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Abstract

Purpose A prospective study was performed to compare the outcome for metastatic breast cancer (MBC) patients treated with
docetaxel plus thiotepa (DT) or docetaxel plus capecitabine (DC), and to explore the value of CYP1A1*2C polymorphisms
in predicting clinical efficacy of these chemotherapies.

Methods MBC patients (n=130) were randomized to treatment with DT (n=65) or DC (n=65). Response rate, disease
control rate, progression-free and overall survival were monitored. Genotyping of CYP1A1*2C was performed in all patients.
Results DT and DC produced similar overall disease control rates (76.9 vs 69.2%), median PFS (6.7 vs. 7.5 months) and
OS (20.1 vs. 21.0 months) (P> 0.05 for all comparisons); however, DT exhibited a higher rate of control of localized liver
metastases (78.6 vs 41.2%, P=0.023). Among patients homozygous for wild-type CYP1A1*1 genotype (AA), DT treatment
was associated with a significantly longer PFS (8.4 vs. 6.4 months, P=0.019) and OS (33.4 vs. 15.8 months, P=0.018).
Conversely, among patients carrying the variant CYP1A1#2C genotype (AG/GG), DC treatment was associated with a sig-
nificantly longer PFS (8.4 vs. 5.5 month, P=0.005), and OS (28.5 vs. 19.6 months, P=0.010). After adjusting for competing
risk factors, CYP1A1*2C genotype was confirmed to be an independent predictor of PFS and OS for each chemotherapy
combination.

Conclusions Overall, DT and DC result in similar clinical efficacy for MBC patients; however, efficacy for each therapy
differs depending on CYP1A1*2C genotype.

Keywords CYP1A1 - Single nucleotide polymorphism - Breast cancer - Liver metastasis - Docetaxel - Thiotepa -
Capecitabine

Introduction

There are numerous chemotherapeutic options having simi-

lar efficacy against metastatic breast cancer (MBC) [1];
however, pharmacogenomic analysis offers the promise that
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personalized regimens may be identified for individuals who
might have more favorable outcomes with certain chemo-
therapies [2, 3]. Specifically, because genetic variation in
metabolic enzymes is one determinant of drug concentra-
tion, pharmacogenomics has been proposed as an approach
to tailor drug choice or dose to optimize efficacy and reduce
toxicity of cancer treatments [4, 5].

Docetaxel plus capecitabine is among the combination
regimens recommended by the National Comprehensive
Cancer Network guidelines [6] for MBC patients previ-
ously treated with anthracyclines. Indeed, we previously
showed that docetaxel plus capecitabine was effective for
Chinese MBC patients. Moreover, using the Affymetrix
drug-metabolizing enzymes and transporters (DMET) geno-
typing platform, we identified 79 single nucleotide polymor-
phisms (SNPs) of cytochrome P450 (CYP45) whose minor
allele frequency was > 10% in the Chinese population and
then applied this database to 69 MBC patients who were
treated with docetaxel plus capecitabine. Only the CYP1A1
rs1048943 A > G (Ile462Val) polymorphism influenced
progression-free survival [7].

Thiotepa is an alkylating anticancer agent previously used
to treat a variety of solid and hematologic malignancies and
which carries a US Food and Drug Administration (FDA)
indication for treatment of breast adenocarcinoma [8, 9].
It has been practical to administer at a range of dose levels
including high-dose chemotherapy for refractory breast can-
cers in part, because pharmacokinetic parameters appear to
correlate with some of its effects such as myelosuppression
[10-13]. Moreover, we have found that thiotepa could kill
breast cancer stem cells in vivo and in vitro when combined
with docetaxel and/or adoptive T cell immunotherapy [14,
15]. In our previous clinical experience, docetaxel plus thi-
otepa demonstrated promising overall survival, especially in
those patients with certain metabolic enzyme genotypes. In
a case—control series, we found that the efficacy of the com-
bination of thiotepa and docetaxel compared favorably with
that of docetaxel plus capecitabine [16-18]. We, therefore,
designed a prospective randomized clinical trial to compare
the clinical benefits of these two combination regimens and
further to explore the value of CYP1A1*2C polymorphisms
in identifying patients more likely to benefit from a particu-
lar chemotherapy regimens.

