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 The extracellular matrix of many connective tissues con-
tains a class of proteoglycans known as small leucine rich re-
peat proteoglycans (SLRPs). Experimental evidence demon-
strates that these proteins are involved in the regulation of
collagen fibril diameter, interfibrilar spacing, and the adhe-
sive properties of different types of collagens [1-4]. The SLRPs
have also been recognized as molecules that exhibit direct and
indirect cell signaling properties, thereby influencing cellular
growth, differentiation and migration [5-7]. Structural analy-
sis of the SLRPs showed that they consist of core proteins that
can carry different glycosaminoglycan (GAG) side chains and/
or have N-linked sugar modifications. The core protein usu-
ally contains 8-11 leucine rich repeats (LRR) flanked by con-
served cysteine residues. The LRR is a structural motif that
allows the molecule to adopt a horseshoe-like configuration
and play a role in protein-protein interactions [8]. The LRR is
used in many molecular recognition processes, including cell
adhesion, signal transduction, and DNA repair [9,10]. The
SLRPs can carry two types of GAG side chains. Chondroitin
sulfate/dermatan sulfate GAGs modify the SLRP family mem-

bers, decorin and biglycan, whereas keratan sulfate GAGs
modify the family members, fibromodulin, PRELP, and
osteoadherin in non-corneal tissues, and keratocan, lumican,
and mimecan in the cornea [11-17]. The GAG chains of SLRPs
function in the maintenance of interfibrillar spacing, normal
tissue hydration, and the interactions of SLRPs with growth
factors and their receptors [6,7,18]. Many of the SLRPs can
be isolated from different tissues without GAG chains and
these are considered “part time” proteoglycans [2,5].

At the genomic level, the various members of the SLRP
gene family map to relatively few chromosomes: Opticin,
PRELP, and fibromodulin map to human chromosome 1q3;
asporin, osteoadherin, and mimecan map to human chromo-
some 9q2; epiphycan, keratocan, lumican, and decorin, to
human chromosome 12q2 [19-21]. Clustered chromosomal
localization suggests that these genes arose from several du-
plication events and that functional overlaps between related
genes should be expected. However, their continued existence
also indicates that each one of these genes plays an individual
role in the maintenance of normal homeostasis, as illustrated
by their distinct tissue specific patterns of expression and regu-
lation [22].

Based on similarities in their amino acid sequence, spac-
ing of the N-terminal cysteines, and gene structure, the SLRP
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family members have been subdivided into 3 classes. Class I
members include biglycan, decorin, and asporin; class II in-
cludes lumican, keratocan, fibromodulin, PRELP, and
osteoadherin; and class III includes mimecan/osteoglycin,
epiphican/Pg-Lb, and opticin (reviewed in [1,2,4,5,10]).

Chondroadherin constitutes as a unique (class IV) mem-
ber of the SLRP gene family [21,23]. Initially isolated from
bovine tracheal cartilage as a 36 kDa protein, subsequent de-
termination of its sequence at both protein and cDNA levels
revealed that the protein is a member of the SLRP gene family
[23,24]. Similarly to other SLRPs, Chad contains 10 leucine
rich repeats. In contrast to them, Chad possesses two cysteine
loops in the C-terminal domain and lacks an N-terminal ex-
tension [23]. The carbohydrate composition of Chad shows
the presence of xylose, galactose, mannose, and fucose, an
indication that the core protein carries short oligosaccharides
resembling the linkage structure of CS/DS GAG chains [23].
The absence of hexosamines indicates that Chad does not carry
the repeat disaccharide of GAGs [23]. Chad lacks the Asn-
Xaa-Ser/Thr sequenced, potential site for N-glycosylation. A
short oligosaccharide, lacking sialic acid and hexosamine, has
been located on serine 122 [24]. The human gene has been
mapped to human chromosome 17q21 and the mouse gene to
a corresponding mouse chromosome (11) [25,26]. The ge-
nomic organization of Chad also is different compared to the
conventional SLRPs [25,26]. The mouse gene consists of four
exons separated by one large and two smaller introns [26].
Chad has been reported to promote attachment of osteoblastic
cells to solid state substrates and to bind chondrocytes via their
integrin α2β1 receptors [27,28]. It also has been shown to
bind to collagens type II and type VI [29,30]. The expression
of Chad has been reported to be limited to cartilage, bone,
tendon, bone marrow cells, and chondrosarcoma cells [31,32].

Recently, using cDNA microarray analysis we found that
Chad is expressed in the mouse lens and that its expression is
suppressed in the absence of mimecan [33]. To extend this
initial observation, we performed analyses of Chad mRNA
and protein expression using whole eye samples and tissue
array immunolabeling. We show here that Chad and its mRNA
are expressed in mouse cornea, ciliary body, lens, and retina.
In addition to the eye, we found Chad expression associated
with peripheral nerves of several non-ocular tissues, as well
as with Purkinje cells of the cerebellum. Intriguingly, Chad
also is expressed in enteroendocrine cells, pancreatic islet cells,
and mouse ovary, suggesting roles for this protein in biologi-
cal functions of many tissues. Considering the fact that, at
present, there are no reports describing the localization of Chad
in tissues other than cartilage and bone, our study, by demon-
strating the broad expression pattern of this protein, provides
important new information which will contribute to under-
standing the physiological, cell and tissue specific function(s)
of Chad.

