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Promoter single nucleotide polymorphisms (SNPs) of the ABCB1 gene, encoding the placental efflux transporter
P-glycoprotein, can alter its expression and affect fetal exposure to therapeutics and environmental xenobiotics.
SNPs are not arrayed as independent variants but as combinations forming defined haplotypes. Recently, we
defined the haplotypes encompassing ABCB1 promoter SNPs and found that ABCB1 haplotypes differentially
affect its promoter activity. The mechanism(s) by which ABCB1 haplotypes alter its promoter activity are not
known. We hypothesize that the haplotype-dependent differences in ABCB1 promoter activity are due to
haplotype-specific alterations in transcription factor (TF) binding. To test our hypothesis, we used a TF binding
profile array and determined whether differences in TF binding exist across different ABCB1 haplotypes. TFs
showing significant haplotype binding differences were mechanistically evaluated using small interfering RNA
(siRNA) in cultured human placental cells. Our data indicate significant haplotype-dependent differences in TF
binding. Our siRNA studies showed that the regulatory effects of TFs on promoter activity are also haplotype
dependent. Our data provide a mechanistic explanation for the differential effects of ABCB1 haplotypes on its
promoter activity and underscore the importance of evaluating genetic variants in the context of haplotypes rather
than individual SNPs when investigating their effects on gene/protein expression and disease risk.
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Introduction

P-glycoprotein (P-gp), encoded by the ABCB1 gene,
is a promiscuous efflux transporter that interacts with nu-

merous structurally diverse substrates (Kim, 2002; Schinkel
and Jonker, 2003; Ceckova-Novotna et al., 2006). P-gp was
first discovered in cancer cells, associated with the phenom-
enon of multiple drug resistance ( Juliano and Ling, 1976).
However, it is now known that P-gp is highly expressed in
normal tissues including liver, lower gastrointestinal tract,
and kidneys; endothelial cells that make up the blood–brain
barrier; and in other tissue–blood barriers such as the testes
and placenta (Kim, 2002).

In the placenta, P-gp is found on the apical membrane of
the syncytiotrophoblasts (Young et al., 2003). By utilizing
ATP hydrolysis, P-gp actively extrudes its substrates from the
trophoblasts back to the maternal circulation, thus limiting
their entry into the fetal circulation (Nakamura et al., 1997).
As such, variability in placental P-gp expression/activity

could significantly influence maternal and fetal exposure to
many prescribed medications and environmental agents that
are P-gp substrates.

There is a large interindividual variability in placental P-gp
levels/activity (Hemauer et al., 2010), which could be a result
of variability in ABCB1 expression levels. The ABCB1 pro-
moter contains many single nucleotide polymorphisms (SNPs)
that form specific haplotypes (defined SNP combinations) that
differentially affect ABCB1 promoter activity (Takane et al.,
2004; Speidel et al., 2018). However, the exact mechanism(s)
by which these haplotypes exert their effect on ABCB1 pro-
moter activity has not been determined.

The ABCB1 promoter is rich with regulatory regions, and
many cis-elements have been identified, including a heat shock
element and a partial estrogen response element (Chin et al.,
1990; Shi et al., 2014). In addition, other binding sites for
important transcription factors (TFs) that regulate ABCB1
promoter, including the transcriptional regulatory proteins
Sp1, AP-1, and p53, have been identified (reviewed in
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Labialle et al., 2002). Previous work has shown that Sp1
binds to two different regions of the ABCB1 promoter and,
depending on which of the two sites it occupies, it plays
either a transcriptional-activating or -repressing role (Corn-
well and Smith, 1993). In a recent study, we performed an in
silico bioinformatics analysis of the ABCB1 promoter region,
which further confirmed the presence of these binding sites
and identified additional putative TF binding sites in the
promoter (Speidel et al., 2018). These sites include gluco-
corticoid receptors, vitamin D receptors, aryl hydrocarbon
receptors, and others (Speidel et al., 2018).

