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Background: Dragon is expressed in kidney tubular epithelial cells.
Results: Dragon inhibits E-cadherin expression and induces apoptosis in IMCD3 cells, and Dragon�/� mice exhibit increased
E-cadherin expression and decreased apoptosis in injured renal tubules.
Conclusion: Dragon inhibits E-cadherin and induces apoptosis in renal tubular cells both in vitro and in vivo.
Significance:Our results provide a novel mechanism underlying kidney injury.

Dragon is one of the three members of the repulsive guidance
molecule (RGM) family, i.e.RGMa, RGMb (Dragon), and RGMc
(hemojuvelin). We previously identified the RGM members as
bone morphogenetic protein (BMP) co-receptors that enhance
BMP signaling. Our previous studies found that Dragon is
highly expressed in the tubular epithelial cells ofmouse kidneys.
However, the roles of Dragon in renal epithelial cells are yet to
be defined. We now show that overexpression of Dragon
increased cell death induced by hypoxia in association with
increased cleaved poly(ADP-ribose) polymerase and cleaved
caspase-3 levels in mouse inner medullary collecting duct
(IMCD3) cells. Dragon also inhibited E-cadherin expression but
did not affect epithelial-to-mesenchymal transition induced by
TGF-� in IMCD3 cells. Previous studies suggest that the three
RGM members can function as ligands for the receptor neo-
genin. Interestingly, our present study demonstrates that the
Dragon actions on apoptosis and E-cadherin expression in
IMCD3 cells were mediated by the neogenin receptor but not

through the BMPpathway. Dragon expression in the kidneywas
up-regulated by unilateral ureteral obstruction in mice. Com-
pared with wild-type mice, heterozygous Dragon knock-out
mice exhibited 45–66% reduction inDragonmRNAexpression,
decreased epithelial apoptosis, and increased tubular E-cad-
herin expression and had attenuated tubular injury after unilat-
eral ureteral obstruction. Our results suggest that Dragon may
impair tubular epithelial integrity and induce epithelial apopto-
sis both in vitro and in vivo.

Dragon (RGMb) is one of the three repulsive guidance mol-
ecule (RGM)4 family members RGMa, RGMb (Dragon), and
RGMc (hemojuvelin). RGM family members are glycophos-
phatidylinositol-anchored membrane proteins. We identified
the three RGM proteins as co-receptors that enhance BMP-
Smad signaling (1–5). Our previous studies showed that the
Dragon protein is expressed in the epithelial cells of kidney
tubules including collecting ducts, distal convoluted tubules,
and thick ascending limbs and that Dragon enhances BMP4
signaling in tubular epithelial cells (6). These data suggest that
Dragon may play a role in kidney epithelial function.
BMPs are members of the TGF-� superfamily of multifunc-

tional ligands. It is well documented that BMPs play an impor-
tant role in nephrogenesis (7), but the role of BMPs in the adult
kidney is less well understood. Our previous study demon-
strated that BMPs, including BMP-2, -4, -5, -6, and -7, are
expressed in the adult mouse kidney (6). Furthermore, BMP
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receptor expression has also been described (8), supporting the
notion that the adult kidney can respond to BMP stimulation. A
large body of evidence suggests that BMP signaling should exert
a protective action on renal tubules in kidney injury (9–13).
Neogenin is amember of the immunoglobulin superfamily of

transmembrane receptors. Neogenin is a receptor for RGMa.
The RGMa-neogenin interaction plays a role in regulating apo-
ptosis. Neogenin also interacts with Dragon with high affinity,
and Dragon inhibits neurite growth and cell migration through
neogenin (14). Recently, the crystal structures of the complex of
RGMb and neogenin ectodomains were resolved (15). Neoge-
nin is highly expressed in kidney tubular epithelial cells (16),
where Dragon is also expressed. Whether the Dragon and neo-
genin interaction plays a role in renal epithelial cells remains to
be investigated.
Kidney injury is a major clinical problem. In response to

hemodynamic, hypoxic, mechanical, and chemical insults,
tubular epithelial cells undergo morphologic changes, loss of
polarity, and cell death. Tubular epithelial cell death is a process
that is closely associated with tubular atrophy and tubulointer-
stitial fibrosis of the kidney (17–20). In the case of unilateral
ureteric obstruction (UUO), tubular epithelial cell death occurs
principally through apoptosis (21). Tubular epithelial cell apo-
ptosis can be triggered by many factors including mechanical
stretching, oxidant stress, and hypoxia. The importance of apo-
ptosis in kidney injury is demonstrated by previous studies
showing that inhibition of apoptosis reduced renal injury (19,
22).
Epithelial-to-mesenchymal transition (EMT) is a process

characterized by loss of epithelial proteins such as E-cadherin
and cytokeratin and gain of mesenchymal markers including
vimentin, �-smooth muscle actin (�-SMA), and extracellular
matrix components including collagens (23, 24). It is well estab-
lished that tubular epithelial cells in vitro can indeed transform
into fibroblasts and myofibroblasts when incubated with
TGF-�1 and other fibrogenic insults. An intensive body of evi-
dence purports to show that EMT also occurs in vivo in many
animal models of chronic kidney diseases and in human kidney
biopsies from various progressive kidney diseases (23, 24).
However, recent studies using genetic lineage tracing methods
failed to show that renal tubular epithelial cells acquire mesen-
chymal markers in vivo in renal fibrosis models (25–27).
Here, we show that Dragon increased hypoxia-induced cell

death and inhibited E-cadherin expression in IMCD3 cells.
Dragon did not have any effect on TGF-�1-induced EMT in
IMCD3 cells. Compared with WT mice, heterozygous
Dragon knock-out mice exhibited decreased cell apoptosis
and increased E-cadherin expression in tubular epithelial cells
and had attenuated tubular injury in obstructed kidneys. Our
results have revealed previously unidentified biological roles for
Dragon in renal tubular injury.

