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in Obstructive Nephropathy

Wafa M. Elbjeirami,' Luan D. Truong,? Ahmad Tawil,® Wansheng Wang,* Sara Dawson,® Hui Y. Lan,®
Ping Zhang,* Gabriela E. Garcia,* and C. Wayne Smith?

Interstitial fibrosis plays a major role in progression of renal diseases. Oncostatin M (OSM) is a cytokine that
regulates cell survival, differentiation, and proliferation. Renal tissue from patients with chronic obstructive
nephropathy was examined for OSM expression. The elevated levels in diseased human kidneys suggested pos-
sible correlation between OSM level and kidney tissue fibrosis. Indeed, unilateral ureteral obstruction (UUO),
a model of renal fibrosis, increased OSM and OSM receptor (OSM-R) expression in a time-dependent manner
within hours following UUO. In vitro, OSM overexpression in tubular epithelial cells (TECs) resulted in epi-
thelial-myofibroblast transdifferentiation. cDONA microarray technology identified up-regulated expression of
immune modulators in obstructed compared with sham-operated kidneys. In vitro, OSM treatment up-regulated
CC chemokine ligand CCL7, and CXC chemokine ligand (CXCL)-14 mRNA in kidney fibroblasts. In vivo, treat-
ment of UUO mice with neutralizing anti-OSM antibody decreased renal chemokines expression. In conclusion,
OSM is up-regulated in kidney tissue early after urinary obstruction. Therefore, OSM might play an important
role in initiation of renal fibrogenesis, possibly by inducing myofibroblast transdifferentiation of TECs as well
as leukocyte infiltration. This process may, in turn, contribute in part to progression of obstructive nephropathy

and makes OSM a promising therapeutic target in renal fibrosis.

Introduction

UBULOINTERSTITIAL FIBROSIS IS PRESENTLY considered a

final common pathway of progressive kidney disease
leading to end-stage renal disease. It is characterized by loss
of renal tubules and accumulation of myofibroblasts and ex-
tracellular matrix (ECM) proteins (Lan 2003). Myofibroblasts
are rare in the normal kidney; however, they appear in mark-
edly increased numbers in the fibrotic kidney. The origin of
myofibroblasts within the diseased kidney remains poorly
understood. Emerging evidence suggests that during renal
injury, tubular epithelial cells (TECs) transdifferentiate into
myofibroblasts in a process known as epithelial-myofibro-
blast transdifferentiation (EMT) (Hay and Zuk 1995; Ng and
others 1998). EMT is a physiological process associated with
fibrogenesis related to a number of adult organs including
the liver, the thyroid, and the mammary glands (Strutz and

Miiller 2000). Transdifferentiation in TECs has been dem-
onstrated in vivo. In kidney with urinary obstruction, TECs
exhibited features of EMT, as well as increased transforming
growth factor B1 (TGF-B1) expression (Dauthville and others
1998; Yang and Liu 2001).

The mechanism(s) regulating renal tubular EMT remains
largely unknown. A number of studies have analyzed the
possible effects of cytokines and matrix components on EMT
(Hay and Zuk 1995; Zeisberg and others 1999; Healy and
others 1999). In vitro studies previously demonstrated that
tubular EMT can be induced by profibrotic cytokines such
as TGF-B, fibroblast growth factor-2, epithelial growth fac-
tor, and IL-1B (Okada and others 1997; Fan and others 1999;
Stahl and Felsen 2001; Manotham and others 2004). These
studies demonstrate clearly that the differentiation state
of the TEC is dependent on the surrounding ECM and on
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cytokines secreted by adjacent cells. However, those studies
were hypothesis-driven, with each factor being investigated
alone and generating downstream events that ultimately
contributed to renal fibrosis or its reversal.

Oncostatin M (OSM) is a multifunctional member of the
interleukin-6 cytokine family and is produced from activated
T- and monocytic cell types (Tanaka and Miyajima 2003).
OSM is a growth and differentiation factor that participates
in the regulation of neurogenesis, osteogenesis, and hema-
topoiesis. Nightingale and others (2004) have demonstrated
that human proximal TECs undergo EMT in response to
OSM produced by activated peripheral blood mononuclear
cell @PBMC-CM), showing acquisition of a fibroblastoid
morphology, increased fibronectin-EDA (EDA) expression,
loss of junctional E-cadherin localization, and cytokeratin 19
(CK19) expression. The group proposed that OSM is likely
produced by inflammatory cell infiltrates that contribute to
tubulointerstitial fibrosis.

We investigated whether OSM might be associated with
renal fibrosis in vivo by examining the expression of this
gene in kidney with obstructive nephropathy, a condition
characterized by tubular atrophy, interstitial fibrosis, and fi-
broblast proliferation. We report here for the first time that
OSM expression is highly elevated in kidneys from patients
with urinary obstruction. Furthermore, we showed that uni-
lateral ureteral obstruction (UUO), a well-characterized ex-
perimental model of obstructive nephropathy, is associated
with de novo expression of OSM and its receptor (R) in the
nephron very early following UUO. Thus, OSM expression
in renal obstruction may play a role in driving tubulointer-
stitial fibrosis via EMT mechanism.

