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a b s t r a c t

Aim of the study: Osteogenesis imperfecta and Ehlers Danlos syndrome are hereditary disorders caused
primarily by defective collagen regulation. Osteogenesis imperfecta patients were divided to hap-
loinsufficient and dominant negative depending on the effect of COL1A1 and COL1A2 mutations whereas
Ehlers Danlos syndrome patients had a mutation in PLOD1. Although collagen abnormalities have been
extensively studied in monolayer cultures, there are no reports about 3D in vitro models which may
reflect more accurately the dynamic cell environment. This is the first study presenting the structural and
mechanical characterization of a 3D cell-secreted model using primary patient fibroblasts.
Materials and methods: Fibroblasts from patients with osteogenesis imperfecta and Ehlers Danlos syn-
drome were cultured with ascorbic acid for 5 weeks. The effect of mutations on cytosolic and secreted
collagen was tested by electrophoresis following incubation with radiolabeled 14C proline. Extracellular
matrix was studied in terms of collagen fiber orientation, stiffness, as well as glycosaminoglycan and
collagen content.
Results and conclusions: Osteogenesis imperfecta patients with haploinsufficient mutations had higher
percentage of anisotropic collagen fibers alignment compared to other patient groups; all patients had a
lower percentage of anisotropic samples compared to healthy controls. This correlated with higher
average stiffness in the control group. Glycosaminoglycan content was lower in the control and hap-
loinsufficient groups. In cells with PLOD1 mutations, there were no differences in PLOD2 expression. This
proof of concept study was able to show differences in collagen fiber orientation between different
patient groups which can potentially pave the way towards the development of 3D models aiming at
improved investigation of disease mechanisms.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Collagen is the most abundant protein in the human body. It is a
major structural component of the connective tissue which has a
supporting, connecting and protective function in diverse
anatomical locations [1]. For this reason, it is easy to deduce that
problems related to any aspect of its biosynthesis, regulation and
netics, Amsterdam University
Amsterdam, the Netherlands.
icha).
remodeling will have detrimental effects on a multisystemic level
leading to distinct clinical conditions. These are collectively
referred to as collagenopathies, of which Osteogenesis Imperfecta
(OI) and Ehlers-Danlos Syndrome (EDS) are common [2]. Although
the genetic defects of these diseases are well described, there is still
little information to explain variability in clinical presentation and
severity as a result of collagen dysregulation. Appropriate in vitro
models in which collagen and physiological cell behavior can be
studied in these diseases are lacking and thus present an unmet
need in this field.

OI and EDS are inherited connective tissue disorders arising
from many different mutations in collagen genes or genes affecting
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the collagen biosynthetic pathway [3]. OI, known as brittle bone
disease, is a common syndromic form of hereditary bone fractures;
patients experience numerous bone fractures during their lifetime
and in severe cases, this is accompanied by serious skeletal de-
formities. Syndromic features vary and may include blue sclerae,
deafness and dentinogenesis imperfecta [4,5]. The central role of
collagen in OI is highlighted by the fact that many of the 20 OI
causative genes are directly or indirectly implicated in collagen
regulation [6]. The vast majority of cases are caused bymutations in
the COL1A1 and COL1A2 genes, which are the proteins form
collagen type I [7]. The phenotypic effect of the mutation differs
based on the molecular defect. Mutations are classified as hap-
loinsufficient (HI), when no collagen is produced by the defective
allele, and as dominant negative (DN), when the mutation affects
the protein structurally [8]. HI mutations cause a mild clinical
picture, typically recognized by bone fragility and blue sclerae,
whereas DN mutations can lead to more severe cases with skeletal
dysplasia. The focus of EDS pathology is placed on skin fragility,
joint hypermobility and vascular manifestations [9]. Similar to OI,
genetic causes largely include mutations in collagen genes and
collagen-modifying enzymes, which influence the phenotypic
outcome [10,11]. In particular, mutations in the collagen-regulating
gene PLOD1 cause kyphoscoliosis as the main recognizable char-
acteristic [12].

