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A new model for studying tissue-specific mdria gene
expression in vivo by live imaging
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Multidrug resistance continues to be a major impediment to success-
ful chemotherapy in cancer patients. One cause of multidrug resis-
tance is enhanced expression of the mdr1 gene, but the precise factors
and physiological conditions controlling mdr1 expression are not
entirely known. To gain a better understanding of mdr1 transcrip-
tional regulation, we created a unique mouse model that allows
noninvasive bioimaging of mdr1 gene expression in vivo and in real
time. The model uses a firefly luciferase (fLUC) gene inserted by
homologous recombination into the murine mdria genetic locus. The
inserted fLUC gene is preceded by a neo expression cassette flanked
by loxP sites, so that Cre-mediated recombination is required to
configure the fLUC gene directly under the control of the endogenous
mdr1a promoter. We now demonstrate that the mdria.fLUC knock-in
is a faithful reporter for mdria expression in naive animals, in which
fLUC mRNA levels and luminescence intensities accurately parallel
endogenous mdria mRNA expression. We also demonstrate xenobi-
otic-inducible regulation of mdria.fLUC expression in real time, in
parallel with endogenous mdria expression, resulting in a more
detailed understanding of the kinetics of mdria gene induction. This
mouse model demonstrates the feasibility of using bioimaging cou-
pled with Cre/loxP conditional knock-in to monitor regulated gene
expression in vivo. It represents a unique tool with which to study the
magnitude and kinetics of mdria induction under a variety of phys-
iologic, pharmacologic, genetic, and environmental conditions.
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he human MDR1 gene encodes P-glycoprotein (Pgp), which

functions as a transmembrane drug transporter and mediates
the efflux of drugs from cells, thus conferring multidrug resistance
on cancer cells and tumors that over-express it (1, 2). In addition,
basal expression of MDR1 in organs such as liver, kidney, and colon,
because of their involvement in drug excretion and absorption,
affects the pharmacokinetics of drug uptake and excretion for
agents that are substrates for Pgp transport (3-6). The mechanism
of MDR1 regulation in tumors or in normal, nonmalignant tissue,
particularly in response to xenobiotics and other environmental and
physiologic stimuli, is not fully understood. The tumor-suppressor
pS53 has been implicated as a possible transactivator of MDRI1
expression in tumors (7-9), although this association remains
controversial (see ref. 10). In addition, nuclear receptors such as
SXR and constitutive androstane receptor (CAR) have been
suggested as possible master regulators of xenobiotic- and drug-
inducible expression of MDR1, and of other genes involved in drug
metabolism in organs such as the liver, kidney, and colon (11, 12).
One recent report implicates the transcription factor FOXO3a in
doxorubicin-mediated induction of MDRI1 in the K562 human
leukemia cell line (13).

Our limited understanding of MDR1 gene regulation in vivo
is partly a result of the difficulty in conducting well-controlled
clinical studies that require pretreatment and repeated post-
treatment tissue sampling, and partly because of lack of adequate
animal models for tracking MDR1/Pgp expression. A possible
model system is the mouse, which has 2 MDR1 homologues,
mdrla and mdrlb, both of which can transport chemotherapy
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drugs and confer drug resistance (14, 15). Based on nucleotide
and amino acid alignments in their coding regions, human MDR1
is more closely related to mdrla than it is to mdrlb (16-18). In
addition, the promoter regions of human MDR1 and murine
mdrla share ~70% nucleotide sequence identity and they con-
tain several cis-regulatory elements in common (17). Both genes
are subject to similar regulation by SXR (11), or its mouse
homolog PXR (19), and p53 (8, 20). Thus, mouse mdrla is a
reasonable surrogate with which to study MDR1 gene regulation
in the in vivo setting. To gain a better understanding of mdrl
expression, we created a mouse model that allows noninvasive
bioimaging of mdrl gene expression in vivo and in real time by
inserting a firefly luciferase (fLUC) gene into the murine mdrla
genetic locus by homologous recombination. We now report that
the mdrla,fLUC knock-in is a faithful reporter for basal mdrla
expression and induced expression under conditions of xenobi-
otic treatment. This model is a unique tool for noninvasively
studying the magnitude and kinetics of mdrla induction under a
variety of physiologic, pharmacologic, and genetic conditions.

