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Abstract 

The constantly changing physical world subjects its inhabitants to variable abiotic conditions.  Organisms 

function optimally within a range of abiotic parameters. Extreme divergence form that range due to 

conditions such as salinity fluctuations in some aquatic environments, imposes strain on their 

physiological systems such as hyper-osmotic (HO) stress.  Persistence in such an environment is 

restricted to species capable of the necessary adaptive responses. The economically important 

Mozambique tilapia (Oreochromis mossambicus) is such a species, making it an ideal model for studying 

salinity stress tolerance.  Previous work showed increased abundances of the myo-inositol biosynthesis 

(MIB) pathway enzymes myo-inositol phosphate synthase (MIPS) and inositol monophosphatase 1 

(IMPA1.1) in tissues of O. mossambicus subjected to elevated salinity. Previous work also suggested an 

involvement of the transcription factor NFAT5 (nuclear factor of activated T-cells 5) in the osmotic 

regulation of the MIB pathway.  However, the causality of these relationships with salinity tolerance 

phenotypes had yet to be established.  The objective of this research was to test the overall hypothesis 

that upregulation of the MIB pathway enzymes contributes to salinity tolerance and is mediated by 

NFAT5 using CRISPR/Cas9 gene editing and synthetic biology approaches in a simplified but 

representative tilapia cell line model (OmB) to manipulate the genetic loci encoding these proteins.   

Initial CRISPR/Cas9 editing attempts utilizing gRNA/Cas9 protein complexes and expression vectors 

optimized for zebrafish or mammalian cells failed to yield detectable gene edits. Therefore, a system 

customized for tilapia cells was developed using endogenous O. mossambicus EF1 alpha and U6 

promoters to drive Cas9 and gRNA expression respectively.  A version of the OmB cell line (Cas9-OmB1) 

was engineered to express the Cas9 protein by transposon mediated genomic integration of the Cas9 

gene while different gRNAs are produced transiently by a plasmid vector with hygromycin resistance.  

Hygromycin selected Cas9-OmB1 cells transfected with this vector displayed high gene editing 

frequency(up to 81%).  Substitution of the previously used U6 promoters into the new system yielded 



 

iv 
 

negligible mutation frequency, thereby identifying heterologous U6 promoters as the primary cause for 

lack of gene edits in initial attempts.   

This CRISPR/Cas9 system was then used to generate three knock-out (KO) clonal cell lines for MIPS, 

IMPA1.1, NFAT5 and a non-essential gene group as controls for any deleterious side effects of the gene 

editing and cell selection process.  Measurement of metabolic activity and growth/survival of MIB KO 

and control cell lines exposed to both HO and basal iso-osmotic (IO) conditions were performed over a 

288 hour period.  The results show increased growth rates of both MIPS and IMPA1.1 KO lines over the 

control cells in basal IO conditions but decreased survival (although not significant) in HO conditions.   

HO challenge of the NFAT5 KO and control lines followed by qRT-PCR targeting MIB enzyme transcripts 

showed a notable reduction of HO induced transcriptional upregulation in both IMPA1.1 (37-49%) and 

MIPS (6-37%).  In wild-type (WT) OmB cells, co-transfection with vectors expressing dominant negative 

(DN) and WT versions of tilapia NFAT5 and a GFP reporter vector driven by the IMPA1.1 promoter 

caused statistically significant changes of reporter activity.  Reporter activity was increased 5.1 fold by 

WT NFAT5 in basal iso-osmotic (IO) conditions and reduced ~45% by DN NFAT5 in HO conditions. These 

results provide evidence for an interaction between this transcription factor and the IMPA1.1 promoter 

regulatory elements.   

In conclusion, a novel DNA vector-based CRISPR/Cas9 delivery platform can achieve high mutation rates 

when component expression is driven by tilapia endogenous promoters allowing proficient 

development of target gene KO cell lines.  Inactivating the MIB pathway has moderate impact on 

survival of HO challenged OmB cells but has a growth promoting regulatory effect in IO conditions.  We 

conclude that NFAT5 is an osmotic transcriptional regulator of the tilapia MIB pathway that is 

responsible for approximately 50% of IMPA1.1 and <37% of MIPS induction under the hyperosmotic 

stress conditions applied in this study. 
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General Introduction 

The focus of this dissertation is the cellular responses to hyper-osmotic (HO) stress in euryhaline fishes 

using a cell line model from the Mozambique tilapia (Oreochromis mossambicus). This is an economically 

important animal as Oreochromis species are some of the most widely used animals in aquaculture 

worldwide.  O.Oreochromis niloticus is the predominant tilapia species used over other tilapia due to its 

superior growth rate and feed conversion characteristics.  However, this species has only moderate 

salinity tolerance and thus the geographical range in which it can be cultured is limited by the availability 

of fresh water.  Hyper salinization of ground and surface waters by anthropogenic and natural causes 

such as agricultural runoff, drought, or encroaching tidal influences by rising sea levels will make the 

freshwater resource even more limiting with time.  For these reasons, increased salinity tolerance is a 

highly desirable trait in aquaculture stocks.   

Elevated salinity imparts hyper-osmotic stress HO on an aquatic animal’s cells and tissues through 

desiccation and excessive influx of ions.  Systemic mechanisms integrate sensing of HO stress by the 

animal with signaling pathways (endocrine and paracrine) and specialized effector organs and tissues.   

In combination, the system works to maintain a relatively constant osmolality of the extracellular body 

fluids (ECF).  Despite these mechanisms, in extreme salinities or during acute exposure to elevated 

salinity, the plasma and ECF osmolality rises significantly. This condition exposes internal cells to HO 

stress, which disturbs intracellular fluid (ICF) osmotic and ionic homeostasis, necessitating a 

compensatory cellular response.  This cellular level of HO stress response must also be understood in 

attempts to discern whole animal salinity tolerance. 

O. mossambicus is ideal to study these mechanisms as it is capable of tolerating an extreme range of 

osmotic environments from freshwater to salinities over three times that of seawater. Additionally, due 

to its close genetic relation to O. niloticus, findings in O. mossambicus are highly applicable to O. 
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niloticus and important genetic elements from O.mossambicus can be readily transferred into O. 

niloticus by the ability of the two species to interbreed.   

Work in our lab and others show up-regulation and activation of effector proteins in tissues and cell 

cultures of tilapia and cells exposed to HO conditions.  In O. mossambicus, among the highest of these 

include enzymes of the myo-inositol biosynthesis (MIB) pathway, myo-inositol phosphate synthase 

(MIPS) and inositol monophosphatase 1 (IMPA1.1) indicating the high importance of this pathway in HO 

stress response.  This pattern is paralleled in an O. mossambicus brain fibroblast cell line (OmB) which 

can persist in salinity over double basal media levels, demonstrating its’ utility as a representative model 

for these studies.  

Of equal importance to effector protein abundance changes for HO stress response are the signaling 

networks that perceive the stress and regulate the changes.  Investigation of O. mossambicus MIPS and 

IMPA1.1 promoter regions identified enhancer elements resembling the binding sequence of nuclear 

factor of activated T-cell (NFAT) transcription factors as responsible for the majority of transcriptional 

activation of these genes.  The reputation of NFAT5 as the primary HO response transcription factor in 

mammals and that NFAT5 mRNA abundance increases in cells of HO challenged fish supports this 

transcription factor as a prominent regulator of the MIB pathway.   

Despite the strong correlation of MIPS, IMPA1.1, and NFAT5 with HO stress treatment, causal 

relationships between these molecular changes and observed HO stress tolerance phenotypes of 

euryhaline fish cells have yet to be established.  Gene knock-out (KO) is an effective strategy to evaluate 

causality between gene products and specific phenotypes.  This has become a more accessible approach 

with the rise of CRISPR/Cas9 gene editing technology with successful platforms developed for multiple 

vertebrate cell lines, including initial progress in cultured fish cells. 
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In deciphering gene functions, genetic manipulation of cell culture models are an attractive alternative 

to genetically modified whole animals where applicable.  Advantages of cell culture models include: 

isolation from systemic influence in studies of cellular mechanisms, reduction of animal welfare 

concerns, more cost effective maintenance, genetic manipulations are higher throughput, and reduction 

of the potential for expanded invasiveness into marine environment by accidental escape of genetically 

enhanced animals. 

The objective of this dissertation project is to further characterize mechanisms of euryhaline fish salinity 

tolerance, specifically using molecular manipulations (predominantly CRISPR/Cas9 gene editing) and the 

O. mossamicus OmB cell line model to test the overall hypothesis that: Upregulation of MIPS and 

IMPA1.1 is necessary for full wild-type hyper-osmotic stress tolerance at the cellular level, and their 

HO induced expression is regulated by NFAT5. This objective was pursued through three primary aims: 

Aim 1) to develop a CRISPR/Cas9 system capable of generating gene KO versions of the OmB cell line for 

MIPS, IMPA1.1, and NFAT5; Aim 2) to perform assays quantifying physiological performance of MIPS and 

IMPA1.1 KO lines under HO challenge; and Aim 3) perform assays quantifying HO induced transcriptional 

regulation of  MIPS and IMPA1.1 genes by NFAT5 using NFAT5 KO lines and other synthetic biology 

techniques.  
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Abstract 

CRISPR/Cas9 gene editing is effective in manipulating genetic loci in mammalian cell cultures and whole 

fish but efficient platforms applicable to fish cell lines are currently limited.  Our initial attempts to 

employ this technology in fish cell lines using heterologous promoters or a ribonucleoprotein approach 

failed to indicate genomic alteration at targeted sites in a tilapia brain cell line (OmB).  For potential use 

in a DNA vector approach, endogenous tilapia beta Actin (OmbAct), EF1 alpha (OmEF1a), and U6 (TU6) 

promoters were isolated.  The strongest candidate promoter determined by EGFP reporter assay, 

OmEF1a, was used to drive constitutive Cas9 expression in a modified OmB cell line (Cas9-OmB1).  Cas9-

OmB1 cell transfection with vectors expressing gRNAs driven by the TU6 promoter achieved mutational 

efficiencies as high as 81% following hygromycin selection.  Mutations were not detected using human 

and zebrafish U6 promoters demonstrating the phylogenetic proximity of U6 promoters as critical when 

used for gRNA expression.  Sequence alteration to TU6 improved mutation rate and cloning efficiency.  

In conclusion, we report new tools for ectopic expression and a highly efficient, economical system for 

manipulation of genomic loci and evaluation of their causal relationship with adaptive cellular 

phenotypes by CRISPR/Cas9 gene editing in fish cells.  
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Introduction 

Use of fish in physiology studies is widespread with purposes ranging from production enhancement of 

economically important species to models of basic vertebrate biology.  Many of these studies have 

expanded into the use of cell cultures and there are now many fish cell lines available derived from 

various species and tissues1,2, including an Oreochromis mossambicus brain cell line (OmB) generated in 

our lab3.  Cell cultures have been used as early as 19104 as a simplified model to study molecular 

mechanisms and have been key in many important biological and medical discoveries since then5–7. 

Their use has many advantages including the ability to isolate cells from the influence of systemic factors 

such as hormones, facilitated control over the extracellular environment, proficient manipulation of 

intracellular systems through transfection of ectopic molecules (i.e. DNA, RNA, protein), minimization of 

genetic heterogeneity, and reduction in the costs and ethical concerns associated with the use of whole 

animals.   

Targeted genetic manipulation of cell cultures has been an effective tool in deciphering specific 

functions of cellular components, which is enabled by applying CRISPR/Cas9 gene editing systems to cell 

culture models8,9.  Compared to other gene targeting methods such as TALENS or zinc fingers that 

require complex assembly of many DNA binding domain coding sequences into a vector10,11, the Cas9 

nuclease can be directed to a specific locus of the genome by merely changing the 5’ terminal ~20 bp of 

a 90 bp RNA molecule (guide RNA or gRNA) to be complementary to the target region adjacent to a 

genomic NGG Protospacer Adjacent Motif (PAM) sequence12. 

Utilization of this powerful tool has great potential to benefit cost-efficient and high-throughput 

mechanistic studies in fish cell lines. Implementation of CRISPR/Cas9 has been achieved in mammalian 

cell lines and in fish embryos, with consistent success in a wide variety of species such as zebrafish13–16, 

medaka17, killifish, carp18, salmon19, anchovy20,catfish21, and the economically important Oreochromis 
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species22. Methods for CRISPR/Cas9 gene editing in some fish cell lines have been pioneered23,24 but only 

reported for a few lines and taxa so far. The methods employed with fish embryos utilized 

microinjection of either RNA or gRNA/Cas9 protein ribonucleoprotein (RNP) complexes. Microinjection 

is a suitable technique for the large cell size of the egg but not practical for high through-put application 

in cultured cells.  A corresponding CRISPR/Cas9 system that works reliably and can be adopted in a high-

throughput manner to enable efficient testing of causal relationships between many targets identified in 

systems biology approaches (transcriptomics or proteomics) and specific environmental contexts would 

be an invaluable complement to its use in fish embryos. 

Using OmB cells, multiple attempts using DNA expression vector CRISPR/Cas9 delivery methods were 

made in our laboratory, all of which failed to yield evidence of sequence alteration at the targeted sites.  

Although no edits were observed, this work demonstrated efficient transfection of these constructs by 

using selectable markers and the ability to isolate transfected cells by growth on selective media.  

Consequently, we suspected that failure to observe CRISPR/Cas9 cleavage by this method was due to 

insufficient expression of the Cas9 enzyme by the polymerase II promoter, insufficient gRNA expression 

by the polymerase III U6 promoter, or both.  These attempts used either the mammalian or zebrafish 

promoters for Cas9 and gRNA expression.  However, Tilapia (percomorpha), are phylogenetically distant 

from zebrafish (otomorpha) and tetrapod vertebrates (tetrapodamorpha)25–27, which may render the 

aforementioned promoters ineffective in cells derived from tilapia and other distantly related species.   

Consequently, subsequent attempts should be precluded by evaluation of a set of known strong 

promoters including conventionally available viral and composite promoters, and multiple endogenous 

promoters known to be among the most efficient within their respective systems such as beta-Actin and 

elongation factor 1 (EF1) alpha.  Other potential improvements that can be employed to increase editing 

efficiency in a vector-based system is constitutive expression of Cas9 and selectable marker systems 

built into the DNA vector.  Constitutive Cas9 expression through genomic integration allows time for 
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accumulation and nuclear localization of Cas9 in addition to significantly reducing the vector size for 

subsequent transfection of the gRNA expressing constructs and permits testing many targets in a highly 

efficient manner.  Selection systems allow for enrichment of cells that have at least obtained and are 

expressing the vector increasing the likelihood of isolating cells with targeted gene edits. 

Another means to circumvent poor expression is to transfect cells directly with gRNA/Cas9 

ribonucleoprotein complexes (RNPs).  This approach can achieve high editing efficiency in cultured cells 

without relying on cellular mechanisms to recognize and produce the required CRISPR/Cas9 components 

from ectopic encoding molecules (ie DNA or RNA)28. 

In this work we sought to establish a highly efficient, high-throughput, and economical CRISPR/Cas9 

gene editing system for the OmB cell line by testing direct transfection of gRNA/Cas9 RNPs and 

optimizing critical aspects of a DNA vector delivery approach.   

Results 

Lipid-based transfection of in vitro validated RNPs did not yield detectable gene edits in OmB 

cells 

We chose the inositol monophosphatase 1.1 (IMPA1.1) gene as the target for optimization of gRNAs by 

in vitro cleavage assay. Of ten targets (T) within or adjacent to exons of the IMPA1.1 coding sequence 

(Fig. 1a, b & c) screened by an in vitro cleavage assay, four targets (T1, T3, T7, and T10) showed the most 

thorough cleavage of the 1392 bp test amplicon containing all targets (Fig. 1d).  Transfection of 

Cas9/gRNA RNPs using these targets was performed on wild-type OmB cells using a lipid-based 

transfection system specifically designed for delivery of Cas9/gRNA RNPs.  PCR amplification of a 1392 

bp amplicon containing the targeted region was performed on DNA harvested five days post 

transfection.  Restriction site mutation (RSM) analysis, in which the occurrence of gene editing is  
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Figure 1.  In vitro cleavage assay and OmB cell line gene targeting of IMPA1.1 using Cas9/gRNA RNPs.  (a)  Gene 

map of Oreochromis IMPA1.1 showing selected gRNA target sites and expanded view of T7 site containing BsrGI 

restriction site used for analysis of Cas9 cleavage.  (b-e)  Agarose gel images of with marker sizes (base pairs or bp) 

labeled in red (b &c) initial in vitro cleavage assay screen of ten target sites (T1-T10) and reference un-digested 

substrate amplicon (UD);  (d)  Follow up confirmatory in vitro cleavage assay results of the apparent most efficient 

cleaving gRNAs from the initial screen showing complete cleavage of substrate amplicon into expected fragments 

and (e) RSM analysis in which the BsrGI digested amplicon from IMPA1.1 T7 CRISPR treated cells (CR D) shows the 

exact same band pattern as the BsrGI digested wild-type amplicon (WT D) indicating no detectable mutation at the 

target site.  The un-digested amplicons were included for reference (WT UD = wild-type un-digested, CR UD = 

CRISPR treated un-digested).  The gel images in this figure have been significantly cropped to conserve space and 

increase focus on relevant bands.  Full-length gels are presented in Supplementary Figure S1.  Gene map and 

sequence images were generated using Geneious 11.0.3 (Biomatters, https://www.geneious.com).  Image editing 

and assembly into complete figures was performed using Inkscape 0.92 (https://www.inkscape.org). 

  

https://www.geneious.com/
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evaluated by whether or not a restriction site overlapping with the potential Cas9 cleavage site is still 

able to be cleaved by the corresponding restriction enzyme, of the T7 amplicon was performed with 

BsrGI (Fig. 1e).  RSM of the T7 treatment amplicon digested thoroughly by BsrGI yielded the 

identicalexpected band pattern (748 bp, 343 bp, and 301 bp) as the equivalent amplicon from control 

cells (Fig. 1e) indicating complete BsrGI digestion and lack of CRISPR induced mutation of the BsrGI 

restriction site.  All target sequences and primers used for PCR amplification of test amplicons in the 

RNP experiments are listed in Supplementary Table S1. 

Endogenous O. mossambicus promoters show greatest potential for maximal Cas9 expression in 

OmB cells 

To maximize Cas9 expression from a DNA expression construct we cloned and screened a set of 

candidate Polymerase II promoters with documented strong expression in some fish or other vertebrate 

cells.  These promoters include CAG (hybrid promoter consisting of CMV enhancer, chicken beta-Actin 

promoter, and rabbit beta-Globin intron), CMV (cytomegalovirus), SV40 (simian vacuolating virus 40), 

and the zebrafish ubi promoter29 (Zubi).  Moreover, two O. mossambicus endogenous promoters, Beta-

Actin (OmBAct) and EF1 alpha (OmEF1a) were cloned by PCR of genomic DNA (Fig. 2a) and sequenced 

(GenBank accession nos. MT791223 and MT791222 respectively). Expression strength of each promoter 

was compared by quantitation of relative enhanced green fluorescent protein (EGFP) fluorescent 

intensity (Fig. 2b) of cells transiently transfected with EGFP expression constructs driven by each of the 

promoters (n = 2 per promoter, SE = 2.1e+07, α = 0.05). The O. mossambicus endogenous promoters 

showed the highest fluorescent intensity per cell with OmEF1a being significantly greater than CAG 

(>twofold, p = 0.0485) and SV40 (six-fold, p = 0.0077 respectively).  Although not significant, the OmEF1a 

promoter gave higher fluorescence than the OmBAct promoter (1.53e+08 vs 1.50e+08).  Qualitative 

visual assessment of the images was consistent with the quantitative data (Fig. 2c).  Additionally, due to  
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Figure 2.  Isolation and selection of Polymerase II promoter for Cas9 expression in transposon plasmid vector.  (a) 

PCR isolation of O. mossambicus endogenous promoters illustrated for EF1 alpha. The PCR amplicon spans ~150 bp 

upstream of the transcription start site, exon 1, intron 1, and part of exon 2 to the endogenous start codon.  (b) 

Comparison of relative expression strength of candidate promoters for Cas9 quantified by fluorescent intensity of 

enhanced green fluorescent protein (EGFP). Data shown represent means ± SE (n = 2 per promoter) (c) 

Micrographs showing EGFP expression in OmB cells (green) from SV40, CMV, and OmEF1a EGFP vectors 

representative of those used for quantitative analysis (d) Plasmid map of transposon vector 

(OmEF1aCas9P2APuroSB) for generation of Cas9 cell line including OmEF1a promoter upstream of Cas9 and 

puromycin resistance coding sequences (separated by the P2A self-cleaving peptide sequence) in between the two 

Sleeping Beauty transposon internal terminal repeats (ITRs).  Gene and vector maps were generated using 

Geneious 11.0.3 (Biomatters, https://www.geneious.com). Bar plot was generated using Rstudio 1.1.456 

(https://rstudio.com).  Image editing and assembly into complete figures was performed using Inkscape 0.92 

(https://www.inkscape.org). 

