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The interindividual variability in drug response and the
emergence of adverse drug reactions are the main causes of
treatment failure in cancer therapy.1 Recently, membrane
transporters have been recognized as an important determi-
nant of drug disposition, thereby affecting chemosensitivity
and drug resistance. Moreover, expression levels of trans-
porters have been associated with clinical outcomes in
patients with cancer.1

Two major superfamilies of membrane transporters that
influence drug pharmacokinetics are the ATP-binding
cassette (ABC) transporters and the transporters belonging
to the solute carrier (SLC) family, such as the organic anion
transporting polypeptides (OATPs; encoded by the SLCO
                   
 

genes) or the SLC22 organic cation/anion/zwitterion trans-
porters.2 The ABC transporters are responsible for the
export of diverse substrates, including anticancer drugs,
from the cell against a concentration gradient, with ATP
hydrolysis providing the driving force.3,4 The extrusion of
anticancer drugs from the tumor cells often results in
multidrug resistance of tumors.3

The OATPs are involved in cellular influx mechanisms.
Known substrates of the OATP family include endogenous
compounds and a variety of pharmaceuticals, including
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anticancer drugs.5e7 The OATPs expressed in the liver have
contributed to systemic variation in anticancer drug treat-
ments.5,6 Moreover, OATPs expressed in tumors may be
implicated in cellular uptake of anticancer drugs, thereby
increasing the chemosensitivity of tumor cells.1

The profile and the mechanisms of transporter expression
in human head and neck squamous cell carcinoma
(HNSCC), one of the most frequent cancers, with an inci-
dence of >200,000 new cases worldwide annually,8 have
not been studied. Therefore, the first aim of our study was to
identify transporters that are differentially expressed in
HNSCC compared with adjacent normal control tissue. In
addition, the expression of transporter genes was correlated
with disease stage and 5-year survival in a small-scale
preliminary study.

The second aim of our study was to evaluate mecha-
nisms by which the transporters are regulated in
HNSCC. Given that the disruption of the epigenome is
a fundamental mechanism in cancer and that the reversal
of epigenetic changes represents a potential target of
novel treatments in cancer, we focused on epigenetic
mechanisms (ie, changes in transporter gene expression
that are mediated by DNA methylation).9 DNA methyl-
ation of the CpG islands within the transporter gene
promoters can cause repression of gene expression either
directly, by the steric hindrance of methyl-CpG interac-
tion with transcription factors, or indirectly, through the
recruitment of methyl-binding proteins that associate
with chromatin-modifying proteins to produce a comple-
mentary repressive heterochromatin environment.10,11

Although gene silencing via aberrant DNA promoter
hypermethylation explains some aspects in the tumori-
genesis of HNSCC,12 little is known about the contri-
bution of epigenetics to the regulation of drug transporter
expression.11

Most recent studies suggest that transporter genes, such as
ABCB1 (P-glycoprotein), are targets of the transcriptional
activator, pregnane X receptor (PXR; alias NR1I2).13 Several
anticancer drugs (eg, taxanes and cisplatin) can activate
PXR.14,15 Moreover, promoter methylation is involved at
least in the regulation of PXR in cancer cells,16,17 raising the
possibility of interactions between epigenetic and nuclear
receptoremediated mechanisms in the regulation of trans-
porter expression in HNSCC.

Therefore, the role of PXR and the epigenetic mechanism
of transcriptional regulation of selected SLC and ABC
transporters were evaluated in the present study by
analyzing the response of human HNSCC cell lines
(UMSCC-1 and SCC-15) to the DNA methyltransferase
inhibitor, decitabine (5-aza-20-deoxycytidine), and to the
PXR activator, rifampicin, as single or combined treatments.
Moreover, the effects of NR1I2/PXR knockdown by
lentivirus-mediated short-hairpin RNA (shRNA) interfer-
ence on basal and decitabine-modified transporter expres-
sion were evaluated. Promoter CpG methylation was
investigated using bisulfite sequencing.
                                               
Materials and Methods

Tissue Samples

Human HNSCC tissues and adjacent normal mucosa tissues
from patients with HNSCC were attained from the Depart-
ment of Otorhinolaryngology, Head and Neck Surgery,
University of Erlangen-Nuremberg (Erlangen, Germany). A
histopathological evaluation was performed on all samples
for verification. Patients gave informed consent, and the
study was approved by the ethics committee of the
University of Erlangen-Nuremberg. None of the patients
had received neoadjuvant chemotherapy. The primary tumor
and paired macroscopically healthy tissue from the excision
border were obtained at surgery. The samples with a normal
phenotype were located distant from the macroscopic tumor
edge, as judged by the surgeon. Tumor material and adja-
cent normal mucosa were collected, snap frozen in liquid
nitrogen, and stored at �80�C before use. For quality
control, cryosections were investigated by a pathologist.
Patient details are shown in Table 1.
Cell Culture and Drug Treatments

