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Purpose: To study the role of mimecan, amember of the small leucine-rich proteoglycans (SLRPs) gene family and one
of the major components of the cornea and other connective tissues, mice that lack a functional mimecan gene were
generated and characterized.

M ethods: Mimecan-deficient mice were generated by gene-targeting using standard techniques. Mice were genotyped by
Southern blot analysis. The absence of mimecan transcripts was confirmed by Northern blot analysis. Corneal clarity was
examined by dlit lamp biomicroscopy. The strength of the skin was evaluated using a biomechanical skin fragility test.
Collagen morphology in cornea and skin preparations from mimecan-null and control wild-type mice was analyzed by
transmission electron microscopy. The diameter of collagen fibrils in these tissues was determined by morphometric
analysis.

Results: Mice lacking mimecan appear to develop normally, areviable and fertile. In acontrolled laboratory environment
they do not display an evident pathological phenotype compared to wild type mice. Examination of corneal clarity and
measurements of corneal thickness show no significant changes in the cornea. However, a skin fragility test revealed a
moderate reduction in the tensile strength of skin from mutant mice. Ultrastructural analyses show, on average, thicker
collagen fibrilsin both corneal and skin preparations from mimecan-null mice. Collagen fibrilsfrom the cornea of mutant
mice show an average diameter of 31.84+0.322 nm, versus 22.40+0.296 nm in their wild type litter-mates. The most
pronounced increase in collagen fibril diameter was found in the skin of mimecan-null mice, who demonstrated an aver-
age diameter of 130.33+1.769 nm, versus 78.82+1.157 nm in the wild type mice. In addition, size variability and altered
collagen morphology was detected in dorsal and tail skin preparations from the mutant mice.

Conclusions: The results of the present study demonstrate that mimecan, similar to other members of the SLRP gene
family, hasarolein regulating collagen fibrillogenesisin vivo. Further studies, such asfunctional challenges, an evalua-
tion of potential compensation by other proteins (including members of the SLRP family), and generation of double-

knockouts will be necessary to fully uncover physiological functions of mimecan in mice.

Theextracellular matrix of connectivetissuesin the body
of vertebrates contains a class of proteoglycans (PGs) known
as small leucine-rich proteoglycans (SLRPs). These are en-
coded by separate genes and include 11 known members (re-
viewed in [1-3]). The SLRPs have core proteins ranging in
sizebetween 25 and 62 kDaand share acommon protein struc-
ture; amino- and carboxy-terminal domainsthat are cysteine-
rich and a central domain that is composed of 6 to 11 repeats
of leucine-rich regions (LRRS). In addition, core proteins of
SLRPscarry different glycosaminoglycan (GAG) side chains
and/or have N-liked sugar modifications [4]. Several mem-
bers of the SLRPs gene family have been shown to interact
with other proteins, such asfibrilar collagens, growth factors,
and growth factor receptors, and thus to influence extracellu-
lar matrix assembly, cellular growth and migration [1-3]. Di-
rect binding to fibrilar collagens, mediated by the protein core,
has been demonstrated for decorin, fibromodulin and lumican
[5-8]. The GAG chains of SLRPs are believed to function in
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the maintenance of interfibrillar spacing and normal tissue
hydration [1,4]. Inthe cornea, keratan sulfate GAGs appear to
play an important role in the acquisition and maintenance of
corneal transparency. Thisisillustrated by the absence, or al-
tered glycosylation state, of corneal keratan sulfate-contain-
ing PGs in opague corneal scars and in macular corneal dys-
trophy [9-12]. In vivo studies, using knock-out mice, where
the expression of one or two SLRPsisdeleted by genetarget-
ing, providefurther evidence that interactions between SLRPs
and collagensare crucial for the assembly of the collagen net-
work in connective tissues. For example, mice that lack
lumican develop bilateral corneal haze, display skinlaxity and
delayed corneal epithelial wound healing. Mice that lack
decorin have increased skin fragility, and mice that lack both
biglycan and fibromodulin have gait impairment, ectopic os-
sification, and osteoarthritis, i.e. phenotypes consistent with
dysfunctions of collagen networks [13-16].
Mimecan/osteoglycin, amember of the SLRPsgenefam-
ily, wasinitially isolated in atruncated form from bovine bone
and subsequently characterized as one of the three major
keratan sulfate-containing PGs in the cornea, along with
lumican and keratocan [17,18]. Encoded by asingle copy gene
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that is located on chromosome 9922 in humans, mimecan is
transcribed into at least 8 MRNAS, all of which are present in
the corneaand al of which produceanidentical proteinthatis
conserved between mice, bovine and man, an indication of its
functional importance [19-22]. A splice variant that changes
theprotein structure al so has been desribed in birds[23]. Based
oninvitro studies, mimecan may play arolein cellular growth
control, as judged by ability of growth factors and cytokines
to modulate its MRNA expression in corneal keratocytes and
vascular smooth muscle cells [24,25]. This notion is further
supported by the observation that the tumor suppressor pro-
tein p53 activates transcription of the bovine and human
mimecan genes and that mimecan is absent in the majority of
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cancer cell lines and tumors [17,26,27]. As yet, there are no
reports on how mimecan exertsits biological function.

