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ABSTRACT

This research investigates the genetic aspects of skeletal myogenesis in Mus musculus,
intending to broaden our comprehension of the matter. Skeletal muscle, a major tissue type in
mammals, relies heavily on muscle stem cells for efficient regeneration and homeostasis.
Commonly referred to as satellite cells, these stem cells are located between the basal lamina and
myofibers' plasma membrane in adult muscle tissue, reminiscent of a satellite's positioning. They
typically remain quiescent in healthy tissues but can quickly activate in response to injury,
proceeding through cell cycles, proliferating, and differentiating. A subset returns to a quiescent
state, reserving themselves for future tissue regeneration.

Maintenance of the stem cell pool under aging or disease conditions necessitates strict
regulation of these cells' stemness. In-depth study of in vivo molecular mechanisms of muscle
development and regeneration involves specific gene deletion from muscle stem cells. A
powerful tool for this is the Cre/loxP system, facilitating precise, controlled gene deletion.
Despite its robustness, creating each conditional knockout model requires substantial effort and
faces technical challenges.

We propose an alternative approach using a unique CRISPR donor design combined with

the i-GONAD technique. Demonstrating its potential and simplicity, we created floxed alleles for



five genes (Fosli, Plagll, Ak040954, Clcfl, and Gm44386) in a single attempt with reduced
costs and minimal equipment. Alongside the conditional alleles, we also obtained constitutive
knockout alleles.

Fosll is of particular interest, an AP-1 family member, with enriched mRNA in fresh-
isolated SCs. Other AP-1 family members like Fos, ATF3, and Fos/2 have been revealed to play
vital roles in muscle regeneration. Fos/I's function in muscle development and regeneration is,
however, yet to be understood. Thus, we chose to study Fos// and created a specific Fos/l gene
deletion mouse model, Fosl1-cKO. After tamoxifen treatment and regeneration assay, we found
that Fosl1 loss in muscle satellite cells significantly disrupted muscle regeneration. Furthermore,
we found its induction rapidly when satellite cells are activated by injury or dissociations.
Interestingly, loss or over-expression of Fosl1 doesn't influence human myoblast proliferation,
differentiation, or fusion. However, RNA-seq analysis showed significant downregulations of
muscle stem cell markers and myogenic differentiation markers in the Fosl1-cKO group. This

study thus reveals Fosl1's critical role in muscle stem cell activation and tissue regeneration.

INDEX WORDS: CRISPR/Cas9, Mus. musculus, genome editing, conditional knockout,
Cre-loxP, Fosll, Fos family, AP-1 family, muscle satellite cell, activation,

proliferation, muscle regeneration
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Cre-loxP system

Advances in genetic engineering have revolutionized biomedical research and allowed
scientists to unravel the intricate complexities of biological systems. Among the various methods
employed for precise genetic modifications in vivo, the Cre-loxP system has emerged as one of
the most powerful tools. The Cre-loxP system enables controlled DNA recombination, allowing
researcher to selectively manipulate specific genes in various organisms(Hubbard, 2014; Kim et
al., 2018; Pan et al., 2005; Siegal & Hartl, 1996).

Cre recombinase, along with flipase (Flp) and D6 specific recombinase (Dre), belongs to
the family of tyrosine site-specific recombinases (T-SSRs)(Meinke et al., 2016; Nagy, 2000).
Originating from the cre (cyclization recombinase) gene of bacteriophage P1, Cre is a 38-kDa
DNA recombinase(Sauer, 1998; Sternberg et al., 1978). It recognizes a specific DNA fragment
sequences known as loxP (locus of x-over, P1) sites and facilitating site-specific alteration of
DNA sequences situated between two loxP sites(Sauer & Henderson, 1988). The structure of the
loxP site comprises a 34-bp sequence
(ATAACTTCGTATAATGTATGCTATACGAAGTTAT), which includes two 13-bp inverted
and palindromic repeats (ATAACTTCGTATA) along with an 8-bp core sequence
(ATGTATGC)(Metzger & Feil, 1999). The orientation and position of loxP sites dictate the

outcome of the recombination event. The presence of two loxP sites in the same orientation (or



strand) results in excision of the DNA segment between them, while loxP sites in opposite
orientations lead to DNA inversion or translocation(Meinke et al., 2016; Nagy, 2000).

The Cre-loxP system has widespread applications in various fields of biological research.
It enables precise control for gene expression, tissue-specific gene manipulation and inducible
gene knockout. By utilizing tissue-specific promoters to drive Cre recombinase expression,
researchers can apply genetic modifications to specific cell types or tissues, allowing the study of
gene function in a spatially and temporally controlled manner(Indra et al., 1999; Kim et al.,
2018; Monvoisin et al., 2006). Moreover, conditional gene knockout can be achieved by flanking
target genes with loxP sites, enabling the deletion of specific genes at desired developmental
stages or in specific tissues. Over the years, the Cre-loxP system has undergone several
modifications to enhance its utility and specificity(Kim et al., 2018). Various strategies have
been devised to achieve temporal control over Cre recombinase activity, such as the use of
tamoxifen inducible CreER(T) fusion proteins or Cre variants that respond to specific
stimuli(Indra et al., 1999; Meinke et al., 2016). Additionally, novel variants of the loxP
sequence, such as engineered or mutant loxP sites, have been developed to enable precise
recombination events with improved efficiency or altered specificity(Karimova et al., 2013;
Langer et al., 2002). These advancements have expanded the capabilities of the Cre-loxP system,
allowing for more sophisticated genetic manipulations.

The versatility of the Cre-loxP system has made it a great tool in model organisms,
including mice, zebrafish, Drosophila, and Caenorhabditis elegans(Hubbard, 2014; Kim et al.,
2018; Pan et al., 2005; Siegal & Hartl, 1996). In mice, the Cre-loxP system has revolutionized
the field of mouse genetics, facilitating tissue-specific gene ablation, inducible gene expression,

and cell lineage tracing(Clausen et al., 1999; Kim et al., 2018). The availability of a vast



collection of Cre driver lines has enabled researchers to investigate the function of specific genes
in a tissue-specific manner. Similarly, the Cre-loxP system has been extensively employed in
other model organisms, enabling precise genetic modifications for gene function studies.
Generation of floxed alleles in mice in vivo

The DNA sequences flanked by two loxP sites were commonly referred as floxed alleles.
The utilization of floxed alleles is crucial in genetic studies for achieving precise control over
gene expression in vivo, allowing for the temporal and spatial controls of gene deletions.
Traditionally, the floxed alleles were generated by a tedious process that involves manipulations
of embryonic stem (ES) cells, clonal isolation and transplantations of correctly targeted clones to
the developing mouse embryos(Mansour et al., 1988; Riele et al., 1992; Thomas & Capecchi,
1987a). The large collections of floxed mice have firmly established the mouse as a fundamental
model organism in research(Skarnes et al., 2011). Generating floxed alleles using ES cells
involves a multi-step process: first, targeting vector is designed to contain the loxP sites flanking
a specific region of gene with homology arms. It typically includes a selection marker, such as
neomycin resistance element (neo), to enable positive selection of targeted ES cells. Then the
targeting vector is introduced into ES cells through electroporation or other transfection methods
(e.g., microinjection). Following transfection, ES cells are subjected to selection with a drug,
which allows only cells containing the targeting vector to survive and form colonies. Surviving
ES cell clones are genotyped to identify correct homologous recombination and integrations of
the targeting vector at the desired genomic location(Hall et al., 2009). The common genotyping
approaches include PCR and Southern blotting. Then correctly targeted ES cells are injected into
blastocysts of recipient mice, and the resulting chimeric embryos are transferred into surrogate

females. The chimeric embryos develop into mice, commonly referred as FO generation, with a



mixture of cells derived from the injected ES cells and the recipient blastocyst. The mutants from
FO generation are then crossed with wild-type mice to allow germ line transmission of the floxed
allele. The pups carrying the floxed allele from F1 generation can be identified through
genotyping and authenticated by sequencing analysis.

The generation of floxed alleles using embryonic stem (ES) cells has several
disadvantages. It requires specialized techniques and resources, making it time-consuming and
technically challenging. The efficiency of homologous recombination in ES cells can be low, and
off-target effects can arise, complicating the interpretation of results. Germline transmission and
animal breeding are necessary, involving significant time and effort.

CRISPR technology has emerged as a powerful tool for genetic manipulations and the
generations of engineered mouse models(Fujii et al., 2013; Harms et al., 2014; Heckl et al.,
2014; Maddalo et al., 2014). For gene editing experiments that require homology directed repair
(HDR), single-stranded oligodeoxynucleotides (ssODNs) appeared to be more efficient donors,
compared with double stranded DNA templates(Miura et al., 2015; Richardson et al., 2016;
Yoshimi et al., 2016). Thus, we decided to test the efficiency of using a pair of ssODNs, each
contains a homology arm and loxP site, to simultaneously insert two loxP sites and the floxed
allele. Notably, this method will presumably allow the targeting of genes where the loxP
integration sites span a large region of DNA for which it is entirely impossible to generate a
single-piece HDR donor. Yang et al. initially demonstrated the high success rate of floxing by
microinjecting two ssODNs along with in vitro transcripts of Cas9 and two gRNAs(Yang et al.,
2013). However, a subsequent large-scale study conducted across multiple centers worldwide
reported inconsistent results with the original approach, achieving successful floxing in only 11

out of 56 targeted loci(Gurumurthy O'Brien, et al., 2019). These discrepancies may stem from



technical variations compared to Yang et al.'s methodology. Meanwhile, smaller-scale studies
have reported the generation of multiple floxed models using microinjection of two gRNAs and
two ssODNs, employing either Cas9 as IVT(Bishop et al., 2016; Hai et al., 2019; Qin et al.,
2016) or protein(Nakagawa et al., 2016), as well as the electroporation of gRNA/Cas9
ribonucleoproteins (RNPs) alongside ssODNs into embryos(Chen et al., 2021).

A study of the interactions between the Cas9 protein with its DNA substrate revealed that
the design of ssODN affected the exogenous DNA insertion efficiency(Richardson et al., 2016).
Specifically, comparing with symmetric design, asymmetric target-strand ssODNs had higher
efficiency in introducing point mutations. More recently, Sentmanat et al. employed
electroporation to introduce two CRISPR RNPs and two ssODNSs into single-cell embryos to
generate floxed alleles. They achieved a success rate of 85% in the first round of targeting four
genes and 100% rate when supplementing a second round of targeting(Sentmanat et al., 2022).
improved-Genome editing via Oviductal Nucleic Acids Delivery (i-GONAD)

All these previous strategies for generating loxP alleles in vivo require three essential
steps: mating of super-ovulated females, isolation of zygotes, microinjection of genome editing
cocktail into the zygotes, and transferring the microinjected zygotes into the oviducts of
pseudopregnant females. These procedures require sophisticated technical expertise and
expensive equipment such as micromanipulators. Due to the complexity of this protocol, animal
genome engineering experiments are often challenging to conduct in individual laboratories and
are typically centralized in core facilities with highly trained personnel. Recently, Ohtsuka et al.
reported a simplified yet robust method known as improved-Genome editing via Oviductal
Nucleic Acids Delivery (i-GONAD) that allows the efficient delivery of CRISPR RNPs to E(.7

(~16 hpf, hours post fertilization) mouse embryos through in situ electroporation(Ohtsuka et al.,



2018). This procedure saves the time from mouse embryo isolation, microinjection, and
subsequent transfer to recipient females.

i-GONAD is a procedure performed on pregnant mouse females carrying E0.7 (1-cell
stage) embryos. Briefly, one needs to surgically expose the oviducts by making an incision at a
dorsolateral position. Genome editing reagents are then injected into the oviductal lumen using a
glass capillary pipette. Immediately after the injection, electroporation is applied to the entire
oviduct using tweezer-type electrodes. Following electroporation, the ovaries and oviducts are
repositioned, and the incision is sutured. Within 3 weeks, the offspring will be genotyped to
identify mutants.

By applying i-GONAD method for Foxe3 gene editing, Ohtsuka et al. demonstrated that
nearly all E13.5 or E17.5 embryos had indel mutations within the Foxe3 target sequence (35/36,
97%) through sequencing. In addition to generate indels, i-GONAD can also be used for
precision gene editing mediated by HDR. For instance, Ohtsuka et al. corrected a point mutation
on Tyr gene using a gRNA and a ssODN. The reported efficiency for this gene targeting
experiment is around 47% (14/32). Ohtsuka et al. also reported that the i-GONAD method can be
applied to generate large genomic deletions (67%) and knock-in long ssDNA(15% and 36%) in
mice.

Of note, the i-GONAD method is developed from an earlier electroporation protocol with
the following improvements to further improve the CRISPR editing efficiency(Takahashi et al.,
2015a). Firstly, day 0.7 of pregnancy is determined to be the optimal time for CRISPR targeting,
allowing for effective introduction of the solution into the ampulla. Secondly, Cas9 mRNA was
replaced by Cas9 protein. Thirdly, synthesized gRNA composed of crRNA and tracrRNA was

used in place of in vitro transcribed sgRNA. Fourthly, electroporation parameters were



optimized for gene targeting using embryos of various mouse strains. Fifthly, the female mice
treated by the i-GONAD retains their full reproductive capability. Lastly, i-GONAD can be
performed using different commercially available electroporators, which are significantly less
expensive than microinjection setups and do not require specialized personnel. Overall, the i-
GONAD method presents a cost-effective and easily accessible alternative for genome editing
experiments.
Myogenesis of skeletal muscle

Skeletal muscle is one of the largest tissues for mammals, accounting for around 40% of
body weight in human and contains 50—75% of all body proteins, and responsible for
maintaining necessary complex life activities, such as breathing and voluntary
locomotion(Frontera & Ochala, 2015). As a key metabolic organ, muscle is also responsible for
80-90% of postprandial insulin-stimulated glucose uptake(Merz & Thurmond, 2020). Thus,
proper muscle function is important for human health and life quality. The basic function unit
consists skeletal muscle is myofiber, which is multinucleated because of the myoblast fusion.
Myofibers are composed of numerous myofibrils, arranged in regular sarcomeres, and contain
contractile proteins such as myosin and actin. When muscle affiliated nerve activates, myofiber
membrane will depolarize and initialize the action potential spreads rest of the local membrane.
This triggers the release of calcium ions from the sarcoplasmic reticulum, which, in conjunction
with ATP and troponin, facilitates the binding of myosin to actin, resulting in muscle
contraction(Cretoiu et al., 2018).

Different from cardiac muscle that is derived from lateral plate mesoderm(Tirosh-Finkel
et al., 2006), skeletal muscle originates from somites originated from paraxial mesoderm, which

can be voluntarily controlled by somatic nervous system(Pu et al., 2015). During early stages of



embryonic development, the mesoderm is created by gastrulation lays between endoderm and
ectoderm and later continuing develop to tail bud. Lying along the neural tube, the mesoderm
divides into three subtypes: paraxial mesoderm, intermediate mesoderm, and lateral plate
mesoderm(Tani et al., 2020). The paraxial mesoderm consists of two bilateral streaks of tissue
adjacent to the notochord. Paraxial mesoderm will exit from the progenitor zone and differentiate
to the posterior presomitic mesoderm, which is controlled by the Wnt and fibroblast growth
factor (FGF) signaling pathways(Takada et al., 1994; Yamaguchi et al., 1994). Marker genes in
presomitic mesoderm specification, such as Brachyury (7), 7bx6, and Mesogeninl (Msgnl), are
known downstream factors of Wnt signaling(Chalamalasetty et al., 2011; Lou et al., 2006;
Turner et al., 2014; Yasuhiko et al., 2006). Followed by segmentation clock, the posterior
presomitic mesoderm undergo transcriptional profile changes and enter the anterior presomitic
mesoderm, with the activation of Mesp2, Pax3, Foxcl/2 and Meox1/2(Goulding et al., 1991;
Kume et al., 2001; Mankoo et al., 2003). Later, somites forms from anterior presomitic
mesoderm and eventually differentiate to epithelial dermomyotome and a ventral sclerotome.
The dermomyotome will become skeletal muscle, brown adipose tissue, and dermis of the back,
while the ventral sclerotome will become the axial skeleton and tendons(Brent & Tabin, 2002).
Study in the chicken revealed that in the sclerotome, Pax3 and Pax7 expression is reduced, but in
the dermomyotome they are both maintained(Otto et al., 2006). Then muscle progenitor cells
(myoblast) delaminate from the dermomyotome and have reduced expression of Pax3 but have
higher expression of Mrfs (myogenic regulatory factors), such as Mrf5, Myf4, MyoD, and
MyoG(Pownall et al., 2002; Rudnicki et al., 1993). This will lead to the cell fate determination
and fusion of the muscle progenitor cells, which triggers the formation of the myotome, which is

a crucial step for skeletal muscle formation. Given that the myotome is already progressively



differentiated and post-mitotic that is composed of primary myocytes, however, this primary
structure cannot account for the massive amount of muscle in early embryo.

