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The nicotinic acetylcholine receptor �1 (nAChR�1) was
investigated as a potential fibrogenic molecule in the kidney,
given reports that it may be an alternative urokinase (urokinase
plasminogen activator; uPA) receptor in addition to the classical
receptor uPAR. In a mouse obstructive uropathy model of
chronic kidney disease, interstitial fibroblasts were identified as
the primary cell type that bears nAChR�1 during fibrogenesis.
Silencing of the nAChR�1 gene led to significantly fewer inter-
stitial �SMA� myofibroblasts (2.8 times decreased), reduced
interstitial cell proliferation (2.6 times decreased), better tubu-
lar cell preservation (E-cadherin 14 times increased), and
reduced fibrosis severity (24% decrease in total collagen). The
myofibroblast-inhibiting effect of nAChR�1 silencing in uPA-
sufficient mice disappeared in uPA-null mice, suggesting that a
uPA-dependent fibroblastic nAChR�1 pathway promotes renal
fibrosis. To further establish this possible ligand-receptor rela-
tionship and to identify downstreamsignaling pathways, in vitro
studies were performed using primary cultures of renal fibro-
blasts. 35S-Labeled uPA bound to nAChR�1 with a Kd of 1.6 �

10�8 M, which was displaced by the specific nAChR�1 inhibitor
D-tubocurarine in a dose-dependent manner. Pre-exposure of
uPA to the fibroblasts inhibited [3H]nicotine binding. The uPA
binding induced a cellular calcium influx and an inward mem-
brane current that was entirely prevented by D-tubocurarine
preincubation or nAChR�1 silencing. By mass spectrometry
phosphoproteome analyses, uPA stimulation phosphorylated
nAChR�1 and a complex of signaling proteins, including calci-
um-binding proteins, cytoskeletal proteins, and a nucleopro-
tein. This signaling pathway appears to regulate the expression
of a group of genes that transform renal fibroblasts into more
active myofibroblasts characterized by enhanced proliferation
and contractility. This new fibrosis-promoting pathway may
also be relevant to disorders that extend beyond chronic kidney
disease.

Urokinase was first isolated from human urine in 1955 and
identified as an activator of plasminogen (urokinase plasmino-
gen activator (uPA)2) (1). This serine protease is abundantly
produced by kidney tubular cells and secreted across the apical
membrane into the urinary space. Other cellular sources
include monocytes/macrophages, fibroblasts, and myofibro-
blasts (2). Despite high uPA levels, its primary physiological
function in the kidney remains unknown. Suggested roles have
been an inhibitor of kidney stone formation and urinary tract
infections due to its proteolytic activity and endogenous anti-
biotic function, respectively (3, 4). Increased uPA activity has
been reported in several pathological conditions, such as
chronic kidney disease (2), atherosclerosis, and malignant
tumors (5, 6). Endogenous plasma uPA levels may be elevated
2–4-fold in patients with chronic kidney disease due to
increased uPA released from damaged kidneys (7, 8).
Since its identification as amediator of fibrin/fibrinogen deg-

radation, uPA has been used in clinical settings as a fibrinolytic
agent. The classical cellular urokinase receptor (uPAR)was first
discovered on the surface of monocytes in 1985. Since then, a
diverse array of biological functions triggered by uPA-uPAR
interactions has been elucidated and shown to have important
effects on cellular behavior during embryogenesis, angiogene-
sis, wound healing, and metastases (9–11). The specific role of
uPA in fibrotic disorders appears to be organ-specific. uPA
deficiency worsened bleomycin-induced lung fibrosis and
reduced fibrosis in hearts damaged by viral myocarditis or left
ventricular pressure overload, whereas there was no net effect
on the severity of renal fibrosis induced by ureteral obstruction
(UUO), although uPAR deficiency worsened fibrosis in that
model (2). Despite its association with a broad repertoire of
activities, the uPA mechanism of action remains incompletely
understood. In particular, there is accumulating evidence that
uPA may have protease- and uPAR-independent cellular ef-
fects. For example, macrophage uPA overexpression causes
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cardiac inflammation and fibrosis.Of particular note, this effect
is independent of the classic uPA receptor uPAR and can be
abrogated using a calcium channel blocker (12).
Recent evidence suggests that additional uPA receptor(s)

may exist (13–15). We reported that urokinase initiates renal
fibroblast signaling via the MAPK/ERK pathway (16). This
response appears to be mediated, at least in part, by an alterna-
tive urokinase receptor, since uPA can initiate mitogenesis in
uPAR�/� fibroblasts. Using phage display technology, Liang et
al. (17) reported putative uPA-binding consensus sequences in
12 transmembrane receptors and suggested them as candidate
alternative uPA receptor(s). Of these candidate receptors, sev-
eral are already known as uPAR co-receptors: low density
lipoprotein receptor-related protein, gp130, integrin�v, uPAR-
associated protein (also known as Endo180 andMrc2), and the
insulin-like growth factor II/mannose 6-phosphate receptor. It
is also possible that different uPA domains might simulta-
neously bind to uPAR and one of its co-receptors (18). The
muscle type nicotinic receptor �1 (nAChR�1) was among the
receptor candidates. The muscle type nAChR is a ligand-gated
ion channel known to mediate signal transduction at the neu-
romuscular junction (19). This receptor is a pentametric glyco-
protein comprising five membrane-spanning subunits (two �1,
�1, �, and �) that form a ligand-gated ion channel. The cur-
rently known nAChR�1 ligands are nicotine and acetylcholine.
The ligand-binding domain (interface of�1/� or�1/�) involves
the two �1 chains, which form a specialized pocket of aromatic
and hydrophobic residues structurally similar to uPAR (20, 21).
Upon ligation, the receptor changes its conformation and
becomes permeable to sodium and calcium ions. Receptor
function is regulated by tyrosine phosphorylation and dephos-
phorylation by kinases and phosphatases, respectively (22). The
nAChR�1 is expressed and activated during muscle differenti-
ation during embryonic development and following mature
muscle denervation (23). Vascular endothelium, macrophages,
and fibroblasts are also known to express certain nAChR sub-
types (24). We observed that nAChR�1 expression was signifi-
cantly higher in the kidneys of uPAR-deficient mice that
develop worse scarring during UUO (supplemental Fig. S1a).
Evidence that nAChR�1 might function as an alternative

uPA receptor was suggested by our microarray data that com-
pared uPAR�/� and uPAR�/� renal fibroblasts. The nAChR�1
was the only one of the 12 receptor candidates identified by
Liang et al. (17) that was significantly up-regulated on the
uPAR�/� fibroblasts (n � 5, p � 0.01 by analysis of variance
(ANOVA), �2-fold change) (supplemental Fig. S1b). Based on
the assumption that the receptor may be up-regulated in dam-
aged kidneys in the absence of uPAR and contribute to the
development ofmore severe fibrosis, this study was designed to
determine if a ligand-receptor relationship exists between uPA
and nAChR�1 and to investigate its functional role in fibroblast
growth and renal fibrosis. In vivo functional knockdown of the
nAChR�1 was shown to significantly attenuate fibrosis after
ureteral obstruction, an effect that was uPA-dependent. In vitro
studies provided additional evidence that nAChR�1 was an
uPA signaling receptor for fibroblasts, activating a complex of
signaling proteins by tyrosine phosphorylation and calcium
influx to stimulate proliferation and enhance contractility.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Antibodies used in this study and
their sources were as follows: rabbit anti-mouse uPA, Molecu-
lar Innovations Inc. (Novi,MI); antibodies to nAChR�1, -�1, or
-� and FGF-2, SantaCruzBiotechnology, Inc. (SantaCruz, CA);
antibodies to uPAR1, phosphotyrosine, and E-cadherin (R&D
Systems,Minneapolis, MN); rat monoclonal antibody to F4/80,
Serotec Ltd. (Oxford, UK); EPOTM horseradish peroxidase-
conjugated monoclonal antibodies to vimentin, �SMA, or
PCNA and rat monoclonal antibody to Ki-67 (TEC-3), Dako
Corp. (Carpinteria, CA); rabbit monoclonal antibody to Ki-67
(SP6), Novus Biologicals Inc. (Littleton, CO); rabbit antibody to
receptor-conjugated choline glutaric acid (receptor-bound ace-
tylcholine), Abcam Inc. (Cambridge, MA); fluorescein isothio-
cyanate-conjugated antibody to �-actin, Sigma; and rat anti-
bromodeoxyuridine (BrdUrd) monoclonal antibody (Harlan
SERA-LAB, Loughborough, UK). Protein reagents used in the
in vitro intervention studies were as follows: active mouse
urokinase (uPA) and amino-terminal fragment of mouse uPA
(ATF), Molecular Innovations, Inc.; �-bungarotoxin (�BTx),
D-tubocurarine (d-TC), and neonicotine (neoN), Sigma. High
protein rat tail collagen, type 1 (12.29 mg/ml), used in forming
a three-dimensional gel, was purchased from BD Biosciences.
siRNA-expressing Constructs—Several siRNA hairpin oligo-

