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Abstract

The intestinal exporter MRP2 plays an important role in disposition and elimination of a wide range of
drugs. Here, we aimed to clarify the impact of circadian clock on intestinal MRP2, and to determine the
molecular mechanisms for generation of diurnal MRP2 expression.

Methods: The regulatory effects of Bmall on intestinal MRP2 expression were assessed using
intestine-specific Bmall knockout (Bmall0) mice and colon cancer cells. The relative mRNA and protein
levels were determined by qPCR and Western blotting, respectively. Everted gut sac, cell viability and in
situ intestinal perfusion experiments were performed to evaluate intestinal efflux of the MRP2 substrate
methotrexate (MTX). Toxicity and pharmacokinetic experiments were performed with Bmall K0 mice
and control littermates (BmallfM mice) after oral gavage of MTX. Transcriptional gene regulation was
investigated using luciferase reporter, mobility shift and chromatin immunoprecipitation (ChlP) assays.

Results: Bmallk0 mice were generated by inter-crossing the mice carrying a Bmall exon 8 floxed allele
(Bmalfifl) with Villin-Cre mice. Intestinal MRP2 expression exhibited a diurnal oscillation in Bmallf/fl mice
with a zenith value at ZT6. Bmall ablation caused reductions in Mrp2 mRNA and protein levels [as well
as in transport activity (measured by MTX)], and blunted their diurnal rhythms. Intestinal ablation of
Bmall abrogated circadian time-dependency of MTX pharmacokinetics and toxicity. Bmall/BMALI
regulation of rhythmic Mrp2/MRP2 expression was also confirmed in the colon cancer CT26 and Caco-2
cells. Based on a combination of luciferase reporter, mobility shift and ChlP assays, we found that Dbp
activated and E4bp4 repressed Mrp2 transcription via specific binding to a same D-box (-100/-89 bp)
element in promoter region. Further, Bmall directly activated the transcription of Dbp and Rev-erba
through the E-boxes, whereas it negatively regulated E4bp4 via the transcriptional repressor Rev-erba.
Positive regulation of Mrp2 by Rev-erba was also observed, and attained through modulation of E4bp4.

Conclusion: Bmall coordinates temporal expressions of DBP (a MRP2 activator), REV-ERBa (an E4BP4
repressor) and E4BP4 (a MRP2 repressor), generating diurnal MRP2 expression.
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Introduction

Mammalian
expressions  of

circadian clock drives the
thousands of genes (ie,

of BMAL1/CLOCK as the positive limb (activates
gene transcription) and PER/CRY as the negative

“clock-controlled genes”) and regulates circadian
rhythms in many biochemical and physiological
processes [1,2]. Defects in circadian clock have been
associated with various diseases such as diabetes,
obesity, and cancers [3,4]. At the molecular level,
circadian clock essentially is a transcriptional
regulatory loop system [5]. The central loop consists

limb (inhibits gene transcription) [6,7,8]. In addition to
regulating circadian gene expression, BMALI1 plays
important roles in regulation of many other
physiological processes such as lipogenesis, fatty acid
oxidation, amino acid metabolism, and immune
responses [9, 10, 11, 12]. Several studies have shown
that circadian clock is present in small intestine and
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colon, where it regulates cell growth and proliferation
[13,14,15,16].

Small intestine represents the first line of oral
drug detoxification (but the first barrier to oral drug
absorption). Intestinal detoxification system mainly
consists of xenobiotic-metabolizing enzymes [XMEs,
e.g., cytochromes P450 (CYPs)] and efflux
transporters (also known as exporters) [17]. The
former converts drug molecules into inactive
metabolites (note that the pro-drug is an exception),
whereas the latter blocks intestinal uptake to the body
by expelling the drug substrates to the gut lumen. The
multidrug resistance proteins (MRPs/ABCCs) are the
C subfamily proteins of the superfamily of
ATP-binding cassette (ABC) exporters [18]. MRP2 is
an important MRP protein best known for its apical
membrane location in enterocytes and hepatocytes
[19]. This unique location supports its critical roles in
intestinal defense against xenobiotic threats and in
biliary drug elimination [20,21].

Circadian clock has been implicated in regula-
tion of drug metabolism and detoxification [22,23].
This regulation results in dosing time-dependency of
drug tolerance/toxicity and efficacy [22,23,24,25]. For
instance, the hepatotoxicity of acetaminophen was
more severe during the night than the daytime [22].
The circadian knowledge can be exploited to optimize
drug  treatment outcomes (an area  of
chronotherapeutics) [26]. Circadian clock regulates
drug detoxification through modulation of
expressions of XMEs (e.g., CYP2B10 and CYP2E1) and
efflux transporters (e.g., P-glycoprotein/P-gp) [23,27].
Several clock output genes [e.g., the three proline- and
acid-rich (PAR) basic leucine zipper (bZIP) proteins
HLF (hepatic leukemia factor), TEF (thyrotroph
embryonic factor) and DBP (D-site binding protein) as
well as E4BP4 (E4 promoter-binding protein 4)] have
been shown to play a role in generation of circadian
expression of CYP2B10 and P-gp [23,28]. However,
whether and how the central clock genes such as
BMAL1 and CLOCK regulate XMEs and transporters
remain largely unknown.

Methotrexate (MTX) 1is an inhibitor of
dihydrofolate reductase (DHFR) and used to treat
neoplastic cancers and autoimmune diseases (e.g.,
rheumatoid arthritis and psoriasis) [29,30]. However,
the dose and duration of MTX treatment are severely
limited by hepatic and renal toxicities [30, 31 ].
Therefore, it is of great interest to identify the
influencing factors for MTX-induced toxicity. An
early study shows circadian rhythms in MTX toxicity
and pharmacokinetics despite the lack of mechanistic
explorations [32]. This circadian time differences
might be applied to down-regulate MTX-induced
toxicity and to improve the therapeutic efficacy [32].

