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expression
(relative)®

UNIPROT Tissue

ID

Ensembl ID

NCBI transcript Vega ID

Current
symbol_YZ gene
symbols

MGI ID_YZ Current MGI

acids

Subunit Amino GenBank ID

Strand" MW

Exons

Gene
size
(bp)

Chr 8
coordinates

Table 2 continued
Mouse CES

gene

(proposed)
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Prostate

Q8ROWS

ENSMUSG

NM_001003951 None

Ces7

MGI:1915185 Ces7

AB186393

64,167 575

21,512 13

96,038,095-

Ces5a

[0.03]

00000058019

+ve

96,059,607

RefSeq, GenBank, UNIPROT, MGI, Vega, and Ensembl IDs provide the sources for the gene and protein sequences; gene sizes are given as base pairs of nucleotides

http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/

ps pseudogene (Ces2d-ps)

? +4ve and —ve = transcription strand

The relative gene expression level for mouse Ces genes in comparison with the expression of an average mouse gene is given in brackets

CES1-like and CES2-like subunits exhibited higher levels
of sequence identities with the CES family homolog in
each case [66-78% identities for human and mouse CES1-
like subunits and 64-72% for human and mouse CES2-like
subunits, respectively (data not shown)], suggesting that
these are members of the same mammalian CES families,
in each case. Similar results were observed for comparisons
of human CES3, CES4A (previously CES6 or CES8), and
CESS5A (previously CES7) with the corresponding mouse
CES homolog sequences, with 65, 72, and 69% identities
being observed, respectively. This supports the designation
of these CES genes as members of the same family, in each
case.

The amino acid sequences for the human CES subunits
examined contained 567 (CES1), 559 (CES2), 571 (CES3),
561 (CES4A), and 575 (CESS5A) residues (Fig. 1). Previ-
ous studies on human CES1 have identified key residues
that contribute to the catalytic, oligomeric, subcellular
localization and regulatory functions for this enzyme
(sequence numbers refer to human CES1). These included
the catalytic triad for the active site (Ser221; Glu354;
His468) (Cygler et al. 1993); disulfide bond-forming resi-
dues (Cys87/Cys116 and Cys274/Cys285) (Lockridge et al.
1987); microsomal targeting sequences, including the
hydrophobic N-terminus signal peptide (Potter et al. 1998;
von Heijne 1983; Zhen et al. 1995) and the C-terminal
endoplasmic reticulum (ER) retention sequence (His-Ile-
Glu-Leu) (Robbi and Beaufay 1983); and ligand-binding
sites, including the “Z-site” (Gly356), the “side door”
(Val424-Met425-Phe426), and the “gate” (Phe550) resi-
dues (Bencharit et al. 2003, 2006; Fleming et al. 2005).
Identical residues were observed for each of the human
CES subunit families for the active site triad and disulfide
bond-forming residues, although changes were observed
for some key residues for CES1 subunits, including the
“side-door” and “gate” of the active site, with family-
specific sequences or residues in each case. The “Z-site”
(Gly356 for human CES1) has been retained for human
CES2 and CES5A sequences, but substituted for CES3
(Ser) and CES4A (Asn). The hydrophobic N-terminal
sequence for human CES sequences has undergone major
changes, although this region retains a predicted signal
peptide property. The human CES C-terminal tetrapeptide
sequences have also changed, although CES2 (HTEL) and
CES3 (QEDL) are similar in sequence with human CES1
(HIEL), which plays a role in the localization of human
CES1 within endoplasmic reticulum membranes (Robbi
and Beaufay 1983).

Other key human CES1 sequences included two charge
clamps that are responsible for subunit-subunit interaction,
namely, residues Lys78/Glul83 and Glu72/Argl186, which
contribute to the trimeric and hexameric structures for this
enzyme (Bencharit et al. 2003, 2006; Fleming et al. 2005).
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Signal peptide
’ .

CES]
CES2 DSMSEDC
CES3 FSVSED®
CES4A LRFSEDC
CES5A FGVSEDC]

Leevanee seie:
Exon 6
CES1 LWLSPLAKNL

g4 Exon 2
PR 33

Bs a2 Exon 3 p7
m'rsvppmonrmq ULSELFT~ 1P 109

LG1PEAKPPLG PLREAP PEPPESWSGVRDGTTHRAM  LQDL -~ TAVESEFLSQFMMTEPS 116
IPFAQPPLGPDRFSAPHPAQPWEG
VPFSRPPLGILRFAPPEPFJPWKG
vpsmpvsummpnspwmmmsvmmmns—-EwLLle-m LKVHYFK 114

ASTAPPMCLODV--ESMESSREV-LNGKQQT 117
'I'TYPPGCLQEa -WGQLABMYVS - TRERYKW 109

CES2 GDELPF ¥IK! E: FARNGH PNGEGL PHWFLF DOEEQ
CES3 . A { » TH DPNSKAL PPWPQFNQAE!

PR

Fig. 1 Amino acid sequence alignments for human CESI, CES2,
CES3, CES4A, and CES5A subunits. See Table 1 for CES isoform
sequences aligned. Asterisk identical residues for CES subunits; colon
similar alternate residues; dot dissimilar alternate residues. Signal
peptide sequences for CESI (1-17), CES2 (1-25), CES3 (1-27),
CES4A (1-19), and CES5A (1-24) and C- termini (MTS) microsomal
targeting sequences for CES1 (564-567), CES2 (556-569), and CES3
(568-571) are shown in red. Active site (AS) triad residues (human
CES1) Ser221, Glu354, and His468 are highlighted in green. “Side
door” (Val424-Met425-Phe426), “Gate” (Phe550), and cholesterol
binding residue (“Z site”) (Gly356) for human CES1 (Fleming et al.
2005) are highlighted in khaki. Disulfide bond Cys residues for human
CES1 (filled circle) are shown in blue. Charge clamp residues
identified for human CES1 (Glu72---Argl86; Lys78---Glul83)

Other human CES subunit sequences for these charge
clamp sites included substitutions with neutral amino acids
for the human CES2 and CESS5A sequences, while the
CES3 and CES4A sequences retained one potential clamp
site (Fig. 1). Pindel et al. (1997) and Holmes et al. (2009b)
have reported monomeric subunit structures for human and
baboon CES2, which is consistent with the absence of
charge clamps for this enzyme. This could have a major
influence on the kinetics and biochemical roles for human
CES isozymes since three-dimensional studies have indi-
cated that ligand binding to the human CES1 “Z-site”
shifts the trimer-hexamer equilibrium toward the trimer
that facilitates substrate binding and enzyme catalysis
(Redinbo and Potter 2005). The N-glycosylation site for
human CES1 at Asn79-Ala80-Thr81 (Bencharit et al. 2003,
2006; Fleming et al. 2005; Kroetz et al. 1993) was not
retained for any of the other human CES sequences,
although potential N-glycosylation sites were observed at
other positions, including CES2 (site 3), CES3 (site 2),
CES4A (sites 4, 5, and 7), and CES5A (sites 6, 8, and 9)

@ Springer
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(Fleming et al. 2005) are highlighted in purple. Confirmed (CESI)
(Asn79-Ala80-Thr81) [site 1] or predicted N-glycosylation sites for
human CES2 (Asnl11-Met112-Thr113) [site 3]; CES3 (Asnl05-
Ser106-Ser107) [site 2]; CES4A (Asn213-Val214-Thr215) [site 4],
Asn276-Ser-277-Thr278) [site 5], and Asn388-I1e389-Thr390) [site
71; and CES5A (Asn363-Lys364-Ser365) [site 6], (Asn513-Leu514-
Thr515) [site 8], and (Asn524-Met525-Ser526 [site 9] are highlighted
in blue. o-Helix (human CES1 or predicted) and S-sheet (human
CES1 or predicted) regions are highlighted in yellow and gray,
respectively. a-Helices and f-sheets are numbered according to the
reported human CES1 3D structure (Fleming et al. 2005). Bold
underlined font shows known or predicted exon start sites; exon
numbers refer to the human CES! gene (see Langmann et al. 1997).
(Color figure online)

(Table 4). Given the reported role of the N-glycosylated
carbohydrate group contributing to CES1 stability and
maintaining catalytic efficiency (Kroetz et al. 1993), the N-
glycosylation sites predicted for other human CES subunits
may perform similar functions or indeed may serve new
functions specific to a particular CES family.