METHODS
 Mice were housed in animal care facilities according to NIH
guidelines [34] and IACUC approved protocols. All experi-
ments were performed in compliance with the ARVO state-

ment for use of animals in ophthalmic and vision research.
For RNA and protein isolation, mouse eyes were rapidly col-
lected and frozen in liquid nitrogen. For in situ hybridization
(ISH), mouse eyes were fixed in 4% paraformaldehyde in
phosphate buffered saline overnight. Total RNA from normal
mouse tissues was obtained from Ambion Inc. (Austin, TX).
Mouse macrophage cell line C2D (MHCII-/- and TLR4Lps-n
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Figure 1. Semi-quantitative RT-PCR performed to assess Chad ex-
pression in mouse and human tissues.  A: Schematic, showing part
of the human Chad gene and primers for PCR amplification of Chad
cDNA. The primers were designed to flank an intron and to amplify
a 280 bp cDNA product. The genomic structure of mouse Chad is
similar to that of human; mouse primers also amplify a 280 bp cDNA
product. B: Chad expression in mouse tissues. The 280 bp PCR prod-
uct corresponding to Chad cDNA was amplified together with
QuantumRNA 18S internal standard in the same (multiplex) PCR
reaction. To modulate amplification efficiency of 18S rRNA, 18S
primers were mixed with 18S competimers in a 3:7 ratio. PCRs shown
are representative of at least two repetitions of each PCR. C: Chad
expression in human tissues. The 280 bp PCR product correspond-
ing to Chad cDNA was amplified together with QuantumRNA 18S
internal standard in the same (multiplex) PCR reaction. To modulate
amplification efficiency of 18S rRNA, 18S primers were mixed with
18S competimers in a 3:7 ratio. PCRs shown are representative of at
least two repetitions of each PCR. The “M” labels a lane with a Hi-
Lo DNA molecular weight marker.
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genotype) was a gift from Dr. S. K. Chapes, Kansas State
University [35]. These cells express both Chad and mimecan
(unpublished). Whole human eyes were provided by the Mis-
souri Lions Eye Bank, Columbia, MO.

Reverse transcription-polymerase chain reaction (RT-
PCR):  Total RNA was isolated from mouse and human eye
tissues using Totally RNA Total RNA Isolation Kit (Ambion).
RNA (2 µg) was reverse-transcribed using the anchor primer
oligonucleotide (dT)

18
, and Superscript II Reverse Tran-

scriptase (Life Technologies, Inc., Gaithersburg, MD). The
single stranded cDNA products (2 µl) were used as templates
in PCR amplification reactions as described [33]. The gene
specific primers for mouse and human Chad were designed
from nucleotide sequences contained in GenBank NM_007689
and BC036360, respectively. The following primers, synthe-
sized by Integrated DNA Technologies Inc. (Coralville, IA),
were used; Mchad+830: 5'-GAA GTT CTC AGA TGC TGC
CTT CTC GGG-3' and Mchad-1110: 5'-GGT CGG GGA TTT
GCA GCT GCG AAG G-3'; Hchad+821: 5'-GAA GTT CTC
AGA TGG TGC CTT CCT GG-3' and Hchad-101: 5'-GGT
GGG GAA CTT GCA GCT GCG GAA GG-3'. The resulting
280 bp PCR products were resolved by agarose gel electro-

phoresis, excised from the gel, cloned into pGEM-T vector
(Promega Corp., Madison, WI), and sequenced. A Hi-Lo DNA
molecular weight marker (Minnesota Molecular, Minneapo-
lis, MN) was used to determine fragment size. Quantum
RNA18S Internal Standard (Ambion, catalog number 1716,
amplifying a 488 bp fragment) was used as endogenous stan-
dard in all PCR reactions. A 3:7 ratio of 18S primers to 18S
competimers was used, as previously described [33].

In situ hybridization:  The pGEM-T vector containing a
280 bp mouse Chad cDNA fragment was used as template for
synthesis of cRNA probes, according to the manufacturer’s
recommendation (Ambion) and labeled with 35S-UTP (>1000
Ci/mmol, Amersham Biosciences Corp., Piscataway, NJ). For
the ISH experiments, custom service from Phylogeny Inc. (Co-
lumbus, OH) was used as previously described [30].

Antibodies:  A polyclonal antibody against mouse Chad
was raised by immunizing a rabbit with a peptide from the C-
terminal region of the Chad protein (SSP AKF KGQ RIR DTD
ALR SC) coupled to Keyhole Limpet Hemocyanin. For anti-
body generation, a custom service provided by Abgent, Inc.
(San Diego, CA) was used. The purified antibody was shown
to react with mouse Chad by immunoblot and IHC search
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Figure 2. In situ hybridization analysis of Chad mRNA in postnatal day 21 mouse eyes.  Chad expression was detected in cornea (c), lens (l),
and retina (r) by ISH. In each slide, the pigmented layer of the retina, which is refractile in darkfield illumination, is indicated by a white arrow.
A,C: Postnatal day 21 mouse eye (x2.5) treated with antisense Chad probe. B,D: Postnatal day 21 mouse eye (x2.5) treated with sense Chad
probe.
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analyses. The secondary antibody, goat anti-rabbit IgG conju-
gated to horseradish peroxidase (catalog number A-0545), was
obtained from Sigma-Aldrich Co. (St. Louis, MO).

