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Histone Deacetylases Are Critical Regulators of the
Renin-Angiotensin System During Ureteric Bud

Branching Morphogenesis
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ABSTRACT: Mutations in the genes encoding components of the
renin-angiotensin system (RAS) in mice or humans cause congenital
abnormalities of the kidney and urinary tract. We hypothesized that
absence of angiotensin (Ang) II in angiotensinogen (AGT)-deficient
mice leads to defects in ureteric bud (UB) branching and that RAS
genes are critically dependent on histone deacetylase (HDAC) activ-
ity. The number of UB tips was lower in AGT�/� compared with
AGT�/� embryonic (E) day E13.5 metanephroi (24 � 1.5 versus
36 � 3.7, p � 0.05). Real-time RT-PCR demonstrated that pharma-
cological inhibition of HDAC activity with Scriptaid increases AGT,
renin, angiotensin-converting enzyme (ACE), and AT1 receptor
(AT1R) mRNA levels in E12.5 mouse metanephroi and early mes-
enchymal (MK3) cells. Furthermore, Scriptaid enhanced Ang II-
induced decrease in Sprouty (Spry) 1 gene expression in cultured UB
cells. Treatment of intact E12.5 mouse metanephroi grown ex vivo
with Ang II (10�5 M, 24 h) increased HDAC-1 and decreased total
acetylated histone H3 protein levels. These findings indicate that lack
of endogenous Ang II in AGT-deficient mice inhibits UB branching.
We conclude that intact RAS is critical in structural integrity of the
renal collecting system and that UB morphogenetic program genes,
such as AGT, renin, ACE, AT1R, or Spry1, are epigenetically
controlled via HDACs. (Pediatr Res 67: 573–578, 2010)

Formation of the mammalian permanent (metanephric) kid-
ney begins when the Wolffian duct (WD) gives rise to

ureteric bud (UB) on embryonic (E) day E10.5 in mice and
E28 in humans (1). UB outgrowth from the WD is followed by
its repetitive branching and growth, a process called branching
morphogenesis, to eventually form the renal collecting system
(ureter, renal pelvis, calyces, and collecting ducts) (2,3). The
metanephros develops via reciprocal inductive interactions
between the UB and the mesenchyme (2). Each UB tip is
capable of inducing the adjacent mesenchyme to form
nephrons (from the glomerulus through the distal tubule).
Importantly, even subtle defects in the efficiency of UB
branching result in a significant decrease in nephron endow-
ment (4). In turn, decreased nephron endowment is linked to

renal hypodysplasia, CAKUT, hypertension, and eventual pro-
gression to chronic renal failure (5,6).
The renin-angiotensin system (RAS) is crucial in the regu-

lation of blood pressure, fluid-electrolyte homeostasis, and
proper kidney development (7,8). In the RAS, renin cleaves
angiotensinogen (AGT) to generate angiotensin (Ang) I,
which is then converted to Ang II by angiotensin converting
enzyme (ACE). Ang II is the principal effector peptide growth
factor of the RAS, which acts via two major G protein-coupled
receptors: AT1R and AT2R (9). Mutations in the genes encod-
ing AGT, renin, ACE, or AT1R in humans are associated with
renal tubular dysgenesis (RTD) (10). Genetic inactivation of
AGT, renin, ACE, or AT1R in mice causes hypoplastic renal
medulla and hydronephrosis (11–16). Taken together, these
findings indicate that UB and its daughter collecting ducts are
principal targets for the RAS. We have recently reported that
Ang II stimulates UB branching in the metanephros (17). This
is accompanied by decreased expression of Sprouty (Spry) 1,
an endogenous inhibitor of the GDNF/c-Ret/Wnt11 UB mor-
phogenetic pathway (18).
Posttranslational modifications of histones such as histone

acetylation and methylation affect chromatin structure and
function resulting in altered gene expression (19,20). Gener-
ally, histone deacetylation of selected target genes by histone
deacetylases (HDACs) mediates gene repression (21). Be-
cause aberrant gene expression is a major feature of abnormal
kidney development, we investigated the role of HDACs in
the transcriptional regulation of the RAS genes during orga-
nogenesis of the metanephros.
Here, we demonstrate an essential role for endogenous Ang

