EUROPEAN JOURNAL OF CANCER 46 (2010) 2097-2103

available at www.sciencedirect.com

EJC

-=-s
*«’ ScienceDirect

journal homepage: www.ejconline.com

The UGT1A1*28 polymorphism correlates with erlotinib’s
effect on SN-38 glucuronidation

Yong Liu %, Jacqueline Ramirez °, Larry House °, Mark J. Ratain %>

@ Department of Medicine, The University of Chicago, Chicago, IL 60637, USA
® Committee on Clinical Pharmacology and Pharmacogenomics, The University of Chicago, Chicago, IL 60637, USA
¢ Cancer Research Center, The University of Chicago, Chicago, IL 60637, USA

ARTICLE INFO ABSTRACT

Article history:
Received 5 February 2010
Received in revised form 21 April

The combination of irinotecan and erlotinib has been evaluated in clinical trials, although
toxicity has been significant. We aimed to investigate the effect of erlotinib on SN-38 glu-
curonidation and the association between UGT1A polymorphisms and SN-38 glucuronida-
2010 tion activity in the presence of erlotinib. The inhibitory effect of erlotinib on SN-38
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glucuronidation was determined by measuring the formation rates for SN-38 glucuronide,
using recombinant human UGT1A1, pooled human liver microsomes (HLMs) and 52 Cauca-
sian liver microsomes in the absence or presence of erlotinib. Inhibition kinetic studies

Keywords: were conducted. AUC ratios were used to predict the risk of potential drug-drug interac-
Erlotinib tions (DDI) in vivo. Our data showed that erlotinib exhibited potent non-competitive inhibi-
Irinotecan tion against SN-38 glucuronidation in pooled HLMs and UGT1A1l. Using the physiological
SN-38 glucuronidation and pharmacokinetic parameters obtained from the literature, we estimated the in vivo
UGT1A1+28 concentrations of unbound erlotinib available for UGT1A1 active site and thus the AUC

ratios of SN-38 were also quantitatively predicted. It is estimated that erlotinib adminis-
tered at 50 mg/day or higher doses may result in at least a 24% increase in SN-38 AUC. Sig-
nificant correlations were observed between SN-38 glucuronidation activity in the presence

Drug-drug interactions

of erlotinib and UGT1A1+*28 in 52 Caucasian liver microsomes. Our results suggest that erl-
otinib is a potent inhibitor of SN-38 glucuronidation via UGT1A1 inhibition. The coadmin-
istration of erlotinib with irinotecan may result in clinically significant DDI. UGT1A1*28
polymorphism correlates with erlotinib’s effect on SN-38 glucuronidation. The present
findings shed light on the development and optimisation of combinations involving irino-
tecan and erlotinib.

© 2010 Elsevier Ltd. All rights reserved.

reported.’ The risk of life-threatening neutropaenia of irino-
tecan has been consistently associated with genetic variation

1. Introduction

Irinotecan is one of the most commonly prescribed chemo-
therapy agents. Despite the extensive clinical experience with
irinotecan, its usage has been limited by severe toxicity,
including diarrhoea and neutropaenia. Fatal events (up to
5.3%) during single-agent irinotecan treatment have been

in UGT1A1.2® Irinotecan requires metabolic activation by
carboxylesterase 2 to form the active metabolite SN-38, which
is further cleared via formation of SN-38 glucuronide (SN-38G)
by UGT1A isoforms in human liver, including UGT1A1, 1A3,
1A6 and 1A9. Among these UGT isoforms, UGT1A1l shows
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the highest activity of SN-38 glucuronidation.* There is accu-
mulating evidence that plasma exposure to SN-38 is associ-
ated with increased risk of severe toxicity, primarily
diarrhoea and neutropaenia.>® The UGT1A1*28 polymor-
phism has been shown to be associated with reduced glucu-
ronidation of SN-38,%” and increased clinical toxicity for
patients treated with irinotecan.?® We have showed that erl-
otinib is a potent inhibitor of UGT1A1-mediated 4-methylum-
belliferone glucuronidation and bilirubin glucuronidation.’
These findings prompted us to assume that drug-drug inter-
actions (DDIs) might occur between erlotinib and irinotecan
via the inhibition of UGT1A1-mediated SN-38 glucuronidation
and that genetic variation in UGT1A1 gene might be associ-
ated with the toxical outcome of the combination of both
drugs.

