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ABSTRACT

Background: Hepatic membrane transporters are involved in the transport of many
endogenous and exogenous compounds, including drugs. We aimed to study the
relation of age with absolute transporter protein expression in a cohort of 62 mainly
fetus and newborn samples.

Methods: Protein expressions of BCRP, BSEP, GLUT1, MCT1, MDR1, MRP1, MRP2, MRP3,
NTCP, OCT1, OATP1B1, OATP1B3, OATP2B1 and ATP1A1 were quantified with LC-MS/MS
in isolated crude membrane fractions of snap-frozen post mortem fetal and pediatric,
and surgical adult liver samples. mRNA expression was quantified using RNA sequencing,
and genetic variants with TagMan assays. We explored relationships between protein
expression and age (gestational age [GA], postnatal age [PNA], and postmenstrual age);
between protein and mRNA expression; and between protein expression and genotype.

Results: We analyzed 36 fetal (median GA 23.4 weeks [range 15.3-41.3]), 12 premature
newborn (GA 30.2 weeks [24.9-36.7], PNA 1.0 weeks [0.14-11.4]), 10 term newborn (GA
40.0 weeks [39.7-41.3], PNA 3.9 weeks [0.3-18.1]), 4 pediatric (PNA 4.1 years [1.1-7.4])
and 8 adult liver samples. A relationship with age was found for BSEP, BCRP, GLUT1,
MDR1, MRP1, MRP2, MRP3, NTCP and OATP1B1, with the strongest relationship for
postmenstrual age. For most transporters mRNA and protein expression were not
correlated. No genotype-protein expression relationship was detected.

Discussion and conclusion: Various developmental patterns of protein expression of
13 hepatic transporters emerged in fetuses and newborns up to four months of age.
Postmenstrual age was the most robust factor predicting transporter expression in
this cohort. Our data fill an important gap in current pediatric transporter ontogeny
knowledge.
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Ontogeny of liver transporters
INTRODUCTION

Membrane-embedded transporter proteins are crucial in handling endogenous and
exogenous compounds. More specifically, hepatic transporters are critical determinants
in drug distribution, metabolism and biliary secretion, as they facilitate influx and efflux
of substrates from hepatocytes, where metabolism takes place.'

Children admitted to a neonatal or pediatric intensive care unit may receive many
drugs. Earlier it was shown that infants with normal weight received on average four
different drugs, and infants with an extreme low birth weight, often prematurely born,
up to 17 drugs.” Many of these drugs are substrates for transporters®, and the expression
and activity of certain transporters are known to be subject to age-related changes.'
An example of a transporter substrate is morphine, which is widely used in newborns
and children. Morphine is taken up into the hepatocyte by the transporter OCT1, where
it is glucuronidated mainly by UGT2B7.* Data suggest lower protein expression of
hepatic OCT1 in younger age groups®®, leading to elevated plasma levels and therefore
posing a higher risk of adverse events like respiratory depression. However, the exact
developmental pattern of OCT1 in fetuses and premature newborns is not known, while
data for other transporters are also scarce or even lacking."?

In neonates and young infants, age can be defined in various ways: gestational age (GA)
- reflecting duration of pregnancy at birth; postnatal age (PNA) - the age after birth;
and postmenstrual age (PMA) - the combination of gestational age and postnatal age.
Both GA and birth are important determinants of postnatal gene expression of drug
metabolizing enzymes.” We hypothesize that this also accounts for drug transporters.
More insight in the relative importance of these determinants could help personalize
drug dosing in this young vulnerable population.

Previously, we explored the hepatic protein expressions of 10 clinically relevant
transporters in 25 liver samples from fetuses, neonates and young infants.® Protein
expression of a number of these transporters was related to age, and important
transporter-specific differences were found. While this exploratory study was clearly
informative, the sample size was too small to define transporter-specific maturational
patterns. A recent publication from Prasad et al. describes the postnatal ontogeny of
hepatic drug transporters in a wider cohort, but the younger ages (<four months) were
not well represented.’ Data on gene expression of transporters in the younger ages
are richer'®, but lack of correlation between gene and protein expression restricts us
from extrapolating these findings. Thus, knowledge of transporter protein expression is
lacking for fetuses and ages up to 18 weeks PNA.

Erasmus University Rotterdam Zo\/uap

3



4 Erasmus Medical Center Rotterdam

Besides ontogeny, drug transporter expression and activity can be influenced by
genetic variants, as described in adults.’ For SLC22A1/0CT1 a relationship with genotype
was suggested by variation in the pharmacokinetics of tramadol, an OCT1 substrate, in
preterm infants, even when in vitro data suggested developmentally low expression.'
This is interesting as for some drug metabolizing enzymes the interplay between
development and genetics obscures an effect of genetic variation. But pediatric clinical
data for transporters substrates are scarce.

In the current study we aimed to elucidate the developmental expression patterns of
various hepatic drug transporters in an expanded cohort of mainly fetal and newborn
samples up to 18 weeks PNA, also including the samples from our previous pilot study.
The large variation in GA and PNA in this cohort enabled us to analyze whether PNA or
PMA correlates strongest with transporter expression. We also investigated correlation
between protein expression and mRNA expression in a subset of this cohort, and
analyzed whether genotype, in addition to age, explains the variability in expression of
hepatic drug transporters. Expression patterns were compared to hepatic transporter
proteins in stably transfected cell lines (HEK293 cells expressing OATP1B1, OATP1B3, or
OCT1 and MDCKII cells expressing MDR1, MRP2 or BCRP) in order to be used for future
PBPK modeling.

MATERIAL AND METHODS

Tissue samples

Post-mortem liver tissue samples from autopsy of fetuses (from therapeutic abortions
or stillbirths) and infants were provided by the Erasmus MC Tissue Bank. Tissue was
procured at the time of autopsy within 24 hours after death and snap-frozen at -80°C
for later research use. The Erasmus MC Research Ethics Board waived the need for
formal ethics approval according to the Dutch Law on Medical Research in Humans.
Tissue was collected when parental written informed consent for both autopsy and the
explicit use of the tissue for research was present. The samples were selected when the
clinical diagnosis of the patient was not related to hepatic problems and the tissue was
histologically normal (Supplemental Table 1).

