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ABSTRACT

The adverse effects (diarrhea and neutropenia) of irinotecan (7-ethyl-10-[4-(1-piperidino)-1-piperidinol-
carbonyloxycamptothecin) are associated with genetic variants of uridine diphosphate glucuronosyl-
transferase 1A subfamilies (UGT1As). UGT1As are enzymes that metabolize the active form of
irinotecan, 7-ethyl-10 hydroxycamptothecin (SN-38), by glucuronidation in the liver. They are widely
known as predictive factors of severe adverse effects, such as neutropenia and diarrhea. Some studies
have suggested that variants of UGT1As affect SN-38 glucuronidation activities, thus exerting severe
adverse effects. We aimed to identify UGT1A isoforms that show SN-38 glucuronidation activity and
determine the relationship between UGTTA variants and SN-38 glucuronidation in vitro. We found that
UGT1A1 and UGT1A6-UGT1A10 displayed SN-38 glucuronidation activity. Among these, UGT1A1 was
the most active. Furthermore, the variants of these isoforms showed decreased SN-38 glucuronidation
activity. In our study, we compared the different variants of UGT1As, such as UGTIA1.6, UGTIAI.7,
UGTI1A1.27, UGT1A1.35, UGT1A7.3, UGT1A8.4, UGT1A10M59I, and UGT1A10T202I, to determine the differ-
ences in the reduction of glucuronidation. Our study elucidates the relationship between UGTTA var-
iants and the level of glucuronidation associated with each variant. Therefore, testing can be done
before the initiation of irinotecan treatment to predict potential toxicities and adverse effects.
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Introduction (Ilzukawa et al. 2009; Basit et al. 2020; Zhang H et al. 2020).
Moreover, substances that can be glucuronidated are differ-
ent for each UGT1A subfamily member (Maruo et al. 2010).
UGT1A1, UGT1A3, UGT1A6, UGT1A7, UGT1A8, UGT1A9, and
UGT1A10 can glucuronidate SN-38 (Hanioka et al. 2001;
Gagné 2002).

The adverse effects of irinotecan include neutropenia,
severe diarrhea, and asthenia, depending on the dose (Haaz
et al. 1997). UGTI1AT variants such as UGTTAT*6 (p.G71R) and
UGT1A1*28 (A(TA),TAA) are considered good predictors of
severe adverse effects of irinotecan (de Man et al. 2018).
Moreover, some studies have reported that UGTIAT*7
(p.Y486D), UGTIAT*27 (p.P229Q), UGTIA1*35 (p.L233R), and
UGT1AT1*60 (-3279T > G) are also predictors of severe adverse
effects (lyer et al. 1999; Gagné et al. 2002; Chen X et al.
2017). Other variants of UGTIA, such as UGTIA7*3

Irinotecan  (7-ethyl-10-[4-(1-piperidino)-1-piperidino]carbony-
loxycamptothecin) is a semisynthetic analog of the cytotoxic
alkaloid camptothecin. Irinotecan is widely used for the treat-
ment of colorectal, pancreatic, and lung cancers because of
its anticancer activity (de Man et al. 2018). It is converted to
the active metabolite 7-ethyl-10 hydroxycamptothecin (SN-
38) by carboxylesterase (de Man et al. 2018). SN-38 is further
glucuronidated to the inactive metabolite SN-38 glucuronide
(SN-38G) by uridine diphosphate glucuronosyltransferase 1A
(UGT1A) subfamily members (Haaz et al. 1997; Hanioka et al.
2001). In this catalytic reaction, uridine-5'-diphosphoglucur-
onic acid (UDPGA) acts as a co-substrate for the formation of
hydrophilic glucuronides from non-membrane-associated
substrates, such as steroids, bile acids, bilirubin, hormones,

dietary constituents, and various drugs, environmental xeno-
biotics, and carcinogens (Tukey and Strassburg 2000). Tissue-
specific expression varies among UGT1A subfamily members
(Tukey and Strassburg 2000). UGT1A1, UGT1A3, UGT1A4,
UGT1A6, and UGT1A9 are expressed in the human liver,
whereas UGT1AS5 is expressed in the human thymus, UGT1A7
in the human tonsil and kidney, UGT1A8 in the human blad-
der, and UGT1A10 is expressed in the human intestine

(p.N129K;p.R131K;p.W208R), UGT1A7*4 (p.W208R), UGT1A9*2
(p.C3Y), UGT1A9*3 (p.M33T), and UGTIA9*22 (-126_ -118
T9>T10), may also be predictors of irinotecan-induced tox-
icity (Gagné 2002; Villeneuve 2003; Cui 2016). However,
many UGTTA variants, particularly UGT1A6, UGTIA8, and
UGTI1A10, have not been investigated sufficiently.

Here, we aimed to identify UGT1A isoforms that show glu-
curonidation activity toward SN-38, and the relationship
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between UGTIA variants and SN-38 glucuronidation in vitro.
Our study provided basic information for the identification of
UGTTA variants that may serve as predictors of adverse
effects of irinotecan.

