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Abstract 
In 2007, we reported two Dutch brothers with an apparently recessive syndrome con-
sisting of dysmorphic facial features, progressive mitral valve insufficiency, severe 
nodulocystic acne, thoracic kyphosis and reduced bone mineral density. Recently, we 
identified a novel homozygous p.R111H mutation in MMP14 (MIM 600754), encod-
ing the membrane-bound matrix metalloproteinase 14. Accordingly, we revised their 
diagnosis to Winchester syndrome (MIM 277950), awaiting confirmation of the muta-
tion’s pathogenicity. To assess the effect of the p.R111H mutation on the protein 
level, and compare it to the previously reported human and murine MMP14 muta-
tions, we established a novel in vitro 2D cell culture model. We provide evidence that a 
mild manifestation of Winchester syndrome is caused by a novel hypomorphic 
MMP14 p.R111H allele. This mutation, in contrast to previously reported human and 
murine MMP14 mutations, does not affect MMP14’s transport to the cell membrane. 
Instead, it partially impairs MMP14’s proteolytic activity. This residual activity likely 
accounts for the mitigated phenotype observed in our patients. Our observations sug-
gest that loss of MMP14’s catalytic activity might be a prime determinant of disease 
severity. In addition, our model provided additional insights into normal MMP14 post-
translational processing. We present the first evidence of MMP14 signal peptide re-
moval upon ER insertion. Our data furthermore suggest that the R89-R-P-R--C93 
proprotein convertase recognition site plays a more important role in pro-MMP14 
activation than previously thought. 
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Introduction 
In 2007, we reported two Dutch brothers with an apparently recessive syndrome con-
sisting of skeletal anomalies, dysmorphic facial features, progressive mitral valve insuf-
ficiency and severe nodulocystic acne [1]. We diagnosed them with Borrone dermato-
cardio-skeletal syndrome, as their phenotype was similar to that of two patients de-
scribed by Borone et al., albeit milder [2]. Recently, a homozygous deletion of 
SH3PXD2B at 5q25.1 was identified in the latter patients [3]. In our patients however, 
mutation or copy number variation of SH3PXD2B was absent [3]. Instead, we identi-
fied a novel homozygous c.332G>A mutation in MMP14 at 14q11.2 (MIM 600754), 
encoding the membrane-bound matrix metalloproteinase 14 [4]. This missense muta-
tion results in the substitution p.Arg111His (R111H), which was predicted to be pos-
sibly damaging by multiple algorithms. Additional lines of evidence suggest that this 
mutation is pathogenic. Firstly, the protein products of SH3PXD2B and MMP14 co-
operate during the formation of podosomes, which are specialized membrane struc-
tures involved in extracellular matrix (ECM) degradation and invasive cell motility [5]. 
SH3PXD2B recruits MMP14 from intracellular stores to the podosome membrane, 
making them functionally active [5]. Secondly, a homozygous MMP14 loss-of-function 
mutation (n.284C>G, p.T17R) has previously been identified in a patient with Win-
chester syndrome (WS, MIM 277950) [7]. Although the phenotype of this individual 
was more severe than that of our patients, they share a short stature, premature osteo-
porosis and have similar facial dysmorphology [1, 7]. Finally, two additional missense 
mutations, p.R92C (Sabe) and p.S466P (Cartoon), result in similar features in mice when 
present homozygously [8, 9]. Therefore, we revised our patients’ diagnosis to WS, 
pending confirmation of the mutation’s pathogenicity.  
MMP14 is a transmembrane proteinase that exerts its main catalytic function in the 
pericellular space [10]. Apart from transcriptional control, multiple processes post-
translationally regulate the activity of MMP14. These affect the activation of the latent 
pro-enzyme (see below), exposure of the active enzyme on the cell surface, or its lyso-
somal degradation [11-17].  
MMP14 is synthesized as a latent pre-pro-enzyme [4, 18]. Prior to its appearance on 
the cell surface in its active form, the N-terminal part of MMP14 undergoes a series of 
stepwise inter- and intradomain cleavages (Fig. 2.1B) [12]. Interestingly, the human and 
murine mutations introduced above are all located at cleavage sites or in domains that 
play a role in activation and/or trafficking of MMP14 to the cell surface.  
MMP14 is a class I transmembrane protein, that has a 24 amino acid stretch at its C-
terminus which is inserted in the plasma membrane [4, 18]. To reach the cell surface, 
MMP14 needs to access the exocytotic pathway [10]. For this, full-length pro-MMP14 
is synthesised with an N-terminal signal peptide (SP) that regulates incorporation into 
the ER membrane (Fig. 2.1A) [4, 18]. It is generally assumed that the SP present in 
both secreted and membrane-bound MMPs is removed upon ER insertion, however  
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Figure 2.1 – Overview of MMP14 processing. A, schematic overview of MMP14 protein domains 
including the localisation of the human Winchester syndrome mutations p.T17R and p.R111H and the two 
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Figure 2.1 (continued) – murine mutations p.R92C and p.S466P. MMP14 is synthesised as a pre-pro-
protein, with an N-terminal signal peptide (SP), a prodomain (Pro) adjacent to the catalytic domain, and a 
C-terminal transmembrane domain (T) with a short cytoplasmic tail (I). The red dot represents the catalytic 
zinc ion. B, schematic representation of the sequential processing of pro-MMP14. MMP14 is inserted into 
the ER membrane through a translocon by its N-terminal signal peptide (i). Note that at one point, pro-
MMP14 is inserted into the ER membrane with both the signal peptide and the transmembrane domain. 
For clarity, MMP14 is depicted as a straight bar. The signal peptide is removed in the ER by a signal pepti-
dase (green scissors), and the pro-domain folds back to shield off the adjacent catalytic site, keeping pro-
MMP14 inactive (ii). In the ER or Golgi apparatus, the prodomain of pro-MMP14 is cleaved by active 
MMPs (blue scissors), generating the activation intermediate (iii). Subsequently, the prodomain is cleaved 
by proprotein convertases (PC, red scissors) in the Golgi apparatus / trans-Golgi network, thereby releas-
ing the pro-domain from the catalytic domain and activating MMP14 (iv), prior to insertion of active 
MMP14 into the cell membrane (v). C, MMP14 signal peptide with predicted signal peptidase cleavage site. 
D, the region of the MMP14 prodomain containing the MMP cleavage site. E, regions of the MMP14 
prodomain containing the proprotein convertase cleavage sites 1 and 2. The bonds that are cleaved are 
highlighted in C-E by the dashed lines. AA, amino acid; C, carboxyl-terminus; cy, cytoplasm; ECM, extra-
cellular matrix; Hi, hinge region; Hx, hemopexin-like domain; I, intracellular tail region; N, amino-terminus; 
pos, position; St, stalk region. 

 
there is no direct evidence supporting this statement for MMP14 [11, 19-21]. MMP14 
has an N-terminal amino acid sequence typical of SPs of class I single-pass transmem-
brane proteins (Supp. Fig. 1.1A) which is predicted to span the ER membrane (Supp. 
Fig. 1.1B) [6, 22-24]. Additional in silico analysis by SignalP 4.0 software predicted that 
MMP14’s SP is likely to be cleaved, namely between amino acids 23 and 24 (Fig. 2.1C 
and Supp. Fig. 1.1C) [25]. This site is in perfect agreement with the consensus for SP 
cleavage (Supp. Fig. 1.1A) [22, 23, 26]. Similar to other class I transmembrane proteins, 
it is therefore likely that MMP14’s SP is cleaved upon insertion into the ER membrane 
(Fig. 2.1B, panel ii) [23, 27]. The p.T17R mutation is thought to disturb normal ER 
insertion and subsequent processing and trafficking of MMP14, in agreement with 
lower levels of mutant MMP14 T17R at the cell surface, especially its active form [6].  
MMP14 is a zinc-dependent endopeptidase, with a conserved motif in its catalytic 
domain in which three histidine residues interact with the catalytic Zn2+ ion (Fig. 2.1A, 
red dot). The cysteine residue at position 93 in the adjacent prodomain serves as the 
fourth ligand of this Zn2+ ion, thereby keeping the protein in its latent zymogen state. 
Activation of pro-MMP14, therefore, requires displacement of the C93 residue form 
the catalytic Zn2+, thereby allowing the latter to bind a water molecule necessary for 
hydrolysis of MMP14’s substrates; a process called the “cysteine switch” [4, 10, 11, 18, 
19, 28-32]. After SP removal, the cysteine switch is executed by serial proteolytic re-
moval of the MMP14 prodomain in the secretory pathway [10]. It has been demon-
strated that prodomain removal starts with its proteolysis by activated MMPs, includ-
ing MMP14, at the P47-G-D--L50 cleavage motif in the so-called “bait region”. This 
cleavage generates an activation intermediate, which starts with the N-terminal L50 
(Fig. 2.1B, panel iii, and D) [33-35]. Cleavage of the bait region initiates subsequent 
prodomain proteolysis by proprotein convertases (PCs) [33, 34]. The PCs were first 
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identified as mammalian homologues of the S. cerevisiae endopeptidase Kex2, which 
cleave proteins C-terminally of a R-4-X-K/R-R-1 motif (with X being non-basic resi-
dues) in the secretory pathway [36]. A similar R-X-R-X-K-R motif was subsequently 
identified in MMP11, and demonstrated to be necessary for intracellular activation of 
the pro-enzyme [37]. The MMP14 prodomain contains two conserved PC recognition 
sites, R89-R-P-R--C93 and R108-R-Y-R--T112 (Fig. 2.1E) [12, 38, 39]. It has been 
shown that furin, a membrane-bound PC that resides mainly in the Golgi/trans-Golgi 
network, is the PC that most effectively cleaves these domains in vitro [12, 37, 41]. 
Mature, furin-cleaved, active MMP14 starts N-terminally with T112 (Fig. 2.1B, panel iv) 
[41]. Moreover, cleavage of this motif has been demonstrated to be crucial for 
MMP14’s proteolytic activity [12, 38, 42]. As our newly identified p.R111H mutation is 
situated adjacent to this cleavage site, we hypothesised it impairs prodomain cleavage, 
thereby possibly disturbing both maturation and cell surface localisation of MMP14 
[12]. Similar to the p.R111H mutation, the p.R92C Sabe mutation is present adjacent to 
the cleavage site in the more N-terminally located PC recognition motif [8]. This site is 
part of the P91-R-C-G-V-P-D97 cysteine switch motif [18, 19, 33]. Although furin is 
capable of cleaving MMP14 at this motif in vitro, in silico modelling of the prodomain 
suggests it is inaccessible to furin in the native pro-enzyme [12, 33, 40]. It is therefore 
currently unclear how the p.R92C affects MMP14 to cause the resulting Sabe pheno-
type.  
Situated between MMP14’s catalytic domain and transmembrane domain, there are 
four repeated regions that share homology with the glycoprotein hemopexin [4, 18, 43, 
44]. This hemopexin-like (Hx) domain has been demonstrated to mediate protein-
protein interactions that are essential for multiple aspects of MMP14 function. These 
include heterodimerisation with CD44 needed for cell surface localisation, homodi-
merisation involved in pro-MMP2 cleavage, and binding to substrates such as type I 
collagen fibrils prior to their cleavage [10, 11, 32, 45-51]. In addition, the presence of 
the Hx domain has been shown to be crucial for normal activating cleavage of the 
prodomain [52]. Crystal structure studies demonstrated that the Hx domain forms a 
four-bladed β-propeller, the fourth blade of which is essential for MMP14 homodi-
merisation [19, 46, 53]. As the p.S466P Cartoon mutation is present in this highly con-
served fourth blade, we hypothesized it disrupts the activation, trafficking and sub-
strate proteolysis of MMP14.  
Although multiple lines of evidence support a possible pathogenic role of the novel 
MMP14 p.R111H mutation, further confirmation is required. Similarly, although pre-
vious studies have clearly implied the p.T17R, p.R92C and p.S466P mutations disrupt 
normal MMP14 function, the exact mechanism of how these changes elicit a pheno-
typic response is yet to be elucidated. To assess the effect of the p.R111H mutation on 
the protein level, and compare it to the previously reported mutations, we utilised a 
novel in vitro model. By expressing either wild type or mutant MMP14 with two differ-
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ent tags at the N- and C-terminus, respectively, we were able to study the effect of the 
mutations on posttranslational processing and subcellular localisation of MMP14. We 
found that the p.R111H mutation, in contrast to the other mutations, does not seem 
to affect prodomain cleavage or the subcellular localisation of MMP14; rather, we 
observed that the p.R111H mutation partially impairs MMP14’s function to activate 
pro-MMP2 and cleave gelatin in vitro. Compared to the p.T17R mutations, the R111H 
mutant still maintained residual catalytic activity, which might explain our patients’ 
milder phenotype. Although the phenotype of the Sabe and Cartoon mice are almost 
identical, the p.S466P mutation impaired pro-MMP2 activation to a lesser extent than 
p.R92C. In addition, gelatin degradation of MMP14 S466P remained unaltered. This 
might be explained by altered substrate specificity caused by this Hx domain mutation. 
In contrast to previous studies, the R92 residue turned out to be crucial for normal 
prodomain cleavage, cell surface localisation, and subsequent MMP14-dependent pro-
MMP2 activation and gelatin cleavage in vitro. In addition, we presented the first evi-
dence of MMP14 SP removal upon ER insertion. Taken together, these studies con-
firm pathogenicity of the novel p.R111H mutation. In addition, they shed new light on 
the origins of the clinical phenotypes and normal MMP14 posttranslational processing. 
 