Human adult liver tissue samples were a gift from Prof. G.M.M. Groothuis (University of
Groningen, Groningen, the Netherlands) (n=3) and Prof. P. Artursson (Uppsala University,
Uppsala, Sweden) (n=5). These had been collected anonymously as surgical waste
material after partial hepatectomy because of liver metastasis. For these samples, a no-
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Ontogeny of liver transporters

objection clause permitted use for research purposes in line with the Dutch guidelines
on secondary use of human tissue.

Selection of hepatic transporters

Thirteen clinically relevant hepatic transporters were selected (gene name/protein
name): breast cancer resistance protein (ABCG2/BCRP), bile salt export pump (ABCB11/
BSEP), glucose transporter 1 (SLC2A1/GLUT1), monocarboxylate transporter 1 (SLC16A1/
MCT1), multidrug resistance protein 1 (ABCB1/MDR1), multidrug resistance associated
protein (ABCC/MRP) 1, 2 and 3, sodium-taurocholate cotransporting polypeptide
(SLCTOAT/NTCP), organic anion-transporting polypeptide (SLCO/OATP) 1B1, 1B3 and
2B1, and organic cation transporter 1 (SLC22A1/0OCT1). Analysis on the transporters
MRP1, NTCP, OATP1B3 and OCT1 was lacking in our pilot study®, but was added in this
expanded study because of their clinical relevance. We also selected ATP1A1, which is
often used as a housekeeping protein.®

Protein expression

Absolute transporter protein expression of the selected hepatic drug transporters was
quantified in crude membrane fractions in all samples, including the samples from our
pilot-study, using LC-MS/MS as previously described'!, with some minor modifications
regarding isolation of the membrane fractions (see below). Crude membrane fractions
include nuclei, mitochondria as well as the microsomal and plasma membranes.
Absolute transporter expression was also determined in cell pellets of HEK-OATP1B1,
-OATP1B3, -OCT1, MDCKII-MDRT, -MRP2, and -BCRP cells.

Isolation of crude membrane fractions from tissue samples was conducted as follows.
Approximately 10 mg liver tissue or approximately 20 x 10° cells was homogenized in a
hypotonic buffer (0.5 mM sodium phosphate, 0.1 mM EDTA, and a cocktail of protease
inhibitors containing 2 mM phenylmethylsulfonylfluoride, aprotinin, leupeptin, and
pepstatin) using a Potter-Elvehjem homogenizer. The homogenate was centrifuged at
100,000 g for 30 min at 4°C using a LE-80k Centrifuge with an SW28 rotor (Beckman
Coulter, Fullerton, CA, USA). This step was repeated, and the remaining pellet containing
the crude membrane fraction was resuspended in 200 uL of isotonic buffer (10 mM Tris-
HEPES and 250 mM sucrose (pH 7.4)). A maximum of 100 pg of crude membrane protein
was used for tryptic digestion. Samples were diluted with 2 volumes of 90% methanol.
The proteins were subsequently reduced with 0.01 M dithiothreitol at 37°C for 60
minutes and alkylated with 0.04 M iodoacetamide for 20 minutes at room temperature
in the dark. Digestion was performed after addition of CaCl, (final concentration 1 nM)
and 0.5 mg trypsin in 17% methanol by diluting the solution with 50 mM NH;HCO;.
After overnight incubation the samples were incubated for another 2 hours with 0.5
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mg trypsin to ensure complete digestion of the protein sample. The efficiency of the
tryptic digestion using this protocol was previously checked using SDS-PAGE followed
by silver stain, confirming complete digestion."" Finally the protein digests were
evaporated by vacuum centrifugation (Scanvac, Ballerup, DK) and dissolved in 100 ml
15% acetonitrile containing 0.1% formic acid and 5 ng ml" internal standard (AQUA
peptide mix, Supplemental Table 2). Samples were analyzed using an ultraperformance
liquid chromatography coupled to a 6500 QTrap mass spectrometer (AB Sciex,
Nieuwerkerk aan den lJssel, the Netherlands). Multiple reaction monitoring transitions
were determined from tandem mass spectra, obtained by direct infusion of 0.5 mgmL".
Per peptide, three transitions were chosen (Q3-1, Q3-2, and Q3-3) for quantification
and confirmation. A peptide labeled with "°N and ">C (AQUA peptide) was synthesized
(Sigma-Aldrich, Steinheim, DE) and used as an internal standard for quantification
(Supplemental Table 2). Peak identification and quantification were performed using
Analyst software version 1.6.

mRNA expression

MRNA expression of the selected drug transporters was determined in a subset of 31
samples using RNA-Sequencing (RNA-Seq). RNA was isolated from hepatic tissue using
QiaSchredder column and RNeasy Mini kit (both Qiagen, Valencia, CA) as described by
Mooij et al '>. Samples with an RNA integrity number of <5 were excluded. The RNA-
Seq experiments were performed according to the lllumina RNA-Seq protocol (San
Diego, CA). In brief, a population of poly(A)* mRNA was selected and converted to a
library of cDNA fragments (220-450 bp) with adaptors attached to both ends, using an
[llumina mMRNA-Seq sample preparation kit. The quality of the library preparation was
confirmed by analysis on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
The cDNA fragments were then sequenced on an lllumina HiSeq 2000 to obtain 100-bp
sequences from both ends (paired end). The resulting reads were mapped by Bowtie
2" to the transcriptome constructed through annotated genes/transcripts according to
the reference human genome GRCh37.61/hg19. The mapped reads were then assigned
to transcripts from which the expression of each transcript is estimated by RSEM.' The
counts of RNA-Seq fragments were used to indicate the amount of identified mRNA
transcripts, presented in transcripts per million (TPM)."*

For each transporter we calculated the total TPM values of all mRNA transcripts, and the
TPM values of only the mRNA transcripts coding for a full functioning protein (Ensembl
genome database). Correlation with protein levels as determined in the same sample
was tested with Spearman’s rank correlation coefficient.
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Genetics

Single nucleotide polymorphisms (SNPs) were only selected when mRNA and/or protein
expression of our selection of transporters was expected to be influenced, based on
information in the PharmGKB database." Liver samples of children were genotyped for
these SNPs (Supplemental Table 3). Next, within a particular genotype the effect of age
was studied. Adult samples were not genotyped for logistic reasons. Because previously
the influence of diplotypes of SLCO7B1 on protein expression was shown®, we studied
relationships between SLCOTB1 *1A, *1B, *4, *5, *14 and *15 and protein expression.

