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Introduction

The prodrug cyclophosphamide (CY) is widely used to treat 
newly diagnosed pediatric cancer patients.[1] There is sub-
stantive interpatient variability in the efficacy and toxicity 
of CY-based combination chemotherapy regimens. This 
variability in clinical outcomes may be partially attributed 
to the pharmacokinetic variability of CY and its metabolites 
(Supplemental Fig. S1). CY is metabolized to 4-hydroxy-
cyclophosphamide (4HCY), which is the precursor to CY’s 
primary cytotoxic metabolite phosphoramide mustard.
[2] An understanding of 4HCY pharmacokinetics is criti-
cal because 4HCY, in turn, forms phosphoramide mustard, 
which covalently cross-links DNA. Because phosphoramide 
mustard does not cross cell membranes easily, 4HCY in the 
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Abstract
Purpose 4-hydroxycyclophosphamide (4HCY) is the principal precursor to the cytotoxic metabolite of cyclophosphamide 
(CY), which is often used as first-line treatment of children with cancer. There is conflicting data regarding the relationship 
between CY efficacy, toxicity, and pharmacokinetics with the genes encoding proteins involved in 4HCY pharmacokinetics, 
specifically its formation and elimination.
Methods We evaluated germline pharmacogenetics in children with various malignancies receiving their first CY dose. 
Using linear regression, we analyzed the associations between two pharmacokinetic outcomes – how fast a child cleared CY 
(i.e., CY clearance) and the ratio of the 4HCY/CY exposure, specifically area under the plasma concentration-time curve 
(AUC), and 372 single nucleotide polymorphisms (SNP) in 14 drug-metabolizing transporters or enzymes involved in 4HCY 
formation or elimination.
Results Age was associated with the ratio of 4HCY/CY AUC (P = 0.004); Chemotherapy regimen was associated with CY 
clearance (P = 0.003). No SNPs were associated with CY clearance or the ratio of 4HCY/CY AUC after controlling for a 
false discovery rate.
Conclusion Age and chemotherapy regimen, but not germline pharmacogenomics, were associated with CY clearance or the 
ratio of 4HCY/CY AUC. Other methods, such as metabolomics or lipidomics, should be explored.
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plasma transporting into the cell is a key step of CY’s cyto-
toxic activity via covalent cross-linking of DNA.[3].

The efficacy of CY relies upon its conversion to 4HCY by 
the cytochrome P450 (CYP) isozymes and myeloperoxidase 
(MPO). This conversion is mediated by numerous CYPs, 
specifically CYP2B6, CYP2C9, CYP2C19, CYP3A4, and 
CYP3A5.[3, 1] Exposure to 4HCY is further mediated by 
4HCY elimination by glutathione S-transferases (GSTs), 
aldehyde dehydrogenases (ALDHs), and ATP-binding 
cassette (ABC) transporters.[3] As such, previous studies 
have focused on the pharmacokinetic and pharmacogenetic 
nature of the 4HCY formation and clearance in predomi-
nantly adult cancer patient populations, as we previously 
reviewed [4, 5].

Enthusiasm has been increasing for the potential of 
germline pharmacogenomics to enhance care and reduce 
disparities in cancer care. However, both non-genetic and 
genetic factors can influence the pharmacokinetics of CY 
and its metabolites (Supplemental Fig. S1). Furthermore, 
the pharmacogenetic associations between clinical out-
comes and genes expected to affect 4HCY pharmacokinet-
ics may differ with age and CY dose.[1] The contribution of 
the CYP enzymes involved in 4HCY formation varies with 
CY concentration. When children reach adulthood, levels 
of enzyme activity vary depending on the enzyme; chil-
dren between the ages of 1–14 years have greater hepatic 
CYP2B6, CYP2C9, CYP2C19, CYP3A4/5, and GST activ-
ity (normalized for body weight).[6, 7] In this study, we 
evaluated the ratio of 4HCY/CY AUC (i.e., 4HCY forma-
tion clearance) with genetic polymorphisms, specifically 
those associated with 4HCY formation or 4HCY elimina-
tion. We hypothesized that non-genetic factors and genetic 
polymorphisms in 4HCY-pharmacokinetic enzymes are 
associated with CY clearance or the ratio of 4HCY/CY 
AUC in children.

