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The human cytochrome P450 3A4 (CYP3A4) plays a dominant role in the metabolism of numerous clinically
useful drugs. Alterations in the activity or expression of this enzyme may account for a major part of the vari-
ation in drug responsiveness and toxicity. However, It is generally accepted that most of the known single
nucleotide polymorphisms in the coding and 5'-flanking regions are not the main determinants for the
large inter-individual variability of CYP3A4 expression and activity. We show that the allelic variation Is criti-
cally involved in determining the individual total hepatic CYP3A4 mRNA level and metabolic capability. There
exists a definite correlation between the total CYP3A4 mRNA level and allelic expression ratio, the relative
transcript level ratio derived from the two alleles. Individuals with a low expression ratio, exhibiting
a large difference of transcript level between the two alleles, revealed extremely low levels of total hepatic
CYP3A4 mRNA, and thus low metabolic capability as assessed by testosterone 6@8-hydroxylation. These
results present a new insight into the individualized CYP3A4-dependent pharmacotherapy and the import-
ance of expression imbalance to human phenotypic diversity.

INTRODUCTION

Among the human cytochrome P450 (CYP) proteins,
the members of the CYP3A subfamily occupy an important
position owing to their abundance in liver and gut and to
their collective large substrate spectrum (1). CYP3A proteins
account for up to 50% of total CYP activity in the liver, and
they metabolize up to 60% of all drugs currently in use
(2,3). Cytochrome P450 3A4 (CYP3A4) is the major form
of CYP in human liver; accounting for 30% of total CYP
protein content (4). A wide inter-individual variation exists in
CYP3A4 activity as assessed by direct analysis of liver micro-
somes {4) and through the use of in vivo probe drugs (5). The
basis of this variation is not yet understood but may be due to
genetic factors. A clinical study with CYP3A4 substrates
suggested that ~60~90% of the inter-individual variability

in hepatic CYP3A4 activity is genetically determined (6).
The coding and 5'-flanking regions of the CYP3A44 gene
have been isolated and sequenced, and some single nucleotide
polymorphisms (SNPs) have been identified; however, their
allelic frequencies and/or the available functional experiments
indicate a limited role for these variants in the inter-individual
variability of CYP3A4 expression and activity (7-12).

In addition to SNPs, various gene expression mechanisms
have recently been reported to determine phenotypic vari-
ability; these patterns include gencmic imprinting (13,14),
X-chromosome inactivation (15) and other mechanisms
(16,17). Among them, genomic imprinting is an epigenetic
phenomenon where parental alleles are genetically marked,
leading to the differential expression of paternal and maternal
alleles in somatic cells (13,14). Imprinting genes are
often clustered in chromosomal domains and are thought to
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Figure 1. Relationship between CYP3A4 phenotypes and CYP344 genotype in Caucasian livers. Open, partially filled and closed squares correspond to liver
homozygous for the reference sequence (R), and heterozygous and homozygous for the variant sequence (V).

be coordinately regulated by imprinting control centers
(13,18). Interestingly, three members of the CYP3A sub-
family, CYP344, CYP3A5 and CYP3A7, are localized in
tandem on the long arm of chromosome 7 at gq21-q22.1
{19,20), where several imprinted genes are clustered (21). In
addition, differences in expression levels between the two
alleles of the same gene (i.e. preferential expression of one
of the two alleles), which were not consistent with parental
imprinting, have been reported in various genes such as
PKD2, p73 and Calpain-10 (16,22). Some investigators indi-
cated that such allelic variation in gene expression was
common in the human genome (17,22). The individual
allelic expression status may result in a change in the
expression level of the gene (23,24), leading to phenotypic
variability in the pharmacokinetic and pharmacodynamic out-
comes of drug therapy. On screening the entire CYP3A4 gene,
we found two common non-functional and racially indepen-
dent intronic SNPs, C78013T (C — T at nt 78013) and
C78649T (C — T at nt 78649), and used them as markers in
subsequent gene expression analyses. Using these SNPs, we
elucidated that the allelic variation is critically involved in

the hepatic CYP3A4 mRNA expression. Individuals with a
low expression ratio, exhibiting a large difference of transerip-
tional level between the two alleles, revealed extremely low
hepatic CYP3A4 levels and thereby reduced metabolic
activity. These findings explain the substantial inter-individual
differences in CYP3A4 expression and activity.

RESULTS

Screening of the marker SNPs for assessment of
allelic variation

To screen the marker SNPs for assessment of allelic variation
and to evaluate the presence of functional CYP344 gene
variants, we amplified and sequenced the whole CYP344
gene, CYP344 Y-flanking region and 3'-untranslated region
(UTR), spanning ~60 kb, using genomic DNAs extracted
from eight Caucasian liver samples with high (HHL-6, -7,
-14 and -26) or low (HHL-12, -17, -19 and -20) levels of total
CYP3A4 mRNA (Fig. 1). The former and latter samples
also indicated high and low testosterone 6B-hydroxylation
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activity, respectively. In the present study, testosterone 6f-
hydroxylation capability was used as an index for individual
CYP3A4 activity. We identified 4, 35 and 17 polymorphisms
in the 5'-flanking region, 3'-UTR and intronic region, respect-
ively, but did not find any coding SNPs. Although three
samples, HHL-6, HHL-7 and HHL-17, bad many SNPs in
the regions analyzed, the other samples had only 2—-4 SNPs,
Among them, frequencies of the C78013T (8/8) and
C78649T (4/8) polymorphisms were relatively high. Thus,
we used these two intronic SNPs as markers in the subsequent
gene expression study.

We next examined the association of the allelic pattern with
total hepatic CYP3A4 mRNA levels. Although the CYP3A4
level was comparable between HHL-6 and HHL-26, the
SNP patterns were clearly different. In contrast, there were
remarkable differences in the CYP3A4 levels between
HHL-7 and HHL-17 even though the SNP pattern was
similar. In addition to the total mRNA levels, a similar trend
was observed in the testosterone 6B-hydroxylation aectivity.
As has previously been demonstrated (7-12), these results
suggest that SNPs in these regions are not involved in the
large variability in the CYP344 gene expression and metabolic
activity.