Considering that collagen is highly prevalent throughout the
body, it is enigmatic why specific mutations in collagen-related
genes would only affect specific organ systems in OI and EDS. In
order to understand this, the properties of defective collagens and
their associated extracellular matrix (ECM) need to be interrogated
in different in vitro models. Quantitative and qualitative analysis of
collagen produced by cultured primary dermal fibroblasts has been
routinely used to determine the molecular effects of gene muta-
tions [13]. Fibroblasts are the main collagen-producing cells in the
skin and they can be acquired by a skin biopsy which is considered
a minimally invasive technique [14]. Thus far, in vitro collagen an-
alyses of OI and EDS have been performed with a monolayer 2D
culture, which limits the model validity regarding the amount, type
and post-translational modification of collagen in the cell and
media fractions as it does not allow ECM properties assessment.
Therefore, a more physiologically relevant model is required to
better simulate the environment of a living diseased tissue and to
further study the interaction of the cells and ECM and their struc-
tural arrangement.

Fibroblasts are responsible for the production of ECM in con-
nective tissues by secreting collagen, glycosaminoglycans and
proteoglycans. Fibrillar collagen occupies the largest percentage of
ECM mass. It includes approximately 70% of the dry mass of the
dermis [14], most of which is collagen type I, whereas type III and IV
are markedly less abundant but still important determinants of
ECM properties [10,15]. All collagens are trimeric helices consisting
of a long triple helical domain between an N- and a C-terminus
non-triple helical domain; in this helix, two chains are coded by the
COL1A1 gene while one is coded by the COL1A2 gene. The three
proline-rich collagen chains are produced in the endoplasmic re-
ticulum, where they form the procollagen precursor which is
extensively modified post-translationally, especially by hydroxyl-
ation. In particular, enzymes of the procollagen-lysine 2-
oxoglutarate 5-dioxygenase (PLOD) family catalyse the hydroxyl-
ation of lysine residues which are important for the stability of
collagen fibrils after extracellular cleavage of the N- and C-terminus
non-helical procollagen domains [7].

The production of collagen by the fibroblasts is paramount to
the integrity of the ECM. In the skin, homeostasis is achieved by
fibroblasts secreting ECM and at the same time remodeling the
ECM. Fibroblasts are malleable cells that respond morphologically
and behaviorally to their biochemical and mechanical environ-
ment. This implies that a monolayer of cells cultured on a stiff cell
culture plastic surface will not respond the same as those cultured
in a softer 3D environment. Thus, development of suitable alter-
natives, such as bioengineered and cell-secreted matrices, which
can mimic the skin environment, are required [16,17]. This study
presents an in vitro model for the investigation of ECM properties
produced by OI and EDS fibroblasts. Long culture time in combi-
nation with ascorbic acid supplement provided cells the ability to
build up a 3D ECM. Collagen fiber orientation, as well as ECM
stiffness and composition were assessed in relation to the molec-
ular effect of the mutated genes COL1A1, COL1A2 and PLOD1.

2. Materials and methods

2.1. Genetic analysis

Skin biopsies were acquired from the inner arm of patients after
informed consent according to the medical ethics committee of the
VU University. Mutation analysis for the COL1A1, COL1A2 and PLOD1
genes was performed by Sanger sequencing. The Alamut visual
interactive software v.2.9.0 was used for the in silico prediction of
pathogenicity for the identified genetic variants.