nucleotides to the target nAChR�1 mRNA sequence (NM-
007389) were designed and synthesized using a strategy
described previously (25) (supplemental Fig. S2a). A scrambled
RNA hairpin oligonucleotide was produced as a control. The
hairpin insertswere cloned into the PromegapsisTRIKETMvec-
tor (Promega Corp.) according to the manufacturer’s instruc-
tion. Following transformation and amplification in Esche-
richia coli bacteria, plasmid DNA was isolated, digested with
PstI, and confirmed by DNA sequencing (supplemental Fig.
S2b). The silencing efficacy of these constructs was tested in
renal fibroblast cultures (supplemental Fig. S2, c and d). The
vector with the highest silencing effect against nAChR�1,
which targets mouse nAChR�1 sequence at 1213–1238, was
named psir2. The vector expressing the scrambled RNA
sequence (GGCAUAAGAUUUAGCGGCAAGCAAU) was
designated as pscr.
Animals and in Vivo RNA Interference Studies—All animal

studies were approved by the Institutional Animal Care and
Use Committee of the Seattle Children’s Research Institute. All
mice were on a C57BL/6 background. Wild-type (WT) mice
were purchased from the Jackson Laboratory and underwent
UUO surgery and cDNA intervention experiments at 12 weeks
of age, as reported previously (26). To functionally knock down
nAChR�1 expression, the psir2 naked plasmid DNA was
administered via tail veins (n � 10) using a hydrodynamic pro-
tocol as described previously (27, 28). Controls were injected
with pscr plasmid DNA. Following rapid tail vein injection of
100 �g of DNA (psir2 or pscr) in 1 ml of normal saline, UUO
surgery was performed in the left kidney. Kidneys and other
tissues were harvested 7 days later. Additional mice were
injected with pEGFP (a plasmid cDNA encoding enhanced
green fluorescence protein obtained from Invitrogen using the
same procedure. In order to delineate the functional relation-
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ship between nAChR�1 and uPA, urokinase-deficient Plau�/�

mice (29) were obtained from the Jackson Laboratories (Bar
Harbor, ME) and used in another set of RNA interference
experiments, as described above for the WT mice.
Cell Culture and Stable Transfection—Primary renal fibro-

blast cultures were used as an in vitromodel to further identify,
characterize, and delineate this potential ligand-receptor rela-
tionship and to investigate its functional effects on renal fibro-
blasts.Wild-type and uPAR�/� mouse renal fibroblast primary
cultures were established and characterized as previously
described (16). Cells were routinely cultured at 37 °C with 5%
CO2 in DMEM/F-12 (1:1) supplemented with 5% (v/v) fetal calf
serum (pH 7.35–7.45) and were passed after treatment with
0.05% trypsin, 0.53mMEDTAdigestion buffer (Mediatech Inc.,
Manassas, VA). The psir2 and pscr cDNAs were transfected
into the uPAR�/� cells, using siPORTTM XP-1 transfection
agent (Ambion Inc., Austin, TX) according to the manufactur-
er’s instructions. Neomycin-resistant cell clones were selected
and amplified. The cellular nAChR�1 silencing efficiency was
confirmed at the mRNA and protein levels (supplemental Fig.
S3). All in vitro experiments were performed, and results were
compared with cells at 8–10 passages.
Northern Blotting and Quantitative Real Time PCR—Total

RNAwas isolated from cells or kidneys using TRIzolTM reagent
(Invitrogen) according to the manufacturer’s protocol. North-
ern blot analysis for �SMA (26) and uPAR (30) and TaqMan
real time reverse transcription-PCR for nAChR�1 were per-
formed as described previously (24, 26).
Immunohistochemical (IHC) and Immunofluorescent Stains

and Morphometric Analyses—The nAChR�1 and phosphoty-
rosinewere immunolabeled in cultured renal fibroblasts using a
standard ABC kit protocol (Vector Laboratories) (30, 31). Par-
affin-embedded kidney sections were stained with primary
antibodies to nAChR�1, receptor-conjugated choline glutaric
acid (receptor-bound acetylcholine), �SMA, Ki-67, and FGF-2.
For IHC double staining, anti-�SMA antibody was directly
labeled with horseradish peroxidase (developed with 3,3�-di-
aminobenzidine plus nickel, resulting in a black color), and
nAChR�1 or Ki-67 was indirectly labeled with alkaline phos-
phatase-conjugated secondary antibodies (developed with Fast
Red, resulting in a red color) (26). For immunofluorescent dou-
ble stains, uPA and nAChR�1 were identified with fluorescein
isothiocyanate (green) and tetramethylrhodamine (red) fluo-
rescence, respectively. Imageswere capturedwith a SPOTcam-
era. For �SMA and receptor-bound acetylcholine, positive
stain was quantified using Image-Pro Plus software. For
nAChR�1, the staining in glomeruli, tubules, and the inter-
stitiumwas separately quantified using the Image-ProPlus soft-
ware (for glomeruli) or a previously published point-counting
method (for tubular or interstitial areas) (30). The results were
expressed as positive percentage of area of interest (glomerular,
tubular, or interstitial areas).
Total Collagen Assay—Total renal collagen was measured

biochemically, as previously described (26). In brief, an accu-
rately weighed portion of the kidney was homogenized in dis-
tilledwater, hydrolyzed in 10 NHCl, and incubated at 110 °C for
18 h. The hydrolysate was dried by speed-vacuum centrifuga-
tion and redissolved in buffer (25 g of citric acid, 6 ml of glacial

acetic acid, 60 g of sodium acetate, and 17 g of sodium hydrox-
ide in 500ml (pH 6.0)). Total hydroxyproline in the hydrolysate
was determined according to the chemical method of Kivirikko
et al. (32). Total collagen in the tissue was calculated on the
assumption that collagen contains 12.7% hydroxyproline by
weight. Final results were expressed as �g/mg kidney wet
weight.
Western Immunoblotting and Co-immunoprecipitation—

Immunoblotting (IB) and co-immunoprecipitation (IP/IB)
experimentswere performed following standard protocols (33).
Flow Cytometry Studies—Fibroblast nAChR�1 protein ex-

pression was evaluated using a standard flow cytometric
approach. Renal fibroblasts were cultured in mediumwith or
without uPA (2.4 � 10�8 M, a dose selected based on its
binding Kd and our previous dose-response studies) (16). At
the end of the experiment (from 24 to 72 h), cells were har-
vested and subsequently incubated with ab1 specific for
nAChR�1 and fluorescein isothiocyanate-conjugated ab2.
Following stringent washes, cells were counted, and fluores-
cence intensities were evaluated using a flow cytometry
(FACSCalibur; BD Biosciences).
Fibroblast Proliferation Assays—Fibroblast proliferation was

evaluated using the CellTiter 96 Aqueous One Solution cell
proliferation kit (Promega) according to the manufacturer’s
instructions (16). Since uPAR�/� fibroblasts did not survive for
72 h in serum-free culture conditions, uPA (2.4 � 10�8

