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Abstract

Collagen VI-related dystrophies and myopathies (COL6-RD) are a group of disorders that form a
wide phenotypic spectrum, ranging from severe Ullrich congenital muscular dystrophy (UCMD),
intermediate phenotypes, to the milder Bethlem myopathy (BM). Both inter- and intra-familial
variable expressivity are commonly observed. We present clinical, immunohistochemical, and
genetic data on four COL6-RD families with marked inter-generational phenotypic heterogeneity.
This variable expression seemingly masquerades as anticipation is due to parental mosaicism for a
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dominant mutation, with subsequent full inheritance and penetrance of the mutation in the
heterozygous offspring. We also present an additional 51" simplex patient identified as a mosaic
carrier. Parental mosaicism was confirmed in the four families through quantitative analysis of the
ratio of mutant versus wild-type allele (COL6A1, COL6A2 and COL6A3) in genomic DNA
(aDNA) from various tissues; including blood, saliva, and dermal fibroblasts. Consistent with
somatic mosaicism, parental samples had lower ratios of mutant versus wild-type allele compared
to the fully heterozygote offspring. However, there was notable variability of the mutant allele
levels between tissues tested, ranging from 16% (saliva) to 43% (fibroblasts) in one mosaic father.
This is the first report demonstrating mosaicism as a cause of intra-familial/inter-generational
variability of COL6-RD, and suggests that sporadic and parental mosaicism may be more common
than previously suspected.
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Introduction

Collagen type VI-related dystrophies and myopathies (COL6-RD) present with variable
expressivity, ranging from severe Ullrich congenital muscular dystrophy (UCMD; MIM#
254090) manifesting with lack of or early loss of ambulation, through phenotypes of
intermediate severity, to the milder Bethlem myopathy (BM; MIM# 158810). The clinical
manifestations include muscle weakness, joint contractures, joint hyperlaxity, keratosis
pilaris, keloid scar formation, scoliosis, and respiratory insufficiency with disease
progression, all of which can show significant variability (Bonnemann, 2011). Diagnosis is
supported by characteristic patterns on muscle imaging, reduced, absent or mislocalized
collagen VI in muscle, and by abnormal matrix deposition in dermal fibroblast culture
(Bonnemann, et al., 2003; Jimenez-Mallebrera, et al., 2006; Mercuri, et al., 2005).

COLG6-RD can be inherited in an autosomal dominant or autosomal recessive manner.
UCMD may be caused by recessive loss of function mutations or severe de-novo dominant-
negative mutations. The intermediate phenotype and BM are more commonly caused by
dominantly acting mutations of variable severity, and less commonly by recessive mutations
(Bonnemann, 2011). Molecular genetic confirmation is obtained through direct sequencing
of the COL6A1, COL6A2 and COL6A3 genes. This method identifies point mutations or
deletions that result in reduced or functionally impaired collagen VI, an important
component of the muscle extracellular matrix. The most commonly identified mutations are
dominant-negative mutations, involving in-frame skipping or glycine substitutions in the
collagenous triple helical domain Gly-X-Y motif (Butterfield, et al., 2013). Genetic
heterogeneity is evident as approximately 10% of patients with a clinical diagnosis of
COL6-RD do not have mutations identified in COL6A1, COL6A2 or COL6AS3, indicating
that another gene such as COL12A1, or currently unidentified genes account for their
symptoms (Hicks, et al., 2014; Zou, et al., 2014; Petrini, et al., 2007).
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Intra-familial phenotypic variability as well as disease progression in COL6-RD is common.
However, the underlying molecular mechanism for this variability is not clearly understood.
Mosaicism is the occurrence of two or more genetically different cell lines in an individual
that can be limited to the germline, somatic cells, or a combination of both, depending on the
timing of the postzygotic mutation during development (Strachan and Read, 1999).
Identifying and understanding the underlying genetic mechanism affecting disease severity
is essential for providing accurate prognosis, recurrence risk, genetic counseling, and
development of therapeutic strategies. Neither germline nor somatic mosaicism have been
previously described in COL6-RD. Here, we present clinical, immunohistochemical, and
genetic data on four unrelated families with marked intra-familial phenotypic variability due
to inherited mosaicism of dominant negative mutations in collagen VI. Mosaicism for the
mutant allele was confirmed through quantitative analysis of mutant allele quantity in
various tissues, such as blood, dermal fibroblasts, and saliva, in the affected patient versus
mosaic parents. Additionally, we present a fifth simplex patient who was identified as a de
novo mosaic carrier of a collagen VI mutation. This is the first report demonstrating
inheritance of a parental mosaic mutant allele as a cause of intra-familial/inter-generational
variability of collagen VI-related dystrophies.

