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machinery; in the genetic variation by mutation. However, the underlying mechanism in genetic compen-
Genetic sation remain unsolvable. The initial concept of genetic compensation has been studied in

compensation;
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model organisms when there was a discrepancy between knockout-mediated and
knockdown-mediated phenotypes. In the zebrafish model, several studies have reported that

Knockdown- zebrafish mutants did not exhibit severe phenotype as shown in zebrafish morphants for the
mediated; same genes. This phenomenon in zebrafish mutants but not morphants is due to the response
Knockout-mediated:; of genetic compensation. In 2019, two amazing works partially uncovered genetic compensa-
NMD; tion could be triggered by the upregulation of compensating genes through regulating NMD
PTC; and/or PTC-bearing mRNA in collaboration with epigenetic machinery in mutant zebrafish.
Zebrafish In this review, we would like to update the recent advances and future perspectives of genetic

compensation studies, which including the hypothesis of time-dependent involvement and ad-
dressing the discrepancy between knockout-mediated and knockdown-mediated to study gene
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function in the zebrafish model. At last, the study of genetic compensation could be a poten-
tial therapeutic strategy to treat human genetic disorder related diseases.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

Henry David Thoreau, a well-known American philosopher,
once said that, “If we will be quiet and ready enough, we
shall find compensation in every disappointment.” In the
biological world, we might hear about Dosage Compensa-
tion and Genetic Compensation which are quite similar, but
have slightly different meanings and mechanisms. Dosage
Compensation is an epigenetic regulatory mechanism by
which organisms increase the transcription of genes located
on the single X chromosome in males to equalize the
expression of genes on the both X chromosomes in fe-
males." While Genetic Compensation is a biological concept
to explain the genetic robustness, which ensures an or-
ganism to maintain its fitness and viability when something
disrupts its genetic variation such as by mutation or the
genetic perturbations occurred.?> Both dosage compensa-
tion and genetic compensation likely share the pattern
similarity for organisms in terms of maintaining their ge-
netic variation by means of compensation if biological
disappointment happened.

Genetic compensation has been further studied and re-
ported before by several studies using different model or-
ganisms such as in Arabidopsis,* mice,” and zebrafish
(Danio rerio),® where the lack of phenotype was found in
their mutants. Genetic compensation may result from
different mechanisms including the key point—the upre-
gulation of gene(s), or from a more complex response
within metabolic signaling pathways.” The upregulating
genes which could be triggered in genetic compensation
(genetic robustness) might be gained from the redundancy
of gene function, when a gene has one or more homologous
gene(s) which play the same or similar biochemical function
in the genome. For those respective organisms, genetic
robustness has a beneficial role to help organisms survive
when one copy of the homologous genes becomes non/mal-
function due to mutation.?

In the most recent study, the phenomenon of genetic
compensation response has been widely studied and
observed in the zebrafish model especially for the concept
in which several mutant zebrafish for different genes per-
formed normal phenotype.®® ' The selection of zebrafish
model for this genetic compensation study is due to the
versatile convenient vertebrate model system with
remarkable advantages.'*'® Kok et al observed that there
was a discrepancy between knockdown-mediated and
knockout-mediated in the zebrafish model, in which not all
mutant zebrafish (by knockout-mediated) showed the same
phenotype as in gene knocked-down zebrafish.® They re-
ported that several zebrafish mutants for different genes
failed to mimic the previously published morpholino-
induced phenotypes.® To support this finding, Rossi et al

reported their observation and revealed the reason behind
the discrepancy, where deleterious mutation by knockout
rather than gene knockdown triggered genetic compensa-
tion in the zebrafish model."”

Naturally, in conventional wisdom, we kept in mind that
when we modify or disrupt a gene to inactivate the encoded
protein by ‘knockout’, the organisms should have more
severe effects than merely reducing the gene expression
level by performing ‘knockdown’. However, there are many
cases in which the opposite occurs. In fact, the knockout of
a gene sometimes has no discernible impact, whereas the
reduction of expression ‘knocking down’ of the same gene
causes major defects.'® Off-target or toxic effects of the
reagent (morpholino) used for gene knockdown have
sometimes been found to be the things responsible,® but
not always,'” making severe defects in organisms. Another
factor is that the effect of genetic compensation response
which has been reported in the deleterious mutation of an
organism could be the possible reason why mutant organ-
isms did not exhibit severe phenotypic defects.'” Here, in
this review we try to update the recent advances and
future perspectives of genetic compensation studies in the
zebrafish model.

