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Abstract The carbonic anhydrase II (CAII) deficiency syn-
drome is a rare autosomal recessive osteopetrosis with renal
tubular acidosis (RTA) and cerebral calcifications
(MIM259730). CAII deficiency syndrome is caused by muta-
tions in the gene CAII, which encodes the enzyme carbonic
anhydrase 1. CA/l mutations are rarely reported in the Asian
population. Here, we described two unrelated CAII deficiency
families of Chinese Han origin with clinical and genetic anal-
ysis. Altogether, 106 subjects, including 2 probands, 4 unaf-
fected family members from two non-consanguineous
Chinese families, and 100 healthy controls were recruited.
All seven exons and the exon-intron boundaries of the CAIl
gene were amplified and directly sequenced. Reverse tran-
scription PCR (RT-PCR) was used to study the effect of splice
site mutation. All clinical and biochemical parameters of the
probands were collected. Two novel mutations of CAII gene
were identified by mutational analysis: A nonsense mutation
in exon 4 (¢.T381C p.Y127X) in both families; a splice mu-
tation at the splice donor site of intron 3 (¢.350+2T>C, IVS3+
2T>C) in one family. The splice-site mutation causes exon 3
skipping in patient’s mRNA resulting in an in-frame deletion
and a novel premature stop codon. These mutations were pre-
dicted to result in a loss of function of CAII. This is the first
report of CAII deficiency syndrome in Chinese population.
Our findings extent the spectrum of CA/I mutations observed
in patients with CAII deficiency syndrome.
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Introduction

Osteopetrosis is a rare genetic disorder caused by defects in
osteoclast formation and function, which ranges widely in
severity. Genetically, osteopetrosis is classified into three
types as autosomal recessive osteopetrosis (ARO), autosomal
dominant osteopetrosis (ADO) and X-linked inheritance
osteopetrosis (XLO), respectively (Del et al. 2008a). For
ARO, a range of clinical manifestations has been reported to
affect bone and other organ systems. The genes involved in
human osteopetrosis are associated with the PH regulation and
the formation of osteoclasts, which result in osteoclast-rich
osteopetrosis and osteoclast-poor osteopetrosis. Osteoclast-
rich osteopetrosis involved genes encode (1) The enzyme car-
bonic anhydrase 11 (CAIl), which reversibly catalyzes the hy-
drations of CO, to HCO5; (Bolt et al. 2005). (2) The a3 sub-
unit of the vacuolar H'-ATPase of the ruffled border
(TCIRG1) (Frattini et al. 2000; Kornak et al. 2000). (3) The
ruffled border C1 conductance (CLCN7) (Cleiren et al. 2001;
Frattini et al. 2003). (4) The ostml protein (OSTM]I) likely
associated with the function of the ClI' conductance (Lange
et al. 2006; Chalhoub et al. 2003). (5) The plekhm1 protein
(PLEKHMT1) (Van Wesenbeeck et al. 2007; Del et al. 2008b).
Osteoclast-poor osteopetrosis involved genes (1) TNFSF11
(RANKL) and TNFRSF11A (RANK). The TNFSF11 gene en-
codes the main osteoclast differentiation factor, while its re-
ceptor, RANK, is a transmembrane protein expressed on the
surface of preosteoclasts and mature osteoclasts (Pangrazio
et al. 2012). (2) Sorting Nexin 10 (SNX/0), which was
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involved in the process of osteoclast differentiation and func-
tion upon RANKL-stimulation (Pangrazio et al. 2013).

CAII deficiency, referred to as carbonic anhydrase II defi-
ciency syndrome (MIM 259730), is an autosomal recessive
osteopetrosis with renal tubular acidosis (RTA) and cerebral
calcifications. Patients with CAII deficiency syndrome often
present with a combination of proximal and distal renal tubu-
lar acidosis, and other clinical manifestations comprise an in-
creased frequency of fractures by adolescence, dental abnor-
malities, developmental delay, short statures and cranial nerve
compression (Whyte 1993). Similar with other types of
osteopetrosis due to osteoclast failure, patients with CAII de-
ficiency also present with a classical radiological features,
which comprise (a) diffuse sclerosis, affecting the skull, spine,
rib, pelvis and appendicular bones, (b) bone remodeling de-
fects at the metaphyses of long bones, such as “erlenmeyer
flask appearance”, (c) “bone-within-bone” appearance and
“sandwich vertebrae” appearance particularly in the pelvis
vertebrae (Stark and Savarirayan 2009). The main biochemi-
cal feature of CAII deficiency syndrome is hyperchloremic
metabolic acidosis.

