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Abstract

Purpose CYP2C19 contributes to the metabolism of sev-
eral chemotherapeutic agents. The CYP2C19 homozygous
null function genotype strongly predicts activity phenotype
in healthy populations. An additional acquired loss of func-
tion has been reported in up to one-third of cancer patients.
It is not known whether this phenomenon also occurs in
patients with earlier stage or in resected disease.

Methods This study investigated whether acquired loss
of CYP2C19 function was detectable in patients with
stage III-IV or resected gastrointestinal cancer. CYP2CI9
genotype was determined in 49 patients, and subjects were
probed for CYP2C19 activity on three test occasions.
Results An acquired loss of CYP2CI9 activity was
observed in 20 % of stage III-IV and 17 % of resected
patients at the first test. Significant (p < 0.01) genotype—
phenotype discordance was observed in both groups. There
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were no direct associations between this discordance and
inflammatory markers, tumour burden or chemotherapeutic
history. Notably, hepatic CYP2C19 function was not stable
over time and phenotype conversion occurred in 23 patients
over the period of testing.

Conclusion Reliance on germ-line genotype to infer a
poor metaboliser status could substantially underestimate
the number of patients with deficient CYP2C19 function.
This could compromise the interpretation of genotype-
based clinical association studies.

Keywords CYP2C19 - Gastrointestinal cancer - Drug
metabolism - Phenotype - Genotype

Introduction

CYP2C19 is a hepatic drug metabolising enzyme important
in the metabolism of drugs including anti-platelet agents,
anti-depressants and proton pump inhibitors [1]. These
include commonly used drugs such as omeprazole [2] and
clopidogrel [3]. It is also involved (at least in part) in the
metabolism of several chemotherapeutic drugs and investi-
gational agents including cyclophosphamide, thalidomide,
bortezomib, tamoxifen, nilutamide, icotinib, tivantinib and
indisulam [4-14].

Two null function variants of the gene, CYP2CI19%2
(rs4244285) and CYP2CI19*3 (rs49486893), result in
the loss of enzyme expression due to aberrant splic-
ing and a premature stop codon, respectively [15-18].
There is marked interethnic variability in the frequencies
of these alleles; CYP2C19%2 ranges from 15 % in Cau-
casian populations to 30 % in Asians, while CYP2C19*3
is less common (0.04 % in Caucasians, 5 % in Asians)
[19, 20]. Homozygous null function genotypes occur in
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approximately 3 % of Caucasian populations. The rela-
tionship between these germ-line (inherited) variants and
CYP2C19 metabolic activity has been widely reported in
healthy populations [1, 21]. Individuals homozygous for
these null function variants have a poor metaboliser (PM)
phenotype for drugs which are substrates for this enzyme.
Additionally, the CYP2CI19*17 (rs12248560) allele
increases the clearance of some CYP2C19 probe substrates
[17, 18].

Probe substrates for the CYP2C19 enzyme, e.g.
S-mephenytoin, omeprazole, proguanil, can be used to
measure metabolic activity in vivo [22]. The ratio of drug/
metabolite concentrations in plasma can categorise an
individual as either a phenotypic extensive (pEM) or poor
(pPM) metaboliser of CYP2C19 substrates. Numerous
studies (n > 100) in healthy populations have demonstrated
that the CYP2C19 homozygous null genotype reliably
predicts poor metabolism of CYP2CI19 probe substrates
(pPM), while individuals with heterozygous or homozy-
gous for “functional” alleles (*17, *1) form a distinct pEM
population [1]. Consequently, genotype is often used as a
substitute measure of CYP2C19 poor metaboliser pheno-
type. However to be useful, germ-line testing for this gene
must be a robust predictor of phenotype, not only in healthy
populations but also in the clinical context. Importantly,
any acquired loss of CYP2C19 function in patients can lead
to misclassification of metaboliser status due to genotype—
phenotype discordance.

The phenomenon of CYP2C19 genotype—phenotype
discordance was first reported by Williams et al. [23] in a
study of 16 patients with advanced solid tumour cancers.
Twenty-five per cent of patients exhibited poor metabo-
lism of the CYP2C19 probe drug omeprazole despite
lacking a homozygous null genotype. We have also
reported a 37 % prevalence of genotype—phenotype dis-
cordance in 31 patients with a range of terminal cancers
[24] and, more recently, have confirmed the presence of
this acquired poor metaboliser status in patients with mul-
tiple myeloma [25].

