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The transport of monocarboxylate fuels such as lactate, pyru-
vate, and ketone bodies across brain endothelial cells is medi-
ated by monocarboxylic acid transporter 1 (MCT1). Although
the canonical Wnt/fB-catenin pathway is required for rodent
blood-brain barrier development and for the expression of
associated nutrient transporters, the role of this pathway in
the regulation of brain endothelial MCT1 is unknown. Here
we report expression of nine members of the frizzled receptor
family by the RBE4 rat brain endothelial cell line. Further-
more, activation of the canonical Wnt/fB-catenin pathway in
RBE4 cells via nuclear B-catenin signaling with LiCl does
not alter brain endothelial MctI mRNA but increases the
amount of MCT1 transporter protein. Plasma membrane
biotinylation studies and confocal microscopic examination
of mCherry-tagged MCT1 indicate that increased transporter
results from reduced MCT1 trafficking from the plasma
membrane via the endosomal/lysosomal pathway and is
facilitated by decreased MCT1 ubiquitination following
LiCl treatment. Inhibition of the Notch pathway by the
y-secretase inhibitor N-[N-(3,5-difluorophenacetyl)-L-ala-
nyl]-S-phenylglycine t-butyl ester negated the up-regulation
of MCT1 by LiCl, demonstrating a cross-talk between the
canonical Wnt/B-catenin and Notch pathways. Our results
are important because they show, for the first time, the regu-
lation of MCT1 in cerebrovascular endothelial cells by the
multifunctional canonical Wnt/B-catenin and Notch signal-
ing pathways.

Monocarboxylic acid transporter 1 (MCT1)-dependent lac-
tate transport is critical for various biological processes, includ-
ing muscle and colonocyte metabolism, kidney glomerulus
function, immune suppression, tumor progression, long-term
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memory formation, and oligodendroglial metabolism (1-7). In
the brain, MCT1 is highly expressed in the endothelial cells of
the neurovascular unit and the so called blood-brain barrier
(BBB).> MCT1 is responsible for the blood-brain transport of
monocarboxylic substrates such as lactate, pyruvate, ketone
bodies, and some monocarboxylic drugs (8 —10). Furthermore,
by facilitating brain-to-blood efflux of lactic acid, MCT 1 repre-
sents an important pathway to reduce lactic acidosis associated
with hypoxia and stroke, in which decreased lactic acidosis pre-
dicts a better prognosis (11, 12). MCT1-dependent delivery of
ketone bodies from the peripheral circulation into the brain is
especially critical for supporting neonatal brain development,
maintaining energy metabolism of hibernating animals, and
treating childhood epilepsy and glucose transporter 1 defi-
ciency syndrome with the ketogenic diet (13-17). MCT1 also
transports drugs into the CNS, including valproic acid to treat
epilepsy and bipolar disorders (18) and 3-bromopyruvate to
inhibit glycolytic tumors, implicating the transporter as an
important therapeutic target (19). Therefore, understanding
the regulation of brain endothelial MCT1 is of particular signif-
icance for brain health and disease.

However, research on the regulation of MCT1 by signaling
pathways in brain endothelial cells is limited and merits further
investigation. One signaling pathway that is crucial for initiat-
ing rodent BBB development is the canonical Wnt/B-catenin
pathway (20, 21), which also plays a critical role in many other
biological processes, e.g. dorsal-ventral axis formation during
embryonic development, cell proliferation, tissue self-renewal,
and cancer progression (22—25). Activity of the Wnt/B-catenin
pathway depends on nuclear 3-catenin, which is normally kept
low in resting cells. An intracellular multiprotein complex con-
sisting of adenomatous polyposis coli (APC), axin, glycogen
synthase kinase 3 8 (GSK-3 B), and casein kinase 1 a (CK1 «)
phosphorylates cytosolic B-catenin. This phosphorylation
leads to recognition and ubiquitination of B-catenin by the E3
ubiquitin ligase B-TrCP and subsequent proteasomal degrada-
tion (26, 27). Wnt ligands signal by binding to the extracellular
portion of frizzled family receptors (FZDs) and low-density
lipoprotein receptor-related protein 5 or 6 co-receptors. So far,
10 mammalian FZD genes and 19 highly conserved secreted
Wnt ligands have been identified (28). Wnt signaling leads to

3 The abbreviations used are: BBB, blood-brain barrier; APC, adenomatous
polyposis coli; DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylgly-
cine t-butyl ester; nTOR, mammalian target of rapamycin; ANOVA, analysis
of variance.
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disassembly of the complex that degrades 3-catenin. As a con-
sequence, cytoplasmic B-catenin is stabilized so that it can
translocate into the nucleus, where B-catenin interacts with
TCE/LEF transcription factors and promotes Wnt target gene
expression (29). In brain endothelial cells, these targets include
CyclinD1, Lefl, c-Myc, as well as P-glycoprotein (Pgp) (30-33).
Lithium inhibits the activity of GSK-3 8 both directly and indi-
rectly. Consequently, lithium can be an agonist of the Wnt/g-
catenin pathway (34). In contrast, quercetin antagonizes this
pathway by blocking nuclear translocation of B-catenin (35). In
many situations, the Wnt/B-catenin pathway is affected by
the Notch pathway, either positively or negatively (36—41).
Whether or not the cross-talk exists in endothelial cells of the
BBB is still unknown.

