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Abstract
We have found abnormal fibrillin mi-
crofibrils isolated from tissues and cell
cultures from two cousins with Marfan
syndrome whose major clinical abnor-
mality is bilateral ectopia lentis, but who
also have skeletal involvement but no
cardiovascular defects. Ultrastructural
analysis ofciliary zonules showed the pres-
ence ofabundant loose microfibril bundles
which in many places appeared dis-
organised. Microfibrils isolated from cil-
iary zonules and vitreous were highly
fragmented when examined by rotary
shadowing electron microscopy. In-
vestigation of microfibrils elaborated by
patient dermal fibroblasts showed re-
markable variations in periodicity and
packing. The synthesis and secretion of
fibrillin by these cells was confirmed elec-
trophoretically with the identification of
metabolically labelled immunoprecipit-
ated fibrillin (M1 300 000) in medium and
cell layer compartments. These data show
that fibrillin expression is normal but that
assembled microfibrils are manifestly ab-
normal both morphologically and func-
tionally. The occurrence of microfibrils
with variable periodicities and sus-
ceptibility to fragmentation suggests that
structural weakness is probably the prim-
ary cause of lens dislocation in these
patients.

( Med Genet 1995;32:1-6)

Mutations in the FBN1 gene that encodes the
glycoprotein fibrillin are responsible for Marfan
syndrome, an autosomal dominant connective
tissue disorder that affects cardiovascular and
musculoskeletal systems and the eye.'3 Marfan
syndrome has a high penetrance, but is char-
acterised by strikingly heterogeneous inter- and
intrafamilial phenotypes.3 In general, Marfan
patients manifest some degree of cardio-
vascular, skeletal, and ocular involvement.
However, in some cases, ocular signs, including
bilaterial ectopia lentis, myopia, and retinal
detachment clearly predominate as the major
clinical feature.

Fibrillin is the principle structural element
of a class of connective tissue microfibrils that
have a widespread distribution."9 They are
particularly abundant in tissues affected in
Marfan syndrome, such as aorta, periosteum,
ciliary zonules, the alveolar walls, and skin.
Ultrastructural analyses have highlighted the
complex architecture of fibrillin micro-
fibrils.6" "12 They exhibit a pronounced beaded
morphology with a diameter of 10 to 12nm
and an average, but variable, periodicity of
55 nm. The mechanism of fibrillin assembly
and microfibril organisation remains to be de-
fined. The molecular complexity of fibrillin
microfibrils was recently highlighted with the
identification of a second fibrillin (FBN2)
locus. 13
Attempts have been made to relate genotype

and phenotype as a means ofunderstanding the
pathogenesis of Marfan syndrome. Mutation
analyses have identified more than thirty caus-
ative mutations in the FBN1 gene to date. 114-26
Concurrently, biochemical analyses have high-
lighted variations between patient cells with
respect to synthesis, secretion, and deposition
of fibrillin.27 28 However, there are still no sat-
isfactory molecular explanations for howFBN 1
mutations influence microfibril assembly and
functionality, and generate the disease pheno-
type.
We have previously used a combination

of biochemical and ultrastructural approaches
to investigate how different fibrillin muta-
tions influence microfibril formation and
organisation.2930 We have shown a range of
microfibrillar abnormalities in a panel of Mar-
fan patient cell lines and highlighted differences
in fibrillin expression and aggregation between
Marfan lines. In this study, we report the results
of a similar strategy aimed at gaining insights
into why certain fibrillin defects are particularly
deleterious within the ocular system and pre-
dispose to lens dislocation. Using tissues and
cells from two affected members of a three
generation Marfan family, we have shown nor-
mal secretion and assembly of fibrillin but iden-
tified structurally and functionally abnormal
microfibrils. In this case, the fibrillin defect
which manifests at the macromolecular level
clearly underlies their ocular symptoms.
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Material and methods
CLINICAL HISTORY
Ocular tissues and dermal fibroblasts were ob-
tained from two affected cousins (ME and
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KC) of a three generation Marfan family. Both
patients were tall with arachnodactyly and bi-
lateral ectopia lentis, but valvular function and
aortic root dimensions were normal by echo-
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Figure 1 Ultrastructural analysis of ciliary zonules from patient ME and controL Transmission electron micrographs of
ciliary zonules from patient ME (B,C) and control (A, D). (A) shows a control zonule in longitudinal section. (B)
shows a comparable section of patient zonule. (C and D) are cross sections through patient and control ciliary zonules.
Rotary shadowing electron micrographs of microfibrils isolated fr-om zonules of patient ME (E) and control (F). Bars=
100 nm.
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cardiography. A vitreolensectomy was per-
formed for subluxed crystalline lens in patient
ME. At surgery, lens capsule together with
attached zonules were obtained for ex-
amination together with samples of anterior
vitreous.

