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Table 3. Case reports concerning hepatotoxicity in fiscal year 2008

Hepatic function Liver

Hepatitis Hepatitis

Molecular entities abnormal disorder Jaundice fulminant acute Hepatitis Cholestasis
Terbinafine HC1 52 47 3 0 5 11 2
Fluvastatin Na 33 21 0 0 0 1 0
Itraconazole 17 10 0 0 0 0 0
Loxoprofen Na 12 15 0 0 0 2 0
Carbamazepine 11 13 0 1 1 2 [}
Rosuvastatin Ca 15 7 0 1 0 3 0
Tegafur/Uracil 12 10 1 3 1 0 0
Ticlopidine HCl 9 12 4 0 0 1 15
Gefitinib 16 2 0 1 0 0 0
Cyclosporine 11 3 3 0 0 0 1
Atorvastatin Ca 7 8 0 0 0 0 1
Fenofibrate 7 5 0 0 0 4 0
Acarbose 2 8 0 0 0 0 0
Tranilast 6 4 1 0 0 1 1
Aspirin 1 8 1 0 0 1 0
Non-pyrines (4) 3 5 0 0 0 0 0
Voglibose 3 4 1 0 1 3 0
Temozolomide 6 1 0 0 0 0 [}
Cefcapene pivoxil
HCl 3 3 2 2 4] 0 o]
Total 1,063 771 90 82 68 58 55

Based on the open data source PMDA drug safety information website: hrep:/fwww.info.pmda.go.jpfukusayou/menu_fukusayou_attention.html

is associated with significant mortality."” We counted the
event number of major suspected drugs in domestic cases
concerning various hepatotoxicities based on the open
data source from PMDA from April 2008 to March
2009, and the results are shown in Table 3. Highly
reported hepatotoxicities were abnormal hepatic func-
tion, liver disorder, jaundice, fulminant hepatitis, acute
hepatitis, hepatitis, and cholestasis (Table 3). Although
the difference between abnormal hepatic function and
hepatic disorder is unclear, these MedDRA-PTs are ex-
clusively used. The total number of case reports for
hepatotoxicity was 2,509. Other hepatotoxicity related
reports (more than 10 cases) not in cluded in Table 3
were hepatic failure (44), hepatocellular injury (41),
cholelithiasis (21), acute hepatic failure (19), autoim-
mune hepatitis (19), hyperbilirubinemia (17), veno-occlu-
sive liver disease (15), cholecystitis (14), mixed liver inju-
ry (12), cholecystitis acute (11), jaundice cholestatic (10),
and cholangitis (10). There were 89 other hepatotoxicity-
related reports (less than 9 cases) not included in Table
3. The estimated frequency of reported hepatotoxicity
ranges from 1 per 10,000 to 1 per 10 million patient-
years of exposure'” (Table 3).

Rhabdomyolysis, one of the most serious myopathies,
is characterized by the leakage. of muscle cell content, in-
cluding electrolytes, myoglobin, and other sarcoplasmic
proteins [e.g., creatine kinase, aldolase, lactate de-
hydrogenase, alanine aminotransferase (AST), and aspar-

Table 4. Case reports concerning rhabdomyolysis for fiscal
years 2004 to 2008

Fiscal year
Molecular entities

2004 2005 2006 2007 2008

Atorvastatin 51 41 48 31 28
Bezafibrate 16 22 17 16 11
Pravastatin 21 24 19 9 11
Simvastatin 21 15 5 8 2
Levofloxacin 9 10 10 9 4
Fluvastatin 13 8 7 4 6
Omeprazole 10 8 10 3 4
Propofol 8 14 2 5 8
Rosuvastatin - 0 4 15 14
Risperidone 7 5 5 5 5
Fenofibrate 10 9 3 1 5
Pitavastatin 4 3 10 3 9
Total 389 351 359 291 332

Based on the open data source PMDA drug safety information website:
htep:/fwww.info.pmda.go.jpfukusayou/menu_fukusayou_attention.html

tate aminotransferase (AST)] into the circulation.'? Lipid-
lowering drugs (e.g., statins and fibrates) are well known
causes of rhabdomyolysis, and reports produced by the
US Food and Drug Administration (FDA) showed that the
rate of fatal rhabdomyolysis was 0.15 per 1 million statin
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prescriptions dispensed.'*'¥ Table 4 shows suspicious
drugs in Japan, which are similar to US data, and the
reported range of case numbers is 300 to 400 per year
for the last 5 years (April 2004-March 2009).

Genomic analysis of severe adverse drug reactions

Severe ADRs affect only a minority of patients taking
drugs. However, hereditary forms of severe ADRs and
cases occurring in identical twins have been reported,
implying involvement of certain genetic factors in
predisposing individuals to such severe ADRs.'>'® The
genetic basis of ADRs can be categorized into two broad
groups. The first group involves genes that drive phar-
macological mechanisms (drug targets, drug metabolizing
enzymes, and drug transporters).”) Common mechan-
isms underlying these severe ADRs are unusual drug ac-
cumulation in the target organ due to polymorphisms in
drug metabolizing enzyme and drug transporter genes,
and unusual sensitivity in the target organ due to changes
in drug target genes.ls’ The second category involves the
immune system in a drug-induced allergic reaction. One
important molecule for ADRs associated with immune
reactions is the human lymphocyte antigen (HLA), which
plays a key role in initiation of immune responses and
killing target cells by presenting antigens to the T-cell
receptor.“” The HLA gene region codes for three classical
class I (HLA-A, HLA-B, and HLA-C) and three class II
(HLA-DR, HLA-DP, and HLA-DQ) antigens. Class I anti-
gens are recognized by cytotoxic CD8™" T cells and class
IIs by CD4* T cells. Of the highly polymorphic HLA
genes, HLA-B is the most polymorphic with over 800 vari-
ants reported in the human genome.”” HLA genes within
each class encode structurally similar but distinct HLA
proteins that bind and present HLA-type-specific antigen-
ic peptides to T-cell receptors.'”*® HLA disease associa-
tions that are related to genes with immunological and
inflammatory functions have been identified in many au-
toimmune and inflammatory conditions.

In addition to these susceptible genes, recent advances
in molecular biology have led to analysis of the associa-
tion of whole genome polymorphisms with ADRs.?"*)
For example, recent high-density DNA microarrays can
analyze more than one million genomic biomarkers at
the same time. Therefore, association analysis has been
conducted by both candidate gene and genome-wide
analysis.

Severe cutaneous adverse drug reactions

Carbamazepine (CBZ) is one of the most widely used
aromatic anticonvulsants and is often used as a pain-relief
drug for prosopalgia. CBZ is metabolized by mainly
hepatic CYP3A4, CYP2B6, and CYP2C8, which generate
various potentially reactive metabolites, such as CBZ-
10,11-epoxide; 3-hydroxy-CBZ; 2-hydroxy-CBZ; and
CBZ-2,3-epoxide.”>*¥ CBZ is generally well tolerated but

also is associated with idiosyncratic adverse reactions
such as SJS/TEN. A high frequency of CBZ-induced
SJS/TEN was reported in Han Chinese (0.25% in new ex-
posures to CBZ) compared to Caucasians (0.014% in new
exposures to CBZ).ZS””) Furthermore, CBZ-induced
SJS/TEN has been reported in identical twins.'® These
studies suggest that susceptibility to such reactions may
be genetically determined. Since most reactive CBZ
metabolites are detoxified to non-toxic dihydrodiols by
liver microsomal epoxide hydrolase 1 (EPHX1) or to
glutathione conjugates by glutathione S-transferase u 1
(GSTM1),>*" some researchers have attempted to find
the defective alleles of EPHX and GST genes in patients
with SJS/TEN; however, these attempts have failed to find
associations, indicating that reactive metabolite genera-
tion from CBZ is not sufficient to cause SJS/TEN.323% Re-
cently, Chung et al. reported a tight association between
CBZ-induced SJS/TEN and HLA-B*1502 allele in Han
Chinese” (Table 5). They showed that all 44 Han
Chinese patients with CBZ-induced SJS/TEN carried the
HLA-B*1502 allele and its odds ratio was 2,505 (95%
confidence interval, 195 to 27,483, Pc=2.02 X 10~ %),
The finding was further confirmed by the same group in

