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ABSTRACT

Salinity in aquatic environments limits the abundance and distribution of fish in a particular
ecological niche. Mozambique tilapia (Oreochromis mossambicus) can tolerate a wide range of
salinity stress (they are euryhaline). Such stress is currently greatly intensified in many aquatic
environments due to anthropogenically accelerated climate change. Effective osmoregulation is
critical for fish and other aquatic organisms to adapt to salinity stress. Physiological and
biochemical approaches to understand osmoregulatory mechanisms of fish have previously
identified many genes, proteins, and biochemical pathways associated with compensatory
responses to salinity stress. However, the underlying molecular mechanisms that control the
osmotic regulation of these genes and pathways are still largely elusive. To address this knowledge
gap, the overall objective of my thesis was to identify molecular underpinnings of cellular
osmoregulatory mechanisms that are utilized by euryhaline fish. We used a cell line model (tilapia
cell line) to study how osmoregulated genes are activated by hyperosmotic stress. The emphasis
was on identifying and characterizing cis-elements and trans-factors that control osmotic
regulation of gene expression by utilizing the advantages of this cell line as a genetically tractable
experimental system. Salinity-responsive cis-regulatory elements (CREs) and their role in the
hyperosmotic induction of the tilapia glutamine synthetase gene were identified and characterized
using a targeted approach (Chapter 2). A systematic non-targeted approach that utilized
bioinformatics and experimental tools was used to discover new osmoregulated CREs (Chapter 3).
This non-targeted approach was based on enrichment of DNA sequence motifs in promoters of
hyperosmotically upregulated genes. STREMEL was identified and experimentally validated as a
new salinity-responsive CRE (Chapter 3). Lastly, CRISPR/Cas9 technology was used to engineer

mono- and polyclonal tilapia cell lines that harbor a functionally inactive MY C transcription factor
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(TF) to enable future loss-of-function studies (Chapter 4). Specifically, using a modified limiting
dilution strategy several polyclonal knockout (ko) cell lines (heterogeneous cell pools) and a
monoclonal myca ko cell line were generated. Most of the evolutionarily conserved functional
domains of MY C were removed in the monoclonal ko cell line. The knowledge and tools generated
in this dissertation research advance our understanding of the molecular mechanisms that link
changes in environmental salinity and extracellular osmolality with the transcriptional regulation

of specific sets of genes that underlie compensatory responses to salinity stress.
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CHAPTER 1

Overall Introduction

Euryhaline teleost fishes have a unique ability to tolerate changes in habitat salinity[1],
which requires a complex suite of physiological and biochemical mechanisms that detect and
regulate an imposed salinity stress in their environment. Approximately 10 % of all fish species
are euryhaline[2], and these species possess the genomic diversity (molecular phenotypic traits)
that has allowed their adaptation to occur on at both local and global scales over a long period of
evolution[3,4]. During the evolutionary adaptive process some of these fish have acquired traits
that provided them with a fitness advantage in inhabiting salinity stress environments. Such
salinity stress is currently greatly intensified in many aquatic environments of the world mainly
due to accelerated climate change[5,6]. Among many euryhaline fish, Mozambique tilapia,
Oreochromis mossambicus, has been known to have an extremely high tolerance to especially high
salinity, up to 3x seawater (SW)[7]. Thus, this fish is a valuable model to study physiological,
cellular, and molecular mechanisms that enable effective osmoregulation of fish in response to
highly fluctuating salinity environments, in particular hyperosmotic stress. To maintain their
internal body fluids and plasma osmolality at approximately 300 milliosmoles/kg (mOsmol/kg) as
teleost, a complex regulatory network that involves the initial sensing of changes in salinity and
subsequent cellular and physiological compensatory mechanisms is required[8]. A number of
previous studies have attempted to investigate physiological responses of Mozambique tilapia
upon salinity stress with various focuses ranging from a specific type of cells (chloride cells) found
in gill tissue to hormonal changes (e.g., cortisol, prolactin) in fish plasma[9-11] to deal with
hyperosmotic stress. Also, morphological changes (e.g., gill epithelium) adapting to altered

salinity have been reported[12]. However, the corresponding detailed biochemical/molecular



mechanisms fish cells employ to confer these functional/physiological changes have not yet been
well studied in euryhaline fish. Given that previous studies have revealed key genes (e.g., Na+/K+-
ATPase, carbonic anhydrase, and osmotic stress transcription factor 1(Ostfl)) and associated
pathways (e.g., myo-inositol biosynthesis pathway) that are responsible for osmoregulation in
Mozambique tilapia[13—16], there have been knowledge gaps that can be filled by studying more
in-depth the mechanisms by which identified genes and pathways are being regulated upon salinity
stress. In this dissertation, thus, we primarily focused on transcriptional regulatory mechanisms of

salinity response of euryhaline fish using a tilapia cell line.

Transcriptional regulation is a fundamental biological process that can allow the cell or an
organism to actively respond to environmental stimuli and it can be fine-tuned depending on
changes in ambient conditions[17-19]. Mozambique tilapia, freshwater (FW)-originated fish, have
throughout their evolutionary history acquired special osmoregulatory mechanisms that allow for
effective adaptive responses to salinity stress, resulting from having to survive in high salinity
environments. With a focus on transcriptional regulation to elucidate the unique salinity stress
response of these fish, a targeted approach was first addressed (Chapter 2) in order to identify cis-
regulatory elements (CREs) in a hyperosmotically-upregulated gene, which was identified via
proteomics coupled with transcription inhibitor treatment using a tilapia brain(OmB) cell line.
CREs and transcription factors (TFs) are main components comprising transcriptional regulatory
networks (TRNS) that orchestrate spatial and temporal gene expression responses [20]. CREs could
be representative of stress response DNA sequences, as they serve as binding sites for specific TFs
that dynamically reprogram TRNs in response to fluctuating environmental conditions[21]. Thus,
in Chapter 2, functional CREs responsive to salinity stress were empirically tested by employing

an enhancer-trapping assay that exploited a dual-luciferase system. As a result, one copy of



osmolality/salinity-responsive enhancer 1 (OSRE1) was found in intron 1 of the glutamine
synthetase gene (GS). Functionality of OSRE1 identified in GS (GS-OSRE1) was experimentally
validated for its capability to induce transcription of the gene during hyperosmolality, confirming
1) an increase in transcriptional activity in a copy number dependent manner and 2) a
disappearance of transcriptional induction by deleting the GS-OSRE1 sequence from the
expression construct. This finding is comparable with a previous study[22] identifying several
OSREs in other osmotically-regulated genes (inositol monophosphatase (IMPA) and myo-inositol
phosphate synthase (MIPS), two key enzymes in the myo-inositol biosynthesis pathway). Because
OSREL1 (found in hyperosmotically up-regulated genes: IMPA, MIPS, and GS) is validated to
function as a driver for transcriptional induction of these genes, an untargeted and systematic
approach was performed to identify additional functional CREs responsive to salinity stress in
Chapter 3. Using a particular suite of bioinformatics tools (MEME)[23], allowing for the discovery
of common DNA sequence motif(s) among co-regulated genes or proteins, five candidate DNA
sequence motifs were identified as potential osmoresponsive CREs. Of these motifs, the top-
ranked motif (STREMEL) was shown to represent a binding site for the Forkhead box TF L1
(FoxL1), which rationalized FoxL1 genetic manipulation as a target for future functional study
(e.g., CRISPR/Cas9-mediated gene targeting) to test its involvement in gene expression regulation
upon salinity stress. To evaluate the functional role of the STREMEL in salinity-responsive
transcriptional induction, the enhancer-trapping assay combined with targeted motif mutagenesis
was conducted to demonstrate its critical role in hyperosmotic transcriptional induction.
Transcriptional regulation of euryhaline fish during salinity stress was, therefore, studied using

both targeted (Chapter 2) and untargeted (Chapter 3) approaches with a primary focus on CREs



and potential binding partner TF, which interplay harmoniously to modulate transcription during

environmental stress[24,25].

A reverse genetics approach can be used to identify the altered phenotype from a
genetically-manipulated mutant genotype, so as to understand the function of a gene while forward
genetics associates a mutant phenotype to its genetic information[26]. Gene targeting has been an
important tool of reverse genetics by generating numerous in vivo and in vitro knockout(ko)
models, but conventional homologs recombination (HR) methods have limitations including low
efficiency and[27]. Recent development of genome engineering tools, such as ZFNs (Zinc Finger
Nucleases), TALENs (Transcription Activator-Like Effector Nucleases) and CRISPR/Cas9
(clustered regularly interspaced short palindromic repeats/CRISPR-associated protein 9), have
made a paradigm shift on reverse genetics approaches[28]. Among these tools, the CRISPR/Cas9
system has become the most widely used system due to its versatility, simplicity, and cost-
effectiveness[29,30]. Rapid advances in CRISPR/Cas9 technology have accelerated the expansion
of our knowledge of the function and regulation of specific genes. To further explore salinity
stress-induced TFs that have been suggested from previous studies and chapters in this dissertation,
Chapter 4 aimed to establish a specific gene ko cell line model using the CRISPR/Cas9 system.
This provided not only useful resources for future functional analysis, but also an optimized and
efficient platform to target TFs of interest, leveraging the opportunity of performing loss-of-
function studies. Prior efforts using a tilapia-optimized vector-based CRISPR/Cas9 system have
enabled the production of a stable Cas9-expressing tilapia cell line[31]. This cell line allowed for
the generation of a complete ko fish in vitro model(Chapter 4) whereas in the past, RNA
interference was the only tool for addressing loss-of-function assessments with incomplete gene

knockdown[32—-34].



The overall theme of this dissertation thesis covered by Chapters 2, 3, and 4 aims to
investigate osmoregulatory molecular mechanisms of euryhaline fish with a focus on

transcriptional regulation largely mediated by CRE and TF.

CHAPTER 2

An osmolality/salinity-responsive enhancer 1 (OSREL1) in intron 1 promotes salinity

induction of tilapia glutamine synthetase

First-author published article, Scientific Reports, 2020, DOI: 10.1038/s41598-020-69090-z

Abstract

Euryhaline tilapia (Oreochromis mossambicus) are fish that tolerate a wide salinity range
from fresh water to > 3x seawater. Even though the physiological effector mechanisms of
osmoregulation that maintain plasma homeostasis in fresh water and seawater fish are well known,
the corresponding molecular mechanisms that control switching between hyper- (fresh water) and
hypo-osmoregulation (seawater) remain mostly elusive. In this study we show that hyperosmotic
induction of glutamine synthetase represents a prominent part of this switch. Proteomics analysis
of the O. mossambicus OmB cell line revealed that glutamine synthetase is transcriptionally
regulated by hyperosmolality. Therefore, the 5' regulatory sequence of O. mossambicus glutamine
synthetase was investigated. Using an enhancer trapping assay, we discovered a novel
osmosensitive mechanism by which intron 1 positively mediates glutamine synthetase
transcription. Intron 1 includes a single, functional copy of an osmoresponsive element,
osmolality/salinity-responsive enhancer 1 (OSRE1). Unlike for conventional enhancers, the
hyperosmotic induction of glutamine synthetase by intron 1 is position dependent. But irrespective
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of intron 1 position, OSRE1 deletion from intron 1 abolishes hyperosmotic enhancer activity.
These findings indicate that proper intron 1 positioning and the presence of an OSREL in intron 1

are required for precise enhancement of hyperosmotic glutamine synthetase expression.

Keywords

Osmoregulation, euryhalinity, transcriptional regulation, glutamine synthetase, enhancer

Introduction

Euryhaline fish have evolved the capacity to utilize a suite of osmoresponsive genes for
rapidly switching between hypo- and hyper-osmoregulation in response to salinity stress to
maintain plasma ionic and osmotic homeostasis[35]. Mozambique tilapia (O. mossambicus) are
representative euryhaline fish belonging to the family of cichlidae, which consists of many species
that are uniquely adapted to specific environments[3,4]. A remarkable adaptive trait of O.
mossambicus is its ability to tolerate large and rapid salinity fluctuations, ranging from 0 to 120
g/kg even though their osmoregulatory balance starts being compromised beyond 60-65 ppt[9,36].
The corresponding changes in plasma osmolality are normally low and within in the range of 305
to 330 mOsmol/kg. However, when salinity increases chronically to values greater than 85 g/kg or
acutely by more than 30 g/kg then plasma osmolality increases between 450 and 550 mOsmol/kg
have been reported[37—39]. Even more moderate but acute salinity stress occurring during transfer
of tilapia from freshwater to 25 g/kg results in plasma osmolality increasing up to 460 mOsmol/kg
at 15 h[40]. This species has evolved molecular mechanisms for rapidly turning on and off genes
that encode enzymes and transporters involved in hypo- and hyper-osmoregulation[13,14].
However, the regulatory and evolutionary mechanisms controlling environmental (e.g., salinity,

temperature, and hypoxia) regulation of gene expression in fish are still largely elusive. Many of



the genes and proteins involved in transepithelial ion transport and osmoregulation of euryhaline
fish have been identified using candidate gene approaches such as qPCR and Western blotting or
large-scale discovery approaches such as transcriptomics and proteomics. However, the regulatory
mechanisms deciphering how abundances of the corresponding mRNAS and proteins are regulated
are still largely elusive. For example, for many of the regulated genes it is not known whether their
abundance change is due to transcriptional regulation or posttranscriptional RNA processing and
whether cis- and trans-elements that regulate gene expression are involved. This lack of
knowledge contrasts with the evolutionary diversity of the fish species, which have radiated into
virtually any aquatic ecological niche. Previous studies investigating which parts of the genome
have a functional role in the evolution of organisms have stressed cis-regulatory elements (CRES)
as major targets of evolutionary adaptation[41]. Therefore, alterations of CREs are considered

potent drivers of evolutionary adaptation[42].

CREs typically contain binding sites for transcriptional regulators that orchestrate gene
expression in response to altered environmental and developmental contexts[43,44]. Many studies
have focused on characterizing enhancers, the most studied type of CREs, involved in diseases,
development, and cell- and tissue-type specificity, especially in mammalian models[43,45]. For
example, in human renal cells the hyperosmotic induction of the sodium/myo-inositol
cotransporter (SMIT) is mediated via several enhancers found in its 5’-untranslated region
(UTR)[46]. In contrast to these findings in mammalian models, a comprehensive understanding of
enhancer functions in fish exposed to salinity stress is still very limited. We have recently identified
several copies of a CRE, the osmolality/salinity-responsive enhancer 1 (OSREL) in the inositol
monophosphatase (IMPA1.1) and myo-inositol phosphate synthase (MIPS) genes of O.

mossambicus[22]. Enhancers such as OSREL are generally considered to function independent of



whether they occur in the 5° or 3’ regulatory regions or in introns[47]. Although most enhancers,
including OSREL in O. mossambicus IMPA1.1 and MIPS genes[22], are found in the 5’ regulatory
region, intronic enhancers have been previously reported. For example, using human cell lines,
Harris et al. have identified a tissue-specific enhancer in intron 1 of the cystic fibrosis
transmembrane conductance regulator gene (CFTR)[48]. Another study has reported that
enhancers located in intron 4 are responsible for differential expression of the Bone Morphogenetic
Protein 6 gene (Bmp6), which underlies phenotypic differences between fresh water and seawater

populations of threespine sticklebacks (Gasterosteus aculeatus)[49].

The glutamine synthetase gene (GS) encodes an evolutionarily highly conserved enzyme
that catalyzes the conversion of ammonia to glutamine. It is thought to be crucial for detoxification
of ammonia as a part of nitrogen metabolism in diverse organisms including vertebrates[50]. Most
studies on glutamine synthetase in fish, including euryhaline O. mossambicus, O. niloticus and
Oncorhynchus mykiss, have focused on abundance or activity of glutamine synthetase in different
organs such as intestine, muscle, liver and gills[51-53]. In addition to its function for nitrogenous
waste detoxification in fish, glutamine synthetase also has an important function to maintain
osmotic homeostasis. Glutamine synthetase produces glutamine, which can be accumulated in
cells as a compatible organic osmolyte to offset the perturbing effects of hyperosmotic
stress[14,54]. For example, in gills of the swamp eel (Monopterus albus) the induction of GS has
been shown to promote accumulation of the compatible osmolyte glutamine during hyperosmotic
stress[55]. However, little is known about transcriptional regulation of GS during salinity stress to

adjust osmoregulation in euryhaline fish adapting to altered salinity.

Salinity stress has been predicted to intensify in the future because of climate change-

induced sea level rise that causes intrusion of salty water into freshwater habitat[56]. Better



knowledge of environmentally altered salinity effects on transcriptional regulation in fish is
necessary to properly assess how global climate change that is predicted to accelerate salinization
of many aquatic environments will impact on the biodiversity and the future evolution of fish.
Tidally induced salinity changes could potentially lead to acute salinity stress by rapidly flooding
freshwater ponds filled by rainfall or river water. In addition, large estuaries in tropical areas are
prone to extreme, longer-term salinity increases that are predicted to intensify in the future. For
example, the Saloum estuary in West Africa (Senegal) harboring tilapia (e.g., Sarotherodon
melanotheron) species has already been reported to reach salinities up to 130 g/kg[57]. Moreover,
chronic salinity increases to such extreme levels are also predicted to result from global warming
in arid regions such as desert ponds or lakes[8,58,59]. In addition, mechanistic insight into fish
salinity (hyperosmotic) stress adaptation of euryhaline fish helps elucidate mechanisms that can
be targeted and will contribute to improve aquaculture practices in brackish and increasingly saline

environments in arid and coastal areas impacted by climate change[60].

To contribute to better understanding adaptive mechanisms controlling fish
osmoregulation, we investigated the transcriptional regulatory mechanism by which osmotic
responsiveness is conferred to the O. mossambicus GS. First, we analyzed whether the salinity-
induced abundance increase of glutamine synthetase protein is based on transcriptional regulation.
Then, an enhancer trapping reporter assay was used to identify the specific genomic regions that

are responsible for transcriptional induction of GS during hyperosmolality.



Materials and Methods

Cell culture

The tilapia OmB cell line was used for all experiments and luciferase reporter assays.
OmB cells were maintained in L-15 medium containing 10 % (vol/vol) fetal bovine serum (FBS)
and 1 % (vol/vol) penicillin-streptomycin at 26 °C and 2 % CO2. The purpose of FBS supplement
is to support sufficient and reproducible OmB cell growth and potential variability issues derived
from FBS (e.g., unknown components in FBS can interact with OmB cells or treatments) were
minimized/resolved by employing proper controls in parallel with all treatments to isolate
osmolality as the only variable factor. Using a large supply of OmB cell superstock (passage 15;
P15), all experiments were carried out on OmB cells between P18 to P26. Cells were passaged
every 3-4 d using a 1:5 splitting ratio. For applying hyperosmotic stress to OmB cells,
hyperosmotic (650 mOsmol/kg) medium was prepared using hypersaline stock solution
(osmolality: 2820 mOsmol/kg). This stock solution was made by adding an appropriate amount of
NaCl to regular isosmotic (315 mOsmol/kg) L-15 medium. The hypersaline stock solution was
then diluted with isosmotic medium to obtain hyperosmotic medium of 650 mOsmol/kg. Medium
osmolality was always confirmed using a freezing point micro-osmometer (Advanced

Instruments).

Proteomics

Sample preparation by tryptic in solution digestion, data-independent acquisition (DIA)
and targeted proteomics were performed as previously described using a nanoAcquity UPLC
(Waters), an ImpactHD mass spectrometer (Bruker), and Skyline[61] targeted proteomics

software[22]. Three peptides of GS that are identical in sequence in O. mossambicus and O.
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niloticus (NCB Accession # XP_003444352.1) were used for quantitation (Supplementary Fig.
S1). Three proteins, represented by at least three peptides each, were used for normalization (fatty
acid-binding protein, NCB Accession # XP_003444095.3, beta-tubulin, NCB Accession #

XP_003455078.1, and actin 2, NCB Accession # XP_003455997.3).

