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Abstract

Genetic variations in CYP3A4, CYP3AS, and m-TOR could contribute to interpatient variability regarding m-TOR
inhibitors pharmacokinetics or cellular effects. The purpose of this study was to evaluate the influence of selected candidate
variations in these genes on everolimus pharmacokinetics, efficacy, and toxicity in cancer patients. Thirty-four patients
receiving everolimus for breast (n =22) or renal (n = 10) cancers, or neuroendocrine tumors of pancreatic origin (n=2)
were included in the study. Six variants in genes related to everolimus pharmacokinetics (CYP3A4*22 and CYP3A5*3) or
pharmacodynamics (m-TOR 152295079, rs2295080, rs2024627 and rs1057079) were genotyped. Associations with trough
concentrations (Cy), dose reductions, or treatment interruptions due to toxicity and progression-free survival were
investigated using generalized estimating equations and Cox models. CYP3AS5 nonexpressers had significantly higher Cy as
compared with expressers (BGG vs AG = + 6.32 +2.22 ng/mL, p = 0.004). m-TOR rs2024627 was significantly associated
with an increased risk of cancer progression studied alone or as part of an haplotype (T vs C: HR =2.60, 95% CI
[1.16-5.80], p = 0.020; CTCG vs other haplotypes HR =2.29, 95% CI [1.06—4.95], p = 0.035, respectively). This study
showed that CYP3A5 expression impacts everolimus pharmacokinetics in cancer patients and identified a genetic variation
in m-TOR associated with the risk of cancer progression.

Introduction

The m-TOR pathway is deregulated in many types of
human cancers, which explains why everolimus (EVR) is
used in oncology [1]. The efficacy of EVR has been
demonstrated in the treatment of hormone receptor positive
and HER2 negative advanced breast cancer [2],
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neuroendocrine tumors of pancreatic origin [3, 4] and
metastatic renal cell cancer [5].

Variability in blood exposure or clinical response to EVR
involves several factors, including genetic factors and
drug—drug interactions. EVR is metabolized by CYP3A4
and CYP3AS in the gut and liver with a stronger con-
tribution of CYP3A4 as compared with CYP3AS5 found
in vitro [6]. The CYP3A4*22 (rs35599367) is a deficient
allele associated to a decreased metabolism [7], while the
CYP3A5*3 (rs7767465) allele causes a splicing defect that
leads to a truncated protein with no enzymatic activity [8].
However, the majority of studies carried out in organ
transplantation (kidney, heart, or lung) do not support an
effect of CYP3A4*22 [9-11] or CYP3A5*3 [6, 9, 11-14]
variants on the pharmacokinetics (PK) of EVR. Only one
study in heart transplant recipients showed that carriers of a
CYP3A5%*] allele required a higher dose of EVR to reach
the targeted Cy (p =0.041) [15] compared with patients
with the CYP3A5%*3/*3 genotype. In oncology, a study
showed that CYP3A4%22 carriers had higher blood EVR
concentrations than wild-type patients (p =0.019) [16],
while no influence of CYP3A5 genotype was shown.
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CYP3A4*22 and CYP3A5*3 variations have also been stu-
died together as a metabolic status based on the function-
ality of the combination [17].

On the other hand, polymorphisms in genes of the m-
TOR pathway may be responsible for variations in EVR
efficacy or associated with the occurrence of adverse events
[16, 18]. Three single-nucleotide variations (SNV) in
FRAPI (m-TOR gene) exhibited an adequate level of
recommendation for research according to a classification
proposed in organ transplantation (rs2295080, rs2024627,
and rs1057079) [19] and they are in strong linkage dis-
equilibrium with another m-TOR variant: rs2295079.

The aim of this study was to investigate the effect of
CYP3A4%*22 and CYP3A5%3 variants on EVR blood con-
centrations as well as the influence of the four above-
mentioned SNV candidates in m-TOR on EVR toxicity and
efficacy in cancer patients.