To gaininsight of the functional role of mimecaninvivo,
we have generated mimecan-deficent mice. Here we report
that the lack of mimecan leads to increase of collagen fibril
diameter in the cornea and skin. These results demonstrate a
role for mimecan in collagen fibrillogenesis.

METHODS
Construction of the targeting vector: A 12 kb Sac | genomic
fragment containing the mouse mimecan gene was isolated
from a AFix Il (mouse 129/Sv genomic DNA library;
Stratagene, La Jolla, CA) using 2900 bp cDNA fragment asa
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Figure 1. Mimecan gene targeting strategy and generation of mimecan-null mice. A: Structure of the mouse mimecan gene with the relevant
restriction sites (top), the structure of the targeting vector (middle), and the structure of targeted gene (bottom). Thewild-typeallele (Wt) gives
12-kilobase pair (kb) DNA fragment, whereas the mutated allele gives 10.2 kb after digestion with Sac I. Exons are numbered and the
trandation initiation site (ATG) isindicated. B: Southern blot analysis of Sac | digested mouse genomic DNA isolated from wild-type (+/+),
heterozygous (+/-) and mimecan-null (-/-) mice. C: Northern blot analysis of total RNA extracted from the lung of wild-type (+/+), heterozy-
gous (+/-) or mimecan-null (-/-) mice that indicate an absence of mimecan mRNA in the mutant mice.

408



Molecular Vision 2002; 8:407-15 <http://www.molvis.org/molvis/v8/a48>

probe (Figure 1A). A pGTNN-tk backbone plasmid was used
for construction of a mouse mimecan gene targeting vector.
Theplasmid pPGTNN-tk, aderivative of pGT (genetargeting)-
N29 (New England Biolabs Inc., Beverly, MA) cloning vec-
tor, contains the neomycin gene driven by the phosphoglycer-
ate kinase (PGK) gene promoter and a herpes simplex virus
thymidine kinase cassette (HSV-tk). A 2.5 kb genomic Nhe I/
Hpa | fragment, containing the trand ation initiation sequence
of the mouse mimecan gene, was subcloned into the Avr Il
site of pGTNN-tk vector. A 4.7 kb EcoR | fragment, contain-
ing part of intron 2, the entire exon 3 and a part of intron 3 of
the mouse mimecan gene, was then cloned into the EcoR |
site of pGTNN-tk vector. Thus, inthefinal genetargeting vec-
tor, the neo-resi stance cassette interrupts the coding sequence
in exon 2 after the His residue located in position 28 of the
mouse mimecan gene (GenBank accession number D31951,
Figure 1A).

Generation of mimecan-defficient mice: The linearized
Not | targeting vector (25 ng) was used for transfection of
2x107 E14 embryonic stem cells (ES célls, derived from 129/
Olamice) as described [28]. After selection with G418 and
gancyclovir for 8, days 288 resistant and independent ES cell
clones were isolated and analyzed for homol ogous recombi-
nation by Southern blotting. To check for additional random
integration eventsthe positive cloneswere also hybridized with
an internal neomycin-specific probe. Three positive clones
wereidentified and used for microinjectioninto C57BL/6 blas-
tocysts. Male chimeric founders were mated to C57BL/6 fe-
mal es and agouti-coated offspring were analyzed for germline
transmission of the mimecan mutation by Southern blot analy-
sis. Littermates of these offsspring were used for al studies.