Multiple transporters are involved in intestinal
disposition of MTX. Proton-coupled folate transporter
(PCFT/SLC46A1) and reduced folate carrier-1
(RFC-1/SLC19A1) participate in intestinal uptake of
MTX, whereas MRP2 limits MTX absorption by
blocking entrance into enterocytes [33,34]. Of note,
intestinal expression of MRP2 exhibits a circadian
oscillation [35]. However, whether and how intestinal
circadian MRP2 contributes to the rhythms in MTX
toxicity and kinetics remain unknown.

To clarify the impact of circadian clock on
intestinal MRP2, we established intestine-specific
Bmall knockout (BmallKO) mice in this study.
Intestinal ablation of Bmall disrupted diurnal
expression of MRP2, and abrogated the circadian
time-dependency of MTX (a MRP2 substrate)
absorption and toxicity. Cell-based assays confirmed
positive regulation of MRP2 by Bmall. Mechanistic
studies revealed that Bmall regulated intestinal MRP2
expression through DBP and REV-ERBa/E4BP4 axis.
Our study resolved the molecular links between
circadian clock and intestinal MRP2, thereby
providing an avenue for management of MTX
toxicity.

Results

Generation of genetic mice lacking intestinal
Bmall (BmallikO mice)

Bmal1XO mice were generated by inter-crossing
the mice carrying a Bmall exon 8 floxed allele (Bmal1/)
with Villin-Cre mice. The genetic mice were first
validated by PCR genotyping using mouse tails
(Figure 1A). Brmall’X© mice showed recombination of
loxP sites and Villin-Cre recombinase (Figure 1A).
qPCR and Western blot assays confirmed the absence
of intestinal Bmall in Bmal1XO mice (Figure 1B/C &
Supplementary Figure 1A). However, the mRNA
expression of Bmall were unaffected in other tissues
such as the liver, kidney and brain (Figure 1B).
Bmal1XO mice were phenotypically normal, with no
signs of defects in morphology, proliferation, and
apoptosis of intestinal epithelial cells (Figure 1D and
E). The mice also have normal expressions of the tight
junction proteins zonula occludens-1 (ZO-1) and
occludin, suggesting intact intestinal barrier structure
(Figure 1F).

Disrupted diurnal expression of intestinal
MRP2 in Bmallik© mice

Intestinal Mrp2 mRNA exhibited a diurnal
oscillation in Bmall%/ mice with a zenith value at ZT6
(Figure 2A). Similarly, a diurnal time-dependent
expression oscillation was observed for intestinal
MRP2 protein (Figure 2B). Bmall ablation caused
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reductions in Mrp2 mRNA and protein levels, and
blunted their diurnal rhythms (Figure 2A/B). The
immunofluorescence assays confirmed reduced
MRP2 protein in BmallXO mice as compared to the
control littermates (Figure 2C). In everted gut sac
experiments, the mucosal-to-serosal transport of and
intestinal accumulation of methotrexate (MTX, a
well-known MRP2 substrate) were significantly
enhanced because of Bmall deletion (Figure 2D). In
situ intestinal perfusion showed higher levels of MTX
absorption and of tissue accumulation in BmallKO
mice than in control littermates (Figure 2E). These
data indicated regulation of MRP2 expression and
activity in the intestine by Bmall.

Intestinal ablation of Bmall abrogates
circadian time-dependency of MTX
pharmacokinetics and toxicity

We  further preformed in wvivo MTX
pharmacokinetic and toxicity experiments to clarify
the impact of Bmall on intestinal MRP2 expression
and activity. As expected, pharmacokinetic behavior
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of MTX (oral gavage, 50 mg/kg) was dependent on
circadian dosing time in Bmall¥/ mice (Figure 3A).
The AUC (area under the curve, representing
systemic exposure and the extent of drug absorption)
value and tissue (intestinal and extraintestinal)
accumulation were higher at dosing time of ZT14 than
at ZT2 (Figure 3B/C and Supplementary Figure
2A/B). This was accounted for by a lower intestinal
MRP2 (an efflux pump that limits MTX absorption)
expression at ZT14 than at ZT2 (Figure 2A/B).
Intestinal ablation of Bmall led to enhancement of
MTX absorption (increased AUC values) and
abrogated dosing time differences in its absorption
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accumulation of MTX were increased and their dosing
time-dependency were lost in Bmal1XO mice (Figure
3C and Supplementary Figure 2A/B).
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Figure 1. Establishment of genetic mice lacking intestinal Bmall. (A) Mouse genotyping results generated from agarose gel electrophoresis. Bmall k0 mice showed
recombination of loxP sites and Villin-Cre recombinase. (B) qRT-PCR analysis of Bmall transcript abundance in small intestine and other control tissues of Bmal I and Bmal | k0
mice. Data are presented as the fold change in Bmall expression normalized to Hmbs and relative to ZT2 of Bmallfif mice. Data are mean * SD (n = 6). *p < 0.05 (Two-way
ANOVA with Bonferroni post hoc test). (C) Western bolt analysis of BMALI protein in small intestine of Bmallf/fland Bmall k0 mice. Data are mean * SD (n = 6). *p < 0.05
(Two-way ANOVA with Bonferroni post hoc test). (D) Representative hematoxylin and eosin (H&E) staining of small intestine from Bmallf/fland Bmallk® mice. Bmall 0 mice
have normal morphology in small intestine. Scale bar (black) = 100 um, scale bar (white) = 500 um. (E) Apoptosis was determined by TUNEL staining in small intestine of Bmal I fif
and Bmal K0 mice. The positive apoptotic nuclei are indicated by integral optical density (IOD). Scale bar (black) = 100 pm. (F) Western blot analysis of tight junction proteins
zonula occludens-1 (ZO-1) and occludin in small intestine of Bmallf/f and Bmal k0 mice. Data are mean * SD (n = 6).
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mice (pilot experiments were conducted initially to
ascertain the effect of the toxin in control mice) and
the toxicities were dependent on circadian dosing
time (more severe toxicity at ZT14 than at ZT2)
(Figure 3D-G, left panels). Intestinal ablation of Bmall
exacerbated MTX-induced toxicities and abrogated
the dosing time differences in MTX toxicities (Figure
3D-G, right panels). In addition, Bmall"# mice
showed differential responses (dependent on
circadian time of dosing) in the survival rate after
MTX administration (Figure 3H). A higher mortality
(but not statistically significant) was observed at
dosing time of ZT14 (Figure 3H). Intestinal ablation of
Bmall increased the mortality rates and abrogated the
time differences in mortality (Figure 3H). Taken
together, Bmall regulates the diurnal oscillation of
MRP2,  thereby  impacting  the  circadian
time-dependent pharmacokinetic and toxicity of the
MRP2 substrate MTX.

