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2 IGM-CNR, Unità di Bologna, IOR, Bologna, Italy
3 Laboratorio di Biologia Cellulare Muscoloscheletrica, IOR, Bologna, Italy

Accepted 7 December 2010

ABSTRACT: Introduction: Collagen VI expression was tested
in peripheral blood macrophages from patients with collagen
VI–related myopathies and compared with muscle biopsy.
Methods: RNA and protein studies were performed in blood
macrophages from 5 patients previously diagnosed with either
Ullrich congenital muscular dystrophy (UCMD) or Bethlem my-
opathy (BM). The full spectrum of possible genotypes was con-
sidered, including both dominant and recessive UCMD and BM
cases. Results: In the dominant BM patient, no collagen VI
alterations were detectable in macrophages or muscle biopsy.
In the remaining patients, the protein defect caused by the
selected mutations, as well as the transcriptional abnormalities,
were readily detectable in macrophages, at levels comparable
to those observed in muscle biopsy samples and cultured skin
fibroblasts. Conclusions: Our data support the suitability of pe-
ripheral blood macrophages as a reliable, minimally invasive
tool for supplementing or replacing muscle/skin biopsies in the
diagnosis and monitoring of collagen VI–related myopathies.
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Ullrich congenital muscular dystrophy (UCMD)
and Bethlem myopathy (BM) are allelic disorders
caused by a defect in collagen VI, a ubiquitous
constituent of the extracellular matrix.1 In UCMD
patients, immunohistochemical analysis can be
used to reveal partial or complete deficiency of col-
lagen VI in the muscle tissue.1 Classic dominant
BM cases usually show normal collagen VI in mus-
cle biopsy, whereas recessive BM mutations have
been shown to reduce collagen VI expression in
skeletal muscle2 by immunohistochemical and bio-
chemical analyses. Collagen VI deficiency is gener-
ally also detectable in cultured skin fibroblasts,
both in UCMD and BM cases.3 However, because
collagen VI synthesis and secretion may be influ-
enced by culture conditions4 and as heterogeneity
of skin fibroblasts has been reported with respect
to extracellular matrix production,5 the informa-
tion obtained from these latter cells may be unreli-
able. Thus, although relatively traumatic for
patients, biopsy and analysis of muscle tissue or

cultured skin/muscle-derived cells are preferred
sources both of protein and mRNA for testing the
transcriptional behavior of genomic mutations6

and for monitoring drug effects, such as in the
therapeutic trials currently underway to gauge the
effectiveness of cyclosporine and derivatives at
repairing mitochondrial function in collagen VI
myopathies.

In the pilot version of this study,7 each of the
patients received two muscle biopsies: one at base-
line to confirm mitochondrial dysfunction, and the
other after treatment to evaluate the effect of the
drug. Nevertheless, in full-scale clinical trials involv-
ing larger patient samples and more extensive
monitoring, the invasiveness of this protocol may
seriously affect the willingness of patients, or their
families, to participate.

Peripheral blood monocytes and monocyte-
derived macrophages (MDMs) produce and secrete
abundant collagen VI.8 Hence, to determine
whether MDMs may be a reliable, minimally inva-
sive adjunct or surrogate tool for muscle biopsy in
collagen VI–related myopathies, RNA and protein
studies were employed to analyze collagen VI
expression in these cells from 3 UCMD patients
and 2 BM patients, carrying previously character-
ized COL6 gene mutations.

METHODS

Patient UCMD-A1 carries the 921–935del15 muta-
tion within COL6A1 exon 9, in heterozygosity9;
patient UCMD-A2 is compound heterozygous for
recessive COL6A2 mutations [c.1009þ5 G>A/
Arg366Stop (patient UCMD2 in the study by Mar-
toni et al.6)]; and patient UCMD-A3 carries the de
novo heterozygous c.6210þ1 G>A mutation within
COL6A3 intron 16.10

Patient AD-BM belongs to a family with domi-
nant transmission of the BM phenotype. He is het-
erozygous for the missense change Leu1643Arg
within COL6A3 exon 11 (c.4928 T>G–
NM_004369.3), a mutation that segregates in the
affected father and brother.

