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CLINICAL HIGHLIGHTS

Carbonic anhydrases are ubiquitous enzymes that are present in all living organisms from archaea

and bacteria to mammals.
Genetic defects in human carbonic anhydrase genes result in clinically significant consequences.

Several animal models have been created to recapitulate the genetic defects associated with

carbonic anhydrases.

Several carbonic anhydrase inhibitors are clinically used or are being evaluated in trials as
treatments for relevant diseases such as brain edema, glaucoma, epilepsy, cancer, and acute

mountain sickness.

Carbonic anhydrase inhibitors used in animal models have provided invaluable information about

the functional mechanisms and roles of carbonic anhydrases in physiology.
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ABSTRACT

During the past three decades, mice, zebrafish, fruit flies, and Caenorhabditis elegans have been the
primary model organisms used for the study of various biological phenomena. These models have
also been adopted and developed to investigate the physiological roles of carbonic anhydrases (CAs)
and carbonic anhydrase-related proteins (CARPs). These proteins belong to eight CA families and
are identified by Greek letters: a, B, v, 6, , n, 6, and . Studies using model organisms have focused
on two CA families, a-CAs and B-CAs, which are expressed in both prokaryotic and eukaryotic
organisms with species-specific distribution patterns and unique functions. This review covers the
biological roles of CAs and CARPs in light of investigations performed in model organisms. Functional
studies demonstrate that CAs are not only linked to the regulation of pH homeostasis, the classical

role of CAs but also contribute to a plethora of previously undescribed functions.

Keywords: Carbonic anhydrase, Mouse, Zebrafish, Danio rerio, Fruit fly, Drosophila melanogaster,

Caenorhabditis elegans, Model organism, Phenotype, Physiology, pH regulation, lon transport



1. INTRODUCTION TO CARBONIC ANHYDRASES
1.1.  Carbonic Anhydrase Enzyme Families

Carbonic anhydrases (CAs, EC 4.2.1.1) are metalloenzymes that catalyze the reversible hydration
of carbon dioxide in the CO2+ H.0 < HCOz™ + H* reaction (1). The active site of a CA most often
contains a zinc ion, which is required for CA catalytic activity. Different classes of CAs may also
contain other metal ions instead of zinc, for example, cadmium in the case of ¢-CAs and iron or
cobalt in y-CAs (2, 3). The CA-catalyzed reaction is fundamental for the regulation of acid-base
homeostasis in all living organisms from archaea and bacteria to fungi, protists, plants, and
animals. Additionally, CAs are involved in many other processes, including various biosynthetic

pathways (1).

CAs are grouped into eight evolutionarily distinct families: a-, B-, y-, 8-, Z-, n-, 6-, and -CAs (4), the

members of which have unique expression patterns and functions (Figure 1).
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Figure 1. Distribution of CA enzyme families among different species groupings (4-13).

Members of the best characterized enzyme family, the a-CAs, are expressed in many prokaryotic
and eukaryotic organisms. In mammals, 13 enzymatically active a-CA isozymes have been

discovered (14) with different subcellular localizations (Figure 2). Table 1 describes the



nomenclature of human and mouse a-CA gene nomenclature in parallel with the corresponding

zebrafish a-ca gene names.

CAIV CAXV CAVI CAXIV

CAIX CAXI

Figure 2. Schematic presentation of the subcellular localization of enzymatically active mammalian
a-CAs. CA 1, 11, I, VI, and XIII are cytosolic enzymes. CA VA and VB are located in the mitochondrial
matrix. CA VI is transported via the secretory pathway into saliva and milk. CA IV and XV are bound
to the plasma membrane through a glycosylphosphatidylinositol anchor, whereas CA IX, XII, and

XIV are single-pass type | membrane proteins.



Table 1. Nomenclature of human, mouse, and zebrafish a-CA genes.

Human Mouse Zebrafish
Cytosolic ZFIN genes suggested*
CA1 Carl
CA2 Car2 ca2 cal7a
CA3 Car3 cahz cal7b
CA13 Carl3
CA7 Car7 ca’ ca’
| cas car8 ca8 ca8
Mitochondrial
CASA  Car5a :I_ ca5a s
CA5B Car5b
Secreted
CA6 Car6 ca6 ca6
CA1L0 carl0 _I: calOa calOa
callb callb
CAl1 Carll n/a
TM helix-anchored
CA9 Car9 ca9 ca9
CA12 Carl?2 cal? cal?
CA14 Carl4 cald cald
GPI-anchored
cada cada
CA4 Card cadb cadb
cadc cadc
n/a Carl5 carl5 calb
n/a n/a si:ch211-173d10.4 ca20a
n/a n/a calsb ca20b
n/a n/a zgc:153760 ca20c
n/a n/a calba ca20d
n/a n/a calsc ca20e

. Enzymatically active

Inactive, CA-related proteins
ZFIN, Zebrafish Information Network; TM, transmembrane; GPI, glycosylphosphatidylinositol;

*, here for clarity

B-CAs are widely distributed among different organisms and are expressed in both prokaryotes
and eukaryotes, including fungi, algae, plants, protozoans, arthropods, and nematodes (7, 13, 15-
17). Previously, it was believed that animals possess only a-CAs, but during the past decade, it was

documented that B-CAs are also widely expressed in the animal kingdom, specifically in



invertebrates (7, 13). Of the different CA enzyme families, -CAs have garnered particular interest
for use in clinical applications because these enzymes are found in many parasitic organisms but
not in humans or other vertebrates (18, 19). y-CAs are found in plants, archaea and some bacteria,
and 6- and Z-CAs are expressed in many species of marine phytoplankton (15). The recently
discovered n-CA class has been found in parasites of the genus Plasmodium, which are malarial
vectors (8). The most recently discovered CA enzyme families are 6- and -CAs, which were first
described in the marine diatoms Phaeodactylum tricornutum and Thalassiosira pseudonana (4,
10).

1.2. Overview of Carbonic Anhydrase Expression in Human and Mouse Tissues

Identification of various tissues and cell types expressing a particular CA augments our
understanding of the potential contributions of CAs to physiology. Most of the work on CAs has
been performed during the past four decades using various techniques, such as
immunohistochemistry, in situ hybridization, western and northern blotting, and reverse
transcriptase PCR. Most recently, RNA-Seq analysis has become a standard practice, and large
publicly available datasets on tissue-specific gene expression are now available. In Figures 3 and 4,
we demonstrate the distribution of different a-CAs in both humans and mice across several
primary tissues with major biological relevance on the basis of available data in publicly available

gold standard datasets.
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Figure 3. Human CA RNA-Seq expression data. Expression data for all genes were extracted from
the Human Protein Atlas (HPA) database that had been obtained as consensus values from the
Genotype-Tissue Expression (GTEX) project (20), and Functional Annotation Meeting (FANTOM5)
project (21), as well as the HPA project itself (http://www.proteinatlas.org) (22). The expression
value for each gene in each of the 62 tissues cataloged represents the highest value found among
the three RNA-Seq datasets. From these data, the expression values for the 15 human CAs in 20
selected tissues were extracted and plotted using Python libraries Seaborn (23) and Matplotlib

(24). Expression values are presented as transcripts per million (TPM).
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Figure 4. Mouse CA RNA-Seq expression data. The expression data for all genes were extracted
from the functional annotation meeting (FANTOMDS) project (21). The expression values for the 16
mouse CAs in 20 selected tissues were extracted from this dataset and plotted using the Python
libraries Seaborn (23) and Matplotlib (24). The expression values are presented as transcripts per

million (TPM) transcripts.

2. QUESTIONS TO BE ANSWERED USING MODEL ORGANISMS

2.1. Genetic Diseases with Carbonic Anhydrase Gene Mutations or Deficiencies



Table 2 shows a list of the general characteristics of human CA genes, which may be helpful for

determining the locations of mutations in each gene described later in the text.

10

To date, there is only sporadic or no information available on clinical phenotypes associated with

defects in the CA3, CA7, CA9, CA10, CA11, CA13, or CAl4 gene. Public data obtained from The
Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/index.php) reveals a single
missense mutation of the CA10 gene (leading to an S42R substitution in the CARP X protein) that
was found in patients with schizophrenia (25). Two studies suggest an association between CA10
gene alterations and bone physiology. An intronic variant of the CA10 gene has been associated

with osteoporosis in women (26), and a copy number deletion has been linked to a lower

frequency of osteoarthritis (27).

Table 2. Human CA transcripts, pseudogenes, and predicted protein lengths. The data were

extracted from the Ensembl database (www.ensembl.org).

Gene name Transcript id Chr  Genomic Protein
length (bp) (aa)
CAl | ENST00000431316 8 21672 261
CA1l | ENST00000517590 8 48282 175
CAl | ENST00000517618 8 13121 251
CAl | ENST00000519129 8 39693 22
CA1l | ENST00000519991 8 49519 137
CAl | ENST00000520663 8 48357 87
CAl | ENST00000521679 8 9806 178
CAl | ENST00000521846 8 44581 149
CAl | ENST00000522389 8 13220 127
CAl | ENST00000522579 8 44585 149
CAl | ENST00000522662 8 41168 118
CAl | ENST00000522814 8 44583 148
CAl | ENST00000523022 8 50505 261
CAl | ENST00000523858 8 41111 99
CAl | ENST00000523953 8 51406 261
CAl | ENST00000524324 8 49548 194
CAl | ENST00000542576 8 14614 261
CAl | ENST00000626824 8 51406 127
CA2 | ENST00000285379 8 17486 260
CA3 | ENST00000285381 8 10181 260
CA3 | ENST00000520921 8 68694 19
CA4 | ENST00000300900 17 9573 312
CA4 | ENST00000587265 17 856 99
CA4 | ENST00000590203 17 1814 184
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Chr, chromosome; id, identifier; bp, base pair; aa, amino acids
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2.1.1. Carbonic anhydrase | deficiency

The first case of deficiency to be identified, CA | deficiency, described the absence of a particular
CA due to an inherited defect. This finding was based on an extensive search of CA I-deficient
individuals among 23,000 subjects in several different populations. By the end of the study, three
members of one family from the Greek island of Icaria were found to exhibit a nearly complete
absence of CA | (28). The absence of CA | in these individuals was confirmed by electrophoresis of
hemolysates as well as radioimmunoassay methods and, in addition, two presumed heterozygotes
were identified. In this study, no obvious hematological defects were attributed to CA | deficiency,
nor did a documented CA I-deficient homozygote show any abnormality in renal acidification
when metabolic acidosis was induced by ammonium chloride ingestion. During the time of the
investigation, many testing methods used today were unavailable or unreliable, and the actual
genetic defect was not determined until 14 years later (1). Individuals with CA | deficiency carry a
missense mutation in the CA1 gene, leading to an R246H amino acid change. It has been suggested
that this mutation may lead to an unstable form of the CA | molecule. The availability of a CA I-
deficient mouse and thorough investigation of this model would shed more light on the functional
significance of CA I. Furthermore, we still know only a little about this isozyme that was discovered
many decades ago and remains the second most abundant protein in erythrocytes after
hemoglobin (29).

2.1.2. Carbonic anhydrase Il deficiency

Early studies in the 1970s and 1980s demonstrated that CA Il is widely expressed in mammalian
tissues and pointed to its important physiological functions. Therefore, it is natural that much CA
research has focused on this high-activity enzyme. The first report on genetic defects in CA Il was
published by Sly and coworkers in 1983 (30); they reported on three siblings of one family affected
with an autosomal recessive syndrome characterized by renal tubular acidosis, osteopetrosis, and
cerebral calcification. This finding caused considerable excitement because it provided clear
genetic and functional evidence for the pivotal role of CA Il at the organismal level. The phenotypic
consequences of CA Il deficiency had been largely explained by previous CA expression and

inhibition studies. CA Il had also been previously reported in several segments of the nephron and
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collecting duct (31), and CA activity found in osteoclasts was later attributed to CA 1l (32, 33). The

role of CA Il in cerebral calcification was perhaps the most surprising finding since, in the brain, CA
[l had previously been localized only to oligodendrocytes, not to capillary walls (34). Other features
later reported included developmental delay, mental retardation, short stature, and multiple bone

fractures before patients reached adolescence (35).

In 2004, Shah and coworkers reported 11 novel mutations in the human CA2 gene; therefore, 23
mutations have been discovered to date (35). Individuals with CA2 mutations represent 17
different nationalities. These CA2 gene mutations were scattered throughout the genomic
sequence from exon 2 to exon 7 and led to various missense mutations, frameshifts, splicing
mutations, and early stop codons. Notably, all 11 novel mutations caused renal tubular acidosis
and osteopetrosis. Developmental delay was observed in all patients, except in one patient who
was not analyzed. Prior to the study by Shah and coworkers, it had been generally understood that
certain missense mutations result in mild symptoms due to residual CA Il activity. The results from
Shah and coworkers indicated, however, that symptom heterogeneity is a result of complicated
biology. As an example, a woman carrying a truncation mutation expected to lead to a complete
absence of CA Il expression and, presumably, severe disease, graduated from high school and
worked as an office clerk. This finding led the authors to point out that there are unanswered
questions in genotype/phenotype correlations in CA Il deficiency, especially in the degree of

cognitive changes resulting from a null mutation.

Since the report by Shah and coworkers, a few novel mutations have been discovered in the CA2
gene. A novel T85C missense mutation leading to S29P amino acid change was reported in a 12-
year-old Indian boy with osteopetrosis, renal tubular acidosis, basal ganglia calcification, poor
cognition, short stature, and overcrowded teeth (36). Shivaprasad et al. (37) described a 24-year-
old patient with a novel deletion resulting in a frameshift and early stop codon corresponding to
position 90 in the amino acid sequence; this patient also presented with typical signs of CA Il
deficiency, including osteopetrosis, renal tubular acidosis, and cerebral calcification with mental
retardation. In addition, the patient had low height gain, a history of recurrent bone fractures, and
overcrowded and misaligned teeth. In 2015, Pang and coworkers reported two novel mutations of
the CA2 gene in two Chinese patients (38). The mutations included a change in the splicing site
and a nonsense mutation targeting position 127 in the primary amino acid sequence. In addition

to osteopetrosis, renal tubular acidosis, and cerebral calcifications, these patients presented with



14

other clinical manifestations, such as short stature, increased frequency of bone fractures, dental
abnormalities, cranial nerve compression, and developmental delay. Recently, Alsharidi et al. (39)
described a 19-year-old girl from Saudi Arabia who carried two compound heterozygous
mutations: a common Arab splice site mutation in intron 2 and a novel deletion in exon 5 that led
to a frameshift, leading to premature truncation of 35 amino acid residues downstream of position
162. This patient had a number of clinical abnormalities, including renal tubular acidosis,
osteopetrosis, short stature, recurrent bone fractures, renal stones, facial deformations, crowded
teeth, and intracranial calcifications. Most recently, Yang et al. (40) reported a nonsense mutation
in which 368G in the CA2 gene was substituted with 368A, leading to early termination of
translation. The patient, a 21-year-old male, presented with multiple symptoms and signs,
including recurrent limb weakness, hypokalemia, hyperchloremia, metabolic acidosis, slow nail

growth, cognitive defects, chronic rhinitis, cerebral calcifications, and osteopetrosis.

The common features of CA IlI-deficiency syndrome can be classified into two categories. The first
category includes classical symptoms such as renal tubular acidosis, osteopetrosis, and cerebral
calcification. In the second class, the signs and symptoms vary but are common among patients.
They include hypokalemia, hyperchloremia, recurrent fractures, developmental delay, cognitive
defects, dental abnormalities, and short stature (38). Several unanswered questions related to the
mechanisms of these symptoms and signs remain. It is also well documented that CA Il is highly
expressed in certain organs and tissues, such as the gastrointestinal and reproductive tracts (41-
43), where no physiological consequences of CA Il deficiency have been reported. We believe that
a more detailed investigation of the mouse homolog Car2”- phenotype in these tissues may shed

more light on the role of CA Il

2.1.3. Carbonic anhydrase 4 gene mutations

Retinitis pigmentosa constitutes a group of rare eye diseases that eventually lead to profound
vision loss, involving loss of night vision, loss of peripheral or central vision, defective color vision,
and even total blindness. The type of symptoms and their rates of onset vary from person to
person. It has been described as a highly heterogeneous disease exhibiting 1) genetic
heterogeneity, in which similar phenotypes are caused by mutations in different genes; 2) allelic
heterogeneity, in which several disease-causing mutations are in the same gene; 3) phenotypic

heterogeneity, in which different mutations in the same gene produce different phenotypes; and
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4) clinical heterogeneity, in which the same mutation in different patients may manifest different
clinical phenotypes (44). Mutations in more than 50 genes have been associated with retinitis
pigmentosa, and more than 3,000 different mutations have been reported in these genes (44).
One of the genes associated with the autosomal dominant form of retinitis pigmentosa (RP-17)
encodes the CA IV protein (45). Recently, de Bruijn et al. (46) described eight complex structural
variants which also caused autosomal dominant retinitis pigmentosa at the RP-17 locus in over
300 affected individuals. This may represent another example of the genetic heterogeneity of the

disease as mentioned above.

