)-coated microbeads attached to the 

cell surface. However, shortcomings of the technique included endocytosis of the microbeads 

and difficulty in getting a single microbead per cell positioned at the appropriate distance from 

the nucleus.  

 

Other techniques to probe nuclear envelope mechanics exist, each with their own merits and 

limitations. Force spectroscopy with optical tweezers offers great precision, but struggles to 

generate forces required to substantially affect the nucleus. A recent study found that forces of 

several nanonewtons are necessary to induce nuclear deformation and translocation, much larger 

than the forces generated by individual kinesin and dynein motor forces (≈2-7 piconewtons), 

which collectively drive nuclear positioning (Neelam et al., 2015; Tanenbaum et al., 2011), and 

larger than the forces obtained with optical tweezers (typically up to 100 pN). It should be noted 

that force propagation in some cells (e.g., beating cardiac myocytes and migrating cells) is 
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sufficient to cause visible deformation of the cell nucleus, rendering nanonewton force 

magnitudes generated by the microharpoon biologically relevant. Other, magnetic bead-based 

approaches can generate nanonewton-range pulling or twisting forces, but in these assays it is 

difficult to control the number and localization of the paramagnetic beads (Iyer et al., 2012; Poh 

et al., 2012). The use of isolated nuclei enables direct probing of the nucleus (Guilluy et al., 

2014), yet it may conceal important cytoskeletal effects, and the isolation procedure may cause 

damage to the nuclear exterior and/or affect chromatin organization based on the exact buffer 

conditions (Dahl et al., 2005; Lammerding et al., 2007). A recent technique combines 

microneedle manipulation with micropipette aspiration to “directly” apply a mechanical load on 

the nuclear surface of intact cells. Rapid nuclear relaxation dynamics are then monitored upon 

release of the nucleus from the pipette (Neelam et al., 2015).  

 

The microharpoon assay described herein advances the approach pioneered by Maniotis and 

colleagues (Maniotis et al., 1997) and subsequently refined by our group (Lombardi et al., 2011; 

Zwerger et al., 2013) and addresses major technical difficulties—such as the risk of permanently 

damaging the cell membrane during the pull—by minimizing vibrations and abrogating the need 

for potentially cytotoxic dyes to track cytoskeletal movements. The use of computer automation 

allows for precise control of the micromanipulator, making the pull of the needle more consistent 

and reproducible. Lastly, sophisticated image processing helps to extract maximal information 

from the time-lapse image sequences. Future applications may help to identify new protein-

protein interactions at the nuclear envelope, uncover potential functional overlap and 

redundancies among nuclear envelope proteins (e.g., nesprin-1, nesprin-2, and nesprin-3) and 
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characterize the effects of disease causing mutations in nuclear envelope proteins on intracellular 

force transmission.  

 

Microharpoon Materials and Methods 

Materials 

2.1 Image Acquisition and Analysis 

1. Inverted epifluorescence microscope (see Note 1 and Figure 3) 

2. 40× air objective with phase contrast (see Note 1) 

3. Lower magnification (5× and/or 10×) long working distance objective(s)  

4. Microscope-mounted digital camera: CCD or CMOS 

5. Image acquisition software: e.g., MATLAB (see Note 2) 

2.2 Micromanipulation 

1. Motorized microscope-mounted micromanipulator with micropipette holder: e.g., 

InjectMan NI 2 (Eppendorf)  

2. Borosilicate glass tubing: OD: 1.0 mm, ID: 0.78 mm; 10 cm length (Sutter). 

3. Micropipette puller: e.g., P-97 Model (Sutter) 

2.3 Cell Culture and Labeling Reagents 

1. Cell permeable DNA stain, such as Hoechst 33342 (Invitrogen) (see Note 3)  

2. Dulbecco’s modified Eagle medium (DMEM)  

3. Phenol red-free DMEM with 25 mM HEPES 

4. Fetal bovine serum (Aleken Biologicals) 

5. Penicillin/Streptomycin (P/S) (Life Technologies) 

6. Dulbecco’s Phosphate Buffered Saline (PBS)  

7. 35 mm glass bottom culture dishes (FluoroDish, World Precision Instruments, Inc.) 
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8. Fibronectin (EMD Millipore) (see Note 4) 

 

 

Figure 3. Micromanipulator microscope setup. An inverted fluorescence microscope equipped with a 
long working distance condenser to accommodate the motorized micromanipulation module unit, e.g., 
InjectMan NI 2 (Eppendorf). The glass microneedle is held within a micropipette holder and inserts the 
microneedle into the cell culture dish axially at 45°. The micromanipulator controller and its connection 
to the computer are not visible in this image. 

 

Methods 

The protocol has been developed for studying mouse embryonic fibroblasts (MEFs); however, it 

is easily adaptable for many other adherent cell types. The protocol has been used effectively on 

a variety of mouse and human cell types (e.g., human fibroblasts, NIH 3T3, MDA-MB-231, 

etc.), including wild-type cells and cells lacking specific nuclear envelope proteins.  

 
3.1 Cell Culture Preparation 

1. Prepare 35 mm glass bottom cell culture dishes for cell seeding. For many cell lines, it is 

sufficient to use cell culture treated glass. Otherwise, incubate the dish with a low 
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concentration of fibronectin (0.5 µg/mL) in Phosphate Buffered Saline (PBS) or other 

suitable cell-adhesion protein for 2 hours at 37°C (see Note 4). Wash dishes 2× with 

PBS.  

2. Detach cells with 0.05% trypsin. Seed 2 mL of cell suspension in growth medium 

(DMEM w/o sodium pyruvate, 10% FBS, 1% P/S) in 35 mm glass bottom cell culture 

dish to achieve a subconfluent density of ≈70% (see Note 5). The number of cells should 

be optimized for the specific cell type used (e.g., for MEFs, the density will be 

approximately 80,000 cells/mL). 

3. Incubate cells at 37°C (5% CO2) for a minimum of 3 hours to allow spreading (see Note 

6). Immediately before the microharpooning procedure, add Hoechst 33342 nuclear dye 

(1 μg/mL final concentration) to the growth medium and incubate cells for 10 minutes in 

a 37°C incubator. 

4. Wash the cells 1× in PBS or growth medium for 30 seconds at room temperature to 

remove the residual Hoechst and then add phenol red-free growth medium (DMEM w/o 

sodium pyruvate and with 25 mM HEPES, 10% FBS, 1% P/S) to the cells for imaging.  

3.2 Microscope Set-up, Microharpooning, and Image Acquisition 

1. Set up the inverted epifluorescence microscope for phase contrast and fluorescence 

(Hoechst/DAPI filter cube) imaging and initiate the image acquisition software. 

2. Pull the borosilicate glass tubing with a micropipette puller to generate fine microneedles 

with tip diameters of ≈1 μm (see Note 7 and Figure 4). This can be done in advance or 

immediately preceding the experiment. 
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Figure 4. Microneedle tip dimensions and pull parameters. A Sutter P-97 micropipette puller was 
used to create microharpoons from borosilicate glass rods. A tip diameter of ≈1 μm (left) or smaller is 
well suited for the microharpoon assay. Different tip diameters and taper lengths result from changing the 
pull parameters (right, lower HEAT and PULL). Note that a wider tip (right) is less ideal for the 
microharpoon assay as it could damage the cell membrane. Scale bar: 10 μm. 

 

3. Load the needle into the needle holder and fasten into the module unit at a 45° angle (see 

Figure 3). Start by positioning the needle above the liquid level of the dish (see Note 8). 

Slowly lower the needle down toward the cells (-z direction) using the micromanipulator 

controls, until the cells are in focus and the needle is visible at the desired magnification 

(see Notes 9-11). For the subsequent experiments, the needle is typically maintained in a 

central position within the field of view; cells are selected by moving the microscope 

stage. Adjustments are then made by moving the needle. 

4. Select a well-spread, isolated and healthy-looking cell (see Note 12) and acquire 1-2 sets 

of images prior to needle insertion, each set consisting of one phase contrast image and 

one image of the fluorescent Hoechst DNA stain. Use the same reflector/filter-cube for 
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both contrast and fluorescence image acquisition to avoid vibrations caused by rotating 

the filter block turret (see Note 13).  

5. Using a micromanipulator, carefully insert the microneedle into the cytoplasm of a cell a 

fixed distance (5 μm) away from the nuclear periphery. Insert the needle axially to 

minimize membrane damage. Use a piece of reference tape on the screen to mark out the 

distance between the edge of the nucleus and needle insertion site (see Note 14). Once 

the needle locally indents the plasma membrane, which is visible in phase contrast mode, 

insert the needle up to an additional ≈2 μm into the cytoplasm and then halt the needle. 

The needle should be deep enough so that it “catches” cytoskeletal structures and will not 

simply slide over the surface or detach from the membrane during the pull, but not too 

deep, causing unwanted premature deformations in the regions of interest prior to 

executing the pull. Inserting the needle too deep may also damage the cell (see Note 13) 

and potentially cause collision between the needle and glass-bottom dish. 

6. Initiate the microneedle manipulation sequence to move the microneedle away from the 

nucleus towards the cell periphery at a user-specified speed and distance (see Note 15). 

This is done with a computer connected to the micromanipulator (e.g., using a USB-

interface in combination with a custom-written MATLAB script available from the 

Lammerding laboratory upon request) or by using a programmable micromanipulator. 

Simultaneously, collect time-lapse images (brightfield and fluorescence) throughout the 

pull (see Note 16, Figure 5) and after the needle has reached its final position. Collect 

images at fixed time intervals every 2-5 seconds.  
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7. Using the computer or the micromanipulator control panel to control the 

micromanipulator, remove the needle by rapidly retracting it away from the cell in the 

axial direction (20 µm/sec works well). 

8. Acquire 1-2 final sets of images following removal of the microneedle from the 

cytoskeleton to check for cell damage and viability (see Note 17).  

 

 

Figure 5. Representative time-lapse image sequence illustrating the computed cytoskeletal strain 
map during micromanipulation. As the microharpoon pulls on the cytoskeleton, forces and 
deformations (indicated by the growing displacement vectors) are transmitted throughout the cell. The 
displacement vectors are drawn 2× their actual size. Similar displacement maps are computed for nuclear 
displacements. Scale bar: 10 μm. The corresponding movie is available in the Supplemental materials (see 
Movie 2). 

 

3.3 Image Processing and Analysis 

The following steps should be tailored to the specific needs of the user. While we chose a 

MATLAB-based approach, alternative approaches for image processing and analysis exist, many 

of which are publically available (see Note 2). Custom-written MATLAB scripts are available 

from the Lammerding laboratory upon request.  

1. Using custom analysis software, generate displacement maps by tracking phase contrast 

features in the cytoplasm and fluorescently-labelled features in the nucleus (see Figure 
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5). One approach divides the image into a grid of regularly spaced small image regions 

(≈2 × 2 µm2) and applies a normalized cross-correlation algorithm to each small image 

region in subsequent image frames (see Note 18). This approach enables the tracking of 

each region-center from frame-to-frame, which is then used to calculate the displacement 

of each image region. The collection of displacement vectors forms a displacement map 

of the cell for each time-point, from which average displacements within regions of 

interest can be computed.  

2. In order to quantify nucleo-cytoskeletal coupling, compute induced intracellular 

displacements within four discrete, 2 µm × 2 µm regions: (i) near the microneedle 

manipulation site (cyto near); (ii) an area inside the nucleus near the microneedle 

insertion site (nuc near); (iii) an area on the opposite side of the nucleus (nuc far); and 

(iv) the cytoskeleton on the other side of the nucleus (cyto far) (see Note 19 and Figure 

6A). Compare displacement differences between a ‘pre-pull’ frame, showing the 

harpooned cell immediately prior to pull initiation, and a ‘post-pull’ frame of the cell just 

before harpoon removal.  

3. To analyze the nuclear shape and deformation, apply thresholding and smoothing to the 

fluorescence image of the nucleus. From this binary image, nuclear area and shape 

changes can be tracked over time. Fitting an ellipsoid to the binary image can be used to 

extract additional parameters such as effective major and minor radius, eccentricity, etc. 

Nuclear strain along the axis of force application is calculated by dividing the nuclear 

elongation (ΔL = L – L0) by the initial length, L0, where L is the final length of the 

nucleus (in the microneedle pull direction) at the end of the strain application. Nuclear 

centroid movements can also be quantified (see Note 20).  
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4. Interpret results. Figure 5C schematically illustrates how to identify nucleo-cytoskeletal 

coupling defects based on the plot of nuclear and cytoskeletal displacements. Figure 6A 

and 6B show expected results for wild type cells and cells with a force transmission 

defect, respectively (see Note 19). 

 

 
Figure 6. Schematic overview of microharpoon assay and sample results comparing wild type cells 
with those possessing a nucleo-cytoskeletal coupling defect. (A) Wild type cell before and after the 
microharpoon pull. The four discrete regions used to evaluate nucleo-cytoskeletal coupling are shown in 
the colored boxes: ‘cyto near’ in purple, ‘nuc near’ in green, ‘nuc far’ in orange and ‘cyto far’ in red. (B) 
Expected results for a cell with a force transmission defect. Note the decrease in nuclear strain along the 
axis of force application, calculated by dividing the nuclear elongation (ΔL = L – L0) by the initial length, 
L0, where L is the final length of the nucleus (in the microneedle pull direction) at the end of strain 
application. Also note the decrease in nuclear centroid displacement. (C) Hypothetical plot of expected 
results comparing the cells in (A) and (B). The ‘nuc near’ and ‘nuc far’ regions typically provide the most 
relevant information about nucleo-cytoskeletal coupling, whereas the ‘cyto far’ region is often influenced 
by high noise. Displacements in the ‘cyto near’ region should show comparable results for both cell types, 
as these measurements reflect the applied cytoskeletal strain.  

 

3.4 Optional Experimental Variations 

1. Selectively disrupting the various cytoskeletal systems (e.g., using Nocodazole for 

microtubules, Cytochalasin D for actin, etc.) may help better define the mechanism of 

force transmission for a given protein of interest (e.g., novel LINC complex candidates).  
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2. In the future, combining the microharpoon assay with 3-D confocal microscopy may 

provide a more detailed view of cellular force transmission and may reveal additional 

phenomena (e.g., 3-D nuclear shape changes, differences between apical and basal 

protein distribution and response to force).  

 

Notes  

1. The experimental procedure requires a fluorescence microscope equipped with a long 

working distance condenser to accommodate the micromanipulation unit (see Figure 3), 

a filter block for Hoechst, and a high-magnification air objective (e.g., Zeiss EC Plan-

Neofluar 40×/0.75 Ph 2 M27 with 1.6× Tubelens Optovar).  

2. Other programming platforms may be used for the analysis. For MATLAB, the 

Mathworks online FileExchange has some well-documented and helpful digital image 

correlation (DIC) programs, such as the following: 

http://www.mathworks.com/matlabcentral/fileexchange/43073-improved-digital-image-

correlation--dic-. 

3. Alternatives to Hoechst 33342 may be used to stain the nucleus, such as the dye SYTO 

59. This minor-groove binding molecule has been shown to work well for live-cell 

imaging with limited cytotoxicity. Dyes with longer excitation wavelengths are 

advantageous as this will minimize potential phototoxicity. While we and others have 

successfully used fluorescently labeled histones (e.g., GFP-histone H2B) to visualize 

nuclear deformations, a recent study found that expression of GFP-histone H1.1 altered 

nuclear mechanics (Neelam et al., 2015). 
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4. The concentration and type of ECM protein can substantially affect cell morphology, 

spreading, and cytoskeletal organization, which is likely to influence intracellular force 

transmission. Therefore, it is crucial that the cells are not allowed to spread too thin, 

which increases the risk of inserting the needle through the cells and/or ripping the 

cytoskeleton with the needle. This can be achieved by using only low concentrations of 

ECM molecules for coating the cell culture surface, or by micropatterning by 

microcontact printing. Incubation with cell adhesion protein can go longer than 2 hours or 

overnight at 4°C. 

5. It is important to minimize cell-cell contacts in order to reduce variability in the assay. 

We found that a cell confluency of 50-70% provides a good balance between having a 

large number of cells to choose from and maintaining cells in a ‘happy’ state while 

keeping the number of cell-cell contacts low. Substrate patterning approaches such as 

direct printing using deep UVs (Azioune et al., 2010) or microcontact printing can help to 

achieve this.  

6. The incubation time required for sufficient cell spreading may vary depending on cell 

type. We have performed the microharpoon assay at various time-points (e.g., 3, 6, 24, or 

48 hours post seeding) and concluded that results at the 3, 6 and 24 hour time-points are 

essentially identical. At 48 hours, the cells display greater displacements in the ‘nuc far’ 

and ‘cyto far’ regions, potentially due to increased cytoskeletal tension. We therefore 

recommend performing the experiments between 3 and 24 hours after seeding the cells. 

7. Using a P-97 micropipette puller (Sutter), we had success with the following pull 

parameters: HEAT: 513, PULL: 250, VEL: 220, TIME: 200. Please note that the exact 

settings will vary depending on the machine and its configuration. Generally, increasing 
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the HEAT and PULL parameters results in a smaller microneedle diameter and a longer 

taper. We recommend experimenting with varying the parameters until a reproducible, 

long, and sharp needle shape can be produced (see Figure 4). 

8. The starting position of the microneedle should be just above the level of medium. This 

will be helpful in the case where a cell or piece of debris sticks to the needle. Surface 

tension at the medium-air interface can be used to shear off the debris upon rapid removal 

of the needle in the +z direction.  

9. To position the needle at the experimental onset, start with a low magnification (e.g., 5× 

or 10×) long working distance objective and bring the needle into focus at the center of 

the viewing field. Lower the focal plane using the coarse adjustment knob of the 

microscope and slowly lower the needle into focus. Repeat this process until the cells 

appear in focus with the needle slightly above. As the needle is drawn closer to the cells, 

change the objective to the final magnification (40× or higher). The need to change 

objectives (e.g., in order to efficiently locate the microneedle) favors use of an air 

objective over an immersion objective.  

10. The same needle may be used for multiple cells and multiple dishes; however, it should 

be changed in the case of damage or debris stuck to the needle (see Note 7).  

11. Once the cells are in view at 40×, change the controls to ‘Fine’ and ‘Axial’ (for the 

Eppendorf InjectMan NI 2 micromanipulator) to enable precise control over the 

microneedle movement in the axial direction. 

12. Try to select interphase cells that resemble a sunny-side-up egg, with the nucleus as close 

to the center as possible. Cells with nuclei close to the cell periphery often behave 

inconsistently in response to microneedle manipulation. For the analysis, it is also 
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necessary to have a minimum of 5 µm of visible cytoplasm beyond the far side of the 

nucleus. Once again, substrate patterning approaches may help to increase throughput 

and reduce experimental variability. 

13. The formation of visible, expanding lacerations in the cell membrane and cytoskeleton 

caused by microneedle manipulation was a major challenge during optimization of the 

technique. Upon imaging the microneedle pull using a high-speed digital camera, we 

noticed the presence of vibrations induced by rotation of the high-speed filter turret. This 

issue could be prevented by acquiring all of the images using a single filter cube (for the 

Hoechst fluorescence signal). An alternative approach would be to use an external 

excitation filter wheel or LED illumination in combination with multi-band filter cube. 

We confirmed that cytoskeletal displacements calculated based on phase contrast images 

closely match results obtained in previous approaches that tracked GFP- or mCherry-

actin and GFP-vimentin as fiducial markers of cytoskeletal displacements. Other reasons 

for cytoskeletal ripping may include excessive cell spreading, improper microneedle tip 

shape/size, or vibration of the microscope stage, for example, caused by the camera 

cooling fan or the lack of an anti-vibration platform. 

14. It is helpful to position a piece of tape on the computer screen displaying the live camera 

image in order to mark the targeted needle insertion site. The length of the tape should 

correspond to an actual length of 5 µm in the microscope sample, which can be easily 

determined by image calibration. In our settings, this corresponds to tape of about 10 mm 

length. During the experiments, the stage is moved so that the bottom edge of the nucleus 

aligns with the top end of the tape. The microharpoon is then inserted even with the 

bottom end of the tape.  
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15. The micromanipulator can be interfaced with MATLAB through the computer USB 

terminal in order to achieve automated and highly reproducible needle translocations. For 

MEFs, moving the needle a total distance of 10 μm at 1 μm/sec provides sufficient 

nuclear deformations that can be analyzed using our algorithm and compared between 

cell types. We found that human cells (e.g., human skin fibroblasts) are more rigid than 

mouse cells and require greater forces to achieve detectable nuclear deformations and 

displacements. This can be accomplished by moving the needle a further distance at a 

greater speed (e.g., 30 μm at 5 μm/sec). Under some conditions, the cytoskeletal tension 

in the cell will resist the motion of the needle, causing a slight bend in the glass needle. 

Therefore, the tip of the needle does not always travel the full distance specified by the 

software.  

16. It is essential to have one set of images with the needle inserted prior to the start of the 

pull, and another set of images at the final position of the needle translocation. In order to 

calculate profiles of nuclear strain rate and nuclear centroid speed, one should acquire 3-5 

frames during the pull, itself, taken at intervals of about 3 seconds. It can be 

advantageous to synchronize the micromanipulator and the image acquisition software so 

that the needle will always be at the same location for a given frame (assuming all other 

parameters are consistent). However, this step is not essential if the analysis is only based 

on the comparison between the initial and final frames of the image sequences. 

17. After the pull, check for nuclear retraction and major rips in the cytoplasm (see Note 13). 

Damaged cells must be excluded from the analysis. Additionally, a live/dead assay or 

membrane damage assay may be performed. 
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18. Our cross-correlation windows are 2 µm × 2 µm corresponding to 20 × 20 pixels with a 

center-to-center distance of 0.5 µm or 5 pixels. 

19. The displacements in the ‘cyto near’ site should all be very similar since the same 

microneedle displacement is applied to all cells. Comparing the ‘nuc far’ and especially 

the ‘nuc near’ displacements between modified (e.g., mutant or knockdown) and control 

cells gives the best indication of nucleo-cytoskeletal coupling. Reduced displacements 

compared to control cells suggest that forces are not transmitted very well across the 

nuclear envelope. Displacements in the ‘cyto far’ region become more difficult to 

interpret as they are often quite small (on the order of 1-2 pixels), approaching the 

detection limit. For MEFs, our ‘cyto near’ and ‘cyto far’ regions are both 5 μm from the 

nuclear membrane. In our software, the user selects regions of interest and the program 

calculates displacements within 2 µm × 2 µm (20 pixel × 20 pixel) windows. This is 

repeated 3× using partially-overlapping windows, and the results are averaged for each 

cell. Statistical analysis is then performed on about 15 – 30 cells for each condition, with 

data collected from at least three independent experiments. 

20. The analysis described here allows one to determine rates of nuclear deformation and 

translation. One may also consider examining the rate and extent of nuclear retraction 

following needle removal. These measurements reflect the relative magnitude of elastic 

versus viscous resistance in nuclear mechanics (Neelam et al., 2015). Other image 

processing approaches may be used to estimate the ratio of nuclear to cytoplasmic 

stiffness (Maniotis et al., 1997). The microharpoon assay is best used in conjunction with 

other approaches such as membrane strain, micropipette aspiration, cell migration and 
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perfusion experiments (Isermann et al., 2012) to help elucidate physical/mechanical 

consequences of certain mutations, etc. 

 

Additional Materials and Methods 

Inducible LINC complex disruption plasmid construction and transduction 

To generate an inducible dominant-negative KASH fluorescently labeled with a GFP, GFP-

KASH4-TETON insert kindly provided by our collaborators was cloned into a pRetroX-Tight-

Pur vector. We will refer to this construct as GFP-KASH4. KASH4 is the KASH domain of 

nesprin-4 (Roux et al., 2009). Ectopic expression of KASH4 has been shown to displace 

endogenous nesprin-2G and nesprin-3 from the nuclear envelope (Roux et al., 2009). As a 

control, two extra alanine residues were cloned onto the end of KASH4 to make GFP-

KASH4ext. This construct still localizes properly to the nuclear envelope but cannot bind SUN 

effectively, thus abolishing the dominant-negative effect (Stewart-Hutchinson et al., 2008). A 

soluble GFP was also cloned into the pRetroX-Tight-Pur vector to serve as an additional control. 

A SS-HA-Sun1KDEL insert was cloned from pCDH-CMV-MCS-EF1-copGFP-T2A-puroSS-

HA-Sun1L-KDEL and ligated into the same pRetroX expression system. This construct is a 

soluble SUN domain with a signal sequence to localize to the nuclear lumen  (Crisp et al., 2006). 

293 GPG cells were transfected using Lipofectamine and the constructs of interest and viral 

particles were collected from day 3 to day 7. Human fibroblasts were first stably modified with 

an rtTA-Advanced transactivator which is required to express the gene of interest in the response 

vector, then with the construct with the gene of interest. Polybrene at a concentration of 8 μg/mL 

was used to enhance the infection. Cells were treated with 500 ng/mL Doxycycline for a 

minimum of 24 hours in order to induce expression of the construct of interest.     
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Cell culture and siRNA transfection 

Immortalized and primary mouse embryonic fibroblasts (MEFs) were cultured in Dulbecco's 

Modified Eagle's Medium (DMEM; Invitrogen), high glucose (Invitrogen) supplemented with 

10% fetal bovine serum (Aleken Biologicals), and 5% penicillin/streptomycin (Sigma). Nesprin-

3 deficient MEFs were supplied by the Sonnenberg lab (Ketema et al., 2013). NIH3T3 

fibroblasts were supplied by the Gomes lab along with the appropriate serum and a panel of 

siRNA constructs: nesprin-2 (N2), SUN2, scramble, Ndc1#1, Ndc1#4. A reverse transfection 

was performed by seeding cells in wells with RNAiMAX already complexed with the siRNA of 

interest. Concerning concentration, SUN2, N2, scrambled and Ndc1#1 are “classic” siRNA 

(20 μM), whereas Ndc1#4 is a silencer select (10 μM). 

 

Immunofluorescence analysis 

Cells were grown on glass coverslides coated with 0.5 μg/ml fibronectin (Millipore) and fixed in 

4% paraformaldehyde/phosphate-buffered saline for 10 min, followed by permeabilization for 10 

min with 0.1% Triton X-100 in phosphate-buffered saline and then blocked with 3% horse serum 

for 1 h. Cells were probed with primary rabbit polyclonal antibody against nesprin-3 (kindly 

provided by Dr. A. Sonnenberg, dilution 1:500), primary rabbit polyclonal antibody against 

nesprin-2G (kindly provided by Dr. D. Hodzic, dilution 1:1000). A mouse monoclonal antibody 

against nesprin-2 (MANNES2G) was purchased from the Wolfson Centre for Inherited Muscle 

Disease and used to stain human fibroblasts. Cells were stained with secondary antibodies 

conjugated to Alexa Fluor 488 or Alexa Fluor 568 (dilution 1:200) or Alexa Fluor 488 phalloidin 

(dilution 1:50) and Hoechst 33342 nuclear stain (dilution 1:1000) (all Invitrogen).   
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Membrane strain assay 

Uniaxial strain experiments were carried out as described previously (Lombardi et al., 2011). 

Briefly, cells were plated on fibronectin-coated silicone membranes in phenol red free DMEM, 

high glucose (Invitrogen) supplemented with 10% fetal bovine serum. Prior to the strain 

experiments, the cells were incubated with Hoechst 33342 nuclear stain in phenol red free 

DMEM for 15 min. Membranes were placed on a custom-made strain device mounted on an 

inverted Zeiss microscope, with a 40× objective. Induced nuclear deformations are analyzed by 

tracking fluorescently labeled nuclei before, during, and after strain application and normalized 

to membrane strain to compensate for small variations in the applied membrane strain (∼20%) 

by using custom written image analysis algorithms. 

 

Results  

Probing cells expressing a dominant-negative KASH protein, a known disrupter of nucleo-

cytoskeletal force transmission 

To genetically disrupt nucleo-cytoskeletal coupling in human fibroblasts, I used a truncated 

nesprin-4 mutant fused to the C terminus of GFP (GFP-KASH4) as part of a Retro-X Tet-On 

Advanced inducible expression system. GFP-KASH4 localizes properly to the outer nuclear 

membrane and displaces endogenous KASH-domain proteins from the nucleus to the ER, as 

shown by immunofluorescent-labelling with multiple anti-nesprin antibodies, including anti-

nesprin-2-Giant, a nesprin isoform (Nes2G) (see Figure 7). Recall that nesprin and SUN proteins 

interact in the perinuclear space via their KASH and SUN domains, respectively. As a mock 

control, I cloned two extra alanine residues onto the end of KASH4 to make GFP-KASH4ext. 

This construct still localizes properly to the nuclear envelope but cannot bind SUN effectively, 
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thus abolishing the dominant negative effect. Another control expresses freely diffusible GFP 

(GFP).  

 

 
Figure 7. Confirmation of LINC complex disruption in human fibroblasts by immunofluorescence 
staining. (A) The mislocalization of the nesprin-2G rim stain can be seen in the cell modified with 
KASH4 but not in the control cell. (B) The specificity of the GFP-KASH4 construct is significant as it is 
the only construct to significantly displace nesprin-2G into the cytoplasm at 72 hours post gene induction 
(+DOX). The yellow dashed line corresponds to the average of the controls. (C) Plot focusing on two of 
the values from B, comparing GFPKASH4 with its best control, KASH4ext, which abolishes binding to 
SUN proteins but still localizes to the nuclear envelope.  

