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Laminin o2 is subunit of laminin-2 (a281y1), which is
a major component of the muscle basement membrane.
Although the laminin o2 chain is expressed in the early
stage of dental mesenchyme development and localized
in the tooth germ basement membrane, its expression
pattern in the late stage of tooth germ development and
molecular roles are not clearly undersieod. We analyzed
the role of laminin o2 in tooth development by using
targeted mice with a disrupted lama? gene, Laminin o2
is expressed in dental mesenchymal cells, especially in
odontoblasts and during the maturation stage of amelo-
blasts, but not in the pre-secretory or secretory stages of
ameloblasts. Lama2 mutant mice have thin dentin and a
widely opened dentinal tube, as compared with wild-
type and heterozygote mice, which is similar to the phe-
notype of dentinogenesis impexfecta. During dentin for-
mation, the expression of dentin sialoprotein, a marker
of odontoblast differentiation, was found to be de-
creased in odontoblasts from mutant wmice. Further-
more, in primary cultures of dental mesenchymal cells,
dentin matrix protein, and dentin sialophosphoprotein,
mRNA expression was increased in laminin-2 coated
dishes but not in those coated with other matrices, fi-
bronectin, or type I collagen. Our results suggest that
laminin a2 is essential for odontoblast differentiation
and regulates the expression of dentin matrix proteins.

Tooth development is regulated by sequential and reciprocal
interactions between neural crest-derived mesenchymal cells
and the oral envirorument (1-8), however, the precise molecular
mechanisms mediating interactions between epithelium and
mesenchymal cells are not clear, although basement mem-
brane {BM)' components have been shown to play important
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roles in these regulatory events, In addition, the extraceltular
matrix layer, whose 1nain components arve laminin, collagen IV,
nidogen, and suifated protevglycan, and the BM layer are both
considered to be involved with cell proliferation and differenti-
ation (4, 5},

The laminin family is composed of BM proteins that have been
implicated iz diverse fimctions of epithelial and mesenchymal
cells. Each member is a heterotrimer composed of o, 8, and v
chains, and five «, three B8, and three v chains have been identi-
fied and are known fo form at least 15 heterctrimer structures.
Most laminin family members have been found to have combi-
nations of g1yl or 2v1 chains with one of the five « chains,
although laminin-5 has a vnigue chain composition, «353v2.

Laminin-2 (with «2, 81, and v1 chains), also known as mer-
osin, is a major companent of BM proteins in skeleta) muscle
and the peripheral nervous system (6}, and the absence of the
laminin «2 chain causes merosin-deficient congenital museular
dystrophy (MD-CMD) (7), which characteristically involves
skeletal muscle along with the peripheral and central nervous
systems (8). MD-CMT causes degradation, regeneration, inter-
stitial fibrosis, and adipose tissue infiltration in skeletal mus-
cle. Dystrophic (dy/dy) mice also display a severe reduction in
laminin «2 chain expression and are accepted as an animal
model of MD-CMD (6, 9-11). We generated a null mutant
lacking the laminin «2 chain using a gene-targeting technique
to examine the tolecular pathophysiclogy of MD-CMD (12).
The mice showed symptoms similar to those seen in MD-CMD
and a shorter life span than dy/dy mice (13)

Puring tooth develepinent, the mBNA of three laminin «
chains, al, o2, and o, is expressed in tooth mesenchymal cells,
whereas two other types, laminin «3 and o$ chain mRNA, are
found in epithelial cells (14, 15). Fuarthermore, laminin «5
mRNA is widely expressed in tooth epithelium, with the corre-
sponding protein distributed along the tooth basement mem-
brane during the embryenic stage and diminished at the start
of enamel matrix production (14). Laminin «3 expression is
slight in the embryonic stage and then dramatically increases
during terminal differentiation of ameloblasts, following deg-
radation of the tooth BM (14, 16}, On the other hand, laminin

congenital muscular dystrephy; DSPP, dentin sialophosphoprotein;
AMBN, ameloblastin; AMEL, amelogenin; PBS, phosphate-buffered sa-
line; RT, reverse transcription/transcriptase; G3PDH, glyceraldehydes-
3-phosphate dehydrogenase; Al, amelogenesis imperfecta; ANOVA,
analysis of variance; SEM, scanning clectron microseape; LG, Jaminin-
type G.

This paper is available or linc at http://www.jbc.org



Laminin o2 Regulates Odontoblast Differentiation

«2 mRNA is detected in mesenchymal cells in the tooth germ.
In the earlier stages, mesenchymal expression is seen around
Lhe epithelia} bud, while in laler stages (B15-18) luminin a2
mRNA expression becomes stronger in dental sac cells than in
dental papilla cels. By using immunochistostaining, laminin «2
can be detected in the tooth germ BM before E15, although
later (1815-18) staining is lost from the dental BM, fhe area
between the inner dental epithelivin and dental papilla mes-
enchyme layers, whereas it remains strong in the BM area
between the outer dental epithelinm and dental sac mesen-
chyme (14). However, the expression and molecular mecha-
nisms of laminin «2 in postnatal teoth development have not
been. clearly shown.

In the present study, we examined tooth formation and den-
tin sialoprotein (DSP) expression in laminin «2 knockout mice,
amutant strain with thin enamel and a widely opened dentinal
tube, which are caused by a reduction of dentin formation and
odontoblast differentiation. Laminin-2 enhances the expres-
sion of dentin sialophosphopretein (DSPP) and dentin matrix
protein (DMP) in primary cultured dental mesenchymal cells.
Our present Andings suggest that interactions between lami-
nin o2 and odontoblasts regulate their differentiation and are
important for dentinogenesis.

EXPERIMENTAL PROCEDURES

Scanning Eleciron Microscape (SEM) Analysis—Incisors were taken
from wild-type and laminin o2 null mice and ceated with gold and
photographed using scanning electron microscopy at 20 kV (8-3500,
Hitachi Ltd., Tokyo, Japan). To ocbserve the enamel crystals and den-
tinal tubes, the specimens were embedded in epoxy resin, cut with an
ISOMET low speed saw (Buehler, Lake Biuff, IL), and thex treated with
40% phosphoric acid for 10 s and 10% sodivm hypochlorite for 30 s, prior
to coating with gold.

Preparation of Tissue Sections—Laminin o2 null mice were gener-
ated by gene targeting and housed in a pathogen-free andmal facility.
Standard Nagasaki tniversity guidelines were followed to monitor
their health status as well as the housing and breeding practices. To
prepare the heads of 3-week-old mice, each animal was anesthetized
and then fixed by perfusion with 4% paraformaldehyde/PBS. The max-
illa was dissected oul, post-fixed overnight at 4 °C in 4% paraformal-
dehyde/PES, and decalcified with 250 mym EDTA/PBS for 2 weeks, then
dehydrated in xylene through a graded ethanol series, and embedded in
paraplastic paraffin (Oxford Laboratories). Sections were cut at 10 pm
on a microtome (RM2155, LEICA, Inc.). For detailed morphological
analyses of molars and incisoxs, sections were stained with Harris
hematoxylin and eosin ¥ (Sigma), For staining of cultured cells, cells
were fixed with 4% paraformaldehyde, 0.5% Triten X-100, PBS for 6
min and then 4% paraformaldehyde/PBS for 10 min.

Immunohistochemistry—Immunohistochemistry was performed on
the sections, which were incubated in 19 bovine serum albumin/PBS as
a blocking agent for 1 h prior to incubation with primary antibodies. We
used antibodies directed against laminin o2 (4HS-2, Alexis) (12),
ameloblastin (AMBN) {17), amelogenin (AMEL) (18, 18), and DSP (20)
¢provided by Yoshihike Yamada). The primary antibodies were detected
using fluorescein isothiocyanale or Cy-3-conjugated secondary antibod-
ies (Jacksen ImmunoResearch).

