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In renal fibrosis, interstitial fibroblasts have an in-
creased proliferative phenotype, and the numbers of
interstitial fibroblasts closely correlate with the ex-
tent of kidney damage. The mechanisms underlying
proliferation and resulting expansion of the intersti-
tium remain largely unknown. Here we define the
intracellular signaling events by which tissue plas-
minogen activator (tPA) promotes renal interstitial
fibroblast proliferation. tPA promoted the prolifera-
tion of renal interstitial fibroblasts independent of its
protease activity. The mitogenic effect of tPA required
Tyr*>°7 phosphorylation of the cytoplasmic tail of its
receptor LDL receptor-related protein 1. tPA triggered
sequential proliferative signaling events involving
Erk1/2, p90RSK, GSK3f3 phosphorylation, and cyclin
D1 induction. Blockade of Erk1/2 activation or knock-
down of p90RSK suppressed tPA-induced GSK3f3 phos-
phorylation, cyclin D1 expression, and fibroblast pro-
liferation. In contrast, expression of constitutively
active Mekl mimicked tPA in inducing GSK3f phos-
phorylation and cyclin D1 expression. Ectopic over-
expression of an uninhibitable GSK38 mutant elimi-
nated tPA-induced cyclin D1 expression. In the
murine obstruction model, tPA deficiency reduced
renal GSK3f phosphorylation and induction of PCNA
and FSP-1. These findings show that tPA induces
Tyr*5°7 phosphorylation of LDL receptor—related pro-
tein 1, which in turn leads to the downstream phos-
phorylation of Erk1/2, p90RSK, and GSK3f3, followed
by the induction of cyclin D1 in murine interstitial
fibroblasts. This study implicates tPA as a mitogen

that promotes interstitial fibroblast proliferation,
leading to expansion of these cells. (4m J Pathol
2010, 177:1687-1696; DOI: 10.2353/ajpath.2010.100213)

The hallmark of chronic kidney disease is renal interstitial
fibrosis, which is characterized by avid inflammation,
proliferation of interstitial cells, extensive deposition of
extracellular matrix components, and the eventual de-
struction of normal kidney structure.”™ In general, the
extent of tubulointerstitial fibrosis largely predicts the
prognosis of patients with chronic kidney disease.’2*
Interstitial fibroblasts are considered to be the primary
matrix-producing cells and principal mediators of renal
fibrosis associated with progressive renal failure.>5€ The
size of the interstitial fibroblast population closely corre-
lates with the extent of interstitial injuries.®~® In the fibrotic
kidney, fibroblasts display an increased proliferative phe-
notype and expand in the interstitial region.”®'° How-
ever, the underlying mechanisms and the regulation of
the fate of these cells remain largely unknown.

Recent studies demonstrate that tPA is actually a mol-
ecule with dual functions.''® As a member of the serine
protease family, tPA participates in the activation of var-
ious zymogens and certain growth factors and plays a
pivotal role in the homeostasis of blood coagulation/fibri-
nolysis and matrix regulation.'~"” As a cytokine, tPA
executes multiple biological functions by binding to its
membrane receptor, the LDL receptor-related protein-1
(LRP-1) and triggering profound intracellular signaling
events."='*"8 |n the unilateral ureteral obstruction (UUO)
model, the expression of tPA and LRP-1 in the obstructed
kidney are significantly increased compared with control
kidney, suggesting that tPA signaling is up-regulated
during kidney injury.'>'2 In addition, tPA-deficient mice
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are protected from obstruction induced fibrotic injury
and demonstrate significantly fewer activated fibro-
blasts than wild-type mice.'®'® Thus, we hypothesized
that tPA may be an endogenous factor governing the
fate of interstitial fibroblasts and controlling the size of
these cells population.

LRP-1 functions as a tPA receptor and mediates most
of the cytokine actions of tPA."""%2° Mature LRP-1 con-
sists of an extracellular 515-kDa « subunit and an 85-kDa
B subunit with a transmembrane segment and cytoplas-
mic tail. The cytoplasmic tail of the B subunit contains
numerous tyrosine residues in the vicinity of two NPXY
motifs.?%2" Phosphorylation of the tyrosine residue(s) is
believed to be required for the binding of signaling adap-
tor proteins that mediate the signal transduction of its
ligands,?#?3 although the exact role of tyrosine phos-
phorylation in tPA signaling remains undefined.

In the present study, we demonstrate that tPA acts as
a mitogen to promote the proliferation of renal interstitial
fibroblasts. The mitogenic effect of tPA is mediated by the
phosphorylation of Tyr*®°” within the distal NPXY motif of
LRP-1, initiating a cascade of proliferative signaling
events involving phosphorylation of Erk1/2, p90RSK,
GSK3B, and induction of cyclin D1.