Two phases of myogenesis are chronically appeared during development after the
formation of early myotome: a primary or early embryonic phase (E10.5-E12.5 in mouse, E3-7
in chicken) and a secondary or later fetal phase (E14.5-17.5 in mouse, E8+ in chicken)(Biressi et
al., 2007; Stockdale, 1992). The first phase results in the production of the primary myofibers,
which derive from Pax3+ dermomyotomal progenitors through fusion. These primary myofibers
migrate to form body wall and limb buds, and more importantly, provide the scaffolds for which
mature muscles will be built. Known markers at this stage are slow MyHC and myosin light
chain 1 (MyLC1, MylI). During the second phase of myogenesis in mouse, Pax7+ myogenic
precursors either fuse themselves or fuse to the primary myofibers formed in first phase and give
rise to secondary or fetal fibers that specifically express markers such as MyLC3 (My/3) and fast
MyHC isoforms. During secondary myogenesis, Pax7+ progenitors contribute to the massive
muscle development and later become most of the adult muscle satellite cells laying between
sarcolemma and basal laminal of myofibers(Olguin & Pisconti, 2012; Rodriguez-Outeirino et al.,
2021).

Regeneration of skeletal muscle

The process of skeletal muscle regeneration is highly organized and involving the
activation of diverse cellular and molecular activities. Muscle satellite cells, which are specific
stem cells for skeletal muscle, play a crucial role in this regenerative process. These cells
originate from Pax7+ myogenic progenitors located in the dermomyotome(Kassar-Duchossoy et
al., 2005; Schmidt et al., 2019). The functionality of satellite cells is regulated by signaling

pathways such as Notch and Wnt, as well as the extrinsic cues from the niche where stem cells



reside(Laumonier & Menetrey, 2016; Yin et al., 2013). In general, when adult skeletal muscle is
injured, the regeneration process can be chronologically divided into three phases: the
inflammation phase, the phase of satellite cell activation and differentiation, and the phase of
tissue formation(Charge & Rudnicki, 2004).

After muscle injury, an influx of extracellular calcium is released due to the disruption of
the myofiber plasma membrane, leading to the proteolysis and degeneration of the damaged
tissue. Consequently, the necrosis and degeneration of the affected myofibers trigger the
infiltration of inflammatory cells(Laumonier & Menetrey, 2016). Factors released during
necrosis accumulate in the injured area, attracting more inflammatory cells. Neutrophils are the
first inflammatory cells recruited to the injury site, followed by the arrival of macrophages that
initiate the phagocytosis of muscle debris(Dort et al., 2019). Interestingly, macrophages not only
fulfill immune functions but also play a role in promoting satellite cell differentiation and tissue
revascularization(Latroche et al., 2017). Recent studies have highlighted the metabolic crosstalk
between macrophages and satellite cells, wherein macrophage-derived glutamine sustains the
enhancement of satellite cells and muscle regeneration(Shang et al., 2020). Furthermore, the
depletion of macrophages can impair the regenerative capacity of muscle tissue(Shang et al.,
2020; Summan et al., 2006). In conclusion, macrophages are crucial not only for their positive
involvement in inflammation but also for their contribution to muscle regeneration in the
inflammation phase.

The activation and differentiation of satellite cells constitute the second phase of skeletal
muscle regeneration, involving precise cellular morphological changes(Charge & Rudnicki,
2004). Quiescent satellite cells reside between the sarcolemma and basal lamina of the myofiber.

They specifically express Pax7 while lacking MyoD expression(Yin et al., 2013). Upon injury,
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satellite cells transition from their quiescent state to the activation state and enter cell cycle,
leading to the upregulation of MyoD and Myf5. In this stage, activated satellite cells initially
migrate to the injury site, where they either fuse with damaged myofibers or undergo
proliferation to become myogenic progenitor cells, also known as myoblasts(Schultz et al., 1985;
Snow, 1977). The downregulation of Pax3 and Pax7, coupled with the upregulation of MyoG,
drives the differentiation of satellite cells into elongated myocytes. These myocytes subsequently
fuse together under the control of Myomaker and Myomixer proteins, forming multinucleated
myotubes that eventually mature into myofibers(Bi et al., 2017; Millay et al., 2013; Zhang et al.,
2020). The newly formed myofibers exhibit small size, central-nucleation, and express
developmental myosin heavy chain (devMHC). These myofibers undergo maturation,
characterized by hypertrophy and the migration of nuclei towards the periphery, to become fully
functional muscle fibers(Collins et al., 2005; Yablonkareuveni & Rivera, 1994).

To ensure the preservation of satellite cell populations and prevent potential loss resulting
from repetitive muscle injury, the capacity for self-renewal is a vital characteristic of satellite
cells, as it is for all stem cells. Currently, two mechanisms are recognized for satellite cell
maintenance. Asymmetric division of a satellite cell produces two daughter cells, one of which
becomes a new satellite cell while the other becomes a myogenic progenitor. Alternatively,
symmetric division generates two daughter cells that both become myogenic progenitors.
Consequently, when most satellite cells downregulate Pax7 and initiate differentiation and
proliferation to generate new myofibers, a small number of cells maintain Pax7 expression and
return to a quiescent state, thus replenishing the satellite cell pool(Feige et al., 2018). During the
skeletal muscle regeneration process described earlier, the maintenance of satellite cell

populations involves the activation of Wnt and Notch signaling pathways(Brack et al., 2008). In
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mammals, there are currently known to be four Notch receptors and five ligands. Binding of
extracellular ligands to receptors triggers sequential cleavage of the Notch extracellular domain,
leading to the liberation of the Notch intracellular domain (NICD). The NICD translocates to the
nucleus, where it binds with RBP-Jk (also known as CBFI), activating the transcription of
specific target genes, including those of the Hes and Hey family(Bray, 2016). After asymmetric
division of satellite cells, the apical cell expresses Notchl and the Notch ligand D//1. DII1 is
concentrated at the cell-cell interface with the basal cell, potentially binding to Notch3 in the
basal cell to initiate self-renewal. Asymmetric distribution of DIl1 and the specific expression of
the Notch inhibitor Numb in the committed daughter cell repress Notch activity, leading to
myogenic commitment. The Notch effector genes are highly expressed to maintain satellite cells
in a quiescent state and are downregulated during terminal differentiation(Sun et al., 2008;
Yartseva et al., 2020). In adult skeletal muscle, canonical Wnt signaling primarily triggers
satellite cell differentiation through the ligand Wnt3a, while non-canonical Wnt signaling
promotes symmetric division, migration, and myofiber growth through the ligand
Wnt7a(Bentzinger et al., 2014; Brack et al., 2008; Le Grand et al., 2009; Otto et al., 2006; von
Maltzahn et al., 2012). In conclusion, the Notch signaling pathway is responsible for maintaining
the quiescent state and self-renewal of muscle satellite cells, while the Wnt signaling pathway is
responsible for their migration, symmetric division, and differentiation upon injury. This intricate
transition from Notch to Wnt signaling pathways represents a crucial aspect of effective muscle
regeneration.

The determination of skeletal muscle fate relies on the expression of myogenic
transcription factors Pax3/7, Myf5, and MyoD in the dermomyotome, followed by the expression

of muscle-specific genes that contribute to the formation of mature muscle tissue. The transition
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from mononucleated myoblasts to multinucleated myofibers is crucial for the proper functioning
of skeletal muscles, enabling contraction and locomotion. Recent research has unveiled two
muscle-specific membrane proteins: Myomaker (MymK) and Myomixer (MymX), also known as
Myomerger or Minion(Bi et al., 2017; Millay et al., 2013; Quinn et al., 2017; Zhang et al., 2017).
These proteins play indispensable roles in myoblast fusion during embryonic development.
Myomaker, a transmembrane protein with seven passes, is essential for fusion, as genetic
deletion of Myomaker completely blocks myoblast fusion and prevents the formation of
multinucleated muscle fibers in embryogenesis. On the other hand, Myomixer, a micropeptide,
acts as a booster for Myomaker but cannot induce fusion on its own. Knockout of Myomixer in
mice results in the failure of multinucleation and leads to postnatal death. Interestingly,
coexpression of Myomaker and Myomixer is sufficient to induce fusion even in non-fusogenic
cells such as fibroblasts(Bi et al., 2017; Millay et al., 2013; Zhang et al., 2020).

During muscle regeneration, both Myomaker and Myomixer are upregulated in satellite
cells (SC). Additionally, specific deletion of either protein in adult satellite cells does not impact
the initial response to muscle injury. However, a significant absence of regenerative myofibers is
observed at 9 days post-injury for Myomaker-SCKO and 7 days post-injury for Myomixer-
SCKO(Bi et al., 2018; Millay et al., 2014). A recent study proposed a fusion regulation model
for human myoblasts, where Myomaker alone induces low-grade fusion, and Myomixer
enhances fusion efficiency to generate large myotubes, a process regulated by MyoD(Zhang et
al., 2020). While the MyoD-MymX/MymK regulatory axis provides insights into fusion
regulation, there are likely other unidentified muscle-specific factors responsible for activating

the cell fusion program that remain to be discovered(Zhang et al., 2020).
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Activator Protein-1 (AP-1) family members and muscle regeneration

The activation of muscle satellite cell from quiescence stage marks the second phase of
muscle regeneration which is essential for the transition from stem cell to myoblast. Recent
studies have documented numerous disparities in the gene expression patterns of freshly isolated
satellite cells when compared to their quiescent counterparts in vivo. These findings suggest that
the process of isolating satellite cells is perceived as a signal of damage by the cells, resulting in
the swift inhibition of genes associated with quiescence and the activation of other genes,
potentially including crucial regulators of muscle stem cell function(Machado et al., 2017; van
den Brink et al., 2017; van Velthoven et al., 2017). By comparing activated satellite cells and
quiescent satellite cells, these studies noted that satellite cells undergo significant transcriptional
changes and transition into an early activation stage during the isolation process(Machado et al.,
2017; van den Brink et al., 2017; van Velthoven et al., 2017). Among these differentially
expressed genes, AP-1 family members showed rapid induction in activated satellite cells.

The AP-1 family is a group of transcription factors that play crucial roles in various
cellular processes, including proliferation, differentiation, apoptosis, and quick response to
external stimuli(Shaulian & Karin, 2002). The AP-1 family consists of a collection of protein
dimers composed of members from the Jun (c-Jun, JunB, JunD) and Fos (Fos, c-Fos, FosB,
Fosll, Fosl2) protein families, along with other related proteins such as ATF and MAF sub-
families(Glover & Harrison, 1995). The AP-1 family of transcription factors is highly responsive
to various stress signals. AP-1 activation can be induced by a wide range of stressors, including
oxidative stress, DNA damage, ultraviolet radiation, heat shock, inflammatory cytokines, and
growth factors(Eferl & Wagner, 2003; Jochum et al., 2001; Shaulian & Karin, 2002). The

sensitivity of the AP-1 family to stress signals allows them to act as important regulators of
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cellular stress responses. Under stress conditions, AP-1 members, such as c-Fos, c-Jun, JunB,
and JunD, can be rapidly induced and activated. They form heterodimers or homodimers, which
bind to specific DNA sequences in the promoters of target genes. This binding leads to the
transcriptional regulation of genes involved in stress adaptation, cell survival, inflammation, and
tissue repair. AP-1 transcription factors all possess basic leucine-zipper (bZIP) domains and
regulate gene expression by binding to specific DNA sequences (TGA(C/G)TCA) known as AP-
1 binding sites in the promoters or enhancer regions of target genes(Glover & Harrison, 1995).
The AP-1 family members play crucial roles in muscle development and regeneration. As
a key regulator in myogenesis, MyoD was abundantly studied for its association with AP-1
complex. By in vivo and in vitro studies, c-Jun and MyoD was shown to physically interact
through the binding of LZ domain and HLH domain respectively and inhibit the function of each
other(Bengal et al., 1992). AP-1 was also shown to negatively regulate MyoD expression in
proliferating myoblasts by binding to the CRE (cAMP-responsive element)-like element
identified in MyoD promoter region(Pedrazaalva et al., 1994). In differentiating myoblasts, Fosl2
was identified as the major component in AP-1 complex and heterodimerized with c-Jun and
JunD to transactivate MyoD expression(Andreucci et al., 2002). Recently, Almada et. al.
reported that Fos functioned as earliest regulators for muscle satellite cell activation by targeting
Artl to initiate satellite cell expansion and muscle regeneration(Almada et al., 2021). Another
AP-1 family member, AFT3, was demonstrated to preserve the premature activation of satellite
cell by directly activating Histon 2B expression to enhance genome stability and inhibit
replicative senescence (Zhang et al., 2022. bioRxiv). These studies converge on AP-1family to

fine-tune gene expression and ensure proper muscle function and regeneration.
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CHAPTER 2
GENERATION OF MOUSE CONDITIONAL KNOCKOUT ALLELES IN ONE STEP USING

THE i-GONAD METHOD!

! Shang, R., Zhang, H., & Bi, P. (2021). Generation of mouse conditional knockout alleles in one step using the i-
GONAD method. Genome research, 31(1), 121-130.
Reprinted here with permission.

16



Introduction

Our understanding of the genetic mechanisms of human diseases has been largely
expanded by loss-of-function studies using engineered mouse models. Two types of gene
knockout mouse models are commonly used: global and conditional, each with unique
advantages. Ubiquitous deletion of a gene from all tissues in a global knockout model can mimic
the genetic condition of human disease, thus permitting a quick and thorough evaluation of gene
function in vivo(Amoasii et al., 2017; Cheon & Orsulic, 2011; Doyle et al., 2012; Gurumurthy &
Lloyd, 2019; Wang et al., 2013). Given the flexible design of gene inactivation, for example,
frame shift mutation caused by a small insertion or deletion (indel) or targeted removal of
exon(s), the design and creation of a global knockout mouse model is relatively easy. However,
genetic studies using this type of model may have inherent limitations. First, for a gene that is
widely expressed, pleiotropic effects from its deletion in all tissues can obscure the cell type—
specific gene functions. Second, an early onset lethality or gross abnormality of a mutant will
prevent its application for studying gene function at adult stages or during aging conditions.

Cre/loxP-mediated conditional knockout models can circumvent these difficulties. Cre
can delete the flanked gene sequence between two loxP sites through DNA recombination(Sauer
& Henderson, 1988). Built on this principle, more sophisticated models of hormone-sensitive or
tetracycline-inducible conditional knockouts were developed that allowed precise temporal
control of gene disruption(Danielian et al., 1998; Feil et al., 2009; Jaisser, 2000; Schonig et al.,
2002). These models have afforded valuable opportunities to interrogate the context-dependent
gene function, thus providing clinically relevant information to treat genetic disease. The
Cre/loxP system requires the creation of a conditional allele for the gene of interest. Although

many tissue-specific/hormone-inducible Cre-expressing mouse strains are readily available,
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generation of the loxP-flanked (floxed) alleles is challenging and labor-intensive due to the lack
of an efficient method for their generation(Bouabe & Okkenhaug, 2013; Lewandoski, 2002;
Skarnes et al., 2011).

The common approach for generating floxed alleles was established in the 1980s
(Capecchi, 1989; Limonta et al., 1995; Mansour et al., 1988; Riele et al., 1992; Skarnes, 2015;
Thomas & Capecchi, 1987b; Zijlstra et al., 1989). It utilizes homologous recombination in
embryonic stem cells and requires technically challenging embryo-manipulation procedures.
Such practice is largely restricted to transgenic core facilities, making the approach costly, time-
consuming, and lacking in guaranteed success. Although this method has cumulatively created
many invaluable mouse models over the past decades(Skarnes et al., 2011), scaling this approach
up to functionally characterize the vast majority of the genome, with its rapidly expanding gene
list(Chen et al., 2020) and associated genetic elements, is a challenging endeavor. Therefore, an
alternative method that is inexpensive and easy to implement is awaited by the mouse genetic
research community. Ideally, such methodology can be performed by regular laboratory
personnel, for example, graduate students, with necessary technical training. Toward this goal,
both the gene targeting strategy and the delivery method should be streamlined.

CRISPR genome-editing technologies have revolutionized genetic studies(Adli, 2018;
Aida et al., 2015; Gurumurthy O'Brien, et al., 2019; Hsu et al., 2014; Irion et al., 2014; Jiang &
Doudna, 2017; Miura et al., 2018; Platt et al., 2014; Rasys et al., 2019; Square et al., 2015; H. F.
Wang et al., 2016; Yuan et al., 2019; Zu et al., 2016). However, successful applications of
CRISPR-based mutagenesis have been largely restricted to creation of global loss-of-function
models. Compared with random indels, the efficiency of precise editing through homology-

mediated repair (HDR) is low(Aird et al., 2018; Doudna & Charpentier, 2014; Jiang &
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Marraffini, 2015; Richardson et al., 2016; Zhang et al., 2017). Because the generation of
conditional alleles requires simultaneous integration of two loxP sites precisely in the same
chromosomal region (in cis), the chance of success is significantly lower when compared with
other HDR projects.

