
 Molecular Vision 2004; 10:403-16 <http://www.molvis.org/molvis/v10/a51>
Received 15 December 2003 | Accepted 11 June 2004 | Published 17 June 2004

 Proteoglycans (PGs) of the extracellular matrix long have
been recognized as organizers of collagenous networks and
also as molecules that exhibit cell signaling properties, thereby
influencing cellular growth, differentiation, and migration
[1,2]. Among extracellular PGs, SLRPs form a rapidly grow-
ing subfamily currently including 13 members. Mimecan, a
member of this gene subfamily, was isolated initially as a gly-
coprotein of 12 kDa from bovine bone and later as a 25 kDa
keratan sulfate-containing PG from bovine cornea. The pro-
tein of 12 kDa was originally named osteoinductive factor and
subsequently renamed osteoglycin [3-5]. The name mimecan
was given to the full-length, 34 kDa, protein [6].

In vitro studies indicate that mimecan might play role(s)
in many biological processes, including cellular growth, an-
giogenesis, and inflammation. This notion is supported by the
following seven observations. (1) The genomic structure of
mimecan is highly conserved between species; a single copy
gene gives rise to multiple mRNA transcripts, three of which

result from differential splicing within the first translated exon
[7-9]. However, all mimecan mRNAs produce an identical
protein that is conserved between mice, bovine, and man, sug-
gesting its functional importance. (2) Transcriptional control
elements are conserved between species. An E-box element is
present in the proximal promoter region of human, bovine,
rat, and mouse mimecan genes [10-12]. A p53 DNA-binding
site also is conserved between these species [11]. Transcrip-
tion factors that bind these elements, upstream stimulatory
factor (USF) to the E-box and tumor suppressor protein p53
to its corresponding site, are important regulators of cellular
growth and are activated in response to cellular stress. These
observations suggest that mimecan may play roles in the same
cellular processes in which p53 and USF are involved, i.e.
adaptive responses, growth control, apoptosis, and ageing. (3)
Expression of mimecan is tightly regulated in normal cells.
Levels of mimecan mRNAs are high in corneal keratocytes
maintained in low serum/serum-free media, but rapidly de-
crease if cells are grown in media containing serum [13]. (4)
Growth factors and cytokines modulate mimecan mRNA ex-
pression in bovine and human cells [7,14-16]. (5) This gene is
up-regulated after vascular injury and after low-level laser ir-
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radiation of osteoblasts, indicating that the corresponding pro-
tein may play a role in wound healing in vascular smooth
muscle cells and in osteoblasts [14,17]. (6) Mimecan mRNA
is up-regulated in activated endothelium and neo-intima in
atherosclerotic lesions, observations suggesting roles for this
protein in atherosclerosis [18]. (7) In most cancer cell lines
and tumors mimecan is absent or is expressed at low levels
[11].

Knockout of the mouse mimecan gene in vivo leads to
increased collagen fibril diameters in cornea and skin, illus-
trating a role in collagen fibrillogenesis [19]. Notably, all single
or double SLRP-null mice generated so far display abnormal
collagen fibrillogenesis. As a result, these mice develop a va-
riety of diseases such as osteoporosis, osteoarthritis, muscu-
lar dystrophy, Ehlers-Danlos syndrome, and corneal pathol-
ogy [20-23]. However, besides the possibly redundant roles
of the SLRPs in collagen fibrillogenesis, data also illustrate
additional, unique roles of each one of these genes in other
biological processes, such as cellular growth control and wound
healing [1,2].

During the course of our studies on biological roles of
mimecan in the eye, we found that that this gene is expressed
not only in the cornea and sclera, but also in the iris, lens, and
retina. Here we present the first demonstration that mimecan
is constitutively expressed in mouse lens. To uncover poten-

tial biological roles of mimecan in the lens, we examined gene
expression changes in the lens of mimecan-null mice using
microarray technology. We show that 65 transcripts were in-
creased and 76 transcripts were decreased by two fold or more
in the absence of mimecan. Changed expression was found in
genes encoding extracellular matrix components, G-protein-
coupled signaling molecules, calcium-sensitive components
of the cytoskeleton, and stress response proteins. Results pre-
sented here are an essential prerequisite for future functional
studies aimed at an accurate understanding of molecular
mechanisms by which mimecan exerts its biological roles.

METHODS
 RNA isolation and microarray analysis: Whole human eyes
obtained from organ donors within 24 h post-mortem were
provided by the Missouri Lions Eye Bank, Columbia, MO.
Total RNA from cornea, iris, lens, and retina was isolated us-
ing Totally RNA Kit according to manufacturer’s instructions
(Ambion, Inc., Austin, TX).

Mice were housed in animal care facilities according to
NIH guidelines (NIH publication number 86-23,1985) and
IACUC approved protocols. All experiments were performed
in compliance with ARVO statement for use of animals in oph-
thalmic and vision research.
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TABLE 1. PRIMERS FOR QUANTITATIVE RT-PCR

                            Accession                                          Amplicon
          Gene               number               Primer Sequence              size (bp)
-------------------------   ---------   ------------------------------------   ---------
Mimecan/                    NM_008760   F: CTACTGTGAAGAAGTTGACATTGATGCTG          386
osteoglycin                             R: GGTAAATTAGGAGGCACAGATTCCAGG
Biglycan                    L20276      F: GATACTCCAAGCTGTACAGGTTGG G             324
                                        R: GGCGGTCAGTAACGCAGCGGAAGG
Chondroadherin              NM_007689   F: GAAGTTCTCAGATGCTGCCTTCTCGGG            280
                                        R: GGTCGGGGATTTGCAGCTGCGAAGG
Crystallin gamma A          NM_007774   F: CCCTGACTACCAGCAGTGGATGGGTTTCAG         182
                                        R: CATGGAGTAGATCTCATGGAGGC
Troponin I                  NM_009405   F: GGATCAGAGCTTGAGATCTCAGGATGG            400
                                        R: GCAGCGCCTTCAGCATGGCGTCGG
Troponin C                  NM_009393   F: GACGAGGATGGCAGTGGCACAGTGG              267
                                        R: GGAACTCGTCATAGTCAATTCGG
Hemoglobin alpha A1         NM_008218   F: GGTGGCCATGGTGCTGAATAGG                 360
                                        R: GGTCAGCACGGTGCTCACAGAGG
Apolipoprotein D            NM_007470   F: GATGTTCCTGGCCACGCTGGCGG                316
                                        R: GGAAGAACTGGACTTCCAGCTTGGCTGG
ATPase, Ca++ transporting   NM_007504   F: CTGAGCACAACCCTGAATTCGATGGCC            333
                                        R: CAATGAACTTGAGAAGCTCATCCAGCC
Keratin complex 1           NM_010661   F: CCTAGAGATTGAACTCCAGTCCC                399
                                        R: AACCTGGGATGAGACCACTTCACC
G protein gamma             NM_010316   F: GTATTGGTCAAGCACGCAAGATGGTGG            340
                                        R: GTGAGGAGATGGGGTAGACATGGG
Opcin 1                     NM_008106   F: GATGGTCCTCATGGTCACGTGCTG               274
                                        R: GGCAAAGTAGGATGGTAGGGAGG
Recoverin                   X66196      F: CCAGTCCT CCTGAAGGAGTGCCC               257
                                        R: CTGATGTCCCATTGCCGTCTAC
18S rRNA                                Ambion catalog number 1716                488
18S rRNA                                Ambion catalog number 1717                324