Patients and methods

Study enroliment

This study (ClinicalTrials.gov identifier, NCT01199393)
(https://register.clinicaltrials.gov/) was approved by the

ethics committee of Peking University Cancer Hospital.
All participants provided written informed consent for the
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treatment and the genetic polymorphism analysis before
enrollment. The study was carried out in accordance with
Declaration of Helsinki. Patients meeting the following cri-
teria were eligible for enrollment: female, age > 18 years
with histologically proven MBC, measurable disease per
response evaluation criteria in solid tumors (RECIST) [19],
and not previously treated for metastatic disease; Eastern
Cooperative Oncology Group (ECOG) performance status
[20] of 0-2; adequate bone marrow, cardiac, renal and liver
function; not pregnant or lactating; no serious or uncon-
trolled medical conditions; no history of other malignan-
cies; estimated life expectancy of at least 3 months; and,
at least 6 months since last adjuvant/neoadjuvant chemo-
therapy administration before registration. Prior hormonal or
radiation therapy was allowed if completed at least 4 weeks
before enrollment and if less than 25% of the bone marrow
had previously been irradiated. Prior trastuzumab was also
permitted.

Therapeutic protocol

Patients were randomly assigned to either docetaxel plus
thiotepa (DT) or docetaxel plus capecitabine (DC). They
were stratified by presence or absence of liver metastases.
For the DT group, patients received docetaxel (Aventis
Pharma S. A.) 35 mg/m? intravenously on days 1 and 8,
and thiotepa (Shanghai Xu-dong-hai-pu Pharma) 60 mg/m?,
intravenously on day 1. For the DC group, patients received
docetaxel (Aventis Pharma S. A.) 75 mg/m? intravenously on
day 1 and capecitabine (Roche Pharma Ltd) 2000 mg/m? by
mouth divided into two doses on days 1-14. Cycles of both
regimens were repeated every 21 days until disease progres-
sion, unacceptable toxicity or patient refusal. Premedication
consisted of oral dexamethasone 7.5 mg daily beginning on
the day before the docetaxel infusion and continuing for a
total of 3 days. 5-Hydroxytryptamine-3 receptor antagonists
were administered to prevent emesis.

Response and adverse event assessments

Tumor responses were evaluated by contrasted CT or MRI
scans after every two cycles to evaluate clinical responses
according to RECIST criteria version 1.0. Responses were
confirmed with repeat imaging 4 weeks later. In a subgroup
of patients with liver metastases, we solely measured the
change in the liver lesions. Toxicity was graded according
to the National Cancer Institute Common Toxicity Criteria
version 3.0.

Genotyping

Prior to chemotherapy, genomic DNA was extracted
from peripheral blood samples (4 ml) using a standard
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phenol—chloroform method. Genetic polymorphisms of
CYP1A1*2C were detected by polymerase chain reaction
(PCR) and subsequent direct sequencing.

Statistical analysis

All data were analyzed by SPSS for Windows version 15.0
(SPSS Inc., Chicago, IL, USA). Categorical variables and
variant genotypes were analyzed by the Chi-square test and
continuous variables were analyzed by T test. Progression-
free survival (PFS) and overall survival (OS) were estimated
by the Kaplan—Meier method. Log-rank tests were used to
determine whether survival differed between different treat-
ments, clinical factors, or genotypes.

Significant variables in log-rank tests were further ana-
lyzed by Cox proportional hazard regression models with
confounder adjustment. All tests were two tailed and the
significance level was 0.05.