Single-stranded oligo DNA (ssODNA) that contains homologous sequences flanking the
nuclease-induced dsDNA break site emerged as an ideal form of HDR template that delivers
higher knock-in efficiency and specificity (Miura et al., 2015; Yoshimi et al., 2016). A recent
study of the interactions between the Cas9 protein with its DNA substrate provided a rational to
improve the HDR design. Specifically, asymmetric target-strand ssODNs were shown to be
highly effective in introducing point mutations (Richardson et al., 2016). Using this type of
ssODNA, we previously generated two conditional alleles for the MymX gene by microinjection
with an overall 12% efficiency(Bi et al., 2018). It should be noted, however, that an independent
test of loxP insertions for 30 genes showed a nonsignificant impact of homology arm symmetry
on HDR efficiency(Lanza et al., 2018). Reported in this large-scale test, the efficiency of loxP
insertion by using short ssODNA, either symmetric or asymmetric designs, is around 9%(Lanza
et al., 2018). More recently, utilizing various types of short ssODNA to separately insert loxP
sites, extensive efforts from a consortium of core facilities and laboratories reported an overall
1% efficiency on 56 loci(Gurumurthy O'Brien, et al., 2019). These studies revealed large
disparities of the gene targeting efficiency through microinjection.

In addition to microinjection, alternative CRISPR delivery methods were
reported(Kaneko & Mashimo, 2015; Modzelewski et al., 2018; Ohtsuka et al., 2018; Takahashi
et al., 2015b; Teixeira et al., 2018; W. B. Wang et al., 2016). Of special interest, a mouse zygote-

stage embryo transfection strategy called improved-Genome editing via Oviductal Nucleic Acids
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Delivery (i-GONAD) was reported(Ohtsuka et al., 2018). This method delivers a gene editing
cocktail into mouse zygotes through oviduct electroporation. Operation of i-GONAD is easier
than the ES-cell-based approach or microinjection because mouse zygotes no longer need to be
individually handled and transferred into pseudopregnant mice(Gurumurthy, Sato, et al., 2019;
Ohtsuka et al., 2018), yet the HDR efficiency of i-GONAD was comparable to that achieved
through microinjection(Ohtsuka et al., 2018). For the creation of conditional alleles, one recent
study proposed a two-step i-GONAD workflow that sequentially inserts two loxP sites, one at a
time(Sato et al., 2020). However, the proof-of-principle test of this approach was not
satisfactory, that is, only one loxP was integrated(Sato et al., 2020). Therefore, both the CRISPR
targeting strategy and the logistics of i-GONAD for creation of conditional alleles require
improvement. Here, we aim to develop and test a new approach by integrating a unique design of
asymmetric loxP-ssODNA with the i-GONAD delivery method to create mouse conditional
alleles.
Results
Exploiting the i-GONAD method to create a conditional allele: a proof-of-principle test
The principle of HDR template design, major experimental procedures, and
milestones for this method are schematized in Figure 2.1A. It involves using two guide
RNAs (gRNAs) and two short ssODNs as HDR donors for loxP insertions. Each
ssODNA is 161 nt long, composed of 91 nt of the 5" homology arm from the PAM-
proximal side, 34 nt of loxP sequence, and 36 nt of the 3’ homology arm from the PAM-
distal side.
We first tested the i-GONAD method by generating a mouse conditional allele for

the FoslI (fos-like antigen 1) gene for which the expression at both mRNA and protein
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levels was induced during muscle regeneration (Fig. S2.1). The function of the Fos/] gene
during this biological process remains unknown. Because Fos// global knockout mice die as
embryos (Schreiber et al. 2000), studying the postnatal muscle-specific function of this gene
requires a conditional allele.

The mouse FoslI gene contains four exons, with the last two being close to each other
and representing 64% of the coding sequence including critical domains of the FOSL1 protein
(Matsuo et al. 2000). Therefore, deletions of exons 3 and 4 can unequivocally abolish gene
function. We designed a pair of gRNAs and the corresponding ssODNSs to insert loxP sites
flanking these exons (Fig. 2.1B). Different from microinjection, which directly delivers CRISPR
components into the zygotes, i-GONAD involves a two-step transfer of the gene editing cocktail:
first, the cocktail is injected into the lumen of the oviduct, followed by a second step of oviduct
electroporation that transfers the cocktail into zygotes (Fig. 2.1A; (Ohtsuka et al., 2018)). Owing
to the volume restriction of the oviduct and inevitable dilutions of the gene editing cocktail by
the much larger volume of oviduct fluid, we used concentrated Cas9 protein, ssODNs, and
gRNAs in molar ratios of 1:6:10, as we previously used in microinjection experiments(Bi et al.,
2018).

CD-1 female mice in estrus were mated with C57BL/6J males. We performed i-GONAD
on two females that showed copulation plugs. To avoid false detection of loxP sites in scenarios
of random ssODNA integration, genotyping primers were designed in the regions outside the
homology arms of donors. Successful incorporation of loxP was identified by a 34-base-pair (bp)
increase in PCR amplicon size. Our results revealed the simultaneous 5'- and 3'-loxP insertions
in one mouse (#2) (Fig. S2.2). We also detected 5'- or 3’-loxP integrations in other mice: #1, #10,

#11, #14, #15, and #20 (Fig. S2.2). Because transgenic founders are commonly mosaic, we
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tested germline editing of the #2 mouse by breeding it with wild-type (WT) mice. Out of
a total of 22 filial 1 (F1) progenies obtained, four showed simultaneous inheritance of 5'-
and 3'-loxP sites (Fig. 2.1C). The fidelity of these loxP sites was also validated by
sequencing (Fig. 2.1D). Intercrossing of the heterozygous mice generated homozygous
Fosl1loxP/loxP mutants at expected Mendelian ratios. These mutants appeared
phenotypically normal, indicating that loxP insertions do not alter gene function, a
prerequisite for conditional alleles.
More tests of the i-GONAD method to create conditional alleles for another four genes

To our knowledge, the Fosl1loxP allele is the first conditional allele created by the i-
GONAD protocol in one step, which is easier and faster than two-step approaches. To better
evaluate the efficiency, we performed additional tests on four other genes: Plagli (pleiomorphic
adenoma gene-like 1), 4k040954, Clcf1 (cardiotrophin-like cytokine factor 1), and Gm44386. In
addition to having different genomic locations, these genes were chosen because of our research
interests, their distinct functions, and patterns of epigenetic regulations (Fig. 2.2A). As such,
tests on these loci may demonstrate the broader utility of this method.

We first tested the synergy and editing efficiency of gRNAs in mouse fibroblasts (Fig.
S2.3). The gRNA pair that can generate large deletions between the gRNAs was chosen for i-
GONAD. The loxP sequence contains an 8-bp asymmetric core spacer that defines the
orientation of the loxP cassette(Sauer, 1998; Sternberg et al., 1981). Deletion of the flanked
sequence requires that the two loxP sites are aligned in the same direction(Guo et al., 1997). We
therefore adjusted the orientation of the loxP sequence within the HDR donors when gRNAs

targeted opposite DNA strands.
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For the Plagll gene, we aimed to generate a conditional allele by flanking the coding
exons 5 and 6 with loxP sites (Fig. 2.2B). Four females were used for the i-GONAD procedure.
Among 28 pups that were born, three (#8, #10, #11) showed simultaneous 5'- and 3'-loxP
insertions, and another eight mice showed either 5'- or 3'-loxP insertions (Fig. S2.4A). Among
15 progenies obtained from breeding the #10 founder with C57BL/6J WT mice, eight pups
showed successful germline transmission of both loxP sites (Fig. S2.4B). Correct targeting in
these mice was also confirmed by sequencing (Fig. 2.2B, boxed panels). Of note, all other
progeny showed the insertion of only the 3'-loxP site (Fig. S2.4B). This reveals the mosaicism of
genome editing.

The long noncoding gene Ak040954 contains two exons. We targeted the major exon 2
which represents 91% of the transcript (Fig. 2.2C). Three female mice were used for i-GONAD.
Among 11 mice that were born, two pups (#5, #7) showed simultaneous 5'- and 3'-loxP
insertions, whereas another two pups (#8, #9) showed only 5'-loxP insertions (Fig. S2.4C).
Among nine progenies obtained from breeding of #5 founder with C57BL/6J WT, three pups
showed successful germline transmissions of floxed alleles that contained both the 5'- and 3'-
loxP sites (Fig. S2.4D). The fidelity of loxP sequences was validated by sequencing (Fig. 2.2C,
boxed panels). We also observed the inheritance of other types of mutations, showing up as >34
bp insertions (#2, #7) (Fig. S2.4D), which mirrored the genotype of their FO parent (Fig. S2.4C).

The Clcf1 gene contains three exons that together encode a 225-amino acid cytokine. We
generated a conditional knockout allele by targeting exon 3 (Fig. 2.2D) that encodes the majority
of the protein. Among eight pups produced, one mouse (#2) showed simultaneous 5'- and 3'-loxP
insertions, and another two mice (#1, #4) showed either 3'- or 5'-loxP insertion, respectively

(Fig. S2.4E). Among 13 progenies of the #2 founder, eight mice showed successful germline
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transmissions of both 5'- and 3'-loxP insertions (Fig. S2.4F). The fidelity of loxP sites was also
confirmed by sequencing (Fig. 2.2D, boxed panels). All other pups showed only 5’-loxP
insertions (Fig. S2.4F). This is consistent with the genotype of the FO founder for which the 5'-
loxP insertion was nearly homozygous (Fig. S2.4E).

Using the i-GONAD method, we also generated a conditional allele for the Gm44386
gene, whereby the coding exons were flanked by two loxP sites (Fig. 2.2E). Among nine pups
produced, two (#1, #5) showed simultaneous 5'- and 3'-loxP insertions, whereas another two (#3,
#9) showed only 3’-1oxP insertions (Fig. S2.4G). Successful transmissions of the two loxP sites
were also confirmed by PCR (Fig. S2.4H) and sequencing (Fig. 2.2E, boxed panels).

A cloning-based strategy to rapidly identify founders with loxP insertions in cis

By Mendel's law of inheritance, the simultaneous transmission of 5'- and 3'-loxP sites
into the F1 generation validated loxP insertions in cis for five founders, that is, one for each
gene. In addition to these mice, we also obtained other FO founders that showed both 5'- and 3'-
loxP sites. This includes the #5 mouse for the Gm44386 gene (Fig. S2.4G), the #7 mouse for the
Ak040954 gene (Fig. S2.4C), and the #8 and #11 mice for the Plagll gene (Fig. S2.4A). To
deconvolute the potential mosaicism in these FO founders (Fig. 2.3A) and identify more floxed
alleles, we devised a cloning-based strategy of genotyping.

As illustrated in Figure 2.3B, long-range genotyping PCR was performed with the
forward primer from the 5’ gRNA region (5'F) and the reverse primer from 3" gRNA region
(3'R). Because the sizes of these PCR products were large (Fig. 2.3B), gel electrophoresis cannot
reliably identify floxed alleles from others, for example, single loxP, WT, or small indels. We
leveraged the principle of molecular cloning to genotype a single DNA molecule amplified by

the long-range PCR (Fig. 2.3B). During transformation, the plasmid incompatibility ensures that
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each bacterium only maintains one vector that hosts one DNA insert. This provides an
opportunity to verify the presence of two loxP sites in a single DNA molecule through
genotyping the bacterial colony using 5'F&5'R and 3'F&3'R primers, which give rise to much
shorter amplicons that can be analyzed by regular gel electrophoresis (Fig. 2.3B). In rare cases
where a competent cell takes more than one vector, such heterogeneity can also be detected by
PCR and will be excluded from analyses.

As expected, the separation of long-range PCR products by electrophoresis is poor (green
arrows, Fig. 2.3C). To reduce the cloning background, we purified the large amplicons (green
boxes, Fig. 2.3C) for ligations. Genotyping results of bacterial colonies for the #5 mouse of the
Gm44386 gene showed only 5’ loxP, whereas the 3" gRNA region was WT-size (Fig. 2.3D).
Mimicking the bacterium genotyping results, the progeny of this mouse only showed 5’ loxP
(Fig. S2.4I). Compared with the genotype of this founder (Fig. S2.4G), these observations
indicate a mosaicism that possibly includes scenarios #3 and #6 illustrated in Figure 2.3A (lower
panel). In comparison, floxed alleles were detected for all other founder mice (Fig. 2.3E-H). As
a validation, breeding of the #7 mouse (4k040954) produced F1 progeny that contained both
loxP sites (three out of 10 pups). Together, these experiments proved the accuracy of the
cloning-based method to identify floxed alleles.

Byproducts of the i-GONAD method can serve as global knockout models

The long-range PCR revealed large-deletion alleles from these i-GONAD experiments
(red arrows, Fig. 2.3C). Indeed, deletions of various sizes were observed for all five genes (Fig.
2.4A-D; Figs. S1.5-S1.7). In total, 20 out of 54 (37%) FO generation mice showed large
deletions. As a consequence, critical exons for these genes were removed as confirmed by

sequencing. This includes deletions of 7,489 bp for the Plagli gene (Fig. S2.5C), 3,413 bp for
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the 4k040954 gene (Fig. 2.4E), 3,664 bp for the Gm44386 gene (Fig. 2.4F), 1,812 bp for the
Fosll gene (Fig. S2.6B), and 1755 bp for the ClcfI gene (Fig. S2.7B). Note that the amplicons
for WT or floxed alleles were too large and thus not detected in these PCR conditions.
Collectively, these “byproduct” mutants obtained from loxP projects may serve as global
knockout models.

Other types of mutations from the FO generation included smaller indels produced by
either 5'- or 3'-gRNA, for example, mice #15 and #20 for the Fos/I gene (Fig. S2.2), and mice
#1, #2, #6, and #8 for the Clcf] gene (Fig. S2.4E). In scenarios where intron-exon splicing sites
were destroyed, abnormal splicing may join incompatible exons, making these mutations
potentially useful as knockout or hypomorphic alleles.

Examination of off-target mutagenesis by i-GONAD

The high efficiency of i-GONAD prompted us to examine the genome editing specificity
in FO founders that contained floxed alleles (Fig. S2.8A). We used the polyacrylamide gel
electrophoresis (PAGE) method (Zhu et al., 2014) to quickly and sensitively detect small indels.
Among 10 gRNAs, #2 gRNA produced off-target mutagenesis in the predicted site (Fig. S2.8 A—
C). Coincidently, only this off-target site had identical sequence with the 10-bp PAM-proximal
“seed” region of the gRNA (Fig. S2.8A). This aligns with the notion that a single nucleotide
mismatch within the PAM-proximal region is not tolerated by the CRISPR-Cas9 (Fortin et al.,
2019; Qi et al., 2021). Together, our results showed that genome editing delivered by i-GONAD
is largely specific, though caution is also warranted when gRNAs with predicted low-specificity

were used.

26



Test of i-GONAD on the Mecp2 gene

We continued to examine whether the short symmetric ssODNA donors can work for i-
GONAD in generation of conditional alleles. For this purpose, we chose the Mecp2 (methyl CpG
binding protein 2) gene because multiple groups have attempted to insert loxP by microinjecting
symmetric ssSODNA donors(Gurumurthy O'Brien, et al., 2019; Yang et al., 2013). As such, using
the same designs of gRNA and ssODNA, it provides an indirect comparison of i-GONAD with
the microinjection approach.

Three CD-1 female mice that showed copulation plugs after mating with C57BL/6J males
were used for the i-GONAD procedure. Embryos at day 12.5 postconception (E12.5) were
collected for genotyping analysis. The high efficiency of gRNAs was revealed by big truncations
and possible elimination of primer binding sites in multiple samples (#1, #2, #4, #6, #9, #15)
(Fig. S2.9A,B). Among 19 total embryos, two showed a 5'-10xP site; four showed a 3'-loxP site,
with one embryo (#3) showing both 5'- and 3'-loxP sites. Long-range PCR (Fig. S2.9B) and
cloning-based genotyping analysis (Fig. S2.9C,D) confirmed in cis loxP insertions in this
sample. These results were consistent with a previous report that the efficiency of loxP insertions
in this locus was relatively low(Gurumurthy et al. 2019a).

Repeating i-GONAD on Plagll and Cicf1 genes using CS7BL/6J females

i-GONAD can efficiently deliver CRISPR cocktails for a variety of hybrid or inbred
mouse strains(Ohtsuka et al., 2018). We used CD-1 females because of their good postsurgery
performance and generally large litter size. In our experience, performing i-GONAD on CD-1
females is also easier than C57BL/6J females thanks to larger volumes of the oviduct. However,
with technical proficiency gained from these practices, we continued to determine whether

conditional alleles could also be produced from the inbred C57BL/6J strain.
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Plagl and Clicf1 genes were selected for these tests. C57BL/6J females that showed
copulation plugs after mating with C57BL/6J males were used for i-GONAD. As previously
observed, the pregnancy rate of C57BL/6J females was low (Ohtsuka et al. 2018). From multiple
breeding pairs, only two females produced a total of five embryos for the Plag/] experiment, and
another two females produced six for the Clcf] experiment. Nevertheless, we identified one
embryo that showed a floxed allele for each gene (Fig. 2.5A,B), which was also confirmed by
analyzing the long-range PCR products (Fig. 2.5C; Fig. S2.10). Together, these results are in
agreement with previous observations that inbred strains can be used for genome editing by the i-
GONAD method (Ohtsuka et al., 2018).

