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a major cause of secondary carnitine deficiency even in
healthy children (Stanley 2004). Ten days before the onset
of the Reye-like syndrome, she had a cold and was given
Cefteram pivoxil (CFTM-PI) for four days. The initial
serum acylcarnitine profile showed no elevation of
hydroxy-CS5 carnitine, nor of pivaloylcarnitine. While the
antibiotic might have contributed to secondary carnitine
deficiency in part, the acute attack with fasting was more
likely the course of the low carnitine in the patient at pre-
sentation.

The time-course changes in the serum and urinary
acylcarnitine levels after L-carnitine supplementation were
studied. These changing profiles suggest that accumulated
and potentially toxic long-chain acylcarnitines in the mito-
chondria were eliminated from the body by day 13. The
majority of accumulated long-chain acylcarnitines in the
mitochondria may be eliminated by the following steps: 1) a
large amount of accumulated long-chain acylcarnitines
should be transferred from the mitochondrial matrix by car-
nitine acylcarnitine translocase if there is a sufficient
amount of free carnitine outside of the mitochondrial
matrix; 2) then peroxisomal beta-oxidation reduces the
chain length of such accumulated fatty acids; 3) the resul-
tant medium-chain fatty acids can be catalyzed in the mito-
chondria, or further w-oxidized into dicarboxylic acids in
the microsomes; 4) these medium-chain DC and their carni-
tine conjugates can be excreted into the urine efficiently. It
took several days for oral L-carnitine administration to
increase the serum carnitine levels, probably because the
intracellular stores were depleted and it took several days
for them to be replenished. Thereafter, the administration
increased the excretion of abnormal acylcarnitines, some of
which had probably accumulated within the tissues.

It is noteworthy that the acetylcarnitine in both the
serum and the urine was a predominant acylcarnitine on day
7 (Fig. 1). Elevation of acetylcarnitine in the serum and
urine indicates the presence of enough acetyl-CoA in the
mitochondria and the availability of acetyl-CoA for carni-
tine acyltransferase reactions in the cells, and might account
for the increased beta-oxidation rates upon L-carnitine ther-
apy (Fontaine et al. 1996). In general, acetylcarnitine is a
major acylcarnitine in healthy controls and is regarded as a
marker of undisturbed beta-oxidation (Costa et al. 1998).
Since CPT2-deficient patients have beta-oxidation restric-
tions of long-chain acyl-CoA, L-carnitine supplementation
may increase beta-oxidation of medium-chain acyl-CoAs,
which could be supplied via peroxisomal beta-oxidation of
long-chain acyl-CoA.

Carnitine supplementation in the treatment of long-
chain beta-oxidation defects is still controversial. In
patients with a defect in the mitochondrial beta-oxidation
spiral, when a preceding L-carnitine deficiency is normal-
ized, and transport into the mitochondria of long-chain fatty
acids is also normalized, acyl-CoAs accumulate instead of
being oxidized by the defective reaction and, consequently,
in such cases, free CoA is depleted in the mitochondria

(Yoshino et al. 2003). This may be true in beta-oxidation
defects such as very long-chain acyl-CoA dehydrogenase
(VLCAD) deficiency and trifunctional protein deficiency.
Studies on VLCAD-deficient mice suggested carnitine sup-
plementation results in the induction of acylcarnitine pro-
duction in various tissues and significant accumulation of
potentially toxic intermediate acylcarnitines in tissues
(Liebig et al. 2006; Primassin et al. 2008). However, block-
age of the CPT?2 step causes the accumulation of long-chain
acylcarnitines but does not primarily cause the accumula-
tion of intermediate CoA esters in beta-oxidation.
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Histological findings in the livers of patients with neonatal
intrahepatic cholestasis caused by citrin deficiency
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Aim: To characterize the histological features of the livers of
patients with neonatal intrahepatic cholestasis caused by
citrin deficiency (NICCD), we studied specimens from 30
patients diagnosed with NICCD by genetically analyzing the
SLC25A13 gene.

Methods: Liver biopsy specimens were subjected to
hematoxylin-eosin, Azan, and Berlin-blue staining.

Results: Most specimens showed varying degrees of fibro-
sis. The degree of inflammation varied among the specimens,
with half showing moderate or severe inflammatory changes.
Fat deposition in hepatocytes was observed in almost all of
the specimens, and severe fatty liver was noted in 20 (67%) of
them. There was a mixture of two types of hepatocytes with
macrovesicular or microvesicular fat droplets, and cholestasis
was observed at a rate of 77%. Hemosiderin deposition,

mostly mild and localized in periportal hepatocytes and
macrophages in portal areas, was observed in 57% of the
specimens.

Conclusion: A combination of mixed macrovesicular and
microvesicular fatty hepatocytes and the above-described
findings, such as fatty liver, cholestasis, necroinflammatory
reaction and iron deposition, are almost never observed in
other liver diseases in infants and adults. We believe that
NICCD is a disease with characteristic hepatopathological
features.

Key words: citrin, citrullinemta, fatty liver, fibrosis,
neonatal intrahepatic cholestasis caused by citrin
deficiency, SLC25A13.

INTRODUCTION

AHEKI ET AL. reported that the enzyme abnor-
malities of citrullinemia can be classified as qualita-

Correspondence: Professor Masayoshi Kage, Department of Pathology,
Kurume University School of Medicine, 67 Asahi-machi, Kurume
830-0011, Japan. Email: masakage@med.kurume-u.ac.jp

Received 27 February 2008; revision 22 July 2009; accepted 9 August
2009.

© 2010 The Japan Society of Hepatology

tive, type I and type IlII, or quantitative, type 111 The
first, the classical form (CTLN1), is found in most
patients with neonatal/infantile-onset citrullinemia,
and was first described by McMurray et al.* In CTLN]1,
the enzyme defect is found in all tissues in which
argininosuccinate synthetase (ASS) is expressed.'** The
second form, type Il citrullinemia (CTLN2) is an adult-
or late childhood-onset liver disease characterized by a
liver-specific defect in ASS, and most of these patients
have a fatty liver’ This enzyme abnormality is
caused by a deficiency in citrin, a calcium-binding
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mitochondrial solute carrier protein which is encoded
by the SLC25A13 gene.®

Recently, several cases of SLC25A13 mutations have
been reported in early infancy with cholestatic liver
disease.”'* Yamaguchi et al.'* designated these findings
as neonatal intrahepatic cholestasis caused by citrin
deficiency (NICCD). Citrin deficiency causes two age-

dependent phenotypes, CTLN2 in adults and NICCD in’

infants.”® Most NICCD patients showed hypoproteine-
mia, galactosemia, multiple aminoacidemia including
citrullinemia, methionemia and tyrosinemia, cholesta-
sis, and have a fatty liver.” Only a few papers have
described the pathology of the NICCD®?!* or CTLN2®
liver.

