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Abstract

The essential functional linkages of gene regulatory networks (GRNs) consist of the
interactions between cis-regulatory DNA sequences and trans-acting regulatory fac-
tors. These genomically encoded regulatory interactions govern the differential gene
expression programs which direct specific biological processes during development and
adulthood. Detailed analysis of GRNs during development has yielded important in-
sights regarding the structural and functional dynamics of cis-regulatory modules
(CRMs) and cis-regulatory elements (CREs). Indeed, the comprehensive GRNs that
have been characterized for various developmental processes provide a model for both
the methodological approach and the intellectual understanding required to explore
cis-regulatory architecture in other biological contexts. The present study focuses
on the physiological context, investigating the GRNs that govern the molecular re-
sponse to nerve injury in adult mouse skeletal muscle. Until now, high-quality GRN
investigations in this context have been hampered by the absence of two fundamen-
tal components: a comprehensive catalog of genes differentially expressed after nerve
injury, and an effective in vivo gene transfer technique to functionally test putative
cis-regulatory modules. Using RNAseq, we have compiled a comprehensive list of all
differentially expressed genes at 6.0, 12.0, 24.0, and 168.0 hours following nerve in-
jury. This data has validated previously known differentially expressed genes, as well
as identified novel candidates for cis-regulatory analysis. The in vivo gene transfer
technique I have adapted and advanced targets an easily accessible muscle group for
minimally invasive injection and electroporation of DNA; with it, I demonstrate highly

efficient, reproducible, and stable gene transfer in mouse skeletal muscle. In addition,
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[ have optimized the gene transfer technique not only for plasmid DNA reporter vec-
tors, but also for BAC DNA reporter vectors, thus enabling cis-regulatory modules to
be tested in a broad chromosomal environment. Finally, I have validated the capacity
of this gene transfer method to functionally test CRMs, using a known nerve injury-
associated CRM of the skeletal muscle-specific myogenin gene. The enhanced resolu-
tion provided by this technique allowed for qualitative and quantitative detection of
increased reporter signal from a mutated version the nerve injury-associated CRM at
ten days following denervation, when compared to the wild-type CRM. This result
implicates a cis-regulatory element (CRE of 17.0 bp) within this myogenin CRM
(1.1kbp), as the regulatory sequence that mediates the down-regulation of myogenin
that occurs in the weeks following denervation. This result was further supported by
denervating target muscles in the hind limb of an msy3~/~ mouse, which lacks the
Msy3-binding protein of the myogenin CRE. In this case, the lack of the {rans-acting
repressor results in increased endogenous myogenin expression, which correlates with
the increased reporter signal from the mutated construct of our gene transfer assay.
This work lays the foundation from which a high-quality adult skeletal muscle GRN

can be constructed for nerve injury and other muscle-associated disease states.
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Chapter 1

Introduction

Comprehensive, validated gene regulatory network (GRN) models during early sea
urchin development have provided an unprecedented perspective on how the animal
body plan is encoded in the DNA [Davidson et al., 2002, Su et al., 2009, Peter and
Davidson, 2009, Oliveri et al., 2008]. To date, GRNs have been implicated in con-
trolling a wide range of biological processes, including morphogenesis, differentiation,
and physiological response in various model systems [Davidson, 2006|. The essential
functional linkages between cis-acting regulatory DNA sequences, on the one hand,
and factors acting in trans, serve as the ‘weight bearing columns’ of a Gene Regulatory
Network (GRN). These are the causal interactions that respond to a given regulatory
state and, in turn, determine subsequent regulatory states, all of which contribute
to the dynamic nature of biological responses. Functional testing of cis-regulatory
modules (CRMs) via gene transfer of candidate cis-regulatory DNA sequence-driven
reporter genes, reveals the general cis-regulatory architecture encoded in the DNA.
Perturbation of validated CRMs provides further resolution of the cis-regulatory ar-
chitecture by identifying the cis-regulatory elements (CREs) within each CRM. In all
cases where the GRNs controlling a biological response have been well characterized,
the validation of genomic network architecture and dynamics has required effective
application of GRN bioscience methodologies. Central to these methodologies is the

experimental validation of cis-acting regulatory DNA sequences via reporter gene
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transfer [Revilla-i Domingo et al., 2004, Davidson et al., 2002]. To date, however, the
application of GRN bioscience to adult skeletal muscle biology has been limited by
existing in vivo gene transfer techniques, which suffer from poor or variable trans-
fection efficiencies and often result in excessive tissue trauma. Researchers interested
in adult skeletal muscle biology at the molecular-level have made many attempts
at in wvivo gene transfer into adult skeletal muscle, including both trans-epidermal
and direct contact muscle-to-electrode electroporation, as well as ultrasound and vi-
ral vector infection |Taniyama et al., 2002, Mir et al., 1999, Wolff et al., 1990]. All
these methods introduce confounding variables when attempted in adult skeletal mus-
cle. In the case of electroporation, high voltage and/or the invasive survival surgery
that is required to access muscle tissue result in significant trauma to target muscles
and neighboring tissues |Lefesvre et al., 2002, Hartikka et al., 2001]. Viral-mediated
transfection has proven effective for making transgenic mice, but its application in
transient transfection experiments suffers from labor-intensive viral preparations and
nonspecific infection of nontarget tissues, with resulting immune response [Lefesvre

et al., 2002, Dai et al., 1995].

Consequently, the majority of the data on the cis-regulatory architecture of skele-
tal muscle centers around muscle cell differentiation, from n vitro experiments where
gene transfer is most efficient and from in vivo transgenic experiments in the develop-
ing mouse embryo where reporter gene spatial and temporal expression is most easily
observable [Weintraub et al., 1991b,a, Tapscott et al., 1988, Edmondson and Olson,
1989, Miner and Wold, 1990, Braun et al., 1989]. Otherwise, the majority of the reg-
ulatory network data data for adult skeletal muscle in mouse, comes from transgenic
loss of function or gain of function experiments. Indeed, transgenesis has proven
to be the most successful and reliable method for reporter gene transfer in adult
mouse muscle. Currently, the experimental path towards functional cis-regulatory
analysis in adult mouse skeletal muscle begins with a set of differentially expressed
target genes, followed by inference of CRM function from differentiation-related in

vitro experiments or poorly resolved in vivo transient transfections. Next, researchers
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create a transgenic mouse to test CRM function in a physiologically relevant context.
However, the cost and time required to produce a transgenic mouse is significant,
especially considering that only one or two cis-regulatory modules can be tested at
a time in this way. Thus, although genetic studies have identified many of the key
regulatory and effector molecules involved in various adult skeletal muscle physio-
logical events, how these molecules interact at the cis and trans level is still largely

unknown.

My objective is to determine the genomically encoded regulatory interactions that
control the physiological response capabilities of the adult skeletal muscle nerve
injury-response. The first step necessary to meet this objective, is a more efficient
and cost effective experimental approach to uncovering the GRNs that underlie the
physiological response in adult mouse skeletal muscle. An ideal experimental pipeline
would begin with a robust, stable, efficient, cost effective, short time-to-assay, and in
vivo method for reporter gene transfer. This would allow for functional testing and
reliable measurement of the reporter signals of candidate CRMs and CREs, all while
in a biologically relevant context. I propose electroporation-mediated gene transfer
into flexor digitorum brevis (FDB) and interosseous (10) as an ideal in vivo experi-
mental model for functional testing of candidate CRMs/CREs. In Chapter 2, I apply
this experimental model to identify a functional CRE of myogenin that contributes
to the down-regulation of myogenin at 10.0 days following denervation [Moresi et al.,
2010]. Omnce a method to experimentally validate the functional CRMs and CREs
which interpret the dynamic regulatory states present in skeletal muscle following
nerve injury is in place, the next step is to focus on the regulatory molecules that
comprise these denervation-associated regulatory states. Of particular importance
are the transcription factors and signaling molecules which determine gene expres-
sion. GRN studies during embryological development in a range of model systems
have provided clear evidence that transcription factors and signaling molecules are
the key molecular drivers for establishing, maintaining, or transitioning between dif-

ferent regulatory states [Davidson, 2006]. Thus, by knowing the identity of the full
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repertoire of candidate regulatory molecules, one can track their temporal and spa-
tial expression to deduce the kinetics of their regulatory activity. In Chapter 3, I
present a high-resolution transcriptome-wide RNAseq analysis for flexor digitorum
brevis (FDB) and interosseous (IO) muscles at 6.0, 12.0, 24.0, and 168.0 hrs post
denervation. This work moves the field forward in two important ways. First, it rep-
resents the first transcriptome-wide expression analysis for denervated FDB and 10
muscles using RN Aseq. Prior to this study, transcriptome-wide analysis of denervated
adult mouse hind limb skeletal muscles were done using microarray assays. Tibialis
anterior, extensor digitorum longus, gastrocnemius and soleus have all been assayed
by microarray following sciatic nerve resection [Batt et al., 2006, Raffaello et al., 2006,
Kostrominova et al., 2005, Tang et al., 2009]. RNAseq-generated data, however, has
significant advantages over microarray data, including very low background, a much
wider dynamic range for detecting fold changes, and higher accuracy in terms of abso-
lute quantitation of expression across technical and biological replicates [Wang et al.,

2009, Fu et al., 2009].

1.1 FDB and 10 as a model system for investigation

of GRNs in adult skeletal muscle

The current repertoire of skeletal muscles selected for denervation-associated stud-
ies have proven to be non ideal for gene transfer via electroporation, despite the
known effectiveness of electroporation for introducting DNA or other molecules into
cells [Sugar and Neumann, 1984]. A muscle group more amenable to electropora-
tion mediated gene transfer, which also avoids the confounding trauma associated
with current electroporation into adult skeletal muscle, would overcome a significant
limiter to in vivo functional testing of candiate CRMs/CREs. Since the pioneering
studies of Galvani on frog legs in the 18" century, the skeletal muscles of the hind limb

have served as the premier model system for research regarding nerve-muscle connec-
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tivity in vertebrates (Figure 1.1A). Only as recently as the mid-20" century has
technology advanced enough to successfully record and characterize the excitation-
contraction coupling effect first observed by Galvani in 1771 [Galvani, 1791, Sandow,

1952).

Mutcies of the frog hind beg

D

Figure 1.1: Experimental ‘model muscle’ groups. (A) Illustration of Galvani’s exper-
imental design for elliciting frog leg skeletal muscle contraction |[Galvani, 1791|. (B)
Anatomical distal trend to smaller muscles more ideal for advancing experimental
technologies (sketch from Fastol.com). (C) Anatomical sketch of mouse hind limb
and plantar surface views of FDB. Interosseous lies underneath the FDB and is not
shown [Popesko P, Rajtova V, Horak J, Kapeller K, 1992|. (D) in vivo demonstration
of sub-cutaneous electrode placement.

The longest muscle in the frog leg, sartorius, was the most amenable to the experi-
mental method used in this seminal work. Since then, there has been an anatomical

trend in the distal direction to the smaller skeletal muscles of the lower hind limb,
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as model muscles for investigation (Figure 1.1B). Mouse gastrocnemius, plantaris,
soleus, extensor digitorum longus, and tibialis anterior proved most amenable to the
technological advances in experimental modalities of the second half of the 20" cen-
tury. However, in wvivo electroporation into these larger muscles of the lower limb
requires surgical exposure of underlying muscle and /or high voltages to penetrate the
thick muscle bundles. This results in inefficient gene transfer and confounding trauma

in the tissue under study.

The turn of the century marked the experimental debut of another muscle group that
proved even more amenable to voltage clamp and current studies |[Friedrich et al.,
1999]. This group, consisting of the flexor digitorum brevis (FDB) and interosseous
(IO) muscles, is located on the plantar surface of the mouse paw, and the use of
FDB and IO continues the trend of employing more distal and smaller muscles (Fig-
ure 1.1C). In 2009, DiFranco et al. [2009] took advantage of the smaller size and
superficial anatomical location of FDB and IO by engineering an in vivo electropo-
ration method for gene transfer into this muscle group (Figure 1.1D). This highly
efficient gene transfer technique has enabled them to perform protein-level analy-
sis of key components of excitation-contraction coupling and represents a significant
step towards understanding the protein-level dynamics of electrophysiological events.
In the present study, we have advanced this methodology to enable transcript-level
GRN experimentation, in order to test putative cis-regulatory modules of key genes

controlling the response to nerve injury in adult skeletal muscle.