Results 
 
Designing a double-tagged MMP14 fusion protein to study MMP14 subcellular localisation and  
posttranslational processing 

To test the hypothesis that the MMP14 p.R111H mutation impairs MMP14 activating 
cleavage and plasma membrane localisation, it was necessary to be able to distinguish 
between intact pro-MMP14 and cleaved MMP14, and visualise both in 2D cell culture. 
As there were no commercially available antibodies raised against the pro-domain of 
MMP14, this distinction could not be made with antibody staining alone. Therefore, 
expression vectors encoding either wild type (WT) or mutant human pro-MMP14 with 
an N-terminal triple hemagglutinin (3HA) tag and a C-terminal EGFP were created, 
resulting in the fusion protein 3HA-MMP14-EGFP (Fig. 2.2). Utilising site-directed 
mutagenesis, the p.T17R, p.R92C, p.R111H, and p.S466P mutations, and various 
combinations thereof, were generated using the WT vector as template, resulting in 
eight mutant vectors in total (see Supp. Fig. 1.2). As the N-terminal region of pro-
MMP14 is reported to be cleaved at different sites, the smaller 3HA-tag was attached 
N-terminally of the SP sequence to prevent disruption of pro-MMP14 processing. The 
C-terminus has been tagged previously, indicating it can be safely tagged with EGFP 
without disrupting MMP14 localisation or functional activity [38, 53]. Both the 3HA 
tag and the EGFP were fused to pro-MMP14 with flexible linkers (Fig. 2.2B). Given 
correct processing of 3HA-MMP14-EGFP, the 3HA tag should not be detectable in a  
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similar subcellular location to EGFP. Conversely, the EGFP signal should be visible at 
various cellular compartments including the Golgi/trans-Golgi network, the cell mem-
brane and along the route by which the protein traffics. Aberrant processing and sub-
sequent abnormal trafficking ought to be reflected in an altered subcellular distribution 
of both tags. To control for any putative influence of the tags on the subcellular locali-
sation of the MMP14 fusion proteins, a control vector was designed expressing the 
3HA tag and EGFP fused to each other by the two linkers (Fig. 2.3A). To generate  

 
Figure 2.2 – Design of the 3HA-MMP14-EGFP fusion protein and encoding vector. A, schematic 
representation of the MMP14 fusion protein with N-terminal triple (3) HA tag and C-terminal EGFP. 
Both tags are linked to MMP14 with flexible linkers (indicated by the black lines). The domains of MMP14 
are indicated, as are the position of the two human (p.T17R and p.R111H) and two murine (p.R92C and 
p.S466P) mutations. B, simplified vector map of the pQCXIB 3HA-MMP14 WT-EGFP expression vector, 
encoding the wild type fusion protein under cytomegalovirus (CMV) promoter. The binding sites for 
primers that were used for sequencing of the insert are indicated (numbers 1-6). Variants of the vector 
encoding the mutant fusion proteins were created by site-directed mutagenesis to generate the missense 
mutations indicated in A. AmpR, ampicillin resistance cassette; C, carboxyl-terminus; EGFP, enhanced 
green fluorescent peptide; HA, hemagglutinin; Hi, hinge domain; Hx, hemopexin-like domain; I, cytoplas-
mic tail; N, amino-terminus; Pro, prodomain; S, signal peptide; St, stalk region; T, transmembrane domain. 
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Figure 2.3 – Design of the HA-EGFP fusion protein and encoding vector. A, schematic representa-
tion of the 3HA-EGFP fusion protein. The two tags are fused by the two flexible linkers (linker 1 and 
linker 2, respectively) encoded by the pQCXIB 3HA-MMP14 WT-EGFP vector, connecting the two tags 
to MMP14 in the encoded fusion protein, as shown in B. C, in order to remove the MMP14 coding se-
quence by inverse-PCR, primers were designed to bind parts of both linker 1 and linker 2 coding sequence. 
Forward (Fw) primer is identical to the sequence highlighted in red; reverse primer is its reverse comple-
ment. D, resulting vector after removal of the MMP14 coding sequence. The binding sites for primers used 
for sequencing of the vector are indicated (numbers 7 and 8). Abbreviations as in Fig. 2.2. 

 
this vector, primers binding to parts of the two linker sequences in pQCXIB 3HA-
MMP14 WT-EGFP were used to effectively remove the pro-MMP14 coding sequence 
by inverse-PCR (Fig. 2.3B-D and Supp. Fig. 1.3). After verifying all ten vectors by 
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diagnostic restriction digestion and Sanger sequencing (Supp. Fig. 1.2 and 1.3), the 
fusion proteins could subsequently be expressed in a relevant cell type.  
 
MRC-5V1 cells express very low levels of endogenous MMP14 

MMP14 is expressed by a variety of cell types [4, 54]. MMP14 can form a homodimer 
at the cell surface through interaction of the Hx domains, which is necessary for cleav-
age of type I collagen fibrils and pro-MMP2 [39, 48-50]. To minimize confounding of 
enzymatic activity or even subcellular localisation of 3HA-MMP14-EGFP fusion pro-
teins due to homodimerisation with endogenous MMP14, expressing the fusion pro-
teins in a cell type with low endogenous MMP14 levels would be preferential. MRC-
5V1 is a well-documented and widely used human lung fibroblast cell line, isolated 
from a male foetus in 1970 and subsequently SV40 immortalised in 1983 [55, 56]. This 
cell type is relevant to the disease phenotype, which includes connective tissue and 
lung abnormalities in respectively patients and mouse models [57, 58]. Moreover, the 
MRC-5V1 cells are relatively easy to culture and transfect, which is essential to the 
experiments outlined above. Expression levels of endogenous MMP14 were assessed 
in MRC-5V1 cells by immunoblot against MMP14 on whole cell protein extract (Fig. 
2.4A). Protein extract of HT-1080 human fibrosarcoma cells, a cell type with a known 
high expression of MMP14, served as control [59]. In HT-1080 lysate, a strong band 
between 46 and 58 kDa could be observed, corresponding to the cleaved, active form 
of MMP14 (54-57 kDa in literature) [13, 35, 60]. The two fainter bands directly above 
it could be accounted for by sequential cleavage of pro-MMP14 (63-66 kDa in lit.) [12, 
13, 35, 60-62]. In MRC-5V1 lysate, bands at corresponding heights are hardly visible, 
suggesting that expression levels of endogenous MMP14 in MRC-5V1 cells are very 
low compared to those in HT-1080 cells. The localisation of exogenously expressed 
MMP14 is therefore unlikely to be affected by endogenous MMP14 in MRC-5V1 cells, 
making these cells suitable for the aforementioned experiments. Before analysing the 
MMP14 fusion proteins, the subcellular localisation of endogenous MMP14 was as-
sessed in both cell types.  
 
Endogenous MMP14 localises to the cell surface and perinuclear aggregates in MRC-5V1 cells 

To assess the subcellular localisation of endogenous MMP14, HT-1080 cells were 
stained with two commercially available anti-MMP14 antibodies (Fig. 2.4B and Table 
2.4). Both antibody stainings showed that endogenous MMP14 localises to perinuclear 
aggregates and to the cell surface, as reported before by others [4]. Staining MRC-5V1 
cells with one of these antibodies revealed a highly similar subcellular localisation of 
endogenous MMP14, although the signal intensity was much lower (Fig. 2.4C) con-
sistent with our Western blot results (Fig. 2.4A). Cells were co-stained with fluores-
cently labelled phalloidin, a toxin binding filamentous (F)-actin, which localises (among 
other locations) just below the plasma membrane [63]. Signal intensity plots through 
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optical sections of immunofluorescently (IF) labelled MRC-5V1 cells (Fig. 2.4D-E) 
demonstrate colocalisation of MMP14 with F-actin at the cell surface, supporting 
plasma membrane localisation of MMP14.  
 
