6 months of age, and six (/25) were diagnosed within 6 years. As
a whole, 25 of 43 (58%) USS patients were correctly diagnosed
before they reached 15 years of age, including 12 females and 13
males, indicating that there is no gender disparity in diagnosing
USS during childhood. These 25 patients would be unanimously
considered to have the ‘early-onset phenotype’. However, the
remaining 18 USS patients were diagnosed after 15 years of age.
This raises the question of whether these patients were the true
‘late-onset phenotype’ or not. One particularly interesting result
was that 15 (/18) patients were diagnosed between 15 and
45 years of age, and interestingly they were all female. Further-
more, among these 15 female patients, nine were diagnosed in
association with pregnancy. The remaining three patients (USS-
H3, -BB3, and -GG2) were diagnosed after 45 years of age, and
they were all male, which sharply contrasts the previous
scenario. Thus, the natural history of these three male patients
appeared to be an excellent means to analyse the pathogenesis of
the ‘late-onset phenotype’. Among these patients, USS-H3 with
a p.A250V/c.330+ 1G> A genotype had an episode of throm-
bocytopenia, but there are few clinical details and the patient
died of renal failure in 2002 {42], Thus, no further results on
USS-H3 are available.

However, two other males, USS-BB3 and USS-GG2, had
received annual health examinations during adulthood, and
there were no apparent abnormalities until sudden and overt
TTP developed at 55 and 63 years of age, respectively. This
may indicate that the clinical signs of TTP were very mild
during their childhood and adulthood, and any symptoms
might have been attributed to isolated mild thrombocytopenia.
Interestingly, these two elderly men carried two different
homozygous ADAMTSI3 gene mutations, p.RI193W/
p-R193W and p.C1024R/p.C1024R, respectively. We previ-
ously reported that the p.R193W protein was present in the
plasma of patient USS-Z3 [12,73]. In this study we also
determined that the p.C1024R protein was present in the
plasma of patient USS-GG2 (data not shown). Furthermore, in
vitro expression studies using HeLa cells that were transfected
with either of these two mutant gene plasmids showed that each
protein was consistently secreted into the culture medium but
had much reduced activity compared to the wild-type protein
({39] and unpublished data). Consistent with these observa-
tions, the ADAMTSI13 activity of patient USS-GG2 was
mildly reduced (2.4-3.4% of the normal) on three different
occasions. As for the homozygous p.R193W/p.R193W muta-
tion, we identified another female patient (USS-Z3) who was
correctly diagnosed with USS at 27 years of age as a result of
pregnancy-associated TTP at 25 years of age. Her past history
was well recorded, and indicated that she had mild jaundice as
a newborn and thus did not receive an exchange blood
transfusion. However, she was diagnosed with ITP with
isolated thrombocytopenia at 7 years of age. Taken together,
these results indicate that the phenotype of the homozygous
p.R193W/p.R193W mutation is mild. Therefore, patients
carrying this mutation would presumably have mild thrombo-
cytopenia during childhood, as shown in USS-Z3, unless they
are exposed to strong stimuli such as a cytokine storm during

© 2011 International Society on Thrombosis and Haemostasis

Natural history of Upshaw—Schulman syndrome 299

influenza virus infection. However, after adolescence the gender
disparity apparently determines the fate of these USS-patients.
Pregnancy undoubtedly is a strong inducer of overt TTP in
female USS-patients, although the pathogenesis is not fully
elucidated. However, it is now well established that plasma
VWF levels remarkably increase as gestation progresses, along
with the appearance of UL-VWFMs, which are accompanied
by reduced ADAMTSI3 activity due to consumption, even in
normal pregnant women [74,75]. Thus, in pregnant USS
women, an enormous excess of the substrate (larger VWFM)
relative to the ADAMTSI13 enzyme is the most plausible
pathogenic mechanism.

As a consequence, our studies here have re-confirmed that
pregnancy, influenza infection, and DDAVP administration
can be the strong triggers inducing overt TTP in USS-patients.
Besides, now it is indicated that the aging, interferon therapy,
and heavily drinking alcohol could be additional modifiers
aggravating clinical signs of USS-patients.

Given that the p.R193W mutation is a frequent DCM for
USS in Japan, male patients carrying this mutation might not
exhibit clinical signs of thrombosis at a younger age. However,
as they age, multi-factorial endogenous and exogenous causes
mentioned above would facilitate thrombotic events, leading to
brain infarctions and chronic renal failure as a result of
microcirculation disturbances. We speculate that thrombotic
events in the brain or kidney, which still have an unknown
pathogenesis, might result from ADAMTSI3 gene abnormal-
ities. Our examination of the natural history in this large cohort
of USS-patients with ADAMTS13 mutations may shed light on
these important diseases. Thus, here we emphasise again an
importance of the assay for ADAMTSI13 activity as a routine
test to make and/or exclude a diagnosis of USS, when physicians
meet the patients with thrombocytopenia of unknown aetiol-
ogy, not only in childhood but also in adulthood.
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The N-myc downstream-regulated gene (NDRG) family con-
sists of four related proteins, NDRG1-NDRG4, in mammals. We
previously generated NDRG1-deficient mice that were unable to
maintain myelin sheaths in peripheral nerves. This condition
was consistent with human hereditary motor and sensory neu-
ropathy, Charcot-Marie-Tooth disease type 4D, caused by a
nonsense mutation of NDRGL1. In contrast, the effects of genetic
defects of the other NDRG members remain unknown. In this
study, we focused on NDRG4, which is specifically expressed in
the brain and heart. I situ mRNA hybridization on the brain
revealed that NDRG4 was expressed in neurons of various areas.
We generated NDRG4-deficient mice that were born normally
with the expected Mendelian frequency. Immunochemical anal-
ysis demonstrated that the cortex of the NDRG4-deficient mice
contained decreased levels of brain-derived neurotrophic factor
(BDNF) and normal levels of glial cell line-derived neurotrophic
factor, NGF, neurotrophin-3, and TGF-B1. Consistent with
BDNF reduction, NDRG4-deficient mice had impaired spatial
learning and memory but normal motor function in the Morris
water maze test. When temporary focal ischemia of the brain
was induced, the sizes of the infarct lesions were larger, and the
neurological deficits were more severe in NDRG4-deficient
mice compared with the control mice. These findings indicate
that NDRG4 contributes to the maintenance of intracerebral
BDNF levels within the normal range, which is necessary for the
preservation of spatial learning and the resistance to neuronal
cell death caused by ischemic stress.

N-myc downstream-regulated gene (NDRG)? family mem-
bers NDRG1-NDRG4 are intracellular proteins, consist of
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ence and Technology of Japan; and from the Program for Promotion of
Fundamental Studies in Health Sciences of the National Institute of Bio-
medical Innovation (NIBIO) of Japan.

&l The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1.

'To whom correspondence may be addressed: 5-7-1 Fujishirodai, Suita,
Osaka 565-8565, Japan. Fax: 81-6-6835-1176; E-mail: kame@ri.ncvc.go.jp.

>To whom correspondence may be addressed: 5-7-1 Fujishirodai, Suita,
Osaka 565-8565, Japan. Fax: 81-6-6835-6894; E-mail: hyanamot@
res.ncvc.go.jp.

®The abbreviations used are: NDRG, N-myc downstream-regulated gene;
BDNF, brain-derived neurotrophic factor; GDNF, glial cell line-derived neu-
rotrophic factor; NT-3, neurotrophin-3; GFAP, glial fibrillary acidic protein;
MCAO, middle cerebral artery occlusion; rCBF, regional cerebral blood
flow.

26158 JOURNAL OF BIOLOGICAL CHEMISTRY

340-394 amino acid residues, and share 53-65% sequence
identity with each other. Furthermore, accumulating evidence
implicates their roles in development, cancer metastasis, and
the immune system (1-5).

We originally identified RTP (NDRG1) as a homocysteine-
responsive gene in human umbilical vein endothelial cells (6),
which is also called DRG1, Cap43, Rit42, Ndrl1, and PROXY-1.
NDRG1 expression is induced by a number of conditions, such
as DNA damage, hypoxia, and intracellular calcium ion eleva-
tion (4). Overexpression of NDRG1 suppresses the metastatic
potency of some types of cancer cells (4) and enhances the
degranulation of mast cells in response to various stimuli (7). A
nonsense mutation of NDRGI causes hereditary motor and
sensory neuropathy, Charcot-Marie-Tooth disease type 4D,
which presents as distal muscle wasting and atrophy, foot and
hand deformities, tendon areflexia, sensory loss, and deafness
in afflicted individuals (8). We previously generated NDRG1-
deficient mice and revealed the essential role of NDRG1 in the
cytoplasm of Schwann cells for the maintenance of myelin
sheaths in peripheral nerves (9). A frame shift deletion of Ndrg1
in Greyhounds also causes polyneuropathy (10).

Similar to NDRG]1, the expression of NDRG2 is induced by
stress conditions such as hypoxia (1). NDRG2 expression is up-
regulated in cortical pyramidal neurons, senile plaques, and the
cellular process of dystrophic neurons in the Alzheimer’s brain,
whereas expression is decreased in the rat frontal cortex after
antidepressant treatment and electroconvulsive therapy (11).
NDRG2 also plays a role in aldosterone-mediated epithelial
sodium channel function (12), dendritic cell differentiation
(13), and insulin action (14). NDRG3, on the other hand, may
play a role in spermatogenesis because it is found in the outer
layers of the seminiferous epithelium (3). Overexpression of
NDRGS3 contributes to the angiogenesis of tumors via up-reg-
ulation of chemokines (3).

In contrast to other NDRG members, NDRG4 expression is
detected specifically in the brain and heart (15). In the embry-
onic mouse heart, NDRG4 expression is down-regulated under
severe ventricular hypoplasia caused by Thx2 misexpression,
implying that NDRG#4 is involved in cell growth and prolifera-
tion (16). However, information on the physiological function
of NDRG4 is lacking. In the mouse brain, NDRG4 is identified
in the neuronal cytoplasm of the cerebrum and cerebellum (17).
Down-regulation of NDRG4 in PC12 cells results in extending
shorter neurites in response to NGF (18). Considering that
NDRG4 expression is induced by treatment with homocysteine
in rat aortic smooth muscle cells (19), we speculated that
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NDRG#4 is stress-related and has a cell-protective role in neu-
rological disorders and cerebrovascular disease. This was sup-
ported by our finding that NDRG4 mRNA expression is
decreased in the brain of patients with Alzheimer’s disease (15).