To date, a comprehensive evaluation of the effects of TF
binding on the ABCB1 promoter activity has not been con-
ducted. In addition, the effect of ABCB1 promoter haplotypes
on TF binding and their regulatory effect on ABCB1 pro-
moter activity have not been considered. Several ABCB1
haplotypes include SNPs within or in proximity to known or
predicted TF binding sites. For example, the G-1157aA SNP
(rs28381797) found in several ABCB1 haplotypes (Speidel
et al., 2018) is in a binding domain of the Sp1 TF. Similarly,
the G-1459aA SNP (rs12720464) found in other ABCB1
haplotypes (Speidel et al., 2018) is in a shared binding do-
main for GATA1 and GATA2 TFs.

Given that ABCB1 haplotypes have been shown to dif-
ferentially alter its promoter activity (Takane et al., 2004;
Speidel et al., 2018), it is plausible that these haplotypes
provoke structural changes capable of modifying the re-
cruitment and/or binding of different transcriptional regula-
tors, resulting in altered ABCB1 expression.

We, therefore, hypothesized that haplotype-dependent dif-
ferences observed in ABCB1 promoter activity are due to
haplotype-specific alterations in TF binding. We tested our hy-
pothesis using four ABCB1 promoter haplotypes with signifi-
cantly different promoter activities thatwe identified in aprevious
study from our laboratory (Speidel et al., 2018). To test our hy-
pothesis, we used a TF binding profile array and determined
whether differences in TF binding across the haplotypes exist.

TFs that showed significant differences in binding to dif-
ferent haplotypes were identified and selected for in-depth
in vitro mechanistic studies. We also included other TFs which
we identified from our bioinformatics analysis (Speidel et al.,
2018) and from review of the literature. Their role in regulating
ABCB1 promoter activity was evaluated using small interfering
RNA (siRNA) in cultured human placental cells. Our data
indicate that TF binding, as well as their regulatory effect on
promoter activity, is haplotype dependent.

Materials and Methods

Cell culture

The human trophoblastic 3A placental cell line (CRL-1584)
was purchased from American Type Culture Collection
(Manassas, VA). Nuclear extracts containing TFs were iso-
lated from cultured cells and used to determine the effect of
different haplotypes on TF binding. The 3A cells were also
used in additional experiments involving siRNA studies as the
host for ABCB1 promoter haplotype luciferase reporter con-
struct transfection. These studies were conducted to further
characterize the effect of individual TFs on ABCB1 promoter
activity. Cells were maintained in 75 cm2 flasks with Minimal
Essential Medium with Earle’s salts and l-glutamine (Gibco,
Grand Island, NY) supplemented with 10% FBS in 5% CO2 at
37�C. Cells were passaged at 85% confluency (2–3 days) and
subcultured at a 3:1 ratio. A solution of 0.25% Trypsin (w/v)—
0.53 mM EDTA solution was used to detach the cells. The
cells were detached for subculture or for transfer to six well
plates for transfection. Nuclear extracts were collected from
3A cells following the manufacturer’s protocol using the nu-
clear extraction kit (Signosis, Santa Clara, CA).

ABCB1 promoter haplotype luciferase
reporter construct generation

We generated luciferase reporters using the NanoLuc�
Luciferase vector system (Promega, Madison, WI) to deter-
mine the effects of ABCB1 promoter haplotypes on promoter
activity as we had done previously (Speidel et al., 2018). For
the current study, four haplotypes were evaluated (Table 1),
namely, the ancestral haplotype 1 representing the reference
promoter activity (100%), haplotypes 4 and 29 with signifi-
cantly higher basal promoter activity than haplotype 1 (390%
and 350%, respectively), and haplotype 30 with significantly
lower basal promoter activity than haplotype 1 (6%). In brief,
constructs representing the four ABCB1 promoter haplotypes
were generated by inserting the appropriate promoter se-
quences into the NanoLuc pNL1.1 vector (Promega) after
double-digestion with the restriction enzymes KpnI-HF and
NheI-HF (New England Biolabs, Ipswich, MA). The reporter
constructs were then used to transform competent Escher-
ichia coli DH5a cells (New England Biolabs) and plated on
100mg/mL ampicillin Luria-Bertani (LB) agar plates. In-
dividual colonies were selected and grown in LB medium
containing 100mg/mL ampicillin for 18–24 h at 37�C.