Validation of the FoslI conditional allele

We continued to validate the design and utility of the conditional allele that we generated
by i-GONAD. Through serial crossing of Fosl1'0*P10xP with Pax7¢<ER mice (Lepper et al., 2009),
a widely used muscle stem cell-specific Cre deleter, we obtained Pax7¢ER:Fos]110xP/loxP
conditional knock out mouse model, indicated by Fosl1-cKO. Tamoxifen was administered into
adult mutants to activate CreER and thus the removal of exons 3 and 4 of the Fos/I gene (Fig.
2.6A). Two days after the last dosage of tamoxifen, muscle tissues were collected for genotyping
analyses. As expected, the recombined allele can be specifically detected in muscle samples from
Fosl1-cKO but not littermate Fosl1'o*1xP mice (Fig. 2.6B). Sequencing confirmed the correct
recombination between 5'- and 3'-loxP sites that excised the targeted exons and joined intron 2
with the 3’ region of the Fosl1 gene (Fig. 2.6C). Because muscle stem cells account for less than
5% of total nuclei in intact muscle tissues (Snow, 1981), the intact floxed allele was also readily

detected in Fosl1-cKO muscle samples (Fig. 2.6B).
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We then isolated muscle precursor cells from Fosl1-cKO mouse and confirmed the robust
inactivation of Fosl/I gene detected by qPCR using primers from exon 4 of this gene (Fig. 2.6D).
As a negative control, fibroblasts that were also isolated from Fosl1-cKO mouse showed a
normal level of expression for the Fos/] gene (Fig. 2.6D). We did not examine Fos// gene
expression in whole muscle tissues because muscle precursor cells only account for a small
portion of the tissue, whereas the remaining cell types (Pax7") also abundantly express the Fosl/
gene, as shown by single-cell RNA sequencing analyses of muscle tissues (Fig. S2.11)(Schaum
et al., 2018) .These results validated the utility of the conditional allele produced by the i-
GONAD method.

Discussion and future direction

The overall targeting efficiency of producing floxed alleles by i-GONAD was 10% (eight
out of 76) (Table 2.1). In addition to these desired mutants, the frequency of obtaining FO mice
with either 5'- or 3'-loxP insertion was 28% (21 out of 76). Therefore, the combined loxP-
insertion efficiency was 38%, close to the HDR efficiency that was previously reported using the
i-GONAD method (49%) or through microinjection (52%)(Ohtsuka et al., 2018). In F1
generations, the chance of inheriting two loxP sites (in cis) was 37% (32 out of 87 pups) (Table
2.1), indicating efficient germline editing by i-GONAD. These tests demonstrate that our
approach, using the i-GONAD method and the HDR template design, is robust, fast, and efficient
for the generation of mouse conditional alleles.

One recent large-scale test of microinjection reported an 11% loxP-insertion efficiency
by using asymmetric ssODNs and a 7% efficiency by using symmetric ssODNs(Lanza et al.,
2018). Compared with these dual-ssODNA approaches, long ssODNA, composed of loxP—

Exon(s)-loxP sequences, was shown to be more efficient in generating floxed alleles(Lanza et

29



al., 2018; Miura et al., 2018; Miyasaka et al., 2018; Quadros et al., 2017). Because both loxP
sites were synthesized in one piece, this predicts simultaneous integrations of two loxP sites.
However, technical barriers do exist for the preparations of long ssODNA(Lanza et al., 2018).
Depending on the length of the floxed area, production of long ssODNA that meets the required
yield, purity, and fidelity by either chemical synthesis or enzymatic reactions is still challenging.
For instance, even without considering the homology arms, the floxed regions for our genes
measured 2—7 kb. In comparison, the maximum size of ssODNA (megamer) that can be ordered
from IDT is 2 kb. Therefore, broader applications of long ssODNA await improvement of DNA
synthesis technology.

In comparison with the conventional floxing method, an alternative strategy of
conditional gene-inactivation by leveraging the exon-splicing machinery (Guzzardo et al., 2017)
could make the use of single-piece ssODNA more realistic. This conditional knockout strategy
involves the insertion of a small artificial intron that harbors two loxP sites into a coding exon of
the target gene. In the absence of Cre, this foreign sequence can be fully excised by splicing
machinery without affecting gene function. In the presence of Cre activity, recombination of
loxP sites will destroy the artificial intron which causes translational termination, thus abrogating
gene function. It remains to be tested whether the artificial-intron ssODNA can produce higher
targeting efficiency when delivered by i-GONAD.

In addition to the formats of donors, the HDR efficiency can also be affected by donor
concentration at the editing site(Liu et al., 2019). Consistent with this notion, HDR frequency
was improved when ssODNA was chemically linked to Cas9 protein(Aird et al., 2018; Ling et
al., 2020; Ma et al., 2017). In a simpler form, one can test whether the more stable sSODNA,

improved by chemical modifications, can enhance i-GONAD efficiency. Other methods to
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improve HDR frequency include chemical inhibition of the nonhomologous end-joining pathway
(Maruyama et al., 2015), engineering of Cas9 protein (Charpentier et al., 2018; Jayavaradhan et
al., 2019), and the timing of gene targeting in S/G2 phases of the cell-cycle (Lin et al., 2014).
The i-GONAD procedure is performed around 4:00 p.m. of the day when the vaginal plug is
observed(Gurumurthy, Sato, et al., 2019; Ohtsuka et al., 2018). This marks approximately 16
hpf, a stage when zygotes transit from the S to the G2 phase of the first cell-cycle(Howlett &
Bolton, 1985). In comparison, microinjection or ex vivo zygote electroporation was commonly
performed at an earlier time that corresponds to 10—12 hpi (Lanza et al., 2018; Teixeira et al.,
2018). The timing differences of these CRISPR delivery methods may affect the efficiency of
loxP insertions.

One limitation of the current study is the relatively smaller number of genes tested, as
compared with the larger-scale microinjection experiments (Gurumurthy, Sato, et al., 2019;
Lanza et al., 2018) or multicenter consortium studies (Gurumurthy et al. 2019a). Because we do
not have access to microinjection core or ex vivo zygote electroporation setups, we cannot
directly compare the performance of these delivery methods. However, the initial report of i-
GONAD confirmed that its HDR efficiency was comparable with that achieved through
microinjection(Ohtsuka et al., 2018) . Similarly, the 10% efficiency that we observed for loxP
insertions by i-GONAD was also comparable with that from microinjection (11%—-12%) (Bi et
al., 2018; Lanza et al., 2018), though locus-to-locus variability was observed. For instance, the
efficiency of creating a floxed allele for the Fos/I gene is 5% (one out 20) versus 18% (two out
11) for the 4k040954 gene (Table 2.1). This could be caused by different levels of chromatin

accessibility, a major determinant of Cas9 binding and activity(Chari et al., 2015; Wu et al.,

31



2014). Nevertheless, successful delivery of CRISPR reagents is required but certainly cannot
guarantee the same editing efficiency for different loci.

To provide an indirect comparison with the microinjection method, we repeated i-
GONAD on the Mecp?2 gene. We selected this locus because it was previously tested by the
microinjection method, though a large discrepancy of targeting efficiency, ranging from 0% to
16%, was reported(Gurumurthy O'Brien, et al., 2019; Yang et al., 2013). The i-GONAD
efficiency of producing a floxed allele for this locus is 5%. Of note, the gRNAs did show high
editing activity in producing null alleles. Therefore, i-GONAD is a reliable method to deliver the
CRISPR cocktail into zygotes, and the efficiency of producing conditional alleles can vary
largely at different loci.

We referred to our previous experience of microinjection(Bi et al., 2018)for the molar
ratios of Cas9, gRNA, and ssODNA. It remains unknown whether other concentrations of these
reagents could enhance the success rate of i-GONAD. Although i-GONAD does not require
direct handling of the mouse embryo, its success depends on many factors. First, similar to
microinjection, i-GONAD requires steady hand-control of the microcapillary needle for oviduct
injection. Second, a thorough understanding of the mouse reproductive system is essential. In our
experience, oviduct injections visualized by dye solution have afforded valuable training
opportunities. In addition, we recommend testing gRNAs in cultured mouse cells, for example,
fibroblasts, before applying them for i-GONAD. Last, one should monitor the off-target
mutations in picked founders, especially when the predicted off-target site is located near the
gene of interest. In summary, our study provides a complete gene targeting workflow to create,
analyze, and authenticate conditional alleles. This may promote gene function studies in vivo by

providing an inexpensive alternative to generate custom mouse models.
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Methods
Oviduct electroporation by the i-GONAD protocol

All animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Georgia. Mouse oviduct electroporation was performed
as previously reported(Ohtsuka et al., 2018). Briefly, 6- to 10-wk-old CD-1 or C57BL/6J female
mice were mated with C57BL/6J stud males the day before electroporation. The copulated
female mice were used for surgery to expose the oviduct. CRISPR gene editing cocktails were
freshly assembled and contained 6 uM Cas9 protein (IDT 1081058, Lot # 0000405530), 30 uM
gRNA (Alt-R crRNA annealed with tractrRNA, IDT 1072534, Lot # 0000403961), and 18 uM
ssODNA (IDT Ultramer DNA Oligo, standard desalting). This cocktail was delivered into the
oviduct through microcapillary injection. Oviduct electroporation was performed using a
CUY21EDIT II electroporator with the following protocol: Pd A: 100 mA, Pd on: 5 msec, Pd
off: 50 msec, three cycles, decay 10%. The sequences for gRNA and ssODNA are provided in
Supplemental Materials.
Mouse genotyping analysis

Genotyping PCR was performed using genomic DNA extracted from the toe clipping
with the primers listed in Supplemental Materials. For Sanger sequencing, PCR products were
first gel-purified and cloned into the pCRII Topo vector (Thermo Fisher Scientific K460001) and
sequenced with T7 or SP6 primers. Long-range PCR was performed using LongAmp Hot Start
Taq 2X Master Mix (NEB M0533S) to examine genomic DNA that was purified by a Monarch
Genomic DNA Purification kit (NEB T3010). The large amplicons were gel-purified and cloned
into the pCR-XL-2-TOPO vector (Thermo Fisher Scientific K8050-10). The top off-targeting

sites were predicted by Cas-OFFinder (Bae et al., 2014).
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Tamoxifen and muscle injury

Tamoxifen (Sigma-Aldrich T5648) was dissolved in ethanol (10 mg/mL). This stock
solution was diluted in sesame oil (Sigma-Aldrich S3547) with a ratio of 1:9 before injection.
Two milligrams of tamoxifen were administered by intraperitoneal injection. Muscle injury was
induced by injecting 1.2% barium chloride (50 pL) into the tibialis anterior muscle.
gRNA and ssODNA sequences
Fosll 5’ gRNA: CCGGACGCTTGTCATCTCAT.
Fosll 3° gRNA: AGAGGGTCGCCCCATTCTTC.
Fosll 5’ ssODNA:
AGGAAGATCAAAGTTTACAGAGAGGGAAAGCATTTCAGGAAAGAAACCAGCAGTA
AAGCTAGGTGTGTGTGAGCTGGAAATGTCACCAATGATAACTTCGTATAGCATACAT
TATACGAAGTTATAGATGACAAGCGTCCGGTACAGAGAAGCAACTGTGG.
Fosll 3’ ssODNA:
ACCATTTGGAACAGGAGTTCCAGGTTCCAGTCTCAGCATTGACCTTGAAGAAACTAC
CATATGTTTTTGGACTTCCATATTCTCACCTGAAATAACTTCGTATAGCATACATTAT
ACGAAGTTATGAATGGGGCGACCCTCTGCTCTTCCTTGTCTCCTAT.
Plagll 5° gRNA: GATTGCAGGCTTGAATACGG.
Plagll 3’ gRNA: ATGGAACCATCTATGAGACC.
Plagll 5’ ssODNA:
CTGGGTATCTGCAGAGAGAAGAGGAACAGATTTCTCACATCAGCTATTGGAAAACT
GTATCCCCCCACCAGCACCAGCATCAGCACCACCGATAACTTCGTATAATGTATGCT

ATACGAAGTTATTATTCAAGCCTGCAATCAGTATATTCTTTTAAGAGG.
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Plagll 3’ ssODNA:
ATCTCAGAGCAGTGAATTTGATCCCGTGAGGCTATCTTGCTGCTTCATTGTCTACTCT
AGGTCAGGTCAACTGTGTCTTATGGGCCCTGGTATAACTTCGTATAATGTATGCTAT
ACGAAGTTATCTCATAGATGGTTCCATAGTGCAAGGTTTCCCCATT.

Ak040954 5° gRNA: ACCCTTATAAAATAACCTCG.

Ak040954 3° gRNA: GTATCTGGCGATGTGTTTAG.

Ak040954 5° ssODNA:
CAAACTCTTGCCTGCTGGGTCCCCAGCAAGCCTTACAGTCCTGATGTCTGCTCTAAC
ACATTTGCACTCCACCTCTGGTTCCACACCTCTAATAACTTCGTATAGCATACATTAT
ACGAAGTTATAACACATCGCCAGATACCCAAAGTCATCAGTGAACA.

Ak040954 3 ssODNA:
TGTTTTTCTTTATGCATCTCAAAGGATCCTGTACTGCTTTCAAAGGAACCACTGCACC
ACACGGTTCCTGTCTTCCTGTCTTTCTCCACGAATAACTTCGTATAATGTATGCTATA
CGAAGTTATGGTTATTTTATAAGGGTAAAGCTCAGGTCTTACTTA.

Clcfl 5° gRNA: GTCAGCACGTCCCACCCGAG.

Clcfl 3’ gRNA: GTACACAGGCCTTGGAGTAC.

Clcfl 5° ssODNA:
ATCATTTGCATGGAGGAGACAGGTGAAGCAGTGGGGTGATGAGTTCTCCTATGGAG
AAGTGCAGAGAGAGAAAACCACGAAGGAGCCACTCATAACTTCGTATAATGTATGC
TATACGAAGTTATGGGTGGGACGTGCTGACTGTCTGGGTGGAGAATGCC.

Clcfl 3’ ssODNA:

AAACACACACAGCTATCTGGGAGGACCAAGGCATAGTGGGTGTGGCAAGGGAGTGG
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ATGGGTTGCTCCAGGGCCAGCAGTAAGAGCCTGTAATAACTTCGTATAATGTATGCT
ATACGAAGTTATCTCCAAGGCCTGTGTACCTCTATGGTATAAAGAGAC.

Gm44386 5° gRNA: CACCCTCAAACTTGATACAT.

Gm44386 3° gRNA: GACCACAATGCAATTTACAT.

Gm44386 5° ssODNA:
TCAAAGCAATTACTATATTAATTATTACTATATTATCACCAAAGGGGTCAGGACCCA
AAGGTTGAGAACCCCTGTTCTGGGTCCTCCTATGATAACTTCGTATAATGTATGCTAT
ACGAAGTTATTATCAAGTTTGAGGGTGGCTTGGGCTACATGAGACT.

Gm44386 3° ssODNA:
CATCATGAGTTCCAAGCCAGCCTGGACAGAAGGAGCCCCTGTTAGAGATGTAGAGC
CATGCAAGCATGAAGACCTGAGTTTATAACCCATGATAACTTCGTATAGCATACATT
ATACGAAGTTATTAAATTGCATTGTGGTCAGGCAGTGGTGGCACATGC.

