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Abstract
Purpose The present study aimed to investigate the role of
expression of daunorubicin-metabolizing enzymes carbonyl
reductase 1 and 3 (CBR1 andCBR3) on the in vitro cytotoxicity
of daunorubicin in primary acute myeloid leukemia (AML)
cells and the effect of genetic variants in CBR1 and
CBR3 on the plasma pharmacokinetics of daunorubicin
and daunorubicinol (DOL) in AML patients.
Methods RNA expression of CBR1 and CBR3, intracellular
daunorubicin and DOL levels, and in vitro cytotoxicity of
daunorubicin were measured in bone marrow mononuclear
cells of 104 adult AML patients. Plasma pharmacokinetics of
daunorubicin and DOL was measured in 24 patients receiving
daunorubicin-based induction chemotherapy for AML.
Results Increased expression of CBR1 significantly reduced
the in vitro cytotoxicity of daunorubicin and also positively
correlated with intracellular DOL levels. Polymorphisms in
CBR1 and CBR3 did not show any association with intra-
cellular daunorubicin or DOL levels, but there was a trend
towards significant increase in plasma daunorubicin systemic
exposure in patients with a variant genotype for CBR1 poly-
morphism rs25678.

Conclusions This pilot study suggests that CBR1 RNA
expression may be helpful in identifying AML patients at risk
of developing resistance or toxicity to daunorubicin due to
increased formation of DOL. Further confirmation of these
findings in a larger sample pool would be required to determine
the applicability of these results. Inhibition of CBR1 can be an
option to improve the efficacy and prevent toxicity related to
the treatment. Influence of daunorubicin and DOL plasma
levels on clinical outcome, if any, remains to be evaluated.
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Introduction

Daunorubicin and doxorubicin belong to the class of anthra-
cyclines ranked among the most effective antineoplastic
drugs ever developed [1]. Though their mechanism of action
is similar, daunorubicin is the drug of choice in hematologic
malignancies. Daunorubicin enters the cell by passive dif-
fusion and brings about its cytotoxic activity by DNA inter-
calation, stabilization of DNA-topoisomerase II cleavable
complex, and lipid peroxidation leading to reactive oxygen
species (ROS) production and apoptosis [2]. Daunorubicin
along with cytarabine constitutes the induction chemother-
apy of non-M3 acute myeloid leukemia (AML).

AML is a clinically and genetically heterogeneous clonal
disorder characterized by the accumulation of somatically
acquired genetic alterations in hematopoietic progenitor
cells that alter normal mechanisms of self-renewal, prolifer-
ation, and differentiation [3]. With the present induction
chemotherapy protocols, approximately 75–85 % of patients
achieve complete remission. However, the 5 year event-free
survival is as low as 25–30 %, and overall survival is
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dismal. Relapse of the disease and resistance to chemother-
apy are regarded as the main causes of treatment failure.
Over-expression of drug efflux transporters and metaboliz-
ing genes is one of the important factors contributing to
primary resistance of chemotherapy in cancer [4, 5].

Daunorubicin is metabolized to the hydroxyl derivative
daunorubicinol (DOL), which is less potent than the parent
compound, by the carbonyl reductase enzymes (CBR) [6].
CBRs belong to the short dehydrogenase (SDR) family,
which is involved in catalyzing the conversion of various
endogenous (progesterone and menadione) and exogenous
(cytotoxic drugs such as daunorubicin and doxorubicin)
carbonyl compounds to their respective alcohol derivatives
[7]. Aldoketoreductases (AKR), which belong to the SDR
family, have also been linked to metabolism of anthracy-
clines. However, it has been shown that AKR isoforms
AKR1A1 and AKR1B1 are less efficient than CBR in
metabolism of daunorubicin [8]. A recent report has
revealed that, unlike AKR1A1, AKR1C2, another isoform
of AKR, fails to metabolize anthracyclines [9].