Dental Epithelial and Mesenchymal Cell Cullures--For denlal mes-
enchymal cell cultures, P3 mouse molars were dissected and treated
with 0.1% collagenase, 0.05% trypsin, 0.5 mn EDTA for 10 min, after
which the dental mesenchyme was separated from the dental epithe-
lium. Separated dental mesenchyme samples were treated with 0.1%
collagenase, 0.05% trypsin, 0.5 my EDTA for 15 min and then collected
using a pipette and placed into the wells (21). Dental mesenchymal cells
were cultured in Dulbeceo’s medified Eagle’s medinn (Invitrogen) with
10% fetal calf serum, whereas a dental epithelial cell line (HAT-7) was
cultured in Dulbecco’s modified Eagle’s medinm/F-12 with 10% fetal
¢al{ seram {22).

RNA Isolation and RT-PCR—Developing molars were dissected from
P3 mice, and RNA was isolated using TRIzol reagent, according to the
manufacturer's instructions (Invitrogen). First strand ¢cDNA was syn-
thesized at 42 °C for 90 min using oligo(dT),, primer. Real fime PCR
amplification was performed using primers for AMBN {6'-GCGTTTC-
CAAGAGCCCTGATAAC-2" and 5-AAGAAGCAGTGTCACATTTCCT-
GG-3, AMEL (5-ATTCCACCCCAGTCTCATCAG-3' and 6-CCACTT-
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CGATTCTCTCATTTTCTG-37, enamelin (5'-GTGAGCGAAAAATACTC-
CATATTCTGG-3' and 5'-GTTGAAGCGATCCCTAAGCCTGAAGCAG-
3"}, enamelysin (MMP-20) (5'-AGATGGTGGCAAGAGAA-3" and 5'-
GAGATTCCGTATGTCAAAAT-3"). DSPP (5-CTCAGAGAGAATCTG-
GGTGTACCACC-3' and 5'-CACAGTGGTACATGGAGAGCTC-3').
DMP (5"-GCTTCAGGCTCAGTCTTGCT-3' and 5"-TGTAACCCTCCAA-
CTCCAGG-3", osteonecting (5-GTCTCACTGGCTGTGTTGCGA-3" and
5. AAGACTTGCCATGTGGGTTC-37, ovsleopontin (5'-CGATGATGAT-
GACGATGGAG-3' and 5'-GAGGTCCTCATCTGTGGCAT-3'), ostencal-
¢in (6’-CCTCTTGAAAGAGTGGGCTG-3' and 5 -CCTCGGGAGACAA-
ACAACAT-3"), snd GIPDH (5'-CCATCACCATCTTCCAGGAG-3" and
5-QCATGGACTGTGGTCATGAG-3), with SYBR Green PCR Master
Mix by TagMan 7700 Sequencer Detection (Applied Biosystems). PCR
was performed for 40 eycles, 95 °C for 1 min, 58 °C for 1 min, and 72°C
for 1 min as reported previously (21).

Cell Proliferation and Cell Binding—Dental epithelial cells (HAT-7)
and dental mesenchymal eells at 1.0 X 10° were cultured in a 60-mm
diameter dish coated with or without laminin-2 {merosin, Invitrogenj,
type I collagen (Cellmatrix, NITTA GERATIN, Japan), and fibronectin
(human fibronectin, Invitrogen) for 5 days. At 1, 3, and 5 days afler
plating, cells were treated with 0.05% trypsin, (.5 mM EDTA, and their
numbers were counted under a microscope. For cell binding, dental
epithelial and mesenchymal cells were detached with 0,05% EDTA,
washed with Dulbecco's modified Eagle's medivm containing 0.1% ho-
vine serum albumin, and resuspended to & concentration of 3.5 X
10%ml. Assays were performed in 96-well round-bottomed microtiter
plates ({mmulon-2HEB, Dynex Technologies, Inc., Chantilly, VA) Wells
were coated overnight at 4 °C with Jaminin 2, type T collagen, or i-
bronectin, then diluted with PBS, and blocked with 3% bovine serum
alburmin for 1 h at 37 °C. After washing, the cells were added te a plate
and incubated for 60 min at 37 °C. Attached cells were stained for 10
min with 0.2% crystat violet (Sigma) in 20% methanol. After washing
with H,0, the cells were dissolved in 10% SDS, and absorbance at 800
nm was measured.

RESULTS

Laminin of Expression in Differentiated Odontoblusts and
Maguration of Ameloblasts—Laminin o2 is known to be ex-
pressed in dental mesenchymal cells and locatizes in the BM
area between the dental epithelium and mesenchyme layers in
the early stage of tooth germ development (14); however, its
expression in later stages, especially in the postiatal period,
has not been clearly identified. We performed immunostaining
of incisor samples from 3-week-old mice to identify the local-
ization of laminin &2, which was found expressed in the pre-
ameloblast and pre-odontoblast interfaces (Fig. 14, ), as well
as in odonicblasts, the outer side of the dental epithelium
including the papillary cell layer, capillaries, and the muoscle
BM (Fig. 14, ¢ and b). However, laminin «2 expression was not
observed in the cervical loop region or the secrelory slage of
ameloblasts (Fig. 1B, «). Later, in the early maturation (Fig.
1B, b) and late maturation (Fig. 1B, ¢} stages, laminin o2
appeared in the side of the enamel. On the other hand, laminin
a2 expression was detected I odontoblasts at all stages (Fig.
10). To confirm the expression in odontoblasts, immumo-
staining of primary cultured dental mesenchymal cells was
performed, and laminin «2-positive cells were found expressed
in DSP (Pig. 1D), which is a marker of odontoblasts, indicating
that the odontoblasts produced laminin «2.

Decreased Dentin Formation and Amelogenesis Imperfecta in
Laminin o2 Null Mice—For the targeted disruption of LAMAZ2,
a PGK-neo gene was inserted into the laminin «2 chain (12).
These mice had been back-crossed inte the BALB/c strain at
least 10 times, before the tooth phenotype was analyzed. To
examine laminin o2 eéxpression in the maesseter muscle, we
performed immunostaining of 3-week-old wild-type, heterozy-
gous, and null mutant miece, using rat anti-laminin «2 chain
monoclonal antibody 4H8-2, which recognizes the 300-kDa
portion of the protein (23). The results confirmed the absence of
the laminin o2 chain in mutant strain muscles. Laminin o2-
positive staining was observed in the muscle BM (Fig. 24, ¢
and &) in the wild-type and heterozygote mice but not in the
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Fic, 1. Laminip «2 expression in incisor ameloblasts and
odontoblasts. 4, 3-week-old mice incisor cells were immunestained
with anti-laminin «2 antibody as described under “Experimental Pro-
cedures.” ¢, laminin a2 expression was found in the pre-ameloblast and
odontoblast interface {wrrow), and it contipned in the secrefory stage
(®). B, higher magnification of incisor ameloblasts in each stage. Lami-
nin o2 expression was not observed in secretory stage ameloblasts {e).
Later, in the early maturation () and late maturation (¢) stages,
laminin a2 appeared in the side of the enamél. It was also detected in
the outer side of the dental epithelium as well as the papillary cell layer
in all stages. C, higher magnification of incisor cdenteblasts in each

stage corresponding to the ameloblast developmental stages as shown

in B, Laminin «2 expression was detected in odontoblasts at all stages
(a-c). D, primary cultured dental epithelial cells were stained with
anti-DSP ()} and laminin o2 (&) antibodies. si, stratum intermedium;
po, papillary cell layer; am, ameloblast; od, odontoblast; em. enamel
matrix; de, dentin.

mutants (Fig. 24, ¢). In the same mice used to analyze laminin
a2 expression in the masseter muscle, the color of the incisor
surface in the mutants was found to be white when compared
with the wild-type and heterozygote mice, indicating amelogen-
ests imperfecta (A} (Fig. 2B). For detailed analyses of the
incisor enamel and dentin, scanning microscopic examinations
were performed. The overall tooth length and shape of the
upper incisors were not different between the heterozygote and
mutant mice (Fig. 2C); however, the cross-secfional surface of
the incisor was decreased, as well as the ename] and dentin
thickness by ~13 and 25%, respectively, in the mutant speci-

Laminin o2 Regulates Odontoblast Differentiation

mens (Fig. 2, 2 and E). Furthermore, the surface of the super-
ficial enamel was rough as compared with that of the heterozy-
gote incisors, resulting in the white color (Fig. 3d). In contrast,
the size and structure of the enamel were not different between
the two types of mice. On the other hand, the dentinal tubes
were opened wide in the mutant mice following treatment with
phospherie acid and sodium hypochlorite, indicating immature
dentin in the surrounding area (Fig. 8e). In the SEM analysis,
enamel surface and dentin structures were not different be-
tween the wild-type and heterozygote ntice {data not shown).