2.2. In vitro matrix production

Fibroblast cultures were established from dermal punch bi-
opsies following a 4 week culture period of the biopsy on plastic.
Cells were seeded at a density of 70,000 per well of 4-well Nunc™
Lab-Tek™ II Chambered Coverglasses with 1.5mm borosilicate
glass bottom in Ham F10 media supplemented with 10% fetal calf
serum (FCS) and 1% penicillin/streptomycin (Lifetechnologies,
country). The cells were kept in a humidified atmosphere at 37 �C
and 5% CO2. After overnight cell adherence, the cells were refreshed
2 times per week with the aforementioned media (0.6ml/well)
supplemented with 50 mg/ml 2-Phospho-L-ascorbic acid trisodium
salt (Sigma-Aldrich), a stable ascorbic acid derivative, for 5 weeks
during which they produced a three-dimensional ECM. Cells were
harvested for RNA isolation before vitamin C treatment and after 5
weeks of treatment.

2.3. qPCR

RNA was isolated with the NucleoSpin® TriPrep kit (Macherey-
Nagel) according to manufacturer’s instruction; after aspirating the
cell culture media cells were lysed by scraping into the cell lysis
buffer of the kit. RNA quantity and quality was determined by
Nanodrop. cDNA was synthesized with the SuperScript® VILO
cDNA Synthesis Kit and Master Mix (ThermoFisher Scientific) with
140 ng RNA. qPCR analysis was performed to quantify the mRNA
expression of PLOD1 and PLOD2. qPCR reactions were performed in
384-well plates with Lightcycler 480 SYBR Green I mastermix using
the Lightcycler 480 PCR system (Roche). Preamplification was
accomplished at 95 �C for 10min which was subsequently followed
by 45 cycles of denaturation at 95 �C for 10sec, annealing at 56 �C
for 5sec and elongation at 72 �C for 10sec. Relative expression of
each target gene was calculated with the LightCycler 480 release
1.5.0 SP4 software (Roche); the expression of the housekeeping
gene TBP (TATA box binding protein) was used for normalization.
The primer sequences are: PLOD1, 50-CAAGCCGGAGGACAACCTTT-
30and 50- CCAAGCGCCTGGATCTTGTA-3’; PLOD2, 50-ACTGT-
GAAGGTCCTTGGTCA-30 and 50-ACTTCTTCTGGACCACCAGC-30; TBP,
50- AGTTCTGGGATTGTACCGCA-30 and 50- TCCTCATGATTACCG-
CAGCA-30.
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2.4. Collagen electrophoresis

Quantitative and qualitative analysis of collagen species was
performed by electrophoresis of 14C proline-labeled collagen with
adjustments to the previously published protocol [18]. The cells
were grown in T25 flasks to confluency and then treated with Basal
Medium Eagle (BME) media supplemented with 5% heat-
inactivated FCS, 1% HEPES, 1% penicillin/streptomycin (Life-
technologies), 0.037mg/ml ascorbic acid and 0.05mg/ml b-ami-
nopropionitrile (BAPN) (Sigma-Aldrich); 0.25ml of 14C proline
solution was added to 8.2ml of the media (12.5 mCi) and 2ml per
flask and cells were incubated overnight. After collection of the
media fraction, cells were lysed in 0.5M acetic acid with 0.5%
Triton-X100. Collagens in 1ml of the media fraction were treated
with 20 ml of 0.5M pH8 EDTA,10 ml 5mg/ml N-ethylmaleide (NEM)
and 10 ml 12mg/ml Pefabloc and precipitated overnight at 4 �C
with cold 96% and for 1 hwith 66% ethanol solution. Collagens were
then solubilized in 0.5M acetic acid. The cell fractionwas processed
by centrifuging the cell suspension at 500 g for 2min, washing once
with Earle’s Balanced Salt Solution and incubating at 4 �C for 2 h in
0.5M acetic acid with 0.5% Triton-X100. Both fractions were
digested with pepsin at 0.2 mg/ml for 4e6 h at 20 �C; the reaction
was stopped with 0.065 mg/ml pepstatin (Sigma-Aldrich). After
freeze-drying, the samples were dissolved in 20 ml 2X SDS loading
buffer (30% 1.25M Tris-HCl pH6.8, 20%v/v 10% SDS, 20% glycerol
and 0.025mg/ml bromophenol blue) and electrophoresis was
performed in 11.5% acryl/bisacryl-urea-polyacrylamide gels at
200 V and ~110mA for 90min at 8 �C. In order to allow collagen
type III a chains to enter the gel, 30 ml of 7.7mg/ml DTT in sucrose
was added per well. After 5min incubation, electrophoresis was
continued at 400 V and ~95 A for 90min at 8 �C. Gels were vacuum-
dried and visualized by autoradiography. After quantification of the
different collagen species COL1, COL3A1 and COL5A1 by autoradi-
ography phosphor imager plates, values for the cytosol and media
fraction were determined as a percentage by using the following
formulas, respectively:

%COL1¼(COL1A1-background)þ(COL1A2-background)/((COL1A1-
background)þ(COL1A2-background)þ(COL3A1-
background)þ(COL5A1-background))*100%;

%COL3A1¼(COL3A1-background)/((COL1A1-
background)þ(COL1A2-background)þ(COL5A1-background))*100;

%COL5A1¼(COL5A1-background)/((COL1A1-
background)þ(COL1A2-background)þ(COL3A1-background))*100

Reference values for these measurements have been established
with dermal fibroblasts from a range of 30 healthy individuals:
collagen type I 80e95%; COL3A15e20% (data not shown). The ratio
of COL1A1 to COL2A1 was also determined as COL1A1/
COL1A2¼(COL1A1-background)/(COL1A2/background) which is
expected to be 2.0 based on the two alpha 1 and one alpha 2 chain
stoichiometry in healthy conditions.

2.5. Collagen crosslinking

Collagen crosslinking was measured in urine by HPLC as previ-
ously described [19]. Measurements showed low ratio of hydrox-
ylysyl pyridinoline to lysyl pyridinoline, which indicates low lysyl
hydroxylase activity as a consequence of mutations in PLOD1.

2.6. Western blotting

Whole cell lysates of cells cultured for 5weekswere prepared by
lysing cells in NuPAGE® LDS Sample Buffer with NuPAGE® reducing
agent. NuPAGE 4e12% BisTris gels were used to perform electro-
phoresis. Protein transfer to nitrocellulose was achieved with the
iBlot Blotting system. Nitrocellulose membranes were blocked in
Odyssey blocking buffer (Westburg) for 1 h followed by overnight
incubation with primary antibodies against PLOD1 (abcam;
Cat#ab171140) and actin (abcam; Cat#ab14128) in the presence of
0.1% Triton X-100. Secondary antibody incubation was performed
with the IRDye 800 CW goat anti-rabbit IgG and the IRDye 680 CW
goat anti-mouse IgG antibodies (LI-COR Biosciences) after which
the membranes were scanned with the Odyssey infrared imaging
system by using the Odyssey version 4 software (LI-COR
Biosciences).

2.7. Collagen immunostaining and orientation analysis

Samples were fixed in 4% formaldehyde after 5 weeks of culture.
After fixation, they were incubated at room temperature with
blocking buffer (1% BSA, 20% donkey serum, PBS) for 1 h and then
with rabbit polyclonal anti-collagen type I antibody (1:1000,
Cat#ab34710, Abcam, USA) for 2 h. The samples were then washed
3 times in PBS. A few drops of Vectashield mounting medium
containing DAPI (Vector Laboratories, USA)were added to eachwell
afterwards, and images using an inverted confocal microscope
(Leica SP8, Leica, Germany) were taken. Each well was imaged at 5
different locations, and at each location, a stack of about 10 images
with a distance of 2 mmbetween adjacent optical slices through the
thickness of the samples was obtained. Samples were categorized
based on the total number of collagen alignment changes observed
through the stack of images: it is called “one direction”, if the
alignment of collagen fibers stayed the same through the stack of
images. If the alignment was changed to a second almost perpen-
dicular direction, the sample was categorized in the “two di-
rections” group, and if the alignment stayed random, it was
categorized in the “random” group. Three samples per group were
imaged.