Results
Patients’ characteristics

From August 2010 to June 2012, 130 patients were enrolled,
of whom 65 patients were randomized to DT and 65 were
randomized to DC. All patients completed the efficacy evalu-
ations and genetic polymorphism analysis. Patient character-
istics were well balanced between the two treatment groups
(Table 1). Patients were mostly postmenopausal (mean age
53.1 years) and the majority had the Luminal A subtype
of breast cancer. More than 63% had visceral metastasis.
The proportion of patients harboring CYP1A1#2C mutant
genotypes (AA/AG) was slight higher in the DT group than
the DC group (P=NS).

Clinical response and survival

There was no significant difference in objective response
rates between the two treatments. The overall disease control
rates were 76.9 versus 69.2% in DT and DC groups, respec-
tively (P=0.429); however, among the 45 patients with liver
metastases, the clinical benefit rate (CR +PR + SD) was sig-
nificant higher in the DT group than in the DC group (78.6
versus 41.2%, P=0.023).

In total, 114 patients experienced disease progression (56
patients in the DT group and 58 in the DC group). Neither
PFS nor OS were significantly different between the two
groups (Fig. 1). The median PFS was 6.7 months (95% CI,
5.3-8.1) in the DT group and 7.5 months (95% CI, 6.5-8.5)
in the DC group (P> 0.05). There were 84 deaths (38 in the
DT group and 46 in the DC group). The median OS was
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Table 1 Demographics and baseline characteristics of patients

Variables Treatment group

DT DC P value
(n=65) (n=65)

Age (mean + SD) 52.0+104 54.2+10.8 0.829

ECOG, n (%)

0 42 (64.6) 39 (60.0) 0.507
1 19 (29.2) 24 (36.9)
2 4(6.2) 2(3.1)

Menstruation status, n (%) 0.257
Postmenopausal 41 (63.1) 48 (73.8)
Premenopause 24 (36.9) 17 (26.2)

ER, n (%) 0.717
Positive 42 (64.6) 38 (61.3)

Negative 23 (35.4) 24 (38.7)

PR, n (%) 0.858
Positive 35 (54.7) 32 (51.6)

Negative 29 (45.3) 30 (48.4)

HER2, n (%) 0.151
Positive 14 (22.2) 7 (11.5)

Negative 49 (77.8) 54 (88.5)

Molecular subtypes, n (%)

Luminal A 35 (55.6) 40 (65.6) 0.396
Luminal B 8 (12.7) 34.9)
HER2-overexpressing 6(9.5) 4 (6.6)

Triple negative 14 (22.2) 14 (23.0)

Visceral metastasis, n (%)

No 19 (29.2) 28 (43.1) 0.144
Yes 46 (70.8) 37 (56.9)

Genotype distribution of CYP1A1*2C, n (%)

AA 28 (43.1) 40 (61.5) 0.069
AG 33 (50.8) 24 (36.9)
GG 4(6.2) 1(3.8)

ER estrogen receptor, PR progesterone receptor, HER2 human epider-
mal growth factor receptor

20.1 months (95% CI, 13.7-26.5) in the DT group and 21.0
months (95% CI, 18.7-23.3) in the DC group (P> 0.05).

Genotype associated with PFS and OS varies
by chemotherapy regimen

Genotype distribution of CYP1A1*2C followed the
Hardy—Weinberg equivalence (HWE). Because there were
only five individuals with homozygous variants (GG) (four
in the DT group and one in the DC group), the mutant car-
riers (AG/GG) were grouped together for analysis. There
was no relationship between CYP1A1#2C genotype and
clinical outcome in the entire study group as a whole
(Table 2) or among those with liver metastases (Table 3);
however, among patients homozygous for wild-type
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Fig. 1 a Progression-free survival (PFS) and b overall survival (OS) for the different treatment groups
Table 2 Comparison of Treatment groups CYP1AT1*2C genotypes