II in UB morphogenesis. Genetic inactivation of AGT in mice
results in impaired UB branching. Inhibition of HDAC activ-
ity up-regulates the expression of the RAS genes in the
developing metanephros and enhances Ang II-induced de-
crease in Spry1 in renal epithelial cells. Finally, Ang II
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increases HDAC-1 expression and down-regulates histone H3
acetylation in the developing metanephros.

METHODS

Metanephric organ culture. To determine the role of endogenous Ang II
in early stages of UB growth and development in the intact kidney, we used
double-transgenic Hoxb7-green fluorescent protein (GFP)/angiotensinogen
(AGT) mice. AGT� C57BL6/129P2 heterozygous mice were obtained from
Jackson Laboratories (Bar Harbor, ME). Hoxb7-GFP� B6xCBA transgenic
mice were a kind gift of Dr. F. Costantini (Columbia University, NY) (22).
GFP-positive metanephroi from Hoxb7-GFP�/AGT�/� (n � 6) and Hoxb7-
GFP�/AGT�/� (n � 4) embryos were dissected on embryonic (E) day E13.5,
photographed via an Olympus IX70 phase-contrast microscope and Olympus
MagnaFire FW camera, and the number of UB tips was counted. To determine
the effect of exogenous Ang II on UB branching in AGT�/� mice, we
compared the effect of Ang II or medium on UB morphogenesis in paired
Hoxb7-GFP�/AGT�/� metanephroi isolated on E11.5. E11.5 Hoxb7-GFP�/
AGT�/� metanephroi were grown on transwell filters (Corning Costar, 0.5
�m) inserted into six-well plates containing DMEM/F12 medium (GIBCO
BRL) alone (control, n � 8) or combined with Ang II (10�5 M, n � 8) for
48 h. The media containing or not containing Ang II were changed every 24 h.
Sequential images of branching UBs were acquired after isolation on E11.5,
after 24 and 48 h of culture. Quantitative assessment of UB branching was
performed by counting the number of UB tips at the time of dissection, after
24 and 48 h in culture. All experiments were conducted in accordance with
protocols approved by the Institutional Animal Care and Use Committee of
Tulane University.

Western blot analysis. The effect of Ang II on histone H3 acetylation
and HDAC-1 expression was examined in whole CD1 mice (Charles River
Laboratories, NY, NY) metanephroi grown ex vivo. Pooled E12.5 meta-
nephroi (n � 10/sample) were grown on air-fluid interface on polycar-
bonate transwell filters (Corning Costar, 0.5 �m) inserted into six-well
plates containing DMEM/F12 medium (GIBCO BRL) alone (control) or in
the presence of Ang II (10�5 M) for 24 h at 37°C and 5% CO2. The effect
of Ang II on HDAC-1 expression was also studied in cultured ureteric
bud-derived UB cells (generously provided by Dr. Jonathan Barash, Colum-
bia University). Metanephroi or UB cells were homogenized in cold lysis
buffer containing a cocktail of enzyme inhibitors. The samples were centri-
fuged and the supernatants containing proteins (40 �g/lane) were resolved on
10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes.
After blocking nonspecific binding, the membranes were incubated with
the anti-acetyl-Histone H3 (1/1000, Upstate), anti-HDAC-1 (1/1000, BioVision),
anti-total histone H3 (1/1000, Upstate), or anti-�-actin (1/1500, Sigma-
Aldrich Chemical Co., St. Louis, MO) antibodies at room temperature for
1 h. After washes in PBS/Tween, the nitrocellulose membrane was exposed
for 1 h at room temperature to the secondary antibody. Immunoreactive bands
were visualized using the enhanced chemiluminescence detection system
(ECL, Amersham) as previously described (23).

