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Abstract

Analyses of aging and heterogeneity in nuclei of multinucleated skeletal muscle cells

By Alicia Cutler

The primary cell type of skeletal muscle is the myofiber. Myofibers are multinucleated
containing thousands of nuclei all sharing a single, common cytoplasm. Despite all nuclei
sharing the same cytoplasm, individual nuclei differ in key characteristics. Although the
nucleus is the major site of gene regulation, the muscle nucleus has been underexamined
because of technical limitations including contamination with non-myofiber derived nuclei
and inability to selectively analyze individual nuclei. In this dissertation, we overcome
these difficulties and demonstrate that nuclei in a single myofiber differ in nuclear import
as a potential mechanism for achieving variation in nuclear content and function among
nuclei in a single cell. We also present an approach to selectively isolate myonuclei, the
first detailed myonuclear proteome, and changes that occur in the myonuclear proteome
with aging. This work reinforces the significance of variation among myonuclei and
emphasizes the importance of examining nuclear activity on the level of individual nuclei.
Additionally, we show that we have developed the technical approach needed to pursue
myonuclear-specific studies. Together our findings lay the foundation for careful
examination of the myonuclear proteome, transcriptome, and epigenome in response to

muscle growth, regeneration, exercise, and disease.
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Chapter 1: Background and Significance

Introduction

Proper function of skeletal muscle tissue is critical for survival and quality of life.
As in any tissue, proper function relies on correct gene expression. Unlike other tissues,
the primary cell type in skeletal muscle is multinucleated. This plurality of nuclei adds a
layer of complication to regulating gene expression Thousands of nuclei sharing a common
cytoplasm introduces new variables like nuclear position, age of a nucleus, and interaction
with other nuclei that could affect nuclear activity. Whether nuclear activity is coordinated
among nuclei or is regulated by each nucleus independently is unknown as is the effect of
factors like nuclear position and age. By extension, how different states like growth,
regeneration, exercise, or aging affect muscle nuclei is largely unknown.
Nucleocytoplasmic transport regulates which proteins enter and leave the nucleus and
thereby broadly modulates nuclear activity. This dissertation will examine nuclear import
in multinucleated skeletal muscle cells and changes to the myonuclear proteome that occur
in aging. This chapter highlights the basic properties of skeletal muscle, nucleocytoplasmic
transport, and multinucleated cells. First, skeletal muscle and its properties in development
and aging are examined. Second, the primary components of nucleocytoplasmic transport
are presented with particular emphasis on nuclear import. Third, the basic properties of
multinucleated cells, how they are formed, and any differences among nuclei within a

single cell are reviewed.



1.1 Skeletal muscle

Skeletal muscle is the most massive tissue in the body, making up 40-50% of
a human body’s mass (Ten Broek, Grefte et al. 2010). Critical bodily functions including
breathing, swallowing, and moving require skeletal muscle function. In addition to its role
in contraction, skeletal muscle also plays a major role in the immune response and in
metabolic homeostasis and thermal homeostasis in mammals. Skeletal muscle is the
primary amino acid reserve, supplying the body with nutrients when protein or glucose
intake is limited (Cahill 1970, Biolo, Zhang et al. 1995). When the body is exposed to cold,
skeletal muscle shivering is induced as a means of thermogenesis (Jubrias, Vollestad et al.
2008, Nakamura and Morrison 2011). Shivering is also induced in response to infection as
a means of thermogenesis to combat the pathogen (Cooper, Preston et al. 1976). Survival
depends on proper development and maintenance of skeletal muscle.

Skeletal muscle tissue is made up of many different cell types (Figure 1.1). Crucial
supporting cells in a muscle include afferent neurons, muscle spindles that sense the muscle
length, endothelial cells that make up blood vessels, and fibroblasts that help deposit
extracellular matrix. Some cells present in small numbers in uninjured muscle expand their
populations dramatically to support tissue repair following injury; these cell populations
include muscle resident stem cells called satellite cells (Mauro 1961), fibroadipogenic
progenitor cells (FAPs) (Joe, Yi et al. 2010), and macrophages (Tidball and Villalta 2010).
While all of these cell types play an important role in supporting and maintaining skeletal
muscle, the primary cell type in muscle is large multinucleated myofibers. Myofibers can
extend from a muscle’s origin to its insertion site. The ends of a myofiber are specialized

to form a myotendinous junction that anchors the cell. A neuromuscular junction in the



middle of the myofiber, where a motor neuron synapses onto the myofiber, conveys action
potentials signaling the myofiber to contract. The body of a myofiber is densely packed
with contractile units called sarcomeres. The principle components of a sarcomere are actin
and myosin. Myosin motors move along actin filaments, shortening the sarcomere and
contracting the myofiber. Four major isoforms of myosin heavy chain exist, and each has
a different rate of contraction. Fast cycling myosin motors are found in myofibers relying
predominantly on glycolytic phosphorylation while slower cycling myosin is found in
myofibers relying on oxidative phosphorylation (Schiaffino and Reggiani 1994). The
composition of slow and fast myofiber types in a muscle affects the muscle’s performance
in both maximal force and time to fatigue. In conclusion, nuclei in skeletal muscle stem

from many different cell type, several types of myofibers, and different myofiber regions.

1.1.1 Myogenesis

During embryogenesis, cells from the myotome or from the precordal mesoderm
migrate and differentiate into muscle precursor cells called myoblasts (schematized in
Figure 1.2A). Precursor cells differentiate to committed post-mitotic myocytes, which fuse
to form immature myofibers (Reviewed in (Buckingham 1992)). Myofibers form in two
waves during embryonic development. Primary myofibers form first and tend to be slow
twitch myofibers (Draeger, Weeds et al. 1987, Buckingham, Bajard et al. 2003). The
second wave of myofibers form around primary myofibers and produce various kinds of
fast twitch myofibers (Ross, Duxson et al. 1987, Harris, Duxson et al. 1989). This initial
embryonic phase of myogenesis gives way to the fetal phase mostly defined by growth.

Postnatally muscles continue to grow and reserve precursor cells are designated to become



satellite cells (Reviewed in (Tajbakhsh 2005)). However, muscle satellite cells remain
relatively active throughout juvenile development as muscle continues to grow, up until
three months of age in mice (Pawlikowski, Pulliam et al. 2015). Growth and maintenance
of skeletal muscle in juveniles and adults depends on satellite cells. Satellite cells activate
from quiescence and divide. In an asymmetric cell division, one daughter cell returns to
quiescence, maintaining the satellite cell pool; the other daughter cell differentiates and
fuses into a myofiber (Kuang, Kuroda et al. , Shinin, Gayraud-Morel et al. 2006). To
summarize, developmental myogenesis relies on several rounds of progenitor
differentiation and incorporation to produce highly ordered skeletal muscle tissue.
Skeletal muscle is a highly regenerative tissue. Following injury, a series of
coordinated events result in regeneration of the injured site (schematized in Figure 1.2B).
First, M1 pro-inflammatory macrophages invade the site of injury and break down the
damaged tissue (Tidball and Villalta 2010). Fibroadipogenic progenitor cells proliferate
rapidly during this time and are potentially involved in stimulating the activation of satellite
cells and promoting matrix deposition (Lemos, Babaeijandaghi et al. 2015). The
macrophages then shift from pro-inflammatory M1 macrophages to anti-inflammatory M2
macrophages (Tidball and Villalta 2010), and FAPs undergo apoptosis (Lemos,
Babaeijandaghi et al. 2015). Satellite cells proliferate and produce a large number of
muscle progenitor cells. These progenitors differentiate and either fuse into existing
damaged myofibers or fuse with each other, forming new, smaller myofibers (Reviewed in
(Ratnayake and Currie 2017)). Sometimes myofibers regenerate with branches, which
reduce myofiber functionality and resistance to mechanical stress (Pichavant and Pavlath

2014). Myonuclei in regenerated myofibers are localized in the center of the myofiber



rather than the periphery and remain in the center of the myofiber for months after the
injury has healed. Thus, following injury multiple cell types all participate in a tightly
coordinated regenerative program that results in full regeneration of skeletal muscle tissue.

Myogenesis can be modeled in vitro using cultured muscle precursor cells
(schematized in Figure 1.2C). These cells are proliferative when cultured in growth media
containing serum. However, when transferred to serum-free media, the progenitor cells
differentiate and fuse, forming large multinucleated myotubes (Bondesen, Mills et al.
2004). This culture system likely best models the type of myogenesis that takes place

during regeneration.

1.1.2 Aging Muscle

Starting around age 30 in humans, muscle mass and strength begin an overall
decline, and the rate of decline increases rapidly after age 60 (Metter, Conwit et al. 1997,
Bassey 1998, Frontera, Hughes et al. 2000). The loss of muscle mass and strength results
from hypoplasia (loss of muscle cells) and atrophy (reduction in the size of the remaining
muscle cells). In addition, motor units undergo a switch from fast motor units to slow motor
units (Campbell, McComas et al. 1973), increasing delays in reaction time and increasing
the risk of loss of balance and falls. Decreased muscle function increases morbidity and
decreases quality of life for the elderly. Reduced muscle strength is associated with reduced
mobility (Marsh, Rejeski et al. 2011, Dufour, Hannan et al. 2013) and greater risk of falls
(Cesari, Kritchevsky et al. 2005, Landi, Liperoti et al. 2012) and disability (Newman,

Kupelian et al. 2006, Xue, Walston et al. 2011).



The functional and physiological changes in aging muscle are accompanied by
changes in the transcriptome and epigenome. mRNA levels are altered in aging: transcripts
related to metabolism are depleted in older muscle, while transcripts related to
inflammation and damage response are enriched (Zahn, Sonu et al. 2006, Kim, Park et al.
2014, Su, Ekman et al. 2015). These changes reflect functional changes like myofiber type
switching. miRNA expression and DNA methylation also change with age. Levels of
miRNAs regulating transcripts involved in transcription and differentiation are altered
(Kim, Park et al. 2014). Aging is also correlated with global DNA hypermethylation
(Zykovich, Hubbard et al. 2014). While there are established connections between altered
gene expression and the loss of muscle mass and function, the molecular mechanisms
driving a shift in gene expression remain elusive.

The changes in transcript levels with age are also accompanied by proteomic
changes in aging muscle. Approximately 10% of proteins in rat skeletal muscle change
significantly with age (Capitanio, Vasso et al. 2009). Most age-associated changes in
human and rodent skeletal muscle are detected in contractile and metabolic proteins
(Baraibar, Gueugneau et al. 2013, Holland, Dowling et al. 2014). Sarcomeric and metabolic
proteins are orders of magnitude more abundant than other proteins in the tissue, so these
proteins dominate any proteomic analysis to the exclusion of low abundance proteins. In
mouse and human samples ~50% of proteins identified and ~80% of peptide reads are from
contractile proteins (Carberry, Zweyer et al. 2014, Deshmukh, Murgia et al. 2015, Cutler,
Dammer et al. 2017). Examination of aging muscle in nematodes, which have relatively
lower levels of sarcomeric proteins than mammalian muscle, revealed a greater variety of

changes, including changes in levels of proteins functioning in transcription termination,



MRNA degradation, proteosomal function, and ribosomal proteins (Copes, Edwards et al.
2015). The results from aging nematodes indicate that substantial changes occur in skeletal
muscle with aging but are undetectable by current sample preparation techniques.
Increased detection of underrepresented proteins, including nuclear proteins, would likely
identify more muscle-specific aging changes.

Little is known about the effects of aging on myonuclei. The average half-life of a
human myonucleus is 15 years (Spalding, Bhardwaj et al. 2005), so some nuclei have been
incorporated in a myofiber for more than 30 years. Nuclear proteins are among the longest
lived in a cell; histones and some nuclear pore components turn over on the order of
decades (Toyama, Savas et al. 2013). This low turnover rate of nuclei and nuclear proteins
suggests that wear and tear of decades of use could affect nuclear composition and
integrity. Indeed, nuclear pore proteins accumulate oxidative damage with age, which
results in decreased exclusion of cytoplasmic proteins from the nuclear compartment
(D’Angelo, Raices et al. 2009). Likely, other nuclear proteins also undergo changes in
levels or modification as skeletal muscle ages. However, prior to the work presented in
Chapter 3 (Cutler, Dammer et al. 2017), most nuclear proteins were undetectable by

proteomic analysis of whole skeletal muscle tissue.

1.2 Nucleocytoplasmic transport

In eukaryotic cells, transcription is separated from translation by the nuclear
envelope. Genes are transcribed inside the nucleus, and the transcript is exported and then
translated in the cytoplasm. Any proteins with nuclear function must then be imported into

the nucleus. Nucleocytoplasmic transport (schematized in Figure 1.3) is controlled to



maintain regulation of gene expression and to protect the genome. Transport in and out of
the nucleus passes through nuclear pore complexes (NPC), the gateway through the nuclear
envelope (Schmidt and Gorlich 2016). Most proteins and RNA require nuclear transport
receptors to facilitate transport. Nuclear import proceeds as nuclear transport receptors
(NTR) bind to nuclear localization signals in the cargo protein. The complex of NTR and
cargo then translocate through the NPC into the nucleus. Once inside the nucleus, the NTR
is bound by RanGTP. This induces a conformational change, which releases the cargo into
the nucleoplasm. Many NTRs can mediate both import and export. An NTR-RanGTP
complex can bind to a nuclear export sequence (NES) motif in a target protein. Together,
the complex moves through the NPC to the cytoplasm. When RanGTP encounters
RanGAPL, in the cytoplasm it induces hydrolysis of GTP, which causes a conformational
change that dissociates the complex. The cargo and NTR are released (Schmidt and Gorlich
2016). To replenish nuclear pools of RanGTP, RanGDP is bound by NTF2 and imported
into the nucleus (Corbett and Silver 1996) where the RanGDP is converted to RanGTP by
interaction with RCC1. The directionality of nuclear transport depends on maintaining
higher concentrations of RanGTP in the nucleus and RanGDP in the cytoplasm. This
concentration gradient is achieved by localizing RCCL1 to the nucleus and RanGAP1 to the

cytoplasm (reviewed in (Tran, King et al. 2014)).

1.2.1 Nuclear envelope
The nuclear envelope is a double membrane sequestering the nucleus from the rest
of the cell; the primary mode of crossing the nuclear envelope is through nuclear pores.

The outer nuclear membrane (ONM) is continuous with the endoplasmic reticulum and



contains some ribosomes. The ONM is also decorated with several proteins specific to the
ONM, which function to connect the nucleus to the surrounding cytoskeleton and correctly
position the nucleus in the cell. The inner nuclear membrane (INM) interacts with nuclear
lamins, chromatin, and other nucleoplasmic proteins through nuclear envelope
transmembrane proteins (NETSs), most of which specifically localize to the INM. LINC
complexes, composed of SUN domain proteins on the nucleoplasmic side and KASH
domain proteins on the cytoplasmic side, connect the cytoskeletons of the nucleus and
cytoplasm (Tapley and Starr 2013), provide for transduction of mechanical signaling (Uzer,
Thompson et al. 2015), and maintain the correct spatial separation between the INM and
ONM (Voeltz and Prinz 2007). SUN domain proteins interact with nuclear lamins as well
as chromatin. KASH domain proteins interact with actin, microtubules, and intermediate
filaments. Together these linker and cytoskeletal proteins help to maintain overall nuclear
structure and protect the nucleus from shear force. The nuclear envelope is not simply a
passive barrier supported by active cytoskeletal proteins. Rather, nuclear envelope
restructuring is important for proper differentiation of embryonic stem cells (Voeltz and
Prinz 2007, Smith, Zhang et al. 2011) and pathology results if the nuclear envelope or
underlying lamins are compromised (Worman, Ostlund et al. 2010). In summary, the
nuclear envelope separates the nuclear compartment from the cytoplasm, helps to
coordinate communication between nucleus and cytoplasm, and forms is actively involved

in regulating nuclear processes.
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1.2.2 Nuclear pore complex

The NPC is a massive protein complex that forms the gateway through the nuclear
envelope, connecting the nucleus with the cytoplasm. Composed of multiple copies of ~30
nucleoporins (Nups) in eightfold symmetry, the NPC is a staggering ~120 MDa complex
extending approximately 125 nm from the cytoplasmic fibrils to the nuclear basket (Tran
and Wente 2006). The central channel can expand so that it is large enough to accommodate
transport of ribosome subunits (Kohler and Hurt 2007). The NPC regulates movement into
and out of the nucleus. lons and molecules smaller than 40 kDa freely diffuse through the
nuclear pore while molecules larger than 40 kDa require the assistance of nuclear transport
receptors to travel through the NPC. A single NPC can accommodate more than 1,000
transport events per second (Ribbeck and Gorlich 2001) and a nucleus has thousands of
NPCs to fill the constant need for cargo delivery.

While the exact structure of the NPC and precise mechanism of selective transport
have not been determined, some of the roles of NPC components in these processes have
been established. Nup84 plays a role in regulating positioning and spacing of NPCs in the
nuclear envelope (Tran, King et al. 2014), and the transmembrane proteins POM121,
NDC1, and Nup210 anchor the NPC in the nuclear envelope (Terry, Shows et al. 2007).
Structural Nups of the Nup107-160 complex (Nups160, 107, 133, 96, 85, 43, 37, Secl3,
Sehl, and ELYS) provide the NPC’s general architecture (Walther, Alves et al. 2003,
Terry, Shows et al. 2007). These core structural Nups are very stably associated in the NPC,
and the same protein can persist in the complex for years in post-mitotic cells (Savas,
Toyama et al. 2012, Toyama, Savas et al. 2013). Other Nups associate with the NPC more

dynamically, with dwell times ranging from hours to seconds (Rabut, Doye et al. 2004).
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Among these more dynamic Nups are the proteins that make up the cytoplasmic face of
the nuclear pore, the hydrophobic Nups of the central channel, and the proteins that make
up the nuclear basket.

A cargo’s passage through the NPC begins and ends with interaction with
cytoplasmic filaments and the nuclear basket. Cytoplasmic filaments are made up of
Nup358 and Nup214. Long filamentous domains of these proteins extend into the
cytoplasm and provide binding sites for transport proteins. Nuclear import begins with
binding of NTR-cargo complexes to cytoplasmic filaments. Nuclear export terminates with
RanGAP-mediated dissociation of NTR-cargo complexes. RanGAPL binds to Nup358,
localizing it to the nuclear envelope (Tran and Wente 2006), although in Arabadopsis
thaliana, correct localization is not required to maintain nuclear transport if RanGAP1
maintains GAP activity (Boruc, Griffis et al. 2015). In contrast, loss of cytoplasmic
filament proteins Nup358 or Nup214 inhibits nuclear transport (Tran and Wente 2006,
Sabri, Roth et al. 2007, Hutten, Flotho et al. 2008). On the nuclear side of the nuclear pore,
the nuclear basket is the starting point for nuclear export and the ending point of nuclear
import. The nuclear basket, which extends from the NPC into the nucleoplasm, is
comprised of TPR, Nup50, and Nup153. The nuclear basket is an important docking site
for NTRs entering and leaving the NPC. Loss of Nup153 inhibits nuclear transport (Tran
and Wente 2006). Cytoplasmic filaments and the nuclear basket provide interaction sites
for the first and last steps of nuclear transport.

The NPC central channel is filled with long, unstructured hydrophobic Nup repeats.
These repeats include variations of a phenylalanine glycine (FG) motif (Tu and Musser

2011, Powers and Forbes 2012). Nups 153, 98, 62, 58, 54, and 45 all have hydrophobic
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FG-repeat-containing motifs and contribute to the mesh-like barrier of the central channel.
Only Nup98 is indispensable to maintaining the NPC permeability barrier (Htlsmann,
Labokha et al. 2012), but subclasses of FG motifs found in some of the FG Nups are
required for RNA (Terry and Wente 2007) and protein transport. The FG Nups are
responsible for the NPC selective barrier, protecting the genome and gene expression by
excluding most proteins from the nucleus while allowing nuclear proteins to enter the
privileged compartment.

The NPC is not static. The levels of NPC components incorporated in the complex
vary in response to signaling, stress, and differentiation. Additionally, the post-translational
modifications of NPC proteins are dynamic. By modulating the NPC composition and
modifications, nucleocytoplasmic transport can be fine-tuned without interrupting the
almost constant exchange of molecules between the nucleus and cytoplasm of a cell. The
impact of tissue specificity, differentiation, post-translational modification, and aging on

the NPC and nuclear transport will be discussed in detail below.

1.2.2.1 Tissue specificity and the nuclear pore complex

NPCs differ across tissues in both which components are present in the NPC and in
the levels to which they are incorporated. Similarly, loss or depletion of individual Nups
can have tissue-specific phenotypes. Nup210 is selectively expressed in mature skeletal
muscle and neuronal tissue (D'Angelo, Gomez-Cavazos et al. 2012, Gomez-Cavazos and
Hetzer 2015). The levels of Nup50 in the nuclear pore vary across different tissues with
highest incorporation in testes (Guan, Kehlenbach et al. 2000). Nup88 is highly expressed
in inner medullary collecting duct cells in the kidney but not expressed in the cells of the

cortex. Additionally, Nup88 levels increase in collecting duct cells in response to kidney
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osmotic stress (Andres-Hernando, Lanaspa et al. 2008). In Drosophila, loss of Nup88
causes trachea-specific phenotypes (Uv, Roth et al. 2000). Mice hemizygous for Nup96
have impaired immune systems but lack other phenotypes (Faria, Levay et al. 2006).
Nup133 knockout mice fail to appropriately differentiate neurons, but other tissues develop
normally (Lupu, Alves et al. 2008). Increased levels of Nup358 in keratinocytes is
associated with psoriasis (Yasuda, Sugiura et al. 2014). Why some NPC components are
tissue-specific and why the loss of individual Nups induces tissue-specific defects is largely
unknown. The specificity could result from tissue-specific protein or RNA cargos that
require interaction with specific Nups for transport or from Nup functions unrelated to the

nuclear pore.

1.2.2.2 Post-translational modifications and the nuclear pore complex

The post-translational modifications of nuclear pore proteins are dynamic and
affect nuclear import. Most Nups are subject to phosphorylation; FG Nups are additionally
subject to O-GIcNAc glycosylation. These modifications can affect association of the Nups
with the nuclear pore, Nup interaction with NTRs, or interactions between Nup FG repeat
motifs (Tran and Wente 2006, Kosako and Imamoto 2010). ERK-mediated
phosphorylation of Nups 50, 153, 214, (Kosako and Imamoto 2010) and 62 (Nardozzi, Lott
et al. 2010) decreases their interaction with a specific NTR, importin f (Kosako and
Imamoto 2010). Introducing non-phosphorylatable Nups into the nuclear pore causes
impaired RNA export and altered gene expression (Regot, de Nadal et al. 2013). O-GIcNAc
glycosylation of FG Nups increases the permeability of the nuclear pore to NTRs
(Hulsmann, Labokha et al. 2012). Varying the post-translational modifications on specific

Nups can increase or decrease nuclear transport.
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Post-translational modifications of Nups are dynamic and change in response to
stress, differentiation, or other signaling events. For example, oxidative stress blocks
nuclear transport by phosphorylation of Nup153, Nup88 (Kodiha, Tran et al. 2009), Nup62,
and Nup214 (Sekimoto and Yoneda 2012) and O-GIcNAc modification of Nups 153
(Kodiha, Tran et al. 2009), 62, and 214 (Sekimoto and Yoneda 2012). Oxidative stress also
decreases the stability of Nup358 (Crampton, Kodiha et al. 2009). Changes in modification
state can change Nup association with the nuclear pore. Altered modifications in response
to oxidative stress lead to accumulation of Nup 98 (Crampton, Kodiha et al. 2009) and
Nup153 (Kodiha, Tran et al. 2009) in the nucleus. Preventing O-GIcNAc modification
decreases the stability of Nup62 and reduces the incorporation of Nup62 and Nup88 at the
nuclear pore (Mizuguchi-Hata, Ogawa et al. 2013). In summary, Nup modification state is

modulated to regulate nuclear transport in response to physiological changes.

1.2.2.3 Differentiation and the nuclear pore complex

The NPC undergoes changes in composition and modification during
differentiation. Nup133 is preferentially expressed in dividing progenitor cells and is down
regulated as mouse embryonic stem cells and neuronal progenitor cells differentiate (Lupu,
Alves et al. 2008). Nup210 is not expressed in progenitor cells but is expressed upon
differentiation of muscle and neuronal cells. Ectopic expression of Nup210 in proliferating
myoblasts is sufficient to drive accelerated differentiation into myotubes (D'Angelo,
Gomez-Cavazos et al. 2012). Nup358 and Nup50 are additionally required for proper
muscle cell differentiation. Lack of Nup50 negatively impacts fusion of muscle progenitor
cells (Buchwalter, Liang et al. 2014). Nup358 is expressed throughout development, but

the amount of Nup358 present at each nuclear pore increases as myoblasts differentiate.
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Depletion of Nup358 prevents differentiation of myoblasts into myocytes (Asally, Yasuda
et al. 2011). Similarly, Sec13 is expressed in most tissues, but a mutation in the gene
specifically results in a defect in retinal development (Niu, Hong et al. 2014). Not only
does the composition of the nuclear pore change with differentiation, but the post-
translational modifications also change. For example, as human embryonic stem cells
differentiate, there is an overall decrease in Nup phosphorylation (Rigbolt, Prokhorova et
al. 2011). These examples have shown that cellular differentiation is accompanied by
changes in the NPC. In most cases the effects of these changes are unknown; NPC changes
could affect differentiation by changing the localization of proteins regulating gene
expression or the export of specific transcripts. Conversely, the effects could be mediated

by Nups acting in roles other than those described in nuclear transport.

1.2.2.4 Aqging and the nuclear pore complex

In humans and mice, the core NPC proteins can persist in the NPCs of post-mitotic
cells for years before being turned over (Savas, Toyama et al. 2012, Toyama, Savas et al.
2013). This extremely long half-life can lead to accumulation of damage to these proteins.
In aged mice and C. elegans, oxidative damage to Nups compromised the nuclear pore’s
permeability barrier and cytoplasmic proteins usually excluded from the nucleus
aggregated in the nucleoplasm (D’Angelo, Raices et al. 2009). A compromised NPC
permeability barrier results in protein mislocalization that can negatively impact nuclear

function and resulted in aberrant gene expression.

1.2.2.5 Roles for Nups beyond the nuclear pore complex

The first described role for many Nups was their involvement in the NPC. It can be

tempting to assume that cellular phenotypes associated with changes in protein levels or
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post-translational modification of Nups are the result of altered nuclear transport. However,
many Nups have additional functions besides their role in the NPC. For example, Nups 50,
153, and 98 are involved in regulating transcription, and their dwell times at the nuclear
pore vary with the cell’s transcriptional activity (Buchwalter, Liang et al. 2014). Nup210
modulates the balance between apoptosis and survival in differentiating muscle cells
independent of its association with the NPC (Gomez-Cavazos and Hetzer 2015). Proteins
of the nuclear basket are involved in mRNA quality control, chromatin
compartmentalization, and transcription regulation (Reviewed in (Strambio-De-Castillia,
Niepel et al. 2010, Saroufim, Bensidoun et al. 2015)). Several Nups bind to chromatin,
playing a role in genome spatial organization in the nucleus (Schmid, Arib et al. , Franz,
Walczak et al. 2007). Some Nups even have roles outside the nucleus, for example, Sec13
is a crucial component of the COPII coat complex, which is necessary for trafficking
vesicles between the ER and the Golgi apparatus (Niu, Hong et al. 2014). The diverse roles
of NPC components highlight the potential crosstalk between nuclear transport and other

cellular processes.