F indicates forward primer sequence and R indicates reverse primer sequence.
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Mouse lenses were obtained and immediately frozen in
liquid nitrogen until isolation of RNA. For RNA isolation,
probe synthesis and labeling, array hybridization and scan-

ning the BD Atlas™ Custom Plastic Hybridization & Analy-
sis Service (BD Biosciences Clontech, Palo Alto, CA) was
used. One pool of total RNA samples was prepared from lenses
of four 4 month old wild type mice. A separate pool was pre-
pared from lenses of four age-matched mimecan-null mice.
RNA quality and quantity were assessed by UV spectroscopy
and capillary electrophoresis. Radioactive probes synthesized
from these RNA pools were hybridized to three separate
Clontech Atlas Plastic Mouse 5K Microarrays. The scanned
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Figure 2. In situ hybridization analysis of mimecan mRNA in mouse
eye at different developmental stages.  Mimecan expression was de-
tected in the lens and cornea of the E16.5 and P10 mouse eye by in
situ hybridization (white arrows).

Figure 3. Immunohistochemistry
analysis of mimecan in mouse
lens and cartilage.  Mimecan ex-
pression was detected in the lens
of adult mouse eye, as well as in
ear lobe and laryngeal cartilage
albeit at different levels. Positive
immunostaining appears brown
and is indicated by arrows.

Figure 1. Representative PT-PCR experiments performed to assess
mimecan expression in adult human eye.  Top, Schematic, showing
part of the human mimecan gene and primers for PCR amplification
of mimecan cDNA. The primers were designed to flank an intron
and to detect two major differentially spliced products. Primer se-
quences are as follows: forward 5'-GGC TAA TGC ACA GAC ATG
AAC ATC TAT TGA GG-3', and reverse 5'-GCG TGA GTC CTG
CTG GGT TGG TGG-3' (GenBank accession number NM_033014).
Bottom, RNA isolated from indicated tissues used for RT-PCR. Two
PCR bands correspond to differentially spliced mimecan mRNA tran-
scripts and are indicated by arrows. The “M” indicates the Hi-Lo
DNA marker (Minnesota Molecular, Minneapolis, MN).
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images were analyzed using BD AtlasImage™ 2.7 software
according to user guidelines. Briefly, background signal in-
tensities were calculated using the default external background
method (the median intensity of the “blank space” between
the different panels of the array). For a small number of spots
that were affected by signal bleed or where the signal was
ambiguous, the background was estimated manually. The back-
ground signal was used to determine the signal intensities of
individual spotted genes. For spots that were manually ad-
justed, the genes were excluded from the analysis, though the
spots were used to normalize the signal intensity between the
arrays. The Global Sum Normalization method was used to
normalize the signal intensity between the experimental and
control arrays. This method adds the values of signal over
background for all genes on the arrays to calculate a normal-
ization coefficient:

18S primers to 18S competimers was added to 50 µl PCR
amplification reactions containing 1X PCR buffer (Promega
Corporation, Madison, WI), 5 units Taq polymerase (Promega),
0.2 mM dNTPs, and 100 ng of each gene specific primer pair.
PCR reactions were programmed for 25 cycles (95 °C, 1 min;
60 °C, 1 min; 72 °C, 2 min). Resulting PCR products were
analyzed by electrophoresis on 3.0% agarose gels, with DNA
visualized by ethidium bromide staining. Sequences of all
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Figure 4. Hierarchical clustering of gene expressions.  Each row rep-
resents a separate gene and each column a separate sample. 141 genes
have been selected which are differentially expressed in experiments
compared to control samples. The normalized expression index for
each gene (rows) in each sample (columns) is indicated by a color
code. Red, yellow and blue squares indicate that expression of the
gene is greater than, equal to or less than the mean level of expres-
sion across all 3 control samples.

TABLE 2. THE LEVEL OF VARIATION BETWEEN THE THREE REPLICATE MICROARRAY EXPERIMENTS IS MINIMAL

               Control 1   Control 2   Control 3   Experiment 1   Experiment 2   Experiment 3
               ---------   ---------   ---------   ------------   ------------   ------------
Control 1       1           0.89221     0.92944      0.41468        0.41139        0.40719
Control 2       0.89221     1           0.97993      0.32961        0.33321        0.3263
Control 3       0.92944     0.97993     1            0.2586         0.26239        0.25577
Experiment 1    0.41468     0.32961     0.2586       1              0.97734        0.9867
Experiment 2    0.41139     0.33321     0.26239      0.97734        1              0.9887
Experiment 3    0.40719     0.3263      0.25577      0.9867         0.9887         1

A table of Pearson Correlation coefficients. The correlation coefficients between two samples within each group are above 0.89, whereas
correlation coefficients between two samples from different groups are less than 0.5.

where I
x,y

 is the intensity of spot y on array x, B
x,y

 is the
background intensity of spot y on array x, and n is the number
of genes on the arrays. Adjusted intensities were computed as
the intensity minus the background value of the gene, multi-
plied by the normalization coefficient.