The mechanism which underpins this acquired loss of
function is unknown. Environmental factors such as inflam-
matory mediators have been proposed as potential regula-
tors of cytochrome P450 (CYP) gene expression [26, 27].
Indeed the inflammatory marker C-reactive protein (CRP)
correlates with decreased CYP3A4 activity in advanced
cancer patients [28] and elevated IL-6 associates with
decreased CYP2C19 activity in cardiac patients [29]. We
have previously noted a potential association between the
CYP2C19 genotype—phenotype discordance and low body
mass index (BMI < 25 kg/mz) in patients with terminal can-
cer [24]. We hypothesised that the association of acquired
loss of CYP2C19 function with low body mass may be due
to the inflammatory factors associated with cachexia [30].
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To date, the reports of an acquired poor metaboliser sta-
tus in cancer patients have been undertaken in cohorts with
a high level of disease burden and little is known about the
prevalence of CYP2CI19 discordance in patients at ear-
lier stages of disease. Furthermore the previous work was
undertaken in single cohorts, making direct comparison
of the study populations complex and prone to the influ-
ence of confounding factors. The previous work has also
been restricted to single time points and does not provide
information about whether this acquired loss of activity
observed in some patients is constant or whether it can
change with time.

The primary aim of this study was to investigate the
prevalence of acquired loss of CYP2C19 function in
patients with stage III-IV disease compared with resected
patients with no currently evaluable disease (NED). The
secondary aims were to investigate (a) whether changes
in CYP2C19 activity occur over time within an individual
and (b) whether cancer-associated systemic inflammatory
markers or cachexia-type symptoms correlate with the
acquired loss of CYP2C19 activity.

Materials and methods

Approval was obtained from the New Zealand Heath and
Disability Northern X Regional Ethics committee (NTX
08/07/060). Patients undergoing treatment for gastrointes-
tinal cancers (n = 49) with good renal and hepatic function
(serum creatinine <0.12 mmol/L; AST/ALT < 90 U/L;
ALP < 300 U/L; total bilirubin <20 pmol/L) who had
either no evaluable disease (NED) following tumour
resection or stage III or IV disease, were recruited to the
study following full informed consent. All subjects were
at least 18 years of age and were not receiving any known
CYP2C19 inhibitors or inducers for which an appropriate
washout period (>3 half-lives) was not clinically feasible
prior to phenotyping.

Whole blood (8.5 mL) was collected into PAXgene
blood DNA tubes (Qiagen, Hilden, Germany) and stored
at —20 °C prior to analysis. DNA was extracted using the
PAXgene Blood DNA kit (Qiagen, Hilden, Germany) and
analysed for the CYP2C19%2 (rs4244285), CYP2C19*3
(rs49486893) and CYP2C19*17 (rs12248560) alleles using
previously published PCR-RFLP methods [15, 16].

CYP2C19 metabolic activity was assessed for each
study participant on three separate occasions, each directly
preceding a scheduled cycle of chemotherapy in order to
maximise drug washout from previous treatment cycles.
Subjects self-administered proguanil (200 mg p.o.) imme-
diately prior to a scheduled clinic visit. A blood sam-
ple (10 mL) was collected into a BD Vacutainer Lithium
Heparin Plus blood tube 3 h after dosing and the plasma
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separated by centrifugation (200g, 10 min) and stored at
—20 °C. The concentrations (ng/mL) of proguanil (PG) and
its major metabolite cycloguanil (CG) were determined by
HPLC [25, 31]. The proguanil metabolic ratio (PG MR)
was calculated as the ratio of the plasma concentration
proguanil to cycloguanil [(PG)/(CG)]. Individuals with log
PG MR values of >1 were categorised as phenotypic poor
metabolisers (pPM). This value has been previously shown
as concordant between genotype and phenotype for poor
metabolisers in healthy populations [32]. Individuals were
classified as discordant if they had a poor metaboliser phe-
notype (log PG MR > 1), but were not homozygous for the
null function alleles CYP2C19*2 or CYP2C19%3.

