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Up-regulation of extracellular matrix proteoglycans and collagen type I in human crescentic glomerulonephritis.
Background. The pathogenesis of crescentic glomerulonephritis (CGN) involves cellular migration and proliferation in
the urinary space, frequently followed by fibrous organization.
Extracellular matrix proteoglycans (PGs) may regulate these
events via effects on cellular migration, interactions with growth
factors, including transforming growth factor-␤ (TGF-␤), and
control of collagen fibrillogenesis. The expression of PG in
human CGN is unknown.
Methods. Renal tissues from 18 patients with CGN were
examined immunohistochemically for versican, decorin, biglycan and collagen type I, and were compared with morphologically normal tissues from six tumor nephrectomies. Synthesis
of decorin, biglycan, and procollagen type I mRNAs was evaluated by in situ hybridization.
Results. Versican was strongly expressed in cellular crescents and periglomerular areas, whereas decorin and biglycan
accumulated in collagen type I-enriched regions, including fibrocellular and fibrous crescents, and interstitial fibrosis. PG
and collagen type I accumulation colocalized with myofibroblasts in crescents, periglomerular areas, and interstitium.
Conclusions. The temporal and spatial patterns of expression demonstrated in this study provide evidence to support
pathogenic roles for PG in the evolution of CGN. Based on
known biological properties of this molecule, versican may
facilitate migration of cells in developing crescents. Decorin
and biglycan may contribute to progression of CGN, perhaps
via interactions with collagen type I in the remodeled extracellular matrix.

sive renal disease in general is the accumulation of interstitial collagens (that is, types I and III) in the lesions
of glomerulosclerosis and interstitial fibrosis, implying a
central pathogenic role for expansion and remodeling of
the extracellular matrix in these processes. Another class
of extracellular matrix molecules, the proteoglycans
(PG), has multiple biologic properties that may be relevant to the development and progression of CGN, including effects on cell adhesion and migration, modulation of growth factor bioavailability, and regulation of
collagen fibrillogenesis [2]. The expression of PG in CGN
is largely unknown.
Versican is a high molecular weight chondroitin sulfate
PG synthesized by smooth muscle cells, mesangial cells,
and fibroblasts, which is widely distributed in extracellular matrices [2]. Versican is selectively expressed in embryonic tissues that act as barriers to neural crest cell
migration and axonal outgrowth, suggesting a role in
guiding cell migration [3]. Synthesis of versican may be
required for smooth muscle cell proliferation in vitro [4],
and versican accumulates in the neointima of atherosclerotic arteries, consistent with a role in the migration
and/or proliferation of smooth muscle cells during neointima formation [5]. Recently, versican has been shown
to function as a ligand for the leukocyte adhesion molecule L-selectin in kidney tissue, suggesting a possible
role for versican in leukocyte trafficking in inflammatory
diseases of the kidney [6]. In normal adult human kidney,
versican has been localized to the tubulointerstitium [5],
but its expression in glomerular disease is unknown.
Decorin and biglycan are members of the family of
small, leucine-rich chondroitin/dermatan sulfate PG that
may be particularly relevant to the pathogenesis of progressive renal disease [7]. A putative role for these molecules in fibrosing disease has been inferred from their
ability to bind and inactivate the fibrogenic cytokine
transforming growth factor-␤ (TGF-␤) in some models
of fibrosing disease [7]. In the Thy 1 rat model of mesan-