Immunoblot analysis:  C2D cells were harvested and sus-
pended in a cell lysis buffer containing protease inhibitor cock-
tail (Complete Mini; Roche Diagnostics, Mannheim, Ger-
many). The frozen mouse eye tissue was ground under liquid
nitrogen to make a fine powder which was also suspended in
cell lysis buffer. The insoluble material was removed by cen-
trifugation. An aliquote of the resulting supernatant was di-
luted 1:1 in sample buffer and loaded onto a polyacrylamide
gel. After electrophoresis, the proteins were transferred to
PDVF membrane. The blot was incubated with antibody
RB5522 specific for mouse Chad, rinsed, exposed to a horse-
radish peroxidase conjugated secondary antibody, rinsed again,

and incubated in SuperSignal West Pico Chemiluminescent
reagent (Pierce Biotechnology, Inc., Rockford, Il; catalog num-
ber, 34077). The blot was then exposed to blue lite autorad
film (ISC BioExpress, Kaysville, UT).

Immunohistochemisry:  Custom IHC on slides contain-
ing normal adult mouse tissues was performed using the ser-
vice provided by SuperBioChips Laboratories (Seoul, Korea),
as previously described [33]. Briefly, sections of mouse tis-
sues were immunostained with rabbit anti-Chad polyclonal
antibody raised against synthetic peptide corresponding to
amino acids 305-325 of mouse Chad (see above, Antibodies).
Biotin conjugated secondary antibody was reacted with avi-
din-biotin-peroxidase complex solution (Vector Laboratories
Inc., Burlingame, CA), with immunoreactivity developed in
3,3'-diaminobenzidine (DAB).
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Figure 3. Immunoblot and immunohistochemistry analyses confirming specificity of RB5522 antibody to mouse Chad.  A: The antibody
RB5522 selectively recognizes 36 kDa monomeric and 67 kDa dimeric forms of Chad in C2D protein lysates. B: IHC shows the presence of
Chad in mouse ear lobe cartilage and its absence in liver and kidney. Positive immunostaining appears brown and is highlighted by arrows.
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Figure 4. Immunohistochemistry analysis of Chad in mouse ocular tissues.  Chad expression was detected in epithelial and endothelial layers
of the cornea, the lens, the ciliary body, retinal rod and cone cells, and the plexiform layers. Positive immunostaining appears brown and is
highlighted by arrows.
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RESULTS
Expression of chondroadherin mRNA in ocular and non-ocu-
lar tissues:  We began our study with examination of the ex-
pression pattern of Chad in human and mouse tissues using
RT-PCR. Primers were designed to flank an intron and to de-
tect a 280 bp mRNA amplicon (Figure 1, top). PCR reaction
fidelity was verified by sequencing. As shown in Figure 1,
Chad expression was detected at different levels in all of the
10 mouse tissues and most of the human tissues used in this
study. Very high levels of mRNA were observed in mouse
lung and embryo (Figure 1B), and in human cornea (Figure
1C). Chad was moderately expressed in mouse brain, heart,
thymus, testis, and ovary (Figure 1B) and in human brain and
skeletal muscle (Figure 1C). In human eye, in addition to the

cornea, Chad mRNA was also detected in the lens and retina
(Figure 1C). Chad expression was very low in mouse liver
and kidney (Figure 1B), and was not detected in human iris
and placenta (Figure 1C).

The expression of Chad in mouse eye was examined by
ISH. Chad expression was detected in cornea, lens, and retina
of postnatal day 21 mouse eyes. Digital images of sections
that show these results are presented in Figure 2. The signal in
corneal epithelium and endothelium, as well as in neural retina
was significantly more abundant than the signal in the lens.

Expression of chondroadherin protein in mouse ocular
and non-ocular tissues:  Our purified polyclonal antibody
RB5522 to mouse Chad recognized two strong bands of about
36 kDa and a band of about 67 kDa on western blot analysis
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Figure 5. Higher magnification IHC micrographs of selected mouse tissues.  Some mouse tissues from Figure 4 and Figure 6 were examined
at higher magnification. Positive immunostaining appears brown and is highlighted by arrows. A Cornea. B: Ciliary body. C: Lens. D: Retina.
E: Cerebellum. F: Peripheral nerve.
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(Figure 3A). These results are consistent with previously pub-
lished data showing that Chad exists in several isoforms re-
sulting from a cleavage near the C-terminus and two sites of
removal of the signal peptide [23,24,28]. The two major
isoforms, differing in molecular mass by about 1 kDa, have
been detected on SDS-PAGE gels as duplicate bands around