Table 1. ABCB1 Haplotypes Evaluated for TF Binding and Promoter Activity

Haplotypea ABCB1 promoter haplotype structureb

1 -1572aA/-1517aT/-1459aG/-1157aG/-1017aT/-684aA/-274aG/-41aA/-240G/-129T/-43A/133C
4 -1572aA/-1517aT/-1459aG/-1157aG/-1017aT/-684aA/-274aG/-41aA/-240A/-129T/-43A/133C
29 -1572aA/-1517aT/-1459aA/-1157aG/-1017aT/-684aA/-274aG/-41aA/-240G/-129C/-43A/133C
30 -1572aA/-1517aT/-1459aG/-1157aA/-1017aC/-684aA/-274aG/-41aA/-240G/-129T/-43A/133C

The (-) without the ‘‘a’’ are within or after exon 1 before the transcription start site. Bold denotes variant(s) present in the haplotype (see
Speidel et al., 2018 for additional details). Variants present in the different haplotypes are G-240A (rs35265821); G-1459aA (rs12720464);
T-129C (rs3213619); G-1157aA (rs28381797); and T-1017aC (rs28746504).

aHaplotype 1 (ancestral haplotype) is used as a reference for TF binding and promoter activity comparisons. Haplotypes 4 and 29 have
significantly higher basal promoter activity, and haplotype 30 has significantly lower basal promoter activity than haplotype 1 (Speidel
et al., 2018).

bSmall ‘‘a’’ nomenclature represents nucleotide before the nontranscribed exon 1.
TF, transcription factor.
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Plasmids were isolated using the endotoxin-free ZR Plas-
mid Miniprep�-Classic kit (Zymo Research Corp., Irvine,
CA) and quantified at 260 nm using a DS-11 spectropho-
tometer (DeNovix, Inc., Wilmington, DE). The isolated plas-
mids were sequenced to verify the presence of the proper
promoter haplotype in the reporter plasmid and to ensure no
additional mutations were introduced during the preparation.
Isolated plasmids were stored at -20�C to maintain plasmid
integrity until transfection.

TF binding assay

TF binding to the ABCB1 promoter haplotypes was de-
termined with the Promoter Binding TF Profiling Plate Array
I (Signosis) using the nuclear extracts isolated from placental
3A cells. This array provides an assay for rapid determination
of binding of 48 TFs as detailed in the product manual. In
brief, an ABCB1 promoter DNA fragment, corresponding to a
specific haplotype, competes with biotin-labeled DNA oligos
for TFs present in the nuclear extract from placental 3A cells.
If a TF binding site is present in the ABCB1 promoter DNA
fragment tested, a decrease in the formation of biotin-labeled
probe–TF complex for that TF occurs. Using streptavidin
conjugated with horseradish peroxidase and a chemilumi-
nescent substrate, a luminescence signal was detected. The
intensity of luminescence correlates with the degree of TF
binding to the corresponding ABCB1 promoter, where a
strong luminescence signal indicates low binding between the
TF and the tested ABCB1 promoter, whereas a weak lumi-
nescence signal indicates strong binding between the TF and
the tested ABCB1 promoter.

TF knockdown with siRNA

To further characterize the relationship between TFs and
different ABCB1 haplotypes on promoter activity, the effect
of selected TFs on ABCB1 promoter activity was investigated

using siRNAs (Table 2). The siRNAs were cotransfected into
3A cells with the luciferase reporter constructs representing
the haplotypes tested. Transfections were performed between
passages 6 and 8 with cells at low confluency (£40%). For
each transfection, cells grown in a 24-well plate were treated
with a mixture of 600 ng promoter haplotype plasmid DNA,
60 ng firefly luciferase control plasmid pGL4.53 PGK (Pro-
mega), 2.5 pmol siRNA, and 2mL Lipofectamine 3000
transfection reagent (Invitrogen, Carlsbad, CA). After trans-
fection, cells were allowed to recover for 40 h before harvest.

Nano-Glo Dual-Luciferase Assay to determine
the effect of siRNAs on the activity of ABCB1
promoter haplotypes

The Nano-Glo� Dual-Luciferase� Reporter Assay (Pro-
mega) was performed according to the manufacturer’s in-
structions. In brief, 3A cells were harvested using 400 mL
Passive Lysis Buffer 40–48 h after transfection. Lysates
were then either used immediately or stored at -80�C for
later analysis. Luciferase activity was measured according
to the manufacturer’s recommendations, and luminescence
was measured in triplicate using a Tecan GenIOS Pro plate
reader (Tecan, Durham, NC). Luminescence was measured
as relative light units (RLU) by normalization against the
cotransfected firefly luciferase. Each experiment was re-
peated at least three times.