Patients and Methods

Patient recruitment & sample collection

Four families and a fifth unrelated simplex patient were identified in neuromuscular clinics
in three different countries. This study was approved by the Institutional Review Board of
the National Institute of Neurological Disorders and Stroke, National Institutes of Health.
Written informed consent and appropriate assent were obtained from each evaluated
member of the family by a qualified investigator. DNA was obtained from blood,
fibroblasts, and saliva based on standard procedures. When available, banked muscle biopsy
samples were obtained.

Molecular diagnostic investigations

Sequencing of COL6A1, COL6A2, and COL6A3 in Families 1, 2, and 3 was performed by
extracting RNA from the patient and mosaic parent fibroblast cells, followed by reverse
transcription polymerase chain reaction to obtain cDNA and amplification of triple helical
domain of each gene using polymerase chain reaction (PCR). For Families 4 and 5 PCR
sequencing was done on gDNA extracted from blood. Sequencing of PCR products was
performed on an ABI 3130x1 capillary sequencer in the forward and reverse directions. All
families had confirmatory genetic testing by outside laboratories. Variants were numbered
according to RefSeq transcripts NM_001848.2 for COL6A1, NM_001849.3 for COL6A2,
and NM_004369.3 for COL6A3. For cONA numbering, nucleotide numbering uses +1 as the
A of the ATG translation initiation codon in the reference sequence, with the initiation
codon as codon 1. Mutations were submitted to the Leiden Open Variation Database for
COL6A1 (www.LOVD.nl/COLEAL), COL6A2 (www.LOVD.nl/COLEA2) and COLBA3
(Www.LOVD.nl/COLG6A3)
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Immunofluorescence labeling of dermal fibroblasts

Dermal fibroblasts established from a normal control, patients, and mosaic parents were
grown in Dulbecco’s modified Eagle medium with 10% FBS and 1% Penicillin/
Streptomycin in an 8-well chamber in 5% CO, at 37°C until 80% confluency. Cells were
continuously cultured in the presence of 50 pg/ml L-ascorbic acid phosphate (Wako, Osaka,
Japan) for 4-5 days before being fixed with 4% paraformaldehyde at room temperature,
blocked in 10% FBS with or without 0.1% Triton X-100 in PBS, and then incubated with a
mouse monoclonal antibody specific for collagen VI (Chemicon, Temecula, CA) at 1:2500
dilution. Cells were washed with PBS prior to incubation with goat anti-mouse Alexa Fluor
568-conjugated secondary antibody (Life Technologies, Grand Island, NY) at 1:500 dilution
and nuclei were counterstained with DAPI (4’,6’-diamidino-2-phenylindole hydrochloride).
Images were obtained using a Nikon Eclipse Ti epifluorescence microscope.

To quantify the granularity of the images, we developed a morphological operations-based
image processing protocol that uses the collagen VI staining channel of the fluorescence
image as input. The granularity analysis allows us to define a quantitative measure on the
discontinuity (or lack of continuity) of the collagen microfibrils, by counting the number of
round regions with smaller areas. For each sample, we imaged five random and independent
regions. From these fluorescence images, an adaptive thresholding operation was first
performed to generate a binary image. The threshold was determined by intensity mean of
the image. Next, a connected component analysis was conducted to identify each connected
region and their morphologic features, including area, solidity, and major-minor axis
lengths. The roundness of each connected component was measured by the ratio between the
length of its long axis and its short axis. In our experiment, we considered a ratio between
1.0 and 1.8 as an acceptable roundness range (mathematically, 1.0 corresponds to an exact
circle). Connected components with a long/short axis ratio larger than 1.8 or smaller than 1.0
were automatically removed by the computer. After this selection, the final granularity was
quantitatively measured by the remaining objects with proper shapes and sizes, and then
normalized by the mean fluorescence intensity of the image. The greatest advantage of the
proposed computer-guided granularity analysis is its objectivity, which allows us to apply
the same criteria for both control and disease groups. The software has produced the same
results after three technicians have performed the automatic operations, in order to
demonstrate the reproducibility of the method.