In 1991, Hageman and colleagues reported CA IV expression in the choriocapillaris of the eye (47).
Notably, the authors concluded the abstract with the following statement: “Defining the
physiological role of this ocular isozyme remains a challenge”. Thirteen years later, Rebello et al.
(45) reported a signal sequence mutation, R14W, which causes RP-17. In COS-7 cells, this mutation
reduced the enzymatic activity of CA IV by 28% due to both defective synthesis and accelerated
protein turnover. The mutation induced the unfolded protein response, endoplasmic reticulum
stress, and cell apoptosis. These findings showed that apoptosis of the endothelial cells in the

choriocapillaris leads to retinal ischemia and ultimately to the emergence of symptomatic RP-17.

Recent studies have described other novel mutations in the CA4 gene and different molecular
mechanisms that may link CA IV to clinical RP-17. Yang and coworkers identified two mutations
that may cause retinal degeneration (48). One missense mutation, R219S, encodes a protein with
no CA activity. In transfected HEK-293 cells, coexpression of Na*/HCOs™ cotransporter 1 (NBC1) and
wild-type (WT) CA IV increased the rates of intracellular pH recovery after acid loading compared
with cells expressing only NBC1. Interestingly, mutant CA IV proteins (either R14W or R219S) failed
to improve pH recovery. In addition, Yang's team showed that both R14W and R219S mutant
proteins appeared on the cell surface in almost similar amounts, excluding a defect in the
intracellular secretory pathway. Considering several lines of evidence, they suggested that
impaired pH regulation by the CA IV-NBC1 complex, due to either the R14W or R219S mutation,
may cause the retinal phenotype exhibited by RP-17 patients. They further suggested that the
enzymatically active CA IV R14W mutant fails to bind to NBC1, whereas the enzymatic inactivity

caused by R219S is another mechanism leading to the same phenotypic outcome.

A total of 13 mutations were found when Alvarez and colleagues screened the CA4 gene in 96 RP-

17 patients of Chinese ethnicity (49). Among these mutations, a novel R69H alteration was
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identified that was not present in any of the 432 ethnically matched control chromosomes. Similar
to the findings described above, the R69H amino acid substitution impaired NBC1-mediated pH
recovery after acid loading in cotransfected HEK293 cells. In addition, coimmunoprecipitation and
GST pull-down assays showed that WT CA IV binds to NBC1, whereas no physical interaction was
observed between the CA IV R69H mutant and NBC1.

Another study focusing on screening of Chinese patients with sporadic RP included a cohort of 116
patients and 263 controls (50). A total of ten different sequence alterations were found in the
patient group. Two heterozygous variations were novel, whereas all the other alterations
represented previously known benign polymorphisms. The A12T signal sequence mutation was
detected in an 11-year-old girl with RP and panretinal dysfunction of photoreceptors. No
significant difference in apoptosis rates was observed in transfected HEK293 cells expressing
either WT CA IV or A12T mutant enzyme, nor was any significant difference detected at the

protein expression level.

Additional CA4 gene variants associated with RP are located outside the coding sequence (48, 50).
Interestingly, these variants have been shown to lead to a 30-50% reduction in CA4 mRNA
expression levels in peripheral lymphocytes. These findings are questionable, because CA4 mRNA
expression is negligible in human lymphocytes, according to data in the Human Protein Atlas

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

Taken together, several mutations in the CA4 gene appear to cause RP-17 disease. The published
data suggest that these mutations may cause RP through different mechanisms. The R14W
mutation has been linked to the unfolded protein response, endoplasmic reticulum stress, and
induction of apoptosis (45). The other mutations may affect the interaction between CA IV and
NBC1 and thus impair the normal pH regulation of the retina and choriocapillaris (48, 49). There is

also some evidence that CA4 gene mutations may lead to reduced CA IV expression (48, 50).

2.1.4. Carbonic anhydrase VA deficiency

Mitochondrial CA VA deficiency was the third genetic disease found to be linked to CA gene
alterations and leads to significant phenotype variation in humans. In the early 1980s, certain
metabolic processes, such as gluconeogenesis, ureagenesis, and fatty acid synthesis, were found

to require bicarbonate, which is produced by a CA-catalyzed reaction within the mitochondrial
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matrix (51, 52). In 2014, Karnebeek and coworkers described four children from three families
who presented with three different CASA gene alterations (53). The ethnic backgrounds of the
children included Russian, Belgian-Scottish (two cases), and Pakistani. These children had infantile
hyperammonemic encephalopathy, hypoglycemia, hyperlactatemia, elevated ketone bodies in
urine, metabolic acidosis, and excretion of carboxylase substrates and related metabolites into
urine. The patients in this study carried genetic alterations unique to each family. One was a S233P
mutation that resulted in an 85-95% reduction in CA enzymatic activity. The second and third
alterations included deletions in exon 4 and exon 6, resulting in deletions at positions 154-186 and
207-258 of the primary sequence, respectively. Both deletions affected critical sites of the CA VA
enzyme and, thus, were predicted to impair enzymatic activity and possibly cause misfolding and

proteasomal degradation of the protein.

Further investigations on CA5A gene defects involved a cohort of 96 patients of various ethnic
backgrounds with neonatal-onset hyperammonemia (54). These patients showed no signs of other
urea cycle disorders or organic aciduria. CASA mutations were detected in ten of the patients,
while no mutations were found in the CA5B gene. The ethnic backgrounds of these patients were
Turkish, Indian (two cases), Pakistani (six), and Bangladeshi. The laboratory parameters of all ten
patients showed hyperammonemia, elevated lactate, and elevated ketone bodies in urine. In this
cohort, the deletion corresponding to amino acid positions 207-258 was the most common
alteration and was detected in five patients. The E241K mutation was found in two patients. One
mutation resulted in a truncation at the W41 position, and two patients had mutations in
predicted splicing sites. The effects of the observed S233P and E241K mutations and exon 4 and
exon 6 deletions were studied using recombinant proteins. The CASA S233P mutant showed 49.9%
enzymatic activity compared to the WT enzyme. E241K substitution resulted in residual activity of
26.5%. The recombinant proteins with either exon 4 or exon 6 deletion showed no CA activity. In
summary, CA5A gene mutations or deletions can produce a clinical syndrome associated with
hyperammonemia, hyperlactatemia, elevated urine ketone bodies, and, occasionally, other

metabolic manifestations.

2.1.5. Carbonic anhydrase 6 gene polymorphism
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The roles of the salivary CA VI enzyme have been linked to four potential functions in the mouth:
1) modulation of taste reception, 2) protection from caries, 3) modulation of oral microbial flora,
and 4) growth of fungiform papillae of the tongue (55-58). There has been some speculation about
its role in the regulation of salivary pH and/or buffer capacity, but these functions are probably
relevant only in certain microenvironments of the mouth, such as those of dental plaque or
enamel pellicle (56, 59, 60). Notably, there has been no report on the human genetic deficiency of
CA VI, while several studies have focused on polymorphisms of the CA6 gene with potential

physiological relevance (61-63).

In the first study involving CA6 gene polymorphisms, three changes in exons 2 (rs2274327 and
rs2274328) and exon 3 (rs2274333) were investigated, and they were found to lead to changes in
the primary amino acid sequence. The genotypes were correlated with salivary buffer capacity,
decayed/missing/filled teeth (DMFT-index), and variation in dental plaque pH (61). No association
was found between genotype and caries experience. A significant association was reported
between buffer capacity and the rs2274327 polymorphism. In a subsequent study, the effects of
these three polymorphisms on the enzymatic activity and concentration of CA VI in saliva were
examined (64). No association was observed between genotype and CA VI activity. The
polymorphisms rs2274327 and rs2274333 showed associations with CA VI concentrations in saliva.
Li et al. (63) investigated the association of seven CA6 gene polymorphisms with dental caries
susceptibility in 164 patients with high caries prevalence and 191 patients with low caries
experience. They showed that the rs17032907 genotype was associated with an increased risk of
dental caries. In a systematic review, Lips et al. (65) described four studies in which CA6 gene
polymorphisms were investigated in relation to caries susceptibility and/or salivary parameters,
such as pH and buffer capacity. In another recent study, Hatipoglu and Saydam also identified four
articles that met the criteria for inclusion in a meta-analysis (66). Because of the largely
contradictory results of the original studies highlighted in this meta-analysis, no firm conclusions
were drawn about the effect of CA6 polymorphisms in physiology or cariogenesis. Interestingly,
Esberg and coworkers recently reported the effects of 27 single-nucleotide polymorphisms of the
CAG6 gene on the oral microbiota in 154 Swedish adolescents (57). The results suggested that CA6
gene polymorphisms of rs10864376, rs3737665, and rs12138897 are associated with
Streptococcus mutans colonization, overall microbiota composition, and dental caries. These

results clearly open new avenues to better understand the mechanisms by which CA VI may
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contribute to oral physiology and health. There is clearly a great need for systematic experimental

studies using model organisms, such as CA VI-deficient mouse models (67).

CAG6 gene polymorphisms may be associated with taste function. Padiglia and colleagues
investigated the effect of the rs2274333 genotype on 6-n-propylthiouracil (PROP) taste responses
(62). They reported that the genotype affected the bitter taste function. In two subsequent
studies, the same researchers reported that the PROP taste phenotype is based on the combined
effect of the bitter receptor TAS2R38 and CA6 genotypes (58, 68). They further demonstrated that
both CA6 and TAS2R38 genotypes were associated with fungiform papillae density on the tongue,
and the CA6 genotype was also associated with the size and shape variation of these papillae (58).
Although several studies have suggested that polymorphisms in the CA6 gene may affect bitter
taste function, we acknowledge that the role of CA VI in taste reception remains controversial.
Feeney and Hayes showed no association between 12 single-nucleotide polymorphisms and bitter
taste perception, nor did they observe any effect on fungiform papillae density (69). Notably,
these polymorphisms included rs2274333, which was previously associated with the bitter taste
response. Interestingly, Feeney and Hayes reported a statistically significant association of two
polymorphisms (rs3737665 and rs3765964) with perceived saltiness (NaCl) taste intensity, which

complicates the overall picture on the role of CA VI,

2.1.6. Carbonic anhydrase 8 gene mutations

CARP VIl is a cytosolic protein with no CA catalytic activity. It was first described in cerebellar
Purkinje cells (70) and later in several other tissues, including the mouse submandibular gland,
liver, stomach, and lung (71). Human RNA-Seq expression data indicated the strongest signals in
the cerebellum, epididymis, kidney, pituitary gland, stomach, and testis (Figure 3). CARP VIl shows
high structural similarity with catalytically active CAs (72). Its inactivity has been attributed to the
substitution of the first of the three histidine residues (by arginine in vertebrates) that are
required for the coordination of zinc atom in the active site. Notably, the highly conserved CARP

VIl has been found in all vertebrates and in many deuterostome invertebrate species (72).

The first defect in the human CA8 gene was reported in members of an Iragi family (73). The
mutation leads to an S100P alteration in the amino acid sequence of CARP VIII, which presumably

disrupts the normal folding of the protein (72). The affected individuals showed mild mental
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retardation and congenital ataxia that was accompanied by quadrupedal gait (73). Another
variation in the CA8 gene, leading to a G162R amino acid substitution, was reported in members of
a Saudi Arabian family (74). The affected individuals presented with variable cerebellar ataxia and
mild cognitive impairment but no quadrupedal gait. Homozygosity for the G162R variation
cosegregated with the disease phenotype, and the mutation was not detected in 200 unrelated
healthy controls with the same ethnic origin, indicating that the G162R variation is likely
pathogenic. Brain magnetic resonance imaging showed a loss of cerebellar volume in the Saudi

Arabian group of patients (74).

Recently, Richmond and coworkers reported a 9-year-old boy of Caucasian parents who presented
with generalized hypotonia of early childhood, poor fine motor skills, cerebellar ataxia, delayed
speech, dysarthria, poor oral-motor coordination, but no intellectual disability (75). Magnetic
resonance imaging performed when the patient was seven years old indicated cerebellar vermian
and hemispheric atrophy. Whole-exome sequencing revealed a novel homozygous nonsense
mutation of the CA8 gene, leading to truncation at position 78 of the amino acid sequence. The
authors pointed out that the 9-year-old patient, despite carrying a severe defect in the CA8 gene,

had achieved limited bipedal gait with intensive support and physical therapy.

2.1.7. Carbonic anhydrase 12 gene mutations

CA XII was discovered almost simultaneously by two research groups and reported in 1998 (76,
77). Itis a membrane-associated enzyme that is most abundantly expressed in the human kidney,
endometrium, colon, pancreas, and skin (Figure 3) (78-81). It is overexpressed in several malignant

tumors, such as renal, breast, and brain cancers (76, 81-84).

In 2010, Feldshtein and colleagues reported for the first time that CA Xl is linked to autosomal
recessive hyperchlorhidrosis (85). They identified members of an Israeli Bedouin family, some of
whom were referred for sweat testing due to hyponatremic dehydration and suspected cystic
fibrosis. Screening identified seven family members with abnormally high sweat chloride levels. All
affected individuals had normal height and weight, their psychomotor development and cognition
were normal, and physical examination revealed no other abnormalities. The results of the
following laboratory tests were normal: serum and urinary electrolyte, serum amylase, and fecal

elastase level determination; renal function tests; renin-aldosterone axis function tests; blood and
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urinary pH level determination; and pulmonary function tests (FEV1). The gene test for cystic
fibrosis transmembrane conductance regulator (CFTR) showed no indication of classical cystic
fibrosis disease. Further genetic analysis revealed a homozygous missense mutation of the CA12
gene in the affected individuals, which led to the E143K alteration in the amino acid sequence. A
few months later, another research group reported three affected children from a different clan of
Bedouins (86); these patients had slightly variable phenotypes, but all showed hyponatremia and
hyperkalemia in infancy. No chronic renal, respiratory or gastrointestinal abnormalities were
reported in any of these patients. Positional cloning identified the missense mutation leading to
the same E143K alteration in the CA XIl amino acid sequence that had been previously reported.
The E143K alteration is located in close proximity to the highly conserved H145 residue, which is
the third zinc-binding histidine. The mutant enzyme showed approximately 70% CA activity
compared to the WT CA XlI enzyme (85). This finding was confirmed in a subsequent study, which
indicated that the E143K mutant enzyme retained 76% residual activity (87). It is plausible that this
much residual activity is enough to protect the affected individuals from acquiring a more-severe

phenotype.

More recently, CA12 variants were identified in two unrelated pedigrees: A Caucasian American
and Omani siblings exhibiting cystic fibrosis-like signs (87). The American patient had shown
hyponatremic dehydration, a high sweat chloride concentration, airway obstruction, and failure to
thrive in infancy or childhood. At the age of 19-22 years, this patient exhibited pulmonary
exacerbations and was treated with bronchodilators, antibiotics, and steroids. This patient had
two variant CA12 mRNA transcripts, both of which were predicted to generate aberrant CA XIl
protein. Indeed, experimental results showed that the reported mutations cause instability of the
protein. The Omani patients, a brother and sister, also showed hyponatremic dehydration and
elevated sweat chloride levels. A novel homozygous missense mutation was identified in exon 4
that resulted in an H121Q substitution. The H121Q mutation appeared to be more deleterious to
the function of CA XII than the E143K mutation. The reduction in activity was greater than 99%
compared to that of the WT enzyme. The Omani patients were young (6 and 11 years), which may

explain the relatively mild phenotypes that they presented.
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Figure 5. Human health-related effects of variations in CA genes. CA | deficiency has not been
attributed to any diseases and is thus omitted from the figure. The figure was created using a

Visible Body application (Wolters Kluwer).