TRANSMISSION ELECTRON MICROSCOPY
Ciliary zonules and lens capsule removed at
vitreolensectomy from ME were fixed with 3%
glutaraldehyde in 0 1 mol/I sodium cacodylate
buffer (pH 7-4) for four hours at room tem-
perature, and washed three times over 24 hours
in 0d1 mol/l sodium cacodylate buffer (pH 7 4)
containing 3 mmol/l CaC 12. Tissues were then
carefully trimmed under a dissecting mi-
croscope before postfixation in 1% (w/v) os-

A

mium tetroxide in 0-5 mol/l sodium cacodylate
at 4°C for one hour, and briefly rinsed in buffer
before dehydration in an ascending alcohol
series. After incubation in two changes of
polypropylene oxide, the tissue was infiltrated
with TAAB epoxy resin (TAAB Laboratories
Equipment Ltd, Aldermaston, UK) and placed
in flat embedding moulds for polymerisation
at 60°C for 72 hours. Sections 0 5 gmol/l thick
were cut on a Reichert OMUIII ultra-
microtome and stained with 1% toluidine blue
in 1% borax; appropriate areas were then se-
lected for ultrathin sectioning. Pale gold (70
nm) sections were mounted on copper grids
and contrasted with uranyl acetate and lead
citrate before examination in a Philips EM 301
electron microscope at an accelerating voltage
of 60 kV. Control tissues were obtained from
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Figure 2 Rotary shadowing electron micrographs of microfibrils isolated from patient dermal fibroblast cell layers. MEand KC cell lines elaborated abundant microfibrils. The predominant abnormality was irregular periodicity, with extendedand contracted regions recurring within the same microfibrils (C, E). In some fields, short microfibrillar arrays with afrayed appearance were also present (D, F). (A and B) microfibrils isolatedfrom normal dermalfibroblasts; (C and D),microfibrils isolated from KC cultures; (E and F), microfibrils isolatedfrom ME cultures. Bars = 100 nm.
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the Eye Bank at the Manchester Royal Eye
Hospital.

ROTARY SHADOWING ELECTRON MICROSCOPY

Tissue and cell layer preparations were visu-
alised for their microfibril content by rotary

shadowing electron microscopy using a mo-

dification of the mica sandwich technique.6
Samples visualised were void volume fractions
of cell layer extracts (see below), ciliary zonules
(from patient ME) taken up and diluted
in 0-5 mol/l Tris/HCl, pH 7-4 containing
04 mol/l NaCl, 2 rnmol/l phenylmethane-
sulphonyl fluoride (PMSF), and 5 mmol/l N-
ethyl maleimide (NEM), and vitreous (from
patients ME and KC) either neat or diluted
1:1 in the same buffer.

CELLS AND CELL CULTURE
Dermal fibroblast cultures were established by
explant from skin biopsies obtained from ME
and KC, with the informed consent of both
patients. Cells were routinely maintained in
Dulbecco's minimum essential medium sup-

plemented with 10% fetal calf serum, penicillin

Figure 3 Electrophoretic analysis offibrillin imnmunoprecipitated from nmedium and cell
layer extracts ofME dermal fibroblasts. Cells were continuously labelled with 135S/
TranSlabel for 16 or 72 hours, or pulse labelled for 30 minutes and chased for two hours
and 16 hours. Samples were analysed by SDS-IAGE on 8% gels under non-reducing
conditions and by fluorography. The electrophoretic mobilities of molecular weight markers
catalase (M, 232000) and x2-macroglobulin (M, 190000) are indicated. Tracks 1, 3,
5, and 7, fibrillin immunoprecipitated from medium (M); tracks 2, 4, 6, and 8fibrillin
immunoprecipitated from cell layer extracts (C). When cells were continuously labelled for
16 or 72 hours there was evidence for several fibrillin immunoreactive components in
medium (M,s 300000, 270000, higher M, aggregates and lower M, components; tracks
1 and 3). Failure to detect labelled fibrillin in the cell layer extracts suggests that high M,
microfibrillar assemblies may be too large for effective immunoprecipitation (tracks 2 and
4). In the pulse chase experiment, after two houirs secreted fibrillin (M, 300000) was

present as a doublet in medium after two hour chase (track 5) and in cell layers (track
6). After 16 hours chase, there was evidence for aggregation offibrillin in medium (track
7), but again no detectable labelled fibrillin was immunoprecipitated from the cell layer
extract (track 8).