Tumour burden was calculated using modified RECIST
criteria [33, 34]. Linear measurements, in the longest
dimension, were obtained from routine clinical CT scans
and/or X-rays for the six largest tumour deposits at the
scans performed closest to the first phenotype test. These
measurements were summed for each individual. In cases
where tumours were not well visualised on the scans avail-
able, the approximate tumour burden was obtained from
clinical notes.

Two additional blood samples (4 mL) were collected
into BD Vacutainer Serum Plus tubes for the analysis of cir-
culating pro-inflammatory markers. These blood samples
were allowed to clot for 1 h, before the serum was trans-
ferred into a clean tube and stored at —20 °C. C-reactive
protein (CRP) was analysed by the local clinical laboratory
service. Interleukin-6 (IL-6) concentrations were deter-
mined using a Milliplex MAP human cytokine/chemokine
multiplex immunoassay (Millipore Corporation, MA,
USA).

Anthropomorphic measurements were collected at the
time of each phenotype test to assess the nutritional status
of each patient. Body mass index (BMI) was calculated
from the height and weight of each individual. Triceps
skinfold thickness was measured using callipers and, in
combination with arm circumference measurements, was
used to calculate cross-sectional arm fat and muscle areas
[35-37].

Statistical analyses were performed in either Graph-
Pad PRISM (version 6, GraphPad Software Inc., USA)
or STATA (StataCorp. 2013. Stata Statistical Software:
Release 13. College Station, TX: StataCorp LP). All p
values are two-sided, with p < 0.05 considered to be sta-
tistically significant. Exact 95 % confidence intervals were
calculated for the proportions of phenotypic poor metabo-
lisers among the genotypic extensive metabolisers. Pro-
portions were compared with a Chi-squared test unless the
numbers were very small, in which case Fishers exact test
was used. Continuous data are described as median and
interquartile range (IQR); associations between continuous
variables were assessed using Pearson’s product-moment

correlations (p) where data appear consistent with a nor-
mal distribution (D’Agnostino—Pearson omnibus normal-
ity test), and Spearman’s rank correlations (Rg) otherwise.
Means of two groups were compared using unpaired t tests,
with Welsh’s correction applied where appropriate. Where
the distribution of the variable was highly skewed, groups
were compared using a Mann—Whitney test. For the patient
who was included in both groups, data from after disease
progression (in the stage III/IV category) were excluded
where the two cohorts were compared. A linear mixed
model with a random intercept for patient was used to esti-
mate the change in CYP2C19 activity over time. Stepwise
multiple linear regression analysis was performed using
SPSS Statistics software (version 22, IBM Corp., NY,
USA). Variables were entered into or removed from each
progressive regression model according to the following
criteria: Alpha-to-Enter (o) < 0.050, Alpha-to-Remove
(ag) = 0.100. The significance of the regression models
was analysed by ANOVA, with p values of <0.05 (one-
tailed) considered significant. The predictive power of each
model was determined using adjusted r values.

Results

A total of 49 participants were recruited to the study. There
were 25 patients with no evaluable disease who were
receiving adjuvant chemotherapy for resected gastrointesti-
nal cancer (resected-NED) and 24 patients with stage III or
stage IV gastrointestinal cancer (online resource table S1).
One patient (#1026/#1049) was initially recruited to the
resected-NED group but, following disease relapse (stage
IV colon adenocarcinoma) 19 months after supplying the
initial three samples, also provided samples for the stage
III/IV group. This resulted in total of 25 participants in each
of the resected-NED and stage III/IV cohorts, with mean
ages of 61 £ 14 and 65 £ 12 years, respectively. There was
no important difference in the gender distribution between
the resected-NED group (11 females, 14 males) and the
stage III/IV group (9 females, 16 males) subjects (online
resource table S1). The majority of study participants were
Caucasian (92 %), with one Polynesian patient in the stage
III/TV cohort and three Asian individuals in the NED cohort
(online resource table S1).