36 kDa. In addition, a band abound 67 kDa, corresponding to
dimeric protein, has also been detected on SDS-PAGE gels
[23,28,29]. From our western blot analysis (Figure 3A) we
concluded that the antibody RB5522 recognizes bands migrat-
ing at the same level as the known isoforms of Chad. The
specificity of our antibody was further confirmed by IHC
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Figure 6. Immunohistochemical localization of Chad in selected tissues represented on the ZE1 tissues microarray slide.  Immunoreactivity
for Chad was found in Purkinje cells of the cerebellum and several peripheral nerves, including peripheral nerves in the orbit, the tongue, and
skeletal muscle. In the heart, immunoreactivity for Chad was associated with blood vessels. In the gastrointestinal tract, Chad expression was
localized to enteroendocrine cells of the stomach and intestine. Strong expression was also observed in Meissner’s nerve plexus of the
stomach, intestine, and colon. Intense immunoreactivity for Chad was also found in the cells of the pancreatic islet and follicular cells in ovary.
Positive immunostaining appears brown and is highlighted by arrows.
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analysis. As shown in Figure 3B, adult mouse ear lobe carti-
lage showed specific immunolabeling for Chad, whereas none
appeared in liver and kidney. The absence of immunolabeling
in liver and kidney is consistent with our RT-PCR results that
show barely detectable Chad mRNA in these tissues (Figure
1).

To determine the expression of Chad in mouse ocular tis-
sues, IHC analyses on mouse eyes were performed. In the
cornea, immunolabeling of Chad revealed deposits of this pro-
tein in corneal epithelial and endothelial layers, whereas only
traces of labeling were detected in the stroma, in association
with individual keratocytes (Figure 4 and Figure 5).
Immunolabeling also was present in the lens, ciliary body, and
retina. In the retina, Chad immunolabeling was prominent in
rod and cone layers, as well as in outer and inner plexiform
layers. There was no Chad expression in sclera (Figure 4).
The results from expression analyses of mouse eye are sum-
marized in Table 1.

IHC analysis performed on tissue microarray was used to
examine the expression of Chad in 24 mouse tissues. Repre-
sentative micrographs from this study are shown in Figure 6
and at higher magnification in Figure 5. Immunoreactivity for
Chad was found in Purkinje cells of the cerebellum and sev-
eral peripheral nerves, including peripheral nerves in the or-
bit, the tongue, and skeletal muscle. In the heart, immunore-
activity for Chad was associated with blood vessels. In the
gastrointestinal tract, Chad expression was localized to
enteroendocrine cells of the stomach and intestine. Strong
expression was also observed in Meissner’s nerve plexus of
the stomach, intestine, and colon (Figure 6). Intense immu-
noreactivity for Chad was also found in the cells of the pan-
creatic islet and follicular cells in ovary. Skin, kidney, and
bladder were negative for Chad (not shown). Liver was also
negative for Chad (Figure 3B).

The surprisingly broad expression pattern of Chad was
further confirmed by searching the Gene Expression Omni-
bus (GEO) databases at the NCBI. The Gene Expression Om-
nibus is a high throughput gene expression/molecular abun-
dance data repository. Data is gathered from NCBI’s Gene
Expression Omnibus gene expression and hybridization array
repository. Four entries, showing that CHAD is expressed at
different levels in as many as 79 physiologically normal hu-
man tissues and 61 physiologically normal mouse tissues, were
retrieved from the GEO database. These entries are the fol-
lowing: GEO Profiles Entries GDS592|GPL1073,
GDS181|GPL91, GDS596|GPL96, and GDS182|GPL81. In-
terestingly, these profiles show that CHAD is present in sev-
eral other regions of the brain and spinal cord, as well as in
whole blood samples. Retina and pancreatic islets are among
the tissues included in these entries and reported to express
Chad.

Taken together, the results presented here establish the
expression and localization of Chad in several new locations,
including mouse and human eye, peripheral nerves in skeletal
muscles and orbit, blood vessels in heart, endocrine cells in
pancreas, and gastrointestinal tract.

DISCUSSION
 In this study we have used RT-PCR, ISH, and IHC to analyze
the expression of Chad in mouse and human ocular and non-
ocular tissues. In addition to confirming previous reports show-
ing the presence of Chad in certain zones of cartilage and lens
[23,24,31-33] this present work provides novel information
about the broad expression of Chad in many tissues, includ-
ing multiple ocular tissues. To our knowledge this is the first
report demonstrating the expression and localization of Chad
mRNA and protein in the cornea, retina, Purkinje cells of the
cerebellum, peripheral nerves, blood vessels of various tis-
sues, pancreatic islets, and ovary. Noteworthy, the knowledge
gained from our analysis, combined with the data on Chad
interactions in cartilage, will provide important information
for predicting potential roles of this protein within each tis-
sue. Two aspects of these roles should be taken into consider-
ation. First, different cell types including chondrocytes, fibro-
blasts, and osteoblasts have been shown to attach to Chad
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TABLE 1. EXPRESSION OF CHONDROADHERIN IN MOUSE OCULAR

