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embryonic day 14.5 Balb/c mouse embryos as described
(18). MEFs were cultured in DMEM medium supple-
mented with non-essential amino acids plus 1mM
pyruvic acid (Invitrogen, Carlshad, CA, USA) and 10%
heat-inactivated FBS. Stably transformed Colon 26 cells
were cultured in RPMI 1640 medium supplemented
with 300 ug/ml geneticin (Invitrogen). All media were
supplemented with 100 U/ml penicillin (Invitrogen), and
100 ug/ml streptomycin (Invitrogen).

Cell Proliferation Assay Using Multi-drug Resistance
Transporter Inhibitor—Cell proliferation was determined
by WST-8 reagent (Dojindo, Kumamoto, Japan) under
the manufacturer’s instruction. This assay is basically
similar to the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide (MTT) assay. Cells were seeded at
a density of 3 x 102 cells per well in 96-well plates, and
after overnight cultivation, Cyclosporine A (CyA; Wako,
Osaka, Japan) of concentrations ranging from 1 to 10 uM
or 20 M reserpine (Rs; Sigma) was added to wells. After
48h of incubation with drug, WST-8 reagent was added
to each well and cells were incubated for an additional
2h. Absorbance at 405nm was determined using a
Biotrac II  platereader (Amersham  biosciences,
Piscataway, NJ, USA).

Transient Knockdown of mdrla/1b—Transient knock-
down of mdrla/1b gene of Colon 26 and B16 cells was
performed using the short hairpin RNA (shRNA) method.
shRNA coding for mdrla/lb was inserted into the
pSINsi-hU6 DNA vector (Takara, Shiga, Japan) at the
BamH1 and Clal ligation sites according to the manu-
facturer’s instruction. shRNA oligonucleotides were
synthesized corresponding to the published sequence of
mdrla and mdrib mRNAs (mdria: NM_011076, mdrlib:
NM_011075). The following specific DNA inserts were
used: mdrla/lb shRNA (insert 1; forward strand:
5-gatcc GTG TGT TCA TAG TTG TCT ATA ttc aag
aga TGT AGG CAA CTA TGA GCA CAC tttttt at-3/,
reverse strand: 5'-cgat aaaaaa GTG TGC TCA TAG TTG
CCT ACA tct ctt gaa TAT AGA CAA CTA TGA ACA CAC
g-3"), Gnsert 2; forward strand: 5'-gattc GAT CGT TGG
TGT GGT GGG TCG ttc aag aga TGA CTC ACC ACA
CCA ATG ATC tttttt at-3', reverse strand: 5'-cgat aaaaaa
GAT CAT TGG TGT GGT GAG TCA tct ctt gaa CGA
CCC ACC ACA CCA ACG ATC g-3') and a non-specific
oligonucleotide insert for negative control (forward
strand: &-gatcc GAT CGT TGG TGT GGT GGG TCG
ttc aag aga ACT ACC ATG CTC CCA TGA ACA tttttt
at-3/, reverse strand: 5'-cgat aaaaaa TGT TCA TGG GAG
CAT GGT AGT tet ctt gaa CGA CCC ACC ACA CCA
ACG ATC g-3). Colon 26 and B16 cells were seeded at a
density of 3 x 10° cells per well in 24-well plates. The
following day, a plasmid containing one of the DNA
inserts (noted above) was transfected into the cells using
lipofectamine 2000 reagent (Invitrogen) according to
the manufacture’s instruction. For the evaluation of
mdrla/1b knockdown, mdrla/1b expression was deter-
mined by real-time reverse transcription (RT) and
polymerase chain reaction (PCR) (RT-PCR) and immuno-
blotting. Total RNA, for real-time RT-PCR, was collected
from cells 48h after transfection. Total cell lysate for
immunoblotting was prepared from cells after 72h of
transfection. For growth assay, transfected cells were
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harvested with trypsin and re-seeded at a density of
3 % 10* cells in 6-well plates after 1day of transfection.
Four days later, cells were harvested and the total cell
number was determined.

Generation of mdrlal/lb Knockdown Cells—Stable
knockdown of mdrla/1b gene of Colon 26 cells was
achieved using the shRNA. shRNA vectors with mdrla/
1b-specific insert 1, non-specific insert or a mock vector
was used. Colon 26 cells were seeded at a density of
1 x 10* cells per well in 24-well plates. The following day,
a plasmid containing the DNA insert (noted above)
was transfected by using lipofectamine 2000 reagent
(Invitrogen) using the manufacture’s instruction. Forty-
eight hours after infection, the cells were harvested by
trypsinization and re-seeded at a density of 2 x 10* cells
in 10-cm culture dishes. The following day, geneticine
was added to a final concentration of 300ug/ml. Eight
days after addition of geneticine, colonies were picked by
using a cloning ring (Asahi techno glass corporation,
Tokyo, Japan) and re-seeded in the culture plate. For the
evaluation of mdrla/1b knockdown, mdrla/lb expres-
sion was determined by real-time RT-PCR.

ENA Isolation and RT-PCR Analysis—Total RNA
was collected using Isogen reagent (Invitrogen) as
previously reported (19). Total RNA was reverse tran-
scribed using the MMLV Reverse Transcriptase
(Invitrogen). The ¢DNA was amplified using Taqg poly-
merase (Takara) in a GeneAmp PCR system model 9700
(Applied Biosystems, Foster City, CA, USA) using 32
cycles. Each cycle consisted of denaturation at 94°C for
1 min, annealing at 60°C for 1 min and extension at 72°C
for 1min. Primers used for RT-PCR were as follows;
mdrla (sense: GAA TTG GTG ACA AAA TCG GA,
anti-sense: TGT CTA TAC TGG GCT TAT TA), mdrlb
(sense: GGA ACT CTC GCT GCT ATT AT, anti-sense:
GGT TAG CTT CCA ACC ACT TA), mdr2 (sense: AAC
ACA GCC AAC CTT GGA AC, anti-sense: CAG CCC TTC
TCC ACT GTA GC), mrpl (sense: CCA CTC TGG GAC
TGG AAT GT, anti-sense: GGG GTG AGC AGT CTG
AGA AQG), beta-actin (sense: CCT AAG GCC AAC CGT
GAA AAG, anti-sense: TCT TCA TGG TGC TAG GAG
CCA).

For real-time RT-PCR, reactions were performed by
using platinum SYBR green qPCR supermix UDG
reagent (Invitrogen). Cycling conditions were 2min at
50°C, 10min at 95°C, followed with 41 cycles of
alternating 15s at 95°C and 1min at 60°C. The quantity
of mdrla, mdrib, mrpl detected in each reaction tube
was normalized to the level of the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) internal control.
Primers used for real-time RT-PCR were as follows;
mdrla (sense: AGT GTC AGC ATC CCA CAT CA, anti-
sense: TTG CAC ATT TCC TTC CAA CA), mdrib (sense:
GGA CAT CCT TGG TCC TCT CA, anti-sense: CTA TGT
TTG GGG CCA AGT GT), mrpl (sense: TTG GTG TGA
GCT GGT CTC TG, anti-sense: TTT GGG TTT TGT CTG
GGA AG), GAPDH (sense: TGG CAA AGT GGA GAT
TGT TGC C, anti-sense: AAG ATG GTG ATG GGC TTC
CCG). Data were collected using an ABI prism 7900 HT
RT-PCR System (Applied Biosystems).

Imumunoblotting—Total cell lysates from each transfec-
tant were prepared by lysis in buffer {10 mM Tris—HCI
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(pH7.4), 1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS,
0.15M NaCl, 1mM EDTA-2Na] and the proteins were
separated by electrophoresis on 10% polyacrylamide gels
containing SDS. The proteins were transferred by
electroblotting to polyvinylidene difluoride membranes
and the membranes were subsequently incubated with
the following antibodies: anti p-gp rabbit polyclonal
antibody (H-241; Santa Cruz, DE, CA, USA), anti
GAPDH mouse monoclonal antibody (Chemicon,
Temecula, CA, USA), anti-extracellular signal-regulated
kinase 1/2 (ERK1/2) rabbit polyclonal antibody or anti-
phospho-ERK1/2 (Thr202/Thr204) rabbit polyclonal anti-
body (Cell Signaling Technology, Beverly, MA). Proteins
were detected with horseradish peroxidase (HRP)-
conjugated anti-rabbit Ig (Dako Cytomation, Glostrup,
Denmark), anti-mouse Ig (Dako) or anti-rabbit IgG (Cell
Signaling Technology, for detection of P-ERK1/2). After
extensive washing, the antigen was visualized using the
ECL plus reagents (Amersham) according to the manu-
facturer’s instructions.

Cell Kinetics Assays Using Mdrl Knockdown Cell
Line—For cytotoxicity assay, cells were seeded at a
density of 8 x 10% cells per well in 96-well plate, and next
day 0.5ug/ml doxorubicin (DXR; Biovision, Mountain
View, CA, USA) was added. After 48h of incubation
with drug, WST-8 reagent was added to each well and
cells were incubated for an additional 2h. Absorbance
at 405 nm was determined using a Biotrac II plate reader
(Amersham Biosciences). For cell growth assay, each
clone was seeded at a density of 5x 10 cells per well
in 6-well plates. The following day and 3 days later,
cells were collected by trypsinization, counted by using a
cell counting chamber and the doubling time for cell
division was calculated. For the analysis of DNA
synthesis, each clone was seeded at a density of 3 x 10*
cells per well in 24-well plates. Two days later,
bromodeoxyuridine (BrdU; SIGMA) was added at
10uM, and incubated for 4-5h. To examine BrdU
positive cell, cells were incubated with anti-BrdU rat
1gG (abcam, Cambridge, Cambridgeshire, UK), followed
with alexa 488-conjugated goat anti rat IgG antibody
(molecular probes, Eugene, OR, USA), and examined by
fluorescence microscopy (IX70, Olympus, Tokyo, Japan).
For nuclear counter staining, Hoechst 33342 (Nacalai,
Kyoto, Japan) was used. Immunocytochemical methods
were performed as described previously (20). For cell
cycle analysis, each clone was seeded at a density of
5 x 10° cells per 10-cm culture dishes. Two days later,
cells were collected and stained with propidium iodide
(PI) using standard protocol. Stained cells were detected
by flow cytometry, FACS calibur system (Becton
Dickinson, Franclin Lakes, NJ, USA), and analysed by
Modfit LT software (Verity Software House, Augusta,
ME, USA).