2.8. Nano-indentation

Surface stiffness of the samples at the end of 5 weeks culture
timeweremeasured using PIUMA nano-indentor (PIUMA, Optics11,
Amsterdam, The Netherlands). Measurements were perfomed on
fresh samples in PBS. A cantilever with a radius of 88 mm and a
stiffness of 0.85 N/m was used to indent the surface for 15 mm. The
loading and unloading timewas set to 5 s, and the effective Young’s
modulus was calculated based on the load and displacement data.
Each sample was indented at 5 different locations and the data
were averaged per sample.

2.9. Biochemical analysis

Three samples per patient and control donor were analysed
using biochemical data and represented as an average. Samples
were lyophilized and then digested in papain solution (100mM
phosphate buffer, 5mM L-cysteine, 5mM ethylenediaminetetra-
acetic acid, and 125e140mg papain per mL) at 60 �C for 16 h.
Glycosaminoglycan (GAG) content was assessed as previously
described [20,21] in which chondroitin sulfate was measured by
using 150mL dimethyl methylene blue (46mM dimethyl methy-
lene blue, 40.5mM glycin, 40.5mMNaCl, pH 3.0) added to 40mL of
each sample after which the absorbance was read at 540 nm.
Chondroitin sulfate from shark cartilage (Sigma) was used for the
standard curve. Finally, the HYP, as a measure of collagen content,
was also measured as described before [22,23], and a standard
curve prepared from trans-4-hydroxyproline.
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2.10. Statistics

Stiffness and biochemical content data are shown as
mean± standard error of mean. One-way ANOVA, followed by
Tukey’s multiple comparison post hoc test, was performed to
evaluate the difference between different groups. GraphPad Prism
software (GraphPad Software, Inc.) was used for statistical analysis.
A p-value < 0.05 was considered significant.

3. Results

3.1. Effect of OI and EDS mutations on collagen species

In OI patients with mutations in collagen type I genes, the dis-
ease is inherited in an autosomal dominant manner, whereas in
EDS type VI patients with PLOD1mutations the disease presents an
autosomal recessive inheritance pattern. An overview of the gene
mutations as well as patient characteristics is given in
Supplemental Table 1. Consistent with the pattern of inheritance,
mutations in collagen type I genes are heterozygous, whereas
mutations in PLOD1 are in homozygous or compound heterozygous
state.

Collagen electrophoresis in 2M denaturing urea conditions al-
lows the analysis of cellular and secreted collagen types COL1A1,
COL1A2, COL3A1 and COL5A1 chains (Supplemental Fig. 1A). HI
mutations in COL1A1 were predicted to lead to a premature stop
codon within this gene which leads to a null allele. In agreement
with the HI condition of one protein-producing gene allele, COL1
and the COL1A1/COL1A2 ratio were decreased compared to the
normal collagen values (Supplemental Fig. 1B). DN mutations (pa-
tients P4-6) did not alter collagen quantitatively but they did lead to
collagen overmodification as a result of delayed triple helix folding
during which lysine residues are converted to hydroxylysine by
excessive hydroxylation [24,25]. The overmodification is visualized
by the smeary appearance of COL1A1 and COL1A2 bands, in
Fig. 1. Orientation of collagen fibers in 3D extracellular matrix synthesized by fibroblasts o
sentative images of one direction (A), two direction (B) and random collagen alignment (C)
mutations in COL1A1 and COL1A2 and mutations in PLOD1 as well as cells from healthy do
contrast to the healthy control fibroblasts in which they are absent.
All DN cell lines presented decreased cytosolic COL3A1 expression.
In fibroblast cells with EDS type VI-causing mutations the COL1A1/
COL1A2 ratio was decreased in the cytosolic fraction. PLOD1 has an
essential role in hydroxylating lysyl residues in triple helical
collagen type I for the formation of crosslinks in collagen fibrils;
this is performed by PLOD2 at the two ends outside the triple helix.
Lysyl-pyridinoline and hydroxylysyl-pyridinoline crosslinks are
formed after oxidation of specific lysyl- and hydroxylysyl-residues.
PLOD1 mutations decrease its activity leading to decreased lysyl
hydroxylation affecting the formation of crosslinks. The ratio of
lysyl pyridinoline to hydroxylysyl pyridinoline, both of which pri-
marily arise from collagen degradation in bone, was found to be
increased in the urine of patients P7 and P9 in agreement with
impaired lysyl hydroxylase activity in EDS [26].