Materials and Methods

Antibodies and Reagents

The antibodies against phospho-specific and total
GSK3B, cyclin D1, phospho-specific and total Erk1/2,
phospho-specific p90RSK, RSK1/2/3, GAPDH, and HA-
tag were purchased from Cell Signaling Technology
(Beverly, MA). Mouse anti—a-tubulin, anti-bromodeoxyuri-
dine (BrdU) antibodies, normal mouse IgG, and MTT
were obtained from Sigma (St. Louis, MO). Specific phos-
pho-tyrosine antibody PY20 was purchased from BD Bio-
sciences (Franklin Lakes, NJ). Mouse monoclonal anti—
LRP-1 (11H4) antibody was prepared as described
previously.'® The secondary HRP-conjugated antibodies
were obtained from Thermo Fisher Scientific (Rockford,
IL). Recombinant human single-chain tPA was pur-
chased from American Diagnostica Inc. (Stamford, CT).
The nonenzymatic tPA was supplied by Molecular Inno-
vations Inc. (Southfield, MI). Genistein, PD98059, wort-
mannin, and SC68376 were obtained from Calbiochem-
Novabiochem Corp. (La Jolla, CA). PCNA antibody and
protein A/G plus agarose bead were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
anti-S100A4 (FSP-1) antibody was provided by Dako
(Glostrup, Denmark). Cell culture media, fetal bovine
serum (FBS), and supplements were purchased from
Invitrogen (Carlsbad, CA). All other chemicals were of
analytic grade and were obtained from Sigma or Fisher
Scientific (Pittsburgh, PA) unless otherwise indicated.

Cell Culture

Normal rat kidney interstitial fibroblasts (NRK-49F),
mouse homozygous LRP-deficient embryo fibroblasts

(PEA-13), and its wild-type counterpart MEF-1 were main-
tained as previously described.''~ "3

Cell Proliferation Assay and Cytotoxicity Assay

After starvation in serum-free medium for 24 hours, cells
were incubated with tPA in serum-free medium for various
periods of time. Proliferation of cells was determined by cell
number count, 3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltet-
razolium bromide (MTT) assay, BrdU incorporation assay,
or quick cell proliferation assay kit (Biovision Inc.) as previ-
ously described.?*#2° The quick cell proliferation assay kit is
a (2-(2-methoxy-4-nitrophenyl)—3-(4-nitrophenyl)—5-(2,4-
disulfophenyl)-2H-tetrazolium) (WST-8)-based colorimetric
assay which correlates well with [°H]-thymidine incorpora-
tion assay.?® Cytotoxicity of specific reagents was evalu-
ated by lactate dehydrogenase (LDH)-cytotoxicity assay kit
(Biovision Inc) according to manufacturer’s instructions.

Site-Directed Mutagenesis

The LRP-1 minireceptor expression vector (oHA-mLRP2),
consisting of the ligand-binding domain Il and the B
subunit of LRP-1, was prepared as described previous-
ly.%6 The four tyrosine residues (Tyr*473, Tyr476 Tyr4%07
and Tyr*®'") on the B subunit of LRP-1 (pHA-mLRP) were
mutated to alanine using a site-directed mutagenesis kit
(Stratagene). The resultant mutants (Y4473A, Y4476A,
Y4507A, and Y4511A) were sequenced to ensure fidelity.

Plasmid Transfection, siBNA Inhibition, and
Adenovirus Infection

The eukaryotic expression vectors encoding the HA-
tagged wild-type (pGSK3B-WT, Addgene Inc.) and unin-
hibitable mutant (pGSK3B-S9A) GSK3B were kindly pro-
vided by Dr. Jim Woodgett (Toronto, Canada) and Dr.
Gail V. W. Johnson Voll (Birmingham, AL). Transient plas-
mids transfection, siRNA inhibition, and adenovirus infec-
tion were performed as previously described.'' 1327

Western Blot Analysis

Whole cell lysates were prepared as previously de-
scribed and separated on 10% SDS polyacrylamide
gels.”'"3 The PVDF membrane with transferred proteins
was incubated overnight at 4°C with various primary an-
tibodies in TBST buffer (20 mmol/L Tris-HCI, 150 mmol/L
NaCl, and 0.1% Tween 20) containing 5% nonfat milk,
then with HRP-conjugated secondary antibodies for 1
hour. After extensive washes in TBST buffer, the signals
on the membrane were visualized using the SuperSignal
West Pico Chemiluminescent Substrate kit (Thermo
Fisher Scientific).