DNA was isolated from liver tissue according to protocol using the DNeasy® Blood and
Tissue Kit (Qiagen, Valencia, CA). DNA concentrations were measured on the Nanodrop®
1000 Spectrophotometer (Thermo Fisher Scientific®). The DNA isolates were diluted
in 1X TE Buffer to a 10 ng L' solution for SNP analysis. The SNPs were genotyped
according to the TagMan® allelic discrimination assays. The PCR program consisted of
an initial denaturation and DNA polymerase activation step at 92°C for 20 s, followed
by 40 cycles at 95°C for 3 s and 60°C for 30 s. All PCR reactions and post-PCR detection
were performed on a 7500 Fast Real-Time PCR System (software version 2.3; Applied
Biosystems).

Cell lines

HEK293 cells overexpressing SLCO1B1*1A (NM_006446.4 referring to wild-type; hereafter
named SLCOTBT) or SLCO1B3 (NM_019844.3) were generated as previously described
by our group'"'®. HEK293 cells, stably overexpressing SLC22A7 (NM_003057.2), were
generated in a similar way, by transfection with pIRES puro-OCT1 (internally designed,
produced by Baseclear, Leiden, NL), applying puromycin selection pressure and selecting
colonies for further analysis. MDCKII cells stably overexpressing MDR1, MRP2 or BCRP
were licensed from The Netherlands Cancer Institute (NKI, Amsterdam).” "

Data and statistical analysis

Data are expressed as median (range), unless otherwise stated. The relationship of age
with protein expression levels was studied as follows: first, differences in expression
between age groups were explored. We distinguished five age groups: fetal, premature
newborn (GA <37 weeks; PNA 0 — 18 weeks), term newborn (GA >37 weeks, PNA 0 - 18
weeks), pediatric (1.5 — 18 year) and adult liver samples. Next, in the combined first
three age groups (further referred to as fetal/newborn cohort) the correlation between
age on a continuous scale (GA, PNA and PMA) and protein levels was assessed. Within
a particular genotype the effect of age on transporter protein expression was studied
as above. Relationship between mRNA expression and protein expression were studied
with correlation.
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Kruskal-Wallis tests with Dunn’s post-hoc test were used for multiple comparisons
between age groups, and Spearman’s rank correlation coefficient was used for testing
correlations. Influence of gender on transporter protein expression was tested with a
Mann-Whitney U test. A two-sided significance level of p<0.05 is used throughout the
paper. For Dunn’s post-hoc test for multiple comparisons the adjusted p-values are
reported, in which a correction for multiple testing for age groups is applied. Statistical
analyses were performed using IBM SPSS Statistics software (SPSS Statistics for Windows,
version 21.0; IBM, Armonk, NY).

RESULTS

Descriptive results

In total 71 hepatic tissue samples were available for the study, including 25 samples
of our pilot study.? One sample was detected as an outlier due to inexplicably high
transporter expression and was excluded. See Table 1 for the age distribution. Gender
was known for the pediatric samples only: 35 male and 27 female. The Tissue Bank
provided only the following clinical data: GA, PNA, gender, and main clinical diagnosis.
The adult tissue was histologically normal tissue and no additional clinical data were
available, due to the anonymous sample collection.

Table 1 Age distribution of study samples in each age group.

All Fetuses Preterm newborns Term newborns Pediatrics Adults
GA NA 234(15.3-41.3) 30.2(24.9-36.7) 40.0 (39.7-41.3) NA NA
Age weeks weeks weeks
distribution  pPNA NA NA 1.0 (0.14-11.4) 3.86(0.29-18.1)  4.13(1.08-7.44) NA
weeks weeks years

GA=gestational age, PNA=postnatal age, NA=not available.

Protein expression

The selected hepatic transporter proteins were detected in nearly all samples; in two
samples MRP2 could not be detected. There was high variability in expression between
transporters and between individual samples (Supplemental Table 4). Protein expression
in males and females was similar (Supplemental Table 5). Crude membrane protein yield
per mg tissue was higher in fetuses than in term newborns (Figure 1A). Moreover, it was
negatively correlated with PNA and PMA in the fetal/newborn cohort (Figure 1B and 1C,
respectively).
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Figure 1 Crude membrane protein (CMP) yield per amount of hepatic tissue, presented for various age
groups (A), and, for the fetal/newborn cohort, for postnatal age (PNA) (B) and postmenstrual age (PMA) (C).
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Age-related transporter protein expression

Overall, protein expression was highly variable within age groups (Figure 2 and
Supplemental table 4). More specifically, in fetal samples, BSEP and MDR1 protein
expression was lower thanin adult samples, and for BSEP also lower than in term newborn
samples. MRP1, MRP2, MRP3 and OCT1 showed a similar developmental pattern with a
lower protein expression in fetuses and newborns than in adults. NTCP levels increased
over the whole age range. In contrast, GLUT1 protein levels were high in fetuses, with
lower expression in term newborns, pediatrics and adults. Similarly, OATP1B1 showed
high expression in the fetal age group and low expression in the term newborn age
group, with stable protein levels further on. Protein expression levels of ATP1A1, BCRP,
MCT1, OATP1B3 and OATP2B1 were similar in samples from all age groups.

Next, we analyzed whether GA, PNA and PMA within the fetal/newborn cohort could
partly explain the observed variability (Table 2, Figure 3 and Figure 4). BCRP, BSEP and
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Figure 2 Protein expression of hepatic transporters in fetuses (n=36), preterm newborns (n=12), term
newborns (n=10), pediatrics (n=4) and adults (n=8).
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NTCP expression significantly increased with increasing GA, PNA and PMA, whereas
GLUT1 and OATP1B1 decreased. For these transporters the strongest correlation was
shown for with PMA. MRP2 and MRP3 were only positively correlated with PNA, and
MCT1 only with PMA. When only fetal samples (postnatal age = 0) are included, the
relationship between GA and transporter expression remains statistically significant for
GLUT1 and OATP1B1. For the other transporters no relationship between GA, PNA or
PMA and expression was found.