Table 5. Association between severe cutaneous adverse drug
reaction and HLA type

Drug HLA Population OR or (Ny* Pct Ref
Carbamazepine  B"1502 Han Chinese 2505 20X107%7  25)
Carbamazepine ~ B"1502 Asian ancestry (4/4) - 37)
Carbamazepine ~ B"1502 European (0/8) - 37)
Carbamazepine  B*1502 Thai 25.5 0.0005 106)
Carbanazepine ~ B"1502 Japanese (0/7) — 36)
Carbamazepine ~ B*1502 Han Chinese 1357 1.6X1074  34)
Phenytoin B*1502 Thai 18.5 0.005 106)
Antiepileptic B*1502 Han Chinese 17.6 0.001 35)
Allopurinol B*5801 Han Chinese 580 47X107%  44)
Allopurinol B*5801 European 80 <107° 5)
Allopurinol B*5801 Japanese 40.8 <1074 36)
Abacavir B*5701 Australian 117 <1074 48)
Abacavir B*5701 British 24 <1074 47)
Abacavir B*5701 Australian 960 <10™4 50)
Abacavir B*5701 White (36/65) - 49)

Black (0/9) -
Other (1/10) -
Abacavir B*5701 Japanese (0/7) - 40)
Nevirapine DRBI170101 Caucasian 18 0.0006 59)
and high CD4  Australian
Nevirapine Cw*0802- Sardinian 15 0.05 60)
B*1402
Nevirapine B*3505 Thai 18.96 46X107°  62)
Nevirapine Cw8 Japanese 6.2 0.03 61)

* OR is odds ratio and (N) is sensitivity (carrier cases/all cases).
b Pc indicates corrected P value.
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an additional study that included patients who were Han
Chinese or Chinese descendants from Taiwan, Hong
Kong, China, and the USA*¥ (Table 5). The involvement
of HLA-B* 1502 was also detected in SJS/TEN caused by
other aromatic anti-epileptic drugs, such as phenytoin in
Han Chinese® (Table 5). However, such strong associa-
tion between HLA-B* 1502 and CBZ-induced SJS/TEN has
not been detected in Caucasian and Japanese SJS/TEN
patients®**” (Table 5). HLA-B* 1502 is present at a higher
allele frequency in South-east Asian populations than in
Caucasian and Japanese populations.’® HLA-B* 1502 was
not detected in 486 healthy Japanese subjects®” and in
935 USA Caucasians (http:/www.allelefrequencies.net/),
while the allele frequency in Han Chinese is 8.6%.°* The
low frequency of HILA-B*1502 in Caucasian and Japanese
populations may account for the fact that no association
between HLA-B* 1502 and CBZ-induced SJS/TEN was ob-
served in Caucasians and Japanese.’**” Alternatively,
these results suggest that HLA-B* 1502 is involved in the
mechanism, but is not sufficient for CBZ-induced
SJS/TEN. There could be other co-factors, such as virus
infection or other variants of genes, for example,
CYP344, CYP2B6, CYP2C8, EPHXI, and GSTMI; T cell
receptors; genes related to apoptosis; or genes for co-
stimulatory molecules involved in the interaction be-
tween antigen-presenting cells and T cells.

Allopurinol is a xanthine oxidase inhibitor that pre-
vents the production of uric acid and is commonly used
for hyperuricemia and gout.*" Allopurinol is metabolized
by xanthine oxidase to oxipurinol, which forms
ribonucleotide adduct and ribonucleoside adduct.*? Al-
lopurinol has been reported to be a causative drug of a
variety of delayed cutaneous adverse reactions, such as
SJS/TEN.*? Recently, a strong association of HLA-B*5801
with allopurinol-induced severe cutaneous adverse reac-
tions (drug-induced hypersensitivity syndrome and
SJS/TEN) was found in Han Chinese in Taiwan®)
(Table 5). They showed that the HLA-B*5801 allele was
present in all patients (51/51) with allopurinol-induced
severe cutaneous adverse reactions, but only in 15% of
tolerant patients (20/135). The odds ratio was 580 (95%
confidence interval, 34 to 9781, Pc=4.7X107%)
Although the association was confirmed in Caucasians”
and Japanese,’® the odds ratio in Han Chinese (580) was
much higher than that in Caucasians (80) and Japanese
(40) (Table 5). Approximately 9 to 11% of Han Chinese
are carriers of the allele, and its prevalence is generally
lower in Caucasian (I to 6%), Japanese (0.68%), and Afri-
can (2 to 4%) populations.**¥ These reports suggest that
HLA-B*5801 might be a genetic biomarker for al-
lopurinol-induced severe cutaneous adverse reactions;
however, the extent of the association showed ethnic
differences.

Abacavir is a potent nucleoside analog reverse tran-
scriptase inhibitor that is used in combination with other

drugs to treat human immunodeficiency virus infection.
The most serious adverse reaction of abacavir that limits
its use in therapy is a hypersensitivity reaction which in-
cludes the combination of fever, skin rash, constitutional
symptoms, gastrointestinal tract symptoms, and respira-
tory symptoms.*® Hypersensitivity to abacavir occurs in
approximately 5 to 8% of patients treated with abacavir,
typically within 1 to 6 weeks of the initial dose.”
Abacavir is metabolized by type 1 alcohol dehydrogenase
to an aldehyde-reactive metabolite.*® The initial associa-
tion between HLA-B*5701 and abacavir-induced hyper-
sensitivity reaction was elucidated by two independent
research groups in 2002%7*¥ (Table 5). The association
was reported only in Caucasians and not in Africans or
Japanese***” (Table 5) because the allelic frequency of
HLA-B*5701 in Caucasians is approximately 8%, but low
in individuals of African or Asian descent.**® Fine
recombinant genetic mapping has identified a significant
linkage disequilibrium of the haplotypic M493T polymor-
phism of heat shock protein-Hom (Hsp70-Hom M493T)
and HLA-B*5701 in abacavir-induced hypersensitivity
reaction cases in Western Australians, which enhanced
the discrimination of hypersensitive subjects from the
tolerant control (odds ratio, 3,893; Pc <0.00001) when
compared to HLA-B*5701 only (odds ratio, 960;
Pc < 0.00001).>” The Hsp70-Hom M493T polymorphism
may facilitate the loading of abacavir- or its metabolite-
hapten endogenous peptide onto HLA-B*5701.°V A large
randomized, controlled clinical trial assessing the clinical
effectiveness of HLA-B*5701 screening in Caucasians
(PREDICT-1 study),’® and a case-control study of HLA-
B*5701 in both Caucasians and African Americans
(SHAPE study),ss’ were highly supportive of the use of
HLA-B*5701 screening in clinical practice to exclude
HLA-B*5701 carriers from patients treated with abacavir.
However, 7 Japanese patients, who were all HLA-
B*5701-negative, had abacavir-induced hypersensitivity
reactions.”” Thus, the genetic screening of HLA-B*5701
is unlikely to be effective for the Japanese.

Nevirapine is a non-nucleoside reverse transcriptase
inhibitor that is used in combination with antiretroviral
therapy.’” The major treatment-limiting toxicity associat-
ed with nevirapine use is skin rash and hypersensitivity,
which emerge in 5% of patients who have initiated
nevirapine therapy.ss’ Nevirapine is metabolized by
CYP3A4 predominantly, and to a lesser degree by
CYP2B6 and other CYP isoforms, to several hydroxylated
metabolites: 12-hydroxynevirapine has been implicated
as a putative nevirapine metabolite causing hypersensitiv-
ity reactions.’® CD4" T cells have been shown to be in-
volved in the nevirapine-induced hypersensitivity reac-
tion.””*® Thus, a high level of CD4" T cells (more than
25% above normal) is one risk factor for nevirapine-in-
duced hypersensitivity reaction.’” In addition to CD4* T
cell levels, associations between several types of HLA and
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nevirapine-induced hypersensitivity reactions have been
reported in different countries or populations. For exam-
ple, HLA-DRB1*0101 (Western Australian),”® HLA-Cw*
0802-B* 1402 haplotype (Sardinian patients, people in
Italian autonomous regions),’” HLA-Cw8 (Japanese),®”
and HLA-B*3505 (Thai)*” have been reported (Table 5).
These results imply that the primary determining HLA al-
lele may be different among populations in the
nevirapine-induced hypersensitivity reaction.

