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Abstract

Phenotype variability and incomplete penetrance are fre-
quently observed in human monogenic diseases such as osteo-
genesis imperfecta. Here an inbred strain of transgenic mice
expressing an internally deleted gene for the proal (I) chain of
type I procollagen (COL1A1) was bred to wild type mice of the
same strain so that the inheritance of a fracture phenotype
could be examined in a homogeneous genetic background. To
minimize the effects of environmental factors, the phenotype
was evaluated in embryos that were removed from impregnated
females 1 d before term. Examination of stained skeletons from
51 transgenic embryos from 11 separate litters demonstrated
that ~ 22% had a severe phenotype with extensive fractures of
both long bones and ribs, ~ 51% had a mild phenotype with
fractures of ribs only, and ~ 27% had no fractures. The ratio of
steady-state levels of the mRNA from the transgene to the level
of mRNA from the endogenous gene was the same in all trans-
genic embryos. The results demonstrated that the phenotypic
variability and incomplete penetrance were not explained by
variations in genetic background or levels in gene expression.
Instead, they suggested that phenotypic variation is an inherent
feature of expression of a mutated collagen gene. (J. Clin. In-
vest. 1994. 93:1765-1769.) Key words: osteopenia * gene ex-
pression ¢ predisposition to fractures

Introduction

Phenotypic variability and incomplete penetrance are fre-
quently observed in monogenic diseases in humans (see refer-
ences 1 and 2). The phenomena are usually explained by dif-
ferences in genetic background or environmental factors. How-
ever, the same phenomena are frequently seen with mutations
in simpler organisms with homogeneous genetic backgrounds
and in whom environmental factors can be rigorously con-
trolled. For example, two different dominant negative alleles of
let-60 locus in Caenorhabitis elegans produced variable pene-
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trance of a vulvaless phenotype so that about half of the prog-
eny who inherited one of the mutated alleles were eggless,
whereas about half were not (3). As another example, similar
marked variations in phenotype were seen in the same organ-
ism with several mutations in the unc-5, unc-6, and unc-40
genes that guide circumferential migrations of pioneer axons
and mesodermal cells (4).

Of special interest to us has been the phenotypic variation
and incomplete penetrance seen in some families with osteo-
genesis imperfecta. For example, de Vries and de Wet (5) re-
ported on a family in which three affected members of the first
and third generations were of short stature and had multiple
fractures and skeletal deformities. The family member from
the second generation who transmitted the disease, however,
was of normal stature and had no evidence of either fractures
or skeletal deformities. Similarly, Sippola et al. (6) described a
large three-generation family in which nine affected members
had a variable phenotype in that some had only slightly short
stature and blue sclerae, whereas others had multiple fractures
and permanent dislocations of large joints.

To explore the causes of incomplete penetrance and pheno-
typic variation seen with mutated collagen genes, we examined
here an inbred strain of transgenic mice (7, 8) expressing an
internally deleted gene for the proa1 (1) chain of type I procol-
lagen (COL1A1). The construct was designed so as to cause
synthesis of shortened proal(I) chains that associated with
normal proal(I) chains from the endogenous mouse gene.
The association of the chains caused degradation of both the
normal and the mutated chains through a phenomenon re-
ferred to as procollagen suicide or as a dominant negative effect
(9). As previously reported (7, 8), lines of mice expressing high
levels of the internally deleted gene developed a lethal pheno-
type with multiple fractures and other features similar to pro-
bands with lethal variants of osteogenesis imperfecta. Lines of
mice expressing lower levels of the same gene were either phen-
otypically normal or had a milder phenotype. The results here
demonstrate that an inbred line of transgenic mice expressing a
moderate level of the mutated gene produces a variable pheno-
type of fractures even in embryos examined in utero.

Methods

Preparation and breeding of transgenic mice. Transgenic mice were
prepared in an inbred strain of mice (FVB/N) as described previously
(7). To identify transgenic mice, genomic DNA was extracted from
tissues by digestion with proteinase K, extraction with phenol:chloro-
form:isoamyl alcohol, and ethanol precipitation. Because the copy
number in the line was > 15, the presence or absence of the transgene
was readily detected by slot blotting of the DNA with a probe that
consisted of the nick-translated 32P-radiolabeled transgene (7).
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Skeletal staining. To define the phenotypes of the transgenic mice,
viscera and skin were removed and the mouse carcasses were fixed in
95% ethanol for 3 d. The samples were then dehydrated in 100% eth-
anol for 2 d. They were immersed in 1% KOH for 1 d to dissolve the
soft tissues and the skeletons were stained with 1% KOH containing
0.001% Alizarin red S for 1 d (10). The samples were incubated with
25, 50, and 80% glycerol for 1 d each and stored in 100% glycerol. The
presence of fractures in the skeletons was assessed by light microscopy.