response rates in different

treatment groups and genotypes DT group, n (%) DC group,n (%) P AA,n (%) AG/GGn(%) P
n 65 65 68 62
CR 0 0 0 0
PR 9 (13.8) 17 (26.2) 13 (19.1) 13 (21.0)
SD 41 (63.1) 3(43.1) 33 (48.5) 36 (58.1)
PD 15 (23.1) 10 (30.8) 22 (32.4) 13 (21.0)
Objective response 9 (13.8) 17 (26.2) 0.124 13 (19.1) 13 (21.0) 0.829
rate (CR+PR)
Disease con- 50 (76.9) 45 (69.2) 0.429 46 (67.7) 49 (79.0) 0.169
trol rate
(CR+PR +SD)
Tat?le 3 Comparison of.regional Treatment groups CYP1A1*2C genotypes
lesion control rates for liver
metastasis subgroup DT group, n (%) DC group,n (%) P AA,n (%) AG/GG,n(%) P
n 28 17 22 23
Regional CR 0 0 0 0
Regional PR 10 (35.7) 4(23.5) 5(22.7) 9(39.1)
Regional SD 12 (42.9) 3(17.6) 6(27.3) 9(39.1)
Regional PD 6(21.4) 10 (58.8) 11 (50.0) 521.7)
Regional objective 10 (35.7) 4(23.5) 0.513 5227 9(39.1) 0.337
response rate
(CR+PR)
Regional disease 22 (78.6) 7 (41.2) 0.023  11(50.0) 18(78.3) 0.065

control rate
(CR+PR+SD)

CYP1A1*1 (AA), those treated with DT had signifi-
cantly longer PFS [median, 8.4 (95% CI, 3.3-13.5) vs. 5.5
(95% CI, 1.7-9.3) months, P=0.004] and OS [median,
33.4 (95% CI, 19.7-47.1) vs. 19.6 (95% CI, 14.0-25.2)
months, P=0.045], compared with patients treated with
DC (Fig. 2). Conversely, among patients carrying the
variant CYP1A1*2C genotypes (AG/GG), those treated
with DC had significantly longer PFS [median, 8.4 (95%
3.4-13.4) vs. 6.4 (95% CI, 5.6-7.2) months, P=0.046],
and OS [median, 28.5 (95% CI, 22.650-34.350) vs. 15.8

@ Springer

(95% CI, 8.713-22.887) months, P =0.005], compared
with patients treated with DT (Fig. 3).

Predictors associated with clinical outcomes

On univariate analysis, patients with wild genotype (AA)
had longer PFS (8.4 vs. 6.4 months, P=0.019) and OS
(33.4 vs. 15.8 moths, P=0.018), compared with the variant
CYP1A1*2C genotype (AG/GG) in DT group. Conversely,
for the DC group, mutant genotype (AG/GG) carriers had
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superior clinical outcomes in both PFS (8.4 vs. 5.5 months,
P=0.005) and OS (28.5 vs. 19.6 moths, P=0.010) (shown
in Table 4).

Cox proportional hazards models were then employed
to quantify the prognostic significance of risk factors after
multivariable adjustment. A multivariable analysis was per-
formed to assess the factors that demonstrated significant

1001

p=0004 == DT Group

< 801 —— DC Group
2
5 60
[
5 401
2
]
o 204

0 T T J

0 10 20 30

Progression Free Survival Time(months)

effects in univariate analysis. After adjusting for competing
risk factors, ER-negative status was associated with inferior
PFS (but not OS) for patients treated with DT (HR 1.785,
95% CI 1.019-3.127, P=0.043).

The mutant genotypes (AG/GG) of CYP1A1#*2C were
confirmed to be independent risk predictors of PFS (HR
1.90, 95% CI 1.04-3.50, P=0.038) and OS (HR 2.24, 95%
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Fig.2 a Progression-free survival (PFS) and b overall survival (OS) for the patients harboring CYP1A1*1 (AA) genotype, separated by chemo-

therapy regimen
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Fig. 3 a Progression-free survival (PFS) and b overall survival (OS) for the patients harboring CYP1A1*2C (AG/GG) genotypes, separated by

