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Abstract
Irinotecan, a chemotherapeutic agent for various solid tumors, is a prodrug requiring activation to
SN-38. Irinotecan’s complex pharmacokinetics allows for potentially many genetic sources of
variability. We explored relationships between pharmacokinetic pathways and polymorphisms in
genes associated with irinotecan’s metabolism and transport. We fit a seven-compartment
pharmacokinetic model with enterohepatic recirculation to concentrations of irinotecan and
metabolites SN-38, SN-38G (glucuronide), and APC. Principal component analysis (PCA) of patient-
specific parameter estimates produced measures interpretable along pathways. Nine principal
components characterized overall variation well. Polymorphisms in genes UGT1A1, UGT1A7, and
UGT1A9 had strong associations with a component corresponding to the irinotecan-to-SN-38
pathway and SN-38 recirculation and to a component relating to SN-38-to-SN-38G conversion and
SN-38G’s elimination. The component characterizing irinotecan’s compartments was associated
with HNF1α and ABCC2 polymorphisms. The exploratory analysis with PCA in this
pharmacogenetic analysis identified known associations and may have allowed identification of
previously uncharacterized functional polymorphisms.
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INTRODUCTION
Irinotecan has international regulatory approval for the treatment of colorectal cancer and is
active against a wide variety of solid tumors.(1–5) Much is known about the drug’s metabolism
and pharmacokinetics. Irinotecan’s hydrolysis by the high affinity carboxylesterase-2 (CES-2)
is responsible for activation of irinotecan to SN-38 (7-ethyl-10-hydroxycamptothecin), a potent
topoisomerase I inhibitor.(6) SN-38 formation within the tumor may be an important
determinant of antitumor activity. Irinotecan inactivation pathways involve oxidation of
irinotecan and glucuronidation of SN-38. CYP3A4 and CYP3A5 (itself polymorphic and
expressed in only a subset of patients) produce a large number of irinotecan oxidative
metabolites, the main one being APC (aminopentanoic acid metabolite formed via CYP3A4-
mediated oxidative metabolism).(7) The final step of irinotecan metabolism is the inactivation
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of SN-38 by glucuronidation to SN-38 glucuronide (SN-38G) by UDP-glucuronosyltransferase
1A1 (UGT1A1).(8) In addition to UGT1A1, other human UGT isoforms (e.g., UGT1A7 and
UGT1A9) appear to catalyze SN-38G formation.(9,10)

In addition to metabolism, another important route of irinotecan elimination is through biliary
excretion. Among the several ABC transporters, ABCB1 and ABCC2 are the two main
transporters involved in the biliary elimination of irinotecan and SN-38 species.(11) Efflux of
the parent compound and metabolites out of cells by several other transporters (e.g., ABCG2,
ABCC1) also occurs.(12,13) Liver uptake transporters might also be involved in the disposition
of irinotecan and its metabolites.(14)

Investigators have uncovered some genetic sources of variation in the drug’s pharmacokinetics.
The UGT1A1*28 polymorphism (7 tandem repeats of a sequence of TA nucleotides in the 6
TA repeat promoter region of the UGT1A1 gene) has been associated with altered SN-38
pharmacokinetics, increasing a patient’s risk of toxicity.(15) Several groups have also reported
an association between the UGT1A1*6 polymorphism and clinical outcome among Asian
populations.(16,17) In addition to UGT1A1, variation in other genes related with irinotecan
pharmacokinetics might play a role in interpatient variability in irinotecan disposition that is
not explained by UGT1A1*28. The literature includes other pharmacogenetic studies of
irinotecan pharmacokinetics and genes relating to transporters and drug metabolizing enzymes.
(18,19)

There are several statistical methods for inferring associations between polymorphisms and a
drug’s pharmacokinetics. Models for drugs with complex pharmacokinetics, like irinotecan,
will include many different parameters. Each parameter relates to some aspect of the
metabolism. One may carry out separate analyses relating each parameter in the model to a list
of genotypes. Inference from separate analyses may prove problematic, however. Aside from
the issue of multiple comparisons, one may find it difficult to synthesize and summarize the
results. Just by chance, associations may not consistently appear as significant across
parameters in a common metabolic pathway captured by the pharmacokinetic model.

