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Abstract  
 
Background and Aims: Carbonic anhydrases (CAs) occur abundantly in nature and are 
found in many organisms which participate in many biologically important processes.  
Among the α-CA gene family, there are three homologues that have no catalytic CA activity 
due to lack of functionally important histidine residues and are named as carbonic anhydrase 
related proteins (CARPs). In the present study I analyzed and evaluated the distribution of 
CARP genes in different taxonomic classes using bioinformatic methods and studied the 
expression profile of CARPs and their mRNAs using immunohistochemistry and quantitative 
real-time PCR in different tissues of mice. 
 
Results: I analyzed 84 sequences for the study, of which 21 sequences were novel and 
previously unannotated.  The  distribution  of  CARP  VIII  and  CARP  X  genes  was 
seemingly  universal  in  the  vertebrates and invertebrates whereas, CARP XI was found only 
in mammals and frog. Many fish species showed independent duplication of CARP X.  
Immunohistochemistry showed very strong expression of CARP VIII in the cerebellum, 
cerebrum, and moderate expression in the lung, liver, salivary gland and stomach, and low 
expression in the colon and kidney, whereas CARP X was expressed in the lung and a weak 
expression was observed in the kidney and low levels of CARP XI expression was seen in the 
cerebellum stomach, kidney, cerebrum, liver and small intestine and weak staining was seen 
in the colon. RT-q PCR analysis confirms the results of immunohistochemical staining, 
showing wide distribution of Car8 and Car11 mRNAs in different tissues analyzed in the 
study, whereas the expression of Car10 mRNA was restricted to the frontal cortex, parietal 
cortex, cerebellum, midbrain and eye. 
 
Conclusions: CARPs are widely distributed with a very high sequence similarity among the 
organisms analyzed in the study. Molecular analysis of CARPs and Car mRNAs suggests a 
very important role in the development of cerebellar cortex and motor coordination function 
in the cerebellum and important physiological role in other tissues. Further studies using 
knockdown or knockout model organisms are needed to understand the precise role of 
CARPs. 
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1. Introduction 
 

Carbonic anhydrases (CAs) are metalloenzymes that occur abundantly in nature and are found 

in almost all organisms that have been studied (Henry, 1996). CAs are fundamental to many 

biological processes, such as photosynthesis, respiration, renal tubular acidification, and bone 

resorption (Tashian, 1992; Sly and Hu, 1995). The animal kingdom CAs belongs to a single 

gene family known as α-CAs containing zinc as a metal ion in the active site. The main 

chemical reaction catalyzed by CAs involves the reversible hydration of CO2 (CO2+H2O 

<=>HCO3-+H+).  

In vertebrates, α-CAs are characterized by 16 different isoforms, 13 of which (CA I, II, III, 

IV, VA, VB, VI, VII, IX, XII, XIII, XIV, and XV) are enzymatically active, whereas the other 

3, namely, the CA-related proteins (CARPs) VIII, X, and XI, appear to lack CA activity 

because of substitutions to 1 or more of the 3 functionally important histidine residues(Sly 

and Hu, 1995; Tashian et al., 2000; Supuran, 2004). Active isoforms of α-CA gene family 

have been studied thoroughly; however inactive isoforms CAs are not well studied so far. In 

the past distributions of CARPs, using either western blot analysis or RT-PCR methods, have 

shown a wide expression profile in all parts of the brain in both humans and mice (Fujikawa-

Adachi et al., 1999; Okamoto et al., 2001; Taniuchi et al., 2002b; Akisawa et al., 2003). The 

immunohistochemical studies on CARPs have been mainly focused on brain tissues and the 

results have shown predominant expression of CARP VIII in the mouse and human 

cerebellum, especially in the Purkinje cells. Studies on CARP X and XI have shown low 

expression in the cerebellum (Taniuchi et al., 2002b; Taniuchi et al., 2002a; Nishimori I et 

al., 2003). Previous investigations using reverse transcription polymerase chain reaction (RT-

PCR), northern blot analysis, western blot assays or dot blots have reported restricted 

expression of all CARPs in some mouse and human tissues including the brain (Akisawa et 

al., 2003; 2003; Miyaji et al., 2003). The expression of all the three CARPs in the human and 

mouse brain has suggested important roles for these proteins in the brain development and/or 

neural functions (Taniuchi et al., 2002b). Similarly, expression studies in the malignant 

tissues suggest CARP VIII and XI may also be involved in cancer development in the 

gastrointestinal tract and lungs (Akisawa et al., 2003; Lu et al., 2004; Morimoto et al., 2005; 

Ishihara et al., 2006; Nishikata et al., 2007). 
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Recently published reports on CARP VIII mutations both in humans and mouse suggested an 

important physiological role for CARP VIII in the brain. A study on waddle (wdl) mice with a 

spontaneous mutation in the Car8 gene showed ataxia and a distinctive lifelong gait disorder 

(Jiao et al., 2005). A very recent genetic and clinical analysis of a Saudi Arabian family with 

a single base pair mutation in CA8 gene showed mental retardation and ataxia and Magnetic 

Resonance Imaging (MRI) scan showed a reduction in the volume of cerebellum, a separate 

study described mild mental retardation, quadrupedal gait and ataxia in members of an Iraqi 

family who had defect in the CA8 gene (Türkmen et al., 2009; Kaya et al., 2011). These 

studies clearly indicated that CARP VIII plays an important role in motor coordination. The 

three-dimensional structure of CARP VIII has been recently solved (Picaud et al., 2009). The 

structural basis of catalytic inactivity is confirmed in this study, but currently there is no 

interpretation to correlate the structure to any function. The CARP sequences are well 

conserved throughout vertebrates, suggesting that CARPs may play biologically important 

roles in higher organisms. The number of members in the CARP families has increased with 

the completion of vertebrate genome sequencing projects, but many sequences have been 

annotated in incomplete or even partly incorrect forms. So far there are no systematic studies 

on the distribution of CARP sequences and phylogenetic analysis of CARP genes across 

species; similarly, there are no studies on the distribution of all the three CARP proteins and 

their mRNA levels in a mammalian model organism. Therefore, I first used bioinformatic 

tools to identify and evaluate the distribution of CARP genes across different species. I 

subsequently performed sequence and phylogenetic analysis of CARPs VIII, X, and XI, 

mainly focusing on vertebrate sequences, and studied the expression pattern of all the three 

CARP mRNAs using real-time quantitative PCR (RT-qPCR) and the corresponding proteins 

using immunohistochemistry in different mouse tissues using it as a mammalian model.  
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2. Review of literature 

2.1. Carbonic anhydrases 

 2.1.1. General aspects 

 

The carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous metalloenzymes and catalyze the 

reversible hydration of carbon dioxide, a reaction important to many biological processes such 

as photosynthesis, respiration, renal tubular acidification, and bone resorption (Tashian, 1992; 

Sly and Hu, 1995). CAs  occur in almost all living organisms, are encoded by five distinct 

evolutionarily unrelated gene families denoted as α, β, γ, δ and ζ  CAs, and do not have any  

sequence  similarity  between  these  different  families. Thus, CA gene families are excellent 

examples of the convergent evolution of catalytic function. 

 

The animal kingdom CAs belong to a single gene family known as α-CAs that  contain  zinc  

as  a  metal  ion  in  the  active  site. In  mammals,  α-CAs  are  characterized  by  16  different 

isoforms, 13 of which (CA I, II, III, IV, VA, VB, VI, VII, IX,  XII,  XIII,  XIV,  and  XV)  are  

enzymatically  active, whereas  the  other  3,  named  the  CA-Related  Proteins (CARPs)  CA 

VIII, CA X, and CA XI, appear to lack CA activity because of substitutions to 1 or more of 

the 3 functionally important  histidine  residues  (Sly and Hu, 1995; Tashian et al., 2000; 

Supuran, 2004).  In  addition,  the receptor-type  protein  tyrosine  phosphatases  β  and  γ 

(RPTP  β,  RPTP  γ)  also  contain  'CA-like'  domains  (Barnea et al., 1993; Sly and Hu, 

1995). The  13  active  CA  isozymes  differ  in  their  subcellular localizations such that CAs 

I, II, III, VII, and XIII are all cytosolic enzymes, CAs IV, IX, XII, XIV, and XV are all 

membrane-associated  enzymes, CAs VA and VB  are mitochondrial, and CA VI is a secreted 

protein (Figure 1). CA isozymes are subdivided in to two groups 1) intracellular and  2) 

extracellular CAs based on the phylogenetic analysis (Okamoto et al., 2001). The three 

CARPs group together forming a single divergent branch that shares the same branch as 

intracellular CA isozymes, which suggests their intracellular localization (Figure 2). Among 

intracellular active CAs, CAI, CAII, and CAIII, CAVA, CAVB, and CAVII are cytoplasmic. 

Extracellular CAs include a membrane-anchored isozyme (CA IV), a secretory isozyme (CA 

VI) and transmembrane isozymes (CAs IX, XII and XIV).   
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Figure 1.  Phylogenetic tree of the Carbonic Anhydrase gene family. Full-length coding 

sequences of all 16 CAs and 3 CARPs were translated and the resulting sequences (position 

1-259) were analyzed. Modified from Okamoto, N. et al. (Okamoto et al., 2001) 

 

Previous  immunohistochemical  analysis  of  CARPs  expression  in  the  human and  murine  

central  nervous  system  has  identified  their  cytoplasmic  localization. Preliminary studies 

with Confocal fluorescence microscopy also show cytoplasmic signals in COS-7 cells 

expressing a fusion protein of CARP VIII or X and green fluorescent protein (Taniuchi et al., 

2002b; Taniuchi et al., 2002a). 

 

As compared with cytoplasmic CA isozymes, all human CARPs have N-terminal additional  

sequences  more  than  20  residues  long  (Bellingham et al., 1998; Fujikawa-Adachi et al., 

1999; Okamoto et al., 2001) However, there is  no  known  motif  sequence  for  translocation  

signals.  Although details on the subcellular localization of CARPs are unclear, these findings 

indicate that CARPs are cytoplasmic proteins. 
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2.1.2 Carbonic anhydrase related proteins (CARPs) 

The  vertebrate  α-CA  family  includes evolutionarily highly conserved  subclass  of  three 

non-catalytic  isoforms  CARPs (CA  VIII,  CA  X,  CA  XI),  also known   as   carbonic 

anhydrase related   proteins   (CARPs) in the order of discovery of CA isozymes (numbering 

system) three isoforms CARPs VIII, X and XI, have been reported (Tashian et al., 2000) 

based   on sequence homology with the catalytic isozymes. CARPs lack  one  or  more  of  the  

essential  zinc  binding histidine residues  and  are  devoid  of  CO2 hydration  activity 

(Hewett-Emmett and Tashian, 1996). After the discovery of first CA8 gene in 1990, from the 

mouse brain cDNA library  (Kato, 1990b) two more CARP cDNAs have been reported in 

mice and humans (table 1). However, the exact biological function of CARPs remains 

undefined (Tashian et al., 2000). 

Table 1. Molecular properties of human and mouse CARPs 

  CARP 

Isoforms 

cDNA 

(base)a 

Accession 

no
a
. 

mRNA 

(kb) 

Amino 

acid 

residues 

Expected 

MW 

(kDa) 

Chromosome 

localization 

Human   2191 AK090655 Multipleb 
(2.4) 

290 33 8q11-q12 CARP 

VIII 

Mouse 3710 XM_204143 Multipleb 
(2.4) 

291 33.1c 4 

Human   2926 AF288385 2.8 328 37.6 17q24 CARP 

X 
Mouse 2827 AB080741 2.6/3.0 328 37.6 11 

Human   1488 AF067662 1.5 328 36.2 19q13.3 CARP 

XI 
Mouse 1,390 NM_009800 1.5 328 36.1 7 

 

aThe longest cDNA clone deposited in GenBank is shown with the accession numbers. 
bAmong the five transcripts of different sizes, the strongest signal was observed at 2.4 kb. 
Adopted from the Carbonic Anhydrase, Its Inhibitors and Activators (Supuran, 2004) 

 

 In CA isozymes the 36 active site residues were defined by Tashian earlier (Tashian, 1992). 

The typical combination of these active site residues was found in CA VII (Hewett-Emmett 

and Tashian, 1996). The CA isozymes and CARPs were aligned with the CA VII sequence 

showing 17 out of all 36 active site residues and 11 out of 17 hydrogen bond network residues 

were conserved in CARP X, two of three critical histidine residues were substituted with 

arginine and glutamine, respectively. Similar  substitutions  of  the  histidine  residues  have  

been  reported  in other  CARPs:  CARP  VIII  lacks one  of  the three histidine 
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residues(Skaggs et al., 1993), and CARP XI lacks all of them (Bellingham et al., 1998; 

Lovejoy et al., 1998; Fujikawa-Adachi et al., 1999) (Figure 2).  