Neurotrophins such as brain-derived neurotrophic factor
(BDNF), glial cell line-derived neurotrophic factor (GDNF),
NGF, neurotrophin-3 (NT-3), and TGF-g1 are essential for the
survival and homeostatic maintenance of central neurons (20)‘
BDNF, especially, is a potent modulator of synaptic connectiv-
ity in the central nervous system, influencing synaptic structure
and function. The reduced levels of BDNF in the entorhinal
cortex or forebrain are associated with poor memory (21, 22).
BDNF also has neuroprotective action in models of ischemia.
Increased BDNF levels in the brain for an appropriate period
prior to the ischemic insult increases the resistance of the brain
against lethal stresses caused by severe ischemia (23, 24). In
contrast, a deficiency in endogenous BDNF renders the brain
more susceptible to ischemic injury (25) and more suppressive
to infarct tolerance by the preconditioning of spreading depres-
sion (26).

In this study, we generated NDRG4-deficient mice to reveal
the roles of NDRG4 in the brain. As a result, we found that
under the condition of NDRG4 deficiency, mice showed
impaired phenotypes in spatial learning and neuroprotection
with decreased levels of BDNF.

EXPERIMENTAL PROCEDURES

Antibodies—Anti-NDRG1 rabbit antiserum was raised
against recombinant glutathione S-transferase-fusion protein
of human NDRG1 (27). Anti-NDRG2, anti-NDRG3, and anti-
NDRG4 rabbit antisera were raised against the synthetic pep-
tides Q**'SSESGTLPSGPPGH>® for mouse NDRG2 (17),
F**3SRSVTSNQSDGTQE?*” for mouse NDRG3 (17), and
C-N2”‘RPGTVPNAKTLRF"’%-CONH2 for mouse NDRG4,
respectively, which were conjugated with keyhole limpet hemo-
cyanin. Polyclonal antibodies in the antisera were purified by
antigen-immobilized affinity column chromatography. Anti-
NeuN and anti-glial fibrillary acidic protein (GFAP) were pur-
chased from Millipore and Dako, respectively.

Construction of the Targeting Vector—We previously isolated
and characterized genomic clones carrying NDRG4 (15). The
NDRG4-B and NDRG4-B"*" isoforms are the alternative splic-
ing products, whereas the NDRG4-H isoform is produced by
the alternative promoter usage. The initiating Met codons for
NDRG4-B/B* and NDRG4-H exist in exons 5 and 3, respec-
tively. Exon 6 is common to all isoforms. The loxP-flanked pST-
neoB cassette (28) was inserted within exon 6. The ~11-kb
sequence was inserted into the diphtheria toxin A fragment
cassette vector (29), and the DNA was linearized by Sall diges-
tion for electroporation.

Generation of NDRG4-deficient Mice—R1 mouse embryonic
stem cells (30) were electroporated with the targeting vector
and selected in medium containing G418. Targeted clones were
identified by Southern blotting using the Gene Images Ran-
dom-prime system (GE Healthcare) with 5'- and 3'-external
probes. These cells were injected into blastocysts to obtain chi-
meras, which were crossed with wild-type C57BL/6 mice (Japan
SLC) for germ line transmission of the disrupted Ndrg4 allele.

A=V EN
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The genotypes of the offspring were examined by PCR
analysis of DNA isolated from ear biopsy using three primers;
P1 (CATCTCTCCAAGAGCCAGAGTGT), P2 (AAGATGC-
AGCCACACTTACGATT), and P3 (AACAGTAACAGCTT-
CCCACATC). Heterozygous mice with the disrupted Ndrg4
allele were backcrossed with wild-type C57BL/6 mice. The
mouse experiments were approved by the Animal Care and Use
Committee of the National Cerebral and Cardiovascular Cen-
ter in Japan, and were performed in accordance with the insti-
tutional and national guidelines and regulations.

Western Blotting Analysis—Protein expression was analyzed
by Western blotting as described previously (31). Briefly, organs
perfused with PBS (10 mM sodium phosphate, 150 mm NaCl
(pH 7.4)) were homogenized in SDS sample buffer (10 mm Tris-
HCI, 2% SDS, 50 mm DTT, 2 mm EDTA, 0.02% bromphenol
blue, 6% glycerol (pH 6.8)), boiled for 7 min, and subjected to
SDS-PAGE. Proteins in the gels were transferred to an immu-
noblot PVDF membrane (Bio-Rad). Following a blocking step
with 5% skim milk, the membrane was incubated with anti-
NDRG4, anti-NDRG1, anti-NDRG2, or anti-NDRG3 and
probed with HRP-labeled goat anti-rabbit IgG (Kirkegaard and
Perry Laboratories). The membrane was developed using
Immobilon Western chemiluminescent HRP substrate (Milli-
pore), and chemiluminescence was detected by a LAS-3000
image analyzer (GE Healthcare).

In Situ mRNA Hybridization—Digoxigenin-labeled ribo-
probes were prepared for nucleotide positions 1269-1777
(NDRG4-a) and 1811-2343 (NDRG4-b) of mouse NDRG4
(NM_145602). The paraffin-embedded brain sections (6 um
thick) were dewaxed, rehydrated, and treated with proteinase K
(8 pg/ml) for 30 min at 37 °C. The sections were acetylated by
0.25% acetic anhydride and hybridized with the riboprobes (300
ng/ml) for 16 h at 60 °C. Following treatment with RNase A (50
pg/ml) for 30 min at 37 °C and 0.5% blocking reagent (Roche),
the sections were incubated with anti-DIG alkaline phosphate
conjugate (Roche). Colorimetric reactions were performed
with nitro blue tetrazolium chloride/5-bromo-4-chloro-3-in-
dolyl phosphate solution (Sigma), and then the sections were
counterstained with Kernechtrot stain solution (Mutoh).
Because NDRG4-a and NDRG4-b riboprobes exhibited quite
similar performance, only the data from NDRG4-a riboprobes
are shown.

Immunohistochemistry—Serial sections for in situ mRNA
hybridization were deparaffinized, rehydrated, and boiled by
microwave irradiation in 10 mM citrate buffer (pH 6.0). After
incubation with 0.3% hydrogen peroxide, the sections were
blocked, incubated with anti-NeuN, and stained using
Histofine MOUSESTAIN Kit (Nichirei) and diaminobenzidine
according to the manufacturer’s instructions. Alternate sec-
tions were blocked with Protein Block Serum-Free (Dako) and
the Avidin/Biotin blocking kit (Vector Laboratories), and then
incubated with anti-GFAP. Following incubation with biotin-
conjugated goat anti-rabbit Ig (Dako), the sections were treated
with HRP-conjugated streptavidin (Nichirei) and stained with
diaminobenzidine. The sections were counterstained with
Mayer’s hematoxylin (Mutoh).

Measurement of Neurotrophin Levels—Protein levels of
BDNF, GDNF, NGF, NT-3, and TGF-£1 were measured as
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described (32). The PBS-perfused cerebral cortex described
above was excised from each mouse (7-18 weeks old) and
homogenized. The protein levels were measured using a two-
site sandwich ELISA, Emax Immunoassay System (Promega).
The protein concentration in each sample was measured using
a BCA protein assay kit (Thermo Scientific).

Morris Water Maze (MWM) Test—We conducted the
MWM test (33) using modifications as described previously
(32). In a 64 X 91 cm-sized pool of opaque water (from a non-
toxic agent), a 10 X 10 cm-square-shaped platform was hidden
at a fixed position 2 cm under the surface of the water. The
temperature of the water was kept at 24-25 °C during the pro-
cedure. Each mouse (6 — 8 weeks old) performed four trials per
day, over five consecutive days, without any prior or subsequent
training. We defined a successful escape, i.e. standing on the
platform, as a stop for more than 1 s with all limbs on the
platform. The cut-off time in a trial was set at 300 s. Mice that
failed to reach the platform in 300 s were removed from the
water, and the time needed to escape to the platform (escape
latency) became 300 s. In each trial, the escape latency, the total
path length needed to navigate to the platform, and the maxi-
mum swimming speed were analyzed using a video-tracking
system, Smart (Panlab).

Middle Cerebral Artery Occlusion (MCAO) Model—Tempo-
rary focal ischemia was induced using the three-vessel occlu-
sion technique as described previously (34). Briefly, under hal-
othane-inhalation anesthesia, the left middle cerebral artery of
each mouse (8 —19 weeks old) was cauterized at the lateral bor-
der of the olfactory tract, and bilateral common carotid arteries
were clip-occluded for 15 min followed by reperfusion. After
opening the skull and subsequent cauterization of the MCA,
the wound for the surgical MCA obstruction was closed within
3 min to avoid hypothermic neuroprotection against reperfu-
sion injury (35). The rectal temperature was regulated so that it
stayed within the physiological range (36.5-37.5 °C) using a
temperature controller (NS-TC10, Neuroscience) during the
operation. The heart rate and mean blood pressure were mon-
itored via the tail artery using indirect blood pressure meter
BP-98AW (Softron).

Regional Cerebral Blood Flow (rCBF) in the Penumbra-like
Peripheral Area—The rCBF was monitored using the laser-
Doppler blood flowmetry meter TBF-LN1 (Unique Medical)
(34). The measurement area was set in the penumbra-like
peripheral area of the ischemic region at 2 mm caudaland 1 mm
dorsal to the crossover point of the left middle cerebral artery
and the lateral surface of the olfactory tract. The rCBF was
measured just before (control), during, and after MCAO.

Cerebral Function—Twenty-four hours or 7 days after
MCAO, neurological deficits were examined according to a
published scoring scale, with some modifications (35). Balance
in the body trunk while being lifted by the tail was graded
according to the following criteria: 0, no deficit (no twisting of
the body); 1, mild deficit (asymmetric twisting tendency of the
body); and 2, severe deficit (repeated asymmetric twisting of the
body). Motor function of the extremities while being lifted by
the tail was graded as follows: 0, no deficit (symmetrical move-
ment of the forelimbs); 1, mild deficit (intermittent asymmet-
rical flexion of the forelimbs); and 2, severe deficit (continuous
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asymmetrical flexion of the forelimbs). The neurological deficit
score (from O to 4) comprises the sum of the grades of the
balance in body trunk and motor function of extremities.

Measurement of Infarcted Volume—Mice were perfused
transcardially with heparinized PBS at 24 h or 7 days after
MCAO to wash out any blood components from the brain tis-
sue, which visualizes intraluminal blood coagulation or throm-
bosis formation, if any. The brain was removed and cut from the
frontal tip into 1-mm-thick slices. Viable tissue was stained red
with 2% 2,3,5-triphenyltetrazolium chloride followed by fixa-
tion with 4% paraformaldehyde in PBS. The infarct and total
hemispheric areas of each slice were measured by tracing the
borders in a computer-assisted image-analysis system, Win-
ROOF (Mitani). To assess the total infarct volume after MCAQ,
an edema index was calculated by dividing the total volume of
the hemisphere ipsilateral to the MCAO by the volume of the
contralateral hemisphere. The infarcted volume was adjusted
by dividing the volume by the edema index. The value of edema
index at 7 days after MCAO could be considered 1.00, as found
in our previous study (35).