The relatively superficial location of the FDB and 10 muscle groups allows for subcu-
taneous access to the muscle tissue, via small-diameter needles, for both introduction
of DNA solution and electrode placement. Furthermore, the compartment of the
plantar surface of the mouse paw can accept a volume up to 25n1L; we have con-
firmed that a subcutaneous injection of 10 pL. of a reporter DNA solution is sufficient
to fully bathe the FDB/IO muscles. Small-diameter acupuncture needles serve as
electrodes, which are placed subcutaneously at the toe line and at the heel at the

plantar surface of the mouse paw. Much like the gel in an electrophoresis assay, the
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FDB and IO muscles lie longitudinally between the two electrodes (Figure 1.1D).
Once voltage is applied, the current travels along the entire longitudinal plane of the
FDB/IO muscle bundles. The result is uniform muscle coverage of both DNA solu-
tion and the applied current. We have found that the FDB and 10 of one mouse paw

from a 2.0 to 4.0-month-old mouse consistently yields at least 0.5 pug of total RNA,

which is sufficient for both RNAseq or QRT-PCR assays.

The FDB and IO muscles are innervated exclusively by tributaries of the sciatic nerve,
as are the classically studied skeletal muscles of the hind limb used for denervation
experiments. Therefore, sciatic nerve resection can remain as the method of choice
to induce the denervation response. In addition, FDB and IO muscles share the same
fiber type composition as the classically studied muscles used for denervation studies.
They are all typellB-fiber-type dominant or fast-twitch muscles. This is important
to ensure that we can build upon prior knowledge obtained from denervation studies

in the classically studied fast-twitch muscles.

1.2 Gene regulatory networks of limb skeletal muscle

in the embryo and adult

Skeletal muscles of the head, body and limb have distinet embryonic and cellular
origins. The trunk and limb muscles are derived from the paraxial mesoderm and
the muscles of the head originate from pre-chordal and pharyngeal head mesoderm.
The myogenic regulatory factors (MRFs): myf5, myoD, myf6, and myogenin, eventu-
ally direct the determination and differentiation transcriptional programs of striated
skeletal muscle. However, different regulatory circuits control the deployment of the
MRFs in these different anatomical regions. The next level of regulatory circuit de-
ployment, following primary determination and differentiation of skeletal muscle (i.e.
embryonic myogenesis), involves establishing the future metabolic and contractile and

regenerative properties of the muscles of specific anatomical compartments (i.e. fetal
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myogenesis). Finally, during post natal development the regulatory circuitry gets
further refined by inputs from innervating motor neurons. In essence, the underlying
core genomic regulatory apparatus for striated skeletal muscle is partially revealed as
we determine the input receiving capacity of each network-associated gene as it en-
counters varying regulatory states throughout development and into adulthood. We
will highlight some of the regulatory circuitry that governs hind limb skeletal muscle
development in fast-twitch muscle (i.e. the predominant muscle type of the mouse
hind limb) to provide a context from which to better frame the regulatory logic that
directs the denervation response in the adult skeletal muscle. Our attention will even-
tually focus specifically on myogenin and its down-regulation after the first week of

skeletal muscle denervation.

1.2.1 Regulatory circuitry during delamination and migration

of progenitor cells to the limb bud

The limb musculature develops from progenitor cells that delaminate from the hy-
paxial region of the dermomyotome and and migrate to the limb bud. During the
migration to the limb bud these progenitor cells proliferate, but do not yet differen-
tiate. At this time they do not yet express MRFs or muscle specific proteins. The
regulatory circuitry active at this point involves expression of sizl /4, eyal/2, paz3,
c-Met, Ibzl, and gabl in the migrating progenitor cells, along with hepatocyte growth
factor (HGF), secreted from neighboring tissues. Loss of function experiments con-
firm that Six1 and Six4 control expression of paz3 |Grifone et al., 2005] and that Pax3
partially regulates c-Met [Bober et al., 1994, Goulding et al., 1994, Tajbakhsh et al.,
1997, Relaix et al., 2004, 2005]. The progenitor cells are unable to undergo normal
delamination or migration without Six1/4 and Pax3. Pax3 also controls expression
of the homeobox-containing transcription factor ladybird,lbz1, and when [bz1 is in-
activated, progenitor cells cannot migrate to the limb bud [Schéfer and Braun, 1999,

Gross et al., 2000, Brohmann et al., 2000]. c-Met is a tyrosine kinase receptor for
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HGF and Gabl functions in the signaling cascade downstream of c-Met and HGF
When gabl or hgf is mutated, no muscles are formed in the hind limb [Sachs et al.,
2000, Dietrich et al., 1999]. The regulatory circuitry at this point, from approximately
embryonic day 9.0 (E9.0) to 11.0 (E11.0) in the hind limb, centers around facilitating
delamination, proliferation and migration while preventing activation of the myogenic

differentiation program (Figure 1.2).

Delamination & Migration

Six1/4, Eyal/2 IHgf

=0s sy |

x

_Ic-Met._ Gabl

5 G

c-Met  Lbxl

¥

l Migration to limb bud

Figure 1.2: Progenitor cell regulatory subcircuit during delamination and migration
to hind limb (E9.0 to E11.0). The myogenic differentiation program is not yet ini-
tiated until the progenitor cells reach the limb bud. Hgf/C-Met/Gabl are part of
a signaling mechanism that guides migration. Colored circles represent proteins of
a signaling pathway and solid arrows connecting the circles represent the signaling
hierarchy. Solid lines indicate a direct cis interaction and dotted lines indicate an
indirect interaction.
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1.2.2 Regulatory circuitry of hind limb muscle development

in the embryo

Once progenitor cells reach the hind limb, signaling from sonic hedgehog (Shh) and
bone morphogenetic protein 4 (BMP4) contribute to activation of the MRFs and the
myogenic program |Kriiger et al., 2001|. sizl/4, meoz2, paz3, myf5, myf6, myoD
and myogenin are expressed in the progenitor cells along with regulatory co-factors
(e.g. E-proteins, PBX/Meis, Eyal/2 and Mef2C) which comprise the regulatory cir-
cuitry driving primary myogenesis in the hind limb. Mutations in the homeobox gene
meoz2 results in partial loss of muscle in the hind limb and down-regulation of paz3
[Mankoo et al., 1999]. Six1/4 and Pax3 can directly activate myf5 expression and
myf5 is the first of the MRFs to be expressed in the primary limb musculature [Gior-
dani et al., 2007, Bajard et al., 2006]. Shortly thereafter myoD followed by myogenin
and myf6 are expressed. Six1/4 along with co-activators Eyal /2 can directly acti-
vate myf5 once in the hind limb, whereas only Pax3 directly activated myf5 in the
dermomyotome. Mutation of meoz2 has no effect on myoD expression, while it does
directly and indirectly affect par3 and myf5 expression, respectively. In fact, myoD
appears to be the primary MRF directing the myogenic program in hind limb muscle
as evidenced by normal myogenesis in hind limb in myf5:myf6 double mutants. In
contrast, in the somites, activation of the myogenic program is delayed in myf5:myf6
double mutants [Kablar et al., 1997]. Similarly, a distinct regulatory circuitry directs
the temporal activation of MRFs in the trunk versus the hind limb. In the trunk,
Myf6 is sufficient to direct normal myogenesis in the absence of myoD, since they
are expressed at overlapping time points, whereas myogenesis is delayed in the hind
limb of mutant myoD embryos, from E11.5 to E13.5, until myf6 is expressed and can
rescue the phenotype [Kablar et al., 1997]. Shh is thought to function in maintenance
of expression of MRFs and expansion of embryonic myoblasts. Shh mutants display
severe deficiencies in hind limb muscles and also result in reduced expression of bmp4.
in vitro studies on explants from Shh mutant embryos showed that treatment with

exogenous BMP4 increased the number of primary myotubes [Kriiger et al., 2001].
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These experiments suggest a regulatory hierarchy where Shh up-regulates bmp4 and
together they support the activation of the myogenic program towards the formation
of primary myotubes in the hind limb. The primary muscle fibers express two con-
tractile fiber types: fast embryonic myosin heavy chain (eMyHC) and slow MyHC}.
The regulatory circuitry at this point, from approximately E11.0 to E13.5, is centered
around activation of the myogenic program and differentiation of embryonic myoblasts

to primary myofibers with specific contractile properties (Figure 1.3).

Hind limb embryonic myogenesis

> Shh
i
Six1/4, Eyal/2
I [’------------""-1 -------------------------- ===y
et 1 i e R ety 1 1
__Ll’ ! '
Bmpd = VAVt ...
il Meox2 Pax3 n H
PEEE R e
I (N 1
I Ll i LN

Myf5 [Myogenin Myf6 | MyoD

I Primary myoﬁher }‘7

Figure 1.3: Embryonic Myogenesis. Once in the limb bud embryonic myoblasts ac-
tivate the myogenic program. The white circle represents a signaling protein, Shh,
acting to activate its target genes via signaling. The end result of this regulatory
subcircuit is the primary myofiber. Solid lines indicate a direct cis interaction and
dotted lines indicate an indirect interaction.

Fetal myoblasts which differentiate into secondary myotubes or myofibers during fetal
development (E14.5-E17.5), follow a similar regulatory circuitry in terms of the de-
ployment of MRFs along with their regulatory co-factors (e.g. E-proteins, PBX /Meis

and Mef2C). Together the MRFs and co-factors initiate the myogenic program in fetal
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myoblasts. However, paz7, as opposed to paz3, now helps to drive the differentiation
regulatory program towards secondary myofiber formation [Hutcheson et al., 2009b].
paz7 activates the myogenic program via myoD |Relaix et al., 2006]. myf5 activates
the myogenic program independently of paz7. This is in contrast to the regulatory
dynamic during embryonic myogenesis, where paz3 regulated myf5 and myf6, but
not myoD (Figure 1.3). It has been postulated that the regulatory program of fe-
tal myoblasts is held at bay during the embryonic phase of muscle differentiation by
signaling molecules, such as transforming growth factor beta (TGF/3) or -catenin,
which inhibit fetal myoblasts from differentiating, but not embryonic myoblasts dur-
ing embryonic myogenesis [Cusella-De Angelis et al., 1994, Hutcheson et al., 2009a].
Secondary myofibers of the hind limb express eMyHC and perinatal MyHC. As is the
case with primary myofibers, the contractile properties of the secondary myofibers
at this point, as determined by the expression of different types of MyHC, occurs
independently of nerve input. This suggests that the metabolic properties of the de-
veloping muscle fibers are encoded in the regulatory genome and, thus, potentially

accessible to GRN analysis and discovery (Figure 1.4).

Satellite cells begin to appear midway through the fetal development phase. They
take their place between the basal lamina and the developing myofibers and activate
their myogenic program at this time. The regulatory circuitry of satellite cells of the
hind limb is as Figure 1.4. They are paz7 positive and activate myoD to initiate
myogenesis. As with fetal myoblasts, TGF /3 is implicated in maintaining satellite cells
in the proliferative state at the start of fetal myogenesis. A possible explanation as to
why they do not begin to differentiate in parallel with fetal myoblasts is that they pos-
sess a sensitivity to a different set of inhibitors of differentiation than fetal myoblasts.
Platelet derived growth factor (PDGF) was found to function in this manner during
muscle development in chick [Yablonka-Reuveni and Seifert, 1993]. Once differenti-
ated, satellite cells contribute significantly to the future adult myofiber population
until the late post natal period when skeletal muscle development is complete|Zhang

et al., 1998]. Once in adult muscle, satellite cells are quiescent. Quiescent satellite



13

Hind limb fetal myogenesis

Six1/4, Eyal/2

b

S

Pax7

TR (M

Myf5 Myogenin Myf6 MyoD

Secondary myoﬁherl“_

Figure 1.4: Fetal Myogenesis. Pax7 now guides the myogenic program towards sec-
ondary myofiber formation via myoD. Myf5 can also activate the myogenic program
indepently of Pax7. The Six/Eya transcriptional complex directly regulates Myf5.
This is also the regulatory circuitry used by satellite cells once they activate the myo-
genic program midway through the fetal development stage. Solid lines indicate a
direct cis interaction and dotted lines indicate an indirect interaction.
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cells remain paz7 positive, but no longer express myoD. Interestingly, paz7 loss of
function studies have demonstrated that Pax7 is only required to activate the myo-
genic program via myoD up to post natal day 21.0. After day 21.0, satellite cells are
still able to activate the myogenic program in the absence of paz7 [Lepper et al., 2009].
The regulatory molecules responsible for activating the myogenic program of satellite
cells after 21.0 days of post natal development have not been identified, but possible
candidates include the Six family and, depending on the stimulus for regeneration
of muscle, possibly direct-acting cytokines or hormones that up-regulate myf5, myf6,
or myoD. By this time in skeletal muscle development, the regulatory circuitry has
elegantly directed waves of proliferation and differentiation programs in embryonic,
fetal, and satellite progenitor cells, respectively. Now that the skeletal muscle bun-
dle is structurally and metabolically enabled, and its future regenerative capacity, via
satellite cells, secured; innervation of the muscle bundle provides the major regulatory

input to further advance the functional capacity of mammalian skeletal muscle.