Materials & methods

Patient population

This was an ancillary prospective study in children who 
received cyclophosphamide from June 2006 to January 
2013 under the aegis of a protocol approved by the Seattle 
Children’s Hospital Institutional Review Board. The inclu-
sion criterion was: < 18 years of age at the time of enroll-
ment; scheduled to receive IV cyclophosphamide (any dose, 
any number of doses, any dosing frequency) as their first 
course of therapy. The exclusion criteria were: body weight 
less than 5 kg (kg); patients who received prior chemother-
apy (excluding corticosteroids).

Demographic data were taken from the participants’ 
medical charts [age, sex, height, body surface area, and 
clinical information (disease, chemotherapy regimen)]. The 
regimen administered was not affected by participation in 
this study. All participants received similar antiemetics, 
antibiotics, and antifungals per institutional standard prac-
tice guidelines; co-administration of CYP3A inhibitors was 
avoided when feasible. Two children received fluconazole 
concomitant with CY.

All participants’ parents gave informed consent before 
participation, as well as written assent for children 14–17 
years.

Pharmacogenomic

We analyzed the associations between CY clearance 
and 4HCY formation clearance and the single nucleotide 
polymorphisms (SNPs) in 14 drug-metabolizing- enzymes 
or transporters involved in 4HCY disposition. The genes 
of interest were: cytochrome P450 (CYP) 2B6, CYP2C9, 
CYP2C19, CYP3A4, CYP3A5, Myeloperoxidase (MPO), 
aldehyde dehydrogenase (ALDH) 1A1, ALDH3A1, gluta-
thione S-transferase (GST) A1, GSTM1, GSTP1, GSTT1, 
ATP binding cassette (ABC) ABCC2, ABCC3, and ABCC4 
(Supplemental Table 1). We interrogated the ABC genes 
based on the discovery of ABCC2 contributing to 4HCY 
elimination in the rat model[8] and the paucity of data eval-
uating the SNPs potentially influencing the activity of these 
transporters (Supplemental Table S1).

From a 10 mL whole blood sample, total genomic DNA 
was isolated, according to the manufacturer’s instructions, 
using the Gentra Purgene® DNA Purification Kit (Gentra 
Systems, Minneapolis, MN). DNA was genotyped using 
Illumina’s GoldenGate Genotyping assay on the VeraCode 
Platform (Illumina, San Diego, CA) following manufacturer 
recommendation (VeraCode Assay Guide 11,312,819 rev 
A1).[9] 250 ng of genomic DNA was aliquoted into 96-well 
plates, processed accordingly, and scanned on the BeadX-
press reader using GenomeStudio software (v2011.1). To 
ensure quality control (QC) of the data, 90 samples repre-
senting 30 parent-parent-child Centre d’Étude du Polymor-
phisme Humain (CEPH) trios (Utah residents with ancestry 
from northern and western Europe)[10] were genotyped 
to assess the performance of the Illumina oligonucleotide 
pool assay (OPA) before analysis of study samples. Assay 
accuracy was verified by comparing genotypes to pub-
licly available genotype data for these samples from Hap-
Map (http://www.hapmap.org/), 1000Genomes (http://
www.1000genomes.org), dbSNP (http://www.ncbi.nlm.nih.
gov/projects/SNP/), and by assessing inheritance errors. 
Two external control samples from the HapMap project 
were included on each plate to confirm the reliability and 
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reproducibility of the genotyping across the study plates. 
Intra- and inter-plate duplicates comprised > 10% of all 
samples. Laboratory personnel were blinded to all research 
information about the samples. Other QC procedures 
included the use of barcodes on samples and plates, dedi-
cated materials and working space, and a visual review of 
SNP cluster plots by two laboratory staff members. Samples 
with weak signals, discordant duplicates, and outliers were 
repeated at least once.

Any SNPs with less than 90% concordance with public 
data for CEPH controls were considered failed and excluded 
from the analysis. Among successfully genotyped SNPs, 
sample and SNP call rates were > 85%. All non-ancestry 
SNPs were in Hardy-Weinberg equilibrium (p > 0.001).

Of the 394 genetic polymorphisms evaluated, 372 passed 
quality control and were included in the analyses. Of the 
81 children enrolled in this study, 72 had pharmacogenomic 
data available.