Correlation between total hepatic CYP3A4
mRNA levels and CYP3A4 hnRNA levels

We next examined whether tissue levels of heterogeneous
nuclear RNA (hnRNA), the unprocessed precursor of the
mature, functional mRNA, can be used as a surrogate for
gene transcription. CYP3A4 hnRNA and total mRNA levels
were determined in a total of 18 hepatic samples. Quantifi-
cation of total CYP3A4 mRNA and hnRNA was performed
by the real-time PCR method. As shown in Figure 2, CYP3A4
mRNA showed significant regression (r == 0.775; P < 0.001).
These results validated the use of CYP3A4 hnRNA as an
estimate of CYP3A4 gene activity in human liver samples.

Allelic variations in human liver samples

Prior to evaluating the functional significance of allelic vari-
ation in total hepatic CYP3A4 mRNA levels and metabolic
activity, we estimated allelic expression ratios, defined as a
measure of the expression of the less-abundant allele divided
by that of the more-abundant allele, in order to confim inter-
individual variation in the allelic expression of CYP3A44.
As described in more detail in the Materials and Methods,
allelic variation was determined on the basis of difference in
band intensities between the two alleles using a fluorescence
image analyzer. When an individual is heterozygous for a
marker SNP, it is possible to detect the relative abundance of
allelic transcripts. Generally, both copies of human autosomal
gencs are assumed to be co-dominantly expressed in equal
proportions. The detection of allelic variation is based on a
quantitative analysis of RNA transcripts in order to detect
deviations from the expected equimolar ratio between two
alleles in a heterozygous sample. After the screening of
genomic DNA from all 40 Caucasian liver samples, it was
possible to identify 18 individuals who were heterozygous
for either the Mni1 (C78013T) or Acil (C78649T) site.

Human Molecular Genetics, 2004, Vol. 13, No. 23 2961
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Figure 2. Relationship of total CYP3A4 mRNA and hnRNA levels in human
liver samples, A simple linear regression analysis was performed.

The difference in expression between the two alleles varied
among samples (Fig. 3), and some of the 18 individuals had
fractional allelic expression values lower than the 95% confi-
dence interval for the mean (0.70 £ 0.20; 95% confidence
interval, 0.60-0.80). Notably, the values in HHL-12 (0.28),
HHL-16 (0.45), HHL-20 (0.46) and HHL-36 (0.49) were
extremely low, being well outside the intervals, indicating
monoallelic expression. Preferentially expressed allele in an
individual sample was also shown in Figure 3. Predominantly
expressed allele was different among samples, suggesting that
both marker SNPs bave no significant effects on the
expression of the CYP344 gene.

Allelic expression pattern in informative lymphoblasts

To determine whether the two alleles of the human CYP344 gene
are differentially expressed according to parental origin, we used
reverse transcription—polymerase chain reaction (RT-PCR) of
total RNA extracted from Epstein—Barr (EB) virus-transformed
lymphoblasts, followed by PCR—RFLP. The parental origin of
alleles expressed in children was identified by RFLP analysis.
Lymphoblasts were obtained from a panel of 22 healthy Japanese
individuals who were members of six distinct families. These
samples allowed the precise determination of the parental
origin of alleles in the heterozygous children. Of all the cases,
two siblings were heterozygous for a polymorphism at either
the Mnll site (C78013T in intron 7) or the Afal site (G82266A
in intron 10) (Fig. 4A). As the SNPs used here are in intronic
regions of CYP344, the cDNA analyzed represents unspliced,
hnRNA (25). Thus, all RT reactions in the present study included
a negative control to ensure that genomic DNA did not conta-
minate the subsequent PCR. We firstly determined the parent’s
genotypes using genomic DNA samples. At the Mnll site (for
C1in Fig. 4B and C), although the maternal genotype was homo-
zygous for the T78013 allele, the paternal genotype was hetero-
zygous for the C78013 allele. At the Afal site (for C2), the
corresponding genotypes were homozygous for the G82266
allele and heterozygous for the A82266 allele, respectively.
In the RT-PCR preducts, in contrast to Cl, who showed a
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Figure 3. Allelic expression ratio of the CYP344 gene in Caucasian livers. The expression ratio (y-axis) was estimated on the basis of the average less-/more-
abundant ratios (replicated data-points for each sample) at either the C78013T or the C73649T polymorphism, and corrected using the average genomic ratio.
The shaded box represents ~95% confidence interval and the red bars indicate individuals displaying significant variation.

monoallelic maternal (T78013) expression, the sibling C2
showed a biallelic expression, but the paternal allele (AB2266)
was preferentially expressed.

It is interesting to know whether allelic variation is inheri-
ted. In order to address this issue, we further analyzed
allelic expression patterns using patemal RT—PCR products,
because paternal genotype was heterozygous for both poly-
morphic sites (at genomic DNA-based genotypes). As shown
in Figure 4B, paternal alleles were inherited by the two
siblings; the paternal inactive allele (i.e. unexpressed C78013
allele at the Mnll site) and active allele (i.e. expressed A82266
allele at the Afal site) were inherited by siblings Cl and C2,
respectively. These results suggest that allelic variation is
inherited, at least in B virus-transformed lymphoblasts.

Methylation status in the most proximal
5'-CpG island of the CYP344 gene

We focused on the most proximal 5-CpG island (covering
~450 bp), which is ~30kb upstream of the translational
start codon, and examined the association of the methyl-
ation status with total CYP3A4 mRNA levels using six liver
samples; samples HHL-6, -7 and -14 had high and HHL-12,
-19 and -20 had low mRNA levels (Fig. 1). The percent
methylation of the 31 CpG sites analyzed in the CYP3A44
CpG island was calculated. Although differentially methylated
CpG sites were found, most of the sites analyzed were largely
methylated (Fig. 5). No clear association between the methyl-
ation status and total mRNA levels was observed.

Allelic variation and CYP3A4 phenotypes

Correlations between the allelic expression ratio and pheno-
type indexes are shown in Figure 6. The total hepatic
CYP3A4 mRNA level correlated strongly with the allelic
ratio (Fig. 6A; r? = 0.786, P < 0.001). Of these 18 samples,
we could measure CYP3A4 activity using testosterone
as an enzyme-specific substrate in 10, As expected, 6p-
hydroxylation capability also correlated strongly with the

allelic ratio (Fig. 6B; r*=0.541, P < 0.05). These results
indicate that the individuals with a low ratio, who exhibited
a large difference in hnRNA expression level between the
two alleles, have extremely low total hepatic CYP3A4
mRNA levels, and consequently poor metabolic capability.