>
O

Bmall (BMALI) regulates Mrp2 (MRP2)
expression in colon cancer cells

Overexpression of Bmall (BMAL1l) led to
elevations in Mrp2 (MRP2) mRNA and protein in
CT26 and Caco-2 cells (Figure 4A/B). Knockdown of
Bmall (BMAL1) by siRNA resulted in decreased
levels of Mrp2 (MRP2) mRNA and protein in the cells
(Figure 4C/D). In line with down-regulated MRP2
expression, Bmall knockdown led to a significant
increase in cellular uptake of MTX at different time
points (Figure 4E). Increased cellular uptake was also
observed at a wide range of MTX concentrations
(25-100 pM) (Figure 4E). Overexpression of Bmall
increased the resistance of CT26 cells to MTX toxicity,
whereas Bmall knockdown sensitized the cells to
MTX toxicity (Figure 4F). Furthermore, a serum shock
induced rhythmic expression of Mrp2 in CT26 cells
(Figure 4G). Bmall silencing decreased Mrp2
expression, and blunted its rhythmicity in
serum-shocked CT26 cells (Figure 4G). In addition,
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Figure 2. Intestine-specific deletion of Bmall disrupted diurnal expression of Mrp2. (A) qRT-PCR analysis of Mrp2 mRNA in small intestine of BmalIf and Bmal | k0
mice. Data are presented as the fold change in Mrp2 expression normalized to Hmbs and relative to ZT2 of Bmallf/f mice. Data are mean % SD (n = 6). *p < 0.05 (Two-way
ANOVA with Bonferroni post hoc test). (B) Western blot analysis of MRP2 protein in small intestine of Bmallfif and Bmall k0 mice. Data are mean * SD (n = 6). *p < 0.05
(Two-way ANOVA with Bonferroni post hoc test). (C) Double immunofluorescence staining of MRP2 (red) and Villin (green) in small intestine of BmalIf/f and Bmal k0 mice at
ZT2. (D) Schematic diagram illustrating the everted intestinal sac experiment. (E) Bmall ablation increases MTX transport from mucosal to serosal in everted intestinal sac
model with 20 pM MTX. Data are mean + SD (n = 3). *p < 0.05 (t test). (F) Bmall ablation increases intestine MTX accumulation in everted intestinal sac model with 20 uM
MTX. Data are mean + SD (n = 3). *p < 0.05 (t test). (G) Schematic diagram for in situ single-pass intestinal perfusion experiments. (H) The absorption of MTX in in situ
single-pass intestinal perfusion with 20 yM MTX in Bmal I and Bmal 1’0 mice. Data are mean + SD (n = 5). *p < 0.05 (Two-way ANOVA with Bonferroni post hoc test). (I) MTX
accumulation in small intestine of Bmallfifland Bmal k0 mice in in situ single-pass intestinal perfusion with 20 yM MTX. Data are mean * SD (n = 5). *p < 0.05 (t test).
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Dbp and Rev-erba were downregulated and their
rhythmicities were blunted. E4bp4 was upregulated
and its rhythmicity was dampened (Supplementary
Figure 3). Taken together, the cell data supported that
Bmall positively regulates circadian Mrp2 expression.

Dbp and E4bp4 are transcriptional regulators
of Mrp2

Dbp (a PAR bZip transcription factor)
overexpression led to an increase in Mrp2 mRNA in
CT26 cells, whereas E4bp4 overexpression resulted in
reduced Mrp2 expression (Figure 5A). Mrp2
expression was increased in E4bp47 mice (Figure 5B).
These data suggested Dbp as an activator and E4bp4

as a repressor of Mrp2. Moreover, Dbp
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2758
dose-dependently  induced, @ whereas  E4bp4
dose-dependently  inhibited Mrp2-Luc reporter