1.2.3 Nuclear transport receptors

NTRs are transport proteins and adapter proteins that recognize cargo proteins and
mediate binding to transport proteins. Adapter proteins mostly belong to the karyopherin
alpha family (Kapa), while transport proteins belong to the karyopherin beta family
(Kapp). In mammals, 19 different KapPs have been identified. Each Kapf has distinct
import, export, or bidirectional transport activity. KapPs each recognize specific cargo

proteins or RNAs; thus, each Kapp and its associated cargos comprises a distinct import
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pathway. KapPs interact with FG Nups, which allows them to move through the NPC with
their cargo proteins. Several KapPs require specific Nups to be present at the NPC in order
to translocate through the NPC. Interaction studies revealed that KapB2 interacts with
Nup98 (Fontoura, Blobel et al. 2000); Kapp1 interacts with Nup153 (Chen and Xu 2010);
and Imp8 interacts with Nup93 and Nup358 (Chen and Xu 2010). Reduced Nup53 levels
at the NPC during interphase blocks Kap121-mediated import (Makhnevych, Lusk et al.
2003). Nup214 is required for U1 snRNP import but not cNLS import (Lott and Cingolani
2011). Nup88 knockout in Drosophila does not affect mMRNA export or cNLS-mediated
import but blocks the import of a subset of nuclear proteins (Uv, Roth et al. 2000). In
Drosophila S2 cells, Nups 75, 93, 205, and 50 and Sec 13 are required for SMAD transport;
however, depletion of these Nups does not affect cNLS import. Conversely, depletion of
Nup54 decreased cNLS import but did not affect SMAD transport (Chen and Xu 2010).
Individual Kapps’ specific Nup requirements have prompted the hypothesis that distinct
transport routes through the NPC exist (Tran and Wente 2006). Eleven of the 19
mammalian Kaps can facilitate nuclear import (Chook and Suel 2011). Of the import-
mediating Kapfs, KapB1 and KapB2 recognize well-defined motifs and transport many
verified cargos. Less is known about the other members of the Kap family.

Kapp1 primarily recognizes protein and RNA cargos through adaptor proteins. As
a heterodimer, Kapp1 and Snurportinl bind the m3G cap of snRNPs (Huber, Cronshagen
et al. 1998). The complex of KapP1 and a Kapa recognize the classical NLS (cNLS). The
first NLS identified, the cNLS motif, is a short stretch of basic amino acids (Kalderon,
Richardson et al. 1984). Multiple variations of the motif exist, including mono partite, a

series of seven basic amino acids (Kalderon, Richardson et al. 1984), and bipartite, eight
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basic amino acids separated by a linker (Robbins, Dilworth et al. 1991); the length of the
linker determines the affinity of the motif for Kapa (Lange, McLane et al. 2010). Each
variation has differing affinity for the many different Kapas (reviewed in (Marfori, Mynott
et al. 2011)). In addition to the cargos that are bound by Kapp1 as a heterodimer with an
adaptor protein, many proteins are bound directly by Kapp1 without an adaptor protein.
These cargos do not contain a cNLS and bind to several other binding sites on Kapp1
distinct from the sites where Snurportin and Kapas bind. Some cargos which bind directly
to KapP1 include parathyroid related protein (PTHrP), histones, Smads, and ribosomal
proteins (Chook and Suel 2011).

Kapp2 recognizes and binds the PY-NLS. Unlike the cNLS, the PY-NLS is longer,
with 15-30 amino acids, and more complex (Lee, Cansizoglu et al. 2006). Because of the
complexity of the PY-NLS, a diverse set of sequences all contain the motif. PY-NLS-
containing proteins include the mRNA binding progeins FUS, HuR, and many of the
hnRNPs. Like KapfB1, which transports cargos lacking the ¢cNLS, Kapp2 also transports
cargos lacking the PY-NLS. These cargos bind to sites distinct from those where the PY-
NLS is bound (Jakel and Gorlich 1998).

The NLS recognized by Kapp3 is as yet incompletely defined. Many of the
identified cargo proteins bind to multiple Kapfs and thus have redundant import pathways
(Chook and Suel 2011). Several cargos, including Nup53 (Soniat, Cagatay et al. 2016),
appear to be specifically imported by Kapf3. Based on import studies in yeast Kapp3
imports cargos more slowly than other NTRs and is likely involved in transporting cargos

with more regulated localization (Timney, Tetenbaum-Novatt et al. 2006).
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In conclusion, cargos entering and leaving the nucleus require NTRs to facilitate
nuclear transport. NTRs bind to a NLS or NES in the cargo protein. Distinct NLSs or NESs
are recognized and bound by each NTR. The best characterized NLS is the cNLS which is
bound by the complex of a Kapa and KapB1. Non-cNLSs can be bound by Kapp1 without
Kapa or by another Kapf. Many cargo proteins have redundant nuclear import pathways,

so care is required when choosing NLSs to examine specific nuclear import pathways.

1.3 Multinucleated cells

Multinucleated cells feature multiple nuclei all sharing a common cytoplasm. This
arrangement presents unique challenges and capabilities not encountered by
mononucleated cells. Nuclear position in a cell, nuclear content, and nuclear activity must
be regulated for each nucleus. Having multiple nuclei allows the possibility for each of
these factors to be regulated differently in each nucleus and in many multinucleated cells
at least one nuclear characteristic is differentially regulated. Examining the mechanisms by
which nuclei are independently regulated in a specific type of multinucleated cell can
inform understanding of potential mechanisms at work independently regulating individual
nuclei in other multinucleated cells.

Multinucleated cells can form by mitosis uncoupled from cytokinesis (Orias,
Cervantes et al. 2011) or by fusion of post-mitotic cells (Gupta, Athanikar et al. 2014)
(Huppertz and Gauster 2011). Nuclei sharing a common cytoplasm can differ from one
another morphologically (Couteaux and Pecot-Dechavassine 1973, Bruusgaard, Liestgl et
al. 2003, Rosser and Bandman 2003, Iwamoto, Mori et al. 2009), compositionally

(Etxebeste, Ni et al. 2008, Iwamoto, Mori et al. 2009), and functionally (Fontaine and
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Changeux 1989, Jasmin, Lee et al. 1993, Ellery, Cindrova-Davies et al. 2009, Youn,
Takada et al. 2010). These differences among nuclei can be ascribed to differences in NPC
composition (lwamoto, Mori et al. 2009), nuclear position and relation to other nuclei
(Anderson, Eser et al. 2013), concentration of cytoplasmic factors (llimensee and
Mahowald 1974, Anderson and Nusslein-Volhard 1984, Schupbach and Wieschaus 1986),
and age of the nucleus (Heazell, Moll et al. 2007, Mayhew 2014). While these factors affect
nuclear behavior in a common cytoplasm, other variables affecting nuclear position,
nuclear division, chromatin arrangement, and gene expression in multinucleated cells
contribute and remain undiscovered. Below, we will discuss some examples of

multinucleated cells found in both single celled and multicellular organisms.

1.3.1 Multinucleated single-celled organisms

Single-celled eukaryotes are a broad, diverse group. Several classes of single-celled
organisms are multinucleated. Examining the complexity of regulating multiple nuclei
without the added complexity of a cell’s interaction with its neighbors has been a valuable
tool in understanding the basic biology of nuclear function and mechanisms of selectively

modulating individual nuclei within a single cell.

1.3.1.1 Cillates

Cilliates form a class of Protists that are free living, ciliated, single celled
organisms. Ciliates are binucleated, containing two nuclei that are distinct both
morphologically and functionally. The smaller micronucleus is the germline nucleus, while
the larger macronucleus is the somatic nucleus. The macronucleus is polyploid, containing

many mini-chromosomes that independently replicate. Gene expression during vegetative
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growth is regulated from the macronucleus. The micronucleus is relatively inactive during
vegetative growth but is responsible for sexual reproduction and, after reproduction, gives
rise to a new macronucleus (reviewed in (Orias, Cervantes et al. 2011)).

The best characterized Ciliate is Tetrahymena thermophila, which has been
extensively used as a model organism to investigate nuclear functions. In T. thermophila,
different cargo proteins are transported to the micro and macro nuclei. This is achieved by
nucleus-specific Nup incorporation. The NPCs of the micro and macro nuclei share the
same overall architecture and the core structural Nups. However, distinct isoforms of other
Nups are specifically incorporated into NPCs of each nucleus; this allows distinct Kapa
homologs to be targeted to the micro and macro nucleus (Malone, Falkowska et al. 2008,
Iwamoto, Mori et al. 2009). By mislocalizing nucleus-specific Nups to the wrong nucleus,
the localization of cargo proteins can be reversed (lwamoto, Mori et al. 2009). Thus,
Tetrahymena, and possibly all ciliates, achieve differences among nuclei in a single

cytoplasm by regulating the composition of NPCs in each nucleus.

1.3.1.2 Slime molds

Multiple species of syncital fungi have been identified; the nuclear activity of five
have been studied: Neuropora crassa, Ashbya gossypii, Ceratocystis fagacearum,
Fusarium oxysporum, and Aspergillus nidulans. These fungi grow from germinated spores.
As they grow, the nucleus divides and both daughter nuclei remain in the common
cytoplasm. Large fungi can accumulate hundreds of nuclei. The nuclei of C. fagacearum
all undergo mitosis together. In F. oxisporum and A. nidulans, coordinated waves of
nuclear division sweep through the cell. In contrast, N. crassa and A. gossypii nuclei

progress through the cell cycle independently of one another (Gladfelter, Hungerbuehler et
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al. 2006). Nuclei as close as 1-2 um can be in different mitotic stages (Gladfelter,
Hungerbuehler et al. 2006). These differences in nuclear activity are not due to different
cellular domains, because nuclei are mobile and move through different regions of the cells
(Anderson, Eser et al. 2013). Neither can they be attributed to differences in subcellular
cyclin localization, because the concentration of cyclins does not vary among nuclei,
despite being in different stages of mitosis (Gladfelter, Hungerbuehler et al. 2006). Two
properties that contribute to asynchronous division are nuclear spacing and lineal relation
to other nuclei. Nuclear spacing increases before mitosis; artificially decreasing nuclear
spacing increases synchronicity of nuclear division (Anderson, Eser et al. 2013). Tracking
the lag times between nuclear divisions revealed that the two daughter nuclei of a single
nuclear division had more similar lag times between divisions than the lag times of other
nuclei. This similarity in time to nuclear division in daughter nuclei perdured regardless of
their position in the cell (Anderson, Eser et al. 2013). Nuclear transport receptors distribute
evenly among nuclei (Markina-Inarrairaegui, Etxebeste et al. 2011), but some transcription
factors are selectively targeted to a subset of nuclei located at the apex of the cell
(Etxebeste, Ni et al. 2008). Thus, multiple mechanisms likely regulate differences among

nuclei in syncytial fungi.

1.3.2 Multinucleated cells in multicellular organisms

Most cells in multicellular organisms are mononucleated, and multinucleated cells are the
exception. However, specific cell types are multinucleated. Multinucleation in
multicellular organisms can result from mitosis uncoupled from cytokinesis, as is found in

single-celled organisms. Additionally, multinucleated cells can arise from fusion of
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mononucleated progenitor cells. What advantage multinucleation provides is unknown.
One explanation is that polyploidyization helps increases metabolic output capacity and is
capable of maintaining larger cells (Ravid, Lu et al. 2002). Subcompartmentalization into
individual nuclei could facilitate regular distribution of gene expression throughout large

cells or provide a mechanism to differentially regulate gene expression among nuclei.

1.3.2.1 Drosophila embryo

The Drosophila syncytial blastoderm is formed by uncoupled mitosis of the early
Drosophila zygote. The nucleus of a fertilized egg divides many times without undergoing
cytokinesis until there are 256 nuclei. These nuclei migrate to the periphery of the egg,
forming the syncytial blastoderm. The nuclei of the blastoderm continue to divide until
there are approximately 6,000 nuclei present in a common cytoplasm. At this point, nuclei
are encompassed by plasma membrane and the cellular blastoderm is formed surrounding
the yolk sac (Mavrakis, Rikhy et al. 2009). While the nuclei all divide in synchrony, they
remain independent of each other in several important ways. First, the nuclei for the
germline cells are specified and remain distinct from somatic nuclei during the syncytial
blastoderm phase (Illmensee and Mahowald 1974). Second, gene expression differs among
nuclei (Lehmann and Nusslein-Volhard 1986). Third, each nucleus is equipped with an
endoplasmic reticulum and a Golgi apparatus with minimal exchange between the
trafficking systems of neighboring nuclei (Frescas, Mavrakis et al. 2006). Fourth, prior to
cellularization of the syncytia, the plasma membrane near each nucleus is polarized, in
some cases differently from the neighboring section of membrane, in preparation to
become apical, basolateral, or junctional (Mavrakis, Rikhy et al. 2009). These differences

among nuclei are largely due to the subcellular concentration of maternally loaded mRNA
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(IMmensee and Mahowald 1974, Anderson and Nusslein-Volhard 1984, Schupbach and
Wieschaus 1986). In summary, nuclei in the Drosophila syncytial blastoderm divide
synchronously but independently regulate gene expression and protein trafficking. The
differences among these nuclei result from differences in the cytoplasm surrounding the

nuclei.

1.3.2.2 Macrophage derived giant multinucleated cells

Macrophages are immune cells that recognize and engulf invading pathogens.
Under certain circumstances macrophages can fuse to form specialized cells to battle
serious infection or maintain bone and calcium homeostasis.

Multinucleated giant cells (MGC) are very large multinucleated immune cells that
form in response to unusual immunological stress. Granulomatous conditions like
tuberculosis (Williams and Williams 1983, Sakai, Okafuji et al. 2012) or HIV (Dargent,
Lespagnard et al. 2000), embedded foreign material (Anderson, Rodriguez et al. 2008), and
fat necrosis can all induce formation of histologically distinct varieties of macrophage-
derived MGC (Gupta, Athanikar et al. 2014). These cells can contain between two and two
hundred nuclei (Mariano and Spector 1974). While the stimulus for fusion and histology
of the MGC differs, in each case the basic function of the cells is to isolate large particles
of what is recognized as foreign matter in a tissue that cannot be broken down (McNally
and Anderson 2011). Whether multinucleation is an adaptive response or simply a marker
of pathology is unknown. It is also unclear if the nuclei function independently or
synchronously.

Osteoclasts are multinucleated cells formed by fusion of macrophages responsible

for bone resorption. Most osteoclasts contain around 20 nuclei, and nuclear number
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correlates with resorption pit size (Youn, Takada et al. 2010). Unlike most of the other
multinucleated cells in multinucleated organisms, which can persist in some cases for
decades, osteoclasts are relatively short-lived with the average half-life of 14.4 hours
(Kawaguchi, Manabe et al. 1999). Nuclei in a single osteoclast can differ in chromatin
arrangement, protein content, and production of osteoclast-specific transcripts (Youn,
Takada et al. 2010). The driving mechanism for these differences among nuclei is
unknown, and no differences in steroid receptor localization, global transcription, or global

nuclear import have been detected (Boissy, Saltel et al. 2002, Youn, Takada et al. 2010).

1.3.2.3 Syncyvtiotrophoblast

The placenta is made up of the embryonic chorion and maternal decidua basalis.
There are three main layers of the chorion: the extraembryonic mesoderm contains the
blood vessels that supply the developing embryo, and the cytotrophoblast and
syncytiotrophoblast drive invasion of the endometrium and myometrium, securing access
to maternal oxygen and nutrients. The syncytiotrophoblast forms by fusion of terminally
differentiated cytotrophoblast cells (Huppertz and Gauster 2011). Nuclei within the
syncytiotrophoblast differ in transcriptional activity and chromatin organization. Assaying
several markers of transcriptional activity revealed variation among nuclei, including some
nuclei that were negative for all markers examined (Ellery, Cindrova-Davies et al. 2009).
Similarly, nuclei differed in chromatin organization: some nuclei have open chromatin
while others have high levels of heterochromatin (Fogarty, Ferguson-Smith et al. , Ellery,
Cindrova-Davies et al. 2009). High levels of clustered nuclei with dense chromatin is
associated with prenatal pathologies, including eclampsia (Mayhew 2014). These clusters

of nuclei are exacerbated by hypoxia (Heazell, Moll et al. 2007). Nuclei with dense
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chromatin tended to be those with no detectable transcriptional activity. These nuclei could
be older defunct nuclei or condensed chromatin, and lack of transcription could be markers

of dead or dying nuclei.

1.3.2.4 Cardiomyocytes

Cardiomyocytes are the contractile cells of the heart. They rhythmically contract
and communicate rapidly with neighboring cells through gap junctions. Cardiomyocytes
can be polyploid and multinucleated. In humans, 30-60% of cardiomyocytes are
binucleated, and virtually all are tetraploid or more (Walsh, Ponten et al. 2010). The current
model of cardiac development states that the human cardiomyocytes proliferate in fetal
development, but that within the first few neonatal weeks cytokinesis is inhibited in
cardiomyocytes. As the heart continues to grow through the first 10 years of life,
cardiomyocytes increase in ploidy, with or without nuclear division. While very low levels
of cardiomyocyte generation persist into adulthood, almost all new myocyte nuclei are
produced by endoreplication (Bergmann, Bhardwaj et al. 2009). Stress associated with
aging or hypertension results in increased ploidy or multinucleation of cardiomyocytes
(Soonpaa and Field 1998, Schipke, Banmann et al. 2014), which can be partially reversed
by reducing the load on the heart (Wohlschlaeger, Levkau et al. 2010). Differences among

nuclei in cardiomyocytes have yet to be studied.

1.3.2.5 Hepatocytes

In mammalian neonates, all hepatocytes are diploid. As the organism develops, an
increasing proportion of hepatocytes are polyploid. In the healthy adult human liver, 30—
50% of hepatocytes are polyploid (Kudryavtsev, Kudryavtseva et al. 1993, Seglen 1997);

in adult rats 90% of hepatocytes are (Nadal and Zajdela 1967, Saeter, Schwarze et al. 1988).
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Polyploid hepatocytes can be mononucleated or multinucleated. In healthy liver,
binucleated hepatocytes form by incomplete cytokinesis. Interestingly, these binucleate
hepatocytes can progress through the cell cycle and divide normally, giving rise to two
mononucleated 4n daughter cells (Guidotti, Bregerie et al. 2003). Chronic active hepatitis
or ingestion of toxic substances induces widespread increase of hepatocytes with 3 or more
nuclei (Richey, Rogers et al. 1977, Scampini, Nava et al. 1993). Nuclei in multinucleated
hepatocytes are morphologically similar to each other and to nuclei in surrounding
mononucleated hepatocytes (Scampini, Nava et al. 1993). However, nuclei within the same
hepatocyte can be in different phases of the cell cycle replicating and dividing
independently of each other (Shalakhmetova, Umbayev et al. 2009). The mechanisms

regulating this independent replication of nuclei within a single cell are unknown.

1.3.2.6 Skeletal muscle

As described above, myofibers are formed by fusion of mononucleated precursor
cells. Nuclei in specialized regions differ from nuclei in the contractile body of a myofiber
both functionally and morphologically. Nuclei located at the neuromuscular junction and
at the myotendonous junction are more tightly clustered than nuclei elsewhere in the
myofiber (Couteaux and Pecot-Dechavassine 1973, Bruusgaard, Liestal et al. 2003, Rosser
and Bandman 2003). Myotendonous junction nuclei produce more transcripts for
sarcomeric proteins than other myonuclei (Dix and Eisenberg 1990). Nuclei at the
neuromuscular junction produce transcripts, including N-CAM, 43k-rapsyn, S-laminin
(Moscoso, Chu et al. 1995), acetylcholine esterase (Jasmin, Lee et al. 1993), acetylcholine

receptor subunits o (Fontaine and Changeux 1989), and ¢ (Brenner, Witzemann et al.
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1990), which are produced by no other myonuclei. This specialization of nuclei in
specialized regions of a myofiber reflects the distinct needs of these regions.

In addition to differences between nuclei located in specialized regions and nuclei
in the body of a myofiber, non-specialized nuclei differ in gene expression and
accumulation of nuclear proteins. Some but not all nuclei in a single multinucleated muscle
cell accumulate NFATc1 (Abbott, Friday et al. 1998), NFAT5 (O'Connor, Mills et al.
2007), myogenin (Ishido, Kami et al. 2004, Ferri, Barbieri et al. 2009), MyoD (Ishido,
Kami et al. 2004, Yamamoto, Csikasz et al. 2008), Myo18B (Salamon, Millino et al. 2003),
or myostatin (McPherron, Lawler et al. 1997, Artaza, Bhasin et al. 2002). Similarly, some
but not all nuclei within a muscle cell produce o skeletal actin, troponin 1 slow (Newlands,
Levitt et al. 1998), or myostatin (Artaza, Bhasin et al. 2002). What role these differences
among nuclei play in myofiber biology remains unclear. Differences among nuclei have
been characterized for more than 30 years; the mechanisms regulating these differences

remain unknown.

1.3.2.7 Abnormal cells

Even cells that under normal circumstances are mononucleated can become
multinucleated under sufficient stress. For example, prolonged hypertension or repeated
insult induces multinucleation in vascular smooth muscle cells (Hixon, Obejero-Paz et al.
2000). Multiple cell types in an undescended testis are multinucleated (Bianchi,
Boekelheide et al. 2017). Epithelial cells are multinucleated in several types of dermatosis
and herpes infection (Cohen, Paravar et al. 2014). A hallmark of cancer cells is abnormal
morphology. Fusion (Calderaro, Couchy et al. 2017) and mitosis without cytokinesis

(Ariizumi, Ogose et al. 2009) can both give rise to multinucleated cancer cells, both in
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disease progression and as a side effect of treatment. Various types of cancer exhibit
abnormal multinucleated cells: hepatic (Calderaro, Couchy et al. 2017), bone (Divisato, di
Carlo et al. 2017), bladder (Nawar, Olsen et al. 2016), breast (Cozzolino, Ciancia et al.
2014, Trichia, Ignatova et al. 2016), and colon (Wu, Ji et al. 2013). Treatment of cancer
cells with ionizing radiation induces formation of multinucleated cancer cells from a small
percentage of the population (Puck and Marcus 1955, Puck and Marcus 1956).
Multinucleated cancer cells can give rise to mononucleated daughter cells contributing to
cancer relapse (Vitale, Senovilla et al. 2010, Erenpreisa, Salmina et al. 2011, Weihua, Lin
et al. 2011, Kaur, Rajendra et al. 2015). Although many cell types can become
multinucleated in response to extreme stress or infection, these states likely represent a
pathological response indicative of failure of normal cellular processes rather than a

physiological response to productively respond to the environmental insult.

1.4 Summary

Skeletal muscle is a highly specialized tissue necessary for critical functions
including locomotion, swallowing, and respiration. The primary cell type in muscle tissue
is myofibers, which are unique among a body’s cells in that they are long lived,
multinucleated cells, that form by fusion in the absence of injury or infection. Maintaining
muscle function relies on proper gene expression throughout a myofiber. This fundamental
process is complicated by the thousands of nuclei sharing a common cytoplasm in a single
skeletal muscle fiber. Nuclei within the same cell can differ in gene expression and protein
accumulation. If they differ in other ways and how differences among individual nuclei are

established was unknown. One potential regulatory mechanism is modulation of nuclear
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transport. In Chapter 2, I will present our findings that activity of nuclear import pathways
and rates of cNLS nuclear import vary among nuclei a single skeletal muscle cell. This
variation correlates with differentiation state, position in a cell, and injury. The
heterogeneity of nuclear import among nuclei and the responsiveness to multiple stimuli
suggest that nuclear import could play a role in establishing or maintaining differences
among myonuclei.

Failure to maintain skeletal muscle function results in loss of fitness and increased
frailty. In aging, muscle strength is reduced; this functional decline is accompanied by
transcriptomic and proteomic changes. The causative force driving these changes has not
been determined. One contributing factor could be age-specific changes in the nuclear
proteome leading to altered gene expression. However, because sarcomeric and metabolic
proteins are highly abundant in skeletal muscle tissue, signal from the much lower
abundance nuclear proteins is eclipsed rendering them undetectable from whole muscle
tissue. Unfortunately, nuclei are difficult to isolate from muscle tissue and there was no
existing method to satisfactorily purify myonuclei. In Chapter 3, | will present a method
that | optimized to selectively isolate myonuclei from skeletal muscle tissue. | apply this
purification method to detect age-specific differences between the myonuclear proteomes
of young and old muscle.

In Chapter 4, | will examine the implications of the findings presented in Chapters
2 and 3 as well as future directions toward understanding the regulation of individual nuclei
in multinucleated muscle cells. Differences in nuclear import among nuclei provides the
foundation for examining the mechanisms governing differences among individual nuclei.

The method to isolate myonuclei lays the technical ground work for investigating
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individual nuclei. Defining the biochemical and signaling mechanisms differentiating
individual nuclei and the consequences of these differences will require development of
new reagents to selectively label nuclei and modifications of interest and techniques with
the resolution to examine multiple parameters on the level of single nuclei. These advances
should be pursued because the findings will elucidate a basic process of skeletal muscle
biology, inform understanding of other multinucleated cells, and could unveil potential

therapeutic targets to treat sarcopenia and osteoporosis.
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1.5 Figures

Figure 1.1: Cellular composition of skeletal muscle. Skeletal muscle is composed of
many different cells types. Nuclear number estimates are based on abundance of
mononucleated cell types measured by flow cytometry (Joe, Yi et al. 2010) and the

abundance of satellite cell nuclei in muscle sections (Shi and Garry 2006).

Figure 1.2: Myogenesis. A During embryonic myogenesis, a primary wave of myoblasts
differentiates into primary myofibers. Later, a second wave of myoblasts differentiates and
fuses to form secondary myofibers. During fetal and juvenile development, myofibers
hypertrophy and mature. B When myofibers are injured regeneration restores the damaged
muscle tissue. First, the damaged myofiber is cleared by macrophages. Satellite cells
activate and proliferate. These newly generated myoblasts differentiate and fuse either into
the remaining myofiber or with each other. The resulting regenerated myofiber may have
centrally located nuclei and branches. C Myogenesis can be modeled in vitro. Cultured
myoblasts differentiate upon serum deprivation. Differentiated myocytes fuse to form large

multinucleated myotubes.

Figure 1.3: Nuclear transport. A Nuclear import depends on nuclear transport receptors
(NTR) binding to a nuclear localization sequence (NLS) in a cargo protein. Together, the
complex transports through the nuclear pore complex. Multiple NLSs exist each of which
is recognized and bound by a distinct NTR. Once inside the nucleus the NTR-cargo protein

complex is dissociated by binding of RanGTP. B The NTR-RanGTP complex can bind
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nuclear export signals in cargo proteins or mMRNA caps. The complex of NTR-RanGTP
and cargo moves through the nuclear pore to the cytoplasm. Interaction with RanGAP
located on the cytoplasmic face of the nuclear pore induces hydrolysis of GTP and a
subsequent conformational change releasing the cargo and NTR from RanGDP. C
RanGDP is imported back into the nucleus by NTF2. Once in the nucleus, GDP

is exchanged for GTP regenerating RanGTP.
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Figure 1.2
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Figure 1.3
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Chapter 2: Non-equivalence of nuclear import among nuclei in multinucleated

skeletal muscle cells

A portion of this chapter has been submitted to Journal of Cell Science and is under

revision:
Cutler, A.A., J.B Jackson, A.H. Corbett, G.K. Pavlath, Non-equivalence of nuclear import
among nuclei in multinucleated skeletal muscle cells.