Predicted secondary structures for human CES2
(Holmes et al. 2009b), CES3 (Holmes et al. 2010), CES4A
(Holmes et al. 2009a), and CES5A (Holmes et al. 2008a)
sequences were compared with those reported for human
CES1, and similar a-helix $-sheet structures were observed
for all of the CES subunits examined (Bencharit et al. 2003,
2006) (Fig. 1). This was especially apparent near key res-
idues or functional domains such as the «-helix within
the N-terminal signal peptide, the f-sheet and a-helix
structures near the active site Ser221 (human CES1) and
“Z-site” (Glu354/Gly356, respectively), the o-helices
bordering the “side door” site, and the a-helix containing
the “gate” residue (Phe550 for human CES1). The human
CES5A sequence, however, contained a predicted helix at
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CES1 34.8kb on reverse strand

Fig. 2 Gene structures and major isoforms for human CESI, CES2,
CES3, CES4A, and CESS5A genes. Derived from AceView website
http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/ (Thierry-Mieg
and Thierry-Mieg 2006). Mature isoform variants (a) are shown with
capped 5" and 3’ ends for the predicted mRNA sequences. Exons are
in solid color. 5' and 3’ untranslated regions of the genes are shown as

the hydrophobic C-terminus not observed for other CES
subunits which may perform a family-specific function.
Predicted 3D structures have been previously described for
each of the human CES subunits (Holmes et al. 2008a,
2009a, b, 2010); they were similar to the human CES1
structure (Bencharit et al. 2003, 2006).

Mouse Ces genes and enzymes

Table 2 summarizes the proposed names, locations, and
overall structures for the Ces genes observed for the mouse
genome (July 2007 mouse [Mus musculus] genome data
obtained from the Build 37 assembly by NCBI and the
Mouse Genome Sequencing Consortium) (http://www.
ncbi.nlm.nih.gov was used in this study). The italicized
gene name Ces is consistent with other mouse gene
nomenclature and is preferred to the CES stem used for
human genes. At least 20 mouse Ces genes are recognized
on the Mouse Genome Database http://www.informatics.
jax.org/) (MGI) and further described in terms of their
locations on mouse chromosome 8, the number of predicted
exons for each gene, predicted strand for transcription,
number of amino acid residues and subunit molecular
weights (MWs) for the encoded CES subunits, and identifi-
cation symbols from MGI (e.g., MGI3648919 for Cesla),
NCBI (Reference Sequences were identified from the
National Center for Biotechnology Information database)
(http://www.ncbi.nlm.nih.gov/), Vega (the VErtebrate

5§ CORTIIIRIIRDy 3

open boxes. Introns are shown as a line. The 5 — 3/ transcription
directions are shown. a refers to the major transcript isoform for each
human CES gene. Note that each CES gene structure is drawn to a
different scale and that the respective gene sizes are shown: CESI,
34.8 kb; CES2, 10.9 kb; CES3, 13.9 kb; CES4A, 22.3 kb; and
CES5A, 79.3 kb. (Color figure online)

Genome Annotation database) (http:/vega.sanger.ac.uk/
index.html), UNIPROT (Universal Protein Resource)
(http://www.ebi.ac.uk/uniprot/), and Ensembl (Genome
Database) (http://www.ensembl.org/) database sources.
Eight Cesl-like genes are located in tandem within a
360-kb segment of mouse chromosome 8, with an average
gene size of 28 kb. The names for these genes (Cesla,
Ceslb,..., Ceslh) are allocated in the same order as their
locations on the mouse genome (Table 3). The Ces!-like
gene cluster is also located near the mouse CesSa gene,
which is comparable to the CESIPI1-CESI-CES5A cluster
observed for human chromosome 16. Each of these genes
contained 13 or 14 exons predicted for transcription on the
negative strand and with encoded CES subunits exhibiting
distinct but similar amino acid sequences (554-567 resi-
dues). The subunits were 63-85% identical with each other
and with the human CES1 sequence, which is consistent
with these being members of the mouse Ces! gene family.
Mouse Cesl-like genes included several that have been
previously investigated, including CesIc (previously called
EsI), encoding a major mouse plasma esterase with 554
amino acid residues and also exhibiting lung surfactant
convertase activity (Genetta et al. 1988; Krishnasamy et al.
1998); Cesld (previously Ces3), encoding a mouse liver
enzyme with 565 residues and exhibiting triacylglycerol
hydrolase activity (Dolinsky et al. 2001); Cesle (previ-
ously called Es22 or egasyn), encoding a liver CES with
562 residues and exhibiting p-glucuronidase-binding
properties (Ovnic et al. 1991); and Ceslg (previously

@ Springer
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Cesl), encoding a liver CES with 565 amino acid residues
and exhibiting lipid metabolizing activity (Table 4) (EIl-
ingham et al. 1998).

Eight Ces2-like genes were also observed in a second
286-kb gene cluster on mouse chromosome 8, with an
average gene size of approximately 8 kb (Table 2). These
genes were named according to their sequence of position
on the mouse genome (Ces2a, Ces2b,..., Ces2h) and
included a pseudogene designated Ces2d-ps. Three of these
mouse Ces2-like genes have been previously described,
including Ces2c (previously Ces2), encoding an inducible
liver acyl-carnitine hydrolase enzyme with 561 residues
(Furihata et al. 2003); Ces2e (previously Ces5), encoding a
liver and intestinal enzyme with 560 amino acid residues
(The MGC Project Team 2004); and Ces2a (previously
Ces6), encoding a liver and colon enzyme with 558 resi-
dues (The MGC Project Team 2004). The Ces2-like cluster
was located alongside two Ces3-like mouse genes (Ces3a
and Ces3b) and a Ces4a gene (Table 3); this is comparable
to the CES2-CES3-CES4A gene cluster on human chro-
mosome 16 (Table 1). The Ces3a gene (previously mouse
esterase 31 or Est31) is expressed strongly in male mouse
livers and encodes a 554-residue CES3-like subunit (Aida
et al. 1993), whereas the Ces3b gene (previously Es3IL or
EG13909) is also expressed in liver and encodes a 568-
residue subunit (The MGC Project Team 2004). The Ces4a
gene (previously called EST8 or Ces8) encodes an enzyme
predicted for secretion in epidermal cells with 563 amino
acid residues and showing 72% identity with human
CES4A (The MGC Project Team 2004).

Rat Ces genes and enzymes

Table 3 summarizes the proposed names, locations, and
structures for Ces genes observed for the rat genome [the
November 2004 rat (Rattus norvegicus) genome assembly
based on version 3.4 produced by the Baylor Human
Genome Sequencing Center (Gibbs et al. 2004) was used in
this study]. Fifteen rat Ces genes were identified on the Rat
Genome Database (RGD) (http://rgd.mcw.edu/) and further
characterized by their locations on rat chromosomes 1 and
19, the number of predicted exons for each gene, the pre-
dicted strand for transcription, current gene symbols, the
number of amino acid residues and subunit MWs for the
encoded CES subunits, and the identification symbols from
RGD (e.g., RGD1583671 for Cesla), NCBI Reference
Sequences (http://www.ncbi.nlm.nih.gov/), Vega (http://vega.
sanger.ac.uk/index.html), UNIPROT (http://www.ebi.ac.
uk/uniprot/), and Ensembl (http://www.ensembl.org/)
database sources.