All CYP2CI9 alleles studied were in Hardy—Wein-
berg equilibrium (CYP2C19*%2: p = 1.00; CYP2CI9*3:
p = 0.94; CYP2C19*%17: p = 0.13). Of the 49 subjects, 35
(71 %) were homozygous for functional alleles (*17/*17,
*1/*17, or *1/*I) and 13 (27 %) were heterozygous car-
riers of null function alleles (*17/*2, *1/*2, or *1/*3).
All of these individuals (n = 48) were predicted to have
extensive metaboliser phenotypes (genotypic extensive
metabolisers; gEM). One participant (#1058, NED cohort)
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Fig.1 Measured CYP2C19 activity (phenotype) in patients with
gastrointestinal cancer, stratified by CYP2C19 genotype. CYP2C19
phenotype was tested on three separate occasions. Subjects were
categorised as poor metabolisers when the log proguanil metabolic

was homozygous null function (*2/*2) and hence was pre-
dicted to have a poor metaboliser phenotype. The propor-
tion (2 %) of genotypic poor metabolisers (gPM) detected
was similar to that reported for Caucasian populations [21].

Proguanil was detected in all 3-h plasma samples col-
lected for all patients, with concentrations ranging from
7.8 to 296.1 ng/mL. Cycloguanil was not detected in
eight samples, all of which had adequate proguanil levels.
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ratio (log PG MR) was >1. Two cohorts of participants were tested
resected patients with no evaluable disease (NED) and patients with
stage III/IV gastrointestinal cancer

Cycloguanil plasma concentrations ranged from 2.0 to
146.6 ng/mL in the remaining samples.

The patient with a homozygous null function genotype
(#1058, resected-NED cohort) was confirmed to be a concord-
ant poor metaboliser at all three phenotype tests with a log
proguanil metabolic ratio >1 (range 1.31-1.51; Fig. 1). This
individual was excluded from the subsequent analyses of the
phenomenon of CYP2C19 genotype—phenotype discordance.
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Four additional subjects in the resected-NED cohort had
a poor metaboliser phenotype (pPM) at test 1 (Fig. 1a).
These individuals were not homozygous for null function
alleles. At the first test, this gave a rate of genotype—phe-
notype discordance of 17 % (95 % CI 5-37 %) in resected-
NED patients who were not homozygous null (Table 1).
None of the stage III/IV subjects were homozygous for null
function alleles (*2 or *3). However, at test 1 five individu-
als (20 %, 95 % CI 7-41 %) had a log metabolic ratio >1,
which classified them as having a discordant poor metabo-
liser status (Fig. 1b). Notably one individual (#1005) who
had a *17/*17 genotype, which is expected to predict an
ultra-rapid metaboliser status, had a metabolic ratio of
2.18 at test 1, indicating extremely poor CYP2C19 activ-
ity. Moreover, discordance was observed in both cohorts at
the additional testing periods (Fig. 1c—f), with the preva-
lence across the three test occasions of 17-27 % (Table 1).
Comparison of the rate of genotype—phenotype discord-
ance between the resected-NED and the stage III/IV groups
found no significant difference in prevalence at any of the 3
time points (p = 0.7, 0.98 and 0.8, respectively). The over-
all prevalence of genotype—phenotype discordance in the
entire cohort of 48 patients on the first test occasion was
23 % (95 % CI 11-39 %), indicating that the number of
phenotypic poor metabolisers (pPM) was substantially
greater than that predicted by genotype.

The majority of patients in the study had been treated
with chemotherapy prior to the phenotyping test, and only
three subjects were chemotherapy-naive (#1003, #1004,
and #1025). Most patients had at some point received
treatment schedules containing 5-fluorouracil (5-FU), or
the 5-FU prodrug capecitabine, with or without the addi-
tion of either oxaliplatin or irinotecan. Two patients (#1044
and #1059) had received gemcitabine. The tests were car-
ried out a minimum of 7 days after the previous cycle of
chemotherapy, directly preceding the next scheduled cycle
of chemotherapy in order to maximise drug washout from
previous treatment cycles. No association was observed
between discordance at the first test and the chemothera-
peutic treatments received by the study participants,
although numbers were small for most regimens.

CYP2C19 activity (log proguanil metabolic ratio) was
relatively consistent (coefficient of variation, Cy, < 30 %)
across the three testing occasions for the majority of par-
ticipants (online resource table S2). However, 15 subjects
exhibited high inter-occasion variation in their metabolic
ratio and importantly several individuals changed phe-
notype category over time (Fig. 2, online resource table
S2). Over the three tests, seven subjects who were geno-
type—phenotype concordant at test one became discord-
ant in subsequent tests, while six subjects who were ini-
tially discordant became concordant at test 2 and/or test
3 (Fig. 2).

