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Abstract

Purpose—Chemotherapy drug resistance and relapse of the disease have been the major factors
limiting the success of acute myeloid leukemia (AML) therapy. Several factors, including the
pharmacokinetics (PK) of Cytarabine (Ara-C) and Daunorubicin (Dnr), could contribute to
difference in treatment outcome in AML.

Methods—In the present study, we evaluated the plasma PK of Dnr, the influence of genetic
polymorphisms of genes involved in transport and metabolism of Dnr on the PK, and also the
influence of these factors on clinical outcome. Plasma levels of Dnr and its major metabolite,
Daunorubicinol (DOL), were available in 70 adult de novo AML patients. PK parameters (Area
under curve (AUC) and clearance (CL)) of Dnr and DOL were calculated using nonlinear mixed-
effects modeling analysis performed with Monolix. Genetic variants in ABCB1, ABCGZ, CBR1,
and CBR3 genes as well as RNA expression of CBR1, ABCBI, and ABCGZ2 were compared with
Dnr PK parameters.

Results—The AUC and CL of Dnr and DOL showed wide inter-individual variation. Patients
with an exonl variant of rs25678 in CBR1 had significantly higher plasma Dnr AUC [p = 0.05]
compared to patients with wild type. Patients who achieved complete remission (CR) had
significantly lower plasma Dnr AUC, Cmax, and higher CL compared to patients who did not
achieve CR.
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Conclusion—Further validation of these findings in a larger cohort of AML patients is
warranted before establishing a therapeutic window for plasma Dnr levels and targeted dose
adjustment.
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Introduction

Acute myeloid leukemia (AML) is an aggressive malignancy of the hematopoietic system
associated with relatively poor outcome [1]. Though 80 % of patients achieve complete
remission with the current treatment protocol, the 5-year overall survival in younger AML
patients ranges from 25 % and is much lower in older patients [2]. Relapse of the disease
and resistance to chemotherapy contribute to poor treatment outcome. Daunorubicin (Dnr)
has been the choice of anthracycline in the treatment of AML along with Cytarabine (Ara-C)
for the past four decades. Altered pharmacokinetics of Dnr and Ara-C may be one of the
several reasons for variation in treatment outcome [3, 4].

Pharmacokinetics (PK) of Dnr has been investigated since its use in the induction
chemotherapy of AML [5]. Though the plasma as well as intracellular PK analysis of Dnr
carried out in a small set of AML patients showed wide variation among the patients studied,
these parameters were not significantly associated with clinical outcome [3, 4, 6]. PK
models have been developed for Dnr in AML for infants [7], children [8], and adults [9, 10]
to identify the sources explaining the wide variation in PK among patients. Genetic variants
prevailing in the drug transporter and metabolizing genes can also contribute to inter-
individual variation among patients as these variants may alter the expression, structure, and
function of the enzymes. Major enzymes involved in metabolism of Dnr are carbonyl
reductase 1 (CBRI) and carbonyl reductase 3 (CBRS3), which convert Dnr into lesser
cytotoxic hydroxyl derivative Daunorubicinol (DOL). Polymorphisms in CBRI and CBR3
have also been shown to influence disposition and toxicity of doxorubicin in breast-cancer
patients [25]. A recent population PK model developed in patients aged less than 21 years
with hematological malignancies suggested that polymorphisms in FMO3and GSTP1
influence the efficacy and toxicity of Dnr [11]. However, the effect of mMRNA expression and
polymorphisms of Dnr efflux transporters and metabolizing genes on the PK of Dnr in AML
patients has not been carried out previously. We carried out a prospective study evaluating
the factors which may influence the plasma PK of Dnr and its metabolite Daunorubicinol
(DOL) and whether the PK of Dnr and DOL influence the treatment outcome in AML.

Patients and methods

Patients

Seventy adult de novo AML (excluding AML-M3) patients treated with standard induction
chemotherapy between 2009 and 2014 at the Department of Hematology, Christian Medical
College, Vellore, were enrolled in this study. Bone marrow or peripheral blood samples at
diagnosis before the initiation of therapy, as well as samples for pharmacokinetic analysis,
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were collected after obtaining written informed consent from the patients, and this study was
approved by the Institutional Review Board.