Knockdown-mediated versus knockout-
mediated in zebrafish

Zebrafish has been more powerful and widely accepted as
model organisms to study vertebrate biology both in
developmental and genetic analysis studies. Large-scale
genetic screens have been developed and successfully
identified hundreds to thousands of mutant phenotypes,
many of them resemble and mimic human clinical disorders
such as human genetic disorder. The creation of critical
genetic reagents, coupled with the rapid progress of the
zebrafish genome initiative directed by the National In-
stitutes of Health (NIH), up lifted this model system to its
full beneficial for the study of vertebrate biology, physi-
ology, development, and even human diseases.’® These
studies have been taking the advantages of many of which
zebrafish provided, including the rapid external develop-
ment of the transparent zebrafish embryos and the hardy
nature of zebrafish adults and their ability to produce large
clutch sizes facilitated subsequent mapping of causative
mutant genes.?°

By studying and observing the embryonic morphology of
zebrafish, researchers discovered various genes required
for distinct stages in embryogenesis, including gastrula-
tion,?" hematopoiesis,”” cardiovascular morphogenesis,?*
and many others. Subsequent forward genetic screens have
been applied to determine the genetic basis, however, the
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screening to saturation in zebrafish have been chal-
lenging.?® At the same time, the overwhelm of sequence
data over the past decades has revealed a wealth of genes,
however, the mutated genes data in zebrafish are still
limited.® Therefore, reverse genetic approaches to study
the functions of a specific gene, by focusing the two
mechanism procedures namely gene knockout and gene
knockdown methods are needed.

Morpholino induced knockdown-mediated
phenotype

The introduction of morpholino oligonucleotides (MOs) was
warmly welcomed with excitement in the zebrafish com-
munity as a prominent tool to study gene function. The MOs
etiquette differs from standard nucleic acid oligonucleo-
tides in which it possesses a six-ring heterocycle backbone
and non-ionic phosphorodiamidate linkages.?* These big
modifications discovered MOs with more highly stable
in vivo, allowed it to have a high affinity for RNA, and
supposedly reduced their off-target binding to macromol-
ecules.”® MOs is designed to block translation or splicing
process and it could recapitulate the known mutant phe-
notypes by injecting it into one cell stage of zebrafish
embryos and could directly analyze the gene function at
desired indicated stages.’®?” MOs is also able to block
microRNA maturation and their binding to target 3’ un-
translated regions (UTRs).?®?° Given its ease, MOs is an
accessible and straightforward method to study gene
function by knockdown-mediated in zebrafish embryos and
analyzing the given phenotypes. By utilizing this method,
hundreds or even more reports studying various gene
functions in the zebrafish model have been published.®

However, researchers found that the injection of a gene
specific MOs to disrupt the translation process, often
resulted in an observable phenotype in the injected em-
bryos or morphants embryos.?” The side effects in which
the use of MOs should be considered are those, MOs could
induce p53-dependent apoptosis and the off-target cell-
type-specific effect might change in gene expression that
made researchers confused during observing the morphant
phenotypes. =32 Moreover, the efficiency of MOs must be
checked and confirmed by using protein assay targeting the
translation start codon ATG as well as transcript analysis for
MOs targeting splicing sites of the target genes. To mini-
mize the effect of DNA damage response by MOs, co-
injection with p53 MOs is needed and co-injection with
wild-type mRNA to rescue the morphant phenotypes is used
to verify the specification of MOs.® And recently, knockout-
mediated based technology to generate a stable mutant in
zebrafish have been successfully developed and widely
applied to replace MOs. Therefore, with the various de-
ficiencies that MOs has, the use of this method as a
knockdown based technology needs to be reevaluated to
study the specific gene function.

Knockout-mediated mutant phenotypes

The rapid development of some techniques in genome
editing, especially the generation of mutants by using ZFN,
TALENs and the most recent one, CRISPR/Cas9, have been

widely used as the sophisticated tool to study gene
function.* 3¢ Researchers have used these techniques to
generate mutants of their target gene in animal models
such as mice and zebrafish. These technologies, generally
performed similar procedures in which they genetically
modified cells or even direct animal models to stop their
gene expression, which means the specific gene of theirs
would completely be silenced.?®

In zebrafish, the induced mutagenesis of interested
genes could be achieved with relatively straightforward
experimental setup. The CRISPR/Cas9 technology per-
forming the highest mutagenesis efficiency is based on
microinjection technique application of an in vitro pre-
assembled complex of guide RNA (gRNA) and Cas9 protein
in one-cell stage of zebrafish embryos. There could be two
possible strategies using CRISPR/Cas9 based genetic editing
technology to study gene function in zebrafish (Fig. 1).
First, the phenotypes of the injected F, embryos or
CRISPRant, carrying mosaic loss of function (LOF) muta-
tions, could directly be observed and used to study the
respective gene function. This strategy by using CRISPRant
embryos is known as the transient knockout approach. The
other strategy, the CRISPRant zebrafish obtained from the
injected Fy embryos could be grown into sexual maturity
and crossed with wildtype to generate F; heterozygous
carriers and followed by the inter-crossed between F;
heterozygous to obtain F, homozygous mutant embryos
(25% of the total progeny based on Mendelian ratio). This
strategy is called the isogenic stable knockout. The gen-
eration of isogenic stable knockout in zebrafish takes at
least 4—6 months, it is much longer compared to the
transient knockout approach where the CRISPRant embryos
could be analyzed directly. However, the isogenic stable
knockout allows to obtain hundreds of F, embryos with
different genotypes including homozygous or wildtype
(25%), heterozygous (50%) and homozygous mutants (25%)
which could be used to evaluate the parallel gene functions
among the three genotypes.>>*”