TISSUES

        Tissue            Expression
-----------------------   ----------
Cornea
  epithelium                 ++
  stroma                     ±
  endothelium                +++

Iris                         -

Ciliary body                 +++

Lens
  epithelial cells           +
  fiber cells                ±

Retina
  pigment epithelium         -
  rod and cone layer         +++
  outer nuclear layer        -
  outer plexiform layer      +++
  inner nuclear layer        -
  inner plexiform layer      +++
  ganglion cell layer        -

Sclera                       -

Summary of expression analyses for chondroadherin in mouse ocu-
lar tissues based upon RT-PCR, in situ hybridization, and immuno-
histochemistry. The minus sign indicates no expression by
immunochistochemistry; the ± sign indicates low expression by im-
munohistochemistry; the single plus sign indicates moderate expres-
sion by immunochistochemistry; and the triple plus sign indicates
high expression by immunohistochemsitry. The cornea, lens, and
retina were all positive by PCR and by in situ hybridization, while
the retina was also positive by the following entries from the Gene
Expression Omnibus (GEO) profiles (Entry: GDS592|GPL1073,
Experiment: Large scale analysis of the mouse transcriptiome; En-
try: GDS182|GPL81, Experiment: Large scale analysis of the mouse
transcriptome).
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immobilized on culture dishes [36]. The interaction of
chondrocytes with Chad is known to occur via integrin α2β1
receptors, a finding that suggests a role for Chad in mediating
signals between the cells and the extracellular matrix [28]. A
similar role for Chad is possible in other tissues. This notion
is supported by the fact that integrins of the β1 class are ex-
pressed on a variety of different cell types, including neurons
and endothelial cells [37]. Second, Chad also has been shown
to interact with collagens type II and VI [29,30]. The collagen
type II itself also interacts with cells (chondrocytes) partly via
the same receptor as Chad, but these interactions give rise to
different cellular responses [29]. Thus, by interacting with both
collagens and cells, Chad may be an important molecule for
communication between cells and their surrounding matrix,
not only in cartilage but also in other tissues. In addition, a
potential role of Chad in regulation of collagen fibrillogenesis
in different connective tissues also should be expected since
all single or double SLRP-null mice generated so far display
abnormal collagen fibrillogenesis [4].

Our data suggest that Chad may be important for devel-
oping and maintaining eye tissues. It is abundant in corneal
epithelium (Figure 4 and Figure 5) where type II collagen also
is present during development [38,39]. Chad expression in cor-
neal endothelium, a layer with critical role in the maintenance
of corneal hydration, suggests a role in the maintenance of
corneal transparency. The absence of Chad from corneal
stroma, but its association with individual keratocytes, may
indicate that in the cornea the function of Chad is rather re-
lated to its cell binding and cell regulatory activities than to
function related to regulation of collagen fibrillogenesis. In
support of this notion are reports on the carbohydrate compo-
sition of Chad, showing that it carries only a short
oligosacchride [23,24], whereas the major proteoglycans of
the corneal stroma usually carry long side chains of keratan
sulfate and/or chondroitin/dermatan sulfate, needed for main-
tenance of interfibrillar spacing and normal tissue hydration
[16-18]. The presence of Chad in the ciliary body may indi-
cate a potential role for this protein in regulating the secretion
of aqueous humor. Chad in the lens suggests participation in
maintaining optical refraction of the lens or in filtration of
substances entering or leaving lens cells. Abundant expres-
sion of Chad noted in the retina, including rod and cone layer,
outer, and inner plexiform layers may reflect involvement of
this protein in normal retinal physiology. Although the role of
Chad in the retina remains to be determined in future studies,
it may be speculated that its role is similar to the roles of other
SLRPs expressed in this tissue. Thus, increased decorin ex-
pression has been shown in the inner retinal layers in transient
retinal ischemia models and a role in the repair process in in-
jured neural tissues has been suggested for this protein [40,41].
Several retinal diseases have been associated with either mu-
tations in a SLRP family member or mutations in the gene
encoding type II collagen, the type of collagen to which Chad
is known to bind. Thus, nictalopin, a membrane bound mem-
ber of the SLRP gene family that is expressed in different tis-
sues, including retina, brain, muscle and kidney, has been

shown mutated in patients with X-linked congenital station-
ary night blindness [42,43]. Mutations in the type II collagen
gene have been associated with degenerative vitreo-retinal
changes in mice and Stickler syndrome in man [44-46].

An intriguing result from our studies is that Chad is ex-
pressed in Purkinje cells of the cerebellum, peripheral nerves
of different tissues, and Meissner’s plexus in the gastrointes-
tinal tract (Figure 6). Purkinje cells occupy the middle layer
of the cerebellar cortex and carry all efferent signals from the
cerebellum. These cells have control over motor activities and
the function of other parts of the brain [47]. Significant down
regulation of the dopamine receptor and transporter has been
found in the brain of Purkinje Cell Degeneration mutant mice
[48]. Meissner’s plexus consists of neuronal ganglia located
between the inner circular muscle layer and the submucosa of
the stomach and intestines [49]. This neural network it thought
to inhibit muscular contractions within the stomach, and to
excite peristalsis in the intestines. The endocrine cells in the
gastrointestinal tract (also positive for Chad, Figure 6) are in
contact with nerve fibers of the Meissner’s plexus and form
the neuroendocrine complex of the gastrointestinal tract.
Changes in this complex have been found in different gas-
trointestinal diseases [50]. Considering the knowledge above
about the function of cells and tissues where Chad is present it
will be important to determine what roles Chad may play in
their physiology.

