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The ABC transporter P-glycoprotein is a product of the MDR1 gene and its function in human placenta is
to extrude xenobiotics from the tissue thus decreasing fetal exposure. The goal of this investigation was
to examine the effect of three polymorphisms in the MDR1 gene on the expression and activity of
placental P-gp. In 199 term placentas examined, the C1236T variant was associated with 11% lower P-gp
protein expression than wild-type, while the C3435T and G2677T/A variants each were associated with a
16% reduction (p < 0.05). Homozygotes for the C1236T and C3435T variant allele (TT) were associated
with 42% and 47% increase in placental P-gp transport activity, respectively (p = 0.04 and p = 0.02) of the
prototypic substrate, [*H]-paclitaxel. These findings indicate that the C3435T and G2677T/A SNPs in
MDRI1 are significantly associated with decreased placental P-gp protein expression, while the C1236T
and C3245T homozygous variants are significantly associated with an increase in its efflux activity.
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1. Introduction

The placental ABC transporter P-glycoprotein (P-gp) decreases
fetal exposure to exogenous or endogenous compounds present in
the maternal circulation, by extruding those that are substrates
from the fetal-to-maternal direction. A recent investigation in our
laboratory utilized inside-out vesicles from human placental
brush border membrane to determine P-gp activity as transport of
the P-gp substrate, paclitaxel. In 200 human placentas examined,
there was no correlation between P-gp protein expression and
transport activity of paclitaxel [1]. Consequently, we hypothesized
that genetic variation could contribute to discrepancies between
observed protein expression and activity of placental P-gp.

The MDR1 gene encoding P-gp displays considerable genetic
variability, with specific single nucleotide polymorphisms (SNPs)
occurring at high frequencies in certain populations [2]. More than
50 SNPs in the MDR1 gene have been reported [3], and the most
commonly found SNPs are C1236T, C3435T, and G2677T/A. The
C1236T, C3435T, and G2677T/A SNPs are found in linkage
disequilibrium in up to 49% of Chinese, Malay and Indian
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populations [4,5]. Additionally, the three SNPs are in linkage
disequilibrium with allele frequency of 45-55% in Whites and
5-10% in African Americans [4,5].

Consensus on the functional consequences of MDR1 genetic
variation, specifically the effect of SNPs on P-gp protein expression
and transport activity in the placenta, remains unclear. In Japanese
women, the G2677T/A polymorphisms were associated with lower
placental P-gp expression [6]. In German mothers of Caucasian
ethnicity, significantly lower P-gp expression in placentas carrying
the G2677T and C3435T polymorphisms was reported [7]. Homo-
zygous carriers of the C3435T variant allele (TT) have both reduced
P-gp expression and efflux activity in human intestine and
leukocytes [8,9]. However, a study by Molsa et al., demonstrated
that the presence of C3435T and G2677T/A polymorphism did not
alter the transplacental transfer of the P-gp substrate saquinavir
[10]. Moreover, a meta-analysis of studies containing 1036 patients
did not demonstrate a correlation between the C3435T SNP and
altered pharmacokinetics of the P-gp substrate cyclosporine [11].
Several reports have implicated the C3435T and G2677T/A variant
alleles with increased P-gp activity in vivo [12-14]. Studies on the
consequences of the C1236T polymorphism in humans are scarce;
however the TT genotype is associated with increased plasma
concentrations of the P-gp substrate irinotecan in cancer patients
[15]. These inconclusive findings indicate that direct measurements
of P-gp transport activity and the correlation between genotype and
protein expression need further investigations.

Therefore, the aim of this investigation was to determine
the relationship between C1236T, C3435T, and G2677T/A
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polymorphisms and P-gp protein expression and transport
activity. The health implication of this investigation is that P-
gp protein expression and polymorphisms in MDR1 could
constitute significant contributing factors to P-gp transport
activity, consequently affecting placental transfer and fetal
exposure to xenobiotics that are P-gp substrates.

2. Material and methods
2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise mentioned. Paclitaxel and paclitaxel [o-
benzamido->H] (38 Ci/mmol) were purchased from Moravek
Biochemicals, Inc. (Brea, CA). The anti-P-gp murine monoclonal
antibodies (mAb C219) were purchased from Signet Laboratories
(Dedham, MA). Actin (C-2) mouse monoclonal antibodies and goat
antimouse horseradish peroxidase-conjugated antibody were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

2.2. Clinical material

A staff of trained research nurses was responsible for transport-
ing the placentas immediately after delivery to our laboratory
according to a protocol approved by the Institutional Review Board
of UTMB. Along with placenta, a data sheet was provided that
included the following: maternal age, maternal ethnicity, health
conditions (if any), gestational age, and type of delivery. Exclusion
criteria: documented drug abuse during pregnancy or infections
with HIV or hepatitis. Inclusion criteria: term placentas (38-41
weeks) obtained from uncomplicated pregnancies.