The pathogenesis of crescentic glomerulonephritis
(CGN) and the factors that determine progression to
end-stage renal failure in some cases of CGN are incompletely understood [1]. A pathologic hallmark of progresKey words: decorin, biglycan, versican, inflammation, end-stage renal
failure, interstitial collagens, lesions, glomerulosclerosis, fibrosis.
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gioproliferative glomerulonephritis, synthesis of decorin
and biglycan is dramatically up-regulated in glomeruli,
possibly in response to increased TGF-␤ activity [8].
Administration of exogenous decorin [9] or transfection
of decorin cDNA into skeletal muscle to increase circulating levels of decorin [10] has been reported to reduce
proteinuria, ameliorate extracellular matrix accumulation, and decrease glomerular TGF-␤ levels [10], consistent with a role for decorin as a negative regulator of
TGF-␤ activity. Decorin may also have a role in fibrosing
disease via regulation of collagen fibrillogenesis, as indicated by the demonstration of specific interactions between decorin core protein and collagen proteins in vitro
[11], and the finding of abnormal collagen fibrillogenesis
in decorin-deficient mice [12]. Accumulation of decorin
in areas of interstitial fibrosis has been shown to correlate
with renal outcome in human glomerular diseases [13].
The precise functions of biglycan are unknown. Like
decorin, its synthesis may be regulated by TGF-␤ and
platelet-derived growth factor (PDGF) [14], both of
which have been implicated in human renal disease [15].
Biglycan also may have roles in regulating TGF-␤ activity [16] and collagen fibrillogenesis [17]. Decorin has
been localized to collagen-enriched areas in developing
and mature human kidney [13, 18], whereas biglycan was
localized to a variety of cell types in human fetal kidney,
including tubular epithelium and glomerular endothelial
cells, suggesting distinct roles for these molecules during
development [18]. We recently identified colocalization
of decorin and biglycan with collagen type I in sclerosing
glomerular diseases of diverse etiology, and specific codeposition of decorin and collagen type I in amyloid deposits [19]. The expression of decorin and biglycan in inflammatory human glomerular diseases, including CGN,
is unknown.
In this study, we sought evidence to support the hypothesis that the temporal expression of versican, decorin,
and biglycan helps mediate the pathologic events in crescent formation by examining their expression in human
renal biopsies with features of CGN at different stages of
disease (represented by predominantly cellular crescents
and predominantly fibrous crescents, respectively). The
distribution of these PGs was compared with the synthesis and deposition of collagen type I and with the localization of myofibroblasts and monocyte/macrophages in
these tissues and in morphologically normal kidney.
METHODS
Tissue selection and pathologic examination
Archived paraffin-embedded diagnostic renal biopsy
tissues from cases of CGN in which there was remaining
tissue in excess of that needed for patient diagnosis were
selected for study. Clinical data were obtained from the
physician referral forms submitted with the biopsy. Re-
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nal biopsy tissues utilized for this study were fixed in
10% buffered formalin. The pathologic diagnosis in each
case was established by light microscopy, immunofluorescence microscopy, and electron microscopy, using
standard techniques. The types of crescent identified in
Jones’ silver methenamine stained glomeruli were classified as follows. Cellular crescents consisted of two or
more flattened layers of cells in the urinary space, without appreciable accumulations of extracellular matrix.
Fibrous crescents comprised abundant extracellular matrix, with few if any identifiable nuclear profiles, and
were usually associated with obliteration of the adjacent
glomerular capillary tufts and/or global glomerulosclerosis. Most cases also showed a variable number of fibrocellular crescents that contained, in addition to cells, a
variable amount of silver-positive extracellular matrix.
The percentage of glomeruli exhibiting glomerulosclerosis (segmental or global) was evaluated in each case;
in many instances, sclerotic glomeruli also showed features of fibrous crescent formation. Cases were subsequently divided into two groups based on whether the glomeruli showed predominantly cellular crescents (group
A, N ⫽ 10) or predominantly fibrous crescents ⫾ sclerosis (group B, N ⫽ 8; Table 1 and Fig. 1). The extent of
chronic tubulointerstitial injury, defined as interstitial
fibrosis, tubular dilation and/or atrophy, and associated
mononuclear interstitial inflammatory cell infiltration
was graded semiquantitatively as follows: 0 ⫽ no injury;
1 ⫽ involving ⬍25% of cortical area; 2 ⫽ involving 25
to 75% of cortical area; and 3 ⫽ involving ⬎75% of
cortical area. For controls, macroscopically normal renal
tissues were obtained from nephrectomies for localized
renal carcinoma.
Antibodies
Rabbit polyclonal antibody specific for human versican (VC-E) was provided by Dr. Richard Le Baron (University of Texas, San Antonio, TX, USA) [20]. Polyclonal
rabbit antisera LF-51, LF-30/136, and LF-67 (to human
decorin, human biglycan, and human collagen type I,
respectively) were kind gifts of Dr. Larry Fisher (National Institute of Dental Research, Bethesda, MD,
USA). LF-30/136 was generated against a synthetic peptide corresponding to amino acids 5 to 17 of the core
protein of human PG-II/decorin, conjugated to keyhole
limpet hemocyanin [21]. LF-51 was generated against a
synthetic peptide corresponding to amino acids 11 to 25
of the core protein of the secreted form of human bone
proteoglycan I (PG-I)/biglycan, conjugated to bovine serum albumin (BSA) [22]. LF-67 was generated against
a synthetic C telopeptide antigen of the human collagen
␣I(I) chain, consisting of 26 amino acids, unconjugated
[23]. The specificities of these antisera have been previously confirmed in Western blot and immunoprecipitation experiments [20–24]. Additional staining was per-
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Table 1. Clinical and pathologic characteristics of cases of crescentic glomerulonephritis (CGN) examined

Casea
Group A
1
2
3
4
5
6
7
8
9
10
Mean
Group B
11
12
13
14
15
16
17
18
Mean

Glomeruli
% global
sclerosis

T.I.b

CGN
CGN/ANCA
CGN
CGN
CGN/IgAN
CGN/IgAN
CGN
CGN
CGN
CGN/Lupus

19(35)
10(20)
8(0)
24(5)
21(4)
13(0)
6(0)
18(14)
42(5)
14(7)
(9%)

2
2
1
2
0
0
1
1
1
1
1.1

15
10
35
60
10
14
16
38
33
14
24.5

6
60
0
0
10
0
66
36
7
3
18.8

6
0
0
0
5
0
0
6
0
0
1.7

5.7
9.3
6.7
10.1
15
4.0
16
10
14.5
10.3
10.2

CGN/ANCA
CGN/ANCA
CGN
CGN
CGN
CGN/WG
CGN
CGN/Lupus

20(50)
11(18)
26(58)
48(12)
6(83)
17(25)
19(24)
37(5)
(34%)

1
2
2
2
2
2
1
1
1.62

0
0
12
0
0
6
0
0
2.2

5
46
8
6
0
12
50
13
17.5

5
0
16
12
66
18
16
3
17.0

ND
ND
5.5
4.8
ND
1.5
4.5
16
6.5

Diagnosis

C

FC

F

%

CD68 ⫹/
Cresc.c

a
Group A, predominantly cellular CGN; Group B, predominantly fibrous CGN (CGN, crescentic glomerulonephritis; ANCA, antineutrophil cytoplasmic autoantibody present; WG, Wegener’s granulomatosis; IgAN, IgA nephropathy)
b
T.I., chronic tubulointerstitial injury score (see text for scoring parameters); C, FC, F, percentage of glomeruli involved by cellular, fibrocellular and fibrous
crescents, respectively
c
Average number of CD68⫹ cells per crescent; ND, not done

used (both from Dako, Carpinteria, CA, USA), as previously described [25].