Drug-induced liver injury

Several patterns of DILI exist, with the most useful
classification being hepatocellular, cholestatic, or a com-
bination of both.®? Hepatocellular injury involves
marked elevation of serum ALT and AST levels, usually
preceding an increase in total bilirubin and no increase
or only modest increases in alkaline phosphatase (ALP)
levels.” In cholestatic injury, increases in ALP levels
predominate and precede increases in ALT and AST.”
The patterns in which a drug causes liver injury are
regarded as being either predictable (dose-dependent) or
unpredictable (idiosyncratic).®” Acetaminophen-induced
hepatotoxicity has been considered the classic example
of a dose-related hepatotoxin,“) although few other drugs
fit this pattern.“’ Rather, the majority of drugs that are
capable of producing liver injury do so in an unpredicta-
ble fashion with variable latency periods.”*®

Single nucleotide polymorphisms (SNPs) in drug
metabolizing enzymes and drug transporters, which
regulate the metabolism and disposition of drugs,
represent the best studied set of pharmaceutically im-
portant genetic markers of DILI. N-Acetyltransferase
(NAT) functions by acetylating drugs, therefore causing
active drug metabolites to be detoxified. Deficient alleles
of NAT (such as NAT1*14 and *15 and NAT2*5, *6, and
*7), which reduce detoxification activity, increase the
toxicity of drugs including isoniazid, sulfonamides, and
procainamides.””*® The allele distribution of the Caucasi-
an population differs from that reported in the Japanese
population.””*” Another enzyme pathway of importance
is that of glutathione in the detoxification of reactive
metabolites. Genetically determined deficiencies in
glutathione synthetase and GST have been associated
with increased hepatotoxicity of certain drugs, including
acetaminophen, metronidazole, and nitrofurantoin.’®”"
Frequencies of GST-deficient alleles show ethnic differ-
ences. For example, the homozygous deletion genotype
frequency in GSTM1 ranges from 0.38 to 0.67 in Caucasi-
ans, from 0.33 to 0.63 in East Asians, and from 0.22 to
0.35 in Africans and African-Americans.”® Pacific Islan-
ders have the highest reported frequency of homozygous
deletion genotypes (0.64-1.0) of any group studied.”*”*
Troglitazone is a 2,4-thiazolidinedione anti-diabetic drug
with insulin-sensitizing activities.”’® Troglitazone-as-
sociated idiosyncratic hepatic dysfunction and hepatic

Table 6. Association between drug-induced liver injury and
genetic polymorphisms

Drug Gene variant Population OR* Bk Ref
Troglitazone GSTMI/TI Japanese 3.69 0.008 81)
Ticlopidine HLA-A*3303 Japanese 36.5 7.32%10°7 86)
Diclofenac UGT2B7*2 Unknown 8.5 0.03 82)

ABCC2(C-24T) Unknown 5.0 0.005
CYP2C8 haplotypes  Unknown - 0.04
Flucloxacillin ~ HLA-B*5701 European 450  87X10°¥  2)

* OR is the odds ratio.
® Pc indicates corrected P value.

failure were reported after introduction of the drug into
the market.”””” Yamamoto et al. reported that CYP3A4
catalyzed troglitazone into an epoxide of a quinone
metabolite which may be eliminated by GSTs and
EPHX.*” To .address the susceptible genetic factors
responsible for the hepatotoxicity associated with the
drug, Watanabe et al. performed a genetic polymorphic
analysis by a target gene approach in troglitazone-treated
Japanese patients with type 2 diabetes mellitus®” (Table
6). They observed a correlation between hepatic failure
and both GSTTI and GSTM] null genotypes. They report-
ed that the odds ratio was 3.692 and its 95% confidence
interval was 1.354 to 10.066 (Pc =0.008). A more recent
example of drug hepatotoxicity resulting from genetic
polymorphisms of drug metabolizing enzymes and drug
transporters is that of diclofenac, a non-steroidal anti-in-
flammatory drug that is among the most common drugs
to cause idiosyncratic hepatotoxicity. Diclofenac-induced
hepatotoxicity occurs at a rate of 6 per 100,000 users,
and 8 to 20% of the patients who develop jaundice die of
liver failure. It has been concluded that diclofenac
hepatotoxicity is associated with the possession of variant
UDP-glucuronosyltransferase 2B7 (UGT2B7*2), ATP-
binding cassette transporter C2 (ABCC2, —24C>T), and
CYP2C8 haplotypes®” (Table 6).

Immune-mediated mechanisms via the reactive
metabolite binding to macromolecules are believed to be
associated with idiosyncratic DILI. HLA has been consi-
dered to be involved in T-cell mediated cytotoxic reac-
tions and drug-induced allergic reactions. Therefore,
HLA might be another type of candidate genetic biomar-
ker of DILL***® Ticlopidine, an anti-platelet agent, which
has been widely used for the secondary prevention of
atherothrombosis,®® has shown severe hepatotoxicity,
mainly of the cholestatic type,“’ and there appears to be
an increased rate of hepatic adverse reactions in Japanese
compared with Caucasian patients.ss’ Hirata et al. ex-
plored genetic risk factors for ticlopidine-induced
hepatotoxicity using 22 Japanese patients with
ticlopidine-induced hepatotoxicity and 85 Japanese
patients who tolerated ticlopidine therapy without ex-
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periencing adverse reactions and they found a significant
correlation between ticlopidine-induced hepatotoxicity
and HLA-A*3303%) (Table 6). Allelic frequency of HLA-
A*3303 is 7.54% in Japanese, 0.6% in Caucasians, and
4.5% in African-Americans (http:/www.allelefrequen-
cies.net/). They reported that 12 patients (86%) among
14 patients who showed ticlopidine-induced cholestatic
hepatotoxicity had HLA-A*3303 and the odds ratio was
36.50 (95% confidence interval, 7.25 to 183.82).
Another example of the correlation between HLA and
DILI is that of flucloxacillin, which is widely used in
many European countries and Australia for treatment of
staphylococcal infection. Its use has been associated with
a characteristic cholestatic hepatitis that is more com-
mon in females, the elderly, and patients with prolonged
treatment courses.*’*% In the United Kingdom, the inci-
dence of flucloxacillin-related DILI has been estimated at
8.5 in every 100,000 new users in days 1 to 45 after
starting treatment.”” Daly et al. conducted a genome-
wide association study using 51 cases (white European
ancestry) of flucloxacillin-related DILI and 282 controls
matched for sex and ancestry and found the strongest
correlation between flucloxacillin-related DILI and a
genetic marker (rs2395029) in complete linkage dise-
quilibrium with HLA-B*5701%" (Table 6). They reported
that the odds ratio was 45 (95% confidence interval, 19.4
to 105). Among 51 cases, 43 patients (84%) carried the
risk allele (G), which has a frequency of approximately
5% in the population controls and in European popula-
tions generally.

Statin-induced myopathy

In rare cases, statins can cause muscle pain or weak-
ness in association with elevated creatine kinase levels
(i.e., myopathy), and occasionally this leads to muscle
breakdown and myoglobin release (i.e., rhabdomyolysis),
with a risk of kidney failure and death.*” The mechan-
isms by which statins cause myopathy remain unknown
but appear to be related to statin concentrations in blood
and muscle.?”

Morimoto et al. studied genetic factors contributing to
the risk of stain-induced myopathy and showed that the
frequencies of OATP-C* 15 [tagged by 388A>G (N130D)
and 521T>C, V174A), a mutant allele of OATP-C
(OATP1B1, SLC2146/SLCO1BI) was significantly higher
in Japanese patients with myopathy who were receiving
pravastatin or atorvastatin than in patients without my-
opathy’” (Table 7). They also found another OATP-C
mutant allele, 1628T>G (L543W), which is located in
exon 12 of SLC2146/SLCO18B! in a Japanese patient with
pravastatin-induced myopathy®” (Table 7). They exa-
mined the transporting activity for pravastatin and other
substrates and found that the activity decreased sig-
nificantly in HEK293 cells expressing mutant proteins
with V174A and L543W compared to those in cells ex-

Table 7. Candidates of OATP-C genomic biomarkers for
statin-induced myopathy

Variant In vitro activity Statin Ref
521T>C Decrease Pravastatin or atorvastatin 91)
521T>C Decrease Simvastatin 22)
1628T >G Decrease Pravastatin 91, 94)

pressing OATP-C* la, the reference allele of OATC-C.>*)
OATP-C has been shown to mediate the hepatic uptake
of statins.”” From these results, they speculated that
patients who are carrying these defective OATP-C mutant
alleles have increased plasma concentrations of these sta-
tins and are thus more susceptible to the myotoxic effects
of these statins compared to non-carrier patients treated
with pravastatin and atorvastatin.’” In fact, Ide et al. re-
cently reported that OATP-C* 15 significantly influenced
the relative bioavailability [F(rel)] of pravastatin; F(rel)
was increased 1.50- and 1.9540ld in heterozygous and
homozygous participants, respectively, for the OATP-C *
15 allele in comparison with participants without the al-
lele from a covariate analysis of population pharmacoki-
netic analysis.”

The SEARCH Collaborative Group, which aims to de-
termine whether a daily dose of 80 mg of simvastatin
safely produces greater benefit than a daily dose of 20
mg, found 98 definite or incipient cases of myopathy
among 6,031 participants who were assigned to receive
80 mg of simvastatin.”? All participants were from the
United Kingdom, but their ethnicity was not specified.
They performed a genome-wide association study using
approximately 300,000 genomic markers in 85 subjects
with definite or incipient myopathy and 90 controls, and
found a single strong association of myopathy with the
rs4149056 (521T>C) SNP located within SLCOI1B]
(Table 7). They reported that the odds ratio for my-
opathy was 4.5 (95% confidence interval, 2.6 to 7.7) per
copy of the C allele, and 16.9 (95% confidence interval,
4.7 to 61.1) in CC as compared with TT homozygotes.
They concluded that this variant of SLCOIBI is strongly
associated with an increased risk of statin-induced my-
opathy.

