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Figure 1. Immunolocalization of angiotensin II (Ang II) type 1 receptor (AT,R) protein in the fetal kidney on embryonic day 14
(E14). AT|R is detectable using antibody concentrations of 1:200. (A) On E14, AT,R is abundantly expressed in the ureteric bud
(UB) branches and to a lesser extent in glomeruli and the surrounding mesenchyme. Amp, UB ampulla. (B) The UB is positive for
AT;R immunostaining on both apical and basolateral membranes. (C) Control section incubated after preadsorption of the
primary antibody with its immunogen demonstrates no specific staining.

Figure 2. Effect of medium alone (control) and Ang II on UB branching in Hoxb7-green fluorescence protein (GFP) metanephroi
that were grown ex vivo for 48 h. (A) Representative sequential images of branching UB. Absolute number of UB tips and branch
points (BP) is shown. (B) Bar graph shows the effect of medium or Ang II on the number of UB tips and BP at 24 and 48 h.
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Figure 3. Effect of medium alone (control) or candesartan on UB branching in mouse metanephroi that were grown ex vivo for 48 h.
After 48 h in culture, kidney explants were stained with anti-pancytokeratin antibody to label the UB, and the number of UB tips
and BP was compared between the two treatment groups. (A) Representative images of branching UB. Absolute number of UB
tips and BP is shown. (B) Bar graphs show the effect of medium or candesartan on the number of UB tips and BP.

obtained in UB cells demonstrating that Ang II-induced effects
on UB cell branching are mediated in part via AT,R (12). Col-
lectively, these findings indicate that the stimulatory effect of
Ang II on branching of UB cells that are cultured in three-
dimensional gels is a physiologically relevant event because it
can be recapitulated in the intact organ culture.

Role of EGFR

We next examined the role of EGFR in Ang II-induced UB
branching morphogenesis in metanephric organ culture. Treat-
ment with Ang II+AG1478 was associated with a significantly
lower number of UB tips and BP at 24 h (tips: 17.2 = 0.9 versus
245 = 1.2, P < 0.01; BP: 12.5 = 0.6 versus 18.5 £ 0.8, P < 0.01)
and 48 h (tips: 24.4 = 1.1 versus 34.8 = 2.2, P < 0.01; BP: 15.8 =
0.8 versus 24.1 = 1.1, P < 0.01) compared with Ang II alone
(Figure 4). These findings are consistent with the results that
were obtained in UB cells (see below) demonstrating that ty-
rosine phosphorylation of EGFR is a key event in Ang II-
mediated signaling to stimulate UB branching.

Effect of Ang 1I on UB Cell Branching In Vitro: Role of EGFR

To determine the functional importance of tyrosine phosphor-
ylation of EGFR elicited by Ang II in UB cell branching, we
examined the effect of the EGFR-specific tyrosine kinase inhibitor
AG1478 on cell process formation in Ang Il-treated UB cells that
were cultured in three-dimensional collagen gels. Figure 5, A
through F, shows phase-contrast photographs depicting the ef-
fects of Ang II and EGF (positive control) on cell process formation
and branching of UB cells 24 h after cells were plated into collagen

gels. Ang II or EGF caused extensive changes in cell process
formation. In the presence of AG1478, Ang II- or EGF-treated cells
formed fewer and shorter branches as compared with cells that
were exposed to Ang II or EGF alone (Figure 5).

Quantitative analysis revealed that Ang II or EGF increased
the number of processes per cell compared with untreated
control (Figure 5G). The data are presented as percentage of
control (media + 0.5% FCS = 100%). EGF induced a 2.7-fold
increase in the number of processes (270 * 27 versus 100 * 16%;
P < 0.001; n = 5 experiments). The effects of EGF on UB cells
were completely prevented by pretreatment with AG1478 (59 *
11 versus 270 = 27%; P < 0.001). At 10"° and 10°° M, Ang II
increased the number of processes compared with control
(194 = 28 and 185 =+ 28 versus 100 £ 16%, respectively; P <
0.05). These effects were abrogated by pretreatment with either
AG1478 (Ang 11 107> M: 71 = 12 versus 194 = 28%, P < 0.01;
Ang I1107° M: 47 =+ 11 versus 185 * 28%, P < 0.01) or the AT;R
antagonist candesartan (Ang I1 107° M: 72 = 11 versus 194 *
28%, P < 0.01; Ang I1 10~° M: 73 * 14 versus 185 * 28%, P <
0.05). AG1478 alone did not have any effect on UB cell branch-
ing compared with control (90 = 15 versus 100 = 16%).