1.2.3 Regulatory circuitry of adult hind limb muscle

Peri and post natal development is characterized by a down-regulation of the myogenic
program and establishment of fiber-type specificity. The latter is driven by innervat-
ing slow and fast firing motor neurons. The MRFs, with the exception of myoD, are
down-regulated, since further differentiation is what is called for at this stage and not
further proliferation of progenitor cells. Msy3 and its co-binding factor, Pbx, along
with Daschund 2 (Dach2) directly work to repress myogenin in innervated skeletal
muscle [Berghella et al., 2008, Tang and Goldman, 2006]. myoD is expressed at a low
level in innervated muscle, regulated in part by the Six/Eya complex [Laclef et al.,
2003] (Figure 1.5). The slow and fast firing motor neurons that innervate the muscle
fibers during this developmental phase, assist in stimulating the replacement of embry-
onic and fetal isoforms of the MyHC contractile proteins with the adult isoforms. In

rodents, the major MyHC fiber-types of fast-twitch muscle are: IIA, IIX/D, and 1IB
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[Zhang et al., 1998, Schiaffino and Reggiani, 1994]. TypelIA is the slowest fiber-type
in fast-twitch muscle and 1IB is the fastest. They are characterized by oxidative and
glycolytic metabolism, respectively. Metabolic enzymes associated with glycolytic
metabolism include phospho-fructo kinase (Pfk) and muscle specific enolase (Mse)
(Figure 1.5). These enzymes are first expressed in secondary myofibers [Barbieri
et al., 1990|. The Six/Eya transcriptional complex positively regulates the fast-type
transcritional program |Grifone et al., 2004, Richard et al., 2011]. The neuronal input
is conveyed to the transcriptional machinery of the muscle via calcium-dependent sig-
naling following excitation-contraction coupling. Hdac4 is a key molecule connecting
nerve activity to muscle transcription, as will be discussed in the next section [Cohen
et al., 2007]. In an innervated muscle, calcium influx activates calcium-dependent
kinases, which phosphorylate Hdac4 and send it out of the nucleus [McKinsey et al.,
2002, Liu et al., 2005] (Figure 1.5). In addition to influencing fiber-type, innervation
also maintains muscle mass and plays an important role in forming the neuromuscular
junction in adult muscle. The latter we will discuss in further detail below and in

Chapter 3.

1.2.4 Regulatory circuitry of denervation response in adult

fast-twitch hind limb muscle

Upon denervation of fast-twitch muscles (i.e. MyHCIIB dominant) of the hind limb,
calcium influx into the muscle fibers decreases and Hdac4 gets dephosphorylated and
shuttled to the nucleus. Once in the nucleus, Hdac4 and its co-factor, Mef2, helps to
set in motion a series of regulatory events that characterize the first 7.0 days following
denervation, which I will refer to henceforth as the early denervation response (Figure
1.6). Hdac4/Mef2 functions to repress pfk, mse, and myhclIB transcripts, which in
turn represses the glycolytic and fast-twitch characteristics of the muscle bundle,
respectively. This results in the muscle assuming the metabolic characteristic of the

remaining fiber-types, such as MyHCIIA in Figure 1.6. This is indeed indicative of
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Fast-twitch adult muscle: Innervated
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Figure 1.5: Adult fast-twitch innervated muscle is characterized by inactivity of the
myogenic program and robust expression of myhclIB (i.e. fast-twitch fiber-type) and
pfk and mse (i.e. glycolytic enzymes). This regulatory state is influenced strongly
by nerve input. All gene names in bold text represent actively expressed genes. The
Six1/4,Eyal /2 transcriptional complex contributes to the robust expression level of
myhellB and also to low-level myoD expression. Dach2 and Msy3/Pbx contribute to
down-regulation of myogenin in innervated muscle. myhcIIA and myoD are colored in
an intermediate shade to indicate low to intermediate levels of expression for these two
genes in innervated muscle. The calcium influx in innervated muscle fibers maintains
Hdac4 phosphorylated and in the cytoplasm (i.e. not able to regulate its denervation-
associated target genes). Solid lines indicate a direct cis interaction and dotted lines
indicate an indirect interaction. Satellite cells are quiescent during this state and
only become activated following a trauma or other degenerative stimulus that requires
muscle regeneration.
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a fast-twitch transcriptional program driven by fast-firing motor neurons. runzl is
activated following denervation and functions to sustain transcription of mychlIIA,
an aforementioned slow-type contractile protein; keratin-typel cytoskeletal 18 (krt1-
18), which links sarcomeric Z-lines with M-lines; and acetylcholine receptor subunit
gamma (chrng), which is a subunit previously only expressed in pre-innervated late
fetal and post natal muscle [Wang et al., 2005, Ursitti et al., 2004]. By acting in this
manner, runzl functions to maintain muscle fiber structural integrity and possible
re-innervation capacity in the fibers that remain. Also, as can be appreciated in
Figure 1.6, by repressing dach?2, Hdac4/Mef2 de-represses myogenin and indirectly
activates all of the target genes of myogenin [Tang et al., 2009]. These target genes
include myoD, which inturn activates itself and myogenin [Berkes et al., 2004]; fbzo32
and trim63, which are both E3-ubiquitin ligases that are responsible for the protein
degradation events that characterize neurogenic atrophy [Bodine et al., 2001, Moresi
et al., 2010]; the acetylcholine subunit receptor genes alpha (chrna), gamma (chrng),
and delta (chrnd) |[Burden, 1977b]; and muscle specific kinase (musk). These four
genes at the bottom right corner of Figure 1.6 represent components of the regulatory
subcircuit of the developing neuromuscular junction, last activated during peri and

post natal development [Burden, 1977b, Mazhar and Herbst, 2012].

Comparison of the different regulatory networks governing myogenesis, not only at
different anatomical regions, but during the different phases of skeletal muscle de-
velopment in cells of the same region, indicates an elegant regulatory design that to
date is not well understood. A dedicated approach to functional testing of cis-acting
regulatory sequences for key regulatory molecules is needed to interweave the current
knowledge pertaining to the many GRNs governing skeletal muscle biology during
development and during physiological response in the adult. In the present study
we will infroduce an stable, efficient, cost effective, short time to assay and biologi-
cally relevant gene transfer technique for functional testing of cis-acting regulatory
sequences. We will focus on myogenin and its transcriptional down-regulation during

the late phase of the neurogenic atrophy response.
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Figure 1.6: Denervation response of adult skeletal muscle out to 3.0 days after den-
ervation (i.e. early phase). A decrease in intracellular calcium results in the de-
phosphorylation of Hdac4 and it gets shuttled into the nucleus to repress and acti-
vate many regulatory subcircuits including metabolic, neuromuscular junction, and
neurogenic atrophy programs (see text). Solid lines indicate a direct cis interaction
and dotted lines indicate an indirect interaction.
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Chapter 2

Functional testing of the
myogenin-highly conserved cis-acting
element (HCE) during late phase
neurogenic atrophy using a new
model for functional cis-regulatory
analysis n vivo

2.1 Introduction

Following denervation, fast-twitch skeletal muscles undergo a shift in their transcrip-
tional program which results in a switch to slow-twitch dominant muscle fibers, ox-
idative vs. glycolytic metabolism, activation of MRFs, and neurogenic atrophy [Tang
et al., 2009]. myogenin is a key MRF that drives the neurogenic atrophy-response in
denervated muscle by directly activating fbro32 and trim63, the E3 ubiquitin ligases
responsible for the protein degradation that characterizes atrophied muscle [Bodine
et al., 2001, Moresi et al., 2010]. Figure 1.6 summarizes the transcritptional events
of the early denervation response. However, while there is a rapid up-regulation of
myogenin and, subsequently, of fbro32 and trim63 in the first 3.0 days following

denervation, the transcriptional expression of myogenin, fbxo32, and trim63 actually
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begins to decreases after peak expression at 3.0 days ([Moresi et al., 2010| and our
own data). We describe the first 3.0 days after denervation as early phase neuro-
genic atrophy and the time period after 3.0 days as late phase neurogenic atrophy.
In innervated muscle, the Msy3/Pbx complex along with Dach2 have been shown to
repress myogenin [Berghella et al., 2008, Cohen et al., 2007| (Figure 1.5). We sought
to test whether the myogenin-highly conserved cis-acting element (HCE) site was
responsible for the down regulation of myogenin at time points greater than 7.0 days
after denervation. In addition, we denervated the hind limb of msy3~/~ and msy3 =/~
mice to confirm that Msy3 is acting in trans to down-regulate myogenin during late

phase neurogenic atrophy.

We functionally test the myogenin-HCE utilizing a dedicated approach to uncovering
the GRNs underlying the physiological response to nerve injury in adult mouse skele-
tal muscle. First, we overcome the confounding tissue trauma incurred by existing
gene transfer techniques into adult skeletal muscle. We accomplish this by utilizing
a minimally-invasive electroporation method to transfect the flexor digitorum bre-
vis (FDB) and interosseus (I0) muscles |[DiFranco et al., 2009]. FDB and IO, like
most classically studied muscles of adult mouse, are fast-twitch muscle fibers. As
discussed previously, their anatomical size and location make these muscles an ideal
model system for both physiological and molecular level investigations. Second, we
demonstrate robust and quantifiable gene transfer of both plasmid (approximately
5kbp to 11 kbp) and BAC DNA (approximately 140 kbp to 240 kbp) reporter vectors
to test candidate cis-regulatory DNA sequences. The ability to use BAC reporter
DNA constructs for in vivo functional cis-regulatory analysis in adult skeletal mus-
cle increases (by >100-fold) the potential for capturing cis-acting regulatory events.
Another advantage of our skeletal muscle nerve injury model is that the time from
gene transfer to muscle assay is only two weeks; an improvement in time-to-assay on
the order of months, compared to transgenesis. While this study describes a means
for elucidating GRNs underlying the response of skeletal muscle to nerve injury, our

approach can also be applied to any adult mouse muscle disease model.
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2.2 Results

2.2.1 Gene transfer of plasmid and BAC DNA towards func-

tional testing of cis-regulatory modules

For plasmid DNA experiments, we utilized a previously validated functional CRM
of the myogenin gene from our laboratory to drive a fluorescent reporter in FDB
and 1O muscles of 2.0 to 4.0-month-old C57bl/6 mice [Berghella et al., 2008]. We
observed reproducible reporter gene signal across technical and biological replicates
as determined by QRT-PCR; robust signal as early as 5.0 days status post gene
transfer and extending out to at least 270 days; and transfection efficiency of 65 %

(Figure 2.1A and 2.1B).

Co-transfection, at different ratios of DNA, of a CRM-driven reporter construct with
a constitutively active promoter-driven reporter construct produced robust signals

proportional to the ratio of transfected DNA (Figure 2.2).