Results

Creation of a Mouse Model for Noninvasive Study of mdria Gene
Expression in Vivo. We created a gene replacement model that has
the fLUC gene inserted by homologous recombination into the
murine mdrla chromosomal locus [supporting information (SI)
Methods and Fig Sla]. In the targeting vector, the fLUC gene is
preceded by a neo expression cassette that contains a synthetic
polyadenylation sequence to stop transcription. The neo cassette
is flanked by loxP sites, the targets for Cre-mediated recombi-
nation. We first established mouse embryonic stem cells and
mice (Figs. S1 b and ¢) with the mdrla™1°* genotype: 1
nontargeted mdrla allele and 1 targeted mdrla fLUC allele
before Cre-mediated removal of the floxed neo sequences. We
mated these mice with Hprt-Cre transgenic mice to delete the
floxed neo cassette in all tissues of the F1 offspring (21). The
resulting progeny had the mdrla*/™UC€ genotype: 1 nontargeted
mdrla allele and 1 mdrlafLUC allele in the recombined state,
with the fLUC gene directly under the control of the endogenous
mdrla promoter, in frame and in place of the Pgp ORF (see Fig.
S1 a and c).

The mdria.fLUC Reporter Gene Faithfully Reflects Basal mdria Ex-
pression in Naive Animals. We injected luciferin into mdrla*/UC
mice heterozygous for the recombined mdrla fLUC allele and

Author contributions: L.G., D.A.B., T.W.S., and S.E.K. designed research; L.G. performed
research; W.M.T. contributed new reagents/analytic tools; L.G., W.M.T., S.B., T.W.S., and
S.E.K. analyzed data; and L.G. and S.E.K. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission. M.D. is a guest editor invited by the Editorial Board.
Freely available online through the PNAS open access option.

TPresent address: Queen Mary's School of Medicine and Dentistry, Old Medical College
Building, Turner Street, London E1 2AD, England.

2To whom correspondence should be addressed. E-mail: skane@coh.org.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0807343106/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0807343106


http://www.pnas.org/cgi/data/0807343106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0807343106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0807343106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0807343106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0807343106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/content/full/0807343106/DCSupplemental
http://www.pnas.org/cgi/content/full/0807343106/DCSupplemental

mdra*uc 20

mdria*iflox

A mdra**

01X

50
o
0
EX
0
10
100000
80000
60000
40000
20000

Stomach Liver
Cecum Kidney
Small intestine Spleen

Fig. 1. Luminescence imaging of mdr1a*/UC and control mice. (A) In vivo
luciferase imaging of wild type mdr1a*/+ mice, mdr1a*/floxmice heterozygous for
the targeted allele, and mdr1a*/fUC mice heterozygous for the Cre-recombined
mdr1a.fLUCallele. Imaging was performed as described in Methods and the same
color scale is used to display the images of all mice shown. (B) Imaging of organs
harvested from a representative mdr1a*/fUC mouse heterozygous for the
mdria.fLUC allele. Images in the first 2 panels are displayed on the same color
scale (2-50 X 106 relative light units), thus illustrating the majority of lumines-
cence emanating from the intestines. The images in the third column are dis-
played on a color scale representing 2-10 X 10% relative light units, thus illustrat-
ing the ~100-fold lower expression of fLUC in those organs.

observed a strong luminescence signal in the abdominal area
(Fig. 14), consistent with the known pattern of mdrla expression
in several abdominal organs, such as liver, kidney, and intestine,
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with highest expression in intestine (14). To quantify the lumi-
nescence emitted by individual organs, we dissected organs from
multiple animals after they had been injected with luciferin and
measured the luminescence intensity in these isolated organs
(Fig. 1B). As expected, luminescence signals were detected in the
liver, kidney, spleen, and intestine, all of which have been
reported to express mdrla, with at least 100-fold stronger
luminescence signals in the intestine relative to the other organs
(Figs. 1B and 2A). To determine if the luminescence intensities
visualized by the camera detection system accurately reflected
basal expression of the intact endogenous mdrla gene and the
knock-in mdrla.fLUC reporter gene, we extracted RNA from
these organs and used real-time RT-PCR to measure mdrla
mRNA transcribed from the nontargeted allele and fLUC
mRNA transcribed from the targeted allele. The fLUC mRNA
levels and luminescence intensities paralleled mdrla mRNA
expression in all tissues analyzed, demonstrating that the
mdrlafLUC reporter gene faithfully reported basal mdrla ex-
pression in mdrla*/™VUC mice (see Fig. 24).