Materials and methods
Chemicals and reagents

UDPGA, p-aminobenzamide dihydrochloride, methanol, and
ethanol were obtained from Nacalai Tesque (Kyoto, Japan).
SN-38 was obtained from Tokyo Chemical Industry, Co., Ltd.
(Tokyo, Japan). SN-38 glucuronide was obtained from
Toronto Research Chemicals (Toronto, Ontario, Canada).
Acetonitrile Plus was obtained from Kanto Chemical Co., Inc
(Tokyo, Japan). Digitonin and sucrose were obtained from
Wako Pure Chemicals (Osaka, Japan). Immun-Blot
Polyvinylidene Fluoride Membrane, 10x Tris-Glycine buffer,
10x Tris-Glycine-SDS buffer, and 10% Mini-PROTEAN® TGX™
Precast Gels were obtained from Bio-Rad Laboratories
(Hercules, CA). Phenylmethylsulphonyl fluoride (PMSF) was
obtained from Merck (Darmstadt, Germany). Xbal and HindlIl
were obtained from Takara Bio Inc. (Kyoto, Japan).
Dulbecco’s modified Eagle’'s medium (DMEM), low glucose,
pyruvate, fetal bovine serum (FBS), and X-tremeGENE 9 DNA
transfection reagent were obtained from Sigma-Aldrich (St.
Louis, MO). The Q5 Site-Directed Mutagenesis Kit was
obtained from New England Biolabs (Ipswich, MA), and wild-
type UGT1 plasmid vectors (UGTTAT, UGTI1A3, UGTIA4,
UGTI1A5, UGT1A6, UGT1A7, UGT1A8, UGTIA9, and UGTIAI0
cDNA inserted in the pcR3.1 vector, respectively) were used
as previously described (lwai et al. 2004; Mori et al. 2005;
Takahashi et al. 2008; Mimura et al. 2011). The pCR vector
was obtained from Invitrogen (Carlsbad, CA). Mouse anti-
human UGTTA antibody and m-lgG « BP-HRP were obtained
from Santa Cruz Biotechnology (Dallas, TX). Mouse anti-
human UGT1A antibody was prepared against epitopes in
shared exons 2-5 (amino acids 234-533); this antibody rec-
ognized all UGT1A subfamily members. The UGT1A positive
control (0.05mg/mL) was obtained from Becton Dickinson
and Company (Franklin Lakes, NJ).

Construction of variant UGT1A expression plasmids

Although UGT1A1, UGT1A6, UGT1A7, UGT1A8, UGT1A9, and
UGT1A10 can conjugate with SN-38, only the UGTITAT var-
iants are considered to affect the SN-38 glucuronidation
activity. We considered the relationship between the com-
mon variants of UGTIAT and their SN-38 glucuronidation
activity. We generated mutant plasmid DNAs using plasmids
containing wildtype UGT1AT*1, UGTIA6*1, UGTIA7*1,
UGTI1A8*1, UGT1A9*1, and UGT1A10*1 (lwai et al. 2004; Mori
et al. 2005; Takahashi et al. 2008; Mimura et al. 2011).
UGT1A1*28 reduces transcriptional activity and protein levels;
however, it does not change amino acid composition.
Therefore, we did not examine the relationship between
these variants and their SN-38 glucuronidation activity. For
the construction of mutant plasmids, we used the Q5 Site-

Directed Mutagenesis Kit. We generated UGTIAT*6 (p.G71R),
UGT1A1*7 (p.Y486D), UGTIA1*27 (p.P229Q), and UGT1AT1*35
(p.L233R) using the UGTITAT*1 plasmid DNA, and UGT1A6*3
(p.S7A) using the UGT1A6*1 plasmid DNA. After generating
the UGT1A6*3 plasmid DNA, we generated UGTTA6*4 (p.S7A;
p.R184S), then developed UGTIA6*2 (p.S7A; p.T181A;
p.R184S) plasmid DNA using the UGT1A6*4 plasmid DNA. We
created a mutant plasmid DNA, UGTIA7*2 (p.N129K;
p.R131K), and UGT1A7*4 (p.W208R) using the UGT1A7*1 plas-
mid DNA. UGTTA7*3 (p.N129K; p.R131K; p.W208R) was gener-
ated using the UGT1A7*2 plasmid DNA and primers used to
generate UGTITA7*4. Similarly, we produced UGT1A8*2
(p.A173G), UGTIA8*3 (p.C277Y), and UGTIA8*4 (p.A144V;
p.A173G) using UGTIA8*1 plasmid DNA, UGT1A9*2 (p.C3Y)
and UGT1A9*3 (p.M33T) with UGT1A9*1 plasmid DNA, and
UGTIATOM591 and UGT1A10T202/ using UGT1A10*1 plasmid
DNA. Mutagenesis primers were designed using
NEBaseChanger™ (Supplemental Table 1). The mutant plas-
mid DNAs were then transfected with competent Escherichia
coli cells. The transfected competent cells were spread on
Luria Broth (LB) placed in 100-mm diameter Petri dishes con-
taining 100 mg/mL ampicillin. The colonies on the LB
medium were mass cultured with Terrific Broth and then
purified using the Genopure Plasmid Maxi Kit (F. Hoffman-La
Roche, Basel, Switzerland). Next, the products were digested
using Xbal and Hindlll to check whether each plasmid DNA
was cloned exactly. To check whether sequence variants
were generated, we used the BigDye Terminator v1.1 Cycle
Sequencing Kit (Thermo Fisher Scientific, Waltham, MA) with
the appropriate sequence primers (Supplemental Table 2)
(Gagné et al. 2002).