 

After confirming disruption of the LINC complex via blinded immunofluorescence analysis, we 

sought to functionally characterize the cells using our microscope-mounted silicone membrane 

strain setup (Figure 8A). To our surprise, disrupting the LINC complex did not influence the 

normalized nuclear strain, which we hypothesized to be reduced due to less force coupling with 

the cytoskeleton.    
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Figure 8. Membrane strain experiments. (A) Illustration of the microscope-mounted setup of the strain 
apparatus. (B) Uniaxial strain was supplied by using scotch tape to restrain the membrane stretch to a 
single direction. Images were taken using an epifluorescence microscope before, during and after ~20% 
uniaxial membrane strain, generated by gently lowering a weight onto the dish, to stretch the membrane 
over a central cylindrical platen. (C) There was not a statistically significant difference in normalized 
nuclear strain between our various LINC-disruption and control conditions.   

 

I then used the microharpoon assay to study force transmission across the nuclear envelope of 

GFP-KASH4 cells and quantified induced intracellular displacements in four regions: an area 

near the microneedle manipulation site (cyto near), an area inside the nucleus near the 

microneedle insertion site (nuc near), an area on the opposite site of the nucleus (nuc far), and 

the cytoskeleton on the other side of the nucleus (cyto far) (Figure 9). We would expect the 

displacements in the ‘cyto near’ site to be very similar since we applied the same displacement to 

all cells. The ‘nuc near’ displacement gives the best indication of nucleo-cytoskeletal coupling. 

Reduced displacements suggest that forces are not transmitted efficiently across the nuclear 

envelope. Displacements in the far regions become more difficult to interpret as they are quite 

small (on the order of 1-2 pixels). I observed a decrease in nucleo-cytoskeletal coupling, nuclear 

displacement, and nuclear strain (not shown) for the GFP-KASH4 cells (Figure 9).     
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Figure 9. LINC-disrupted fibroblasts exhibit a force-transmission defect. (A) Heat map analysis from 
collaboration with Corey Neu. A coarse Finite Element Model mesh was applied to generate a heat map 
of the tension in the direction of the pull. (B) The microharpoon was inserted into the cytoskeleton 5 µm 
away from the nucleus and then moved away from the nucleus 12 µm at 2 µm/sec while acquiring images 
of the cells. Lower displacements in regions further from the force application site signify a decrease in 
force transmission. *p < 0.05 when using a student t-test, n = 12-14. (C) A complementary plot of nuclear 
centroid displacement over time. The microharpoon starts pulling at t = 1 sec and moves at 2 µm/sec for a 
distance of 12 µm. Note that even after the needle stops, the nuclear centroid continues to move (between 
t = 7 sec and t = 10 sec) until the needle is removed at t = 10 seconds and the nucleus relaxes. n = 12-14. 

 

Assessing potential LINC complex candidates 

After confirming that the microharpoon technique has sufficient sensitivity to detect force 

transmission defects, I was ready to explore novel LINC complex candidates. Nesprin-3 is a 

recently-discovered nesprin isoform, unique in its ability to bind intermediate filaments which it 

does through interactions with the cytoskeletal cross-linking protein, plectin. I did not observe a 

force transmission defect in these cells (Figure 10). This agrees with recent work, showing that 

nesprin-3-plectin interactions at the ONM do not appear to shape nuclear morphology or mediate 

nuclear movements along muscle fibers (Staszewska et al., 2015). The role for nesprin-3 in 

mechanotransduction appears most prominent in three-dimensional environments in response to 

shear stress (Morgan et al., 2011).     
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Figure 10. Nesprin-3 is dispensable for force transmission to the nucleus. The microharpoon was 
inserted into nesprin-3-deficient primary mouse fibroblasts and control cells 5 µm away from the nucleus 
and then moved away from the nucleus 10 µm at 1 µm/sec while acquiring images of the cells. 

 

Next, I evaluated a transmembrane protein of the nuclear pore complex (NPC) called Ndc1 

(Mansfeld et al., 2006; Stavru et al., 2006) (Figure 11) that our collaborators (Gomes lab) 

encountered in a high-throughput siRNA screen for nuclear movement (unpublished, for similar 

work see (Luxton et al., 2010)). Serum-starved NIH3T3 cell monolayers expressing one of many 

siRNA constructs were scratch wounded and then stimulated with LPA. In response to this, 

mammalian fibroblasts acquire a polarized morphology in preparation for migration, with the 

centrosome facing the leading edge as a result of the rearward positioning of the nucleus through 

an actin dependent mechanism (Dujardin et al., 2003; Gomes et al., 2005). Both partial (Ndc1 #1 

siRNA) and full (Ndc1 #4 siRNA) Ndc1 depletion caused defects in organelle polarization, 

similar to those seen in SUN1-, SUN2- and Nes2G-deficient cells (Figure 11).   
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Figure 11. Ndc1 and other LINC complex protein isoforms are important for centrosome 
reorientation and nuclear positioning. Both partial (Ndc1 #1 siRNA) and full (Ndc1 #4 siRNA) Ndc1 
depletion caused defects in centrosome reorientation (A) and organelle polarization (B), similar to those 
seen in SUN1-, SUN2- and Nes2G-deficient cells. Data provided by Gomes lab.     

 

Furthermore, Ndc1 was observed to interact with SUN2 to drive TAN line formation and cell 

migration, implicating it as a novel component of the nuclear movement complex and a potential 

LINC complex protein or regulator (unpublished). To explore the role of Ndc1 in direct force 

transmission to the nucleus, I employed the microharpoon technique with Nes2G and SUN2-

depleted cells as intended positive controls. Surprisingly, only the full Ndc1 depletion (Ndc1 #4) 

and Nes2G depletion reduced force transmission between the site of needle insertion (cyto near) 

and the proximal (nuc near) and distal (nuc far, Nes2G trended towards significance) nuclear 

regions (Figure 12.).  

 

In employing our membrane strain assay as a complementary assay to examine force 

transmission and nuclear deformability, cells were seeded onto a fibronectin-coated silicone 

substrate, fastened by an O-ring onto a custom-made, 3” diameter bottomless plastic dish. The 

microscope mounted setup is shown in Figure 3. Images were taken using an epifluorescence 

microscope before, during and after ~20% uniaxial membrane strain, generated by gently 
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lowering a weight onto the dish, to stretch the membrane over a central cylindrical platen 

(Lombardi et al., 2011).   

 

 
Figure 12. Depletion of Ndc1 influences force transmission to the nucleus and nuclear 
deformability. (A) Results from the Ndc1 microharpoon experiments. n = 40, 14, 35, 36, 33 for Scram, 
Sun2, Nes2, Ndc1 #1, Ndc1 #4, respectively. * p < 0.05, Student t-test vs. Scram . (B) Substrate strain 
experiments reveal full depletion of Ndc1 to cause more deformable nuclei. **p < 0.01. One-way 
ANOVA with Tukey’s Multiple Comparison test. n > 12. 

 

Perinuclear actin in the mechanoresponse  

To visualize the actin cytoskeleton during the harpoon pull, I stably modified MEFs and NIH3T3 

fibroblasts with LifeAct-GFP. Strikingly, probing these cells and pulling with the microharpoon 

generated a perinuclear actin “burst” within seconds (Figure 13A). The perinuclear actin rim 

localization persisted for ~20 minutes after the initial probe and was found to be dependent on 

calcium in the media. In addition to mechanical force, the perinuclear actin ring could be 

recapitulated using a Ca2+ ionophore (A23187) which facilitates Ca2+ passage across membranes. 

Cells treated with the ionophore had altered force transmission to the nucleus. While deforming 
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the same amount (data not shown), A23187-treated nuclei translocated much further in response 

to microharpoon pulling than their DMSO-treated counterparts (Figure 13B).       

 

 
Figure 13. Mechanical force and increased intracellular Ca2+ levels induce perinuclear actin ring 
formation. (A) MEFs modified to express LifeAct-GFP pre- and post-pulling with the microharpoon. (B) 
The centroid displacement profile in response to microharpooning MEFs treated with the Ca2+ ionophore 
A23187 (8 μM) or a DMSO control. (C) Summary of factors known to influence or not influence 
perinuclear actin assembly.  

 

Since Ca2+ dynamics and actin remodeling play an import role in regulating several transcription 

factors (e.g., myocardin-like protein, TES-associated protein, MKL-1), I attempted to 

characterize the phenomenon in more detail. First, I asked whether the persistence of the 

perinuclear actin ring is influenced by the expression level of nuclear envelope proteins (e.g., 

lamin, emerin) or force transmission through the LINC complex. Lamin A/C-deficient and 

emerin-deficient MEFs, stably modified to express LifeAct-GFP and treated with 2 μM of the 

Ca2+ ionophore, behaved the same as wild type controls and still formed the perinuclear actin 

ring in response to calcium influx. LINC-disrupted cells also responded similarly showing that 

force transmitted through the LINC complex is not necessary for the response. Additional studies 
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using fluorescently-tagged myosin II and VPS4B did not show any dynamic localization of these 

constructs with the perinuclear actin, showing that the perinuclear actin response is most likely 

not mediated through contractility or part of an ESCRT-mediated nuclear envelope repair 

process.  

 

The search for the protein responsible for the formation of the perinuclear actin ring concluded 

with the finding that RNAi-mediated knockdown of INF2 abolishes the perinuclear actin 

response (Shao et al., 2015). INF2 is an inverted formin responsible for assembly and turnover of 

short actin filaments and is linked to Charcot-Marie-Tooth disease and glomerulosclerosis (Gurel 

et al., 2015). Of course, other proteins may work together with INF2, but it is the only known 

protein to date that is necessary for the calcium-mediated actin rim formation. Figure 13C 

summarizes the proteins that are necessary and dispensable for actin rim formation.  

 

Adaptation of microharpoon to probe differentiated muscle fibers in vitro and in situ 

The microharpoon technique is not limited to single, mononucleated cells. We expanded the 

technique to probe differentiated muscle fibers in vitro (see Chapter 4) and also to probe 

drosophila larva muscles in situ (Figure 14). In addition, instar larvae were filleted by removing 

the head and tail and then opening the body cavity with a horizontal incision down the length of 

the longitudinal axis to remove the organs (Brent et al., 2009). Muscle fillets were pinned down 

using magnets and submerged in cold low-potassium buffer with Hoechst 33342 nuclear stain. 

We modified the microharpoon parameters to accommodate the higher viscoelastic resistance in 

intact tissue. The ‘HEAT’ parameter on the Sutter P-97 micropipette puller was reduced in order 

to increase the needle diameter and decrease the taper length. Additionally, the pull distance and 
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speed were doubled from 15 μm and 1 μm/s to 30 μm and 2 μm/s in order to ensure measurable 

nuclear deformation. Force-induced deformations were localized to individual muscle fibers. 

 

 
Figure 14. Harpooning Drosophila muscle fillets. The microharpoon was pulled 30 μm at 2 μm/second. 
The yellow double arrow shows the direction of nuclear strain. The white dashed lines correspond to the 
outline of the initial and final position of the microharpoon. Images were taken at 20×. Scale bar = 30 μm.  

 

Discussion  

Our versatile micromanipulation assay is able to identify defects in nucleo-cytoskeletal coupling 

and can identify whether candidate proteins are part of the LINC complex. This identification is 

important to discern mechanisms leading to diseases such as Emery-Dreifuss muscular 

dystrophy.  

 

Global LINC-complex disruption using a KASH-domain fusion protein decreased force 

transmission to the nucleus as expected. However, there was not a reduction in normalized 

nuclear strain using a uniaxial membrane strain assay. The lack of a difference in nuclear strain 
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may be explained by compression of the nucleus by the apical actin network or by changes in 

nuclear stiffness that can offset force transmission alterations (i.e., a soft nucleus requires less 

nucleo-cytoskeletal connections than a stiff nucleus to deform in response to the same force 

application). This illustrates the importance of using complementary approaches in assessing 

intracellular mechanics.  

 

Ndc1 regulates LINC complex functions (Figure 15), but does not appear to play a direct role in 

force transmission, as shown by the Ndc1#1 siRNA results. Ndc1#1 siRNA significantly 

depletes Ndc1 without globally disrupting the nuclear envelope. It is known that severe Ndc1 

knockdown (Ndc1 #4) causes defects in other LINC complex components and mislocalization of 

lamins, which can explain the seemingly softer nuclei in the strain assay. It is also possible that 

Ndc1 is engaged only in certain situations (e.g., wound healing, migration) and not in others 

(e.g., cell response to rapid external force application). We were surprised not to see a reduction 

in nuclear strain for SUN2 and nesprin-2 depletion, although this may be explained by 

redundancy effects between nesprin-1 and nesprin-2 (Banerjee et al., 2014), and SUN1 and 

SUN2 (Lei et al., 2009). Nesprin-3 appears to be dispensable for proper nucleo-cytoskeletal force 

transmission, at least in 2D culture in MEFs. It should also be noted that MEFs have low levels 

of nesprin-3 at baseline.  
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Figure 15. Severe Ndc1 knockdown causes general disruption of nuclear envelope organization. 
Data provided by Gomes lab. 

 

The formation of a perinuclear actin ring in response to the microharpoon pull was an interesting 

and unexpected finding. Using Ca2+-free media abolished the effect, showing that the response is 

mediated through Ca2+ influx. Work from others suggests that this is a mechanosensitive process 

(Shao et al., 2015). Cells treated with Ca2+ ionophore had increased force transmission as 

indicated by greater centroid displacement over time in the microharpoon assay (Figure 13B). 

This may be due to Ca2+-regulated, actin-modifying proteins such as gelsolin, which can promote 

rapid cytoskeletal remodeling (Yin et al., 1980), or from enhanced nucleo-cytoskeletal coupling 

due to increased F-actin around the nucleus. Despite what we know about the formation of the 

actin ring and its dependence on INF2, many questions remain. Does the formation of the 

perinuclear actin ring play a role in nuclear mechanosensing? Is it part of a protective 

mechanism to enhance cell survival? How does its formation influence the localization and 

conformation of nuclear envelope proteins? Pilot experiments exploring the effect of osmotic 

perturbation on force transmission within NIH3T3 cells yielded interesting results. Hypertonic 

treatment (~200% osmotic perturbation, D10 media + 0.35M sucrose) abolished actin ring 

formation in response to microharpoon pulling, potentially by altering cell/nuclear membrane 
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structure and Ca2+ permeability. Follow-up experiments are certainly necessary, but these 

findings are intriguing nonetheless and suggest the importance of osmotic stress in the cellular 

mechanoresponse. 

 

Expansion of the microharpoon assay to probe cellular mechanics in more complex, 

physiologically relevant environments has exciting implications. For example, the ability to 

probe drosophila muscle fillets in situ creates the possibility to evaluate the effect of disease-

relevant mutations in intact muscle tissue. By evaluating the effects of different lamin point 

mutations and LINC-complex mutants, we can parse together the subtle contributions of these 

proteins to force transmission in vivo.   

 

One limitation of the microharpoon assay is the inability to delineate changes in nucleo-

cytoskeletal coupling from changes in nuclear stiffness. To measure nuclear stiffness more 

directly, without a major influence from the cytoskeleton, we designed a microfluidic 

micropipette aspiration device to perform high throughput nuclear mechanics measurements on 

cells in suspension (Chapter 3). By combining multiple approaches, we can maximize our 

understanding of the physical wiring within cells.  
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CHAPTER 3: HIGH-THROUGHPUT MICROPIPETTE ASPIRATION DEVICE TO PROBE 

NUCLEAR MECHANICS3 

 

Introduction 

A variety of techniques have been applied to study the mechanical properties of nuclei, either in 

intact cells or after isolation. These techniques range from atomic force microscopy, cell/nuclear 

compression, micropipette aspiration and cellular strain application, to perfusion through 

microfluidic constrictions (Isermann et al., 2012; Krause et al., 2013; Verstraeten and 

Lammerding, 2008). When cells or isolated nuclei are subjected to mechanical stress, nuclei 

undergo rapid, mostly elastic (i.e., reversible) deformations with viscoelastic contributions on the 

time-scale of seconds; continued force application can result in additional viscous, plastic 

deformations (Rowat et al., 2005). These experiments highlight the two main players in nuclear 

mechanics: (1) the viscoelastic chromatin, which resists compaction higher than 60% (Guilak 

and Mow, 2000; Rowat et al., 2013; Rowat et al., 2006; Versaevel et al., 2013), and (2) the 

mostly elastic lamina, which has an elastic modulus approximately 50-times higher than the 

plasma membrane in endothelial cells (Caille et al., 2002). 

 

Nuclear mechanical measurements are important in the context of both fundamental cell 

mechanics studies and in disease characterization and diagnostics. For example, the observation 
                                                 
 
3 Patricia M. Davidson, Gregory Fedorchak, Solenne Deveraux, Emily S. Bell, Philipp Isermann, Denis 
Aubry, Rachele Allena, Jan Lammerding, High-throughput micropipette aspiration device to probe 
nuclear mechanics (manuscript in prep).  
 
PD designed the device and performed most of the initial characterization and fabrication; *GF wrote the 
analysis software, assisted with fabrication at the CNF, wrote the detailed experimental protocol, 
performed all experiments reported in the results section; SD performed the computational modeling    
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of large and misshapen cancer nuclei provided one of the earliest disease hallmarks. Recent 

evidence from our lab and others supports a potential link between nuclear deformability and 

cancer cell invasiveness (unpublished). Nuclear deformability measurements are important in the 

characterization of laminopathies and other diseases affecting the nuclear envelope. Analysis of 

cells lacking specific nuclear envelope proteins revealed that nuclei from lamin A/C-deficient 

cells have a much lower elastic modulus and increased nuclear fragility compared to control cells 

(Broers et al., 2004; Guilluy et al., 2014; Lammerding et al., 2006; Lammerding et al., 2004; Lee 

et al., 2007), with nuclear stiffness increasing as a function of lamin A/C expression 

(Lammerding et al., 2006; Swift et al., 2013; Zwerger and Medalia, 2013). Interestingly, changes 

in the levels of lamin B1/B2 or emerin had only relatively minor or no effects on nuclear 

deformability (Lammerding et al., 2005; Rowat et al., 2005; Rowat et al., 2006). Of note, 

different disease-causing lamin A/C mutations can have very distinct effects on nuclear 

mechanics. While mutations responsible for familial partial lipodystrophy do not disturb the 

structural function of lamins, some, but not all, mutations causing muscular dystrophy and 

dilated cardiomyopathy result in a loss of structural function, reflected in increased nuclear 

deformability (Zwerger et al., 2013). On the other hand, expression of the lamin A mutant 

(progerin) that causes Hutchinson-Gilford progeria syndrome results in increased nuclear 

stiffness (Dahl et al., 2006; Verstraeten et al., 2008). 

 

Classical micropipette aspiration, using a hollow glass microneedle to aspirate single cells, 

originated in the 1950s (Mitchison and Swann, 1954) and was implemented in several of the 

aforementioned studies. It remains useful and relevant due to its simplicity and effectiveness; 

however, generating glass microneedles with the correct dimensions can be cumbersome and 



 
 

67 
 

pipetting individual cells in series is time consuming. Therefore, we set out to design a high 

throughput device that can perform several nuclear mechanics measurements in parallel, thus 

maximizing its applicability. 

 

Materials and Methods  

Design of the microfluidic devices 

The glass-bound PDMS device consists of a series of micropipettes fabricated using soft 

lithography, as described below (Figure 16). A pressure differential between an inlet and outlet 

reservoir (∆P = PCell - PBuffer) drives the flow of cells through the device and into a main channel 

consisting of 18 pockets, measuring 20 µm wide and 10 µm tall (Figure 16A, C, D). At the end 

of each pocket is a 3 µm wide by 5 µm tall micropipette (Figure 16D) which corresponds to 

other micropipettes described in the literature. Cellular and nuclear deformation into the 

micropipettes can be observed as a function of time and at high magnification (Figure 16E). A 

third port at atmospheric pressure (Patm) enables the user to backflush cells out the pockets using 

a standard pipette. The ability to rapidly clear the pockets following each run is important for the 

high throughput data acquisition.  
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Figure 16. Overview of the micropipette devices. (A) Schematic overview of the devices. (B) A typical 
experimental setup, four devices are mounted on a glass coverslip, allowing the measurement of four 
different cell types in rapid succession. (C) 3-D close-up schematic of the micropipettes, corresponding to 
the area outlined with a dashed line in panel A. (D) Schematic close-up of the micropipettes, and 
individual pipettes (right) seen from the top and side, demonstrating that the pipettes themselves are 
shorter (5 µm) than the rest of the device (10 µm). (E) Cells expressing fluorescent histones (red) to 
reveal the nucleus, and a fluorescent actin marker (lifeAct-GFP, green), to approximate the outline of the 
cytoplasm. 

 

The deformation rates and flow velocities are controlled by modulating the pressures. Inlet and 

outlet reservoirs are pressurized (usually 0.2 – 1 psi) using compressed air regulated by an 

MCFS-EZ pressure controller (Fluigent). The user-specified difference between Pcell and Pbuffer 

determines the flow rate of cells through the device and also determines how fast nuclei deform 

in the micropipettes. The selected pressures should result in detectable nuclear deformations 

(usually visible within the first 5-10 seconds) without causing significant damage to the cells 

(tested using propidium iodide staining). The pressure settings can be easily tuned to facilitate 

the analysis of cell lines of varying sizes and deformabilities.  

 

 



 
 

69 
 

Design and microfabrication of the microfluidic devices 

The mask for the micropipette devices was drawn using AutoCAD software and consists of the 

larger features (main channel, and inlet and outlet filters used to break up cell clumps), the 

pockets, and the pockets with micropipettes drawn in separate areas to be able to expose the 

different features (Figure 16D). The mask and wafers were produced in the Cornell NanoScale 

Science and Technology Facility (CNF) using standard lithography techniques. The mask was 

fabricated using a Heidelberg DWL 2000 Mask Writer. The wafer was fabricated from SU-8 

using a GCA Autostep 200 DSW i-line Wafer Stepper. This instrument allowed precise 

realignment of the mask and wafer (within 1 μm), enabling us to expose small features in 

different SU-8 layers at precise locations.  

 

A first 5 μm tall layer consisting of the micropipettes themselves was created using SU-8 2005 

and exposed. After development, a layer of SU-8 2007 was spun to a thickness of 10 μm and the 

pocket and device features were exposed on the stepper. These devices were then baked and 

developed following standard photolithography procedures and coated with trichloro (1H, 1H, 

2H, 2H-perfluorooctyl) silane to facilitate demolding. PDMS molds of the devices were cast 

using Sylgard 184 (Dow Corning) and mounted on coverslips using a plasma cleaner as 

described previously. The three port entrances were made using a 1.2 mm biopsy punch.  

 

Cells used for experiments 

SV40 transformed human skin fibroblast cell line (GM00637) was purchased from Coriell Cell 

Repository. These were compared with iPSCs provided by Dr. Elisa Di Pasquale (Istituto di 

Ricerca Genetica e Biomedica, National Research Council of Italy, Milan, Italy). Lamin triple 
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knockout mouse embryo fibroblasts were created (cre adenovirus) and provided by Steve 

Young’s lab (Dept. of Genetics, University of California, Los Angeles). MDA-MB-231 cells 

expressing a GFP under the promoter driving the pluripotency marker, Nanog (hereby referred to 

as Nanog-GFP) (Wiechert et al., 2016), were obtained from Claudia Fischbach-Teschl (Cornell 

University). For experiments, cell permeable DNA stain Hoechst 33342 (10 μg/mL) was added 

to the cell suspension buffer.  

 

Experimental acquisition 

The PDMS aspiration devices were coated with 2% BSA and 0.2% FBS in PBS for ten minutes 

at room temperature. A cell suspension (~5×106 cells/mL) was prepared in the same solution and 

perfused using a MCFS-EZ pressure controller (Fluigent). Cells were kept at room temperature 

during the duration of the perfusion. Pressures at the inlet (Pcell) and outlet (Pbuffer) reservoirs 

were set to 1.0 and 0.2 psi (7.0 and 1.4 kPa), respectively. Note that these pressures are relative 

to atmospheric pressure. Brightfield and fluorescence images of the Hoechst-stained nuclei 

deforming in the pockets were acquired every 5 seconds for a minimum of 12 frames. At the start 

of each image acquisition, cells were flushed out of the pockets as previously described. Cell and 

nuclear deformation were observed using a 20×/NA 0.8 air objective.  

 

Modeling the pressure distribution within the devices 

To determine the pressure exerted on the cells during nuclear deformation in the microchannels, 

we modeled the pressure distribution in the devices. We first determined that the pressure drop 

across the (much larger) tubing outside of the microfluidic devices was negligible and thus did 

not consider this pressure drop in the modeling. We used a 3D model that exactly reproduced the 
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geometry of the device depicted in Figure 16. In this model, we used typical experimental values 

for the pressures applied to each solution (PCell = 7 kPa; PBuffer = 1.4 kPa). A simple laminar flow 

model was used: 

∙  

in which  is the volumic mass,  is the velocity,  is the pressure,  is the identity matrix and  

is the dynamic viscosity of the fluid. The operator , where  designates a tensor, is the 

transpose operator.  

 

Determining flow rates within the devices using fluorescent beads 

To validate our model, we measured the flow rates from the streaks created by fluorescent beads 

over a 3 ms exposure. The length of the streaks was determined using ImageJ and only on beads 

in the center of the channel to minimize the effect of interactions with the walls. To fully model 

the behavior of the beads in the system, we considered the increase in viscosity due to the beads. 

We determined the viscosity using the work of Heinen et al. (Heinen et al., 2012) and Einstein’s 

formula: 

1 2.5  

in which  represents the dynamic viscosity of the fluid alone, and  is the volume fraction of 

beads in the fluid. In our experiment, we used a 0.01% solution of 1.9 µm beads in 2 g/ml bovine 

serum albumin in PBS. Using these equations, we obtained a viscosity of 1.148 mPa.s. We were 

thus able to determine flow rates which were averaged at different areas of the channel. 
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Automated nuclear deformability analysis 

To benefit from the high throughput capabilities of our device, I developed a highly automated, 

user-interactive, image analysis platform using MATLAB (Figure 17). The program converts 

time-lapse micropipette aspiration CZI movies into multidimensional TIF stacks, separated 

according to color channel. The blue channel corresponds to the blue fluorescent DNA-binding 

dye Hoechst which the program thresholds to provide an accurate trace of the nucleus during 

deformation. Before the ‘nuclear thresholding’ graphical user interface appears (Figure 17B), a 

mask alignment step corrects the images for rotational error, segments the individual pockets, 

and sets the micropipette entrance (Figure 17B, vertical yellow line). The user can make fine 

adjustments to the micropipette entrance line at any time using the arrow keys. To account for 

the heterogeneity in the Hoechst signal, I chose a semi-automated approach where the user 

selects a binary threshold value for each pocket from a histogram of pixel count versus intensity 

(Figure 17B, middle panel). The program saves this value to accelerate subsequent analysis. 

After applying erosion and dilation processing to smooth the thresholded nucleus, the program 

employs MATLAB’s regionprops function to track the nucleus’ leading edge (Figure 17B, red 

vertical line) and calculates the distance back to the micropipette entrance for each frame. The 

left mouse button plays through the image sequence (every nth frame, specified in the script) and 

allows visual inspection of the nuclear protrusion length accuracy. The right mouse button writes 

the values to a matrix within the program and proceeds to the next pocket. The program exports 

the final matrix of nuclear protrusion values as an Excel file, where rows correspond to the 

pocket number and columns to each frame. Empty pockets register as zeroes. Likewise, once a 

nucleus deforms to the end of the micropipette channel, it also registers as zero since the 
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protrusion length is no longer measureable. For cells with highly deformable nuclei, multiple 

cells may enter a given pocket during an acquisition. 

 

Results 

We wanted to validate the ability of the device to resolve differences in nuclear stiffness in cells 

with well characterized nuclear properties. We first compared lamin-A/C-deficient and wild type 

MEFs and found that the lamin-A/C-deficient nuclei were significantly softer, as expected (data 

not shown). Next, we sought to characterize lamin triple-knockout MEFs from the Young lab. 