Tumour burden in the 23 individuals in the stage III/
IV cohort ranged from 3.8 to 470 mm. The tumour bur-
den in concordant and discordant subjects (at time point 1)
was not significantly different (119 mm, IQR 35-188 vs.
189 mm, IQR 159-200; p = 0.14), and there was no cor-
relation between CYP2C19 metabolic activity and tumour
burden (Rg = 0.32, p = 0.14).

To assess whether any of the dynamic changes in
CYP2C19 activity were associated with the extent of dis-
ease burden over time, the clinical outcomes of patients
were scrutinised. Two patients (#1009, #1038) were real-
located from the stage III/IV group to the NED cohort fol-
lowing surgical resection of the primary tumour after test
1. Patient #1009 had highly variable proguanil metabo-
lism over the three phenotype tests (coefficient of varia-
tion (Cy) = 254.6 %). At test 1 they had a poor metaboliser
phenotype (log proguanil metabolic ratio = 1.09), which
was discordant with their genotype (CYP2C19*1%1). Fol-
lowing tumour resection, there was a substantial increase in
CYP2C19 metabolic activity sufficient to be re-categorised
as an extensive metaboliser at test 2 and test 3 (log meta-
bolic ratio: —0.30 and 0.06, respectively). Patient #1038
(CYP2C19*1*17) also underwent tumour resection after
test 1 and was reallocated to the NED group for tests 2 and
3. In contrast to patient #1009, the CYP2C19 activity of
this individual did not substantially differ across the three
test occasions (Cy = 12.2 %). and they remained geno-
type—phenotype concordant throughout the study.

Five patients recruited to the resected-NED cohort suf-
fered a relapse of their cancer following the completion
of their phenotype tests. The median time to relapse was
15 months (IQR 5-20.5 months). Only one of these patients
was genotype—phenotype discordant. CYP2C19 activity
appeared to decrease over the three tests in this subset of
patients, although there was no evidence of a relationship
between the discordance at test 1 and subsequent disease
relapse (p = 1.00). However, the numbers are very small.
As previously mentioned, one of the relapsed patients
(#1026) was subsequently recruited to the stage III/IV
cohort as patient #1049 and provided a further three sam-
ples. There was no evidence of a difference in the log meta-
bolic ratio in this patient with or without evaluable tumour
burden (0.71, 0.86, 0.4 with tumour burden and 0.33, 0.58,
0.57 without; p = 0.2). Larger samples are required to eval-
uate the role of tumour burden as a contributing factor in
acquired loss of CYP2C19 activity.

To test for any apparent trends in CYP2CI19 activ-
ity change over time, a linear regression was fitted to the
three test data for each individual. The two patients who
changed cohort (#1009, #1038) were included in the NED
group. The average slope of the regression lines over the
three tests was 0.040 (p = 0.2) in the stage III/IV cohort
and 0.042 (p = 0.2) in the NED cohort, so we found no
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Fig. 2 Between-occasion vari-
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evidence of a consistent change in CYP2C19 activity over
the time period of this study.

Serum concentrations of C-reactive protein (CRP)
ranged from <1 to 41 mg/L at test 1. Only six individu-
als (12 %) had CRP levels above the upper limit of nor-
mal (>10 mg/L). There was no correlation between log
CRP concentration and CYP2C19 activity in resected-
NED (Rg = 0.17, p = 0.4) or stage II/IV (Rg = 0.13,
p = 0.5) subjects. IL-6 concentrations were elevated above
background (>3.2 pg/mL) in 19 individuals. There was
no relationship between log IL-6 concentration and the
CYP2CI19 activity in either patient cohort (resected-NED:
Ry = —0.17, p = 0.4; stage III/IV: Rg = 0.05, p = 0.8).
Stratification of subjects into concordant or discordant cate-
gories revealed no significant difference (p > 0.05) in either
the median log CRP concentration or the median log IL-6
concentration in either cohort at test 1. There were also no
relationships between any of these inflammatory factors
and CYP2C19 activity or discordant subjects at test 2 or 3.
A preliminary analysis of the data for the first 28 patients
recruited into this study [38] also indicated no relationship
(p > 0.05) between discordance and several other cytokines
(IL-1a, IL-18, TNF-a, IFN-y).