Five Cesl-like genes were located in tandem within a
201-kb segment of rat chromosome 19, with an average

@ Springer

gene size of 33 kb (Table 3). The names for these genes
(Cesla, Ceslc,..., Ceslf) were allocated according to their
degree of identity with the corresponding mouse Ces!-like
genes (Table 3). The genes were located in tandem in the
same order as the mouse Cesl-like genes and were near the
rat Ces5a gene. This is comparable to the CESIPI-
CES1A-CES5A gene cluster observed for human chromo-
some 16. The rat Ces!-like genes contained 14 exons and
were predicted for transcription on the positive strand, with
encoded CES subunits exhibiting similar amino acid
sequences (550-565 residues). The subunits were 65-73%
identical with each other and with the human CESI
sequence, which is consistent with membership of the rat
Cesl gene family. The encoded rat Cesl-like subunit
sequences showed higher levels of identity with the cor-
responding mouse Cesl-like sequences (81-92% for rat
and mouse CESla, CESlc, CESI1d, CESle, and CESIf
amino acid sequences). At least three rat Ces/-like genes
have been previously described, including Ceslc (previ-
ously called EsI), encoding a rat plasma esterase (Sanghani
et al. 2002; Vanlith et al. 1993); Cesld (previously Ces3),
encoding a rat liver enzyme with 565 residues and exhib-
iting cholesteryl ester hydrolase activity (Ghosh et al. 1995;
Robbi et al. 1990); and Cesle (previously called ES-3 or
egasyn), encoding a rat liver Ces with 561 residues and
having f-glucuronidase-binding properties (Robbi and
Beaufay 1994).

Seven rat Ces2-like genes were observed on the rat
genome and were localized on two chromosomes: chro-
mosome 1 (Ces2c and Ces2i) and chromosome 19 in three
locations: Ces2a and Ces2e; Ces2j; and Ces2g and Ces2h
(Table 3). The genes were named according to the degree
of sequence identity with the corresponding mouse Ces2-
like genes. Rat Ces2-like genes have been previously
investigated, including Ces2c (previously Ces2), encoding
an inducible liver acyl-carnitine hydrolase enzyme with
561 residues (Furihata et al. 2003); Ces2e (previously
Ces5), encoding a liver and intestinal enzyme with 560
amino acid residues (The MGC Project Team 2004); and
Ces2a (previously Ces6), encoding a liver and colon
enzyme with 558 residues.(The MGC Project Team 2004).
The rat Ces2-like cluster was located alongside a Ces3-like
gene (Ces3a and Ces3b) and a Ces4a gene (Table 3),
which is comparable to the CES2A-CES3A-CES4A gene
cluster on human chromosome 16 (Table 1).

Functions of mammalian CES families

Mammalian CES families exhibit broad substrate speci-
ficities, and specific roles for these enzymes have been
difficult to establish because of the promiscuity of the CES
active site toward a wide range of substrates and the
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Table 4 Functions and substrates for human CES and mouse and rat Ces genes and enzymes

Mammal CES (Ces) gene Current gene symbol(s) Substrates and function (hydrolysis or detoxification)
Human CESI CESI, hCE-1, CESIAI, HUI Heroin, cocaine'™, methyl phenidate®, temocapril®,
CPT-115, flurbiprofen’
CEs! Fatty acid ethyl ester synthase®, sarin®, ciclesonide'®,
cholesteryl ester hydrolase'’, triacylglycerol hydrolase!!
CES2 CES2, hCE-2, HU? Procaine®, heroin, cocaine!™, temacapril’, CPT-11,6 flurbiprofen”,
doxazolidine'?
CES3 CES3 CPT-11°
Mouse Ceslc Esl, Ces-N Lung surfactant convertase'>, CPT-11'*
Cesld Ces3 Triacylglycerol hydrolase'>
Cesle Es22, egasyn B-glucuronidase binding in the liver endoplasmic reticulum'®,
retinyl ester hydrolase2®
Ceslf CesMLI, TGH-2 Triacylglycerol hydrolase®’, monoacylglycerol hydrolase®”,
cholestery] ester hydrolase™, phospholipase?’
Ceslg Cesl Lipid metabolism'”
Ces2c Ces2 Inducible liver acylcarnitine hydrolase’®
Rat Ceslc Esl Retinyl palmitate'®
Cesld Ces3 Cholesterol ester hydrolase®®, triacylglycerol hydrolase®’,
retinyl ester hydrolase®®
Cesle ES-3 B-glucuronidase binding in the liver endoplasmic reticulum?!
Ces2a Ces6 Intestinal first pass metabolism?
Ces2c Ces2 Inducible liver acylcarnitine hydrolase'®, intestinal first
pass metabolism??
Ces2e Ces5 Intestinal first pass metabolism?
Cat CES5A CES7, cauxin 3-Methylbutanol-cysteinylglycine hydrolysis in urine
releasing pheromone®
Rat, sheep CESS5A CES7, cauxin Lipid transfer reactions in epididymis®*

! Pindel et al. 1997, * Bencharit et al. 2003, > Satoh and Hosokawa 2006, 4 Sun et al. 2004, 5 Takai et al. 1997, ® Humerickhouse ot al. 2000, Xu
et al. 2002, Ohtsuka et al. 2003, Morton et al. 2005, ” flurbiprofen derivatives serve as substrates, Imai 2006, Taketani et al. 2007, Hosokawa
2008, ® Diczfalusy et al. 2001, > Hemmert et al. 2010, '° Mutch et al. 2007, ' Becker et al. 1994, ' Barthel et al. 2008, '3 Krishnasamy et al.
1998, Ruppert et al. 2006, '* Morton et al. 2005, ** Dolinsky et al. 2005, ' Ovnic et al. 1991, !7 Ellingham et al. 1998, Ko et al. 2009,
'8 Furihata et al. 2003, '® Sanghani et al. 2002, 2 Ghosh et al. 1995, Okazaki et al. 2008, ! Robbi and Beaufay 1994, 22 Masaki et al. 2007,
2 Miyazaki et al. 2006, > Ecroyd et al. 2006, Zhang et al. 2009, 2 Gilham et al. 2005, 2 Schreiber et al. 2009, 2’ Lehner and Vance 1999,

28 Okazaki et al. 2006, 2° Linke et al. 2005

existence of multiple forms with overlapping specificities
(Fleming et al. 2005; Imai 2006; Leinweber 1987; Redinbo
and Potter 2005; Satoh and Hosokawa 1998, 2006).
Table 4 summarizes current knowledge concerning sub-
strates and functions reported for human, mouse, and rat
CES gene family members.

Studies on human CES1 have examined its role in the
metabolism of various drugs, including narcotics such as
heroin and cocaine (Bencharit et al. 2003; Pindel et al.
1997), warfare nerve agents (Hemmert et al. 2010), psy-
chostimulants (Sun et al. 2004), analgesics (Takai et al.
1997), and chemotherapy drugs (Sanghani et al. 2004).
Mammalian liver is predominantly responsible for drug
clearance from the body, with CES1 and CES2 (with
CES1 > CES2) playing major roles, following absorption
of drugs into the circulation (Imai 2006; Pindel et al. 1997).
Mammalian intestine (with CES2 > CES1) plays a major
role in first-pass clearance of several drugs, predominantly

via CES2 in the ileum and jejunum (Imai et al. 2003).
CES1 and CES2 also have different roles in prodrug
activation, as shown for the anticancer drug irinotecan
(CPT-11), which is converted to its active form SN-38
predominantly by CES2 (Humerickhouse et al. 2000).
Recent modeling studies have shown that the human CES2
active site cavity is lined with negatively charged residues;
this may explain the preference of this enzyme for neutral
substrates (Vistoli et al. 2010). The role for human CES3
has not been studied extensively, although the enzyme is
capable of activating prodrugs such as irinotecan (Sanghani
et al. 2004). There are no reports concerning the metabolic
role(s) for human CES4A, and functional studies on
mammalian CES5 function are limited to feline species,
where the enzyme is secreted into cat urine and apparently
regulates the production of a cat-specific amino acid “fel-
inine,” a putative pheromone precursor (Miyazaki et al.
2006).
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Evolution of mammalian CES gene families