Fig. 1. Distribution of crescents by light microscopy in patients with
predominantly cellular crescents (䊐) and those with predominantly
fibrous crescents (䊏).

formed using commercial antibodies to decorin (6-B-6,
monoclonal mouse antihuman dermatan sulfate PG; Seigaku, Tokyo, Japan) and collagen type I (polyclonal rabbit anti-human; Chemicon, Temecula, CA, USA). For
␣-smooth muscle actin (␣-SMA) and CD68 immunostaining, commercial murine antihuman antibodies were

Immunohistochemistry
Sections were deparaffinized in xylene and rehydrated
in a descending ethanol series. Endogenous peroxidase
was quenched with 3% H2O2 for 10 minutes. For versican, decorin, and biglycan staining, sections were digested with chondroitinase ABC lyase (ICN Biomedicals, Costa Mesa, CA, USA) at 250 mU/mL in 0.1 mol/L
Tris, 0.01% BSA, for 60 minutes at 37⬚C. For collagen
type I staining, sections were digested in proteinase K
(5 g/mL; Sigma, St. Louis, MO, USA) at 37⬚C for 15
minutes. For CD68 staining, sections were heated with
Antigen Unmasking Solution (Vector, Burlingame, CA,
USA) in a household vegetable steamer for 20 minutes.
For polyclonal rabbit antibody staining, sections were
blocked with normal goat serum for 10 minutes. Sections
were incubated with primary antibody, diluted in 1%
BSA/phosphate-buffered saline (PBS) for one hour at
room temperature (dilutions 6-B-6, 1/100; LF-36/130,
1/250; VC-E, LF-51, LF-67, anticollagen I, 1/500), followed by a biotinylated goat anti-rabbit antibody (Vector) or biotinylated horse anti-mouse (Vector), and
ABC-Elite reagent (Vector). The reaction product was
visualized with 3,3⬘ diaminobenzidine (Sigma) and nickel
chloride enhancement. The slides were counterstained
with methyl green. The immunohistochemical staining
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in each case was graded by an observer who was blinded
to the histopathologic diagnosis. A score was assigned
to each individual glomerulus as follows: 0 ⫽ no staining
product visualized; 1 ⫽ weak and/or segmental staining;
and 2 ⫽ strong and/or global staining. The final score
(S) per section was calculated as the weighted mean,
S ⫽ (N1 ⫻ 0 ⫹ N2 ⫻ 1 ⫹ N3 ⫻ 2)/(N1 ⫹ N2 ⫹ N3)
where Ni (i ⫽ 1 to 3) is the number of glomeruli in each
category. Negative controls for immunohistochemistry
included substitution of the primary antibody with equal
amounts of an irrelevant rabbit or mouse IgG (Dako).
Molecular probes
Two pBluescript SK plasmids, containing either human bone decorin cDNA (plasmid P2) or human bone
biglycan cDNA (plasmid P16), were generous gifts of
Dr. Larry Fisher (National Institute of Dental Research).
Plasmid p16 contains a 1658 bp insert with the complete
protein-encoding sequence of the human biglycan gene
[21]. Plasmid p2 contains a 1.6 kb insert with the proteinencoding sequence of the human decorin gene [21]. A
1.8 kb cDNA coding for human pro-␣I(I) chain of type
1 procollagen (Hf677) [26, 27] was subcloned in pcDNA3
(Invitrogen, Carlsbad, CA, USA), and the sequence was
confirmed by dideoxy sequencing. The plasmids were linearized with Xba I and Kpn I (p16), BamH I and Kpn I
(P2), and Hind III and Xba I (Hf677) and were transcribed
into both antisense and sense (negative control) riboprobes in T3-, T7-, or SP6-primed reactions [21] using
reagents from Promega (Madison, WI, USA; except
35
S-UTP; New England Nuclear, Boston, MA, USA).
In situ hybridization
Formalin-fixed, paraffin-embedded tissues were deparaffinized following standard protocol. The sections
were washed with 0.5 ⫻ standard sodium citrate (SCC;
GIBCO, Grand Island, NY, USA) and digested with 5
g/mL proteinase K (Sigma) in Tris buffer (500 mmol/L
NaCl, 10 mmol/L Tris, pH 8.0) for 30 minutes at 37⬚C.
Several 0.5 ⫻ SCC washes were followed by prehybridization for two hours in 50 L of prehybridization buffer
[50% formamide, 0.3 mol/L NaCl, 20 mmol/L Tris, pH
8.0, 5 mmol/L ethylenediaminetetraacetic acid (EDTA),
1 ⫻ Denhardt’s solution, 10% dextran sulfate, 10 mmol/L
dithiothreitol (DTT), 500 g/mL yeast tRNA] at 50⬚C.
The hybridization was started by adding 500,000 cpm of
35
S-labeled riboprobe in 50 L of prehybridization buffer
and was allowed to proceed overnight at 50⬚C. The
hybridization was started by adding 500,000 cpm of
35
S-labeled riboprobe in 50 mL of prehybridization buffer and allowed to proceed overnight at 50⬚C. Sections
were then washed with 0.5 ⫻ SSC followed by RNase
A (20 g/mL, 30 minutes at room temperature), 2 ⫻
SSC washes (2 ⫻ 2 minutes), three high-stringency
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washes with 0.1 ⫻ SSC/0.1% Tween 20 (Sigma) at 50⬚C,
and several 2 ⫻ SSC washes. The slides were dipped in
NTB2 nuclear emulsion (Kodak, Rochester, NY, USA)
and exposed in the dark at 4⬚C for one to four weeks.
After developing, sections were counterstained with hematoxylin and eosin, dehydrated, and coverslipped. Positive cellular labeling was defined as five or more silver
grains in a single cell. For negative controls, simultaneous
hybridization with the sense riboprobe was performed
on replicate tissue sections.
Statistical analysis
The values of the groups are expressed as means ⫾
SEM. Data were analyzed for statistical significance by
Student t test, assuming unequal variances, using SPSS
program 9.0. A P value ⬍0.05 was considered significant.
RESULTS
General observations: Clinicopathologic diagnoses
Specific clinicopathologic diagnoses in four cases included diffuse proliferative lupus nephritis (WHO Class
IV, N ⫽ 2), Henoch-Schönlein purpura (N ⫽ 1), and
recurrent active Wegener’s disease (N ⫽ 1). One biopsy,
obtained from a 14-year-old girl with features of a pulmonary–renal syndrome and a positive perinuclear-ANCA
(pANCA) test, showed limited mesangial IgA deposits
that were interpreted as suggestive of subclinical IgA
nephropathy, with a superimposed antineutrophil cytoplasmic antibody (ANCA)-related CGN. Three additional cases were diagnosed as ANCA-related CGN. In
the remaining 10 individuals, the results of serologic testing for ANCA and for antiglomerular basement membrane (GBM) antibodies were not available at the time
of biopsy, and these cases were diagnosed as CGN of
nonimmune complex or pauci-immune complex type.
These data are summarized in Table 1.
Pathologic examination: General observations
Pathologic findings are summarized in Table 1 and
Figures 1 and 2. All biopsies showed segmentally necrotizing and CGN (mean 45% of glomeruli involved by
crescents, range 16 to 83%), with varying degrees of
glomerulosclerosis (mean 20.7%, range 0 to 83%). The
distribution of different crescent types in groups A and
B is illustrated in Figure 1. Predictably, the percentage
of glomerulosclerosis was greater in group B (34.4 ⫾ 9.4
vs. 9 ⫾ 3.5, P ⬍ 0.05), as was the chronic tubulointerstitial
injury score (1.6 ⫾ 0.2 vs. 1.2 ⫾ 0.2, P ⫽ 0.09). The
degree of interstitial fibrosis, tubular atrophy, and arteriosclerosis in individual cases was generally commensurate with the severity of glomerulosclerosis. Rupture of
Bowman’s capsule basement membrane was identified
in 15 cases. Features of arterial vasculitis were not identified in any case.
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Fig. 2. Immunostaining scores for versican, decorin, biglycan, and collagen type I in glomeruli of patients with crescentic glomerulonephritis
(CGN). Symbols are: (䊐) patients with predominantly cellular crescents;
(䊏) those with predominantly fibrous crescents.