CAII has a wide tissue distribution, in bone, kidney (prox-
imal tubules and collecting duct), erythrocytes and glial cells,
with osteoclasts being particularly rich in CAIl. CAIl gene
locates on chromosome 8p22.2 (GenBank acc.no.,
NG_000008.10) and encodes a predicted 260 amino acid pro-
tein, carbonic anhydrase II (GenBank acc. no., NP_000058.1).
CAll-related mutations have been detected in almost every
CAIl exon, as well as in several intervening intronic sequences
(IVS). IVS mutations are commonly predicted to disrupt prop-
er CAIl mRNA splicing (Bolt et al. 2005; Hu et al. 1992; Roth
et al. 1992). Up to now, 27 different mutations in the CAIl
gene have been reported, which were from various ethnic
groups including Caucasians, Hispanics, African-Americans,
Arab and Asians, and about 65 % of all patients were of Arab
origin (Nagai et al. 1997; Hu et al. 1997). However, no muta-
tions have been found in Chinese population previously. In
this study, we investigated two Chinese families with RTA and
cerebral calcifications. The clinical, laboratory, and radio-
graphic features of these families were described. Two novel
mutations of CAII (¢.T381C p.Y127X and IVS3+2T>C) were
identified by mutational analysis in these two Chinese fami-
lies. The potential functional consequences of these two mu-
tations were explored.

Materials and methods
Subjects
In this study, two families (FM1 and FM2) with CAII

deficiency of Chinese Han origin were recruited. Venous
blood samples were collected from unaffected (n=4)
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and affected individuals (n=2). An additional unrelated
100 healthy individuals were recruited as controls.
Informed consents and approvals from the Department
of Scientific Research at Peking Union Medical College
Hospital (PUMCH), the local ethic committee, were ob-
tained before the study.

Clinical assessment

The fasted whole blood samples were placed at room temper-
ature for 30 min and centrifuged at 3000 r/min, 4 °C for
10 min to separate the serum for analysis. Reference ranges
were obtained from the central laboratory of PUMCH and
were all age/sex/ethnically appropriate. Blood routine exami-
nation, biochemistry data and blood gas analysis were per-
formed using routine assays available at the central laboratory
of PUMCH. Fasted spot urine was collected, and the urine
was analyzed by a Urinary Chemical Analyzer (Clinitek
500, SIEMENS, USA).

Radiographic studies were performed in the Department of
Radiology at PUMCH. The X-ray of the skull, spine, pelvis
and appendicular bones was performed to detect bone
deformities.

The bone mineral density (BMD) of the lumbar spine ver-
tebrae 14 (L;-L4) and the left proximal femur, including the
femoral neck and total hip were measured using dual energy
X-ray absorptiometry densitometer (DXA, GE Lunar, USA)
at Department of Radiology at the PUMCH. Height and
weight of the subjects were measured using standardized
equipment.

Mutational analysis

Genomic DNA were isolated from the venous blood samples
using a QIAamp DNA blood extraction kit (Qiagen,
Germany) according to the manufacture’s instructions. Total
RNA of the FM2-1 (the proband of FM2) was obtained using
the QiAamp RNA blood kit (Qiagen, Germany). The 7 exons
of the CAII gene were sequenced using 7 pairs of primers to
screen for CAII mutations in the two probands. The identified
CAII mutations were subsequently investigated in their rela-
tives using the same method. The primers were designed using
Gene Runner Primer Analysis Software (Table 1). The exons
and exon-intron boundaries of the CAII gene were amplified
by polymerase chain reaction (PCR). Tag DNA polymerase
(Takara, Japan) and its standard buffer were used in all reac-
tions under the following conditions, initial denaturation at
95 °C for 5 min, followed by 35 cycles at 95 °C for 30 s,
50-60 °C for 30 s, and 72 °C for 50 s. The amplified products
were sequenced by an automated sequencer (ABI3730XL)
according to the manufacturer’s protocol. Sequence align-
ment was performed using the Basic Local Alignment
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Table 1  The primer sequences used to amplify the seven CAII exons