Expression of UGT1As

At 24 h before transfection, 6 x 10> COS-7 cells in DMEM and
10% FBS were seeded into a 100-mm diameter cell culture
dish. For transfection, we prepared 5mL of DMEM with
150 uL of X-tremeGENE 9 DNA Transfection Reagent and
50 ug of each plasmid DNA. We spread this solution into a
cell culture dish. The cells were incubated for 60h in a CO,
incubator at 37°C. After incubation, the transfected COS-7
cells were harvested using a cell scraper and stored at
—80°C with 20 uL of phosphate buffered saline (—) until fur-
ther use. We added 20 pL of digitonin solution (consisting of
54mg of digitonin per mL of 0.15M sucrose and 1mM
EDTA), 1uL of 0.1 mM p-aminobenzamide dihydrochloride,
and 1puL of 2mM PMSF into the transfected COS-7 cells and
ruptured the cells thrice using an ultrasound homogenizer
(ASTRASON®  Ultrasonic Liquid Processor; Misonix Inc.,
Farmingdale, NY) for 10s each. We used this cell homogen-
ate for further reaction and western blotting. We determined
the amount of each UGTTA protein in the cell homogenate
using immunoblotting.

Reaction of SN-38 with UGTs

Reaction mixtures (100 uL) contained 15 pL of cell homogen-
ate, 10 uL of SN-38 (1, 2, 5, 10, and 20 mM concentrations),
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10 UL of 20mM UDPGA, 15 pL of distilled water, and 50 pL of
reaction buffer that consisted of 100 mM Kpi (consisting of
100mM NaH,PO, and 100mM Na,HPO, adjusted pH 7.4)
and 10 mM MgCl,. These solutions were then incubated in a
37°C water bath for 1 and 2h. After incubation, 200 uL of
100% ethanol was added to terminate the reaction, vortexed
for 10s, and centrifuged for 15min at 10 000 x g. We meas-
ured the content of this supernatant using a high perform-
ance liquid chromatography (HPLC) system (LC-20 AD;
Shimadzu, Kyoto, Japan). For analyses of SN-38 and SN-38G,
the HPLC conditions were as follows: Wakopak Navi C30-5
column (3.0mm x 150mm; FUJIFILM Wako Chemicals,
Osaka, Japan), flow rate of 0.8 mL/min, detection at 360 nm,
and temperature of 40°C. The mobile phase consisted of
two solvents: A (0.1 M ammonium acetate at pH 4.85) and B
(acetonitrile). The gradient conditions were as follows:
0-10min, 5% B; 10-20 min, 5%-20% B; 20-25 min, 20%-5%
B; 25-30min, 5% B.

Western blotting

The cell homogenates were subjected to 10% Mini-
PROTEAN® TGX™ Precast Gel electrophoresis. Proteins were
then transferred onto a polyvinylidene difluoride membrane.
The membrane was incubated for 1h in blocking solution,
followed by incubation for 1h in a solution of mouse anti-
human UGT1A antibody (diluted 1:2000) and 1 h in a solution
of m-IgG k BP-HRP (diluted 1:10 000). The detection reagent
was added, and the membrane and protein peaks were
visualized using a Lumino Image Analyzer LAS4000 (Fujifilm,
Tokyo, Japan). The amount of each UGT1A protein in the cell
homogenate was measured using ImageJ software.

Data analysis

Kinetic parameters were calculated using GraphPad Prism 8
software (GraphPad Software Inc., San Diego, CA), and non-
linear regression was performed using the Michaelis-Menten
equation. All data are presented as the mean of three inde-
pendent experiments. The enzyme activities of each UGT1A
series and variant UGT1A series were subjected to a one-way
analysis of variance (ANOVA). When the results of the one-
way ANOVA were statistically significant, they were subjected
to Dunnett's multiple comparison test. First, the wildtype of
each UGT1As was established as a standard; second,
UGT1A1.1 was established as a standard. The statistical sig-
nificance was set at p < 0.05.

Results
Expression and identification of UGT1As

Each UGT1A protein was determined using western blotting
with an anti-human UGT1A antibody. All UGT1A proteins,
including mutant proteins and the UGT1A-positive control,
were detected at approximately 55kDa (Figure 1(A)). First, the
relative expression of wildtype UGT1As was quantified and nor-
malized to the expression of UGT1A1.1, which was defined as 1
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Figure 1. Identification of expressed UGT1A proteins using western blotting,
maximum velocity of each wildtype UGT1A protein (A), and Michaelis—Menten
kinetics of SN-38 glucuronidation by the expression of each wildtype UGT1A
protein (B). (A) The relative expression levels of each of the UGT1A protein
were determined using western blotting with mouse anti-human UGT1A anti-
body and m-IgG k BP-HRP. Approximately 55-kDa protein bands were detected
in all expression models and UGT1A-positive proteins. The columns indicate the
maximum velocity of each wildtype of UGT1A protein for SN-38 glucuronida-
tion. The reaction mixture contained 15 pL cell homogenate and 2 mM UDPGA;
it was incubated at 37°C for 1h at pH 7.4. SN-38 concentrations ranged from
0.1 to 2.0mM. (B) The line indicates the fitting of the data to the
Michaelis-Menten equation using non-linear regression. The reaction mixture
contained 15 pL cell homogenate and 2mM UDPGA; it was incubated at 37°C
for 1h at pH 7.4. SN-38 concentrations ranged from 0.1 to 2.0 mM. PC: positive
control; tp < 0.05 compared with wildtype UGT1A1.