  

https://rstudio.com/
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its more compact size (1039 bp vs 1643 bp) and lower frequency of common restriction enzyme sites, 

the OmEF1a promoter was selected for expression of Cas9. It was cloned into the 

OmEF1aCas9P2APuroSB Sleeping Beauty transposon vector (Fig. 2d) upstream of a single coding 

sequence including Cas9 and puromycin resistance genes separated by the P2A self-cleaving peptide. 

This construct was co-transfected into OmB cells with the Sleeping Beauty transposase expression 

plasmid.  After three days of 2µg/ml puromycin treatment all un-transfected control cells had detached 

from the culture plate, but about 10% of the transfected cells persisted and proceeded to proliferate in 

the selection media indicating stable genomic integration of the transgene. 

Identification of tilapia U6 promoters that contain vertebrate U6 consensus core elements 

Because the endogenous OmBAct and OmEF1a promoters were substantially stronger in driving EGFP 

expression than commonly used heterologous polymerase II promoters, we presumed an endogenous 

O. mossambicus polymerase III promoter (U6) would be superior for driving gRNA expression than 

commonly used human or zebrafish U6 promoters.  NCBI Blast searches of known fish U6 genes 

including promoters and approximately 100 bp of the transcribed region against the NCBI O. niloticus 

reference genome (taxid: 8128) yielded four unique candidate U6 promoters designated as TU6_1 

(LOC112847594), TU6_2 (LOC112846585), TU6_3 (LOC112848092), and TU6_4 (LOC112841904).  TU6_1, 

found by BLAST of a medaka U6 (taxid: 8090, LOC111948268), contained a well-defined TATA box at 

position -31 to -23 from the transcription start site (TSS +1) (Fig. 3a). Moreover, sequence alignments of 

the four candidate tilapia U6 promoters against each other identified regions of high identity between 

TU6_1 and TU6_4 (Fig. 3b) including a PSE like sequence with 60% pairwise identity to the vertebrate 

consensus PSE sequence 30 between positions -46 and -76, a SPH like sequence with 73.8%  identity to 

the consensus SPH element 31 between positions -233 and -254, and a novel highly conserved sequence 

with 89.7% pairwise identity between the two promoters between positions -285 and -314, which we  
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Figure 3.  Identification/Characterization of O. mossambicus U6 promoter by BLAST/sequence alignment and 

cloning into gRNA expression vector.  (a) Sequence alignment of the tilapia U6 and the Medaka U6 template used 

to identify it by BLAST search shows a highly conserved transcribed region and the TATA Box (-31 to -23 from 

transcription start site, TSS).  (b) Sequence alignment of two candidate tilapia U6 promoters (1 and 4) identified by 

BLAST searches. Presumptive important U6 regulatory elements are highlighted, including a sequence that are 

similar to the vertebrate consensus PSE, vertebrate consensus SPH, and an unknown sequence that is highly 

conserved in the two tilapia U6 promoters (designated as TU6C1).  (c)  Schematic of the initial cloning strategy 

used to generate the U6 gRNA expression vectors.  The base vector contains the gRNA scaffold sequence (yellow 

box) in which the 9th bp was changed from a G to a T to form a XbaI restriction site.  Wild-type TU6, HU6, and ZU6 

cassettes were generated by PCR amplification of the U6 promoter in which an extension of the reverse primer 

includes the gRNA target sequence (red box) and the 5’ thirteen bases of the gRNA scaffold modified to form a 

NheI restriction site as an extension.  Ligation of the amplicon into the vector by NheI/XbaI complimentary 

cohesive ends (blue box) forms the complete gRNA scaffold sequence of the final vector.  DNA sequence 

alignments, sequence images, and vector map were generated using Geneious 11.0.3 (Biomatters, 

https://www.geneious.com).  Image editing and assembly into complete figures was performed using Inkscape 

0.92 (https://www.inkscape.org). 

https://www.inkscape.org/
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named the tilapia U6 consensus sequence 1 (TU6C1) .  Compared to the other three candidate tilapia U6 

promoters, TU6_1 contained the most identifiable known U6 regulatory elements and was selected to 

drive gRNA expression in an initial pilot experiment. Using PCR, the TU6_1 (designated as TU6 from this 

point forward) promoter was isolated from genomic DNA and sequenced (GenBank accession no. 

MT762368).  The TU6 amplicon was subsequently cloned upstream of the same IMPA1.1 T7 gRNA 

sequence (as a primer extension) used in the RNP experiment described above (Fig. 3c). This TU6-

IMPA1.1-T7 construct was then cloned into the base plasmid vector (gRNAscaffHygroR) including the 

gRNA scaffold sequence a hygromycin resistance gene driven by the OmEF1a promoter to generate the 

final TU6 gRNA expression vector (Fig. 3c bottom).  

Mutagenesis of IMPA1.1 by CRISPR in stable Cas9-OmB cells expressing gRNA from a tilapia U6 

promoter 

The TU6 IMPA1.1 T7 gRNA vector was transfected into the presumed Cas9 expressing puromycin 

selected OmB cells (see above) followed by hygromycin B selection for 6 days.  PCR targeting 780 bp of 

the IMPA1.1 T7 targeted region was performed on DNA harvested from the remaining cells and 

untreated control cells. The PCR amplicons were subjected to RSM analysis using BsrGI with an expected 

band pattern of 136 bp, 301 bp, and 343 bp of fully digested amplicon (Fig. 4a). All of these bands were 

present in the gel resolving the products of the BsrGI digests for both PCR amplicons (Fig. 4b). However, 

an additional clear band of ~437 bp was present in the digest from the CRISPR treated cells representing 

the fragment generated if the BsrGI restriction site within the gRNA target sequence (between the 136 

bp and 301 bp fragments) is mutated, indicating partial successful gene targeting. 

Generation and Validation of a clonal Cas9 OmB Cell Line 

To obtain a clonal Cas9 OmB cell line with a more consistent phenotype and limit variability between 

comparisons in high-throughput downstream studies, colonies derived from single cells plated at low  
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Figure 4.  Pilot test of Cas9 expressing cells with isolation and validation of clonal Cas9 OmB cell line.  (a&b) The 

first trial using TU6 gRNA vector with IMPA1.1 T7 target sequence transfected into puromycin selected Cas9 

expressing cells.  (a)  Schematic of the PCR generated test amplicon used to evaluate mutational efficiency at the 

IMPA1.1 T7 target including locations of the BsrGI restriction sites and predicted fragment lengths that would 

result from BsrGI digestion.  (b)  Agarose gels (marker sizes in bp labeled in red) of RSM analysis on IMPA1.1 T7.  

Left gel consists of un-digested test amplicons from wild-type (WT UD) and T7 CRISPR targeted (CR UD) cells.  Right 

gel consists of BsrGI digested test amplicons from wild-type (WT D) and T7 CRISPR targeted cells (CR D) showing 

residual fragment length of ~ 437 bp (red arrow) indicative of incomplete digestion of BsrGI restriction site and 

alteration of the T7 target sequence by Cas9 cleavage.  (c) Phase contrast image of colony formation of 
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OmEF1aCas9P2ApuroSB vector transfected, puromycin selected OmB cells.  (d&e)  Schematic of primer design for 

endogenous EF1 alpha control (d) and OmEF1a-Cas9 transgene (e) verification PCR reactions of presumed Cas9-

OmB cell line.  (f&g) Agarose gels of PCR amplicons (marker sizes in bp labeled in red) verifying genomic integration 

from genomic DNA template (f) and mRNA expression from cDNA template (g) of Cas9.  Expected EF1 alpha 

positive control amplicon (C) was observed from both wild-type and presumptive Cas9 OmB cells from both DNA 

(1007 bp) and cDNA (176 bp) templates.  Both of the two expected OmEF1a/Cas9 expression cassette amplicons (1 

& 2) were only observed from the Cas9 OmB cells from both DNA (977 bp and 1442 bp) and cDNA (146 bp and 611 

bp) templates.  The gel images in this figure have been significantly cropped to conserve space and increase focus 

on relevant bands.  Full-length gels are presented in Supplementary Figure S1. Gene and vector maps were 

generated using Geneious 11.0.3 (Biomatters, https://www.geneious.com). Image editing and assembly into 

complete figures was performed using Inkscape 0.92 (https://www.inkscape.org). 

  

density (Fig. 4c) were isolated by passage into separate culture dishes.  For the next phase of gRNA 

target testing, one clonal colony was selected and propagated due to morphology and proliferation 

phenotypes comparable to the founder OmB cell line and maintenance of robust puromycin resistance.  

To verify genomic presence and expression of the OmEF1aCas9 transgene, PCR was performed on 

genomic DNA and cDNA obtained from both wild-type OmB cells and the candidate Cas9 OmB clonal 

line.  Three primer pairs were used on genomic DNA and cDNA for both cell types for a total of 12 

reactions.  All primer pairs were designed to flank the intron of the OmEF1a promoter with common 

forward primer in exon 1 of the promoter, a control reverse primer targeting the endogenous EF1 alpha 

exon 2 (Fig. 4d), and two different reverse primers in the Cas9 coding sequence (Fig. 4e).  Expression of 

the genes would be indicated by a shorter amplicon using the same primer pairs on the cDNA from 

removal of the 831 bp intron between exons 1 and 2 of the OmEF1a promoter.  The expected control 

amplicons had expected sizes of 1007 bp (endogenous EF1 alpha) and 176 bp (genomic DNA and cDNA) 

and were obtained for both wild type and Cas9 OmB cells.  The two transgene target amplicons for  

genomic DNA (977 bp and 1442 bp) and cDNA (146 bp and 611 bp) were obtained only for the templates 

derived from Cas9 OmB cells verifyng both genomic integration (Fig. 4f) and active transcription of the 

EF1aCas9P2A-Puro expression cassette (Fig. 4g). 
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Clonal Cas9-OmB1 cells permit efficient high-throughput in vivo testing of multiple targets  

To test the effectiveness and robustness of the clonal Cas9 OmB cell line (Cas9-OmB1), we manually 

designed 14 total gRNA sequences (Table 1), all containing a restriction enzyme site overlapping the 

potential Cas9 cleavage site.  Of these, eight gRNAs target genes of interest included IMPA1.1 (T7, T11, 

T12, and T13 target sites) and nuclear factor of activated T cells 5 (NFAT5 T1, T7, T8, and T10 target 

sites). The other six target genes that are all presumed to be  nonessential to OmB cells including 

glucocorticoid receptor (NR3C1 T1 and T2), myostatin (MSTN T1 and T2), and  two genes with previously 

validated gRNAs for tilapia from other labs, WT1A32 and NANOS322.  Each target sequence was cloned 

downstream of the TU6 promoter into the gRNA expression vector and transfected into Cas9-OmB1 cells 

followed by hygromycin B selection as described above.  PCR of hygromycin selected cells for gRNAs 

IMPA1.1 T12, NFAT5 T1, NFAT5 T7, MSTN T2, and WT1A failed to yield an amplicon of the expected size 

and, therefore, these targets were excluded from further analysis (details of RSM reactions and 

expected band sizes are available in Supplementary Table S2). 

Gel electrophoresis of restriction digests showed that IMPA1.1 T7, all NFAT5, all NR3C1, and the 

NANOS3 target amplicons yielded notable undigested bands indicating modification of the restriction 

enzyme recognition sequence (Fig. 5a-d). The IMPA1.1 T11 and T13 targets yielded little detectable full-

length bands indicating near complete digestion and inefficient gene targeting.  Not enough substrate 

DNA was available for the MSTN target to obtain clear bands and the results for this target are, thus, 

inclusive.  Sanger sequencing was also performed on the PCR amplicons from the treated cells and 

equivalent wild-type control amplicons. To obtain percent indel mutation frequencies, chromatogram 

sequence files were loaded to the online quantitative assessment of genome editing TIDE (Tracking of 

Indels by Decomposition) webtool.  This was also performed on test PCR amplicons from the IMPA1.1 

targeting RNP treated cells (see previous section) for comparison.  For the gRNA vector treated cells only  
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Figure 5.  Mutation analysis from TU6 gRNA expression vector transfected Cas9 OmB cell line treated cells testing 

multiple targets of different genes.  (a-d) Agarose gel electrophoresis of RSM analysis of TU6 gRNA expression 

vector treated Cas9-OmB1 cells targeting diverse loci (marker sizes in bp labeled in red).  Except IMPA1.1 T13 and 

MSTN, nearly all targets showed clear residual undigested amplicon from CRISPR treated cells (CR) relative to 

equivalent digested amplicon from un-treated OmB cells (WT) indicating at least some successful Cas9 cleavage.  

For each target, an un-digested control amplicon was included for reference (UD).  (a) IMPA1.1 targets T7 and T11 

shared the same un-digested control (far left lane).  (b) NFAT5, the two target regions were amplified by different 

primer pairs and thus have separate un-digested controls.  (c) Presumed non-essential gene control targets.  Clear 

residual un-digested amplicon from NANOS3 target but lack of conclusive results from MSTN target due to low 

quantity of DNA.  (d) The NR3C1 targets T1 and T2 shared the same un-digested control (far left lane).  (e)  TIDE 

indel analysis of amplicons from TU6 vector treated Cas9-OmB cells and from previous IMPA1.1 targeting 

Cas9/gRNA RNP treated cells.  Note the common target between the two approaches (IMPA1.1 T7), 14.1% from 

the vector versus 0.9% from the RNP methods.  Bar plot was generated using Rstudio 1.1.456 

(https://rstudio.com).  Image editing and assembly into complete figures was performed using Inkscape 0.92 

(https://www.inkscape.org). 
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the NR3C1 T1, NR3C1 T2, IMPA1.1 T7, IMPA1.1 T11, NANOS3, and NFAT5 T10 targets yielded sufficient 

quality reads for analysis for which the indel % values were 77.1, 61.6, 14.1, 46.1, 65.7, and 34.1 

respectively.  The indel % values obtained from the IMPA1.1 RNPs cells were 2.2, 0.9, and 0.0 for T3, T7,  

and T10 respectively (Fig. 5e).  Note the common target between the two approaches (IMPA1.1 T7), 

14.1% using the vector method versus 0.9% using the RNP method.  The average value for gRNA vector 

targeted cells (49.8%) was significantly greater than the average value from the RNP treated cells 

(1.03%, p-value = 0.0096). 

Verification of mutagenesis of NANOS3 and NFAT5 genes and characterization of indel 

properties  

Sequence analysis of individual mutation events was performed to confirm the observations from RSM 

are due to mutations of the target sequence, obtain quantitative information on the frequency of 

mutation in the form of indels (insertion or deletion of genomic sequence that occurs when a cell repairs 

breaks in DNA), and obtain qualitative information on the typical mutations that can occur. NFAT5 T10 

and NANOS3 PCR amplicons from gRNA expression plasmid treated Cas9 cells were cloned into 

pBluescript II SK(+) vectors, transformed into competent E. coli followed by PCR and sequencing of the 

plasmids from clonal bacterial colonies. For NANOS3, 21 of the 24 E. coli clones analyzed yielded a band 

of sufficient sequence match to be identified as the targeted amplicon.  Of these, 17 sequences showed 

alteration of the target site while 4 were identical to wildtype (Fig. 6a).  Most alterations were deletions 

ranging in size from 1 to 50 bp. For NFAT5, 19 of the 24 E. coli clones analyzed yielded a band of 

sufficient sequence match to be identified as the targeted amplicon.  Of these, only 3 sequences showed 

alteration of the target site while 16 were identical to wildtype (Fig. 6b).  Compared to the O. niloticus 

reference sequence, a consistent additional T nucleotide (position 5 from the gRNA scaffold in the target 

sequence) was detected in the O. mossambicus PCR amplicons.  Therefore, the gRNA used for NFAT5 
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T10 had a single base pair mismatch between the substrate genomic DNA, which likely contributed to 

the lower efficiency of this target. 

 

Gene  
Target 

Target Sequence 
5’ to 3’ 

Test Amplicon Primers 5’ to 3’ 

Forward Reverse Size (bp) 

IMPA1.1 T7 CACCACAAACTTTGTACA ACTCGTCGACATTGTTGCAT GTAGCTTCATTTGACGTACCTCC 867 

IMPA1.1 T11 AAGCAAAATGGAAGATCCA 

IMPA1.1 T12 GGGTCTCTTAAAGAGGAATT 

IMPA1.1 T13 GTGACGACGAACCCATTC TGCAGATTCCCATTTGTGGC CCCGATAGCTCAGCAACACT 705 

NFAT5 T1 ATGCCTCTTCTCTGACCA TGGCCTGCTCAACTTTTGTC AGTTGCCTCAAGGTGCTACA 1099 

NFAT5 T7 TACCCCTCGTCAAAGGCC 

NFAT5 T8 CTGCAGCTCTGATGAACCT ATGTACTGCAGCAAACCCCA GTGAACACAGTCCAGACCCC 708 

NFAT5 T10 GGTTTTACCAAGCCTGCA CAGAGCCCAGGAATGACAGG AGGTGCAGTGTTAACTTGGGT 651 

NR3C1 T1 ATAGACGGTCCAGAGCCCC  CTACACTGAAAGCCCCGAGG ATTGGTCACACTGCTGCCAT 709 

NR3C1 T2 ACATCACCCAGTCCTCCA 

MSTN T1 CAAATCTCCCGGCTTATAC TGAGACATGGTGTTTGGGCA CGCTTGTCCAAATGCAGGTG 858 

MSTN T2 GCAAGATCCCCTCCATGG TCAGCAACCGTTCATGGAGG CAGCTGTGTTTTTCCGAGCC 938 

NANOS3 GCTGGTCTACGGATCCCAC GCAAACGAACCAAAGCATGC AATTGATGCAAAACCCGCCG 466 

WT1A GGGTTGCTGAACATCCTGGT CCAGAGAAGGAGCACGTCAG CCCACCACCATGATGCAGAT 549 

Table 1.  Target sequences, primer pairs used to generate test amplicons by PCR, and sizes of un-digested test 

amplicons used in RSM analysis of diverse gRNA target testing of the Cas9-OmB1 cell line. 

 

Improved gRNA vector construction proficiency by modification of the TU6 promoter 

To facilitate more rapid and economical production of gRNA expression vectors, the TU6 promoter was 

modified to accommodate direct cloning of annealed oligos containing new target sequences (Fig. 6c).  

This was achieved by a single nucleotide change adjacent to the TSS generating a ClaI resitriction site.  