Cloning

Total genomic DNA was extracted from spleen tissue of Mozambique tilapia (O.
mossambicus) using the PureLink Genomic DNA mini Kit (Invitrogen). Fish were maintained and
euthanized before obtaining spleen tissue according to UC Davis approved Institutional Animal
Care and Use Committee (IACUC) protocol # 19992. PCR primers were designed with Geneious
11.0.3 (Biomatters) using the O. niloticus glutamine synthetase (NCB Accession #
XM_003444304.4 and XP_003444352.1) genomic sequence as a template. A CCCCC spacer
followed by a restriction enzyme recognition site was added to the 5° end of each primer. The
restriction enzymes Kpnl, Sacl, Hindlll, and Ncol (New England BioLabs) were used to clone
PCR amplicons representing genomic regions of the GS gene into pGL4.23 vector. Platinum PCR
SuperMix (Thermo Fisher Scientific) and/or Q5@ High-Fidelity DNA Polymerase (New England
BioLabs) were used to amplify DNA fragments longer than 2 kb. For fragments < 2 kb, PCR
Master Mix 2x (Promega) was used. PCR was conducted as follows: initial denaturation at 94°C
for 3 min followed by 35 cycles of 94°C for 30 s, annealing: 48-60° for 30 s, elongation: 72°C for
0.5-2 min, and 72°C for 15 min. Annealing temperature and extension time were set according to
the chemical features of the primers and the lengths of amplicons. PCR products were confirmed
by agarose gel electrophoresis and sequentially either purified using the PureLink PCR
Purification Kit (Thermo Fisher Scientific) or gel-extracted using the QIAquick® Gel Extraction

Kit (Qiagen). Specific primers were designed for the translation start site (start codon, SC, +499)

11



and the 3° end of exon 1 (Ex1_3’, +131). The SC and Ex1 3’ primers included a Ncol restriction
site that was already present in the wildtype GS donor sequence and in the pGL4.23 acceptor
reporter plasmid. Therefore, genomic regions of interest that terminate at the SC and Ex1 3’ sites
could be cloned without changing any wildtype sequence. All amplified GS gene fragments were
double-digested with two enzymes (combinations of Kpnl, Sacl, Hindlll, and Ncol). Restriction
enzyme digestion was conducted in 10 pL reaction buffer (CutSmart® Buffer and NEBuffer™ 1.1)
containing 2 pL (10 U/uL) of each restriction enzyme, 0.5-2 ug of purified PCR product, and
nuclease-free H20 ad 100 puL. After overnight incubation at 37°C, reactions were stopped by 20
min incubation at 80°C. Digested inserts and vectors were purified using the PureLink™ Quick
PCR Purification Kit (Thermo Fisher Scientific) and ligated to produce recombinant constructs
using T4 DNA ligase (Thermo Fisher Scientific). Ligation reactions contained 50 ng of vector, 10-
20 ng of insert (depending on its size to yield a 1:3 or 1:5 molar ratio), 2 uL of ligase buffer, 1 uL
of T4 ligase (1 U/uL) and nuclease-free H20 to 20 pL. Ligation proceeded at 25°C for 6h. The
ligation products were transformed into 10-beta-competent Escherichia coli (New England
Biolabs) as follows: First, a 50 pL aliquot of bacteria was thawed on ice for 5 min, then 10 pL of
bacterial suspension was added to 1.5 puL of a single ligation reaction. Second, the mixture was
kept on ice for 30 min, exposed to heat shock (42°C) for exactly 30 s, and placed back on ice for
5 min. Third, 190 pL of super optimal broth with catabolite repression medium (SOC, Thermo
Fisher Scientific) was added and transformed bacteria were incubated at 250 rpm and 37°C for 60
min. After transformation, 30 pL of the bacterial solution was spread onto a pre-warmed (37°C)
LB-ampicillin plate, which was used for single colony picking and colony PCR on the next day to
confirm the presence of intended inserts. For colony PCR, tubes containing a bacterial clone were

first quick-vortexed, then heated at 95°C for 15 min and quick-spun to remove debris. Three pL.
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of the supernatant were mixed with forward and reverse primers that flank the corresponding insert.
Colony PCR conditions were the same as described above and amplicons were checked by agarose
gel electrophoresis. Colonies that contained an insert of the expected size were chosen for plasmid
purification. Each bacterial colony was inoculated into liquid LB medium and grown for 16-18 h
to maximize plasmid yield. Liquid cultures were harvested and purified according to
manufacturer’s protocol using endotoxin-free PureLinkTM Quick Plasmid Miniprep Kit (Thermo
Fisher Scientific). Insert sequences in purified DNA constructs were verified by Sanger sequencing
at the University of California, Davis DNA Sequencing Facility before using the corresponding

constructs for transient transfection into tilapia OmB cells.

Enhancer trap reporter assays

Enhancer trapping assays were performed according to the protocol previously reported
by our laboratory[22]. To produce a backbone luciferase vector harboring the endogenous
functional promoter of the GS, the functional GS core promoter region (GS-CP, -257 to +131, Fig.
3a) was cloned upstream of the firefly (Photinus pyrails) luciferase gene in the pGL4.23 vector
(GenBank Accession Number DQ904455.1, Promega) and verified that it has constitutive activity
but is not hyperosmotically inducible. The resulting reporter plasmid was named GS-CP+4.23.
The GS-CP region was amplified using a forward primer that included a Hindlll restriction site
and a reverse primer that included a Ncol restriction site. The GS-CP region and pGL4.23 plasmid
were digested with the same pair of restriction enzymes and followed by ligation. Cloning,

purification, and sequence-validation were conducted as described in the cloning procedure.

The GS-CP+4.23 plasmid was used in combination with hRluc (Renilla reniformis)
luciferase control plasmid pGL4.73 (GenBank Accession Number AY738229.1, Promega). Co-

transfection of tilapia OmB cells with this control plasmid was used to normalize for variability of
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transfection efficiency and cell number. One day prior to co-transfection OmB cells were seeded
in 96-well plates (Thermo Fisher Scientific) at a density of 2 x 10* cells per well. Co-transfection
was performed when cells reached 80% to 90% confluency. Co-transfection was performed with
ViaFect (Promega) reagent using previously optimized conditions[22]. Cells were allowed to
recover for 24h after transfection before being dosed in either isosmotic (315 mOsmol/kg) or
hyperosmotic (650 mOsmol/kg) media for 72h. Dual luciferase activity was measured in 96-well
plates using a GloMax Navigator microplate luminometer (Promega). Four biological replicates
were used for each experimental condition. All luciferase raw measurements were adjusted for
transfection efficiency by normalizing the firefly luciferase activity to Renilla luciferase activity.
They were expressed as fold-change in hyperosmotic media relative to isosmotic controls. One-
way ANOVA was performed to assess statistical significance of the data and calculate p values

using R package software (http://www.R-project.org/).

Bioinformatics sequence analysis

Intron 1 was searched for the occurrence of an OSRE1 consensus motif using a
bioinformatics approach. For this purpose, Geneious 11.0.3 (Biomatters) was used. Both strands,
sense and antisense, were searched. Sequence similarity searches were conducted by using the
overall OSRE1-consensus sequence (DDKGGAAWWDWWYDNRB) as well as several
experimentally validated and previously identified variants of OSRE1 sequences, including the 17

bp sequence AGTGGAAAAATACTAAG (IMPA1.1-OSREL1), as templates[22].

Synthetic oligonucleotide annealing and GeneStrands synthesis

The effect of GS-OSREL copy number variation and GS-OSRE1 deletion on hyperosmotic

reporter activity was analyzed. Synthetic oligonucleotides containing different copy numbers of
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GS-OSRE1 were produced by oligonucleotide annealing (Eurofins Genomics). GS-OSRE1
constructs containing one, two, three, four and five copies were generated. Forward and reverse
PCR primers for amplifying each synthetic oligonucleotide were designed to contain Sacl and
Hindlll restriction sites to enable subsequent cloning into GS-CP+4.23 vector (Supplementary
Table S1). Synthetic oligonucleotides harboring more than three copies of GS-OSRE1 or mutated
intron 1 (Intron 1 A GS-OSRE1) were longer than 100 bp. These longer inserts were synthesized
using the GeneStrands method (Eurofins Genomics). Subsequently, each insert was separately
cloned into GS-CP+4.23 luciferase reporter vector. After cloning into the reporter plasmid, the
proper sequences of all inserts were verified by Sanger sequencing. These constructs were used to
assess the effect of GS-OSREL copy number and deletion of GS-OSRE1 from intron 1 on reporter
activity under hyperosmotic (650 mOsmol/kg) conditions relative to isosmotic controls (315

mOsmol/kg).

Data Availability

All data generated or analyzed during this study are included in this manuscript and its
Supplementary information files. Sequence data for the 5’ RS of the O. mossambicus GS gene
investigated in this study can be found in GenBank with Accession Number: MN631059. The DIA
assay library, results, and metadata for glutamine synthetase quantitation are publicly accessible
in the targeted proteomics database Panorama Public[62] at the following link:

https://panoramaweb.org/lUkng6.url.
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Results

Hyperosmotic induction of glutamine synthetase is transcriptional and mediated by intron 1

Actinomycin D applied to OmB cells during exposure to hyperosmotic stress prevented
glutamine synthetase production, which confirms that glutamine synthetase upregulation is
mediated by transcriptional induction (Fig. 2-1 and Supplementary Fig. 2-S1). Quantitation of
glutamine synthetase abundance revealed a 4.65 + 0.18-fold increase during hyperosmotic stress
(mean + s.e.m, p<0.0015, Fig. 2-1). This increase in glutamine synthetase abundance was
completely abolished by including 10 mM actinomycin D in the media to yield a slight 0.85 +

0.09-fold reduction during hyperosmotic stress (mean + s.e.m, p=0.2726, Fig. 2-1).

The 3.4-kb 5’ regulatory sequence (RS), including the 5’-UTR, of the O. mossambicus GS
was cloned, sequenced, and submitted to GenBank (GenBank Accession Number: MN631059).
The start codon (SC) for translation was located in exon 2 (Fig. 2-2a). The first region tested for
hyperosmotic enhancer activity was very long and spanned base pairs -2825 to the SC (+499). The
corresponding plasmid construct with the first region inserted for a luciferase reporter assay is
shown in Supplementary Fig. 2-S2. This region conferred a 3.2+0.09 (s.e.m)-fold (p<0.001)
increase in luciferase reporter gene activity under hyperosmotic conditions relative to isosmotic
controls (Fig. 2-2b). Iteratively narrowing this large region into successively shorter regions that
had an identical 3’ end but differed at the 5’ end did not result in any loss of hyperosmotic induction
of the reporter. These shortened constructs yielded 3.5+ 0.18(s.e.m)-fold (p<0.001, -718 to SC),
3.4+ 0.35(s.e.m)-fold (p<0.001, -257 to SC), 3.4+ 0.24(s.e.m)-fold (p<0.001, -108 to SC), and
3.7+0.30(s.e.m)-fold (p<0.001, -60 to SC) reporter gene transcriptional induction, respectively

(Fig. 2-2c). The shortest of these regions (559 bp) that is contained in all five constructs is
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composed of the core promoter, exon 1, and intron 1. These results suggest that the core promoter,

exon 1, and/ or intron 1 are responsible for induction of the GS gene during hyperosmolality.

Because introns have recently been shown to confer transcriptional enhancement of
several eukaryotic genes[63], the role of intron 1 for the hyperosmotic GS induction was
investigated further. First, intron 1 was excluded from all four shortened constructs to yield
constructs that contain fragments whose 3’ end coincided with the end of exon 1 (+131 bp
downstream of the transcription start site, TSS) (Fig. 2-3a). Removal of intron 1 completely
abolished the hyperosmotic induction of reporter activity for all four of these constructs (-718 to
+131, -257 to +131, -108 to +131, and -60 to +131) (Fig. 2-3b). This result demonstrates that intron
1 of GS is required for its hyperosmotic transcriptional induction. To test the hyperosmotic
induction of intron 1 in a more physiological context using the endogenous rather than a
heterologous core promoter we isolated the GS core promoter (GS-CP). For this purpose, a reporter
plasmid containing the GS-CP (-257 to +131) was constructed (Fig. 2-3a). The functional GS-CP
region (-257 to +131) was selected from four putative GS-CP regions because previous studies
have shown that for many genes the functional promoter spans from approximately 250 bp
upstream of the TSS to 100 bp downstream[64]. Deleting the region spanning -257 to -108 bp from
the GS-CP abolishes GS-CP activity. In addition, we have identified three downstream promoter
elements (DPEs) in the GS-CP by motif searching for the ‘RGWYVT’ consensus motif (Fig. 2-

3a).

Intron 1 contains a single, functional copy of OSRE1

Systematic bioinformatics searches of the entire intron 1 sequence for the occurrence of a
previously identified OSRE1 was performed by utilizing the OSREL-consensus

(DDKGGAAWWDWWYDNRB) and several specific OSRE1 sequences (incl. O. mossambicus
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IMPAL1.1-OSRE1: AGTGGAAAAATACTAAG) that yielded high hyperosmotic induction of
reporter activity in a previous study[22]. This approach enabled us to identify a single copy of
OSREL1-like sequence (AGTGGAAAAATACAAC) in intron 1 of GS. This GS-OSRE1 was 16 bp
long and almost identical (88%) to IMPAL.1-OSREL, harboring only one gap and a single

mismatch. GS-OSRE1 was localized on the reverse strand (Fig. 2-4a).

To verify whether GS-OSREL1 has functional activity as an enhancer element during
salinity stress, a series of luciferase reporter plasmids driven by the endogenous GS-CP were
constructed. Synthetic oligonucleotides harboring different numbers of copies of GS-OSRE1 were
used to validate its function as an osmoresponsive enhancer. Constructs containing either a single
copy or up to five copies of GS-OSRE1 were tested using dual luciferase reporter assays (Fig. 2-
4b). Each of these constructs conferred hyperosmotic induction of reporter activity. Moreover, the
extent of induction was proportional to the number of GS-OSRE1 copies. However, a single copy
yielded only a very small albeit significant degree of hyperosmotic induction 1.2+0.11(s.e.m)-fold
(p<0.01). In contrast, two copies (2.2+0.23(s.e.m)-fold, p<0.01), three copies (4.6+£0.86(s.e.m)-
fold, p<0.01), four copies (6.6+0.55(s.e.m)-fold, p<0.001), and five copies (7.6+0.40(s.e.m)-fold,
p<0.001) of GS-OSREL1 yielded much greater hyperosmotic induction (Fig. 2-4c). These data
demonstrate that GS-OSRE1 functions as an osmoresponsive CRE during hyperosmotic stress.
However, they also show that a single copy of GS-OSREL1 is insufficient to explain the 3.4 to 3.7-

fold hyperosmotic GS induction mediated by intron 1 (Fig. 2-2c).

After confirming the enhancer function of GS-OSREL we refined the consensus sequence
for OSREL1 by including the GS-OSRE1 sequence in the consensus. This inclusion resulted in a
change of the overall OSRE1 motif from DDKGGAAWWDWWYDNRB to

DDKGGAAWWDWWYNNRB (Fig. 2-5).
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Hyperosmotic induction of GS depends on the location of intron 1 and requires OSRE1

The dependence of hyperosmotic induction of GS on the location of intron 1 was
investigated to address whether OSRE1-containing intron 1 behaves as a conventional position-
independent enhancer. Unexpectedly, when intron 1 was positioned downstream of the GS-CP
(which represents its native genomic context) the hyperosmotic induction of reporter activity was
much lower than when it was trans-positioned upstream of the GS-CP (3.4-fold vs. 9.9-fold, Fig.
2-6a and 2-6b). This result shows that intron 1-mediated transcriptional regulation of GS during
salinity stress depends on the location of intron 1, which is atypical for conventional enhancers[65].
This atypical but pronounced position-dependency of intron 1 mediated enhancement represents a
potential mechanism for evolutionary tuning of enhancer responsiveness via trans-positioning

regulatory elements.

In addition to establishing the position-dependency of intron 1 enhancement (Fig. 2-6a
and 2-6b) and functionally validating OSRE1 (Fig. 2-4), we investigated whether GS-OSREL1 is
necessary for the enhancer function of intron 1. To test whether the presence of GS-OSREL1 is
essential for intron 1-mediated hyperosmotic transcriptional induction of GS the 16 bp OSRE1
sequence was deleted from intron 1. The rationale for this experiment was that, although a single
copy of GS-OSRE1 was insufficient to account for the hyperosmotic induction of the GS gene (Fig.
2-4c¢), it may still be required as an essential component triggering the formation an inducible
transcription factor complex. Two luciferase reporter plasmids with deletions of GS-OSRE1 were
constructed and tested for luciferase activity in OmB cells exposed to iso- and hyperosmotic media
(Supplementary Fig. 2-S3). One of these constructs harbored intron 1 downstream of the TSS in
its native context and the other contained intron 1 trans-positioned upstream of the TSS (Fig. 2-

6¢). Selectively deleting GS-OSRE1 (16 bp) from intron 1 completely abolished the hyperosmotic
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transcriptional induction conferred by intron 1, independent of the location of intron 1 (Fig. 2-6d).

This result demonstrates that GS-OSREL1 is necessary for the enhancer activity of GS intron 1.

Discussion

In this study, we discovered a novel molecular mechanism where intron 1 harboring an
osmoresponsive CRE (GS-OSREL1) positively regulates transcription of the tilapia GS under
hyperosmotic stress. Furthermore, we identified that intron 1-mediated hyperosmotic GS induction
requires the OSREL element and that its enhancer activity depends on the location of intron 1. The
molecular mechanism of intron 1 enhancement of GS transcription during hyperosmotic stress
differs from that of conventional context-inducible transcriptional enhancers, many of which have
been previously shown to function independent of orientation or distance (relative position) to the

TSS[66,67].

Euryhaline fish embrace a tolerance stage before osmoregulatory mechanisms have fully
adjusted to altered salinity, which makes them temporarily vulnerable to dysregulation of osmotic
homeostasis before adaptive mechanisms have been remodeled and can take effect[68]. Our group
and others have documented that tilapia induce organic osmolyte synthesis in multiple tissues
during salinity stress, which implies that plasma osmolality increases significantly under those
conditions[16,69,70]. OmB cells were exposed to 650 mOsmol/kg, which exceeds the plasma
osmolality increase documented in intact tilapia (450-550 mOsmo/kg, see introduction section).
However, 650 mOsmol/kg is still below the maximal osmotolerance of this cell line (735
mOsmol/kg) and mechanistic dissection of physiological mechanisms is best performed when the
corresponding mechanisms are robustly induced, even under slightly exaggerated conditions[70].
Moreover, cells and organisms have evolved a safety margin of physiological capacity in response

to demand that exceeds physiological conditions actually experienced by as much as ten-fold[71].

20



Previously, we analyzed the 5> RS of O. mossambicus IMPAL.1 and MIPS genes and
identified six osmotically responsive CREs with a common 17 bp consensus motif, which we
named OSRE1[22]. All of these OSRE1 elements were located between -232 and +56 bp relative
to the TSS in both genes. The first osmotically responsive enhancers were identified in mammalian
cell lines and named Tonicity responsive element (TonE)[72] and, alternatively, osmotic response
element (ORE)[73]. Bai et al. have also characterized a distinct osmotic-responsive element
(OsmoE) in a mouse kidney cell line and revealed its genomic locus to be further upstream (-808
to -791 bp relative to the TSS) in the NHE-2 gene encoding the Na*/H* exchanger-2[74]. In
addition to the discovery of OsmoE, this study also identified a TonE-like element far upstream (-
1201 to -1189 bp) in the same gene[74]. Therefore, our initial attempt to identify an osmotically
responsive CRE in the GS utilized the 3.4-kb region of 5’ RS spanning from —2825 to +526 bp.
Our tilapia study and these previous observations in mammalian model systems suggest (with rare
exceptions) that osmoresponsive CREs are located preferentially very close (within a few hundred
bp) to the TSS. This knowledge informs comparative studies and future searches for

osmoresponsive CREs in other genes and/or species.

With the discovery of functional OSREL in GS, IMPAL.1 and MIPS (see above), further
genes are deduced to be regulated via OSRE1. The production of compatible osmolytes represents
a common functional role of all three genes (GS, IMPAL.1, MIPS). Therefore, it is possible that
other genes with the same function are also regulated via OSREL. One possible candidate is the
aldose reductase gene (AR) which produces the organic osmolyte sorbitol and was shown to harbor
a TonE/ORE less than 1 kb upstream of the transcription start site in @ mammalian model[75].
Furthermore, the sodium- and chloride-dependent taurine transporter gene may be controlled by

OSRE1 as its mRNA increases with salinity in tilapia[76,77]. The taurine transporter promotes
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concentration of taurine, another compatible osmolyte, in cells exposed to hyperosmaotic stress[78].
Another OSREL candidate gene is glycine synthase, which increases during hyperosmotic stress
and promotes the production of glycine (a neutral amino acid) that can also function as a
compatible osmolyte[9]. However, in all of these cases it is not sufficient to find OSRE1 consensus

sequences near the promoter without experimentally validating them.