Mouse Xenograft Assay—Six- to 8-week-old female
Balb/c mice were injected subcutaneously with 5 x 10°
cells as described previously (19). Mice injected with cells
were sacrificed 2 weeks post-injection, the tumour was
dissected and the tumour weight was determined. Mice
were purchased from SLC (Shizucka, Japan). These
studies were approved by the animal care committee of
Osaka University and Kanazawa University.
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Fig. 1. Expression of mdrla/lb mRNA in tumour cells.
Total RNA from each cell type was subjected to RT-PCR
analysis. C: Colon 26, B: B16 melanoma, M: MEFs, O: OP9, L:
mouse whole liver. Liver was used as positive control for mdr2
detection; beta-actin was used as an internal control.

RESULTS

Suppression of Tumour Cell Proliferation by Inhibition
of Mdrl Function—Intestinal tumourigenesis usually
observed in Min (Apc™™*) mice was reported to be
suppressed in the mdrla/1b double mutant background
(17). This might suggest that malignant proliferation of
tumour cells is dependent on Mdrla/lb function. To test
this property, we observed mdrla/Ib expression on cells
from a mouse colon cancer cell line, Colon 26, and
compared its expression to that on cells from a non-
gastrointestinal cancer cell line, B16 (melanoma), osteo-
blastic cell line OP9 and primary normal cells, MEFs.
As expected, Colon 26 cells expressed both mdrla and
mdrlb (Fig. 1). On the other hand, B16 melanoma cells
and MEFs expressed mdrlb weakly but did not express
mdrla. Moreover, OP9 cells expressed both mdrle and
mdrlb as found in Colon26 cells. To test the role of Mdrl
in cell proliferation, firstly, we blocked the pump function
of Mdrl on these four different types of cells by using
MDR modifier CyA or Rs. MEFs and OP9 cells could
proliferate in the presence of increasing concentrations
(up to 10 uM) of CyA but the growth of Colon 26 and B16
cells decreased by as much as 70-80% at the highest
concentration (Fig. 2A). As with CyA, Rs suppressed the
growth of Colon 26 and B16 cells but not that of MEFs.
However, unlike CyA, Rs attenuated the proliferation of
OP9 cells (Fig. 2B). These results suggested that MDR1
function is associated with proliferation of transformed
cells that had acquired the property of permanent cell
proliferation, like tumour cells. However, based on
controversial result of CyA and Rs on the growth of
OP9 cells, it appears that gene knockdown experiment of
Mdr1 is required for the clarification of whether Mdrl is
actually involved in tumour cell growth or not. Moreover,
there is another member of a multi-drug resistance
transporter family of proteins Mrpl. Mrpl is expressed
on tumour cells and CyA also inhibit Mrpl pump
function (5). Indeed, both colon 26 cells and B16
melanoma cells expressed mrpl (Fig. 1). Therefore, to
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Fig. 2. Effect of mdrla/lb on cell growth. (A) After 2 days of
culturing with various concentration of CyA as indicated, cell
growth was analysed with WST-8 assay. For each concentration
of CyA, the percentage of O.D. measured in the presence of CyA
relative to that in the absence of CyA is shown. Filled circle:
Colon 26 cells, open circle: B16 cells, filled triangle: MEFs,
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Fig. 3. Effect of transient mdrla/ib knockdown on tumour
cell growth. After transfection with S1 or S2 (two different vector
containing shRNA for mdrla/lb), NS (vector containing a non-
specific insert) or Mo (mock vector containing no shRNA insert)
into Colon 26 cells (A-C) or B16 cells (D-F), expression of mRNA
for mdria/1b was determined (A, D) and protein level (B, E) and
cell growth was measured in the cell cultures (C, F). (A and D)
Total RNA from cells transfected with each vector was subjected to
real-time RT-PCR analysis. Data show the relative expression

test whether growth inhibition of tumour cells is actually
regulated by mdrla/1b, we ablated mdrla/1b genes in
Colon 26 and B16 cells by performing RNA interference
(RNAI).

Transient Knockdown of mdrla/1b Gene on Colon26
and B16 Cells Inhibits Cell Growth—To test whether

B16 OPg MEF

open triangle: OP9. Each data point represents the mean and the
bar shows the SD of three independent measurements. (B) After
2 days of culturing with 20uM reserpin (Rs), cell growth was
analysed using the WST-8 assay. The percentage of O.D.
measured in the presence of Rs relative to that in the absence
of Rs is shown.
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level of mdria or mdrib (A) or mdrlb (D) gene in S1 or S2
transfected cells compared with that in NS transfected cells. (B and
E) Total protein from cells transfected with each vector was
subjected to western blotting analysis. p-gp and GAPDH expres-
sion of the clones was analysed. GAPDH was used as an internal
control. (C and F) Cells transfected with each vector were seeded in
culture dishes; the total number of cells was determined after 4
days of culturing. Data show mean £ SD derived from representa-
tive result of three independent experiments.

attenuation of mdrla/lb expression on Colon 26 or B16
cells inhibits cell growth or not, we performed gene
silencing by using shRNA method (Fig. 3). Mice express
two genes encoding Mdrl, mdria and mdrib (12). In
humans, a single MDR1 product displays both functions
of murine Mdrla and Mdrlb (13). Mouse mdrla is
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Fig. 4. Generation of stable mdrila/lb knockdown Colon26
cells. (A) Total RNA from each clones were subjected to real-
time RT-PCR analysis. Data show the relative expression level
of RNA compared to Colon 26 clones transfected with a mock
vector. In each clone, mdria, mdrib and mrpl expression were
analysed. (B)Total protein from each clone was subjected to
western blotting analysis. p-gp and GAPDH expression of the
clones were analysed. GAPDH was used as an internal control.
(C) To evaluate the suppression of mdrla/1b, each clone was
incubated with 0.5 pg/ml DXR. Two days later after incubation
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expressed in the intestinal epithelium and at the blood-
brain and blood-testis barriers, whereas mdrlb is highly
expressed in the adrenal gland, pregnant uterus and
ovary. Although tissue distribution of mdrla or mdrlb is
different, functional discrimination between mdria and
mdrib has not been reported (15). Therefore, in order to
know the function of Mdrl in tumour cells, we used
plasmids containing two different oligonucleotide inserts
of shRNA (S1 or S2) that specifically recognize both
of mdrla and mdrlb sequences. With this method, we
caused interference with the expression of mdrla and
mdrlb by using a common sequence shared by both
mdrle and mdrlb mRNAs, Upon transfection with
plasmids (S1 and S2), both mdrla and mdrlb expression
of Colon 26 cells and mdrlb expression on B16 cells were
reduced compared with the level of expression of control
cells transfected with a plasmid containing a non-specific
shRNA (NS) (Fig. 3A and D). Western blotting showed
a reduction in mdrla/lb (p-gp) protein expression in
Colon 26 and B16 cells transfected with S1 or S2
containing vectors (Fig. 3B and E). Under these condi-
tions of reduced mdrla/lb expression, suppression of
tumour cell growth was observed in both Colon 26 and
B16 cells (Fig. 3C and F). Therefore, we confirmed that
inhibition of pump function of tumour cells suppresses
cell proliferation.

Stable Knockdown of mdria/lb Genes on Colon
26 Cells Inhibits Cell Growth—Finally, as it has been
reported that intestinal tumourigenesis observed in Min
(Apc™™*) mice was suppressed in the mdria/1b double
mutant background (17), we tested how attenuation
of mdrla/lb expression affects in vitro and in vivo cell
growth of Colon 26 intestinal cancer cells, when mdrla/1b
genes were stably knocked down in these cells.

Upon transfection with plasmids containing shRNA
oligonucleotides (specific insert 1) that specifically recog-
nized mdrla/lb sequences, both mdrle and mdrib
expression of Colon 26 cells (KD1 and KD2, two different
subclones) was reduced compared to the level of expres-
sion when the cells were transfected with a plasmid
containing non-specific shRNA (NS1 and NS2); however,
expression of mrpl was not affected by this RNAi method
(Fig. 4A). Western blotting showed a reduction in mdrla/
1b (p-gp) protein expression in clones (KD1 and KD2, two
different subclones) (Fig. 4B), as found in the real-time
PCR analyses for mRNA expression.

Using several independent knockdown transformants
of Colon 26 cells (KD1 and KD2), we evaluated the
sensitivity for anti-cancer drug, DXR, to confirm whether
Mdrla/lb function was reduced by the RNAi method. As
showed in Fig. 4C, sensitivity for DXR was not affected
in Colon 26 subclones transduced with non-specific
shRNA (NS1 and NS2) and also with mock vector

with DXR, cell growth was analysed by WST-8 assay. Data
represent relative ratio of O.D. from cells incubated with DXR
compared with that incubated with control vehicle. Data show
mean-+SD (n=3) derived from representative result of three
independent experiments. KD1, KD2: 2 independent clones of
mdrla/lb knockdown Colon 26 cells using mdrila/1b-specific
shRNA; NS1, NS2: 2 independent clones of control Colon 26
cells transduced with a vector containing a non-specific shRNA
insert; Mol, Mo2: 2 independent clones of control Colon 26 cells
transduced with a mock vector containing no shRNA insert.
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Fig. 5. Knockdown of mdrla/i1b inhibits growth activity of
tumour cells. (A) Cell growth was affected by knockdown of
mdrila/lb on Colon 26 cells. Cells were seeded in culture dishes;
the total number of cells was determined on Day 1 and Day 3 and
the doubling time for cell division was calculated. Data shows
doubling time; data represent the mean +SD of three experi-
ments (n=3). (B) DNA synthesis affected by knockdown of
mdrla/lb on Colon 26 cells. Clones were seeded in culture
dishes and 2 days later BrdU was added to the culture. Data
show percentage of BrdU-positive cells/total cells. Bar graphs
show the mean and the bar lines show the SD (n=38). (C) Cell
cycle was affected by knockdown of mdria/1b of Colon 26 cells.

(Mol and Mo2, two different subclones). As expected,
sensitivity for DXR was up-regulated by mdrla/1b-
specific RNAI in Colon 26 cells.