Reverse-transcription RT-PCR. Reverse-transcription PCR (RT-PCR)
was used to examine the effect of HDAC inhibition with Scriptaid on the
expression of angiotensinogen (AGT), renin, angiotensin-converting enzyme
(ACE), and Ang II AT1 receptor (AT1R) in intact metanephroi and early
mesenchymal (MK3) cells. The MK3 cell line represents early metanephric
mesenchyme, before induction by the ureteric bud (24). Quiescent MK3 cells
(n � 3/treatment group) or E12.5 CD1 mice metanephroi (n � 6/treatment
group) were cultured in DMEM media in the presence of the HDAC inhibitor
Scriptaid (2.0 �g/mL, Biomol, Plymouth Meeting, PA) (25) or its inactive
analogue Nullscript (2.0 �g/mL) for 6 h. RNA was extracted using the TRIzol
reagent (Invitrogen). For semiquantitative RT-PCR, MK3 cell cDNA was
amplified using the Perkin Elmer Gene Amplification system 2400 (Cetus
Instruments, Norwalk, CT) from 25% of RT mixture using gene-specific
primers: AGT: sense-5�-TCTCTGGATTTATC-CACTGACC-3�, antisense:
5�-TCACGGAGAAGTTGTTCTGGGC-3�, renin sense: 5�-TGGGTGC-
CCTCCACCAAGTG-3�, antisense: 5�-CTCCCAGGGCTTGCATGATCA-
3�, ACE sense: 5�-CTCCAGGCCCTGGCAGGAGGT-3�, antisense:
5�-TCTTCATATTTC-CGGGATGTGGCC-3�, AT1R sense: 5�-GCATC-
ATCTTTGTGGTGGG-3�, antisense: 5�-GAAGAAAAGCACAATCGCC-3�.

To address the concerns of the specificity of HDAC inhibitor, we inhibited
HDAC-1 expression using morpholino gene silencing in MK4 cells. The MK4
cell line represents embryonic metanephric mesenchyme undergoing epithe-
lial conversion (24). MK4 cells were cultured in DMEM medium with 10%
serum at 37°C with 5% CO2. At �30% confluency, cells were treated with
Endo-porter (9 �M) and HDAC-1 morpholino (5�-TGCCCTGAGTCT-
GCGCCATCTTGCT-3�, 10 �M, n � 3) targeted at ATG codon of mouse
HDAC-1 mRNA or standard control morpholino (10 �M, n � 3) (Gene

Tools, Philomath, OR) for 48 h. SYBR Green quantitative RT-PCR was
conducted in the Mx3000P equipment (Stratagene, LA Jolla, CA) using
MxPro QPCR software (Stratagene) as described previously (17). The quan-
tity of each target mRNA expression was normalized by that of GAPDH
mRNA expression. Three RNA samples per treatment group were analyzed in
triplicates in each run. PCR reaction was performed three times. To define the
role of HDACs in Ang II-induced down-regulation of Spry1 gene expression
in UB epithelia, we examined the effect of Ang II (10�5 M), HDAC inhibitor
Scriptaid (2.0 �g/mL), Ang II combined with HDAC inhibitor Scriptaid or
with inactive Scriptaid analogue, Nullscript (2.0 �g/mL) on Spry1 mRNA
levels in quiescent UB cells by quantitative RT-PCR.

Data analysis. Data are represented as mean � SEM. Differences among
the treatment groups in mRNA and protein levels and the number of UB tips
were analyzed by t test. A p value � 0.05 was considered statistically
significant.