3.2. Collagen fiber alignment

The orientation of collagen fibers was quantified in the 3D ECM
in the different groups of cells and it was classified as one direction,
two direction or random depending on collagen fiber alignment in
optical sections (Fig. 1A, B, C). As expected, the control group
showed higher level of organization, as shown by the increased
percentage of one direction collagen fibers, compared to the other
groups (Fig. 1D). Cells with HI collagen mutations also presented
one direction orientation as predominant, although the percentage
was lower compared to the control group. Collagen fiber orienta-
tionwasmostly present in two directions in the PLOD1 group and it
was random in the DN collagen mutation group.

3.3. ECM surface stiffness

Although controls tend to be stiffer, there was no significant
difference between the average stiffness of the samples from pa-
tient and control groups (Fig. 2). However, there was variability
f patients (P) with OI and EDS type 6 and healthy controls (C). Cross-sectional repre-
. (D) Quantification of different patterns of collagen alignment in cells with HI and DN
nors.



Fig. 2. Measurement of the stiffness (effective Young’s modulus (kPa)) in the extracellular matrix synthesized by fibroblasts of patients (P) with OI and EDS type 6 and healthy
controls (C). Cells were treated with 50 mg/ml 2-Phospho-L-ascorbic acid trisodium salt for 6 weeks during which they produced a 3D scaffold. Stiffness was determined by nano-
indentation in cells with HI and DN mutations in collagen type I genes as well as mutations in PLOD1. Data are shown as mean ± SEM and *indicates significant difference P < 0.05.
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between samples within HI, PLOD1 and control but not DN groups.

3.4. Biochemical content

Both the control and HI collagen mutation group showed
significantly decreased GAG production compared to the DN group
(Fig. 3). Results from HYP measurements showed a low collagen
content in the HI group, which was significantly different from the
PLOD1 group. These differences were not accounted for by differ-
ences in cell proliferation as measured by the DNA content
(Supplemental Fig. 2).

3.5. PLOD expression

PLOD enzyme exists in three different forms (PLOD1, PLOD2 and
PLOD3), all of which are expressed in fibroblasts [27]. PLOD3 differs
from the other two forms in that it has glycosylation activity in
addition to lysyl hydroxylase activity. The expression of PLOD1 and
PLOD2 was investigated to see if PLOD2 is potentially upregulated
as a compensation mechanism for the loss of function mutations in
PLOD1 which were confirmed to lead to lack of protein expression
in the fibroblasts of the 4 EDS type VI patients (Fig. 4A). At the
mRNA level, PLOD1 expression was also minimal at the start and
after 5 weeks compared to the other groups of cells (Fig. 4B). No
upregulation in PLOD2 expression was noted in cells with PLOD1
mutations; PLOD2 expression was increased only in the control
cells after 5 week treatment with ascorbate.

