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RESUMO

Analise funcional do gene SAP30 e sua relagao com o desenvolvimento muscular

Entender a maquinaria molecular envolvida em determinadas caracteristicas de interesse
econdémico ¢ importante para que informagdes genéticas possam ser aplicadas junto aos programas de
melhoramento animal, visando estabelecer maior acuricia na selegio genémica. Estudos de GWAS
identificaram regides de QTL e CNV localizadas no cromossomo 4 na espécie Gallus gallus, em uma
populagio brasileira de frangos de corte, associadas com caracteristicas de desenvolvimento muscular,
como peso e porcentagem de peito. Buscas por genes candidatos presentes nessas regides e que
pudessem estar participando do desenvolvimento muscular foram realizadas. O gene SAP30 foi
identificado como um possivel candidato ao desenvolvimento muscular. Diante disso, e com o objetivo
de validar sua fungio, S.4P30 foi editado usando CRISPR/Cas9 e teve sua expressio reduzida por meio
de siRNA, em cultura de mioblastos iz vitro. Apds essas analises, andlises morfométricas foram realizadas
na cultura celular para avaliar as alteragdes ocorridas no tamanho de drea dessas células. Posteriormente,
as andlises de sequenciamento de RNA, genes diferencialmente expressos e enriquecimento funcional
foram realizadas pata investigar redes génicas e processos biolégicos que as mutagdes ¢/ou redugio da
expressio do SAP30 estariam ocasionando. Os resultados para ambos os trabalhos mostram o
envolvimento do SAP30 na hipertrofia de células musculares. Tanto a redu¢iio na expressio do gene,
quanto a indugdo de mutagdes em sua sequéncia, fizeram com que os miotubos tivessem maior area nos
grupos tratados, quando comparado aos controles. As analises de sequenciamento de RNA revelaram,
para ambos, uma importante diferenca na expressio de genes trelacionados ao desenvolvimento
muscular, bem como, genes que atuam em vias de formagido e regeneracio do musculo. Assim, pela
primeira vez, apresentamos o gene SAP30 como um possivel regulador de hipertrofia muscular.

Palavras-chave: Hipertrofia. Crescimento muscular. C2C12. siRNA. CRISPR/Cas9.



ABSTRACT

Functional analysis of SAP30 gene and its relation to muscle development

Understanding the molecular machinery involved in certain traits of economic interest is
important because the genetic information can be applied to animal breeding programs, defining greater
accuracy in genomic selection. GWAS studies have identified general QTL and CNV regions on
chromosome 4 in Gallus gallus species, in a Brazilian broiler population, associated with muscle
development traits such as weight and percentage of breast. Seatches for candidate genes present in
these regions and that could be participating in muscle development were performed. The SAP30 gene
was identified as a possible candidate for muscle development. Therefore, and to validate its function,
SAP30 was edited using CRISPR/Cas9 and had its expression reduced by means of siRNA, in myoblast
culture in vitro. After these analyses, morphometric analyzes were performed in cell culture to evaluate
changes in the area size of these cells. Subsequently, RNA sequencing, differentially expressed genes
and functional enrichment analyzes were performed to investigate gene networks and biological
processes that mutations and/ot reduced expression of S.AP30 would be causing. The tesults for both
papers presented the involvement of S.AP30 in muscle cell hypertrophy. Both the reduction in gene
expression and the induction of mutations in its sequence made the myotubes have a larger area in the
treated groups when compared to controls. RNA sequencing analyzes revealed, for both, an important
difference in the expression of genes related to muscle development, as well as genes that act in muscle
formation and regeneration pathways. So, for the first time, we present the SAAP30 gene as a possible
regulator of muscle hypertrophy.

Key-words: Hypettrophy. Muscle growth. C2C12. siRNA. CRISPR/Cas9.






1. INTRODUCTION

In the world ranking, Brazil occupies the place of largest exporter and third largest producer of chicken meat
(ABPA, 2020) and, among the agricultural activities, poultry is one of the most prominent. The increase in chicken
meat exports was associated with good production practices, such as improvements in the poultry, in the nutritional
quality of the feed, and genetic improvement for selection of production traits (Avila et al., 2007).

The intense genetic improvement that has occurred in recent years has brought advances in poultry
production, as muscle development. The advances in molecular biology technologies, the discovery of candidate genes,
and the identification of mutations related to the traits of zootechnical interest in chickens, have become part of the
genetic improvement programs, providing greater accuracy in the results of genomic selection (Dekkers, 2012).

The chicken meat quality and improvement are important to the poultry industry, also for the human
nutrition. Chicken meat has a high nutritional value, with high protein and low-fat contents (Kim et al., 2020).
Understanding the muscle development is an important strategy to improve muscle deposition. Several quantitative
trait loci (QTL) associated with multiple traits of economic interest have been mapped, including growth and body
composition, egg production, resistance to diseases, and responses to antibodies. As an example, in a study to identify
SNPs (single nucleotide polymorphisms) candidates for important characteristics in the Gallus gallus species, genetic
variations were found close to important disease resistance genes such as TGF-§77, cytokines, histocompatibility
complex genes (MHC), in addition to genes trelated to antibody responses, such as II4 and IL.73 (Wong et al., 2004).

Other studies have identified genes and genetic variations related to the important developmental traits of
chickens, as muscle fiber and carcass quality characteristics (Zhang et al., 2008), body composition and meat quality
(Liu et al,, 2013), and abdominal fat, skin fat and body fat distribution (Ikeobi et al., 2002). Boschiero et al. (2013)
studied SNP-type mutations in the IGF7 and KDM5.A genes and observed that in the IGF7 gene this genetic variation
is associated with characteristics of body growth, feed conversion, and percentage of abdominal fat, while a SNP in
the KDM5.A gene was associated with fat deposition abdominal in chickens. Felicio et al. (2013) worked with mutations
associated with chicken meat quality, as thigh size, loss from cooking, and body weight. Also, candidate genes located
in QTLs involved with muscle growth (Pértille et al., 2015), fat deposition (Moreira et al., 2015), and muscle deposition
(Godoy et al., 2015) were studied. Recently our group studied QTLs associated with muscle traits, by Genome-Wide
Association Studies (GWAS), and one region in the chromosome 4 (43Mb) was associated with breast muscle yield in
the TT Reference population (Trevisoli et al., 2021), also a study using the same chicken population detected Copy
Number Variations (CNV) associated with performance traits, including birth weight, body weight, feed intake, feed

conversion ratio, and body weight gain (Fernandes et al., 2021).
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Studies discovering candidate genes associated with economical traits are important to characterize the
metabolic and genetic pathways involved in determine the phenotype. As previously mentioned, there are many studies
that have already identified mutations and genes associated with important traits, however, validation studies using cell
culture model of the genes are still scarce. With this aim, Petry et al. (2021) used QTL and CNV information from TT
Reference Population (Marchesi et al., 2018) to select a candidate gene to perform its validation in muscle cell culture,
in vitro. The SAP30 gene was identified overlapping in a QTL and CNV region associated with breast meat and
petrcentage in the same broiler chicken population (TT Reference population). This gene has a gene ontology term
associated with skeletal muscle cell development and was chosen as a candidate for validation in our study.

Sin3A-Associated protein 30 (5$AP30) gene is a member of the Sin3A corepressor complex and was
demonstrated important in the cell growth affecting gene expression (Zhang et al., 1998), and participating in N-CoR-
mediated repression by specific transcription factors (Laherty et al.,, 1998). As an example, a study has shown that
SAP30 is a transcription factor participating in the NETOZ2 gene expression, in a renal cell carcinoma in humans
(Snezhkina et al., 2018). The SAP30 protein is conserved between humans and yeast, acting as a histone deacetylase
complex, regulating gene expression (Zhang et al., 1998), moreover, the same protein is conserved between human,
chicken and mouse, where chicken and mouse genomes have a similar and conserved GALNT-SAP30-HAND
organization, showing the evolutionary similarity between these species (Viiri et al., 2009).

Even with some evidence of the SAAP30 gene and protein participation as a transcription factor, and the fact
that it has been found as a possible candidate for muscle development in chickens (QTL and CNV analyzes), the role
of this gene in muscle development is still unknown. In view of this, the use of techniques as gene editing (such as
CRISPR/Cas9, Clustered Regulatory Interspaced Short Palindromic Repeats) and small interfering RNAs (siRNA) has
enabled to validate the effect of the candidate genetic changes in the control of the phenotype by the activation or
repression of patts of the genome. Cellular reprogramming and modeling of the organism for adaptations against
degenerative diseases or genetic alterations that cause damage and have brought benefits in the medical, human health
and zootechnical areas (Du and Qi, 2016; Singh et al., 2017), where there is great importance as a tool to understand
the genetic machinery behind the characteristics of interest.

The CRISPR technique has been providing discussions of possible applications in genetic engineering in
several areas of knowledge. Firstly described as an alternative to adaptive immunity in prokaryotes, this mechanism is
based on the incorporation of small fragments of invading DNA into the host genome, through the enzyme Cas,
making the organism - previously pathogenic to the prokaryote - be recognized as similar (Burmistrz and Pyrc, 2015).
Knowing about the sequence of the adaptive immunity process of these microorganisms, the model started to be

adopted in the biological field as an alternative technique for genome editing (Makarova et al., 2011).
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The editing or knockout of genes has been widely used in several animal models. In mice, for example,
CRISPR/Cas9 was used to change SNP-like bases in embtyonic cells, and the efficiency of changing the Thymine base
to Cytosine (T>C) was 100% successful (Liang et al., 2017). Also, the use of the CRISPR/Cas9 system obtained results
of 90 to 100% efficiency in silencing complete genes in cells of mice and monkeys (Zuo et al., 2017). Although further
studies are needed, reseatch has recently been published that addtesses the use of the CRISPR/Cas9 system in the
removal of the HIV virus from mouse cells, obtaining good results in eliminating the virus from host cells (Yin et al.,
2017) and demonstrating a significant step towards human clinical trials. Another study related to the well-being and
control of zoonoses was catried out in cattle (Gao et al., 2017), where bases wete inserted in the animal's genome to
make it resistant to tuberculosis. In this study, the authors achieved success in the formation of transgenic fibroblast
cells by inserting a DNA sequence responsible for the formation of macrophage proteins (NRAMP1) which is
responsible for increasing resistance to this pathogenesis in cattle.

In chickens, studies also demonstrate the importance of the technique for editing genes responsible for
characteristics of zootechnical interest. An example of this was a study in which the differentiation of embryonic stem
cells (ECSs) into sperm cells (SSCs) was investigated by knocking out the S#a8 gene - a gene typically expressed in
mitosis and meiosis events in mammalian cells (Zhang et al., 2017). As a result, the knockout of the gene was confirmed
and the generation of SSCs was blocked in these cells, indicating that the CRISPR/Cas9 system was effective to
petform the knockout of the S#48 gene in chicken cells, inhibiting the differentiation of ECSs into SSCs (Zhang et al.,
2017). The positive results that the studies with CRISPR/Cas9 have been obtaining suggest that this technique can be
used in the edition of candidate genes to regulate specific traits, to characterize the function of the genes, since most
of the characteristics of interest are polygenic control, and the gene knockout aiming at the loss of function of a gene
is important to know its participation in the regulation of the phenotype.

Small Interfering RNAs (siRNAs) are 20-30 nucleotides noncoding RNAs that regulate genes and genomes,
in different genomic levels such as chromatin structure, RNA processing and stability, transcription, and translation
(Carthew and Sontheimer, 2009). The use of siRNA to silencing a gene to investigate its function is well stablished in
mammalian cells and may help to identify the importance of the specific genes in determinate traits (Sakurai et al.
2010). Figeac et al., (2019) studied the influence of pathways involved in the myogenesis in skeletal muscle, silencing a
VGLL3 protein by siRNA. Another study investigated the participation of the CSRP3 gene in the muscular dystrophy
using chickens’ primary myoblasts, here the gene knockdown was performed by siRNA to evaluate its function (Cui
et al,, 2020). As CRISPR/Cas9, the siRNA is also useful to modulate the gene exptression, making it possible to

understand the molecular machinery involved behind the traits, as muscle development.
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Important processes of development, growth, and regeneration of skeletal muscle occur throughout the life
of vertebrates and all these phases are regulated by the same myogenic markers. C2C12 cells, for example, reproduce
in a controlled and fast manner all the steps of myogenesis, which include the determination, proliferation, and
differentiation of skeletal muscle cells (Lee et al., 2005). Therefore, the 7 vitro system is a good model for studies of
characterization and function of genes or mutations that are associated with this cell type. Understanding the cellular
and molecular programming that determines the formation of skeletal musculature is the basis for it to be possible to
characterize the main role of candidate genes in the development, proliferation, and differentiation of muscle tissue.
Therefore, our hypothesis is that the silencing of a candidate gene associated with muscle development can modulates

the differentiation of muscle cells.