Next, we determined how attenuation of mdrila/1b
expression in Colon 26 cells affects cell growth. Doubling
time for cell division suggested that rate of proliferation
of mdrla/1b knockdown Colon 26 cells (KD1 and KD2)
was slower than that of control Colon 26 cells (NS1, NS2,
Mol and Mo2) (Fig. 5A). BrdU staining showed that the
number of positively stained cells was lower in case of
mdrla/1b knockdown Colon 26 cells compared to control
cells (Fig. 5B). Cell cycle analysis showed that cells in Go
phase were most abundantly observed in mdrila/I1b
knockdown Colon 26 cells compared with control Colon
26 cells and cells in the S phase were fewest in case of
mdrla/1lb knockdown Colon 26 cells compared with
control Colon 26 cells (Fig. 5C). Taken together, these
results indicate that the growth retardation observed in
mdrla/1b knockdown Colon 26 cells was caused by delay
of cell cycle based on diminished DNA synthesis.

Suppression of In Vivo Tumourigenesis of Colon 26 Cells
through Reduction of mdrial/lb Function—In vitro
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Cells were stained with PI and analysed by flowcytometry. The
percentage of cells in G2, GO/1 and S phase are shown. Data are
representative results from three independent experiments. (D)
Total protein from each clone was subjected to western blotting
analysis. P-ERK, ERK and GAPDH expression of the clones was
analysed. GAPDH was used as an internal control. KD; mdrla/
16 knockdown Colon 26 cells using mdria/lb specific ShRNA, NS;
control Colon 26 cell transduced with a non-specific insert, Mo;
control Colon 26 cells transduced with a mock vector. Numerals 1
and 2 for KD, NS and Mo in (A, B) indicate two independent
clones as described in Fig. 4.

analysis of cell growth demonstrated that mdria/1b is
closely involved in cell proliferation. However, in vitro
culture conditions may lack various molecular cues in
tumour cell growth in cells with reduced mdrla/1b
mRNA. Therefore, finally, we investigated whether
in vivo tumour development is also affected by reduction
of mdria/1b in Colon 26 cells. Upon subecutaneous
inoculation of Colon 26 cells transduced with mdrla/1b
specific ShRNA or a non-specific control shRNA, tumour
weight was significantly reduced in mdrlia/1b knock-
down Colon 26 cells compared to that in control Colon 26
cells (Fig. 6). Therefore, we concluded that mdrla/1b
which has been thought as a drug-resistant molecule in
intestinal tumour cells has a functional role in regulation
of cell proliferation.

DISCUSSION

Recently, several reports indicated that MDR1 function
in tumour cells is associated not only with drug
resistance but also tumour cell kinetics. For example,
a tumour suppressor protein p53 represses transcription
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Fig. 6. Knockdown of mdrila/lb in Colon 26 cells inhibits
tumour growth. mdrla/1b knockdown Colon 26 cells using
mdrla/lb specific shRNA (KD) or control Colon 26 cell
transduced with a non-specific insert (NS) were inoculated
into mice. Fourteen days later, the tumours were dissected and
tumour weight was determined. Data shows representative
result from three independent experiments; the two groups were
statistically significantly different (P <0.05).

of MDR1 gene (21-23). MDR1 expression and up-
regulation of its activity has been observed in various
cells stimulated by growth factors such as EGF (24), 1GF-
1 (25) and FGF6 (26). Moreover, early responsive genes,
Fosfijun (AP-1) activated by such growth factors have
been suggested to directly regulate mdrl expression (27).
Taken together, these data strongly support the notion
that Mdr1 is involved in the cell growth. However, at far
as we could determine, attenuation of Mdrl expression
on Colon 26 cells did not affect MAPK activation in the
culture condition we used (Fig. 5D). At present, although
the mechanism whereby Mdr1 regulates cell proliferation
is not clear, association with cell cycle check points,
longevity of cells (failure of apoptotic mechanisms) and
repair of damaged cellular targets are possible ways in
which it can exert this effect. Further precise analysis of
MDR1 involvement in the cell cycle of tumour cells is
required.

In the present study, we evaluated the function of
mdrla/1b in tumour cell proliferation. Our strategy
using shRNA that specifically recognized mdrla/1b,
knockdown of mdrla/1b was not complete. If mdrla/lb
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expression was completely attenuated, it may be possible
to achieve more severe suppression of tumour growth.
However, as shown in Fig. 1, another member of Mdr
family, mrpl is expressed in tumour cells. MRP1 has
been reported to be expressed in many cancers at high
levels (28). Although MRP1 may contribute to the
baseline drug resistance of cells including normal cells
and tumour cells, the specific role of MRP1 in tumour
cells remains to be demonstrated. However, if MRP1 has
a potential association with cell proliferation as observed
in mdrla/1b, inhibition of both mdrla/1b and mrpl may
effectively inhibit tumour growth.

Taking into account the nature of MDR1 function for
drug resistance in tumour cells, the design of non-toxic
agents that would overcome MDR in tumour has been
considered. However, because of their predicted toxicity,
none of the drugs that inhibit MDR1 function are
available in the clinic. To overcome this issue, less toxic
agents should be developed. One such approach is gene
therapy targeting the expression of MDR1 in tumours
specifically. Our present data as well as other reports
(29, 30) showed that RNAi method could bring about a
reduction in the expression and function of MDR1. If a
suitable gene therapy system for delivery of RNAi into
tumour site is developed, RNAi methods using mdrl
gene as a target is a likely candidate to inhibit tumour
growth.
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Platelet-derived growth factor receptor (PDGFR) signaling has been demonstrated to play a pivotal role in
early embryonic development. Although the expression of PDGF in the inner ear has been studied by RT-
PCR, how PDGEFR is involved there remains largely unclear. In the current study, we used the antagonistic
anti-PDGFR-p antibody, APBS5, to investigate the role of PDGFR-f in the neonatal mouse inner ear. PDGFR-
B was detected immunohistochemically in the mesenchymal tissue adjacent to the sensory epithelium of
the inner ear, and a ligand for PDGFR-B was detected around the sensory epithelium. To determine

Keywords: whether this expression plays a functional role, we injected APBS5 into neonates to block the function
Platelet-derived growth factor receptor ! . e A .
Inner ear of PDGFR-B. Mesenchymal tissue defects and abnormal capillaries with irregular shapes, especially in

Mesenchymal tissue
Neonatal mouse
Immunohistochemistry
APB5

the cochlear lateral wall, were detected in APB5-treated mice. The resuits of a TUNEL assay revealed that
not only the adjacent mesenchymal cells but also the sensory epithelial cells underwent cell death. These
results indicate that PDGFR-B signals are required for the survival of the capillary and mesenchymal cells
in the neonatal mouse inner ear and also indirectly implicate these signals in the survival of the sensory

epithelium,

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The platelet-derived growth factor (PDGF) family of ligands,
originally isolated because of their ability to promote the prolifer-
ation of mesenchymal cells (Heldin et al., 1985), is known to have
critical roles in cellular differentiation and to be essential during
animal development (Hoch and Soriano, 2003 ). The PDGF signaling
network consists of four ligands, i.e. PDGF-A, PDGF-B (Heldin et al.,
1998), PDGF-C (Li et al., 2000), and PDGF-D (LaRochelle et al., 2001;
Bergsten et al,, 2001), and two receptors, PDGF receptor (PDGFR)-a
and PDGFR-B. All PDGFs function as disulfide-linked homodimers,
but only PDGF-A and -B can form functional heterodimers. Each
of these PDGF chains has a different receptor affinity. Although,
PDGFR-a is bound and activated by all of the dimeric forms of
PDGF-A, -B, or -C, PDGFR-B is activated exclusively by PDGF-BB
and PDGF-DD homodimers. The polyfunctional effect of PDGFs on

Abbreviations: PDGFR, platelet-derived growth factor receptor; TUNEL, terminal
deoxynucleotidyl transferase biotin-dUTP nick end labeling
* Corresponding author. Tel.: +81 58 230 6279; fax: +81 58 230 6280.
E-mail addresses: hh@gifu-u.ac.jp (H. Hayashi), kunisad@gifu-u.ac.jp (T. Kunisa-
da), ntakaku@biken.osaka-u.acjp (N, Takakura), acki@gifu-uacjp (M. Aoki),
kmizuta@gifu-u.ac.jp (K. Mizuta), ity@gifu-u.ac.jp (Y. ito).

0378-5955/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.heares.2008.08.011

various cells suggests their roles in multiple processes such as cell
proliferation, survival, and chemotaxis, as well as wound healing
(Davidson et al., 1999), gastrulation (Ramachandran et al., 1997),
glial cell development (Fruttiger et al., 1999), angiogenesis (Risau
et al,, 1992), and atherosclerosis {Sano et al., 2001). Gene-targeting
experiments have led to the creation of knockout mice deficient in
PDGFR-a. (Soriano, 1997) or PDGFR-B (Soriano, 1994). Phenotypi-
cally, PDGFR-a mutants exhibit multiple defects including reduced
growth, dilation of the pericardium, subepidermal blebs, a wavy
neural tube, and defects in the yolk sac. The PDGFR-B mutants
are hemorrhagic, thrombocytopenic, and severely anemic. Either
type of mutant dies at the embryonic stage, or PDGFR signaling
has been thought to play a pivotal role in early embryonic
development.