Exons Forward primers 5" — 3’ Reverse primers 5’ — 3’ Anneal Temperature °C Size bp
1 CCCGAGCACGAAGTTG AGCCTCCAGCACTCCC 60 287

2 CTCTAGGGGTCTGGGTG GGCATCCTTGAGTCCTG 56 369

3 CTAAACTTGACTCTGGATTG AAAAAGCAAATGTGAAGG 50 457

4 GTGCCTTCTGTCAAAAC ATGAAAGGAGGAGATAAAC 50 478

5 TCACTATTTGGATGTTTTC CTAACTGCTCATCCAAAC 50 287

6 ACCTATTTGTGTCTGCTG CACCATCAAAGGCACTA 54 379

7 ACAGCACTGAATGTTGTG TAGACACAAAGCAACCAG 52 670

Search Tool on the National Center for Biotechnology
Information database.

One microgram total RNA was reverse-transcribed using
the Goscript™ Reverse Transcription system kit (Promega),
to generate complementary DNA (cDNA). The specific prim-
er (P-3F: 5'-AAT GGT CAT GCT TTC AAC GTG-3'/P-4R:
5'-CTT GCC CTT TGT TTT AAT GGA A-3') was designed
as described above. PCR reactions with the primer set were
carried out using 2 ul of cDNA. Then PCR products were
inserted into the pCRII-TOPO TA vector using the T/A
Cloning Kits (Invitrogen). DNA was extracted from 5 ran-
domly selected bacterial clones. The size of the inserted
PCR fragment in each clone was determined using PCR with
the primer set. Plasmid DNA from bacterial clones containing
inserted PCR products of different size was purified and se-
quenced as described above.

Results
Clinical manifestations

The baseline clinical characteristics and laboratory findings of the
two probands and their family members were shown in Tables 2
and 3. The osteopetrosis was assessed by skeletal radiography
and DXA examination. Renal tubular acidosis was diagnosed
based on their clinical features and laboratory findings.
Cerebral calcification was confirmed by brain CT scan.

The proband of family-1(FM1)
Proband 1 (FM1-1), was the only child of healthy non-

consanguineous parents. He went through a full-term normal
delivery. The patient couldn’t walk steadily until 1 year and

Table 2 Clinical characteristics of the two CAII deficiency syndrome patients

Clinical findings FMI-1 FM2-1

Macrocephaly No No

Hepatosplenomegaly No No

Mental development Normal Poor

Height 106 cm (<—3SD of normal range) 145 cm (<—2SD of normal range)
Weight 18 kg 45 kg (<—2SD of normal range)
L,-L, (g/em?) (Z-Score) 1.369 (4.0) 1.468 (3.2)

Femoral neck (g/cm?) (Z-Score) 1.288 (10.6) 1.426 (6.6)

Total hip (g/cm?) (Z-Score) 1.417 (7.0) 1.527 (3.8)

Dental abnormalities misaligned and crowded teeth crowded teeth

Hearing impairment No No

Visual impairment No Yes

Bone fracture Yes Yes

Cranial calcification Mild Severe

Generalized osteosclerosis Yes Yes

Sandwich vertebrae Yes Yes

Bone within bone Yes Yes

1. FMI-1 stands for patient 1 from family 1; FM 2-1 stands for patient 1 from family 2

2. The Z scores at L;-L,4, femoral neck and total hip of young patients were calculated by comparison with the age-specific BMD reference value of

Chinese children and adolescent
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Table 3  Biochemical parameters of the patients and their parents

FM1 FM2 Reference values
FM1-1 Mother Father FM2-1 Mother Father
Blood routine examination
Hemoglobin (g/L) 120 NA NA 130 NA NA 120~160
White blood cell (*10°/L) 7.59 NA NA 9.02 NA NA 4.0~10.0
Platelet (*10°/L) 239 NA NA 256 NA NA 100~300
Biochemistry data
Serum calcium (mmol/L) 2.34 2.34 2.34 2.16 2.34 242 2.13~2.7
Serum phosphate (mmol/L) 2.03 1.22 1.22 1.83 1.22 1.22 1.29~1.94
0.81~1.45
Serum creatinine (umol/L) 39 NA NA 40 NA NA 18~62
Serum alkaline phosphatase (U/L) 185 60 65 94 62 60 58~400
42~390
Blood gas analysis
PH 7.232 NA NA 7.268 NA NA 7.35~7.45
cHCO3  (mmol/L) 16.30 NA NA 11.7 NA NA 22~27
Cl" (mmol/L) 117 102 100 117 102 102 98~106
K" (mmol/L) 35 4.2 4.5 3.6 4.0 4.5 35~55
Standard Base Excess (SBE) (mmol/L) -9.8 NA NA -13.9 NA NA —3~3
Urine
PH 6.5 NA NA 6.5 NA NA