Therefore, the present study was designed to clarify
the histological findings of the NICCD liver.

METHODS

Patients

E STUDIED THE liver histological findings of 30

patients aged 2.9+ 1.7 months with a range of
1-7 months consisting of 17 men and 13 women who
had been diagnosed with NICCD with SLC25A13 muta-
tions by genetic analysis including five patients who
were documented in previous reports.””'! Moreover,
mutations in SLC25A13 were detected in both alleles of
29 patients and in a single allele of one patient. Muta-
tion detection and DNA diagnosis of the SLC25A13
gene were performed as previously described (*'*'¢ and
T. Saheki et al., 2006, unpublished data). Moreover, we
examined biochemical data within 1 week before or
after liver biopsy for 30 patients with NICCD.

Methods

Liver biopsy specimens from 30 patients diagnosed with
NICCD were subjected to hematoxylin-eosin, Azan,
and Berlin-blue staining. The grading of fibrosis and
inflammation was based on Ludwig’s Classification with
slight modifications (Table 1)."” The other histopatho-
logical features were graded as none, mild, moderate
and severe, and scored as 0, 1, 2 and 3, respectively.
Grading was independently performed by three
pathologists, and the grade for each specimen was deter-
mined by consensus between two or three of them.

Relationship between age and
histological findings

To clarify the relationship between age and the histo-
logical findings, the cases were divided into three groups

© 2010 The Japan Society of Hepatology
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Table 1 Histological classification of liver biopsy

Stage of fibrosis
Stage 0  No portal fibrosis
Stage 1  Mild to moderate fibrous expansion of portal tract

Stage 2  Bridging fibrosis between portal tracts without
lobular distortion

Stage 3  Bridging fibrosis between portal tracts with lobular
distortion

Stage 4  Liver cirthosis

Grade of inflammation

Grade 0 None (0)

Grade 1 Mild {1-3)

Grade 2 Moderate (4-6)

Grade 3 Severe (27)

Parentheses indicate scores derived by Ludwig's scoring system.

according to their ages: group A, less than 2 months old;
group B, 3-4 months old; and group C, more than
5 months old. The average of the grading score of the
histological findings for each group was then obtained.

Statistical analysis

The data regarding the relationship between age and
histological findings were analyzed using the Mantel-
Haenszel linear trend test. P-values less than 0.05 were
regarded as statistically significant.

RESULTS

Patients

HE PROGNOSIS OF almost NICCD patients at

1 year of age was fairly well. However, some NICCD
patients had developed progressive liver failure by then.
For example, two patients developed liver failure by
6 months (patient 28) and 7 months (patient 30)*° of
age and one patient (patient 9) developed behavioral
aberrations, which incduded shouting and episodes of
violence, by 16 years of age.>'® Two patients, one with
liver failure'® and one with mental derangement’'®
received a living-related liver transplant. Therefore, the
outcomes of the NICCD patients were not always favor-
able. We obtained four sets of follow-up liver biopsy
specimens from patients 8, 9, 13 and 18 (data not
shown).

From the dinical laboratory data, serum levels of cit-
rulline, o-fetoprotein, ferritin and pancreatic secretory
trypsin inhibitor (PSTT) were noted to have generally
increased (Table 2). We also detected high serum levels
of total and direct bilirubin, aspartate (AST) and/or
alanine aminotransferase (ALT), total bile acids and
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v-glutamyl transpeptidase. Prothrombin activity, total
protein and albumin were decreased. The mutation
types were 851del4/IVS11 + 1G > A throughout most of
late infancy, being more than 5 months of age in
patients 27, 28, 29 and 30.

Histological findings

Histological findings of the 30 patients are shown in
Table 3. The results of the fibrosis staging and inflam-
mation grading are shown in Figure 1.

Fibrosis

Most specimens showed varying degrees of fibrosis; 35%
of all specimens were classified as stage 0, while stages 1
and 2 together accounted for 50%. However, there was
a wide spectrum of fibrosis: more advanced liver lesions
with distorted lobular architecture (stage 3) (Fig. 2) and
cirthosis were observed in four and one specimens,
respectively. One patient with cirrthosis developed
hepatic failure. Therefore, this patient underwent a
living-related liver transplant. One patient with cirrhosis
developed at 10 months of age.!®

Inflammatory reaction

The degree of inflammation varied with the specimens,
where half showed moderate or severe inflammatory
changes. Inflammatory cell infiltration in the portal
tracts and piecemeal necrosis were observed (Fig. 3).
Inflammatory cells present in the portal tracts were
predominantly lymphocytes. Focal necrosis and acido-
philic bodies in the parenchyma were seen in 23 (77%)
and 12 (40%) specimens, respectively. The sinusoids
showed the proliferation of mononuclear cells with
scarce neutrophils and the activation of Kupffer cells.

Fat deposition in hepatocytes

Fat deposition in hepatocytes was observed in all speci-
mens except one and severe fatty liver was noted for 20
(67%) specimens (Fig. 4a). Fat droplets deposited in the
cytoplasm of hepatocytes varied in size, and fat-laden
hepatocytes were classified as those with macrovesicular
fat droplets, those with foamy, microvesicular fat drop-
lets, and those with mixed macrovesicular and microve-
sicular fat droplets. Hepatocytes with microvesicular fat
droplets had a centrally located nucleus. In 80% of 29
specimens with fat deposition including all 20 speci-
mens which showed severe fatty livers, there was a
mixture of macro- and microvesicular fat droplets
(Fig. 4b,c). Macrovesicular and microvesicular fatty liver
alone accounted for three (10%) and one (4%) speci-
mens, respectively. A moderate and severe fatty liver

© 2010 The Japan Society of Hepatology
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with an inflammatory reaction and lipogranuloma were
diagnosed as steatohepatitis, which accounted for 600'/0
of the patients. The histopathological findings in this
disease were different from those in non-alcoholic ste-
atohepatitis. The clinical features of one patient who
had no fat deposition in hepatocytes did not differ from
that of other patients with such fat deposition.

Cholestasis

Cholestasis was observed in 77% of the specimens and
was severe in 57%. The acinar arrangement of hepato-
cytes was prominent in specimens with severe cholesta-
sis (Fig. 5) and multinucleated giant cell transformation
was found in one case (Fig. 6).