 

           ++  +  +  +ZZ+++Z      + ++     + ++ 

CA VII     YSNNHSVQDKQHHEHEHVFLVGWYLTTPPSSVWVNR 

CA I       ---V--FHFN-------AL-------H—Y----I-- 

CA II      -----AFNEI------------------LC------ 

CA III     ----KTCRVR---------I----F---ECI--L-- 

CA IV      -------ML---------VI-AF----TDK------ 

CA VA      T--TYLF-E---------Y---------T----I-- 

CA VB      T---Y-FLE------------------------I-- 

CA VI      -----T--GQ--------Y--AY-----TN----D- 

CA IX      --------TL--------V--AF-----AG------ 

CA XII     -------KNT--------A--AY-----NT------ 

CA XIV     -----T--SA--------L---F-----Y------- 

CARP VIII  ---D-TI-IYER-----IIIIA--------G--L-- 

CARP X     ---TRH-SREER----QIV--SI-M-I--YTA-I-- 

CARP XI    ---TRH-SLSERL---QI--ISI--S----T--L-- 

 

Figure 2. Alignment of 36 active site residues of CA VII previously defined in CA isozymes 
with active CAs and CARPs showing the conservation of residues at the active site including 
histidine residues required for binding to zinc atom. Seventeen residues that form an active 
site hydrogen network are indicated by a mixture of plus and Z, and three zinc binding 
histidine residues are indicated by Z above the CA VII sequence. Modified from  Okamoto et 

al (Okamoto et al., 2001). 

 

2.2. Carbonic anhydrase related protein VIII (CARP VIII) 

2.2.1. General aspects  

 

CARP VIII (EC number 4.2.1.1) was the first member to be reported based on expression 

pattern in mouse brain in 1990 (Kato, 1990b, a).  Since 1990 several studies have been done 

on CARP VIII related to expression both in mice and human (Lakkis et al., 1997b; Taniuchi 

et al., 2002a; Hirota et al., 2003). These studies include determining the role of CARP VIII in 

development of cancer (Akisawa et al., 2003; Miyaji et al., 2003; Lu et al., 2004; Nishikata et 

al., 2007), the involvement in neurodegeneration both in mouse and human (Jiao et al., 2005; 

Türkmen et al., 2009), structural basis for inactivity (Picaud et al., 2009), and other 

pathological conditions (Miyaji et al., 2003; Bataller et al., 2004; Mori et al., 2009). Details 

of the CA8 gene are shown in table 2 below.   
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Table 2. Details of the human CA8 gene  

Symbol CA8 

Transcript variant 1 32.9 kDa, 290 amino acids 

HNGC name Carbonic anhydrase VIII 

HGNC id 1382 

Corresponding disease CHQL3 cerebellar hypoplasia and quadrupedal locomotion 3 

Chromosomal location 8q12.1, 61101423 to 61193954 (reverse strand) 

Synonym name Carbonic anhydrase related protein VIII, CA-related protein VIII 

Synonym symbol(s) CARP, CARP VIII, CA-VIII, CALS, GC120502, MGC99509 

OMIM 114815 

 
Source: GENATLAS, Paris René Descartes University Centre of Bioinformatics.  
(http://genatlas.medecine.univ-paris5.fr/ 2009).  
 

 
 

2.2.2. Expression of CARP VIII in normal tissues 

 

Expression studies have been done using Northern hybridization. Expression of two 

transcripts (2.1 and 1.6 kb) for Car8 gene was found in mice  present only in the cerebellum 

and absent in other parts of the brain, possibly reflecting two different polyadenylation sites 

(Taniuchi et al., 2002a; Hirota et al., 2003). In-situ hybridization showed CARP VIII is 

localized in Purkinje cells in contrast to CA which is only expressed in glia cells. 

Immunohistochemistry showed CARP VIII is expressed in adult and fetal brains. Cellular 

distribution of CARP VIII in the adult brain and expression in fetal brain is shown in table 3 

(Taniuchi et al., 2002a; Hirota et al., 2003). Although CARP VIII is predominantly expressed 

in Purkinje cells of the cerebellum, CARP VIII expression has been demonstrated in several 

other tissues, which include liver, lung, heart, gut, thymus, and kidney using RT-PCR method 

(table 3) (Akisawa et al., 2003; Hirota et al., 2003).  
 

Expression of CA8 gene has also been studied using micro-array technology. It was found that 

the cerebellum expressed the highest level of CA8 and significant levels of CA8 expression 

have been reported in several other tissues (Figures 1and 2) (Kilpinen et al., 2008; Wu et al., 

2009).  
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Table 3. Distribution of CARP VIII protein and its mRNA in brain and other tissues 

 

Scores of expression level: ++, strong expression was observed in most cells; +, moderate 
expression was observed in most cells; +w, weak expression was observed; -, no significant 
expression was observed. abExpression analysis was done by immunohistochemistry using 
monoclonal antibodies against human CARPs (Taniuchi et al., 2002b). cExpression of mRNA 
in mouse tissues using by northern hybridization method and RT-PCR. (Akisawa et al., 2003; 
Hirota et al., 2003) 
 

 

 

 

Figure 1. Expression pattern of CA8 gene in human analyzed by microarray method. The 
expression profile figure is adopted from BioGPS in October 2011 (Wu et al., 2009). 
 
 

        Adult human CNS
a
 Fetal brain

b
 Other tissues

b
 

 Regional distribution Expression Days of 

gestation 
Expression Tissues Expression 

Cerebrum 

 

 

 

 

Diencephalon  

 

 

Cerebellum 

 

 

 

 

Pons 

 

 

 

Medulla 

 

 
Choroid plexus 

 Pia arachnoid 

Cortex 
Medulla  
Hippocampus 
Basal ganglia 
  
 
Thalamus 
Substantia nigra 
 
Cortex, molecular layer 
Cortex, Purkinje cells 
Cortex, granular layer 
Medulla, dentate 
 
 
Vestibular nuclei 
Abducens nucleus 
Pontine nuclei 
 
 Olivary nuclei 
 Others 
  

++ 
+ 
++ 
++ 
 
 
 
 

++ 
++ 
 
++ 
++ 
- 
+w 
 
 
++ 
++ 
++ 
 
++ 
++ 
 
 
++ 
++ 

  84 
  95 
121 
141 
222 

 

+ 
+ 

+ 
+ 
+ 

 

Liver 
Lung 
Heart 
Gut 
Thymus 
Kidney 

 
 
 
 
 
 

+ 
+ 
+ 
+ 
+ 
+ 
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2.2.3. Expression of CARP VIII in pathological conditions 

 

The RT-PCR analysis showed mRNA expression in human lungs, however expression was 

very low compared to mouse (Akisawa et al., 2003). On the other hand, pulmonary 

epithelium showed abundant expression of CARP VIII protein. This led to the study of CARP 

VIII protein as a potential oncofetal antigen in human lungs. Oncofetal antigens, which are 

typically present only during fetal development, are also found in adults with certain cancers, 

such as colon and lung cancers, and can be measured in the blood and are used for diagnosis. 

Expression analysis showed high amounts of CARP VIII in 54 of 55 pulmonary non-small 

carcinoma specimens at the front of tumor progression and relatively weakly in the center of 

carcinomas similar to distribution of CARP VIII at the front of tumor progression in colon 

cancer (Miyaji et al., 2003).  More than 80% of lung cancer cells expressed CARP VIII in 18 

of 24, 17 of 25, and 4 of 6 squamous cell carcinomas, adenocarcinomas, and adenosquamous 

cell carcinomas, respectively. These experiments suggested that CARP VIII is an oncofetal 

antigen and plays a role in tumorigenesis of non-small cell lung carcinomas. 

Further studies using various human lung cancer cell lines were done to find a possible 

mechanism involving CARP VIII expression in progression of lung cancer and showed that 

CARP VIII is expressed in most non-small and small lung cancer cell lines. Transcriptional 

activators such as GAL4, GCN4, and Herpesvirus VP16 (Triezenberg et al., 1988; 

Tavernarakis and Thireos, 1995; Melcher, 2000) are known to have glutamic acid rich region, 

similarly presence of glutamic acid rich region at the N-terminal end in CARP VIII may be 

involved in transcription or translation of developing tissues (Lu et al., 2004; Ishihara et al., 

2006). These findings suggested that CARP VIII directly promotes the growth of PC-9 cells. 

Similarly, to investigate the role of CARP VIII in human colorectal epithelial carcinogenesis, 

60 adenocarcinomas tissues and 13 adenoma tissues were analyzed using monoclonal 

antibodies for CARP VIII and Ki-antigen as a marker for cell proliferation.  In this study 78% 

of colorectal carcinomas showed intense signal at the tumor invasion front and the 

distribution of CARP VIII was different from that of Ki-67 antigen. Significant expression of 

CARP VIII was also seen in colorectal adenomas but the expression was low compared to 

adenocarcinomas. Based on the findings it was suggested that CARP VIII is involved in the 

process of invasion of colorectal cancer rather than cell proliferation (Miyaji et al., 2003). 

Further studies using cancer cell lines (LoVo-CA8) transfected with CARP VIII were done to 

find the precise role of CARP VIII in colorectal cancer.   The studies showed a very high 
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expression of CARP VIII both at mRNA and protein level compared to cell line without 

CARP VIII transfection. LoVo-CA8 cells also showed significantly higher cell proliferative 

and invasive abilities as compared to parental LoVo and LoVo-pCIneo cells in vitro. In vivo 

xenograft assay of LoVo-CA8 cells showed CARP VIII promoted local tumor growth in nude 

mice and further knockdown of CARP VIII using siRNA inhibited cell proliferation and 

colony formation of a colon cancer cell line HCT116. All these findings strongly suggest that 

that CARP VIII plays a role in the growth of colon cancer cells (Nishikata et al., 2007).  

Similarly the expression of CA8 gene has been studied using microarray technology in 

cancerous tissues and in other pathological conditions in humans and expression pattern show 

upregulation of CA8 mRNA in several cancers and other diseases conditions (Figure 2). The 

expression pattern has been reported at human gene atlas, GeneSapiens at 

http://www.genesapiens.org/ (Kilpinen et al., 2008). The expression data suggests a very 

important role CA8 plays in unknown physiological function in humans. 

 

 

 

Figure 2.  Expression of CA8 gene in normal and tissues, cancer and other disease by 
microarray method using 10,000 arrays. The expression profile figure is adopted and modified 
from GeneSapiens in October 2011 (Kilpinen et al., 2008). 
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2.2.4. Role of CARP VIII in other diseases 

Paraneoplastic syndrome is a disease associated with lung, ovarian, breast, and other cancers. 

These phenomena are mediated by humoral factors excreted by tumor cells or by an immune 

response against the tumor. CARP VIII is suggested to be  an autoantigen involved in 

pathogenesis of melanoma-associated Paraneoplastic cerebellar degeneration (PCD) based on 

a study where serum from a patient with PCD and malignant melanoma had reactivity with 

Purkinje cells showing the presence of CARP VIII antibodies (Bataller et al., 2004).  

Carbonic anhydrase genes, especially CA8, are expressed in bone tissues. Recent reports 

suggested that single nucleotide polymorphisms (SNPs) are associated with femoral and 

lumbar bone mineral density in Japanese women. A study involving 337 Japanese women 

with osteoporosis showed significant correlation between CA8 SNP rs6984526, and femoral 

BMD (P = 0.00029); homozygous carriers of the major (C) allele (n = 166) had the highest 

BMD (0.754 ± 0.006 g/cm 2 , mean ± SD), while heterozygous carriers (n = 135) were 

intermediate (0.741 ± 0.07 g/cm 2) and homozygous T-allele carriers (n = 31) had the lowest 

BMD (0.691 ± 0.012 g/cm 2 ). CA8 SNP as well displayed significant association with lumbar 

BMD in recessive model (P = 0.00017). Variations of CA8 loci could be an important 

determinant of osteoporosis and an additional role CA8 is associated with (Mori et al., 2009). 

2.2.5. Crystal structure of CARP VIII and interaction of CARP VIII with IP3R1 

Among the three CARPs the crystal structure of only CARP VIII has been determined at 1.6 

Å resolution (2W2J in PDB) (Picaud et al., 2009). The 3-D model of Human CA VIII 

(HCAVIII) (Figure 3 A, I) consists of an N-terminal Glu-rich region (E loop; aa 24–36) which 

has no counterparts in other CAs; it also has the central core domain from aa 37 to aa 290. 

The core domain of HCA VIII is similar to mammalian CA enzymes, with 10-stranded central 

β-sheet surrounded by several α-helices and β-strands. The crystal structure resembles the 

cytosolic isozymes CA II and CA XIII (RMSD 1.3 Å, 41% sequence identity). Comparison of 

HCA VIII with HCA XIII shows significant differences in two loop regions (Figure 3 A, II). 

In HCA VIII, the unique E loop  protrudes  into  the  exterior  and  packs  against  the α3-β15 

loop which incorporates a five-residue insertion compared  with  other  isozymes. 
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Figure 3. Crystal structure of human CARP VIII (PDB ID: 2W2J). A)  I: Ribbon diagram 
showing the secondary structure elements: α-helices (red) and β-strands (yellow), II: C-α 
superimposition of human CARP VIII (blue) and human CA XIII (PBD 3DA2). B) Active 
site of the CO2-bound HCA II (I, PDB code 3D92) and HCA VIII (II) structures. The 
hydrophobic CO 2 pocket is shown in pink surface. Spheres represent the Zn 2+ ion (black), 
water (red) and Cl- ion (green). In the II panel, the CO2 substrate from the HCA II structure 
(shown in dots) is superimposed onto the HCA VIII structure to illustrate the potential steric 
clash caused by I165 and I143 (green surface). C) Schematic representation of the Zn2+ 
coordination in HCA II (I), and Cl- coordination in HCA VIII (II). Bond lengths are indicated 
in Å. Modified from Picaud et al (Picaud et al., 2009). 