In addition to the role of hyperosmotically induced genes and cellular mechanisms of
osmoregulation, a variety of other endpoints has been documented at higher levels of biological
organization for euryhaline fish undergoing salinity adaptation. For example, physiological
differences in organ function and phenotypic differences of tissues have been detected in
osmoregulatory organs such as the gill, kidney, and intestine. Drinking rates and intestinal water
absorption are increased in parallel to salinity and the number and size of ionocytes in gill
epithelium of euryhaline fish increase during hyperosmotic stress[8]. Salinity adaptation at the
whole organism level also includes significant integrative effects of hormones such as growth
hormone (GH), insulin-like growth factor 1 (IGF-1), and cortisol to facilitate systemic integration

of salinity adaptation to hyperosmolality[79].

We elucidated that intron 1 in combination with the endogenous GS-CP mediates
transcriptional induction of the GS under salinity stress. Introns have been shown to boost gene
expression in numerous ways including by providing binding sites for transcription factors,
regulating the rate of transcription, promoting nuclear export, and stabilizing transcripts[63].
Several studies of plant species have identified a positive effect of introns on transcription or
mRNA accumulation in a constitutive rather than context-dependent manner[80]. Moreover, most
reported cases of intron-mediated transcriptional enhancement are stimulus-independent[81]. Only

a small number of studies has thus far investigated the stimulus-responsiveness of introns.
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However, some previous studies using different cell lines have shown that stimulus-dependent
transcriptional regulation of a variety of genes is mediated by intron 1[82,83]. For example, in a
human breast cancer cell model, intron 1 of the ERBB2 proto-oncogene (ERBB2) contains a 409
bp sequence that mediates ERBB2 transcriptional changes in response to oestrogens[82]. These
previous studies reporting stimulus-dependent intron 1 mediated enhancement are consistent with
our finding that intron 1 enhances GS transcription during hyperosmotic stress. Therefore, our
study provides evidence that introns, which have often been regarded as “junk DNA™ that is spliced
out during mMRNA processing, represent functional genomic targets for evolutionary adaptation to

environmental changes.

Our observation that the degree of hyperosmotic transcriptional GS induction mediated by
intron 1 is position-dependent suggests that the corresponding mechanism is distinct from typical
CRE-mediated enhancement. A position-dependent effect of an intronic enhancer was also
reported for intron 2 of the human beta-globin gene demonstrating that changes in the location of
intron 2 relative to the promoter alters transcriptional activity three-fold[67]. This result is very
similar to the three-fold change in transcriptional activity observed in our study when the location
of GS intron 1 was altered. Moreover, the position dependence of intron-mediated enhancement

(IME) has been well documented in plants[84].

In other cases reported for IME, however, intron 1 has been shown to act independent of
its location[85]. It is likely that sequence rearrangements around the TSS result in conformational
changes of the transcriptional machinery, which then affects transactivation efficiency[86].
Therefore, it is possible that intron 1 trans-positioning changes the structural conformation of the
transcriptional machinery in a way that increases transactivation. The location of intron 1 in a

position that does not maximally enhance transactivation suggests that evolution has favored
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moderate over strong transcriptional induction of GS during hyperosmolality. Otherwise,
transposition of the CRE elements included in intron 1 upstream of the TSS would have been
evolutionarily favored. Possible reasons for limiting the extent to which GS is induction during
hyperosmotic stress are as follows: Glutamine synthetase abundance during hyperosmotic stress
may represent a compromise between its ability to produce a compatible organic osmolyte
(glutamine) on the one hand and its consumption of energy (ATP) on the other hand. In most
organisms including fish, glutamine synthetase is an essential enzyme that mediates bidirectional
biochemical reactions, ammonia assimilation and glutamine biosynthesis[87]. Thus, a moderate
increase of glutamine synthetase abundance during hyperosmotic stress may be evolutionarily

favored as the most cost-effective strategy during salinity stress.

This study demonstrates that the GS-OSREL element in intron 1 is essential for
transcriptional induction during hyperosmotic stress. We interpret these results as evidence that
the OSRE1 element serves as a critical binding site for a hyperosmolality-inducible transcription
factor. The prime candidate transcription factor for activating OSRE1 during hyperosmotic stress
is nuclear factor of activated T cells (NFAT5). Mammalian NFATS is a fundamental regulator of
the cellular response to osmotic stress in mammals. It binds to the TonE/ORE enhancer[88,89].
Since TonE/ORE and OSREL1 share a common core motif (TGGAAAA), tilapia NFATS5 has high
potential for binding to OSREL and controlling its enhancer activity during hyperosmolality.
NFATS also contributes to osmosensory or osmoregulatory mechanism in fish but its precise role
and whether it binds to OSREL is still unclear[90,91]. Another candidate of an OSRE1 binding
protein is the tilapia homolog of transcription factor 11 B (TFIIB). Tilapia TFIIB mRNA is induced
rapidly and transiently within a short period of exposure of fish to salinity stress (4-fold within 2

h) whereas other stressors (oxidative stress and heat stress) did not trigger its induction[92].
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Mammalian TFIIB is known to bind to a specific DNA sequence (B recognition element, BRE:
SSRCGCC) to promote transcription of a gene by stabilizing the general transcriptional machinery.
Thus, TFIIB is less likely to interact with OSREL directly but rather might be involved in
stabilization of a multi-protein enhancer complex[93]. However, no sequence that resembles the
mammalian BRE element is present in the proximal promoter region of GS suggesting that the
homologous tilapia sequence diverges significantly from that of mammals, occurs in a region that
is more distant from the GS core promoter or is not involved in the osmotic regulation of the GS
gene. In accordance with the hypothetical existence of several candidate osmoresponsive
transcription factors, our results suggest that a combination of inducible transcription factors is
necessary for promoting transcriptional enhancement since a single copy of GS-OSREL1 outside its
native intron 1 sequence context was inefficient for enhancing transactivation. We conclude that
other, yet to be identified CREs, are present in intron 1 that interact with OSRE1 to result in
transcriptional enhancement. Such combinatorial interactions between different CREs and
corresponding transcription factors are common[94]. One important focus of future research will

be to characterize such complexes and their interactions.

In conclusion, GS intron 1 was revealed to contain a single OSRE1 (GS-OSREL1) and to
enhance transcriptional induction of GS in a tilapia (O. mossambicus) cell line exposed to
hyperosmolality. The mechanism for this transcriptional enhancement of GS expression during
hyperosmolality has two characteristics: 1. Its extent is dependent on the location of intron 1
relative to the TSS, 2. It requires GS-OSREL1 for intron 1 enhancer function. Furthermore, our data
strongly suggest that the previously identified osmoresponsive CRE OSREL consensus sequence
can be used for bioinformatics screening approaches that identify candidate OSRE1 sequences on

a genome-wide bases[95]. Identification of the transcription factor(s) that bind to GS-OSREL1 and
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potential other osmoresponsive CRES in intron 1 represents an intriguing future task to understand

the process by which osmotic stress signals are perceived and transduced to regulate the expression

of genes that compensate for salinity stress in euryhaline fish.
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Figure 2-1. Targeted DIA-MS/Skyline protein quantitation of glutamine synthetase protein (GS,
XP_003444352.1) in cells grown in four different medium conditions: isosmotic (315 mOsmol/kg),
hyperosmotic (650 mOsmol/kg), isosmotic+10uM actinomycin D, hyperosmotic+10uM
actinomycin D. Data for one of the four quantified peptides, QQYMSLPQGEK, is shown. Each

treatment consisted of five biological replicates (from left to right).
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Partial regulatory genomic landscape of glutamine synthetase of O.mossambicus
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Figure 2-2. Narrowing of the osmotically regulated genomic region of the GS gene. (a) 3.4-kb
long 5’-flanking genomic region and the 5’-UTR (including exon 1 and intron 1) of the O.
mossambicus GS gene is illustrated. Numbers at the top indicate the genomic position relative to
the transcription start site (TSS). The bars with arrows on both sides indicate the first set of
genomic regions analyzed for hyperosmotic induction of reporter activity. The SC primer contains
an Ncol restriction site at the translation start codon (SC); (b and c) Fold-change in luciferase
reporter activity induced by hyperosmolality relative to isosmotic controls ((b) for the region -
2825 to SC and (c) for successively shorter regions is shown). Normalized F/R ratio expresses
inducible Firefly luciferase activity versus constitutive Renilla luciferase activity. This ratio was
measured for both isosmotic (315 mOsmol/kg) and hyperosmotic (650 mOsmol/kg) conditions
and normalized by setting isosmotic controls to one. The number of asterisks indicates the
statistical significance of the hyperosmotic induction (p<0.001: ***, p<0.01: **, p<0.05: *, ns: not

significantly different).
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Emphasized regulatory region of glutamine synthelase of O.mossambicus
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Figure 2-3. Identification of intron 1 as the genomic region necessary for hyperosmotic GS
induction. (a) The genomic sequences used for reporter assays are shown. The Ex1 3’ primer
contains a Ncol restriction site at the 3’ end of exon 1. The grey bars indicate constructs that
exclude intron 1 from the original constructs tested in Fig. 2(black bars). The light green bar
presents the functional GS core promoter that is used for constructing the backbone reporter vector
GS-CP+4.23. Three purple bars in the light green bar indicate downstream promoter elements
(DPEs) that match to ‘RGWYVT’ motif. (b) Hyperosmotic induction of reporter activity is
completely abolished when intron 1 is excluded from the luciferase constructs. The normalized
F/R ratio expresses inducible Firefly luciferase activity versus constitutive Renilla luciferase
activity. This ratio was measured for both isosmotic (315 mOsmol/kg) and hyperosmotic (650
mOsmol/kg) conditions and normalized by setting isosmotic controls to one. The number of
asterisks indicates the statistical significance of the hyperosmotic induction (p<0.001: *** p<0.01:
** p<0.05: *, ns: not significantly different). Figure layout and abbreviations are as outlined in
Fig. 2.2.
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Figure 2-4. Identification of an osmoresponsive element (OSREL1) in intron 1 of GS. (a) Pairwise
alignment of the GS intron 1 sequence against the 17 bp IMPAL1.1-OSRE1 sequence yielded a
match with 15 identical bases and 88.2 % of pairwise identity (one gap, one mismatch), which is
referred to as GS-OSREL. (b) Reporter constructs containing different copy number of GS-OSRE1
are depicted. (c) GS-OSREL1 represents an inducible enhancer whose transcriptional potency is
proportional to copy number. (cp = copy, cps = copies). The normalized F/R ratio expresses
inducible Firefly luciferase activity versus constitutive Renilla luciferase activity. This ratio was
measured for both isosmotic (315 mOsmol/kg) and hyperosmotic (650 mOsmol/kg) conditions
and normalized by setting isosmotic controls to one. The number of asterisks indicates the

statistical significance of the hyperosmotic induction (p<0.001: ***, p<0.01: **, p<0.05: *, ns: not

significantly different).
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Figure 2-5. Refinement of osmolality/salinity-responsive enhancer 1 (OSRE1) consensus

sequence. A multiple sequence alignment of GS-OSRE1 with previously identified OSRE1 motifs
in IMPAL.1 and MIPS genes[22] is shown. This alignment yields the refined consensus sequence
DDKGGAAWWDWWYNNRB.
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Figure 2-6. Two characteristics of the mechanism for hyperosmotic induction of GS by intron 1.
(a) The genomic position of intron 1 was changed from downstream (native context) to upstream
(trans-positioned) relative to the transcription start site (TSS). The light green bars indicate the GS
core promoter (GS-CP). The light blue color indicates the GS-OSRE1 element. (b) The
corresponding reporter gene activity results are illustrated in (a). (c, d) The effect of selective
deletion of GS-OSRE1 from intron 1 (Intron 1 A GS-OSRE1) on reporter activity is shown. All
reporter assays were carried out with reporter plasmid containing the GS-CP. Normalized F/R ratio
expresses inducible Firefly luciferase activity versus constitutive Renilla luciferase activity. This
ratio was measured for both isosmotic (315 mOsmol/kg) and hyperosmotic (650 mOsmol/kg)
conditions and normalized by setting isosmotic controls to one. The number of asterisks indicates
the statistical significance of the hyperosmotic induction (p<0.001: ***, p<0.01: **, p<0.05: *, ns:

not significantly different).
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Figure 2-S1. Additional targeted SWATH-MS/Skyline protein quantitation data of GS protein in
cells grown in four different medium conditions (Dosing: isosmotic (315 mOsmol/kg),
hyperosmotic (650 mOsmol/kg), isosmotic+ 10uM actinomycin D, hyperosmotic+10uM
actinomycin D). Two different peptides of glutamine synthetase (EEGEEPANYSK,
RPSANCDPYAVTEALVR) are shown with five biological replicates for each dosing condition.

oo
ot

00§
o'l
2, dnu

4139 2639

Ligation 4000

Figure 2-S2. Plasmid map of the initial luciferase reporter construct consisting of pGL4.23 vector
(blue) and an insert representing the 3.4-kb 5’ regulatory sequence (RS) of GS (orange, -2825 to
+499). The 3’ end of the insert (+499) represents the start codon (SC). Exon 1, a truncated Exon 2

(dark grey), intron 1 (green) of GS and the luciferase reporter gene (yellow) are indicated.
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Figure 2-S3. The representative sequencing result from the reporter constructs showing a

successful selective deletion of GS-OSREL1 from intron 1.

GS-OSRE1: GTTGTATTTTTCCACT

Forward primer sequence

Reverse primer sequence

CCCCCGAGCTCCATGCATGCATG
CTGTGTTGTATTTTTCCACTTGCA
TGCATG

CCCCCAAGCTTAGCTCGGCATG
CATGCATGC AAGTGGAA

CCCCCGAGCTCCGTTGTATTTTT
CCACTACTGGTTGTATTTTITCC

CCCCCAAGCTTAGCTCGAGTGG
AAAAATACA ACCAGTAGTGG

Number . .
of copy Whole oligonucleotide sequence (bp length)
CCCCCGAGCTCCATGCATGCATGCTGTGTTGTATTTTTCCACTTGCATGC
1 ATGCATGCCGAGCTAAGCTTGGGGG (75 bp)
CCCCCGAGCTCCGTTGTATTTTTCCACTACTGGTTGTATTTTTCCACTCGA
2 GCTAAGCTTGGGGG (65 bp)
CCCCCGAGCTCTGTGTTGTATTTTTCCACTTGCACTGTGTGTTGTATTTTT
3 CCACTTGCACTGTGTGTTGTATTTTTCCACTTGCAAGCTTGGGGG (96 bp)

CCCCCGAGCTCTGTGTTGTATTT
TTCCACTTGCACTGTGTGTTGTAT
TTTTCCAC

CCCCCAAGCTTGCAAGTGGAAA
AATACAACCACAGTGCAAGTGG
AAAAATACAACACAC

CCCCCGAGCTCTGTGTTGTATTTTTCCACTTGCACTGTGTGTTGTATTTTT
4 CCACTTGCCGAGCTTGTGTTGTATTTTTCCACTTGCACTGTGTGTTGTATT
TTTCCACTTGCAAGCTTGGGGG (124 bp)

Genestrands synthesis (Eurofins Genomics)

CCCCCGAGCTCTGTGTTGTATTTTTCCACTTGCACTGTGTGTTGTATTTTT
B CCACTTGCACTGTGTGTTGTATTTTTCCACTTGCACTGTGTGTTGTATTTTT
CCACTTGCACTGTGTGTTGTATTTTTCCACTTGCAAGCTTGGGGG (148 bp)

Genestrands synthesis (Eurofins Genomics)

Table 2-S1. Synthetic oligonucleotide sequences containing different number of copies of GS-

OSRE1 (Sacl and Hindlll restriction sites also included) and the corresponding Forward &

Reverse primers sequences for their amplification. Red and black color variation separates multiple

GS-OSRE1 copies.
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CHAPTER 3

Prediction and Experimental Validation of a New Salinity-Responsive Cis-Regulatory

Element (CRE) in a Tilapia Cell Line

First-author published article, Life, 2022, DOI: 10.3390/1ife12060787

Abstract

Transcriptional regulation is a major mechanism by which organisms integrate gene x environment
interactions. It can be achieved by coordinated interplay between cis-regulatory elements (CRES)
and transcription factors (TFs). Euryhaline tilapia (Oreochromis mossambicus) tolerate a wide
range of salinity and thus are an appropriate model to examine transcriptional regulatory
mechanisms during salinity stress in fish. Quantitative proteomics in combination with the
transcription inhibitor actinomycin D revealed 19 proteins that are transcriptionally upregulated
by hyperosmolality in tilapia brain (OmB) cells. We searched the extended proximal promoter up
to intronl of each corresponding gene for common motifs using motif discovery tools. The top-
ranked motif identified (STREMEL) represents a binding site for the Forkhead box TF L1 (FoxL1).
STREMEL function during hyperosmolality was experimentally validated by choosing two of the
19 genes, chloride intracellular channel 2 (clic2) and uridine phosphorylase 1 (uppl), that are
enriched in STREMELX in their extended promoters. Transcriptional induction of these genes
during hyperosmolality requires STREMEL, as evidenced by motif mutagenesis. We conclude that
STREMEL represents a new functional CRE that contributes to gene x environment interactions
during salinity stress in tilapia. Moreover, our results indicate that FoxL1 family TFs are contribute

to hyperosmotic induction of genes in euryhaline fish.
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Introduction

A major challenge of biology is understanding the mechanisms that govern gene x
environment interactions and the phenotypic diversity of organisms. Studies of physiological and
biochemical ecology aimed at understanding and explaining how organisms adapt to
environmental change and stress currently rely heavily on correlations of phenotypes with
particular single nucleotide polymorphisms (SNPs) or other sequence variation and
transcriptomics[96]. However, multiple levels of biological organization and regulation are
interspersed between the genome and complex phenotypes with transcriptional regulation of gene
expression being only one of many mechanisms by which changes in transcriptomes, proteomes,
and complex cellular and organismal phenotypes are achieved[97].

One mechanism by which organisms respond to environmental signals (e.g., temperature
changes, salinity fluctuations, etc.) is by regulating gene expression[98,99]. Transcriptional
regulation of specific gene(s) is a fundamental regulatory process for controlling gene
expression[18]. Understanding transcriptional regulation is thus critical for elucidating how
molecular mechanisms shape the phenotypic changes of organisms in response to environmental
stress[100]. Transcriptional regulation is based on the interaction of cis-regulatory elements (CRES)
that control the transcription of associated genes and transcription factors (TFs) that recognize and
bind to CREs to influence transcription of those genes[101]. Harmonious interactions (binding

events) between those two components in response to environmental stimuli are known to govern
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gene expression in an organized manner[25,102,103]. Despite much attention and interest in
environmental control of gene expression and many studies documenting elaborate changes of
transcriptomes in response to environmental stresses, little is known about the molecular
mechanisms that control transcriptional regulation in stress tolerant (eurytopic) organisms exposed
to environmental stress.

Mozambique tilapia (Oreochromis mossambicus) are eurytopic fish that are highly tolerant
to many environmental stresses, including large salinity changes. Gene expression patterns of
tilapia have been correlated with various phenotypic characteristics that are important for
aquaculture, e.g., muscle growth and meat quality[104,105]. Another important trait for tilapia
aquaculture is environmental resilience. Several tilapia species, including O. mossambicus, have
undergone a remarkable adaptive evolution to cope with large salinity fluctuations in their
environment. O. mossambicus is able to tolerate salinities from 0 to 120 g/kg and plasma
osmolality changes ranging from 305 to 800 mOsmol/kg[106]. This astonishing phenotypic
plasticity renders Mozambique tilapia an excellent model for investigating the underlying
molecular mechanisms that orchestrate the control of gene expression during hyperosmotic salinity
stress.

The influence of salinity on gene expression patterns in tilapia has been investigated,
complemented by studies of other systems-level, holistic molecular phenotypes, notably
metabolomes and proteomes[107-109]. These systems-level studies have revealed that salinity
stress has very pronounced effects on transcriptomes and proteomes, causing significant changes
in hundreds of gene products. Although these studies have correlated many gene products with
salinity stress in tilapia and other euryhaline fish, the regulatory mechanisms that are causal for

such changes are mostly elusive. Few studies have identified the mechanism of regulation of
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transcripts and proteins, i.e., whether regulation takes place at the level of transcription (gene
expression), posttranscriptional mMRNA abundance regulation, translational regulation, or protein
turnover. We have previously demonstrated that gene expression control by a specific novel CRE,
the osmotic/salinity response element 1 (OSREL), is largely responsible for the hyperosmotic
upregulation of several osmoregulated proteins[22,110].