Immunofluorescence labeling of muscle biopsies

Nine um frozen muscle sections were cut using a Microm HM505E cryostat. The muscle
sections were fixed with pre-cold methanol at -20°C, blocking in 10% FBS with 0.1% Triton
X-100 in PBS. The muscle sections were dual labeled for co-localization with mouse
monoclonal anti-collagen V1 antibody 1:2500 (Chemicon, Temecula, CA) and anti-Laminin
v1 rabbit polyclonal antibody 1:800 (Sigma Aldrich, St. Louis, MO), a marker for the
basement membrane. Alexa Fluor 568-conjugated goat anti-mouse 1:500 (Life
Technologies, Grand Island, NY) and Alexa Fluor 4888-conjugated goat anti-rabbit 1:500
(Life Technologies, Grand Island, NY) were used and nuclei were counterstained with DAPI
(4’,6’-diamidino-2-phenylindole hydrochloride). Images were obtained using a Leica
Microsystems SP5, Wetzlar, Germany confocal microscope.
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Quantification of mutant versus normal allele

Results

Genomic DNA was extracted from blood, dermal fibroblasts and saliva. cDNA was obtained
using Reverse Transcription polymerase chain reaction from RNA extracted from cultured
dermal fibroblasts. Custom TagMan SNP Genotyping Assays (Life Technologies, Grand
Island, NYY), consisting of mutation-specific primers and fluorescent-labeled allele
discrimination probes, were designed for each mutation using a custom design tool provided
by Applied Biosystems (Supp. Table S1). Fifty-five ng of Genomic DNA was used with
total volume of 5ul for each reaction. The master mix was ordered from the manufacturer
(Life Technologies, 4371353). The fluorescent readings were recorded after 40
amplification cycles. The amplification was performed using the ABI 7900 Real-time PCR
system. Reactions were run in triplicates. GAPDH was used as an endogenous quantity
control for cDNA samples. Quantitative analysis of the percentage of mosaicism was
performed as previously reported (Hsu, et al., 2013). Mutant allele levels were calculated by
using the AA cycle threshold (AACt) method: AACt= ACt (mosaic)- ACt (het). (ACt was
defined as the difference between the mean Ct values of mutant and WT)(Hsu, et al., 2013).

Clinical and imaging findings

We identified four unrelated families with a parent mosaic for a dominant collagen VI
mutation and a fifth mosaic simplex patient, two from the United States, and one each from
the Netherlands, France, and the United Kingdom. Detailed clinical information was
available on nine affected individuals (Table 1; Fig. 1). Imaging findings were available on
six affected individuals (Fig. 2). All four unrelated non-mosaic (i.e. fully heterozygote)
children of a mosaic parent [F1P (family 1; fully heterozygote Patient), F2P, F3P and F4P]
presented with typical findings of COL6-RD, including delayed milestones, distal
hypermobility with contractures, proximal more than distal weakness, and characteristic skin
findings (Fig. 1).

Patient F1P and F2P had typical UCMD with hypotonia noted at birth and loss of
ambulation at age 10 years and early teens, respectively. F2P also had lower extremity
swelling of unclear etiology following blunt force trauma to his right leg. Work-up for deep
vein thrombosis was negative. Patient F3P and F4P had an intermediate phenotype, with
retained ability to walk short distances at the age of 18 and 40 years, respectively. Patient
F4P also had very thin skin, hyperkeratosis, and numerous small ulcers in both legs,
requiring continuous dermatological care, facial hyperkeratosis and seborrheic dermatitis.