M)-stimulated cell proliferation experimentswere performed in
DMEM/F-12 medium with 0.1% fetal calf serum. Similar stim-
ulating experiments using uPAR�/� fibroblasts were per-
formed under serum-free conditions. For each genotype, fibro-
blast proliferation was measured over several time periods in
the presence or absence of uPA stimulation, comparing the
responses of nAChR�1-expressing and -silenced fibroblasts.
Each experiment was typically performed with n � 12 separate
wells of fibroblasts in 96-well plates. Control experiments were
performed with neoN and �BTx serving as an nAChR�1 ago-
nist or antagonist, respectively. In additional experiments,
nuclear mitotic activity was assessed by flow cytometric analy-
sis of BrdUrd incorporation (34). BrdUrd was added to the cul-
turemedium (final concentration 400�g/ml) and incubated for
2 h prior to the experimental end point. Cells were then har-
vested, and their DNA was denatured with 2 N HCl at 37 °C for
30 min. BrdUrd was revealed with a rat anti-BrdUrd mono-
clonal antibody (1:10). Secondary antibody was goat anti-rat
coupled to fluorescein isothiocyanate (Southern Biotechnology
Associates, Birmingham, AL). Cell fluorescence intensity was
evaluated using a flow cytometry (FACSCalibur; BD Bio-
sciences), with the results expressed as a percentage of BrdUrd-
positive cells (BrdUrd incorporation rate).
Collagen Gel Contraction Assay—The ability of the uPA-

nAChR�1 interactions to modulate fibroblast-mediated colla-
gen gel contraction was determined using the three-dimen-
sional collagen gel slow contraction assay, as previously
described (35). Briefly, fibroblasts were incubated in DMEM
containing type I collagen (0.75 mg/ml) with or without uPA
(2.4 � 10�8 M) to form a three-dimensional collagen lattice.
The gels released from the platewellswere incubated inDMEM
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plus 1% fetal calf serum for 4 days. The gel area wasmeasured at
0, 48, and 96 h.
Urokinase and Nicotine Binding Assays—In an effort to

determine if nAChR�1 mediates uPA binding to uPAR�/�

fibroblasts, urokinase and nicotine competition binding studies
were performed. Urokinase binding assays were carried out
using two strategies. In the first, serial concentrations of the
labeled uPA and a fixed concentration of the competitive
inhibitor �-BTx were simultaneously added to the cells to
measure binding competition using a classical assay
described by Mazzieri et al. (36). The uPA (American Diag-
nostic, Hauppauge, NY) was labeled using the DSB-X Biotin
Protein Labeling Kit (Invitrogen) and streptavidin-35S (GE
Healthcare) according to the manufacturers’ instructions. In
order to determine binding specificity, experiments were
performed with or without a 100-fold excess of unlabeled
uPA, in the presence of the nAChR�1 competitive antago-
nist �-BTx (0.1 �M) or in the absence of receptor nAChR�1
(receptor-silenced cells). After stringent washes, emitted
�-activities were counted. In the second binding study strat-
egy, the nAChR�1 expressed by uPAR�/� fibroblasts was
preblocked with 0.1 �M �-BTx or a gradient concentration of
d-TC for 30 min before the addition of biotinylated uPA
(2.4 � 10�8 M). A previously published co-IP method (37)
was used to pull down the nAChR�1-bound uPA with an
antibody specific for nAChR�1. The immunoprecipitated
proteins were then run in an SDS gel and transferred to a
membrane, and the biotinylated uPA was probed with
ImmunoPure streptavidin-rhodamine (Pierce). Blots were
scanned, and the fluorescence intensity was analyzed using a
Typhoon 9410 variable mode imager (Amersham Bio-
sciences). Nicotine binding assays were performed with
serial concentrations (from 1.8 to 600 nM) of 3H-labeled nic-
otine (PerkinElmer Life Sciences) at room temperature for
45 min. Competition binding was carried out in the presence
of pre-exposed uPA (10�7 M) or d-TC (15 �M) (added 30 min
earlier than [3H]nicotine). All binding assay data were ana-
lyzed and graphed with GraphPad Prism 4 software.
uPA/nAChR�1-induced Phosphorylation Studies—In an

effort to determine if uPA binding to nAChR�1 activates intra-
cellular signal transduction by tyrosine phosphorylation, 90%
confluent uPAR�/� fibrobroblast cultures were rendered qui-
escent in serum-free medium (SFM) overnight and then stim-
ulated with 2.4 � 10�8 M uPA in SFM for a period of time from
0 to 30 min. Two strategies were employed to determine if the
nAChR�1 initiates uPA signaling: 1) by comparing signal acti-
vation in nAChR�1-silenced uPAR�/� fibroblasts versus
nAChR�1-overexpressing uPAR�/� fibroblasts and 2) by iden-
tifying the activation (phosphorylation) of nAChR�1 per se
with the IP/IB method. Cells grown on glass coverslips were
fixed in 4% paraformaldehyde and stained with a phosphoty-
rosine-specific antibody using the ABC kit. Proteins extracted
with 5% SDS buffer were used in IB analyses for phosphoty-
rosine and in IP/IB studies for phosphorylated receptor
nAChR�1. Components of the signaling pathway were fur-
ther identified by phosphoproteomic mass spectrometry
experiments.

Phosphoproteomic Mass Spectrometry—Phosphoproteins
expressed by uPAR�/� fibroblasts before and after uPA (2.4 �
10�8 M) stimulationwere isolated and enriched by immunopre-
cipitation using an antibody specific for phosphorylated tyro-
sine residues. The pull-down proteins were separated by one-
dimensional gel electrophoresis under a nonreduced condition.
The bands stained with SimpleBlueTM SafeStain (Invitrogen)
were excised from the gel, and the tryptic peptide fingerprint
was analyzed by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry.
Ca2� Mobilization Assays—Fibroblasts were grown in SFM

for 36 h and loaded with the [Ca2�]i-sensitive probe fura-2 AM
at 37 °C for 30min. The change in fluorescence intensity before
and after uPA (2.4 � 10�8 M) stimulation was measured using
either the microfluorimetric technique of the TILLVISION
program (Till Photonics GmbH Inc., Gräfelfing, Germany) for
cells grown on glass coverslips or a spectrofluorimeter (Photon
Technology International, Birmingham, NJ) for cell suspen-
sions, as previously described (38). Intracellular calcium was
monitored as 500 nm fluorescence emission following 340/380
nm excitations.
Patch Clamp Studies—Patch clamp experiments were per-

formed in the tight seal on-cell configuration at 24 � 2 °C, as
described by Akk and Steinbach (39). Fibroblasts grown on
glass coverslips were transferred to the recording chamber and
kept in a standard modified bath solution containing 137 mM

NaCl2, 2.4 mM CaCl2, 2.7 mM KCl, 0.5 mM MgCl2, 6.6 mM

Na2HPO4, 1.5 mM KH2PO4, pH 7.3. Base-line patch pipette
resistances were between 2 and 4 megaohms when the pipette
was filled with a solution of 142 mM KCl, 1.8 mM CaCl2, 1.7 mM