Hemosiderin deposition

Hemosiderin deposition, mostly mild and localized in
periportal hepatocytes and macrophages in portal areas
(Fig. 4b), was observed in 57% of the specimens.

A combination of all five features, fatty liver, inflam-
matory cell infiltration, fibrosis, cholestasis and hemo-
siderin deposition was observed in the same liver biopsy
specimen in 12 {40%) of the total specimens.

Relationship between the age and the
histological findings

The mean score of each histological finding in each of
groups A, B and C are summarized in Table 4. The
degree of fibrosis, necroinflammatory reaction such as
focal necrosis and acidophilic bodies, acinar arrange-
ment of hepatocytes, cholestasis and steatohepatitis of
infants more than 3 months old {groups B and C) were
more accentuated than those of the early infants of
group A. Conversely, hemosiderosis and extramedullary
hematopoiesis in groups B and C were less pronounced
than in group A. The staging score of fibrosis, grade of
inflammation and steatohepatitis were significantly
higher in the older than in the younger group in order of
group A, B and C.

Histological findings of follow-up biopsy

Follow-up biopsies were conducted for patients 8, 9,
13 and 18, and the findings were as follows: patients 8,
9 and 13 showed histological deterioration of cholesta-
sis and fatty change. Of note, patient 9 underwent a
liver transplant at the age of 16 years because of
hepatic failure. The findings for the explant liver were
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Table 3 Histological findings of liver biopsy in the 30 patients with neonatal intrahepatic cholestasis caused by citrin deficiency

Patient no. 1 2 3 4 5 6 7 8 9 10
Stage of fibrosis 0 0 1 0 0 0 0 0 3. 2
Grade of inflammation 1 2 2 1 1 1 2 1 1 1
Focal necrosis® 1 1 2 0 0 0 1 0 0 1
Acidophilic body® 0 1 0 2 0 1 0 1 0 0
Acinar arrangement* 0 1 3 3 0 1 0 1 2 1
Cholestasis* 0 3 3 3 1 0 1 2 3 1
Degree of fat deposit* 1 3 3 3 3 3 2 3 3 3
Type of fat deposit’ 1 3 0 3 3 3 1 3 0 0
Steatohepatitis® 0 1 1 1 0 1 1 1 0 2
Hemosiderosis" 0 2 1 2 0 0 1 2 0 2
Extramedullary hematopoiesis' 0 2 0 3 2 1 0 2 0 0
Patient no. 11 12 13 14 15 16 17 18 19 20
Stage of fibrosis 0 2 2 1 0 0 3 2 1 1
Grade of inflammation 1 1 1 2 1 2 2 2 3 1
Focal necrosis 1 0 1 1 1 2 1 1 3 0
Acidophilic body 1 0 0 1 0 0 1 0 0 0
Acinar arrangement 2 0 0 2 2 1 1 1 2 1
Cholestasis 3 0 0 3 3 2 2 2 3 3
Degree of fat deposit 3 0 2 2 3 2 3 3 2 3
Type of fat deposit 3 0 2 3 3 3 3 3 3 3
Steatohepatitis 2 0 0 1 1 1 1 1 2 1
Hemosiderosis 2 0 1 0 2 1 1 0 2 1
Extramedullary hematopoiesis 0 0 0 3 2 0 1 0 0 0
Patient no. 21 22 23 24 25 26 27 28 29 30
Stage of fibrosis 2 2 0 2 2 3 1 3 3 4
Grade of inflammation 3 2 1 2 3 2 1 2 3 3
Focal necrosis 1 2 1 1 3 1 1 1 2 1
Acidophilic body 1 2 0 1 1 1 0 0 0 2
Acinar arrangement 3 2 0 2 2 1 2 1 3 2
Cholestasis 3 3 0 3 0 3 3 3 3 3
Degree of fat deposit 3 3 3 3 1 3 2 3 3 3
Type of fat deposit 3 3 3 3 1 3 3 3 3 3
Steatohepatitis 0 3 2 1 0 2 1 3 3 3
Hemosiderosis 3 1 1 1 0 1 1 0 0 0
Extramedullary hematopoiesis 1 0 1 1 2 0 0 0 1 0

Focal necrosis was graded from 0-3 based on the number of counts per 10 fields at a magnification of x40. A score of denotes 0 is
none, 1 denotes 1-2; 2 denotes up to 4, and 3 denotes >4.

bAcidophilic bodies were counted and graded from 0-3, as similar to that for focal necrosis.

The acinar arrangements of the hepatocytes were graded 0-3. A rating of 0 denotes none, 1 denotes involvement up to 30% of the
hepatocytes, 2 denotes 30-60%, and 3 denotes >60%.

dCholestasis was graded from 0-3. A score of 0 denotes none, 1 denotes cholestasis without a bile plug, 2 denotes scattered bile plugs,
and 3 denotes frequent bile plugs.

“The degree of fat deposition in hepatocytes was graded from 0-3 based on the percentage of hepatocytes in the biopsy involved. A
rating of 0 denotes none; 1 denotes up to 30%, 2 denotes 30-60%, and 3 denote >60%.

The type of fat deposit was classified as being between 0-3. A score of 0 denotes no fatty change, 1 denotes predominantly
macrovesicular fat droplets, 2 denotes predominantly microvesicular fat droplets, and 3 denotes mixed microvesicular and
macrovesicular fat droplets.

sSteatohepatitis was graded from 0-3, where 0 denotes none, 1 denotes steatosis involving up to 60% and intra-acinar inflammation
with no or mild portal inflammation, 2 denotes steatosis (>66%) with both acinar and portal inflammation, and 3 denotes panacinar
steatosis with intra-acinar inflammation and piecemeal necrosis.

bHepatocellular iron was graded between 0-3, where 0 denotes none, 1 denotes localized deposition in the portal and /or periportal
area; 2 denotes iron deposition involving up to 60% of the parenchyma, and 3 denotes >60%.

iExtramedullary hematopoiesis was graded between 0-3, similar to that for focal necrosis.