Together, this knockout-mediated mutant phenotype
has been suggested by researchers and zebrafish commu-
nity to become standard metric to study gene function in
zebrafish, while the MOs based knockdown-mediated could
be a supplementary technique to achieve the trusted gene
function study in the zebrafish model.®

The discrepancy between morphant and mutant in
zebrafish

In 2015, Kok and colleagues reported that there was a huge
gap between morphants and mutants in the zebrafish
model. Some mutant genes of zebrafish that have been
generated with stable conditions failed to perform the ex-
pected phenotypes, while morphants had severe defects in
their phenotypes. By using ZFN, TALEN, CRISPR/Cas9
technology, the authors found that among 24 selected gene
mutants recorded in the Sanger Zebrafish Mutation Project
for comparison, the phenotypes of 80% genes in morphants
were not observed in the mutant embryos.®

To support this finding, subsequently several researches
have been developed and published to give more insights to
study the discrepancy between morphants and mutants in
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Diagram representative for two strategies using CRISPR/Cas9 technology-based knockout-mediated to study gene

function in zebrafish. (A) The transient knockout method. (B) The isogenic stable knockout method.

zebrafish. For example, mutation of the EGF-like-domain,
multiple 7 (egfl7) gene, an endothelial extracellular matrix
gene of therapeutic interest in zebrafish has been gener-
ated by TALENs based-knockout method. Phenotypic anal-
ysis revealed that egfl7 zebrafish mutants did not perform
any obvious phenotypes, while in contrast egfl7 zebrafish
morphants showed severe vascular defects. Further obser-
vation revealed that, egfl7 mutants instead of egfl7 mor-
phants could upregulate a set of proteins and genes such as
emilin3a as their compensating gene.'” Similar case, a work
done by Moreno et al also reported the same phenomenon
in the zebrafish model. Zebrafish primary motor neurons
have been studied to differ from one to another with
respect to morphology, muscle targets and electrophysio-
logical properties.'” The authors then checked the tran-
scription factor (TF), Islet2a, whether or not this TF is
expressed in CaP, in which CaP plays a role in specifying the
stereotypic electrophysiological properties in zebrafish. By
using both TALENs and morpholino induction, the authors
observed the phenotypic analysis by performing the elec-
trophysiological experiments, and found that CaPs in mor-
phants exhibited truncated axons, while mutants showed
normal axons. Further analysis, by testing the gene
expression profiles of whole embryos in morphant, control,
and mutant embryos showed that morphants had 174

genes, while mutants and controls had 201 genes respec-
tively which were differentially expressed.'?

Another example, the study of genetic compensation in
pronephros development using epoa zebrafish mutants
done by She et al.*® Erythropoietin (Epo) is a glycoprotein
hormone traditionally considerd to have an essential func-
tion for erythropoiesis or red blood cell formation. A
recent morpholino-mediated knockdown of epoa expres-
sion in zebrafish could induce the alteration of pronephros
development which is driven by blocking apoptosis in
developing kidneys. In contrast, by generating stable
mutant of epoa in zebrafish using CRISPR/Cas9 technology,
these mutant embryos did not perform any defect in pro-
nephros development, however the epob gene was identi-
fied and upregulated to be a compensating gene in epoa
zebrafish mutants but not in morphants.>2

These reported discrepancies raised a big concern either
about the credibility of using MOs to study gene function in
zebrafish or there is another effect (genetic compensation
response) lies in mutant zebrafish but not in morphants. For
more reliable and trusted results of a gene function study in
zebrafish and any animal models, morpholino-induced
morphants could reliably be applied for ancillary analyses
along with the standard metric, which is the use of
knockout-mediated for mutant phenotypes (Table 1).
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Table 1 The summary of knockout-mediated vs. knockdown-mediated in zebrafish.
Comparison Knockout Knockdown
Definition A genetic perturbation by inactivating or A genetic perturbation by reducing the amount

deleting the gene of an organism.

Reverse genetic
approaching method

Organism Calling Mutant

TALENSs,>*3¢ ZFN,333¢ CRISPR/Cas9.3>*°

of functional RNA or protein level in an
organism.?*?°
Morpholino oligonucleotides (MOs).?*?°

Morphant

Example discrepancy between mutant and morphant in zebrafish model

a. egfl7"”

gene.
Showed normal axons.
Had 201 gene expression profiles.

b. Islet2a'?

c. Epoa*®
phenotype.

Upregulated apob as the compensating gene.
Some mutants showed normal phenotypes due
to genetic compensation response.

Deficiency

No vascular defect/normal phenotype.
Upregulated emilin3a as the compensating

No pronephros development defect/normal

Severe vascular defects.
No upregulation occurred.

Showed truncated axons.
Had 174 gene expression profiles.
Alteration of pronephros development.

No upregulation occurred.