Pharmacokinetic analysis of CY and metabolites

CY clearance and the ratio of 4HCY/CY AUC (i.e., 4HCY 
formation clearance) were the pharmacokinetic outcomes of 
interest. Pharmacokinetic samples were drawn immediately 
before CY administration, upon completion of the 30-min-
ute infusion, and at 2.5, 4.5, 6.5, 22.5, and 24 h after the start 
of the first CY dose. Sample processing and quantitation 
of CY and metabolites (i.e., carboxyethylphosphoramide 
mustard (CEPM), dechlorocyclophosphamide (DCCY) and 
ketocyclophosphamide (ketoCY)) were analyzed separately 
from 4HCY, using previously published methods [2].

A non-compartmental model was used to calculate the 
AUC from time 0 to infinity after the first CY dose of that 
chemotherapy cycle using WinNonlin Version 2.0 (Phar-
sight, Mountain View, CA). Of the 72 children with pharma-
cogenomic data available, CY clearance could be estimated 
in 57 children, and the ratio of 4HCY/CY AUC could be esti-
mated for 49 children. CY clearance or the ratio of 4HCY/
CY AUC could not be estimated in a small proportion of 
children because the concentrations were below the limit of 
quantitation to accurately estimate the CY AUC (which was 
used to estimate both pharmacokinetic outcomes) or 4HCY 
AUC (which was used to estimate the ratio of 4HCY/CY 
AUC).

Statistical analysis

Both pharmacokinetic outcomes, specifically the ratio of 
4HCY/CY AUC and CY clearance, were log-transformed 
prior to analysis to better approximate a normal distribu-
tion. Because age and chemotherapy regimen may affect 
CY pharmacokinetics (Supplemental Figs. S1),[3] we first 

evaluated the associations between these clinical variables 
and each pharmacokinetic outcome. We then used linear 
regression to evaluate the association between these phar-
macokinetic outcomes and each SNP separately, adjusted 
for age and chemotherapy regimen. Our analysis did not 
assume that specific genotypes would affect the pharma-
cokinetic outcomes in any particular direction or by any 
joint effects; instead, we took an unbiased approach of test-
ing across the genotypes (two or three, depending on the 
number of variants in our population) for each of the 372 
SNPs. Variants expressed in less than 5 participants (i.e., < 5 
observations) were combined with the other less common 
variant for SNPs with three genotypes. SNPs with only two 
genotypes were dropped if the variant had < 5 observations. 
The Benjamini-Hochberg procedure was used to control the 
false discovery rate (FDR < 0.05).[11] All analyses were 
conducted in Stata (v18, StataCorp, College Station, TX).

Results

The participant characteristics by chemotherapy regimen 
are described in Supplemental Tables 2 and by chemo-
therapy regimen in Supplemental Table S3. The median age 
was 5.7 years (range: 0.59–17.5); there were 39 male and 
42 female participants. Children enrolled in this study were 
diagnosed with acute lymphoblastic leukemia, Ewing sar-
coma, rhabdomyosarcoma, lymphoma, neuroblastoma, or 
other malignancies. The majority of children received CY 
doses of 1000 mg/m2 or higher.

CY clearance was not associated with age (p = 0.49, 
Fig. 1A), but it did differ by chemotherapy regimen 
(p < 0.0031, Fig. 1B), with participants treated with the 
VAC regimen having the greatest CY clearance. The ratio 
of 4HCY/CY AUC was significantly associated with age 
such that each 1-year increase in age was associated with 
a 4% reduction in the ratio of 4HCY/CY AUC (P = 0.0041, 
Fig. 1C). The ratio of 4HCY/CY AUC was not associated 
with the chemotherapy regimen (p = 0.80, Fig. 1D).