Statistical Analysis—Data are presented as the means * S.D.
We used unpaired Student’s £ tests for comparisons within each
parameter. Probability values of < 0.05 were considered statis-
tically significant.

RESULTS

Localization of NDRG4 in Mouse Brain—We performed in
situ mRNA hybridization to investigate the cellular localization
of NDRG4 in the adult mouse brain. NDRG4 mRNA was widely
distributed in various parts of brain (Fig. 1, 4 and B), including
the olfactory bulb, olfactory tuberculum, cerebral cortex, stria-
tum, hippocampus, dentate gyrus, thalamus, hypothalamus,
mesencephalon, cerebellum, pons, and medulla oblongata
(supplemental Fig. S1). To identify the cell types that were pos-
itive for the NDRG4 riboprobe, we analyzed serial sections by in
situ mRNA hybridization for NDRG4 (Fig. 1, Cand D) in com-
bination with immunostaining for NeuN, a marker of neurons
(E and F) or GFAP, a marker of astrocytes (G and H). NDRG4
expression was mainly observed in NeuN-positive cells but not
in GFAP-positive cells, indicating that NDRG4 was specifically
expressed in neurons. This was consistent with our previous
finding that NDRG#4 protein was expressed in neurons of the
cerebral cortex and Purkinje cells of the cerebellum (17).

Generation of NDRG4-deficient Mice—To elucidate the
effects of NDRG4 deficiency in neuronal cells, we generated
NDRG4 knockout mice using gene targeting strategies (Fig.
2A). The Ndrg4 gene covers all NDRG4 protein isoforms,
NDRG4-B, NDRG4-B*, and NDRG4-H (15). The genomic
DNA fragment encompassing exon 6, which is the most
upstream common coding region of NDRG4 isoforms, was
used to construct the targeting vector. The genotype was con-
firmed by genomic PCR analysis (Fig. 2B). The F1 mice with one
Ndrg4-disrupted allele (Ndrg4*’~) were backcrossed with
wild-type C57BL/6 mice (Ndrg4™' ™). Ndrgd™'~ mice were then
crossed to generate the NDRG4-deficient mice (Ndrg4™ /7).
Ndrg4™'~ mice were born normally with the expected Mende-
lian distribution. The numbers of Ndrg4™'*, Ndrg4*'~, and
Ndrg4~'~ live births were 56, 115, and 51, respectively (p =
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FIGURE 1. Localization of NDRG4 in the mouse brain. Sagittal sections were prepared from 8-week-old wild-type mice and subjected to in situ mRNA
hybridization of NDRG4 (A and B). Digoxigenin-labeled antisense riboprobes for NDRG4 (4) but not sense riboprobes (B, negative control) produced positive
signals (blue). The nuclei were counterstained in red. C-H, serial coronal sections of wild-type mouse brain were subjected to in situ mRNA hybridization of
NDRG4 (Cand D, blue signals) and immunostaining of NeuN (E and F, brown signals) or GFAP (G and H, brown signals). The nuclei were counterstained in red (C
and D) and blue (E-H). D, F, and H are higher-magnification images of C, E, and G, respectively. Scale bars = 100 um.
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FIGURE 2. Generation of NDRG4-deficient mice and expression pattern of NDRG family proteins in mouse organs. 4, targeting strategy for the Ndrg4
gene knockout. Solid boxes represent open reading frames of Ndrg4. The loxP-flanked (open triangles) pSTneoB cassette with a polyadenylation signal (STPro
Neo pA) was inserted into exon 6, and the diphtheria toxin A fragment cassette (DT-A) was included at the 3’ end of the vector. The 5’- and 3’-external probes
used for Southern blotting selection of ES clones are shown by bars. The PCR primers (P1, P2, and P3) for genotyping are shown by arrows. S, Sall; H, Hindlll; E,
EcoRl; V, EcoRV. B, genotyping of wild-type (Ndrg4**), heterozygous NDRG4-deficient (Ndrg4™/~), and homozygous NDRG4-deficient (Ndrg4~'~) mice. PCR
amplification of the Ndrg4*/* and Ndrg4™'~ alleles resulted in products of 171 and 246 bp, respectively. C, expression patterns of NDRG family proteins in
mouse organs. Equal protein amount of organ homogenates from 17-week-old Ndrg4™/~ and Ndrg4™* mice were subjected to Western blotting analysis
using each antibody. Anti-NDRG4 detected NDRG4-B (38 kDa), NDRG4-B¥*" (39 kDa), and NDRG4-H (41 kDa) in the Ndrg4*/* brain but notin the Ndrg4~'~ brain.
The expression of NDRG1, NDRG2, and NDRG3 was not affected by the lack of NDRG4 in the brain.

0.77, chi-square test). Both male and female Ndrg4™'~ mice Ndrg4~'~ mice, we performed a Western blotting analysis of
were fertile. their organs as adults. NDRG4 was specifically expressed in the

NDRGs Expression in Mouse Organs—To examine the brain, and little or no signal was detected in other tissues (Fig.
expression patterns of NDRG family proteins in Ndrg4*'" and  2C). The three isoforms, NDRG4-B (38 kDa), NDRG4-B**" (39
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FIGURE 3. Neurotrophins in the mouse cortex. The protein levels of BDNF,
GDNF, NGF, NT-3, and TGF-1 in the cortex isolated from the Ndrg4*/* and
Ndrg4™'~ mice were measured by ELISA. Data are expressed as the mean *
S.D.(n =9).NS,p > 0.05.

kDa), and NDRG4-H (41 kDa), were detectable in the brain of
Ndrg4*'* mice, whereas they were absent in the Ndrg4™'~
brain. As described previously (15), NDRG1 was ubiquitously
expressed in all tested organs. NDRG2 was mainly expressed in
the brain, heart, and liver, with weaker expression in the kidney
and colon. NDRG3 was observed in the brain, kidney, and small
intestine. The expression levels of NDRG1, NDRG2, and
NDRGS3 in the brain were not affected by a lack of NDRG4,
suggesting that there were no compensatory up-regulation
mechanisms of gene expression.

Neurotrophin Levels—To investigate whether NDRG4 defi-
ciency impacts brain function, we measured the protein levels
of major neurotrophins in the brain (Fig. 3). The quantification
of BDNF in the cortex homogenates revealed a significant
decrease of BDNF in Ndrg4 ™'~ (49.4 * 18.8 pg/mg protein, n =
9) compared with Ndrg4™/* (71.1 + 19.5 pg/mg protein, # = 9)
mice. In contrast, the levels of GDNF, NGF, NT-3, and TGF-1
in the cortex were not significantly different between the
Ndrg4™*'* and Ndrg4~'~ mice (GDNF, 28.0 * 3.0 versus 26.0 =
3.0 pg/mg protein; NGF, 10.9 = 1.4 versus 10.6 + 1.7 pg/mg
protein; NT-3, 7.6 * 2.3 versus 7.7 = 2.0 pg/mg protein; TGE-
BL, 3.8 = 1.8 versus 4.5 = 1.7 pg/mg protein; n = 9). Therefore,
we expected that abnormal regulation of BDNF protein levels
may be involved in the development of the phenotypes of
Ndrg4~'~ mice.

Spatial Learning Ability—To confirm whether the lack of
NDRG#4 affects the ability of spatial learning and memory, we
analyzed the performance of the mice in the MWM task. We
found that escape latency to the hidden platform was signifi-
cantly longer after the first trial for Ndrg4™'~ mice compared
with Ndrg4™/™ mice (Fig. 44). The total path length needed to
navigate to the platform was also significantly longer in
Ndrg4™'~ thanin Ndrg4™'* mice after the first trial (Fig. 4B). In
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FIGURE 4. MWM test. Spatial learning and memory function of the Ndrg4*/~
and Ndrg4~'~ mice were tested in the MWM task. The escape latency (A), total
path length (8), and maximum swimming speed (C) to the hidden platform on
trials over five consecutive days are shown. The Ndrg4™’~ mice exhibited
inferior performance in escape latency and total path length in the MWM task
as compared with Ndrg4™/* mice. However, the maximum swimming speed
was equivalent between groups. Data are mean with error bars of S.D. (n = 20
in each experimental group). *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS,
p > 0.05.

contrast, there were no significant differences in the maximum
swimming speed between Ndrg4"/* (355 + 2.7 cm/s) and
Ndrg4™'~ (35.2 = 3.0 cm/s) mice, indicating that Ndrgs '~
mice have normal sensorimotor function (Fig. 4C). These
results indicated that poor performance of Ndrg4™'~ mice in
the MWM test was caused by the attenuation of spatial learning
ability accompanied with BDNF reduction.

Neuronal Damage after Focal Ischemia—To elucidate
whether NDRG4 is involved in the neuroprotective actions of
BDNF, we explored the effect of NDRG4 deficiency on the
development of neuronal damage after MCAO. We first per-
formed transcardiac perfusion of PBS 24 h or 7 days after igche-
mia and confirmed that there was no thrombus formation
except for the coagulated point in the proximal part of the mid-
dle cerebral artery in both Ndrg4™'* and Ndrg4~'~ mice by
visual inspection. A 2,3,5-triphenyltetrazolium chloride stain-
ing assay for viable cells at 24 h after a 15 min of MCAO dem-
onstrated larger infarct lesion sizes in Ndrg4™'~ mice com-
pared with in Ndrg4™/* mice (Fig. 5, A and B). There were no
differences in the edema index between the groups (1.07 = 0.04
in Ndrg4*’* and 1.06 = 0.03 in Ndrg4™'~, n = 10). Corrobo-
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FIGURE 5. Induction of temporary focal ischemia. A, representative images
of six corresponding coronal sections from Ndrg4™'* and Ndrg4™'~ mouse
brains at 24 h after MCAO. The 1-mm-thick slices were stained with 2,3,5-
triphenyltetrazolium chloride. The sizes of infarcted region (white area) were
larger in the brain slices of Ndrg4™'~ mice compared with Ndrg4™/* mice.
B, quantification of infarct volumes (mm?®) at 24 h and 7 days after MCAO.
Ndrg4™'~ mice (®) had larger infarct volumes than Ndrg4™/* mice (O). Data
aremean * S.D. (n = 10). C, neurological deficit scored at 24 h and 7 days after
MCAO. Ndrg4™~ mice had a severe neurological deficit score compared with
Ndrg4*'* mice. Data are mean *+ S.D. (n = 10). D, rCBF in the penumbra-like
peripheral area of the ischemic legion. The rCBF was measured by laser-Dop-
pler blood flowmetry system. The rCBFs were expressed as percentages of
their preischemic normal values. During MCAO, rCBF was reduced to an
equivalent level, and reperfusion was achieved in both groups, although the
rCBF values of Ndrg4™'~ mice were lower compared with Ndrg4*’* mice.
Data are mean with error bars of S.D. in Ndrg4™'* (O, n = 7) and Ndrg4=/~
mice (®, n = 5). The differences in rCBF between Ndrg4™* and Ndrg4~’'~
mice at each point were not significant.

rating the histological results, MCAO-treated Ndrg4 ™'~ mice
showed more severe neurological deficits compared with
Ndrg4™'™ mice in the cerebral function scoring test (Fig. 5C).
At 7 days after the 15-min MCAQ, the infarction volumes were
significantly larger in Ndrg4~'~ mice compared with Ndrg4™*'™*
mice, as seen in the acute phase study (Fig. 5B). However, dif-
ferences in neurological deficit scores between Ndrg4*'* and
Ndrg4™'~ mice decreased at the end of the observation period
(Fig. 5C).