Jennifer Jackson contributed the initial data acquisition for Figure 2.1E.
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Chapter 2: Non-equivalence of nuclear import among nuclei in multinucleated

skeletal muscle cells

2.1 Summary

Skeletal muscle is primarily composed of large myofibers containing thousands of
post-mitotic nuclei distributed throughout a common cytoplasm. Protein production and
localization in specialized myofiber regions is critical for muscle function. Myonuclei
differ in transcriptional activity and protein accumulation but how these differences among
nuclei sharing a cytoplasm are achieved is unknown. Regulated nuclear import of proteins
is one potential mechanism to spatially and temporally regulate transcription in individual
myonuclei. The best characterized nuclear localization signal (NLS) in proteins is the
classical NLS (cNLS) but many other NLS motifs exist. We examined cNLS and non-
cNLS reporter protein import using in vitro generated multinucleated muscle cells,
revealing that cNLS and non-cNLS nuclear import differs among nuclei in the same cell.
Investigation of cNLS nuclear import rates in isolated myofibers ex vivo confirmed
differences in nuclear import rates among myonuclei. Analyzing nuclear import throughout
myogenesis revealed that cNLS and non-cNLS import vary during differentiation.
Together, our results suggest that spatial and temporal regulation of nuclear import
pathways may be important in muscle cell differentiation and protein regionalization in

myofibers.
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2.2 Introduction

Skeletal muscle is critical for survival and quality of life as it is required for
respiration, ingestion, and locomotion. The primary cell type of skeletal muscle is the
myofiber, which is a very large, long-lived contractile cell containing thousands of post-
mitotic nuclei. Myofibers are initially formed by fusion of differentiated precursor cells
during embryogenesis. Additional muscle precursor cells continue to fuse as the muscle
grows and matures. In the event of muscle injury, resident stem cells proliferate,
differentiate and fuse with myofibers leading to regeneration in the area of injury. The
process of differentiation and fusion has been well modeled in vitro and results in the
formation of multinucleated muscle cells called myotubes. How gene expression is
coordinated among multiple nuclei in myofibers to produce proteins necessary to maintain
proper muscle function remains an open question.

A single myofiber can extend the entire length of a muscle and has three distinct
regions: the myotendinous junction (MTJ) on either each end of the myofiber which
anchors the myofiber to the tendon; the body of the myofiber which is primarily responsible
for contraction; and the neuromuscular junction (NMJ) where a motor neuron synapses
onto the myofiber. Each of these regions requires certain proteins to function properly.
Although they exist in a common cytoplasm, nuclei in the specialized regions of the NMJ
and the MTJ differ from other nuclei in the myofiber. Nuclei close to the MTJ are more
tightly packed than elsewhere in the myofiber (Bruusgaard et al., 2003, Rosser and
Bandman, 2003). When a muscle is stressed by stretching, nuclei at the MTJ increase
production of myosin heavy chain (Dix and Eisenberg, 1990), one of the major components

of the contractile sarcomere. The 3-8 nuclei at the NMJ are also tightly clustered and are
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larger and rounder than other nuclei in the myofiber (Couteaux and Pecot-Dechavassine,
1973). In addition to morphological differences, some proteins are selectively associated
with NMJ nuclei, such as Syne-1, a component of the LINC complex which connects the
nuclear lamina to the cytoskeleton (Apel et al., 2000). Additionally, some transcripts
including N-CAM, 43k-rapsyn, S-laminin (Moscoso et al., 1995), acetylcholine esterase
(Jasmin et al., 1993), acetylcholine receptor subunits o (Fontaine and Changeux, 1989),
and ¢ (Brenner et al., 1990), are produced exclusively or preferentially by NMJ nuclei while
transcripts for actin and myosin, some of the most highly expressed proteins in myofibers,
are seldom produced by NMJ nuclei (Moscoso et al., 1995). While these differences
between nuclei in specialized regions and other nuclei have been well described, how these
nuclei are distinguished from other nuclei within the syncytia is unknown.

While the differences between specialized and non-specialized nuclei have been
well established, nuclei in non-specialized regions also differ from one another in protein
accumulation and gene expression. Differences among nuclei in single muscle cells have
been detected both in vivo and in vitro. Some but not all nuclei in a single multinucleated
muscle cell accumulate NFATc1 (Abbott et al., 1998), NFAT5 (O'Connor et al., 2007),
myogenin (Ferri et al., 2009, Ishido et al., 2004), MyoD (Ishido et al., 2004, Yamamoto et
al., 2008), Myo18B (Salamon et al., 2003) or myostatin (McPherron et al., 1997, Artaza et
al., 2002). Additionally, within a single myofiber some nuclei accumulate EndoG, an
apoptosis associated endonuclease, and undergo DNA fragmentation in response to muscle
atrophy while others do not (Dupont-Versteegden et al., 2006). Similarly, some but not all
nuclei within a muscle cell produce o skeletal actin, troponin 1 slow (Newlands et al.,

1998), or myostatin (Artaza et al., 2002). This compartmentalization of gene expression
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likely allows for regional production of proteins necessary for proper muscle cell function.
Despite the functional significance of this nonequivalence among myonuclei in
multinucleated muscle cells both in vivo and in vitro, the molecular mechanisms governing
differential protein localization and regulation of gene expression are unknown.

One mechanism that could dictate accumulation of proteins in some nuclei but not
others in multinucleated muscle cells is regulated nuclear import. The nucleus is
compartmentalized from the cytoplasm by the nuclear envelope which contains nuclear
pore complexes (NPC) that mediate movement of molecules between the nuclear and
cytoplasmic compartments. Small molecules and ions can freely diffuse through NPCs
while proteins larger than 40 kDa must be bound by nuclear transport receptors to traverse
the NPC. Nuclear transport receptors bind to a nuclear localization signal (NLS) within a
cargo protein and mediate the movement of the cargo through the NPC. Once in the
nucleus, a small GTPase, RanGTP, binds to the nuclear transport receptor triggering a
conformational change that release the cargo inside the nucleus. The nuclear transport
receptor bound by RanGTP is recycled to the cytoplasm where RanGTP is converted to
RanGDP releasing the nuclear transport receptor. The nuclear transport receptor is then
free to import a new cargo protein. The directionality of nuclear transport is maintained by
localizing the Ran guanine nuclear exchange factor, RCC1, to the nucleus and the Ran
GTPase activating proteins to the cytoplasm (Tran et al., 2014, Chook and Suel, 2011).
Nuclear transport maintains privileged access of proteins to the nuclear compartment
protecting the genome and facilitating gene regulation.

A number of distinct NLS sequences within cargo proteins have been characterized.

The most common NLS is the classical nuclear localization signal (cNLS). Proteins
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containing a cNLS are imported to the nucleus by the nuclear transport receptor
heterodimer comprised of importin a and importin B. Importin o recognizes and binds to
the cNLS in the cargo protein and acts as an adapter for importin  binding. Importin 8
mediates translocation of the complex through the NPC. While the cNLS is the most
common NLS, many proteins contain non-classical NLSs (non-cNLS) whose import is
mediated by direct binding to a nuclear transport receptor from the importin B superfamily.
These nuclear transport receptors do not require an importin o adapter but rather directly
bind the non-cNLS in the cargo protein and facilitate movement through the NPC. With
the exception of the PY-NLS, which is recognized and imported by the nuclear transport
receptor transportin, few of the non-cNLSs have been convincingly characterized to have
a conserved motif or bind directly to specific, non-redundant nuclear transport receptors.
Understanding of these less characterized non-cNLS import pathways is currently based
on studies of individual protein cargoes. The diversity of NLSs could provide for
specialization of the nuclear transport system for classes of cargo proteins.

Multinucleated muscle cells present an intriguing biological system; many nuclei
all sharing the same common cytoplasm nonetheless behave differently. We investigated
nuclear import as a potential mechanism of achieving differences in nuclear activity. Here
we present our findings of differences in nuclear import among myonuclei within the same
skeletal muscle cell. Using an in vitro import assay, we show that nuclei in myotubes in
vitro differ from one another in the activity of classical and non-classical nuclear import
pathways. The activity of these nuclear import pathways also varied at different stages of
myogenesis. We further identified differences in the rates of nuclear transport among nuclei

in myofibers ex vivo by using fluorescence recovery after photobleaching (FRAP). These
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findings highlight the remarkable variability of nuclei within the same muscle cell, exposed
to the same cytoplasmic factors and identify a potential mechanism for achieving diversity

in protein accumulation and nuclear activity among myonuclei within a single muscle cell.

2.3 Results

2.3.1 Nuclear import varies among nuclei within single cultured multinucleated myotubes

To analyze nuclear import in multinucleated myotubes, we adapted an established
in vitro nuclear import assay (Moore and Schwoebel, 2001). Primary mouse myotubes
were generated in vitro by inducing differentiation and fusion of precursor myoblasts. In
this adaptation of the assay, illustrated in Figure 2.1A, the myotube plasma membrane was
permeabilized with digitonin, which selectively extracts cholesterol, leaving the nuclear
envelope intact. The cytoplasm was washed out and the permeabilized cells were incubated
with an import cocktail containing reticulocyte lysate which provides soluble nuclear
transport factors, an energy regenerating system, and a fluorescent nuclear import reporter
containing multiple copies of a classical nuclear localization sequence (cNLS). The
reporter is approximately 78 kDa, which is above the size exclusion limit of the NPC
(Lénart et al., 2003), making this cargo dependent on facilitated nuclear import to enter the
nucleus. After the incubation, excess reporter was removed by washing and the cells were
fixed and examined by fluorescence microscopy. Because the cell cytoplasm has been
removed, this assay specifically assesses intrinsic differences among nuclei in import of
the fluorescent nuclear import reporter.

When all components of the import cocktail were present, nuclear import was

readily detectable (Fig 2.1B). However, if reticulocyte lysate (lysate) or the energy
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regenerating system (E) was omitted, nuclear import did not occur. These results are
consistent with the requirement for nuclear transport factors and energy in the form of
RanGTP for nuclear import to occur (Adam et al., 1990, Newmeyer et al., 1986).
Furthermore, if the cells were treated with wheat germ agglutinin (WGA), which binds to
glycosylated nucleoporin (Nup) residues (Hanover et al., 1987) and thereby blocks the
NPC (Finlay et al., 1987), nuclear import was abolished. When cells were incubated with
the complete import cocktail at 0°C, nuclear import was also blocked consistent with the
temperature dependence of nuclear import (Adam, 2016, Adam et al., 1990). Together,
these results indicate that the import of the fluorescent nuclear import reporter detected by
this assay is mediated by active transport proceeding through the NPC.

To analyze whether nuclear import varies among myonuclei within a single
myotube, nuclear fluorescence was manually scored following the in vitro nuclear import
assay using fluorescence microscopy. Nuclei within myotubes containing 4-17 nuclei were
scored either as positive for the nuclear import reporter (cNLS-positive) or negative for the
nuclear import reporter (CNLS-negative). Within single multinucleated myotubes, we
observed that not all the nuclei were cNLS-positive (Fig 2.1C): 71% of myotubes contained
at least one cNLS-negative nucleus. Of the 1422 nuclei analyzed in 227 myotubes with
both cNLS-positive and cNLS-negative nuclei, 69% of nuclei were cNLS-positive. The
number of nuclei per myofiber did not affect percent of cNLS-positive nuclei (Fig 2.7) To
examine whether cNLS-negative nuclei resulted simply from completely blocked NPCs,
we incubated digitonin permeabilized myotubes with fluorescent dextrans. The 70 kDa
dextran is above the size exclusion limit for NPCs and so is excluded from intact nuclei;

the 10 kDa dextran is below this size cut off and can freely diffuse through NPCs (Adam,
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2016). We found that 94% of nuclei appropriately excluded the 70 kDa dextran and 100%
of nuclei were permeable to the small 10 kDa dextran (Fig 2.1D). These results indicate
that nuclei were not damaged by digitonin permeabilization and that cNLS-negative nuclei
within myotubes do not result from blocked NPCs. Armed with the knowledge that this
assay reliably evaluates nuclear import and that differences among nuclei in myotubes are
due to intrinsic nuclear characteristics, we investigated whether there was a connection
between the position of a nucleus within a myotube and nuclear import of the fluorescent
reporter. We defined the two nuclei at each end of a myotube as end nuclei and the other
nuclei in the myotube as middle nuclei (Fig. 2.1E). Our results indicate that cNLS-negative
nucleus can be located in any position within a myotube. However, the two nuclei on either
end of a myotube are cNLS-negative significantly more frequently than predicted by
random distribution (Fig 2.1E).

The fluorescent import reporter used in the initial experiments contained up to 20
cNLS peptides conjugated to a single BSA protein (Fig. 2.1). This high concentration of
cNLS peptides allowed us to examine the nuclear import system at saturation. However,
endogenous proteins typically contain a single encoded NLS. To better model nuclear
import, we used a more biologically relevant reporter containing GST, a single cNLS, and
EGFP (GST-cNLS-EGFP). At 60.6 kDa, this reporter is larger than the diffusion limit of
the NPC and so relies on facilitated, nuclear transport receptor-mediated import to enter
the nucleus. A fluorescent reporter with a mutant cNLS which is not bound by importin o
and consequently does not accumulate in the nucleus or on the nuclear envelope (Butel et
al., 1969, Rapp et al., 1969) was used as a control. The import assay was performed in

myotubes using the reporter with a single cNLS sequence as schematized in Figure 2.2A.
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Like the reporter with the multiple cNLS peptides conjugated to BSA, some but not all
nuclei were cNLS-positive (Fig 2.2B). Nuclei within myotubes containing more than 6
nuclei were visualized by fluorescence microscopy and EGFP integrated intensity
measured by an automated image analysis pipeline. To establish background fluorescence,
we used the peak fluorescence intensity of nuclei incubated with the mutant cNLS reporter.
Nuclei within myotubes incubated with the cNLS reporter with fluorescence higher than
this background were defined as cNLS-positive and those with fluorescence less than or
equal to the background level were defined as cNLS-negative (Fig 2.2C). As expected,
performing the in vitro import assay with the new reporter containing a single cNLS
yielded fewer cNLS-positive nuclei (25%; n=5 independent experiments with 150 nuclei
per experiment) compared to the reporter containing up to 20 cNLS peptides (Fig.1; 69%
cNLS-positive). Concerned that the fluorescent reporter could be concentrated in some
areas of the nucleus, we examined multiple planes of focus through nuclei. When these
myotubes were examined by confocal fluorescence microscopy, we confirmed that on no
plane of focus were cNLS-negative nuclei more fluorescent than those incubated with the
mutant cNLS reporter (Fig 2.2D). Thus, the encoded cNLS and mutant cNLS results
provide confidence that active nuclear import can be tracked in these multinucleated cells.
That differences in nuclear import among nuclei are detected using two distinct reporter
cargos additionally lends confidence that the differences represent actual variation in
nuclear import activity among these nuclei.

Having determined that some nuclei were cNLS-negative, we hypothesized that
these nuclei could be dormant or simply inactive thus we examined transcription as a

marker of general nuclear activity. To analyze transcription in myotubes, cultures were
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incubated with alkyne-modified 5-ethynyl uridine (EU), a uracil analog which is
incorporated into newly synthesized RNA, and nuclei were subsequently visualized using
chemoselective ligation of Alexa Fluor 594 azide with the EU (Fig 2.2E). Surprisingly,
95% of 680 nuclei in four independent experiments were EU-positive indicating that
almost all nuclei in myotubes are transcriptionally active (Fig 2.2F) even though 75% of
nuclei are cNLS-negative for the GST-cNLS-EGFP reporter. Together these results
indicate that differences in cNLS nuclear import among nuclei within single myotubes are
not the result of using a saturated NLS reporter or an artifact of the plane of focus.
Furthermore, these results demonstrate that cNLS-negative nuclei are still transcriptionally

active.

2.3.2 Independence of nuclear import pathways in cultured myotubes

Having determined that some nuclei within individual myotubes are cNLS-negative
but almost all nuclei are transcriptionally active, the question naturally arose as to whether
these nuclei can import proteins through other non-cNLS dependent nuclear import
pathways. To address this question, fluorescent reporters for specific non-classical nuclear
import pathways were required. Many proteins have poorly defined NLSs and are imported
by uncharacterized or redundant nuclear transport factors. We selected NLS sequences
from proteins with a well-defined NLS which were characterized to be directly bound and
imported by a single specific nuclear transport receptor. We identified three such proteins
for analysis: hnRNPAL, Nup53, and PTHrP (Table 2.1) and cloned each of these three non-
classical NLSs (non-cNLS) into the GST-NLS-EGFP reporter used above and into a GST-

NLS-mCherry reporter of comparable size (61.2 kDa and 57.3 kDa respectively). We
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expressed and purified the recombinant proteins such that for the cNLS, mutant cNLS and
each non-cNLS we had a EGFP and a mCherry fluorescent reporter protein. Each of these
reporters differed from the others only in which NLS was included allowing us to compare
different import pathways.

Using these reporters, we performed the nuclear import assay making systematic
pairwise comparisons between the cNLS reporter and one of the non-cNLS reporters (Fig
2.3A). In these pairwise comparisons, the assay was always performed in duplicate with
the reciprocal fluorophores. For example, given three coverslips with myotubes from the
same culture, one was incubated with equal concentrations of GST-cNLS-EGFP and GST-
hnRNPA1 NLS-mCherry while the other coverslip was incubated with equal
concentrations of GST-hnRNPA1 NLS-EGFP and GST-cNLS-mCherry. The third
coverslip was incubated with equal concentrations of the control reporters: GST-mutant
cNLS-EGFP and GST-mutant cNLS-mCherry. For each pairwise comparison, some nuclei
were import-positive for one, both, or neither pathway (Fig 2.3B). Nuclei were identified
by fluorescence microscopy and the fluorescence intensities of the EGFP and mCherry
channels were measured by an automated image analysis pipeline. The percentage of
nuclei that were cNLS-positive only, cNLS and non-cNLS positive, non-cNLS-positive
only, or positive for neither NLS was calculated for each reporter (Figure 2.3C).

As illustrated in Figure 2.3C, for the hnRNP NLS and cNLS reporters 54% of nuclei
were negative for both reporters, 32.2% of nuclei were cNLS-positive and hnRNP NLS-
negative, 7.2% of nuclei were positive for both reporters, and 6.6% of nuclei were positive
for only the hnRNP NLS. In the comparison of the PthrP NLS and cNLS reporters, 70.5%

of nuclei were negative for both reporters, 21.7% were cNLS-positive and PthrP-negative,
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5.9% were positive for both reporters, and 0.7% were positive for only the PthrP NLS. In
the comparison of Nup53 NLS and cNLS, 78% of nuclei were negative for both reporters,
14.7% were cNLS- positive and Nup53-negative, 4.8% were positive for both reporters,
and 2.1% were positive for only the Nup53 NLS. These data demonstrate that individual
nuclei can be positive for one, multiple, or no import pathway.

To examine the degree of independence between the cNLS and non-cNLS reporters
in individual nuclei, we compared the percentage of nuclei which were only non-cNLS-
positive to those which were both non-cNLS- and cNLS-positive. We found that the degree
of overlap with the cNLS reporter varied for each non-cNLS reporter and that the
percentage of nuclei that were positive for both the cNLS and non-cNLS reporter protein
differed significantly from the percentage predicted by random distribution of active
nuclear import pathways among nuclei (Fig 2.3D). The hnRNPA1 NLS and cNLS reporters
overlapped the least as only 45% of hnRNPA1 NLS positive nuclei were positive for both
reporters. For the Nup53-NLS and cNLS reporter pairing, 69% of Nup53 NLS-positive
nuclei were also cNLS-positive. In contrast, 95% of the PTHrP NLS positive nuclei were
positive for both the PTHrP NLS and cNLS reporters. The high degree of overlap with the
PTHrP NLS and cNLS reporters compared to the other non-cNLS reporters is not
surprising because both these NLSs rely on importin J3; the cNLS additionally requires
importin a (Kalderon et al., 1984) while the PTHrP-NLS is importin o independent
(Cingolani et al., 2002, Lam et al., 2001). Together, these data support the conclusion that
the cNLS import pathway is the predominant mode of nuclear import for myonuclei and

that each import pathway can be differentially regulated in individual nuclei.
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2.3.3 Variation in cNLS import among myofiber nuclei ex vivo

While cultured myotubes are large compared to other cell types in vitro, relative to
myofibers in vivo, they are quite small and lack the extensive subcellular specialization
found in myofibers. To examine whether nuclear import is also variable among nuclei in
myofibers as well as in cultured myotubes, we performed fluorescence recovery after
photobleaching (FRAP) on isolated myofibers allowing us to examine nuclear import ex
vivo. Myofibers were isolated from the gastrocnemius muscles of mice constitutively
expressing cNLS-tdTomato (Prigge et al., 2013). These myofibers exhibit strong nuclear
fluorescence with very little fluorescence in the cytoplasm (Fig 2.4A). To determine if we
could monitor nuclear transport by FRAP, we measured fluorescence over time of
unbleached nuclei, partially bleached nuclei, bleached cytoplasm, and fully bleached nuclei
(schematic Fig 2.4B). Unbleached nuclei maintained their fluorescence over the course of
the 94-minute assay with only minor decreases in fluorescence over time (Fig 2.4C-D).
This result demonstrates the photostability of cNLS-tdTomato in the absence of
photobleaching. When a portion of a nucleus was bleached, the region rapidly recovered
to the level of the unbleached area of the nucleus, with a time to half recovery (T12) of 0.5
+0.02 SD seconds (Fig 2.4E-F). A section of bleached cytoplasm also quickly recovered
fluorescence, with a time to half maximal recovery (T12) of 5.4 £0.14 SD seconds (Fig
2.4G). The substantially longer Ty of the bleached cytoplasm relative to the nucleoplasm
could reflect reduced mobility in the cytoplasm resulting from tightly packed, highly
ordered myofibrils. These two controls demonstrate both that technically the experiment

can detect bleaching and recovery and that the rates of diffusion of cNLS tdTomato within
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either the nucleus or the cytoplasm of a myofiber are rapid and highly consistent. When a
whole nucleus was bleached however, it recovered fluorescence much more slowly then
when only a portion of the nucleus was bleached with a rate best modeled by a quadratic
function (Fig 2.4H-1). This dramatically slower rate in conjunction with the 95 kDa size of
the tdTomato molecule, which is well above the diffusion limit of NPCs, supports the
validity of the FRAP assay to detect nuclear import rates.

To assess whether nuclei within the same myofiber differed in cNLS nuclear import
rates we performed FRAP on several nuclei in a single myofiber. When multiple nuclei
within a region of a single myofiber were bleached, we observed a clear variation in the
rate of fluorescence recovery among nuclei with times to half recovery (T12) ranging from
15-146 minutes (Fig. 2.41). To determine if this variability in T1. was observed in other
myofibers, we examined 26 myofibers isolated from 4 different mice. We found that within
any given myofiber the T1/2 of nuclei varied, with both the median T1. and degree of T
variability differing among myofibers (Fig 2.4J). Hypothesizing that distinct classes of
nuclei could exist within myofibers: those importing rapidly and those importing more
slowly, we compared the rates of nuclear import of all 128 nuclei examined and found that
the rates of import reflect a single broad population with median T1/2 equal to 45 minutes
and not distinct subpopulations (Fig 2.4K).

Given the variability in ranges of nuclear import rates among different myofibers
and the correlation between nuclear import and nuclear position within a myotube in the in
vitro import assay (Fig 2.3C), we compared nuclear import rates between nuclei in two
different non-NMJ regions of the same myofiber. We also compared the rates of

populations of nuclei located at the NMJ and nuclei in non-NMJ regions of the same fibers
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(Figure 2.5A). The NMJ is a well characterized, easily identifiable, specialized region of
the myofiber containing a cluster of acetylcholine receptors (AChR) (Couteaux and Pecot-
Dechavassine, 1973). We identified the neuromuscular junction on individual myofibers
by fluorescent bungarotoxin staining of AChR (Figure 2.5B). By comparing nuclei in two
non-NMJ regions in a single myofiber (4-9 nuclei in each region), we determined that the
median and range of Ty could differ significantly between the two non-NMJ regions of
the same fiber (Figure 2.5C). Comparing the population of nuclei directly beneath the NMJ
and paired nuclei in non-NMJ regions of the myofiber revealed no difference between the
NMJ nuclei and non-NMJ nuclei (Figure 2.5D). These results indicate that while NMJ
nuclei differ from other nuclei in the myofiber transcriptionally, they do not differ in cNLS
nuclear import rates, however nuclei in two non-NMJ regions can differ significantly in
rate of nuclear import.

Variation in nuclear import rates could affect cellular response to physiological
stimuli, consequently we resolved to examine if nuclear import was affected by
physiological stress. Skeletal muscle injury is one type of stress with a well-defined
anatomical nuclear phenotype. After injury, skeletal muscle regenerates and many of the
nuclei incorporated during regeneration are localized in the center of the myofiber rather
than the periphery (Figure 2.5E). To determine whether central nuclei differed from non-
central nuclei with respect to nuclear import rates, we compared T1/2 of nuclei in myofibers
isolated from injured gastrocnemius muscle 21 days post injury, the contralateral
gastrocnemius, and the gastrocnemius isolated from uninjured mice (schematic in Figure
2.5F). When fluorescence recovery is modeled by quadratic equation, the recovery of some

nuclei plateaus before half recovery is reached (Figure 2.5G). Consequently, these nuclei
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are never projected to reach Ty. Calculations indicate that 8% of nuclei from the uninjured
muscle and 4% of nuclei from the contralateral muscle would never reach T1. In contrast,
the fluorescent recovery of 20% of nuclei in injured myofibers plateaued before reaching
Ta2 (Figure 2.5H). The nuclei in injured myofibers for which a T12 could be calculated
recovered significantly more slowly (median T12=123 minutes) than the nuclei in
myofibers isolated from uninjured control mice (median T12=62 minutes). Surprisingly,
the nuclei in myofibers isolated from the contralateral leg also recovered significantly more
slowly (median T12=109 minutes) than nuclei from uninjured mice (Figure 2.51). Together
these findings demonstrate that nuclear import is responsive to muscle injury both in
regenerating myofibers and in myofibers distant from the site of injury, suggesting

systemic coordination of reduced nuclear import rates following injury.

2.3.4 Nuclear import varies with muscle differentiation

Interested in the decreased rate of nuclear import in newly regenerated myofibers,
we examined whether global changes in nuclear import occur during differentiation. To
model differentiation in a synchronized system, we took advantage of an in vitro model of
myogenesis. During in vitro myogenesis in response to a depletion of growth factors,
mononucleated myoblasts cease proliferating and differentiate to become myocytes.
Subsequently, myocytes fuse with each to form multinucleated myotubes. We
differentiated pure cultures of primary mouse myoblasts in vitro and performed the in vitro
import assay using the fluorescent cNLS reporter (Fig. 2.2) at myoblast (0 hours), myocyte
(18 hours), and myotube (48 hours) stages of differentiation (Fig 2.6A). We found that the

proportion of nuclei that were cNLS-positive varied across the stages of differentiation.
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The highest proportion of nuclei were cNLS- positive at the myoblast (25%) and myotube
(21%) stages while only 9% of myocyte nuclei were cNLS-positive (Fig 2.6B).