4. Discussion

Collagen accounts for approximately 70% of the dry mass in the
skin dermis; the rest consists of elastin, and proteoglycans, the
latter of which provides a hydrated environment for the cells
[28,29]. The content of total collagen can be mostly attributed to
collagen type I (80e95%) and III (5e20%) and to a lesser extent
collagen type V (unpublished data). The high need for collagen
production is met by fibroblasts which are the predominant cell
type in the dermis [30]. Skin relies on collagen for tensile strength



Fig. 4. Quantification of PLOD1 and PLOD2 expression. (A) PLOD1 expression in whole cell lysates of fibroblasts from the patients (P) and healthy controls (C) analysed by western
blotting; actin was used to ensure equal protein loading. (B) Fibroblasts from patients with collagen type I mutations (HI and DN) and PLOD1 mutations and healthy controls were
seeded and left overnight to attach (T¼ 0). The next day they were treated with media supplemented with 50 mg/ml 2-Phospho-L-ascorbic acid trisodium salt media for 5 weeks
(T¼ 5). The expression of the target genes was normalised based on TBP expression. Bars indicate average expression per group; error bars represent standard error per group.

Fig. 3. Measurement of glycosaminoglycans (GAG) and hydroxyproline (HYP) in the 3D extracellular matrix of fibroblasts with mutations in COL1A1 and COL1A2 producing a HI or
DN effect, mutations in PLOD1 and healthy controls.
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and stiffness for which reason genetic defects affecting the quan-
tity, quality and/or ratio of collagens produce a pathological
phenotype in OI and EDS. It is well documented that the skin of OI
patients shows thinness, translucency, easy bruisability, and
impaired elasticity [31]; decreased elasticity has been also observed
compared to healthy counterparts [32]. Quantification of dermal
manifestations has been attempted in several studies; quantitative
MRI, for example, was able to distinguish between human OI and
control skin samples [32]. The morphometric assessment of elastic
fibre area fraction and ultrastructural characteristics were also
revealed to be abnormal in OI patients [33]. A different study based
on nonlinear microscopy methods coupled to image-analysis ap-
proaches, identified a reduction in the elastic component of dermis
in OI patients but no differences in collagen intensity [34]. How-
ever, these studies have been hindered by small sample size and in
some cases by lack of genetic characterisation. EDS patients with
mutations in PLOD1 (EDS type VI) also show aberrant skin charac-
teristics such as skin hyperextensibility and fragility exhibited by
easy bruising and delayed healing [35]. Even though several reports
exist about cutaneous measurements in other types of EDS [36,37],
this is lacking for type VI.

It is clear from the above that no reliable method still exists for
the 3D characterization of skin tissue in OI and EDS type VI pa-
tients; furthermore, no physiologically relevant in vitro models are
reported for these diseases. Herewe developed an in vitromodel for
the study of collagen and ECM properties with primary fibroblasts
from patients with a well described effect of mutations. In this
model, it is shown that fibroblasts from the control group have the
highest percentage of one direction collagen fibers (74%) compared
to the three patient groups (Fig. 1) which reflects higher level of
ECM organization in the healthy condition. The HI group showed
higher percentage of one direction collagen fibers compared to the
DN and PLOD1 groups. This can be possibly attributed to the pro-
duction of normal quality collagen (Supplemental Fig. 1), despite
decreased quantity which was shown by collagen electrophoresis.
The group with PLOD1mutations had the higher percentage of two
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direction collagen fibers (59%) while the DN group showed the
highest percentage of random orientation (65%); this correlates
with lack of PLOD1 expression whereas no differences were found
in PLOD2 expression (Fig. 4). Fibroblasts from the DN group are
from patients with mutations in COL1A1 and COL1A2 which are
shown to lead to collagen overmodification. In specific molecular
defects, such as the replacement of the small amino acid glycine in
the triple helix by the bulkier alanine, proper triple helix folding
can be delayed, which results in the exposure of the unfolded
collagen chains, N-terminal to the mutation, to overmodification by
prolyl- and lysyl hydroxylases. Moreover, the severity of the effect
of glycine substitution has been also found to correlate with the
proximity of the mutation to the C-terminus where folding starts,
and thus also with disease severity [38]. Given that the reported
glycine substitutions occur approximately in the middle of the
collagen helix, this has an overmodifying effect on almost half of
the molecule. Overmodification can affect its stability, secretion
and crosslinking in the ECM, which may be responsible for the
prevalent random fiber organisation in this model [39,40].