Patient AR-BM is compound heterozygous for
the recessive COL6A2 mutation [p.Asp983_Val984-
del (c.2947_2952del6–NM_001849)] and carries a
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deletion within intron 1A, identified by array com-
parative genomic hybridization (CGH) analysis.11

Unfixed frozen sections of the tibialis anterior
muscle from all patients and controls (2 adults
and 2 children) were labeled with anti–collagen VI
antibody (MAB1944; Chemicon) and then by
flouorescein isothiocyanate (FITC)-conjugated
anti-mouse antibody (DAKO).5

Mononuclear cells were isolated from 10 ml of
peripheral blood on a Ficoll gradient (Sigma) and
cultured in RPMI 1640 medium (Sigma-Aldrich) at
a density of 106/cm2. After 3 days, non-adherent
cells were removed. The medium, supplemented
with 50 lg/ml ascorbic acid, was changed every 2
days.8

After 14 days of culture, collagen VI expression
was assessed by immunofluorescence, as previously
reported.6 Anti-fibronectin antibody (Sigma Co.)
was used as an internal marker.

RNeasy (Qiagen, Chatsworth, California) was
utilized to isolate total RNA from MDMs from
patients UCMD-A2, UCMD-A3, and AR-BM, which
was reverse transcribed as described elsewhere.6

Primers utilized for reverse transcription–polymer-
ase chain reaction (RT-PCR) analysis were as
follows: COL6A2ex5for: gtgagctgcctggaaatccctg;
COL6A2ex14rev: gcccttggctcctttcacacc; COL6A3ex
12for: cctgaacaagttcagacagtcctc; and COL6A3ex23-
rev: caggtactccatctctccctg.

To quantify the levels of COL6A2 transcript in
UCMD-A2 MDMs, commercially available TaqMan
expression assays (Applied Biosystems) were em-
ployed for COL6 genes (COL6A1: Hs00242448_m1
Ex 20-21ëƒ COL6A2: Hs00242484_m1 (Ex 27–28)
and COL6A3: Hs00915102_m1 (Ex 23–24) and for
actin as a reference gene (ACTB endogenous con-
trol). Real-time PCR was performed as previously
described.6 cDNA from control MDMs served for
calibration.

RESULTS

Immunofluorescence analysis of collagen VI on
muscle sections from the 3 UCMD patients
revealed markedly reduced expression, as com-
pared with controls, whereas collagen VI was mod-
erately reduced and unevenly distributed in the
AR-BM muscle biopsy sample. In contrast, normal
expression of collagen VI was detectable in the
skeletal muscle from the dominant BM case (AD-
BM) (Fig. 1, left lane).

Using the same antibody, greatly reduced levels
of collagen VI were detected in MDMs cultures
from all UCMD patients with respect to controls.
Collagen VI was also found to be moderately
reduced in MDMs from patient AR-BM, whereas it
was detectable at normal levels in MDMs from the
dominant AD-BM case (Fig. 1, middle lane). Fibro-

nectin, used as an internal marker of the secreted
extracellular matrix, displayed a pattern compara-
ble to that of normal MDMs in all patients (Fig. 1,
right lane).

Furthermore, results of RNA behavioral analysis
of the two splicing mutations in patient MDMs par-
alleled those previously reported in fibroblasts.6,10

Patient UCMD-A2 exhibited two COL6A2 tran-
scripts, one with normal exon 8–9 splice junction
and the other with intron 8 retention (originating
from the þ5 mutation) (Fig. 2A, left; see also Mar-
toni et al.6). Real-time PCR revealed an even more
pronounced reduction in COL6A2 messenger
level, related to nonsense-mediated decay of the
Arg366Stop allele,6 than those previously docu-
mented in fibroblasts (Fig. 1B). RT-PCR in MDMs
from patient UCMD-A3 revealed exon 16 skipping
(Fig. 1A, right), as universally reported in this com-
mon COL6A3 mutation.10

In patient AR-BM, sequence analysis of the
COL6A2 transcript showed an imbalanced repre-
sentation of the COL6A2 alleles, as previously
documented in fibroblasts, related to a regulatory
mutation identified within intron 1 by CGH
analysis.11

DISCUSSION

Presently, the major endpoint of hereditary muscle
disease–related trials is the restoration (as yet par-
tial and with varying efficiency) of the defective
protein(s) in muscle tissues. Monitoring this pro-
cess involves repeated muscle biopsies, and thus
the validation of novel minimally invasive tools for
diagnosis and follow-up is a desirable goal.

Macrophages derived from MDMs have recently
been shown to express collagen VI mRNA and to
secrete abundant protein.8 Hence, we conducted
RNA and protein analyses to evaluate the effects of
COL6A gene mutations on collagen VI expression
in MDMs, and thereby sought to determine
whether these cells could represent suitable cells
for monitoring collagen VI–related myopathies.

Collagen VI expression was therefore investi-
gated in MDMs from a group of patients represen-
tative of the full spectrum of UCMD/BM geno-
types and phenotypes. Three UCMD patients were
selected, all carrying mutations in different COL6
genes, as well as 2 BM cases, 1 with dominant and
the other with recessive inheritance.