MRC-5V1 cells retained their fibroblast identity after immortalisation 

As becomes clear in Figure 2.4D, MRC-5V1 cells do not have the typical spindle-
shaped morphology of fibroblasts. As published before, primary MRC-5 cells are uni-
form in size and have an elongated spindle-shaped morphology. In contrast, the im-
mortalised MRC-5V1 cell line is known to be less uniform in cell size and shape. These 
cells reportedly have an epithelial to fibroblast-like morphology, which becomes more 
epithelial as the culture becomes confluent, as is true for the cells in our lab (Supp. Fig. 
1.4A) [56]. Given the morphology of MRC-5V1 differs significantly from primary 
MRC-5 cells, our MRC-5V1 cells were stained with two commercially available anti-
bodies against vimentin, a widely used fibroblast marker. As shown in Supplemental 
Figure 1.4B, both anti-vimentin antibodies revealed a filamentous vimentin pattern, 
characteristic for fibroblasts [64]. This supported their fibroblast identity and justified 
the use of this cell type in subsequent experiments.  
 
The subcellular localisation of 3HA-MMP14 WT-EGFP is indistinguishable from that of  
endogenous MMP14  

Having established the subcellular distribution of endogenous MMP14 in MRC-5V1 
cells, it was subsequently compared to the localisation of the exogenously expressed 
3HA-MMP14 WT-EGFP fusion protein. Expression of the 3HA-EGFP fusion pro-
tein served as a transfection control. Staining 3HA-EGFP-expressing cells with three 
different anti-MMP14 antibodies all revealed an identical subcellular localisation for 
endogenous MMP14, at the cell surface and in a perinuclear aggregate (Fig. 2.5A). This 
distribution was furthermore similar to that observed in untransfected cells (Fig. 2.4), 
suggesting it is unaffected by the transfection and expression of 3HA-EGFP. MRC-
5V1 cells expressing the 3HA-MMP14 WT-EGFP fusion protein showed a strong 
EGFP signal that localised similarly to endogenous MMP14 (Fig. 2.5B), suggesting the 
exogenous fusion protein localises normally. This distribution was moreover indistin-
guishable from the anti-MMP14 staining pattern, indicating the EGFP signal accurate-
ly reflects the subcellular localisation of the exogenous MMP14 fusion protein.  
 
Visualising the HA tag of the fusion proteins by indirect IF microscopy 

To assess posttranslational cleavage of full-length WT and mutant MMP14 fusion 
proteins, it was necessary to visualise both the EGFP and the 3HA tag. For the latter, 
a commercially available anti-HA antibody was obtained and tested for indirect IF 
microscopy. The HA signal in 3HA-EGFP-expressing MRC-5V1 cells was found to be  
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Figure 2.4 – Endogenous MMP14 expression in MRC-5V1 is low compared to HT-1080 cells, 
but localises similarly. A, expression levels of endogenous MMP14 in MRC-5V1 fibroblasts are very 
low compared to those in HT-1080 fibrosarcoma cells, as shown by immunoblot on whole cell protein 
extracts with anti-MMP14 antibody (mab3328) and anti-KU-80 antibody as loading control. Multiple 
bands can be detected in both cell types, although the intensity is much higher in HT-1080 lysate. B-E, 
IF microscopy images of untransfected MRC-5V1 cells (seeded at 50,000 cells per mL medium) and 
HT-1080 cells (seeded at 30,000 cells per mL medium) stained with anti-MMP14 primary antibody  
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Figure 2.4 (continued) – (mab3328 or ab51074) and/or Alexa 488-conjugated goat anti-mouse or 
anti-rabbit secondary antibody. In both HT-1080 cells (B) and MRC-5V1 cells (C), MMP14 localises 
almost identically to the cell surface and to a perinuclear aggregate. Line plots (E) through MRC-5V1 
cells (C, enlarged in D), showing signal intensity along for the different channels along the lines drawn, 
clearly demonstrate colocalisation of MMP14 and F-actin in the cell periphery, supporting plasma 
membrane localisation of MMP14. Scale bar equals 20 µm. 
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distributed throughout the cell, with its signal intensity being highest in the peripheral 
cytoplasm and lowest in the nucleus (Supp. Fig. 1.5). Although the EGFP signal was 
present in both compartments as well, the signal intensity was distributed differently 
and notably highest in the nucleus. One possible explanation for the discrepancy in 
nuclear signal intensity for the two tags is suboptimal antibody penetrance due to in-
sufficient permeabilisation. However, repeating the staining in cells permeabilised with 
increasing concentrations of Triton X-100 did not increase the nuclear HA signal in-
tensity (Supp. Fig. 1.6). Alternatively, the 3HA-EGFP fusion protein might undergo 
posttranslational cleavage, separating the two tags. Western blotting data supports this 
hypothesis (see Fig. 2.7). Nevertheless, the HA signal in 3HA-MMP14 WT-EGFP-
expressing cells was distributed differently; its intensity was found highest near the 
perinuclear EGFP aggregate and decreased towards the cell periphery (discussed in 
detail below). The contrasting distribution of the two tags in cells expressing the 
MMP14 fusion protein and cells expressing tags only suggests that the tags do not 
interfere with the localisation of the MMP14 fusion protein. In conclusion, the 3HA-
MMP14 WT-EGFP and 3HA-EGFP fusion proteins could, therefore, serve as proper 
positive and negative controls, respectively, for the subcellular localisation of the mu-
tant MMP14 fusion proteins discussed hereafter. 
 
The p.T17R, p.R92C and p.S466P mutations disturb the subcellular localisation of MMP14 

To assess the effect of the aforementioned missense mutations on the subcellular 
localisation and posttranslational processing of MMP14, the WT and mutant MMP14 
fusion proteins were transiently expressed in MRC-5V1 cells and their tags visualised 
by IF microscopy. As described above, in cells expressing 3HA-MMP14 WT-EGFP, 
the EGFP signal localised to the cell surface and a perinuclear aggregate, whereas the 
HA signal formed a decreasing gradient towards the cell periphery (Fig. 2.6A). In line 
with previously published work, the cell surface-localized MMP14 WT contained the 
EGFP but not the 3HA tag. The lack of HA and EGFP co-localisation is consistent 
with published data demonstrating MMP14 pro-peptide removal precedes plasma 
membrane insertion [12].  
Surprisingly, the subcellular localisation of both tags of 3HA-MMP14 R111H-EGFP 
was identical to those of the MMP14 WT fusion protein, indicating trafficking of this 
mutant protein is normal. The lack of any HA signal at the cell surface suggests that 
the R111H mutation does not markedly impact SP removal. The HA signal of 3HA-
MMP14 R92C-EGFP-expressing cells formed a gradient similar to cells expressing the 
MMP14 WT fusion protein. However, unlike MMP14 R111H, MMP14 R92C-EGFP 
was absent from the cell membrane. Instead, it accumulated in perinuclear aggregates, 
suggesting the p.R92C mutation impairs trafficking to the plasma membrane after 
removal of the N-terminal SP and HA tag. In cells expressing the MMP14 T17R fu-
sion protein, the HA and EGFP tags were distributed diffusely throughout the cyto-
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plasm. It is noteworthy that the subcellular distribution of both tags (partially) colocal-
ised, indicating inefficient removal of the SP and HA tag. These findings suggest that 
the p.T17R mutation impairs incorporation into the ER membrane, subsequently 
affecting both the processing and trafficking of the fusion protein to the plasma mem-
brane. Accordingly, neither tag was detected at the cell surface. In cells expressing 
3HA-MMP14 S466P-EGFP, there was extensive perinuclear co-localisation of the HA 
tag and EGFP. Membrane localisation of this mutant protein was markedly reduced 
compared to WT, with only a minority of cells (<5%) demonstrating distinct mem-
brane localisation of the EGFP signal (not shown here). This observation suggests that 
this single amino acid substitution in the Hx domain compromises MMP14 processing 
and subsequent trafficking.  
As shown in Figure 2.6B, cell surface localisation of all double and triple mutant 
MMP14 fusion proteins was severely impaired, with EGFP being absent from the cell 
surface. Only for the R111H S466P fusion protein, EGFP could be detected in a mi-
nority (<5%) of cells at the cell surface; this was not detected upon repeating the ex-
periment. The HA signal for all of these double and triple mutants invariably formed a 
gradient similar to the MMP14 WT fusion protein. There was significant colocalisation 
of the HA tag and EGFP for the MMP14 R92C S466P double and MMP14 R92C 
R111H S466P triple mutant fusion protein, but not for the MMP14 R92C R111H and 
MMP14 R111H S466P double mutants. Taken together, these data suggest that the 
p.T17R, p.R92C, and p.S466P mutations disturb normal processing and trafficking of 
pro-MMP14, in contrast to the p.R111H mutation. 
 