Toxicity and off-target effects.®*0 2

17,18

CRISPRant versus mutant in zebrafish

The CRISPR/Cas9 technology is the most advanced tech-
nique and has been widely used in gene editing method to
study gene function especially in the zebrafish model.>*35:7
This technique could induce stable mutation of interested
genes and analyze the gene function by two ways, using
CRISPRant and mutant (Fig. 1). However, in contrast, a
recent study reported that between CRISPRant and mutant
zebrafish have significant differences in their phenotypes.
The gene function study of epoa in zebrafish by applying
CRISPR/Cas9 technology was reported that epoa zebrafish
CRISPRant at 48 hpf showed pronephros development defect
by increased glomerulus length and decreased neck length
in pronephric structures. While in the same stage of epoa
zebrafish homozygous mutants (from F, generation) per-
formed normal pronephros development.3®

In the latest example, the study of genetic compensa-
tion in a stable s{25a46 mutant gene of zebrafish done by
Buglo and colleagues. ' Loss function of SLC25A46 in human
has been studied to associate with the spectrums of disor-
ders, ranging from optic atrophy to Charcot-Marie-Tooth
type 2, Leigh syndrome, progressive myoclonic ataxia and
lethal congenital pontocerebellar hypoplasia.*' ¢ Another
study observed in the mice model where mutation in
slc25a46 caused cerebellar ataxia, optic atrophy, periph-
eral neuropathy, and neuromuscular junction defects.*’*
Here, Buglo et al observed that s(25a46 zebrafish CRISP-
Rants had several phenotypes similar to zebrafish mor-
phants with defective phenotypes in motor neuron, smaller
eyes, heart edema and shorter trunk size, while slc25a46
zebrafish mutants showed none of those phenotypes aka
normal phenotype.' This phenomenon was speculated due
to the genetic compensation response which was observed
in a stable slc25a46 zebrafish mutant but neither in
CRISPRants nor in morphants.’ This finding indicated that
the discrepancy phenotypes between CRISPRant and
mutant in some specific genes could be observed within the
knockout-mediated itself.

By mimicking the morphant phenotypes, the use of
direct analysis of Fy generation of CRISPRant zebrafish
could be an attractive and potential alternative approach
to study gene function in vivo. This method serves as a
shortcut method avoiding the burden of months and even
years of animal husbandry in generating zebrafish mutants
and time required for genotyping and confirming a stable
mutant line. Importantly, direct analysis using Fo/CRISP-
Rant method has no or minimal cytotoxicity and off-target
effect compared to in knockdown morpholino models
(morphants) and does not perform genetic compensation
response as found in mutant models (Table 2).

The concept and mechanism in genetic
compensation

Genetic compensation (re)gained more attention nowadays
and its concept becoming crystal clear, when the amazing
works done by El-Brolosy and colleagues,* as well as Ma
and colleagues provided a captivating mechanism on how
genetic compensation occurs in the zebrafish model.*® By
studying the effects of a variety of mutations in zebrafish
embryos, both El-Brolosy et al and Ma et al found that the
upregulation of compensating genes is specifically triggered
by mutations with the involvement of mRNA degradation
and the generated short nucleotide sequences known as
premature termination codons (PTCs).*>*° This concept
and mechanism of genetic compensation discovered in the
zebrafish model could open up a new and high prospect to
treat human genetic disorders.

Deleterious mutation induced genetic
compensation by upregulating the compensating
gene

Before the two concepts and mechanisms provided by
El-Brolosy et al and Ma et al,*">* a concept of genetic
compensation has been studied a few years earlier in the
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Table 2 The summary of CRISPRant vs. mutant in zebrafish.

Comparison CRISPRant

Mutant

Definition
function (LOF) mutations.>>*’

Reverse genetic CRISPR/Cas9 technology.>* 3>
approaching method

Method name The transient knockout approac

The injected Fo embryos carrying mosaic loss of

h.35’37

The injected Fo embryos which grow into
sexual maturity and crossed with wildtype to
generate F; heterozygous carriers and followed
by the inter-crossed between F; heterozygous
to obtain F, homozygous mutant embryos. 3>’
CRISPR/Cas9 technology.>*3>37

The isogenic stable knockout.?>3’

Example discrepancy between CRISPRant and mutant in zebrafish model

a. epoa*®

Showed pronephros development defect by

Normal pronephros development.

increased glomerulus length and decreased
neck length in pronephric structures.

b. sl25a46™

Showed defective phenotypes in motor

Showed normal phenotype.

neurons, had smaller eyes, heart edema and

shorter trunk size.
Advantage

target effect.>*’

Deficiency
further validated.

Serves as a shortcut method to study gene
function, has no/minimal cytotoxicity and off-

The effectiveness and efficiency need to be

Has ability to evaluate the parallel gene
functions among the three genotypes
(wildtype, heterozygous and homozygous
mutant).>>3”

Time and cost consuming, some mutants
showed normal phenotypes due to the response
of genetic compensation.'”'®

35,37

zebrafish model. In August 2015, Rossi and colleagues re-
ported their finding that deleterious mutation but not gene
knockdown could induce genetic compensation by upregu-
lating the expression of its gene family member harboring
homologous sequence.'” As mentioned earlier, the authors
studied this phenomenon by using egfl7 gene in zebrafish,
where egfl7 zebrafish morphants exhibited severe vascular
defect, while egfl7 zebrafish mutants performed normal
phenotype with activating the emilin3a which served as the
compensating gene.'” This finding could be the initial dis-
covery about the concept and mechanism in genetic
compensation, in which deleterious mutation but not gene
knockdown could induce genetic compensation by acti-
vating the compensating gene.