Correlation mRNA- and protein expression

RNA-Seq data were generated from a representative subpopulation of 31 out of the 62
pediatric patients: 12 fetal (GA 29.7 weeks [15.3 - 41.3], no PNA), 8 premature newborn
(GA 34.1 weeks [24.9 - 36.7], PNA 0.43 [0 - 8.29]), 7 term newborn (GA 40.0 weeks [39.7
- 41.3], PNA 3.57 [0.29 - 18.1]) and 4 pediatrics (PNA 4.13 years [1.08-7.44]). The mRNA
expression levels and protein expression of ABCB11/BSEP, SLC16A1/MCT1, ABCC2/
MRP2 and SLCT10A1/NTCP were significantly correlated when using total TPM values of
all mRNA transcripts (Supplemental Table 6). When only taking into account the mRNA
transcripts actually known to be coding for protein, the correlation between mRNA
expression and protein expression was lost for SLC16A1/MCT1, but appeared for ABCB1/
MDRT1 (Supplemental Table 6).

Table 2 Correlation of hepatic protein expression of transporters with age in fetal/newborn cohort.

Protein GA (n=58)t GA (fetal) (n=36)% PNA (n=58)1 PMA (n=58)t
expression of

ATP1A1 0=0.120, p=0.371 p=0.113, p=0.513 0=0.145, p=0.278 0=0.069, p=0.605
BCRP p=-0.367, p=0.005  p=-0.301, p=0.074 p=-0.345,p=0.008  p=-0.421, p=0.001
BSEP 0=0.484, p<0.001 0=0.230, p=0.178 0=0.485, p<0.001 p=0.513, p<0.001
GLUT1 p=-0.536, p<0.001  p=-0.365,p=0.028  p=-0.512, p<0.001  p=-0.585, p<0.001
MCT1 p=-0.342,p=0.009  p=-0.327, p=0.052 0=-0.096, p=0.473 p=-0.345, p=0.008
MDR1 0=-0.047, p=0.728 p=-0.119, p=0.489 0=0.064, p=0.634 p=-0.046, p=0.733
MRP1 0=0.069, p=0.608 0=-0.039, p=0.822 0=0.176, p=0.187 0=0.100, p=0.453
MRP2 0=0.202, p=0.136 0=0.084, p=0.625 p=0.306, p=0.022  p=0.214, p=0.114
MRP3 0=0.010, p=0.942 p=-0.218, p=0.202 0=0.273,p=0.038  p=0.032, p=0.812
NTCP 0=0.502, p<0.001 p=0.223, p=0.190 0=0.453, p<0.001 p=0.567, p<0.001
OATP1B1 p=-0.557, p<0.001 p=-0.343, p=0.041 p=-0.481, p<0.001 p=-0.604, p<0.001
OATP1B3 0=0.089, p=0.508 p=-0.043, p=0.804 0=0.090, p=0.499 0=0.072, p=0.589
OATP2B1 p=-0.135, p=0.312 p=-0.102, p=0.554 0=0.005, p=0.970 0=-0.092, p=0.494
OCT1 0=-0.206, p=0.121 p=-0.278, p=0.101 0=0.055, p=0.684 p=-0.175, p=0.188

p=Spearman Correlation Coefficient. Bold=statistically significant (p<0.05). GA: gestational age, PNA: postnatal

age, PMA: post menstrual age. tfetal/newborn cohort. fonly fetal samples.
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Figure 3 Transporter-specific postnatal maturation of hepatic protein expression in the fetal/newborn

cohort (n=58).
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Figure 4 Transporter-specific post-menstrual maturation of hepatic protein expression in the fetal/

newborn cohort (n

=58).

BSEP

BCRP

ATP1A1

o *h
0o g
e
lpuo‘-
b P
-
& S 2

800

«
«@*
o
‘A « uA
.
%0
» oo
o
o o
O p o
* 0
*%

(enssn —.m jowd)
uoissaidxa ulejold

(anssp _.m jowd)
uojssaudxa ujejold

-«

w8

< ¢4
oqy «

oe
oﬂ- . Og

8 g g
=3 < <
(enssy .6 jowd)
uojssaudxa ujejold

PMA (weeks)

PMA (weeks)

PMA (weeks)

MDR1

MCT1

GLUT1

s
«[®
« Lo
3
- o<y
«0 <
) . S
.
o B2
L cn_.
o olg
o oo 8
. o o
L .‘ ..‘ .‘..
®or o [R
2 ) ) <
8 & e
(enssy .6 jowd)
uojssaidxe upejoId
-8
<« T8
« =3
3
"
'«
AA”DA Lo
Y -+
L]
¥
ID L]
o o Lo
o O o a
oe @®
b % L8*
'™ re
L
—
g 8 & e <
(enssn —.m jowd)
uoissaudxa ulejoid
-8
<8
-
ra
«s & le
. &
. %
g 2 Is
o
. * O
. aﬁ L]
LN FR
.
—
o S ) <
8 g &

(enssn " B jowd)
uoissaidxae ulejold

PMA (weeks)

PMA (weeks)

PMA (weeks)

MRP3

MRP2

MRP1

<
b 2
« ‘a
Y- )
L] -u-
o, &
o ]
o o g [®
O %
X
% ]
.
— 1%
d e b <
(enssn —.m jowd)
uoissaidxa uejold
‘g
« 8
« o
ra
<« <o
« ¥ . nA =3
.
_ufm_
[ M
oo Lo
o On 3
=] e
vey
e ®, 4 R
.
S e .
2 < ° E
3 | e
(enssy .6 jowd)
uojssaidxa ujaold
-8
T8
o8
“ @ « 4
<le
< e
D _uf
By
o o o
re
-
o
e & R
[
& b e b <

(enssn —.m Jowd)
uoissaidxa uleold

PMA (weeks)

PMA (weeks)

PMA (weeks)

< re
‘ t®
o - 0%«
o e F |
- N 3
o %0’
= oe .
< «*
o 8 o le
o o
-4
o o® %N
*e & R
-
— |
8 8 < & <
(enssn —.m jowd)
uoissaidxa ule)old
« re
]
< &
[11] . e
N -+
O
o o nw__u L
2
* >
¢ e A
tH Lo
.o ~
.
Y «* |
8 3 <
(enssn —.m Jowd)
uoissaidxa ulejold
ré
-«
- L8
-« % «
o EA -a lw
_m . oo %
z o Be
L4
alls
|
L
.
=
% R
»
S S .
& e e b >

(enssn —.m Jowd)
uoissaidxae ulejold

PMA (weeks)

PMA (weeks)

PMA (weeks)