MgCl2, 5.4 mM NaCl2, 10 mM Hepes, pH 7.4. Following the
addition of uPA (2.4 � 10�8 M) to the bath solution, high reso-
lution current recordings were acquired using a computer-
based patch-clamp amplifier system (EPC-9, HEKA, Lambre-
cht, Germany). Additional experiments were performed after
preblocking nAChR�1 with d-TC (1.5 � 10�5 M in the bath
solution) for 10 min prior to uPA stimulation. The membrane
potential was held at �50 mV. Results were expressed as cur-
rent amplitude changes with time or current-voltage (I-V)
curves.
Microarray Gene Expression Experiments—Using previously

published methods (40), microarray experiments were con-
ducted using the Affymetrix mouse 430 2.0 chip (45,102 probe
sets) in four experimental groups: pscr, uPAR�/� fibroblasts
with or without uPA (2.4 � 10�8 M) and psir, uPAR�/� fibro-
blasts with or without uPA (2.4 � 10�8 M). All groups were
cultured for 48 h in DMEM/F-12medium containing 0.5% fetal
calf serum. Each experiment compared five sets of uPAR�/�

fibroblast cultures per group, unstimulated versus uPA-stimu-
lated; -fold change �2.5, p � 0.0001 by ANOVA considered
statistically significant.
Statistical Analyses—Data were analyzed using Student’s t

test (parametric data) or Mann-Whitney U test (nonpara-
metric data), and the null hypothesis was rejected at a p value
less than 0.05 unless specified elsewhere (e.g. microarray
data analyses). Values are presented as mean � 1 S.D. unless
stated otherwise.
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RESULTS

Renal Expression of nAChR�1 and Acetylcholine during
Fibrogenesis—Inwild-typemouse kidneys, nAChR�1 protein is
expressed in all compartments of the cortex, including glomer-
uli, tubules, and the interstitium, but absent in the medulla.
Glomerular and tubular nAChR�1 expression rapidly declined
duringUUO (�6-fold reduction by day 7, evaluated by IHC). In
contrast, expression by interstitial cells was strongly up-regu-
lated, especially within fibrotic areas of the renal cortex (Fig.
1a). By double immunostaining, the interstitial nAChR�1 pro-
tein co-localized to �SMA� myofibroblasts in the obstructed
kidneys (Fig. 1b). However, given the striking reduction in glo-
merular and tubular expression, total kidney nAChR�1 protein
levels were significantly lower on day 7 UUO compared with
sham-operated mice (Fig. 1c).
In preliminary studies using a green fluorescent protein

transgene, the tail vein hydrodynamic DNA delivery system
was shown to achieve significant gene expression within tubu-
lointerstitial and glomerular cells in obstructed kidneys (Fig.
2a). Using this delivery system, nAChR�1 protein expression
was significantly reduced by 70% (day 7 UUO) with the siRNA-
expressing plasmid DNA (Fig. 2b).

Acetylcholine (ACh) is the only currently known endoge-
nous ligand for nAChR�1, and very little immunochemically
detectable receptor-bound ACh is present in normal kidneys
(Fig. 2c). The bound ACh ligand substantially increased in
the obstructed kidneys 7 days after UUO (n � 6, p � 0.05,
UUO versus sham). The bound ACh was seen exclusively on
glomerular and tubular cells. The glomerular and tubular
receptor-bound ACh was significantly reduced in the
nAChR�1-knockdown mice (2.6-fold less, n � 6, p � 0.05,
psir2 versus pscr, 7 days after UUO). No bound ACh was
found in tubulointerstitium, suggesting that ACh is not the
primary functional ligand for the increased interstitial fibro-
blastic nAChR�1 receptor during fibrogenesis and that an
alternative ligand may present.
The nAChR�1 Is Functionally Important to Fibrotic

Responses to Renal Injury—After a 70% knockdown of
nAChR�1 in the wild-type mice, there was a 2.8-fold reduction
in the number of the �SMA� interstitial myofibroblasts com-
pared with the pscr-treated mice (p � 0.05, psir2 versus pscr,
n � 8, 7 days after UUO) (Fig. 3a). This effect was coupled with
suppressed FGF-2 (fibroblast growth factor-2, also called basic
fibroblast growth factor) protein levels in the nAChR�1-si-
lenced mice (98% inhibition, n � 6, p � 0.05, psir2 versus pscr)
(Fig. 3b). The reduced interstitial myofibroblast recruitment
was probably due in part to an inhibition of the cell prolifer-
ation response (PCNA and Ki-67 levels reduced by 93 and
60% in Western analyses, respectively, psir2 versus pscr, n �
6, both p � 0.05, 7 days after UUO); IHC stain/double stain
determined that the Ki-67� proliferating cells in the
obstructed kidneys were almost exclusively interstitial myo-
fibroblasts (Fig. 3b).
The decrease in interstitial myofibroblasts was associated

with less severe tubular cell dedifferentiation, as reflected by
higher E-cadherin levels in the psir2-treated mice (p � 0.05,
psir2 versus pscr, n � 4, 7 days after UUO) (Fig. 3c), probably

as a consequence of reduced myofibroblast numbers and the
ensuing fibrosis attenuation. The degree of fibrosis was
significantly reduced by 24%, measured as total kidney col-
lagen (p � 0.05, psir2 versus pscr, n � 8, 7 days after UUO)
(Fig. 3c).

FIGURE 1. Renal expression of nAChR�1. a, nAChR�1 IHC staining detects a
strong expression in glomeruli and cortical tubules in a normal mouse kidney.
Seven days after UUO, expression localizes to interstitial cells, whereas glo-
merular and tubular expression has largely disappeared. Using either the
Image-pro program (for glomeruli) or a point-counting method (for tubular
or interstitial areas), compartment-specific nAChR�1 expression was quanti-
fied, and results are expressed as positive percentage of area of interest. b, IHC
double staining co-localizes �SMA� (brown) and nAChR�1 (red) staining to a
subpopulation of interstitial cells in an obstructed kidney 7 days after UUO.
c, nAChR�1 Western blot analysis shows significantly reduced expression
after UUO. The �-actin bands were used to correct for protein loading. The
histogram represents the relative band densities analyzed with the NIH Image
program (n � 8). *, p � 0.05, sham versus 7-day UUO (7dUUO). Original mag-
nification was �400.
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 protein 

FIGURE 2. Targeted knockdown of kidney nAChR�1 and the expression of receptor-bound ACh. The hydrodynamic high pressure intravenous approach
effectively delivered plasmid DNA to both the obstructed (OK) and the contralateral kidney (CK). a, the pEGFP plasmid DNA encoding enhanced green fluorescence
protein was detected in mouse whole kidney but not in muscle tissue (M) by agarose gel electrophoresis. Pure plasmid DNA served as molecular size control. On the
right, green fluorescent protein immunohistochemical staining illustrates green fluorescent protein expression in both tubulointerstitial and glomerular cells of the
obstructed kidneys 7 days after UUO. b, co-immunoprecipitation studies showed significantly less renal nAChR�1 protein in psir2-treated mice compared with the pscr
mice (*, p �0.05, n �6). IP, antibodies used for immunoprecipitation; IB, antibody used for immunoblotting. The graph shows the mean immunoblot band densities�
1 S.D., corrected for protein loading using �-actin protein band densities. Kidney nAChR�1 IHC staining illustrates lower levels in the psir2 mice. c, IHC staining using an
antibody that detects receptor-bound but not free acetylcholine (Ach) was negative in the normal sham kidney; significant glomerular and tubular (but not interstitial)
staining was observed in obstructed kidneys. The histogram illustrating the results of computer-assisted image analysis of the receptor-bound ACh� area shows a
significant 70% reduction in the nAChR�1-silenced group 7 days after UUO. *, p � 0.05, psir2 versus pscr, 7-day UUO, n � 8; �, p � 0.05, sham versus 7-day UUO, n �
8/group. Original magnification was �600 (a) or �400 (b and c), counterstained with hemotoxylin.
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Fibroblastic nAChR�1 Expression
and nAChR�1-promoted Myofibro-
blastsAreuPA-dependent—Toinves-
tigate the role of uPA as a potential
fibroblast nAChR�1 ligand, the
UUO-induced renal myofibroblastic
response on day 7 was compared
between WT C57BL/6 and uPA�/�

C57BL/6 mice after administration
of pscr or psir2. Similar to the obser-
vation in wild-type mice, nAChR�1
protein was mainly expressed by
tubules in normal kidneys; levels
significantly declined 8-fold in
response to ureteral obstruction
and further decreased in the psir2-
treated mice compared with the
pscr-treated mice on day 7 after
UUO (Fig. 4a). However, unlike the
wild-type mice, the expanding inter-
stitial cell population expressed very
littlenAChR�1 in theabsenceofuPA.
The �SMA expression levels, as
measured by Northern blot analy-
ses, were similar in the pscr- and
psir2-treated uPA-deficient mice at
7 days after UUO (Fig. 4b). This was
confirmed byWestern blot analyses
(data not shown).
The in vivo finding suggesting

that uPA may induce renal fibro-
blastic nAChR�1 expression and
promote myofibroblast recruitment
was further investigated in vitro.
Following a 24-h incubation in SFM
with or without uPA (2.4� 10�8 M),
flow cytometric analyses demon-
strated a significantly higher percent-
age (35% increase) of nAChR�1-
positive renal fibroblasts in the
uPA-stimulated group compared with
the unstimulated control group
(p � 0.05, three independent exper-
iments) (Fig. 5a). Northern blot
analyses were performed to investi-
gate the effects of uPA-nAChR�1/
uPAR interactions on fibroblast
�SMA expression, a cytoskeleton
proteinmarker for “activated” fibro-
blasts or myofibroblast phenotypic
transformation (41, 42) (Fig. 5b).
The full-length active uPA, but not
the ATF, which lacks the catalytic
domain but still binds to uPAR, up-
regulated �SMA gene expression in
wild-type fibroblasts that expressed
both receptors. The absence of both
receptors completely nullified the

FIGURE 3. nAChR�1 silencing reduces myofibroblast proliferation and renal fibrosis. a, IHC photomicro-
graphs illustrate differences in the number of kidney �SMA� myofibroblasts in mice treated with the nAChR�1
silencing (psir2) and scrambled (pscr) siRNA. The graph summarizes the results of computer-assisted image
analysis of the �SMA� interstitial area, showing a significant 74% reduction in the nAChR�1-silenced group 7
days after UUO. b, kidney protein levels for the cell cycle proteins Ki-67, PCNA, and mitogenic fibroblast growth
factor (FGF-2) are reduced in the nAChR�1-knockdown kidneys (psir2) compared with the scramble controls
(pscr), as shown in the Western blot analyses (FGF-2 and PCNA) or by first concentrating the sample by pulling
down (immunoprecipitation with the rabbit monoclonal anti-Ki67 antibody) and then probing (immunoblot
with the rat monoclonal antibody) for Ki-67. All p values were �0.05, psir2 versus pscr, n � 6, 7-day UUO. By IHC,
FGF-2 was detected in both tubules and interstitial cells in the obstructed kidneys of the control group.
Reduced numbers of proliferating kidney interstitial cells in the nAChR�1 siRNA-treated mice after UUO are
illustrated by IHC stain for Ki-67. The inset photograph illustrates double staining for Ki-67 and �SMA (�SMA in
black, Ki-67 in red), indicating that the majority of Ki-67� cells are �SMA� fibroblasts. c, kidney E-cadherin
Western blot illustrates significantly higher levels in the nAChR�1-knockdown mice after ureteral ligation,
indicative of less tubular damage. The lower �-actin stained bands were used to correct for protein loading. The
histogram represents the relative band densities, analyzed with the NIH Image program. Total kidney collagen
levels (measured using the hydroxyproline assay) were significantly lower in the kidneys of mice treated with
the AChR�1-siRNA construct. *, p � 0.05, psir2 versus pscr, 7-day UUO, n � 8; �, p � 0.05, sham versus 7-day UUO
(7dUUO), n � 8/group. Original magnification was �400 (a and b).
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uPA effects on �SMA induction. Fibroblasts bearing uPAR
or nAChR�1 alone showed significantly lower �SMAmRNA
levels in response to either the full-length uPA or ATF, sug-
gesting that uPA may require concurrent interaction with
both receptors to transform fibroblasts.
The uPA-nAChR�1 Interaction Regulates Fibroblastic

Growth and Contractility in Vitro—We previously reported
(16) that renal fibroblasts produce uPA and that uPA stimulates
proliferation both in uPAR�/� and uPAR�/� fibroblasts. Given

our in vivo findings, which suggest that nAChR�1-uPA signal-
ing may regulate the number of interstitial myofibroblasts
that appear in response to chronic kidney injury, the ability
of this interaction to stimulate renal fibroblast proliferation
was investigated in vitro by comparing nAChR�1-expressing
and -silenced fibroblasts. Although the addition of uPA in
culture media moderately stimulated renal fibroblast prolifera-
tion regardless of their uPAR status, the absence of nAChR�1
completely abrogated the growth-promoting effect of the exog-
enous uPA (n � 10, p � 0.05, two independent studies) (Fig.
6a). Control experiments showed that uPA stimulated
uPAR�/� fibroblast proliferation to the same extent as 1 nM
neoN. Both were blocked by the addition of 0.1 �M �BTx (n �
10, all p� 0.05). In 48-h uPAR�/� fibroblast cultures, the uPA-
stimulated BrdUrd incorporation rates were significantly lower
in the absence of the nAChR�1 receptor (27.9 � 2.2% versus
18.9 � 4.8%, p � 0.05, pscr versus psir2, three independent
experiments).
When adherent cells are partially detached, they morpho-

logically become round due to spontaneous contraction.
This change in phenotype is the basis of the in vitro single-
cell contraction assay reported previously (43). During our
routine passing of renal fibroblast cultures, we noticed that
the nAChR�1-silenced uPAR�/� fibroblasts took signifi-
cantly longer to become round in shape when compared with
the nAChR�1-overexpressing uPAR�/� fibroblasts (30 � 5
min versus 15 � 3 min, p � 0.05, three independent experi-
ments), suggesting differences in their adherence and/or
contraction (Fig. 6b). Given this finding and the known impor-
tance of the contractile properties of wound-associated fibro-
blasts during scarring (44), the effect of nAChR�1 on matrix
contractionwas addressedmore directly using a gel contraction
assay. Gel contraction was greatest in the nAChR�1-overex-
pressing uPAR�/� cells (pscr-transfected), weakest in the
nAChR�1-silenced uPAR�/� cells (psir2-transfected), and
intermediate in the wild-type cells (n� 4, p� 0.05, both 48 and
96 h) (Fig. 6b). These data suggest that the receptor nAChR�1 is
involved in triggering the mitogenic and motogenic functions
of fibroblasts.
Urokinase Is a Specific Ligand for Renal nAChR�1 Receptor

both in Vivo and in Vitro—In the next series of experiments, we
investigated whether uPA can directly bind to the fibroblast
nAChR�1 receptor. The uPA protein co-localized with the nic-
otinic receptor nAChR�1 in obstructed kidneys (Fig. 7a). The
nAChR�1 receptor (in both interstitium and tubules) was
totally overlapped with the uPA, but not all uPA protein was
physically associated with the cellular nAChR�1. Co-IP studies
were performed to further analyze the possibility of a specific
uPA-nAChR�1 ligand-receptor relationship using renal pro-
teins isolated from thewild-type anduPA-nullmice. These data
showed that uPA protein can bind to the nicotinic receptor
nAChR�1 in both normal and fibrotic kidneys (Fig. 7a). The
amount of uPA protein that was pulled down was highly corre-
lated with each receptor (r(uPA/nAChR�1) � 0.92; r(uPA/uPAR) �
0.99; n � 6, both p � 0.05). The fact that uPA was required in
order to co-immunoprecipitate nAChR�1 and uPAR suggests
that uPA either bound to each receptor via distinct sites or
induced a conformational change that enabled direct binding