All experiments were performed in compliance with the
ARV O statement for use of animals in ophthalmic and vision
research. Micewere housed in theanimal carefacility of KSU
according to NIH guidelines (NIH publication No. 86-23,1985)
and IACUC approved protocols.

Southern and Northern blot analyses: Genomic DNA
was isolated from mouse tail biopsies as described [29]. A
DNA fragment spanning the 3'-region of intron 3 and 5'-re-
gion of exon 4 of the mouse mimecan gene (Figure 1A, 3'-
probe) was used as a probe for Southern blot analysisto iden-
tify correctly targeted ES cellsand to confirm the mouse geno-
type (Figure 1B). Targeted disruption of the mimecan gene
introducesan additional Sac | recognition siteand consequently
the probe detects a 12 kb Sac | fragment with the wild type
alleleand a10.2 kb Sac | fragment with the correctly targeted
mutant allele. Southern blot analysis was performed as de-
scribed [30].

Total RNA was isolated from mouse lung using guani-
dine isothiocyanate and Northern blotting was performed as
described [30]. Mimecan mRNA was detected using a 900 bp
mouse mimecan cDNA probe. The same bl ot was stripped and
re-hybridized with a pactin probe (Figure 1D). The pactin
probe was purchased from Clontech Laboratories, Inc., Palo
Alto, CA.

Histopathology and clinical pathology: Six 1-year-old
mimecan-null mice and their control litter-mates were used
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for histopathological analysis. Thefollowing tissueswerefixed
and stained with hematoxylin and eosin, and examined mi-
croscopically; adrena's, bone marrow/sternum, brain, colon,
duodenum, eye/hardarian gland, heart, ileum, jejunum, kid-
ney, knee joint, liver, lung, lymph node, ovary/uterus, pan-
creas, pituitary, preputial gland, prostate, salivary gland, sci-
atic nerve, seminal vesicle, skeletal muscle, skin, mammary
gland, spinal cord, spleen, stomach, testis, thymus, thyroid,
trachealesophagus, ear, and tail.

Blood sampleswere collected from homozygous and het-
erozygous mice, and their control litter-mates (n=6). The fol-
lowing clinical chemistry and hematological parameterswere
measured; total protein, albumin, globulin, cholesteral, trig-
lycerides, total bilirubin, creatinin, glucose, akaline phos-
phatase, alanine aminotransferase, aspratate aminotransferase,
blood urea nitrogen, hemoglobin, white and red blood cells
counts, MCV, MCH, and differential white blood cell counts.

X-Ray examination of bones was performed at the KSU
Veterinary Medical Teaching Hospital on two wild-type and
two mimecan-null mice (8 months old) anesthesized with
methofluorane.

Sit-Lamp examination of eyes. A verticd dit-lamp biomi-
croscope (Nikon, Nippon Kogaku KK ., Japan) with attached

Figure 2. X-ray examination of wild type and mimecan-null mouse
bones. X-ray examination of bones of wild type mouse (A) and
mimecan-null mouse (B) shows no major bone abnormalitiesin the
mutant mice. A full view of eye examinations for corneal clarity of
age-matched wild type mouse (C) and mimecan-null mouse (D) did
not reveal changesin cornea clarity in the mutant mouse.
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digital camera (Nikon E995) was used to examine and photo-
graph eyes of mimecan-null and wild-type mice.

Sin tension test:  Skin samples were prepared from the
dorsal skin of age-matched mimecan-null mice and their wild-
typelitter-mates. A dumbbell-shaped plastic template was used
to obtain skin samples (4 cm x 2 cm whose midpoint con-
tained a region cut to 1.0 cm width). These were kept moist
with saline. Thickness measurements were taken with a mi-
crometer.

The tension test was performed using a Warner-Bratzler
Meat Shear to generate constant torque (G-R Manufacturing,
Manhattan, KS), with force measured with a Dillon digital
basic force gauge (Dillon/Quality Plus, Inc., Kansas City, MO).
Thetensile skin strength was determined as the maximal load
at rupture (in grams) of sample in the narrow central region
(2.0 cmwidth).