CBR enzymes are cytosolic in nature and are ubiquitous-
ly expressed in all the tissues with maximum expression in
liver [10] and require nicotinamide adenine dinucleotide
phosphate (NADPH) as a cofactor for catalysis [7, 11]. To
date, four isoforms of CBR are known, of which CBR1 and
CBR3 genes, located in chromosome 21, share 79 and 72 %
homology with each other in nucleotide and amino acid
sequences, respectively [12]. CBR2 is shown to be down-
regulated in hepatocarcinoma cells compared to the normal
cells [13], while the enzymatic activity and tissue distribu-
tion of CBR4 are unclear. It is proposed that over-expression
of CBR1 may contribute to resistance towards daunorubicin
by increased conversion to DOL as shown by increased
survival of K562 cells upon treatment with daunorubicin
[14]. Among the enzymes involved in reduction of dauno-
rubicin, CBR1 is found to be the most efficient [8]. In
hepatocarcinoma cells, knock-down of CBR1 is shown to
increase the sensitivity against doxorubicin. Use of epigal-
locatechin gallate (EGCG) as a CBR1 inhibitor has been
shown to decrease the conversion of daunorubicin to DOL
and in turn increase the sensitivity of daunorubicin [15].
CBR1 is shown to be the major enzyme involved in dauno-
rubicin metabolism in AML cells when compared to
AKR1A1 [16].

Limited reports exist on the polymorphisms in CBR1 and
CBR3 genes. Four single nucleotide polymorphisms (SNPs)
in CBR1 are reported by sequencing of full length cDNA
from liver donors: V88I (262G>A, rs1143663), L73L
(312G>C, rs25678), A209A (720C>T, rs20572), and
V231V (786G>A, rs2230192). In vitro kinetic studies
showed that the V88I variant had 50 % lower Vmax than
the wild type as reflected by decreased DOL formation in
the variant [17, 18]. In CBR3, a commonly occurring coding

SNP V244M (rs1056892) positioned in a critical NADPH
interaction site is reported to occur at a higher frequency in
African and Caucasian populations [19]. A variant of this
SNP is shown to have significantly higher Vmax than the
wild type by kinetic experiments using menadione as sub-
strate. Also, a variant of this SNP is shown to influence
cardiotoxicity in patients who suffered from cancer in child-
hood and were treated with anthracylines [20]. Polymor-
phisms in CBR1 and CBR3 have also been shown to
influence disposition and toxicity of doxorubicin in breast
cancer patients [21, 22].

Interindividual variation in daunorubicin metabolism may
have potential implications on the toxicity and efficacy of the
drug, making it critical to understand the factors influencing
this variability. However, influence of CBR1 and CBR3 RNA
expression on ex vivo cytotoxicity of daunorubicin in AML
primary cells has not been reported. Further, there are no
studies on the polymorphisms of CBR1 and CBR3 in patients
with AML and their effect on RNA expression and in vitro
cytotoxicity of daunorubicin in AML primary cells. The aim
of the present study is to investigate polymorphisms of CBR1
and CBR3 and their RNA expression in AML and to evaluate
their effect on in vitro cytotoxicity of daunorubicin. It is also
aimed at evaluating the role of SNPs and expression of these
genes on plasma pharmacokinetics of daunorubicin in patients
receiving induction chemotherapy with daunorubicin in com-
bination with cytarabine.

Patients and methods

Chemicals

Daunorubicin hydrochloride and Tri Reagent were obtained
from Sigma Aldrich. Daunorubicinol was from Toronto
Research Chemicals, Canada, and 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazoliumbromide (MTT) was purchased
from Biotium (CA, USA). All other reagents and solvents
including acetonitrile, chloroform, and n-heptanol were of
high performance liquid chromatography (HPLC) grade.
Ficol-paque was from GE Healthcare (Uppsala, Sweden).

Patients

One hundred and four adult patients with AML (excluding
AML-M3) at diagnosis (and/or relapse) before the initiation of
therapy, diagnosed between June 2009 and May 2011 at the
Department of Haematology, Christian Medical College,
Vellore were included.Written informed consent was obtained
from all the patients, and the study was approved by the
Institutional Review Board. Peripheral blood samples from
42 healthy volunteers were used as controls for genotyping
experiments.
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Sampling procedure for pharmacokinetic analysis

Peripheral blood samples were collected at six time
points (0, 1, 2, 4, 6, and 24 h) in EDTA tubes as
reported previously [23] during the first day of induction
chemotherapy (7+3) from 24 AML patients undergoing
treatment. The blood samples collected in EDTA tubes
were centrifuged, and plasma was immediately separated
and stored at −80°C for further estimation of daunorubi-
cin and DOL by HPLC.

Pharmacokinetics calculations

The area under the concentration versus time curve (AUC)
from time 0 to infinity of plasma daunorubicin and DOL
was calculated by noncompartmental methods using a com-
bination of linear and log trapezoidal rule (linear for increas-
ing concentrations, log for decreasing concentrations).
Clearance of daunorubicin was calculated by dividing dose
by AUC as described previously [24].