© 2010 The Japan Society of Hepatology
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Grade of inflammation

8

fibrosis and the

Stage of fibrosis
F4

Figure 1 Results  of grade of

necroinflammation.

more pronounced than those of the biopsy. Patient 8
showed progression of fibrosis from stage 1-3 and
more pronounced portal inflammation. In contrast,
patient 18 showed marked improvement of every

Figure 2 Severe fatty liver with distorted lobular architecture
.due to extensive fibrosis in stage 3 with portal inflammation
(hematoxylin-eosin, original magnification x50).

pen e @ hy =® e
Figure 3 Fatty liver with moderate inflammatory cell infiltra-
tion in the portal tract and parenchyma, which is indicative
of steatohepatitis (hematoxylin-eosin, original magnification
x100).

© 2010 The Japan Society of Hepatology
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tracts show mild inflammatory cell infiltration (hematoxylin-
eosin [HE], original magnification x50). (b) Pseudo-acinor
transformation with bile plugs is observed. Hemosiderin-laden
macrophages are present in a portal tract (HE, original magni-
fication x100). (c) Macro- and microvesicular-type fatty drop-
lets. Some of the swollen hepatocytes have a foamy appearance
and their cytoplasm packed with micro-fat droplets. Kupffer
cells are activated (HE, original magnification x200).
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: e e
Figure 5 Striking pseudo-acinor transformation of the hepatic
cords containing bile plugs. Small fatty droplets are present at

the periphery of hepatocytes arranged in an acinar fashion
(hematoxylin-eosin, original magnification x100).

Figure 6 Giant cell hepatitis and cholestasis. Multinucleate
giant cells contain several nuclei (hematoxylin-eosin, original
magnification x200).

Table 4 Relationship between age and histological changes

Liver pathology of NICCD

histological finding, including decreased portal fibrosis
and inflammation.

DISCUSSION

HE CAUSE OF liver dysfunctions such as fatty liver,

hypoglycemia and galactosemia in this disease is as
follows.* Citrin deficiency blocks the malate aspartate
shuttle, which may increase the ratio of cytosolic nico-
tinamide adenine dinucleotide (NADH) to oxidized
nicotinamide adenine dinucleotide (NADH/NADY),
which in turn is associated with the inhibition of glyco-
lysis and makes reduced alcohol metabolism. This
may be why CTLN2 patients dislike carbohydrates and
cannot drink alcohol, and why alcohol consumption
often results in psychiatric symptoms. An increased
NADH/NAD? ratio isalso characteristic of the inhibition
of gluconeogenesis involving reduced substrates.” This,
together with the reduction in alanine metabolization to
urea and glucose due to citrin deficiency may cause
hypoglycemia in NICCD patients. Although NICCD
patients suffer from galactosemia, which sometimes
even leads to the development of cataracts, no abnor-
malities in the enzymes involved in galactose metabo-
lism have been found.” Because uridine diphosphate-
glucose epimerase which requires NAD as a cofactor is
strongly inhibited by NADH,* galactosemia in NICCD
may represent a high NADH level in the cytosol of the
liver.

From the biochemical data of this study, 50% of the
high level of total bilirubin was associated with direct
bilirubin, but it was not always dominant. The levels of
AST were increased to more than twice the levels of ALT.
Low levels of total protein, albumin and prothrombin

Pathological findings Group A (n=16) Group B (n=9) Group C (n=5) P-value
<2 months 3-4 months >5 months

Stage of fibrosis 0.69%+1.01 1.67 £0.87 280+1.10 P=0.001
Grade of inflammation 1.31+0.48 2.11+0.78 2.20+0.84 P=0.004
Focal neaosis 0.75+0.68 1.44+1.01 1.20+0.45 P=0.063
Acidophilic body 0.4410.63 0.67£0.71 0.60+0.89 P=0.523
Acinar arrangement 1.19%£1.05 1.56+£0.88 1.80+0.84 P=0.172
Cholestasis 1.7541.29 2.11+£1.27 3.00£0.00 P=0.059
Degree of fat deposit 2.4410.89 2.67+£0.71 2.80+£0.45 P=0.333
Steatohepatitis 0.811+0.66 1.22+0.97 2.40+0.89 P=0.008
Hemosiderosis 1.00+ 0.89 1.11%093 0.40 £ 0.55 P=0.356
Extramedullary hematopoiesis 0.94+1.18 0.67+£0.71 0.20+0.45 P=0.297

The data are expressed as means * standard deviation.
P-values are by the Mantel-Haenszel linear trend test.

© 2010 The Japan Society of Hepatology
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activity and high levels of citrulline, o-fetoprotein, fer-
ritin and PSTI were observed as previously described in
NICCD patients.*> However, 11 patients showed high
levels of ferritin, which were not observed in previous
reports on NICCD patients. Therefore, the pediatric
hepatologist should suspect NICCD when a neonatal
cholestatic patient has high levels of AST of more than
twice the ALT value, citrulline, a-fetoprotein and fer-
ritin, and low levels of total protein and prothrombin
activity.

The histological findings in this study such as a fatty
liver, cholestasis, necroinflammatory reaction and iron
deposition are not pathognomonic findings because
they occur in various liver diseases.”> However, the com-
bination of mixed macrovesicular and microvesicular
fatty hepatocytes and these histological findings are
almost never observed in other liver diseases in infants
and adults. Microvesicular fatty deposition was found
in NICCD, this type of fatty change is a characteristic
feature of Reye syndrome® and other rare conditions.?
However, the histogenesis of the microvesicular fatty
deposition in NICCD is unclear. It might reflect the
acute impairment of B-oxidation of fatty acid due to
mitochondrial dysfunction as in Reye syndrome.

Although our series of NICCD patients shared
common liver histological findings as described above,
there seemed a tendency that late infants of group C had
more advanced fibrosis and more accentuated inflam-
mation than those of early infants of group A. The dura-
tion of illness may be an aggravating factor of the
progression of the disease in some cases. There was no
difference between the liver histological findings and
mutation type. Interestingly, however, the mutation
type of patients with severe fibrosis who were 6 and
7 months of age was 851del4/IVS11 + 1G > A. Because
evidence for this relationship between the mutation
type and the progression of fibrosis is not clear, further
investigation is needed. Moreover, in the follow-up liver
biopsy patients, we observed improvements in their
liver histological findings as the liver dysfunction was
ameliorated. Therefore, we speculate that the correla-
tions between the stage of the liver histological findings
and the biochemical test data exist.

This study found that NICCD is a disease with char-
acteristic hepatopathological features. If NICCD is sus-
pected in the presence of cholestasis during infancy,-a
liver biopsy should be performed to screen for liver
diseases. We believe that a liver biopsy is of high diag-
nostic value for NICCD, and is useful for accurately
assessing inflammation and the degree of the progres-
sion of fibrosis.