Mouse genotyping primer sequences
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Gene Primer name Sequence (5-3°) Expected amplicon size
F d TCCACAGATGAGGAGGCTGA
5 loxP |k WT 392 bp, loxP 426 bp
Reverse TGGGCTGATCTAGGTTGGGA
Fosll Forward AGAAGCGCTTAGCTTCAGGG
3' loxP WT 317 bp, loxP 351 bp
Reverse TGCTTGCACTCCAGAGCATT
Long-range PCR 5' loxP-F + 3' loxP-R WT 2,115 bp
Forward AGAAAGGGAGGATGGGTTGC
5" loxP WT 278 bp, loxP 312 bp
Reverse TGAGGAACTGCTGTGCCATT
Forward GGGTTGAAGCCAGTGACAGT
Plagll] 3' loxP WT 200 bp, loxP 234 bp
Reverse TTTGGGGAGACTGCCTTTCC
Long-range PCR-F GCAACTAGACTCCATGTCCCC WT 8.441 b
Long-range PCR-R | AGTTGTGCTTGGTGCTGAGT P
Forward CTCCCTCTTCCCTGACCAGA
5" loxP WT 327 bp, loxP 361 bp
Reverse TTGCCCTCCACTGATTGTCC
Ak040954 Forward GGCCACAGTTCTGCTGGTAT
3' loxP WT 357 bp, loxP 391 bp
Reverse CAGGCCTCTCTTTGTCCTGG
Long-range PCR 5' loxP-F + 3" loxP-R WT 3,755 bp
Forward CTACCTCTCCAGCCTGGTCT
5' loxP WT 355 bp, loxP 389 bp
Reverse AGTCAGGCTCGTTGAAAGGG
Clefl F Al TAA! TACCT AT
4 3 loxp | Lorvard CCCTAACCCTACCTGCC WT 188 bp, loxP 222 bp
Reverse CCAGAGGCAAGGAAGACTGG
Long-range PCR 5' loxP-F + 3' loxP-R WT 1,977 bp
Forward GGAACAGGCTGTCACAGGAG
5" loxP WT 397 bp, loxP 431 bp
Reverse GAAGCTGGAGATCAGAAGGCA
Gm44386 Forward AGGAGCCCCTGTTAGAGATGT
3' loxP WT 381 bp, loxP 415 bp
Reverse GTGTGGGGATATGCTGTCTGA
Long-range PCR 5' loxP-F + 3' loxP-R WT 4,122 bp
F d
5 loxP orwar CCCAGCTTGACCCAAGGATA WT 287 bp, loxP 327 bp
Reverse GGCTGAAGGTTGTAGTGGCT
Mecp2 F d
ecp. 3 loxP orwar AGGTGGGTAGGAAGGCTAGG WT 218 bp, loxP 258 bp
Reverse CTCCTCTGTACTCCCTGGCT
Long-range PCR 5' loxP-F + 3' loxP-R WT 773 bp
pagycrer | 10221-Pax7 ACTAGGCTCCACTCTGTCCTTC WT 724 bp,
10222-Pax 7t GCAGATGTAGGGACATTCCAGTG Pax7°ER 231 bp

Genotyping primers were designed to detect indels in predicted off-targeting sites. The primer

sequences are listed in the table below.
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Target gene Offéﬁ;%:t of Sequence (5°-3’) WT size (bp)
41 CGCTCACTTGGAGAAATGCC 370
Fosll TGACAACATAGAACTGTGTAGGTTT
4 CCAGCCTGTTTCTTTCCCCA 270
GGTCATCTTCTGCCCCTGAC
#3 AGCCCCATACAAACATCGGG 388
Plagl] ACCTTGCACTCTGTCTACGC
44 ACAGAATGCATCAAGTGCTATG 369
GTTCCTCAGATGCTGTGCCT
45 ACAGAGAGCTCAGGCATTGG 117
Ak040954 TCACCGAGGTAACTTTGCCC
46 CTACCCTGTGTCCCAAGCTG 206
GCTTGAGTCCAAGACCAGCA
47 TGGGAAGTTAAGTTCGCGGG 293
ClefI TACAGACCTCCGAACGTCCA
48 TGGGGTACATTGCTGGTCAC 249
AGCAAATGCAGGCTGAGCTA
49 ACACTATGGGGCACTGAAGC 282
Gmd4386 ATGCTAATGCCTGTCGTGCT
410 CATTGGCACCCTTGTTGGTG 108
GCTTACAGATGTAGCACTGGC

Cell cultures and transfection

10T1/2 fibroblasts were maintained in 10% FBS with 1% penicillin/streptomycin in
DMEM. Lentiviruses expressing Cas9 and gRNA were packed by co-transfections of pLenti-V2
(a gift from Feng Zhang, Addgene, 1000000052) with psPAX2 and pMD2.G plasmids into
Lenti-X 293T cells (Takara Bio, 632180). Two days after infection, genomic DNA was extracted
for genotyping. Primary myoblasts were isolated from adult muscle tissues by enzymatic
digestions as previously described(Bi et al., 2016). Pre-plating was performed to enrich myoblast
and separate fibroblasts. To activate CreER, 2 pM 4-hydroxytamoxifen (Cayman Chemical,
14854) was added to cell culture for 48 hrs before collecting RNA for gene expression analysis.
Quantitative real-time PCR (qPCR)

Total RNA was extracted from mouse tissue or cells with TRIzol (Invitrogen). cDNA
was synthesized using iScriptTM Reverse Transcription Supermix (Bio-Rad, 1708841). Gene

expression was assessed using standard qPCR approaches with KAPA SYBR FAST qPCR
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Master Mix (KK4605). Analysis was performed on a QuantStudio 3 PCR System (Thermo
Fisher Scientific) with the following primers:
Fosll-F1: 5’- ATGTACCGAGACTACGGGGAA -3’ (in exonl), Fosl1-R1: 5°-
CTGCTGCTGTCGATGCTTG -3’ (in exon2). This pair of primers was used to generate
Supplemental Fig. S2.1A.
Fosl1-F2: 5’- CCAGGACCCGTACTTGAACC-3’ (in exon4), Fosl1-R2: 5°-
AGGAGTGTAGGAGAGCCCAG-3’ (in exon4). This pair of primers was used to generate Fig.
2,6D.
18s-F: 5°- ACCGCAGCTAGGAATAATGGA -3°,
18s-R: 5’- GCCTCAGTTCCGAAAACCA -3°.
The 224 method was used to analyze the relative changes in gene expression normalized against
18s rRNA expression.
Western blotting analysis

Protein was isolated from tissues using RIPA buffer (Sigma-Aldrich, R0278). Protein
concentrations were determined using BCA Protein Assay Reagent (Thermo Fisher Scientific,
23225), followed by measurement with NanoDrop. Protein samples were mixed with 4X
Laemmli sample buffer (Bio-Rad, 161- 0747) and 20-40 pg protein was loaded and separated by
SDS-PAGE gel electrophoresis. The proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore), blocked in 5% fat-free milk for 1 hour at room temperature, and
then incubated with the following primary antibodies diluted in 5% milk overnight at 4°C:
Gapdh (Thermo Fisher Scientific, MA5-15738), Myomaker (customized, mouse monoclonal),
Fosll (Santa Cruz Biotechnology, sc-28310). The HRP-conjugated secondary antibodies:

Donkey anti-sheep IgG-HRP (Santa Cruz Biotechnology, sc-2473), Goat Anti-Mouse IgG
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(H+L)-HRP Conjugate (Bio-Rad, 170-6516) and Goat Anti-Rabbit IgG (H + L)-HRP Conjugate
(Bio-Rad, 170-6515) were diluted at 1:5,000. Immunodetection was performed using Western
Blotting Luminol Reagent (Santa Cruz Biotechnology, sc2048).

Figures and tables
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Figure 2.1: Generation of a conditional allele by i~-GONAD: design and a proof-of-principle
test. (A) Schematic illustration of the strategy to generate a conditional allele by i-GONAD. The
necropsy image was taken to show the anatomical location of the oviduct with a blue ink
indicator. (B) Fosl1 gene structure and relative positions of ssODNA, gRNA, and genotyping
primer. (ssODNA) Single-stranded oligo DNA. (C) Fosl1 genotyping results for the F1
generation. Top row detects 5'-loxP insertion by primer pair 1F&1R; bottom row detects 3'-loxP
insertion by primer pair 2F&2R; 5'-loxP band size is 426 bp; 3'-loxP is 351 bp. Mouse that
inherited both 5'- and 3'-1oxP is highlighted in green. (Arrow) DNA marker lane, (N) negative

control of PCR (water). (D) Validations of loxP sites by Sanger sequencing.
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A

Gene Gene locus'’ Molecular type? Expression® Imprinted
Plagl1 Chr10: 13,090,788-13,131,694 Transcription factor Endocardial cell Yes
Ak040954 Chr12: 32,751,319-32,770,956 Unknown Unknown N/A
Clef1 Chr19: 4,214,238-4,223,490 Cytokine Satellite cell N/A
Gm44386 Chr6: 86,513,891-86,516,273 IncRNA Unknown N/A
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Figure 2.2: Generation of conditional alleles for another four genes by the i-GONAD
method. (A) Gene information: 'coordinates as of mouse GRCm38/mm10 genome assembly;
2NCBI annotation; *query of Tabula Muris single-cell RNA sequencing data. (N/A) Data not
available. (B—E) Gene structures and relative positions of ssODNA, gRNA, and genotyping
primer for Plagll (B), Ak040954 (C), Clcfl (D), and Gm44386 (E) genes. For Plagll, 5'- and 3'-
loxP bands are 312 bp and 234 bp; for Ak040954, 5'- and 3'-loxP bands are 361 bp and 391 bp;
for Clcfl, 5'- and 3'-loxP bands are 389 bp and 222 bp; for Gm44386, 5'- and 3'-loxP bands are
431 bp and 415 bp. Boxed panels showed sequencing verifications of loxP sites in F1

generations. (Het) Heterozygous.
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Figure 2.3: Validations of floxed alleles by long-range genotyping PCR. (A) Illustration of
the potential mosaicism of FO founders. Although founders with 5'- and 3’-loxP insertions can be
separately identified by genotyping PCR using 5'F + 5'R and 3'F + 3'R primers, this cannot
distinguish whether loxP insertions are in cis or in trans. (B) Schematic to show the design and
major steps of genotyping strategy. (C) DNA electrophoresis results of long-range PCR. The
DNA bands enclosed in the green box were purified and cloned into vectors. (D-G)
Representative genotyping results of bacterial colonies from cloning of the purified long-range
PCR products for founder #5 of the Gm44386 gene (D), founder #7 for the Ak040954 gene (E),
and founder #8 (F) and #11 (G) for the Plagll gene. (H) Summary of bacterial colony genotyping

results.
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Figure 2.4: Null alleles of Ak040954 and Gm44386 genes generated by the i-GONAD
method. (A,B) Genotyping results of Ak040954 (A) and Gm44386 (B) for the FO generation
using primer pairs shown in C and D. The mice #5 to #9 in A and mice #2, #5, #6, and #9 in B
showed large deletions. The star in B indicates a faint, nonspecific band. Note that WT or floxed
alleles are too large to be detected in current PCR conditions. (C,D) Gene structures and
positions of gRNA and genotyping primers for Ak040954 (C) and Gm44386 (D) genes. (E,F)
Sanger sequencing results of founder #9 and #6 as shown in A and B, respectively. For all
panels: (WT) wild-type, (N) negative control (water), green ID highlights founders with floxed

alleles, (arrow) DNA marker lane, mice with single-side loxP integration are indicated by a bar

over the ID, (A) deletions, ( v) large insertions.
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Figure 2.5: Testing i-GONAD for generation of conditional alleles using CS7BL/6J mice.
(A) Plagll genotyping results of E12.5 embryos. For the 5" gRNA region, WT band is 278 bp,
loxP band is 312 bp; for the 3’ gRNA region, WT band is 200 bp, loxP band is 234 bp. (B) Clcfl
genotyping results for E12.5 embryos. For the 5’ gRNA region, WT band is 355 bp, loxP band is
389 bp; for the 3’ gRNA region, WT band is 188 bp, loxP band is 222 bp. (C) Summary of

bacteria colony genotyping results shown in Figure S2.10C,D.
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Figure 2.6: Successful recombination of the Fosl1 floxed allele mediated by Cre. (A) Gene

structures of the Fosl1loxP and recombined alleles following Cre-mediated DNA recombination.

(B) Genotyping results of adult muscle tissues from Fosl11oxP/loxP and littermate Fosl1cKO

mice. 5'- and 3'-loxP were detected by primers 1F + 1R and 2F + 2R, respectively. The floxed

allele was detected by primers 1F + 2R. (C) Sanger sequencing result that validated DNA

recombination in Fosl1¢cKO muscle sample. (D) qPCR that measured Fosl1 expression in

myoblasts and fibroblasts isolated from the Fosl1cKO mice. qPCR primers are located in exon 4

which is floxed. (Ctrl) Vehicle control, (Tmx) 4-OH tamoxifen. (***) P <0.001, (NS) not

significant. Data are mean = SEM.
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Supplemental Figures
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Figure S2.1: Induction of Fosl1 expression in muscle tissue following BaCl2 induced injury.
(A) gPCR measurements of Fosll mRNA levels at different hours (hr) following muscle injury.
(B) Western blotting results of muscle tissues at 48 hrs post injury, * highlights the specific band.

Myomaker blot serves as a positive control of injury response.
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Figure S2.2: Fosll genotyping results of the F0 generation. Detection of 5’—loxP (top row)

and 3’—loxP (bottom row) insertions using primer pairs 1F&1R and 2F&2R shown in Fig. 2.2B.

5’— and 3’—loxP band sizes are 426 bp and 351 bp, respectively. #2 founder mouse that showed

simultaneous 5’— and 3’—loxP insertions is highlighted in green; arrow, DNA marker lane; mouse

with single loxP integration is indicated with a bar on top of ID; A, deletions; v, large insertions.
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Figure S2.3: A workflow to test gRNA editing efficiency in mouse fibroblasts. Candidate

gRNAs with high on-target scores and low risk of off-targeting were cloned into lenti- CRISPR
vectors. Efficiency of each gRNA pair (one gRNA from each intron) was tested in fibroblasts.
Two days after infections, genotyping PCR was performed with primers 5’F + 3’R. The gRNA
pair that can efficiently generate large truncations were chosen for in vivo i-GONAD

experiments for loxP insertions.
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Figure S2.4: Genotyping results of FO and F1 generations. (A) Plagll genotyping results of

FO generation. The 5°— and 3’—loxP band sizes are 312 bp and 234 bp, respectively. (B) Plagll

genotyping results of F1 generation from breeding of #10 mouse in A. P1: positive control

(founder mouse #10); P2: positive control (founder mouse #8). (C) Ak040954 genotyping results

of FO generation. 5’— and 3’—loxP band sizes are 361 bp and 391 bp, respectively. (D) Ak040954

genotyping results of F1 generation from breeding of #5 founder mouse in C. P: positive control

(founder mouse #5). (E) Clcfl genotyping result of FO generation. 5°— and 3’—loxP bands are 389

bp and 222 bp, respectively. (F) Clcfl genotyping results of F1 generation from breeding of #2

founder mouse in E. (G) Gm44386 genotyping results for FO generation. 5°— and 3’—loxP bands

are 431 bp and 415 bp, respectively. (H,I) Gm44386 genotyping results for F1 generation from

breeding of #1 founder (H) and #5 founder (I). For all panels, N: negative control (water); green

ID highlight mice that showed simultaneous 5°— and 3°—loxP insertions; arrow, DNA marker

lane; mouse with single-side loxP is indicated with a bar on top of ID; A, deletions; v, big

insertions.
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Figure S2.5: Deletions of exons 5 and 6 of Plagll gene using i-GONAD method. (A) Plagll

genotyping of FO generation using primers shown in B. Note that WT and floxed alleles are too
large thus not detected in current PCR condition. Mice #1, #2, #4, #7, #8, #11, #12, #28 showed
specific bands of large deletions. WT: wild-type; N: negative control (water); green ID highlight
founders that showed simultaneous 5°— and 3°—loxP insertions; arrow, DNA marker lane; mouse
with single-side loxP integration is indicated with a bar on top of ID; A, deletions; , large

insertions. (B) Plagl1 gene structure. (C) Sanger sequencing result for the null allele shown in A

(red box).
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Figure S2.6: Deletions of exons 3 and 4 of Fosll gene by i-GONAD method. (A) Fosll

genotyping of FO generation using primers shown in B. WT allele is 2,115 bp (green arrow).

Note the absence of the WT and loxP bands for #2 sample could be caused by biased

amplification of the smaller truncated allele (red arrow). (B) Fosl1 gene structure. Sanger

sequencing result for the null allele shown in A (red box).
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Figure S2.7: Deletion of exon 3 of Cicf] gene using the i-GONAD method. (A) Clcfl
genotyping of FO generation using primers shown in B. WT band should be 1,977 bp (green
arrow). Red arrows point to the PCR amplifications of null alleles. Note that current PCR
condition is not suitable to detect large-sized WT or floxed alleles. (B) Clcfl gene structure.

Sanger sequencing results for the null allele shown in A (red box).
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Figure S2.8: Examining off-targeting from i-GONAD experiments. (A) Information about

Fosl1
#2 WT

*

Ak040954
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top-predicted off-targeting sites for gRNAs used to produce floxed alleles. ND: not detected.

Mismatches were highlighted in red. Genome positions are coordinates of mouse

GRCm38/mm10. (B) Polyacrylamide gel electrophoresis results for examinations of off-target

editing. Top panels are predicted off-sites for 5° gRNAs; lower panels are predicted off-sites for

3’ gRNAs. Founder mice that contained floxed alleles were selected for off-targeting

evaluations. Asterisks highlight the DNA species that universally appeared in all samples

including WT (a mixture of C57BL/6J and CD-1 genomic DNA, as a control of any artifact due

to single nucleotide polymorphism). (C) Sanger sequencing result of the off-target region for

gRNA #2.
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Figure S2.9: Test of i-GONAD on Mecp2 gene by using symmetric ssODNs. (A) Mecp2
genotyping results of E12.5 mouse embryos. Top panels: 5° gRNA region (WT band is 287 bp,
loxP band is 327 bp). Lower panels: 3’ gRNA region (WT band is 218 bp, loxP band is 258 bp).
Note only embryo #3 was positive for both 5°— and 3°—loxP. (B) Long-range genotyping PCR
results. WT band is 773 bp, floxed-allele band is 853 bp. Green arrow points to the region of WT
and floxed-allele amplicons. Red arrows point to amplicons of null alleles. Note the weak band
enclosed by the green box appeared slightly larger than WT. (C) Genotyping results of bacterial

colonies from cloning of the purified long-range PCR products (green box in B) for embryo #3.

(D) Summary of bacterial colony genotyping results.
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Figure S2.10: Genotyping analyses of conditional alleles produced from C57BL/6J mice.

(A) Long-range genotyping PCR results for Plagl

1 gene (WT band is 8,441 bp, floxed-allele

band is 8,509 bp). Red arrow points to one null allele. (B) Long-range genotyping PCR results

for Clcfl gene (WT band is 1,977 bp, floxed-allel

e band is 2,045 bp). (C,D) Genotyping results

of bacterial colonies from cloning of the purified long-range PCR products enclosed by green

boxes in A and B.
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Figure S2.11: Expression of Fosll gene in various cell types within mouse muscle tissue.