NMD mechanism is required for genetic
compensation

One of the wonders in the biological process, especially in
terms of central dogma pathway in eukaryotes is the
presence of nonsense-mediated mRNA decay (NMD) which is
also participated in dosage compensation.®” NMD is a sur-
veillance machine or pathway that exists in all eukaryotes.
The main function of this machine is to check whether
there is something inappropriate in the transcriptional
mechanism pathway. NMD will reduce the errors in gene
expression by removing the mRNA transcripts that contain
PTC.>? NMD was initially discovered when the mRNA levels
with low concentration in the cells were transcribed from
alleles carrying nonsense mutations.>® The nonsense mu-
tation could be detected by the presence of PTC which
leads to the shortening and even truncation of protein
which may or may not be functional, depending on the

severity of what is not translated.’ In some cases, trans-
lation of these aberrant mMRNA (mRNA decay) could lead to
deleterious gain-of-function or dominant—negative activity
of the resulting proteins.®> NMD has been reported to have
the possible roles to not only limit the translation of
abnormal proteins, but it could occasionally also cause
detrimental effects in specific genetic mutations.*

The involvement of NMD mechanism in genetic
compensation was further studied by El-Brolosy and col-
leagues.”’ In that study, the authors initially analyzed
zebrafish mutants and cells from knockout mice that either
have a PTC or have their last exon deleted. Mutation of six
genes including hbegfa, vcla, hifiab, vegfaa, egfl7 and
alcama in zebrafish could activate their respective mRNA
expression level of a gene paralogue namely hbegfb, vclb,
epasia and epast1b, vegfab, emilin3a and alcamb as their
compensating genes. While, in heterozygous zebrafish mu-
tants of hbegfa, hif1ab, vegfaa and alcama also upregu-
lated the wild type transcripts, indicating that the mutant
transcript was necessary to induce genetic compensation.*’
Further analyses that the cells derived from Fermt2, Rela,
Actg1 and Actb knockout mice could also upregulate mRNA
level of their family member genes namely Fermt1, Rel,
Actg2 and Actg1, respectively. The interesting phenomenon
in that study, when the authors injected and transfected
the wild type mRNA into corresponding zebrafish and mouse
cells mutants, the authors did not observe the upregulation
of homologous genes of their respective mutants.*’ These
clearly indicated that transcriptional adaptation is a
dominant phenomenon in deleterious mutation by upregu-
lating their corresponding homologous genes.

As reported, those observed mutant genes carrying ge-
netic compensation had a PTC and reduced mRNA level by
mRNA decay. The authors speculated that NMD pathway
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might be involved in genetic compensation response.*’
Then, the authors disrupted the expression of Upf1 by
mutation in respective hbegfa, vegfaa and vcla zebrafish
mutants. As Upf1 is the key component of NMD, the authors
found that loss function by mutation of Upf71 reduced
mutant mRNA decay and resulted in the loss of transcrip-
tional adaptation, hence the genetic compensation
response was not observed. Concomitant with these re-
sults, knockdown of Upf1 in the respective Rela and Actb
mouse mutant cells exhibited loss of transcriptional adap-
tation. Further analysis, the authors also observed a strong
genetic compensation when they injected respective un-
capped hiffab and vegfaa mRNA into wildtype zebrafish
embryos as well as transfected un-capped Actb RNA into
wild type mESCs. This is because the inducing mRNA
degradation in wildtype both zebrafish and mouse cells by
using un-capped RNA could be quickly degraded by 5 to 3’
exonucleases and triggered transcriptional adaptation.*’
Those suggested that mRNA degradation is a key factor to
induce genetic compensation.

Consistent with those mechanisms, the authors also
found that injecting un-capped transcripts containing
similar sequences in some cases resulted in upregulation of
its homologous genes. One of their findings, by using hif1ab
zebrafish mutant, the authors analyzed the transcripts
containing sequences similar to epasfa could increase the
epasia mRNA expression levels. It indicated that sequence
similarity is also required for upregulating the compen-
sating gene to induce genetic compensation response. In
addition to that, the authors also reported that mutant
genes which were unable to produce a transcript failed to
gain genetic compensation.*’

It has been reported that mRNA decay factor could
translocate to the nucleus and interact with histone mod-
ifiers or chromatin remodelers to induce gene
expression.”> % In order to further elucidate the role of

NMD in genetic compensation, El Brolosy et al speculated
that through an epigenetic machinery, the NMD factor could
mediate genetic compensation.”’ Here, the authors per-
formed a targeted siRNA screen in Rela knockout mouse
cells to analyze the epigenetic modulators involved in ge-
netic compensation. Knocking down of the histone lysine
demethylases KDM4 or KDM6, which removed the inhibitory
H3K9me3 or H3K27me3 histone marks respectively as well
as WDR5, a key component of the COMPASS complex,
reduced the transcriptional adaptation response with
knocking down of WDR5 had the strongest effect. Further
confirmation by performing chromatin immunoprecipitation
(ChIP), WDR5 in the help of H3K4me3 could enhance the
promoters of Fermt1, Rel and Actg2 in respective Fermt2,
Rela and Actg knockout mouse cells.”® Those indicated
that, degradation of mutant mRNA and translocation of
NMD factors to nucleus with the recruitment of either his-
tone modifier and/or chromatin remodelers or COMPASS
complex onto the promoters of the homologous genes
together could upregulate their transcription to perform
the genetic compensation response (Fig. 2).

