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Polycystic kidney disease (PKD) is one of
the most common genetic diseases found
in humans.1 The genetic mutation(s) as-
sociated with PKD results in fundamen-
tal changes in the signal processing of
multiple extrinsic cues, leading to abnor-
mal proliferation, fluid secretion, cell po-
larity and differentiation, and prolifera-
tion of the epithelial cells within the
kidney and other organs.1 Heterotrimeric
G proteins are key components in the con-
trol and integration of the signaling path-
ways activated in the pathogenesis of fluid-
filled cyst or ectatic duct formation in
PKD. The traditional activation of intracel-
lular signal transduction pathways after
hormonal or mechanical stimulation of
target cells was believed to be exclusively

through cell surface G protein–coupled re-
ceptors (GPCR). In fact, polycystin 1, the
major causative cystic protein in autoso-
mal dominant PKD (ADPKD), is consid-
ered to behave as a GPCR and regulate het-
erotrimeric G protein signaling.2–4 In this
report, however, we identified a novel
GPCR-independent mechanism to regu-
late heterotrimeric G protein function in
renal epithelial cells through the actions of
activator of G protein signaling 3 (AGS3).
AGS3 was originally discovered using a
yeast-based screening system5,6 and classi-
fied as a group II guanine dissociation in-
hibitor because of its ability to bind prefer-
entially to inactive G�i/o subunits
complexed with guanine dinucleotide
phosphate (GDP) at multiple G protein

regulatory or GoLoco motif repeats.7 The
biologic role of AGS3 has been studied in
lower invertebrates and nonrenal mam-
malian organs; AGS3 regulates the orienta-
tion of the mitotic spindle, cAMP produc-
tion, membrane protein transport, and
asymmetric cell division.7 These functions
have relevance to the pathogenesis of PKD,
so we initiated this study to investigate
whether AGS3 could be involved in medi-
ating increased proliferation in cystic renal
tubular epithelia.

Immunoblot analysis demonstrated a
marked increase in renal AGS3 protein ex-
pression in two distinct murine models of
autosomal recessive PKD (ARPKD) com-
pared with their genetic control strains
(Figure 1). Increased renal AGS3 protein
was detected in the Balb/c polycystic kid-
ney (BPK) mouse at postnatal day 21,
which exhibits an advanced stage of cysto-
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ABSTRACT
The activation of heterotrimeric G protein signaling is a key feature in the patho-
physiology of polycystic kidney diseases (PKD). In this study, we report abnormal
overexpression of activator of G protein signaling 3 (AGS3), a receptor-indepen-
dent regulator of heterotrimeric G proteins, in rodents and humans with both
autosomal recessive and autosomal dominant PKD. Increased AGS3 expression
correlated with kidney size, which is an index of severity of cystic kidney disease.
AGS3 expression localized exclusively to distal tubular segments in both normal
and cystic kidneys. Short hairpin RNA–induced knockdown of endogenous AGS3
protein significantly reduced proliferation of cystic renal epithelial cells by 26 � 2%
(P � 0.001) compared with vehicle-treated and control short hairpin RNA–express-
ing epithelial cells. In summary, this study suggests a relationship between aber-
rantly increased AGS3 expression in renal tubular epithelia affected by PKD and
epithelial cell proliferation. AGS3 may play a receptor-independent role to regulate
G� subunit function and control epithelial cell function in PKD.
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genesis, compared with Balb/c mice (Ba;
Figure 1A). Similarly, renal AGS3 mRNA
(Supplemental Figure 1) and protein (Fig-
ure 1B) were observed to increase tempo-
rally from weeks 8 to 26 in the polycystic
kidney (PCK) rats versus Sprague-Dawley
(SD) rats. The low to absent expression of
AGS3 in normal rat kidneys is consistent
with previously published findings.8 –10

This may be attributed to the exclusive lo-
calization to the distal tubular epithelial
cells (Figure 2), which compose only a
small percentage of the total renal cell pop-
ulation in the kidney. No visible expression
was detected in the proximal tubules (Fig-
ure 2C), glomeruli (Figure 2C), and blood
vessels (Figure 2D). It is interesting to note
that the liver, which is the most prevalent
extrarenal organ affected by ARPKD,
showed increased AGS3 expression with
exclusive localization to the biliary epithe-
lial cells (Supplemental Figure 2).