Anti-epidermal growth factor receptor (EGFR) therapies
have been utilized in combination with chemotherapy in
multiple solid tumours, including colorectal and lung can-
cers.'® Targeting the EGFR pathway using a monoclonal anti-
body, such as cetuximab, has been demonstrated to be safe
and effective when given alone or in combination with
irinotecan.™

Recently, the combination of irinotecan and erlotinib, an
orally available, potent and selective EGFR small molecule
inhibitor approved for treatment of non-small cell lung and
pancreatic cancer,’? has been evaluated in some studies.
However, contradictory results have been reported with re-
spect to the safety of the combination of irinotecan and erloti-
nib. It has been shown that erlotinib can enhance the
antitumour activity of irinotecan, without enhanced toxicity,
in the LoVo human colorectal tumour xenograft model.’> A
clinical study of erlotinib with capecitabine and irinotecan
in advanced colorectal cancer patients indicated that the
combination has an acceptable safety profile and appears
suitable for further phase II studies.’® However, a phase I trial
of irinotecan, infusional 5-fluorouracil and leucovorin (FOLF-
IRI) with erlotinib was halted due to unexpectedly severe tox-
icities in several patients, including rash, diarrhoea and
neutropaenia, even at the lowest dose level.™

In this study, we found that erlotinib exhibited a potent
non-competitive inhibition against SN-38 glucuronidation in
pooled human liver microsomes (HLMs) and recombinant
UGT1A1. The potential for drug interactions between erlotinib
and SN-38 was estimated using the area under the plasma
concentration-time curve (AUC) ratios. Significant correla-
tions were observed between UGT1A1*28 and SN-38G forma-
tion rates in the absence and presence of erlotinib in 52
Caucasian liver microsomes.

2. Materials and methods

2.1. Chemicals

Erlotinib was purchased from Biaffin GmbH & Co KG (Kassel,
Germany). SN-38 was obtained from Toronto Research Chem-
icals, Inc. (North York, Canada), SN-38G was gift kindly pro-
vided by Dr. Kiyoshi Terada (Yakult Honsha Co. Ltd., Japan).
B-Glucuronidase (from Escherichia coli), alamethicin (from
Trichoderma viride), Tris—HCI, ketoconazole and UDPGA (triso-
dium salt) were purchased from Sigma-Aldrich (St. Louis,

MO, USA). All other reagents were of HPLC grade or of the
highest grade commercially available.

2.2. HLMs and liver tissue

Pooled HLMs and human UGT1A1 expressed in baculovirus-
infected insect cells were purchased from BD Gentest Corp.
(Woburn, MA, USA). Pooled HLMs were derived from 22 do-
nors (90% Caucasian, 5% Hispanic and 5% African-American;
15 men and 7 women). The median age was 48 years with a
range of 10-70.

Human liver tissue from 52 Caucasian donors was pro-
cessed through Dr. Mary Relling’s Laboratory at St. Jude Chil-
dren’s Research Hospital (Memphis, TN, USA) and was
provided by the Liver Tissue Procurement and Distribution
System (funded by #NO1-DK-9-2310) and by the Cooperative
Human Tissue Network. Samples were collected with human
subjects’ approval.

2.3.  SN-38 glucuronidation assay

Incubations were performed using conditions reported previ-
ously’® with a slight modification. Incubation was performed
at 37°C for 30 min. Microsomes were pre-incubated with
50 ug/mg protein alamethicin on ice for 15 min prior to incu-
bation. SN-38 was dissolved in DMSO. The final concentration
of DMSO in the incubation system was 1% (v/v). HPLC
separation was achieved using a C18 column (3.9x300 mm
1D, 10 pm) (Sigma-Aldrich, St. Louis, MO) at a flow rate of
1 ml/min and fluorescence detection at Zeyx 355 nm and Aem
515 nm. A mobile phase consisted of 32/0.5/67.5 acetonitrile/
tetrahydrofuran/5 mM 1-heptanesulphonic acid in 50 mM
potassium phosphate buffer (pH 2.7). The metabolites were
quantified using the ratio of SN-38G to internal standard cal-
ibration curve. The precision was assessed by relative stan-
dard deviation (RSD = SD/Mean x 100%), while the accuracy
was calculated as relative mean error of calculated concentra-
tions from nominal concentrations [RME = (calculated con-
centration — nominal concentration)/nominal concentration
x 100%]. The accuracy and precision of the back-calculated
values for each concentration were less than 15% of the nom-
inal values.

2.4. Kinetic study in pooled HLMs and UGT1A1

SN-38 (1-20 uM) was preincubated with pooled HLMs (0.5 mg/
ml) or UGT1A1 (0.25 mg/ml) at 37 °C for 5 min in a final vol-
ume of 200 pl of 25 mM Tris-HCI buffer (pH 7.4) containing
10 mM MgCl, and 50 pg/mg protein alamethicin. After prein-
cubation of the reaction mixture, the reaction was started
by adding UDPGA for a final concentration of 5 mM. Incuba-
tion was performed at 37 °C for 30 min. All experiments were
performed in duplicate.