Human UMSCC-1 cells, derived from an oral cavity carci-
noma, were obtained from the Department of Otolaryn-
gology/Head and Neck Surgery, University of Michigan
School of Medicine (Ann Arbor, MI).18 The SCC-15
cell line, derived from a squamous cell carcinoma of the
tongue, was obtained from ATCC (Manassas, VA; reference
CRL-1623). The cell lines were recently characterized and
validated by short tandem repeat profiling in two indepen-
dent studies.19,20 To generate stable UMSCC cells with
reduced NR1I2 mRNA expression, Mission NR1I2 shRNA
lentiviruses (NM_003889; clones TRCN00000211619,
TRCN00000211621, TRCN00000211622, and TRCN-
00000211623; Sigma-Aldrich, St. Louis, MO), with a titer
of >106 transforming units/mL, were used to infect
UMSCC-1 cells. Subsequently, stable clones were selected
using puromycin (2 mg/mL). Control UMSCC cells were
infected with nonsilencing control lentiviral particles
(SHC002V; Sigma-Aldrich). UMSCC cells were main-
tained in Dulbecco’s modified Eagle’s medium and Ham’s
F12 with GlutaMAX (Invitrogen, Carlsbad, CA), supple-
mented with 10% fetal bovine serum (Invitrogen), 100 U/
mL penicillin (Invitrogen), 100 mg/mL streptomycin (Invi-
trogen), and 1 mmol/L sodium pyruvate (Invitrogen). SCC-
15 cells were maintained in Dulbecco’s modified Eagle’s
medium and Ham’s F12 medium containing 1.2 g/L sodium
bicarbonate, 2.5 mmol/L L-glutamine, 15 mmol/L HEPES,
and 0.5 mmol/L sodium pyruvate, supplemented with 100
U/mL penicillin (Invitrogen), 100 mg/mL streptomycin
(Invitrogen), 400 ng/mL hydrocortisone, and 10% fetal
bovine serum. For drug treatments, cells were plated on
60-mm dishes and cultured to 75% confluence. Drugs (all
from Sigma-Aldrich) were dissolved in dimethyl sulfoxide
   



Table 1 Characteristics of Patients with HNSCC

Patient
no.

Age
(years) Sex Localization

ICD-10
code pT class

1 57 Male Pharynx C12 T2
2 38 Male Glottis C32.0 T3
3 68 Female Larynx C32.0 T4
4 65 Male Larynx C32.2 Tx
5 58 Male Larynx C32.0 T2
6 46 Female Larynx C32.0 T4
7 55 Male Larynx C32.1 T2
8 77 Male Floor of mouth C04.8 T2
9 74 Female Tonsil C09.9 T3
10 51 Male Larynx C32.1 T3
11 65 Female Larynx C32.0 T3
12 44 Male Tonsil C05.1 T1
13 82 Male Tonsil C09.9 T2
14 63 Male Floor of mouth C01 T3
15 63 Male Floor of mouth C01 T1
16 51 Male Larynx C32.0 Tx
17 51 Male Supraglottis C32.1 T2
18 57 Female Oropharynx C10.3 T3
19 61 Male Larynx C32.1 T1
20 50 Male Larynx C32.0 T3
21 57 Male Oropharynx C10.9 T4
22 76 Male Larynx C32.0 T4
23 68 Male Larynx C32.1 T4
24 80 Male Larynx C32.0 T4
25 67 Female Floor of mouth C02.1 T1
26 44 Male Floor of mouth C04.0 T2
27 53 Male Larynx C32.0 T4
28 42 Male Larynx C32.0 T4
29 57 Male Oropharynx C10.9 T3
30 57 Male Larynx C32.0 T1
31 74 Male Larynx C32.0 T4
32 63 Male Hypopharynx C12 T3
33 52 Male Hypopharynx C12 T2
34 61 Male Larynx C32.0 T4

ICD-10, International Statistical Classification of Diseases and Related

Health Problems.

        
and were used at concentrations as follows: 1 mmol/L
decitabine and 25 mmol/L rifampicin. Cells were treated
with drugs for 72 hours, with change of medium every
24 hours. Control cells were treated with solvent (dimethyl
sulfoxide; 0.1% to 0.2%) only.