 

13 
 

The presence of two bulky residues R116 and I224 causes steric constriction in HCA VIII and 

as a result the cavity of HCA VIII has a much narrower opening at the cavity entrance (Figure 

A, II). The Zn2+-coordinating residue H94 is replaced by R116 in CA II and T200 is replaced 

by I224 which are conserved in most CA isozymes (Figure B, I and II).  Interestingly,   

replacement of   R116, E114 and I224 with corresponding residues makes the CA VIII 

enzymatically active (Sjöblom et al., 1996; Elleby et al., 2000). In active CAs, the active site 

contains a bipolar  binding  surface:  a  hydrophilic  face  (T199 CAII, T200 CAII ,  H96 

CAII,  H94 CAII ,  H119 CAII )  which  contains the Zn2+ binding site and a hydrophobic 

face (V121 CAII , V143 CAII ,  L198 CAII ,  V207 CAII ,  W209 CAII )  which  harbors the 

CO2 substrate pocket (Figure B, I). Comparison of these sites with HCA VIII    shows   

significant differences in these regions (Figure B, II).   

 

Substitution of two Val residues (V121 CAII, V143 CAII) to Ile (I143, I165) makes the 

hydrophobic pocket spatially constricted and presumably precludes the binding of CO2 in the 

active site. By inclusion of NaCl during purification, and the absence of Zn2+ in the 

crystallization solution, the modeling was done and refined with a chloride ion into the 

density (Figure 3 B, II).  The  Cl-  ion  is  coordinated  by  the  Nδ1  atom from H118 (bond 

length 3.02 Å ),  Nɛ2 atom from H141 (3.01  Å)  and  a  water  molecule  W15  (3.15  Å).  

The observed bond lengths are significantly different from the typical Zn2+ coordination 

(Figure 3, C). 

 

 The crystal structural data of the present study revealed that CA VIII evolved to adopt the 

classic CA fold but substituted key residues in the active site cavity that prevents the entry 

and binding of the catalytic Zn2+ and substrate CO2, hence silencing its activity. The high 

sequence conservation between  human  and  mouse  CARP  VIII  homologues  (98% 

identity)  supports    the  hypothesis  that  over  the course  of  evolution  the  absence  of  CA  

activity  may  be associated with the gain of a new, yet unidentified cellular function for 

CARP VIII. One possibility is the modulation of biological functions via protein–protein 

interactions. 

 

Indeed the studies reveal that CARP VIII interacts with IP3R1 which contains an 

electropositive IP3 binding site (Bosanac et al., 2002).  It is possible that the electronegative 

surface in CA VIII, unique among CAs, may form a charge-complementary binding site for 

the receptor, thereby regulating IP3-dependent Ca2+ release (Jiao et al., 2005).  
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Using yeast two-hybrid system CA VIII has also been identified as a binding partner for the 

inositol 1, 4, 5 triphosphate (IP3) receptor type 1 (IP3R1) which is abundant in the Purkinje 

cells of cerebellum (Hirota et al., 2003). Deletion mutation analysis showed that amino acids 

45-291 of CARP VIII are essential for its binding with IP3R1, and that the binding site is 

located within the modulatory domain of IP3RI amino acids 1387-1647 (Figure 4). CARP 

VIII is reported to inhibit IP3 binding to IP3R1 by reducing the affinity of the receptor for IP3. 

It is reported that sensitivity to IP3 for IP3-induced Ca2+ release in Purkinje cells is low 

compared with that in other tissues. This suggests that co-expression of CARP VIII with 

IP3R1 in Purkinje cells has an inhibitory effect on IP3 binding (Hirota et al., 2003).  

 

It is therefore possible that altered Ca2+ signaling may possibly underlie the motor phenotype 

reported in human and mouse. Ca2+ signaling responsible for regulation of several cellular 

activities such as synapse recycling, proliferation, fertilization, learning and memory, long 

term potentiation, long term depression, apoptosis, contraction, metabolism, and modulation 

of other signaling systems. In fact, genome-wide cerebellar gene expression profiling using 

Affymetrix oligonucleotide microarrays was done to investigate the molecular abnormalities 

associated with the unique motor syndrome of wdl mice. It was found that many genes 

involved in synaptogenesis, synaptic vesicle formation and transport, cellular proliferation 

and differentiation, and signal transduction were dysregulated in wdl mice, suggesting that 

calcium homeostasis, synaptogenesis and dendritogenesis, vesicle formation and transport, 

and, possibly, granule cell proliferation and/or neuritogenesis, are dysregulated in wdl mice. 

These findings suggest that ultrastructural abnormalities of specific neuronal elements may be 

present in wdl cerebellar cortex. In addition, the substantial number of dysregulated genes in 

wdl mice indicates that Car8 plays an important physiological role in the cerebellar cortex 

(Yan et al., 2007). 

 

The analysis of sequence conservation of CARP VIII and CA II was studied separately among 

17 mammals and joint conservation of CARP VIII and CA II visualized on CA II. The result 

of which have not been included in the thesis as the analysis was beyond the scope of this 

thesis and have already been published in a journal  (II, results have been published).
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Figure 4. Primary structural model of   inositol 1, 4, 5-trisphosphate (IP3R1) receptor and 
associated molecules.  It has a long N-terminal and short C-terminal with transmembrane 
domains near C-terminal region. IP3R1 associates with many functional molecules like 
scaffold protein and also with Ca2+. M1–M6: transmembrane domain located at the C-
terminus, the pore: channel pore site; SI, SII, calmoduline-binding site; CytC, CARP VIII. 
Function of each component such as N-terminal coupling domain, IP3-binding domain, 
internal coupling domain, transmembrane/channel/forming domain, and gatekeeper domain. 
Adopted and modified from Mikoshiba (Mikoshiba, 2007). 

 

2.2.6. Role of CARP VIII in neurodegeneration 

 

The evidence for the involvement of CA8 gene in neurodegeneration and ataxia came from 

waddles mice, which are characterized by wobbly side-to-side ataxic movement, seen when 

the mice reach 2 weeks of age.  The gait disorder persists throughout their life span. The 

waddles mice were discovered for the first time at The Jackson Laboratory (TJL) in 1995 in 

C57BL/KS, with a spontaneously occurring wdl mutation. Studies on wdl mice revealed a 19 

base pair deletion in Car8 gene and are responsible for wdl phenotype based on the evidence 

that 1) Car8 gene is located within the genetic region of the wdl 2) Car8 deletion was the only 

defect detected among genes and ESTs within the wdl locus from wdl mice 3) an absence of 

CARP VIII protein in wdl mice. Genetic studies indicated that wdl were autosomal recessive 

mutants. Linkage mapping at TJL placed the wdl mutation in close  proximity to the wd locus 

on mouse chromosome 4, the waddler (wd), which had similar phenotype to that of wdl and 

was discovered in 1959, is now extinct (Yoon 1959). 

Sequence analysis of cDNA from wdl and wild type mice revealed 19 base pair deletion, 15 

nucleotides in this region were flanked by two AAGG motifs.  The deleted 19 base pairs 

included the 15 nucleotides and one AAGG motif; the genome was left with the other AAGG 

motif. Thus, it seems that the deletion either included first AAGG motif leaving the second 

AAGG motif in the genome or the deletion included second AAGG motif leaving the first 

AAG motif in the genome. The 19 base pair deletion caused frameshifting, resulted in a 

protein that was 29 amino acids shorter than the wild type CARP VIII protein. Due to 
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frameshifting a stop codon was inserted causing elimination of 50 amino acids. The 

conversion of the 20 remaining amino acids leads to a non-functional truncated protein (Jiao 

et al., 2005).  Studies at structural level revealed the   functional abnormalities of excitatory 

synapses onto Purkinje cells (PCs) showing 19 bp deletions in Car8 gene cause of structural 

and functional abnormality of excitatory synapses onto PCs in the cerebellum in the wdl mice 

and this might be responsible for motor coordination defect in these mice (Hirasawa et al., 

2007). This data highlights the importance of this molecule in the development and/or 

maintenance of the proper morphology and function of PC synapses. 

 

A recent study in humans reported a homozygous missense variation of S100P (Figure 6, B) 

in the gene encoding carbonic anhydrase related protein VIII in related members of Iraqi 

family in which members had mild mental retardation and congenital ataxia accompanied by 

quadrupedal gait (Türkmen et al., 2009) figure 5. Mutational analysis of affected members of 

Iraqi family showed S100P homozygous variation. In vitro, the variation S100P induces 

proteasome-mediated degradation of CARP VIII protein, potentially due to misfolding, 

leading to drastically reduced amounts of protein. This is a common mechanism in loss of 

function of missense variations associated with human disease (Wang and Moult, 2001). This 

study showed a phenotype similar to waddles (wdl) mice, with ataxia and lifelong gait 

disorder. In wdl mice the 19bp deletion in Car8 leads to the complete absence of CARP VIII 

protein, which results in abnormalities in cerebellar synaptic transmission. Clinical features of 

affected person included cerebellar ataxia, dysarthria, mild mental retardation, tremor, and 

strabismus.  

 

Figure 5. Members of the Iraqi family with a homozygous dominant variation in CARP VIII-
(S100P) showing quadrupedal gait, with ataxia and mild mental retardation. Adapted from 
Türkmen et al (Türkmen et al., 2009). 
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Very recently a study reported a novel homozygous (G162R) variation in CA8 gene in 

members of Saudi Arabian family and all the seven affected members showed cerebellar 

ataxia, mental retardation (MR), and disequilibrium syndrome type 3. The patients had 

variable cerebellar ataxia and mild cognitive impairment without quadrupedal gait. The brain 

MRI showed variable cerebellar volume loss and ill-defined peritrigonal white matter 

abnormalities. The Fluorodeoxyglucose Positron Emission Tomography (FDG PET) revealed 

hypometabolic cerebellar hemispheres, temporal lobes, and mesial cortex. Mild cognitive 

impairment, a variable degree of cerebellar ataxia, absence of seizures, and lack of 

dysmorphism were features members of this study shared with the members of Iraqi family 

reported by Türkmen et al. (Türkmen et al., 2009). However in this study, member of Saudi 

family did not have quadrupedal gait similar to member of Iraqi family, suggesting that this is 

probably due to environmental factors rather than genuine phenotypic variation of the disease 

(Kaya et al., 2011).  The brain MRI studies showed variable cerebellar more noticeable on the 

second scan and vermian volume loss, the latter progressing in a superior to inferior fashion, 

as well as peritrigonal white matter changes in all patients but the loss was more striking in 

older patients. Functionally, the  FDG  PET  scan  provided  evidence  that  the  disease  has  a 

predilection for certain areas of the brain, in particular the temporal lobes and cerebellar 

hemispheres. At molecular level, initial copy number and chromosomal imbalances analyses 

showed no pathological changes.  However, linkage analysis revealed a peak on chromosome 

8q12.1–8q13.3 with a LOD score of 5.1, covering a linkage interval of 14.3 Mb. Sequencing 

of 8 exons and exon-intron boundaries showed a novel homozygous variation (484G>A) in 

exon 4 of  CA8 gene in all the affected members. Further analysis showed that the novel 

484G>A variation to be in heterozygous state in the parents of the affected members. The 

484G>A homozygous novel variation in the CA8 gene found in this family is predicted to 

lead to the substitution of a highly conserved glycine residue at position 162 by arginine 

(G162R) (Figure 6, B). Homozygosity for the variation cosegregated with the disease 

phenotype and the substitution was not present in 200 unrelated healthy controls of same 

ethnic origin, indicating that G162R variation is very likely to be pathogenic. By using 

different prediction algorithms the mutation was predicted to be probably damaging. 

Moreover, a multiple sequence alignment from more than 20 different organisms including 

human indicated that the region around the site of the mutation was highly conserved In 

addition, G162 localizes to the same region as I165, a residue previously implicated in the 

spatial constriction of the CO2 hydrophobic pocket of the protein (Picaud et al., 2009). 
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Figure 6. A) The location of the variation (yellow arrow, Glycine 162 Arginine) on 
hypothetical 3-D structure of CARP VIII protein. Adopted from Kaya et al  (Kaya et al., 
2011). B) The 3-D structure of human CARP VIII (PDB ID: 2W2J) showing the correct 
places of variations in the CARP VIII protein (substitution of amino acids) found in members 
of Iraqi (Top right black arrow, Serine 100 Proline) and members of Saudi Arabian family 
(Bottom right black arrow Glycine 162 Arginine), Top left black arrow, showing glycine 
residue at position 193 shown in the figure A as the place of substitution which is incorrectly 
shown. Adopted and modified from Picaud et al(Picaud et al., 2009). 
 

2.3. Carbonic anhydrase related protein X (CARP X) 

2.3.1. General aspects 

 

CARP X was second in order of discovery among CARPs after the CARP VIII. Hewett and 

Tashian were the first to mention the existence of CARP X  gene  in 1996 based on many 

expression sequence tags (EST)  showing significant homology to CA isozymes which lacked 

the histidine residues required for catalytic activity and reported as CA10  (Hewett-Emmett 

and Tashian, 1996). Similarly, while screening for CCG repeats in cDNA   libraries   from   

human   brain, a cDNA homologue was found (accession   No. AF064854)   that showed 61% 

identity to CARP XI, which was identified as CARP X (Kleiderlein et al., 1998). Later, 

Okamoto et al obtained full length cDNA clone containing 2720 bp and predicted to encode 

328 amino acid proteins. The deduced amino acid sequence of the cDNA showed a similarity 

of 25-57% to other CA isozymes and greatest identity to CARP XI. Two out of 3 histidine 

residues needed to zinc were absent from CARP X and suggested that this CA isozyme had 

no CA enzymatic activity (Okamoto et al., 2001). The cDNA presented a 987 bp open reading 
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frame that encoded a 328 amino acid protein with a predicted molecular mass of 37.6 kDa.  

