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Abstract

Collagen V plays a major regulatory role in the formation
of heterotypic fibers of the dermis and cartilaginous tis-
sues as well as in the assembly of extracellular matrix.
The pN/pN mouse, which is defective in collagen V a2
gene, exhibits skeletal abnormalities, skin fragility, and
alterations in the collagen fiber organization, whereas
the TSK/+ mouse, which is defective in fibrillin- 1, the
major component of microfibrils present in the extracel-
lular matrix, develops cutaneous hyperplasia and auto-
immunity. We have studied the role of collagen V in the

Introduction
Mutations in genes coding for extracellular ma-
trix proteins cause a variety of connective tissue
abnormalities. Mutations in collagens (Col), the
most abundant and widely distributed matrix
macromolecules, can lead to alterations in fibril-
logenesis. The concept that collagen fibrils may
be formed by the association of products encoded
by more than one collagen gene is not new, as
the presence of heterotypic collagen fibrils
formed by collagen I/V and collagen V/XI fibrils
have been described (1,2). It is also known that
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formation of heterotypic collagen fibers in F1 mice,
which are obtained by breeding pN/pN with TSKI/+
mice. Our results show that F1 progeny neither develop
cutaneous hyperplasia nor produce anti-topoisomerase I
autoantibodies, unlike TSK/+ mice. The diameter of the
collagen fibrils in the skin is also comparable to that
found in control mice. Thus, the phenotypic changes
observed in the TSK mouse could be reversed by genetic
complementation with a collagen V-defective mouse.

the diameter of the heterotypic Col I/V fibrils is
determined by the ratio of the two collagens that
participate in the formation of these fibrils,
which suggests that ColV plays a regulatory role
in fibrillogenesis (3). The pN/pN mouse, which is
obtained by a targeted deletion in the ColV a2
gene, exhibit skin fragility, skeletal abnormali-
ties, and alterations in the collagen fiber organi-
zation, which confirm the regulatory role of ColV
(4). The tight-skin mouse (TSK), a naturally oc-
curring mutant, develops a generalized connec-
tive tissue abnormality that is transmitted as an
autosomal dominant trait. The TSK mouse phe-
notype is characterized by marked hyperplasia of
loose connective tissue, thickening of the skin,
and development of abnormalities in several in-
ternal organs (5-7). The skin thickening in TSK
mice results from an excessive accumulation of
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extracellular matrix proteins, such as Col I, Col
III, and glycoaminoglycans (5,8-11). More re-
cently, it has been shown that the TSK mouse
abnormality is due to a defect in the gene coding
for fibrillin-1 (Fbnl) (12,13), major component
of the microfibrils present in the extracellular
matrix. The relationship between the defect in
the Fbnl gene and the accumulation of other
extracellular proteins that are neither structur-
ally nor functionally associated is not known.

Although there are striking differences be-
tween the two strains in cellular infiltration in
dermis, both strains exhibit cutaneous thicken-
ing due to accumulation of collagen in the skin.
This observation prompted us to investigate
whether the phenotypic changes observed in the
TSK mouse can be reversed by genetic comple-
mentation with a collagen-defective strain such
as the pN/pN mouse. In this report, we show that
the normal phenotype can be restored in F1
TSK/+ mutants with pN/ + genotype.

Materials and Methods
Mice

C57BL/6, 129/Sv, C57BL/6 pa/pa, and TSK/+
mice were purchased from the Jackson Labora-
tory (Bar Harbor, ME), and pN/pN mice were
kindly provided by F. Ramirez (Brookdale Cen-
ter, Mount Sinai School of Medicine). F1 mice
were prepared at Mount Sinai Animal Facilities.

Identification of TSK mutants

Genomic DNAs were prepared from tail biopsies
following the procedure previously described
(14). Ten micrograms of genomic DNA sample
was digested with EcoRI and BamHI, Southern
blotted, and hybridized with 32P-labeled Fbnl
polymorphic DNA probe. The mice exhibiting
restriction fragment length polymorphism (RFLP)
were identified as previously described (13).

Light and electron microscopy
Skin samples of 4.0 cm2 were removed from the
dorsal side immnediately below the neck in a man-
ner that minimized stress. The samples were fixed
for 16 h in buffered saline containing formalin, cut
into 2- to 3-mm-wide longitudinal strips, dehy-
drated, and embedded in paraffin according to rou-
tine histological methods. The thickness of the skin
was determined by measuring it from the top of
granular layer to the junction between the dermis
and subcutaneous fat on hematoxylin and eosin-

stained sections. Skin tissues for electron micros-
copy were processed following standard tech-
niques, and the diameter of collagen fibrils
present in various zones of mid-dermis was de-
termined as previously described (15).