2.3. Preparation of placental brush border membrane vesicles

Placental brush border membrane vesicles were prepared using a
protocol modified from Ushigome et al. [16]. Tissue was cut from the
maternal side, washed two times in 0.9% NaCl. All of the following
steps were carried out at 4 °C. The cut tissue was transferred to
sucrose-HEPES-Tris (SHT) buffer (250 mM sucrose, 10 mM HEPES-
Tris, pH 7.4), and stirred for 1 h to disrupt brush border membrane.
The tissue plus buffer was filtered through two layers of woven
cotton gauze, and tissue was discarded. The filtrate was centrifuged
at 800 x g: 10 min, to remove blood and cell debris. The supernatant
was combined with 20 mM MgCl, (1:1 ratio) and stirred for 10 min.
The solution was centrifuged at 10,500 x g, 10 min. The pellet was
discarded and the supernatant was centrifuged at 20,000 x g,
20 min. The pellet, containing brush border membranes, was re-
suspended in SHT buffer with a 26-gauge needle.

To maximize the proportion of I0Vs, affinity chromatography
was used to separate ROVs according to a previously reported
method [1,17]. The ratio of IOVs (approximately 75% oriented
inside-out) was determined by the activity of acetylcholinesterase

[1].
2.4. Determination of P-gp protein levels by Western blot

The brush-border membranes were prepared as described
above. The total protein concentration in all samples was
determined by detergent-compatible Bradford protein assay.
Briefly, Bradford Reagent (Bio-Rad Laboratories, Hercules, CA,
USA) was diluted 4:1 with water. Samples of brush border
membranes (10 pL) were added to the reagent (5mlL) and
determined in triplicate using a Genesys 20 spectrophotometer
(Thermo Scientific, Waltham, MA) at 595 nm. Total protein
concentration in vesicle preparations was determined using
bovine serum albumin (10-100 g total protein) as a standard.

Western blot quantification of P-gp protein expression was
carried out using 7.5% SDS/polyacrylaminde gel electrophoresis.
The amount of total placental apical membrane protein loaded on
each well was 10 g. At the end of electrophoresis, the gel was
electroblotted on nitrocellulose membranes overnight at 4 °Cand a
constant potential of 25V. Blots were probed with anti-P-gp
murine monoclonal antibodies (mAb C219) diluted 1:200 and
secondary goat anti-mouse horseradish peroxidase-conjugated
antibodies diluted 1:1000. Detection of the protein bands was
carried out by spot densitometry and digital imaging of the
enhanced chemiluminescence spots. The amount of expressed [3-
actin was used to normalize the amount of P-gp in each loaded
sample on the gel. A positive control consisted of human P-gp
membranes (Gentest Corporation).

The operator interpreting the results was blinded to the
genotype of the subject. Samples from wild-type and variant were
run together in mixed batches, and 10% of the samples were
randomly selected and subjected to repeat analysis.

2.5. Uptake by membrane vesicles

P-gp transport activity was determined by the uptake of its
radiolabeled prototypic substrate [>H] paclitaxel (38 Ci/mmole,
83 dpm/fmole), in placental I0Vs according to a previously
reported protocol [15]. Each reaction was carried out in SHT
buffer (250 mM sucrose, 10 mM HEPES-Tris) containing 4 mM
MgCl,, 10 mM creatine phosphate, 100 g/mL creatine phospho-
kinase, either 2 mM ATP or 3 mM Nacl, and placental IOVs at a
concentration of 0.05 wg/WL(7 g total protein). The reaction was
initiated by the addition of [2H] paclitaxel, at a final concentration
~70 nM unless otherwise indicated. The reaction was terminated
after 1 min by the addition of 1 mL ice cold buffer, and vesicles
were isolated using rapid filtration by a Brandel Cell Harvester.
The amount of [3H]-paclitaxel retained on the filter was
determined by liquid scintillation analysis. Active transport
was calculated as the difference between the amount of [3H]-
paclitaxel in the presence and absence of ATP and expressed as
pmol/mg protein min. P-gp-specific transport of paclitaxel was
confirmed by its inhibition with P-gp monoclonal antibody C219
and the P-gp inhibitor, verapamil.