Recent comparative and evolutionary studies (Holmes et al.
2008b; Williams et al. 2010) have concluded that there are at
least five major mammalian CES gene families. In addition,
the gene duplication events that generated the ancestral
mammalian CESI, CES2, CES3, CES4, and CESS5 genes
have apparently predated the common ancestor for marsupial
and eutherian mammals (Holmes et al. 2008b) which has
been estimated at approximately 173-193 million years ago
(Woodburne et al. 2003) and may coincide with the early
diversification of tetrapods approximately 350-360 million
years ago (Donoghue and Benton 2007). The mammalian
CES gene families are ancient in their genetic origins and
were established prior to the appearance of mammals during
evolution. Further CES/Ces gene duplication events have
subsequently occurred during-mammalian evolution, how-
ever, especially for rodent species, for which the mouse and
rat Cesl-like and Ces2-like genes have apparently under-
gone successive duplication events. Atleast three of these are
likely to have occurred in the common ancestor for rat and
mouse during rodent evolution since several homolog genes
and proteins were recognized, including Ceslc (previously
Esl), Cesld (Ces3), Cesle (Es22), Ces2a (Ces6), Ces2c
(Ces2), and Ces2e (CesS) (Tables 3, 4). With the exception
of the rat Ces2-like genes, which were located in multiple

clusters on chromosomes 1 and 19, human, mouse, and rat

CES genes were localized within two clusters of genes on the
same chromosome, namely, Ces/-Ces5A (with multiple
Cesl-like genes) and Ces2-Ces3—Ces4A (with multiple
Ces2-like genes in mouse and rat). The presence of two Ces3-
like genes in the mouse suggests that a further duplication
event also took place in this species.

Conclusions

This article has examined human, mouse, and rat carb-
oxylesterase genes and encoded subunits and has proposed
a new nomenclature system, identifying each of five gene
families (designated as CESI, CES2,..., CES5 for human
genes and Cesl, Ces2,..., Ces5 for mouse and rat genes)
and allocating a unique gene name for each of the genes.
The italicized root symbol “CES” for human and “Ces”
for mouse and rat genes followed by a number for the
family were used, which is consistent with current practice.
When multiple genes were identified for a gene family or
where 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,
Ceslb) was added after the number. A human CES pseu-
dogene was named, using a capital “P” and a number (e.g.,
CESIPI), whereas mouse and rat Ces pseudogenes were
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named with a unique lower-case letter followed by “-ps’
(e.g., Ces2d-ps). This new nomenclature will also assist in
naming muiltiple CES genes and proteins from other
mammalian species. As an example, Holmes et al. (2009c¢)
and Williams et al. (2010) have reported multiple CES/-
like genes on the horse genome that may be designated in
accordance with the recommended nomenclature as
CESIA, CESIB, CESIC, and so on, in order of the tandem
locations of these genes on chromosome 3. Transcript
isoforms of CES gene transcripts were named by following
the gene name with the GenBank ID for the specific tran-
script. This nomenclature will assist our understanding of
the genetic relatedness and the CES family origins for
individual human, mouse, and rat CES genes and proteins
and facilitate future research into the structure, function,
and evolution of these genes. It will also serve as a model
for naming CES genes from other mammalian species.
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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT

AIMS

Human carboxylesterase 1 (CES1) hydrolyzes irinotecan to produce an active metabolite
SN-38 in the liver. The human CEST gene family consists of two functional genes, CES1A]
(1A1) and CES1A2 (1A2), which are located tail-to-tail on chromosome 16q13-q22.1
(CESTA2-1A1).The pseudogene CESTA3 (1A3) and a chimeric CES1AT variant (var1A1) are also
found as polymorphic isoforms of 1A2 and A1, respectively. In this study, roles of CES1
genotypes and major SNPs in irinotecan ph, kinetics were investigated in Jag

cancer patients.

METHODS

CES1A diplotypes [combinations of haplotypes A (143-1A1), B (1A2-1A1),C {1A3-var1Al) and
D (1A2-var1A1)] and the major SNPs (~75T>G and ~30G>A in 1A7,and -816A>C in 142 and
TA3) were d ined in 177 Japi cancer pati Associations of CEST genotypes,
number of functional CEST genes (1A1, 1A2 and var1A1) and major SNPs, with the AUC ratio
of (SN-38 + SN-38G)/irinotecan, a parameter of in vivo CES activity, were analyzed for 58
patients treated with irinotecan monotherapy.

WHAT THIS STUDY ADDS RESULTS

The median AUC ratio of patients having three or four functional CEST genes (diplotypes
A/B, A/D or B/C, (/D, B/B and B/D; n = 35) was 1.24-fold of that in patients with two
functional CES1 genes (diplotypes A/A, A/C and C/C;n = 23) [median (25th-75th
percentiles): 0.31 (0.25-0.38) vs. 0.25 (0.20-0.32), P = 0.0134). No significant effects of
varlAl and the major SNPs examined were observed.

CONCLUSION
This study suggests a gene-dose effect of functional CES1A genes on SN-38 formation in
irinotec: ted J cancerf

222 / Br)Clin Pharmacol / 70:2 [ 222-233 © 2010 The Authors

Journal compilation © 2010 The British Pharmacological Society
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introduction

Human carboxylesterases (CESs) are members of the
w/B-hydrolase-fold family and are localized in the endo-
plasmic reticulum of many different cell types. These
enzymes efficiently catalyze the hydrolysis of a variety of
ester- and amide-containing chemicals as well as drugs
{including prodrugs) to the respective free acids. They are
involved in detoxification or metabolic activation of
various drugs, environmental toxicants and carcinogens.
CESs also catalyze the hydrolysis of endogenous com-
pounds such as short- and long-chain acyl-glycerals, long-
chain acyl-carnitine, and long-chain acyl-CoA esters. The
two major CES families CES1 and CES2 have been identi-
fied in human tissues. CES? is abundant in the liver and
lung but not in the intestine, while CES2 is highly
expressed in the intestine and kidney but has low expres-
sion in the liver and lung [1].

Human CES1 and CES2 are involved in producing a
topoisomerase | inhibitor SN-38, an active metabolite of

Effect of CEST genotypes on irinotecan PK BJCP

irinotecan which is clinically used for colorectal, lung
and other cancers [2]. SN-38 is further inactivated by UDP-
glucuronosyltransferase 1As (UGT1As) to produce SN-38
glucuronide (SN-38G). lIrinotecan is also converted
by cytochrome P450 3A4 (CYP3A4) to an inactive
compound 7-ethyl-10-[4-N-(S-aminopentanoic  acid)-1-
piperidinojcarbonyloxycamptothecin (APC) (Figure 1),
Recent pharmacogenetic studies on irinotecan have
revealed significant associations of UGTIA? polymor-
phisms *28 [-54_39A(TA)s TAA>A(TA); TAA or —40_39insTA)
and *6 [211G>A (G71R)], the latter being specifically
detected in East Asians, with reduced clearance of SN-38
resulting in severe neutropenia [3-8). These findings have
led to the clinical application of genetic testing for
UGT1A1*28 in the United States (since August 2005) and
for UGT1A7*6 and *28 in Japan {since March 2009). In addi-
tion, possible additive effects of genotypes of the trans-
porters for irinotecan and its metabolites, such as ABCB1,
ABCC2, ABCG2 and SLLO18B1, have been suggested [9-12].
We previously analyzed CES2 polymorphisms in a Japanese

Irinotecan (prodrug)