A few reports are available on the expression of PDGF in the in-
ner ear. PDGFR-a mRNA is detected in the sensory epithelium of
the rat utricle by RT-PCR (Saffer et al., 1996). The presence of
mRNA for a wide variety of growth factors and growth factor
receptors including PDGFR has been identified in the postnatal
rat cochlea (Malgrange et al., 1998). RT-PCR analysis also reveals
that PDGFs and their receptors exist in the developing and adult
rat cochlea (Lee et al, 2004). Furthermore, the influence of PDGF
on the sensory epithelium of the inner ear has been investigated
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in vitro. Zheng et al. (1997) used partially dissociated sheets of
early postnatal rat utricular epithelium to screen a large number
of different growth factors for their ability to initiate a cell prolifer-
ation response, and PDGF did not have any detectable mitogenic
effect on the utricular epithelial cells. Outer hair cell losses in the
adult guinea pig organ of Corti cultures can also be prevented by
treatment with several of the growth factors tested, but PDGF
had no significant effect on outer hair cell survival in explants of
adult organ of Corti (Malgrange et al., 2002). Accordingly, although
the expression of PDGF isoforms and PDGFRs in the inner ear has
been studied by RT-PCR, they might have no appreciable effect
on the survival or proliferation of the sensory epithelia in vitro;
and thus, how PDGFR is involved in the inner ear remains largely
unclear. The aim of the present study was to elucidate the possible
roles of PDGF signaling in the inner ear. Whereas, gene-targeting
studies in mice indicate that PDGF-A and PDGFR-B are critical in
the embryonic stage, the search for the role of PDGF signaling
has been elusive during late embryonic and postnatal stage be-
cause of their embryonic lethality. During late embryonic and early
postnatal stages, hair cells start to mature by growing stereociliary
bundles (Xiang et al., 1998). During this period, we tried to create
PDGFR-B loss-of-function in the mouse to clarify the roles of
PDGEFR-B in the inner ear. For this purpose, we introduced the strat-
egy of administering antagonistic rat monoclonal anti-murine
PDGFR-$ antibodies, APB5, with high specificity for PDGFR-8, to
neonatal mice to dissect the signal transduction pathways coming
from PDGFR-B. The blocking effect of APB5 on PDGFR-B has been
shown earlier: the addition of APB5 to cultures of murine bone
marrow cells suppressed the proliferation of hematopoietic pro-
genitors and immunoblot analysis with APB5 showed that phos-
phorylation of PDGFR-B in a line of vascular smooth muscle cells
was completely inhibited (Sano et al.,, 2001). Sano and colleagues
also reported that blockade of the PDGFR-B pathway by adminis-
tration of APB5 to newborn mice caused deformation of the glo-
merular structure in the kidneys (Sano et al., 2002). This
phenotype is morphologically similar to that of PDGF-B and
PDGFR-B mutant mice during the embryonic stage, both of which
show markedly abnormal glomerular development (Soriano,
1994).

First, we examined the localization of PDGFR-B in the inner ear
of neonatal mice by immunohistochemistry with APB5. We then
investigated the phenotype of the inner ear after daily administra-
tion of APB5 to neonatal mice. These results indicate that PDGFR-8
signals are required for survival of the capillaries and mesenchy-
mal cells in the neonatal mouse inner ear and are also indirectly
implicated in the survival of the sensory epithelium.

2. Materials and methods
2.1, Animals

Pregnant ICR female mice were purchased from Japan SLC
Incorporated (Shizuoka, Japan). The mice were kept in a tempera-
ture-controlled facility on a 14-h light/10-h dark cycle with free ac-
cess to food and water. Animal care was under the supervision of
the Division of Animal Experiment, Life Science Research Center,
Gifu University. All experimental protocols in this study were ap-
proved by the Animal Care and Use Committee of Gifu University.

2.2. Administration of rat monoclonal antibody (APB5) to mice

Earlier, we described the preparation of APB5, a rat monoclonal
anti-murine PDGFR-B antibody, and its antagonistic effects on the
PDGFR-$ signal transduction pathway in vivo and in vitro (Sano
et al, 2001). The hybridoma line secreting antibodies against
PDGFR-p was grown in athymic nude mice, and monoclonal anti-

bodies were purified from ascitic fluid by ammonium sulfate pre-
cipitation and gel filtration using Sephadex™ G-25 medium (GE
Healthcare). The antibody APB5 was dissolved in a volume of PBS
sufficient to result in a final antibody concentration of 15 mg/ml,
determined by measuring the absorbance at ODygp. To evaluate
the purity of the antibody APB5, molecular weight was detected
by staining with Coomassie Brilliant Blue after sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis. APBS5 is also available on a
commercial basis (eBioscience).

The day of birth of the newborn mice was defined as postnatal
day 0 (P0), and the mice were injected intraperitoneally every day
with either 100 ug of APB5 in PBS or the equivalent volume of PBS
as the control. The dose usage of APB5 was based on the animal
weight and deduced from the procedure of Sanc et al
(2001,2002). Some mice were euthanized at P5 and others at P9.

At the start of the study, 10 mice were to be euthanized at P5
(APB5-injected ones: n =5; controls: n=5), and 31 mice were to
be euthanized at P9. Experimental animals in the latter case were
divided into four groups according to the period of administration.
Group 1 mice (n = 7) were administered APB5 from PO to P4, Group
2 mice (n=7) from P4 to P8, Group 3 mice (n=12) from PO to P8,
and control (n =5) from PO to P8.

2.3. Histochemistry

Briefly, each mouse was decapitated; and its head was fixed in
4% paraformaldehyde for one day at 4 °C, followed by decalcifica-
tion in 5% EDTA in PBS, pH 7.4, for three days at 4 °C. After PBS
rinses, the samples were immersed in 20% sucrose in PBS for at
least 12 h at 4 °C and then snap-frozen in 0.C.T. compound (Sakura
Finetek). The samples were stored at —80 °C until used, and then
were sectioned at a thickness of 8 um in a cryostat. For hematoxy-
lin and eosin (H&E) staining, the sections were stained with H&E
solution (Wako Pure Chemical Industries).

2.4. Immunoperoxidase

Frozen sections were processed using a Universal LSAB™ 2 Kit
(Dako), based on the labeled streptavidin-biotin (LSAB) method.
Endogenous peroxidase activity was blocked with 0.5% H;0, in
methanol for 10 min. The sections were then incubated overnight
at 4 °C with APB5 (20 mg/ml) in PBS containing 1% bovine serum
albumin (BSA). After two washes of the sections in PBS, they were
reacted with biotinylated rabbit anti-rat immunoglobulin {Dako)
for 15 min and then with streptavidin-peroxidase conjugate for an-
other 15 min. The enzymatic reaction was detected using a freshly
prepared Dako liquid DAB (3,3-diaminobenzidine tetrahydrochlo-
ride) substrate-chromogen solution for 10 min. The sections were
then counterstained with hematoxylin. For the negative control,
the primary antibody was replaced by PBS in the staining method.
Specimens were observed with an Olympus microscope (Tokyo,
Japan) equipped with the proper filters.

2.5. Double-labeling immunofluorescence

The sections were rinsed in PBS and incubated in PBS containing
2% BSA and 1% normal goat serum for 30 min to minimize non-spe-
cific binding, and subsequently incubated overnight at 4 °C with
the first primary antibody (1 mg/ml), which recognizes PDGF-B
(sc-7878, Santa Cruz Biotech.), the ligand of PDGFR-B (Basciani
et al,, 2004). To ensure specificity, control tests included the follow-
ing: replacement of the anti-PDGF-B antibody with PBS completely
abolished immunolabeling, and by immunochistochemistry using
this primary antibody, PDGF-B was expressed in many capillaries
in the brain of an E17 embryo (Lindah! et al., 1997a). An Alexa Fluor
555-conjugated anti-rabbit immunoglobulin (molecular probes)
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was used at a concentration of 20 mg/ml for 30 min as the second-
ary antibody. Foliowing extensive washing in PBS, the sections
were incubated overnight at 4 °C with APB5 (20 mg/mi) and after
rinsing, an Alexa Fluor 488-conjugated anti-rat immunoglobulin
(molecular probes) was used at a concentration of 20 mg/mi for
30 min. The sections were rinsed in PBS, mounted in a mixture of
PBS and glycerol (1:9), and then observed with a Zeiss LSM510 con-
focal microscope. Alexa Fluor 488 was excited using a 488-nm ar-
gon ion laser and Alexa Fluor 555 using a 543-nm He/Ne laser.

2.6. Terminal deoxynucleotidyl transferase nick end labeling (TUNEL)
assay

To identify nuclei in which DNA strand breaks had occurred, we
applied the TUNEL procedure to sections from APBS-treated mice
(n=5) and control ones (n=5), and counted the cells present in
five sections per APB5-treated animal and control, respectively,
using an ApopTag Fluorescein in situ Apoptosis Detection Kit
(Chemicon), according to the specifications and instructions rec-
ommended by the manufacturer. In brief, after having been
washed with PBS for 15 min, the sections were soaked in the equil-
ibration buffer of the kit for 10 min at room temperature and then
incubated at 37 °C for 60 min in a moist chamber with the working
buffer containing terminal deoxynucleotidyl transferase (TdT),
digoxigenin-11-dUTP, and dATP. The reaction was terminated by
transferring the sections to prewarmed stop/wash buffer for
30 min at 37 °C. The sections were covered with fluorescein isothi-
acyanate (FITC)-conjugated anti-digoxigenin antibody and incu-
bated for 30 min at room temperature.

The cochleas were serially sectioned (8 pm) parallel to the mid-
modiolus plane, and five sections were randomly selected with
more than one section between two of them discarded to avoid
counting the same nuclei in both sections. The sections were dou-
ble-stained with the Hoechst33342 (Sigma) counterstain and TUN-
EL reagents. The ratio of TUNEL-positive cells to total cells in the
organ of Corti was calculated, and the average of the five sections
was determined. For the saccule and utricle, five sections including
the sensory epithelium were randomly selected, as done for the co-
chlea. TUNEL-positive cells and total cells were counted in a 100-
um length of the sensory epithelium of each section. The ratio
was calculated, and the average of the five sections was subjected
to statistical analysis.

2.7. Statistical analysis

Cell death data were expressed as means and standard devia-
tions, and were analyzed by Student’s t-test. A p-value <0.05 was
considered statistically significant.

3. Results

3.1. Expression of PDGFR- in the inner ear mesenchymal tissue of
neonatal mice

At postnatal day 3 (P3), PDGFR-B immunostaining was ob-
served in the mesenchymal tissue subjacent to the sensory epithe-
lium of the saccule (Fig. 1D) and the utricle (Fig. 1F), but not in the
sensory epithelium including the hair cells and supporting cells. As
shown in Fig. 1A, extensive PDGFR-B expression was observed in
the tissue beneath the basement membrane of the organ of Corti,
in the spiral limbus and spiral ligament, but was almost undetect-
able in the organ of Corti. Also, capillary pericytes in the lateral
wall of the cochlea, including the stria vascularis, showed strong
immunoreactivity for PDGFR-B (Fig. 1B). The negative controls,
with the primary antibody APB5 omitted, did not show positive
immunostaining in the tissue sections (Fig. 1C, E and G).