Coimmunoprecipitation

Cells were treated with 10 nmol/L tPA for various periods
of time then subjected to immunoprecipitation as de-
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Figure 1. tPA time- and dose-dependently promotes interstitial fibroblast proliferation. NRK-49F cells were incubated with serum-free medium for 24 hours and then
left untreated (control, con) or treated with 10 nmol/L tPA for an additional 48 hours. Cell proliferation was evaluated by BrdU incorporation (A), WST-8 based colorimetric
assay (B), MTT assay (C), and cell number count (D, X10". In A, nuclei are red (PI, propidium iodide), and proliferating cells are green (BrdU). For time-response
experiments, NRK-49F cells were treated with 10 nmol/L tPA for various times as indicated, and cell number was evaluated by the WST-8 assay (E). For dose-dependent

effects, NRK-49F cells were treated with 0, 5, 10, and 20 nmol/L tPA for 48 hours, and cell number was assessed by MTT (F) and WST-8 (G) assays. **P < 0.01 (1 = 4-0).

scribed previously.'?' In brief, cell lysates were incu-
bated with the monoclonal antibody against LRP-1
(11H4) or IgG at 4°C overnight. Then, protein A/G PLUS
agarose beads were added and incubated at 4°C for 3
hours. After three washes with lysis buffer, the proteins
binding to the beads were extracted in reducing sample
buffer, separated on 10% SDS polyacrylamide gel, and
analyzed by Western blotting using anti-phosphotyrosine
and anti-HA antibodies, respectively.

Animal Model

Homozygous tPA knockout (tPA~/~) and wild-type (tPA™*/*)
mice were generated from the original breeding pairs pur-
chased from the Jackson Laboratory (Bar Harbor, ME) and
maintained as previously described.’'? The background
strains of these mice were C57BL/6. Animal studies were
performed by using an approved protocol by the Institu-
tional Animal Care and Use Committee at the Penn State
University College of Medicine. The left kidneys of sex-
matched mice weighing 20-22 g (five animals per group)
were subjected to UUO using established procedures de-
scribed elsewhere.’™"® The right unobstructed kidneys
served as controls. At day 7 and 14 after UUO, mice were
sacrificed and kidney samples were used for analysis.

Indirect Immunofluorescence Staining

Snap-frozen kidney was cryosectioned at 5-um thickness
and subjected to double staining as previously de-
scribed.? Stained tissues were mounted with Vectashield
anti-fade mounting media with DAPI (4', 6-diamidino-2-phe-
nylindole, HCI) (Vector Laboratories Inc., Burlingame, CA)
and viewed under an Olympus BX60 fluorescence micro-
scope equipped with a digital camera (Olympus America

Inc., Center Valley, PA). Sections stained without primary
antibodies were served as negative controls.

Statistical Analysis

All experiments were performed at least three times. Data
are presented as means = SEM. Statistical analysis of the
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Figure 2. tPA activates mitogenic signaling via sequential phosphorylation of
Erk1/2, p90RSK, GSK3p, and induction of cyclin D1. NRK-49F cells were incu-
bated with 10 nmol/L tPA for various periods of time as indicated and then
subjected to Western blotting for phospho-Erk1/2 (A), phospho-p90RSK (B),
phospho-GSK3 (C), and cyclin D1 (D). The samples were also probed with
antibodies against total Erk1/2, GSK38, RSK1/2/3, and a-tubulin, respectively.
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data were performed using SigmaStat software (Jandel
Scientific Software). Comparison between multiple groups
was performed by using one-way analysis of variance fol-
lowed by the Student-Newman-Keuls test or Student’s t-test
between two groups. A P value of less than 0.05 was
considered statistically significant.

Results

tPA Promotes Renal Interstitial Fibroblast
Proliferation

To investigate the effect of tPA on interstitial fibroblast
proliferation, normal rat kidney interstitial fibroblasts
(NRK-49F) were incubated with tPA for 48 hours after 24
hours of serum starvation and then examined for cell
proliferation by BrdU incorporation, MTT assay, cell num-
ber count, and WST-8 assay which correlates well with
[®H]-thymidine incorporation assay.?® Immunofluores-
cence staining revealed that tPA promoted nuclear incor-
poration of BrdU (Figure 1A). Likewise, tPA increased cell
growth as reflected by WST-8 assay (Figure 1B), MTT
assay (Figure 1C), and cell number count (Figure 1D). Of
note, tPA also induced fibroblast growth in a time- (Figure
1E) and concentration-dependent manner (Figure 1, F
and G). These results indicate that tPA increases fibro-
blast proliferation.