To determine if mdrla,fLUC is also an accurate model for
mdrla expression in wild-type mice, we measured mdrla mRNA
in the organs of six mdrla*/* (wild-type) mice lacking the
targeting construct and compared these with mdrla and fLUC
levels in 6 mdrla™™YC mice heterozygous for the recombined
knock-in allele. Mdrla (Fig. 2B) and fLUC (not shown) mRNA
expression patterns in mdrla™TUC mice paralleled the mdrla
expression pattern in mdrla*/* mice. As expected, the knock-in
mice, on average, expressed about half as much mdrla mRNA in
each organ as did wild-type mice. Finally, we plotted the
live-animal luminescence intensities of the 6 mdrla™™VYC mice
in this experiment against their own mdrla mRNA levels in the
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p<0.05 Fig. 2. Measurement of basal luminescence and
mRNA levels. (A) (Left) Bar graph showing the lumi-
nescence emitted by organs harvested from 3
: mdr1a*/flUC mice. The luminescence intensity of each
organ was individually normalized to the lumines-
Ld cence intensity of the liver from the same mouse.
° [ ] Shown are the averages of the normalized values (=
° - SE). (Right) Bar graph showing the fLUC and mdria
:'_ mRNAs expressed in the same set of organs. Total RNA

. [ ] . .
extracted from each organ was subjected to real-time
RT-PCR (see Methods) and gene-specific levels in each
T organ were normalized to the respective levels in the
Kidney liver. Shown are the averages of the normalized levels

(= SE) for fLUC (filled bars) and mdr1a (hatched bars).
(B) Total RNA was extracted from a separate cohort of
six mdria*/* (wild-type) mice and six mdria*/ftuc
(knock-in) mice and subjected to real-time RT-PCR (see
Methods). Mdr1a values in each mouse/organ were
adjusted to GAPDH values in the same mouse/organ.
(Left) Results for intestinal mRNAs. (Right) Results for
liver and kidney mRNAs (note the 40-fold difference
between the 2 scales). Statistical significance was de-
termined by two-sided t test. (C) Regression analysis
showing the relationship between intestinal mdria
levels in individual mice (taken from B) and abdomi-
nal-area luminescence intensities measured just be-
fore killing of those same mice.
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intestine (the site of highest expression). There was a near-
absolute correlation between intestinal mdrla levels and lumi-
nescence (> = 0.9396) (Fig. 2C). We observed similar results for
the correlation between intestinal mdrla mRNA and fLUC
mRNA levels within each of the 6 mice (> = 0.9582, not shown).
Taken together, these results indicate that the mdrla fLUC locus
is not dysregulated in our knock-in mice, in terms of tissue
specificity, and that there is no compensatory dysregulation of
mdrla or mdrla.fLUC expression levels because of knock-out of
one mdrla gene copy. Moreover, live-animal luminescence can
reasonably be used as a reporter for mdrla mRNA in the
intestine, the site of highest mdrla expression in mice.

The mdria.fLUC Allele Is a Faithful Reporter for mdria Gene Induction.
Mdrla transcription is regulated by certain xenobiotics. For
example, pregnenolone-16a-carbonitrile (PCN), a steroidal
compound, induces mdrla expression in rodents (22) by activat-
ing the nuclear receptor PXR (19). To determine if the fLUC
gene could faithfully report changes in mdrla expression induced
by chemical signals, we first needed to determine the day-to-day
variability in luminescence in individual mice. Thus, we per-
formed live imaging on 22 heterozygous mdrla™™VC mice on 3
consecutive days at 24-h intervals, without any prior injection of
inducing agent (Fig. 34). There was about a 5-fold mouse-to-
mouse range between the least intense and most intense lumi-
nescences on the first day (—48-h time point in Fig. 34), but less
than 2-fold day-to-day fluctuation in luminescence, on average,
for any given mouse over the 3-day sampling period.