This mutated version of the TU6 (TU6m) was included in the base vector upstream of the modified XbaI 

site containing gRNA scaffold sequence.  This resulted in reduced time and resources used to generate a 

gRNA vector with a new target sequence by elimination of the PCR step used in the previous cloning 

strategy. 
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Figure 6.  CRISPR/Cas9 editing confirmation and efficiency comparisons of different U6 promoters by analysis of 

NANOS3 gRNA target.  (a&b) Sequencing results of individual alleles from plasmid sub-cloned test amplicons. (a)  
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For the NANOS3 target, 17 out of 21 amplicons (81%) were altered at the target site (4 wild-type sequences not 

shown).  (b) For the NFAT5 T10 target, 3 out of 19 amplicons (16%) were altered at the target site.  The remaining 

16 sequences were identical to the O. niloticus reference sequence except for an extra nucleotide (an A when 

reading the gene sequence 5’ to 3’, a T when reading the gRNA sequence 5’ to 3’) 5 base pairs from the PAM 

sequence (highlighted in green).  (c)  Alternate cloning strategy for changing gRNA target sequence in expression 

vector illustrated.  Utilizes a mutated TU6 (TU6m) in which a single nucleotide was changed adjacent to the TSS 

generating a ClaI restriction site.  The TU6m is included in the base vector in which new gRNA target sequences can 

be added by annealed oligos.  (d)  Mutational efficiency quantified by TIDE indel% analysis of four different U6 

promoters using the same gRNA target (NANOS3) showing superior editing obtained from both versions of the 

tilapia U6 promoters (over 5 fold over all others).  The Human and Zebrafish U6 promoters were not statistically 

significant from the no U6 control.  Gene maps and DNA sequence images were generated using Geneious 11.0.3 

(Biomatters, https://www.geneious.com). Bar plot was generated using Rstudio version 1.1.456 

(https://rstudio.com).  Image editing and assembly into complete figures was performed using Inkscape version 

0.92 (https://www.inkscape.org). 

 

Confirmation of superiority of endogenous tilapia U6 Promoters for gRNA expression in OmB 

cells 

To evaluate what influence the specific U6 promoter had on the efficiency of CRISPR/Cas9 induced gene 

edits in this system, the human and zebrafish U6 promoters (HU6 and ZU6 respectively) from previous 

work,  TU6, and TU6m from this report were cloned upstream of a common gRNA sequence (NANOS3).  

Cas9-OmB1 cells were treated with the gRNA expression plasmids followed by hygromycin selection and 

PCR as described previously in replicates of four for each U6 type.  The control was a gRNA expression 

plasmid with no target sequence or U6 transfected into Cas9 OmB cells.  The NANOS3 gRNA sequence 

was chosen for this analysis because of the high mutation rate observed in previous analysis and thus a 

wide dynamic range to measure differences in mutation frequency between different promoters.  This 

time Sanger sequencing was performed directly on the original PCR amplicon from the treated cells.  

Mutation efficiencies were quantified using the TIDE webtool33.  TIDE analysis of NANOS3 target 

amplicon chromatograms yielded mean indel efficiencies of 3.98, 3.48, 3.27, 46.40, and 53.52 percent 

for the control, HU6, ZU6, TU6, and TU6m, respectively (Fig. 6d).  The TU6 and TU6m target efficiencies 

were significantly greater than all others (n = 4 per promoter, SE = 2.09, α= 0.05, p-value < 0.001, Tukey 

multiple comparison statistical analysis).  The TU6m was significantly greater than the TU6 (p-value = 
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0.0271).  The control, HU6, and ZU6 efficiencies were not statistically different from each other (p-value 

> 0.996) indicating no or negligible editing obtained by use of these promoters. 

Discussion 

In this work we developed an efficient CRISPR/Cas9 system for the OmB tilapia cell line.  We identified 

inadequate expression strength in OmB cells when using heterologous promoters as the cause of 

previous failures to achieve detectable gene edits.  The first attempt to circumvent this issue was direct 

transfection of gRNA/Cas9 protein RNP complexes. Since the efficiency of RNPs was in-vitro validated, 

the lack of observed gene edits indicated poor delivery using the transfection reagent method 

described. Due to previous success with DNA transfection and plasmid based antibiotic selection in OmB 

cells, a DNA expression vector method of CRISPR/Cas9 delivery was the most practical platform to 

pursue.  Other factors, in addition to high transfection efficiency in OmB cells, make DNA vectors an 

attractive platform to implement CRISPR/Cas9 gene targeting.  Even if alternative modes of delivery of 

RNPs (e.g. electroporation) elevate transfection efficiency to equal or greater than that achieved with 

DNA transfection, the plasmid based delivery system has the distinct advantage of being able to select 

for only the cells that have acquired all the CRISPR/Cas9 components through antibiotic/resistance gene 

systems, thus compensating for any deficiencies in delivery. This approach significantly reduces the 

amount of clonal screening to find the desired gene edits.  It also eliminates the need for time 

consuming in vitro transcription or purchase of expensive synthetic RNA or Cas9 protein.   

Success of the DNA vector method is dependent on sufficient promoter strength in the cell line being 

used.  Identification of the most appropriate Pol II promoter was initiated by evaluating a set of rational 

options for screening.  Several viral and engineered Pol II promoter options exist such as the SV40, CMV, 

and CAG which are among the most universally used promoters across diverse vertebrate taxa and have 

shown effective expression in fish cells34–36, which render them reasonable options for this application.  
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Successful CRISPR/Cas9 gene editing in fish cells lines was reported using the CAG promoter (as part of 

the pX458 vector) in Grass Carp (Ctenopharyngodon idellus) cells37and the CMV promoter in a species 

salmon (CHSE) cell line23 for transient and constitutive Cas9 expression, respectively.  However, the 

relative expression strength of these heterologous promoters in fish cells can vary greatly with species38 

and cell type39,40 and their use , thus, produces uncertain outcomes in novel cell lines.   

Strong species-specific endogenous promoters such as beta-actin and EF1-alpha represent viable 

alternatives that can equal or exceed SV40, CMV or CAG in promoting expression in some cells41.  Fish 

beta-actin has shown superior expression strength over conventional promoters such as CMV, for 

example in Fathead Minnow (Pimephales promelas) cells42.  However, the relative effectiveness of these 

promoters can be unpredictable as seen in Japanese Flounder (Paralichthys olivaceus) cells, in which 

CMV has been reported as stronger than endogenous beta-actin43.  Also, the tilapia beta-actin promoter 

outperformed the equivalent carp beta-actin promoter in reporter gene expression in tilapia cells44, 

supporting species specificity as an important factor for promoter efficiency.  Considering this 

uncertainty of Pol II promoter function in a given fish cell type, evaluation of potential Pol II promoters 

represents a prudent optimization step before investing in downstream applications.  In this study, we 

used fluorescent microscopic analysis of OmB cells transfected with different candidate promoters 

driving EGFP expression vectors to assist with the Pol II promoter selection.  The SV40 promoter showed 

nearly negligible expression in this study. Moreover, the CMV and CAG promoters were notably, 

although not significantly, weaker than the two endogenous tilapia promoters.   

Another consideration, in cases of stable integration of transgenes, endogenous promoters such as EF1-

alpha are known to sustain expression longer than viral promoters such as CMV which have a tendency 

to be silenced over time45.  The OmEF1a promoter (1039 bp) is more compact and showed slightly 

higher EGFP reporter intensity than the OmBAct promoter (1643 bp). Therefore, OmEF1a represented 

the strongest choice for Cas9 expression in this project.  Based on these factors, the OmEF1a promoter 
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is likely to have improved the editing efficiency, but since the difference in promoter strength was 

moderate (just over two-fold greater than CMV and CAG) it did not constitute the primary cause for the 

success of this system over our previous attempts.   

Optimized expression of the gRNA component represented an equally valuable node to improve 

CRISPR/Cas9 gene editing efficiency in fish cells.  Numerous studies have demonstrated efficient 

CRISPR/Cas9 gene editing through the use of a human U6 promoter in mammalian cells8,46 and at least 

some level of effectiveness  in phylogenetically distant cell cultures, such as chicken47, mouse48, and 

even carp cells37.  However, a species-specific U6 promoter can have significantly greater expression as 

seen in a study comparing human U6 to chicken U6 promoters by quantitative RT-PCR. Such a 

comparison revealed a four-fold greater RNA abundance in a chicken fibroblast cell line when using the 

chicken U6 promoter compared to the human U6 promoter49.   

A limited number of teleost U6 promoters have been isolated and characterized for small gRNA 

expression in fish cells.  Confirmed expression from a pufferfish (Takifugu rubripes) U6 promoter was 

achieved in cell lines of different fish species, grunt (Haemulon sciurus) and salmon (Oncorhynchus 

tshawytscha), and found to be more effective than mouse U6 promoter in driving shRNA based knock-

down50. Evidence supporting the expression of zebrafish U6 promoters (including the one utilized in this 

study) in tilapia (Oreochromis  spec.) cells has been obtained by northern blot analysis51.  Our work has 

isolated an additional fish U6 promoter, the O. mossambicus TU6, and demonstrated its superior 

effectiveness in driving sufficient gRNA expression to achieve reliable CRISPR/Cas9 gene editing in OmB 

cells.  

Despite this wide variety in the effectiveness of different U6 promoters, a systematic comparison of 

phylogenetically diverse U6 promoters in the context of CRISPR/Cas9 gene editing had not been 

reported for fish cell lines. The direct comparison of the efficiencies of candidate U6 promoters in the 
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present study resulted in the identification of the TU6 and TU6mut promoters as efficient tools for 

transcription of small RNAs in tilapia cells. Furthermore, our systematic comparison of U6 promoter 

efficiencies highlights the critical importance of a suitable polymerase III promoter for efficient gRNA 

expression.  The lack of gene edits (indicated by TIDE analysis) resulting from the use of gRNA expression 

constructs driven by HU6 and ZU6 heterologous promoters explains the failure of our previous attempts 

to perform gene editing in OmB cells and establishes the U6 promoter as a critical element of gene 

targeting systems in fish cell lines.  Despite reports of interspecies U6 promoter function, the expression 

levels for both the human and zebrafish U6 promoters were insufficient to achieve even low levels of 

Cas9 induced gene editing in OmB cells.  Collectively, our experiments demonstrate the necessity of 

identification and validation of an efficient polymerase III promoter for DNA vector gRNA expression 

based approaches for CRISPR/Cas9 gene targeting in a given cell line model. Our work further illustrates 

that phylogenetic proximity represents a key consideration in selecting promoters for gRNA 

transcription. 

In addition to optimizing promoter strengths, we incorporated stable genomic integration of the Cas9 

gene into the cell line to elevate Cas9 protein levels available for gene editing at the targeted sites.  This 

approach provides more time for Cas9 protein to accumulate and localize to the nucleus.  Direct 

comparisons have shown superior gene editing efficiency in cells stably expressing Cas9 over transient 

expression of Cas9, e.g. in Drosphila52 and human53 cell lines.  Stable Cas9 expression has also been 

reported for the very few fish cell lines that have been successfully gene edited using CRISPR/Cas9. The 

first reported success of CRISPR/Cas9 in fish cell culture was achieved using stable genomic integration 

of Cas9 into the Chinook Salmon Embryo (CHSE) cell line23 and was subsequently used to generate a 

targeted gene knock-out cell line54. 

The effectiveness of the new CRISPR/Cas9 gene editing system generated in this study was evaluated 

using multiple targets and by multiple means of mutational analysis. These means included RSM, 
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sequencing of individual cloned amplicons and TIDE analysis of the PCR reaction Sanger sequencing 

reads, which provided key information on the potential overall mutation rate and the relative frequency 

of specific types of mutations that occur.  The RSM analysis was used strictly for method development 

purposes as it was a rapid way to visually indicate the presence or absence of mutations.  However, this 

method limits gRNA target selection to the fraction of candidate sequences that have a restriction site 

overlapping with the potential Cas9 cleavage site and provides little information on the frequency and 

type of mutations.     

The approach of sequencing the cloned amplicons, which can be employed on any target, provided 

more quantitative data and, as seen with the Nanos3 target, indicated that a mutation efficiency of at 

least 81% is possible with our system.  This number is likely an under-estimate as the amplicon was gel 

extracted, which biased for fragments with lengths that are similar to that of the un-mutated wildtype 

while Sanger sequencing revealed individual amplicons with large deletions of up to 50 bp.  Larger 

deletions or insertions would have been missed because of the bias towards expected wild-type length 

during gel extraction and, therefore, a subset of gene edits may not be accounted for in the 

determination of overall mutation efficiency. Our results inform future studies by demonstrating the 

existence of large deletions, which should be accounted for by increasing the width of bands that are 

gel-extracted and prepared for Sanger sequencing in future studies.  Despite possibly underestimating 

gene editing efficiency in this study, the Sanger sequencing method provided a wealth of information 

with estimates of mutation frequency and identification of specific sequence changes resulting from 

mutagenesis. This approach represents the strongest confirmation of the presence and specific nature 

of mutations. However, it is also the most labor intensive and not appropriate for high-throughput 

screening of candidate gRNAs. 

TIDE mutation detection analysis represents an appropriate compromise as it can be performed on any 

target using a sequencing read of a PCR amplicon directly from the genomic DNA without the need of 
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cloning individual mutants.  The TIDE results of this study were consistent with the qualitative restriction 

site mutation analysis and clonal sequencing detection results, which demonstrates that TIDE represents 

a reliable and high-throughput approach to evaluate specific gRNA efficiency. With the NANOS3 target, 

TIDE analysis yielded a smaller mutation estimate than the sequencing of mutant clones (~65.7% vs 81% 

respectively). This discrepancy between analyses is important to take into consideration as the actual 

mutation rate in cells induced by CRISPR/Cas9 gene editing may be higher than estimates obtained from 

TIDE.  Further replicates are needed to see if this relationship is consistent. 

Our study establishes an efficient system for generating and analyzing CRISPR/Cas9 induced mutations. 

This technology can be utilized to investigate molecular mechanisms of interest and causality of gene-

environment interactions in the OmB cell model. However, despite the significant advantages of the 

DNA vector method presented here, some limitations of this type of approach must be considered in the 

experimental design and interpretation of results to minimize their impact.  One concern associated 

with constitutive expression of Cas9 in cell lines is the potential for erroneous side effects on cellular 

growth and phenotype that can occur from excessive stress on protein production/turnover 

mechanisms or non-physiological interactions with sustained high levels of a foreign protein55. 

Nevertheless, in our study no noticeable differences in growth or morphology were observed between 

the new Cas9 OmB cell line and the parent cell line from which it was derived.  It is important, however, 

to include appropriate controls to account for this issue and understand the limitations of phenotype 

interpretations.  Follow up experiments utilizing CRISPR/Cas9 methods with less side effects to confirm 

results obtained from stable Cas9 cell lines may be warranted.  Despite the disadvantages, stable Cas9 

cell lines have been effectively used to identify genes responsible for specific phenotypes in other 

vertebrate cell lines54,56 and are a valuable model of choice for initial high-throughput screens to identify 

the most suitable targets. Using this approach, key information such as cellular phenotype and gRNA 



 

29 
 

efficiency can be obtained in a high-throughput manner to inform subsequent experiments that validate 

specific targets are associated with phenotypes of interest.   

Prolonged expression of Cas9 and gRNAs as in this plasmid based system can also result in increased off-

target effects57.  This side-effect was clearly demonstrated by the sequencing results from the NFAT5 

T10 target in which an editing efficiency of 15.7% was observed despite a single-nucleotide difference 

between the gRNA and the substrate DNA.  Selection of gRNA target sequences with the fewest 

potential off-target cleavage sites is one way to minimize this effect.  However, without in-depth 

analysis of whole genome sequencing, off-target effects cannot be completely predicted or quantified.  

Among experimental controls that account for potential off-target effects, using multiple target 

sequences on the same gene represents one way to support that effects are limited to the targeted 

gene if a consistent phenotype is observed.   

Direct delivery of pre-complexed gRNA/Cas9 RNPs is a preferred method to minimize side effects 

attributed to the prolonged presence of active Cas9.  This would be a suitable approach for 

development of clonal knock-out cell lines and subsequent analysis of phenotypes associated with the 

manipulated locus.  Although no detected edits at the targeted loci were observed using RNPs, we only 

attempted one RNP delivery method and thus should not be dismissed.  Other RNP delivery methods 

exist including electroporation which was demonstrated as an efficient tool in fish cells.  This method 

achieved efficient results in Medaka (Oryzias latipes) cell lines while not relying on species-specific 

promoters and circumventing inefficient RNA/protein complex transfection procedures 24.  However, 

this approach required electroporation, careful optimization of cell type-specific electroporation 

parameters and equipment, in vitro production or purchase of gRNA, and purchase of Cas9 protein 

making it less practical for low-cost, high-throughput projects.  A practical workflow for the OmB cell line 

would be to use the vector approach described here in high-throughput screening of candidate gRNAs 

for mutational efficiency and preliminary phenotype information.  From this, gRNAs could still be 
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selected and used with more invested RNP based CRISPR/Cas9 gene editing in cell lines and embryos for 

more in-depth phenotype analyses. Electroporation or other delivery methods may need to be explored 

to support efficient delivery of RNP complexes into the OmB cell line. 

In summary, we report a robust, efficient, and economical approach that uses novel promoters and an 

expression plasmid optimized for economical and efficient screening of gRNAs and phenotypes for 

CRISPR/Cas9 gene targeting in fish cell lines. This approach is well-suited for high-throughput screening 

of targets that cause phenotypes of interest while relying on only having to vary small, target-specific 

DNA oligos for PCR at very low cost. Our approach reduces the amount of screening of cells with desired 

gene edits by utilizing antibiotic selection. It requires only basic cell culture and DNA cloning methods 

without the need for complicated vector production such as lentiviral systems or specialized equipment 

for electroporation or microinjection.   

Materials and Methods 

Primers and Oligonucleotides 

All DNA primers and oligos mentioned in the materials and methods section are listed in Table 2.  

Additional oligos not mentioned in the main text are listed in Supplementary Table S3. 

In vitro cleavage assay and transfection with gRNA/Cas9 ribonucleoprotein complexes 

Guide RNAs were in vitro transcribed using New England Biolabs HiScribe T7 High Yield RNA Synthesis kit 

(cat # E2040S) according to manufacturer’s protocol.  PCR amplicons were produced using a forward 

primer with the T7 promoter sequence (TAATACGACTCACTATAGG) as a 5’ extension followed by the 

target sequences listed in Supplementary Table S1 and a 3’ binding region to the gRNA scaffold 

(GTTTTAGAGCTAGAAATAGCAAG).  Approximately 400 ng gRNAs were complexed with 500 ng PNA Bio 

Cas9 protein (cat # CP01-50) and incubated with 100 ng of a 1392 bp test amplicon produced using   
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Name Sequence 5’ to 3’ 
ActinProm_F1 CCCCCGTCGACGTGAGTGACGCCGGACCAATC 

ActinProm_R1 CCCCCTCTAGACCATGTCATCCCAGTTGGTCACAAT 

Ef1a_F2 CCCCCGGTACCGTTGCAGGGTTTCATTCGGC 

Ef1a_R3 CCCCCTCATGATTTTAGTTTCTGTGGCCAAGATT 

EF1aCas9RT_F GCCGTGAAAACCCAGAAACA 

EF1aCas9RT_R CGGAATTGTCGGGGTTCAGA 

EF1aCas9RT_R3 AGTCGTCTGTAATCACTGCCC 

EF1aX2RT_R CGGCTTCCTTCTCAAACTTC 

EF1aX2RT_R2 CAGCGGCTTCCTTCTCAAAC 

HU6(AgeI)_F CACACACCGGTAAGGTCGGGCAGGAAGAG 

HU6_Nanos3gRNA(NheI)_R CCCCCGCTAGCTCTAAAACGTGGGATCCGTAGACCAGCGGTGTTTCGTCCTTTCCACA 

Nanos3target CGCTGGTCTACGGATCCCACGTTTTAGAG 

Nanos3targetCompl CTAGCTCTAAAACGTGGGATCCGTAGACCAG 

TU6_1_F CTGAAGTATACTATGTGCCGAAT 

TU6_1_Fb CCCCCCTCGAGACCGGTCTGAAGTATACTATGTGCCGAAT 

TU6_1_R AACACGACAGCTCCAAGGAC 

TU6_ClaI_XbaI_R GGGTCCTTGGAGCTATCGATGTGTGTCTAGAGTGTG 

ZU6_F1 CCCCCCTCGAGACCGGTATGCGTCTTTTGTTCTGGTCATC 

ZU6_Nanos3gRNA(NheI)_R CACACGCTAGCTCTAAAACGTGGGATCCGTAGACCAGCGAACCAAGAGCTGGAGGGA 

Table 2.  Sequences of all primers and oligos mentioned in the Materials and Methods. 