chemotherapy regimen

Table 4 Clinical characteristics and genotypes related to survival in patients

Variables PFS (months) P HR (95% CI)* P OS (months) P HR (95% CI)* P*
DT group
ER status Positive 8.4 0.015 1.00 (ref.) 0.043 21.3 0.090 1.00 (ref.) 0.086
Negative 4.7 1.785 (1.019-3.127) 11.6 1.814 (0.919-3.580)
CYPIAI genotypes AA 8.4 0.019 1.00 (ref.) 0.038 334 0.018 1.00 (ref.)
AG/GG 64 1.904 (1.035-3.502) 15.8 2.237 (1.028-4.869) 0.042
DC group
Menstruation status ~ Post 7.3 0.659  1.00 (ref.) 0471 223 0.002  1.00 (ref.) 0.095
Pre 7.5 1.341 (0.605-2.973) 14.0 2.358 (0.861-6.453)
CYPI1AI genotypes AA 5.5 0.005 1.00 (ref.) 0.003 19.6 0.010  1.00 (ref.) 0.014
AG/GG 84 0.412 (0.229-0.742) 28.5 0.406 (0.198-0.833)

*Adjusted age, ER status, menstruation status and CYP1A1 genotypes
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CI 1.03-4.8, P=0.042) for the DT group, whereas in the
DC group, the mutant genotypes (AG/GG) were confirmed
to reduce the risks for both progression (HR 0.412, 95%
CI 0.229-0.742, P=0.003) and death (HR 0.406, 95% CI
0.198-0.833, P=0.014). The details are shown in Table 4.

Treatment-related toxicity

Chemotherapy-induced toxicities were assessed in all
enrolled patients. Grades 3 and 4 toxicities are summarized
in Table 5 and the incidence rates are presented in suppl.
table 1. The majority of patients experienced hematotoxicity,
generally mild and tolerable. More patients in the DT group
suffered serious leukopenia than in the DC group (43.1
vs. 20.8%, P=0.004). Severe hand—foot syndrome only
occurred in the DC group (P <0.001). All toxicities were
manageable and no treatment-related mortality occurred.
While the rates of severe hematotoxicity were slightly higher
in the wild-type genotype (AA) carriers of CYP1A1*1, there
were no significant differences in toxicities between differ-
ent genotypes.

Discussion

Because of the risks of anthracyclines, especially in elderly
patients, DC is an effective regimen frequently used as a
first-line treatment for MBC [21, 22]. In this prospective
randomized clinical trial, we have demonstrated that DT also
represents an efficacious option for the first-line treatment of
MBC. The response rates, PFS and OS were not significantly
different in the DT group and the DC group, and the clinical
outcomes were equivalent to the results reported in other
docetaxel-containing clinical trials of patients with MBC
pretreated with anthracyclines, in which the median overall
survivals were 19.9-23.6 months [23-25].

The site of organ metastasis of breast cancer is associated
with clinical outcome and therapies targeting specific sites

are attracting increasing interest [26-28]. After lymph nodes
and lung, the liver ranks as the third most frequent site of
breast cancer metastases and the presence of liver metasta-
ses is associated with unfavorable prognosis [29]. The more
effective treatment for liver metastases, locoregional or sys-
temic therapy, is unknown. In the present study, DT achieved
control of liver metastases in 78.6% of affected patients and
was more effective than DC. Schrama et al. reported that
22% (2/9) patients with liver metastasis achieved long-term
PFES (over 18 months) treated with a thiotepa-containing
regimen [30]. A potential explanation for this benefit of
thiotepa-containing regimens for liver metastases is sug-
gested by previous observations suggesting that the liver is
an important site of thiotepa biotransformation in vivo, as
thiotepa is metabolized by oxidative desulfuration to yield
the active metabolite tepa in the liver [31, 32].

It is well established that genetic factors are strong
determinants of in vivo drug-related therapeutic efficacy
and toxicity, and pharmacogenetics is poised to assume a
leading role in precision medicine [33, 34]; however, few
pharmacogenomic biomarkers are routinely used to choose
potentially more efficacious regimens for cancer patients [1,
35]. Our previous study of SNPs in genes encoding phase I
and phase II drug-metabolizing enzymes showed that these
polymorphisms could affect drug responses in MBC patients
[7, 17, 18]. We were also interested in whether any pharma-
cogenomic biomarkers would be predictive of benefit for
such chemotherapy.