OoCcT1

OATP2B1

o Preterm newborn
4 Term newborn

* Fetus

M -
Wﬂ D..
. .‘ b
o o”
oo o

Nt e g

(enssn —.m Jowd)
uoissaidxe ulejoId

“«

-’
% e
e e o
)
——— %
g g &
(enssn —.m jowd)
uoissaidxe ulejoId

60

20

PMA (weeks)

PMA (weeks)

PMA=post menstrual age

2af-

ty Rotterdam

1versi

Erasmus Un



14 Erasmus Medical Center Rotterdam

'S}npe ul ueyl sUIOGMau

.? piemuo sieak [/ WoJj1i04yod e ul

"ee PIOJALL-L
wouy souieipad 01 pasedwod sasniay
U1 13m0 7, S}npe ul ueyy pjo AL >

d|qels asealnu| WS} pue s3sN38) U IBMOT  pue 96e JNpe 03 9}eUO3U WOJ) UOISSRIAXD 3|eIS  SJURJUI PUB S1RUOSU ‘S9SN13Y UL IBMOT  ZdUIN/ZDD8gY
'S}|Npe ul ueyl suIogmau
?|ge1s ?|qe1s WS} pue s3sN18) Ul IBMOT . A1ISILUBYD0ISIY-aUNWWE YIM $3SNI34 Ul paidalad - LdYW/LDDgY
s (SW/SW-D1) 4K 0£-£ w014 11040 e ul
3|9e1S *g SHNPE Ul UBY] (ZL=U ‘P|0 JAGL-P/) UBIp|IYyd
W04 SUOIIdRIY IBAI| 65 Ul JaMOT “}, 9be ynpe 0}
?|ge1s 9|ge1S ‘S NPE Ul Uey) S9SN1d) Ul JISMOT Buiseaoul pue abe juejul 01 dn uoissaidxe Mo “seoreez, OH1140 1BIK ISIY UL IseADU| YA/ LGV
LIDW
osealdsqg 9|qels 9|qe1s - - /LY91D1S
‘syinpe
pue soujeipad ‘suiogmau 1101
asealda asealda W3] Ul ueyy sasniay Ut 1oybiH - - /1VZ1S
¢ Ksiwaydoisy "¢ ML < usappyd Ul
'S}|Npe pue sulogmau -SUNWIWI Y}M S3SNI) J23S3WIE PUODS Ul URY) SR1RUORU Ul JBMOT ", (€=U) S}Npe
asealu| asealnu| WD) Ul UBY] S95N19) Ul JOMOT] pa12213(Q “}, 968 3Npe 03 d1eUO3U WO} 3|qeIS ul UeY) (£=U) S9SN1D) Ul JIDMO| P|OJ € d359/L L9DgY
“eerze SOAWeS 3npe
"2 (SW/SIW-D11'96=U) 4K 0~ U pue  pue dLieipad ‘|e1d) ul uoissaidxa a|qels
"¢ (BU10|q UISISEM ‘0L =U) S}NPE pue s3jeuosU "¢ Jeak /< pue jeak
aseaisg asealng s|ge1s u1 3|qess “}, 9be 3npe 03 d1euoau Woly 3|qeis -0 SA S9SN19) WU S|9AS| PaseadU|  dy¥dg9/zoDgy
LVY1dlv
d|qels d|qe1s 3|qe1s  4,9b6e1npe 01 dn Huisealdul pue s33eUOSU Ul MO - /LVLdLY
(s)eam (syeam gL
L'8S-€°'SL -0 udamiaq) (s3npe - soujeipad - w9} -
uaamiaq) ViNd VNd wia12ad -sasnyay) sdnoab aby uisy01d/auab

uoissaidxa uidjoad snpeday sa abe :ejep Juaiin)

uoissaidxa
uiajouad >13eday *sa abe :ejep ainjelaln]

uoissaidxa yNYw
sneday *sa abe :ejep ainjelalr]

19y10dsues)

/B 19 J1omMnoJg Os|e 93§ "elep Jua1ind JNO SNSISA elep ainjelall| :uoissasdxa Jayiodsuel u_umamr_ ul mwwcmr_u _Uwum_w\_u.w0< € 9lqel

ty Rotterdam

1versi

Erasmus Un



15

Ontogeny of liver transporters

o (ID3K 91 <) SYNpD |t pup (103K 9[-Z|) SIBISS|OPD | “(ID3A 7 |-|) UBIP|IYD ZE (103
| - SAbp 67) saubjui 6| “(SAbp 8z-0) Sa1buoaU  ‘sajdwibs waliow-1sod d11pday buimoyjo) ayl ul SW/SIW-IT YHM S1310dsup.] SNOLIDA JO UOISSaidxa u1a30id palpnis :|p 13 ppSDid.