For the BAC DNA experiments, we re-combineered reporter DNA sequences into the
first exon of the myosin binding protein H (mybph) and myogenin genes [Warming
et al., 2005|. BAC DNA was linearized prior to transfection into FDB and IO muscles.
Strong signal was observed at 5.0 days status post transfection, compared to controls
(Figure 2.3A and 2.3B). Co-transfection of BAC DNA with plasmid DNA resulted in
strong signal from both constructs, yet in accordance to molar equivalent amounts of
transfected DNA (Figure 2.3C and 2.3D). The capacity of our gene transfer method
to co-transfect experimental and transfection control reporter plasmids and BACs in
a reliable, reproducible, and efficient manner is absolutely essential for qualitative

and quantitative measurements of candidate CRM or CRE activity.
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Figure 2.1: Reproducible, stable, and efficient gene transfer. (A) cmv-ie-driven
mCherry reporter plasmid (15.0 ng) was transfected into FDB and IO and total RNA
harvested at 14.0 days. Six mice underwent mock denervation surgery and five mice
underwent sciatic nerve ressection. Ct (crossing threshold) is consistent across bi-
ological replicates. (B) Confocal image of FDB expression of functional CRM of
myogenin-driven-H2B-Egfp plasmid (20.0 pg) at 22.0 days after gene transfer. Simi-
lar results have been obtained out to 270 days (data not shown). 40x oil immersion
objective Confocal image. Transfection efficiency was 65 % as determined by the ra-
tio of cmv-ie-H2B-mCherry nuclei to total number of DAPI stained nuclei (data not
shown).
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Figure 2.2: Co-transfection of plasmid DNA. FDB and IO were co-transfected with
the functional CRM of myogenin-driven-H2B-Egfp plasmid and cmv-ie-membrane-
mCherry. (A, C) 7.5pg of each construct transfected. (B, D) Co-transfection with
7.5 ng of the functional CRM of myogenin-H2B-Egfp and 1.0 ug of cmv-ie-mCherry.
At five days post gene transfer, signal intensity for each reporter pair is consistent
with ratio amount of DNA transfected. 10x objective Confocal images.
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Figure 2.3: BAC gene transfer and BAC with plasmid DNA Co-transfection. (A)
linearized mybph-mCherry reporter BAC (70.0 ug, 140kbp). Compare to cmv-ie-
driven membraneCherry reporter plasmid DNA (7.5 pg, 6.0kbp) in (B). 10x Confocal
image. (C,D) linearized mybph-mCherry BAC (60.0 ng), co-transfected with cmv-
Egfp plasmid DNA (15.0 pg). 40x Confocal image. All images feature FDB.
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2.2.2 Testing the myogenin-highly conserved cis-regulatory el-

ement (HCE) for regulatory activity at 10.0 days follow-

ing denervation

We cloned the 1.1 kbp mutated and wild-type CRM of myogenin from Berghella et al.
[2008] into a pCDNA (Invitrogen, Life Technologies) vector backbone containing a
cytoplasmic EGFP reporter. We utilized a cmv-ie-mCherry (gift from Periklis Pan-
tazis) plasmid as a transfection control. FDB and IO muscles (n=8.0 mice, 4.0 each
per wild-type and mutant myogenin 1.1 kbp construct: 2.0 mice for mock surgery and
2.0 mice for denervation surgery) were co-transfected with 30.0 pg of wild-type or mu-
tant construct and 15.0 ug of the transfection control construct. Seven days following
transfection, we performed either mock surgery or denervation surgery; muscles were
harvested ten days after surgical procedures (see Methods). Moresi et al. [2010] have
reported that myogenin levels decrease by 3-fold in fast-twitch muscles beginning
at 7.0 days after denervation, from their peak levels at 3.0 days. If the myogenin-
HCE is required for the down-regulation of myogenin, then at 10.0days we should
observe a difference between the wild-type and mutant myogenin reporter constructs
in denervated muscles. Figure 2.4B and 2.4C-bottom panels, demonstrates this
result qualitatively and 2.4D quantifies the mean reporter signal intensity as a 2.4-
fold difference between the wild-type and mutant myogenin reporter constructs in

denervated muscles.

The signal from the wild-type myogenin construct is similar in both mock surgery
muscles (i.e. sciatic nerve intact) and denervated muscles (Figure 2.4B and 2.4D).
This result is expected if the regulatory state of the fast-twitch FDB and IO muscles
at 10.0days following denervation, is as demonstrated in the fast-twitch gastrocnemius
and plantaris muscles of Moresi et al. [2010]. In this case, the wild-type myogenin
construct from denervated muscle is down-regulated as is the case for endogenous myo-
genin after 7.0days. This signal level from the mutant myogenin construct of mock

surgery muscles is similar to that from the wild type myogenin construct. Berghella
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Figure 2.4: Functional testing of myogenin-HCE at 10.0days following denervation.
(A) Contralateral non-denervated control. Non-transfected FDB from the contralat-
eral paw, subjected to 488nm and 543nm lasers (top row: green and red channels;
bottom row: phase images). (B) wild type (wt) myogenin-HCE-Egfp construct in
mock denervated and denervated FDB. (C) mutant (mut) myogenin-HCE-Egfp con-
struct in mock denervated and denervated FDB. In all conditions, 30.0 pg of wt or
mut myogenin-HCE-Egfp reporter plasmid DNA was co-transfected with 15.0 ng of
cmv-ie-mCherry reporter plasmid DNA. (D) Ratio of mean intensity signal from
Egfp/mCherry reporters. A 2.4-fold up-regulation is noted with the mutant myo-
genin-HCE construct in denervated muscle compared to the wild type myogenin-HCE
construct. (E) Schematic of neurogenic atrophy rate. Blue line represents normal rise
and fall in rate of atrophy and dotted line represents effect of continued myogenic
expression on rate of atrophy at 10.0 days. n = 2 mice per condition. 40x Confocal
images of FDB muscle featured above. ImageJ software utilized to analyze reporter
signal from FDB and I0. 10.0 z-stacks analyzed per animal.
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et al. [2008|, demonstrated an increased signal from the mutant myogenin construct
in innervated muscle when compared to the wild type myogenin construct. This
discrepancy can be due to the fact that their result was obtained from a transgenic
mouse, with more regulatory sequence present to impart a regulatory effect. Also,
their data was from a 3.0 day denervated time point, when myogenin expression lev-
els are at their peak ([Moresi et al., 2010] and our own data) and thus subject to a
different regulatory state than our reporter constructs. Undoubtedly, we require a
finer temporal profile for endogenous myogenin and reporter construct data in FDB

and IO to de-convolve our current results.

2.2.3 Denervation of of hind limb in the absence of Msy3 at

17.0 days after denervation

During this time, we also set out to determine if Msy3 is required, in trans, to down
regulate myogenin at time points greater than 7.0 days after denervation. Specif-
ically, neurogenic atrophy, which is mediated by myogenin, plateaus by 17.0 days
after denervation in tibialis anterior (L. Berghella, personal communication). We
denervated msy3—/~ and msy3~/~ mice and harvested tibialis anterior muscles at
17.0 days. We then measured the endogenous levels of myogenin, myoD, and fbro32

(a.k.a. atrogin-1) for each genotype (Figure 2.5).

This data confirms that Msy3 is required for the down-regulation of myogenin at
17.0 days following denervation. myoD has a candidate Msy3 site located 35kbp
upstream of its coding region and may also require Msy3 for down-regulation of its
transcript at time points greater than 7.0 days after denervation [Berghella et al.,
2008, Moresi et al., 2010]. The continued up-regulation of fbzo32 is in accordance
with it being a regulatory target of myogenin [Moresi et al., 2010]. Since fbzo32 is
a known mediator of skeletal muscle atrophy, then we would expect that we would
also see a continued atrophy phenotype in the denervated muscles. Morphometric

analysis on cross-sectioned muscle tissue from denervated msy3~/~ and msy3+/~ mice
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Figure 2.5: Endogenous gene expression at 17.0 days after denervation in msyé"f -
and msy3*/~ mice. (A) myogenin. (B) myoD. (C) atrogin (ak.a. fbzo32). Columns
represent relative expression levels normalized to gapdh. Contralateral non-denervated
leg was used as control. In the absence of Msy3, endogenous myogenin, myoD, and
atrogin levels remain elevated. n = 3. Data from tibialis anterior muscle.
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revealed more progression of the atrophy phenotype (i.e. smaller diameter fibers) in

the msy3~/~ mice than in the msy3*/~ mice (Figure 2.6).

These results identify the Msy3 protein as the trans-acting factor necessary for down-
regulation of myogenin at 17.0 days after denervation. Our gene transfer experiment
assayed at 10.0 days, provides evidence that the myogeninHCE site is the cis-acting
regulatory partner for Msy3. Together they mediate the down-regulation of myogenin
that is necessary to mediate the neurogenic skeletal muscle atrophy response. If
either of the regulatory pair is absent, myogenin continues to be expressed and, by
default, the regulatory effect on its target genes also continues resulting in a prolonged

neurogenic atrophy regulatory state.

2.3 Discussion

Our ability to define the Gene Regulatory Networks (GRNs) underlying physiological
events in adult skeletal muscle in vivo has been limited by the shortage of efficient
and reliable experimental modalities in the muscles studied to date. In the case of
nerve injury studies, many key differentially expressed genes have been identified
and protein level interactions characterized via descriptive studies, but relatively few
studies attempt to understand the cis-regulatory architecture encoding the expres-
sion of these denervation-associated genes |[Berghella et al., 2008]. One of the most
significant obstacles to understanding how GRNs govern physiological events in adult
skeletal muscle has been the lack of an efficient, robust, and reproducible method for
gene transfer in vivo. Transgenesis has proven to be the most effective method for in
wiwovalidation of cis-regulatory sequences in mouse, but making a transgenic mouse
is costly and suffers from significant time-to-discovery as well as a limited scope, since

only one or two regulatory sequences can be studied at a time.

In this study, we lay the foundation for the discovery of GRNs in adult skeletal muscle

following nerve injury. We propose flexor digitorum brevis (FDB) and interosseous
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Figure 2.6: Increased neurogenic atrophy in denervated msy3~/~ mice at 17.0 days.
(A) Cross-section of contralateral non-denervated control and denervated muscle in
msy3~/~ and msy3*/~ mice. Individual muscle fibers bordered by immuno-stain for
laminin. Yellow outline of individual fibers in cross section superimposed to assist
visualization. After 17.0 days of denervation, the overall diameter of each muscle
fiber in denervated msy3~—/~ mice is smaller than in denervated msy3*/~ mice 17.0
days after denervation. (B) Morphometric analysis of fibers in (A), measuring overall
diameter size of each fiber for contralateral non-denervated control and denervated
muscle from each mouse genotype. msy3*/~ = blue and msy3~/~ = red. n=2. Data
from tibialis anterior muscle.
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(IO) muscles as an ideal ‘model system’ for functional cis-regulatory analysis of can-
didate GRN target genes. The FDB/IO muscle fibers are fast-twitch, as are the clas-
sically studied muscles of the adult mouse denervation paradigm. Thus, the findings
of prior studies are directly applicable and can be used to refine future cis-regulatory
and perturbation studies in FDB and 10O. Similarly, many excitability and excitation-
contraction studies are now focusing on FDB and 10 [Friedrich et al., 1999, DiFranco
and Vergara, 2011|, laying the foundation for a comprehensive knowledge-base for

adult mouse fast-twitch muscle fibers in the coming years.

We adapted, extended, and further characterized the minimally-invasive, highly-
efficient gene transfer method of DiFranco et al. [2009] to include functional cis-
regulatory analysis and co-transfection of both plasmid and BAC DNA. The minimally-
invasive technique avoids the confounding trauma associated with gene transfer into
the larger muscles of the lower hind limb. In addition, the physical dimensions of
the FDB and 10 muscles and the plantar compartment of the mouse paw are ideal
for complete coverage with DNA in solution and for relatively uniform passage of
electrical current down the length of entire muscle bundles. Using this method, we
achieve a sufficiently robust and stable transfection efficiency to enable both image-
based and QRT-PCR quantification of reporter signal. We applied our method to
discover a possible direct causal regulatory role for Msy3 and the HCE of myogenin
in the context of regulating the late neurogenic atrophy response. Specifically, mutat-
ing the myogenin-HCE resulted in up-regulation of reporter signal compared to the
wild-type HCE sequence at ten days following denervation. Increased expression of
myogenin has been implicated in initiating the neurogenic atrophy response in skele-
tal muscle following denervation. However, this atrophy response begins to wane after
approximately seven days. In our assay, the reporter signal driven by the mutated
HCE remained strong following denervation at 10.0days. Msy3 is thought to bind the
HCE site in innervated muscle |Berghella et al., 2008]. When endogenous myogenin
expression was assayed 17.0 days following denervation in msy3~/~ mice, transcript

levels were up-regulated compared to msy3+/~ mice, reinforcing the result of our gene
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transfer assay, and providing evidence that the down-regulation of myogenin in the
weeks following denervation is mediated by the interaction of Msy3 and the HCE
site. The increased levels of endogenous myoD and the fact that there is an Msy3 site
located 35 kbp upstream of its coding region makes myoD a candidate for regulation

by Msy3. This myoD site can also be tested in our gene transfer assay.