Materials/subjects and methods
Patients

This monocentric retrospective observational study was
performed in 34 patients receiving EVR for the treatment of
breast cancer (n=22), renal cancer (n=10), or neu-
roendocrine tumors of pancreatic origin (n =2). Patients
had been receiving EVR for at least 15 days and were thus
at the PK steady-state. This study was part of a previously
published investigation on the relationship between expo-
sure and effect for EVR in oncology. The present study is
the pharmacogenetics investigation of the patients included
in the previous study with available DNA, as no pharma-
cogenetics study had been conducted before on this cohort
[20]. The main result of the previous study was to report
EVR thresholds, for toxicity (Cy>26.3 ng/ml was asso-
ciated with an increased risk of toxicity: HR =4.12, 95% CI
[1.48-11.5], p=0.007) and for efficacy (Cy<11.9 ng/ml
was associated with an increased risk of progression: HR =
3.2, 95% CI [1.33-7.81], p=0.001) [20]).

This study was declared to the National Commission
on Computer Technology and Freedom (CNIL) under the
number 1948009v0 and approved by the Hospital Ethics
Committee under the number 198-2016-12. All 34
patients enrolled signed an informed consent before
treatment with EVR. Blood samples were collected in a
biological collection declared to the competent autho-
rities (DC 2010-1074).

Data collected from patient medical records

Clinical, biological, and radiologic data were collected from
patients’ medical records. Adverse events were graded
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using the National Cancer Institute Common Terminology
Criteria for Adverse Events, version 4.3. The efficacy was
defined as progression-free survival (PFS) corresponding to
the time elapsed between EVR initiation and tumor pro-
gression or death from any cause and toxicity was defined
as the termination, temporary interruption, and/or dose
reduction of EVR.

The clinical data included in the analysis were col-
lected between the date of cancer diagnosis and the end of
the study (25-04-2016): demographic characteristics (age,
sex, type of cancer, date of cancer diagnosis based on a
biopsy); number of metastases and localization; cancer
treatment (adjuvant hormonotherapy (HT) or chemother-
apy (CT), number of HT lines in metastatic situation, and
number of CT lines or target therapies lines in metastatic
situation prior to EVR treatment, use of a concomitant
treatment with biphosphonates; EVR treatment (date of
introduction of EVR, initial dose (mg), EVR dose at the
time of Cy measurement, C, threshold determined in the
previous study [20], date and reason for EVR dis-
continuation, temporary interruption, and/or dose
reduction).

The biological data collected were: hemoglobin levels,
platelet, white cell, and neutrophil counts; albumin, gly-
caemia, triglycerides, and cholesterol levels; glomerular
filtration rate calculated according to the Modification of
Diet in Renal Disease equation, transaminases, alkaline
phosphatase levels.

Pharmacogenetic analyses

Patients’ DNA was extracted and purified from EDTA-
treated blood using the mini Qiagen blood kit (Qiagen,
Courtaboeuf, France) and quantified by spectrophotometry
on a nanodrop 2000c® (Thermo Scientific™). Genotyping
was performed with 10 ng of DNA using Life Technologies
validated Tagman® allelic discrimination (CYP3A4%22
(rs35599367): C_59013445_10, CYP3A5*3 (rs7767465):
C_26201809_30), rs2295079: C_16189145_10, rs2295080:
C_16189146_10,  rs1057079: C_8862305_1 and
1s2024627: C_11647371_10). TagMan discrimination
assays were performed using a Rotor Gene Q® (Qiagen) for
m-TOR SNV or an ABI PRISM 7500 Sequence Detection
System (Life Technologies) for CYP3A SNV. CYP3A4 and
CYP3AS were gathered depending on their functionality in
a metabolic status covariate with three categories: poor
metabolizers (PM) corresponding to CYP3A4*22 and
CYP3A5*3, intermediate metabolizers (IM) corresponding
to CYP3A4%22 and CYP3A5*] or CYP3A4 *I and
CYP3A5*3, and extensive metabolizers (EM) correspond-
ing to CYP3A4*] and CYP3A5*1 [11] (of note, we called
the noncarrier of the variants, “*1”, in order to simplify the
reading but no sequencing was performed and theoretically,
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“non CYP3A4*22” or “non CYP3A5%3 carrier” would have
been more correct).