'c (30]g uIIS/M) (G=U) abe
JO SYP9M {-€ pue (£=U) SAep g-| UdaM1aq 9sealdu|

'S}INpe ul Ueyl suIogqmau "}, 9be 3npe 01 buisealoul 1100
d|qels ?|qe1s WLI9) pUe $35N13) Ul JISMOT  pue s6e Juejul 01 dn S1BUOSU WOIY UOISSSIdXS MO - /LYZZD1S
s (SW/SW-D1) 440£-£ w0y 11040d “z¢ (€=U) s3Inpe ueyl (g=u) Lde¢d1vO
?|qe1s ?|qe1s ?|qe1s e ul 3|qels "}, a6e }npe 0} 91eUOBU WO 3|qRIS S95N19J J91SaWILI} PUODSS Ul JDMOT] /1920015
"}, SHNPE. Ul UBY} S2}RUOSU Ul JSMOT] "2 (T=U) UBIP|IY> pue (/=u) sjuejul
" Polad Juadsajopeaid uj asealdul ue pue ‘(61=U) s912UOBU ‘(9=U) €91dIVO
o|qels o|qe1s 3|qelS 41| JO SYIUOW ISIY BY1 JSAO SUID3P B “Yuiq 1e YBIH  s9sN33y Ul ueyy (L L=u) synpe ul JaybiH /€410D1S
‘¢ (€=U) s3Inpe ueyl (g=u)
S9SN Ul I9IMO| pUB ‘. (0E=U ||©) S}npe
,9be 0 IBak | - < uaipy>  pueduieipad Ul ueyl sasn1sy Ul ISMOT]
U1 95ea.1DUl PIMOYS Ly/Lx LALdLIVO ‘¢ (SW/SW-D1) "z, (T=U) U3IP|IY> pue (/=u) sjuejul
‘'sulogmau 1K0/-£ WOI§310Y0d B Ul 3|qelS ", (30|g UISISIMW) ‘(6L=U) s912UOBU ‘(9=U) 191d1VO
aseanaq aseala w9} Ul MoJ ‘sasn1ay Ut ybiH S}INPe G PUe $3]EUOSU G Ul UOISSaIAXD JB|ILIS  $9SN1D) Ul UBY) (| L=U) Synpe ul JaybiH /1910015
'S}|npe ul ueyl suIogqmau
wua3a4d Ul JamoT 'synpe
pue soujeipad ‘suiogmau "¢ (9=U) p|o JAZ< Ul pue ‘(g=u) s1eak dDIN
asealdu| asealnu| WS} Ul UBYY S3SN134 UL ISMOT . (30]g UISISIN) SHNPR G PUB S3}RUOSU G ULJIB[IWIS 01 0 Ul Uey} (9= u) [eleuniad Ul 1amoT] /LY0LDTS
"¢ (1019 UIDISOM)
'S}|Npe ul ueyl suIogqmau S}INPe G PUB SD1EUOBU § Ul UOISSIAXD Jejiwis "¢ (€=U) synpe ul
?|ge1s asealnu| W3} pUR S3SN3I3J UL JIBMOT  “}; SHNPE Ul URY] SIUISI|OPE PUB SJURJUI UL IDMOT  URY) (£=U) S3SNI3) Ul UOISSRIAXD IBMOT  £dHIN/EDDFY
(s)29m (syeam gL
1'8S-€°'SL — 0 uaamiaq) (s3npe - s>ueipad - w9 -
uaamiaq) Vind VNd wi33a4d -sasniay) sdnoib aby

uoissaidxa uiejoad cnpeday sa abe :ejep Juaiin)

uoissaidxa
uiajoad d13eday *sa abe :ejep ainjesayn]

uoissaidxa yNyw
sneday ‘sa abe :ejep ainjesddn

uiyoad/auab
19)10dsues)

(panuiuod) '[e 19 J9MNOIg OS[e 935 "eIep JUBLIND INO SNSISA BIeP dINjeId)| :Uoissaidxa Jariodsues dneday ui sabueyd pajejal-aby € ajqeL

ty Rotterdam

1versi

Erasmus Un



16 Erasmus Medical Center Rotterdam

Genetic variants

Genotype results are presented in Supplemental Table 3. For SLC22AT 1222A>G, the
TagMan assay failed for two patients, presumably due to poor quality of the DNA. All
patients were successfully genotyped for other SNPs. Protein expression was neither
associated with the selected SNPs, nor with diplotypes of SLCO1B1 (Supplemental Table
3), also when taking into consideration age within genotype-groups.

Cell lines

The absolute protein expression of OATP1B1, OATP1B3, OCT1, MDR1, MRP2 and BCRP
was determined in the crude membrane fractions of HEK-OATP1B1,-OATP1B3,-OCT1 and
MDCKII-MDRT1, -MRP2, and -BCRP cells, showing good expression profiles (Supplemental
Table 7).

DISCUSSION

Our study expands and presents data on human hepatic transporter protein expression
in a pediatric cohort with a focus on fetal and newborn patients up to 18 weeks of
postnatal age. Together with findings on gene expression and genetic variants in the
same patient subcohort, this study is a comprehensive analysis of ontogeny of human
hepatic drug transport in the age range where knowledge was still lacking. Below we
will discuss the main findings.

Age-related changes in protein expression were transporter dependent. The results
with existing data from literature are summarized in Table 3. Apart from our previous
exploratory study, the only other published LC-MS/MS proteomics study we could
identify included four neonates.® At this time, due to a lack of biological data, drug dosing
in preterm and term infants is left with uncertainty regarding the level of exposure.
Similarly, in pregnant women, the level of exposure to the fetus remains unknown. Our
data may aid to optimize dosing of transporter substrates in these patient populations.
Interestingly, when looking at age groups, most differences in transporter expression
were found between the fetal and adult age groups, indicating that major changes in
transporter protein expression occur in early life. For example, previously was shown
that OCT1 increased from neonatal to adult age.>® Our data adds that also in fetal and
preterm newborns the OCT1 levels are lower than in adults. While the expression of
most transporters, like OCT1, is lower in the perinatal period than at adult age, the
expression of GLUTT1 is significantly higher in the perinatal period. This likely reflects the
physiological high need of glucose early after conception. Moreover, we did not study
the transporter GLUT2, which is highly expressed in the adult liver.” This transporter

Erasmus University Rotterdam Za.{uu.g
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could be subject to age-related changes, possibly explaining our findings on GLUT1.
Subsequently, OATP1B1 is also higher in the perinatal period, and is important for the
hepatic uptake of hormones like estrogens.’ Importantly, the decrease in GLUT1 and
OATP1B1 may also be explained by the observed negative correlation between crude
membrane yield and age. Not surprisingly, ontogeny patterns are not similar when
describing transporter protein expression per membrane yield instead of per amount of
tissue. However, in literature these units are used inconsistent. As transporter proteomic
data is often used for PBPK modelling, coming from various sources, a correction factor
should be applied when describing protein expression results per crude membrane
protein in young age groups.

Both gestational age and postnatal age may impact transporter activity differently
and independently. However, the combined effect, i.e. postmenstrual age, needs to
be considered as well. Our data suggest that dosing of transporter substrates for BCRP,
BSEP, GLUT1 and OATP1B1 is best guided by PMA in the first months of life. Using
linear correlation is problematic in wide age ranges because this implies continuously
increasing or decreasing expression up to adult age.”’ But as we were dealing with a
limited age range (<18 weeks PNA), we considered linear correlation the most suitable
to describe our data within this subpopulation.

Considerably more literature data on pediatric transporter mRNA expression is available
than protein expression data.' However, adults studies have shown that mRNA levels

do not always correlate well with transporter protein expression®?*

, which was also
shown in a subpopulation of our cohort (n=31). Interestingly, the earlier found ABCB1
mRNA ontogeny pattern' is similar to that for the MDR1 protein in the present study,
but with a much higher fold change, possibly explaining the lack of correlation. Also,
post-translational changes may occur introducing differences between protein
expression and protein activity. For example, a previous study found that the fraction
of highly glycosylated OATP1B3 increased with age”. Unfortunately, because we used
crude membrane fractions to measure protein expression with LC-MS/MS we could
not distinguish between glycosylated and un-glycosylated transporter protein. Other
techniques, e.g. Western Blot, could enable this, but this is challenging in pediatrics as
much more tissue is needed.