The p.T17R, p.R92C and p.S466P mutations disturb MMP14 processing  

To further examine the posttranslational processing of WT and mutant MMP14, pro-
tein extract of MRC-5V1 cells expressing the fusion proteins shown in Fig. 2.6 was 
analysed by Western blotting with commercial antibodies against the two tags. As 
shown in Figure 2.7, immunoblot against the HA tag (top panel) showed an intense 
band between 80 and 100 kDa for cells expressing every MMP14 fusion protein. 
Immunoblot for GFP (middle panel) showed a band that overlapped with this HA 
band (merged in the bottom panel), suggesting it corresponds to the full-length pro-
protein (expected size of 96 kDa). The anti-HA antibody detected an additional faint 
band between 58 and 80 kDa, which was also present in protein extract of 
nontransfected cells (not shown in Fig. 2.7) and therefore deemed nonspecific. For 
cells expressing the MMP14 WT fusion protein, there were three additional smaller 
GFP bands. The band around 80 kDa likely corresponds to active, cleaved MMP14-
EGFP (expected size of 82 kDa), whereas the two bands around 58 kDa likely 
correspond to inactive MMP14 degradation products with intact C-terminus (thus 
containing EGFP) [62]. This supports normal processing of the WT fusion protein 
and fits with the IF microscopy data shown in Fig. 2.6A. For cells expressing the  
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MMP14 R111H mutant fusion protein, bands detected with both antibodies were 
identical to MMP14 WT-expressing cells, suggesting the R111H mutation does not 
affect posttranslational processing of MMP14. In protein extract of MMP14 T17R-
expressing cells, both antibodies detected a single overlapping band between 80 and 
100 kDa. This suggests that 3HA-MMP14 T17R-EGFP does not undergo any 
posttranslational cleavage, which supports the IF microscopy results that show 
colocalisation of both tags (Fig. 2.6A). In protein extract of cells expressing any other 
single, double or triple mutant fusion protein, both the 96 kDa and the 82 kDa GFP 
band could be detected, suggesting that the prodomain of these mutant proteins gets 
removed. However, further processing seems abnormal, given the absence of bands 
around 58 kDa. As smaller degradation products of comparable size have been 
detected on the cell surface in multimers with active MMP14, it is possible that cell 
surface localisation and the generation of these smaller forms are linked [62]. The fact 
that these smaller forms of MMP14-EGFP are only detected in cells expressing 
MMP14 fusion proteins that are present at the cell surface would support this 
hypothesis. In protein extract of cells expressing 3HA-EGFP, both antibodies 
detected an overlapping band around 30 kDa, corresponding to the intact 3HA-EGFP 
fusion protein. The anti-GFP antibody detected two additional bands around 25 and 
20 kDa, suggesting that the 3HA-EGFP fusion protein is cleaved. This apparent 
cleavage could explain the discrepancy in subcellular localisation of the two tags 
observed by IF microscopy (see Fig. 2.6 and Supp. Fig. 1.5 and 1.6 in Addendum 1). 
As both antibodies only detected a single band for 3HA-MMP14 T17R-EGFP, 
another fusion protein with primarily cytoplasmic distribution and thus exposed to the 
same enzymes, the cleavage of one of the tags and/or linkers seems to be specific to 
3HA-EGFP. 
To rule out that the subcellular localisation and posttranslational processing of 
MMP14 fusion proteins depend on the cell type in which they are expressed, the ex-
periment shown in Figure 2.6 was partially repeated with mIMCD-3 murine immortal-
ised renal epithelial cells (see Chapter 3 for details on this cell line) [65]. As shown in 
supplemental Figure 1.7, the subcellular distribution of the two tags of both WT and 
mutant 3HA-MMP14-EGFP was similar to that observed in MRC-5V1 cells, demon-
strating the subcellular localisation (and posttranslational cleavage) of the expressed 
fusion proteins is not cell-type dependent.  
 
Perinuclear MMP14 aggregates partially colocalise with the Golgi apparatus 

Having established the posttranslational processing of MMP14 WT both by IF mi-
croscopy and Western blotting, it was subsequently assessed in which subcellular com-
partment the sequential steps of N-terminal MMP14 cleavage take place. As essential 
pro-MMP14 cleavages are expected to take place in the ER and Golgi/trans-Golgi 
network (Fig. 2.1B), the subcellular localisation of the HA-gradient and the perinuclear 
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MMP14 aggregates were compared to that of known markers for these compartments. 
As shown in Addendum 1, antibodies against Golgin97 (Supp. Fig. 1.8) respectively 
sarcoplasmic/endoplasmic reticulum calcium ATPase 2a (SERCA2A, Supp. Fig. 1.9) 
were optimised for indirect IF microscopy. Subsequently, MRC-5V1 cells were co-
stained for endogenous MMP14 and these markers. As shown in Figure 2.8, the peri-
nuclear MMP14 aggregates colocalised minimally with the ER (see panel A, enlarged in 
panel B, and line plots in panel C). In contrast, MMP14 aggregates colocalised to a 
greater extent, but not completely, with the Golgi apparatus (Fig. 2.8A, D E). The 
position of MMP14 aggregates relative to the ER and Golgi apparatus became even 
clearer in cells co-stained for endogenous MMP14 and both markers (Fig 2.8F-H), 
where the MMP14 signal intensity more closely followed the distribution of the Gol-
gin97 signal as opposed to the SERCA2A signal (Fig. 2.8I). This apparent accumula-
tion of MMP14 in the Golgi apparatus fits with previously published data indicating 
that pro-MMP14 is being cleaved by furin, which mainly resides in the Golgi apparatus 
and the trans-Golgi network [12, 37, 41].  
 
The MMP14 signal peptide gets removed in the ER 

From optimisation of the anti-SERCA2A antibody shown in Supplemental Figure 1.9, 
it became clear that the ER in MRC-5V1 cells reaches almost up to the plasma mem-
brane. Moreover, the distribution of the SERCA2A signal was reminiscent of the HA 
signal observed in cells expressing the MMP14 WT fusion protein. Therefore, 3HA-
MMP14 WT-EGFP-expressing cells were co-stained with anti-HA and anti-SERCA2A 
antibodies (see Supp. Fig. 1.10 for optimisation of the rabbit anti-HA antibody used 
for this co-staining). In cells expressing 3HA-EGFP as control, the HA signal was 
distributed diffusely throughout the cytoplasm (and the nucleus to a lesser extent) and 
did not seem to colocalise specifically with the SERCA2A signal (Fig. 2.9). In contrast, 
the HA signal in 3HA-MMP14 WT-EGFP-expressing cells was distributed almost 
identically to the SERCA2A signal. Together with the subcellular localisation of 
MMP14-EGFP shown in Figures 2.6 and 2.8, and the Western blot data in Figure 2.7, 
this data suggests that (exogenously expressed) MMP14 indeed undergoes serial cleav-
age, with its N-terminal SP (and attached 3HA tag) being removed upon incorporation 
into the ER membrane, and subsequent removal of the pro-domain in the Golgi appa-
ratus as outlined in Fig. 2.1. This is further supported by the cytoplasmic localisation 
of MMP14 T17R, which fails to enter the ER membrane, does not traffic through the 
Golgi/trans-Golgi network, and as a result does not undergo any N-terminal cleavage. 
Moreover, these data provide the first evidence of MMP14 SP removal. 
 
MMP14 mutations impair pro-MMP2 activating cleavage 

Since MMP14 R111H seemed to be processed normally and localised to the cell mem-
brane, its enzymatic functionality was subsequently assessed. As a key cellular role 
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Figure 2.6 – R111H mutation does not affect subcellular localisation of exogenously expressed 
MMP14, whereas all other mutations disrupt its posttranslational cleavage and/or subcellular 
localisation. IF microscopy images of MRC-5V1 cells transiently expressing WT or mutant 3HA-MMP14-
EGFP or 3HA-EGFP fusion proteins, stained with a mouse anti-HA primary antibody (Ab16918) and/or 
Alexa 647-conjugated goat anti-mouse secondary antibody. A, subcellular localisation of the MMP14 WT 
fusion protein compared to single mutant MMP14 fusion proteins. In cells expressing 3HA-MMP14 WT-
EGFP, the EGFP signal localises to the cell surface and a perinuclear aggregate, whereas the signal intensi-
ty for the HA tag is highest perinuclearly and forms a gradient towards, but never reaches, the plasma 
membrane. Both signals show minimal colocalisation in the perinuclear region and do not colocalise at the 
cell surface. The subcellular localisation of both tags of 3HA-MMP14 R111H-EGFP is identical to those of 
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Figure 2.6 (continued) – the MMP14 WT fusion protein. The HA signal in cells expressing the MMP14 
R92C and MMP14 S466P fusion proteins forms a gradient similar to cells expressing 3HA-MMP14 WT-
EGFP, whereas the EGFP signal is primarily located in a perinuclear aggregate that partially colocalises 
with the HA signal; hardly any EGFP signal can be detected at the cell surface. In cells expressing the 
MMP14 T17R fusion protein, both tags (partially) colocalise throughout the cytoplasm; no signal is detect-
ed at the cell surface. In contrast, the EGFP signal in cells expressing 3HA-EGFP is present in the entire 
cell, with the highest intensity in the nucleus, whereas the HA signal intensity is highest in the cell periph-
ery. B, subcellular localisation of the MMP14 WT fusion protein compared to double and triple mutant 
MMP14 fusion proteins. The tags of all double and triple MMP14 mutants localise similarly to those of the 
MMP14 R92C fusion protein. Scale bars in A and B equal 20 µm. 
 
of MMP14 is the activation of the gelatinase pro-MMP2 by proteolytic cleavage, the 
cleavage of pro-MMP2 by exogenously expressed WT and mutant MMP14 fusion 
proteins were assessed [4]. MMP14 activates secreted pro-MMP2 at the cell surface,  
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Figure 2.7 – Posttranslational processing of MMP14 is affected by all mutations except p.R111H. 
Immunoblot with anti-GFP and anti-HA antibodies on whole cell protein extracts of MRC-5V1 cells 
transiently expressing 3HA-EGFP, or WT or mutant 3HA-MMP14-EGFP fusion proteins. Anti-HA 
immunoblot (top panel) shows an intense band between 80 and 100 kDa for cells expressing all MMP14 
fusion proteins, that colocalises with the highest band detected by anti-GFP immunoblot (middle and 
bottom panels) and thus corresponds to the intact pro-protein. For cells expressing WT fusion protein, 
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Figure 2.7 (continued) – the anti-GFP antibody shows three additional smaller bands: a single band 
around 80 kDa, corresponding to MMP14-EGFP (expected size: 82 kDa), and two bands around 58 kDa, 
most likely corresponding to inactive MMP14 degradation products. Bands for MMP14 R111H are 
identical to those of MMP14 WT, suggesting normal posttranslational processing of this mutant. The 
MMP14 T17R mutant only shows a single GFP band, overlapping with the HA band between 80 and 100 
kDa, suggesting it does not undergo any cleavage. For all other single, double and triple mutant fusion 
proteins, both the 96 kDa and the 82 kDa GFP bands can be seen, suggesting that in all the prodomain 
gets cleaved. However, further processing seems abnormal, given the absence of bands around 58 kDa.  
 
and both pro-MMP2 and active MMP2 can, therefore, be detected in conditioned 
media by gelatin zymography. Under the conditions of this assay, both cleaved, active 
MMP2 and pro-MMP2 have gelatinolytic activity and can be distinguished by their size 
difference. The same holds for pro-MMP9 (and cleaved MMP9), which is an addition-
al target of MMP14 [4, 6, 53]. First, it was determined that serum-free medium condi-
tioned by 3HA-EGFP-expressing MRC-5V1 cells only contained the zymogen form of 
MMP2, as indicated by the presence of a single band between 50 and 75 kDa corre-
sponding to pro-MMP2 (Fig. 2.10A). This demonstrates that these cells secrete pro-
MMP2, but that it does not get activated significantly, consistent with the very low 
levels of endogenous MMP14 in this cell type. In contrast, in media conditioned by 
cells expressing the MMP14 WT fusion protein, two additional smaller bands between 
50 and 75 kDa could be detected, corresponding to active MMP2 (bottom band) and 
an intermediate form of MMP2 (middle band). This demonstrates that the exogenous-
ly expressed MMP14 WT fusion protein does not only localise normally but is also 
functionally active. Notably, in media of both 3HA-EGFP and 3HA-MMP14 WT-
EGFP-expressing cells, two additional bands could be detected between 75 and 100 
kDa corresponding to pro-MMP9 (top band) and active MMP9 (lower band). This 
indicates that exogenous MMP14 expression does not alter activation of secreted pro-
MMP9. Next, conditioned media of cells expressing mutant MMP14 fusion proteins 
was analysed for differences in pro-MMP2 activation. As shown in Figure 2.10A, both 
the MMP14 R111H and MMP14 S466 mutants retained partial activity to process pro-
MMP2. Therefore, the p.R111H mutation is likely to retain some functionality with 
respect to activation of downstream MMP14 pathways (or targets). In contrast, the 
p.T17R and p.R92C mutations, as well as all combinations of mutations in double and 
triple MMP14 mutants (Fig. 2.10B), resulted in complete abrogation of pro-MMP2 
processing.  
 