Three mosaic parents, father F2M (Family 2; Mosaic parent), father F3M and mother F4M,
never noticed collagen V1 related symptoms and were only clinically evaluated after
sequencing studies for carrier status suggested that they were mosaic for the mutant allele.
F3M did report abnormal scar tissue prior to collagen VI mutation segregation testing. In
hindsight, the mosaic parents reported that they were never very athletic. Imaging studies in
mosaic fathers F2M and F3M showed the “central cloud” phenomenon, reflecting
degeneration around the central fascia of the rectus femoris, as well as the typical concentric
degeneration in other muscles, consistent with a diagnosis of COL6-RD (Fig. 2). On exam,
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F2M and F4M had contractures and mild weakness. Mosaic mother F4M had a normal
clinical examination except for mild finger flexors contractures. However, she had been
previously diagnosed with polyarthritis. Lower limb CT scan was normal.

Mosaic father F1M was noted to have difficulty walking and climbing steps at 4 years of age
and he was initially diagnosed with Duchenne Muscular Dystrophy (DMD) based on
dystrophic changes on muscle biopsy. His diagnosis was amended to spinal muscular
atrophy (SMA) based the slow course of the disease and a second muscle biopsy showing
“neurogenic changes.” He was counseled on the presumed autosomal recessive inheritance
seen in SMA, with a low risk for recurrence. After his daughter was diagnosed with UCMD,
his diagnosis of Bethlem myopathy was confirmed by genetic testing.

F5M is a simplex case who was found to be mosaic for an exon skipping ¢.955-2A>G
mutation in COL6A2. He had a COL6-RD phenotype of intermediate severity, as he was still
independently ambulant for long distances, able to ride a bicycle, and able to ascend and
descend stairs at age 7 years. Given that his phenotype was milder than typical UCMD
patients, but more severe than Bethlem myopathy patients, he would best be characterized as
having intermediate collagen VI-related dystrophy.

Genetic and histological findings

The family histories and COL6A1-3 sequencing results are shown in Figure 3. Heterozygous
mutant alleles were identified in the four patients and in one of their parents, however peak
height of the mutant allele in the carrier parents was significantly smaller, suggesting
parental somatic mosaicism (Fig. 3). Mosaic patient F5M was found to have a perceived
lower-height peak of the COL6A2 mutation compared to typical heterozygous mutations
(Fig. 3E2).

Collagen VI matrix deposition expressed by immunofluorescence of cultured dermal
fibroblasts was variable and showed a range from normal to complete absence in families
with different mutations. The matrix formation in F1P (Fig. 4A1) appeared slightly reduced
and less organized with a speckled and knotted pattern when compared to the more normal
matrix formation shown in the mosaic parent F1M (Fig. 4A2). Since dominant-negative
mutations, such as exon-skipping mutations, interfere with normal collagen VI assembly and
deposition, which in turns appear disseminated and speckled, we quantified the granularity
(number of speckles) of the collagen VI matrix deposited by fibroblasts in culture (Fig. 4B7,
4B8). In F1P the granularity was greater than the mosaic parent (Fig. 4B1, 4B2), supporting
the idea that the matrix was less organized when the mutation was fully expressed.
Similarly, for patient F3P (Fig. 4B4), collagen VI matrix formation was significantly
reduced and the granularity increased when compared to normal extracellular matrix
deposition in the mosaic father F3M (Fig. 4B5). In contrast, collagen VI was not detectable
in the extracellular matrix of fibroblasts derived from F2P but strong intracellular retention
was visible (Fig. 4A3). However, the matrix deposition revealed virtually normal staining in
the mosaic father F2M (Fig. 4A4). F4P had no collagen VI secretion in cultured fibroblasts
but intracellular retention (data not shown). Fibroblasts from the mosaic parent were not
available.
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Immunohistochemical analysis of a muscle biopsy from patient F3P and the mosaic father
F3M, compared with a normal control, showed a relatively normal amount of collagen VI
protein in the patient (Fig. 4C2), but partial loss of co-localization with the basement
membrane labeled with Laminin © 1 antibody compared to the normal control (Fig. 4C1).
The muscle of the mosaic father F3M showed a normal amount of collagen VI protein and
complete overlay with the basement membrane protein Laminin © 1(Fig. 4C3).