2.2. Carbonic Anhydrase Inhibitors in Model Organisms

Studies using CA inhibitors in model organisms can be divided into two main types: i) the use of
model organisms in preclinical safety and efficacy testing of novel CA inhibitors and ii) the use of
CA inhibitors in model organisms for studying physiological phenomena. Most of the studies have

been performed using either mouse or zebrafish models.

2.2.1.Preclinical studies of CA inhibitors using mouse models

CA enzymes are important therapeutic targets for the treatment of various diseases, including
acute high-altitude illness, glaucoma, epilepsy, brain edema, pseudotumor cerebri, and cancer. A
number of proven CA inhibitors are clinically used, and several novel compounds are in the
development pipelines to treat clinically relevant diseases (88). Clinically approved drugs with CA
inhibitory properties include such as acetazolamide, methazolamide, ethoxzolamide, dorzolamide,
brinzolamide, dichlorphenamide, topiramate, zonisamide, lacosamide, imatinib, and statins (89-
92).
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CA Il has often been considered a relevant treatment target because of its high enzymatic activity,
wide distribution in tissues, and physiological significance. Notably, however, tissues often express
several CA isozymes concurrently, and CA inhibitors can affect any of these isoforms according to
their characteristic binding properties. The cancer-associated isozymes CA IX and XII, which are
considered promising targets for anticancer drug development, have been the foci of intensive
research (89). In addition, recent studies have introduced novel classes of compounds that have
been designed to inhibit enzymes belonging to CA families other than the mammalian a-CAs. We
describe here some case examples of preclinical studies where model organisms have been

instrumental in finding better CA inhibitors for clinical use.

Mice have been widely used as preclinical animal models in the drug development process. The
effects of classical sulfonamide CA inhibitors were first tested in mice in the 1950s (93). In the
1970s and early 1980s, a few studies were performed to investigate the suspected teratogenic
effects of known CA inhibitors (94-97). The use of mouse models has substantially increased since
the 1990s, when a connection was found between CAs and cancer. Indeed, many seminal
observations have paved the way for testing various CA inhibitors with potential anticancer
properties in tumor xenograft mouse models. First, solid tumors exhibit a fundamentally different
microenvironment than corresponding normal tissues. The combination of increased tumor
metabolism and poorly formed tumor vasculature results in tumor hypoxia, high interstitial fluid
pressure, and low extracellular pH (98). In tumors, intracellular pH is typically in a physiological
range of 7.0-7.4, similar to normal cells, whereas extracellular pH is slightly acidic, ranging
between 6.4-7.0, although values as low as 5.6 have been reported (99). Second, this extracellular
acidity, due to efficient lactate and proton export, is linked to many tumorigenic processes, such
as genomic instability, delayed DNA repair, vascularization, metabolic changes, altered cell
adhesion, extracellular matrix degradation and remodeling, invasion, immune escape, and
enhanced survival of tumor cells (99). Third, CA isozymes, particularly CA IX and XII expressed on
the outer surface of tumor cells, are key players in the regulation of intratumoral pH (100). Fourth,
it has also been shown that acetazolamide, the classical CA inhibitor, inhibits the invasion capacity

of renal cancer cells expressing CA Il, CA IX, and CA XII (101).

Indisulam, E7070 (N-(3-chloro-7-indolyl)-1,4-benzenedisulfonamide), was the first promising CA
inhibitor that entered clinical trials for the treatment of cancer. It was defined as a multifunctional

compound that arrests the cell cycle in the G1 phase and inhibits CA activity (102, 103). Indisulam
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has been shown to inhibit human CA I, Il, IV, IX, and XII activity with inhibition constants in the
range of 3-65 nM (104, 105). In the original 1999 report, Indisulam showed significant antitumor
activity against HCT116 human colon carcinoma both in vitro and in vivo (103). In nude mice
inoculated with tumor cells, the compound produced both tumor growth suppression and a
reduction in tumor size. To date, several phase | and phase Il clinical trials have been conducted
using Indisulam in either single or combination therapies for the treatment of malignancies, such
as breast, gastric, colorectal, and renal cancer, leukemia, and melanoma

(https://clinicaltrials.gov/ct2/results?recrs=&cond=&term=Indisulam&cntry=&state=&city=&dist=)

In 2009, two acetazolamide derivatives were described as having either a charged fluorophore- or
an albumin-binding moiety (106). These compounds preferentially targeted CA IX and XII on the
surface of SK-RC-52 renal cell cancer cells, as confirmed by the localization of fluorophore-bound
acetazolamide. The growth of xenograft tumors in nude mice was delayed when they were treated
with modified acetazolamide at a 28-day follow-up. These data provided clear proof of principle
for sulfonamide-based antitumor effects in vivo. However, acetazolamide lacks specificity for CA IX
and XIl, and therefore, many efforts have been made to find novel inhibitors with specificity

against these tumor-associated enzymes (15, 107).

CAIl17 is one of the earliest discovered promising CA IX inhibitors used both in vitro and in vivo. It is
a sulfonamide-type fluorescent inhibitor tested in BALB/c mouse models inoculated with 4T1
mouse breast cancer cells expressing CA 1X (108). The results showed that CAI17 significantly
inhibited tumor growth in these model mice. Another CA IX inhibitor, ureido-sulfonamide U-104,
was tested using a highly metastatic variant of the MDA-MB-231 cell line in mice. This inhibitor
resulted in a significant reduction in metastasis formation. In the same set of experiments, two CA
IX-selective inhibitors in the coumarin class, GC-204 and GC-205, significantly reduced the
formation of tumor metastases. In another study, U-104 and GC-205 were tested in mice
inoculated with the MDA-MB-231 LM2-4 Luc* human breast cancer cell line (109). Tumor
xenografts showed significant growth reduction when the mice were treated with either U-104 or
GC-205. Interestingly, the cancer stem cell population, determined by epithelial cell adhesion
molecule (EpCAM) and aldehyde dehydrogenase 1A3 (ALDH1A3) expression, was reduced in the
tumors that were treated with CA inhibitors. Thus, it was concluded that the inhibition of CA IX

activity may retard tumor growth by targeting cancer stem cells.
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The pioneering investigations described above revealed that coumarin-class CA inhibitors were
promising candidate compounds with specificity against CA IX and XII (15, 108). Thus, a series of 7-
glycosylated 4-methyl coumarins were prepared and studied for the inhibition of CA I, CAll, CAIX,
and CA XII (110). Several of these novel compounds were found to be nanomolar inhibitors of CA
IX and XII, with good specificity. The most efficient inhibitor of CA IX, 7-mannosyl-4-
methylumbelliferone, significantly inhibited primary tumor growth in a mouse model inoculated

with 4T1 breast cancer cells.

Sulfamates constitute another potential class of CA inhibitors with antitumoral activity. Some of
these compounds have shown high specificity with nanomolar affinity for the tumor-associated
isozymes CA IX and XII. The effect of 4-(3"-(3”,5”-dimethylphenyl)ureido)phenyl sulfamate (S4) was
determined using an orthotopic MDA-MB-231 mouse breast cancer model (111). S4 treatment
reduced metastatic tumor burden in the lung but failed to decrease primary tumor growth. In
another study, a novel ureido-sulfamate, designated FC9398A, was also tested in MDA-MB-231
xenografts (112). This compound significantly reduced tumor volume; however, it did not reduce
the number of viable tumor cells. Nevertheless, these results suggested that sulfamate class CA
inhibitors are potential lead molecules for designing novel anticancer drugs, particularly for the

treatment of breast cancer.

Sensitization of drug-resistant cancer cells to improve the efficacy of combination therapies by
blocking CA IX and XIl enzymatic activity appears to be a rational strategy for fighting hard-to-treat
cancers. The repositioning of acetazolamide as a cancer therapy is an attractive option because it
is widely used and found to be tolerated well by patients with other diseases. Indeed,
acetazolamide has been tested in combination with known anticancer drugs in xenograft models,
including bronchial carcinoid tumors (113), bladder cancer (114), neuroblastoma (115), and
gliomas (116). Notably, a few ongoing clinical trials for neoplastic diseases have included
acetazolamide as an adjuvant drug, which is encouraging. The current targets are malignant
astrocytoma treated with temozolomide and ionizing radiation
(https://clinicaltrials.gov/ct2/show/NCT03011671) and small cell lung cancer treated with
platinum, etoposide, and radiochemotherapy (https://clinicaltrials.gov/ct2/show/NCT03467360).

The compound 4-(2-aminoethyl)benzene sulfonamide, which shows high affinity for CA IX (117),

can be considered a potential drug candidate or lead molecule for radiation sensitization in renal
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cancer. Treatment of nude mice with xenografts composed of 786-O renal cancer cells with this

compound clearly sensitized tumors to radiation (118).

SLC-0111 is a promising ureido-benzenesulfonamide that efficiently inhibits both CA IX and XIl
activity. Preclinical studies with mice have shown that it sensitizes glioblastoma cells to traditional
cytotoxic drugs (119). SLC-0111 has entered clinical trials enrolling patients with advanced solid
tumors (https://clinicaltrials.gov/ct2/show/NCT02215850). Recruitment is ongoing for a phase Ib
study of a combination treatment of SLC-0111 and gemcitabine for metastatic pancreatic ductal
cancer (https://clinicaltrials.gov/ct2/show/NCT03450018).

Coumarins have long been considered the primary group of natural compounds with CA inhibitory
properties. Recently, a natural primary sulfonamide, psammaplin C, was identified as a nanomolar
inhibitor of CA XII (120). It may be effective when used in combination with known
chemotherapies, such as temozolomide, in patients with glioblastoma. Using a glioblastoma
xenograft model, psammaplin C resensitized drug-resistant glioblastoma to temozolomide and

extended the overall survival of treated mice.

Although several CA inhibitors have shown promise as adjuncts to enhance the effectiveness of
cancer treatments, the complexity of cancers and off-target effects of drugs must be considered
before these novel compounds are combined with standard treatments. For example, Kuijk and
coworkers recently observed that the sulfamate small-molecule inhibitor S4 surprisingly reduced
the efficacy of doxorubicin in an MDA-MB-231 tumor model (121). In contrast, Bryant and
colleagues demonstrated a positive outcome using the same compound in small cell lung cancer
xenografts (122). Administered alone or in combination with cisplatin it reduced the hypoxic areas
of tumors and inhibited xenograft tumor growth. These results highlight the need for careful

preclinical assessment of drugs before they are entered into clinical trials.

During the past few years, several additional CA inhibitor compounds have been tested in mouse
xenograft models. For example, 2,4,6-trimethyl-1-(3-sulfamoyl-phenyl)-pyridinium perchlorate salt
6 induces significant cytotoxicity in osteosarcoma cells and reduces tumor growth by inducing cell
necrosis (123). Recently, Andring and coworkers characterized a series of “STX” sulfamoylated
drugs that, in many cases, were initially derived from the classic steroid template (124). They
found three sulfamate compounds, classified as “nonsteroidal”, to be highly selective towards CA

IX (the CA IX Ki/CA Il K selectivity ratios were 104—202). Some of these molecules have shown
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promising antiangiogenic effects and growth inhibition in xenograft models (125). These
compounds have been suggested to be potential drug development targets for triple-negative

breast cancer.

2.2.2.Preclinical studies of CA inhibitors using zebrafish models

The zebrafish has recently emerged as a useful model organism for the evaluation of toxicity and
phenotypic effects of various chemical compounds (126-128). It has several properties that make
it a versatile preclinical model (129). An important advantage is fast breeding, as one zebrafish
female can lay batches of 200-300 eggs for ex vivo development. The model is particularly
practical because the eggs and developing embryos require no external feeding for up to a week,
and the embryos are transparent, making them suitable for microscopy (130). Furthermore, the
compounds to be studied can be directly administered into the water, where they can enter the
organism by diffusion through the chorion and after hatching through the skin, gills, and mouth of
larvae. The experiments do not necessarily require high amounts of chemical compounds, some of
which can be expensive and/or difficult to produce (130, 131). The critical steps of zebrafish
organogenesis occur 2-5 days postfertilization (dpf) (132), and therefore, toxic compounds
administered during the sensitive period of embryonic development induce observable

phenotypic defects in zebrafish larvae (130).

A few preclinical toxicity studies of CA inhibitors have recently been performed with zebrafish. The
first investigation was focused on fluorinated benzenesulfonamide anticancer inhibitors (133). The
toxicity of two compounds (VD12-09 and VD11-4-2) was tested using embryos 1-5 dpf, and the
results were compared to parallel analyses performed with a classical CA inhibitor, ethoxzolamide.
The LCso values of VD12-09, VD11-4-2, and ethoxzolamide were 13 uM, 120 uM, and 9 uM,
respectively. In the phenotypic analysis, pericardial edema was observed in the embryos treated
with 125 uM VD11-4-2. VD12-09 produced fewer phenotypic changes than the other drugs. In
fact, ethoxzolamide, a classical sulfonamide, induced pericardial edema and abnormal appearance
of the body even at a 7 uM concentration. These results suggested that the described fluorinated

benzenesulfonamides are promising lead compounds for further development of anticancer drugs.

Nitroimidazoles are CA inhibitors that have been tested for toxicity in a zebrafish model (134). The

two nitroimidazole molecules DTP338 and DTP348, incorporating either sulfamate or sulfamide
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moieties, respectively, have been defined by in vitro assays as specific, subnanomolar inhibitors of
CA IX (135). In zebrafish embryos, DTP338 and DTP348 at 300 uM or lower concentrations showed
no toxicity. Surprisingly, inhibition of human CA IX in vivo required low micromolar concentrations
of these compounds, although they were efficient inhibitors in vitro at low nanomolar
concentrations. The discrepancy between the in vitro and in vivo results may be due to several
different factors. It is possible that other proteins in the vicinity of CA IX may interfere with
inhibitor binding in vivo, which may alter the pharmacokinetics of the inhibitors. The chemical
stability of these inhibitor compounds may also have been affected in vivo by various biological

and chemical factors.

The toxicity of three other nitroimidazole compounds was investigated in a recent study using the
analogous zebrafish model as described above (136): 4-(2-(3-(2-(2-Methyl-5-nitro-1H-imidazol-1-
yhethyl)thioureido)ethyl)phenyl sulfamide (designated compound 3), 4-(2-(3-(2—(2-methyl-5-nitro-
1H-imidazol-1-yl)ethyl) thioureido)ethyl)phenyl sulfamate (compound 4), and 2-(2-methyl-5-nitro-
1H-imidazol-1-yl)ethane-1-sulfonamide (compound 10). When tested against human CA I, CA 1,
and CA IX, compound 4 showed selectivity towards CA Il (Ki 58.6 nM), while the affinity of
compound 10 was highest for CA IX (Ki 147.3 nM). LCso values at the end of 5 dpf were 3 mM for
compound 3 and 2.6 mM for both compounds 4 and 10. Phenotypic analyses with zebrafish
showed no adverse changes when these compounds were administered at submillimolar

concentrations.

Mycobacterium tuberculosis B-CAs have emerged as promising target enzymes for designing novel
antituberculosis drugs. The M. tuberculosis genome has three B-CA genes, Rv1284 (6-CAl),
Rv3588c (8-CA2) and Rv3273 (8-CA3), the protein products of which can be successfully inhibited
with various compounds (137). Mycobacterial B-CAs are important for the growth and survival of
bacteria under starvation conditions (138-141). Interestingly, CA activity is also essential for the
transport of extracellular DNA (eDNA) into the bacterial biofilm matrix (142), a characteristic
process for the generation of mycobacterial biofilm that may also be involved in the development
of tolerance to antibiotics (143). Many classes of CA inhibitors can be developed to target
mycobacterial -CAs. Recently, a series of 14 monothiocarbamates and dithiocarbamates were
evaluated in vitro to determine their inhibitory properties and in vivo to determine their level of
toxicity in zebrafish embryos (144). Eleven compounds administered at nanomolar or

submicromolar concentrations inhibited M. tuberculosis B-CA3 activity, with K; values in the range
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of 2.4-812 nM. Among 14 compounds, 9 showed no adverse phenotypic changes in embryos 5
dpf. Based on both the in vitro inhibitory and toxicological data, the authors concluded that five of
these compounds are promising drug targets and should undergo further preclinical

characterization.