Diagnosis of AML was carried out by standard morphology, cytochemistry, and
Immunophenotyping techniques. Cytogenetic analysis of bone marrow samples was
performed using standard protocols. Karyotypes were reported following the International
System of Human Cytogenetic Nomenclature (ISCN) 2005. Patients were classified as good,
intermediate, and poor risk cytogenetics groups. FLT73-1TD and AMPMI mutation status at
diagnosis were determined by PCR followed by Gene Scan analysis using genomic DNA
samples as reported previously [12-14].

Chemicals and reagents

Daunorubicin hydrochloride and Tri Reagent were obtained from Sigma-Aldrich.
Daunorubicinol was from Toronto Research Chemicals, Canada. All other reagents and
solvents including acetonitrile, chloroform, and n-heptanol were of the high-performance
liquid chromatography (HPLC) grade. Ficol-Paque was from GE Healthcare (Uppsala,
Sweden).

Pharmacokinetic sampling

Dnr was administered to AML patients on the first three days as intravenous bolus infusion
for 1 h (60 mg/m2/day). Peripheral blood was collected (in EDTA tubes) at 0, 0.25, 1, 2, 4, 6,
and 24 h on the first day of the induction therapy. Plasma was separated by centrifuging the
sample at 4000 rpm for 10 min and stored at =80 °C until analysis.

Estimation of plasma Dnr/DOL levels

Levels of Dnr and DOL in plasma samples were analyzed using high-performance liquid
chromatography (HPLC) coupled with fluorescence detector as reported previously [15].
Briefly, plasma samples were treated with 0.2 M sodium (dibasic) phosphate buffer (pH 8.4)
using idarubicin as internal standard (100 ng/ml). Processed sample (50 pl) was used for
injection. HPLC (LC10 AT, Shimadzu) coupled with fluorescence detector (RF10AXL,
Shimadzu) and an autosampler (Bio-Rad AS 100, CA, USA) were used. Phenomenex Luna
Cyano column (250 x 4.6 mm x 5 pm) protected with guard column (uBondapak-CN
precolumn) was used for separation. The mobile phase was composed of a mixture (35:65
v/v) of acetonitrile and 50 mM monobasic sodium phosphate, pH 4.5. The elution was
carried out in an isocratic mode with a flow rate of 0.7 ml/min. Standards (100-1000 ng/ml)
for daunorubicin and DOL (100-500 ng/ml) were included in every batch of samples. The
retention times of Dnr, 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 Dnr
and DOL were 1 and 10 ng/ml, respectively. The inter-day and intraday coefficients of
variation (CV) were less than 10 % for the concentrations used. Area of Dnr and DOL peaks
were normalized with area of IS peak, and amount of Dnr and DOL were obtained by
extrapolating the values in the standard graphs of Dnr and DOL. Concentration of Dnr and
DOL were expressed as ng/ml. Samples were appropriately diluted and re-analyzed when
the concentrations were beyond the upper limit of quantification (ULOQ) of the assay.
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Pharmacokinetic analysis

Nonlinear mixed-effects modeling analysis was performed with Monolix (version 4.3.2)
using the Stochastic Approximation Expectation—-Maximization (SAEM) method. A two-
compartment pharmacokinetic model was used to describe each component (Supplemental
Fig. 1). The pharmacokinetic parameters estimated included apparent clearance and volume
(CL (L/hr) and V (L)) along with the inter-compartmental rate constants (k12 and k21 (1/
hr)) for each component. The inter-individual variability of the parameters was assumed to
be log normally distributed. A proportional residual error model was used with assumed
normal distribution of the residuals. Also, the individual post hoc parameter values were
used to estimate the area under the concentration curve (AUC) for Dnr and DOL in plasma.

Pharmacogenetic analysis

Polymorphisms in CBR1and CBR3 (exons 1 and 3), ABCGZ2 (Exon 2 and 5) and ABCBI1
(exon21 and 26) were screened using direct sequencing or restriction fragment length
polymorphism (RFLP) as described previously [16, 17].