Quantitation of soluble type I collagen in skin

The content of soluble ColI and ColV in skin
samples was determined as previously described
(10). Briefly, skin samples from 12- to 15-week-
old mice were minced and the soluble proteins
were extracted with neutral pH salt buffer at 40C
and dialyzed against 0.5 M acetic acid buffer. The
samples were spun at 10 K for 10 min. The
supernatants were digested with pepsin (protein:
pepsin, 10:1) and then lyophilized. Both digested
and undigested samples were resuspended in
SDS-PAGE sample buffer, separated on 4-20%
SDS polyacrylamide gradient gels, and stained
with silver stain following the manufacturer's
protocol (Bio-Rad). The concentration of collagens
was determined by scanning the gel using Adobe
Photoshop software and ImageQuant software.

Quantitation of anti-topo I autoantibodies

The antibody titer of the sera from 12- to 15-
week-old mice was determined by radioimmu-
noassay (RIA) and the concentration was calcu-
lated by integrating the bound cpm value of sera
on the linear region of a standard curve con-
structed with 3-fold dilutions of monoclonal an-
ti-topo I antibody as previously described (16).

Results and Discussion
Of 18 F1 mice that we studied, five exhibited
Fbnl RFLP typical of TSK/+ mice, nine were of
wild type, and four were unidentified (Fig. 1).
Histologically, TSK/+ mice exhibit cutaneous
hyperplasia characterized by a progressive in-
crease in the deposition of collagenous material
that replaces the superficial and deep dermis,
extending around adnexa and the panniculus
carnosus with some inflammatory cellular infil-
tration (Fig. 2A). On the other hand, pN/pN mice
showed thinner epidermis and a thickened der-
mis containing larger-diameter collagen fibrils
without cellular infiltration (Fig. 2B). The colla-
gen fibrils were less tightly packed and the space
between collagen fibrils was filled with proteo-
glycans (Fig. 3B). The thickening of dermis ob-
served in pN/pN mice is related to the presence
of larger-diameter collagen fibers. By contrast,
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Fig. 1. Identification of Fbnl mutants
(TSK/+) among F1 mice. Autoradiograph of a

representative Southern blot hybridized with the
polymorphic Fbnl DNA probe as previously de-
scribed (13). Arrow shows the position of the poly-
morphic Fbnl band.

C F1 TSK/+, pN/+

the skin of F1 mice (TSK/+ pN/+ or +/+ pN/+
showed normal histology (Fig. 2C, D). The aver-

age thickness of skin in F1 mice was (120-150
,um), which is significantly less than that of
TSKI/+ or pN/pN mice, regardless of their Fbnl
+/- or +/+ genotype (Table 1), and was com-

parable to that of 129/sv, C57BL/6, and C57BL/6
pa/pa mice (10). Electron microscopic examina-
tion of sections of TSK/+ skin showed predom-
inance of the small-diameter collagen fibrils ex-

hibiting normal banding (Fig. 3A) as previously
described (15). The most important difference
between TSKI/+ and pN/pN is the abundance of
large-diameter collagen fibrils in pN/pN mice. A
similar increase in the mean diameter and irreg-
ularity in the shape of collagen fibrils has been
reported in the Gravis form of Ehlers-Danlos
syndrome (17). SDS gel analysis of pepsin-
digested collagens extracted from cells cultured
from these patients has shown presence of a

novel component migrating ahead of the normal
a1 chain of collagen V (18). This alteration is due
to the deletion of 54 bp coding six Gly-X-Y trip-
lets in exon 49 of the a I gene. Thus, it seems that
the mutations in al or a2 chains of Col V in
humans and rodents, respectively, lead to similar
phenotypic alterations characterized by an in-
crease in the diameter of collagen fibrils.

In TSK/+ pN/+ F1 mice, the collagen bundles
are composed of fibrils with normal periodicity of
bands similar to those present in + / + pN/+ mice,
although occasionally the fibrils may be separated
by more space as in TSK mice (Fig. 3C, D). Histo-
metric analysis of collagen fibrils present in various
zones of dermis showed a preponderance of 30- to
80-nm diameter fibrils in TSK mice, in contrast to
that of >110-nm diameter fibrils in pN/pN mice
(Fig. 4). Presence of small-diameter fibrils is an

D F1 +/+, pN/+

Fig. 2. Light microscopy of skin samples from
3- to 5-month-old mice. TSK/+ (A), pN/pN (B),
TSK/+, pN/+ (C), and +/+, pN/+ (D). (A-D: hema-
toxylin and eosin X 10).