Statistical analysis

The nonparametric Kruskal–Wallis one-way analysis of
variance was used to compare luminescence values corre-
sponding to the effects of different siRNA knockdowns on
ABCB1 haplotype promoter activity. Post hoc analysis using
Dunnett’s method was used to compare each siRNA TF
knockdown against control within the same haplotype. p-
values <0.05 were considered significant.

Table 2. List of siRNAs and Their Corresponding Targets Evaluated in This Study

siRNA ID Gene symbola TFb Gene name

s19772 CEBPZ C/EBP CCAAT/Enhancer Binding Protein, Zeta
s3489 CREB1 CREB cAMP Responsive Element Binding Protein 1
s5594 GATA1 GATA1 GATA Binding Protein 1
s10064 PAX-5 Pax-5 Paired Box Gene 5
s279 STAT1 STAT1 Signal Transducer and Activator of Transcription 1
s13531 STAT4 STAT4 Signal Transducer and Activator of Transcription 4
s13318 SP1 Sp1 Specificity Protein 1
s14778 VDR VDR Vitamin D Receptor
s4825 ESR1 ERa Estrogen Receptor 1, Alpha
s9528 NFYA NFY Nuclear Transcription Factor Y, Alpha
s5596 GATA2 GATA2 GATA Binding Protein 2
s9501 NFIX NF-1 Nuclear Factor I/X (CCAAT-Binding Transcription Factor)
s743 STAT3 STAT3 Signal Transducer and Activator of Transcription 3
s14006 TFAP2B AP2 Transcription Factor AP-2 Beta
s21070 NFAT5 NFAT Nuclear Factor of Activated T cells 5
s16909 NR1I2 PXR Pregnane X Receptor
s3494 ATF2 ATF2 Activating Transcription Factor 2
s605 TP53 p53 Tumor Protein p53
s12479 SATB1 SATB1 Special AT-Rich Sequence Binding Protein 1
s13826 TBP TFIID TATA-Box Binding Protein

aGenes targeted by the siRNA listed according to Thermo Fisher Scientific.
bTFs targeted by siRNA (PROMO; Signosis, Santa Clara, CA).
siRNA, small interfering RNA; TF, transcription factor.
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Results

Determination of ABCB1 promoter haplotype
TF binding profiles

Nuclear extracts were isolated from placental 3A cells that
express P-gp. ABCB1 promoter DNA fragments representing

the four haplotypes tested were then individually used in the
Promoter Binding TF Profiling Plate Array. The ABCB1
promoter haplotype 1 was used as a reference to identify the
binding profile of 48 TFs present in the array to the ABCB1
promoter region. The TF binding activity, measured by chemi-
luminescent signals, is inversely correlated with the binding