A very interesting result from our studies is that Chad is
expressed strongly in pancreatic islets (Figure 6). Given the
important role of the extracellular matrices in pancreatic en-
docrine cell function, particularly their utility for generating a
bioartificial endocrine pancreas that can be transplanted as a
treatment for diabetes [51-53], our results, by showing the
presence of Chad in the normal pancreatic islet, provide sig-
nificant new information. Presently, it is unclear what cell type
produces Chad in this tissue. Pancreatic islets of Langerhans
contain three major cell types; alpha cells producing the hor-
mone glucagons, beta cells producing insulin, and delta cells
producing the hormone somatostatin. Beta cells occupy the
central portion of the islet and are surrounded by a ring of
alpha and delta cells. The immunolabeling of Chad appears
positive for the entire islet (Figure 6). However, the cell type
producing Chad, the role of this protein in pancreatic islet,
and its potential involvement in regulating glucose metabo-
lism remain to be determined in future studies. We should note
that lumican, another member of the SLRPs family, also has
been detected in pancreatic islets [54].

In conclusion, this report provides a basis for future stud-
ies aimed at addressing the role of Chad in health and disease,
including ocular diseases, diabetes mellitus, gastrointestinal,
and neuromuscular diseases.

ACKNOWLEDGEMENTS
 This work was supported by NIH Grant EY13395 to GWC
and EST. We thank Dr. Ron Walkenbach, Tina Livesay, and
Amy Giangiacomo, Missouri Lions Eye Bank for the human
eyes. We also thank Dr. Chapes for the C2D cells.

©2004 Molecular VisionMolecular Vision 2004; 10:544-554 <http://www.molvis.org/molvis/v10/a67>

552



REFERENCES
 1. Iozzo RV. The biology of the small leucine-rich proteoglycans.

Functional network of interactive proteins. J Biol Chem 1999;
274:18843-6.

2. Kresse H, Schonherr E. Proteoglycans of the extracellular matrix
and growth control. J Cell Physiol 2001; 189:266-74.

3. Svensson L, Oldberg A, Heinegard D. Collagen binding proteins.
Osteoarthritis Cartilage 2001; 9 Suppl A:S23-8.

4. Ameye L, Young MF. Mice deficient in small leucine-rich
proteoglycans: novel in vivo models for osteoporosis, osteoar-
thritis, Ehlers-Danlos syndrome, muscular dystrophy, and cor-
neal diseases. Glycobiology 2002; 12:107R-16R.

5. Iozzo RV. The family of the small leucine-rich proteoglycans: key
regulators of matrix assembly and cellular growth. Crit Rev
Biochem Mol Biol 1997; 32:141-74.

6. Ornitz DM. FGFs, heparan sulfate and FGFRs: complex interac-
tions essential for development. Bioessays 2000; 22:108-12.

7. Schonherr E, Hausser HJ. Extracellular matrix and cytokines: a
functional unit. Dev Immunol 2000; 7:89-101.

8. Scott JE. Proteodermatan and proteokeratan sulfate (decorin,
lumican/fibromodulin) proteins are horseshoe shaped. Implica-
tions for their interactions with collagen. Biochemistry 1996;
35:8795-9.

9. Kobe B, Deisenhofer J. The leucine-rich repeat: a versatile bind-
ing motif. Trends Biochem Sci 1994; 19:415-21.

10. Hocking AM, Shinomura T, McQuillan DJ. Leucine-rich repeat
glycoproteins of the extracellular matrix. Matrix Biol 1998; 17:1-
19.

11. Cheng F, Heinegard D, Malmstrom A, Schmidtchen A, Yoshida
K, Fransson LA. Patterns of uronosyl epimerization and 4-/6-
O-sulphation in chondroitin/dermatan sulphate from decorin and
biglycan of various bovine tissues. Glycobiology 1994; 4:685-
96.

12. Antonsson P, Heinegard D, Oldberg A. Posttranslational modifi-
cations of fibromodulin. J Biol Chem 1991; 266:16859-61.

13. Sommarin Y, Wendel M, Shen Z, Hellman U, Heinegard D.
Osteoadherin, a cell-binding keratan sulfate proteoglycan in
bone, belongs to the family of leucine-rich repeat proteins of
the extracellular matrix. J Biol Chem 1998; 273:16723-9.

14. Bengtsson E, Neame PJ, Heinegard D, Sommarin Y. The primary
structure of a basic leucine-rich repeat protein, PRELP, found
in connective tissues. J Biol Chem 1995; 270:25639-44.