1.1 Main Objective

The general objective was to identify a candidate gene associated with muscle development in chickens from
previously study of our research group and validate its function in muscle cell culture applying siRNA and

CRISPR/Cas9 tools.

1.2 Specific objectives

a) Identify a candidate gene localized in quantitative trait loci (QTL) and copy number variation (CNV)
regions that were previously associated with muscle development in a broiler chicken population.

b) Apply the gene knockdown on muscle cells cultured by using siRNA technique and evaluate the differential
gene expression between the control and treated groups.

¢) Apply the gene editing on muscle cells cultuted by using CRISPR/Cas9 technique, evaluate the mutations

occurred in the DNA sequence and the differential gene expression between the groups of cells.
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1.3 Systematization text

Many studies have identified variants and genes that are candidates for certain characteristics of economic
interest using genetic information from farm animals. However, studies aiming to validate the specific function of
these variants and genes are scarce. Therefore, our work has contributed to many of these validation studies, bringing
the idea of using the information previously obtained through bioinformatics and statistical analysis and applying this
information in a cell culture model. Thus, two studies were performed to validate the candidate S.4P30 gene previously
identified in the QTL and CNV regions associated with muscle characteristics, by Genome-wide Association Study
(GWAS). The first study used the siRNA technique to reduce the expression of the gene (SAP30-knockdown) and
observe what would be the consequences of this knockdown in the culture of muscle cells. In the second study, also
using S/AP30 as a candidate gene, the technique known as CRISPR/Cas9 was petformed to edit the DNA sequence
of this gene. Then, the changes that each type of mutation would also cause in muscle cell culture was evaluated. As a
result, for both studies, we observed that the changes - both in the expression of the S.4AP30 gene, and in the mutations
caused by CRISPR/Cas9 - conferred a hypettrophy phenotype in muscle cells. The analysis of RNA sequencing for
SAP30-knockdown showed a difference in the expression level of genes related to muscle growth, development, and
contraction; while the analysis of differentially expressed genes for cells that received CRISPR/Cas9 showed genes
related to important pathways of embryogenic muscle development, such as the NOTCH and WNT pathways. Thus,
the two studies presented below showed through morphometric and molecular analysis of cell culture, the possible

patticipation of the S.AP30 gene as a regulator of muscle hypertrophy.
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2.1 Abstract

Despite recent advances in QTL mapping and genome selection, it is still difficult to precisely establish the effects of
candidate genes on the phenotype. Understanding the role of molecular gene networks in the regulation of the
phenotype helps to establish strategies to improve chicken production, increase product value and reduce production
costs. The aim of this study was to evaluate SAP30 as a candidate gene for muscle development and to validate its
function in cell culture 7z vitro. The SAP30 gene was down regulated in C2C12 muscle cell culture using siRNA
technology to evaluate its impact on morphometric traits and gene expression by RNA-seq analysis. Modulation of
SAP30 expression increased C2C12 myotube area, indicating a role in muscle hypertrophy. RNA-seq analysis identified
several upregulated genes annotated in muscle development in treated cells (SAP30-knockdown), corroborating the
role of SAP30 gene in muscle development regulation. Here, we provide experimental evidence of the involvement of

SAP30 gene as a probable regulator of muscle cell hypertrophy.

2.2 Introduction

The intense genetic improvement that has occurred in recent years has increased poultry production,
remodeling the industry over time (Saxena and Kolluri, 2018). Initially, chickens were selected for greater meat
production by crossings lines previously selected for fast growth, catrcass yield, and better feed conversion
(Thiruvenkadan et al., 2011; Zuidhof et al., 2014). Despite the great advances in productive indexes, some undesirable
effects have been observed affecting primarily the musculoskeletal (Julian, 2005) and cardiovascular systems (Olkowski,
2007). Ongoing selection for growth rate, carcass and prime cuts yields are correlated with pathophysiological changes

in muscle tissue in modern lines, mainly the increase of breast myopathies (Soglia et al., 2019; Maharjan et al., 2020).
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Advances in genomic technologies have led the discovery of single polymorphism nucleotide (SNP),
development of SNP panels, and applications in animal breeding (Dekkers, 2012). Aiming to identify genomic regions
and putative candidate genes, several Genome-Wide Association Studies (GWAS) were conducted. Quantitative trait
loci (QTL) have been identified in chickens for many traits of economic interest, including growth and body
composition (Hu et al., 2019, Animal QTL database, 2021), albumin height, Haugh score, shell shape, final body
weight, gain, and feed efficiency (Hansen et al,, 2005, Animal QTL database, 2021). Our research group has
characterized the genetic architecture for growth and body composition traits in an experimental population originated
from a Brazilian broiler line (TT Reference Population). Candidate genes participating in the performance, organs,
carcass traits (Venturini et al., 2015) and bone integrity (Fornari et al., 2014; Grupioni et al., 2017), were already
discovery in this broiler population. Also, QTL associated with production traits, including: carcass fat deposition
(Moreira et al., 2018), feed efficiency and body weight (Moreira et al., 2019). Using the same broiler population, a study
searching for Copy Number Variation Regions (CNVR) was performed to find regions possibly associated with

petformance traits (Fernandes et al., 2021) and one of the CNVR was associated with breast yield (unpublished results).

Results from previous QTL (Trevisoli et al., 2021) and CNVR (unpublish results) analysis, found a genomic
region that was associated with breast meat yield using information about TT Reference population (Marchesi et al.,
2018). Considering the possible importance of this region in the muscle architecture, we performed the data mining to
search for genes that are annotated in this region and may presented a role in muscle development. SAAP30 gene was
found to be overlapping with a QTL and CNV region, both associated with musculature characteristics in chicken’s

population.

The 5AP30 gene is an important component of histone deacetylase complex in eukaryotic organisms (Zhang
et al,, 1998) and it has already been identified as a factor of transcriptional regulation in the gene expression in mouse
skeletal muscle (Magnusson et al., 2005). This gene is related to the Sin3 proteins, acting as a binding protein important
to repression and co-repression of gene transcription (Zhang and Iratni, 1997). SAAP30 gene has already been found to
belong to a conserved region between chickens and mouse when comparing the chromosome organization (Viiti et
al,, 2009). The ancestral protein SAP30 was found to be conserved in many species of chloroplasts, fungi, plants, and
animals, also an important conserved region called GALNT-5SAP30-HAND according to the chromosome position
between chicken and mouse (Viiti et al., 2009). Conservation across species is important because it allows studies to
be carried out across different species that are expected to recapitulate the same effects. Thus, well developed
experimental tools such as cell lines in the mouse could be reasonably used to evaluate the function of a gene in the

chicken or other livestock species.

To explore gene function, the small interfering RNAs (siRNA) ate a versatile tool, particularly when used in
cell lines that can be phenotype across multiple experimental replicates in the lab. This technique has been widely used
to inhibit mRNA transcription using a small sequence of RNA with mismatches in the target gene sequence under
investigation (Bartel, 2004), in this way, siRNAs can silence a gene, or simply reduce its expression (Mortis et al., 2004),
depending on the degree of sequence similarity to the target sequence. To understand the potential functional roles of
mutations or genes in phenotype variation, functional experiments such as gene silencing or knockdown experiments

must be conducted to eventually identify causal genes.
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Given the economic importance of the genomic region containing QTL and CNVR to produce breast meat
in chickens and the fact that validation studies of gene function in cell culture are scarce, the objective of this study
was to select a candidate gene for muscle development and to validate its function in cell culture system (7 vitro). Since
the SAP30 gene is well conserved across mouse and chicken, in »i#70 morphometric and gene expression analyses were

petformed on mouse C2C12 myoblast cells.

2.3 Methods

2. Population and identification of candidate gene

The candidate gene selection was performed mining QTLs previously detected in a meat-type chicken population,
called TT Reference Population. This is an experimental broiler population developed by the EMBRAPA Swine and
Poultry National Research Center, for genomics studies. The population was generated from the expansion of a
paternal pure line (TT) and 20 males were mated with 92 females, generating approximately 1,500 chickens (Marchesi
et al,, 2018). In this population, QTLs were identified for breast muscle and yield. More specifically, one QTL on
GGA4 (43Mb) explained 0.61% of the genetic variance for breast muscle yield (Trevisoli et al., 2021), which overlapped
with an inherited CNVR (GGA4: 43,400,643 - 44,413,344) associated with breast muscle weight and yield (unpublished
data). These two previous studies show that this region may be participating in muscle development in chickens.
Therefore, we used this information to search for the genes annotated in these regions.

Searches for deleterious and high-impact mutations that could change the amino acids sequence were carried out
using the Variant Effect Predictor (VEP, McLaren et al., 2016) but no gene showed relevant mutations. Then, the next
analysis for choosing the candidate gene was based on gene ontology terms for biological process, that could support

the potential role of the candidate gene in muscle growth and/or development.

2.3.2 C2C12 cell culture and transfection

The cell culture and transfection were performed to characterize the SAP30 knockdown in the muscle cells. The
C2C12 myoblasts (ATCC® CRL 1772™) were plated in a density of 2x10* cell/well in growth medium [GM,
Dulbecco’s modified Eagle’s medium (DMEM) with high glucose and L -glutamine (Gibco/ThermoFisher; Waltham,
MA, USA)], supplemented with 10% FBS (Fetal Bovine Serum, Gibco) and 1% penicillin/streptomycin/amphotericin
B solution (Gibco/ThermoFisher; Waltham, MA, USA), in 24-well plates coated with 3% gelatin (Sigma-Aldrich).
Transfection was performed when cells reached approximately 70% confluence, using a custom SAP30 siRNA
(ThermoFisher; Waltham, MA, USA) designed five target transcripts (NM_021788AF075136.1, AK010928.1,
AKO088745.1, BC132087.1, BC132081.1) for the treated group (knocked down cells). The Silencer negative control
pre-designed siRNA (ThermoFisher; Waltham, MA, USA) was used as control group. The transfections were
petformed using Lipofectamine 3000 (ThermoFisher; Waltham, MA, USA) following the manufacture
recommendations. After 48h at 37°C and 5% at COs, the myogenic differentiation was induced by culturing cells at

low setum conditions [DM: DMEM high-glucose, supplemented with 2% horse serum (Gibco/ThermokFisher;
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Waltham, MA, USA) and 1% penicillin/streptomycin/amphotericin B (Gibco/ThermoFisher; Waltham, MA, USA)
for 3 days.

233 MTT assay, immunocytochemistry, fusion index, and morphometric analysis

Cell viability was checked based on mitochondrial activity using MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. This method is capable of measuring cell viability, by means of colorimettic
absorbance, based on mitochondrial cell activity. The amount of formazan blue crystals produced is proportional to
the number of viable cells in the culture, thus, active cells produce more formazan crystals and thus more blue color
than cells with low metabolic activity (Mosmann, 1983). Cell viability index was determined after 3 days in GM. The
absorbance was determined at 595 nm, in triplicate. Immunocytochemistry was performed to allow measuring myotube
area only in differentiating cells. For that, the C2C12 cells were fixed in 4% PFA, for 15 min, permeabilized with 0.1%
Tween 20, blocked with 1% BSA and incubated with mouse anti-myosin antibody (MF20 monoclonal; Hybridoma

Bank, diluted 1:200), at 4°C overnight. After washing, cells were incubated with secondary antibody peroxidase-

conjugated (EnVision® Systems Dual Link, anti-mouse and anti-rabbit, Agilent Technologies, Santa Clara, CA, USA)
and signals were detected using DAB (Dako, Santa Clara, CA, USA) and the nuclei were counterstained with
hematoxylin. Immunocytochemistry images were obtained using an inverted optical microscopy with capture system
(BX41 Olympus and MoticAE31). Myotubes’ length and width were obtained using Image] software. A stage
micrometer was used for standardized analysis. Myotube area was determined by length x width and fusion index was

determined following Martins et al. (2014) and Costa et al. (2021).