Quantitative reverse transcriptase PCR

Bone marrow mononuclear cells (BMMNCs) were isolated
by density gradient centrifugation using Ficol-paque. Mini-
mum information for publication of quantitative real-time
PCR experiments (MIQE) guidelines were followed for
designing and interpreting the results of quantitative real-
time PCR [25]. Briefly, total RNA was extracted from the
BMMNCs and peripheral blood of normal controls using Tri
Reagent. Complementary DNA (cDNA) synthesis was per-
formed with 1 μg RNA using Superscript II reverse tran-
scriptase (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. TaqMan® gene expression
assays (assay ID: Hs00156323_m1 and Hs00154295_m1)
were used for quantifying CBR1 and CBR3 expression,
respectively, by quantitative PCR on an ABI PRISM 7500
sequence detection system and were normalized to the
expression of reference gene GAPDH. Samples were run
in duplicates, and relative expression was calculated using
2−ddCT (where dCT0CT of CBR1/CBR3−CT of GAPDH,
and AML001 as reference for both CBR1 and CBR3). To
compare the RNA expression between CBR1 and CBR3,
dCT was used, where higher dCT corresponds to lower
expression. To assess the relative efficiencies of the three
RQ-PCR assays, standard curve derived using serial dilution
of cDNA prepared using one μg RNA from AML cell line
Kasumi-3 with high CBR1 and CBR3 expression was used.
The PCR efficiencies of CBR1, CBR3, and GAPDH were
all comparable (Fig. S1). CBR3 expression was lower com-
pared to CBR1 as reflected by lack of amplification of
CBR3 transcripts at higher cDNA dilutions (both 1:125
and 1:625 dilutions).

Sample processing for intracellular daunorubicin measurement

Sample processing for intracellular daunorubicin measure-
ment was based on a previously published method [26].
Briefly, BMMNCs (3×106 cells) were incubated at 37°C in
humidified air containing 5 % CO2 in 1 ml of 10 % RPMI
medium overnight. The cells were then treated with 5 μM
daunorubicin and incubated for 90 min. After incubation, the
cells were washed twice and resuspended in ice cold phos-
phate buffer saline (PBS), snap frozen, and stored in −80°C till
HPLC analysis.

HPLC method for the analysis of daunorubicin and DOL

Daunorubicin and DOL levels were measured using HPLC as
described previously [27] with slight modifications. Briefly,
cells were lysed by sonication, and 0.5 ml of 0.2 M sodium
(dibasic) phosphate buffer (pH 8.4) and 100 ng/ml of idar-
ubicin (internal standard) were added. Four ml of chloroform:
n-heptanol (9:1) mixture was added to the above solution and
mixed gently in the rotary mixer for 15 min. The resulting
mixture was centrifuged at 4,000 rpm for 10 min. The organic
phase was separated and 0.25 ml of 0.1 M orthophosphoric
acid was added and mixed slowly. The mixture was centri-
fuged at 3,000 rpm for 3 min; the aqueous phase was taken,
and 50 μl of the same was injected for HPLC analysis using
an autosampler (Bio-Rad, CA, USA). HPLC (Shimadzu;
LC10 AT) coupled with fluorescence detector (Shimadzu;
RF10A-XL model) and autosampler (Bio-rad AS 100 model,
CA, USA) was used. Phenomenex Luna Cyano column
(250×4.6 mm×5 μm) protected with suitable guard column
was used as stationary phase. The mobile phase composed of
a mixture (35:65 v/v) of acetonitrile and 50 mM monobasic
sodium phosphate, adjusted to pH 4.5 with 1 M orthophos-
phoric acid, was freshly prepared on each day of analysis and
was filtered and degassed prior to use. The elution was carried
out in an isocratic mode with a flow rate of 0.7 ml/min.
Standards (100–2,000 ng/ml) for daunorubicin and DOL
(100–500 ng/ml) were included in every batch of samples.
The retention times of daunorubicin, DOL, and the internal
standard were 8.7, 7.6, and 9.5 min, respectively. The limit of
detection (LOD) and limit of quantification (LOQ) for both
daunorubicin and DOL were 1 and 10 ng/ml, respectively.
The interday and intraday coefficients of variation (CV) were
less than 10 % for the concentrations used.