Comparing these with lamin-A/C-deficient MEFs also shows the contribution of B-type lamins 

to nuclear stiffness. The lamin triple-knockout cells were significantly more deformable than the 

lamin-A/C-deficient cells (nuclear protrusion length at 60 seconds: WT = 7.92±0.53, Lmna–/–

= 12.47±0.87 , Lmna3KO = 19.41±1.28, Figure 18), showing that lamin B contributes to nuclear 

stiffness in the absence of A-type lamins.  
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Figure 17. Custom-designed MATLAB software enables rapid analysis of nuclear deformability. 
(A) Description of the analysis pipeline. The MATLAB program converts time-lapse micropipette 
aspiration movies into multidimensional image stacks, and separates them by color channel. The user 
aligns a mask to one of the image frames in order to segment the 18 pockets and examine each cell 
individually. (B) A graphical user interface ensures accurate measurement of the nuclear deformations 
within each pipette. The yellow box (left panel, fourth pocket) indicates the selected cell and 
corresponding nucleus, as visualized using hoechst dye, which binds DNA and emits blue light. The user 
sets a binary threshold value (blue dotted line) by clicking within the middle panel, a 60-bin histogram of 
image intensity values. The left mouse button previews the threshold by playing through the image 
sequence (right panel) at a user-specified sampling rate (every nth frame). Additional erosion and dilation 
processing steps automatically smooth boundaries and remove spurious pixels within the thresholded 
image. The program computes the nuclear protrusion length at each frame by drawing a bounding box 
around the thresholded nucleus (red box) function and then computing the distance between the left edge 
(red vertical line) and the start of the micropipette channel (yellow vertical line). Once the thresholded 
image sequence (right panel, bottom) accurately depicts the original (right panel, middle), right clicking 
the mouse button saves the protrusion length values and proceeds to the next pocket. The values are 
automatically exported to an excel file where they can be plotted. (C) A plot of the nuclear protrusion 
length over time for a given cell, with the red data points corresponding to the thresholded nuclei in the 
frames below.  
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Figure 18. Triple lamin knockout cells have highly deformable nuclei. (A) Wild type (left) and Triple 
lamin knockout (right) MEFs were deformed and the length of the protrusion was measured as a function 
of time. Brightfield images and images of the nucleus stain (Hoechst) were acquired every five seconds. 
Cell and nuclear deformation after 60 seconds of deformation into the micropipettes is shown. The yellow 
dashed line marks the micropipette entrance and the red dashed line signifies the average nuclear 
protrusion length after 60 seconds. (B) A plot of the nuclear protrusion length versus time for each cell 
type. Triple lamin knockout cells deform more rapidly than their wild type counterparts suggesting that 
they have a much softer nucleus.  

 

Even though the cells in our body are all genetically identical, they present important 

phenotypical differences. One example is the increase in stiffness of stem cells as they 

differentiate (Heo et al., 2016; Pajerowski et al., 2007), likely due to an increase in A-type lamin 

expression and changes in chromatin organization. Reduced nuclear stiffness in stem cells may 

facilitate development processes in the early embryo, including long range migration of stem 

cells through the developing tissue. Induced pluripotent stem cells (iPSCs) have been developed, 

in which differentiated cells, such as fibroblasts, can be converted to a pluripotent state that is 

similar to embryonic stem cells. To demonstrate that we can distinguish between genetically 

identical cells of different pluripotency states, we wanted to compare deformability of fibroblasts 

and iPSCs obtained from these cells. Since we could not obtain the same fibroblasts from which 

the iPSCs were derived, we chose an immortalized fibroblast line shown to have comparable 

nuclear mechanics to human patient cells. The iPSCs are indeed more deformable than the 
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fibroblasts by a ratio of approximately 2.4 (Figure 19). We also sought to characterize a highly 

invasive cancer cell line (MDA-MB-231) expressing a GFP under the promoter driving the 

pluripotency marker, Nanog, which indicates stem cell-like-ness (Wiechert et al., 2016). We 

hypothesized that similar to the softer iPSCs, cancer cells with high nanog activity would have 

more deformable nuclei.  

 

 
Figure 19. Induced pluripotent stem cells are significantly more deformable than human 
fibroblasts. Micropipette aspiration results plotting the nuclear protrusion length over time for 60 
seconds of aspiration. Images were acquired every 5 minutes.  

 

Contrary to our hypothesis, cells with greater GFP signal intensity were more likely to remain in 

the pockets without deforming into the micropipettes, signifying a stiffer nucleus. There is some 

evidence to suggest that low-Nanog-expressing cells reflect a more decondensed chromatin state, 

which leads to a softer nucleus (Chalut et al., 2012). However, these experiments were done on 

embryonic stem cells prior to differentiation. Lamin-A/C protein expression typically increases 

during differentiation. Initial characterization of these cells showed a lack of correlation between 
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lamin-A/C protein expression and the levels of Nanog-GFP (data not shown). Future studies 

should compare the chromatin compaction state of high versus low GFP-expressing cells.  

 

 
Figure 20. Higher Nanog-GFP expression in MDA-MB-231 cells is correlated with less nuclear 
deformation. Micropipette aspiration results plotting the nuclear protrusion length after 25 seconds of 
aspiration. Cells that failed to deform were plotted as 0. 

 

Discussion 

We designed, fabricated, characterized and optimized a microfluidic micropipette aspiration 

device to study nuclear deformations at high spatial and temporal resolution. The device design, 

which consists of many micropipettes in parallel, in conjunction with an automated analysis 

platform, facilitates rapid data acquisition and analysis. In addition to measuring nuclear 

deformability, our device may be useful in exploring other aspects of nuclear mechanics, such as 

chromosome dynamics in response to mechanical stress, the molecular events accompanying 

nuclear envelope rupture and in addressing whether mechanical stress can directly cause DNA 

damage. 

 



 
 

78 
 

One of the biggest advantages of this device is the increase in throughput compared to traditional 

approaches such as micropipette aspiration using a glass pipette, or atomic force microscopy. 

Using the glass pipette approach, we were able to measure and analyze one cell every two hours 

(Davidson et al., 2014). However, with the microfluidic micropipette aspiration device, we can 

measure and analyze over 50 cells per hour. The ability to assess nuclear deformability 100× 

faster makes it possible to assay cells from several different genetic backgrounds at once, or to 

investigate the effect of a panel of pharmacological treatments (see Chapter 4).     

 

While offering many advantages over alternative approaches, our microfluidic micropipette 

aspiration device is not without limitations. Cell may become stuck in the micropipettes during 

deformation, making it difficult to backflush them. Excessive clogging may result in premature 

stoppage of the experiment and the need for a new device. This requires additional time and 

reagents, reducing the throughput and increasing the necessary man hours. Softer cells like 

iPSCs tend to get stuck more readily. The use of cell dissociation reagents (e.g., versene 

solution) or chelators may help to minimize cell clumping and sticking to the PDMS. Another 

limitation is the day-to-day variability of our setup, which may arise from fluctuations in our 

pressure system or from issues related to device assembly or to the tubing. This makes it difficult 

to compare cell lines measured on different days. The inclusion of an internal calibration to 

deduce the flow rate and pressure drop within the device would remedy this. Other opportunities 

to improve the device include making it reusable and automating the cell loading and cleaning 

procedures.  
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I am working closely with a team of student enrolled in the Cornell Masters of Biomedical 

Engineering program to further improve our micropipette aspiration system and explore the 

clinical potential and marketability of our device. In theory, our system can be used to 

characterize the mechanical heterogeneity of a sample, such as a tumor, and may have potential 

in diagnostics or in predicting disease outcomes. The next chapter (Chapter 4) illustrates another 

useful application of this device, where it is used to probe the deformability of mouse myoblasts 

isolated from mouse models of muscular dystrophy.   
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CHAPTER 4: LAMIN MUTATIONS LINKED TO MUSCULAR DYSTROPHY CAUSE 

PROGRESSIVE NUCLEAR ENVELOPE RUPTURE AND DNA DAMAGE                           

IN MUSCLE FIBERS4 

 

Introduction 

Mutations in the nuclear envelope proteins lamin A/C cause a broad spectrum of human diseases 

that include various muscular dystrophies (e.g., Emery-Dreifuss), dilated cardiomyopathy, and 

progeria. Despite the near ubiquitous expression of lamin A/C, the majority of mutations lead to 

skeletal and cardiac muscle phenotypes. The molecular mechanisms underlying these muscle 

specific defects remain unclear. One potential explanation, the ‘mechanical hypothesis’, states 

that lamin mutations linked to muscular phenotypes result in structurally impaired nuclei that 

become damaged in mechanically active tissue such as cardiac and skeletal muscle. We used 

myoblasts isolated from various mouse models of muscular dystrophy in an in vitro 

differentiation model to explore the ‘mechanical hypothesis’ in greater detail. Before 

                                                 
 
4 Lamin mutations linked to muscular dystrophy cause progressive nuclear envelope rupture and DNA 
damage in muscle fibers, A. Earle*, G. Fedorchak*, T. Kirby*, P. Isermann, J. Patel, S. Iruvanti, P. 
Davidson, J. Lammerding (in preparation, *co-first author)  
 
Oral Presentation at 2017 Muscular Dystrophy Association Scientific Conference: 
Nuclear envelope mutations associated with Emery-Dreifuss muscular dystrophy cause softer and more 
fragile nuclei. Gregory Fedorchak, Ashley Kaminski, Tyler Kirby, Philipp Isermann, Jineet Patel, Patricia 
Davidson, Jan Lammerding 
 
GF and AE carried out initial characterization of nuclear protrusions in vitro. GF AE and TK helped with 
myoblast isolation and culture, immunofluorescence staining, and genetic modification of cells. GF 
performed micropipette aspiration, microharpoon experiments, nocodazole washout experiments, pilot 
cGAS and pilot drug treatment experiments, high resolution time-lapse imaging, Kif5b studies. TK 
repeated cGAS on all cell lines and drug experiments with added treatments. TK performed cell mixing 
and lamin rescue experiments. TK and AE split the in vivo work. PI created the CGAS-mCherry mouse 
model and fluorescent rupture reporters.  
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understanding how defects in nuclear envelope proteins influence myonuclear stability and 

muscular health, we must first address the stages of healthy muscle development.  

 

Muscle development is a highly dynamic and tightly regulated process accompanied by changes 

in both gene expression (e.g., upregulation of muscle-specific transcription factor MyoD and 

nuclear envelope proteins nesprin-1α, emerin, lamin A/C etc.) (Buskin and Hauschka, 1989; 

Starr, 2017) and global genome rearrangements (e.g., chromatin condensation, centromere 

repositioning) (Chaly and Munro, 1996). Repression of genes during the myogenic program is 

facilitated in part by binding to nuclear envelope proteins at the periphery (Zuleger et al., 2013). 

In addition to influencing genomic organization, nuclear envelope composition also influences 

the dynamics and distribution of cytoskeletal proteins. For example, proper nuclear positioning 

mediated by the LINC complex promotes the assembly and stability of the sarcomere network 

(Auld and Folker, 2016). The microtubule network also remodels significantly during muscle 

differentiation, in large part due to the redistribution of centrosomal proteins around the NE 

(Starr, 2017). It comes as no surprise that muscle development is also a mechanically-intensive 

process, as indicated in the following paragraph. 

 

In addition to experiencing deformations due to acto-myosin-mediated contractile forces, 

myonuclei experience forces due to nuclear movements at various stages of muscle development.  

(1) Myoblast  migration. As single, mononucleated cells, myoblasts rely on emerin, nesprin2G 

and SUN2 to properly polarize and harness energy from retrograde actin flow for directed cell 

migration (Chang et al., 2015a). (2) Myoblast fusion. After myoblast fusion into the end of the 

myotube, nuclei are shuttled via microtubules and dynein, recruited by Par6, to the middle of the 
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myotube where they aggregate. (3) Microtubule-driven spacing. From there, different 

mechanisms work to spread nuclei, all of which involve microtubule motor proteins and the 

LINC complex (Elhanany-Tamir et al., 2012; Espigat-Georger et al., 2016; Folker et al., 2014; 

Meinke et al., 2014; Metzger et al., 2012; Stroud et al., 2017; Wilson and Holzbaur, 2012; 

Wilson and Holzbaur, 2015). Different (non-mutually exclusive) models have been proposed to 

explain nuclear spacing in developing myotubes. In the cargo model, the nucleus is like a giant 

vesicle transported by kinesins, which walk along microtubules toward the plus end (Wilson and 

Holzbaur, 2015). The microtubule-sliding model implicates the microtubule cross-linking protein 

MAP7 bound to kinesin to slide antiparallel microtubules apart (Metzger et al., 2012). The most 

recent model involves the recruitment of centrosomal proteins to the nuclear envelope by 

nesprin-1α in order to nucleate microtubules and drive nuclear positioning (Gimpel et al., 2017). 

In an inhibitor screen looking at the effect of various microtubule motors on nuclear time in 

motion, speed and alignment during muscle differentiation, Kif5b was found to significantly 

contribute to all three categories, without influencing the myoblast fusion index (Gache et al., 

2017).  (4) Shuttling to the periphery of myofibers. As myotubes mature into myofibers, 

nuclei migrate from the center to the periphery by a mechanism dependent on nesprins, N-WASP 

and amphiphysin-2, a bar protein mutated in centronuclear myopathies (D’Alessandro et al., 

2015; Falcone et al., 2014). Recent studies also point to the importance of contracting cross-

linked myofibrils which generate force through organized desmin networks, helping to “squeeze” 

nuclei to the fiber periphery (Roman et al., 2017). (5)  Nuclear anchoring at the periphery and 

neuromuscular junctions (Bone and Starr, 2016). Proper coordination of myonuclear 

movements is crucial for muscle health. It is also a means by which myonuclei experience 

mechanical stress during muscle development. Studies on neuromuscular junction (NMJ) 
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formation in Lmna–/– and LmnaH222P/H222P mouse myotubes reveal that SUN and nesprin proteins 

are mislocalized in these disease models and contribute to the loss of proper NMJ formation and 

thus electrical signaling in the muscle (Mejat et.al., 2009). 

 

Patient biopsies have revealed anecdotal evidence of damaged and ‘ruptured’ nuclei in 

laminopathies both in damage to the nuclei as well as the presence of cytoplasmic material inside 

the nucleus (Park et al., 2009; Roncarati et al., 2013) but this phenomenon has never been 

systematically investigated. Here, we show that loss of lamins and mutations linked to muscular 

dystrophy reduce nuclear stability in primary mouse myoblasts, and result in severe nuclear 

damage in myofibers in vitro and in vivo. This mechanism involves microtubules and can be 

partially rescued by promoting microtubule stability in myofibers.  

 

Materials and Methods  

We examined myoblasts from laminopathy mouse models with different degrees of disease 

severity and disease onset: lamin A/C-deficient mice (Lmna–/–), mice homozygous for the Lmna 

H222P or N195K mutation, and wild-type littermates. To measure nuclear mechanical properties 

in large cell numbers, we developed a novel microfluidics micropipette aspiration assay. 

Furthermore, we optimized an in vitro muscle differentiation time-lapse microscopy system that 

allowed us to continuously image nuclear shape and integrity as cells differentiate from 

myoblasts into myotubes and eventually mature, contracting myofibers over the course of 10 

days (Figure 21). To monitor nuclear envelope integrity, we stably modified the myoblasts with 

fluorescent reporters for nuclear envelope rupture that we previously developed to detect nuclear 

envelope rupture in migrating cancer cells (Denais et. al., 2016). Long-term in vitro 
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differentiation experiments were complemented by short-term, high-speed imaging of nuclear 

deformation during muscle contraction and by investigating isolated muscle fibers before and 

after disease onset in the animal models to obtain information on nuclear defects in situ.  

 

 
Figure 21. Experimental pipeline.  In our studies, we employed the following mouse models of EDMD: 
(1) Lamin-A/C deficient (Lmna−/−, LMNA) mice exhibit progressive cardiac and skeletal muscle defects 
and have the most severe phenotype (see table).  (2) Mice with the LmnaN195K/N195K point mutation 
develop dilated cardio-myopathy and often suffer sudden cardiac death. The presence of a skeletal muscle 
phenotype has been under-explored. (3) LmnaH222P/H222P mice have both cardiac and skeletal muscle 
defects, and have a later onset phenotype. The table characterizes the phenotype onset and average 
mortality rates of our EDMD models. Using a state-of-the-art myoblast differentiation protocol, mature, 
contractile, myofibers were generated from freshly harvested myoblasts and cultured up to two weeks. 
Cells were PFA-fixed at various time points and stained for a panel of targets, including nuclear damage 
markers. In parallel, nuclear compliance measurements were performed using a microfluidic, micropipette 
aspiration (µPA) device. 

 

Myoblast isolation 

Cells were harvested from Lmna–/–, LmnaH222P/H222P, and LmnaN195K/N195K and wild type litter 

mates between 6 and 12 weeks of age using a protocol adapted from (Sullivan et al., 1999)). 
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Muscles of the lower hindlimb were isolated, cleaned of fat, nerve and excess fascia, and kept in 

HBSS on ice until all mice were harvested. The muscles were digested in 4ml:1gm of tissue wet 

weight in a solution of 0.5% Collagenase II (Worthington Biochemicals), 1.2 U/ml Dispase 

(Worthington Biochemicals), 1.25 mM CaCl2 (Sigma) in HBSS/25 mM HEPES buffer. 

Digestion was carried out in a 37˚C water bath for a total time of 60 minutes. At 20 minutes 

intervals, digestion cocktails were removed and triturated 40 times with a 5 ml pipet. In the case 

of difficult to digest tissues, an extra 25% of 1% Collagenase II was added to the digestion after 

40 minutes.  

 

When tissues were fully digested, the reaction was quenched using equal volumes of DMEM 

supplemented with 10% FBS and 1% P/S (D10 media, Gibco). The cell suspension was strained 

through 40 and 70 μm filters (Greiner Bioscience) sequentially to remove undigested myotube 

fragments and tendon. The cell suspension was centrifuged at 800 g ×5 minutes and washed with 

8ml of D10 media for a total of four times. Cells were then resuspended in Primary Myoblast 

Growth Media (PMGM) F10 (Gibco) supplemented with 20% HS and 1% P/S and 1 ul/ml bFGF 

(GoldBio) and plated onto a gelatin coated T25 flask. Cells were allowed to sit undisturbed for 

72 hours.  

 

In order to purify the myoblasts from the fibroblasts, cells were passaged using PBS (calcium- 

and magnesium-free) instead of trypsin. Fibroblasts adhere much more tightly than myoblasts 

and do not lift up with PBS. Cells were washed for 2-3 minutes with PBS and were then 

dissociated using a volume of PBS sufficient to coat the bottom of the flask combined with 

manual agitation at RT. When necessary, a 0.000625% trypsin solution was used to aid in the 
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myoblast removal. Myoblasts were re-suspended in PMGM and re-plated onto gelatin coated 

flasks. This process was continued 3-4 times until pure myoblast cultures were achieved 

(Springer et al., 2002). Cells were maintained in culture on gelatin coated flasks with media 

changes every other day. All experiments were carried out prior to passage 12.  Each 

independent experiment was done on a different set of lamin mutant and wild type littermates 

such that each independent experiment was sources from a different animal to account for 

heterogeneity in phenotype.  

 

Myoblast differentiation 

Myoblasts were differentiated according to a protocol modified from (Pimentel et al., 2017). 

Coverslips for differentiation were prepared by first coating with CellTak (Corning) according to 

the manufacturer’s protocol and then coating with growth factor reduced Matrigel (Corning) 

diluted 1:100 with IMDM with Glutamax (Gibco). Matrigel was allowed to polymerize at 37˚C 

for 1 hour and the excess solution was aspirated. Primary myoblasts were seeded at a density of 

55,000 cells/cm2 in PMGM. Cells were allowed to attached for 24 hours before being switched 

to primary myoblast differentiation media (PMDM) composed of IMDM with Glutamax and 2% 

HS. One day after the onset of differentiation, a top coat of 1:3 Matrigel:IMDM was added  to 

the cells and the media changed to PMDM with 100 ng/ml agrin (R&D Systems). Cells were 

allowed to differentiate for a total of 0, 2, 5, or 10 days prior to isolation for other assays as 

shown in Figure 22.  
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Figure 22. Schematic showing treatment steps used to differentiate primary mouse myoblasts.  

Plasmids and generation of fluorescently labeled cell lines 

 

Each of the mutant myoblast lines were stably modified with lentiviral vectors to express the 

nuclear rupture reporter NLS-GFP (pCDH-CMV-NLS-copGFP-EF1-blastiS), 53BP1-GFP (GFP-

BP1-2 pLPC-Puro) and cGAS-RFP (pCDH-CMV-cGASE225A/D227A-mCherry2-EF1- blastiS. 

cGAS is a cytosolic DNA binding protein; we used a cGAS mutant (E225A/D227A) with 

abolished enzyme activity and interferon production, but that still binds DNA (Civril, Hopfner 

Nature 2013). Myoblasts at various stages of differentiation were transiently transfected with 

mEOS and GFP-Emerin constructs using Lipofectamine3000 in Optimem with P3000 reagent. 
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Viral modification 

Pseudoviral particles were produced as described previously (Denais et al., 2016). In brief, 293-

TN cells (System Biosciences, SBI) were co-transfected with the lentiviral plasmid using 

PureFection (SBI), following manufactures protocol. Lentivirus-containing supernatants were 

collected at 48 hours and 72 hours after transfection, and filtered through a 0.45 µm filter. 

Viruses were further concentrated using PEG-it Virus Precipitation Solution (SBI), following the 

manufacturer’s protocol. Cells were seeded into 6-well plates so that they reached 50-60% 

confluency on the day of infection and transduced at most 2 consecutive days with the viral stock 

using the TransDux Max system (SBI). The viral solution was replaced with fresh culture 

medium, and cells were cultured for 24 hours before selection with 10 μg/mL of puromycin or 

blasticidine S for 2-5 days. After selection, cells were subcultured and maintained in their 

recommended medium without the continued use of selection agents. 

 

Extended imaging using incubator microscope 

Long term imaging was performed using an Incucyte imaging system, which allows for 

incubator imaging to minimize the effects of humidity and CO2 changes. The differentiating cells 

expressing combinations of NLS-GFP, NLS-53BP1 and mCherry-cGAS were imaged using the 

Incucyte dual color filter module from day 2 to day 10, every 30 minutes with a 20× objective. 

Resulting images were analyzed using the Incucyte software, which performs fluorescence 

background subtraction using a top hat method and then subsequent thresholding. Both mCherry-

cGAS and GFP-53BP1 cells were thresholded and then analyzed for increase in fluorescence 

intensity over time to track the rate of increase in nuclear envelope rupture or damage. NLS-GFP 

cells were used to investigate the frequency and presence of nuclear envelope rupture. To verify 
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the results obtained from the Incucyte, cells were fixed and stained with appropriate antibodies to 

evaluate DNA damage and nuclear envelope rupture.  

 

Isolation of single muscle fibers 

Single muscle fibers were harvested as previously described from male and female Lmna–/– and 

WT litter mates at 5-6 weeks of age and LmnaH222P/H222P and WT litter mates were harvested at 

6-8 weeks of age at 23-25 weeks of age in order to compare pre- and post-phenotype onset tissue 

(Arimura et al., 2004; Arimura et al., 2013; Sullivan et al., 1999). LmnaH222P/H222P male and 

female mice show now difference in progression of skeletal muscle defects, only cardiac defects, 

so both male and female mice were used for this analysis (Arimura et al., 2013). Briefly, the 

EDL (extensor digitorus longus) and plantaris were isolated from the mouse and placed directly 

into a 1 ml solution of F10 media with 4,000 U/ml of Collagenase I (Worthington Biochemicals). 

The tissue was digested for 20-40 minutes depending on muscle size in a 37˚C water bath with 

agitation by inversion every 10 minutes. The reaction was quenched by transferring the digestion 

mixture to 4 ml of PMGM. Single fibers were hand-picked from the digested tissue using fire 

polished glass pasteur pipettes. When necessary, the tissue was further dissociated by manual 

pipetting with a glass pipet. Fibers were washed once in fresh media prior to fixation with 4% 

paraformaldehyde (PFA) for 15 minutes at room temperature and subsequent IF staining. 

 

Pharmacological treatments 

For preliminary experiments, myoblasts were differentiated using the standard protocol and 

treated with pharmacological treatments starting at day 5 of differentiation For subsequent 

studies, treatments were administered to differentiated myotubes in two 24 hours bursts at day 4 
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and day 6-post differentiation with a 24 hour recovery in between. Myotubes were then fixed in 

PFA at day 7 and stained with anti-lamin-B and DAPI in order to quantify the percentage of 

myonuclei with chromatin protrusions. The following doses were used: 0.1% DMSO, 75 nM 

Nocodazole, 50 nM Paclitaxel, 40 nM Remodelin, 10 μM Nifedipine, 0.125-1 μg/mL 

Rapamycin, 15-240 nM Chaetocin, 1.5-10 μM JIB-04.   

 

Microtubule re-growth assay 

Myoblasts were differentiated for 3 days without a Matrigel top coat and then treated with 

Nocodazole (20μM) in differentiation media for 2 hours to disassemble microtubules. Myotubes 

were washed briefly with PBS and allowed to recover in differentiation medium for 4 minutes at 

37°C/5% CO2. Cells were then pre-extracted for 30 s with 1% Triton X-100 in PHEM buffer 

(60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, pH 6.9), fixed with 4% 

paraformaldehyde (PFA) and stained with nesprin-1, α-tubulin and DAPI as indicated below. 

 

Biophysical assays  

Micropipette aspiration was performed on myoblasts according to the protocol outlined in 

Chapter 3. A pressure differential of 1.0 psi and 0.2 psi at the inlet and outlet reservoirs drove the 

flow of cells through the device. Images were acquired every 5 seconds using an inverted 

microscope for a minimum of 60 seconds. Nuclear protrusion length was calculated using a 

custom-written MATLAB script. Pharmacological treatments were added 24 hours in advance at 

the following concentrations: 100 nM Paclitaxel, 200 nM TSA, 75 nM Nocodazole, 0.1% 

DMSO. 



 
 

91 
 

For microharpoon studies, myoblasts were differentiated without a Matrigel top coat. They were 

treated with either 50 nM Paclitaxel or the corresponding 0.1% DMSO starting at day 4. After a 

minimum of 24 hours, the microharpoon was performed as previously described in Chapter 2 

with some minor changes to accommodate the myofiber morphology. The microharpoon was 

inserted ≈10 μm from the edge of the nucleus and pulled 15 μm at 1 μm/s. Images were acquired 

at 40× every 5 seconds. Nuclear strain and centroid displacement were calculated using the 

image analysis pipeline described in Chapter 2.  

 

siRNA treatment  

Myoblasts were transfected with RNAiMAX twice before switching to differentiation media. 

siRNA against Kif5B (Qiagen). Two different constructs targeting different regions of the gene 

were used: Kif5b_4 (CACGAGCTCACGGTTATGCAA) and Kif5b_3 

(CAGCAAGAAGTAGACCGGATA). A concentration of 10 μM was used.  siGENOME 

SMARTpool siRNA against Nesprin-1 was purchased from Dharmacon and used at a 

concentration of 20 μM. Non-target siRNA was also used at 20 μM. 

 

Immunofluorescence staining 

Cells were fixed in pre-warmed 4% PFA at the appropriate time point(s) and washed with PBS. 

Cells were blocked and permeabilized with a solution of 3% BSA, 0.1% Triton-X 100 and 0.1% 

Tween (Sigma) for 1 hour at room temperature. Cells were stained with primary antibodies 

diluted in blocking solution according to Table 2 at 4˚C overnight. Samples were washed with 

PBS and incubated for 1 hour at room temperature with 1:250 dilution of AlexaFluor antibodies 

(Invitrogen) and 1:1000 DAPI (Sigma). Single muscle fibers were stained using the same 



 
 

92 
 

procedure in eppendorf tube baskets with an increase in blocking solution Triton-X concentration 

to 0.25%.  

 

Table 2. Antibodies and corresponding dilutions. Primary antibodies for immunofluorescence staining 
were used at the above concentrations and diluted in blocking/permeabilization solution and incubated 
overnight at 4˚C.  
 

Antibody Cat# Vendor Dilution 

MyHC A4.1025 DSHB 1:100 

Lamin B (M-20) sc-6217 Santa Cruz 1:200 

Lamin B1 (B-10) sc-374015 Santa Cruz 1:200 

Lamin A (H-102) sc-20680 Santa Cruz 1:200 

Lamin A/C (E1) sc-376248 Santa Cruz 1:200 

Gamma-H2AX (Ser139) 20-E3 Cell Signaling 1:200 

Gamma-H2AX (Ser139) D7T2V Cell Signaling 1:200 

53BP1 NB100-304 Novus Biologicals 1:200 

HSP90 α/β (F-8)  sc-13119 Santa Cruz 1:200 

H3K9me3 ab176916 Abcam 1:1500 

H3 ab195277 Abcam 1:500 

Nesprin1-E MANNES1E Glen Morris 1:500 

Nesprin-1-A MANNES1A Glen Morris 1:500 

alpha-tubulin T9026 Sigma 1:500 

NPC (414) Ab50008 Abcam 1:500 

Emerin NCL-EMERIN Leica 1:200 

 
 

Imaging 

Cells on coverslips and mounted single muscle fibers were imaged in Z-stack on inverted Zeiss 

Observer Z1 microscopes equipped with CCD cameras (Photometrics CoolSNAP EZ or 

Photometrics CoolSNAP KINO) using 20 air, 40 water- and 63 oil-immersion objectives.  
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Image analysis 

Image sequences were analyzed using ZEN (Zeiss), ImageJ, or MATLAB (Mathworks) using 

only linear adjustments uniformly applied to the entire image region. Region of interest 

intensities were extracted using ZEN or ImageJ. To count the number of DNA protrusions, and 

DNA damage foci, confocal image stacks were three-dimensionally reconstructed and displayed 

as maximum intensity projections. Protrusions lengths were both counted and measured by the 

presence of DAPI signal beyond the lamin-B rim of the nucleus. Nuclear rupture was detected by 

an increase of the cytoplasmic NLS-GFP signal, or the localization of cGAS-mCherry to the 

nucleus. For better visualization of NLS-GFP and 53BP1 cells many of the fluorescent single 

color image sequences were inverted. Graphs were generated in Excel (Microsoft), and figures 

were assembled in Illustrator (Adobe). 