Decreased. Expression of DSP in Laminin of Null Mice—-To
analyze the differentiation of ameloblasts and odontoblasts in
mutant mice, we performed hmounohistochemistry examina-
tions using antibodies to AMEL, AMBN, and DSP. The AMEL
and AMBN expression patterns during the secretory stage of
ameloblasts were not altered in mutant incisors as compared
with these from the wild-type and heterozygote mice (Fig. 44).
Furthermore, by using hematoxylin and eosin staining of den-
tin and odontoblasts, the width of the predentin and shape of
odontoblasts in laminin o2 null mice were shown not o be
different from those of the wild-type and heterozygote mice.
However, DSP expression in odontoblasts was dramatically
reduced in the mutant mice teeth (Fig. 48). In addition, DMP,
DSPP, and ostecpontin mRNA expressions in dissected incisors
were also decreased in two of the mutant mice (Fig. 5), whereas
DMP, DSPP, and esteopontin mRNA were highly expressed in
those from the wild type. DMP mRNA expression in two muo-
tant strains was dramatically decreased by ~60%, whereas
DSP and osteopontin mRNA were decreased by ~70% (Fig. 5).
These results suggest that the differentiation of odontoblasts in
the mutant mice was inhibited by the absence of the laminin o2
chain.

Laminin-2 Inhibits the Expression of Enamel Matriz and
Enhances Dentin Mutrix Proteins—BM components in amelo-
blasts, including laminin and collagen IV, are known to disap-
pear in the secretory stage and reappear i the maturation
slage (14, 24, 25). In the present study, laminin o2 showed an
expression pattern simifar to other BM proteins (Fig. 1). To
analyze the effect of laminin-2 on ameloblasts, a rat dental
epithelial cell line (FIAT-7) was cultured in several extracellu-
lar matrix-coated dishes for 3 days, after which marker gene
expression was analyzed by RT-PCR. In HAT-7 cells, AMEL
expression was inhibited by laminin 2, fibronectin, and type I
collagen (Fig. 64). Furthermore, enamelin and MMP-20 (enam-
elysin) expression was also decreased in those matrix cultures
(Fig. 64), whereas AMBN expression in HAT-7 was not de-
tected under any of the tested conditions (data not shown).
These results suggest that laminin-2 inhibits ameloblast dif-
forentiation in the scerctory stage. Laminin o2 is known to be
expressed in dental mesencliymnal cells in the early stage and
then transiently disappears in mesenchymal cells facing the
inner dental epithelium. in the present study, this expression
reappeared and continued during dentin formation. To identify
the role of Iaminin «2 with odontoblast differentiation, dental
mesenchymal cells from P3 molar tooth germ samples were
cultured in laminin-2, fibronectin, and type I collagen-coated
dishes, and ~15% of the cells were found to be DSP-positive by
immunostaining {data not shown). Furthermore, the expres-
sion of DSPP and DMP was increased 3—4-fold in the laminin-
2-coated dish, whereas there were no changes in those coated
with fibroneetin or type I collagen (Fig. 68).

No Effect by Laminin-2 on Proliferation und Cell Binding of
Dental Mesenchymal Celis—In general, the extracellular ma-
trix is important for proliferation and differentiation of dental
epithelium and mesenchymal cells. However, long term cul-
tures of dental epithelial cells was shown to lead to an enhance-
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A

F16.2. Tooth abnormalities in
3-weoek-old lamaZ—/— mice. 4, immu-
nostaining with laminin o2 in masseter
muscle tissues from wild-type (a), het-
erozygote (0), and mutant (¢} mice, B, the
color of the mutant incisor. surfaces was
white (¢) as compared with the wild-type
(a) and heterozygote (b) mice. C, overall
tooth shape was not different between the
heterozygotes (@)} and mutants () in the
SEM analysis. D, dentin thickness in
the incisor cross-seclional surface area
was decreased in the mutant (5) as com-
pared with the heterozygole (a) mice in
the SEM analysis. E, dentin thickness in
the wild-type a2nd heterozygote mice was
not different, bat dentin width in the mu-
tants was decreased ~25%. Statistical
analysis was performed using ANOVA
(** p < 0.05)

i i e - Tl rakd, T

FiG. 3. Rough surface of superficial enamel and widely opened
dentinal tubes in lama2~/— mice. SEM analysis of the incisor spec-
imens from heterozygote (¢. ¢, and d) and mutant (b, d, and ¢) mice was
performed as described under “Experimental Procedures.” Iligher mag-
nified images of superficial enamel {¢ and d} and dentinal tubes (d and
¢}in the boxed region of « and b are also shown. The superficial enamel
of the mutant incisors was rough (d) as compared with that from the
heterozygotes {c). The dentinal tubes were opened wide in the mutant
specimens (e) following treatment with phosphoric acid and sodimn
hypochlorite.

ment of cell proliferation and decrease of the enamel matrix
protein amelogenin in collagen-coated dishes (26). To deter-
mine whether the decrease of amelogenin and increase of DMP
and DSPP mRNA in laminin-2-coated dishes was dependent on
eell proliferation, we analyzed the effect of matrices on cell
proliferation (Fig. 7). Cells were cultared with each matrix, and
their mumbers were counted after 5 days. HAT-7 proliferation
in the type T collagen dish was increased (Fig. TA), but not in
the laminin-2 or fibronectin dishes, with similar results ob-
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served in the primary cultured dental mesenchymal cells (Fig.
78). Type I collagen voating is known to have a greater effect on
the expression of enamel matrix proteins than laminin-2 and
fibronectin. Qur results suggest that the decrease of enamel
matrix expression in the type | collagen-coated dish may have
been caused by an increase of cell proliferation. However, the
decrease of amelogenin seen in dental epithelial cells and the
increase of DMP and DSPP mRNA seen in dental mesenchymal
cells enlbured with laminin-2 may not have been dependent on
cell proliferation.

Laminin is assoclated with several extracellular matrix and
cell receptors that are important for cell binding. We hypothe-
sized that laminin-2 direcily binds to dental epithelisl and
mesenchymal cells and regulates the gene expression of dentin
and enamel matrices. To analyze the cell binding activity of
laminin-2, cells were incubated in laminin-2-coated microtiter
plates as described under the “Experimental Procedures” (Fig.
8). We found that dental epithelial cell binding to laminin-2
was significantly weaker than that to fibronectin and type 1
collagen (Fig. 84), whereas dental mesenchymal cells showed
little or no binding to the laminin-2-coated plate (Fig. 8B).