15. Corpuz LM, Funderburgh JL, Funderburgh ML, Bottomley GS,
Prakash S, Conrad GW. Molecular cloning and tissue distribu-
tion of keratocan. Bovine corneal keratan sulfate proteoglycan
37A. J Biol Chem 1996; 271:9759-63.

16. Funderburgh JL, Funderburgh ML, Brown SJ, Vergnes JP, Hassell
JR, Mann MM, Conrad GW. Sequence and structural implica-
tions of a bovine corneal keratan sulfate proteoglycan core pro-
tein. Protein 37B represents bovine lumican and proteins 37A
and 25 are unique. J Biol Chem 1993; 268:11874-80.

17. Funderburgh JL, Corpuz LM, Roth MR, Funderburgh ML,
Tasheva ES, Conrad GW. Mimecan, the 25-kDa corneal keratan
sulfate proteoglycan, is a product of the gene producing
osteoglycin. J Biol Chem 1997; 272:28089-95.

18. Funderburgh JL, Funderburgh ML, Mann MM, Conrad GW.
Physical and biological properties of keratan sulphate
proteoglycan. Biochem Soc Trans 1991; 19:871-6.

19. Tasheva ES, Pettenati M, Von Kap-Her C, Conrad GW. Assign-
ment of mimecan gene (OGN) to human chromosome band 9q22
by in situ hybridization. Cytogenet Cell Genet 2000; 88:326-7.

20. Tasheva ES, Pettenati M, Von Kap-Her C, Conrad GW. Assign-
ment of keratocan gene (KERA) to human chromosome band

12q22 by in situ hybridization. Cytogenet Cell Genet 2000;
88:244-5.

21. Henry SP, Takanosu M, Boyd TC, Mayne PM, Eberspaecher H,
Zhou W, de Crombrugghe B, Hook M, Mayne R. Expression
pattern and gene characterization of asporin. a newly discov-
ered member of the leucine-rich repeat protein family. J Biol
Chem 2001; 276:12212-21.

22. Iozzo RV, Danielson KG. Transcriptional and posttranscriptional
regulation of proteoglycan gene expression. Prog Nucleic Acid
Res Mol Biol 1999; 62:19-53.

23. Neame PJ, Sommarin Y, Boynton RE, Heinegard D. The struc-
ture of a 38-kDa leucine-rich protein (chondroadherin) isolated
from bovine cartilage. J Biol Chem 1994; 269:21547-54.

24. Larsson T, Sommarin Y, Paulsson M, Antonsson P, Hedbom E,
Wendel M, Heinegard D. Cartilage matrix proteins. A basic 36-
kDa protein with a restricted distribution to cartilage and bone.
J Biol Chem 1991; 266:20428-33.

25. Grover J, Chen XN, Korenberg JR, Roughley PJ. The structure
and chromosome location of the human chondroadherin gene
(CHAD). Genomics 1997; 45:379-85.

26. Landgren C, Beier DR, Fassler R, Heinegard D, Sommarin Y.
The mouse chondroadherin gene: characterization and chromo-
somal localization. Genomics 1998; 47:84-91.

27. Mizuno M, Fujisawa R, Kuboki Y. Bone chondroadherin pro-
motes attachment of osteoblastic cells to solid-state substrates
and shows affinity to collagen. Calcif Tissue Int 1996; 59:163-
7.

28. Camper L, Heinegard D, Lundgren-Akerlund E. Integrin
alpha2beta1 is a receptor for the cartilage matrix protein
chondroadherin. J Cell Biol 1997; 138:1159-67.

29. Mansson B, Wenglen C, Morgelin M, Saxne T, Heinegard D.
Association of chondroadherin with collagen type II. J Biol
Chem 2001; 276:32883-8.

30. Wiberg C, Klatt AR, Wagener R, Paulsson M, Bateman JF,
Heinegard D, Morgelin M. Complexes of matrilin-1 and biglycan
or decorin connect collagen VI microfibrils to both collagen II
and aggrecan. J Biol Chem 2003; 278:37698-704.

31. Shen Z, Gantcheva S, Mansson B, Heinegard D, Sommarin Y.
Chondroadherin expression changes in skeletal development.
Biochem J 1998; 330 (Pt 1):549-57.

32. Wilda M, Bachner D, Just W, Geerkens C, Kraus P, Vogel W,
Hameister H. A comparison of the expression pattern of five
genes of the family of small leucine-rich proteoglycans during
mouse development. J Bone Miner Res 2000; 15:2187-96.

33. Tasheva ES, Ke A, Deng Y, Jun C, Takemoto LJ, Koester A,
Conrad GW. Differentially expressed genes in the lens of
mimecan-null mice. Mol Vis 2004; 10:403-16 .

34. National Research Council. Guide for the care and use of labora-
tory animals. Washington: National Academy Press; 1996.

35. Beharka AA, Armstrong JW, Chapes SK. Macrophage cell lines
derived from major histocompatibility complex II-negative mice.
In Vitro Cell Dev Biol Anim 1998; 34:499-507.

36. Sommarin Y, Larsson T, Heinegard D. Chondrocyte-matrix in-
teractions. Attachment to proteins isolated from cartilage. Exp
Cell Res 1989; 184:181-92.