Genes were considered to be differentially expressed if
there was at least a two fold difference, either an increase or a
decrease, in expression levels between wild type and knock-
out samples (normalized spot intensity knock-out
sample:normalized spot intensity wild type sample >2.0). The
raw data from these microarrays can be accessed in Appendix
1.

Statistical analysis:  The data from three independent
microarray hybridization experiments were analyzed using
GeneSpring Version 6.1 software (Silicon Genetics, Redwood
City, CA). The 141 differentially expressed genes were se-
lected by two criteria; two fold change and one-way ANOVA.
Differences were considered statistically significant when p
values were <0.05.

Relative quantitative RT-PCR:  Relative quantitative PCR
followed by agarose gel electrophoresis was used to verify
differentially expressed genes. Reverse transcription was car-
ried out as previously described [8]. Quantum RNA18S Inter-
nal Standards (Ambion, Catalog numbers 1716 and 1717 am-
plifying 488 and 324 bp fragments, respectively) were used
as endogenous standards in all PCR reactions. A 3:7 ratio of
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gene-specific primers used for verification of the microarray
data are shown in Table 1. The PCR products that have been
amplified using mouse lens RNA and that corresponded to
mouse mimecan, chondroadherin, biglycan, and troponin I
were cloned into pGEM-T and sequenced in both directions
to confirm band specificity.

Immunohistochemisry:  Custom IHC on slides contain-
ing normal adult mouse tissues was performed by
SuperBioChips Laboratories, Seoul, Korea. Briefly, sections
of mouse tissues were immunostained with the rabbit anti-
osteoinductive factor polyclonal antibody raised against syn-
thetic peptide corresponding to amino acids 206-217 of hu-
man mimecan (Chemicon International). Biotin-conjugated

secondary antibody was reacted with avidin-biotin-peroxidase
complex solution (Vector Laboratories Inc., Burlingame, CA),
with immunoreactivity developed in 3,3'-diaminobenzidine
(DAB).

In situ hybridization:  For the ISH experiments, the cus-
tom service from Phylogeny Inc. was used. Briefly, mice tis-
sues were fixed in 4% paraformaldehyde in phosphate-buff-
ered saline overnight, dehydrated, and infiltrated with paraf-
fin. Thin sections were mounted on gelatinized slides,
deparaffinized in xylene, rehydrated, and post-fixed. The sec-
tions were digested with proteinase K, post-fixed, treated with
triethanolamine/acetic anhydride, washed, and dehydrated.
Sections were hybridized overnight at 53 °C in solutions that
contained 50% deionized formamide and 50-75,000 cpm/µl
35S-labeled cRNA probe. The tissue was subjected to strin-
gent washing and treated with 20 µg/ml RNAse A at 37 °C for
30 min. The slides were washed, dehydrated, dipped in Kodak
NTB-2 nuclear track emulsion, and exposed for 1-2 weeks in
light tight boxes with dessicant at 4 °C.

Bovine mimecan cDNA was cloned into pGEM-T vector
and used as template for cRNA probe synthesis as previously
described [8]. The cRNA probes were synthesized according
to the manufacturer’s conditions (Ambion) and labeled with
35S-UTP (>1,000 Ci/mmol, Amersham).

Photographic development was carried out in Kodak-D-
19. Slides were counterstained with toluidine blue and ana-
lyzed using both light- and darkfield optics of a Zeiss Axiophot
microscope. The slides were scanned into Photoshop 6.0 TIFF
files.

RESULTS
Mimecan is expressed in mouse lens:  A search of the UniGene
database at the NCBI showed that mimecan is expressed in
almost all parts of human and mouse eyes, albeit at different
levels. Thus, its sequence is present in several ESTs derived
from cDNA libraries constructed from fetal eyes, lens, eye
anterior segment, optic nerve, retina, foveal and macular retina,
retinal pigment epithelium, and choroid (BM715748,
BM701204, BM674101, BU741308, and BM724629), in a
library from human retinal pigment epithelium/choroid cDNA
(CA396423), in a library from human trabecular meshwork
cDNA (CD676750, CD678059, and CD678058), ESTs from
mice whole eye (CD808249, CD806521, and CB847562), and
from mouse retina (GenBank Accession number BG296072).
To confirm the expression patterns of mimecan in human eyes,
we used RT-PCR. Primers were designed to flank an intron
and to detect two major, differentially spliced mRNA species
(Figure 1). In addition to the cornea, mimecan mRNA was
detected in iris, lens, and retina. However, in contrast to cor-
nea, skeletal muscle, brain, and placenta, in which two differ-
entially spliced mRNA species were detected, only a single
mRNA species was amplified in iris, lens, and retina.

To examine the expression of mimecan in mouse eye, we
used in situ hybridization. Mimecan expression was detected
in the lens and cornea of the E16.5 and P10 mouse eyes. Digi-
tal images of sections that show these results are presented in
Figure 2.
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Figure 5. Scatter-plots of gene expressions.  The normalized expres-
sion index for experimental groups (y-axis) and control groups (x-
axis) is indicated by a color code. Red, yellow, and blue spots indi-
cate that expression of the gene in control groups (x-axis) is greater
than, equal to or less than 1. A: Scatter-plot with all genes spotted on
the microarray. B: Scatter-plot with 141 differentially expressed genes.