Fig. 1. Expression of PDGFR-B in the postnatal mouse inner ear. Immunohisto-
chemistry with APB5 was performed on transverse sections of the inner ear from
ICR mice at postnatal day 3 (P3). PDGFR-B expression was visualized as a brown
reaction product. (A) PDGFR-B was expressed in the lateral wall of the cochlea and
the mesenchymal tissues adjacent to the sensory epithelium, and rather specifically
in tissues surrounding the capillaries (B, arrowhead). In the saccule {D) and utricle
(F), PDGFR-§ was also expressed in mesenchymal tissues under the sensory
epithelium. Control sections of the cochiea (C), saccule (E) and utricle (G) were
incubated without the primary antibody, APB5. Note that non-specific reactions
were evident in hematopoietic cells in both APBS-treated and control specimens
but that the positive staining in mesenchymal tissues was detected only in the
APB5-treated specimens. Scale bar, 100 pm,

3.2. Contiguous pattern of expression of PDGFR-§ and its ligand in the
neonatal inner ear

To localize the receptor and ligand in the neonatal inner ear, we
performed double-immunofluorescence with APB5 and the anti-
body to PDGF-B, one of the ligands for PDGFR-B. In transverse sec-
tions immunostained with both anti-PDGF-B antibody and APB5,
the expression of the ligand around the sensory epithelium was
nearly contiguous with that of PDGFR-8 in mesenchymal tissues
adjacent to the sensory epithelium (Fig. 2C, I and L). The expression
of PDGFR-8 surrounding the spiral vessel and of the ligand inside
the spiral vessel was also reciprocal (Fig. 2A and F). Staining with
APB5, though weaker than that in the region subjacent to the organ
of Corti and surrounding the spiral vessel, was present in the
supranuclear regions of hair cells. Immunofluorescence staining
in the tectorial membrane was non-specific, because the double-
stained area with PDGF-B and PDGFR-B on the tectorial membrane
was present (Fig. 2F) but not in Fig. 1A.

3.3. Impaired mesenchymal tissues and abnormal capillaries adjacent
to sensory epithelium in neonatal mice injected with APB5

To investigate the possible involvement of PDGFR-B signal
transduction in the inner ear in vivo, we injected APB5 to block
receptor function. Because of the pleiotropic action of PDGF, inhi-
bition of PDGFR-B function during the neonatal period resuited in
high lethality. In fact, mice treated with APB5 for more than 10
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A PDGFRB

Cochlea

Saccule

Utricle

Fig. 2. Contiguous expression of PDGF-B and PDGFR-B in the P3 mouse inner ear. (A-L). Sections of cochlea (A-F), saccule (G-1), and utricle (J-L) are shown. PDGF-B is one of
the ligands for PDGFR-p. Confocal optical sections of the inner ear were stained with antibodies against PDGF-B (red) and PDGFR- (green). The expression of PDGF-B around
sensory epithelia and of PDGFR-B in mesenchymal tissue was almost contiguous, indicative of the local signal activation. The expression of PDGFR-f surrounding the spiral
vessel and of the ligand inside the spiral vessel was also reciprocal (white arrowheads) at high magnification of the rectangle in A (C and F). PDGFR-f signal was weakly

present in the supranuclear regions of hair cells (D and F). Scale bar, 100 pm.

consecutive days were very likely to die. To keep the mice viable
and to avoid the effect of metabolic imbalance due to failure of
multiple organs, we selected a short-term injection schedule in
which an intraperitoneal injection of APB5 was given from PO to
P4 or PO to P8 (Table 1).

When the inner ear from mice euthanized at P5 was observed
by H&E staining, no difference was found between mice injected
with APB5 and those given PBS (data not shown). When APB5-trea-
ted mice were euthanized at P9, however, capillaries in the lateral
wall of the cochlea had irregular and dilated shapes compared with
the control (Fig. 3A-C). More strikingly, tissue defects were present

Table 1
Number of APB5-treated mice (ears)

in the lateral wall of the cochlea (Fig. 3A, D and E) and not only in
the mesenchymal region of the saccule but also in its sensory epi-
thelium (Fig. 3G and H). These abnormalities were observed from
the apex to the base of the cochlea. In the utricle, the defect found
in the cochlea and saccule was not detected (data not shown). As
shown in Fig. 3F and I, injection with PBS caused no such change
in the mice euthanized at P9. An additional experiment for the
extended injection schedule was performed to assess the time-
dependent APB5 effect on mouse. In Table 1, the number of ani-
mals employed and ears observed in this study, and the incidence
of defects in the cochlea, saccule, and utricle are summarized.

Experimental group Number of mice at PO

Survival rate at P9 (%)

Number of mice (ears) Deficiency (+) at P9 Deficiency (-) at P9

Control 5 100 Cochlea 0 (0) 5(10)
Saccule 0(0) 5(10)
Utricle 0(0) 5(10)
Group 1: injected from PO to P4 7 57 Cochlea 3(6) 1(2)
Saccule 2(4) 2(4y
Utricle 0(0) 4(8)
Group 2: injected from P4 to P8 7 71 Cochlea 2(4) 3(6)
Saccule 2(4) 3 (6)
Utricle 0(0) 5(10)
Group 3: injected from PO to P8 12 42 Cochlea 4(8) 1 (2):
Saccule 4(8) 1(2)
Utricle 0(0) 5(10)

Fisher's exact tests were used to determine whether the number of ears affected was significantly different in either group compared with the control group ('p < 0.05).

Statistical tests were only applied to ears, and not to individual mice.
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APB5-treated

APB5-treated

Control

Control

Fig. 3. Histology of the inner ear from the APB5-injected mouse. Transverse sections of the inner ear from control (F and I) and APB5-injected (A-E, G and H) mice at postnatal
day 9 {P9) are shown. (B and C) indicate high magnification of the rectangle in (A), and (E) is the high magnification image of the rectangle in (D). (A-E) Not only were
abnormal capillaries (arrowheads) present but also mesenchymal defects (arrow) in the lateral wall of the cochlea. Capillaries in the spiral ligament show irregular and
dilated shapes compared with the control (B and €, arrowheads). (G and H) Tissue defects (arrowheads) were found in the saccular macula and surrounding mesenchyme. The

sensory epithelia of the cochlea seemed to show no deterioration. Scale bar, 100 pm.

Defects were determined based on whether a mesenchymal defect
was present in the lateral wall of the cochlea and adjacent to the
sensory epithelium of the vestibule. The incidence of the abnor-
mality in the cochlea and saccule of Groups 1 and 3 was signifi-
cantly higher than that of the contro}, while histological analysis
of the utricle revealed no change in each group compared with
the control group. Group 2 mice injected with APBS5 for the last five
days showed no significant differences in mesenchymal defects of
the inner ear compared with the control group.

3.4. Induction of cell death in the sensory epithelium by PDGFR-f
blockade

H&E staining revealed that the sensory epithelium of the co-
chlea and the utricle of APB5-treated mice showed no appreciable
change compared with that of the control mice. To study further

the effect of APB5 administration on the sensory epithelium of
the inner ear, we conducted an in situ TUNEL assay, which detects
cells at early stages of apoptosis.

The inner ear of APB5-treated mice, especially the cochlea and
saccule, presented a much larger number of TUNEL signals than
that of the controls. Most of the cells emitting TUNEL-positive sig-
nals were located in the spiral ligament, spiral limbus, organ of
Corti, saccular macula, and the mesenchymal tissue under the sen-
sory epithelium of the saccule (Fig. 4A and C-E). In contrast, the in-
ner ears of the control mice and also the utricle of APB5-treated
mice showed only a few TUNEL signals (Fig. 4B and F).

To quantify the cell death, we estimated the ratio of TUNEL-po-
sitive cells to the total number of nuclei in the sensory epithelia.
The cell death ratio for the cochlea and saccule from mice injected
with APB5 was significantly higher than that for the control mice
(Fig. 4G and H), whereas the ratio for the utricle indicated no sig-
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Fig. 4. Micrographs of the cochlea, saccule, and utricle examined by the TUNEL method. Neonatal mice were injected everyday with PBS or APB5 and killed at P10 (A-F). The
frozen sections of the inner ear were subjected to TUNEL analysis and nuclear staining of the same field image, as described in Section 2. The cochlea (A), especially the spiral
ligament and the spiral limbus, and the saccular macula (E) of APB5-treated mouse presented a larger number of TUNEL signals (green) than did the control cochlea (B) or
saccule (F). (A and B) Arrows and arrowheads denote the organ of Corti and the stria vascularis, respectively. (C and D) The other cochleas showed TUNEL signals in the organ
of Corti (white arrowheads) and the lateral wall (white arrows). Quantitative analysis of the effect of APB5 on cell death in the sensory epithelium showed that, in the cochlea

(G) and saccule (H) of mice treated with APB5 (n = 5), the proportion of cell death increased significantly compared with that for the control (n=5; p < 0.05), but not in the
case of the utricle (1). A statistically significant difference is noted with an asterisk. Scale bar, 100 pm.

nificant difference between the APB5-treated mice and controls.
Thus blockade of the PDGFR-B pathway in the neonatal inner ear

also induced cell death in the sensory epithelium of the cochlea
and saccule.

4, Discussion

In the current study, we investigated the role of PDGFR-p in the
inner ear by blocking the PDGFR-B signal in the neonatal mouse
with the administration of an antagonistic monoclonal antibody.
Neonatal mice injected daily with anti-PDGFR-p antibody showed
mesenchymal defects and microvascular abnormalities in the inner
ear. The TUNEL assay revealed that not only the mesenchymal cells
subjacent to the sensory epithelium of the inner ear but also the

sensory epithelial cells of the cochlea and saccule underwent cell
death.