Materials and Methods
Human renal tissue

Renal tissue from 5 patients with urinary obstruction of
variable causes was included in this study. “Normal” kidney
tissue from 4 nephrectomy specimens with localized renal
tumors was used for control. The human tissue was used
following the guidelines of the Ethics Committee of Baylor
College of Medicine.

Obstructive nephropathy model

Progressive obstructive nephropathy was induced in
wild-type male mice (15-20 g body weight), or male Sprague-
Dawley rats (200-225 g body weight) by left ureter ligation as
described previously (UUO) (Fukuda and others 2001; Lan
and others 2003). Groups of 3 animals were killed at desig-
nated times after the operation. All experimental procedures
were approved by the Animal Experimental Committee at
Baylor College of Medicine.

Injection of anti-oncostatin antibody

Groups of 5 normal male C57/BL6 mice (2025 g) were
given intraperitoneal (i.p.) injections of anti-oncostatin poly-
clonal antibody (AF-495-NA; R&D Systems, Minneapolis,
MN) or normal goat IgG (R&D Systems) at 1 mg/kg 2 h
prior to surgery. After the animals underwent UUO as
described earlier, they received the same antibody treatment
1 h after surgery. Kidneys were harvested at 6 h post-UUO
for real-time PCR analysis of chemokine expression.
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Cell culture and transfection

The entire coding region of rat OSM cDNA was gener-
ated by RT-PCR with a set of primers, the sequence being
forward 5-ACAATGCGGGCTCAGCCTCCA, and reverse
5-AATTACCGGGGCACCAGGGA. Rat OSM cDNA was
then cloned into a retroviral expression vector (PLE-GFP-N1;
Clontech, Mountain View, CA). Retrovirus was produced
by transient transfection of the amphotropic Phoenix pack-
aging cell line (protocol detailed at www.stanford.edu/
group/nolan). Rat renal TECs (NRK52E) were plated at 7,500
cell/cm? and supplemented with the viral supernatant at 1
mL/10 cm?. Retroviral transduction with enhanced green
fluorescence protein (eGFP) was used for mock transfections
as a control.

OSM stimulation of mouse renal fibroblasts

Mouse renal fibroblasts were isolated from C57/BL6 wild-
type mouse kidneys. Kidneys were removed using sterile
instruments, minced, digested with Liberase Blendzyme 3
(Roche diagnostics, Indianapolis, IN) in Dulbecco’s modified
Eagle’s medium (DMEM) at final concentration of 0.3 mg/
mL and then incubated at 37°C in a humidified atmosphere
of 5% CO, in air for 2—-4 h. Digested tissue were washed with
DMEM containing 10% fetal calf serum (FCS) at 5 min 1,000
rpm and finally resuspended in this medium. Cells were
then incubated at 37°C in a humidified atmosphere of 5% CO,
in air. After 4 h, unattached cells were removed by washing,
and fresh medium was added and incubated at 37°C until
fibroblast confluence. The MKF were subcultured in T-25
flasks to near confluence in serum-containing medium, fol-
lowed by 24 h of incubation in serum-free conditions before
stimulation. For stimulation, cells were either left untreated
or treated with 1, 10, 100, or 200 ng/mL recombinant OSM
(R&D Systems, Minneapolis, MN) in DMEM media supple-
mented with 0.5% BCS for 24 h. Following a 24-h stimula-
tion with OSM, chemokine CXCL1, CXCL2, CXCL5, CXCL14,
CCL2, CCL4, CCL5, and CXCL7 mRNA expressions were
measured by real-time RT-PCR and normalized to controls
as described in the following section.

Real-time PCR

After total cells and kidney RNA were isolated using
TRIzol® (Invitrogen, Carlsbad, CA), it was reversely tran-
scribed into complimentary DNA (cDNA) as described
elsewhere (Ng and others 1999). Complementary RNA
was amplified by real-time quantitative polymerase chain
reaction (PCR) (TagMan®, ABI Prism 7500 Sequence Detection
System, Foster City, CA) using fluorogenic probes. GAPDH
or 18S were used as an internal standard in the comparative
threshold cycle method using (272<!). Final values were de-
termined as the ratio for the gene of interest to GAPDH or
185 and expressed as the means + SEM. Samples were mea-
sured in triplicates.

RNase protection assay

RPA was performed as previously described (Feng and
others 2000). In brief, 5 ng of total RNA for each sample pre-
pared from tissue were used in RNase protection assay.
Riboprobe specific for rat OSM was prepared (nucleotides
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117-520 as defined in GeneBank sequence accession number
NM_001006961). RNase protection assay was performed
using a kit (Torrey Pines Biologicals, Houston, TX) according
to the manufacturer’s protocols with corresponding probes
labeled with [*P] UTP.