We next treated the same cohort of mice with 200 mg/kg of PCN
or vehicle control and quantified fLUC expression by performing
live imaging at various time points after PCN delivery. In mice
injected with PCN, luminescence intensity increased by an average
of 5.2 = 1.9-fold at the peak of induction (8 h), relative to each
mouse’s own 0-h baseline (see Fig. 34). Luminescence in control
mice treated with vehicle alone changed by an average of 1.3 =
0.7-fold in that same time period (see Fig. S2 for images of
representative PCN- and vehicle-treated mice). The difference in
fold-change between the PCN-treated mice and the vehicle-treated
mice was statistically significant (P < 0.0001). These results suggest
that for future induction studies, assuming 8 mice per group and a
pooled standard deviation of 1.5, we would be able to detect a
difference in mean fold-change between 2 groups (drug vs. control)
as small as 2.2-fold, with 80% power and a 2-tailed 0.05 level of
significance.

We wanted to confirm the relationship between luminescence
and mdrla mRNA expression under inducing conditions, in both
knock-in and wild-type mice. Because it is not possible to measure
mRNA levels at different time points within a single mouse, we
analyzed intestinal mdrla expression in 24 mdrla*/™YC mice and 24
mdrla*/* mice, as follows: 6 mice of each genotype were killed
without PCN injection (time 0, the same mice used in the basal
expression analysis above) and 6 mice of each genotype were killed
at 8, 24, and 48 h after PCN injection. For the mdrla™/™ V€ mice,
live imaging was also performed immediately before killing. At
every time point, average luminescence levels in the cohort of
mdrla™™UC mice paralleled average intestinal mdrla expression
levels in the cohorts of both mdrla™™VU€ and mdrla*/* mice (Fig.
3B). Notably, the fold-induction levels (8-h cohorts vs. 0-h cohorts)
for luminescence (3.5 = 0.6-fold), mdrla mRNA (4.4 = 0.7-fold)
and fLUC mRNA (3.9 * 0.6-fold) in mdrla™™VYC mice and for
mdrla mRNA (4.3 * 0.6-fold) in mdrla®™* mice were all very
similar (no statistically significant differences by 2-tailed ¢ test).
Likewise, for the cohort of mdrla*/LUC mice killed at 8 h, the
fold-induction of luminescence over each animal’s own 0-h baseline
was 3.5 = 0.5-fold, suggesting that individual mice can reasonably
be used to study gene expression behavior (and inter-individual
differences) that could previously only be accomplished through
cohort analysis. Moreover, the mdrla mRNA levels in individual
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Fig.3. Mdria gene induction by PCN. Heterozygous mdr1a*/flUC mice were
given 200 mg/kg of PCN by i.p. injection at time 0. Mice that were injected with
corn oil were used as control. (4) Luciferase expression was quantified by
measuring luminescence intensity in the abdominal area at various time
points before and after PCN or vehicle injection. Shown are the luminescence
intensities at each time point in each individual mouse. (B) Eighteen
mdr1a*/fluC mice and 18 mdr1a*/* mice were given PCN (200 mg/kg by i.p.
injection) and then groups of 6 mice of each genotype were killed at 8, 24, and
48 h after injection. Mice from Fig. 2B were used as the preinjection (0 h)
cohort. Luminescence intensities in the abdominal area were measured im-
mediately before sacrifice and various organs were dissected and frozen
immediately after killing. Total RNAs were extracted from the intestinal
tissues of each mouse and processed as in Fig. 2. Shown are the average
luminescence intensities (Lum) measured in each group of mdr1a*/fUC mice
and the average mdr1a mRNA levels in the intestinal tissues of each group of
mdr1a*/flVC (ki) and mdr1a*/* (wt) mice. Error bars indicate standard devia-
tions. (C) Regression analysis showing the overall relationship between intes-
tinal mdr1alevels in individual mice and abdominal-area luminescence inten-
sities measured just before killing of those same mice. The correlation
coefficient for all data points is shown next to the regression line. The
correlation coefficient for data associated with each individual time point is
shown next to the respective figure legend. The data for 0 h are the same as
those shown in Fig. 2C.