Fosl1 expression data in single-cell RNA sequencing dataset of adult mouse muscles(Schaum et

al., 2018). Note that in addition to myoblasts (labelled as satellite cell), Fosll expression was

also detected in fibroblasts (labelled as mesenchymal stem cell), endothelial cells and

macrophages.
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Table 2.1 Summary of loxP integration efficiency

F0 generation F1 generation
Gene Only 5’ loxP Only 3' loxP Two loxPs # Genotyped Only 5’ loxP Only 3’ loxP Two loxPs # Genotyped
Fosl1 2 4 1 20 0 0 4 22
Plagll 4 4 3 28 0 7 8 15
Ak040954 2 0 2 n 0 0 6 19
Clefl 1 1 1 8 5 0 8 13
GCm44386 1 2 1 9 3 4 6 18
Totals 10 (13.2%) 11 (14.5%) 8 (10.5%) 76 8(9.2%) 11 (12.6%) 32 (36.8%) 87

Table 2.1: Summary of loxP integration efficiency.
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CHAPTER 3
FOSL1 IS REQUIRED FOR SKELETAL MUSCLE REGENRATION
Introduction

Muscle stem cells, also known as satellite cells (SCs), are a crucial component of skeletal
muscle tissue involved in maintaining muscle homeostasis and facilitating regeneration (Lepper
et al., 2011; Mauro, 1961; Sambasivan et al., 2011; Seale et al., 2000). During periods of muscle
quiescence, SCs reside beneath the basal lamina of muscle fibers and express the Pax7
transcription factor, which marks their quiescent state(Mauro, 1961; Seale et al., 2000).

In response to muscle damage or exercise-induced stress, SCs undergo activation, characterized
by the expression of myogenic determination factor 1 (MyoD1), and transition from a quiescent
to a proliferative state(Zammit et al., 2004). Activated SCs, referred to as myoblasts, then engage
in a series of processes that contribute to muscle regeneration. They undergo proliferative
expansion, generating a pool of myogenic precursor cells, and subsequently differentiate into
myotubes, which fuse with existing muscle fibers or with each other to repair damaged
muscle(Lepper et al., 2011; Sambasivan et al., 2011).

The progression of SCs through different stages of the myogenic lineage is tightly
regulated by a complex interplay of intrinsic and extrinsic factors (Rocheteau et al., 2012;
Rodgers et al., 2014). Disturbances in these regulatory mechanisms can lead to muscle wasting
conditions, including muscular dystrophy, cachexia, and sarcopenia (Chakkalakal & Brack,

2012; Dumon et al., 2015). Therefore, understanding the molecular basis of SC activation and
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differentiation is essential for developing strategies to enhance their regenerative potential
(Rocheteau et al., 2012; Rodgers et al., 2014).

Of note, the technical procedure of isolating SCs from muscle tissues poses challenges
due to the potential disruption of their quiescent state and can lead to accidental activation of SCs
using the conventional tissue dissociation methods (Cerletti et al., 2008; Montarras et al., 2005;
Sacco et al., 2008; Sherwood et al., 2004).To avoid this caveat and maintain the real quiescence
state of the isolated SCs, researchers have explored pre-fixation of muscle tissue with
paraformaldehyde (PFA) before the enzymatic digestion of muscle tissues. The pre-digestion
fixation preserves the quiescent state of SCs (Machado et al., 2017; van den Brink et al., 2017;
van Velthoven et al., 2017).

While the function of several AP-1 family transcription factors (Atf3, Fos) during muscle
regeneration has been reported (Almada et al., 2021)(Zhang et al., 2022, bioRxiv), largely
remains unknown is the function of Fosl1 gene. Recent studies have noted strong induction of
Fosll gene in SCs when they transit from quiescent state to activation state (Machado et al.,
2017; van den Brink et al., 2017; van Velthoven et al., 2017). Further investigation into the
function of Fos/I gene and its downstream target genes could provide valuable insights into the
regenerative activities of SCs. In this study, we uncovered the function of Fosl1 in SC activation
and muscle regeneration. Compared with the quiescent SCs, the expression of Fos!// is rapidly
induced in activated SCs. Specific knockout Fos/I gene from SCs causes drastic muscle
regeneration defect post muscle injury, and repetitive muscle injuries ultimately results in the
complete loss of regeneration in Fosll mutant mice. Our RNA-seq analysis of the injured muscle
tissue demonstrate that in the Fosl1 conditional knockout group, the expression of muscle stem

cell markers such as Pax7 and myogenic differentiation markers including MyoD1, Myf5, MymK,
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and MymX genes are significantly down-regulated. At the cellular level, deletion of Fosl1 from
freshly isolated SC leads to SC activation defect and failure of cell cycle entry. By contrast,
deletion of Fosl1 gene from post-activation SCs of mice has neglectable effect for SC
proliferation. Consistently, in immortalized human myoblasts, CRISPR knockout of Fos/I does
not affect the proliferation and normal myogenic differentiation and fusion program. Conversely,
over-expression of FoslI also does not affect proliferation or differentiation of the immortalized
human myoblasts. Together, our results suggest that Fos// plays a crucial role for the early
activation of muscle stem cells and is not essential for cell proliferation at a later stage.

Results

Fosl1 expression is promptly induced during early SC activation and myoblast
proliferation but not in the differentiated myofiber.

Previous studies have indicated that Fos// is expressed in various cell types within mouse
muscle tissue, including satellite cells, fibroblasts, endothelial cells, and macrophages (Schaum
et al., 2018; Shang et al., 2021). Our previous work demonstrated that Fosl1’s expression, both at
the mRNA and protein levels, is induced by muscle injury(Shang et al., 2021). In order to
examine the expression pattern of Fos// during satellite cell (SC) activation, we fixed the
skeletal muscle tissues of wildtype C57BL/6 mice using PFA by following an established
protocol (Machado et al., 2021). Quiescent satellite cells (QSC) were then isolated by enzymatic
dissociation of muscle tissues followed by SCs purification using MACS sorting (Fig. 3.1A). In
parallel, we also isolated SCs from non-fixed muscle tissues (freshly isolated satellite cells,
FISC), which were then cultured for 24 hours, 48 hours, and 72 hours before being fixed and
processed for immunostaining of Fosll, MyoD and Pax7 proteins (Fig. 3.1A). Interestingly,

Fosl1 protein was initially not detected in QSCs and can be detected in FISCs and ASCs. The
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induction of Fosl1 expression in FISCs preceded that of MyoD. This expression pattern for Fosll
and MyoD aligns well with the mRNA expression levels of these genes detected by single-
nucleus RNA-sequencing (Fig. S3.1).

The co-culture of SCs with the myofiber represents a key ex vivo model to study the
early-stage activations of SCs. Thus, we also examined the expression pattern of Fosl1 in SCs
cultured on single myofibers. Our results revealed that Fosl1 was exclusively expressed in ASCs
and its expression level gradually increased with SC activation (Fig. 3.1C). It is noteworthy that
the FISCs (Fig. 3.1A) may differ from SCs attached to freshly isolated myofibers (0 hours, Fig.
3.1C) because the isolation of FISCs requires harsher enzyme digestion condition may have
activated SCs.

Through gene set enrichment analysis (GSEA) of a published scRNA-seq dataset, we
found that Fosl1 expression is positively correlated with SC activation markers and negatively
correlated with SC quiescence markers (Fig. S3.2C). This analysis utilized differentially
expressed genes obtained from Fosl1+ SC population (Fosll CPM greater than 6) compared to
Fosl1- SC population (Fosll CPM of zero) (Fig. S3.2B).

We then checked the expression of Fos// gene in the different time points of myogenic
differentiation by Western blot and qPCR analysis. Interestingly, Fosll expression can be
detected in proliferating human myoblasts but dramatically decreased in differentiating muscle
cells (Fig. 3.1D). This result is consistent with our differentiation time-course RNA-seq result of
the human myoblast (Fig. 3.1E and G). Similar expression changes were observed for mouse
myogenic C2C12 cell line (Fig. 3.1F). In addition to Fosl1, our RNA-seq analysis also revealed
the expression changes of other AP-1 family proteins along the human myogenic differentiation

(Fig. 3.1E). In summary, our findings demonstrate that Fosl1 is rapidly induced during early SC
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activation and maintains expression throughout myoblast proliferation until myoblast
differentiation. This suggests that Fosll may play a crucial role in SC activation and myoblast
proliferation.

Fosll gene is indispensable for injury-induced muscle regeneration.

Because Fosl1 global knockout mice die as embryos, we generated satellite cell specific
Fosll knockout mouse model(Shang et al., 2021). Specifically, the Fosl1"**F mice were bred
with Pax7¢ERT/* mice and the progenies were intercrossed to conditional knockout (¢cKO) mice
(Fosl1'oxPloxP _pay 7CreERT2/Y genotype) and the control mice (Fosl1'*"1xF - Pax7+* genotype)
(Fig. 3.2A). To induce the knockout of Fosl1 in satellite cells (SCs), tamoxifen (TMX) was
administered five times every other day by intraperitoneal injections, followed by a 14-day TMX
diet (Fig. 3.2B). We then assessed muscle regeneration phenotype of control and knockout
(cKO) mice at day 5 post injury (5 dpi) and day 14 post injury (14 dpi) of tibialis anterior muscle
(TA). We also assessed the regeneration potential of SCs by repetitive injuries (Fig. 3.2B).

H&E staining of muscle cross-sections of the 5 dpi TAs revealed a lack of regenerating
fibers in cKO mice, while they were abundantly present in control mice. Additionally, cKO TAs
exhibited a greater infiltration of immune cells and adipose tissue compared to control TAs (Fig.
3.2C). There were no significant differences in TA muscle weight and cross-sectional area
(CSA) between cKO and control mice, although there was a trend suggesting that the CSA of
cKO TAs might be smaller than that of control TAs (Fig. 3.2E, left). At 14 dpi, both cKO and
control TAs had largely completed the regeneration process, but adipose tissue remained in some
regions of cKO TAs (Fig. 3.2D). Muscle weight and CSA of cKO TAs were smaller compared to
control TAs (Fig. 3.2E, left). The muscle regeneration defect was more pronounced in the cKO

mice when they are challenged by a second time injury. In this case, we did not observe any
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regenerating muscle fibers in the cKO muscle tissues at 5 dpi (Fig. 3.2F) and 14 dpi (Fig. 3.2G).
Consistently, the muscle weight and the CSA were both significantly reduced in cKO group
compared with WT group (Fig. 3.2H).

It is worth noting that there were no significant differences in body weight among
genotypes in both regeneration schemes, suggesting that the loss of Fosl1 in SCs does not result
in global muscle mass changes but is limited to the specific muscle tissue undergoing
regeneration. Overall, these findings demonstrate the essential role of Fosl1 in proper muscle
regeneration, particularly under conditions of repetitive injuries.

FOSL1 is not required for human myoblast proliferation and differentiation.

To understand the mechanism for the regeneration defect upon Fosl1 deletion, we
performed loss-of-function study and generated human FOSL1-KO myoblast through CRISPR-
Cas9-mediated genome editing (Fig. 3.3A). Briefly, the expression of Cas9 and three guide
RNAs targeting the exon2 of human FOSL1 gene were delivered by lentiviral infection (Fig.
3.3B). Cells expressing Cas9 protein but without gRNA were regarded as WT control. FOSL1-
KO cells were derived from single-cell sorting and clonal expansion culture. Genotyping and
Sanger sequencing analysis identified four FOSL1-KO clones that carries different frameshift
mutations (Fig. 3.3B). The depletion of FOSL1 protein in the KO clones were verified by
immunostaining (Fig. 3.3C).

In all the following assays, the function of Fos// was assayed by comparing the FOSL-
KO cells with or without re-expression of Fos/I delivered by retroviral infections: FOSL1-KO
cells + empty retrovirus (KO myoblast); FOSL1-KO cells + retrovirus expressing mouse Fosl1
OREF (control myoblast). This rescue group represents an isogenic condition which serves as a

more rigorous control compared with parental cell line because the clonally derived KO cells
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could potentially harbor undetected spontaneous mutations arised through the lengthy period of
clonal expansion (Fig. 3.3A).

Using the KO cell lines, we first examined whether the loss of FOSL1 could affect
human myoblast proliferation. Control and KO myoblasts were cultured in the growth medium
supplemented with 5-ethynyl-2'-deoxyuridine (EdU) for 48h (Fig. 3.3D) and 72h (Fig. 3.3E).
Quantifications of the EdU positive cells did not show any difference between the two groups
(Fig. 3.31), indicating that FOSL]I is not required for human myoblast proliferation.

Our previous gene expression data showed that Fosl1 abruptly downregulated upon
myogenic differentiation in both mouse and human myoblasts (Fig. 3.1F, 3.1G). To evaluate
whether FOSL1 is required for human myoblast differentiation, we switched the culture medium
to differentiation medium for four days. Before myogenic induction, the control and KO
myoblasts showed similar expression levels of MYOD1, a master regulator of myogenic
differentiation (Fig. 3.3F, Fig. 3.3J). After myogenic induction, the control and KO myoblasts
also showed comparable expression levels of MYOG, a key transcriptional factor mediating the
myogenic activity downstream of MYODI1 (Fig. 3.3G, Fig. 3.3J). The immunostaining of
Myosin also showed no difference of myotube formation measured by differentiation index and
fusion index (Fig. 3.3H, Fig. 3.3K). Collectively, genetic deletion of FOSL1 does not affect the
proliferation, differentiation, or fusion of human myoblast.

Fosll is required for early activation of satellite cells post injury.

Fosll gene is not expressed in quiescent SCs (Fig. 3.1B, 3.1C). Indeed, deletion of Fosl1
did not affect the numbers of SCs marked by Pax7 immunostaining (Fig. 3.4A). Given the tight
correlation of Fosl1 expression and the SCs activation, we then investigated whether Fosl1 is

required for breaking the quiescent state and enter the cell-cycle. To address this, we isolated and
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cultured single myofibers, where the SCs remain attached, from control and Fosl1-cKO mice in
suspension with EAU for 60 hours. As expected, the mitogen enriched culture medium stimulated
the SCs activation and the EdU incorporation for the control group (Fig. 3.4B, 3.4C). In
comparison, majority of SCs from the of Fosl1-cKO group remained EdU— in the same culture
condition. As a result, the total numbers of Pax7+ cells (Fig. 3.4B), the EAU+ cells (Fig. 3.4D)
and the ratio of EAU+ (normalized to Pax7, Fig. 3.4E) were significantly reduced in Fosl1-cKO
compared with control group. Together, these results indicate that Fosl1 is required for prompt
activation and proliferation of SCs.

Deletion of FOSL1 gene from human myoblast did not affect the cell proliferation. We
wonder whether this result can be reproduced in mouse myoblasts. Toward this goal, we added
the 4-OH TMX to the culture medium of the freshly isolated Fosl1-cKO myoblasts. Prior to the
cell isolation, these Fosl1-cKO mice did not receive TMX treatment. By this TMX treatment
scheme (Fig. 3.4)), the isolated SCs from both control and Fosl1-cKO mice should normally
express Fosll gene while the deletion of Fosl1 can be specifically induced in Fosll cKO mice
precisely after the SCs activation. Indeed, the immunostaining validated the depletion Fosl1
expression in Fosl1-cKO mice after 4-OH TMX treatment (Fig. 3.4F, 3.4G). Concomitantly, a
Cre-dependent sfGFP reporter of the Fosl1-cKO (genotype: Pax7¢ERT2/* _ Fog] ]oxP/oxP
ROSA26Sorm3(CAG-Sunl/sIGEPINaty 5150 showed prompt induction of sfGFP expression (Fig. 3.4F,
6H). As expected, EAU incorporation assay using the KO-authenticated myoblasts did not show
any difference between the 4-OH TMX treatment group and the vehicle control group (Fig. 3.41-
K). Together, these results suggest that Fosl1 is only required for the stem cell activation and

dispensable for the proliferation of stem cells post the activation.
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Loss of Fosl1 from satellite cells caused drastic reductions of myogenic gene expression
during muscle regeneration.

To gain more insights to the cellular and molecular changes in the Fosl1-cKO mice that
lead to the drastic regeneration phenotype, we measured the gene expression changes in muscles
at three-day post injury (3 dpi), the peak stage of muscle regeneration (Fig. 3.5A). Our muscle
injury protocol involves the intramuscular injection of BaCl, and local accumulation of the
myofiber-damaging compound often causes uneven damage and regeneration responses within
the same pieces of muscle tissue. To reliably mark the BaCl, affected area, we performed
intraperitoneal injection of evans blue dye (EBD) the day before injury. The EBD will label the
dead myofibers and excluded by live cells. By this indicator, we can faithfully dissect the muscle
tissues equally affected by injuries in both genotypes (Fig. 3.5A).

RNA was extracted from the dissected muscle tissues of four groups: control-injured
(WTI), control-Noninjured (WTN), Fosl1-cKO-injured (KOI) and Fosl1-cKO-Noninjured
(KON), each group has at least four mice. RNA samples were then reverse transcribed to
generate cDNA for gene expression measurements. First, our qPCR analysis showed significant
inductions of expressions for SC marker gene (Pax7), myogenic differentiation regulator
(MyoD), and muscle fusion proteins (MymK, MymX) in the WT-injured group compared with the
WT non-injured group (Fig. 3.5B—E). However, these injury-induced changes were largely
blunted in the Fosl1-cKO group.