activity (Figure 5C/D). Interestingly, E4bp4 repressed
Dbp-mediated transactivation of Mrp2, suggesting
competing roles of the two transcriptional factors in
gene regulation (Figure 5E). Sequence analysis
identified four potential D-box (a motif for DBP and
E4BP4 binding) elements in Mrp2 promoter region,
namely, D1, D2, D3, and D4. Truncation and mutation
experiments revealed D4 as the actual site for DBP
and E4BP4 binding (Figure 5F/G). Through binding to
D4, DBP activates but E4BP4 inactivates Mrp2
transcription (Figure 5F/G). Direct interactions
between DBP/E4BP4 proteins and the D4 element
were confirmed by using EMSA assays (Figure 5H).
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Figure 3. Intestinal ablation of Bmall abrogates time-dependency of MTX pharmacokinetics and toxicity. (A) Time profiles of the plasma concentration of MTX
after oral administration (50 mg/kg) at ZT2 and ZT14 in Bmal 7 and Bmal | k0 mice. Data are mean + SD (n = 5). (B) The AUC value after oral administration of MTX (50 mg/kg)
at dosing time of ZT2 and ZT 14 in Bmallf/f and Bmall0 mice. Data are mean * SD (n = 5). (C) The intestinal accumulation of MTX after oral administration (50 mg/kg) at dosing
time of ZT2 and ZT14 in Bmallf/f and Bmal k0 mice. Data are mean * SD (n = 5). (D) Serum ALT levels in Bmallf/f and Bmal 0 mice 24 h after vehicle or MTX administration
(1000 mg/kg, i.g., n =5) at ZT2 and ZT14. (E) Serum AST levels in Bmal 7/ and Bmal k0 mice 24 h after vehicle or MTX administration (1000 mg/kg, i.g., n =5) at ZT2 and ZT14.
(F) Serum Scr levels in Bmallfif and Bmallk0 mice 24 h after vehicle or MTX administration (1000 mg/kg, i.g., n = 5) at ZT2 and ZT14. (G) Serum BUN levels in Bmallfif and
Bmal K0 mice 24 h after vehicle or MTX administration (1000 mg/kg, i.g., n = 5) at ZT2 and ZT 4. (H) Survival rates of Bmal 7/ and Bmal | k0 mice after MTX administration (1000
mg/kg, i.g., n = 10) at ZT2 and ZT14. Statistics for panels B-G were performed with Two-way ANOVA and Bonferroni post hoc test (*p < 0.05). Statistical analyses for survival

in panel H were performed with the logrank test (*p < 0.05).
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Furthermore, intestinal DBP and E4BP4 proteins were
recruited to the D4 element of Mrp2 promoter in
Bmal1l#! mice based on ChIP assays (Figure 5I/]). By
contrast, recruitment of E4BP4 to Mrp2 promoter was
not observed in E4bp4 knockout mice (Figure 5K).
Taken together, DBP activated and E4BP4 repressed
Mrp2 transcription via specific binding to a same
D-box in promoter region.

Bmall regulates intestinal Mrp2 via Dbp and
Rev-erba/E4bp4 axis

Sequence analysis revealed one putative E-box
(-1293/-1277 bp) in Mrp2 promoter region. To
determine whether this putative E-box element is
functional, we performed Mrp2 luciferase reporter
assays using HEK293T, CT26 and NIH3T3 cells.
Overexpression or knockdown of Bmall had no effect
on Mrp2 promoter activity (Figure 6A), suggesting
that an indirect rather than direct mechanism is
involved in regulation of Mrp2 by Bmall. We next
investigated the role of circadian transcription factors

in Bmall regulation of Mrp2. Bmall ablation led to
downregulation of Dbp and Rev-erba expression, and
upregulation of E4bp4 expression in the small
intestine (Figure 6B/C). By contrast, the expressions of
Tef and HIf were unaffected (two additional PAR
bZip transcription factors, Supplementary Figure
4A). Positive regulation of Dbp/Rev-erba and
negative regulation of E4bp4 was also confirmed in
CT26 cells (Figure 6D). Bmall is a transcriptional
activator that has been shown to directly regulate Dbp
and Rev-erba through E-boxes [36,37]. By contrast, an
indirect mechanism involving a negative regulator is
necessary for Bmall regulation of E4bp4. We found
intestinal E4bp4 is under the control of Rev-erba as
Rev-erba knockout upregulates E4bp4 in mice (Figure
6E). This was supported by the fact that Rev-erba
trans-represses E4bp4 through direct binding to the
RevRE element in the promoter [38]. Thus, Bmall
negatively regulates E4bp4 via the transcriptional
repressor Rev-erba.
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Data are mean * SD (n = 6). (G) Bmall knockdown attenuates Mrp2 rhythmicity in serum-shocked CT26 cells. Data are mean + SD (n = 6). *p < 0.05 (Two-way ANOVA).
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Figure 5. Dbp and E4bp4 are transcriptional regulators of Mrp2. (A) Mrp2 mRNA expressions in CT26 cells transfected with Dbp or E4bp4 expression plasmid for 36
h. Data are presented as the fold change in Mrp2 expression normalized to Hmbs. (B) Intestinal Mrp2 mRNA expressions at ZT2 and ZT14 in WT and E4bp4--mice. Data are
presented as the fold change in Mrp2 expression normalized to Hmbs and relative to ZT2 of WT mice. (C) Dbp dose-dependently activated Mrp2 transcription in luciferase
reporter assays. NIH3T3 cells were transfected with Mrp2-luc reporter and different amounts of Dbp plasmids. After 24 h transfection, luciferase reporter activities were
measured. (D) E4bp4 dose-dependently inhibited Mrp2 promoter activity. (E) E4bp4 repressed Dbp-mediated transactivation of Mrp2. (F) Influence of transactivation by Dbp
on deleted or mutated potential D-box in Mrp2 promoter region. (G) Influence of transrepression by E4bp4 on deleted or mutated potential D-box in Mrp2 promoter region.
(H) EMSA assays showed direct interactions between DBP/E4BP4 proteins and the D4 element. HEK293T cells were transfected with Dbp or E4bp4 plasmid. After 48 h
treatment, EMSA assays were performed with nuclear extracts from the transfected cells. (I) ChlP assay showing the relative occupancy of DBP at Mrp2 promoter region in
Bmal I and Bmal 0 mice. (J) ChIP assay showing the relative occupancy of E4BP4 at Mrp2 promoter region in Bmallf/f and Bmal 1’0 mice. (K) ChIP assay showing the relative
occupancy of E4BP4 at Mrp2 promoter region in WT and E4bp4-- mice. All data except EMSA assays are shown as mean * SD (n = 6). Statistics for panels A and C-G were
performed with Student’s t test (*p < 0.05). Statistics for panels B, |, ] and K were performed with Two-way ANOVA and Bonferroni post hoc test (*p < 0.05).