These studies suggest that variant OATP-C decreased
the hepatic uptake of statin and increased blood and mus-
cle concentrations of statin. The increase of the blood
and muscle concentrations of statin may cause myopathy
or rhabdomyolysis. Genotyping these SLCOIBI variants
might help to achieve the benefits of statin therapy more
safely.

Use of pharmacogenetic biomarkers
in clinical practice

In principle, identifying genetic risk factors for severe
ADRs, particularly type B reactions, could significantly

—100—
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decrease the incidence rate of ADRs and improve the
process of drug development.”’ Among these type B
ADRs which we consider in this review, the usefulness of
abacavir HLA-genetic biomarker (HLA-B*5701) has been
confirmed in Caucasians from several prospective stu-
dies, such as the PREDICT-1 study.*” The association of
CBZ-induced SJS/TEN and an HILA-genetic biomarker
(HLA-B"ISOZ) in Han Chinese is extremely high com-
pared with other drugs.”® Therefore, HLA-B*1502
screening is recommended for CBZ in clinical practice by
the US FDA, and HLA-B*5701 screening is recommend-
ed for abacavir by the US FDA and European Medical
Agency. Before treatment with CBZ or abacavir, HLA
analysis should be performed to exclude HLA-B* 1502 or
HLA-B*5701 unless the patient is from a population who
shows extremely low frequency of these HLA types. Such
exclusion of patients from treatment with causative
drugs would markedly reduce the possibility of severe
ADRs and prevent overestimation of severe cutaneous
ADRs that could otherwise result in excessive discontinu-
ation of treatment.”***” In Japan, package inserts of
CBZ and abacavir describe these research results.

Perspective on pharmacogenetic biomarkers

An unresolved issue for genetic biomarkers is ethnic
differences, since these HLA markers show ethnic specif-
icity. For example, an HLA marker of abacavir (B*5701)
or CBZ (B*ISOZ) is present only in Caucasians or Han
Chinese (and South East Asians), respectively, and its
usefulness has not been shown in other populations such
as Japanese.’’*” On the other hand, the association be-
tween allopurinol treatment and HLA-B*5801 was ob-
served not only in Han Chinese but also in Caucasians
and Japanese, although the odds ratios were lower than
that of CBZ.>***% Therefore, it is absolutely necessary to
explore the HLA marker for each population against each
drug and also to find the universal genetic biomarker (if
one exists) of severe ADRs for clinical practice. As shown
for nevirapine, the association between the rash with
hepatitis and HLA-DRBI*0101 was observed in Western
Australian patients with CD4" T-cell levels greater than
25% above normal levels.”” This case suggests that the
combination of HLA genetic biomarkers and other
biomarkers might be useful to predict ADRs for some
drugs. A prospective study or comparative study with
other populations is necessary for HLA biomarkers of
ticlopidine- and flucloxacillin-related DILI and SLCOIBI
biomarkers of statin-induced myopathy.

In most cases of allergic reactions, such as SJS/TEN
and DILI, HLA-drug toxicity associations are thought to
arise as a result of the interaction of a specific HLA allele
with the drug or its metabolite, causing an immune reac-
tion to be triggered.”®'°*!®) As shown in the abacavir-in-
duced hypersensitivity reaction, the drug metabolite may
play an important role in the allergic reaction process,'*?

suggesting that sequential reactions from drug
metabolism to the immune mechanism can exist in the al-
lergic process. Thus, drug toxicities that are driven
primarily by the immune response may require bioactiva-
tion of the drug to a specific metabolite to evoke the
specific immune response that will lead to the generation
of an adverse reaction.**'%!%) These complex mechan-
isms may be involved in most cases of allergic reactions
because reactive metabolites have been detected not only
in abacavir but also in nevirapine, CBZ, and allopurinol.

Most of the currently available genetic biomarkers are
limited in relation to HLA, drug metabolizing enzymes,
and drug transporters.'” Considering that the technology
to identify genetic variants across the whole genome is
advancing rapidly, many more significant genetic factors
for ADRs are likely to be identified in the future. In such
whole-genome case-control analysis, there might be criti-
cal points to resolve. The first problem is the size of case
and control groups. Accrual of large numbers of cases is
necessary for genome-wide association study of genetic
factors underlying severe ADRs, even though the number
of patients with specific types of ADRs is small."”” Con-
trol subjects for such studies should be matched for drug
exposure, concomitant use of other drugs that could af-
fect the pharmacokinetics and pharmacodynamics of the
drug in question, and subject background such as age,
gender, and ethnicity.'”” The second problem is objective
diagnosis of ADRs. Because one drug could induce many
ADR phenotypes in which the mechanism may be differ-
ent, standardization of diagnosis is necessary.*'*” These
critical points affect the sufficient statistical power to de-
tect the genetic biomarker. In order to resolve these
problems, several regional networks to study severe
ADRs have been established, including our research
group in Japan (for SJS/TEN, DILI, and myopathy in
Japanese),’® European collaboration for studying the
genetic basis of adverse drug reactions (EUDRAGENE for
six severe ADRs in multiple European populations),'*”
the United States Drug Induced Liver Injury Network
(DILIN, for DILI),'"™ and the International Serious Ad-
verse Event Consortium (SAEC, for SJS/TEN and DILI in
global populations).’” These networks involve scientists
in regulatory agencies, healthcare systems, and phar-
maceutical industries as well as academia. Moreover, for
the goal of standardizing phenotypes and comparing
ethnicity regarding genetic risk factors for severe ADRs,
these networks may form a global consortium together
with new networks from other communities in the fu-
ture.

Conclusions

Specific types of HLA which showed strong association
with severe cutaneous ADRs and DILI have been found
as candidate pharmacogenetic biomarkers for each ADR.
The HLA type was different for different causative drugs,
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and the allelic frequency of HLA genetic polymorphisms
showed ethnic differences. The genetic polymorphism of
drug transporter gene SLCOIB1 has been shown to be as-
sociated with statin-induced myopathy. It is necessary to
conduct prospective studies to establish valid phar-
macogenetic biomarkers for severe ADRs. A large
research network for the collection of DNA samples
from patients with ADRs is also necessary to explore a
variety of pharmacogenetic biomarkers for ADRs.
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ABSTRACT:

CYP3A4, the major form of cytochrome P450 (P450) expressed in
the adult human liver, is involved in the metabolism of approxi-
mately 50% of commonly prescribed drugs. Several genetic poly-
morphisms in CYP3A4 are known to affect its catalytic activity and
to contribute in part to interindividual differences in the pharma-
cokinetics and pharmacodynamics of CYP3A4 substrate drugs. In
this study, catalytic activities of the two alleles found in East
Asians, CYP3A4*16 (T185S) and CYP3A4*18 (L293P), were as-
sessed using the following seven substrates: midazolam, carbam-
azepine, atorvastatin, paclitaxel, docetaxel, irinotecan, and terfe-
nadine. The holoprotein levels of CYP3A4.16 and CYP3A4.18 were
significantly higher and lower, respectively, than that of CYP3A4.1
when expressed in Sf21 insect cell microsomes together with
human NADPH-P450 reductase. CYP3A4.16 exhibited intrinsic
clearances (V,,../K,,) that were lowered considerably {by 84-60%)

for metabalism of midazolam, carbamazepine, atorvastatin, pacli-
taxel, and irinotecan compared with CYP3A4.1 due to increased K|,
with or without decreased V,,,,, values, whereas no apparent de-
crease in intrinsic clearance was observed for docetaxel. On the
other hand, K,,, values for CYP3A4.18 were comparable to those for
CYP3A4.1 for all substrates except terfenadine; but V,,,, values
were lower for midazolam, paclitaxel, docetaxel, and irinotecan,
resulting in partially reduced intrinsic clearance values (by 34~
52%). These results demonstrated that the impacts of both alleles
on CYP3A4 catalytic activities depend on the substrates used.
Thus, to evaluate the influences of both alleles on the pharmaco-
kinetics of CYP3A4-metabolized drugs and their drug-drug inter-
actions, substrate drug-dependent characteristics should be con-
sidered for each drug.

Introduction

CYP3A4, the major form of cytochrome P450 (P450) expressed in
the adult human liver, is involved in the metabolism of approximately
50% of commonly prescribed drugs (Guengerich, 1999). CYP3A4 is
capable of oxidizing a wide range of structurally diverse drugs as well
as endogenous compounds. For example, many anticancer drugs,
such as docetaxel, paclitaxel, etoposide, tamoxifen, irinotecan,
vinblastine, and cyclophosphamide, are known to be metabolized
by CYP3A4.