The Notch pathway is highly conserved across the animal
kingdom and functions in determining cell fates during devel-
opment (42). The binding of Notch ligand to its receptor on
neighboring cells results in cleavage of the receptor at its S2 site
(~12 amino acids before the transmembrane domain) by
ADAM metalloprotease. This is followed by a y-secretase-me-
diated second cleavage of the tethered receptor near the inner
leaflet of the membrane (S3 site), creating a transiently active
Notch intracellular domain that translocates into the nucleus,
interacts with the DNA-binding protein CBF1/RBPjk/Su(H)/
Lag-1, recruits the coactivator Mastermind, and induces up-
regulation of downstream target genes, e.g. Hesl, Hes5, Hes7,
Heyl, Hey2, and HeyL (43— 46).

Therefore, given the significance of brain endothelial MCT1
for brain functions, the critical role of the canonical Wnt/f3-
catenin pathway in BBB development, and the reported inter-
action between Wntand Notch pathways, we hypothesized that
brain endothelial MCT1 is regulated by the canonical Wnt/3-
catenin pathway and that this regulation requires Notch signal-
ing. To test this hypothesis, we used various agents to activate
the Wnt/B-catenin pathway or block the Notch pathway to
characterize MCT1 regulation in an immortalized rat brain
endothelial (RBE4) cell line as an in vitro model (9, 47—49).

Experimental Procedures

Cell Culture—RBE4 cells were cultured as described previ-
ously (48, 49) in a humidified incubator at 37 °C with 5% CO.,,.
All experiments were conducted when the cells reached
80-90% confluence.

Reagent Stocks—1 wm lithium chloride (Sigma-Aldrich,
1-0505), 1 M NaCl (Fisher Scientific, S640-3), 40 pug/ml Wnt3a
recombinant protein (R&D Systems, 1324-WN-002), and 20
mMm chloroquine diphosphate (Sigma-Aldrich, C6628) stocks
were all made in H,O, sterile-filtered, and stored at 4°C. 1 M
quercetin dihydrate (EMD Millipore, 551600), 50 mwm
SB216763 (Sigma-Aldrich, S3442), 10 mm MG132 (Sigma-Al-
drich, C2211), 10 mM clasto-lactacystin B-lactone (EMD Milli-
pore, 426102), and 50 mm DAPT (Sigma-Aldrich, 5942) stocks
were all made in dimethyl sulfoxide (Sigma-Aldrich, D2650)
and stored at —80 °C until use.

RNA Isolation, Reverse Transcription, PCR, and RT-PCR—
Total RNA was isolated using the RNeasy mini kit (Qiagen,
74104) according to the instructions of the manufacturer. RNA
samples were converted to cDNA using the QuantiTect reverse

8060 JOURNAL OF BIOLOGICAL CHEMISTRY

transcription kit (Qiagen, 205311). Benchtop PCR was per-
formed in a GeneAmp® PCR System 9700 machine using Plat-
inum TagDNA polymerase (Invitrogen, 10966-034) within a
50-ul reaction volume: 1X PCR buffer (—Mg>*), 0.2 mm dNTP
(each), 1.5 mm MgCl,, 0.2 uM primer (each), 50 ng of template
¢DNA, and 0.5 ul of Taq. The cycling parameters used were as
follows: initial 94 °C for 1 min, followed by 30 cycles of 94 °C for
30 sand 72 °C for 1.5 min, an additional extension at 72 °C for 7
min, and finally hold at 4 °C. The PCR products were resolved
by electrophoresis on SeaKem agarose gel (Lonza, 50152) sup-
plemented with ethidium bromide in 1X TAE buffer (40 mm
Tris, 20 mM acetic acid, and 1 mm EDTA). Rotor Gene Cyber
Green-based (Qiagen, 204074) RT-PCR was conducted on a
Rotor Gene RG-3000 cycler (Corbett Research) using 50 ng of
total cDNA per reaction with the following settings: 95 °C for 5
min, followed by 95 °C for 5 s and 60 °C for 10 s for 40 cycles.
The RT-PCR results were analyzed using the cycle threshold
method (Cp, Applied Biosystems User Bulletin No. 2, P/N
4303859) and expressed as -fold change over control. All prim-
ers used here were designed through the PrimerQuest tool
from Integrated DNA Technologies (supplemental Table S1).

Restriction Enzyme Digestion—Restrictive digestions of PCR
products were performed by incubation in a 37 °C water bath
for atleast 2 h in a 20-ul reaction system: final 1 X buffer, 2 ul of
PCR DNA product, 0.1 pug/ul BSA, and 0.5 ul of specific restric-
tion enzymes. The digests were analyzed by electrophoresis.

SiRNA Knockdown—RBE4 cells were transfected with or
without validated rat B-catenin siRNA (Dharmacon, L-100628-
02-0005) at a final concentration of 25 nM in the presence of
DharmaFECT transfection reagent in serum/antibiotic-free
medium. After 24 h, cells were moved into complete culturing
medium and treated with 20 mm LiCl for another 24 h. Whole
cellular proteins were then harvested.

Protein Lysate Preparation—Whole cellular protein samples
were prepared by direct in-flask scraping of cells using SDS
boiling buffer (5% SDS, 10% v/v glycerol, 60 mm Tris-Cl (pH
6.8)), followed by homogenization and centrifugation at 13,000
rpm for 10 min. Nuclear protein samples were prepared
according to procedures reported previously (50). Briefly,
monolayer cells were scraped off flasks, pelleted, and resus-
pended in Nonidet P-40 lysis buffer (0.3% Nonidet P-40, 1 mm
HEPES (pH 7.9), 1.5 mm MgCl,, 10 mM potassium chloride, 0.5
mMm DTT, and 1X protease inhibitor mixture). After centrifu-
gation at 13,000 rpm for 10 min, the pelleted nuclei were lysed
using a high-salt buffer (20 mm HEPES (pH 7.9), 25% v/v glyc-
erol, 0.42 M NaCl, 1.5 mm MgCl,, and 0.2 mm EDTA). All pro-
tein samples were stored at —80 °C until use.