Table 3. Haplotype Effect on TF Binding Activity Expressed as a Ratio of RLU

of the Tested Haplotype Over the RLU of Haplotype 1

TFs

Haplotype construct

Haplotype 1a Haplotype 4b Haplotype 29b Haplotype 30b

TFIID 5125 0.22 0.63 0.55
TR 4703 0.16 1.04 0.51
NF-1 4686 0.29 1.62 0.87
ER 4499 0.13 0.63 0.52
Stat3 4254 0.36 0.49 0.60
TCF/LEF 4061 0.31 0.36 0.40
Brn-3 3974 0.14 0.62 0.48
C/EBP 3851 0.08 0.20 0.33
Myb 3438 0.18 0.58 0.40
YY1 3345 0.32 1.38 0.53
NF-E2 3233 0.25 1.02 0.35
Pax-5 3216 0.23 2.10 0.48
Oct4 3169 0.26 0.62 0.83
FAST-1 2940 0.20 0.41 0.45
GAS/ISRE 2856 0.66 0.83 0.35
GATA 2855 0.63 1.21 0.39
SATB1 2849 0.45 0.26 0.65
PXR 2733 0.33 1.76 0.67
Sp1 2473 0.22 0.31 1.02
CAR 2408 0.22 1.14 0.42
Pit 2394 0.61 1.04 0.68
Ets 2366 0.18 0.81 0.63
MEF2 2202 0.16 0.44 0.69
Stat1 2083 0.72 1.05 0.20
E2F-1 2076 0.38 0.72 0.42
p53 2028 0.24 1.11 0.54
CDP 1950 1.00 1.11 2.20
Stat6 1898 0.45 0.60 1.07
CREB 1653 0.29 1.32 2.89
IRF 1646 0.51 0.56 0.65
SMAD 1552 0.34 0.69 1.14
CBF 1429 0.50 0.64 0.55
NFAT 1418 0.31 0.75 1.04
ATF2 1380 0.51 0.66 0.72
HNF4 1361 0.39 0.80 0.94
SRF 1335 0.24 2.99 1.17
EGR 1276 0.69 0.74 0.92
HIF 1272 0.56 0.66 0.57
Pbx1 1218 0.84 1.70 0.71
NFkB 1217 0.45 0.61 0.88
Stat5 1178 0.93 1.18 1.25
PPAR 1133 0.51 0.77 0.74
Myc-Max 1091 0.57 1.69 1.01
AP1 1058 1.96 2.05 1.66
Stat4 826 1.32 1.30 1.97
AR 762 1.04 2.08 1.51
AP2 471 0.97 1.45 4.24
GR/PR 417 1.13 1.12 3.04

aTF binding activity to haplotype 1 measured with chemiluminescence and expressed as RLU. RLU values are inversely correlated with
the binding activities of TFs evaluated.

bThe change in binding activity is expressed as the ratio of RLU of the tested haplotype over RLU of haplotype 1. A ratio <1.0 indicates
stronger TF promoter binding than to haplotype 1, whereas a ratio >1.0 indicates lower promoter binding for the TF than to haplotype 1.

RLU, relative light units; TF, transcription factor.
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activities of TFs evaluated. A strong signal indicates weak
TF–DNA binding and a weak signal indicates a strong
DNA–TF complex formation. The differences observed in
TF binding between the haplotypes are shown in Table 3 and
visually in the heatmap (Fig. 1). In Table 3, the haplotype
effect on TF binding activity is expressed as a ratio of RLU of
the tested haplotype over the RLU of haplotype 1. A ratio <1.0
indicates an increased binding activity for a TF with the
evaluated haplotype compared with that observed with hap-
lotype 1, whereas a ratio >1.0 indicates a decreased haplotype

binding activity for a TF than that observed with haplotype 1.
For haplotype 1, the signal ranged from 417 RLU for gluco-
corticoid/progesterone (GR/PR), indicating a strong TF bind-
ing (or multiple binding sites for this TF) to 5125 RLU for
TATA-box binding protein (TFIID), demonstrating weak
binding (or lack of a binding site) in the ABCB1 haplotype 1
promoter. In Figure 1, strong binding is represented by red, and
weak binding is denoted by green. It should be noted that a
strong binding activity reflects a high affinity of the TF to one
or more binding sites on the promoter.

FIG. 1. Heatmap representing the
TF binding profiles for four ABCB1
promoter haplotypes evaluated.
The heatmap was generated using
Heatmapper (Babicki et al., 2016)
from the RLU values representing
the binding activity for 48 TFs to
the ABCB1 promoter haplotypes
evaluated. Each color-tile repre-
sents the average RLU value from
two independent assays for TF
binding to an ABCB1 promoter
fragment. RLU, relative light units;
TF, transcription factor. Color
images available online at
www.liebertpub.com/dna
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Overall, our data indicate clear haplotype-dependent dif-
ferences in TF binding. For example, the C/EBP had a 12.5-
fold lower signal when binding with haplotype 4 than with
haplotype 1, indicating much stronger binding activity with
haplotype 4 than with haplotype 1. Alternatively, the signal
from AP2 binding activity is increased more than fourfold
for haplotype 30 relative to haplotype 1, indicating decreased
binding activity with haplotype 30 compared with haplotype
1. Other TFs had low binding affinity to haplotype 1, but
strong binding to one or more of the other haplotypes eval-
uated as indicated by the low ratio values in Table 3 and as
depicted in the heatmap (Fig. 1). Examples include thyroid
hormone receptor (TR), estrogen receptor (ER), signal
transducer and activator of transcription 3 (Stat3), runt-
related transcription factor 2 (TCF/LEF), and TFIID. With
the TATA box-binding TFIID, we observed a fivefold
stronger binding affinity with haplotype 4 than the minimal
affinity observed with haplotype 1. Some other TFs appeared
to exhibit a strong binding activity to the ABCB1 promoter
regardless of the haplotype tested (e.g., peroxisome pro-
liferator activated receptor). An interesting observation was
the variability in binding affinity of the GR/PR receptor de-
pending on the haplotype evaluated. Although there are nu-
merous GR/PR binding domains on the ABCB1 promoter, as
indicated by its strong binding observed with the ancestral
haplotype 1 and haplotypes 4 and 29, its binding affinity with
haplotype 30 was significantly decreased by threefold com-
pared with that of the ancestral haplotype.