mdrla™™VUC mice correlated strongly with luminescence (2 =
0.8988) (Fig. 3C) and fLUC mRNA levels (> = 0.9586, not shown)
in those same mice at the 0-h (before injection) and 8-h time points.
There was no correlation between mdrla expression and lumines-
cence at 24 h, however, and there was a moderate correlation at 48 h
(see Fig. 3C). These data suggest that luminescence is an accurate
reporter for mdrla expression at steady state (before injection and
48 h after injection) and a faithful reporter of transcriptional
induction of gene expression (8 h after injection), but luminescence

Guetal.
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Fig. 4. Western analysis of Pgp expression. (A) Pro-
teins were extracted from the intestines of groups of
6 mdr1a*/* and six mdr1a*/fUC mice killed at time 0
(before injection) and at 8, 24, and 48 h after injection
of PCN. Proteins were subjected to Western analysis as
described in Methods. Results are shown for 3 mice of
each genotype at each time point. (B) Pgp protein (for
all 6 mice in each group) was quantified by measuring
the density of each Pgp band and normalizing to actin
in the same lane. Shown are the average Pgp expres-
sion levels (= SD). (C) Regression analysis showing the
relationship between intestinal Pgp protein levels in
each individual mouse and abdominal-area lumines-
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does not appear to reflect the kinetics of mdrla mRNA decay back
to the steady state.

To look at the relationship between luminescence and Pgp
protein, we analyzed Pgp expression in the intestines of each mouse
in this experiment. Fig. 4a shows Western analysis of 3 mice at each
time point and Fig. 4B shows the quantification of results from all
6 mice at each time point. Although Western analyses are not as
quantitative as mRNA or luminescence measurements, there was
general agreement between the timing and magnitude of Pgp
induction and the timing and magnitude of luminescence and
mRNA induction. On average, mdrla*™UC mice had a 5.8 +
0.5-fold induction of Pgp, compared with the 4.4 = 0.7-fold
induction of mRNA and 3.5 = 0.6-fold induction of luminescence
mentioned above. There was no significant difference between
mdrla™™UC and mdrla™/* mice in this regard (4.3 = 0.5-fold Pgp
induction; 4.3 = 0.6-fold mdrla mRNA induction in mdrla*/*
mice). Moreover, Pgp levels in individual mdrla™™UC mice cor-
related well with luminescence in those same mice, at least at the
0-h and 8-h time points (see Fig. 4C). As previously noted, the exact
kinetics of Pgp decay did not correlate with the decay of lumines-
cence in mdrla*/™VYC mice (data not shown), but it is notable that
Pgp levels returned to preinjection levels by 48 h in both
mdrla®/™VUC and mdrla®™* mice, as did mdrla mRNA and lumi-
nescence (see Figs. 3 and 4). Taken together, these data show that
live imaging can be used as a faithful reporter for the kinetics and
magnitude of mdrla gene induction, both at the mRNA and protein
level. Moreover, there does not appear to be any obvious compen-
satory gene expression in mdrla*/TVC as a result of knocking out
1 copy of the mdrla gene.

Common Chemotherapeutic Drugs Induce mdria Expression in Vivo.
Having established that mdrlafLUC is a faithful reporter for
basal and induced mdrla gene expression, we wanted to evaluate
the effects of common chemotherapeutic agents that are known
substrates for the mdrla gene product. Studies with cell lines
have demonstrated that the human MDRI gene is inducible by
taxanes (11). To determine if the same is true in vivo, we treated
mdrla™VUC mice with paclitaxel or docetaxel as described in
Methods, and quantified fLUC expression by live imaging at
various time points before and after drug delivery. Lumines-
cence intensities were induced by an average of 3.1 + 1.3-fold
above individual basal (0-h) levels in mice treated with docetaxel
and 3.0 = 2.8-fold above basal levels in mice treated with

Gu et al.
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cence intensity measured in that same mouse just
before killing (the 0-h and 8-h mice).