NA Not available

1. Abnormal results are indicated in bold, and all the results were tested before treatment
2. The normal range for serum phosphate (P), ALP in patients from 2 to 18 years old are 1.29-1.94 mmol/L, 58-400 U/L
3. The normal range for serum phosphate (P), ALP in adult are 0.81~1.45 mmol/L, 42~390 U/L, which are indicated in italic

4 months, and couldn’t speak fluently till 5 years old. He was
admitted to our clinic at 6 years of age for the evaluation of
failure to thrive and a slight psychomotor retardation. His
current height was 106 cm (<—3SD of normal range) and his
weight was 18 kg (<—1SD of normal range). Radiological
investigation performed and showed a generalized increase
in bone density (Fig. 1a, b, ¢ and d), thus leading to the diag-
nosis of osteopetrosis. The apparent elevation of the bone
density was also confirmed by the DXA examination. Oral
examination showed his teeth were crowded and misaligned.
Laboratory tests showed normal blood cell count, serum cal-
cium and alkaline phosphatase (ALP), but a mild
hyperphosphatemia. Blood gas analysis revealed
hyperchloremic metabolic acidosis with a PH of 7.232 and a
urine pH of 6.5, optimal urinary excretion of acid was not
present consistent with a component of distal RTA Brain CT
scan showed calcifications in his right frontal lobe (Fig. le).
Abdominal ultrasound revealed no hepatosplenomegaly. After
the treatment of oral citric acid mixture (30 mL tid, 140 g citric
acid and 96 g potassium citrate per 1000 mL) and sodium
bicarbonate (3.0 g tid) for 11 months, he now has a height of
118 cm (<—1SD of normal range) and a weight of 29 kg (nor-
mal range). The latest biochemical examination revealed a
serum PH of 7.432 and a urine PH of 8.5.
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Both his parents had normal height (father’s height was
187 cm and mother’s height was 165 cm) and without any
symptoms of CAII deficiency syndrome.

The proband of family-2 (FM2)

Proband 2 (FM2-1), was the younger of two siblings from
healthy non-consanguineous family. She was born at term
with normal length and weight. She was diagnosed with
CAII deficiency syndrome at 13 years of age, when she was
admitted to our hospital for recurrent fractures in 2 years. In
the physical examination, a significantly delayed physique
and mental development was noted. Her height and weight
were 145 cm and 45 kg (both <—2SD of normal range).
Physical examination also showed a thoracic deformity in-
cluding a barrel chest, rachitic rosary and eversion of the cos-
tal margin, which were different from the patient 1, suggestive
of rickets. Ophtalmological examination showed impaired vi-
sual ability. Oral examination showed crowded teeth, a lot of
dental caries and normal arcus palatines. Skeletal surveyed by
X-ray showed generalized increased bone density with thick
cortices and a classic “sandwich appearance” in vertebrae
(Fig. 1f). She had histories of frequent fractures since 2012.
The first 3 times of fractures happened in 2012 at the right
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Fig. 1 The clinic characteristics and radiographic signatures of the
patients. a—d: Radiographs of skull, femur and appendicular bones of
patient 1 showing diffuse increase in bone density. b—c: A typical
erlenmeyer flask deformity of distal femur and tibia are indicated by
white arrows. d: X-ray of the appendicular bones note metaphyseal
lucent bands in the distal ulna and radius (white arrows). e: Brain CT
scan of the patient 1 showing intracranial calcification in his right frontal

proximal tibia, middle piece of right tibia and right proximal
femur with slight damage respectively (Fig. 1g and h), and the
last time of fracture happened in 2013 at her right proximal
femur again. Laboratory examinations revealed normal levels
of serum calcium, phosphate and ALP. Blood gas analysis
showed a hyperchloremic metabolic acidosis, with a serum
PH of 7.268 and a urine PH of 6.5. Brain CT scan showed
intracranial calcification (Fig. 11). A significantly elevation of
the bone mineral density was at lumbar spine and proximal
femur found by DXA examination. She started to receive
therapy with oral citric acid mixture and sodium bicarbonate
(the same dosage with FM1) and was evaluated periodically.
Her serum PH elevated to 7.37 after 1 month treatment. The
mental development improved when compared with before
but still slower than other children of same age.