Effect of TF binding on ABCB1 promoter activity

To investigate the potential regulatory effects of specific
TFs on ABCB1 expression, we used Ambion� Silencer�

Select siRNAs to target 20 individual TFs (Table 2). These
TFs were chosen for in-depth evaluation based on the results
obtained from the TF binding array data and based on our in
silico bioinformatics analysis performed previously on the
ABCB1 promoter (Speidel et al., 2018) and from a literature
search that identified additional TFs known to bind to the
ABCB1 promoter (Labialle et al., 2002; Saeki et al., 2011;
Gromnicova et al., 2012; Rigalli et al., 2015). The siRNAs
that target specific TFs were cotransfected into 3A cells with
the various haplotype reporter constructs and a luciferase
transfection control plasmid. The effect of individual siR-
NAs on the haplotype-dependent promoter activity was then
evaluated by comparing the activity with the corresponding
basal promoter activity (without siRNA treatment).

The siRNAs studied provoked significant haplotype-
dependent changes in ABCB1 promoter activity (Table 4 and
Fig. 2). In Table 4, the activity of the promoter with each
siRNA tested is compared with that of the nontreated con-
trol. A value >1.0 indicates higher promoter activity than the
control, whereas a value <1.0 indicates a promoter activity
lower than the control. A value equal to 1 indicates no effect
for the tested siRNA on promoter activity. Although several
of the siRNAs tested induced significant changes in pro-
moter activity, the effect was not consistent across the
haplotypes. For example, siRNA knockdown of Pax-5 pro-
duced a significant increase in promoter activity for haplo-
type 1. However, knockdown of Pax-5 induced a significant
decrease in promoter activity for haplotype 29. For haplotypes 4
and 30, Pax-5 knockdown produced only a slight nonsignificant
decrease in promoter activity. With haplotype 29, which has a
high basal promoter activity, the knockdown of CREB, GATA1,
Pax-5, Sp1, NFYA, and ATF2 with siRNA significantly de-
creased the promoter activity (Table 4). Overall, our data