In vitro cytotoxicity assay

In vitro cytotoxicity of daunorubicin was determined using
the MTT assay as described previously [28]. Briefly, MNCs
were cultured in flat-bottomed 96-well microtitre plates in
the presence of increasing concentrations of daunorubicin,
ranging from 0.1 to 3.5 μM. Cells without drugs were used
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as controls, and culture medium alone was used for blanks.
The plates were incubated for 48 h at 37°C in humidified air
containing 5 % CO2, after which 10 μl of MTT reagent was
added, and the plates were incubated for an additional 4 h.
Viable cells were able to reduce MTT tetrazolium salt to
purple/blue formazan crystals. The formazan crystals were
dissolved using acidified SDS (0.01 N HCl, 10 % SDS) and
the optical density (OD), which is linearly related to the
number of viable cells [29], was measured spectrophotomet-
rically at 570 and 630 nm. IC50 values were calculated
using ADAPT5 software [30].

CBR1 and CBR3 resequencing

DNA was extracted from peripheral blood samples of
patients as well as normal controls using standard
phenol-chloroform method. Fifty ng of DNA was used
for each PCR reaction. All three exons, 3′- and 5′-UTR
as well as the 5′-upstream region of both CBR1 and
CBR3 were subjected to PCR. The primer sequences
used for resequencing are listed in Table 1. The PCR
products were subjected to automated sequencing using
Applied Biosystems 3130 Genetic Analyzer (Foster City,
CA, USA). Sequences were aligned and SNPs or dele-
tion/insertions were identified using SeqScape software
v2.7 (Applied Biosystems). Potential functional effects of
the SNPs were determined by in silico analysis using
FASTSNP (http://fastsnp.ibms.sinica.edu.tw/pages/
input_CandidateGeneSearch.jsp) as well as TFSEARCH
(http://www.cbrc.jp/research/db/TFSEARCH.html) pro-
gram to identify if the SNPs were creating or disrupting
any transcription factor binding sites.

Linkage disequilibrium (LD) analysis

LD calculation and visualization were performed using
Haploview [31]. SNPs with minor allele frequency <0.01
and those that failed Hardy-Weinberg equilibrium test (p<
0.001) were excluded from LD calculation. The measure D′
was used to represent LD strength [32] .

Statistical analysis

Statistical analysis was done using GraphPad Prism soft-
ware (California, USA). Mann-Whitney U test, Kruskal-
Wallis test, and Spearman rank correlation analysis were
used as appropriate. A p value of <0.05 was considered
statistically significant. False discovery rate (FDR) was
controlled using the Benjamin-Hochberg procedure to cor-
rect multiple comparisons [33].

Results

Patients

A total of 104 AML patients (62 males and 42 females) with
a median age of 42 years (range 16–67) were enrolled in the
study. Patients were classified into different FAB subtypes
based on the cell morphology. Among the 104 patients, 11
were found to have secondary/relapsed AML. AML patients
and the normal controls included in the study were of Indian
origin and there was equal distribution of north, south, and
east Indians. The demographic features of the patients are
enlisted in Table 2.

CBR1 and CBR3 expression in AML patients

Median CBR1 mRNA expression was 22.854 (range 0.029–
253.15) and that of CBR3 was 414.94 (range 8.24–
29,296.67). AML patients had a significantly higher CBR1
expression [median (range) dCT 10.43 (6.96–19.98)] when
compared to CBR3 [17.89 (11.75–23.55)], where lower
dCT value corresponds to higher expression and vice versa
(Fig. 1) as analyzed by Mann-Whitney U test.

In vitro cytotoxicity of daunorubicin in AML cells

In vitro cytotoxicity of daunorubicin was estimated by MTT
assay. The in vitro cytotoxicity data were available only for
93 samples, since there were insufficient cells for 11

Table 1 Primer sequences of CBR1 and CBR3 for PCR reactions

Region Forward sequence Reverse sequence Product size (bp)