Western Blotting—Protein concentrations were determined
using the Pierce BCA protein assay kit (Thermo Scientific,
23227) unless otherwise mentioned. Western blotting was per-
formed as reported previously (51). Specifically, equal amounts
of proteins were subjected to SDS-PAGE electrophoresis on
Criterion TGX precast gels (Bio-Rad, 5671033) and transferred
to supported nitrocellulose membranes (Bio-Rad, 162-0070).
The membranes were blocked for 1 h in 5% BSA for anti-ubiq-
uitin antibody or Sea Block (Thermo Scientific, 37527) for all
other antibodies, followed by overnight incubation at 4 °C with
primary antibody diluted 1:5000 for anti-MCT1 (10), 1:5000 for
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anti-Actin (EMD Millipore, MAB1501), 1:1000 for anti-ubiqui-
tin (Enzo, BML-PW8810), 1:20,000 for anti-3-catenin (EMD
Millipore, ABE208), and 1:500 for anti-Histone H1 (Santa Cruz
Biotechnology, sc-10806) in blocking buffer. Then the mem-
branes were incubated for 1 h with rabbit anti-chicken IgY sec-
ondary antibody (Thermo Scientific, 31401) diluted 1:5000 for
MCT1, goat anti-mouse IgG secondary antibody (Thermo Sci-
entific, 31430) diluted 1:10,000 for Actin and 1:5000 for ubiq-
uitin, and goat anti-rabbit IgG secondary antibody (Thermo
Scientific, 31462) diluted 1:10,000 for B-catenin and 1:5000 for
Histone H1. Detection was accomplished after membranes
were rinsed in SuperSignal West Pico chemiluminescent sub-
strate (Thermo Scientific, 34080).

Plasmid Cloning and Transfection—The GST-Mct1 fusion
vector was generated using the Gateway cloning method
according to the instructions of the vendor (Life Technologies).
Briefly, the Mct1 attB-PCR product was obtained from a cDNA
library of RBE4 cells using the forward and reverse primers
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGCC-
ACCTGCGATTGG and GGGGACCACTTTGTACAAGAA-
AGCTGGGTTTCAGACTGGGCTCTCCTCCT, respectively.
BP recombination (Gateway cloning, Life Technologies) was
then performed using the attB-PCR product and pDONR221 to
generate the entry vector, which was used in the subsequent LR
recombinant reaction with pDEST27 vector to create the final
expression clone. Rat mCherry-Mctl vector was cloned as
described previously (52). The integrity of all vectors was con-
firmed by sequencing.

Transfection of DNA vectors into RBE4 cells was conducted
using Lipofectamine LTX with Plus (Invitrogen, 15338-100)
according to the manual of the vendor. Briefly, the cells were
exposed to the transfection complex, consisting of 1 ng/ul
DNA, 1 pl/ml Plus reagent, and 4 ul/ml Transfectamine LTX
reagent in growth medium, for 4 h before changing for fresh
antibiotic-free medium. For GST-Mctl transfection, fresh
medium was replaced 48 h later with or without 20 mm LiCl for
an additional 24 h. For mCherry-MctI transfection, cells were
trypsinized and reseeded at a density of 3 X 10* cells/well into
w-Slide 8-well plates (Ibidi, 80821) that were precoated with
collagen. These replated cells were cultured for an additional
24 h before they were treated with LiCL.

Confocal Microscopy—Confocal images were collected on a
laser-scanning confocal microscope (Zeiss LSM710). Trans-
fected RBE4 cells growing in u-Slide 8-well plates were directly
imaged using the following configurations: X40 objective with
H,O immersion, built-in settings for mCherry fluorescence
(561-nm laser), scan mode as frame, frame size 512X512, aver-
aging method as mean, number as 4 and mode as frame, 12-bit
depth, and 1 airy unit.

Cell Surface Protein Isolation—Cell surface proteins were
prepared using the Pierce cell surface protein isolation kit
(Thermo Scientific, 89881). Specifically, RBE4 cells growing in
collagen-coated flasks (Corning Inc., 430725) were labeled with
Sulfo-NHS-SS-Biotin. Then cells were scraped off, centrifuged
to pellet, and resuspended in lysis buffer. The resulting lysates
were spun at 13,000 rpm at 4 °C, and the supernatant was incu-
bated with NeutrAvidin-agarose. The biotinylated proteins
were eluted off the agarose beads using SDS-PAGE sample
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buffer (Thermo Scientific, 39001) supplemented with 50 mm
DTT. The Pierce 660-nm protein assay (Thermo Scientific,
22662) was used for determining the concentrations of the
eluates.

GST Pulldown Assay—RBE4 Cells transfected with the GST-
Mctl plasmid were harvested in radioimmune precipitation
assay lysis buffer supplemented with protease inhibitor mixture
(Roche) and N-ethylmaleimide. The clarified supernatant was
first precleared for nonspecific binding by incubation with Sep-
hadex 4B (Sigma-Aldrich) resin and then incubated with gluta-
thione-Sepharose resin (GE Healthcare, 17075601) at 4 °C. The
captured proteins were eluted off the beads in Laemmli sample
buffer (Bio-Rad, 1610737).