 

IMPA1RegStart_F and IMPA1X1RAR primers.  Four selected RNPs (2.5µg Cas9/1.2µg gRNA) were 

transfected into 35 mm wells of 90% confluent OmB cells (one 6-well plate well per target) using 

Invitrogen Lipofectamine CRISPRMAX transfection reagent system (ref #MAX00001) according to 

manufacturer’s protocol.  Genomic DNA was harvested 5 days post transfection using Invitrogen 

Purelink Genomic DNA Mini Kit (cat # K1820-01).  Test amplicons and expected cleavage products (by 

either Cas9 or restriction enzyme) for in vitro cleavage assay, RSM, and TIDE analysis were PCR amplified 

using primers listed in Supplementary Table S1. 

EGFP Fluorescence Microscope Evaluation of Promoter Strength 

The endogenous O. mossambicus promoters were PCR amplified from genomic DNA using ActinProm_F1 

and ActinProm_R1 primers (modeled after those used in Hwang et al44 for original isolation of the 

equivalent promoter in O. niloticus) for OmBAct and EF1a_F2 and EF1a_R3 primers for OmEF1a.  The 

CAG, CMV, SV40, and Zubi promoters were obtained from pSpCas9(BB)-2A-Puro (Addgene # 48139), 

pCS2-nCas9n (Addgene # 47929), pBABE-hygro-hTERT (Addgene # 1773), and pENTR5'_ubi:loxP-EGFP-
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loxP (Addgene #27322) plasmids, respectively.  Prospective polymerase II promoters were cloned into 

the base EGFP expression vector (EGFP_SV40PA, See Supplementary Fig. S2) using standard restriction 

enzyme cloning techniques.  The constructs were transfected into separate wells of a 12-well plate.  A 

tile scan of the center 10% of each well was imaged after 18 hours with a Leica DMi8 microscope using 

the GFP filter cube and an exposure time of 250 ms.  LASX software (Leica) was used to calculate 

fluorescent intensity per cell. 

Selection of gRNA Target Sequences 

Sequences were manually designed to be within exons in the 5 prime half of the coding sequence but 3 

prime of the start codon by scanning specific annotated genes of the O. niloticus reference genome 

(taxid: 8128). For all gRNAs beyond the RNP experiment, only candidate target sequences containing a 

restriction enzyme recognition site overlapping the predicted Cas9 cleavage site were selected to 

facilitate an additional downstream analysis of Cas9 target cleavage. 

Identification of O. mossambicus U6 Promoter 

NCBI nucleotide blast searches using known fish U6 promoters, including approximately 100 bp of the 

transcribed region, were performed against the O. niloticus reference genome to identify candidate 

tilapia U6 genes.  The query fish promoters included Medaka (geneID LOC111948268), Fugu (geneID 

LOC115246710) from Zenke and Kim50 and zebrafish U6-2 (described in Boonanuntanasarn et al58). 

Sequence alignments using Geneious 11.0.3 (Biomatters, https://www.geneious.com) of the known U6 

genes against the candidate tilapia U6 genes and the candidate tilapia U6 genes against each other were 

performed to identify conserved U6 promoter regulatory sequence elements.  The selected TU6 was 

PCR amplified from genomic DNA with TU6_1_F and TU6_1_R primers. 
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Construction of CRISPR DNA expression plasmids 

All plasmid vectors were constructed using standard cloning techniques using New England Biolabs 

enzymes and Promega T4 DNA Ligase (ref# M180A). A more detailed description of plasmid construction 

of all vectors used in this experiment is available in the Supplementary Methods.  The 

OmEF1aCas9P2ApuroSB vector was constructed using the pSBbi-GP (Addgene # 60511) plasmid as the 

base vector.  The zebrafish codon optimized Cas9 coding sequence from the pCS2-nCas9n (Addgene # 

47929) plasmid and a puromycin resistance gene were cloned downstream of the OmEF1a promoter 

PCR amplicon separated by a P2A self-cleaving peptide into the base vector between the ITRs to 

complete the construct. 

The gRNAscaffHygroR vector was constructed by PCR amplification of the Hygromycin resistance gene 

from pBABE-hygro-hTERT (Addgene # 1773) plasmid and cloning into the EGFP_SV40PA vector 

downstream of the OmEF1a promoter followed by the modified guide RNA scaffold sequence PCR 

amplified from gRNA_GFP-T2  (Addgene # 41820). 

The template TU6 promoter was PCR amplified with TU6_F1b primer at the 5’ end and a reverse primer 

(reverse compliment) with a CACACGCTAGCTCTAAAAC TU6 binding region followed by the specific gRNA 

target sequence (Table 1) and the first 13 bp of the gRNA scaffold sequence modified to be an NheI 

restriction site (CGACAGCTCCAAGGACCC) at the terminal end.  Final gRNA expression vectors were 

constructed by cloning these U6/gRNA PCR amplicons into the gRNAscaffHygroR vector digested with 

XmaI and XbaI restriction enzymes, which, upon ligation of the complimentary NheI and XbaI cohesive 

ends, generates the original guide RNA scaffold sequence reported by Jinek et al12.  The NANOS3  gRNA 

expression cassettes driven by HU6 and ZU6 promoters were generated in the same manner using 

primer pair HU6(AgeI)_F and HU6_Nanos3gRNA(NheI)_R with gRNA_GFP-T2  (Addgene # 41820) plasmid 
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as template DNA and primer ZU6_F1 and ZU6_Nanos3gRNA(NheI)_R with pDestTol2pA2-U6:gRNA 

(Addgene # 63157) plasmid as template DNA respectively.  

The TU6m promoter was generated by PCR with a reverse primer (TU6_ClaI_XbaI_R) with an extension 

changing G to A at the -4 site resulting in a ClaI restriction site at the TSS.  The resulting sequence was 

cloned together with the truncated gRNA scaffold sequence containing a terminal XbaI site to generate 

the TU6m-gRNAscaffHygroR base vector.  Complimentary oligos containing the NANOS3 gRNA target 

(Nanos3Target and Nanos3TargetCompl) were annealed to generate a 5’ CG single-stranded overhang 

complimentary to the ClaI overhang, the gRNA target sequence, and the initial gRNA scaffold sequence 

with a terminal CTAG overhang complimentary to the XbaI overhang capable of constituting the 

complete gRNA scaffold sequence upon ligation. 

Cell Culture Maintenance 

Cells were maintained at ambient CO2 and 26˚ C in L-15 medium containing 10% fetal bovine serum, 100 

U/ml penicillin, and 100 mg/ml streptomycin.  When plates reached a confluency of ~90%, they were 

passaged at 1:6 ratio by trypsinization (0.25% trypsin EDTA).   

Generation of the Cas9-OmB1 cell line 

OmB cells were co-transfected with the new OmEF1aCas9P2ApuroSB vector and the pCMV(CAT)T7-

SB100 (Addgene # 34879) transposase expression vector into a 90% confluent, 10 cm cell culture plate 

of passage # 37 OmB cells.  Ten µg total DNA [20:1 OmEF1aCas9P2ApuroSB: pCMV(CAT)T7-SB100] was 

first mixed with 940 µl Gibco Opti-MEM I Reduced Serum Media (ref # 31985-070) and then mixed with 

30 µl Promega ViaFect (ref # E4982).  This solution was incubated for 15 minutes and pipetted evenly 

over the 10 cm plate of cells.  After 24 hours of incubation with the transfection complex solution, along 

with one confluent 10 cm plate of un-transfected Cas9 OmB cells as a control, all media was removed 
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from the plate and replaced with 8 ml of 2 µg/ml puromycin (Santa Cruz Biotech cat # sc-108071) L-15 

selection media.  The transfected cells were maintained on selection media for 25 days.  At this point, 

colonies derived from single cells were isolated with 1 cm cloning disks and transferred to separated 

plates.   

To test for genomic integration and transcription of the Cas9 transgene in one selected clone, DNA and 

RNA were isolated from 10 cm plates of both wild-type and Cas9 OmB cells using Invitrogen Purelink 

Genomic DNA Mini Kit (cat # K1820-01) and RNA Mini Kit (cat # 12183018A)  respectively according to 

manufacturer provided protocols.  Synthesis of cDNA from this RNA was performed using Invitrogen 

SuperScript IV First Strand Synthesis kit (ref # 18091050) with both random hexamer and oligoDT(20) 

primers.  PCR reactions with a control primer pair (EF1aCas9RT_F X EF1aX2_R2) targeting endogenous 

EF1 alpha and two transgene targeting primer pairs of different lengths (EF1aCas9RT_F X 

EF1aCas9RT_R3 and EF1aCas9RT_F X EF1aCas9RT_R3) were performed on both genomic DNA and cDNA 

from wild-type and Cas9 OmB cells. 

Selection of Cas9-OmB1 cells transfected with gRNA expression plasmid 

Transfection complexes of each gRNA expression vector (10 µg plasmid DNA in 1 ml solution) were 

prepared and applied to nearly confluent 10 cm plates of Cas9-OmB1 cells as described in the previous 

section.  After 2 days, all medium was removed from transfected plates and one un-transfected control 

plate of Cas9-OmB1 cells.  Medium was replaced with 8 ml 500 µg/ml Hygromycin B (EMD Millipore cat# 

400050) L-15 selection media in which plates were maintained for 7 days until all cells had detached 

from the surface of the control plate. 
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Template DNA Preparation for PCR of CRISPR treated cells 

Due to the low quantity of cells remaining after hygromycin selection, the following cell lysis approach 

was used to obtain template DNA for subsequent PCR reactions.  Each 10 cm plate of selected cells was 

rinsed with 3 ml PBS after all media was removed.  Cells were scraped from the surface of the dish in 

fresh 1.5 ml PBS, transferred to a 1.5 ml tube and centrifuged for 5 minutes at 14000 rpm followed by 

removal of supernatant.  Initially, cell pellets were re-suspended in 50 µl of distilled water followed by 

heat treatment in a boiling water bath for 10 minutes, centrifugation at 14000 rpm for 5 minutes and 

collection of supernatant which contained the template DNA. Due to inconsistent success of PCR 

reactions by this method, subsequently cell pellets were treated by incubation at 95˚C in 50 µl 25 mM 

NaOH followed by addition of 50 µl 40 mM Tris-HCL after which the resulting solution was used directly 

as a PCR template to generate test amplicons. 

RSM analysis of Cas9 target cleavage 

For each test amplicon from targeted cells and the corresponding control cell test amplicon, equivalent 

amounts of substrate DNA was prepared in 20.5 µl solution.  These amplicon pairs were subjected to 

identical digestions with 2 µl of the NEB restriction enzyme matching recognition site with each specific 

amplicon and 2.5 µl of restriction enzyme buffer according to Supplementary Table S2.  After 1 to 4 hour 

incubation time (each amplicon pair was incubated the same duration), digestions were loaded to 1.5% 

agarose gels, run at 200 V for 25 minutes and imaged. 

Sequence analysis of individual amplicons 

To validate and characterize individual mutation events, the NANOS3 control target amplicon was 

selected for more detailed confirmatory analysis due to its high target cleavage efficiency by gel analysis 

and that it contained convenient SpeI and XmaI restriction sites near the 5’ and 3’ ends of the amplicon 
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respectively.  The amplicon was digested with these two enzymes and ligated into pBluescript II SK(+) 

digested with XbaI and XmaI.  New England Biolabs DH5 alpha competent E. coli (cat # C2987H) were 

transformed with 2 µl of the ligation reaction according to manufacturer’s protocol.  Each 

transformation reaction was plated onto 100 µg/ml carbencillin LB agar plates.  From the resulting 

colonies, PCR was performed on 24 individual colonies using M13 forward and M13 reverse primers. Gel 

electrophoresis was performed on samples from each reaction to identify amplicons near the expected 

length which were purified and sent for Sanger sequencing. 

TIDE analysis 

Quantitative INDEL mutation frequency data was assessed using the TIDE webtool version 2.0.133.  

Purified PCR amplicons encompassing the targeted sequence from control and CRISPR/Cas9 treated cell 

DNA were sent to the UC Davis core facility for Sanger sequencing.  Resulting chromatogram sequence 

files (abi1) were uploaded to the TIDE website and analyzed using default settings except that the INDEL 

size range was set to + or – 25 bp. 

Statistical analysis 

All analysis was performed using Rstudio version 1.1.456.  Relative Polymerase II promoter strength (2 

replicates) and U6 promoter TIDE INDEL mutation percent (4 replicates) were analyzed by Tukey 

multiple comparisons test.  TIDE INDEL mutation percent comparison between RNP and stable Cas9 

methods was performed by standard student t-test. 
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Abstract 

Myo-inositol is an important compatible osmolyte in vertebrates. This osmolyte is produced by the myo-

inositol biosynthesis (MIB) pathway composed of myo-inositol phosphate synthase and inositol 

monophosphatase. These enzymes are among the highest upregulated proteins in tissues and cell 

cultures from teleost fish exposed to hyperosmotic conditions indicating high importance of this 

pathway for tolerating this type of stress. CRISPR/Cas9 gene editing of tilapia cells produced knockout 

lines of MIB enzymes and control genes. Metabolic activity decreased significantly for both MIB KO lines 

in hyperosmotic media. Trends of faster growth of the MIB knockout lines in isosmotic media and faster 

decline of MIB knockout lines in hyperosmotic media were also observed. These results indicate a 

decline in metabolic fitness but only moderate effects on cell survival when tilapia cells with disrupted 

MIB genes are exposed to hyperosmolality. Therefore MIB genes are required for full osmotolerance of 

tilapia cells. 
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1. Introduction  

Aquatic animals are common subjects of scientific study with utility ranging from comparative models 

for fundamental biological processes to advancement of aquaculture expertise and technique.  

Euryhaline fishes are of exceptional interest due to their unique physiologies allowing them to adapt to 

a wide range of environmental salinities.  These include tilapia of the economically important 

Oreochromis genus, which are some of the most commonly used animals in aquaculture worldwide. 

Oreochromis niloticus is the predominant tilapia aquaculture species due to its superior growth rate and 

feed conversion characteristics over other tilapia species. However, this species has only moderate 

salinity tolerance (0 to 40 ppt)1,2 and an ideal growth rate between 0 and 8 ppt3–5 making the 

geographical range in which it can be cultured limited by the availability of freshwater.  In contrast, O. 

mossambicus has a much wider salinity tolerance (0 to 120 ppt)6 and greater growth performance in 

salinities ranging from 14 to 35 ppt compared to freshwater7,8. Besides the potential for O. mossambicus 

use in brackish and seawater aquaculture, the high salinity tolerance of this species also makes it an 

ideal model organism for revealing the mechanisms of teleost salinity tolerance.   

Overall salinity tolerance of vertebrates is a combination of multiple levels of hyper-osmotic (HO) 

responses.  Systemic mechanisms integrate sensing of HO stress by the animal with extracellular 

signaling (endocrine and paracrine) and specialized epithelial effector organs and tissues9 working 

collaboratively to maintain a relatively constant osmolality of the extracellular body fluids (ECF)10–12. This 

reduces the burden on cellular iono- and osmoregulatory mechanisms in support of protein and cellular 

mechanism function which is optimal within a narrow range of intracellular osmotic and ionic 

conditions13. Despite these systemic mechanisms, in extreme salinities or during acute exposure to 

elevated salinity, the plasma and ECF osmolality rises significantly14–18. This condition exposes all internal 

cells to HO stress, which disturbs intracellular fluid (ICF) osmotic and ionic homeostasis, necessitating a 
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compensatory cellular homeostasis response (CHR) 19. This cellular level of osmoregulation is achieved 

by transport of ions in both directions to maintain optimal gradients across the cell membrane and avoid 

changes in cell volume20.   

HO ECF results in temporary cell shrinkage causing cytoskeletal, protein and DNA damage, cell cycle 

arrest, macromolecular crowding, and an elevated suboptimal inorganic ion concentration19,21–24.  Cells 

quickly counteract this loss of cell volume by active uptake of inorganic ions in a process referred to as 

regulatory volume increase (RVI)22,25 which alleviates the volume and crowding issues. However, the 

problem of elevated inorganic ion strength still persists requiring a secondary response to replace 

excessive inorganic ions with neutrally charged organic solutes referred to as compatible osmolytes26,27.  

Tilapia and many other vertebrate cells, such as cells of the mammalian kidney inner medulla, use myo-

inositol (MI) as the primary compatible osmolyte14,27,28.  MI can be obtained by either import from the 

ECF29,30 or de novo synthesis through the myo-inositol biosynthesis pathway (MIB).   

MIB is a two enzyme pathway originally characterized in yeast31 and rat testis32 in which glucose-6-

phosphate is catalyzed by myo-inositol phosphate synthase (MIPS)33 to myo-inositol-1-phosphate which 

is further metabolized to myo-inositol by inositol monophosphatase 1 (IMPA1)34.  Subsequently this 

pathway has been found in a variety of eukaryotic taxa and cell types27,35.  In multiple tissues of tilapia 

and European eel (Anguilla anguilla) exposed to hyper-osmotic conditions, MIPS and IMPA1.1 are 

among the highest upregulated proteins during HO indicating the high importance of this pathway for 

salinity acclimation14,36,37. This pattern is paralleled in an O. mossambicus brain cell line (OmB) 

demonstrating its’ utility as a representative model for these studies38,39.  Despite the strong correlation 

of MIPS and IMPA1.1 with hyper-osmotic stress treatment, causal relationships between these 

molecular changes and observed hyper-osmotic stress tolerance phenotypes have yet to be established.  

Alteration of genetic loci, such as by CRISPR/Cas9 gene targeting results in functional disruption of gene 

products in question and allows for evaluation of causal links to phenotypes of interest.   
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Since its initial characterization40 and subsequent adaptation to use in eukaryotic cells41,42 CRISPR/Cas9 

gene targeting has emerged as a more robust tool for  generating specific mutations in cultured cells 

compared to previous approaches43,44. By merely changing the variable ~20 base pair region of the guide 

RNA (gRNA) to be complimentary to the genomic DNA target sequence, the gRNA can complex with 

Cas9 nuclease and guide it to cleave that site.  The repaired break from the cell’s non-homologous end 

joining mechanism is often altered from the original sequence due to insertions or deletions of DNA 

fragments (INDELs) of varying nucleotide number and composition.  With properly designed gRNAs this 

can result in disabled gene products through deletion of essential coding sequence or translation 

reading frameshift mutations. We previously developed a comprehensive CRISPR/Cas9 tool set 

customized to the tilapia cell culture model including a constitutive Cas9 expressing version of the OmB 

cell line (Cas9-OmB1) and gRNA expression/selection vectors using species specific promoters capable of 

disrupting targeted gene sequences with high efficiency45. Using this system, single CRISPR treated and 

selected cells can be propagated into MIPS and IMPA1.1 mutant cell lines.  If cell lines can be obtained 

with functional disruption of the target gene in at least one allele, the relationship between osmo-

tolerance phenotypes and MIB enzymes can be evaluated.  The objective of this study was to establish 

MIB enzyme mutant cell lines using CRISPR/Cas9 gene targeting with the hypothesis that complete 

knock-out (KO) or partial disruption of MIPS or IMPA1.1 genetic loci will result in reduced tolerance of 

OmB cells to hyper-osmotic conditions. 