Immunohistochemistry

Four-micrometer tissue sections were deparaffinized
in xylene and rehydrated in graded alcohol series. The
sections were heated in a target retrieval solution (pH 6.0;
Dako, Carpinteria, CA) for 10 min in a high voltage micro-
wave to facilitate antigen retrieval. Immunohistochemical
staining was performed using an avidin-biotin—peroxidase
complex technique (Vector Laboratories, Burlingame, CA).
The sections were incubated with the following primary
antibodies overnight at 4°C: polyclonal rabbit anti-human
OSM antibody (1:1,500; Santa Cruz Biotechnology, Santa
Cruz, CA), goat anti-mouse OSM antibody (1:100; Santa Cruz
Biotechnology), or rabbit anti-mouse OSM antibody (1:100;
Santa Cruz Biotechnology). As a negative control, the pri-
mary antibody was replaced by non-immune serum from
the same species. Slides were developed with diaminoben-
zidine tetrahydrochloride (DAB; Sigma, St. Louis, MO) and
counterstained with hematoxylin.

Immunofluorescence

Confluent-transfected NRK52E cells grown on glass cov-
erslips were fixed with 1% formaldehyde (Tousimis, MD),
permeabilized with 0.1% Triton X-100, and blocked for 30
min with goat serum. Next, cells were incubated with anti-
E-Cadherin (Transduction Laboratories, Lexington, KY),
washed 3 times, and incubated with anti-mouse directly
labeled with AlexaFluor-568 (Invitrogen, Carlsbad, CA).
Finally, the slides were mounted with Airvol and visualized
using a Deltavision Deconvolution microscope (Applied
Precision, Issaqua, Washington).

Western blot analysis

Cells and tissues were lysed in RIPA buffer (Sigma-
Aldrich, St. Louis, MO) with complete protease inhibitor
(Roche Biochemicals, Indianapolis, IN). The 20 ug of pro-
tein was separated by SDS-PAGE, transferred to nitrocel-
lulose membranes, and blocked in 5% skim milk in TBS-T
(TBS, 0.05% Tween-20) overnight. The primary antibody and
peroxidase-conjugated secondary antibody (1:5,000) incuba-
tions were carried out for 3 and 1 h, respectively. The sig-
nals were visualized by an enhanced chemiluminescence
(ECL) system (GE Life Science, Piscataway, NJ). The primary
antibodies used were as follows: goat anti-OSM (1:100; Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-OSM re-
ceptor (1 pg/mL; R&D Systems, Minneapolis, MN), mouse
anti-a-SMA (1:1,000; Dako), mouse anti-E-cadherin (1:2,000;
Transduction Laboratories, Lexington, KY), and rabbit anti-
actin (1:300; sc-10731, Santa Cruz Biotechnology).

Measurement of transcellular electrical impedance

Electrode fabrication and the design of electric cell-sub-
strate impedance sensor (ECIS) have been reported previ-
ously (Lo and others 1993). The electrical resistance of NRK
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monolayers was measured with the electrical cell impedance
sensor technique. In this system (Applied Biophysics, Troy,
NY), the cells are cultured on a small gold electrode (107
cm?) in DMEM supplemented with 10% FBS. Cell-cell adhe-
sion was recorded as an increase in the electrical resistance.
Electrical resistance increased immediately after the cells
attached to and covered the electrodes, and the resistance
achieved a steady state when the cells became confluent.
Thus, the data were plotted after the electrical resistance
achieved a steady state.

Microarray analysis

UUO was induced in wild-type male mice as described
earlier (Fukuda and others 2001; Lan and others 2003).
Sham-operated and UUO kidney tissue was collected 3 h
after UUO for homogenization in TRIzol® followed by RNA
extraction according to the manufacturer’s instructions. All
RNA samples were treated with 5 U RNase-free DNase I
(Qiagen, Valencia, CA) to eliminate any contaminating DNA,
and then purified using a Qiagen RNeasy Mini kit accord-
ing to the RNA cleanup protocol. RNA quality was assessed
using the Agilent 2100 bioanalyzer (Agilent Technologies,
Palo Alto, CA).

Gene expression analysis was performed at Baylor College
of Medicine Microarray Core Facility. In brief, total RNA was
biotinylated and hybridized to GeneChip® Mouse Genome
430 2.0 Array (Affymetrix, Santa Clara, CA) according to
manufacturer’s instructions (www.affymetrix.com/pdf/
expression_manual.pdf/). For statistical analysis, we used
2-way analysis of variance (ANOVA, assuming equal vari-
ance). We used a P value cutoff of 0.005 and a gene expres-
sion fold-difference threshold of 1.2 (for either up-regulation
or down-regulation) for all our analyses. Gene expression
was defined “positive” when detected by microarrays in all
groups tested. A total of 3 pairs (sham-operated and UUO) of
kidneys were included for microarray analysis. All samples
were run in duplicate. The Gene Ontology overrepresentation
analyses were performed with the help of the software appli-
cation DAVID, http://appsl.niaid.nih.gov/david (Hosack).

Statistical analysis

Data are expressed as the mean = SEM. Statistical dif-
ferences were analyzed using analysis of variance and pair-
wise multiple comparisons using Tukey’s test, and P values
<0.05 were considered to indicate statistical significance.