The height of the patient’s father, mother were 167 and
163 cm, respectively. Unfortunately, the elder sister was un-
available for physical and laboratory examination. None of
them had a history of visual loss, frequent fractures, hypoka-
lemia or acidosis.

lobe (red arrow). f~h: Radiographs of spine, tibia and pelvis of the patient
2 demonstrates a diffusely increased sclerosis. f: Anteroposterior
radiograph of the spine notes the classic vertebral endplate thickening
(“sandwich vertebrae” sign) (white arrow). g-h: Fracture lines of tibia
and femur are indicated by black arrows. i: Brain CT scan of the patient 2
showing significant intracranial calcification is indicated by red arrow

All the laboratory findings of the two family members were
given in Table 3, both of them had normal biochemical
parameters.

Genetic analysis

Mutational analysis of the CAII gene in two patients and their
parents demonstrated a nonsense mutation in exon 4
(c.T381G, p.Y127X) in FM1 and FM2; a splice mutation at
the splice donor site of intron 3 (¢.350+2T>C, IVS3+2T>C) in
FM2. According to HGMD (http://www.hgmd.org/), the
mutations identified were novel.

Patient 1 (FM1-1) was homozygous for a novel nonsense
mutation in exon 4 (¢.T381G, p.Y 127X) causing a premature
stop at codon 127. Non-consanguineous parents of patient 1
were heterozygous for this nucleotide change, which were
consistent with the mutation in their son (Fig. 2a).

Patient 2 (FM2-1) was compound heterozygous for two
novel mutations ¢.T381G and ¢.350+2T>C, one of which
was also identified in FM1-1. The father of patient 2 was
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Exon4 c¢.T381G

CA A ATAGG G GGG AT

Wild type

Proband s father Proband s mother:

C A A ATAT 6 G G 6 AT

FM1

Fig. 2 Sequence analysis of human CA/l gene and family pedigrees.
Patients with CAII deficiency syndrome are depicted by dark symbols,
and carriers are depicted by half-dark symbols. a: A novel homozygous
nonsense mutation is identified in patient 1, a single base T to G at ¢.381
(Y127X) in exon 4, his father and mother are both asymptomatic
heterozygous carrier for this mutation. b: A compound heterozygous

shown to be carrier for the ¢.T381G mutation, whereas
her mother was a carrier for the ¢.350+2T>C mutation
(Fig. 2b).

In order to evaluate the consequences of the ¢.350+2T>C
mutation, we carried out a detailed analysis on mRNA from
the patient 2. RNA was firstly reverse-transcribed into cDNA,
and amplified by PCR using the special primer set (P-3F/P-
4R) (Fig. 3a). As shown in Fig. 3b and c, amplification of
patient’s RNA with the special primer set produced two dif-
ferent PCR fragments of 330 and 210 bp, DNA sequencing

proband
a c
Exonl Exon2 Exon3 M
. -—
P-3F P-4R
wild
type

Exon2 Exon4

) 90 110 120,
chconcarncerdfefrcad?r gorreact'ds ancaceas

Normal

Fig. 3 Characterization of the effect of IVS3 (¢.350+2T>C) point
mutation on CAI splicing. a: Schematic partial representation of CAII
exon/IVS structure, indicating the position of the primer set (P-3F/P-4R)
designed for RT-PCR analysis. b: Clone sequencing of the RT-PCR
products from a normal sample reveals the presence of consecutive
exons 2+3, whereas sequencing of the products from the mutant
sample shows the presence of a 120-base deletion, resulting in skipping
of exon 3. ¢: Lefi, agarose gel showing two different PCR fragments of
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Ca &4 A TAT GG 6 6 AT

MMMMMMMME@

C A A ATAT 6 6 6 G AT

AN

s o (Y5342, T2C,
b !