Frequency of the two marker SNPs in different
racial populations

We determined frequencies of heterozygous carriers for
C78013T and C78649T polymorphisms, which were relatively
common among the eight liver samples, using genomic DNA
from three racial populations (Table 1). We found that the
frequency of heterozygous carriers of the C78013T allele
in Caucasians was 0.35; in Japanese, 0.39; and in African
Americans, 0.56. The corresponding values for the C78649T
allele were 0.21, 0.16 and 0.36, respectively. When exclu-
ding individuals having two SNPs simultaneously, 50.0%
of Caucasians, 41.7% of Japanese and 61.5% of African
Americans were heterozygous for either SNP,

DISCUSSION

Variations in gene sequence and expression underlie much
of human variability. To decide individual gene expression
status, we first sequenced the whole CYP344 gene, CYP344
5'-flanking region and 3'-UTR using liver tissues from eight
Caucasians, and then examined the association of SNP
patterns with total CYP3A4 mRNA levels and testosterone
6B-hydroxylation capability. Although the observed nucleo-
tide diversity in the CYP344 promoter was 1 in 7246 bp in
Caucasians (26), two recent reports provided evidence for
the existence of a specific cis-acting element, 8000 bp distal
to the transcription start point, which plays an important role
in the transcriptional induction of CYP3A4 (27,28). Thus,
we analyzed the CYP344 5'-flanking region, spanning 8 kb.
As has been expected, none of the SNPs in these regions
was clearly associated with differences in CYP3A4 levels
and metabolic capability. These findings raise the possibility
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that other mechanisms such as an epigenetic genc alteration
affect CYP3A4 levels more frequently than SNPs (7-12).

In the present study, we used unspliced hnRNA as the tem-
plate and used intronic SNPs as the marker to assess the allelic
variation, because there were no exonic SNPs that can be used

to test for allelic variation in mRNA levels. Thus, we second-
arily examined whether tissue levels of hnRNA, the unpro-
cessed precursor of the mature, functional mRNA, can be
used as a surrogate for gene transcription. To ensure precise
determinations for hnRNA and mRNA levels separately,
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we have designed intron- and exon-specific oligonucleotide
primers, respectively. As shown in Figure 2, the two exhibited
a significant correlation, These results validated the use of
CYP3A4 hnRNA as an estimate of CYP344 gene activity in
human liver samples, and suggest that total CYP3A4 mRNA
levels are controlled at a point upstream of the precursor by
the transcriptional generation of hnRNA (29,30).
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Recently, in order to determine allelic variation, an allele-
specific quantitative PCR method with allele-specific probes
has been developed. Such an analytical method provides the
direct expression level of each allele separately by measuring
the fluorescent intensity (22,31). In the present study, we had
also tried to develop a real-time quantitative PCR method;
however, we were unsuccessful owing to a technical limitation,
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TFable 1. Heterogencous carriers for CYP344 mutations in different racial populations

Position Reference Variant Population Genotype Frequency of
allele (R) allele {V) R/R RV ViV heterogeneous carriers

78013 ctgcCteta ctgeTicta Caucasian 8 34 54 0.35 (0.25-0.45)
Japanese 6 37 53 0.39(0.29-0.49)
African American 9 54 33 0.56 (0.46-0,66)

78649 gtagCegte gagTeatn Caucasian 74 20 2 0.21 (0.13-0.29)
Japanese 80 15 1 0,16 (9.09-0,23)
African American 4 a5 56 0.36 (0.26-0.46)

Values in parentheses indicate 95% confidence interval,

low expression levels of CYP3A4 hnRNA, especially in
samples indicating monoallelic expression. Thus, we
determined allelic variations on the basis of difference of
band intensities between the two alleles using a fluorescence
image analyzer. With such an analytical method, in addition
to DNA contamination, splicing variants are drawbacks for
the accurate estimation of allelic variation. In the CYP34¢
gene, one variant, CYP344*6, with an insertion of adenine at
position 17776, has been reported to create premature mRNA
because the variant causes a frame shift and an early stop
codon in exon 9 (32). However, the CYP3A4*6 variant was
not observed in our liver samples (data not shown), and this
finding was in keeping with previous reports that it has not
been observed in Caucasian populations (33,34).

Differential allelic gene expression resulting from genomic
imprinting has been a focus of cancer research, Among known
imprinted genes, the Wilms’ tumor suppressor gene (WT/ ) has
been reported to exhibit a unique allele-specific expression
profile (35); cultured human fibroblasts and lymphocytes
showed a paternal or biallelic expression of WT/ in some
cases, whereas a maternal or biallelic expression was observed
in human placental villi and fetal brain tissue (36,37). These
results suggest that the allele-specific expression profile (e.g.
allele switching) of certain genes depends on the tissue
source. Indeed, although somatic allele switching is not a
common feature of imprinted genes, this unusual phenomenon
is also observed in human H/!9 (38) and IMPTI {39) genes.
However, in the present study, the degree of difference in
the expression between the two alleles varied among
samples, and large variations were observed in only a minority
of samples (Fig. 3). In addition, informative lymphoblast
samples indicated opposite-directional expression; both
paternal and maternal preferential expressions were observed
in the two siblings (Fig. 4). Thus, taking these findings into
consideration, it is feasible that, at least in human liver,
CYP3A4 is not an imprinting gene.

Although allelic variation in gene expression is common
in the human genome (17,22), its pharmacokinetic and
pharmacodynamic significance has not been reported. One
study has demonstrated that the allelic variation in APC
gene expression plays a critical role in colon cancer (16).
The present study, however, is the first to demonstrate that
variations in CYP3A4 phenotypes are caused by changes in
allelic expression levels. The strong correlation between the
allelic ratio and phenotypic indexes {e.g. total hepatic mRNA
level and testosterone 6f3-hydroxylation activity) indicates that

individuals having low ratios, who exhibit a large difference
in hnRNA expression levels between the two alleles, have
extremely low levels of total CYP3A4 mRNA and thereby
reduced metabolic activity. Human CYP3A activity reflects
the heterogeneous expression of at least two CYP3A family
members, CYP3A4 and CYP3AS5. Although the role of
CYP3AS in testosterone 6f-hydroxylation in vivo has not
been defined (40), this heterogeneity is a possible reason for
the lower correlation observed between the allelic ratio and
hydroxylation activity.

