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Extracellular Matrix Genes in Mouse Mesangial Cells
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ABSTRACT. The potential role of hepatocyte growth factor (HGF) in regulating extracellular matrix in mouse
mesangial cells (MMC) was evaluated. Functional HGF receptors were detected in MMC by HGF-induced
extracellular acidification, a response that was inhibited by the HGF inhibitor HGF/NK2, a splice variant expressing
the N-terminal domain through the second kringle domain. HGF also increased fibronectin and collagen a1 (IV)
mRNA levels in these cells; the increases were associated with a concentration-dependent increase in transcriptional
activity of the collagen a1 (IV) gene. HGF also stimulated fibronectin and collagen a1 (IV) mRNA levels in primary
rabbit proximal tubule epithelial cells. To evaluate the potential consequences of chronic elevation of HGF on renal
function, HGF was administered continuously for 18 days to normal and diabetic C57BLKS/] lepr™ mice. In the
diabetic mice, HGF reduced creatinine clearance and increased microalbuminuria, indicating that chronic exposure
to HGF impairs renal function. Thus, chronically elevated HGF may contribute to the progression of chronic renal
disease in diabetes by decreasing the glomerular filtration rate and possibly promoting the accumulation of
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HGF! is a heterodimeric molecule derived from a prepro-
precursor of 728 amino acids, which is processed proteo-
lytically to form mature HGF. HGF stimulates the growth
of renal epithelial cells (mitogen), enhances the motility of
epithelial cells (motogen), and induces renal epithelial
tubule formation (morphogen) by acting on the tyrosine
kinase receptor c-met [1-3]. HGF is also involved in renal
remodeling following injury. Thus, HGF and its receptor
c-met are increased in the kidney following nephrectomy or
ischemia [4], and acute administration of HGF improves
renal function following HgCl, administration or ischemia
[5, 6]. There is also evidence that expression of the HGF
receptor c-met is elevated in the kidneys of rats with
streptozotocin-induced diabetes [7]. Although serum HGF
levels are elevated in patients with chronic renal disease [8],
the effect of chronically elevated HGF levels on renal
function is unknown.
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Glomerular hypertrophy and fibrosis occur during renal
remodeling in many chronic renal diseases. These events
are associated with glomerular basement membrane expan-
sion, proliferation of mesangial and epithelial cells, and the
accumulation of collagen and fibronectin [9]. The role of
HGF in glomerular extracellular matrix expansion, how-
ever, is not known. Initial studies have suggested that HGF
mRNA is found in mesangial cells, whereas the mRNA for
the receptor c-met is found in epithelial cells. Correspond-
ingly, HGF stimulates mitogenesis in epithelial cells but not
in mesangial cells [10, 11]. Recent data, however, indicate
that glomerular mesangial cells also express c-met mRNA
[11-13]. Moreover, transgenic mice overexpressing HGF in
the kidney and serum demonstrate prominent tubular cystic
disease, progressive glomerulosclerosis, and premature renal
disease [14]. Therefore, the present study was designed (i)
to determine the presence of functional HGF receptors on
mesangial cells, (ii) to evaluate the effects of HGF on
fibronectin and collagen mRNA levels in MMC and rabbit
proximal tubular epithelial cells, and (iii) to study the effect
of chronic elevation of HGF on renal function.