EXPERIMENTAL PROCEDURES

Transfection and Selection of Stably Expressing Clones—
IMCD3cells (ATCCCRL-2123)werecultured inDMEMmedium
(Invitrogen) supplemented with 10% FBS. Cells were transfected
with pcDNA3.1 or Dragon expression construct using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s

instructions. 48 h after transfection, 600 �g/ml G418 and 500
�g/ml Zeocin were added to the cells transfected with pcDNA3.1
and cells transfectedwithDragon construct, respectively, and col-
onies were screened for Dragon protein expression by Western
blotting. Two control lines (Ctrl#2, and Ctrl#6) and two Dragon-
overexpressing (Dra#4 andDra#10) lines were used for this study.
MTT Assays—To determine the role of Dragon in cell death

induced by hypoxia, control cells and Dragon-overexpressing
cells were cultured in 96-well plates for 72 h in a hypoxia atmo-
sphere containing 2% O2. Cell viability was measured by MTT
assay kit (Sigma). Cells cultured under normal conditions were
used to normalize the viability of cells cultured under hypoxia.

FIGURE 1. Dragon has no major effect on cell death induced by H2O2 and
cisplatin in IMCD3 cells. A, Western blotting analysis of Dragon expression in
stable cell lines Dra#4 and Dra#10 in comparison with control cell lines Ctrl#2
and Ctrl#6. �-Actin was used as loading control. B, control cells (Ctrl#2) or
Dragon-overexpressing cells (Dra#4) were incubated with and without H2O2
at 500 �M for 48 h before being subjected to MTT assay (n � 10). The viability
of cells incubated with H2O2 was normalized to the viability of cells incubated
without H2O2. C, Ctr#2 and Dra#4 were incubated with increasing doses of
cisplatin for 24 h before being subjected to MTT assay (n � 10). The viability of
cells incubated with cisplatin was normalized to the viability of cells incu-
bated without Cisplatin. *, p � 0.05; ***, p � 0.001.
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Some control cells and Dragon-overexpressing cells were
incubated with and without 500 �M H2O2 for 48 h before the
cells were analyzed for viability. Additional control and Drag-
on-overexpressing cells were incubated with increasing con-
centrations of cisplatin (0, 6, 18 �g/ml) for 24 h before MTT
assays were performed.
EMT Assays—To determine the time-course of TGF-�1 in

epithelial transformation, IMCD3 cells at 30–40% confluence
were serum-starved overnight before the cells were incubated
with orwithout 5 ng/mlTGF-�1 inDMEMcontaining 10%FBS
for 0, 1, 2, 4, 8, 24, 48, and 72 h. The cells were then harvested to
measure the levels of mRNA for E-cadherin, �-SMA, and
vimentin.
To test whether Dragon has any effects on TGF-�1-induced

EMT, IMCD3 cells were transiently transfected with and with-
out Dragon. 24 h after transfection, the cells were incubated for
48 h with and without 5 ng/ml TGF-�1 in DMEM containing
10% FBS. The cells were then harvested tomeasure the levels of
Dragon, E-cadherin, and �-SMA.
siRNA Targeting—To test whether inhibition of Dragon

and/or neogenin expression affects cell viability or E-cadherin

expression, IMCD3 cells were transfected with scrambled
control siRNA, a mixture of two Dragon siRNA sequences
(siRGMb, 60 nM), a mixture of two neogenin sequences
(siNeo1, 60 nM), a combination ofDragon cDNAand siNeo1, or
a combination of siRGMb and siNeo1 using Lipofectamine
2000 or DharmaFECT Transfection Reagents (Thermo Scien-
tific). Scrambled control siRNAs were purchased from Ambion.
The previously described Dragon siRNA sequences (28) were
purchased from Ambion. Mouse neogenin siRNAs were pur-
chased fromShanghaiGenePharmaCo., Ltd (Shanghai, China).
Amixture of the following twoneogenin siRNAsequenceswere
used: 5�-CCUGGGAUCUGACUACAAATT-3�; 5�-GGACA-
UUGUAUUUGAAUGUTT-3�. Approximately 24 h after
transfection, some cells were incubated in 2% O2 for 48–72 h
beforeMTTassays orWestern blotting for caspase-3, and other
cells were maintained in the complete medium before being
subjected to real time PCR and Western blotting to analyze
Dragon, neogenin, and E-cadherin expression.
UUO—The generation, characterization, and genotyping of

Dragon KO mice (57/B6/129) have been described previously
(28).MaleWT andDragon�/� mice at 3–4months of age were