Although not much is known about mechanisms regulating
the constitutive basal expression of the CYP344 pgene in
human tissues, currently available data indicate that numerous
transcriptional facters such as hepatocyte nuclear factor-1
(HNF-1), HNF-2, HNF-4 and CCAAT/enhancer-binding
protein (C/EBP) regulate the constitutive expression of CYP
genes (41). Liver-enriched transcription factors C/EBP and
HNF-3+, which are involved in the regulation of numerous
liver-specific genes (42), trans-activate and cooperatively regu-
late hepatic-specific CYP344 gene expression (43,44), Because
these liver-enriched trans-activating factors play an important
roles in the constitutive expression of CYP344, variations in
their expression could ultimately be responsible for the different
expression levels of CYP3A44 found in various human tissues;
CYP3A4 is expressed primarily in liver and intestine and at
very low and physiologically insignificant levels in lympho-
blasts (45). Although transcriptional elements in lymphoblasts
are suggestive of a limited expression (low or absent), allelic
variation was clearly observed in lymphoblasts as well as in
liver samples (Figs 4 and 6). Thus, these results suggest that it
is unlikely that the transcriptional elements described earlier
are involved in the allelic imbalance.

Initially in the present study, we could not find any func-
tional SNPs in the CYP344 gene. These results suggest that
the post-transcriptional regulation of CYP344 gene expression
is likely to be similar for both alleles. As a majority of the dif-
ferentially expressed genes have a virtually identical sequence
in their mRNAs (46), transcriptional initiation by cis-acting
components is one of the most important controls in regulating
the variation in allelic gene expression. The deviation of
allelic variation varied among samples (Fig. 3), which also
suggests that the variation could result from the allelic hetero-
geneity of one or more cis-acting regulatory polymorphisms
(47) or from epigenetic factors such as DNA methylation
(48) and the existence of non-coding RNAs (49). In this
regard, we examined methylation status in the CpG island,
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which is ~30 kb upstream of the translational start codon,
using six Caucasian liver samples with high and low levels of
total CYP3A4 mRNA by cloning and sequencing bisulfite-
treated DNA. However, unfortunately, we did not observe
allele-specific differential methylation (Fig. 5).

Recently, Lo et al. (22) reported that 326 of 602 genes
showed a preferential expression of one allele, and 170 of
those showed greater than a 4-fold difference between the
two alleles. Interestingly, some of the genes that showed a
skewed allelic expression were located next to each other
(i.e. clustered), and a subset of these genes is located in
known imprinting domains. ASB¢, DLXS, SGCE and PEG10,
which have previously been reported to be imprinted, are
located in the imprinting domain at 7q21-—q31 (21), The
human CYP34 genes, CYP3A43, CYP344, CYP347 and
CYP3AS5, consist of a cluster spanning 231 kb within this
domain, at 7q21-q22.1 {19,20). In addition, two CYP34 pseu-
dogenes are formed in two intergenic regions (CYP3A44-
CYP347 and CYP347-CYP3A45) (50). These unique gene-
structural features suggest that the allelic variation in hepatic
CYP3A4 expression can be attributed to unknown non-
coding RNA(s). The patemally expressed non-coding RNA
(4ir RNA) overlapping one of three imprinted, maternally
expressed protein-coding genes (Jgf2r/Slc22a2/Slc22a3) has
been reported to play an important role in repression of all
three genes on the paternal expression {49). Nevertheless,
we cannot exclude the possibility that the cis-acting regulatory
polymorphisms (47) responsible for the change in CYP3A4
expression reside far up- and downstream of the gene of the
affected allele. Indeed, Wojnowski and Brockmoller (51)
have recently indicated a hepatic transcriptional imbalance
of the CYP345 gene in CYP345*]14/*3 heterozygous
samples, and the cis-acting *1A variant, which increases
the expression of the CYP345 gene transcript from the allele
carrying the variant, is a possible mechanism for the
imbalance.

One report provided evidence that allelic variation can
be transmitted by Mendelian inheritance (16). As shown
in Fig. 4B, our results indicated that the allelic variation of
CYP344 expression was also inherited, as has been observed
in the genes Calpain-10 and PKD2 (16). Yan et al. (16) identi-
fied three informative families and found that altered
expression of the genes CAPNI0 and PKD2 was consistently
inherited with a single haplotype defined by at least two
adjacent microsatellite markers. In contrast to the findings
by Yan et al. (16), although the allelic variation of CYP3A4
expression was consistent with Mendelian inheritance, allelic
expression ratio appeared to be independent from genotypes.
In the present study, we had tried to find the useful haplotypes
within the regions we had analyzed; however, we were
unsuccessful owing to large inter-individual variability in the
SNP pattern (Fig. 1). The mechanism that generates allelic
variation between two alleles remains unclear. However, as
the expression of CYP3A4 is unlikely to be regulated by
imprinting, these results also suggest the existence of
unknown, unidentified cis-acting inherited variations influen-
cing gene expression. If cis-acting inherited variations in
gene expression are common among normal populations,
an insight into how this occurs in individuals may help us
to understand the large variability in CYP3A4 phenotypes.

MATERIALS AND METHODS
Population samples

We examined allelic frequencies of C78013T and C78649T
mutations in genomic DNA samples from unrelated
Caucasian, Japanese and African American volunteers (96
subjects each) (Tennessee Blood Services, Memphis, TN,
USA). We also obtained samples from the following
sources: 22 lymphoblast samples for which the parental
origin of the CYP3A44 alleles was determined (35); 18 livers
{selected from 40 Caucasian donors, National Disease
Research Interchange, Philadelphia, PA, USA) for which
allelic expression variations and total hepatic CYP3A4
mRNA and hnRNA levels were determined, and 10 of the
18 liver samples in which testosterone 6B-hydroxylation capa-
bilities had been analyzed. We sequenced the CYP3A4 gene,
5'-flanking region and 3-UTR in eight of the 18 liver
samples whose total CYP3A4 mRNA and hnRNA levels had
been determined. We also determined methylation status in
six of the 18 liver samples. EB virus-transformed lymphoblast
cultures were obtained using standard procedures, This study
was approved by the Ethical Board of the Faculty of Medicine,
Tottori University and informed consent was obtained from all
individuals.