tPA Activates a Cascade of Proliferative
Signaling Involving the Phosphorylation of Erk1/
2, P9ORSK, GSK3B, and Induction of Cyclin D1

We next investigated cell proliferation-related signaling
events in interstitial fibroblasts after tPA treatment. It was

Figure 3. Mitogenic effect of tPA is indepen-
dent of its protease activity. A: After treatment
with nonenzymatic mutant tPA (NE-tPA, 10
nmol/L) for one hour, NRK-49F cells were sub-
jected to Western blot with anti-phospho GSK3
and a-tubulin antibodies. B: NRK-49F cells were
treated with NE-tPA (10 nmol/L) for 48 hours,
and cell growth was assessed by WST-8 assay.
=P < 0.01 (n = 4. C: MMP-9 did not affect
fibroblast proliferation. NRK-49F cells were in-
cubated with MMP-9 (10 nmol/L) for 48 hours
and then subjected to WST-8 assay.

found in previous studies that tPA did not activate Akt or
p38 Mitogen-activated protein kinase (MAPK) in NRK-
49F fibroblasts.""'® tPA rapidly induced Erk1/2 phos-
phorylation as early as 2 minutes (Figure 2A) followed by
pP90RSK phosphorylation after 4 minutes (Figure 2B). In-
triguingly, tPA also triggered phosphorylation of GSK3
from 10 minutes to 1 hour (Figure 2C). The time course
of GSK3B phosphorylation after the activation of
pP90RSK suggests that GSK3B may be a downstream
effector of p90RSK kinase in the tPA signaling path-
way. Subsequently, tPA induced the sustained expres-
sion of cyclin D1 between 2 hours to 18 hours (Figure
2D). Thus, it is likely that tPA activates proliferative
signaling involving phosphorylation of Erk1/2, p90RSK,
GSK3B, and induction of cyclin D1 in a temporally
coordinated manner.

The Mitogenic Effect of tPA Is Independent of its
Protease Activity

tPA is a hybrid molecule with dual functions: protease
and cytokine. As a protease, tPA converts plasminogen
into biologically active plasmin and participates in the
posttranslational activation of several growth factors in-
cluding PDGF-CC."*""" Accordingly, it is possible that
tPA increases fibroblast proliferation through its pro-
tease-mediated activation of those growth factors. To test
this, NRK-49F cells were incubated with a mutant, cata-
lytically inactive tPA in which the serine within the active
site of the enzyme was replaced with alanine.?® As shown
in Figure 3, nonenzymatic tPA also induced phosphory-
lation of GSK3p (Figure 3A) and fibroblast proliferation
(Figure 3B) comparable to wild-type tPA, indicating that
the mitogenic effect of tPA is independent of its protease
activity. Although previous studies showed that tPA in-
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Figure 4. LRP-1 mediates the proliferative effect of tPA. A: tPA failed to induce cell growth in LRP-1-deficient fibroblasts. Mouse fibroblasts MEF-1 (LRP-1"/")
and PEA-13 (LRP-1"/7) were treated with 10 nmol/L tPA for 48 hours, and cell growth was assessed by WST-8 assay. *P < 0.05, n = 4. Deficiency of LRP-1 in
PEA-13 cells was confirmed by Western blot (A, inset). NRK-49F cells were transfected with either control siRNA (consiRNA) or LRP-1-specific siRNA
(LRP-1siRNA), followed by treatment with tPA (10 nmol/L) as indicated. Knockdown of LRP-1 in NRK-49F cells by siRNA inhibition abrogated tPA-induced GSK33

phosphorylation (B) and cell proliferation (C). *P < 0.01, n = 4.
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NRK-49F fibroblasts, '® MMP-9 is not likely to mediate the (MEF-1) or without (PEA-13) LRP-1 expression. As
mitogenic effect of tPA as MMP-9 per se did not induce shown in Figure 4A, tPA induced proliferation in MEF-1
NRK-49F fibroblast proliferation (Figure 3C). (LRP-1"/") cells but failed to do so in the LRP-1-
deficient PEA-13 fibroblasts. LRP-1 deficiency in
LRP-1 Mediates the Proliferative Effect of tPA PEA-13 was confirmed by Western blot (Figure 4A,