RNA Isolation and TaqMan PCR

Total RNA was isolated from human tissue samples
(normal and HNSCC tissue samples from 34 patients) and
from UMSCC-1 or SCC-15 cells with TRIzol reagent
(Invitrogen), according to the manufacturer’s protocol.
Before TRIzol was added, frozen human tissue samples
were grinded in liquid nitrogen with a mortar and pestle. A
total of 5 mg of total RNA each was reverse transcribed
into cDNA using random primer and Moloney Murine
Leukemia Virus Reverse Transcriptase (Promega, Madi-
son, WI) at 37�C for 1 hour.
   
The PCRs (10 mL) were set up with 1 mL of cDNA
(equivalent to 40 ng of input RNA), 5 mL of two times QPCR
ROXmaster mix (Thermo Scientific, Rockford, IL), 0.5mL of
predesigned fluorogenic TaqMan probe and primer mix
(Applied Biosystems, Foster City, CA), and 3.5 mL of
nuclease-free water. Real-time PCR analysis was performed
using the Applied Biosystems ABI PRISM 7900HT
Sequence Detection System for 45 cycles, with 3 seconds
denaturation at 95�C and 30 seconds annealing/extension at
60�C. Several reference genes were tested, and those showing
the highest expression stability were used for normalization.
mRNA levels in HNSCC and corresponding normal tissue
samples were normalized to TBT, TUBB, and HPRT1. For
UMSCC-1 and SCC-15 cells, GAPDH and ACTB were used
for normalization. To evaluate the amplification efficiency,
standard curves were generated using a cDNA standard
dilution series. Relative mRNA expression levels were
calculated with Sequence Detection System software version
2.1 (Applied Biosystems), which allows correction for
differences in amplification efficiency and standardization by
reference gene expression.

Bisulfite Sequencing

Genomic DNA was isolated from decitabine-treated and
untreated (solvent controls) UMSCC-1 cells (n Z 3 each)
and from HNSCC and adjacent normal tissues from two
patients using the Genomic Tip 20/G extraction kit (Qiagen,
Hilden, Germany). Equal amounts of DNA were pooled by
treatment group, and DNA (2 mg) from each pool was
bisulfite converted, according to the manufacturer’s
instruction, using an EpiTect kit (Qiagen). Primers were
designed to anneal to non-CpG sequences within CpG
islands in ABCC3 and SLCO2A1 promoters and, thus,
amplify bisulfite-converted genomic DNA regardless of
methylation status. For ABCC3, a nested PCR with a second
primer pair was performed. Primer sequences are listed in
Table 2.
Bisulfite-transformed genomic DNA was amplified twice

via PCR using Pfu Turbo Cx Hotstart DNA Polymerase
(Agilent Technologies, Böblingen, Germany) and Advan-
tage cDNA Polymerase Mix (Clontech, Saint-Germain-en-
Laye, France). The first round of amplification with Pfu
Turbo Cx Hotstart DNA Polymerase was performed using
the following conditions: enzyme activation at 95�C for 2
minutes, denaturation at 95�C for 30 seconds, annealing at
temperatures depending on primer melting temperature for
30 seconds, synthesis at 72�C for 1 minute, and final
extension at 72�C for 10 minutes. The first 10 cycles were
run with an annealing temperature of 2�C, and the subse-
quent 30 cycles were run with an annealing temperature of
4�C lower than primer melting temperature. The second
round of amplification was conducted with Advantage
cDNA Polymerase Mix. The amplification conditions were
as follows: enzyme activation at 94�C for 1 minute, dena-
turation at 94�C for 15 seconds, annealing at 52�C for
                                               



Table 2 Primers Used for Amplification of Bisulfite-Treated DNA

Name Sequence Position (relative to TSS) Fragment length (bp)

ABCC3_fw_1 50-GGATTTAGAGGTATTGGGGTAG-30 �63 573
ABCC3_rev_1 50-AAAAACCCTCCATCAAAAACC-30 509
ABCC3_fw_2 50-TTAGAGGTATTGGGGTAGG-30 �59 405
ABCC3_rev_2 50-AAACAAAACAAAACAAATCC-30 345
SLCO2A1_fw 50-GGATTAAGTAATGGGATAGTGGAAG-30 619 421
SLCO2A1_rev 50-CCTAAAACCATTTCCAAACCA-30 1039

TSS, transcription start site.