We first performed double-labeling immunofluorescence with
antibodies against PDGF-B and PDGFR- on sections of mouse in-
ner ear to examine the localization of each. The expression of the
ligand (PDGF-B) around the sensory epithelium and of the receptor
(PDGFR-B) on mesenchymal tissue was almost contiguous. The
expression of PDGFR-B surrounding the spiral vessel and of the li-
gand inside the spiral vessel was also reciprocal. A similar expres-
sion pattern of PDGF has been observed during organogenesis in
mice, i.e. PDGFR-P was expressed rather specifically on mural cells
surrounding the blood vessels, and PDGF-B was expressed by
sprouting endothelium (Lindahl et al,, 1997a). In the process of
mesangial cell recruitment in the kidney, the endothelial cells ex-
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pressed PDGF-B and mesangial cells expressed PDGFR-B (Lindahl
et al,, 1998). During organogenesis such as lung, retina, testis,
gut, and hair, epithelial cells expressed PDGF-A, whereas, adjacent
mesenchymal cells expressed PDGFR-a (Bostrom et al,, 1996;
Lindahl et al., 1997b; Fruttiger et al, 1996, 2000; Gnessi et al,,
2000; Karlsson et al,, 1999, 2000). Although our present study
did not address the embryonic stage but rather the postnatal per-
iod, our findings are compatible with the comprehensive fact that
the ligand of PDGF is expressed on the epithelium and the receptor
on the mesenchymal tissue. It is conceivable that the reciprocal
interaction involving PDGF-B and PDGFR-B between epithelial
and mesenchymal tissues is also at play in the inner ear of the neo-
natal mouse. On the other hand, PDGFR- was slightly expressed in
the organ of Corti. Although PDGF did not have any detectable
mitogenic effect on the utricular epithelial cells in vitro (Zheng
et al., 1997), PDGFR-B may function as a survival factor in the sen-
sory epithelium of the cochlea in vivo.

To test whether antagonistic rat monoclonal anti-murine
PDGFR-B antibodies, e.g. APB5, could affect the inner ear in neona-
tal mice, we studied the inner ear in mice injected with APB5 from
postnatal day 0. Whereas, the inner ears of mice administered
APBS for five days showed no apparent phenotype compared with
those of control mice, tissue defects and microvascular abnormal-
ities were observed in the cochlear lateral wall and mesenchymal
tissue adjacent to the sensory epithelium of mice administered
with APBS5 for nine days. In the case of mice euthanized at P9 after
the administration of APB5, the incidence of abnormalities in the
cochlea and saccule of the group injected APB5 from PO to P4
was significantly higher than that of the control. These experi-
ments with some administration plans revealed that the cochlea
and saccule in mouse administered APB5 from birth had a ten-
dency to increase the incidence of the abnormality. We speculate
that, within several days after birth, the cochlea and saccule are
more sensitive to APB5 and it takes a few days to develop mesen-
chymal defects after the first administration of APBS5.

In the PDGF-B- and PDGFR-B-null mutants, which die at late
gestation, multiple cardiovascular abnormalities are apparent from
an earlier embryonic age, including cardiac dilation, abnormal kid-
ney glomeruli lacking mesangial cells, an abnormal placenta laby-
rinthine layer, and dilation of large- and small-caliber blood
vessels (Levéen et al.,, 1994; Soriano, 1994; Lindahl et ai., 1997a;
Hellstrom et al., 1999; Ohlsson et al., 1999). In APB5-treated mice,
blockade of PDGFR-B signals caused deformation of the glomerular
capillary (Sano et al., 2002). As described above, PDGF-B was ex-
pressed on vascular endothelial cells and PDGFR-B on mural cells
during development. Therefore, a paracrine signaling network is
likely to exist in different but closely located cell types in blood
vessels (Betsholtz, 2004). Given that reciprocal signaling between
vascular endothelial cells and mural cells is blocked, lack of mural
cells leads to blood vessel dilation, endothelial cell hyperplasia, and
microaneurysm formation as seen in the PDGF-B and PDGFR-B
knockouts (Helistrom et al., 2001). Similarly, microvascular abnor-
malities seen in the inner ear of APB5-treated mouse may be re-
lated to the fact that reciprocal signaling between endothelial
cells and mural cells is blocked by APB5. Ancther striking finding
in this study was the mesenchymal defects, especially in the co-
chlear lateral wall and the saccule. PDGFR-B was earlier reported
to be expressed on connective tissue cells (Heldin and Westermark,
1999). In the current study, PDGFR-$ was expressed mainly in the
spiral ligament composed of connective tissue cells or fibrocytes,
and administration of APB5, an antibody against PDGFR-§, caused
mesenchymal defects. This finding suggests that PDGFR-B plays a
direct role in survival of mesenchymal tissue including fibrocytes
in the lateral wall of the cochlea.

Mesenchymal abnormalities in the cochlear lateral wall of
APB5-injected mouse may result in auditory dysfunction, because

the cochlear lateral wall, consisting of the stria vascularis and the
spiral ligament, plays a significant role in the regulation of electro-
lyte homeostasis in the inner ear. In fact, a rat model with the
mitochondrial toxin, 3-nitropropionic acid, injected into the inner
ear revealed a pathological change in the fibrocytes of the lateral
wall and spiral limbus and showed acute sensorineural hearing
loss (Kamiya et al., 2007). The role of the stria vascularis is to pump
Na* ions out of the endolymph and maintain its ionic composition.
The spiral ligament is composed mainly of connective tissue ele-
ments including extracellular material and fibrocytes of mesenchy-
mal origin. Aided by gap junctions and NaK-ATPase pumps, the
spiral ligament is thought to pump K* out of the perilymph and
transport it into the endolymph to maintain the high concentration
of K* in the latter (Raphael and Altschuler, 2003; Wangemann,
2002). This mesenchymal abnormality induced by APB5 also sug-
gests that the PDGFR-B pathway plays an important part in electro-
lyte homeostasis within the inner ear through maintaining the
cochlear lateral wall.

Furthermore, due to the treatment with APBS5, we found a
defective sensory epithelium where PDGFR-B was little expressed.
To determine whether the sensory epithelium could be affected by
APB5, we also conducted in situ TUNEL analysis. In APB5-treated
mice, cell death was extensively detectable not only in the mesen-
chymal tissue but also in the sensory epithelium of the cochlea and
saccule. In the case of kidney glomeruli, no mesangial cells could
be found in mice injected with APB5; and the apoptotic bodies
were detected in the glomerular endothelial cells, which expressed
PDGF-B. In the case of kidney development, since PDGFR-8 is not
expressed in the endothelial cells, the effects of blockade of
PDGFR-B are thought to have caused glomerular endothelial cell
apoptosis by inducing the loss of mesangial cells (Sano et al,
2002). Also, in the sensory epithelium of the inner ear, PDGFR-B
was barely detected, and thus cell death in the sensory epithelium
might have been secondarily induced by the loss of mesenchymal
tissue in the inner ear. As a conjecture, we propose that mesenchy-
mal tissue adjacent to the sensory epithelium may be involved in
survival of the sensory epithelium via PDGFR-B signaling. Another
possible explanation of the result is that impaired ion homeostasis
by blockade of the PDGFR-8 pathway in the inner ear caused cell
death in the sensory epithelium. The aged mouse inner ear shows
morphological alteration in the spiral ligament (Hequembourg and
Liberman, 2001), similar to that seen in the APB5-treated mouse
inner ear. As these fibrocytes in the spiral ligament disappear,
ion homeostasis in the cochlea might be disrupted. Such putative
abnormalities in local endolymph ion composition might lead ulti-
mately to hair cell degeneration. In either explanation, cell death in
the sensory epithelium, induced by blockade of the PDGFR-8 signal
in the inner ear, may be ascribed, not to a direct effect but rather an
indirect effect of the antagonistic antibody, APB5, on the sensory
epithelium.

Whereas, the incidence of cell death in the cochlea and sac-
cule of mice injected with APB5 was significantly higher than
that in the control mice, the utricle was less affected by the anti-
body. This difference within the inner ear may be ascribed to the
maturity of the blood-labyrinth barrier (BLB). The function of the
BLB resembles that of the blood-brain barrier and is associated
with the endothelial cell transport system in which tight junc-
tions exist and pinocytotic vesicles are active in the endothelial
cells (Jahnke, 1980). We speculate that APB5 administered intra-
peritoneally reaches the inner ear through the general circulation
and works by extravasation from capillaries. Our study indicated
that cell death of the sensory epithelium began to occur at
around 10 days after starting the administration of APB5. The
BLB becomes mature by 14 days after birth in the rat cochlea,
whereas the macromolecular transport system in the crista amp-
ullaris of the rat matures between five and seven days (Suzuki
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et al., 1998; Suzuki and Kaga, 1999). Although the permeability
of the BLB in the utricle and saccule has not been definitely doc-
umented, these reports show that the maturity of the BLB differs
according to the location in the inner ear. The results of our
study do not conflict with Suzuki's report that the BLB reaches
completion within 14 days after birth in the rat cochlea. If
APB5 were administered systemically after postnatal day 14 by
the same procedure, the adult mice might not display any abnor-
mal histological phenotype in their cochlea. A limitation of our
study is that systemic administration of the antibody is available
only for neonatal mice having an immature BLB.

In conclusion, we have shown that mesenchymal tissue de-
fects especially in the lateral wall of the cochlea and microvascu-
lar abnormalities in the inner ear of the neonatal mouse were
caused by the administration of antagonistic anti-PDGFR-B mono-
clonal antibody and that blockade of the PDGFR-B pathway could
also induce cell death in the sensory epithelium. However,
PDGFR-B may be different in properties from fibroblast growth
factor-2, insulin-like growth factor-1, and transforming growth
factor-a, which directly stimulate proliferation of the utricular
epithelial cells (Zheng et al., 1997). Our findings indicate that
PDGFR-B may be required to promote the survival of mesenchy-
mal tissue and capillaries in the neonatal mouse inner ear. Con-
sidering the near-contiguous expression of the ligand and its
receptor and the cochlear lateral wall defects caused by blockade
of PDGFR-B, PDGFR-B signaling can be implicated as acting indi-
rectly to contribute to the survival of the sensory epithelium.
The results of our present study add PDGF to the list of significant
growth factors which act on the neonatal inner ear. Further inves-
tigation will be needed to examine the molecular mechanism
underlying the regulation of PDGFR-B signaling related to the
structure and function of the inner ear.
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Summary

Epithelial-mesenchymal transition (EMT) plays important roles
in various physiological and pathological processes, and is
regulated by signaling pathways mediated by cytokines,
including transforming growth factor p (TGFB). Embryonic
endothelial cells also undergo differentiation into mesenchymat
cells during heart valve formation and aortic maturation.
However, the molecular mechanisms that regulate such
endothelial-mesenchymal transition (EndMT) remain to be
clucidated. Here we show that TGFB plays important roles
during mural differentiation of mouse embryonic stem cell-
derived endothelial cells (MESECs). TGFB2 induced the
differentiation of MESECsS into mural cells, with a decrease in
the expression of the endothelial marker claudin 5, and an
increase in expression of the mural markers smooth muscle o-
actin, SM220 and calponin, whereas a TGFP type | receptor

kinase inhibitor inhibited EndMT. Among the transcription
factors invelved in EMT, Snail was induced by TGFB2 in
MESECs, Tetracycline-regulated expression of Snail induced
the differentiation of MESECs into mural cells, whereas
knockdown of Snail expression abrogated TGFB2-induced
mural differentiation of MESECs. These results indicate that
Snail mediates the actions of endogenous TGFp signals that
induce EndMT.