MATERIALS AND METHODS
Cell Culture

MMC cultures were established from glomeruli obtained
from the kidneys of 8- to 10-week-old SJL/] (H-2°) mice
[15]; the cultures were grown in DMEM containing 2 mM
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L-glutamine and 180 mg/dL of glucose and supplemented
with 10% FBS and 100 U/mL of penicillin/streptomycin at
37° in 5% CO,. Cells were subcultured by rinsing with
PBS, and then incubating with 0.05% trypsin supple-
mented with 20 mM EDTA. MMC transformed with
noncapsid-forming SV-40 virus to establish a permanent
cell line are designated as MMC-SV40 [15]. These cells
exhibit many features of differentiated mesangial cells [15].
A stable transfection was performed on the MMC-SV40
with a reporter construct, HB35, which expresses luciferase
driven by a “minigene” comprising the 5" flanking and first
intron regions of the murine collagen ol (IV) gene [16].
The stable transformants are designated as MMC-COL.
These cells exhibited patterns of growth and protein syn-
thesis in response to elevated glucose concentration similar
to those of MMC-SV40 [17]. When the MMC were
transferred to SmithKline Beecham Pharmaceuticals, the
passage number was designated arbitrarily as passage 1.
Experiments reported here used cells from passages 10—15.
MMC-SV40 were subcultured into 150-cm? flasks and
incubated for 3—4 days in the growth medium described
above. The medium was changed to DMEM containing 2
mM L-glutamine and 100 mg/dL of glucose and supple-
mented with 3% FBS, 100 U/mL of penicillin, and 100
pg/mL of streptomycin for 48 hr before the addition of
HGEF. Cells were treated with HGF (Collaborative Biomed-
ical Products) and/or RO-32-0432 (synthesized by A. Krog,
SmithKline Beecham). Rabbit renal proximal tubule epi-
thelial cells were established by microsieving renal cortex
through a mesh [18]. Cells were grown in 50:50 DMEM and
Ham’s F12 medium as described previously [18]. Cells were
serum-starved for 24 hr prior to the administration of HGF
(50 ng/mL) for 16 hr and then were harvested for RNA
extraction.

Cloning and Expression of HGF/NK2

A DNA fragment encoding the NK2 domain of HGF was
isolated from a human kidney medulla cDNA library by
polymerase chain reaction (PCR) amplification. The prim-
ers used were specific to the 5" end of HGF (forward primer
5" GTC GAC GCG GCC GCC TTT CAC CCA GGC
ATC TCC 3’) and to the 3’ end of the second kringle
domain corresponding to residue 288 (reverse primer 5’
TCG CGA AGCTTT CTA GATTAG CAT GTTTTA
ATT GCA CAG TAC 3'). The resulting 952-bp fragment
contained the nucleotide sequence from position -53 to
+864 with respect to the HGF cDNA (Accession No.
M29145). The PCR product was cloned into the baculovi-
rus transfer vector pFastBac (Life Technologies, Inc.). The
recombinant virus preparation, the infection, and the
expression of NK2 protein using Sf9 (Spodoptera frugiperda)
insect cells in Sf900 SFM were performed as described by
the manufacturer. The presence of secreted HGF/NK2
recombinant protein in culture medium was analyzed and
confirmed by western immunoblotting with 1000-fold di-
luted anti-HGF AS No. 388 (a peptide antiserum against
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FLPSSYRGKDLQENY) at room temperature for 1 hr.
Then the blot was incubated with 1000-fold diluted goat
anti-rabbit IgG conjugated with horseradish peroxidase in
blocking buffer for 1 hr at room temperature. The immu-
noreactive protein bands were visualized using an enhanced
chemiluminescence (ECL) kit (Amersham) as described by
the manufacturer.

Microphysiometry

The cytosensor microphysiometer is based on a pH-sensi-
tive silicon sensor, which is part of a microvolume flow
chamber in which cells are immobilized [19]. MMC were
subcultured with trypsin from 150-cm? flasks into capsule
cups (Molecular Devices) having a polycarbonate mem-
brane of 3-pwm pore size at a density of 300,000 cells per
cup. Cells were allowed to attach for 24 hr in the medium
specified for each cell type. After spacer rings and insert
cups were fitted into the capsule cups, the assembled units
were transferred to the sensor chamber and perfused at 100
pL/min with bicarbonate-free RPMI 1640 medium (Molec-
ular Devices) in the microphysiometer at 37°. Acidification
rate was measured as change in pH over time, which was
determined when the pumps were turned off for 30 sec at
2-min intervals. Cells were treated with human recombi-
nant HGF (Collaborative Biomedical Products) in the
presence or absence of the recombinant HGF inhibitor
HGF/NK2, which is the truncated amino-terminal domain
through the second kringle domain of mature HGF [20].