Polymorphisms in the drug-metabolizing enzyme
CYPIAI have been extensively studied. CYP1A1*2C,
one of the common genetic mutant sites, is strongly asso-
ciated with susceptibility to various cancers [36-38].
Presence of the SNP in CYP1A1*2C characterized by an
A to G mutation at nucleotide 2,455 in exon 7 results in
an amino acid change from isoleucine to valine at codon
462 and increased catalytic activity leading to enhanced
DNA adduct formation [39]. These DNA adducts might
be responsible for causing mutations in tumor suppressor

Table 5 Comparison of sever

o Treatment groups CYP1A1*2C genotypes

chemotherapy toxicities (3/4

degree) in different treatment DT group, n (%) DC group,n (%) P AA AG/GG P

groups and genotypes
n 65 65 68 62
Leukopenia 28 (43.1) 12 (20.8) 0.004 25@34.7) 15(259) 0.340
Neutropenia 21 (32.3) 13 (20.0) 0.162  21(29.2) 13(224) 0.427
Thrombocytopenia 2@3.1) 0(0) 0496 2(2.8) 0(0) 0.502
Anemia 2@3.1) 1(1.5) 1.000 34.2) 0(0) 0.253
Nausea or vomiting 2(3.1) 1(1.5) 1.000 2 (2.8) 1(1.7) 1.000
Diarrhea 2(3.1) 0(0) 0496 2(2.8) 0(0) 0.502
Neurotoxicity 1(1.5) 2(3.1) 1.000 2(2.8) 1(1.7) 1.000
Liver toxicity 4(6.2) 1(1.5) 0365 2(2.8) 3(5.2) 0.656
Hand—foot syndrome 0 10 (12.9) 0.001 6(8.3) 4(6.9) 1.000

@ Springer



Cancer Chemotherapy and Pharmacology (2018) 81:365-372

371

genes and oncogenes, leading to malignancy, but also
affecting the response of tumor cells to certain therapy
[40]. However, to our knowledge, little information is
available on the role of CYPJIAI in relation to the clinical
outcomes of MBC patients undergoing chemotherapy.

The results of this study demonstrate that patients with
specific polymorphisms in CYPIAI may benefit more from
certain chemotherapy regimens. The wild-type CYP1A1*1
genotype (AA) benefitted more from DT while those the
carrying mutant CYPIAI gene polymorphisms benefitted
more from DC, consistent with our previous results in a
single-arm study [7]. The clinical benefits associated with
these polymorphisms extend to other chemotherapies and
targeted therapies. Heubner et al. observed a statistically
significant association between the 462Val allele and plati-
num resistance in ovarian cancer [41]. A favorable clinical
response to imatinib was reported for patients with chronic
myeloid leukemia patients and the heterozygous genotype
(AG) [40]. Although further confirmation is needed, these
findings indicate that the CYP1A1*2C polymorphism
could serve as a useful therapeutic marker in predicting
response to multiple therapies.

Our study has several limitations. We have only investi-
gated the predictive value of common variants of CYP1A1
and other polymorphisms in drug-metabolizing enzymes
might also play roles in determining clinical outcomes to
the DC and DT regimens. Similarly, factors unrelated to
metabolic enzyme level or function such as patient compli-
ance and absorption of oral drugs could affect therapeutic
benefit. Validation studies with larger numbers of patients
are warranted.

In conclusion, we have demonstrated that the DT regi-
men is well-effective and tolerable first-line chemotherapy
for MBC patients who have been pretreated with anthracy-
cline, especially with liver metastasis. To further improve
the therapeutic efficacy, the polymorphism of CYPIAI*2C
might act as predict biomarker for MBC patients who are
administered DT or DC therapy.
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