FIGURE 2. Dragon (RGMb) increases cell death in IMCD3 cells under hypoxia. A, control cells (Ctrl#2 and Ctrl#6) or stable Dragon-overexpressing cells (Dra#4
and Dra#10) were cultured in 2% O2 or under normal conditions for 72 h before being subjected to MTT assay (n � 10). The viability of cells cultured in hypoxia
was normalized to the viability of cells cultured under normal conditions. B, Ctrl#6 or Dra#10 cells were cultured for 48 h in 2% O2 before being subjected to
Western blotting for poly(ADP-ribose) polymerase (PARP), caspase-3, and �-actin. C, IMCD3 cells were transiently transfected with increasing amounts of
Dragon cDNA. 24 h after transfection cells were cultured in 2% O2 before being subjected to MTT assay (n � 10). D, IMCD3 cells were transiently transfected with
Dragon cDNA. 24 h after transfection cells were cultured in 2% O2 before being subjected to Western blotting for caspase-3, Dragon, and �-actin (left panel).
Densitometric analysis was performed to determine cleaved caspase-3 relative to full-length caspase-3 (right panel). E, inhibition of RGMb expression by
siRGMb. IMCD3 cells were transfected with control (Ctrl) or RGMb siRNA (siRGMb, 60 nM). 72 h after transfection cells were collected for real time PCR analysis
for RGMb mRNA levels. Rpl19 is the internal control (n � 3). F, effects of inhibition of RGMb expression on cell viability under hypoxia. IMCD3 cells transfected
with control or RGMb siRNA were cultured for 72 h in 2% O2 (n � 8) before being subjected to MTT assay. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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subjected to UUO surgery through a left flank incision. The
ureter was identified and tied at the level of the lower pole of the
kidney with two separate silk ties. Themice were sacrificed 3 or
7 days after the UUO surgeries. All the procedures were per-
formed in accordance with Animal Experimentation Ethics
Approval by The Chinese University of Hong Kong Animal
Experimentation Ethics Committee.
Histology and Immunofluorescence—Paraffin kidney sections

were used for periodic acid-Schiff staining. The degree of tubu-
lar damage including tubular dilation, tubular atrophy, and cast
formation was scored by three investigators without knowing
the genotypes.Masson’s Trichrome Stainingwas used to exam-
ine interstitial collagen deposits.
Cryosections were used for immunofluorescent staining to

detect macrophage infiltration and E-cadherin. Sections were
treated with 1% SDS for 4 min. The sections were incubated
with F4/80 antibodies (Abcam) or anti-E-cadherin antibodies
(clone DECMA-1, Santa Cruz Biotechnology) followed by Cy3-
labeled secondary antibodies. 10 fields per section and three
sections per kidney were examined for each animal to deter-
mine the F4/80-positive macrophages per field using ImageJ.
TUNEL Assays—Apoptotic cells in paraffin kidney sections

were identified using ApopTag Plus Fluorescein In Situ Apo-
ptosis Detection kit (Chemicon International) according to the
manufacturer’s instructions. 10 fields per section and three sec-
tions per kidney were examined for each animal to determine
the apoptotic tubular epithelial cells per field or the apoptotic
tubular epithelial cells over the total number of cells using
ImageJ.

Western Blotting—Kidney tissues and IMCD3 cells were
lysed as described previously (6). A total of 20–40�g of protein
was separated by SDS-PAGE and transferred to polyvinylidene
difluoride membranes. Membranes were probed with anti-E-
cadherin (BD Biosciences), anti-�-SMA (Abcam), anti-PARP
(poly(ADP-ribose) polymerase) (Cell Signaling Technology),
anti-caspase-3 (Cell Signaling Technology), or anti-phospho-
Smad1/5/8 (Cell Signaling Technology). Membranes were
stripped and reprobed with anti-Smad1 (Cell Signaling Tech-
nology), anti-�-actin (Sigma), or anti-GAPDH (SantaCruz Bio-
technology) antibodies.
RNA Isolation and Real Time PCR Analysis—Total RNAwas

isolated from kidneys or IMCD3 cells using the Pure LinkTM
RNA mini kit (Ambion) according to the manufacturer’s
instructions. For tissues, the QIAShredder (Qiagen) columns
were used to filter the lysates, and the supernatants were col-
lected to extract total RNA. First-strand cDNA synthesis was
performed using the PrimeScript� RT reagent kit (TAKARA)
and amplified using the ABI Prism 7900 Sequence Detection
System (PE Biosystems).
Statistical Analysis—All data are represented as the mean �

S.D. of independent replicates (n � 3). Student’s t test was
applied for statistical analysis. A p value of �0.05 was consid-
ered statistically significant.

RESULTS

Dragon Increased Hypoxia-induced Cell Death in IMCD3
KidneyTubular Epithelial Cells—Toexplore the role ofDragon
in renal epithelial cell death/apoptosis, we first generated con-