RESULTS

Quantitative assessment of UB branching in Hoxb7-GFP/
AGT metanephroi. To determine whether absence of endog-
enous Ang II in angiotensinogen (AGT)-deficient mice leads
to defects in UB branching, we examined the effect of genetic
inactivation of AGT on UB branching in double transgenic
Hoxb7-GFP/AGT�/� and Hoxb7-GFP/AGT�/� mice (n � 4
per AGT genotype). The number of UB tips (24 � 1.5 versus
36 � 3.7, p � 0.01) and branch points (17 � 1.6 versus 27 �
1.2, p � 0.01) is lower in Hoxb7-GFP/AGT�/� compared with
Hoxb7-GFP/AGT�/� metanephroi (Fig. 1). These findings
provide strong support for our hypothesis that lack of endog-
enous Ang II in AGT-deficient mice leads to defects in UB
branching.
To determine whether a decrease in UB branching observed

in AGT�/� mice can be rescued by the addition of exogenous
Ang II, we examined the effect of Ang II or media (control) on
UB branching in paired AGT�/� metanephroi. Treatment of
E11.5 AGT�/� metanephroi with Ang II (10�5 M, n � 8)
resulted in a variable response in UB branching. Ang II
increased the number of UB tips at 24 (31 � 1.0 versus 27 �
0.7, p � 0.05) and 48 (36 � 1.1 versus 30 � 1.0, p � 0.05)
hours in four of eight metanephroi and did not alter the
number of UB tips in the rest four of eight metanephroi (24 h:
25 � 2.3 versus 24 � 2.0, p � 0.82) and (48 h: 36 � 1.6
versus 35 � 1.8, p � 0.61) compared with respective controls
(media). Our findings differ with previous reports showing
lack of the impact of AGT deficiency or exogenous Ang II
administration in AGT�/� metanephroi on UB branching
(11). It is conceivable that variability to Ang II response of
AGT�/� kidneys may be related to the fact that by the time
Ang II was added, it was already too late and some structures
have already undergone degeneration and apoptosis.
HDAC inhibition up-regulates RAS gene expression. To

investigate the role of HDACs in the transcriptional regulation
of the RAS gene expression during metanephric development,
we used HDAC inhibitor Scriptaid. Quantitative RT-PCR
demonstrated that treatment of renal mesenchymal MK3 cells
with Scriptaid increased levels of AGT (2.2 � 0.37 versus
1.0 � 0, p � 0.05), renin (31.0 � 2.1 versus 1.0 � 0, p �
0.001), ACE (3.8 � 0.48 versus 1.0 � 0, p � 0.05), and AT1R
(1.6 � 0.05 versus 1.0 � 0, p � 0.05) mRNAs compared with
treatment with inactive Scriptaid analogue, Nullscript (Fig. 2A
and B). Similar to its effects in MK3 cells, Scriptaid increased
levels of AGT (11.0 � 0.58 versus 1.0 � 0, p � 0.001), renin
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(2.4 � 0.09 versus 1.0 � 0, p � 0.05), ACE (2.7 � 0.06
versus 1.0 � 0, p � 0.05), and AT1R (1.7 � 0.06 versus 1.0 �
0, p � 0.05) mRNAs in whole intact metanephroi compared
with Nullscript (Fig. 2C). HDAC-1 knockdown in MK4 cells
resulted in up-regulation of AGT (1.8 � 0.17 versus 1.0 � 0,
p � 0.05), renin (4.6 � 0.45 versus 1.0 � 0, p � 0.01), ACE
(10.3 � 1.7 versus 1.0 � 0, p � 0.01), and AT1R (1.4 � 0.1
versus 1.0 � 0, p � 0.05) mRNA (Fig. 2D). These findings
indicate that HDAC activity is essential for the regulation of
the RAS during UB morphogenesis.