Similar increases in AGS3 protein ex-
pression were noted in ADPKD models
(Figure 3). The Pkd1v/v mouse kidney ex-
hibited higher expression of AGS3 com-
pared with the normal C57Bl/6 mouse kid-
ney at postnatal day 14 (Figure 3A).
Moreover, robust expression of AGS3 was
observed in human ADPKD kidneys (n �
5 kidneys) with minimal, if any, expres-
sion detected in normal human kidneys
(n � 4 kidneys; Figure 3, B and C). The
overexpression of AGS3 in the kidney
seemed to be specific to PKD, because
other hypertensive rat models with (Dahl
S) or without (SHR) renal damage ex-
pressed little to no expression of AGS3
protein (Supplemental Figure 3). The ex-
pression of AGS5/LGN (Figure 1 and
Supplemental Figure 3), a closely related
AGS3 homolog (approximately 60%
amino acid sequence identity), was
found to be unchanged among the vari-
ous rat kidney groups.

To investigate the relationship between
AGS3 with epithelial cell proliferation, we
generated lentiviral vectors expressing
short hairpin RNA (shRNA) molecules
targeted to AGS3 and evaluated their effi-
cacy using an AGS3 overexpression system
derived from a porcine renal epithelial
LLC-PK1 cell line (Supplemental Figure 4).
Using the two most efficient AGS3
shRNA-expressing lentiviral vectors (3 and

4), as determined in Supplemental Figure
4, endogenous AGS3 protein was specifi-
cally decreased in only the renal epithelial
Ba and BPK cells expressing the combined
AGS3 shRNA (denoted as “A” in Figure

4A). The decreased AGS3 protein was as-
sociated with a significant reduction
(P � 0.001) by 26 � 2% in the prolifera-
tion of the BPK epithelial cells overex-
pressing the AGS3 shRNA versus the con-

Figure 1. Increased expression of AGS3 protein in the kidneys from murine models of
ARPKD. (A and B) Representative immunoblot analysis for AGS3 and AGS5/LGN expres-
sion in mouse (A) and rat kidneys (B). (A) Ba and BPK rat kidney lysates (n � 3 to 4 kidneys
per group) at postnatal day 21 (PN21) are examined. (B) SD and PCK rat kidney lysates
(n � 4 to 6 rat samples per time point and group) at postnatal weeks 8 (WK8), 16 (WK16),
and 26 (WK26) are examined. From these findings, the PCK rat kidneys exhibit a temporal
increase in the AGS3 protein between weeks 8 and 26. No change in the expression of
AGS5/LGN is determined. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; A) or
�-actin (B) is used to ensure equal loading of the protein samples.

A SD (Neg)

10X

40X

D SD (AGS3)

20X

E PCK (AGS3)

40X

F PCK (AGS3)

B PCK (Neg)

10X

40X

C SD (AGS3)

Figure 2. Immunolocalization of AGS3 in ARPKD rat kidneys. AGS3 localization is per-
formed in the kidneys of SD (A, C, and D) and PCK (B, E, and F) rats. Affinity-purified
AGS3 antibody (pep32) is incubated at a 1:250 dilution on kidney sections from SD (C and
D) and PCK (E and F) rats. As a negative control, SD (A) and PCK (B) rat kidneys are
incubated with the primary AGS3 antibody in the presence of the competing AGS3
peptide conjugate or normal rodent serum (data not shown). The brown diaminobenzi-
dine staining demonstrates the specific localization of the AGS3 protein within distinct
cell types in the kidney. Sections are counterstained with hematoxylin. Arrowhead in E
signifies the magnified view of the area in F. n � 4 kidneys per group.
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trol shRNA. No significant change in
either AGS3 protein expression (Figure
4A) or cell proliferation (P � 0.05; Figure
4B) was detected in the control shRNA-
expressing cells (denoted as “C”) com-
pared with the vehicle-treated cells (de-
noted as “V” in Figure 4A).