                            
30 seconds, synthesis at 68�C for 1 minute, and final
extension at 68�C for 3 minutes. The correct product size
and quality of PCR amplicons were controlled by 2%
agarose gel electrophoresis. PCR products were cleaned up
using Illustra GFX PCR DNA and Gel Band Purification Kit
(GE Healthcare, Freiburg, Germany) to remove any excess
nucleotides and primers, and 200 ng each were sequenced
directly using the PCR amplification primers. Sequencing
data were analyzed using Epigenetic Sequencing Methyla-
tion Analysis Software (Epigenomics, Berlin, Germany).
The bisulfite sequencing approach allows measurement
of DNA methylation with high reproducibility and
accuracy.21,22

Statistics

Differences between two groups were tested by the
Student’s t-test for unpaired data. Data were compared with
a reference value by the one-sample t-test. Differences
between more than two groups were tested by one-way
analysis of variance and Bonferroni post test. Variables
that were not normally distributed (Kolmogorov-Smirnov
test) were log transformed before statistical analysis was
performed. The c2 test was used to analyze associations
between transporter expression and pT class or 5-year
survival rates. Logistic regression analysis was used to
evaluate the association between transporter expression and
5-year survival rates, with pT class as a covariate. Data were
analyzed with SPSS for Windows version 16.0 (SPSS Inc.,
Chicago, IL) and GraphPad Prism version 5.01 (GraphPad
Software, San Diego, CA). P < 0.05 was required for
statistical significance. Data are presented as mean � SEM
(bar graphs) or as median with lower and upper quartiles
and the minimum and maximum of all of the data (box-and-
whiskers plots).

Results

Transporter Expression in Human Normal and HNSCC
Tumor Tissues

We generated mRNA expression profiles in human HNSCC
tissues of those transporters that have been implicated in
cancer development or progression, or in the cellular uptake
or efflux of anticancer drugs. Nine members of the solute
                                               
carrier organic anion transporter family (SLCO1A2,
SLCO1B3, SLCO1C1, SLCO2A1, SLCO2B1, SLCO3A1,
SLCO4A1, SLCO4C1, and SLCO5A1), two members of the
polyspecific solute carrier family 22 (SLC22A1 and
SLC22A3), and two members of the multidrug and toxin
extrusion transporter family (SLC47A1 and SLC47A2) were
analyzed. Furthermore, eight ABC transporters (ABCB1,
ABCC1, ABCC2, ABCC3, ABCC4, ABCC5, ABCC10, and
ABCG2) were investigated. Significant differences in
expression levels between normal and tumor tissues were
observed for 11 transporter genes, as shown in Figure 1A.
The expression of SLCO1A2 and SLCO1B3 in tumor
samples compared with normal tissues was 9.3-fold
(P < 0.001) and 4.3-fold (P < 0.001) higher, respectively.
In contrast, mRNA concentrations of SLCO4A1, SLCO3A1,
SLC47A1, SLC22A3, ABCC3, SLCO2B1, SLCO2A1,
ABCG2, and SLCO1C1 were significantly decreased by
36% to 81% in HNSCC samples compared with the
respective control samples.

Transporter Expression versus Disease Stage and
5-Year Survival

Because previous reports indicated that certain transporters
were involved in cancer etiology and progression, we tested
whether transporter expression in tumor tissue correlated
with tumor stage or survival of patients with HNSCC. A
significant association was observed between mRNA
expression of SLCO2B1 in HNSCC and improved survival
during a 5-year period (P Z 0.029) (Figure 1B). Compar-
ison of tumor samples with high (upper two quartiles) and
low (lower two quartiles) SLCO2B1 mRNA expression
(Table 3) revealed a significant association of SLCO2B1
expression with the pT class (c2 Z 4.394, P Z 0.036) and
the 5-year survival rate (47% versus 88%; c2 Z 6.585,
P Z 0.010). The SLCO2B1 expression level remained
a significant predictor of 5-year survival in our study cohort,
even when the pT class was considered as a covariate in
a logistic regression analysis (odds ratio, 6.5; 95% CI, 1.1 to
38.6; P Z 0.04).

Epigenetic Regulation of Transporter Expression

Changes in the epigenome, such as aberrant DNA methyl-
ation, have been common in cancer.23 This raised the
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Figure 1 A: Transporter mRNA expression in HNSCC tumor samples compared with normal mucosal tissue from the same patients. Transporter mRNA

expression was quantified in paired tumor and normal tissue samples from 34 patients with HNSCC by real-time PCR. The expression was normalized to the

reference genes TBT, TUBB, and HPRT1. Data are presented as logarithms of fold change of mRNA expression in tumor versus adjacent normal control tissue.

Box-whiskers plots show the median, the lower and the upper quartiles, and the minimum and maximum of all of the data (whiskers). B: Association between

SLCO2B1 mRNA expression in HNSCC tumors and 5-year survival. SLCO2B1 mRNA expression in HNSCC tumor samples relative to normal tissues was stratified

according to the 5-year survival. The 5-year overall survival is 67.6% (23 of 34 patients). **P < 0.01, ***P < 0.001.