407



©2004 Molecular VisionMolecular Vision 2004; 10:403-16 <http://www.molvis.org/molvis/v10/a51>

TABLE 3. GENES UP-REGULATED MORE THAN TWO FOLD IN THE LENS OF MIMECAN-NULL MICE

 GenBank
accession                                       Fold
 number               Gene name                change       p value         Functional category
---------   ------------------------------   -----------   ---------   ------------------------------
NM_019920   MAPKK1 interacting protein 1      2.07725624   0.0316      kinase activators and
                                                                       inhibitors
AF020737    fibroblast growth factor 13       2.25560511   0.0183      intracellular effectors
NM_019511   receptor (calcitonin) activity    2.27681851   0.0157      protein transporter activity
            modifying protein 3
NM_009682   adaptor-related protein           2.45750185   0.0207      adaptors (receptor-associated)
            complex 3                                                  proteins
NM_007516   heterogeneous nuclear             2.45881799   0.00756     AU-rich element
            ribonucleoprotein D                                        RNA-binding protein
NM_009729   ATPase, H+ transporting,          2.48106312   0.00494     ATPase transporters
            lysosomal,subunit C
NM_019498   olfactomedin 1                    2.50527134   0.0103      secreted glycoproteins
M20658      interleukin 1 receptor, type I    2.62788637   0.0488      interleukin and interferon
                                                                       receptors
J00423      hypoxanthine guanine              2.63535944   0.0244      nucleotide metabolism
            phosphoribosyl transferase
NM_007675   CEA-related cell adhesion         2.68535113   0.0023      cell adhesion
            molecule 10                                                receptors/proteins
NM_011514   suppressor of variegation 3-9     2.68872221   0.0115      chromatin proteins
            homolog
NM_007589   calmodulin 2                      2.74742803   0.0352      calcium-binding proteins
NM_017477   coatomer protein complex,         2.75948715   0.00463     early secretory transport
            subunit gamma 1
NM_019997   RIKEN cDNA 3830408P04 gene        2.75987162   0.005       not classified
NM_013677   surfeit gene 1                    2.82043434   0.00601     housekeeping genes
NM_016686   vascular endothelial zinc         2.92688193   0.0167      transcription factor,
            finger 1                                                   regulation of angiogenesis
NM_010324   glutamate oxaloacetate            2.94837086   0.033       amino acid metabolism
            transaminase 1, soluble
NM_009801   carbonic anhydrase 2              3.03266702   0.0178      other metabolism enzymes
NM_008801   phosphodiesterase 6D,             3.04325549   0.00709     adenylate/guanylate cyclases
            cGMP-specific, rod, delta                                  and diesterases
NM_010761   cyclin D-type binding-protein1    3.04531832   0.0396      transcription activators and
                                                                       repressors
NM_013746   pleckstrin homology domain        3.23477235   0.0371      actin assembly and
            containing, family B,1                                     cell polarization
D00472      cofilin 1, non-muscle             3.31937972   0.0302      cytoskeleton/motility proteins
L09104      glucose phosphate isomerase 1     3.33192228   0.00178     growth factors, cytokines, and
                                                                       chemokines
NM_009905   CDC-like kinase                   3.37068281   0.000235    RNA processing, turnover, and
                                                                       transport
NM_013680   synapsin I                        3.47140615   0.0187      synaptic vesicles
                                                                       localization; microtubules
                                                                       assembly
X14943      contactin 1                       4.11246046   0.0291      cell adhesion
                                                                       receptors/proteins
X53476      high mobility group               4.54086807   0.0209      chromatin proteins
            nucleosomal binding domain 1
X63003      vitronectin                       4.55603215   0.00477     cytoskeleton/motility proteins
NM_010045   Duffy blood group                 4.63375237   0.00341     cell surface antigens
NM_009133   stathmin-like 3                   5.13387129   0.0105      not classified
M28730      tubulin, beta 4                   5.17572104   0.0403      cytoskeleton/motility proteins
NM_007765   collapsin response mediator       5.22380123   0.00124     other intracellular effectors
            protein 1
NM_007885   solute carrier family 26,         5.77272511   0.0386      facilitated diffusion proteins
            member 2
NM_013865   N-myc downstream regulated 3      6.05719708   0.00192     not classified
NM_012038   visinin-like 1                    6.11323414   0.0271      not classified
NM_008594   milk fat globule-EGF factor 8     6.41856141   0.0147      cell adhesion
            protein                                                    receptors/proteins
NM_011430   synuclein, gamma                  6.48808425   0.0000861   not classified
X15830      secretory granule                 6.82683033   0.000716    neuropeptides
            neuroendocrine protein 1
NM_010655   karyopherin (importin) alpha 2    6.88435378   0.00401     not classified
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Mimecan also was detected in mouse lens by IHC (Fig-
ure 3). Anti-mimecan antibody raised against amino acids 206-
217 of human mimecan was used for these studies. As shown
in Figure 3, this antibody could detect mimecan in mouse car-
tilage, thus demonstrating its ability to interact not only with
human but also with mouse mimecan. By IHC the level of
mimecan in mouse lens was found low compared to the high
level of this protein in laryngeal cartilage (Figure 3). Taken
together, these data demonstrate that mimecan is constitutively
expressed in the vertebrate lens.

Differentially expressed genes identified by microarray
analysis:  Pooled target RNAs were used to perform hybrid-
ization on three separate microarrays. The Atlas Plastic Mouse
5K microarray is composed of 5002 full-length and EST (ex-

pressed sequence tag) cDNAs spotted in duplicate. A catalog
of all genes spotted on this array, along with their GenBank
accession numbers, is available at the BD Biosciences Clontech
web site. The microarray also contains the cDNA Synthesis
Control Spots, a phage lambda DNA sequence that has been
spotted on the microarray to serve as positive control when
used in conjuction with the cDNA Synthesis Control. The
cDNA Synthesis Control consists of a synthetic RNA, corre-
sponding to the sequence printed on the microarray. This con-
trol is spiked into the experimental RNA sample along with
specific cDNA Synthesis Primers and is used to monitor the
cDNA synthesis reaction. Successful cDNA synthesis results
in adequate labeling and hybridization to the Atlas Plastic
Microarray (Appendix 1).
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TABLE 3. CONTINUED.