The mechanism(s) by which AGS3 reg-
ulates heterotrimeric G protein activity in
the renal epithelia has yet to be elucidated.
AGS3 competes with free G�� subunits for
binding to G�i/o-GDP subunits, and this
would provide the opportunity for AGS3
to regulate downstream signal transduc-
tion pathways by either inhibiting G�i- or
activating G��-dependent pathways. G�i

subunits directly inhibit adenylyl cyclase
(AC) activity.11 Elevated levels of cAMP are
a common observance in many animal
models of PKD,12 and several currently ac-
tive clinical trials are based on reducing cyst
formation through the targeting of AC-de-
pendent pathways.12 Thus, we initially pos-
tulated that AGS3 in renal epithelial cells
may play an important role in regulating
the activation of cAMP/PKA pathways. In
our study, however, we did not observe a
relationship between endogenous AGS3
expression with cAMP production (Figure
4C). Reductions in the levels of AGS3 did
not result in any difference in cAMP levels
in either the presence (data not shown) or
the absence (Figure 4C) of a phosphodies-
terase inhibitor, 3-isobutyl-1-methylxan-
thine. The inability of AGS3 to regulate
cAMP production is consistent with a pre-
vious study by Sato et al.13 that used trans-
fected cell lines overexpressing AGS3.
Conversely, there is evidence of the activa-
tion of cAMP/PKA pathways in neuronal
cells as a result of AGS3-mediated ef-
fects.14,15 After drug withdrawal, AGS3 was
found to potentiate the activity of AC and
cAMP production as a result of a PKA-de-
pendent increase of AGS3 expression.14 In
our study, we measured a dosage-depen-
dent reduction in cell number after inhibi-
tion with a specific PKA inhibitor (H-89;
Figure 4D), which suggests that basal epi-
thelial cell activity of cAMP/PKA pathways
can mediate proliferation. Unlike the find-
ings in the neuronal cells,14 we did not ob-
serve an increase in AGS3 protein expres-
sion after inhibition with another specific
PKA antagonist, Rp-adenosine-3�,5�-mono-
phosphorothioate (Figure 4E). The lack of a
regulatoryeffectbyAGS3onthecAMP/PKA
pathway may be attributed to low basal AC
activityintherenalepitheliausingserum-free
cell culture conditions. It is likely that addi-
tional stimuli, which are normally available
in the mammalian circulation, may be re-
quired to prime the renal epithelial cells to
uncover the AGS3-dependent role on
cAMP/PKA similar to the previous neuronal
cell studies.14,15

Instead of altering cAMP production,
we examined whether the sequestration
of G�i subunits by AGS3 prevented the
re-association with free G�� dimers to
activate G��-mediated downstream sig-

naling cascades, as observed in previous
behavior modification15,16 and mamma-
lian brain development studies.17 To
block the activity of G�� dimers in renal
epithelia, the C-terminal region of the
bovine GPCR kinase 2 (GRK2ct) was
overexpressed in the BPK renal epithelia
using lentiviral vectors. The GRK2ct
contains a pleckstrin homology domain
that binds free G�� subunits to regulate
its signaling activity.18 The cell prolifera-
tion in the GRK2ct-expressing cells was
significantly reduced (P � 0.001) by
68 � 1% compared with the vehicle-
treated BPK cells (Figure 4F). The AGS3
mediated G��-dependent mechanism
to promote cell proliferation has not
been well defined, but there may be di-
rect interactions with AC to promote
cAMP production,14 mitogen-activated
protein kinase pathways19 or possibly
through the regulation of mitotic spindle
orientation.17 Sanada et al.17 showed that
either reductions in endogenous AGS3
or overexpression of GRK2ct in neural
progenitor cells shifted the axis of cell
cleavage from a horizontal to vertical
plane. From this study, the orientation of
the progenitor cell divisions was corre-
lated with cell fate (i.e., there was in-
creased neuronal fate with a concomi-
tant loss of the progenitor cell pool).17 At
the present time, there is an emerging al-
beit controversial role for the regulation
of the mitotic spindle in PKD. Dysregu-
lation of the mitotic spindle in renal epi-
thelial cells is believed to be associated
with promoting aberrant epithelial cell
proliferation, tubular dilation, and cyst
formation.20 –23 On a subcellular level,
AGS3 was found to co-localize with G�i3
at the plasma membrane and mitotic
spindle poles (Supplemental Figure 5),
which could suggest a potential role for
AGS3 in mitotic spindle pole orienta-
tion. Our findings in conjunction with
previously published studies in other or-
gans and invertebrate systems suggest
that there is a unique role for AGS3 to
regulate proliferative signaling cascades
through a G��-dependent manner.