Effect of Ang 1I on Tyrosine Phosphorylation of EGFR in
UB Cells

To determine the role of EGFR in Ang II signal transduction,
we first investigated the ability of Ang II to induce tyrosine
phosphorylation of EGFR in UB cells. We used antibody di-
rected against phosphorylated Tyr-1173 of the carboxy terminal
of EGFR. The carboxy terminal tyrosine residue Tyr-1173 on
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Figure 4. Effect of Ang II alone or Ang II with EGF receptor (EGFR)-specific tyrosine kinase inhibitor AG1478 (AG) on UB
branching in Hoxb7-GFP metanephroi that were grown ex vivo for 48 h. (A) Representative sequential images of branching UB.
Absolute number of UB tips and BP is shown. (B) Bar graph shows the effect of AG combined with Ang II or Ang II alone on the
number of UB tips and BP.

EGFR is the major site of autophosphorylation, which occurs as a
result of EGF binding (27). In addition, we used monoclonal
anti-phosphotyrosine antibody. Positive controls included EGF-
treated UB cells and cell extracts from EGF-stimulated A431 hu-
man carcinoma cells that contained highly phosphorylated EGFR.
As expected, EGF stimulated a robust five-fold increase in EGFR
tyrosine phosphorylation (Figure 6). In comparison, Ang II stim-
ulated a 1.64-fold increase in tyrosine phosphorylation of endog-
enous EGFR compared with control (Ang II: 100 *+ 12 versus 164 *
15, P < 0.05; EGF: 100 = 12 wversus 522 + 45, P < 0.001; n = 3;
Figure 6, A, C, and E). In addition, Ang II caused a dose-depen-
dent increase in tyrosine phosphorylation of EGFR during immu-
noblotting with anti-phosphotyrosine mAb (Figure 6, B and D).
These results indicate that Ang II activates the tyrosine phosphor-
ylation of the EGFR in UB cells.

We next investigated the effect of Ang II on the nuclear
localization of the phosphorylated EGFR in UB cells using
anti-phosphotyrosine-EGFR antibodies directed against two
different phosphotyrosine residues in carboxyl terminal of
EGFR, Tyr-1173 and Tyr-845. Tyr-845 resides in the activation
loop of the EGFR kinase domain (16). Phosphorylation of Tyr-
845 stabilizes the activation loop and is required for the mito-
genic function of the EGFR (28). Treatment of UB cells with Ang
IT or EGF caused an increase in tyrosine phosphorylation of the
nuclear EGFR (Figure 6F). Nuclear EGFR may act as transcrip-
tion factor to activate promitogenic genes (29).

Discussion

The findings of this study demonstrate that Ang II stimulates
UB branching morphogenesis in the intact metanephric kidney
cultured in vitro and that tyrosine phosphorylation of the EGFR
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is a critical step in the signal transduction pathway down-
stream of AT,R leading to UB branching. Genetic inactivation
of the RAS genes in mice (angiotensinogen, renin, ACE, and
AT,R) causes thinning of the medulla, hypoplastic papilla, and
hydronephrosis (5-9). Also, homozygous mutation of AT,R
leads to ectopic UB budding, duplicated collecting system, and
hydronephrosis (10). It is currently believed that the small
papilla and hydronephrosis in RAS-mutant mice are the result
of defective formation and function of the smooth muscle layer in
the pelvic and ureteral wall, mimicking the findings seen in uri-
nary obstruction (22). However, to date, the hypothesis that Ang
IT can stimulate UB growth and branching directly and therefore
promote formation of the collecting system has not been tested
rigorously. We previously provided two compelling lines of evi-
dence to support this hypothesis. First, angiotensinogen and renin
are expressed around the UB and its main branches, whereas AT
receptors are expressed on the basolateral and lumenal aspects of
the UB branches. Second, Ang II acting via AT,R stimulates
branching morphogenesis in UB cells that are grown in three-
dimensional collagen matrix gels (12).