Statistical analyses

The statistical analyses were performed using the R soft-
ware (version 3.4.3). Conformity to the Hardy—Weinberg
equilibrium was checked. M-TOR haplotypes were inferred
using the “haplo.stat” R package. Risk factors for toxicity
were investigated using Cox models allowing taking into
account repeated events. Progression-free survival was
studied using the Cox model censured at the first event.

The influence of CYP3A4%*22 and CYP3A5%*3, studied
independently and gathered as metabolic status, on EVR
exposure was explored using a generalized estimation
equation (“geepack” R package). Boxplots were drawn to
represent the difference in C, as function of the genotype or
phenotype status (to draw the boxplot, several C, values
measured in a same patient were used, leading to a higher
number of values than patients). Univariate analysis was
performed first and variables characterized by a p value < 0.1
were included in an intermediate model. The final model
was selected by a backward stepwise approach based on the
Bayesian information criterion (BIC). The robustness of the
results was assessed by 1000 bootstraps followed by 1000
backward stepwise. For Cox models, the proportionality of
risks was assessed on the final model using the Schoenfeld
residues and for the significant polymorphisms, time-to-
event data were estimated using Kaplan—Meier analysis as
function of genotype and groups were compared using the
log-rank test for trend. An additive genetic model was used
to investigate the influence of SNV and haplotype on
outcomes.

Results
Patients and clinical data description

Characteristics of the 34 patients studied are presented in
Table 1.

SNV allele frequencies and linkage disequilibrium

The frequencies of the m-TOR SNVs, CYP3A4#*22, and
CYP3A5*3 alleles were similar to those described for
Caucasians in the 1000 Genomes project and were in con-
formity with the Hardy—Weinberg equilibrium (Table 2).
A significant linkage disequilibrium was found between
the four m-TOR SNVs (D'>0.9, #>0.8 two by two;
supplemental Table 1). The D’ and * obtained in the pre-
sent study were similar to those described in the 1000

Table 1 Demographic and clinical characteristics.

Characteristic N

Median (range) age, in years 65 (37-86)
Sex (F/M) 24/10
Type cancer

Breast cancer 22

Renal cancer 10

Tumor neuroendocrine 2
Metastatic at diagnosis 13 (38%)
Treatment

Adjuvant hormonotherapy (breast cancer) 16 (47%)
Adjuvant chemotherapy (breast cancer) 19 (56%)
Bisphosphonate 17 (50%)
Median time of treatment by EVR (range), days 126 (20-1084)
Temporary suspension/dose reduction?®, n 47 (26%)
Termination for progressions, n patients (%) 16 (47%)

EVR everolimus.

*Time dependant covariates.

Genomes project for Caucasians. Haplotype frequencies
and their descriptions are presented in Supplemental
Table 2.

Influence of CYP3A variants on EVR trough level
CYP3A4*22

Among the 34 patients enrolled in the study, 30 were
noncarriers of the CYP3A4*22 allele (CC genotype; 162 C
values) and four were heterozygous (CT genotype; 24 C,
values). No significant association between CYP3A4 geno-
type and EVR C, was observed (intercept [genotype CC] =
1597+ 1.71 ng/mL, P genotype CT=1.21=+2.51ng/mL,
p =0.63) (Fig. 1a).