paclitaxel (Fig. 5). The average peak induction time was 8 h for
both drugs, with return to baseline by 48 h. In mice treated with
vehicle alone, luminescence showed a 1.0 =+ 0.4-fold change at 8 h
relative to baseline (see Fig. 5). The difference in mean fold-
change between docetaxel and control was significant (P <
0.002), whereas the difference in mean fold-change between
paclitaxel and control was borderline (P = 0.076) because of the
higher standard deviation in the paclitaxel group. Finally, there
was no difference in mean fold-change between the paclitaxel
and docetaxel groups (P = 0.98). Power analysis of this exper-
iment indicated that with a pooled standard deviation of 1.8 and
a sample of 8 mice per group, we would have been able to detect
a fold-change between taxane and control groups as small as
2.7-fold with 80% power and a 2-tailed 0.05 level of significance.

Discussion

Results in this article demonstrate that the mdrla fLUC allele is
a faithful reporter for basal mdrla expression in naive animals
and for real-time induction of mdrla gene expression by xeno-
biotics. The changes in luminescence intensities induced by PCN
and taxanes likely reflect expression of mdrlafLUC in the
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Fig. 5. Mdri1a.fLUC induction by taxanes. Heterozygous mdr1a*/fluc mice
were given 10 mg/kg paclitaxel (circles) or 10 mg/kg docetaxel (triangles), as
described in Methods. Mice that were injected with saline-diluted Cremophor
EL/alcohol (squares) were used as controls. fLUC expression was quantified by
measuring luminescence intensity in the abdominal area at various time
points before and after drug or vehicle injection. The luminescence intensities
recorded from 8 mice were individually normalized to their own luminescence
intensities attime 0, before drug or vehicle treatment. Shown are the averages
of the normalized values (+ SE) at each time point.
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intestine, because the basal luminescence signals in this organ
were 100-fold higher than in other organs, making changes in
luminescence signals in other organs less detectable. The strong
correlation between luminescence and intestinal mdrla expres-
sion shown in Fig. 3 is consistent with this conclusion.

A significant feature of our model is the ability to monitor
gene expression over time within individual animals. Notably, we
observed significant mouse-to-mouse heterogeneity in both the
basal expression of mdrla and the magnitude of induction in
response to xenobiotics. This heterogeneity in expression as
determined by imaging is real, because whenever we were able
to measure luminscence and mdrla mRNA in the same animal
and at the same time point, we observed near-absolute corre-
lations between those measurements, suggesting that differences
in luminescence were accurately reporting parallel differences in
mdrla gene expression. Such heterogeneity is consistent with
known inter-individual heterogeneity in rodent and human
intestinal mdrl expression (19, 22-24). Likewise, considerable
heterogeneity in mdrl gene induction has been observed in
rodents and in human tissues exposed to xenobiotics; both the
presence or absence of induction and the magnitude of induction
are variable between individuals (19, 22, 25, 26). Despite the
heterogeneity, we were able to detect statistically significant
induction of mdrla,fLUC expression in drug-treated animals,
relative to controls, with relatively good power.

We might be able to use our model to determine the under-
lying causes of heterogeneity in induction as well. In other model
systems and humans, this type of heterogeneity has been attrib-
uted to genetic differences, differences in basal expression that
could affect the calculated fold-change in expression compared
to baseline, and differences in sensitivity to the inducing agents
because of undetermined physiological or interacting environ-
mental factors (25-27). The heterogeneity seen with our model
is not likely to be the result of genetic differences between
animals, because we used inbred mice in our experiments, but
future studies could be designed to determine whether specific
genetic backgrounds affect the extent and magnitude of heter-
ogeneity in the induction response. In terms of the fold-change
calculations, we used linear regression analysis and found that
0-h luminenscence was not predictive of 8-h luminescence when
we examined either the PCN- (P = 0.36) or the taxane- (P =
0.49) treated mice. Thus, the variable baseline luminescence
levels do not account for the variability in calculated fold changes
relative to those baselines. The causes of heterogeneous induc-
tion in the intestine, therefore, are probably the result of a
combination of environmental, physiological, and molecular
factors that affect both drug pharmacokinetics (28) (unpub-
lished observations) and the response to the drug once it reaches
its target tissues. The exact identities of these factors are not
entirely known and most likely are themselves quite heteroge-
neous between individual mice, but we believe that our model
system will help us understand the parameters (kinetics and
magnitude of induction) and mechanisms (environmental con-
ditions, physiological factors, and specific molecular compo-
nents) involved in mdrl expression in response to xenobiotics.