Angiotensin II induces HDAC-1 expression and decreases
total histone H3 acetylation. To begin testing the hypothesis
that Ang II-induced stimulation of GDNF/c-Ret/Wnt11 path-
way gene expression is mediated by changes in target gene
acetylation status, we examined the effect of Ang II on total
histone H3 acetylation and HDAC-1 expression in whole
embryonic metanephroi. Treatment of E12.5 metanephroi
with Ang II for 24 h resulted in an increased HDAC-1 (1.7 �
0.1 versus 1.1 � 0.15 densitometric units, p � 0.05) and a
decreased acetylated histone H3 (2.0 � 0.12 versus 2.5 � 0.08
densitometric units, p � 0.05) protein levels (Fig. 3A, B, E,
and F). To determine whether Ang II alters HDAC-1 expres-
sion by directly acting on the UB, we tested the effect of Ang
II on HDAC-1 protein levels in cultured UB cells. Consistent
with whole kidney data, Ang II increased HDAC-1 protein
levels in UB cells (1.8 � 0.15 versus 0.98 � 0.1 densitometric
units, p � 0.05) (Fig. 3C and D). These findings indicate that
Ang II induces HDAC-1, which in turn acts to deacetylate
histone H3. Given that HDAC inhibition impairs UB branch-
ing (Samir El-Dahr, personal communication), our findings
suggest that Ang II-induced UB morphogenesis is critically
dependent on HDAC activity.
Spry1 gene and Ang II-induced inhibition of Spry1 is

mediated by HDAC activity. We have recently demonstrated
that Ang II, acting via the AT1R, down-regulates Sprouty
(Spry) 1 gene expression in UB epithelia (17). To determine
whether Ang II-induced inhibition of Spry1 gene in the UB is
mediated by HDAC activity, we examined the effect of Ang II
combined with Scriptaid or its inactive analogue Nullscript on
Spry1 mRNA levels in cultured UB cells. Scriptaid alone
repressed Spry1 gene compared with media (Fig. 4). Ang II
induced a higher decrease in Spry1 mRNA levels in the
presence of Scriptaid compared with Nullscript or with
Scriptaid alone (Fig. 4A). HDAC-1 knockdown in MK4 cells
resulted in down-regulation of Spry1 mRNA (0.45 � 0.1
versus 1.0 � 0, p � 0.01) (Fig. 4B). These data indicate that
Spry1 gene and Ang II-induced inhibition of Spry1 in UB cell
lineage are regulated epigenetically via HDACs. Our findings
suggest a model in which inhibition of HDAC activity induces

Figure 1. Effect of angiotensinogen (AGT)
genotype on UB branching in double transgenic
Hoxb7-GFP/AGT embryos on E13.5. (A–D):
UB images. Numbers represent tip number. BP,
branch point. Scale bar: 200 �m. Magnification
�10. (E, F): Bar graphs showing the effect of
AGT genotype on the number of UB tips and
branch points. *p � 0.05.

Figure 2. Effect of HDAC inhibitor Scriptaid (S) or its inactive analogue
Nullscript (N) on angiotensinogen (AGT), renin, angiotensin-convertin en-
zyme (ACE), and Ang II AT1 receptor (AT1R) mRNA levels in cultured MK3
cells and embryonic metanephroi. (A): Ethidium bromide-stained gel shows
semi-quantitative RT-PCR analysis of the RAS mRNA in MK3 cells. (B, C):
Bar graphs showing the effect of Nullscript and Scriptaid on RAS mRNA
expression in MK3 cells (B) and E12.5 metanephroi (C) as determined by
quantitative RT-PCR. *p � 0.05 vs. Nullscript (control � 100%), **p �
0.001 vs. Nullscript. (D): Bar graph showing the effect of HDAC-1 inhibition
with morpholino in MK4 cells. *p � 0.05, **p � 0.01 vs. control (� 100%).
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RAS gene expression leading to AT1R-dependent repression
of Spry1 and induction of UB branching (Fig. 5; Ref. 17).
Enhanced AT1R signaling induces HDAC-1 expression lead-
ing to deacetylation of histone H3. This exerts a negative
feedback on the RAS activity.