unit. The relative expression of UGT1A3.1, UGT1A4.1, UGT1A5.1,
UGT1A6.1, UGT1A7.1, UGT1A8.1 UGT1A9.1, and UGT1A10.1 was
quantified as 1.1, 0.8, 1.1, 0.6, 0.8, 0.6, 0.6, and 0.5 units,
respectively. Next, the relative expression of variants of each
UGTIA was quantified and normalized to the expression of
wildtype of each UGTT1As, which was defined as 1 unit. When
the expression level of UGT1A1.1 was 1.0, the expression levels
of UGT1A1.6, UGT1A1.7, UGT1A1.27, and UGT1A1.35 were 0.5,
1.0, 1.4, and 0.5 units, respectively. When the expression of
UGT1A6.1 was quantified as 1.0, the expression of UGT1A6.2,
UGT1A6.3, and UGT1A6.4 was expressed as 3.1, 1.9, and 1.5
units, respectively. When the expression level of UGT1A7.1 was
1.0, the expression levels of UGT1A7.2, UGT1A7.3, and
UGT1A7.4 were 1.0, 0.8, and 1.2 units, respectively. When the
expression level of UGT1A8.1 was 1.0, the expression levels of
UGT1A8.2, UGT1A8.3, and UGT1A8.4 were 0.7, 1.1, and 1.3 units,
respectively. When the expression level of UGT1A9.1 was 1.0,
the expression levels of UGT1A9.2 and UGT1A9.3 were 0.5 and
1.2 units, respectively. When the expression level of UGT1A10.1
was 1.0, the expression levels of UGT1ATOM591 and
UGT1A10T202] were 0.5 and 0.7 units, respectively (Figure 2).

Activities of glucuronidation for SN-38

The HPLC results showed that the peaks of SN-38G were
detected when reacted with SN-38 and cell homogenate of
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Figure 2. Identification of the expression of each of the UGT1A protein (wildtype and major variant proteins) using western blotting and Michaelis—Menten kinetics
of SN-38 glucuronidation, expressed by each wildtype and major variants of UGT1A proteins. The relative expression levels of each of the UGT1A protein were
determined using western blotting with mouse anti-human UGT1A antibody and m-IgG k BP-HRP. Approximately 55-kDa protein bands were detected in all wild-
type and polymorphic UGT1A proteins. The line indicates the fitting of the data to the Michaelis—-Menten equation using non-linear regression. The reaction mixture
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contained 15 pL cell homogenate and 2 mM UDPGA; it was incubated at 37 °C for 1 h at pH 7.4. SN-38 concentrations ranged from 0.1 to 2.0 mM.

UGT1A1.1, UGT1A6.1, UGT1A7.1, UGT1A8.1, UGT1A9.1, and
UGT1A10.1. The Vpa/Kn values between each wildtype of
UGTI1A were significantly different (p <0.001). Among these,

the Vmax/Km values of UGT1A7.1 and UGT1A10.1 were stat-
(p=0.399 and
and UGT1AS.1,

istically the same as those of UGT1A1.1
p=0.102, respectively). UGT1A6.1,



Table 1. Catalytic activity of each UGT1A.1 isoform.
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Isoform Unit Vimax (pmol/min/unit) K (MM) Vimax/Km (1073 pL/min/unit)
1A1 1.0 1.54+0.13 0.38+0.08 4,03

1A3 1.1 ND ND ND

1A4 0.8 ND ND ND

1A5 1.1 ND ND ND

1A6 0.6 0.37+0.15 (24.0)" 422+202 (1110.5)" 0.08 (2.0)

1A7 0.8 0.89+0.11 (57.8)" 0.30+0.10 (78.9) 2.95 (73.2)

1A8 0.6 0.64+0.12 (41.6)" 0.67 +0.24 (176.3) 0.95 (23.6)"

1A9 0.6 0.48+0.07 (31.2)" 0.77+0.21 (202.6) 0.63 (15.6)"

1A10 0.5 0.79+0.15 (51.3)" 0.32+0.14 (84.2) 2.45 (60.8)

ND: catalytic activity was not detected. These values are significantly different between each UGT1A (one-way ANOVA).
p < 0.05, compared with UGTTAT*1 (Dunnett's comparison test). UNIT: the relative expression of wildtype UGT1As was
quantified and normalized to the expression of UGT1A1.1, which was defined as 1.0 unit. Vi, maximum velocity; K:
Michaelis constant. This table shows the catalytic activities of different isoforms for SN-38. We calculated enzyme activity
based on the immunoblots and defined the enzyme activity of UGT1A1.1 as 1 unit. The reaction mixture contained 15 pL
cell homogenate and 2mM UDPGA, and it was incubated at 37°C for 1h at pH 7.4. SN-38 concentrations ranged from 0.1

to 2.0 mM. Values in parentheses show the percentage of wildtype 1A1 value. We considered V,,.x/K, as catalytic activity.