In summary, our study provides the
first evidence demonstrating aberrant
expression of AGS3, a novel receptor-in-
dependent regulator of heterotrimeric G

Figure 3. Increased renal AGS3 expression
in a mouse model and humans with ADPKD.
(A and B) Representative immunoblot analy-
sis is performed in kidneys obtained from
Pkd1v/v hypomorphic mouse (A) and humans
with ADPKD kidneys (B). (A) Normal C57Bl/6
and cystic Pkd1v/v hypomorph kidneys are
harvested at postnatal day 14 and analyzed
for AGS3 and AGS5/LGN protein expres-
sion. The Pkd1v/v mouse model of ADPKD
exhibits a point mutation in the Pkd1 gene,
resulting in inefficient cleavage of polycystin
1 (PC1), which is necessary for optimal activ-
ity of PC1.28 (B) Normal human kidneys (n �
4) and human ADPKD kidneys (n � 5) are
analyzed for the expression of AGS3.
(C) Densitometry of the human AGS3 bands
are analyzed (P � 0.001). �-actin is used to
determine equal loading of the lanes.
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protein, in the kidneys from multiple
mammalian models of ARPKD and AD-
PKD. Our data suggest a novel mecha-
nism by which AGS3-G� signaling cas-
settes may be involved in activating
noncanonical G protein pathways to
promote renal epithelial cell prolifera-
tion. AGS3 may play a fundamentally
important role in the integration of mul-
tiple converging signaling pathways to
transition normal renal tubular epithelia
toward a pathologically cystic disease
phenotype. Our study may open the
door to new investigations into the de-
velopment of anticystic drugs to target
AGS3-G� complexes to treat PKD and
possibly other proliferative diseases.

CONCISE METHODS

Animal Models and Humans with
PKD
We obtained kidneys from three distinct ani-

mal models and humans with PKD for our

study. To study models of ARPKD, we used

the BPK mice and PCK rats. To examine an-

imal and humans with ADPKD, we studied

the Pkd1V/V knock-in mouse and humans.

The details regarding each of the models of

PKD are described next.

BPK Mouse
Kidneys were harvested from the BPK

mouse � ImmortoMouse at postnatal day 21

as described previously by our laboratory.24

Detailed description of the BPK mouse has

been reviewed elsewhere.25 For control mice,

Ba � ImmortoMouse mouse kidneys were

harvested at postnatal day 21. The BPK and

Ba mouse kidneys were used to isolate the

conditionally immortalized renal epithelial

cells as described by Sweeney et al.26

Polycystic Kidney (PCK) Rats
Rats were purchased from Charles River Lab-

oratories (Benton Harbor, MA) at postnatal

week 4 and allowed ad libitum access to food

and water. Kidneys and livers were harvested

at weeks 8, 16 and 26. The PCK rat is the only

orthologous animal model that resembles hu-

man ARPKD, and is caused by a splicing mu-

tation (IVS35-2A3T) in Pkhd1 leading to the

skipping of exon 36.27 The PCK rat is a more

indolent model of ARPKD compared with the

BPK mouse.

Pkd1V/V Knock-in Mice
Normal C57Bl/6 and Pkd1V/V knock-in

C57Bl/6 mouse kidneys were harvested at

postnatal day 14, and kidney lysates were iso-

lated as described previously by Yu et al.28

Human ADPKD Kidneys
Discarded de-identified kidney biospecimens

from normal humans and humans with AD-

PKD phenotype were obtained from Dr. Pa-

tricia D. Wilson under institutional review

board–approved and Health Insurance Port-

ability and Accountability Act– compliant

protocols.