Approaches for identifying and experimentally validating regulatory sequences, such as
CREs of a particular gene that mediate a response to environmental stress (e.g., temperature and
salinity), have been mostly used for relatively few model species[46,111]. They require robust
genomic resources and are laborious and technically challenging. However, as more genomic
sequence information and effective computational tools have become available for a greater
diversity and number of species, genome-wide comparative approaches for identifying potential
regulatory sequences such as CREs have become more powerful and are now commonly used for
yeast, certain plants, and mammalian models[103,112-114]. The combination of computational
prediction and experimental validation represents a powerful tool for elucidating the mechanisms
that underlie changes in gene expression in response to environmental or developmental cues and
for establishing causality between changes in certain transcript and protein abundances and
environmentally controlled signaling networks[44,115]. Recently, such approaches have been
used to delineate transcriptional networks in zebrafish (Danio rerio) and understand genetic
networks that control the physiological adaptation of fish[116,117]. In one study, differentially
expressed genes of zebrafish exposed to low temperature were analyzed for enriched CREs using
a motif discovery program, and subsequent experimental validation of the identified motifs
revealed cis- and trans- elements (CREs and TFs) that control gene expression during cold

stress[116]. In another study, tilapia (Oreochromis niloticus) and zebrafish were compared to
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decipher divergent aspects of cold stress responses by identifying TF binding sites in extended
promoter region of genes with species-specific regulation during cold stress. This approach was
complemented by experimental validation and yielded a genetic network of cold stress responses
in different fish species[117].

In this study, a similar comparative bioinformatics approach was used to identify a novel
CRE and corresponding TF candidate, and then experimentally validate the functionality of the

candidate CRE during hyperosmotic stress.

Materials and Methods
Hyperosmotic Stress Challenge and Actinomycin D Treatment
The O. mossambicus brain (OmB) cell line was subjected to all hyperosmotic stress

challenges. L-15 medium containing 5% (vol/vol) fetal bovine serum (FBS) and 1% (vol/vol)

penicillin-streptomycin at 26 °C was used to grow OmB cells at 2% CO2 as previously

described[22,110]. Using a large supply of OmB cell superstock (passage 15; P15), all
experiments were conducted on OmB cells between P20 and P27. OmB cells were passaged
every 3—4 days using a 1:5 splitting ratio and exposed to hyperosmotic medium (osmolality: 650
mOsmol/kg) during hyperosmotic stress challenge. The hyperosmotic medium was made by
adding an appropriate volume of hyperosmotic stock solution (osmolality: 2820 mOsmol/Kkg) to
isosmotic L15 medium (osmolality: of 315 mOsmol/kg). An appropriate amount of NaCl was
added to isosmotic L-15 medium to prepare the hyperosmotic stock solution. Medium osmolality
was measured by freezing point micro-osmometer (Advanced Instruments). All exposures were
performed by acutely increasing medium osmolality from 315 to 650 mOsmol/kg for 24 h.

Parallel handling controls were subjected to medium change without increasing the medium
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osmolality. Actinomycin D, a widely-used transcription initiation inhibitor[118,119], was added
at a concentration of 10 UM to a subset of hyperosmotically challenged OmB cells and isosmotic
controls to analyze the contribution of transcriptional regulation in the hyperosmotic
upregulation of protein.
Quantitative Proteomics

Sample preparation and in-solution trypsin digestion were performed as previously
described[120]. A DIA-LCMS2 approach was used to ensure highly accurate relative quantitation
of many proteins. DIA was invented in 2012[121,122] and avoids undersampling of peaks and
inconsistent peak picking. DIA-LCMS?2 is also known under the acronym sequentially windowed
acquisition of all theoretically possible MS spectra (SWATH)-MS[123,124] and represents a
merger of targeted MS approaches such as selected reaction monitoring (SRM) and non-targeted
MS2 spectra acquisition[125]. DIA targeting of specific transitions, precursors, peptides, and
proteins is performed post-acquisition by interrogating all MS2 spectra present in a sample against
a previously validated DIA assay library. Using a previously published procedure[120], we have
generated a high quality DIA assay (MS2 spectral) library for O. mossambicus OmB cells which
includes 3043 unique proteins meeting stringent quality control (QC) criteria and consisting of
non-redundant diagnostic peptides (Figure 3-S1). DIA data were acquired as previously
described[126] and analyzed with Skyline[61], mProphet[127], MSstats[128]. They were
deposited and are publicly accessible at PanoramaPublic[62] and ProteomeXchange[129] (see
Data Availability Statement). The following parameters were used for MSstats analysis of
guantitative DIA data: normalization method = equalize medians, confidence interval = 95%,

scope = protein, summary method = Tukey’s median polish, mProphet Q value cutoff = 0.05.
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Motif Discovery and Refinement

Motif-based sequence analyses were performed using the MEME bioinformatics suite[23].
Specifically, three MEME suite analysis tools were used: STREME[130], TOMTOM][131], and
FIMO[132]. Common motifs in a set of the regulatory sequences were searched for using
STREME, a motif discovery tool that identifies motifs, which are enriched in the input sequences
(regulatory sequences from 19 transcriptionally osmoregulated tilapia genes). STREME compares
the input sequences to a control dataset that is generated by shuffling each of the input sequences.
Approximately 5 kb representing the extended promoters up to intron 1 were extracted in FASTA
format for each of the 19 genes using the genome database of O. niloticus (isolate F11D_XX
linkage groupS, O_niloticus UMD_NMBU, whole genome shotgun sequence, NCBI). STREME
was carried out on these 19 regulatory sequences using default parameters, except the range was
set to between 8 and 18 bp to capture pertinent potential transcription factor binding sites according
to the typical length range of binding sites for TFs[133,134]. To estimate false discovery rate,
STREME processes both the input sequences and an equally large decoy set consisting of their
reverse complements. This approach permits the use of Fisher’s exact test as a statistical test for
assessing statistical significance of motif enrichment. Significant STREME motifs identified with
this approach were then evaluated with the TOMTOM motif comparison tool to compare these
motifs with known TF binding sites (CREs). In the TOMTOM approach, to sequences were
aligned to curated eukaryotic DNA-JASPAR, vertebrate, and UniPROBE mouse databases of
known CREs with a p-value cut-off of 5e-3 and sequence divergence cutoff of fewer than 2 bases.
FIMO was subsequently run to scan and annotate all occurrences of TOMTOM-annotated motifs
in each regulatory region of the 19 hyperosmotically induced genes. The FIMO tool converts each

input motif into a log-odds position specific scoring matrix (PSSM) and uses each PSSM to
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independently scan each input sequence. All positions in each sequence that match a motif with a
statistically significant log-odds score are then reported. The g-value is similar to a p-value but
corrected for multiple testing, and a g-value of 0.01 or less was used as the threshold for statistical
significance using FIMO.
Cloning

Genomic DNA used for PCR amplification was extracted from OmB cells using the
PureLink Genomic DNA mini kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
PCR primers were designed using Geneious Prime 2022.0.1 (Biomatters,
https://www.geneious.com) with the O. niloticus genomic sequences of chloride intracellular
channel 2 (NCBI Gene ID # 100694858) and uridine phosphorylase 1 (NCBI Gene ID #
100690403) as templates. A CCCCC spacer followed by a restriction enzyme recognition site was
added to the 5’ end of each PCR primer. The restriction enzymes Kpnl and Ncol (New England
Biolabs, Ipswich, Massachusetts, USA) were used to clone PCR amplicons representing extended
proximal promoters up to intron 1 of each gene into pBS_EGFP expression vector. Q5 high-fidelity
DNA polymerase (New England Biolabs, Ipswich, Massachusetts, USA) and GoTaq Green Master
Mix (Promega, Madison, Wisconsin, USA) were used to amplify DNA fragments after confirming
single-band PCR amplicons on regular DNA agarose gels. PCR was carried out as follows: initial
denaturation at 95 °C for 3 min followed by 35 cycles of 95 °C for 30 s, annealing: 50-60° for 30
s, elongation: 72 °C for 0.5-1 min and 72 °C for 15 min. Annealing temperature and extension
time were adjusted according to the chemical features of the primers (e.g., Tm) and the lengths of
amplicons. PCR amplicons were checked by agarose gel electrophoresis and subsequently purified
using the PureLink PCR Purification Kit (Thermo Fisher Scientific) if a single band was detected.

In cases where multiple bands were visible on an agarose gel, a specific band with the expected
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size was gel-extracted using the QlAquick Gel Extraction Kit (Qiagen, Hilden, Germany). Specific
primers were designed to clone the parts harboring predicted motifs within proximal regulatory
sequences of each gene. Primer pairs were generated to be compatible with Kpnl and Ncol sites in
the acceptor expression vector (clic2 5’Kpnl, clic2 3’Ncol, uppl 5’Kpnl, uppl 3’Ncol, the
corresponding primer sequences are listed in table 3-S1).

PCR amplicons and pBS_EGFP vector were double digested with Kpnl and Ncol
restriction enzymes. Restriction enzyme digestion reactions were prepared as follows: 10 pL
reaction buffer (rCutSmartBuffer™ and NEBuffer™ r1.1), 2 uL (10 U/uL) of each restriction
enzyme, 0.5-2 pg of purified PCR amplicons (or pBS _EGFP vector), and nuclease-free HO were
added to 100 pL. After overnight incubation at 37 °C to ensure complete digestion, reactions were
stopped by heating at 80 °C for 20 min. Digested PCR amplicon inserts and vectors were purified
using the PureLink Quick PCR Purification Kit (Thermo Fisher Scientific) and subsequently
ligated to produce desired recombinant constructs for experimental validation using T4 DNA
ligase (Thermo Fisher Scientific). Ligation reactions were prepared as follows: 50 ng of vector,
10-20 ng of insert (1:5 molar ratio), 2 uL of ligase buffer, 1 pL of T4 ligase (1 U/uL) and nuclease-
free H20 added to 20 pL. Ligation reactions were incubated in a thermocycler (Mastercycler,
Eppendorf) at 25 °C for 5 h. The ligation products were transformed into 10-beta-competent E.
coli (New England Biolabs) as previously described[110]. After transformation, an appropriate
amount of the bacterial solution was spread onto a prewarmed (37 °C) LB-ampicillin plate. The
plate was used for single colony picking and subsequent colony PCR to check for the presence of
intended PCR amplicon inserts.

Colony PCR was performed by heating tubes containing a single bacterial clone picked

from the plates at 95 °C for 15 min and quick centrifugation, and resulting supernatants were used
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as a template. The supernatant (3 pL) was mixed with forward (M13 Forward) and reverse primers
(GFP_R5) that flank the corresponding PCR amplicon insert (Table 3-S1). Colony PCR
thermocycler conditions were the same as described above and amplicons were confirmed by
agarose gel electrophoresis. Colonies that harbored an insert of the expected size were chosen for
bacterial cell cultures followed by plasmid purification. Each bacterial colony was inoculated into
liquid LB medium and grown for 18-20 h to obtain a sufficient amount of plasmid. Liquid cultures
were harvested and purified according to manufacturer’s protocol using endotoxin-free PureLink
Quick Plasmid Miniprep Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Insert
sequences in purified DNA constructs were verified by Sanger sequencing with M13_Forward and
GFP_R5 primers at the University of California, Davis DNA Sequencing Facility.
Site-Directed Motif Mutagenesis

“Overlap Extension PCR” was used to mutate candidate motifs identified in regulatory
regions of the tilapia clic2 and uppl genes. Two or three independent PCR amplifications were
performed using the extended PCR primers containing nucleotide replacements for introducing
nonfunctional motifs and complementary sequences for stable binding into sequence fragments.
PCR amplicons representing fragments of the overall sequence were then then used as PCR
templates (1 uL of each PCR amplicon) and subsequently stitched together using PCR with the
outermost primers to obtain a single intermediate PCR amplicon. The final amplifications of the
entire 1 kb long regulatory regions containing the mutated motifs of clic2 and uppl were then
performed using the same PCR primers as those used for amplification of the corresponding
wildtype sequences (Table 3-S1). The sequences for all mutagenesis constructs for clic2 and uppl
were confirmed by Sanger sequencing after each plasmid was miniprepped as described above

(Figure 3-S1).
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Quantitative Fluorescent Reporter Assay

To perform quantitative fluorescent reporter assays, tilapia OmB cells were seeded in six-
well plates (Corning, Glendale, Arizona, USA) and transiently transfected at 80 % confluency with
four different enhanced green fluorescent protein (GFP) expression vectors containing regulatory
regions of clic2 (wildtype and mutant) and uppl (wildtype and mutant). After 24 h, the transfected
cells were dosed either with hyperosmotic (650 mOsmol/kg) or isosmotic (315 mOsmol/kg)
medium for 24 h. For GFP quantification, a Dmi8 fluorescence microscope (Leica) was used to
capture fluorescence micrographs of OmB cells cotransfected with one of the GFP-expression
vectors and a control vector containing red fluorescent protein (RFP) that was used for
normalization. Instead of capturing a random single fluorescence image of part of the each well, a
complete tile scan of the well was performed to quantify fluorescence in the entire well for all
conditions using the Dmi8 automatic stage microscope (Leica, Wetzlar, Germany) and Leica
Application Suite X (LAS X) software. Tile scanning of each well was carried out to detect GFP
and RFP signals from the designated part of each well. Intensity sum values were used to calculate
the relative GFP/RFP intensity ratio. Five independent biological replicates (individual wells) were

used to enable testing for statistical significance of treatment effects on GFP/RFP intensity ratio.

Results
Transcriptional Regulation Is Required for Upregulation of Proteins in OmB Cells Exposed
to Hyperosmotic Stress

Increases in protein abundances of Mozambique tilapia OmB cells exposed for 24 h to
hyperosmolality (650 mOsmol/kg) compared to isosmotic controls (315 mOsmol/kg) were

calculated based on DIA data using Skyline and MSstats and visualized using volcano plots.
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Remarkably, the upregulation of all statistically significant proteins (multiple testing correct p <
0.05 and fold-change >2) was abolished when transcription was inhibited by the inclusion of 10
1M actinomycin D in the medium (Figure 3-1). This result confirms transcriptional regulation as
a predominant mechanism underlying the upregulation of proteins during hyperosmotic stress.
Nineteen hyperosmotically upregulated proteins whose upregulation was completely abolished by
transcription inhibition were chosen to serve as a basis for identifying common motifs in their
regulatory sequences. These proteins are indicated as red triangles in Figure 3-1. Inositol-
monophosphatase (XP_005449080.1) was not included in this set even though it showed the same
pattern of regulation (blue diamond in Figure 3-1) because the extent of upregulation was more
than an order of magnitude greater than for the other proteins and we had previously analyzed the
regulation of this protein and its corresponding gene in depth[22]. Interestingly, one of the 19
proteins selected for motif searching (ferritin, heavy subunit, XP_003445743.1) was significantly
downregulated in the presence of actinomycin D, suggesting that it may be subject to very rapid
turnover in OmB cells exposed to hyperosmolality.
Discovery of Putative CRE Motifs That Mediate Hyperosmotic Induction of Tilapia Genes
Regulatory sequences (extended promoter up to intron 1) of the 19 genes that showed
transcriptional upregulation of corresponding proteins during hyperosmotic stress were obtained
by searching the NCBI genome database for O. niloticus. Geneious prime 2022.0.1 (Biomatters)
was used to extract and visualize approximately 5 kb of each of these 19 regulatory sequences
(Figure 3-2). The criteria by which the regulatory sequences of each gene were selected from the
downloaded NCBI sequence database were as follows: 1. Trim up to 5 kb long upstream regulatory
region relative to transcription start site (TSS); 2. If the upstream regulatory region is overlapped

with another gene body nearby, trim up to that point of the overlap; 3. 5° untranslated regions
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(UTRs) were included (such as exon 1 and intron 1). The last criterion we adopted in this study
was to rationalize according to our previous publications elucidating where CREs (in particular,
osmotically responsive CRES) are located. We previously identified seven osmotically responsive
CREs (OSRETI) that were localized between —232 and +56 relative to the TSS and intron 1 in
several osmotically regulated genes [22,110]. Thus, emphasis was placed on including this region
for each of the 19 genes.

STREME analysis was performed on the 19 regulatory sequences to find putative
hyperosmolality-responsive motifs that are enriched in the set of the regulatory sequences (Figure
3-3). STREME analysis yielded five motifs. For each of the resulting STREME motifs (STREMEL1
to STREMEDS), detailed information (e.g., logo, motif sequence, score) is shown in Figure 3-3.
These five discovered motifs were then subjected to TOMTOM motif comparison analysis to see
if any motif discovered by STREME resembles a previously known TF binding site (Figure 3-3).
TOMTOM compares motifs against publicly known TF binding motif databases (e.g., JASPAR)
and ranks the motifs in the database to produce an alignment for each significant match. This
analysis revealed that STREME1 and STREME?2 best match to the Forkhead box protein L1
secondary motif (FoxL1_2nd) and metal response element binding transcription factor 1 secondary
motif (Mtfl_2nd), respectively. The other three motifs (STREME3, STREME4, and STREMEDS),
however, yielded no statistically significant match with the cutoff values of p-value < 0.001 and
g-value < 0.05 (Figure 3-3), indicating that these motifs are perhaps distinct in tilapia compared to
the organisms included in the databases used by TOMTOM. Nevertheless, the TOMTOM-driven
refinement process allowed prediction of putative transcription factors for two of the five

discovered motifs (STREME1 and STREMEZ2).
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Annotating STREML1 Hit Localization on the 19 Regulatory Sequences and Selecting for
Candidate Gene Regulatory Regions to be Experimentally Tested

We chose to focus on the most highly significant motif, STREMEL, for further analyses
based on the results generated by STREME and TOMTOM. Next, we investigated STREMEL by
performing FIMO analysis to scan all 19 regulatory sequences for occurrences of the STREME1
motif. This analysis revealed multiple occurrences in each sequence in total (342), 51 of which
were statistically significant at p-value < 0.0001 and g-value < 0.01 (Figure 3-4). A complete list
of the location of all motifs in each sequence is provided in Supplementary Materials (Table 3-S2).

Due to the highest probability of STREMEL1 being a functional motif predicted by motif
screening, significant occurrences of this motif detected by FIMO were annotated on each of the
19 regulatory sequences to visualize their genomic localization using Geneious Prime software
(Figure 3-5). Then, we examined the regions including 1 kb upstream relative to TSS and 5> UTR
regions (including exon 1 and intron 1) to determine any enrichment pattern of the STREMEL1
motif in this region. The rationale for first focusing on this region was that proximal promoters,
noncoding exon 1, and intron 1 were previously shown to harbor osmoresponsive CRES, which
facilitate transcriptional induction during hyperosmolality[22,110]. Chloride intracellular channel
2 (clic2) and uridine phosphorylase 1 (uppl) each had three significant occurrences of the
STREMEL motif in this region and were selected for experimental validation of the functionality
of this motif during hyperosmotic stress. Since we used the genomic sequence of O. niloticus, but
OmB cells were derived from O. mossambicus, these sequences were cloned and re-sequenced
from O. mossambicus genomic DNA. As expected (the two species are very similar, forming fully
functional and fertile hybrids in nature[135,136]), the pairwise identity between O. mossambicus

and O. niloticus sequences for these regulatory sequences was very high—95.4% of 1037 bp for
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clic2 and 96.2% of 1216 bp for uppl, respectively—and all STREME1 motifs were conserved
(Figure 3-S2).
Experimental Validation of the Selected Candidate Gene STREMEL1 Motifs

The proximal extended promoter sequences of two candidate genes, clic2 and uppl, were
PCR amplified and cloned into EGFP-reporter vector (Figure 3-S3) to test their transcriptional
activity during hyperosmolality. The comparative transcriptional activities were measured by GFP
signals and tile scan images (RFP signal was used to normalize GFP signal) using the fluorescence
microscope and subsequently quantified using the processing software installed. The approximate
1 kb proximal extended promoter sequences isolated from clic2 and uppl, were shown to drive
transcriptional induction in response to hyperosmolality (Figure 3-6A-left panel, Figure 3-6B-left
panel, Figure 3-6D, and Figure 3-6E).