Curious that such a low percentage of myocyte nuclei was cNLS-positive, we
investigated whether the frequency of import of non-cNLS pathways also changed with
myogenesis. We used pairwise comparisons of cNLS and non-cNLS reporters as in Figure
3. Inthe PTHrP NLS and cNLS and the Nup53 and cNLS reporter pairings, the percentage
of nuclei positive for only the non-cNLS reporter did not change significantly across
differentiation In contrast, the percentage of nuclei positive for only hnRNPA1 NLS was
significantly higher at the myocyte stage (20.7%) than either the myoblast (7.5%) or
myotube (9.6%) stages. This preferential import of the hnRNPAL reporter occurred to the
exclusion of the cNLS reporter. Together these results support that differentiation state

affects nuclear import.

2.4 Discussion

Our study illustrates that nuclear import varies among nuclei in the same
multinucleated muscle cell. Nuclei within in vitro generated myotubes differed from one
another in accumulation of fluorescent reporter proteins indicating differential usage of the
cNLS import pathway and non-cNLS import pathways. Additionally, rates of cNLS import
varied among nuclei in isolated myofibers. Variation in nuclear import correlated with
nuclear position within the cell and progression through myogenesis. These differences in
nuclear import among muscle nuclei could play a role in differentiation and in establishing

regional specialization in mature myofibers.
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While some but not all nuclei were cNLS-positive, virtually all nuclei were
transcriptionally active as determined by EU incorporation. The finding that all nuclei were
transcriptionally active differs from reports of variability in transcriptional activity among
nuclei within myofibers in vivo (Kirby et al., 2016). The difference between these results
and our findings could reflect a higher transcriptional demand in cultured myotubes than
in mature tissue. Conversely, it could be the result of technical differences in dosage,
administration, and duration of EU labeling.

Examination of non-cNLS import pathways revealed that, like the cNLS pathway,
some but not all nuclei were positive for the non-cNLS pathways. Individual nuclei could
be positive for one, both, or neither examined import reporter. Variation in nuclear import
could represent a mechanism for achieving diversity among myonuclei in a single cell.
Nuclear transport is affected by NPC composition, post translational modification of Nups,
the RanGTP gradient between the nucleus and the cytoplasm, levels and modification state
of nuclear transport receptors, and levels and modification state of the cargo protein
(Sekimoto and Yoneda, 2012, Hung and Link, 2011). The in vitro import assay specifically
examines nuclear intrinsic variables: the RanGTP gradient among nuclei, variable NPC
composition, or post-translational Nup modification. Thus, while additional variables
likely contribute to regulating nucleocytoplasmic transport in vivo, the differences in
nuclear import that we identified among myonuclei are rooted in intrinsic nuclear
properties.

NPCs regulate movement into and out of the nucleus. The complexes are made up
of multiple copies of ~30 nucleoporins (Nups) and can serve as scaffolding for localizing

other proteins to the nuclear envelope. Changes to the NPC or associated proteins can affect
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nuclear transport. Among the proteins that bind to the specific Nups are two enzymes
critical to maintaining the RanGTP gradient: RCC1, the Ran guanine nucleotide exchange
factor localized in the nucleus; and RanGAP1, the Ran GTPase activating protein localized
to the cytoplasm (Tran and Wente, 2006). Disruption of the RanGTP gradient results in
protein mislocalization, particularly of very large proteins (Snow et al., 2013, Lyman et al.,
2002). The nuclear import reporters used in the experiments presented here are relatively
small, so most probably the differences in nuclear import are due to NPC differences
among nuclei, not RanGTP gradient disruption.

One type of NPC difference among myonuclei that could drive differential import
pathways is composition of the NPC. Stoichiometric levels of Nups in the NPC can affect
nuclear import (Crampton et al., 2009, Gustin and Sarnow, 2002, Gustin and Sarnow,
2001). While the core NPC proteins are incorporated into the nuclear envelope as it reforms
after mitosis and experience minimal exchange over the lifetime of the cell (Savas et al.,
2012), many of the peripheral Nups dynamically associate with the NPC (Toyama et al.,
2013). Some Nups specifically interact with chromatin proteins, enzymes, or nuclear
transport receptors. For example, specific Nups are required for SMAD nuclear transport.
If these Nups are depleted by RNAI, SMAD import, mediated by Imp8 and Imp7 (Xu et
al., 2007), is decreased but cNLS import is unaffected (Chen and Xu, 2010). Similarly,
other Nups are required for cNLS import (Sabri et al., 2007). Because some Nups
transiently associate with the NPC, import pathway activity in myonuclei could be
dynamically regulated by modulating NPC composition. We set out to determine if there
were differences in NPC composition between cNLS-positive and cNLS-negative nuclei

by measuring immunofluorescence intensity of FG Nups, Nup358, RanGAP1, and Kapp
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(Fig 2.9A). All proteins we examined showed similar variability in fluorescence intensity
(Fig 2.9B). To determine is small changes in fluorescence intensity correlated with nuclear
import we performed immunocytochemistry for Nup358 in the context of the nuclear
import assay (Fig 2.9C). We did not detect any correlation between fluorescence intensity
and cNLS import (Fig 2.9D). However, it should be noted that our system lacked the
sensitivity to definitively confirm or exclude differences in NPC composition between
cNLS-positive and cNLS-negative nuclei.

Post-translational modification of Nups rather than changes in the composition of
the NPC could also explain differences in nuclear transport among myonuclei. Both
phosphorylation and O-GIlcNAc glycosylation of Nups are dynamic transient modifications
that change in response to cellular physiology (Kodiha et al., 2009, Regot et al., 2013,
Crampton et al., 2009). At least 10 of the 30 Nups are subject to O-GIcNAc modification
(Miller et al., 1999, Hulsmann et al., 2012). Increased O-GIcNAc modification of Nups can
decrease association of nuclear export factors with the NPC and consequently decrease
nuclear export (Crampton et al., 2009). In addition, at least 20 Nups can be phosphorylated
(Rigbolt et al., 2011). Dynamic ERK-mediated phosphorylation of Nups 50, 153, and 214
leads to decreased binding of importin B and decreased nuclear import (Kosako et al.,
2009). In contrast, another study found that treatment of HelLa cells with phosphatase
inhibitors decreased importin-mediated import (Kehlenbach and Gerace, 2000). In yeast,
hyperphosphorylation of the NPC decreased nuclear export while incorporation of non-
phosphorylatable Nups into the NPC altered gene expression (Regot et al., 2013). Thus,
transient post translational modifications of the Nups could result in nucleus to nucleus

differences in nuclear import within a single muscle cell.
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Identifying the biochemical mechanisms responsible for the differences in nuclear
import among nuclei is technically challenging. Standard biochemical assays would
require large amounts of purified cNLS-positive nuclei separated from cNLS-negative
nuclei. Furthermore, many Nups have additional nuclear functions unrelated to their role
at the NPC (Gomez-Cavazos and Hetzer, 2015, Buchwalter et al., 2014, Morchoisne-Bolhy
et al., 2015). Thus, Nup protein levels in a nucleus may not reflect the amount of a Nup at
the nuclear pore. NPC heterogeneity within a single nucleus would also complicate
analysis. A myonucleus has approximately 360,000 NPCs (Asally et al., 2011). Therefore,
even if an individual nucleus could be biochemically analyzed, the result would represent
the average of a large population which could vary within a single nucleus (Kinoshita et
al., 2012). Post-translational modifications would be difficult to identify because many of
the modifications which impact nuclear transport occur in hydrophobic regions. These
regions are highly repetitive and share homology between Nups which reduces confidence
in detecting the modifications and in assigning detected modifications to a single protein.
Additionally, each NPC contains 16-32 copies of each Nup (Hetzer and Wente, 2009) and
individual copies of the same Nup may not all be modified in the same way. This level of
NPC complexity decreases the probability of detecting the modification using an approach
that examines a population of nuclei. As additional techniques are developed, identifying
the biochemical mechanisms regulating differences in nuclear import among nuclei sharing
a common cytoplasm will become increasingly feasible.

We not only studied nuclear import in cultured myotubes but also examined cNLS
nuclear import rates by FRAP in isolated myofibers. Nuclei within individual myofibers

differed in the rate of nuclear import. While individual nuclei could differ greatly in import
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rate, the import rates of all nuclei examined formed a single broad population. Skeletal
muscle cells are post-mitotic multinucleated cells with strong specialized regionalization.
Comparing the population of nuclei associated with one specialized region, the NMJ, to
the overall population of nuclei revealed no difference in cNLS import rates. Thus,
although nuclei associated with the neuromuscular junction are distinct from nuclei located
elsewhere in the myofiber both in protein content (Apel et al., 2000) and transcript
production (Moscoso et al., 1995, Brenner et al., 1990, Jasmin et al., 1993, Fontaine and
Changeux, 1989), these differences are not due to variation in cNLS nuclear import rates.
The specialization of NMJ nuclei could be achieved through selective activation of non-
cNLS import pathways only in NMJ nuclei or through subcellular enrichment of NMJ
targeted cargo only in cytoplasm surrounding NMJ nuclei. .

When we examined the median rate of nuclear import between two
morphologically non-specialized regions of a single myofiber, we found that median rate
and range could vary significantly between different regions of the same myofiber. A study
which described variability in expression of both housekeeping and muscle-specific genes
among nuclei noted that while nuclei producing housekeeping gene transcripts were
randomly distributed throughout a myofiber, nuclei producing muscle-specific transcripts
clustered together separated by clusters of nuclei not producing transcripts (Newlands et
al., 1998). This selective distribution of nuclei producing muscle-specific transcripts
prompted the authors to suggest the existence of domains in a myofiber that could be
defined functionally rather than morphologically. Our finding that the median and range of
nuclear import rates can vary significantly between two morphologically non-specialized

regions of a myofiber could support this model.
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Skeletal muscle is a highly regenerative tissue. Following injury, a series of
coordinated events result in regeneration of the injured site. After damaged tissue is
cleared, muscle resident stem cells or satellite cells proliferate and produce a large number
of muscle progenitor cells. These progenitors differentiate and either fuse into existing
damaged myofibers or fuse with each other, forming new, smaller myofibers (Ratnayake
and Currie, 2017). Myonuclei in regenerated myofibers are localized in the center of the
myofiber rather than the periphery and remain in the center of the myofiber for months
after the injury has healed (Wada et al., 2008). Why nuclei in regenerated myofibers
centralize and what, if any, effect centralization has on nuclear activity remain open
questions. We examined cNLS nuclear import after regeneration and found that the Ty, of
nuclei in regenerated myofibers was significantly slower than that of control nuclei. A
nucleus surrounded by dense myofibrils could have reduces access to diffusible proteins
resulting in apparent decreased transport rates. However, the T2 of nuclei in myofibers
isolated from the contralateral limb was also significantly slower than uninjured control.
Nuclei in these uninjured, contralateral myofibers remain at the periphery of the myofiber
but none the less also experienced decreased cNLS import rates. Thses observations
support that the change in nuclear import rates in response to injury is not the result of
decreased diffusion. That the increased T also occurs in nuclei in the contralateral limb
suggest some systemic factor regulating nuclear import in response to injury. Circulating
hepatocyte growth factor activator (HGFA), which is activated on injury to a tissue, induces
a state of readiness in satellite cells distant from the location of the injury (Rodgers et al.,
2014, Rodgers et al., 2017). Thus, a circulating factor could similarly mediate changes in

nuclear transport in response to tissue injury.
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Interested in the slower rates of cNLS import observed in regenerated myofibers,
we wondered whether slower nuclear transport was related to differentiation. We examined
cNLS and non-cNLS import pathways across the different stages of myogenesis in primary
mouse muscle cells. This analysis revealed that nuclear import is dynamic across
differentiation. Additionally, the proportion of import attributable to each pathway changed
as differentiation progresses. A previous study that examined steady-state
nucleocytoplasmic localization of fluorescent cNLS reporters in myoblasts and myotubes
formed by differentiation of the C2C12 murine muscle cell line reported differing
distributions of the reporter between myoblasts and myotubes but concluded that there was
no difference in nuclear import between the two stages rather that the nuclear export rates
differed between the two stages (Asally et al., 2011). However, the technical details of the
approaches used to examine nuclear transport differed greatly between the previous study
and the current work: microinjection versus digitonin permeabilization; inclusion versus
exclusion of a nuclear export sequence in the reporter protein; and duration of the time
course. Thus, the differences in these findings are likely technical. Our conclusion that
nuclear import varies with differentiation were based on experiments conducted in
permeabilized cells, indicating that nuclear inherent differences are responsible for the
nuclear import variability we detected. Similarly, a comparison of steady-state localization
of a fluorescent nuclear import and nuclear export reporter protein in myotubes and
myoblasts treated with polyethylene glycol to induce fusion found that multinucleated
myoblasts were more like mononucleated myoblasts than multinucleated myotubes (Asally
etal., 2011). This finding indicates that differentiation of a nucleus has a greater impact on

nuclear transport than simply existing in a multinucleated environment. Our observed
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changes in nuclear import with differentiation could result in part from the stress of serum
starvation to induce differentiation as various kinds of cellular stress induce changes in
nuclear transport (Kodiha et al., 2009, Regot et al., 2013, Yasuda et al., 2006, Kodiha et
al., 2008). Whether resulting from a stress response or regulated differentiation-related
changes, the alterations in nuclear import are most likely mediated by changes to the NPC.

While the number and density of the NPCs in the nuclear envelope do not change
between the myoblast and myotube stages of myogenesis (Asally et al., 2011), during
differentiation the NPC undergoes changes in composition and in post-translational
modifications. Steady state transcript levels of half the NPC components change with
differentiation of the C2C12 muscle cell line (Asally et al., 2011) and protein levels of
Nup210 (D'Angelo et al., 2012) and Nup358 (Asally et al., 2011) differ between myoblasts
and myotubes. In each case expression of the Nup is induced with differentiation. However,
while the increased level of these Nups is necessary for proper differentiation, their
depletion does not alter nucleocytoplasmic transport. Indeed, the effect of Nup210 on
differentiation is independent of incorporation of the protein into the NPC (Gomez-
Cavazos and Hetzer, 2015). Thus, while appropriate levels of Nups are required for
myogenesis, changes in NPC composition likely do not account for the differences we
observed in nuclear import. Post-translational modification of Nups is more likely to
regulate the temporally dynamic alterations in nuclear import during differentiation.
Interestingly, C2C12 cells experience a global decrease in O-GIcNAc modification with
differentiation from myoblasts to myotubes and pharmacological inhibition of this O-
GIlcNAc removal blocks myoblast fusion and results in decreased expression of myogenic

regulatory factors (Ogawa et al.,, 2012). In HeLa cells, increased NPC O-GIcNAc
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modification decreases nuclear export factors association with the NPC resulting in
decreased nuclear export (Crampton et al., 2009). Together these findings suggest that
decreased O-GIcNAc modification of the NPC could affect nuclear transport and be
important for myoblast differentiation. Many NPC proteins undergo differentiation-
dependent phosphorylation with the general trend of reduced phosphorylation as
differentiation progresses (Rigbolt et al., 2011). Determining if these NPC modifications
regulate differentiation associated changes in nuclear import could provide a way to
modulate myogenesis.

Understanding how individual nuclei within a single multinucleated muscle cell
behave differently has broader implications than skeletal muscle biology. While the
majority of eukaryotic cells have a single nucleus, some specialized cells are
multinucleated. Ranging from single celled organisms, to fungi, to differentiated
mammalian cells, cells with multiple nuclei present an intriguing biological system. Not
only must gene expression be regulated in multiple nuclei in a coordinated fashion to
achieve the necessary cellular protein levels, but also in many cases nuclei within these
multinucleated cells differ from one another. Tetrahymena, a binucleated single cellular
organism, contains a germline micronucleus and a non-germline macronucleus which are
structurally and functionally distinct (Orias et al., 2011). The NPCs of the two Tetrahymena
nuclei differ in composition and when Nups specific to one nucleus are targeted to the other
nucleus, cargo proteins are inappropriately localized to the wrong nucleus (Ilwamoto et al.,
2009). Five different syncytial fungi are multinucleated. These fungi grow by mitosis
uncoupled from cytokinesis and, in contrast to the Drosophila embryo, nuclei can divide

independently of one another. Nuclei as close as 1 um from each other are in different
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stages of mitosis despite the concentrations of cyclins not varying among nuclei (Gladfelter
et al., 2006). However, sister nuclei have similar lag times between mitoses even as they
move separately through different cellular regions (Anderson et al., 2013), suggesting that
the difference in mitotic entry among nuclei could be nuclear-intrinsic. Mammalian
osteoclasts contain approximately 20 nuclei which differ from one another in chromatin
structure and markers of transcriptional activity (Youn et al., 2010). The nuclei of the
syncytial trophoblast in placental mammals differ from one another in chromatin
arrangement and transcriptional activity (Ellery et al., 2009). These examples of
multinucleated cells from several different phyla highlight the unique biology of
multinucleated cells that allows nuclei exposed to the same cytoplasm to behave differently
from each other. The mechanisms governing variation in myonuclei may be more generally
applicable to these other cell types and could represent evolutionarily conserved
mechanisms for coordinating activity among nuclei sharing a single cytoplasm.

In summary, we defined that both cNLS and non-cNLS nuclear import activity
varies among nuclei in a multinucleated muscle cell. Such variation in nuclear import may
be a mechanism for achieving differences in transcript production among myonuclei
leading to functional specialization in myofibers. The biochemical and signaling
mechanisms that modulate nuclear import and target NPCs in individual myonuclei in a
common cytoplasm remain unclear and the focus of future studies. Future studies could
also include defining whether physiologic changes such as aging, disease or regeneration
spatially or temporally alter nuclear import or the ratio between cNLS and non-cNLS
nuclear import in myofibers. A better understanding of the biochemical and signaling

mechanisms driving differences in nuclear import among nuclei in a skeletal muscle cell
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will also provide further insight into the biology of other mammalian and non-mammalian

syncytial cells.

2.5 Methods
In vitro myogenesis

Primary myoblasts were isolated from hindlimb muscles of 3-month-old male
C57BL/6 mice as described previously with the exception of the Percoll gradient
(Bondesen, Mills et al. 2004). Myoblasts were cultured on bovine collagen | (Gibco,
Gaithersburg MD) -coated dishes in growth media (Ham’s F10, 20% fetal bovine serum
(FBS), 100U/mL penicillin, 100pug/mL streptomycin, and 5ng/ml fibroblast growth factor
at 37°C and 5% CO,. For import assays, differentiation was induced by plating 2 x10°
myoblasts on elastin, collagen, laminin (ECL) (Gibco) -coated 18mm diameter coverslips
in differentiation media (Dulbecco’s modified Eagle’s medium, 10mg/L insulin, 5.5 mg/L
transferrin, and 6.7ug/L selenium (Gibco), 100U/ml penicillin, 100pug/mL streptomycin)
for 18 hours for myocytes or 48 hours for myotubes. To analyze nuclear import in
myoblasts, myoblasts were similarly plated on ECL-coated coverslips and cultured in

growth media for 18-24 hours.

Fluorescent dextran

Myotubes were differentiated on glass coverslips as described above. Coverslips were
placed on ice for 5 minutes and the media was gently aspirated. The cells were washed
once with transport buffer (20mM HEPES, 110 mM potassium acetate, 2mM magnesium

acetate, ImM EGTA, 2mM DTT) and then permeabilized on ice with 25 puM digitonin in
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transport buffer for 5 minutes. Permeabilized myotubes were stained with DAPI to identify
nuclei and then incubated with 10 kDa or 70 kDa Texas red-conjugated dextran for 15
minutes at room temperature (Sigma-Aldrich, St. Louis, MO). The 10kDa dextran enters
all nuclei without blocked NPCs. The 70 kDa dextran is excluded from nuclei with intact
nuclear envelopes and NPCs (D'Angelo, Raices et al. 2009). After incubation with the

fluorescent dextran cells were imaged.

In vitro nuclear import assay

The in vitro nuclear import assay was modified from previously established
protocols (Moore and Schwoebel, 2001, Adam, 2016). Myoblasts, myocytes, and
myotubes were generated as described above. Coverslips were placed on ice for 5 minutes
and the media was gently aspirated. The cells were washed once with transport buffer and
then permeabilized on ice with 25 uM digitonin in transport buffer for 5 minutes. After
permeabilization, cells were gently washed with transport buffer. Cells were than incubated
at 30°C for 15 minutes in either transport buffer or transport buffer containing 5.6mM
wheat germ agglutinin (WGA) (Vector Laboratories, Burlingame, CA). Coverslips were
then placed inverted on 100 pL import cocktail (2% bovine serum albumin (BSA), 20%
rabbit reticulocyte lysate (Promega, Madison, WI), 4mM, 0.1mM GTP, 7.6mM creatine
phosphate, 15U/ml creatine phosphokinase, 1mM ATP, 20mM HEPES, 110 mM
potassium acetate, 2mM magnesium acetate, ImM EGTA, 2mM DTT). Fluorescent import
reporters used were either purchased (Sigma) or generated in the laboratory by FPLC
purification of recombinant proteins. Coverslips were incubated at 30°C in a humidified

chamber for 30 minutes. After incubation, coverslips were washed three times with 1%
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BSA in transport buffer. Cells were then fixed in 4% paraformaldehyde (PFA) (Electron
Microscopy Sciences, Hatfield, PA), 0.1% glutaraldehyde on ice for 15 minutes. After

fixation cells were stained with DAPI to identify nuclei.

Labeling of newly synthesized RNA

The Click-iT RNA imaging kit (Molecular probes, Eugene, OR) was used to label
newly synthesized RNA. Primary mouse myotubes were generated by 48 hours of
differentiation on coverslips. Control coverslips were pretreated with 5ug/ml Actinomycin
D (Molecular Probes) for 1 hour at 37C. All coverslips were then treated with 2mM 5-
ethynyl uridine (EU) in differentiation media for 30 minutes. Cells were fixed with 3.7%
formaldehyde for 15 minutes on ice and further processed per the manufacturer’s

instructions.

Plasmids used

The pGEX4TH-SV40NLS-EGFP plasmid (Shumaker, Lopez-Soler et al. 2005)
(gift from Steven Adam, Northwestern) was used to generate the cNLS-EGFP reporter
protein. The mutant cNLS control reporter protein was generated by site-directed
mutagenesis. The GST-cNLS-mCherry construct was cloned by ligation following
cleavage of the vector backbone and insert by Kpnl and Notl. The insert was produced by
PCR amplification of the mCherry gene using the following primers forward: 5’-
cgactctagaggatcccecgggtaccggtcgecaccatggtgagecaagggegaggaggat reverse: 5-
atcgtcagtcagtcacgatgcggccgctttacttgtacagctcgtccatgecgee. The GST mutant cNLS EFGP

construct and both PTHrP NLS constructs were cloned by the quick change method using
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the following primers, for the mutant c¢NLS forward primer: 5’-
cgaaacgtaaagtggaagatggtccgecgceat, reverse primer: 5’°-ttttcggcggaccaccttcgagtcgacccggg,
for the PTHrP NLS constructs, forward primer: 5’-
gcaacccctgaaaacccccggtaagaaaaaaaaaggaaagcectcatgectgcaggtcgactctagag, reverse primer:
5-’tetttgtaggtttccactttattagtttcctgegtcaggtagegttcgagtegaccegggaattcegg. For Nup53 NLS
and hnRNPA1 NLS constructs, gBlocks were purchased from Integrated DNA
Technologies and ligated into the vector backbone after cleavage with EcoRI and Xbal.

All constructs were sequence verified.

Recombinant protein expression and purification

BL21(DE3) competent E. coli were transformed and grown in selective Luria-
Bertani broth to 0.5 optical density. Protein expression was induced with 1mM isopropyl
B-D-1-thiogalactopyranoside (IPTG) at 30° for 6 hours. Pelleted bacteria were resuspended
in lysis buffer (ImM phenylmethylsulfonyl fluoride (PMSF), 20mM Tris pH 8.0, 100mM
NaCl, 10% glycerol, 1uM ZnCl,) and lysed by French press. The lysate was passed through
a 2um filter. Recombinant proteins were purified over a 5ml GSTrap FF column (GE
Healthcare Life Sciences, Pittsburgh, PA), using a P-500 pump (Pharmacia Biotech,
Pittsburgh, PA), and a Controller LCC-501 Plus (Pharmacia Biotech). Purified protein was
eluted in a gradient of lysis buffer and lysis buffer containing 10mM glutathione. Fractions
were collected using FRAC-100 (Pharmacia Biotech). Proteins were dialyzed against
dialysis buffer (20mM Tris pH 8.5,150mM NaCl, 2mM MgAc, 2uM ZnCl», 2% glycerol)
using a 10 kD membrane (Spectrum Laboratories Inc, Rockleigh NJ), tested for purity by

gel electrophoresis and Comassie staining, and concentrated using a viva spin 15-30,000
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MWCO column (Sartorius Stedim Biotech, Goéttingen, Germany). A representative
Coomassie stained gel of purified proteins is shows that the reporter proteins are close to
the same molecular weight (Fig 2.8). The molecular weights of the purified proteins are
CNLS-EGFP 61.2 kDa, cNLS-mCherry 57.3 kDa, mutant cNLS-EGFP 61.2 kDa, mutant
CNLS-EGFP 61.2 kDa, hnRNPAL1 NLS-EGFP 64.0 kDa, hnRNPA1 NLS-mCherry 60.1
kDa, Nup53 NLS-EGFP 65.2 kDa, Nup53 NLS-mCherry 61.3 kDa, PThrP NLS-EGFP

63.0 kDa, PThrP NLS-mCherry 59.1 kDa.

Myofiber isolation

Gastrocnemius muscles from 6 month old female C57BL/6 mice were dissected,
enzymatically digested and further processed as described previously (Pichavant and
Pavlath 2014). Briefly, muscles were gently dissected and cut twice longitudinally in order
to increase the surface area of the muscle in contact with the enzyme. Muscles were
incubated for 80 minutes in a benchtop Enviro-genie (Scientific Industries, Inc., Bohemia,
NY) rocking at 26 RPM at 37°C in digestion media (Dulbecco’s modified Eagle’s medium,
25 mM HEPES, 400 U/ml collagenase type | (Worthington Biochemical, Lakewood, NJ)).
All subsequent steps were carried out at room temperature. The samples were washed three
times to remove debris and transferred to a Petri dish. Single myofibers were picked using
a Pasteur pipette and placed in 8 well chamber coverslips (Ibidi, Martinsried, Germany)
precoated with 4% Matrigel (BD Biosciences, San Jose, CA) containing imaging media
(Dulbecco’s modified Eagle’s medium, 20% FBS, SmM EGTA, 1mM MgCl2). Chamber
coverslips were centrifuged at 1100xg for 20 minutes to adhere the myofibers. Myofibers

were incubated at 37°C and 5% CO. for 1 hour prior to imaging.
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Bungarotoxin staining

Isolated myofibers were incubated with 2ug/ml fluorescein conjugated o-
Bungarotoxin (Molecular Probes) for 15 minutes at 37°C. Myofibers were then washed
three times with PBS and centrifuged into 8 well coverslips as described above.
Immunocytochemistry

In vitro generated myotubes were fixed with 4% PFA (Electron Microscopy
Sciences) for 15 minutes at room temperature and permeabilized with 0.5% Triton x-100
(Fisher Scientific) for 5 minutes at room temperature. Cells were then blocked with 1%
BSA and 0.1% donkey serum in TBST for 30 minutes at 4°C. Coverslips were incubated
overnight with primary antibody: RanGap 1:50 (Santa Cruz Biotechnology), mAb414
1:500 (Abcam, Cambridge, UK), Kapf1 1:10,000 (Abcam), Nup 358 1:20,000 (gift from
Kehlenbach laboratory). Alexa594 conjugated secondary anti mouse or anti rabbit
antibodies 1:200 (Jackson Immuno Research Laboratories Incorporated, West Grove, PA)

were used to detect primary antibody signal.