© 2010 The Japan Society of Hepatology
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Although we were not able to elucidate the natural
history of the disease, we previously found that despite
a benign course in the majority of the patients, it leads
to the development of liver cirrhosis in some patients
with CTLN2.5'° This suggests that it involves the risk of
progressive fibrosis and eventually leads to the develop-
ment of cirrhosis. This possibility is suggested by
the above histopathological findings characteristic of
NICCD in the patients who progressed to stage 3
chronic hepatitis and cirthosis. Although the process
responsible for the progression of liver lesions is not
clear, some patients with steatohepatitis including non-
alcoholic steatohepatitis (NASH) progress to cirrhosis.?
In this study, steatohepatitis was found in 60% of the
specimens. It is likely that, in NICCD, steatohepatitis
repeatedly deteriorates, persists and progresses.

In conclusion, if NICCD is suspected in the presence
of cholestasis during infancy, a liver biopsy should be
performed to screen for other liver diseases. NICCD is a
disease with characteristic hepatopathological features,
such as the combination of mixed macrovesicular and
microvesicular fatty hepatocytes, cholestasis, necroin-
flammatory reaction and iron deposition. Therefore, it is
possible to diagnose NICCD based on histological liver
findings in most cases. However, when cirrhosis with fat
deposition is detected in hepatocytes in liver specimens,
the patient should be carefully observed, because the
prognosis of NICCD patients is not always fair, with
some developing progressive liver failure by 1 year of
age. Finally, we could not infer the development of
CTLN2 from the histological findings of the patients
with NICCD who were examined in this study.
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Introduction

ABSTRACT

Mitochondrial acetoacetyl-CoA thiolase (T2) deficiency is an inherited disorder affecting isoleucine catab-
olism and ketone body metabolism. A Japanese female developed a severe ketoacidotic attack at the age
of 7 months. Urinary organic acid analysis showed elevated excretion of 2-methyi-3-hydroxybutyrate but
not tiglylglycine. She was diagnosed as having T2 deficiency by enzyme assay using fibroblasts. Mutation
analysis revealed a compound heterozygote of ¢.556G>T(D186Y) and ¢.951C>T(D317D). Since ¢.951C>T
does not cause amino acid change, we performed ¢cDNA analysis and found that exon 10 skipping had
occurred in the c.951C>T allele. A computer search using an ESE finder showed that an exonic splicing
enhancer sequence, SF2/ASF, was located in CTGA%S'CGC. We hypothesized that the exonic splicing
enhancer is necessary for accurate splicing since the first nucleotide of exon 10 is C, which weakens
the splice acceptor site of intron 9. We made a mini gene construct including exon 9-truncated intron
9-exon 10-truncated intron 10-exon 11 for a splicing experiment. We also made three mutant constructs
which alter the SF2/ASF site (947C>T, 951C>T, 952G>A). An min-gene splicing experiment clearly showed
that exon 10 skipping was induced in all three mutant constructs. Moreover, additional substitution of G
for C at the first nucleotide of exon 10 resulted in normal splicing in these three mutants. These results
confirmed that ¢951C>T diminished the effect of the exonic splicing enhancer and caused exon 10
skipping.

© 2010 Elsevier Inc. All rights reserved.

from patient to patient but follow-up studies reveal that, in general,
T2 deficiency has a favorable outcome [3].

Mitochondrial acetoacetyl-CoA thiolase (T2') (EC 2.3.1.9, gene
symbol ACAT1) deficiency (OMIM 203750, 607809) is an autosomal
recessive disorder, commonly known as p-ketothiolase deficiency.
Since 1971 [1], more than 70 patients with it have been identified
(including personal communications) [2]. This disorder affects the
catabolism of isoleucine and the metabolism of ketone bodies, and
is clinically characterized by intermittent ketoacidotic episodes with
no clinical symptoms between episodes. T2-deficient patients usu-
ally have urinary excretion of 2-methyl-3-hydroxybutyrate, 2-
methylacetoacetate and tiglylglycine, derived from intermediates
in isoleucine catabolism. The severity of the clinical features varies

* Corresponding author at: Department of Pediatrics, Graduate School of Med-
icine, Gifu University, 1-1 Yanagido, Gifu 501-1194, Japan. Fax: +81 58 230 6387.
E-mail address: toshi-gif@umin.net (T. Fukao).
' Abbreviation used: T2, mitochondrial acetoacetyl-CoA thiolase.

1096-7192/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymgme.2010.03.012

The T2 gene (gene symbol: ACAT1) spans approximately 27 kb,
contains 12 exons [4], and is located at 11q22.3-¢23.1 [5]. Human
T2 cDNA is about 1.5 kb long and encodes a precursor protein of
427 amino acids, including a 33-amino-acid leader polypeptide
[6]. We have identified more than 70 gene mutations [7-25], 15%
of which cause aberrant splicing. Most were located at the highly
conserved ag at the splice acceptor site and gt at the splice donor
site. We also identified some exonic mutations which cause aber-
rant splicing by activating cryptic splice sites within their exons
[15,24].

We herein report a novel exonic mutation—c.951C>T (the 11th
nucleotide in exon 10). It was first regarded to be a silent mutation,
D317D, but was associated with exon 10 skipping in cDNA analy-
sis. The ¢.951C nucleotide is located in a possible exonic splicing
enhancer (ESE) sequence, SF2/ASF, and C>T substitution results in
a deviation from its consensus sequence. We showed by a
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minigene splicing experiment that the substitutions in this ESE
caused exon 10 skipping.

Materials and methods
Case report

The patient (GK64), a female, was born to non-consanguineous
Japanese parents. She was well until 7 months of age when she
presented with a one-week history of coughing and appetite loss.
She developed convulsions and was admitted to a hospital. Labora-
tory findings showed blood pH 6.769, bicarbonate 2.8 mmol/L,
base excess —28.2 mmol/L, ammonia 213 pmol/L, and blood glu-
cose 0.45 mmol/L. She was referred to the National Center for Child
Health and Development on a mechanical ventilation support. Uri-
nary organic acid analysis at the time of crisis showed huge
amounts of acetoacetate and 3-hydroxybutyrate with dicarboxylic
acids; 2-methyl-3-hydroxybutyrate and tiglylglycine were not evi-
dent at that time. She was successfully treated by intravenous glu-
cose infusion. Later, she had an upper respiratory infection and her
urinary ketone was 2+ at the age of 8 months. At that time, urinary
organic acid analysis showed the presence of 2-methyl-3-hydroxy-
butyrate. However, tiglylglycine, another characteristic urinary or-
ganic acid in T2 deficiency, was not detected. Skin biopsy and a
fibroblast culture were performed and finally she was diagnosed
as having T2 deficiency by enzyme assay.