Immunolocalization of versican
In normal kidney (obtained from tumor nephrectomy
specimens), versican showed a patchy distribution in the
interstitium, with accentuation of staining around glomeruli and in perivascular adventitia, but was not identified in normal glomeruli or in tubular epithelium. Versican was identified in cellular crescents, in some cases
accompanied by focal staining in the glomerular tuft
adjacent to crescents (Fig. 3). Versican was also present
in fibrous crescents. The overall glomerular versican
staining score was slightly increased in cases with predominantly cellular crescents (group A) compared with
cases with predominantly fibrous crescents (group B,
0.62 ⫾ 0.1 vs. 0.50 ⫾ 0.1, P ⫽ 0.5). Mesangial areas in
most glomeruli were negative. Globally sclerotic glomeruli were typically negative for versican, except where these
also showed fibrous crescent formation. There was patchy
interstitial staining for versican, particularly in perivascular adventitia, in a pattern similar to that seen in normal
kidney. There was no apparent difference in the intensity
or distribution of versican accumulation in the interstitium
in cases with predominantly cellular crescents and those
with predominantly fibrous crescents. Diffuse accumulations of versican were noted in the neointima of arteriosclerotic vessels (data not shown).
Immunolocalization and in situ hybridization for
decorin and biglycan
Decorin protein and mRNA were not identified in
morphologically normal-appearing glomeruli. The glomerular decorin staining score was increased in group

B (0.36 ⫾ 0.13 vs. 0.72 ⫾ 0.2, P ⫽ 0.2). These scores
reflect the inclusion of decorin staining in fibrocellular
crescents (Fig. 4A) and in globally sclerotic glomeruli in
both groups. Decorin was not clearly identified in cellular
crescents. Decorin also accumulated in areas of interstitial fibrosis. Decorin mRNA expression was localized to
cells at sites of decorin accumulation, in fibrocellular and
fibrous crescents (Fig. 4B), and in sclerotic glomeruli. In
the interstitium decorin mRNA was localized to peritubular interstitial cells (Fig. 4C) with morphologic features of fibroblasts or myofibroblasts [28], but was not
identified in tubular epithelial cells or in infiltrating
mononuclear inflammatory cells.
Biglycan was not identified by immunohistochemistry
in morphologically normal glomeruli or in tubular epithelial cells. Biglycan accumulated in fibrous crescents
and sclerotic glomeruli (Fig. 5A) and in the interstitium,
in a pattern similar to that of decorin, with accentuation
in perivascular adventitia and in areas of fibrosis. Similar
to decorin, the glomerular staining score for biglycan
was also increased in group B (0.43 ⫾ 0.07 vs. 0.8 ⫾ 0.14,
P ⫽ 0.05). Biglycan, but not decorin, also accumulated
in the neointima of arteriosclerotic vessels in a pattern
similar to that of versican. Biglycan mRNA was strongly
expressed by parietal epithelial cells (Fig. 5B) and by occasional intracapillary glomerular cells (either mesangial
and/or endothelial cells) in morphologically normal glomeruli. An intense signal for biglycan mRNA was identified in the majority of both cellular and fibrocellular crescents (Fig. 5C). Biglycan mRNA was also widely expressed
by interstitial fibroblasts/myofibroblasts (Fig. 5D) and by
neointimal cells and occasional endothelial cells (data
not shown). Biglycan mRNA was not identified in tubular epithelial cells or in infiltrating leukocytes.
In situ hybridization and immunolocalization of
collagen type I
Collagen type I accumulated in fibrous crescents, in
sclerotic glomeruli, and in areas of interstitial fibrosis in
a distribution similar to that of decorin and biglycan
(Fig. 6A). Glomerular staining was increased in group
B (0.38 ⫾ 0.1 vs. 0.56 ⫾ 0.1, P ⫽ 0.2). Procollagen type
I mRNA was not identified in normal-appearing glomeruli. In CGN, an intense signal for procollagen type I
mRNA was identified in a subpopulation of crescent
cells, typically spindle shaped cells in fibrocellular or
fibrous crescents (Fig. 6B), but also focally in some cellular crescents. Because of the complexity of the crescentic
lesions, it was unclear whether some mesangial cells in
these cases also expressed procollagen type I. In general,
the number of crescent cells expressing procollagen type
I mRNA was fewer than those expressing biglycan
mRNA (compare Fig. 6B with Fig. 5C). Procollagen type
I mRNA also localized to spindle-shaped cells in the
interstitium and periglomerular areas.
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Fig. 3. (A) Versican accumulation in cellular crescent. Note also staining in adjacent glomerular tuft. (B) Versican accumulation in fibrous crescent.