234 RNA isolation, library preparation and sequencing

Total RNA was isolated from each cell group (treated and control) in triplicates, using Trizol (ThermoFisher;
Waltham, MA, USA) reagent following the manufacture’s recommendations. RNA integrity of the samples was
determined using the Bionalyzer (Agilent Technologies, Santa Clara, CA, USA) and samples with RNA Integrity
Number (RIN) score = 7 were selected for library preparation. Libraries were prepared using kit Illumina TruSeq
Stranded mRNA Sample Prep LT Protocol (Illumina, San Diego, CA, USA) and the sequencing was performed using
the HiSeq SBS v4 kit, to generate 100 bp (2x101) paired end sequence reads following the Illumina protocol. Samples
wete sequenced using HiSeq 2500 ultra-high throughput systems technology (Illumina, San Diego, CA, USA). The
RNA sequencing was petformed at the Genomic Center at ESALQ/USP (Piracicaba, Sio Paulo, Brazil).

2.3.5 RNA sequencing bioinformatics: quality control and read mapping

Sequence uality control C was evaluated usin, FastQC software
q quality 8
(https:/ /www.bioinformatics.babraham.ac.uk/projects/fastqc/, version 0.11.9). Libraty adaptors and low quality

sequences were trimmed away with TRIMgalore software
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(https:/ /www.bioinformatics.babraham.ac.uk/projects/trim_galore/, version 0.6.5), which removed the reads with

Phred quality score lower than 20. Sequences reads were aligned against Mus musculus genome assembly (GRCh38.p0)
was performed with STAR software (Dobin et al.,, 2013). Gene counts were performed using FeatureCounts software
(Liao etal., 2014, release 2.0.1) and the reads were normalized using TPM method with RSEM software (Li and Dewey,

2011). All subsequent statistical analysis were performed using R environment (R Team Core, 2019).

2.3.6 Statistical Analysis and Differentially expressed genes

Differentially expressed (DE) genes were identified compating control to S.AP30 knockdown cells using DESeq2
software in R (Love et al., 2014). Reads were filtered as follows to exclude: i. genes with no expression, i.e., gene
annotations with zero reads, ii. Genes that may have aligned sequence due to mapping error, i.c., genes very lowly
expressed with less than 1 read per sample on average, iii. genes rarely expressed across samples, i.c., genes with read
counts that wete not present in at least three (25% of all samples). To remove potentially batch effects, we used the
Surrogate Variable Analysis (SVA) package (Leek et al., 2012). After these filters, a total number of 19,489 genes
remained for DE analysis. The DE analysis included variables from the SVA analysis to remove batch effects as well
as the treatment (control or SAP30-knockdown) which was the primary focus in identifying DE genes. Ontology
enrichment analysis was performed using MetaCore software (MetaCore, 2021) to help interpret and summarize the

cumulative biological process and pathways represented by DE genes.

2.4 Results

24.1 Identification of SAP30 as a candidate gene for muscle development

A previous study from our group identified a QTL on GGA4 (43Mb) associated with breast muscle yield
(Trevisoli et al., 2021). In the same region an inherited CNVR was identified (GGA4: 43,406,643 - 44,413,344)
associated with breast meat weight and yield (unpublished results). These results provided us with two lines of evidence
of the possible importance of this region for muscular development in chicken. We next searched for genes in this
region and classified them by Biological Terms (Gene Ontology - GO terms). As showed in Table 1, SAP30 was the
only gene with a biological term related to skeletal muscle cell differentiation and, therefore, was the gene chosen as a

candidate for the knockdown study.

24.2 SAP30 gene knockdown promotes muscle cell hypertrophy phenotype

SAP30 role during muscle cell proliferation and differentiation was investigated using the siRNA method.
C2C12 cells wete transfected with siRNA control or S.AP30 siRNA when cells reached 70% confluence. All analysis

wete performed after 3 days of cell culture in DM.
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Before assessing the effects of S.AP30 knockdown on cell morphology, we evaluated cell viability index via
MTT assay after 3 days of cell culture, to ensure that transfections were not toxic to the cells. We could observe no
significant differences (p<<0.05) between control and SAP30 knocked down cells (Figure 1a), showing that the
methodology used was not toxic for the cells and the morphological differences could be taken as exclusively due to
the treatment.

Morphometric analysis showed an increase in myotube atea of C2C12 cells that were transfected with siRNA
for SAP30 (SAP30-knockdown), compated to the control (Figure 1b). Cell fusion index was also assessed in order to
determine if SAP30 knockdown could also be associated with skeletal muscle hyperplasia. However, our results
indicated no significant difference (p <0.05) between the control and 5.4P30 knocked down (Figure 1c). The myotube

area was larger in the SAP30-knockdown group that in compared to the control group (Figure 1d).

243 DE genes analysis revealed 1,190 genes being differentially expressed

between control and treated groups

To investigate the mechanism by which S.4P30 gene was modulating myotube hypertrophy, we performed
RNA sequencing and differential expression analysis. Initially, the differences in gene expression between the control
and SAP30-knockdown groups were checked using a Principal Component Analysis (PCA) plot. Figure 2 presents a
PCA plot showing the triplicates from each group clustering together and it is possible to observe a difference between
both groups. The PC1 explain about 55% of the variance between the groups and the PC2 explain about 37% of the
variance.

DE gene analysis revealed a total of 1,190 (629 downregulated and 561 upregulated) genes were differentially
expressed (p-adjusted<0.05) when the control group was compared with the treated group. Some differentially
expressed genes with Log2 fold-change higher then 1.0 for both sides (up and downregulated) were identified (Figure
3). Among downregulated genes we found Ranbp13 (Ran-binding protein 13), Elnol (Engulfment and cell motility 1),
Catsperg? (Cation channel sperm-associated protein subunit gamma 2), C¢/7 (C-C Motif Chemokine Ligand 7), Meox1
(Mesenchyme Homeobox 1), Rgs2 (Regulator of G Protein Signaling 2), Sybu (Syntabulin), NOS7 (Nitric Oxid Synthase
1), ABAT (4-Aminobutyrate Aminotransferase), Seczm1a (Secreted and transmembrane 1A), Co/14al (Collagen Type
XIV Alpha 1 Chain), I/dir (Very low-density lipoprotein receptor). We observed a small and not significant reduction
in SAP30 gene expression (Log2-fold change = -0.17, p-adjusted = 0.53).

Among the upregulated genes we found several genes related with muscle and actin process as Aen2 (Actin
alpha 2), Ablim3 (Actin binding LIM protein family member 3), Chfa2¢3 (CBFA2/RUNX1 Pattner Transcriptional Co-
Repressor 3), Mef2e (Myocyte enhancer factor 2C), Myh6 (Myosin heavy chain 6), Arhgef39 (Rho guanine nucleotide
exchange factor 39), Ablim?2 (Actin binding LIM protein family member 2), Mpp3 (Membrane palmitoylated protein
3), Myh7 (Myosin heavy chain 7), Sdebp2 (Syndecan binding protein 2), Clinkb (Chloride voltage-gated channel kb),
Igf20s (Insulin-like growth factor 2). These findings suggest the participation of the SAAP30 gene in the hypertrophy
phenotype observed, since the reduction in the expression of the S.AP30, altered the expression of many muscle

development markers.

24.4 Enrichment analysis reveals several terms related with muscle development
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To identify the biological and cellular processes associated with S.AP30, we performed an enrichment analysis.
The top 10 GO terms were related with “muscle system process”, “muscle contraction”, “muscle structure
development”, “muscle filament sliding”, “actin-myosin filament sliding”, “regulation of muscle system process”,
“muscle organ development”, and “striated muscle cell development” (Figure 4).

Figure 5 shows the developmental skeletal muscle network presenting genes that were up and downregulated
in our study. Several genes associated with muscle skeletal development were upregulated (red circle) and among them
wete the transcription factors MyoG, Mef2e, TEF-3 and MEF2D, and the generic binding proteins Aczin, Tropomyosin-2,
MyHC, Desmin, HYH4, Colagen 5, Dystrophin and Troponin. Among the downregulated genes (blue circle) we identified
the transcription factor MYT5, a receptor ligand IGF-7, and the generic binding proteins Colagen IV, Delta-sarcoglycan,

MYRL2, Smooth muscle myosin and Tropomyosin-4, also a generic enzyme called #zNOS and members of Histone

Deacetylase Complex (HDCAT, HDCA4, HDCA?7).

2.5 Discussion

25.1 SAP30 as a promising candidate gene regulator of muscle hypertrophy

To investigate the function of S.A4P30 in muscle development, we performed gene knockdown in mouse
myoblast cells (C2C12). We did not observe differences in myoblast proliferation, but morphometric analysis results
revealed a potential role of the SAAP30 gene in the muscle cell hypertrophy. The cells that received the SAP30 gene
knockdown treatment developed a larger myotube area when compared with the control group. Myotubes are muscle
differentiated cells, multinucleated and formed by the myoblasts’ fusion to generate the myofibers and play a central
role during the skeletal muscle formation and growth (Chal and Pourquié, 2017). The myoblasts’ proliferation and
differentiation were already associated with important economical traits in broiler chicken, including meat quality
(Nihashi et al., 2019). A study measuring the muscle fibers diameters observed a positive correlation and participation
of this phenotype in the breast weight and percentage in chickens (Koomkrong et al., 2015), also the fiber size, number
and composition are important traits related with meat quality (Lefaucheur, 2010; Wicks et al., 2019).

Our candidate gene is a Sin3A complex component, and some members of this family were already studied
in C2C12 mouse myoblasts revealing essential functions for Sin3 proteins, in different stages of muscle development,
where the Sin3A-null embryos for this protein do not sutrvive the early stages of embryogenesis (van Oevelen et al.,
2010). Studies with S:AP30 gene have shown its relationship with histone deacetylase process in eukaryotes that induces
Sin3, the histone deacetylases HDAC1 and HDAC2 (Zhang et al., 1998), and acting as a transcription factor for
NETO2 gene in kidney cancer (Snezhkina et al., 2018). Besides that, S.4P30 has biological terms related with histone
deacetylation, molecular function terms enriched for histone and protein deacetylase activity, cellular component for
histone deacetylase complex and histone deacetylase domain. In addition, one of those entiched terms is skeletal muscle
cell differentiation leading to a possible relation between this gene and muscle cell development.

RINA-seq analyses reveled the expression of 19,489 genes and among those, 1,190 genes were differentially
expressed between control and treated groups. Enrichment analysis of the DE genes revealed terms related to muscle
system process, muscle structure development, muscle filament sliding, and actin-myosin filament sliding. The muscle
system process term is responsible for muscle adaptation, contraction, and hypertrophy (Bult et al., 2019).

Muscle hypertrophy is an increase in the muscle mass occasioned by many factors, among them, the level of

expression of some genes and proteins, activating or inhibiting metabolic pathways (Glass, 2005). In our study we
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observed upregulation of many muscle contraction genes as Aetn3, DMD, Myb3, Mybh7 and some Tropomyosin (Twunt2
and Tun#4). This observation agrees and helps explain the increase in myofiber diameter observed when SAP30 was
down regulated. Although the S.AP30 was not differentially expressed in the analysis, our results clearly demonstrates
that cells treated with siRNA for S.AP30 during the proliferating phase results in upregulation of muscle contraction
genes and hypertrophy.

To further explore how SAP30 could modulate myoblast hypertrophy, it is important to investigate the
expression of transcription factors associated with muscle cell determination and differentiation. Transcription factors
such as Myf5, MyoD, Mef2¢, MRF4, Myf6 and Myogenin, are involved in the myogenic program (Zammit, 2017). The
Myocyte enhancer factor 2¢ (Mef2¢) is a member of the Mef2 family of transcription factors and cooperates with MyoD
family of basic-loop-helix (bHLLH) transcription factors to play a role during skeletal muscle development (Molkentin
et al,, 1995; Potthoff et al., 2007). Mef2¢ knockout mouse specifically in skeletal muscle abnormalities in the myofiber
perinatally structure and the adults that survived had some alterations in the skeletal myofiber types (Potthoff et al.,
2007). In our work, we observed upregulation of MefF2¢ transcripts in S.AP30 knocked down cells.