Results

The Canonical Wnt/B-Catenin Pathway Up-regulated
MCT1I Protein Expression in RBE4 Cells—To test our hypothe-
sis that brain endothelial MCT1 can be regulated by the canon-
ical Wnt/B-catenin pathway, we first determined the expres-
sion profile of the 10 frizzled receptors in our RBE4 cell model
using benchtop PCR amplification of cDNA that was reverse-
transcribed from total RNA. The expected sizes of PCR prod-
ucts for Fzd1-10 were 547, 527, 544, 669, 503, 588, 647, 301,
600, and 614 bp, respectively (supplemental Table S2). Electro-
phoresis of the PCR products revealed mRNA for all receptors
except Fzd10 to be expressed in RBE4 cells (Fig. 14). The spec-
ificity of each PCR product was further confirmed by restriction
enzyme digestion. All digests gave the expected bands for each
receptor gene examined (Fig. 1B), implying the potential for
Wnt/B-catenin signaling activation in RBE4 cells.

Then we treated RBE4 cells for 24 h with vehicle control, 20
mM NaCl (as an osmotic control), or 20 mm LiCl in the presence
or absence of 80 uM quercetin and examined MCT1 expression
in the whole cell lysates by Western blotting. Compared with
NaCl, LiCl significantly increased the MCT1 protein level by
50%, which was negated by co-treatment with quercetin (Fig.
1C). In accordance, LiCl increased nuclear accumulation of
[B-catenin by 300%, which was reduced by 80 um quercetin (Fig.
1D). Furthermore, siRNA-mediated knockdown of B-catenin
significantly decreased the protein level of [B-catenin and
negated the up-regulation of MCT1 by LiCl (Fig. 1E). Our
results demonstrated the specific requirement of nuclear
B-catenin-mediated signaling transduction in the observed up-
regulation of MCT1 by LiCl. Similarly, treatment of RBE4 cells
for 48 h with 5 um SB216763, another commercial GSK-3 3
inhibitor, increased MCT 1 protein expression by 35% (Fig. 1F).
Finally, treatment of RBE4 cells for 9 h with 100 ng/ml recom-
binant Wnt3a, the canonical Wnt ligand that is required for
rodent BBB development (20), stabilized B-catenin and
increased MCT1 protein expression by 40% (Fig. 1G). In sum-
mary, our results showed that activation of the canonical Wnt/
B-catenin pathway elevated MCT1 protein level in RBE4 cells.

The Canonical Wnt/B-Catenin Pathway Did Not Alter the
mRNA Level of Mctl—To determine the mechanisms for
MCT1 up-regulation by the canonical Wnt/B-catenin pathway,
we first performed RT-PCR to examine the transcriptional level
of Mctl1. Although LiCl induced expression of well known Wnt
target genes as expected, e.g. CyclinD1, Lefl, and Pgp, it did not
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change the mRNA level of Mctl (Fig. 2A). Therefore, the
canonical Wnt/B-catenin pathway up-regulated MCT1 protein
expression independently of affecting Mct! transcription in
RBE4 cells.

Then we hypothesized that an altered MCT1 protein turn-
over rate might account for its increased expression by the
canonical Wnt/B-catenin pathway. Generally, membrane pro-
teins are degraded in lysosomes and intracellular proteins in

proteasomes (53, 54). To determine how MCT1 is degraded in
RBEA4 cells, we first treated RBE4 cells with MG132, a protea-
some inhibitor. We could not detect significant changes in the
level of MCT1 protein on Western blotting analyses at any dose
during a 6-h treatment (0.2, 0.5, 1, and 2 um) (Fig. 2B). Similarly,
the duration of treatment was without effect at 0.2 um (6, 12, or
24 h) (Fig. 2C). These results were confirmed by using another,
more selective proteasome inhibitor, clasto-lactacystin B-lac-
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tone (CLBL), at 1 um for 6, 12, or 24 h (Fig. 2D). The above
findings indicate that MCT1 is not generally degraded by
the proteasomal degradation pathway in RBE4 cells. Next,
we treated cells for 24 h with a lysosome inhibitor, chloro-
quine diphosphate, at concentrations of 50, 100, and 200 um.
The level of MCT1 protein was elevated with increased con-
centrations (Fig. 2E). Specifically, treatment with 100 um
chloroquine diphosphate for 24 h significantly increased
MCT]1 protein expression by 120%. In summary, MCT1 is
constitutively degraded in lysosomes, but not in protea-
somes, in RBE4 cells.

The Canonical Wnt/B-Catenin Pathway Increased Expres-
sion of MCT1 on the Plasma Membrane of RBE4 Cells—Our
previous study revealed an endosomal/lysosomal trafficking
pattern for MCT1 that was regulated by the cAMP signaling
pathway (49). Furthermore, the MCT1 protein sequence con-
tains several peptide motifs that are highly involved in the
endosomal/lysosomal sorting process, such as the dileucine (LI)
motif, YXX¢ motif, and acidic clusters (52, 55, 56) (Fig. 3C).
Therefore, we hypothesized that the canonical Wnt/B-catenin
pathway stabilizes MCT1 by reducing its trafficking from the
plasma membrane into the endosomal/lysosomal system. To
test this hypothesis, we biotinylated and purified RBE4 surface
proteins that were then subjected to SDS-PAGE electrophore-
sis, followed by immunoblotting against MCT1. We found that
treatment for 24 h with 20 mm LiCl significantly increased the
expression of MCT1 on the plasma membrane by 200%
(Fig. 3A).

This result was confirmed by another study where RBE4 cells
were transfected with an mCherry-Mct1 plasmid. In confocal
micrographs, the fluorescence intensity of mCherry-tagged
MCT1 on the plasma membrane was dramatically increased by
20 mM LiCl treatment for 24 h (Fig. 3B). Taken together, these
data show that expression of MCT1 on the plasma membrane
of RBE4 cells is increased by activation of the canonical Wnt/
B-catenin pathway.