Results
OSM expression in human obstructed kidneys

Oncostatin M expression was determined in human
kidney tissue with obstructive nephropathy and in con-
trol normal kidney tissue. Real-time PCR analysis revealed
that OSM mRNA was elevated by 6-fold in kidney samples
collected from patients with obstructive nephropathy due
to stones or carcinoma (Fig. 1A). Similarly, Western blot
analysis confirmed increased OSM protein expression in
these obstructed kidneys (Fig. 1B) as compared with nor-
mal kidney tissue. Furthermore, immunostaining showed
marked OSM expression in TECs, glomeruli, inflammatory
infiltrates, as well as the endothelium in obstructed kidney
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FIG.1. Oncostatin M (OSM) expression levels in renal tis-
sue from patients with chronic obstructive nephropathy. (A)
Real-time RT-PCR analysis shows substantially higher OSM
mRNA in obstructed kidneys with tubulointerstitial fibro-
sis due to lithiasis or tumor, compared with normal control
kidney. *P < 0.01 compared with normal kidney. (B) Western
blot of representatives of the same tissue samples confirms
the increased expression of OSM.

(Fig. 2B), whereas insignificant expression was noted in
normal kidney sections (Fig. 2A). Overall, these results sug-
gested a correlation between renal OSM expression and uri-
nary obstruction-mediated chronic tubulointerstitial fibrosis
in human. Thus, we decided to explore OSM expression in
UUQ, a well-characterized hydronephrosis model exhibit-
ing interstitial inflammatory cell infiltration and tubular
dilatation.

OSM and OSM-R expression in UUO

Progressive tubulointerstitial fibrosis of the kidney sec-
ondary to UUO was created in rat and mice to see whether
OSM expression was associated with renal changes. RNase
protection assay revealed increased OSM mRNA levels in
the rat UUO kidneys compared with normal kidneys, as
early as 3 h after obstruction, and persisting even at 24 h
(Fig. 3A). Time-course analysis of OSM and OSM-R using
real-time PCR revealed a 2- and 3-fold increase in OSM
expression as early as 3 and 6 h after obstruction in the
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FIG. 2. Oncostatin M (OSM) expression in renal tissue. (A
and B) Immunohistochemistry of OSM in human kidney.
Immunostain shows strong expression of OSM in atrophic
tubular cells, glomerular cells, and interstitial inflammatory
cells in a representative kidney with obstructive nephropa-
thy (B). Only weak, focal expression of OSM is noted in a
representative normal kidney (A). Original magnification:
200X. (C-F) Immunohistochemistry of OSM in control nor-
mal kidneys of rats (C), and obstructed kidneys at 12 h (D)
and 24 h (E) after UUO. Increased expression of OSM is evi-
dent in renal tubular cells of the obstructed kidneys. Control
IgG shows no staining for OSM (F). The results are represen-
tative of kidneys derived from 3 different animals. Original
magnification: 200X.

mouse and rat kidney, respectively (Fig. 3B). By 24 h, a
marked increase was evident in the obstructed kidney of
both animal models, with markedly elevated levels seen by
1 week in the mouse UUO kidney (8-fold). Similar results
were also obtained when we examined OSM-R levels in
obstructed mouse and rat kidneys, but a higher magnitude

FIG. 3. Unilateral ureteral obstruction (UUO) induces the expression of Oncostatin M (OSM) and OSM receptor mRNA.
(A) Time course of OSM mRNA expression in left obstructed rat kidneys, and control kidneys (control) 1, 3, 6, 12, and 24 h
after UUO. Ribonuclease protection assays (RPA) were performed with total RNA prepared from an entire kidney to quan-
titate mRNA levels for OSM and control ribosomal protein L32 (rPL32). Representative gel segments from 2 (a, b) obstructed
and 2 control kidneys per time point showed a progressive up-regulation of mRNA encoding for OSM during the course of
UUO as compared with control kidney. The sizes of protected fragments for both mRNA species are indicated with arrows.
(Below) Semiquantitative data using densitometric analysis of OSM relative to L32. *P < 0.05. (B) Renal expression of OSM
and OSM receptor mRNA was determined by real-time RT-PCR from total renal isolates at designated time points after
unilateral ureteral obstruction (UUO) in the mouse or rat. Data are presented as the fold increase of OSM mRNA expres-
sion in obstructed kidneys (UUO) normalized to non-ligated control kidneys (time 0). Each bar represents the mean + SEM
for a group of 3 animals. *P < 0.01, **P < 0.05 versus normal controls.
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of increase for the receptor was seen at some time points expression, but a 7-fold increase in OSM-R at 24 h after UUO.
compared with OSM expression (Fig. 3B). For example, Similarly, the UUO rat kidneys exhibited a 3-fold increase
obstructed mouse kidney exhibited a 2-fold increase in OSM  in OSM expression and a 6-fold increase in OSM-R at 12 h
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after UUO. OSM and OSM-R levels of the contralateral
unobstructed kidney and of normal control kidney were
similar by real-time PCR at all time points following UUO
(data not shown). Furthermore, Western analysis verified
increased OSM protein and its receptor in the obstructed
samples at 6 and 24 h following UUO based on the intensity
of the bands (Fig. 4A).