inset). Moreover, knockdown of LRP-1 expression in
As a cell membrane receptor for tPA, LRP-1 mediates NRK-49F cells by small interfering RNA (siRNA) clearly
multiple cytokine functions of tPA in NRK-49F cells.''® decreased tPA-induced GSK3B phosphorylation (Fig-
To investigate whether LRP-1 also mediates the mito- ure 4B) and subsequently fibroblast proliferation (Fig-
genic effect of tPA, we compared the ability of tPA to ure 4C).
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Figure 6. Erk1/2 activation is necessary and sufficient for the mitogenic effect of tPA. NRK-49F cells were pretreated with PI3K inhibitor wortmannin (Wort, 5
and 10 nmol/L) or Mek1 inhibitor PD98059 (20 wmol/L) for 30 minutes and then incubated with tPA (10 nmol/L) for various time periods as indicated. Cell lysates
were probed with phospho-GSK3, cyclin D1, and a-tubulin. A: Pretreatment with the PI3K inhibitor did not affect tPA-induced GSK38 phosphorylation. B and
C: PD98059 abrogated tPA-induced GSK3B phosphorylation. B: Representative Western blot. C: Quantitative representation of the relative abundance of
phospho-GSK3. **P < 0.01, n = 3. PD98059 also suppressed tPA-induced cyclin D1 expression (D) and cell proliferation (E and F). Cell growth was evaluated
by cell number count (E, X 10%) and WST-8 assay (F). *P < 0.01, n = 4—6. Infection of constitutively active Mek1 adenovirus (Ad.MEK1) was sufficient to induce
GSK3pB phosphorylation (G) and cyclin D1 expression (H). NRK-49F cells were infected with adenovirus for periods of time as indicated. An adenoviral vector
containing the B-galactosidase gene (Ad.LacZ) was used as a control.
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Tyrosine Phosphorylation of LRP-1 NPXY#°%7 |s
Indispensable for the Mitogenic Effect of tPA

Our previous investigations found that tPA induces rapid
tyrosine phosphorylation of LRP-1 intracellular B sub-
unit’™ and blockade of the tyrosine phosphorylation by
a specific tyrosine kinase inhibitor, genistein, elimi-
nated the subsequent signaling events and biological
effects of tPA."? To determine whether tyrosine phos-
phorylation of LRP-1 is required for tPA-induced cell
growth, we evaluated the effect of genistein pretreat-
ment on NRK-49F fibroblast proliferation. As shown in
Figure 5, pretreatment of NRK-49F fibroblasts with
genistein at the concentration previously shown to
abolish the tyrosine phosphorylation of LRP-1"2 com-
pletely suppressed the mitogenic effect of tPA (Figure
5A), and its inhibitory effect was independent of cyto-
toxicity (Figure 5B).

We next identified the tyrosine phosphorylation site(s)
responsible for tPA-induced proliferative signaling. To
this end, each of four possible tyrosine phosphorylation
sites (Tyr*473, Tyr*476 Tyr5°7 and Tyr**'") in the LRP-1
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Figure 7. p90RSK is essential for tPA-induced proliferation. Knockdown of
Pp90RSK in NRK-49F cells by both siRNA1 and 2 abolished tPA-induced
GSK3pB phosphorylation (A and B), cyclin D1 induction (C), and fibroblast
proliferation (D). NRK-49F cells were transfected with either control siRNA
(consiRNA) or p90RSK-specific siRNA (RSKsiRNA), followed by treatment
with tPA (10 nmol/L) as indicated. Cell lysates were immunoblotted with
antibodies against RSK1/2/3, phospho-GSK3B, cyclin D1, and a-tubulin.
(B) Quantitative representation of the relative abundance of phospho-
GSK3B. *P < 0.01, n = 3. Cell growth was assessed by WST-8 assay,
#p <001, n= 4.

minireceptor plasmid was mutated into alanine and des-
ignated as Y4473A, Y4476A, YA507A, and Y4511A, re-
spectively. The LRP-1 minireceptor (mLRP) consists of
the ligand-binding domain Il and the intact B subunit
(Figure 5C) and is sufficient to restore the biological
functions of tPA in LRP-1-deficient fibroblasts (PEA-
13)."" To minimize the competition from endogenous
LRP-1  tyrosine phosphorylation, LRP-1-deficient
PEA-13 fibroblasts were transfected with the mLRP
mutants. We found that the ability of tPA to induce
GSK3B phosphorylation in PEA-13 cells transfected
with Y4473A, Y4476A, and Y4511A mutants was com-
parable to that of wild-type mLRP (data not shown).
However, tPA failed to induce tyrosine phosphorylation
of LRP-1 (Figure 5D) and subsequent GSK3B phos-
phorylation (Figure 5, E and F) in PEA-13 fibroblasts
transfected with the Y4507A mutant. Thus, phosphor-
ylation of tyrosine Tyr*%°7 is essential for tPA signaling
in murine fibroblasts.