Assays of levels of expression. To assay the steady-state levels of
mRNA, total cellular RNA was isolated from tissues by extraction with
acidic guanidinium thiocyanate-phenol-chloroform (11). The amount
of mRNA from the transgene relative to the mouse mRNA from endog-
enous COL1A1 gene was measured by a quantitative reverse transcrip-
tase (RT)-PCR method (12). 1-5 ug of total RNA was reverse tran-
scribed in 20 gl of reaction mixture using primer BS33 (5'-ATCAAG-
TTTGA'3’) (200 pmol) for the proal(I) chain and a preamplification
system for first-strand cDNA synthesis (SuperScript®, GIBCO BRL,
Gaithersburg, MD). The sample was treated with RNase H and the
c¢DNA was amplified directly using a PCR reagent kit (GeneAmp®,
Perkin-Elmer Cetus, Cochranville, PA), and primers BS31 (5-TTG-
GCCCTGTCTGCTT-3') and BS32 (5-TGAATGCAAAGGAAA-
AAAAT-3) using 4 pmol of each in a 100-ul reaction mixture (12).
One of the primers used in the PCR was 5’ end labeled with [?P]dATP
using T4 polynucleotide kinase terminus labeling system (GIBCO
BRL). PCR conditions were 80 s at 94°C, 1 min at 47°C, and 20 s at
72°C for 15 cycles. After the PCR, 5 ul of reaction mixture was digested
with 12 U of BstNI for 15 h at 60°C. 10 ul of the product was denatured
and subjected to electrophoresis in 15% PAGE containing 6 M urea.
The gel was fixed and dried. The appropriate bands on the gel were then
assayed by exposing the gel to a photostimulable storage phosphor
imaging plate (400S Phosphorlmager; Molecular Dynamics, Sunny-
vale, CA). As reported previously (12), the assay was linear when
carried out with standard samples in which the ratio of mRNA from
the transgene and the endogenous gene varied from 0.1 to 1.0.

Assay of mineral content of embryos. After the stained skeletons
were evaluated microscopically, the same samples were taken for assay
of mineral content. The samples were wrapped in aluminum foil and
reduced to mineral by heating at 600°C in an insulated oven (Type
1400 furnace; Barnstead-Thermolyne; Dubuque, IA) for 18 h, after
which they were weighed again. Because the small amounts of glycerol
in the samples ignited during the first few minutes at 600°C, the oven
was placed in a fume hood. Preliminary experiments indicated there
was no further decrease in weight if samples were incubated at 600°C

for > 18 h.

II

III

Results

Evaluation of phenotype in transgenic mice. The transgenic
mice were prepared with an internally deleted construct of the
human gene for the proal(I) chain of type I procollagen 9).
The gene construct contained 2.3 kb of the promoter and 2 kb
of the 3'-flanking sequence. Intron 5 of the gene was joined to
intron 46 so that there was an in-frame deletion of exons 6-46.
The line selected for study here (line V in reference 7) ex-
pressed moderate levels of the transgene. Ultrastructural data
on the line were recently reported (13).

To obtain embryos for analysis here, transgenic males from
generations III, IV, and V (Fig. 1) were bred to wild type fe-
males from the same inbred strain. Embryos were removed
from impregnated females 18 d after the vaginal plug was seen
and, therefore, 1 d before expected normal delivery. The skele-
tons were stained and examined microscopically. Some of the
mice had a severe phenotype with extensive fractures of both
long bones and ribs (Fig. 2 left). Other mice had a mild pheno-
type with fractures of ribs but not any long bones (Fig. 2 right).
Still other mice had no evidence of fractures. As indicated in
Table 1, 51 transgenic embryos from 11 separate litters were
examined. About 22% had the severe phenotype, ~ 51% had
the mild phenotype, and ~ 27% had a normal phenotype.