Primers and sequencing

We designed 72 primer sets based on a published sequence
{GenBank accession no. AF280107.1) to amplify the CYP344
gene, CYP3A44 5'-flanking region and 3-UTR; the amplicons
were ~900 bp long (sequence available on request). Primer
pairs were used for 30—40 cycles to amplify genomic DNA,
The following conditions were used in each ¢ycle: 95°C for
40 s, 52°C for 45 s, and 72°C for 1 min. PCR products were
sequenced either directly or after subcloning using BigDye
Terminator (Applied Biosystems, Foster City, CA, USA)
sequencing. The sequencing primers were those used in the
PCR amplifications. The sequence of both strands was
analyzed for products from at least two independent PCR
amplifications to ensure that the identified mutations were
not PCR-induced artifacts.

¢DNA synthesis

Total RNA was extracted with an RNAeasy Kit (Qiagen,
Hilden, Germany) from EB virus-transformed lymphoblasts
and liver samples. Prior to RT, total RNA samples were
first treated with RNase-free DNase I, and then digested
with Haelll and Mboll (Takara, Kyoto, Japan). Hae 11I and
Mboll digest the potential DNA template which would lead
to the amplification of both alleles and thus mask allelic
variation. The RNA samples were then reverse-transcribed
into first strand ¢DNA with 1 pg of total RNA, 4 pl of
5 x first strand buffer, 4 pl of 0.1 mm DTT, 1 pl of 500 pg/
ml random primer (Promega, Madison, WI, USA), 4 pl of
10 mM dNTP mixture and 200 U of SuperScript II RNase
H™ reverse transcriptase (Life Technologies, Rockville, MD,
USA). The reaction was incubated at 42°C for 60 min. RT
reactions were always carried out in the presence or absence
of reverse transcriptase to ensure that genomic DNA did
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not contaminate the subsequent PCR. In all experimental
procedures, no amplification was detected in the absence of
RT, excluding DNA contamination,

Assessment of allelic variation (estimation of
allelic expression ratio)

To assess allele-specific expression of CYP344, an Mnll RFLP
and an Acil RFLP in intron 7 (for liver samples), and an Mnil
RFLP in intron 7 and an Afal RFLP in intron 10 (for lympho-
blast samples) were analyzed. Primer sequences for cDNA
amplification were as follows: Mn/l RFLP, 5-TATCAG
CCCCCTGTCACAAAC-3 (forward) and 5-TTCATGCCA
CAACATAGTAAA-3 (reverse); Acil RFLP, 5-CAATAGA
TAAAGGCAAAGAGA-3 (forward) and 5-GAAAGACTG
CTGTAGGAAAAA-Y (reverse); Afal RFLP, 5-GCAGTG
TTCTCTCCTTCATTATGTA-3 (forward) and 5-CTAT
GTTTCTTTCTTTTTCTTTTCA-3" (reverse). All PCR pro-
ducts contain either a Haelll or Mboll restriction site. PCR
was carried out under the same conditions for the screening
of the variants, but only for 24—30 cycles. RFLP products
were electrophoresed on a 3% agarose gel, then stained with
SYBR green I (Takara). The relative expression of each
allele was quantified on the basis of the difference in band
intensities between the two alleles with a fluorescence image
analyzer (Hitachi, Tokyo, Japan) using Analysis Version 6.0
software. As a control, genomic DNA PCR-RFLP products
were included and ratios of the allele-specific band intensities
were taken as a 1:1 allelic representation. In order to eliminate
sampling or measurement error, we conducted the experiment
for each sample with three replicates.

Methylation analysis

The methylation status of the CpG island which is ~30 kb
upstream of the translational start codon (nt 36441-36896,
GenBank accession no. AF280107), was confirmed by the
bisulfite sequencing method (52). DNA was treated with
sodium bisulfite using a CpGenome DNA modification kit
(Intergen, Purchase, NY, USA) according to the manu-
facturer's instructions. PCR was performed in a total volume
of 25 ul consisting of 50 ng of bisulfite modified genomic
DNA, 0.625U of DNA polymerase and 0.25 pM of each
primer; 5-GGGTTTTATTTAGTTTGAGTTT-3' (forward)
and 5-TAACCCCTCCTCTACATTCTAT-3 (reverse). After
an initial denaturation at 95°C for 9 min, 43 cycles of 40 s at
95°C, 45 s at 52°C and 1 min at 72°C, as well as a final exten-
sion for 5 min at 72°C, were performed. The PCR product was
cloned into the pGEM-T easy vector (Promega, Madison, W1,
USAj} then transformed into JM-109 (Promega), and plasmid
DNA was collected by QIAprep Spin Mini-prep kit (Qiagen,).
The CpG methylation status of individual DNA strands was
determined on the basis of a comparison with the sequence
obtained from the genomic DNA without the addition of
bisulfite modifications. Percent methylation of each site was
determined by dividing the number of methylated CpGs at a
specific site by the total number of clones analyzed {(n = 20
in all cases).
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Quantitative real-time PCR

Quantification of total hepatic CYP3A4 mRNA and hnRNA
was performed by real-time PCR detection using an ABI
PRISM 7700 sequence detector (Applied Biosystems) with
SYBR green detection of amplification products. Amplification
mixtures contained 12.5 pl of 2 x SYBR green [ Universal
PCR Mix (Applied Biosystems), 0.5 pl of ¢DNA synthesis
mixture, 5 pmol each of the forward and reverse primers and
distilled water in a total volume of 25 pul. All primers
were designed using the PrimerExpress program (Applied
Biosystems). Primers for CYP3A4 mRNA were directed to
a sequence that spans the junction of exons 12 and 13, corres-
ponding to open reading frame 1405-1465; 5'-AAAGAAAC
ACAGATCCCCCTGAA-Y (forward) and 5-CGGGTTTTTC
TGGTTGAAGAAGT-3' (reverse). CYP3A4 hoRNA primers
were directed to a sequence located at bases +2253 to +2351
within intron 12 of the C¥YP344 gene sequence; 5'-CACAGG
TTTCCATGAATTTGTCT-3' (forward) and 5'-AAGATTGG
ACAGTGAGAGCATTC-3 (reverse). The copy number of
the transcript was measured against a copy-number standard
curve of cloned target templates consisting of serial 10-fold
dilution points. B;-Microglobulin mRNA was used as the
reference message for both CYP3A4 mRNA and hnRNA.