Table 2. Catalytic activity of each UGT1A variant.

Isoform Allele Unit Vimax (pmol/min/unit) Koy (mM) Vinax/Kem (x1073pL/min/unit)
1A1 71G;229P;233L;486Y *1 1.0 1.54+0.13 0.38+0.08 403
71R;229P;2331,;486Y *6 0.5 0.51+0.14 (33.1)™® 0.42+0.20 (110.5) 121 30.0)®
71 G;229P;233L;486D *7 1.0 0.54+0.11 (35.1)"8 1.20+0.42 (315.8)™° 0.45 (11.2)™®
71 G;229Q;233L;486Y *27 14 0.64+0.20 (41.6)"S 0.92 +0.44 (242.1) 0.70 (17.4)™®
71 G;229P;233R:486Y *35 0.5 0.68+0.16 (44.2)" 0.48+0.21 (126.3) 141 (35.0)°
1A6 75;182T;185R 1 1.0 0.37+0.15 (24.0)° 422+2.02 (1110.5) 0.09 (2.2)°
7A;182A;1855 *2 3.1 0.17+0.05 (11.0)° 1.77 £ 0.74 (465.8) 0.10 (2.5)°
7 A;182T;185R *3 19 0.10+0.02 (6.5)"° 0.81+0.29 (213.2)8 0.12 3.0)°
7 A;182T;185S *4 15 0.22+0.08 (14.3)° 2.15+1.05 (565.8) 0.10 (2.5)°
1A7 129N;131R;208W 1 1.0 0.89+0.11 (57.8)° 0.30+0.10 (78.9) 2,95 (73.2)
129 K;131K;208W *2 1.0 0.68+0.11 (44.2)° 0.37+0.13 (97.4) 1.84 (45.7)
129 K;131K;208R *3 0.8 0.54+0.08 (44.2)"S 0.73+0.23 (192.1) 0.74 (1 8.4)T§
129 N;131R;208R *4 12 0.66+0.10 (35.1)" 0.55+0.18 (144.7)" 1.19 (29.5)°
1A8 144A;173A;277C 1 1.0 0.64+0.12 (41.6)° 0.67 +0.24 (176.3) 0.95 (23. 6)
144 A;173G;277C *2 0.7 0.83+0.18 (53.9)° 127 £0.47 (334.2) 0.65 (16. 1)
144 A173A277Y *3 1.1 0.62+0.15 (40.3)° 237+0.84 (623.7)' 0.26 (6.5)°
144V;173A,277C *4 13 ND'® ND ND'®
1A9 3C;33M 1 1.0 0.48+0.07 (31.2)° 0.77 £0.21 (202.6) 0.63 (15. 6)
3Y;33M *2 0.5 0.81+0.25 (52.6)° 244+1.03 (642.1) 8 0.33 (8. )
3G33T *3 12 0.08+0.02 (5.2)™ 0.79+£0.38 (207.9) 0.10 (2.5)°
1A10 59M;202T 1 1.0 0.79+0.16 (51.3)° 0.32+0.14 (84.2) 2.45 (60.8)
591;202T M59l 0.5 1.03+0.35 (66.9) 1.27£0.59 (334.2)° 0.82 (20.3)°
59 M;202I T202 0.7 0.78+0.25 (50.6)° 0.73+0.36 (192.1) 1.06 (26.3)°

ND: catalytic activity was not detected. *p < 0.05, statistically significant between each UGT1A (one-way ANOVA) and statistically significant compared with wild-

type and variant of each UGT1A (Dunnett’s comparison test).

Sp < 0.05, statistically significant among UGT1A1*1, wildtype of each UGT1A, and variants of each

UGT1A (one-way ANOVA) and statistically significant compared with UGT1AT*1 (Dunnett's comparison test). UNIT: the relative expression of variants of each
UGT1A was quantified and normalized to the expression of wildtype of each UGT1A, which was defined as 1 unit. V. maximum velocity; K,: Michaelis con-
stant. This table shows the catalytic activity of isoforms for SN-38. We calculated enzyme activity based on the immunoblots and defined enzyme activity of the
wildtype of each UGT1As as 1 unit. The reaction mixture contained cell homogenate and 2mM UDPGA, and it was incubated at 37°C for 1h at pH 7.4. SN-38
concentrations ranged from 0.1 to 2.0 mM. Values in parentheses show the percentage of the UGT1A1*1 value. We considered V,,.,/K,, as catalytic activity.

UGT1A9.1 showed statistically lower V./K., values than
UGT1A1.1 (p < 0.001). The Michaelis-Menten data are shown
in Figure 1 and the maximum velocity (Vinay), Michaelis con-
stant (K,), and the V,,../Kn values are listed in Table 1.