FIGURE 4. The nAChR�1-dependent myofibroblast recruitment requires
uPA. a, renal nAChR�1 Western blot analysis illustrates a significant reduc-
tion in total nAChR�1 protein in the uPA�/� mice after UUO, as was observed
in the wild-type mice shown in Fig. 1. The histogram represents mean band
densities. �, p � 0.05, sham versus 7-day UUO (7dUUO), n � 4/group; *, p �
0.05, psir2 versus pscr, 7-day UUO, n � 4. The nAChR�1 IHC photomicrographs
illustrate that the nAChR�1 protein was absent in the interstitium of both
normal and obstructed uPA�/� kidneys. b, kidney �SMA. Northern blot anal-
ysis illustrates a significant 2-fold reduction in �SMA mRNA due to nAChR�1-
silencing seen in the uPA-sufficient mice 7 days after UUO but not in the
uPA�/� mice (n � 8). The histogram represents semiquantitative results
(mean � S.D.) of Northern blot analysis using the NIH Image analysis pro-
gram. The lower glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA bands were used to correct for RNA loading.
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between the two uPA receptors. A specific interaction between
uPA and cell surface nAChR�1 was further demonstrated by in
vitro cell binding assays using renal fibroblasts (Fig. 7b) that
expressed different levels of the receptor nAChR�1. 35S-La-
beled uPA bound to the uPAR-null, endogenously nAChR�1-

overexpressing renal fibroblasts
with Kd � 1.6 � 10�8 M. Binding
was competitively inhibited in the
presence of a 100-fold excess of
non-labeled uPA and by the
nAChR�1 antagonist �-BTx (0.1
�M) and was significantly reduced
in cells after nAChR�1 silencing
(n� 5, p� 0.05) (Fig. 7b). Preblock-
ing with either�-BTx (0.1�M) (data
not shown) or d-TC (1.5 � 10�8 to
1.5� 10�2 M) completely abrogated
the binding of uPA (2.4� 10�8 M) to
nAChR�1 on the uPAR�/� fibro-
blasts. The concentration of d-TC
that gave 50% inhibition (IC50) was
calculated to be 1.9 �M, a number
similar to previously reported IC50
(2 �M) of the ACh-nAChR�1 bind-
ing (37) (Fig. 7c). In the nicotine
binding assay (Fig. 7d), [3H]nicotine
bound to the uPAR�/� fibroblasts
in a single binding site, yielding a Kd
value of 31 nM. The nicotine binding
was competitively inhibited by 15
�M d-TC blocking, with a predomi-
nant downward shift of the binding
curve (20% reduction in maximum
binding) but no apparent change in
receptor affinity (Kd � 30 nM), sug-
gesting that muscle-type nicotinic
receptor mostly mediates the nico-
tine binding in kidney fibroblasts.
The uPA (10�7 M) pre-exposure
almost completely inhibited the
specific binding of nicotine, sup-
porting a competitive interaction
between nicotine and uPA. These
data indicate that uPA is a specific
ligand for the muscle-type nicotinic
receptor in kidney fibroblasts.
Urokinase Activates Fibroblast

nAChR�1 Receptor Signaling by
Tyrosine Phosphorylation—The next
series of experimentswasdesigned to
identify key components of the
uPA-nAChR�1 ligand-receptor sig-
naling pathway in fibroblasts. The
uPA-nAChR�1 ligation induced a
significant cellular signaling re-
sponse that was characterized by
rapid protein tyrosine phosphoryla-
tion in uPAR-null fibroblasts (Fig.

8a). To determine if the nAChR�1 mediates this specific uPA-
activated intracellular tyrosine phosphorylation signaling by
receptor autophosphorylation, nAChR�1 responses to uPA
stimulation were examined using co-IP and nAChR�1-silenc-
ing studies. Incubating uPAR-null renal fibroblasts with 2.4 �

FIGURE 5. The uPA induces fibroblastic nAChR�1 and �SMA expressions. a, flow cytometric analyses
illustrates that fibroblastic nAChR�1 expression was significantly up-regulated by incubation with uPA (2.4 �
10�8

M) for 24 h in serum-free medium (SFM). The histogram summarizes the results of three independent
experiments (n � 3; *, p � 0.05, SFM � uPA versus SFM alone). Cells stained with Ab2 alone were used as a
negative control. b, Northern blot analysis illustrating receptor-dependent effects of uPA treatment for 48 h on
fibroblast �SMA gene expression (representative blot from two independent experiments). The uPA promotes
�SMA gene expression when both receptors are present. However, uPA down-regulates �SMA gene expres-
sion when either receptor is expressed alone. Lanes 1, media only; lane 2, uPA (2.4 � 10�8

M); lane 3, uPA ATF
(1 � 10�8

M). Blots below each �SMA Northern are glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
bands to demonstrate RNA loading equality. The histogram represents the relative band densities analyzed
with the NIH Image program (n � 4). *, p � 0.05, uPA� versus media alone.
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10�8 M of uPA inducedmuscle-type nAChR tyrosine phospho-
rylation within 2 min; it rapidly dephosphorylated thereafter
(Fig. 8b). This event was inhibited in the presence of �-BTx. On
the other hand, nAChR�1 silencing in the uPAR-null fibro-
blasts completely suppressed both the base-line level of tyro-
sine phosphorylation and its transient response to the uPA
stimulation (Figs. 8c). In order to further identify these signal-
ing components, the phosphotyrosine proteins generated after
uPAR-null fibroblasts were stimulated by uPA were enriched
by IP and separated as two major visible bands in a non-reduc-
ing SDS gel (Fig. 8d). Mass spectrometry proteomic analysis of
these two bands (in three independent sets of experiments)
identified a group of proteins that might be involved in a spe-
cific signaling pathway involving calcium-binding proteins
AHNAK and annexin 2, a cytoskeletal complex “�-actinin-

actin � vimentin-myosin,” and the nucleoprotein histone 4
(Fig. 8e). Selected key components of this signaling pathway
were confirmed by co-IP experiments, including the receptor
nAChR�1 and vimentin (Fig. 8f). These proteins showed differ-
ent signaling responses in cells expressing nAChR�1 alone,
uPAR alone, or both receptors (wild type), suggesting possible
cross-talk between the two uPA receptors.
Urokinase Activates nAChR�1-mediated Calcium Signaling

in Renal Fibroblasts—Since muscle-type nAChR is known to
function as a ligand-gated calcium channel and given that sev-
eral calcium-bindingmolecules and cytoskeleton proteins were
identified in this study as tyrosine-phosphorylated following
uPA ligation, the possibility that uPAmight regulate nAChR�1
calcium channel function was examined. Upon uPA ligation,
muscle-type nAChR functioned as an ion channel, leading to a

FIGURE 6. Effects of nAChR�1-uPA interactions on fibroblast growth and matrix contraction. a, cell proliferation assays detect a significant increase in the
number of uPAR�/� and uPAR�/� fibroblasts at 48 and 72 h in the presence of uPA (2.4 � 10�8

M). nAChR�1 silencing with psir2 significantly suppressed uPA
stimulated proliferation in both uPAR�/� and uPAR�/� fibroblasts. *, p � 0.05, uPA� versus media alone, n � 10; #, p � 0.05, psir2 versus pscr, n � 10. The uPA
stimulated uPAR�/� cell growth was abrogated by the nAChR�1 antagonist �BTx (0.1 �M). �, p � 0.05, uPA versus uPA � BTx, n � 10. b, phase-contrast
photomicrographs of kidney fibroblast cultures before and 15 min after treatment with cell detachment (digestion) buffer. Cells spontaneously contract
(rounding) upon partial detachment. In routine cell detachment, it takes significantly (2-fold) longer for nAChR�1-silenced uPAR�/� fibroblast cells to become
round compared with the non-silenced cells. Magnification was �100. n � 3, two independent experiments. On the right, the graph represents the results of
a more accurate collagen gel contraction assay using uPAR�/� kidney fibroblasts. The nAChR�1 silencing (psir2) significantly reduced fibroblastic gel contrac-
tion compared with scrambled siRNA treatment (pscr) (n � 3, two independent experiments). Wild-type (uPAR�/�) cells that weakly express both uPAR and
nAChR�1 receptors have an intermediate contractility.
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FIGURE 7. Urokinase is a specific ligand of the nicotinic receptor nAChR�1. a, double immunofluorescence staining illustrates renal tubular interstitial cells
that co-express (yellow overlap image) nAChR�1 (red) and uPA (green) 7 days after UUO. Original magnification was �250. uPA binding to both nAChR�1 and
uPAR in normal and obstructed (UUO) kidneys, revealed by two-way IP-IB studies (IP with anti-uPA antibody and IB with anti-nAChR�1 antibody, or vice versa).
Lane 1, uPA�/�, 7-day UUO; lane 2, WT, sham; lane 3, WT, 7-day UUO. b, in a uPA-binding assay, 35S-labeled uPA bound to uPAR-null kidney fibroblasts with a
Kd � 1.6 � 10�8