Alternatively, one can reduce the number of analyses by combining related pharmacokinetic
parameters. One can then infer genetic sources of variation affecting these constructed meta-
parameters. Associations revealed through such analyses may reflect genetic sources of
variation linked to the corresponding pathway.

We wanted to reduce the number of pharmacogenetic analyses in a way that made sense with
respect to a drug’s pharmacokinetics. Specifically, we sought a method to combine the
pharmacokinetic model parameters into fewer patient-specific outcomes than arose from a
complex multi-compartment model. The method should combine the fitted parameters such
that the resulting combinations relate to different aspects or pathways in the drug’s
pharmacokinetics. We chose to examine irinotecan, since considerable information already
existed about its pharmacokinetics (20,21) and pharmacogenetics.(22) We expected the
analysis to highlight certain known pharmacogenetics relationships, while also providing some
leads or insights into other as yet unknown relationships.

We present a principal component analysis (PCA) to determine pathway-related outcome
measures. We analyzed genetic associations with respect to the PCA-based measures that relate
to a pharmacokinetics model of irinotecan. We interpreted these associations in terms of the
known metabolic pathways captured by our pharmacokinetic model. Our exploratory
pharmacogenetic analysis sought polymorphisms that are associated with the metabolic
pathways that correspond to the derived principal component.
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RESULTS
Pharmacokinetic modeling

We first tried a model without considering EHR (i.e., fixing k3B=0). This initial model failed
to describe the SN-38 disposition in a majority of the individuals. Specifically, this model
completely missed the second “hump” in the SN-38 concentration versus time curve (seen at
~2.5 hr for the individual in Figure 2b). We chose to model recirculation of SN-38 rather than
SN-38G, because recirculation of SN-38 described our data better. In particular, the second
peak in the SN-38 curve is more distinct than on the SN-38G curve in our data. Next, the model
allowed estimation of k3B but fixed kBG1=0, thereby only allowing SN-38 to pass from the bile
to the gut during the period of gall bladder release. This model did not adequately describe the
SN-38 concentration versus time data. Finally, we estimated all of the parameters describing
EHR in our model and could adequately fit the SN-38 data (see for example Figure 2). Table
3 lists summary statistics for the fitted pharmacokinetics parameters.

Statistical Model
Because of functional relationships among several pharmacokinetic parameters, we removed
3 of the 17 pharmacokinetic parameters from consideration before computing the PCs (Table
3). After finding the PCs for the 14 pharmacokinetic parameters, we considered keeping
between 6 and 9 of them. We chose to retain 9 PCs because of interpretability after rotation.
These nine PCs accounted for 92% of the total variation in the standardized data (Table 4).
Figure 3 is a biplot, showing each patient’s values for first and second PCs after rotation. The
length of each arrow reflects the weight of the corresponding model parameter. The Figure
shows how the parameters kBG, k3B, and kSN dominate the first PC, while irinotecan clearance
and the inter-compartmental rate parameters, kcp and kpc, dominate the second.

The bottom of Table 4 shows our interpretation of the PCs in terms of pathways in the
pharmacokinetic model (Figure 1), based on the model parameters loading most heavily (PC
coefficient > 0.1) on the PC. For example, the following parameters loaded most heavily on
the first PC after rotation (Table 4): the rate parameter for the path from the central irinotecan
compartment to SN-38 and the rate parameters governing the pathway of SN-38 through the
bile, the gut, and then back to the SN-38 compartment. Thus, we considered the first PC as
capturing the conversion of irinotecan to SN-38 and the recirculation of SN-38 through the
bile and the gut (Figures 4 and 5). The second PC was most associated with the two
compartments relating to the parent compound (Figures 4 and 5). The third PC was related to
glucuronidation of SN-38 to SN-38G and the elimination of SN-38G, as well as the passage
of SN-38 from the bile to the gut.