Two UCMD patients, the first carrying one splic-
ing and one nonsense mutation in the COL6A2
gene6 and the second a splicing mutation within the
COL6A3 gene, were selected on the basis of their
previously characterized transcriptional behavior in
cultured fibroblasts. Encouragingly, the transcrip-
tion pattern of both splicing mutations was detected
to a similar degree in macrophages, even though
one of the selected mutations was a non-canonical
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splicing change (þ5), which caused intron reten-
tion in part of the transcript and would have been
expected to display a different recognition pattern
in different cells.

The nonsense-mediated decay of mutated
COL6A2 mRNA observed in fibroblasts6 was also
seen in macrophages. Furthermore, in the reces-
sive BM patient, the transcriptional impairment of

FIGURE 1. Immunofluorescence analysis of collagen VI (green—left and middle lanes) and fibronectin (red—right lane) on muscle

sections (left lane) and MDMs (middle and right lanes) from a healthy subject (Ctrl) and patients AD-BM, AR-BM, UCMD-A1, UCMD-

A2, and UCMD-A3. On muscle sections from the healthy subject, collagen VI is expressed in the endomysium around muscle fibers.

In AD-BM muscle, collagen VI shows a pattern very similar to that of a normal subject, whereas for AR-BM it appears reduced and

unevenly distributed. All UCMD patients show a marked reduction around muscle fibers and in the perimysium. Using the same anti-

body, collagen VI is expressed at the cell membrane of control MDMs. Matching the muscle pattern, collagen VI appears to be nor-

mally represented in patient AD-BM, moderately reduced in patient AR-BM, and greatly reduced in MDMs cultures from patients

UCMD-A1, -A2, and -A3. Fibronectin, used as an internal marker, yielded a pattern comparable to that of normal MDMs in all MDM

patient cultures. Insets show representative higher magnifications. Bar ¼ 40 lm. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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a COL6A2 allele carrying an intronic regulatory
mutation,11 previously documented in fibroblasts,
was mirrored in MDMs. This observation suggests
that regulatory mechanisms of COL6 gene expres-
sion are common to the two cell systems.

Muscle biopsy revealed partial deficiency of col-
lagen VI in all UCMD patients and in the recessive
BM case. As MDMs also exhibited a reduced
amount of protein at the plasma membrane, they
may be considered suitable tools for evaluating the
pathogenic effect of COL6A gene mutations on
protein expression. Moreover, normal expression
of collagen VI was detectable in MDMs from the
dominant BM patient, as seen in muscle, as
expected due to the effect of BM dominant muta-
tions on collagen VI assembly and secretion.3

Supporting the predictive value of MDMs as a
supplementary or surrogate diagnostic tool in neu-
romuscular diseases, these cells have already been
verified as suitable for a blood-based diagnostic
assay in muscle phenotypes caused by dysferlin
deficiency.12 Furthermore, monocytes have
proven to be a good source of dysferlin mRNA for

mutation analysis,13 and of protein for immunocy-
tochemistry (ICC) and Western blotting.14

Moreover, like other cells, blood monocytes
can be cryopreserved after isolation15 and then cul-
tivated effectively, even after several weeks.

In conclusion, our data reveal that MDMs may
represent a reliable, minimally invasive tool for
replacing or supplementing the current more
invasive diagnostic procedures in collagen VI–
related myopathies. Our findings also suggest a
use for these easily accessible cells in the hunt
for valid neuromuscular disease biomarkers that
can demonstrate therapeutic efficacy and
efficiency.

The work has been funded by the BIO-NMD Grant
(EC, 7th FP, proposal #241665; ‘‘http://www.bio-nmd.eu’’ or
‘‘http://www.bio-nmd.eu’’ www.bio-nmd.eu, to AF as coordina-
tor), by Telethon (Grants GGP08107 to A.F. and N.M.M.,
GUP08006 to L.M.), and the PRIN Project (Grant
2008PB5S89_003 to A.F.).