2.2.3.Physiological studies in model organisms using CA inhibitors

Although this review concentrates on studies with mice, zebrafish, D. melanogaster, and C.
elegans, we acknowledge that many valuable physiological studies were initially carried out using
larger vertebrate models, such as dogs, rabbits, and rats. The change in opinion in society and the
scientific community concerning animal experimentation, tightened legislation, and increased

costs have led to a gradual change towards the use of smaller and simpler animal models.

Several decades of intensive CA research have improved our understanding of the physiology and
clinical relevance of CA isozymes. Indeed, a plethora of studies have been conducted in model
organisms using CA inhibitors to study various physiological aspects in different organs, tissues,
and cells. Because of the vast number of publications in this research field, it is not feasible to
cover all aspects and studies in a single review. Instead, we chose to highlight some examples of
CA inhibitor studies that have markedly broadened the view of the physiological roles of CAs. The

selected cases were focused on studies on neuronal, gastrointestinal, and reproductive physiology.

Comprehensive mRNA expression profiles of all enzymatically active CAs along the mouse
gastrointestinal tract showed that several CAs are expressed in each segment of the tract (145).
Hence, it is plausible that these enzymes play multiple roles in gastrointestinal physiology. In fact,
some of the key roles of CAs in the regulation of gastrointestinal functions have been known for
several decades. In 1958, Janowitz described the role of CA activity in gastric and pancreatic
secretion in dogs using the enzyme inhibitor acetazolamide (146). In 1981, Kivilaakso and Silen
demonstrated that the CA-catalyzed production of bicarbonate is essential for the protection of
gastric mucosa (147). CA activity is also involved in bicarbonate production in other segments of
the gastrointestinal tract, such as the duodenum and pancreas. The bicarbonate present in both
pancreatic and duodenal fluids neutralizes gastric acid entering the duodenum and provides an
optimal pH environment for digestive enzymes to function properly in the small intestine (148).

The mechanism of apical bicarbonate transport in epithelial cells has long been debated. A key
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finding was the evidence that, in addition to classical anion exchange (AE) proteins, cystic fibrosis
transmembrane conductance regulator (CFTR) is an important bicarbonate transport protein in
several organs, including the duodenum and pancreas (149-152). These findings were instrumental
for better understanding the physiological mechanisms of bicarbonate secretion in the
gastrointestinal tract, the processes that had been linked to CAs in the 1950s by using classical CA
inhibitors in animal models. Interestingly, it has been shown that high levels of CA Il activity may
not be as important as predicted for the actual provision of bicarbonate secreted from enterocytes
into the mouse duodenal lumen (153). In fact, CA Il is instrumental for sensing luminal acidity,
which then leads to the subsequent stimulation of bicarbonate secretion. It remains to be
investigated how the CA isozymes present in different segments of the gut mutually contribute to
the maintenance of the optimal pH environment for digestion, absorption, and microbiome

composition.

The nervous system has been at the epicenter of CA research because of the wide expression and
key roles of CA isozymes in virtually all cell types in the brain. The localization of CAs in both
neuronal and nonneuronal cells is presented in Table 3. In the nervous system, CAs play multiple
roles, e.g., neuronal signal transduction (154, 155), fluid and ion compartmentalization (156),
formation of cerebrospinal fluid (CSF) (157), the respiratory response to carbon dioxide (158), the

generation of bicarbonate for biosynthetic reactions (159), and seizure activity (160).

Table 3. Localization of CA isoforms in the central nervous system.

Localization | Isoforms
Neurons | 11, V, VII, VIII, XI, XIV (70, 71, 154, 161-165)

Astrocytes | 11, V, VIII, XI (159, 163, 165-171)
Oligodendrocytes | II, Xl (34, 161, 172-177)
Myelin sheath | I (173, 176)
Choroid plexus | II, [, VIII, X1, XIV (161, 162, 165, 176, 178-180)
Microglial cells | 11l (181)
Endothelial cells | IV (182)
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In vivo CA inhibitor studies focusing on the nervous system have mainly involved research on the
modulation of neuronal signal transduction (183, 184), fear memory (185, 186), pain recognition
(187-193), and epileptic seizures (194-197). Some of these studies have mainly concentrated on
basic neurophysiological research, while others have had strong translational connections to
clinical research and therapies. The modulation of pH in the nervous system, the generation of
activity-dependent pH changes (both intracellular and extracellular), and their functional
consequences have been previously introduced in several excellent review articles (184, 198, 199).
We briefly outline some examples of studies in which CA inhibitors have been successfully

implemented in research using mice as experimental models.

Rapid changes in extracellular (interstitial) pH occur during neuronal activity. The magnitude and
speed of extracellular pH changes have been linked to the interstitial buffering capacity that is
maintained via the bicarbonate buffering system (184). Even though the reversible hydration of
carbon dioxide occurs spontaneously, the extremely rapid changes require extracellular catalysis
by CAs in the neuronal microenvironment, as suggested in 1983 by Kraig and colleagues (200). This
phenomenon was difficult to understand until the discovery of membrane-associated CA IV and
XIV. Initially, extracellular CA activity was linked to CA IV (201). The generation of CA IV- and CA
XIV-null mice enabled the roles of these isozymes in buffering alkaline pH shifts to be determined
in vivo (183). The results of these studies demonstrated that either isozyme can modulate
buffering in the absence of the other. In the case of double knockouts, the blocking of the
buffering effect was almost as effective as that observed in WT mice administered the CA inhibitor

benzolamide.

Notably, CAs can modulate neuronal signal transduction through several mechanisms. Recently,
Bertone and coworkers showed that CA activity may be involved in the recycling of synaptic
vesicles (202). Initially, they found no effect of acetazolamide on acetylcholine release at mouse
neuromuscular junctions except for a small reduction in transmitter release at low stimulation
frequency. More significantly, they demonstrated that acetazolamide accelerated vesicle
endocytosis in synapses via cytosolic acidification and activation of myosin light chain kinase. This
effect may contribute to the therapeutic effects induced by the CA inhibition observed in certain

neurological diseases.

CAs play important roles in reproductive physiology. The bicarbonate ion is a key stimulator of

sperm motility that is activated by bicarbonate-sensitive adenylyl cyclase in sperm cells (203, 204)
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(Figure 6). It has been suggested that a soluble form of adenylyl cyclase, present in spermatozoa,
can functionally associate with CAs and act as a sensor of pH and CO (205). The bicarbonate in
human semen primarily originates from the seminal vesicle, ductus deferens, and ampulla of the
ductus deferens, all of which express high levels of CA Il (41). External bicarbonate can then enter
sperm cells via ion transport proteins, such as Na*/HCO3™ cotransporters or HCO3/Cl- exchangers
(206, 207), activate bicarbonate-sensitive adenylyl cyclase, modulate plasma membrane potential,
and largely affect sperm capacitation (208). Diffusion of CO2 through the plasma membrane may
represent another mechanism in which intracellular bicarbonate is generated via the function of
CA Il and CA XIII present in sperm cells (42, 177, 209). In mice, CA Il activity has been found to
account for one-half of the total CA activity in capacitated cells (209). It has also been shown that
spermatozoa express CA IV, which is transferred onto the plasma membrane as the sperm pass
through the epididymis (210). In the presence of bicarbonate-containing buffer, the CA inhibitors
acetazolamide and ethoxzolamide inhibited the flagellar beat frequency of spermatozoa. The key
role of CA IV was recognized through the finding that the sperm cells of CA IV-knockout mice had a

reduced flagellar beat in response to CO- than that of the control mice.

CAIV
CO, + H,0 5 HCOy + H*

CAIl
CAXIN

Figure 6. Schematic model of CA function in sperm cells. CA IV, bound to the plasma membrane,
regulates the extracellular CO./HCOs3 balance. CO> can freely diffuse through the membrane.
Intracellular CO2 and H2O can be converted to HCOs and H* by CA Il and/or CA XIlII. Extracellular
HCOz3" can also be transported via anion exchangers (AE) to the intracellular space. Intracellular

HCOzs" is utilized by adenylyl cyclase (AC) to facilitate sperm motility.
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The roles of CAs in reproductive physiology is not limited to the male reproductive tract, as female
tissues distinctly express several CAs. It is generally known that the physiological conditions of the
female reproductive tract markedly change during the menstrual cycle. For example, the volume
of cervical mucus secretion, the chemical composition and physical characteristics of the mucus
change cyclically throughout the menstrual cycle (211). The luminal pH in the reproductive tract is
one of the important characteristics that changes during the menstrual cycle (212, 213) and
changes momentarily during sexual intercourse (214). Several CA isozymes are expressed in the
female reproductive tract. Based on current knowledge, the most significant enzymes in the cervix
and endometrium are CA XIl and CA XIII (78, 177), and in the mouse endometrium, CA 1l shows
high expression, but it is absent in humans (177). Although the exact roles of CAs in the female
reproductive tract are not fully understood, it is conceivable that they contribute to the
maintenance of an optimal localized pH environment. In the mouse uterus, CA Il and CA Xll show
the highest expression levels at estrus, and the uterine surface pH values are also higher at estrus
than they are at diestrus (213). This pH change was significantly reduced by acetazolamide
administration to mice. Moreover, Hu and Spencer demonstrated that treatment of mice with
subcutaneous acetazolamide between postnatal days 3 and 18 decreased the number of
endometrial glands without affecting the differentiation of the stroma or myometrium (215). This

finding suggested a specific role for CAs during postnatal uterine morphogenesis.

3. MOUSE MODELS OF CARBONIC ANHYDRASE DEFICIENCIES

3.1. The Mouse as a Model Organism

Transgenic mouse technologies have represented a huge leap towards a better understanding of
physiology in mammals. Different transgenic mice have been classically produced by two
alternative approaches: 1) targeted genomic manipulation and 2) random integration of mutation
into the genome (216). While the targeted genomic manipulation technique is more precise than
random integration, it is also more time-consuming and expensive. The first studies in which
specific murine genes were targeted for homologous recombination in embryonic stem cells were
reported in the late 1980s (217). In the 1990s, the number of knockout mouse strains increased
rapidly as more reliable and efficient technologies became available. It also became possible to
introduce conditional knockouts possessing mutations that can be activated at specific time points

or in specific cells or organs both during development and in the adult animal. In 2007, Mario R.
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Capecchi, Martin J. Evans, and Oliver Smithies were awarded the Nobel prize for their discoveries
of “principles for introducing specific gene modifications in mice by the use of embryonic stem
cells” (https://www.nobelprize.org/prizes/medicine/2007/summary/). As a result of this
monumental development, thousands of murine genes have been targeted. Three major mouse
knockout programs — the Knockout Mouse Project (KOMP), European Conditional Mouse
Mutagenesis Program (EUCOMM), and North American Conditional Mouse Mutagenesis Project
(NorCOMM) — were established with the goal of mutating all protein-encoding genes of the
mouse (218, 219). Recently, the International Knockout Mouse Consortium (IKMC), consisting of
KOMP, EUCOMM, NorCOMM, Tools for Functional Annotation of the Mouse Genome
(EUCOMMTOOLS), and Texas A&M Institute for Genomic Medicine (TIGM), has made substantial
progress towards the ambitious goal of knocking out and phenotypically analyzing all the genes of

the mouse genome.

Genome editing by targetable nucleases has become a widely used tool to generate knockout
models with reasonable accuracy. In 2020, Emmanuelle Charpentier and Jennifer A. Doudna jointly
received the Nobel Prize “for the development of a method for genome editing”, highlighting the
revolutionary significance of CRISPR/Cas9 technologies in functional genomics research
(https://www.nobelprize.org/prizes/chemistry/2020/summary/). Initially, CRISPR/Cas9 technology
was considered the gene editing tool of choice in both fundamental and clinical research contexts.
More recently, it has been shown that even this new technology may face severe specificity issues,
including large deletions and more complex genomic rearrangements at targeted sites, as well as

distal lesions and crossover events (220).

Even though transgenic technologies are indispensable for modern research on comparative
physiology, these methods have several other drawbacks: approximately 15% of gene knockouts
are developmentally lethal, limiting phenotypic analyses. In many instances, knockout mice have
failed to produce an observable phenotype, or the phenotype has been significantly milder than
that acquired by humans in which the same gene is inactivated. These drawbacks, among others,
have somewhat tempered the enthusiasm for transgenic models, but various model organisms are
still actively being developed and analyzed. Additionally, technical improvements made to improve
the efficiency and specificity of gene targeting are actively being developed and assessed (221).
Figure 7, showing the number of PubMed hits returned when the term “knockout mouse” is

searched, indicates that, although a plateau phase in publication activity within this field peaked
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after 2010, there has been no marked reduction in the number of published articles, except in
2020. The COVID-19 pandemic has globally hampered experimental work with mice, and because
the most recent data may be incomplete, the decline in publication numbers in 2020 may be easily

explained.
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Figure 7. PubMed hits returned when the term “knockout mouse” was searched in articles

published in the period 1991-2020. The data were acquired on June 17, 2021.

3.2. CA llI-Deficient Mice

Before gene-targeting technologies became available, researchers identified many naturally
occurring or chemically induced mutations in mice, which opened avenues of study into the
physiological roles of the affected proteins. One of the early examples of this type of study
involved CA ll-deficient mice, which were obtained by chemical mutagenesis using N-ethyl-N-
nitrosourea (222). The first report indicated that CA II-deficient mice were runted and showed
renal tubular acidosis. Functional defects of the kidney were predictable since Sly and coworkers
had previously demonstrated similar findings in human patients with CA Il deficiency, including
renal tubular acidosis, as well as osteopetrosis and cerebral calcification (30). Later,
histopathological analyses showed vascular calcification of small arteries in several organs of

homozygous Car2’- mice (223). It has also been demonstrated that CA Il is involved in ectopic
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calcification: when pieces of glutaraldehyde-fixed bovine pericardium were subcutaneously
implanted in mice, the specimens became significantly more calcified in the Car2”- mice than in

the control animals (224).

In contrast to reports showing cerebral calcification in CA ll-deficient mice, ultrastructural studies
indicated no phenotypic abnormalities in the brain (225). Even oligodendrocytes, which express

high levels of CA II, exhibited no signs of degeneration or other abnormalities. On the other hand,
functional studies indicated an important role for CA Il in the brain: it may modulate susceptibility
to seizures induced by either flurothyl or audiogenic stimulation (226). Both CA deficiency and CA

inhibition exhibited similar anticonvulsant functions in mice.

Renal tubular acidosis is a hallmark of CA 1l deficiency in both humans and mice. Notably, CA Il
contributes to both bicarbonate reabsorption and proton secretion processes. Breton and
coworkers demonstrated that the intercalated cells of collecting ducts were severely depleted and
replaced by principal cells in Car2/- mice (227). In the kidney, CA Il deficiency decreased the gene
and protein expression of the Slc26 gene family, including Slc26a4 (pendrin) and Slc26a7 (228),
which are important bicarbonate transport proteins of intercalated cells. CA Il may also contribute
to innate immune responses in the kidney. It has been shown that Car2- mice have increased
kidney and bladder bacterial burdens, decreased bacterial clearance in the kidney, and decreased

inflammatory response after transurethral inoculation of uropathogenic Escherichia coli (229).

CA Il has been shown to function in conjunction with various transport proteins, such as the
electrogenic Na*/HCOs™ cotransporter (230, 231) and anion exchanger AE1 (232). It has also been
shown that CA Il both functionally and physically interacts with the downregulated adenoma
(DRA) chloride/bicarbonate transporter, but this interaction is weaker than that between CA Il and
AE1 (233). In the heart muscle, CA Il and NHE1 form a transport metabolon that was exacerbated
in obese type 2 diabetic mice (ob”) (234). Notably, CA Il deficiency produced physiological cardiac
hypertrophy without any decrease in cardiac function (235). This phenomenon was suggested to
be linked to the role played by CA Il as a provider of protons and bicarbonate ions for NHE1 and
AE3. Monocarboxylate transporters (MCTs) represent another class of membrane-associated
transport proteins that seem to cooperate with CA Il. MCT1 transport activity is enhanced by the
presence of CA Il in cells (236). CA Il probably forms a “proton antenna” for the MCT transporter.
Interestingly, a similar increase in MCT transport activity was observed when six histidine residues

(without CA II) were integrated into the C-terminal tail of MCT4 (237). It is conceivable that CA Il
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deficiency can lead to functional disturbances that may be attributed to defective metabolon

functions, even though experimental evidence of these mechanisms is currently lacking.