The Canonical Wnt/B-Catenin Pathway Decreased the Ubiq-
uitination Degree of MCT1—Ubiquitination is a common post-
translational modification mechanism that acts as a sorting sig-
nal for increased trafficking through the endosomal system and
for proteasomal degradation of substrate proteins (57, 58).
MCT1 protein contains a PY motif (PPTY) on its N terminus
that has been implicated in ubiquitin E3 ligase binding and late
endosome/lysosome targeting (59) (Fig. 3C). To verify whether

the ubiquitination status of MCT1 is affected by the canonical
Wnt/B-catenin pathway, we generated and transfected a GST-
Mctl fusion vector into RBE4 cells and treated them with or
without 20 mm LiCl for 24 h. GST-tagged MCT1 proteins were
purified by GST pulldown and subjected to SDS-PAGE electro-
phoresis, followed by immunoblotting against ubiquitin. We
found that LiCl decreased ubiquitination of MCT1 by 90% (Fig.
3D), consistent with a reduction of MCT1 internalization from
the plasma membrane after activation of the canonical Wnt/3-
catenin pathway.

The Canonical Wnt/B-Catenin Pathway Up-regulated
MCT1 Expression in a Notch Signaling-dependent Manner in
RBE4 Cells—Notch signaling is important in vascular develop-
ment and endothelial cells differentiation, but its role in the
BBB has mostly remained elusive. The mammalian Notch path-
way utilizes four receptors (Notchl-4), five ligands (Jaggedl
and 2 and DII1, 3, and 4) and two coligands (DLK1 and 2) (42).
It can be inhibited by y-secretase inhibitors such as DAPT. We
first determined the mRNA expression profile of Notch ligands,
receptors, and selected target genes by RT-PCR in RBE4 cells.
Our results using the AAC; method normalized to Gapdh
showed Notch?2 to be the most abundant receptor, followed by
Notch3, Notchl, and Notch4. Jagged 1 had the highest expres-
sion level compared with other ligands. HesI and Hey2 were the
two most prominent target genes in RBE4 cells (Fig. 4A). Treat-
ment of RBE4 cells with 5 um DAPT for 24 h significantly
down-regulated Notch target gene expression (Fig. 4B), sug-
gesting an inhibition of the Notch pathway by DAPT. There-
fore, to explore the potential cross-talk between the canonical
Wnt/B-catenin and Notch pathways in regulating MCT1, we
treated RBE4 cells with vehicle control, 20 mm LiCl alone, or 20
mM LiCl together with 5 or 25 um DAPT for 24 h. Western
blotting again showed that LiCl elevated MCT1 protein by 56%.
However, this elevation was reduced by co-treatment with 5 um
DAPT and completely blocked with 25 um DAPT (Fig. 4C),
suggesting that Notch activity is required for the canonical
Wnt/B-catenin pathway to up-regulate MCT1 expression in
RBE4 cells.

To further explore the observed interaction between these
two pathways, we treated RBE4 cells with vehicle control, 20
mM NaCl, or 20 mm LiCl for 24 h. Then we performed RT-PCR
to determine expression levels of genes from the Notch path-
way, including receptors, ligands, and targets. Compared with
NaCl-treated cells, Notch4, DIl3, DIl4, and Hes7 expressions

FIGURE 1. The canonical Wnt/B-catenin pathway up-regulated MCT1 protein expression in RBE4 cells. A, Wnt Fzd receptor genes that are expressed in
RBE4 cells were examined using PCR amplification of cDNA that was reverse-transcribed from total RNA, followed by agarose gel analysis. Fzd1 to Fzd9, from
left to right, each showed a band of the expected size (supplemental Table S2). However, Fzd10 did not generate a band (data not shown). B, the specificity of
each PCR product was further confirmed by restriction enzyme digestion. All of the nine PCR digests showed the expected bands (supplemental Table S2). C,
RBE4 cells were treated for 24 h with vehicle control, 20 mm NaCl, or 20 mm LiCl in the presence or absence of 80 um quercetin dihydrate, followed by Western
blotting against MCT1 in the whole cell lysates. Data were first normalized to Actin and then expressed as —fold change over control. Compared with NaCl, LiCl
increased MCT1 protein expression by 50%, which was completely blocked by quercetin (one-way ANOVA followed by Tukey’s post hoc test; mean = S.D,; ¥,
p <0.05;%*%,p <0.01;**** p < 0.0001). D, RBE4 cells were treated with or without 20 mm LiClin the presence or absence of 80 um quercetin for 24 h. Then nuclear
proteins were prepared, and the B-catenin level was examined by Western blotting. Data were first normalized to Histone H1 and then expressed as —fold
change over control. LiCl dramatically increased the nuclear B-catenin level by 300%, which was reduced by quercetin (one-way ANOVA followed by Tukey’s
post hoc test;mean = S.D.; *, p < 0.05). E, RBE4 cells were first transfected with or without B-catenin siRNA for 24 h and then treated for another 24 h with vehicle
control, 20 mm NaCl, or 20 mm LiCl. Western blotting analysis in whole cell lysates showed that the level of B-catenin was stabilized by LiCl but diminished after
siRNA-mediated knockdown. Up-regulation of MCT1 by LiCl was negated by B-catenin siRNA (one-way ANOVA followed by Tukey’s post hoc test; mean = S.D.;
**, p < 0.01; *** p < 0.001). F, RBE4 cells were treated for 48 h with either vehicle control (dimethyl sulfoxide) or 5 um SB216763. Western blotting analysis
showed that SB216763 increased the MCT1 protein level by 35% (Student’s t test; mean = S.D.; **,p < 0.01). G, RBE4 cells were treated for 9 h with either vehicle
control (PBS) or recombinant Wnt3a. Western blotting showed that Wnt3a stabilized B-catenin and increased the MCT1 protein level by 40% (Student’s t test;
mean * S.D.; *¥, p < 0.01).
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FIGURE 2. The canonical Wnt/B-catenin pathway did not alter the mRNA level of Mct1. A, RBE4 cells were first treated with vehicle control, 20 mm NaCl, or
20 mm LiClfor 24 h and then subjected to RT-PCR analysis. Results were first normalized to the internal standard Gapdh and then expressed as —fold change over
vehicle control as determined by the AAC; method. Compared with NaCl, LiCl increased Wnt target gene transcription (CyclinD1, Lef1,and Pgp) but did not alter
the mRNA level of Mct1 (Student’s t test; mean = S.D.; ¥, p < 0.05; **, p < 0.01; ns, non-significant). B and C, RBE4 cells were exposed to either (B) increasing
concentrations of MG132 (0.2, 0.5, 1, or 2 um) for 6 h or (C) increasing duration (6, 12, or 24 h) of MG132 treatment at 0.2 um. No changes in MCT1 protein level
were observed. DMSO, dimethyl sulfoxide. D, similarly, a time course-response study of RBE4 cells to 1 um clasto-lactacystin B-lactone (CLBL, 6, 12, or 24 h) did
not show changes in the protein level of MCT1. E, a dose-response study of RBE4 cells to chloroquine treatment for 24 h revealed that chloroquine elevated the
MCT1 protein level with increasing concentrations (50, 100, and 200 um). Specifically, 100 um chloroquine significantly increased the MCT1 protein level by
120% (Student'’s t test; mean * S.D.; **¥*, p < 0.001).