Table 5 lists the smallest p values and largest Bayes factors for each pair of polymorphisms
and the PCs. We found seven polymorphisms with significant associations with the first PC
(see Figure 4); five of these seven showed strong evidence of association according to the
Bayes factors. These polymorphisms are in the UGT1A1 (n=2), UGT1A7 (n=2), UGT1A9
(n=1), and ABCC1 (n=2) genes. The second PC (Figure 4) was associated with polymorphisms
in HNF1α (n=1), CYP3A5 (n=1), ABCC2 (n=5), and ABCC1 (n=3) genes (9 with p < 0.05 and
4 with Bayes factor > 3.2). The third PC was significantly associated with polymorphisms in
UGT1A1 (n=3), UGT1A7 (n=2), UGT1A9 (n=1), SLCO1 (n=1), and CES2 (n=1) (p<0.05 for
each association). The Bayes factors indicate strong evidence of an association only between
this PC and the UGT polymorphisms.

The more conservative Bayes factors do not indicate strong evidence of associations between
SNPs and the APC part of the pharmacokinetic model (the fourth or fifth PCs). If one uses p
values, however, one can identify statistically significant associations (p < 0.05) between
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several UGT1A1, UGT1A7, and UGT1A9 polymorphisms and the fourth PC and a significant
association between the fifth PC and a SNP in the ABCC2 gene (Table 5). These p-value-based
associations may be false signals, since the pharmacology does not suggest an association
between the UGTs and the metabolite APC.

The sixth PC is almost entirely related to the extent of EHR. We found evidence of associations
between polymorphisms in the UGT1A1 and UGT1A7 genes and this PC. The associations
may be indirect, since these genes are not transporter genes. Alternatively, the association may
reflect EHR dependence on the extent of glucuronidation and SN-38-SN-38G recycling in the
gut. The seventh PC characterized recirculation of SN-38 without EHR. Although several SNPs
had a significant association (p < 0.05) with this PC, Bayes factors did not indicate strong
evidence of association. SN-38 elimination (PC 8, k30 in Figure 1) was associated with a SNP
in the ABCC2 gene. A SNP in the SLCO1 gene and one in the ABCC1 gene had a significant
association with this PC (p<0.05). The last PC reflected the irinotecan clearance and
elimination (ke in Figure 1). We found strong evidence of associations between the ABCB1
gene and this PC.

Discussion
We have shown how statistical methods for dimension reduction can allow inference in
complex biomedical applications. Specifically, we applied PC analysis to pharmacokinetic
model parameter estimates to produce measures we could interpret in terms of pathways in the
compartmental model of irinotecan’s pharmacokinetics. Additionally, regression analysis of
PC scores on polymorphisms allowed us to assess relationships between polymorphisms and
pathways. We found strong evidence for some associations, but we view the analysis as
exploratory. This is the first application of this methodology to pharmacogenetic analysis as
far as we know.

One of the unique aspects of irinotecan pharmacokinetics is the enterohepatic recirculation of
SN-38. Specifically, SN-38 can be formed in the liver from irinotecan, or in the intestine from
SN-38 glucuronide through the action of bacterial glucuronidases.(23–25) The gall bladder
periodically releases its contents into the gut (usually after a meal), leading to a bolus infusion
of SN-38 and/or SN-38 glucuronide into the intestine, which is then reabsorbed, via portal
circulation, into the plasma. This reabsorption leads to a transient increase in plasma SN-38
and SN-38G concentrations when one expects them to be decreasing. While this
pharmacokinetic process has been modeled for several other drugs (e.g. morphine),(26,27) it
has only been described noncompartmentally in irinotecan disposition.(28)