The use of BAC DNA for transient, yet stable, gene transfer towards n vivo functional
cis-regulatory analysis was not previously possible in adult mouse skeletal muscle and
provides several advantages. First, BAC DNA allows testing for cis-regulatory ac-
tivity in a more biologically relevant chromosomal environment (i.e. approximately
100-fold more intragenic DNA than with plasmid DNA). BAC versions of the myo-
genin constructs utilized in our preliminary experiments can aid in resolving our
current results in this manner. Second, by utilizing BAC re-combineering techniques,
functionally validated cis Regulatory Modules (CRMs) or cis Regulatory Elements
(CREs) can be perturbed singly and in combination, to further resolve the underlying
cis-regulatory architecture. The relatively short time-to-assay of this gene transfer
method, in combination with the aforementioned advantages, brings functional cis
regulatory analysis in adult skeletal muscle closer to the cutting-edge GRN bioscience
modalities of the 21%" century. This same gene transfer technique may now be used
with other modern GRN molecular tools for CRM testing, including CRM-bar coded
sequence tags [Nam et al., 2010 or trans-acting molecules, such as mRNA silencing
constructs. While this study describes a means for elucidating the GRNs underlying
the skeletal muscle response to nerve injury, the approach can also be applied to any

adult mouse muscle physiological response or disease model.
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2.4 Materials and Methods

2.4.1 Plasmid and BAC DNA constructs

Plasmid DNA Egfp reporter constructs were made by cloning out the 1.1kbp myo-
genin HCE sequence from the pFMYOwt LacZ and pFMY Omut LacZ from [Berghella
et al., 2008 and inserting into pCDNA vector containing an EGFP reporter. The
1.1 kbp myogenin regulatory sequence had the 17.0bp sequence of the HCE scram-
bled compared to wild-type. A Hpal restriction site was included in the scrambled
sequence to allow for distinguishing from wild-type construct upon cloning verifica-
tion. The cmv-ie-mCherry transfection control plasmid was generated by cloning out
the membrane localization sequence from the parent pCS-cmv-ie-membrane-mCherry
plasmid (a gift from Periklis Pantazis). The removal of the membrane localizing se-
quence to generate cmv-ie-mCherry was sequence verified by Laragen, Inc. BAC con-
taining myogenin and BAC containing mybph were ordered from Childrens Hosptial
Research Institute, Oakland, Ca. Reporter constructs for mCherry and Egfp (a gift
from Julie Hahn). Re-combineering of reporters into BAC DNA was conducted as per
protocol by [Warming et al., 2005]. In all cases of gene transfer into biological repli-
cates, the experimental CRM-driven Egfp reporter was mixed with the transfection

control mCherry reporter and the mixture injected into all biological replicates.

2.4.2 Gene transfer

The left hind limb was used for all experimental samples. A solution containing 2.0
mg/ml hyaluronidase in sterile Tyrode is prepared. Using an anesthetizing box, mouse
is deeply anesthetized using 2.0 % isoflurane in oxygen with an approved gas anesthetic
machine. Animal placed on a heating pad (37C) and anesthesia maintained using a
rodent face mask. Anesthetic depth monitored by toe pinch reflex. Under observation

with a dissection microscope, hyaluronidase injected, 10.0 pL of (2.0mg/ml), under the
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footpads of left paw of the mouse using a 1.0 inch long 33.0 gauge sterile needle. Skin
penetrated at a point close to the heel of the foot and needle advanced subcutaneously
towards the base of the toes, care taken not to advance needle through the epidermal
layer. Anesthesia discontinued and mouse placed in a recovery cage and allowed
to fully recover from anesthesia. After one hour, animal anesthetized for a second
time and placed on heating pad. Following the same procedure described for the
hyaluronidase solution, I injected a total of 45.0 ng for co-transfection of plasmid
DNA or 60.0 pg to 70.0 ug of BAC DNA. The total injection volume should be less
than 25.0 pLL per foot. When 25.0 pL is necessary, it is advisable to close the skin at the
needle entry point with tissue glue. Once DNA was injected, anesthesia discontinued
and mouse placed in a recovery cage and allowed to fully recover from anesthesia.
After 10-15 min animal anesthetized for the third time and placed on heating pad.
One acupuncture needle placed under the skin at heel, and a second one at the base of
the toes. Electrodes are oriented parallel to each other and perpendicular to the long
axis of the foot. The head of the needles (electrodes) were connected to the electrical
stimulator using micro-clip connectors. Muscles electroporated by applying 20 pulses,
20 ms in duration each, at 1Hz. Depending on the spacing of the electrodes, it may
be necessary to adjust the voltage amplitude of the pulses (by monitoring with an
oscilloscope) to vield an electric field of 80 V /cm. No contractions in response to the
stimuli should be observed if the level of anesthesia is adequate. Mouse placed in
a recovery cage and allowed to fully recover from anesthesia. If the procedure went
normally, the animal should regain full mobility within 10 minutes. The injections of
hyaluronidase and DNA in the footpads do not have noticeable adverse effects on the
animals. Once recovered from anesthesia,mice are able to ambulate normally around

the cage.
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2.4.3 Sciatic nerve denervation and mock denervation surgery

7.0 days after gene transfer, mouse is deeply anesthetized using 2.0 % isoflurane in
oxygen with an approved gas anesthetic machine. The animal is placed on a heating
pad (37C) ) and prepared for surgery in accordance with TACUC survival surgery
protocol. An 0.5cm incision is made under observation with a dissection microscope.
For both mock denervated and denervated animals, blunt dissection between muscle
planes is conducted until the sciatic nerve is exposed. It is important to not physically
disturb the sciatic nerve in the mock denervated animals, as any traction on the nerve
can injure the nerve. At this point, the skin incision in the mock surgery animals is
closed with suture and glue and 0.5mg/kg buprenorphine is injected subcutaneously
for pain prevention before the animal wakes from surgery. The denervated animals
undergo resection of a 5.0mm section of the sciatic nerve and then the skin incision is
closed with suture and glue and 0.5mg/kg buprenorphine is injected subcutaneously
for pain prevention before the animal wakes from surgery. 12.0 hours after surgery
the mock and denervation surgery animals are again injected subcutaneously with

0.5mg/kg buprenorphine.

2.4.4 Total RNA isolation

At time of muscle harvest, FDB and IO muscles are dissected and removed from an-
imal. RNAse Zap-treated dissection instruments are used to fragment the dissected
muscle and then the muscles are placed in Trizol reagent and homogenized with
serial passage through 18.0, 19.0, 20.0 and 21.0 gauge needles on a 1.0ml syringe.
Once tissue is homogenized in Trizol, it is placed in dry ice for 20 minutes and then
placed at -80C until time for isolation of RNA. Phase separation of RNA is conducted
via phenol-chloroform extraction and RNA placed in nuclease-free water, treated
with TurboDNase reagent (Ambion) and quantified using Qubit fluorometer (invit-
rogen, Inc.). Total RNA for RNAseq quantification is and left at -80C for processing

by the Millard and Muriel Jacobs Genetics and Genomics Laboratory at Caltech.
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Samples for QRT-PCR are treated with TurboDNase reagent (Ambion) and ¢cDNA
synthesized using BioRad iscript synthesis kit and SYBR reagent. RFP QRT-PCR

primer sequence: RFP-QF: ATGAGGCTGAAGCTGAAGGA and RFP-QR: TG-
GTGTAGTCCTCGTTGTGG; myogeninFOR: GGGCCCCTGGAAGAAAAG; myo-

genin REV: AGGAGGCGCTGTGGGAGT; MYODFOR: GCCCGCGCTCCAACT-
GCTCTGAT; MYODREV: CCTACGGTGGTGCGCCCTCTGC; GAPDHFOR: CGTCTTCAC-
CACCATGGAGA; GAPDHREV: CGGCCATCACGCCACAGTTT; Atrogin F: AT-
GCACACTGGTGCAGAGAG:; Atrogin R: TGTAAGCACACAGGCAGGTC

2.4.5 Imaging

Confocal imaging conducted at Caltech Biological Imaging Center(BIC). Zeiss 510
upright scope used. 488nm and 543nm lasers utilized to excite EGFP and mCherry
reporters, respectively. FDB and IO muscles from the same animal are placed on a
microscope slide and a 1.0micron thick glass cover slip is secured over the muscles
with double sided tape. 30 % glycerol solution is used in between the microscope
slide and the cover slip. Range indicator function used to avoid signal saturation for
each channel and 10.0 regions imaged per muscle all at the same z-slice thickness
and number of slices. Two sets of 10.0 z-stack regions were imaged at 2.55um and
4.78um slice thickness. Signal mean intensities measured using ImageJ software and

autofluoresence and background correction was conducted for all z-stacks.
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Chapter 3

High-resolution transcriptome in
adult skeletal muscle following nerve
injury

3.1 Introduction

In Chapter 2, we focused on how to functionally test the cis-regulatory modules
(CRMs) and cis-regulatory elements (CREs) that interpret the dynamic regulatory
states present in skeletal muscle following nerve injury. In this chapter, we focus on
the regulatory molecules that comprise these denervation associated regulatory states.
Of particular importance are the transcription factors and signaling molecules which
determine gene expression. GRN studies during embryological development in a range
of model systems have provided clear evidence that transcription factors and signaling
molecules are the key molecular drivers for establishing, maintaining, or transitioning
between different regulatory states [Davidson, 2006]. Thus, by knowing the identity
of the full repertoire of candidate regulatory molecules, one can track their temporal

and spatial expression to deduce the kinetics of their regulatory activity.

A deconvolution of the regulatory events following denervation is needed to under-
stand the logic behind the dynamic regulatory states that, until now, have been classi-

fied as ‘denervation’, ‘atrophy’, ‘degeneration’ or ‘regeneration’ -associated responses.
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In fact, these categorizations reveal a generalization that is no longer necessary once a
method for functional cis-regulatory analysis is in place and all differentially expressed
genes known. The cis and trans causal interactions can be determined experimen-
tally and the dynamic interplay of regulatory molecules and regulatory sequences

revealed.

Below, we present a high-resolution transcriptome-wide RNAseq analysis for flexor
digitorum brevis (FDB) and interosseous (I0) muscles at 6.0, 12.0, 24.0, and 168.0
hours post denervation. This is the first transcriptome-wide characterization of time
points less than 24.0 hours for adult skeletal muscles following sciatic nerve resection.
Time points assayed to date using microarray technology have ranged from 24.0 hours
to 3.0 months status post nerve resection. The time points soon after nerve resection
are especially relevant for a GRN-centered study, since the initial changes to the
non-denervated muscle regulatory state likely take place during this time and can
aid in understanding the logic behind gene network regulatory dynamics of later
time points. The added resolution provided by the RNAseq platform, along with
the inclusion of earlier time points, sets the stage for the highest quality and most
inclusive denervation-associated transcriptome to date. Drawing on this work, on
our prior RNAseq studies studies in tibialis anterior (TA) and prior work from the
field, we identify a candidate myoD-associated muscle system-wide transcriptional
regulatory subcircuit that responds to minor muscle trauma in the innervated state;
we identify myf6 as the first denervation-associated myogenic transcription factor to
be expressed as early as 6.0hours and continuing out to 168.0 hours; and we introduce
atoh8, a bhlh transcription factor, as a candidate for mediating the redeployment, in
adult skeletal muscle, of the late embryonic transcriptional subcircuit controlling the
expression of acetylcholine receptor subunit genes at the developing neuromuscular

junction.
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3.2 Results

3.2.1 Differential expression in control vs. mock denervated

muscle (at 6.0, 12.0, 24.0, and 168.0 hours), using RN Aseq

To distinguish the differential gene expression resulting from our surgical procedure
from that resulting from nerve injury, we first determined which genes are differen-
tially expressed following a mock surgery that simulated every aspect of the procedure
except the resection of the sciatic nerve. Briefly, the mock nerve resection surgery
consisted of a 0.5c¢m skin incision at the level of the proximal femur, blunt dissection
between fascia and individual muscle bundles, exposure of sciatic nerve without dis-
turbing the nerve, and incision closure. It is especially important to not physically
manipulate the nerve during this procedure, since any type of traction on the nerve
can result in confounding nerve injury. The FDB and IO muscles of the same mouse
paw were combined for each sample, total RNA isolated, and samples prepared for
the RNAseq platform (see Methods). FDB and IO muscles from non-perturbed mice
were used as controls. Figure 3.1 provides a summary of differential gene expression
between control and mock surgery FDB and IO for all time points assayed. The
systemic nature of the physiological response following the mock surgery of the hind
limb is reflected in the differential gene expression that is detected in the FDB and
IO muscles of the treated limb, since the FDB and IO muscles are located at the
plantar surface of the mouse paw, while the incision and blunt dissection occurred at

the proximal femur.