Variants of UGT and glucuronidation of SN-38

We examined the relationship between the variants of
UGTI1A1, UGT1A6, UGT1A7, UGT1A8, UGT1A9, and UGT1AT10
and SN-38 glucuronidation activity. The Michaelis—-Menten
data are listed in Figure 1 and Vihax K, and Vima /Ko, values
are provided in Table 2.

First, we compared the Vy.w Kn and Vi /K.n values,
with the values pertaining to UGTTA.1 established as the
standard.

For UGT1A1, the Vpaxw Kwn and Viya/Kn values were
significantly different between the wild type and the variants
in the one-way ANOVA (p <0.001, p=0.028 and p=0.003,
respectively). UGT1A1.6, UGT1A1.7, UGT1A1.27, and
UGT1A1.35 showed significantly lower V.« (33.3%, 34.8%,
41.8%, and 44.2%, respectively, p<0.001) and Viax/Km
(30.0%; p=0.008, 11.2%; p=0.002, 17.4%; p=0.003, and
35.0%; p=0.012, respectively) values compared with that of
UGT1A1.1.

Among UGT1A6 variants, the V. and K., values were sig-
nificantly different in the one-way ANOVA (p=0.032 and
p=0.046, respectively). UGT1A6.3 exhibited a significantly
lower Viax (27.0%; p=0.015) value than the wildtype
(UGT1A6.1). Moreover, UGT1A6.2 and UGT1A6.4 had lower
Vmax Values than UGT1A6.1, but these differences were not
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statistically significant (45.9%; p =0.067 and 59.5%; p =0.170,
respectively). In contrast, the V.,/K. values among UGT1A6
variants were not significantly different (p =0.090).

Among UGTIA7 variants, the V. values were significantly
different in the one-way ANOVA (p=0.017). UGT1A7.3 exhib-
ited significantly lower V.« (60.7%; p=0.007) values than the
wildtype (UGT1A7.1). In contrast, the K, value among UGT1A7
variants were not statistically different (p=0.052). The Vina/Km
values among UGTIA7 variants were significantly different
(p=0.037). Among those, the Vi../Ky value of UGT1A7.3 was
significantly lower than that of UGT1A7.1 (25.1%; p = 0.020).

Among UGTT1A8 variants, the Viax Kmn, and Via/Km values
were significantly different in the one-way ANOVA (p < 0.001,
p=0.002, and p=0.024, respectively). The V., value of
UGT1A8.2 was higher than that of the wildtype (UGT1A8.1,
129.7%), and that of UGT1A8.3 was similar to that of the
wildtype (UGT1A8.1, 96.9%). However, UGT1A8.4 lost the SN-
38 glucuronidation activity. Among UGTTA8 variants, the
Vinax/Km  values of UGT1A84 was statistically lower
(p =0.020). These results suggest that UGT1A8.4 lost its activ-
ity and influenced the glucuronidation of SN-38.

Among UGTT1A9 variants, the V,,ax and K, values were sig-
nificantly different in the one-way ANOVA (p=0.003 and
p=0.031, respectively). UGTT1A9.3 had a significantly lower
Vinax (16.7%; p=0.029) value. UGT1A9.2 had a significantly
higher K., (316.9%; p =0.035) value. On the other hand, the
Vinax/Km value among UGTTA9 variants was not significantly
different (p =0.081). These results suggest that UGT1A9 var-
iants might not influence the glucuronidation of SN-38.

Among UGTI1AT0 variants, the Vimaxw Km and Viya/Kn values
were not significantly different in the one-way ANOVA
(p=0.450, p=0.078 and p=0.102, respectively). UGT1ATOM59I
had a higher V. value than the wildtype (UGT1A10.1, 130.4%,
not significant), and UGT1A10T202l had a similar V,ay (98.7%)
value as that of the wildtype. However, the V,,.,/K. value of
UGTTA10M59I and UGT1A10T202I was lower (33.5% and 43.3%,
respectively; not significant) than that of the wildtype. These
results suggest that major UGT1A10 variants might influence
the SN-38 glucuronidation rate to some extent.

Next, we compared the V. Km and Via/K., values
when UGT1A1.1 was established as a standard. All values

were significantly different in the one-way ANOVA.
Compared with those of UGT1A1.1, the V,,../K. values of
UGT1A1.6, UGT1A1.7, UGT1A1.27, UGT1A6.1, UGT1A6.2,
UGT1A6.3, UGT1A6.4, UGT1A7.3, UGT1A7.4, UGTI1A8.1,
UGT1A8.2, UGT1A8.3, UGT1A84, UGT1A9.2, UGT1A9.3,

UGT1A10M59], and UGT1A10T202l were significantly lower
(30.0%, 11.2%, 17.4%, 2.2%, 2.5%, 3.0%, 2.5%, 18.4%, 29.5%,
23.6%, 16.1%, 6.5%, 15.6%, 8.2%, 2.5%, 20.3%, and 26.3%,
respectively). In contrast, the V,./Kn values of UGT1A7.1
and UGT1A10.1 were not significantly decreased compared
to those of UGT1A1.1.