CBR1 5'UTR 5′-GATGGGGTTTCACCATCTTG-3′ 5′-CCCAGCTGTTCAATCATTCC-3′ 989

CBR1 exon 1 5′-CATGGCCACTAGGAATGGTT-3′ 5′-GTGCACACACTGGATCTTGG-3′ 954

CBR1 exon 2 5′-CCCCATGGGTACAATGTATTAAC-3′ 5′-ATCAGCTGGCAGGAGAAAAA-3′ 296

CBR1 exon 3 5′-CCTCTCTACGGGATTGTTGC-3′ 5′-ACTGTCCCTTCCCTTGACCT-3′ 856

CBR3 exon 1 5′-TTAAGCAAGCAAGGCAACCT-3′ 5′-GAATCACGGAAAGCGAAAAC-3′ 971

CBR3 exon 2 5′-TACTCCAGCCCTTTGCAATC-3′ 5′-CACTGTGGGAAAATGAAGCA-3′ 497

CBR3 exon 3 5′-CCTGCACCAAGACTCAATCA-3′ 5′-GGCCAACATGGTGAAATACC-3′ 818
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samples. IC50 of daunorubicin among AML samples ranged
from 0.01 to 3.2 μM. Based on a previously published
report [34], AML samples were classified as sensitive
(IC50<0.5 μM), intermediate (IC50 0.5–1.0 μM), or resis-
tant (IC50 >1.0 μM) to daunorubicin.

Intracellular levels of daunorubicin and DOL in AML cells

Intracellular daunorubicin and DOL levels were measured by
HPLC coupled with fluorescence detector (Fig. S2). Intracel-
lular daunorubicin and DOL levels were available for only 85
samples as sufficient cells were not available for 19 samples.
Intracellular levels of daunorubicin and DOL showed 95-fold
variation (median 451.22×103 pg, range 17.98–1,718.14) and

22-fold variation (median 13.14×103 pg, range 2.76–62.07),
respectively, among the samples screened.

CBR1 RNA expression influences the in vitro cytotoxicity
of daunorubicin in AML cells

CBR1 RNA expression was compared with in vitro cytotox-
icity of daunorubicin. Kruskal-Wallis test with Bonferroni
correction was used to compare CBR1 expression among
sensitive, intermediate, and resistant groups of AML samples
classified based on the IC50 value. CBR1 expression was
significantly higher in daunorubicin-resistant AML samples
(IC50 >1 μM; median 103; range 7.8–253.15) compared to
those who were daunorubicin-sensitive (IC50 <0.5 μM;
median 18.68; range 0.34–105; p00.0158) but not with inter-
mediate (IC50 0.5–1 μM; median 29.07; range 0.029–224;
p00.1200) samples (Fig. 2). CBR3 RNA expression was not
significantly associated with daunorubicin in vitro cytotoxic-
ity (p00.1843), though the trend was similar to that of CBR1.

CBR1 and to a lesser extent CBR3 RNA expression
correlates with intracellular DOL levels

Spearman correlation rankmethod was employed to assess the
association between CBR1 and CBR3 expression and intracel-
lular DOL. Significant positive correlation (r00.5256;
p<0.0001) was found between CBR1 RNA expression and
intracellular DOL among the AML samples (Fig. 3a). CBR3
RNA expression also showed a similar correlation (r00.3460;

Table 2 Demographics of acute myeloid leukemia (AML) patients
(n 0104)

Characteristic Value

Age (years) 42 (16–67)

Sex Male062, female042

Blast (%) 64 (21–100)

Total BM count 31,800 (4,000-329,100)

FAB subtype

M1 19

M2 49

M4 7

M5 11

M6 7

Secondary AML/relapsed AML 11

Values are median (range) or number

n=101
p< 0.0001

Fig. 1 CBR1 and CBR3 RNA expression in acute myeloid leukemia
(AML) patients. CBR1 and CBR3 expression were calculated by dCT
method, where higher dCT implies lower expression and vice versa.
Expression was normalized with GAPDH, and dCT of CBR1 and
CBR3 was compared. RNA expression of CBR1 and CBR3 was com-
pared using Mann-Whitney U test. The PCR efficiencies of CBR1,
CBR3, and GAPDH were comparable

p=0.0158

n=42

n=32
n=19

Fig. 2 CBR1 RNA expression influences in vitro cytotoxicity of dau-
norubicin in primary acute myeloid leukemia (AML) cells. RNA expres-
sion of CBR1 was calculated by ddCT method and relative to that of
AML001. CBR1 RNA expression was compared between sensitive and
resistant samples. Expression of CBR1 among sensitive (IC50<0.5 μM),
intermediate (IC50 0.5–1.0 μM) and resistant (IC50 >1.0 μM) was
compared using Kruskal-Wallis test
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p00.0015) with intracellular DOL (Fig. 3b), but the associa-
tion was less strong when compared to CBR1, suggesting that
CBR1 is involved in the conversion of daunorubicin to DOL
to a greater extent than CBR3.