Rev-erba overexpression led to an increase in
Mrp2 mRNA in CT26 cells (Figure 6F). Consistently,
Rev-erba ablation caused a decrease in Mrp2
expression in mice and in CT26 cells (Figure 6G/H).
This positive regulation of Mrp2 by Rev-erba was
achieved through modulation of E4bp4 (Figure
6E/F/H). Rev-erba ablation led to enhanced binding of
E4BP4 to Mrp2 promoter (Figure 6I). Knockdown of
Rev-erba or E4bp4 attenuated the activation effects of
Bmall on Mrp2 expression (Figure 6]). In addition,
Bmall ablation led to reduced binding of DBP and
enhanced binding of E4BP4 to Mrp2 promoter (Figure
5I and J). All these data supported critical roles of
Dbp and Rev-erba/E4bp4 axis in mediating Bmall
regulation of intestinal Mrp2.

Discussion

The exporter MRP2 plays an important role in
disposition and elimination of a wide range of drugs,
including  antineoplastics  (e.g.,,  methotrexate,

cisplatin, doxorubicin and irinotecan),
tensives (e.g., olmesartan and temocaprilate),
antiretrovirals (e.g., adefovir, lopinavir and
saquinavir), and antibiotics (e.g.,, ampicillin and
azithromycin) [39]. In this study, we identified a
critical role for the central clock gene Bmall in
generation of diurnal expression and activity of
intestinal MRP2 (Figures 1 & 2). Moreover, we
elucidated the molecular mechanisms for Bmall
control of MRP2. BMAL1 regulates Mrp2
transcription and expression through DBP and
REV-ERBa/E4BP4 axis (Figure 7). To be specific,
through its own rhythmic expression, BMAL1 induces
circadian expressions of the target genes Dbp and
Rev-erba (Figure 7). The former directly activates
Mrp2 transcription, whereas the latter represses Mrp2
transcription via E4bp4, a negative regulator of Mrp2
(Figure 7). DBP and E4BP4 coordinately act on Mrp2
transcription in a time-dependent manner (Figure 7).
DBP action (induction of Mrp2 expression) dominates

antihyper-
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in the daytime, whereas E4BP4 action (inhibition of
Mrp2 expression) dominates in the night, thereby
generating a diurnal oscillation in MRP2 expression
(Figure 7).

Since CLOCK protein is a partner of BMALL1 in
regulation of circadian gene expression by acting on
E-box elements [40]. We attempted to validate the
mechanisms for circadian clock-controlled MRP2
expression using Clock”/- mice. Clock ablation resulted
in reduced expression of Mrp2 in the small intestine
(Supplementary Figure 5A). This was accompanied
by down-regulated Dbp and Rev-erba, and
up-regulated E4bp4 (Supplementary Figure 5B-D).
The data support the antagonistic roles of DBP and
E4BP4 in generation of circadian MRP2 expression,

BMAL1/CLOCK regulation of E4BP4/MRP2 (Figure
7).

Like MRP2, P-gp (Mdr1a) is an apical membrane
exporter and rhythmically expressed in the intestine
[41]. A previous study shows that HLF (a PAR bZip
transcription factor) and E4BP4 proteins consist of a
reciprocating mechanism in which HLF activates the
transcription of the Mdrla gene, whereas E4BP4
periodically suppresses transcription when E4BP4 is
abundant [27]. Thereby, HLF and E4BP4 control the
rhythm in Mdrla expression although the actual roles
of central clock genes such as Bmall in this exporter’s
expression was unexplored [27]. We determined the
relative expressions of HIf and Tef (another PAR bZip
transcription factor) in BmallXO mice versus control

and the mediating role of REV-ERBa in littermates (Supplementary Figure 4A). The roles of
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Figure 6. Bmall regulates intestinal Mrp2 via Dbp and Reverba-E4bp4 axis (A) Overexpression or knockdown of Bmall had no effect on Mrp2 promoter activity.
HEK293T, CT26 or NIH3T3 cells were transfected with Mrp2-Luc reporter and indicated expression plasmids. After 24 h treatment, luciferase reporter activities were
measured. (B) qRT-PCR analysis of Dbp, E4bp4 and Rev-erba transcript abundance in small intestine of BmalIf/f and Bmal k0 mice. Data are presented as the fold change in gene
expression normalized to Hmbs and relative to ZT2 of Bmallf/fimice. Data are mean = SD (n = 6). (C) Western blot analysis of DBP, E4BP4 and REV-ERBa protein in small
intestine of Bmallf/f and Bmal 0 mice. Data are mean * SD (n = 6). (D) Effects of Bmall overexpression or knockdown on mRNA expressions of Dbp, E4bp4 and Rev-erba in
CT26 cells. (E) Intestinal E4bp4 mRNA levels in WT and Rev-erba-- mice at ZT2 and ZT14. (F) Effects of Reverba overexpression on mRNA expressions of Mrp2 and E4bp4 in
CT26 cells. (G) Intestinal Mrp2 mRNA levels in WT and Rev-erba--mice at ZT2 and ZT14. (H) Effects of Reverba knockdown on Mrp2 mRNA expression in CT26 cells. (I) ChIP
assay showing the relative occupancy of E4BP4 at Mrp2 promoter region in WT and Rev-erba-- mice. (J) Knockdown of Rev-erba or E4bp4 attenuated the activation effects of
Bmall on Mrp2 expression. CT26 cells were transfected with indicated expression plasmids. After 36 h treatment, mRNA was extracted and quantified by gRT-PCR. All data are
shown as mean * SD (n = 6). Statistics for panels B, C, E, G, | and ] were performed with Two-way ANOVA and Bonferroni post hoc test (*p < 0.05). Statistics for panels D, F

and H were performed with Student’s t test (*p < 0.05).
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Figure 7. Schematic summarizing major findings in this study. Bmall regulates diurnal expression of intestinal Mrp2 via Dbp and Rev-erba/E4bp4 axis, thereby altering

the disposition of MRP2 substrates.