FIGURE 3. Dragon (RGMb) inhibits cell viability through the neogenin receptor but not the BMP pathway in IMCD3 cells under hypoxia. A, BMP4 does
not regulate IMCD3 cell viability. Cells were cultured in 2% O2 in the presence of increasing amounts of BMP4 (0 –50 ng/ml) for 72 h. Cells were then subjected
to MTT assay. B, inhibition of neogenin expression increases cell viability. IMCD3 cells transfected with control or neogenin siRNA (siNeo1, 60 nM) were cultured
for 72 h in 2% O2 before being subjected to MTT assay or real time PCR analysis for neogenin mRNA expression. C, inhibition of neogenin expression restored
cell viability reduced by Dragon in IMCD3 cells. Cells were transfected with Dragon cDNA or Dragon cDNA in combination of neogenin siRNA (siNeo1). Cells
were cultured for 72 h in 2% O2 before being subjected to MTT assay. D, double inhibition of Dragon (RGMb) and neogenin further increased cell viability.
IMCD3 cells were transfected with RGMb siRNA (siRGMb), neogenin siRNA (siNeo1) or both. Cells were cultured for 72 h in 2% O2 before being subjected to MTT
assay. *, p � 0.05; **, p � 0.01; ***, p � 0.001. n � 3 for real time PCR analysis; n � 8 for MTT assays.
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trol IMCD3 clones Ctrl #2 and Ctrl#6 and stable Dragon-over-
expressing clones Dra#4 and Dra#10. As shown in Fig. 1A,
Dra#4 and Dra#10 expressed high levels of Dragon protein.
Oxidant stress is a major insult that causes tubular epithelial

cell apoptosis during kidney injury. Indeed, H2O2 (500 �M)
induced cell death in both Ctrl#2 and Dra#4 (Fig. 1B) 48 h after

the treatment, but there was no difference in cell viability
between the two cell lines. Similar results were obtained with
Ctrl#6 and Dra#10 (data not shown).
We also examined the effects of Dragon on cisplatin-induced

cell death (Fig. 1C). Cisplatin induced cell death in a dose-de-
pendent manner in both Ctrl#2 and Dra#4. There was no dif-

FIGURE 4. Dragon (RGMb) inhibits E-cadherin expression but does not affect TGF-�1-induced EMT. (A–D, effects of Dragon overexpression on expression
of E-cadherin, �-SMA, and vimentin mRNAs in IMCD3 cells. Cells were transiently transfected with control plasmid or Dragon cDNA. 24 h after the transfection
the cells were treated with or without TGF-�1 (5 ng/ml) for 48 h before the cells were collected for real time PCR analysis for Rgmb, E-cadherin, �-SMA, and
vimentin mRNA levels. E, effects of Dragon overexpression on expression of E-cadherin and �-SMA proteins in IMCD3 cells. Cells were transiently transfected
with control plasmid or Dragon cDNA. 24 h after the transfection the cells were treated with or without TGF-�1 (10 ng/ml) for 72 h before the cells were
collected for Western blotting for Dragon (RGMb), E-cadherin, and �-SMA proteins (left panel, Western blots; right panel, densitometric analysis of E-cadherin
relative to �-actin). F and G, inhibition of Dragon expression increased E-cadherin expression in IMCD3 cells. Cells were transfected with control siRNA or RGMb
siRNA. 48 h after transfection, cells were harvested for real time PCR analysis for E-cadherin mRNA levels (F) or for Western blotting for E-cadherin protein levels
(G, top panel, Western blots; bottom panel, densitometric analysis of the E-cadherin bands). H, inhibition of Dragon expression increased E-cadherin mRNA
expression in PNAC1 cells. Cells were transfected with control siRNA or RGMb siRNA. 48 h after transfection, cells were harvested for real time PCR analysis for
RGMb (A) and E-cadherin (B) mRNA levels. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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ference in the cell viability between the two clones in the pres-
ence of 6�g/ml cisplatin. The viability was slightly decreased in
Dra#4 compared with Ctrl#2 in the presence of 18 �g/ml cis-
platin. These results suggest that Dragon does not play a major
role in cell death induced by oxidant stress and cisplatin in
tubular epithelial cells.
Previous studies revealed that hypoxia induces death of tubu-

lar epithelial cells via apoptosis (29, 30). Interestingly, the via-
bility of cells cultured in 2% O2 for 72 h normalized to the
viability of cells cultured under normal conditions was signifi-
cantly reduced in cells overexpressing Dragon (Dra#4 and
Dra#10) compared with control cells (Ctrl#2 and Ctrl#6; Fig.
2A). Cleaved poly(ADP-ribose) polymerase (a marker for apo-
ptosis) and cleaved caspase-3 (a marker for end-stage apopto-
sis) levels after 48 h of hypoxic culturewere increased inDra#10
(Fig. 2B) and Dra#4 (data not shown) compared with their
respective controls.
To corroborate the results from Dragon stable cell lines, we

performed transient transfection of Dragon cDNA. IMCD3
cells transfected withDragon exhibited a decrease in cell viabil-
ity (Fig. 2C) and an increase in cleaved caspase-3 (Fig. 2D) levels
compared with control IMCD3 cells. Conversely, whenDragon
expression was inhibited by 74.2% by siRNA targeting (Fig. 2E),
hypoxia-induced cell viability was significantly increased (Fig.
2F). These results suggest that Dragon increases epithelial cell
death/apoptosis induced by hypoxia.
Dragon Increased Hypoxia-induced Cell Death through

Neogenin—Previous studies demonstrate that Dragon is a co-
receptor that enhances BMP4 signaling (1, 6). To examine
whether BMP signaling regulates hypoxia-induced cell death,
we treated IMCD3 cells with increasing amounts of BMP4 and
then cultured the cells in 2% O2 for 72 h. As shown in Fig. 3A,
BMP4 did not alter cell viability, suggesting that the BMP sig-
naling does not play a role in hypoxia-induced cell death in
IMCD3 cells.
To determine whether neogenin mediates Dragon action

on cell death, we used neogenin siRNA to inhibit neogenin
expression. Transfection of neogenin siRNA reduced neogenin
mRNA expression by 59.4% (Fig. 3B, left panel) and increased
cell viability (Fig. 3B, right panel) in IMCD3 cells cultured in
hypoxia. Dragon overexpression inhibited cell viability, and
inhibition of neogenin expression restored the cell viability in
cells transfected with Dragon to the control levels (Fig. 3C).
Interestingly, double inhibition of Dragon and neogenin
expression further increased cell viability over inhibition of
Dragon or neogenin alone (Fig. 3D). These results suggest that