Similar  to  CARP  XI,  CARP X contained a hydrophobic N-terminal extension of CA 

isozymes (Tashian, 1992).  Interestingly,  the CARP  X  sequence  includes  seven  CCG  

repeats  in  the 5’-untranslated  region  followed  by  two  CCG  repeats  at 16 bp downstream. 

Polymorphism of its repeat number was reported in normal human population (Kleiderlein et 

al., 1998). 

 

2.3.2. Expression of CARP X in normal tissues 

 

The mRNA expression of CA10 was  studied in a panel of human tissues  by  Northern  blot  

analysis, which showed a 2.8 kb  transcript  that  corresponded  to a  full- length  cDNA  in  

kidney and brain.  No detectable signal was observed in the heart, lung, skeletal muscle, or 

pancreas.  A shorter transcript signal was seen in the placenta (Okamoto et al., 2001). A 

number of CA10 ESTs from human placenta have been reported.(Tashian et al., 2000).The 

expression of CA10 mRNA was also studied in human pancreas, kidney, liver, salivary 

glands, brain and mammary glands, placenta, and testis by using RT-PCR. The amplification 

was seen in kidney, salivary glands, and brain. Faint but significant signals were observed in 

pancreas, liver, mammary gland and testis (Table 4).  CA10 mRNA expression was also 

evaluated by the RNA dot blotting on a large panel of normal human adult and fetal tissues. 

Weak but significant signals were observed in the total brain from adult human and almost all 

parts of the central nervous system (CNS), including the amygdala, cerebellum, cerebral 

cortex, frontal lobe, hippocampus, medulla oblongata, occipital lobe, putamen, substantia 

nigra, temporal lobe, thalamus, nucleus accumbens, and spinal cord.  However no detectable 

signal was seen in human fetal brain.   

Monoclonal antibodies have been produced for human CARP X which cross react with mouse 

homologues and the cellular distribution of CARP X was studied in the brain by 

immunohistochemical analysis (Taniuchi et al., 2002b; Taniuchi et al., 2002a) and the 

expression was found as shown in the table 4. In the humans developmental expression of 

CARP X was studied and the expression pattern is shown in table 4.  Although the exact 

function in the developing brain is uncertain, these findings suggest certain roles of CARPs in 

the early development or differentiation of neuroprogenitor cells (Taniuchi et al., 2002b). 
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Table 4. Distribution of CARP X protein and its mRNA in brain and other tissues 

Adult human CNS
a
 Fetal brain

b
 Other tissues

c
 

 

 

 

 

Cerebrum 

 

 

 

Diencephalon 
 

 

Cerebellum 

 

 

 

 

Pons 

 

 

 

Medulla 

Choroid plexus 

Pia arachnoid  

Regional distribution 

   
Cortex 
Medulla  
Hippocampus 
Basal ganglia 
  
Thalamus 
Substantia nigra 
 
Cortex, molecular layer 
Cortex, Purkinje cells 
Cortex, granular layer 
Medulla, dentate 
   
Vestibular nuclei 
Abducens nucleus 
 Pontine nuclei 
 
Olivary nuclei 
Others 

 

Expression 

 
+w 
++ 
- 
- 
 
- 
- 
 
- 
+w 
- 
- 
 
- 
- 
- 
 
+w 
+w 
+w 
- 

Days-of gestation 

   
  84 
  95 
121 
141 
222 
 

Expression 

 
+ 
+ 
+ 

+ 
+ 
 

Tissues 

Kidney 
Salivary glands 
Brain 
Pancreas 
Liver 
Mammary gland 
Testis 
 
 
 

 

 

 

 

Expression 

++ 

++ 

++ 

+ 

+ 

 

 

 
Immunohistochemistry and RT-PCR score ++, strong expression was observed in most cells; 
+, moderate expression was observed in most cells; +w, weak expression was observed; -, no 
significant expression was observed. abExpression analysis was done by 
immunohistochemistry using monoclonal antibodies against human CARPs, (Taniuchi et al., 
2002b). cExpression was studied in human tissues using RT-PCR and northern blot method 
(Okamoto et al., 2001). 

 
 

The expression pattern of CA10 gene from  BioGPS,  a gene  annotation  portal, and then 

microarray data from 10,000 arrays from GeneSapiens,  shows expression in the central 

nervous system, placenta, and also from several other tissues suggests its importance in the 

CNS (Figure 5 and Figure 6) (Kilpinen et al., 2008; Wu et al., 2009). 

 

 

Figure 5. Expression pattern of CA10 gene in human analysed by microarray method using 
10,000 arrays. Adopted from BioGPS in October 2011 (Wu et al., 2009). 
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2.3.3. Expression of CARP X in pathological conditions  

In pathological conditions the expression of CARP X was studied by using monoclonal 

antibodies for human CARP X in two unique pathological conditions. In one case the 

expression was studied in acute disseminated encephalomyelitis, a disease in which there is 

focal demyelinization in the human brain.  In a demyelinized lesion of a patient’s brain, the 

axons were clearly shown by lucsol fast blue stain, but CARP X expression was selectively 

lost.  The other is the shiverer demyelinated model mouse. In this mutant mouse, exons 3 to 7 

of the myelin basic protein gene are deleted and thus myelinization is left incomplete 

(Mikoshiba et al., 1995).  In  the  brain  of  the  shiverer  mouse,  CARP  X  expression  is  

almost eliminated from the myelin sheath (Taniuchi et al., 2002b). In cultured tumor cells, 

immunohistochemical analysis showed that CARP X is localized in the cytoplasm. The 

antibody to CARP X clearly demonstrated linear structures  and  failed  to  stain  

demyelinated  regions  of brain  sections  from  a  patient  with  acute  disseminated 

encephalomyelitis.  These findings indicated that CARP X was expressed in the cytoplasm of 

the myelin sheath. Expression pattern in myelin sheath in normal brain and the loss of 

expression in this study suggest that CARP X is involved in  myelin sheath organization 

(Taniuchi et al., 2002b).  

Expansion mutations in trinucleotide repeats, such as CCG, have been proposed to account 

for genetic susceptibility to a number of neuropsychiatric disorders. It has been reported 

earlier that CARP X has CCG repeat in the 5’-untranslated region with a repeat length 

polymorphism. For instance, large expansion of 5’-untranslated CCG repeats is responsible 

for the fragile X A (FMR 1 gene) and fragile X E (FMR 2 gene) syndromes. In consideration 

of relatively specific expression of CARP X in the myelin sheath, the presence of CCG 

repeats in its gene raises the possibility that CARP X is a causative gene for demyelination 

disorders (Kleiderlein et al., 1998).  

The  expression  pattern  of  human  CA10 gene  from  10,000 microarrays showed  

upregulation of CA10 mRNA in several cancers (Figure 6) suggesting its involvement in the 

development neuroblastoma and of  several  other cancers in  the humans and its involvement 

in other pathological conditions (Kilpinen et al., 2008) 
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Figure 6.  Expression of CA10 gene in normal and tissues, cancer and other disease by 
microarray method using 10,000 arrays. The expression profile image adopted and 
modified from GeneSapiens in October 2011(Kilpinen et al., 2008). 

 

2.4. Carbonic anhydrase related protein XI (CARP XI) 

2.4.1. General aspects 

Among the three CARPs, the CARP XI was the last to be identified accidently during the 

construction of a physical map for the cone-rod   retinal   dystrophy,   CORD2   (an   

inherited blinding  condition),  interval  on  human  chromosome  19q13.3, the authors  

identified an anonymous expressed sequenced tag (EST) D19S799E that mapped close to 

the distal flanking polymorphic marker D19S412 and reported it as CARP-2 (Bellingham 

et al., 1998). Simultaneously, CARP XI was also identified by two other groups around 

same time (Lovejoy et al., 1998; Fujikawa-Adachi et al., 1999). There were several 

differences in the reported cDNA sequences, which included amino  acid  substitutions: 23 

Gly(GGT):Ala(GCT); 24 Asn(AAC):His(CAC); and 75 Leu(CTG):Val(GTG) between the 

sequence submitted by Fujikawa-Adachi and the CARP-2 sequence of Bellingham, and the 
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difference of one amino acid (280 Ile(ATC):Met(ATG)) between the sequence of 

Fujikawa-Adachi and Lovejoy which was localized to chromosome 19q13.3 unlike the 

sequence of Fujikawa-Adachi, which was localized on chromosome 19q13.2-3. 

A full-length cDNA clone of a CARP XI encoded by CA11 gene was sequenced, 

containing 1475 base pairs and predicted to encode a 328-amino acid polypeptide with a 

molecular mass of 36 200 kDa (Table 1) . The cDNA includes an open reading frame that 

encodes a 328-residue protein and untranslated sequences of 369 bp 5’ and 119 bp 3’. The 

3’ untranslated region includes a putative polyadenylation cleavage signal (ATTAAA). 

The deduced amino acid sequence of CARP XI showed an overall similarity of 42-53% to 

the active site residues of other active CA isozymes, however, it lacked three zinc-binding 

histidine residues, making it catalytically inactive. Northern blot analysis demonstrated 

strong expression of an approximately 1.5 kb transcript in the human brain, particularly in 

the cerebellum, cerebral cortex, and putamen.  

2.4.2. Expression of CARP XI in normal tissues 

CARP XI mRNA expression was studied by northern blot analysis in a panel of human 

tissues, which had eight vital organs including heart, brain, placenta, lung, liver, skeletal 

muscle, kidney and pancreas. A strong signal for an approx. 1.5 kb transcript for CARP XI 

was detected only in the brain. However, expression analysis with RT-PCR showed 

presence of CA11 mRNA in pancreas, liver and kidney, salivary gland and spinal cord as 

shown in Table 5. The expression was also studied by Bellingham et al by Northern Blot 

analysis in 23 human tissues and found to be abundantly expressed in brain with moderate 

expression in spinal cord and thyroid, with low mount of expression in skeletal muscle, 

kidney, pancreas, ovary, small intestine, colon, peripheral blood leukocyte, stomach, 

lymph node and adrenal gland.   

 

The expression of CARP XI protein was studied in different parts of adult human brain and 

human fetal brain at five gestational periods (Days 84, 95, 121, 141 and 222) by using 

monoclonal antibodies for human CARP XI protein by immunohistochemical analysis the 

expression pattern of CARP XI protein is shown in table 5. Although the exact function in the 

brain and especially developing brain is uncertain, the expression pattern suggests 
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Table 5. Distribution of CARP XI protein and its mRNA in brain and other tissues 

Adult human CNS
a
 Fetal brain

b
 Other tissues

c
 

 

 

 

 

Cerebrum 

 

 

 

Diencephalon 
 

 

Cerebellum 

 

 

 

Pons 

 

 

 

 

Medulla 

 

 

Choroid plexus 

Pia arachnoid  

Regional distribution 

   
Cortex 
Medulla  
Hippocampus 
Basal ganglia 
  
Thalamus 
Substantia nigra 
 
Cortex, molecular layer
Cortex, Purkinje cells 
Cortex, granular layer 
Medulla, denate 
   
Vestibular nuclei 
Abducens nucleus 
  Pontine nuclei 
 
Olivary nuclei 
Others 

 

Expression 

 
+ 
- 
+ 
+w 
 
+ 
- 
 
- 
+ 
- 
+w 
 
+ 
+ 
++ 
 
- 
- 
 
++ 
++ 

Days-of gestation 
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Immunohistochemistry, northern blot and RT-PCR score: ++, strong expression was 
observed in most cells; +, moderate expression was observed in most cells; +w, weak 
expression was observed; -, no significant expression was observed. abExpression analysis 
was done by  immunohistochemistry using monoclonal antibodies against human CARPs, 
(Taniuchi et al., 2002b).cExpression of mRNA in human tissues by using Northern Blot 
and RT-PCR, (Bellingham et al., 1998; Fujikawa-Adachi et al., 1999) 

 

certain roles of CARPs in the early development of the brain or differentiation of 
neuroprogenitor cells (Taniuchi et al., 2002b). The expression profile of CA11 gene is also 
available at the bio portal BioGPS studied by using microarray methods, which shows the 
expression in different tissues in human as shown in figure 7 (Wu et al., 2009). 
 

  

 
 
Figure 7. Expression pattern of CA11 gene in human analyzed by microarray method 
using 10,000 arrays. The expression pattern image was adopted from BioGPS in October 
2011(Wu et al., 2009). 
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 2.4.3. Expression of CARP XI in pathological conditions 

 

The expression of CARP XI was investigated in gastrointestinal stromal tumor (GIST) by 

using immunohistochemical analysis which showed clear cytoplasmic expressions of 

CARP XI in 20 (91%) of 22 GIST tissue specimens. The positive signals for CARP VI 

were more intense in the periphery than in the central part of GISTs, (Morimoto et al., 

2005). The expression patterns of CARP XI were also studied in the cultured GIST cell 

line GIST-T1 by RT-PCR, Southern blot and immunocytochemistry. Ectopic expression of 

CARP XI in GIST-T1 cells induced cell proliferation and invasion in vitro. These findings 

indicate that CARP XI plays a role in the development of GIST (Morimoto et al., 2005). 