CES

SN-38 (active)

lUGTIAs

COOH ¢ ﬁ
H A N | (o]
H o N \0

H OH HO
SN-38G (inactive)

Figure 1

CYPlA4

APC (inactive)

In vivo CES activity ‘
= AUC ratio [(SN-38 + SN-38G)/irinotecan]

In vivo CYP3A4 activity
= AUC ratio (APClirinotecan)

Metabolic pathway of irinotecan. The prodrug irinotecan is hydrolyzed by carboxylesterase (CES) to protiuce an active metabolite SN-38, and subsequently
detoxified by UDP-glucuronosyitransferase 1As (UGT1As) to produce an inactive metabolite SN-38 glucuronide (SN-38G). Irinotecan is also metabolized by

cytochrome P450 3A4 (CYP3A4) to produce another inactive metabolite APC
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population and identified minor genetic variations which
were associated with lower expression/function in vitro
and in vivo [13, 14]. However, major CES2 haplotypes (*1b
and *1¢} did not affect irinotecan pharmacokinetics (PK)
[14). Since CES1 is expressed at higher levels in the liver, a
major organ for activating irinotecan, it is possible that
CES! genotypes affect the plasma concentrations of
irinotecan metabolites. However, their clinical relevance
to irinotecan pharmacokinetics/pharmacodynamics has
not yet been fully investigated,

Functional human CES? genes include CESTAT (1A1)
and CES1A2 (1A2), which are inversely located (tail-to-tail)
on chromosome 16q13-q22.1 {1A2-1A1).Both 1A7 and 1A2
consist of 14 exons encoding 567 amino acids, and they
have 98% homology with 5 nucleotide (4 amino acid) dif-
ferences in exon 1, which encodes a signal peptide [1].
Recent studies also identified CESTAT variants (var1A7),in
which exon 1 was replaced with exon 1 of CES?A2, and a
pseudogene CES1A3 (1A3; formerly referred to as CES4)
replacing CES1A2 [15, 16). The 1A3 sequence from the pro-
moter region to exon 1 is the same as that of CESTA2, but
contains a stop codon in exon 3. The sequence down-
stream from exon 11 is highly homologous with that of
1AT (NT_010498) [16]. Ethnic differences in these CEST
genes (1A1, var1A?, 1A2 and 1A3) have been reported
[16].

Expression levels of CES1A2 mRNA were lower than
those of CESTA1 mRNA in several tissues. This CES1A1
up-regulation could be mediated by additional Sp1 and
C/EBP binding sites in the promoter region [17]. Transcript
levels of CES1A2 derived from variAl were reported
to be higher than those from the original 1A2 {15, 16].
These findings suggest that polymorphisms in the
upstream region of CESTAT or variAl could affect their
expression.

In addition to structural variations of the CEST gene
family, several single nucleotide polymorphisms (SNPs)
and small deletion/insertion variants were found.-816C in
the CES1A2 promoter region was reported to be associated
with enhanced. CES1A2 expression and imidapril efficacy
[18). Furthermore, ~816A>C was found to be linked with
several SNPs (-62T>C, ~47G>C, —46G>T, 4106, —40A>G,
~37G>C, —34del/G and -32G>T) in the proximal promoter
region, leading to two additional Sp1 binding sites, and
these additional sites were suggested to increase tran-
scription of 1A2 [19).

In this context, this study investigated the clinical sig-
nificance of CES? genotypes in irinotecan therapy. For this
purpose, we analyzed the CEST genotypes (combinations
of four CESTA isoforms) and major SNPs in the CESTA!
exon 1 with its adjacent region and in the CES1A2 and
1A3 promoter regions, which could be important for CES1
expression or function, in Japanese cancer patients
treated with irinotecan, and then examined the associa-
tions of these CEST genotypes or SNPs with irinotecan
PK.

224 | 70:2 / Br) Clin Pharmacol

Methods

Patients

Genetic analysis of 177 Jfapanese cancer patients who
received irinotecan therapy at the National Cancer Center
in Japan was performed. The patients were the same as
those described in our previous study [7], where details on
eligibility criteria for irinotecan therapy, patient profiles
and irinotecan regimens were described. Since the AUC
ratio [(SN-38 + SN-38G) : irinotecan), a parameter of in vivo
CES activity, was influenced by irinotecan regimens [14), 58
patients receiving irinotecan monotherapy (100 mgm™
weekly or 150 mg m™ biweekly) from the 177 patients
were primarily used for analysis of the association between
CEST genotypes and irinotecan PK parameters. The patient
set was the same as used in our previous study on CES2
[14].This study was approved by the ethics committees of
the National Cancer Center and the National Institute of
Health Sciences, and written informed consent was
obtained from all participants.

Determination of CES1 genotypes and SNPs
For describing the CEST gene family, haplotypes A to D
designated by Fukami et al.[16] were used (Figure 2): hap-
iotype A, CESTA3-CESTAT (1A3-1A1); haplotype B, CES1A2-
CES1AT (1A2-1A1); haplotype C, CESTA3-CESIA1 variant
{1A3-var1A1); and haplotype D, CE51A2-CES1A1 variant
{1A2-var1A1). To determine the diplotypes, combinations
of haplotypes A to D,we sequenced 1A1/var1Al exon 1 and
its flanking region and the 1A2/1A3 promoter region of 177
patients. These regions are indicated in Figure 2, and a list
of primers/probes is shown in Table 1.

For discrimination between 1A7 and var1A7, their exon
1s and flanking regions were sequenced ({Figure 2a).
Briefly, the first PCR was performed using 25 ng of genomic
DNA with 0.625 units of Ex-Taq (Takara Bio. Inc,, Shiga,
Japan) and 0.2pm of primers, Ces1-FP and Cesl-RP
(Table 1a, first PCR). The PCR conditions were 94°C for
S min, followed by 30 cycles of 94°C for 30 5,60°C for 1 min,
and 72°C for 2 min, and then a final extension at 72°C for
7 min. Then, the second PCR was performed with the
primers, Cest_seqF and Cesi_seqgR (Table 1a, second PCR)
under the same reaction conditions described above. The
PCR products were treated with a PCR Product Pre-
Sequencing Kit (USB Co,, Cleveland, OH, USA) and directly
sequenced on both strands using an ABI BigDye Termina-
tor Cycle Sequencing Kit (Applied Biosystems, Foster City,
CA, USA) with the sequencing primers listed in Table 1a
{sequencing). Excess dye was removed by a DyeEx96 kit
(Qiagen, Hilden, Germany), and the eluates were analyzed
on an ABI Prism 3730 DNA Analyzer (Applied Biosystems).
The conditions of the PCR and sequencing procedures
described in the following section were the same as
described above unless otherwise noted.

1A2 and 1A3 were discriminated by the restriction frag-
ment length polymorphism (RFLP) method for exon 5
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B
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(d) (e, 9 © ®
Figure 2

CEST gene structure and haplotypes. The regions used for haplotype determination in this study are indicated with arrows (a-f)

reported by Fukami et al. [16] (Figure 2b). Briefly, the PCR
was performed using a primer set (1A-int4F and 1A-int5AS)
(Table 1b), and then the PCR products were digested with
Pvull to produce CES1A3-derived fragments (409 bp and
248bp). UV intensity of the fragments stained with
ethidium bromide was measured after electrophoresis (2%
agarose gel). The number of 1A3 (0, 1 or 2) was also con-
firmed by direct sequencing of exon 5 using the same
primer set.To verify that the 1A3 sequence is derived from
the pseudogene, we confirmed the existence of a stop
codon at codon 105 of 7A3 exon 3 (Figure 2¢) in 11 ran-
domly selected patients (heterozygous or homozygous)
by amplification and sequencing using primers listed in
Table 1c.