37. Jones LS. Integrins: possible functions in the adult CNS. Trends
Neurosci 1996; 19:68-72.

38. Lee RE, Davison PF. The collagens of the developing bovine
cornea. Exp Eye Res 1984; 39:639-52.

39. Fitch JM, Gordon MK, Gibney EP, Linsenmayer TF. Analysis of
transcriptional isoforms of collagen types IX, II, and I in the
developing avian cornea by competitive polymerase chain re-
action. Dev Dyn 1995; 202:42-53.

©2004 Molecular VisionMolecular Vision 2004; 10:544-554 <http://www.molvis.org/molvis/v10/a67>

553



40. Inatani M, Tanihara H, Honjo M, Hangai M, Kresse H, Honda Y.
Expression of proteoglycan decorin in neural retina. Invest
Ophthalmol Vis Sci 1999; 40:1783-91.

41. Tanihara H, Inatani M, Koga T, Yano T, Kimura A. Proteoglycans
in the eye. Cornea 2002; 21:S62-9.

42. Pusch CM, Zeitz C, Brandau O, Pesch K, Achatz H, Feil S, Scharfe
C, Maurer J, Jacobi FK, Pinckers A, Andreasson S, Hardcastle
A, Wissinger B, Berger W, Meindl A. The complete form of X-
linked congenital stationary night blindness is caused by muta-
tions in a gene encoding a leucine-rich repeat protein. Nat Genet
2000; 26:324-7.

43. Bech-Hansen NT, Naylor MJ, Maybaum TA, Sparkes RL, Koop
B, Birch DG, Bergen AA, Prinsen CF, Polomeno RC, Gal A,
Drack AV, Musarella MA, Jacobson SG, Young RS, Weleber
RG. Mutations in NYX, encoding the leucine-rich proteoglycan
nyctalopin, cause X-linked complete congenital stationary night
blindness. Nat Genet 2000; 26:319-23.

44. Donoso LA, Edwards AO, Frost AT, Ritter R 3rd, Ahmad N,
Vrabec T, Rogers J, Meyer D, Parma S. Clinical variability of
Stickler syndrome: role of exon 2 of the collagen COL2A1 gene.
Surv Ophthalmol 2003; 48:191-203.

45. Ihanamaki T, Salminen H, Saamanen AM, Sandberg-Lall M,
Vuorio E, Pelliniemi LJ. Ultrastructural characterization of de-
velopmental and degenerative vitreo-retinal changes in the eyes
of transgenic mice with a deletion mutation in type II collagen
gene. Curr Eye Res 2002; 24:439-50.

46. Vu CD, Brown J Jr, Korkko J, Ritter R 3rd, Edwards AO. Poste-
rior chorioretinal atrophy and vitreous phenotype in a family
with Stickler syndrome from a mutation in the COL2A1 gene.

Ophthalmology 2003; 110:70-7.
47. Hartmann J, Blum R, Kovalchuk Y, Adelsberger H, Kuner R,

Durand GM, Miyata M, Kano M, Offermanns S, Konnerth A.
Distinct roles of Galpha(q) and Galpha11 for Purkinje cell sig-
naling and motor behavior. J Neurosci 2004; 24:5119-30.

48. Delis F, Mitsacos A, Giompres P. Dopamine receptor and trans-
porter levels are altered in the brain of Purkinje Cell Degenera-
tion mutant mice. Neuroscience 2004; 125:255-68.

49. Hoyle CH, Burnstock G. Neuronal populations in the submucous
plexus of the human colon. J Anat 1989; 166:7-22.

50. Schmidt HG, Schmid A, Domschke W. Ultrastructural aspects of
the neuroendocrine complex in the stomach in patients with ei-
ther pernicious anemia or the Zollinger-Ellison syndrome. Z
Gastroenterol 1996; 34:428-33.

51. Edamura K, Nasu K, Iwami Y, Ogawa H, Sasaki N, Ohgawara H.
Effect of adhesion or collagen molecules on cell attachment,
insulin secretion, and glucose responsiveness in the cultured
adult porcine endocrine pancreas: a preliminary study. Cell
Transplant 2003; 12:439-46.

52. Wang R, Li J, Rosenberg L. Factors mediating the
transdifferentiation of islets of Langerhans to duct epithelial-
like structures. J Endocrinol 2001; 171:309-18.

53. Edamura K, Ohgawara H, Nasu K, Iwami Y, Sato A, Ishikawa S,
Matsuki N, Ono K, Ogawa H, Sasaki N. Effect of the extracel-
lular matrix on pancreatic endocrine cell function and its
biocompatibility in dogs. Cell Transplant 2001; 10:493-8.

54. Ping Lu Y, Ishiwata T, Asano G. Lumican expression in alpha
cells of islets in pancreas and pancreatic cancer cells. J Pathol
2002; 196:324-30.

©2004 Molecular VisionMolecular Vision 2004; 10:544-554 <http://www.molvis.org/molvis/v10/a67>

554

The print version of this article was created on 18 Aug 2004. This reflects all typographical corrections and errata to the article through that
date. Details of any changes may be found in the online version of the article.