Microscopy and image analysis

For quantitative analysis of in vitro nuclear import assays, images were obtained
using an Axioplan microscope (Carl Zeiss Microlmaging, Oberkochen, Germany) with
either a 0.3 NA 10X Plan-Neofluar objective (Carl Zeiss Microlmaging) or a 0.8 NA 25X
Plan-Neofluar objective (Carl Zeiss Microlmaging) and recorded with a CCD camera (Carl
Zeiss Microlmaging) and Scion Image 1.63 (Scion Corporation, Torrance, CA) software.
Images were uniformly processed; myonuclei within myotubes were identified; and
fluorescence intensity in DAPI, EGFP, and mCherry channels were measured using an

automated CellProfiler version 2.2.0 (Carpenter et al., 2006) pipeline. The automated
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processing used DAPI intensity to identify nuclei between 20 and 60 pixel units by adaptive
three class Otsu thresholding. Clumped nuclei were distinguished by shape. Mean
fluorescence intensity for nuclear import reports or mean edge flourscence intensity for
immune cytochemistry staining was measured.

For analysis of multiple focal planes of myonuclei and live cell imaging of FRAP
experiments, images were collected using a Nikon A1R confocal microscope (Nikon,
Tokyo, Japan) with a CFl Apo TIRF 60x H objective (Nikon) and were recorded with NIS-
Elements Microscope Imaging Software (Nikon). FRAP image sets were processed with
Fiji Image J2 (Schindelin et al., 2012, Schindelin et al., 2015) to correct for register drift
and quantification of fluorescence intensity. For live cell imaging of myofibers, coverslips
were maintained at 37°C and 5% CO.. Nuclei and portions of the cytoplasm were bleached
with a 561nm laser at 80% power (34 seconds) and imaged continuously for the first 2
minutes and every 2.5 minutes thereafter for 90 minutes
Barium chloride muscle injury

Mice were anesthetized with intraperitoneal injection of a solution containing
80 mg/kg ketamine HCI/5 mg/kg xylazine. For analgesia, mice were injected
subcutaneously with 0.1 mg/kg buprenorphine before and after muscle injury. Injury was
induced in the gastrocnemius (GA) muscles of anesthetized mice by injection of 40 ul of
1.2% BaCl, (Griffin, Kafadar et al. 2009) (Sigma-Aldrich). Muscles were collected either

21 days post injury.
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Microscopy and image analysis

For quantitative analysis of in vitro nuclear import assays, images were obtained
using an Axioplan microscope (Carl Zeiss Microlmaging, Oberkochen, Germany) with
either a 0.3 NA 10X Plan-Neofluar objective (Carl Zeiss Microlmaging) or a 0.8 NA 25X
Plan-Neofluar objective (Carl Zeiss Microlmaging) and recorded with a CCD camera (Carl
Zeiss Microlmaging) and Scion Image 1.63 (Scion Corporation, Torrance, CA) software.
Images were uniformly processed; myonuclei within myotubes were identified; and
fluorescence intensity in DAPI, EGFP, and mCherry channels were measured using an
automated CellProfiler version 2.2.0 (Carpenter, Jones et al. 2006) pipeline.

For analysis of multiple focal planes of myonuclei and live cell imaging of FRAP
experiments, images were collected using a Nikon A1R confocal microscope (Nikon,
Tokyo, Japan) with a CFI Apo TIRF 60x H objective (Nikon) and were recorded with NIS-
Elements Microscope Imaging Software (Nikon). FRAP image sets were processed with
Fiji Image J2 (Schindelin, Arganda-Carreras et al. 2012, Schindelin, Rueden et al. 2015)
to correct for register drift and quantification of fluorescence intensity. For live cell
imaging of myofibers, coverslips were maintained at 37°C and 5% CO2. Nuclei and
portions of the cytoplasm were bleached with a 561nm laser at 80% power (34 seconds)
and imaged continuously for the first 2 minutes and every 2.5 minutes thereafter for 90
minutes.

Statistical analysis

Statistical analysis was performed using MATLAB (MathWorks, Natick, MA) to

model second order quadratic curve fitting and determination of time to half recovery

(T12). Other statistical tests (t-test, ANOVA, and chi squared analyses) were performed
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using GraphPad Prism version 5 (Graphpad Software, San Diego, CA). A p-value of less

than 0.05 was considered statistically significant.
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2.6 Tables

Table 2.1: NLS sequences and associated nuclear transport receptors

NLS

Sv40

Mutant
SV40
(mutated
residue)

hnRNPA1

Nup53

PTHrP

NLS sequence

GGPPKKKRKVEDGPP

GGPPKTKRKVEDGPP

Transport
receptor

Importin  «
KPNB1

GPGYSGGSRGYGSGGQGYG  KPNB2
NQGSGYGGSGSYDSYNNGG KPNB2B

GGGFGGGSGSN

VRNAEFKVSKNSTSFKNPRR  IPO5
LEIKDGRSLFLRNRGKIHSGV

LSSIESDL

RYLTQETNKVETYKEQPLKT KPNB1

PGKKKKGKP
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Reference

(Kalderon, Richardson
et al. 1984)

(Lanford and Butel
1984)

(Pollard, Michael et al.
1996, Lee, Cansizoglu
et al. 2006)

(Marelli, Lusk et al.
2001, Lusk,
Makhnevych et al.
2002, Kobayashi and
Matsuura 2013, Soniat,
Cagatay et al. 2016)

(Lam, Hu et al. 2001,
Cingolani, Bednenko
et al. 2002)



2.7 Figures

Figure 2.1: Some but not all nuclei within myotubes import a fluorescent nuclear
import reporter. A To perform the in vitro import assay, the plasma membrane of
myotubes was digitonin permeablized and the cytoplasm washed out. Cells were incubated
with reticulocyte lysate, an energy regenerating cocktail, and a fluorescent nuclear import
reporter composed of bovine serum albumin (BSA) and multiple copies of the SV40 T-
antigen classical nuclear localization sequence (CNLS). After washing and fixation, nuclei
were stained with DAPI and imaged. B cNLS-positive nuclei (white arrow heads) were
only detected when permeabilized cells were incubated with both the energy regenerating
system (E) and reticulocyte lysate (lysate) in addition to the import reporter. Nuclear import
was blocked by addition of wheat germ agglutinin (WGA) or by low temperature. C Within
single myotubes both cNLS-positive (white arrowheads) and cNLS-negative (red
arrowhead) nuclei were present. D All myotube nuclei were permeable to 10 kD
fluorescent dextran but appropriately excluded 70 kD dextran. These results indicate that
cNLS-import negative nuclei do not simply have blocked NPCs and that the nuclear
envelopes have not been damaged by permeabilization. E The percentage of nuclei that
were cNLS-negative in the middle of a myotube or on the ends of a myotube was compared
to the percentage expected assuming random distribution of positive and negative nuclei
in a myotube (red dotted line) The two nuclei on either end of myotubes were cNLS-
negative more frequently than predicted by random distribution of cNLS-positive and
cNLS-negative nuclei (chi squared p<0.001 n=450 myotubes from 3 independent cell

isolates). Bar=20um.
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Figure 2.2: Nuclear import depends on the NLS. A The in vitro import assay was
performed on myotubes using purified recombinant protein composed of Glutathione S-
transferase (GST), a single cNLS, and enhanced green fluorescent protein (EGFP). B With
this nuclear import reporter protein, some but not all nuclei were cNLS-positive
(arrowheads) similar to that observed with the reporter containing multiple cNLS in Figure
1. A reporter protein containing a mutant cNLS was not imported into nuclei. C Each
nucleus was determined to be cNLS-positive or -negative based on whether its fluorescence
was more or less intense than the mutant cNLS control protein. D cNLS-positive
(arrowheads) and -negative nuclei were examined using confocal microscopy. cNLS-
negative nuclei remained negative regardless of the plane of focus. E To examine the
general transcriptional activity of nuclei within myotubes, production of RNA was
examined by incorporation of the uridine analog EU. Actinomycin treatment effectively
prevented EU incorporation. EU signal was readily apparent in the absence of actinomycin.
F Almost all nuclei (95% of 680 examined) were EU positive, indicating that they were
transcriptionally active. The high percentage of EU positive nuclei compared with the
relatively low percentage of cNLS-positive nuclei indicates that cNLS-negative nuclei are

transcriptionally active. Bar=20um.

Figure 2.3: A single nucleus with a myotube can import through multiple import
pathways, a single import pathway, or no detectable import pathway. A Purified

recombinant protein composed of GST fused to an NLS (cNLS, hnRNPAL1 NLS, PthrP
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NLS, Nup53 NLS, or mutant cNLS) followed by a fluorescent protein (either EGFP or
mCherry) was expressed and isolated. The in vitro import assay was performed on
myotubes using a GST-NLS-EGFP reporter and a distinct GST-NLS-mCherry reporter to
compare the relative import of the two selected NLSs. Pairwise comparisons were made
both with cNLS in green and non-cNLS in red and with cNLS in red and non-cNLS in
green. B For each pairwise comparison, some nuclei were import-positive for both
reporters (yellow arrowheads), only one reporter (red and green arrowheads) or none.
Bar=10um. C The proportion of nuclei in each pair of NLSs examined that were positive
for the cNLS only, both the cNLS and non-cNLS, the non-cNLS only, or neither NLS
reporter was quantified based on baseline fluorescence of the mutant NLS. The percentage
of nuclei that were negative for both cNLS and non-cNLS reports differed significantly
between the cNLS-hnRNP pairing and the other two cNLS-non-cNLS pairings. Data are
mean £ SE comparisons by ANOVA with Tukey correction for multiple comparisons
hnRNP n=4 independent experiments, PthrP and Nup53 n=5 independent experiments. D
For each pair of NLSs examined, the proportion of nuclei importing the non-cNLS only or
both the cNLS and non-cNLS was compared. The findings differed significantly from the
percentage of nuclei predicted to be positive for the non-cNLS reporter or positive for both
reporters based on random distribution of active NLS pathways. (p<0.0001 by chi squared
analysis hnRNP n=4 independent experiments, PthrP and Nup53 n=5 impendent

experiments).

Figure 2.4 cNLS nuclear import varies among nuclei within single myofibers. A

Myofibers isolated from gastrocnemius muscles of mice constitutively expressing nuclear
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targeted cNLS-tdTomato exhibit strong nuclear fluorescence and minimal cytoplasmic
fluorescence. B Schematic representing the cellular parameters that were studied in FRAP
experiments: an unbleached nucleus, a partially bleached nucleus, a bleached portion of
cytoplasm, and a fully bleached nucleus. C Representative images of unbleached nuclei at
different times during the course of the imaging. T= minutes. D Unbleached nuclei
consistently maintained fluorescence throughout the entire period of imaging (n=20, mean
+ SE). E Regions of bleached cytoplasm rapidly recovered to their initial fluorescence
(n=19, mean + SE). F A representative partially bleached nucleus prior to bleaching,
immediately after bleaching and after recovery. Red outlines the bleached area. T=
minutes. G The bleached sections of partially bleached nuclei rapidly recovered to baseline
fluorescence (n=11, mean + SE). H Representative bleached nuclei prior to bleaching,
immediately after bleaching and after recovery. T= minutes. | The time to half recovery
(T12) of four bleached nuclei within a single myofiber differ from one another as calculated
by quadratic regression. J The median and range of T12 of nuclei greatly varied among
myofibers indicating differences in the rate of cNLS import among nuclei both within a
myofiber and among myofibers (4-8 nuclei measured per myofiber). K The histogram of
T12 of bleached nuclei reveals a continuous broad population with median Ty, of 45 min

(n=128). Bar=10um.

Figure 2.5 Rates of cNLS nuclear import can vary between regions of a single
myofiber. A FRAP experiments were performed on nuclei within two different myofiber
regions (A or B) not near the neuromuscular junction (NMJ) and nuclei directly under the

NMJ using myofibers isolated from gastrocnemius muscles of mice constitutively
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expressing nuclear targeted cNLS-tdTomato. B The neuromuscular junction was identified
by FITC-conjugated bungarotoxin staining of acetylcholine receptors. Bar=10um. C
Nuclei were bleached, imaged and the T2 calculated as in Figure 4. T2 of 4-8 nuclei in
disparate non-NMJ regions (A and B in Figure 5A) of a myofiber can vary. Data are median
+ interquartile range. D Ty of NMJ (n=15) and non-NMJ (n=58) nuclei were compared.
Red line represents median. E In uninjured myofibers, nuclei are located at the periphery
of the myofiber. After regeneration, nuclei centrally located in injured myofibers. Arrow
indicates a non-central nucleus in an injured myofiber. Bar=50um. F Schematic
representing the injury experiment: one gastrocnemius muscle was injured by barium
chloride injection. After 3 weeks the injured muscle, the contralateral gastrocnemius, and
a gastrocnemius of an uninjured littermate were collected. G The Ty of four bleached
nuclei within a single myofiber differ from one another as calculated by quadratic
regression as in Figure 41. The recovery of some nuclei plateaus before reaching T12. H
The percent of nuclei that plateau before recovering to T1» was calculated for nuclei in
myofibers from uninjured (8% n=69 from 2 mice), contralateral (4% n=52 from 3 mice),
and injured (20% n=304 from 3 mice) muscle. Data represent mean £SD. | The Ty for
nuclei in myofibers isolated from uninjured, contralateral, and injured muscles were
calculated. The median Ti» of nuclei from contralateral (109 minutes) and injured
myofibers (123 minutes) were significantly higher than from uninjured control (65
minutes). The Ty of contralateral and injured myofibers also differed significantly.
ANOVA with Tukey correction for multiple comparisons Uninjured n=63, contralateral

n=44, injured n=143. Red line represents median and quartile range.
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Figure 2.6 Nuclear import varies during myogenesis in vitro. A Pure cultures of
myoblasts were differentiated to form myocytes or myotubes and the in vitro nuclear
import assay was performed. B The percentage of cNLS-positive nuclei was high in
myoblasts (25%), dropped dramatically to near background levels in myocytes (9%), and
then rose again to near pre-differentiation levels in myotubes (21%). (n=3 independent
experiments each with ~200 nuclei per differentiation stage). C The in vitro import assay
was performed using cNLS and non-cNLS import reporters to compare the relative import
of the cNLS and non-cNLSs at the different stages of myogenesis. For each pair of NLSs
examined, the proportion of nuclei importing the non-cNLS only or both the cNLS and
non-cNLS was compared as in Figure 3C. The percentage of hnRNP NLS import differed
significantly across differentiation. hnRNP reporter displayed relatively low import in the
myoblast and myotube stages but relatively high import in the myocyte stage. (Data are
mean + SE comparisons by ANOVA with Tukey correction for multiple comparisons n=3

independent experiments each with ~200 nuclei per differentiation stage).

Figure 2.7 Nuclear number compared to percent import positive nuclei The percent
of import positive nuclei was compared to the number of nuclei in each myotube for
myotubes with 4-17 nuclei. The analysis showed no correlation between nuclear number
and percent import positive nuclei. (analyzed by linear regression R?= 0.07323, n=215

myotubes)

Figure 2.8 cNLS nuclear import and Nup levels A Representative images of the

immunocytochemistry of pan FG Nup, Nup358, Kapp, and RanGAP in in vitro generated
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myotubes. Bar=20um. B Intensities of pan FG Nup, Nup358, Kapp, and RanGAP were
measured for nuclei in myotubes. Box and whiskers represent median, quartiles, and 5-
95% range. No bimodal distributions were identified. C Representative image of the in
vitro nuclear import of cNLS reporter followed by immunofluorescence detection of
Nup358. Bar=20um. D The mean intensity of the cNLS reporter and the mean edge
intensity of Nup358 was plotted for each nucleus. No correlation was detected between the

two variables (R?=0.0089).

Figure 2.9 Purity of purified recombinant proteins A gel showing representative

purified recombinant proteins indicates that the isolated proteins are similar molecular

weight and that the recombinant protein is the predominant species.
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Figure 2.2
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Figure 2.3
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Figure 2.4
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Figure 2.5
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Figure 2.6
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Figure 2.7
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Figure 2.8
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Figure 2.9
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Chapter 3: Biochemical isolation of myonuclei employed to define changes to the

myonuclear proteome that occur with aging

A portion of this chapter is published as:

Cutler, A.A., E.B. Dammer, D.M. Doung, N.T. Seyfried, A.H. Corbett, G.K. Pavlath,
Biochemical isolation of myonuclei employed to define changes to the myonuclear

proteome that occur with aging. Aging Cell (2017) 16(4): 738-749.
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Chapter 3: Biochemical isolation of myonuclei employed to define changes to the

myonuclear proteome that occur with aging

3.1 Summary

Skeletal muscle aging is accompanied by loss of muscle mass and strength.
Examining changes in myonuclear proteins with age would provide insight into molecular
processes which regulate these profound changes in muscle physiology. However, muscle
tissue is highly adapted for contraction and thus comprised largely of contractile proteins
making the nuclear proteins difficult to identify from whole muscle samples. By
developing a method to purify myonuclei from whole skeletal muscle, we were able collect
myonuclei for analysis by flow cytometry, biochemistry, and mass spectrometry. Nuclear
purification dramatically increased the number and intensity of nuclear proteins detected
by mass spectrometry compared to whole tissue. We exploited this increased proteomic
depth to investigate age-related changes to the myonuclear proteome. Nuclear levels of 54
of 779 identified proteins (7%) changed significantly with age; these proteins were
primarily involved in chromatin maintenance and RNA processing. To determine if the
changes we detected were specific to myonuclei or were common to nuclei of excitatory
tissues, we compared aging in myonuclei to aging in brain nuclei. Although several of the
same processes were affected by aging in both brain and muscle nuclei, the specific
proteins involved in these alterations differed between the two tissues. Isolating myonuclei
allowed a deeper view into the myonuclear proteome than previously possible facilitating
identification of novel age-related changes in skeletal muscle. Our technique will enable

future studies into a heretofore underrepresented compartment of skeletal muscle.
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3.2 Introduction

Skeletal muscle, which is essential for critical processes such as movement,
swallowing, and breathing, dynamically adapts to the body’s needs by altering gene
expression to accommodate physiological states such as muscle growth, regeneration, and
aging. To date, investigations into molecular mechanisms driving shifts in gene expression
have been largely candidate-based. Examining global changes in myonuclear proteins
would provide insight into molecular processes regulating large-scale shifts in gene
expression that accompany physiologic changes in muscle.

Aging leads to profound changes in skeletal muscle. Starting around age 30 and
increasing after age 60, muscle mass and strength decline. The resulting frailty is associated
with reduced mobility and greater risk of falls (Demontis, Piccirillo et al. 2013). Global
changes in RNA levels with age have been identified (Zahn, Sonu et al. 2006, Kim, Park
et al. 2014, Su, Ekman et al. 2015), however, large-scale proteomic analysis has been
limited to the most abundant proteins. While many cell types support skeletal muscle
function, the tissue is comprised primarily of myofibers, large, multinucleated cells densely
packed with contractile proteins necessary for muscle function. Over half of the total
protein in a muscle cell is either actin or myosin (Deshmukh, Murgia et al. 2015). This lack
of heterogeneity in muscle tissue makes proteomic studies that span a large dynamic range
of protein abundances technically challenging.

Limited information exists on the dynamic alterations of myonuclear protein levels
during aging or other physiologic states. Myonuclear proteins are difficult to study with an
unbiased approach because 1) nuclear proteins make up a small minority of proteins in

skeletal muscle tissue due to the high abundance of contractile proteins, 2) myonuclei are
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challenging to isolate because skeletal muscle is difficult to disrupt without damaging
myonuclei and 3) dense debris co-sediments with nuclei contaminating the nuclear
fraction. In addition, muscle tissue is comprised of multiple cell types. Existing approaches
do not provide sufficient enrichment to interrogate low abundance nuclear proteins, require
large amounts of starting material, or necessitate genetic tagging of specific nuclei and
have no mechanism of determining what proportion of isolated nuclei are myonuclei. An
approach that would sufficiently enrich myonuclear proteins to allow unbiased
interrogation would offer a new avenue to examine the molecular mechanisms regulating
physiologic states in skeletal muscle.

By developing a method of purifying myonuclei from relatively small amounts of
mouse muscle tissue, we were able to collect myonuclei for analysis by flow cytometry,
biochemistry, and proteomics. Purification of myonuclei dramatically increased both the
number and intensity of nuclear proteins detected compared to whole muscle tissue.
Querying changes to the myonuclear proteome associated with aging revealed that nuclear
levels of RNA processing proteins, nuclear transport proteins, and proteins regulating
transcription increased with age. When compared to brain nuclei, many of the same
processes were affected in both tissues with age, although the individual proteins that
change differed between tissues. Our approach of isolating myonuclei will provide a useful
tool for future studies of myonuclear changes in different physiologic states of skeletal

muscle.
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3.3 Results

3.3.1 Isolation of pure intact nuclei

To facilitate biochemical and molecular analyses of myonuclei, we optimized a
technique to isolate intact nuclei with high purity from single mouse muscles (Figure 3.1A).
To isolate nuclei, the muscle was gently homogenized. After preparation of a crude nuclear
fraction by filtration and low speed centrifugation, a purified nuclear fraction was obtained
by ultracentrifugation over a discontinuous two-step sucrose gradient. Nuclei collect at the
interface between the two sucrose cushions with cytoplasmic material above the first
cushion and the denser myofibrils under the second cushion. The nuclear fraction was
collected and analyzed by downstream methods. The average time required for preparation
of a nuclear sample was 5.5 hours. The average yield from a single mouse gastrocnemius
(GA) muscle was 1x10° nuclei, whereas pooling two GA and two rectus femoris (RF)
muscles yielded 6x10° nuclei and 8 pg of total protein.

The isolated nuclei were stained by 4’,6-diamidino-2-phenylindole (DAPI) and
were free of visible debris when examined by light microscopy (Figure 3.1B). The nuclear
envelope must remain intact to retain nuclear proteins for examination after purification.
To determine whether the nuclear envelope was breached in the purification process, we
challenged the nuclei with FITC-conjugated 500 kDa dextran, which is excluded from
nuclei with intact envelopes (D’Angelo, Raices et al. 2009). Nuclei were incubated with
the dextran and analyzed by fluorescence microscopy. We found that 93% of isolated
nuclei excluded the fluorescent dextran and thus had intact nuclear envelopes (Figure
3.1C). To further examine whether soluble nuclear proteins were retained during isolation,

and to determine the enrichment of nuclear proteins and depletion of proteins from other
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cellular organelles in the nuclear fractions, we immunoblotted total muscle tissue, as well
as cytoplasmic and nuclear fractions (Figure 3.1D, for full blots see Fig. S1). Proteins from
various nuclear compartments were enriched in the nuclear fraction including the nuclear
envelope (Nup 214, a nuclear pore protein), the soluble fraction (RNA binding protein
HuR) and chromatin (Histone H3). Immunoblotting for markers of mitochondrial,
endoplasmic reticulum (ER), and cytoplasmic compartments, revealed that nuclear
fractions were free of mitochondrial (Porin) and cytoplasmic (Tubulin) markers and
depleted for the ER marker Calnexin, though calnexin depletion was variable. Together,
these results indicate that nuclei isolated using this method retain nuclear proteins, are

depleted of other organelles, and have intact nuclear envelopes.

3.3.2 Isolated nuclei are predominantly myonuclei

As muscle tissue contains multiple cell types, we assessed what percentage of
nuclei purified from muscle tissue were myonuclei by performing flow cytometry using
myonuclear-specific markers. TMEM38A is an outer nuclear envelope transmembrane
protein expressed in excitatory cells with highest levels in myofibers (Bleunven, 2008).
We took advantage of this property to use TMEMB38A as a marker of myonuclei.
Immunofluorescence analysis of isolated nuclei revealed that while all intact nuclei were
labeled with a marker of the nuclear pore complex (mAb414), not all nuclei examined were
positive for TMEM38A (Figure 3.2A). Subsequently, we analyzed immunostained nuclei
by flow cytometry. Singlet nuclei were identified by DAPI labeling and side scatter (SSC)
and were gated for further analysis (Figure 3.2B). To determine what percentage of intact

nuclei was TMEM38A positive (TMEMB38A"), we gated on mAb414 positive (mAb414™)

97



nuclei. Of this mAb414" population of nuclei, 96.4% + 3.2 SE were TMEM38A™ (Fig 2C).
While a bright and a dim population of TMEM38A™ nuclei were observed, both
populations were distinct from nuclei labeled with control IgG (inset Figure 3.2C). As
TMEMB3B8A localizes both to the nucleus and the sarcoplasmic reticulum (SR), the bright
and dim populations of TMEM38A" nuclei are likely the result of variable amounts of SR
associated with isolated nuclei.

To confirm that the TMEM38A antibody specifically labels myonuclei, we took
advantage of genetic labeling using the nTnG mouse model which contains a transgene
with nuclear targeted tdTomato and eGFP (Prigge, Wiley et al. 2013). As illustrated in
Figure 3.2D, the transgene is composed of a floxed nuclear localization signal (NLS)-
containing tdTomato gene followed by a stop codon; outside the floxed region is an NLS-
containing eGFP gene. Prior to Cre-mediated recombination, the ubiquitously expressed
tdTomato labels all nuclei. Upon recombination, the tdTomato gene and stop codons are
excised and eGFP labels the nuclei of recombined cells. We bred these nTnG mice to mice
expressing Cre recombinase under control of the muscle creatine kinase promoter
(Ckmm)(Bruning, Michael et al. 1998). In the offspring of this cross, myonuclei are eGFP
positive (eGFP*) while all other nuclei are tdTomato positive (tdTomato®). To confirm the
specificity of myonuclear labeling in these offspring, we isolated single myofibers from
GA muscles and visualized by fluorescence microscopy (Figure 3.2E). All myonuclei
within single myofibers were eGFP* with only a few tdTomato* cells on each myofiber.
The fluorescent labels were retained during nuclear purification (Figure 3.2F), making

them reliable markers for subsequent flow cytometry analyses.
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To compare the specificity of the two myonuclear markers, nuclei were isolated
from the muscles of Cre* nTnG mice and wild type mice, immunostained for TMEM38A
or control 1gG, and analyzed by flow cytometry (Figure 3.2G). On average, 85.5% + 5.2
SE of total nuclei were positive for both TMEM38A and eGFP, indicating that the vast
majority of purified nuclei were myonuclei. As previously observed (Figure 3.2C), both
bright and dim populations of TMEM3B8A were distinct from the control 1gG-labeled wild
type nuclei (inset Figure 3.2G). To rule out the possibility that a subset of non-myonuclei
were labeled with TMEM38A, we further analyzed the TMEMS38A™ nuclei and found that
99.7% + 0.03 SE were eGFP*, indicating that TMEMZ38A labels myonuclei (Figure 3.2H).
Taken together these results indicate that nuclei isolated by this method from skeletal

muscle tissue are at least 85.5% * 5.2 SE myonuclei.