Dragon increases hypoxia-induced cell death through the neo-
genin receptor.
Dragon Inhibited E-cadherin Expression but Did Not Affect

TGF-�1-induced �-SMA and Vimentin Expression in IMCD3
Cells—To examine whether Dragon antagonizes TGF-�1-in-
duced EMT,we first established the time-course of 0.5, 1, 2, 4, 8,
24, 48, and 72 h for TGF-�1 treatment in IMCD3 cells. E-cad-
herin started to decrease at 24 h and further decreased at 48 and
72 h after TGF-�1 treatment (data not shown). �-SMA started
to increase at 8 h and reached the peak at 48 h after TGF-�1
treatment (data not shown). Vimentin also started to increase
at 8 h, and it kept increasing from 8 to 72 h after TGF-�1 treat-
ment (data not shown). Based on the time courses, we chose
TGF-�1 treatment for 48 h for further studies.
In the absence of TGF-�1, Dragon overexpression inhibited

E-cadherin mRNA and protein expression (Fig. 4, A, B, and E).
TGF-�1 treatment also inhibited E-cadherin mRNA and pro-
tein expression (Fig. 4, B and E), and Dragon overexpression
further reduced E-cadherin expression at bothmRNA (Fig. 4B)
and protein (Fig. 4E) levels. Dragon overexpression had no
effect on the basal and TGF-�1-induced �-SMA mRNA (Fig.
4C) or protein (Fig. 4E, left panel) and on the basal and TGF-
�1-induced vimentin mRNA expression (Fig. 4D). These
results suggest that Dragon does not regulate TGF-�1-induced
EMT, although it inhibits E-cadherin expression.
To further study the role ofDragon in E-cadherin expression,

we usedDragon siRNA to inhibit Dragon expression in IMCD3
cells. Inhibition of Dragon significantly increased E-cadherin
mRNA (Fig. 4F) and protein expression (Fig. 4G) in IMCD3
cells. Interestingly, inhibition of Dragon expression also increased
E-cadherin expression in PNAC1 human pancreatic epithelioid
carcinoma cells (Fig. 4H).
Dragon Inhibited E-cadherin Expression through Neogenin—

We first examined whether BMP4 signaling regulates E-cad-
herin expression. We treated IMCD3 cells with BMP4 for 24,
48, and 72 h. As shown in Fig. 5, BMP4 treatment did not alter
E-cadherin, although it increased the expression of Id-1, a well
known target gene of the BMP pathway, in IMCD3 cells. These
results suggest that the BMP pathway is not involved in the
regulation of E-cadherin by Dragon.
We then examined whether neogenin mediates Dragon’s

action on E-cadherin expression. Inhibition of neogenin signif-
icantly increased E-cadherin mRNA (Fig. 6A) and protein (Fig.
6B) expression in IMCD3 cells. Inhibition of neogenin expres-
sion also increased E-cadherin expression in PNAC1 cells (Fig.
6C). Dragon overexpression inhibited E-cadherin mRNA and

FIGURE 5. BMP4 does not regulate E-cadherin expression in IMCD3 cells. IMCD3 cells were treated with BMP4 for 24, 48, or 72 h before the cells were
collected for real time PCR analysis for E-cadherin (A) or Id1 expression (B). Rpl19 is the internal control. ***, p � 0.001.
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protein expression in IMCD3 cells, and inhibition of neogenin
expression restored the E-cadherin mRNA (Fig. 6D) and pro-
tein (Fig. 6E) expression toward the control levels. Moreover,

double inhibition of both Dragon and neogenin expression sig-
nificantly increased E-cadherin expression compared with the
inductions in E-cadherin levels by Dragon inhibition alone and

FIGURE 6. Dragon (RGMb) inhibits E-cadherin expression through the neogenin receptor in IMCD3 cells. A, effects of inhibition of neogenin expression
on E-cadherin mRNA expression in IMCD3 cells. Cells were transfected with control siRNA or neogenin siRNA (siNeo1). 48 h after transfection cells were
harvested for real time PCR analysis for neogenin and E-cadherin mRNA levels. B, effects of inhibition of neogenin expression on E-cadherin protein expression
in IMCD3 cells. Cells were transfected with control siRNA or neogenin siRNA (siNeo1). 72 h after transfection, cells were harvested for Western blotting for
E-cadherin and neogenin protein levels. C, effects of inhibition of neogenin expression on E-cadherin expression in PNAC1 cells. Cells were transfected with
control siRNA or neogenin siRNA (siNeo1). 48 h after transfection cells were harvested for real time PCR analysis for neogenin and E-cadherin mRNA levels. D and
E, inhibition of neogenin expression restored E-cadherin mRNA and protein expression suppressed by Dragon in IMCD3 cells. IMCD3 cells were transfected
with Dragon cDNA or Dragon cDNA in combination of neogenin siRNA (siNeo1). 72 h after transfection cells were harvested for real time PCR analysis for
E-cadherin mRNA levels (D) or for Western blotting for E-cadherin protein levels (E: top panel, Western blotting; bottom panel, densitometric analysis). F, double
inhibition of Dragon (RGMb) and neogenin synergistically increased E-cadherin expression. IMCD3 cells were transfected with RGMb siRNA (siRGMb), neogenin
siRNA (siNeo1), or both. 48 h after transfection cells were harvested for real time PCR analysis for E-cadherin mRNA levels. Rpl19 and �-actin are the internal
controls for real time PCR and Western blotting respectively. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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neogenin inhibition alone (Fig. 6F). These results suggest that
Dragon inhibits E-cadherin expression through the neogenin
receptor.
Dragon�/� Mice Showed Decreased Tubular Epithelial Cell