2. Results 

2.1. Guide RNA design and selection   

Guide RNAs were designed and selected for the two genes of interests (MIPS and IMPA1.1) and three 

non-essential (NE) genes to be used as controls for any deleterious side effects of the general 

CRISPR/Cas9 process. The genes nanos C2HC-type zinc finger 3 (NANOS3), myostatin (MSTN), and 
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tyrosinase (TYR) were selected as the controls based on no expected physiological effect at the cellular 

level relevant to this study.  Documented reports exist for each control gene in which CRISPR/Cas9 

deletion was not lethal in tilapia at the whole organism level and were involved in pathways 

unimportant to cultured cells and unrelated to osmoregulation (ie fertility, muscle development, and 

pigmentation, respectively)46–48.  To find highly conserved regions (assumed to be essential domains) the 

predicted amino acid (aa) sequence of each target gene product from Nile tilapia (Oreochromis niloticus, 

taxid:8128), Japanese medaka (Oryzias latipes, taxid:8090), and mummichog (Fundulus heteroclitus, 

taxid:8078) were aligned.  The multi-species alignments yielded two conserved regions in the first third 

of the coding sequence. These motifs had lengths of 32 aa and 19 aa for MIPS (Fig. 1a) and 19 aa and 33 

aa for IMPA1.1 (Fig. 1b).  For myostatin and tyrosinase only one sufficient conserved region within the 

first third of the coding sequence was found. Therefore, an additional conserved region found 

downstream was used to increase the pool of candidate gRNAs.  The genetic sequences corresponding 

to the conserved regions were input into the CRISPOR gRNA selection algorithm49,50 to identify potential 

gRNA target sites with associated MIT specificity51 and Doench efficiency scores52.  For both MIPS and 

IMPA1.1 the conserved regions corresponded to exons 3 and 4 of their respective genes (Fig. 1c and 1d) 

in which 8 distinct candidate gRNAs were identified with MIT specificity scores above 90 (a criteria 

chosen to minimize off-target effects).  For both MSTN and TYR the two conserved regions were also 

located in exons 3 and 4 but only 6 suitable candidate gRNAs for found for myostatin and 5 for 

tyrosinase.   Only one TYR (T1) and all 6 MSTN candidate gRNAs had MIT specificity scores above 90.  For 

in vitro empirical testing of these candidates, the gRNA sequences were cloned into gRNA expression 

plasmids and used to treat Cas9-OmB cells followed by Sanger sequencing and TIDE analysis of PCR test 

amplicons from the targeted regions.  The gRNAs selected for downstream KO protocols with the 

highest mutational efficiency (INDEL%) quantified by TIDE analysis are listed in Table 1.  The top scoring 

gRNAs for MIPS were T1, T3, and T4 (TIDE scores  
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Fig. 1.  Sequence maps and alignments used in the gRNA selection/screening process for MIPS and IMPA1.1.  (A & 

B) Protein amino acid sequence alignments used to identify conserved regions for CRISPR/Cas9 targeting. (C & D)                                                                                                             

gene maps indicating genomic regions corresponding to protein conserved regions, locations of the eight 

candidate gRNAs screened for each gene, and PCR primer binding sites of test amplicons. 
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52.3, 50.3, 49.3, respectively).  The top scoring gRNAs for IMPA1.1 were T5, T6, and T7 (TIDE scores 33.7, 

20.2, 40.2, respectively).  The most efficient gRNAs for MSTN and TYR controls were T5 and T1 (TIDE 

scores 50.3 and 74.6, respectively). The previously validated NANOS3 gRNA45,47 was used as the third NE 

control gene target (TIDE score 53.5).  

 

Table 1.  Final gRNA sequences selected for downstream gene targeting experiments including test amplicon sizes 
with associated primer pairs, CRISPOR MIT specificity scores, and TIDE INDEL%. 

 

2.2. KO clonal cell line genotyping   

Treatment of Cas9-OmB1 cells was repeated with the selected gRNAs followed by low-density seeding 

into 96-well plates to isolate different genotypes which were propagated into clonal lines, defined in this 

context as an isolated cell pool with a single cell genotype or at least a stable dominant cell genotype.  

For each candidate clone, Sanger sequencing chromatograms were generated from PCR produced test  
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Fig. 2.  DECODR initial (Init.) and post experiment genotype output for each clone used in this study including the 

specific predicted INDELs present in each allele (INDEL ID), net bp change (Net Δ) , calculated relative allele 

frequency (Freq %), the R2 model fit for each output and location relative to wild-type sequence (WT): PAM 

sequence (highlighted in red); gRNA sequence (highlighted in green); insertions (highlighted in blue); deletions 

(indicated by -). 
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amplicons encompassing the gRNA target site and initial genotyping was obtained by analysis of each 

chromatogram using the online DECODR algorithm53.  Two clones from each gRNA were selected based 

on highest frameshift mutation%, purity of genotype (% composed of two or less predicted alleles), and 

model R2 values for exposure to osmotic treatments.   To ensure appropriate genotypes for the 

experimental design were maintained from initial screening throughout the duration of the experiment, 

including a cell line expansion process requiring several passages, genotyping was repeated post osmotic 

treatments.  For each gRNA, the clone that maintained the highest percentage of frameshift knockout 

and most stable genotype was selected for downstream phenotyping analysis to form the MIPS KO, 

IMPA1.1 KO, and NE KO control experimental groups (for a total of 3 clones per group).  Initial and post 

treatment genotypes of the selected clones are summarized in Fig. 2.  The representative clone for MIPS 

T1, MIPS T4, IMPA1.1 T5, IMPA1.1 T7, and Nanos3 maintained the same clonal genotype without any 

detected wild-type (WT) or non-frameshift mutations.  Clone MIPS T3 showed 1 bp shift in it’s initial -1 

INDEL and two additional minor alleles with -10 and -4 INDELS but still maintained 100% frameshift 

status.  Clone IMPA1.1 T6 showed an initial dominant genotype consisting of -11 and +25 frameshift 

INDELs and two minor alleles of -111 INDEL and WT (frequency of 10.9% and 7.9% respectively).  Post 

analysis showed the predicted genotype stayed mostly stable except the sequence of the +25 bp 

insertion changed and the -111 bp INDEL was replaced by a -6 INDEL.  Clones MSTN T5 and TYR T1 

yielded the same deletion INDEL sizes in both initial and post analysis (with only one -21 bp INDEL in 

MSTN T5 being non-frameshift) with minor shifts in predicted location and insertion sequence in some 

alleles. 

2.3. Cell morphology   

Phase contrast imaging was used to qualitatively assess morphology of clones from different target gene 

groups.  Representative images of one clone from each experimental group in both hyper-osmotic and 

iso-osmotic media after 48 hours are shown in Fig. 3.    In general MIPS (Fig. 3a) and IMPA1.1 KO cells  
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Fig. 3.  Representative images of one clone from each experimental group: MIPS KO (A), IMPA1.1 KO (B), and NE 

KO control (C) in both iso-osmotic (315 mOsm) control and hyper-osmotic (650 mOsm) treatment conditions 96 

hours after seeding. 
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(Fig. 3b) had a higher prevalence of cuboidal morphologies in HO media than the NE control group (Fig. 

3c).  This trend was more extreme in MIPS KO cells especially in clonal line MIPS T1.2.4. 

2.4 Cell coverage area change over time 

To assess the effect of MIB enzyme KO on HO tolerance, growth and/or survival was quantified by 

measurement of the 2-dimensional culture vessel sampling surface area covered by cells, or cell 

coverage area (CCA), of the same cell populations at different time intervals.   Phase contrast tile scan 

images were generated for all target gene groups in both HO and iso-osmotic (IO) control media at each 

time interval.  From these images, accurate CCA quantification was achieved using LASX software (Leica, 

see example in Fig. 4a and 4b).  All replicates for all groups were counted and seeded at the same cell 

number but notable disparities in area were present at the first measurement (time point 0, 3 days after 

seeding) in both IO and HO experiments.  This is likely due to a faster growth rate of the MIPS and 

IMPA1.1 KO groups over the controls in the 3 days between seeding and time point 0 when the first 

measurement and initiation of treatments was performed.  Growth kinetics of the cell lines were 

modeled using the Verhults logistic growth equation due its utility in estimating growth parameters of 

cultured cells54,55 and the resemblance of the plotted data (Fig. 4c and 4d) to this type of curve.  R was 

used to generate non-linear logistic growth models with the coefficients K (carrying capacity) and r 

(intrinsic growth rate) that could be compared.  In this context, carrying capacity (K) represents the 

maximum CCA that can be achieved based on density dependent factors such as limited resources (ie 

substrate, nutrients), inhibitory paracrine factors, and contact inhibition56,57.  The MIPS KO group had 

the highest growth rate at 2.94e-02 with a 95% confidence interval (CI) of [5.00e-03, 5.73e-02], followed 

by IMPA1.1 KO at 2.91e-02 (95% CI [1.55e-02, 4.27e-02]) and NE control group at 2.11e-02 (95% CI 

[1.03e-02, 3.19e-02]).  The NE control group had the highest maximum CCA at 1.93e+07 (95% CI 

[1.66e+07, 2.20e+07]) followed by IMPA1.1 KO at 1.84e+07 (95% CI [1.66e+07, 2.01e+07]), and MIPS KO 

at 1.51e+07 (95% CI [1.30e+07, 1.72e+07]).  In the HO experiment, CCA of all groups gradually declined 
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in a linear pattern so survival was quantified by R generated linear regression models for each group 

where the model regression slopes represents change in CCA over time (ΔCCA/t).   The NE control group 

had the highest ΔCCA/t (-3932 µm2/hour) followed by IMPA1.1 KO (-5414 µm2/hour) and MIPS KO (-

5867 µm2/hour).  Although the ΔCCA/t slopes for MIPS KO and IMPA1.1 KO groups were notable steeper 

than controls, the difference for neither IMPA1.1 or MIPS KO group was statistically significant by 

ANOVA F-test at alpha level 0.05 with p-values of 0.8971 and 0.4250 respectively.  

2.5. Viability and Metabolism 

To assess the effect of MIPS and IMPA KO relative to NE KO control on metabolic activity during HO 

challenge, we quantified metabolism as relative luciferase units (RLU) using a 96-well plate metabolism-

based viability assay of cells in either HO or IO conditions for different durations of 72 hour increments 

up to 288 hours. The metabolic assay was performed on live cells without requirement of cell harvest 

allowing a subsequent DNA content assay to be performed on the same cells.  The metabolic activity 

values (RLU) were divided by the DNA concentrations of the same adherent cells normalizing RLU to the 

amount of cells present and decreasing variability caused by differences in cell content per well.  This 

normalized data is reported as relative metabolic activity (RMA).  In IO control conditions, mean 

IMPA1.1 RMA was notably lower than the other groups at the 216 and 288 hour time points (Fig. 4e) but 

repeated measures ANOVA yielded no significant difference between control and IMPA1.1 KO RMA (p = 

0.123) and between control and MIPS KO RMA (p = 0.896).  Under HO conditions and for all time points 

both MIPS KO and IMPA1.1 KO mean RMA was substantially lower than the NE KO control group (Fig. 

4f).  The overall difference was highly significant by repeated measures ANOVA; between control and 

IMPA1.1 KO groups (p = 9.09e-06), and between control and MIPS KO groups (p = 8.08e-06). 
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Fig. 4.  Cell coverage area and relative metabolic activity phenotypes of clones in both iso-osmotic (315 mOsm) 

control and hyper-osmotic (650 mOsm) treatment conditions measured over time at 72 hour increments.  (A & B) 

Representative images of automated image processing used to measure cell area of phase contrast image (A) with 

area automatically assigned and measured as cell shown in red (B).  (C & D) Mean total area with standard error 

bars measured for each gene target group at each interval (points) with R generated regression lines representing 

ΔCCA/t (solid lines) for (C) cells in iso-osmotic media and (D) cells in hyper-osmotic media.    (E & F) Mean relative 

metabolic activity (relative luciferase units/[DNA]) calculated for each gene target group at each interval for (E) 

cells in iso-osmotic media and (F) cells in hyper-osmotic media (both MIPS and IMPA1.1 KO groups were 

significantly different than control group by repeated measures ANOVA, with p values of 8.08e-06 and 9.09e-06 

respectively).  
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3. Discussion 

This study aimed to establish causality between the MIB pathway and cellular hyper-osmotic stress 

tolerance using CRISPR/Cas9 KO of the MIB enzymes and three control genes in the tilapia OmB cell line 

model.  Calculated CRISPR/Cas9 gRNA selection and experimental design was optimized to account for 

potential weaknesses of this approach.   

The wild-type CRISPR/Cas9 system used in this study has high mutational efficiency and thus, has the 

potential for off-target effects and erroneous phenotypes.  This was evident in the considerable 

variation in growth rates and HO survival observed in this study between clones of the same target 

gene. Each gRNA has its own set of potential off-target effects so it is important to use multiple gRNAs 

to control for this variable.  This enables dissection of common phenotypes that are independent of 

unknown off-target effects, which could be falsely attributed to target gene function.  To account for 

these factors, we used an experimental design including clones from three different gRNA sequences for 

each group as replicates.  Additionally, the transfection/antibiotic selection and general CRISPR/Cas9 

process imposes significant stress and thus it was considered critical that the controls underwent the 

same processes.  Multiple control genes were chosen to reduce the possibility that an unknown effect 

on osmotolerance of any particular control gene or gRNA skews the results of the study.   

Using a high-throughput approach, this study was successful in obtaining many stable genotype clones 

with a single initial seeding per gRNA without repeated rounds of purification.  For one gRNA per 

experimental group the best available clone did not possess the desired criteria of a single genotype 

with 100% frameshift mutation and had a minor contaminating genotype, some with non-frameshift or 

wildtype alleles.  However, the gRNA selection process was restricted to highly conserved areas of the 

amino acid coding sequence (cds) maximizing the potential of a disrupted gene product even if the 

INDELs were non-frameshift.  We are confident the frequency of wild-type alleles is low enough to not 
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affect the study outcome and adhering to the experimental design of higher replication from different 

gRNAs had greater value than removal of these isolates from the experiment. 

Despite the weaknesses of CRISPR/Cas9 systems, through targeting of both MIPS and IMPA1.1 with this 

stringent experimental design we were able to 1) detect consistent metabolic perturbance in HO 

conditions 2) establish that loss of either enzyme is not lethal and 3) disruption of the MIB pathway only 

minimally reduces osmotolerance of tilapia OmB cells in terms of survival.  

The primary finding of this study is the effect on RMA by disruption of either IMPA1.1 or MIPS in HO 

conditions relative to the NE control lines.  The RealTime-Glo assay used in this study quantifies 

metabolism indirectly through Luciferase catalysis of NanoLuc substrate which is only made available by 

reduction of the NanoLuc pre-substrate in metabolically active cells58.  In this study, RMA was quantified 

based on the ability to metabolically reduce the presubstrate, which was diminished to a highly 

significant degree in both MIB KO groups.  This effect is consistent with the viewpoint that intracellular 

MI accumulation is a primary mechanism to maintain a suitable ICF osmolyte milieu for cellular function 

during exposure to HO ECF.  Loss of either enzyme would slow or limit this process impairing protein and 

enzyme function such as those involved in cellular metabolism.  Correlation between robust induction of 

the MIB pathway and HO stress has been well established at both the cellular and whole animal levels 

with fold increases up to three orders of magnitude for mRNA14,38 and two orders of magnitude for 

protein 39,59.  The RMA results from this study strongly support causality between the MIB enzymes and 

tolerance to HO exposure. 

The results from the other metric used to assess HO tolerance (ΔCCA/t) followed the same trend with a 

faster rate of decline in the MIB KO lines than the control group.  The MIPS KO group declined the 

fastest suggesting the loss of MIPS is more detrimental than IMPA1.1.  A minor difference in 

contribution to HO tolerance between MIPS and IMPA1.1 could be due to the existence of other IMPA 
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isoforms.  IMPA1.1 was selected for manipulation in this experiment because it is the predominant HO 

regulated IMPA isoform14,36,38, but three other IMPA1 isoforms and IMPA2 exist in the Oreochromis 

tilapia genome36.  These would be much less abundant in HO conditions but may impart some level of 

protection with what MI they can synthesize.   Another possible contributor to a slight advantage to the 

IMPA1.1 KO lines is that the product of MIPS, inositol-3-phosphate, has some degree of compatible 

osmolyte function.  Inositol phosphates are used as osmolytes in bacteria and archaea60,61 for some of 

which the precursor is also inositol-3-phosphate62 making this molecule a plausible early ancestral 

osmolyte to broad phylogenetic lineages.  MIPS only has one isoform and thus loss of MIPS would result 

in reduction of both inositol-3-phosphate and myo-inositol. 

Despite the predicted trend and considering how differentially regulated the MIB enzymes are in 

response to HO treatment, the magnitude of ΔCCA/t differences was much less than anticipated and not 

enough to yield statistical significance.  The treatment of 650 mOsm was selected as a pre-determined 

near maximum but non-lethal tolerance threshold for OmB cells having the highest potential to detect 

differences in HO tolerance between the MIB KO and control cell lines with the expectation of 

immediate impact on cell survival.  However, severe acute cell death exceeding the background in 

controls was not observed in MIB and IMPA1.1 KO clones of OmB cells.  This indicates the ability to 

survive this condition is retained in the absence of an intact MIB pathway due to parallel and 

compensatory mechanisms.  Similar to what had been observed previously in wildtype OmB cells38 after 

exposure to 650 mOsm HO media, growth arrest was induced at the start of HO treatment followed by a 

gradual decline in CCA over time in all experimental groups.  The results of the metabolic assays assures 

the methodology was effective in disrupting the pathway providing confidence in the experimental 

design and that the MIB pathway was not critical in cell survival in the study HO treatment conditions.  

Alternatively, conservation of strong HO regulated MIB may be due other selective advantages it 

imparts, such as improved metabolic efficiency under more moderate HO conditions.  A less severe 
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osmotic stress such as 450 mOsm in which wild-type OmB cells are able to proliferate indefinitely, may 

improve the resolution of this method by allowing differences between MIB KO clones and controls to 

increase with time.  

Many mechanisms could potentially contribute to compensate for a disrupted MIB pathway and survival 

in such an extreme level of HO challenge.  In addition to alternative enzyme isoforms, we would expect 

transport from other MI reserves to buffer the deleterious effects of disrupted de novo MI synthesis.  In 

mammalian cells, HO induced accumulation of MI relies on import of myo-inositol from the blood29,30 

through transporters such as the sodium/myo-inositol co-transporter (SMIT) 63,64 in contrast to tilapia 

cells in which the MIB pathway is highly differentially regulated dependent on the extracellular 

conditions.  The SMIT gene is typically not present in stenohaline freshwater fish such as Danio rerio but 

has been identified in euryhaline fish genomes such as Neogobius melanostomus and O. niloticus 

tilapia65.  OmB cells are thus potentially capable of upregulated de novo synthesis and import depending 

on the presence and activity of the enzyme and provided the ECF has sufficient MI to support it.  The 

OmB cell culture media is supplemented with FBS which has a typical MI concentration in the range of 

0.9-1 mM66,67 (or 0.18 g/L).  At 10% of the media combined with the 0.002 g/L of MI present in the base 

L-15 media would give a final MI concentration of about 0.02 g/L.  This is in the same range of serum MI 

concentration that has been reported for Nile tilapia between 0.017 and 0.022 g/L68,69 indicating 

sufficient MI for partial compensation of MIB disruption through transport.  The ability to assimilate 

extracellular sources of MI into hyper-osmotic stress response systems is supported enhanced 

performance of Nile tilapia subjected to high salinities after dietary supplementation of myo-inositol 69,70 

and O. mossambicus under long term salinity stress71.  Development of defined media for fish cell lines 

that enable control of MI concentrations would facilitate evaluating the contribution of such 

extracellular solutes. 
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We must also consider that, although MI is the most prominent compatible osmolyte used by tilapia, it 

is but one component of a complex mixture of suitable osmolytes.  A wide variety of osmolyte systems 

are used by fishes26,72,73 exposed to osmotically challenging environments, often consisting of other 

sugars (e.g. sorbitol) and specific amino acids acids74–77.  Utilization of taurine and glycine as compatible 

osmolytes have been reported in tissues of salinity challenged tilapia78,79.  Strong upregulation of 

glutamine synthesis has been demonstrated in OmB cells treated with hyper-osmotic media80.  OmB 

cells may be able to compensate for reduced availability of MI by increased utilization of alternative 

osmolytes. 