CA Il is highly expressed in the gastrointestinal tract and plays a role in proton secretion from
parietal cells into gastric juice and in bicarbonate production to neutralize excess acidity and
protect mucosal surfaces (238). An interesting question remains: does CA Il deficiency lead to a
gastrointestinal phenotype when no symptoms or physiological changes have been reported in CA
ll-deficient patients or observed in Car2’- mice? To explore this question further, Leppilampi and
coworkers decided to focus on the duodenal bicarbonate secretory response to prostaglandin E2
exposure, which is relatively easy to monitor in mice (239). The results indicated that the duodenal
bicarbonate secretion response to prostaglandin E2 exposure was completely absent in Car2”-
mice, thus suggesting a role for CA Il in the protection of duodenal mucosa from excess acidity.
Recently, Sjoblom et al. (153) proposed that CA Il is involved in sensing duodenal acidity rather

than directly in bicarbonate secretion.

Bicarbonate is an important regulator of sperm motility. Reproductive tract organs and even
spermatozoa express CA isozymes, which are involved in the regulation of pH and bicarbonate
concentrations to ensure that they are optimal for fertility (41, 42, 240, 241). Recent studies on
both Car2”’- and Car4’- mice revealed that deficiency of either enzyme led to imbalanced
bicarbonate homeostasis, resulting in reduced sperm motility, swimming speed, and bicarbonate-

enhanced beat frequency (210).

3.3. CA llI-Deficient Mice

CA lll'is a cytosolic enzyme and exhibits the lowest catalytic activity among all CAs. It is expressed
in many organs, with the highest levels in skeletal muscle and adipocytes, composing up to 24% of
the soluble proteins in adipocytes (242, 243). Although CA Il is abundantly expressed, its function
is poorly understood in these tissues. Before the Car3” mice became available, it was suggested
that CA Il participates in embryogenesis (244), augmentation of fatty acid metabolism (244), and
the oxidative stress response (245, 246). The availability of CA Ill-deficient mice has aided in the
investigation of the role of CA Ill in normal physiology. The very first studies with Car3”- mice were
somewhat disappointing since the mice were completely viable and fertile, had normal life spans

and showed no morphological phenotype (247). Both the amount and distribution of fat were
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normal, and they also showed the same response to a hyperoxic challenge as their WT siblings.
Based on these data, it was concluded that CA Ill is dispensable for mice living under standard

laboratory husbandry conditions.

Later studies have indicated certain, although relatively mild, phenotypic alterations in Car3~
mice. The first observed significant difference between the Car3”- and control mice was related to
skeletal muscle function. Notably, the results may have varied by skeletal muscle type because CA
[l is expressed in a muscle fiber type-specific manner. By the 1980s, it had been shown that CA IlI
is predominantly present in type | slow-twitch muscle fibers (248). Using a CA Ill-deficient mouse
model, Liu et al. (249) demonstrated that two minutes of intense stimulation of the gastrocnemius
muscle caused phosphocreatine, ATP, and pH to fall and ADP and P; to rise, and these changes
were significantly larger (except ATP) in Car3”- mice than in WT mice. In the mutant mice, the
phosphocreatine and P; recovery rates were delayed in the first minute after stimulation. Based on
these observations, it was concluded that CA Il deficiency impairs mitochondrial ATP synthesis. In
a more recent study, CA Il was also implicated in muscle function. Feng and Jin (250)
demonstrated that the loss of CA Il did not change muscle mass in the soleus and tibialis anterior
muscles, nor did it change the sarcomere protein isoform content. The baseline twitch and tetanic
contractility remained unchanged compared with age-matched WT mice. However, the tibialis
anterior muscle in the CA Ill-deficient mice showed faster force reduction upon initiation of
electrical stimulation but higher resistance at the end of the stimulation period, followed by

slower post-fatigue recovery compared to the WT mice.

Using embryonic fibroblasts from Car3”- mice, Mitterberger and coworkers demonstrated
induction of fatty acid-binding protein 4 (FABP4) and increased triglyceride levels (251). They
suggested that CA Ill regulates adipogenic differentiation, which occurs at the level of peroxisome
proliferator-activated receptor-y2 (PPARy2) gene expression. In another study, the role of CAlll in
fatty acid metabolism was recently investigated in CA llI-deficient mice (252). To determine
whether CA IIl affects body weight or composition, Car3”- and control mice were fed a high-fat
diet or standard chow starting at five weeks of age and measured once per week for ten weeks.
The body weights of the WT and Car3- mice on either diet did not differ significantly at any age,
nor did the mice show any difference in food consumption. The knockout and WT mice showed no
significant differences in total energy expenditure, energy substrate utilization, or high-fat-diet-

induced insulin resistance. The Car3”- mice had normal lipid/fatty acid biomarker levels in both
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serum and tissue, and they also showed normal thermoregulation. Due to the absence of
phenotypic change in their study, Renner and coworkers concluded that the physiological role of

CA 1ll remains to be determined.

3.4. CA IV-Deficient Mice

CA IV is a membrane-associated, glycosylphosphatidylinositol (GPI)-linked isozyme first described
in the 1980s; it was purified from bovine lung microsomes (253), human kidney (254), human lung
and kidney (255), and rat lung (256). In early studies, the protein was found by
immunohistochemistry to be located on the plasma membranes of the proximal convoluted
tubule and thick ascending limb of Henle in the rat kidney (256), in the endothelial cells of the
choriocapillaris of the human eye (47), in the endothelial cells of rat brain blood vessels (182), in
the enterocytes of the human and rat distal small intestine and large intestine (257), in the human

epididymis and ductus deferens (241), and in the human gallbladder (258).

CA IV-deficient mice were created by targeted mutagenesis, and the first phenotypic analysis was
reported simultaneously with CA XIV-deficient mice (183). Surprisingly, the number of mice
homozygous for the Car4 deletion was only 38% of the number predicted on the basis of
Mendelian ratios. Moreover, only 31% of the homozygotes were female. Regardless of sex, the
surviving Car4”- mice appeared healthy, thrived, and were fertile, as evidenced when crossed with
WT mice. However, mated male and female homozygous knockout mice produced small litters,
and the pups did not survive. Homozygous Car14” mice appeared healthy, thrived, and were
fertile, but in contrast to the Car4”- mice, the number and gender ratios were nearly the same as
those predicted on the basis of Mendelian ratios. The study, from which the first article describing
a major phenotypic analysis of knockout mice was published, was focused on the roles of both CA
IV .and CA XIV in neural function in the hippocampus. The biophysical data obtained suggested that
both enzymes contribute to extracellular buffering in the mouse brain. Notably, each enzyme was

sufficient to compensate when the other was eliminated.

Both CA IV and CA XIV are abundant in renal tubules, where they can play roles in the regulation of
metabolic pH homeostasis (256, 259). Analyses of the acid-base status of Car4”/Car14”- double-
knockout mice indicated, however, that these animals exhibited no renal acidosis (260), in

contrast to CA II-deficient mice, which readily develop metabolic acidosis and have high urine pH
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(227). Renal tubules contain at least three additional CA enzymes: membrane-associated CA XII
(261) and CA XV (262), as well as cytosolic CA I (31). The unexpected finding in which Car4"
/Car14”- double knockouts showed no signs of acidosis may have been the result of mutual

compensation of defective enzymes with other CAs expressed in the kidney.

CA IV expression has been demonstrated in rodent skeletal and heart muscle cells. Through
immunoelectron microscopy, positive immunoreactions were detected in the capillary
endothelium, sarcolemma, and sarcoplasmic reticulum of rat soleus muscle (263). CA IV has been
reported to be expressed in both the sarcoplasmic reticulum and sarcolemma of the mouse heart
muscle (264). Physiological studies using the Car4’-mouse model showed that the muscle
functions in the CA IV-deficient mice were unaffected compared to the fibers in the WT control
mice. However, the muscle function of Car4”-/Car14”- double-knockout mice unexpectedly
showed a decrease in rise and relaxation time and in the force of single twitches. The whole
spectrum of CA function in muscle cells is rather complicated because CA IV and CA XIV are not the
only isozymes involved in muscle cell function. CA IX seems to be another membrane-associated
CA that contributes substantially to the total CA activity in the sarcoplasmic reticulum (260).
Similar to the intricate functions of CA isozymes in the kidney, different CAs may mutually
compensate for each other to maintain an optimal microenvironment for muscle function in the

absence of one isozyme.

As indicated above, CA 1V is highly expressed in the male reproductive tract. Studies on human
tissue specimens indicated that CA IV is expressed in the microvilli and apical plasma membrane of
the epithelium lining the epididymal duct, ductus deferens, and ampulla of the ductus deferens
(241). In the rat epididymis, CA 1V is located at the apical plasma membrane of epithelial cells in
the distal caput, corpus, and proximal cauda epididymides, but it is absent in the epithelium of the
ductus deferens, seminal vesicle, and ventral prostate (240). Based on these results, it was
proposed that this enzyme may be functionally linked to the acidification of the epididymal fluid
that prevents premature sperm activation. Using Car4-mice, Wandernoth and coworkers
investigated the specific role of CA 1V in fertility (265). First, they investigated the expression
pattern of CA IV in tissue specimens using real-time PCR, immunohistochemistry and western
blotting. A positive signal for the CA IV protein was detected in the corpus and cauda segments of
the epididymis and ductus deference. This group surprisingly found that CA IV is expressed not

only in the lining epithelium but also in spermatozoa. The signal first appeared in the corpus
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segment, and then, signals were also observed in more-distal segments. Immunohistochemical
staining indicated that the positive signal was strongest in the plasma membrane of the sperm tail
region. Functional experiments revealed that the number of motile sperm and the quantity of fast
progressive sperm cells were significantly reduced in Car4”- mice compared to WT controls. A
subsequent follow-up study by Wandernoth and coworkers confirmed the corpus segment of the
mouse epididymis as the main site of CA IV expression (210). The signal for CA IV obtained by mass
spectrometry was higher in this segment than in the kidney, which was used as a positive control.
In addition, Wandernoth and coworkers demonstrated that both CA Il and CA IV appeared in the
epididymis with the onset of puberty. CA Il- and CA IV-deficient mice displayed imbalanced HCOz
homeostasis, resulting in poorer sperm motility and reduced HCO3-stimulated beat frequency.
The residual CA activity in the sperm cells of Car2”- and Car4”- mice was 35% and 68% that of the

WT mice, respectively.

3.5. CA VA-and VB-Deficient Mice

Mitochondrial CA activity was originally demonstrated in the early 1980s (52) and first described
as a single isozyme, named CA V (266). Later, two mitochondrial forms were identified in humans
and mice, CA VA and VB, which were both encoded in the nuclear genome (267-269). CA VA is
highly expressed in the liver, to a lesser degree in skeletal muscle, and in the kidney (based on
MRNA data) (269). CA VB is ubiquitously expressed in most tissues, except for the human liver; in
contrast, it seems to be present in the mouse liver (267, 269). Mitochondrial CAs contribute to
several metabolic processes, including gluconeogenesis, ureagenesis, and lipogenesis, by providing
bicarbonate for carboxylation reactions (266, 270, 271). Bicarbonate is required for the function of
four hepatic mitochondrial enzymes involved in essential metabolic pathways: carbamoyl
phosphate synthetase 1 (which functions in the first step of the urea cycle), pyruvate carboxylase
(which is involved in gluconeogenesis), propionyl-CoA carboxylase (which is involved in
methylmalonyl-CoA formation), and 3-methylcrotonyl-CoA carboxylase (which is involved in
branched-chain amino acid catabolism) (54) (Figure 8). Using CA inhibitors, it was shown that
mitochondrial CAs indeed play functional roles in metabolic pathways, with the most significant
contributions linked to pyruvate, fatty acid, and succinate metabolism (272). Recently,
Bernardino’s team identified three CAs, CA VB, CA IX, and CA XII, in human Sertoli cells and
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showed that inhibition of CA activity in these cells by acetazolamide treatment may lead to

impaired mitochondrial biogenesis (273), which may be attributed to a reduction in CA VB activity.
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Figure 8. Biochemical pathways in hepatocyte mitochondria initiated by bicarbonate produced by
carbonic anhydrase VA. CPSI, carbamoyl phosphate synthetase 1; PC, pyruvate carboxylase; PCC,
propionyl-CoA carboxylase; and 3MCC, 3-methylcrotonyl-CoA carboxylase

A major breakthrough in CA'V research was achieved when Shah and coworkers reported the
creation and characterization of Car5A”- and 5B7- mouse models (274). The Car5A-null mice clearly
showed a more severe phenotype than the Car5B”- mice. The Car5A”- mice were smaller than
their WT littermates, and their blood ammonia levels were elevated. Interestingly, they bred
poorly under normal conditions, but their fertility was restored when given access to sodium-
potassium citrate-supplemented water. Even though the Car5B-null mutation alone produced no

observable phenotype, it played at least some complementary physiological role. Indeed, Car5A”
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and 5B~ double-knockout mice showed additional phenotypic changes. Both growth impairment
and hyperammonemia were more profound in the double-knockout mice than in the single CarbA
- mice. Survival of the double-knockout mice after weaning was reduced. Fasting blood glucose
levels were significantly lower than those of the WT mice. These findings confirmed that
mitochondrial CAs contribute to ammonia detoxification and blood glucose level regulation, key

processes in ureagenesis and gluconeogenesis.

Soon after the publication describing CA VA- and CA VB-deficient mouse models, van Karnebeek et
al. (53) reported the first four cases of human patients with CA VA deficiency. In the initial report,
three different CA5A gene defects were identified. As discussed earlier in this review, typical
symptoms and laboratory findings include lethargy, hyperlactatemia, and hyperammonemia
during the neonatal period and early childhood. In addition, several sporadic changes were
reported in laboratory parameters linked to defective functions of bicarbonate-dependent
enzymes carbamoyl phosphate synthetase 1, pyruvate carboxylase, propionyl-CoA carboxylase,

and 3-methylcrotonyl-CoA carboxylase.

3.6. CA VI-Deficient Mice

CA VI is the only secretory isozyme of the mammalian o-CA family. It was first described in 1975 as
a novel salivary protein, gustin (275), which was shown much later by other experiments to be CA
VI (276). Ross Fernley from the University of Melbourne identified CA VI in the sheep parotid gland
and saliva (277), and subsequently, CA VI was isolated from rat (278) and human saliva (279). CA
VIis highly expressed in the serous acinar cells of the parotid and submandibular glands (280,
281), where it is secreted in high concentrations to saliva. Although CA VI shows a very limited
distribution pattern, its expression is not restricted to only salivary glands. In some reports, CA VI
was immunohistochemically identified in the lacrimal gland (282). However, our recent analysis
with mass spectrometry failed to identify CA VI in human tear fluid (unpublished observation). In
addition to saliva, milk contains high levels of CA VI, which is produced by the epithelial cells of the
mammary glands (283). Colostrum contains, on average, eight-fold greater concentrations of CA VI

than mature milk or saliva.

The exact physiological roles of CA VI are unclear, although the enzyme was described over 40

years ago. CA VI may contribute to the maintenance of optimal pH homeostasis of the upper
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alimentary tract (56, 238). The role of salivary CA VI may be of special importance on tooth
surfaces, and indeed, a clinical study suggested that it may play a protective role against
cariogenesis (284). Due to its abundant presence in both milk and colostrum, it may also be
involved in the developmental processes of the gastrointestinal canal during the postnatal period
(283).