In our data, we found strong evidence of associations we expected to see. For example, we
expected and the analysis found an association between the UGT1A1*28 polymorphism and
glucuronidation of SN-38 to SN-38G. On the other hand, the ABCB1 1236 C>T polymorphism,
for which a report found significant associations with total irinotecan AUC and SN-38 AUC,
(18) did not appear to have a strong relationship with any of our derived phenotypes. Most of
the polymorphisms in the candidate genes did not show strong associations. Possibly, many
of these polymorphisms are not functional. In some cases, however, the lack of association
may have been a result of the small number of individuals who possessed the rare allele. For
example, the two polymorphisms in the ABCG2 transporter gene had either two individuals
homozygous for the rare allele (ABCG2 BCRP G34A) or none (ABCG2 BCRP C421A). Thus,
the sample size was too small in some key instances.

We recognize some limitations to the analyses. First of all, we analyzed individual
pharmacokinetic parameter estimates from separate analyses, rather than fitting a population
model. An advantage of a population model is that the estimates would borrow strength across
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patients and exhibit some shrinkage. One is therefore less likely to find extreme observations
that might dominate the inference. We did check the data for outliers and examined influence
of patient estimates on the principal components. By analyzing the logarithms of the estimates,
we reduced skewness. In the end, we are confident that one or two patients did not heavily
influence our PCs.

We carried out our analysis in several stages, instead of building one large encompassing
model. Although there are reasons to criticize two-stage (or multi-stage) analyses, we feel that
our approach was more straightforward, less difficult to implement, and easier to explain. While
our PCs, based on estimates from pharmacokinetic models, ignore uncertainty in the estimates,
they reflect the between-patient variation. We feel that between-patient variation exceeds the
uncertainty in the parameter estimates. We are working on a larger population model that will
allow us to learn about the different components of variation.

We had to impose some constraints to ensure identifiability of the model parameters. For a
compartmental model such as ours, one can either uniquely estimate the volumes or the
elimination rate constants in peripheral compartments.(29) We chose to estimate the
elimination rates and fix the volumes of the compartments. Had we fixed the rate constants,
the PCs for the new parameter estimates would have had different loadings but likely still split
the same way with respect to the pathways. It does not seem likely that different genes would
associate with the PCs.

We also somewhat arbitrarily fixed the duration of gall bladder emptying in our model to be
one hour, which we thought to be reasonable. Varying this time slightly would have little effect
on the parameter estimates. If we made the duration a continuous parameter to estimate, we
would in effect have set the model parameter kBG1 to be zero and would not have gotten a
reasonable fit to the second SN-38 peak in most cases.

There are admittedly unaccounted sources of variation, because of the limitations of the data.
For example, we have no measurements of eliminated metabolites. Also, we did not fix the
timing of the patients’ meals, which would affect gall bladder release and, subsequently,
enterohepatic recirculation. GI tract surgery might affect pharmacokinetics, although we are
not aware of any data supporting this hypothesis.

Whenever one carries out a large number of hypothesis tests, one worries about false
discoveries. We view this study as exploratory and report associations that were significant at
the 0.05 level without adjusting for multiple comparisons. Additionally, we computed Bayes
factors to evaluate the strength of evidence in the data against the null hypothesis of no
association. Bayes factors actually provide a more direct measure of the strength of evidence
than do p values.(30) The polymorphisms that exhibited strong evidence of association by
Bayes factors in our data were a subset of the same ones that had significant (p < 0.05)
associations.

In any genetic analysis, one has to make a decision about how best to deal with polymorphisms
with very low minor allele frequencies. Several polymorphisms in our data had only 1 or 2
patients who were homozygous for the rare allele. In some cases, we combined them with the
heterozygotes to avoid noise influencing the inference. Combining may have masked some
functional polymorphisms if the trait is recessive and the allele frequencies low. Also, since
our population was predominantly Caucasian and African-American, we might not have found
some polymorphisms that are important in other populations, especially Asian.