In the current study, the kinetics of induction were such that gene
expression peaked at about 8 h, on average, for all of the agents
tested. It will be interesting to determine if other chemotherapeutic
agents exhibit different induction kinetics, and whether such dif-
ferences might reflect different pharmacologic properties in terms
of tissue distribution or clearance. In addition, any observed
differences in the kinetics of mdrla induction by these or other
agents might reflect different molecular mechanisms of induction.
Although it has been shown that PCN and taxanes induce mdr1 by
activating the nuclear receptor SXR/PXR (11, 19, 22), another
nuclear receptor, CAR, has also been implicated as a regulator of
transporter expression (29). A recent study suggests that another
therapeutic, doxorubicin, might induce mdr1 expression by activat-
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ing the transcription factor FOXO3a (13). Further studies crossing
mdrla™TUC mice with mice that are knocked out for PXR, CAR,
or other genes of interest should help elucidate the frans-acting
factors that are required for mdrla gene regulation by different
agents. Indeed, the heterogeneous expression or activity of such
factors could account for some of the inter-individual heterogeneity
in gene induction that was observed in our experiments, and this
would be revealed by experiments with the respective knockout
mice as well.

It is also interesting to note that intestinal mdrla, Pgp, and
luminescence all return to baseline levels by 48 h, despite differ-
ences in the details of their respective decay rates. It is perhaps not
surprising that, in the absence of a selection pressure or an aberrant
cellular environment (i.e., cancer), mdrla mRNA and protein
expression readily return to their pretreatment steady states. A
future application of the mdrla,fLUC model will be to determine
the conditions under which mdrla/Pgp expression (as reported by
fLUC) becomes elevated, relative to baseline, in a sustained
fashion, either as a result of repeated xenobiotic injections or during
tumorigenesis. It is important to recognize, however, that
mdrlafLUC is a transcriptional model that reports on steady state
and newly induced gene expression. Further modifications to the
targeting vector, incorporating elements that act in cis to influence
mRNA stability or translation, might allow the model to be used to
study those elements of gene regulation as well.

Our reporter gene model also demonstrates the feasibility of
coupling the conditional Cre/loxP system with a bioimaging re-
porter gene to control the in vivo monitoring of regulated gene
expression both temporally and spatially. Other luciferase knock-in
reporter systems have been described (30-32), but they either lack
the ability to control knock-in of the transgene via Cre/loxP
recombination (30, 31) or they are not used for monitoring tran-
scription from a regulated gene (32). With our vector design, which
requires Cre-mediated recombination to achieve the fLUC knock-
in, we can potentially control knock-in spatially by mating mdrlaflox
mice with Cre-donor mice that express Cre in a tissue-restricted
way, thus limiting the mdrla,fLUC configuration to selected tissues
and organs in any given animal. Although there appeared to be
some leakiness in the nonrecombined configuration, which will
need to be overcome by modifying the targeting construct, the
tissue-specific knock-in approach should nevertheless allow us to
study gene regulation in individual organs without the confounding
effects of overwhelming luminescence emanating from the intes-
tine. In addition to using this strategy to study tissue-specific mdrla
regulation, we anticipate that this approach can be generalized to
any number of other genes, other physiologic or developmental
settings, and other disease states.