DISCUSSION

This study demonstrates that lack of endogenous Ang II in
AGT-deficient mice causes a decrease in ureteric bud (UB)

branching. Exogenous Ang II up-regulates HDAC-1 and
down-regulates acetylated histone H3 expression in the devel-
oping metanephros. Inhibition of HDAC activity induces re-
nin-angiotensin system (RAS) gene expression in the intact
metanephros and renal mesenchymal cells, and further down-
regulates Ang II-induced decrease in Spry1 mRNA levels in
UB cells.
Inactivation of the RAS genes in mice causes abnormalities

in the development of renal collecting system (11–16). AGT,
renin, ACE, or AT1R-deficient mice exhibit pelvic dilation
(hydronephrosis), small medulla, and papilla. Functionally,
ACE- and AT1R-null animals have a reduced ability to con-
centrate urine (14,15). Mutations in the genes encoding AGT,
renin, ACE, or AT1R in humans are associated with renal
tubular dysgenesis (RTD) (10). In RTD, renal cortex exhibits
a paucity of proximal tubules. In the medulla, collapsed
collecting ducts and abundant interstitial fibrosis are observed
(10). Previous studies have shown that small papilla and
hydronephrosis in AT1R-deficient mice may be due to defec-
tive formation and function of the smooth muscle layer in the
ureteral wall, mimicking the findings seen in urinary obstruc-
tion (26). We recently reported that exogenous Ang II can
directly stimulate UB branching in the metanephric kidney
cultured in vitro (17,23). Our current findings extend our
previous data by showing that endogenous Ang II can directly
stimulate UB morhogenesis in vivo and thus promote forma-
tion of the collecting system.
Histone acetylation plays a key role in regulating gene

expression by modulating chromatin structure. Histone acet-
ylation is controlled by antagonistic activities of histone
acetyltransferases (HATs) and histone deacetylases (HDACs)
(27). Generally, when HDAC activity is inhibited and lysine
residues on histone tails become hyperacetylated, chromatin
unfolds and allows transcriptional regulators to access pro-
moter regions of target genes and induce their expression (19).

Figure 3. Effect of media (control) or Ang II on HDAC-1 and histone H3
protein expression. (A, E): E12.5 mouse kidneys were grown ex vivo in the
presence of media or Ang II (10�5 M) for 24 h. Whole kidney lysates were
subjected to immunoblotting with anti-HDAC-1 (A) or anti-acetylated or total
histone H3 (E) antibodies. After stripping, top membrane in “E” was reprobed
with anti-total histone H3 antibody. (C): Quiescent UB cells were treated with
media or Ang II (10�5 M) for 24 h and cell lysates were subjected to
immunoblotting with anti-HDAC-1 antibody. (B, D, F): Bar graphs showing
the effect of media or Ang II on target protein levels. Bars represent ratio of
HDAC-1/�-actin (B, D) or acetylated/total histone H3 (F). *p � 0.05.

Figure 4. Effect of HDAC inhibition on Spry1 gene expression. (A): Bar
graph showing the effect of media, HDAC inhibitor Scriptaid, Ang II com-
bined with Scriptaid, or inactive Scriptaid analogue Nullscript on Spry1
mRNA levels in cultured UB cells. HDAC inhibition with Scriptaid decreases
Spry1 mRNA levels. Scriptaid further down-regulates Ang II-induced de-
crease in Spry1 mRNA levels. *p � 0.05 vs. Media, **p � 0.05 vs. Scriptaid
or Ang II�Nullscript. (B): Bar graph showing the effect of HDAC-1 knock-
down in MK4 cells on Spry1 mRNA. *p � 0.01 vs. control (� 100%).