Physiological measures of Ndrg4"’* and Ndrg4~'~ mice,
heart rate (24 h, 477 *+ 100 versus 464 *+ 95 beat/min, n = 10; 7
days, 497 * 57 versus 483 * 131 beat/min, n = 7 and 5, respec-
tively) and mean blood pressure (24 h, 46 * 8 versus 55 * 13
mm Hg, n = 10; 7 days, 68 = 10 versus 63 = 25 mm Hg, n = 7
and 5, respectively) were not significantly different during
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ischemic treatment. These results indicate that NDRG4 is
essential for the acquisition of normal resistance to the acute
and chronic phase of cerebral ischemia through the retention of
BDNF levels.

rCBF—We monitored the rCBF in the penumbra-like
peripheral area of the ischemic legion to exclude the possibility
that the larger infarct in the Ndrg4™'~ brain was due to a
decrease of rCBF during MCAO. Using laser-Doppler blood
flowmetry, we found that rCBF values during the 15-min
MCAO were equivalently reduced in Ndrg4™'" (8.4 = 3.2%)
and Ndrg4™’~ (7.1 = 2.0%) mice (Fig. 5D). After MCAO, per-
fusion was observed in both groups as expected, but the rCBF
values were relatively lower in Ndrg4™ '~ than in Ndrg4™’*
mice, which indicates that the sensitivity to ischemic stress is
increased under a deficiency of NDRGA4.

DISCUSSION

In this study, we revealed that NDRG4 was involved in the
retaining of BDNF levels in the cortex. We also revealed that
NDRG4-deficient mice showed cognitive deficits and impaired
cerebral infarction tolerance. Although these phenomena in
the brain seem to be physiologically distinct from each other,
the abilities in learning/memory and neuroprotection are both
appropriate indicators of biological activities involving BDNF
(20).

BDNF participates in synaptic plasticity and memory pro-
cessing in the adult brain (22). Indeed, mice that lack BDNF in
their forebrain fail to learn the MWM task (21), whereas an
increase in BDNF levels in the brain improves spatial learning
and memory (22, 26). These observations are consistent with
our findings that Ndrg4~'~ mice have lower amounts of cortex
BDNF than Ndrg4*'" and impaired spatial learning and mem-
ory function. Because BDNF also increases the survivability of
neurons against ischemia, decreased levels of BDNF in the
Ndrg4™'~ cortex can explain the enlarged lesion sizes that
appeared after the stress induced by temporary focal ischemia
(23-26). BDNF-mediated production of prostacyclin (36) may
be associated with the neuronal vulnerabilities of the Ndrgd '~
mice because prostacyclin has a potent neuroprotective effect
against focal cerebral ischemia (37). Despite the decreased lev-
els of BDNF in the cortex of Ndrg4~'~ mice, the neurological
deficits were recovered at 7 days after ischemia. It needs further
investigations to clarify the mechanisms of neurologic recovery
in Ndrg4~'~ mice. Some signaling pathways mediated by
BDNF receptors such as tropomyosin-related kinase B might be
up-regulated by a sustained decrease of BDNF in Ndrgd ™'~
mice.

The expression of NDRG4 is decreased in the brains of
patients with Alzheimer’s disease (15), and BDNF expression is
also decreased in the cortex of Alzheimer’s patients (22), obser-
vations consistent with our current finding of decreased levels
of BDNF in the Ndrg4~'~ mouse brain. Therefore, it is likely
that NDRG4 exists upstream of the BDNF production. A
decrease of NDRG4 may cause neuronal vulnerability via an
associated reduction of BDNF levels and thus may be a poten-
tial contributor or a risk factor in the pathogenesis of Alzhei-
mer’s disease.

JOURNAL OF BIOLOGICAL CHEMISTRY 26163

1102 ‘61 19G0J00 U0 'IBJUaD JEINOSEAOIPIED [eUOREN JE BI0°00( MMM WO} Papeojumog



Neurological Deficits and Cell Vulnerabilities in Ndrg4~'~

Although the molecular mechanisms by which NDRG4
influences cerebral BDNF levels are unknown, NDRG4-medi-
ated signaling pathways may play an essential role in BDNF
synthesis and secretion. BDNE secretion is dependent on the
activation of voltage-gated Na™ channels and the subsequent of
Ca®" influx through voltage-gated N-type Ca** channels (38).
In addition, BDNF release is involved in caffeine/ryanodine-
sensitive Ca®" release from intracellular stores. These findings
support the idea that NDRG4 might regulate BDNF secretion
via Ca>* mobilization.

In contrast to the dysfunctional effects of NDRG4 deficiency
on the central nervous system, NDRG1 deficiency results in
peripheral nervous system defects. Although a brain magnetic
resonance imaging study demonstrated subcortical white mat-
ter abnormalities in sibling patients with Charcot-Marie-Tooth
disease type 4D (39), the lack of NDRG1 exhibited no adverse
effects on higher brain functions (9) and on brain anatomy (17),
suggesting that other NDRG members may compensate for the
NDRG]1 deficiency in the central nervous system. Similarly, the
mild phenotypes of the Ndrg4 '~ mice may be due to the com-
pensatory action of the other NDRG members. Further analysis
using double-knockout mice such as Ndrgl ~/~Ndrg4~'~ may
reveal the overlapping roles of the NDRG members.

Although the NDRG4 mRNA is abundantly expressed in the
human brain and heart (15, 16), Western blotting analysis in the
present study could only detect the NDRG4 protein isoforms in
the brain but not in the heart of the wild-type mice. This was
probably due to the extremely low levels of NDRG#4 protein in
the heart. This unexpected finding may be caused by the low
translational efficiency or the instability of NDRG4 mRNA in
the heart. However, recent reports implicate biological roles of
NDRG#4 in the heart. The knockdown of NDRG4 during embry-
onic development in zebrafish results in phenotypes such as a
hypoplastic heart with pericardial edema, a dilated atrium,
looping defects, reduced circulation, and a slower heart rate
with weaker contraction (40). Severe ventricular hypoplasia
down-regulates NDRG4 expression in the mouse embryonic
heart (16). These reports indicate that NDRG4 is necessary for
the normal regulation of myocardial proliferation and cardiac
growth during early cardiogenesis. In addition, human chro-
mosome 16q21 near NDRG4 was identified as the locus that
influences QT interval duration (41, 42). Although we currently
do not find any histological and functional abnormalities for the
Ndrg4~'~ heart, more detailed studies may reveal the roles of
NDRG#4 on cardiac function.

In conclusion, we found that NDRG4 has an essential role in
retaining normal spatial learning and memory, in protecting
cerebral neurons against severe ischemic stress, and in main-
taining BDNF levels in the brain within the normal range.
Although the mechanisms by which NDRG4 influences intrac-
erebral BDNF levels are yet unidentified, the decreased level of
cortical BDNF may induce impairments in the central nervous
system of Ndrg4™'~ mice. Further investigation of Ndrg4 '~
mice, including brain vasculature characterization and neuro-
genesis, may provide insight into effective therapies for some
central nervous system diseases, including Alzheimer’s disease
and ischemic stroke.
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ARTICLE INFO ABSTRACT

Article history: Clopidogrel has become the mainstay oral antiplatelet regimen to prevent recurrent ischemic events after
Received 20 January 2011 ] acute coronary syndromes or stent placement. However, there is marked interindividual variability in the
Received in revised form 13 April 2011 antiplatelet effects of clopidogrel, and a reduced response to this drug may be a risk factor for ischemic

Accepted 15 April 2011

Available online 18 May 2011 complications. Pharmacogenomic analyses, including candidate-gene and genome-wide association studies,

have confirmed that genetic polymorphisms in the hepatic cytochrome P450 (CYP) 2C19 dominantly affect
the antiplatelet effects of clopidogrel. CYP2C19 reduced-function alleles have been associated with a

ff,{i’;‘,’;f:iet therapy significant decrease in clopidogrel responsiveness and a higher risk of adverse cardiac events including stent
Clopidogrel thrombosis, myocardial infarction, and death in several prospective studies, although these effects were not
CYP2C19 reproduced in a recent large randomized study that included a randomized control group. The US Food and
Pharmacogenomics Drug Administration addressed this issue by adding a boxed warning to the clopidogrel label and suggesting
PON1,P2Y; receptor that adjusting the clopidogre! dose or using alternative antiplatelet agents should be potentially implemented
for high-risk individuals who are identified based on the CYP2C19 genotype. Although it is promising that
CYP2C19 genotyping could be used to guide personalized antiplatelet clopidogrel therapy, currently there is
insufficient evidence to recommend routine genetic testing. Prospective randomized clinical trials are
necessary to validate this pharmacogenomic approach to clopidogrel therapy. In the most recent trial,
paraoxonase-1 (PON1) was identified as a crucial new enzyme for clopidogrel bioactivation, with its common
Q192R polymorphism determining the rate of active metabolite and the clinical activity of clopidogrel. Further
studies are needed to investigate the comprehensive influence of a number of different polymorphisms of

CYP2C19 and PONT1 variant alleles or other genetic variants on clopidogrel in various ethnic populations.
© 2011 Elsevier Ltd. All rights reserved.
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Introduction

The antiplatelet drug clopidogrel is an important therapeutic agent
that is used on top of aspirin to provide additive efficacy and overcome
aspirin resistance in patients who are at risk for cardiovascular events
{1]. Clopidogrel plus aspirin is recommended in the American College of
Cardiology/American Heart Association guidelines and has become the
standard of care for patients with acute coronary syndrome [2-5]. In
combination with aspirin, clopidogrel is also the gold standard to
prevent stent thrombosis in patients undergoing percutaneous coronary
intervention (PCI) [2,6]. However, the antiplatelet effects of clopidogrel
are not consistent in all patients [7-9}. Despite adequate antiplatelet
therapy, up to 15% of high-risk patients with acute coronary syndrome
continue to suffer from ischemic events, and up to 30% of the patient
populations have marked interindividual variability in the extent of
platelet inhibition [10}. Individual differences in the rate of platelet
activation and reactivity markedly influence normal hemostasis and the
pathological outcome of thrombosis. Clopidogrel resistance has been
recognized in patients that exhibited less platelet aggregatory inhibi-
tion, and the prevalence of this resistance varied widely from 4% to 30%,
with the value depending in part on the loading dose of clopidogrel and
the methods used to assess non-responsiveness [11,12]. The inter-
patient variability in the response to clopidogrel is multi-factorial and
largely influenced by environmental, clinical and genetic factors. Among
the environmental and clinical factors, age, smoking, diet, drug—drug
interactions, diabetes, acute coronary syndrome, patient compliance,
triglycerides, high-density lipoprotein cholesterol and body mass index
may cause variability in the response to clopidogrel [13-16].