MMP14 mutations impair its in vitro gelatinase activity 

MMP14 has a key role in mediating invasive cell behaviour [5, 66]. Thus, the effect of 
the aforementioned MMP14 mutations on invasive extracellular matrix (ECM) degra-
dation capacity was determined. As MMP14 acts as a gelatinase in vitro, Millipore’s 
QCM™ Gelatin Invadopodia Assay system was combined with live cell imaging for 
this purpose. MRC-5V1 cells expressing 3HA-EGFP, or WT or mutant MMP14  
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Figure 2.8 – Endogenous MMP14 forms a perinuclear aggregate that partially colocalises with the 
Golgi apparatus. IF microscopy images of MRC-5V1 cells stained with antibodies against endogenous 
MMP14, SERCA2A (used 1:1,000) and/or Golgin97 (used 1:1,000). Cells were seeded at a density of 
75,000 cells per mL medium and fixed the next day. Isotype-specific antibodies were used for SER-
CA/Golgin97 co-staining. A-E, MMP14 forms a perinuclear aggregate (A-B) that only minimally  
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Figure 2.8 (continued) – colocalises with the ER, which can be seen more clearly by the line plots in C 
showing signal intensity for the different channels along the lines in B. The perinuclear aggregate colocal-
ises to a greater extent with the Golgi apparatus (D-E). F-I, colocalisation of MMP14 with the Golgi 
apparatus, and not with the ER, becomes more evident when cells are stained for MMP14 and both ER 
and Golgi markers (F-I). Scale bar equals 20 µm. 
 
fusion proteins were hereto seeded on Cy3-labelled gelatin and imaged at different 
time points. Matrix digestion was readily visible by the presence of dark patches in the 
red fluorescent gelatin (Fig. 2.10C) as described before [67]. In line with our previous 
localisation and zymography data, expression of the MMP14 WT fusion protein re-
sulted in significantly more gelatin degradation than expression of 3HA-EGFP (Fig. 
2.10D), further demonstrating the MMP14 WT fusion protein is functionally active. 
The p.R111H mutation resulted in a significant reduction, but not a complete loss, of 
gelatin degradation (see Supp. Table 1.1 for significance levels). Intriguingly, in this 
assay, the MMP14 T17R and MMP14 S466P mutants retained full activity when com-
pared to the WT protein, despite membrane localization and pro-MMP2 activation of 
these mutants is impaired. Moreover, the p.S466P mutation seemed to act as a gain-of-
function mutation in this assay, as gelatin degradation by the MMP14 R111H S466P 
double mutant was not significantly different from that of MMP14 WT, whereas the 
p.R111H mutation when present alone significantly decreased gelatin degradation. The 
p.R92C mutation completely abolished gelatin degradation, also when present in com-
bination with other mutations in double and triple mutant fusion proteins. The effects 
of the different MMP14 mutations on gelatin degradation at the cellular level cannot 
completely explain the similarities seen in phenotype on the organismal level. Where 
the phenotype of the Cartoon and Sabe mouse model are indistinguishable, cells ex-
pressing MMP14 R92C and MMP14 S466P behave drastically different in terms of 
ECM degradation. Therefore, we hypothesised that the p.S466P mutation impairs a 
different function of MMP14. As MMP14 has a role in stimulating cell migration that 
is independent of its proteolytic activity, which might contribute to the human and 
murine phenotype when affected, MMP14-dependent cell migration was subsequently 
assessed [47].  
 
The p.T17R, p.R92C and p.R111H mutations impair MMP14-dependent cell migration 

To analyse MMP14-dependent cell migration, cells expressing WT or mutant MMP14 
fusion proteins were subjected to a phagokinetic assay as previously described [47, 53]. 
Although differences in ECM degradation were demonstrated with the Gelatin In-
vadopodia Assay, it was not possible to assess the ability of MMP14 to promote cellu-
lar migration. When the assay was repeated for a subset of fusion proteins, live confo-
cal imaging demonstrated that cells expressing the WT or R111H mutant MMP14 
fusion protein seemed to adhere strongly to the poly-L-lysine coated coverslip in areas 
where gelatin was degraded. When transfected cells did move, fragments of plasma  
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Figure 2.9 – The MMP14 signal peptide gets removed upon insertion into the ER membrane. IF 
microscopy images of MRC-5V1 cells transiently expressing 3HA-EGFP or 3HA-MMP14 WT-EGFP 
fusion proteins, incubated with rabbit anti-HA antibody (1:1,600 concentration) and mouse anti-SERCA2A 
antibody (1:40,000). The HA signal of the 3HA-EGFP fusion protein does not colocalise significantly with 
the ER. In contrast, the HA signal of the MMP14 WT fusion protein is almost identical to the SERCA2A 
signal. Note that the EGFP signal of the MMP14 fusion protein does not colocalise significantly with the 
ER staining, suggesting the SP and HA-tag get removed upon insertion of MMP14 into the ER membrane. 
Scale bar equals 20 µm.  

 
membrane were left behind (shown in Fig. 2.10E by the trail of EGFP-positive foci), 
ultimately resulting in cell death. In contrast, cells expressing the 3HA-EGFP and 
MMP14 R92C fusion proteins, which do not degrade gelatin, migrated without EGFP-
positive trail. Given the cells’ strong adherence to the poly-L-lysine coating, fibron-
ectin (1µg/ml, without poly-L-lysine layer) was used as an alternative substrate on 
which the cells were seeded. As shown in Figure 2.11, cells expressing the MMP14 WT 
fusion protein had a significantly higher average migration rate (4.60 µm/h) compared 
to cells expressing 3HA-EGFP (3.47 µm/h, p = 0.013). This demonstrates that the 
MMP14 WT fusion protein also behaves normally with respect to previously reported 
MMP14-stimulated cell migration. The p.T17R (3.40 µm/h), p.R92C (2.85 µm/h) and  
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Figure 2.10 (continued) – expressing cells contained pro-MMP9 and active, cleaved MMP9, in addition 
to pro-MMP2. Media conditioned by cells expressing the MMP14 WT fusion protein additionally con-
tained cleaved, active MMP2 and an intermediate form of MMP2. All analysed MMP14 mutations impair 
pro-MMP2 cleavage; it is completely abolished by the p.T17R and p.R92C mutations, whereas the 
p.R111H and p.S466P still allow some pro-MMP2 cleavage. C, IF microscopy image of MRC-5V1 cells, 
transiently expressing the MMP14 WT fusion protein, seeded on Cy3-labelled gelatin. Four hours post 
seeding, gelatin degradation becomes visible as dark patches. D, quantification of the average Cy3-gelatin 
degradation surface area per green fluorescent cell at 4h and 20h post seeding for MRC-5V1 cells express-
ing WT or mutant MMP14 fusion proteins, or 3HA-EGFP (mean ± SEM). Cells expressing the MMP14 
WT fusion protein digest significantly more gelatin than cells expressing the tags only. The p.T17R and 
p.S466P mutations do not significantly affect gelatin degradation. The p.S466P mutation seems to acts as 
a gain-of-function mutation in this assay, as gelatin degradation of MMP14 R111H S466P-expressing cells 
is not significantly different from MMP14 WT-expressing cells, whereas the p.R111H mutation alone 
significantly decreases gelatin degradation. The R92C mutation completely abolishes gelatin degradation, 
also when present in combination with other mutations. E, IF microscopy images of MRC-5V1 cells, 
transiently expressing the WT or mutant MMP14 fusion proteins or 3HA-EGFP, seeded on Cy3-labelled 
gelatin for qualitative analysis. Z-stacks were taken ever 15 minutes; maximum intensity projections 4h 
post seeding are shown here. Both WT and R111H mutant MMP14 fusion protein expressing cells de-
grade gelatin and leave a trail of GFP-positive foci behind (direction of migration is indicated by the 
arrow, area with GFP foci is demarcated with dotted line). At the trailing edge of the cell, these foci seem 
still connected to the cell body by thin filaments (arrowheads). In contrast, cells expressing the 3HA-
EGFP and R92C mutant MMP14 fusion proteins, which do not degrade gelatin, migrate without GFP-
positive trail. Scale bar in E equals 10 µm. *, p < 0.05; **, p < 0.01. 

 
p.R111H mutations (2.65 µm/h) were demonstrated to stimulate migration significant-
ly less compared to MMP14 WT (p = 0.011, 0.0007 and 0.0035, respectively), however 
without showing a clear correlation with the severity of the associated phenotypes. 
Interestingly, despite the plasma membrane localisation of MMP14 being impaired by 
the p.S466P mutation, motility of cells expressing the MMP14 S466P mutant fusion 
protein was not impinged compared to MMP14 WT-expressing cells (4.56 µm/h, p = 
0.92).  
 