In chicken and mouse embryos, activation of the myogenic factor Myf> is an important signal for skeletal
muscle development in the somites (Ott et al., 1991; Pownall and Emerson, 1992). Other studies reported that
downregulation of Myf5, induced by MyoD gene, results in an increase in expression of Myogenin, promoting cell
differentiation (Deato et al., 2008; Liu et al., 2012; Hernandez-Hernandez et al., 2017). These results corroborate with
our study where Myogenin was upregulated and the Myf5> was downregulated in SAP30 knocked down C2C12 cells.
Also, when we are representing the skeletal muscle development pathway it is possible to obsetve a positive Myf5 gene
relation with Desmin and Myogenin (MyoG).

During muscle development, MyoG gene is expressed after Myf5> (Francetic and Li, 2011). In studies with
mice MyoG-null mice, it was observed that these animals had severe deficiency in the formation of skeletal muscle,
where the formation of myoblasts occurred, but the myoblasts fusion to form myotubes does not occur, leading these
animals to an early death (Venuti et al., 1995). Desmin is a gene responsible to intermediate filament that integrates the
Z-disk, sarcomers, nuclear membrane and sarcolemma, being a muscle-specific protein (Brodehl et al., 2018). A study
with a Desmin-knockout mice show a rigidity of the musculature, with a large amount of collagen and the expression
of genes related to the renewal of the extracellular matrix and inflammatory proteins, suggesting that the imbalance in
the expression of this gene can cause cellular injuries and fibrosis (Meyer and Lieber, 2012). Missense mutations in this
gene were also associated with cardioskeletal myopathy (Goldfarb et al., 1998). These are important evidence of the
Myogenin and Desmin participation in the phenotype, which corroborates with our findings where both genes were
upregulated, when there is cellular muscle hypertrophy.

Not only Myogenin and Desmin, but many other genes already described to be related to different stages of
skeletal muscle development, such as MyHC (Agarwal et al., 2020), Dystrophin (Stone et al., 2005), Actin (Bertola et al.,
2008), Mef2 (Taylor and Hughes, 2017), different Tropomyosin (Gunning et al., 2008) and some collagen proteins
(Moore et al., 2005) were found to be upregulated when the SAP30 was knockdown in skeletal muscle cells.

All together, these findings suggested S.AP30 as a possible regulator of muscle growth and development,
since its knocking down induces genes and transcription factors responsible for increasing myotube differentiation and
the formation of muscle myofibers. Here, we show important evidence of the participation of the SAAP30 gene in
cellular muscle hypertrophy. Possibly, there may be an explanation for the fact that this gene is in a CNV region,
however, further studies looking for functional mutations must be carried out to understand the role of the S.AP30

gene in the regulation of the muscle hypertrophy.
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2.6 Conclusion

For the first time we showed morphometric and molecular evidence of the possible participation of S.AP30
gene in the muscle hypertrophy regulation. Even though there is a slight change in its expression, many genes and
muscle regulators had their expression enhanced while the myotubes were also increased. Therefore, we have shown

that S.AP30 gene is a candidate for muscle development and cell hypertrophy regulation.
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Table 1. List of genes found within Quantitative Trait Loci (QTL) for breast yield in GWAS by Trevisoli et al. (2021)
within the TT Reference Population at EMBRAPA. The list shows the genes found on chromosome 4 (43Mb,
43001322 - 43998491) from the Gallus gallus (Gallus_gallus5.0, NCBI) genome build.

Gene ID Gene name GO term name
ENSGALG00000010764 FBX0§ ARF guanyl-nucleotide exchange factor activity
ENSGALG00000020201 CEP44 centrosome. spindle pole
ENSGALG00000010744 GAILNT? transferase activity. Membrane. Golgi apparatus. Golgi

membrane
ENSGALG00000010745 HMGB2 regulation of stem cell proliferation
ENSGALG00000036252 SAP30 skeletal muscle cell differentiation
ENSGALG00000010755 SCRGT mesenchymal stem cell proliferation
ENSGALG00000030530 HAND?2 positive regulation of cardiac muscle hypertrophy
ENSGALG00000025263 gea-mir-1776
ENSGALG00000032355 novel gene golgi apparatus

carbohydrate binding and polypeptide N-

ENSGALG00000030588 GALNTLG acetylgalactosaminyltransferase activity
ENSGALG00000033732 novel gene
ENSGALG00000037279 novel gene
ENSGALG00000032195 novel gene

ENSGALG00000033311 novel gene
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Figure 1. Cell viability index and morphological effects of C2C12 cells transfected with S.4P30 siRNA and control. a)
Cell viability index determined by the MTT assay performed in C2C12 cells after 3 days of transfection with S.AP30
siRNA or siRNA control. b) Representative image of MF20 immunocytochemistry result in C2C12 culture after 3 days
of transfection with siRNA control (A) and SAP30-knockdown (B). Scale bar = 100um. ¢) Fusion index of MF20-
positive cells transfected with siRNA control and S-AP30 siRNA after 3 days in DM. d) Myotube area of C2C12 cells
transfected with the siRNA control and SAP30-knockdown. Significant values *p<0.05.
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Figure 2. Principal Component Analysis (PCA) clearly showing a variation between genes expressed in the two groups
(SAP30-knockdown and control) in C2C12 cells. The red dots are representing the triplicates from control group,

while the blue dots are triplicates from SAP30-knockdown group.
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Figure 3. Volcano plot representing all differentially expressed genes with Log2Folg Change bigger then 1.0 and

significant (p<0.05) in the differentially expressed (DE) gene analysis in C2C12 cells after 3 days in differentiation
medium. The red dots are the DE genes with Log2Fold Change higher than 1.0 in both sides and with adjusted p-

value < 0.05.
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3. UNRAVELING THE SAP30 GENE FUNCTION IN MUSCLE CELLS TRHOUGH
CRISPR/CAS9

3.1 Abstract

Understanding the molecular mechanisms involved in determining muscle development can
be an interesting strategy for identifying genes and mutations involved in muscle development. Here,
we used the SAP30 gene as a candidate for muscle hypertrophy and tested the effect of mutations
caused by CRISPR/Cas9 on the C2C12 cell phenotype. As a result, three different types of mutations
wete induced in the clones treated with the CRISPR/Cas9 system to edit the S.4P30 gene. All three
clones had a hypertrophy phenotype when compared to the control clone. RNA-seq analyzes revealed
several genes being up and downregulated in the mutated clones. Functional enrichment analyzes
revealed the participation of the SAP30, regulating the expression of several genes, which have been
reported to be involved in muscle development. In addition, genes that participate in muscle growth
and regeneration pathways, such as NOTCH and WNT, had their expression altered when there were
mutations in the SAAP30 gene. This result shows the possible participation of SAAP30 in the regulation,
growth, regeneration, and hypertrophy of muscle cells.

3.2 Introduction

Understanding the molecular processes involved in muscle development is important to identify which genes are
involved in the characterization of the economic traits. Studies characterizing genes and candidate mutations in the
genome of farm animals have been carried out using different tools to predict the vatriants patticipation in the
phenotype. However, studies characterizing the function of these genes and candidate mutations using a cell culture

system - 7z vitro, are still scarce.

The use of genetic engineering tools has been contributed to understand which genes are involved with the
molecular mechanisms in different traits. Gene edition, mediated by Clustered Regulatory Interspaced Palindromic
Repeats associated with a Cas9 enzyme (CRISPR/Cas9) (Doudna and Charpentier, 2014) is a powerful methodology
that can be used to study gene function. The CRISPR system was first described in 1987 as a series of short repeats
interspaced with short sequences in the E. co/i genome (Ishino et al., 1987). It has now been harnessed as a gene editing
technique and has been used to regulate, modify, or mark genomic loci in the diverse organisms, allowing manipulation

of DNA sequences according to the interest of the researchers (Doudna and Charpentier, 2014).

In animal breeding, this technique was used to study the importance of genes during the embryogenic process
in chickens, where the function of the S#48 gene, responsible to differentiate embryogenic stem cells in spermatogenic
stem cells, was charactetized (Zhang et al., 2017). Also, the CRISPR/Cas9 was used to delete a single amino acid in
the NHET gene, conferring resistance of chickens to an important pathogen called avian leukosis virus subgroup |
(Koslova et al., 2020). These positive results indicate that CRISPR/Cas9 can be used in the editing of other genes to
characterize these functions. Since most of the characteristics of interest are controlled by more than one gene
(polygenic characteristics), studying the knockout of an individual gene allows for precise characterization of that gene’s

patticipation in the regulation of the phenotype.
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Studies using the most varied cellular models, used the technique of RNA sequencing to validate and quantify
changes in gene expression in cell culture (Doynova et al., 2017; Sorelle et al., 2021). Here, the gene knockout through
CRISPR/Cas9 technique was used to investigate the function of a single gene, followed by RNA sequencing of these
cells after treatment to see how gene pathways were impacted by the reduction or even exclusion of the candidate
gene. RNA sequencing methods provide a way to analyze the differential expression of genes, and gene networks in
response to gene perturbation to characterize the molecular pathways involved in the processes of muscle development

and differentiation.

As mentioned in Petry et al. (2021), S:AAP30 was selected as a candidate gene because it was associated with
muscle traits in a Brazilian broiler population (I'T Reference population) by GWAS analysis. This gene is located on
GGA4 (Gallus gallus) and was selected as a candidate gene for two reasons: it is in a QTL window (43Mb) associated
with breast percentage (Trevisoli et al., 2021) and it is ovetlapping with a CNV region associated with breast meat
weight and percentage (unpublished data). The SAP30 (Sin3A-associated protein) gene acts in the process of
deacetylation of histones in eukaryotic organisms (Zhang et al., 1998), and is related to Sin3 proteins, which act as a
binding protein important in the processes of repression and co-repression of gene transcription (Zhang and Iratni,
1997). Petry et al. (2021) already described this gene as a possible regulator of muscle growth in myotubes’ culture (7
vitro), they observed that cells SAP30-knocked down had muscle hypertrophy phenotype. Thus, the objective of this
work was to generate SAP30-mutated cell clones by CRISPR/Cas9 and obsetve the changes of each mutation in the

muscle cell phenotype, improving knowledge about this gene function.

3.3 Methods

3.3.1 Candidate gene: SAP30

We initially looked for candidate genes, integrating previous results from our research group. The analyzes
wete conducted using data from the TT Reference Population (Marchesi et al., 2018). The candidate gene selected to
be edited using CRISPR/Cas9 was S.4P30, which has GO terms related to skeletal muscle cell differentiation. This
gene is a component of the histone deacetylase complex and has already been identified as a transcriptional regulatory
factor in gene expression in the skeletal muscle of mice (Magnusson et al., 2005). All the process to choose the

candidate gene was already described in detail by Petry et al. (2021).

3.3.2 RNA-guide selection, vector construction, cell culture and transfection

To generate the guide RNA capable of recognizing a region of the SAAP30 gene and cleaving the double
strand of DNA, we used the MIT CRISPR online design program (Massachusetts Institute of Technology,
http://ctispt.mit.edu/). After studying the exon, intron, and coding regions of the S.4P30 gene, we choose 250 base

pairs in the first exon aiming to silencing the gene, interrupting the translation and consequently, the traduction. The
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MIT CRISPR tool provided us the best guides (20 nucleotides), with the best quality score for connection and
recognition to the target sequence and the PAM (Polindromic Adjacent Motif) sequence.

The selected guide RNA (sgRNA) with the PAM sequence was: 5’ caccgCCGCCGCCTCGGCGGGGAAT
GGG 3’and 3’ aaacATTCCCCGCCGAGGCGGCGGce 5. This guide was inserted into plasmid pSpCas9 (BB)-2A-
pure, using the sgRNA construction and vector transformation protocol described in Ran et al. (2013). We used the
empty plasmid as a negative control.

After the transformation, we performed the plasmidial DNA extraction, through a Miniprep reaction
following the kit manufacturer's protocol (Qiagen Plasmid Mini kit, Qiagen). We did a conventional PCR analysis to
amplify the region of interest of the S.AP30 gene (data not shown) and check if the cloning of the vector worked. We
managed to amplify the fragment of the gene and proceeded to the maxiprep reaction.