The expression and catalytic activity of CYP3A are highly variable
among individuals, and this variability is partially attributable to
genetic factors (Ozdemir et al., 2000). Several CYP3A4 genetic poly-
morphisms are known to affect the metabolism of CYP3A4 substrate
drugs (www.cypalleles. ki.se/cyp3ad4.htm). In addition, CYP3A4 al-
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leles were reported to exhibit large ethnic differences in their distri-
bution. In the Japanese, four alleles with amino acid alterations,
CYP3A4*6 (D277EfsX8), CYP3A4*1] (T363M), CYP3A4*16
(T185S), and CYP3A4*18 (L293P), are found at frequencies of
<0.001, 0.002, 0.014 to 0.05, and 0.013 to 0.028, respectively (Lamba
et al., 2002; Yamamoto et al., 2003; Fukushima-Uesaka et al., 2004).
Of these alleles, CYP3A4*16 has also been detected in Korean (allele
frequency, 0.002) and Mexican populations (allele frequency, 0.05)
and CYP3A4*18 is distributed commonly among East Asians such as
Chinese (allele frequency, 0.008-0.01), Koreans (allele frequency,
0.012~0.017), and Malaysians (allele frequency, 0.021) (Wen et al.,
2004; Hu et al., 2005; Lee et al., 2007; Ruzilawati et al., 2007; Kang
et al., 2009).

CYP3A4*16 and CYP3A4*18 are reported to affect both in vitro
and in vivo catalytic activities toward several substrates and to be
involved in the interindividual differences in the pharmacokinetics
and pharmacodynamics of CYP3A4 substrate drugs. CYP3A4.16
exhibited an approximately 50% reduction in intrinsic clearance
(Viax/Ky) Tor testosterone (TST) 6B-hydroxylation activity in vitro
(Murayama et al., 2002). We recently demonstrated the substrate-
dependent altered kinetics of CYP3A4.16 for midazolam (MDZ) and
carbamazepine (CBZ) (Maekawa et al., 2009). The intrinsic clearance
for 1'-hydroxymidazolam (1’-OH-MDZ), 4-hydroxymidazolam (4-

ABBREVIATIONS: P450, cytochrome P450; APC, 7-ethyl-10-[4-N-(5-aminopentanoic acid)-1-piperidino] carbonyloxycamptothecin; TST, testos-

terone; MDZ, midazolam; CBZ, carbamazepine;

1'-OH-MDZ, 1’-hydroxymidazolam; ATV, atorvastatin; PTX, paclitaxel; DTX, docetaxel; RN,

irinotecan; TFN, terfenadine; 4-OH-MDZ, 4-hydroxymidazolam; 3'-p-OH-PTX, 3'-p-hydroxypaclitaxel; 2-OH-ATV, 2-hydroxyatorvastatin; 4-OH-
ATV, 4-hydroxyatorvastatin; NPC, 7-ethyl-10-(4-amino-1-piperidino) carbonyloxycamptothecin; OR, NADPH P450 reductase.
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DIFFERENTIAL ACTIVITIES OF CYP3A4.16 AND CYP3A4.18

OH-MDZ), and CBZ 10,11-epoxide formation decreased by 50, 30,
and 74%, respectively, compared with the wild type. In vivo, het-
erozygous CYP3A4*16 patients administered paclitaxel (PTX)
showed significantly reduced 3'-p-hydroxypaclitaxel (3'-p-OH-PTX)/
PTX area under the plasma concentration-time curve ratios (Nakajima
et al., 2006). In addition, decreased metabolism of irinotecan (IRN) to
the inactive metabolite 7-ethyl-10-[4-N-(5-aminopentanoic acid)-1-piper-
idino] carbonyloxycamptothecin (APC) was observed with CYP3A4*16
(Sai et al., 2008).

In contrast to CYP3A4*16, CYP3A4*18 seems to be bidirectional in
terms of its catalytic activity toward different substrates, although
different evalvation systems were used for each study. For example,
the CYP3A4.18 protein exhibited increased activity for TST and
chlorpyrifos (Dai et al., 2001), but not for nifedipine (Lee et al., 2005)
in vitro. On the other hand, for the conventional probe drug MDZ,
CYP3A4.18 showed decreased metabolism in vitro but not in vivo
(Lee et al., 2007). Kang et al. (2009) demonstrated that CYP3A4*18
is the gain-of-function allele for metabolism of several CYP3A4
substrates, including sex steroids like estrogens, leading to a rela-
tive sex-hormone deficiency that may predispose older women to
OSteOpOorosis.

In this study, to evaluate the effects of CYP3A4*/6 and
CYP3A4*18 on the catalytic activity toward structurally diverse sub-
strates, recombinant wild-type (CYP3A4.1) and variant CYP3A4 en-
zymes (CYP3A4.16 and CYP3A4.18) were expressed using baculo-
virus-insect cell systems. The seven substrates used in the
investigation were MDZ, CBZ, atorvastatin (ATV), PTX, docetaxel
(DTX), IRN, and terfenadine (TFN) (Supplemental Fig. S1).

Materials and Methods

Materials. Purified human cytochrome bs was purchased from cither In-
vitrogen (Carlsbad, CA) or Oxford Biomedical Research (Rochester, MI).
MDZ and PTX were obtained from Wako Pure Chemicals (Osaka, Japan).
1"-OH-MDZ and 4-OH-MDZ were obtained from BD Gentest (Woburn, MA).
CBZ, CBZ 10,11-epoxide, 3'-p-OH-PTX, and TFN and its metabolite r-butyl-
hydroxyterfenadine were purchased from Sigma-Aldrich (St. Louis, MO). A
second TFN metabolite, a,a-diphenyl-4-piperidinomethanol, was obtained
from Fine & Performance Chemicals Ltd (Middlesbrough, UK). ATV, its
metabolites 2-hydroxyatorvastatin (2-OH-ATYV) and 4-hydroxyatorvastatin (4-
OH-ATV), and DTX and its metabolite, DTX hydroxy terr-butyl carbamate
(M2), were obtained from Toronto Research Chemicals Inc. (North York, ON,
Canada). IRN and its CYP3A4 metabolites, APC, and 7-ethyl-10-(4-amino-1-
piperidino) carbonyloxycamptothecin (NPC), were kindly supplied by Yakult
(Tokyo, Japan). All other chemicals and solvents used were of the highest
commercially available grade or analytical grade.

Expression of Recombinant Wild-Type and Mutant CYP3A4 Proteins.
Insect cell microsomes coexpressing CYP3A4 (wild type or variants) and
NADPH P450 reductase (OR) were prepared according to methods described
previously (Maekawa et al., 2009). The cytochrome P450 content and OR
activity in microsomes were measured (Phillips and Langdon, 1962; Omura
and Sato, 1964), and Western blotting of CYP3A4 and OR was performed as
described previously (Maekawa et al., 2009).

Assay for CYP3A4 Activity. To compare alterations in kinetic parameters
among substrates, three batches of wild-type and two variant enzyme prepa-
rations were used for all kinetic studies. Kinetic analysis on all seven CYP3A4
substrates was performed under proper conditions for the incubation time and
P450 concentrations such that linear relationships for metabolite formation
were obtained.

Catalytic activities for MDZ 1'- and 4-hydroxylations and CBZ 10,11-
epoxide formation were measured as described previously (Maekawa et al.,
2009), with slight modifications. For other substrates (ATV, PTX, DTX, IRN,
and TFN), the incubation conditions were similar to those used for MDZ and
CBZ. For all substrates, CYP3A4s from insect microsomes and purified
cytochrome bs; were mixed together (CYP3A4/bs ratio, 1:4), and protein
concentrations and the OR/P450 ratio in the CYP3A4 wild-type and variant

2101

reaction mixtures were adjusted to be equivalent by adding both control
(uninfected) microsomes and microsomes expressing solely OR. MDZ (0.2-
200 M), CBZ (10-500 uM), ATV (5-120 uM), PTX (1-50 pM), DTX
(0.25-64 uM), IRN (5-400 uM), or TFN (0.0125-160 M) was added into
aliquots of the above-mentioned enzyme preparations. The reaction was started
by adding NADPH generation system and terminated by adding appropriate
stop solutions containing suitable internal standard for the measurement of
each metabolite. Samples were mixed well and then spun at 13,000g for 3 to
5 min.