Localization of OSM protein
by immunohistochemistry

To determine sites of OSM protein expression, we
performed immunolabeling with anti-OSM antibody.
Immunohistochemical staining showed the nephron seg-
ments were positive for OSM protein in both control (Fig. 2C)
and obstructed rat kidneys at 12 and 24 h after UUO (Fig. 2D
and 2E, respectively). However, there was a more prominent
staining of TECs in UUO kidneys. A control experiment
with a non-immune serum did not show any tissue staining
(Fig. 2F).

Expression of EMT markers early after UUO

Because OSM has been implicated to promote EMT in
vitro (Nightingale and others 2004), we examined the possi-
bility that a-smooth muscle actin (a-SMA) and collagen type
I, 2 EMT markers, may exhibit differential expression early
in UUO correlating with changes in OSM levels. Relative
real-time PCR demonstrated no differences in a-SMA, and
collagen type I mRNA levels during the first 24 h following
UUO in rats (Fig. 4B). Western blot analysis also revealed no
increase in the EMT markers during the first day following
renal obstruction (data not shown).

OSM overexpression in cultured renal tubular cells

To address whether OSM can cause EMT in rodent TECs,
NRKB52E cells were retrovirally transduced to overexpress
OSM cDNA. GFP control transduction revealed at least
95% of cells were positive for gene overexpression (Fig. 5C).
OSM overexpression was confirmed by Western analysis
revealing higher OSM protein level in OSM-transfected
cells as compared with GFP-transfected cells (Fig. 5E). The
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control GFP-transfected cells maintained a typical cobble-
stone epithelial morphology (Fig. 5A). However, the OSM-
transfected cells exhibited focal areas with mesenchymal
features as well as loss of contact inhibition (Fig. 5B),
which was further demonstrated by immunofluorescence
for E-cadherin showing higher levels in GFP-transfected
cells (Fig. 5C) as compared with OSM-expressing cells
(Fig. 5D). EMT markers were next analyzed by Western
blotting. While a-SMA level (marker for myofibroblastic
phenotype) has dramatically increased in OSM-transfected
NRKB52E cells, the E-cadherin level (marker for epithelial
phenotype) markedly decreased in OSM-transduced cells
(Fig. 5E).

Effect of OSM on the barrier function of the NRK cells

Exposure to OSM resulted in suppression of kidney
E-cadherin (major cell-cell adhesion protein) levels as dem-
onstrated earlier. Consequently, we examined the effect of
OSM on cell-cell adhesion of TECs. The attachment of OSM-
transfected and GFP-transfected TECs to microelectrodes
was examined. Transcellular resistance was recorded after
the cells reached full confluency for 29 continuous hours.
When GFP-transfected cells were seeded on the surface of
electrodes, cell attachment and spreading resulted in an
increase of the resistance (Fig. 5F). In contrast, OSM over-
expression in TECs resulted in lower resistance recordings;
thus supporting the notion that OSM affects tubular epithe-
lial cell-cell adhesion and implying observed spontaneous
fluctuations in cell resistance could be attributed to changes
in adhesive interactions.

Changes in gene expression early following UUO

We performed cDNA microarray analysis to eluci-
date dynamic changes in gene expression following UUO.
Because we observed differential OSM expression as early
as 3 h in UUO animals, we chose this time point to analyze
any alterations of gene expression following obstruction.
We used Affymetrix mouse GeneChip 430 2.0 microarray to
compare and select genes as described in the Materials and
Methods section. A total of 238 genes passed the selection
criteria. Murine kidneys subjected to UUO for 3 h (N = 3)
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(A) Oncostatin M (OSM) and OSM receptor protein expression is up-regulated by unilateral ureteral obstruction

(UUO). Expression of OSM and OSM receptor in UUO rat kidneys and in normal control kidneys at 6 and 24 h after obstruc-
tion by Western blot analysis. (B) Real-time PCR analysis of a-SMA and collagen I EMT markers following UUO in rats. No
difference in a-SMA and Col  mRNA levels is observed in the first 24 h following UUO.



INCREASED OSM LEVELS IN OBSTRUCTIVE NEPHROPATHY

GFP-Transfected

ed OSM-Transfected
: BI z —

15000
osm § 14000 NRK-GFP
-SMA 513000
1111} - pa
E-cadherin S 12000 'mriiil-:‘l.ﬁ\?‘“’flig’ﬁ,‘:‘lﬁ-?‘-\ru R OSh
_ 2 Il M I .!‘g'-\._n/\.__-.-ﬂ
p-actin 2 11000
o

10000+
0.0 50 10.0 15.0 200 250 300

Hours

FIG. 5 OSM overexpression in tubular epithelial cells
induces TEC-myofibroblast transdifferentiation. (A) Control
GFP-transfected cells display typical epithelial morphology,
including cuboidal cells forming regular monolayers. In
contrast, (B) OSM-transfected cells show focal areas with
mesynchymal features (center) including cells with spin-
dled morphology forming layers, indicating a loss of contact
inhibition (magnification of X200). (C) Immunofluorescent
staining shows a marked expression of E-cadherin (red), an
epithelial marker, in control GFP-transfected cells (green
demonstrates GFP transfection efficiency in GFP-expressing
NRKB52E cells), but E-cadherin staining is very low in OSM-
transfected cells (D) (magnification of X400). (E) Western
blot analyses demonstrate that overexpression of OSM in
NRKB52E cells (lane 2) induces de novo expression of a-SMA,
and a loss of E-cadherin compared to GFP-transfected cells
(lane 1). (F) Real-time recordings of the electrical imped-
ance as an indicator of cell adhesion. Rate of epithelial cell
adhesion on microelectrode surface is decreased in OSM-
expressing cells as compared to control GFP-transfected
cells. All tracings are representative of three experiments.