To obtain a large amount of plasmid, a maxiprep reaction was performed using a super inoculum following
the manufacturer's recommendations (Qiagen Plasmid Maxi kit, Qiagen). After extraction of plasmid DNA, we
quantified the vector samples with 5.4P30 and the empty vector (negative control) also, to make sure that the sgRNA
designed for the SAP30 gene had linked to the vector, a Sanger sequencing was performed (ABI 3130 Genetic
Analyzer, Applied Biosystems).

As soon as we confirmed that the guide sequence that recognizes the S.AP30 gene had been inserted into the
vector, we proceeded to the next step: culture of immortalized myoblasts and transfection of the vector in C2C12 cells.
The mouse myoblast muscle cells (line C2C12, ATCC® CRL 1772™) were plated in a 2x10* cell/well with growth
medium [GM, Dulbecco’s modified Eagle’s medium (DMEM) with high glucose and L-glutamine (Gibco)],
supplemented with 10% BFS (Bovine Fetal Serum, Gibco) and 1% penicillin/streptomycin/amphotericin B solution
(Gibco) with 3% gelatin (Sigma-Aldrich)-coated plastic, as mentioned in Petry et al. (2021). When the cells reached
approximately 70% confluence, the transfection was performed using Lipofectamine 3000 (ThermoFisher) following
the manufacture recommendations. The cells were maintained at 37°C with 5% at CO? for 48 hours. After those 48
hours, the myogenic differentiation was induced by culturing cells at low serum conditions DMEM high-glucose and

2% horse serum (Gibco) for 3 days. The mutated and control cells wete selected by antibiotic Puromycin (2pg/pL).

3.33 Cell phenotype analysis

First, to check if the treatment was not toxic to the cells, analysis based on MTT test were performed. The
MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test measure the cell viability based on
mitochondrial cell activity, by formazan blue crystals, where cells with greater activity produce a greater amount of
formazan crystals (Mosmann, 1983). Also, the MTT tests was used to characterize the cell proliferation. The test was
petformed with the cells in 3 days of growth medium (10% BES) and the absorbance was measuring in triplicate for
each clone by ELISA equipment (Epson LX-300+11, Biotek) with optical density at 595nm.

The fusion index was calculated by the percentage of the sum of nuclei of all MF20-positive cells by the total
number of nuclei in that field after 3 days in the myogenic differentiation medium, as used by Martins et al. (2015) and
Costa et al. (2021).

To measure the myotube area and calculate the fusion index, the immunocytochemistry assay was performed.

For that, the C2C12 cells were fixed with paraformaldehyde (PFA) 4%, for 15 minutes, permeabilized with 0.1%
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Tween 20, blocked with 1% BSA and incubated with mouse anti-myosin antibody, 1:200 (MF20 monoclonal;
Hybridoma Bank) at 4°C overnight. After that, the cells were incubated with secondary antibody peroxidase-conjugated

(EnVision® Systems Dual Link, anti-mouse and anti-habbit, Dako). The effects of the S.AP30 knockout were
evaluated thought morphometric analysis in differentiated cells labeled with Myosin heavy chain (MHC) (MF20-
positive cells) and the nuclei were colored by hematoxylin to perform the fusion index analysis. The images used for
these analyzes were obtained by inverted optical microscope, coupled to a Moticam 2300 capture system and the
morphometric analysis were performed measuring the myotubes’ length and width to calculate the area (Martins et al.,
2015; Costa et al., 2021).

To check the differences in the myotube area the following model was used for the compatison among

control and treated groups:
Yij = ULt te;
in which: ¥;; is the mean area for j-th cell culture (7= 1, 2,3) associated to the treatment 7 (/ = 1 to 4, CRISPRconttol,

CRISPRmutated_1, CRISPRmutated_2, CRISPRmutated_3), U is the intercept, ; is the treatment effect and €; j is
the residual associated to the measurement obtained of the /-th cell culture from the /th treatment (CRISPRmutated
cells). It was assumed €;; ~ N(O, o, L-Z), with 0, i2 as the residual variance associated to each treatment. Fixed effects

wete estimated by generalized least squares method and variance components obtained through restricted maximum
likelihood method. This model was fitted in g/s function of z/me package (Douglas and Pinheiro, 1998) of R statistical
software (R Core Team, 2019, version 3.5.3). Being the treatment effect significant based on F test (p-value < 0.05),
Dunnett’s pairwise comparison test was applied to identify the differences among treatments by using multcomp R

package (Hothorn et al., 2008).

3.34 Sanger sequencing of a SAP30 fragment

To inspect the mutations induced by CRISPR/Cas9 in each clone, the S.AP30 gene fragment was sequenced
using Sanger sequencing (ABI 3130 Genetic Analyzer, Applied Biosystems). For that, primers designed to recognize
the CRISPR region in the Mus musculus genome were used. The primers used for that were, forward: 5

GAACTGGCAGACATGAACGG 3, and reverse: 3> CCTCCCGCAAACAACAGAGT 5.

3.35 Library preparation, RNA sequencing, Quality control and Reads alignment

RINA was extracted from 12 samples, one sample from control cells in triplicate (that received only the empty
CRISPR/Cas9 plasmid) and 3 treated clones from CRISPR/Cas9 modified cells, also in triplicate (each one of the 3
cell lines received the plasmid with the SAAP30 guide-RNA). Total RNA from each sample was extracted using Trizol
reagent (ThermoFisher, Massachusetts, EUA). RNA integrity of the samples was determined using the Bionalyzer
(Agilent Technologies, Santa Clara, CA, USA) and samples with RNA Integrity Number (RIN) score = 9.0 were
selected for library preparation. RNA sequencing data were generated by HiSeq2500 ultra-high-throughput sequencing
system (Illumina, San Diego, CA, USA). For that, the libraries were prepared using kit Illumina TruSeq Stranded
mRNA Sample Prep LT Protocol (Illumina, San Diego, CA, USA) and the sequencing was performed using the HiSeq
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SBS v4 kit, to generate 100 bp (2x101) paired end sequence reads following the Illumina protocol. The RNA-seq was
performed at the Genomic Center (ESALQ/USP), Piracicaba, SP, Brazil.

The quality control for all the samples was performed using FastQC version 0.11.5 (Andrews, 2010), with a
Phred score greater than or equal to 20. The adaptors were removed using TRIMgalore software (Version 0.6.5)
(Krueger, 2019) and the alignment and mapping were performed against Mus musculus genome assembly (GRCh38.p6)
using STAR software (Dobin et al., 2013). FeatureCounts software (Liao et al., 2014, release 2.0.1) was used to perform

the gene counts and the reads were normalized using the TPM method with RSEM software (Li and Dewey, 2011).

3.3.6 Differentially expressed genes and Functional enrichment analysis

Statistical analyses to identify DE genes were performed using the DESeq2 software (Love et al., 2014),
following the Negative Binomial Distribution from the same software. Enrichment analysis with the DE genes was

petformed using the Metacore software (MetaCore, 2021).

3.4 Results

3.4.1 Sanger sequencing confirming the SAP30-guide-RNA insertion into the

pSpCas9 vector

To confirm if the guide was inserted in the pSpCas9, the region containing the U6 promoter in the vector
was sequenced by Sanger, and the alignment was performed using Clustal Omega online software (Sievers et al., 2011).
Figure 1 shows the results, and the sgRNA for S.AP30 gene was inserted in the region, located between 219bp and
238bp as expected.
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Ubpromoter_seq AGGCATTCCGATACAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAA 60
guide SAP30 = = @ —emmmmm e 0

Ubpromoter_seq GATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCTTGGGTAGTTTGCAGTTTT 120
guide SAP30 = = @ —emmmmm e 0

Ubpromoter_seq AAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTT 180
guide SAP30 = = @ —emmmmm e 0

Ubpromoter_seq CTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCCGCCGCCTCGGCGGGGAATGT 240
guide SAP30 = —emee e e CCGCCGCCTCGGCGGGGAAT -~ 20

EEEE R R EEEEEEEE R LRSS

Ubpromoter_seq TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGG 300
guide SAP30 = = @ —emmmmmm e 20
Ubpromoter_seq CACCGAGTCGGTGCTTTTTTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC 360
guide SAP30 = @ e 20
Ubpromoter_seq CGTTTTTAGCGCGTGCGCCAATTCTGCAGACAAATGGCTCTAGAGGTACCCGTTACATAA 420
guide SAP30 = = @ —mmmmmm e 20
Ubpromoter_seq CTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATA 480
guide SAP30 = = —ommmmm e 20

GTAACGCCAATAGGGACTTTCCATTGACGTCAATGG 516
------------------------------------ 20

U6promoter_seq
guide_SAP30

Figure 1. Alignment of the U6 promoter region sequences of the pSpCas9 (BB)-2A-pure vector containing the SAP30
sgRNA (U6promoter_seq), and the sgRNA for the gene SAP30 (guide_SAP30). Alignment performed using Clustal

Omega online software (Sievers et al., 2011).

3.4.2 Morphometric analysis showed differences between the clones

MTT assay, immunocytochemistry assay and morphometric analysis were performed to check the myotube
area, after 3 days in differentiation medium. To check the cell viability and proliferation, the MTT was performed
measuring the absorbance of the formazan blue crystals, as mentioned before. For this analysis, there were not
significantly differences between CRISPRcontrol and CRISPRmutated clones, meaning that there were not differences
in the cell proliferation and, the transfection treatment was not toxic for the cells, so, probably all the results observed
are results from the SAP30-knockout.

To measure the myotube size and see the differences between CRISPRmutated cells and CRISPRcontrol, the
immunocytochemistry was performed, and the photos obtained were analyzed. Figure 2 shows cells after the
immunocytochemistry assay. The fusion index was calculated to check if the cells had hyperplasia phenotype. After
the statistical analysis comparing all the CRISPRmutated cells with CRISPRcontrol, there was not significant difference
in the fusion index between the treatments (Figure 3).

The morphometric analysis (Figure 4) reveals a difference between CRISPRmutated cells and
CRISPRcontrol. All the mutated clones had an increase in the myotube area (hypertrophy), when compared with the
CRISPRcontrol.
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¥

CRISPRmutated 2

Figure 2. Images of the CRISPR/Cas9 control and treated groups obtained after immunochemistry assay with MF20
marker. Marked cells (MF20-positive) are those that differentiate into myotubes (200x). CRISPRcontrol is the C2C12
cells group that received the empty plasmid. CRISPRmutated (1, 2 and 3) are C2C12 cells that received the SAP30

guide-RNA plasmid. Scale bar = 100 pm.
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Figure 3: Fusion index results representing all clones in the x-axis and the fusion index percentage %o in the y-axis.
After statistical test, there was not differences between CRISPRcontrol and CRISPRmutated cells (1, 2 and 3).
CRISPRcontrol is the C2C12 cells group that received the empty plasmid. CRISPRmutated (1, 2 and 3) are C2C12
cells that received the SAP30 guide-RNA plasmid.
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Figure 4: The impact of CRISPR induced S.AP30 mutations on myotube area compared to wildtype SAP30 control
cells. The bar plot shows an increase in myotube area in all the three treatment clones (CRISPRmutated_1,
CRISPRmutated_2 and CRISPRmutated_3) when the cell lines compated to the control by Dunnett corrected p<0.05.
CRISPRcontrol are the cells that received only the empty plasmid (no guide-RNA) and CRISPRmutated_1,
CRISPRmutated_2 and CRISPRmutated_3 are the groups that received the plasmid with SAP30 guide-RNA. Different

bar colors are representing different clones. p-value < 0.001 (¥).

3.4.3 Sanger sequencing reveals different SAP30 mutations

To obsetve which types of mutations wete generated in the clones that received the CRISPR/Cas9 vector with
sgRNA for the candidate gene, the sequence of the fragment containing the S.4P30 mutation was performed. Figure
5 shows the alignment using the original SAP30 Mus nuscnlus sequence, from NCBI (SAP30_NCBI), CRISPRcontrol
(as a control clone) and CRISPRmutated clones (CRISPRmutated_1, CRISPRmutated_2 and CRISPRmutated_3).
Comparing all the results, the CRISPRmutated_1 clone had only one nucleotide (nt) deleted in the position 394
(represented by red circle), while CRISPRmutated_2 and CRISPRmutated_3 had 66nt and 96nt deleted, respectively.