Table 4. Effects of siRNA-Mediated TF Knockdown for 20 Selected TFs

Haplotype 1 Haplotype 4 Haplotype 29 Haplotype 30

C/EBP 0.80 – 0.17 0.67 – 0.06 0.65 – 0.09 2.40 – 0.61
CREB 0.95 – 0.10 0.53 – 0.04 0.44 – 0.02 1.44 – 0.38
GATA1 1.28 – 0.25 1.44 – 0.39 0.43 – 0.04 0.99 – 0.12
PAX-5 1.72 – 0.08 0.86 – 0.07 0.47 – 0.06 0.88 – 0.10
STAT1 1.20 – 0.25 0.94 – 0.12 0.64 – 0.09 1.08 – 0.13
STAT4 1.35 – 0.11 1.01 – 0.17 0.49 – 0.04 0.99 – 0.14
SP1 1.04 – 0.27 0.52 – 0.07 0.49 – 0.08 0.76 – 0.12
VDR 1.41 – 0.26 1.02 – 0.11 0.72 – 0.04 1.43 – 0.18
ER1 1.44 – 0.09 0.89 – 0.04 0.89 – 0.05 1.10 – 0.18
NFYA 1.00 – 0.08 0.68 – 0.08 0.37 – 0.04 1.25 – 0.18
AP2 2.33 – 0.32 1.59 – 0.24 1.15 – 0.12 0.96 – 0.10
ATF2 1.27 – 0.15 1.02 – 0.11 0.44 – 0.03 1.01 – 0.12
GATA2 1.11 – 0.15 1.14 – 0.12 0.68 – 0.08 1.80 – 0.30
NF-1 1.15 – 0.06 1.13 – 0.19 0.54 – 0.05 1.16 – 0.11
NFAT5 2.00 – 0.17 1.06 – 0.09 0.51 – 0.06 1.54 – 0.25
P53 0.73 – 0.16 0.68 – 0.09 0.50 – 0.04 0.82 – 0.12
SATB1 1.41 – 0.11 0.60 – 0.08 0.92 – 0.15 1.20 – 0.11
STAT3 1.35 – 0.17 1.06 – 0.12 0.56 – 0.03 1.35 – 0.19
TBP 1.85 – 0.16 0.92 – 0.06 1.46 – 0.16 1.46 – 0.20
PXR 1.48 – 0.07 1.07 – 0.08 0.71 – 0.05 1.22 – 0.16
Control 1.00 – 0.09 1.00 – 0.14 1.00 – 0.10 1.00 – 0.13

Bold values indicate significant difference ( p < 0.05) for tested siRNA vs. control.
The change in promoter activity is expressed as the ratio of RLU for the siRNA over the RLU of the control within the same haplotype.

A ratio <1.0 indicates a decrease in promoter activity with the TF knockdown, whereas a ratio >1.0 indicates an increase in promoter
activity after TF knockdown.

RLU, relative light units; siRNA, small interfering RNA; TF, transcription factor.
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indicate that siRNA knockdown of certain TFs resulted in up-
regulating ABCB1 promoter activity, whereas knockdown of
others led to a downregulation of promoter activity. Importantly,
the effect of an individual siRNA was not always consistent
across the haplotypes tested, but rather haplotype dependent.

Discussion

The efflux transporter protein P-gp, located on the apical
membrane of the placental trophoblasts, plays a major role
in the transfer of xenobiotics across the human placenta.
Alteration in P-gp expression can, therefore, have serious
consequences for the fetus if the mother is exposed to xe-
nobiotics that are P-gp substrates. Although variability in P-
gp could be due to a number of factors, genetic variability in
the promoter of the ABCB1 gene could alter its expression
and consequently P-gp levels (Takane et al., 2004; Speidel
et al., 2018). Recently, we comprehensively defined the hap-
lotypes encompassing the common promoter SNPs of the
ABCB1 gene and demonstrated that the activity of the ABCB1
promoter is haplotype dependent (Speidel et al., 2018). To
define the underlying mechanisms, in this study we inves-

tigated whether the variability in promoter activity was due
to alteration in TF binding.

To determine the putative TFs involved in regulating
ABCB1 promoter activity, we used the Signosis Promoter
Binding TF Profiling Array I plate, which provides the ability
to evaluate the binding activity of 48 common TFs known to
affect the expression of many genes. Our data indicated that
certain TFs that demonstrated a strong binding activity to the
ancestral haplotype 1 exhibited lower binding affinity with the
other haplotypes. Other TFs had a low binding affinity to
haplotype 1, but a strong binding affinity to one or more of the
other haplotypes evaluated. These data indicate a haplotype-
dependent difference in TF binding to the ABCB1 promoter.
Our data also show that other TFs appeared to exhibit a strong
binding activity to the ABCB1 promoter regardless of the
haplotype tested, suggesting that these TFs may be essential for
regulating ABCB1 promoter activity, a possibility that needs to
be confirmed by future studies.