In addition to the effects of MIB KO on HO response, prominent observations were made from the IO 

exposures as well.  Despite steady growth equal to or exceeding the MIPS and Control groups, a near 

significant substantial reduction in the IMPA1.1 KO group metabolic activity was observed in the last two 

time points relative to the other groups.  Why this effect was more severe compared to the MIPS KO 

group may be due to myo-inositol being the primary route for recycling this pathway. MI is catalyzed to 

glucuronic acid by myo-Inositol oxygenase (MIOX)81,82 which was found to be present and differentially 

regulated in tilapia tissues under hyper-osmotic stress83.  Glucuronic acid can be converted to available 

energy stores in the form of NADPH and sugars such as ribose-5-phosphate through the glucuronate-

xylulose and pentose phosphate pathways (PPP)84,85.  Ribose-5-phosphate, a product of the PPP, can 

enter glycolysis in the form fructose-6-phosphate through the actions of transketolase and 

transaldolase86. Since there is no known alternative for inositol-3-phosphate recycling back into energy 

utilization pathways other than through IMPA, a portion of glucose-6-phosphate may be made 

unavailable through conversion to inositol-3-phosphate by functional MIPS but disrupted/reduced IMPA 

activity.  Even though there are multiple other IMPA variants potentially present and IMPA1.1 is known 

as the HO induced isoform, the significant metabolic perturbation by IMPA1.1 KO in IO conditions 

observed in this study indicates it is responsible for a large fraction of basal IMPA activity as well at least 
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in the OmB cell line.  This seems inconsistent to that reported in Kalujnaia et al 201336, in which IMPA1.3 

was the predominantly expressed isoform in tissues from freshwater acclimated tilapia.  Nutritional 

importance of MI to fish is supported by numerous reports in which dietary supplementation with MI 

improves growth and metabolic activities in fish87–90, so abnormalities from MIB enzyme KO in IO 

conditions would also be expected.  In combination with the observation that the maximum CCA 

achieved by the MIPS KO group was much lower than that of the IMPA1.1 group, it appears the MIPS KO 

group has more accessible energy but is eventually limited by the availability of MI.  Another noteworthy 

result from the earlier time points of IO conditions (before density dependent growth inhibition was a 

factor) is the apparent increased growth rate of both MIB KO groups compared to controls.  This initially 

seems counterintuitive especially considering the metabolic impairment in the IMPA1.1 KO group.  

However, in addition to its role as a primary compatible osmolyte MI is active in intracellular signaling 

pathways.  There is a minimum requirement for MI in animal cells27,91, but elevated MI can act as a 

growth and cell-cycle suppressor.  Exogenous application of MI or overexpression of MIB enzymes can 

have inhibitory effects on in vitro cultured cells92–94.  Additionally, MI and it’s derivative inositol 

hexaphosphate have well documented suppressive effects on cancer cell proliferation95,96.  The pro-

proliferative signaling pathways negatively affected by these molecules include PI3K/Akt, Wnt/β-

catenin, and Notch197,98.  This would explain how a reduction in MI in the MIB KO groups would lead to 

increased growth rates in IO conditions and suggests a similar role for MI of cell cycle suppression in 

tilapia cells during HO stress.   

The ability of the cells to survive in extreme osmolality despite disruption of such a major pathway 

illustrates the combinatorial nature of the osmotic stress response.  The complexity of the compatible 

osmolyte systems, CHR, and CSR in general provides many ways the cells can compensate for the loss of 

one gene.  Much work has been done investigating the relationship between salinity tolerance and 

growth in tilapia and strains with high salinity tolerance and economic traits are in high demand in the 
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aquaculture industry.  Compatible osmolytes, the CHR, and CSR are critical components of whole animal 

salinity tolerance.  Understanding how major pathways such as MIB contribute and interact with the 

overall response network will identify key gene targets to help guide selective breeding or gene-editing 

approaches in the production of improved genetics stocks of this economically important animal. 

In conclusion, the current study demonstrates that loss of MIB pathway function causes significant 

metabolic disruption specific to HO response but can be effectively compensated by tilapia cells. 

Although changes in phenotype are evident, the effect of functional MIB pathway KO on cell survival is 

much smaller than originally hypothesized when considering the large magnitude of HO induction of the 

MIB enzymes.  These results indicate, at least in the cell culture model described in this study, that the 

MIB pathway has a moderate impact on HO survival and the ability to persist in severe and/or prolonged 

osmotic stress is imparted by not just a single pathway but buffered robustly by other compensatory 

pathways.  The loss of MIPS is likely the most detrimental of the two MIB enzymes despite greater 

metabolic perturbance shown by IMPA1.1 KO in IO conditions.  Considering MIPS KO has apparently less 

routes for compensation and the specific effect of IMPA1.1 KO on HO response may be difficult to 

discern from its general metabolic effects, MIPS KO may also make a better model for overall MIB KO 

disruption.   Our study provides the groundwork for future research aimed at identifying more specifics 

on the role of MI and other compensatory mechanisms utilized for osmotolerance in the IMPA1.1 and 

MIPS KO lines, including the roles of SMIT and MIOX, alternative compatible osmolyte systems (such as 

taurine import or glutamine synthesis), and the effects of HO conditions below 650 mOsm and defined 

media (such as inositol free media).  
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4. Materials and Methods 

4.1. Guide RNA design and selection   

For each target gene, the amino acid sequence of the corresponding protein for Oreochromis niloticus 

(MIPS XP_003442861.1, IMPA1.1 XP_003439317.1, MSTN XP_003458880.1, TYR XP_003441635.1), 

Oryzias latipes (MIPS XP_004082269.1, IMPA1.1 XP_004081209.1, MSTN NP_001188428.1, TYR 

XP_020564474.1), and Fundulus heteroclitus (MIPS XP_012708032.2, IMPA1.1 XP_012705190.2, MSTN 

XP_012736594.1, TYR XP_036005521.1),  were aligned using global alignment with free end gaps in 

Genious 11.0.3 (Biomatters, https://www.geneious.com).  Conserved protein regions were selected with 

a preference to those within the first 3rd of the amino acids sequence to maximize the effect of 

frameshift mutations.  The corresponding nucleotide sequences of the selected conserved regions were 

copied into the online CRISPOR (version 5.01)49 gRNA selection tool using O. niloticus as the reference 

genome.  The generated gRNA sequences and corresponding scores for all conserved regions were 

copied into a single spreadsheet and sorted by MIT specificity score from highest to lowest.  Up to 8 of 

the highest scoring gRNAs were selected for in vitro mutational efficiency testing excluding those with 

Doench efficiency scores less than 30. When possible, selected gRNAs were trimmed to no lower than 

18 bp to make the initial G from the TU6m transcription start site (TSS) match the substrate DNA 

sequence to decrease target sequence/substrate DNA mismatch and potential associated off-target 

effects99,100.   

4.2. Cell culture maintenance 

Unless otherwise stated, cells were maintained at standard OmB cell maintenance conditions consisting 

of ambient CO2 and 26˚C in OmB culture medium (L-15 medium containing 10% fetal bovine serum, 100 

U/ml penicillin, and 100 mg/ml streptomycin). When plates reached a confluency of ~ 90%, they were 

passaged by trypsinization with 1 ml (0.25% trypsin EDTA). 

https://www.geneious.com/
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4.3. Cloning and gene targeting  

Selected candidate gRNAs for each target were cloned into TU6m-gRNAscaffHygroR (Addgene# 165485) 

plasmid, transfected into Cas9-OmB1 tilapia cells, followed by hygromycin B selection and template DNA 

preparation as described previously45. Slight modifications were made as follows: 1.2 µg plasmid DNA in 

10 µl Qiagen EB buffer and 116 µl of serum free L-15 media was mixed with 4 µl Promega ViaFect 

according to manufacturer’s protocol; the resulting transfection solution was pipetted into 3.5 cm wells 

confluent with Cas9-OmB1 cells of a 6-well plate; two days after transfection, wells were treated with 2 

ml 500 µg/ml Hygromycin selective media for 6 days. 

4.3. Candidate gRNA mutation efficiency screening 

Template DNA from CRISPR treated wells was prepared according to the NaOH extraction method 

described previously45 except cells were scraped into 1 ml of PBS.  For each DNA isolate PCR reactions 

were prepared by mixing 20 µl template DNA with 25 µl Promega PCR Master Mix and 2.5 µl of each 

primer according to Table 1.  Primers were designed to produce amplicons of 600-800 base pairs (bp) 

with the forward primer ~200 bp from target sequence.  Amplicons from CRISPR treated cells and 

control wild-type OmB DNA were sequenced from the forward primer at the UC Davis core facility for 

Sanger sequencing.  Quantitative INDEL efficiencies were obtained by upload of the resulting 

chromatogram sequence files (ab1) to TIDE webtool version 2.0.1. 

4.4. Generation and genotyping of KO clonal cell lines 

The three gRNAs for each treatment group were selected for generation of target gene KO clonal cell 

lines:  the three highest TIDE INDEL efficiency scoring gRNAs for IMPA1.1 and MIPS, the single gRNA with 

the highest TIDE INDEL efficiency scores for myostatin and tyrosinase, and the nanos3 target used 

previously45.  The procedure for gene targeting from section 4.3 was repeated using these gRNA 

targeting plasmids.  For each well, the cells remaining after hygromycin selection were rinsed with 1 ml 
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PBS then trypsinized for 5 minutes with 500 µl 0.25% trypsin EDTA at 26°C.  Trypsin was neutralized with 

1.5 ml culture followed by addition of 48 ml media to make a dilute 50 ml cell suspension.  Cell 

suspension was distributed to five 96-well plates, 100 µl per well.  Over the course of 6 weeks, visual 

screening was performed to identify wells containing only one colony derived from one central site 

(referred to as candidate clones at this point).  Once identified wells had reached at least 25% 

confluency, the well was split into two new wells (the same well location of two separate 96-well plates, 

one for propagation and one for genotyping) by removing media and rinsing with 200 µl PBS, 

trypsinization for 10 minutes with 20 µl 0.25% trypsin EDTA at 26°C, then addition of 180 µl culture 

media in which the resulting 200 µl was pipette mixed and transferred 100 µl each to the two new wells.  

When wells of the genotyping 96-well plate reached a confluency of at least 25% they were harvested 

for template DNA using a modified version of the NaOH method: media was removed from each well 

followed by a rinse with 100 µl 25 mM NaOH; another 50 µl 25 mM NaOH was added to each well and 

incubated for 5 minutes at room temperature; this 50 µl solution was pipette mixed in the well and 

transferred to a 1.5 ml tube followed by incubation at 95°C for 30 minutes; final template DNA was 

obtained by neutralization with addition of 50 µl 40 mM Tris-HCl to each solution.  For each template, 

PCR and sequencing were performed as described in section 4.3.  Allele sequence and relative frequency 

present in each candidate clone were estimated by upload of the chromatograms and gRNA sequences 

to DECODR version 3.053.  For downstream phenotyping experiments, clones were selected with priority 

based on KO due to frameshift mutation in all alleles, purity of clone (2 or less alleles present), and 

highest R2 value for DECODR model fit. 

4.5. Propagation and maintenance of KO clonal cell lines 

Once selected wells from genotyping screen were near 100% confluent, the trypsinization procedure for 

96-well plate wells described above was repeated except the entire 200 µl cell suspension was 

transferred to a 2.5 cm well of a 12-well plate followed by addition of 1 ml culture media.  Once a 12-
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well plate well was near 100% confluent, the well was rinsed with PBS and trypsinized for 10 minutes 

with 200 µl 0.25% trypsin EDTA at 26°C followed by addition of 1.8 ml culture media.  The resulting 2 ml 

cell suspensions were transferred to 10 cm culture dishes with 6 ml culture media to bring final volume 

to 8 ml.  At this point clonal lines were propagated using standard OmB cell maintenance procedures. 

4.6. Hyper-osmotic stress treatments   

Each genotype was passaged, counted using Hausser Scientific Hemacytometer (cat#1483) and plated 

into 12-well plates (2 wells each, 10000 cells per well), 6-well plates (2 wells each, 37500 cells per well) 

and five replicate white opaque walled imaging 96-well plates (four wells per genotype, 1500 cells per 

well).  Treatment media, 650 mOsm hyper-osmotic media or 315 mOsm iso-osmotic control media, 

were prepared by addition of NaCl to OmB culture media.  Three days after plating, media was removed 

from all wells and replaced with treatment media, one well per treatment per genotype for 6-well plates 

and two wells per treatment per genotype for each replicate 96-well plate.   

4.7. Morphology and area quantification 

All images were acquired using a Leica DMi8 inverted microscope in phase contrast mode.  For 

morphology assessment 12-well plates were imaged every 24 hours at 20X magnification for the first 3 

days of treatment, then every 48 hours.  For area quantification, the center 20% of the same 6-well 

plates was imaged as a composite tile scan immediately before (time point 0) and every 3 days after for 

a total duration of 12 days.  Media was filtered and returned to wells before imaging to remove 

interference by detached cells and debris.  Individual tiles were imaged at 5X magnification with an 

exposure duration of 50.14 ms and intensity of 89.  Total cell area was quantified using LASX Navigator 

analysis tool (Leica Application Suite X Version 3.0.4 software) with Find black detail Image Processing 

Pre-filter (size setting 10 and Auto Contrast selected) and Otsu global threshold.   



 

70 
 

4.8. Relative metabolic activity quantification 

At each of the above time points, two plate assays were performed on one of the replicate 96-well 

plates.  Cellular metabolic activity was quantified as luminescence (RLU) using the non-cytotoxic 

Promega RealTime-Glo MT Cell Viability Assay (Ref# G9711) and Promega GloMax Navigator 

luminometer (after 30 minutes incubation) according to manufacturer’s protocol which allowed 

measurement with cells left in adherent state.  After completion of the first assay, media was removed 

from all wells and plates were frozen in -80°C freezer for at least 24 hours.  DNA concentration was 

determined on the same wells using Invitrogen CyQUANT Cell Proliferation Assay Kit (Cat #C7026) 

according to manufacturer’s protocol (with individual standard curve performed on each plate) and 

measured on Biotek Synergy HT plate reader using Gen5 Version 2.03.1 software with 485/528 

excitation/emission wavelength settings.  Relative metabolic activity for each well was calculated by 

dividing the luminescence (RLU) by the DNA concentration (ng/ml).  

4.9. Statistical Analysis   

All mathematical modelling and statistical analysis were performed using Rstudio version 2021.09.1.  

Individual comparisons of change in relative metabolic activity over time between MIPS KO or IMPA1.1 

KO and the NE control KO group were made using repeated measures ANOVA.  Comparisons of ΔCCA/t 

between groups in IO conditions was performed by non-linear modeling using the Verhults logistic 

growth equation54 except substituting A for N (population): 

𝐴(𝑡) =  
𝐾

1 + (
𝐾 −  𝐴0

𝐴0
) 𝑒−𝑟𝑡

 

Where a = CCA (µm2), t = time (hours), K = carrying capacity (µm2), A0 = initial CCA (µm2) at time point 

zero, and r = intrinsic growth rate (µm2/hour).  For each experimental group, the nls() function was used 

to fit a model to the data set and calculate coefficients.  The 95% confidence intervals for each 
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coefficient were calculated using the confint2() function from the “nlstools” package.  For the HO 

experiments, the lm() function was used to fit linear models and calculate regression slopes.  Statistical 

significance (F-test) of differences in regression slopes (the group and time interaction effect) between 

groups was evaluated by ANOVA performed on combined data sets of each MIB group and the control 

group.  R code and details in model calculation available in supplemental material.  All data reported and 

shown in figures are represented as means ± standard errors. 
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ABSTRACT 

Euryhaline fish experience variable osmotic environments requiring physiological adjustments to 

tolerate elevated salinity. Mozambique tilapia (Oreochromis mossambicus) possess one of the highest 

salinity tolerance limits of any fish.  In tilapia and other euryhaline fish species the myo-inositol 

biosynthesis (MIB) pathway enzymes, myo-inositol phosphate synthase (MIPS) and inositol 

monophosphatase 1 (IMPA1.1), are among the most upregulated mRNAs and proteins indicating the 

high importance of this pathway for hyperosmotic (HO) stress tolerance.  These abundance changes 

must be precluded by HO perception and signaling mechanism activation to regulate the expression of 

MIPS and IMPA1.1 genes.  In previous work using an O. mossambicus cell line (OmB), a reoccurring 

osmosensitive enhancer element (OSRE1) in both MIPS and IMPA1.1 was shown to transcriptionally 

upregulate these enzymes in response to HO stress. The OSRE1 core consensus (5’-GGAAA-3’) matches 

the core binding sequence of the predominant mammalian HO response transcription factor, nuclear 

factor of activated T-cells (NFAT5).  HO challenged OmB cells showed an increase in NFAT5 mRNA 

suggesting NFAT5 may contribute to MIB pathway regulation in euryhaline fish.  Ectopic expression of 

wild-type NFAT5 induced an IMPA1.1 promoter-driven reporter by 5.1-fold (p < 0.01). Moreover, 

expression of dominant negative NFAT5 in HO media resulted in a 47% suppression of the reporter 

signal (p<0.005). Furthermore, reductions of IMPA1.1 (37-49%) and MIPS (6-37%) mRNA abundance 

were observed in HO challenged NFAT5 knockout cells relative to control cells.  Collectively, these 

multiple lines of experimental evidence establish NFAT5 as a tilapia transcription factor that contributes 

to the HO induced activation of the MIB pathway. 

Keywords: NFAT5; Hyperosmolality; CRISPR/Cas9; dominant negative mutant; tilapia; synthetic biology 
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INTRODUCTION 

Euryhaline fish acclimate to altered osmotic conditions by regulating their extracellular osmolality and, 

during severe salinity stress, activation of intracellular enzymes that promote accumulation of 

compatible organic osmolytes (1).  Having one of the widest ranges of salinity tolerance of all fish, O. 

mossambicus represent an ideal species to study these mechanisms.  Physiological stress responses 

include sensors (the molecules or proteins that perceive the stress condition), intermediate signal 

transducers (the molecules that relay the stress signal from the sensors to the effectors), and effector 

elements (the molecules that mediate the molecular changes allowing persistence during the stress 

condition).  Accumulation of inert intracellular compatible osmolytes such as myo-inositol, represents a 

primary response to relieve osmotic stress caused by extracellular osmolality increases (2–5). Enzymes 

of the myo-inositol biosynthesis (MIB) pathway have been identified as primary proteins that increase in 

abundance during hyper-osmotic stress in multiple fish species including tilapia (3, 6) and European eel 

(7).  In a tilapia cell line derived from O. mossambicus brain tissue (OmB) treated with hyper-osmotic 

(HO) media, MIB enzyme transcriptional upregulation paralleled that seen in whole animals subjected to 

HO challenge (8), demonstrating the utility of this model for investigating this pathway.  The 

considerable abundance changes of the MIB pathway enzymes in salinity-stressed cells of tilapia and 

several species of euryhaline fish illustrates that the regulation of this pathway is a key event for the HO 

stress response in euryhaline fish.  HO induced upregulation of the MIB pathway enzymes requires 

regulatory enhancer elements that respond to HO conditions.  In OmB cells, an osmotic responsive 

enhancer element (OSRE1) recurs in many locations of the MIPS and IMPA1.1 promoters and was found 

to be primarily responsible for transcriptional upregulation of these enzymes in HO media (9).  Cloning 

of these OSRE1 enhancers into a minimal promoter expression vector also resulted in strong HO 

induction of a reporter gene (9).  
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The conserved OSRE1 core sequence of 5’-GGAAA-3’ represents the core recognition sequence of the 

Rel homology domain (RHD) (10–13) included in transcription factors commonly associated with cellular 

stress response signaling, including the nuclear factor of activated T-cell (NFAT) (14) and NF-κB protein 

families (15, 16). Of the transcription factors belonging to these Rel protein families, NFAT5 is the 

strongest candidate as an OSRE1 interacting partner since this transcription factor has a well-established 

role as the primary transcriptional activator of HO responsive genes in mammalian cells (17–20). HO 

activation of NFAT5 in mammals is achieved by multiple mechanisms, including a localization change 

(21, 22), post-translational modification (23–25), and increased NFAT5 mRNA abundance (17, 21, 26–

29).  NFAT5 mRNA abundance increases were also observed in multiple tissues of Atlantic Salmon 

exposed to HO challenge (30), suggesting this role is phylogenetically conserved across lower and higher 

vertebrates.   