Level of expression of the transgene. To determine whether
the variability of phenotype was related to level of expression in
the transgene, mRNA from tissues of the embryos was assayed
by a quantitative RT-PCR method. The method used identical
primers for both the human transgene and the endogenous
mouse gene, but DNA fragments of different size were ob-
tained after cleavage with the restriction endonuclease BstNI
(12). As indicated in Fig. 3, the fragments from the PCR prod-
ucts from the transgene and the endogenous gene were readily
distinguished by polyacrylamide gel electrophoresis. The ratio
of the two fragments was used as a measure of the level of
expression of the transgene relative to expression of the endoge-
nous gene. As indicated in Table II, there were no significant
differences in the ratios of the mRNAs among mice that had
the severe phenotype, the mild phenotype, and a normal pheno-

type.
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Figure 1. Scheme for matings of the
transgenic mice. For examination
of phenotypic variation in 18-d-old
transgenic embryos, cesarean sec-
tions were performed on the mating
described here as generations III,
H IV, and V. (m) Transgenic males.
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Figure 2. Stained skeletons from 18-d-old transgenic embryos. ( Left) Embryo with fractures of both ribs and long bones. (Right) Embryo with

fractures of ribs only.

Previous experiments (8) demonstrated that the mineral
content of femurs from 6-wk-old transgenic mice of the line
was reduced to 68% of the values for control littermate (P
< 0.01). Here, the same skeletons used to evaluate the pheno-
type were subsequently assayed for mineral content. There
were no significant differences between embryos with no frac-
tures, those with the mild phenotype, and those with the severe
phenotype (Table II). The standard deviations for the mean
values, however, were relatively large.

Effect of uterine position. One possible explanation for the
variability in phenotype was the uterine position of the em-
bryos. Therefore, the severity of the phenotype was examined
as a function of whether the embryos were at the tip of the
uterine horn, in the middle, or near the base. As indicated in
Table III, there was only a slight effect of uterine position.
Embryos with the mild and severe phenotypes were about
equally distributed in the uterine horns. Embryos with a nor-

mal phenotype were located primarily at the base and lower
regions of the uterus.

Discussion

Phenotypic variation and incomplete penetrance in transmis-
sion of monogenic diseases present perplexing problemsin deal-
ing with the molecular etiology of human diseases. When en-
countered within families, they also present difficult problems
in genetic counseling. In osteogenesis imperfecta, marked phe-
notypic variation has been seen among affected members of
some families (5, 6). The phenotype variability reported in
families with osteogenesis imperfecta is generally less than seen
here with transgenic mice, but data are available only on a
limited number of very large families, and most parents of
children with severe forms of the disease elect not to have addi-
tional children. Also, marked phenotypic variation has been
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Table I. Phenotypes of 18-day-old Transgenic Embryos

Phenotypes of transgenic embryos

Table II. Bone Mineral Content and Steady-State Levels of
mRNA from Mutated Exogenous COL1A1 Gene and Endogenous
COLIAI Gene in 18-d-old Embryos

Severe .
: . . Ratio of mRNAs
(limb and Mild (rib
Matings* Litters rib fractures) fractures) No fractures Tr (exogenous/endogenous)”
henot Tail Skin Mineral content*

tglll-2 X Wt 1 2 i phenotype ai ine
tglll-4 X Wt 1 1 | 1 mg
1gIV-2 X Wt 2 4 5 4 Normal 0.61+0.20 0.44+0.25 6.69+1.55
tglV-5 X Wt 1 1 1 n=12) (n=11) (n=13)
1gIV-7 X Wt 1 2 2 2 Mild 0.58+0.19 0.36+0.17 6.99+1.60
tglV-10 X Wt 2 2 6 2 (n=13) n=12) (n=23)
1gV-2 X Wt 1 1 3 1 Severe 0.55+0.12 0.510.28 6.01+0.70
tgV-3 X Wt 1 2 2 n=7 (n="6) (n=7)
1gV-6 X Wt 1 1 4
Totals 11 11 26 14 * Values are means+standard deviation (# = number of samples).