DISCUSSION

This is the first known analysis of lawinin o2 expression in
differentiated ameloblasts and odontoblasts during edontogen-
esis and tooth development in mutant mice. Laminin «2 chain
mRNA and protein are expressed in several organs besides
striated mmuscles, inchading the central nervous system (6),
thyroid gland, thymus, kidney, testis, skin, and digestive tract.
In addition, laminin «? is also expressed in the tooth germ
during amelogenesis and dentinogenesis in a stage-specific
manner {14). In the present study, laminin «2 chain mRNA
was found intensely expressed in dental sac cells. Furthermore,
results from imunostaining for laminin «2 expression were int
conformity with the detected mRNA patterns, indicating a role
for the laminin o2 chain in the production of BM proteins by
dental mesenchymal cells. Salmivirta et al. (14) reported that
no laminin & chains (a1, 2, and od) expressed by mesenchy-
mal cells were found in secretory odontoblasts. However, they
analyzed molars from embryonic stage and postnatal day 1
mice, during which odontoblasts are partially differentiated.
TFor this reason, we used incisors from 3-week-old mice to
investigate the expression of laminin ¢2 chain in fully differ-
entiated ameloblasts and odontoblasts. The BM of the cervical
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A amcloblastin amelogenin B

FIG. 4. Decreased oxpression of
DSP in lamaZ—/— mice. A, immuno-
staining with anti-ameloblastin (g, ¢, and
e} and amelogenin (O, d, and /) antibodies
in secretory stage ameloblasts from wild-
type (@ and &), heterozygoate (¢ and ), and
mutant {¢ and /1 mice. Ameloblastin and
amelogenin expressions were not differ-
ent. B, hematoxylin and eosin staining (g,
¢, and ¢} and immunestaining with anti-
DSP antibody ¢, d, and /) in differenti-
ated ofontoblasts from wild-type (¢ and
b), heterozygote (¢ and @), and mutant (e
and f} mice. The width of the predentin
and shape of the odonteblasts in the mu-
tants (e) were not diffexent from the wild-
type (@} or heterozygote mice (). DSP ex-
pression was dramatically decreased in
mutant odontoblasts (f). em, ameloblast;
od, odontoblast; de, dentin; pde, preden-
tin: dp, dental pulp.
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Fic. 5. Decreased expression of DMP, DSPP, and osteopontin
mBNA in lamaZ2-/— mice. Incisors were dissected trom the maxillas
of wild type (i) and two mutant (K1 and K2) strains of 3-week-old
mice, and then mRNA was isolated and amplified using guantitative
RT-PCR, real time PCR, methods with specific primer sets as described
under “Experimental Procedures,” The expressions of DMP, DSFP, and
osteopontin mRNA were decreased in both mutant strains. G3PDH
mRBRNA was used as the control. GIPDH expression was not different
between each sample (data not shown). mRNA expression in the mu-
tant samples was compared with that in the wild type. Statistical
analysis was performed using ANOVA (%, p < 0.01).

loop in the incisor did not express the laminin 2 chain, indi-
cating that there is no expression in inner dental epithelium or
dental mesenchymal cells in molars. In contrast, expression
was observed in the interface between pre-ameloblasts and
odontoblasts, whereas laminin «2 transiently disappeared dur-
ing odontoeblast differentiation.

Because dy*®/dy*™ mice have no laminin &2 chain, they are
excellently suited for analysis of the biological functions of the
laminin «2 chain in various organs (12). In the present study,
we analyzed laminin o2 nul mitant mice in order to identify
the role of laminin «2 in the tooth development. These mice
showed irregular enamel surface structures and a decrease of
dentin formation, whereas ameloblasts expressed the laminin
a2 chain in the maturation stage but not in the secretory stage
(Fig. 1). Furthermore, enamel abnormalities were only ob-
served in superficial enamel, because of the restriction of lami-
nin o2 chain expression, resulting fn white colored incisors.
However, the strncture and size of the enamel crystals were not
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P16, 6. Laminin-2 inhibits the expression of enamel matrix and
onhanhces dentin matrix proteins. A dental epithelial cell line
(HAT-7) (4} and primary dental mesenchiymal cells (B} were cultured in
dishes coated with or without laminin-2, fibroneetin, or type I collagen
for 2 days. mRNA was isolated and amplified using a quantifative
RI-PCR method with specific primer sets as described under “Ixperi-
mental Procedures.” AMEL and enamelin (ENAM} expression were
decreased in dentol epitheliaf cells in Jaminin-2, fibronectin, and type 1
collagen-coated dishes. DMP and DSFP expression were inereased in
dental mesenchymal cells cultured in laminin-2-coated dishes, GSPDH
mENA was used as the control. GBPDH expression was not different
between each sample {(data not shown). These experiments were re-
peated at least three times with similar results, mRNA expressions in
ench matrix in HAT-7 and in primary cultured denial mesenchymal
cells were compared with non-coated dishes. Statistical analysis was
performed using ANOVA (¥, p < 0.01).

different between heterozygote and mutant mice, because there
was no laminin o2 expression in secretory stage ameloblasts.
Amelogenin and ameloblastin, tooth-specific extracellular
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hanced cell proliferation by both types of cells. These experiments were
repeated at least three times with simitar results, Celi proliferation in
each mairix in HAT-7 and in primary cultured dental mesenchymal
cells was compered with non-coated dishes. Statistical analysis was
performed using ANOVA (%, p < 0.01).
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FiG. 6. Binding of HAT-7 and primery dental mesenchymal
cells to laminin-2, fibronectin, and type I collagen, A dental epi-
thelial cell line (HA'T-7) (A} and primary dental mesenchymal cells (B}
were cultured and plated on microtiter plates coated with laminin-2,
fibronectin, or type I collagen. 4, cell binding activity was ansalyzed as
deseribed under “Experimental Procedores.” HAT-7 cells bound to lami-
nin-2, although the binding activity was lower than to fibronectin and
type I collagen. B, dental mesenchymal celis showed little or no binding
to Jaminin-2-coated plates.

matrix proteins, are specifically expressed in secretory amelo-
blasts (17, 27--30). In patients, numerous mutations have been
found in amelegenin coding sequences, with the most common
genetic disorder, Al, affecting enamel (81-33). In another
study, targeted disruption of the amelogenin gene locus in mice
caused a hypoplastic enamel phenctype similar to Al, confirm-
ing the important role of amelogenin in enamel formation (34).
Ameloblastin is also theught to have a relationship with the
autosomal dominant type of AI (35). In the present laminin «2
null mutants, the expression of these enamel matrix proteins
was not changed, indicating that ameloblast differentiation in
the secretory stage was undisturbed, because there was no
expression of laminin o2 found. Furthermore, other BM com-
ponents, including collagen IV and, notably, BM proteins, were
not expressed in secretory stage ameloblasts and reappeared in
the maturation stage, indicating that ameloblasts may adhere
to enamel surfaces via an extracellular matrix. In fact, lami-
nin-2 was shown to have cell binding activity identical fo a
dental epithelial cell line, HAT-7, and did not affect cell prolif-
eration in either HAT-7 cells or primary cultured dental mes-
enchymal cells.