To determine whether STREMEL is responsible for hyperosmotic inducibility of
osmoregulated tilapia genes and to what extent it contributes to their regulation in response to
hyperosmolality, the STREME1 wildtype and STREME1 mutant forms of each proximal extended
promoter region (boxes surrounded by red lines in Figure 3-5) were analyzed using GFP/RFP
reporter assay. Hyperosmotic induction of both clic2 and uppl was confirmed using 1kb of their
wildtype proximal extended promoter regions. Moreover, when all three STREME motifs were
mutated to render them nonfunctional, the hyperosmotic inducibility of both genes was
significantly reduced (Figure 3-6). Interestingly, the reduction was about two- to three-fold in both
cases. However, since uppl hyperosmotic induction was much greater than clic2 hyperosmotic
induction, only mutation of clic2 STREME1 motifs completely abolished hyperosmotic
inducibility of the reporter. In contrast, reporter activity was still significantly higher in

hyperosmotic medium for the uppl mutant construct suggesting that this 1 kb regulatory sequence
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contains other osmotically responsive CREs in addition to STREMEL. Overall, however, these
results represent experimental validation of STREMEL as a novel salinity-responsive CRE in

euryhaline tilapia.

Discussion
The Role of CREs in Environmental Acclimation of Fish

In the present study, a sequential approach consisting of a multi-step bioinformatics
methodology followed by experimental validation of the function of candidate sequences was used
to identify a novel CRE (STREMEL). Moreover, we predict the corresponding TF required for
transcriptional activation of salinity-induced genes via STREMEL in euryhaline tilapia. We
hypothesized that transcriptionally coregulated genes encoding hyperosmotically induced proteins
have common regulatory elements that control their expression during hyperosmolality.
Hyperosmolality-induced proteins in tilapia OmB cells were identified by quantitative proteomics
and their transcriptional activation was verified using actinomycin D treatment. Transcriptional
regulation in response to environmental cues such as hyperosmotic stress is largely governed by
CREs and TFs[137,138]. For example, stress response CREs and stress-induced TFs that respond
to a variety of stressors, such as heat shock, oxidative stress, and osmotic stress, have been
dissected using the yeast model Saccharomyces cerevisiae[139]. Many studies have identified
environmentally regulated genes, transcripts, and proteins, but many fewer have focused on the
mechanisms by which CREs and TFs regulate mMRNA and protein abundances. Nonetheless, some
studies have attempted to elucidate environmentally induced transcriptional regulation of fish,
including two studies from our lab that have identified osmolality/salinity responsive element 1

(OSREL) as a CRE necessary for hyperosmotic induction of tilapia inositol monophosphatase 1
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(IMPA1), myo-inositol phosphate synthase (MIPS), and glutamate synthetase (GS) genes[22,110].
In addition to previous studies, some CREs have been identified in other fish species. PelB
enhancer (CRE) was identified as a major driver of Pitx1 gene expression in the developing hind
limb in sticklebacks. Pitx1 encodes a homeodomain TF that controls hind limb development of the
fish[140]. In zebrafish, a number of p63 TF binding sites (CRESs) are located upstream of epidermal
genes (e.g., dIx3b, grhll, and myh9a) that are regulated as a p63-TF-controlled gene regulatory
network[141]. Osmotic stress transcription factor 1 (OSTF1/TSC22D3) and TFIIB as salinity-
induced TFs in tilapia whose induction precedes that of osmoregulatory effector genes were
previously identified[15,142,143]. OSTF1 has since been confirmed as a rapidly osmoregulated
gene in several other species of euryhaline fish[144]. In medaka intestine, OSTF1 mRNA is
upregulated along with serum/glucocorticoid regulated kinase (SGK1) [145]. The importance of
cis-regulatory elements for adaptive divergence of marine vs. freshwater sticklebacks was
emphasized without specifying the specific cis-elements that are involved[146]. Our identification
of a functional CRE (STREMEL) and its putative transacting factorFoxL1 provides a new specific
target for dissecting mechanisms of osmosensory signal transduction in euryhaline fishes.
Transcriptional Regulation of Genes that Penetrates to Proteins and Phenotypes

In the present study, we have focused on hyperosmotically regulated proteins to emphasize
corresponding genes whose regulation penetrates to phenotypes and take into account frequently
observed lack of correlation of inducible mRNA versus protein abundance regulation[126,147—
150]. This approach contrasts with many studies on fish that have been performed at the
transcriptome level in response to different environmental signals, including changes in osmolality.
One study examined the transcriptome profile of gill tissue of euryhaline estuarine goby,

Gillichthys mirabilis, exposed to osmotic stress to identify osmotically responsive mRNAs. This
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study revealed many effector genes that encode putative osmosensory signaling proteins, including
insulin receptor substrate-2 (IRS-2) and insulin-like growth factor binding protein 1 (IGFBP-
1)[151]. Another study investigating the liver of spotted sea bass, Lateolabrax maculatus,
challenged with salinity stress found 455 differentially expressed genes (DEGs) by RNA-seq,
including many involved in cell signaling[152]. Deep sequencing of the gill transcriptome of
hybrid tilapia exposed to salinity stress revealed many DEGs with signaling functions, e.g.,
carbonic anhydrase (CA), aquapoin-1 (AQP-1), and calcium/calmodulin-dependent protein kinase
(CaM kinase) 11[153]. However, these and many other transcriptomics studies do not identify the
mechanism of MRNA abundance regulation, i.e., whether it is transcriptional or posttranscriptional,
and they do not demonstrate that mRNA regulation penetrates to the level of proteins to affect
phenotype. Our study demonstrates osmoregulatory transcriptional regulation both by analyzing
osmotic effects on protein abundance and by utilizing the specific transcription inhibitor
actinomycin D[119]. This inhibitor has been used extensively for confirming transcriptional
regulation of mMRNA abundances, including in fish exposed to environmental stress. For instance,
we previously utilized actinomycin D to investigate the mechanism of MRNA induction for OSTF1
in gills of tilapia exposed to hyperosmotic stress[15]. Another study used actinomycin D to show
that hyperosmotic OSTF1 induction in gill cells of Japanese eels (Anguilla japonica) is in part due
to transcriptional regulation[154].

Because phenotypes of cell lines can change with passage number, we have consistently
used a narrow range of passages (20 to 27) of the OmB cell line. Nevertheless, we have previously
documented that hyperosmotic stress response phenotypes of the OmB and OmL cell lines do not
differ in their response to hyperosmolality and corresponding phenotype when low (passage 10

and 11) and high (passage 63) passages were compared [155].
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STREMEL1 as a Novel Hyperosmotically Inducible CRE of Euryhaline Tilapia

Whether the predicted STREMEL motif is necessary for transcriptional regulation of clic2
and uppl genes during hyperosmotic stress was experimentally tested. For both genes,
mutagenesis of STREMEL significantly reduced the hyperosmotic inducibility. Intriguingly,
STREMEL motif mutagenesis almost completely abolished hyperosmotic inducibility of the 1 kb
proximal extended promoter region of clic2 while that of uppl was only partially abolished after
mutagenesis despite both regulatory regions being approximately equal in length and containing 3
STREMEL sites each. These data indicate that other CRE/TF binding sites are involved in
hyperosmotic induction of uppl. For clic2, however, STREMEL plays a dominant role for the
hyperosmotic activation. Combinatorial transcriptional regulation of uppl during hyperosmolality
by multiple TFs is consistent with combinatorial regulation of many other genes in a diverse array
of contexts as demonstrated in fruit flies, yeast, and mammals[94,156]. This cooperativity of
multiple TFs with corresponding binding sites (CRES) has gained much attention as it can explain
highly complex spatiotemporal transcriptional regulation[94]. Although combinatorial
transcriptional regulation has been mostly studied in model organisms, there are some reports of
combinatorial functions of TFs in fish. A study on the molecular mechanism of arterial formation
investigating arterial-specific gene regulation in zebrafish has demonstrated that arterial
specification is regulated by combinatorial binding of both the Notch and SOXF TFs[157].
Another zebrafish study on the involvement of ETS family TFs in early endothelial specification
and differentiation elucidated that four members of this TF family (flil, flilb, etsl, and etsrp)
function in combination with each other to achieve full vascular development, which was

confirmed by introducing defective mutants of each gene[158].
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Based on previous studies and those of others investigating CREs in several
osmoresponsive genes in fish and mammals, respectively, a majority of CREs are localized within
proximal promoter regions (within 1 kb upstream relative to TSS) or even intron 1 (5 UTR)
[17,18,74,75]. Consequently, we have focused on the approximately 1 kb extended promoter
regions of clic2 and uppl for experimental validation. However, other CREs contributing to the
overall transcriptional regulation of hyperosmotically inducible genes are likely also involved in a
combinatorial manner. For example, in mammals, salinity-responsive enhancers are scattered over
a 50 kb region relative to the TSS[46]. Long-range inducible CREs have also been revealed for
other contexts in diverse model species [10,21,76]. Thus, although the reporter studies utilized can
unambiguously demonstrate that a particular CRE is necessary and contributes to the hyperosmotic
regulation, it is not possible to conclude whether it is sufficient even if hyperosmotic induction is
completely abolished by mutagenesis as is the case for the clic2 1 kb extended promoter.

Roles of CLIC2 and UPP1 during Hyperosmolality

Sequences of chloride intracellular channel (CLIC) proteins are highly conserved among
vertebrates but individual CLIC family members have multiple distinct cellular functions[159].
CLIC2 is the least studied CLIC family member. A mechanistic study of CLIC2 functions in
human cancer tissues demonstrated that, apart from chloride transport, CLIC2 is involved in tight
junction formation [160]. Tight junctions are known to be critical for osmoregulation, including in
Mozambique tilapia gill epithelium[161]. Therefore, transcriptional regulation of CLIC2 upon
hyperosmolality may be a physiological response that contributes not only to cellular
osmoregulation but also to integrative osmoregulation at higher levels of organization[162].

The uppl gene encodes an enzyme that catalyzes uridine to produce ribose phosphate and

uracil[163]. The produced molecule is then utilized as a carbon and energy source or in the process
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of nucleotide synthesis[164]. Both uses can facilitate cellular osmoregulation and salinity stress
responses of tilapia because substantial amounts of energy are required to cope with stressful
conditions[165]. Moreover, it is necessary to produce more nucleotides including uracil (for de
novo generating RNA molecules) to compensate for reduced nucleotide pools caused by stress-
induced DNA and RNA damage[166,167]. The nonspecific nature of such effects of
environmental stress on macromolecular damage and the induction of uppl during acute heat stress
in black rockfish (Sebastes schlegelii) supports its role for replenishing building blocks for RNA
pools during stress[168]. Moreover, the upp2 gene of Javanese medaka (Oryzias javanicus), was
shown to be induced by yet another type of stress, bisphenol A (BPA), which is a potent
environmental toxicant, implicating upp2 in the compensation of BPA chemical toxicant
stress[169].
Other Candidate Binding Sites for Hyperosmolality Inducible TFs

Five other candidate motifs for hyperosmotically inducible CREs have been identified
(STREMEZ2-5) although, unlike STREMEL, they have not been experimentally validated in this
study. STREME2 was predicted to serve as a putative binding site for Mtf1. Known functional
roles of Mtfl include the activation of metal-induced expression of metallothionein (MT)
genes[170,171]. Recently, it has been demonstrated that Mtf1 is involved in stress signaling and
iron homeostasis in zebrafish[170], which supports our finding of Mtf1 as a potential TF involved
in hyperosmotic stress responses. The other candidate motifs (STREME3, STREME4, and
STREMES) identified did not meet the statistical significance threshold for any known TF. It is
possible that these motifs are sufficiently different in fish from mammals and other organisms for
which comprehensive TF binding motif databases are available. A common binding site shared by

multiple STREME motifs is that for Sox TFs although none of the corresponding matches meets
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the significance threshold (Table 3-S3). Sox TFs control development, cell survival, and
physiological homeostasis[172].

TFs regulate the expression of genes having roles in a variety of environmental contexts
through sequence-specific interactions with DNA and their DNA recognition specificity has been
regarded as a crucial factor of transcriptional regulatory networks[173,174]. TF binding site
databases document the binding preferences of TFs based on curated data from model organisms.
Binding preferences of TFs from select model organisms to specific sequences have been
extensively examined using protein binding microarray (PBM) technology, which assesses in vitro
DNA binding preferences of TFs from yeast, mice, and humans[175-177]. These studies have
demonstrated that distinct modes of DNA binding exist for many TFs and different (primary and
secondary) motifs can be bound with potentially distinct regulatory functions that depend on the
cellular environment. Our results show that the STREME1 motif matches the FoxL1 secondary
binding site while it differs from the FoxL1 primary binding site, which is shared with other Fox
TFs (GTAAACA). It has been suggested that the secondary binding specificity of FoxL1 has been
acquired to permit usage of this TF in multiple contexts for controlling a variety of cellular
processes throughout the evolution of transcriptional regulatory networks[178]. Thus, the
secondary FoxL1 binding motif may have been favored during the evolution of transcriptional
regulatory networks that control hyperosmotic stress responses[179].

Fox L1 as a Putative Hyperosmotically Inducible TF Binding to STREMEL1

An intraspecific comparative genomics approach has allowed for identification of
STREMEL and its putative TF, FoxL1, as a CRE/TF duo necessary for the hyperosmotic induction
of tilapia genes. The STREME1 motif (AAAACAAAACAMWAAA) contains the core sequence

(CAAAACAA) of FoxL1 binding sites in mammals. In mammals, Fox family TFs, including
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FoxL1, have been described as important regulators of carcinogenesis[180] and stem cell
differentiation[181]. Studying the effect of FoxL1 on the Wnt/B-catenin signaling pathway,
Perreault et al. established that FoxL1 inhibits this pathway to deplete B-catenin in the nucleus,
which in turn decreases cell proliferation in a FoxL1-null mouse model[182]. In contrast, another
group demonstrated that FoxL1 can activate the same pathway by promoting the induction of
tumor necrosis factor (TNF) related apoptosis-inducing ligand (TRAIL) in cancer cells[183]. Thus,
in a mammalian system, FoxL1 TF has been shown to act as either activator or repressor depending
on the specific combinatorial context, presumably defined by which other sets of TFs it interacts
with. Interestingly, the Wnt/B-catenin pathway has been implicated in osmoregulation in
tilapia[126]. In zebrafish, one study suggests that FoxL1 acts as transcriptional repressor of the
sonic hedgehog (shh) gene, regulating central nervous system development[184]. This finding
contrasts to our proposed role of FoxL1 as a transcriptional activator. However, little is known
about physiological roles of FoxL1 in environmental stress responses and nothing about its
function in the hyperosmotic stress response in fish. Moreover, as outlined above, depending on
context, FoxL1 can also act as transcriptional activator. Furthermore, it is possible that in fish,
other Fox family TFs bind to STREME 1 even though the STREMEL motif is most similar to the
mammalian FoxL1 binding site. The TOMTOM-generated TF candidates identified in our study
(Table 3-S3) included not only FoxL1 for the STREME1 and STREME?2 motifs, but also FoxK1
for the STREMEZ2 and STREME5 motifs. FoxL1 and FoxK1 binding sites are highly similar,
which renders both of these TFs strong candidates for hyperosmotically activated TFs in

euryhaline fish.
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Conclusions

Using a bioinformatics approach based on intraspecific comparative genomics, we identified a
novel hyperosmotically inducible CRE of euryhaline tilapia, STREME1. STREME1 function
during hyperosmotic stress was experimentally validated using reporter assays in combination with
site-directed mutagenesis of two different genes (clic2 and uppl). Furthermore, FoxL1l and
potentially its close ortholog FoxK1 were identified as candidate TFs that bind to STREME1 and
possibly additional CREs (STREMEZ2 and STREMEDS) in hyperosmotically regulated tilapia genes.
This systematic approach consisting of intraspecific comparative genomics and experimental
validation represents a powerful complement to widespread RNA-seq studies to identify the

mechanisms by which stress-induced genes are regulated during specific environmental contexts.
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Figure 3-1. Relative abundances of 3043 Oreochromis mossambicus proteins in OmB cells
exposed for 24 h to hyperosmotic stress (650 mOsmol/kg) versus isosmotic media (315
mOsmol/kg). (A) Volcano plot indicating the 19 significantly up-regulated proteins that were
selected for comparative sequence analyses and motif searches (red triangles). The x axis displays
the fold change of protein abundance in hyperosmotic versus isosmotic medium on a log 2 scale.
The y axis displays the negative decadic logarithm of the MSstats-adjusted (multiple testing
corrected) p value. Inositol monophosphatase (blue diamond) was not included in this set because
its FC was much greater than that of the other proteins’ and it had been analyzed previously in
depth[22]. (B) Volcano plot for the same proteins as shown in panel A except that OmB cells were
exposed to hyperosmolality in the presence of 10 uM of the transcriptional inhibitor actinomycin
D. Data are based on five replicates for each treatment and control group. For accession numbers

of all 19 proteins indicated by red triangles and used for further analyses by motif searching please
refer to Figure 3-2.
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Figure 3-2. Schematic genomic landscape of the regulatory sequences of 19 hyperosmotically
induced tilapia genes. Each of the regulatory sequences up to 5 kb upstream (some genes have
upstream regulatory regions less than 5 kb due to overlapping with gene body of other genes) and
5” UTR (up to CDS) are depicted as black lines. Light grey boxes indicate exons and the yellow
boxes with one-sided arrow indicate the coding sequence (CDS) of each gene including intron 1 if
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applicable. Each sequence is labeled with the NCBI accession number of the corresponding protein.

Relative genomic positions (e.g., —3 kb) from transcription start site (TSS, +1) are presented.
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Figure 3-3. Five motifs (STREMEL to STREMED) identified by STREME motif discovery tool
using 19 hyperosmotically induced tilapia sequences as input. The logo and sequence for each
motif is indicated on the left and corresponding STREME score in the center. The result of
TOMTOM prediction of known TF binding sites is indicated on the right. On the right are
STREMEL motif results indicating a match to the FoxL1 secondary binding motif and STREME2
motif results indicating a match to the Mtf1 secondary motif from TOMTOM search. The other
three STREME motifs did not match to any known TF binding motif with the cutoff criteria.
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Figure 3-4. STREME1 motif scanning for occurrences in the regulatory sequences of 19
hyperosmotically induced tilapia genes. (A) FIMO was performed using the STREME1 motif to
find all occurrences in the regulatory sequences. The sequence information for all identified
STREMEL motifs in the regulatory sequences resulting from FIMO, such as whether STREMEL1
is found in sense or antisense strand; start and end position; p-value, and g-value are provided in
supplementary Table 3-S2. Fifty-one significant hits out of 342 total STREMEL occurrences were
identified throughout all 19 regulatory sequences and were screened by two statistical cut off
values using FIMO default p-value (0.0001) and g-value (0.01) thresholds. The number of
occurrences of significant hits (black bars) and total STREME1 occurrences (grey bars) is
illustrated for each of gene except for clic2 and uppl, which were chosen for further experimental
validation. Some occurrences of these 51 hits represent overlapping sequences, which were
consolidated into a single motif in Figure 3-5. Detailed information about STREME1 motifs
identified in clic2 (B) and uppl (C) regulatory sequences is shown in panels B and C with

significance thresholds indicated by a red line.
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Figure 3-5. Annotation of significant STREME1 motif occurrences in regulatory sequences of
19 hyperosmotically induced tilapia genes. Each of the regulatory sequences analyzed by motif
discovery is depicted as a black line. Light grey boxes indicate exons and the yellow boxes with
one-sided arrow indicate coding sequence (CDS) including intron 1 if applicable. Significant hit
STREMEL motifs (analyzed in figure 3-4) are displayed using black bars with one-sided arrow
indicating orientation. The proximal extended promoter sequences (approximately 1 kb upstream
relative to TSS and 5°-UTR) for clic2 and uppl that were used for experimental validation of
STREMEL motifs are boxed by a dashed red line.
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Figure 3-6. Experimental validation of STREMEL1 using GFP/RFP reporter assay and motif
mutagenesis. Motif mutagenesis was used to replace the original STREMEL1 (black arrows) with
a nonfunctional sequence (red arrows) by changing the core nucleotides with nucleotides not
contained in that core region for chloride intracellular channel 2 (clic2, A) and uridine
phosphorylase (uppl, B). (C) STREME1 motif mutagenesis strategy indicates the sequence
difference between wild type (WT, black arrow) and mutant (red arrow) motifs. The transcriptional
activities of the proximal regulatory regions from clic2 (D) and uppl (E) during hyperosmolality
(compared to isosmotic control medium) were measured by GFP signal (normalized with RFP
control) using expression vector systems. t-test was used to calculate statistical significance
yielding p-values. Iso: Isosmotic control, Hyper WT: wild type regulatory sequence treated with
hyperosmotic treatment, Hyper_Mutant: mutant regulatory sequence treated with hyperosmotic
treatment, n =5 (*: p <0.05, **: p <0.01, ***: p < 0.001, ****: p < 0.0001)
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Figure 3-S1. DIA assay library of Oreochromis mossambicus OmB cells. The initial spectral

library (SL) contains over 18,000 proteins, 200,000 precursors, and almost 1 million transitions.
Seven quality control (QC) filters[185] were applied to create the DIA assay library containing
3043 unique proteins, 15,211 precursors (peptides), and 87,184 diagnostic transitions. Most
proteins are represented by at least 2 diagnostic peptides. The remainder (25%) was identified by

at least 2 unique peptides but only 1 remains after applying all DIA QC filters.
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Figure 3-S2. Sequence information of wild-type and mutant versions of approximately 1kb long

proximal extended promoter regions of clic2 and uppl that were used for quantitative GFP reporter

assays. (A) The pairwise identity of clic2 sequences between Oreochromis mossambicus and
Oreochromis niloticus (reference genome) is 95.4 % as marked by red box. (B) STREMEZ1 motifs
found in the 1 kb promoter region of clic2 were mutated using site-directed mutagenesis and
confirmed by Sanger sequencing as indicated by red boxes. (C) A representative result of
mutagenesis was shown with distinct chromatograms between wild-type reference (upper,
STREMEL annotated) and mutant form (bottom). (D) The pairwise identity of uppl sequences
between Oreochromis mossambicus and Oreochromis niloticus (reference genome) is 96.2 % as
marked by red box. (B) STREMEZ1 motifs found in the 1 kb promoter region of uppl were mutated

using site-directed mutagenesis and confirmed by Sanger sequencing as indicated by red boxes.
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(C) A representative result of mutagenesis was shown with distinct chromatograms between wild-
type reference (upper, STREMEL annotated) and mutant form (bottom).