2.6. TagMan genotyping

Placental nuclear fractions (n=199) were isolated using
subcellular fractionation. DNA was extracted from the placental
nuclear fraction using the Qiagen DNeasy Blood & Tissue kit
(Qiagen, Inc., Valencia, CA). Genotyping of the SNPs at position
1236 and 3435 (rs1128503 and rs1045642, respectively) was
performed in all samples using TagMan® Drug Metabolism
Genotyping Assays (Applied Biosystems, Inc., Foster City, CA).
The triallelic SNP at position 2677 of MDR1 (rs2032582) in 104 of
the 199 samples was genotyped using two different Custom
TagMan® SNP Gynotyping Assays (ABI): one for G/A genotyping,
and one for G/T genotyping [18]. The reactions consisted of 2x
Tagman Universal Master Mix, 20x or 40x Genotyping Assay Mix,
DNase-free water, and at least 10 ng of genomic DNA in a final
volume of 10 wL per reaction. The PCR amplification was
performed under the following conditions: 10 min at 95°C
followed by 40 cycles at 92 °C for 15 s and 60 °C for 1 min. Allelic
discrimination was determined after the amplification by per-
forming an end-point read.

2.7. PCR-RFLP-based genotyping

PCR-RFLP-based genotyping assay [6] was used for the
determination of the G2677T/A polymorphism in 95 of the 199



S.J. Hemauer et al./Biochemical Pharmacology 79 (2010) 921-925 923

placental samples. Briefly, the forward primer FP 5-TACCCAT-
CATTGCAATAGCAG-3’, and the reverse primer RP 5-TTTAGTTT-
GACTCACCTTGCTAG-3’, were used to generate a 107 base-pair
fragment. The PCR reaction mixture (50 L) consisted of ~50 ng of
genomic DNA, 200 uM dNTPs, 1x-PCR buffer solution, 1.0 mM
MgCl,, 5 pmol of each primer, and 1 U of Taq DNA polymerase
(Promega, Madison, WI). The PCR conditions consisted of an initial
melting step of 94 °C for 5 min, followed by 35 cycles of melting at
94 °C for 30 s, annealing at 50 °C for 45 s, and extension at 72 °C for
60s. A final extension step at 72 °C for 5 min terminated the
process. A20 L amplicon was digested at 37 °C overnight with2 U
of Nhel restriction enzyme, which recognizes the wild-type G
allele. The digested product was run on a 2% agarose gel at 85 V for
1 h and the genotypes were identified according to the banding
pattern observed. For quality control, representative samples of
both the reference and the variant alleles were confirmed by direct
sequencing. The G allele was classified as wild-type (WT), and the A
and T minor alleles were classified together as variant (V)
genotype.

2.8. Statistical analysis

Hardy-Weinberg equilibrium of determined allele frequencies
was assessed using the x2-test. For comparison of protein
expression and uptake studies between groups, statistical sig-
nificance was determined using a paired Student’s t-test. A
probability of p <0.05 was considered to indicate statistical
significance.

3. Results
3.1. Genotype distribution and allele frequency

Placentas from 199 term deliveries were analyzed for the
C1236T, C3435T and G2677T/A triallelic polymorphism using
TagMan® Genotyping Assay and PCR-RFLP-base genotyping assay.
The frequency of variant allele of the C1236T and G2677T/A SNPs
differed significantly between Caucasian, African American, and
Hispanic mothers. The frequency of the variant allele for the
C3435T polymorphism was similar in Caucasian and Hispanic
mothers, yet was significantly lower in African American mothers
than in either Hispanic or Caucasian. All allele frequencies were
found to be in Hardy-Weinberg equilibrium (p values of 0.79, 0.23,
and 0.29 for the 1236, 3435, and 2677 SNPs, respectively). Allele
frequencies are listed in Table 1.

3.2. Effect of MDR1 polymorphisms on placental P-gp expression

P-gp protein expression was quantified using Western Blot
analysis of brush border membrane isolated from human placenta
(n=199), as represented in Fig. 1. The effect of MDR1 polymorph-

Table 1

Observed genotype frequencies of the MDR1 polymorphism at positions 1236, 3435,
and 2677 using TagMan™ Genotyping Assay (all SNPs) and RFLP analysis (G2677T/A
only).

1236 3435 2677
Ethnicity wt var wt var wt var
Caucasian 0.58 0.42 0.46 0.54 0.76 0.24
African American 0.77 0.23 0.74 0.26 0.86 0.14
Hispanic 0.39 0.61 0.48 0.52 0.5 0.5
Comparison A B C A B C A B C

p value <0.01 <0.01 <0.01 <0.01 <0.01 0.69 0.02 <0.01 <O0.01

A—Caucasian vs. African American. B—African American vs. Hispanic. C—Caucasian
vs. Hispanic.