We could not identify a relationship between protein expression and the selected
genetic variants in our cohort, although these have been shown earlier to impact mRNA
and/or protein expression. This finding may be explained by our low sample size, but
could also partly explained by the interplay between development and genetics. For
example, in a previous study SLC22AT 181C>T in adult samples correlated with OCT1

Erasmus University Rotterdam Zo\/uap
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protein expression” but this was not confirmed in our cohort. OCT1 expression was low
in fetuses, potentially obscuring a possible effect of genetic variants. OATP1B1 protein
expression was stable within SLCOTBT diplotypes. In contrast, Prasad et al. showed
higher protein expression in neonates versus older children/adults with the SLCO1B1
*1A/*1A haplotype.® Moreover, our group previously showed that the SLC22AT genotype
is related to tramadol disposition in preterm infants, similar to adults.” This suggests
that, although protein levels are low, the SLC22A1 genotype can result in significant
differences in protein activity in neonates. Thus, although we did not find a correlation
between interrogated SNPs and protein expression, it remains important to include
genotype when analyzing developmental patterns.

Some potential limitations of our study should be addressed. First, our results show
high inter-individual variation in transporter protein expression, which in part remained
unexplained by age, gender and genotype. Itis well possible thatinflammation”, disease,
nutrition and drugs influenced transporter expression in our cohort. Healthy infants do
not require medications like ill newborns do, thus our cohort represents the relevant
population for our intended purpose. The relative impact of these factors, however,
deserves further study. Also, samples were snap-frozen at -80°C for later research use at
the time of autopsy within 24 hours after death, which might have introduced differences
in quality of tissue. These limitations warrant careful interpretation of our data.

Nevertheless, our data help improve our understanding of drugs and endogenous
processesin human populations of different ages. Moreover, our data could be integrated
in PBPK modeling, which might improve prediction of pediatric drug clearance.
Because differences might exist between protein expression and protein activity,
future perspectives will be to validate these models with clinical data from transporter
substrates. Previously, we have shown the value of determining absolute transporter
protein expressions in transfected cell lines for application in PBPK modelling: in vivo
hepatic disposition of rosuvastatin was predicted by scaling from individually transfected
cell lines by correcting for absolute transporter protein expression levels.? In the current
study we therefore determined the absolute expression levels of the transporter protein
in selected relevant cell lines, frequently applied in in vitro drug metabolism PK studies.
Hence, the obtained results can be incorporated into PBPK modeling to extrapolate

29,30

existing adult PK data to pediatric PK data“~", or used as appropriate scaling factors
to scale between in vitro cell lines and human hepatic expression in adults or pediatric

patients.
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CONCLUSIONS

In conclusion, we observed various patterns in the maturation of protein expression of
a number of hepatic transporter proteins in children up to four months. This strongly
suggests that disposition of drugs and endogenous transporter substrates is subject to
age-related changes and impacts the efficacy and safety of drugs in the first months of
life. Postmenstrual age may present the most robust method to incorporate age-related
variation in transporter protein expression in dosing guidelines. mRNA expression as
surrogate marker of transporter activity should be carefully interpreted as correlation
with protein expression is mostly lacking. Moreover, adult pharmacogenetic data
cannot be directly extrapolated to neonates and young infants. Further study is needed
to delineate the effect on in vivo drug disposition and effect.
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SUPPLEMENTAL INFORMATION

Supplemental Table 1 Clinical diagnoses pediatric patients

Clinical diagnosis Number of patients
Congenital malformations (cardiac, otolaryngeal, chromosomal, abdominal, unknown) 32
Intrauterine death 5
Hydrops fetalis 2
Viral/bacterial infections 7
Cardiac failure 5
Necrotizing enterocolitis 3
Hemangioendothelioma 1
Sudden infant death syndrome 2
Intracranial bleeding 1
Meconium aspiration 1
Pulmonary hypertension 1
Neurologic abnormality 1
Hernia incarcerate 1
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Supplemental Table 2 Multiple reaction monitoring (MRM) transitions of the used peptides and the
corresponding internal standards (AQUA)

Name Labelled Peptide sequence®  Molecular weight Q1 Q3-1 Q3-2 Q3-3 Q34

ATP1A1 unlabeled  AAVPDAVGK 827.0 4142 5863 6854 2421
AQUA AAVPDAVGK 833.0 417.5 5923

BCRP unlabeled  SSLLDVLAAR 1.044.2 5228 6443 7575 5294
AQUA SSLLDVLAAR 1.060.2 5263 6513

BSEP unlabeled  STALQLIQR 1.029.2 5153 6574 8416 5294
AQUA STALQLIQR 1.045.2 5188 664.3

GLUT1 unlabeled  VTILELFR 990.2 4958 7905 6774 201.2
AQUA VTILELFR 1.000.2 500.8 800.5

MCT1 unlabeled  SITVFFK 841.0 4212 1732 6413 2011
AQUA SITVFFK 851.0 426.2 6513

MDR1 unlabeled  NTTGALTTR 934.0 467.7 7194 216.1 6184
AQUA NTTGALTTR 950.0 4712 726.5

MRP2 unlabeled  VLGPNGLLK 910.1 4558 6985 1853 2133
AQUA VLGPNGLLK 926.1 459.2 7054

MRP3 unlabeled  ALVITNSVK 944.1 4728 7604 6614 5484
AQUA ALVITNSVK 950.1 4758 766.5

NTCP unlabeled  GIYDGDLK 880.44 440.7 7103 1432 1712
AQUA GIYDGDLK 896.44 4442 7173

OATP1B1  unlabeled LNTVGIAK 815.0 408.2 3994 5883 2282 7023
AQUA LNTVGIAK 831.0 411.7 4029

OATP1B3  unlabeled IYNSVFFGR 1101.3 551.8 8265 249.1 5262
AQUA IYNSVFFGR 11116 556.8 8364

OATP2B1  unlabeled  SSISTVEK 849.9 4257 5633 6763 175.1
AQUA SSISTVEK 855.9 428.7 569.3