A noteworthy observation from our data is that, although
there is no TATA box in the ABCB1 promoter (van Groe-
nigen et al., 1993), we observed a fivefold stronger binding
affinity for the TATA box binding TFIID with haplotype 4
than the minimal affinity observed with haplotype 1. Al-
though the exact mechanisms for such variabilities remain to
be elucidated, it is possible that structural changes due to
SNPs forming specific haplotypes resulted in changes in
ABCB1 promoter 3D structure and, consequently, differen-
tially affected TF binding, including TFIID. It is known that
the architecture of a promoter, dictated by its sequence,
determines TF binding to that promoter (Reményi et al.,
2004). TFIID is a protein complex composed of TATA Box
Binding Protein (TBP) and several subunits called TATA
binding protein-associated factors (TAFs), which add pro-
moter selectivity, especially if there is no TATA box se-
quence for TBP to bind to (Louder et al., 2016). It is,
therefore, possible that structural changes associated with
haplotype 4 facilitated the binding of TFIID and/or its asso-
ciated TAFs. Consistent with this possibility, our bioinfor-
matics analysis revealed the presence of several putative
TFIID binding sites on this promoter (Speidel et al., 2018).

The potential regulatory function of different TFs on
ABCB1 promoter activity across different haplotypes was
evaluated using siRNAs that preferentially block individual
TFs (Table 4). Our data indicate that although some siRNA-
mediated TF knockdown demonstrated universal alterations
in promoter activity across the different haplotypes evalu-
ated, the knockdown effect of others was not always con-
sistent across the haplotypes. For example, siRNA-mediated
knockdown of p53 resulted in a decrease in ABCB1 pro-
moter activity with all haplotypes tested (Table 4 and
Fig. 2). However, AP2 siRNA knockdown led to a signifi-
cant increase in promoter activity of haplotype 1 but no
change in activity of any of the other three haplotypes.
Knockdown of Pax-5 exhibited a differential effect de-
pending on the haplotype where it led to a significant in-
crease in activity of haplotype 1, a significant decrease in
activity of haplotype 29, and nonsignificant change with
haplotypes 4 and 30, suggesting that Pax-5 can act as either
an activator or a repressor depending on the haplotype.

Targeting TBP with siRNA induced a significant increase
in promoter activity with haplotype 1 but had no effect with
the other haplotypes tested. These findings are consistent

FIG. 2. Heatmap representing ABCB1 promoter activities
before and after treatment with siRNA. The heatmap rep-
resents ABCB1 promoter activity after siRNA knockdown of
20 different transcription factors. The heatmap was gener-
ated from the RLU values before (control) and after treat-
ment with different siRNAs. Each tile represents the average
RLU value from three independent assays for the promoter
activity after treatment with a specific siRNA. RLU, relative
light units; siRNA, small interfering RNA. Color images
available online at www.liebertpub.com/dna
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with recent data from our laboratory that indicated that
different haplotypes alter the binding of TFs to the MGMT
promoter and, subsequently, affect its promoter activity and
expression level (Xu et al., 2016). The siRNA studies with
haplotype 30, which has very low basal promoter activity,
revealed that none of the tested siRNAs had any effect on its
activity (Fig. 2). A possible explanation may be that TFs
other than those evaluated are involved in the regulation of
haplotype 30 promoter activity. Another explanation could
be that other non-cis-acting elements are driving the phe-
notype of this ABCB1 promoter haplotype.

A noteworthy observation was that the TF binding ac-
tivity does not always correlate with the regulatory function
as determined by siRNA. For example, we found that the
knockdown of ER1 had no significant effect on promoter
activity across the different haplotypes (Table 4 and Fig. 2).
Although these observations are difficult to interpret, it is
well documented that eukaryotic gene expression regulation
is combinatorial in nature involving multiple proteins and
different signaling pathways (Pique-Regi et al., 2011;
Vazquez-Santillan et al., 2015). Therefore, it is possible that
changes in promoter sequence and associated 3D structure
due to haplotype effects allow other TFs to compensate for
the effect of blocked TF and still drive the expression.

In conclusion, our data indicate that ABCB1 promoter hap-
lotypes can affect promoter activity by altering TF binding. Our
data also show that the regulatory effects of TFs are haplotype
dependent. These results provide a possible mechanistic ex-
planation for the observed differential effects of ABCB1 hap-
lotypes on its promoter activity. Our results also underscore the
importance of evaluating genetic variants in the context of
haplotypes rather than individual SNPs when investigating
their effects on genes and proteins expression and disease risk
since SNPs are not arrayed as independent variants in the ge-
nome but as combinations forming defined haplotypes. The
information generated from our studies has significant trans-
lational implications, particularly for pregnant women under-
going treatment with P-gp substrate medications.
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