Figure 5. A proposed model for HDAC-RAS cross-talk in ureteric bud
branching. Inhibition of HDAC activity induces RAS gene expression leading
to AT1R-dependent repression of Spry1. This causes activation of c-Ret
tyrosine kinase activity and induction of UB branching. In addition, enhanced
AT1R signaling induces HDAC-1 expression leading to deacetylation of
histone H3. This exerts a negative feedback on the RAS activity.
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Four classes of HDACs have been identified. Class I HDACs
are expressed ubiquitously and consist of HDACs 1, 2, 3, and
8 (28). Class II HDACs (HDACs 4, 5, 7, and 9) are expressed
predominantly in muscle and neural systems (29). The crucial
role for class I HDACs during development is demonstrated
by embryonic lethality in HDAC-1- or HDAC-2-null mice due
to cell proliferative defect (30). Combined conditional dele-
tion of HDAC-1 and 2 in the cardiac lineage in mice results in
neonatal lethality due to defects in heart development and is
accompanied by aberrant expression of genes regulating cal-
cium homeostasis. Although the role of HDACs in metaneph-
ric development and kidney tissue-specific gene expression
have not been defined, such a role is likely. In this regard,
HDACs repress Wilm’s tumor (WT) 1 gene expression in
human embryonic kidney epithelial cells (31). The importance
of WT1 during development is demonstrated be embryonic
lethality in WT1-null embryos accompanied by renal agenesis
(32). In addition, inhibition of HDAC activity inhibits TGF-
�1-induced epithelial-to-mesenchymal transition (EMT) in
human renal epithelial cells (33).
With respect to epigenetic modifications of the RAS and its

impact on kidney development, recent studies demonstrated
that inhibition of HDAC activity induces the expression of
renin mRNA in renal juxtaglomerular (JG) cells (34). This is
accompanied by increased histone H4 acetylation in the region
of cAMP (cAMP)-responsive element (CRE) of the renin
promoter. In contrast, conditional deletion of HATs such as
CRE-binding protein (CREB)-binding protein (CBP) and re-
lated DNA-binding protein, p300 (35), in renin-expressing JG
cells results in a decreased number of renin-positive cells (36).
Moreover, kidney structure is abnormal in CBP/p300-null
mice: kidneys exhibit interstitial fibrosis, disorganized vascu-
lature, medullary, and cortical cysts. In addition, inhibition of
HDAC activity increases AGT mRNA levels in human hepa-
tocellular liver carcinoma (HepG2) cells (37). Our findings of
up-regulated AGT, renin, ACE, and AT1R mRNA levels in the
intact metanephros and renal mesenchymal cells during HDAC
inhibition are consistent with these reports, which implicate
histone acetylation in RAS gene expression. Moreover, given
that proper metanephric development is critically dependent on
intact RAS, these data demonstrate that epigenetic modifications
of the RAS play an important role in the maintenance of renal
structural integrity. Our present findings of increased HDAC-1
and decreased total acetylated histone H3 by exogenous Ang II
suggest that cross-talk between the RAS and target gene acety-
lation in the metanephros is bidirectional.
We recently reported that Ang II induces GDNF/c-Ret/

Wnt11 gene expression in the metanephros (17). These
changes are accompanied by down-regulation of Spry1, an
endogenous inhibitor of c-Ret tyrosine kinase activity (17).
Notably, GDNF/c-Ret/Wnt11 signaling pathway is a major
positive regulator of UB morphogenesis (38,39). Our current
findings that Ang II-induced inhibition of Spry1 is regulated
via HDACs suggest that epigenetic cross-talk between the
RAS and other UB morphogenetic program genes plays an
important role in metanephric development. Our observations
are consistent with other studies showing potential interac-
tions of the RAS with epigenetic marks during metanephric

development. For example, paired box (Pax) transactivation
domain-interacting protein (PTIP), a nuclear protein that is part
of a histone H3 lysine 4 (K4) (H3K4) histone methyltransferase
(HMT) complex, is essential for metanephric development
(40,41). In turn, methylation status of H3K4 correlates with gene
expression (42) and Ang II acts to increase Pax2 gene expression
in metanephros (43).
In summary, this study demonstrates that lack of endoge-

nous Ang II in AGT-deficient mice inhibits UB branching.
Exogenous Ang II up-regulates HDAC-1 and down-regulates
acetylated histone H3 expression in the developing metane-
phros. Inhibition of HDAC activity induces RAS gene expres-
sion in the intact metanephros and further down-regulates Ang
II-induced decrease in Spry1 gene in UB cells. These results
indicate that intact RAS is critical in structural integrity of the
renal collecting system and that UB morphogenetic program
genes, such as AGT, renin, ACE, AT1R, or Spry1, are epige-
netically controlled via HDACs.
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