STREME_1

pBS_EGFP pBS_EGFP +clic2_1kb (WT) pBS_EGFP +upp1_1kb (WT)

Figure 3-S3. The schematic maps of the plasmids constructed for testing two candidate regions of
clic2 _and uppl. pBS _EGFP (basic backbone vector) is displayed at the left side,
clic2_1kb_proximal extended promoter cloned pBS_EGFP (pBS_EGFP+clic2_1kb (WT)) at
center, and uppl_1kb_proximal extended promoter cloned pBS_EGFP (pBS_EGFP+uppl 1kb

(WT)) at the right side.

Primer Purpose

Primer Name

Primer Sequence

Wildtype PCR and Cloning clic2_5Kpnl CCCCCGGTACCCCTAATCAGAAGGATGCAGA
clic2_3'Ncol CCCCCCCATGGTTTATCCCCCAAAAGTTTTTGTTT
uppl_5'Kpnl CCCCCGGTACCGTCCTGAACTGAAGTGATG
uppl_3'Ncol CCCCCCCATGGTTCCTGCGAACAGCCGAA
clic2_5Kpnl CCCCCGGTACCCCTAATCAGAAGGATGCAGA

Mutant PCR and Cloning

clic2_1p_3’overlapped

GCATTAGCAAAGGGGGGGGGGAAAAAACCAAGCTGAAGTTCATTA

clic2_2p_5’overlapped

GCTTGG TTCCCCCCCCCCTTTGCTAATGCTATTGTTTTCGAA

clic2_2p_3’overlapped

GCATTAGCAAAGGGGGGGGGGAAAAAACCAAGCTGAAGTTCATTA

clic2_3p_5’overlapped

GCTTGG TTCCCCCCCCCCTTTGCTAATGCTATTGTTTTCGAA

uppl_1p_3’overlapped

AGTGCCGGAATAAAAAAAAGGGGGGGGGGATATAGCTGGC

uppl_2p_5'overlapped

CCAAGGCCAGCTATATCCCCCCCcCC TTTATTCCG

uppl_2p_3’overlapped

CACGAAACCAAGAAGGGGGGGGGGAAAATTAAAAAGAAGATACAGAT

uppl_3p_5’overlapped

TATCTTC TAATTTTCCCCCCCCCCTTCTTGGTTTCGTGAGTC

uppl_3p_3'overlapped

AGATCTGTACAATTAAGGTTTCCCCCCCCCCTT AAAATTTAAAAC

uppl_4p_5'overlapped

TTAAATTTTAAAAAAGGGGGGGGGGAAACCTTAATTGTACAGATCTGAT

Sequencing

M13_Forward

TGTAAAACGACGGCCAGT

GFP_R5

TTCTTCTGCTTGTCGGCCAT

Table 3-S1. Primer sequence information used in this study
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Additional Supplementary Materials (Table 3-S2: STREME1_FIMO search result of the 19
regulatory regions for both occurrences and hits; Table 3-S3: Lists of TFs for STREME motifs

searched by TOMTOM) for this chapter can be found online at: https://www.mdpi.com/2075-

1729/12/6/787#supplementary
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CHAPTER 4

Removal of evolutionarily conserved functional MYC domains in a tilapia cell line using a

vector-based CRISPR/Cas9 system

First author, planned to submit to Transgenic Research, December 2022

Abstract

MY C transcription factors have critical roles in facilitating a variety of cellular functions
that have been highly conserved among species during evolution. However, despite circumstantial
evidence for an involvement of MYC in animal osmoregulation, mechanistic links between MYC
function and osmoregulation are missing. Mozambique tilapia (Oreochromis mossambicus)
represents an excellent model system to study these links because it is highly euryhaline and highly
tolerant to osmotic (salinity) stress at both the whole organism and cellular levels of biological
organization. Here, we utilize an O. mossambicus brain cell line (OmB cells) and an optimized
vector-based CRISPR/Cas9 system to functionally knockout (ko) MYC in the tilapia genome and
to establish causal links between MY C and cell function, including cellular osmoregulation. A cell
isolation and dilution strategy yielded polyclonal MYC (myca) ko cell pools with low genetic
variability and high gene editing efficiencies (as high as 98.2 %). Further isolation and dilution of
cells from these pools yielded a monoclonal myca ko cell line harboring a 1-bp deletion that caused
a frameshift mutation. This frameshift functionally inactivated the transcriptional regulatory and
DNA-binding domains predicted by bioinformatics and structural analyses. Both the polyclonal
and monoclonal myca ko cell lines were viable, propagated well in standard medium, and differed
from wildtype cells in morphology. As such, they represent a new tool for causally linking myca

to cellular osmoregulation and other cell functions.
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Introduction

MYC family genes encode class Il basic helix-turn-helix (bHLH) transcription factors
(TFs) that have been evolutionarily conserved in many animal species for at least 400 million years
[186,187]. They have canonical roles in cell proliferation, differentiation, and apoptosis and are
characterized by the presence of a leucine zipper (LZ) adjacent to the bHLH domain[186,188].
The bHLH and LZ domains are common functional motifs for DNA binding and dimerization that
are often also found in other TF families, which indicates that these domains arose from an
evolutionarily ancient ancestral TF. MYC TFs also harbor a less common motif, a transcriptional
regulatory domain, that is less evolutionarily conserved across species than the DNA-binding and
dimerization domains[189]. This transcriptional regulatory domain was shown to strongly control
transformation of rat embryo fibroblasts as evidenced by using a domain deletion mutant[190].
Moreover, it has been suggested that deletion of any of the conserved domains outlined above can
significantly impair MYC function[191]. Several lines of indirect evidence suggest that MYC TFs
are involved in governing cellular osmoregulation[192]. For example, a recent study has revealed
that the myo-inositol biosynthesis (MIB) pathway of euryhaline turbot (Scophthalmus maximus) is
positively regulated by MYC, which was demonstrated using a RNAi-mediated knockdown
approach[193]. MYC has also been reported to directly modulate responses to abiotic stressors,
including salinity stress, in plants (e.g., Arabidopsis thaliana[194,195]). This modulation is
mediated via key hormonal signaling pathways important for plant salinity tolerance[196]. Such

salinity stress-induced, non-canonical roles of MYC TFs in plants were also indicated by an in-
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silico prediction study using bread wheat (Triticum aestivum)[197]. Moreover, microarray
analyses of MY C ko rat cell lines has revealed inositol monophosphatase (IMPA, A2 isoform), a
key enzyme in the myo-inositol biosynthesis (MIB) compatible osmolyte pathway, as a target gene
of MYC[198]. These studies suggest that MYC TFs are important for controlling osmoregulatory

mechanisms in eukaryotes.

The recent revolution of gene targeting approaches by implementing CRISPR/Cas based
methodologies has enabled highly accurate and efficient genome editing that is more easily
employed than older gene targeting methods such as TALENSs or ZFNs, which require covalent
linkage of a specific DNA binding domain to a nuclease[28,29,199]. This innovative system was
initially adopted from bacteria and archaea, in which it has evolved as a pathogen nucleic acid-
targeting defense mechanism that confers resistance to viral infection[200,201]. The simplicity
and high efficiency of the CRISPR/Cas9 system renders it convenient, cost-effective, and
multimodal tool for gene editing in a variety of organisms[202]. Most studies using this system to
date have focused on mammalian models such as human[203] and mouse[204] both in vivo and in
vitro. They have demonstrated the power of ko models for functional studies aimed at causally
linking genotypes and phenotypes[205-207]. In contrast to the well-established mammalian
models, CRISPR/Cas9 approaches have been used to a lesser extent with lower vertebrates such
as fish, even though numerous studies have shown that this gene targeting system can be
successfully utilized to genetically modify aquaculture fish species in vivo[208-211]. For instance,
double-allelic ko mutations were introduced in Atlantic salmon (Salmo salar) to alter pigmentation
[208], and Insulin-like Growth Factor Binding Protein-2b (IGF-BP2b) was targeted for ko in

rainbow trout (Oncorhynchus mykiss)[209]. Examples for in vivo gene targeting in fish also
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include zebrafish (Danio rerio) where all-in-on CRISPR/Cas9 components were injected into

fertilized one-cell stage embryos to generate ko mutants[211].

The first fish cell line that was genetically modified by CRISPR/Cas9 technology was
reported for Chinook salmon (Oncorhynchus tshawytscha)[212]. Chinook salmon cell lines were
also used to demonstrate the functionality of a vector-based expression system[213], as well as to
optimize lentivirus-mediated infection for efficient delivery of recombinant DNA into host cells
[214]. A vector-based CRISPR/Cas9 platform for tilapia cell lines was recently optimized and
established[31], being the first study to enable in vitro gene targeting in euryhaline tilapia cells.
This vector-based in vitro approach differs from the in vivo approach used for whole tilapia, which
is based on microinjection of gRNA and Cas9 mRNA or protein into Nile tilapia (Oreochromis

niloticus) fertilized eggs[215].

Recent CRISPR/Cas approaches aim to obtain highly precise and consistent ko models that
are characterized by very high gene editing efficiency and/or clonality to exclude potentially
confounding factors arising from heterogeneity of ko cells[216-218]. Although highly
heterogeneous, pooled ko cell populations with high mutational efficiency (about 80 % or above)
are routinely used for short-term loss-of-function studies, interference arising from expression of
wildtype or variable mutant proteins remains a concern[219]. Therefore, recent efforts have been
geared towards generating homozygous clonal ko cell models to ensure that protein function is
completely disrupted and resulting mutant (fragment) proteins that cause effects, are consistent.
Several previous studies have reported successful production of clonal ko cell lines for some fish
species. For example, Liu et al. have generated a Japanese medaka (Oryzias latipes) ko cell line
using RNP transfection for CRISPR/Cas9 gene targeting, followed by isolating a ko clonal cell

line having a 9-nt deletion in the sytl5 gene starting with an initial ko cell pool showing 50 % gene
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editing efficiency[220]. Furthermore, a modified Chinook Salmon (Oncorhynchus tshawytscha)
cell line that stably expresses Cas9 protein has been used to generate a monoclonal stat2 ko cell
line harboring a 2-nt frame-shift deletion in stat2[221]. Such recent efforts to either generate edited
pools (polyclonal) or isolate clonal lines (monoclonal) of CRIPSR/Cas9 gene edited cells can be
expanded beyond canonical model species of fish to enable broad comparative and evolutionary

studies[222,223].

In this study, genetically engineered polyclonal and monoclonal tilapia cell lines were
generated to facilitate studies of the cellular functions of the MYC TF, specifically its role in
osmoregulation. A strategy utilizing a DNA vector based CRISPR/Cas9 system followed by serial
dilution of mutant cells for efficiently isolating clonal ko cell lines was applied. We present the
first successful report of applying targeted gene-editing in combination with serial dilution of a
heterogeneous cell population to generate low genetic variability polyclonal and monoclonal
tilapia cell lines to enable future functional analyses for assessment of causal genotype-phenotype

links.
Materials and Methods
Cell culture

A tilapia Cas9-OmB cell line[31] previously generated in our lab was used in this study.
The genomic presence and expression of Cas9 transgene was verified by an array of PCRs
targeting transgene amplicons using both genomic DNA (gDNA) and complementary DNA

(cDNA). Cas9-OmB cell working stock (passage 40 of the original OmB cell line[224]; P40) was

thawed and maintained at ambient CO; and 26 °C in L-15 medium (Hyclone, SH30910.03)

containing 10% (vol/vol) fetal bovine serum (FBS, Gibco, 11415-064), 1 % (vol/vol) Penicillin-
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Streptomycin (Sigma-Aldrich, P4333). When culture plates reached a confluency of 80-90 %, cells
were passaged (at 3—4-day intervals) using a 1:5 splitting ratio. For applying hyperosmotic stress
to cells, hyperosmotic (650 mOsmol/ kg) media was prepared using hypersaline stock solution
(osmolality 2,820 mOsmol/kg). This stock solution was made by adding an appropriate amount of
sodium chloride (NaCl) to regular isosmotic (310 mOsmol/kg) L-15 medium. The hypersaline
stock solution was then diluted with isosmotic medium to obtain hyperosmotic medium of
650 mOsmol/kg. Medium osmolality was always confirmed using a freezing point micro-

osmometer (Advanced Instruments).

MYC functional domain annotation

To identify the domains that are important for tilapia MYC function and ensure that all
functionally important domains were inactivated by CRISPR/Cas9 gene targeting, the tilapia myca
gene (Gene ID: 100689989) was identified in the NCBI reference genome sequence for O.
niloticus (NC_031974.2) along with the corresponding mRNA (XM_005448983.4) and protein
(XP_005449040.1) sequences. The 432 amino acid sequence of tilapia MYC TF was then used to
annotate functional domains using InterPro version 90.0[225] (EMBL-EBI). To further identify
the evolutionarily most highly conserved regions in these functional domains, the annotated tilapia
MYC protein sequence was aligned to MYC sequences from 14 other vertebrate species using

Geneious bioinformatics software (Biomatters, https://www.geneious.com).

Generation of sgRNA vectors

The O. niloticus reference genome deposited at NCBI was used to derive the coding
sequence (CDS) for tilapia myca, the MY C proto-oncogene bHLH transcription factor a (Gene ID:

100689989). A myca CDS region spanning exons 2 and 3 was submitted to CRISPOR[43] version
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5.01 to design small guide RNAs (sgRNAS) for efficient gene targeting of myca. In addition to
using CRISPOR, the tilapia myca gene was also analyzed with the CRISPR Knockout Guide
Design tool provided by SYNTHEGO (https://design.synthego.com/#/) to design sgRNAS using
different algorithms. CRISPOR and SYNTHEGO tools both support convenient tilapia sgRNA
design by providing an integrated reference genome of O. niloticus (Ensembl 76-Orenil1.0) for
calculating off-target effects of SRNAs by comparison to whole genome sequences. This aspect
of sgRNA design is critical for optimizing specificity. To further validate the selection of the best
possible myca sgRNAs, their potential off-targets effects were also manually evaluated using the
NCBI reference genome for O. niloticus. Sequences for sgRNAL, sgRNA2, and sgRNA3 were
searched against nucleotide sequences using Blastn limited to highly similar sequences (megablast)
and restricted to entries associated with the organism “Oreochromis niloticus” (taxid:8128). No
off-target genes were identified that matched any of the three top scoring myca sgRNASs suggested
by CRISPOR and SYNTHEGO tools. These top three sgRNAs were then cloned into an optimized
tilapia sgRNA expression vector as describe previously[32]. Complementary oligonucleotides
(Eurofins Genomics) comprising each sgRNAs forward and reverse sequences (Table 4-S1) were
annealed to generate a Clal restriction site at the 5’ end a Xbal restriction site at the 3 end. The
annealed oligonucleotide was then ligated into Clal (New England BioLabs) and Xbal (New
England BioLabs) double-digested TU6m-gRNAscaffHygroR vector[32] using T4 DNA ligase
(Promega). The resulting sgRNA expression vectors for myca sgRNAs 1 — 3 were sequenced

(sgRNA _seqP1, Table 4-S1) to confirm successful insertion of SgRNA target sequences.

Transfection and antibiotic-resistance selection of tilapia Cas9-OmB cells

For each well of a six-well cell culture plate, two micrograms of TU6m-gRNAscaffHygroR

vector containing either myca sgRNAL, sgRNA2, or sRNA3 were added to 200 pL Opti-MEM |

74



Reduced Serum Medium (Gibco) and 6 pL ViaFect reagent (Promega) to initiate the formation of
transfection complexes. Stabilized transfection complexes yielded after 15 min incubation were
then applied to 80 % confluent Cas9-OmB cells (P43) by adding the transfection complex solution
evenly without any medium change. After 48 h, all medium was removed from transfected cells
and a non-transfected control and replaced with 2 mL of L-15 medium containing selection media
containing 500 pg/ml hygromycin B (Invitrogen, 10687-010). Transfected wells were maintained
in selection medium until one day after all cells were detached from the surface of the non-
transfected control well. Half of the wells that were transfected with each myca sgRNA were then
used for analyzing myca ko efficiency. This was done as previously described[31]. Briefly,
medium was removed and cells surviving hygromycin B selection were rinsed with Dulbecco’s
phosphate buffered saline (DPBS, Gibco, 14190-144). They were then scraped from the surface of
the well into fresh 0.5 mL DPBS, transferred to a 1.5 mL microcentrifuge tube, and centrifuged
for 5 min at 18,000 g. After removal of supernatant, cell pellets were lysed in 20 pl of 25 mM
NaOH by incubation at 95T for 15 min followed by addition of 50 ul of 40 mM Tris—HCI. The
resulting solution containing extracted template DNA was used directly for PCR to generate myca

test amplicons for analysis of mutational efficiency.

Limiting dilution strategy

After selection of hygromycin B-resistant cells containing TU6m-gRNAscaffHygroR
vector expressing either myca sgRNAL, sgRNA2, or sgRNAS3, the genetic heterogeneity of
mutated, selected cells was serially reduced using a limiting dilution strategy to generate more
homogeneous ko cell lines. The protocol for this strategy was adapted from a previous publication

[216] and public protocols (https://www.synthego.com/resources/Limiting-Dilution-&-Clonal-

Expansion-Protocol, https://www.addgene.org/protocols/limiting-dilution/) and modified as
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follows. Selected ko cells were allowed to recover for 14 days in culture to reach 20-30 %
confluency. They were then harvested as a single cell suspension, counted with a hemocytometer
(Hausser Scientific), and diluted to an average concentration of one cell per well before plating
into a 24-well cell culture plate. The wells were visually screened periodically to track cells
forming colonies using an inverted microscope (DMil, Leica) for 14 days. When colonies reached
60-70 % confluency, they were harvested and split evenly into two new wells of a six-well plate.
One well was used for continuous expansion and the other for genotyping the myca mutation in

the corresponding cell population.