Renal Protein Isolation and AGS3
Immunoblot Analysis
Protein homogenates were isolated from nor-

mal and cystic kidneys from multiple animal

models and humans with PKD. To examine the

Figure 4. AGS3 promotes increased epithelial cell number in a G��-dependent path-
way. Ba and BPK epithelial cells are transduced at a multiplicity of infection of 40 with
lentiviral vectors expressing shRNA (control or specifically targeted to AGS3) or GRK2ct
cDNA. (A through C) For the AGS3 knockdown experiments, the two most effective AGS3
shRNAs (see Supplemental Figure 4) are used for the Western blot (A), cell proliferation
assay (B), and cAMP assay (C). (A) Western blot analysis demonstrates a specific reduction
in AGS3 expression after combined AGS3 shRNA knockdown (A) compared with control
shRNA (C) or vehicle-treated cells (V). No off-target knockdown of AGS5/LGN or �-actin
is detected using the AGS3 shRNA. Br, brain (positive control); V, vehicle; A, AGS3
shRNA; C, control (scrambled) shRNA. (B) The genetically modified Ba and BPK cells are
aliquotted into 96-well plates and examined for cell number 24 hours later by CyQuant
fluorescence assay. *P � 0.001, significant difference between vehicle-treated cells. (C)
cAMP levels are examined by ELISA using cell lysates obtained from the genetically
modified Ba and BPK cells treated with vehicle or transduced with lentiviral vectors
expressing control or specific AGS3 shRNA (n � 6 to 10 samples per group). (D) BPK
epithelial cells are incubated with H-89 (10 and 50 �M) for 24 hours before determination
of cell numbers by CyQuant fluorescence assay. (E) BPK epithelial cells are incubated with
or without Rp-adenosine-3�,5�-monophosphorothioate (20 �M), a specific PKA inhibitor,
for 5 hours. Cells are collected for protein isolation to determine the expression of AGS3 by
Western blot analysis. Densitometry is performed to determine the band intensities. (F) BPK
epithelial cells genetically modified to overexpress GRK2ct are aliquotted into a 96-well
plate; 24 hours later, the cell proliferation is measured using the CyQuant fluorescence assay
and compared with vehicle-treated BPK cells. *P � 0.001, significant difference between
vehicle-treated cells. Numbers of samples in each group are shown in each graph.
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effect of PKA inhibition on endogenous AGS3

expression in vitro, we added Rp-adenosine-

3�,5�-monophosphorothioate to the renal epi-

thelial cells at a concentration of 20 �M for 5

hours before cell harvesting. AGS3 expression

was determined using standard Western blot

techniques. The primary antibodies for AGS3

and AGS5/LGN were provided by Dr. S.M.

Lanier (Medical University of South Carolina,

Charleston, SC), which have been extensively

used and characterized.8,10,13,29 All other pri-

mary antibodies were obtained from Sigma (St.

Louis, MO): Mouse anti–glyceraldehyde-phos-

phate dehydrogenase (1:4000 dilution; cat. no.

G8795); mouse anti–�-actin (1:4000 dilution;

cat. no. A5441), and mouse �-tubulin (clone

tub2.1). Densitometry was performed to quan-

tify band intensity using ImageJ software (Na-

tional Institutes of Health, Bethesda, MD).

Reverse Transcription Quantitative
PCR for AGS3
Total RNA was extracted from SD and PCK

rat kidneys using TRIzol reagent, and reverse

transcription quantitative PCR was per-

formed using a slight modification in the PCR

amplification conditions with SYBR Green

reagent.24 Specific primers used for the PCR

assay were as follows: sense 5�-TCCAGGAT-

TGATGACCAGCG-3� and antisense 5�-CAC

TGGCCTCTTGGTCTGGA-3�(IntegratedDNA

Technologies, Coralville, IA). The AGS3 ampli-

con was normalized to 18S RNA using the

��CT method. PCR products were se-

quenced to verify their authenticity (Se-

qWright, Houston, TX).