Additionally,  the  expression  pattern  of  human  CA11 gene from  10,000 microarrays  is  

available  in  GeneSapiens. The expression pattern of CA11 gene has been studied in 

normal, neoplastic tissues and other pathological conditions, and the study showed 

upregulation of CA11 mRNA in several cancers and pathological conditions (Figure 8) 

(Kilpinen et al., 2008). 

 

 
 
Figure 8.  Expression of CA11 gene in normal and tissues, cancer and other disease by 
microarray method using 10,000 arrays. Relative expression level image adopted and 
modified from GeneSapiens in October 2011 (Kilpinen et al., 2008).  
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3. Aims and objectives of the study 

The CARPs are highly conserved across all the vertebrate species suggesting an important 

biological role in higher organisms. The number of CARP sequences has been increasing with 

the completion of vertebrate genome sequencing projects; also annotation of many sequences 

is incomplete and sometimes even partly in incorrect form. So far there are no systematic 

studies on the distribution and phylogenetic analysis of CARP genes across species. Similarly, 

there are no comprehensive studies on the expression pattern of all the three CARP proteins 

and their mRNAs in a mammal in most of the tissues.  

Therefore, my aim was to first use bioinformatic methods to identify and evaluate the 

distribution of CARP genes across different species and perform sequence and phylogenetic 

analysis of CARPs VIII, X, and XI, focusing on vertebrates, and study the expression pattern 

of all the three CARP mRNAs using real-time quantitative PCR (RT-qPCR) and the 

corresponding proteins using immunohistochemistry in a mammalian model.  

With specific objectives: 

1) To evaluate and analyze the distribution of all the three CARP genes in different taxonomic 

classes using bioinformatic methods. 

2) To study the expression profile of CARP VIII, X, and XI at protein level and their mRNAs 

using immunohistochemistry and RT-qPCR methods respectively in mice tissues. 
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4. Methods 

4.1. Bioinformatic Analysis of CARP sequences 

4.1.1. Sequence retrieval  

The available protein sequences CARPs were obtained from Ensembl (Hubbard et al., 2007; 

Consortium, 2011), UniProt (Consortium, 2011), and RefSeq (Pruitt et al., 2007) and further 

sequences were searched using Blast from NCBI protein databases (Altschul et al., 1990)  and 

via BLAT searches from complete genomes (Morimoto et al., 2005) using human and mouse 

CARPs as initial query sequences, and zebrafish, lancelet and sea urchin CARPs later as they 

were discovered and confirmed. Duplicate sequences were rejected, after which the remaining 

sequences were taken through iterated cycles of multiple sequence alignment (Larkin et al., 

2007), evaluation, and revision. For revision, sequences with poorly matching or missing 

regions were subjected to gene model generation with GeneWise (Birney et al., 2004) taking 

the genomic sequences from the UCSC Genome Browser (Morimoto et al., 2005). EST and 

mRNA sequence data were used to confirm gene models, to bridge the gaps or fill the ends in 

the genomic sequences, and to discover and assemble CARPs from less than genome-wide 

sequenced organisms. Finally, incomplete sequences were rejected, with the exception of 

marginally shortened ends, which were allowed. 

4.1.2. Multiple sequence alignment 

 

Individual multiple sequence alignments (MSAs) were calculated for CARP VIII, CARP X, 

and CARP XI using ClustalW (Thompson et al., 1994)  and visualized using GeneDoc 

software (Nicholas, 1997). Furthermore, all of the 84 CARP protein sequences were aligned 

together for the phylogenetic tree.  

4.1.3. Phylogenetic analysis 

 

The phylogenetic tree of all CARP protein sequences was constructed from the MSA of 84 

CARP sequences using the MEGA software, version 4.1 (Tamura et al., 2007). Evolutionary 

relationships were inferred using the Neighbor-Joining method. A bootstrap test was 

performed using 1000 replicates and evolutionary distances were computed using the Poisson 

correction method with the complete deletion option. 
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4.2. Expression of CARPs in mouse tissues 

4.2.1. Immunohistochemistry 

The tissue specimens from the normal mice were fixed in 4% neutral-buffered formaldehyde 

at +4oC for 8 to 27 days. The samples were then dehydrated in an alcohol series, treated with 

xylene, embedded in paraffin wax, and 4µm sections were cut and placed on Superfrost 

microscope slides. After removal of the paraffin with xylene, the rehydrated sections were 

boiled in sodium citrate (0.01 M, pH 6.0) for 20 min and cooled down. The sections were 

immunohistochemically stained according to the following procedure: (i) incubating the 

sample in methanol + 3% H2O2 for 5 min; (ii) rinsing with 1x Tris-buffered saline (TBS), pH 

8.0, containing 0.05% Tween; (iii) blocking with Rodent Block M™ (Biocare Medical, 

Concord, CA) for 30 min; (iv) incubating with primary rabbit anti-human CARP VIII, CARP 

X, and CARP XI antibodies (Santa Cruz Biotechnology, Inc. Bergheimer Heidelberg, 

Germany) raised against amino acids 1 to 100 (CARP VIII), 1 to 50 (CARP X) and 279 to 

328 (CARP XI) diluted 1:350 in 1% bovine serum albumin (BSA) in phosphate-buffered 

saline (PBS) for 1 hour at room temperature and rinsing with TBS containing 0.05% Tween. 

Notably, rabbit IgG was used as a control instead of the primary antibodies; (v) incubation 

with Rabbit HRP-Polymer + XM Factor™ (Biocare Medical, Concord, CA) (2.5 ml HRP-

Polymer + 1 to 2 drops XM Factor) for 30 min prior to rinsing with 1xTBS containing 0.05% 

Tween; (vi) treatment with 1 x 3,3’-diaminobenzidine tetrahydrochloride (DAB) solution for 

5 min prior to rinsing with distilled water; (vii) counterstaining of the slides with Mayer´s 

Hematoxylin for 1 to 3 sec and rinsing under tap water for 10 min. After dehydration, the 

slides were mounted with Entellan Neu™ (Merck; Darmstadt, Germany), examined and 

photographed using Nikon Microphot microscope (Nikon Microphot-FXA, Japan). All of the 

procedures were carried out at room temperature.  

4.2.2. RNA Extraction and cDNA synthesis 

Specimens from 20 tissue samples were collected from six normal NMRI mice, which 

included both male and female mice. The tissue samples used for mRNA isolation were 

stabilized in RNAlater (Ambion, Austin, TX, USA) immediately after collection, and the total 

RNA was isolated from 30 mg of tissue samples using the RNeasy Mini kit (Qiagen, Hilden, 

Germany) by following the manufacturer’s instructions. The concentration and purity of RNA 

was determined using a spectrophotometric method at 260 and 280 nm.  
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4.2.3. Quantitative real-time PCR  

Reverse transcriptase PCR was performed using 50µg of total RNA to synthesize the first 

strand of cDNA. First Strand cDNA Synthesis kit (High-Capacity cDNA Reverse 

Transcription Kits, Applied Biosystems, Foster City, CA) with random primers and 

MultiScribe™ Reverse Transcriptase was used for the synthesis of cDNA according to the 

protocol recommended by the manufacturer.  

Real Time-qPCR primers were designed based on the complete cDNA sequences of the mice 

deposited in the Gene Bank.  The accession numbers of mice Car8 gene in NCBI GenBank is 

NM_007592, for Car10 gene is NM_028296, and for Car11 gene is NM_009800. Primer 

sequences for Car8 gene included the Forward primer 5’ cgggattactgggtctatgaagg 3’ and the 

Reverse primer 5’ ggctgggtaggtcggaaattgtc 3’, while the primer sequences for Car10 gene 

included the Forward primer  5’ gagagcaagagcccagaactc 3’ and the Reverse primer 5’ 

ctcaccagtggcagaaatggc3’. In addition, the Car11 primer sequences were 

5’gccggctctgaacaccagatc3’ (for the Forward primer) and 5’gaggaggcgactgaggaatgg3’ (for the 

Reverse primer). 

Real Time-qPCR was performed using the SYBR Green PCR Master Mix Kit in an ABI 

PRISM 7000 Detection System™ according to the manufacturer’s instructions (Applied 

Biosystems). The PCR conditions consisted of an initial denaturation step at 95ºC for 10 min 

followed by 40 cycles at 95ºC for 15 sec (denaturation) and 60ºC for 1 min (elongation). The 

data were analyzed using the ABI PRISM 7000 SDS™ software (Applied Biosystems). Every 

PCR was performed in a total reaction volume of 15µl containing 2µl of first strand cDNA 

(20ng cDNA), 1x Power SYBR green PCR Master Mix™ (Applied Biosystems, Foster City, 

CA 94404, USA), and 0.5µM of each primer. The final results, expressed as the N-fold 

relative difference (ratio) in gene expression between the studied samples, were calculated 

according to the following equation for relative quantification in real time qPCR with 

appropriate modification (Pfaffl, 2001). 

 

Each experiment was repeated thrice and average of the three values was taken to calculate 

the relative expression of each gene. 
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5. Results (I, Published results) 

5.1. Bioinformatic survey and comparison of CARP sequences  

5.1.1. Annotation of CARPs 

Detailed information and database sources from which sequences were obtained are shown in 

Table 6. In total, 84 full-length sequences were obtained from 38 organisms (3 invertebrates 

and 35 vertebrates). Thirty-three gene sequences encoding for CARP VIII were identified, of 

which 3 sequences were from deuterostome invertebrates, namely, B. floridae, T. adhaerens, 

and S. purpuratus, and 30 were from vertebrates. In this study 31 sequences of CARP X and 

19 sequences of CARP XI were identified in these vertebrates, which included a single CARP 

X gene from a chordate (B. floridae). CARP X-like sequences in invertebrates were 

discovered in both protostomes and deuterostomes. Multiple sequence alignments (MSAs) of 

the CARP VIII, X, and XI protein sequences are presented in at the end of the document as 

appendices 1, 2, and 3, respectively. 

5.1.2. Analysis of multiple sequence alignment 

 

Among vertebrate sequences, the sequence identities ranged from 67% to 100% for CARP 

VIII, from 70% to 100% for CARP X and from 70% to 100% for CARP XI. The 100% values 

were observed between primate sequences. However, even between humans and mice, 

identities of CARP orthologs were 98%, 100%, and 96% for CARP VIII, X, and XI, 

respectively. When the invertebrate CARP VIII and CARP X sequences used in this study 

were compared to their vertebrate orthologs, the sequence identities in these were only 40% to 

45%. In case of enzymatically active CAs, sequence identity between human and mouse are 

94/%, 93%, 92% and 91% for CAs VII, Vb, III, and XIII respectively, and 50% to 83% for 

other pairs of isozymes. Thus, sequence conservation was found to be higher in all CARPs 

than in any of the active CAs. 

5.1.3. Phylogenetic analysis 

The phylogenetic tree of the CARP protein sequences is shown in figure 9. The full MSA 

from which the tree was calculated is presented as appendix 4 at the end of this document. 

The tree shows two distinct sequence pools, including one pool for CARP VIII and the other 

pool for CARPs X and XI. The CARP VIII pool subscribes to the expected animal taxonomy, 