3.3.3 Increased depth of proteomic detection in myonuclear proteome

We next compared the proteomes of whole muscle tissue samples and isolated
nuclear samples using mass spectrometry. Nuclei were purified from GA and RF muscles
pooled from three mice. Of 1771 proteins detected in purified nuclear samples, 906 were
not detected in whole muscle samples; similarly, 921 of 1786 proteins detected in the whole
muscle samples were not detected in isolated myonuclei. We compared the average peptide
LC peak intensity area for biological duplicates of nuclear and whole muscle samples and
determined that nuclear samples were distinct from whole muscle samples (Figure 3.3A).
The most enriched proteins in purified nuclei clustered predominately to Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways in RNA processing while the

most depleted proteins clustered to KEGG pathways were involved in metabolism (Figure
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3.3B). Of proteins detected in the isolated nuclei samples, 59% were classified as nuclear
by gene ontology (GO) analysis using the Database for Annotation, Visualization and
Integrated Discovery (DAVID). This is nearly double the 36% classified as nuclear in
whole muscle tissue samples where sarcomeric and mitochondrial proteins were the most
abundant proteins detected (for a full list of identified proteins, see Table S1). As illustrated
in Figure 3C, nuclear proteins were dramatically enriched in nuclei samples compared to
whole muscle tissue, even among relatively low enriched proteins, while proteins from
other cellular compartments were depleted in all but the highest percentiles for that
compartment. The cytoplasmic proteins enriched in the 90™ percentile were predominately
keratins, which could have been introduced due to handling of the purified nuclei samples.
These results establish the compatibility of the nuclear isolation procedure with
downstream analysis by mass spectrometry, highlight the increased proteomic depth of
nuclear proteins afforded by nuclear isolation, and represent a detailed myonuclear

proteome.

3.3.4 The myonuclear proteome changes with age

Given the impact that aging has on skeletal muscle function (Demontis, Piccirillo
et al. 2013) and gene expression (Zahn, Sonu et al. 2006) and confident in our ability to
isolate high purity myonuclei in quantifiable amounts, we applied this approach to
investigate changes in the myonuclear proteome with aging. We isolated nuclei from GA
and RF muscles of young (3 month) and old (24 month) mice and analyzed the samples by
mass spectrometry. Muscles were pooled from two mice and five replicates were analyzed

for each age. After imputation and correction for batch effect, samples were compared

100



based on p-value and mean fold change. As in the previous experiment, 60% of the proteins
detected were classified as nuclear by GO.

The levels of 54 of 779 identified proteins (7%) changed significantly with age
(Figure 3.4A, full list in Table S2). Because the samples are fractionated, we cannot
distinguish overall changes in steady state protein levels from a change in nuclear
distribution. Of the significantly changed proteins (p<0.05, fold change >1.5), 43 were
more abundant in nuclei from old muscle, 1.5-7 fold higher than young muscle levels, and
11 were less abundant, 1.5-4.5 fold lower than young muscle levels (Table 3.1). The two
categories with the most changed proteins were chromatin maintenance and RNA
processing (Figure 3.4B). The changes, both increases and decreases, in levels of proteins
related to chromatin maintenance suggest general epigenetic changes with aging. In
addition to age-related increases in levels of RNA processing proteins, levels of proteins
associated with transcriptional regulation increased, suggesting overall changes in
transcript production and/or processing. Nuclear transport protein levels also increased,
potentially indicating alterations in nuclear transport and potentially consequential
mislocalization of proteins. Ribosomal protein levels also increased with age, which could
be related to changes in ribosome assembly and/or altered nuclear transport or increased
rough ER contribution to the aged nuclei fraction. Of the changed proteins from non-
nuclear cellular compartments, most proteins were classified as plasma membrane proteins
and mitochondrial proteins. That these proteins change could reflect age-related changes
in the overall protein abundance or a differential association with young and old myonuclei.

These data show that nuclear levels of markers of diverse nuclear processes including
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chromatin organization, RNA processing, and nuclear transport, are altered during aging

of mouse skeletal muscles.

3.3.5 Myonuclei share common aging pathways with brain nuclei

To investigate whether the changes to the myonuclear proteome reflect general age-
related changes or muscle-specific changes, we compared the age-related changes in
myonuclei to those observed in brain nuclei, another excitatory, long lived, post-mitotic
tissue. We isolated and processed brain nuclei from young (3 month) and old (24 month)
mice as described above for myonuclei. By immunoblotting, isolated brain nuclei were free
of contamination from mitochondrial and cytoplasmic compartments (Fig S2). Similar to
the myonuclear samples, 61% of the proteins identified from brain nuclei were classified
as nuclear by GO. Analysis revealed that levels of 32 of 845 identified proteins (4%)
changed significantly (p<0.05, >1.5 fold change) between young and old brain nuclei
(Figure 3.5A). Of the changed proteins, 21 were increased in abundance in aged brain
nuclei, 1.5-3 fold compared to young brain levels, while 11 decreased, 1.5-10 fold
compared to young brain levels (Table 3.2). Similar to the changes detected in myonuclei
with age, the majority of these proteins were related to chromatin maintenance and RNA
processing (Figure 3.5B).

Several cellular processes changed with age in nuclei from both brain and muscle
(Figure 3.5C). Brain and muscle nuclei shared increases in markers of transcription, and
RNA processing with age as well as overall changes in chromatin maintenance markers,
supporting the concept that these are common pathways affected in aging. Two pathways

were uniquely changed in nuclei from aged muscle versus brain. Nuclear lamin levels
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increased in aged brain nuclei but not myonuclei, while ribosomal proteins increased with
age in myonuclei, but not brain nuclei. Despite the similarity in changed processes, the
only protein significantly changed with age in both tissues was RCCL1 (Figure 3.5D), which
increased more than 2 fold in aged nuclei in both tissues. RCC1 is the major guanine
nucleotide exchange factor for Ran, helping to establish the Ran GTP gradient, which is
the driving force in nucleocytoplasmic transport (lzaurralde, Kutay et al. 1997). This
increase in RCCL1 in both aged brain and muscle nuclei may suggest age-related changes
in nuclear transport (Figure 3.5C) in both tissues.

While some of the same processes were affected by aging in both brain and muscle
nuclei, the specific proteins that changed differed between the two tissues. Most of the
proteins that changed in the nuclei of either tissue were detected in both tissues but only
changed in one (Figure 3.5D): 49 of 54 proteins (91%) that changed in muscle were
detected in brain nuclei and 24 of 32 proteins (75%) that changed in brain nuclei were
detected in myonuclei. Indeed, when examining the proteins that significantly change with
aging in each tissue, it is clear that in individual proteins change with age quite differently
in brain than in muscle (Figure 3.5E). The increase in protein levels of Ylpm1, Kpnbl, and
RCC1 were verified by western blot of young and old myonuclear lysates (Figures 3.5F,
G). Taken together, comparison of the nuclear proteomes of muscle and brain suggest that
tissue specific, as well as common pathways, such as epigenetic regulation, RNA

processing, and nuclear transport, are altered with age.
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3.4 Discussion

In this study, we present a method optimized to yield high purity myonuclei from
relatively small samples for downstream analysis by flow cytometry, biochemistry, and
mass spectrometry. We exploited this approach to interrogate the myonuclear proteome
and investigate changes to the myonuclear proteome that occur with age.

Isolating nuclei from skeletal muscle has historically been difficult. Several
researchers have developed approaches to isolate nuclei from skeletal muscle, each
technique optimized for a downstream application like ChIP (Ohkawa, Mallappa et al.
2012), analysis of nuclear envelopes (Wilkie and Schirmer 2008), or comparison of
multiple cellular compartments (Dimauro, Pearson et al. 2012). Our goal was to develop
an isolation technique compatible with downstream analysis by flow cytometry and mass
spectrometry using relatively small sample sizes to preserve biological variability. Our
approach results in high purity myonuclei isolated from a single GA or RF muscle
sufficient for analysis by flow cytometry and pooled GA and RF muscles from two mice
sufficient for analysis by mass spectrometry. The isolated nuclei are impermeable to large
dextrans, indicating that the nuclear envelopes remain intact, and soluble nuclear proteins
such as transcription factors and RNA processing enzymes are readily detectable. Both
results indicate that the nuclei do not undergo major loss of protein during purification.

Genetic labeling approaches could complement our biochemical fractionation
strategy. Fluorescent labeling using nTnG transgenic mice as used here combined with
fluorescent activated nuclear sorting or a recently developed approach termed Isolation of
Nuclei Tagged in specific Cell Types (INTACT) (Deal and Henikoff 2011, Jankowska,

Latosinska et al. 2016) could increase purity of isolated myonuclei. However, both methods
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require generation of new mouse strains for each cell type of interest. Thus, our
biochemical isolation has the advantage of isolating a high percentage of myonuclei
without genetic labeling.

Using biochemical fractionation, we dramatically enriched the nuclear proteome
from skeletal muscle. In many tissues, nuclear proteins are readily detectable by proteomics
in unfractionated tissue. Nuclear proteins in skeletal muscle are underrepresented because
they comprise a small percentage of the overall muscle proteome (Table S3). Consistent
with a previous report (Deshmukh, Murgia et al. 2015), we find that >60% of the proteins
identified by mass spectrometry of whole muscle tissue are contractile proteins. Others
have employed various approaches to increase proteomic detection of non-contractile
proteins in skeletal muscle including depletion of contractile proteins (Carberry, Zweyer et
al. 2014, Gueugneau, Coudy-Gandilhon et al. 2014) and enriching less detected proteins
(Gannon and Ohlendieck 2012). While these approaches have enriched some non-
contractile proteins, they identified few nuclear proteins. Our study offers the first
systematic examination of the myonuclear proteome, identifying 535 annotated nuclear
proteins by GO, and provides tools for others to interrogate changes in this important
cellular compartment.

As muscles age, muscle mass and function decrease and myofibers undergo fiber
type switching. Proteomic studies of aging muscle have described alterations in the most
abundant proteins in muscle: contractile and metabolic proteins (Baraibar, Gueugneau et
al. 2013). Microarray and RNAseq experiments have identified major shifts in transcript
levels as muscles age (Zahn, Sonu et al. 2006, Kim, Park et al. 2014, Su, Ekman et al.

2015). To investigate how aging affects myonuclei at the protein level, we compared the
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myonuclear proteomes of young and old mice. Some of the changes we detected in protein
levels mirror changes in transcript levels: transcript levels of RNA binding proteins Hnrnpr
(Welle, Brooks et al. 2003), Srsf5, Pafl, and Ddx41 (Su, Ekman et al. 2015), a chromatin
maintenance protein Ssrpl (Su, Ekman et al. 2015), and a nuclear transport protein Kpnb1l
(Swindell 2009) increase with age consistent with changes we observed in protein levels.
Protein levels of the RNA binding protein Khdrbsl also increase with age (Laohavinij
2015). In addition to these specific proteins, transcript levels for RNA processing
machinery genes in general increase with age (Gheorghe, Snoeck et al. 2014). Similarly,
we identified an increase in RNA binding protein levels within the nucleus with age. Our
data showed an increase in ribosomal proteins in myonuclei with age. Others have
characterized increases in transcript levels of ribosomal proteins (Calura, Cagnin et al.
2008, Fedorov, Goropashnaya et al. 2014) and decreased ribosome biogenesis (Kirby, Lee
et al. 2015) with age. While our results could reflect increased ER contribution to the
nuclear fraction from older mice, they could also support abnormalities in ribosome
biogenesis or export. With our method of enriching nuclear proteins, we were able to
investigate the myonuclear proteome at greater depth than previously possible and identify
novel myonuclear age-related changes.

To determine whether the age-related changes we detected in the myonuclear
proteome were common to nuclei of other excitatory post-mitotic tissues, we compared
aging in brain and muscle nuclei. Previous comparisons of transcript levels from whole
skeletal muscle and neuronal tissues with aging predominantly identified common changes
in metabolism (Capitanio, Vasso et al. 2009, Gheorghe, Snoeck et al. 2014), chromatin

maintenance, and RNA processing (Gheorghe, Snoeck et al. 2014, Su, Ekman et al. 2015).
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We likewise detected age-related changes in proteins involved in chromatin maintenance
and RNA processing in nuclei from both brain and muscle. In addition, we identified
changes in transcription. While the same processes were affected in nuclei from both
tissues, Rccl was the only protein that increased with age in nuclei from both tissues. RCC1
helps establish the Ran GTP gradient necessary for nucleocyotoplasmic transport
(lzaurralde, Kutay et al. 1997). Increased Rccl activity increases DNA damage repair and
reduces senescence, suggesting a role in aging (Cekan, Hasegawa et al. 2016). While
pathways were shared between nuclei from both tissues, the individual proteins that
changed differed, which is consistent with a previous study in which aging affected the
same pathways in two hind-limb muscles but via different proteins (Chaves, Carvalho et
al. 2013).

In summary, our approach to isolating myonuclei allowed a deeper view into the
myonuclear proteome than previously possible. Muscle-specific changes that occur with
aging in nuclear proteins could offer new insight into processes contributing to age-related
muscle loss. Isolating and interrogating myonuclei will also allow investigation into
nuclear processes involved in muscle growth, regeneration, and response to disease. In
addition to examining changes in the proteome, one could isolate myonuclei to interrogate
the nascent transcriptome and other nuclear processes difficult to detect over cytoplasmic
background. Our technique will enable future studies into a heretofore underrepresented

compartment of skeletal muscle.
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3.5 Experimental Procedures
Mice

Wild type C57BL6 mice were obtained from Charles River laboratories
(Willmington, MA) and the National Institute of Aging. nTnG mice containing an allele
for nuclear targeted tdTomato and eGFP reporter proteins (B6N.129S6-
Gt(ROSA)26SormL(CAC-tdTomato™-EGFP9)Ees 1) - (Prigge, Wiley et al. 2013) were purchased
from Jackson Laboratory (Bar Harbour, ME). These mice were bred to mice expressing
Cre recombinase under control of the muscle creatine kinase promoter (B6.FVB(129S4)-
Tg(Ckmm-cre)5Khn/J) (Bruning, Michael et al. 1998), also purchased from Jackson
Laboratory. The genotype of the offspring was determined using PCR protocols available
on the Jackson Laboratory website.

All experiments were performed using tissues from 3-24 month-old male C57BL6
mice or 3-6 month-old male mice homozygous for the nTnG transgene and heterozygous
for Cre recombinase. Experiments were performed in accordance with approved guidelines
and ethical approval from Emory University’s Institutional Animal Care and Use

Committee and in compliance with the National Institutes of Health.

Nuclear isolation

The procedure described below was extensively modified from (Wilkie and
Schirmer 2008) to achieve sufficient sample quantity and quality for analysis by flow
cytometry (a single mouse GA or RF) and mass spectrometry (pooled GA and RF from 2-

3 mice). All steps were carried out at 4°C.
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Whole brain or GA and RF muscles were dissected, minced, and suspended in 10
ml homogenization buffer 1 (10 mM HEPES, 60 mM KCL, 0.5 mM spermidine, 0.15 mM
spermine, 2 mM EDTA, 0.5 mM EGTA, 300 mM sucrose, 5 mM MgClz, 2 mM
dithiothreitol (DTT), 5% complete mini protease inhibitors (CMP) (Roche Diagnostics,
Risch-Rotkreuz, Switzerland)). Subsequently, muscles were homogenized with 20-25
strokes using a 15 ml PTFE tissue grinder with clearance 0.15-0.25 mm (VWR, Radnor,
PA). The homogenate was filtered (40 pum) and centrifuged at 1000xg for 10 minutes,
yielding a crude nuclear pellet. The pellet was resuspended in 3 ml 1.7 M sucrose with two
strokes of the dounce homogenizer and loaded over a two-step sucrose cushion: 2.8 M
sucrose and 2.0 M sucrose in 50 mM HEPES, 25 mM KCI, 5 mM MgCl.. The sample was
centrifuged for 3 hours at 33000 RPM in a SW41Ti rotor in a Beckman Optima LE-80k
ultracentrifuge. For larger preparations for proteomics, nuclei were isolated with the same
gradient but centrifuged with a SW32Ti rotor in a Beckman Optima LE-80k centrifuge at
32000 RPM for 195 minutes and buffers were supplemented with 1x HALT protease and
phosphatase inhibitor (Thermo Scientific, Waltham, MA).

After ultracentrifugation, the nuclei concentrated at the interface between the 2.0
M and 2.8 M sucrose layers were collected, diluted 1:15 with resuspension buffer (20 mM
HEPES, 10 mM KCI, 1.5 mM MgCl, 0.5 mM spermidine, 0.15 mM spermine, 0.2 mM
EDTA, 5% CMP (Roche Diagnostics)) and mixed thoroughly by inverting. For optimal
yield, the nuclear fraction was collected into conical tubes pretreated with 1% bovine serum
albumin (BSA) to prevent nuclei sticking to tube walls. The nuclei were pelleted at 3000xg

for 15 minutes. The small clear pellet was washed in resuspension buffer and pelleted at
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2000xg for 5 minutes. For biochemistry and mass spectrometry, the pellet was washed 2
more times to remove residual BSA.

To assess the integrity of isolated nuclei, a 10 pl aliquot of nuclei was stained with
1 pg/ml DAPI and 60 pg/ml 500kD fluorescein isothiocyanate (FITC)-conjugated dextran
(Sigma-Aldrich, St. Louis, MO) and examined by fluorescence microscopy Nuclei were

scored for exclusion of the dextran by fluorescence microscopy (D'Angelo, 2009).

Immunoblotting

GA and RF muscles were dissected and either homogenized in homogenization
buffer 2 (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 50 mM Tris pH8, 5% CMP (Roche Diagnostics) or processed to isolate nuclei as
described above. The cytoplasmic fraction was retained after the first centrifugation step.
Equal protein content (Bradford 1976) was resolved by SDS-PAGE electrophoresis.
Proteins were transferred to nitrocellulose membranes and detected with antibodies (Table

S4) and enhanced chemiluminescence.

Single myofiber isolation
GA muscles were dissected and processed as described previously (Pichavant and
Pavlath 2014). Briefly, muscles were enzymatically digested, single myofibers transferred

to multi-well plates and fixed with paraformaldehyde.
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Flow cytometry

Isolated nuclei were incubated with antibodies (see Table S4 for antibodies and
dilutions) or appropriate isotype controls for 30 minutes on ice, then washed and incubated
with secondary antibodies for 30 minutes on ice. Nuclei were stained with 1 pg/ml DAPI
immediately before analysis. After gating on DAPI™ nuclei, 20000 nuclear events from
each sample were analyzed for Texas Red, AF647, and eGFP fluorescence using a BD
LSRII flow cytometer. Analyses of flow cytometry data were performed using FlowJo

(version X 10.0.7r2).

LC-MS/MS analysis

Samples were processed following established protocols (Wang, 2016). For a
detailed description see supplemental methods. Briefly, 50 pg from each sample was
subjected to in-solution trypsin digest (Herskowitz, Seyfried et al. 2010). Peptide mixtures
were separated by a NanoAcquity UHPLC (Waters, Milford, FA) and monitored on a
Orbitrap Fusion mass spectrometer (ThermoFisher Scientific, San Jose, CA). The mass
spectrometer cycle was programmed for “top speed acquisition” with a cycle time of 3

seconds.

Label-free proteomic quantification

For a detailed description of quantification, see supplemental methods. Briefly, for
analysis of purified myonuclei compared to whole muscle samples, raw files were searched
against the mouse UniPort reference database using SEQUEST algorithm through

Proteome Discoverer 2.0 platform (Thermo Scientific, Bremen, Germany). The embedded
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Percolator algorithm (Kall, Storey et al. 2008) was used to filter the peptide spectral
matches to achieve a false discovery rate (FDR) of < 1%. For analysis of age-related
proteomic changes in myonuclei and brain nuclei, data were analyzed using MaxQuant
v1.5.2.8 with Thermo Foundation 2.0 for RAW file reading capability. The search engine
Andromeda was used to build and search a concatenated target-decoy mouse UniProt
Knowledgebase (UniProtKB) (53,289 target sequences downloaded April 2015 for
Andromeda search within MaxQuant (Cox, Michalski et al. 2011). The label free
quantitation (LFQ) algorithm in MaxQuant (Luber, Cox et al. 2010, Cox, Hein et al. 2014)
was used for protein quantitation. Imputation of missing values using Perseus (Tyanova,
Temu et al. 2016) was followed by batch effect correction using ComBat (Johnson, Li et
al. 2007). After calculating fold change and p-value for each protein, data were analyzed
by GO term using DAVID (Huang da, Sherman et al. 2009, Huang da, Sherman et al. 2009)

or KEGG pathway by GO-elite v1.2.5 (Zambon, Gaj et al. 2012).

Image acquisition

For analysis of isolated nuclei, images were obtained using an Axioplan microscope
(Carl Zeiss Microlmaging, Oberkochen, Germany) with either a 0.3 NA 10X Plan-
Neofluar objective (Carl Zeiss Microlmaging) or a 0.8 NA 25X Plan-Neofluar objective
(Carl Zeiss Microlmaging) and were recorded with a camera (Carl Zeiss Microlmaging)
and Scion Image 1.63 (Scion Corporation, Torrance, CA) software. For analysis of single
myofibers, images were obtained using a Nikon Eclipse TE2000-U confocal microscope
(Nikon, Tokyo, Japan) with a 0.50 NA Plan Fluor 20x objective (Nikon) and were recorded

with a SensiCam QE (Cooke, Campbell, CA) with IPlab 4.0 (Scanalytics, Fairfax, VA)
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software. All images were assembled and equally processed using Adobe Photoshop CS4

version 11.0.2 (Adobe, San Jose, CA).

Statistical Analysis

Data were analyzed for statistical significance based on fold change, p-value, or z-
score. z-score enrichment was determined using GOelite (Zambon, Gaj et al. 2012). A p-
value of <0.05 or z-score of >1.96 was considered statistically significant. Relevant

changes were considered greater than 1.5 fold.

Supporting Information is available through the journal Aging Cell.
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3.6 Tables

Table 3.1 Myonuclear proteins that change significantly with age

log2 fOIdP-vaIue Gene
change Uniprot ID  Symbol Protein name Role
-2.19 0.009 P43276 Histlhlb  Histone H1.5 Chromatin maintenance
-2.12 0.014 Q701V5-2 Synm Synemin Cytoskeletal
173 0.019 Sodium/potassium-transporting ~ ATPase  subunit _
Q6PIC6 Atpla3 alpha-3 Membrane ion pump
167 0.040 SWI/SNF-related m_atrix-asso_ciated actin-dependent _ _
054941 Smarcel  regulator of chromatin subfamily E member 1 Chromatin maintenance
-1.46 0.018 Q91XV3 Baspl Brain acid soluble protein 1 Transcription
-1.40 0.047 P49813 Tmod1 Tropomodulin-1 Sarcomeric
138 0.036 Isqcitrate _dehydrogenase [NAD] subunit alpha, _
Q9D6R2-2  Idh3a mitochondrial Metabolism
-1.24 0.039 P62242 Rps8 40S ribosomal protein S8 Ribosomal
-1.22 0.032 A2AUCH9 Klhl41 Kelch-like protein 41 Myofibril assembly
-1.08 0.025 Q9ESU6 Brd4 Bromodomain-containing protein 4 Chromatin maintenance
Membrane protein
0.73 0.016 P51637 Cav3 Caveolin-3 scaffold
0.69 0.024 Q810A7-2 Ddx42 ATP-dependent RNA helicase DDX42 RNA processing
0.70 0.041 G3UX35 Smarca4 Isoform of Q3TKT4, Transcription activator BRG1 Chromatin maintenance
0.82 0.031 P62908 Rps3 40S ribosomal protein S3 Ribosomal
0.84 0.038 Q8K4Q8 Colecl2 Collectin-12 Cell signaling
0.84 0.021 Q60865 Caprinl Caprin-1 RNA processing
0.86 0.013 Q64511 Top2b DNA topoisomerase 2-beta Transcription
0.87 0.046 E9Q7Q3 Tpm3 Isoform of P21107, Tropomyosin alpha-3 chain Sarcomeric
0.93 0.040 Q8K2T8 Pafl RNA polymerase ll-associated factor 1 homolog Transcription
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0.97 0.027 Q64522 Hist2h2ab Histone H2A type 2-B Chromatin maintenance

1.00 0.002 S4R1C4 Atp2b?2 Isoform of Q9R0OK?7, Calcium-transporting ATPase Membrane ion pump

1.03 0.025 P62309 Snrpg Small nuclear ribonucleoprotein G RNA processing

1.07 0.032 Q8BH74 Nupl107 Nuclear pore complex protein Nup107 Nuclear Transport

1.13 0.029 Q3UNS8 Mcpt4 Isoform of P21812, Mast cell protease 4 Cytoplasmic protease

1.26 0.026 Q922P9 Glyrl Putative oxidoreductase GLYR1 Chromatin maintenance

135 0.033 _ I§oform of Q?TM K9, Heterogeneous nuclear _
G3UZI2 Syncrip ribonucleoprotein Q RNA processing

1.35 0.049 Q99JY0 Hadhb Trifunctional enzyme subunit beta, mitochondrial Metabolism

1.36 0.002 P08113 Hsp90bl  Endoplasmin ER chaperone

1.36 0.040 Q8CJF7 Ahctfl Protein ELYS Nuclear Transport

1.38 0.006 P32067 Ssh Lupus La protein homolog RNA processing

140 0.040 C_Euanine nucleotide-binding protein subunit beta-2- o
P68040 Gnb2l1 like 1 Cell signaling

1.43 0.025 P47857 Pfkm ATP-dependent 6-phosphofructokinase, muscle type Metabolism

143 0.002 DoIichyl-diphosphooligosgccharide--protein _
Q91YQ5 Rpnl glycosyltransferase subunit 1 ER glycosylation

144 0.048 KH dqmain-cor!taining, _ RNA-binding,  signal _

' ' Q60749 Khdrbsl transduction-associated protein 1 RNA processing

1.44 0.023 008539-2 Binl Myc box-dependent-interacting protein 1 Apoptotic process

1.46 0.030 Q80QZT1 Acatl Acetyl-CoA acetyltransferase, mitochondrial Metabolism

1.50 0.016 035326 Srsfb Serine/arginine-rich splicing factor 5 RNA processing

1.51 0.002 P62858 Rps28 40S ribosomal protein S28 Ribosomal

1.52 0.001 P10852 Slc3a2 4F2 cell-surface antigen heavy chain Membrane transporter