RNA expression of CBR1 and ABC transporters

Bone marrow mononuclear cells (MNCs) (collected at diagnosis) were stored in Tri Reagent
(Sigma-Aldrich), and RNA was extracted. One microgram of RNA was converted to cDNA
using Superscript 11 (Invitrogen) firststrand cDNA synthesis system. RNA expression of
CBRI (Tagman assay ID Hs00156323_m1), ABCBI (Tagman assay ID Hs 01067802_m1),
and ABCGZ2 (Tagman assay ID Hs 01053787_m1) were normalized to the expression of the
housekeeping gene GAPDH (Tagman assay ID 4352934E). Samples were analyzed in
duplicates, and relative expression was calculated using 2-99CT (where pooled normal
control samples were used as reference).

Clinical outcome

Complete remission is defined as bone marrow blasts <5 %; absence of extramedullary
disease; absence of blasts with Auer rods; absolute neutrophil count >1.0 x 109/L (1000/pL);
platelet count >100 x 10%/L (100,000/uL); and independence of red cell transfusions after
induction chemotherapy [18]. Induction death is defined as death within 28 days of
treatment initiation and before documentation of complete remission. Relapse of the disease
after CR is defined as reappearance of leukemic blasts in the peripheral blood or =5 % blasts
in the bone marrow not attributable to any other cause (e.g., bone marrow regeneration after
consolidation therapy).

Statistical analysis

Statistical analysis was performed using GraphPad Prism (California, USA) or SPSS 16.0
(Chicago, USA) software as appropriate. 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. The probability of survival was estimated with the use of
the product-limit method of Kaplan—Meier for overall survival (OS), disease-free survival
(DFS) and was compared using the log-rank test. All survival estimates are reported as
+1SE. All Pvalues were two-sided, with values of 0.05 or less indicating statistical
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significance. Cox proportional hazard regression was performed for the determination of
variables affecting OS and DFS.

From 2009 to 2014, 70 adult AML patients (who agreed to participate in the study and gave
informed consent) undergoing conventional induction chemotherapy comprising of Ara-C
and Dnr at our center were enrolled in this study. Patient demographics are summarized in
Table 1.

Plasma pharmacokinetics of Dnr in AML patients

Plasma levels of Dnr and DOL were available in all the 70 patients. Population
pharmacokinetics of plasma Dnr and DOL in AML are summarized in Table 2. Wide
variation in AUC and clearance of both plasma Dnr and DOL was observed (Supplementary
Table 1). The median concentration of DNR was lower than that of DOL in the plasma (Fig.
1a, b).

MRNA expression of CBR1 correlates with AUC of plasma DOL

As Dnr efflux transporters and metabolizing genes have been reported to influence the
treatment outcome in AML, we evaluated the role of mMRNA expression of ABCBI,
ABCGZ, CBR1, and CBR3on Dnr PK. Expression of CBR1 showed a positive correlation
with plasma DOL AUC (r= 0.3125; p=0.01) (Fig. 2). However, mMRNA expression of
ABCBI1, ABCGZ, and CBR3did not show significant association with any of the PK
parameters (Supplementary Table. 3).

Common polymorphisms in the genes involved in transport and metabolism of Dnr
influence pharmacokinetics of Dnr and DOL in AML patients

Polymorphisms in efflux transporters and metabolizing genes have been previously shown to
influence PK of anthracyclines like doxorubicin in solid tumors. We screened for the known
polymorphisms in ABCB1, ABCGZ, CBR1, and CBR3, and compared with the PK
parameters of Dnr and DOL. The allelic frequencies of common polymorphisms ABCBI,
ABCGZ2, CBR1, and CBR3are listed in Supplementary Table. 2. Patients with rs25678
variant genotype had significantly higher plasma Dnr AUC [339.4 (179-2203) vs. 262 (56—
1106) ng*h/ml; p=0.05] (Fig. 3). None of the other polymorphisms screened showed any
significant association with PK parameters of Dnr and DOL.