 

Statistical Analysis 

Unless otherwise noted, all experimental results were taken from at least three independent 

experiments and in vivo data is taken from six animals. We used either student’s t-tests 

(comparing two groups) or one-way ANOVA (for experiments with more than two groups) with 

post-hoc tests. When multiple comparisons were made, we adjusted the significance level using 

Bonferroni corrections. All tests were performed using GraphPad Prism. Unless otherwise noted, 

* denotes p ≤ 0.05, ** denotes p ≤ 0.01, and *** denotes p ≤ 0.001. Unless otherwise indicated, 

error bars represent the standard error of the mean (SEM).  
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Results 

Although it had been previously determined that fibroblasts with lamin A/C mutations had 

mechanically softer nuclei, this mechanical defect had not been probed directly in muscle cells  

(Zwerger et al., 2013). In order to test this, myoblasts were isolated from three strains of lamin 

A/C mutant mice (Lmna–/–, LmnaN195K/N195K and LmnaH222P/H222P) and were tested using 

micropipette aspiration. This technique, as discussed in detail in Chapter 3, uses differential 

pressures to pull a nucleus into a pocket, or holding chamber, then forces it to squeeze into a 3 

µm wide × 5.5 µm tall channel. The relative mechanical stiffness can be inferred from the 

nuclear deformation into the 3 µm wide channel. Softer nuclei deform more and show longer 

protrusion lengths in the channel. All of the lamin mutant myoblasts were softer than their wild 

type littermates. Interestingly, the stiffness of the nuclei was inversely correlated with the 

severity of the phenotype such that the Lmna–/– and LmnaN195K/N195K are about one and a half 

times softer than the LmnaH222P/H222P nuclei and about two time softer than the wild type nuclei 

(Figure 23). Some lamin A/C mutations that do not seem to impair nuclear mechanics still have a 

severe muscle phenotype (Zwerger et al., 2013), pointing to other potential mechanisms. 

However, our observed trend is interesting and it would be exciting to probe myoblasts harboring 

other disease-causing lamin mutaitons. As a dystrophic control without nuclear envelope 

mutations, MDX mice showed no difference in nuclear stiffness compared to wild type. Each 

lamin A/C mutation likely has a slightly different effect on the overall mechanical stiffness of 

nucleus, which can be influenced by protein folding, meshwork assembly and connections to 

chromatin.   
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Figure 23. Lmna–/– and LmnaN195K/N195K muscle fibers have soft nuclei. Plot shows nuclear protrusion 
length vs. time for a panel of primary mouse myoblasts. Both the Lmna–/– (LMNA MUT) and 
LmnaN195K/N195K (N195K MUT) nuclei are significantly softer than wild type litter mate controls, 
confirming past strain experiment results from our laboratory. Interestingly, the LmnaH222P/H222P 
(H222P MUT) myoblasts are closer in stiffness to the wild types than to the mutants. 

 

Next, we asked whether the mechanical defects persisted during differentiation. This was 

important to assess due to the dramatic changes to the composition of the nuclear envelope that 

accompany muscle differentiation, such as the upregulation of lamin A/C and nesprin-1α and the 

recruitment of centrosomal proteins (Warren et al., 2005)  Although the micropipette technique 

works well for single cells, it cannot accommodate multinucleated myotubes. Therefore, we 

adapted the microharpoon technique (Chapter 2) to assess force transmission in differentiated 

myotubes (Figure 24).  
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Figure 24. Lmna–/– myonuclei are more deformable in response to local strain application in 
myotubes. A microharpoon was carefully inserted in the cytoplasm of differentiated myotubes (≥ day 5) 
at a distance of ≈10 μm from the nucleus and moved 15 μm at 1 μm/second. The nuclear strain was 
calculated by taking the change in the nuclear diameter (along the direction of the pull) from the initial 
diameter divided by the initial diameter. n = 16 – 24 cells per genotype. ***p < 0.001. Error bars are 
SEM. 

 

In addition to experiments where we applied local strain application to myotubes in order to 

measure nuclear deformability, we also gauged nuclear deformability and nuclear prestress by 

observing the resting aspect ratio of myonuclei. We observed an increase in the aspect ratio of 

mutant myonuclei compared to their wild type counterparts at day 10, which also suggests 

greater nuclear deformability. Reminiscent of the micropipette aspiration results, both the Lmna–

/– and LmnaN195K/N195K myonuclei showed significantly longer nuclei compared to wild type at 

day 10 post-differentiation onset (Figure 25). The LmnaH222P/H222P myonuclei, in comparison, did 

not show a significant difference to wild type using this assay. 
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Figure 25. Lmna–/– and LmnaN195K/N195K muscle fibers have elongated nuclei.  (A) Representative 
images of Lmna–/– and wild type myofibers after 10 days of differentiation. (B) Bar graph comparing the 
nuclear aspect ratio (major/minor axis) of Lmna–/–, LmnaN195K/N195K, and LmnaH222P/H222P muscle fibers with 
their wild type litter mates at 5 day and 10 day post differentiation. Error bars are SEM; more than 200 
nuclei were analyzed per condition. In agreement with the µPA experiments, the more deformable LMNA 
and N195K myonuclei had a greater nuclear aspect ratio compared to controls. In contrast, the H222P 
myonuclei were similar to wild type controls.  

 

Lamin A/C-mutant myotubes develop chromatin protrusions  

The most striking feature of these images was not the change in aspect ratio, but the presence of 

chromatin breaking out of the nuclear lamina into the cytoplasm (Figure 26). There have been 

anecdotal reports of chromatin protrusions in EDMD patient samples, but these have often been 

dismissed as sample processing artifacts. Here, we provide the first characterization of 

myonuclear chromatin protrusions in a well-controlled in vitro system. We defined chromatin 

protrusions as DNA that extends beyond the lamin B nuclear rim stain. Lamin B remains stable 

throughout differentiation and contributes minimally to nuclear stiffness (Lammerding et al., 
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2006). We characterized the severity of the chromatin protrusions, classifying them based on 

length, with protrusions shorter than 5.5 µm denoted as ‘blebs’ and those longer than 15 µm 

denoted as ‘tethers’ (Figure 26A). Excitingly, the percentage of nuclei with chromatin 

protrusions correlated with both the nuclear mechanics and phenotype severity. Roughly 40% of 

the Lmna–/– and 30% of the LmnaN195K/N195K myonuclei exhibit chromatin protrusion by our 

definition. Interestingly, this percentage remains constant between day 5 and 10 post-

differentiation, even while myofiber contractions are increasing. The LmnaH222P/H222P myonuclei, 

in contrast, trend upwards in percentage of nuclei with chromatin protrusion from day 5 to day 

10 (Figure 26 C). For all lamin A/C mutations, the fraction of tethers increased over time from 

day 2 to day 10 of differentiation (data not shown). To verify that this nuclear phenotype was not 

an artifact of an in vitro culture system, we confirmed the presence of nuclear rupture in vivo. 

Single muscle fibers provide an in situ view of whole nuclei in a given fiber, avoiding the 

possible artifacts introduced by cutting cross sections. This isolation method was used to 

evaluate both Lmna–/– and LmnaH222P/H222P mice. For both genotypes, roughly 5% of myonuclei 

showed chromatin protrusions at an advanced stage of the muscle phenotype (Lmna–/– at 5-6 

weeks and LmnaH222P/H222P at 22 weeks). Wild type litter mates did not show chromatin 

protrusions (data not shown).  To investigate the progressive nature of the phenotype in the 

LmnaH222P/H222P mice, both pre-phenotype onset (6 weeks) and post phenotype onset (22 weeks) 

mutant and wild type littermates were sacrificed for single muscle fiber isolation. Matching the 

in vitro data, there was a progressive increase from 1% to 5% of the nuclei that showed 

chromatin protrusions in vivo, as well as significant changes in nuclear morphology going from 

more rounded to elongated and misshapen (Figure 26D).    
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Figure 26. Lamin mutant myofibers have nuclear blebs, chromatin protrusions, and tethers. (A) 
Representative images of three kinds of chromatin protrusions (yellow arrows) and their quantitative 
definitions. Images are of myonuclei from H222P myoblasts after 7 days of in vitro differentiation on 
cell-tak/matrigel-coated glass. (B) In general, chromatin protrusions lack nuclear pores but are enclosed 
by nuclear membranes as shown by immunofluorescence. (C) Plot showing the percentage of nuclei with 
chromatin protrusions at days 5 and 10 post-differentiation for each of the laminopathy cell lines and WT. 
More than 200 nuclei were evaluated per cell line. Chromatin protrusions are absent in wild type cells, but 
are strikingly prevalent in lamin A/C-mutant cells and do not decrease in frequency over time. Error bars 
represent SEM. ***p < 0.001 compared to wild type. (D) Myonuclei from isolated single muscle fibers 
display similar nuclear defects as seen during vitro differentiation. Single fibers were isolated from the 
mouse EDL or plantaris muscle. Representative images show progressive chromatin protrusions in H222P 
mice, pre and post-phenotype onset, while WT myonuclei appeared normal. These findings support the 
physiological relevance of our in vitro differentiation model, which could present an attractive option for 
therapeutic screening. 

 

Although these chromatin protrusions did not contain lamin B, we wanted to determine if the 

chromatin was surrounded by a nuclear membrane. Emerin enrichment in the protrusions 

suggested that they were membrane bound (Figure 26B). Nesprin-1 was often found in tethers, 

but frequently had an abnormal distribution. Chromatin protrusions also lacked nuclear pore 

proteins, signifying that the membrane surrounding the protrusions is abnormal.  

 

So far, our results fit the mechanical hypothesis— that fragile nuclei are more subject to damage 

in mechanically stressed tissue; however, we wanted to confirm that the defect was intrinsic to 

the nucleus and not the result of a signaling defect or other structural abnormalities plaguing the 

whole muscle fiber.  To test this hypothesis we created hybrid fibers that had both Lmna–/– and 
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wild type myonuclei. Myoblasts were mixed at a 1:1 ratio, which created a final ratio of 4:1 wild 

type to Lmna–/–, which we believe is due to cell death, differentiation defects or proteins 

expressed from mRNA from neighboring nuclei (Figure 27). This hybrid approach allowed for 

visualization of single nuclei that were missing Lamin A/C and for the quantification of 

chromatin protrusions in each nucleus. We found that there was no protective effect from the 

wild type signaling on the Lmna–/– myonuclei measured by the percent of cells showing 

protrusions. 

 

 
Figure 27. Muscle fiber ‘hybrids’ show that nuclear damage is intrinsic to lamin A/C-deficient 
nuclei. (A) Different ratios of lamin-deficient and wild type myoblasts were mixed in order to get the 
ratios shown in the schematic. (B) Myotubes were differentiated for 10 days, fixed and stained for lamin 
A/C, lamin B and DNA. (C) The percentages of myonuclei with chromatin protrusions were characterized 
and correlated with the lamin A stain. The same percentage of lamin A/C-deficient myonuclei were 
ruptured in the hybrid myotubes compared to the isogenic myotubes, suggesting that the cause of nuclear 
damage is intrinsic to the nuclei.  

 



 
 

101 
 

To further support that the chromatin protrusions were a direct consequence of the lamin A/C 

mutation, we reintroduced Lamin-A into the Lmna–/– myotubes. This reintroduction showed an 

almost complete rescue of the chromatin protrusion phenotype at 10 days of differentiation, as 

well as a mechanical rescue, as indicated by the reduction in nuclear protrusion length over time 

during micropipette aspiration (Figure 28).  

 

 
Figure 28. Re-introduction of lamin A rescues nuclear stiffness and rupture in lamin A/C-deficient 
myoblasts. Lamin-A/C-deficient myoblasts were transiently transfected with lamin A plasmid (A) and 
assayed with micropipette aspiration, which showed a reduction in nuclear protrusion length, approaching 
that of wild type myoblasts (B). Re-expression of lamin A also rescued the chromatin protrusion defect as 
shown by immunofluorescence staining (C). 

 

Our lab had previously found that lamin A/C deficient cancer cell nuclei undergo nuclear 

envelope rupture and repair during confined migration (Denais et al., 2016). As EDMD patient 

data shows the presence of cytoplasmic proteins and organelles in the nucleus, we wanted to 

further evaluate whether these Lmna–/– myonuclei also had a rupture phenotype. To assay this, 

we co-transfected myoblasts with a stable histone marker (H2B-tdTomato) and a soluble NLS-
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GFP that loses its nuclear compartmentalization following loss of nuclear membrane integrity. 

The NLS-GFP reestablishes nuclear localization after the membrane repairs. In differentiated 

Lmna–/– myotubes, we observe frequent nuclear ruptures, as evidenced by the loss of nuclear 

GFP signal (Figure 29). To confirm this phenotype, and to more easily track the presence of 

nuclear rupture over time, we introduced a cGAS-mCherry cytoplasmic DNA reporter into the 

myoblasts. The cGAS-mCherry reporter also indicates the rupture location, as it firmly binds to 

the genomic DNA at the rupture site and persists even after membrane repair (Denais et al., 

2016). As expected from the observations of NLS-GFP, Lmna–/– myotubes progressively 

accumulated cGAS while wild type myotubes had only low levels of cGAS-mCherry foci 

(Figure 29B-D).   

 

 
Figure 29. Lamin A/C-deficient myotubes have progressive nuclear envelope rupture. (A) To 
investigate NE integrity, Lmna–/– myoblasts expressing NLS-GFP and H2B-tdTomoato histone label were 
imaged continuously at 10 minute intervals overnight using a confocal microscope. Several myonuclei 
exhibited uncontrolled exchange of the NLS-GFP with the cytoplasm (red arrow heads), signifying a 
transient loss of NE integrity. In some cases, the NLS-GFP is re-imported into the same nucleus (as 
shown here) once NE integrity is restored, while other cases feature diffusion and import of NLS-GFP 
into neighboring myonuclei. (B) Cytosolic DNA present in Lmna–/– fibers. Lmna+/+ and Lmna–/– 
myoblasts were stably modified to express the cytosolic DNA sensor cGAS fused to an mCherry 
fluorophore (cGAS-mCherry). cGAS-mCherry binds to genomic DNA exposed to the cytoplasm DNA. 
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Differentiating myoblasts (Lmna+/+ + cGAS, Lmna–/– + cGAS) were imaged every 30 minutes for over 
two weeks using an incubator-mounted IncuCyte microscope.  Representative images of cGAS 
accumulation in wild type versus  myotubes at 5 days post-differentiation imaged at 20× magnification. 
(C) Plot of total cGAS-mCherry foci per well over time for each cell type. Acquisition began upon switch 
to differentiation media. (D) Inlay shows preferential foci accumulation in chromatin blebs.  

 

Lamin A/C-deficient myotubes have progressive DNA damage 

The high percentage of both chromatin protrusions and nuclear envelope rupture in the lamin 

mutant myotubes led us to explore the potential consequences of this damage to the nucleus. 

Given the impact of shear stress and cytoplasmic DNAses, we chose to first look at the DNA 

damage response. The DNA damage response is primarily activated in response to double strand 

DNA breaks (DSB). When there is a DSB, gamma-H2AX is recruited to the break site followed 

later by 53BP1 which aids in homology directed repair and non-homologous end joining 

(Blackford and Jackson, 2017). Gamma-H2AX foci were counted and both the percent of 

damaged nuclei and the extent of damage was evaluated (Figure 30). The Lmna–/– myotubes 

showed an increase in both percentage and extent of damage and display a progressive DNA 

damage phenotype.  
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Figure 30. DNA damage detection in lamin A/C mutant myofibers using anti-gamma-H2AX 
antibody staining. (A) A plot of gamma-H2AX foci accumulation in LMNA myofibers over at 5 and 10 
days of the differentiation time course. Lmna–/– fibers have significantly more gamma-H2AX positive 
nuclei per fiber than wild type controls at 10 days post-differentiation, with progressive accumulation of 
double strand DNA breaks in Lmna–/– fibers from 5 to 10 days. More than 200 nuclei per cell type were 
analyzed per time point. Error bars are SEM. (B) Immunofluorcence micrograph of N195K myotubes at 5 
day post-differentiation. Gamma-H2AX accumulation is shown in red. Scale bar: 50 µm. Compared to 
wildtpe (C), Lmna–/– myofibers (D) had more damage, and a greater fraction of nuclei with a greater 
extent of damage characterized by foci number. The two highest levels of damage are shown in red and 
pink, respectively.  

 

Although the lamin mutant myoblasts showed greater DNA damage, the damage did not always 

localize distinctly in the protrusions, or even in the main nuclear body of nuclei with protrusions. 

We know from time lapse movies that the process of nuclear envelope rupture and chromatin 

protrusion and tether formation is a dynamic process that cannot be fully characterized in fixed 

cells. To visualize the DNA damage repair pathway in live cells, we generated 53BP1-mCherry 

constructs and stably modified lamin mutant and WT myoblasts (Figure 31A). The 53BP1 
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reporter showed accumulation in chromatin protrusions, indicating extensive DNA damage in 

these regions. Of note is the fact that the Lmna–/– myotubes had higher basal levels of 53BP1 by 

at least day 7 of differentiation. These levels, even over 20 hours of imaging (Figure 31D), 

continued to increase more rapidly in the Lmna–/– myotubes indicating that DSBs are occurring 

at a faster rate than in the wild type counterparts. This analysis correlates with the increase in 

cGAS positive nuclei over time that continued to increase for the entire 10 day duration of the 

experiment.  

 

 
Figure 31. DNA damage detection using 53BP1 reporter. (A) Red box shows 53BP1 domain that was 
fused to an mCherry fluorophore and stably expressed in myoblasts. Diagram taken from N. Dimitrova et 
al., Nature 2009. (B) Immunofluorcence micrograph (maximum intensity projection) of Lmna–/– myotubes 
at day 7 post-differentiation. 53BP1 foci preferentially accumulated on chromatin blebs and tethers. 
Myoblasts stably expressing the 53BP1 reporter were imaged every 10 minutes overnight on a confocal 
microscope. (C) A plot comparing the average total area of 53BP1 foci in Lmna+/+ and Lmna–/– myofibers 
at day 7 post-differentiation. ***p < 0.001.    

 

Thus far, we have shown that defects in Lmna mechanically destabilize the nucleus, resulting in 

chromatin protrusions, nuclear envelope ruptures and DNA damage. However, what is the main 
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force-transmitting element driving the formation of chromatin protrusions? And is there a way to 

rescue the nuclear defect by targeting this element?     

 

As shown in Chapter 2, the LINC complex transmits forces from the cytoskeleton (e.g., actin and 

microtubules) to chromatin in the nucleus via lamin A/C. In muscle, actin interacts with myosin 

motors to generate contraction forces and also coordinates nuclear positioning to the periphery of 

mature myofibers. Microtubules form the tracks that transport myonuclei during early stages of 

differentiation and are believed to play a mechanical role in reinforcing myonuclei through direct 

interactions with the nuclear envelope (Wang et al., 2015). There is also cross-talk between the 

actin and microtubule networks. Stabilized microtubules contribute to myofiber viscoelasticity 

and behave as mechanotransducers to activate NADPH oxidase 2 at the sarcolemma (Prosser et 

al., 2013). This can promote myopathy in cases when the force balance is perturbed, such as in 

DMD when the sarcolemma is destabilized in the absence of functional dystrophin, leading to 

calcium influx and the release of reactive oxygen species (ROS). Other proteins like 

spectraplakins directly cross-link actin and microtubules (Wang et al., 2015). 

 

Targeting the microtubule cytoskeleton 

We decided that microtubules were an attractive target for several reasons. First, we did not 

detect obvious differences in the myosin heavy chain (MyHC) immunostain between lamin-

deficient myotubes and healthy controls (data not shown). Additionally, the use of the calcium-

channel blocker Nifedipine to inhibit myofiber contractions failed to rescue the nuclear damage 

phenotype, showing that in the absence of contractions, the chromatin protrusions can still form. 

Lastly, inhibiting actomyosin contractility in muscle is not very practical. Turning our focus to 
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the microtubule cytoskeleton, we attempted to visualize polymerized tubulin around the nucleus 

using a pre-extraction fixation method to remove the soluble tubulin combined with high 

resolution microscopy. Figure 32 shows the presence of a tubulin “void” at the poles of several 

myonuclei. Interestingly, chromatin protrusions are most often observed at the poles.   

 

 
Figure 32. Perinuclear tubulin structure is perturbed in Lmna–/– myotubes. 63× images (z slice 
through the middle of the myofiber) were taken using a confocal microscope and heat maps were 
generated of anti-α-tubulin fluorescence intensity following pre-extraction to washout the soluble tubulin 
fraction. The myonuclei are pseudo-colored red. 

 

To better understand this defect in perinuclear intensity, we performed a Nocodazole wash-

out/microtubule regrowth assay. On day 4 of differentiation, myotubes were treated with a high 

dose of Nocodazole for 2 hours to completely depolymerize the microtubule network. 

Microtubules were allowed to grow back for 4 minutes either with or without the presence of 

Paclitaxel. The Lmna–/– cells showed a longer, more fibrillar mictrotubule structure after 4 

minutes of regrowth compared to the WT cells (Figure 33). In this case, the specific relationship 

between tubulin intensity and chromatin protrusion was investigated. Overall, the intensity of the 

perinuclear mictrotubles structure was the same in Lmna–/– cells compared to WT. However, 

when looking specifically at the myonuclei that showed chromatin protrusions, we saw that these 
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nuclei had a disproportionately high amount of low perinuclear intensity staining. Whether 

microtubule depletion around nuclei with protrusions is a cause or consequence remains to be 

proven, but this may indicate a link between poor microtubule reinforcement and mechanical 

vulnerability at the nuclear membrane. Given these observations, we hypothesized that 

reinforcing the microtubule network could have a rescue effect. 

 

 
Figure 33. Nocodazole washout and microtubule regrowth. (A) Nocodazole treatment (20μM, 2hr) 
was used to disassemble microtubules. A subset of myotubes were allowed to recover in differentiation 
medium for 4 minutes. Cells were pre-extracted with 1% triton-x-100 in PHEM buffer, PFA fixed and 
stained for nesprin-1, α-tubulin and DAPI. (B) Quantification showing that Lmna–/– myonuclei can still 
nuclei microtubules. (C) A greater fraction of myonuclei with chromatin protrusions have low perinuclear 
tubulin compared to non-protruded nuceli. **p < 0.01. 

 



 
 

109 
 

To that end, we treated differentiating myotubes with various pharmacological agents to perturb 

the microtubule cytoskeleton and quantified the percent of myonuclei with chromatin protrusions 

following treatment. Destabilization of the microtubule network using Nocodazole increased 

chromatin protrusions by ~30%, while microtubule stabilization using Paclitaxel (a well-

established chemotherapy drug) decreased chromatin protrusions by ~30% (Figure 34). It should 

be noted that the Paclitaxel dose used in our study was much lower than the dose used to 

interrupt cell division in mitotic cancer cells. Paclitaxel did not overtly affect myofiber viability 

or nuclear positioning; however, it appeared to retard nuclear movements based on visual 

inspection. Paclitaxel-treated Lmna–/– cells were more contractile than DMSO-treated 

counterparts, suggesting that the drug improves myofiber health. Myofiber health was unaffected 

in WT myofibers treated with Paclitaxel.   

 

 
Figure 34. The effect of various pharmacological agents on chromatin protrusions in LMNA 
myoblasts. Treatments were administered to differentiated Lmna–/– myotubes in two 24 hours bursts at 
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day 4 and day 6-post differentiation with a 24 hour recovery in between. Myotubes were then fixed in 
PFA at day 7 and stained with anti-lamin-B and DAPI to quantify the percentage of myonuclei with 
chromatin protrusions. Doses were 0.1% DMSO, 75 nM Nocodazole, 50 nM Paclitaxel, 40 nM 
Remodelin and 10 μM for Nifedipine. Error bars are SEM. *p < 0.05, **p < 0.01 compared to DMSO. 

 

Remodelin, an acetyltransferase inhibitor identified in a screen for compounds that rescue 

nuclear shape defects in laminopathies, significantly improved the percentage of chromatin 

protrusions as well (Larrieu et al., 2014). Remodelin also targets microtubules and is thought to 

decouple them from centrosomes, thus relieving stress on the nucleus. We did not pursue 

Remodelin as a potential therapeutic because of its side effects on myonuclear spacing (Figure 

35), which is critical for overall muscle health. Paclitaxel treatment did not impair myonuclear 

spacing. 

 
Figure 35. Remodelin rescues chromatin protrusion defect but impairs nuclear spacing in lamin-
deficient myotubes. Fluorescent micrograph of day 10 lamin-deficient myoblasts treated with 20 nM 
Remodelin starting at day 5. DAPI is shown in blue and lamin B in red. Imaged at 10× on an inverted 
microscope.  

 

After observing this striking effect of Paclitaxel treatment on chromatin protrusions, we began to 

evaluate the effect of the microtubules on the mechanical properties of the nucleus. We returned 

to the micropipette aspiration assay (Figure 36). Although there were consistent trends within 
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genotype groups, with Nocodazole slightly softening and Paclitaxel slightly stiffening the 

nucleus, the drugs had a very mild effect overall, and we did not observe statistically significant 

effects. This did not come as a major surprise, since microtubule organization changes drastically 

during myoblasts differentiation.  

 

 
Figure 36. Microtubule modulating drugs do not significantly alter nuclear mechanics in myoblasts. 
Micropipette aspiration was repeated after treating myoblasts for 24 hours with different microtubule- and 
chromatin-modifying drugs at the following concentrations: 100 nM Paclitaxel, 200 nM TSA, 75 nM 
Nocodazole, 0.1% DMSO. Quantification of nuclear protrusion length over time shows a greater variation 
between genotypes than from the effect of the treatments within a single genotype. 
 
 

To probe the effect of Paclitaxel on nuclear deformability and force transmission in developed 

muscle, we once again used the microharpoon (Figure 37). Paclitaxel reduced the amount of 

nuclear strain in Lmna–/– fibers, supporting the idea that microtubules are stabilizing the nucleus.  
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Figure 37. Microtubule stabilization alters force transmission to the nucleus in myofibers. (A) A 
microharpoon was carefully inserted in the cytoplasm of differentiated myotubes (≥ day 5), after 24 hour 
treatment with 50 nM Paclitaxel or 0.1% DMSO, at a distance of ≈10 μm from the nucleus and moved 15 
μm at 1 μm/second. Representative image is of a wild type fiber. Yellow double arrow shows nuclear 
deformation along the axis of the pull. The white dotted line shows the outline of the microharpoon. Scale 
bar = 20 μm. (B) A plot of the nuclear strain along the pull-axis for wild type and Lmna–/– myofibers. The 
nuclear strain was calculated by taking the change in the nuclear diameter (along the length of the pull) 
from the initial diameter divided by the initial diameter. n = 16 – 24 cells per genotype. *p < 0.05, 
*** p < 0.001. Error bars are SEM. 

 

Paclitaxel-treated Lmna–/– myofibers display an increased ability to resist pulling forces on the 

nucleus. Evidence from the Remodelin studies and time lapse videos looking at the formation of 

chromatin protrusions indicate that a pulling force is responsible for the unraveling of DNA into 

a protrusion or tether. Through manipulations with the harpoon, we could extend a chromatin 

tether just by pulling on it. During the harpoon stretching, tethers at the leading edge developed 

slack as the nucleus moved in the direction of the tether. This also indicates that the chromatin is 

actively pulled out of the nucleus (Figure 38).  
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Figure 38. Extension of chromatin protrusion using the microharpoon. A glass microneedle was 
inserted into the cytoplasm of a Hoechst-stained Lmna–/–myotube at the end of a chromatin tether (yellow 
oval) and manually pulled outward from the nucleus. The chromatin tether was extended over 50μm 
(yellow line from oval to arrow). Force from the microharpoon appears to both unravel chromatin from 
the nucleus and stretch the existing tether, as indicated by tracking bright chromatin foci (green arrow 
heads).  

 

Early on, we tried treating myotubes with a dynein-inhibitor, but this did not influence protrusion 

formation. We next investigated kinesin-1, a plus-end directed microtubule motor protein 

responsible for interacting with microtubules and the LINC complex to drive nuclear movement 

toward the ends of fibers. We saw an almost complete elimination of DNA tether formation with 

knockdown of Kifb5 that exceeded the effect of Paclitaxel by 50% (Figure 39). In comparison, 

nesprin-1 knockdown had no effect on the frequency of chromatin protrusions, likely due to 

redundancy between nesprin isoforms. 
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Figure 39. Depletion of Kif5b, a kinesin-1 motor subunit rescues the nuclear protrusion phenotype. 
(A) Representative immunofluorescence images showing a depletion of Kif5b in Lmna–/– myofibers. 
Myoblasts were transfected twice prior to differentiation with siRNA against Kif5b, nesprin-1 (Nes1) or a 
non-target sequence (NT) using RNAiMAX transfection reagent. Myotubes were PFA-fixed at day 5 
post-differentiation and stained for lamin B1, Kif5b (or Nes1, not shown), and DAPI. Scale bar = 100 μm. 
(B) Quantification of the percentage of myonuclei with chromatin protrusions in differentiated myoblasts 
treated with the aforementioned siRNAs. ** p  < 0.01 compared with non-target control (NT). 

 

This data confirms the role of microtubules in chromatin protrusion formation and highlights 

kinesin-1 as a probable force-transmitter which drives nuclear damage in Lmna–/– myofibers. The 

effect of Paclitaxel on kinesin-1-microtubule interactions will be a future area of investigation. 

We demonstrated that microtubule stabilization functionally reinforces the myonuclei and causes 

retraction of chromatin protrusions; however, does promoting microtubule stability also rescue 

nuclear envelope rupture and DNA damage?  