(400 U/ml), streptomycin (50 mg/ml), and glu-
tamine (200 mg/ml). Confluent cells were la-
belled with [35S] TranSlabel in medium
containing 0-5% fetal calf serum. (TRANS35-
LABEL metabolic labelling reagent was sup-

plied by ICN Biomedicals Ltd, Thame, Oxon,
UK. This reagent is derived from [35S] E coli
hydrolysate and contains 70% L-methionine
[35S] and 20% L-cysteine [35S]). Proteinase
inhibitors (2mmol/l PMSF and 5 mmol/l
NEM) were added after 16 hours. Cell layers
were solubilised in 0 05 mol/l Tris/HCl, pH
7-4 containing 0-4mol/l NaCl and 1% (v/v)
Nonidet P40 (NNT buffer). Fibrillin was im-
munoprecipitated from medium and cell layer
compartments as previously described.730 In
view of the similar electrophoretic mobilities
on SDS-PAGE of fibronectin and fibrillin,
fibronectin was removed before im-
munoprecipitation of fibrillin by two sequential
incubations with 100 1:1 (v/v) solution of
gelatine-Sepharose. Samples were then in-
cubated for one hour at 20°C with a 1:100
dilution ofa polyclonal fibrillin antiserum7 30 be-
fore the addition of 60 .tl of a 1:1 (v/v)
solution of protein A-Sepharose in NNT
buffer.
For microfibril extractions, cells were main-

tained at post-confluence for up to three
weeks. Cell layers were washed in 0-05 mol/
Tris/HCl, pH 7A4 containing 0 4 mol/l NaCl

and 0 005 mol/l CaCl2, then incubated for
two hours at 20°C with 01 mg/ml bacterial
collagenase (type 1A), 2 mmol/l PMSF and
5 mmol/l NEM. Soluble extracts were clarified
by centrifugation for 15 minutes at 7500 g

on a bench microfuge before size fractionation
by gel filtration chromatography on Sepharose
CL-2B.7

Results
OCULAR TISSUES

Transmission electron microscopy of ciliary
zonules from patient ME showed the presence
of abundant loose microfibril bundles (fig 1).
In some fields, the microfibril bundles were

markedly disrupted in comparison with those
observed in the control tissue (fig 1A,B),
and the patient microfibrils had apparently
fragmented in places. In cross section, the
organisation of some of these bundles ap-
peared similar to the unaffected control (fig
1C,D).
When ciliary zonules from ME and a

control were visualised by rotary shadowing

Distribution of counts incorporated into newly synthesised
fibrillin by KC and ME cell lines

Cell line % total incorporated Distribution offibrillin (%) in
counts in fibrillin

Mediumn Cell layer

KC 0-118 39 61
ME 0-109 31 69
Control 0-142 36 64

Cells were labelled for 16 hours with [35S] TranSlabel. Fibrillin
was immunoprecipitated from medium and cell layer extracts
of normal fibroblast culture and KC and ME cell lines.
The amount of distribution of newly synthesised fibrillin was
compared by determining the percentage of total immuno-
precipitated counts in medium and cell layer extracts. The
figures are averaged from two duplicate experiments.
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electron microscopy, it became apparent that
extensive fragmentation had occurred in the
patient sample (fig 1E,F). Very few intact
microfibrils were observed, but there was
evidence of numerous dissociated beaded
domains. Visualisation of vitreous from ME
and KC showed that, while fibrillin mi-
crofibrils were relatively scarce in this tissue,
those present were also clearly disrupted (not
shown).

CELL CULTURES
Dermal fibroblast cultures were established
from both ME and KC in order to investigate
these microfibrillar abnormalities further. Ex-
amination by rotary shadowing electron micro-
scopy of high relative molecular mass material
solubilised from postconfluent cell layers in-
dicated that extensive and abundant mi-
crofibrils had been elaborated by control,
ME, and KC cultures (fig 2). The microfibrils
present in control cultures were similar to
those previously isolated from tissues and cells
(fig 2A, B).67 In marked contrast, microfibrils
extracted from ME and KC cell layers were
abnormal in several morphological respects
(fig 2C-F). In both cases, microfibrillar peri-
odicity was markedly irregular along the mi-
crofibrils with areas of highly extended
periodicity juxtaposed to contracted regions.
In some cases, microfibrillar integrity had
clearly been compromised within extended
regions. While short microfibrillar arrays from
both ME and KC both exhibited "fraying"
in interbeaded domains, this was particularly
apparent in the case of ME microfibrils.
Furthermore, regions of KC microfibrils ap-
peared poorly organised.
The expression and deposition of fibrillin