At 6.0 hours the top 100 differentially expressed up-regulated genes are predominantly
ribosomal proteins and predicted genes (Appendix A:Table 1). At 12.0 hours the top
100 differentially expressed up-regulated genes still consist mainly of predicted genes,
but the ribosomal protein expression is replaced by muscle-specific structural genes
and some cellular proliferation genes (Appendix A: Table 2). The top 100 differentially
expressed genes for 6.0, 12.0, 24.0, and 168.0 hour time points for both control vs.
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mock and mock vs. denervated samples are in the subsequent Tables of Appendix A

and B, respectively.

At the 24.0 hour time point, the differential expression of myoD, foxol, fos, and junB
suggest an interesting regulatory dynamic. myoD, and junB are up-regulated 3.7-fold
and 2.8-fold, respectively (Figure 3.2A and 3.2C). fozol and fos are down-regulated
2.8-fold and 4.8fold, respectively (Figure 3.2B and 3.2D). The temporal expression
patterns we observe correlate well with known interactions between these factors.
Fos and JunB are known to form the AP1 transcriptional complex and also to down
regulate the transcriptional activity of myoD [Chiu et al., 1988, Sassone-Corsi et al.,
1988, Li et al., 1992, Bengal et al., 1992|. Therefore, it is possible that following
physical perturbation to a specific muscle bundle, as occurs in our mock surgery,
albeit minimal blunt manipulation of muscle tissue, a system-wide signaling response
occurs that activates a muscle damage-sensing transcriptional regulatory circuit. Our
dissection for the mock surgery treated mice involves blunt dissection between muscle
bundle planes to expose the sciatic nerve. This procedure occurs at the level of the
proximal femur and not directly to the FDB and IO muscles located at the plantar
surface of the mouse paw. The decrease in fos and the increase in junB and myoD
mRNA levels may indicate a regulatory dynamic that shifts the regulatory state to
one primed for myogenic differentiation events. Foxol has been shown to repress
myoD expression in vitro and its concomitant down-regulation may play a role in the

up-regulation of myoD in vive observed at the 24.0 hour time point as well.

At 168.0 hours, the four transcription factors have all returned to their baseline levels
indicating a physiological recovery from the mock surgery procedure. This conclusion
is supported in the total number of differentially expressed genes between unperturbed
control muscles and mock surgery muscles at 168.0 hrs. The number of up and down-
regulated genes are relatively equal and the total number of differentially expressed

genes drops to less than 100 (Figure 3.1).
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Figure 3.1: Differentially Expressed Genes In Adult FDB and IO for control vs.
mock denervated. (A) Numbers on top of each column represent number of genes.
By 168.0 hour time point the number of differentially expressed genes decreases, as
tissues recover from mock surgery associated manipulations. p-value < 0.001 and
log2 ratio value > 1. (B) Venn diagram off all down-regulated genes for each time
point. (C) Venn diagram off all up-regulated genes for each time point.
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Figure 3.2: Temporal expression profile for (A) myoD, (B) fozol, (C) junB, and (D)
fos between 6.0 and 168.0 hours post mock denervation surgery. Blue columns rep-
resent fold change difference between non-manipulated control FDB and 10 muscles
and FDB and 10 muscles from mice who underwent mock denervation surgery . Red
lines demarcate the level of 2-fold change. At 24.0 hours the transcripts for known
co-factors MyoD and JunB are up-regulated 3.7-fold and 2.8-fold, respectively. Also
at 24.0hours, transcripts of Foxol and Fos, known repressors of myoD, are down-
regulated 2.8-fold and 4.8-fold, respectively. n= 2 mice per time point.
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3.2.2 Differential expression in mock denervated vs. dener-
vated muscle (at 6.0, 12.0, 24.0, and 168.0 hours), using
RN Aseq

The outstanding feature of the overall differential gene expression summary for all
the time points assayed is the dramatic increase in down-regulated genes at 168.0
hours in denervated muscles (Figure 3.3). When compared to Figure 3.1, this
transition towards down-regulation of mRNAs at 168.0 hours suggests a key change in
regulatory state that is unique to the denervation molecular response. This regulatory
state change, specific to denervation, may be initiated at earlier time points or may
begin sometime after 24.0 hours, or both. Further analysis of the expression data
supports the idea that both are occurring. We observe striking differences in the

relative expression levels of key regulatory molecules.

myf6, for example, is up-regulated by 3.7-fold at 6.0 hours status post denervation
(Figure 3.4). In our analysis, myf6 is the first of the myogenic factors to be up-
regulated following nerve resection, whereas it is not differentially expressed following
mock denervation. Myf6 and Myogenin play a key role in differentiated skeletal
muscle and skeletal muscle maintenance [Miner and Wold, 1990, Knapp et al., 2006,
Zhang et al., 1995]. They also are concomitantly expressed during embryological
development of muscle [Patapoutian et al., 1993, Braun and Arnold, 1995, Bober
et al., 1991, Hinterberger et al., 1991|. Thus, concomitant myf6 and myogenin up-
regulated expression, at 24.0 hours and out to 168.0 hours following denervation,
suggests the redeployment of a muscle differentiation subcircuit reminiscent of the

late myogenic program.

However, the fact that myf6 is up-regulated as early as 6.0 hours and continues
upwards out to 168.0 hours after denervation, while myogenin expression starts to
decline after 72.0 hours following denervation, suggests that they have regulatory

activities that are independent of one another (Figure 3.5). The argument for in-
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Figure 3.3: Differentially Expressed Genes In Adult FDB and 10 for mock denervated
vs. denervated. (A) Numbers on top of each column are number of genes. At
168.0 hours the number of down-regulated genes increases as denervation-associated
regulatory state changes begin to have an effect. Compare to 168.0 hour time point of
Figure 3.1 where regulatory state of FDB and IO muscles starts to return to baseline
levels. p-value < 0.001 and log2 ratio value > 1. (B) Venn diagram off all down-
regulated genes for each time point. (C) Venn diagram off all up-regulated genes for
each time point.
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Figure 3.4: Temporal expression profile for (A) myf6, (B) myog, and (C) myoD be-
tween 6.0 and 168.0 hours. Blue columns in ‘mock’ column represent fold change
difference between unmanipulated control FDB and IO muscles and FDB and 10
muscles from mice who underwent mock denervation surgery. Blue columns in ‘den-
ervate’ column represent fold change difference between mock denervated and den-
ervated FDB and IO muscles. Red lines demarcate the level of 2-fold change. myf6
is the first of the myogenic regulatory factors to be expressed as early as 6.0 hours.
myog does not respond to mock denervation, but does become up-regulated by the
24.0 hour time point. myoD responds to both mock denervation and denervation by
24.0 hours and remains up-regulated at 168.0 hours relative to the earlier time points.
n= 2 mice per time point.
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dependent regulatory activity is supported by the fact that denervation of the hind
limbs of myf6 null mice, still results in the expected expression profile of myogenin
and acetylcholine subunit genes out to 168.0 hours |Eftimie et al., 1991a, Zhang et al.,
1995].

myf6 i myog

- il 1.2-fold

1.5-fold

Denervate/control
Denervate/control

30

20

10

72hr 168hr 72hr 168hr

Figure 3.5: Temporal expression of (A) myf6 and (B) myog from 72.0 to 168 hours.
myf6 undergoes a 1.5-fold upward change from 72.0 to 168 hours, while myog ex-
priences a 1.2-fold change in the downward direction. Data from RNAseq of dener-
vated TA muscles.

There is a dramatic increase in the transcripts of the acetylcholine receptor subunits
by the 168.0 hour time point following denervation. A functional acetylcholine re-
ceptor in adult skeletal muscle consists of five subunits: alpha (2), beta, delta, and

epsilon. During embryonic and early post natal development, the acetylcholine recep-

tor consists of a different subset of subunits than in the adult: alpha (2), beta, delta,
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and gamma (Figure 3.6) [Burden, 1977a, Merlie, 1984, Kues et al., 1995, Duclert
et al., 1996]. Furthermore, at this early stage of neuromuscular junction develop-
ment, all myonuclei share the same transcriptional program [Buonanno and Merlie,
1986, Baldwin et al., 1988]. However, once the maturing skeletal muscle receives
input from the nerve, the transcriptional program that activates the acetylcholine
receptor subunit genes becomes restricted to the nuclei that are localized near the
innervating nerve, which are called junctional or subsynaptic nuclei [Anderson and
Cohen, 1977, Burden, 1977b, Merlie and Sanes, Sanes et al., 1991, Simon et al., 1992,
Piette et al., 1993, Gilmour et al., 1995|. Following denervation, however, there is a
recapitulation of the transcriptional program of late embryonic and early post natal
development [Merlie et al., 1984, Goldman et al., 1988]. This up-regulation of chrng,
chrnd, and chrnal is unique to the transcriptional response following denervation
and is not seen in the muscles from our mock surgery mice. Myogenic factors have
been implicated in the regulation of the acetylcholine subunits following denervation
[Eftimie et al., 1991b, Prody and Merlie, 1991, Duclert et al., 1991, Gilmour et al.,
1991, Dutton et al., 1993, Merlie et al., 1994]. We have identified a novel candidate for
acetylcholine subunit transcriptional regulation, atoh8 (a.k.a. math6) (Figure 3.7).
Atoh8 is basic loop helix transcription factor of the atonal family of proteins. At
24.0 hours, it is up-regulated by 5.6-fold. The temporal expression profile depicted in
Figure 3.7 place it at the right time point, kinetically, to be a potential up-stream
regulator of chrng, chrnd, and chrnal. Although Atoh8 has not previously been as-
signed a function in mammalian adult skeletal muscle, it has recently been found to
have a role in differentiated muscle fibers during somite morphogensis in zebrafish
[Yao et al., 2010]. Atohl, an atonal family member, has been been shown to regulate
chrnal and be necessary for the induction of chrng in hair cells of the inner ear in
mouse [Scheffer et al., 2007] . The regulatory control of chrnal is mediated in cis via
two E-box sites located upstream of the chrnal coding sequence [Piette et al., 1990].
chrng and chrnd also have conserved E-box sites proximal to the start of translation
[Simon and Burden, 1993]. In the case of chrng and chrnd, they are located adjacent

to each other on the chromosome, separated by only 5.7kbp. This close proximity
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allows them to be captured in one BAC. Recombineering a reporter for each gene
within the same BAC and testing the candidate regulatory sequences in combination
in vivo using our gene tranfer system, would allow for an unprecedented insight into

the cis -regulatory architecture controlling these genes following denervation.

3.3 Discussion

The advent of high-throughput and high-resolution transcriptome characterization
has greatly expanded our view of the output of the regulatory genome. This is es-
pecially important for capturing subtle changes in RNA levels across multiple time
points in a reproducible manner with relatively low variability. We have taken ad-
vantage of this technology to explore the early time points (i.e. 6.0 and 12.0 hours)
following denervation of skeletal muscle, as well as the time points more commonly
studied (i.e. 24.0 and 168 hours). As mentioned previously, high-quality transcrip-
tional data of the early time points following a major physiological event, like denerva-
tion, are very important for a GRN-dedicated study. This is even more important for
GRN directed studies focused on characterizing a physiological event in adult, where
there are multiple gene batteries in motion and protein-level regulatory interactions
concomitantly occurring. Focusing on transcription factors and signaling molecules,
the first responders to the commands of the regulatory genome, aids in keeping a foot
hold on the scaffolding of the underlying physiological GRNs. In addition, in the case
of skeletal muscle denervation biology, there is already a large body of work that has
identified many of the major regulatory events for the time points most studied. What
remains is to consolidate and explain this information by linking every molecular event
to the cis and trans interactions that set them in motion. We took this combined
approach of utilizing high-quality and high-resolution expression data, prior work in
the field, and focusing on transcription factors and signaling molecules to: identify a
candidate myoD-associated muscle system-wide transcriptional regulatory subcircuit

that responds to minor muscle trauma in the innervated state; identify myf6 as the



49

A Embryo B Innervated C Denervated
Adult Adult

Q. O
o e

o

junctional junctional junctional

& nuclei &

extra-junctional extra-junctional

nucleil nuclei
@ chrng
@® chrnd
O chrnal

Figure 3.6: Acetylcholine receptor subunit composition of skeletal muscle during: late
embryological development (A), in innervated adult muscle (B), and in adult muscle
after denervation (C). The black outlined circles represent the proteins of the five
subunits that comprise the acetylcholine receptor (top view). Color code to identify
relevant protein subunits at bottom right corner of figure. Junctional nuclei = nuclei
that are located at the neuromuscular junction; extra-junctional nuclei = all other
nuclei not at the neuromuscular junction. During late embryological development
and again after denervation, the composition of the acetylcholine receptor is the
same. Compare (A) to (C). The spatial expression of chrng, chrnd, and chrnal is
localized at both junctional and extra-junctional nuclei during development and after
denervation.
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Figure 3.7: Temporal expression profile for atoh8, chrng, chrnd, and chrnal. Blue line
is mRNA level for mock denervated FDB and IO muscles. Red line is mRNA levels
for denervated FDB and IO muscles. atoh8 levels are elevated at 24.0 hours (A),
followed by mRNA levels rising for acetylcholine receptor subunits chrng, chrnd, and
chrnal by 168.0 hours (B). The temporal expression pattern suggests atoh8 as an
initiator of the acetylcholine subunit transcriptional changes following denervation.
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first denervation-associated myogenic transcription factor to be expressed as early as
6.0 hours and continuing out to 168.0 hours; introduce atoh8, a bhlh transcription
factor, as a candidate for mediating the redeployment, in adult skeletal muscle, of the
late embryonic transcriptional subcircuit controlling the expression of acetylcholine
receptor subunit genes at the developing neuromuscular junction. In Chapter 2 we
introduced a dedicated method for gene transfer to experimentally validate the can-
didate CRMs or CREs, in both plasmid and BAC DNA formats, responsible for the
differential expression of key regulatory molecules. FDB and IO muscles are an ex-
cellent model to study fast-twitch muscle groups and while we are currently focused
on the GRNs underlying the denervation response, the GRNs underlying any mouse
skeletal muscle disease model that affects fast-twitch muscle groups, can be studied

using our gene transfer system on FDB and IO muscles.