were all significantly increased by LiCl, demonstrating a role of
the canonical Wnt/B-catenin pathway in promoting Notch
signaling transduction (Fig. 4D). Surprisingly, HesI, one of
the predominant Notch targets in RBE4 cells, was un-

plicated in RBE4 cells, probably depending on their biologi-
cal contexts.

Discussion

changed by LiCl, whereas Hey2, another predominant Notch
target, was down-regulated by LiCl (Fig. 4D). In conclusion,
the interplay between Wnt and Notch pathways can be com-
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In this study, we report that the canonical Wnt/B-catenin
signaling pathway up-regulates MCT1 protein expression on
the plasma membrane of RBE4 cells by a mechanism that
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FIGURE 3. The canonical Wnt/B-catenin pathway increased expression of MCT1 on the plasma membrane of RBE4 cells. A, RBE4 cells were treated with
or without 20 mm LiCl for 24 h. Then cell surface proteins were labeled with biotin, captured/purified by streptavidin beads, subjected to SDS-PAGE separation,
and analyzed by Western blotting. Densitometry analysis showed that LiCl increased the MCT1 protein level on the plasma membrane by 200% (Student’s t
test; mean = S.D.; **, p < 0.01). B, RBE4 cells were transfected with an mCherry-Mct1 fusion plasmid and treated with or without 20 mm LiCl for 24 h. Confocal
microscopy showed that fluorescence-tagged MCT1 expression on the plasma membrane was increased by LiCl treatment. Scale bars = 5 um. C, topology of
therat MCT1 protein. It contains 494 amino acids, 12 transmembrane domains, and one large intracellular loop. Critical amino acid motifs, such as the dileucine
motif (LI, purple), the YXX¢ motif (YRLV, green), the PY motif (PPTY, red), and two acidic clusters (EEE and DGKEDETSTDVDE, pink), are present in the intracellular
fragments of MCT1. D, RBE4 cells were transfected with the GST-Mct1 plasmid and treated for 24 h with or without 20 mm LiCl, followed by GST pulldown,
SDS-PAGE electrophoresis, and immunoblotting (/B) against ubiquitin (top panel) and MCT1 (bottom panel). Compared with vehicle control, LiCl dramatically
decreased the ubiquitination degree of MCT1 by 90%. The equal loading of eluted proteins was demonstrated by the GST-MCT1 band as well as Indian ink
staining on the whole blot (data not shown).

reduces ubiquitination and degradation of the transporter in
the endosomal/lysosomal system. This regulation does not
alter the levels of Mctzl mRNA and requires intact Notch sig-
naling (Fig. 5). To our knowledge, this is the first report showing
a regulatory effect of the canonical Wnt/B-catenin pathway on
MCTI.

Our discovery is consistent with recent studies showing a
similar regulatory mechanism that controls MCT1 function by
cAMP-dependent signaling in RBE4 cells (49, 52). Such a mech-
anism is supported by the critical amino acid domains (e.g.
dileucine motif, acidic clusters, and YXX¢ motif) present on the
intracellular portion of MCT1 (Fig. 3C). These domains are
strongly associated with targeting transmembrane proteins
from the plasma membrane into endosomal compartments and
lysosomes (55, 60, 61). For example, the intracellular sequestra-
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tion of insulin-responsive glucose transporter 4 (GLUT4) in
adipose tissue is at least regulated by a dileucine domain (62) as
well as an acidic cluster-based motif in the C terminus (63).
Thus, our results are consistent with the previous findings that
cell surface transporters can be actively regulated through the
endosomal/lysosomal sorting system.