Cell culture, enzyme assay and immunoblot analysis

The fibroblasts were cultured in Eagle’s minimum essential
medium containing 10% fetal calf serum. Acetoacetyl-CoA thiolase
activity was assayed, as described in [26]. Immunoblot analysis
was done, as described in [27].

Mutation detection

Genomic DNA was purified from the fibroblasts with Sepa Gene
kits (Sanko Junyaku, Tokyo, Japan). Mutation screening was per-
formed at the genomic level by PCR and direct sequencing using
a primer set for 12 fragments including an exon and its intron
boundaries [13]. RNA was prepared from the fibroblasts using an
ISOGEN kit (Nippon Gene, Tokyo, Japan). RT-PCR and sequencing
after subcloning into a pGEM-T Easy vector (Promega, Madison,
USA) were performed as described previously [7], except for the
following point. A full-coding sequence of human T2 cDNA was
amplified as a single fragment using a sense primer
(5'-"4°AGTCTACGCCTGTGGAGCCGA~2°-3') and an antisense primer
(5'-"325TTCTGGTCACATAGGGTT3%-3),

Transient expression analyses

Transient expression analysis of T2 cDNAs was done using a
pCAGGS eukaryote expression vector [28], as described in [19].
After transfection, the cells were further cultured at 37°C for
72 h, and then they were harvested and kept at —80 °C until use.
The cells were freeze-thawed and sonicated in 50 mM sodium
phosphate (pH 8.0), 0.1% Triton X-100. After centrifugation at
10,000g for 10 min, the supernatant was used in an enzyme assay
for acetoacetyl-CoA thiolase activity and for immunoblot analysis.

Splicing experiment
A fragment (about 4 kb long) from the middle part of exon 9 to

the middle part of exon 11 was amplified by Phusion DNA poly-
merase (New England BioLabs, Ipswich, USA) using control geno-

mic DNA. The primers used in this amplification included the
EcoR I linker sequence, as follows:

Ex 9 (EcoR I) primer (exon 9, sense) 5'-cagctgcgaatt®*2CCAGTAC
ACTGAATGATGGAGCAGCT®73-3'.

Ex 11 (EcoR I) primer (exon 11, antisense) 5'-cctccattggaatt' '22C
ACTTTTTGGGGATCAATCT'193-3,

The amplified fragment, after digestion with EcoR I, was sub-
cloned into an EcoR I site of the pCAGGS expression vector from
which the Hind III and Pst I sites were deleted. The subcloned
PCR fragment did not contain PCR errors, at least in the sequence
of exon 9, the 3’ and 5 splice sites of intron 9, exon 10, the 3’
and 5’ splice sites of intron 10, and exon 11. We deleted about a
0.5-kb Hind IlI-Pst [ inner fragment in intron 9 and a 1.1-kb Hind
[lI-Pst 1 inner fragment in intron 10 to reduce the minigene con-
struct length. In order to make an mutant construct, in vitro muta-
genesis was done on the wild-type fragment in the pUC118 vector,
and then the mutant fragment was subcloned into the pCAGGS
expression vector as a cassette of an about 870-bp Pst I-Hind Il
fragment including exon 10. We made three mutant constructs
which altered the SF2/ASF site (c.947C>T, ¢.951C>T, and
¢.952G>A). Moreover, we also made three further mutant con-
structs with additional substitution of ¢.941G for C at the first
nucleotide of exon 10.

Two pg of these expression vectors were transfected into
5 x 10° cells of SV40-transformed fibroblasts using Lipofectamine
2000. At 48 h after transfection, RNA was extracted from the cells.
The first-strand cDNA was transcribed with a rabbit p-globin-spe-
cific antisense primer (p-glo2) (5-*'AGCCACCACCTTCTGATA-3')
and then amplified with the Ex10 (EcoRI) primer on T2 exon 10,
and another rabbit-specific antisense primer (p-glo3)
(5'-*3GGCAGCCTGCACCTGAGGAGT-3') to amplify the chimera
cDNA of human T2 and rabbit B-globin.

Allele-specific RT-PCR

We performed allele-specific RT-PCR using mismatched
primers:

€.556G allele (D186)-specific sense primer, 5->3°TTTGATTGTA
AAA GACGGGCTATCTG>%¢-3",

¢.556T allele (Y186)-specific sense primer, 5->3°TTTGATTGTA
AAA GACGGGCTATCTT®6-3

The bold G or T represents the D186Y mutation site of
¢.556G>A. The underlined T indicates a mismatch introduced to
the 4th nucleotide to assist allele-specific-RT-PCR.

Antisense primer 5'-'°>GGCTTCTTTACTTCCCACATTGCA'®41-3",

cDNA with exon 10 gave a 535-bp fragment and ¢cDNA with
exon 10 skipping gave a 470-bp fragment.

Results and discussion
Enzyme assay and immunoblot analysis

Potassium-ion-activated acetoacetyl-CoA thiolase activity was
absent in GK64's fibroblasts (—K" 3.8, +K* 3.9 nmol/min/mg of pro-
tein; Control fibroblasts —K* 4.7, +K* 7.8 nmol/min/mg of protein),
confirming the diagnosis of T2 deficiency. Succinyl-CoA:3-ketoacid
CoA transferase activity was 6.3 nmol/min/mg of protein (control
fibroblasts 5.6 nmol/min/mg of protein). In immunoblot analysis,
GK64's fibroblasts had a reduced but significant amount of T2 pro-
tein (Fig. 1). We then performed immunoblot analysis using two-
fold serially diluted samples of two controls and GK64's
fibroblasts from 30 to 3.75 pg. The relative amount of T2 protein
in GK64 fibroblasts were estimated to be 25% of controls (data
not shown).
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Fig. 1. Immunoblot analysis. The amount of fibroblast protein extract applied was
indicated in each lane. The first antibody was a mixture of an anti-T2 antibody and
an anti-SCOT antibody. The positions of the bands for T2 and SCOT are indicated by
arrows. Cont 1 and Cont 2 were healthy controls and GKO1 was a disease control
being cross reactive material-negative.