Testosterone 6B-hydroxylation capability in
human liver samples

All incubations were performed in duplicate in solutions
containing potassium phosphate (0.1 M, pH 7.4) and human
liver microsomes (0.05 mg). Testosterone (final concentration,
30 M) was added to the incubation mixture at a final metha-
nol concentration of 1%, and the mixtures were incubated at
37°C for 10 min. We added a NADPH-generating system to
initiate the reaction. Reactions were terminated by the addition
of 100 pl of ice-CH;CN. We used high-performance liquid
chromatography (HPLC) to measure the quantities of
extracted compounds (53).
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Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterized by
hamartomas in many organs. Two genes responsible for TSC, TSCI and TSC2, were recently
identified. 7SCI and 7SC2 encode the proteins hamartin and tuberin, respectively, and 337
different mutations have been reported in these genes thus far. Here, we report six novel
TSC2 mutations including one missense mutation, two nonsense point mutations, two
frameshifts, and an insertion mutation. The insertion mutation is unique because of its
location at an exon/intron boundary that results in triplication of a 34-bp sequence. Cultured
tumor cells from the patient with this insertion mutation exhibited a decreased level of
tuberin as revealed by Western blotting, suggesting that the mRNA of 75C2 is not translated
as efficiently or the translated protein exhibits reduced stability. Five novel polymorphisms
of TSC2 were also identified. As previously reported, the missense mutations were located in
the GTPase activating protein-related domain of TSC2 encoded in exons 34-38. No 75C]
mutations were identified in the present subjects. © 2004 Wiley-Liss, Inc.

KEY WORDS: giant cell astrocytoma, Japanese; mutation; TSC2; tuberin; tuberous sclerosis complex

INTRODUCTION

Tuberous sclerosis complex (TSC) (MIM# 191100) is an autosomal dominant disorder characterized by the
development of hamartomatous growth in many different organs, most commonly in the brain, heart, kidney and
skin (Gomez et al., 1999). Involvement of the brain is associated with the most problematic clinical manifestations
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of TSC, including intellectual handicap, epilepsy and abnormal behavior (Cheadle et al., 2000). Approximately
two-thirds of the cases are sporadic, without family history, reflecting a high spontaneous mutation rate in the
underlying genes (Osborne et al., 1991, Sampson et al,, 1994).

Two TSC-related genes were previously identified by positional cloning. 7T5C2 (MIM# 191092) is located on
chromosome 16p13.3 and consists of 41 exons, whereas TSCT (MIM# 191100) is located on 9434 and consists of
23 exons (The European Chromosome 16 Tuberous Sclerosis Consortium 1993; van Slegtenhorst et al., 1997).
T5C2 encodes the 200-kDa protein tuberin that contains a GTPase activating protein (GAP)-related domain (The
European Chromosome 16 Tuberous Sclerosis Consortium 1993). Hamartin, the 130-kDa predicted product of
T8C1, is a novel protein that is predicted to form a complex with tuberin (van Slegtenhorst et al., 1997). Loss of
heterozygosity (LOH} of either 78CI or 7SC2 in affected tissues indicates that each acts as a tumor suppressor
(Green et al,, 1994; Henske et al., 1995; Sepp et al., 1996).

At least, 131 and 343 different disease causing mutations have been reported in 7SC! and TSC2, respectively
{Cheadle et al., 2000; The Human Gene Mutation Database at the Institute of Medical Genetics in Cardiff
hitp://archive.uwem.ac.uk/uwem/mg/hgmd0.html). Here, we used single-strand conformational polymorphism
(SSCP) analysis of genomic DNA to identify six novel mutations in Japanese TSC patients. Tuberin expression
was decreased in cultured tumor cells from a patient with a unique insertion mutation in 75C2.

MATERIALS AND METHODS

Patients

Clinical information for all patients is summarized in Table I. Patient ! was a 9-year-old female. Her early
developmental milestones were normal. She suffered from febrile convulsions at age 2, and at age 5 was diagnosed
with TSC due to sebacea and brain calcifications revealed by computed tomography (CT). At 6 years of age, she
presented with afebrile convulsions, and electroencephalography (EEG) revealed right parietal focal spikes and
waves. Her mental milestones indicated mild retardation.

Table 1. Summary of the Clinical Information of the Patients

Patient Age Gender Skin Neurological Findings Brain Radiological Findings Others
Patient { (s} 9 F + seizures, mild MR calcification
Patient 2 (nd) 20 M + seizures, severe MR ? bilateral renal tumor
Patient 3 (f) 15 F + seizures, MR + {no detailed information) ?&L?i;i;?ﬂgt?mmam’
Patient 4 (nd) 16 F ? (normal intelligence) calcification : left renal tumor
Patient 5 (s) ] M + West, mild developmental delay PN, CD, heterotopia cardiac tumor
Patient 6 (s) 2 F + West PN, CD, heterotopia cardiac tumor
Patient 7 (f) 15 F + West to Lennox, severe MR PN, tubers cardiac tumor
Patient 8 (f) 24 F + West syndrome, mederate MR PN, calcification brain tumor
Patient 9 (s} 2 F + seizures calcification
Patient 10 (s) 7 F + West syndrome PN, tubers

skin, skin involvement; s, sporadic case; f, familial case; nd, not detected; F, female; M, male; ?, unknown

MR, mental retardation; PN, periventricular nodules; CD, cortical dysplasia

Patient 2 was a 20-year-old male, At 10 months of age, he suffered febrile convulsions and was diagnosed with
a developmental delay. At 17 months of age, a left renal tumor was surgically removed, the patholegical diagnosis
of which was renal cell carcinoma. At age 17 years, right renal angiolipoma was identified. His mental state was
one of severe retardation, and he displayed white skin patches.

Patient 3 was a 15-year-old girl. In infancy, she suffered from seizure attacks and subsequently exhibited
delayed psychomotor development. Periventricular nodules were noted by radiclogical examination. White skin
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patches were also noted. At 13 years of age, bilateral renal angiolipomas were identified and surgically removed.
At age 14, she had a first incidence of spontaneous pneunothorax with recurrent episodes in subsequent years. A
chest X-ray revealed bilateral lung cystic lesions that were suspected to be lymphangiomas.