3.4 Materials and Methods

3.4.1 RNAseq

Sciatic nerve denervation and mock denervation surgeries were conducted as per
Chapter 2 methods. The control samples were from unperturbed left TA, FDB,
IO muscles. Total RNA was isolated from left TA, FDB and IO muscles of 2.0 to
4.0-month-old C57B1/6 female mice. Two sets of FDB and 10 muscles per time point:
6.0, 12.0, 24.0, and 168 hour. One TA muscle for 6.0 and 168.0 hour time points. Two
TA muscles for 72.0 hour time point. At time of muscle harvest, TA, FDB and 10O
muscles are dissected and removed from animal. RNAse Zap-treated dissection in-
struments are used to fragment the dissected muscle and then the muscles are placed
in Trizol reagent and homogenized with serial passage through 18.0, 19.0, 20.0 and
21.0 gauge needles on a 1.0ml syringe. Once tissue is homogenized in Trizol, it is
placed in dry ice for 20 minutes and then placed at -80C until time for isolation of

RNA. Phase separation of RNA is conducted via phenol-chloroform extraction and
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RNA placed in nuclease-free water, treated with TurboDNase reagent (Ambion) and
quantified using Qubit fluorometer (invitrogen, Inc.). Total RNA for RNAseq quan-
tification is and left at -80C for library construction by the Millard and Muriel Jacobs

Genetics and Genomics Laboratory at Caltech.

An Illumina Genome Analyzer IIx sequencer at the Millard and Muriel Jacobs Genet-
ics and Genomics Laboratory was used for multi-plex HiSeq (100bp, single end reads)
sequencing. RNAseq analysis was conducted using an analysis pipeline consisting
of published and customized software by Edoardo Marcora, Ph.D.: Bowtie v0.12.7
[v0.12.7], TopHat 1.3.3 [v1.2.0], Cufflinks v1.3.0 [v0.9.3], Htseq v0.5.3p3 [v0.4.7], DE-
Seq v.1.6.1 [v1.4.0], mm9 UCSC.
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Chapter 4

Conclusion

The regulatory genome has been well characterized in the context of developmental
biology. The most comprehensive example and characterization of regulatory genome
dynamics has been conducted in the sea urchin embryo [Davidson et al., 2002]. How-
ever, the tipping point from mere postulation to the highly detailed network model
that exists today for the first 30.0 hrs of endomesoderm development in sea urchin,
occurred when the causal mechanisms of body plan evolution became experimentally
accessible [Britten and Davidson, 1971]. The work presented in this study introduces
a methodology which makes GRN discovery and validation in adult skeletal muscle
following denervation experimentally accessible. We propose flexor digitorum brevis
and interosseous muscles as a model muscle group to study the regulatory genome
governing fast-twitch muscle fibers. Using this methodology, we provide evidence
to explain the causal mechanism that down-regulates myogenin, a key denervation-
associated transcription factor, at 10.0 and 17.0 days after denervation. Finally, we
utilize high-throughput and high-resolution transcriptome sequencing, at early (i.e.
6.0 and 12.0 hours) and later (i.e. 24.0 to 168.0 hours) time points, to generate a com-
prehensive catalog of differentially expressed genes to aid in identifying candidates to

test using our GRN-dedicated experimental model system.

It is clear from the distinct regulatory circuitry governing myogenesis at various

anatomical regions throughout development and in response to varying stimuli in
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adult, that there is much to be discovered regarding how modular components of
GRNs are activated and integrated with other subcircuits over time. Gain and loss
of function studies have identified and outlined many regulatory relationships, but
what is lacking is the exact mechanism in cis and #rans that explains each interac-
tion. Our experimental model lays the foundation for systematic functional testing
of cis-acting regulatory regions of genes that have been previously identified to be
major contributors to many skeletal muscle transcriptional programs. The efficiency
of the gene transfer into FDB and 10 also is promising for the implementation of
multi-plex cis-functional testing (i.e. functional testing of many candidate CRMs at
once in the same transefction), which would solve the problem of throughput when
testing only one or two CRMs at a time|Nam et al., 2010]. The efficient gene transfer
also bodes well for the reliable introduction of RNA interference molecules to perturb
regulatory interactions in trans. Utilization of nuclear-targeted reporter genes will
be very helpful in providing spatial and temporal regulatory information to further
resolve the unique transcriptional programs of junctional and non-junctional nuclei.
As demonstrated in Chapter 3, high-throughput sequencing technology provides ex-
cellent resolution of all differentially expressed genes. Taken together, all the pieces
to building a gene regulatory network in adult mouse skeletal muscle following nerve
injury are now in place. While this study describes a means for elucidating the GRNs
underlying the skeletal muscle response to nerve injury, the approach can also be ap-
plied to any adult mouse muscle physiological response or disease model. In time, we
can begin to integrate, organize, and understand skeletal muscle disease-associated
gene regulatory networks. The ultimate objective will be to learn how to modulate

these transcriptional networks to preserve non-pathological phenotypes.
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Appendices



Appendix A

Control vs. mock denervated muscle:
top 100 differentially expressed

genes

Table A.1: 6.0hr up-regulated genes sorted by fold

change. rpkml = mock; rpkm2 = control. log 2(fold

change) = control/mock. rpkm = reads per kilobase per

million base pairs.
gene symbol log2(fold change) | rpkm1 | rpkm2 | ENSEMBL ID
Rpl23a -3.22 241.1 95.6 ENSMUSG00000058546
Rpl31 —2.62 38.6 17.8 ENSMUSG00000073702
Rpl32-ps —2.33 32.3 13.5 ENSMUSG00000068969
Gm11826 —2.27 104.5 27.8 ENSMUSG00000083328
Rpl17 —2.15 41 21.5 ENSMUSG00000062328
Gmb526 —2.06 118 80.7 ENSMUSG00000084817
Gm16276 -2 69.8 15.8 ENSMUSG00000084755
Atpsk -1.97 227.6 50.1 ENSMUSG00000050856
Gm13365 —1.95 8.5 4.7 ENSMUSG00000082632
Rpl35a —1.84 192.4 56.8 ENSMUSG00000060636
Gm11918 —1.72 142.6 41.4 ENSMUSG00000080911
Gm15776 —1.68 159.6 63.7 ENSMUSG00000082241
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6.0hr up-regulated genes sorted by fold

change. rpkml = mock; rpkm2 = control. log 2(fold

change) = control/mock. rpkm = reads per kilobase per

million base pairs.

gene symbol log2(fold change) | rpkm1 | rpkm2 | ENSEMBL ID

Myh4 —1.67 340.6 129.1 ENSMUSG00000057003
Gm14303 —1.64 1,078.70 | 326.1 ENSMUSG00000081344
Gm14539 —1.63 1,118.80 | 354.9 ENSMUSG00000084830
Ugqerll —-1.6 586.5 185.2 ENSMUSG00000020163
Myl6 —1.58 70.3 35.2 ENSMUSG00000090841
C920021L13Rik | —1.53 13.8 3.9 ENSMUSG00000080727
Gm9846 —1.46 897.3 773.4 ENSMUSG00000050621
Rps21 —1.45 682.8 277.3 ENSMUSG00000039001
GO0s2 —1.45 19.7 6.9 ENSMUSG00000009633
Gapdh —1.42 183.1 112.2 ENSMUSG00000057666
Gmbd560 —1.38 32.6 15.3 ENSMUSG00000067161
Gm14450 —1.36 878.8 343 ENSMUSG00000081661
Gm12338 —1.36 3,251.80 | 1,679.70 | ENSMUSGO00000081485
Rpli8a —1.34 159.6 62.2 ENSMUSG00000045128
Gm12389 —-1.3 326.9 125.9 ENSMUSG00000081352
Usmgb) —-1.3 65.2 25.2 ENSMUSG00000071528
Hist1h4i —1.27 18.5 9.1 ENSMUSG00000060639
Gm6265 —1.25 2,000.10 { 911.9 ENSMUSG00000066491
Arntl —1.25 6.6 2.8 ENSMUSG00000055116
Gm16379 —1.21 40 18.7 ENSMUSG00000059658
Gm9763 —1.19 136.1 59 ENSMUSG00000037438
Gm16124 —1.18 23.8 10.4 ENSMUSG00000086914
Gm6181 —1.16 152.2 2.7 ENSMUSG00000074092
Oazl —1.14 434.5 273.3 ENSMUSG00000035242
Gm4604 —1.13 340.9 271 ENSMUSG00000091845
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6.0hr up-regulated genes sorted by fold

change. rpkml = mock; rpkm2 = control. log 2(fold

change) = control/mock. rpkm = reads per kilobase per

million base pairs.

gene symbol log2(fold change) | rpkm1 | rpkm2 | ENSEMBL ID

Gm6415 —1.12 276.7 120.2 ENSMUSG00000083820
2900053A13Rik | —1.12 17.5 8.1 ENSMUSGO00000087687
GmT7536 —1.11 626.3 466.7 ENSMUSG00000057036
Gmd829 —1.1 30.8 15.3 ENSMUSG00000067744
Gm9493 —1.1 309.2 184.9 ENSMUSG00000044424
Ndufsb —1.08 204.9 103.1 ENSMUSG00000028648
Ldha-ps2 —1.06 133.5 109.4 ENSMUSG00000083836
Rpsa-ps4 —1.06 33.4 16.1 ENSMUSG00000081076
Tnfrsf12a —1.06 48.4 21 ENSMUSG00000023905
Apoo —1.05 32.1 18.7 ENSMUSG00000079508
Snrpd2 —1.05 89.3 46.5 ENSMUSG00000040824
Msrb2 —1.04 10.9 5.9 ENSMUSG00000023094
Gm10039 —-1.02 1,063.20 | 569.9 ENSMUSG00000091478
Psenen —1.02 37.7 22.4 ENSMUSG00000036835
Rpl30 —1.02 250.5 105.6 ENSMUSG00000058600
Ift27 —1.01 20.3 10.1 ENSMUSG00000016637
Gm14706 —1.01 155.2 77.4 ENSMUSG00000083482
CoxT7h —0.99 1,682.20 | 974.7 ENSMUSG00000031231
Gm8017 —0.98 349.9 234.9 ENSMUSG00000063427
A330094K24Rik | —0.98 16.9 8.4 ENSMUSG00000090400
Gm11808 —0.96 757.4 411.4 ENSMUSG00000068240
Gm6293 —0.95 137.5 71.1 ENSMUSG00000051133
Gm11221 —0.92 46.3 25.4 ENSMUSG00000082998
Tnmd —0.91 26 13.4 ENSMUSG00000031250
Hist1h4h —-0.91 113.8 08.4 ENSMUSG00000060981
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Table A.1: 6.0hr up-regulated genes sorted by fold
change. rpkml = mock; rpkm2 = control. log 2(fold
change) = control/mock. rpkm = reads per kilobase per

million base pairs.