Apoptosis in Obstructed Kidneys—To support a biological role
for Dragon in renal tubular epithelial cells in vivo, we studied
heterozygous Dragon KO (Dragon�/�) mice. Homozygous
Dragon KO mice (Dragon�/�) die within 2 weeks after birth
(28), thus preventing us from using them to study the in vivo
role of Dragon in kidney. Dragon�/� mice survive to adulthood
and have no gross and histological abnormalities in the kidney.
However, if there is any underlying defect in Dragon function
in Dragon�/� mice, physiological stress may uncover the
function.
We first examined whether Dragon expression changes with

kidney injury inWTmice. Left kidneys were subjected toUUO,
and the uninjured right kidneys were used as control. Dragon
mRNA levels in the left kidneys at day 7 after UUOwere signif-
icantly up-regulated compared with the left kidneys at day 3
after UUO and the right kidneys (Fig. 7,WT).
Dragon mRNA in the right kidneys of Dragon�/� mice was

reduced by 55% compared with that in WT mice (Fig. 7).
Dragon mRNA levels in the left kidneys at days 3 and 7 after
UUO were reduced by 45 and 66%, respectively, in Dragon�/�

mice compared with WT mice (Fig. 7).
We then performed TUNEL staining to quantitate apoptotic

cells in WT and Dragon�/� kidneys after UUO (Fig. 8). UUO
induced apoptosis in the tubules of the left kidneys 3 (Fig. 8, A,
C, andD) and 7 days (Fig. 8,B, C, andD) afterUUO inWTmice.
UUO-induced apoptosiswas dramatically suppressed in the left
kidneys of Dragon�/� mice 3 and 7 days after UUO (Fig. 8,
A–D). Cleaved caspase-3 in the left kidneys at day 7 after UUO
was reduced in Dragon�/� mice compared withWTmice (Fig.
8E). These results suggest thatDragon promotesUUO-induced
renal tubular epithelial cell apoptosis in vivo.

Dragon�/� Mice Showed Increased E-cadherin Expression in
the Renal Tubular Cells of Kidneys after UUO—We compared
the expression of E-cadherin, a marker for tubular epithelial
integrity (31), in the kidneys at days 3 and 7 after UUO between
WT and Dragon�/� mice. E-cadherin mRNA levels were
decreased in kidneys at day 3 after UUO compared with the
control right kidneys in WT mice, whereas they remained
unchanged between the right and the obstructed kidneys in
Dragon�/� mice (Fig. 9A,Day 3). Thus, E-cadherinmRNA lev-
els in the kidneys at day 3 post-UUOwere higher in Dragon�/�

mice than in WT mice (Fig. 9A, Day 3). However, 7 days after
UUO, E-cadherin mRNA expression was no longer different
between the two genotypes and between control and
obstructed kidneys (Fig. 9A, Day 7). Like E-cadherin mRNA,

FIGURE 7. Dragon expression in the kidney increases with UUO in WT and
heterozygous Dragon knock-out (Het) mice. Real time PCR analyses of
Dragon in the left kidneys at days 3 and 7 after UUO from WT and Het mice at
3– 4 months of age (n � 4). Right kidneys were subjected to sham operations
and were used as control. Rpl19 is the internal control. *, **, and ***, WT versus
Het; # and ##, left kidneys at 7 days post-UUO versus right kidneys. * or #, p �
0.05; ** or ##, p � 0.01; ***, p � 0.001.

FIGURE 8. Dragon�/� mice show decreased epithelial apoptosis in
obstructed kidneys. A and B, WT and Dragon�/� mice at 3– 4 months of age
were subjected to UUO on the left ureters. 3 and 7 days later the kidneys were
collected for TUNEL assays to identify apoptotic cells in renal tubules. C and D,
TUNEL-positive tubular epithelial cells were counted against the total num-
ber of cells (C) or in each field (D). Apoptotic-positive cells or total cells were
counted in 10 random 400� fields. E, right kidneys (control) and left kidneys
(obstructed) at 7 days post-UUO were subjected to Western blotting using
caspase-3 antibody, which recognizes both full-length and cleaved
caspase-3. *, p � 0.05; **, p � 0.01.
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E-cadherin protein expression was inhibited by UUO for 3 days
in WT mice; thus, E-cadherin proteins levels were higher in
Dragon�/� than inWT kidneys (Fig. 9B). In the kidneys at day
7 after UUO, E-cadherin proteins levels were similar between
the two genotypes (Fig. 9C). As determined by immunofluores-
cence, E-cadherin was predominantly localized to the tubular
epithelial cells in the kidneys at day 3 post-UUO, and the stain-
ing was stronger in Dragon�/� than in WT mice (Fig. 9D).
Interestingly, Smad1/5/8 phosphorylation levels in UUO kid-
neys at day 3 or 7 after UUO were similar between WT and
Dragon�/�mice (Fig. 9E). The results suggest that Dragon sup-

presses E-cadherin expression in renal tubular epithelial cells in
vivo, and this activity may not be achieved via the BMP
pathway.
UUO-induced Renal Fibrosis, and Inflammation Did Not