One child had two CY pharmacokinetic assessments, 
with separate informed consent being obtained at each time. 
Their first set of CY pharmacokinetic outcomes was used in 
the pharmacogenomics analysis. Appreciable within-patient 
variability was observed with their CY pharmacokinetics, 
which was assessed with their first CY dose of the topo-
tecan/CY regimen at age 9 months and their first CY dose 
with CY/doxorubicin/vincristine at age 12 months (i.e., 12 
weeks later). The concomitant chemotherapy drugs are pre-
sumed not to affect CY pharmacokinetics since topotecan, 
doxorubicin, and vincristine did not affect 4hydroxylation 
of CY in human liver microsomes.[1] Their CY clearance 
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significantly associated with CY clearance or the ratio of 
4HCY/CY AUC in children. The pro-drug CY has a com-
plex metabolic schema, with a wide range of parent drug 
AUC and even greater variability in the AUCs of its metab-
olites, such as acrolein and phosphoramide mustard.[3] 
After administration, the majority of CY is metabolized to 
4HCY (~ 75%) or DCCY (~ 5%); a significant portion is 
eliminated unchanged in the urine (~ 20%). An abbreviated 
summary of the drug-metabolizing enzymes or transporters 
involved in the pharmacokinetics of CY and its metabolites 
is shown in Supplemental Fig. S1; a more comprehensive 
summary is located in Supplemental Table S1. The non-
genetic factors affecting CY clearance and 4HCY metabo-
lism or elimination in pharmacokinetic studies of children 
are also shown in Supplemental Fig. 1. Cyclophosphamide 
induces cytochrome P450[12] enzyme activity, which is the 
putative mechanism of CY clearance being slower[13–15] 
and lower 4HCY exposure after the first CY dose[13] com-
pared to subsequent days of CY administration. Older chil-
dren, aged 3–19 years, have a slower CY clearance[15] 
than children aged < 2 years; however, within children < 2 
years of age, body weight and age are not associated with 
CY clearance.[16] Specifically, 49 older (aged 3–19 years) 
children receiving CY showed an average CY clearance of 
30.5 ± 17.8 mL/min/m2 [15] compared to a faster CY clear-
ance of 46.6 ± 17.8 mL/min/m2 in 25 children aged < 2 years 
receiving CY 100–1500 mg/m2 (5–75 mg/kg).[16] Younger 
infants with medulloblastoma exhibited higher exposures to 

went from 6.26 to 7.49 L/m2/hour, and their ratio of 4HCY/
CY AUC went from 0.126 to 0.199, respectively.

Table 1 shows the SNP associations with CY clearance 
(L/m2/hr) and the ratio of 4HCY/CY AUC. Of the 372 SNPs 
evaluated, 336 had at least one polymorphic allele in addi-
tion to the wild type in this cohort. Twenty-one SNPs were 
nominally significant at P < 0.05 for CY clearance, and six-
teen were nominally significant at P < 0.05 for the ratio of 
4HCY/CY AUC. All SNPs with allele frequencies included 
in the analysis are provided in Supplemental Table S4. Sup-
plemental Table S5 contains a full list of the SNPs evalu-
ated with their associated p-values and FDR. The majority 
of these SNPs were variants in the ABC genes. Most of the 
associations were inverse, with a slower CY clearance and a 
lower ratio of 4HCY/CY AUC among those with a genetic 
variant compared to those with the wild-type gene. How-
ever, no SNPs remained statistically significant after con-
trolling for multiple testing (FDR < 0.05).

Discussion

In this exploratory analysis, we evaluated non-genetic 
and genetic factors associated with CY clearance and the 
ratio of 4HCY/CY AUC. Age and chemotherapy regimen 
did influence the ratio of 4HCY/CY AUC and CY clear-
ance, respectively. However, among the 372 germline 
SNPs in 4HCY pharmacokinetic enzymes test, none were 

Fig. 1 Relationship of CY clearance (L/m2/h) with age (A) and chemo-
therapy regimen (B), and Ratio of 4HCY/CY AUC with age (C) and 
chemotherapy regimen (D). The ratio of HCY/CY AUC was associ-

ated with age such that there was a 4% reduction with each one-year 
increase in age. CY clearance was associated with the chemotherapy 
regimen
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apparent metabolite formation.[18] Hepatic[14] and renal 
function[13] have also been associated with CY clearance 
and 4HCY disposition, respectively, in children. Thus, a 
significant number of non-genetic factors affect CY and its 
metabolites’ pharmacokinetics; these non-genetic factors 
may have obscured the influence of genetic polymorphisms 
on CY and its metabolites’ pharmacokinetics.