These findings extend our previous data by showing that
Ang II stimulates the growth of the metanephric explant as a
result of enhanced UB branching and division into daughter
tips. The mechanisms by which Ang II mediates its growth-
promoting effects on UB branching are not yet known. How-
ever, there are several possibilities. By stimulating the G-
coupled AT,R, Ang II activates phospholipase C3 (PLCp) and
inositol triphosphate production, ultimately leading to in-
creases in intracellular calcium and protein kinase C activation
(30). Activation of the extracellular signal-regulated kinase—
MAPK pathway by protein kinase C stimulates transcription of
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Figure 5. Effect of Ang II and EGF in UB cell branching in three-dimensional collagen gels. (A) Control (medium + 0.5% FBS). (B)
Ang II. (C) Ang IT with candesartan. (D) EGF. (E) EGF with AG1478. (F) AG1478 alone. (G) Effect of Ang II, EGF, and AG1478 alone
or combined with candesartan or AG1478 on cell process formation in UB cells 24 h after plating. Values are presented as
percentage change relative to control (medium + 0.5% FBS) with control equaling 100%. *P < 0.05 versus other groups.

cell-cycle progression genes, such as cyclin D1, through activa-
tion of the transcription factor AP-1 (31). In another pathway,
AT, R activates intracellular tyrosine kinases, such as Src, which
in turn activate the EGFR in a ligand-independent manner (32).
Alternatively, Ang Il may stimulate the proteolytic cleavage of
pro-heparin-binding epidermal growth factor (HBEGF) at the
cell membrane (33).

In this study, we investigated the contribution of EGFR acti-
vation to Ang Il-induced stimulation of UB branching. EGFR is
expressed in renal collecting ducts (34), and its stimulation
enhances branching morphogenesis in murine inner medullary
collecting duct cells in vitro (15,35). EGFR-mutant mice have
abnormal collecting ducts (36). It is interesting that reduced
EGF mRNA levels are observed in the renal papilla of angio-
tensinogen and AT, null mice (37). In addition to EGF and
EGF-like ligands (HBEGF or amphiregulin), EGFR is activated
by G protein—coupled receptors, including AT;R. For example,
activation of AT,R can induce tyrosine phosphorylation and
activation of the EGFR in cultured aortic smooth muscle and

COS-7 cells (16,17). Consistent with these findings, we report
here that Ang II enhances tyrosine phosphorylation of EGFR in
UB cells and that inhibition of EGFR tyrosine kinase activity
abrogates Ang II-induced branching in UB cells that are grown
in three-dimensional gels. Of course, a more important ques-
tion is whether the AT,R-EGFR signaling pathway contributes
to the growth-promoting effects of Ang II in vivo. To address
this question, we performed a real-time examination of UB
growth in metanephric explants that expressed GFP in the
UB and its derivatives. Exogenously added Ang II enhanced
UB branching at 24 and 48 h. Furthermore, pretreatment of
metanephric explants with an EGFR tyrosine kinase inhibitor
prevented Ang II-induced UB branching. Collectively, these
findings support the hypothesis that cooperation of AT;R
and EGEFR signaling promotes the growth and development
of the renal collecting system.