 GenBank
accession                                       Fold
 number               Gene name                change       p value         Functional category
---------   ------------------------------   -----------   ---------   ------------------------------

NM_019634   transmembrane 4 superfamily       7.06673969   0.0329      not classified
            member 2
NM_013509   enolase 2, gamma neuronal         7.18792002   0.00135     simple carbohydrate metabolism
M26283      homeo box B5                      7.71166469   0.0136      transcription activators and
                                                                       repressors
NM_009295   syntaxin binding protein 1        8.1196002    0.00483     not classified
NM_008140   guanine nucleotide binding        8.58883045   0.00157     not classified
            protein, alpha transducing 1
NM_011302   retinoschisis 1 homolog           9.25022252   0.00127     not classified
            (human)
NM_011810   Fas apoptotic inhibitory         10.1427677    0.0172      not classified
            molecule
NM_008141   guanine nucleotide binding       10.3257464    0.00309     not classified
            protein, alpha transducing 2
NM_008806   phosphodiesterase 6B, cGMP,      10.9403718    0.00266     adenylate/guanylate cyclases
            rod receptor, beta                                         and diesterases
D85845      neurogenic differentiation 4     11.1670862    0.0488      transcription activators and
                                                                       repressors
NM_009897   creatine kinase, mitochondrial   12.715274     0.00316     energy metabolism
            1, ubiquitous
NM_008142   guanine nucleotide binding       13.0898411    0.000686    not classified
            protein, beta 1
NM_019754   transgelin 3                     13.3362329    0.000392    not classified
NM_008790   Purkinje cell protein 2 (L7)     13.345321     0.00287     not classified
L14935      neural retina leucine zipper     13.5761444    0.00241     transcription
            gene
NM_010316   G protein, gamma 3 subunit       15.209885     0.00398     G-proteins
NM_008076   GABA-A receptor, subunit rho 2   15.6166725    0.0234      ligand-gated ion channel
NM_009073   rod outer segment membrane       15.9652352    0.0033      matrix adhesion receptors
            protein 1
NM_007538   opsin 1 (cone pigments),         16.4802471    0.000631    other receptors (by ligands),
            short-wave-sensitive                                       G-protein-coupled
NM_009065   Ras-like without CAAX 2          17.0368293    0.00541     not classified
M24086      retinal S-antigen                17.7124286    0.0466      adaptors and
                                                                       receptor-associated proteins
NM_008106   opsin 1 (cone pigments)          22.6283609    0.00948     other receptors (by ligands),
            medium-wave-sensitive                                      G protein-coupled
U77615      cone-rod homeobox containing     23.0625976    0.0302      basic transcription factors
            gene
NM_012065   phosphodiesterase 6G,            23.0861147    0.000086    adenylate/guanylate cyclases
            cGMP-specific, gamma                                       and diesterases
X66196      recoverin                        23.403064     0.00154     calcium-binding proteins
X68837      secretogranin II                 33.095184     0.0474      neuropeptides

Genes for which changed expression has been verified by PCR are indicated in red.
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TABLE 4. GENES DOWN-REGULATED MORE THAN TWO FOLD IN THE LENS OF MIMECAN-NULL MICE

 GenBank
accession                                           Fold
 number                 Gene name                  change       p value           Functional category
---------   ---------------------------------   ------------   ---------   ---------------------------------
NM_010496   inhibitor of DNA binding 2            2.0252808    0.00704     transcription activators and
                                                                           repressors
NM_013647   ribosomal protein S16                 2.21952412   0.00944     ribosomal proteins
L05670      clusterin                             2.25893123   0.0131      other stress response proteins
NM_009180   sialyltransferase 7                   2.28313623   0.0265      terminal glycosylations,
                                                                           protein maturation
NM_010299   GM2 ganglioside activator protein     2.29604607   0.0214      protein cofactor
NM_013602   metallothionein 1                     2.42609714   0.00709     intracellular metal transport
NM_009795   calpain, small subunit 1              2.50084674   0.0054      cysteine proteases
NM_009225   small nuclear ribonucleoprotein B     2.52684834   0.00724     mRNA splicing
NM_007774   crystallin, gamma A                   2.53653929   0.255       functionally unclassified
NM_010240   ferritin light chain 1                2.75262797   0.0468      other metabolism enzymes
X84014      laminin, alpha 3                      2.77294799   0.0382      matrix adhesion receptors
NM_010833   moesin                                2.8778955    0.0175      functionally unclassified
X83536      matrix metalloproteinase 14           2.95622774   0.0288      metalloproteinases
            (membrane-inserted)
X62622      tissue inhibitor of                   2.96603146   0.0433      inhibitors of proteases
            metalloproteinase 2
NM_020031   prefoldin 5                           2.97737665   0.02        chaperonin cofactor
NM_008184   glutathione S-transferase, mu 6       3.08599668   0.014       metabolism of cofactors,
                                                                           vitamins
NM_008160   glutathione peroxidase 1              3.22557188   0.0448      metabolism of cofactors,
                                                                           vitamins
M16465      S100 calcium binding protein A10      3.42359415   0.0224      other intracellular effectors
            (calpactin)
NM_009113   S100 calcium binding protein A13      3.66024878   0.00267     other intracellular effectors
Z30970      tissue inhibitor of                   3.72407092   0.0362      inhibitors of proteases
            metalloproteinase 3
NM_013529   glutamine fructose-6-phosphate        3.77507728   0.000847    not classified
            transaminase 2
NM_019803   ubiquitin-conjugating enzyme E2G2     3.90705613   0.0155      ubiquitin pathway
NM_011521   syndecan 4                            3.9878813    0.00404     cell adhesion receptors/proteins
L47650      signal transducer and activator       4.02337548   0.0283      transcription activators and
            of transcription 6                                             repressors
U14332      interleukin 15                        4.02388515   0.0345      interleukins and interferons
NM_009813   calsequestrin 1                       4.4443481    0.00442     calcium-binding proteins
X16053      thymosin, beta 4, X chromosome        4.5522899    0.00137     growth factors, cytokines, and
                                                                           chemokines
NM_010730   annexin A1                            4.87212946   0.00198     calcium-binding proteins
L07918      Rho, GDP dissociation inhibitor       4.92527206   0.0248      intracellular
            (GDI) beta                                                     transducers/effectors/modulators
NM_008788   procollagen C-proteinase enhancer     5.17209839   0.000467    extracellular matrix glycoprotein
            protein
NM_009105   Ras suppressor protein               15.17691889   0.00164     not classified
NM_007598   adenylyl cyclase-associated CAP       5.20181404   0.00266     other intracellular effectors
            protein homolog
NM_013471   annexin A4                            5.75746911   0.0114      other intracellular effectors
NM_010231   flavin containing monooxygenase 1     5.81538897   0.00462     xenobiotic metabolism
NM_008529   lymphocyte antigen 6 complex,         5.88922963   0.000738    cell surface antigens
            locus E
U77039      four and a half LIM domains 1         5.88945864   0.0037      cytoskeleton/motility proteins
NM_010129   epithelial membrane protein 3         5.97518779   0.00485     cell-cell adhesion receptors
NM_008476   keratin complex 2, basic, gene 6a     6.58282353   0.00158     intermediate filament proteins
NM_016969   myeloid-associated                    6.64636547   0.0354      markers of differentiation
            differentiation marker
NM_009735   beta-2 microglobulin                  7.26879193   0.00366     major histocompatibility complex
NM_011526   transgelin                            7.53204256   0.00205     cytoskeleton/motility proteins
X59060      myogenic factor 6                     8.34758235   0.00193     basic transcription factors
NM_007751   cytochrome c oxidase, subunit         8.66157948   0.0336      metabolism
            VIIIb
X89222      prostaglandin D2 synthase (brain)     9.08436981   0.00105     metabolism of cofactors,
                                                                           vitamins, and related
NM_010442   heme oxygenase (decycling) 1          9.21634953   0.00242     metabolism of cofactors,
                                                                           vitamins, and related
AF039601    transforming growth factor, beta      9.52799861   0.0444      growth factor and chemokine
            receptor III                                                   receptors
NM_007921   E74-like factor 3                     9.90125073   0.00299     basic transcription factors
NM_011157   proteoglycan, secretory granule       9.91067047   0.00519     other extracellular
                                                                           communication proteins
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The three hybridization experiments produced results con-
sistent with one other (Appendix 1). The correlation coeffi-
cients between two samples within each group are above 0.89,
whereas correlation coefficients between two samples from
two different groups are less than 0.5 (Table 2). The hierarchy
Clustering Method (GeneSpring, version 6.1) confirmed these
correlation computations. The hierarchical clustering and scat-
ter-plots of gene expressions are shown in Figure 4 and Fig-
ure 5. Of 5,002 genes represented on the Atlas Plastic Mouse
5K Microarray, 141 displayed greater than two fold expres-
sion changes. The 65 up-regulated and 74 down-regulated
genes are listed in Table 3 and Table 4, respectively.