CYP3A5*3

Thirty patients were identified as CYP3A5 nonexpressers
(CYP3A5*3/%3 GG genotype; 161 C, values) and four
patients as CYP3AS5 expressers (CYP3A5*1/*3 AG genotype
25 Cj values). Patients with the CYP3A5*1/*3 genotype had
significantly lower EVR C as compared with nonexpressers
(intercept [genotype AG] = 10.72 + 1.45 ng/mL, p[genotype
GG] =6.32+2.22ng/mL, p=0.004) (Fig. 1b).

Metabolic status
Five patients were EM (25 C, values), 25 IM (137 C,

values), and 4 PM (24 C, values). Patients with the IM or
PM phenotype had a significantly higher EVR C; as

SPRINGER NATURE
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0.956
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G/G 30 (88.2%) G/A 4 (11.8%) A/A 0 (0%)
G/G 14 (41.2%) G/C 15 (44.1%) C/C 5

(14.7%)

Everolimus metabolizing enzyme 1s776746 G>A Intronic
m-TOR pathway

CYP3A5
m-TOR

69% C =

Intronic UTRS region

1s2295079 G>C

0.956

69% G =31%

T=

T/T 14 (41.2%) T/G 15 (44.1%) G/G 5

(14.7%)

Intonic promotor region

rs2295080 T>G

m-TOR pathway

m-TOR

0.693

69% C=31%

T=

T/T 14 (41.2%) T/C 15 (44.1%) C/C 5

(14.7%)

Intronic synonymous

rs1057079 T>C

m-TOR pathway

m-TOR

0.942

72% T =28%

C=

C/C 16 (47.0%) C/T 14 (41.2%) T/T 4

(11.8%)

Intronic

rs2024627 C>T

m-TOR pathway

m-TOR

SNP single nucleotide polymorphism, HWE Hardy—Weinberg equilibrium.

compared with EM (intercept [EM phenotype] = 10.72 £
1.45ng/mL, B[IM phenotype] =6.30+2.43 ng/mL, p=
0.0095, B[PM phenotype] = 6.46 + 2.35 ng/mL, p = 0.0059)
(Fig. 1c).

Influence of m-TOR SNVs on EVR toxicity

No significant association was found between SN'Vs and the
toxicity of EVR (Table 3).

Influence of m-TOR SNPs on the EVR efficacy
(progression-free survival)

SNV study

rs2024627 was significantly associated with an increased
risk of progression (T vs C: HR=2.60, 95% CI
[1.16-5.80], p = 0.020; Fig. 2). This result was confirmed
by bootstrap analysis as rs2024627 was selected in 64.6%
of the 1000 bootstrap models. Details of the results are
presented in Table 4.

Haplotype study

The CTCG haplotype was significantly associated with an
increased risk of progression in univariate analysis (CTCG
vs other: HR = 2.30, 95% CI [1.09-4.89], p = 0.030) and in
multivariate analysis (CTCG vs other: HR =2.29, 95% CI
[1.06-4.95], p =0.035) after adjustment on the significant
covariates (metastatic initially, EVR concentration
threshold).

Discussion

We found that cancer patients with a CYP3AS5 expresser
status had decreased EVR C; in comparison with non-
expressers and that a variant in the m-TOR gene (rs2024627)
was associated with a decreased PFS.

Our study is one of the first investigating the influence of
CYP3A genotypes on EVR PK. In metastatic breast cancer
patients, Pascual et al. found that carriers of the deficient
CYP3A4%22 allele had EVR dose adjusted C, 2.7 times
higher than noncarrier patients (median 69.1 vs 25.7 ng/mL,
respectively), while no significant association between
CYP3AS5 status and EVR concentration was found [16]. We
could not confirm this association in the present study but
we found that the CYP3A5*3 allele (i.e., the absence of
functional CYP3AS5 enzyme) is associated with increased
EVR C,. This result was unexpected since an in vitro study
using liver microsomes performed by our group showed
that CYP3AS5 might not contribute in a large extent to EVR
metabolism in comparison with CYP3A4. Also, no
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significant association between CYP3A5*3 and the PK of
EVR was found in renal transplant recipients [6]. In
oncology, EVR is prescribed at doses 5-10 times higher