Daunorubicin PK in AML is not influenced by NPM1 or FLT3-ITD mutations

Various molecular and cytogenetic prognostic markers have been reported to influence the
outcome of therapy in AML. We compared Dnr PK parameters in patients carrying
mutations in NPM1 or FLT3, with those who did not have these mutations. There was no
significant influence of these mutations on the plasma pharmacokinetic parameters of Dnr
and DOL (data not shown).
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Role of Dnr PK on clinical outcome in AML patients

Figure 4 shows the breakdown of AML patients based on clinical events. Induction death
occurred in 22 of the 70 patients (31.42 %). Of the remaining 48 patients, 42 (87.5 %)
achieved complete remission (CR1). Fifteen of those patients who achieved CR1 relapsed
(35.7 %).

Pharmacokinetic parameters were compared with the clinical outcome such as achievement
of CR1 and relapse. Patients achieving CR1 showed significantly lower plasma Dnr AUC
(314 ng.h/ml (56-2203) vs. 339.4 ng.h/ml (113-1076); p = 0.005; Fig. 5a), lower Cmax (182
ng/ml (45-1668) vs. 507 ng/ml (135-1627); p=0.009; Fig. 5b), and higher clearance (321.5
L/hr (41.38-1577) vs. 125 L/hr (93-444); p= 0.01; Fig. 5¢) compared to those who did not
achieve CRL1.

Discussion

To the best of our knowledge, this is the first study evaluating the influence of RNA
expression and genetic variants in the Dnr transporter and metabolism genes, on the
pharmacokinetics of Dnr and its major metabolite DOL in adult AML patients.

Inter-individual variation in exposure and clearance of a drug influences the efficacy,
toxicity, and ultimately, the treatment outcome of a disease. Similar to the previous reports
[3, 9, 10], wide inter-individual variation in the pharmacokinetic parameters of both Dnr and
DOL was observed in this study. Dnr levels were lower than DOL in the plasma, which is in
line with previous reports [3, 19].

Among numerous oxido-reductase enzymes present in the cell, CBR1 is the most efficient
one in the conversion of Dnr to DOL in AML [20]. We had previously shown that CBR1
expression in primary AML samples influences the ex vivo cytotoxicity of Dnr and ex vivo
intracellular DOL levels [16]. In the present study, we show that CBRI expression is
positively correlated with plasma AUC of DOL, which is the major metabolite of Dnr known
to be causing cardiotoxicity. Inhibiting CBR expression has been shown as a strategy to
improve the efficacy of daunorubicin in various cancers [21, 22]. CBR1 inhibition has been
shown to overcome arsenic trioxide (AS,03) resistance in AML cells [23] and proposed as a
rational target for the development of combination chemotherapy with As,O3 in diverse
leukemia including APL.

Polymorphisms in the coding or regulatory regions of the genes encoding drug metabolizing
enzymes may have an impact on phase | metabolism of both endogenous and xenobiotic
compounds [24]. We had previously shown that a polymorphism in CBRZ, rs25678,
influenced plasma AUC of Dnr in a small subset of AML patients [16]. We extended this
study and screened common polymorphisms in ABCBI1, ABCGZ, and CBR3along with
CBR1in a larger cohort of patients. Patients carrying the variant genotype of rs25678 had
significantly higher plasma AUC of Dnr. Our finding is consistent with a report on Asian
breast-cancer patients where the presence of at least one CBRI genetic variant (either the
synonymous SNP rs25678 or the 3" UTR variant rs9024) was shown to have higher systemic
exposure and lower doxorubicin clearance [25].

Cancer Chemother Pharmacol. Author manuscript; available in PMC 2020 August 18.
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It has been reported that synonymous SNPs may alter RNA stability, translational efficiency
and may contribute to drug disposition. The 3"UTR variant, rs9024, showed similar trend
with plasma Dnr AUC, though statistically not significant (p = 0.1635) (data not shown).
This polymorphism has been shown to be at the miR-574-5p and miR-921 binding sites
[26]. The presence of this polymorphism has shown to alter the binding of miRNA and
subsequently affect the protein expression and activity of CBR1 [26]. Two non-synonymous
polymorphisms in CBR3(rs8133502 and rs1056892) are shown to influence doxorubicin
disposition and toxicity [27, 28]. None of the CBR3 polymorphisms screened in the present
study showed any significant influence on the pharmacokinetics of Dnr and DOL.