Quantitative analysis of mutant allele ratio in mosaic versus non-mosaic

To determine the degree of mosaicism, the relative ratio of mutant allele quantity in the
mosaic parents was analyzed in different somatic tissues, with five pairs of real-time PCR
probes specific to either mutant or WT alleles used for corresponding patients (Supp. Fig.
S1). In family 1, genomic DNA obtained from peripheral blood, dermal fibroblasts, and
saliva was tested. The fibroblast sample showed a lower proportion approximately 36% of
the mutant allele in the mosaic father (Fig. 3A5). The signal from the mutant allele was too
weak to be detected in blood and in saliva samples from the mosaic father (Fig. 3A4&6).
The quantitative data from blood, dermal fibroblast, and saliva from family 2 showed 20%,
42% and 16%, of mutant allele ratio in the father, respectively (Fig. 3B4-6). The percentage
of mosaicism on the cDNA level for family 2 was also tested to indicate relative expression
from the mutant allele. The mutant allele ratio from the cDNA from dermal fibroblast
revealed 35% in the father (data not shown), which is slightly lower than in genomic DNA
extracted from fibroblast. The data from family 3 showed approximately 24% of mutant
ratio in the fibroblast (Fig 3C4). Family 4 showed 40% of mutant ratio in the blood sample,
and 58% in the saliva sample of the mosaic mother (Fig. 3D4,5).

Discussion

Mosaicism is a result of a postzygotic mutation and may be confined to somatic cells, the
germline, or both, depending on the developmental stage at which the mutation occurred.
The phenotypic expression of the mosaic mutation depends on the tissue distribution and
mutation ratio expressed. Mosaicism can complicate clinical diagnosis and genetic
counseling. Within the realm of dominant neuromuscular diseases, inherited mosaicism has
been reported for several genes including ACTA1 (Nowak, et al., 1999), PMP22 (Sorour, et
al., 1995), MPZ (Fabrizi, et al., 2001), LMNA (Makri, et al., 2009) and BAG3 (Odgerel, et
al., 2010). Additionally, germline and somatic mosaicism are well established in X-linked
disorders such as Duchenne muscular dystrophy (DMD) (Kesari, et al., 2009; van Essen, et
al., 2003). Parentally inherited mosaicism has been reported in the collagen gene family,
including point mutations in COL1A1 and COL1A2 resulting in osteogenesis imperfecta
(Cohn, et al., 1990; Pyott, et al., 2011; Wallis, et al., 1990) and deletions in COL3A1
resulting in Ehlers-Danlos syndrome (EDS) type IV. However, this is the first report of
inherited parental mosaicism of dominantly-acting collagen VI mutations.

Phenotypic intra-familial variability in particular for disease severity is a well-established
phenomenon in COL6-RD and may be related to epigenetics, modifier genes and/or variable
“leaky” splice site mutations. Here, we present an additional mechanism in which the
heterogeneous ratio of mutant and normal collagen VI may result in the mosaic parent
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having a less severe phenotype compared to their children who have a full mutation load.
This phenomenon mimics genetic anticipation with disease severity increasing in subsequent
generations. Interestingly, the mutation load in blood and saliva does not necessarily
correlate with the severity of disease, as illustrated by F4AM who has the highest mutation
load tested but shows the mildest phenotype, or vice versa the mosaic mutation may be
virtually undetectable in certain tissues as illustrated by F1M in blood and saliva in a clearly
affected patient who tested positive in fibroblasts. Higher levels of somatic mosaicism may
be present in tissues derived from other cell lineages, but these were not analyzed, due to
unavailability of other tissues.