Clopidogrel is a prodrug and therefore must be metabolized before
it can inhibit adenosine diphosphate (ADP)-induced platelet aggre-
gation. The conversion of clopidogrel to its active metabolite is
catalyzed by several different cytochromes P450s (CYPs) and an
esterase paraoxonase-1 (PON1). Recent data demonstrated that
individuals with CYP2C19 and PON1 gene variants have low active
metabolite levels of clopidogrel [ 17-20]. Increasing evidence suggests
that CYP2C19 variants greatly influence the marked interindividual
heterogeneity of the clopidogrel response and are linked to an
increased risk of adverse cardiovascular outcomes, including stent
thrombosis, myocardial infarction, and death [13,19,21-26]. Data are
limited for the influence of PON1 genotypes on the pharmacokinetics
and pharmacodynamics of clopidogrel. Based on the vital pharmaco-
genomic information, personalized clopidogrel antiplatelet therapy is
becoming a promising treatment approach.

In this review, we focus mainly on outlining the genetic poly-
morphisms associated with the variability in antiplatelet response to
clopidogrel and the difference in clinical outcomes among these
genotypes. Additionally, we review the perspectives on pharmacoge-
nomic findings that relate to personalized antiplatelet clopidogrel
therapy in the clinical setting.

Search methodology

We searched PUBMED and MEDLINE of the English-language
literature from January 1989 to January 2011 using the following
search items in different combinations: “clopidogrel,” “thienopyr-
idine,” “resistance,” “platelet responsiveness,” “genetic polymor-
phism,” “pharmacogenomics,” “pharmacogenetics,” “clinical
outcome” and “primary endpoints.” After reviewing the abstracts,
we obtained and reviewed the full text of the relevant articles and
their reference lists. Additional citations were obtained from the
articles retrieved from the literature search.

» ou " ow

Antiplatelet mechanism and metabolism of clopidogrel

Platelets have a central role in the development of atherothrom-
botic events, and therefore antiplatelet therapy has become the

cornerstone for cardiovascular disease management [27]. Clopido-
grel is used to treat arterial thrombosis because this drug
pharmacologically targets the platelet receptor systems. The key
mediator of platelet activation and aggregation is ADP, which binds
and activates platelets through two G-protein coupled receptors,
P2Y, and P2Y,, (Fig. 1). The P2Y, receptor is coupled to Gi and is
responsible for platelet aggregation, especially its stabilization. The
P2Y;, receptor amplifies cytoplasmic Ca?* mobilization that is
mediated by the P2Y; receptor and induces the secretion of dense
granules via stimulation of secretion-inducing agonists such as
thromboxane A2 and thrombin. Several studies have suggested that
phosphatidylinositol 3-kinase plays an important role in ADP-
dependent, P2Y;, receptor-mediated potentiation of platelet acti-
vation [28]. However, the signal transduction pathways that are
mediated through the P2Y;; receptor are not well understood. Since
clopidogrel reduces the cyclic adenosine monophosphate (cAMP)
levels by inhibiting adenylate cyclase by Gi, the effectiveness of
clopidogrel can be directly monitored based on flow cytometric
analyses of the phosphorylated vasodilator-stimulated phospho-
protein (VASP-P) levels [29].

Clopidogrel is a prodrug that must be converted into an active
thiol-containing metabolite before it can express antiplatelet function
[30]. The active metabolite covalently binds to the platelet P2Y,,
receptor and irreversibly inhibits ADP-stimulated platelet aggregation
[30-32]. Pharmacokinetic studies indicate that clopidogrel is con-
verted into its active metabolite by hepatic CYPs in a two-step
oxidation process (Fig. 1). The first oxidative step is catalyzed by
CYP2C19, CYP1A2 and CYP2B6, where each enzyme is responsible for
45%, 36% and 19% of the conversion, respectively. The second step is
mediated by CYP3A4, CYP2B6, CYP2C19 and CYP2C9, where each
enzyme is responsible for 40%, 33%, 21% and 7% of the conversion,
respectively [33]. Thus, CYP2C19 substantially contributes to both
oxidative steps that generate the active clopidogrel metabolite.
However, in a recent study using recombinant metabolizing enzymes
in a microsomal fraction expressed in HEK293 cells, Bouman et al.
found that CYP3A4, CYP3A5, CYP2B6, and CYP1A2 were the first
oxidative step enzymes, and PON1, an esterase synthesized in the
liver and associated with high density lipoprotein in the blood,
emerged as the rate-limiting enzyme for the second step of hydrolytic
cleavage of the ~y-thiobutyrolactone ring of 2-oxo-clopidogrel [20].
Approximately 15% of clopidogrel is available as an active metabolite
and the remaining 85% is hydrolyzed to an inactive carboxylic acid
derivative compound by esterases [34].

Genetic polymorphisms in CYP2C19 that are relevant to clopidogrel
Deleterious genetic variants of CYP2C19

Although the active metabolite of clopidogrel arises from complex
biochemical reactions that involve a number of different hepatic CYP
enzymes, there is accumulating evidence that CYP2C19 plays a
dominant role in clopidogrel activation [19,33,35]. The CYP2C19
gene is located on chromosome 10 (10g24.1-q24.3) and consists of
490 amino acid residues. CYP2C19 is one of the most polymorphic CYP
genes among diverse racial groups. At least 25 genetic variants in
CYP2C19 have been identified [36]. Among these, two loss-of-function
variant alleles, CYP2C19*2 and *3, account for the majority of the
defective genotypes. CYP2(C19*2 (rs4244285) carries a 681G>A change
in exon 5, which produces an aberrant splice site and leads to a
truncated nonfunctional protein [37]. CYP2C19*3 (rs4986893) has a
636G>A change in exon 4 that produces a premature stop codon {38].
Recently, a mutation in the regulatory region, CYP2C19%17, charac-
terized by a -806C>T change in the 5’-flanking region of the gene was
reported to be associated witly increased CYP2C19 expression and
enzymatic activity [39]. Additional missense mutations in CYP2C19
that are relevant to defective enzyme function are summarized in
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Fig. 1. Two-step activation of clopidogrel and its antiplatelet function. After being absorbed through the intestine via P-glycoprotein, clopidogrel can be converted into a thiol-
containing active metabolite through two-step oxidations that invelve several cytochrome P450 isoforms and paraosonase-1 (PON1). The first oxidative step is catalyzed by CYP
enzymes, and the second step is mediated by CYP enzymes or PON1. Approximately 15% of clopidogrel is converted into active metabolites and the remaining 85% is converted into
inactive metabolites by ubiquitous esterases. The thiol-containing active metabolite covalently binds to Cys97 in the P2Y;; receptor to irreversibly inhibit ADP-stimulated platelet
aggregation. ADP, adenosine diphosphate; AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; VASP-P, phosphorylated form of vasodilator-stimulated phosphoprotein;
PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A. *CYP2C19, CYP1A2 and CYP2BS6 are involved in the first step and CYP3A4, CYP2B6, CYP2C189, and CYP2C9 are involved in
the second step [33]. *"CYP3A4, CYP3AS5, CYP2B6 and CYP1A2 are involved in the first step and PON1 is involved in the second step |20}

Table 1. Based on the CYP2C19 *2, *3, *4, *5, *8 and *17 alleles,
individuals can be grouped into the following phenotypes: ultra-rapid
metabolizers (*17/*17 and *1/*17), extensive metabolizers (*1/*1),
intermediate metabolizers (*1/°2, *1/*3, *1/*4, and *1/*8), and poor
metabolizers (*2/*2, *2/*3, *2/*4, *2/*5, *2/*8 and *3/*3) [19].

Ethnic differences in CYP2C19 variants

Significant interethnic differences exist in the allele frequencies of
CYP2C19 variants. The CYP2C19*2 allele is the most frequent variant in
Caucasian, African-American, and Asian populations. However, the
allelic frequency is significantly higher in Asian populations (~30%)
than in Caucasians (~13%) and African-Americans (~18%). The
CYP2C19°3 allele also occurs more frequently in Asian populations
(~10%) compared with other racial groups (< 1%) [47.48]. The
CYP2C19*17 allele is fairly common among Caucasians and Ethiopians
(18%), but relatively rare among Asians (4%) [39]. Individuals carrying
CYP2C19*2 or *3 as homozygotes (*2/*2, *3/*3) or compound
heterozygotes (*2/*3) are defined as poor metabolizers. Different
distributions of poor metabolizers have been observed among
different racial groups, with much greater prevalence (10-25%) in
Asian populations compared to only 2% to 3% in Caucasians and 4% in
Africans [49].

Effects of CYP2C19 variants on the pharmacokinetics and
pharmacodynamics of clopidogrel

It has been hypothesized that reduced-function alleles of CYP
enzymes contribute to decreased formation of the active metabolite of
clopidogrel, leading to a reduced antiplatelet response. Several studies
have demonstrated that different CYP2C19 genotypes affect the
pharmacokinetics and pharmacodynamics of clopidogrel, and the

most widely analyzed genotype is CYP2C19*2 (Table 2) [13,17-
19,35,50-54].