To gain a global view of the transcriptome changes, we performed the RNA-seq analysis
using the same batch of RNA samples generated from above. Principal component analysis
(PCA) was conducted to assess the within/between group variations (Fig. S3.5A-D) and revealed

high similarities for samples from the same biological groups. Moreover, clear separation was
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observed between the WTI versus KOI samples (Fig. S3.5A), WTN versus WTI samples (Fig.
S3.5B) and KON versus KOI samples (Fig. S3.5C), but not between the WTN versus KON
samples. The PCA analysis not only revealed the large changes between the two genotypes in the
injury context (Fig. S3.5A), but also suggests loss of Fos// in SC did not cause major
transcriptional difference for the non-injured muscles where SCs remain quiescent (Fig. S3.5D).
Differential gene expression analysis showed 345 genes with a fold change > 2 and p value <
0.01 for the injured Fos/I cKO muscles, compared with injured WT muscles (Fig. 3.51).
Majority of these genes were actually decreased in cKO group. Among the top ranked genes,
expressions for Pax7, MyoD, MyoG, Myomixer, Myomaker were dramatically downregulated in
KOI sample (Fig. 3.5F, 3.5J), which are consistent with our qPCR results (Fig. 3.5B—E). Gene
ontology (GO) analysis for the genes that are significantly downregulated in KOI samples
(versus WTI samples) showed highly significant enrichment for pathways related to “muscle
structure development”, “skeletal muscle contraction” , “skeletal muscle cell differentiation” and
“tissue morphogenesis” (Fig. 3.5G, upper part and Fig. S3.5G). Genes that are upregulated in
KOI samples showed significant enrichment for pathways in “neutrophil chemotaxis”,
“peptidyl-amino acid modification” and “lipid and atherosclerosis”, likely due to the neutrophil
and adipocyte infiltrations in the KOI samples as shown by the histology analysis (Fig. 3.2C).
Furthermore, the DE genes that are downregulated in KOI samples were also identified in
PaGenBase and TRRUST ontology catteries. The enrichment results showed that these genes
were specifically originated from C2C12 cells (an immortalized mouse myoblast cell line) and
mainly regulated by Pax3, MyoD and Myf5 (Fig. S3.5H), which indicates vast majority of the
cells in injured muscle at 3 d.p.i are newly formed myoblast as a consequence of SC activation,

which is lacked in KOI samples. Gene set enrichment analysis (GSEA) was also performed to
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identify the key biological process in KOI samples. As expected, MyoD target genes are
enriched in injured-control sample, suggesting the failure of MyoD induction in KOI samples
(Fig. 3.5H). Meanwhile, we noticed the terms including “Myc targets” and “E2F targets” were
also enriched, this indicates the cell proliferating activities were abundant in WTI samples but
not in KOI samples (Fig. S3.5E-F). Lastly, by performing protein-protein interaction analysis
carried out with STRING (physical score > 0.132) and BioGrid databases, we noticed the

9 ¢

resultant physical interaction networks included “cell-cell junction and adhesion”, “regulation of
actin cytoskeleton”, “muscle contraction” as well as “MAPK signaling pathway”, which might
be the upstream regulator of Fosl1 in SC activation (Fig. S3.5G-J). Collectively, our data
demonstrates that during the early stages of muscle regeneration, the loss of Fosl1 leads to a
decrease in the satellite cell (SC) pool due to the inability of SCs to activate. Consequently, the
reduction of regenerating SCs caused significant defect in myoblast differentiation and
regeneration in the KOI group compared with WTI group.
Discussion and Future direction

In this study, we investigated the role of Fosl1 in muscle regeneration. We observed that
Fosll expression is rapidly induced in activated muscle satellite cells, maintained in proliferating
myoblasts and promptly decreased upon myogenic differentiation. Furthermore, repetitive
muscle injury led to a complete loss of regeneration in muscle tissues where Fosll was
specifically deleted in SCs. At the cellular level, deletion of Fos// in quiescent SCs impaired
their activation and prevented entry into the cell cycle. In contrast, deletion of Fos// gene in the
post-activation SCs had negligible effects on cell proliferation. Moreover, the proliferation,

differentiation, and fusion of human myoblasts were not affected by either Fosl1 knockout or

overexpression. These results indicate a narrow window of Fosl1 function for the SCs activation
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post injury, while Fos!/1 is not required for muscle stem cell proliferation post activation. Our
RNA-seq analysis of injured muscle tissue revealed that the conditional knockout of Fos!//
resulted in significant downregulation of muscle stem cell markers, including Pax7, myogenic
differentiation markers including MyoD1, Myf5, MyoG, MymK, MymX genes, as well as cell-
cycle related genes. These findings suggest that blockade of SC activation by Fosl// deletion has
a profound effect on the subsequent steps of muscle regenerations in vivo.

Currently, the precise molecular mechanism by which Fosl1 activates SCs remains
unknown. One tempting hypothesis is that, during muscle regeneration, the expression of MyoD
in activated SC is controlled by Fosl1. In support of this hypothesis, earlier works identified AP-
1 binding sites in the promoter regions of MyoD gene (Pedrazaalva et al., 1994). One future
direction could ascertain this binding by performing Cut&Run analysis. Furthermore, sequencing
analysis of the Fosl1 binding regions in the SCs could offer unbiased view of the downstream
targets of Fosll. One could also examine the 3D genome structure changes upon deletion of
Fosll gene by performing the newest technology HICAR(Wei et al., 2022) to analyze looping
and chromatin accessibility changes simultaneously.

Although our RNA-seq analysis revealed profound changes of muscle tissues upon Fosl1
deletion, more accurate changes in SCs would need detailed profiling by single-cell/nucleus
RNA-seq analysis. Recent advances in the epigenetic analysis comparing the quiescent SC with
activated SCs revealed that the H3 lysin4 trimethylation (H3K3me3) marks were increased
globally and the H3 lysine 27 acetylation (H3K27ac) marks were decreased (Machado et al.,
2017). Interestingly, Fos/I was specially noted as an example gene to gain such H3K4me3 marks

in activated SCs.
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As another Fos family member, Fos, was noted to be instantly induced in isolated SC
from 15 min to 2 h time window after the start of the enzymatic tissue disassociation procedure,
where Fosll began expression after 1h disassociation (Almada et al., 2021; Machado et al.,
2021). Even though Fos was recently demonstrated to be essential for SC activation (Almada et
al., 2021) during muscle regeneration, the regeneration phenotypes of Fos-cKO are much milder
comparing to our Fosl1-cKO results (Fig. 3.2C-H). This suggests that Fosl1 might play a more
vital role in controlling SC activation during muscle regeneration. Regardless, the early cues that
activates AP-1 family gene expressions remain unknown. In SC, the signaling cascade by p38a/b
MAPK/ERK might induce the expression of both Fos (Machado et al., 2017) and Fosl1 genes
because treating SCs with ERK inhibitor can impede SC activation accompanied by reduced
Fosll expression (Machado et al., 2021). Another key question concerns whether Fosl1 induces
SCs activation by itself alone or by forming a conventional AP-1 heterodimer complex. If the
latter is true, which of the three Jun family members, Jun, JunB and JunD, would be the real
partner of Fosl1 in carrying out the hypothesized function.

Induction of Fos and FoslI transcription appeared to be following earlier events that
mediate SC activation. This includes the signaling transduction triggered by cytoskeleton
rearrangements. In particular, recent studies by multiple groups reported the key role of the
cellular projections in maintaining the quiescence of SCs. Upon injury or tissue dissociation,
such cellular projection structures will quickly retract and trigger the Rac-to-Rho GTPase switch
(Kann et al., 2022). From this context, Fosll might function as downstream mediator of

mechanosensing pathway that regulate cell cycle reentry of SCs.
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Methods
Animals

Fosl1!o%P10xP mice generated from our previous study (Shang et al., 2021) at the
University of Georgia. Pax 7 <ERT2(Fan) mice were from The Jackson Laboratory (Stock 012476).
ROSA26Sorm3(CAG-Sunl/stGFPINat e were from The Jackson Laboratory (Stock 021039).
Tamoxifen, muscle injury and histology

Tamoxifen (Sigma-Aldrich T5648) was dissolved in ethanol (10 mg/mL). This stock
solution was diluted in sesame oil (Sigma-Aldrich S3547) with a ratio of 1:9 before injection.
Two milligrams of tamoxifen were administered by intraperitoneal injection. Muscle injury was
induced by injecting 1.2% barium chloride (50 pL) into the tibialis anterior or gastroceus muscle.
Evans Blue Dye (EBD) was resolved in ultrapure water to 10 mg/mL and intraperitoneally
injected as 2.5 pL/g body weight of mice which were euthanized 24 hours later and TA muscles
were harvested, weighed and embedded in OCT cooled by liquid nitrogen. Cryosectioning was
performed and muscle samples were cross-sectioned as 10 um thickness.
Single myofiber isolation and immunostaining

Single myofibers were isolated from the extensor digitorum longus (EDL) muscle by
digestion with 0.2% collagenase A (Sigma) in DMEM at 37°C for 2 hours with gently hand-
shaking every 20 minutes. After digestion, EDL muscle was gently titrated by different pore-
sized glass pipettes. Freshly isolated single fibers could be either immediately fixed or cultured
in DMEM supplied with 15% FBA and 1% chicken embryo extract (CEE). Single fibers were
fixed in 4% PFA for 10 min, washed in 100 mM glycine three times each 10 min, followed by
PBS wash for three times and blocking for 1 hr at room temperature. The primary antibody was

incubated at 4°C for overnight. Fluorescence secondary antibody was diluted and incubated at
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room temperature for 1 hr. Images were taken with a BioTek Lionheat Microscope System or
Olympus FV1200 Confocal Laser Scanning Microscope.
Satellite cell isolation and culture

Entire hindlimb muscles from mice were collected and washed by PBS. Then the muscles
were minced and digested with warm freshly isolated satellite cells (FISC) digestion medium
(collagenase II and dispase B in DMEM) for 90~120 min in 37°C at 90 rpm, the digested
muscles were washed and resuspended in cold DMEM and centrifuged at 500g Smin. Then
added 1/10 diluted digestion medium in DMEM and digested for 30 min in 37°C at 70 rpm. The
suspensions were then passed through a 20 G needle to release myofiber-associated SCs.
Mononucleated cells were filtered with a 40-um cell strainer and sorted by magnetic-activated
cell sorting (MACS) according to the manufacture’s manuals (Miltenyi Biotec). Briefly, cell
pellets were resuspended in FACS buffer and incubated with Satellite Cell Isolation Kit, mouse
(Miltenyi Biotec. Stock 130-104-268). Cell suspensions were loaded onto a LD column
(Miltenyi Biotec. Stock 130-0420-901) in a magnetic field of a VarioMACS separator (Miltenyi
Biotec) and rinsed with FACS buffer. The flow-through from column was collected as FISC,
which were then cultured on Matrigel-coated plates in satellite expansion medium (40% Ham’s
F-10, 40% DMEM, 19% FBS, 1% penicillin/streptomycin).

For the isolation of quiescent satellite cells (QSC), the steps before SC sorting were
performed by established protocol (Machado et al., 2021). In brief, entire hindlimb muscles from
mice were dissected and collected into ice-old 0.5% PFA (The total dissection time should not
exceed 15 minutes). During mincing muscle, add 2-3 drops of ice-old 0.5% PFA per minute on
chopped muscles (The total mince time should not exceed 10 minutes). Muscles were collected

and gently rotated in ice-old 0.5% PFA at 4°C for 1 hour. Centrifuged at 4°C for 500g 5 minutes,
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after discarding the supernatant then washed muscles by ice-old PBS. Then the muscles were
collected and suspended in warm QSC digestion medium (collagenase II and dispase B in
DMEM) for 90~120 min in 37°C at 90 rpm. All other following steps were same as which were
for isolating FISC.

Human myoblast cultures

Human myoblasts (hRSkMC-AB1190) were immortalized as we previously described
(Mamchaoui et al., 2011). Human myoblasts were cultured in 15% fetal bovine serum (FBS) and
5% Growth Medium Supplement Mix in Skeletal Muscle Cell Basal Medium with 1x
GlutaMAX and 1% gentamicin sulfate. Myoblast differentiation medium contains 2% horse
serum in DMEM with 1% penicillin-streptomycin. For proliferation assay, the cells were
cultured 48 hours or 72 hours with the existence of 0.2 uM EdU. EdU staining was performed by
the previous protocol (Salic & Mitchison, 2008).

Quantitative real-time PCR (qPCR)

Total RNA was extracted from mouse tissue or cells using TRIzol (Invitrogen). cDNA
was synthesized using iScriptTM Reverse Transcription Supermix (Bio-Rad, 1708841). Gene
expression was detected following standard qPCR approaches with KAPA SYBR FAST qPCR
Master Mix (KK4605). The Real-time PCR was performed to analyze gene expression changes
using QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific) with SYBR Green
Master Mix (Roche) and qPCR primers. The 224¢t method was used to analyze gene expression
after normalization to the expression value of Hprt or 18S rRNA. Primer sequences used in this
study are provided below:

Primer for Myodl qPCR-F: CCACTCCGGGACATAGACTTG

Primer for Myodl qPCR-R: AAAAGCGCAGGTCTGGTGAG
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Primer for Myomixer qPCR-F: CTGAGCTCCCAAGACATGAG
Primer for Myomixer qPCR-R: TGGAGGCCTCTCCAGAAT
Primer for Myomaker qPCR-F: GCCTTTACCACCTTCTCCCC
Primer for Myomaker qPCR-R: GCACAGCACAGACAAACCAG
Primer for 18S qPCR-F: ACCGCAGCTAGGAATAATGGA
Primer for 18S qPCR-R: GCCTCAGTTCCGAAAACCA
Primer for Hprt qPCR-F: GTTGGGCTTACCTCACTGCT
Primer for Hprt qPCR-R: TAATCACGACGCTGGGACTG
Western blotting analysis

Protein was isolated from cells using RIPA buffer (Sigma-Aldrich, R0278). Protein
concentrations were determined using BCA Protein Assay Reagent (Thermo Fisher Scientific,
23225), followed by measurement with NanoDrop. Protein samples were mixed with 4X
Laemmli sample buffer (Bio-Rad, 161- 0747) and 20-40 pg protein was loaded and separated by
SDS-PAGE gel electrophoresis. The proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore), and then blocked in 5% fat-free milk for 1 hour at room
temperature, and then incubated with the following primary antibodies diluted in 5% milk
overnight at 4°C: Fosl1 (Santa Cruz Biotechnology, sc-28310) and a-Tubulin (Santa Cruz
Biotechnology, sc-8035). This HRP-conjugated secondary antibody was used as 1:5,000 diluted:
Goat Anti-Mouse IgG (H+L)-HRP Conjugate (Bio-Rad, 170-6516). Immunodetection was
performed using Western Blotting Luminol Reagent (Santa Cruz Biotechnology, sc2048).
Lentivirus preparation and CRISPR-Cas9 knockout experiments in cells

The lentiCRISPR v2-Blast vector used for gene knockout experiments in vitro was a gift

from Mohan Babu (Addgene plasmid # 83480). The guide RNAs that target the coding regions
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of human FOSL1 gene were individually cloned into the lentiCRISPR v2-Blast vector and
verified the correct insert by sanger sequencing. The sequences for gRNA used in this study are
provided below:
Human FOSL1 gene gRNA1: CCACTCATGGTGTTGATGCT
Human FOSL1 gene gRNA2: AACCCCGGCCAGGAGTCATC
Human FOSLI gene gRNA3: CAAGGCCTTCGACGTACCCC
Lentivirus was produced by transfecting Lenti-X 293T cells (Clontech, 632180) using FuGENE6
transfection reagent (Promega, #E2692) with lentiCRISPR v2-Blast, psPAX2 and pMD2.G
plasmids. 48 hours after transfection, lentivirus was collected to infect human myoblasts.
psPAX2 vector was a gift from Didier Trono (Addgene plasmid # 12260). pMD2.G vector was a
gift from Didier Trono (Addgene plasmid # 12259). 3 days after infection, the Blasticytidin
(Gibco, A11139-02) was added in 1:1,000 dilution to human myoblast for 5 days. Single clones
were isolated from survived cells and expanded culture which were then genotyped by PCR and
Sanger sequencing. Genotyping primers are:
Human FOSL1 genotyping primer-F: CCTCAATCCACACGGACCTC
Human FOSL1 genotyping primer-R: CCTTACCCCCTCCTAAGCCT
Retroviral vector preparations and expression

Retroviral expression vector pMXs-Puro (Cell Biolabs, # RTV-012) was used for gene
cloning and expression in human myoblasts. The open reading frames (ORF) for live-actin GFP
and mouse Fosl1 were cloned into pMXs-Puro vector by In-Fusion cloning. The ORF was mouse
Fosll was designed to be gRNA insensitive. The successful colonies were Sanger sequencing
verified. Two micrograms of retroviral plasmid were transfected into packaging human

embryonic kidney (HEK) 293 cells using FuGENE 6 (Promega, #E2692) transfection reagent.
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Two days after transfection, virus medium was collected and filtered to infect cells. One day
after infection, the cells were switched to growth medium.
Differentiation index and fusion index measurements

Differentiation index was calculated as the percentage of the nuclei number within
differentiated cells (MF20+) divided by the total nuclei number in the imaging area. Fusion
index was calculated as the nuclei number in only synthesias (= 3 nuclei) as a percentage of the
total number of nuclei inside muscle cells in the imaging area.
Immunostaining

Cells were fixed in 4% PFA for 10 minutes without light, membrane was permeabilized
using 0.5% Triton X-100. Cells are blocked with 5% BSA at room temperature. Primary
antibody incubation was performed overnight at 4°C. Immunostaining signal was detected by
incubating with fluorophores conjugated secondary antibodies and Hoechst 33342 to visualize
nucleus. Fluorescence images were collected using the BioTek Lionheat Microscope System or
Olympus FV1200 Confocal Laser Scanning Microscope.
RNA-seq analysis

Total RNA was extracted from mouse tissue or cells using TRIzol (Invitrogen) and
shipped to Admerahealth, NJ with dry ice. Released paired-end reads were aligned to mouse
reference genome (GRCm38/mm10) using HISAT2 (Kim et al., 2019). featureCounts (Liao et
al., 2014) was then used to generated raw counts table which was then used for DE genes
analysis by DESeq?2 (Love et al., 2014). DE genes were regarded as which had LogFC >1 and
FDR < 0.05. Gene Ontology (GO) analysis was performed by Metascape using DE genes (Dang
etal., 2023; Zhou et al., 2019).