Patient 4 was a 16-year-old girl. At age 3 months, a right renal tumor was surgically removed and found to be
cystic dysplasia. Her first epileptic episode occurred at age 1 year. At present, she has normal intelligence in spite
of brain calcification. She has no cystic lesions in her left kidney but has an angiomyolipoma in the liver.

Patient 5§ was the second child of healthy parents, and was immediately diagnosed with multiple cardiac tumors
just after delivery. At 1 month of age, he presented with white skin patches and developed tonic spasms. Brain CT
showed periventricular nodules and MRI showed left fronto-parietal cortical dysplasia and heterotopia. Now, at 1
year of age, he exhibits mild developmental delay.

Patient 6 was a 2-year-old girl. At 4 months of age, she was afflicted with infantile spasms, and an EEG
indicated hypsarhythmia. She had white skin patches and cardiac rhabdomyoma that was identified by
echocardiography. Brain MRI showed small nodules in periventricular regions.

Patient 7 was a 15-year-old girl. Although her parents were healthy, her younger brother had retinal
hamartomas. She had white patches, facial angiofibromas and ungual fibroma. Radiological findings suggested
subependymal nodules and tubers in the brain and cardiac rhabdomyoma. In infancy, she had West syndrome that
later developed into Lennox syndrome. Her present intelligence quotient (1.Q.) is below 20.

Patient 8 was a 24-year-old female. At age 11 months she suffered infantile spasms. Many white spots were
present on her skin. Brain radiological examinations revealed a right anterior ventricular tumor and periventricular
calcifications. When she was 8 months old, she had chronic left facial palsy that may have been related to a tumor,
and her symptoms disappeared after resection of a tumor that was diagnosed as a giant cell astrocytoma (cells were
cultured from the resected tumor tissues, and were used for Western blotting). Presently, she exhibits moderate
mental retardation. Although her parents and an elder sister are healthy, her father has white macules.

Patient 9 was a 2-year-old girl. Following her first epileptic aftack, a detailed investigation suggested TSC based
on white macules and brain calcifications.

Patient 10 was a 7-year-old boy that displayed white macules. He developed West syndrome at 5 months of age.
Radiological examination showed periventricular nodules and some tubers. Presently, he shows moderate mental
retardation. His parents are healthy.

Molecular analysis

DNAs were extracted from peripheral lymphocytes using a standard method. Sixty-four normal control DNAs
were also obtained from blood samples of healthy Japanese volunteers and used for a population study. Informed
consent for genomic exarmninations was obtained from all patients and volunteers. The Caucasian Population Panel
100 was provided by the Coriell Institute for Medical Research (NJ, USA) and fifty DNAs samples were used for
population study. Polymerase chain reaction (PCR) was used to amplify all exons of TSC/ (GenBank accession
number AF013168.1} and TSC2 (GenBank accession number X75621.1) from genomic DNAs using standard
methods with primers described elsewhere (Zhang et al., 1999; Pipo et al., 2000; Yamamoto et al., 2002). The PCR
products were subjected to SSCP analysis using a minigel (10 cm X 10 cm). The samples were analyzed under
four different electrophoresis conditions from a combination of two sets of gel mixtures (12% polyacrylamide gel
with or without 5% (w/v} glycerol) and two temperatures (4°C or 22°C) (Zhang et al., 1999). DNA bands were
visualized by silver staining, The PCR products that gave aberrant bands during the SSCP analysis were sequenced
directly using the BigDye terminator cycle sequencing kit (Applied Biosystems, CA, USA) and the ABI PRISM
3100 genetic analyzer (Applied Biesystems). Each PCR product was sequenced in both directions using PCR
primers.

Western blotting

Tumor cells of patient 8 were cultured from the resected tumor tissues, and harvested and homogenized by
sonication in buffer (10 mM Tris-HC1 pH 7.4, 150 mM NaCli, 1 mM EDTA, 1 mM EGTA) supplemented with 1%
(w/v) Triton X-100 and protease inhibitor cocktail (Boehringer Ingelheim, Ingelheim, Germany). The suspensions
were centrifuged at 12,000 x g for 30 min at 4°C and the protein concentration of the supernatant was determined
by the BCA protein assay (Bio-Rad, CA, USA). Protein (10 pg) was subjected to SDS-polyacrylamide gel
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electrophoresis on a 10% gel, and the proteins were electrophoretically transferred to an Immobilon membrane
(Millipore, Bedford, MA). Following a 1-h preincubation in 5% (w/v) skim milk, the membrane was incubated
overnight at 4°C with the tuberin antibody, tuberin (C-20) (cat. # sc-893; Santa Cruz Biotechnology, Inc., USA;
diluted 1:1000). Tuberin bands were detected using avidin-biotin-alkaline phosphatase (Vector ABC-AP kit}).

RESULTS AND DISCUSSION

Table 2. Summary of the Disease-Causing T5C2 Mutations

Patient Location Nucleotide Change* Amino Acid Change Type Novel or Reported by
Patient 1 (s) exd ¢.469G>T pEIS7X nensense novel
Patient 2 (nd) ex19 c.2163del G frameshift novel
Patient 3 (f) ex24 £.2767_2768insC frameshift novel
Patient 4 (nd) ex28 ¢.3355C>T p-Q1119X nonsense novel
Patient 5 (s) ex37 c.4952A>G p-N16515 missense  Maheshwar et al., 1997
Patient 6 (s) ex37 c.4958C>T p.S1653F missense novel
Patient 7 (f) ex38 ¢.5024C>T p.P1675L missense  Maheshwar et al., 1997
Patient 8 (f) IVS38 ¢.5068+20_5068+21ins34 splicing? novel
Patient 9 (s} ex40 ¢.5238_5255del p.H1746_R1751del deletion Beauchamp et al., 1998
Patient 10 (s) ex4Q ¢.5238_5255del ] p.H1746_R1751del deletion Beauchamp et al., 1998

s, sporadic case; c., complementary DNA No.; f, familial case; del, deletion; ins, insertion
*GenBank X75621.1. Nucleotide numbering, with A of the initiator ATG as +1

The mutation nomenclature according to the website (http://www. HGVS .org/mutnomen/).

Six novel and three previously known mutations of T5C2 (Table 2) were identified. All of the patients exhibited
mutations in TSC2 only, and no TSC! mutations were identified despite the comprehensive screening of both
genes. Two new nonsense mutations and two new frameshift mutations resulted from respective deletion and
insertion of 1 bp would be definitely disease causing.