were compared with their respective unobstructed contra-
lateral kidneys as control (N = 3). Figure 6 shows a summary
of selected genes we were interested in pursuing. An induc-
tion of transcripts was observed for genes encoding cytok-
ines including OSM, which was up-regulated by 1- to 3-fold
in UUO kidneys as compared with control nonoperated
kidneys (Fig. 6). Other proinflammatory cytokines up-reg-
ulation was observed in interleukin-6 (IL-6) and leukemia
inhibitory factor (LIF), a closely related member of OSM
belonging to IL-6 family. Furthermore, there was a marked
increase in TGF-B, a profibrotic mediator, as well as tumor
necrosis factor (TNF-a). Many cytokine-stimulated adhesion
molecules were up-regulated following obstruction com-
pared with non-obstructed kidney counterparts. UUO also
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FIG. 6. Gene expression profiles at 3 h obtained from
sham-operated and unilateral ureteral obstruction (UUO)
murine kidneys.

induced the transcription of genes encoding growth factor
proteins and proinflammatory chemokines, with CXCL2
being the most prominent chemokine in obstructed kidneys
(>6-fold change over control).

OSM-mediated induction of chemokines

Because our microarray data showed a significant up-
regulation of chemokine production, we investigated which
chemokines specifically respond to OSM treatment of kidney
epithelial cells in vitro. Results showed a dose-dependent
increase with a peak of 15-fold for CXCL14 mRNA expres-
sion and 10-fold for CCL7 mRNA expression consistent with
results obtained from microarray study described earlier

(Fig. 7).

Effects of OSM neutralization early in UUO

Because local expression of chemokines mediates renal
leukocyte recruitment, we investigated whether admin-
istration of a neutralizing antibody to OSM could affect
local production of CC- and CXC-chemokines in obstructed
kidneys. We performed real-time RT-PCR for CCL4, CCL7,
CXCL1, CXCL2, and CXCL14 mRNA on total renal iso-
lates from anti-OSM Ab and IgG control-treated mice at 6
h after UUO. Induction of renal fibrosis by UUO resulted
in chemokine mRNA overexpression that was significantly
reduced by the treatment with the neutralizing OSM anti-
body. At 6 h after UUO, control mice exhibited a mean 140-
fold increase of CXCL1 mRNA, a mean 40-fold increase of
CXCL2 mRNA, and a mean 4-fold increase of CXCL14 and
CCL7 in the obstructed kidneys as compared with the non-
obstructed kidneys of the same animal. Treatment with
the neutralizing anti-OSM antibody led to a significant
85% reduction of renal CXCL1 mRNA expression as well
as a significant 88% reduction of renal CXCL2 mRNA ex-
pression compared with mice treated with irrelevant IgG
control. There was also a significant decrease in CCL7 and
CXCL14 chemokine expression in anti-OSM-treated mice
(Fig. 8). However, we did not observe any differences in
CCL4 expression.
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FIG. 7. Effect of Oncostatin M (OSM) treatment on
chemokine expression in mouse kidney fibroblasts. Mouse
kidney fibroblasts were stimulated with different concentra-
tions of recombinant OSM for 24 h. Following OSM stimula-
tion, the chemokines CCL7 and CXCL14 were both increased
on the mRNA level.

Discussion

Emerging evidence suggests that during renal injury,
TECs are capable of transdifferentiating into myofibroblasts
in a process known as tubular EMT (Hay and Zuk 1995;
Ng and others 1998). The proposed mechanisms that lead
to EMT are diverse but center around changes in the ECM,
cytokines, growth factors, adhesion molecules, and hypoxia
(Okada and others 1997; Dauthville and others 1998; Fan and
others 1999; Healy and others 1999; Zeisberg and others 1999;
Stahl and Felsen 2001; Yang and Liu 2001; Lan 2003). Healy
and others (1999) incubated human proximal TECs with
supernatant from activated peripheral blood mononuclear
cells and observed changes in phenotype to a fibroblast-like
morphology. Moreover, this treatment resulted in a signifi-
cant decrease in transepithelial resistance and in expression
of the epithelial junctional proteins E-cadherin and occlu-
din. Nightingale and others (2004) used cDNA microarray
analysis to assess changes in gene expression to identify
novel molecular mechanisms driving EMT. The group de-
termined OSM to be a novel inducer of EMT and is likely
produced by inflammatory cell infiltrates. In the present
study, we demonstrated for the first time the following: (1)
increased levels of OSM and OSM-R expression in human
or rodent kidney with obstructive nephropathy in a time-
dependent manner. (2) Specific depletion of OSM using neu-
tralization antibody reduces specific chemokine production
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after UUO demonstrating that OSM plays a key role in the
pathogenesis of renal fibrosis.