Metabolite analyses for MDZ, CBZ, ATV, and PTX were carried out on a
tandem quadrupole mass spectrometer (Micromass Quattro Premier XE; Wa-
ters, Milford, MA) interfaced with an Acquity UPLC System (Waters)
equipped with an Acquity BEH C18 column (1.7 um, 2.1 X 30 mm; Waters)
kept at 50°C. Two solutions (solution A, 10 mM ammoninm acetate; solution
B, 90% acetonitrile containing 10 mM ammonium acetate) were used as the
mobile phase. Metabolites were eluted by linear gradient, increasing solution
B. Detections were performed by monitoring the transitions of m/z 342 to 203
(1'-OH-MDZ), m/z 342 to 234 (4-OH-MDZ), m/z 253 to 180 (CBZ 10,11-
epoxide), m/z 575 to 440 (2-OH-ATV and 4-OH-ATV), and m/z 870 to 122
(3'-p-OH-PTX).

For IRN, TFN, and DTX, a time-of-flight mass spectrometer (Micromass
LCT Premier XE; Waters) interfaced with an Acquity UPLC System,
equipped with Acquity BEH C18 column (1.7 um, 2.1 X 100 mm; Waters),
and kept at 40°C was used for metabolite analyses. The mobile phase
consisted of a mixture of acetonitrile/methanol/distilled water containing
0.1% (v/v) formic acid (14:14:72 for IRN, 21:21:58 for TFN, and 15:45:40
for DTX) delivered isocratically at a flow rate of 0.3 ml/min. Detections
were performed by monitoring the M+H™ ions, m/z 824.3493 *+ .02
(+-butyl hydroxyl DTX), 519.2243 * 0.02 (NPC), 619.2768 * 0.02 (APC),
488.3165 * 0.02 (r-butyl hydroxyl TFN), and 268.1701 * 0.02 («-a-
diphenyl-4-piperidinomethanol).

Kinetic parameters were calculated using the computer program designed
for nonlinear regression analysis (MULTI program) (Yamaoka et al., 1986).
Kinetic parameters for MDZ 4-hydroxylation, ATV 2- and 4-hydroxylation,
PTX 3'-p-hydroxylation, IRN oxidation to NPC, and DTX r-buty] hydroxyla-
tion were determined by the hyperbolic Michaelis-Menten model (eq. 1), The
substrate inhibition model (eq. 2) was used for MDZ 1’-hydroxylation, TFN
C-hydroxylation, and TFN N-demethylation, where K, is the substrate inhibi-
tion constant. In the case of the 10,11-epoxidation of CBZ, kinetic parameters

were determined by the modified two-site equation (V,,,; = 0) (Korzekwa et
al.,, 1998) (eq. 3).

V= VoS Ky + 5) (n

V=V SIK, + S + SYK,) )]

V = (ViaaSY Ky Ko (1 + SIKy + SYK 1 Ku2) 3)

Kinetic data were determined as the mean + S.D. for three micro-
somal preparations derived from separate baculovirus infections, and
statistical analysis was conducted by Dunnett’s multiple comparison
test in SAS (SAS Institute, Cary, NC). A p value of <0.05 was set as
a statistically significant difference.

Results and Discussion

Expression of Wild-Type and Variant CYP3A4s in Insect Cells.
Wild-type (CYP3A4.1) and variant proteins (CYP3A4.16 and
CYP3A4.18) were coexpressed with human OR in Sf21 insect cells.
Typical CO difference spectra with a maximum absorbance at 450 nm
were obtained for all microsomal fraction preparations (Supplemental
Fig. 82). CYP3A4.18 exhibited a larger peak at 420 nm than either
CYP3A4.1 or CYP3A4.16. In three independent expression experi-
ments, holoenzyme contents in the variant CYP3A4.16 (230.8 * 25.2
pmol/mg microsomal protein) and CYP3A4.18 microsomes (51.3 +
3.2 pmol/mg microsomal protein) were significantly higher and
lower (p < 0.05), respectively, than that in the wild-type
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TABLE 1

Kinetic parameters for 10 catalytic reactions using seven substrates by CYP3A4.1, CYP3A4.16, and CYP3A4.18
Data are represented by mean + S.D. of three different expression experiments.

K Venax Intrinsic Clearance (Vi /K ) X,
uM pmolfmin/pmol plimin/pmol P450 uM
P450
MDZ 1'-hydroxylation
CYP3A4.1 1.9x0.1 281 £28 148 = 1.5 407 * 32
CYP3A4.16 2.6 = 0.1%** 15.0 £ 3.5%* 58 £ [.7++* 986 + 302*
CYP3A4.18 20=x0.1 17.5 £ 3.2* 8.8 = 1.6%* 713 = 168
MDZ 4-hydroxylation
CYP3A4.1 23152 129+ 0.1 0.58 £ 0.14
CYP3A4.16 51.5 £ 3.5%+* 117+ 14 0.23 = 0.04*
CYP3A4.18 22335 9.2 £ 2.0% 0.42 = 0.11
CBZ epoxidation®
CYP3A4.1 21952  (K,) 15525 0.095 = 0.018
16515 (K,
CYP3A4.16 48.0 £ 3.7%%¢(K ) 1.0 £ 1.0 0,020 = 0.008***
603 *+ 204** (K ..,)
CYP3A4.18 200+27 (X, 157 £ 45 0.090 = 0.011
172£32 (K,
ATV 2-hydroxylation
CYP3A4.1 242 7.6 6.6 £ 1.1 0.29 = 0.08
CYP3A4.16 87.4 * 22.6%* 82=*19 0.10 = 0.02*
CYP3A4.18 20268 38+13 020 £ 0.11
ATV 4-hydroxylation
CYP3A4.1 196 £ 4.0 16.1 £5.0 0.84 £ 0.29
CYP3A4.16 65.4 + 19.3** 84=x14 0.14 £ 0.05*
CYP3A4.18 16.1 =34 1L =42 0.71 £ 031
PTX 3'-p-hydroxylation
CYP3A4.1 29x0.1 0.55 + 0.06 0.19 £ 0.03
CYP3A4.16 12.9 # 2.4%%* 0.55 £ 0.13 0.04 £ 0.02%*+*
CYP3A4.18 27 %0.1 0.24 £ 0,07** 0.09 = 0.03**
DTX #-butyl hydroxylation
CYP3A4.1 25%0.1 0.38 £ 0.01 0.16 + 0.01
CYP3A4.16 1.8 £ 0.2** 0.26 * 0.03** 0.14 £ 0.01
CYP3A4.18 23*02 0.24 + 0.04** 0.10 + 0.03*
IRN oxidation to NPC
CYP3A4.1 19327 14+02 0.07 = 0.02
CYP3A4.16 34.0 £ 2.9% 09+04 0.03 £ 0.01*
CYP3A4.18 197+28 0.7 0.1* 0.04 + 0.01*
TFN t-butyl hydroxylation
CYP3A4.1 3403 34x06 1.0£02 218 %5
CYP3A4.16 3505 2.1 £0.1* 06+ 0.1* 518
CYP3A4.18 6.0 £ 1.2* 31205 0.5 £ 0.1* 311 £ 131
TFN N -demethylation”
CYP3A4.1 2405 22+04 095 £0.25 620 * 244
CYP3A4.16 2.1x02 15203 0.72 £ 0.12 92+8
CYP3A4.18 34 x£0.3* 1902 0.57 £ 0.10

*p < 005, ** p < (.01, and *** p < 0.001 versus the wild-type (Dunnett's multiple comparison test).

“ For CBZ epoxidation, K; and K5, Vipay, and intrinsic clearance {Vp,,0/K2) values are indicated in each column.
b For TFN N-demethylation, kinetic profile of CYP3A4.18 was better fitted to the Michaelis-Menien mode than to the substrate inhibition model.

CYP3A4.1 microsomes (104.4 * 23.9 pmol/mg microsomal pro-
tein). OR activity varied among the preparations but was not
significantly different (p > 0.05) among CYP3A4.1 (1032.3 =
88.2 nmol cytochrome ¢ reduced/min/mg protein), CYP3A4.16
(659.4 = 254.6 cytochrome ¢ reduced/min/mg protein), and
CYP3A4.18 (1019.1 £ 260.1 cytochrome ¢ reduced/min/mg pro-
tein). On the other hand, total {(apoenzyme and holoenyzme)
CYP3A4 protein expression levels in insect cell microsomes were
not significantly different (p > 0.05) between the wild type and
variants by immunoblot analysis (data not shown).