PTC-bearing mRNA is involved in genetic
compensation

In 2019, Ma and colleagues also proposed a detailed
mechanism for genetic compensation. They believed that
genetic compensation could be triggered by mRNA bearing
PTC. To confirm their hypothesis, firstly, the authors used
both capn3a zebrafish morphants and mutants and observed
their phenotypes. In zebrafish, capn3a or calpain3a, a
member of the calpain family is highly expressed in the
brain and endodermic region at 1—4 dpf and in liver buds
from 2.5 dpf.>° Phenotypic analysis found that loss function
of mutation harboring 14bp deletion in exon 1 carrying PTC
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Figure 2 The requirement of NMD mechanisms in response to genetic compensation.



Genetic compensation studies in the zebrafish model

475

in capn3a showed normal phenotypes. However, in
contrast, capn3a zebrafish morphants exhibited small liver
phenotype, indicating that there was a genetic compensa-
tion response.>® By qRT-PCR analysis, the authors also re-
ported that at 1.5 dpf capn3a zebrafish mutants instead of
morphants performed the upregulation of 10 out of 19
capn3a family members, in which two of them, capn8 and
capn12 showing the highest increase. For further analysis,
the authors then generated five additional capn3a mutant
alleles with different exon locations but not in the last and
found that most of those mutations gained a PTC bearing
mRNA and elicited genetic compensation. It confirmed that
genetic compensation could be triggered only when the PTC
is not located in the last exon.>°

It has been observed that the degree of genetic
compensation response of different genes often varied in
different mutants. To validate it, Ma et al analyzed two
zebrafish mutants of capn3 and nid7a and observed their
genetic compensation response.>® The authors found that
there was a different response between capn3 and nid1a
genes in terms of upregulating genes. It was reported that
in capn3 heterozygous mutants, the wild type capn3 tran-
scripts were upregulated, but instead of increasing, the
wildtype nid1a transcripts were reduced in nid1a hetero-
zygous mutants.’® It indicated that, not all mutant genes
could perform the same level of response to genetic
compensation.

El-Brolosy et al reported that the induction un-capped
mRNA into wildtype could trigger mRNA degradation and
required for genetic compensation.*® Ma et al observed the
contrast result.’® By injecting un-capped capn3 mutant
mRNA while having PTC bearing into wildtype zebrafish
embryos failed to upregulate capn8 and capn12.°° The
transcription of PTC bearing mRNA but not mRNA degra-
dation is crucial for genetic compensation response. To
confirm this concept, the authors generated transgenic
zebrafish containing six different transgene designs
harboring exons and introns derived from capn3 with or
without PTC created in different artificial exons. The au-
thors found that the endogenous capn3 expression was
upregulated only in transgenic fish harboring transgene
containing a capn3 homologous sequence and a functional
PTC which was located not in the last exon.*

NMD pathway has been associated to the presence of
PTC in eukaryotic system.>? Similar to El-Brolosy et al.‘s
work,*’ Ma and colleagues also investigated the role of
NMD factors involved in genetic compensation.’® Here, the
authors introduced the key important factors of NMD
pathway namely Upf1, Upf2 and Upf3 (with two homolo-
gous genes Upf3a and Upf3b) in vertebrates, where the
recruitment of those NMD factors to the exon—junction
complex (EJC) is required for mutant mRNA degradation
by NMD pathway itself.’%>%? To analyze the role of those
NMD factors in genetic compensation, the authors then
knocked down the expression of respective Upf1, Upf2,
Upf3a and Upf3b with gene-specific morpholinos both in
wildtype and capn3a zebrafish mutants. Interestingly, the
authors found that only knockdown of Upf3a in capn3a
zebrafish mutants successfully mimicked the capn3a
zebrafish morphants by exhibiting small liver phenotype
and significantly reduced the capn8 and capn12 transcripts
as their compensating genes. Those indicated the

involvement of NMD factors-Upf3a in response to genetic
compensation.>®

Further analysis, Ma et al conducted experiments to
observe the interaction between NMD factor-Upf3a and
histone modifier and/or chromatin remodelers or COMPASS
complex.®® Similar to previous report, the authors found
that Wdr5 and other components including Setd1a, Ash2
and Rbpp5 from COMPASS complex were also associated to
mediate genetic compensation response.*”>* Important
result from the observation is that Upf3a could achieve its
duty likely through direct interaction with Wdr5, then
bridged Rbbp5 to form a functional genetic compensation
mechanism.>® In summary, the authors successfully uncov-
ered a mechanism by which PTC-bearing mRNA elicits ge-
netic compensation response (Fig. 3).

Is time-dependent involved in genetic
compensation?