CBR1 and CBR3 resequencing

In total, 3,095 base pairs (bp) of CBR1 and 2,286 bp of CBR3
covering three exons with flanking introns, 5′ and 3′UTR, and
the proximal promoter region of CBR1 and CBR3 each were
amplified using seven PCR reactions. The allelic frequencies
of theCBR1 andCBR3 polymorphisms in normal controls and
AML samples are listed in Table 3. A 31 bp deletion variant in
the 5′UTR region (rs41563015) was identified with the allele
frequency of 0.09 only in the AML samples and none of the
normal controls screened. Two SNPs, rs20572 (exon 3;
627C>T) and rs9024 (3′UTR; +967G>A), in CBR1 were
found to be in complete linkage disequilibrium, and both these
SNPs showed more than 80 % linkage disequilibrium with
rs25678 (in the exon 1 of CBR1) with a D′ of 0.8 (Fig. 4a). On

the other hand, two nonsynonymous, three synonymous, one
intronic, and one 3′UTR SNPs were identified in CBR3
(Table 3). Among the three synonymous SNPs, rs881711
and rs881712were located in exon 1 and another synonymous
SNP, rs17849671 (exon 3 in CBR3), was in linkage disequi-
librium with the SNP rs12626192 in the intron of CBR3 with
a D′ of 0.9 (Fig. 4b). The pharmacogenetic profiles of both
CBR1 and CBR3 did not differ between AML samples and
normal controls, except for the 31 bp deletion polymorphism
in CBR1 5′-region.

Effect of CBR1 and CBR3 SNPs on RNA expression,
intracellular DOL, and IC50 of daunorubicin

Association between the SNPs in CBR1 or CBR3 and RNA
expression was analyzed together with daunorubicin IC50 and
intracellular daunorubicin and DOL levels. The 5′UTR 31 bp
deletion (rs41563015) variant in CBR1 showed a trend of
association with lower CBR1 expression (median 13.68; range
0.029–107.22) compared to wild type (median 24.06; range

n=84
p<0.0001

n=84
p=0.0015

a bFig. 3 Intracellular
daunorubicinol (DOL) levels
correlate with CBR1 and CBR3
RNA expression. Spearman
correlation rank method was
employed to assess the
association between CBR1 (a)
and CBR3 (b) expression and
intracellular DOL

Table 3 Allelic frequencies of SNPs of CBR1 and CBR3 in acute myeloid leukemia (AML) patients and normal controls

dbSNP Gene Location SNP/indel Nucelotide change Allelic frequencies in
AML

Allelic frequencies in
normal controls

Amino acid change Wild type Variant Wild type Variant

rs76413493 CBR1 5′ upstream NA C>G 0.990 0.010 1.000 0.000

rs41547416 CBR1 5′ upstream NA C>T 0.985 0.014 1.000 0.000

rs41563015 CBR1 5′UTR NA CGGGGCCTGCGCCT 0.909 0.090 1.000 0.000
GCGCGCTCAGCGGCCGG/-

rs25678 CBR1 Exon 1 L73L C>G 0.764 0.235 0.740 0.260

rs20572 CBR1 Exon 3 A209A C>T 0.811 0.188 0.710 0.290

rs9024 CBR1 3′UTR NA G>A 0.811 0.188 0.710 0.290

rs8133052 CBR3 Exon 1 C4Y G>A 0.721 0.278 0.590 0.410

rs881711 CBR3 Exon 1 N85N T>C 0.870 0.130 0.900 0.100

rs881712 CBR3 Exon 1 V93V C>T 0.695 0.304 0.850 0.150

rs12626192 CBR3 Intron 1 NA C>T 0.656 0.343 0.565 0.434

rs17849671 CBR3 Exon 3 T202T G>A 0.966 0.033 0.990 0.010

rs1056892 CBR3 Exon 3 V244M G>A 0.510 0.490 0.418 0.581

rs34911362 CBR3 3′UTR NA G>A 0.957 0.042 0.970 0.030
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0.34–253.15; p00.1008). None of the other CBR1 SNPs
showed significant association with CBR1 RNA expression
or intracellular DOL levels. In addition, rs20572 in CBR1
(linked with rs9024, Fig. 4a) showed significant association
with daunorubicin IC50 (p00.04) at FDR <20 %. Among the
CBR3 SNPs, a variant of rs17849671 located in exon 3 showed
a trend to higher CBR3 expression than the wild type [median
expression of variant 1,299 (335.4–5,682) vs. wild type 389.6
(8.24–29,297); p00.0775). None of the other polymorphisms
showed significant association with RNA expression, intracel-
lular DOL, or IC50 of daunorubicin. Notably, given the small
number of multiple tests and the nature of candidate gene
approach, our choice of using nominal p<0.05 as a cut-off
gave us a reasonable level of false discovery rate of 20 %.