SAP30_NCBI
CIRSPRcontrol
CRISPRmutated_1
CRISPRmutated_ 2
CRISPRmutated_3

SAP30_NCBI
CIRSPRcontrol
CRISPRmutated 1
CRISPRmutated_2
CRISPRmutated_ 3

SAP30_NCBI
CIRSPRcontrol
CRISPRmutated_1
CRISPRmutated_ 2
CRISPRmutated_3

SAP30_NCBI
CIRSPRcontrol
CRISPRmutated 1
CRISPRmutated_2
CRISPRmutated_3

SAP30_NCBI
CIRSPRcontrol
CRISPRmutated_1
CRISPRmutated_ 2
CRISPRmutated_3

SAP30_NCBI
CIRSPRcontrol
CRISPRmutated 1
CRISPRmutated_2
CRISPRmutated_3

SAP30_NCBI
CIRSPRcontrol
CRISPRmutated_1
CRISPRmutated_2
CRISPRmutated_3

ACCGTGCCGCCACCAGACTTGGGGTGCGGAGTGAACGGCCGCCCAGGGGAAGGAGGCGGA
ACCGTGCCGCCACCAGACTTGGGGTGCGGAGTGAACGGCCGCCCAGGGGAAGGAGGCGGA
ACCGTGCCGCCACCAGACTTGGGGTGCGGAGTGAACGGCCGCCCAGGGGAAGGAGGCGGA
ACCGTGCCGCCACCAGACTTGGGGTGCGGAGTGAACGGCCGCCCAGGGGAAGGAGGCGGA

ACCGTGCCGCCACCAGACTTGGGGTGCGGAGTGAACGGCCGCCCAGGGGAAGGAGGCGGA
L

GCGGCGCGGCGAGCGGGGCTCTGTAGCGGCGCCGGCGCCCCCGAACTGGCAGACATGAAC
GCGGCGCGGCGAGCGGGGCTCTGTAGCGGCGCCGGCGCCCCCGAACTGGCAGACATGAAC
GCGGCGCGGCGAGCGGGGCTCTGTAGCGGCGCCGGCGCCCCCGAACTGGCAGACATGAAC
GCGGCGCGGCGAGCGGGGCTCTGTAGCGGCGCCGGCGCCCCCGAACTGGCAGACATGAAC

GCGGCGCGGCGAGCGGGGCTCTGTAGCGGCGCCGGCGCCCCCGAACTGGCAGACATGAAC
hhkkkhkkkhkkkkkkkkkkhkkkkkhkkkkkhkkkkkkkkhkkhkkkkkkkkkk ko kkdkk ok ok

GGCTTCACTCCGGAGGAGATGAGCCGAGGCGGGGACGCGGCCGCCGCCGTGGCCGCGGTG
GGCTTCACTCCGGAGGAGATGAGCCGAGGCGGGGACGCGGCCGCCGCCGTGGCCGCGGTG
GGCTTCACTCCGGAGGAGATGAGCCGAGGCGGGGACGCGGCCGCCGCCGTGGCCGCGGTG
GGCTTCACTCCGGAGGAGATGAGCCGAGGCGGGGACGC— == === —mmm e m e e e

GTCGCTGCTGCGGCTGCCGCCGCCTCGGCGGGGAATGGGAACGCAGCCGGCGGTGGGGCA
GTCGCTGCTGCGGCTGCCGCCGCCTCGGCGGGGAATGGGAACGCAGCCGGCGGTGGGGCA
GTCGCTGCTGCGGCTGCCGCCGCCTCGGCGGGGO®ATGGGAACGCAGCCGGCGGTGGGGCA
————— e AGCCGGCGGTGGGGCA

e ————————— GGGAACGCAGCCGGCGGTGGGGCA
dekokok ok ok ko ok ok ok ok ok ok ok ok

GAGGTACCCGGTGCCGGTGCAGTGTCAGCTTCTGGGCCACCTGGAGCGGCCGGTCCCGGC
GAGGTACCCGGTGCCGGTGCAGTGTCAGCTTCTGGGCCACCTGGAGCGGCCGGTCCCGGC
GAGGTACCCGGTGCCGGTGCAGTGTCAGCTTCTGGGCCACCTGGAGCGGCCGGTCCCGGC
GAGGTACCCGGTGCCGGTGCAGTGTCAGCTTCTGGGCCACCTGGAGCGGCCGGTCCCGGC

GAGGTACCCGGTGCCGGTGCAGTGTCAGCTTCTGGGCCACCTGGAGCGGCCGGTCCCGGC
R R T T

CCTGGGCAACTCTGTTGTTTGCGGGAGGACGGTGAGCGGTGCGGGCGCGCGGCAGGCAAC
CCTGGGCAACTCTGTTGTTTGCGGGAGGACGGTGAGCGGTGCGGGCGCGCGGCAGGCAAC
CCTGGGCAACTCTGTTGTTTGCGGGAGGACGGTGAGCGGTGCGGGCGCGCGGCAGGCAAC
CCTGGGCAACTCTGTTGTTTGCGGGAGGACGGTGAGCGGTGCGGGCGCGCGGCAGGCAAC

CCTGGGCAACTCTGTTGTTTGCGGGAGGACGGTGAGCGGTGCGGGCGCGCGGCAGGCAAC
hhkkkhkkkhkkkhkkkkhkhkkhk ko ko khhkkkkhkkhkkhkkkkkkkkkkkhkkhkk ok ok

GCCAGCTTCAGCAAAAGGATCCAGAAGAGCATCTCTCAGAAGAAGGTGAAGATCGAGCTG
GCCAGCTTCAGCAAAAGGATCCAGAAGAGCATCTCTCAGAAGAAGGTGAAGATCGAGCTG
GCCAGCTTCAGCAAAAGGATCCAGAAGAGCATCTCTCAGAAGAAGGTGAAGATCGAGCTG
GCCAGCTTCAGCAAAAGGATCCAGAAGAGCATCTCTCAGAAGAAGGTGAAGATCGAGCTG

GCCAGCTTCAGCAAAAGGATCCAGAAGAGCATCTCTCAGAAGAAGGTGAAGATCGAGCTG
R T

43

240
240
240
240
240

300
300
300
300
300

360
360
360
338
300

420
420
419
354
324

480
480
479
414
384

540
540
539
474
444

600
600
599
534
504

Figure 5: CRISPR/Cas9 clones selected for morphomettic and RNA sequencing analyses. The nucleotide alignment

was performed by Clustal W Omega software, using the gene fragment that was sequenced. The SAP30_NCBI sample

is the original wildtype S.AP30 Mus musculus sequence from the National Center for Biotechnology Information
(NCBI). CRISPRcontrol is the sample that received only the empty plasmid (no guide-RNA), CRISPRmutated_1 (1
nt deleted, represented by a red circle), CRISPRmutated_2 (66 nt deleted) and CRISPRmutated_3 (96 nt deleted) are

the treated samples that received the plasmid with SAP30 guide-RNA.

3.4.4

Only one nucleotide deleted caused a difference in the protein structure

To compare the sequencing results from each clone and aiming to see if the mutations are disrupting the

protein, we

(https:/ /www.uniprot.org/align/)

petformed  the

amino acids prediction (Figure 0)

using  UniProt

align  tool

and protein structure 3D-model using Swiss-model online software
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(https://swissmodel.expasy.org/). SAP30 protein has 220 amino acids, and the figure 6 shows the amino acids
sequence alignment, and it is possible to observe a change in the open read frame (ORF) from the CRISPRmutated_1
around the 123-position. This is the start of the first SAP30 domain (zinc-finger domain) that is in the position 65 to
133 (NCBI, 2021), probably that is the reason why the other clones did not have changes in the amino acids structure,
because the changes are not interfering in the protein domains. Figure 7 shows the results comparing the SAP30
amino acids sequence (Mus muscunlus, from NCBI), CRISPRcontrol sequence and the 3 CRISPRmutated clones. The
CRISPRmutated_1, the one that had only one nucleotide deleted in the sequence, have a larger difference in the protein
structure, when compared with other CRISPRmutated clones (2 and 3). That is happening because even that was only
one nucleotide deleted, this deletion is changing the amino acids sequence and the ORF, generating a truncated protein,

with loss of function.

SAP30_NCBI MNGFTPEEMSRGGDAAAAVAAVVAAAAAAASAGNGNAAGGGAEVPGAGAVSASGPPGAAG 60
CIRSPRcontrol MNGFTPEEMSRGGDAAAAVAAVVAAAAAAASAGNGNAAGGGAEVPGAGAVSASGPPGAAG 60
CRISPRmutated_1 MNGFTPEEMSRGGDAAAAVAAVVAAAAAAASAGMGTQPAVGQRYPVPVQCQLLGHLERPV 60
CRISPRmutated 2 MNGFTPEEMSRGGD—=== === e AAGGGAEVPGAGAVSASGPPGAAG 38
CRISPRmutated 3 = = -——----mmmmmmmmmmmcm e MNGNAAGGGAEVPGAGAVSASGPPGAAG 28
* * *
SAP30_NCBI PGPGQLCCLREDGERCGRAAGNASFSKRIQKSISQKKVKIELDKSARHLYICDYHKNLIQ 120
CIRSPRcontrol PGPGQLCCLREDGERCGRAAGNASFSKRIQKSISQKKVKIELDKSARHLYICDYHKNLIQ 120
CRISPRmutated 1 PALG-====== NSVVCGRTVSGAGARQATPASAK-GSRRASLRRR= == === e e e e e 97
CRISPRmutated 2 PGPGQLCCLREDGERCGRAAGNASFSKRIQKSISQKKVKIELDKSARHLYICDYHKNLIQ 98
CRISPRmutated 3 PGPGQLCCLREDGERCGRAAGNASFSKRIQKSISQKKVKIELDKSARHLYICDYHKNLIQ 88
*, * s. kg, 0¥, : * . o 3 o
SAP30_NCBI SVRNRRKRKGSDDDGGDSPVQODIDTPEVDLYQLQVNTLRRYKRHFKLPTRPGLNKAQLVE 180
CIRSPRcontrol SVRNRRKRKGSDDDGGDSPVQODIDTPEVDLYQLQVNTLRRYKRHFKLPTRPGLNKAQLVE 180
CRISPRmutated 1 =  -——---mmmmmmm e 97
CRISPRmutated 2 SVRNRRKRKGSDDDGGDSPVQODIDTPEVDLYQLQVNTLRRYKRHFKLPTRPGLNKAQLVE 158
CRISPRmutated 3 SVRNRRKRKGSDDDGGDSPVQODIDTPEVDLYQLQVNTLRRYKRHFKLPTRPGLNKAQLVE 148

SAP30_NCBI
CIRSPRcontrol
CRISPRmutated 1
CRISPRmutated 2
CRISPRmutated 3

IVGCHFKSIPVNEKDTLTCFIYSVRNDKNKSDLKADSGVH 220
IVGCHFKSIPVNEKDTLTCFIYSVRNDKNKSDLKADSGVH 220
———————————————————————————————————————— 97
IVGCHFKSIPVNEKDTLTCFIYSVRNDKNKSDLKADSGVH 198
IVGCHFKSIPVNEKDTLTCFIYSVRNDKNKSDLKADSGVH 188

Figure 6: Amino acids sequences alighment showing the differences between SAP30 protein from Mus musculus,
CRISPRcontrol and each CRISPRmutated. SAP30_NCBI is the SAP30 original amino acid sequence from Mus
muscnlus (NCBI database). CRISPRcontrol is the sequence from C2C12 cells that received only the empty vector.
CRISPRmutated (1, 2 and 3) ate C2C12 cells that received a vector with the SAP30 guide-RNA and CRISPR/Cas9

system. Different colors represent different amino acids.
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Figure 7: Images from Swiss-model software showing the differences between all the mutated clones compared with
the original sequence from NCBI database. a) SAP30 protein structure, original from Mus musculus. b)
CRISPRmutated_1 protein structure after 1 nucleotide deleted by CRISPR/Cas9. ¢) CRISPRmutated_2 protein
structure after 66 nucleotides deleted by CRISPR/Cas9. d) CRISPRmutated_3 protein structure after 96 nucleotides
deleted by CRISPR/Cas9.

3.45 Differentially expressed (DE) genes analysis is showing many DE genes in

each CRISPRmutated clone comparing with CRISPRcontrol

To understand the mechanism by which SAP30 increase muscle hypertrophy we compared the mRNA
expression profile by differentially expressed (DE) gene analysis. The DE gene analysis compared the CRISPRcontrol
(empty CRISPR/Cas9 plasmid) with each treated group/clone (CRISPR/Cas9 plasmid with the guide-RNA for
SAP30: CRISPRmutated_1, CRISPRmutated_2 and CRISPRmutated_3) to understand the molecular mechanisms
that were differing between the groups with different mutations caused by CRISPR/Cas9 in the SA4P30 gene.