* Transgenic mice (tglll-2, etc.) identified as indicated in Fig. 1. Wt,
wild type mice from the same inbred strain (FVB/N).

seen in comparing the effects of similar mutations in the same
gene (14, 15). For example, some single-base mutations that
replace codons for glycine with codons for bulkier amino acids
produce lethal phenotypes, whereas other similar glycine sub-
stitutions produce phenotypes so mild they are difficult to dis-
tinguish from postmenopausal osteoporosis (16). Although
> 150 such glycine substitutions have been analyzed, no sim-
ple relationship has been apparent between the severity of the
phenotype and the nature of the amino acid substituted for
glycine or the location of the substitution among the 338 obli-
gate glycine residues in each of the proal(I) and proa2(I)
chains of type I procollagen (14, 15).

Breeding lines of transgenic mice expressing a mutated col-
lagen gene provide an opportunity to determine whether or not
phenotypic variation produced by expression of a mutated
gene can be explained by variations in genetic background.
Previously, the line of transgenic mice examined here was
shown to produce a variable phenotype in that ~ 6% of new-
born transgenic pups had a lethal phenotype with extensive
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Figure 3. Assay of expression of the transgene and the endogenous
gene for proal(I) chains of type I procollagen. The assay was carried
out by a quantitative RT-PCR assay described in the text. Results
from two independent experiments are presented. C, control mouse;
N, transgenic embryo with normal phenotype; S, transgenic embryo
with a severe phenotype; M, transgenic embryo with a mild pheno-
type; H, fragment from the human transgene; M, fragment from the
endogenous mouse gene.
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fractures, ~ 33% had a moderate phenotype with fractures,
and the remaining mice had no apparent fractures (8). The
phenotypic variation was observed even though the transgenic
mice were generated in an inbred strain and the line was propa-
gated in the same inbred strain in which the genetic back-
ground can be assumed to be homogeneous by the usual crite-
rion that the strain was previously maintained for > 20 genera-
tions of brother-to-sister matings (17). In parallel experiments
(18), we observed similar variability in expression of a pheno-
type of cleft palate and skeletal changes similar to those seen
with chondrodysplasias in an inbred transgenic line expressing
a mutated gene for type II procollagen (COL2A1). Therefore,
the variations in phenotype are unlikely to be explained by the
transgenes disrupting loci that may modulate skeletal pheno-
types.

One possible explanation for the variability in the fracture
phenotype previously seen in the transgenic mice expressing
the mutated COL1A1 gene (8) was differences in incidental
trauma to the mice during birth or shortly thereafter. Another
possible explanation was differences in levels of expression of
the transgene. Therefore, here we carried out further breeding
of the transgenic mice in the same inbred strain and examined
embryos by caesarian section. The results demonstrated that
the same phenotypic variation was present in 18-d-old em-
bryos. About one-fifth of the embryos had a severe phenotype
with extensive fractures of long bones and ribs. About half had

Table III. Effect of Uterine Position on Phenotype

Uterine position*

Base Above the base
Transgenic
phenotype 1 2 3 4 5 6
Normal S 4 3 1
Mild 4 4 8 3 7
Severe 2 1 3 1 2 2

* Embryos removed by the cesarean section were scored for pheno-
type (Table I) and uterine position. The positions of embryos in the
uterus were numbered from the lowest position in the uterus to the
tip. The size of the litters varied from 5 to 12 with mean of
9.82+1.99 SD.



a mild phenotype with fractures only in ribs, and the remaining
mice had no fractures. The phenotypic variation was not ex-
plained by variations in the level of expression of the transgene
in the mice. As assayed by a quantitative RT-PCR method, the
level of expression was the same in embryos with the severe
phenotype, embryos with the mild phenotype, and embryos
with a normal phenotype. Also, there was only a slight effect of
uterine position on the severity of the phenotype in that em-
bryos with a normal phenotype were found primarily in the
base and the lower portion of the uterine horn, but embryos
with the mild and severe phenotypes were about equally distrib-
uted.

The variations in phenotype observed here may have been
determined by subtle differences in micro-environment that
were not related by the position of the embryos in the uterus.
Alternatively, they may have been determined by stochastic
events during embryonic development that were not related to
the micro-environment. For example, stochastic events may
have produced variations in expression of both the endogenous
gene and mini-gene in some embryos without altering the min-
eral content of bone. Regardless of the molecular mechanisms,
however, the results indicated that variability in phenotype was
an inherent feature of expression of the mutated collagen gene
even in a homogeneous genetic background. The observations,
therefore, may be an important consideration in counseling
families with osteogenesis imperfecta, particularly families in
which the first affected member has a mild phenotype.
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