<« Fig. 1 Boxplots representing EVR troguh variations as function of

CYP3A4%22 and CYP3A5*3 genotypes studied independantly or
conjointly as metabolic status. Boxplots representing EVR trough
concentration as function of a CYP3A4*22 status, b CYP3A5*3 status
(CYP3AS expressors are patients who are carriers of at least one
CYP3A5*] allele, patient nonexpressors catry two CYP3A5%3 alleles),
or ¢ metabolic status for combined CYP3A4*22 and CYP3A5*3 status
(poor metabolizers (PM) corresponding to CYP3A4*22 and
CYP3A5*3, intermediate metabolizers (IM) corresponding to
CYP3A4*22 and CYP3A5*] or CYP3A4 *I] and CYP3A5*3, and
extensive metabolizers (EM) corresponding to CYP3A4*] and
CYP3A5*]).

than in transplantation. This might modify the relative
contribution of CYP3A4 and 3AS5 in these two different
clinical settings. A saturation of EVR CYP3A4-medicated
metabolism could occur at the doses used in oncology,
resulting in a secondary involvement of CYP3AS5. None-
theless, the difference between our results and those
reported by the Pascual et al. are difficult to explain. While
the number of subjects investigated in our study and in
Pascual et al. was similar, and the clinical outcomes studied
comparable (blood exposure, toxicities and PFS), it has to
be noted that the authors did not perform statistical cor-
rections. As discussed by the authors themselves, part of the
significant findings may be due to multiple testing. On the
contrary, we chose to reduce the number of investigations
(indeed, instead of studying every organ toxicity separately
we only studied toxicity as one outcome) to prevent the risk
of false findings. We also performed bootstrap analyses to
assess the robustness of our results. However, even with
bootstrap analyses and due to the quite small number of
patients in both trials, we could not exclude that one of
these finding was obtained by chance. Further studies are
required to confirm our results and they should be carried
out in a larger number of patients. Interestingly, we
observed a phenotype effect when studying the metabolic
status with an increase of the C in both IM and PM vs. EM.
However, the values of the C, regression coefficients
observed were very similar to the ones in the CYP3AS5
analysis, meaning that the effect of the metabolic status is
probably mainly due to the CYP3AS.

We hypothesized that SNVs in the gene encoding the m-
TOR protein, which is directly involved in the mechanism
of action of EVR, could explain the difference in outcome
in EVR-treated patients. Among the four SNVs we studied,
a significant association was observed between rs2024627
(C>T) and PFS with a 2.5 increase in cancer progression in
patient carriers of the variant allele. It can be hypothesized
that this variant decreases m-TOR inhibition by EVR, as a
study showed that homozygous carriers of rs2024627 var-
iant had decreased m-TOR expression (p =0.011) [21]. In
addition, studies in oncology conducted on the rs2295080
(T>G) (which is in strong linkage disequilibrium with the

SPRINGER NATURE
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Table 3 Univariate and
multivariate analysis of m-TOR

Univariate analysis Multivariate analysis % bootstrap

ici selection
SNPs on the toxicity of
everolimus (additive model). Category HR  95% CI p value HR 95% CI p value
rs2295079 Gvs C 0.83 0.44-1.58 0.577 No SNP retained No SNP retained
rs2295080 Tvs G 0.83 0.44-1.58 0.577
rs1057079 TvsC 0.84 0.45-1.57 0.589
152024627 CvsT 0.89 0.45-1.80 0.759
Sex M vs F 1.44 0.79-2.61 0.236
Age Per year 1.01 0.99-1.03  0.390
increase
Metastasis at Yes vs no 0.95 0.48-1.87 0.882
diagnosis
Number of Per number 1.77 1.21-2.61 0.003
CT lines increase
Number of Per number 0.78 0.36-1.67 0.520
HT lines increase
BP Yes vs no 0.59 0.27-1.28 0.184
Dose Per unit 0.95 0.82-1.09 0.444
increase
Number of Per number 0.97 0.71-1.33  0.867
metastasis increase
EVR C, >26.3 vs 11.33 1.59-80.60 0.015
<26.3 pug/L

SNP single nucleotide polymorphism, HR hazard ratio, CI confidence interval, BP bisphosphonate, CT
chemotherapy, HT hormonotherapy, EVR everolimus, Cy trough level.