The CRISPR treated samples were compared separately because, as obsetved in figure 5, each CRISPR/Cas9
guide RNA treated SAP30 cell line had a different kind of mutation and these different mutations are altering the
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protein reading frame and, consequently, the protein structure. For this reason, each treated clone was compared to

the control clone to understand which genes were being differentially expressed between each sample.

3.4.5.1 DE analysis comparing Control x Treated group 1 (CRISPRmutated_1)

To understand which genes were involved in the hypertrophy phenotype in CRISPRmutated_1, DE analysis
was performed comparing the mRNA data from CRISPRcontrol with CRISPRmutated_1, shows a total of 8,323 DE
genes. Among the DE genes, 4,443 were downregulated and 4,279 were upregulated when compared to the control.
Figure 8 presents the DE results as a volcano plot based on Log2 Fold Change and -log(10) adjusted p-values
comparing CRISPRcontrol vs CRISPRmutated_1 cells. Our candidate gene, S.4P30 was DE in the CRISPRmutated_1
(Log2 Fold Change = -2.12; p-adjusted<0.05).

Differentially Expressed Genes
ControlxMutated_1
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Figure 8. Volcano plot showing all the differentially expressed (DE) genes when comparing CRISPRcontrol x
CRISPRmutated_1 from CRISPR/Cas9 expetiment. The red dots are the DE genes with Log2 Fold Change larger

than 1.5 in both sides (positive and negative) and with adjusted p-value < 0.05.

3.4.5.2  DE analysis comparing Control x Treated group 2 (CRISPRmutated_2)
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The comparison between Control and CRISPRmutated_2 was petformed as previously described, also to
understand the relation between DE genes with the hypertrophy phenotype in the CRISPRmutated_2 cells. Here, a
total of 5,565 DE genes were identified when compating CRISPRcontrol vs. CRISPRmutated_2 cell group (66 nt
deleted). A total of 2,976 genes were downregulated and 2,588 were upregulated. Again, SAP30 was DE in the
CRISPRmutated_2 and exhibited a Log2 Fold Change = -1.318 (P-adj = 0.0018). Figure 9 shows the DE genes in a
volcano plot, based on their Log2 Fold Change and -log(10) adjusted p-values.
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Figure 9. Volcano plot showing some differentially expressed DE genes comparing CRISPRcontrol x
CRISPRmutated_2 from CRISPR/Cas9 expetiment. The red dots are the differentially expressed (DE) genes with
Log?2 Fold Change bigger than 1.5 in both sides (positive and negative) and with p-value adjusted < 0.05.

3.4.5.3  DE analysis comparing Control x CRISPRmutated_3 cells

The RNA-sequencing data from CRISPRontrol and CRISPRmutated_3 was compared to check genes that
were differentially expressed between the groups and could explain the CRISPRmutated_3 hypertrophy. A total of
7,304 DE genes were identified between the control vs. CRISPRmutated_3 cells, with 3,553 downregulated and 3,751
upregulated. Again, 54P30 was DE with log2 Fold Change = -2.76 (P-adj =4.47¢-13). The DE genes are presented in

a volcano plot in Figure 10.
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Differentially Expressed Genes
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Figure 10. Volcano plot comparing CRISPRontrol vs. CRISPRmutated_3 from the CRISPR/Cas9 experiment. The
red dots are the differentially expressed genes with Log2 Fold Change > 1.5 (positive and negative) and p-value adjusted
< 0.05.

3.4.6 Overlap analysis for DE genes in the CRISPRmutated clones

To check how many genes were overlapping between the different mutations caused by SAP30-
CRISPR/Cas9 we performed a Venn Diagram analysis (Figure 11). A total of 3,337 common genes were identified
when all the DE genes were compared. After that, the functional enrichment analysis was performed separately for

each clone compared with control cells using MetaCore (MetaCore, 2021).
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CRISPRmutated 1 CRISPRmutated 2

CRISPRmutated 3

Figure 11. Venn diagram showing the DE genes overlapping across the three mutated clones (CRISPRmutated_1,
CRISPRmutated_2 and CRISPRmutated_3). A total of 3337 genes were identified in each of the three independent
compatisons of mutated cells compared to the control. Ovetlap and differences among the different clones may
represent biological differences due to different types of S.AP30 mutations with different biological consequences.

Venn Diagram performed using the online tool Gene List Venn Diagram (http://genevenn.sourceforge.net/).

3.4.7 Functional Enrichment analysis comparing CRISPRcontrol x

CRISPRmutated_1

The functional enrichment analysis (Gene Ontology, GO terms) shows genes related with several cellular
terms, as cellular metabolic process, cellular component organization or biogenesis, cellular component organization,
cellular process (Figure 12). According to the networks, the DE genes are involved in important pathways related with
muscle development: NOCTH and WNT. In the NOTCH signaling pathway, it is possible to see the participation of
the candidate gene SAAP30 (Figure 13). The SAP30, as already mentioned, was downregulated, and participates in the
developmental NOTCH signaling pathway. Other significant canonical pathway related to muscle development found
was the Development_positive tegulation of WNT/B-catenin signaling in the cytoplasm (Figure 14). In this pathway,
DE genes already described related with muscle process were observed presenting changes in their expression, as

WNT, SMAD3, SMAD4 and TGF-Befa being upregulated and DACT7 downregulated.
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Figure 12: Gene Ontology terms showing the top 10 significantly (p<<0.05) processes that the DE genes from

CRISPRmutated_1 clone are related. Image created by MetaCore software
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are representing genes activation and grey lines are representing unspecific relationship between genes. Analysis

performed by MetaCore software.
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software.

3.4.8 Functional Enrichment analysis comparing CRISPRcontrol x

CRISPRmutated_2

The functional enrichment analysis was performed comparing the CRISPRcontrol x CRISPRmutated_2. In
the GO terms analysis, process related with cellular process, metabolic process, system development and regulation of
cell communication were found (Figure 15). According with the networks that these DE genes are participating it is
possible to see three with relation in the muscle development and hypertrophy as Signal transduction NOTCH
signaling, Cytoskeleton_actin filaments and muscle contraction. Figure 16 shows the signal transduction NOTCH
signaling and important genes participating in this pathway were DE when compared CRISPRcontrol x
CRISPRmutated_2. The figure is showing the same map that mentioned before (in the CRISPRmutated_1) but here,

DE genes found in the CRISPRmutated_2 group and their expression levels are represented. In the cytoskeleton actin
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filaments, there are genes as Myosin I, Actin, Troponin 1, Tropomyosin I, Actin cytoskeletal, while in the muscle contraction

important genes related with this trait were found: Myosin I, Alpha-actinin, MyHC, also Actin, MyLA and Actin muscle.
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Figure 15: Gene Ontology terms showing the top 10 significantly (p<<0.05) processes that the DE genes for the

CRISPRmutated_2 clone are related. Image created by MetaCore software.
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3.4.9 Functional Enrichment analysis comparing CRISPRcontrol x

CRISPRmutated_3

Functional enrichment analysis for the CRISPRmutated_3 shows GO terms related with cellular metabolic
process, cellular component otrganization, organic substance metabolic process, negative regulation of biological
process (Figurel7). The networks analysis revealed maps also related with Signal transduction NOTCH signaling and
Developmental positive regulation of WNT/Beta-catenin signaling in the cell cytoplasm (Figure 18 and 19,
respectively), and cytoskeleton actin filaments and regulation of cytoskeleton rearrangement. Figure 18 shows the signal

transduction NOTCH signaling and it is possible to see the S.AP30 gene represented downregulated as MYOD, other
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gene involved in the muscle regulation. The Developmental positive regulation of WN'T /Beta-catenin signaling in the
cell cytoplasm represented in the figure 19 shows genes as WINT, Axin, DAB2, p53, E2F1, and Dsh participating in

the map.
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Figure 17: Figure 15: Gene Ontology terms showing the top 10 significantly (p<<0.05) processes that the DE genes for

the CRISPRmutated_3 clone are related. Image created by MetaCore software.
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3.5 Discussion

Even with different mutations in the treated clones, we could observe hypertrophy in all SAAP30 gene
deletions. This result corroborates with a previous study (Petry et al., 2021) where the cells treated with siRNA for
SAP30 had an increase in the myotube cell area. The differentially expressed analysis for the mutated cells revealed a
difference in the expression level of genes involved in muscle development.

The participation of the SAAP30 gene in muscle hypertrophy was already reported (Petry et al., 2021). Here,
SAP30 was downregulated in all the treated groups (CRISPRmutated_1, CRISPRmutated_2 and CRISPRmutated_3).
This gene is an important Sin3 multiprotein complex member and play a central role in gene silencing by the
deacetylation of histones (Cowley et al., 2005). The SAP30 is a 30kDa protein with a pootly conserved N-terminal
region and a highly conserved central region with a zinc finger domain (Xie et al., 2011). The CRISPRmutated_1 was
the only one where the mutations caused by CRISPR/Cas9 system could change the SAP30 protein structute.
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The functional enrichment analysis revealed that all the three mutated clones had DE genes related with
developmental NOTCH signaling pathway, an important metabolic pathway where S.AP30 is inserted, but little to
know about the gene function in this pathway. The NOTCH via is an important signing for the early phases in the
muscle regeneration, promoting the cell proliferation and the activation of satellite cells (Conboy et al., 2003). In mature
muscle cells, NOTCH is important in the Pax7 and MyoD activation, promoting the myogenic lineage and
differentiation (Zammit et al., 20006). In our study, Pax7 was not DE, however, the MyoD gene was downregulated in
all the CRISPRmutated cells, given evidence that the SA4P30 mutations are interfering in the hypertrophy phenotype
by its interference in the NOTCH pathways.

The forced inactivation of the Nozh1 gene in satellite cells showed an increase in the cell proliferation and a
reduction in the myogenic differentiation (Conboy et al., 2003). This finding may be corroborating with our results
where, probably, the NOTCH pathway is activated, when S.AP30 mutated, inducing the myogenic differentiation and
hypertrophy. Other evidence corroborating with these thoughts is that we did not have any significant difference in
the fusion index analysis, providing that the mutations are not affecting the proliferation stages, only differentiation.

Another important pathway that the DE genes are involved is the reguladon of WNT/Beta-catenin,
significant for two treatments: CRISPRmutated_1 and CRISPRmutated_3. The WNT signaling has been characterized
as important in the muscle formation (Cossu and Borello, 1999) and essential for the muscle differentiation (Anakwe
et al., 2003). This pathway play an important role in the myogenic postnatal, acting directly in the muscle stem cells
and controlling the myogenic progression and muscle regeneration (Brack et al., 2008). The enrichment analysis is also
corroborating with the increase in myotube atea observed because the participation of the activation in the WNT/B-
catenin pathway in the muscle cell hypertrophy was already reported by Armstrong et al. (2005), where there was a
significant increase in the B-catenin activity when in this phenotype.

CRISPRmutated_2 has pathways related with NOTCH signaling, as mentioned before, and for
cytoskeleton_actin filaments and muscle contraction. The SAP30 mutations induced a difference in the expression
levels of several genes involved in these two processes. As examples, Troponin T, Tropomyosin, Alpha-actin, Myosin 11 and
ACTAT being upregulated, and Desmin, Ryanodine receptor 2, ACTA2, ACTC and Smooth muscle myosin being
downregulated. All these genes are patticipating in the muscle contraction pathway (Appendix A).

Actin cytoskeleton filaments are essential in the cell regeneration dynamic (Lee and Dominguez, 2010), being
important also for the regulation and cell migration in the smooth muscle process (Tang and Getlach, 2017). Muscle
contraction is an important event to the animal movements. There are several kinds of muscle contraction, and all of
them are regulated by essential signal transductor called PCGla. that activates some transcription factors as FOXO
and Mef2 (Kuo and Ehtlich, 2015). Between the DE genes in the CRISPRmutated_2 there are some members of the
FOXO family, as Foxo3, Foxo4 and Foxo6 that were upregulated, while the Foxo? was downregulated. In the Mef2
family, the Mef2d was downregulated. Together, these evidence may be important to clear the S.AP30 gene function,
given us an idea of its participation in the skeletal muscle development, since the embryogenic stages, by NOTCH and

WNT pathways and the importance of the relationship between these maps in the muscle hypertrophy.