Plasma daunorubicin pharmacokinetics

AUC of daunorubicin and DOL in plasma samples
ranged from 51 to 2,076 ng·h/ml and 59.5 to
2,119.6 ng·h/ml, respectively, while clearance of dauno-
rubicin ranged from 43.34 to 1,785.95 L/h. Unlike intra-
cellular DOL, plasma DOL AUC did not show any
significant association with CBR1 and CBR3 expression.
In patients with variant rs25678 genotype, daunorubicin
AUC was higher [median 224 (51.4–2,076)] (Fig. 5) and
clearance was lower [median 359.7 (43.34–1,752 L/h)]
compared to the wild type [median daunorubicin AUC
139.1 (59.8–756); median daunorubicin clearance 610.8
(99.20–1,785.95 L/h)], though not reaching statistical
significance (p00.178 and 0.2839 for daunorubicin
AUC and clearance, respectively). None of the other
polymorphisms of CBR1 and CBR3 showed any signifi-
cant association with AUC of daunorubicin and DOL
and clearance of daunorubicin.

Discussion

This is the first report showing the influence of CBR1 and
CBR3 RNA expression on in vitro cytotoxicity of daunorubi-
cin and the possible role of CBR1 SNP rs25678 in CBR1 and
CBR3 on plasma pharmacokinetics of daunorubicin in AML
patients. We showed that elevated RNA expression of CBR1
but not CBR3 confers in vitro chemoresistance towards dau-
norubicin in AML cells. Also, this study shows a positive
correlation between CBR1 and CBR3 RNA expression with
intracellular DOL levels, suggesting that increased conversion

Fig. 4 Linkage disequilibrium
(LD) analysis of CBR1 and
CBR3. LD was calculated using
Haploview. All common SNPs
survived Hardy-Weinberg equi-
librium test (p>0.001). a LD
pattern for CBR1: SNPs,
rs20572, and rs9024 are in
complete LD with each other.
These two SNPs are linked to
rs25678 (D'00.77). b LD pat-
tern for CBR3: rs12626192 and
rs17849671 are in LD

n=16
n=8

p=0.188

Fig. 5 CBR1 SNP influences daunorubicin systemic exposure. Acute
myeloid leukemia (AML) patients with CBR1 variant rs25678 genotype
(CG+GG) show a trend to higher plasma daunorubicin AUC than
patients with wild type (CC)
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of daunorubicin to DOL is one of the factors affecting cytotox-
icity of daunorubicin in AML patients.

Interindividual variation in expression of genes involved
in metabolism of a drug can affect the efficacy of the drug
and drug-associated toxicity. In the present study, CBR1 and
CBR3 RNA expression showed wide interindividual varia-
tion, and CBR1 RNA expression was higher than CBR3
among AML patients. Previously it has been shown that
the protein level of CBR1 is higher than CBR3 in the
cytosol [35].

CBR is shown to be involved in the metabolism of a
variety of physiological and xenobiotic carbonyl com-
pounds to their respective metabolites including anthracy-
clines (13 hydroxy derivatives), which are less cytotoxic
than the parent compound. Thus, increased expression leads
to decreased efficacy of the drug. In the present study, CBR1
RNA expression showed positive correlation with in vitro
cytotoxicity of daunorubicin in AML cells from 95 patients.
In a recent study, it has been shown that CBR1 is the
important enzyme involved in metabolism of daunorubicin
in AML [16]. However, the influence of the CBR1 and
CBR3 RNA expression and polymorphisms on in vitro
chemoresistance of daunorubicin in primary AML cells
was not studied. The authors could not find any significant
association between CBR1 RNA expression with DOL lev-
els and only with protein level. This may be attributed to the
method used to estimate DOL levels as well as the smaller
sample size. In the present study, the intracellular DOL
levels were measured but not the enzymatic activity of
CBR1. With respect to CBR3, there was no significant
association between CBR3 expression and in vitro cytotox-
icity of daunorubicin, which might be due to lower expres-
sion of CBR3 compared to CBR1.