OCT1 unlabeled  LPPADLK 752.9 3772 5433 1833 260.3
AQUA LPPADLK 768.9 380.7 5504

@ AQUA: Amino acid presented in italic bold is labelled with *C and "*N.
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Supplemental Table 3 Overview selection of SNPs known to influence mRNA- or protein expression.
Number of livers from carriers of various SNPs present in the studied cohort. *Kruskal-Wallis test

Gene Gene SNP ID Variant SNP class Genotype Distribution protein
- expression across
[T
£ E__L genotype groups*
w
T 2 3
S & o
s 2 &
» T >
a ) N
> 2 9
= ¢ §
£ 2 2
ABCG2 rs2231142 421C>A Missense 50 10 O p=0.132
ABCB1 rs1045642 3435C>T Synonymous 15 27 18 p=0.883
ABCC1 rs45511401 16079375G>T Missense 56 4 0 p=0.155
ABCC2 rs2273697 1249G>A Missense 35 19 6 p=0.197
ABCC3 rs4793665 2116T 5 Flanking 15 22 23 p=0.792
SLCO1B1 rs4149056 521T>C Missense 44 16 0 p=0.132
rs2306283 388A>G Missense 10 33 17 p=0.821
rs11045819 463C>A Missense 45 12 3 p=0.324
SLCO1B3 rs4149117 334T>G Missense 1 19 40 p=0.459
rs7311358 699G>A Missense 1 19 40 p=0.459
SLCO2B1 52306168 1457C>T Missense 54 4 1 p=0.132
rs12422149 935G>A Missense 49 10 1 p=0.682
SLC22A1 rs12208357 181C>T Missense 55 5 0 p=0.841
rs628031 1222A>G Missense 9 25 24 p=0.206
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Ontogeny of liver transporters

Supplemental Table 5 Hepatic protein expression of transporters in males and females. Data is presented
as median (range).* Mann Whitney U test.

Transporter Hepatic expression (pmol/g tissue) Distribution over groups*
Male (n=35) Female (n=27)
ATP1A1 292.5 (115.7-604.9) 342.9(137.6-471.9) p=0.848
BCRP 3.5(1.6-6.8) 4.0(0.9-7.7) p=0.122
BSEP 18.0 (0.9-59.7) 20.4 (4.0-47.7) p=0.324
GLUT1 112.0 (21.4-393.0) 144.3 (35.2-546.2) p=0.804
MCT1 12.0(1.9-39.5) 9.8 (5.7-34.0) p=0.189
MDR1 8.1(0.7-24.9) 11.2(0.1-26.7) p=0.456
MRP1 3.8(0.6-17.7) 3.8(0.9-13.8) p=0.609
MRP2 8.8(1.5-23.9) 8.8(3.1-20.2) p=0.633
MRP3 1.8(0.5-11.3) 2.5(1.0-13.7) p=0.138
NTCP 2.6 (0.6-30.1) 3.2(0.8-15.6) p=0.284
OATP1B1 20.4 (4.9-101.7) 14.7 (5.7-85.8) p=0.624
OATP1B3 18.2(2.3-59.3) 16.4 (3.9-51.1) p=0.537
OATP2B1 64.6 (13.8-138.7) 72.9(13.5-123.8) p=0.189
OCT1 67.6 (4.6-139.7) 69.6 (5.2-129.7) p=0.771
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Supplemental Table 6 Correlation of mRNA- and protein expression of hepatic transporters. mRNA
expression is presented as median (range). p= Spearman Correlation Coefficient. Bold=statistically
significant (p<0.05)

Transporter mRNA Correlation protein mRNA Correlation protein
expression expression and all  expression expression and
all transcripts mRNA transcripts  coding coding mRNA
(TPM) transcripts transcripts

(TPM)

ATP1A1 20.9 (4.4-168.5)  p=-0.123,p=0.510 12.1(0.6-105.7)  p=0.144, p=0.441

ABCG2/BCRP 1.8(0.0-7.7) p=-0.080, p=0.670 1.8(0.0-7.7) p=-0.080, p=0.670

ABCB11/BSEP 8.3(0.0-41.8) p=0.533, p=0.002  7.5(0.0-27.3) p=0.525, p=0.002

SLC2A1/GLUT1 9.0 (0.0-125.7) p=0.293, p=0.110 6.2 (0.0-92.9) p=0.313, p=0.087

SLC16A1/MCT1 9.1 (0.0-77.0) p=0.517, p=0.003  4.3(0.0-19.7) p=0.342, p=0.060

ABCB1/MDR1 1.9 (0.0-8.6) p=0.150, p=0.419 0.9 (0.0-5.0) p=0.394, p=0.028

ABCC1/MRP1 2.6 (0.0-17.5) p=0.118, p=0.527 0.6 (0.0-6.2) p=0.104, p=0.577

ABCC2/MRP2 15.9 (0.4-70.6) p=0.467, p=0.011 14.7 (0.4-61.8) p=0.512, p=0.005

ABCC3/MRP3 11.1(0.0-128.7)  p=0.096, p=0.606 1.4 (0.0-5.6) p=0.260, p=0.158

SLC10A1/NTCP 1.4 (0.0-26.0) p=0.584, p=0.001 1.4 (0.0-26.0) p=0.584, p=0.001

SLCO1B1/OATP1B1 26.1(0.0-69.4) p=0.182, p=0.328 26.1(0.0-69.4) p=0.182, p=0.328

SLCO1B3/OATP1B3 10.6 (0.0-56.8) p=-0.093, p=0.620 9.2 (0.0-49.6) p=-0.114, p=0.541

SLCO2B1/0OATP2B1 24.7 (0.4-84.0) p=0.296, p=0.106 17.6 (0.3-72.6) p=0.313, p=0.087

SLC22A1/0CT1 2.4(0.0-122.1) p=-0.032, p=0.865 1.4 (0.0-57.6) p=-0.090, p=0.629

Supplemental Table 7 Absolute transporter expression in selected cell-lines

Absolute transporter expression (fmol/106 cells)

Mean SD
HEK-OATP1B1 143.5 8.8
HEK-OATP1B3 400.2 31.2
HEK-OCT1 667.0 174.2
MDCKII-MDR1 8324 429
MDCKII-MRP2 54.8 1.9
MDCKII-BCRP 301.6 45
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