HIf and Tef in Bmall regulation of intestinal MRP2
were excluded because their expressions were
unaffected in BmallXO mice and HIf/Tef had no
effects on Mrp2 expression (Supplementary Figure
4A-D). This was also supported by the study of Oishi
K et al in which Dbp rather than Tef and HIf was
down-regulated in Clock-deficient mice [ 42 ].
Therefore, Bmall controls the rhythm in Mrp2
expression through its output circadian proteins DBP
(rather than HLF as shown for Mdrla) and
REV-ERBo./E4BP4 (Figure 7).

We observed more severe toxicity of MTX in the
early dark period (ZT14) than in the early morning
period (ZT2) (Figure 3). This appears to contradict
with previous observation that MTX is more toxic in
the early light period [ 43 ]. The apparent
“discrepancy” stems from a difference in the route of
drug administration. MTX is orally administered to
mice herein, but was intraperitoneally injected to mice
in previous chronotoxicity studies [43]. Intestinal
efflux (by MRP2) is a key determinant to MTX
pharmacokinetics and systemic exposure in the
former case, whereas renal clearance is in the latter
case [43]. Therefore, the chronotoxicity of oral MTX
was mainly dependent on the circadian rhythm of
MRP2 expression/activity. A lower toxicity at ZT2
was  associated ~ with a  higher = MRP2

expression/activity (and a lower drug absorption),
and vice versa (Figures 2&3). A previous study
suggests circadian rhythms of DNA synthesis and
DHER activity (i.e., the sensitivity of living organisms
to MTX; increased activities in the light phase and
decreased activities in the dark phase) as additional
contributors to MTX chronotoxicity [43]. However, we
argue for negligible or no contributions from diurnal
DNA synthesis and DHFR activity because their
rhythms are inconsistent with the observed rhythm of
oral MTX toxicity (Figure 3).

It was noteworthy that MTX is not a specific
substrate of MRP2 [34]. It can be also transported by
other MRP proteins such as MRP1 (ABCC1) and
MRP3 (ABCC3), located in the basolateral membrane
of enterocytes [44]. In addition, uptake transporters
such as SLC19A1 and SLC46Al are involved in
intestinal disposition of MTX [34]. However, intestinal
expressions of Mrpl/3 and the two uptake
transporters were unaffected in BmallXO mice
(Supplementary Figure 6A). Therefore, altered MTX
pharmacokinetics and toxicity in the genetic mice
were solely ascribed to down-regulated MRP2 activity
(Figure 3). Although MTX undergoes minimal
metabolism in the body, we assessed the effects of
Bmall on intestinal XMEs. Bmall appears to regulate
a very limited number of XMEs such as Cyp2c29 and
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Cyp2c55 (Supplementary Figure 6B). Our study
lends a strong support to the notion that circadian
clock regulates xenobiotic/drug detoxification [45].
Individuals with disrupted circadian clock (e.g., shift
workers) are expected to have impaired drug
detoxification, leading to altered drug toxicity and
efficacy. Therefore, circadian clock may be an
important factor in the design of drug dosing
regimen.

In summary, we generated intestine-specific
Bmall knockout (Bmall©) mice and identified Bmall
as a key regulator of circadian intestinal MRP2
expression. Bmall coordinated temporal expressions
of DBP (a MRP2 activator) and REV-ERBo/E4BP4 (a
MRP2 repressor), realizing a diurnal oscillation in
MRP2 expression.

Materials and Methods

Chemicals and reagents

Methotrexate (MTX) and 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyl tetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (St. Louis, MO). The
antibodies used for Western blotting were as follows:
anti-MRP2 antibody (OriGene TA313641), anti-REV-
ERBa antibody (Sigma-Aldrich WHO0009572M2),
anti-E4BP4 antibody (MBL M225-3), anti-BMAL1
antibody (Abcam ab3350), anti-DBP antibody (Abcam
ab22824), anti-ZO-1 antibody (Invitrogen 40-2200),
anti-Occludin  antibody (abcam ab31721) and
anti-p-Actin (Abcam ab8226). The antibodies used for
immunofluorescence assay were as follows:
anti-MRP2 antibody (OriGene TA313641) and
anti-Villin antibody (Proteintech 66096-1-1g). For ChIP
assays, normal rabbit IgG was purchased from Cell
Signaling Technology (Beverly, MA); Antibody
against DBP (sc-32899) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA); Antibody against
E4BP4 (11773-1-AP) was purchased from Proteintech
(Chicago, IL). Plasmids: pGL3.0 and pRL-TK vectors
were purchased from Promega (Madison, WI). Mrp2
(2000)-Luc, Mrp2 (900)-Luc, Mrp2 (400)-Luc, Mrp2
(200)-Luc, Mrp2 (50)-Luc, Bmall/BMALI1, Rev-erbq,
E4bp4, Dbp, HIf and Tef were synthesized by Biowit
Technologies (Shenzhen, China). Luciferase reporter
constructs containing mutated versions of D4 sites
were obtained from Biowit Technologies (Shenzhen,
China). siE4bp4 (siRNA targeting E4bp4), siRev-erba
(siRNA targeting Rev-erba) and siBmall/siBMAL1
(siRNA targeting Bmall/BMALT1) were obtained from
TranSheep Bio-Tech (Shanghai, China).

Mice
The intestinal-specific =~ Bmall  knockout

(Bmal1X0) mice on a C57BL/6 background were
generated by crossing mice carrying a Bmall exon 8

floxed allele (Bmall/®, The Jackson laboratory) with
Villin-Cre  mice [B6SJL-Tg(Vil-Cre)997Gum, The
Jackson Laboratory]. E4bp47- mice were obtained from
Dr. Masato Kubo at RIKEN Institute in Japan.
Rev-erba’ and Clock” mice were obtained from
Cyagen Biosciences Inc. (Guangzhou, China). All mice
were bred and maintained in the SPF barrier at the
Institute of Laboratory Animal Science, Jinan
University. All mice were housed under a 12 hour
light/12 hour dark cycle and fed ad libitum. 8-12
weeks old mice were used for experiments. All
experiments were performed using protocols
approved by the Institutional Animal Care and Use
Committees of Jinan University.