Table 3 Association between SLCO2B1 mRNA Expression in
Tumors and pT Class and 5-Year Survival Rates in Patients with
HNSCC

Variable

Patients with SLCO2B1 expression in HNSCC

Weak (n Z 17) Strong (n Z 17)

pT class
T1/2 4 (23.5) 9 (60.0)
T3/4 13 (76.5) 6 (40.0)*

Significance c2 Z 4.39, P Z 0.036
5-Year survival
Yes 8 (47.1) 15 (88.2)
No 9 (52.9) 2 (11.8)
Significance c2 Z 6.59, P Z 0.010

*Two patients with pT class Tx were not included.

        
possibility that expression of transporter genes in HNSCC
might be affected by epigenetic mechanisms. To prove
this hypothesis, the methylation status of promoter CpG
islands was investigated. Among the transporters that were
differentially expressed between normal and HNSCC
tissues, ABCC3 and SLCO2A1 consisted of promoter CpG
islands (defined as a DNA region of at least 200 bp with
a C þ G content of 50% and an observed CpG versus ex-
pected CpG in excess of 0.6). Bisulfite sequencing revealed
that promoter CpG islands of SLCO2A1 and ABCC3 were
not methylated and, thus, these genes were not epigeneti-
cally silenced in HNSCC tissues (Figures 2, 3).

To investigate the consequences of epigenetic modifica-
tions on transporter expression, the effects of DNA methyl-
transferase inhibition or histone deacetylase inhibition on
transporter expression were investigated in the human
HNSCC cell lines UMSCC-1 and SCC-15. We primarily
focused on transporters that were implicated in multidrug
resistance of cancer cells against cytostatic drugs (ie, multi-
drug resistance 1: ABCB1; multidrug resistanceeassociated
proteins: ABCC1, ABCC3, ABCC4, and ABCC5; and breast
cancer resistance protein: ABCG2). We also investigated
transporters whose expression was significantly affected in
human HNSCC samples relative to control tissues
(SLCO2A1, SLCO2B1, and SLC22A3). In UMSCC-15 cells,
DNA methyltransferase inhibition with 1 mmol/L decitabine
for 72 hours caused a significant increase in ABCB1
(17.2-fold, P < 0.001), ABCC3 (20.8-fold, P < 0.001),
ABCG2 (2.8-fold, P < 0.001), SLC22A3 (9.8-fold, P <
0.001), SLCO2A1 (15.8-fold, P < 0.001), and SLCO2B1
(37.3-fold, P < 0.001) mRNA expression (Figure 4),
   
whereas gene expression of other transporters, such as
ABCC1, ABCC4, and ABCC5, remained unchanged (data not
shown). Qualitatively similar results were obtained in
SCC-15 cells (Figure 4).

Role of PXR in the Regulation of Transporter Gene
Expression

The effect of decitabine on transporter mRNA expression
might be directly due to a reversal of DNA methylation of
CpG-rich sequences in the respective gene promoter. Indeed,
decitabine treatment moderately reduced CpG island meth-
ylation in the SLCO2A1 promoter by 5.1%� 1.3% (P< 0.01)
(Figure 2). Among the investigated transporters, decitabine
treatment caused the most prominent increase in the
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transcription of SLCO2B1, a gene that lacked CpG islands in
its promoter region (defined as aDNA region of at least 200 bp
with a C þ G content of 50% and an observed CpG versus
expected CpG in excess of 0.6). Moreover, decitabine treat-
ment increased ABCC3 transcript expression, although CpG
islands in theABCC3 promoterwere essentially unmethylated
in both decitabine-treated and untreated cells (Figure 3).
These findings suggested indirect effects of the DNA deme-
thylating agent, decitabine, on transporter mRNA expression.

Because nuclear receptors, such as PXR, were capable of
transcriptional activation, particularly of genes involved in
drug metabolism and transport, and promoter methylation
was involved in the regulation of NR1I2/PXR in cancer
cells, we hypothesized that nuclear receptors might play
a role in the epigenetic regulation of transporter expression
in HNSCC cells. Treatment of UMSCC-1 cells with deci-
tabine induced a marked increase in NR1I2/PXR (661-fold
                                               
versus control; P < 0.001) (Figure 5A). Qualitatively
similar results were obtained when SCC-15 cells were
investigated (12-fold increase versus control; P < 0.001).
These results supported the notion that the transcriptional
regulator, PXR, was strongly induced by modification of the
epigenome in HNSCC cells.