Hulot et al. conducted a pharmacogenomic study using young
healthy volunteers who were treated with clopidogrel and provided
novel evidence that the CYP2C19*2 loss-of-function allele was
associated with a marked decrease in platelet responsiveness to
clopidogrel [35]. Therefore, they proposed that the CYP2C19*2 allele is
an important genetic contributor to clopidogrel resistance in the
clinical setting. This fundamental observation has been validated by
similar studies [13,17-19,50,52}, and was further confirmed in
cardiovascular patients [13,51,53,54]. Moreover, the CYP2C19*2 allele
was significantly associated with reduced levels of the clopidogrel
active metabolite, which corresponded to a diminished pharmacody-
namic response to clopidogrel {17-19]. In healthy volunteers, a 32.4%
relative reduction in plasma exposure to the active clopidogrel
metabolite and a relative reduction of approximately 25% in maximal
platelet aggregation were observed in carriers with at least one
CYP2C19 reduced-function allele compared with non-carriers {19].
These findings suggest that a low level or complete absence of
responsiveness to clopidogrel is mainly caused by lower levels of the
active clopidogrel metabolite. The pharmacogenomic status of
CYP2C19 is a determinant for the formation of the active metabolite
of clopidogrel and its antiplatelet effects.

There are limited data investigating the influence of other CYP2C19
genotypes on the pharmacokinetics and pharmacodynamics of
clopidogrel. Recently, the novel allelic variant CYP2C19*17 has been
associated with ultrarapid enzymatic activity and increased medica-
tion metabolism [39]. Frére et al. evaluated the impact of the
CYP2C19*17 gain-of-function allele on the platelet response to
clopidogrel in a retrospective study of 598 patients with non-ST
elevation acute coronary syndrome who had been administered a
600-mg clopidogrel loading dose and found a significant association
between the gain-of-function CYP2C19*17 genotype and the platelet
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Missense mutations in CYP2C19 with functional effects.

Allele Nucleotide
change in

c¢DNA

Amino
acid
change

Enzymatic References

activity

CYP2C19'2  681G>A

CYP2C19*3  636G>A

CYP2C19'4  1A>G

CYP2C19'5  1297C>T

CYP2C19*6  395G>A

CYP2C19*'8  358T>C

CYP2C19"9  431G>A

CYP2C19%10 680CT

CYP2C19712 1473A>C

Frame shift

Trp212X

Met1Val

Arg433Trp

Arg132GIn

Trp120Arg

Arg114 His

Pro227Leu

X 491Cys

An aberrant de Morais et al, 1994 {37}
splice resulting
in a truncated,
non-functional,
catalytically
inactive
protein

A premature de Morais et al, 1994 {38]
stop codon

resulting in a

truncated, non-

functional,

catalytically

inactive

protein

An A—>G
mutation in the
initiation
codon resulting
in a translation
defect and a
catalytically
inactive
protein

Ferguson et al., 1998 {40]

Xiao et al.,, 1997 {41]
Ibeanu et al., 1998 {42]

Decrease:
abolished
activity toward
S-mephenytoin
and
tolbutamide
Decrease: Ibeanu et al,, 1999 {43]
negligible
catalytic
activity toward
both
mephenytoin
and
tolbutamide
Decrease: Ibeanu et al,, 1999 [43]
approximately

90% and 70%

reduction in

the metabolism

of S-

mephenytoin

and

tolbutamide,

respectively

Decrease: a
modest
decrease in the
V(max) for 4'-
hydroxylation
of
mephenytoin

Blaisdell et al., 2002 {44]

Decrease: a
dramatically
higher K(m)
and lower V
(max) for
mephenytoin

Blaisdell et al, 2002 {44}

Unstable
activity for
mephenytoin

Blaisdell et al,, 2002 {44}

Table 1 (continued)
Allele

Amino References
acid

change

Nucleotide
change in
cDNA

Enzymatic
activity

Increase:
increased
transcriptional
activity
(—806C>T)
with extensive
metabolization
of omeprazole,
escitalopram,
and clopidogrel

CYP2C9*17 Sim et al., 2006 {39}
Rudberg et al,, 2007 {45}

Sibbing et al., 2010 {26]

No change No change

Decrease: 76%
reduction in
intrinsic
clearance of S-
mephenytoin

CYP2C19°26 766G>A  Asp256Asn Lee et al,, 2009 [46]

Missense mutations with functional activity are listed. Mutations where the functional
activity has not been examined in vivo or in vitro are not listed.

reactivity index, which was evaluated by VASP phosphorylation [55].
In a subsequent study of a cohort of 1,524 patients who underwent
PCl, Sibbing et al. demonstrated that CYP2C19*17 gain-of-function
allele carriers had significantly lower ADP-induced platelet aggrega-
tion and a higher risk for bleeding during clopidogrel treatment
compared to wild-type carriers (Table 2) {26]. However, platelet
function in patients with bleeding was not reported. Very little is
known about the less common loss-of-function CYP2C19 variants
(e.g., ™3, %4, "5, *6, *7, *8).

Effects of CYP2C19 genotypes on the cardiovascular outcomes of
clopidogrel-treated patients

The loss-of-function CYP2C19*2 allele has been associated with
reduced generation of the clopidogrel active metabolite and higher ex
vivo platelet reactivity to ADP. Independent post hoc analyses further
showed that CYP2C19*2 was associated with worse clinical outcomes
during clopidogrel therapy. Recently, several large cohort studies
indicated that CYP2C19*2 and other CYP2C19 loss-of-function alleles
play an important role in clopidogrel non-responsiveness and adverse
clinical outcomes (Table 3).

The role of the CYP2C19 genotype in clopidogrel responsiveness
was assessed initially in the Low Responsiveness to Clopidogrel and
Sirolimus- or Paclitaxel-Eluting Stent Thrombosis. (RECLOSE) trial
[21]. This study included 772 consecutive patients who received drug-
eluting stents and dual antiplatelet therapy with aspirin and
clopidogrel. Patients carrying at least one variant CYP2C19*2 allele
were at increased risk for stent thrombosis (Table 3). In addition, the
CYP2C19 genotype was an independent predictor of stent thrombosis
after several clinical risk factors were included in a multivariable
logistic regression model.

Another large cohort study by Sibbing et al. assessed 2,485
consecutive patients undergoing PCI who were uniformly pretreated
with a clopidogrel 600-mg loading dose and demonstrated that
CYP2C19*2 carriers had a significantly higher cumulative 30-day
incidence of stent thrombosis compared with wild-type CYP2C19
carriers (Table 3) [22]. These findings provided additional support
that patients undergoing PCI who possess at least one CYP2C19*2
allele are at increased risk for stent thrombosis.

To date, most of the investigations assessing CYP2C19 genotypes
and clopidogrel responsiveness have been cohort studies. One group
of investigators used data from a randomized controlled trial. Among
patients with acute coronary syndrome who were undergoing
stenting and were treated with clopidogrel in the TRITON-TIMI 38
(Trial to Assess Improvement in Therapeutic Outcomes by Optimizing



Table 2

Main effects of CYP2C19 variants on platelet responsiveness to clopidogrel.

Population

Subject number

Clopidogrel dose per day Platelet functional methods/parameters

Allelic variants

Resuits

Reference

Healthy subjects

Healthy subjects

Healthy subjects

ACS patients

Healthy subjects

Non-ST elevation
ACS patients

Patients undergoing
PCI

Healthy subjects

Healthy subjects

Non-ST elevation
ACS patients

Healthy subjects and
PCI patients

Patients undergoing PCI

28

74

94

1419

24

603

797

47

162

598

656 (429 and 227)

1,524

MD: 75 mg

LD: 300 mg

LD: 300 mg
MD: 75 mg

LD: 600 mg
MD: 75 mg

LD: 300 mg
MD: 75 mg

LD: 600 mg

LD: 600 mg
MD: 75 mg

LD: 300 mg

LD: 300 mg or 600 mg
MD: 75 mg

LD: 600 mg

LD: 300 mg
MD: 75 mg

LD: 600 mg
MD: 75 mg

Optical aggregometry (10 pmol/L ADP)/Reduction in
ADP-induced platelet aggregation from baseline (%),
Flow cytometry /VASP-P

Optical aggregometry (20 pmol/L ADP)/
Inhibition of platelet aggregation

Optical aggregometry (20 pmol/L ADP)/
Reduction in ADP-induced platelet
aggregation from baseline (%)

Optical aggregometry (2, 10 pmol/L ADP)/Residual
platelet reactivity

Optical aggregometry (5 umol/L ADP) /Inhibition of
platelet aggregation
Plasma concentration of clopidogrel

Optical aggregometry (10 pmol/L ADP)/ Residual
platelet reactivity

Flow cytometry/VASP-P

Flow cytometry/P-selectin expression

Optical aggregometry (5 pmol/L, 20 pmol/L ADP)/
Residual platelet reactivity

Optical aggregometry (20 umol/L ADP)/
Inhibition of platelet aggregation

Flow cytometry/VASP-P

Plasma concentration of the active metabolite

Optical aggregometry (20 pmol/L ADP)/AMPA

Optical aggregometry (10 pumol/L ADP)/Maximal
intensity of platelet aggregation
Flow cytometry/VASP-P

Optical aggregometry (20 pmol/L ADP)/
Reduction in ADP-induced platelet
aggregation from baseline (%)

Optical aggregometry (6.4 pmol/L ADP)/
Residual platelet reactivity

CYP2C15°2, *3, *4, %5, 6

CYP2C19%2,*3, *4, *5

CYP2C19*2

CYP2C19*2

CYP2C19°2, *3

CYP2C15*2

CYP2C19°2

CYP2C18°2, *3

CYP2(C19°2,*3,*4,*5, "8

CYP2C19°4,°5,*6, *17

Genome-wide association
study

CYP2C19°17

The CYP2C19°2 allele was associated with a marked decrease in

ADP-induced platelet aggregation (p<0.003). The PRI
measured by flow cytometry in individuals

with *1/*2 was significantly different from those with *1/*1.

The CYP2C19*2 allele was associated with a
poor-responder status to clopidogrel
(p=0.030) %,

The CYP2C19°2 allele explained 10% of
the variability in clopidogre! responsiveness
(beta coefficient 0.32; 95% C1 0.11-0.47, p=0.02).

The CYP2(C19*2 allele was associated with
higher platelet aggregability in high-risk
vascular patients (p=0.001).

The CYP2C19 genotype affects the plasma
levels of clopidogrel and modulates
the antiplatelet effects of clopidogrel.

The CYP2C19°2 allele was associated with
ADP-induced platelet aggregation, VASP-P
index, and ADP-induced P-selectin
expression. The CYP2C19°2 allele carriers
exhibited the highest platelet index levels in a
multivariate analysis (p=0.03).

Patients carrying at least one CYP2C19*2 allele
showed high residual platelet reactivity.

In the PMs (*2/*2 or *2/*3) and the IMs

(*1/°2 or *1/*3), the PRI at 4 h after

dosing was significantly higher compared

to that in the EMs (CYP2C19°1/*1)

(p<0.01 and p<0.05).