Wild type
A3 6 Ta A 6 AT

Proband s father
L e00ang B,

Proband s mother
Ao Ge Cane KT

A G

[Exon4

A A

Wild type Proband s mother

A A A TAT G 6 A A A A A

c. 381T>G Proband s father
1766 66 A AAATAT GGG G A

mutation was identified in patient 2: a same novel nonsense mutation
(Y127X) in one allele from the patient’s father, and a splice mutation
(¢.350+2T>C) in another allele from the patient’s mother. These two
novel mutations were not found in the wild type. The mutational sites
in both of the patients are indicated by black arrows. The family member
not studied is indicated by “?”

showed the 330 bp fragment was normal, and the 210 bp
fragment corresponded to an mRNA lacking exon 3. This
result revealed that this splice-site mutation (c.350+2T>C)
caused exon 3 skipping, which in turn resulted in frameshift
and was predicted to lead to a truncated protein, causing a
novel premature stop codon following a novel 20 amino acid
sequence after 77 residues.

The CAII gene mutations were analyzed in 100 healthy
controls, and no identical mutations were detected in the 100
unrelated control samples.

Normal splicing

IVS2 VS3
Exon2 % Exon3 }% Exond
CA2 protein
1 148 260
NH2[ | [
Exon3 skipping
W W T e

Predict CA2 protein:truncated

1 77
NH2[ [ ] Jor

20novel aa+stop

330 and 210 amplicons by PCR analysis. P stands for proband, W stands
for wild type, M stands for marker. As illustrated on the right, the normal
splicing of mRNA encoding the wild-type CAII protein, which contains
260 amino acid residues. The abnormal splicing of mRNA lacking exon
3, and the encoded CAII protein is predicted to bear a premature stop
codon following a novel 20 amino acid sequence. The red arrow stands
for the splice site
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Discussion

Here we described two unrelated Chinese patients, both of
whom presented with osteopetrosis, renal tubular acidosis
and cerebral calcifications. Other clinical manifestations com-
prise an increased frequency of fractures by adolescence, short
statures, dental abnormalities, cranial nerve compression and
developmental delay, consistent with the diagnosis of CAII
deficiency syndrome. Genetic analysis showed two novel mu-
tations of CAIIl: a nonsense mutation in exon 4 (c.T381G,
p-Y127X) and a splice mutation at the splice donor site of
intron 3 (¢.350+2T>C, IVS3+2T>C).

CAIl deficiency syndrome is a rare autosomal recessive
syndrome which was initially reported by Sly et al. (1983),
who demonstrated that only one of the three inherited forms of
osteopetrosis is associated with renal tubular acidosis, cerebral
calcification. To date, a total of 29 mutations of CAII have
been identified, including two novel mutations in the present
study. They were distributed in almost all 7 exons and 4 in-
trons, including 6 missense, 4 nonsense, 12 deletions, 1 inser-
tion, 1 deletion-insertion and 5 splice-site mutations. The po-
sitions of the identified mutations of CAIl exons are shown in
Fig. 4, which the most of identified mutations were located in
exon 2 and 6, rarely in exon 4. Our discovery of a novel
nonsense mutation in exon 4 (Y127X) enriched the database
of CAIl mutations. The cases in our study are the first report of
CAII deficiency syndrome in Chinese.

The CAII gene locates in chromosome 8p22.2 and encodes
carbonic anhydrase I1, which is a cytosolic enzyme consisting
of a single polypeptide chain of 260 amino acid residues
(Halder and Taraphder 2013). CAIl is one of the most efficient
enzyme and it reversibly catalyzes the hydrations of CO, to
HCO; , where it acts on such important processes as the bi-
carbonate reabsorption (kidney) and the bone resorption
(Tashian 1989). Thus deficiency of CAlIl results in a syndrome
of osteopetrosis, renal tubular acidosis and cerebral calcifica-
tion. The structure of CAII includes helix bundles, sheets, the
substrate binding region, the zinc ion binding site and the
active sites (Hakansson et al. 1992). Eriksson et al. (1988)
constructed a three-dimensional structure of human CAII by
the homology modeling technique and suggested the roles of

specific amino residues in protein fold: zinc ion binding site
(94H, 96H, 119H) and the active site (64H, 67N, 107H, 127Y)
(Fig. 5). Subsequently, Halder and Taraphder (2013) present-
ed molecular modeling of the structure and possible proton
transfer pathways from the surface of the protein to the zinc-
bound water molecule in the active sites of human carbonic
anhydrase II, and showed that the presence or absence of the
complete proton transfer pathway depends crucially on the
water structure at the active sites. Thus, the nonsenses muta-
tion (Y127X) might be associated with a severe clinical con-
sequence since the mutated protein was located at the active
site, which would result in absence of CAII activity due to
absence of the complete proton transfer pathway.