Catalytic Activities of Wild-Type and Variant CYP3Ads. To
characterize the substrate-dependent functional alterations of
CYP3A4*16 and CYP3A4*18, CYP3A4 catalytic activities of wild
type and variants toward the seven substrates (MDZ, CBZ, ATV,
PTX, DTX, IRN, and TFN) were measured. For four of the substrates,
two different metabolites were detected: 1'- and 4-OH-MDZ from
MDZ, 2- and 4-OH-ATYV from ATV, APC and NPC from IRN, and
t-butylhydroxy-TFN and a-a diphenyl-4-piperidinomethanol (azacy-

clonol) from TEN. Because the level of APC formed from IRN was
too low to quantify precisely under our experimental conditions,
kinetic analysis for IRN was performed only for NPC formation. The
kinetic profiles are shown in Supplemental Fig. 83, and kinetic
parameters are summarized in Table 1. The variant-to-wild-type ratios
(percent) of intrinsic clearance values (V,,,,,/K,,,) are compared among
substrates used (Fig. ).

CYP3A4.16 showed significantly higher K, values than
CYP3A4.1 for seven catalytic reactions: MDZ 1’- and 4-hydroxyla-
tions (p < 0.001), CBZ 10,11-epoxidation (p < 0.01), ATV 2- and
4-hydroxylations (p < 0. 01), PTX 3’-p-hydroxylation (p < 0.001),
and IRN oxidation to NPC (p < 0.01). The V,,,, value of CYP3A4.16
was significantly lower (by 47%) (p < 0.01) for MDZ 1'-
hydroxylation, but not for MDZ 4-hydroxylation (91% of the wild
type), suggesting that catalytic site-dependent changes in V_,, values
occurred. The intrinsic clearance (V. /K,) of CYP3A4.16 was sig-
nificantly reduced compared to that of CYP3A4.1 for the following
catalytic reactions: MDZ 1’- and 4-hydroxylations (by 61 and 60%,
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Fic. 1. The percent ratios of intrinsic clearance of variants to that of the wild type. Data are represented by mean * S.D. of three different expression experiments. MDZ-1',
MDZ 1'-hydroxylation, MDZ-4, MDZ 4-hydroxylation; CBZ, CBZ 10,11-epoxidation; ATV-2, ATV 2-hydroxylation; ATV-4, ATV 4-hydroxylation; PTX-3', PTX
3'-p-hydroxylation; DTX, DTX #-butyl hydroxylation; IRN (NPC), IRN oxidation to NPC; TFN (C), TFN t-butyl hydroxylation; TEN (N), TFN N-demethylation. * p <
0.05, ** p < 0.01, and *** p < 0.001 versus the wild-type (Dunnett’s multiple comparison test).

p < 0.001 and p < 0.05, respectively), CBZ 10,11-epoxidation (by
79%, p < 0.001), ATV 2- and 4-hydroxylation (by 67 and 84%,
respectively, p < 0.05), PTX 3’-p-hydroxylation (by 77%, p <
0.001), IRN oxidation to NPC (by 62%, p < 0.05), and TFN #-butyl
hydroxylation (by 40%, p < 0.05). In contrast, for DTX hydroxylation
and TEN N-demethylation, no significant differences (p > 0.05) in
the intrinsic clearance values were observed between CYP3A4.1 and
CYP3A4.16.

Our results were consistent with those by Miyazaki et al. (2008),
who found that recombinant CYP3A4.16 expressed in Escherichia
coli is markedly deficient in MDZ, TST, and nifedipine metabolisms
with lower V.. and increased K, relative to CYP3A4.1. Thr185 in
the E helix is far away from the active site and is not located in the
substrate recognition site. Further studies are necessary to elucidate
the role of this residue in the binding of structurally diverse CYP3A4
substrates to the substrate recognition site.

In agreement with the lower in vitro catalytic activity of
CYP3A4.16 toward PTX and IRN, CYP3A4*16 heterozygous patients
administered PTX or IRN were reported to show significantly reduced
metabolite-to-substrate area under the plasma concentration-time
curve ratios, which are parameters for in vivo CYP3A4 activity
(Nakajima et al., 2006; Sai et al., 2008). As for substrates for which
the clinical significance of CYP3A4*16 has not been evaluated, this
study demonstrated that ATV metabolism was markedly affected by
CYP3A4.16. Because CYP3A4 (but not CYP3A5) is the major en-
zyme involved in the formation of the two ATV metabolites: 2- and
4-OH-ATV (Park et al., 2008), the clinical relevance of CYP3A4*16
for efficacy and/or adverse reactions of ATV should be further inves-
tigated. In contrast, CYP3A4.16 retained its catalytic activity toward
DTX, and thus it is predicted that this allele does not substantially
influence the metabolism of DTX in vivo.

For CYP3A4.18, the reduced intrinsic clearances were observed for
MDZ 1'-hydroxylation (by 40%, p < 0.01), PTX 3'-p-hydroxylation
(by 52%, p < 0.01), DTX t-butyl hydroxylation (by 32%, p < 0.05),
IRN oxidation to NPC (by 50%, p < 0.05), and TFN #-butyl hydroxy-
lation (by 48%, p < 0.05) compared with CYP3A4.1. Except for TEN,
the lowered V., values for CYP3A4.18 resulted in lower activity in
contrast to those for CYP3A4.16, which exhibited increased K,,

Vinax | K (% of wild-type)
8
-l

-

N MY o @
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values for most substrates. On the other hand, CYP3A4.18 had similar
kinetic profiles to CYP3A4.1 in their values for K, V..., and
intrinsic clearance for oxidation of CBZ (Table 1; Supplemental Fig.
§3), which has the lowest molecular weight among the seven sub-
strates (Supplemental Fig. S1).

For the substrates MDZ, PTX, and IRN, it was reported that
heterozygous CYP3A4*1/CYP3A4*18 did not affect their pharmaco-
kinetics (Nakajima et al., 2006; Lee et al., 2007; Sai et al., 2008).
Because our in vitro results with CYP3A4.18 showed a partial de-
crease in V. values for these drugs, an in vivo-in vitro correlation
was not observed, at least for heterozygotes. Further studies are
necessary to evaluate the clinical relevance of homozygous
CYP3A4*18.

By molecular modeling studies, Kang et al. (2009) demonstrated
that the L293P substitution at the beginning of the I helix caused
significant secondary structural changes in the I helix and reduced
protein stability. Our spectral analysis that CYP3A4.18 preparations
contained more P420 than CYP3A4.1 might also be in agreement with
their modeling. These possible conformational changes in
CYP3A4.18 may affect substrate access depending on the substrate
structure,

In conclusion, the substrate-dependent functional alterations of
CYP3A4.16 and CYP3A4.18 were assessed toward seven structur-
ally diverse substrates, MDZ, CBZ, ATV, PTX, DTX, IRN, and
TFN. Compared to the wild type, CYP3A4.16 exhibited more than
60% reduced activity toward MDZ, CBZ, ATV, PTX, and IRN due
to increased K, values. In contrast, CYP3A4.18 showed a moder-
ate reduction in its catalytic activity (by 34-52%) for MDZ, PTX,
DTX, and IRN due to decreased V,,,, values. Thus, to evaluate the
influences of both alleles on the pharmacokinetics of other
CYP3A4-metabolized drugs and their drug-drug interactions, sub-
strate drug-dependent characteristics should be elucidated for each
drug.
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Abstract Mammalian carboxylesterase (CES or Ces)
genes encode enzymes that participate in xenobiotic, drug,
and lipid metabolism in the body and are members of at
least five gene families. Tandem duplications have added
more genes for some families, particularly for mouse and
rat genomes, which has caused confusion in naming rodent
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Ces genes. This article describes a new nomenclature
system for human, mouse, and rat carboxylesterase genes
that identifies homolog gene families and allocates a
unique name for each gene. The guidelines of human,
mouse, and rat gene nomenclature committees were fol-
lowed and “CES” (human) and “Ces” (mouse and rat) root
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symbols were used followed by the family number (e.g.,
human CES7). Where multiple genes were identified for a
family or where a clash occurred with an existing gene
name, a letter was added (e.g., human CES4A; mouse and
rat Cesla) that reflected gene relatedness among rodent
species (e.g., mouse and rat Cesla). Pseudogenes were
named by adding “P” and a number to the human gene
name (e.g., human CESIPI) or by using a new letter fol-
lowed by ps for mouse and rat Ces pseudogenes (e.g.,
Ces2d-ps). Gene transcript isoforms were named by adding
the GenBank accession ID to the gene symbol (e.g., human
CES1_ABI119995 or mouse Cesle_BC019208). This
nomenclature improves our understanding of human,
mouse, and rat CES/Ces gene families and facilitates
research into the structure, function, and evolution of these
gene families. It also serves as a model for naming CES
genes from other mammalian species.