Transmission electron microscopy and image analysis:
Thecorneasand small portions of skinandtail from mimecan-
null and wild type mice of the same age were fixed in 2%
paraformal dehyde, 2% glutaraldehyde, and 0.1 M PIPES (pH
7.3) for 3 h onice. The speciments were postfixed in PIPES-
buffered 1% osmium tetroxide, dehydrated in graded ethanol,
followed by graded acetone, infiltrated and embedded in Spurr
epoxy resin asdescribed [31]. Thin sectionswere stained with
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Figure 3. Skin tensile strength measurements. The force required to
break 1.0 cm width strips of skin prepared from each knock-out and
control mouse was determined as follows: Whole skin was immobi-
lized on aflat surface under uniform tension. Six cuts required to
produce 3identical, parallel stripsof skin of 1.0 cm width were made
simultaneously with a 6 bladed cutting device (designed by R.
Lundquist), with skin flattened beneath a dlotted plastic mask. From
each mouse, two strips were used. Force required to break each strip
was determined as described in methods. The means were compared
using the one way ANOVA-F-test. This test produced a p value of
0.0113323. At an o of 0.025 there is sufficient evidence to indicate
significant differences between the mean value of mimecan-null ver-
sus the mean value of wild-type mice.
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2% uranyl acetate and Reynold’s lead citrate, examined with
atransmission electron microscope (Philips CM100) and re-
gions containing cross-sections of collagen fibrils were pho-
tographed at 80 kV for image analysis. Five micrographsfrom

_/-

+/+

Figure 4. TEM of corneas. Transmission electron micrographs of
corneas from wild type (+/+) and mimecan-null mice (-/-). A and B:
Longitudinal sections of the cornea; C and D: Higher magnification
of the epithelial sublayer of the cornea; E and F: Descemet’s and
endothelial layers of the cornea. No significant differences in the
cornea and corneal layers can be noted.
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transverse sections of each corneal stroma, dorsal and tail skin
were digitized on aflatbed scanner at a resolution of 600 dpi.
Each sample was assigned a random number, the diameter of
631 to 940 collagen fibrils were measured manually and re-
sults presented in a histogram.

RESULTS
Generation of mimecan-null mice: The mimecan gene was
targeted with a vector containing 7.2 kb of DNA sequence
interrupted in the second exon with a neomycin resistance
cassette (Figure 1A). Neomycin resistance was used for posi-
tive selection, whereas the thymidine kinase cassette, cloned
3' of the targeting construct, was used as a negative selection
marker. Homol ogous recombination was detected by South-
ern blotting of Sac I-digested genomic DNA using a 3' exter-
nal probe (Figure 1A). Three independent cloneswere identi-
fied and used to produce male chimeric founders. These were
mated to C57BL/6 femalesto generatean inbred strain. Crosses
of heterozygous mice resulted in the generation of mice that
were homozygous for the mutant mimecan gene. The mice
were genotyped by Southern blotting (Figure 1B). To confirm
that mice homozygous for the targeted mutation do not ex-
press mimecan, Northern blots were probed with mouse
mimecan cDNA probe. Mimecan mRNA could not be detected
in tissues extracts of mimecan-null mice whereas under the
same hybridization conditions mimecan mRNA was clearly
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detected in tissue extracts from wild-type mice (Figure 1C).

Clinical pathology and histopathology of mimecan-null
mice: Mimecan-null mice appeared to develop normally, were
viable and grew to normal size. Clinical chemistry and hema-
tological profile, performed on three 6-month-old mice, re-
vealed no significant difference in parameters (see methods)
in samples from mimecan-deficient and wild-type mice. X-
ray examination was performed to determine whether thelack
of mimecan could cause bone abnormalities. No significant
defectsin bone structure of mimecan-null mice were detected
(Figure 2A and Figure 2B). Slit-lamp examination was per-
formed to assess potential role of mimecan in regulating cor-
neal transparency. Fifteen mimecan-null mice, between ages
of 2 monthsto 1 year and 2 months, were examined. No sig-
nificant changesin corneal clarity were detected in mimecan-
null mice that were not also seen in wild-type mice (Figure
2C and Figure 2D). Follow-up eye exams over 6-8 months
did not reveal significant changes in corneal clarity in
mimecan-null mice. Light microscopic investigations of al
tissues listed in methods also were performed. Similarly, no
major anatomical and histopathological defects in mimecan-
null mice that were not also seen in wild-type mice were de-
tected.