M. That the binding is mediated specifically via nAChR�1 is evidenced by the right shift of the binding curve when exposed simultaneously to
the receptor inhibitor �BTx (0.1 �M) and by significantly reduced binding when the nAChR�1 gene was silenced (n � 5; *, p � 0.05, psir2 (silencing) versus pscr
(scrambled); two independent experiments). c, preblocking with d-TC competitively inhibited uPA binding to uPAR-null fibroblasts, as measured using a co-IP
approach. Illustrated is a representative uPA immunoblot (of two separate experiments) performed using fibroblast proteins immunoprecipitated with an
anti-nAChR�1 antibody after the cells were incubated with biotinylated uPA (2.4 � 10�8

M) alone for 60 min at room temperature (shown in lane 8) or after a
30-min preincubation with increasing concentrations of d-TC (1.5 � 10�8 to 1.5 � 10�2

M), followed by the uPA exposure (lanes 1–7, represented in the graph
by black rectangles). The lower bands were probed for �-actin, which served as a protein loading control. The calculated IC50 is 1.93 �M. d, [3H]nicotine binding
assays. 15 �M d-TC (a known muscle type nAChR antagonist) shifted the binding curve downward apparently; 10�7

M of uPA almost completely abrogated the
specific nicotine binding, resulting in a nearly linear curve (nonspecific binding). Nicotine concentrations from 1.8 to 600 nM were used for these studies.
Samples of each dosage were triplicate. Nonspecific background binding was subtracted from total binding. The data were best fit to a one-site model with a
Kd � 31, 550, or 30 nM for curve 1, 2, or 3, respectively.
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1.6-fold increase in intracellular calcium levels [Ca2�]i in the
uPAR-null cells, as evaluated by fura-2 calcium measurements
(Fig. 9a). The [Ca2�]i responses of nAChR�1-silenced cells
were significantly suppressed (n� 3, p� 0.05; two independent
studies in each technical method). Whole cell patch clamp
experiments were performed on the renal fibroblasts to exam-
ine the electrophysiological consequence of the uPA-nAChR�1
ligation-induced calcium mobilization. The whole cell current
recordings in patch clamp studies in Fig. 9b illustrate examples
of membrane currents elicited by 2.4 � 10�8 M of uPA. The
access of uPA to intact cells elicited significant inward currents

in WT or uPAR-null cells express-
ing high nAChR�1 levels (pscr),
but not in uPAR-null nAChR�1-
silenced cells (psir2). The uPA-
elicited current responses of the
uPAR-null cells were greatly
diminished when the cells were
preincubated with 1.5 � 10�5 M of
d-TC 10 min prior to the uPA
exposure (Fig. 9b, b.2).
The uPA-nAChR�1 Controls a

Group of Fibrotic Genes in Cultured
Fibroblasts—In order to probe the
role of uPA-nAChR�1 receptor
pathway in fibroblast gene expres-
sion, uPA-stimulated global gene
expression responses in nAChR�1-
expressing uPAR-null fibroblasts
(“gene on” cells treated with pscr)
were compared with the nAChR�1-
silenced uPAR-null fibroblasts
(“gene off” cells treated with psir2)
(Fig. 9c). With the nAChR�1 “gene
on,” there were nine genes signifi-
cantly up-regulated and 23 genes
down-regulated in response to uPA
stimulation (n� 5, p� 0.0001, -fold
change �2.5, uPA-stimulated ver-
sus unstimulated) (listed in supple-
mental Tables S1 and S2).When the
nAChR�1 gene was silenced (“gene
off”), no gene was differentially
expressed in response to uPA stim-
ulation (only genes with -fold
change of �2.5 and p � 0.0001 will
be considered statistically signifi-
cant). The uPA-nAChR�1 interac-
tion induced the expression of a
group of genes that are known to be
involved in calcium signaling
(cdh11 (cadherin 11), cnn3 (calpo-
nin 3), and dpysl3 (dihydropyrim-
idinase-like 3)) and inflammatory-
fibrotic response pathways (col3�1
(procollagen III �1), nelf (nasal
embryonic luteinizing hormone-re-
leasing hormone factor, an FGF-2

downstream signaling molecule), and YB-1 (Y box protein 1, a
transcription factor)) (supplemental Table S1). These data
demonstrate that the uPA-nAChR�1 interaction regulates the
expression of a unique group of genes thatmay determine renal
fibroblast phenotype.

DISCUSSION

The findings of the present study establish the�1 chain of the
muscle type nicotinic acetylcholine receptor (nAChR�1) as a
functional uPA receptor that is expressed by kidney fibroblasts.
In vivo data are consistent with the hypothesis that uPA can

FIGURE 8. The uPA-induced, nAChR�1-mediated tyrosine phosphorylation. a, IHC photomicrograph of
uPAR�/� kidney fibroblasts stained with an anti-phosphotyrosine antibody after uPA (2.4 � 10�8

M) stimula-
tion illustrates cellular staining within minutes, suggesting intracellular signal transduction. Original magnifi-
cation was �250. b, IP with an anti-nAChR antibody followed by phosphotyrosine IB identifies phosphorylated
proteins in uPAR�/� fibroblasts stimulated with uPA (representative blot from two independent experiments).
neoN (1 nM) is a positive control. �BTx (0.1 �M) is the receptor inhibitor. c, IB illustrating the absence of uPA-
induced tyrosine phosphorylation in the uPAR�/� fibroblasts following nAChR�1 silencing. d, SDS-PAGE iden-
tifies two major bands of immunoprecipitated tyrosine-phosphorylated proteins that were isolated from
uPAR�/� fibroblasts after uPA stimulation. e, schematic summary of the tyrosine-phosphorylated signaling
molecules that were identified by mass spectrometric analyses of proteins isolated from the gel illustrated in d.
f, two selected components of the signaling complex were further characterized by IP/IB studies. The phos-
phor-signaling molecules activated by the nAChR�1 alone (uPAR�/� cells � pscr) differed from those activated
when both receptors (uPAR�/� cells � pscr) were expressed or when uPAR was alone (uPAR�/� cells � psir2).
Lack of both receptors in psir2-treated uPAR�/� cells almost completely abrogated phosphotyrosine signaling.
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serve as a signaling ligand for nAChR�1 that is expressed de
novo by (myo)fibroblasts that populate the interstitial area
when kidneys are chronically injured. The uPA-nAChR�1

interaction can stimulate fibroblast proliferation and contrac-
tion. The nAChR�1 silencing in the UUO model of chronic
kidney disease was associatedwith fibrosis attenuation and bet-
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ter preservation of tubular cell integrity. This study further
identified a series of intracellular signalingmolecules and target
genes that were regulated by this specific uPA ligand-receptor
interaction. Given the diverse functions of the uPA serine pro-
tease system and the potential for uPA and nAChR�1 co-ex-
pression in other pathological conditions (2, 19, 24), our find-
ings raise the possibility of similar functional interactions in
other disease states.
The nAChR�1 is normally expressed at neuromuscular junc-