Fig. 4. (A) Decorin accumulation in fibrous crescent and adjacent areas
of interstitial fibrosis. (B) Decorin mRNA expression (black grains) by
occasional cells within the crescent (same case as in Fig. 1A). (C )
Decorin mRNA expression in peritubular interstitial cells.

Localization of ␣-SMA–positive cells and CD68
positive cells (macrophage/monocytes)
In both normal and disease tissues, ␣-SMA was widely
expressed by vascular smooth muscle cells and by occasional interstitial cells with the morphologic appearance
of fibroblasts/myofibroblasts. In addition, rare intraglomerular cells in morphologically normal glomeruli
stained for ␣-SMA. Most crescentic glomeruli showed
enhanced immunostaining for ␣-SMA in mesangial areas

(Fig. 7A), with variable, frequently numerous ␣-SMA⫹
cells in fibrocellular and fibrous crescents (Fig. 7A, B).
␣-SMA⫹ cells were mostly absent from cellular crescents. Some glomeruli were encircled by ␣-SMA⫹ cells
that focally extended into the underlying crescent
through breaks in Bowman’s capsule (Fig. 7B). Occasional CD68-positive cells were present both within capillary loops and in the urinary space of morphologically
normal glomeruli and within interstitial inflammatory
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Fig. 5. (A) Biglycan accumulation in a partial fibrous crescent. (B)
Biglycan mRNA expression in a cellular crescent (outlined by arrowheads). (C ) Biglycan mRNA expression in peritubular interstitial cells.

cell infiltrates. Significant numbers of CD68-positive cells
were identified in most crescents (mean 8.9, range 1.5
to 16), but in no case were they the predominant cell
type (Fig. 7C). Glomerular CD68⫹ cells were more numerous in group A (10.2 ⫾ 1.3 vs. 6.5 ⫾ 2.5, P ⫽ 0.2).
Serial immunohistochemical staining
Replicate tissue sections were stained for versican,
decorin, biglycan, CD68, and ␣-SMA (Fig. 8). Versican,
decorin, and biglycan codistributed with ␣-SMA–positive
cells in fibrocellular and fibrous crescents (data not
shown), in the interstitium, and in neointimal thickenings
of arteries (versican and biglycan only). However, versican was also identified in cellular crescents that did not
contain appreciable numbers of ␣-SMA⫹ cells (Fig. 8A),
and versican was not detected in mesangial areas, many
of which contained numerous ␣-SMA⫹ cells (Fig. 8D).
No apparent association was observed between the presence of CD68⫹ cells and versican, decorin, and biglycan
accumulations in crescents, interstitium, or neointimal
thickenings.
Attempts to characterize the phenotype of decorin,
biglycan, and procollagen mRNA⫹ cells using combined
immunohistochemical staining/in situ hybridization techniques were unsuccessful. Examination of replicate tissue sections demonstrated that decorin and biglycan

mRNA expression overlapped with the distribution of
␣-SMA⫹ cells in the peritubular interstitium and in crescents. Biglycan mRNA was also strongly expressed by
parietal epithelial cells in normal glomeruli that lacked
␣-SMA⫹ cells. In replicate tissue sections, procollagen
type I mRNA expression overlapped with the presence
of ␣-SMA⫹ cells, in crescents and in interstitium, and
also possibly in mesangial areas adjacent to crescents.
DISCUSSION
The molecular and cellular events mediating crescent
formation have recently been reviewed [1]. These include synthesis of chemotactic molecules {for example,
monocyte chemoattractant protein-1 (MCP-1) [29] and
ostopontin [30, 31]}, up-regulation of leukocyte adhesion
molecules [32], macrophage proliferation [33], and expression of prosclerotic growth factors, including PDGF
[34] and TGF-␤ [35, 36]. Rupture of Bowman’s capsule
[37, 38], which is associated with, and may be related
to macrophage accumulation in Bowman’s space [1], is
followed by the influx of fibroblasts or myofibroblasts
from the interstitium, and these cells may synthesize the
interstitial collagens (types I and III) that accumulate in
fibrocellular and fibrous crescents [37, 39]. In experimental CGN, procollagen I mRNA synthesis is up-regulated
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Fig. 6. (A) Collagen type I accumulation in fibrous crescents in a pattern similar to that of decorin (Fig. 3A) and biglycan (Fig. 4A). (B)
Procollagen type I mRNA is strongly positive in cellular crescents. (C )
Procollagen type I mRNA expression by peritubular interstitial cells.

