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Caco-2 cells. Expression of drug transporters corresponds to a crucial parameter in intestinal Caco-
intestine, 2 cells widely used for investigating drug absorption. In order to characterize it in an
real-time PCR, accurate, reproducible and comparative manner, we analyzed mRNA levels of 19
transporter influx and efflux drug transporters through real-time quantitative polymerase chain

Received 14 May 2007;
revised 12 June 2007,
accepted 13 August 2007

*Correspondence and reprints:

olivier.fardel@univ-rennes1.fr

reaction assays combined with the use of a total RNA reference standard. Profiles of
transporter expression were found to be significantly correlated in two independent
Caco-2 cell clones and in human small intestine, which may support the use of Caco-
2 cells for investigating intestinal drug transport. Several transporters were
nevertheless quantitatively expressed at higher (MRP2, MRP3, MRP4, MRP5,
MRP6, OATP-A, OATP-B, OCT1 and MCT1) or lower (BCRP) levels in Caco-2 cells
comparatively to small intestine. Moreover, MDR1, MRP2, OATP-A and PEPT1
mRNA relative expression were found to differ in the two analyzed Caco-2 cell clones
by at least a twofold factor, highlighting that some variations in transporter
expression may occur in Caco-2 cells depending on cell origin, and therefore
underlining the interest of carefully characterizing transporter levels in any Caco-2
cell clone before its use for drug transport assays.

Caco-2 is a human colorectal adenocarcinoma cell line
that undergoes spontaneous enterocytic differention
with time in culture and thus forms monolayers of
differential epithelial cells joined by intercellular tight
junctions [1]. These cells exhibit remarkable morpho-
logical and biochemical similarity to the small intestinal
columnar epithelium; they are extremely useful for
mechanistic studies of drug absorption and are widely
used in pharmaceutical companies as an absorption
screening assay for pre-clinical drug selection [2—4].
Influx and efflux drug transporters, expressed at the
apical or basal pole of Caco-2 cells and belonging to ATP-
binding cassette (ABC) or solute carrier (SLC) transporter
superfamilies [5,6], play a crucial role in transport of
drugs across Caco-2 cell monolayers [7,8]. It is therefore
important to carefully characterize expression levels of

these transporters in Caco-2 cells. A wide range of
studies have already been performed in this area
[7,9,10], but a standardized method for investigating
transporter expression in Caco-2 cells is still lacking,
although it may be useful because of the differences
reported between Caco-2 cell clones and passages with
respect to transporter levels and functional characteris-
tics [1,11]. To gain insights into this point in the present
study, we developed reverse-transcription real-time
quantitative polymerase chain reaction (RT-qPCR) as-
says combined with the use of a total RNA reference
standard, allowing to determine transporter expression
in an accurate and reproducible manner. This method
was applied to compare expression of 19 drug transport-
ers in two Caco-2 cell clones and in human small
intestine.
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Caco-2 cell isolates from two different origins were
used in the study: one was from the European Collection
of Cell Culture (ECACC number 86010202) whereas the
other was from the American Type Culture Collection
(ATCC number HTB-37). They were designed as Caco-
2y and Caco-2 sy, respectively. Cells were cultured at
confluence for 3 weeks as recommended by the suppliers
and as previously described [12], at 37 °C under 5% of
CO,; passage numbers between 30 and 40 were used.
Enterocytic differentiation of the cells, reached in
response to a 3-week culture period at confluence [13],
was routinely checked up by measuring trans-epithelial
electrical resistance [12].

RNA levels of drug transporters were analyzed using
RT-qPCR assays. Total RNA, isolated from cells using a
SV total RNA isolation kit (Promega, Madison, WI, USA),
was reverse-transcribed and thereafter subjected to qPCR
assays using the fluorescent dye SYBR Green methodo-
logy and an ABI Prism 7000 detector (Applied Bio-
systems, Foster City, CA, USA), as previously described
[14]. Gene-specific primers, designed with the Primer3
software (Whitehead Institute for Biomedical Research,
Cambridge, MA, USA) and taking into account known
intron—exon boundary informations to avoid detection of
genomic DNA, are indicated in Table I. The curves of
amplification were read with ABI Prism 7000 SDS
software using the comparative cycle threshold method.
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Relative quantification of the steady-state target mRNA
levels was calculated after normalization of the total
amount of cDNA tested to an 18S RNA endogenous
reference.

Reverse transcriptase real-time quantitative polymer-
ase chain reactions were performed using RNAs from the
two Caco-2 cell isolates and also from normal small
intestines pooled from five male/female Caucasians and
provided by Clontech Laboratories (Mountain View, CA,
USA). In order to include a RNA reference standard in
our RT-qPCR experiments for facilitating relative quan-
tification of transporter expression and transporter level
comparisons, we used the BD™ gPCR total RNA human
reference (Clontech Laboratories), corresponding to a
standardized mixture of total RNAs from a collection of
adult human tissues, and which was routinely included
in RT-qPCR assays. Each transporter mRNA level in this
RNA reference was arbitrarily set at the value of 1 unit
and RT-qPCR data for Caco-2 cells and small intestine
were expressed in arbitrary units comparatively to the
standardized RNA reference. Transporter expression data
in Caco-2 cell clones and small intestine were analyzed
using the non-parametric Spearman’s rank correlation
method; the level of significance was P < 0.05.