Northern Blot

Total RNA was extracted from cells by guanidinium thio-
cyanate denaturation and acidified phenol-chloroform ex-
traction [21]. Total RNA (10 pg/lane) was fractionated on
0.2 M formaldehyde 1% agarose gels and transferred to
nylon membranes (Nylon-1, BRL) in 4x standard saline
citrate. Equivalent loading and transfer were verified by
methylene blue staining. Random-primed [*?P]DNA probes
for fibronectin were made that recognize a mRNA at 7.6
kb. The fibronectin clone was obtained from the American
Type Culture Collection. Hybridizations were performed
with 10° ¢pm/mL in 50% formamide, 750 mM NaCl, 50
mM NaH,PO, (pH 7.6), 5 mM EDTA, 2% SDS, 5x
Denhardt’s solution, 100 wg/mL of salmon DNA, at 42° for
16 hr. Blots were washed with a final stringency of 0.1x
standard saline citrate and 0.1% SDS at 65°. Membranes
were exposed to a Phosphorlmaging plate, and bands were
quantitated with ImageQuant software (Molecular Dynam-
ics).

Luciferase Assay

MMC-COL cells were subcultured in 24-well plates at
25,000 cells per well in growth medium for 48 hr. Then
cells were incubated in DMEM with 3% FBS for an
additional 48 hr before HGF was added. Cells were lysed 24
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hr after HGF exposure using 500 L of a buffer containing
0.1 mM potassium phosphate and 1 mM dithiothreitol, pH
7.2, with 1% Triton X-100 (for luciferase activity), or were
trypsinized (for cell number). The lysed cells were centri-
fuged, and 100 pL of the supernatant was added in
duplicate to wells of a 96-well microtiter plate. Light
emission was measured directly at room temperature using a
Microlumat LB96P luminometer (Wallac) and integrated
over a 20-sec period following the automated injection of
100 pL of a luciferin reaction mixture containing a stock
buffer of 0.1 mM potassium phosphate, 10 mM ATP, 20
mM MgCl,, and 1 mM dithiothreitol, pH 7.2, and freshly
added 0.8 mg/mL of D-luciferin (Boehringer Mannheim).
Luciferase activity was expressed as relative light units
(RLU) per number of cells as determined from similarly
treated sister wells, which were trypsinized and counted
(Coulter Electronic LTD).

Renal Function

Five-month-old lean and obese db mice (C57BLKS/J-m+/
+Lepr®™; Jackson Laboratory) were anesthetized with 5
mg/kg of xylazine and 25 mg/kg of ketamine and implanted
with osmotic pumps (Alza). Pumps contained either vehi-
cle (0.35 M NaCl, 0.01 M phosphate, pH 7.3, 625 pg/mL
of human serum albumin) or human recombinant HGF
(Becton Dickinson Labware) at 14.6 ng/pL and delivered
fluid at 0.45 pL/hr. Eighteen days after implantations,
24-hr urine was collected in metabolic cages, after which
mice were killed with 100 mg/kg pentobarbital, and blood
was collected by cardiac puncture. Urine and plasma
creatinine and urine urea were measured by Synchron
Clinical System AS 8 (Beckman). Microalbuminuria was
determined by competitive ELISA [22] (Exocell Inc.). All
animals were treated in accordance with the NIH guide-
lines for use of animals in research. The appropriate
institutional animal care committee approved all proce-
dures.