except for mammals, which are not resolved due to sequence identities near 100%. 
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Table 6. Details of the carbonic anhydrase-related protein  sequences used for the present study. 
Group Organism Scientific Name CARPs Acc. No. /ID AA Length  Descriptiona  
 Cow Bos taurus VIII NP_001077159  290 NCBI_RefSeq 
   X A0JN41 328 Uniprot 
   XI NP_783648.1  328 NCBI_RefSeq   
 Marmoset Callithrix jacchus VIII - 290 UCSC_Blat 
   X - 328 UCSC_Blat 
   XI A6MLD1 321 Uniprot _UCSC_Blat 
 Dog Canis familiaris VIII XP_544094.2 290 NCBI_RefSeq  
   X XP_866307.1 328 Ensembl_UCSC_Blat 
   XI XP_852031.1 328 NCBI_RefSeq 
 Guinea Pig Cavia porcellus VIII ENSCPOP00000017966 256 Ensembl 
   X ENSCPOP00000013970 328 Ensembl 
   XI ENSCPOP00000011461 332 Ensembl 
 Armadillo Dasypus  novemcinctus X ENSDNOP00000008341 327 Ensembl 
 Horse Equus caballus VIII XP_001496523.1 290 NCBI_RefSeq 
   X XP_001503286.2 328 NCBI_RefSeq 
   XI ENSECAP00000015876 278 Ensembl 
 Cat Felis catus  X ENSFCAP00000002102  326 Ensembl_UCSC_Blat  
   XI ENSFCAP00000006798 265 Ensembl 
 Human Homo sapiens VIII P35219 290 Uniprot 
   X Q9NS85 328 Uniprot 
   XI O75493 328 Uniprot 
 Mouse Mus musculus VIII P28651 291 Uniprot 
   X P61215 328 Uniprot 
   XI O70354  328 Uniprot 
 Macaque Macaca mulatta VIII XP_001088977.1 290 NCBI_RefSeq 
   X XP_001101492.1  334 NCBI_RefSeq 
   XI XP_001113730.1 328 Ref’’Seq_UCSC_BLAT  
 Rhesus Monkey Macaca fascicularis X Q9N085 328 Uniprot 
 Mouse Lemur Microcebus murinus VIII ENSMICP00000001089 286 Ensembl 
Mammals Opossum Monodelphis  domestica VIII ENSMODP00000010658 289 Ensembl_UCSC_Blat 
   X ENSMODP00000015705 328 Ensembl_UCSC_Blat 
   XI ENSMODP00000017625 332 Ensembl 
 Microbat Myotis  lucifugus VIII ENSMLUP00000008230 275 Ensembl 
 Pika Ochotonidae princeps VIII ENSOPRP00000014387 290 Ensembl 
 Platypus Ornithorhynchus anatinus VIII ENSOANP00000008002  267 Ensembl 
    X ENSOANP00000003611 308 Ensembl_UCSC_Blat 
 Rabbit Oryctolagus cuniculus X ENSOCUP00000002025 333 Ensembl 
 Bushbaby Otolemur garnettii X ENSOGAP00000004458 327 Ensembl 
 Chimpanzee Pan troglodytes VIII XP_519778.2 290 NCBI_RefSeq 
   X XP_001171455.1 328 NCBI_RefSeq 
   XI XP_001171520.1 328 RefSeq_UCSC_BLAT 
 Sumatran Orangutan Pongo abelii VIII - 290 UCSC_Blat 
   X Q5R4U0 328 Uniprot 
   XI NP_001128968.1 328 NCBI_RefSeq 
 Orangutan Pongo  pygmaeus VIII ENSPPYP00000020875 290 Ensembl 
   X ENSPPYP00000009287 328 Ensembl 
   XI ENSPPYP00000011415 328 Ensembl 
 Rat Rattus norvegicus VIII Q5PPN4 290 Uniprot 
   X EDM05681 319 NCBI_RefSeq 
   XI   NP_783639 328 NCBI_RefSeq 
 Pig Sus scrofa VIII XP_001926916 291 NCBI_RefSeq 
   XI Q866X6 331 Uniprot 
 Tarsier Tarsius syrichta VIII ENSTSYP00000009029 256 Ensembl 
 Dolphin Tursiops truncatus VIII ENSTTRP00000015250 256 Ensembl 
   X ENSTTRP00000001587 308 Ensembl 
   XI ENSTTRP00000007758 320 Ensembl 
 Sheep Ovis aries XI  Q95203 328 Uniprot 
       
 Anole Lizard Anolis  carolinensis VIII - 257 UCSC_Blat 
   X  - 321 UCSC_Blat 
   XI ENSACAP00000015571 289 Ensembl  
 Chicken Gallus gallus VIII ENSGALP00000024873 283 Ensembl 
   X XP_415644.1  328 NCBI_RefSeq 
 Zebra Finch Taeniopygia guttata VIII ENSTGUP00000011522 258 Ensembl 
   X ENSTGUP00000009733 328 Ensembl 
 Frog Xenopus tropicalis VIII Q5M8Z5 282 Uniprot 
   X ENSXETP00000002773 321 Ensembl_UCSC_Blat 
   XI -  303 UCSC_Blat 
 Zebrafish Danio rerio VIII NP_001017571.1 281 NCBI_RefSeq 
Other   Xa NP_001032198.1 328 NCBI_RefSeq 

vertebrates   Xb XP_696967.2  308 NCBI_RefSeq 
 Stickleback Gasterosteus aculeatus VIII ENSGACP00000019684 281 Ensembl 
   Xa ENSGACP00000020102 323 Ensembl_UCSC_Blat 
   Xb ENSGACP00000000619  328 Ensembl 
 Rainbow trout Oncorhynchus mykiss VIII Q  5I2J1 281 Uniprot 
 Medaka Oryzias latipes VIII ENSORLP00000016815 281 Ensembl 
 Fugu Takifugu rubripes VIII ENSTRUP00000009702 282 Ensembl 
   Xa ENSTRUP00000007839 297 Ensembl_UCSC_Blat 
   Xb ENSTRUP00000032938 328 Ensembl_UCSC_Blat 
 Pufferfish Tetraodon nigroviridis VIII ENSTNIP00000005959 272 Ensembl 
   Xa ENSTNIP00000017020 328  Ensembl_UCSC_Blat 
       
 Lancelet Branchiostoma lancelet VIII C3XTT7 256 Uniprot_UCSC_Blat 
   X - 319 UCSC_Blat 
Invertebrates Trichoplax Trichoplax adhaerens     VIII XP_002111595.1 348 NCBI_RefSeq 
 Sea urchin Strongylocentrotuspurpuratus VIII XP_795365.2 312 NCBI_RefSeq  

aThe sources of the best protein sequences. NCBI, RefSeq, UniProt and Ensembl refer to the 
respective databases, and UCSC_BLAT refers to discovery of novel genes/exons using the 
UCSC genome browser and subsequent gene model building, as detailed in Materials and 
Methods. EST means that a further EST sequence was used to extend an incomplete genome 
sequence. 
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The second sequence pool is comprised of the CARP X and CARP XI sequences. CARP X 

forms three subgroups including the large subgroup consisting of sequences from mammals, 

frogs, and lizards, and two smaller groups containing sequences from fishes (Figure 9). The 

CARP XI group contains a major branch, consisting of mammalian sequences while the 

sequences from lizard and frog form an out-group. The results of this analysis indicate that 

there has been an independent duplication of the ancestral vertebrate CA10 gene in the fish 

lineage, whereas the results of present study suggest that the CA11 gene has emerged from 

another gene duplication after the separation of the fish and tetrapod lineages. 

5.2 Expression of CARPs and their mRNAs in mouse tissues (I, Published 

results) 

5.2.1. Quantitative expression analysis of Car8, Car10, Car11 mRNAs in mouse tissues 

In the present study the expression of all three CARP mRNAs was studied in 20 different 

mouse tissues. The expression patterns of each mRNA are shown in figures 10, 11, and 12. As 

predicted based on the previous study (Taniuchi et al., 2002a), Car8 mRNA expression was 

found to be highest in the cerebellum, and high levels of expression were also detected in the 

liver and the lung (Figure 10). Low expression was observed in the stomach, duodenum, 

ileum, jejunum, colon, spleen, kidney, heart, frontal cortex, parietal cortex, midbrain, and eye, 

while extremely low expression was observed in the ovary, skeletal muscle, and testis. 

The expression pattern of Car10 mRNA is shown in figure 11. The Car10 mRNA levels were 

high in the cerebellum, frontal cortex, and parietal cortex, low in the midbrain, and extremely 

low in the eye. The distribution of Car11 mRNA expression was broad, similar to the 

expression of Car8 mRNA and the highest signals were observed in the cerebellum and 

cerebral cortex (Figure 13) while the midbrain showed moderate levels of expression. In 

addition to the brain, low expression was detected in the colon, kidney, ovary, heart, and lung. 

Moreover, barely detectable expression was observed in the liver, stomach, duodenum, ileum, 

jejunum, spleen, and eye. 
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Figure 9. Phylogenetic tree showing evolutionary relationships of all the three CARP (VIII, 
X, and XI) sequences. The phylogenetic tree of 84 CARP sequences used in the study was 
inferred using the Neighbor-Joining method (Tamura et al., 2007). The percentage of 
replicate trees in which the associated sequences clustered together in the bootstrap test is 
shown above the branches. 
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Figure 10. Expression pattern of Car8 mRNA in different murine tissues. The relative 
expression pattern of Car8 mRNAs was studied in 20 different mouse tissues (mRNAs pooled 
together from male and female mice for the common tissues) using RT-qPCR. The expression 
of mRNA can be seen in almost all the tissues analyzed. The expression of Car8 mRNA was 
predominantly expressed in cerebellum, with significantly high amounts in lung and liver, low 
level of expression can be seen in duodenum, ileum, jejunum, colon, kidney, heart, frontal 
cortex, parietal cortex midbrain and eye, very low level of signal was seen in stomach, spleen, 
ovary, testis and skeletal muscle. There was no signal in pancreas and uterus.  

 

Figure 11. Expression profile of Car10 mRNA in murine tissues. The relative expression 
pattern of Car8 mRNAs was studied in 20 different mouse tissues (mRNAs pooled together 
from male and female mice for the common tissues) using RT-qPCR. The expression pattern 
was in contrast to the pattern of Car8 and Car11 mRNAs, the expression of Car8 of mRNA 
can only be seen  CNS, expression being  very  high in cerebellum followed by parietal cortex 
and frontal cortex, very low level of expression was also seen in midbrain and eye, none of 
the other tissues showed any expression. 
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Figure 12. Distribution of Car11 mRNA in murine tissues. The relative expression pattern of 
Car8 mRNAs was studied in 20 different mouse tissues (mRNAs pooled together from male 
and female mice for the common tissues) using RT-qPCR. The pattern of Car11 mRNA 
expression was similar to the expression of Car8 mRNA, most of the tissues showing 
expression of mRNA in tissues analyzed though low. Interestingly Car11 mRNA was 
predominantly expressed in frontal cortex unlike Car8 and Car10 mRNA expression followed 
by significantly high level of expression in parietal cortex, cerebellum and midbrain. Low 
amount of Car11 mRNA signal was also seen in colon, kidney, ovary lung and eye. 

5.2.2. Distribution of CARP VIII, X, and XI proteins in mouse tissues 

For the present study the expression of CARP VIII, X, and XI proteins in mouse tissues using 

immunohistochemistry is shown in figures 13 through 16 and in Table 7. CARP VIII was 

expressed in most of the tissues analyzed, indicating a wider distribution profile compared to 

CARP X and CARP XI expression. Strong expression for CARP VIII was observed in the 

cerebellum and cerebrum while weaker expression was observed in several other tissues 

including the liver, pancreatic Langerhans islets, submandibular gland, stomach, colon, 

kidney, and lung (Figures 13 and 14). In the cerebellum, the highest staining intensity was 

present in the Purkinje cells and a slightly lower staining intensity was associated with the 

molecular layer. The cerebrum showed an intense and punctuate staining pattern, indicating 

the strongest expression in the axons and dendrites. In the kidney, very weak positive staining 

was observed in a few epithelial cells of the renal tubules. The liver showed moderate 

immunostaining in the hepatocytes. In the lung, staining was observed in both the respiratory 

epithelium and the rounded alveolar cells, most likely representing the type II pneumocytes. 

The submandibular gland showed strong immunoreactions in both the acinar and ductal 

epithelial cells. The gastric and colonic glands were also positively stained for CARP VIII.  
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Figure 13. Immunohistochemical staining of CARP VIII, CARP X, and CARP XI proteins in 
mouse cerebellum (A, C, E) and cerebrum (B, D, F). Arrows indicate the location of the 
Purkinje cells, which are strongly positive for CARP VIII and moderately positive for CARP 
XI. The molecular layer (m) of the cerebellum is also intensely labeled with CARP VIII, 
whereas the granular cell layer is negative (g). Panel B shows strong punctuate 
immunostaining for CARP VIII in the cerebrum. The arrowheads in panel D indicate CARP 
X-positive microcapillaries in the cerebrum. Immunostaining reactions for CARP XI 
remained very weak in the cerebrum (F). (Original magnifications are at x 20). 

  
Figure 14. Immunohistochemical staining of CARP VIII proteins in mouse tissues. CARP 
VIII was observed moderately in the liver hepatocytes (A), ducts (*) and acini (arrows) of the 
submandibular gland (C), gastric glands (arrows in D), respiratory epithelium (arrowhead), 
and rounded alveolar cells (arrows) of the lung (G). Extremely low expression was observed 
in the pancreatic Langerhans islets (* in B), colonic glands (arrows in E), and occasionally in 
the tubule cells of the kidney (arrow in F indicates positive macula densa cells). No staining 
was present in the skeletal muscle (H) and testis (I). (Original magnifications are at x 20). 
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Figure 15. Immunohistochemical staining of CARP X protein in mouse tissues. Moderate 
CARP X expression was observed in the respiratory epithelium (arrowhead) of the lung (G). 
Moderate expression was also present in the gastric glands (arrows in panel D). The heart 
muscle cells occasionally showed extremely weak signals (I). The other tissues including the 
liver (A), pancreas (B), submandibular gland (C), colon (E), small intestine (F), skeletal 
muscle (H) remained negative. (Original magnifications are at x 20).  

 
Figure 16. Immunohistochemical staining of CARP XI protein in mouse tissues. Weak 
immunoreactions for CARP XI were observed in the crypts of Lieberkuhn (arrows in D), 
gastric glands (arrows in C), and renal tubule cells (F). Extremely weak signals can also be 
observed in the liver (A), colon (E), and testis (I). The pancreas (B), lung (G), and skeletal 
muscle (H) were all negative. (Original magnifications are at x 20) 
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A significant amount of CARP X expression was observed only in the lung where the staining 

was localized to the respiratory epithelium. In addition, positive signals were occasionally 

detected in the cerebral capillaries and the stomach (Figures 13 and 15 and Table 7). Barely 

detectable staining was occasionally observed in the heart muscle cells. CARP XI showed a 

broader expression profile than CARP X. Its overall distribution was fairly similar to that for 

CARP VIII, although the staining intensity was clearly less intense. Positive signal for CARP 

XI was observed in the cerebellum, cerebrum, liver, stomach, small intestine, colon, kidney, 

and testis (Figures 13 and 16 and Table 7). In the cerebellum, the most prominent signal was 

located in the Purkinje cells.  