The activator of PXR, rifampicin, had no significant
effect on SLCO2A1 and ABCC3 transcript levels
(Figure 5B). This finding might be explained by the rela-
tively low basal expression of NR1I2/PXR in UMSCC-1 and
SCC-15 cells. However, when NR1I2/PXR expression was
enhanced by decitabine, cotreatment with rifampicin
decreased transporter mRNA expression compared with
cells treated with decitabine only (Figure 5B). For example,
cotreatment of UMSCC-1 cells with decitabine and rifam-
picin reduced SLCO2A1 and ABCC3 mRNA expression by
78% (P < 0.001) and 60% (P < 0.001), respectively. These
results supported a counterregulatory role of PXR on
decitabine-induced transcription of SLCO2A1 and ABCC3.

To further assess the role of NR1I2 on decitabine-induced
increase in transporter mRNA expression, NR1I2 expression
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Figure 4 Effect of decitabine (DCB)einduced epigenetic modifications

on the mRNA expression of selected ABC, SLC22, and SLCO transporters in

UMSCC-1 and SCC-15 cells. Cells were treated with the DNA methyl-

transferase inhibitor, decitabine (1 mmol/L), for 72 hours. Control cells

(Ctrl) were treated with solvent (dimethyl sulfoxide) only. Transporter

mRNA expression was quantified by real-time RT-PCR and normalized to

that of the reference genes ACTB and GAPDH. mRNA expression in the drug-

treated cells is presented relative to that in the solvent Ctrl. n Z 11 to 19

per group. **P < 0.01, ***P < 0.001 versus Ctrl.
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Figure 5 A: Effects of decitabine (DCB)einduced epigenetic modifi-

cation on NR1I2/PXR mRNA expression in UMSCC-1 and SCC-15 cells. Cells

were treated with 1 mmol/L DCB for 72 hours. Gene expression of NR1I2

        
was stably silenced in UMSCC cells via infection with
NR1I2 shRNA lentiviruses. Two of four tested shRNA
constructs silenced NR1I2 mRNA expression lower than the
detection limit (Figure 6A). In cells with effective NR1I2
knockdown, decitabine treatment still resulted in an increase
in ABCC3 and SLCO2A1 mRNA expression, but the effect
was significantly reduced compared with untransfected cells
[ABCC3, 6.7- versus 20.8-fold (P < 0.001); and SLCO2A1,
4.2- versus 15.8-fold (P < 0.01)], as shown in Figure 6B.
Notably, in cells with NR1I2 knockdown, basal ABCC3
mRNA, but not SLCO2A1 mRNA, levels were significantly
reduced compared with parental cells, suggesting that basal
ABCC3 expression in UMSCC depended, in part, on
NR1I2.
was quantified by real-time RT-PCR and normalized to the expression of the

reference genes ACTB and GAPDH. mRNA expression in the drug-treated

cells is presented relative to that in the solvent control cells (Ctrl). n Z
7 to 9 per group. B: Effects of the PXR ligand/activator rifampicin on

SLCO2A1 and ABCC3 transcript expression in UMSCC-1 and SCC-15 cells,

with or without concomitant DCB treatment. Cells were treated with DCB

(1 mmol/L) and the PXR activator rifampicin (25 mmol/L), either alone or

in combination, for 72 hours. Transporter gene expression was quantified

by real-time RT-PCR and normalized to the expression of the reference

genes ACTB and GAPDH. mRNA expression in the drug-treated cells is

presented relative to that in the solvent control cells (Ctrl). n Z 7 to 19

per group. *P < 0.05, ***P < 0.001 versus Ctrl; yyP < 0.01, yyyP < 0.001

versus DCB.
Discussion

This study demonstrates the following about expression of
drug transporters: i) expression is markedly changed in the
HNSCC tumor tissues compared with normal mucosa, ii)
expression might be predictive of the outcome of patients
with HNSCC, and iii) expression is affected by novel
epigenetic therapies and is further modulated by nuclear
receptoremediated mechanisms.
   
To our knowledge, this is the first study that systemati-
cally compares gene expression profiles of membrane
transporters, which are generally implicated in drug dispo-
sition or multidrug resistance, in human HNSCC tumors and
adjacent normal mucosa. The most prominent changes in
the expression profile were observed in transporters of the
SLCO family, with an increased expression of SLCO1A2
and SLCO1B3 and a decreased expression of SLCO2B1,
SLCO2A1, and SLCO1C1 in HNSCC tumor tissue
compared with the normal mucosa.
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Figure 6 A: Quantitative assessment of the NR1I2/PXR knockdown