indication of ongoing collagen synthesis (4). On
the other hand, both TSK/+ pN/+ and + /+ pN/+
mice (F1) showed principally 80- to 110-nm diam-
eter fibrils as in control C57BL/6 pa/pa mice (15).
Thus, there were no histological or ultrastructural
abnormalities observed in the collagen fibrils of
TSK/+, pN/+ mouse skin. Soluble ColI and ColV
content in the skin of F1 mice was also significantly
(p < 0.05) lower than that of TSK/+ mice
(Table 1), which shows restoration of normal skin
thickness. Our study provides further evidence
suggesting that ColV plays an important role in the
formation of extracellular matrix in vivo and dem-
onstrates for the first time that mutant ColV pro-
tein contributes to rescue of the normal skin phe-
notype in TSK mice. The mechanisms that might
be involved in this process are complex. Although
the deletion of ColV a2 N-terminal peptide does
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Fig. 3. Electron microscopy of collagen fibrils
present in the mid-dermis (x 10K). TSK/+ (A),
pN/pN (B), TSK/+ pN/+ (C), and +/+ pN/+ mice
(D).

not preclude the association of mutant ColV chain
with ColI to form fibrils, this may alter the growth
of collagen fibrils mediated by ColV. It is possible
that either the heterotypic fibers formed by ColI
and mutant ColV fibrils are more accessible to pro-

teolytic enzymes or the deposition of excess ColI
and ColI fibrils on ColV scaffolding is altered,

leading to their easier accessibility to metalopro-
teinases and degradation.

Although both pN/pN and TSK mice exhibit
cutaneous thickening (Fig. 2 and Table 1), there
are striking differences between these two mu-

tant strains: (1) a lack of cellular infiltration in
the dermis of pN/pN mice; (2) a more pro-

nounced disorganization of microfibrils in TSK/ +
mice (5); and (3) predominance of small-diame-
ter collagen fibrils in TSK/ + mice but larger-
diameter fibrils in pN/pN mice. It is also notable
that TSK/+ pN/+ F1 mice do not show any sig-
nificant increase in the titer of anti-topo I auto-

antibodies as in TSK/+ mice (Table 1). This obser-
vation strengthens the hypothesis that
autoantibodies specific for self antigens such as

topo I, which are found in humans afflicted with
systemic sclerosis and in tight skin mice (16,19,20),
are the consequence of alterations in the matrix
proteins. It is likely that the effect of TSK mutation
in mice bearing TSKI/+ pN/pN genotype may be
more pronounced than in Fl progeny. However,
among the 48 backcross progeny that we studied,
no TSKI+ pNlpN genotype was found.

Although our current study focused on the
alterations exhibited in the skin of these mice,
because TSK mice also exhibit cardiac hypertro-
phy (7) and pulmonary emphysema (6), it would
be important to study whether a similar restora-
tion of normal phenotype is possible in other
affected organs as well. The results presented
here have 2-fold importance. First, they show
that the phenotype resulting from a spontaneous
mutation in the fibrillin- 1 gene, which leads to
the abnormal synthesis and deposition of ColI
and ColIll, can be rescued by genetic comple-

Table 1. Phenotypic characteristics of F1 mice

Percent of
Frequency Skin Soluble Collagen Serum Anti-topo I

Mouse Thickness Autoantibodies
Strain No. Genotype Expected Observed (,Im) Col I Col V (,Lg/ml)

TSK/+ 5 TSKI+ 5.0 5 239 ± 6 12.7 ± 0.6 5.1 ± 1.5 10.3 ± 0.80

pN/pN 3 pNlpN 3.0 3 210 ± 13 8.1 ± 1.7 2.9 ± 0.1 3.6 ± 0.10

F1 18 TSKI+, pNI+ 9.5 5 123 ± 27 10.3 ± 3.3 3.0 ± 1.4 4.2 ± 2.0

+1+, pN/+ 9.5 9 107 ± 21 9.7 ± 2.9 2.3 ± 0.5 5.7 ± 3.1

ND, pN/+ 4 97 14 8.4 3.7 2.8 ± 1.3

F1 = TSK/+ X pN/pN mice; ± values are means ± SD; ND, TSK genotype was not determined as DNA from these mice were not
extracted.
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Fig. 4. Histogram showing the distribution of
the diameter of collagen fibrils present in the
mid-dermis in four strains of mice. TSK/+ (A),
pN/pN (B), TSK/+ pN/+ (C), and +/+ pN/+ (D).

mentation with a strain having a mutation in the
a2 ColV gene. Second, the presence of 50% ab-
normal ColV fibrils in F1 mice can significantly
alter fibrillogenesis or the fiber formation.
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