Mosaic collagen VI mutations may be difficult to suspect in a single patient on clinical
grounds. Since not all mosaic parents reported here complained of COL6-RD symptoms, it
may be advisable to evaluate parents of apparent simplex cases for subtle clinical findings as
well as to proceed with molecular genetic testing to accurately establish recurrence risk.
Additionally, germline mosaicism for a dominant mutation may appear as recessive
inheritance when two or more affected children are born to apparently unaffected parents. If
the germline is involved in a mosaic affected proband, subsequent generations are at
increased risk to be affected by the full mutation, possibly presenting at the severe end of the
COLG6-RD spectrum. Genetic counseling is complicated as the risk of parents having an
affected child is unknown, and depends on the ratio of mutated germline progenitor cells.
The level of germline mosaicism, and therefore recurrence risk, cannot be predicted from
analysis of other somatic tissues. In reviewing families with parental mosaicism for
dominant mutations causing osteogenesis imperfecta and retinoblasma, the recurrence rate
was estimated to be 27% and 10% respectively (Pyott, et al., 2011; Sippel, et al., 1998).
Caution is necessary, however, as the individual recurrence risk may be as high as 50%.

Our clinical and fibroblast data indicate the importance of the dose load in dominant
collagen VI mutation as a pathogenic mechanism. In particular, relative lesser dose of the
mutant allele, as seen in the mosaic parent, shows histochemical restoration of collagen VI
localization in the fibroblast cell culture in family 2. Clinically, this notion translates into a
milder phenotypic expression of the disease in mosaic parents who present with a lower
mutation load, compared to their non-mosaic carrier children. Relative dose of dominant
collagen VI mutation is capable of modulation disease mechanism, a variable therapeutic
approach since known haploinsufficiency does not cause disease (Baker, et al., 2007; Baker,
et al., 2005). This data validates the promising development of a therapeutic approach for
dominant-negative collagen VI mutations in which knock-down of the mutant allele
expression may be achieved through antisense-mediated or RNAI based therapy (Bolduc, et
al., 2014; Gualandi, et al., 2012).

This report of somatic mosaicism for dominant collagen VI mutations suggests that parental
mosaicism may be more common than previously suspected in COL6-RD. Thorough
diagnostic workup, including molecular genetic testing, of family members is needed for
patients with COL6-RD in order to better assess the incidence of mosaicism in collagen VI
mutations and to ultimately provide accurate recurrence risk information for genetic
counseling. Caution is required, as low levels of somatic mosaicism may not be detectable
by standard genetic sequencing and pure germline mosaicism will not be detectable by
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testing of specimen types routinely available to diagnostic laboratories. The phenomenon of
parental mosaicism in apparently simplex cases of COL6-RD has important implications for
molecular testing, clinical diagnosis, management, and genetic counseling for this patient
population. Advancements in understanding the genetics of COL6-RD will aid future
clinical trials where modulation of the disease phenotype may be achieved by directly
targeting the mutant allele and its expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A, C): 24 year old male non-mosaic proband F2P showing proximal weakness and long

finger flexor contractures. (B, D): His 60 year old mosaic father F2M demonstrates mild
long finger flexor and elbow contractures with minimal weakness. (E, G): Ten year old
female non-mosaic proband F1P with contractures in long finger flexors and elbows and her
40 year old mosaic father F1M with mild long finger flexor and elbow contractures (F, H).
(1, J): 17 year old male non-mosaic proband F3P with long finger flexor contractures and
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distal finger hyperlaxity and his 53 year old mosaic father F3M without long finger flexor
contractures and mild elbow contractures (K, L).
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Family 1 Family 2 Family 3

Figure 2.
Muscle MRI imaging for patient and mosaic parent from Family 1, 2 and 3. (A): Severe