In summary, principal component analysis (PCA) provides a statistically valid way to reduce
the dimensionality of a problem. We showed how to use PCA to construct phenotypes from
parameter estimates in a large and complex pharmacokinetic model. After selecting the PCs
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that account for the majority of the total variation in the data and applying a rotation, we could
interpret the retained PCs as representing pathways in the pharmacokinetic model. PCA thus
allows exploration and evaluation of associations between pharmacokinetic pathways and
patient characteristics.

METHODS
The patient population consisted of 86 patients with advanced solid tumors who enrolled in a
prospective phase I study at the University of Chicago evaluating the relationship between the
UGT1A1*28 polymorphism and irinotecan toxicity. All patients provided written consent for
this study, which was approved by the University of Chicago Institutional Review Board. The
patients received single-agent irinotecan at doses of 300 mg/m2 (20 patients) or 350 mg/m2

(66 patients) infused over 90 minutes every three weeks, as described elsewhere.(31,32) We
had pharmacokinetic data for 86 patients. Table 2 contains patient demographics. Genotype
information was missing for one patient at the 350 mg/m2 dose, so analyses relating genotype
to pharmacokinetics include 85 patients.

Sampling of venous blood (7 ml) into sodium heparinized evacuated tubes for pharmacokinetic
analysis occurred after the first irinotecan administration (at cycle 1). Sampling times were day
1 of cycle 1 (prior to irinotecan infusion) and at 0.5, 1.0, 1.5, 1.67, 1.83, 2.0, 2.25, 2.5, 3.0, 3.5,
5.5, 7.5, 13.5, 25.5 hours after the start of the infusion.

Chromatography analysis, as previously described (32), yielded concentrations of irinotecan
and metabolites SN-38, SN-38G, and APC.

Pharmacokinetics
The pharmacokinetic model describing the disposition of irinotecan and its metabolites
included enterohepatic recirculation (EHR) (33) and contained 7 compartments (Figure 1). The
model characterized the disposition of irinotecan with two compartments (a central and a
peripheral compartment). The parameters for these two compartments were ke_total=
(kSN+kAPC+ke), the total elimination of irinotecan (i.e., the sum of the irinotecan converted to
SN-38 and APC, along with other elimination pathways) (1/hr); V (L/m2), the volume of the
irinotecan central compartment; and kcp and kpc, the inter-compartmental parameters (1/hr). In
addition, we computed irinotecan clearance as CL=ke*V (L/hr/m2). Finally, to allow for the
identifiability of the parameters, we set the volumes of the SN-38, SN-38G, and APC
compartments equal to the volume of the irinotecan compartment (V).

Three compartments described SN-38 concentrations over time. One compartment
corresponded to plasma, and two compartments (bile and gut) characterized EHR. Specifically,
kSN (1/hr) described the formation of SN-38 from irinotecan, and k30 (1/hr) described the
elimination of SN-38. The transition of SN-38 from plasma to bile is described by k3B (1/hr),
and kBG+kBG1 (1/hr) characterizes the transition of SN-38 from the bile to the gut. Specifically
kBG is a constant parameter describing the baseline effect; kBG1 is a step function that is zero,
except when the gall bladder is emptying into the gut. This emptying occurs from time EHRT
to EHRT+1 (hr). The ratio of kBG1 to kBG provides a measure of the extent of enterohepatic
recirculation. Finally, kG3 (1/hr) describes the reabsorption of the SN-38 into the plasma from
the gut. SN-38G and APC are formed from SN-38 (k35) and irinotecan (kAPC), respectively,
and eliminated with first-order kinetics (k50 for SN-38G and k70 for APC). We fit the model
to each individual’s concentration-versus-time data using the maximum likelihood estimation
algorithm as implemented in the ADAPT II software.(34)
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Genetic variants
Table 1 lists the polymorphisms we considered, along with available references to genotyping
methods. An appendix contains detailed genotyping methodology for several variants.
Candidate genes reflected the role of enzymes and biliary transporters in the systemic
disposition of irinotecan and its metabolites, as described in the Introduction. The vast majority
of the candidate gene variants listed in Table 1 had expected frequencies of at least 10% in
Caucasian and/or African-American populations. Some polymorphisms had three or fewer
individuals homozygous for the rare allele; we combined them with the heterozygotes.