Genotyping for -816A>C in the 1A2 and 1A3 promoter
region (Figure 2d) was conducted by the TagMan method
of Geshi et al.[18] (Table 1d) in all patients. We also exam-
ined attribution of ~816C to 1A2 or 1A3 by specific ampli-
fications from 5’-regions to intron 1 of the 742 and 1A3
(Figure 2ef) in 23 randomly selected heterozygous
patients. For specific amplifications, primers CES1A3-
1A2_F1 and CES1A2 R1 for CES1A2 (Table 1e) and primers
CES1A3-1A2_F1 and CES1A3 R1 for 1A3 (Table 1f, first PCR)
were used with 0.05 U pI™' LA-Taq with GC buffer | (Takara
Bio. Inc.); and for 1A3, the second PCR using primers
CES1A3-1A2_F2 and CES1A3 R2 (Table 1f, second PCR)
was also conducted with 0.05U pl” Ex-taq. Then, direct
sequencing of the 7A2 and 7A3 PCR products was per-

formed. Complete linkage among —-816A>C and several
SNPs in the proximal promoter region (between -62 to
—32) [19] was confirmed for 11 randomly selected subjects.

All variations were confirmed by sequencing PCR prod-
ucts generated from new amplifications from genomic
DNA. GenBank NT_010498.15 was used as the reference
sequence for CES1A1, CES1A3 and the promoter region of
CES1A2,and AB119998.1 was used for exon 1 and its down-
stream region of CES1A2. The translational initiation site
was designated as +1 to describe the polymorphism posi-
tions. Diplotype configuration was estimated with the
LDSUPPORT software [20]. The diplotypes A/D and B/C
could not be distinguished.

Pharmacokinetic data and association analysis
The area under the concentration-time curve (AUC) values
foririnotecan and its metabolites, SN-38, SN-38G and APC,
were previously obtained (4, 21]. The AUC ratio of SN-38
plus SN-38G to irinotecan [AUCsn-3s + sn-386/AUCiinotecan] Was
used as a parameter reflecting in vivo CES activity [14). The
AUC ratio of APC to irinotecan [AUCapc/AUCiinotecan] Was
used as a parameter for in vivo CYP3A4 activity [21].
Statistical significance (two-sided, P < 0.05) for associa-
tions between AUC ratios (or AUC/dose) and CEST geno-
types or SNPs was determined by the Mann-Whitney test
orthe Jonckheere-Terpstra (JT) test using Prism version 4.0
(GraphPad Prism Software Inc. San Diego, CA, USA) and
StatXact version 6.0 (Cytel Inc,, Cambridge, MA). Correla-
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Table 1

Primers and probes used in this study

Ces1-Fp
Ces1-RP
Cesl_seqF -
Ces1_seqR
Ces1_SF2
- Ces1_SR
(b) CES1A1, 1A2 and 7A3 exon 5
PCR and sequencing 1A-ntdF
1A~Nt5AS
CES1A3-15183F
. CES1A3-15974R
- Sequencing (additional primer) CES1A3-15823R
(d) CES1A2 and 1A3 -816A>C genotyping
PCR F
R
TagMan probe FAM
viC
(e) CES1A2 promoter region
PR CES1A3-CES1A2_F1
CES1A2_R1
(f) CES1A3 promoter region
First PCR CESTA3-CES1A2_F1
CEST1A3_R1
Second PCR CES1A3-CES1AZ_F2
CES1A3_R2
Seqeuncing of CESTA2/1A3 promoter region
CES1A3-CES1A2_F2
CES1A3-CES1A2_R1
CES1A3-CES1A2_F3
CES1A3-CES1A2_R2

5-CCAGGCAAAACCTAGGAGTG-3'
5-AGTACAGGGCGATCTCAGGA-3’
“5“GTATTTCCTTAGCCAGCGGTA-3" -
5-CAGAGCCGGACCTGTTGE3'
~AGAGCCTGGAAAGCTATGAAAA-3’
TTITCTACGCATCTGCGCCCACC-3 S

[16]
5-GCTCAGTAAATAGTTGCCAGTT-3"
5-TCTCATCAGCATCACATCAAG-3'

e This study
5-CAGGGAAGATCGTIGTATTGGTTT-3’
5-TICCTTCCACCACTAACATIATTG-3'
5-AAGATGTTCATTAAAGATGCACAG-3' v

(sl
5-CCTTAATTTGGTGATTTCACATTGC-3’
5CAAGACATGGTTCAGCTTCTCAAG-3*
5-CATCACCCCTACTGC-3"
5-CATCACACCTACTGCT3"

This study
5"-ATGATTTCCAGCTTCATCTACA-3' :
5-GAGAGAACGTTCCCATGTCTTT-3"

This study
5-ATGATTTCCAGCTTCATCTACA-3'
5GCTTGAGTTTTCTTTACAGACA-3'
S-AACAGTTTATAACCTGTTATTITTE-3'
S-TGCTTTGGATAAAGACAAGATGTT-3*

5-AACAGTTTATAACCTGTTATTTTT-3"
5-CACACTTCCAATCTCAGGTAAA-3
5-TTATGCCACAAGCAGTTGGGCG-3*
5-TCCAAGTCCAATTCCAAGTACGGA-3'

NT_010498.15 was used as the reference sequence for CESTAT, CESTA3 and the promoter region of CESTAZ2, and AB119998.1 was used for exon 1 and its downsiream region

of CES1A2,

tions between the AUC ratios [AUCsn.3s + sn-386/AUCisnotecan)
and [AUCapc/AUCiinaecan) Were analyzed by Spearman's
rank correlation test. Multiplicity adjustment was not
applied to bivariate analysis, and contributions of
the candidate genetic markers to the AUC ratios
[AUCisn.35 + sn.386/AUCiinotecan] Were further determined by
multiple regression analysis after logarithmic transforma-
tion of the AUC ratio.The variables examined were age, sex,
body surface area, history of smoking or drinking, perfor-
mance status, serum biochemistry (GOT, ALP, creatinine)
at baseline, CEST genotypes and SNPs, CES2*2
[100C>T(R34W)] or *5 [1AST (M1L)] [13, 14], UGT1A1*6 or
*28 [7, 8), and the transporter haplotypes, ABCBI*2
[2677G>T(A893A)], ABCC2*1A (-1774delG), ABCGZ'lIB
[421C>A (Q141K) and IVS12+49G>T) and SLCO1AT1*15-17
[521T>C (V174A)] [10]. The variables in the final models
were selected by the forward and backward stepwise pro-
cedure at a significance level of 0.10 using JMP version
7.0.0 (SAS Institute, Inc,, Cary, NC, USA). UGT1A1*6 or *28
was grouped as ‘+' for stratifying patients: for example,
homozygous UGT1A1 *6 or *28 was depicted as UGT+/+.