Validation of microarray data by relative quantitative
PCR:  To confirm the results of the microarray data, relative
quantitative PCR was performed with the same RNA samples
used for the microarray hybridizations. Twelve genes whose
expression was altered in the absence of mimecan were se-

lected for this confirmation analysis. Three of these genes (op-
sin, recoverin, and guanine nucleotide binding protein [G pro-
tein] gamma 3 subunit) exhibited increased expression in
mimecan-null lenses based on the microarray data. Nine genes,
including chondroadherin, biglycan, troponin C, troponin I,
hemoglobin alpha, calcium transporting ATPase, keratin com-
plex 1, apolipoprotein D, and γA-crystallin, exhibited de-
creased expression in mimecan-null lenses based on the
microarray data. Two genes, γC-crystallin and γD-crystallin,
that did not exhibit altered expression changes in the absence
of mimecan, were also included as additional controls. Rela-
tive quantitative PCR yielded results consistent with
microarray data for all twelve genes (Figure 6). Scanning den-
sitometry of the gels containing ethidium bromide stained PCR
products confirmed the trends in expression pattern of these
12 genes revealed by the microarray data (not shown).

©2004 Molecular VisionMolecular Vision 2004; 10:403-16 <http://www.molvis.org/molvis/v10/a51>

TABLE 4. CONTINUED.

 GenBank
accession                                           Fold
 number                 Gene name                  change       p value           Functional category
---------   ---------------------------------   ------------   ---------   ---------------------------------
X03492      keratin complex 1, acidic, gene      10.2246991    0.0195      intermediate filament proteins
            13
NM_015744   ectonucleotide                       10.5952984    0.000198    not classified
            pyrophosphatase/phosphodiesterase
            2
NM_009405   troponin I, skeletal, fast 2         11.2401959    0.00135     motor proteins
NM_010501   interferon-induced protein 3         11.3860933    0.0457      functionally unclassified
NM_007689   chondroadherin                       11.3882785    0.0105      extracellular matrix proteins
M84324      matrix metalloproteinase 2           11.8380719    0.000778    metalloproteinases
NM_007585   annexin A2                           11.9290914    0.000297    calcium-binding proteins
NM_008218   hemoglobin alpha, adult chain 1      12.5534642    0.0123      other metabolism enzymes
NM_008557   FXYD domain-containing ion           12.6277299    0.000422    functionally unclassified
            transport regulator 3
U18869      disabled homolog 2 (Drosophila)      14.3294003    0.000253    other intracellular effectors
NM_010357   glutathione S-transferase, alpha     14.9525947    0.0118      xenobiotic metabolism
            4
NM_007933   enolase 3, beta muscle               15.1527472    0.0000605   not classified
L20276      biglycan                             15.3346648    0.00674     extracellular matrix proteins
NM_013645   parvalbumin                          15.4807731    0.00115     calcium-binding proteins
X70296      serine (or cysteine) proteinase      15.782717     0.00188     inhibitors of proteases
            inhibitor, member 2
NM_010362   glutathione S-transferase omega 1    18.2983278    0.00159     metabolism of cofactors,
                                                                           vitamins, and related
D89076      transthyretin                        22.187204     0.00136     extracellular transport/carrier
                                                                           proteins
NM_015734   procollagen, type V, alpha 1         29.0842381    0.00953     extracellular matrix proteins
NM_007606   carbonic anhydrase 3                 31.4559099    0.000418    other metabolism enzymes
NM_011620   troponin T3, skeletal, fast          31.7252921    0.00918     motor proteins
NM_009416   tropomyosin 1, alpha                 41.0419782    0.000317    motor proteins
NM_009393   troponin C, cardiac/slow skeletal    43.7999523    0.000154    other cytoskeleton/motility
                                                                           proteins
NM_010661   keratin complex 1, acidic, gene      45.3038064    0.000924    intermediate filament proteins
            12
NM_007436   aldehyde dehydrogenase family 3,     47.9414644    0.000252    simple lipid metabolism
            subfamily A1
NM_007409   alcohol dehydrogenase 1 (class I)   100.983218     0.0000752   energy metabolism
NM_007817   cytochrome P450, family 2,          101.998516     0.00305     metabolism
            polypeptide 2
NM_007504   ATPase, Ca++ transporting, fast     227.439828     0.00117     energy metabolism
            twitch 1
NM_007470   apolipoprotein D                    745.16573      0.0138      extracellular transport/carrier
                                                                           proteins