Change between WT and Dragon�/� Mice—To examine
whether Dragon plays a role in UUO-induced kidney fibrosis,
we measured �-SMA, vimentin, and collagen I expression.
�-SMAmRNA and protein levels were increased by UUO for 3
or 7 days in both WT and Dragon�/� kidneys, but no differ-
ences were found between the two genotypes (data not shown).
Vimentin and collagen I mRNA levels were also up-regulated
after UUO injury, and there was no difference betweenWTand
Dragon�/� mice (data not shown). In addition, Masson’s
Trichrome staining did not detect any significant differences in
fibrosis in obstructed kidneys between WT and Dragon�/�

mice (Fig. 10A).
mRNA levels for inflammatory factors IL-6, TNF-�, MCP-1,

and TGF-�1 were dramatically increased in the left kidneys at
day 3 or 7 by UUO, but again, there was no difference between
WT and Dragon�/� mice (data not shown). As determined by
immunostaining for F4/80, there was macrophage infiltration
in the kidneys subjected to UUO (data not shown). However,
F4/80-positive cell numbers were not different between WT
andDragon�/�mice (data not shown). All these results suggest
that Dragon may not play a role in the pathogenesis of fibrosis
and inflammation induced by UUO.
Dragon�/� Mice Showed Ameliorated Tubular Injury after

UUO—As shown by periodic acid-Schiff staining (Fig. 10B), the
obstructed kidneys showed severe dilation/atrophy of renal
tubules at day 7 afterUUO inWTmice.Dragon�/�mice exhib-
ited less severe morphological injury in the cortex, character-
ized by less tubular dilation and atrophy (Fig. 10B). Quantita-
tive assessment of cortical tubular injury between WT and
Dragon�/� mice is presented in Fig. 10C. WT and Dragon�/�

showed similar structures in obstructed kidneys at 3 days after
UUO. Together, our results suggest that Dragon may facilitate
tubular injury, although it may not have a detectable role in
renal fibrogenesis in obstructed kidneys.

DISCUSSION

Previous studies have shown that Dragon is expressed in
many tissues and organs including the neural tissues and kidney
(5, 6). However, the biological role of Dragon is largely
unknown. Our previous study demonstrated that Dragon is
localized in the tubular epithelial cells of mouse kidneys (6). In
the present studywe found thatDragon increased epithelial cell
apoptosis induced by hypoxia in IMCD3 cells. In addition, we
demonstrated that Dragon�/� mice had reduced renal epithe-
lial cell apoptosis in obstructed kidneys compared with WT
mice. Thus, for the first time to our knowledge, we provide
evidence thatDragon promotes tubular epithelial cell apoptosis
both in vitro and in vivo.
We recently identified Dragon as a BMP co-receptor that

enhances BMP2 and BMP4 signaling in many cell types.
Mounting evidence suggests that BMP signaling plays a protec-
tive role in renal injury in several models of chronic renal
injury including obstruction, diabetes mellitus, and systemic
lupus erythematosis (9–13). For example, exogenous BMP-7

FIGURE 9. Dragon�/� mice show increased E-cadherin expression in
obstructed kidneys at day 3 post-UUO. A, WT and Dragon�/� (Het) mice at
3– 4 months of age were subjected to UUO on the left ureters. 3 and 7 days
later, the kidneys were collected for real time PCR analysis for E-cadherin
mRNA levels. All the values were normalized to the values in WT right kidneys
at day 3 after UUO. B and C, right kidneys (control) and left kidneys
(obstructed) were collected 3 (B) and 7 (C) days after UUO for Western blotting
analysis for E-cadherin protein expression. GAPDH was used loading control.
The red rectangle indicates reduced E-cadherin expression in WT compared
with Het. D, immunofluorescence of E-cadherin (red) in obstructed (left) kid-
neys of WT and Dragon�/� (Het) at day 3 after UUO. DAPI (blue) was used for
nuclear staining. E, obstructed (left) kidneys of WT and Het mice at days 3 and
7 after UUO were used for Western blotting for phospho-Smad1/5/8 and total
Smad1. *, p � 0.05, Het versus WT in left kidneys 3 days after UUO.
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reversed EMT and improved functional and pathologic
markers of renal injury (9), whereas USAG-1, a BMP7 antag-
onist, accelerates renal injury (10). Therefore, one would
expect that Dragon antagonizes TGF-�1-induced EMT in
vitro and protects tubular epithelium from injury in vivo. In
contrast, our present study demonstrated that Dragon did
not have any effect on EMT induced by TGF-�1 in IMCD3
cells. Reduction in Dragon expression by 50% in Dragon�/�

mice suppressed tubular apoptosis, sustained E-cadherin
expression, and ameliorated tubular injury in obstructed
kidneys. These results suggest that Dragon may play a detri-
mental role in renal tubules in UUO-induced kidney injury.
Therefore, the BMP signaling function of Dragon did not
have a significant protective role in tubular injury in the
kidney.
After urinary tract obstruction, renal tubules undergo a rapid

loss of tubular epithelial cell integrity and cell polarity. Normal
cell-cell and cell-matrix interactions are disrupted during
injury. All these changes result in tubular cell apoptosis and

necrosis, ultimately leading to tubular atrophy. Compared with
WT mice, Dragon�/� mice showed reduced tubular epithelial
apoptosis after UUO. Heterozygous knock-out of Dragon pre-
vented E-cadherin loss in the kidneys at day 3 after UUO.
Because E-cadherin is critically involved in formation of epithe-
lial cell-cell junctions and generation of a polarized epithelial
phenotype (31), it is tempting to speculate that the mainte-
nance of E-cadherin expression and epithelial integrity may at
least partially contribute to the reduced epithelial apoptosis
observed in Dragon�/� mice.

E-cadherin expression in the contralateral kidneys was not
different betweenDragon�/� andWTmice. In addition, E-cad-
herin expression in the injured kidneys of WT mice recovered
despite the induction of Dragon expression at day 7 after UUO.
These results suggest that some unknown permissive condi-
tions may be required to allow Dragon to exert its inhibitory
action on E-cadherin. These conditionsmay exist in the injured
kidneys at day 3 after UUO but not in the contralateral kidneys
or the injured kidneys at day 7 after UUO.

FIGURE 10. Renal histology in Dragon�/� (Het) mice and WT mice after UUO injury. Kidney sections obtained 7 days after UUO in WT and Het mice were
subjected to Masson Trichrome staining (A) or periodic acid-Schiff staining (B). Pictures display representative areas of kidneys from WT and Het mice.
Quantitative assessment of tubular injury in the cortex on periodic acid-Schiff -stained sections is presented (C).
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The RGMa-neogenin interaction plays a role in regulating
neurite outgrowth and neuronal survival in the CNS (32, 33), in
inducing cell death during Xenopus development (34) and in
colorectal cancer cells (35), as well as in controlling inflamma-
tory response in tissue injury (36, 37). In the present study we
found that Dragon increased cell apoptosis and inhibited
E-cadherin expression through the neogenin receptor but not
the BMP pathway in IMCD3 cells. Whether this mechanism is
responsible for the changes in tubular cell apoptosis and
E-cadherin expression seen in Dragon�/� mice remains to be
established.
We examined whether Dragon regulates the transcription

factors that are critically involved in E-cadherin expression.
Neither overexpression of Dragon nor inhibition of Dragon
expression altered Snail, Twist, Zeb1, and Sip1 mRNA expres-
sion (data not shown). Thus, the mechanisms responsible for
the action of Dragon/neogenin on E-cadherin remain to be
defined.
Recent studies showed that during UUO injury, the tubular

epithelial cells lose E-cadherin expression but the cells do not
gain mesenchymal markers including vimentin and �-SMA
(25–27). This indicates that transformation intomyofibroblasts
is not the epithelial cell fate in obstructive nephropathy. Inter-
estingly, our results showed that overexpression of Dragon
inhibited E-cadherin expression but failed to alter vimentin and
�-SMA expression in IMCD3 cells. All these data support the
notion that disruption of epithelial integrity does not necessar-
ily result in EMT.
Apoptosis plays an important role in inflammation and sub-

sequent renal injury (19, 22). Apoptotic tubular epithelial cells
secrete many signaling molecules such as proinflammatory
chemokines and cytokines. Thesemolecules induce the infiltra-
tion of circulating leukocytes includingmonocytes and neutro-
phils, which further enhance the ongoing inflammation (38). In
the present study we did not see any differences between Drag-
on�/� andWTmice in expression of IL-6, TNF-�, MCP-1, and
TGF-�1 and in macrophage infiltration in obstructed kidneys
despite the reduced tubular apoptosis in Dragon�/� mice. The
failure of Dragon�/� mice to exhibit any changes in UUO-in-
duced inflammation could be multifactorial. One possibility is
that UUO induces very severe injury that may have over-
whelmed the small changes in inflammation induced by
apoptosis.
In theobstructivekidney, themajor stresses includemechanical

stretching, oxidant stress, and hypoxia. In IMCD3 cells, Dragon
increased hypoxia-induced cell death but had no effect on cell
death caused by oxidant stress. Whether Dragon plays a role in
epithelial cell death induced by mechanical stretching is
unknown.
Homozygous Dragon knock-out mice die between 2 and 3

weeks after birth. Heterozygous Dragon knock-out mice sur-
vive to adulthood, but they do not have detectable histological
and functional kidney abnormalities. Therefore, the physiolog-
ical role of Dragon in normal kidney function will remain
unknown until tubular cell-specific Dragon KO mice are
available.
In summary, we have demonstrated that Dragon promoted

hypoxia-induced cell death/apoptosis and inhibited E-cadherin

expression through neogenin in IMCD3 cells. Dragon�/� mice
had decreased epithelial apoptosis, increased epithelial E-cad-
herin expression, and less injured tubules in obstructed kidneys
compared withWTmice. Our results suggest that Dragonmay
play a detrimental role in kidney tubular injury by impairing
tubular epithelial integrity and inducing epithelial cell apopto-
sis in obstructive nephropathy.
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