226 [/ 70:2 / Br) Clin Pharmacol

Results

Genotypes and SNPs of CES1 gene family
in Japanese
Frequencies of individual CES7 genes and CEST diplotypes
stratified according to the number of functional CES?
genes are summarized in Table 2. The frequencies of the
patients with two, three and four functional CEST genes
were 44%, 47% and 9%, respectively, in all 177 patients.
By sequencing 7A7 and var1AT exon 1s and their flank-
ing region, we detected four novel variations; three in the
5’-flanking region and one in the 5”-untranslated region
(5’-UTR) (Table 3): —258C>T (allele frequency: 0.014),
-233C>A (0.003), ~161A>G (0.006) and -30G>A (0.042).
Eleven nucleotide substitutions from the 5-UTR to intron 1
at allele frequencies of 0.294-0.299 were closely linked
with var1A1 (Table 3). The SNP —-816A>C found in the 142
and 1A3 promoter regions was genotyped by a TagMan
method [18], and the allele frequency of —-816A>C in 177
subjects was 0.249 (Table 4). It was noted that —816C was
detected only in patients with 1A3 (1A3/1A2 and 1A3/1A3),
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Table 2

Frequency of CES1 genes and diplotypes in Japanese cancer patients

2 0 0 2

1 1 0 2

0 2 0 2

2 0 1 1

AID or B/C 1 1 1 1

/D o 2 1 1

B/8 2 0 2 0

BID 1 1 2 0

D/D 0 2 i) 0
Frequency (n = 354) 0.703 0.297 0325 0675
(monotherapy: n = 116} 0.690 0310 0.336 0.664

Effect of CEST genotypes on irinotecan PK BJCP

3 0237 0469 0293 0534
0.192 0.190
0040 0052

4 0040 0.090 0017 0.069
S 0034 0052
0.017 0.000

*Number of functional genes. tNumber of subjects. $Number of chromosomes

but not in the 7A2 homozygotes (1A2/1A2).In the 1A2/1A3
patients, 38 of the 39 patients having —816C were het-
erozygous for —816C (Table 4). These findings suggested a
close association between —816C with 7A3. Following spe-
cific amplifications of the regions from 5’-regions to intron
1in 1A2 and 7A3 (Figure 2e,f) of 23 patients randomly
selected from the 38 patients with —-816A/C and 1A2/1A3,
we confirmed that -816C resided in the 1A3 gene (data not
shown). Thus, ~816A>C is the major SNP of 1A3 but very
rare in 1A2.In addition, the SNPs,—62T>C,-47G>C,-46G>T,
—41C>G, —40A>G, —37G>C, —34del/G and —32G>T, in the
proximal promoter region reported to be linked with
~-816A>C [19] were found to be completely linked with 7A3
(data not shown).

Association of CES1 genotypes with in vivo
CES activity
CEST diplotypes In patients treated with irinotecan mono-
therapy, we found the AUC ratios of patients with haplo-
types A or C (having the 1A3 pseudogene) were lower than
those without A or C, indicating functional CES? gene
number dependency. The median AUC ratio of patients
having three or four functional CES7 genes was 1.24-fold of
that in patients with two functional CES7 genes [median
(25th-75th percentiles): 0.31 (0.25-0.38) vs. 0.25 (0.20-
0.32), P = 0.0134, Mann-Whitney test)] (Figure 3a). No sig-
nificant differences were observed between 1A7 and
var1A1 (among 1A1/1A1, var1A1/1A1 and varlAl/var1Al).
As we previously reported, the CES2 variations, CES2*5
[TA>T(M1L)] and CES2*2 [100C>T(R34W)] (13, 14] showed
low CES activity as indicated in Figure 3a.
Platinum-containing regimens themselves enhance
renal excretion of irinotecan and its metabolites, especially
SN-38G. No significant effect of CEST gene number on the
AUC ratio was observed. However, it was noted that
the median renal excretion ratio [(SN-38 + SN-38G)/
irinotecan] in patients with four functional CEST genes was
1.37-fold higher than that in patients with two or three

functional genes (P=0.0217, Mann-Whitney test) (data not
shown).

To exclude the possibility that the higher AUC ratio
observed above (Figure3a) was biased by CYP3A4,
another metabolic enzyme for irinotecan, we analyzed the
association between the (SN-38 + SN-38G)/irinotecan AUC
ratio and the APC/irinotecan AUC ratio, an in vivo param-
eter of CYP3A4 activity [21],in patients treated with irino-
tecan monotherapy. The result showed no correlation
between the two parameters (Spearman r = 0.126, P =
0.345).

CES1 SNPs Next, associations of the two 7A7 SNPs,
—75G>T and —-30G>A (Table 3) and 7A43-816A>C with the
AUCratio [(SN-38 + SN-38G)/irinotecan] were analyzed.The
effects of the SNPs were analyzed in patients stratified by
the functional CES? gene number and also in all the
patients receiving monotherapy. A ~75G>T-dependent
increase in the AUC ratio was observed in the whole group
of patients (P = 0.027, JT test) (Figure 3b), and this trend
was remarkable in patients with three or four functional
CEST genes. No significant effect of ~-30G>A was observed
(Figure 3c). As for —816C in 7A3, no association between
this SNP and the AUC ratio was evident in patients with
two or three functional CEST genes (Figure 3d). In the
platinum-containing regimens, no significant effects of
these SNPs on the AUC ratio or the renal recovery ratio
were observed (data not shown).

Multivariate analysis The contribution of CEST genotypes
to the AUC ratio was further analyzed by multivariate
analysis, using the patient background factors and poly-
morphisms including the haplotypes of CES2, UGT1AT and
transporters as variables (7, 8, 10, 13, 14]. The final model
revealed a significant association of the functional CES1
gene number (n = 3 or 4) with the AUC ratio. Contributions
of smoking history, irinotecan dose, hepatic and renal func-
tion were also detected while that of ABCB1*2 (+/+) was

Br J Clin Pharmacol / 70:2 [/ 227
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Table 4

Frequency of CES1A2(/1A3) promoter SNP -816A>C in Japanese cancer
patients ’

RRR—
0/32 (0%)
AC 0
: e 0
1A2/1A3 AA a4 407166 (24.1%)
AIC 38
[¢/a 1
~ 1A31A3 : NA 41 48/156 {(30.8%)
o e Vo 26
e "
Total 177 88/354 (24.9%)

not significant (Table 5). The CEST genotypes explained
22.6% of variability in the final model among all the vari-
ables and 11.3% of total variability in the AUC ratio.

Effects of CES1 genotypes on SN-38 AUC

and toxicity

To clarify the clinical importance of CES? genotyping for
irinotecan therapy, the effects of CES1 genotypes or SNPs
on AUC levels of the active metabolite SN-38 and neutro-
penia were examined in the non-UGT+/+ patients. In this
non-UGT+/+ population, significantly higher AUC ratios of
(SN-38 + SN-38G)/irinotecan were also observed in the
patients with three or four functional CES7 genes (P =
0.0234, Mann-Whitney test) as observed in all the patients
treated with irinotecan monotherapy (Figure 3a). With
increased number of functional CES! genes, an increasing
trend of SN-38 AUC/dose was observed in patients receiv-
ing irinotecan monotherapy (1.4-fold for four genes vs.
two genes; P = 0.080, JT test) (Figure 4). However, multiple
regression analysis revealed no statistically significant con-
tribution of CES7 genotypes to SN-38 AUC/dose although
UGT1A1™6 or*28” and ABCB1*2/*2 showed significant con-
tributions [10]. Regarding neutropenia, a higher incidence
(though statistically insignificant) for grade 3/4 neutrope-
nia in patients with four functional CES1 genes was
observed (50% for four genes and 16% for two or three
genes, P=0.09, Fisher's exact test). The effects of the SNPs
(-75G>T, —-30G>A and -816A>C) on SN-38 AUC or inci-
dence grade 3/4 neutropenia were not significant (data
not shown). In platinum-containing regimens, no signifi-
cant effects of the CEST genotypes on SN-38 AUC/dose or
incidence of grade 3/4 neutropenia were detected in the
non-UGT+/+ patients (data not shown).

Discussion

Recent pharmacogenetic studies onirinotecan have shown
the clinical significance of UGT1A1 *6 and *28 in Japanese

Effect of CEST genotypes on irinotecan PK BJCP

patients [7,8] and UGT1A1*28 in Caucasians [5, 6] for severe
neutropenia. Subsequent studies have revealed additional
genetic factors including transporters [10-12]. However,
the clinical importance of genotypes of the irinotecan-
activating enzymes CEST and CES2 is still uncertain.