Discussion
Glucuronidation activity of each UGT1A

In our study, UGT1A1, UGT1A7, and UGT1A10 showed glu-
curonidation activity toward SN-38. UGT1A6, UGT1A8, and

UGT1A9 also showed SN-38 glucuronidation activity, but
their enzyme activity was significantly lower than that of
UGT1A. UGT1A3, UGT1A4, and UGT1A5 had no effect on SN-
38 glucuronidation. Some studies have reported that
UGT1A1 and UGT1A7 play important roles in SN-38 glucuro-
nidation (Ciotti et al. 1999; Gagné et al. 2002). Although
these reports indicate that UGT1A9 also plays an important
role in SN-38 glucuronidation (Ciotti et al. 1999; Gagné et al.
2002), our results revealed that UGT1A9 did not show the
same activity toward SN-38 as UGT1AT. In contrast, our study
revealed that UGT1A10 also plays an important role in SN-38
glucuronidation. UGT1A10 is expressed mainly in the human
intestine (Zhang W et al. 2007; Tourancheau et al. 2018) and
plays an important role in SN-38 glucuronidation, similar to
UGT1A1 (Troberg et al. 2017). UGT1A1, UGT1A3, UGT1A4,
UGT1A6, and UGTTA9 are expressed in the human liver
(lzukawa et al. 2009), whereas UGT1A1 and UGT1A10 are
expressed in the human intestine (Zhang H et al. 2020).
However, UGT1A7 is not expressed in the human liver or
intestine (Tourancheau et al. 2018). When the activities of
UGT1A1, UGT1A6, UGT1A9, and UGT1A10 decrease, severe
adverse effects of irinotecan might occur.

UGT1A variants and their SN-38 glucuronidation
activities

We examined the relationship between variants of UGT1As
and their SN-38 glucuronidation catalytic activities. The cata-
Iytic activities of UGT1A1.6, UGT1A1.7, UGT1A1.27, and
UGT1A1.35 were significantly lower than that of UGT1A1.1.
Among these variants, UGT1A1.7 had the lowest catalytic
activity. These results suggest that UGT1A1.6, UGT1A1.7,
UGT1A1.27, and UGT1A1.35 show significantly lower SN-38
glucuronidation activities, causing carriers of these variants
to maintain a high serum concentration of SN-38 during
chemotherapy, which may cause severe adverse effects.
These results are similar to those reported previously (Gagné
et al. 2002; Jinno et al. 2003). UGTIAT*6 results in a high
serum SN-38 concentration (Hirose et al. 2014) and causes
severe irinotecan toxicity (Chen X et al. 2017). Ando et al.
(2000) and Nakamura et al. (2011) reported that patients
with UGTTAT*27 variant experienced severe irinotecan tox-
icity. However, no clinical studies have examined the rela-
tionship between UGTIAT*7 and UGT1A1*35 and irinotecan
toxicity. However, there have been certain reports that about
5% of Asian people have UGT1A1*7 and UGTIAT*27 variants
(Huang CS et al. 2000; Teh et al. 2012; Sun et al. 2017), and
UGT1A1*35 variant has been observed in the European
cohort (Gagné et al. 2002). These reports suggest that other
UGTI1AT variants, except UGT1A1*6, should be taken into
consideration when predicting irinotecan toxicities.

Here, the UGT1A6.2, UGT1A6.3, and UGT1A6.4 activities
were not significantly different from those of the wildtype.
Carlini et al. (2005) reported that UGT1A6 genotypes were
not associated with the efficacy or toxicity of irinotecan.
Indeed, our study demonstrated that the UGTIA6 variants
did not affect the glucuronidation activity toward SN-38.



Among UGTI1A7 variants, the catalytic activity of UGT1A7.3
was significantly decreased than that of UGT1A7.1. This
results are similar to those reported previously (Ciotti et al.
1999; Villeneuve et al. 2003). Even though UGT1A7 subfamily
members are not expressed in the human liver or intestine
(Tourancheau et al. 2018), some clinical reports suggest that
UGT1A7 polymorphisms, especially UGTIA7*3, are associated
with irinotecan toxicities (Cecchin et al. 2009; Inoue et al.
2013; Valenzuela Jimenez et al. 2013; Tziotou et al. 2014; Cui
et al. 2016). Moreover, patients with primary sclerosing chol-
angitis with UGTTA7 variants (N129K/N131K) presented sig-
nificantly shorter transplant-free survival than those with the
wildtype (Weismuller et al. 2020). UGT1A7*3 is expressed
more frequently in patients with gastrointestinal cancer and
hepatocellular carcinoma than in normal individuals (Vogel
et al. 2001; Strassburg et al. 2002; Zhang Y et al. 2017; Hu
et al. 2021). Chen et al. (2006) reported that the frequencies
of UGT1A7*2, UGT1A7*3, and UGT1A7*4 were 16.4%, 24.2%,
and 1.8%, respectively, in a Chinese cohort. Checking
UGT1A7 variants, especially in patients with colorectal cancer
and hepatocellular carcinoma, may be useful for predicting
the toxicities of irinotecan.