4HCY than older infants.[17] However, age was not associ-
ated with 4HCY formation or elimination in children with 
neuroblastoma.[13] These suggest that the diagnosis or 
the appropriate treatments before CY administration may 
influence CY and its metabolite’s pharmacokinetics. Com-
pared to children diagnosed with cancer, children diagnosed 
with Fanconi anemia have a slower CY clearance and no 

Table 1 SNPs associated with CY clearance and the ratio 4HCY/CY AUC at a nominal P < 0.05*. Of the 372 SNPs evaluated, none were signifi-
cant at FDR < 0.05
Cyclophosphamide clearance (L/m2/hr)
SNP Gene Beta SE P value FDR
rs1729741 ABCC4 -0.9537 0.2583 0.0002 0.07
rs16950823 ABCC5 -0.1944 0.0546 0.0004 0.12
rs2572307 no mapped genes -0.1944 0.0546 0.0004 0.12
rs10508020 ABCC4 -0.2572 0.0876 0.003 0.99
rs12865420 ABCC4 0.6358 0.2210 0.004 0.99
rs2273697 ABCC2 0.6867 0.2443 0.005 0.99
rs11190291 ABCC2 0.6867 0.2443 0.005 0.99
rs730570 no mapped genes -0.8601 0.3221 0.008 0.99
rs7476245 ABCC2 0.3328 0.1331 0.01 0.99
rs3740064 ABCC2 0.2341 0.0970 0.02 0.99
rs2065160 no mapped genes -0.6786 0.2877 0.02 0.99
rs943290 ABCC4 -0.6893 0.2960 0.02 0.99
rs4919395 ABCC2 -0.9380 0.4213 0.03 0.99
rs1729767 ABCC4 -0.6995 0.3207 0.03 0.99
rs2756109 ABCC2 -0.7002 0.3259 0.03 0.99
rs2099361 CYP2B6 0.6300 0.2983 0.03 0.99
rs4148518 ABCC4 -0.3841 0.1918 0.045 0.99
rs2243828 MPO 0.5875 0.2934 0.045 0.99
rs25487 XRCC1 0.5166 0.2583 0.045 0.99
rs4148512 ABCC4 -0.5726 0.2876 0.046 0.99
rs1051640 ABCC3 0.4825 0.2458 0.049 0.99
Ratio of 4HCY/CY AUC
SNP Gene Beta SE P value FDR
rs776746 CYP3A5 -0.6145 0.1556 0.0004 0.09
rs3785181 GAS8 -0.5761 0.1647 0.0005 0.15
rs2065160 no mapped genes -0.4674 0.1552 0.003 0.86
rs1426654 MYEF2 -0.5341 0.1792 0.003 0.95
rs16891982 SLC45A2 -0.5967 0.2113 0.005 0.99
rs2279344 CYP2B6 0.4711 0.2014 0.02 0.99
rs16950823 ABCC4 -0.0981 0.0429 0.02 0.99
rs2572307 no mapped genes -0.0981 0.0429 0.02 0.99
rs4148353 ABCC1 -0.3347 0.1514 0.03 0.99
rs7330933 ABCC4 -0.4945 0.2275 0.03 0.99
rs16949207 ABCC3 -0.3001 0.1384 0.03 0.99
rs1678386 ABCC4 -0.5193 0.2397 0.03 0.99
rs2842960 SOD2 0.4838 0.2326 0.04 0.99
rs2065982 no mapped genes -0.3177 0.1529 0.04 0.99
rs730570 no mapped genes -0.4246 0.2092 0.04 0.99
rs246234 ABCC1 0.4365 0.2200 0.047 0.99
aSNP variants with < 5 observations were combined with the other variant for the genotype. SNPs with only two genotypes were dropped if 
the variant had < 5 observations
Abbreviations: ABC: ATP Binding Cassette; CYP: Cytochrome P450; FDR: false discovery rate; GAS: growth arrest specific; MYEF: Myelin 
expression factor; MPO: myeloperoxide oxidase; SE: standard error; SLC: Solute Carrier; SOD: Superoxide Dismutase; XRCC: X-ray repair 
cross complementing
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However, the child’s age and the chemotherapy regimen 
were associated with CY pharmacokinetics.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s00280-
024-04703-2.
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