There are controversial reports on the role of common polymorphisms in ABCBI and
ABCGZ2on drug disposition of various anticancer drugs [29, 30]. We studied the effect of
these polymorphisms on pharmacokinetics of Dnr in AML. The presence of non-
synonymous polymorphism rs2231142 (G421A) in exon5 of ABCGZ has been shown to
reduce protein expression and function of ABCGZ2[31, 32]. However, in the present study,
none of the ABCBI1 and ABCGZ2 polymorphisms showed any significant association with
plasma pharmacokinetics of Dnr. This is consistent with a previous report where there was
no significant association with these polymorphisms on doxorubicin pharmacokinetics in
breast-cancer patients [33].

When we tested the impact of plasma Dnr pharmacokinetics on treatment outcome in AML,
we observed that patients who did not achieve complete remission had higher plasma Dnr
AUC and Cmax as well as lower clearance than those who achieved CR. Kokenberg et al. [3]
reported that plasma AUC values of Dnr correlated inversely with AUC values of Dnr in
white blood cells; however, none of the plasma or cellular levels of Dnr predicted treatment
outcome. Previous reports have shown that patients who achieve complete remission had
higher intracellular Dnr AUC [19] and higher Dnr concentration after the end of infusion of
Dnr [9]. Though we did not have data on the intracellular Dnr AUC, we could extrapolate
that the patients who achieved CR had higher intracellular Dnr exposure as these patients
had lower plasma Dnr exposure than those who did not achieve CR. These findings need to
be validated in a larger cohort of AML patients and potentially help us establish a
therapeutic window for plasma Dnr levels and targeted dose adjustment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Plgsma Dnr and DOL PK. Plasma concentration/time curve for (a) Dnr and (b) DOL in
AML patients receiving a 60 mg/m? dose of Dnr. The black curve is the median, the blue
shaded region is the 25th—75th percentile, and the gray shaded region is the 5th-95th
percentile of the population pharmacokinetics
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Fig. 2.

CgRJ mMRNA expression influences plasma DOL AUC. Patients with higher expression of
CBRI had higher plasma DOL AUC than patients with lower CBRI expression. Spearman
correlation was used to assess the association between CBR1 expression and plasma DOL
AUC. mRNA expression of CBR1 was evaluable for 67 patients only and undetectable in
three patients
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Influence of CBR1 (rs25678) genetic variant on plasma Dnr exposure. AML patients with
CBRI1 variant genotype (rs25678) showed higher plasma Dnr AUC than patients with wild

type
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Flowchart depicting breakdown of AML patients based on clinical events
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Association of Dnr PK with achieving CR1. Patients who achieved CR1 showed
significantly a lower plasma Dnr AUC b lower Cmax and c higher clearance compared to
those who did not achieve CR1
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Table 1
Patient demogr aphics (Denovo AML (n = 70))

Age 38 years (16-60 years)
Sex Males: 42; females: 33

Cytogenetics risk group

Favorable 8 (12 %)
Intermediate 47 (68 %)
Adverse 15 (20 %)

Classification by WHO

AML with recurrent genetic abnormalities 9

AML with MDS related features 34

AML not otherwise specified 25

NPM1 mutation 24 (34.28 %)

FLT3-ITD 19 (27.14 %)

NPM1 +/FLT 3 -ITD+ 15 (21.42 %)

FLT3-TKD 6 (8.5 %)

WBC 26,000/cu mm (1100-324,100)
Platelet 44,000/cu mm (4000-242,000)
Blast (PB) 47 % (0-97)

Hb 8.7 mg % (3.6-14.2)

LDH 868 U/l (228-3640)

Creatinine 0.975 mg % (0.37-2.2)
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Table 2

Population pharmacokinetics of plasma Dnr and DOL in AML

Parameter Population mean rse(%) Inter-individual variability (CV %) rse(%)
DNR
Clearance (L/hr)  269.8 10 84 18
Volume (L) 15.0 21 143 21
K12 (1/hr) 22.4 16 69 43
K21(L/hr) 0.6 9 72 19
DOL
Clearance (L/hr)  23.6 11 64 32
Volume (L) 7.6 16 65 42
K12 (1/hr) 32.0 18 73 39
K21(1/hr) 0.4 10 68 27
Residual error Relative error (CV %)
DNR 47 6
DOL 34 6

rserelative standard error
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