First, we demonstrated the correlation between OSM/
OSM-R system with renal fibrosis. Analyses of kidney
tissue from patients with chronic obstructive nephropathy
at various stages of development indicated that OSM ex-
pression is highly up-regulated and therefore may play a
role in promoting renal fibrosis via induction of EMT. EMT
has been observed in renal biopsy tissues (Jinde and oth-
ers 2001; Rastaldi and others 2002). Nadasdy and others
(1994) reported that single cells or loosely organized small
cell clusters still positive for epithelial markers could be
found in the widened interstitium of human kidneys with
end-stage renal disease, consistent with the notion of EMT.
A study of human renal biopsies of different renal diseases
demonstrated that the number of TECs with EMT features
was correlated with the degree of interstitial damage, indi-
cating that EMT participates in the fibrotic process in human
kidneys (Rastaldi and others 2002). Using microarray stud-
ies performed on human renal transplant implantation bi-
opsies, Luyckx and others (2009) demonstrated that OSM
and OSM-R were progressively expressed in human biop-
sies spanning a spectrum of renal injury. Indeed, both OSM
and its receptor expression levels correlated with severity
of renal injury. In our study, patients with renal obstruc-
tion produced higher levels of OSM message (6-fold) com-
pared with normal kidneys. Consistently, increased OSM
protein predominantly in TECs suggests a role OSM could
play in driving renal fibrosis. OSM as a profibrotic cytokine
has been associated with various types of tissue fibrosis.
Increased amounts of OSM mRNA or protein have been re-
lated to development of pulmonary fibrosis in patients with
systemic sclerosis (Hasegawa and others 1999). Transgenic
mice overexpressing OSM exhibited increased fibrosis sur-
rounding their pancreas (Malik and others 1995). In vitro,
OSM induces collagen production (Scaffidi and others 2002),
regulates production of tissue inhibitor of metalloprotei-
nase-1 and -3 (Gatsios and others 1996), and enhances the
growth of fibroblasts (Scaffidi and others 2002).

We and other groups propose that OSM plays a role in
driving renal fibrosis by inducing EMT, a process by which
epithelial cells lose cell-cell attachment, polarity, and epithe-
lial-specific markers, undergo cytoskeletal remodeling, and
gain a mesenchymal phenotype. The emerging paradigm is
that EMT plays a prominent role in fibrogenesis in adult tis-
sues. Growth factors such TGF-B, epidermal growth factor
(EGF), and fibroblast growth factor 2 (FGF2) can induce EMT
of TECs (Okada and others 1997; Fan and others 1999; Stahl
and Felsen 2001). TGF-B levels are increased in the lungs
of patients with fibrotic pulmonary diseases. TGF-B also
induces EMT of alveolar epithelial cells, and fibroblastic cells
that express both epithelial and mesenchymal markers can
be detected in human biopsies (Thiery and Sleeman 2006).
Furthermore, significant evidence indicates TGF-B-induced
EMT of lens epithelial cells may be an important event dur-
ing cataract formation and injury-induced lens-capsule fi-
brosis (De Longh and others 2005). On the other hand, OSM
as a promoter of EMT has been previously studied in the
liver (Okaya and others 2005), osteoblasts (Malaval and oth-
ers 2005), and neurons (Morikawa and others 2004). A pre-
vious study revealed that OSM-induced differentiation of
breast cancer cells is associated with increased TGF-B as
well as EGF receptor levels suggesting that OSM could drive
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FIG. 8. Oncostatin M (OSM) antagonism reduces renal chemokine expression in murine renal fibrosis. Treatment of uni-
lateral ureteral obstruction (UUO)-induced murine renal fibrosis with neutralizing OSM results in a significant reduction of
renal chemokine mRNA expression. Graphics illustrate the mean relative chemokine mRNA expression compared with the

contralateral non-ligated control kidney of each mouse.

the expression of other EMT-inducing factors (Douglas and
others 1998).

To confirm that OSM/OSM-R system is associated with
renal obstruction, we conducted a time-course analysis
of OSM and OSM-R expression in UUO models, in both
mouse and rat. The results clearly demonstrate a progres-
sive increase of OSM and its receptor very early (within
hours) following UUO. Protein localization revealed TECs
and glomeruli have higher OSM and OSM-R levels follow-
ing obstruction. Furthermore, up-regulation of the OSM/
OSM-R system developed just shortly after UUO, and pre-
ceded the onset of any transdifferentiation as evident by ab-
sence of increase in EMT markers (a-SMA and collagen I)
within the first 24 h following UUO. Indeed, the dynamic
pattern of EMT markers is well documented by Liu (2004).
Using obstructive nephropathy as a model, this group deter-
mined that a-SMA induction takes place in the period rang-
ing from 1 day to 3 days, while E-cadherin levels reached
the lowest level 7 days after UUO. There have been many
reports that demonstrate an increase in EMT markers such
as a-SMA and collagen I at least 3 days post-UUO (Yang and
others 2002; Liu 2006; Qi and others 2006).