Activation of Erk1/2 Is Necessary and Sufficient
for Interstitial Fibroblast Proliferation

In line with the previous finding that tPA did not activate
the PI3K/Akt pathway in NRK-49F fibroblasts,’" "3 we
found that the PI3K inhibitor, wortmannin, failed to block
tPA-induced GSK3B phosphorylation (Figure 6A). We
next examined the role of Erk1/2 in the mitogenic pathway
induced by tPA. NRK-49F fibroblasts were incubated with
tPA in the presence or absence of PD98059, a specific
inhibitor of Erk1/2 upstream kinase mitogen-activated
protein kinase/Erk kinase-1 (Mek1). PD98059 dramati-
cally decreased tPA-mediated GSK3B phosphorylation
(Figure 6, B and C), eliminated tPA-induced cyclin D1
expression (Figure 6D), and eventually abolished the
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Figure 8. Phosphorylation of GSK3p is necessary for the effect of tPA. A:
Graphic illustration of the structure of wild-type (GSK3B-wt) and mutant
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mutant GSK3B-S9A abolished tPA-induced cyclin D1 expression. MEF-1
fibroblasts were transfected with pcDNA3, GSK3B-wt, and GSK3B-S9A plas-
mids followed by tPA (10 nmol/L) treatment for 8 hours. Cell lysates were
probed with anti-cyclin D1, anti-HA, and anti—a-tubulin antibodies. Repre-
sentative Western blot (B) and graphic demonstration of the relative abun-
dance of phospho-GSK38 (C). *P < 0.01, n = 3.



mitogenic effect of tPA in interstitial fibroblasts (Figure 6,
E and F) at a concentration previously shown to com-
pletely suppress Erk1/2 activation in NRK-49F cells.’®
Infection of NRK-49F fibroblasts with constitutively active
Mek1 adenovirus mimicked the effects of tPA on GSK3
phosphorylation (Figure 6G) and cyclin D1 induction (Fig-
ure 6H). Thus, Erk1/2 activation by tPA is indispensable
for the proliferation of interstitial fibroblasts.

PI90RSK Mediates tPA Mitogenic Signaling and
Effect

The temporal sequence of p90RSK phosphorylation fol-
lowed immediately by GSK3B phosphorylation (Figure 2,
B and C) is consistent with the possibility that GSK3 may
be a downstream effector of p90ORSK kinase in the tPA
signaling pathway. To test this, p90RSK was knocked
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down using siRNA. As shown Figure 7, knockdown of
RSK expression by both p90RSK siRNA1 and 2 abro-
gated tPA-induced phosphorylation of GSK3p (Figure 7,
A and B), cyclin D1 expression (Figure 7C), and prolifer-
ation of interstitial fibroblasts (Figure 7D). Hence,
pP90RSK is an upstream kinase responsible for GSK3g/
cyclin D1 signaling and the mitogenic effect of tPA.

GSK3B Phosphorylation Is Required for the
Proliferative Signaling of tPA

GSK3B is constitutively active in mammalian cells. Unlike
most other protein kinases, GSK3p is primarily regulated
by inactivation. Many GSK3B downstream targets includ-
ing cyclin D1 are inhibited by GSK3p-mediated phos-
phorylation. Phosphorylation of Ser9 on GSK3g inacti-
vates its kinase activity, leading to derepression of its
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downstream targets.?® Because p90RSK is the upstream
kinase responsible for the phosphorylation of GSK3g
(Figure 7), we next investigated the role of GSK38 in tPA
mitogenic signaling. As shown in Figure 8A, mutation of
Ser9 to Ala9 in the regulatory domain of GSK3B (GSK3g-
S9A) renders it unable to be inactivated by phosphory-
lation. Because GSK3B suppresses cyclin D1 expres-
sion, forced overexpression of wild-type GSK38 in mouse
fibroblasts partially inhibited cyclin D1 induction by tPA.
Overexpression of the uninhibitable mutant GSK33-S9A
completely eliminated the induction of cyclin D1, even
though expression of GSK3B-S9A appeared to be less
than that of wild-type GSK3g (Figure 8, B and C). This
indicates that phosphorylation of Ser9 and inactivation of
GSK3B by tPA is indispensable to its proliferative
signaling.