1.57 0.025 Q9D8E6 Rpl4 60S ribosomal protein L4 Ribosomal

1.59 0.028 035343 Kpna4 Importin subunit alpha-3 Nuclear Transport

1.61 0.016 P42669 Pura Transcriptional activator protein Pur-alpha Transcription

1.61 0.015 Q99MR6-3  Srrt Serrate RNA effector molecule homolog RNA processing

1.78 0.004 A2AW05 Ssrpl Isoform of Q08943, FACT complex subunit SSRP1 Transcription
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1.78 0.019 E9PYL9 Gm10036 Protein Gm10036 RNA processing
1.81 0.008 Q8VHMb5 Hnrnpr Heterogeneous nuclear ribonucleoprotein R RNA processing
1.84 0.002 P30275 Ckmtl Creatine kinase U-type, mitochondrial Metabolism
1.85 0.046 Q6ZWY9 Histlh2bc Histone H2B type 1-C/E/G Chromatin maintenance
1.90 0.047 P70168 Kpnbl Importin subunit beta-1 Nuclear Transport
1.90 0.035 P62315 Snrpdl Small nuclear ribonucleoprotein Sm D1 RNA processing
194 0.026 Cleavgge and polyadenylation specificity factor _
Q9CQF3 Nudt21 subunit 5 RNA processing
2.05 0.023 D3YWX2 Ylpml Isoform of Q9RO0I7, YLP motif-containing protein 1 RNA processing
2.33 0.013 Q8VE37 Rccl Regulator of chromosome condensation Nuclear Transport
2.89 0.005 Q99KK?2 Cmas N-acylneuraminate cytidylyltransferase Metabolism
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Table 3.2 Brain nuclear proteins that change significantly with age

log2 1EOIdP-vaIue Uniprot ID Gene Symbol Protein name Role

change

-3.40 0.001 P10854 Histlh2bm  Histone H2B type 1-M Chromatin maintenance

-3.19 0.003 P84228 Hist1h3b Histone H3.2 Chromatin maintenance

-2.03 0.005 D3Z7R4 Sytl Isoform of P46096, Synaptotagmin-1 Vesicular trafficking

-1.77 0.024 QICWEF2 Tubb2b Tubulin beta-2B chain Cytoskeletal

-1.54 0.008 Q8QZY9 Sf3b4 Splicing factor 3B subunit 4 RNA processing

-1.32 0.035 Q9QYGO Ndrg2 Protein NDRG?2 Signal transduction

-1.32 0.032 Q9ES97-3 Rtn3 Reticulon-3 Beta amyloid regulation

-0.86 0.005 A2AR02 Ppig Peptidyl-prolyl cis-trans isomerase G Lamin

-0.79 0.024 Q9QYX7-2  Pclo Protein piccolo Cytoskeletal

-0.70 0.014 P28659-2 Celfl CUGBP Elav-like family member 1 RNA processing

-0.53 0.019 QOP678 Zc3h18 Zinc finger CCCH domain-containing protein 18 ~ RNA processing

0.53 0.023 POCO0S6 H2afz Histone H2A.Z Chromatin maintenance

0.57 0.026 Q6PDM?2 Srsfl Serine/arginine-rich splicing factor 1 RNA processing

0.64 0.011 P21619 Lmnb?2 Lamin-B2 Lamin

0.69 0.045 Q9CX86 HnrnpaO Heterogeneous nuclear ribonucleoprotein AO RNA processing

0.71 0.046 P70372 Elavll ELAV-like protein 1 RNA processing

0.75 0.013 Q64525 Hist2h2bb Histone H2B type 2-B Chromatin maintenance

075 0013  AOAOS87TWRG2U2surp Isoform of QENV83, U2 snRNP-associated SURPp\ A nrocessing
motif-containing protein

0.80 0.021 P70288 Hdac2 Histone deacetylase 2 Chromatin maintenance

0.84 0.048 Q91VRS Ddx1 ATP-dependent RNA helicase DDX1 RNA processing

0.88 0.026 QICU62 Smcla Structural maintenance of chromosomes protein 1A Chromatin maintenance

098 0039  G3UZ34  Eftud? Isoform of 008810, 116 kDa US small nuclearpyn ocossing
ribonucleoprotein component

1.09 0.036 Q62318 Trim28 Transcription intermediary factor 1-beta Transcription
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1.11 0.005 Q9CQI7 Snrpb?2 U2 small nuclear ribonucleoprotein B" RNA processing

1.18 0.042 P63158 Hmgb1l High mobility group protein B1 Chromatin maintenance
1.27 0.018 P10126 Eeflal Elongation factor 1-alpha 1 Translation

1.30 0.049 Q61191 Hcfcl Host cell factor 1 Transcription

1.33 0.003 P48678-2 Lmna Prelamin-A/C Lamin

1.37 0.019 Q8VE37 Rccl Regulator of chromosome condensation Nuclear Transport

1.37 0.006 Q6ZPZ3-2 Zc3h4 Zinc finger CCCH domain-containing protein 4 RNA processing

1.39 0.037 Q7TNT2-2 Far2 Fatty acyl-CoA reductase 2 Metabolism

1.49 0.005 AO0A0G2JD95 Rshnl Isoform of Q80T69, Round spermatid basic protein 1 Transcription

Supplemental Tables are available through the journal Aging Cell.
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3.7 Figures

Figure 3.1. Workflow for isolating nuclei from skeletal muscle. (A) Workflow: 1)
Skeletal muscle was dissected from mice and then 2) minced and homogenized. 3) The
homogenate was filtered and nuclei pelleted at low speed. 4) The crude nuclear fraction
was resuspended, layered over sucrose cushions, and 5) ultracentrifuged. 6) The nuclear
fraction was collected, diluted, and pelleted at low speed. 7) The nuclear pellet was
collected for downstream applications. (B) Purified nuclei were stained with DAPI and
examined by microscopy. Nuclei were free from visible debris in phase and DAPI
channels. Bar=10um. (C) Nuclei were incubated with FITC-conjugated 500 kDa dextran.
Intact nuclear envelopes excluded the large dextran (93%) while envelopes breached
during isolation (arrowhead) were permeable to the dextran (7%). Bar=10um. (D) Nuclei
(Nuc) were compared to total (T) and cytoplasmic (Cyto) fractions by immunaoblotting.
Nuclei were enriched for markers of the nuclear envelope (Nup 214), RNA binding
proteins (HuR), and chromatin (Histone 3). Purified nuclei were also enriched in
endoplasmic reticulum markers (ER) but depleted of cytoplasmic (Cyto) and mitochondrial

(Mito) markers.

Figure 3.2. Isolated nuclei are predominately myonuclei. (A) Purified nuclei were
stained with DAPI and immunostained with anti-nuclear pore complex antibody (Mab414)
to label all nuclear envelopes, and anti-TMEMS38A antibody to label myonuclei. Pictured
are representative images of TMEM38A™* and TMEM38A™ nuclei. Bar=10um. (B) Isolated

nuclei were analyzed by flow cytometry by side scatter (SSC) and DAPI; intact DAPI*
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singlets were selected for further analysis (red gate). (C) 1gG control immunostained nuclei
(gray) were compared to experimental nuclei immunostained with Mab414 and
TMEMB3B8A antibodies (magenta). Myonuclei were defined to be double positive for
Mab414 and TMEM3B8A (red gate); 96.4% + 3.2 SE of Mab414" nuclei were also positive
for TMEM38A (n=4). Bright and dim TMEM38A populations were distinct from control
IgG immunostained nuclei (inset). (D) Transgenic mice with a cassette containing nuclear-
targeted tdTomato and eGFP reporter proteins (n'TnG) were crossed with mice expressing
Cre recombinase from a skeletal muscle-specific promoter (Ckmm) to genetically label
myonuclei and non-myonuclei with distinct fluorescent markers in the offspring. All nuclei
from wildtype mice (WT) are non-fluorescent. All nuclei from from nTnG* Ckmm Cre
mice (Cre’) are fluorescent red. Myonuclei from nTnG* Ckmm Cre* mice (Cre*) are
fluorescent green while non-myonuclei are fluorescent red. (E) Single myofibers were
isolated from Cre” and Cre™ mice. Arrowheads indicate red non-muscle cells on a myofiber
containing green myonuclei. Bar=50um. (F) Nuclei isolated from Cre” and Cre* mice
retained their fluorescent label after isolation. Bar=10um. (G) DAPI" nuclei isolated from
a Cre™ mouse (purple) and a WT mouse (gray) were analyzed by TMEM38A and eGFP
fluorescence; 85.5% * 5.2 SE of nuclei from Cre* mice were positive for both TMEM38A
and eGFP (n=4). Bright and dim TMEM populations were distinct from WT nuclei
immunostained with control 1gG (inset). TMEMB38A™ nuclei were selected for further
analysis (red gate). (H) TMEM38A* nuclei were analyzed for eGFP fluorescence; 99.7%
+0.03 SE of TMEMB38A" nuclei were eGFP*, confirming that TMEM38A labels

myonuclei.
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Figure 3.3: Nuclear proteins are enriched in purified nuclei. (A) The log2 of the mean
extracted ion chromatogram (XIC) intensity of proteins from purified myonuclei and whole
muscle tissue samples are represented in a heat map: blue indicates low intensity (1.5x10%)
and red indicates high intensity (1.5x10%%) (n=2 of each sample type). (B) The top KEGG
pathways for the most depleted (purple) or most enriched (blue) proteins from isolated
nuclei were plotted by z score significance. The red line indicates significance threshold
(z=1.96). (C) Proteins unique for nuclear, cytoplasmic, mitochondrial, sarcomeric, and
endoplasmic reticular (ER) compartments were assigned by DAVID. Within each
compartment, proteins were binned in deciles from the least enriched to the most enriched
in nuclei compared to whole muscle tissue and plotted against the mean log 2 ratio of XIC
in purified nuclei and whole muscle samples. This view reveals the consistency of

enrichment and depletion within groups of proteins.

Figure 3.4: Aging of the myonuclear proteome. (A) The mean log2 fold change in LFQ
(label free quantification) between young (3 month) and old (24 month) mouse myonuclei
proteins was plotted against the -log10 p-value for each protein (n=5 at each age). Proteins
that significantly changed with age more than 1.5 fold (p<0.05) are plotted in red: all others
are plotted in gray. (B) Proteins that significantly changed with age in myonuclei were

categorized by primary function and depicted as a percentage of total changed proteins.

Figure 3.5: Comparison of age-related alterations in muscle and brain nuclear
proteomes. (A) The mean log2 fold change in LFQ between young (3 month) and old (24

month) mouse brain nuclei proteins was plotted against the -log10 p-value for each protein
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(n=5 at each age). Proteins that significantly changed with age more than 1.5 fold (p<0.05)
are plotted in red: all others are plotted in gray. (B) Proteins that changed with age in brain
nuclei were categorized by primary function and depicted as a percentage of total changed
proteins. (C) The percentage of proteins that changed with age that were assigned to each
GO category was compared between brain and muscle samples. (D) The full sets of
proteins detected in muscle or brain nuclear samples were compared to the subsets that
significantly changed with age. The majority of proteins analyzed were detected in both
tissues but the subsets that changed with age differed greatly between tissues. Of 743
proteins detected in muscle nuclei and 811 proteins detected in brain nuclei, 661 were
common to both tissues. Of the proteins that changed with age in myonuclei (54) or brain
nuclei (32), only 1 was changed in both. (E) Heat map of all proteins that changed
significantly with age in either tissue; aging-related changes differ between brain and
muscle nuclei. Blue indicates lower levels in old samples and red indicates higher levels in
old samples. OM=old muscle; YM=young muscle; OB=old brain; YB=young brain. (F)
Representative immunoblot and accompanying Ponceau staining. The immunoblot was
probed for target proteins identified as changed with age by mass spectrometry. (G)
Quantification of immunoblot by densitometry (n=3-4, error bar=standard error of the

mean).

Supplemental Figures are available through the journal Aging Cell.
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Figure 3.2
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Figure 3.3
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Figure 3.4
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Figure 3.5
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Chapter 4: Discussion and future directions

Unlike most eukaryotic cells, multinucleated cells contain multiple nuclei sharing
a single cytoplasm. Individual nuclei within a single cell can differ morphologically
(Huppertz and Gauster 2011) and functionally (Dix and Eisenberg 1990, Newlands, Rustin
et al. 1996, Ellery, Cindrova-Davies et al. 2009, Youn, Takada et al. 2010). Whether
nuclear activity in syncytial cells is coordinated among nuclei and how differences among
nuclei are established remain open questions. While some mechanisms regulating
individual nuclei have been established in ciliates and slime molds, individual nuclei of
multinucleated cells in multicellular organisms remain largely unexamined. The findings
presented in this dissertation are the first step toward clarifying the fundamental biology of
individually regulating syncytial nuclei in multicellular organisms. Future studies will
determine specific mechanisms and could provide insight into novel potential therapeutic
avenues for treating diseases with multinucleated cell involvement.

Despite being primarily responsible for regulating gene expression, relatively little
is known about the myonuclear proteome and global nuclear activity in myofibers. Prior to
our studies, the myonuclear proteome had never been examined in detail, in part due to
technical challenges of detecting nuclear proteins. Our approach to selectively isolate
myonuclei (Cutler, Dammer et al. 2017) opens exciting possibilities to examine the
transcriptome, epigenome, and proteome in a myonuclear-specific manner from whole
skeletal muscle tissue. Additionally, our work lays the foundation for elucidating these
nuclear characteristics on the level of individual nuclei. When myonuclear activity has been
assayed previously, the experiments were carried out on a population of nuclei including

both myonuclei and nuclei from other cell types. In addition to not distinguishing nuclei
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from multiple cell types, these analyses make no distinction between nuclei from different
myofibers. Myofibers can contain thousands of nuclei all sharing a common cytoplasm.
Our work and previous studies have described differences among myonuclei within the a
single myofiber (Fontaine and Changeux 1989, Abbott, Friday et al. 1998, Newlands,
Levitt et al. 1998). This heterogeneity of myonuclei represents a previously
underappreciated characteristic of skeletal muscle biology and highlights the limitations of
assaying nuclear activity based on populations of nuclei. Natural extensions of our work
will seek to identify characteristics of individual myonuclei, the biochemical and signaling
mechanisms regulating differences among myonuclei, and how myonuclear activity is
coordinated within a myofiber. In order to achieve these goals, new technigues and reagents
to interrogate nuclear activity and nuclear content on a single nucleus level must be
developed and optimized for use in skeletal muscle. The principles and mechanisms
governing myonuclear independence will have broad implications for understanding
individual regulation of nuclei in other multinucleated cells.

Previous work examining the changes to the skeletal muscle transcriptome and
epigenome have been carried out on whole muscle tissue or on cultured muscle cells. The
resulting findings have propelled the field forward but are also limited by the constraints
of the respective systems. Substantial studies have been carried out on general changes that
occur to the muscle epigenome and transcriptome in myogenesis, exercise, aging, and other
physiological states. A major shift in chromatin modification and mRNA transcripts
produced occurs as myoblasts differentiate to form myofibers. Histone deacetylases
(HDAC) reverse histone acetylation. In proliferative myoblasts HDACSs are highly active,

preventing expression of muscle differentiation genes (Dressel, Bailey et al. 2001). As
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differentiation begins HDACSs are displaced by proteins like p300/CBP associated protein
(PCAF) (Puri, Sartorelli et al. 1997) and relocalized the cytoplasm (McKinsey, Zhang et
al. 2001). Histone acetyl transferases (HAT) are targeted to the chromatin around muscle
differentiation genes by proteins like Rnpj (Bjornson, Cheung et al. 2012). This results in
acetylation of the histones, promoting expression of the myogenesis genetic program
(Castel, Mourikis et al. 2013). Similarly, exercise results in relocalization of HDACs from
the nucleus to the cytoplasm (McKinsey, Zhang et al. 2001, McGee, Fairlie et al. 2009)
and recruitment of HATSs to the chromatin surrounding myogenic loci in satellite cells
(Serra, Palacios et al. 2007, Fujimaki, Hidaka et al. 2014). Consistent exercise over
extended time causes DNA methylation of metabolism associated genes (Reviewed in
(Sharples, Stewart et al. 2016)). In contrast, as muscle ages HDAC levels increase in the
muscle and there is progressive methylation of myogenesis genes in satellite cells (Jin,
Jiang et al. 2014, Zykovich, Hubbard et al. 2014) resulting in impaired myogenesis.
Although the levels of the majority of transcripts do not change with age (Weindruch, Kayo
et al. 2001), mRNA levels of metabolic proteins, sarcomeric components, and chromatin
proteins differ significantly between young and old mouse muscle (Su, Ekman et al. 2015)
contributing to muscle aging phenotypes. Similar characterization of chromatin and mMRNA
levels in dietary restriction, cachexia, and various muscular dystrophies have also been
undertaken. These examples demonstrate that the skeletal muscle transcriptome and
epigenome change in response to physiological conditions and highlight specific markers
that vary with the state of the muscle.

While the findings of these studies advanced our understanding of signaling

important in muscle’s homeostatic response and have identified some therapeutic targets,
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they also are subject to the limitations of impure starting material, in vitro conditions, or
limited targets. These studies were carried out on either cultured cells, which are a pure
population but do not fully recapitulate the intact tissue, or mixed nuclei from all cell types
present in skeletal muscle tissue. Selectively examining myonuclei could identify key
molecular players regulating muscle activity in these states. Studies which do examine
nuclear changes specifically in myonuclei are limited by the nature of transgenic
experiments to a small number of specific candidates and thus are afforded only a small
glimpse into the complexity of the nuclear compartment. Our approach to selectively
isolate myonuclei combined with a battery of studies focusing on epigenetics,
transcriptomics, and proteomics could provide a complete illustration of myonuclear
activity and profiles in different physiological states. These findings would advance
understanding of myofiber biology and could provide potential therapeutic targets to
modulate both physiologic and pathophysiologic responses to environmental stressors. As
the technology matures single nucleus proteomics and transcriptomics would inform our
understanding of the heterogeneity of nuclei in a myofiber and the significance of that
heterogeneity.

The findings presented in Chapter 2 demonstrate that nuclear import varies among
myonuclei sharing a common cytoplasm and that nuclear import is responsive to muscle
injury. We proposed that differential nuclear import could be a mechanism by which
individual nuclei differ in protein accumulation (McPherron, Lawler et al. 1997, Abbott,
Friday et al. 1998, Artaza, Bhasin et al. 2002, Salamon, Millino et al. 2003, Ishido, Kami
et al. 2004, O'Connor, Mills et al. 2007, Yamamoto, Csikasz et al. 2008, Ferri, Barbieri et

al. 2009) and gene expression (Newlands, Levitt et al. 1998, Artaza, Bhasin et al. 2002).
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While the findings presented in Chapter 2 represent an important first step in characterizing
the mechanisms regulating differences among myonuclei, more work is needed to establish
the biochemical mechanisms and signaling pathways responsible and the specific effects
of differences in myonuclear import.

Identifying the biochemical mechanisms for differences in nuclear import among
myonuclei is technically challenging because individual nuclei are difficult to isolate and
yield very little material to analyze. The most probable biochemical causes of differences
in nuclear import among myonuclei include post-translational modifications of NPC
components (Crampton, Kodiha et al. 2009, Kodiha, Tran et al. 2009, Regot, de Nadal et
al. 2013), differences in Nup incorporation at the NPCs (Gustin and Sarnow 2001, Gustin
and Sarnow 2002, Crampton, Kodiha et al. 2009), or differences in the RanGTP gradient
(Lyman, Guan et al. 2002, Snow, Dar et al. 2013). Identifying these biochemical
differences among nuclei would require separating nuclei based on nuclear import activity
or analyzing individual nuclei. Additionally, each nucleus contains thousands of NPCs
(Asally, Yasuda et al. 2011) which may differ in Nup incorporation or in post-translational
modification (Kinoshita, Kalir et al. 2012). Thus, the causative changes are small and
potentially only affect a subset of a protein population in each nucleus. For this reason,
standard biochemical approaches are insufficient to identify the causative modifications
and instead technical advances and production of new reagents will be required.

Candidate-based and discovery-based approaches could be effective in identifying
the biochemical mechanisms regulating differences among nuclei. The first step for either
approach would be to separate nuclei based on specific properties. Nuclei could be

separated by fluorescence nuclear sorting (Dammer, Duong et al. 2013) or by specific
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affinity based isolation (Deal and Henikoff 2011). The approach outlined in Chapter 3
could be employed to isolate nuclei, however subsequent separation will require expanding
markers for nuclei of interest, which could include nuclei in specialized regions of the
myofiber, nuclei with specific gene expression or protein accumulation, and newly fused
nuclei. Some nuclear markers currently available include markers of NMJ nuclei and a
subset of proteins and transcripts that differentially accumulate in some but not all
myonuclei in a fiber. The nuclear envelope protein Syne-1 is present on nuclei of the NMJ
but not other myonuclei (Apel, Lewis et al. 2000), however no markers are known for
nuclei of the myotendinous junction or the body of the myofiber. Some proteins and
transcripts differentially localize among myonuclei (McPherron, Lawler et al. 1997,
Abbott, Friday et al. 1998, Newlands, Levitt et al. 1998, Artaza, Bhasin et al. 2002,
Salamon, Millino et al. 2003, Ishido, Kami et al. 2004, O'Connor, Mills et al. 2007,
Yamamoto, Csikasz et al. 2008, Ferri, Barbieri et al. 2009). Unfortunately, these markers
are suboptimal for sorting nuclei because they are internal rather than surface markers and
so would require fixation and permeabilization of the nuclear sample, which limits
downstream analysis. There are currently no markers available for newly incorporated
myonuclei.

In addition to limited markers of nuclei of interest, reagents to detect the candidate
biochemical modifications responsible for differences in nuclear import are also limiting.
Examining differences in Nup stoichiometry at the nuclear pore is complicated by lack of
specific antibodies to NPC component proteins. Similarly, examination of post-
translational modifications of Nups is dependent on antibody availability. Currently,

modification specific antibodies have been limited those Nup modifications relevant to
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kinetochore assembly and activity. Detecting and correlating multiple markers of nuclear
activity, nuclear content, NPC composition, and NPC modification will require a system
with high capacity and low cross detection. Mass cytometry (CyTOF) has been a powerful
tool in interrogating signaling pathways on the cellular level (Hawley, Ding et al. 2017,
Porpiglia, Samusik et al. 2017). Once the relevant reagents are available for candidate
proteins and modifications, CyTOF could also be effectively deployed to answer questions
of signaling in individual nuclei. Alternatively, discovery based analysis (like mass
spectrometry, RNA seq, or ChlIP seq) of different groups of myonuclei could identify
additional proteins and modifications involved in differentially regulating individual
nuclei. Any technique employed to examine the mechanistic biochemical differences
among nuclei must have very high sensitivity as heterogeneity in modification status and
incorporation into the NPC exists even among proteins within a single nucleus.

Before myonuclei are biochemical modified to alter their activity, signaling events
will define which nuclei in the common cytoplasm should be modified. These signaling
events could result from intrinsic nuclear maturation, nuclear position in a cell, or
extracellular cues. The data presented in Chapters 2 and 3 support contribution of all three
sources of signaling on nuclear import. Future work will determine the effect of each of
these potential signaling sources. Disentangling the signaling pathways at work will require
identifying the biochemical changes involved in regulating nuclear transport to identify
candidate enzymes in the pathways. It is worth noting that signaling events conveying
information of nuclear age, nuclear position and extracellular cues are likely stem from

different intersecting signaling pathways.
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The relative effects of nuclear age and nuclear position could be dissected by
combining nuclear import experiments with lineage tracing. In growth, new nuclei are
added predominantly to the ends of myofibers (Zhang and McLennan 1995). Comparison
of newly added nuclei at the ends of a myofiber to new nuclei in the middle of a myofiber
would reveal if position has a differential effect on nuclear activity. Signaling related to
nuclear position could also be examined by investigating the properties of specialized
myofiber regions. In addition to the well-established NMJ and MTJ regions, our findings
in conjunction with those of Newlands et al. (Newlands, Levitt et al. 1998) suggest that, in
addition to regions easily identified by anatomical land marks, other subtler myofiber
regions may exist. If characterized, these regions could present a new fundamental aspect
of skeletal muscle cells. This discovery would be an important advancement in the basic
cellular biology of skeletal muscle cells. However, determining the effect of these
hypothetical regions will first require that the regions and their boundaries be identified
and characterized. Finally, examining the impact of the age of a nucleus in a myofiber
could be achieved by separately analyzing newly added, middle aged, and very old nuclei.
The results presented in Chapter 2 that nuclear import is affected in regeneration and the
findings described in Chapter 3 that aging changes the levels of proteins present in
myonuclei support a correlation between age of a myonucleus in a cell and nuclear activity.
Myonuclei are exceptionally long-lived, with an average half-life of 14 years in human
muscle. Understanding how nuclear age affects nuclear activity could provide insight into
some root causes of reduced muscle function with aging.

In addition to cell intrinsic signaling, systemic signaling events also play a role in

regulating myonuclear activity. As presented in Chapter 2, the rate of nuclear import

129



decreases in response to muscle injury on the contralateral side, indicating that circulating
factors, or coordination mediated by another system like the nervous system, regulate
nuclear import in locations distal to an insult. The finding that nuclear import is responsive
to contralateral injury suggests that nuclear import could be also be affected by many
different physiological states including aging, development, exercise, fasting, and disease.
Research on the skeletal muscle impact of these states has focused on the effects of these
factors on satellite cells or myofiber metabolism and sarcomere function (Lee, Allison et
al. 2002, O'Connell, Gannon et al. 2007, Middelbos, Vester et al. 2009, Baraibar,
Gueugneau et al. 2013, Kwon, Kim et al. 2014, Capitanio, Vasso et al. 2016).
Understanding how the changes in the organism affect myonuclei could provide new
insights into way of modifying the muscle’s response. Nuclear transport has been proposed
as a therapeutic target for treating cancer (Turner and Sullivan 2008), HIV (Newlands,
Rustin et al. 1996, Chahine and Pierce 2009), and chronic inflammation (Faustino, Nelson
et al. 2007). Similarly, pharmacologically regulating nuclear transport in skeletal muscle
could represent a novel therapeutic avenue to treat disease and aging related symptoms.
Isolating the circulating factor responsible for the effect on nuclear transport described in
Chapter 2 could provide a way of exogenously regulating nuclear import and thus general
nuclear activity in myonuclei and nuclei of other cells. Further work examining the
signaling events regulating nuclear transport will inform our understanding of differences
among myonuclei as well as coordinated, systemic responses to stimuli affecting the whole
organism.