The CYP2C19 genotype is a determinant for the
formation of the active clopidogrel metabolite.

Carriers of at least one CYP2C19 reduced-function
allele had 9 percentage points less
AMPA compared to non-carriers (p<0,001).

The CYP2C19*17 genotype was significantly

associated with lower PRI VASP values (adjusted p = 0.0005).

The CYP2C19°17 genotype was not significantly
associated with ADP-induced platelet aggregation.

The CYP2(C19*2 allele was associated with
areduced clopidogrel response, accounting for
12% of the variation in platelet

aggregation to ADP (p=4.3x10"1).

The CYP2C19*17 allele was associated with

decreased ADP-induced platelet aggregation (p=0.039).

Hulot et al., 2006 {35]

Brandt et al,, 2007 [17]

Fontana et al,, 2007 {50]

Giusti et al., 2007 {51}

Kim et al,, 2008 {52]

Frere C et al., 2008 [53)

Trenk et al., 2008 [54]

Umemura et al, 2008 {13]

Mega et al., 2009 {19}

Frere et al., 2009 {55]

Shuldiner et at., 2009 {13]

Sibbling et al, 2010 [26]

MD, maintenance dose; LD, loading dose; ADP, adenosine diphosphate; FCM, flow cytometry; VASP-
metabolizer; EM, Extensive metabolizer; IM, Intermediate metabolizer; ACS, acute coronary syndrome:
A pharmacodynamic poor-responder was defined as a subject with less than 20% inhibition of platelet aggre

P, vasodilator-stimulated phosphoprotein phosphorylation; PRI,
s; PCl, percutaneous coronary intervention; AMPA, an absolute reduction in maximal
gation to 20 umol/L ADP at either 4 h or 24 h.

platelet reactivity index; RPR, residual platelet reactivity; PM, Poor
platelet aggregation from baseline.
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Table 3

Effects of CYP2C19 genetic variants on the efficacy and safety of clopidogrel.

Effects of CYP2C19 alleles on outcomes

Design Parent study Population  Subject number Dose of Follow-up Allele Primary endpoint *HR or OR Secondary endpoint *HR or OR Reference
clopidogrel variants (95% confidence interval) (95% confidence interval)
Prospective RECLOSE trial PCl patients 772 LD 600 mg 6 months CYP2C19*2  6-month incidence of ST Composite feature of cardiac Giusti et al., 2009 {21}
cohort study MD 75 mg OR 3.43 (1.01-12.78), p=0.047 mortality and ST
OR 2.70 (1.00-8.42), p=0.049
Prospective randomized ISAR studies PCl patients 2,485 LD 600 mg 30days CYP2C19*2  30-day incidence of ST ND Sibbling et al., 2009 {22]
study MD 75 mg HR 3.81 (1.45-10.02), p=0.007
Prospective randomized TRITON-TIMI38 PClin ACS 1477 LD 300 mg 15 months CYP2C19*2, Composite of death from cardiovascular causes, MI, ST Mega et al., 2009 [19]
study study patients MD 75 mg *3,%4,*5,*8 or stroke © For at least one reduced function
For at least one reduced function allele; allele: HR 3.09 (1.19—-8.00), p=0.02
HR 1.53 (1.07-2.19), p=0.01 For CYP2C19*2: HR 3.33 (1.28—8.62),
For CYP2(219"2: HR 1.42 (0.98—2.05), p=0.04 p=0.004
Prospective cohort FAST-MIstudy  AMI 2,208 LD 300mg 1year CYP2C19*2, Composite of death from any cause, nonfatal Ml,or ND Simon et al., 2009 [23]
study patients MD 75 mg *3,%4,°5 stroke
For any two CYP2C19 loss-of-function alleles:
HR 1.98 (1.10-3.58), p=0.003
PHR 3.58 (1.71-7.51), p=0.005
Prospective cohort AFIJI multicentre  AMI 259 MD 75mg The median CYP2C19*2  Composite of death, MI, and urgent coronary ST Collet et al,, 2009 [24]
study registry patients clopidogrel revascularization HR 6.02 (1.81-20.04), p=0.0009
(<45 years) exposure time HR 3.69 (1.69-8.05), p=0.0005
was 1.07 years.
Prospective study ND PCl patients 227 LD 600 mg 1year CYP2C19°2  Cardiovascular ischemic event or death ND Shuldiner et al., 2009 [13]
or 300 mg HR 2.42 (1.18—4.99), p=0.02
MD 75 mg
Prospective study ND PCl patients 1,524 LD 600 mg 30 days CYP2C19%17 Efficacy outcome: 30-day incidence of ST ND Sibbling et al., 2010 {26]
MD 75 mg No significant influence (p=0.79)
Safety outcome: 30-day incidence of bleeding
For CYP2C19*17 allele: OR 1.85 (1.19—2.86),
p=0.006
For homozygous CYP2C19*17 allele: OR,3.41 (1.42—
8.17), p=0.006
Prospective randomized, CURE study and ACS or AF  For ACS patients MD 75mg  CURE study: CYP2C19*2, For ACS patients: (the CURE study) For ACS patients: (the CURE study) Paré et al., 2010 {25}
placebo controlled ACTIVE Astudy  patients in the CURE study: 1year *3and *17 Efficacy outcomes: composite of Efficacy outcomes: Composite of the
study Clopidogrel: 2549 ACTIVE A study:  alleles death from cardiovascular causes, first primary outcome, recurrent
Placebo: 2510 median duration, nonfatal MI, or stroke ischemia, or hospitalization for
For AF patients in 3.6 years For CYP2C19°2 and *3: unstable angina.

the ACTIVE A study:
Clopidogrei: 570
Placebo: 586

Carriers: 0.69 (0.49—0.98);
Non-carriers: 0.72 (0.59—0.87)
p = 0.84 for interaction
For CYP2C19*17:
Carriers: 0.55 (0.42—0.73);
Non-carriers: 0.85 (0.68—1.05).
p=0.02 for the interaction
Safety outcomes: major bleeding
The effects were consistent in genotypic
subgroups.
For AF patients (ACTIVE A study)
There was no interaction with respect to either
efficacy or bleeding between genotypic carriers.

For CYP2C19°2 and *3:

The effects were the same

as the first primary

outcomes.

For CYP2C19*17:

Carriers 0.66 (0.54—0.82);
Non-carriers 0.90 (0.76—1.06)
p=0.03 for the interaction

HR, hazard ratio; OR, odds ratio; PCl, percutaneous coronary intervention; LD, loading dose; MD, maintenance dose; ST, stent thrombosis; ND, not determined; ACS, acute coronary syndrome; AF, atrial fibrillation; AMI, acute myocardial infarction; MI, myocardial infarction.

RECLOSE, the Low Responsiveness to Clopidogrel and Sirolimus- or Paclitaxel- Eluting Stent Thrombosis; TRITON~TIMI, the Trial to Assess improvement in Therapeutic Outcomes by Optimizing Platelet Inhibition with

Prasugrel-Thrombolysis in Myocardial Infarction; FAST-MI, the French Registry of Acute ST-Elevation and Non-ST-Elevation Myocardial Infarction; AFIJI, Appraisal of risk Factors in young Ischemic patients Justifying aggressive Intervention; ISAR, the Intracoronary Stenting and

Antithrombotic Regimen study; CURE, Clopidogrel in Unstable Angina to Prevent Recurrent Events; ACTIVE A, the Atrial Fibrillation Clopidogrel Trial with Irbesartan for Prevention of Vascular Events.
* HR in the placebo controlled studies of Paré et al. reflects the effects of clopidogrel compared with the placebo in subgroups that were defined according to metabolizer phenotype or functional allele carrier status.

5 In 1535 patients who underwent PCI.

(483
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Platelet Inhibition With Prasugrel-Thrombolysis In Myocardial In-
farction 38) study, CYP2C19 loss-of-function allele carriers had a
higher rate of recurrent ischemic events, including stent thrombosis,
compared with non-carriers (Table 3) [19]. Genetic variants in other
examined CYP enzymes were not associated with the primary
outcome, and no association was observed between bleeding risk
and CYP genotypes. This study further confirms that patients carrying
at least one variant CYP2C19 allele have an increased risk for adverse
cardiovascular events after PCL

Another study assessed a cohort of 2,208 patients with myocardial
infarction from the prospective, observational French Registry of
Acute ST-Elevation and Non-ST-Elevation Myocardial Infarction
(FASTMI) registry [23]. This study also used composite primary
outcomes, which included death from any cause, nonfatal myocardial
infarction, or stroke. In this study, the CYP2C19*2, *3, *4, and *5 alleles
and the ABCB1 variant were genotyped. The ABCB1 gene encodes an
intestinal efflux pump P-glycoprotein that is involved in clopidogrel
absorption. Patients with two variant CYP2C19 alleles were more
likely to experience a primary outcome event compared with non-
carriers (Table 3). Those patients who possessed two CYP2C19 loss-of-
function alleles and at least one ABCB1 variant allele were at the
highest risk for a primary outcome event compared to both CYP2C19
and ABCB1 wild-type homozygous patients.

The association between the CYP2C19 genotype and a composite
end point of cardiovascular death, nonfatal myocardial infarction, and
urgent revascularization was studied in a prospective cohort study
that consisted of 259 young patients aged <45 years who had survived
a first myocardial infarction (Table 3) [24]. Compared to wild-type
CYP2C19 homozygotes (72%), patients with the CYP2C19*2 allele
(28%) were at significantly higher risk for the primary end point at
one year. This increased risk was demonstrated soon after clopidogrel
treatment was initiated and persisted throughout the study period. An
increased risk for stent thrombosis was also found in CYP2C19*2 allele
carriers. A multivariable analysis suggested that the CYP2C19
genotype was the only independent predictor of cardiovascular
events in this population.

In a recent systematic meta-analysis of 10 studies involving 11,959
patients, Hulot et al. demonstrated that carriers of the loss-of-function
CYP2C19*2 allele were at 30% higher risk for major adverse clinical events
compared to non-carriers (9.7% vs. 7.8%; odds ratio (OR): 1.29; 95%
confidence interval (C1): 1.12 to 1.49; p<0.001). CYP2C19*2 alone was also
associated with increased mortality (1.8% vs. 1.0%; OR: 1.79; 95% CI: 1.10
to 2.91; p=0.019; n=6,225) and stent thrombosis (2.9% vs. 0.9%; OR:
3.45; 95% (I: 2.14 to 5.57; p<0.001; n=4,905). This increased risk was
apparent in both heterozygotes and homozygotes and was independent
of the baseline cardiovascular risk {56].