It has been our curiosity to study the involvement of
time-dependent in the mechanism of genetic compen-
sation. Our questions, is time-dependent really involved
in genetic compensation response? and how the mecha-
nism works? Due to the lack of knowledge and very
limited literature sources reported so far, the involve-
ment of time-dependent is still under hypothesis. In late
2019, an answer which could at least be the initial step
to confirm this hypothesis came to light. A work done by
Anne and colleagues reported that age-dependent could
change in glucose homeostasis in male deiodinase type 2
(Dio2) zebrafish mutants.®’ Thyroid hormones (THs) have
been studied to have essential determinants of verte-
brate glucose metabolism and insulin sensitivity.®>¢
Further studies reported that an activity-reducing mu-
tation in Dio2, the major TH-activating enzyme, has
been linked to the type 2 diabetes mellitus both in
humans and mice model.**%° Here, by using Dio2KO
zebrafish lines, Anne et al reported that at a young
stage of Dio2 zebrafish mutants exhibited hyperglycemia
both in a fasted (6- and 9-month age) and a fed state
(9-month age).®’ At that age, Dio2 zebrafish mutants
could not produce a sufficient amount of insulin to
restore the blood sugar level into normal. Meanwhile, in
contrast, older mutant zebrafish of Dio2 (18- to 24-
month age) showed normoglycemia with increased insu-
lin and glucagon expression with accompanied by the
increase in pancreatic islet size, o and B cell numbers to
normalize the blood sugar level.®" Those indicated that
there was a compensatory response in older Dio2KO
zebrafish but not in younger mutants. Magdalena group
found 75% maternal zygotic (MZ)cep290 mutation em-
bryos showed a mild axis curvature at 2—3 dpf, and
recovered a straight body axis at 7—8 dpf because the
upregulation of ar(3, arl13b, uncll119b. But the pheno-
type is transient. The adult MZcep290 mutants showed
various degrees of spinal scoliosis.®® Zhu et al provides
another example of deleterious mutations in zebrafish
basement membrane glycoprotein Nidogen 1 (nid1)
leading to genetic compensation by a Nidogen family
member nid2.®” The nid1a mutations showed a short
body at 1—3 dpf, and recovering a straight body at 5
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Figure 3  The involvement of PTC-bearing mRNA in response to genetic compensation via Upf3a and COMPASS complex.

dpf, but not morphant. The loss of function in nid7a
gene was compensated by the up-regulation of nid1b
and nid2a.®’

Although there are some reports about time-dependent
compensation, the evidences for it are less robust. To
explore the time-dependent compensation, first step is to
classifying the severity of the mutant phenotype, than
explore whether there are genetic compensatory differ-
ences among mutants with different phenotypes. Next,
observe and compare whether there are compensatory
differences between the offspring of the same parents at
different periods and between mutants of different gen-
erations. Based on the above observations, epigenetic
modification changes at the level of RNA or DNA can be
detected and further examine whether these epigenetic
modification changes are involved in genetic compensation.

Human disease and genetic compensation

Nemaline myopathies are a heterogenous group of
congenital myopathies often resulting in early death, which
commonest caused by the genes encoding skeletal a-actin
(ACTA1) and nebulin (NEB) genetic mutation.®® About 10%
genetic compensation of ACTAT gene complete loss, lead-
ing to a milder phenotype by upregulating of its paralogues
gene cardiac muscle a-actin (ACTC1).® This phenotype also
mimics the phenotype in the zebrafish. Zebrafish actc1b
(the ACTA1 orthologue) mutants display a mild myopathy
phenotype compared with that observed in morphants, due
to the upregulation of actca (the ACTC1 orthologue).”
Spinal muscular atrophy (SMA) is an autosomal recessive
hereditary disease mutation in SMNT, result in degenera-
tion of motor neurons in the anterior horn of the spinal cord
leading to muscle weakness and atrophy. The clinical
manifestations of SMA vary greatly. The SMN1 gene

mutations result in a nonfunctional protein, however, its
homologous gene SMN2 can be transcriptional activation to
producing small amounts of full-length and fully functional
SMN-protein.®®7° But the efficiency of genetic compensa-
tion response is affected by the copy number of the SMN2,
which is contributed to SMA’s highly variable phenotypic
spectrum.’®’" Over the past decade, gene therapy is
applied to gene disease. Splicing modification of SMN2 is a
new treatment strategy to replacing the SMN1 gene. Nusi-
nersen is an antisense-oligonucleotide (ASO) that the first
drug to apply to SMA treatment.’>”* It binds to an intronic
splice-silencing-site in intron 7 of SMN2 to suppressing the
binding of other splice-factors, which increased the pro-
portion of SMN2-mRNA with included exon 7 and produced
more functional full-length SMN2 protein.” Another strat-
egy to increase the full length MSN2 protein are small
molecules such as RG7916 (risdiplam) and LMIO70 (brana-
plam) by taking orally.”®