Wild Type
|~ S

- 47.5kD p-actin

1236T-3435T-2677T/A

170 kD P-gp

Fig. 1. Western blot of P-gp protein expression in human placental brush border
membranes in representative wild-type and variants representing 1236T-3435T-
2677T/A genotype (10 pg/lane). The immunoblot was probed with the P-gp
monoclonal antibody C€C219. Immunoreactive protein bands detected by
immunoblotting were analyzed by densitometry. P-gp expression was
determined as a proportion of the total amount of B-actin present per lane.

isms on levels of P-gp protein expression in the placenta was
evaluated using a dominant model. Placentas with the homo-
zygous and heterozygous variant alleles were grouped together
and compared to the referent homozygous wild-type group.

The C1236T variant was associated with 11% lower P-gp protein
expression than the CC wild-type (0.039+0.002 vs.
0.045 + 0.002 g P-gp/j.g total protein) (Fig. 2A). The C3435T and
G2677T/A variants each were associated with a significant 16%
reduction in placental P-gp protein expression compared with wild-
type (0.039 +0.002 vs. 0.046 + 0.003 g P-gp/g total protein,
p < 0.05) (Fig. 2B and C). For each of the three polymorphisms
examined, P-gp protein expression in heterozygotes was not different
from homozygous variants.

3.3. Effect of MDR1 polymorphisms P-gp transport activity

The effect of the MDR1 polymorphisms C1236T, C3435T, and
G2677T/A, as determined by TagMan Genotyping Assay, on P-gp
transport activity was determined in 105 term placentas (Fig. 3). P-
gp transport activity was determined by measuring the uptake of
its prototypic substrate [>H]-paclitaxel, in placental brush border
membrane vesicles. P-gp-mediated active transport of paclitaxel
was significantly greater in homozygous variant 1236T/T genotype
(24 + 5 pmol mg protein~! min~!) than in homozygous wild-type (C/
C) (14 +2 pmol mg protein~' min~!, p = 0.04) (Fig. 3A). Similarly,
homozygous variants of the 3435T/T genotype displayed significantly
greater P-gp transport activity than homozygous wild-type (C/C)
(27 £ 6 vs. 14 £ 2 pmol mg protein ! min~?, p = 0.02) (Fig. 3B). The
G2677T/A variants (A/A, AT, or T/T) exhibited a trend toward
increased transport activity over homozygous wild-type (14 + 2 vs.
21 + 7 pmol mg protein ' min~'), but did not reach statistical
significance (p = 0.20) (Fig. 3C). With all three SNPs examined, there
was a gene-dose effect, where heterozygous placentas (wild-type/
variant) had intermediate level of P-gp uptake activity compared to
placentas with the wild-type (lowest uptake) and homozygous
variants (highest uptake).

4. Discussion

The goal of this investigation was to examine the relationship
between MDRI1 polymorphism, human placental P-gp protein
expression and activity. A previous report from our laboratory [1]
revealed that there was inter-individual variability and thus no
correlation between the expression of P-gp protein and its activity
in the transport of paclitaxel in 200 term human placentas. In order
to elucidate the genetic factors contributing to the above finding,
we investigated three common polymorphisms in the MDR1 gene
for their effect on placental P-gp protein expression and its activity
in the transport of its prototypic substrate, paclitaxel.

Genotype frequencies of the C1236T, C3435T, and G2677T/A
SNPs differ between Caucasian, African Americans, and Hispanic
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Fig. 2. Western blot analysis of P-gp protein expression in placental brush border
membrane samples from wild-type (wt/wt) and variant (wt/var, var/var) genotypes
(mean 4 SEM of 199 individual samples). (A) C1236T Variants had 11% lower P-gp
protein expression than wild-type. (B) C3435T and (C) G2677T/A variants each had a
significant 16% reduction in placental P-gp protein expression compared with wild-
type (p < 0.05).
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Americans [4,5]. Similarly, in the patients delivering at our site, the
allele frequencies for the three polymorphisms differed signifi-
cantly between these maternal ethnic groups and are in agreement
with those reported separately in Caucasian, Hispanic, and African
Americans [19]. However, analysis of phenotype using segregation
of maternal ethnicity may not be extrapolated to placental
genotype, because the placental DNA is that of the fetus (maternal
and paternal DNA). Therefore, the data on allele frequency
presented are based on the assumption that maternal ethnicity
is the same as fetal, which was not ascertained because the
information on paternal ethnicity was not available in these
patients.