At the first test occasion, no significant correlation
between age and CYP2C19 metabolic activity was observed
in the study cohorts (resected-NED: p = —0.16, p = 0.4;
stage III/IV: p = 0.22, p = 0.3). No gender difference was
observed in the prevalence of discordance for resected-
NED (30 % for females vs. 7 % for males; p = 0.3) or
stage III/IV (0 % for females vs. 31 % for males; p = 0.1)
subjects. There was also no difference in the log progua-
nil metabolic ratio between females and males for either
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the resected-NED (female: mean + SD = 0.69 £ 0.46;
male: mean £ SD = 0.54 + 0.34, p = 0.4) or stage III/
IV cohorts (female: mean = SD = 0.56 £ 0.29; male:
mean + SD = 0.82 £ 0.44, p = 0.1).

No associations between CYP2C19 discordance at the
first time point and anthropomorphic measures of patient
nutritional status were observed in the stage III/IV cohort.
This is in contrast to the results in the resected-NED
cohort, which exhibited significant correlations between
higher BMI (p = 0.62, p = 0.001), triceps skinfold thick-
ness (p = 0.43, p = 0.04), arm circumference (p = 0.52,
p = 0.009), cross-sectional arm muscle area (p = 0.48,
p = 0.02) and cross-sectional arm fat area (p = 0.49,
p = 0.01) with decreasing CYP2C19 activity at test 1.
Furthermore discordant resected-NED subjects had sig-
nificantly higher BMI (p = 0.02), triceps fold thickness
(p = 0.01), arm circumference (p = 0.04) and cross-sec-
tional arm fat area (p = 0.007) than concordant subjects at
this time point.

Multiple linear regression analysis was used to develop
a model to examine associations between cancer-associated
systemic inflammatory markers and cachexia-type symp-
toms, and CYP2C19 activity at the first test. Using a step-
wise approach, the only predictors retained in the model for
the resected-NED subjects were serum IL-6 and arm cir-
cumference; the final regression model was:

CYP2C19 activity = 0.006(arm circumference)
— 0.651(log(serum[IL—6])) — 0.621

However, this model accounted for only 38.4 % of
the variance in the CYP2CI9 activity of the resected-
NED cohort (adjusted R square = 0.384, p = 0.002). No
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Table 2 Prevalence of CYP2C19 genotype—phenotype discordance determined in cancer patients across independent studies

Study cohort Prevalence of genotype—phenotype Study size References
discordant poor metabolisers (%)

Gastrointestinal cancer (resected) 17 N=25 This study

Gastrointestinal cancer (stage III/IV) 20 N=25 This study

Multiple myeloma 28 N=25 Burns et al. [25]

Incurable cancer (breast, lung, colorectal, kidney, 37 N=33 Helsby et al. [24]
ovarian and melanoma)

Advanced cancer (lung, colon, breast, stomach, 25 N=16 Williams et al. [23]
pancreas, oesophagus)

Overall prevalence (mean & SD) 254+7.8 N=124

There was no significant difference in the prevalence of the acquired loss of CYP2C19 function across the five cohorts (p = 0.5)

statistically significant predictors of CYP2C19 activity
were found for the stage III/IV patient cohort.

Discussion

This study demonstrated an acquired loss of CYP2C19
activity in some individuals with gastrointestinal can-
cer; encompassing both those who had undergone tumour
resection as well in those with stage III-IV disease. This
work confirms our previous findings of a significant level
of CYP2C19 genotype—phenotype discordance in patients
with other cancers [24, 25] as well as that reported by
others [23]. It appears that approximately 25 % of can-
cer patients across many types of malignancies have an
acquired loss of activity in this enzyme (Table 2). This dis-
cordance is unlikely to be due to rare null mutations in this
gene because dynamic changes in metabolic activity were
observed in some individuals, some of which were larger
than we would expect from natural biological variation.
Similar dynamic changes of CYP2C19 activity within an
individual over three test periods have been reported in
patients undergoing curative treatment for infectious dis-
ease [39].