2.5.  Inhibition of SN-38 glucuronidation activity assay

SN-38 was incubated in the presence of different concentra-
tions of erlotinib (0, 0.05, 0.1, 0.2, 0.5, 1, 2, 10 and 50 uM). Keto-
conazole, a known inhibitor of SN-38 glucuronidation,”” was
used as a positive control. The reactions were continued for
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30 min at 37 °C in 0.5 mg/ml HLMs or 0.25 mg/ml UGT1A1. All
experiments were separately performed in duplicate.

2.6. Genotyping and correlation studies in HLMs

Fifty-two Caucasian liver microsomes were incubated with SN-
38 with or without erlotinib as described above to determine
the correlation of SN-38 glucuronidation activities in the ab-
sence or presence of erlotinib with genotypes of UGT1A1.
Genotyping of UGT1A1*28 polymorphisms has been previously
performed in the entire set of 52 Caucasian liver samples.*®

2.7.  Kinetics analysis

Kinetic constants for SN-38 glucuronidation were obtained by
fitting the experimental data to the Michaelis-Menten for-
mula [Eq. (1)],*°

V= (VimaxS)/(Km + S) (1)

where v is the rate of reaction, Viayx is the maximum velocity,
K, is Michaelis constant (substrate concentration at half of
Vmax Of the reaction) and S is the substrate concentration.

The inhibition constant (K;) values were determined using
a range of concentrations of SN-38 (2-10 uM) and different
concentrations of erlotinib (0-2 uM). Inhibition data from
experiments were graphically represented by Dixon plots
and K; values were calculated with non-linear regression
according to the equations for competitive [Eq. (2)], non-com-
petitive [Eq. (3)],*°

V= (VmaxS)/(Km (1 +1/Ki) +5) 2)

V= (VmaxS)/(Km + S)(1 +1/K) 3)

where I is the inhibitor concentration and K; is the inhibition
constant describing the affinity of the inhibitor for the en-
zyme. The type of inhibition was determined from the fitting
of data to the enzyme inhibition models. Goodness of fit to ki-
netic and inhibition models was assessed from the F statistic,
r? values, parameter standard error estimates and 95% confi-
dence intervals. Kinetic constants are reported as the
value + standard error of the parameter estimate. ICso values
(concentration of inhibitor that reduces enzyme activity by
50%) were determined by GraphPad Prism4 software (Graph-
Pad Software Inc., La Jolla, CA).

2.8.  Predicted concentrations of erlotinib at UGT catalytic
sites

In view of the general assumption that only unbound drug is
available for interaction with the enzyme active site, and in
order to exclude the highest risk, we used the maximum un-
bound hepatic input concentration ([IJin,) as the inhibitor
concentration at UGT active site. The concentration was
determined as described previously.®

2.9. Calculation of AUC/AUC ratio

The magnitude of inhibitory interactions of erlotinib was esti-
mated as the ratio of the area under the plasma concentra-

tion-time curve of SN-38 in the presence and absence of
erlotinib (AUCi/AUC). This ratio was determined as we de-
scribed previously.’

2.10. Data analysis and statistics

The t-test analysis was performed to assess the variance in
SN-38G formation in the absence or presence of erlotinib in
the whole population of 52 HLMs and between different geno-
types, and spearman correlation analysis of each genotype
versus SN-38G formation was performed by GraphPad Prism4
software (GraphPad Software Inc., La Jolla, CA). The threshold
for statistical significance was set at P < 0.05. All tests were
two-sided.

3. Results

3.1.  Kinetic studies in pooled HLMs and recombinant
UGT1A

SN-38G formation rates were linear with microsomal protein
concentration up to 1 mg/ml and time up to 1h (data not
shown). The kinetics of SN-38 glucuronidation in pooled
HLMs (0.5mg /ml) and recombinant UGT1A1l (0.25 mg/ml)
were investigated. SN-38 (1-20 uM) was incubated with pooled
HLMs or UGT1A1 at 37 °C for 30 min. The values of apparent
K in HLMs and UGT1A1 were 4.1+0.3 and 2.5+0.3 uM,
respectively. The values of apparent Vp.x in HLMs and
UGT1A1 were 256 +8 and 2505 + 103 pmol/min/mg protein,
respectively.