Effective strategies to establish causal interactions between specific transcription factors and DNA 

regulatory elements in effector genes include cis-element reporter gene expression in combination with 

either trans-factor overexpression (23, 31) or trans-factor dominant negative mutant expression (32, 

33).  A third approach is to generate gene knock-out (KO) animals or cell lines, e.g., by CRISPR/Cas9 gene 

editing, which is an efficient method for establishing causality between signal transducers and effector 

mechanisms (34, 35). Disruption of any genetic locus encoding the protein of interest in tilapia cells can 

be proficiently achieved using a plasmid-based CRISPR/Cas9 system customized for O. mossambicus cells 

(36).  In mammalian models NFAT5 KO is usually lethal at early stages of development (37, 38) but 

NFAT5 KO cell lines are viable, capable of proliferation, and have been used for mechanistic studies of 

NFAT5 interactions (39–41). 

Using the tilapia OmB cell line, the objective of this study was to investigate the role of tilapia NFAT5 for 

transcriptional HO induction of genes that encode MIB pathway enzymes. The hypothesis tested was 

that NFAT5 is necessary for the induction of MIB pathway genes during HO stress. 
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MATERIALS AND METHODS 

Cell lines and maintenance 

O. mossambicus OmB wildtype (wt) cells and the engineered Cas9 expressing transgenic OmB cells 

(Cas9-OmB1) were propagated and maintained according to standard OmB cell culture conditions and 

protocols as documented in previous reports (8, 36) unless otherwise specified. 

Primer design and sequence analysis 

All primer design, sequence alignments, and other amino acid/DNA sequence analysis were performed 

using Geneious Prime software (Version 11.0.3, Biomatters Inc, https://www.geneious.com).  All 

alignments were performed as global alignments with free end gaps. 

 

Table 1.  Primer pair sequence information associated with RT-PCR generated amplicons used in sequencing and 

cloning of the HO induced O. mossambicus NFAT5 cds (MW075269.1) and qRT-PCR quantification of NFAT5 mRNA 

in IO and HO conditions. 

 

O. mossambicus NFAT5 mRNA quantitation 

To characterize isoform-specific O. mossambicus NFAT5 mRNA sequences and abundances, OmB cells 

were exposed to osmotic HO treatments (media adjusted using NaCl to 650 mOsm/kg for HO treatment  

or to 315 mOsm/kg for basal iso-osmotic (IO) control treatment) (9) for 6 hours followed by RNA 

extraction using Invitrogen PureLink RNA Mini Kit (cat# 12183018A).  A Qiagen One-step RT-PCR kit (cat# 

https://www.geneious.com/
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210210) and gene specific primer pairs for amplicons 1-4 listed in Table 1 were used for cDNA synthesis 

and PCR amplification of four different regions of the O. mossambicus NFAT5 cds.  Primers were 

designed using the XM_005467029 NFAT5 isoform sequence from the O. niloticus (taxid: 8128) 

reference genome.  Agarose gel electrophoresis was performed to detect O. mossambicus amplicons 1-4 

from both HO and IO treatments.   

In a separate experiment, osmotic treatments (HO and IO) and RNA isolation were performed as 

described above on six replicate 90% confluent 10 cm plates of OmB cells per treatment.  Directly after 

harvesting cells RNA isolation and cDNA synthesis was performed using Invitrogen Superscript IV (cat.# 

18090010) according to manufacturer protocol using 200 ng of template RNA  and a 50:50 mix of Oligo-

dT and random hexamer primers.  Quantitative PCR was performed on 10x dilutions of each cDNA using 

Promega GoTaq qPCR Master Mix (cat# A6001) on an Applied Biosystems QuantStudio 3 Real-Time PCR 

system using qPCR primer pairs for NFAT5 and both β-actin and 18s rRNA as reference genes (RG) as 

listed in Table 1.  The primer pair targeting NFAT5 was designed to flank a 1035 bp intron using O. 

niloticus (taxid: 8128) NFAT5 genomic sequence (gene ID # LOC100691255).  The RG primer pair 

sequences were obtained from a previous study (8). 

Sequencing and characterization of O. mossambicus NFAT5 

Using RNA from the HO treated cells, Invitrogen Superscript III (cat.# 18080-044) was used for cDNA 

synthesis of longer sections of the O. mossambicus NFAT5 cds using gene specific primers (NFATX12_R1 

for the 5’ end of the mRNA transcript and NFATX13_R1 for the 3’ end, Table 1).  The cDNA reactions 

were treated with New England Biolabs RNAse H (cat. #M0297S) followed by PCR amplification to 

generate amplicons 5 and 6 (for primer pairs see Table 1).  Amplicons 8 and 9 were PCR amplified from 

amplicon 6 as template DNA.  DNA sequences for amplicons 1-4, 8, and 9 were obtained from the UC 

Davis core Sanger sequencing facility (amplicons 8 and 9 were cloned into pBluescript II SK+ first, then 
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sequenced from the plasmid).  These sequences were assembled into the complete cds using Geneious 

software and submitted to the NCBI database. 

In silico translation was performed on the constructed O. mossambicus NFAT5 cds followed by aa 

alignment with known functional NFAT5 domains in mammals to identify critical functional domains. 

These known domains included the nuclear export signal (NES) (22), auxiliary export domain (AED) (42), 

nuclear localization signal (NLS) (43), DNA binding Rel homology domain (RHD) (32), and transcriptional 

activation domains (AD1, AD2, and AD3) (23). 

Construction of reporter and ectopic expression vectors 

An IMPA1.1-EGFP reporter vector was constructed by PCR amplification of a 2700 bp fragment of the 

IMPA1.1 promoter. The region of O. mossambicus genomic DNA starting at the endogenous start codon 

on the 3’ end and extending to 1065 bp 5’ of the predicted TSS (1635 bp between TSS and start codon 

consisting of exon 1, intron 1, exon 2, intron 2 and the first 36 bp of exon 3) was cloned upstream of the 

EGFP cds in an EGFP_SV40PA base vector reported previously (36).  To confirm HO induced activity of 

the reporter, two 3.5 cm wells of a plate with 85% confluent OmB cells were transfected with 1 µg of 

IMPA1.1-EGFP vector.  Medium was replaced with either IO (315 mOsm/kg) or HO (650 mOsm/kg) 

media 24 hours after transfection.  Tile scan imaging of the center 10% of each well was performed 24 

hours after application of osmotic treatments using a Leica DMi8 inverted microscope with a GFP filter. 

To reduce overall plasmid size of the other vectors used in this study, additional truncated recombinant 

promoters were designed.  OmAP(I-)2 and OmEF1a(I-)2 promoters were produced by using their full-

length versions, O. mossambicus β actin (OmBAct) and elongation factor 1 α (OmEF1a), as PCR 

templates (36). A reverse primer spanning the 3’ end of exon 1 and the 5’ end of exon 2 was used for 

this purpose.  This cloning strategy effectively removed intron 1 but maintained the same 5’ UTR and the 

endogenous start codon. Moreover, the Kozak sequence was retained but modified to include a NotI 
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restriction site to provide more cloning options.  OmEF1a(I-)2 was cloned into a reporter vector 

(OmEF1a(I-)2RFP containing the dtomato red fluorescent protein (RFP) cds. This plasmid was used for 

co-transfection with IMPA1.1-EGFP reporter plasmids to normalize for differences in transfection 

efficiency and cell density between wells.  Another promoter (CMVIE-OmAP(I-)2) was constructed for 

expression of dominant negative proteins.  The cytomegalo virus immediate early enhancer (CMVIE 

~300 bp) was cloned upstream of the β-actin core promoter as in Hitoshi et al (45) of OmAP(I-)2 to 

improve expression strength. Fusion of the CMVIE enhancer with interspecies promoters has been 

demonstrated to be effective (44, 45), including in fish (46).   

To generate a dominant negative (DN) NFAT5 cds (NFAT5DN) modeled after mammalian NFAT5DN (32), 

a truncated NFAT5 cds was PCR amplified using a reverse primer (NFAT5trunc_R; 5’- 

TTTAAGAAAGTTTTTTCCAATGATGAAGACC-3) designed 3’ prime of the RHD but 5’ of the AD1 and AD2 

domains. This primer was paired with NFAT5_F1 forward primer to PCR amplify (from amplicon 5 as 

template DNA) a 1332 bp truncated NFAT5 cds including the DNA binding and nuclear localization 

domains but omitting the transcriptional activation domains.  To generate a full wild-type NFAT5 cds 

(NFAT5WT) the NFAT5DN sequence, amplicon 7 (PCR amplified from amplicon 5, spanning exon 7 to 

exon 12), and the C-terminal fragments (amplicons 8 and 9 containing exons 12-13 subcloned from 

pBluescript II SK+ plasmid) were assembled into a new plasmid using standard restriction enzyme 

techniques.  The NFAT5DN cds was cloned into a plasmid driven by the CMVIE-OmAP(I-)2 promoter 

generating the NFAT5DN vector.  The full length wild-type (WT) cds was cloned into a plasmid driven by 

the OmAP(I-)2 promoter to generate the NFAT5WT vector.  The first 1332 base pairs of Cas9 cds were 

also cloned into a plasmid driven by the CMVIE-OmAP(I-)2 promoter to be used as an overexpression 

vector (OE) that controls for non-specific deleterious effects caused by ectopic protein expression (47). 
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EGFP/RFP Reporter Assays 

For the NFAT5DN inhibition experiments, transfection reactions consisted of 1000 ng expression vector, 

100 ng IMPA1.1-EGFP reporter, and 100 ng RFP normalizer plasmids.  Three variations of expression 

vector were used: 100% control vector, 50% OE control vector plus 50% NFAT5DN vector, and 100% 

NFAT5DN vector.  Four replicates of these plasmid combinations were used for each HO (650 mOsm/kg) 

and IO (315 mOsm/kg) treatments.  Plasmid transfections of cells were performed using Promega 

ViaFect (cat.# E4981) followed by 48 hour exposure to either HO or IO conditions after transfection. Tile 

scan imaging of the center 10% of each well was performed 24 hours after HO and IO treatments.  For 

the NFAT5WT activation experiments, plasmid complexes were prepared consisting of 500 ng expression 

vector, 50 ng IMPA1.1-EGFP reporter, and 50 ng RFP normalizer plasmids. Two variations of expression 

vector were used: 100% OE control vector, and 100% NFAT5WT vector.  Two replicates were used per 

treatment group with each replicate consisting of one 12-well plate of OmB cells. Tile scan imaging was 

performed on the center 20% of each well 24 hours after transfection.  All images were generated using 

a 20X objective and both GFP (30 ms exposure) and TXR (20 ms exposure for RFP) filters as composite 

tile scans using a Leica DMi8 inverted microscope.  Total fluorescence intensity per filter was quantified 

using the LASX Navigator analysis tool (Leica Application Suite X Version 3.0.4 software).  Reporter 

activity is expressed as relative fluorescence intensity (RFI = total EGFP fluorescence intensity/ total RFP 

fluorescence intensity). 

Generation of NFAT5 KO cell lines 

The NFAT5 amino acid sequences for O. niloticus (XP_005467085), Oryzias latipes (XP_011487371), and 

Fundulus heteroclitus (XP_021177424.2) were aligned to find the most conserved regions within the first 

third of the coding sequence that would have the highest probability of gene product disruption by 

CRISPR/Cas9 targeting.  The corresponding nucleotide sequences of these regions were entered into the 



 

91 
 

online CRISPOR gRNA selection algorithm (49) to find candidate gRNAs with the highest predicted 

specificity (lowest potential of off-target effects) and efficiency (highest potential to cleave target site) 

scores.  Based on these scores, eight gRNAs were selected for in vivo empirical testing of mutational 

efficiency. Expression plasmids for each candidate gRNA were constructed and transfected into Cas9-

OmB1 cells, followed by hygromycin B selection, direct PCR of test amplicons including the gRNA 

targeted region, Sanger sequencing, and INDEL% quantification of the resulting chromatogram using the 

online TIDE mutational efficiency algorithm (50).  The top three INDEL% scoring guides were used to 

repeat CRISPR/Cas9 treatment of Cas9-OmB1 cells followed by low density seeding of hygromycin B 

selected cells into 96-well plates.  Selected wells were genotyped by direct PCR and Sanger sequencing 

of the corresponding test amplicon followed by input of the chromatogram into the online DECODR 

algorithm (51).  Selected genotypes showing a maximum of two alleles all with 100% frameshift 

mutation were propagated and genotyped again after multiple passages.  For subsequent experiments, 

one genotype for each gRNA was selected based on maintenance of the original genotype and highest R2 

model fit for the DECOCDR algorithm. Three non-essential (NE) gene (NANOS3, MSTN T5, and TYR T1) 

control KO lines were also used and the gRNA selection process and methods for generation and 

genotyping of these KO cell lines were performed as described previously (48). 

Quantitative PCR of IMPA1.1 and MIPS in NFAT5 KO cells 

The three NFAT5 KO lines and three NE control KO lines were grown to ~90% confluency in 6 cm plates 

followed by acute replacement of media with either 650 mOsm/kg HO  or control 315 mOsm/kg IO 

media.  Cell harvest and RNA isolation was performed 24 hours after dosing followed by cDNA synthesis 

and quantitative PCR as described in the previous section except a 1000x dilution was used for 18s rRNA 

RG. The target gene primer pairs used were IMPA1 and MIPS-250 from a previous study (8).  For each 

combination (target gene, RG, and osmotic treatment) the fold change between the NFAT5 KO and NE 

KO control groups was calculated using the 2-ΔΔCt   method (52, 53). 
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Statistical Analysis 

All statistical analyses were performed using RStudio version 2021.09.1.  One tailed Welch and two 

sample t-tests were performed on all relative mRNA abundance comparisons and for determining the 

effect of NFAT5WT activation on IMPA1.1-EGFP reporter induction.  Linear regression was used to 

model the effect of NFAT5DN inhibition on HO induction of the IMPA1.1-EGFP reporter.  All data 

reported and shown in figures are represented as means ± standard errors. 

RESULTS 

RT-PCR of NFAT5 

Qualitative assessment of PCR amplicon images after gel electrophoresis of the different NFAT5 cds 

segments yielded consistently brighter bands from HO treated cells compared to IO controls across all 

segments (Figure 1A).   Quantitative PCR of NFAT5 mRNA abundance confirms these visual 

approximations by yielding a statistically significant mean fold change of 3.87 (p value = 1.789e-05) in 

HO treated cells relative to iso-osmotic treated controls (Figure 1B). 

Characterization of HO induced NFAT5 

The assembled O. mossambicus NFAT5 cds sequence from HO treated cells (NCBI accession # 

MW075269.1) was aligned with the predicted O. niloticus NFAT5 isoform with all possible exons 

(XM_005467029) to identify the exon splicing pattern and any sequence differences between these two 

tilapia species (Figure 1C).  When compared to the predicted O. niloticus NFAT5 isoform XM_005467029, 

the predicted O. mossambicus HO induced NFAT5 transcript (MW075269.1) is missing exon 2 and  
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Figure 1.  Characterization of NFAT5 mRNA isoform abundance patterns and sequences in isosmotic (IO) and 

hyperosmotic (HO) conditions. A: Agarose gel electrophoresis of different RT-PCR amplified regions of the NFAT5 

cds from both IO and HO treatments showing greater abundance in all amplicons for HO treatments. Multiple 

bands of similar intensity from amplicon 4 indicate the presence of two variants of exon 11. A notably weaker 

intensity of amplicon 2 relative to amplicon 1 indicates that exon 2 is missing from most transcripts. A yellow arrow 

depicts the expected band for each amplicon. B: NFAT5 mRNA abundance relative to β-actin reference gene in IO 

and HO conditions.  C: Assembled sequence of HO induced O. mossambicus NFAT5 transcript (MW075269.1) 

aligned with the predicted O. niloticus NFAT5 sequence containing all possible exons (XM_005467029).  

MW075269.1 is missing exon 2 and a 65 bp section of exon 11. Location of primers used to generate amplicons 1-4 

in 1A also included.  D: Critical protein domains identified in mammalian NFAT5 mapped to the O. mossambicus 

MW075269.1 cds based on alignment of individual domain amino acid sequence to predicted MW075269.1 amino 

acid sequence. Designed primer locations for PCR amplification of truncated NFAT5 cds for use as dominant 

negative mutant in subsequent experiments are indicated in green. 
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contains the shorter 65 bp version of exon 11 (Figure 1C). The mammalian NFAT5 domain aa sequences 

aligned to the MW075269.1 predicted aa sequence had pairwise % identities of NES = 81.8, AED = 76.9, 

NLS = 70.6, RHD = 82.2, AD2 = 32.1, and AD3 = 40.9.  The AD1 domain was omitted from MW075269.1 

along with exon 2 but aligned to O. niloticus NFAT5 isoform XP_005467085 with 60.7 pairwise % 

identity.  All domains aligned in the same relative position as previously reported for mammals (23, 54) 

(Figure 1D).  

Construction and validation of reporter plasmids 

Based on the O. niloticus reference genome, the selected regulatory IMPA1.1 promoter region should 

have been 4086 bp, however a 1386 bp section in the intron between exons 2 and 3 was omitted 

resulting in the 2700 bp region that was cloned into the EFGP_SV40 PA reporter vector (Figure 2A).  HO 

responsiveness of the reporter vector was qualitatively confirmed from tile scan images post 

transfection and HO treatment with notably higher EGFP intensity of the HO treated cells (Figure 2B).  

The engineered OmEF1a(I-)2 promoter (Figure 2C) showed strong, stable RFP expression (Figure 2D). 

Interaction between NFAT5DN or NFAT5WT with IMPA1.1 reporter 

The engineered CMVIE-OmAP(I-)2 promoter (Figure 3A) was effective in producing sufficient NFAT5DN 

quantities as HO RFI induction of the IMPA1.1-EGFP reporter decreased linearly with increasing 

concentration of NFAT5DN (p-value = 0.00269) amounting to a 47% reduction from no NFAT5DN 

present to the highest NFAT5DN concentration (Figure 3B).  In IO media, IMPA1.1-EGFP reporter RFI was 

significantly greater in NFAT5WT transfected cells (5.1 fold, p < 0.01) compared to cells transfected with 

the OE control vector (Figure 3C). 
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Figure 2.  Construction and validation of the IMPA1.1-EGFP reporter. A: vector map of the IMPA1.1-EGFP 

reporter showing the boundaries of the IMPA1.1 regulatory region from 1065 5' of the transcription 

start site (TSS) to the endogenous start codon of exon 3 (*1386 bp were omitted by the PCR reaction). B: 

Validation of IMPA1.1-EGFP reporter showing strongly increased fluorescence after 24 hour HO 

treatment relative to IO controls.  C: Engineered EF1a(I-)2 promoter from endogenous O. mossambicus 

OmEF1a showing inclusion of 5’ UTR within the first two exons but deletion of the first intron and 

modified Kozak sequence to generate NotI restriction. D: Functional validation of EF1a(I-)2 promoter 

expressing RFP showing strong fluorescence. 
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Figure 3.  Interactions between different NFAT5 versions and the IMPA1.1 promoter.  A:  CMVIE-OmAP(I-)2 

promoter engineered from endogenous O. mossambicus OmBact for NFAT5DN expression showing inclusion of 5’ 

UTR within the first two exons but deletion of the first intron, modified Kozak sequence to generate NotI 

restriction site, and inclusion of the cytomegalovirus immediate early enhancer (CMVIE) at the 5’ end.  B&C: effect 

of different NFAT5 variants on relative fluorescence intensity (RFI) of the IMPA1.1 EGFP reporter. B: Suppression of 

HO induced RFI with increasing NFAT5DN. C: induction of RFI by NFAT5WT in IO conditions. 

 

CRISPR/Cas9 gRNA design and testing 

The interspecies NFAT5 aa sequence alignments identified the most highly conserved region as between 

aas 320 and 450 of the O. niloticus NFAT5 protein (XP_005467085) (Figure 4A).   This region 

corresponded to exons 4 through 6 of the O. niloticus NFAT5 genomic sequence (gene ID # 

LOC100691255) in which the candidate gRNAs were found by CRISPOR algorithm search (Figure 4B).  