Another round of serial dilution was performed after genotyping the cell populations
resulting from the first round of dilution. Further limiting dilution for isolating a single clonal myca
ko cell line was performed by splitting the most promising cell population from dilution round 1
(syRNA1-colony#3, see results) into a 96-well plate at an average density of one cell per well. Cell
density was determined by counting cells in a single cell suspension after harvest with
hemocytometer (Hausser Scientific). The cell suspension was then diluted to 5 cells per mL
medium. Each well received 500 pL of this cell suspension such that the average seeding density
was 0.5 cells/well. Seeding an average of 0.5 cells/well ensures that some wells receive a single
cell, while minimizing the likelihood that any well receives more than one cell. Cells were
maintained for 14 days to track the wells containing a single clonal cell by regular inspection with

a microscope (DMil, Leica).

Genotyping

Genomic DNA was extracted using the PureLink Genomic DNA mini Kit (Invitrogen)
following manufacturer instructions. The test amplicon spanning the targeted region of myca was
PCR-amplified and purified using appropriate primers (Primer pair. myca TideF1 and
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myca_TideR2, Table 4-S1). Sanger sequencing was carried out at the UC Davis DNA Sequencing
Facility using the same primers as those used for PCR. DNA sequences and chromatograms were

then analyzed with TIDE (Tracking of Indels by Decomposition; shinyapps.datacurators.nl/tide/)

and ICE (inference of CRISPR Edits; SYNTHEGO - CRISPR Performance Analysis) to obtain

quantitative overall target gene editing efficiency and indel mutation frequencies from each mono-
or poly-clonal myca ko cell line. The PCR amplicon using genomic DNA extracted from wild-type

Cas9-OmB cells was used as the control sample.

Cellular phenotyping

Cells were seeded in 6-well plates (Corning, Tewksbury, MA, USA) containing 2 mL
complete L-15 medium. After 72 h, attached and proliferating cells were visualized by phase

contrast microscopy using an inverted microscope (DMi8, Leica)

Prediction of 3D protein structure

To confirm functional ko of the resulting protein, the structure of myca ko truncated protein

was compared to wildtype protein. Geneious 2022.0.1 (Biomatters, https://www.geneious.com)

bioinformatics software was used to predict pre-mature translation termination (early stop codon)
resulting from deletion of a single nucleotide from wild-type myca in a monoclonal ko mutant
(myca ko clonal(-1), see results). The resulting mutant MY C protein sequence was generated by
translating the cDNA sequence and compared to the wild-type MYC protein sequence. Both
(mutant and wildtype) MYC sequences were annotated with functional domains using InterPro
version 90.0 (EMBL-EBI)[225]. Moreover, the 3D protein structures were predicted for both
(mutant and wildtype) MY C proteins and visualized using AlphaFold[226], Mol*3D Viewer[227],

and RCSB Protein Data Bank[228]. Combined with the above prediction tools, FuUhFOLDQA
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[229], a protein ligand binding site residue prediction tool, was also employed to reveal whether

any DNA binding capacity is preserved in the truncated mutant MY C protein.

Results

Identification of evolutionarily conserved tilapia MYC domains for functional inactivation

MYC TF orthologs are highly conserved across many species although the N-terminal part
is often more variable than the C-terminal part of MYC, indicating that the latter has been
functionally more highly conserved during evolution [191]. In addition to its canonical cellular
functions, MYC (encoded by myca) may contribute to tilapia osmoregulation as myca mRNA is
induced during hyperosmolality and multiple MY C binding sites (E boxes) have been identified
in the promoter region of the highly hyperosmaotically induced tilapia gene IMPAL.1 (Figure 4-S1).
The MYC functional domain annotation followed by evolutionarily conserved region search
identified the long transcriptional regulatory domain at N-terminus and the short DNA-binding
domain, consisting of basic helix-loop-helix (bHLH) and leucine zipper (LZ) motifs, at C-terminus

(Figure 4-1A and 4-1D).

It was also identified the transcriptional regulatory domain was conserved as a whole but
rather contained multiple regions that were more highly conserved and interspersed between more
divergent stretches of amino acid sequence (Figure 4-1A). In contrast, the entire DNA-binding
domain, especially the bHLH part of this domain, was highly evolutionarily conserved with a
pairwise identity of 90.8 % among all 15 species. A phylogenetic tree generated with Geneious
(Biomatters) based on the multiple sequence alignment illustrates that tilapia MY C is most similar
to MYC of other African cichlids followed by other euryhaline teleosts (medaka and killifish)

(Figure 4-1B).
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Because highly conserved clusters of sequences were found in the N-terminal
transcriptional regulatory domain of tilapia MYC, we aimed to design sgRNASs in the very
beginning of the coding sequence to avoid retention of any potentially functional domain in a
truncated mutant protein resulting from frame-shift mutation. Two sgRNAS - sgRNA2 (rk#3) and
SgRNAS (rk#4) - designed with CRIPSPOR and SYNTHEGO both met this criterion in addition
to having the lowest predicted off-target effects. A third sgRNA - sgRNAL1 (248fw) — had the
highest scores in both CRISPOR and SYNTHEGO but was located in the earlier part of the
transcriptional regulatory domain (227 bp downstream of the start codon), which meant that the
truncated mutant protein produced by this sgRNA still contained two highly conserved sequence
blocks of the transcriptional regulatory domain (Figure 4-1C). PCR primers for amplifying a
region that included target loci of all three sgRNAs (test amplicon) were designed and
subsequently used to sequence mutated genomic loci. This test amplicon was sequenced for the
wild-type O. mossambicus Cas9-OmB cells and compared to the O. niloticus reference sequence.
The pairwise sequence identity of this test amplicon between O. mossambicus and O. niloticus was

96.9 % overall and 100% for all three sgRNA target sequences (Figure 4-S2).

Isolation and serial dilution of myca knockout cell lines with low genetic variability

The first myca gene editing experiment was performed with sgRNAL. In this pilot
experiment, the sequence of the target locus in Cas9-OmB cells transfected with TU6m-sgRNA1-
expression vector and selected with hygromycin was compared to that of wild-type Cas9-OmB
control cells at the same locus immediately after hygromycin selection. The Sanger sequencing
chromatograms of wild-type and sgRNA1 mutant myca test amplicons as analyzed by TIDE and
ICE tools indicated relatively poor gene editing efficiency(monoallelic) of 16.9 % (TIDE) and 6 %

(ICE) (Figure 4-2A).
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To improve the gene editing efficiency of selected cells, enrich for cells with biallelic myca
ko, and reduce genetic heterogeneity of the mutant cell population, a limiting dilution strategy was
employed in a series of experiments that utilized all three myca sgRNAs. In these experiments,
cells were allowed to recover from selection by incubation in complete media for 14 days. Cell
recovery restored proliferation rate and provided sufficient cell numbers for applying a strategy of
limiting dilution. Dilution of the initial myca ko cell mixture into a 24-well plate at an average
density of one cell per well (Figure 4-2B), dramatically improved the overall gene editing
efficiency scores in the resulting cell lines ranging from 46.8 % to 98.4 % in TIDE efficiency and
from 37 % to 92 % in ICE efficiency (Figure 4-3A). The highest gene editing efficiency (biallelic)

was 98.4% (TIDE) and 92% (ICE) for sgRNA1 colony #4.

In addition to indel percentage, ICE analysis also provides a KO-score that is derived from
calculating the proportion of indels that cause a frameshift or are longer than 21 bp. For instance,
the KO-score of sgRNA1-colony#4 was 42/100. This score suggests that, although virtually all
cells in sgRNA1-colony#4 were mutated, less than half yield a functionally or severely impaired
protein because 58% do not harbor a frameshift mutation or a deletion of more than 7 amino acids.
Nevertheless, such discrepancy between gene editing efficiency and KO-score was the exception
and the two scores were virtually identical for most mutant cell populations isolated after limiting
dilution (see Figure 4-3A). Thus, the majority of indel mutations that were isolated and enriched
by the limiting dilution strategy resulted in effective frameshifts and severe MYC truncation

(Figure 4-3).

The 1-bp deletion genotype present in the knockout pool of SgRNA1-colony#3 showed the
highest contribution (57 %) of any single genotype in any of the cell populations isolated by the

first limited dilution series (Figure 4-S3). This result suggests that syRNA1-colony#3 was the most
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promising for isolating a monoclonal mutant cell line harboring a myca frameshift ko. Thus, we
decided to perform a second series of limiting dilution for this population of cells after generating
a single cell suspension of sgRNAL-colony#3 by trypsinization of these cells and passing them
several times through a serological pipet. Interestingly, altered morphologies and growth patterns
were observed in most myca ko cell pools resulting from the first series of limiting dilution. For
example, myca ko cells appeared more adherent to each other (e.g., Figure 4-4B), had altered
growth patterns resulting in more densely clustered patches (e.g., Figure 4-4F), and had lower
proliferation rates than wildtype cells, i.e., they needed more time to reach confluency (e.g., Figure

4-4D).

Isolation of a myca-knockout monoclonal tilapia cell line

The first series of limiting dilution produced polyclonal KO cell pools with high gene
editing efficiency that can be directly used for functional analyses. However, to unambiguously
rule out any off-target effects on the phenotype of interest it is preferable to use multiple
homogenous monoclonal KO lines for functional analyses. The statistical likelihood that two
different monoclonal lines harbor the same off-target mutation is infinitesimally small. Thus, if a
consistent phenotype is observed it cannot be due to off-target effects. Therefore, the possibility
of generating a monoclonal KO line by another series of limiting dilution of KO cells was explored.
To demonstrate proof of principle the sgRNA1-colony#3 KO cell pool resulting from the first
limiting dilution series was chosen because it included a 1-bp deletion genotype that accounted for
57 % of the total cell population (Figure 4-S3). This cell pool was diluted and seeded into a 96-
well plate at an average concentration of 0.5 cells per well. Two cell colonies were detected after
14 days of seeding and isolated into separate wells. One of these colonies was confirmed to be

monoclonal. It consisted of the 1-bp deletion genotype that was most abundant in the starting
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population of cells. TIDE analysis showed 98.5 % gene editing efficiency with R? = 0.99 (Figure
4-5A), and ICE indel efficiency was 100 % with R? = 1 (Figure 4-5D). Moreover, the KO-score
was 100 /100 (biallelic mutation), which indicates that the 1-bp deletion mutation in the myca gene
results in functional disruption of MYC TF. ICE analysis confirmed a homogeneous monoclonal
genotype consisting to 100 % of the 1-bp deletion mutant (Figure 4-5B). The original Sanger
sequence trace also confirmed cleanly that the 1-bp deletion of a cytosine was present in all copies
of the target test amplicon (Figure 4-5C). These data provide evidence that a two-step serial
limiting strategy can be applied for isolating monoclonal KO mutant cell colonies from an initially

highly heterogeneous mixture of genotypes.
Structure of the predicted loss-of-function monoclonal mutant MYC protein

Compared to wild-type MY C protein made up of 432 amino acids, the mutant MY C protein
expressed in the monoclonal OmB-mycaKO1 mutant cell line is predicted to be truncated to only
contain the first 120 amino acids due to premature translation termination via an early stop codon
(TGA) (Figure 4-6A). The majority of transcription regulatory domain and all of the DNA-binding
domain (bHLH + LZ) are missing in the mutant MY C protein, which abolishes its function as a
TF. Predicted protein structures of both wild-type and mutant MYC were profoundly different
between wild-type and mutant MYC (Figure 4-6B and 4-6C). The removal of protein domains
necessary for TF function from the truncated mutant protein was confirmed using
FunFOLDQA[229], a protein ligand binding site residue prediction tool, which indicated ‘No

DNA binding capacity’ of the truncated mutant MY C protein.
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Morphological differences between Cas9-OmB-mycaKO1 and wildtype Cas9-OmB cells

In addition to the general tendency for forming tighter cell clusters and decreased
proliferation rate (time to confluency) outlined for heterogeneous mutant cell populations above,
a conspicuous morphological difference was observed for the Cas9-OmB-mycaKO1 cell line
compared to myca wild-type Cas9-OmB cells. The morphology of both wild-type and mutant cell
lines was compared after two additional passages to expand the mutant line for cryopreservation.
The mutant cells appeared smaller due much shorter elongated cell extensions that are
characteristic of wildtype cells even though the main cell body of mutant cells was comparable in

size to wildtype cells (Figure 4-7).

Discussion

Potential non-canonical role of MYC as an osmoregulatory transcription factor

MYC is a well-studied transcription factor having numerous cellular functions such as the
regulation of cell growth, cell cycle, cell differentiation, global mRNA translation, and cellular
stress response (CSR) in a wide variety of organisms[230-232]. MY C has been studied extensively
in the context of cancer biology because of it is overexpression in malignant tumors and its
activation of many hallmarks of cancer[233]. However, other functions of MYC that are not
directly relevant for cancer biology have not received much attention. Since MYC TFs are
evolutionarily highly conserved and have many transcriptional targets[190], they are likely central
regulators of the CSR and other diverse cellular functions that are important for normal non-

pathological physiology[234].

To enable causal links between MYC function and the CSR in tilapia, in particular during

salinity (osmotic) stress, this study generated tilapia myca ko cell lines. Previous studies suggest
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that myca, which is the gene encoding for tilapia MY C, may be involved in governing mechanisms
of teleost osmoregulation[193,198]. Furthermore, our results show that, unlike myc2, myca is
elevated at the mRNA level during hyperosmotic stress in tilapia OmB cells (Figure 4-S2A). MYC
regulates its downstream target genes by binding to the E-box (CACGTG or CATGTG), a MYC-
specific cis-regulatory element (CRE). Intriguingly, three E-box sequences were found in the
proximal promoter region (within 1.1 kb of the transcription start site) of the tilapia IMPAL.1 gene
encoding the most osmoresponsive enzyme in tilapia (Figure 4-S2B). We have previously shown
that hyperosmotic transcriptional induction of IMPAL.1 is at least partly mediated by several
osmolality/salinity-responsive element 1 (OSRE1) CREs[22]. The OSRE1 core consensus
sequence resembles that of the mammalian tonicity response element (TonE), which is the binding
site for nuclear factor of activated T-cells 5 (NFAT5)[235]. This similarity suggests that tilapia

NFATS contributes to the osmotic regulation of the IMPAL.1 gene.

However, gene expression is often regulated in a combinatorial manner and dependent on
multiple different CREs and TFs. Our findings of hyperosmotic MYC TF mRNA elevation and
the presence of multiple MYC CREs (E-boxes) in IMPAL.1 suggests that combinatorial
transcriptional regulation involving NFAT5 and MYC controls the hyperosmotic induction of
tilapia IMPAL.1. To enable functional analyses of the role of MY C and its interaction with NFAT5
for osmoregulatory target gene transactivation, this study generated multiple poly- and mono-
clonal myca ko tilapia cell lines that can be used in combination with reporter assays[236,237],
molecular and cellular phenotyping[238-240], and other approaches[241,242] to comprehensively

characterize the role of MYC for teleost osmoregulation.
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Limiting dilution is an effective strategy for cloning specific cell genotypes

Using gene targeting by CRIPSR/Cas9 results in a heterogenous pool of edited cells with
varying indel populations[216]. Such highly heterogeneous polyclonal cell pools can have poor
overall gene editing efficiency due to inefficient delivery or low sgRNA-dependent mutational
efficiency[243,244]. Moreover, some of the cells in this heterogeneous pool may harbor non-
specific mutations that can cause off-target effects. One way to eliminate such potential off-targets
is to isolate genetically distinct cell pools and check for consistent phenotypes when multiple of
these distinct pools are used for experiments that evaluate functional consequences of gene ko. In
this study, we applied a serial limiting dilution strategy to increase gene editing efficiency and
decrease the genetic heterogeneity of polyclonal and monoclonal mutant (gene-edited ko) cells.
Both polyclonal and monoclonal cell lines are useful depending on the purpose of the subsequent

experiment[218,221,245].

We successfully produced ten polyclonal cell pools with reduced heterogeneity in the indel
genotypes when compared to the original mixture of gene edited cells. Five of these polyclonal
lines had much higher gene editing efficiencies (>80%) than the starting population of gene edited
cells. The remaining five cell pools with <80% gene editing efficiency also showed improved
mutational efficiency relative to the starting population. The high gene editing efficiencies
achieved during the initial series of limiting dilution illustrate that this strategy represents a rapid
way for enrichment of desirable genotypes. However, wildtype mRNA and protein expression
from unedited or heterozygous cells harboring a haploid mutant genotype represents a potential
pitfall of studying polyclonal ko cells. This would be particularly problematic for long-term studies

if unedited or haploid cells have a growth rate that exceeds those of diploid mutants.
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To eliminate concerns about possible phenotype masking effects due to the potential
presence of unedited or haploid genotypes in a polyclonal cell pool, we performed another series
of limiting dilution. For this second dilution series a polyclonal cell line from the first series of
dilution was chosen, which had the highest frequency of frameshift (functionally inactivating)
mutations as determined by ICE analysis. We demonstrate that it is possible to isolate a monoclonal
tilapia cell line harboring a 1-bp deletion in the myca gene after only two rounds of limiting serial
dilution. In theory, it is possible to decrease the cell concentration during the first round of dilution
even further and seed more aliquots (e.g., into a 1536-well plate) to obtain monoclonal lines after
a single limiting dilution step. However, in praxis, our approach of subsequent serial dilutions at
an average seeding density of 1 cell per well followed by an average seeding density of 0.5 cells
per well yielded the best results with cells retaining their ability to form colonies within a short
time (within 4-5 weeks). This approach also reduced the likelihood of seeding cell clusters present
in cell suspensions during the second round of limiting dilution[217]. Thus, limiting dilution is an
effective strategy to overcome (1) the genetic heterogeneity of mutant cells, (2) the potential
presence of unedited or haploid mutant cells in mixed populations, and (3) the low delivery
efficiency of vector-based CRISPR/Cas9 in cultured fish cells[246-248]. The limiting dilution

strategy is not only fast but also very cost-effective.

Our approach overcomes difficulties often encountered when attempting to isolate clonal
mutant cell lines from non-canonical model organisms[249]. For example, workflows for isolating
gene-edited clonal cell lines by fluorescent-aided sorting system are currently only feasible for
mammalian cells[250]. Moreover, even if expensive cell sorting devices and corresponding
labeling approaches are available, cells would be potentially exposed to the non-sterile conditions

and in danger of being contaminated. Cell viability is also negatively affected by the cell sorting
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process. In conclusion, the serial limiting dilution strategy used in this study provides a robust,
rapid, and cost-effective platform for generating ko clonal cell lines for studies of mutagenesis

effects on cellular phenotypes of teleost fishes.

Interpretation of gene editing results by TIDE and ICE analyses

To analyze results from CRISPR/Cas9 gene editing experiments, the test amplicon
sequence spanning the target site must be analyzed with bioinformatics tools that deconvolute the
indel heterogeneity into interpretable scores. We used TIDE and ICE analyses for this purpose.
Sanger sequence chromatograms of test amplicons from genomic DNA of gene edited and
wildtype cells and the corresponding sgRNA sequence are used as the input data. TIDE[251] has
been widely adopted for mutation detection since its development in 2014 as an accurate, versatile,
and time-saving alternative to restriction enzyme-based assays[243,252]. The ICE analysis
pipeline (SYNTHEGO)[253] has been developed more recently and examined rigorously by
comparing to next generation sequencing (NGS)-based amplicon sequencing data. This evaluation
revealed that the accuracy of ICE analysis is comparable to that of NGS-based approaches such as

CRISPRess02, which aligns deep sequencing reads to a reference sequence[254].

In addition to scoring the overall gene editing efficiency, ICE also provides a Knockout
score (KO-score) which is a useful measure to determine how many of the contributing indels are
likely to result in a functional ko of the targeted gene. The main advantages of using both TIDE
and ICE in combination are being able to: (1) Compare the consistency of two independent
measures for gene editing efficiency, which are derived from different analytical algorithms, (2)
Obtain detailed information about distribution and frequency of different types of indels, and (3)

Estimate the frequency of indels resulting in a functional ko. The advantages and complementary
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features for the combined use of TIDE and ICE for indel heterogeneity analyses has been reported

previously[255].

One important finding of our study was a substantial difference between KO-score and
indel efficiency observed in sgRNA1-colony#4. While TIDE and ICE indel efficiency scores for
this cell population were 98.4 % and 92 %, respectively, the KO-score was only 42 % (Figure 4-
3B). This information represents a critical factor for choosing particular cell populations for
functional studies. In this case, SJRNA1-colony#4 cells would be eliminated from consideration
for functional phenotype analyses because most of the mutants generated produce a MY C protein

that is very similar to the wildtype protein.