The development of a CA VI-knockout mouse model has already helped us better understand the
physiological role of CA VI (67). The first report on that model indicated that Car6- mice were
viable, fertile, and had a normal life span. More lymphoid follicles were counted in the small
intestinal Peyer's patches of Car6”- mice compared to control mice, suggesting an immunological
phenotype for CA VI deficiency (67). This result was corroborated by functional clustering of
differentially expressed genes in which genes related to the “immune system process” were
enriched in the duodenum of knockout mice. The second report using an in vivo cariogenesis
model surprisingly revealed that Car6”- mice exhibited a lower rate of cariogenesis and oral
colonization of Streptococcus mutans than WT controls (285). This result indicated that the original
hypothesis on the role of CA VI as a protective factor against cariogenesis may not be feasible, at

least in this murine model.

Another article on a Car6”- mouse model described transcriptional changes in the respiratory tract
caused by CA VI deficiency (286). A total of 44 genes in the trachea and two genes in the lung were
either up- or downregulated. Functional clustering of the results revealed several altered
biological processes, such as antigen transport by M-cells, potassium transport, muscle
contraction, and thyroid hormone synthesis. No morphological changes were reported in the

trachea or lungs of Car6”- mice.

In 1981, gustin (CA VI) was linked to the regulation of the taste function (55). Decades later, a link
was reported between the bitter taste modality and CA VI through polymorphism in the human
CA6 gene (rs2274333 (A/G)), which contributed to 6-n-propylthiouracil taster status (62). A Car6”-
mouse model was recently utilized to further investigate the role of CA VI in taste function (287).
The results from IntelliCage™ behavioral monitoring confirmed that CA VI deficiency leads to an
abnormal bitter taste perception. Car6”- mice preferred drinking water treated with a low
concentration of the bitter-tasting substance 3 UM quinine over pure water. Based on this
observation, it was concluded that CA VI may be one of the factors that can contribute to

avoidance of bitter, potentially toxic substances.
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CA Vlis expressed as another stress-induced intracellular form called CA VI-b (288). It is expressed
after activation of the endoplasmic reticulum unfolded protein stress response pathway mediated
by the CCAAT/enhancer-binding protein homologous protein (CHOP). Studies with Car6”- mice
demonstrated that CA VI-b is a necessary component of a larger adaptive signaling pathway
downstream of CHOP (289). Six years after the first article on Car6” mice (67), Xu and coworkers
reported another CA VI-deficient mouse model, but their model was created by CRISPR/Cas9
technology to allow specific knockout of Car6-b in immune cells (290). Car6”- mice were more
susceptible to Listeria monocytogenes infection and exhibited lower levels of interleukin-12
production. Importantly, the survival rate of the Car6”- mice was significantly lower than that of
the WT controls after L. monocytogenes infection. There was no difference in either the
cytoplasmic or nuclear pH of peritoneal macrophages with or without infection. Moreover, the
catalytically inactive mutant CA VI-b rescued interleukin-12 production, suggesting that CA VI-b
promotes interleukin-12 expression independent of its CA catalytic activity. Finally, it was
demonstrated that CA VI-b induces interleukin-12 production by interacting with protein arginine
N-methyltransferase 5 (PRMT5), which links CA VI-b to epigenetic regulation of interleukin-12 in

innate immunity.

3.7 Waddles Mice with the Car8 Gene Deletion

Carbonic anhydrase VI is also known as carbonic anhydrase-related protein VIII (CARP VIII) and is
one of the catalytically inactive CA isoforms (70, 71, 291, 292). Among the catalytically inactive CA
isoforms, CA VIl was the first to be reported (293, 294). Subsequently, several studies were carried
out mainly related to its expression in both mice and humans (71, 165, 295, 296). These studies
showed that CA VIl is mainly expressed in cerebellar Purkinje cells during embryonic development
in both humans and mice, suggesting a role in cerebellar development and motor coordination.
More direct evidence for the involvement of CA VIII in motor coordination came from waddle
(wdl) mice with a 19-bp deletion in the Car8 gene and from members of Iragi and Saudi Arabian
families with CA8 gene mutations (73, 74, 297). The wdl mice showed wobbly side-to-side ataxic
movement throughout their life span. The members of Iragi and Saudi Arabian families with a
mutation in the CA8 gene showed a reduction in cerebellar volume with cerebellar ataxia and

cognitive impairment, and the members of an Iragi family showed quadrupedal gait.
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3.8. CA IX-Deficient Mice

CA IX differs from all other mammalian CA isozymes in that it shows very limited distribution in
normal tissues, whereas it is widely expressed in various malignancies. It is present in normal
gastric, intestinal and biliary mucosa (298). When investigated in greater detail, CA IX was found to
be highly expressed in the enterocytes of the human duodenum, jejunum, ileum and proximal
colon, while the signal diminished towards distal segments of the gut (299). The expression was
more positive in the proliferating cryptal enterocytes than in the mature epithelial cells of the
mucosa. Based on these results, CA IX was suggested to represent a marker of cell proliferation in
the normal gastrointestinal tract (298, 299). CA IX is also located in the epithelial cells of the skin,
pancreas and male excurrent ducts (80, 300, 301), suggesting that it may function in ion transport
and concentration processes in these organs. It has also been visualized in fetal extraocular fibrous
tissues (302). In the nervous system, CA IX is expressed at low levels in ventricle-lining cells and
the choroid plexus (303). In the esophagus, only weak CA IX expression is detectable in the basal
cells of squamous epithelium, and this level is increased in dysplastic cells (304). CA IX is expressed
in mouse skeletal muscle at a special location; it is not localized in the plasma membrane but in
the region of the t-tubular/terminal sarcoplasmic reticulum membrane (260). Takacova and
coworkers recently published an in silico analysis of mouse Car9 mRNA distribution based on
public GENEVESTIGATOR data (305). The results indicated a weak positive signal in a number of
murine tissues. The most abundant expression was detected in the stomach, intestine, pancreas,
hematopoietic stem/progenitor cells, dendritic cells, undefined skeletal system cells, undefined
female reproductive system cells, and kidney. Takacova and colleagues also demonstrated that —
similar to the human enzyme — mouse CA IX expression is regulated by several transcription

factors, such as HIF-1, SP1, and AP1.

CA IX is typically overexpressed in hypoxic tumors (82) and is transcriptionally regulated by HIF-1
alpha (306). It is a marker for poor prognosis in various hypoxic cancers, such as gliomas (307),
breast ductal carcinoma (308), oral squamous cell carcinoma (309), and lung adenocarcinoma
(310).

When mice with targeted disruption of the Car9 gene were generated, the first study results

indicated only mild phenotypic changes, most prominently gastric hyperplasia and some cystic
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changes within the gastric mucosa (311). Gastric acid secretion remained unchanged, indicating

that other CA isozymes mainly contribute to normal gastric pH homeostasis.

To further elucidate the role of CA IX in the gastric mucosa, C57/BL6 and BALB/c mice were fed
either a standard or high-salt diet for 20 weeks (312). The initial hypothesis was that a high-salt
diet may induce some dysplastic changes in the gastric mucosa in Car9”/- mice because the high
salt content of the food is recognized as a procarcinogenic factor (313), and it also causes gastric
hyperplasia and parietal cell loss (314). The results confirmed previous findings (311) that CA IX-
deficient mice with either a BALB/c or C57/BL6 genetic background and a standard diet showed
gastric pit cell hyperplasia and glandular atrophy of the gastric mucosa (312). In C57/BL6 mice, CA
IX deficiency was associated with gastric submucosal inflammation. In contrast to the initial
hypothesis, excess dietary salt had no significant effect on the severity of pit cell hyperplasia, and
no dysplasia was detected in any of the groups. The findings suggested that although CA IX
deficiency does not promote tumor formation or dysplastic changes per se, it does induce

glandular atrophy of the gastric mucosa, a lesion that is considered preneoplastic in the stomach.

Preliminary studies also suggested mild behavioral changes and a morphological disruption of
brain histology in 1.5-year-old CA IX-deficient mice. In a 1-year follow-up study, morphological
analysis showed vacuolar degenerative changes in the brains of Car9”- mice (315). The changes
were first visible when the mice were from eight to ten months old. These mice also exhibited
abnormal locomotor activity and poor performance in a memory test. In genome-wide cDNA
microarray analyses of brain specimens, a number of genes were significantly up- or
downregulated in CA IX-deficient mice compared to WT mice. Through functional annotation,
these genes were linked to various important processes, such as the regulation of ion homeostasis

and behavior.

3.9. CA XlI-Deficient Mice

CA Xll is another transmembrane, cancer-associated CA isozyme. It differs substantially from CA IX:
1) CA XII does not contain a proteoglycan-like domain (82); 2) it shows a wider distribution pattern
in normal tissues than CA IX (82, 303); and 3) CA XII has significantly lower CA enzymatic activity
than CA IX (316). Among many normal human tissues, CA Xl is highly expressed in the colorectal

epithelium (79), pancreas (80), esophagus (317), kidney (81), endometrium (78), efferent ducts
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and sporadic cells of epididymal ducts (300), and skin (301). In addition, CA12 mRNA is among the
most highly expressed mRNA species in the human corneal endothelium (318). In addition to many

normal tissues, CA Xll is often present and, in some cases, overexpressed in tumors (82).

Due to the wide distribution of CA XII, the functional consequences of Car12 deletion in mice are
of great interest for future investigation. Indeed, CA XlI-deficient mice were generated using the
Sleeping Beauty transposon method (319). Unfortunately, this knockout mouse colony became
extinct soon after the first report, and thus, no detailed functional studies are available. The only
reported change indicated that heterozygous carriers of Car12 mutation produced homozygous

litters in a non-Mendelian pattern.

Although no comprehensive studies on the role of CA XII have been performed in knockout
animals, this enzyme may have important physiological roles in tissues where it is expressed.
Mutations in the human CA12 gene have been associated with several clinical symptoms and
findings, such as hyponatremic dehydration, hyperkalemia, high sweat chloride concentration, and
failure to thrive (85, 86). These findings confirmed the important function of CA XlI in the body

water-ion balance.

3.10. CA XIV-Deficient Mice

CA XIV is a transmembrane CA isozyme that was originally reported by Fujikawa-Adachi et al. (320)
in 1999. Northern blot experiments revealed the expression of CA14 mRNA in the human heart,
brain, liver, and skeletal muscle. In addition to these tissues, an RNA dot blot analysis indicated
positive CA XIV signals in the spinal cord, kidney, urinary bladder, small intestine and colon.
Immunohistochemical studies later confirmed CA XIV expression in human and mouse neurons
and the choroid plexus (162), rat and mouse kidney (259), mouse hepatocytes (321), mouse retina
(322), rat epididymis (323), mouse skeletal muscle (324), and mouse heart (264). The CA XIV-
knockout mouse model was published by Shah et al. (183) in conjunction with the CA IV-deficient
mouse model. The CA XIV-deficient mice appeared healthy, grew normally and were fertile. When
CA IV/CA XIV double-knockout mice were produced, the number of double mutants was lower
than predicted on the basis of Mendelian ratios, and the sex ratio also showed male dominance
(74%). A phenotypic analysis showed that the double-knockout mice were significantly smaller

than the WT controls, many of the female double mutants died early, and those that survived
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were infertile. Electrophysiological data indicated that both CA IV and CA XIV contribute to pH
regulation in the extracellular space of the mouse hippocampus. Comparison of the effects further
suggested that CA IV had a somewhat greater effect on pH regulation than CA X1V in this region of

the brain.

Another report on CA XIV-deficient mice focused on muscle physiology (324). It was first
demonstrated that these mice exhibit no metabolic acidosis, although the enzyme is prominently
expressed in the kidney. Under normal conditions, CA XIV accounts for approximately 50% and
66% of the total CA activity in sarcoplasmic reticulum and sarcolemmal fractions, respectively.
Electrophysiological measurements of the fast-twitch extensor digitorum longus and slow-twitch
soleus muscles demonstrated that CA XIV deficiency alone did not affect maximum force, rise and
relaxation times or fatigue behavior. It is thus plausible that other CA isozymes, normally
contributing to 44-50% of membrane-associated CA activity, compensate for the lack of CA XIV in

this mouse model.

4, CARBONIC ANHYDRASE KNOCKDOWN AND KNOCKOUT ZEBRAFISH MODELS
4.1. The Zebrafish as a Model Organism

The zebrafish (Danio rerio) has attracted the attention of researchers who need an easy yet
sufficiently complex vertebrate model to study the function of conserved genes (325). The
widespread use of zebrafish as a model is largely attributed to Dr. George Streisinger from the
University of Oregon, who understood the advantages of using zebrafish as a model organism
(326). He initiated one of the first genetic screens to identify spontaneous zebrafish mutations and
used gamma-ray to induce random mutations in zebrafish DNA to identify offspring with rare
phenotypes, such as defects in pigmentation. The zebrafish, as a model organism for biological and
medical research, gained momentum during the 1990s when genetic mutants were created by
gamma irradiation and chemical mutagenesis, and novel phenotypes were then described (327-
329).

The zebrafish is a tropical fish that lives in the Ganges River in northern India. Its anatomical
structures and physiology resemble the respective features of mammals, which makes it an
excellent disease model (330, 331). The zebrafish has a high fertility rate, and an adult female

produces approximately 200 eggs per week. Important features of zebrafish embryos include
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transparency and rapid development (24 hrs) outside the mother, allowing exceptionally detailed
observations of developmental processes down to the subcellular level (332). The maintenance of
large-scale colonies of zebrafish is affordable in a relatively small laboratory space. In addition to
all these advantages, the zebrafish genome is well known and can be modified using a broad range
of straightforward manipulation methods. The consequences of genetic manipulation can be
followed over time through various techniques, such as in vivo microscopy, thus allowing the
collection of data directly from a living vertebrate organism (333-335). Fully sequenced genomes
are available for several strains of zebrafish, and importantly, 71% of human genes have at least
one ortholog in zebrafish genomes, and 69% of zebrafish genes have at least one human ortholog
(330). To support the role of zebrafish as a useful model organism for human genetic diseases,
82% of the known disease-causing genes in humans have a zebrafish ortholog (330). Many of
these zebrafish genes have previously been shown to recapitulate human disease when affected
(336).

Several techniques have been developed to create transgenic and knockout zebrafish models.
Although the first transgenic zebrafish were created through injection of naked, linearized DNA,
more efficient systems of genomic incorporation are now used (336-339). An expanded molecular
toolbox for genetic manipulation has allowed the zebrafish research community to create a large
number of transgenic, knockdown, and knockout models that have been characterized and
maintained for functional studies. To study zebrafish gene function, molecular tools include
TILLING (340), morpholino oligonucleotides (339), zinc-finger nucleases (ZFNs) (341), TALENSs (342),
CRISPR/Cas (338, 343), and Tol2 transposons combined with bacterial artificial chromosomes
(344). These resources have facilitated gene manipulation studies, with a sharp increase in
research publications related to zebrafish-knockdown and zebrafish-knockout models since 2000
(Figure 9).
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Figure 9. Number of publications on studies involving knockout or knockdown zebrafish models
published since 1993. The data were obtained from the PubMed database on June 17, 2021, using

the search phrase “zebrafish knockdown” OR “zebrafish knockout”.

Recently, using morpholino oligonucleotides and CRISPR/Cas technologies, several zebrafish
knockdown and knockout models have been generated to study the physiological roles of CAs,
both during embryonic development and in adult fish (Table 4). The availability of different
zebrafish strains, fluorescent reporter lines and powerful imaging techniques, such as in situ
hybridization and confocal microscopy, has facilitated investigation into the physiological roles of
CAs at the molecular level. Clearly, the mechanisms of pH regulation in teleost fishes are
profoundly different than those in mammals, and the CA gene repertoire also differs. Notably,
fishes almost entirely rely on metabolic compensation, which involves the exchange of acid-base
equivalents from the external environment: H* and HCO3™ are directly exchanged for Na* and CI',
respectively (345). The cytosolic CAs present in fish, especially in the gills and kidney, are the
major players in this metabolic compensation process because they provide protons and
bicarbonate ions that are exported into water (346). In zebrafish, the key mechanisms of acid-base
regulation involve contributions from solute carrier family 26 (SLC26), which is dependent on

cytosolic CA (347).
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Table 4. Knockout/knockdown zebrafish models currently available to study the functions of CAs.