 

Microtubule stabilization rescues nuclear envelope rupture and DNA damage  

Treating Lmna–/– myotubes with a low dose of Paclitaxel immediately started to stabilize the 

presence of nuclear envelope ruptures as assayed by cGAS-mCherry in an incubator microscope. 

Paclitaxel treatment starting at day 4.5 not only prevented the accumulation of additional cGAS 

foci, but actually reversed the trend and showed significant recovery of the pre-existing foci 

(Figure 40). In terms of DNA damage, Paclitaxel reduced the percentage of nuclei with gamma-
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H2AX foci by approximately 25% (quantification not shown). These findings suggest that 

microtubule stabilization may be a potential therapeutic target in Emery-Dreifuss Muscular 

Dystrophy.       

 

Discussion 

The mechanism by which laminopathies such as EDMD cause muscle-specific phenotypes, 

despite the nearly ubiquitous expression of lamin A/C, has long puzzled researchers. Here, we 

show that loss of lamins and mutations linked to muscular dystrophy reduce nuclear stability in 

primary mouse myoblasts, and result in severe nuclear damage in myofibers in vitro and in vivo. 

The nuclear defects included severe loss of NE integrity and chromatin protrusion across the 

nuclear lamina that span up to tens of micrometers into the myofiber cytoplasm. Using a novel in 

vitro myofiber differentiation assay, we found that both frequency and extent of nuclear damage 

progressively increased with myofiber differentiation in lamin mutant cells. Concurrently, we 

found that nuclear defects were associated with increased DNA damage, resembling our previous 

findings in cells that experienced NE rupture during confined migration (Denais et al., 2016). 
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Figure 40. Nuclear rupture in lamin-deficient myofibers is regulated by microtubules and can be 
rescued by microtubule stabilizing drugs. (A) A summary plot of the microtubule-modifying drugs 
shown in Figure 34. (B) Lamin-deficient and wild type myoblasts were switched to differentiation media 
and imaged continuously using an incubator microscope. Treatments were administered at day 4 (blue 
dotted line) and maintained in differentiation media (changed every other day) until the end point of the 
study. In addition to less cytoplasmic DNA, Paclitaxel-treated myotubes also have less gamma-H2AX 
foci as shown by immunofluorescence imaging (C).   

 

Several of our findings converged on microtubules as the primary driver of nuclear damage in 

our model. To our surprise, it was not the robust acto-myosin contractile forces, but rather the 

microtubule-mediated forces used to shuttle myonuclei through the fiber which were the culprit. 

Our working model is summarized in Figure 41 below: 
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Figure 41. Working model of how lamin A/C mutations cause myofiber pathology which can be 
improved by promoting microtubule stability. Lamin A/C mutations render the nuclei mechanically 
weaker in an environment where they are subjected to extensive nuclear translocation. This translocation 
leads to chromatin protrusions and nuclear envelope rupture and DNA damage and thus the muscle 
pathology. Stabilization of microtubules decreases the number of protrusions and ruptures via mechanical 
stabilization of the nucleus and potential mitigation of the mechanical forces during migration. This leads 
to function rescue of the DNA damage, contraction strength, and early death.   

 

We are currently characterizing the effect of genotype and pharmacological treatment 

(Nocodazole, Paclitaxel, etc.) on nuclear movement (e.g., speed, % time in motion, spacing). 

Preliminary results show that Lmna–/– myonuclei are more motile, especially later in 

differentiation. Their nuclei fail to move to the periphery and dock, which is consistent with 

recent work highlighting the importance of nuclear stiffness in the ability to squeeze to the fiber 

periphery (Gomes, 2017). Interestingly, our current Paclitaxel dose (50 nM) seems to 

significantly slow down nuclear movements, while Nocodazole (75 nM) does not, even though 

others have used the same Nocodazole concentration to block myonuclear migration. Regardless, 

the data is self-consistent and suggests that the same forces that shuttle nuclei in the fiber are 

responsible for the chromatin protrusions. Future work will look more closely at the relationship 

between nuclear migration speed and nuclear damage. We are also missing the molecular details 
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of how kinesin, nesprin and microtubules interact and how Paclitaxel may change the interaction 

between Kif5b and microtubules.  

 

Lastly, we have identified some interesting DNA damage response targets that may change the 

way we understand the disease. For example, inhibiting the DNA-PK pathway promotes 

myofiber health, despite failing to rescue the nuclear damage phenotype. Additionally, we cannot 

rule out the potential for baseline DNA damage to drive the formation of chromatin tethers and 

protrusions. We still do not know what comes first:  the chromatin protrusion, the nuclear 

envelope rupture, or the DNA damage? However, we already have the tools required to answer 

these questions.     
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CHAPTER 5: THE ROLE OF THE LINC COMPLEX IN NUCLEAR MECHANICS AND 3D 
CELL MIGRATION5 

 

Introduction 

Nuclear positioning is crucial for both muscle development (e.g., myonuclear spreading during 

myotube formation) as shown in the previous chapter, as well as in cell migration. At the nuclear 

envelope of myoblasts and fibroblasts, protein arrays consisting of SUN2 and nesprin-2G LINC 

complexes bind dorsal actin cables to form so called transmembrane actin-associated nuclear 

(TAN) lines, which allows the cell to use retrograde actin flow to reposition the nucleus for 

migration (Luxton et al., 2010). Highlighting the importance of intact connections between the 

cytoskeleton and the nucleus, depleting either lamins, emerin, nesprin-1, nesprin-2, nesprin-3, 

SUN1 and SUN2, or plectin all result in an increased distance between the nucleus and the 

centrosome, along with inhibited cell polarization and migration (Hale et al., 2008; Lee et al., 

2007; Morgan et al., 2011; Niwa et al., 2009; Salpingidou et al., 2007).  

 

3-D cell migration through confined environments results in significant forces acting on the cell 

nucleus. As previously discussed, the nucleus is the largest organelle and resists deformation 

more than the surrounding cytoplasm. Because of this, the rate of nuclear deformation constitutes 

a limiting factor in cell migration through narrow constrictions (Davidson et al., 2014; Krause et 

al., 2013; Rowat et al., 2013; Wolf et al., 2013). In cells migrating through dense collagen 

matrices, large nuclear deformations and protrusions can be observed as the cell/nucleus 

squeezes through openings as small as ≈3 µm in diameter (Friedl et al., 2011; Wolf et al., 2013). 

                                                 
 
5 Oral Presentation at 2016 BMES Conference: 
The Role of the LINC Complex in Nuclear Mechanics and 3D Cell Migration; 
Gregory Fedorchak, Jineet Patel, Patricia Davidson, Jan Lammerding 
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The limit of nuclear compressibility appears to be ≈10% of the initial nuclear diameter as 

migration halts when trying to navigate smaller constrictions (Wolf et al., 2013). The role of the 

LINC complex in traversing these spatially-constrictive environments remains an open question.   

 

Using the same global LINC complex disruption approach outlined in Chapter 2, I asked whether 

force transmission through the LINC complex is necessary for confined cell migration. Since 

changes in the nuclear envelope composition not only disrupt force transmission between the 

nucleus and cytoskeleton (and possibly signaling pathways), but can also affect nuclear 

deformability, I supplemented the migration studies with micropipette aspiration in order to 

delineate changes in stiffness from force coupling. Ongoing research is aimed at further 

establishing the role of nuclear mechanics and nucleo-cytoskeletal connections in 3-D cell 

migration. One such study uncovered a potential functional link between nesprin-2 and non-

muscle myosin IIB (NMIIB) in facilitating cell transit through confined spaces using one of our 

PDMS microfluidic migration devices (Thomas et al., 2015). This is relevant in the context of 

cancer cell migration, where nuclear envelope composition is often altered, and also in the 

context of muscle regeneration, where satellite cells—existing in a confined microenvironment 

beneath the basal lamina and sarcolemma of muscle fibers—migrate to sites of damage.  

 

Materials and Methods  

Inducible LINC complex disruption plasmid construction and transduction 

To generate an inducible dominant-negative KASH fluorescently labeled with GFP, a GFP-

KASH4-TETON insert kindly provided by our collaborators was cloned into a pRetroX-Tight-

Pur vector. We will refer to this construct as GFP-KASH4. KASH4 is the KASH domain of 
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nesprin-4 (Roux et al., 2009). Ectopic expression of KASH4 has been shown to displace 

endogenous nesprin-2G and nesprin-3 from the nuclear envelope (Roux et al., 2009). As a 

control, two extra alanine residues were cloned onto the end of KASH4 to make GFP-

KASH4ext. This construct still localizes properly to the nuclear envelope but cannot bind SUN 

effectively, thus abolishing the dominant negative effect (Stewart-Hutchinson et al., 2008). A 

soluble GFP was also cloned into the pRetroX-Tight-Pur vector to serve as an additional control. 

A SS-HA-Sun1KDEL insert was cloned from pCDH-CMV-MCS-EF1-copGFP-T2A-puroSS-

HA-Sun1L-KDEL and ligated into the same pRetroX expression system. This construct is a 

soluble SUN domain with a signal sequence to localize to the nuclear lumen  (Crisp et al., 2006). 

293 GPG cells were transfected using Lipofectamine and the constructs of interest and viral 

particles were collected from day 3 to day 7. Human fibroblasts were first stably modified with 

an rtTA-Advanced transactivator which is required to express the gene of interest in the response 

vector, then with the construct with the gene of interest. 8 μg/mL of polybrene was used to 

enhance the infection. Cells were treated with 500 ng/mL Doxycycline for a minimum of 24 

hours to induce expression of the constructs of interest.     

 

Fabrication and use of microfluidic migration devices  

On the first day, doxycycline (500 ng/mL) was added to human fibroblasts in culture to induce 

expression of genes of interest (e.g., GFP-Kash4, GFP-Kash4ext). A PDMS migration device 

was prepared as described previously (Davidson et al., 2014). The device consists of 5 µm tall 

migration channels bounded by two unconfined regions with a height of 250 µm. The migration 

channels contain three rows of constrictions with a fixed height of 5 µm and varying widths, 

either 1, 2, or 15 µm (control channels). Cell seeding and media reservoirs were punched out of 

the PDMS using biopsy punches with diameters of 1.2 mm and 5 mm, respectively. Thin glass 
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slides were bathed in 0.2 M HCl for > 15 minutes, washed repeatedly with isopropanol and water 

and air-dried with compressed air. Microfluidic devices were first assembled by plasma treating 

the PDMS pieces and coverslips for 1 min, then immediately placing the PDMS pieces on the 

activated coverslips and gently pressing to form a covalent bond. The finished devices were 

briefly heated on a hot plate to 95°C to improve adhesion. Devices were flushed with 70% 

ethanol thrice, and then rinsed with autoclaved deionized water and PBS before being coated 

with extracellular matrix proteins. Devices were coated with fibronectin (Millipore) in PBS (3 

µg/mL) overnight at 4°C. 

 

On the following day, the fibronectin solution was removed and the devices were washed twice 

with PBS. Cell were trypsinized, centrifuged and resuspended in a small volume of DMEM 

growth media (400,000 cells/100 uL). Device reservoirs were prefilled with growth media 

+DOX and then aspirated out leaving only a very small volume in the microchannels. A small 

volume (8 μL) of cell solution was added to the 1.2 mm hole opposite the bypass channel. 

Aspirating 2 μL from the opposite 1.2 mm punch with a P-2 pipette helps to evenly distribute the 

cells. Media was slowly added to the loading reservoir on the proper side to push cells back out 

of the bypass channel. Cells were incubated overnight at 37°C to allow them time to begin 

entering the constriction channels.  

 

On the third day, a chemotactic gradient was established by simultaneously adding 90 uL 

imaging media (25mM HEPES, 10% FBS, 1% P/S + DOX) with and without 200 ng/mL PDGF 

to both reservoirs simultaneously. PDGF was only added to the reservoir opposite the cells to 

stimulate their migration. After allowing the gradient sufficient time to establish, the PDMS 
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device was sealed and imaged every 10 minutes on a confocal microscope equipped with an 

incubation chamber set to 37°C.          

 

Quantification  

For the analysis, two metrics were measured: transit time through constrictions and the success 

rate of cells migrating through constrictions. For transit time through the constrictions, we first 

determined a “start” and “end” threshold, 5μm from the entrance and exit of the constrictions 

(Figure 42). A cell would be noted as entering the constriction when its nucleus crossed the start 

threshold and exiting when nucleus clears the end threshold. The time difference between the 

two events was recorded as the transit time through a constriction. Migration success rate was 

evaluated by distinguishing between three different groups: ‘successful’ (when a cell enters and 

crosses the constriction), ‘unsuccessful’ (when a cell enters the constriction but ultimately backs 

out), and ‘died’ (when a cell enters a constriction and visibly undergoes apoptosis). For the 

control group and the LINC-disrupted experimental group, the percentage of cells that went into 

each separate group was determined. The GFP-tagged nuclear rim stain was used to track the 

nucleus.  

 

Proliferation rate quantification 

Cells were seeded at a density of 10,000 cells per well (96-well plate) and imaged every 30 

minutes in IncuCyte. Phase object confluence indicating the total cell area was calculated using 

the IncuCyte software and plotted as a function of time. To account for small variations in initial 

seeding density and to best compare the proliferation profiles, each curve was shifted as 

necessary to achieve an initial phase object confluence of 46 ± 1 % at time = 0 (Figure 42).     
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Micropipette aspiration experiments 

See Chapter 3 for detailed characterization of the device and protocol. Human skin fibroblasts 

with the inducible KASH4 construct were treated with doxycycline for 48 hours prior to 

micropipette aspiration. For Cytocholasin D (CytoD) treatments, cells were incubated with 4μM 

CytoD for 20 minutes prior to flowing through the device. Disruption of the actin cytoskeleton 

was verified by staining with Phalloidin.  

 

Statistical Analysis 

Unless otherwise noted, all experimental results were taken from at least three independent. For 

comparisons of success rate through narrow constrictions, we used a Chi squared test with a 

significance cutoff of p = 0.05.  For all other comparisons, student’s t-tests (comparing two 

groups) were used. All tests were performed using GraphPad Prism. Unless otherwise noted, * 

denotes p ≤ 0.05, ** denotes p ≤ 0.01, and *** denotes p ≤ 0.001. Unless otherwise indicated, 

error bars represent the standard error of the mean (SEM).  
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Results 

 
Figure 42. LINC-complex disruption does not affect cell migration throw tight constrictions. (A) 
Cells seeded at density of 10,000 cells per well (96-well plate) and imaged every 30 minutes in an 
IncuCyte microscope. To account for small variations in the original seeding density and to best compare 
the proliferation profiles, curves were shifted as necessary to achieve a y-intercept of 46 ± 1 (percent 
phase object confluence). (B) Fibronectin-coated migration device with a gradient of PDGF to drive cell 
migration of human fibroblasts. Scale bar = 50 μm. (C) Cell transit through the 15 × 5 μm control 
channels. The difference in transit time is not statistically significant.  (D) Cell transit through the first 
row of narrow 1 or 2 μm constrictions (left) with the corresponding success rate quantification (right). 
The difference in transit time is not statistically significant (p = 0.62). For the success rate quantification, 
the χ2 statistic is 0.96.  

 

To address nuclear stiffness as a potentially confounding factor on the ease of passage through 

the constrictions, we employed the micropipette aspiration assay (Chapter 3). Disrupting the 

LINC complex in both human fibroblasts and C2C12 cells did not have a statistically significant 

effect on nuclear stiffness. However, Cytocholasin D treatment to disrupt the actin cytoskeleton 

made both LINC-disrupted nuclei and control nuclei more deformable (p < 0.05) (Figure 43).   
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Figure 43. Disrupting the LINC-complex has a non-statistically significant effect on nuclear 
deformability in fibroblasts and myoblasts. (A) Plot of nuclear protrusion length over time for human 
fibroblasts during micropipette aspiration. LINC complex disruption did not significantly alter nuclear 
deformability (p = 0.07 at t = 60 s for LINC-disrupted cells versus mock control cells). Cytocholasin D 
treatment increased nuclear deformability of mock control and LINC-disrupted cells relative to respective 
non-treated controls (p < 0.05 at t = 40 s). (B) Plot of nuclear protrusion length measurements over time 
for LINC-disrupted C2C12 cells versus mock control (p = 0.10 at t = 200 s). 

 

Discussion 

The lack of difference in transit time between LINC-disrupted and control fibroblasts was 

surprising since we hypothesized that the LINC complex was critical for the force transmission 

necessary to drive confined 3D migration. We decided to investigate nuclear stiffness, since the 

presence of a softer nucleus has the potential to counteract a nucleo-cytoskeletal coupling defect, 

facilitating deformation through micron-sized constrictions. Using micropipette aspiration, we 

did not detect a significant difference in stiffness between LINC-disrupted fibroblasts and 

myoblasts and their respective controls.  

 

The discrepancy between our results, showing dispensability of the LINC complex during 

confined 3D migration, and data from Thomas et al. in which nesprin-2-depleted MDA-MB-231 

cells had impaired migration through constrictions, may result from cell type-specific differences 
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(MDA-MB-231 versus human fibroblast), differences in channel width (5 μm versus our 

narrower 1 and 2 μm channels) or from the differences in methods used to disrupt the LINC 

complex (global LINC disruption using a dominant-negative versus a targeted shRNA approach). 

We chose the dominant-negative approach because it should universally disrupt interactions 

involving KASH domain proteins at the nuclear envelope, regardless of isoform. However, the 

endogenous proteins are still present in the cell, and may still function in force transmission from 

the ER, where they are commonly displaced to.  

 

While we did not detect differences in our ‘success rate’ quantifications (Figure 41D), we did 

observe a substantial difference in the number of cells analyzed between the two cell types, even 

though we seeded cells at the same density and the cells proliferate at the same rate. Together 

this this suggests that fewer LINC-disrupted cells passed into the central region of the device 

(Figure 41A), where the ceiling drops from 250 μm to 5 μm. For future work, we should repeat 

the success rate quantification looking at this transition point, in addition to entrance into the first 

row of constrictions. Perhaps altered force distribution in LINC-disrupted cells impacts the 

decision making that dictates entrance into confined environments; however, once they commit, 

they behave similar to wild type cells. Future experiments, systematically depleting the nesprin 

isoforms individually and in tandem, along with nuclear stiffness measurements will help to 

decipher the role of LINC complex proteins in migration through narrow constrictions. 
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CHAPTER 6: THE EFFECT OF CELL DENSITY ON NUCLEAR MECHANICS AND 

LAMIN-A/C EPITOPE ACCESSIBILITY6 

 

Introduction 

The dynamic regulation of nuclear envelope proteins is one way in which cells can adapt to meet 

the demands of their environments. For example, the NE recruits microtubule-nucleating factors 

to both stabilize and transport myonuclei during muscle development (Gache et al., 2017), and it 

is possible that cells remodel their NE to facilitate migration through confined spaces. The model 

of lamins in the interphase nucleus as a static scaffold for neighboring proteins to bind is being 

replaced with a more complex and dynamic model, whereby NE proteins may mutually recruit 

and regulate each other based on cell microenvironmental cues and intracellular signals (e.g., 

force transmission). Recent data suggests that forces delivered to the nucleus by the LINC 

complex mediate lamin A/C epitope accessibility (Ihalainen et al., 2015; Kim and Wirtz, 2015). 

Lamin A/C epitope accessibility has been shown to correlate with histone acetylation patterns 

(Kim and Wirtz, 2015) and has also been used as a readout of lamin multimerization (Ihalainen 

et al., 2015). It is feasible that changes in epitope accessibility are indicative of alterations in 

protein binding, confirmation, or assembly which influence the mechnoregulation of 

transcriptional processes.  

 

                                                 
 
6 Project in collaboration with past Biomedical Engineering Masters student, Rachel Gilbert (RG). RG 
observed density-dependent variation in lamin A/C immunostains and performed initial characterizations. 
RG generated mNeonGreen-LMNA CRISPR knock-in cells (mNG-LMNA). GF performed mNG-LMNA 
cell sorting and validation. GF repeated RG’s density-effect characterization experiments, performed 
biophysical assays and pharmaceutical inhibitor studies.  
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Vogel and colleagues have observed that some, but not all lamin A/C antibody immunostains 

show apical-basal polarization, with lamin A/C epitopes at the basal NE rendered inaccessible by 

compressive forces acting on the nucleus (Ihalainen et al., 2015). Our lab has observed the same 

apical-basal polarization using similar lamin A/C antibodies and various cell types, and has 

additionally observed a density-dependent variation in lamin A/C signal intensity. 

 

Awareness of the cell-density-dependent variation in anti-lamin A/C signal intensity documented 

herein is critical for proper interpretation of immunocytochemistry experiments. A better 

understanding of the relationship between cell density and lamin A/C epitope accessibility will 

help to delineate changes in protein conformation from changes in protein expression and may 

reveal insights into the role of lamin A/C in gene regulation and mechanosensing pathways. 

Here, we ask: what nuclear and cytoskeletal components (e.g., chromatin compaction, cell 

contractility, LINC complex function, etc.) are responsible for the observed density-dependent 

changes in lamin A/C antibody immunostains? Additionally, do density-dependent changes to 

lamin A/C affect nuclear mechanical properties?  

 

Cell-density-dependent changes in gene expression have been reported for some genes (Schmitt-

Ney and Habener, 2004), but little is known about LMNA in this context. As a model to provide 

information on endogenous lamin levels and localization, we used a CRISPR-mediated knock-in 

approach to generate an MDA-MB-231 cell line with fluorescently-tagged lamin A/C expressed 

under the endogenous promoter. We performed several validation tests to confirm the proper 

location of the modified gene within the genome and that it does not interfere with normal 

nuclear mechanics. This cell line can be used to study lamin A/C dynamics in real time and also 
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provides a more accurate readout of lamin A/C protein levels than antibody staining, which can 

be obscured by epitope masking. The exposure of specific lamin A/C epitopes under specific 

microenvironmental conditions has major physiological implications. For example, epitope 

masking has been documented in regions of lamin A/C known to bind actin, emerin, DNA and 

SUN1/2 and in regions known to cause muscular dystrophies when mutated.  

 

Materials and Methods  

CRISPR knock-in generation 

CRISPR knock-in cells were generated by Rachel Gilbert, a past Biomedical Engineering 

Masters student in our lab. Lamin A/C ablation was achieved using lentiCRISPR v2 directed at 

exon 1 site 2 (spacer sequence: CATCGACCGTGTGCGCTCGC). Gibson assembly was used to 

generate the repair plasmid within a DTA killer gene backbone (PGKdta bpa) and consisted of 

an mNeonGreen fluorophore cloned from a pCDH mNeonGreen Prelamin A plasmid. The use of 

site directed mutagenesis to induce silent mutations in the repair construct prevented secondary 

cutting by CRISPR. MDA-MB-231 cells were plated in a 6-well plate and hit with recombinant 

adeno-associated virus (rAAV) (Addgene, pAAV TBG FFLuc) supernatant and allowed to 

incubate for 48 hours. Cells were split to reduce the density and then transiently transfected with 

the lentiCRISPR v2 E1E2 plasmid consisting of an insertion with Blasti-P2A-mNeonGreen. 

Cells were placed under high selection with blasticidin and subsequently sorted to enhance the 

population with strong expression. Both heterogenous and clonal populations were generated and 

used in experiments.  
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Cell sorting and clonal selection 

rAAV-modified MDA-MB-231 cells were sorted for mNeonGreen signal using the Cornell 

Imaging Facility FACS. rAAV-modified cells were used as controls. After two rounds of sorting, 

mNeonGreen-positive cells were enriched from < 10% to almost 100%. While some populations 

were left as heterogeneous, others were sorted based on intensity (high and low expression) in 

order to test distinct subpopulations. For clonal selection, cells were seeded at very low density 

in 10 cm2 dishes and grown for several weeks. Clonal rings and vacuum grease were used to 

select colonies for expansion.  

 

Cell culture and density characterization 

MDA-MB-231 cells and an immortalized human fibroblast line (Coriell Biorepository) were 

cultured in Dulbecco's Modified Eagle's Medium (DMEM; Invitrogen), high glucose 

(Invitrogen) supplemented with 10% fetal bovine serum (Aleken Biologicals), and 5% 

penicillin/streptomycin (Sigma). Serial dilutions were made starting with the cell density in a 

confluent T75 flask (1.0×, 14,000 cells/cm2) and diluted down to 0.5× (7,000 cells/cm2), 0.25× 

(3,500 cells/cm2) and lower. Cells were seeded onto fibronectin-coated (2 μg/mL) glass 

coverslips or glass-bottom 12-well plates. Alternatively, cells were seeded at the same density 

and collected at different time points to obtain the desired density. The mean fluorescence 

intensity of each nucleus (anti-lamin A/C immunostain or mNeonGreen-lamin A/C) was 

calculated from 20× images, acquired using an inverted microscope, averaged and plotted for 

each density. Quantifications were confirmed using a 63× imaging stacks so suggest that the 

density-dependent effects do not result from an imaging artifact.  
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Immunofluorescence staining 

Cells were fixed in pre-warmed (37°C) 4% PFA at the appropriate time point and washed with 

PBS. Cells were permeabilized with 0.1% Triton-X 100 and then blocked in 3% BSA for 1 hour 

at room temperature. Cells were stained with primary antibodies diluted in blocking solution 

according for 1 hour at room temperature or 4˚C overnight. We used Jol2 (LA/C-C, Abcam, 

cat#: ab40567) diluted 1:200, N-18 (LA/C-N, SCBT, cat#: sc-6215) diluted 1:200 and lamin B 

(SCBT, cat#: sc-6217, discontinued) or lamin B1 (SCBT, cat#: sc-374015) diluted 1:400. All 

other antibodies can be found in Table 2. Samples were then washed with PBS and incubated for 

1 hour at room temperature with 1:250 – 1:500 dilution of AlexaFluor antibodies (Invitrogen), 

and DAPI (Sigma) or Hoechst. Phalloidin (Invitrogen, cat#: A12379) was diluted 1:100.  

 

Biophysical assays  

For micropipette aspiration experiments, a confluent T75 flask was split 1:12 (~87,500 cells) into 

a T25, T75 and T150 flask 48 hours prior to experimentation to establish three different densities 

(low, medium, high).  Micropipette aspiration was performed on human fibroblasts according to 

the protocol outlined in Chapter 3. A pressure differential of 1.0 psi and 0.2 psi at the inlet and 

outlet reservoirs drove the flow of cells through the device. Images were acquired every 5 

seconds using an inverted microscope for a minimum of 60 seconds. Nuclear protrusion length 

was calculated using a custom-written MATLAB script.  

For microharpoon studies, human fibroblasts were seeded 24 hours prior to experimentation.  

The microharpoon was performed as previously described in Chapter 2. The microharpoon was 

inserted ~5 μm from the edge of the nucleus and pulled 16 μm at 4 μm/s. Images were acquired 
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at 40× every 5 seconds. Average nuclear strain and centroid displacement were calculated using 

custom-written MATLAB software. 

 

DNA isolation and PCR gel 

DNAzol Reagent (Invitrogen) was added to cells seeded in a 6-well plate and genomic DNA was 

isolated following the manufacturer’s instructions. The following primer pairs were used to 

evaluate proper insertion of the mNG tag into the correct location in the genome: 

mNeonGreen_seq_F = 5’ CCCAACGACAAAACCATCAT 3’, LMNA downstream_R = 5’ 

TGCAGTTGAGTAGGGTGGG3’, LMNA upstream_F = 5’AACTCCTTGATCCCTGGCC3’ 

and LHA (left homology arm) extract_R = 5’ACCGCCAAGCGATCAT 3’. Amplicons were 

amplified using Phusion DNA Polymerase (NEB). PCR products were run on an agarose gel 

using standard lab protocols and imaged.   

 

Immunoblotting 

Cells were either lysed in equal cell numbers in Laemmli sample buffer (Bio-Rad) containing 

0.1 M of Dithiothreitol (DTT) after trypsinization or in RIPA buffer supplemented with 

proteinase inhibitor (Roche). Protein content was measured in the RIPA cell lysates using a 

standard Bradford assay. All samples were heat-denatured (5 min at 95°C) in Laemmli sample 

buffer and separated by SDS-PAGE (Invitrogen). Proteins were transferred onto PVDF 

membranes (Millipore, IPVH00010) using semi-dry transfer method (Bio-Rad). Immuno-

detection was carried out with the following primary antibodies: anti-lamin A/C (Santa Cruz, sc-

6215, dilution 1:2000), anti--tubulin (Sigma, T5168, dilution 1:4000). Blots were probed with 
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HRP-conjugated antibodies (Biorad, dilution 1:1000; Jackson Immuno Research, dilution: 

1:10000).   

 

Activation and Inhibition of retinoic acid pathway 

Cultured cells were treated with either control solvent (0.15% EtOH, 0.15% DMSO in media 

with 10% FBS), solvent with all-trans retinoic acid (RA, 1 µM, Fisher Scientific) or solvent with 

inhibitor (AGN- 193109, 1 µM, Santa Cruz Biotechnology) for 48 hours. Proteins lysates in high 

salt RIPA buffer were also collected.  

 

Pharmaceutical inhibitor studies 

Human fibroblasts were seeded, at high (10,000 cells per well) and low (1,000 cells/well) 

density, into 96-well plates, allowed to adhere, and treated for 24 hours (unless otherwise noted) 

prior to fixation. The following treatments were used: 200 nM TSA, 75 nM Nocodazole, or 4 µM 

Cytochalasin D (30 minutes prior to fixation). A separate human fibroblast line stably modified 

to express a dominant-negative KASH (KASH4) was treated with 500ng/mL Doxycycline for 24 

hours prior to fixation to disrupt nucleo-cytoskeletal coupling. 