fibrofatty changes and atrophy in all muscles of the thigh. “Central shadow” is visible
bilaterally (arrow); (B): Severe fibrofatty changes in the muscles of the posterior thigh
(HAM) and adductor magnus. Moderate fibrofatty changes in the muscles of the anterior
thigh with evidence of rimming (especially in RF and VL, arrow head) and "central shadow”
bilaterally (arrow); (C): Mild fibrofatty changes in the muscles of the distal lower extremity;
(D): Mild fibrofatty changes in most muscles of the distal lower extremity. More moderate
fibrofatty changes are noted in the SOL and lateral gastrocnemius muscles bilaterally, which
also exhibit atrophy; (E): Severe fibrofatty changes and atrophy of all muscles of the thigh.
Adductor longus, hamstrings (HAM) and rectus femoris (RF) are most affected. No clear
“central shadow” phenomenon; (F): Mild-moderate fibrofatty changes in the muscles of the
thigh. On the right, there is a small central shadow in the RF. Rimming of fibrofatty changes
in the RF and vastus lateralis (VL) are noted bilaterally; (G): Moderate fibrofatty changes
and atrophy in all muscles of the distal lower extremity. (H): Mild fibrofatty changes in the
soleus (SOL) bilaterally and peroneus (PER) and medial gastrocnemius (MG) muscle on the
right; (1): Severe fibrofatty changes and moderate atrophy in all muscles of the thigh.
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“Central shadow” in the RF bilaterally; (J): mild fibrofatty changes in the HAM. No
rimming or central cloud; (K): Moderate fibrofatty changes are severe in the SOL and PER
muscle. Notes striped appearance of the SOL because of rimming with central preservation
of muscle. Mild-moderate changes are noted in the remaining anterior and posterior muscles
of the distal lower extremity; (L): Mild fibrofatty changes in the MG muscles bilaterally and
PER on the right.
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Figure 3.
Pedigrees and molecular characterizations of the respective families. Superscript numerals

correspond to individuals in Table 1 (A-D). Genomic DNA sequence chromatograms show
the somatic mutation in mosaic parent and affected child. Mutations were confirmed on
RNA extracted from dermal fibroblasts for Family 1,2 and 3 and gDNA extracted from
blood in Family 4 and 5. The mosaic mutation sequence is seen as a lower-height peak in the
parent compared to the non-mosaic mutation in the child (A-D). (A): Sequencing results of
Family 1 showing heterozygous COL6A2 ¢.900+ 1G> A mutation in the patient F1P (A2.
left) and mosaic father F1M (A3. right). (B): Sequencing results of Family 2 showing
heterozygous COL6A1 ¢.859G>A (p.Gly287Arg ) mutation in the affected son F2P (B2.
left) and mosaic father F2P (B3. right). (C): Sequencing results of Family 3 showing
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heterozygous COL6AL ¢.930+2T>A mutation in the affected child F3P (C2. left) and mosaic
father F3M (C3. right) (D): Sequencing results of Family 4 showing heterozygous COL6A3
€.6238G>T (p.Gly2080Cys) mutation in affected child F4P (D2. left) and mosaic mother
FAM (D3. right). (E): Sequencing results of family F5 showing a lower-height peak of
COLBA2 ¢.955-2A>G mutation in the mosaic patient F5M (E2. left) compared to the normal
parents (E3.; E4.). Quantitative analysis of mutant allele expression from different tissues
for the respective families. The graphic represents the percentage of the mutant allele
expression in the probands (dark grey) and somatic mosaic parent (light grey).
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Figure4.
(A) Comparison of collagen VI immunoactivity in dermal fibroblast. (20x). Dermal

fibroblasts were grown in the presence of 50ug/ml of L-ascorbic acid for 4-5 days after 80%
confluency. Collagen V1 specific monoclonal antibody was used (red). Collagen VI was
detected in the extracellular matrix of mosaic parent and has a “knotted” and “speckled”
pattern in the patient F1P (A1, A2), immunoreactivity is absent in patient F2P (A3, A4) and
is reduced in patient F3P (A5, A6). (B) Granularity (quantitation of speckles) of the matrix
deposited by fibroblasts was measured and normalized to the mean fluorescence intensity
for Family 1 and 3, and normal controls processed concomitantly. Each bar graph represents
the average of five images from independent fields of the same experiment. (C)
Immunofluorescent staining of collagen V1 in skeletal muscle (63x). Normal control muscle
showed normal amount of collagen VI (red) with co-localization of basement membrane
protein, laminin y1 (green) resulting in yellow signal (C1); considerable amount of collagen
VI in the matrix with partial co-localization of basement membrane protein in the patient’s
muscle (see yellow), significant increased connective tissue (C2); mild increased connective
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tissue with normal amount of collagen VI and co-localization of basement membrane in the
mosaic parent (C3).
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