A novel missense mutation within exon 37, complementary DNA No. c.4958C>T (p.S1653F) in patient 6 was
not found in healthy control subjects (64 Japanese and 50 Caucasians) suggesting that they are pathogenic for TSC.
The known missense mutation, ¢.5024C>T (p.P1675L) within exon 38 in patient 7, was recurrent and thus
represents a relatively common mutation (Beauchamp et al.,, 1998; Zhang et al,, 1999). Interestingly, all three
patients (patients 5, 6 and 7) with missense mutations presented with cardiorhabdomyoma. As reported elsewhere,
these missense mutations were located in the GAP-related domain of 75C2 encoded in exons 34-38 (Cheadle et al,,
2000). None of the mutations were located in the sequence CpG, a dinucleotide sequence in which nucleotide
alterations are prevalent,

Interestingly, both patient 2 and 3 having a novel frameshift mutation had renal cancers, and patient 3 also
suffered from lung lesions, TSC with lung lesions is relatively rare and constitutes a distinct subset of the disease
termed pulmonary TSC (Kalassian et al., 1997; Sullivan 1998). A common pulmonary lesion is a parenchymal cyst
that is often asscciated with dyspnea or pneumothorax. Typically, patients with pulmonary TSC are women of
childbearing age whose pulmonary lesions may be influenced by hormonal changes (Kalassian et al., 1997;
Sullivan 1998).

An 18-bp deletion (¢.5238_5255del) was identified within exon 40 in both sporadic patients 9 and 10. As this
in-frame deletion has been frequently identified in TSC patients (Dabora et al., 2001), this region may constitute a
hot spot. Another 18-bp in-frame deletion, ¢.5256_5273del (adjacent to 18-bp deletion at ¢. 5238_5255) was also
identified frequently in four unrelated sporadic cases (Jones et al., 1999). These deletions occur in the sequence
context of a direct repeat of eleven nucleotides with seven intervening nucleotides, and are likely the product of
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slipped mispairing during replication (Cooper and Krawczak 1991). The recurrent 18-bp deletion in exon 40 of
TSC2 lies within the putative rabaptin-binding domain (Xiae et al., 1997).

exon 38 intron 38

¥y
....TCCC ITGC AGT GCA GGA MG//gtagggccg get gge gee o ]
/_

|1gc agt gca gpa aag gta gEg cog RRt gBE gOC } 1ECagIZIERes ...

I fgC ﬂg’ gca gga aag gia gy ccg g9t gEg qce Cl
insertion/triplication

Figure 1. Schematic representation of the sequence around the site of the insertion detected in patient 8, Open boxes
indicate the set of 34-bp sequences that is duplicated in the normal sequence and triplicated in patient 8, Uppercase and
lowercase nucleotides indicate exonic and intronic sequences, respectively.

< tuberin

Figure 2. Westemn blot analysis. It was confirmed that the same amount of protein had been loaded in each lane and
transferred by staining gel and unused portion of membrane with Coomassie brilliant blue (data not shown). The
arrowhead indicates tuberin, the expression of which is decreased in the sample from patient 8§ compared with that of
control. The migration of molecular weight markers is shown to the left. C, control sample derived from an autopsied
brain.

A 34-bp insertion {¢.5068+20_5068+21ins34) was identified in patient 8, In the normal genomic sequence, this
34-bp sequence (TGC AGT GCA GGA AAG GTA GGG CCG GGT GGG GCC C) is duplicated across the
boundary of exon 38 and intron 38 (Fig. I). Patient 8 had three repeats of this 34-bp sequence and there was no
other mutation in any of the exons of TSC/ and 7SC2. This patient was a familial case, but attempts to obtain
samples from family members were unsuccessful. Thus, to exclude the possibility that the triplication represented
benign polymorphisms, we analyzed this region in normal Japanese controls as well as in the Caucasian Population
Panel 100. As expected, this duplication was not observed in any of the control samples. To test whether this
insertion influences pre-mRNA splicing, cDNA was analyzed around this exon 38 using reverse-transcription
PCR. However, no aberrant splicing was observed (data not shown). To estimate the impact of this genomic
mutation, tuberin expression was assessed in primary-cultured cells from the patient’s giant cell astrocytoma.
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Tuberin expression was decreased compared with normal brain tissue (Fig. 3). This result is compatible with
mutational loss of 75C2 (Wienecke et al,, 1997). However, we cannot exclude the possibility that secondary
effects such as hamartin or rap1 expression may negatively influence tuberin expression.

Unlike many other symptoms that show age-dependant penetration, intellectual disability in TSC is almost
invariably present from early childhood and rarely escapes detection. However, patient 4 (carrying a nonsense
mutation) exhibited normal intellectual development. Patients 9 and 10 carried the same mutation, but their clinical
features were different from one other. Thus, the extent of the protein truncation expected from mutations in 75C2
does not necessarily correlate with the severity of the clinical symptoms. Therefore, the severity is likely
dependent on other somatic mutations within the pathogenic lesions. Future determination of the pathogenesis of
these genomic mutations will require the development of a functional assay for tuberin activity.

Five novel variations of 7SC2 were also identified (Table 3). The each variation was coincidentally identified in
only one control sample which was used for population study. Thus, these variation would be very rare and not
disease causing.

Table 3. Summary of the 7SC2 Polymorphisms

Location Nucleotide change* Amino Acid Change Type Novel or Reported by  Frequency”
exl4 c.1593C>T p.I531 silent Yamashita et al., 2000

exlé ¢.1819G>A p.AGCTT missense  novel 1114
exd2 ¢.2585C>T p-A862V missense  novel 1/114
ex33 c.4285G>T p-A14298 minsense  novel 1/114
exi3 ¢.4349C>G pP1450R missense  novel /114
1VS33 €.4493+17C>T novel 1/114
V539 c.5161-9C>A Jones et al., 1999

ex40 €.5202T>C p.D1734 silent Auetal, 1997

exdl €.5424+55_5424+58delTAAA Kumar et al., 1995

(3' non-coding region)

c., complementary DNA No.; *GenBank X75621.1. Nucleotide numbering, with A of the initiator

ATG as +1

*Frequency of each variation was described as 1/114, because the each variation was detected in only one sample among 64 healthy Japanese
volunteers and 50 samples of Caucasian DNA panel,
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