Pharmacokinetic experiments

Methotrexate (50 mg/kg) was administered to
Bmall¥ and BmallXO mice (male) by oral gavage.
Blood samples were collected by retro-orbital
bleeding at 0.083, 0.25, 0.5,0.75,1,2,4,and 6 h (n =5
per time point). Small intestine (jejunum), liver, and
kidney samples were collected at 0.25 and 0.75 h. The
plasma and tissue samples were prepared as
previously described [46]. MTX concentrations in
plasma and tissues were determined by LC-MS/MS
analysis.

Toxicity experiments

Two sets of toxicity experiments were
performed. In the first set of experiments, Bmal1%! and
Bmal1KO mice (male) received a single dose of MTX
(1000 mg/kg) by oral gavage. Hepatic and renal
toxicities were assessed by measuring ALT (alanine
aminotransferase), AST (aspartate aminotransferase),
BUN (blood urea nitrogen) and Scr (serum creatinine)
levels 24 h post drug administration. ALT, AST, BUN
and Scr were quantified using their respective
biochemical assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to
the manufacturer’s instructions. For the second set of
experiments, Bmallf! and BmallXO mice (male)
received a single dose of MTX (1000 mg/kg) at ZT2 or
ZT14 by oral gavage. In the following fifteen days, the
numbers of mouse deaths were recorded daily and
the survival rates were calculated.

Hematoxylin & Eosin (H&E) staining

Small intestine tissues were washed and fixed in
4% buffered formalin and embedded in paraffin for
staining with H&E. Images were captured using a
Zeiss Axio Imager M1 microscope. An image analyzer
(Kontron Elektronik GmbH) coupled to a binocular
microscope (Carl Zeiss) was used to quantify acquired
images and to determine the villus height, crypt and
enterocyte numbers.
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Everted intestinal sac experiments

Mucosal-to-serosal transport of MTX in everted
sacs from mouse intestines was determined as
described previously [47]. In brief, Bmall¥! and
Bmal1XO mice (male, n = 3 per group) were
anesthetized with ether and sacrificed by
exsanguination from the femoral artery and vein.
Immediately after sacrifice, 10 cm segments from
proximal jejunum were collected. Each intestinal
segment was everted and both ends were tied after
filling the sac with 400 pl Krebs-ringer buffer (KRB,
pH 6.4). The everted sacs were incubated in KRB
buffer for 10 min, and transferred to KRB buffer
containing 20 pM MTX. After incubation, the serosal
solution was collected. Intestinal sacs were weighed
and homogenized in twice the mass of ice-cold saline.
MTX concentrations in serosal and homogenate
samples were determined by LC-MS/MS analysis.

In situ single-pass intestinal perfusion
experiment

In situ perfusion experiments was performed
with mice and a perfusion pump (PHD22/2000,
Harvard Apparatus) as previously described [48]. In
brief, Bmall¥# and BmallXO mice (male, n = 5) were
fasted overnight before experimentation. Mice were
anaesthetized with pentobarbital sodium (60 mg/kg)
by intraperitoneal injection. A midline longitudinal
incision was made to expose the abdomen, and then a
segment of jejunum (10 cm) was separated. The
intestinal segment was cannulated with a silicone
tube at the proximal and distal end of the segment.
After removal of the intestinal content and
preincubation of the segment with transport medium
(HBSS, pH 7.4) containing 20 pM MTX for 30 min, the
effluents were collected every 30 min for 120 min. At
the end of experiment, the lengths of intestinal
segments were measured. MTX concentrations in
perfusate samples were determined by LC-MS/MS
analysis.

Cell culture

Caco-2, CT26, NIH3T3 and HEK293T cells were
purchased from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) at
37°C in a 5% CO; humidified atmosphere.

Cell transfection

The cells were seeded to 6-well-plates. Once
reaching a 70% confluence, cells were transfected with
overexpression plasmids or siRNA (sequences
summarized in Supplementary Table 1) using
JetPRIME (Polyplus Transfection, Ill kirch, France)

according to the instruction manual. After 48 h, the
cells were collected for RNA and protein analyses.

RNA isolation and analysis

Tissue samples (small intestine, liver, kidney
and/or brain) from male mice (n = 6 per group) were
harvested at different circadian time points. All
samples were flash frozen in liquid nitrogen, and
stored at -80°C until use. Total RNA was extracted
from tissue or cell samples using TRIzol reagent
(Invitrogen). 500 ng of total RNA was reverse
transcribed to cDNA using Superscript 1I reverse
transcriptase (Invitrogen). The mRNA expression was
determined by real-time PCR using GoTagR qPCR
Master Mix (Vazyme). qPCR primers were designed
using Primer 5 and the sequences are summarized in
the Supplementary Table 1. qPCR reactions were
performed following our published procedures [49].
A melting curve analysis was performed to verify the
amplification specificity with a temperature gradient
of 0.1 °C/s from 65 to 95 °C. Mouse Hmbs or human
GAPDH gene were used as internal controls.

Cellular accumulation and efflux experiments

CT26 cells were plated and treated with siBmall
(or siNC as the control) for 48 h. The culture medium
was removed and replaced with HBSS bulffer
containing MTX (at a series of concentrations). At
each time point (30, 60 and 90 min), the incubation
solution was aspirated. After washing with ice-cold
PBS twice, the cells were solubilized with 0.4 ml 50%
methanol. MTX concentrations in cell samples were
determined by LC-MS/MS analysis.