 

Results 

We observed a striking density-dependent variation in lamin A/C antibody fluorescence intensity 

using independent cells lines and multiple lamin A/C antibodies. The two main antibodies that 

we used were Jol2 (LA/C-C), with an epitope spanning residues 387-405 and 475-497, that is 

reported to decrease with increased lamin A/C multimerization (Ihalainen et al., 2015), and N-18 

goat polyclonal (LA/C-N), with an epitope residing in the N-terminus of lamin A/C (residues 1-

50, supplier’s information). Both of these antibodies preferentially stained the apical lamina, 
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with LA/C-C showing a more pronounced effect (compare Figure 44 with Figure 45). We 

observed the density-dependent variation using different methods to vary cell density. For the 

results in Figure 44, some cells were given more time to proliferate in their respective wells to 

increase the density. In other studies, cells were seeded at different densities and fixed and 

stained at the same time.  

 

 
Figure 44. Some lamin A/C antibody immunostains show density-dependent variation in 
fluorescence intensity. (A) MDA-MB-231 cells were seeded at a density corresponding to a confluent 
T75 flask (1.0×) and diluted down to 0.5× and 0.25×, moving from the bottom to the top of the figure. 
Cells were fixed and stained for lamin A/C using a Jol2 (LA/C-C) antibody, DNA using Hoechst and 
lamin B1. While lamin B1 levels stayed constant at different densities, the LA/C-C levels decreased with 
increased cell density. Images (z-stacks) were taken at 63× on a confocal microscope. (B) A 
quantification of lamin A/C: B1 levels of cells corresponding to a low of 7,000 cells/cm2 (low) to 45,000 
cells/cm2 (high). Cells were collected at different time points to obtain the desired density. The mean 
fluorescence intensity of each nucleus was calculated from 20× images, acquired using an inverted 
microscope, averaged and plotted for each density. Error bars are SEM.   
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Figure 45. N-terminus anti-lamin A/C antibody immunostain shows same density-dependent 
variation. MDA-MB-231 cells were seeded at high (1.5×) and low (0.125×) density and imaged (z-
stacks) at 63× on a confocal microscope. The staining exhibited the same trend as the LA/C-C antibody 
that targets a C-terminal epitope, but showed a loss of apical-basal polarity at high density.  

 

We next asked whether this change in antibody staining is due to changes in lamin A/C protein 

expression. Interestingly, immunoblotting of cell lysates for lamin A/C using the LA/C-C 

antibody did not match the immunofluorescence trends, suggesting that density-dependent 

variations in lamin A/C antibody immunostains are not due to changes in protein expression 

(Figure 46A). We also probed for lamins with phospho-Serine 22 (Ser), which is related to lamin 

A/C disassembly, such as during mitosis. Neither blot showed a statistically significant 

correlation with density. Additionally, projected nuclear area did not significantly correlate with 

lamin A/C:B1 staining ratio Figure 46D).  
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Figure 46. Density-dependent variations in lamin A/C antibody immunostains are not due to 
changes in lamin A/C protein expression, phosphorylation, or nuclear area. (A) Immunoblot probing 
lysates from MDA-MB-231 cells seeded at high (1.0×), medium (0.5×) and low density (0.125×) for 
LA/C-C. Proteins expression does not vary significantly with changes in density. The blot reveals similar 
or even higher lamin A levels at high densities, which is opposite the trend observed by 
immunofluorescence shown in Figure 44B. (B) Immunoblot probing MDA cells at different densities for 
lamin A/C consisting of phospho-Serine 22 (Ser), which is related to lamin A/C disassembly. (C) LA/C-C 
fluorescence intensity (normalized to lamin B1) is not correlated with projected nuclear area.     

 

To observe lamin A/C localization, processing and expression level changes in greater detail, we 

used CRISPR to insert an mNeonGreen tag at the N-terminus of endeogenous LMNA in MDA-

MB-231 cells (Figure 47). These cells will be referred to as mNG-LMNA. We characterized 

these cells using different biochemical and biophysical assays to show that the fluorescent 

marker is properly inserted under the endogenous promoter, and that the mNG-LMNA cells 

behave normally (Figure 47).  
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Figure 47. Validation of mNeonGreen-LMNA CRISPR knock-in cells (mNG-LMNA) as an effective 
tool to study endogenous lamin A/C. (A) Fluorescent micrograph showing proper localization of mNG-
tagged lamin A/C. (B) Immunoblot detection of LA/C-N and FLAG showing the shifted bands pertaining 
to the mNG-tagged, FLAG-tagged lamin A/C. The tagged lamin A/C proteins are a very small fraction of 
the total lamin A/C. (C) Schematic showing the 5’ end of the LMNA gene with and without the mNG 
inset. The two primer pairs used to validate the knock-in location are indicated by the blue and red arrows 
along with the predicted amplicon sizes. (D and E) PCR-products showing mNG-LMNA in the proper 
location in the genome. The first primer pair starts in the mNeonGreen and ends in the body of the LMNA 
gene, while the second primer pair sandwiches the entire gene and shows a shift indicative of inclusion of 
the mNG fluorophore. (F) Mechanical characterization using micropipette aspiration shows that the 
knock-in does not alter nuclear compliance. (G) mNG-LMNA cells respond similarly to activation and 
inhibition of the retinoic acid pathway using a 48 hour treatment with retinoic acid (RA) and inhibitor 
(AGN).  
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The mNeonGreen intensity in the mNG-LMNA cells should be a more accurate readout of 

protein expression compared to antibody immunostains. There was much less difference between 

mNeonGreen fluorescence intensity at high and low density compared to the drastic difference 

observed with LA/C-C staining (Figure 48). Additionally, the trend between high and low 

density was reversed, with cells at high density showing a mild increase in lamin A/C expression 

denoted by mNG-LMNA (Figure 48C). This was consistent with the immunoblot data (Figure 

46), which showed a modest increase in lamin A levels at high densities. 

 

 
Figure 48. Using mNeonGreen-LMNA CRISPR knock-in cells to confirm that density-dependent 
variations in lamin A/C antibody immunostains are not due to changes in lamin A/C protein 
expression. (A) Confocal slice of mNeonGreen-LMNA CRISPR knock-in MDA-MB-231 cells (mNG-
LMNA) fixed and staining with the LA/C-C antibody. Levels of mNeonGreen stay relatively constant 
while LA/C-C stains much brighter at low density. (B) Average LA/C-C mean fluorescence intensity for 
MDA-MB-231 cells seeded at high (1.0×) and low (0.125×) density. 40× images were acquired on an 
inverted microscope. Similar trends exist between non-modified parental cells and for mNG-LMNA cells 
and a clonal population of mNG-LMNA cells. Pooled from 2 independent experiments. n=150-265 cells 
per cell line, per condition. (C) Average nuclear fluorescence intensity corresponding to an excitation 
wavelength of 488. Parental signal represents background fluorescence. Cells at high density have slightly 
brighter lamin A/C signal. Pooled from 2 independent experiments. n = 150-265 cells per cell line, per 
condition.  

 

Next, we asked whether cells seeded at different density have differences in nuclear mechanical 

properties. We applied the microharpoon assay (Chapter 2) to adherent human fibroblasts seeded 

at various densities and quantified both the nuclear strain and centroid displacement in response 
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to microharpoon pulling. While there were some fluctuations in nuclear strain measurements, the 

overall trend did not correlate with the decrease in lamin A/C staining with increased density.  

  

 
Figure 49. Nuclear mechanics do not change with different densities. Human fibroblasts seeded at one 
of five densities were probed with a glass microneedle 5 µm from the edge of the nucleus. The 
microneedle was then moved 16 µm at 4 µm/second to cause displacement and deformation of the cell 
nucleus. (A) Nuclear strain was measured as the change in nuclear diameter at maximum pull divided by 
the initial diameter. Only the vector along the axis of the pull was considered. (B) Plot of the average 
centroid displacement in response to the microneedle pull as a function of density. (C) The same number 
of cells were seeded into three-different-sized culture flasks and grown up for 48 hours before assaying 
with micropipette aspiration. There was not a detectable difference in nuclear deformation in the 
micropipettes.   

 

We also seeded the same number of cells into different-sized cell culture vessels to simulate 

different densities and assayed these cells in suspension using micropipette aspiration (Chapter 
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3). It should be noted that we do not know how long the cells retain a “memory” of their density. 

We did not observe any density-dependent changes in nuclear deformability, which was in 

accordance with the microharpoon studies.   

 

Since the observed density-dependent changes in lamin A/C antibody immunostains did not 

reflect nuclear-intrinsic changes, as shown by the nuclear mechanics assessment and the protein 

expression data, we turned our attention to the cytoskeleton. We treated cells seeded at high and 

low density with various agents to disrupt cytoskeletal connections (Figure 50). Treating cells 

with Blebbistatin, a myosin inhibitor used to block contractility (data not shown), and disrupting 

the LINC complex using an inducible dominant-negative KASH cell line (see Chapter 2) did not 

alter the density-dependent trends in the antibody staining intensities. This was surprising since 

changes in cytoskeletal tension are known to cause differential apical-basal staining of the 

nuclear lamina using the same antibodies (LA/C-N and –C) (Ihalainen et al., 2015). This may 

point to a distinct mechanism that causes detectable changes in the overall intensity. The use of 

Nocodazole to disrupt microtubules had a slight effect and abolished the statistically significant 

difference in antibody fluorescence intensity between the high and low density condition. 

However, comparing Nocodazole-treated cells at high and low density with their respective 

untreated counterparts did not reveal a statistically significant difference. The strongest effect 

resulted from treatment with Cytochalasin D, a potent disrupter of actin polymerization. 

Cytocholasin D normalized the density-dependent immunostaining difference and significantly 

increased the signal at high density relative to the untreated control (p < 0.01). TSA treatment 

increased the staining intensity at both low and high density as expected, because it is a histone 

deacetylase inhibitor that relaxes the genome and promotes transcription.  
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Figure 50. The actin cytoskeleton mediates density-dependent changes in lamin A/C antibody 
immunostains. Human fibroblasts were seeded, at high (10,000 cells per well) and low (1,000 cells/well) 
density, into 96-well plates, allowed to adhere, and treated for 24 hours (unless otherwise noted) prior to 
fixation. The following treatments were used: 200 nM TSA, 75 nM nocodazole, or 4 µM cytochalasin D 
(30 minutes prior to fixation). A separate human fibroblast line stably modified to express a dominant-
negative KASH (KASH4) was treated with 500 ng/mL doxycycline for 24 hours prior to fixation to 
disrupt nucleo-cytoskeletal coupling. The results are based on averages from three independent 
experiments. **p < 0.01, *** p < 0.001. Error bars represent SEM. 

 

Discussion 

To our knowledge, density-dependent variations in lamin A/C immunostaining intensity have not 

been considered before. Both an awareness and an understanding of these variations are critical 

for a proper interpretation of immunostains. While lamin B1 staining remains constant over 

changes in cell density, lamin A/C staining intensity does not. By combining different tools and 

assays, we show that the density-dependent variation in lamin A/C antibody staining is not due to 

changes in protein levels, but rather to lamin A/C epitope accessibility that is dependent on F-

actin.  
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It is unclear precisely how F-actin contributes to the different levels of staining intensity. One 

possible mechanism is through direct binding. Lamin A/C has two F-actin binding domains, one 

in the Ig domain (461-536) and the other in the tail region (563-646) (Simon et al., 2010). Point 

mutations in the same region where LA/C-C binds (319-566)  have been shown to reduce F-actin 

bundling activity (Simon et al., 2010). While the LA/C-N antibody does not bind one of these 

actin-binding regions, lamin A/C head-to-tail dimer assembly may bring it into close proximity 

with the F-actin bundling tail region.      

   

Actin gene expression has been shown to vary with cell density (Schmitt-Ney and Habener, 

2004) and we have observed density-dependent variations in phalloidin staining which supports 

the possibility that increased F-actin can obscure lamin A/C epitopes. Actin has many roles in the 

cell and many binding partners. Therefore, it may influence lamin A/C epitope accessibility 

indirectly, as well as through direct binding. In our experiments, we used a 30 minute 

Cytocholasin D treatment to depolymerize F-actin. Fixation following shorter treatments will 

show whether the normalization effect between high and low densities occurs instantaneously or 

requires a more extensive biochemical pathway. It will be interesting to alter the F-actin:G-actin 

ratio using other chemical treatments to see if they yield the same effect. It is possible that cell 

density and/or cell spreading modulate the concentration of free actin in the nucleus in a way that 

renders lamin A/C epitopes accessible or inaccessible. Therefore, lamin A/C epitope display may 

reflect the actin polymerization status within the cell.  

 

Since we know that lamin A/C regulates MKL1-SRF activity by controlling actin dynamics (Ho 

et al., 2013), it will be interesting to test whether the expression of SRF target genes is altered at 
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different densities and whether changes in lamin A/C epitope display can directly affect or act as 

a biomarker for changes in transcription or nuclear transport. Perhaps subtle differences in lamin 

A/C epitope accessibility will illuminate the role of lamins in mechanosensing mechanisms, but 

future experiments will be necessary to address this question.      
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CHAPTER 7: INVESTIGATING THE ROLE OF LAMIN A/C IN MECHANOSENSITIVE 

GENE EXPRESSION USING PRECISION NUCLEAR RUN-ON SEQUENCING 

 

Introduction 

The role of the nucleus in mechanotransduction has yet to be fully characterized, and the 

question of whether the nucleus can act as a true “mechanosensor” is just starting to be 

addressed. Perhaps some of the strongest evidence for direct nuclear mechanosensing to date 

comes from a recent study showing that isolated nuclei adjust their stiffness in response to force 

application through nesprin-1 by recruiting lamin A/C to the LINC complex and thereby 

strengthening the nuclear envelope and nucleo-cytoskeletal coupling (Guilluy et al., 2014). The 

response is mediated by Src-dependent phosphorylation of emerin at two specific tyrosine 

residues (Tyr 74 and Tyr 95).  While the group did not look for changes in gene expression, and 

the use of isolated nuclei has limitations, this finding suggests that the nucleus may be able to 

rapidly sense and adapt to mechanical stress independent of upstream biochemical signals.  

 

Cells subjected to mechanical stimuli respond with fast (< 30 min) activation of characteristic 

‘mechanosensitive’ genes such as Egr-1, Iex-1, or Pai-1 that often represent immediate early 

transcription factors that turn on additional genes (Banerjee et al., 2014; Lammerding et al., 

2004). Intriguingly, cells lacking lamins A/C (Lammerding et al., 2004) or emerin (Lammerding 

et al., 2005) have significantly attenuated expression of Egr-1 and Iex-1 when subjected to cyclic 

strain, despite normal activation of cytoplasmic MAPK signaling. Given this data and the fact 

that lamin A/C plays such a prominent role in anchoring the genome at the nuclear periphery, in 

addition to their mechanical role as a shock absorber, we set out to identify novel 
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mechanosensitive genes using Precision nuclear Run-On SEQuencing (PRO-seq), a novel 

technique pioneered by the Lis Lab at Cornell.   

 

This recently developed technique offers many advantages over conventional transcriptional 

analysis platforms (e.g., RNA-seq). For example, it is not affected by background levels of 

accumulated RNA since it only assays engaged polymerases and active transcription, providing a 

snapshot of transcription as it happens in real time. This makes it ideally suited to detect genes 

activated by the mechanical stimulation. By assaying time points between 2 and 50 minutes, we 

can calculate transcription rate by tracking the wave of activation through gene bodies and even 

identify gene repression based on wave clearing over time (e.g., RNA Pol II dispersed 

throughout gene at t=2min and gradually shifts toward the 3’ end of the corresponding sense 

DNA strand in subsequent time points, as the last of the adhered polymerases finish transcribing 

and nascent activity halts). Additionally, PRO-seq provides base-pair resolution and is strand 

specific (Mahat et al., 2016).  

 

Here, I use PRO-seq in conjunction with our membrane strain assay to study the role of nuclear 

envelope proteins (e.g., lamin A/C) in mechanically induced transcription. Human fibroblasts 

were stably modified to express shRNA against lamin A/C resulting in a > 99% protein reduction 

as confirmed by immunoblot. By comparing lamin A/C-depleted and non-target control cells, 

under cyclic strain (1 hour) and baseline conditions, I generated a list of differentially expressed 

mechanosensitive genes. I also collected samples at shorter time points (10 minutes and 30 

minutes of cyclic strain, to be analyzed), which will help us to detect genes directly activated by 

mechanical stress versus those downstream. This may help to distinguish direct mechanosensing 
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(e.g., those that require direct tethering of the nuclear lamina to the genome) from 

mechanotransduction signaling cascades which initiate elsewhere in the cell (e.g., the cell 

membrane) and reach the nucleus as a downstream biochemical signal.  

 

Materials and Methods  

Lamin A/C knockdown and cell culture  

Human skin fibroblasts were stably modified with MISSION shRNA against LMNA (shLMNA, 

Millipore Sigma, cat#: EHU063791) and a non-target control vector using lentiviral 

modification. Cells were selected using 5 μg/mL puromycin and cultured in Dulbecco's Modified 

Eagle's Medium (DMEM; Invitrogen), high glucose (Invitrogen) supplemented with 10% fetal 

bovine serum (Aleken Biologicals), and 5% penicillin/streptomycin (Sigma).  

 

Immunoblotting 

Cells were lysed in high salt RIPA buffer supplemented with proteinase inhibitor (Roche). 

Protein content was measured in the RIPA cell lysates using a standard Bradford assay. All 

samples were heat-denatured (5 min at 95°C) in Laemmli sample buffer and separated by SDS-

PAGE (Invitrogen). Proteins were transferred onto Nitrocellulose membranes using semi-dry 

transfer method (Bio-Rad). Immuno-detection was carried out with the following primary 

antibodies: α-tubulin (1:1000), lamin A/C N-18 (1:1000). The following IRDye secondary 

antibodies (LI-COR) were used: 800 donkey anti-goat (1:2000) and 680 donkey anti-mouse 

(1:2000). After incubating for 1.5 hours at room temperature, the blots were imaged using an 

Odyssey system.   

 



 
 

148 
 

Cyclic strain assay 

We used a home-built strain apparatus, which has been described previously (Isermann et al., 

2012). Strain dishes with silicone membranes were coated overnight at 4°C with 2μg/mL 

Fibronectin (Millipore). Human fibroblasts were seeded onto the silicone membranes at 1 million 

cells per strain dish and allowed to adhere for 24 hours. Cells were exposed to 8% cyclic biaxial 

stretch at 1 Hz for 10 minutes, 30 minutes, or 60 minutes prior to sample collection.  

 

Sample preparation 

We followed the cell permeabilization method outlined previously (Mahat et al., 2016) and 

spiked in Drosophila S2 cells (5% of total cells) to control for global transcriptional changes. 

This normalization was not performed on the data presented herein; however, the number of 

drosophila reads was recorded and can be used as a normalization factor in the future if desired.   

 

 
Figure 51. General experimental pipeline.  shLMNA human fibroblasts and non-target controls were 
cyclically strained for different durations and then processed and frozen. A nuclear run-on was performed 
to incorporate labelled NTPs in nascent transcripts. The subsequent steps are explained in Figure 52. 
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After PCR amplification of the PRO-seq libraries, next-generation sequencing is performed and the reads 
are aligned to the genome and then analyzed. The schematic is taken from (Mahat et al., 2016).   
 

PRO-seq 

The procedure was performed according to the published protocol (Mahat et al., 2016). Four 

conditions were analyzed initially, shNT unstrained, shNT +60 minute strain, shLMNA 

unstrained and shLMNA +60 minute strain. For the nuclear run-on, only two biotin-NTPs were 

used instead of four in order to cut down on costs with only minimal impact on resolution. Each 

library was barcoded using an Illumina-TruSeq adapter for multiplexing. The following indices 

were used: 1-ATCACG, 2-CGATGT, 3-TTAGGC, 4-TGACCA. 4 μL of each barcoded sample 

(each 2 ng/μL) were pooled to make 16 μL of total sample. Cornell BRC performed the Illumina 

Sequencing using the NextSeq500 with a run length of 75. 

 
Figure 52. PROseq pipeline (Mahat et al., 2016). 



 
 

150 
 

PRO-seq Analysis 

A bash script (Appendix) wash modified to process the sequencing reads, trim the sequencing 

adapters and map the reads to a reference genome, in this case the hg38 human genome. BAM 

files were converted into bedGraph and BigWig formats (kentsource). 

 

Differential expression analysis was perfomed using the R package DESeq2. The BigWig 

package was used to retrieve read counts within genomic coordinates. Another script (Appendix) 

was used to generate a table with counts corresponding to the gene body region for each gene in 

each condition.  

 

Results 

Using shRNA-mediated depletion of proteins is an effective way to understand the direct effects 

of specific nuclear envelope proteins in the mechanoresponse. By immunoblot, we confirmed 

near 100% depletion of lamin A/C achieved by the shRNA (Figure 53).   

 

 
Figure 53. Immunoblot showing near complete depletion of lamin A/C. 

 

Taking a snapshot of the transcriptome after 60 minutes of cyclic strain reveals the following 

transcriptional changes between control and lamin A/C-depleted cells. 
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Table 3. Fold change data of the top hits, comparing shLMNA and shNT fibroblasts after 1 hour of 
cyclic strain.  

LMNA depletion vs. NT control (Strain)  
Gene Function log2FoldChange

RNF212 protein sumoylation, meiosis 6.64 

NPPB cardiac hormone. High level indicative of heart failure.  5.52 

MAMDC2 glycosaminoglycan binding 5.13 

OGDHL oxidoreductase activity. Downregulates AKT pathway 4.93 

CEACAM20 NFKB pathway cytokoine production 4.93 

PADI2 

innate immune system, chromatin organization, calcium 
ion binding and protein-arginine deiminase activity, 
vimentin production in skeletal muscle 4.69 

KCNMB1 calcium-sensitive K+ channel 4.14 

RRAGD RET and mTOR signaling 4.08 

PNPLA1 lipid hydrolase  3.80 

RTN1 ER, neuroendocrine 3.79 

RADIL 

downstream effector of Rap required for cell adhesion 
and migration of neural crest precursors during 
development. 3.71 

TNFSF4 T cell prolif and cytokine production 3.59 

LOC100289673 

PGAM family member 5, mitochondrial serine/threonine 
protein phosphatase pseudogene. Came up in screen for 
modifying factors in DMD and in screen for identification 
of mechanisms leading to lack of skeletal repair in non-
union fractures. Also identified in some cancer screens.  3.31 

CHFR 

DNA damage. Interacts with HDAC1 and HDAC2 and 
PML and is slienced in many cancers bc of CpG 
methylation and deacetylated histones on its promoter 
region 3.24 

HIF1A-AS2 
ncRNA, maintenance of cancer stem-cell like cells? 
Cancer relevance 3.22 

PTPN3 

PKA signaling. may act at junctions between the 
membrane and cytoskeleton. Posseses tyrosine 
phosphatase activity 3.19 

CEACAM22P 
carcinoembryonic antigen related cell adhesion molecule 
22, pseudogene 3.13 

LRRC4C 

NGL1 is a specific binding partner for netrin G1 (NTNG1; 
MIM 608818), which is a member of the netrin family of 
axon guidance molecules 3.12 

PCSK9 neural apoptosis 3.10 

SH2D4B 
diseases associated with SH2D4B include lymphocytis 
vasculitis. Interacts with EGFR/  3.06 
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SGCD 
part of the dystroglycan complex. Mutations associated 
with limb-girdal MD and dilated cardiomyopathy 2.75 

      

EFS 
coordinates tyrosine-kinase based signaling related to cell 
adhesion.  -3.08 

ACOX2   -3.12 

TAGLN3 actin filament binding -3.17 

LOC101929199 ncRNA -3.20 

C11orf88 unknown -3.21 

PLXDC2 may play a role in tumor angiogenesis. -3.24 

PDE3B 

cyclic nucleotide phosphodiesterase with a dual-
specificity for the second messengers cAMP and cGMP, 
which are key regulators of many important physiological 
processes. May play a role in fat metabolism. Regulates 
cAMP binding of RAPGEF3. Through simultaneous 
binding to RAPGEF3 and PIK3R6 assembles a signaling 
complex in which the PI3K gamma complex is activated 
by RAPGEF3 and which is involved in angiogenesis. -3.24 

GAS7 
may play a role in promoting maturation and 
morphological differentiation of cerebellar neurons. -3.25 

FMNL1 formin like protein -3.26 

STEAP2-AS1 ncRNA -3.31 

LOC100128770 tf binding sites include AP-1, STAT3 and c-Jun -3.37 

GRIN2B glutamate receptors -3.37 

FAM71A Golgi integrity -3.45 

PACERR 
interacts with NF-kB regulators to promote expression of 
PTGS2 -3.52 

LOC101929696 unknown -3.65 

C3orf67-AS1 ncRNA -3.71 

EGR3 immediate early growth response gene -4.06 

SNTN calcium ion binding, microtubules -4.28 

RSPO4 Wnt pathway -4.47 

CAV3 
membrane resealing in muscle. Associated with rippling 
muscle disease and limb girdle MD.  -4.58 

TMEM233 transmembrane protein -5.12 

HEY1 

clear protein belonging to the hairy and enhancer of split-
related (HESR) family of basic helix-loop-helix (bHLH)-
type transcriptional repressors. Expression of this gene is 
induced by the Notch and c-Jun signal transduction 
pathways. -5.20 

PGR progesterone receptor -5.58 
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Discussion 

With help from the Lis Lab, we successfully established PRO-seq as tool to study the role of 

nuclear envelope proteins in mechanotransudction. Initial studies only investigated the 60 minute 

strain time point; however, future studies will include shorter time points in order to gain more 

insights into mechanosensing and mechanotransduction signaling pathways. 

 

With only a single successful replicate, it is difficult to draw conclusions from the data without 

the proper statistics. However, some interesting candidate genes have already emerged. Several 

of the EGR (early growth response) genes appear to be misregulated in the shLMNA cells. 

Instead of increasing in response to cyclic strain as in the NT control, the expression actually 

decreases in response to strain. The table presented compares the wild type and shLMNA 

transcription after 1 hour of cyclic strain. Therefore, it is not clear whether differences are 

already present at baseline. Comparing the shNT and shLMNA reads from the 60 minute cyclic 

strain condition provides the most robust comparison because the wild type unstrained control 

had poor read coverage compared to the other three conditions, as shown below for the LMNB1 

gene (Figure 54). I noticed this during the PCR-amplification step and so it could reflect RNA-

degradation or another error early in the sample processing.   
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Figure 54. Visualizing reads mapped to the genome using Integrative Genomics Viewer (igv). The 
LMNB1 gene was chosen arbitrarily to show the poor converage for the wild type unstrained condition 
(top), compared to the other three conditions. PROseq is strand specific and so the ‘red’ represents reads 
on the sense strand, while ‘blue’ is the antisense strand.  

 

Even though tour data reflects fibroblasts, there are some interesting hits that could be interesting 

to explore in the context of muscle, such as NPPB, SGCD, CAV3 and PADI2. Genes for 

oxidoreductase (upregulated in the shLMNA strain condition) may also reflect 

pathophysiological mechanisms related to laminopathies.  

 

Future steps include gene ontology analysis using programs like PANTHER or Ingenuity 

Pathway Analysis to more thoroughly analyze the data. Another step will be to map the physical 

location of differentially expressed genes to see if they share commonalties, e.g., specific loci or 

organization within the nucleus, or have interactions with nuclear envelope proteins.  
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Micropipette aspiration analysis MATLAB code 
% MPAv7.m 
% Last modified: 11/10/2016 
% Calls the following function(s): threshIt.m 
% Description: This program reads in a czi file of a micropipette aspiration 
experiment. 
%   The user performs a manual mask alignment and then thresholds the nuclear 
signal in each pocket in order to get an accurate measurement of the nuclear 
protrusion length. 
%   By selecting a threshold value of >=245 the event will be excluded and 
%   the output file will contain zeros for this pocket. 