tions as the ligand-binding subunits of the pentameric muscle-
type nicotinic receptor (�1)2�1�� (fetal type) or (�1)2�1��
(adult type) (19). The presence of different non-� subunits
determines the binding affinity of the two �1 sites. Acetylcho-
line is the only previously known endogenous ligand for
nAChR�1, with nicotine being an exogenous ligand in tobacco
users. Based on estimates of dissociation constants (Kd) or 50%
inhibiting concentration (IC50) by d-TC, uPA binds with a
5–10-fold lower affinity to nAChR�1 than uPAR (44), but it is
similar to the nicotine-nAChR�1 or ACh-nAChR�1 binding
(37, 45). Beyond the neuromuscular junctions, nAChR�1
expression during pathological conditions has not been exten-
sively investigated. De novo expression has been reported in a
number of other tissues, including airway fibroblasts and epi-
thelial cells, brain tissue from tobacco smokers, and non-small
cell lung cancer cells (24). Normal kidneys, which produce large
quantities of uPA, strongly express the nAChR�1. This study
has demonstrated up-regulated nAChR�1 expression on renal
interstitial fibroblasts (myofibroblasts) during fibrogenesis,
whereas tubular and glomerular expression is down-regulated.
Myofibroblast nAChR�1 expression appears to be uPA-
dependent, since it disappears in the uPA-null mice. Our in
vitro data further suggest that uPA stimulates fibroblastic
nAChR�1 expression.

Myofibroblasts are characterized by their acquisition ofmyo-
cyte characteristics, such as contractile properties and �SMA
expression. They are more profibrotic than resting fibroblasts
and are thought to be the primary source of the scar-forming
extracellular matrix proteins in many solid organs, including
kidneys (41, 44). The molecular basis of renal myofibroblast
accumulation remains incompletely understood. Growth fac-
tors, such as transforming growth factor-�, FGF-2, platelet-
derived growth factors, and members of the urokinase system,
have been shown to participate (26, 31, 44). The current study

has shown that uPA can initiate fibroblast nAChR�1 signaling
by opening calcium channels and by activating tyrosine phos-
phorylation signals to stimulate their proliferation, contraction,
and phenotypic transformation (Fig. 9d).
An important question we have attempted to address in this

study is whether uPA is the major pathological ligand for
nAChR�1 in vivo in the kidney. Although receptor-boundACh
levels increased after UUO, the protein localized to glomeruli
and tubules, whereas interstitial expression was not detected.
Although the possibility that kidney-derived ACh plays a role
cannot be excluded, cell-specific effects would be predicted,
and interaction with interstitial myofibroblasts is less likely
based on our immunolocalization data. Previous studies sug-
gest that ACh also binds to another kidney receptor, the
nAChR�7, which exerts an anti-inflammatory effect (46).

The uPA and nAChR�1 proteins co-localize mainly to inter-
stitial cells of chronically damaged kidneys. A physical associa-
tion between uPA andnAChR�1 in vivo is supported by the fact
that the two proteins can be co-immunoprecipitated from kid-
ney tissue. The signaling function of uPA interacting with
nAChR�1 was demonstrated by in vitro studies using kidney
fibroblasts. The net effect was an increase in fibroblast numbers
and phenotypic changes associated with scarring: �SMA
expression and increasedmatrix gel contraction. The identified
downstream phosphoprotein signals, including calcium-bind-
ing proteins (AHNAK and annexin 2) and cytoskeletal proteins
(�-actinin, actin, vimentin, and myosin), appear relevant to the
myofibroblast phenotype and functions in fibrosis (47, 48).
FGF-2 is a key autocrine cytokine that mediates fibroblast pro-
liferation during renal fibrogenesis (49). That uPA-nAChR�1
interaction significantly up-regulated (�5-fold increase) fibro-
blastic Nelf (a downstream signal of FGF-2) and Col3 �1 gene
expression in vitro (as indicated by microarray studies) sup-
ports our in vivo finding ofmore robust renal FGF-2 expression,
fibroblast proliferation, and total collagen accumulation in the
non-silenced wild-type mice compared with the nAChR�1-si-
lenced mice.
Our previous studies in uPA and uPAR genetically engi-

neered mice found that, unlike nAChR�1, uPAR is up-regu-
lated in both tubules and interstitial cells during UUO and
functions to inhibit myofibroblast recruitment and fibrosis
severity (30, 31). Furthermore, the net effect of endogenous
uPAdeficiencywas neutral with respect to fibrosis severity (50).

FIGURE 9. Calcium signaling and genes regulated by uPA-nAChR�1 interaction. a, calcium influx studies. Fibroblast monolayers were preloaded with fura
2-AM. [Ca2�]i was measured following the addition of uPA either using harvested cell suspensions (a.1) or directly onto individual cell monolayers (a.2). A
significant [Ca2�]i spike was stimulated shortly after adding uPA to uPAR�/� cells that endogenously overexpress muscle-type nAChR (pscr), but not in
uPAR�/� cells or nAChR�1-silenced uPAR�/� cells (psir2). Treatment with neoN (1 nM) induced a similar [Ca2�]i spike response in the uPAR�/� (pscr) cells. The
addition of media alone served as a non-stimulated negative control. For both studies, n � 3; p � 0.05, psir2 versus pscr. The x axis shows the survey duration
following stimulation (seconds); the y axis shows the 500 nm fluorescence intensity ratio when excited at 340/380 nm. b, by patch clamp studies, uPA (2.4 �
10�8

M) stimulates the receptor to function as an ion channel, resulting in a significant inward current in fibroblasts. The x axis is 50-ms voltage ramp spinning
the voltage range from �100 mV to �100 mV. The y axis shows the recorded membrane currents (pA). In b.1, the blue line represents base-line currents before
uPA stimulation. The red line represents inward currents elicited by uPA. Recording began 15 s after uPA stimulation. WT, wild-type uPAR�/� fibroblasts; pscr,
uPAR�/� cells naturally overexpressing nAChR�1 (transfected with pscr); psir2, uPAR�/� cells with nAChR�1 silenced (with psir2). In b.2, the I-V curves were
recoded in uPAR�/� cells before (base line) and after uPA stimulation. Preincubation with d-TC (1.5 � 10�5

M) for 10 min prevented uPA-elicited current
responses. c, schematic summary of the results of microarray studies. The uPA-nAChR�1 interaction regulated the expression of 32 genes that are identified in
supplemental Tables S1 and S2. d, schematic summary of potential signal transduction pathways and cellular effects initiated by uPA-nAChR�1 ligation. The
receptor is formed by the assembly of five subunits: (�1)2�1�� (fetal type) or (�1)2�1�� (adult type). The two �1 subunits are involved in shaping the
ligand-binding sites. Binding of uPA to �� and �� sites induces conformational changes that lead to channel opening. The influx of calcium and increase in
the cytosolic concentration of calcium ions ([Ca2�]i) transmit information via a cytoskeletal signaling transduction pathway that is crucial for fibroblastic
motility. The muscle-type nAChR function is regulated by receptor tyrosine phosphorylation upon ligation. These signals stimulate the cells to initiate the
transcriptions of genes that promote cell proliferation and transformation.
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Taken together with the findings in the present study, it is evi-
dent that uPA is a complex ligand with the potential for diverse
cellular effects that are receptor-dependent. Remarkably, the
uPA-nAChR�1 and the uPA-uPAR pathways have opposite
effects on kidney fibrosis. Specifically targeting the fibroblastic
uPA-nAChR�1 pathway was beneficial in an experimental
model of chronic kidney disease. It is tempting to speculate that
this pathway is a viable pharmaceutical target to inhibit fibro-
blastic activation and kidney fibrosis. The biological signifi-
cance of our finding may be relevant to disorders that extend
beyond chronic kidney disease.
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