Since reduced tensile strength of the skin has been re-
ported in micethat lack two other SLRPs, decorin and lumican
[13,15], the tensile strength of skin samples isolated from

Figure 5. TEM of collagen fibrils from
mouse corneal stroma. Transmission elec-
tron micrographs containing cross-sections
of collagen fibrilsfrom corneal stromafrom
wild-type (A) and mutant (C) mice. Mor-
phometric analysis of corneal collagen
fibrils in wild-type (B) and in mutant (D)
mice. Fibril diameter was measured as de-
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mimecan-deficient micewas similarly measured. Skin samples
from five 1-year-old mimecan-null and their age-matched wild-
type mice were used for this study. One dorsal and two lateral
skin speciments per animal having anidentical dumbbell-shape
were obtained. The samples were gripped into a custom made
tensile testing machine and stretched to rupture with a con-
stant strain rate of 1 mm/s. Tensile strength was calculated
from maximal load at rupture (in grams) of samplein the nar-
row central region (in cm). The results from this study are
presented in Figure 3. The skin from mimecan-null mice rup-
tured at approximately 475 g, whereas the skin from wild-
type mice ruptured at approximately 741 g. These data dem-
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onstrated that mimecan-null mice exhibit moderate reduction
in the tensile strength of the skin. Significant changes in the
thickness of the skin from mutant mice were not detected.
Electron microscopy analysis of cornea from mimecan-
null mice: Transmission electron microscopy was used for
more detailed analysis of the cornea and corneal collagen ar-
chitecture. As shown in Figure 4A and Figure 4B, general or-
ganization of the cornea from mimecan-null mice appeared
similar to that of wild-type mice. Low magnification micro-
graphs obtained from five 1-year-old animals were used to
determine the thickness of corneal layers. The thickness of
epithelial, stroma and Descemet’s layer in the cornea from
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Figure 6. TEM of collagen fibrils from mouse dorsal skin. Transmission electron micrographs containing cross sections of collagen fibrils
from dorsal skin of wild type mouse (A) and mimecan-null mouse (C). Morphometric analysis of skin collagen fibrils (B and D). Notice the
significantly larger diameter of collagen fibrilsin mimecan-null mice (D).
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mutant mice was comparable to the thickness of these layers
in the wild-type mice (Figure 4, compare Figure 4C with Fig-
ure 4D and Figure 4E with Figure 4F). The structure of col-
lagen fibrilsin the corneal stromawas additionally analyzed.
As shown in Figure 5, corneal collagen fibrils morphology
appeared similar in both corneas. However, it could be noted
that in mimecan-null mice collagen fibrils appeared more
loosely packed compared to the closely packed fibrilsin wild-
type mice (Figure 5, compare Figure 5A with Figure 5C).
Collagenfibril diametersdistribution was determined for both
corneas. An increase in average fibril diameter in mimecan-
null mice; 31.84+0.322 nm, versus 22.40+0.296 nminthewild
type mice, was detected. In addition, the distribution of fibril
diameters showed a dlight shift toward larger diameters, up to
over 50 nm in mimecan-null mice (Figure 5, compare Figure
5B with Figure 5D).

Abnormal collagen fibril morphology in the skin of
mimecan-null mice: Electron microscopic anaysis of dorsal
and tail skin dermis samples clearly showed abnormalitiesin
the structure of collagen fibrils. In dorsal skin samples from
mimecan-null mice collagen fibrils were less orderly packed,
appeared thicker than in wild-type mice, and some fibrils ex-
hibited irregular shape in cross-sections (Figure 6, compare
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Figure 6A with Figure 6C). Morphometric analysis demon-
strated a significant increase in the average fibril diameter in
mutant mice; 130.33+1.769 nm, versus 78.82+1.157 nm in
the wild type mice (Figure 6, compare Figure 6B with Figure
6D). Electron micrographs from tail skin dermis showed an
even greater variability in size and shape of collagenfibrilsin
samplesfrom mutant mice when compared to thesefrom wild-
type mice (Figure 7, compare Figure 7A and Figure 7B with
Figure 7D and Figure 7E). Morphometric analysis showed that
the average collagen fibril diameter was only dightly larger
in mimecan-null mice (Figure 7F) compared to that of wild-
typemice (Figure 7C); 92.48 nm versus 80.64 nm respectively.
However, in skin samples from mutant mice, awider rangein
fibril diameter between 35 and 200 nm was noted. In contrast,
wild-type tail skin showed relatively uniform collagen fibril
diameters, ranging between 35 and 135 nm (Figure 7C and
Figure 7F).