The C3435T and G2677T/A alleles were associated with
significantly reduced placental P-gp protein expression. Addition-
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Fig. 3. P-gp transport activity was determined as the ATP-dependent uptake of P-gp
substrate [>H]-paclitaxel in vesicles prepared from placental brush border
membrane (mean + SEM of 105 individual samples). (A) P-gp-mediated active
transport of paclitaxel was significantly greater in homozygotes for the variant 1236T/
T genotype than in wild-type (C/C) homozygotes (p = 0.04). (B) Homozygous variants of
the 3435T/T genotype displayed significantly greater P-gp transport activity than wild-
type (C/C) homozygotes (p = 0.02). (C) G2677T/A variants (A/A, A/T, or T/T) had a trend
toward increased P-gp transport activity over wild-type homozygotes.

ally, the C1236T variant was associated with a trend toward
decreased placental P-gp expression. This finding is in agreement
with other reports in which variants for the above alleles were
associated with decreased P-gp protein expression in placental and
non-placental tissues [6-9]. Similar association between variant
allele and reduced placental protein expression has also been
reported in ABC transporter Breast Cancer Resistance Protein
(BCRP) [20]. Interestingly, the reduction in P-gp observed with
each variant allele was associated with an increase in its transport
of the prototypic substrate paclitaxel. This observation is
consistent with reports demonstrating that variant alleles could
be associated with increased P-gp activity in vivo [12-14]. On the
other hand, this is the first investigation that compared genotype
and protein expression with direct measurement of P-gp transport
activity using membrane vesicles prepared from human placentas.
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The synonymous SNPs (associated with no change in amino acid
sequence) C1236T and C3435T were associated with altered
functional activity of P-gp. There are several plausible explanations
for this finding. First, the finding could be due to C1236T and C3435T
occurring in linkage disequilibrium with the functional non-
synonymous G2677T/A polymorphism. Alternatively, the synon-
ymous SNPs have been hypothesized to introduce a rare codon,
which affects the timing of cotranslational folding and insertion of P-
gp into the membrane, thereby altering the structure of substrate
and inhibitor interaction sites [21]. In fact, the synonymous
polymorphisms result in P-gp with altered conformation, drug
and inhibitor interactions despite similar mRNA and protein levels
[21]. Finally, itis possible that both linkage to the functional G2677T/
A polymorphism and the introduction of a rare codon with altered
conformation and substrate interaction contribute to the relation-
ship between synonymous SNPs and P-gp function.

Taken together, the data obtained in this investigation
demonstrate that the variant alleles for the three SNPs examined
are associated with decreased protein expression and an increase
in the transport activity of placental P-gp. The observed inverse
relationship between protein expression and activity with the
variant alleles could - in addition to inter-individual variability
observed between placentas - contribute to the lack of correlation
between P-gp protein expression and transport activity reported in
vesicle preparations of human placenta [1]. The mechanism by
which protein expression is reduced yet activity is increased in
variants remains unknown. However, it should be noted that there
are several substrates of P-gp that are transported and are also
inducers of MDR1 gene expression [22]. It is plausible that in
variants with increased P-gp-mediated efflux of a substrate/
inducer, there is lower intracellular concentration and thus less
induction of MDR1 gene expression by that particular substrate/
inducer leading to lower P-gp protein expression. Therefore, it is
possible that the decrease in P-gp protein expression is secondary
to an increase in its transport activity in variants.

A second explanation for the lack of positive correlation between
protein expression and activity is that the total P-gp protein
expression level vs. the amount of P-gp actively transporting across
the placental brush border membrane may be regulated indepen-
dently. A previous report from our laboratory and others have
demonstrated that P-gp protein expression declines with advancing
gestation [23-25]. However, there was no significant decrease in P-
gp transport activity associated with increasing gestational age
(unpublished). Therefore, there could be regulation of an “inactive
pool” of expressed P-gp protein in placental tissue that is yet to be
elucidated. Furthermore, subcellular localization of P-gp within
organelles as demonstrated in non-placental tissue [26,27] may also
be present in placenta and contribute to protein expression
disproportionate with activity. A role of the C1236T, C3435T, and
G2677T/A polymorphisms in the subcellular localization and/or
membrane insertion of expressed P-gp could contribute to total P-gp
efflux activity and cannot be ruled out at this time.

In summary, variants for the C1236T, C3435T, and G2677T/A
alleles in the MDR1 gene encoding P-gp are associated with
reduced protein expression and increased transport of P-gp
selective substrate, paclitaxel, in human term placenta. The
implication of these findings is that populations associated with
decreased placental P-gp efflux activity may be at greater risk of
potential fetal exposure to xenobiotics in the maternal circulation.
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