In odontoblasts, laminin «2 expression continued during
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dentinogenesis. A decrease in dentin width and the occurrence
of elearly opened dentinal tubes were phenotypic changes more
severe than those seen in the enamel, as biomineralization of
the dentin extracellular matrix requires complex interactions
among several collagenous and non-collagenous molecules.
Surprisingly, the expressions of Dspp mRNA and DSP protein
were decreased in laminin «2 mutant odonteblasts, as Dspp
was primarily found expressed by odontoblasts and pre-amelo-
blasts. Dspp mRNA is translated into a single proteit, Dspp,
and cleaved into two peptides, dentin DSP and dentin phos-
phoprotein (DPP), which become localized within the dentin
matrix (36—40). Furthermore, the expression pattern of Ispp
in odentoblasts is similar to that of laminin «2. Recently, mu-
tations in this gene were identified in human dentinogenesis
imperfecta IT (Online Mendelian Inheritance in Man accession
number 125490) and dentin dysplasia II (Online Mendelian
Inheritance in Man accession number 125420) syndromes (41,
42). Dspp-nul] mice were also generated and found to develop
tooth defects similar to buman dentinogenesis imperfecta IIT
with enlarged pulp chambers, an increased predentin zone
width, hypemineralization, and pulp exposure {43), Interest-
ingly, the levels of biglycan and decorin, small leucine-rich
proteoglycans, were increased in the widened predentin zone
and in void spaces among the calcospherites in the dentin of
those null mice. Decorin also functions as an inhibitor of min-
eralization during primary ossification of mouse embryo bones
(44), whereas biglycan facilitates the initiation of apatite for-
mation and inhibits the growth of apatite (45). These results
suggest that Dspp is essential for dentin mineralization, in-
cluding the potential regulation of proteoglycan levels, and is
involved in the results of the present study, as the expression of
DSP and DMP was decreased in the incisors of laminin «2 null
mice, indicating an inhibition of odontoblast differentiation.
Similar results were observed in primary cultured dental mes-
enchymal cells.

It was recently reported that a lack of the laminin ¢2 chain
resulls in apoplosis of myogenic cells in vitre, as Lhis chain
appears to promote myotube stability by preventing cell death
(46). Similar results were observed in the muscle tissue cells of
the present laminin «2 mutant mice, as there was a markedly
high number of apoptotic nuelei that were terminal dUTP
nick-end labeling-positive, as compared with wild-type litter-
mates {12). However, in the tooth germ speciinens, apoptosis
was not observed in ameloblasts or odontoblasts {(data not
shown), and no changes in the numbers or morphology of these
cells were detected. These results suggest that a reduction of
dentin formation does not depend on apoptosis of dental epi-
thelivm and mesenchymal cells,

Laminin o2 did net cnhanee proliferation and causcd no ccll
binding activity in the primary culiured dental mesenchymal
cells: however, it did regulate the expression of dentin matrix.
In contrast, type 1 collagen and fibronectin showed cell binding
activity and enhanced the proliferation of dental mesenchymal
cells. Matrix expression in primary cultured tooth germ cells
was affected by cell proliferation and cell binding (26). In fact,
type 1 collagen enhanced proliferation of both dental epithelial
and mesenchymal cells and showed cell binding activily, as
well as in a previous report (26). These results suggest that
laminin-2 has a different function with dental mesenchymal
cells, especially in contrast to odentoblasts. In addition, lami-
nin-2 coating enhanced the expression of Dsp and Dip, and
this effect was specific to laminin-2 and corresponded to the
expression of these genes i laminin «2 null mutant mice.

We also considered what kind of melecules had an interac-
tion with laminin «2 and regulated the expression of dentin
matrix proteins during dentin formation. Laminin interacts
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with several types of extracellular matrix and cell receptors.
Tor example, laminin 5 (e8£8+2) differentially regulates the
anchorage and motility of epithelial cells through inlegrin agf;
and ey, respectively (47). Furthermore, targeted disruption
of the LAMA3 gene, which encodes the o3 subunit of laminin-5,
cansed an abnormality similar to human junctional epidermol-
ysis bullosa and disturbed ameloblast differentiation (16).
These results suggest that laminin is important for tooth for-
mation. The laminin-type G (LG) domain modules consist of
~190 residues at the C-terminal of the laminin «l to «f chains
(4); however, the function of the G domain of the laminin «2
chain, whieh is shared by laminin-2 and -4, has not been
extensively studied. It has also been demonstrated that the
absence of »2 chains in two mutant mouse strains caused
severe muscular dystrophy, presumably because of a strong
muscular matrix interaction (11, 12). Other indications for the
potential functions of 2LG modules have come from previous
studies of laminin-2 and -4, which demonstrated cell adhesion
through B, integrin and heparin binding (48), and a distinct
interaction with e-dystroglycan (49, 50). Moregver, the 3, in-
tegrin is expressed in dental mesenchymal cells and differen-
tiated odonteblasts and may inferact with laminin o2 during
dentin formation. In addition, the heparan sulfate proteoglycan
perlecan also binds to the LG module of laminin &2 (51), is
expressed in dental mesenchymal cells, and localized in the BM
of the tooth germ (data not shown). Our preliminary experi-
ment showed that cell binding of dental epithelium to luni-
nin-2 was inhibited by the addition of EDTA and RGD peptide.
Furthermore, the enhancement of DMP and DSPP mRNA ex-
pression in dental mesenchymal cells by laminin-2 was inhib-
ited by the addition of heparin. These results suggest that
laminin-2 interacts with integrins in dental epithelial cells and
heparan sulfate proteoglycan in dental mesenchymal ceils, and
regulates the cell binding involved with dental epithelinm
and dentin matrix expression. These molecules may be candi-
dates for the partner of laminin «2 in the tooth germ and are
now under investigation in our laboratory using inhibitory
antibodies to integrins and recombinant proteins for perlecan,

The present results indicate that absence of the laminin o2
chain and altered regulation of dentin matrix proteins may be
causative factors that confribute to mineralization defects in
tooth developments disorders.
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Atherosclerosis in perlecan heterozygous mice
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Abstract The hypothesis that lipoprotein association with
periecan is atherogenic was tested by studying atherosclero-
sis in mice that had a heterozygous deletion of perlecan, the
primary extracelular heparan sulfate proteoglycan in arter-
ics. We first studied the expression of perlecan in mouse le-
sions and noted that this proteoglycan in aorta was found in
the subendothelial matrix. Perlecan was also a major com-
ponent of the lesional extraceliular matrix. Mice with 2 het-
crozygous deletion had a reduction in arterial wall perlecan
cxpression. Atherosclerosis in these mice was studied after
crossing the defect into the apolipeprotein E (apoE) and
LDL receptor knockout backgrounds. At 12 weeks, chow-
fed apoE null mice with a heterozygous deletion had less
atherosclerosis. However, at 24 weeks and in the LDL recep-
tor heterozygous background, the presence of a perlecan
knockout allele did not significantly alter lesion size.Hli
Thus, it appears that loss of perlecan leads to less athero-
sclerosis in early lesions. Although this might be attributable
to a decrease in lipoprotein retention, it should be noted
that perdecan might mediate multiple other processes that
could, in sum, accelerate atherosclerosis.—Vikramadithyan,
R. K, Y. Eako, G. Chen, Y. Hu, E, Arikawa-Hirasawa, Y. Ya-
mada, and 1. ]. Goldberg. Atherosclerosis in perlecan het-
crozygous mice. J. Lipid Res. 2004, 45: 1806-1812.

Supplementary key words heparan + low density lipoprotein receptor *
apolipoprotein L » proteoglycans « lipoproteins

Much of atherosclerosis research in the 20th century fo-
cused on the cholesterol hypothesis. The evidence that
plasma cholesteral-containing lipoproteins cause athero-
sclerosis is indisputable, However, as was nicely summa-
rized nearly 50 years ago (1), how these lipid-containing
particles accumulate within the artery and then produce
inflammatory reactions is still unclear. A refinement to
the “infiltrative theory” has been an attempt to define the
biochemical interactions that lead to this process. Because
the lipoproteins are initially found in the extracellular
space, they are thought to bind to protein or carbohy-
drate components of the extracellular matrix. Among the
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molecules that have been most studied in this respect are
proteoglycans {2).

Within the artery are a number of classes of proteo-
glycans, complex proteins that contain highly negatively
charged carbohydrates. There are several observations
that support the proteoglycan-lipoprotein association hy-
pothesis. I) Dermatan/chondroitin sulfate proteoglycans
are found in greater amounts in lesions (3, 4), and some
classes of these proteins are found in regions that also
contain apelipoprotein B (apoB} (5), the major protein
component of LDL and remnpant lipoproteins. 2) Com-
plexes of proteoglycans and LDL have been isolated from
arteries (6). 3) Prolonged incubations of protecglycans
and LDL will, in vitre, produce aggregates (7).