Zebrafish CAs | Modification tool Reference

CA2 (CAl7a) | MOs and CRISPR/Cas9 | (348, 349)
CA6 | MOs? and CRISPR/Cas9 | #(350)
CA8 | MO (351)
CAl0a | MOs and CRISPR/Cas9 | (352)
CA10b | MOs and CRISPR/Cas9 | (352)
CAl14 | MOs and CRISPR/Cas9 | (353)

The adult zebrafish ca6-knockout model obtained through CRISPR/Cas9 technology is currently

available in our laboratory (unpublished).

4.2. Zebrafish Model of ca2 (cal7a) Knockdown

The physiological importance of high-activity cytosolic CA was originally determined by analyzing
the phenotypes of both humans and mice with CA Il enzyme deficiency as described in the
previous chapters. Among the many isoforms of CAs present in zebrafish, there seem to be two
closely related cytosolic isoforms: One isoform originally known as CA lI-like b, CAb, Cahz, or CA2b
is considered a predominant cytosolic isoform expressed in red blood cells (345, 349). The other
isoform, previously termed CA Il-like a, CAc, CA2a, or Ca2, is more widely distributed in tissues,
including the gills and kidney, but it may be weakly expressed or absent in red blood cells (345,
346, 354). The distribution of these enzymes in various fish tissues has not yet been fully clarified,
as Lin and colleagues showed by RT-PCR that both mRNAs are ubiquitously expressed (349). The
CA ll-like b, CAb, Cahz, or CA2b and CA lI-like a, CAc, CA2a, or Ca2 isoforms have been recently
renamed CA17b and CA17a, respectively (345). In zebrafish, Ca2 (CA17a) has been shown to
localize to a subtype of ion-transporting cells (ionocytes) that express apical H*-ATPase, Na*/H*
exchanger 3b (Nhe3b), and Rhcgl ammonia transporter (354). lonocytes are important sites of
ammonium-dependent Na* uptake that is mediated by Nhe3b (355). Therefore, it has been
suggested that cytosolic CA might play an important role in Na* uptake by ionocytes by providing
H* to Nhe3b and H-ATPase via hydration of CO2 (356). Two studies have confirmed that

knockdown/knockout of the ca2 (cal7a) gene using morpholinos and CRISPR/Cas9 resulted in an
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increase in Na* uptake in zebrafish larvae (348, 349). Knockout of the ca2 (cal7a) gene stimulated
Na* uptake and reduced CI. In addition, both cal7a”- knockout and treatment with ethoxzolamide
in zebrafish showed that the Ca2 (CA17a) enzyme is essential for physiological Cl- uptake.
Importantly, the complete lack of Ca2 (CA17a) was lethal for zebrafish, in contrast to the effect of
CA Il deficiency in humans and mice (30, 222, 348). One hundred percent mortality was observed
in cal7a” zebrafish larvae by 19 dpf (348). Homozygous mutant zebrafish larvae exhibited a
characteristic bimodal swim bladder phenotype; that is, the bladder is either over- or
underinflated compared to that in the heterozygous or WT larvae. In addition, by 9 dpf, the

homozygous larvae exhibited a shorter body length than the heterozygous or WT larvae.

4.3. Zebrafish Model of ca6 Knockdown

Although several studies have suggested that the CA VI enzyme may function in taste perception
and immunological modulation in mammals (55, 58, 67, 286, 287), its precise physiological roles
are still inadequately understood. When the presence of a ca6 gene was reported in zebrafish, the
corresponding protein was predicted to contain an additional pentraxin (PTX) domain at the C-
terminal end (350). The discovery of ca6 with a C-terminal pentraxin domain was a novel finding in
the CA gene family and among pentraxins. The recombinant CA6-PTX enzyme contained 530
residues and exhibited high CA enzymatic activity. Light scattering studies indicated that, similar to

several other pentraxins, the CA6-PTX protein exists as a pentamer in solution (350).

CA6-PTX is expressed in several organs of zebrafish, including the skin, heart, gills, and swim
bladder (350). The immunohistochemical signal was strongest on cell surfaces, suggesting plasma
membrane-bound localization. Analysis of ca6 mRNA expression using gRT-PCR showed that the
gene is prominently expressed in the fins/tail and brain, while a weaker signal was reported in the
gills, kidney, teeth, skin, and spleen. Interestingly, the swim bladder in morphant embryos was
either absent or deflated 4 dpf, but no other morphological changes were observed. The swim
pattern analysis of morphant larvae 4 dpf revealed decreased buoyancy and lower swimming
activity compared to the control group larvae. When ca6 mRNA expression was restored in larvae
5 dpf, the swimming pattern of the morphant larvae returned to a nearly normal pattern.
Together, these results suggested that CA6-PTX is required for swim bladder development and/or
function in zebrafish. The distribution of CA6 in both fish and mammals suggested a role in

physical barriers against the external environment (gut, skin, and gills in zebrafish; skin, saliva,



54

milk, and respiratory tract in mammals), consistent with its putative function in primary immune

defense.

4.4. Zebrafish Model of ca8 Knockdown

Bioinformatic and phylogenetic studies have shown high similarity between vertebrate and
invertebrate CARP VIII/CAS8 protein sequences (71). The zebrafish ca8 gene contains 9 exons that
encode 281 amino acids (351). A comparison of the amino acid sequence of zebrafish CA8 with the
human CA VIl sequence indicated 79% identity, and the shared amino acid identity in the CA
domain was 84%. The high degree of homology between the sequences suggested a conserved

and essential function.

CARP VI1I/CA8 may functionally contribute to intracellular regulation of calcium concentration.
This enzyme interacts with inositol 1,4,5-trisphosphate receptor type 1 (ITPR1), an ion channel
protein that regulates internal Ca?* ion release (357). Although it was previously believed that
nearly the entire CA domain of CARP VIl was required for ITPR1 binding and regulation of
intracellular calcium concentration (292, 357), Upadhyay et al. (358) recently showed that even a
truncated 22-kDa polypeptide of human CARP VIII contributed to ITPR1-dependent calcium
release similar to that of the 33-kDa full-length polypeptide. A coevolutionary analysis of the CA8
and itprla genes suggested that these two proteins evolved together (292). Zebrafish ca8 mRNA is
highly expressed in the central nervous system, especially in cerebellar Purkinje cells, similar to
that of human CARP VIII (351, 357). The similar expression patterns suggested that the function of
CA8 is conserved in zebrafish and that the protein is required for the development of cerebellum
and motor coordination (351). A developmental expression analysis showed the presence of ca8
MRNA 0 hpf, suggesting maternal origin and involvement in zebrafish brain development during
early embryogenesis. High expression of ca8 mRNA was also found in other tissues, including the
heart, kidney, eye, and skin. Interestingly, the expression pattern of itprla mRNA during zebrafish
development was fairly similar to that of ca8, corroborating the interaction and functional role of

ITPR1 and CA8 in early embryogenesis (351).

Knockdown of the ca8 gene using gene-specific translation and splice site-blocking morpholinos
produced abnormal changes in the head of morphant zebrafish embryos as early as 9 hpf (351). In

addition, the ca8 morphant larvae exhibited a fragile body, curved tail, small eyes, and pericardial
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edema. As development progressed, defects in the morphant larvae became more prominent,
manifesting as a shortened tail, curved body axis, and absence of swim bladder and otolith
vesicles. A terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assay
showed apoptosis of the cells in the head region of the ca8-morphant larvae. Transmission
electron microscopy confirmed an increased rate of neuronal cell death. Apoptotic changes
include a condensed nucleus, fragmented mitochondrial profiles, and debris of dead cells. The ca8
morphants showed an ataxic movement pattern analogous to humans with CA8 mutations,

confirming the role of this gene in motor coordination function.

45. Zebrafish Models of cal0a and calOb Knockdown

CARP X/CA10 and CARP XI/CA11 are the other catalytically inactive CA isoforms in which catalytic
inactivity is due to the absence of two and three of the critical histidine residues, respectively, that
are required for the enzymatic activity of CAs (359). The presence of CA10 and CA11 genes was
first mentioned by Hewett-Emmett and Tashian in 1996 based on expressed sequence tags (ESTSs)
(294). Later, the sequence of CA10 was discovered by screening a human brain cDNA library (360),
and the sequence of CA11 was identified during the construction of a physical map for cone-rod
retinal dystrophy (361). An RT-PCR expression analysis of CA10 mRNA indicated a positive signal in
the salivary glands, kidney, testis, and brain (360). An RNA dot blot revealed widespread
distribution in the human brain, while immunohistochemical staining revealed that the CARP X
protein was mainly located in the myelin sheaths of the human brain, while the cerebral neural
cells, astrocytes, and oligodendroglia remained unstained (165). Human CARP Xl is also mainly
expressed in the brain. An RNA dot blot expression analysis showed that CA11 mRNA in all parts of
the brain analyzed, including the amygdala, caudate nucleus, cerebellum, cerebral cortex,
hippocampus, and medulla oblongata, as well as the spinal cord (360). A RT-PCR analysis revealed
positive amplicons in the human pancreas, liver, kidney, salivary gland, and spinal cord (362).
Immunohistochemical staining showed the presence of CA XI protein in human neurons,
astrocytes, choroid plexus, and pia arachnoid, whereas the oligodendroglia remained negative for
CA XI staining (165).

A phylogenetic analysis of CA10 and CA11 sequences suggested that the CA11 gene emerged in
tetrapods through a gene duplication of CA10 after the divergence of the fish and tetrapod
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lineages (71). Due to a separate duplication event in fishes, zebrafish and other ray-finned fishes
have two CA10 orthologs, calOa and calOb. As a result, the protein encoded by the calOa gene is
very similar to mammalian CARP X (90% identity to human CARP X at the protein level), whereas
the protein encoded by cal0b diverges slightly, with 75% identity to human CARP X (352). An
expression analysis of cal0Oa and calOb genes using real-time quantitative PCR in zebrafish
showed that these genes are highly expressed in the adult nervous system and developing
embryos. cal0a mRNA was found to be highly expressed in the brain, heart, and eye, while the
highest expression of cal0b was found in the ovary, brain, and swim bladder, and a moderate
signal was detected in the testis, spleen, and eye. An analysis of developing embryos showed that
the cal0b mRNA was of maternal origin with the highest signal at 0 hpf, decreasing to very low
levels 4-48 hpf, increasing to high levels 96 hpf, and then remaining relatively constant until 168
hpf. The expression pattern of the calOb gene suggested that this gene plays an important role in
early embryogenesis and is also required during the later developmental period. cal0a mRNA was
detected throughout the developmental period of zebrafish embryos, but the levels were very low
at 0-48 hpf. The highest expression levels of cal0a mRNA were observed between 96 and168 hpf,
when the signals remained nearly constant. This expression pattern suggested that the calOa gene
plays an important role during embryonic development, especially after 72 hpf. The evolutionary
conservation of CA10-like genes, their relatively wide distribution in several tissues, and the high
MRNA levels expressed during embryonic development suggested a crucial role for CARP X-like

proteins in vertebrates (292, 352).

Zebrafish larvae with a morphant calOa gene had abnormal body shape and defects in the head,
including small eyes (352). These abnormalities became more prominent during development,
with growing zebrafish showing a long curved body, curved tail, pericardial edema, and absence of
both swim bladder and otolith sacs. The cal0b morphant larvae displayed more severe phenotypic
defects than the cal0a morphants, and changes were observed as early as 12 hpf. The cal0b
morphant larvae had a short and abnormally shaped body 24 hpf; the body was fragile, and the
mortality rate was high. The cal0b morphant embryos had difficulty hatching and displayed
curved tails, small heads and eyes, mild pericardial edema, absence of otolith sacs, and unutilized
yolk sacs. They did not survive beyond 3 dpf. A TUNEL assay on sections of cal0a morphant
zebrafish larvae 5 dpf revealed apoptotic cells, especially in the head and eye regions. Similarly,

large areas of apoptotic cells were observed in the head region of cal0b morphant larvae 5 dpf,



57

and a weaker signal was observed in the tail region. Both cal0a and cal0b morphant embryos
showed abnormal movement patterns, suggesting an association of these genes in the motor
coordination function in zebrafish (352). The partial rescue of cal0a and calOb morphant embryos
with the injection of corresponding human mRNAs also confirmed the specificity of the cal0a and
calOb antisense morpholinos used in the study. The phenotypes of the zebrafish larvae obtained
by morpholino-based knockdown of the cal0a and calOb genes were also confirmed by silencing
these genes using CRISPR/Cas9 genome-editing technology. Similar to the morpholino-injected
larvae, these CRISPR/Cas9-generated calOb mutant larvae possessed a severe phenotype with
high mortality 1 dpf, and no larvae survived beyond 2 dpf. The calOa-mutant larvae showed a less

severe phenotype with a lower mortality rate 1 dpf than the calOb-mutant larvae.

4.6. Zebrafish Model of cal4 Knockdown

Microphthalmia-associated transcription factor (MITF) is a master regulator of melanocyte biology
and is involved in a number of key cellular functions, such as differentiation, survival, senescence,
invasion, lysosome biogenesis, proliferation, metabolism, and DNA damage repair (363). Hoek and
coworkers were the first to report that MITF may regulate the expression of CA XIV in human
melanoma cells (364). Recently, Ayyappa Raja and colleagues provided evidence that MITF
activation directly induces cal4 gene expression in zebrafish and that the CA14 protein is essential
for melanocyte maturation (353). In zebrafish, pigment-producing cells are termed melanophores
and are considered functionally similar to the melanocytes of higher vertebrates, with conserved
gene networks (353). At 2 dpf, the cal4 morphant zebrafish showed light pigmentation compared
to the control group larvae. The significant reduction in pigmented melanophores suggested that
CA14 plays an important role in the process of melanogenesis, a crucial event associated with
melanocyte maturation. During this process, the pigmentation genes tyr, dct, and tyrplb are
normally upregulated. In the cal4 morphant fish, these genes exhibited reduced transcription
levels, suggesting that the CA14 protein interferes with melanocyte maturation by altering the
expression of key genes involved in pigmentation. As CA14 is regulated by MITF and considering its
ability to control intracellular pH and sustain the melanin content of zebrafish melanophores, it is

a likely a mediator of melanocyte maturation.
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To confirm the role of CA14 in pigmentation in zebrafish, the coding region of the cal4 gene was
targeted using the CRISPR/Cas9 system (353). A frameshift mutation in the third codon of the cal4
gene was introduced by deletion of two bases. The cal4-mutant fish had small eyes, an enlarged
heart, and decreased pigmentation. An analysis of genes differentially expressed 36 hpf, the time
period of pigment cell migration and maturation, indicated reduced levels of tyr, tyrplb, and dct
expression in the mutant embryos. The downregulation of these genes confirmed that the cells
were in an immature, less-pigmented state and that pigmentation-promoting gene expression was
severely reduced in the absence of CA14. Thus, the authors concluded that CA14 is an activator of
the MITF regulatory network and amplifies the expression of melanocyte maturation genes by

altering histone acetylation via programmed intracellular pH changes.

5.  DROSOPHILA MELANOGASTER AND CAENORHABDITIS ELEGANS AS MODELS TO STUDY
CARBONIC ANHYDRASE FUNCTION

5.1. Drosophila melanogaster as a Model Organism

Drosophila melanogaster, or fruit fly, is a dipteran invertebrate species. It has been widely used as
a model organism in research since the beginning of the 1900s, when Thomas Hunt Morgan
started using flies in his studies on heredity. The complete D. melanogaster genome sequence was
obtained in 2000, and it was found to be relatively small, approximately 1/20t" the size of the
human and mouse genomes (365, 366). D. melanogaster has four sets of chromosomes: the sex
chromosomes, X and Y; two autosomal chromosomes, 2 and 3; and a very small chromosome, 4
(367). The number of D. melanogaster genes is approximately 15,000 (365, 366), and their
products are less functionally redundant than products of human genes. Despite these significant
genomic differences, 75% of the known disease-causing genes in humans have a homolog in the
fruit fly (368).