in extraglomerular compartments early in the course of
disease [40], followed by its expression in periglomerular
areas and in Bowman’s space [41], suggesting that collagen-synthesizing cells migrate across Bowman’s capsule
from the interstitium as crescents undergo fibrous organization. The present study demonstrates that PG synthesis and deposition occur in human CGN, and these
molecules may contribute to the fate of crescents and
renal outcome. ␣-SMA⫹ myofibroblasts may contribute
to the accumulations of PG and collagen type I, as evidenced by their overlapping patterns of distribution in
fibrous/fibrocellular crescents and in interstitial fibrosis.
However, we did not positively identify the crescent cell
type(s) responsible for matrix molecule synthesis and
specifically cannot exclude a contribution from native glomerular mesangial and/or epithelial cells in many cases.
We present evidence that versican may have a role in
cellular migration during the evolution of CGN. The
localization of versican to cellular crescents provides
strong evidence for a pathogenic role for versican in
CGN. Versican has previously been localized to the interstitium and periglomerular regions of adult human
kidney, but was not identified in normal glomeruli or
tubules [5]. Versican forms a loose, highly hydrated extracellular matrix with hyaluronic acid and may facilitate

cell migration by interfering with cell attachment to various substrata, including fibronectin, collagen, and laminin [2]. Others have localized hyaluronate in experimental CGN [42, 43], and it is possible that versican/
hyaluronate may have a role in the migration of leukocytes during crescent formation, perhaps via interactions
with CD44 and/or L-selectin expressed on the surface of
infiltrating leukocytes [6]. Although we did not identify
a spatial relationship between versican deposition and
CD68⫹ cells within individual crescents, the finding that
glomerular staining for versican was increased in cases
with predominantly cellular crescents that also showed
increased numbers of glomerular CD68⫹ cells suggests
that these events are related. In all likelihood, the high
frequency of chronic disease in the human renal tissues
studied (as evidenced by the frequent finding of fibrocellular crescents and chronic tubulointerstitial injury in all
cases) will tend to obscure whatever associations may
exist between PG accumulation and the early stages of
CGN. These results are also consistent with a pathogenic
role for versican in fibrous crescent formation, perhaps
related to effects on migration of ␣-SMA⫹ myofibroblasts in human CGN. This interpretation is consistent with in vitro observations that migration and mitosis
of smooth muscle cells is dependent on the formation
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Fig. 7. (A) Anti-smooth muscle actin (anti-SMA)–positive cells in mesangial areas and adjacent fibrocellular crescent. (B) Anti-SMA–positive
cells around glomerulus and extending into crescent. (C ) Anti-CD68–
positive cells in a predominantly cellular crescent.

of a versican-enriched pericellular matrix [4]. Up-regulation of versican in CGN may be linked to the activity of
TGF-␤ [35, 36, 44] and PDGF [34, 45] in CGN, consistent
with in vitro evidence demonstrating regulation of versican synthesis by smooth muscle cells in response to these
growth factors [46].
The overlapping distribution patterns of decorin and
biglycan with collagen type I in fibrous crescents and
interstitial fibrosis strongly suggest a role for these PG
related to collagen fibrillogenesis at these sites. Although
collagen fibrillogenesis is largely a self-assembly process
determined by the primary amino acid sequence of the
collagen molecules themselves, this process may be modulated by other extracellular molecules, including decorin and biglycan. Ultrastructural studies confirm a
close relationship between a small interstitial PG, putatively identified as decorin, and collagen fibrils [47], and
decorin knockout mice manifest bizarre collagen morphology [12], supporting a role for decorin in maintaining
interfibrillar spacing [2]. Although the function of biglycan in collagen fibrillogenesis is less well understood,
the existence of biologically relevant biglycan/collagen
interactions is supported by the observation that biglycan
codeposits with collagen type I in some models of fibrosing disease [24, 48]. In addition to a role in collagen fibrillogenesis, decorin and biglycan may modulate TGF-␤

activity at sites of fibrosing injury. Binding of TGF-␤ by
decorin/biglycan may serve a reservoir function, contributing to a locally high concentration of this growth factor
in the extracellular matrix [9], or alternately sequestering
the growth factor and thereby limiting its local effects.
PG binding may have activating as well as suppressant
effects on TGF-␤ activity [2], and the biologic significance of PG accumulations at sites of fibrosing injury
remains undetermined. Nonetheless, this study is consistent with a pathogenic role(s) for PG in progressive renal
disease related to CGN. Of note, we observed distinct
patterns of decorin and biglycan mRNA expression. Glomerular expression of decorin mRNA was limited to
occasional cells in fibrous crescents and in sclerotic glomeruli, whereas constitutive synthesis of biglycan
mRNA was identified in nondiseased glomeruli, most
consistently in parietal epithelial cells, but also in a limited number of other glomerular cells. Biglycan mRNA
expression was strikingly up-regulated in crescents, including cellular crescents. While we have speculated on
the importance of these molecules for growth factor activity that might mediate evolution of the injury process,
the actual significance of these observed differences in
PG expression remains unclear.
In summary, we report PG expression in human CGN
and progressive renal fibrosis. Versican synthesis is up-
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Fig. 8. (A) Versican accumulation is seen in
a predominantly cellular crescent. (B) In a
replicate tissue section, no decorin is localized
within the crescentic glomerulus. (C) Biglycan-positive cells can be seen in the interstitium, but not in the crescent in a replicate
tissue section. (D) Anti-SMA–positive cells
can be seen in the mesangial area of the glomerular tuft, and a few SMA-positive cells can
be seen in the crescent. (E) Anti-CD68–
positive cells can also be seen in both the
crescent and the tuft.