Exogenously expressed MMP14 fusion proteins that localise to the cell membrane form dome-shaped  
structures at the ventral cell surface 

When imaging MRC-5V1 cells expressing the MMP14 WT fusion protein, a subset of 
cells showed ring-like MMP14-EGFP structures near the ventral surface of the cell, 
that is, the optical sections closest to the cover-slip on which the cells were growing. 
In Figure 2.12A, a single optical section of two 3HA-MMP14 WT-EGFP expressing 
cells is shown, demonstrating MMP14-EGFP rings. Multiple of such rings could typi-
cally be detected per cell, that varied in size (1 to 4.5 mm in diameter, Fig. 2.12A), had 
an overall round appearance, and were situated near the centre of the cell. These rings 
had a strong, yet dotted MMP14-EGFP signal, seemingly made up of several individu-
al foci. The centre of these rings was relatively free of MMP14-EGFP signal, which is 
further demonstrated by the signal intensity plots shown in Figure 2.12B. Interestingly, 
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the F-actin signal intensity only followed the same distribution in some (or at least only 
some part) of these rings (Fig.2.12B, line plot iv). In orthogonal projection, these 
“rings” were shown to have a dome shape, with their base near the cover-slip surface 
(red line) and their apex pointing into the cytoplasm (Fig. 2.12C-E). This dome shape 
was present for F-actin as well, but the signal intensity at the edge of the dome was not 
increased as was the case for MMP14-EGFP (compare GFP and F-actin signal in 
orthogonal projection in Fig. 2.12C). In cells expressing the MMP14 R111H mutant 
fusion protein, similar GFP structures could be identified (Fig. 2.12F) that were indis-
tinguishable from the rings in MMP14 WT expressing cells with respect to their num-
ber, size, shape and subcellular localisation (Fig. 2.12F-K). However, it was noted that 
in MMP14 R111H-expressing cells, the F-actin signal followed the GFP signal distri-
bution more closely in a larger number of structures (Fig. 2.12G, line plots i, iii, vi and 
ix). The question remained what the identity of these structures was, and whether lack 
of these structures in cells expressing mutant MMP14 fusion proteins that do not 
localise to the cell surface would help to explain the associated human and murine 
phenotype.  
 
MMP14-rich dome-shaped structures share characteristics with podosome rosettes 

We hypothesised that the structures shown in Figure 2.12 are podosomes. MMP14 
plays a key role in podosome maturation, and localises to the podosome membrane 
[5]. Podosomes form at the ventral surface of the cell in 2D in vitro culture at the lead-
ing edge or underneath the nucleus [5, 68]. Although individual podosomes are typical-
ly 0.5-2 µm wide, they can cluster together into podosome rosettes that can eventually 
fuse together, forming structures similar in size to the rings observed in Figure 2.12 
[5]. Furthermore, the podosome core is enriched in F-actin, as was the case in some 
(parts) of the structures shown in Figure 2.12. To analyse the possible podosome iden-
tity of these structures, 3HA-MMP14 WT-EGFP-expressing cells were subsequently 
stained for cortactin, another well-established podosome marker [69]. As shown in 
Figure 2.13A in cells expressing the MMP14 WT fusion protein, multiple MMP14-
EGFP rings could be observed in optical sections close to the ventral cell surface. 
Notably, in all three cells shown, the GFP rings were situated underneath the nucleus. 
From the overview of cells shown in Figure 2.13A, it became clear that the cortactin 
signal primarily localised to the nuclear region as well. When zooming in, it became 
clear that both F-actin (Fig. 2.13B), as well as cortactin (Fig. 2.13C) localised at least to 
some parts of the GFP rings. This supports the possibility of these structures indeed 
being podosome rosettes. To further assess their identity, these structures were subse-
quently compared to cells known to form podosomes as a positive control.  
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Figure 2.11 – MMP14 p.T17R, 
p.R92C, and p.R111H mutations all 
decrease MMP14-dependent cell 
motility. A, IF microscopy images of 
MRC-5V1 cells transiently expressing 
WT or mutant 3HA-MMP14-EGFP or 
3HA-EGFP fusion proteins. Cells were 
seeded on fibronectin-coated glass-
bottom dishes and z-stacks were taken 
every 10 min from 2-21h post seeding; 
the last time point is shown here, with 
their migration path visualised by the 
rainbow trail. B, quantification of the 
average migration rate based on trails 
similar to the ones shown in A (mean ± 
SEM). The MMP14 WTfusion protein 
significantly increases the average 
migration rate as compared to cells 
expressing 3HA-EGFP. The p.T17R, 
p.R92C and p.R111H mutations all 
decrease the average migration rate. In 
contrast, the p.S466P mutation does 
not significantly decrease the migration 
of cells.  
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MMP14-rich dome-shaped structures share features with Src-induced podosomes 

In order to compare the dome-shaped MMP14-EGFP structures shown in Figures 
2.12 and 2.13 to podosomes, MRC-5V1 cells were transfected with expression vectors 
encoding either c-Src WT or c-Src 527. Src kinase has a central role in the initiation of 
podosome formation [70]. Its activity is (among other processes) regulated by phos-
phorylation of Y527, which reduces its kinase activity [71]. The c-Src 527 expression 
vector harbours a Y527F substitution. As a result, it cannot be phosphorylated, keep-
ing the mutant Src kinase constitutively active [72]. Exogenous expression of c-Src 527 
was therefore expected to induce podosome formation in cells, although overexpres-
sion of c-Src WT might induce podosome formation as well. In untransfected MRC-
5V1 cells, endogenous Src was expressed at low levels and primarily localised to the 
plasma membrane, as supported by colocalisation with F-actin (Fig. 2.14A). No ring-
like structures were observed near the ventral cell surface. As shown in Figure 2.14A, 
expression of exogenous c-Src WT altered the cell’s morphology, inducing long cyto-
plasmic protrusions. Exogenous c-Src was expressed at higher levels, as indicated by 
the relatively high signal intensity as compared to endogenous Src, and localised to the 
cell surface. In addition, exogenous c-Src localised to ring-like structures (arrowhead in 
Fig. 2.14A, see also Fig. 2.14B-C) reminiscent in size and shape of the MMP14-EGFP 
structures shown above. Like the MMP14-EGFP structures, there were usually multi-
ple c-Src rings, most evident in optical sections through the ventral part of the cell 
centre (shown here). Notably, at least part of the circumference of these rings was 
enriched in F-actin, as clearly demonstrated in Figure 2.14B (arrows). Orthogonal 
projection of the c-Src structures shown in Figure 2.14C furthermore showed they 
were dome-shaped, similar to the MMP14-EGFP structures (Fig. 2.14D-H). Similar 
rings could be observed in cells exogenously expressing c-Src 527 (Fig. 2.14I, arrows). 
However, c-Src 527 expression had a more dramatic effect on cell morphology, with 
about half of the transfected cells having long cytoplasmic protrusions, giving the cell a 
star-like appearance (Fig. 2.14A). Interestingly, c-Src 527 localised to bright foci in the 
distal edge of these cytoplasmic protrusions, which colocalised with F-actin (Fig. 
2.14A, arrow). It is thought that these foci represent podosomes/podosome rosettes, 
which was further supported by the colocalisation of peripheral F-actin foci in these 
cells with endogenous cortactin (Fig. 2.14J). Staining c-Src 527 expressing MRC-5V1 
cells with a custom-made antibody raised against SH3PXD2B revealed endogenous 
SH3PXD2B localises to the cell surface in these cells (Fig. 2.14J). However, it failed to 
demonstrate the presence of endogenous SH3PXD2B at the peripheral F-actin foci 
(Fig. 2.14J) [66]. This could, however, be demonstrated in c-Src 527 expressing cells 
co-stained against endogenous F-actin, cortactin and SH3PXD2B (Fig. 2.14K). In 
conclusion, exogenous expression of wild type c-Src, like the exogenous expression of 
MMP14, induces the formation of membrane structures with some, but not all, charac-
teristics of podosome rosettes.  
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13-cis RA corrects the subcellular localisation of MMP14 S466P and MMP14 R111H S466P  