3.2 Inhibition of SN-38 glucuronidation activity by
erlotinib in pooled HLMs

SN-38 glucuronidation rates in the presence of various con-
centrations of potential inhibitors were investigated in pooled
HLMs. The concentration of substrate, SN-38, was 5puM,
which was close to its K., value. The ICso value of ketocona-
zole in HLMs was calculated as 8.0 + 0.3 pM, which is compa-
rable with the previously published data.”

Erlotinib exhibited a UDPGA- and concentration-depen-
dent inhibition against SN-38 glucuronidation activity in
HLMs. The ICso value was calculated as 0.58 + 0.05 uM. No glu-
curonidation of erlotinib was found in the course of the
incubations.

3.3. Inhibition kinetic analysis in pooled HLMs and
recombinant UGT1A1

Erlotinib was found to strongly inhibit SN-38G formation in
pooled HLMs. The representative Lineweaver-Burk plots
(Fig. 1A) and analysis of the parameters of the enzyme inhibi-
tion model suggested that the inhibition type was non-com-
petitive. Based on analysis of non-linear regression of
inhibition data and Dixon plots presented in Fig. 1B, erlotinib
showed non-competitive inhibition against SN-38 glucuroni-
dation in pooled HLMs with a K; of 0.68 + 0.04 uM. Erlotinib
also exerted non-competitive inhibition against SN-38 glucu-
ronidation in recombinant UGT1A1 with a K; of 0.81 + 0.05 uM
(Fig. 1C and D).
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Fig. 1 - Representative Lineweaver-Burk plots (A, C) and Dixon plots (B, D) of the effects of erlotinib on SN-38 glucuronide
formation in pooled human liver microsomes (A, B) and recombinant UGT1A1 (C, D). Reactions were performed in the
presence of SN-38 and various concentrations of erlotinib (0, 0.2, 0.5, 1 and 2 pM) in pooled human liver microsomes (0.5 mg/
ml) or recombinant UGT1A1 (0.25 mg/ml), 50 pg/mg protein alamethicin, 5 mM UDPGA and 10 mM MgCl, in a 25 mM Tri-HCl
buffer (pH 7.4) in a final volume of 200 pl at 37 °C for 30 min. All data points shown represent the mean of duplicate

measurements.

3.4. Calculated AUC ratio of SN-38 in the presence and
absence of erlotinib

The values of [I|max after oral administration of 50, 100 and
150 mg/day erlotinib were calculated as 1.42, 2.64 and
3.72 uM, respectively. The calculated values are comparable
to the reported actual values (1.29, 2.53 and 3.65uM) and
fall inside the interval of variability.?>?* The values of
[Min,u after oral administration of 50, 100 and 150 mg/day
erlotinib were calculated as 0.16, 0.18 and 1.46 M,
respectively.

After oral administration of erlotinib of 50, 100 and
150 mg/day, the AUC of coadministered SN-38 is predicted
to increase by 24%, 26% and 46%, respectively.

3.5.  Genotype-phenotype correlation study

We tested the hypothesis that UGT1A1+28 is associated with
erlotinib’s effects on SN-38 glucuronidation activity by incu-
bating HLMs with SN-38 in the absence or presence of erloti-
nib. Our previously reported genotyping analysis of this entire
set of 52 Caucasian liver samples revealed 25 heterozygote (6/
7) and 7 homozygote (7/7) for (TA);TAA allele (UGT1A1+*28).
The remaining 20 samples were homozygote for (TA)¢TAA al-
lele (6/6, wild type).'®

As shown in Fig. 2A, t-test analysis indicated that the SN-
38 glucuronidation activities in the presence of erlotinib both

in the whole 52 samples and among the three genotypes were
significantly lower than those in the absence of erlotinib
(P <0.01). In addition, the SN-38 glucuronidation activities in
the absence or presence of erlotinib in samples with 7/7 geno-
type were significantly lower than those with 6/6 (P <0.01)
and 6/7 genotypes (P <0.05). Spearman correlation analysis
revealed strong negative correlations between UGT1A1*28 in
the 52 samples and SN-38G formation activity either in the
absence of erlotinib (r = —-0.60, P <0.0001) or in the presence
of erlotinib (r = -0.55, P < 0.0001) (Fig. 2A). No significant corre-
lations were observed between residual activity percentage
and UGT1A1+28 (P > 0.05) (Fig. 2B).