Supplementary material available online at
http://jes.biologists.org/egi/content/full/121/20/3317/DCY

Key words: TGFP2. TPR-I inhibitor, Snail, EMT, EndMT, Embryonic
stem cell, Claudin 5. Smooth muscle w-actin

Introduction

Blood vessels are lined by endothelial cells and, with the exception
of capillaries, are surrounded by mural cells (pericytes or smooth
muscle cells). Embryonic endothelial cells arise from mesodermal
cells that express vascular endothelial growth factor receptor 2
(VEGFR2; also known as KDR) (Carmeliet 2005; Coultas et al.,
2005). Previous studies have described embryonic mural cells as
originating from neural crest and locally differentiating
mesenchymal cells (Hirschi and Majesky, 2004). Although
embryonic stem cell (ESC)-derived vascular progenitor cells have
been shown to differentiate into both endothelial and mural cells
(Yamashita et al., 2000; Marchetti et al., 2002; Ema et al., 2003).
there is no direct evidence to show that mural cells differentiate
from common vascular progenitor cells in vivo.

Differentiated endothelial cells have been shown to differentiate
into mesenchymal cells in vivo. During heart development,
cardiogenic mesodermal cells give rise to two types of heart cells:
myocardial and endocardial cells. Endocardial cells acquire
endothelial markers. such as VE-cadherin (cadherin 5) and platelet-
endothelial cell adhesion molecule 1 (PECAMI). A population of
endocardial/endothelial cells in the atrioventricular (AV) canal gives
rise to the mesenchymal heart cushion cells, which form the
mesenchymal region of cardiac septa and valves (Markwald et al.,
1977 Potts et al.. 1991). Furthermore, during maturation of dorsal
aorta in quail, endothelial cells experimentally labeled with a wheat
germ agglutinin-colloidal gold marker were shown to differentiate
into subendothelial mesenchymal cells that were positive for both

endothelial and mural markers in the aortic wall (DeRuiter et al.,
1997; Arcinegas ct al., 2000).

During these processes, endothelial cells undergo a process
similar to epithelial-mesenchymal transition (EMT). EMT converts
polarized epithelial cells into motile mesenchymal cells (Lee ct al.,
2006). EMT plays important roles in gastrulation and cancer cell
invasion (Huber et al., 2005). During EMT, the cpithelial markers
E-cadherin (cadherin 1) and zona occludens 1 (ZO1; also known
as TIP1) are downregulated, whereas the mesenchymal markers
smooth muscle o-actin (SMA) and vimentin are upregulated.
During endothelial-mesenchymal transition (EndMT) in heart
development, expression of VE-cadherin is downregulated, whereas
that of SMA is upregulated. EndMT in heart valve formation is
regulated by signaling pathways mediated by multiple cytokines,
including Wnt. Notch and transforming growth factor B (TGFR).

Members of the TGF} family bind to two different types of
serine/threonine kinase receptors. Upon ligand binding. the
constitutively active type 1l receptor kinase phosphorylates the type
I receptor, which, in turn, activates the downstream signal
transduction cascades. including Smad pathways. Activins and
TGFPs signal through the type 1 receptors known as activin receptor
type B (ACVRIB. hereafter referred to as ALK4) and transforming
growth factor beta receptor 1 (TGFBRI; hereafter referred to as
ALKS), respectively. The activated type 1 receptors phosphorylate
receptor-regulated Smad  proteins (R-Smads). Smad2 and 3
transduce signals for TGFBs and activins, whereas Smadi, 5 and
8 (also known as Smad9) arc specific for signaling of bone
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morphogenetic proteins (BMPs) (Feng and Derynck. 2003). As an
exception. ALK (ACVRL1). which is preferentially expressed in
endothelial cells. binds TGF and activates Smad1/5 pathways (Oh
et al.. 2000). Recently. BMP9 and BMP10 were reported to bind
to ALK (David et al.. 2007; Scharpfenecker et al.. 2007). Once
activated, R-Smads form a complex with the common mediator
Smad4 (co-Smad) and translocate to the nucleus. where Smad
complexes regulate transcription of target genes through their
interaction with various transcription factors. In addition. TGFf has
been shown to activate a diversity of non-Smad parallel downstream
pathways. including extracellular signal-regulated kinase (ERK),
Jun N-terminal kinase (JNK) and p38 MAP kinase (Derynck and
Zhang. 2003).

Knockout mice deficient in various TGF family signaling
components exhibit defects in cardiovascular tissues, implicating a
role for TGFB family proteins in cardiovascular development
(Goumans and Mummery, 2000; Mercado-Pimentel and Runyan.
2007). In particular, TGFB2-deficient mice have multiple defects
in AV cushion formation, suggesting a role in EndMT of endocardiac
tissues (Sanford et al.. 1997; Bartram et al.. 2001). Furthermore,
various in vitro studies have shown that TGFBs induce the
ditferentiation of vascular endothelial cells into mural cells
(Arciniegas et al., 1992; Frid et al., 2002; Ishisaki ct al., 2003).
However, the molecular mechanisms that govern TGFB-induced
EndMT remain largely unknown.

Several transcription factors, including Snail (SNAIL), Slug
(SNAI2), SEF1 (ZEBI), SIP1 and Twist, have been implicated in
EMT (Peinado et al.. 2007). Snail, a zinc-finger-containing
transcription factor, represses E-cadherin expression and induces
EMT when overexpressed in epithelial cells (Cano et al., 2000;
Batlle et al.. 2000). Knockout mice deficient for Snail die at
gastrulation because they fail to undergo a complete EMT process,
forming an abnormal mesodermal layer that maintains E-cadherin
expression (Carver etal., 2001). Although TGFf signals have been
shown to induce the expression of Snail. SIP1 and SEF1 during
EMT of mammary epithelial cells (Peinado et al., 2003;
Shirakihara et al., 2007), the causal relationship between TGFf3-
induced Snail expression and EMT has not yet been fully
elucidated.

In order to elucidate the roles of TGFB signaling in the
differentiation of embryonic endothelial cells into mural cells, we
used endothelial cells derived trom mouse ESCs. TGFP2 decreased
the expression of an endothelial marker, claudin S, and increased
that of mural markers, SMA, SM22a (transgelin) and calponin. We
also found that Snail is necessary for the TGFf2-induced mural
differentiation of endothelial cells. These results reveal that Snail
plays important roles in the TGFB-induced EndMT.

Results

TGFf and activin induce differentiation of ESC-derived
endothelial cells into SMA-expressing cells

When VEGFR2-expressing vascular progenitor cells derived from
mouse ESCs were cultured for 3 days with VEGF (VEGFA), we
obtained cells positive for mural cell marker SMA, which surround
endothelial cells positive for PECAMI1 and CD34 (Yamashita et
al.. 2000). These mixed vascular cell populations were sorted using
anti-CD34 antibodies in order to purify endothelial cells. The
proportion of PECAMI1" cells in the sorted population was nearly
100% (data not shown). We used these mouse ESC-derived
endothelial cells (MESECs) in the present study (supplementary
material Fig. S1).
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Fig. 1. Effects of TGFf3 family members on mouse ESC-derived endothelial
cells (MESECs). (A-E) MESECs were obtained by CD34-sorting of vascular
(endothelial and mural) cells derived from mouse ESCs. and cultured in the
presence of 10% fetal calf serum (FCS) and VEGF (A). followed by
immunofluorescence staining for PECAMI (red) and SMA (green). MESECs
were also treated with BMP4 (B), TGFB2 (C). activin (D) and TRR-1 inhibitor
(E). Scale bars: 100 um. (F) Quantitative analysis of the eftects of TGF3
signals on colony formation from single MESECs. MESECs were cultured at
low density with 10% FCS and VEGF in the absence (-) or presence of
TGFR2 (TR ) or TBR-I inhibitor (inhib) for 4 days. and then stained for
PECAMI and SMA. The number ot colonies per well was counted to assess
the effect of TGFP signals on colony formation of MESECs. Two colony types
were observed: those consisting of pure endothelial cells (E) and those also
containing mural cells (M). Experiments were repeated at least three times
with essentially the same results.

After MESECs were cultured for 4 days in the presence of VEGF,
the proportion of endothelial cells remained higher than 95% (Fig.
IA). Previous reports have shown that cultured endothelial cells
ditferentiate into mesenchymal cells expressing SMA under long-
term stimulation by TGFf (Paranya et al., 2001; Frid et al., 2002).
In order to study the effects of TGF on MESECs. we used TGF[32,
which seems to be the physiologically most relevant TGFf isoform
for EndMT during heart cushion development (Camenisch et al.,
2002), as well as activin and BMP4, other members ot the TGFf3
family. Whereas BMP4 did not exhibit signiticant effects (Fig. 1B).
TGFP2 and activin led to a decrease in the number of PECAM1”
sheets of endothelial cells and to an increase in SMA™ cells (Fig.
1C.D). We also compared the effects of difterent isoforms of TGF[3
on MESECs and found that TGFB1 and 3 induced the EndMT in
a similar manner to TGFB2 (supplementary material Fig. S2).