Mutation screening at the genomic level and cDNA level

Routine genomic PCR and sequencing of exons 1-12 identified
two nucleotide substitutions, ¢.556G>T(D186Y) in exon 6 and
c.951C>T(D317D) in exon 10. Both ¢.556G>T and ¢c.951C>T were
novel nucleotide substitutions in the T2 gene. No further mutations
were identified by genomic mutation screening. Since the latter
substitution does not alter amino acid, we performed RT-PCR anal-
ysis. A full-coding region was amplified using a pair of primers on a
5’-noncoding region and a 3’-non-coding region, allowing one to
show the segregation of these two substitutions. After subcloning,
8 clones had c¢.556G>T(D186Y) but not c.951C>T(D317D). Two
clones had exon 10 skipping without c.556G>T(D186Y). The exon
10 skipping causes a frame shift and premature termination at
¢.1011TAA. We re-sequenced the genomic region around exon 10
(IVS8 — 88-IVSS + 44) again, but only ¢.951C>T(D317D) was de-
tected. We regarded c.951C>T(D317D), the 11th nucleotide of exon
10, as the cause of exon 10 skipping which was detected in GK64's
cDNA. Since the splice acceptor site of intron 9 might be weak be-
cause of the first nucleotide of exon 10 being C, we hypothesized
that ESE sequences would be necessary for accurate exon recogni-
tion of exon 10 and that c.951C>T might disrupt the ESE and result
in exon 10 skipping.

Transient expression analysis of D186Y mutant cDNA

Transfection of wild-type T2 cDNA gave a high acetoacetyl-CoA
thiolase activity in the presence of potassium ion. Transfection of
D186Y mutant cDNA gave no significant thiolase activity compared
with mock cDNA transfection (Fig. 2A) Immunoblot analysis
showed that mutant D186Y protein was detected with 1/3-fold
amount of wild-type protein (Fig. 2B). These results indicate that
the D186Y mutant protein is a stable protein but retains no resid-
ual activity. Even when incubation was done at a lower tempera-
ture (30°C) after transfection, no residual T2 activity was
detected (data not shown). This result confirmed that the D186Y
mutation is a causative mutation in one allele, and is consistent
with the fact that GK64's fibroblasts had T2 protein with about a
1/4-fold amount of controls’.

Searches for ESE sequence

We searched the possible ESE sequences which can be affected
by ¢.951C>T, using ESE finder 3.0 (http://rulai.cshl.edu/cgi-bin/
tools/ESE3/esefinder.cgi?process=home) [30-31] and found that
this mutated site, ¢.951C>T, was located in a possible SF2/ASF site,
€.947CTGA951CGC (7th-13th nucleotides in exon 10). The substi-
tution made a deviation from the consensus sequence of SF2/ASF,
as shown in Fig. 3A.

(A)
D186Y
Mock
Wild-type _<
0 50 160 15;0 260 2'50 300 nmol/min/mg protein
(B) Wild-type D186Y

10 5 25125 10 5 25 125 ug

<« SCOT

<« T2

Fig. 2. Transient expression analysis of D186Y mutant cDNA. (A) Potassium-ion-
activated acetoacetyl-CoA thiolase assay. Acetoacetyl-CoA thiolase activity in the
supernatant of the cell extract was measured. The mean values of acetoacetyl-CoA
thiolase activity in the absence and presence of the potassium ion are shown
together with the standard deviation of three independent experiments. (B)
Immunoblot analysis. The protein amounts applied are shown above the lanes.
The first antibody was a mixture of an anti-T2 antibody and an anti-SCOT antibody.

Minigene splicing constructs

We previously successfully performed minigene splicing exper-
iments using a pCAGGS expression vector [8,24,29]. Since our
minigene construct produces human T2-rabbit B-globin fusion
mRNA, we could amplify this specific mRNA by RT-PCR using a
combination of a human T2 sense primer and a rabbit p-globin
antisense primer. We made a minigene construct including exon
9-truncated intron 9-exon 10-truncated intron 10-exon 11 for a
splicing experiment, as shown in Fig. 3B. We made the ¢.951C>T
mutant constructs and two additional mutant constructs
(c.947C>T or c.952G>A) which also altered the SF2/ASF site, as
shown in Fig. 3A. We hypothesized that the ESE is necessary for
accurate splicing since the first nucleotide of exon 10 is C, which
weakens the splice acceptor site of intron 9. Hence, we made three
constructs with an additional substitution of 941G for C at the first
nucleotide of exon 10 to strengthen the splice acceptor site of in-
tron 9.

Splicing experiment

We performed a minigene splicing experiment. As shown in
Fig. 3C, exon 10 skipping was induced in all three mutant con-
structs. Normally spliced transcripts with the inclusion of exon
10 were also produced in these mutant transcripts. The ratio of sig-
nal intensity of transcripts with exon 10 skipping to that of nor-
mally spliced transcripts in three independent experiments was
highest in c951C>T, followed by ¢.952G>A among these three
mutants.

Moreover, additional substitution of G for C at the first nucleo-
tide of exon 10 resulted in normal splicing in these three mutants.
Hence, the ESE (SF2/ASF) was only necessary in the case of C at the
first nucleotide of exon 10 in the experiment. This clearly showed
that c.941C, the first nucleotide of exon 10, makes the recognition
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(A) SF2/ASF
Intron9  Exon 10
Wild-type g C2 7T TECTGACGCT 50T & s
951C>T C2TTTGCTGATGCT C ]
952G>A C° .77 :CTGACAC
947C>T C- "TTGACGC
941C>G GATTTGCTGACGET
941C>G, 951C>T G CTGATGC
941C>G, 952G>A G- -CTGACAC !
941C>G, 947C>T G 7 T =TTGACGC T+
(C) W-T 941C>G

95 65 129

Ex9(EcoRl)

glo3 glo2

[10]11 ] 309bp

244

(B)

H PH (H) AP) P PP (E)
|| 5
Ex11
Ex11
~475— 226 140680 Rabbit f-globin
3' non-coding
truncated truncated region
intron 9 intron 10

941C>G plus
947 951 952 947 951 952

C>T C>T G>A CT CT G>A

Normal
splicing

Fig. 3. Minigene splicing experiment. (A) Minigene splicing constructs. Sequence differences among 8 minigene splicing constructs. Mutations introduced are underlined. (B)
Schematic presentation of minigene splicing construct. The minigene construct has a T2 gene fragment from ¢.842 of exon 9 and intron 9 (from +1 to a Hind [Il site, 475-bp
open box) and intron 10 (from a Pst I site to —1, 680-bp open box) and exon 11 (to c. 1122). In the cases of mutant constructs, the region around exon 10, highlighted in gray,
was replaced as a cassette, Thick lines and black boxes indicate pCAGGS vector sequences. (C) Detection of chimeric cDNAs derived from transfected minigenes. First-strand
cDNA was reverse-transcribed using the glo2 primer. cDNA amplification was done using Ex9(EcoRl) and glo3 primers. Normal splicing and aberrant splicing produced 309-
bp and 244-bp PCR fragments, respectively. The PCR fragments were electrophoresed on 5% polyacrylamide gel. Fragments with exon 10 skipping are shown by arrows.

of exon 10 or the splice acceptor site of intron 9 and requires an
ESE for the accurate splicing of exon 10. These results confirmed
that ¢.951C>T diminished the effect of the ESE and caused exon
10 skipping.