% Supporting Files: 
    % Pipettedevice mask crop GF.tif 
    % Bioformats_package.jar 
    % bfCheckJavaMemory.m 
    % bfCheckJavaPath.m 
    % bfGetPlane.m 
    % bfGetReader.m 
    % getkey.m 
    % threshIt.m 

clear 
close all 
opengl SOFTWARE % To correct text display issue with plot axes 

mask_dx = 92; % Default:92 for 'pipettedevice mask crop GF.tif'; was 123 with 
old mask; 112 for 'pipettedevice mask2 crop 061016 GF.tif'; open in image J, 
dx is distance from left mask image edge to start of micropipettes 
mask_dy = 56; % Default:52 or 54 for 'pipettedevice mask crop GF.tif', 56 for 
'pipettedevice mask2 crop 061016 GF.tif'; distance in pixels from top of mask 
to middle of 1st pipette (from the top) 
clearframe = 2; % Frame with fewest cells (helps the mask alignment) 
upipStart(1:18) = 92; % Distance in pixels from left edge of mask to u-
pipette entrance. Default: 92 for 'pipettedevice mask crop GF.tif' [same as 
mask_dx]? 112 for 'pipettedevice mask2 crop 061016 GF.tif' 
Scale = 0.325;    % Pixel conversion: um/pixel (0.325x corresponds to 20x) 
brightBoost = 1; % Default: 1 
DNABoost = 2; % Default: 3 
nthFrame = 5; % Play every nth frame during playback 
frameFromEnd = 3; % Default: 3, the nth frame from the end, used by the user 
to set the nuclear threshold. Chosen based on frame where a cell is likely to 
be in the pocket.  
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BF  = 1; % Channel number in stacks 
DNA = 2; % Channel number in stacks 
Ch3 = 3; % Channel number in stacks 
Ch4 = 4; % Channel number in stacks 

int_threshold = 1000; % Intensity threshold for calculation 
min_area_object = 10; 
radius = 2; 

% Select file/s 
[filename, pathname]=uigetfile({'*.czi;*.lsm;*.tif',... 
    'Zeiss Files (*.czi,*.lsm,*.tif)'},'Select any file in the folder', 
'MultiSelect', 'on'); 
cd(pathname) 
filename = cellstr(filename); 
i = 1; 

[pathstr, name, ext] = fileparts(filename{i}); 
reader = bfGetReader(filename{i}); 
omeMeta = reader.getMetadataStore(); 
stackSizeX = omeMeta.getPixelsSizeX(0).getValue(); % Image width, pixels 
stackSizeY = omeMeta.getPixelsSizeY(0).getValue(); % Image height, pixels 
stackSizeZ = omeMeta.getPixelsSizeZ(0).getValue(); % Number of Z slices 
stackSizeT = omeMeta.getPixelsSizeT(0).getValue(); % Number of time points 
stackSizeC = omeMeta.getPixelsSizeC(0).getValue(); % Number of channels 
positionSize = omeMeta.getImageCount(); % Number of positions 

testframe = stackSizeT-(frameFromEnd-1); % The testframe is the frame used to 
set the threshold for the nuclear signal.  

%LSM/CZI vs TIF 
if ext == '.lsm' | ext == '.czi' 
    cameramodel = omeMeta.getDetectorModel(0,0); % Camera Model 
    cameramodel = char(cameramodel); 
    bit_depth_file = omeMeta.getPixelsSignificantBits(0).getValue(); % Bit 
bepth of file 

    % Select bit depth based on camera model 
    switch cameramodel 
        case 'PvCamCoolSNAP_KINO' 

bit_depth_camera = 14; 
        case 'PvCamCoolSNAP_HQ' 

bit_depth_camera = 12; 
        otherwise 

bit_depth_camera = 16; 
    end 

    % Calculate correction factor for lower bit file in 16bit czi 
    if bit_depth_file > bit_depth_camera 
        intensity_factor = 2^(bit_depth_file-bit_depth_camera); 
    else 
        intensity_factor = 1; 
    end 
else 
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    intensity_factor = 1; 
end 

for q = 1:positionSize 
    % Define which series to read 
    reader.setSeries(q-1); 

    % Initiate image matrices 
    img_channels=zeros(stackSizeY, stackSizeX, stackSizeT, stackSizeC, 
'double'); 
    %DNA_im=zeros(stackSizeY, stackSizeX, stackSizeT, 'double'); 

    %% Write images to matrix 
    for ii = 1:stackSizeT 
        for j = 1:stackSizeC 

count = j+((ii-1)*stackSizeC); 
frame = bfGetPlane(reader, count); %read frame 
img_channels(:,:,ii,j) = frame; %write to stack 

        end 
    end 
    %% 
    % Adjust image intensity based on lower bit image in higher bit file 
    img_channels = immultiply(img_channels, intensity_factor); 
    img_channels(:,:,:,BF) = img_channels(:,:,:,BF) .* brightBoost;  
    img_channels(:,:,:,DNA) = img_channels(:,:,:,DNA) .* DNABoost; 

    % Calculate angle 
    BF_mean = img_channels(:,:,clearframe,BF); 

    mask_im = imread('pipettedevice mask crop GF.tif'); % Reads in the mask 
    y1 = 1; 
    y2 = size(img_channels,1); 

    mask_im_temp = uint16(zeros(size(BF_mean))); 
    mask_y1 = (size(BF_mean,1)/2) - (size(mask_im,1)/2); 
    mask_y2 = mask_y1 + size(mask_im,1); 
    mask_x1 = (size(BF_mean,2)/2) - (size(mask_im,2)/2); 
    mask_x2 = mask_x1 + size(mask_im,2); 
    mask_im_temp(mask_y1:mask_y2-1,mask_x1:mask_x2-1) = mask_im; 

    delx = mask_x2 - mask_x1 - 1; 
    dely = mask_y2 - mask_y1 - 1; 

 figure(1) 
    imshowpair(BF_mean, mask_im_temp,'Scaling','joint'); 
    title('Manual Mask Alignment','fontsize',14) 
%     xlabel('Click left edge of top micropipette with left mouse button to 
set.\nIf mask is correct, click right mouse button to continue.\n If the mask 
is rotationally misaligned, click left edge of top micropipette with left 
mouse button and then the left edge of the bottom micropipette with the 
middle mouse button. Right click when done.','fontsize',8) 

    button = 0; 

    while button ~= 3 
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        [mask_x1, mask_y1, button] = ginput(1); 
        if button == 3 

break; 
        end 
        if button == 1 

mask_x1 = round(mask_x1); 
mask_y1 = round(mask_y1-mask_dy); 
mask_x2 = mask_x1 + delx; 
mask_y2 = mask_y1 + dely; 
mask_im_temp = uint16(zeros(size(BF_mean))); 
mask_im_temp(mask_y1:mask_y2,mask_x1:mask_x2) = mask_im; 
figure(1) 
imshowpair(BF_mean, mask_im_temp,'Scaling','joint'); 

        else 
        end 
        % Use middle mouse button to perform rotation 
        [mask_x2shift, mask_y2shift,button] = ginput(1); 
        if button == 2 

theta_click = atan2(mask_x2shift-mask_x1, mask_y2shift-
mask_y1)*(180/pi)*-1; 

img_channels = 
imrotate(img_channels,theta_click,'bicubic','crop'); 

BF_mean = img_channels(:,:,clearframe,BF); 
        elseif button == 1 

mask_x1 = round(mask_x2shift); 
mask_y1 = round(mask_y2shift-mask_dy); 
mask_x2 = mask_x1 + delx; 
mask_y2 = mask_y1 + dely; 

        else 
        end 
        mask_im_temp = uint16(zeros(size(BF_mean))); 

        mask_im_temp(mask_y1:mask_y2,mask_x1:mask_x2) = mask_im; 
        figure(1) 
        imshowpair(BF_mean, mask_im_temp,'Scaling','joint'); 
    end 

    figure(1) 
    imshowpair(BF_mean, mask_im_temp,'Scaling','joint'); 
    title('Manual Mask Alignment','fontsize',14) 
    hold on; 
    button = 0; 
    x1_corr = mask_x1 + mask_dx; 
    line([x1_corr,x1_corr],[y1,y2],'Color','y','LineWidth',2) 
    hold off 

    % Crop the image to focus on the pockets. Use img_crop for rest of the 
    % program when possible. 
    masksize = size(mask_im); 
    for p = 1:stackSizeT 
        img_cropi(:,:,p) = uint8(img_channels(:,:,p,DNA)./256); 
        img_crop(:,:,p) = imcrop(img_cropi(:,:,p), [mask_x2-masksize(2) 
mask_y2-masksize(1) masksize(2)-20 masksize(1)]); 
        img_crop(:,:,p) = im2uint8(img_crop(:,:,p)); 
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        img_cropiBF(:,:,p) = uint8(img_channels(:,:,p,BF)./256); 
        img_cropBF(:,:,p) = imcrop(img_cropiBF(:,:,p), [mask_x2-masksize(2) 
mask_y2-masksize(1) masksize(2)-20 masksize(1)]); 
        img_cropBF(:,:,p) = im2uint8(img_cropBF(:,:,p)); 
    end 

    testimage = img_crop(:,:,testframe); 

    Thr_x = mean(mean(testimage)); %% Apply a starting threshold value 

    [crop_h, crop_w, crop_t] = size(img_crop); 
    inc = (crop_h-1)/18; 

    y_top = 1; 

    for kk = 1:18 
        y_bottom = y_top+inc; 

        Button = 0; 

        % Compute the thresholds based on the 'testframe' (i.e., when the 
cells to 
        % be analyzed are in the pockets and store them in an array 1:18) 
        jj = testframe; 

 frame = img_crop(y_top:(y_top+inc),1:crop_w,jj); 
        frameBF = img_cropBF(y_top:(y_top+inc),1:crop_w,jj); 

        spacecount = 0; 

        while Button < 2 
BWfinal2 = threshIt(frame,Thr_x); 
sjj = regionprops(BWfinal2, 'Area', 'centroid', 

'BoundingBox','MajorAxisLength', 'MinorAxisLength', 'Eccentricity', 
'Orientation'); 

centroids = cat(1, sjj.Centroid); 
img_bw(:,:,jj) = BWfinal2; 
threshow = img_bw(:,:,jj); 

% First, set upipStart line for given pocket. Refer to getkey.m 
% (downloaded from online). Let user shift line until enter 
% is pressed. 
ch = 0; 

if spacecount < 1 

while ch ~= 13   % while enter hasn't been pressed yet 

figure(2) 
set(gcf, 'Units', 'Normalized', 'OuterPosition', [0 0 1 

1]); 

subplot(3,3,[2,5,8]) 
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title('Use the LEFT and RIGHT arrow keys to adjust 
micropipette entrace (yellow line) and press ENTER when done.','fontsize', 
20) 

subplot(3,3,[1,4,7]) 
imshow(img_cropBF(:,:,jj)) 
hold on 
rectangle('Position',[0 y_top crop_w inc], 'EdgeColor', 

'y', 'LineWidth', 3) 
hold off 

subplot(3,3,6) % 2 rows, 1 column, plot #1 
imshow(frame) 
title('original','fontsize',20) 
hold on 
line([upipStart(kk), 

upipStart(kk)],[y1,y2],'Color','y','LineWidth',1) 
hold off 

subplot(3,3,3) 
imshow(frameBF) 
hold on 
line([upipStart(kk), 

upipStart(kk)],[y1,y2],'Color','y','LineWidth',1) 
hold off 

subplot(3,3,9) 
imshow(threshow) 
title('thresholded','fontsize',20) 
hold on 
line([upipStart(kk), 

upipStart(kk)],[y1,y2],'Color','y','LineWidth',1) 
hold off 

ch = getkey; 
if ch == 28 

upipStart(kk:18) = upipStart(kk)- 1; 
end 
if ch == 29 

upipStart(kk:18) = upipStart(kk)+1; 
end 
spacecount = spacecount + 1; 

end 
end 

% upipStart should be set and unchanged after this point for 
% the given pocket 

button = 0; 

[nElements, BinCenters] = hist(double(frame), 60);   % Compute 
histogram of image intensity (using 60 bins) 

subplot(3,3,[2,5,8]) 
bar(BinCenters, nElements); %axis tight % Plot histogram 
%keep x-axis constant 
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axis([min(min(frame)) 255 0 max(max(nElements))]) 
%plot previous threshold values in histogram 
if kk > 1 

hold on 
for ki = 1:kk-1 

%                     line([Thr_x_store(ki), 
Thr_x_store(ki)],[0,max(max(nElements))],'Color','b','LineWidth',1) 

end 
hold off 

end 
title('Pick pixel intensity threshold (LEFT button to preview, 

RIGHT button to save). The x-value where you RIGHT CLICK is what gets 
stored!', 'fontsize', 20) 

set(gca,'fontsize',16) 
xlabel('pixel intensity','fontsize',20) 
ylabel('pixel count','fontsize',20) 

[x,y, Button]=ginput(1);    % Pick threshold from histogram (x-
position) 

% If enter or some other key hit by mistake, show error (must 
% click mouse button and tell user to select threshold again 
while isempty(x) == 1 

[x,y, Button]=ginput(1);    % Pick threshold from histogram 
(x-position) 

end 

Thr_x = uint8(x); % Convert into uint8 format 

   Thr_x_store(kk) = Thr_x; 

% Apply proper threshold to each frame 
for tt = 1:stackSizeT 

prefinalFrame = img_crop(y_top:(y_top+inc),1:crop_w,tt); 
finalFrame(:,:,tt,kk) = 

threshIt(prefinalFrame,Thr_x_store(kk)); 

% Visualize thresholding. 
if Button < 2 && rem(tt,nthFrame)== 0 

% Newly added. want to visualize the centroid and 
bounding box 

% during the frame simulation! 
ffpretemp = finalFrame(:,:,tt,kk); 
preR = regionprops(ffpretemp, 'Area', 'centroid', 

'BoundingBox'); 
% If multiple centroids, choose the left-most one 
pcentroids = cat(1, preR.Centroid); 

figure(2) 
subplot(3,3,6) 
imshow(img_crop(y_top:(y_top+inc),1:crop_w,tt)) 
title(['original:' num2str(tt, '%03i') ' of ' 

num2str(stackSizeT, '%03i')],'fontsize',20) 
hold on 
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line([upipStart(kk), 
upipStart(kk)],[y1,y2],'Color','y','LineWidth',1) 

if length(pcentroids)>0 
line([preR(1).BoundingBox(1), 

preR(1).BoundingBox(1)],[y1,y2],'Color','r','LineWidth',1) 
end 
hold off 

subplot(3,3,3) 
imshow(img_cropBF(y_top:(y_top+inc),1:crop_w,tt)) 
hold on 
line([upipStart(kk), 

upipStart(kk)],[y1,y2],'Color','y','LineWidth',1) 
hold off 

subplot(3,3,9) 
imshow(finalFrame(:,:,tt,kk)) 
title('thresholded','fontsize',20) 
hold on 
line([upipStart(kk), 

upipStart(kk)],[y1,y2],'Color','y','LineWidth',1) 

if length(pcentroids)>0 
plot(pcentroids(:,1),pcentroids(:,2), 'r*', 

'LineWidth', 1,'MarkerSize', 8) 
else 
end 
pnumcentroids = size(pcentroids); 
for zz = 1:pnumcentroids(1) 

rectangle('Position', 
[preR(zz).BoundingBox(1),preR(zz).BoundingBox(2),preR(zz).BoundingBox(3),preR
(zz).BoundingBox(4)],'EdgeColor','r','LineWidth',1 ) 

end 
hold off 

else 
end 

end 
        end 
        y_top = y_bottom; 
    end 

end 

% After the images are properly thresholded, extract necessary information 
% Go pocket by pocket. In Excel, export 'Pocket #1', etc... 

% Initialize variables containing results 
CenX = zeros(tt, kk); 
CenY = zeros(tt, kk); 
Area = zeros(tt, kk); 
BBox_X1 = zeros(tt, kk); 
BBox_X2 = zeros(tt, kk); 

for kk = 1:18 
    %Exclude events with threshold > 244 



185 

    if Thr_x_store(kk) > 244 
        nucprotrusion(1:stackSizeT,kk) = 0; 
    else 
    %Analyze events with normal threshold 
        for tt = 1:stackSizeT 

fftemp = finalFrame(:,:,tt,kk); 
if  mean(max(fftemp,[],1))>0 

R = regionprops(fftemp, 'Area', 'centroid', 'BoundingBox'); 
% If multiple centroids, choose the left-most one 
CenX(tt,kk) = R(1).Centroid(1);   % R(1) only taking one 

centroid if multiple. Does it count left to right? 
CenY(tt,kk) = R(1).Centroid(2); 
BBox_X1(tt,kk) = R(1).BoundingBox(1); 
% BBox_X2(tt,kk) = R(1).BoundingBox(2); 
nucprotrusion(tt,kk) = (upipStart(kk) - 

BBox_X1(tt,kk))*Scale; 
else 
end 

        end 
    end 
end 

% Preceeding frame must be 0. implement counting index trigger = 0 and then 
% becomes 1 on next one if not 0. 
trigger = 0; 
entranceFrame = zeros(kk); 

nucP = nucprotrusion';  % Use to analyze 

% Save to file 
if positionSize == 1 
    filename_xlsx = ['MPAresults_' name '.xlsx']; 
else 
    filename_xlsx = ['MPAresults_' name '_Pos' num2str(q, '%02i') '.tif']; 
end 

% If file already exists, ask if you want to save over or rename 
% col_header={};     %Row cell array (for column labels) 
% row_header()={};     %Column cell array (for row labels) 
xlswrite(filename_xlsx,nucP,1,'B4'); 
%         xlswrite(filename_xlsx,col_header,'Sheet1','B3');     %Write column 
header 
%         xlswrite(filename_xlsx,row_header,'Sheet1','A4');      %Write row 
header 

close all; 
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Microharpoon controller MATLAB code 

% Micromanip.m 
% Gregory Fedorchak 
% Created: 5/22/2015 
% Modified 10/16/2017 to interface with Hamamatsu Camera 

% This program moves the micromanipulator a user-specified displacement and 
% speed after the micropipette has been manually inserted into a cell. 

% Online reference for NI2 Injectman micromanipulator: 
http://www.pocdscientific.com.au/files/POCDS_pdfs/InjectMan-NI-2.pdf 

clear all 

global data  
global time 
global timeclock  
global voltage 
global OutputVoltageData 

delete(instrfindall) 
s = serial('COM6'); 
set(s,'BaudRate', 19200, 'DataBits', 8, 'Parity', 'none','StopBits', 1); 
fopen(s) 

% ---------------------User Input--------------------------- 
% Pull Distance (microns) 
del_pX = 0; 
del_pY = -15; % default: -15 for in vitro fibers. 30 for drosophila 
del_pZ = 0; 

% Pull Velocity (micron/sec) 
vX = 0; 
vY = 1; % default: 1 for in vitro fibers. 2 for drosophila 
vZ = 0; 

% Needle exit parameters 
del_pZremove = -30; % discplacement of needle during removal from cell  
vZremove = 1000; % velocity of needle during removal from cell (micron/sec) 

% Camera Trigger Interface  
Trig2start = 2;  %default: 2 
Trig2stop = 10; %default: 20 

% http://www.mathworks.com/help/daq/index.html 
stepcount=0;  
devices = daq.getDevices 
%------------------------------------------------------------- 

AItrigger = daq.createSession('ni') 
addAnalogInputChannel(AItrigger,'Dev1','ai2','Voltage') % Default DAQID: 
Dev1, default Channel ID: 2 
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TotalDur = AItrigger.DurationInSeconds; 
Rate = AItrigger.Rate; 
upperVthresh = 1.5; %default: 3 
lowerVthresh = -1; 

TotalDur = 60; % default: 30 sec total duration 
Rate = 100; % default: 100 scans per second (Hz) 
Steps = TotalDur*Rate; 
stepDur = 1/Rate; 
y = zeros(1,Steps); 
trigEvents = 0; 

stepwait_sec = 2; % wait at least n seconds before another trigger even can 
be registered   
stepwait = stepwait_sec*Rate; 
Vabove_bin = 0; 
Vbelow_count = 0; 

for i=1:Steps 
    readvolt = AItrigger.inputSingleScan; 
    y(i) = readvolt; 
    if readvolt>upperVthresh 
        Vabove_bin = 1; 
    else 
    end 
    if readvolt<lowerVthresh 
        Vbelow_count = Vbelow_count+1; 
    else 
        Vbelow_count = 0; 
    end 
    if Vabove_bin==1 && Vbelow_count>stepwait;    
        trigEvents = trigEvents+1; 
        Vbelow_count = 0; 
        Vabove_bin = 0; 
    else 
    end 
    pause(stepDur); 
    i = i+1; 

if trigEvents==Trig2start 
disp('PULL!') 

fprintf(s, 'C004'); 
fscanf(s); 
fprintf(s, 'C010'); 
x_prestrain = fscanf(s) 

% ---------------- 
coord = x_prestrain; 
[x_prestrain, coord] = strtok(coord, ' '); 

% Read out coordinates and convert to numbers 
C = textscan(coord, '%d%d%d%d'); 
pX1 = cell2mat(C(1)); 
pY1 = cell2mat(C(2)); 
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pZ1 = cell2mat(C(3)); 

% Compute new coordinates based on user input 
pX2 = pX1 + del_pX; 
pY2 = pY1 + del_pY; 
pZ2 = pZ1 + del_pZ; 

% Compile GOTO command 
move_str = sprintf('C007 %d %d %d %d %d %d\n', pX2, pY2, pZ2, vX, vY, vZ) 
fprintf(s,move_str) 
% pause(del_pY/vY); 
sprintf('The device moved %d micron(s) in the y-direction at %d micron(s) per 
second.\n', del_pY, vY) 
trigEvents = trigEvents+1; 
else 

end 

if  trigEvents<Trig2stop 
    continue 
else 

    % Remove the needle 
    disp('REMOVE!') 
    move_str = sprintf('C007 %d %d %d %d %d %d\n', pX2, pY2, 
(pZ2+del_pZremove), vX, vY, vZremove) 
    fprintf(s,move_str) 
    % Switch to manual control mode 
    fprintf(s, 'C005'); 
    break 

end 

end 

%  plot(1:1:Steps,y); 
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PROseq Bash-script used to map sequencing reads to the hg38 reference genome 

#source  ~/.bash_profile 
#==================== 
#PRO-seq shell script 
#Modified for simultaneous mapping of spiked in organism data 
#Ver. 2.0        
#==================== 
#============================================================================
============================================================== 
#dependencies
#1. Your FASTq, rDNA (bt2), Combined genome (cat spike-in and genome of 
interest; bt2) *bt2 build can be generated by doing "bowtie2-build infile 
outfile"*                       
#2. One python script: passfilter.py 
#3. fastx_tools
#4. bowtie2
#5. Samtools 
#6. BEDTools                              
#============================================================================
=============================================================== 
#Usage 
#1. Input file path of necessary files and scripts 
#2. Run the script by "sh SCRIPTPATH" 
#NOTE: If error arises in quality filter, change -o to -q  
#(optional) if no rDNA,  
#hashtag or remove all the lines in between "++++++++++++++"  
#AND hashtage or remove one "done" in the end of the script 
#============================================================================
=============================================================== 

#Input 
fastq=" 
/home/tk629/RNASEq/7997_7301_46204_HFYVFBGX2_humfblast_wt_unstrained_ATCACG_R
1.fastq.gz
/home/tk629/RNASEq/7997_7301_46205_HFYVFBGX2_humfblast_wt_strain1hr_CGATGT_R1
.fastq.gz 
/home/tk629/RNASEq/7997_7301_46206_HFYVFBGX2_humfblast_shLMNA_unstrained_TTAG
GC_R1.fastq.gz 
/home/tk629/RNASEq/7997_7301_46207_HFYVFBGX2_humfblast_shLMNA_strain1hr_TGACC
A_R1.fastq.gz 
" 

# fastq="/home/tk629/RNASEq/test.fastq.gz" # This is the first 10,000 lines 
of the first raw file for use in script optimization 

genome="/home/tk629/RNASEq/bowtie2-2.3.0/combinedGenomes/Genomes" 
hg38chrominfo="/home/tk629/RNASEq/genomes/humanfull/hg38.chrom.sizes.txt" 
passfilter="/home/tk629/RNASEq/TextInput/passfilter.py" 
dm6chrominfo_autosomesOnly="/home/tk629/RNASEq/TextInput/dm6_ChromSizes_Autos
omes.txt" 
prinseq_lite="/home/tk629/RNASEq/OtherPrograms/prinseq/prinseq-lite-
0.20.4/prinseq-lite.pl" 
bgToBigWig="/home/tk629/RNASEq/bedGraphToBigWig" 
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nmer="36" 

for file in ${fastq} 
do 

gunzip ${file} 
echo Collapsing reads with perfect identity, including barcode. Then clipping 
off molecular barcode. -> clip of adaptor with fastx_clipper  
#Takes _q.temp file and clips any residual 3'adapter sequence which could be 
all or part of TGGAATTCTCGGGTGCCAAGG and generated anothe temporary file 
called _c.tmp 

perl $prinseq_lite -derep 1 -fastq ${file%%.*}.fastq -out_format 3 -out_good 
stdout -out_bad null 2> ${file%%.*}.pcr_dups.txt | \ 
# perl $prinseq_lite -trim_left 6 -fastq stdin -out_format 3 -out_good stdout 
-out_bad null |  

fastx_clipper -Q33 -o _c.tmp -a TGGAATTCTCGGGTGCCAAGG -l 15 

echo returning ReadLength distribution data ... 
cat _c.tmp | awk '{if(NR%4==2) print length($1)}' > 
${file%%.*}_clipLength.txt 
cat ${file%%.*}_clipLength.txt | sort -n | uniq -c | awk '{print $2 " " $1}' 
> ${file%%.*}_clipLengthCounts.txt 
rm ${file%%.*}_clipLength.txt 

echo ${file} trimming... 
#Takes _c.tmp file and trims sequences to set number of bases. 
fastx_trimmer -Q33 -l ${nmer} -i _c.tmp -o _c1.tmp  
rm _c.tmp 

echo ${file} reverse complementing... 
#Takes the _c1.tmp file and flips the read because the illumnia sequences the 
DNA from 5'end so the adapters in PRO-seq is reversed. 
fastx_reverse_complement -Q33 -i _c1.tmp -o _3.tmp  

#++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++ 
#align reads to combined genome -> filter low quality -> remove multimappers 
(sed code deletes all lines with 'XS:' pattern) -> return bam 
echo ${file} aligning to combined genome... 
bowtie2 --end-to-end --sensitive -x $genome -U _3.tmp | awk '$2 != 4 {print}' 
| sed '/XS:/d' | samtools view -bS '-' > ${file%%.*}.bam 
#++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++ 
rm *.tmp 
echo ${file%%.*} converting BAM to BED... 
bamToBed -i ${file%%.*}.bam > ${file%%.*}.bed 

echo indexing bam 
samtools sort ${file%%.*}.bam > ${file%%.*}_sorted.bam 
samtools index ${file%%.*}_sorted.bam > ${file%%.*}_sorted.bai 
# rm ${file%%.*}.bam 

#Converts BED to Sorted Bed using command line arguments 
#sorts by chromosome 
#Bedgraph file shows how many reads are present in each base position/ 
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echo Sorting BED... 
sort -k 1,1 -k2,2n ${file%%.*}.bed > ${file%%.*}_Combined_sorted.bed 
# rm ${file%%.*}.bed 

# for splitting the sorted.bed file based on chromosomes for each organism 

hg38_chro=$(awk '{print $1}' ${hg38chrominfo}) 
dm6_chro=$(awk '{print $1}' ${dm6chrominfo_autosomesOnly}) 

### IMPORTANT Note:  The steps below write repeatedly to the separated bed 
files.  Therefor, if you rerun this script without deleting or moving these 
files, they will be added to instead of overwritten. ####### 

for chr in ${hg38_chro} 
do 
awk '$1=="'${chr}'" {print $0}' ${file%%.*}_Combined_sorted.bed >> 
${file%%.*}_hg38.bed  
sort -k 1,1 -k2,2n ${file%%.*}_hg38.bed > ${file%%.*}_hg38_sorted.bed 
done 
rm ${file%%.*}_hg38.bed 

for dm6chr in ${dm6_chro} 
do 
awk '$1=="'${dm6chr}'" {print $0}' ${file%%.*}_Combined_sorted.bed >> 
${file%%.*}_dm6.bed 
sort -k 1,1 -k2,2n ${file%%.*}_dm6.bed > ${file%%.*}_dm6_sorted.bed 
done  
rm ${file%%.*}_dm6.bed 

echo Number of reads mapping to hg38 genome:  
wc -l ${file%%.*}_hg38_sorted.bed 
echo Number of reads mapping to dm6 genome autosomesOnly: 
wc -l ${file%%.*}_dm6_sorted.bed 

#Generate non-nomalized Bedgraphs 
echo Generating non-normalized Bedgraphs... 
awk '$6 == "+"' ${file%%.*}_hg38_sorted.bed | genomeCoverageBed -i stdin -3 -
bg -g ${hg38chrominfo} > ${file%%.*}_hg38_plus.bedgraph  
awk '$6 == "-"' ${file%%.*}_hg38_sorted.bed | genomeCoverageBed -i stdin -3 -
bg -g ${hg38chrominfo} > ${file%%.*}_hg38_m.bedgraph 
awk '{$4=$4*-1; print}' ${file%%.*}_hg38_m.bedgraph > 
${file%%.*}_hg38_minus.bedgraph 

echo Generate normalized Bedgraphs for both organisms 
#set a normalization factor based on reads mapping to spike-In Genome reads 
per hundred thousand spike-in 
nf=`wc ${file%%.*}_dm6_sorted.bed | awk '{print $1}'`  
#nf=$(expr $spikeCounts/100000) 
echo spikeCounts = $nf 
#echo normalization factor is $nf 
echo $nf | awk -v nf=$nf '{printf "%s\t%s\t%s\t%s\n", $1, $2, $3, 
($4*100000/nf)}' ${file%%.*}_hg38_plus.bedgraph  > 
${file%%.*}_hg38_SpikeNormed_plus.bedgraph 
echo $nf | awk -v nf=$nf '{printf "%s\t%s\t%s\t%s\n", $1, $2, $3, 
($4*100000/nf)}' ${file%%.*}_hg38_minus.bedgraph  > 
${file%%.*}_hg38_SpikeNormed_minus.bedgraph 
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#Make BigWig 
echo Making BigWigs... 
${bgToBigWig} ${file%%.*}_hg38_plus.bedgraph $hg38chrominfo 
${file%%.*}_plus.bw 
${bgToBigWig} ${file%%.*}_hg38_minus.bedgraph $hg38chrominfo 
${file%%.*}_minus.bw 
${bgToBigWig} ${file%%.*}_hg38_SpikeNormed_plus.bedgraph $hg38chrominfo 
${file%%.*}_SpikeNormed_plus.bw 
${bgToBigWig} ${file%%.*}_hg38_SpikeNormed_minus.bedgraph $hg38chrominfo 
${file%%.*}_SpikeNormed_minus.bw 