Quantification and statistical analysis
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Experiments were repeated at least three times. All quantitative results were analyzed
with student’s t-test with two-tail distribution. Comparisons with p-values < 0.05 were

considered significant.
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Figure 3.1: Fosll1 is actively induced during early SC activation and myoblast proliferation
but not in the differentiated myofiber. (A) The schematic outlines a protocol for isolating
quiescent satellite cells (QSC) and freshly isolated satellite cells (FISC) from the muscles of WT

mice. In situ fixation was used to preserve the gene expression signatures of the QSCs prior to
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disassociation and digestion. The FISCs were then cultured for different time periods (24, 48,
and 72 hours) on chamber slide. (B) immunofluorescence (IF) staining was performed to detect
the protein expression of Fosll, MyoD and Pax7 in the SCs from (A). (C) IF staining of Fosl1
and MyoD on single myofibers immediately after isolation or following 6, 12, and 48 hours of
culture. (D) Top: Western blots of a-Tubulin and FOSL1 in human myoblasts after 0, 24, 48 and
72 hours of differentiation. Bottom: qPCR analysis of FOSL1 expression FOSL1 in human
myoblasts after 0, 24, 48 and 72 hours of differentiation. n = 3. *P < 0.05, **P < 0.01, ***P <
0.001. Data are presented as means = SEM. DM, differentiation medium. GM, growth medium.
(E) FPKM plot of Fos and Jun family members and MyoD and MyoG in human myoblast after 0
hours, 2 days and 7 days of differentiation. (F) RNA sequencing results of Fosll during mouse
myoblast differentiation (GSE20846). (G) RNA sequencing results of FOSL1 during human

myoblast differentiation (Unpublished).
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Figure 3.2: Fosll1 is indispensable for injury-induced muscle regeneration. (A) Scheme of
breeding to generate Fosll conditional knockout in SC. (B) Schematic outlining the strategy of
tamoxifen (TMX) and BaCl2 treatment of mice. Control and Fosl1LoPLoxP mice were treated
with TMX i.p. injection every 2 days over a period of 10 days and then TMX diet were supplied
through the whole procedure. (C-D) H&E staining of global and zoom-in views of the TA
muscles at 5 and 14 days post the 1% injury, respectively. (E) Quantified results of TA weight,
cross-sectional areas (CSA) of TA, and body weight of mice in the 1% regeneration assay. (F-G)
H&E staining of global and zoom-in views of the TA muscles at 5 and 14 days post the 2™

injury, respectively. (E) Quantified results of TA weight, cross-sectional areas (CSA) of TA, and

body weight of mice in the 2" regeneration assay.
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Figure 3.3: Fosll is not required for myoblast proliferation or maturation. (A) Scheme of

CRISPR approach to generate FOSL1-KO single clones from human myoblasts. (B) Human

FOSL1 gene structure including positions of gRNAs and genotyping primers, and sanger

sequencing results of four FOSL1-KO single clones. Biallelic deletions of FOSL1 gene were

confirmed. The frameshifted codons were in red box. (C) FOSL1 immunostaining result in WT

and three of the four FOSL1-KO single clones in growth medium. (D-E) EdU staining results to

show the proliferation effect of FOSL1-KO myoblasts by retroviral mouse Fosll (mFosl1)
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expression in GM for 48h or 72h, respectively. (F) MYODI1 immunostaining results of FOSL1-
KO myoblasts by retroviral mouse Fosll (mFosl1) expression in GM. (G) MYOG
immunostaining results of FOSL1-KO myoblasts by retroviral mouse Fosll (mFosl1) expression
in DM. Cells were differentiated for 4 days. (H) MYOSIN immunostaining results of FOSL1-
KO myoblasts by retroviral mouse Fosll (mFosl1) expression in DM. Cells were differentiated
for 4 days. (I) Quantification results of EQU+ rates from (D-E). n = 12. *P < (.05, **P < 0.01,
*#%P < (0.001. Data are presented as means + SEM. (J) Quantification results of MYOD+ rates
from (F) n= 3. *P <0.05, **P < 0.01, ***P < 0.001. Data are presented as means + SEM. (K)
Differentiation indexes, fusion indexes and MYOG+ rates from (G-H). n = 3. *P <0.05, **P <

0.01, ***P < 0.001. Data are presented as means + SEM.
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Figure 3.4: Fosll is required for SC activation and proliferation. (A) Quantification of the
Pax7+ cells from freshly isolated single myofibers. n = 3 mice per group. (B) Quantification of
the Pax7+ cells from isolated single myofibers cultured 60 h. n = 3 mice per group. (C) CLICK
staining of EAU and IF staining of Pax7 on control (left) myofiber and Fosl1-cKO myofiber.
These fibers were cultured with EAU 60 h post isolation. n = 3 mice per group. (D)
Quantification of counting results of EQU+ cells on myofibers from (C). n = 3 mice per group.
(E) Quantification of percentage of EAU+ over Pax7+ cells on myofibers from (C). n = 3 mice
per group. (F) IF staining of Fosl1 (red) and imaging of sfGFP (green) in primary myoblast
cultured with vehicle and EdU as illustrated in (J). (G) Quantification of percentage of Fosl1+
cells in cells from (F) and (H). n = 2 mice per group. (H) IF staining of Fosl1 (red) and imaging
of sfGFP (green) in primary myoblast cultured with 4-OH TMX and EdU as illustrated in (J). (I)
Quantification of percentage of GFP+ cells in cells from (F), (H) and (L). n = 2 mice per group.
(J) A schematic for cell treatment procedure to examine the proliferation of activated SCs
(primary myoblasts) after Fosl1 knockout in vitro. SCs were isolated from Pax7F2¢rER /R osa-
LSL-sfGFP/Fosl1:*PLoxP mice, 24 h after seeding cells, 4-OH TMX or vehicle was added. 3
days later, EQU was added for 48 h before fixation. (K) Quantification of percentage of EAU+
cells from (L). n = 2 mice per group. (L) CLICK staining of EdU (red) and imaging of sfGFP
(green) in primary myoblast cultured with 4-OH TMX and EdU as illustrated in (J). All bar

graphs are presented as means + SEM. *P < 0.05, **P <0.01, ***P < 0.001.
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Figure 3.5: Loss of Fosll caused SC pool reduction and resulted in myoblast differentiation

defect during early muscle regeneration. (A) A scheme of harvesting injured muscle for

gPCR. Control and Fosl1***LoxP mice were treated with TMX i.p. injection every 2 days over a

period of 10 days and BaCl2 was injected into gastroceus. 2 days later Evans Blue Dye (EBD)

was 1.p. injected and 1 day later injured muscle was collected with the indication of EBD. Non-

injured muscle was collected at corresponding position. RNA was extracted from muscle
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samples for qPCR analysis. (B-E) qPCR results of Pax7 (B), MyoD (C), Myomaker (MymK) (D)
and Myomixer (MymX) (E). n = 6 mice per group. (F) Volcano plot of differentially expressed
(DE) genes from the RNA-seq analysis. Dot lines are p-value threshold <= 0.05 and fold change
>= 1. MymK, MymX, MyoD1, Pax7 and MyoG are pointed by arrows. (G) Gene Ontology (GO)
analysis results of 319 DE genes downregulated in Fosl1-cKO samples (top) and 26 DE genes
upregulated in Fosl1-cKO samples (bottom). (H) GSEA plot of genes downregulated in Fosl1-
cKO samples with genes upregulated in fibroblast 24 h after inducing MyoD. (I) Heatmap
indicating expression levels (Log2(TPM)) of DE genes across WTN, WTI, KOI, and KON
samples from RNA-seq. (J) Expression levels (TPM) of MyoD1, Pax7, MyoG, MymK and
MymX from RNA-seq. (K) Expression levels (TPM) of Fosl2 from RNA-seq. (L) RNA

sequencing results of Fosl2 during mouse myoblast differentiation (GSE20846).
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Figure S3.1: Fosll1 is actively induced during early muscle regeneration. Expression pattern
of Pax7, Myf5 and Fos family members in different populations inferred from single nucleus

RNA-seq results from 4 h.p.i muscle and intact muscle (GSE163856).
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Figure S3.2: Fosll1 is actively induced during early SC activation. (A) Cell clustering result of
limb muscle and the expression pattern of Pax7, Myf5 and Myod1 shown in dot plot adopted
from Tabula muris database. Blue box: Skeletal muscle satellite cell population. (B) Expression
pattern of Fosll shown in dot plot (top) in Skeletal muscle satellite cell population from (A) that
was further subset by expression level of Fosll shown in ridge plot (bottom). (C) GSEA results
of genes upregulated in Fosl1+ (CPM>6) versus Fosl1—- (CPM=0) satellite cells and heatmap
(left); GSEA results of genes downregulated in Fosl1+ (CPM>6) versus Fosl1— (CPM=0)

satellite cells and heatmap (right).

87



Enrichment plot: HALLMARK_MYC_TARGETS_V1
07

NES=2.990
FDR g-value=0

o 00
group o .o
$ e :
'S o xon I | O | ) ) i
j | | — “io 5 s o s rehiea
5 o

) o 0 s 6
Pt 51% verance PC1:96% variance

"~ PC1:96% variance

.
PC2: 16%

Enrichment plot: HALLMARK_E2F_TARGETS

NES=2.800
FDR g-value=0

(T TR

] |Regulated by: Pax3
] Regulated by: Myod1
Regulated by: Myf5

|
Regulated by: Six1
Regulated by: Nkx2-5
Regulated by: Trps3
—— Regulated by: Snail
Regulated by: Ctnnbl

Figure S3.5: Loss of Fosll induced early muscle regeneration defect by affecting numerous
cellular procedures and signaling pathways. (A-D) PCA results of KOI vs WTI samples (A),
WTI vs WTN sample (B), KOI vs KON samples (C), and KON vs WTN samples (D). (E) GSEA
plot of genes downregulated in Fosl1-cKO samples with Myc targets. (F) GSEA plot of genes
downregulated in Fosl1-cKO samples with E2F targets. (G) Network of enriched terms from
genes downregulated in Fosl1-cKO samples. Left: colored by cluster ID, where nodes and circles
that share the same cluster ID are close to each other; Right: colored by p-value, where terms

include more genes tend to have more significant p-value. (H) Summary of enrichment analysis
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in PaGenBase (top) and TRRUST (bottom). (I-J) Protein-protein interaction network (I) and

MCODE components (J) identified from the genes downregulated in Fosl1-cKO samples.
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CHAPTER 4
SUMMARY AND CONCLUSIONS

Muscle satellite cells are multipotent stem cells located between the sarcolemma (muscle
fiber membrane) and the basement membrane of skeletal muscles. Their primary functions are to
facilitate muscle growth, maintenance, and repair. Satellite cells are generally quiescent in
healthy adult muscle tissue but can be activated in response to muscle injury or certain stimuli.
Once activated, they undergo a process of proliferation, differentiation, and fusion to contribute
to muscle regeneration. During myogenesis, satellite cells play a critical role in muscle
development and growth. These cells have the ability to self-renew, giving rise to a pool of
undifferentiated cells that can differentiate into myoblasts. Myoblasts are the precursors of
muscle fibers and eventually fuse together to form new muscle tissue. By participating in
myogenesis, satellite cells contribute to the increase in muscle mass and the repair of damaged
muscle fibers.

When skeletal muscles are injured or subjected to exercise-induced stress, satellite cells
become activated and undergo a series of steps to regenerate the damaged tissue. Upon
activation, satellite cells enter the cell cycle, proliferate, and generate a population of myoblasts.
These myoblasts subsequently differentiate into myocytes, which fuse together and form new
muscle fibers to replace the damaged ones. The regenerative capacity of satellite cells is crucial
for muscle repair and functional recovery following injury. Satellite cells also play a significant
role in muscle diseases, including muscular dystrophies and age-related muscle decline. In

conditions like Duchenne muscular dystrophy, the absence or dysfunction of dystrophin protein
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leads to continuous muscle fiber damage, triggering chronic activation and depletion of satellite
cells. This impaired satellite cell function contributes to the progressive muscle degeneration
observed in these diseases. Understanding the mechanisms that regulate satellite cell function is
crucial for developing therapeutic strategies to enhance muscle regeneration and combat muscle
diseases.

To facilitate the studies of SC in vivo, we reported a novel approach based on i-GONAD
method to efficiently generate mouse loxP alleles in a convenient and economic manner. To
insert loxP sequences by CRISPR/Cas9, the HDR donors, each ssODNA is novelly designed
with three main components: (1) 5' Homology Arm: This portion of the ssODNA is 91
nucleotides long and shares sequence similarity with the region immediately adjacent to the
desired insertion site, specifically from the PAM (Protospacer Adjacent Motif)-proximal side.
The homology arm helps promote the annealing and alignment of the donor DNA with the target
site. (2) loxP Sequence: The loxP sequence, which is 34 nucleotides in length, is included in the
ssODNA. loxP is a specific DNA sequence recognized by the Cre recombinase enzyme, and its
presence allows for conditional DNA recombination events. (3) 3' Homology Arm: This part of
the ssODNA spans 36 nucleotides and shares sequence similarity with the region adjacent to the
desired insertion site, but from the PAM-distal side. Like the 5' homology arm, the 3' homology
arm facilitates the alignment and annealing of the donor DNA with the target site.

By testing our method on five genes, the i-GONAD method, combined with HDR template
design, proved to be robust, fast, and efficient for generating mouse conditional alleles. The
overall targeting efficiency, as indicated in Table 1, was 10% (8 out of 76) for producing floxed
alleles. Additionally, the frequency of obtaining FO mice with either 5'- or 3'-loxP insertion was

28% (21 out of 76), resulting in a combined loxP-insertion efficiency of 38%. In the F1
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generations, there was a 37% chance (32 out of 87 pups) of inheriting two loxP sites (in cis),
indicating efficient germline editing by i-GONAD. These results further demonstrate the
reliability and effectiveness of the i-GONAD method and HDR template design in generating
mouse conditional alleles.

Among those five genes we successfully targeted, Fosl/l was selected because of special
interest. We observed that the expression of Fosl1 is rapidly induced in proliferating myoblasts
and activated SC. Through specific knockout of Fosl1 in SC by our generated Fosl1'*1xP mice,
we observed a clear defect in muscle regeneration following initial muscle injury, and repetitive
muscle injury resulted in complete loss of regeneration. Deletion of Fosl1 from quiescent SC
impaired their activation and prevented entry into the cell cycle. However, loss of Fosl1 in post-
activation SC had minimal effects on SC proliferation. Interestingly, the knockout of Fosl1 did
not affect the proliferation, differentiation, or fusion of immortalized human myoblasts.
Similarly, overexpression of Fosll in human myoblasts did not alter these cellular processes. To
gain further insights, we performed RNA-seq analysis using injured muscle tissue. In the Fosl1
conditional knockout group, we observed significant downregulation of muscle stem cell
markers such as Pax7 and myogenic differentiation markers including MyoD1, Myf5, MymK, and
MymX genes. These findings suggest that Fos/I plays a critical role in maintaining the activation
and/or proliferation of muscle stem cells in vivo. Overall, our current data highlights the
importance of Fosl1 in SC activation and muscle regeneration. These findings contribute to our
understanding of the molecular mechanisms involved in muscle regeneration and provide
valuable insights for potential therapeutic strategies targeting muscle stem cells. To uncover the
exact mechanisms resulted by loss of Fosl1 in SC during early muscle regeneration, we have

harvested the 24 h.p.i muscle sample from Fosl1-cKO and control mice and are currently
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working on optimizing the nucleus extraction protocol for snRNA-seq. We aim to recapitulate
and identify the cell populations involved in early regenerating muscle and analyze the

transcriptional differences in SC population from Fosl1-cKO and control mice.
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