efficiency. UMSCC cells were stably transfected with four different lentiviral

NR1I2 shRNA constructs (number 19, TRCN00000211619; number 21,

TRCN00000211621; number 22, TRCN00000211622; and number 23,

TRCN00000211623), and NR1I2 mRNA expression was quantified by real-

time RT-PCR and normalized to the expression of the reference genes

ACTB and GAPDH. mRNA levels are presented as fold change relative to

control cells (Ctrl). n Z 4 independent measurements. B: Effect of NR1I2
silencing on SLCO2A1 and ABCC3 transcript expression in UMSCC cells, with

or without decitabine (DCB) treatment. Three UMSCC cell lines with effi-

cient NR1I2/PXR knockdown (NR1I2 shRNA) were treated with 1 mmol/L

decitabine for 72 hours. Transporter mRNA expression was quantified by

real-time RT-PCR and normalized to the expression of the reference genes

ACTB and GAPDH. mRNA expression in the drug-treated cells is presented

relative to that in the respective untreated Ctrl. Pooled results from the

three NR1I2 shRNA cell lines are shown. n Z 4 independent experiments.

*P < 0.05, **P < 0.01, and ***P < 0.001.

                            
Interestingly, a similar change in the expression of
SLCO1B3 and SLCO2A1 was found in colorectal cancer.
SLCO1B3overexpression confers apoptotic resistance to colon
cancer cells by altering p53-dependent pathways.24 SLCO2A1
can facilitate the removal of prostaglandin E2 from the extra-
cellular milieu. In colorectal cancer, decreased SLCO2A1
expression leads to higher concentrations of prostaglandin E2,
which, in turn,mediates cell proliferation, antiapoptotic effects,
and neovascularization.25 Taken together, these studies
demonstrate that higher SLCO1B3 and lower SLCO2A1
expression in colorectal cancer provide a survival advantage to
cancer cells. This also might hold true for HNSCC.

We observed a significant association between high
SLCO2B1 mRNA levels in HNSCC tumor tissues and a low
                                               
pT class and an improved 5-year survival of patients with
HNSCC in a pilot study. In recent studies, expression levels
of SLCO2B1 in liver, prostate, or breast cancer have been
linked with patient outcomes, disease stage, or tumor dif-
ferentiation.26e29 Based on these results, SLCO2B1 has
been proposed as a biomarker for risk assessment.26e28

However, the specific mechanism by which SLCO2B1
affects patient outcome remains to be elucidated and most
likely depends on the cancer type.

The SLCO2B1 expression level remained a significant
predictor of 5-year survival in our study cohort, even when
the pT class was considered as a covariate in a logistic
regression analysis (odds ratio, 6.5; 95% CI, 1.1 to 38.6;
P Z 0.04). This result suggests that SLCO2B1 expression is
linked to survival through additional mechanisms, irre-
spective of the tumor size. This might occur through the
interaction of SLCO2B1 with the chemotherapeutic drugs.
Patients in our study received a standard chemotherapy
regimen for HNSCC30 that consisted of two or more of the
following compounds: cisplatin, docetaxel, fluorouracil, and
methotrexate. Although SLCO2B1 is a well-known uptake
transporter for diverse drugs, such as statins, fexofenadine,
glibenclamide, or montelukast,5,31 it is still unknown
whether the standard chemotherapeutic drugs used in
HNSCC treatment are substrates of SLCO2B1.

In our study, the transcript levels of ABC efflux trans-
porters, which are commonly implicated in multidrug resis-
tance, were unchanged (ABCC1, ABCC2, ABCC4, ABCC5,
and ABCC10) or even reduced (ABCC3 and ABCG2) in
HNSCC tumor samples compared with adjacent normal
mucosa. Moreover, our data did not reveal a significant
association of ABC transporter expression in HNSCC tumor
samples with 5-year survival. Tsunoda et al32 found that
ABCG2 expression was an independent prognostic factor in
esophageal squamous cell carcinoma. We were not able to
replicate this finding in our cohort of patients with HNSCC;
however, it is possible that the effects of ABCG2 expression
may have been missed because of the limited power of our
study. None of the patients had received neoadjuvant
chemotherapy before the tissue samples were obtained. We
cannot rule out that the expression of ABC transporters may
increase during chemotherapy because multidrug resistance
often appears during drug treatment (secondary resistance),
and that the ABC transporter levels at that stage may become
predictive of outcome.