The significance of differences among nuclei is clear in the case of specialized

myofiber regions but the biological purpose of differences among nuclei in unspecialized
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regions remains unclear. Nuclei within the body of the myofiber, where there is no readily
discernable regionalization, differ in nuclear import, gene expression, and protein
accumulation. These differences could be important in coordinating nuclear activity among
the nuclei in the myofiber, represent waves of nuclear activity pulsing through a fiber, or
be indications of specialized regions not bound by easily identifiable anatomical borders.
Identifying the impact of these differences among myonuclei will require understanding
the biochemical mechanism responsible as well as advances in detection of low abundance
nuclear proteins. Characterization of cargos specific to non-cNLS import pathways and
identification of new non-cNLS pathways will provide candidate proteins which may be
selectively localized to some but not all myonuclei. Alternatively, by separating myonuclei
based on import activity, transcript production, or protein accumulation, advancements in
proteomics and transcriptomics would enable comparison of nuclear protein and RNA
contents. This would reveal the functional effects of differences in nuclear import. The
specific differences identified could shed light on ways myofibers regulated expression or
repression of specific gene programs

As described in Chapter 1, nuclei in multinucleated cells in which nuclear
properties of individual nuclei have been examined differ (Lehmann and Nusslein-Volhard
1986, Fontaine and Changeux 1989, Gladfelter, Hungerbuehler et al. 2006, Etxebeste, Ni
et al. 2008, Ellery, Cindrova-Davies et al. 2009, Shalakhmetova, Umbayev et al. 2009,
Youn, Takada et al. 2010, Orias, Cervantes et al. 2011). Advancements in describing
mechanisms regulating differences among syncytial nuclei informs studies in other
multinucleated cell types. Our findings that nuclear import differs among myonuclei in a

single cell and that nuclear activity is responsive to circulating factors could be of particular
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interest to the researchers studying osteoclasts and the syncytiotrophoblast. Osteoclasts are
multinucleated cells containing 10-20 nuclei and are responsible for bone breakdown
(Youn, Takada et al. 2010). In osteoporosis, overactivity of osteoclasts in relation to bone
depositing cells (osteoblasts), results in dangerously decreased bone density. Osteoporotic
bone is fragile and individuals with osteoporosis are frail and have increased at risk of
serious injury and death following a fall (Khosla and Hofbauer 2017). As bone resorption
activity of an osteoclast positively correlates with nuclear number (Youn, Takada et al.
2010), modulating nuclear activity could also modulate bone resorption. Examining
nuclear import in osteoclasts could reveal a therapeutic target to reduce nuclear activity in
osteoclasts thereby reducing bone resorption and ameliorating the effects of osteoporosis.

The synctiotrophoblast is an embryonically derived portion of the placenta that
contains thousands of nuclei that vary in morphology and transcriptional activity. The
trophoblast directly interacts with the maternal portion of the placenta, the myometrium,
and is the site of exchange of nutrients, gases and waste between the maternal and fetal
bloodstreams (Huppertz and Gauster 2011). Several pregnancy complications, including
eclampsia, are associated with abnormalities in the syctiotrophoblast (Ellery, Cindrova-
Davies et al. 2009). Examination of placentas from patients with eclampsia revealed an
increased abundance of morphologically abnormal, transcriptionally inactive nuclei.
Applying techniques presented in this dissertation the normal and abnormal nuclei of the
syctiotrophoblast could be examined to determine the mechanisms by which the
trophoblast nuclei sharing a common cytoplasm differ and the biochemical mechanism that
inactivates the nuclei. Modulating nuclear activity could be a potential therapeutic avenue

for ameliorating the symptoms of eclampsia.
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Here we have presented nuclear import as one mechanism contributing to
establishing differences among myonuclei and the first detailed examination of the
myonuclear proteome. We have also developed a technique to isolate myonuclei for
downstream quantitative analysis. Our work lays the foundation for further studies into
skeletal muscle function on the level of individual nuclei. Future work will continue to
establish the importance of the myonuclear compartment in maintaining proper muscle
function and coordinating systemic responses to stress. Studies based on this work will
inform our understanding of myofiber physiology and cell biology of multinucleated cells

in general.
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Appendix 1: Biochemical isolation of myonuclei from mouse skeletal muscle tissue

A portion of this chapter has been submitted for publication as:
Cutler, A.A., A.H. Corbett, G.K. Pavlath, Biochemical isolation of myonuclei from mouse

skeletal muscle tissue. Bio-protocol (2017).
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Appendix 1.1 Abstract

Skeletal muscle provides the contractile force necessary for movement,
swallowing, and breathing and, consequently, is necessary for survival. Skeletal muscle
cells are unique in that they are extremely large cells containing thousands of nuclei. These
nuclei must all work in concert to maintain skeletal muscle function and thereby maintain
life. The nucleus is a major site of signaling integration and gene expression regulation.
However, examining nuclear processes in skeletal muscle can be difficult because
myonuclei are challenging to isolate. We optimized a protocol to purify myonuclei from
whole muscle tissue using ultracentrifugation over a discontinuous sucrose gradient to
separate the nuclear fraction. We used these purified nuclei for downstream applications
including flow cytometry and mass spectrometry. We used this method to compare the
myonuclear proteome of young and old mouse hindlimb muscles (Cutler et al., 2017). This
protocol may be applied to isolating myonuclei for a variety of downstream analyses such

as flow cytometry, microscopy, Western blot, and proteomics.

Appendix 1.2 Background

Proper skeletal muscle function must be maintained for survival. One component
of this maintenance is adjustments in gene expression in response to cellular needs and
environmental cues. Nuclear processes modulating gene expression are a critical
component in regulating cellular composition and behavior. However, myonuclear proteins
involved in these processes are difficult to study because of four technical limitations. First,
skeletal muscle is dense, tightly packed with contractile proteins that make up more than
60% of proteins in the tissue (Deshmukh et al., 2015; Cutler et al., 2017). These high
abundance contractile proteins eclipse the far less abundant nuclear proteins. Second, the
dense fibrous structure of skeletal muscle makes it difficult to dissociate without damaging
nuclei, making nuclei difficult to isolate. Third, after centrifugation dense debris
cosediments with nuclei, compounding the difficulty of isolating nuclei from the tissue.
Fourth, skeletal muscle is comprised of multiple cell types, so nuclei isolated and nuclear

proteins detected may be from myonuclei or nuclei of other cell types.
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Several approaches have been optimized to enrich myonuclei from different
organisms for various downstream applications. Ohkawa et al. presented a detailed
protocol for isolating myonuclei from mouse tissue that was developed to maximize access
of cross-linking reagent for Chromatin Immunoprecipitation (ChIP) analysis (Ohkawa et
al., 2012). Wilkie and Shrimer developed a procedure to isolate the myonuclear envelope
and sarcoplasmic reticulum for proteomic comparison (Wilkie and Schirmer, 2008). An
approach optimized by Dimauro et al. simultaneously collected mitochondrial, nuclear,
and cytoplasmic fractions to compare protein localization among different cellular
compartments (Dimauro et al., 2012). While each of these approaches to enrich nuclei from
skeletal muscle tissue was effective for the intended subsequent analysis, they did not
prioritize isolating intact nuclei and do not distinguish between myonuclei and nuclei from
other cell types. An affinity based method to selectively isolate nuclei from specific cell
types was developed in Arabadopsis thaliana (Deal and Henikoff, 2011) and is now
available for mice (Jankowska et al., 2016). However, this affinity based approach requires
genetic labeling of the cell types of interest, which makes it prohibitively cumbersome to
examine myonuclei from multiple mouse models. We optimized an ultracentrifugation
sucrose gradient-based fractionation approach that requires relatively small sample sizes,
no genetic labeling, and is compatible with downstream analysis by flow cytometry and
mass spectrometry. The isolated nuclei are intact, biochemically depleted of proteins from
non-nuclear organelles, and 85% of nuclei are myonuclei. To isolate myonuclei more
quickly we also optimized affinity based purification using a myonuclear-specific nuclear
envelope protein, Transmembrane Protein 38A (TMEMS38A) (Bleunven et al., 2008;
Cutler et al., 2017), and magnetic beads. This approach is more rapid and yields nuclei
with comparable population purity to nuclear isolation by ultracentrifugation but with
lower biochemical purity. These nuclear isolation techniques can be used to purify

myonuclei from any mouse model for diverse downstream analyses.

Appendix 1.3 Materials and Reagents

A. Materials
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10 ml round bottom polypropylene tubes (Fisher Scientific, catalog number: 14-
959-11B)

2. 40 pm nylon mesh cell strainer (BioExpress, catalog number: C-4700-1)

3. 50 ml conical polypropylene tubes (BioExpress, catalog number: C-3394-4)

4. 30 ml ultraclear ultracentrifuge tubes (Beckman Coulter, catalog number: 344058)

5. 1.7 ml low-adhesion hydrophobic tubes (BioExpress, catalog number: C-3302-1)

6. 5 ml conical polystyrene tube with cell strainer cap (Corning, catalog number:
352235)

7. 15 cm glass Pasteur pipets (Fisher Scientific, catalog number: 13-678-20A)

8. 0.45 um polypropylene syringe filters (Thermo Fisher Scientific, catalog number:
F2500-9)

9. 20-gauge needle (Fisher Scientific, catalog number: 14-826-5C)

10. 10 ml syringe (Fisher Scientific, catalog number: 14-823-2A)

Reagents

1. Sucrose (Fisher Scientific, catalog number: BP220)

2. HEPES (Fisher Scientific, catalog number: BP310)

3. Potassium chloride (KCI) (Fisher Scientific, catalog number: P217)

4. Magnesium chloride (MgCly) (Fisher Scientific, catalog number: M33)

5. Sodium hydroxide (NaOH) (Fisher Scientific, catalog number: S318)

6. Spermidine (Sigma-Aldrich, catalog number: 85558)

7. Spermine tetrahydrochloride (Sigma-Aldrich, catalog number: S2876)

8. Dithiothreitol (DTT) (US Biological, catalog number: D8070)

9. cOmplete mini protease inhibitors (Roche Diagnostic, catalog number:
11836153001)

10. Bovine serum albumin (BSA) (Sigma-Aldrich, catalog number: A2153)

11. 1x phosphate buffered saline (Fisher Scientific, catalog number: 21-600-069)

12. 4,6-Diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, catalog number: D9542)

13. Protein A-conjugated magnetic beads (Thermo Fisher Scientific, catalog number:

10001D)
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14.

15.

16.

17.
18.
19.
20.
21.
22.
23.
24.

Anti-TMEM38A antibody (EMD Millipore Corportation, catalog number: 06-
1005)

Ethylenediaminetetraacetic acid (EDTA) (Fisher Scientific, catalog number:
BP120)

Ethylene glycol-bis(B-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA)
(Sigma-Aldrich, catalog number: E3889)

100 mM EDTA (see Recipes)

100 mM EGTA (see Recipes)

2.1 M sucrose solution (see Recipes)

2.8 M sucrose solution (see Recipes)

Homogenization buffer (see Recipes)

1% BSA homogenization buffer (see Recipes)

Resuspension buffer (see Recipes)

1% BSA resuspension buffer (see Recipes)

Appendix 1.4 Equipment

1.

N o g &~ w

Dissection equipment

a. Pins (Carolina Biological Supply Company, catalog number: 629122)

b. 4.5 inch pointed dissection scissors (Fisher Scientific, catalog number: 08-940)
c. Hemostat (Graham-Field Health Products Incorporated, catalog number: 2675)
15 ml Dounce homogenizer with PTFE serrated plunger (Cole-Parmer Instrument
Company, catalog numbers: 44468-07 and 44468-16)

UV lamp (optional) (Spectroline, catalog number: ENF-240C)

Centrifuge (Eppendorf, model: 5702)

Microcentrifuge (International Equipment Company, model: 3590F1917)
Ultracentrifuge (Beckman Coulter, model: Optima LE-80K LLE7)

SW 32 Ti swing bucket rotor (Beckman Coulter, model: SW 32 Ti, catalog number:
369650)

UltraRocker rocking platform (Bio-Rad Laboratories, catalog number:
1660709EDU)
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9. Magnet (optional) (Thermo Fisher Scientific, catalog number: 12320D)
10. Round ended microspatula (Fisher Scientific, catalog number: 21-401-5)

Appendix 1.5 Procedure

Note: All solutions should be chilled to 4 °C and all steps performed at 4 °C to reduce

enzyme activity and preserve sample integrity.

1. Prepare 2.8 M and 2.1 M sucrose solutions (see Recipes) and buffers.
Note: It is easiest to prepare the sucrose gradient if 8 ml of the 2.8 M sucrose
solution is added to the bottom of the 30 ml ultracentrifuge tubes before it is chilled
to 4 °C.

2. Prepare dissection equipment by washing thoroughly with ethanol
3. Dissect gastrocnemius and rectus femoris muscles from mouse (Figure Al) and
place up to 4 muscles in 10 ml round bottom tube.
Notes:
a. The soleus often adheres to the gastrocnemius during dissection. Remove the soleus
from the gastrocnemius before proceeding to process the gastrocnemius.

b. The rectus femoris is one of four muscles that make up the quadriceps.

Gastrochemius

Rectus femoris
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Figure Al. Muscle dissection. 1. Starting with the mouse lying on its ventral side,
use hemostats to retract skin from ankle to hip. 2. Remove the fat pad over the back
of the knee. 3. Insert scissors behind Achilles tendon. 4. Open scissors to separate
gastrocnemius muscle from underlying tissue. 5. Cut Achilles tendon and the head
of the gastrocnemius. If the soleus is still attached to the gastrocnemius, remove it.
6. Turn the mouse over so it is lying on its back. 7. Remove the fat pad over the hip.
8. With scissors parallel to the femur cut the tendon connecting the rectus femoris
to the acetabulum (knee) and continue lengthwise to the hip. Finally, with scissors
perpendicular to the femur cut the tendon connecting the muscle to the iliac spine

and collect the rectus femoris muscle.

Mince muscles with scissors.

. Add 5 ml of chilled homogenization buffer (see Recipes) for 1-2 muscles or 10 ml

of chilled homogenization buffer for 3-4 muscles to the minced muscles.

Homogenize muscles with dounce homogenizer on ice about 50 strokes (until all

large chunks of muscle have been forced from the bottom of the homogenizer to

the top of the plunger) (Figure A2).

Notes:

a. Warning: a vacuum may form between the plunger and the surface of the
homogenization buffer. If the plunger rapidly collides the buffer this can shatter
the homogenizer.

b. If you are pooling homogenate from more than 4 muscles, homogenize them
separately and then pool the homogenate prior to step 7.

c. Aged or regenerating muscle samples may take longer to homogenize

d. Homogenizer and dissection equipment should be cleaned with ethanol and

water.
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10.

1 2 3 4 D
Mince  Suspend Homqgenize Filter Centrifuge

LT

Beware:
vacuum between
pestel and homogenate

Figure A2. Pre-ultracentrifugation preparation. 1. Using scissors mince
collected muscles in the tube. Intact muscles are shown on the left and minced
muscles on the right. 2. Suspend the minced muscles in 10 ml homogenization
buffer. 3. Homogenize muscle using a dounce homogenizer. 4. Pass homogenate
through a 40 pum filter into a 50 ml conical tube. Incompletely disrupted tissue and
large debris will remain in the filter. 5. Centrifuge the filtrate to obtain a crude
nuclear pellet (arrowhead). DAPI clearly labels the nuclear pellet under UV light.
Warning: when homogenizing a vacuum may form between the pestle and
homogenate. If the pestle is sucked down into the homogenizer, it can strike with

sufficient force to shatter the homogenizer.

Rinse a 40 um filter with 1-2 ml of homogenization buffer. Pass the homogenate
over this filter into a 50 ml conical.

Note: Fibrous material that cannot pass through the filter may clog the filter.
Gently scrape the filter with a round ended microspatula to help the filtrate pass

through.

Rinse the filter with 5 ml homogenization buffer.

Centrifuge the filtrate at 1,000 x g for 10 min at 4 °C to obtain a crude nuclear pellet.
During the centrifugation, carefully layer 12 ml of the 2.1 M sucrose solution over
the 2.8 M sucrose cushion in the 30 ml ultracentrifuge tube.
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11.

12.
13.

14.

After the centrifugation is completed, discard the cytoplasmic supernatant and
resuspend the crude nuclear pellet in 8 ml homogenization buffer. Carefully layer
the resuspended lysate on the top of the sucrose gradient.

Notes:

If DAPI is added at a final concentration of 1 pg/ml to the homogenate at this step,
the position of the nuclei in the sucrose gradient can be visualized.

The cytoplasmic fraction can be saved for subsequent biochemical or proteomic
analysis. If it will be used immediately the cytoplasmic fraction should be kept on
ice. For longer term storage the cytoplasmic fraction should be aliquoted and
stored at -80°C.

Balance the ultracentrifuge tubes by weight.

Centrifuge the samples at 186,712 max G (32,000 rpm in SW 32 Ti Beckman swing
bucket rotor) for 3:20 at 4 °C.

During the centrifugation, coat a 50 ml conical tube with BSA by incubating it with
20 ml 1% BSA resuspension buffer (see Recipes) for at least 30 min at 4 °C with
low speed rocking on a standard laboratory rocker.

Note: Removing the top of a glove box allows the tubes to roll on the rocker

resulting in even BSA coating of up to 6 tubes (Figure 3).

DAPI

Hint:

placing conicals in a
glove box on a rocker
simplifies BSA coating
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15.

16.

Figure A3. Loading ultracentrifuge tubes. Before beginning the protocol, 2.8 M
sucrose should be layered into the bottom of the ultracentrifuge tube and chilled.
During 1,000 x g centrifugation step of the muscle homogenate, layer chilled 2.1 M
sucrose solution over the 2.8 M solution. When the centrifugation of the muscle
homogenate is completed, resuspend the crude nuclear pellet in homogenization
buffer and carefully layer it over the 2.1 M solution. DAPI labels the nuclei in the
lysate. During the ultracentrifugation step coat 50 ml conical tubes with BSA,
which is simplified by allowing the tubes to roll in a box on the rocker.

After the ultracentrifugation is complete, aspirate the upper layers of the sucrose
gradient to within a centimeter of the 2.1 M and 2.8 M boundary. Collect the 2.1
M/2.8 M interface into the BSA-coated 50 ml conical tubes using glass Pasteur
pipettes (Figure A4 steps 1-4).

Notes:

a. If the overlying layers have been correctly removed there is little danger of
contaminating the nuclear fraction with material from another interface. Thus
collecting 1 cm above and 1 cm below the interface will increase yield of nuclei
without endangering the purity of the fraction.

b. If DAPI has been added to the homogenate, the position of the nuclei in the
gradient can be visualized with UV light. DAPI fluorescence under UV light
can be used to confirm that the entire interface containing the nuclei has been
collected (Figure A4 step 4).

c. Nuclei can be collected by puncturing the side of the ultracentrifugation tube
with a 20-gauge needle and 10 ml syringe. However, nuclei are sheared passing
through the needle and the high viscosity of the sucrose makes collection
difficult. Similarly, collection of fractions beginning with the bottom of the
gradient is difficult because of the high viscosity of the 2.8 M sucrose.

Dilute the collected interface in the 50 ml conical tube 1:10 with resuspension

buffer (see Recipes). Mix by inverting 5-10 times (Figure A4 step 5).
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17.

18.

19.
20.

Note: The collected interface is much denser than the resuspension buffer. Be

careful to completely mix the interface and resuspension buffer.

Centrifuge the diluted interface in the 50 ml conical tube at 1,000 x g for 10 min at
4 °C (Figure A4 step 6).

Discard the supernatant and resuspend the nuclear pellet in 1 ml resuspension buffer
and transfer to a 1.7 ml tube.

Note: For flow cytometry and microscopy, resuspend the nuclei in chilled

resuspension buffer with 1% BSA.

Centrifuge the resuspended nuclei at 800 x g for 10 min at 4 °C (Figure A4 step 8).
Discard the supernatant and resuspend the nuclear pellet in appropriate buffer (See
Figure ASA for representative images of isolated nuclei).

Notes:

a. For flow cytometry, resuspend the nuclear pellet in 500 pl resuspension buffer
with 1% BSA and pass through a 35 um cell strainer into a 5 ml polystyrene
tube before analyzing.

b. For microscopy, resuspend the nuclear pellet in 1-3 ml resuspension buffer with
1% BSA.

c. For western blot or mass spectrometry, wash the nuclear pellet two more times
with resuspension buffer to remove residual BSA, then resuspend in an

appropriate denaturing buffer.
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1 2 3 4
Aspirate Collect Post collection
Interface

Identify interface

DAPI DAPI DAPI DAPI DAPI
5 6 7 8
Resuspend Centrifuge Resuspend Centrifuge

Al
'

DAPI DAPI

Figure A4. Unloading ultracentrifuge tubes. 1. Identify the interface between the
2.8 M and 2.1 M sucrose solutions which contains the nuclear fraction (white
arrow). It is easy to identify by DAPI fluorescence under UV light. 2. Aspirate the
overlying layers to a centimeter above the nuclear fraction (white arrow). 3. Collect
the nuclear fraction into the BSA-coated 50 ml conical tube. Nuclei in the fraction
can be observed by DAPI fluorescence. 4. After collecting the nuclear fraction, the
thin gray band of nuclei will no longer be visible and no DAPI fluorescence will be
detectable in the ultracentrifuge tube or sucrose collected from the surface of the
remaining solution. 5. Resuspend the collected nuclear fraction 1:10 in
resuspension buffer by inverting the BSA-coated 50 ml conical tube several times.
6. Pellet the purified nuclei by centrifugation. The nuclear pellet is easy to see both
with and without DAPI labeling. 7. Remove the supernatant and resuspend the
pellet in 1.5 ml resuspension buffer. 8. Pellet the nuclei by centrifugation. Nuclei
can be resuspended for imaging or washed 2 more times for biochemical and

proteomic analyses.

145



Appendix 1.6 Optional alternative approach

If biochemical purity is not critical, nuclei can be isolated more rapidly by affinity

purification. Nuclei isolated by affinity purification are depleted for mitochondrial and

cytoplasmic markers but retain substantial amounts of endoplasmic reticulum markers.

If specific nuclear markers are known affinity based purification can be easily applied
to other cell types (Deal and Henikoff, 2011).

Note: All solutions should be chilled to 4 °C and all steps performed at 4 °C.

1.

Wash 1.5 mg Protein A-conjugated magnetic beads by incubating with 500 pl
homogenization buffer in a 1.7 ml microcentrifuge tube for 5 min with rocking.
Then place the tube in a magnetic separation rack and wait 20 sec for the beads to
accumulate on the side of the tube and aspirate the buffer. Repeat 2 times.

Add 5 pg anti-TMEMB3B8A antibody and 200 pl homogenization buffer with 1%
BSA to the washed beads. Incubate at 4 °C with low speed rocking for 30 min.
Note: Magnetic beads rather than agarose or sepharose beads must be used
because debris will cosediment with the agarose or sepharose beads but can be
separated from magnetic beads which accumulate on the side of the tube where the

magnet is placed.

Process samples as described above for steps 2-8.

After centrifugation to obtain a crude nuclear pellet (described in step 8 above),
discard the supernatant and resuspend the pellet in 1 ml chilled homogenization
buffer with 1% BSA.

Incubate the magnetic beads with the resuspended nuclei from up to 4 muscles at 4
°C for 30 min with gentle rocking.

Place the tubes containing the beads in a magnetic separation rack and wait 20 sec
for the beads to accumulate on the side of the tube. Aspirate the buffer and debris
at the bottom of the tube.

Wash the magnetic beads once with 500 ul chilled homogenization buffer with 1%
BSA (see Recipes).

Resuspend the beads in an appropriate buffer for the downstream application (See

Figure 5B for representative images of isolated nuclei).
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Notes:
a. For flow cytometry, resuspend the nuclei in 500 ul resuspension buffer with 1%

BSA and pass through a 35 pum cell strainer into a 5 ml polystyrene tube before
analyzing.

b. For microscopy, resuspend the nuclei in resuspension buffer with 1% BSA.

c. For Western blot or mass spectrometry, wash the nuclei twice with PBS to
remove residual BSA and resuspend in the appropriate denaturing buffer for

downstream application.

A Sucrose gradient B Magnetic bead
isolated nuclei isolated nuclei

o o
3

Phase

DAPI

Figure A5. Purified myonuclei. A. Nuclei isolated by ultracentrifugation through
2.1 M sucrose. Nuclei are visible in DAPI channel. B. Affinity purified nuclei
isolated by binding of TMEM38A antibody and magnetic beads to nuclei. Nuclei

are visible in DAPI channel. Scale bar = 10 pm.

Appendix 1.7 Data analysis

Data should be processed according to standard practice for the relevant downstream
technique. Appropriate downstream analysis can include microscopy, western blot,

proteomics, and flow cytometry.
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The average yield from a single mouse gastrocnemius muscle is 1x10° nuclei. Pooling
two gastrocnemius and two rectus femoris muscles yields 6x10° nuclei and 8 pg of total
protein. It should be noted that unless care is taken to thoroughly wash nuclei, residual
BSA can artificially inflate measurements of total protein. For this reason, it is
recommended to first check purity and yield by microscopy and then measure protein
concentration if applicable. The yield and purity are consistent between experiments.
The greatest variation in yield resulted from failure to keep samples at 4°C for the

duration of the experiment.

For proteomics applications we had the greatest success when both gastrocnemius and
rectus femoris muscles from 3 mice were pooled. Proteomics experiments should be
completed with at least 5 biological replicates to detect small changes in protein

abundance.

For analysis by flow cytometry nuclei isolated from a single gastrocnemius or rectus
femoris muscle provided ample starting material. Flow cytometry experiments should

include at least three biological replicates.

Appendix 1.8 Notes

1. The biochemical purification of myonuclei requires about 5 h to complete. If a large
number of samples are being prepared more time is required. Magnetic bead affinity
based preparation requires about 1 h to complete.

2. Endoplasmic reticulum depletion is variable across preparations.

Appendix 1.9 Recipes

1. 100 mM EDTA (50 ml)
Combine:

372 mg EDTA
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40 ml ultra-pure water
Adjust pH to 7 with NaOH
Adjust final volume to 50 ml with ultra-pure water
Store at room temperature for up to a year

. 100 mM EGTA (50 ml)

Combine:
194¢ EGTA
40 ml ultra-pure water

Adjust to pH 8 with NaOH
Adjust final volume to 50 ml with ultra-pure water
Store at room temperature for up to a year

. 2.1 M sucrose solution (50 ml)

Combine the following over high heat with medium stirring:

359¢ sucrose

2.5ml HEPES (1 M)
1.25 ml KCI (1 M)

2.5ml MgCl, (100 mM)

Ultra-pure water to 50 ml

Note: Because the solution is made over heat, some of the fluid will boil off. Adjust

the final volume after the solution has been removed from heat.
Store at 4 °C for up to 1 week

. 2.8 M sucrose solution (25 ml)

Combine the following over high heat with medium stirring:
24 g sucrose
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6.

1.25 ml HEPES (1 M)
625 pl KCI (1 M)
1.25 ml MgCl, (100 mM)
Ultra-pure water to 25 ml

Note: Because the solution is made over heat, some of the fluid will boil off. Adjust
the final volume after the solution has been removed from heat.

Prepare fresh for each use

Homogenization buffer (50 ml)

Combine the following:

500 pl HEPES (1 M)

3ml KCI (1 M)
250 pl spermidine (100 mM)
750 pl spermine tetrahydrochloride (10 mM)
10 ml EDTA (10 mM)
250 pl EGTA (100 mM)
2.5 ml MgCl2 (100 mM)
513¢ sucrose

Ultra-pure water to 50 ml
Filter sterilize and store at 4 °C for up to 1 month
Immediately prior to use add:
100 pl DTT (1M)
5 Roche cOmplete mini protease inhibitor tablets

1% BSA homogenization buffer (50ml)
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Combine the following:

500 mg BSA

50 ml

homogenization buffer

Prepare fresh for each use

7. Resuspension buffer (50 ml)

Combine the following:

1 ml HEPES (1 M)

750 l
500 l
250 l
750 l

1ml

45.75 ml

MgCl2 (100 mM)

KCI (1 M)

spermidine (100 mM)

spermine tetrahydrochloride (10 mM)

EDTA (10 mM)

ultra-pure water

Store at 4 °C for up to 1 month

8. 1% BSA resuspension buffer (50 ml)

Combine the following:

500 mg

50 ml

BSA

resuspension buffer

Prepare fresh for each use
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