Retinoids are vitamin A derivates that are widely used to treat various skin problems 
[73, 74]. Interestingly, they have been used to successfully treat different aspects of the 
MMP14-related phenotype. In our patients, a cumulative dose of orally administered 
13-cis retinoic acid (RA) improved their acne [1]. Intraperitoneally administrated all-
trans retinoic acid (ATRA), the active metabolite of 13-cis RA, has been reported to 
improve both bone and skin abnormalities in Mmp14 KO mice [58]. Having estab-
lished the subcellular localisation and posttranslational cleavage of WT and mutant 
MMP14, we hypothesised that both could be influenced by retinoid treatment. More 
specifically, we hypothesised that 13-cis RA could improve MMP14 activating cleavage 
and subsequent membrane localisation of mutant MMP14. Normal plasma concentra-
tions of 13-cis RA in patients being treated systemically range between 0.83 to 2.43 
ng/mL [75]. With a molecular weight of 300.44 g/mol, this corresponds to 2.76–8.09 
nM. To test the effect of 13-cis RA treatment on the subcellular localisation of 
MMP14, MRC-5V1 cells transiently expressing the WT or mutant MMP14 fusion 
proteins were treated with 2-8 nM 13-cis RA, or were left untreated, in a trial experi-
ment. Since 13-cis RA was dissolved in ethanol, treatment with 1.2% (v/v) ethanol 
served as vehicle control. Cells were treated for 4h conform studies performed by 
others analysing the effect of retinoid treatment on the subcellular localisation of other 
proteins [76, 77]. As shown in Supplemental Figure 1.11, the subcellular distribution of 
both tags of the WT (A) and R111H (B) mutant MMP14 fusion protein was unaffect-
ed by either vehicle-only or 13-cis RA treatment. As seen before, in the majority of 
3HA-MMP14 S466P-EGFP expressing cells, both tags localised to partially overlap-
ping perinuclear aggregates, with only a minority (< 5%) of cells showing EGFP, but 
not HA, at the cell surface. Vehicle-only or 13-cis RA treatment did not affect the 
percentage of cells with seemingly normal processing and localisation of MMP14 
S466P to the cell periphery. However, in cells treated with 13-cis RA, ring-like MMP14 
S466P-EGFP structures could be observed, similar to those seen for WT and R111H 
mutant MMP14. These structures were not observed in MMP14 S466P-expressing 
cells receiving no or vehicle-only treatment.  
To further study the effect of retinoid treatment on MMP14 processing and subcellu-
lar localisation, the experiment outlined above was repeated, with the addition of cells 
expressing the MMP14 R11H S466P fusion protein, and cells expressing GFP as a 
transfection control. Since there was no clear dose-dependent effect of retinoid treat-
ment, cells were treated with 8 nM 13-cis RA or 9-cis RA, a vitamin A derivate that in 
contrast to 13-cis RA does not improve acne [78]. Treatment with 1.2% (v/v) ethanol 
served as vehicle control. As shown in Figure 2.15A, retinoid treatment did not affect 
the subcellular distribution of the HA and EGFP tags of the WT and R111H mutant 
MMP14 fusion proteins, thereby confirming the results of the trial experiment (Supp. 
Fig. 1.11). Again, only a minority (< 5%) of ethanol-only treated cells expressing the  
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Figure 2.12 – MMP14 WT and MMP14 R111H form ring-like membrane structures near the central 
cell surface. A and F, IF microscopy images of MRC-5V1 cells transiently expressing 3HA-MMP14 WT-
EGFP (A) or 3HA-MMP14 R111H-EGFP (F) fusion proteins. Confocal z-stacks show that the EGFP-
signal localises in rings, which is most evident in optical sections close to the coverslip surface on which the 
cells are grown (shown here). B and G, plots of MMP14-EGFP and F-actin signal intensity along the lines 
drawn in A and F further illustrate the ring-like distribution of MMP14-EGFP. Note that F-actin signal 
only follows the same distribution in some of these plots (iv in B, i-ii and ix in G). C-E and H-K, orthogo-
nal projection demonstrates the structures shown in A and F are in fact dome-shaped, with their base near 
the cover-slip surface (red line). This dome-shaped appearance is more evident for MMP14-EGFP than for 
F-actin (C; compare to line plot iv in B). Scale bar equals 20 µm. 
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Figure 2.12 (continued). 
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Figure 2.13 – MMP14 ring-like structures are enriched in cortactin. A, IF microscopy images of 
MRC-5V1 cells transiently expressing 3HA-MMP14 WT-EGFP and stained against the podosomal mark-
ers cortactin and F-actin. Merges are enlarged in B and C, either with (left) or without (right) DAPI signal 
shown. MMP14-EGFP signal forms ring-like structures, most evident in optical sections close to the 
coverslip surface on which the cells are grown (shown here). The centre of these structures is relatively free 
of MMP14-EGFP, F-actin, and DAPI signal. Both F-actin and cortactin colocalise to some extent with the 
MMP14-EGFP rings. Scale bar equals 20 µm. 
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S466P mutant fusion protein showed localisation of the EGFP signal, but not HA, at 
the cell surface, suggesting normal processing and trafficking of the fusion protein. 
However, in contrast to the trial experiment, this percentage seemed to be increased 
by 13-cis RA treatment. As the HA staining pattern was unaltered, 13-cis RA treat-
ment seemed to influence primarily trafficking, and not posttranslational cleavage, of 
MMP14 S466P. Ethanol-only treated cells expressing the MMP14 R111H S466P fu-
sion protein showed severe impairment of MMP14-EGFP membrane localisation; 
only a very faint signal could be detected in a minority (< 5%) of transfected cells. This 
became more readily visible upon treatment with 13-cis RA, but not 9-cis RA (Fig. 
2.15). Notably, in cells showing plasma membrane localisation of MMP14 S466P and 
MMP14 R111H S466P, faint ring-like structures could be detected in the centre of the 
cell’s ventral surface. Retinoid treatment had no effect on the subcellular localisation 
of GFP in tag-only expressing cells. Interestingly, cells expressing the GFP control 
showed small circular areas free of GFP signal near the ventral surface, reminiscent of 
the MMP14-EGFP structures described above. Retrospectively, these circular GFP-
free areas could also be observed in images of the 3HA-EGFP-expressing cells shown 
in Supplemental Figures 1.4 and 1.10. This would suggest that exogenously expressed 
MMP14 and c-Src do not necessarily induce these structures, but primarily localise to 
pre-existing structures, thereby making them more readily visible when fluorescently 
tagged or probed with an antibody.  
As described above, 13-cis RA improved the trafficking of MMP14 mutants to the cell 
surface. To assess the effect of retinoid treatment on MMP14 processing, cell lysate of 
untransfected MRC-5V1 cells treated as described above or left untreated was subject-
ed to immunoblotting with a custom-made anti-MMP14 antibody. Untreated MRC-
5V1 cells expressing the MMP14 WT fusion protein served as positive control for the 
antibody. As shown in Figure 2.15C, the antibody recognised the different forms of 
both the exogenous MMP14 fusion protein and the endogenous MMP14; the size of 
the bands was similar to those seen before for endogenous (Fig. 2.4A) and exogenous 
MMP14 (Fig. 2.7). The size and the height of the different bands for endogenous 
MMP14 species were not altered by retinoid or vehicle-only treatment, suggesting 
retinoids do not alter MMP14 expression levels or posttranslational processing.  
 
Discussion 
We previously reported two brothers with a multisystem disorder encompassing skele-
tal anomalies, mitral valve insufficiency, facial dysmorphy, and severe acne, in which 
we identified a novel MMP14 missense mutation [1]. We used a novel in vitro model to 
assess the mutation’s effect of on the protein level and compare it to previously re-
ported human and murine MMP14 mutations. Our results confirmed our patients’ 
mutation pathogenicity, and led to new insights into the effect of previously reported 
mutations on the protein level and normal MMP14 posttranslational processing.  
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Figure 2.14 – c-Src induces ring-like structures in MRC-5V1 cells that differ from c-Src 527 induced 
podosome rosettes. A-K, IF microscopy images of MRC-5V1 cells transiently expressing exogenous c-Src 
WT or mutant c-Src 527, stained for the podosomal markers Src, F-actin, cortactin and/or SH3PXD2B. 
Cells were seeded at a density of 20,000 cell per mL of medium and left untransfected, or seeded at 50,000  
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Figure 2.14 (continued) – cells per mL of medium and transfected 24h later. All cells were fixed 72h post 
seeding. A, endogenous Src in untransfected MRC-5V1 cells is expressed at low levels and primarily local-
ises to the cell surface. Expression of exogenous c-Src changes the morphology of the cell, with long 
protrusions typically present as in the cell shown here. In addition, c-Src localises to ring-like structures 
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Figure 2.14 (continued) – (arrowhead) that are not enriched in F-actin, most evident in optical sections 
close to the coverslip surface on which the cells are grown (shown here). Expression of exogenous c-Src 
527 induces a more dramatic starfish-like change of cell morphology. The distal edge of the cytoplasmic 
protrusions displays c-Src 527 foci (arrow) that colocalise with F-actin foci. B, C and I, exogenous c-Src 
and c-Src 527 localise to ring-like structures that partly colocalise with F-actin (B and I, arrows). D-H, 
orthogonal projection of the c-Src ring-like structures shown in C demonstrates their dome shape, with 
their base near the cover-slip surface (red line). Ring-like structures in the nuclear region are devoid of 
chromatin in their centre. J, staining c-Src 527-expressing cells for F-actin and either SH3PD2B or cortac-
tin indicates that although SH3PXD2B localises to the cell surface in c-Src527 expressing cells, it does not 
clearly colocalise with the peripheral F-actin foci, in contrast to cortactin. K, staining c-Src 527 expressing 
cells for F-actin, cortactin, and SH3PXD2B shows even more clearly that SH3PXD2B does not colocalise 
with peripheral foci rich in F-actin and cortactin. Scale bars in A-J equal 20 µm; scale bar in K equals 10 
µm. 
 
A novel in vitro model to assess MMP14 subcellular localisation, processing and function 

By expressing an MMP14 fusion protein with N-terminal 3HA tag and C-terminal 
EGFP in MRC-5V1 fibroblasts, we established a novel in vitro model that enabled us 
to directly link posttranslational cleavage to subcellular localisation by IF microscopy 
and Western blot. We demonstrated that the subcellular localisation of exogenously 
expressed MMP14 WT-EGFP is identical to that of endogenous MMP14 and there-
fore unaffected by the tags. We furthermore showed by Western blot that the WT 
fusion protein is processed similarly to endogenous MMP14, both in our experiments 
as well as compared to previously published results [12, 13, 35, 60, 61]. Finally, we  
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Figure 2.15 – Retinoids do not seem to affect posttranslational cleavage and subcellular localisa-
tion of MMP14, except for the S466P mutant. – A-B, IF microscopy images of MRC-5V1 cells transi-
ently expressing WT or mutant 3HA-MMP14-EGFP fusion proteins or GFP as control, were treated with 
8 nM 9-cis or 13-cis retinoic acid (RA) or vehicle (1.2% (v/v) ethanol) only. Retinoid treatment does not 
seem to affect the subcellular distribution of the HA and EGFP tags of WT or R111H mutant MMP14 
fusion protein. B, a small proportion (< 5%) of cells expressing the S466P mutant fusion protein show 
localisation of the EGFP signal, but not HA, at the cell surface, suggesting normal processing of the 
protein. This percentage seems to be increased by 13-cis RA treatment. Scale bars in A and B equal 20 
µm. C, immunoblot with anti-MMP14 antibody on protein extract of MRC-5V1 cells either transiently 
expressing 3HA-MMP14 WT-EGFP or untransfected and treated with retinoids, vehicle only, or left 
untreated. Bands for endogenous MMP14 between 50 and 75 kDa are similar to those observed in Figure 
2.4; bands over 100 kDa for endogenous MMP14 likely correspond to multimers of active MMP14 
and/or MMP14 degradation products, as reported before [39]. Expression levels and posttranslational 
processing of endogenous MMP14 in mIMCD-3 and MMP14 are not affected by the vehicle nor retinoid 
treatment. 

 
demonstrated that the WT fusion protein is functionally active with respect to enzy-
matic activity, and stimulation of cell migration in vitro. We were therefore confident to 
use this in vitro model to assess the effects of human and murine MMP14 missense 
mutations on the protein level. 
 