Our results do not exclude the possibility that enhanced
translation of MctI mRNA might contribute to the observed
up-regulation of MCT1 protein. Indeed, GSK-3 is able to phos-
phorylate and activate tuberous sclerosis complex 2 (TSC2),
thereby inhibiting mammalian target of rapamycin complex 1
(mTORC]1) activity (64). As a result, lithium can reverse the
inhibitory effect of GSK-3 and activate the mTOR signaling
pathway, enhancing the capacity of protein translational
machinery (65). In addition, previous studies of monocarboxy-

JOURNAL OF BIOLOGICAL CHEMISTRY 8065



Regulation of MCT1 by the Wnt/[3-Catenin and Notch Pathways

A) ®)
0.04
<
2
0.03
8 Hes1 Hey1 Hey2
2 Ill 3 1.5 3 1.5 s 1.5
» 002 £ - £ - £ P
[ b ! ! et ! d 2 ! 1
2 o001 g 10 5 10 g 10
< ) & &
c c
= 505 5 05 5 05
L [l@ © ¢ 9
£ 0.0010 3 3 3
o K] ] 2
= 0.0 0.0 0.0
= > > >
B 0.0005 & & & & &© ¢
& 000 6‘0?’ 00(‘ éo‘?- (;°° éov’
& oY & o¥ ¥ ¥
0.0000 & & &
NS A IQ_OITARNI AL ANI S
N AN N N 2 2 2
o@“&c’}‘&,&&(‘}‘gﬁsﬁo NERCRTRAT )
PP
© ()]
" " " Notch4 mRNA levels DII3 mRNA levels DIl4 mRNA levels
-
) oF oo —_ —_— —_
i 5 o 5 < 5 15 ns *x —- 5 ns e 3 25 ns *
) g a -] Lo & LI L = —r—
st E9 E= E= 5 E, S 20
e c = o o
o O o2 o ow 3 10 o 5
>0 0 N w NN 3 g 3 3 15
@ © @
(=] o 1=
MCT1 ] 2 c 10
¢ @S sese s | 38 kDa £ s § 2 £
. k) Q g 5
Actin 42 kDa S 3 ! k3
0 w 0 0
3 oy N N A\ N
. . & & < &€ & &
MCT1 Protein Expression o &‘xs & & \‘\\ O Iod &\xs &
o P RN o P
- 20 —_— Rl & » &
[<] xR x x
% h ' Hes7 mRNA levels Hes1 mRNA levels Hey2 mRNA levels
o 15
[ ns ke
2 5 5 L _ — _ —
o = ns e s 1.5 ns ns 5 1.5 ns
o 1.0 g  —— a‘é e E —1r—
g 2 8 8
S o0s g 3 g 1.0 g 1.0
% : © ° °
1= Q @
" 0.0 E ’ g 0.5 g 05
& ¢ &£ & 3 5 5
o Q Q ° -] T
4 (\) $ § w 0 E 12
& ) oo P > o o 0.0 0.0
K & SR NI s & &
% » PN SR & &V
W & RS SR
& ¥ o5 O VSR RPN
L Q& & v v ¥ o N ¥ o N
S 46’0 é\\o S Vv é’{\\o e v
B\ B\

FIGURE 4. The canonical Wnt/-catenin pathway up-regulated MCT1 expression in a Notch signaling-dependent manner in RBE4 cells. A, the expres-
sion profile of genes from the Notch pathway was examined by RT-PCR and represented as —fold change to that of Gapdh using the AAC; method with the
formula 2, ~ CTGapd,,). Data were summarized as mean =+ S.D. <, threshold cycle number of individual gene; CrGapan threshold cycle number of the Gapdh
gene. B, RBE4 cells were treated with vehicle control (dimethyl sulfoxide (DMSO)) or 5 um DAPT for 24 h, followed by RT-PCR analysis. Data were first normalized
to B-actin and then expressed as —fold change over vehicle control. DAPT down-regulated expression of the Notch target genes Hes1, Hey 1, and Hey2 by 53%,
34%, and 54%, respectively (Student’s t test, mean = S.D.; ¥, p < 0.05; ****, p < 0.0001). C, RBE4 cells were treated for 24 h with vehicle control, 20 mm LiCl alone,
or 20 mmLiCl together with 5 um or 25 um DAPT. Whole cell lysates were prepared and separated on SDS-PAGE, followed by immunoblotting against MCT1 and
Actin. Densitometry was used for quantification, and results were expressed as -fold change over vehicle control. LiCl elevated MCT1 expression by 56%, which
was reduced by 5 um DAPT and completely blocked by 25 um DAPT (one-way ANOVA followed by Tukey’s post hoc test; mean = S.D,; *, p < 0.05; ****, p <
0.0001). D, RBE4 cells were treated with vehicle control, 20 mm NaCl, or 20 mm LiCl for 24 h. Total RNA was prepared, reverse-transcribed, and quantified by
RT-PCR. Results were first normalized to the internal standard Gapdh and then expressed as -fold change over vehicle control. LiCl up-regulated the expression
of Notch4 by 8-fold, DII3 by 3-fold, Dll4 by 15-fold, and Hes7 by 2.5-fold. In contrary, LiCl did not change the level of Hes7 and down-regulated Hey2 to 0.42-fold
(one-way ANOVA followed by Tukey's post hoc test; mean = S.D.; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, non-significant).

lic acid transporter 2 (MCT2) showed that the elevated expres-
sion of this neuronal MCT paralog is induced by noradrenaline
and is mediated by translational activation of the mTOR/S6K
pathway (66). However, the much greater up-regulation of
MCT1 observed on the plasma membrane (200%) compared
with whole cell lysates (50%) in this study favors the notion that
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the canonical Wnt/S-catenin pathway affects intracellular traf-
ficking more than protein translation.