Genes for which changed expression has been verified by PCR are indicated in red.
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DISCUSSION
 Members of the SLRP gene family are thought to be expressed
mainly in cells of mesenchymal origin. However, their tran-
sient expression during the process of epithelial to mesenchy-
mal cell transition in response to injury, such as cataract sur-
gery, also has been documented [24]. Our data demonstrate
that mimecan, a SLRP family member, is constitutively ex-
pressed in the lens. Mimecan mRNA also was detected in cul-
tured bovine lens epithelial cells by PCR (not shown). By IHC
we found significantly reduced mimecan, in mouse lens (com-
pare intensity of the brown color between lens, sclera, and
two cartilage samples in Figure 3), whereas ISH shows high
levels of mimecan mRNA in the lens (Figure 2). At this time
we do not know the reason for this discrepancy between RNA
and protein levels. However, several factors could contribute
to this finding. First, it is possible that mimecan mRNA levels
are abundant in the lens because this RNA may have function(s)

other than serving as a template for protein synthesis. In sup-
port of this hypothesis is the observation that multiple mimecan
mRNA splice variants are synthesized in many cell types, yet
the protein remains unchanged. Secondly, mimecan protein
turnover may be high in the lens. Thirdly, a combination of
differential RNA abundance and differential translation in
epithelial and fiber cells may be the explanation for these data.

Our finding that mimecan is constitutively expressed in
the lens suggests that this protein (or its mRNA) may have a
specific role in maintaining lens morphology and physiology.
We therefore used microarray analysis to investigate how the
absence of mimecan would affect the gene expression profile
of mouse lens. Based on our previous demonstration that
mimecan is expressed in cornea and also in sclera of several
mammalian species [6], as well as on data obtained by search-
ing UniGene databases showing mimecan expression in al-
most all parts of the eye, initially we performed microarray
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Figure 6. Semi-quantitative RT-PCR to
verify the differential expression of 13
genes selected from microarrays.  Each
gene-specific PCR product was ampli-
fied, together with QuantumRNA 18S
internal standard in the same (multi-
plex) PCR reaction. (QuantumRNA
18S, catalog number 1716, amplifies
488 bp 18S RNA, whereas catalog num-
ber 1717 amplifies 342 bp 18S RNA).
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. Ab-
sence of mimecan, increased levels of
recoverin, opsin 1, and Gng3, and de-
creased levels of chondroadherin,
biglycan, troponin C, troponin I, hemo-
globin alpha, ATPase, calcium trans-
porting, keratin complex 1, γA-crystal-
lin, and apolipoprotein D are observed.
The expression of γC-crystallins and
γD-crystallin remained unchanged. The
results are consistent with those from
microarray analysis.
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analysis using RNA isolated from whole mouse eyes. Due to
the limitation of this approach (results obtained represent the
average expression of a gene for all cell types in the eye) we
subsequently chose lens tissue for this analysis. Lens tissue
contains only two cell types, epithelial and fiber cells, which
makes the results easier to comprehend. In addition, such re-
sults would provide important new information for decipher-
ing the function of mimecan in the lens. The results demon-
strate that targeted disruption of the mimecan gene in the mouse
leads to changes in expression of several important compo-
nents of the lens. They also suggest at least two potential
mechanisms by which mimecan may exert its biological func-
tion in the lens; (i) by binding cell surface receptor(s), similar
to other extracellular matrix proteins [25], thereby triggering
signaling pathway(s) that cause global changes in lens gene
expression, or (ii) by remaining inside lens cells (similar to
biglycan in neuronal cells [26,27]) and interacting directly with
intracellular protein(s).

We also confirmed the expression levels of a subset of
the identified genes by relative quantitative PCR. Of note, the
results from this study, showing that the expression of a num-
ber of genes is affected by the absence of mimecan, are inter-
esting in view of the fact that initial examination of mimecan-
null mice did not reveal major developmental changes of the
lens. However, lack of phenotypic changes has been reported
for many other genes known to be expressed in the lens [28-
30]. A lack of major phenotypic changes may indicate either
functional redundancy with other proteins or the need to knock-
out the gene of interest in a different mouse background. We
also should note that lens morphology was not monitored care-
fully during our initial characterization of mimecan-null mice.
Focus was given mainly to the cornea, because at that time we
did not have data demonstrating mimecan expression in the
lens. Ultrastructural analysis of lenses at various ages of
mimecan-null mice also has not been performed. Future stud-
ies will be aimed at addressing roles of mimecan in lens mor-
phology.

The functions of known genes found differentially ex-
pressed in the absence of mimecan corresponded well with
our data that demonstrate a role of mimecan in collagen
fibrillogenesis, as well as with our data on transcriptional regu-
lation of mimecan that suggest a role for this protein in cellu-
lar growth, motility, and stress response [10-12,16,20].

The genes found to be differentially expressed in the lens
of mimecan-null mice can be grouped into several functional
categories, including extracellular matrix and adhesion mol-
ecules, G-protein coupled receptors, calcium-sensitive com-
ponents of the cytoskeleton, stress proteins, metabolic en-
zymes, and transcription factors (Table 3 and Table 4).

The observation that among extracellular matrix genes
found differentially expressed in the mimecan-null lenses were
chondroadherin and biglycan is very interesting because it
suggests possible novel regulatory interactions between these
SLRP family members. Furthermore, finding that
chondroadherin also is expressed in mouse lens is novel.
Chondroadherin belongs to Class IV of the SLRP gene family
and is known as a cartilage protein [31,32]. It binds to

chondrocytes, fibroblasts, and osteoblasts via integrin α(2)β(1)
receptors and thus promotes cell attachment [25].
Chondroadherin also binds to collagens type II and type VI
[33,34]. Biglycan is a well characterized member of the SLRP
gene family, shown to regulate collagen fibrillogenesis [20,21].
Biglycan also binds TGF-β and has been found in the nuclei
of neuronal cells, where it may be involved in the regulation
of cellular proliferation [26,27]. Changed expression of ma-
trix metalloproteinase-2 and tissue inhibitor of
metalloproteinases in the absence of mimecan suggests a role
of this protein in tissue remodeling.