D. melanogaster has a fast life cycle: a fertile mating pair can produce hundreds of progeny in
approximately 10 days at 25°C (369). Drosophila developmental stages, from egg to adult, can be
utilized for modeling different phenomena. For example, the embryo can be used to study
fundamental aspects of developmental biology, e.g., pattern formation, organogenesis, and cell
fate determination. Larvae and pupae can be used to study many developmental and physiological

processes and cell cycle. The Drosophila adult is a complex organism that has many organs
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equivalent to mammals in terms of biology, such as the brain, heart, lung, kidney, gut, and
reproductive tract. Therefore, even complex behaviors, such as waking and sleeping, learning and

memory, feeding, and aggressive behavior, can be studied in Drosophila adults (369, 370).

Many genetic tools have been developed during the history of Drosophila use as a model
organism, which makes Drosophila ideal for many gene function studies. One invaluable tool is
balancer chromosomes, which are used to maintain lethal and sterile mutations in the fly stock in
an extremely stable way. These types of tools are not available for use with other model
organisms, such as mice (371). There are many strategies to study genes of interest in Drosophila.
The forward genetic approach, where mutations are introduced randomly and in which flies are
screened for a chosen phenotype, is considered the classical approach (372-374). In reverse
genetics, RNA interference (RNAi)-mediated silencing of the genes of interest can be carried out in
vitro in Drosophila cultured cells or in vivo (375). For in vivo studies, the most commonly used
system is the UAS-GAL4 system that has been adapted from the yeast system (376), which can
either silence or overexpress genes of interest. Targeted mutations of genes can be generated,
e.g., using the CRISPR/Cas9 system (377). Great online resources for fly work are available, the
most comprehensive of which is FlyBase (http://flybase.org) (370), which provides information
about available fly lines (GAL4 driver lines, RNAI lines, mutants, etc.), sequences and their human

homologs, expression data, and more.

5.2. Roles of Carbonic Anhydrases in Drosophila melanogaster

The number of studies concerning Drosophila CAs and invertebrate CAs, in general, is limited.
Most Drosophila CAs belong to the a-class. In total, one B-CA and nine a-CAs have been identified.

There are also at least five CARPs (378), whose functions are currently unknown.

Of the Drosophila a-CAs, CAH1 and CAH2 are the best-characterized isozymes (Table 5). A
phylogenetic analysis showed that D. melanogaster CAH1 and mammalian cytoplasmic CA
isozymes share a common ancestor (379). In addition, CAH2 shares an ancestor with mammalian
extracellular CA isozymes. High-throughput expression studies reported in FlyBase revealed that
CAH1 has the highest level of expression and the widest distribution of all D. melanogaster CAs.
The highest expression was found in the salivary gland, midgut, and hindgut in both larvae and

adults. High CAH1 expression has also been found in larval trachea. CAH2 is most highly expressed
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in the larval hindgut, midgut, trachea, adult salivary gland, and Malpighian tubules. Both CAH1 and
CAH2 are highly catalytically active (379). CAH1 possesses a Kcat 0f 6.4 x 10° s and Kcat/Km of 1.2 X
108 M1st; for CAH2, these values are 6.0 x 10° st and 1.0 x 108 Ms%, respectively.

In a recent study, the effect of CA inhibitors was tested in the Aedes aegypti mosquito, which
causes yellow fever, and D. melanogaster larvae (380). The CA inhibitor dichlorphenamide caused
biphasic elevation and depression of central nervous system firing in D. melanogaster larvae. The
effects were enhanced by lowering the buffer concentration of the insect saline solution. The
buffer dependence of these effects supports the hypothesis that CAs have physiological actions in
the regulation of nerve and muscle functions in Drosophila. However, the specific CA that

mediates this effect has not been determined.

Many animals, including humans, generate low pH in the gastrointestinal canal, the purpose of
which is to accelerate protein digestion and absorption of nutrients and to destroy pathogens and
parasites. Drosophila are no exception, and CAs participate in acidification of the fly gut (381). A
recent study increased our understanding of this role of CAs. Overend et al. (382) showed by
semiquantitative analysis that knockdown of CAH1 markedly increased pH in the acidic part of the
Drosophila gut. It was also observed that disruption of pH leads to changes in the bacterial flora of
the Drosophila gut, thus affecting immune defense. Similar to that in humans, the low pH region of
the Drosophila gut protects against pathogenic bacterial colonization and regulates the

colonization of nonpathogenic bacteria in the gut.

For a long time, it was thought that B-CAs are not present in any animal species. However, Fasseas
et al. (383) first described two 8-CA genes in the nematode Caenorhabditis elegans. One of the
two enzymes was shown to be active. A few months later, we identified and biochemically
characterized a novel B-CA enzyme in another invertebrate animal, D. melanogaster (7). D.
melanogaster B-CA is a dimeric mitochondrial enzyme. It is highly catalytically active, with Kcat of
9.5 x 10° st and kcat/Km Of 1.1 x 108 Ms? (Table 5). To the best of our knowledge, this B-CA is the
only mitochondrial CA in Drosophila, while all other CAs, namely, a-CAs, reside in other cell
compartments. Our study suggested that at least one 8-CA gene can be found in all Animalia
species, excluding those in the Chordata phylum. This finding is important because many
pathogenic parasites and disease-carrying vectors are invertebrates and thus express B-CAs. The

difference in active site structure between mammalian a-CA and parasite B-CA enzymes has
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opened new avenues for developing parasite-specific medications with minimal harmful side

effects on vertebrates, including humans.

The physiological role of B-CA in D. melanogaster was investigated by knocking down the
expression of B-CA using RNAI (384). The RNAI constructs were controlled both temporally and
spatially using the UAS-GAL4 system. Interestingly, B-CA function turned out to be crucial for the
fertility of D. melanogaster females. Morphological studies demonstrated that partial loss of -CA
function leads to disturbances in border cell migration during oogenesis (Figure 10). This may
explain the reduced fertility in knockdown female Drosophila adults, since defective border cell
migration leads to sterility due to impaired morphogenesis of the so-called “micropyle” (385), a
structure needed for normal fertilization. RNAi-knockdown flies typically laid no eggs, even though
virgin female flies were expected to ovulate, although at a slow rate (approximately 1 egg/day)
(386). The mechanism by which oocytes are released from Drosophila ovaries is largely unknown.
The loss of B-CA function might affect conditions in the ovulatory tract, which would then hinder
ovulation. The highest B-CA expression levels in Drosophila have been found in spermatheca (an
organ for sperm storage in females), fat body, and heart
(http://flyatlas.org/atlas.cgi?name=cg11967-ra). Although direct experimental evidence is lacking,
the sterility of female 8-CA knockdown flies may also be due to abnormal function of spermatheca

or disturbed ovulation.

Itis currently unclear how B-CA affects border cell migration in D. melanogaster. Among human
CAs, isozymes IX and XII have been linked to tumor invasiveness and migration (82, 101). It was
suggested that CAs facilitate cancer cell migration by lowering the pH of the extracellular matrix,
which in turn activates matrix metalloproteinases. Human CAs IX and XII are membrane-bound
enzymes, whereas Drosophila B-CA is mitochondrial. HCO3™ does not easily diffuse through cell
membranes, and thus, it is unlikely that B-CA can affect the pH of the extracellular space. A more
plausible explanation is that mitochondrial B-CA is involved in biosynthetic reactions, and the
impairment of these functions may affect border cell migration. Since the enzyme is
mitochondrial, the effect of RNAi knockdown on the mitochondrial respiratory chain was
investigated, as well as the effect on fly survival (384). It was found that neither the respiratory
chain nor survival was affected, at least not with the gene-silencing levels reached in the reported

study.
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Figure 10. A schematic diagram of early stage 10 Drosophila melanogaster oocyte development.
Border cells detach from the epithelium at the distal end of the egg chamber and migrate between
the nurse cells towards the oocyte. A) In WT D. melanogaster, the border cells end up on the
border of nurse cells and oocytes. B) When D. melanogaster B-CA expression is ubiquitously

silenced using RNAI, border cell migration is impaired (modified from (384)).

5.3. Caenorhabditis elegans as a Model Organism

Caenorhabditis elegans is a very small, free-living nematode that can be found in environments
worldwide. C. elegans worms exist primarily as self-fertilizing hermaphrodites, although males
emerge at a very low rate. C. elegans has four larval stages, L1, L2, L3, and L4, and adult worms can
produce up to 300 progeny in their life span. The C. elegans life cycle is dependent on
temperature: at 25°C, the life cycle is fast, resulting in a new generation, from eggs to adults, in 2.5
days. In the laboratory, C. elegans worms are generally grown on agar plates containing a lawn of

Escherichia coli bacteria, and when large quantities of worms are needed, they can be cultured in
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liquid medium (387). Newly hatched larvae are 0.25-mm long, and adults are 1-mm long (388).
Under stressful conditions, such as crowding during growth, food restriction, or high temperature,
the worms can enter the Dauer stage, where their development arrests at the second molt (389).
This can be useful in maintaining the worms, since they can be kept at the Dauer stage for several
months at 11°C or 16°C (387). At the right developmental stage, worms can be frozen and kept in
liquid nitrogen at -196°C virtually indefinitely (387, 390). Because of their small size, the
movement, eating, mating, and egg-laying behavior of C. elegans is usually observed with a
dissecting microscope. Compound or confocal microscopes, allowing higher magnification, are
often used for performing experiments. C. elegans worms are transparent, and therefore,
individual cells and subcellular details can be visualized using Nomarski (also called differential
interference contrast, DIC) optics (388). C. elegans is also very well suited for use in studies where

fluorescent proteins are expressed (391, 392).

Because of its many useful features, C. elegans has been a powerful model of choice for eukaryotic
genetic studies for decades. A famous example is the pattern of cell divisions and resulting cell
lineages, which have been thoroughly investigated in this nematode model. In C. elegans, strictly
determined cell lineages from one to eight sequential divisions give rise to a fixed number of
progeny cells with distinct fates, including cells of the neuronal, digestive and muscular systems
(393). Moreover, the development of the nervous system has been exhaustively studied in C.
elegans: the ~7,000 synapses of the whole-worm nervous system have been mapped using serial-
section electron micrographs through an effort that took more than ten years for completion
(394). Therefore, the most complete wiring of any nervous system has been identified in C.
elegans (388). Because of the invariant cell lineage and the relatively simple neural circuit,
mutation in these systems gives rise to easily detectable developmental or behavioral phenotypes
that can be utilized in genetic screening. Moreover, C. elegans was the first multicellular organism
for which the genome was sequenced (395), making it a highly useful model for identifying novel

key genes in fundamental biological processes (388).

5.4. a-Carbonic Anhydrases in C. elegans

The genome of C. elegans encodes seven a-CAs, namely, CAH-1, CAH-2, CAH-3, CAH-4a, CAH-4b,

CAH-5, and CAH-6 (383). According to a bioinformatics analysis, many nematode a-CAs contain
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signal peptides that target them to the secretory pathway (396). However, this pattern may not
apply to C. elegans a-CAs. CAH-3, CAH-4b and CAH-5 are cytoplasmic enzymes (397), and CAH-4a
is directed to the cell nucleus, suggesting a role in pH regulation therein. Fasseas and coworkers
concluded that only CAH-3, CAH-4, and CAH-5 possess the three conserved zinc-binding histidine
residues characteristic of enzymatically active human CAs. From these three CAH enzymes, CAH-3
and CAH-4 have been proven to be enzymatically active. The other three enzymes (CAH-1, CAH-2,
and CAH-6) were presented as CARPs that lack CA activity. It was also demonstrated that silencing
of the cah-3 and cah-4 genes seemed to affect the lifespan of C. elegans. However, the reduction
in worm maximum lifespan was small, even though the cah-3 and cah-4 genes had the highest

expression levels of the studied a-CAs.

There are limited kinetic data concerning C. elegans a-CAs. CAH-4b has been shown to be
functional with a Keat 0f 7.2 x 10° s7* and Kcar/Km 0f 5.4 x 10" M~1s1 (398) (Table 5). It has also been
shown that a CA inhibitor, acetazolamide, did not penetrate the nematode cuticle. C. elegans is
highly resistant to pH changes, with more than 90% surviving in pH conditions ranging from pH 3
to 10, a property that is probably, at least partially, related to its CA activity. Studies have
suggested that a CA in Ostertagia ostertagi (a parasitic nematode) may play a critical role in the
immediate early developmental events that follow exsheathment initiation, which in turn is the

first step in the initiation of infection (399).

Given that one-half of the C. elegans a-CA genes seem to encode acatalytic CAs (CARPs), it is likely
that these proteins are involved in other important processes independent of CO> metabolism.
Similar to acatalytic CARPs in humans, acatalytic isoforms of CAs in C. elegans are mainly
expressed in neurons (397). Notably, adult C. elegans show an immediate avoidance response
upon exposure to carbon dioxide by discontinuing forward movement and starting backward
movement (400). This reaction might be linked to CA activity. These observations indicate

potentially important roles for a-CAs in the physiology and pathogenesis of nematodes.

5.5. B-Carbonic Anhydrases in C. elegans

In 2009, Fasseas et al. (383) characterized C. elegans B-CA, the first characterized invertebrate B-
CA. They discovered two B-CA genes in C. elegans, named BCA-1 and Y116A8C.28. The protein

encoded by the latter gene showed low catalytic activity with a keat 0f 2.77 x 10* s7* and a keat/Km of
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6.383 x 10° M~! 571, The other B-CA they discovered seemed to lack catalytic activity. However, the
sequence initially found for BCA-1 was incorrect; in the original analysis, the coding sequence of
the preceding gene, MTP18, which was fused to the B-CA reading frame, was erroneously
included. The sequence annotation was later corrected, and it is likely that both B-CAs in C.
elegans are active enzymes (7). RNAI studies of C. elegans B-CA did not reveal any visible

phenotype.

Although research on nematode B-CAs and other invertebrate B-CAs is limited, B-CAs are
considered attractive targets for antiparasitic drugs because B-CAs are missing in humans and
other vertebrates. Inhibitors specific for these enzymes can be designed, which assumedly would

induce minimal side effects via inhibition of mammalian o-CAs.

Table 5. Characterized CAs in D. melanogaster and C. elegans. Subcellular locations are either
predicted or studied using GFP tagging. In addition to the CAs listed, both D. melanogaster and C.

elegans express several CAs and CARPs that have yet to be characterized (378).

Organism Enzyme CA subcellular localization Keat/Km Keat (5) Physiological
class (M5 function

D. melanogaster | CAH1 a cytoplasmic 1.2x108 6.4x10% | notknown

D. melanogaster | CAH2 a membrane-attached 1.0x 108 6.0 x 10% | not known

D. melanogaster | DmBCA B mitochondrial 1.1x108 9.5x10° | border cell

migration/fertil
ity of female

flies
C. elegans CAH-3 a cytoplasmic active  in | active in | not known
Vvivo Vvivo
C. elegans CAH-4a a nuclear 6.68 x10* | 6.85x10° | not known
C. elegans CAH-4b a cytoplasmic/excretory 5.4 x 107 7.2x10° | notknown
C. elegans Y116A8C.28 | B not known 6.38 x10° | 2.77 x 10* | not known

6. CONCLUSIONS AND FUTURE DIRECTIONS

Professor Robert E. Forster, a renowned physiologist and CA researcher from the University of
Pennsylvania, made a far-seeing statement during the International Conference of Carbonic
Anhydrases in Spoleto, Italy, in 1990: “With so many questions about its functions, some about
new problems and some about old problems freshly seen, research on carbonic anhydrase has a

bright future.” Since then, we have witnessed several major scientific breakthroughs in the field of
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CAs. Eight structurally divergent but functionally convergent CA gene families have been
established. Several new members of the mammalian a-CA gene family have been discovered,
existing now as thirteen enzymatically active and three CA-related members. More efficient
techniques have been introduced to create knockout and knockdown models not only with mice
but also with lower vertebrate and invertebrate organisms. Several unique animal models have
been generated to study the physiological role of each isoform. Research in the postgenomic era
has generated an unprecedented amount of genomic data that have been utilized to better
understand the evolution of these ancient enzymes and to define genetic variations with
physiological and clinical significance. During the past two decades, the development and testing
of CA inhibitors have been the most intensively studied areas of CA research. Several inhibitors are
in clinical use, and several others are undergoing or entering clinical trials. CA inhibitors will have
great potential to bolster, for example, the anticancer and antimicrobial armamentarium.
Considering these facts and prospects for new findings, we strongly believe that research on CAs

has a future brighter than ever before.
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