regulated early in CGN, as evidenced by its appearance
in cellular crescents, consistent with a role in cellular
migration during crescent formation. Versican most
likely also contributes to the activity and/or migration of
␣-SMA⫹ myofibroblasts in the development of fibrous
crescents. Decorin and biglycan may stabilize collagen
type I-enriched matrices, thus contributing to glomerulosclerosis, interstitial fibrosis, and progression of CGN.
Determining the precise roles of these molecules at different stages of disease could lead to novel and more
therapeutic strategies aimed at critical pathogenic steps
in CGN and progressive renal fibrosis.
ACKNOWLEDGMENTS
During the course of these investigations, M.B. Stokes was supported by a Quoc Le Memorial Fellowship in Renal Pathology at the
University of Washington and by a Training Grant Award from the
National Kidney Foundation, New York, NY, USA. Dr. Stokes is
now located at NYU Medical Center, New York, NY. This work was
supported in part by an O’Brien Kidney Research Center Grant DK
47659 from the National Institutes of Health (Bethesda, MD, USA).
Reprint requests to Dr. M. Barry Stokes, Department of Pathology,
TH 480, NYU Medical Center, 560 First Avenue, New York, New York
10016, USA.
E-mail: barry.stokes@med.nyu.edu

REFERENCES
1. Atkins RC, Nikolic-Paterson DJ, Song Q, et al: Modulators of
crescentic glomerulonephritis. J Am Soc Nephrol 7:2271–2278, 1996
2. Iozzo RV: Matrix proteoglycans: From molecular design to cellular
function. Annu Rev Biochem 67:609–652, 1998
3. Landolt RM, Vaughan L, Winterhalter KH, et al: Versican is
selectively expressed in embryonic tissues that act as barriers to
neural crest cell migration and axon outgrowth. Development 121:
2303–2312, 1995
4. Evanko SP, Angello JC, Wight TN: Formation of hyaluronanand versican-rich pericellular matrix is required for proliferation
and migration of vascular smooth muscle cells. Arterioscler Thromb
Vasc Biol 19:1004–1013, 1999
5. Bode-Lesniewska B, Dours-Zimmermann MT, Odermatt BF, et
al: Distribution of the large aggregating proteoglycan versican in
adult human tissues. J Histochem Cytochem 44:303–312, 1996
6. Kawashima H, Li YF, Watanabe N, et al: Identification and characterization of ligands for l-selectin in the kidney. I. Versican, a
large chondroitin sulfate proteoglycan, is a ligand for l-selectin.
Int Immunol 11:393–405, 1999
7. Davies M, Kastner S, Thomas GJ: Proteoglycans: Their possible
role in renal fibrosis Kidney Int 49(Suppl 54):S55–S60, 1996
8. Okuda S, Languino LR, Ruoslahti E, et al: Elevated expression
of transforming growth factor-beta and proteoglycan production
in experimental glomerulonephritis: Possible role in expansion of
the mesangial extracellular matrix. J Clin Invest 86:453–462, 1990
9. Border WA, Noble NA, Yamamoto T, et al: Natural inhibitor
of transforming growth factor-beta protects against scarring in
experimental kidney disease. Nature 360:361–364, 1992
10. Isaka Y, Brees DK, Ikegaya K, et al: Gene therapy by skeletal

542

11.
12.
13.

14.

15.
16.

17.
18.

19.
20.
21.

22.

23.
24.

25.
26.

27.
28.

29.

Stokes et al: Prosteoglycans in CGN

muscle expression of decorin prevents fibrotic disease in rat kidney.
Nat Med 2:418–423, 1996
Brown DC, Vogel KG: Characteristics of the in vitro interaction
of a small proteoglycan (PG II) of bovine tendon with type I
collagen. Matrix 9:468–478, 1989
Danielson KG, Baribault H, Holmes DF, et al: Targeted disruption of decorin leads to abnormal collagen fibril morphology and
skin fragility. J Cell Biol 136:729–743, 1997
Vleming LJ, Baelde JJ, Westendorp RG, et al: Progression of
chronic renal disease in humans is associated with the deposition
of basement membrane components and decorin in the interstitial
extracellular matrix. Clin Nephrol 44:211–219, 1995
Schonherr E, Jarvelainen HT, Kinsella MG, et al: Plateletderived growth factor and transforming growth factor-beta 1 differentially affect the synthesis of biglycan and decorin by monkey
arterial smooth muscle cells. Arterioscler Thromb 13:1026–1036,
1993
Alpers CE, Davis CL, Barr D, et al: Identification of plateletderived growth factor A and B chains in human renal vascular
rejection. Am J Pathol 148:439–451, 1996
Hildebrand A, Romaris M, Rasmussen LM, et al: Interaction of
the small interstitial proteoglycans biglycan, decorin and fibromodulin with transforming growth factor beta. Biochem J 302:527–534,
1994
Schonherr E, Witsch-Prehm P, Harrach B, et al: Interaction of
biglycan with type I collagen. J Biol Chem 270:2776–2783, 1995
Bianco P, Fisher LW, Young MF, et al: Expression and localization of the two small proteoglycans biglycan and decorin in developing human skeletal and non-skeletal tissues. J Histochem Cytochem 38:1549–1563, 1990
Stokes MB, Holler S, Cui Y, et al: Expression of decorin, biglycan,
and collagen type I in human renal fibrosing disease. Kidney Int
57:487–498, 2000
du Cros DL, LeBaron RG, Couchman JR: Association of versican
with dermal matrices and its potential role in hair follicle development and cycling. J Invest Dermatol 105:426–431, 1995
Fisher LW, Termine JD, Young MF: Deduced protein sequence
of bone small proteoglycan I (biglycan) shows homology with proteoglycan II (decorin) and several nonconnective tissue proteins
in a variety of species. J Biol Chem 264:4571–4576, 1989
Fisher LW, Hawkins GR, Tuross N, et al: Purification and partial
characterization of small proteoglycans I and II, bone sialoproteins
I and II, and osteonectin from the mineral compartment of developing human bone. J Biol Chem 262:9702–9708, 1987
Fleischmajer R, MacDonald ED, Perlish JS, et al: Dermal collagen fibrils are hybrids of type I and type III collagen molecules.
J Struct Biol 105:162–169, 1990
Riessen R, Isner JM, Blessing E, et al: Regional differences in
the distribution of the proteoglycans biglycan and decorin in the
extracellular matrix of atherosclerotic and restenotic human coronary arteries. Am J Pathol 144:962–974, 1994
Alpers CE, Hudkins KL, Davis CL, et al: Expression of vascular
cell adhesion molecule-1 in kidney allograft rejection. Kidney Int
44:805–816, 1993
Bernard MP, Chu ML, Myers JC, et al: Nucleotide sequences of
complementary deoxyribonucleic acids for the pro alpha 1 chain
of human type I procollagen: Statistical evaluation of structures
that are conserved during evolution. Biochemistry 22:5213–5223,
1983
Chu ML, Myers JC, Bernard MP, et al: Cloning and characterization of five overlapping cDNAs specific for the human pro alpha
1(I) collagen chain. Nucleic Acids Res 10:5925–5934, 1982
Alpers CE, Hudkins KL, Floege J, et al: Human renal cortical
interstitial cells with some features of smooth muscle cells participate in tubulointerstitial and crescentic glomerular injury. J Am
Soc Nephrol 5:201–209, 1994
Rovin BH, Rumancik M, Tan L, et al: Glomerular expression of