Magdalena et al demonstrated that the cilia-related
disease ventral axis curvature in cep290 CRISPR/Cas9
zebrafish mutants are more mild than cep290 morphant.®®
However, nonsense-associated altered splicing or exon
skipping is not account for the genetic compensation of
MZcep290 mutant.®® RNAseq analysis of the cep290 mor-
phants, mutants and WT embryos showed that upregulation
of the delivery of cilia membrane proteins arl3, arl13b or
unc119b compensate for the MZcep290 deficiency.®® A 4-
fold induction of UNC119B from urine-derived renal
epithelial cells (URECs) from Joubert Syndromes (JBTS)
patients compared with control patients URECs samples.®®
Injection of arl13b and unc119b RNA in cep290 morphant
embryos completely rescued Kupffer’s vesicle cilia.
Expression of ar{3 RNA also rescued the length of the cilia
but only partially. Injection of arl3, arl13b and unc119b
mRNAs alone or in combination with cep119ex25 morpho-
lino induced a partial rescue of photoreceptor outer
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segment length defects in MZcep290 morphant embryos.
Based on this result, upregulating the ar(3, arl13b, unc119b
RNA expression may be the strategy to cure the cilia-
associated syndromes caused by cep290 mutation.®®

Perspective and future prospect

The study of genetic egfl7 compensation has recently
become a hot topic in biology and genetics fields. The
concept and mechanism behind genetic compensation
have begun slowly to unfold. Here, we reviewed the
morphants, CRISPRants and mutants in zebrafish gene
study and the recent studies in gene compensation mech-
anisms. The phenotype discrepancies between knockdown-
mediated and knockout-mediated as the initial concept of
genetic compensation especially in the zebrafish model
has been slowly solved. The use of morpholino induced
knockdown-mediated is debatable due to the side effects
such as toxicity and off-target effect.®°3? Nevertheless,
using morpholino for preliminary screening of gene func-
tion would be a great time saver and much more efficient.
While in knockout-mediated by using mutant genes, some
mutant zebrafish do not exhibit any desired phenotypes
due to the response of genetic compensation. Here, the
use of direct Fo or CRISPRant in zebrafish which provided
several advantages including less time and cost consuming
compared to mutant zebrafish could be the prominent and
potential strategy to study gene function in the future.
Yet, the use of CRISPRant zebrafish needs to be further
validated.

Genetic compensation is beneficial for natural harmful
mutations and organism survival, but it is a huge obstacle
to the study of gene function. More than 80% of zebrafish
genes are knocked out without phenotypes, so it is diffi-
cult to study the function of these genes, most of which is
due to genetic compensation. To solve this problem, we
can block the abnormal compensation according to the
mechanism found in the studies by El Brolosy et al and Ma
et al.*>°% At the same time, we should avoid constructing
mutants that cause nonsense mutations as far as possible,
such as by knocking out gene promoter to reduce the
occurrence of gene compensation reaction.

The results of human genome sequencing show that
there are a large number of homozygous nonsense muta-
tions in the genomes of normal people, some of which may
cause serious human genetic diseases due to missense
mutations. Genetic compensation effect may be an
important reason for this phenomenon. Recently, the works
done by El Brolosy et al and Ma et al have become an oasis
in the middle of desert for giving hope to identify and
develop new therapeutic targets for genetic or hereditary
diseases.*”>* Ma et al showed that a PTC is required to
trigger the GC, E1-Brolosy demonstrated that mRNA
degradation products are sufficient and the PTC-bearing
mRNA may only serve as a substrate of the NMD pathway
to prudence the degradation products.>°

In conclusion, the discovery of genetic compensation
could have a remarkable implication to cure human genetic
diseases. Based on the human genome sequences, many
diseases have been identified as homozygous nonsense

mutation. The concept and mechanism of genetic compen-
sation probably could explain that individuals with homozy-
gous nonsense mutation diseases showed apparent well and
healthy. Another type of mutation such as gain of function
mutations, the introduction of PTC in the mutant gene could
be the potential therapeutic approach to activate their
compensating genes to respond to the genetic compensation
and treat those related diseases. For loss-of-function genetic
diseases, the introduction of nonsense mutations may be a
clinical approach for the treatment of genetic diseases with
compensating genes. For human genetic diseases caused by
missense mutations, we can activate the genetic compen-
sation in human body by knocking out these genes or trans-
ferring into homologous DNA with missense mutations. The
involvement of time-dependence in genetic compensation is
also could be a prominent concept treating genetic diseases
in older patients. Somehow, the curing of human genetic
diseases is no longer a mere dream. Because we shall find
compensation in every disappointment.

The open questions include: Q1. Which proteins are
required for mutant mRNA degradation and transcriptional
adaptation? Q2. In some cases, gene mutations trigger ge-
netic compensation resulting variable phenotypes by regu-
lating homologous genes or genes with common domains at
different levels. What are the mechanisms of this phe-
nomenon? Q3. Is PTC-bearing mutation involved in the
severity of human genetic disease? And is it possibility that
genetic compensation can benefit the serious human dis-
ease caused by missense mutation? Therefore, the study of
genetic compensation has a long way to go. There are many
more concepts and mechanisms behind in genetic
compensation that need to be further elucidated and
reinforced by the involvement of future research from
in vivo mammalian models.
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