gene symbol log2(fold change) | rpkm1 | rpkm2 | ENSEMBL ID

2810001G20Rik | —0.9 12.9 7.1 ENSMUSG00000087497
B330016D10Rik | —0.9 9.6 4.9 ENSMUSG00000048406
Mgst3 —0.89 267 143.3 ENSMUSG00000026688
Gm15430 —0.89 1,469.40 | 906.4 ENSMUSG00000036305
Gm3724 —0.88 156.7 86.7 ENSMUSG00000061468
Gm8659 —0.87 310 189.4 ENSMUSG00000082076
Rplp2 —0.87 66.3 36.9 ENSMUSG00000025508
S100al —0.86 340.5 177.7 ENSMUSG00000044080
Riiadl —0.86 40.2 22 ENSMUSG00000028139
Romol —0.86 221.6 138.7 ENSMUSG00000067847
Gm10196 —0.86 228.9 1154 ENSMUSGO00000067058
2310075C17Rik | —0.86 90.2 o0 ENSMUSG00000089718
Gm14088 —0.86 509.9 271.5 ENSMUSG00000081413
Lsmdl —0.85 59.8 36.3 ENSMUSG00000059278
Ost4 —0.85 72.2 43 ENSMUSG00000038803
Tmem150c —0.85 6.5 2.7 ENSMUSG00000050640
Mapllc3a —0.85 418.3 229.8 ENSMUSG00000027602
Myll —0.84 8,190.60 | 4,609.10 | ENSMUSGO00000061816
Rps25-psl —0.84 4144 | 2109 | ENSMUSG00000067344
KIf10 —0.84 6.2 3.5 ENSMUSG00000037465
Atpbo —0.84 404.3 231.4 ENSMUSG00000022956
Gm15920 —0.84 623.5 346.4 ENSMUSG00000080893
Rpl2211 —0.83 49.2 31.3 ENSMUSG00000039221
Nedd8 —0.83 186.6 105.4 ENSMUSG00000010376
Klk1b26 —0.83 49.8 29.1 ENSMUSG00000053719
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6.0hr up-regulated genes sorted by fold

change. rpkml = mock; rpkm2 = control. log 2(fold

change) = control/mock. rpkm = reads per kilobase per

million base pairs.

gene symbol log2(fold change) | rpkm1 | rpkm2 | ENSEMBL ID

Bloclsl —0.83 123.9 76.6 ENSMUSG00000090247
Rpl36-ps2 —0.83 194.1 89.6 ENSMUSG00000024205
Gm8430 —0.82 471.4 308.8 ENSMUSG00000055093
Pebpl —0.82 181 99.6 ENSMUSG00000032959
Nudt8 —0.82 29 15.9 ENSMUSG00000024869
Scg3 —0.82 6.9 3.9 ENSMUSG00000032181
Gm16418 —0.82 423.1 230.1 ENSMUSG00000084093
Gm12693 —0.82 146.4 88.4 ENSMUSG00000083179
Ddt —0.81 69 42.7 ENSMUSG00000001666
GIb112 —0.81 5.2 3 ENSMUSG00000036395
Gm4799 —0.81 29.8 15.8 ENSMUSGO00000071151
Chchdl —-0.8 240.7 129.4 ENSMUSG00000063787
Sepx1 —-0.8 230.3 128 ENSMUSG00000075705
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12.0hr up-regulated genes sorted by fold

change. rpkml = mock; rpkm2 = control. log 2(fold

change) = control/mock. rpkm = reads per kilobase per

million base pairs.

gene symbol log2(fold change) | rpkml | rpkm2 | ENSEMBL ID

Gm10020 —44 118.6 63.2 ENSMUSG00000057262
Gm6635 —4.1 5.7 0.22 ENSMUSG00000058607
Gm15148 —4.1 21 0.9 ENSMUSG00000082423
S100g —-3.6 11.3 0.55 ENSMUSG00000040808
Gmb786 —-3.2 91 69.8 ENSMUSG00000066487
Gm11918 —2.8 261.3 43.01 ENSMUSGO00000080911
Gm9846 —-2.8 1,492.60 | 800.97 ENSMUSG00000050621
Gm14303 —-2.7 2,057.50 | 338.26 ENSMUSG00000081344
Gm6644 —2.6 128.6 80.41 ENSMUSG00000073674
GO0s2 —2.6 55.3 717 ENSMUSG00000009633
Gm12191 —-2.6 370.4 321.52 ENSMUSG00000083061
Ankrd2 —-2.5 437.6 74.59 ENSMUSG00000025172
Gm4604 —-2.5 478.7 281.09 ENSMUSG00000091845
Tnfrsf12a —2.5 131 21.79 ENSMUSG00000023905
Gm13253 —-24 124.8 113.07 ENSMUSGO00000083757
Gm14337 —-2.3 1,627.70 | 324.58 ENSMUSGO00000081700
Atpbk —2.2 256.5 51.93 ENSMUSG00000050856
Gm9844 —2.1 28.3 0.0l ENSMUSG00000050347
Mybph —2.1 229.6 50.87 ENSMUSG00000042451
Gm14539 —2.1 1,585.50 | 367.28 ENSMUSG00000084830
Gm13433 -2 57.4 16.13 ENSMUSG00000083043
Spinkl -2 7.7 1.61 ENSMUSG00000053729
Gm12497 -2 185 43.93 ENSMUSG00000049231
Inmt -2 65.3 17.14 ENSMUSG00000003477
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12.0hr up-regulated genes sorted by fold

change. rpkml = mock; rpkm2 = control. log 2(fold

change) = control/mock. rpkm = reads per kilobase per

million base pairs.

gene symbol log2(fold change) | rpkml | rpkm2 | ENSEMBL ID

Gm15501 -2 260.2 148.78 ENSMUSG00000087412
Rplp2 —-1.9 135.7 38.25 ENSMUSG00000025508
Gm11826 —-1.9 109.5 28.77 ENSMUSG00000083328
Gm15459 —-1.8 350.2 260.19 ENSMUSG00000083840
Rpl31 —-1.8 37 18.52 ENSMUSG00000073702
Gmbd526 —-1.8 122.2 83.76 ENSMUSG00000084817
Gm12599 —-1.8 11.6 7.1 ENSMUSG00000081325
Gm14567 —-1.8 387.8 102.22 ENSMUSG00000080896
Gm10036 —-1.8 194.5 123.73 ENSMUSG00000058064
Gm6293 —-1.8 211.8 73.88 ENSMUSG00000051133
Rpl35a —-1.8 206.3 58.93 ENSMUSG00000060636
Myl6 —-1.8 7.1 36.49 ENSMUSG00000090841
Gm15776 1.7 166 66.07 ENSMUSG00000082241
Ankrdl —-1.7 34.4 10.57 ENSMUSG00000024803
Scarab —1.6 18.3 6.3 ENSMUSG00000022032
KIf10 —-1.6 11.1 3.67 ENSMUSG00000037465
Gm6181 —-1.6 196.5 75.47 ENSMUSG00000074092
Gsta3 —-1.6 14.7 4.66 ENSMUSG00000025934
Gm7536 —-1.6 756.8 482.94 ENSMUSG00000057036
Gcek —1.6 6.4 1.71 ENSMUSG00000041798
Rpl30 —-1.6 354.8 109.67 ENSMUSG00000058600
Gm11222 —1.5 14.1 5.88 ENSMUSG00000085627
Nov —1.5 55.5 19.56 ENSMUSG00000037362
Cxcll4 —1.5 68.2 24.27 ENSMUSG00000021508
Oazl —-1.5 208.9 283.62 ENSMUSG00000035242
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12.0hr up-regulated genes sorted by fold

change. rpkml = mock; rpkm2 = control. log 2(fold

change) = control/mock. rpkm = reads per kilobase per

million base pairs.

gene symbol log2(fold change) | rpkml | rpkm2 | ENSEMBL ID

Twistl —1.5 6.8 2.18 ENSMUSG00000035799
Gm9493 —1.5 333.3 191.81 ENSMUSG00000044424
Rps21 —1.5 826.1 287.84 ENSMUSG00000039001
Myoc —-1.5 264 90.26 ENSMUSG00000026697
Lmecdl —-1.5 639.9 210.9 ENSMUSG00000057604
Gm16276 —-1.5 50.8 16.38 ENSMUSGO00000084755
Gm15430 —-14 2,435.50 | 939.34 ENSMUSG00000036305
Gm16418 —-14 595 238.59 ENSMUSG00000084093
[gfbp6 —-14 196.4 67.75 ENSMUSG00000023046
Snrpd2 —-14 104.1 48.22 ENSMUSG00000040824
Gdf10 —-1.4 12.7 5.19 ENSMUSG00000021943
Rpl23a —-1.4 206.1 99.11 ENSMUSG00000058546
Pcolce2 —-1.3 35.2 11.27 ENSMUSG00000015354
Galntl2 —-1.3 18.4 8.38 ENSMUSG00000021903
Cmklrl —-1.3 7.6 2.22 ENSMUSG00000042190
Piml —-1.3 13.9 5.2 ENSMUSG00000024014
2900053A13Rik | —1.3 19.2 8.36 ENSMUSGO00000087687
Gapdh —-1.3 204.2 116.18 ENSMUSG00000057666
Ndufsb —-1.3 233.2 106.94 ENSMUSG00000028648
Csrp3 —-1.3 4,632.30 | 1,673.00 | ENSMUSG00000030470
Serpina3n —-1.3 10.3 4.23 ENSMUSG00000021091
Gm16379 —-1.3 44.8 19.38 ENSMUSG00000059658
Msdadd —-1.3 6.4 2.68 ENSMUSG00000024678
Dpepl —-1.3 12.3 5.07 ENSMUSG00000019278
4921517L17Rik | —1.3 6.2 2.81 ENSMUSG00000038085
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12.0hr up-regulated genes sorted by fold

change. rpkml = mock; rpkm2 = control. log 2(fold

change) = control/mock. rpkm = reads per kilobase per

million base pairs.

gene symbol log2(fold change) | rpkml | rpkm2 | ENSEMBL ID

Angptl7 —-1.3 173.3 76.27 ENSMUSG00000028989
Wisp2 —-1.3 15.1 5.34 ENSMUSG00000027656
Atpbl —-1.3 343.8 144.25 ENSMUSG00000038717
Sfrp4 —-1.3 14.6 5.27 ENSMUSG00000021319
Gm8017 —-1.3 420 244.03 ENSMUSG00000063427
Gm10705 —-1.3 98.4 53.19 ENSMUSG00000074506
Rpsl7 —-1.3 729.2 349.99 ENSMUSG00000061787
Zfp503 —1.2 20.8 8.1 ENSMUSG00000039081
Hist1h4h —1.2 150.2 60.55 ENSMUSG00000060981
Timm23 —1.2 167.4 79.14 ENSMUSG00000013701
Usmgd —-1.2 74.8 26.07 ENSMUSG00000071528
Slcd43a3 —-1.2 16.8 8.79 ENSMUSG00000027074
Rps2 —-1.2 544.4 257.36 ENSMUSG00000044533
2310030GO6Rik | —1.2 14.3 6.3 ENSMUSG00000032062
Gmb406 —1.2 34.8 17.94 ENSMUSGO00000080715
Pil6 —1.2 62.3 27.57 ENSMUSG00000024011
Gpx3 —1.2 253.4 107.41 ENSMUSG00000018339
Gm6415 —-1.2 304.2 124.7 ENSMUSG00000083820
Gm6969 —-1.2 142 68.87 ENSMUSG00000066553
Gm14450 —-1.2 872 356.29 ENSMUSG00000081661
GmbH560 —-1.1 31.3 15.86 ENSMUSG00000067161
Ter2 —-1.1 10.3 4.63 ENSMUSG00000053560
Bloclsl —-1.1 161.2 79.56 ENSMUSG00000090247
Fbinl —-1.1 16.5 7.89 ENSMUSG00000006369
Gm10196 —1.1 325.2 119.9 ENSMUSG00000067058
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Table A.2: 12.0hr up-regulated genes sorted by fold

change. rpkml = mock; rpkm2 = control. log 2(fold

change) = control/mock. rpkm = reads per kilobase per

million base pairs.

gene symbol

log2(fold change)

rpkml

rpkm?2

ENSEMBL ID

Serpinfl

—1.1

253.2

111.34

ENSMUSG00000000753
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Table A.3: 6.0hr genes sorted by p-value. rpkm1 = mock;

rpkm2 = control. log 2(fold change) = control/mock.

rpkm = reads per kilobase per 