RESULTS
Effect of the HGF Inhibitor HGF/NK2 on HGF-Induced
Acidification of MMC

Because the acidification rate data (change in voltage
potential over time) are dependent on seeding density and
seeding uniformity, acidification rates were normalized
during the pretreatment period. We had shown previously
that HGF increased extracellular acidification in human
and mouse glomerular mesangial cells [11]. HGF-induced
acidification in MMC-SV40, therefore, was evaluated in
the presence of the competitive HGF inhibitor HGF/NK2
[20] to determine if MMC have a functional HGF receptor
(c-met). MMC-SV40 were pretreated with baculovirus-
expressed HGF/NK2 (Fig. 1) for 30 min prior to HGF (50
ng/mL) or EGF (30 ng/mL) treatment. HGF/NK2 inhibited
HGF- but not EGF-induced acidification of MMC-SV40 in
a concentration-dependent fashion (Fig. 2). The 1cs, value
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FIG. 1. Western blot for HGF/NK2 expression in an Sf9 cell
line. 34-kDa mature HGF/NK2 protein was detected with
anti-HGF both in whole cell lysate (WC) and in culture medium
(M). Full-length human recombinant HGF (Collaborative Bio-
medical Products) was detected in lane 1 (C, control). Purifica-
tion was performed once.

of HGF/NK2 for inhibition of HGF-induced acidification
was 63 = 23 ng/mL.

Effect of HGF on Extracellular Matrix Protein Gene
Expression and Collagen a1l (IV) Promoter Activity

Fibronectin mRNA levels were evaluated in MMC pre-
treated with PAF, TGF-B1, and HGF. In addition to the
expected increases in fibronectin mRNA after PAF and
TGF-B1, HGF also increased fibronectin mRNA (Fig. 3).
HGF increased fibronectin mRNA in a concentration-
dependent fashion (Fig. 4). A time course revealed that
HGF increased fibronectin mRNA levels up to 16 hr,
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FIG. 2. Effect of HGF/NK2 on HGF- and EGF-induced acidi-

fication of MMC-SV40. Extracellular acidification was mea-

sured as the change in voltage potential over time that was

detected by a pH-sensitive detector. Data are expressed as a

percentage of the maximum acidification response to either 50

ng/mL of HGF (filled circles) or 30 ng/mL of EGF (open circles;
means = SEM, N = 3).
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FIG. 3. Effect of PAF, TGF-B1, or HGF on relative fibronectin
mRNA levels corrected with ribosomal protein L32 (rpL32)
mRNA levels in MMC. The bar graph shows means = SEM
(N = 4 for all conditions except for PAF, where mean * range,
N = 2, is shown). Key: (*) P < 0.01 vs control by t-test.

whereas collagen al (IV) mRNA was increased 2.8-fold at
6 hr after HGF dosing (Fig. 5). The activity of the collagen
al (IV) promoter following HGF receptor stimulation was
evaluated by activation of a luciferase reporter gene in
MMC transfected with the collagen promoter construct.
HGEF activated the collagen promoter construct in MMC in
a concentration-dependent fashion, as indicated by a con-
centration-dependent increase in luciferase activity (Fig.
6). Because c-met is also expressed in epithelial cells,
primary rabbit renal proximal tubule epithelial cells were
also treated with HGF (50 ng/mL) for 16 hr. Fibronectin
and collagen al (IV) mRNA were increased 5.8- and
2.9-fold, respectively, whereas thrombospondin mRNA was
unchanged after HGF treatment (Fig. 7). Thus, HGF
increased expression of markers for extracellular matrix in
primary as well as in transformed cells.

Effect of Continuous HGF Administration to
Diabetic Mice

To determine if chronic elevation of HGF affects renal
function, HGF was administered continuously to the db

HGF 0 25 50 100 ng/ml

Fn e me s e SR W e

rpL32 YT T R

FIG. 4. Effect of increasing concentrations of HGF on fibronec-
tin (Fn) and ribosomal protein L32 (rpL32) mRNA levels in
MMC as determined by northern blot. One experiment with
duplicate culture flasks was performed.
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FIG. 5. Composite northern blot for fibronectin (FN) and
collagen a1 (IV) (Col a1 IV) mRNA. MMC were treated with
vehicle (C) or HGF (H, 50 ng/mL) for 2, 6, and 16 hr. One

experiment was performed.