tPA Activates Proliferative Signaling in Vivo

To examine the mitogenic effect of tPA in vivo, we studied
the proliferative signaling events in the obstruction-in-
duced fibrosis model in tPA wild-type and knockout mice.
It was found that GSK38 phosphorylation (Figure 9, A, B,
D, and E), PCNA expression (Figure 9, F-I), and FSP-1
abundance (Figure 9, K-N) were dramatically induced in
the fibrotic kidneys from the wild-type mice at 7 days
(Figure 9, A, D, F, H, K, and M) and 14 days (Figure 9, B,
E, G, |, L, and N) after UUO, whereas phosphorylation of
GSK3p and expression of PCNA and FSP-1 were signif-
icantly reduced in tPA knockout mice compared with that
from tPA wild-type controls (Figure 9), suggesting that
mitogenic signaling and fibroblast proliferation were atten-
uated in tPA-deficient mice. In addition, double immunoflu-
orescence staining of phospho-GSK3g (red, cytoplasm),
PCNA (red, nuclei), and «SMA (green, cytoplasm) con-
firmed that in the fibrotic kidneys, the interstitial proliferating
cells were largely aSMA-positive fibroblasts (left, Figure 9, C
and J). tPA ablation suppressed the proliferation of these
fibroblasts (right, Figure 9, C and J). Therefore, tPA also
activates mitogenic signaling and promotes renal interstitial
fibroblasts proliferation in vivo.

Discussion

As the major matrix-producing cells, the size of the inter-
stitial fibroblast population is a critical determinant of
outcomes in chronic kidney injury."246-8 In the normal
adult kidney, interstitial fibroblasts represent a small
group of quiescent cells with a low turnover rate. In
response to chronic injuries, fibroblasts undergo a phe-
notypic change, become functionally activated, acquire
higher mitogenic potential, and produce excessive ma-
trix.2671° These events coincide with the concomitant
inductions of tPA and its receptor, LRP-1, within the renal
interstitium,''® suggesting that tPA may be a key en-
dogenous factor regulating the fate of interstitial fibro-
blasts. In the present study, we demonstrated that tPA
activates a cascade of proliferative signaling events via
its membrane receptor LRP-1 and promotes interstitial
fibroblast expansion. This finding, together with our re-

cently discovered cytoprotective activities of tPA'" es-
tablishes a previously unrecognized function of tPA in
controlling the fate of interstitial fibroblasts. It is clear that
tPA accelerates the excessive accumulation of interstitial
fibroblasts and promotes renal fibrosis by both inducing
proliferation and reducing the apoptosis of these cells.

tPA was originally discovered as a member of the
serine protease family, whose main function is to activate
numerous zymogens into active enzymes involved in fi-
brinolysis and extracellular matrix degradation. Recently,
studies from us and other groups have found that tPA
also elicits many biological activities through protease-
independent mechanisms.''~'29-38 These observations
eventually established that tPA is hybrid molecule having
both protease and cytokine functions.’® We determined
in the present studies that the mitogenic actions of tPA
are independent of its protease activity (Figure 3) and
mediated via LRP-1 (Figure 4). Notably, tPA also acti-
vated proliferative signaling in vivo (Figure 9), suggesting
that tPA may be an important endogenous factor modu-
lating the phenotypic change of interstitial fibroblasts
from quiescence to higher mitogenic potential.

Although it is not a dedicated receptor for tPA, LRP-1 me-
diates most of the cytokine functions of tPA,*1-13:18:80-52.35-38
LRP-1 also mediates the mitogenic effects of tPA as both
knockout and siRNA-mediated knockdown of LRP-1
abolished tPA-induced proliferative signaling and cell
growth (Figure 4). Our earlier study demonstrated that
tPA triggers a rapid tyrosine phosphorylation of LRP-1
which takes place before other signaling events.'® We
were able to show that phosphorylation of these tyrosine
residues on LRP-1 B subunit are critical for tPA signal
transduction and biological functions as indicated using
genistein, a specific tyrosine kinase inhibitor (Figure 5, A
and B). However, until now, the precise site of phosphor-
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Figure 10. Schematic illustration of the signaling transduction pathway
leading to tPA induced fibroblast proliferation. tPA binds to membrane
receptor LRP-1, inducing LRP-1 phosphorylation at Tyr*>%” residue, which in
turn triggers the phosphorylation of Erk 1/2, p90RSK, GSK3p, and induction
of cyclin D1. Blockade of any step within this signaling cascade by different
strategies (A—E) abolishes the mitogenic effect of tPA, whereas overexpres-
sion of Mekl mimics tPA and promotes interstitial fibroblast/myofibroblast
proliferation (F).



ylation and the role of signaling in tPA-induced prolifera-
tion were unknown. Previous structural analyses had de-
termined that there are four tyrosine residues on the
cytoplasmic domain of LRP-1, two of which (Tyr**”® and
Tyr*®97) are present in the context of NPXY motifs. The
two NPXY motifs on the cytoplasmic domain are thought
to act as docking sites for signaling adaptor proteins.?’
To identify which, if any, of these tyrosine residue site(s)
are responsible for the mitogenic signaling of tPA, we
generated four mutants with individual tyrosine residue
mutated to alanine (Y4473A, Y4476A, Y4507A, and
Y4511A) using LRP-1 minireceptor (mLRP) as a template.
To avoid possible interference of endogenous LRP-1 ty-
rosine phosphorylation, wild-type mLRP and individual
mutants were transfected into LRP-1-deficient fibroblasts
(PEA-13). We found that only Y4507A suppressed tPA-
induced tyrosine phosphorylation (Figure 5D) and down-
stream signaling (Figure 5, E and F) whereas the other 3
mutants had no effect (data not shown). This result clearly
demonstrates that tyrosine residue Tyr**°” is essential for
tPA signaling.