The top eight selected candidate gRNAs all yielded high MIT (Massachusetts Institute of Technology) 

specificity (92 or greater) and Doench efficiency (45 or greater) scores (Table 2).  The three gRNAs with 

the highest TIDE mutational efficiency scores from in vivo empirical testing were T3 (60.4%), T5 (51.9%), 

and T7 (56.1%). 
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Figure 4.  Selection of target regions for development of NFAT5 KO cell lines. A: amino acid (aa) sequence 

alignment of predicted NFAT5 proteins from three fish species (Oreochromis niloticus, Oryzias latipes, and 

Fundulus heteroclitus) to identify highly conserved regions assumed to be essential sequence for gRNA targeting.  

The corresponding nucleotide sequence of the conserved (boxed) region was loaded into the CRISPOR gRNA 

selection algorithm. B: NFAT5 genomic locations corresponding to conserved aa sequence region and selected 

gRNAs from the CRISPOR output for in vivo empirical testing.  Includes locations of the primer pairs used to 

generate test amplicons for mutational efficiency and genotyping. 

 

Table 2.  Candidate gRNA sequences selected for in vivo empirical testing of mutational efficiency including test 

amplicon sizes with associated primer pairs, CRISPOR MIT specificity scores, predicted efficiency (Doench) and in 

vivo empirically tested efficiency (TIDE INDEL%).  
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Generation of NFAT5 KO clonal lines 

All gRNA targets yielded at least one clonal genotype with 100% frameshift mutation that remained 

constant from initial genotyping to the end of the experiment after multiple passages. The selected 

clones for subsequent experiments all maintained a high R2 DECODR model fit of 0.94 or greater 

throughout the entire experiment (Figure 5). 

 

Figure 5.  Genotype sequence output from DECODR algorithm analysis of test amplicon chromatograms 

from both initial screening process (Init.) and at the end of the experiment after multiple passages (Post) 

on the selected clonal NFAT5 KO cell line for each gRNA (clone ID).  For each INDEL (insertion/deletion 

mutation) the net bp change (INDEL ID), precise allele sequence at the targeted site relative to the wild-

type sequence, the predicted relative frequency of each allele (Freq %), and the R2 model fit of each 

chromatogram input to the DECODR algorithm are shown. 

 

IMPA1.1 and MIPS mRNA abundances in NFAT5 KO cells exposed to IO and HO conditions 

Quantitative PCR was performed on the NFAT5 KO and NE KO control lines after 24 hours exposure to 

HO challenge (650 mOsm/kg) or IO control (315 mOsm/kg) media with primer pairs targeting IMPA1.1 

and MIPS transcripts and using both β-actin and 18s ribosomal RNA as RG.  In IO control cells, there was 
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no significant difference in MIPS (β-actin RG: 1.59 fold change, p-value= 0.7449 and 18s rRNA RG: 1.19 

fold change, p-value= 0.6508) or IMPA1.1 relative abundance (β-actin RG: 0.81 fold change, p-value= 

0.3845 and 18s rRNA RG: 0.69 fold change, p-value= 0.3204) using either reference gene (Figure 6).  In 

HO media for both reference genes, there was a moderate non-significant reduction in MIPS mRNA 

abundance (β-actin RG: 0.94 fold change, p-value= 0.4404 and 18s rRNA RG: 0.63 fold change, p-value= 

0.1677) (Figure 6A&B) and a near significant reduction in IMPA1.1 mRNA abundance with the β-actin RG 

(0.73 fold change, p-value= 0.1331) (Figure 6C) and a significant reduction with 18s rRNA RG (0.51 fold 

change, p-value= 0.02036) (Figure 6D) in NFAT5KO cells relative to NE KO control lines. 

 

Figure 6.  .  Relative mRNA abundance of MIPS (A&B) and IMPA1.1 (C&D) genes quantified by qRT-PCR in NFAT5 

KO cells lines compared to NE KO controls in both IO and HO conditions normalized using both β-actin and 18s 

rRNA as reference genes.  Relative mRNA abundance of MIPS and IMPA1.1 transcripts are displayed as (2-ΔCt) (52, 

53). 
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DISCUSSION 

Induction of NFAT5 in response to HO stress has been observed in all vertebrate classes investigated 

thus far, i.e., in mammals (55, 56), amphibians (57), and fish (30).  Conservation of this role from even 

earlier in phylogenetic history is implied by HO responsiveness of NAFT5 from Ciona robusta, a primitive 

chordate, when expressed in a human cell line (58).  In mammalian models, NFAT5 accounts for the 

majority of HO induced transcriptional changes (19, 55, 56, 59). Considering the phylogenetic 

conservation of HO responsive NFAT5 signaling,  this regulatory mechanism was expected to be active in 

HO challenged cells from a euryhaline fish which was confirmed by the initial RT-PCR work of this study.   

The synthetic biology approaches that followed established the connection between NFAT5 and HO 

induced gene expression of the MIB pathway. 

It is common for different gene suppression techniques to yield a different phenotype for the same 

target gene (60).  Therefore, applying multiple strategies yields the most robust results. Ectopic 

expression of DN TFs, i.e., TFs in which the TAD is deleted but the DBD is maintained (33), is an effective 

strategy to evaluate interactions with DNA regulatory elements and has been a critical tool in 

deciphering the functions and interactions of other RHD transcription factors (32, 61, 62).  However, DN 

proteins require precise engineering in order to function as intended and thus when using a new DN 

protein it may not be certain to what degree observations are due to endogenous interactions between 

the proteins in question or the effectiveness of the DN design. We used characterization of the 

predicted XM_005467029 aa sequence using domain information and validated NFATDN design from 

mammalian studies (32) to maximize the potential for O. mossambicus NFAT5DN intended functionality.  

Overexpression of TFs has been historically useful in elucidating protein function (31, 63). However, TFs 

can bind to DNA non-specifically (64, 65) and an abnormally high concentration can result in increased 

global transcription (66, 67) leading to erroneous transcriptionally induced phenotypes.  This potential 
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confounding factor was accounted for by normalization through co-transfection of the IMPA1.1-EGFP 

reporter with the RFP vector which would also be affected by non-specific TF activity.  CRISPR/Cas9 

mediated editing is another efficient method for target gene disruption but careful interpretation of the 

effect is required due to the potential of cellular changes not relevant to the phenotype in question 

caused by unknown off target effects (68).  Here, replication with multiple NFAT5 KO clones obtained 

from different gRNAs was used to control for this potential pitfall.  Collectively, these approaches can 

provide compelling evidence in deciphering the interactions between NFAT5 and its target genes. 

The capability of NFAT5 to induce the IMPA1.1 promoter was demonstrated by the statistically 

significant induction of the IMPA1.1-EGFP reporter by NFAT5WT in IO conditions.  The HO induced 

upregulation of NFAT5 mRNA abundance observed by qRT-PCR in tilapia OmB cells was also highly 

significant, consistent with the typical response of HO exposed mammalian cells (17, 55, 69).  

Collectively, this established high plausibility that NFAT5 is at least partially responsible for the HO 

induced increase in IMPA1.1 mRNA abundance that is consistently observed in tilapia cells (3, 6, 8, 70).   

Here we used dominant negative and gene KO approaches to establish causality between NFAT5 and 

MIB enzyme regulation. The NFAT5DN and NFAT5KO results for HO regulation of IMPA1.1 are consistent 

with each other and the result of NFAT5WT overexpression in cells exposed to IO. The continuity of 

these results instill high confidence in the methodologies and the observed results. Collectively, our 

results indicate that tilapia NFAT5 is partly responsible for IMPA1.1 (37 – 49%) and MIPS (6 - 37%) 

transcriptional induction during HO stress. Considering the magnitude at which these genes are HO 

induced there is still a very substantial amount of HO induced gene activation present despite disrupted 

NFAT5 signaling. This result suggests that in tilapia cells other osmoresponsive signaling networks are 

strongly induced by the HO stress.  Since O. mossambicus and other euryhaline fishes encounter osmotic 

gradients in an aqueous ambient environment and can sustain more rapid and extreme changes in 

plasma osmolalities (3, 71, 72), a much wider range of tissues and cell types are subjected to a more 
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dynamic range of osmotic exposure.  This may necessitate complementary signaling mechanisms to 

account for these more diverse osmotic challenges.   

The MIPS and IMPA1.1 promoter regions contain similar copy numbers of the OSRE1 enhancer (9), and 

yet a lesser relative impact of NFAT5KO on MIPS abundance was observed relative to IMPA1.1.  

Although the consensus OSRE1 core was present in all of these cis-elements, the overall enhancer 

sequence was highly variable.  NFAT5 has the most stringent binding sequence of all the NFATs and it’s 

binding affinity is highly affected by core adjacent sequence (73, 74).  Consequently, the relative 

influence NFAT5 has on transcription is dependent on the collective sequence dependent binding 

affinity of all the OSRE1 elements present in the promoter.  Although not generally associated with HO 

signaling, the calcineurin regulated NFAT1-4 proteins are possible additional interacting partners with 

OSRE1 as there is high overlap in binding sequence between all the NFATs and there have been other 

accounts of calcineurin based NFAT signaling in response to HO stress.  In immortalized murine renal 

collecting duct cells calcineurin mediated regulation of aquaporin 2 expression was demonstrated in 

response to HO stress (75).  This response would require an increase of intracellular Ca2+ which is 

commonly associated with hypo-osmotic response (1, 76), however, conflicting reports exist that it can 

also be a HO response (77, 78).  Like most promoters which contain many different cis elements 

responsive to a variety of regulators, the IMPA1.1 promoter contains several HO responsive regions 

lacking an OSRE1 (9) representing potential cis elements that interact with parallel NFAT independent 

HO signaling pathways. The ubiquitous c-Myc (79), osmotic stress transcription factor 1 (Ostf1) (80), and 

CCAAT/enhancer binding protein (C/EBP) (81) are among other transcription factors associated with the 

HO stress response in fish and may interact with NFAT5 to achieve full HO induction of MIB pathway 

genes.   

Despite the evidence supporting NFAT5 is only responsible for approximately half of HO induced 

IMPA1.1 promoter activity, the effect size observed by ectopic NFAT5WT expression seems 
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comparatively low.  HO treatment typically leads to IMPA1.1 mRNA abundance increases of several 

hundred-fold which is substantially higher than the 5.1-fold induction of the IMPA1.1-EGFP reporter by 

NFAT5WT.  The disparity seems even more striking when considering the NFAT5WT was expressed from 

a β-actin promoter likely leading to NFAT5 levels in excess of what occurs naturally.  This discrepancy 

can be reconciled by the post translational regulation of NFAT5.  Since NFAT5WT overexpression in this 

study was performed in IO conditions, any localization or activity effects caused by HO conditions were 

not represented in this result.   

In mammalian models subcellular distribution of NFAT5 is controlled by an N-terminal regulatory 

domain (NTD) containing a N-terminal NES, followed by AD1 (23), the hypo-osmotic responsive AED 

(42), and the potent HO responsive NLS (43). In basal IO conditions, mammalian NFAT5 has a 

constitutive distribution throughout both the cytoplasm and the nucleus held in equilibrium by this 

region (54, 74). HO conditions induce strong NFAT5 nuclear enrichment (42, 54, 82), which is mediated 

by HO activation of the NLS (43).   Considering the highly conserved N-terminal NFAT5 domain, the 

mechanism of HO regulation of O. mossambicus NFAT5 is likely very similar to that observed in 

mammalian models.  In addition to nuclear localization, transcriptional activity is also highly HO induced 

by multiple post translational modifications to the TADs (AD1, AD2, and AD3) and other accessory 

modulating domains (23–25).  In HO treated NFAT5 TADs isolated from the NTD, activity increases of 

several magnitudes have been observed (23, 25).  Interestingly, exon 2 which contains the AD1 

activation domain is excised from the predominant HO induced NFAT5 isoform observed in this study.  

Although weaker than the other NFAT5 ADs, mammalian AD1 has demonstrated intrinsic transcriptional 

activity and an ability to synergistically enhance the activation strength of the other NFAT5 ADs up to 

two-fold (23). Excision of exon 2 from the HO induced form of O. mossambicus NFAT5 seems 

counterintuitive, especially considering the two nuclear export signals (NES and AED) flanking exon 2 are 

still maintained in the transcript.   Conformational change leading to increased activity of mammalian 
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NFAT5 in response to elevated ions has been reported (83).  This conformational change might have a 

suppressive effect on one or both of the export signals.  Therefore it is possible omission of exon 2 in the 

HO induced NFAT5 isoform from this study results in a structural change that functionally replicates this 

effect.  Collectively, these considerations support that full O. mossambicus NFAT5 HO influence is a 

combination of changes in NFAT5 abundance, localization, and activity. 

Perspectives and Significance 

Although a role of NFAT5 in fish salinity tolerance has been implicated, this study is the first to establish 

causality between NFAT5 and HO induced differential gene expression in fish cells.  The work described 

here provides important new insights on the mechanisms of fish salinity tolerance, especially those 

influenced by NFAT5.  This work has produced new valuable tools and methodologies such as dominant 

negative expression systems and NFAT5 KO cell lines to further evaluate the role of NFAT5 and other 

complimentary regulators in HO tolerance and for other physiological functions of euryhaline fishes. 

By accounting for weaknesses of each method and using a very comprehensive multifaceted approach 

composed of distinct methods and numerous controls that all supported the same results, we have 

accumulated solid support for the following conclusions: O. mossambicus NFAT5 mRNA abundance is 

elevated during HO stress, specifically a predominant isoform that is missing the AD1 containing exon 2.  

This isoform is able to localize to the nucleus and induce transcription in the absence of HO induction 

indicating its capability for maintaining basal activity under IO conditions.  In OmB cells, NFAT5 has a 

clear role in the regulation of the highly HO transcriptionally induced IMPA1.1 and MIPS genes.  

Disruption of NFAT5 results in up to 49% and 37% reduction of HO induced mRNA abundance for 

IMPA1.1 and MIPS, respectively. This contribution of tilapia NFAT5 to HO target gene induction is less 

than what is typically observed in mammalian models.  Therefore, euryhaline fish such as tilapia must 
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have a more elaborate HO response signaling network with other strongly induced signaling pathways 

that are activated jointly with NFAT5 signaling pathways during HO stress.  
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General Conclusions 

In summary, the objective of this work was to further characterize mechanisms of euryhaline fish salinity 

tolerance using an O. mossamicus tilapia cell line model.  The myo-inositol biosynthesis (MIB) pathway 

enzymes (MIPS and IMPA1.1) and NFAT5 transcription factor were targeted based on previous work 

indicating these proteins as having high importance in salinity tolerance phenotypes.  The chosen 

methodology to perform these evaluations was molecular manipulations, predominantly using 

CRISPR/Cas9, to alter the abundance or function of these proteins.  In combination with subsequent 

phenotyping assays, establishing causality between the genes encoding the proteins and salinity 

tolerance related phenotypes was pursued.  Execution of this objective was achieved through three 

aims: Aim 1) development of a CRISPR/Cas9 system that functions proficiently in tilapia cells to generate 

gene knockout versions of the OmB cell line for MIPS, IMPA1.1, and NFAT5; Aim 2) perform assays 

quantifying physiological performance of MIPS and IMPA1.1 KO lines under hyper-osmotic (HO) 

challenge; and Aim 3)  perform assays quantifying regulation and abundance of HO responsive gene 

products, in this case MIPS and IMPA1.1, in NFAT5 KO lines.  

The overriding conclusion from aim 1 is that vector-based platforms for CRISPR/Cas9 delivery can be 

highly proficient in non-model organism cells such as O. mossambicus tilapia when using species specific 

endogenous strong promoters for expression of the components.  This is especially important when 

using a polymerase III promoter such as a U6 for gRNA production, as human and zebrafish U6 

promoters used in other validated CRISPR/Cas9 systems showed negligible editing in the tilapia OmB cell 

line.  The CRISPR/Cas9 system developed in this work using constitutive Cas9 and transient gRNA 

expression by the O. mossambicus EF1 alpha and U6 promoters respectively combined with hygromycin 

selection achieved very high editing efficiencies with the majority of alleles receiving mutations. This 

allowed proficient generation of target gene edited cells.  A potential consequence of such high 
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efficiency is occurrence of unintended off-target genome altering events.  Notable variability in 

phenotype assessments were observed in isolated KO cell lines of the same target gene.  However, 

anticipation of this potential using a robust experimental design including replicate clonal lines obtained 

from different gRNAs for both target and control genes, allowed phenotypes consistent to the target 

gene to be quantified. 

This CRISPR/Cas9 system and experimental design was applied to the MIB pathway enzymes and their 

hypothesized transcriptional regulator NFAT5 generating multiple KO cell lines for all genes.  Relative to 

control lines, disruption if both MIPS and IMPA1.1 genes resulted in notably increased growth rates in 

basal iso-osmotic media.  In HO conditions, significantly decreased metabolic activity but a moderate 

non-significant trend of reduced survival was observed for both MIB KO groups with the lowest survival 

rate observed in MIPS KO lines.  It is the conventional belief that the end product of these enzymes, 

myo-inositol (MI), primarily serves as an inert osmolyte to relieve osmotic pressure by balancing 

osmolarity across the cell membrane in conditions of elevated extra cellular fluid osmolarity.  However 

these results lead to the conclusions that MI plays an equal or greater role in metabolic processing and 

as a negative growth regulator in conditions of cellular HO stress.  Furthermore, survival of the HO 

experimental condition is supported by multiple concerted mechanisms. 

The NFAT5 KO lines were generated to test the contribution of NFAT5 in transcriptional regulation of the 

MIB pathway.  Quantification of HO induced MIPS and IMPA1.1 transcription by qRT-PCR showed a 

reduction close to half for IMPA1.1 but a more moderate effect for MIPS.  This evidence was reinforced 

with supplementary experiments using ectopic expression of dominant negative and wild-type versions 

of NFAT5 which both demonstrated clear interaction with the IMPA1.1 promoter but again an effect of 

less than 50% was observed.  Although a contribution of NFAT5 seems clear, significant transcription of 

both IMPA1.1 and MIPS is evident despite disrupted NFAT5 indicating the presence of other strong HO 

regulators. 
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This work has extended understanding MI’s role in cellular HO stress, but this was potentially limited by 

compensation with alternative osmolytes and exogenous MI sources.  Increased understanding of this 

mechanism can be achieved in future studies manipulating the pathways that produce these other 

osmolytes, MI transporters, or the media composition of MI and other osmolytes.  The work with NFAT5 

confirmed suspicions it was an MIB pathway HO regulator, but the results indicate a much more 

extensive HO regulatory network exists.  With the newly developed cell lines and MIB reporters, there is 

great opportunity for more extensive exploration of HO signaling in euryhaline fish including 

transcriptomic or proteomic screens for other NFAT5 regulated genes, targeting of candidate upstream 

regulators of NFAT5, and examination of other regulators interacting with MIB enzyme promoters.  

Although the cell line work has provided important mechanistic insights on the functional roles of these 

proteins, the studied cells are removed from the complete complex system representing their natural 

state.   This puts limitations on interpretation outside the context of the whole organism.  Future work 

should include repeating these genomic manipulations in tilapia embryos to provide a better picture of 

how these proteins function in the complete systemic physiology of adult animals. 

Overall, this work has generated new gene molecular tools for use in tilapia cells and provided insights 

to important biological questions related to osmoregulation in euryhaline fish.  Tilapia customized 

genetic manipulation systems were developed, critical elements to consider when developing such tools 

in a non-model organism were identified, and appropriate experimental design to achieve findings 

specific to the target genes in question were established.  This work strongly indicates involvement of 

MI and the MIB pathway in metabolic processes and cell cycle regulation during HO stress, but the 

pathway is not critical for survival of cultured tilapia cells in the experimental HO challenge condition.  

Activation of NFAT5 signaling has been demonstrated in HO conditions with a clear but partial role in 

regulation of at least IMPA1.1 of the MIB pathway.  These results uphold a combinatorial nature of both 

effector (MIB enzymes) and regulatory (NFAT5) mechanisms of HO stress response in tilapia cells.  
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Although the MIB pathway and NFAT5 have been validated as major components of tilapia cell HO 

response, other parallel and compensatory mechanisms exist supporting survival and signaling in HO 

stress. 

 