mouse, which develops a renal pathology similar to human
diabetics [22]. HGF was given s.c. to lean and obese db mice
for 18 days by an Alzet mini-osmotic pump with an
estimated rate of 160 ng/day. Obese mice had a 10-fold
increase in urine flow and a nearly 2-fold increase in plasma
creatinine levels (Table 1). Chronic HGF administration
significantly decreased creatinine clearance in obese mice,
suggesting that continuous administration of HGF reduced
the glomerular filtration rate (Table 1). Moreover, HGF
also increased albumin excretion in obese mice (Table 1),
suggesting that HGF might reduce renal function in ani-
mals with compromised kidneys. Kidneys from these mice
were also examined for histological changes and fibronectin
mRNA levels. Whereas the obese mice had higher expres-
sion of fibronectin mRNA, the additional treatment with
HGF had no additional effect on fibronectin expression or
glomerular and tubular histology (not shown). It is likely
that longer exposure to HGF is required to affect these
parameters as seen in the HGF transgenic mice [14].
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FIG. 6. Collagen a1 (IV) promoter activity in MMC-COL in
response to increasing concentrations of HGF. Data show

relative light units (RLU) per 1000 cells. Values are means *
SEM of quadruplicates.
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FIG. 7. Northern blot analysis of fibronectin (Fn), collagen a1
(IV) (Col), thrombospondin-1 (TSP-1), and rpL32 mRNA
from primary rabbit renal proximal tubule epithelial cells (C,
control; H, 50 ng/mL of HGF, N = 2).

DISCUSSION

Chronic renal disease involves the progressive loss of
functional renal mass, accompanied by compensatory
growth and remodeling. The molecular and cellular events
that take place during chronic renal disease include release
of growth factors, proliferation of glomerular mesangial
cells, and expansion of extracellular matrix [23-25].
Whereas several protein factors have been implicated in
stimulating extracellular matrix production during chronic
renal failure, this is the first demonstration that HGF can
increase gene expression of extracellular matrix genes in
renal cells. Specifically, HGF increased the levels of fi-
bronectin and collagen a1 (IV) mRNA in MMC and rabbit
proximal tubule epithelial cells. The effect on collagen
included transcriptional activation because in addition to
increasing collagen al (IV) mRNA within 6 hr, HGF
increased the activity of the collagen al (IV) mRNA
promoter. HGF transduces its signal through several factors
including phosphatidylinositol 3-kinase and the transcrip-

TABLE 1. Effect of chronic HGF on renal function
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tion factor STAT3 [26, 27], which may regulate collagen
mRNA synthesis directly, or indirectly through known
activators of collagen transcription, protein kinase C and
c-fos [17]. The exact transcriptional factors that mediate
HGF regulation of collagen remain to be determined.
However, the above findings are in contrast to the effect of
HGF on extracellular fibronectin immunoreactivity in
MMC immortalized with the temperature-selective mutant
of SV40 T antigen [13]. While it is possible that transfor-
mation of cells could disrupt normal HGF regulation of
extracellular matrix, we show that HGF also increased
fibronectin and collagen al (IV) mRNA in primary rabbit
renal proximal tubule epithelial cells. Thus, HGF may
contribute to renal remodeling by regulating the expression
of extracellular matrix genes.

Persistent proteinuria and progressive loss of renal func-
tion without ischemia mark diabetic nephropathy. The
db/db mouse is a genetically diabetic animal model charac-
terized by obesity and hyperglycemia associated with insulin
resistance [28, 29]. A recent study shows that progression of
renal disease as measured by renal functions, such as
creatinine clearance and albumin excretion, in db/db mice
is very similar to the human diabetic condition leading to
renal failure [22]. While the expression of c-met in the
db/db mouse has not been examined, tubulointerstitial foci
immunopositive for c-met were observed in streptozotocin-
induced diabetic rats [7], indicating that the HGF axis is
activated in diabetic nephropathy. In the present study,
continuous elevation of HGF in the db/db mouse resulted
in decreased creatinine clearance and increased microalbu-
minuria. However, HGF had a slight effect on body weight,
which could influence the production of creatinine and
urea. Nevertheless, albuminuria excretion still increased,
which suggests decreased tubular function. Thus, prolonged
activation of the HGF axis can lead to reduced renal
function.