Of all the proteoglycans, the most heavily charged and
most avid LDL binding are the heparan sulfate proteogly-
cans {8). Heparin, a highly charged carboliydrate of this
class, has been studied because it interacts with apoB-con-
taining lipoproteins (9, 10). This reaction, however, is
most evident in low ionic strength solutions; in several re-
ports, the proteoglycan-LDL complexes are dissociated by
physiologic saline (9). Morcover, increasing LDL charge
{e.g., via oxidation) decreases the proteoglycanfipopro-
tein interaction (11). ‘

One way to study the role of proteoglycans in athero-
sclerosis 1s to vse genetically roanipulated mice that have
an alteration in proteoglycan production. Perlecan is a
450 kDa core protein containing three heparan sulfate
chains of 70 kDa attached in domain [ and an additional
chain associated with domain V. Perlecan is the major
heparan sulfate proteoglycan in the subendothelial ma-
trix {12). This protein has a variety of actions and. is essen-
tial for normal bone formation and neurclogical develop-.
ment; 2 homozygous deletion of perlecan in mice is lethal
as a result of bone and neurological malformations (13},
Within the vasculature, perlecan helps to stabilize the en-
dothelial barrier and decrease the proliferation of smooth
muscle cells (14); these are potentially antiatherogenic
actions of perlecan. We first studied perlecan expression
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in normal and atherosclerotic mouse arteries and then
tested whether a partial loss of perlecan alters atheroscle-
rosts in the mouse, ‘

METHODS

Mouse housing and diets

Mice were maintained in a emperaturecontrolled {(25°C) fa-
cility with a 12 h light/dark cycle and given free access to food
and water, except when fasting blood specimens were obtained.
Mice were fed either laboratory rodent chow (PMI Nurrition In-
ternational, Inc.} or a Paigen diet (C13002; Research Diets,
Inc.). Reodent chow contained 4.5% (w/w) fat; the Paigen dict
coneined 15% (w/w) fat, 1.25% {w/w) cholesterol, and 0.5%
cholic acid.

Genetically altered mice

Heterozygous periecan-deficient mice (13) were backcrossed
to C57BL/6 mice for seven generations. These animals were
crossed onto apolipoprotein E null (apoE0) mice or LDL recep-
tor knockout mice in the same background that were purchased
from Jackson Laboratory (Bar Harbor, ME).

Immunchistochemical staining for aortic perlecan

Aortas from male apoES mice fed a chow diet at different time
points were embedded in OCT and snap frozen on dry ice. Ten
micrometer frozen sections were fixed in cold acetone, and en-
dogenous peroxidase was quenched with 3% H.Op/methanof.
The sections were then stained with 1:100 rat monoclonal anti-
body against perlecan (Neo Marks, Inc.) at 37°Cfor 1 h, then at
4°C overnight. The amtibody was detected with the standard
Avidin Biotin Complex method (Vector Laboratories, Inc.) and
Aamino-S-ethyl carbazole (Zymed Laboratories) as the substrate.
Positive staining is shown as red deposits. For a negative control,
slides were incubated with nonimmune rat IgG {Sigma) in place
of the first antibody.

Quantitative real-time PCR for the aortic perlecan gene

Total RNA was isolated from aortas of heterozygous LDL re-
ceptor-deficient mice and heterozygous perlecan mice in the het-
erozygous LDL receptor-deficient background using the RNeasy
mini kit (Qiagen}. The mRNA levels for perlecan were deter-
mined by SYBR green (Applied Biosystems) real-time PCR us-
ing 10-100 ng of total RNA. Primer sequences were selected
from domain I, the potential heparan sulfate acachment do-
main {PubMed sequence NM008305; 201-408), The primer se-
quences are as follows: Pri-RT (forward), 5 TACGCGGTCCAT-
TGAG-S"; Prl-RI" (reverse), 5~AGATCCGTCCGCATIC3", The
reaktime PCR standard curve was constructed by using serial di-
lutions of mouse total RNA isolated from aortas, Data were nor-
malized to mouse B-actin.

Blood sampling

Fasting blood samples were obtained from rice after removal
of food for 6 h in the morning. The animals were anesthetized
with methoxyfurane and bled by retro-orbital phlebotomy inte
tubes containing anticoagulant {5 mM EDTA) using heparinized
capillary tubes. Cholesterol and triglyceride were measured us-

ing kits from Sigma. Lipoproteins—VLDL (d < 1.006 g/ml), in-.

termediate density lipoprotein/LDL {d = 1.006-1.063 g/ml},
and HDL (4 = 1.063-1.21 g/ml)—were separated by sequential
density ultracentrifugation of plasma in a2 TLA 100 rotor (Beck-
man Instruments) (15).

Quantitative atherosclerosis analysis

Mice were killed and atherosclerosis assays were performed on
the aortic roots as described previously (15, 16). Hearts were per-
fused with PBS, fixed in 10% phosphate-buffered formalin, em-
bedded in OCT compound, and sectioned with a cryostat at 10
pm thickness. Slides containing the aortic tissue were stained
with Oil Red O and hematoxylin and counterstained with light
green. Lesions of the proxinmal aorta were measured in 80 pm in-
tervals. The mean lesion area of six sections was calculated and
shown as lesion area (pm?). The atherosclerotic lesions were as-
sessed by en face assays (17).

Statistical analysis
Comparisons between two genotypes were performed using a
wo-tailed Student’s Htest.

RESULTS

Perlecan expression in blood vessels

The expression of perlecan within the aorta of apoE
mice fed a chow diet differed markedly as a function of

Fig. 1. Perlecan expression in lesions of atherosclerosis varies
with lesion severity. A: In normal aorta, perlecan was distributed in
the subendothelial regions. B,C: Perlecan expression increased
markedly in advanced lesions, in the fibrous cap as well as in the
plaque core.
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Fig. 2. Perlecan expression in aortas by quantitative real-time
PCR. Acrtas from heterozygous LDL receptor (LDLr)-deficient
mice and heterozygous perlecan (Prl) mice in the heterozygous
LDL receptor-deficient background were used for real-time PCR.
Aoytas from three mice from each group were pooled for RNA per
set. The data shown are averages of two sets. Values are expressed as
mean *+ SEM.

disease within the vessel. In normal, nondiseased aortas,
perlecan staining was primarily localized to the subendo-
theltal regions (Fig. 1A). In more advanced lesions, ad-
ditional staining was found within the fibrous cap that
would be expected to have proliferated smooth muscle
cells (Fig. 1B). Most remarkably, in advanced lesions with
lipid-filled cores, intense stining was within the lipid core
(Fig- 1C). Thus, perlecan is a major matrix protein within
the lesions.

Quantitative real-time PCR. for the aortic perlecan gene

To determine whether heterozygous periecan knockout
mice have an alteration of perlecan expression, the aortic
content of perlecan mRNA was compared with that of
conirol mice. A shown in Fig. 2, deletion of one allele re-
duced perlecan expression.

Lipids in perlecan heterozygous knockout mice

Because lipoprotein uptake by the liver is thought to be
mediated, in part, by “capture” by proteoglycans, we as-
sessed whether the loss of perlecan would alter plasma
lipoproteins. Table I shows plasma and lipoprotein lipids

of wild-type and perlecan heterozygous mice eating chow
and a Paigen diet. Both strains of mice had identical levels
of plasma cholesterol and wiglyceride, YLDL, LDL, and
HDL. This was confirmed by FPLC analysis (data not
shown). When these mice were placed on a Paigen diet,
both the controls and periecan heterozygous mice had a
similar increase in plasma apoB-containing lipoproteins.
However, loss of perlecan did not affect lipids.