Immunohistochemical Localization
of AGS3 in the Kidney and Liver
SD and PCK rat kidneys and livers were fixed

in zinc formalin and paraffin-embedded. Tis-

sues were sectioned (4 �m) and deparaf-

finized for performance of antigen retrieval.

Slides were stained for AGS3 protein using a

DAKO Autostainer Plus (Carpenteria, CA)

using the affinity-purified polyclonal AGS3

antibody (pep32) at a dilution of 1:250 for 60

minutes at room temperature. Diaminoben-

zidine was applied to the slides after the sec-

ondary antibody conjugated with a horserad-

ish peroxidase polymer, counterstained in

Mayer’s hematoxylin solution, and cover-

slipped.

Subcellular Distribution of AGS3 in
Nonrenal and Renal Epithelial Cells
Immunocytochemistry was performed essen-

tially as described previously on Chinese

Hamster Ovary cells.8 For renal epithelial

cells isolated from the Ba and BPK mouse, we

used the following imaging methods. In brief,

the cells were visualized using an inverted la-

ser-scanning confocal microscope (Eclipse

TE2000-U; Nikon, Tokyo, Japan) using Plan

Apo �60 oil NA 1.40 objective lens. Each

512 � 512-pixel image was acquired using

EZ-C1 software (EZ-C1 2.10; Nikon). Simul-

taneous detection of TO-PRO-3–stained nu-

clei and immunolabeled AGS3 protein with

AGS3-specific (pep32) antisera was obtained

using red He/Ne laser (�ex � 633 nm, �em �

650 nm long pass) and argon laser (�ex � 488

nm, �em � 515/30 nm), respectively.

Lentiviral Vector Transfer Plasmid
and Vector Production
Lentiviral vector transfer plasmids were cloned

using standard molecular techniques with the

following cDNA inserts: (1) Full-length rat

AGS3 cDNA from pEGFPN1-AGS3-WT and

(2) the C-terminal region from bovine GRK2ct

cDNA encoding residues 495 through 689 from

pcDNA3-GRK2-CT (provided by Dr. J.

Benovic; Thomas Jefferson University, Phila-

delphia, PA). Lentiviral vector transfer plas-

mids containing specific AGS3 shRNA were

obtained from Open Biosystems (Huntsville,

AL). Lentiviral vector transfer plasmids con-

taining control shRNA were obtained from

Santa Cruz Biotechnology (Santa Cruz, CA).

The lentiviral vectors were produced by triple

plasmid transfection as previously de-

scribed.30

Epithelial Cell Proliferation Assay
Normal Ba and cystic BPK renal collecting

duct epithelial cells were treated with vehicle

or transduced with VSV-G pseudotyped len-

tiviral vectors expressing (1) control shRNA,

(2) AGS3-specific shRNA, or (3) GRK2ct.

The cells were transduced at a multiplicity of

infection of approximately 40 and expanded

until they were aliquotted into a 96-well plate

format. In some experiments, BPK epithelial

cells were treated overnight with H-89 (10

and 50 �M) to determine the role of PKA

inhibition on cell proliferation. All cell num-

bers were subsequently determined 24 hours

later using the CyQuant Direct Cell Prolifer-

ation Assay as per the manufacturer’s proto-

col (Life Technologies). Cell numbers were

calculated using a standard curve generated

on each plate.

Measurement of cAMP Levels
Normal Ba and cystic BPK renal collecting

duct epithelial cells were treated with vehicle

or transduced at a multiplicity of infection of

40 with VSV-G pseudotyped lentiviral vec-

tors expressing either control or AGS3-spe-

cific shRNA. The epithelial cells were ex-

panded in 60-mm plates for 48 to 72 hours.

The cells were harvested in 0.1 N HCl, and the

cAMP levels were determined by ELISA (As-

say Designs).

Statistical Analysis
The significance of differences between

groups was tested by a one-way ANOVA with

the use of Prism 3.0 statistical software. When

a probability value of P � 0.05 was obtained,

the Tukey test was used for comparison of

each individual group with the appropriate

control groups.
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