The above-mentioned studies that showed carriers of loss-of-function
alleles (such as the CYP2C19°2 and CYP2C19*3 alleles) had reduced
benefits from clopidogrel did not include a randomized control group.
Therefore, the potential pleiotropic effects of loss-of-function alleles on
the outcomes of clopidogrel treatment cannot be excluded. A more recent
study included two large randomized placebo controlled trials (the CURE
and ACTIVE A studies), and the results suggested that the efficacy and
safety of clopidogrel compared to the placebo were not affected by
CYP2C19 loss-of-function alleles (Table 3) [25]. There was no significant
difference in the effects of clopidogrel treatment on the clinical outcomes
when these patients were stratified based on the metabolizer phenotype.
As for reason why the greatest benefit of clopidogrel was the reduction in
the rate of stent thrombosis, one possible explanation for this difference
from previous studies might be that it was partially due to the interaction
between study treatment and genotype with respect to cardiovascular
events among patients. A relatively large difference in the rates of PCl
patients with stenting could be found, with 14.5% in the CURE study and
more than 70% in previous studies [13,19,23,24], and thus an interaction in
the subgroup of patients who receive stents, particularly drug-eluting
stents which were not in use at the time of the CURE trial, could not be

excluded. The finding of the previous studies that the greatest effect of
loss-of-function alleles on the clinical efficacy of clopidogrel was the effect
on stent thrombosis, supports the possible influence of such an interaction
on the opposite conclusion [19,21,22,24].

In a recent cohort study of 1,524 patients who underwent PCI, the
gain-of-function allele CYP2C19*17 in the regulatory region of the gene
was associated with a higher risk of bleeding among clopidogrel-treated
patients [26]. Among patients who were homozygous for the CYP2C19*17
variant, there was an approximately 4-fold increase in bleeding events.
Despite the significant impact of this allele on bleeding events, the
protective effects of the CYP2C19*17 allele on the occurrence of stent
thrombosis or other ischemic events were not observed (Table 3) [23,26}.
On the other hand, a recent prospective randomized, placebo controlled
study found that clopidogrel was associated with an enhanced ability to
reduce ischemic events in patients with acute coronary syndromes who
had the CYP2C19*17 allele, although this effect was not observed in
patients with atrial fibrillation who had the CYP2C19*17 allele (Table 3)
[25]. The increased benefit of clopidogrel in CYP2C19*17 carriers is
consistent with pharmacodynamic data that associated this genetic
variant with increased enzymatic activity and an enhanced platelet
response to clopidogrel [26,39,55]. However, the effects of clopidogrel
compared to the placebo on major bleeding were consistent among the
subgroups that were defined according to the metabolizer phenotype or
their functional allele carrier status [25].

Genome-wide association study of clopidogrel responsiveness

To further reconcile and solidify the existing data on the genetic
determinants of clopidogrel responsiveness, a genome-wide associ-
ation study examined the marked heterogeneity in ADP-stimulated
platelet aggregation in response to clopidogrel among healthy Amish
subjects {13]. Remarkably, a cluster of 13 single nucleotide poly-
morphisms within and flanking the CYP2C18-2C19-2C9-2C8 cluster on
chromosome 10q24 (out of about 400,000 single nucleotide poly-
morphisms analyzed genome-wide) was strongly associated with a
clopidogrel response (p=10""? to 1077). Further mapping identified
the CYP2C19*2 variant, which accounted for most or all of the signals
that were associated with 10g924. In a replication study involving
patients undergoing PCI, carriers of the CYP2C19*2 allele had higher
rates of cardiovascular events at the 1-year follow-up assessment
compared to non-carriers, which was consistent with the increased
risk for major adverse events in previous studies (Table 3). In this
study, the CYP2C19*2 genotype was estimated to account for
approximately 12% of the variation in the response to clopidogrel.
With age, body mass index, and lipid levels, approximately 22% of the
variation in the response to clopidogrel could be explained.

Contribution of PON1 to clopidogrel interindividual variability

Following the identification of PONT as a new mediator that drives
the conversion of the clopidogrel into the active metabolite, Bouman
et al. found that the common PON1 Q192R gene polymorphism was
functional in which the PONT Q192 variant had a lower and less
efficient conversion of 2-oxo-clopidogrel to the active metabolite than
the PON1 R192 variant [20].

With respect to the biological mechanism underlying this effect, a
case-cohort study in individuals with coronary artery disease who
underwent PCI and received clopidogrel therapy found that, com-
pared with individuals with either the PON1 RR192 or the QR192
genotype, QQ192 homozygous individuals were more frequent in the
stent thrombosis group (66%, 27 out of 41 patients) than in the
thrombosis-free group (35%, 25 out of 71 patients) (OR: 3.6; 95% CI:
1.6-7.9; p=0.003). This finding was confirmed and extended in an
independently replicated study in a prospective cohort of 1,982
individuals with acute coronary syndromes [20]. Overall, the PON1
Q192R variant accounted for 72.5% of the variability in response to
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ADP-induced platelet aggregation after clopidogrel treatment. There-
fore, genotyping of PONT might be used to identify clopidogrel
responders and help to predict the clinical efficacy. However, studies
will be needed to replicate the influence of PON1 polymorphisms on
the platelet responsiveness and clinical outcomes with clopidogrel
therapy.

Contribution of other factors to clopidogrel interindividual
variability

Although the heritability of the response to clopidogrel is
approximately 70% [13], the majority of factors, including genetic
and non-genetic, that influence the interindividual variation in the
platelet response to clopidogrel are still unexplained. Additional
genetic factors, including the genetic variants of CYP3A4{56,53,57] and
CYP3A5[53,58-60] encoding CYP enzymes that produce the active
clopidogrel metabolite, P2RY12 encoding the platelet ADP receptor
P2Y1,{23,60-63], and ABCB1{23,64] encoding P-glycoprotein for
clopidogrel absorption, might be responsible for the interindividual
variability in the response to clopidogrel. However, most of the
studies that have examined these possibilities have produced
differing results on the impact of these genetic variants on clopidogrel
responsiveness and clinical outcomes. Of note, the ABCB1 3435TT
genotype (rs1045642), which has been associated with variability in
the response to clopidogrel and worse clinical outcomes, might
improve the ability to predict clopidogrel non-responsiveness when
combined with the CYP2C19 genotypes [23,64].

In addition to genetic factors, the interpatient variability in the
response to clopidogrel is influenced by environmental, cellular, and
pathophysiological clinical factors. Among the environmental factors,
age, smoking, diet, and drug-drug interactions involving CYP2C19,
CYP3A4, CYP1A2, and CYP2C9 isoenzymes have been shown to
influence the response to clopidogrel. Proton-pump inhibitors (PPIs),
lipophilic statins, calcium channel blockers, caffeine, St. John's wort,
and warfarin are thought to alter the pharmacodynamic effects of
clopidogrel through drug-drug interactions [65-67]. However, cur-
rently there are insufficient data to judge the clinical consequences of
these interactions. Furthermore, cellular mechanisms such as the life
span of platelets, increased platelet sensitivity or reaction to ADP, and
upregulation of the P2Y; and P2Y, pathways as well as pathophys-
iological clinical factors such as diabetes, acute coronary syndrome,
patient compliance, underdosing or inappropriate clopidogrel dosing,
triglycerides, high-density lipoprotein cholesterol and body mass
index may cause variability in the response to clopidogrel [13-16].
Therefore, it will be important to further investigate whether these
factors affect the response to clopidogrel when optimizing personal-
ized antiplatelet therapy.

Perspectives for personalized clopidogrel dosing

The US Food and Drug Administration (FDA) has added a boxed
warning to the clopidogrel label which suggests that individuals with
poor metabolizer genotypes (i.e., CYP2C19*2 and *3 carriers) may be at
increased risk for adverse cardiovascular outcomes and should
consider other antiplatelet medications or alternative dosing strate-
gies [68]. This notice advocates that it may be beneficial to identify
patients at “higher or lower risk of poor clopidogrel responsiveness”
defined as carriers or non-carriers of the CYP2C19 loss-of-function
alleles. The combination of genotyping and ex vivo platelet function
testing may ultimately become the most cost-effective strategy to
identify a subset of patients who are most likely to respond to
clopidogrel [69,70]. The US FDA notice also advocates implementing
strategies that adjust the clopidogrel dose or use alternative
antiplatelet agents in high-risk patients. Alternative strategies for
antiplatelet treatment, such as a higher clopidogrel maintenance dose
and the use of the more potent thienopyridine or direct acting drugs

(i.e., prasugrel, cangrelor, ticagrelor and elinogrel) may be beneficial
in patients with stent thrombosis and hypo- or non-responsiveness to
clopidogrel [71-76]. However, according to late-breaking results of
the clinical trial GRAVITAS (Gauging Responsiveness With a Verify-
Now Assay-Impact on Thrombosis and Safety), a high dose of
clopidogrel did not reduce the incidence of death, myocardial
infarction, or in-stent restenosis in certain high-risk patients who
had drug-eluting stents implanted [77].

In the future, it is likely that pharmacogenomic findings will be
used in clinical practice to individualize medicine. However, before
routine genotyping can be used to guide personalized antiplatelet
clopidogrel therapy, some challenges should be addressed. For
personalized antiplatelet therapy to be optimally applied, it will be
necessary to generate a rapid and accurate point-of-care CYP2C19
genotyping platform because clopidogrel therapy is often immedi-
ately initiated when the patient presents at the emergency depart-
ment, allowing little time for genetic testing before initiating the
therapy. On the other hand, there are also cost-effectiveness issues
associated with genotyping a population of patients with acute
coronary syndrome [78]. In addition, it is still unknown whether the
platelet function assay combined with CYP2C19 genetic testing will be
more effective in identifying clopidogrel non-responsive or high-risk
patients than either test alone. To date, there have been no studies
that have evaluated the safety and efficiency of switching patients to
alternative therapies, including higher clopidogrel maintenance or
loading doses and other P2Y, receptor inhibitors, when the patients
were classified as clopidogrel non-responsive based on their geno-
types. Apart from genetic factors, it is still necessary to determine how
exogenous modifiers of cytochrome P450 function (such as PPIs).
interact with endogenous genetic modulators [79].

There have been marked interethnic differences in the incidence of
poor metabolizers among individuals with CYP2C19 and PON1 poly-
morphisms. Further studies are needed to confirm the comprehensive
influence of CYP2C19 and PON1 variant alleles on the antiplatelet
effects of clopidogrel and the clinical outcomes in various ethnic
populations, especially among individuals with Asian and African
ancestry, who have a much higher prevalence of loss-of-function
CYP2C19 alleles but a lower prevalence of the PON1 Q192 allele with
lower enzyme activity than Caucasians.
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