Nightingale and coworkers previously proposed that
OSM is likely produced by inflammatory infiltrates into
kidney interstitium. Indeed, there is a correlation between
tubular atrophy, interstitial fibrosis, and the extent of inter-
stitial infiltration (Papayianni 1996; Schena and others 1997).
Infiltrating leukocytes produce proinflammatory and profi-
brotic cytokines that contribute to fibroblast proliferation,
myofibroblast transdifferentiation, matrix production, and
tubular atrophy. However, our studies clearly demonstrate
OSM/OSM-R up-regulation preferentially in TECs and this
up-regulation was not attributable to inflammatory infil-
trates to the kidney. A progressive interstitial accumulation

of T cells, macrophages, and lymphocytes in obstructed kid-
neys usually occurs at least 1 day following UUO (Vielhauer
and others 2001; Sato and others 2003). Thus, it is possible
that OSM could be produced by infiltrates at a later stage
of UUQ; however, early production of OSM (within the first
12 h post-UUO) is attributed to resident renal cells; namely,
TECs.

OSM participates in growth regulation, differentiation,
gene expression, and cell survival in a variety of cell types,
and also contributes to inflammation and tissue remodel-
ing processes (Tanaka and Miyajima 2003). Recently, OSM
has been shown to play an important role in early polymor-
phonuclear cells (PMN) recruitment during wound inflam-
mation (Goren and others 2006). Three major cell types are
established as producers of OSM under different conditions
in vitro and in vivo: activated T lymphocytes (Brown and oth-
ers 1987), activated monocytes (Zarling and others 1986), and
PMNs (Grenier and others 1999). In renal obstruction, PMNs
represent the very first immune cells, infiltrating within the
first 12-24 h into the injured kidney (Vielhauer and others
2001; Sato and others 2003). Thus, it is possible that the rapid
increase in OSM produced by TECs and glomeruli might be
connected, at least partially, to the early PMN recruitment.
This is further explored using a microarray gene expression
approach.

We first demonstrated that OSM is expressed very early
(within hours) following kidney obstruction consistent
with initial radioimmunoassay results and real-time PCR
analysis of UUO versus sham-operated kidneys. Further
molecular analysis of gene expression profiles revealed up-
regulated gene expression of certain chemokines. Indeed,
addition of recombinant OSM protein in vitro to kidney
fibroblasts up-regulated CXCL14 and CCL7 whose expres-
sion was also up-regulated based on microarray analysis in



522

obstructed kidneys. However, our in vivo studies involving
neutralization of OSM protein shortly before onset of UUO
dramatically attenuated the mRNA expression of CXCL1,
CXCL2, CXCL14, and CCLY7 in obstructed kidneys. Based on
studies with cultured cells, different cell types have the po-
tential to generate various amounts of many chemokines;
however, the pattern of chemokine expression in vivo can
be much more selective (Kopydlowski and others 1999).
Nevertheless, the effect of OSM neutralization immediately
following UUO suggests that OSM likely secreted by resi-
dent renal cells is capable of modulating the expression of a
number of chemokines that may facilitate additional leuko-
cyte recruitment, local inflammation, and tubulointerstitial
injury.

OSM promotes EMT in human TECs (Nightingale and
others 2004). Biological activities of human OSM are me-
diated through binding to gp130 and either leukemia in-
hibitory factor receptor- or OSM-R to form OSM-signaling
receptor complex I or II, respectively (Tanaka and Miyajima
2003). However, the murine OSM restrictively transduces
signals through its specific receptor complex composed of
gp130 and OSM-R-B, but not through the LIF receptor. We
confirmed that as in human cells, OSM can promote the EMT
phenomenon in rodent cells as well. Under the influence of
OSM, rat renal TEC line, NRK52E, underwent transdifferen-
tiation, as indicated by de novo expression of mesenchymal
markers and morphologic changes.

Loss of epithelial cell adhesion is an early key event that
precedes other alterations during EMT (Yang and Liu 2001).
E-cadherin, an adhesion receptor found within adherens
type junctions, plays a role in maintaining the polarity and
structural integrity of renal epithelial cells. Consequently,
loss of E-cadherin would destabilize the structural integrity
of renal epithelium and weaken epithelial connections. The
addition of antibodies to E-cadherin induces disaggregation
of the MDCK kidney epithelial cell line and their reversal to
fibroblast-like cells (Behrens and others 1985). In our study,
the transfected TECs were further characterized by examin-
ing the stability of their cell-cell adhesion using impedance
analysis. The presence of OSM caused “weakening” of junc-
tional adhesions.

In conclusion, our results collectively offer for the first
time a correlation between the levels of OSM and chronic
tubulointerstitial fibrosis in human obstructive nephrop-
athy. Similarly, urinary obstruction in murine models
leads to early activation of the OSM/OSM-R system before
tubulointerstitial fibrosis. This activation, likely attributed
to resident renal cells but not inflammatory cell infiltrates,
consequently modulate chemokine expression to attract fur-
ther inflammatory cells. We also confirmed that similar to
human TECs, OSM stimulates EMT in rodent TECs in vitro.
Thus, we speculate that very early obstructive injury of the
kidney induces elevated OSM/OSM-R expression, which
plays a potent role in driving EMT, leading eventually to
renal interstitial fibrosis.
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