Statistical Methods
We applied the statistical method PCA (35) to reduce the dimensionality of the multivariate
phenotype characterized by the parameters in the pharmacokinetic model. Briefly, PCA yields
linear combinations of the variables such that these new measures explain most of the variation
in the data. These linear combinations are mutually orthogonal. The principal components
(PCs) are, in fact, the eigenvectors of the data space.(35) The percent of total variation
explained by each principal component is related to the PC’s associated eigenvalue.

Once one has computed and put all of the PCs in descending eigenvalue order, one generally
finds that the last few PCs account for negligible amounts of variation. Thus, one can drop
these last PCs and still have a set of components that accounts for almost all of the total variation
in the data set. In this way, PCA reduces the dimension of the problem.

Each of the PCs may be difficult to interpret, being combinations of model parameters. We
applied varimax rotation (35,36) to aid interpretation. This method reorients the set of retained
PCs in a way that often improves interpretability while leaving alone the total variation
explained by the set. The reorientation maximizes the association of each PC with at least one
of the data variables while minimizing the association with other variables. Additionally, each
variable will associate with at least one PC.

With fewer PCs than variables, the end result will be PCs that each align with one or several
pharmacokinetic parameters. If the model parameters having the greatest association with a
PC also relate to a particular section of the compartmental pharmacokinetic model (Figure 1),
then we can use this single PC to represent that part of the model. In this way, rotation could
allow us to interpret the PCs in terms of the drug’s metabolic pathways. We then have a single
measure for a pharmacokinetic pathway and avoid carrying out separate analyses for each
model parameter.

We computed PC-specific scores for each patient as patient-specific measures that related to
pathways in the model. Each patient’s score for a particular PC is the product of the PC’s
coefficients (after rotation) times the patient’s corresponding parameter estimates. The PC
coefficients (also called loadings) reflect the weight of each pharmacokinetic parameter in the
composition of the PC. Variation in the scores across patients reflected variation in the
corresponding pharmacokinetic pathways.

We explored relationships between pharmacokinetics (i.e., the PCs) and genetic
polymorphisms by regressing the PC scores on the genetic information (analysis of variance
or ANOVA). That is, the patient-specific PC scores served as phenotypes corresponding to
particular pathways in the pharmacokinetics of irinotecan. Any polymorphism that explained
some of the variation in the PC scores in the data set would appear to be associated with the
pathway.

We computed the PCs using the logarithms of the pharmacokinetic parameter estimates,
because of skewness in the data. Since the magnitudes for the parameters varied widely, we
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standardized the data by subtracting the sample mean and dividing by the sample standard
deviation. Standardizing the variables before applying PC analysis keeps the first PC from
picking up large variation arising because of measurement units (e.g., volumes versus rate
parameters). In essence, we analyzed the correlation matrix rather than the covariance matrix.
We computed the PCs with the function “prcomp” in the statistical analysis environment R.
(37)

For each PC-polymorphisms analysis, we considered each of the possible models that might
characterize the influence of a polymorphism on the PC-based phenotype. We considered the
null model (no difference between the genotype groups), a dominant model for the rare allele,
and a recessive model for the rare allele. We also considered an additive model, in which the
phenotype changed linearly across genotype levels, from homozygous for the common allele
to heterozygote to homozygous for the rare allele. We did not fit a full ANOVA model for all
three genotype groups, since we did not consider the possibility of overdominance, i.e., the
two homozygote groups are the same but differ from the heterozygotes.