3.6 Conclusion

Morphometric analysis revealed the important contribution of SAP30 gene, regulating the hypertrophy

phenotype. Moreover, it was clear to see its importance controlling the expression level of several genes, as myogenic

markers, transcription factors and muscle contraction proteins. The differences observed in the genes and,



59

consequently, in the cell phenotype are affecting important pathways related with muscle growth, regeneration, and

regulation.



60

3.7 References

Anakwe, K., Robson, L., Hadley, ]., Buxton, P., Church, V., Allen, S., et al. (2003). Wnt signalling regulates myogenic
differentiation in the developing avian wing. Development 130, 3503-3514. doi:10.1242/dev.00538.

Armstrong, D. D., Esser, K. A,, and Wnt, K. A. E. (2005). Wnt/-catenin signaling activates growth-control genes
during overload-induced skeletal muscle hypertrophy. Am | Physiol Cell Physiol 289, 853-859.
doi:10.1152/ajpcell.00093.2005.--Catenin.

Brack, A. S., Conboy, 1. M., Conboy, M. J., Shen, J., and Rando, T. A. (2008). A Temporal Switch from Notch to Wnt
Signaling in Muscle Stem Cells Is Necessary for Normal Adult Myogenesis. Cel/ Stem Cell 2, 50-59.
doi:10.1016/j.stem.2007.10.006.

Conboy, 1. H., Conboy, M. J., Smythe, G. M., and Rando, T. A. (2003). Notch-Mediated Restoration of Regenerative
Potential to Aged Muscle. Science (80-. ). 302, 1575-1577. doi:10.1126/science.1087573.

Corpet, F. (1988). Multiple sequence alignment with hierarchical clustering. Nucleic Acids Res. 16, 10881-10890.
doi:10.1093/nar/16.22.10881.

Cossu, G., and Borello, U. (1999). Wnt signaling and the activation of myogenesis in mammals. EMBO ]. 18, 6867—
6872. doi:10.1093/emboj/18.24.6867.

Costa, A. do C., Gongalves Lio Copola, A., Carvalho Souza, C., Meireles Nogueira, ., Aparecida Borges Silva, G., and
Cristina Jorge, E. (2021). RGMa can induce skeletal muscle cell hyperplasia via association with neogenin

signalling pathway. doi:10.1007/511626-021-00555-9.

Cowley, S. M., Iritani, B. M., Mendrysa, S. M., Xu, T., Cheng, P. F., Yada, J., et al. (2005). The mSin3A Chromatin-
Modifying Complex Is Essential for Embryogenesis and T-Cell Development. Mo/ Cell. Biol. 25, 6990—7004.
doi:10.1128/mcb.25.16.6990-7004.2005.

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., et al. (2013). STAR: Ultrafast universal RNA-
seq alignet. Bioinformaties 29, 15-21. do0i:10.1093 /bioinformatics/bts635.

Doudna, J. A., and Charpentier, E. (2014). The new frontier of genome engineering with CRISPR-Cas9. Science (80-. ).
346. doi:10.1126/science.1258096.

Douglas, M., and Pinheiro, ]. C. (1998). NONLINEAR MIXED-EFFECTS MODELS LINEAR AND
NONLINEAR MIXED-EFFECTS MODELS. Conf. Appl. Stat. Agric. doi:10.4148/2475-7772.1273.

Doynova, M. D., Markworth, J. F., Cameron-Smith, D., Vickers, M. H., and O’Sullivan, J. M. (2017). Linkages between
changes in the 3D organization of the genome and transcription during myotube differentiation in vitro. Skelet.

Muscle 7, 1-14. doi:10.1186/513395-017-0122-1.

Hothorn, T., Bretz, F., and Westfall, P. (2008). Simultaneous inference in general parametric models. Biometrical J. 50,

346-3063. doi:10.1002/bimj.200810425.

Ishino, Y., Shinagawa, H., Makino, K., Amemura, M., and Nakatura, A. (1987). Nucleotide sequence of the iap gene,
responsible for alkaline phosphatase isoenzyme conversion in Escherichia coli, and identification of the gene

product. |. Bacteriol. 169, 5429—-5433. doi:10.1128/ib.169.12.5429-5433.1987.

Koslova, A., Trefil, P., Mucksova, J., Reinisova, M., Plachy, J., Kalina, J., et al. (2020). Precise CRISPR/Cas9 editing



61

of the NHE1 gene renders chickens resistant to the ] subgroup of avian leukosis virus. Proc. Natl. Acad. Sci. U.

S.A.117,2108-2112. doi:10.1073/pnas.1913827117.
Kuo, I. Y., and Ehtlich, B. E. Signaling in Muscle Contraction. doi:10.1101/cshperspect.a006023.

Lee, S. H., and Dominguez, R. (2010). Regulation of Actin Cytoskeleton Dynamics in Cells. Mo/ Cells 29, 311-325.
doi:10.1007/s10059-010-0053-8.

Liao, Y., Smyth, G. K., and Shi, W. (2014). Sequence analysis featureCounts: an efficient general purpose program for
assigning sequence reads to genomic features. 30, 923-930. doi:10.1093 /bioinformatics/btt656.

Love, M. L., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispetsion for RNA-seq data
with DESeq2. Genonre Biol. 15. doi:10.1186/s13059-014-0550-8.

Magnusson, C., Svensson, A., Christerson, U., and Tégerud, S. (2005). Denervation-induced alterations in gene

expression in mouse skeletal muscle. Ewr. J. Neurosei. 21, 577-580. doi:10.1111/j.1460-9568.2005.03855 x.

Marchesi, J. A. P., Buzanskas, M. E., Cantio, M. E., Ibelli, A. M. G., Peixoto, J. O., Joaquim, L. B., et al. (2018).
Relationship of runs of homozygosity with adaptive and production traits in a paternal broiler line. Animal 12,

1126-1134. doi:10.1017/81751731117002671.

Martins, A.F., José Xavier Neto, Ana Azambuja, Maria Lorena Sereno, Antonio Figueira, Paulo Henrique Campos-
Junior, et al. (2014). Repulsive Guidance Molecules a, b and ¢ Are Skeletal Muscle Proteins, and Repulsive
Guidance Molecule a Promotes Cellular Hypertrophy and Is Necessary for Myotube Fusion. RGMb RGMe Cells
Tissues Organs 200, 326-338. doi:10.1159/000433491.

MetaCore MetaCore Login | Clativate. Available at: https://portal.genego.com/ [Accessed May 11, 2021].

Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival: Application to proliferation and

cytotoxicity assays. J. Immunol. Methods 65, 55-63. doi:10.1016/0022-1759(83)90303-4.

National Center for Biotechnology Information (NCBI)[Internet]. Bethesda (MD): National Library of Medicine (US),
National Center for Biotechnology Information; [1988] — [cited 2017 Apr 06]. Available from:
https:/ /www.ncbi.nlm.nih.gov/

Petry, B.P.; Moreira, G.C.M.; Copola, A.L.; Souza, M.M.; Veiga, F.C.; Jorge, E.C.; Peixoto, J.O.; Ledur, M.C.; Koltes,
J.E.; Coutinho, L.L.. SAP30 gene is a probable regulator of muscle hypertrophy in chickens. Frontiers in Genetics
(2021).

R Core Team (2019). R: The R Project for Statistical Computing. Available at: https://www.t-project.org/ [Accessed
May 11, 2021].

Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., and Zhang, F. (2013). Genome engineering using the
CRISPR-Cas9 system. Nat. Protoc. 8, 2281-2308. doi:10.1038/nprot.2013.143.

Sievers F, Wilm A, Dineen DG, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam H, Remmert M, Séding J,
Thompson JD, Higgins D . Fast, scalable generation of high-quality protein multiple sequence alignments using
Clustal Omega . Molecular Systems Biology 7 Article number: 539 doi:10.1038/msb.2011.75

Sorelle, E. D., Dai, J., Bonglack, E. N., Heckenberg, E. M., Zhou, J. Y., Giamberardino, S. N., et al. (2021). Single-cell
rna-seq reveals transcriptomic heterogeneity mediated by host-pathogen dynamics in lymphoblastoid cell lines.

E/ife 10, 1-57. doi:10.7554/ eLife.62586.



62

Tang, D. D., and Gerlach, B. D. The roles and regulation of the actin cytoskeleton, intermediate filaments and

mictotubules in smooth muscle cell migration. doi:10.1186/512931-017-0544-7.

Trevisoli, P.A., Moreira, G.C.M., C, Cesar, A.S.M., Petrini, J., Ledur, M.C., Mourio, G.B., Gatrick, D. and Coutinho,
L.L. (2021). A Missense Mutation in the MYBPH Gene Is Associated With Abdominal Fat Traits in Meat-Type
Chickens. Front. Genet. 12:698163. doi: 10.3389/fgene.2021.698163.

Xie, T\, He, Y., Korkeamaki, H., Zhang, Y., Imhoff, R., Lohi, O., et al. (2011). Structure of the 30-kDa Sin3-associated
protein (SAP30) in complex with the mammalian Sin3A corepressor and its role in nucleic acid binding. . Bio/.

Chem. 2806, 27814-27824. doi:10.1074/jbc.M111.252494.

Zammit, P. S., Partridge, T. A., and Yablonka-Reuveni, Z. (2000). The skeletal muscle satellite cell: The stem cell that
came in from the cold. J. Histochem. Cytochem. 54, 1177-1191. doi:10.1369/jhc.6R6995.2006.

Zhang, Y., and Iratni, R. (1997). Histone Deacetylases and SAP18, a Novel Polypeptide, Are Components of a Human
Sin3 Complex.

Zhang, Y., Sun, Z. W, Iratni, R., Erdjument-Bromage, H., Tempst, P., Hampsey, M., et al. (1998). SAP30, a novel
protein conserved between human and yeast, is a component of a histone deacetylase complex. Mo/, Cel/1,1021—

1031. doi:10.1016/S1097-2765(00)80102-1.

Zhang, Y., Wang, Y., Zuo, Q., Li, D., Zhang, W., Wang, F., et al. (2017). CRISPR/Cas9 mediated chicken Stra8 gene
knockout and inhibition of male germ cell differentiation. PLoS One 12, e0172207.
doi:10.1371/joutnal. pone.0172207.



APPENDIX

63

Y @ X B
NACHR alpha By
. ° o s - ]
> " . < NAChR gammay/epsilon
R beta-1
TP ©® D Kv2.1
Guar lase 1, soluble NACHR deita T
-1/ ic tor L paly y -~
ba ¥ - AN
Guanylate cydlase A (NPR1) futyge oplold y R ADP cytoplasm
N ~ KCNABL
N @ ol nACHR
Tetrodotoxin-resistant thannel,
Cyclic GMP- llutar IP receptor 1 €3
A Calnexin.
Phospholamban Gal ide GPCRs: KCNH2
¢ & N
| Y n 0K alpha subus
DMPK. Qe & CCKAS MIRPY
FNE2 walytic
:
o o | x ) wow
Py cytoplesfh - Aces - KeNQ:
\ \ O \ 7 Mink
) X
Protein kinase o ": \ . * K(+) chaninel, subfamily.) @m
ADP gytosol ’
Il y .
fo
b (cat) > —y w2z s"“’“’w @
I N - ynoaine X Caireticuin
[y <o
-
S 0
@ - T -
MRLC . N . oA :\ - —x Ca('2%) endoplasmi ulum lumen Jondin .
® o N - . e N2
® i) o2 A N S ® in @
= = ONN
YR " Myspc3 =\ p— . n acree
alpha-I! -3 integrin >y - - . ~ p
, +© 2 T - O
© o~ s @ 3
. Smooth muscle myosi — % z
Myosin It > N - = Annexin VI
2 e g - 0 .
- "
. O — . s
MYH11 Troponin 1, fast skeletal Desmin Cognexin
Troponin T, cardiac Tropanin’ I muscle
*® Tropomyosin-1
—— vt ) . caennss A
Appendix A. Muscle contraction pathway. Genes marked with red circle were upregulated in the

CRISPRmutated_2, while genes with the blue circle were downregulated. Figure created by Metacore

software.