Effects of ¢.951C>T mutation on splicing

In the minigene splicing, normally spliced transcripts were de-
tected in the construct with c.951C>T. This may mean that not only
exon-10-skipped transcripts but also normally splieied transcripts
can be produced in the c¢.951C>T mutant allele. However, when we
analyzed 10 clones of full-length cDNA, 8 clones were from the al-
lele with ¢.556G>T(D186Y). Two clones had exon 10 skipping but
no cDNA clones with ¢951C>T were found. In direct sequencing
of full-length cDNA fragments, we found a possible faint signal
for ¢.951T in the major signal for c.951C (Fig. 4B). Hence, the pres-
ence of normally spliced transcripts from c.951C>T was further
confirmed by allele-specific RT-PCR. As shown in Fig. 4A, both
¢.556T(Y186) allele- and c.556G(D186) allele-specific RT-PCR gave
a fragment with the expected size in the case of GK64, and only the
latter gave a fragment in the case of a control. In direct sequencing
of GK64's fragment of the c.556G(D186) allele, c.951 was T (nor-
mally spliced transcripts in the ¢.951C>T mutant allele) (Fig. 4B).
An additional faint fragment with exon 10 skipping was also seen
in GK64's ¢.556G(D186) allele-specific PCR. Exon 10 skipping
causes frame shift and should result in nonsense-mediated mRNA
decay; hence, the amount of cDNA with exon 10 skipping in the
D186 allele was smaller than that of normally spliced cDNA. Based

A B T
( ) Y186 allele D186 allele ( ) 89518A¢

C 64 N C 64 N

by W el

GK64's cDNA

Y186 allele

G®T A
C AT

D186 allele T Q C

Fig. 4. Allele-specific cDNA amplification. (A) Allele-specific PCR fragments were
electrophoresed on 5% polyacrylamide gel. C, control cDNA; 64, GK64's cDNA, N,
negative control. An arrow indicates cDNA with exon 10 skipping. (B) Direct
sequencing of the antisense strand at the c.951c>T (D186Y) site. Y186 allele, Y186
allele-specific PCR fragment; D186 allele, D186 allele-specific PCR fragment.

on cDNA analysis, a small amount of normally spliced mRNA with
c.951C>T(D317D) was also produced and hence GK64 retained
some residual T2 activity from this mutant allele. This finding is
in accord with GK64's urinary organic acid profiles. We previously
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showed that urinary organic acid analysis shows no elevated tiglyl-
glycine and relatively small amount of 2-methyl-3-hydroxybuty-
rate even during ketoacidotic crisis and subtle elevation of 2-
methyl-3-hydroxybutyrate under stable conditions in patients
with mutations which retain some residual T2 activity [3,18,19].

The importance of the exonic splicing enhancer

The accurate removal of introns from pre-mRNA is essential for
correct gene expression. However, the information contained in
splice sites, including the splice donor site, branch site and splice
acceptor site, is insufficient for a precise definition of exons [32-
35]. Recently, it was established that exon sequence has elements
which contribute to exonic recognition. Additional regulatory efe-
ments exist in the form of ESEs [32,33]. Exonic variants may inac-
tivate an ESE, resulting in insufficient exon inclusion.

ESEs are known to play a particularly important role in exons
with weak splice sites. Although the splice acceptor site of intron
10 has a reiatively high Shapiro and Senapathy score [35] of
90.5, the site deviates from the consensus sequence at position
+1, by the replacement of the G nucleotide with C. In computar
analysis using ESE finder, the mutation ¢.951C>T was located on
an ESE, the SF2/ASF site. SF2/ASF is a prototypical serine- and argi-
nine-rich protein (SR family) with important roles in splicing and
other aspects of mRNA metabolism. One classical function of SR
proteins bound to exonic sequences is to stimulate recognition
of the flanking splice sites [36]. Using the minigene approach,
we have demonstrated that not only the ¢.951C>T substitution
but also c.947C>T and c.952G>A, all of which affected the SF2/
ASF site, resulted in insufficient exon 10 inclusion. This phenome-
non was completely corrected by a substitution of G for C at the
first nucleotide of exon 10. We therefore suggest that the weak
splice acceptor site of intron 10 is normally compensated for by
an ESE (SF2/ASF).

There are several precedent reports on ESE mutations in other
genes [37-39]. For example, two synonymous mutations in exon
5 identified in pyruvate dehydrogenase-deficient patients (the
c483C>T and cA498C>T variants) disrupt a putative ESE, the
SRp55 binding site [37]. These synonymous mutations result in
the incomplete inclusion of PDHA1 exon 5 in the minigene splicing
experiment and this effect is corrected following the restoration of
a perfect consensus sequence for the 5’ splice site by site~directed
mutagenesis. The mutation in the SRp55 binding site is affected in
the case of the weak 5 splice site selection in this case and the
mutation in SF2/ASF site was affected in the case of the weak 3’
splice site selection in our case. ¢.1918C>G (pR640G) in exon 14
in the APC gene, which was found in a familial adenomatous polyp-
osis (FAP) patient, was revealed to be sufficient to cause exon 14
skipping [38]. Minigene splicing experiments showed a mecha-
nism involving disruption of an ASF/SF2 element. Systemic analysis
of 24 mutations in PAH exon 9 showed that three of them affected
ESE motifs and resulted in exon 9 skipping [39]. These facts indi-
cate that we should consider that any mutations in an exon may
affect splicing of the exon.

Importance of cDNA analysis

If mutation analysis were done only at the genomic level, this
€.951C>T(D317D) mutation would be regarded as a silent muta-
tion. However, the main character of this mutation was an ESE
mutation which causes exon 10 skipping. Any nucleotide substitu-
tions have the possibility to affect splicing efficiency. This indicates
the importance of ¢cDNA analysis to understand the character of
mutations property.
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