The most expressed transporters in Caco-2 cells when
compared to the RNA reference, i.e. those reaching at
least three arbitrary units in at least one Caco-2 clone,

Table I Primer sequences for qPCR

Reverse primer

Gene Forward primer
MDR1%/ABCB1P GCCAAAGCCAAAATATCAGC
BSEP/ABCB11 TGATCCTGATCAAGGGAAGG
MRP1/ABCC1 GGGCTGCGGAAAGTCGT
MRP2/ABCC2 TGAGCAAGTTTGAAACGCACAT
MRP3/ABCC3 GTCCGCAGAATGGACTTGAT
MRP4/ABCC4 GCTCAGGTTGCCTATGTGCT
MRP5/ABCC5S CGAAGGGTTGTGTGGATCTT
MRP6/ABCC6 TGTCGCTCTTTGGAAAATCC
BCRP/ABCG2 TGCAACATGTACTGGCGAAGA
OCT1/SLC22A1 TAATGGACCACATCGCTCAA
OCT2/SLC22A2 AAGAATGGGGATCACAATGG
OCT3/SLC22A3 CCCTGGAATTGCCTACTTCA
OCTN1/SLC22A4 TGCTGCTGCCACTGTTTGCT
OCTN2/SLC22A5 GGATTGTTGTGCCTTCCACT
OATP-A/SLCO1A2 TGGGGAACTTTGAAATGTGG
OATP-B/SLCO2B1 TGATTGGCTATGGGGCTATC
OAT2/SLC22A7 GAGGATGAACCTGCCACAGT
MCT1/SLC16A1 CACCGTACAGCAACTATACG
PEPT1/SLC15A1 AATGTTCTGGGCCTTGTITG
18S CGCCGCTAGAGGTGAAATTC

TTCCAATGTGTTCGGCAT
TGGTTCCTGGGAAACAA
AGCCCTTGATAGCCACGTG
AGCTCTTCTCCTGCCGTCTCT
TCACCACTTGGGGATCATTT
CGGTTACATTTCCTCCTCCA
GTTTCACCATGAAGGCTGGT
AGGAACACTGCGAAGCTCAT
TCTTCCACAAGCCCCAGG
AGCCCCTGATAGAGCACAGA
AGATGTGGACGCCAAGATTC
GACTCAGGGACCACCCAGTA
TTCAGGAATGAACCACCACA
AGGTTCGAAGCAGATCCAGA
AAGGCTGGAACAAAGCTTGA
CATATCCTCAGGGCTGGTGT
TCTGCTCACACACCAGATCC
CAATGGTCGCCTCTTGTAGA
CATCTGATCGGGCTGAATTT
TTGGCAAATGCTTTCGCTC

*Trivial name.
bGene symbol.
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were the ABC transporters MDR1 (also known as
ABCB1), MRP2 (ABCC2) and MRP3 (ABCC3) (Figure 1)
and the SLC transporters OATP-A (SLCO1A2), OATP-B
(SLCO2B1), MCT1 (SLC16A1) and PEPT1 (SLC15A1)
(Figure 2). Other transporters such as MRP1 (ABCC1),
MRP4 (ABCC4), MRP5 (ABCC5), MRP6 (ABCC6), BCRP
(ABCG2), OCT1 (SLC22A1), OCTN1 (SLC22A4) and
OCTN2 (SLC22A5) were less expressed, with expression
levels ranging from 0.4 to 2.3 arbitrary units. With
respect to the small intestine, MDR1, MRP3, BCRP and
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Figure 1 ABC transporter mRNA levels in Caco-2 cells and small
intestine. Expression of ABC transporter mRNAs was analyzed by
RT-qPCR assays in Caco-2gy and Caco-2 4y cells cultured at

3

MRP3

=

MRPS

mRNA expression level
(abitrary units)

-

£

BCRP

N W s

2

confluence for 3 weeks and in small intestine. Data are the

mean * SD of gPCR quantifications from two independent cultures,
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Figure 2 SLC transporter mRNA levels in Caco-2 cells and small
intestine. Expression of SLC transporter mRNAs was analyzed by
RT-qPCR assays in Caco-2gy and Caco-2ay cells cultured at
confluence for 3 weeks and in small intestine. Data are the

mean t SD of qPCR quantifications from two independent cultures,
each being analyzed in triplicate; they are expressed as arbitrary
units, 1 arbitrary unit corresponding for each transporter to mRNA
level found in the BD™ gPCR human reference total RNA.

PEPT1 were found to be the most expressed transporters,
i.e. those reaching at least 3 arbitrary units (Figures 1
and 2); notable expressions of MRP2 and OATP-B were
also detected. BSEP (ABCB11), OCT2 (SLC22A2) and
OAT?2 (SLC22A7) were not expressed in the two Caco-2
cell clones and in small intestine (data not shown)
whereas OCT3 (SLC22A3) was detected only in Caco-
2am and small intestine (Figure 2).