Lipoprotein uptake via receptors might have obscured
any uptake as a result of liver or peripheral tissue hepa-
ran sulfate proteoglycan-mediated processes. Therefore,
we next examined lipids and lipoproteins in apoF0 and
apoEQ/perlecan heterozygous mice. As expected, com-
pared with wild-type mice, apol deficiency led to marked
increases of cholesterol and triglyceride at 12 weeks of age
(Table 2). However, periecan deficiency did not signifi-
cantly alter plasima cholesterol, which was 420 + 105 mg/
dl for apoEQ mice and 359 * 114 mg/dl for apoE0/ perle-
can heterozygous mice. A second group of mice was main-
tained on this diet for 24 weeks {Table 2). Again, the
lipids and lipoproteins were not different. Therefore, per-
lecan deficiency did not alter either plasma or lipoprotein
lipids in the apoEO background.

Perlecan-deficient mice were then crossed with LDL re-
ceptor knockouts. Because our primary objective was to
study atherosclerosis, we created a colony of heterozygous
LDL receptor knockouts and fed them the Paigen diet as
reported by van Haperen et al. (18). Male LDL receptor
heterozygous (LDL*/~) and perlecan-deficient LDL*/~
mice were hegun on a Paigen diet at 4 weeks of age and
maintained on this diet for 16 weeks. Plasma cholesterol
in these mice averaged 579 * 33 and 595 % 32 mg/dl
in LDL*/~ and perlecan-deficlent/LDL receptor-deficient
mice, respectively {(Table 3).

Atherosclerosis in control and perlecan heterozygous
apoEQ mice '

In the chow-fed apoE knockout mice, both early lesions
(12 weeks) and later lesions (24 weeks) were studied. In
12 week old male mice, perlecan deficiency led to a dra-
matic and significant reduction in lesion size, which aver-
aged 23,96) pm? in controls and 7,796 pm® in perlecan
heterozygous animals (P = 0.02) (Table 4). Lesion sizes
for individual animals are shown in Fig. 34, graphed on a
semi-log scale. Lack of perlecan led to a >70% reduction

TABLE 1. Lipid profiles of wild-type and heterozygous perlecan-deficient mice fed chow and Paigen diets

Cholesterol ‘Iriglyceride
Genotype Diet Age n Plasma VLDL LDL HDL Plasma VLDL
tweeks mg/dl mg/dl
Wild-ype Chow 15 5 3 x12 21+ 13 23+ 4 55 = 10 50 = 14 17+8
Priv/- Chow 15 5 95 + 20 17+ 4 27+ 10 63+ 24 52+ 19 135
Wild-type Paigen 19 4 236 = 36 123+ 23 68 * 6 488 48+ 2 25+ 2
Pri+/- Paigen 19 5 248 + 36 151 = 34 59 + 4 487 50 = 10 25+ 5
Wiid-type Paigen 40 4 198 = 27 114 = 27 334 41 = 13 44 2 9 "
Prlt/- Paigen 40 5 199 + 2 112 = 15 34+3 45+ 9 49 + 6 31x6

Blood samples were obtained at 15 weeks of age for the chow dietfed state and at 19 weeks and 10 months of
age for the Paigen dietfed state. Prl+ / — denotes mice that have a heterozygous deletion of the perlecan gene.
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TABLE 2. Lipid profiles of heterozygous perlecan-deficient mice in the apoEQ background

Cholesteral Triglyceride
Genotype - Gender n Plasma VLDL LDL HDL Plasma VLDL
mg/dl mg/dl
12 weeks of age
apoE0 Male 1% 420106 311x1156 82223 25+7 12036 88 27
apeEQ/Pr1*/~  Male 13 386+ 114 257118 T1x19 9237  115x20 8% = 16
apoE0 Female 18 878 = 101 2064 =62 76+20 M5 812 3829
apoEQ/PrI*/~  Female 13 392 + 87 288 + 55 8420 145 67 * 14 44 = 16
24 weeks of age
apoEQ Male 10 487160 4041656 792 197 127=x30 106 = 27 .
apoEQ/Pilt/~  Male 19 418162 320168 6521 157 116 x52 92 £ 49
apoE0 Female 10 401 x 100 302 = 96 3% 19 §x6 19 + 12 20 x 11
apok0/Prl*/— Female 17 405 * 95 308 = 82 65+ 2 64 50+ 12 32x 10

Lipoprotein profiles were assessed by ultracentrifugation. apoE0, apolipoprotein E knockout mice; apeE0/
Pil*/~, heterozygous perlecanleficient mice in the apok knockout background.

in lesion size. This amount of atherosclerosis was too small
to allow for en face quantification. Lesion size in female
mice is also shown in Table 4 and Fig. 3A. Although a
trend toward reduced lesions was noted in the perlecan
heterozygous females, this was not significant.

After 24 weeks, male perlecan heterozygous mice still
had, on average, less atherosclerosis, 121,961 pm? in con-
trols and 89,167 pm? in perlecan heterozygous animals, but
this difference was not significant (Fig. 3B). Female mice
had larger lesions, but there was no difference with the
presence of a perlecan knockout aflele. En face assays also
showed no difference in lesion area with perlecan defi-
ciency, 2.8 * 2% in apoEQ mice and 1.9 * 1.2% in apoE0/
perlecan heterozygous mice (average * 8D, P = (.2).

Athexosclerosis in heterozygous LDL
receptor-deficient mice

It has been hypothesized that the interaction of lipopro-
teins with proteoglycans might differ in mice that express
apoE (19}, a stronger proteoglycan binding protein than
apoB. For this reason, we assessed whether a similar de-
gree of atherosclerosis in heterozygous LDL receptor
knockout mice would still show the effects of perlecan de-
ficiency on atherosclerosis, For this reason, male mice
were studied at 20 weeks. As shown in Fig. 4, perlecan de-
ficiency did not alter atherosclerosis in this model. The av-
erage lesion areas in heterozygous LDL receptor-deficient
and heterozygous perlecan-deficient mice in the LDL re-
ceptor heterozygous background are shown in Table 5.

DISCUSSION

Crossing perlecan heterozygous mice into an athero-
sclerotic background tested the hypothetical role for hep-
aran sulfate protcoglycans in athcrogencsis. Our data
show the following. I} Although perlecan is primarily
found in the subendothelial matrix in normal vessels, it is
found in core regions of advanced atherosclerotic lesions.
2) Despite a possible role of perlecan in the removal of
lipoproteins from the circulation, a heterozygous deletion
of periecan did not alter plasma lipopretein profiles. 3)
Young perlecan heterozygous knockout/apoE0 male mice
had reduced atherosclerosis. A similar trend occurred in
femnales. However, older mice and heterozygous LDL re-
ceptor-deficient mice had no difference in lesion size.

Endothelial cells produce a number of heparan sulfate
proteoglycans when assessed in cultured cells. These in-
clude syndecans, which are a component of the cell
membrane (20). Perlecan is the major heparan sulfate
proteoglycan within the subendothelial matrix; some per-
lecan is also found associated with the apical side of the
cells. Cultured smooth muscle cells express and secrete
perlecan (14). Our immunohistological dala suggest that
both cells express perlecan in vivo, but at different times
and under different stimuli. In normal vessels, perlecan
was prominently found within the subendothelial matrix.
However, with the development of lesions, perlecan stain-
ing was decreased in the subendothelial region. In hu-
mans, this may result in the decrease in arterial heparan
sulfate proteoglycans reported with atherosclerosis (21).