In support of the hypothesis that chronic elevation of
HGEF results in renal disease, transgenic mice, which over-
express HGF in the kidney and serum, have prominent

Lean/Vehicle Lean/HGF Obese/Vehicle Obese/HGF

Urine Flow 2.2*0.6 14+03 18.7 £ 3.3* 21.3 = 1.8*
(wL/min/100 g)

Plasma Cr 0.40 +0.00 0.38 +£0.02 0.58 + 0.02* 0.64 = 0.02*
(mg/dL)

Cr excretion 1.7+x03 1.3+x04 4.7 + 1.7% 2.6 =0.2%
(mg/100 g)

Cr clearance 400 = 91 283 = 68 454 = 95 287 = 24%
(wL/min/100 g)

Urea excretion 4.0=x0.8 3.0+0.7 2.7+04 2.1 +0.6
(mmol/100 g)

Albuminuria 0.60 + 0.27 0.84 +0.20 5.11 + 1.95% 13.29 + 2.30%
(pg/day/g)

Body weight (g) 33.0 + 0.4 322+ 0.6 45.8 + 1.4 41.9 + 2.5%

Numbers are mean * SEM. (N = 5-6 animals per group.

*P < 0.05 vs respective Lean group, TP < 0.05 vs respective vehicle-treated group (t-test).
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tubular cystic disease and progressive glomerulosclerosis
[14]. These animals show tubular epithelial hyperplasia
with cystic lesions as early as 2 weeks after birth, with an
increase in mesangial matrix by 1 month of age. Segmental
or global glomerulosclerosis develops in older animals.
Together, these studies suggest that HGF may stimulate
c-met-responsive mesangial expansion and glomerular and
tubulointerstitial fibrosis.

It should be noted, however, that HGF accelerates
recovery of renal function after acute injury due to HegCl,
or ischemic acute tubular necrosis [5, 6, 30]. In this context,
HGEF is a beneficial factor and aids in the restoration of
normal renal function after an acute insult. Whether the
chronic elevation of serum HGF observed in patients with
renal insufficiency [8] is a compensatory response of the
damaged kidney or contributes to further renal damage
remains to be determined. In a recent study with a new
strain of mice (ICGN) that spontaneously develops a
nephrotic syndrome, large doses of HGF (500 pg/kg per day
for 28 days) were able to prevent elevation in serum
creatinine and microalbuminuria [31]. At least in that
strain of mice, pharmacological doses of HGF are able to
slow down the progression of chronic renal disease.
Whether chronic elevation of HGF in animals with differ-
ent genetic backgrounds has different effects on renal
function awaits results from additional studies. Further-
more, experiments using HGF antagonists in various
chronic renal failure models will clarify the role of HGF in
progressive renal disease.

In summary, this study demonstrated that MMC have
functional HGF receptors and are able to respond to HGF
with increased expression of extracellular matrix genes such
as fibronectin and collagen al (IV). The effect of HGF on
fibronectin and collagen was not limited to mesangial cells
and was also seen in primary proximal tubule epithelial
cells. These results suggest that HGF may play a role in the
extracellular matrix expansion in progressive renal disease.
HGF also decreased creatinine clearance and increased
microalbuminuria in diabetic mice, suggesting that
chronic elevation of HGF may contribute to the reduc-
tion in renal function in diabetes. Because transgenic
mice for HGF display renal fibrosis and c-met immuno-
reactivity was increased within tubulointerstitial foci in
a model of diabetic nephropathy, chronic elevation of
HGEF likely contributes to renal tubular remodeling that
results in renal tubular hyperplasia, interstitial fibrosis,
and renal cystic disease. Therefore, further studies are
warranted to evaluate the effect of HGF inhibition on
the progression of diabetic nephropathy and chronic
renal disease.
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