We used a 5% cutoff for two-sided p values to declare associations significant, and we did not
adjust for multiple comparisons in this exploratory analysis. We also evaluated the strength of
evidence of the associations using Bayes factors. They have the advantage that, unlike p values,
they are not influenced by sample size and arise naturally from a Bayesian view of inference.
(38,39) A Bayes factor ≥3.2 (= √10), as suggested by Jeffreys (40), indicated strong evidence
of association (i.e., large Bayes factors). We computed the Bayes factors using an objective
prior based on Zellner’s gprior corresponding to unit information.(41) When carrying out the
regression analysis, we first centered the independent categorical variables (genotypes). The
prior distribution for the residual variance was inverse-gamma with shape and scale parameters
equal to 4. This prior is proper but still allows the data to dominate inference.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pharmacokinetic model with enterohepatic recirculation (EHRT). The numbers in the lower
right corner of the compartments identify each compartment.
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Figure 2.
Example fit of model to one patient’s concentration-time data for irinotecan (a), SN-38 (b),
SN-38G (c), and APC (d).
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Figure 3.
Biplot showing the first two PCs after rotation. The numbers in the graph refer to patients
(numbered consecutively). The scales of the axes refer to the PC scores (see text) for each
patient. Each arrow is labeled with the corresponding parameter from the pharmacokinetic
model (Figure 1).
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Figure 4.
The first two PCs as pharmacokinetic pathways with associated polymorphisms.
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Table 1
Polymorphisms considered in the analysis, with expected allele frequencies (allele in parentheses) from publicly
available sources.

Polymorphism Expected allele
frequencies in
Caucasians

Expected allele
frequencies in
African-Americans

Genotyping

UGT1A1, −53A(TA)6>7TAA, PROMOTER 0.709(6) 0.62(6) (15,24)

:0.286(7) :0.38(7)

UGT1A1, −3279G>T (UGT1A1*60), PBREM# 0.47(G) 0.85(G)

:0.53(T) :0.15(T)

UGT1A1, −3156G>A, PBREM 0.69(G) 0.715(G)

:0.31(A) :0.285(A)

UGT1A1, 211G>A (G71R), UGT1A1*6, EXON 1 0(A) 0(A)

:1(G) :1(G)

UGT1A1, 686C>A (P229Q), UGT1A1*27, EXON 1 0(A) 0(A)

:1(C) :1(C)

UGT1A7, 387G>T (N129K), EXON 1 0.646(G) 0.522(G) (Appendix2)

:0.354(T) :0.478(T)

UGT1A7, 391C>A (R131K), EXON 1 0.646(G) 0.522(G)

:0.354(T) :0.478(T)

UGT1A7, 622T>C (W208R), EXON 1 0.521(T) 0.729(T)

:0.479(C) :0.271(C)

UGT1A9, −118(T)9>10, UGT1A9*1b, PROMOTER 0.59(9) 0.56(9) (42)

:0.41(10) :0.44(10)

UGT1A9, −2152C>T, PROMOTER 0.91(C)

:0.09(T) Unknown3

UGT1A9, −275T>A, PROMOTER 0.91(T)

:0.09(A) Unknown3

HNF-1α, 79A>C (I27L), EXON 1 0.75(A) (Appendix2)

:0.25(C) Unknown3

CYP3A4, −392A>G, CYP3A4*1B, 5’-UTR 0.977(A) 0.321(A) (43)

:0.023(G) :0.679(G)

CYP3A5, 6986A>G, CYP3A5*3, INTRON 3 0.023(A) 0.633(A)

:0.977(G) :0.367(G)

SLCO1B1, 388A>G (N130D), SLCO1B1*1b, EXON 4 0.396(C) 0.717(C) (Appendix2)

:0.604(T) :0.283(T)

SLCO1B1, 521T>C (V174A), SLCO1B1*15, EXON 5 0.083(C) 0.022(C)

:0.917(T) :0.978(T)

ABCC1, 1062T>C (N354N), EXON 9 0.458(C) 0.643(C) (44)

:0.542(T) :0.357(T)
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Polymorphism Expected allele
frequencies in
Caucasians

Expected allele
frequencies in
African-Americans

Genotyping

ABCC1, +8A>G, INTRON 9 0.643(A) 0.433(A)

:0.357(G) :0.567(G)