Cell viability assay

CT26 cells were seeded and treated with siBmall
(or siNC as the control) for 48 h. The culture medium
was replaced with fresh medium containing MTX (at
a series of concentrations, n = 6), and allowed for
incubation for another 2 days. Then, the cells were
incubated with MTT (1 mg/ml, dissolved in
serum-free medium) for 4 h. Cell residues were
dissolved with 200 pl DMSO. The absorbance at 490
nm was determined using Synergy LX Multi-Mode
Microplate Reader (BioTek, Winooski, VT, USA).

Western blotting

Western blotting was performed as described
previously [49]. In brief, mouse tissues or cells were
lysed in RIPA buffer (with 1 mM PMSF). Protein
concentrations were determined using a BCA assay
kit (Beyotime Biotechnology, China). The lysate was
subjected to sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis. The proteins within the gel
were transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, Bedford, MA). Blots were
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probed with the primary antibodies, followed by
horseradish peroxidase-conjugated secondary
antibody. Protein bands were detected by enhanced
chemiluminescence.

Luciferase reporter assays

Various versions of Mrp2 promoter luciferase
constructs (-2000/+32, -900/+32, -400/+32, -200/+32,
and -50/+32) were synthesized and cloned into the
pGL3.0 vector. Cells were co-transfected with firefly
luciferase reporter (200 ng), renilla luciferase reporter
(pPRL-nTK, 10 ng, Promega) and overexpression
plasmids using the JetPrime transfection reagent.
Cells were lysed in passive lysis buffer 24 h after
transfection. Firefly and renilla luciferase activity
were measured using Dual-Luciferase Reporter Assay
System (Promega). Firefly luciferase activity was
normalized to renilla luciferase activity, and
expressed as relative luciferase unit (RLU).

Electrophoretic mobility shift assay (EMSA)

EMSA assay was performed with a
chemiluminescent EMSA kit as previously described
[ 50 ]. Nuclear proteins from E4bp4 or Dbp
overexpressing HEK293T cells were extracted using a
cytoplasmic/nuclear protein extraction kit according
to the manufacturer’s instructions. Nuclear protein
samples were mixed with labeled DNA probe. For
competition experiments, a 25-fold molar excess
unlabeled DNA probe was premixed with the
proteins for 20 min prior to the addition of labeled
DNA probe. The mixture was subjected to
non-denaturing polyacrylamide gel electrophoresis,
followed by the transfer to a positively charged nylon
membrane. The signals were detected by Omega Lum
G imaging system (Aplegen, CA). Oligonucleotide
sequences are provided in Supplementary Table 1.

Chromatin immunoprecipitation (ChlIP)

ChIP assays were performed using SimpleChip
plus Enzymatic Chromatin IP kit (Cell Signaling
Technology, Beverly, MA, USA) following the
manufacturer's protocol. In brief, the small intestine
was cross-linked with 1.5% formaldehyde and
digested with micrococcal nuclease. The sheared
chromatin was immunoprecipitated overnight at 4°C
using anti-E4BP4, anti-DBP or anti-IgG (as a control)
antibody. The purified DNAs were subjected to qPCR
analyses with primers encompassing the E4BP4 and
DBP-binding sites in Mrp2 promoter (Supplementary
Table 1). The amount of immunoprecipitated DNA
was normalized to input DNA.

LC-MS/MS analysis

MTX quantification was performed using a
UHPLC-MS/MS system consisting of a Dionex

ultimate 3000 UHPLC system and AB 3500
triple-quadrupole mass spectrometer (AB Sciex,
Ontario, Canada). The mass spectrometer was
operated at the positive ESI mode. Chromatographic
separations were conducted on an ACE Ultra-Core 2.5
Super C18 column (Phenomenex, Torrance, CA) at a
flow rate of 0.3 ml/min. A gradient elution program
consisting of mobile phase A (0.1% formic acid in
water) and mobile phase B (0.1% formic acid in
acetonitrile) was applied: 10% B (0-2 min), 10-90% B
(2-6 min), 10% B (6-8 min).

TUNEL assay

Apoptosis was analyzed by TUNEL assay using
Click-iT ® Plus TUNEL Assay (Life Technologies,
Carlsbad, CA) according to manufacturer’s
instruction. Integral optical density (IOD, an index of
apoptosis level) was calculated using Image-pro plus
6.0 (Media Cybernetics, Rockville, MD).

Statistical analysis

Data are presented as means * SD (standard
deviation). Student’s t test was used to test for
statistical differences between two groups. One-way
or two-way ANOVA followed by Bonferroni post hoc
test was used for multiple group comparisons. The
homogeneity of variance assumption for ANOVAs
was verified by Levene’s test. Statistical analyses for
survival were performed with the logrank test. The
level of significance was set at p<0.05 (*¥).

Abbreviations

ABC, ATP-binding cassette; ABCC, ABC
subfamily C; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; AUC, area under the
curve; Bmall, brain and muscle ARNT-like 1; BUN,
blood urea nitrogen; ChIP, chromatin
immunoprecipitation; Clock, circadian locomotor
output cycles kaput; Cry, cryptochrome; CYPs,
cytochromes P450; D-box, D site of albumin promoter;
Dbp, D-site binding protein, DHFR, dihydrofolate
reductase; DMEM, Dulbecco’s modified Eagle's
medium; E4bp4, E4 promoter-binding protein 4;
EMSA, electrophoretic mobility shift assay; E-box,
enhancer box; FBS, fetal bovine serum; HIf, hepatic
leukemia factor; KRB, Krebs-ringer; Mrp2, multidrug
resistance-associated protein 2; MTT, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide; MTX,
methotrexate; Tef, thyrotroph embryonic factor; Per,
period; PVDEF, polyvinylidene fluoride; qPCR,
quantitative polymerase chain reaction; Rev-erba,
reverse erythroblastosis virus a; RevRE, Rev-erba
response element; RLU, relative luciferase unit; Scr,
serum creatinine; siRNA, short interfering RNA;
XMEs, xenobiotic-metabolizing  enzymes; ZT,
zeitgeber time; ZO-1, zonula occludens-1.
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