The signaling events that link Ang II receptors to EGFR
transactivation and UB branching morphogenesis remain to be
determined. Several signaling pathways, including MAPK and
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Figure 6. Ang II and EGF induce tyrosine phosphorylation of EGFR in UB cells. Quiescent mouse UB cells were treated or not with Ang
I (10° to 10~7 M) or EGF for 5 min. Cell lysates were subjected either to immunoblotting with anti-phosphotyrosine EGFR antibody
(A) or to immunoprecipitation with anti-EGFR antibody followed by immunoblotting with anti-phosphotyrosine mAb (B). After
stripping, membrane “A” was reprobed with B-actin antibody (C) and membrane “B” with anti-EGFR antibody (D). (E and F) Bar
graphs represent densitometric analysis of the results that were obtained in three independent experiments using anti-phosphotyrosine
EGEFR antibody (“A”; E) and anti-phosphotyrosine mAb (“B”; F). Bars represent ratio of EGFR protein/ B-actin protein (“A”) or ratio of
phosphorylated/total EGFR (“B”). Positive control, EGF-stimulated A431 cell lysate (Santa Cruz). *P < 0.01 versus other groups (F). (G)
UB cells that were grown on coverslips were incubated with media (control), Ang II (10~° M), or EGF (40 ng/ml) for 30 min and then
immunostained with two different FITC-conjugated anti-phosphotyrosine EGFR antibodies (green) and propidium iodide (red). The
yellow signals indicate localization of tyrosine phosphorylated EGFR in the nucleus.

phosphatidylinositol-3 kinase (PI3K)/Akt, have been shown to
mediate the effects of AT, on cell proliferation and hypertrophy
in vascular smooth muscle, inner medullary collecting duct
cells, and renal mesangial cells (15,38,39). In this regard, phar-
macologic inhibition of extracellular signal-regulated kinase
1/2 or PI3K attenuates EGF-induced renal epithelial morpho-
genesis in vitro (15). Furthermore, inhibition of PI3K blocks
global cell-line-derived neurotrophic factor (GDNF)—depen-
dent UB branching in the metanephric kidney (40). Therefore,
one of the possible mechanisms that lead to Ang Il-stimulated
EGFR signaling may involve EGFR-mediated stimulation of
MAP kinase and PI3K/ Akt pathways. It is interesting that EGF
induces phosphorylation of AT, and leads to formation of a
multireceptor complex that contains AT, and activated EGFR.
Phosphorylation of AT, is prevented by AG1478 (41). These
findings suggest that cross-talk between the RAS and EGEFR is
bidirectional. A schematic summary of potential signaling

pathways that are involved in AT;R-EGFR cross-talk in UB
branching is presented in Figure 7.

Conclusion

Our study demonstrates that UB-derived epithelial cells ex-
press AT;R and that Ang II stimulates UB branching morpho-
genesis, a process that depends on tyrosine phosphorylation of
the EGFR. Cooperation of tyrosine kinase and G protein—cou-
pled receptor therefore is important in the control of normal
kidney development.
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Figure 7. Proposed signaling pathways involved in mediating the effects of Ang II on UB branching morphogenesis. AT,-mediated
activation of multiple signaling pathways involving Jak2/STAT, Ras/extracellular signal-regulated kinase 1/2 (ERK1/2), phos-
phatidylinositol-3 kinase/Akt, and EGF transactivation may stimulate UB cell proliferation, migration, tubulogenesis, and
survival. Upon ligand binding, EGFR dimerize and autophosphorylate several tyrosine residues to generate docking sites for
signaling and adaptor proteins. The mechanisms of EGFR activation by AT, and AT,-dependent effects on UB branching may
involve phosphorylation of Tyr-319 on carboxyl terminal of AT,; activation of tyrosine kinases Src and Pyk2; and recruitment of
SHP2, Shc, Grb2, and SOS with subsequent activation of the renin-angiotensin system. AT, also can induce autocrine generation
of Ang II from angiotensinogen (AGT) via Jak2/STAT3/STAT6 as shown in cardiomyocytes (42). This creates an autocrine loop
that amplifies the effects of Ang II on UB branching/stromal signaling. AT,-dependent activation of MAPK phosphatase
(MAPKP) leads to ERK1/2 inactivation and may induce death-related signaling. The growth-promoting effects of AT, may be
mediated by Jak2/STAT-dependent activation of Pax2 in the UB. The ultimate effect of Ang II on UB branching and EGFR
transactivation may depend on the balance between AT,- and AT,-mediated actions.
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