ABCC1, −48C>T, INTRON 11 0.146(T) 0(T)

:0.854(C) :1.0(C)

ABCC1, 1684T>C (L562L), EXON 13 0.917(C) 0.848(C)

:0.083(T) :0.152(T)

ABCC1, −30C>G, INTRON 18 0.042(C) 0.217(C)

:0.958(G) :0.783(G)

ABCC1, 4002G>A (S1334S), EXON 28 0.688(C) 0.955(C)

:0.312(T) :0.045(T)

ABCC1, +18A>G, INTRON 30 0.213(T) 0.042(T)

:0.787(C) :0.958(C)

ABCC2, −1549A>G, 5’-Flanking region 0.43(A) 0.485(A) (44)

:0.57(G) 0.515(G)

ABCC2, −1019A>G, 5’-Flanking region 0.43(G) 0.365(G)

:0.57(A) :0.635(A)

ABCC2, −24C>T, 5’-UTR 0.230(A) 0.06(A)

:0.770(G) :0.940(G)

ABCC2, 1249G>A (V417I), EXON 10 0.146(A) 0.239(A)

:0.854(G) :0.761(G)

ABCC2, −34T>C, INTRON 26 0.17(C) 0.25(C)

:0.83(T) :0.75(T)

ABCC2, 3972C>T (I1324I), EXON 28 0.380(A) 0.280(A)

:0.620(G) :0.720(G)

ABCB1, −129T>C, 5’-UTR 0.620(C) 0.043(C) (44)

:0.938(T) :0.957(T)

ABCB1, −25G>T, INTRON 4 0.273(T) 0.385(T)

:0.737(G) :0.615(G)

ABCB1, −44A>G, INTRON 9 0.409(C) 0.20(C)

:0.591(T) :0.80(T)

ABCB1, 1236C>T (G412G), EXON 12 0.523(C) 0.864(C)

:0.477(T) :0.136(T)

ABCB1, +24C>T, INTRON 13 0.50(T) 0.467(T)

:0.50(C) :0.533(C)

ABCB1, +38A>G, INTRON 14 0.429(A) 0.389(A)

:0.571(G) :0.611(G)

ABCB1, 2677G>A/T (A893T/S), EXON 21 0.614(G) 0.923(G)

:0.386(T) :0.077(T)

ABCB1, 3435C>T (I1145I), EXON 26 0.375(C) 0.848(C)
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Polymorphism Expected allele
frequencies in
Caucasians

Expected allele
frequencies in
African-Americans

Genotyping

:0.625(T) :0.152(T)

ABCG2, 34G>A (V12M), EXON 2 0.017(A) 0.071(A) (Appendix2)

:0.983(G) :0.929(G)

ABCG2, 421C>A (Q141K), EXON 5 0.045(A) 0.023(A)

:0.955(C) :0.977(C)

CES2, −363C>G, 5’-UTR 0.810(C) 0.733(C) (Appendix2)

:0.190(G) :0.267(G)

CES2, +1361A>G, INTRON 1 0.143(G) 0.438(G)

:0.857(A) :0.562(A)

CES2, 108C>G, 3’-UTR 0.004(G) 0(G)

:0.996(C) :1.0(C)

1
PBREM, phenobarbital-responsive enhancer module

2
Appendix with genotyping information is available as supplementary material at http://www.nature.com/cpt

3
Data are not publicly available
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Table 2
Characteristics of the 86 patients

No. of patients

Dose

  300 mg/m2 66 (77%)

  350 mg/m2 20 (23%)

Sex

  Male 49 (57%)

  Female 37 (43%)

Age, median (range) 59 (34–85)

Ethnicity

  White 68

  African-American 11

  Hispanic 4

  Asian 2

  Pacific Islander 1

BSA (m2), median (range) 1.82 (1.41 – 2.55)

Prior chemotherapy regimens, median (range) 2 (0–6)

Tumor type

  Lung 26

  Gastroesophageal 16

  Colorectal 14

  Others 30
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