In the second part of our study, potential mechanisms that
influence transporter expression were evaluated in cellular
models of HNSCC. Modulation of the epigenome, particu-
larly with the DNA methyltransferase inhibitor decitabine,
markedly increased expression of some, but not all, inves-
tigated transporters of the SLCO, SLC22, and ABC families
in HNSCC cells. Our results extend the findings of two
previous studies33,34 that demonstrate the induction of
ABCG2 and SLCO1B3 in cancer cell lines by decitabine.
The question of epigenetic modulation of transporter
expression may have clinical implications because DNA
   



        
methyltransferase inhibitors have already been approved
as a treatment for lymphomas and are being tested as
a therapeutic option against a variety of human solid tumors,
including HNSCC.35e37 If these agents are concomitantly
administered with classic anticancer drugs, the resultant
induction of transporter expression may influence the
disposition and effect of these anticancer drugs.9

In particular, enhanced expression of ABCC3 may induce
drug resistance of cancer cells and affect efficacy of treat-
ment with ABCC3 substrates, such as methotrexate,
vincristine, doxorubicin, and cisplatin. On the other hand,
decitabine-induced restoration of SLCO2A1 expression in
tumor tissue may facilitate the removal from the extracel-
lular milieu of prostaglandins, which were implicated as
significant mediators in cancer progression.

Methylation of CpG islands in promoters of transporter
genes was investigated in patient tissue samples and an
HNSCC-derived tumor cell line. The UMSCC cell line had
a different methylation signature than patient samples.
Several studies38,39 demonstrated marked interpatient vari-
ability in promoter methylation at the single-gene level.
Thus, the methylation status of the UMSCC cell line may
reflect the high methylation status of the original HNSCC
tumor sample. Another explanation for the discrepancy
between the methylation status of the SLCO2A1 promoter in
the HNSCC tissue and the UMSCC cell line is that cell line
methylation is affected by the tissue culture environment.

An important finding of our study was that the presence
of CpG islands in the promoters of transporter genes was
generally not required for decitabine-mediated induction of
their expression. Inhibition of DNA methyltransferase, for
example, caused a substantial increase (37-fold) in the
transcript levels of SLCO2B1, a gene that completely lacks
CpG islands in its promoter region. Although a small
decrease in the promoter CpG methylation of SLCO2A1
after decitabine treatment partially explains the induction
of SLCO2A1, no correlation between ABCC3 promoter
methylation and induction of ABCC3 mRNA was observed.

Decitabine targets the whole epigenome, including the
epigenetic state of transcriptional regulators, such as NR1I2/
PXR. Given that PXR is capable of transcriptional activation
of genes involved in drug transport, such as ABCB1,40 and
promoter methylation is involved in the regulation of
NR1I2/PXR in cancer cells,16,17 we hypothesized that
nuclear receptors may participate in the epigenetic regula-
tion of transporter expression in HNSCC cells. Consistent
with a previous report on colon carcinoma,16 decitabine
markedly induced NR1I2/PXR in UMSCC-1 and SCC-15
cell lines. Furthermore, NR1I2/PXR knockdown signifi-
cantly attenuated the inducing effects of decitabine on
ABCC3 and SLCO2A1 mRNA expression. Surprisingly,
cotreatment of these cells with a prototypical PXR activator
caused a significant repression of SLCO2A1 and ABCC3
compared with cells treated with decitabine alone. This
finding partially corresponds to observations made by
Cheng et al,41 who observed a down-regulation of several
   
Slcos, including Slco2a1, in the mouse liver after exposure
to prototypical PXR ligands. Several anticancer drugs, such
as cisplatin, paclitaxel, and cyclophosphamide, are well-
known agonists of nuclear receptors.14,15,42 This raises the
possibility of drug-drug interactions in patients treated with
combinations of multiple anticancer drugs, which, in turn,
may affect the treatment outcome.43 Taken together, our
results demonstrate an interaction between epigenetic and
nuclear receptoremediated mechanisms in the regulation of
transporter expression.
To our knowledge, this is the first study to provide a basis

for the assessment of the role of uptake and efflux trans-
porters in the accessibility of HNSCC tumors to chemo-
therapeutic agents. Transporters that are differentially
expressed in HNSCC tumors versus normal mucosa were
identified. Moreover, the correlation of SLCO2B1 levels in
HNSCC tumors with 5-year survival of patients was
demonstrated in a pilot study. Replication of these results in
a prospective observational study is necessary. Modulation
of the epigenome by the DNA methyltransferase inhibitor,
decitabine, induced the expression of several transporters
considerably, suggesting the involvement of epigenetic
mechanisms in the regulation of transporter expression.
These mechanisms do not necessarily involve direct hypo-
methylation of CpG islands in transporter genes, and the
pathway by which transporter mRNA levels (eg, those of
SLCO2B1 and ABCC3) are induced by decitabine remains
to be elucidated. Finally, interactions between epigenetic
and nuclear receptoremediated mechanisms played a role in
the regulation of transporter expression.
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