The scores provided by TIDE and ICE analyses provide effective and unbiased selection
criteria of choosing a particular population of cells from the first round of limiting dilution for
subsequent serial dilution of cells. We selected the sgRNA1-colony#3 cell population resulting
from the first limiting dilution for the second round of limiting dilution because of the high
abundance of a specific genotype (a 1-bp deletion accounting for 51.4 % of the indels) and because
the frameshift mutation introduced a premature translation termination codon shortly after the
target site, Figure 4-6). Because of this premature stop codon, the mutant protein that is generated
is very short, which minimizes potential non-specific side effects of expressing an abnormal

protein in cells that are subjected to complex phenotype analyses.

myca clonal KO tilapia cell line and its potential use and implications

The limiting dilution strategy had already been successfully used in a few cases to generate
clonal ko cells in different fish species including carp (Cyprinus carpio)[221,256], medaka

(Oryzias latipes)[257], and chinook salmon (Oncorhynchus tshawytscha)[220]. These studies
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were focused on investigating mechanisms of resistance to viral infection. However, generation of
polyclonal or monoclonal ko cell lines from heterogeneous indel genotypes generated by
CRISPR/Cas9 technology, whether by limiting dilution or other approaches, has not been reported

prior to this study for any tilapia species.

Here we established proof of principle that monoclonal tilapia ko cells can be generated by
limiting dilution of heterogeneous indel genotypes resulting from using a vector-based
CRISPR/Cas9 system with cell lines. Such monoclonal ko lines have a defined genotype that
facilitates the interpretation of functional studies aimed at evaluating the effects of gene
inactivation on cellular phenotypes, for example osmoregulatory, disease resistance, proliferation,
or other phenotypes that are informative for understanding basic physiological mechanisms but
also of great interest from an applied perspective, e.g., for improving aquaculture[60,258]. Tilapia
are a widely used aquaculture species, second only to carp regarding global production yields.
However, like many other organisms, tilapia are subjected to climate change and pollution, which
negatively affects their performance and their natural habitat, and impacts aquaculture efforts.
Mechanistic insight derived from gene targeting studies helps to understand, properly interpret,

and compensate for such impacts to facilitate mitigating these negative effects.

In the current study, the myca gene encoding MYC TF was chosen as to demonstrate the
effectiveness of the limiting dilution strategy for generating a clonal ko cell line. This cell line and
the polyclonal myca ko lines generated in the present study enable testing the role that MYC TF
plays for tilapia cellular osmoregulation, its contribution to the activation of the myo-inositol
biosynthesis (MIB) pathway, and its contribution to other cell functions. This approach can be
extended to other targets and species of interest, for example genes important for aquaculture traits

other than salinity tolerance and candidate genes other than myca, including those identified by
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previous GWAS and SNP analysis in multiple aquaculture fish species[259-261]. These ko cell
lines allow for deep functional analyses that associate specific genotypes with complex phenotypes,
including systems level molecular phenotypes revealed by transcriptomics[262] and

proteomics[263].

Surprisingly, the cell viability and growth rate of the myca clonal ko cell line did not differ
from that of wild-type Cas9-OmB cells. This contrasts with several polyclonal ko cell pools
obtained after the first round of limiting dilution, which display reduced proliferation even after
three passages. This result indicates that, not only is myca ko not lethal, but it also does not hamper
cell propagation in vitro. This phenomenon is interesting as we had expected that all ko cell lines
might show similar reduced cell viability and slower cell growth compared to the wild-type cells
because of the known essential roles of MY C in numerous cellular processes including cell growth,
proliferation, and differentiation[264]. Nevertheless, the aberrant morphologies of tilapia myca ko
cell lines (Figures 4-4C and 4-4D) support the idea that cell differentiation, one key cellular

phenotype controlled by MYC TF, is notably altered relative to wild-type cells.

Although aberrant cell morphology is reported for myca ko cells in this study, more in-
depth molecular phenotyping will help understand the physiological consequences of myca ko in
future studies. Specifically, osmotolerance phenotypes of myca ko cells can be analyzed[224] and
quantitative proteomics approaches can be employed to provide functional insights into
biochemical and genetic networks that are controlled by MYC TF[265,266]. The limiting dilution
approach and the myca ko tilapia cell lines generated in this study will empower such future
functional analyses. In conclusion, this study successfully used a vector-based CRISPR/Cas9

approach in combination with a serial limiting dilution strategy to generate mono- and poly-clonal
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tilapia myca ko cell lines for in depth cellular phenotyping studies directed at investigating

functions of MYC TF in tilapia.
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Figure 4-1. Evolutionary conservation of MYC protein domains and location of myca sgRNAS

for CRIPSR/Cas9-mediated gene-editing. (A) Multiple alignment of MY C protein sequences from
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15 vertebrate species including mammals, amphibians, and fishes generated with Geneious
(Biomatters, cost matrix = Blosum62). The names of species included in the alignment are listed
on the left side. The Oreochromis niloticus MY C protein sequence is labeled by its NCBI accession
number (XP_003439292.1) and underlined red. Black blocks indicate highly conserved regions
while lighter ones (grey blocks) represent less conserved regions. The transcriptional regulatory
domain is depicted by a green-colored bar and the DNA binding domain (bHLH plus LZ) is
depicted by cyan-colored bars. The pairwise identity of the DNA binding domain is outlined in
red. (B) Phylogenetic tree corresponding to the alignment shown in panel A generated using
Geneious (Biomatters, genetic distance model = Jukes-Cantor, method = Neighbor-Joining). (C)
Workflow of sgRNA design using the O. niloticus NCBI reference genome to screen for off-target
effects identified the three best sgRNAs for tilapia myca. (D) Tilapia myca CDS (1299 bp)
annotated with corresponding functional protein domains (green, cyan bars) and the location of

SgRNA targets (yellow arrows). Exons are indicated by grey bars at the top.
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as black cell-shaped components in dishes. Green small circles in cell culture dishes represent
plasmid vector used for transfection. (A) Representation of the initial Hygromycin-selection of
highly heterogeneous myca ko cells. The micrograph at the right illustrates the very low
confluency of cells surviving the selection process. CRISPR/Cas9-mediated gene editing
efficiency of the initial batch of selected cells was low as indicated by TIDE (Tracking of Indels
by Decomposition; shinyapps.datacurators.nl/tide/) and ICE (Inference of CRISPR Edits;
SYNTHEGO - CRISPR Performance Analysis) scores above the cell micrograph. The Knockout
(KO)-score is even lower (6%) indicating that the proportion of cells with a functional ko is very
low. (B) Initial series of limiting dilution after recovery of the initially selected cells shown in (A).
The wells marked with ‘v’ (A5, B2, and C4) represent wells containing cell colonies. When these
cell colonies reached 70% confluency, they were split 1:2 and transferred to two new wells, one
of which was propagated for expansion and the other harvested for genotyping. (C) Second
limiting dilution series using a single polyclonal KO cell pool generated in (B). Each well of the
6-well plate is labeled with the well locations (C2, D8, and E5) of the previous step. A ‘v’ marks
wells that contained cell colonies (C2, D8, and D5). These were grown to 70% confluency, split
1:2, and transferred to two new wells, one of which was propagated for expansion and the other

harvested for genotyping.
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Cell colony # | TIDE efficiency % |ICE Indel % |ICE-KO score /100

sgRNA1-colony#1 48 6

sgRNA1-colony#2 891 91 9
sgRNA1-colony#3 813 83 83
sgRNA1-colony#4 98.4 92 42
sgRNA2-colony#1 84.9 89 88
sgRNA2-colony#2 53.1 50 48
sgRNA2-colony#3 76.3 81 59
sgRNA2-colony#4 75.1 79 63
sgRNA2-colony#5 63.2 75 64
sgRNA2-colony#6 46.8 37 29
sgRNA3-colony#1 849 88 86
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Figure 4-3. Quantitative indel mutation efficiencies of cell colonies (pools) produced by limiting
dilution of cells transfected with sgRNA1, sgRNA2, and sgRNA3 plasmids. (A) Individual cell
colonies isolated by the limiting dilution method into individual wells of a 24-well plate at an
average density of one cell per well (Figure 4-2B) were genotyped and quantitatively analyzed
using both TIDE and ICE tools. In addition to obtaining indel mutational efficiencies, ICE provides
a KO-score which is the proportion of indels with a frameshift or exceeding 21 bp in length. (B)
Bar-graph visually indicates high consistency of all scores except for sgRNA1-colony#4, which

has a lower KO-score.
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Figure 4-4. Representative images of cell morphology of wild-type Cas9-OmB cells and myca
polyclonal ko cell pools (Scale bar, 200 um). All micrographs were taken on an inverted
microscope (Leica Dmi8) and imaged 5-7 days after transferring the cell colonies grown and

tracked in a 24-well plate to a 6-well plate.
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Wild-type CAGCTGGAGATGGTGACCGAGTTCC: TCGGGOATGACGTGGTCAACCAGAGCATCATCTGCGACTCCGATTACTC

KO clone - ,___- AGCTGGAGATGG6TGACCGAGTTC-1 TCOGGGATGACGTGOTCAA AGAGCATCATCTGCGACTOCEATTACTC

C Sequence GGAGATGGTGACCGAGTTINICTCGGGGATGACGTGGTCAACCAGA
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Figure 4-5. Confirmation of the homogeneity of mutant genotype in a myca monoclonal ko cell
line. (A) TIDE analysis of genomic DNA extracted from a cell colony after the second series of
limiting dilution. The X-axis indicates the nature of indels while the Y-axis depicts the percentages
of the corresponding sequences. R-square refers to quality of the sequence reads from Sanger
sequencing chromatograms with a value above 0.9 considered acceptable. The significance cutoff
was set at a default p < 0.001 threshold. (B) The ICE analysis result of sequence distribution and
frequency (%) of myca monoclonal ko cell line. The top row of nucleotides shows the wild-type
sequence for the region surrounding target site. The bottom row indicates the gene-edited mutant
sequence (ko clone). The dashed vertical black line indicates the cut site. Both sequences are
aligned perfectly except for the 1-bp deletion in the mutant. (C) Alignment of wild-type and gene-

edited (ko clone) sequencing chromatograms produced with Geneious 2022.0.1 (Biomatters) The
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cyan-colored bar depicts SgRNAL target sequence and the black bar shows PAM sequence. (D)
ICE results include sgRNA target sequence, PAM sequence, indel efficiency, model fitness (R2),

and Knockout-Score.
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DNA-binding démain 120 aa
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No DNA-binding capacity

Figure 4-6. Prediction of loss of function due to truncation of a mutant MY C protein produced by
the monoclonal Cas9-OmB-mycaKO1 cell line. (A) Wild-type and mutant MYC amino acid
sequences were annotated on the coding sequence (CDS, shown yellow highlighted in the upper
row). The region of the mutant MY C sequence that is delimited by a premature stop codon (TGA)
caused by a 1 bp deletion in the target site is enlarged in the bottom row. (B) 3D structure of wild-
type MYC protein (432 amino acids) as modeled using AlphaFold[226]

(https://alphafold.ebi.ac.uk/entry/Q45RH2), Mol*3D Viewer[227], and RCSB Protein Data Bank
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[228]. The scissor-like structure composed of two alpha-helixes (light green) represents the main
DNA-binding domain. (C) 3D structure of mutant MYC protein (120 amino acids) as predicted

using the same tools and approach as in panel B.
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Figure 4-7. Cell morphology of tilapia cell lines. Micrographs showing differences in morphology
of Cas9-OmB wildtype cells (A, C) versus Cas9-OmB-mycaKO1 mutant cells (B, D). The lack of

elongated cell extensions in selected mutant cells is illustrated by white arrows. Images were taken

98



using 5x and 20x phase objective on an inverted microscope (Leica Dmi8). The bar at the bottom

of each image indicates a distance of 200 pum.
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Figure 4-S1. MYC mRNA abundance in tilapia OmB cells. (A) Semi-quantitative cDNA agarose
gel indicating increased myca mRNA abundance after exposure of OmB cells to 650 mOsmol/kg
hyperosmolality for 6h. mRNA was isolated from both iso- (Iso) and hyperosmotically (Hyp)
grown OmB cells using PureLink RNA mini kit (Invitrogen, 12183020 ), reverse transcribed into
cDNA using Verso cDNA Synthesis Kit (ThermoFisher, AB1453A), and PCR amplified for 35
cycles using Mastercycler (Eppendorf, 6333000022). (B) MYC binding motifs (purple-colored)
identified with the Geneious “Find Motifs” function (Geneious 2022.0.1, Biomatters) annotated to

the O. mossambicus IMPA1.1 5’ regulatory region (proximal promoter).
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Figure 4-S2. Sequence confirmation of sgRNAs targeting Oreochromis mossambicus MYC
(myca). (A) The myca targeted sequence (test amplicon region) was compared between O.
mossambicus and O. niloticus by aligning the PCR-amplified sequence covering all SgRNA target
sequences with the O. niloticus reference sequence. The pairwise identity between the two
sequences is 96.9 %. (B-D) sgRNA coding sequence validation after cloning into TU6 gRNA
expression vector to confirm 100% match of sgRNAs to corresponding O. mossambicus myca

locus. (B) sgRNAL (248fw), (C) sgRNA2 (rk#3), and (D) sgRNA3 (rk#4).
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Figure 4-S3. Relative contribution of each genotype present in the sgRNA1-colony#3 ko cell pool
after the first round of limiting dilution. (A) TIDE analysis result with significant indels shown as
red bars (p-value < 0.001). (B) Corresponding ICE analysis result showing high agreement with
the TIDE data. In addition, ICE analysis also provides the knockout score, which is the same as
the Indel frequency (83%). Matching scores for indel frequency and knockout score indicate that
all three types of indels present in this cell population (-1del, -5del.1, -5del.2, and -10del) all cause
frameshift mutations. The R-square value refers to quality of the sequence reads from Sanger

sequencing with a value above 0.9 considered acceptable.
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Primer Purpose

Primer Name

Primer Sequence

sgRNA oligo annealing

myca_sgRNA1(248fw)Target

CGATGGTGACCGAGTTCCTCGGTTTTAGAG

myca_sgRNA1(248fw)Compl

CTAGCTCTAAAACCGAGGAACTCGGTCACCAT

myca_sgRNA2(rk#3)Target

CGCTCGCCAAACTTGGATTCCGGTTTTAGAG

myca_sgRNA2(rk#3)Compl

CTAGCTCTAAAACCGGAATCCAAGTTTGGCGAG

myca_sgRNA3(rk#4)Target

CGCATGCCGCGGAATCCAAGTTGTTTTAGAG

myca_sgRNA3(rk#4)Compl

CTAGCTCTAAAACAACTTGGATTCCGCGGCATG

Genotyping

myca_TideF1

TGGAGGGAGTTGACCATGAAAG

myca_TideR2

CTCGGACACCACCTTCTTCA

sgRNA_segP1 (for sequencing)

GTATACTATGTGCCGAATTTCC

myca mRNA detection myca_qPCR_F TGTCACTGCCGCACTGGAAT
myca_qPCR_R CAAACTTGGATTCCGCGGCA

myc2 mRNA detection myc2_qPCR_F GTGTTCCTGGGTGAGAAGCA
myc2_gPCR_R TGTCCACTGTCACCACATCG

Table 4-S1. Sequences of primers used in this study
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CHAPTER 5

Summary and Future Directions

Summary

The research addressed in this dissertation aims to understand molecular mechanisms
underlying cellular osmoregulation of euryhaline fish during salinity stress using a cell line model
with a particular emphasis on transcriptional regulation. We identified multiple mechanisms by
which transcriptional regulation of tilapia genes is controlled during hyperosmotic stress. These
mechanisms contribute to the unique physiological capacity of euryhaline fish to tolerate salinity
stress. Transcriptional regulation per se is a fundamental molecular mechanism governing cellular
stress responses under sub-optimal conditions to maintain physiological homeostasis. Therefore
and because of the large knowledge gap regarding the link between perception of an osmotic signal
and induction of gene expression, Chapters 2 and 3 focus on the transcriptional regulatory
mechanisms and networks controlling hyperosmolality-responsive genes and the corresponding
proteins. These chapters have identified novel osmoregulatory CREs in multiple hyperosmotically
induced genes. They have also identified potential candidate binding partner TFs that activate
those genes and provide a focus for future research in this field. A targeted gene-specific
(glutamine synthetase, GS) approach (Chapter 2) has revealed unexpected localization of OSRE1
(a salinity-responsive CRE) in intron 1 of the tilapia GS gene. This interesting finding assigns a
novel functional role to an intronic non-coding region of GS and illustrates that introns can no
longer be regarded as trash across the entire genome[267]. In contrast to Chapter 2, an untargeted
systematic approach was pursued to discover novel CREs by aligning the 5’ regulatory regions of

many hyperosmotically, transcriptionally induced genes that lead to increases in corresponding
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protein levels during salinity stress. This approach leveraged bioinformatics tools to enable de
novo discovery of a new salinity-responsive CRE which we named STREME1 (Chapter 3). The
STREME1 CRE was experimentally validated in order to confirm its functional role for the
transcriptional induction of salinity-responsive genes. The approach taken in Chapter 3 is broadly
applicable to many other biological questions that require a systematic approach that takes
advantage of systems level data on gene expression without prior bias towards a candidate CRE
or TF. This approach lends itself very well to take advantage of massive ‘omics’ datasets that are
now commonly produced. Combined with gene targeting approaches they enable establishment of
causal links between environmental signals and gene expression on the one hand and gene
expression changes and phenotypes on the other hand. This dissertation has identified several
CREs and candidate TFs that control transcriptional regulation in hyperosmotically stressed tilapia
cells. Moreover, the research reported in Chapter 4 has provided the tools to causally link the
function of one of these TFs, MYC, to the hyperosmotic induction of osmoregulated genes and
other cellular phenotypes associated with cellular stress responses and other aspects of cell
physiology. To facilitate robust and efficient gene targeting to manipulate the function of TFs
during osmotic stress, specific myca ko mono- and poly-clonal tilapia cell lines were produced
using a CRISPR/Cas9 system optimized for tilapia cells. Chapter 4 reports the successful
establishment of myca ko clonal cell lines (polyclonal cell pools and a monoclonal cell line) by
providing proof-of-principle that a serial limiting dilution strategy represents a rapid and cost-
effective means for isolating specific mutant genotypes from complex heterogeneous cell
populations. This approach can now be extended to other TFs beyond MYC to test their
involvement in tilapia transcription regulatory mechanisms and/ or osmosensory signaling during

salinity stress.
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In summary, this dissertation contributes to advancing our knowledge about salinity-
responsive molecular mechanisms with an emphasis on how transcriptional regulation is controlled
and establishing a platform for future functional analyses by providing genetically engineered

clonal cell line models to address the role of specific TFs.

Future directions

Findings and discoveries obtained from efforts described above suggest several follow-up
studies to further advance our understanding of molecular mechanisms of osmoregulation in
euryhaline fish. First, a pull-down approach using a bead-immobilized DNA sequence can be used
to directly isolate TFs that bind to the salinity-responsive CREs identified in this dissertation
(OSRE1 and STREMEZ1). Such an unbiased approach, where all putative TFs could be candidates,
would reveal gene-regulatory networks in euryhaline fish that operate during osmotic stress and
generate novel hypotheses regarding osmosensory signaling mechanisms. Several candidate TFs
have already been identified in our lab, including MYC, NFATS5, and OSTF1 but it is likely that
combinatorial signaling involves even more TFs[268]. Therefore, the above approach will either
assess the role of known TFs in osmoregulation or expand our knowledge of additional
transcriptional regulatory mechanisms by identifying novel TFs that contribute to osmoregulatory

responses.

Moreover, an efficient system to produce gene ko cell lines using CRISPR/Cas9
technology has been developed in Chapter 4, which can now be leveraged to elucidate
osmoregulatory function of the candidate STREMEZ1 binding partner, FoxL1, identified in Chapter
3. By producing a monoclonal foxl1-ko cell line according to the limiting dilution strategy
described in Chapter 4, it would be possible to compare hyperosmotic transcriptional activity of

proximal regulatory regions of a reporter gene harboring STREMEL1 motifs using different cell
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lines (a normal OmB cell line and a foxl1-ko cell line). This approach can highlight crucial
information about whether the putative TF, identified in silico, is functionally involved in
controlling osmoresponsive gene-regulatory networks during salinity stress. Such studies focused
on causally linking the function of osmoregulated TFs to the osmotic regulation of gene expression
and gene regulatory networks will strengthen our mechanistic understanding of how euryhaline

fish respond to salinity stress.
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