Comparison of Caco-2 cells and small intestine reveals
qualitative similarities with major transporters present at
substantial levels (MDR1, MRP2, MRP3, OATP-B and
PEPT1) or absent (BSEP, OCT2 and OAT2), which may
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support the use of Caco-2 cells for investigating intestinal
drug transport as already underlined [13,15-17]. In
addition, transporter ranking according to their expres-
sion levels and Spearman’s rank correlation method
revealed that transporter expressions in Caco-2py and
Caco-2 v were found to be significantly correlated to
that found in small intestine (Figure 3). Moreover,
Spearman’s rank correlation coefficients were close for
Caco-2gy/small intestine (p = 0.69) and Caco-2 sy/small
intestine (p = 0.65) (Figure 3), indicating that the two
Caco-2 clones gave similar transporter expression corre-
lation with small intestine. It is however noteworthy that
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Figure 3 Rank correlation analysis of drug transporter expression
in (a) Caco-2gy/small intestine, (b) Caco-24y/small intestine and
(c) Caco-2p/Caco-2gy clones. Transporters were ranked according
to their expression levels in Caco-2 cell clones and in small intestine.
Correlations were analyzed using the Spearman’s rank correlation
method. Spearman'’s rank coefficients (p) and P-values are provided
on the right of the correlation graphs.
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some quantitative differences between Caco-2 cells and
small intestine occurred. For example, several transport-
ers such as MRP4, MRP5, MRP6, OATP-A, OCT1,
MCT1, and more strikingly, MRP2, MRP3 and OATP-
B, exhibited higher expression in Caco-2 cells than in
small intestine. MRP2 and OATP-B have been similarly
reported to be more expressed in Caco-2 cells than in
jejunum or ileum [15,16]. By contrast, a lower expres-
sion of transporters, especially PEPT1 and BCRP, has
been recently reported to occur in Caco-2 cells
comparatively to jejunal mucosa [16,18]. BCRP was
also less present in both Caco-2gy and Caco-2y clones
than in small intestine (Figure 1). Such differences,
corresponding to either increased or decreased trans-
porter expression in Caco-2 cells when compared to
intestine, may have to be taken into account for
precisely interpreting drug transport data from the
Caco-2 cell model.

Transporter expression ranks in the two Caco-2 clones
were found to be significantly highly correlated
(Figure 3). However, precise comparison of transporter
expression in the two cell clones Caco-2gy and Caco-2 ay
revealed some differences. Indeed, the rank order of
transporter mRNA prevalence was MRP2 > MRP3 >
OATP-B > MDR1 > PEPT1 > OATP-A > MCT1 and
MRP3 > PEPT1 > MRP2 > OATP-B > MCT1 > MDR1 >
OATP-A in Caco-2gy and Caco-24y; cells, respectively.
Moreover, four transporters (MDR1, MRP2, OATP-A and
PEPT1) were found to be differently expressed in the two
Caco-2 clones by at least a 2-fold factor. Such data fully
corroborate the transporter expression variations
depending on Caco-2 cell origin or cell passage, already
reported for the transporters PEPT1 and BCRP [11,19].
This highlights the interest of carefully characterizing
transporter levels in any Caco-2 cell clone before its use
for drug transport assays and, for this purpose, to use a
standardized method. In this context, RT-qPCR assays
associated with the use of a RNA reference, as reported
in the present study, are likely to be interesting since (i)
RT-qPCR assays allow accurate quantitative determina-
tion of gene expression at mRNA level and (ii) the RNA
reference easily permits comparison between Caco-2 cell
isolates or passages or with other cell types or tissues.
The use of the common RNA reference may also
facilitate intra- and inter-laboratory comparisons, which
are likely not possible when using study-specific refer-
ences such as human intestinal segments, as described in
recently published works [15,16].

Reverse transcriptase real-time quantitative polymer-
ase chain reaction analysis of transporter mRNA levels
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in Caco-2 cells should be ideally completed by the
characterization of transporter expression at protein and
activity level. Unfortunately, antibodies against trans-
porters, especially SLC transporters, are often not com-
mercially available, making it difficult to perform
western-blots for routine quantification of transporter
expression in Caco-2 cells. In addition, accurate inter-
pretation of functional transport assays may be ham-
pered by the lack of specific substrates for most of the
transporters. It should however be kept in mind that
transporter mRNA abundance has been proposed as a
good predictor of transporter activity, at least for MDR1-
related efflux, in Caco-2 cells [20]. This suggests that
mRNA level analysis through RT-qPCR assays is likely to
be a valuable first approach to characterize transporter
expression in the Caco-2-related model of intestinal drug
absorption.

In summary, we have developed RT-qPCR assays
combined with the use of a total RNA reference standard,
in order to accurately and comparatively determine drug
transporter mRNA expression in Caco-2 cells. Although
profiles of transporter expression were found to be
qualitatively similar between two Caco-2 cell clones
and small intestine, some quantitative differences were
demonstrated, highlighting the interest of carefully
characterizing transporter levels in any Caco-2 cell clone
before its use for drug transport assays.
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