The mechanism(s) which underpin the acquired change
in CYP2C19 activity are still not clear. To ensure that this
acquired decrease in CYP2C19 activity in some patients
was not due to drug—drug interactions, which can lead to
a phenoconversion phenomenon [40], the tests were per-
formed at least 7 days and usually 2-3 weeks after the last
chemotherapy dose. Moreover, patients receiving known
inducers or inhibitors of CYP2C19 were excluded from
the study. Careful scrutiny of the clinical records was also
undertaken to identify any possible confounding effect
of chemotherapy regimen on CYP2CI19 activity. None of
the drugs used in the treatment of this cohort of patients
is a known inhibitor or inducer of CYP2C19 activity and
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were not expected to influence the apparent CYP2C19
activity. Indeed there was no evidence of a relationship
between CYP2C19 discordance and any drug treatment
regimen used. Furthermore, one of the discordant stage 111/
IV patients was treatment-naive at the time of the first phe-
notype test. This supports the hypothesis that the acquired
loss of CYP2C19 activity is driven by factors other than
drug—drug interactions.

In designing the current study, we hypothesised that that
the acquired loss of function might relate to the extent of
tumour burden. Although the tumour burden, as quantified
by modified RECIST analysis, was higher in discordant
than concordant subjects in this study, the difference was
not statistically significant. The small numbers of discord-
ant subjects (n = 4) may contribute to the lack of a cor-
relation, and further work to determine the role of tumour
burden should be considered.

Inflammation-induced downregulation of drug metabo-
lising enzyme activity has been hypothesised as an impor-
tant contributor in phenoconversion and the resulting
genotype—phenotype discordance [41]. Numerous clinical
studies in cancer patients have established decreased probe
drug clearance associated with inflammation, particularly
for CYP3A [28, 42, 43] and CYP2C9 [44]. However, the
systemic inflammatory status of a patient does not appear
to be a major factor contributing to the observed loss of
CYP2C109 activity. It is also of note that no relationship was
observed between acquired loss of CYP2C19 activity and
systemic inflammatory markers in our previous studies [24,
25]. Thus CYP2C19 does not appear to be under the same
regulatory control by cancer-associated pro-inflammatory
cytokines as has been demonstrated for CYP3A4 [28].

The combined effects of the studied variables did not
associate with CYP2C19 activity for the stage III/IV
patients. A moderate association with CYP2C19 activ-
ity was found between serum IL-6 concentration and arm
circumference, accounting for approximately 38 % of
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the variability in CYP2C19 activity in the resected-NED
cohort. Overall these regression analyses suggest that the
major factor(s) contributing to the observed acquired loss
of CYP2C19 activity in cancer patients have yet to be
elucidated.

Given the narrow therapeutic indices of many anti-can-
cer drugs, variability in drug metabolism has the potential
to impact the safety and effectiveness of chemotherapy,
whether due to inherited null function alleles or due to an
acquired (extrinsic) decrease in activity. The use of germ-
line as well as somatic (tumour) genomic information is
often suggested as a method to personalise treatment. How-
ever, the results of this study indicate that this approach
could significantly underestimate the number of phenotypic
CYP2CI19 poor metabolisers in cancer patient cohorts.
This study has also demonstrated that patients can change
CYP2C19 phenotype over a period of time. Whether this
acquired loss of function has any implications for the safety
and efficacy of chemotherapeutic agents metabolised by
CYP2C19 is not known. Further work is ongoing to deter-
mine whether this phenomenon adversely affects therapeu-
tic outcomes with drugs such as cyclophosphamide, which
is bioactivated in part by this enzyme.

The substantial prevalence of this acquired deficiency
in cancer patients highlights the possibility that pharmaco-
genetic tests for CYP2C19 can incorrectly categorise some
cancer patients as extensive metabolisers. It is of note that a
similar discrepancy between CYP2D6 genotype and meas-
ured phenotype (using dextromethorphan as a probe sub-
strate) has been reported in breast cancer patients [45]. Up
to 22 % of women had an acquired loss of CYP2D6 activ-
ity that did not appear to be due to null function genotype
nor due to co-administration of CYP2D6 inhibitors.

The phenomenon of genotype—phenotype discordance
may be of particular importance as many clinical stud-
ies attempt to identify gene variants of drug metabolising
enzymes which are associated with poor clinical outcomes.
This could be a particularly flawed approach if (a) geno-
type—phenotype discordance is common, and (b) if pheno-
type changes substantially and inconsistently between drug
treatment cycles. Indeed this reliance on genotyping to pre-
dict phenotype despite evidence to suggest that considera-
ble mismatch can occur may prove to be the “Achilles’ heel
of personalised medicine” [40].
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