 

Table 7
a
. Expression profile of CARP VIII, X, and XI in mouse tissues.  

 
Tissue    CARP VIII    CARP X       CARP XI 

Cerebellum +++ --- ++- 
Cerebrum +++ ++- +-- 
Liver ++- --- +-- 
Pancreas +-- --- --- 
Submandibular gland ++- --- --- 
Stomach ++- +--  +-- 
Colon +-- --- +-- 
Kidney +-- ++- +-- 
Lung ++- --- --- 
Skeletal muscle --- --- -- 
Testis --- NA +- 
Ovary NA -- NA 
Heart NA +-- NA 
Epididymis NA --- --- 
Small intestine --- --- +-- 

 
 

Immunohistochemistry score. +++ Strong, ++Moderate, +–Weak, ---No signal, and NA-Not 
analyzed. aSummary of the expression pattern of all the three CARP proteins in different 
tissues of the mice analyzed in this study by using polyclonal antibodies for human CARP 
proteins raised again 100 amino acids of the N-terminal region of all the three CARPs. 
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6. Discussion 

6.1. Bioinformatic analysis of CARP sequences 

Previous bioinformatic investigations have described individual CARP sequences only for 

human, mouse, and other mammals (Kato, 1990a; Bellingham et al., 1998; Fujikawa-Adachi 

et al., 1999; Okamoto et al., 2001). Using a variety of bioinformatic tools 84 full-length 

CARP sequences were identified from genome and sequence databases, including 21 which 

came from novel or improved gene models and combining mRNA data to genome data. Of 

these 21 sequences, 8 are novel and previously unannotated, and 13 comprise extended and/or 

partially corrected sequences. Sequences encoding CARP VIII and CARP X were identified 

in all available vertebrate genomes, even if many sequences were present only as gene 

fragments. On the other hand, CARP XI sequences were found only in mammals, frogs (X. 

tropicalis), and lizards (A. carolinensis). The results of this study indicate that the CA11 gene 

emerged through a process of gene duplication from CA10 after the divergence of the fish and 

tetrapod lineages. In addition, CARP XI sequences could not be identified from birds, 

moreover there were only two genomes available from the birds, the CA11 gene may have 

been either missed as a result of the incomplete genome coverage or alternatively the gene 

may have been lost in the bird lineage.   

The fish sequences similar to CARP X form two distinct subgroups, both of which are more 

closely related to CARP X than CARP XI. This indicates that these sequences have evolved 

by gene duplication from the CA10 gene in the fish lineage. These sequences from fish were 

tentatively named as CARP Xa and Xb instead of CARP X and XI, since the CA10/CA11 

gene duplication seems to be limited to Tetrapoda.  

Sequences found in three deuterostomes (B. floridae, T. adhaerens, and S. purpuratus) that 

were similar to CARP VIII, with sequence similarities between 40 and 45%, when compared 

to vertebrate CARP VIII sequences, were novel and unexpected discoveries in this study. No 

CARP VIII orthologs were likewise discovered in protostomes. According to these findings, 

the origin of CARP VIII would have occurred sometime after the separation of the 

Protostomia and Deuterostomia lineages. In contrast, CARP X-like sequences are widely 

found in invertebrates, including all available insect and nematode genomes.  
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6.2. Expression of CARPs in mouse tissues 

Earlier studies reported the expression of human or mouse CARP mRNAs and their 

corresponding proteins using immunohistochemistry, western blot analysis, northern blot 

assays, dot blots, and RT-PCR mostly in the brain and in a few cases in other tissues often 

with slightly conflicting results (Lakkis et al., 1997a; Nógrádi et al., 1997; Taniuchi et al., 

2002a; Akisawa et al., 2003; Hirota et al., 2003; Jiao et al., 2005; Hirasawa et al., 2007). 

However, a comprehensive distribution of all CARPs and their corresponding mRNAs has yet 

to be completely elucidated. In fact, the present study revealed for the first time the 

distribution of all CARP proteins and their mRNAs in a wide variety of adult mouse tissues 

using immunohistochemistry and real time qPCR.  

The expression of Car8 mRNA has been previously studied in other tissues besides the brain 

using RT-PCR and dot blot analysis. Multiple transcripts were reported to be expressed in the 

brain, lung, and liver, and a single transcript was found in the heart, skeletal muscle, and 

kidney, though to a lesser extent (Okamoto et al., 2001). In the present study, high expression 

of Car8 mRNA in the cerebellum, liver, and lung was observed, with expression being most 

predominant in the cerebellum. Low expression of Car8 mRNA was observed in all other 

tissues except for the pancreas and uterus. In brief, the expression pattern observed in the 

present study by RT-qPCR was similar to the earlier results (Okamoto et al., 2001). The 

immunohistochemical findings show high levels of CARP VIII expression in the cerebellum 

and cerebrum. In previous studies, immunohistochemical staining, northern blot studies, and 

RT-PCR analyses have shown abundant expression of CARP VIII in the human and mouse 

brain, and immunohistochemical studies have further defined its expression especially in the 

cerebellar Purkinje cells (Lakkis et al., 1997a; Nógrádi et al., 1997; Taniuchi et al., 2002a; 

Akisawa et al., 2003; Hirota et al., 2003; Jiao et al., 2005; Hirasawa et al., 2007), all of which 

are in agreement with the results of  the present study. Lower CARP VIII expression has been 

reported in other murine tissues including the lung, liver, and stomach using western blot 

analysis (Hirota et al., 2003). The finding of this study confirmed the expression using 

immunohistochemical staining in these organs. High level expression of Car8 mRNA and 

CARP VIII protein in the brain and in a wide variety of other tissues suggests important roles 

for this protein in normal physiology. Indeed the role of CARP VIII is evident from the 

recently published reports showing ataxia and gait disorders in both mice and humans due to 

variations in the CA8 gene (Jiao et al., 2005; Türkmen et al., 2009; Kaya et al., 2011).  
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RT-PCR analyses have previously shown the expression of Car10 mRNA in the human brain, 

testis, salivary glands, and kidney, while lower expression levels were reported in the 

pancreas, liver, and testis (Okamoto et al., 2001). Using northern blot analysis, the expression 

was observed in the kidney and the brain (Okamoto et al., 2001). Incidentally, there have 

been only a few previous reports in the literature regarding the expression of the CARP X 

protein in the human and mouse brain. The expression was shown to be weak in the cerebellar 

Purkinje cells (Taniuchi et al., 2002a; Nishimori et al., 2003). This study reports strong 

positive signal intensities only in the cerebellum followed by the parietal cortex and the 

frontal cortex, low expression in the midbrain, and extremely low expression in the eye. In the 

present study using immunohistochemical method, a clearly localized signal was observed 

only in the respiratory epithelium of the lung, and weak signals in the stomach and cerebral 

capillaries. The real-time qPCR results of this study do not agree with previous results on 

human tissues (except for the brain) nor does it agree with the present immunohistochemical 

findings. The discrepancies between immununohistochemistry and RT-qPCR may be due to 

(i) a low amount of mRNA that is translated into protein; (ii) rapid degradation of the protein; 

(iii) the low signal from immunochemical staining, which could be due to the loss of 

antigenicity in some tissues during the processing and storage of slides; (iv) differences in the 

species or strains used. Further immunohistochemical studies using new antibodies along with 

analysis of mRNA transcripts will be important for understanding the discrepancies observed.  

 

In a previous paper, Okamoto et al. (Okamoto et al., 2001) reported that the Car10 sequence 

contains seven CCG repeats in the 5′-untranslated region followed by two CCG repeats 

located 16 bp downstream from the aforementioned repeats. These repeats have been 

associated with various neurological disorders (Kleiderlein et al., 1998). The presence of the 

CCG repeats in the Car10 gene makes it a potential candidate gene that might contribute to 

the development of neurodegenerative disorders. Therefore, it will be of interest to explore the 

expansion mutations of Car10 gene in patients with neurological symptoms.  

 

The present study revealed widespread expression of CARP XI in most of the tissues studied 

by using both immunohistochemistry and real-time qPCR. Compared to CARP VIII, the 

intensity of CARP XI immunostaining was clearly weaker. In a previous study, 

immunochemical staining of the human brain indicated that the signal for CARP XI was 

lower compared to CARP VIII but higher than CARP X (Taniuchi et al., 2002b). Thus, the 

findings of this were in agreement with these aforementioned results. In this study real-time 
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qPCR analysis, surprisingly, showed very high expression of the Car11 mRNA in all of the 

brain segments analyzed, especially in the frontal cortex followed by the parietal cortex, 

cerebellum, and midbrain. These results were in agreement with an earlier report showing 

Car11 mRNA expression in all parts of the human brain (Fujikawa-Adachi et al., 1999). The 

same study demonstrated Car11 mRNA expression in the kidney, liver, and salivary glands, 

and low expression levels in the lung, skeletal muscle, kidney, pancreas, and liver (Fujikawa-

Adachi et al., 1999). In this study, low levels of Car11 mRNA were observed in the colon, 

kidney, ovary, heart, and lung. The presence of CARP XI in several regions of the brain 

suggests an important, yet undefined role for CARP XI in the central nervous system. 
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7. Conclusions 

The present investigation describes a comprehensive bioinformatic study of CARP gene 

sequences and also elucidates the distribution of three CARPs in mouse tissues using real time 

qPCR and immunohistochemistry. In this study a very high conservation of all the three 

CARP sequences across the species was observed. In the cases of CARP VIII and CARP X, 

unusually high similarity was found between vertebrate and invertebrate sequences. Based on 

the results of the present study, the duplication history of the CA10 gene has followed 

different paths in the fish and tetrapod lineages. The present study results contribute to a 

deeper understanding of evolution of CARP sequences across species. 

The expression of CARP VIII was found to be widespread in the tissues analyzed, and the 

highest mRNA signals were detected in the cerebellum, lung, and liver. Both CARP X and XI 

showed the strongest mRNA expression in the nervous tissues. The distribution patterns 

suggest that CARPs may contribute to the development of the nervous system, motor 

coordination functions, and yet unknown physiological roles in other tissues. It will be of 

interest to determine the specific function of all CARPs by producing and analyzing suitable 

single, double, and triple knockout animal models and also by screening neurological patients 

for trinucleotide repeats or other mutations in CARP genes.  



 

44 
 

8. References 
 

Akisawa Y, Nishimori I, Taniuchi K, Okamoto N, Takeuchi T, Sonobe H, Ohtsuki Y, Onishi 
S (2003) Expression of carbonic anhydrase-related protein CA-RP VIII in non-small cell lung 
cancer. Virchows Arch 442:66-70. 

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search 
tool. J Mol Biol 215:403-410. 

Barnea G, Silvennoinen O, Shaanan B, Honegger AM, Canoll PD, D'Eustachio P, Morse B, 
Levy JB, Laforgia S, Huebner K, Musacchio JM, Sap J, Schessinger J (1993) Identification of 
a carbonic anhydrase-like domain in the extracellular region of RPTP gamma defines a new 
subfamily of receptor tyrosine phosphatases. Mol Cell Biol 13:1497-1506. 

Bataller L, Sabater L, Saiz A, Serra C, Claramonte B, Graus F (2004) Carbonic anhydrase-
related protein VIII: autoantigen in paraneoplastic cerebellar degeneration. Ann Neurol 
56:575–579. 

Bellingham J, Gregory-Evans K, Gregory-Evans CY (1998) Sequence and tissue expression 
of a novel human carbonic anhydrase-related protein, CARP-2, mapping to chromosome 
19q13.3. Biochem Biophys Res Commun 253:364-367. 

Birney E, Clamp M, Durbin R (2004) GeneWise and Genomewise. Genome Res 14:988-995. 

Bosanac I, Alattia JR, Mal TK, Chan J, Talarico S, Tong FK, Tong KI, Yoshikawa F, 
Furuichi T, Iwai M, Michikawa T, Mikoshiba K, Ikura M (2002) Structure of the inositol 
1,4,5-trisphosphate receptor binding core in complex with its ligand. Nature 420:696-700. 

Consortium, UniProt (2011) Ongoing and future developments at the Universal Protein 
Resource. Nucleic Acids Res 39:D214-219. 

Elleby B, Sjöblom B, Tu C, Silverman DN, Lindskog S (2000) Enhancement of catalytic 
efficiency by the combination of site-specific mutations in a carbonic anhydrase-related 
protein. Eur J Biochem 267:5908-5915. 

Fujikawa-Adachi K, Nishimori I, Taguchi T, Yuri K, Onishi S (1999) cDNA sequence, 
mRNA expression, and chromosomal localization of human carbonic anhydrase-related 
protein, CA-RP XI. Biochim Biophys Acta 1431:518-524. 

Henry RP (1996) Multiple roles of carbonic anhydrase in cellular transport and metabolism. 
Annu Rev Physiol 58:523-538. 

Hewett-Emmett D, Tashian RE (1996) Functional diversity, conservation, and convergence in 
the evolution of the α-, β-, and γ-carbonic anhydrase gene families. Mol Phylogenet Evol 
5:50-77. 

Hirasawa M, Xu X, Trask RB, Maddatu TP, Johnson BA, Naggert JK, Nishina PM, Ikeda A 
(2007) Carbonic anhydrase related protein 8 mutation results in aberrant synaptic morphology 
and excitatory synaptic function in the cerebellum. Mol Cell Neurosci 35:161-170. 