TABLE 8. Lipid profiles of heterozygous perlecan-deficient mice in the LDL receptor heterozygous background
on the Paigen diet for 16 weeks

Chelesterol Triglyceride
Genotype n Plasmia VLDL LDL HDL Plasma VLDL
. mg/dl mg/dl
LDLr* = 13 579 = 33 353 = 44 219 = 31 50 £ 5 B+ 3 31 =2
LDL+/~ /Pri*/- 12 551 = 30 307 = 24 167 = 11 62 x4 48+ 3 28x2

Lipoprotein profiles were assessed by ultracentrifugation. LDLr+/=, heterozygous LDL receptor knockout
mice; LDLa+/~/Prl#/~, heterozygous perlecaneficient mice in the heterozygous LDL receptor background.
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TABLE 4. Atherosclerotic lesions of heterozygous perlecan-deficient
mice in the apoE0 background

12 Weeks of Age 24 Weeks of Age
Genotype Gender n Lesion Size (pmf) n  Lesion Size (wm?)
apoED Male 13 23,961 * 26,076 11 121,961 = 71,643
apoE0/Prlt/~ Male 11 7,796 1 7.049¢ 19 88,167 L 49,973
apoEQ Female 13 28,040 + 45,369 10 205,004 = 107,623

apoE0/Prl*/~ Female 14 19,789 = 22,302 17 180,142 + 63,035

@ P < (.05 compared with apoE( mice.

The reasons for this decrease might be altered periecan
expression or an increase in its degradation. The latter
might result from the actions of heparanase, which is se-
creted by endothelial cells in response to atherogenic
stirmmh (22).
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Fig. 3. Effects of heterozygous perlecan deficiency on atheroscie-
yotic lesions. Heterozygous periecan deficiency was trossed into the
apoE knockout background. Male and female chow-fed mice were
assessed for lipids and atherosclerosis after 12 weeks (A) and 24
weeks (B). The data obtained from sections of the aortic root are
shown on a log scale. P < 0.05.
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Fig. 4. Atherosclerosis in LDL receptor (LDLy) heterazygous
knockout mice. Perfecan (Prl} heterazygous knockout mice were
bred with LDL receptor knockout mice. The offspring, all with a
heterozygous deficiency of LDL receptor, were fed a high-fat and
cholesterol/cholic acid-containing diet (Paigen) for 16 weeks, and
atherosclerotic lesion stze at the aortic root was quantified.

Kunjathoor et al. (23) have demonstrated that the ma-
jor proteoglycans detected in murine atherosclerosis are
perlecan and biglycan. Perlecan was present extensively in
the lesions of apok-deficient and LDL receplor-deficient
mice. Perlecan was also detected in intermediate and ad-
vanced lesions of hypercholesterolemic nonhuman pri-
mates and in culwares of medial smooth muscle cells from
human atherosclerotic tissue. Our data comparing early
and advanced lesions confinn their observations. Like
others, we also found perlecan staining surrounding the
lipid core {24). Moreover, we found rexparkable amounis
of perlecan in very advanced lesions containing necrotic
lipid cores. Because these regions are distant from endo-
thelial cells, we speculate that either smooth muscle cells
or macrophages are the source of this perlecan. Because
macrophages do not appear to express perlecan in great
quantities (25), either smooth muscle cells or some other
cells are the likely origin of most perlecan in mouse ath-
erosclerotic lesions.

We had anticipated that perlecan deficiency would 16~
sult in a defect in lipoprotein removal from the blood-
stream, similar to that found in some diabetic models
(26). However neither fasting nor postprandial lipemia
differed between control and perlecan heterozygous mice.

TABLE 5. Atherosclerotic lestons of heterozygous perlecan-deficient
mice in the LDL receptor heterozygous background

20 Weeks of Age
Genotype Gender n Lesion Size' (wm?}
LDLr*/- Male 18 55,663 + 10,505
LDLs*/~ /Pl - Male 20 45,361 = 10,622

Mice were maintained on the Paigen diet for 16 weeks.



In fact, the rationale for the use of apoEQ mice was, in
part, to allow us to assess the effect of perlecan deficiency
on the removal of remnant lipoproteins. We hypothesized
that the apoB-48-containing lipoproteins in these mice
were unable to interact with either the LDL receptor or
the LDL receptorrelated protein and relied on heparan
sulfate proteoglycan binding for removal. However, par-
tial loss of perlecan was not physiologically significant.
Perhaps the apoE-deficient lipoproteins were unable to
bind to heparan sulfate proteoglycans, and therefore, per-
lecan deficiency had no effect.

To test some of these hypotheses, we performed a study
in heterozygous LDL receptor knockout mice fed an
atherogenic diet. These mice have sufficient hypercholes-
terolemia to develep atherosclerotic lesions, as noted by
others (18); however, perlecan deficiency did not alter the
lipoprotein profiles. Using heterozygous LDL receptor
knockout mice, we attempted to create lesions that were
similar in size (o those of the 12 week old male apoEQ
mice. Although the lesions were somewhat larger, perle-
can deficiency did not alter the lesion size. Perhaps these
lesions in the cholic acid-fed mice were more inflamma-
tory and, hence, less affected by a gene deletion that
would alter lipoprotein retention. Alternatively, the le-
sions studied might have been too advanced to find differ-
ences, Finally, the pathogenesis of lesions might differ in
these two models as a result of the presence of apoFE.

Although perlecan was a likely candidate to have af-
fected atherosclerosis progression, the heterozygous mu-
tation could have been expected to increase or decrease
lesions. A central role for lipoprotein accurmulation attrib-
utable to its binding to matrix molecules within the arte-
rial walls was proposed almost 50 years ago by Page (1).
The “infiltrative” theory of atherosclerosis suggested that
plasma cholesterol-containing lipoproteins accumulate in
vessels either because they are present in greater concen-
trations or that matrix is altered to increase the propensity
for the lipoproteins to be retained within the artery. A re-
finement of this theory termed the “response to reten-
tion” suggested that proteoglycans are the matrix compo-
nent that “traps” atherogenic lipoproteins (27). However,
the biochemical evidence supporting an important role
for lipoprotein-proteoglycan complexes has been ques-
tioned (98). Non-apoE-containing lipoproteins have rela-
tively weak affinity for proteoglycans in physiological ionic
conditions. This has led us {28, 29} and others (30) to sug-
gest that lipoprotein-proteoglycan interaction requires an
intermediary molecule such as lipoprotein lipase. The
other lipoprotein-associating molecule that would be ex-
pected to increase lipoprotein-proteoglycan interaction,
apok, is antiatherosclerotic.

Our studies show that perlecan deficiency leads to less
atherosclerosis. This was found in early, but not late, le-
sions of apoE0 mice. Most notable is the comparisen of
our data with those of Skalen etal. (19), who studied ath-
erosclerosis in mice with an apoB mutation that decreases
proteoglycan affinity. Like these authors, we found that
later lesions were no longer significantly different from
those of controls. [n addition, like Skalen et al. {19), we

failed to find a major difference in atherosclerosis when
perlecan deficiency was assessed in the heterozygous LDL-
deficient background. These authors postulated that apoE-
containing LDL, found in mice but not in humans, has
greater affinity for proteoglycans. Hence, the effects of al-
terations in apoB structure, and perhaps the amount of
vessel wall perlecan, might be less evidentin LDL receptor
knockout mice.

We conclude that perlecan is a major component of ad-
vanced atherosclerotic lesions in the mouse. A heterozy-
gous deficiency of perlecan led to reduced atherosclerosis
in apoEQ mice. This effect was found in young males with-
out advanced lesions. Although it is possible that perlecan
deficiency alone reduced atherosclerosis as a result of re-
duced lipoprotein retention, the complexity of the pro-
cess and the multiple biclogical actions of perlecan do not
allow one to make that conclusion with certainty. B}

This research was funded by Grants HL-62301 and HL-56084
(8COR) from the National Heart, Blood, and Lung Institute.
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