The control group was found to have the highest ECM stiffness
as indicated by the average effective Young’s modulous, although it
was not found to be significant (Fig. 2). In the control group there
was a lot of variation in stiffness which was not found to correlate
to donor age or cell passage number at biopsy acquisition. It has
been shown in previous studies that the arrangement of collagen
fibers has a huge impact on the mechanical properties of the con-
structs [22]. We were not able to see differences between EDS type
6 and OI patients, so differences in patient skin mechanical prop-
erties are not represented by the effective Young’s modulus mea-
surements. The effective Young’s modulus also did not correlate
with the GAG content in the different groups (Fig. 3). On average,
the control and HI groups showed lower GAG production compared
to the DN and PLOD1 groups; it is unclear how this relates to the
higher percentage of one direction collagen fibers in the control
and HI cells. Moreover, GAG production did not correlate with
collagen production neither in the conventional plastic or 3D cul-
ture. Limited information exists about the GAG content in OI pa-
tients which lacks description of genetic background. Hyaluronan
production in skin fibroblasts of OI patients with decreased
collagen synthesis was found to be higher per cell than in controls;
no differences were observed in the production of sulphated gly-
cosaminoglycans [41]. Another study also showed increased GAG to
collagen type I ratio in OI fibroblasts [42], whereas reduced content
of chondroitin sulfate was observed in the skin of two OI patients
[43]. Total skinweight contains 0.1e0.3% GAGs of which hyaluronan
is the predominant one [44] as opposed to chondroitin sulfate
which was measured in this study, the role of which remains un-
clear in this model. The reported differences are not due to differ-
ences in cell proliferation as shown by total DNA content
(Supplemental Fig. 2). Another limitation of this study is that it does
not inform on elastin content which also contributes to tissue
elasticity and resilience. It should however be mentioned that
elastin is barely produced in in vitro cultures and this is one of the
main limitation of in vitro models [20].

Using our proposed in vitro model, the ECM architecture and
mechanical properties can be studied in OI and EDS type VI patient
fibroblasts. The reciprocal interaction between cells and ECM
cannot be effectively simulated in a monolayer cell culture system.
The pathology of both disorders depends on collagen defects.
Therefore, the study of the collagen-producing fibroblasts has the
potential to reveal insights on disease pathology. It is known that
fibroblast morphology and behavior is influenced by matrix orga-
nization and stiffness to which fibroblasts react by subjecting the
matrix to constant remodeling [45].

Considering that the most severe disease presentation is severe
osteoporosis, bone fractures and skeletal dysplasia in OI, and
kyphoscoliosis in EDS type VI, future efforts will be directed to
adjusting this model for the study of bone. We have developed a
methodwithwhichwe can transdifferentiate primary fibroblasts to
osteoblast-like cells with human platelet lysate [46,47] which are
potentially suitable for the generation of this model. Further
exploration of this model can assess to which extend it can com-
plement patient diagnosis. Moreover, skin and bone have similar
organic component consistency [43]; thus, understanding of ECM
defects in skin may potentially help to shed light on pathological
mechanisms in bone tissue diseases which is a necessary step to-
wards the development of meaningful therapies.

5. Conclusion

To our knowledge this is the first report on the characterisation
of a fibroblast 3Dmatrix for the study of OI and EDS type VI, both of
which are diseases caused by collagen defects. Fibroblasts have
been used for decades in traditional monolayer culture for the
study of collagen defects in these diseases in an effort to investigate
the cause of bone fragility and skeletal deformation in relation to
collagen regulation. In this model, we showed differences in
collagen fiber orientation and stiffness between patient groups and
controls. Futurework is required to see howanalogous thismodel is
to bone physiology and then adjust the model to a more physio-
logically relevant environment.
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