LRP-1-mediated Erk activation by tPA has been reported
in various cellular systems'3333%; however, the exact
mechanism has not been fully understood. Tyrosine resi-
dues on the B subunit of LRP-1 provide docking sites for
signaling adaptor protein including Shc,?294° which on
phosphorylation will then recruit Grb2-Sos, potentiating ac-
tivation of Ras.*® In addition, it was recently discovered that
binding of tPA to LRP-1 transactivates Trk receptor—depen-
dent Erk activation in neurons.'® Our current finding is in line
with other studies which showed that Tyr**°” can be phos-
phorylated by Src kinase in vitro®**' and that tPA activates
Src family kinase.'® Because phosphorylation of Tyr*3°” by
v-Src induces association of LRP-1 with the adaptor protein
Shc,?? it seems likely that Shc may mediate Ras-Erk1/2
signal transduction of tPA and subsequent proliferative sig-
naling. Further investigation will be needed to confirm the
role of Shc in tPA-activated Erk signaling.

In this study we also determined that tPA-induced
P90RSK phosphorylation mediates GSK3B phosphoryla-
tion and inactivation. As shown in Figure 7, A and B,
knockdown of p90RSK by RNA silencing abolished tPA-
induced phosphorylation and inactivation of GSK3. This
result is supported by previous work which found that
GSK3B is a substrate of and can be phosphorylated by
P90RSK in vitro.*? The p90 ribosomal s6 kinases (RSKs)
are a group of serine/threonine kinases that regulate
diverse cellular process, such as cell growth, cell maotility,
and cell survival.*® There are four RSK isoforms (RSK1-
4), of which RSK1 is also designated as p90RSK. RSK
isoforms share 75%—80% sequence identity and are
expressed ubiquitously in human tissue including kid-
ney**: they are known to play an important role in the
MAPK signaling cascade and are downstream effectors
of the Ras-Erk1/2 signaling. Erk1/2 activation phosphor-
ylates and activates RSKs.*3% RSKs, in turn, activate
various signaling events through selection of different
phosphorylation substrates including GSK38 and Bad.*®
GSK3B has been implicated in the phosphorylation of
many proteins and in the regulation of several cellular
events. In contrast to most other protein kinases which
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induce the activation of a substrate, the action of GSK3g3
inhibits its downstream targets including cyclin D1 by
ubiquination and proteosomal degradation.*® GSK3g is
constitutively active in mammalian cells. Phosphorylation
of GSK3gB leads to its inactivation. So, by phosphorylating
and inhibiting GSK3p, tPA promotes the dephosphoryla-
tion, stabilization, and induction of cyclin D1, which facil-
itates fibroblast entry into the S phase of cell division
cycle and induces cell growth. Intriguingly, our recent
study found that the cytoprotective effect of tPA is medi-
ated by Bad phosphorylation induced by p90RSK acti-
vation." This result, together with our current finding that
P90RSK mediates the mitogenic effect of tPA, suggests
that p9ORSK is likely the pivotal control point in the sig-
naling cascade of tPA, regulating the fate and destiny of
interstitial fibroblasts in the diseased kidney. Therefore,
pP90RSK may be a promising therapeutic target for block-
ing the fibrogenic effects of tPA under pathological
conditions.

As summarized in Figure 10, tPA binds to the mem-
brane receptor LRP-1, triggers tyrosine phosphorylation
of Tyr*®®” on LRP-1, and activates Erk1/2 and p90RSK;
pP90RSK in turn phosphorylates and inhibits its down-
stream substrate GSK3; inhibition of GSK3B promotes
the stabilization and induction of cyclin D1, resulting in
cell-cycle progression and cell growth. Blockade of any
step within this signaling pathway eliminates the mito-
genic effect of tPA. Thus, tPA contributes to the accumu-
lation of interstitial fibroblasts in the diseased kidney
through dual mechanisms: i) via phosphorylation of
P90RSK/GSK3p and induction of cyclin D1 to induce cell
proliferation; ii) via activation of p9ORSK/Bad to inhibit
apoptotic cell death.
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