Introduction

Five families of mammalian carboxylesterases (CES;
E.C.3.1.1.1) have been described, including CESI1, the
major liver enzyme (Ghosh 2000; Holmes et al. 2009a;
Munger et al. 1991; Shibita et al. 1993); CES2, the major
intestinal enzyme (Holmes et al. 2009a; Langmann et al.
1997; Schewer et al. 1997); CES3, expressed in brain,
liver, and colon (Holmes et al. 2010; Sanghani et al. 2004);
CESS5 (also called CES7 or cauxin), a major urinary protein
of the domestic cat also present in human tissues (Holmes
et al. 2008a; Miyazaki et al. 2003, 2006; Zhang et al.
2009); and CES6, a predicted CES-like enzyme in brain
(Clark et al. 2003; Holmes et al. 2009a; reviewed by
Williams et al. 2010). These enzymes catalyze hydrolytic
and transesterification reactions with xenobiotics, antican-
cer prodrugs, and narcotics (Ohtsuka et al. 2003; Redinbo
and Potter 2005; Satoh and Hosokawa 1998, 2006; Satoh
et al. 2002), the conversion of lung alveolar surfactant
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(Ruppert et al. 2006), and several lipid metabolic reactions
(Becker et al. 1994; Diczfalusy et al. 2001; Ghosh 2000;
Hosokawa et al. 2007; Tsujita and Okuda 1993); they may
also assist with the assembly of low-density lipoprotein
particles in liver (Wang et al. 2007).

Structures for human and animal CES genes have been
reported, including rodent CESI- and CES2-“like” genes
(Dolinsky et al. 2001; Ghosh et al. 1995; Hosokawa et al.
2007) and human CESI and CES2 genes (Becker et al.
1994; Ghosh 2000; Langmann et al. 1997; Marsh et al.
2004). Predicted gene structures have been also described
for the human CES3, CESS, and CES6 genes, which are
localized with CES! and CES2 in two contiguous CES
gene clusters on human chromosome 16 (Holmes et al.
2008a, 2009a, b, 2010). In addition, a CESI-like pseu-
dogene (currently designated CES4) is located with the
CESI-CES5 gene cluster (Yan et al. 1999). Mammalian
CES genes usually contain 12-14 exons of DNA
encoding CES enzyme sequences which may be shuffled
during mRNA synthesis, generating several CES tran-
scripts and enzymes encoded by each of the CES genes
(see Thierry-Mieg and Thierry-Mieg 2006). There are
significant sequence similarities for the five CES families,
especially for key regions previously identified for human
liver CES1 (Bencharit et al. 2003, 2006; Fleming et al.
2005). Three-dimensional structural analyses of human
CES1 have identified' three major ligand binding sites,
including the broad-specificity active site, the “side
door,” and the “Z-site,” where substrates, fatty acids,
and cholesterol analogs, respectively, are bound; and an
active site ‘gate’, which may facilitate product release
following catalysis (Bencharit et al. 2003, 2006; Fleming
et al. 2005).

Because of the confusion associated with the current
nomenclature for mammalian CES genes, particularly for
mouse and rat Ces genes where significant gene duplication
events have generated a large number of Cesl-like and
Ces2-like genes (Berning et al. 1985; Dolinsky et al. 2001;
Ghosh et al. 1995; Hosokawa et al. 2007; Satoh and Hos-
okawa 1995), this article proposes a new nomenclature
system that enables easy identification of CES family
members for this enzyme. The nomenclature follows the
guidelines of the human, mouse, and rat gene nomenclature
committees and allocates a new name for each human
(CES) or mouse and rat (Ces) gene. It also names and
identifies the gene family origin for identified CES pseu-
dogenes and provides a system for naming transcript iso-
forms derived from each of the CES genes. The
nomenclature has the flexibility to accommodate new
human, mouse, and rat CES genes and will assist further
research into the structure, function, and evolution of these
gene families as well as serve as a model for naming CES
genes from other mammalian species.
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Guiding principles for the new CES nomenclature

The new nomenclature system for human, mouse, and rat
CES genes and enzymes is based on the identification of
homolog gene families and a subsequent allocation of a
unique gene name for each of the genes observed from
genome databases or reported from previous studies. It
follows the guidelines of the human, mouse, and rat gene
nomenclature committees and recommends the naming of
homolog CES or Ces genes among species. The italicized
root symbol “CES” for human and “Ces” for mouse and
rat genes were used, followed by an number describing the
gene family (examples include CESI for human CES
family 1 or Ces/ for mouse and rat Ces family 1 genes)
(Tables 1, 2, 3). For mammalian genomes in which mul-
tiple genes were identified or a gene required a name that
clashed with an existing name, a capital letter (for human
genes) (e.g., CES4A) or a lower-case letter (for mouse and
rat genes) (e.g., Cesla, CesIb for multiple mouse Cesl-like
genes) was added after the number. The letter used for
multiple genes reflected the relatedness of the genes across
species (e.g., reflecting higher degrees of identity for
mouse and rat Ces/a genes). When a human CES pseu-
dogene was identified, a capital “P” and a number were
added to the gene name (e.g., CESIPI), whereas for mouse
and rat Ces pseudogenes, a unique lower-case letter was
used followed by “-ps” (e.g., Ces2d-ps). Transcript iso-
forms of human (CES) and mouse and rat (Ces) gene
transcripts were designated by following the gene name
with the GenBank transcript ID, such as human
CESI_AB119997 and CESI_ABI87225, which differs
from the current nomenclature used for human CES! iso-
forms (CESIAI and CESIA2, respectively) (see Table 1).

Human CES genes

Table 1 summarizes the locations and exonic structures for
human CES genes based upon previous reports for human
CESI and CES2 (Becker et al. 1994; Ghosh 2000; Lang-
mann et al. 1997; Marsh et al. 2004) and predictions for
human CES3 (Holmes et al. 2010), CES4A (Holmes et al.
2009a), and CES5A (Holmes et al. 2008a) [the February
2009 human reference sequence (GRCh37) was used in this
study (Rhead et al. 2010)]. Human CESIPI (a CESI-like
pseudogene), CESI, and CES5A were located in a cluster
(cluster 1) on chromosome 16, while CES2, CES3, and
CES4A were in a separate cluster (cluster 2) on the same
chromosome. Cluster 1 CES genes (CESI and CES5A)
were transcribed on the negative strand, whereas cluster 2
genes (CES2, CES3, and CES4A) were transcribed on the
positive strand. Figure 1 summarizes the predicted exonic
start sites for human CES genes, with CESI and CES4A

containing 14 exons, CES3 and CES5A 13 exons, and CES2
with 12 exons. These exon start sites were in identical or
similar positions to those reported for CES1 (Ghosh 2000;
March et al. 2004). Figure 2 shows the comparative struc-
tures for human CES reference sequences and transcripts
described on the AceView website (http:/www.
nebi.nlm.nih.gov/IEB/Research/Acembly/) (Thierry-Mieg
and Thierry-Mieg 2006). The CES gene and transcript
sequences varied in size from 11 kb for CES2 to 79 kb for
CES5A and exhibited distinct structures in each case.
Moreover, several isoforms were generated in vivo for each
of the human CES genes and have different structures as a
result of transcriptional events, including truncation of the
5' ends, differential presence or absence of exons, alterna-
tive splicing or retention of introns, or overlapping exons
with different boundaries. In addition, the isoforms are
differentially expressed in tissues of the body and may
perform distinctive metabolic roles. CES isoforms were
named by using the gene name followed by the GenBank ID
for the specific transcript. Recent studies of human CES]
have described at least two major isoform transcripts, des-
ignated as CESIA] (AB119997) and CESIA2 (AB119996)
(Tanimoto et al. 2007). These isoforms have been redesig-
nated as CESI_AB119997 and CESI_AB119997, respec-
tively (see Table 1) and encode sequences that differ by
only four amino acid residues within the N-terminal region
(exon 1) (Tanimoto et al. 2007). Distinct 5'-untranslated
consensus sequences for binding transcription factors were
reported. They suggested differences in transcriptional
regulation and functional roles in contributing to CPT-11
chemosensitivity for these isoforms (Hosokawa et al. 2008;
Tanimoto et al. 2007; Yoshimura et al. 2008). Fukami et al.
(2008) have also examined human CES isoform structure
and proposed that CESIPI, a CESI-like pseudogene on
chromosome 16 (designated as CESIA3), was derived from
the CESI_AB119997 isoform.

Human CES amino acid sequences and structures

An alignment of the amino acid sequences for human CES-
like protein subunits is shown in Fig. 1, together with a
description of several features for these enzymes. The
sequences have been derived from previously reported
sequences for CES1 (Munger et al. 1991; Shibata et al.
1993), CES2 (Langmann et al. 1997; Schewer et al. 1997),
CES3 (Sanghani et al. 2004), CES4A (previously CES6 or
CES8) (Holmes et al. 2009a); and CES5A (previously
CES7) (Holmes et al. 2008a) (Table 1). Alignments of the
human CES subunits showed between 39 and 46%
sequence identities, which suggests that these are products
of separate but related gene families, whereas sequence
alignments of human CES1 and CES2 with mouse
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