#rm *.tmp 
# not sure if correct or remove dm6_m.bedgraph? 
# rm ${file%%.*}_m.bedgraph 
rm ${file%%.*}_hg38_m.bedgraph 
gzip *.bed 
gzip ${file%%.*}.fastq 

done 

## check for existence of subdirectories, make if non-existant 
if [ ! -d "./bed" ]; then  
mkdir "./bed" 
fi 
if [ ! -d "./bedgraph" ]; then  
mkdir "./bedgraph" 
fi 
if [ ! -d "./logs" ]; then  
mkdir "./logs" 
fi 
if [ ! -d "./bw" ]; then  
mkdir "./bw" 
fi 
if [ ! -d "./bw" ]; then  
mkdir "./bw" 
fi 
if [ ! -d "./bam" ]; then  
mkdir "./bam" 
fi 

## Move aligned files to corresponding directories 
mv *.bed.gz ./bed  
mv *.bw ./bw 
mv *.bedgraph ./bedgraph  
# mv *.log ./logs 
mv *.txt ./logs  
mv *.bam* ./bam 
mv *.bai ./bam 
# mv *run* ./logs 
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PROseq R-script used to generate a table with gene body counts for differential expression 
analysis 

#Modify 
/media/jacobmtome/HDD/JMT_Lis_Lab/CombinedRuns_2015_07_PROseq/DESeq2/Promoter
_CDF_Window/160224-DESeq2_Promoter.R 

#Do DeSeq2 in the region used for the CDF.  I've found that most of the 
shifts that I have called are more due to the earlier peak  
  #going down and the second peak at the nucleosome staying the same 

#So, to say that shifts are due to a decrease of one portion of the pause, 
run DESeq on the whole window to see if reads within it are decreasing  

GeneList = read.table('N://Greg//P6-PROseq//hglft_genome_ee6_81cd70.bed', 
header=TRUE) 

OutputDirectory = 'N://Greg//P6-PROseq//Results//desktop results' 

#Use the get counts function from when I plotted replicates.  I'll run DESeq 
on these same data (counts of total reads in the gene body, per gene).  USE 
THE NON-NORMALIZED BIGWIGS 
library(bigWig) 
library(DESeq2) 

basepath = 'N://Greg//P6-PROseq' 
tss.off = 200 
geneEnd.off = 200 

getCounts <- function(wig.p, wig.m, genes, tss.off, geneEnd.off) { 
  N = dim(genes)[1] 
  plusStrand = genes[,6] == '+'    #vector of all genes returns true if the 
gene is on the plus strand, false if on the minus strand.  6 is column with 
strand information in Jay's gene list  [,6] means all of column 6 

  result = vector(mode="integer", length=N) 

  for (i in 1:N) { 
    chrom = as.character(genes[i, 1]) 
    start = as.integer(genes[i, 2]) 
    end = as.integer(genes[i, 3]) 

    if (plusStrand[i]) {  #if the gene is on the plus strand... 
      wig = wig.p    #use the plus strand bigWig file 

      qStart = start + tss.off    #start from the genelist plus the offset 
defined at the beginning 
      qEnd = end - geneEnd.off   #for Jay's list, we don't want the end of 
genes (his goes all the way to the end of the gene annotation), so define the 
end as 200 bp before the end  

      if (qStart > qEnd) { 
        result[i] = NA 
        next 
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      } 

      data = query.bigWig(wig, chrom, qStart, qEnd) 

      if (!is.null(data)) 
        result[i] = abs(sum(data[,3]))  #if data was returned (is not null), 
add the sum of all the reads to the results list defined at the beginning 
(data is a table, third row is the read counts at each base) 
    } else { 
      wig = wig.m 
      if (is.null(wig.m)) 
        wig = wig.p 

      qStart = start + geneEnd.off 
      qEnd = end - tss.off 

      if (qStart > qEnd) { 
        result[i] = NA 
        next 
      } 

      data = query.bigWig(wig, chrom, qStart, qEnd) 

      if (!is.null(data)) 
        result[i] = abs(sum(data[,3])) 
    } 
  } 

  return(cbind(result)) 
}#returns the number of counts in gene body 

wig.table = rbind( 
  c("7997_7301_46204_HFYVFBGX2_humfblast_wt_unstrained_ATCACG_R1_plus.bw", 
"7997_7301_46204_HFYVFBGX2_humfblast_wt_unstrained_ATCACG_R1_minus.bw", 
"WTunstrain"), 
  c("7997_7301_46205_HFYVFBGX2_humfblast_wt_strain1hr_CGATGT_R1_plus.bw", 
"7997_7301_46205_HFYVFBGX2_humfblast_wt_strain1hr_CGATGT_R1_minus.bw", 
"WTstrain1hr"), 

c("7997_7301_46206_HFYVFBGX2_humfblast_shLMNA_unstrained_TTAGGC_R1_plus.bw", 
"7997_7301_46206_HFYVFBGX2_humfblast_shLMNA_unstrained_TTAGGC_R1_minus.bw", 
"shLMNAunstrain"), 
  c("7997_7301_46207_HFYVFBGX2_humfblast_shLMNA_strain1hr_TGACCA_R1_plus.bw", 
"7997_7301_46207_HFYVFBGX2_humfblast_shLMNA_strain1hr_TGACCA_R1_minus.bw", 
"shLMNAstrain1hr")) 

load.wigset <- function(row) { 
  file = wig.table[row, 1] 
  wig.p = NULL 
  if (file != "") 
    wig.p = load.bigWig(paste(basepath, file, sep='')) 
  file = wig.table[row, 2] 
  wig.m = NULL 
  if (file != "") 
    wig.m = load.bigWig(paste(basepath, file, sep='')) 

  return(list(wig.p, wig.m, wig.table[row, 3])) 
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} 

unload.wigset <- function(set) { 
  if (!is.null(set[[1]])) 
    unload.bigWig(set[[1]]) 
  if (!is.null(set[[2]])) 
    unload.bigWig(set[[2]]) 
} 

N = dim(wig.table)[1] 
gb.res = vector(mode="list", length=N) 
for (i in 1:N) { 
  cat("* loading", i, "\n") 
  wigs = load.wigset(i)#this should give all the wig files 
  cat("* computing ...\n") 
  gb.res[[i]] = getCounts(wigs[[1]], wigs[[2]], GeneList, tss.off, 
geneEnd.off) 
  colnames(gb.res[[i]]) <- c(paste(wigs[[3]], "counts", sep="_")) 
  cat("* unloading.\n") 
  unload.wigset(wigs) 
} 

output <- cbind(GeneList, gb.res[[1]], gb.res[[2]], gb.res[[3]], 
gb.res[[4]])#, gb.res[[5]], gb.res[[6]], gb.res[[7]], gb.res[[8]], 
gb.res[[9]], gb.res[[10]], gb.res[[11]], gb.res[[12]]) 
#write.table(output, file = "path/to/file.txt", sep = "\t", quote = F, 
row.names = F, col.names = T) 

# remove genes with NA values 
output <- output[complete.cases(output), ] 

# remove uninformative genes keep only genes that are expressed in at least 
20 count in 2 samples 
output <- output[rowSums(output[,c(7,8,9,10)]>20)>=2,] 
write.csv(output, file = 
c(OutputDirectory,"output.csv_0_filter_atleat_20_count.csv")) 
head (output) 
final_count <- read.csv("output.csv_0_filter_atleat_20_count.csv", 
header=TRUE, row.names=1) 
###################################################### 
##LMNA strain vs. unstrained 
###################################################### 
hrstrain_DESeq = output[,c(9,10)] 
rownames(hrstrain_DESeq) <- output[,4] 
coldata = 
data.frame(row.names=colnames(hrstrain_DESeq),condition=as.factor(c(rep("untr
eated",1),rep("treated",1))))  
dds.hrstrain_DESeq <- DESeqDataSetFromMatrix( 
  countData = hrstrain_DESeq, 
  colData = coldata, 
  design = ~ condition)   #build the DESeq matrix.  Uses the metadata from 
coldata and the counts from Apt_DESeq.  Design lets it know that the 
condition column in the coldata frame indicate which are the treated samples 
(points to the column in coldata that has the options for treatment... I only 
have teated or untreated, but there could be multiple variables like time, 
concentration, and temperature, etc) 
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dds.hrstrain_DESeq$condition <- relevel(dds.hrstrain_DESeq$condition, 
"untreated")  #makes sure that the untreated samples are first (so that fold 
change is right when DESeq calculates it).  Probably unnecessary as it is 
already in this order. 
dds <- DESeq(dds.hrstrain_DESeq) 
DESeq(dds) 

# Regularized log transformation for clustering/heatmaps, etc 
rld <- rlogTransformation(dds) 
head(assay(rld)) 
hist(assay(rld)) 
write.csv(rld, file="rld.csv") 

# Get differential expression results 
res <- results(dds) 
## Order by adjusted fold change 
res <- res[order(res$log2FoldChange), ] 
## Merge with normalized count data 
resdata <- merge(as.data.frame(res), as.data.frame(counts(dds, 
normalized=TRUE)), by="row.names", sort=FALSE) 
names(resdata)[1] <- "Gene" 
head(resdata) 
## Write results 
write.csv(resdata, file="diffexpr-results_LMNA strain_vs_unstrained.csv") 

## filter result by log2foldchange i.e. set to 1 
dat.log2FC.twofold = res[abs(res$log2FoldChange) >= 1.0,] 
write.csv(dat.log2FC.twofold, file=paste(c(OutputDirectory,"diffexpr-
results_filter_LMNA strain_vs_unstrained.csv"),  collapse = '')) 

## Volcano plot with "significant" genes labeled 
volcanoplot <- function (res, lfcthresh=2, sigthresh=0.05, main="Volcano 
Plot", legendpos="bottomright", labelsig=TRUE, textcx=1, ...) { 
   with(res, plot(log2FoldChange, -log10(pvalue), pch=20, main=main, ...)) 
   with(subset(res, padj<sigthresh ), points(log2FoldChange, -log10(pvalue), 
pch=20, col="red", ...)) 
   with(subset(res, abs(log2FoldChange)>lfcthresh), points(log2FoldChange, -
log10(pvalue), pch=20, col="orange", ...)) 
   with(subset(res, padj<sigthresh & abs(log2FoldChange)>lfcthresh), 
points(log2FoldChange, -log10(pvalue), pch=20, col="green", ...)) 
   if (labelsig) { 
      require(calibrate) 
      with(subset(res, padj<sigthresh & abs(log2FoldChange)>lfcthresh), 
textxy(log2FoldChange, -log10(pvalue), labs=Gene, cex=textcx, ...)) 
   } 
   legend(legendpos, xjust=1, yjust=1, 
legend=c(paste("FDR<",sigthresh,sep=""), paste("|LogFC|>",lfcthresh,sep=""), 
"both"), pch=20, col=c("red","orange","green")) 
} 

png(paste(c(OutputDirectory,"diffexpr-volcanoplot_LMNA 
strain_vs_unstrained.png"), collapse = ''), 1200, 1000, pointsize=20) 
volcanoplot(resdata, lfcthresh=1, sigthresh=0.05, textcx=.8, xlim=c(-2.3, 2)) 
title(main='LMNA strain vs. unstrained\n\n', cex=1.5) 
dev.off() 
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par(mfrow=c(2,2),mar=c(2,2,1,1)) 
yl <- c(-5,5) 
resGA <- results(dds, lfcThreshold=1.0, altHypothesis="greaterAbs") 
plotMA(resGA, main="DESeq2",ylim=yl) 
abline(h=c(-1,1),col="dodgerblue",lwd=2) 
title(main='Change in Gene Body Read Count, LMNA strain vs. unstrained\n\n', 
cex=1.5) 
write.csv(as.data.frame(resGA), file=paste(c(OutputDirectory,'20170703_LMNA 
strain_vs_unstrained.csv'), collapse = '')) 

png(paste(c(OutputDirectory,"20170703_LMNA strain_vs_unstrained.png"), 
collapse = ''), 1200, 1000, pointsize=20) 
plotMA(resGA, main="DESeq2",ylim=yl) 
abline(h=c(-1,1),col="dodgerblue",lwd=2) 
title(main='Change in Gene Body Read Count, LMNA strain vs. unstrained\n\n', 
cex=1.5) 
dev.off() 

###################################################### 
##WT strain vs. unstrained 
###################################################### 
hrstrain_DESeq = output[,c(7,8)] 
rownames(hrstrain_DESeq) <- output[,4] 
coldata = 
data.frame(row.names=colnames(hrstrain_DESeq),condition=as.factor(c(rep("untr
eated",1),rep("treated",1))))  
dds.hrstrain_DESeq <- DESeqDataSetFromMatrix( 
   countData = hrstrain_DESeq, 
   colData = coldata, 
   design = ~ condition)   #build the DESeq matrix.  Uses the metadata from 
coldata and the counts from Apt_DESeq.  Design lets it know that the 
condition column in the coldata frame indicate which are the treated samples 
(points to the column in coldata that has the options for treatment... I only 
have teated or untreated, but there could be multiple variables like time, 
concentration, and temperature, etc) 

dds.hrstrain_DESeq$condition <- relevel(dds.hrstrain_DESeq$condition, 
"untreated")  #makes sure that the untreated samples are first (so that fold 
change is right when DESeq calculates it).  Probably unnecessary as it is 
already in this order. 
dds <- DESeq(dds.hrstrain_DESeq) 
DESeq(dds) 

# Regularized log transformation for clustering/heatmaps, etc 
rld <- rlogTransformation(dds) 
head(assay(rld)) 
hist(assay(rld)) 
write.csv(rld, file="rld.csv") 

# Get differential expression results 
res <- results(dds) 
## Order by adjusted fold change 
res <- res[order(res$log2FoldChange), ] 
## Merge with normalized count data 
resdata <- merge(as.data.frame(res), as.data.frame(counts(dds, 
normalized=TRUE)), by="row.names", sort=FALSE) 
names(resdata)[1] <- "Gene" 
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head(resdata) 
## Write results 
write.csv(resdata, file="diffexpr-results_wt strain_vs_unstrained.csv") 

## filter result by log2foldchange i.e. set to 1 
dat.log2FC.twofold = res[abs(res$log2FoldChange) >= 1.0,] 
write.csv(dat.log2FC.twofold, file=paste(c(OutputDirectory,"diffexpr-
results_filter_wt strain_vs_unstrained.csv"),  collapse = '')) 

## Volcano plot with "significant" genes labeled 
volcanoplot <- function (res, lfcthresh=2, sigthresh=0.05, main="Volcano 
Plot", legendpos="bottomright", labelsig=TRUE, textcx=1, ...) { 
   with(res, plot(log2FoldChange, -log10(pvalue), pch=20, main=main, ...)) 
   with(subset(res, padj<sigthresh ), points(log2FoldChange, -log10(pvalue), 
pch=20, col="red", ...)) 
   with(subset(res, abs(log2FoldChange)>lfcthresh), points(log2FoldChange, -
log10(pvalue), pch=20, col="orange", ...)) 
   with(subset(res, padj<sigthresh & abs(log2FoldChange)>lfcthresh), 
points(log2FoldChange, -log10(pvalue), pch=20, col="green", ...)) 
   if (labelsig) { 
      require(calibrate) 
      with(subset(res, padj<sigthresh & abs(log2FoldChange)>lfcthresh), 
textxy(log2FoldChange, -log10(pvalue), labs=Gene, cex=textcx, ...)) 
   } 
   legend(legendpos, xjust=1, yjust=1, 
legend=c(paste("FDR<",sigthresh,sep=""), paste("|LogFC|>",lfcthresh,sep=""), 
"both"), pch=20, col=c("red","orange","green")) 
} 

png(paste(c(OutputDirectory,"diffexpr-volcanoplot_wt 
strain_vs_unstrained.png"), collapse = ''), 1200, 1000, pointsize=20) 
volcanoplot(resdata, lfcthresh=1, sigthresh=0.05, textcx=.8, xlim=c(-2.3, 2)) 
title(main='WT strain vs. unstrained\n\n', cex=1.5) 
dev.off() 

par(mfrow=c(2,2),mar=c(2,2,1,1)) 
yl <- c(-5,5) 
resGA <- results(dds, lfcThreshold=1.0, altHypothesis="greaterAbs") 
plotMA(resGA, main="DESeq2",ylim=yl) 
abline(h=c(-1,1),col="dodgerblue",lwd=2) 
title(main='Change in Gene Body Read Count, wt strain vs. unstrained\n\n', 
cex=1.5) 
write.csv(as.data.frame(resGA), file=paste(c(OutputDirectory,'20170703_wt 
strain_vs_unstrained.csv'), collapse = '')) 

png(paste(c(OutputDirectory,"20170703_wt strain_vs_unstrained.png"), collapse 
= ''), 1200, 1000, pointsize=20) 
plotMA(resGA, main="DESeq2",ylim=yl) 
abline(h=c(-1,1),col="dodgerblue",lwd=2) 
title(main='Change in Gene Body Read Count, WT strain vs. unstrained\n\n', 
cex=1.5) 
dev.off() 

###################################################### 
##LMNA unstrained vs. WT unstrained 
###################################################### 
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hrstrain_DESeq = output[,c(7,9)] 
rownames(hrstrain_DESeq) <- output[,4] 
coldata = 
data.frame(row.names=colnames(hrstrain_DESeq),condition=as.factor(c(rep("untr
eated",1),rep("treated",1))))  
dds.hrstrain_DESeq <- DESeqDataSetFromMatrix( 
   countData = hrstrain_DESeq, 
   colData = coldata, 
   design = ~ condition)   #build the DESeq matrix.  Uses the metadata from 
coldata and the counts from Apt_DESeq.  Design lets it know that the 
condition column in the coldata frame indicate which are the treated samples 
(points to the column in coldata that has the options for treatment... I only 
have teated or untreated, but there could be multiple variables like time, 
concentration, and temperature, etc) 

dds.hrstrain_DESeq$condition <- relevel(dds.hrstrain_DESeq$condition, 
"untreated")  #makes sure that the untreated samples are first (so that fold 
change is right when DESeq calculates it).  Probably unnecessary as it is 
already in this order. 
dds <- DESeq(dds.hrstrain_DESeq) 
DESeq(dds) 

# Regularized log transformation for clustering/heatmaps, etc 
rld <- rlogTransformation(dds) 
head(assay(rld)) 
hist(assay(rld)) 
write.csv(rld, file="rld.csv") 

# Get differential expression results 
res <- results(dds) 
## Order by adjusted fold change 
res <- res[order(res$log2FoldChange), ] 
## Merge with normalized count data 
resdata <- merge(as.data.frame(res), as.data.frame(counts(dds, 
normalized=TRUE)), by="row.names", sort=FALSE) 
names(resdata)[1] <- "Gene" 
head(resdata) 
## Write results 
write.csv(resdata, file="diffexpr-
results_LMNA_unstrained_vs_wt_unstrained.csv") 

## filter result by log2foldchange i.e. set to 1 
dat.log2FC.twofold = res[abs(res$log2FoldChange) >= 1.0,] 
write.csv(dat.log2FC.twofold, file=paste(c(OutputDirectory,"diffexpr-
results_filter_LMNA_unstrained_vs_wt_unstrained.csv"),  collapse = '')) 

## Volcano plot with "significant" genes labeled 
volcanoplot <- function (res, lfcthresh=2, sigthresh=0.05, main="Volcano 
Plot", legendpos="bottomright", labelsig=TRUE, textcx=1, ...) { 
   with(res, plot(log2FoldChange, -log10(pvalue), pch=20, main=main, ...)) 
   with(subset(res, padj<sigthresh ), points(log2FoldChange, -log10(pvalue), 
pch=20, col="red", ...)) 
   with(subset(res, abs(log2FoldChange)>lfcthresh), points(log2FoldChange, -
log10(pvalue), pch=20, col="orange", ...)) 
   with(subset(res, padj<sigthresh & abs(log2FoldChange)>lfcthresh), 
points(log2FoldChange, -log10(pvalue), pch=20, col="green", ...)) 
   if (labelsig) { 



200 

      require(calibrate) 
      with(subset(res, padj<sigthresh & abs(log2FoldChange)>lfcthresh), 
textxy(log2FoldChange, -log10(pvalue), labs=Gene, cex=textcx, ...)) 
   } 
   legend(legendpos, xjust=1, yjust=1, 
legend=c(paste("FDR<",sigthresh,sep=""), paste("|LogFC|>",lfcthresh,sep=""), 
"both"), pch=20, col=c("red","orange","green")) 
} 

png(paste(c(OutputDirectory,"diffexpr-
volcanoplot_LMNA_unstrained_vs_wt_unstrained.png"), collapse = ''), 1200, 
1000, pointsize=20) 
volcanoplot(resdata, lfcthresh=1, sigthresh=0.05, textcx=.8, xlim=c(-2.3, 2)) 
title(main='LMNA unstrained vs. WT unstrained\n\n', cex=1.5) 
dev.off() 

par(mfrow=c(2,2),mar=c(2,2,1,1)) 
yl <- c(-5,5) 
resGA <- results(dds, lfcThreshold=1.0, altHypothesis="greaterAbs") 
plotMA(resGA, main="DESeq2",ylim=yl) 
abline(h=c(-1,1),col="dodgerblue",lwd=2) 
title(main='Change in Gene Body Read Count, LMNA unstrained vs. WT 
unstrained\n\n', cex=1.5) 
write.csv(as.data.frame(resGA), 
file=paste(c(OutputDirectory,'20170703_LMNA_unstrained_vs_wt_unstrained.csv')
, collapse = '')) 

png(paste(c(OutputDirectory,"20170703_LMNA_unstrained_vs_wt_unstrained.png"), 
collapse = ''), 1200, 1000, pointsize=20) 
plotMA(resGA, main="DESeq2",ylim=yl) 
abline(h=c(-1,1),col="dodgerblue",lwd=2) 
title(main='Change in Gene Body Read Count, LMNA unstrained vs. WT 
unstrained\n\n', cex=1.5) 
dev.off() 

###################################################### 
##LMNA strain (1hr) vs. WT strain (1hr) 
###################################################### 
hrstrain_DESeq = output[,c(8,10)] 
rownames(hrstrain_DESeq) <- output[,4] 
coldata = 
data.frame(row.names=colnames(hrstrain_DESeq),condition=as.factor(c(rep("untr
eated",1),rep("treated",1))))  
dds.hrstrain_DESeq <- DESeqDataSetFromMatrix( 
   countData = hrstrain_DESeq, 
   colData = coldata, 
   design = ~ condition)   #build the DESeq matrix.  Uses the metadata from 
coldata and the counts from Apt_DESeq.  Design lets it know that the 
condition column in the coldata frame indicate which are the treated samples 
(points to the column in coldata that has the options for treatment... I only 
have teated or untreated, but there could be multiple variables like time, 
concentration, and temperature, etc) 

dds.hrstrain_DESeq$condition <- relevel(dds.hrstrain_DESeq$condition, 
"untreated")  #makes sure that the untreated samples are first (so that fold 
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change is right when DESeq calculates it).  Probably unnecessary as it is 
already in this order. 
dds <- DESeq(dds.hrstrain_DESeq) 
DESeq(dds) 

# Regularized log transformation for clustering/heatmaps, etc 
rld <- rlogTransformation(dds) 
head(assay(rld)) 
hist(assay(rld)) 
write.csv(rld, file="rld.csv") 

# Get differential expression results 
res <- results(dds) 
## Order by adjusted fold change 
res <- res[order(res$log2FoldChange), ] 
## Merge with normalized count data 
resdata <- merge(as.data.frame(res), as.data.frame(counts(dds, 
normalized=TRUE)), by="row.names", sort=FALSE) 
names(resdata)[1] <- "Gene" 
head(resdata) 
## Write results 
write.csv(resdata, file="diffexpr-results_LMNA_strain_vs_wt_strain.csv") 

## filter result by log2foldchange i.e. set to 1 
dat.log2FC.twofold = res[abs(res$log2FoldChange) >= 1.0,] 
write.csv(dat.log2FC.twofold, file=paste(c(OutputDirectory,"diffexpr-
results_filter_LMNA_strain_vs_wt_strain.csv"),  collapse = '')) 

## Volcano plot with "significant" genes labeled 
volcanoplot <- function (res, lfcthresh=2, sigthresh=0.05, main="Volcano 
Plot", legendpos="bottomright", labelsig=TRUE, textcx=1, ...) { 
   with(res, plot(log2FoldChange, -log10(pvalue), pch=20, main=main, ...)) 
   with(subset(res, padj<sigthresh ), points(log2FoldChange, -log10(pvalue), 
pch=20, col="red", ...)) 
   with(subset(res, abs(log2FoldChange)>lfcthresh), points(log2FoldChange, -
log10(pvalue), pch=20, col="orange", ...)) 
   with(subset(res, padj<sigthresh & abs(log2FoldChange)>lfcthresh), 
points(log2FoldChange, -log10(pvalue), pch=20, col="green", ...)) 
   if (labelsig) { 
      require(calibrate) 
      with(subset(res, padj<sigthresh & abs(log2FoldChange)>lfcthresh), 
textxy(log2FoldChange, -log10(pvalue), labs=Gene, cex=textcx, ...)) 
   } 
   legend(legendpos, xjust=1, yjust=1, 
legend=c(paste("FDR<",sigthresh,sep=""), paste("|LogFC|>",lfcthresh,sep=""), 
"both"), pch=20, col=c("red","orange","green")) 
} 

png(paste(c(OutputDirectory,"diffexpr-
volcanoplot_LMNA_strain_vs_wt_strain.png"), collapse = ''), 1200, 1000, 
pointsize=20) 
volcanoplot(resdata, lfcthresh=1, sigthresh=0.05, textcx=.8, xlim=c(-2.3, 2)) 
title(main='LMNA strain vs WT strain\n\n', cex=1.5) 
dev.off() 

par(mfrow=c(2,2),mar=c(2,2,1,1)) 
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yl <- c(-5,5) 
resGA <- results(dds, lfcThreshold=1.0, altHypothesis="greaterAbs") 
plotMA(resGA, main="DESeq2",ylim=yl) 
abline(h=c(-1,1),col="dodgerblue",lwd=2) 
title(main='Change in Gene Body Read Count, LMNA strain vs. WT strain\n\n', 
cex=1.5) 
write.csv(as.data.frame(resGA), 
file=paste(c(OutputDirectory,'20170703_LMNA_strain_vs_wt_strain.csv'), 
collapse = '')) 

png(paste(c(OutputDirectory,"20170703_LMNA_strain_vs_wt_strain.png"), 
collapse = ''), 1200, 1000, pointsize=20) 
plotMA(resGA, main="DESeq2",ylim=yl) 
abline(h=c(-1,1),col="dodgerblue",lwd=2) 
title(main='Change in Gene Body Read Count, LMNA strain vs. WT strain\n\n', 
cex=1.5) 
dev.off() 

#################################################### 
# ATTEMPT AT HEATMAP  
hrstrain_DESeq = output[,c(7,8,9,10)] 
rownames(hrstrain_DESeq) <- output[,4] 
# coldata = 
data.frame(row.names=colnames(hrstrain_DESeq),condition=as.factor(c(rep("untr
eated",2),rep("treated",2))))  
coldata = 
data.frame(row.names=colnames(hrstrain_DESeq),condition=as.factor(c("untreate
d","treated","untreated", "treated")),type=as.factor(c("wt", "wt", "shlmna", 
"shlmna")))  
dds.hrstrain_DESeq <- DESeqDataSetFromMatrix( 
   countData = hrstrain_DESeq, 
   colData = coldata, 
   design = ~ condition)   #build the DESeq matrix.  Uses the metadata from 
coldata and the counts from Apt_DESeq.  Design lets it know that the 
condition column in the coldata frame indicate which are the treated samples 
(points to the column in coldata that has the options for treatment... I only 
have teated or untreated, but there could be multiple variables like time, 
concentration, and temperature, etc) 

dds.hrstrain_DESeq$condition <- relevel(dds.hrstrain_DESeq$condition, 
"untreated")  #makes sure that the untreated samples are first (so that fold 
change is right when DESeq calculates it).  Probably unnecessary as it is 
already in this order. 
dds <- DESeq(dds.hrstrain_DESeq) 
DESeq(dds) 

library("pheatmap") 
select <- order(rowMeans(counts(dds,normalized=TRUE)),decreasing=TRUE)[1:20] 
nt <- normTransform(dds)  
log2.norm.counts <-assay(nt)[select,] 
df <- as.data.frame(colData(dds)[,c("condition","type")]) 
pheatmap(log2.norm.counts, cluster_rows=FALSE, show_rownames=FALSE, 
cluster_cols=FALSE, annotation_col=df) 
pheatmap(assay(rld)[select, ], cluster_rows=FALSE, show_rownames=FALSE, 
cluster_cols=FALSE, annotation_col=df) 
pheatmap(assay(vsd)[select, ], cluster_rows=FALSE, show_rownames=FALSE, 
cluster_cols=FALSE, annotation_col=df) 
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