Clinical heterogeneity has been reported in CAII deficien-
cy syndrome patients. Soda et al. (1995) first reported a non-
sense mutation in exon 2 (Y40X) in a Japanese patient who
exhibited severe mental retardation except for the other fea-
tures of CAII deficiency syndrome. Subsequently, Shah et al.
(2004) reported another two nonsense mutations in a Turkish
patient (Q28X) and Italian patient (W97X). As the Japanese
patient, the Turkish patient also presented with a classic CAII
deficiency syndrome and severe mental retardation, whereas
the Italian patient exhibited only renal tubular acidosis and
mild osteopetrosis without intracranial calcification and men-
tal retardation. It is supposed that heterogeneity is related to
complete absence of CAII activity or partial absence of CAII
or other genes of CA isozymes, such as CAL In the present
study, patient 1 only presented with a classic CAII deficiency
syndrome: osteopetrosis with RTA and cerebral calcifications.
Compared with patient 1, patient 2 had much more severe
clinical phenotype, except the classic CAIl deficiency syn-
drome, who also exhibited cranial nerve compression with
visual impairment, frequently fractures, severe mental retarda-
tion and rickets. Patient 1 was homozygous for a nonsense
mutation (Y 127X), whereas, patient 2 was compound hetero-
zygous for a nonsense mutation (Y127X) in one allele in exon
4 as patient 1, and a novel splice mutation (350+2T>C) in
another allele. The splice mutation caused a decrease in splic-
ing efficiency with skipping of exon3, resulted in frameshift
and was predicted to lead to premature stop at codon 97,
which leads to the production of a truncated protein which

99delC
Yyszchl $5_148delCTTT Trooc>a

Yes11>C

220_221delCA

430G6>C

583G>C

535_536ingGT

630_641del12insCACA

Fig. 4 Sites of known mutations in CAII gene in CAII deficiency syndrome. Boxes in blue & white indicate the 7 exons of CAII gene. The two novel
mutations found in this study are labeled in red. The nonsense mutations are indicated by asterisk, the splice mutations are indicated by rhombus
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Fig. 5 The three-dimensional structure of wild-type and mutated CAII
protein. a: The three-dimensional structure of human CAII protein
constructed by Eriksson et al. (1988), in which the zinc ion binding site
and its three His residues (94His, 96His, 119His) have been labeled blue.
The active sites are labeled violet and hot pink, which contain the amino
acid residues (64His, 67Asn, 107His, 127Lys). The mutated amino acid

lacks the 163 amino acid sequence at the C-terminus. It was
supposed that the splice mutation leading to shorter truncated
products might be related to the severe clinical phenotype of
patient 2. Four CAII splice site mutations have been reported
in the literatures (Hu et al. 1992, 1997; Roth et al. 1992;
Nampoothiri and Anikster 2009), but none of these have been
reported in Chinese population.

There are some limitations in our study. Firstly, the number
of subjects is not big enough to reveal the phenotype-genotype
correlations. Secondly, we did not conduct a functional anal-
ysis of the mutant CAII protein of our patient. Further inves-
tigations are needed to identify the correlation between phe-
notype and genotype, also need to provide considerable in-
sight into the structure function relationship in CAII.

In conclusion, we enriched the spectrum of mutations in
CAII by identifying two novel mutations in two Chinese fam-
ilies with CAII deficiency syndrome. Careful clinical obser-
vation in combination with molecular genetic analysis would
enrich the current understanding of CAII deficiency syndrome
considerably. We supposed that truncation mutation and non-
sense mutation can lead to shorter truncated products, which
might be related to the severe clinical phenotypes in the pa-
tient. Future analysis of more cases is still needed to clarify the
distribution and frequency of CAIl gene mutations and the
phenotype-genotype relationship in Chinese patients with
CAII deficiency syndrome.
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