in ME and KC dermal fibroblast cultures
was investigated after 16 hours or pulse chase
metabolic labelling and immunoprecipitation
of fibrillin from medium and cell layer frac-
tions. De novo fibrillin synthesis was expressed
as total counts incorporated into fibrillin
(table). The two lines synthesised comparable
levels of fibrillin and in both cases the majority
of newly synthesised fibrillin was deposited
in the cell layer. Pulse chase experiments
showed that fibrillin was present as a Mr
300 000 component which resolved as a doub-
let (fig 3). With time, some of this component
became incorporated into higher Mr ag-
gregates. Interestingly, no monomers were
detected in the cell layer at longer chase
intervals. Continuous labelling highlighted a
number of lower Mr fibrillin immunoreactive
bands in the medium. The presence of these
bands suggests that a portion of the newly
synthesised fibrillin is catabolised and does
not contribute to the formation of stable
fibrillin aggregates.

Discussion
The relationship between defined mutations in
FBN1, fibrillin defects, and clinical phenotype
remains largely obscure despite the docu-
mentation of more than thirty mutations to

date and the demonstration of a range of
defects in the expression and assembly of
fibrillin.262930 The complexity of the disease
is highlighted by the strikingly heterogeneous
inter- and intrafamilial phenotypes, and to
date no molecular explanation for this phe-
nomenon has emerged. In this study, we have
investigated the relationship between defined
microfibrillar abnormalities and clinical
symptons in a family whose affected members
consistently manifest lens dislocation and
skeletal symptoms, but who have no cardio-
vascular involvement.

Direct ultrastructural examination of patient
ciliary zonules confirmed the presence of
abundant loose microfibril bundles, and pro-
vided evidence for disrupted zonule or-
ganisation and fragmentation of microfibrils.
When patient ciliary zonules and vitreous
were examined by rotary shadowing electron
microscopy, it was immediately apparent that
the microfibrils were comprehensively frag-
mented. In order to investigate these abnormal
microfibrillar assemblies further, we carried
out a biochemical and ultrastructural analysis
of fibrillin expression and assembly by patient
dermal fibroblasts. These studies established
that the pattern of fibrillin secretion and
deposition was normal but highlighted that
not all the newly synthesised fibrillin was
effectively incorporated into high M, ag-
gregates. Furthermore, the presence of low
Mr fibrillin immunoreactive components was
suggestive of increased turnover in medium
and cell layers. The resolution of fibrillin as
a doublet has previously been reported for
several other cell lines and taken as indicative
of a putative processing event.27 The ul-
trastructural observation that abundant mi-
crofibrils had been laid down by both cell
lines confirmed that ordered assenibly of
fibrillin had occurred. However, a striking
abnormal feature of the microfibrils elaborated
by both cell lines was their highly irregular
periodicity and evidence for substantial frag-
mentation within extended regions.
Our results show conclusively that fibrillin

microfibrils in these tissues are structurally
and functionally abnormal. In view of the
exclusively microfibrillar composition of the
ciliary zonules, it appears likely that, in these
patients, the microfibrils are unable to sustain
their role in the dynamic suspension of the
lens. In Marfan syndrome it is thought that
ectopia lentis results from laxity of the zonular
fibres since a good zonular complement is
often observed in the area of dislocation.32
Interestingly, ultrastructural analyses have sug-
gested that normal fibrillin microfibrils possess
the capacity to extend and retract.8 In this
study, we have shown markedly variable peri-
odicity within isolated microfibrils suggesting
that the normal molecular mechanism for
sustaining microfibrillar periodicity is com-
promised in these patients.

Essentially normal function of the elastic
tissues of these patients suggests that the
capacity of their microfibrils to interact with
elastin has not been affected by the causative
mutation. It is interesting to speculate that
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the preferential expression of a second fibrillin
locus (FBN2) in elastic tissues may in fact
compensate for defective FBN 1 in these
patients. The role of fibrillin in bone, and
the influence of microfibrillar abnormalities
on the skeletal systems of these patients
remain to be defined.

This is the first direct correlation of mi-
crofibrillar abnormalities manifest by patient
cell cultures and tissues. Future studies will
be directed to the association of defined
mutations with ultrastructural abnormalities.

This work was supported by the Medical Research Council
and the Arthritis and Rheumatism Council. The authors
thank Professor D McLeod for his help in this project.
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