Among genes that belong to the G-protein coupled re-
ceptor protein signaling pathway are opsin1 short-wave sen-
sitive (16.4 fold increase), opsin 1 medium-wave sensitive
(22.6 fold increase), several guanine nucleotide binding and
transducing proteins, and phosphodiesterase 6G and 6D (Table
3). G-protein coupled receptors activate phospholipase Cβ,
thereby generating the calcium-mobilizing second messenger
molecules leading to calcium release into the cytoplasm [35].
Because of the involvement of G-protein coupled receptor sig-
naling molecules in numerous physiological and pathological
conditions, they are being increasingly targeted to treat a range
of ocular problems (reviewed in [35]). How mimecan affects
the expression of these genes remains to be determined.

Several genes encoding important components of the cy-
toskeleton that play roles in cell motility and muscle contrac-
tion and that are calcium-sensitive were suppressed in the ab-
sence of mimecan, including S100 calcium binding proteins
A10 and A13, troponin C, I and T3, tropomyosin, creatine
kinase, enolase 3, calsequestrin 1, calcium transporting AT-
Pase, annexins A1, A2, and A4, calpain, prothymosin beta 4,
and recoverin (Table 4). Troponin is the thin filament regula-
tory complex that confers calcium sensitivity to striated muscle
actomyosin ATPase activity and is composed of three polypep-
tides, troponin I, troponin T, and troponin C. Troponin I is the
subunit that in the presence of tropomyosin inhibits myosin
Mg2+-ATPase activity. Troponin C is the Ca2+-sensitive com-
ponent of the complex [36]. In addition to its role in muscular
contractions, troponin I is a potent inhibitor of angiogenesis
and tumor metastasis [37]. Troponin I was found suppressed
by 11.2 fold in the absence of mimecan. Given the observa-
tion that troponin I is also expressed in cartilage where it sup-
presses blood vessel formation, its suppression in the mimecan-
null lens supports the hypothesis that mimecan may play role
in lens transparency. Creatine kinase (CK) is an abundant en-
zyme, important for maintenance of high-energy phosphate
homeostasis in many tissues. Double-knockout CK mice, miss-
ing both the muscle and sarcomeric mitochondrial isoforms
of CK, display large changes in skeletal muscle function [38].
Beta enolase is the beta subunit of the glycolytic enzyme, eno-
lase. Enzyme enolase catalyzes the interconversion of 2-phos-
phoglycerate and phosphoenolpyruvate. Muscle beta-enolase
deficiency has been considered in differential diagnosis of
metabolic myopathies due to inherited defects of distal glyco-
lysis [39]. Calcium-binding protein A11, calgizzrain, is a mem-
ber of the S100 family of proteins. They are localized in the
cytoplasm and/or nucleus of a wide range of cell types and are
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involved in the regulation of cell differentiation and motility,
tubulin polymerization, and tumor invasion [40,41]. Sarco-
plasmic reticulum Ca2+-ATPase1 (ATP2A1) is a 110-kDa mem-
brane protein that catalyzes the ATP-dependent transport of
Ca2+ from the cytosol to the lumen of the sarcoplasmic reticu-
lum [42]. Defects in the ATP2A1 gene are the cause of Brody
disease, a rare inherited disorder of skeletal muscle, resulting
in exercise-induced impairment of skeletal muscle relaxation,
stiffness, and cramps [43]. Targeted disruption of the ATP2A1
gene impairs diaphragm function and is lethal in mice [44].
Suppression of such a large group of calcium-sensitive genes
is an important observation in view of the fact that increased
lens cell calcium is known to trigger the activation of calpain,
a protease that may be responsible for the modification of
cytoskeletal proteins and crystallins in lens cataract models
(reviewed in [35]). This observation strongly suggest a poten-
tial role of mimecan in the maintenance of normal lens trans-
parency.

γA-Crystallin and hemoglobin alpha were suppressed by
2.5 and 12.5 fold, respectively. Crystallins are known to ac-
count for 80-90% of water-soluble proteins of the transparent
lens, where they contribute to the optical properties of the lens
[45,46]. Recently, several isotypes of hemoglobin have been
shown expressed in the lens [47]. Because the role of hemo-
globin in lens is largly unknown, availability of mimecan-null
mice will provide a useful model for studying the roles of this
protein as well.

The absence of mimecan also led to altered expression of
several genes involved in cellular immune responses, such as
interleukin 15, lymphocyte antigen 6a, and STAT 6. Most of
these genes are ubiquitously expressed and also have func-
tions other than immune response. The expression of genes
associated with protein synthesis, defense against oxidative
stress, and chaperone activity also was altered in mimecan-
null lenses. These include cytochrome c oxdase, glutatione S-
tranferase, glutatione peroxidase, aldehyde dehydrogenase,
metallothionein 1, and high mobility group nuclosomal pro-
tein 1 (Table 3 and Table 4). Altered expression of these genes
have been associated with different types of cataract [48].

Taken together, results from this study indicate involve-
ment of mimecan in several physiological and pathological
processes in vertebrate lens and provide new information that
may lead to development of new therapies for ocular diseases.
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Appendix 1. Raw normalized data from three independent microarray experiments

Reports from BD AtlasImageTM version 2.7 imaging software containing the raw data from three independent microarray
experiments. Data provided in each file include the accession number of the gene spotted on the microarray and its position on
the microarray (gene code, protein/gene columns), the normalized intensity value for experimental and control samples (inten-
sity 1 and 2 and adjusted intensity 1 and 2 columns), the background values for experimental and control samples (background
1 and background 2 columns), the ratio of experimental to control samples and the difference in gene expression. The normal-
ization coefficient for control samples on all arrays was 1. The normalization coefficients for the experimental samples on
Arrays 1 through 3 were 1.2, 0.73, and 0.63, respectively. The empty cells within the protein/gene rows correspond to blank
spots.

To access this data, click or select the words "Raw normalized data" in the online version of this article. This will initiate the
download of a compressed (zip) archive. This file should be uncompressed with an appropriate program (the particular program
will depend on your operating system). Once extracted, you will have a folder (or directory) containing three raw data files (one
for each microarray). The files are tab delimited text. Most spreadsheet programs will import files in this format.
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