 

45 
 

Hirota J, Ando H, Hamada K, Mikoshiba K (2003) Carbonic anhydrase-related protein is a 
novel binding protein for inositol 1,4,5-trisphosphate receptor type 1. Biochem J 372:435-
441. 

Hubbard TJ, Aken BL, Beal K, Ballester B, Caccamo M, Chen Y, Clarke L, Coates G, 
Cunningham F, Cutts T, Down T, Dyer SC, Fitzgerald S, Fernandez-Banet J, Graf S, Haider 
S, Hammond M, Herrero J, Holland R, Howe K, Howe K, Johnson N, Kahari A, Keefe D, 
Kokocinski F, Kulesha E, Lawson D, Longden I, Melsopp C, Megy K, Meidl P, Ouverdin B, 
Parker A, Prlic A, Rice S, Rios D, Schuster M, Sealy I, Severin J, Slater G, Smedley D, 
Spudich G, Trevanion S, Vilella A, Vogel J, White S, Wood M, Cox T, Curwen V, Durbin R, 
Fernandez-Suarez XM, Flicek P, Kasprzyk A, Proctor G, Searle S, Smith J, Ureta-Vidal A, 
Birney E (2007) Ensembl 2007. Nucleic Acids Res 35:D610-617. 

Ishihara T, Takeuchi T, Nishimori I, Adachi Y, Minakuchi T, Fujita J, Sonobe H, Ohtsuki Y, 
Onishi S (2006) Carbonic anhydrase-related protein VIII increases invasiveness of non-small 
cell lung adenocarcinoma. Virchows Arch 448:830-837. 

Jiao Y, Yan J, Zhao Y, Donahue LR, Beamer WG, Li X, Roe BA, Ledoux MS, Gu W (2005) 
Carbonic anhydrase-related protein VIII deficiency is associated with a distinctive lifelong 
gait disorder in waddles mice. Genetics 171:1239-1246. 

Kato K (1990a) Sequence of a novel carbonic anhydrase-related polypeptide and its exclusive 
presence in Purkinje cells. FEBS Lett 271:137-140. 

Kato K (1990b) A Collection of cDNA Clones with Specific Expression Patterns in Mouse 
Brain. Eur J Neurosci 2:704-711. 

Kaya N, Aldhalaan H, Al-Younes B, Colak D, Shuaib T, Al-Mohaileb F, Al-Sugair A, Nester 
M, Al-Yamani S, Al-Bakheet A, Al-Hashmi N, Al-Sayed M, Meyer B, Jungbluth H, Al-
Owain M (2011) Phenotypical spectrum of cerebellar ataxia associated with a novel mutation 
in the CA8 gene, encoding carbonic anhydrase (CA) VIII. Am J Med Genet B Neuropsychiatr 
Genet 156:826-834. 

Kilpinen S, Autio R, Ojala K, Iljin K, Bucher E, Sara H, Pisto T, Saarela M, Skotheim RI, 
Bjorkman M, Mpindi JP, Haapa-Paananen S, Vainio P, Edgren H, Wolf M, Astola J, Nees M, 
Hautaniemi S, Kallioniemi O (2008) Systematic bioinformatic analysis of expression levels of 
17,330 human genes across 9,783 samples from 175 types of healthy and pathological tissues. 
Genome Biol 9:R139. 

Kleiderlein JJ, Nisson PE, Jessee J, Li WB, Becker KG, Derby ML, Ross CA, Margolis RL 
(1998) CCG repeats in cDNAs from human brain. Hum Genet 103:666-673. 

Lakkis MM, O'Shea KS, Tashian RE (1997a) Differential expression of the carbonic 
anhydrase genes for CA VII (Car7) and CA-RP VIII (Car8) in mouse brain. J Histochem 
Cytochem 45:657-662. 

Lakkis MM, Bergenhem NC, O'Shea KS, Tashian RE (1997b) Expression of the acatalytic 
carbonic anhydrase VIII gene, Car8, during mouse embryonic development. Histochem J 
29:135-141. 



 

46 
 

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, Valentin 
F, Wallace IM, Wilm A, Lopez R, Thompson JD, Gibson TJ, Higgins DG (2007) Clustal W 
and Clustal X version 2.0. Bioinformatics 23:2947-2948. 

Lovejoy DA, Hewett-Emmett D, Porter CA, Cepoi D, Sheffield A, Vale WW, Tashian RE 
(1998) Evolutionarily conserved, "acatalytic" carbonic anhydrase-related protein XI contains 
a sequence motif present in the neuropeptide sauvagine: the human CA-RP XI gene (CA11) is 
embedded between the secretor gene cluster and the DBP gene at 19q13.3. Genomics 54:484-
493. 

Lu SH, Takeuchi T, Fujita J, Ishida T, Akisawa Y, Nishimori I, Kohsaki T, Onishi S, Sonobe 
H, Ohtsuki Y (2004) Effect of carbonic anhydrase-related protein VIII expression on lung 
adenocarcinoma cell growth. Lung Cancer 44:273-280. 

Melcher K (2000) The strength of acidic activation domains correlates with their affinity for 
both transcriptional and non-transcriptional proteins. J Mol Biol 301:1097-1112. 

Mikoshiba K (2007) IP3 receptor/Ca2+ channel: from discovery to new signaling concepts. J 
Neurochem 102:1426-1446. 

Mikoshiba K, Okano H, Miyawaki A, Furuichi T, Ikenaka K (1995) Molecular genetic 
analyses of myelin deficiency and cerebellar ataxia. Prog Brain Res 105:23-41. 

Miyaji E, Nishimori I, Taniuchi K, Takeuchi T, Ohtsuki Y, Onishi S (2003) Overexpression 
of carbonic anhydrase-related protein VIII in human colorectal cancer. J Pathol 201:37-45. 

Mori S, Kou I, Sato H, Emi M, Ito H, Hosoi T, Ikegawa S (2009) Nucleotide variations in 
genes encoding carbonic anhydrase 8 and 10 associated with femoral bone mineral density in 
Japanese female with osteoporosis. J Bone Miner Metab 27:213-216. 

Morimoto K, Nishimori I, Takeuchi T, Kohsaki T, Okamoto N, Taguchi T, Yunoki S, 
Watanabe R, Ohtsuki Y, Onishi S (2005) Overexpression of carbonic anhydrase-related 
protein XI promotes proliferation and invasion of gastrointestinal stromal tumors. Virchows 
Arch 447:66-73. 

Nicholas KB, Nicholas HB Jr, and Deerfield DW II (1997) GeneDoc: Analysis and 
Visualization of Genetic Variation,. EMBNEW. NEWS 4:14. 

Nishikata M, Nishimori I, Taniuchi K, Takeuchi T, Minakuchi T, Kohsaki T, Adachi Y, 
Ohtsuki Y, Onishi S (2007) Carbonic anhydrase-related protein VIII promotes colon cancer 
cell growth. Mol Carcinog 46:208-214. 

Nishimori I, Takeuchi H, Morimoto K, Taniuchi K, Okamoto N, Onishi S, Ohtsuki Y (2003) 
Expression of carbonic anhydrase-related protein VIII, X and XI in the enteric autonomic 
nervous system. Biomed Res 14:69-73. 

Nógrádi A, Jonsson N, Walker R, Caddy K, Carter N, Kelly C (1997) Carbonic anhydrase II 
and carbonic anhydrase-related protein in the cerebellar cortex of normal and lurcher mice. 
Brain Res Dev Brain Res 98:91-101. 



 

47 
 

Okamoto N, Fujikawa-Adachi K, Nishimori I, Taniuchi K, Onishi S (2001) cDNA sequence 
of human carbonic anhydrase-related protein, CA-RP X: mRNA expressions of CA-RP X and 
XI in human brain. Biochim Biophys Acta 1518:311-316. 

Pfaffl MW (2001) A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Res 29:e45. 

Picaud SS, Muniz JR, Kramm A, Pilka ES, Kochan G, Oppermann U, Yue WW (2009) 
Crystal structure of human carbonic anhydrase-related protein VIII reveals the basis for 
catalytic silencing. Proteins 76:507-511. 

Pruitt KD, Tatusova T, Maglott DR (2007) NCBI reference sequences (RefSeq): a curated 
non-redundant sequence database of genomes, transcripts and proteins. Nucleic Acids Res 
35:D61-65. 

Sjöblom B, Elleby B, Wallgren K, Jonsson BH, Lindskog S (1996) Two point mutations 
convert a catalytically inactive carbonic anhydrase-related protein (CARP) to an active 
enzyme. FEBS Lett 398:322-325. 

Skaggs LA, Bergenhem NC, Venta PJ, Tashian RE (1993) The deduced amino acid sequence 
of human carbonic anhydrase-related protein (CARP) is 98% identical to the mouse 
homologue. Gene 126:291-292. 

Sly WS, Hu PY (1995) Human carbonic anhydrases and carbonic anhydrase deficiencies. 
Annu Rev Biochem 64:375-401. 

Supuran C, Scozzafava  A, and  Conway J, ed (2004) Carbonic Anhydrase: Its Inhibitors and 
Activators. Washington, D.C.: CRC   PR E S S. 

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: Molecular Evolutionary Genetics 
Analysis (MEGA) software version 4.0. Mol Biol Evol 24:1596-1599. 

Taniuchi K, Nishimori I, Takeuchi T, Ohtsuki Y, Onishi S (2002a) cDNA cloning and 
developmental expression of murine carbonic anhydrase-related proteins VIII, X, and XI. 
Brain Res Mol Brain Res 109:207-215. 

Taniuchi K, Nishimori I, Takeuchi T, Fujikawa-Adachi K, Ohtsuki Y, Onishi S (2002b) 
Developmental expression of carbonic anhydrase-related proteins VIII, X, and XI in the 
human brain. Neuroscience 112:93-99. 

Tashian RE (1992) Genetics of the mammalian carbonic anhydrases. Adv Genet 30:321-356. 

Tashian RE, Hewett-Emmett D, Carter ND, Bergenhem NCH, eds (2000) Carbonic anhydrase 
(CA)-related proteins (CA-RPs), and trans-membrane proteins with CA or CA RP membrane 
proteins with CA or CA RP domains. , Basel: New Horizons, Birkhauser. 

Tavernarakis N, Thireos G (1995) Transcriptional interference caused by GCN4 
overexpression reveals multiple interactions mediating transcriptional activation. Mol Gen 
Genet 247:571-578. 



 

48 
 

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the sensitivity of 
progressive multiple sequence alignment through sequence weighting, position-specific gap 
penalties and weight matrix choice. Nucleic Acids Res 22:4673-4680. 

Triezenberg SJ, Kingsbury RC, McKnight SL (1988) Functional dissection of VP16, the 
trans-activator of herpes simplex virus immediate early gene expression. Genes Dev 2:718-
729. 

Türkmen S, Guo G, Garshasbi M, Hoffmann K, Alshalah AJ, Mischung C, Kuss A, 
Humphrey N, Mundlos S, Robinson PN (2009) CA8 mutations cause a novel syndrome 
characterized by ataxia and mild mental retardation with predisposition to quadrupedal gait. 
PLoS Genet 5:e1000487. 

Wang Z, Moult J (2001) SNPs, protein structure, and disease. HumMutat 17:263-270. 

Wu C, Orozco C, Boyer J, Leglise M, Goodale J, Batalov S, Hodge CL, Haase J, Janes J, 
Huss JW, 3rd, Su AI (2009) BioGPS: an extensible and customizable portal for querying and 
organizing gene annotation resources. Genome Biol 10:R130. 

Yan J, Jiao Y, Jiao F, Stuart J, Donahue LR, Beamer WG, Li X, Roe BA, LeDoux MS, Gu W 
(2007) Effects of carbonic anhydrase VIII deficiency on cerebellar gene expression profiles in 
the wdl mouse. Neuroscience letters 413:196-201. 

Yoon  CH (1959) Waddler, a new mutation, and its interaction with quivering. J Hered 
50:238-244. 

 

 

 



 

49 
 

9. Appendices:  

I. Appendices of Multiple Sequence Alignments (MSAs) 

1. Multiple sequence alignment of CARP VIII sequences.   

2. Multiple sequence alignment of CARP X sequences.   

3. Multiple sequence alignment of CARP XI sequences.   

4. Multiple sequence alignment of CARP VIII, X, and XI sequences.   
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Appendix 1. Multiple sequence alignment of CARP VIII sequences. Comparison of 33 
CARP VIII sequences by multiple sequence alignment. Short names are provided on the left 
side and residue numbers are provided on the right side of the figure (details of the sequences 
and descriptions are provided in Table 1).  
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Appendix 2. Multiple sequence alignment of CARP X sequences. Comparison of 32 CARP 
X sequences by multiple sequence alignment. Short names are provided on the left side and 
residue numbers are provided on the right (details of the sequences and descriptions are 
provided in Table 1). 
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Appendix 3. Multiple sequence alignment of CARP XI sequences. Comparison of 19 CARP 
XI sequences by multiple sequence alignment. Short names are provided on the left side and 
residue numbers are provided on the right (details of the sequences and descriptions are 
provided in Table 1). 
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Appendix 4. Multiple sequence alignment of CARP VIII, X, and XI sequences. Multiple 
sequence alignments of 84 the CARP protein sequences analyzed in the study were used for 
the construction of the phylogenetic tree. 

 