To investigate the influence of erlotinib concentrations on
this relationship, further study was conducted in 9 liver sam-
ples (3 in each UGT1A1*28 genotype 6/6, 6/7 and 7/7). The
samples were randomly selected from the samples whose
volume was sufficient for further experiments. As shown in
Fig. 3A-D, the SN-38 glucuronidation activities in the presence
of 0, 0.15, 0.5 or 2 uM erlotinib in samples with 7/7 genotype
were significantly lower than those with other genotypes (6/
6 and 6/7) (P <0.05). UGT1A1*28 was associated with SN-38G
formation in the presence of 0, 0.15, 0.5 or 2 uM erlotinib in
nine samples (Spearman r=-0.95, P<0.0005; r=-0.98,
P <0.0005; r=-0.90, P<0.001; r=-0.95, P<0.0005, respec-
tively) (Fig. 3A-D). No significant correlations were observed
between the residual activity percentage and UGT1A1*28 in
the same set of samples.
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determinations.

>
g

SN38-G formation
(pmol/min/img pro)
8

SN38-G formation
(pmol/min/mg pro)
g

v

(=]

T T T
6/6 67 K

B 200
=)
2 & 1501
0 5 u
E__E_ —_—
&E 100{ =
oE ‘
«© o
2 E 501 As
ws v
v
c L] L]
6/6 6/7 717
D  200-
€0
2 & 1501
8 o
EE
£ £ 1001
0QE
® 3
ZE 50 _a =
wn o s
At
o A
6/6 6/7 77

Fig. 3 - Correlation of UGT1A1*28 genotype with SN-38 glucuronide formation rates in the presence of 0 (A), 0.15 (B), 0.5 (C) or
2 pM erlotinib (D) on SN-38 glucuronidation in 9 Caucasian liver microsomes. Incubations were performed as described under

Section 2. Data represent means of duplicate determinations.

4, Discussion

We demonstrated that erlotinib exhibited a UDPGA- and con-
centration-dependent potent inhibition against SN-38 glucu-
ronidation activity. The inhibition type was non-competitive.
This occurs when the inhibitor binds at a site away from the
substrate binding site, causing a reduction in the catalytic
rate. The fractional inhibition is identical at all substrate con-
centrations and cannot be overcome by increasing substrate
concentration due to the reduction in Vy,.x.*° There are several
non-competitive inhibitors of UGT enzymes that have been re-
ported, such as phenylbutazone and quinine, which may sug-
gest distinct binding sites for substrate and inhibitor in these

enzymes.?>?* Nevertheless, the molecular basis of these UGTs
non-competitive inhibitions was unknown.

The quantitative prediction of DDI risk indicated that the
coadministration of erlotinib at clinically available dose could
significantly increase the AUC of SN-38, the active metabolite
of irinotecan, implying that a clinically significant interaction
might occur between erlotinib and irinotecan.

It is noteworthy that in vitro data tend to underestimate
inhibition of drug glucuronidation in vivo,?? and our calcula-
tion is based only on hepatic SN-38 glucuronidation, whereas
the extent of extrahepatic glucuronidation is unknown. In
addition, the bioavailability of erlotinib can be increased to al-
most 100% with the intake of food.?* Furthermore, CYP3A4 is
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involved in the metabolism of both erlotinib and irinotecan,
and both irinotecan and SN-38 have been suggested to be
mechanism-based inactivators of CYP3A4, making their inter-
actions in vivo more complex.?>*®

High intraluminal levels of SN-38 are believed to be the di-
rect cause of the severe diarrhoea occurring after irinotecan
therapy and high plasma levels of SN-38 are associated with
neutropaenia.?® Glucuronidation of SN-38 to the inactive SN-
38G decreases the toxicities of irinotecan.?” Therefore, our re-
sults may explain the unexpectedly severe toxicities found in
clinical trials of the combinations of irinotecan with erlotinib.

Erlotinib also exhibited potent non-competitive inhibition
against SN-38 glucuronidation in recombinant UGT1A1 with
a K; similar to that in HLMs. In view of the fact that UGT1A1,
1A3, 1A6 and 1A9 are involved in SN-38 glucuronidation and
UGT1A1 shows the highest activity,* the inhibition of erlotinib
against SN-38G formation should be attributed to the pre-
dominant inhibitory effect of erlotinib on UGT1A1 activity.

Significant correlations were observed between SN-38G
formation rates in the presence of erlotinib and UGT1A1*28.
Due to limitation of samples, only one concentration of erloti-
nib was evaluated in the whole set of human liver samples,
but more detailed evaluation of nine samples in the presence
of various concentrations of erlotinib lent further support to
this finding. This suggests that adverse effects of the combi-
nation of irinotecan with erlotinib would be associated with
the UGT1A1*28 polymorphism.

The present findings shed light on the development and
optimisation of the combinations involving irinotecan and
erlotinib and also provide the basis for further clinical studies
investigating adverse effects of the combination of irinotecan
with erlotinib.
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