Furthermore.  inhibition  of  endogenously  activated
TGFB/activin signals in MESECs (Watabe et al.. 2003) by a small-
molecule that inhibits kinases of receptors for TGFp, actin and
nodal (TBR-1 inhibitor, also known as LY364947) (Sawyer et al.,
2003), led to a decrease in SMA ™ cells (Fig. 1E). These results
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Roles of Snail in TGFB-induced endothelial-mesenchymal transition
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Fig. 2. Etfect of TGF signals on expression of endothelial and mural muarkers
in MESECs. (A-D) Levels of mRNA expression for claudin 5 (A). SMA (B),
SM22¢ (C) and calponin (D) in MESECs cultured in the absence (-} or
presence of TGFA2 (TB) or TBR-{ inhibitor (inhib) as analyzed by quantitative
real-time RT-PCR. Error bars indicate s.d. (E) Protein levels of claudin S (top).
SMA (middle) and a-tubulin (bottom) were examined by immunoblotting of
total lysates of the MESECs described in A-D.

suggest that activation of ALKS-mediated signaling pathways
induces the differentiation of MESECs into SMA-expressing cells.

Quantitative analysis of the effects of TGFJ signals on the
differentiation of MESECs into SMA-expressing cells

In order to further dissect the roles of TGFp in the differentiation
of MESECs into SMA™ cells, we performed quantitative analysis
using a limiting-dilution assay. When MESECs were plated at a
low density, single MESECs formed individual colonies, and the
total number of colonies varied depending on the culture conditions.
TGFP2 decreased the number of colonies slightly, whereas the TRR-
I inhibitor strongly increased it (Fig. 1F).

We next evaluated the phenotypes of the colonies by
imnunohistochemical analysis. Culturing MESECs with VEGF
induced two types of colonies emerging from single MESECs:
PECAMI" pure endothelial cells (E), and mixtures of endothelial
and SMA™ mural cells (M) (Fig. 1F). Whereas the frequency of
mural colonies was 19% when cultured in the presence of VEGF,
addition of TGFP2 or TPR-1 inhibitor reproducibly increased (to
37%}) or decreased (to 5%) this frequency, respectively, further
suggesting that TGFf signals induce the differentiation of MESECs
into SMA”™ cells.

TGF reguiates the expression of various endothelial and
mural cell markers

Vascular endothelial cells express various markers, including
PECAMI. VE-cadherin and claudin 5, whereas mural cells express
markers such as SMA, SM22¢ and calponin. During the EndMT
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Fig, 3. Effect of TGFP signals on Snail expression in MESECs, {A) Levels of
expression of Snail in MESECs cultured in the absence () or presence of
TGFB2 (TH) or TPR-1 inhibitor (inhib) as analyzed by quantitative real-time
RT-PCR. Error bars indicate s.d. (B) Protein tevels of Snail (top) and a-tubulin
(bottom) were examined by immunoblotting of total lysates of the HUVECs
cultured in the absence or presence of TGFB2 or TBR-1 inhibitor.

in heart cushion development, expression of VE-cadherin is
downregulated with concomitant upregulation of SMA expression.
We studied the effects of TGFf signals on the expression of various
markers for endothelial and mural cells in MESECs using
quantitative RT-PCR and immunoblot analyses. Whereas the
expression of VE-cadherin was unaffected by TGFB2 (data not
shown), TGFB2 weatment resulted in a decrease in claudin 5
expression (Fig. 2A) with a concomitant increase in SMA expression
at both the mRNA (Fig. 2B) and protein (Fig. 2E) levels. By contrast,
addition of TBR-1 inhibitor increased the expression of claudin 5
and decreased SMA expression (Fig. 2A.B.E).

We also studied the expression of other mural cell markers. As
shown in Fig. 2C.D. SM22a and calponin were both upregulated
by TGFB2 and downregulated by TBR-1 inhibitor. These results
suggest that TGFP2 induces the EndMT of MESECs.

TGFp induces the expression of Snail during mural cell
differentiation of MESECs

Recent studies have revealed that several transcription factors are
involved in EMT (Peinado et al.. 2007). In order to elucidate the
molecular mechanisms that govern TGFB-induced EndMT of
MESECs, we studied the expression of various EMT-related
transcription factors after treatment of MESECs with TGFB2 or
TBR-1 inhibitor. As shown in Fig. 3A, expression of Snail was
significantly increased by TGFB2 treatment, whereas it was slightly
decreased by the addition of TBR-1 inhibitor. By contrast, expression
of Slug, SIP1. SEF1 or Twist, was unaffected by TGFB2 treatment
in MESECs (data not shown).

We further studied the effect of TGF signals on the expression
of Snail protein in human umbilical vein endothelial cells
(HUVECs). In accordance with the results in MESECs, expression
of Snail was induced by TGFB2 and decrcased by TBR-] inhibitor
(Fig. 3B). These results suggest Snail as a possible regulator of
EndMT in response to TGFP2 treatment.

Snail expression in MESECs induces EndMT

Since Snail expression was induced by TGFB, we examined the
ctfects of Snail expression on MESECs, Because we wished to
induce the expression of Snail in differentiated endothelial cells
instead of undiftferentiated ESCs, we established ESC lines carrying
a tetracycline (Tc)-regulatable Snail transgene (Tc-Snail), or no
transgene (Te-Empty) (Masui et al.. 2005; Mishima et al., 2007).
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Fig. 4. Effect of tetracycline (Te)-regulated Snail expression on MESECs.
(A) MESECs were sorted from the vascular cells derived fromi ESCs carrying
a Te-regulated transgene encoding FLAG-epitope-tagged mouse Snail (Te-
Snail) or control transgene (Te-Empty). and cultured in the absence (-) or
presence (+) of Te. Expression of FLAG-Snail (top and bottom rows, green)
was examined., in addition to nuclear staining (bottom row. red). (B) MESECs
in A were subject to immunofluorescence staining for PECAMI (red) and
SMA (green). (C) Quantitative analysis of the effects of Snail on colony
formation from single MESECs. performed as described in Fig. |F. Brielly,
MESECs derived from Te-Empty or Te-Snail ESCs were cultured at low
density with 10% FCS in the absence (-) or presence (+) of Te for 4 days.
followed by staining of colonies for PECAMI and SMA. E. pure endothelial
colony: M. mural-containing colony. Scale bars: 100 pum.

EMT has been reported to play important roles during the carly
stages of development, such as gastrulation. Recently, upregulation
of Snail expression was detected during an early differentiation
process of human ESCs, which was identified as EMT (Ullmann
et al., 2007). Removal of Tc from the culture of undifferentiated
Te-Snail cells, but not that of Te-Empty cells, induced the expression
of the Snail transgene, which resulted in dramatic changes in their
morphology trom epithelial to mesenchymal in appearance
(supplementary material Fig. S3A). We further tfound that E-
cadherin expression was downregulated by Snail expression
(supplementary material Fig. S3B). These results suggest that Snail
enhances the EMT that takes place during early differentiation
process of ESCs.

In order to examine the effects of Snail on vascular development.
we ditferentiated the Te-Empty and Te-Snail ESCs into vascular
cells in the presence of Tc. so that no transgene expression was
induced until the endothelial cells were tully differentiated. MESECs
were sorted using anti-CD34 antibodies, and were cultured in the
presence or absence of Tc (supplementary material Fig. S1). As
shown in Fig. 4A, Snail transgene expression was induced in the

vascular cells derived from Te-Snail ESCs only in the absence of
Te. The majority of control MESECs maintained their endothelial
characteristics. expressing PECAM 1 when Snail was not expressed
(Fig. 4B). However, when Snail was expressed. many of the
endothelial cells exhibited mural characteristics. including
expression of SMA (Fig. 4B). as observed when MESECs were
treated with TGFB2 (Fig. 1).

To further dissect the roles of Snail in the EndMT of MESECs.
we performed quantitative colony-formation assays. The frequency
of colonies containing SMA™ cells (M) was unaftected by the
removal of Te in the MESECs derived from Te-Empty ESCs (Te+.
53%; Te—, 57%) (Fig. 4C). By contrast. Snail expression induced
by the removal of Tc in the Te-Snail ESC-derived MESECs
significantly increased the frequency of SMA™ colony formation
(Te+. 45%; Te—, 69%). This suggests that Snail induces the
differentiation of MESECs into SMA™ cells.

We examined whether induction of EndMT by Snail transgene
expression requires activation of TGF[ type | receptors. Addition
of TRR-1 inhibitor to the MESECs derived trom Te-Snail ESCs in
the presence of Te abrogated the EndMT induced by endogenous
TGFP signals (supplementary material Fig. S4A). Expression of
the Snail transgene by removal of Te induced EndMT, both in the
absence and presence of TPR-1 inhibitor. These results were
confirmed by a quantitative colony-formation assay (supplementary
material Fig. S4B) and suggest that Snail induces the EndMT of
MESECs as a downstream target of TGFf3 type I receptor-mediated
signals.

Snail downregulates endothelial marker expression and
upregulates mural marker expression

We further examined the effects of Snail on the expression of various
endothelial and mural cell markers in MESECs. As shown in Fig.
5A,B. the amount of transcript for claudin 5 and for SMA was down-
and upregulated, respectively, by Snail expression in the MESECs
derived from Te-Snail ESCs. Analogous changes in protein levels
were confirmed by immunoblot analysis (Fig. SE).

The expression of other mural cell markers. SM22¢ and calponin,
was also upregulated by Snail expression in MESECs (Fig. 5C.D).
These changes in expression of the various markers induced by Snail
are reminiscent of those induced by TGFB2 treatment. suggesting
that Snail is involved in the TGFB2-induced EndMT of MESECs.

Snail is required for the TGFB2-induced EndMT of MESECs

In order to determine whether Snail is required for the TGF[2-
mediated EndMT, we used siRNA directed against Snail to reduce
the expression of endogenous protein. Snail siRNA was transfected
into MESECs, followed by stimulation of the cells with TGFf32
(supplementary material Fig. S1). As shown in Fig. 6A, Snail siRNA
successfully knocked down the expression of endogenous Snail
mRNA while TGFB2 still induced Snail expression to the
endogenous level. In cells transfected with control siRNA, TGF[32
induced the ditferentiation of MESECs into SMA™ cells, whereas
TGFB2 failed to do so in the cells transfected with Snail sSIRNA
(Fig. 6B). These results were confirmed by quantitative colony-
formation assays (Fig. 6C).

Furthermore, the TGFP2-mediated upregulation of expression of
various mural cell markers (SMA. SM22¢. and calponin) was
repressed by Snail siRNA. whereas downregulation of claudin 5
expression by TGFB2 was partially inhibited by Snail siRNA (Fig.
7A-E). These results reveal that Snail is necessary for the EndMT
induced by TGF[32.
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