DISCUSSION
In the present study we have generated mimecan-deficient
mice and analyzed their phenotypic changes. Inactivation of
the mimecan gene resulted in arather subtle phenotype, mice
were viable and fertile, and did not show major anatomical
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Figure 7. TEM of collagen fibrils from mouse tail skin. Transmission electron micrographs containing cross sections of collagen fibrilsfrom
tail skin of wild type mouse (A and B) and mimecan-null mouse (D and E). Morphometric analysis of tail skin fibrils (C and F). Notice that the
range of distribution islarger in mimecan-null mice (F).
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and histological defects. Considering the existence of other
members of the SLRP gene family that could compensate for
thelack of mimecan, the observed phenotype was not entirely
surprising. Furthermore, knock-outsfor other SLRP members,
such as fibromodulin, similarly show subtle phenotypic
changes [32].

Corneal development in the mimecan-null mice appeared
normal and changesin corneal clarity were not detected. Sig-
nificant changesin the thickness of corneal epithelial, stromal
and Descemet’s layers also were not detected. Ultrastructural
analysis, however, revealed that in mutant mice corneal col-
lagen fibrils were thicker and relatively loosely packed com-
pared to the wild-type mice. These results indicate arole for
mimecan in corneal collagenfibrillogenesis. It isof interest to
note that, to date, an evident corneal phenotype has been de-
scribed only in lumican-deficient mice [13]. Mice deficient
for other SLRPs have normal corneal collagen architecture.
The absence of clinically detectable changesin corneal thick-
ness and/or clarity in these mice may be explained by the re-
quirement for keratan sulfate for corneal transparency. In
decorin-null mice, for example, the overall corneal keratan
sulfate levels were not affected, since decorin carries a
choindroitin sulfate GAG chain. Chondroitin/dermatan sul-
fate GAG chains seem to play a minor role in cornedl trans-
parency, asjudged by thein vivo observationsthat the decorin-
null mice have normal corneal collagen [15]. Mimecan has
been reported to carry keratan sulfate GAG chains in bovine
and human corneas, but its core protein appears to lack this
modification in mice [18]. Thus, the results presented in this
report are in agreement with previous observations and pro-
vide additional evidence for theimportance of keratan sulfate
for corneal trangparency. They demonstrate that mimecan plays
arolein theregulation of corneal collagen fibril diameter and
interfibrillar spacing, although not amajor oneinmice. A major
role could be predicted for bovine and human species, where
mimecan, along with lumican and keratocan, are corneal
keratan sulfate-carrying PGs.

Compared to lumican- and decorin-null mice, skin fragil-
ity in our mice was relatively moderate. However, the struc-
ture of collagenfibrilsin dorsal and tail skin samplesisclearly
altered as evidenced by transmission el ectron microscopy. The
main changes appeared similar to those described in mice that
lack other SLRP members, i.e. the presence of thicker and
irregularly shaped fibrils and non-uniform interfibrillar spac-
ing, resultsthat demonstrate amajor rolefor mimecan in regu-
lating the collagen fibrollogenesisin skin.

Collagen fibrillogensis is known as a complex process,
and many factors influence fibril growth, diameter and inter-
fibrillar spacing. Theseincludethe genesfor fibrilar collagens,
enzymes processing the nascent collagens, fibril-associated
proteins, and collagen-binding proteoglycans. Mutations of
several types of collagen genes, such astype Il procollagen,
collagen a1(I) and a.2(1) have been described asleading caus-
ativefactorsof the human syndrome, designated Ehlers-Danlos
syndrome (EDS). Mutations in enzymes processing nascent
collagen fibrils also can cause EDS [33,34]. Considering the
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phenotypic changesin mice that lack SL RP genes reported so
far, together with the results presented in this study, one might
expect that mutations of collagen-binding SLRP geneswill be
detected in some patients that will fall into separate EDS
groups.
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