Since the hydrolytic activity of CES2 for irinotecan was
reported to be much higher than that of CES1 [2], most
studies have focused on the clinical significance of CES2
polymorphisms in irinotecan therapy [13, 14, 22]. We pre-
viously identified minor CES2 genetic variations in Japa-
nese, including CES2*2 [100C>T (R34W)] and CES2*5 [1AST
(M1L)] which caused low in vitro expression/function of
CES2 [13, 14] and also exhibited reduced in vivo CES activ-
ity in irinotecan-treated patients [14] (also see Figure 3a).
However, the major CES2 haplotypes in Japanese, *1b
(IVS10-108G>A and 1749A>G, frequency = 0.233) and *Ic
(-363C>G, IVS10-108G>A and IVS10-87G>A, frequency =
0.027), did not show any significant effects on irinotecan
PK [14].No clinical significance of CES2 polymorphisms has
been reported in Caucasians [22]. Neither CEST nor CES2
SNPs affecting their mRNA expression in normal colonic
mucosa were found in European and African populations
[23]. Since precise structures of the CES7 genes and their
promoter regions had not been elucidated, evaluation of
the roles of the CEST genotypes in irinotecan therapy has
been rather difficult.

In the present study, the frequencies of individual CES1
genes (1A1, varlAl, 1A2 and 1A3) (Table 2) were almost
comparable with the previous report in the Japanese
population (0.748, 0.252, 0.313 and 0.687, respectively)
[16].To our knowledge, the present study is the first report
suggesting a possible effect of CES7 genotypes on irinote-
can PK. This study showed that the AUC ratio [(SN-38 +
SN-38G)/irinotecan), and probably in vivo CES activity, was
elevated depending on the number of functional CFS1
genes (7A1, var1A7 and 1A2) in patients treated by irino-
tecan monotherapy (100 or 150 mgm™ irinotecan)
(Figure 3a). This gene-dose effect was not clearly shown
in the platinum-containing combination therapy (60-
70 mg m™2 irinotecan), where renal excretion of irinotecan
and its metabolites (especially SN-38G) is highly enhanced
by a large volume of infusion fluid. However, the median
renal excretion ratio [(SN-38 + SN-38G)/irinotecan] in
patients with four functional genes was 1.37-fold higher
than that in patients with two or three functional genes in
the platinum-containing therapy (data not shown), sup-
porting a partial but significant contribution of the CES1s
to activate irinotecan.The present study showed no signifi-
cant differences in the AUC ratios between 1A1 and var1A1
(Figure 3a), indicating a common upstream region may be
involved in regulation of gene expression of 1A7 and
var1A1.The previous reports showed the expression levels
of CES1A2 were lower than those of CES1A1 [17] and sug-
gested that CES1A2 mRNA was derived mainly from tran-
scription of var1A1 rather than the original 71A2(15,16).The
present study, on the other hand, has suggested that the
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Figure 3

Association of CEST diplotypes (A) or SNPs (B-D) with AUC ratio [(SN-38 + SN-38G)/irinotecan], an in vivo index of CES activity, in Japanese cancer patients
treated with irinotecan monotherapy (n = 58)."CEST gene number’ means the number of functional genes (141, varlAl and 1A2). Higher AUC ratios were
observed in patients with three or four functional CES? genes than with two functional genes (P = 0.0134, Mann-Whitney test) in (A). Patients with CES2*S
[CES2 1AST (M1L)] (CES2*5) and CES2*2 [CES2 100C>T (R34W)] (CES2*2) were found to have reduced CES activity in our previous study [13, 14]

Table 5

Multiple regression analysis of AUC ratio [(SN-38 + SN-38G)/irinotecan]* in
Japanese cancer patients treated with irinotecan monotherapy

100375
0.0005
0.0038
0.0399
0.0831
00215

0.034
0.001
0.027
0.062
0.024
0.016

= IR T
- Smoking = e

Initial dose of irinotecan (mg m™)

Serum GOT and ALPt

Serum creatinine (mg di™')
ABCB1°2% (+/4)

CES1 functional gene (n =3 or 4)

R = 0.500, Intercept = -0.248, n = 58. * Values after logarithmic conversion
were used. t Grade 1 or greater for both GOT and ALP.  ABCBI°2 [2677G>T
(A8935)].
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1A2 transcript could contribute to the total CES activity
because the [(SN-38 + SN-38G)/irinotecan] AUC ratios of
patients without 1A2 (with two functional CEST genes)
were lower than those with 1A2 (with three or four func-
tional genes) (Figure 3a). However, it must be noted that
the increase in the AUC ratio by three or four functional
CES1 genes was only 20% compared with two functional
genes (Figure 3a), and that such alterations might be
masked by other non-genetic factors. In fact, hepatic and
renal function, irinotecan dosage and smoking history
were found to be potent contributors to this parameter
(Table 5).

-816A>C SNP in 1A2 was reported to be associated
with imidapril efficacy and a higher promoter activity for
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Figure 4

Association of CES! genotypes with SN-38 AUC/dose in UGT(-/- and +/-) patients treated with irinotecan monotherapy (n = 51)."CES1 gene number means
the number of functional genes (1A7, var1AT and 1A2). One patient with an outlying value who had ABCB1*2 [2677G>T (A893S)) and *14 [2677G>T (A8935)
and 1345G>A 230 (E448K)] was excluded from this analysis [10). A slightly increasing trend in SN-38 AUC(/dose) was observed depending on functional CES1
gene number. (P = 0.080, Jonckheere-Terpstra test). The patients with CES2*5 [CES2 1A>T (M1L)] (CES2*5) and CES2*2 [CES2 100C>T (R34W)) (CES2*2) [13, 14)

are marked

CES1A2 (18] and had strong linkage with SNPs in the proxi-
mal promoter region (between —62 to —32) which resulted
in additional Sp1 binding sites in the 1A2 promoter region
[19). However, our current study showed no significant
effect of —-816A>C on the AUC ratio.This can be explained
by our finding that —816C and several linked SNPs were
mostly located on the CES1A3 psuedogene but not the
functional 1A2 gene.

We newly detected three SNPs (-~258C>T,-233C>A and
-161A>G) in the 5"-flanking region and one SNP (-30 G>A)
in the 5-UTR of CES1AT (Table 3).The effect of —30 G>A on
the AUC ratio was not significant (Figure 3c). The frequen-
cies of three other SNPs in the 5'-flanking region were very
low (0.003-0.014) which made statistical analysis difficult.
These SNPs are not located in the putative transcriptional
regulatory regions of CES1A1, the binding sites of transcrip-
tion factors Sp1 and C/EBP [17]. The AUC ratios of the
patients with these SNPs were within the 25th-75th per-
centiles except that slightly higher values were shown
in the two -258T patients who received platinum-
combination therapy (data not shown). Thus, clinical
impact of these SNPs would be small.

Withrespectto the clinicalimportance of CEST genotyp-
ing for irinotecan therapy, the effects of CES1 genotypes on
the AUC level of the active metabolite SN-38 and incidence
of grade 3/4 neutropenia should be considered. Since the
patients homozygous for UGT1AT*6 or *28 (UGT+/+: *6/*6,
*6/*28 and *28/*28) showed higher SN-38 AUC/dose levels
and severe neutropenia [7],we examined the effects of CES1
genotypesand SNPs in the non-UGT+/+ patients.Increasing

trends of SN-38 AUC/dose (Figure 4) and incidence of grade
3/4 neutropenia were observed depending on the func-
tional CES7 gene number in patients with irinotecan mono-
therapy although statistical significance was not obtained.
For the platinum-containing regimens, no significant
effects of CES7 genotypes were shown.Thus, although pos-
sible effects of the CES7 genotypes on neutropenia could
not be excluded in irinotecan monotherapy, this study was
still insufficient to establish the clinical importance of CES1
genotyping in irinotecan therapy.Since the sample size will
be twice that of the present study to detect a statistically
significant decrease of absolute neutrophil counts in the
patients with four functional CES7 genes, future clinical data
obtained in a larger number of patients could clarify this
point.

In conclusion, this study suggests that the total number
of functional CES1A genes could influence the formation
of the active metabolite of irinotecan in Japanese cancer
patients.
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