Methods

Imaging and Gene Expression Assays. For in vivo imaging, mice were given 0.2
ml of luciferin (15 mg/ml) by i.p. injection and then anesthetized by inhalation
of isoflurane (4% isoflurane carried by a flow of 1.5 L/min oxygen). Live in vivo
imaging was carried out on a Xenogen IVIS imaging system (Caliper Life
Sciences) 8 minutes after luciferin injection. For image analysis, consistent
regions of interest were drawn that covered the entire abdominal area. For ex
vivo imaging of organs, mice were killed about 6 minutes after luciferin
injection. Organs were isolated and imaged on the same Xenogen imaging
system within 5 minutes after the death of the animal. After imaging, organs
were frozen immediately in liquid nitrogen, pulverized, and total RNA was
extracted using a Qiagen RNease Plus kit. For experiments in Figs. 2B and 3,
total intestinal RNA was extracted from the entire tract below the stomach.
Total RNA was reverse transcribed and the levels of mdria and fLUC mRNA
were measured, in triplicate, by SYBR Green-based real time PCR (Applied
Biosystems), using primers specific for mdria sequences present only in the
nontargeted mdria allele (forward: 5'-GTCGTGATGGAACTTGAA; reverse:
5'-CACGTTCATTATAAATGTCGTTCGG) and primers specific for fLUC se-
quences (forward: 5'-GTCGTGATGGAACTTGAAG; reverse: 5'-CACACTGACT-
GCTGGTTTCTTT), respectively.
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Protein Extraction and Western Analysis. Membrane proteins were extracted
from pulverized intestines according to published procedure (33), with minor
modifications. Briefly, pulverized tissues were dissolved into ice-cold PBS contain-
ing a mixture of protease inhibitors, Complete (Roche Applied Science) and 2 mM
PMSF, with 8 strokes of a tissue homogenizer. The homogenates were centri-
fuged at ~1,300 X g to pellet the intact cellular materials. The pellets were
suspended in extraction buffer (10 mM Tris-HCl, pH 8.6, 1.6 mM MgCl;, 0.14 mM
NaCl, 1% Nonidet P-40, and 2mM PMSF) and incubated on ice for 5 min, followed
by centrifugation at ~21,000 X g for 30 min. The supernatant containing the cell
membranes and other cytoplasmic components (33) was analyzed using the RC
DC Protein Assay kit purchased from Bio-Rad to determine total protein concen-
tration. Crude protein extracts were mixed with sample loading buffer contain-
ing 1% SDS and 50 mM DTT and boiled for 5 min before being resolved by
electrophoresis in a 4% to 15% linear gradient Tris-HCl-polyacrylamide gel.
Proteins were transferred onto a nitrocellulose membrane and probed with the
C219 monoclonal anti-p-glycoprotein antibody, purchased from Covancer. After
incubation with a peroxidase-conjugated anti-mouse IgG secondary antibody,
the Pgp was detected using an ECL kit purchased from GE HealthCare. Mem-
branes were then reprobed with the AC-40 monoclonal anti-actin antibody
(Sigma), followed by secondary antibody and ECL detection. Western images
were digitized with a high-resolution scanner and the densities of individual
bands were measured by ImageQuantMT 5.2,

Animal Husbandry and Xenobiotic Treatment. All experiments involving live
animals were reviewed and approved by the City of Hope Institutional Animal
Care and Use Committee. Mice were kept on a normal Chow diet in a specific-
pathogen-free facility at City of Hope. PCN, paclitaxel, and docetaxel were
purchased from Sigma. PCN was dissolved in corn oil and administered to mice by
i.p. injection (200 mg/kg) at the start of the experiment. Animals injected with
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corn oil (vehicle) were used as control. Paclitaxel and docetaxel were dissolved in
50.3% Cremophor EL and 49.7% dehydrated alcohol (vol/vol) as concentrates (6
mg/ml) and then diluted in saline to a final concentration of 1.2 mg/ml, before
being administrated to mice by i.p. injection (10 mg/kg). Mice injected with
saline-diluted Cremophor EL/alcohol were used as controls.

Statistical Analysis. To perform statistical analysis of xenobiotic treatment
data, we first calculated fold changes at 8 h relative to basal expression at 0 h
foreachindividual mouse. Comparisons of treatment groups were made using
a 2-sample t-test implementing a 0.05 two-tailed significance level. Linear
regression was used to assess if basal (0 h) luminescence was predictive of 8-h
luminescence, implementing a Wald test to determine if the slope was sig-
nificantly different from zero. In the experiments examining the relationship
between luminescence and mdria mRNA or Pgp protein, the coefficient of
determination (r?) was used to describe the fraction of the variance in the
outcome variable (e.g., mdria mRNA or Pgp protein) explained by the pre-
dictor (e.g., luminescence) from alinear regression analysis. Statistical analyses
were done using the software packages R (R Foundation for Statistical Com-
puting) and graphPad Prism (version 5.0.1 for Windows, GraphPad Software).
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