30.
31.
32.
33.

34.
35.
36.
37.

38.

39.
40.

41.

42.
43.
44.
45.
46.

47.
48.

monocyte chemoattractant protein-1 in experimental and human
glomerulonephritis. Lab Invest 71:536–542, 1994
Hudkins KL, Giachelli CM, Eitner F, et al: Osteopontin expression in human crescentic glomerulonephritis. Kidney Int 57:105–
116, 2000
Yu XQ, Nikolic-Paterson DJ, Mu W, et al: A functional role for
osteopontin in experimental crescentic glomerulonephritis in the
rat. Proc Assoc Am Physicians 110:50–64, 1998
Patey N, Lesavre P, Halbwachs-Mecarelli L, et al: Adhesion
molecules in human crescentic glomerulonephritis. J Pathol 179:
414–420, 1996
Lan HY, Nikolic-Paterson DJ, Mu W, et al: Local macrophage
proliferation in the pathogenesis of glomerular crescent formation
in rat anti-glomerular basement membrane (GBM) glomerulonephritis. Clin Exp Immunol 110:233–240, 1997
Floege J, Hudkins KL, Davis CL, et al: Expression of PDGF
alpha-receptor in renal arteriosclerosis and rejecting renal transplants. J Am Soc Nephrol 9:211–223, 1998
Border WA, Noble NA: Transforming growth factor beta in tissue
fibrosis. N Engl J Med 331:1286–1292, 1994
Yamamoto T, Watanabe T, Ikegaya N, et al: Expression of types
I, II, and III TGF-beta receptors in human glomerulonephritis.
J Am Soc Nephrol 9:2253–2261, 1998
Morel-Maroger L, Striker L, Killen PD, et al: The composition
of glomerulosclerosis. I. Studies in focal sclerosis, crescentic glomerulonephritis, and membranoproliferative glomerulonephritis.
Lab Invest 51:181–192, 1984
Silva FG, Hoyer JR, Pirani CL: Sequential studies of glomerular
crescent formation in rats with antiglomerular basement membrane-induced glomerulonephritis and the role of coagulation factors. Lab Invest 51:404–415, 1984
Buyukbabani N, Droz D: Distribution of the extracellular matrix
components in human glomerular lesions. J Pathol 172:199–207,
1994
Merritt SE, Killen PD, Phan SH, et al: Analysis of alpha 1 (I)
procollagen alpha 1 (IV) collagen, and beta-actin mRNA in glomerulus and cortex of rabbits with experimental anti- glomerular
basement membrane disease: Evidence for early extraglomerular
collagen biosynthesis. Lab Invest 63:762–769, 1990
Wiggins R, Goyal M, Merritt S, et al: Vascular adventitial cell
expression of collagen I messenger ribonucleic acid in anti-glomerular basement membrane antibody-induced crescentic nephritis in
the rabbit: A cellular source for interstitial collagen synthesis in
inflammatory renal disease. Lab Invest 68:557–565, 1993
Jun Z, Hill PA, Lan HY, et al: CD44 and hyaluronan expression
in the development of experimental crescentic glomerulonephritis.
Clin Exp Immunol 108:69–77, 1997
Nishikawa K, Andres G, Bhan AK, et al: Hyaluronate is a component of crescents in rat autoimmune glomerulonephritis. Lab Invest
68:146–153, 1993
Yamamoto T, Noble NA, Cohen AH, et al: Expression of transforming growth factor-beta isoforms in human glomerular diseases.
Kidney Int 49:461–469, 1996
Matsuda M, Shikata K, Makino H, et al: Gene expression of
PDGF and PDGF receptor in various forms of glomerulonephritis.
Am J Nephrol 17:25–31, 1997
Schonherr E, Jarvelainen HT, Sandell LJ, et al: Effects of platelet-derived growth factor and transforming growth factor-beta 1
on the synthesis of a large versican-like chondroitin sulfate proteoglycan by arterial smooth muscle cells. J Biol Chem 266:17640–
17647, 1991
Scott JE: Proteoglycan: Collagen interactions in connective tissues:
Ultrastructural, biochemical, functional and evolutionary aspects.
Int J Biol Macromol 13:157–161, 1991
Wight TN, Lara S, Riessen R, et al: Selective deposits of versican
in the extracellular matrix of restenotic lesions from human peripheral arteries. Am J Pathol 151:963–973, 1997