=

rs2024627 CC
== rs2024627 CT

90 |
80 L‘ == 152024627 TT

1
704 |
L

60- |

Progression Free Survival
a
o
1

Logrank test for
trend p=0.0225

T T T T 1
0 200 400 600 800 1000

Time since EVR initiation (days)

Fig. 2 Kaplan—Meier curve of progression-free survival as function of
152024627 genotype.

1s2024627), showed that the presence of a T nucleotide was
significantly associated with an increase in m-TOR mRNA
expression in tumor tissues in a Chinese population
[22, 23]. The authors suggested that rs2295080 would be a
functional variant regulating the transcriptional activity and
expression levels of m-TOR [22, 23]. In the present study,
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we observed an effect of the rs2024627 studied alone or
included in a haplotype together with rs2295080 suggesting
that rs2024627 could influence the transcriptional activity
and expression of m-TOR. However, as the 152295080 has
been shown to exhibit the functional effect, we were waiting
for an effect of this SNP more than the other ones con-
stituting the haplotype. The only hypothesis would be that
the effect observed came from the entire haplotype rather
than one of the SNP (i.e., as it has been previously shown
for ABCB1) [24].

We chose to investigate the effect of m-TOR genetic
variants on indirect indicators of EVR toxicity (i.e., termi-
nation, temporary interruption and/or dose reduction of
EVR) in order to avoid multiple analyses for each type of
toxicities. No significant association was observed. Our
study has some limitations. The cohort of 34 patients is
relatively small but in order to decrease the risk of false
finding, bootstrap analyses were performed on significant
results as the effect of one covariate might be largely
influenced by one single observation or patient. In conclu-
sion, cancer patients with a CYP3AS5 expresser status were
found to have a decreased trough concentration of EVR in
comparison with nonexpressers but the clinical relevance of
this association is still questionable. An m-TOR SNV
(rs2024627) was found to associate with decreased PFS.
These results need to be confirmed in further studies.
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Table 4 Univariate, multivariate analysis of m-TOR SNPs on the progression-free survival of everolimus (additive model).

Univariate analysis Multivariate analysis % bootstrap
selection

Category HR 95% CI p value HR 95% CI p value

rs2295079 GvsC 1.51 0.69-3.25 0.296

rs2295080 Tvs G 1.51 0.69-3.25 0.296

rs1057079 TvsC 1.36 0.64-2.89 0.418

rs2024627 CvsT 2.56 1.16-5.62 0.019 2.60 1.16-5.80 0.020 64.6

Sex M vs F 2.80 0.75-10.45 0.127

Age Per year increase 0.99 0.95-1.04 0.666

EVR C, >11.9 vs >11.9 0.27 0.09-0.77 0.015 0.30 0.10-0.90 0.032 62.2
pg/L

Metastasis at Yes vs no 2.81 0.89-8.92 0.079 3.81 1.17-12.44 0.027 65.1

diagnosis

Number of Per number 2.04 0.95-4.37 0.067 Not retained

CT lines increase

Number of Per number 0.51 0.19-1.36 0.176

HT lines increase

BP Yes vs no 0.73 0.25-2.09 0.552

Dose Per unit increase 1.10 0.90-1.34 0.356

SNP single nucleotide polymorphism, HR hazard ratio, CI confidence interval, BP bisphosphonate, CT chemotherapy, HT hormonotherapy.

Code availability
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