Among UGTTA8 variants, UGT1A8.4 lost its SN-38 glucuro-
nidation activity. Huang et al. (2002) reported that UGT1A8.3
exhibited reduced catalytic activity compared with UGT1A8.1,
whereas the catalytic activity of UGT1A8.2 was similar to that
of UGT1A8.1. Our results support these findings. Moreover,
our results suggest that the catalytic activity of UGT1A8.4
was lower than that of UGT1A8.3. UGT1A8%4 may affect the
risk of irinotecan toxicity. Strassburg et al. (1998) identified
UGT1A8 in the colon. The frequencies of UGT1A8*2 and
UGT1A8*3 were reported to be 23.8% and 1.2%, respectively,
in Caucasians (Thibaudeau et al. 2006); thus, investigating for
UGTI1A8 variants may help predict irinotecan toxicities to
some extent.

Among UGTTA9 variants, UGT1A9.3 presented reduced
glucuronidation activity toward SN-38. This result agrees with
that reported previously (Villeneuve et al. 2003). Additionally,
this result suggests that the UGT1A9*3 variant may be a pre-
dictor of severe toxicities of irinotecan as other UGTTA9 var-
iants (Sandanaraj et al. 2008; Valenzuela Jimenez et al. 2013;
Cui et al. 2016). Although our results showed that the glucur-
onidation activity of UGT1A9 was lower than that of UGT1A1,
UGT1A9 contributes to glucuronidation as much as UGT1A1
(Xiao et al. 2018). This fact suggests that investigating for
UGT1A9 variants is as important as investigating for UGT1AT
variants. UGT1A9*3 may affect the risk of irinotecan toxicity.
The frequencies of UGTTA9*2 and UGTIA9*3 have been
reported to be 2.5% in Africans and 3.0% in Caucasians
(Villeneuve et al. 2003; Thibaudeau et al. 2006); thus, UGT1A9
variants may affect toxicities of irinotecan.

UGT1A10M591 and UGT1A10T202I presented reduced SN-
38 glucuronidation activity by 33.5% and 43.3%, respectively.
There are no reports on the glucuronidation activity of var-
iants of UGTTAT0 toward SN-38. Jinno et al. (2003) reported
that the glucuronidation activity of UGT1A10T202l was lower
than that of UGT1A10*1 when the glucuronidated substan-
ces were 7-Hydroxy-4-(trifluoromethyl)coumarin and 17p-
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estradiol. UGT1A10 is expressed mainly in the intestine (Basit
et al. 2020; Zhang H et al. 2020), and the influence of
UGT1A10 variants may not be ignored.

We compared the catalytic activity when UGT1A1.1 was
established as a standard. The catalytic activities of
UGT1A7.3, UGT1A7.4, UGT1A10M59I, and UGT1A10T202I
were significantly decreased compared to those of UGT1A1.1.
We could not find any direct evidence comparing the glucur-
onidation activity between UGT1A1.1 and other variants of
UGT1As. However, UGTTA10 plays important roles in the glu-
curonidation of SN-38 in the intestine (Ciotti et al. 1999;
Gagné et al. 2002; Oguri et al. 2004; Troberg et al. 2017;
Zhang H et al. 2020), and our study revealed that this
showed apparent SN-38 glucuronidation activity. Thus, these
variants might highly influence the glucuronidation of SN-38.

Our study revealed that UGT1AT variants, as well as other
UGTIA variants, influence the SN-38 glucuronidation rate.
Gagné et al. (2002) and Villeneuve et al. (2003) reported that
variants of UGT1A7 and UGTTA9 presented reduced SN-38 glu-
curonidation activity in vitro. Moreover, some clinical reports
suggest that variants of UGTIA7 and UGTTA9 are associated
with irinotecan toxicity (Hazama et al. 2013; Cui et al. 2016). To
predict the toxicities of irinotecan, we should not only consider
UGTI1AT variants, but also other UGTTA variants.

The limitations of our study are as follows. First, we only
compared the glucuronidation activity between each UGTTA
and UGTT1A variant toward SN-38, and did not consider the
UGT1A isoform distribution in the human body. If UGT1A10
is expressed more than UGT1A7, the variants of UGT1AT0
may be increasingly associated with irinotecan toxicity.
Moreover, gastrointestinal toxicity due to SN-38 is caused
not only by insufficient SN-38, but also by deconjugation via
bacteria (Takasuna et al. 1998). Therefore, we should also
consider this bacterial effect. Second, we only examined the
relationship between UGTIAs and their variants and SN-38
glucuronidation, and we did not consider the relationship
between UGT2As and glucuronidation activity toward SN-38.
Third, we did not examine the effect of multiple variants of
UGTI1As. Teng et al. (2007) reported that patients with two
variants (UGTTA1*6 and UGT1A7*3) were seen in 30% of
Gilbert syndrome and 7% of the control cohort. Patients with
these variants may have more severe irinotecan toxicity than
patients with either variant. To overcome these limitations,
further analysis of patients who show severe adverse effects
should be performed.

In summary, our results suggest that UGTTAT variants,
UGTI1AT*6, UGT1AT1*7, UGTIA1*27, and UGTTAT*35 might
affect irinotecan toxicity. Moreover, the other UGT1A variants
such as UGTI1A7 (especially UGT1A7*3), UGT1A8 (especially
UGT1A8*4), and UGT1A10 (UGT1A10M59! and UGT1A10T202I)
may also affect the SN-38 glucuronidation activity. Our
results revealed that many variants of UGT1As may affect tox-
icities and adverse effects of irinotecan.
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