Patients having a 31 bp deletion polymorphism
(rs41563015) located in 5′UTR of CBR1 showed lower
CBR1 RNA expression compared to wild type. This could
be due to hypermethylation leading to decreased RNA expres-
sion of the variant compared to the wild type [36]. Also, by in
silico analysis (FastSNP), this SNP is predicted to have a very
low to moderate effect on gene expression. Interestingly, the
SNP was observed only in the AML patients but not in any of
the normal controls screened in the present study.

InCBR1, two SNPs (rs20572 and rs9024) were completely
in linkage disequilibrium. Both the SNPs were in 84 % link-
age disequilibrium with a SNP in exon 1 (rs25678), and allele
frequencies of these SNPs were similar both in normal con-
trols and AML patients. Previously, in Asian breast cancer
patients and in normal controls these polymorphisms were
shown to be in linkage disequilibrium, and the frequency of
the variants was similar to the present data. These SNPs were
shown to affect doxorubicin pharmacokinetics in breast can-
cer patients [22]. Also, recent studies have depicted a trend
towards higher mRNA and protein levels in samples with wild

type compared to that of variant of rs9024 in liver tissue [37].
However, in the present study we could not see any associa-
tion of rs9024 with mRNA expression of CBR1 in AML
samples. Among the CBR1 SNPs, synonymous polymor-
phism rs20572 was found to influence in vitro cytotoxicity
of daunorubicin in AML samples, which has not been
reported previously. None of the other CBR1 SNPs showed
any association with RNA expression and in vitro cytotoxicity
of daunorubicin. Since most of these SNPs have been shown
to affect protein activity, the CBR1 enzymatic assay needs to
be carried out to further understand the role of these SNPs in
the metabolism of daunorubicin.

Seven nonsynonymous SNPs were reported previously in
CBR3 and were shown to alter the enzymatic activity ofCBR3
[38]. In the present study, among the seven coding SNPs only
rs8133052 and rs1056892 were found to be frequent and the
other five (rs9282628, rs2835285, rs16993929, rs4987121,
and rs11701643) were not detected at all in our cohort of
patients and normal controls. Among the synonymous poly-
morphisms, rs881711, rs881712, and rs17849671 were found
to be frequent, and the allele frequency was similar to the
Asian breast cancer patients [22]. The other two SNPs
(rs2835284, rs45458797) were not detected. Samples with a
variant of synonymous SNP rs17849671 were found to have
higherCBR3 expression compared to the wild type, which has
not been reported previously. Functional analysis needs to be
carried out to identify the role of the SNP in altering CBR3
RNA expression.

To further explore the roles of CBR1, CBR3 mRNA
expression, and their SNPs on efficacy and cytotoxicity of
daunorubicin, we examined the association between plasma
pharmacokinetics of daunorubicin and expression and SNPs
in CBR1 and CBR3 in a subset of AML patients who
underwent induction chemotherapy. AUC of daunorubicin,
DOL, and clearance of daunorubicin showed wide interin-
dividual variation among AML patients and were compara-
ble to previously published studies [23, 39]. CBR1 and
CBR3 mRNA expression did not show significant associa-
tion with plasma AUC of daunorubicin and DOL. Among
the SNPs of CBR1 and CBR3, a variant form of SNP
rs25678 showed a trend to higher plasma daunorubicin
AUC and lower clearance compared to patients with the
wild type of the SNP. Synonymous polymorphisms have
been shown to affect the mRNA stability and translational
efficiency, leading to alteration in drug disposition [40]. In
earlier reports in Asian breast cancer patients [22], it has
been shown that the diplotype carrying at least one variant
allele of rs25678 or rs9024 was shown to have higher
exposure and lower clearance of doxorubicin. However, in
the present study such association was not observed, and
this may be attributed to the small sample size. The effect of
mRNA levels of these genes on intracellular AUC of dau-
norubicin and DOL needs to be further investigated.
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To conclude, we have investigated the role of RNA
expression and polymorphisms of CBR1 and CBR3 in pri-
mary cells from AML patients and found wide interindivid-
ual variation in the RNA expression of CBR1 and CBR3.
Increased RNA expression of CBR1 causes ex vivo chemo-
resistance towards daunorubicin in AML cells. Increased
RNA expression of CBR1 and to a lesser extent CBR3 leads
to increased conversion of daunorubicin to DOL. Thus,
inhibition of CBR1 could be an option to improve the
efficacy of the treatment and also prevent toxicity related
to the treatment. CBR1 genetic variants seem to have an
effect on plasma daunorubicin, and the influence of dauno-
rubicin and DOL plasma levels on clinical outcome, if any,
remains to be evaluated.
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