The cross-talk between Wnt and Notch pathways observed
in our study is supported by previous research in mouse embry-
onic stem cells that demonstrated that inhibition of Notch by
DAPT significantly reduces 3-catenin activity by decreasing its
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FIGURE 5. Schematic of the regulation of MCT1 by the canonical Wnt/B-catenin pathway in RBE4 cells. A, in the absence of Wnt signals, the destruction
complex of APC, Axin, CK1, and GSK-3 phosphorylates B-catenin, leading to the recognition and ubiquitination of B-catenin by B-TrCP and subsequent
proteasomal degradation. MCT1 on the plasma membrane undergoes ubiquitination, and the ubiquitinated MCT1 is sorted into the endosomal/lysosomal
trafficking system for degradation. B, when GSK-3 3 of the destruction complex is inhibited by LiCl or SB216763, unphosphorylated B-catenin accumulates and
translocates into the nucleus, where it replaces the co-repressor associated with TCF/LEF and functions as a transcription activator. The resulting Wnt signals
retain the MCT1 transporter on the plasma membrane from trafficking into the endosomal/lysosomal system by decreasing the ubiquitination degree of MCTT,
either by inhibiting the E3 ligase-dependent catalytic reaction or enhancing the activity of certain deubiquitinase inhibitor(s) (not shown). Notch signaling is
indispensable for the indicated up-regulation of MCT1 by the Wnt/B-catenin pathway because this up-regulation can be negated by the y-secretase inhibitor
DAPT. Co-R, co-repressor; EE, early endosome; LE, late endosome; LYS, lysosome; NICD, Notch intracellular domain; CSL, CBF1/RBPjk/Su(H)/Lag-1; MAM,

Mastermind; P, phosphate group; U, ubiquitin.

protein level (39) and thus quenches Wnt signaling. In addition,
this cross-talk has also been reported extensively in cancer pro-
gression, where MCT1 functions as an important metabolic
facilitator. For example, Notch is found downstream of Wnt in
colorectal cancer cells, where B-catenin-mediated transcrip-
tional activation of Notch-ligand Jagged 1 promotes tumori-
genesis (41). Similarly, the effect of LiCl-mediated Wnt activa-
tion on cell cycle progression in non-small-cell lung cancer cells
is attenuated by siRNA knockdown of Notch3 signaling (67).
The same functionality of the Wnt/S-catenin-Notch signaling
axis is also present in glioblastoma angiogenesis and responsi-
ble for the generation of a more normalized tumor vasculature
phenotype (68).

In vascular development, canonical Wnt and Notch signaling
are functionally connected and control each other. Specifically,
stabilization of Wnt/B-catenin signaling in endothelial cells
during early embryonic development alters expression of the
DIl4 ligand and causes a vascular phenotype that is similar to
what is observed with the up-regulation of Notch signaling (69).
Our RT-PCR data showing the up-regulation of Notch4, DII3,
Dli4, and Hes7 by Wnt activation (Fig. 4D) agree with the crit-
ical role of the canonical Wnt signaling in normal BBB devel-
opment (20, 21) and with the essential function of Notch sig-
naling in vasculature formation, especially mediated through
Notch4 receptor (70, 71) and Dll4 ligand (72, 73). All of these
findings confirm a cooperative interaction between Wnt and
Notch pathways.

Surprisingly, Wnt activation did not change the mRNA level
of HeslI (Fig. 4D). Hes 1 is a classic Notch target gene, and its
expression was reduced by DAPT treatment in this study (Fig.
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4B). Similarly, LiCl down-regulated another Notch target,
Hey2, suggesting that Wnt activation can antagonize Notch sig-
naling (Fig. 4D). In fact, not all Notch components are regulated
by Wnt/B-catenin signaling. For example, in adenomas from
genetically modified APC"™'~ mice, only a subset of Notch
receptors (Notchl, 2, and 4) and ligands (Jagged1 and 2, DIl4) is
up-regulated by loss of the APC allele (40). Interestingly, Hes7,
the Notch target gene that was up-regulated in our study by
Wnt activation, periodically inhibits the transcription of
selected Notch downstream target genes, e.g. Hes7 itself and
Lfng, during the control of the segmentation clock (74). These
scenarios can account for our observations of unchanged Hes1
expression and decreased Hey2 expression by the canonical
Wnt/B-catenin pathway.

In conclusion, we report that the canonical Wnt/B-catenin
signaling pathway regulates MCT1 in an immortalized rat brain
endothelial RBE4 cell line. Specifically, we found that the Wnt
pathway decreased the ubiquitination status of MCT1, reduced
the trafficking of MCT1 within the endosomal/lysosomal sys-
tem, and increased the expression of MCT1 on the plasma
membrane. Intact Notch activity was indispensable in the up-
regulation of MCT1 by the Wnt pathway. Our findings are
highly relevant to brain development because normal develop-
ment of both human and rat brain is associated with a metabolic
switch from lactate and ketone bodies in the immature brain to
glucose in the adult (75). Because the Wnt pathway maintains
the characteristics of rodent BBB during embryonic and post-
natal development (20), our findings now provide an explana-
tion for how brain endothelial MCT1 is regulated to help with
the metabolic reliance of immature brain on monocarboxy-
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lates. Furthermore, these results may have important implica-
tions for developing therapeutic strategies for disorders where
an enhanced transport of alternative fuels or monocarboxylic
drugs across the BBB can serve as a potential treatment.
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