REFERENCES

1. Lampe AK, Bushby KM. Collagen VI related muscle disorders. J Med
Genet 2005;42:673–685.

FIGURE 2. RNA behavior of selected UCMD and BM mutations in MDMs. (A) RT-PCR analysis in MDMs from patients UCMD-A2 and

UCMD-A3. Left: RT-PCR with primers within COL6A2 exons 5 and 14 shows two fragments, with correct exon 8–9 junction and intron

8 retention. Right: RT-PCR with primers within COL6A3 exons 12 and 23 shows two fragments, with correct exon 15–16–17 junctions)

and with exon 16 skipping. (B) Real-time PCR quantification of the ratio between steady-state levels of mutated COL6A2 messenger

and wild-type COL6A1 or COL6A3 transcripts in MDMs from patient UCMD-A2. The COL6A2/COL6A1 and COL6A2/COL6A3 ratios in

control MDMs are denoted 1. In UCMD-A2, COL6A2 transcript ratio was reduced to 0.017 and 0.019 for COL6A1 and COL6A3,

respectively. (C) Sequence chromatograms of cDNA from control (CTRL) and AR-BM MDMs. Both the control and the AR-BM patient

were heterozygous at the genomic level for three polymorphisms within COL6A2 exon 28 (c.2039 G>A–R680H; c.2094 G>A–A698A;

c.2097 C>T–G699G). In cDNA, the two alleles of each polymorphism are uniformly represented in the control (left), whereas an imbal-

anced transcription can be seen in the AR-BM patient (right). This behavior parallels that previously observed in fibroblasts.11 [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Macrophages in Collagen VI Myopathies MUSCLE & NERVE July 2011 83



2. Gualandi F, Urciuolo A, Martoni E, Sabatelli P, Squarzoni S, Bovo-
lenta M, et al. Autosomal recessive Bethlem myopathy. Neurology
2009;73:1883–1891.

3. Hicks D, Lampe AK, Barresi R, Charlton R, Fiorillo C, Bonnemann
CG, et al. A refined diagnostic algorithm for Bethlem myopathy.
Neurology 2008;70:1192–1199.

4. Engvall E, Hessle H, Klier G. Molecular assembly, secretion, and
matrix deposition of type VI collagen. J Cell Biol 1986;102:
703–710.

5. Sorrell JM, Caplan AI. Fibroblast heterogeneity: more than skin
deep. J Cell Sci 2004;117:667–675.

6. Martoni E, Urciuolo A, Sabatelli P, Fabris M, Bovolenta M, Neri M,
et al. Identification and characterization of novel collagen VI non-ca-
nonical splicing mutations causing Ullrich congenital muscular dys-
trophy. Hum Mutat 2009;30:E662–E672.

7. Merlini L, Angelin A, Tiepolo T, Braghetta P, Sabatelli P, Zamparelli
A, et al. Cyclosporin A corrects mitochondrial dysfunction and mus-
cle apoptosis in patients with collagen VI myopathies. Proc Natl
Acad Sci USA 2008;105:5225–5229.

8. Schnoor M, Cullen P, Lorkowski J, Stolle K, Robenek H, Troyer D,
et al. Production of type VI collagen by human macrophages: a new
dimension in macrophage functional heterogeneity. J Immunol
2008;180:5707–5719.

9. Angelin A, Tiepolo T, Sabatelli P, Grumati P, Bergamin N, Golfieri
C, et al. Mitochondrial dysfunction in the pathogenesis of Ullrich

congenital muscular dystrophy and prospective therapy with cyclo-
sporins. Proc Natl Acad Sci USA 2007;104:991–996.

10. Lampe AK, Zou Y, Sudano D, O’Brien KK, Hicks D, Laval SH, et al.
Exon skipping mutations in collagen VI are common and
are predictive for severity and inheritance. Hum Mutat 2008;29:
809–822.

11. Bovolenta M, Neri M, Martoni E, Urciuolo A, Sabatelli P, Fabris M,
et al. Identification of a deep intronic mutation in the COL6A2
gene by a novel custom oligonucleotide CGH array designed to
explore allelic and genetic heterogeneity in collagen VI–related my-
opathies. BMC Med Genet 2010;11:44.

12. Ho M, Gallardo E, McKenna-Yasek D, De Luna N, Illa I, Brown
RH Jr. A novel, blood-based diagnostic assay for limb girdle
muscular dystrophy 2B and Miyoshi myopathy. Ann Neurol 2002;51:
129–133.

13. De Luna N, Freixas A, Gallano P, Caselles L, Rojas-Garcı́a R, Paradas
C, et al. Dysferlin expression in monocytes: a source of mRNA for
mutation analysis. Neuromuscul Disord 2007;17:69–76.

14. Illa I, De Luna N, Domı́nguez-Perles R, Rojas-Garcı́a R, Paradas C,
Palmer J, et al. Symptomatic dysferlin gene mutation carriers: charac-
terization of two cases. Neurology 2007;68:1284–1289.

15. Hiebl B, Fuhrmann R, Franke RP. Characterization of cryopreserved
CD14þ-human monocytes after differentiation towards macrophages
and stimulation with VEGF-A(165). Clin Hemorheol Microcirc 2008;
39:221–228.

84 Macrophages in Collagen VI Myopathies MUSCLE & NERVE July 2011