The N-terminus of MMP14 is sequentially cleaved in the biosynthetic-secretory pathway 

It has been demonstrated before that MMP14 is translated as a latent pre-pro-enzyme 
[4, 18]. This also holds true for our WT fusion protein as evidenced by presence of 
both tags in the largest form detected by Western blot. MMP14 is a class I transmem-
brane protein that needs to be incorporated into the ER membrane for eventual plas-
ma membrane localisation [4, 18, 23, 27]. Although previously assumed by others, we 
here show the first evidence supporting SP removal upon insertion of MMP14 into the 
ER membrane [11, 19-21]. Firstly, in silico analysis of the SP suggests its first 23 amino 
acids are likely to be removed by proteolytic cleavage. Secondly, only the largest form 
of the MMP14 WT fusion protein detected by Western blot contained the HA tag, 
while it was absent from all smaller, processed forms. Thirdly, we showed by IF mi-
croscopy that in cells expressing the WT fusion protein, the HA tag colocalised with 
the ER, whereas MMP14-EGFP did not. Others have previously demonstrated the 
pro-domain of MMP14 is sequentially cleaved in the exocytotic pathway prior to inser-
tion into the plasma membrane [12, 33, 34]. We additionally demonstrated that 
MMP14-EGFP, like endogenous MMP14, forms a perinuclear aggregate that partially 
colocalises with the Golgi apparatus, where MMP14 prodomain cleavage by propro-
tein convertases (PCs) including furin is thought to take place [12, 37, 41]. Finally, we 
demonstrated that of MMP14-EGFP is present at the cell surface.  
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The p.R111H mutation impairs MMP14 function, supporting its pathogenicity in WS 

Consistent with in vitro our model, the p.R111H mutation did not affect SP removal. 
As the p.R111H mutation is present in the R108-R-Y-R--T112 PC recognition motif 
and mature MMP14 starts N-terminally with T112, we hypothesised this mutation im-
pairs MMP14 activating cleavage and, possibly, subcellular localisation [12, 38, 39, 41, 
42]. Indeed, our results demonstrated that the p.R111H mutation reduced catalytic 
activity and MMP14-stimulated migration, thereby supporting pathogenicity of this 
mutation. However, in contrast to our hypothesis, we found that 3HA-MMP14 
R111H-EGFP is processed and trafficked seemingly identical to the MMP14 WT 
fusion protein (see Table 2.1 for an overview). Others have previously demonstrated 
that mutation of this PC recognition site impairs MMP14 processing and subsequent 
pro-MMP2 activation in vitro [12, 33, 38, 42]. Only a single study showed that mutation 
of the PC motif had no adverse effects on MMP14 processing and function, which is 
likely a result of differences in cell types used [39]. In all of these studies, multiple 
residues of the PC motif were mutated, in contrast to our patients where only a single 
residue is altered. One possible explanation for the discrepancy between MMP14 
R111H seemingly normal processing and impaired activity could be abnormal prodo-
main cleavage that is not detected by Western blot analysis. Supporting this possibility 
is the observation by Golubkov et al. that MMP14 can be cleaved at other sites, in-
cluding the G100-A-E-- I103 motif by MMPs [34]. Although such forms have lost the 
cysteine switch domain, it is possible that their functional activity is reduced.  
 
The WS phenotype severity correlates with pro-MMP2 activation of mutant MMP14 in vitro 

Sequential cleavage in the secretory pathway is further supported by the total absence 
of posttranslational cleavage of the MMP14 T17R mutant fusion protein. Our obser-
vations suggest that the p.T17R mutation disrupts the SP, thereby preventing the pro-
tein from entering the ER and almost completely abolishing subsequent processing. In 
contrast to previously published, we did not observe pro-MMP14 T17R at the plasma 
membrane. This apparent discrepancy might be due to the greater sensitivity of surface 
biotinylation assay employed by Evans et al. as compared to our IF detection [6].  
 
Table 2.1 – Overview of the effects of the studied mutations on pro-MMP14 processing, subcellular 
localization, pro-MMP2 activating cleavage, gelatin degradation and cell migration. Tick mark, 
unaltered; arrow, impaired; cross, severely impaired to absent. 

MMP14  Pro-MMP14 
processing 

 MMP14 
localisation 

 Pro-MMP2 
cleavage 

 Gelatin 
degradation 

 Cell  
migration 

WT  ✔  ✔  ✔  ✔  ✔ 
T17R  ✖  ✖  ✖  ✔   
R92C  ✖  ✖  ✖  ✖   
R111H  ✔  ✔       
S466P  ✖      ✔  ✔ 
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However, biotinylation demonstrated that only the pro-enzyme, and not the cleaved, 
active form of MMP14, was present at the cell membrane, supporting impaired pro-
cessing. The lack of normal subcellular localisation and processing resulted as expected 
in a reduced pro-MMP2 cleavage, consistent with the findings of Evans et al., in addi-
tion to reduced MMP14-stimulated cell migration [6]. Notably, the p.T17R mutation 
did not significantly reduce in vitro gelatin degradation. One possible explanation for 
impaired pro-MMP2 activation, yet normal in vitro gelatin degradation, could be the 
dose of MMP14 needed at the cell surface for these functions in vitro. Less MMP14 
present at the cell surface could impair homodimer formation, as it was shown previ-
ously that MMP14 homodimerisation is concentration dependent in E. coli [50]. It has 
been demonstrated that disturbed homodimer formation impairs pro-MMP2 activa-
tion, but not gelatin degradation [48, 50, 52, 79, 80]. As the phenotype of our patients 
is milder than that of the patients reported by Winchester et al., our observations sug-
gest that MMP14’s ability to activate pro-MMP2 may be the most important determi-
nant of disease severity [7]. This is furthermore in line with the p.R92C mutation in the 
Sabe mouse, which phenotype is more severe.  
 
The N-terminal PC recognition motif plays an important role in pro-MMP14 activation  

Similar to the human p.R111H mutation, the p.R92C Sabe mutation is present at the 
cleavage site in the more N-terminally located R89-R-P-R--C93 PC recognition motif 
[8]. Based on in silico analysis, it has previously been suggested that this site is inacces-
sible to furin [12, 33, 40]. In addition, it has been demonstrated that the effect of the 
p.R89A mutation in this motif is of limited significance to MMP14 processing and its 
capability to activate pro-MMP2 [12, 33, 38, 39]. Although we detected a form of 
MMP14 R92C-EGFP seemingly corresponding in size to the mature enzyme by West-
ern blot, our functional data suggest that prodomain cleavage is aberrant, yet our 
Western analysis lacks the resolution to detect this. The devastating effect of this mu-
tation on trafficking, additional processing and catalytic and migratory stimulating 
function of MMP14 (Table 2.1) strongly suggest that the p.R92C mutation impairs 
prodomain processing. This implies that the more N-terminally located PC recognition 
site has an important role in pro-MMP14 activation. One possible explanation for the 
discrepancy between our results and previous studies could be that the p.R92C muta-
tion is more damaging to the PC recognition motif than the previously studied p.R89A 
mutation. This is supported by the fact that in previous studies mutation of both PC 
recognition motifs acted synergistically and impaired MMP14 prodomain cleavage and 
pro-MMP12 activation to a greater extent than mutating either motif individually [12, 
38]. The p.R92C mutation, however, disrupts MMP14 processing, trafficking and 
function to such extent that addition of any other mutation did not worsen the out-
come of any of the assays we performed.  
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The p.R92C mutation impairs MMP14 processing, subcellular localisation and func-
tional activity to a greater extent than the p.R111H mutation, which could in part ex-
plain the more severe phenotype of the Sabe mice compared to our patients. Interest-
ingly, MMP14 cleavage beyond the prodomain was only observed for the two MMP14 
fusion proteins (WT and R111H) that were detected at the cell surface. Smaller 
MMP14 degradation products have previously been demonstrated to form multimers 
with intact, mature MMP14 at the cell surface [39, 62, 79, 81]. This suggests that addi-
tional MMP14 cleavages and cell surface localisation are linked, although the sequence 
of these two events remains unclear. Taken together, our findings suggest that cleavage 
of the R89-R-P-R--C93 PC recognition motif, in addition to the R108-R-Y-R--T112 
motif, plays an important role in the activation of MMP14.  
 
The hemopexin-like domain has an important role in MMP14 trafficking and functional activity 

As the Hx domain has previously been demonstrated essential for normal activating 
cleavage of the prodomain, trafficking to the plasma membrane and substrate binding, 
the p.S466P Cartoon mutation was expected to impair all of these aspects of MMP14 
function [10, 11, 32, 45-52]. Indeed, our data showed that the p.S466P mutation im-
paired MMP14 processing and trafficking to the cell surface similar to the p.R92C 
mutation (Table 2.1). In addition, there was some residual activity regarding to pro-
MMP2 cleavage, which could be explained by the fact that in a small subset of cells 
(<5%) MMP14 S466P-EGFP could be detected at the cell surface. However, gelatin 
degradation and MMP14-stimulated cell migration were not impaired by the p.S466P 
mutation. This was surprising, as the Sabe and Cartoon mice are phenotypically identical 
yet the corresponding mutant proteins behave dramatically different in these assays. As 
suggested for the T17R mutant, impaired pro-MMP2 activation, yet normal in vitro 
gelatin degradation could be explained by the amount of MMP14 present at the cell 
surface. In addition to a dose effect, the p.S466P mutation could directly impair 
MMP14 homodimer formation, which in turn has been shown to impair pro-MMP2 
activation, but not gelatin degradation [48, 50, 52, 79, 80]. Although Tochowicz et al. 
have previously shown that blades II and III of the Hx domain are involved in physio-
logical MMP14 homodimerisation, Zarrabi et al. demonstrated that exchange of blade 
IV (where S466 is located) with that of MMP1 abrogated dimerization [53, 80]. A third 
explanation could be that the p.S466P mutation alters the substrate specificity of the 
Hx domain, thereby enhancing gelatin degradation [11]. This putative gain-of-function 
would also explain how the combination of p.R111H and p.S466P mutations does not 
impair gelatin degradation, whereas the p.R111H mutation when present alone does. 
Notably, this remaining functionality is lost when the p.R92C mutation is present, 
stressing the disrupting effect of the Sabe mutation. A similar gain-of-function could 
explain the surprisingly normal motility of MMP14 S466P-expressing cells, as the Hx 
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domain has been demonstrated to have a role in MMP14-enhanced motility independ-
ent of MMP14 catalytic activity [47, 82].  
This, however, leaves us with the question of how the Sabe and Cartoon phenotype can 
be so similar, while the proteins differ in their in vitro activity. The answer to this ques-
tion may lie in additional functions of MMP14 that were not assessed here. One par-
ticular function of relevance is cleavage of fibrillar collagen. It is known that for cleav-
age of intact collagen fibrils, MMP14 homodimerisation is crucial [48, 49]. If our 
abovementioned hypothesis is correct, both the Sabe and the Cartoon mutation should 
impair the collagenolytic activity of MMP14, either by reducing its trafficking to the 
cell surface (both mutations) or by disrupting Hx-dependent homodimerisation 
(p.S466P). The soft tissue fibrosis present in both mouse models supports this hy-
pothesis [8 and our unpublished observation]. 
 
Retinoid treatment stimulates trafficking of MMP14 S466P to podosome-like structures  

Finally, we demonstrated that MRC-5V1 cells form ventral structures sharing charac-
teristics with podosome rosettes [5, 69]. We showed that the WT and R111H mutant 
MMP14 fusion proteins, which readily localise to the cell surface, could also be identi-
fied in these ventral structures. As 13-cis RA successfully treated acne in our patients, 
it was hypothesised that retinoid treatment could alter MMP14 processing and/or 
trafficking to the cell membrane [1]. Although we did not observe any effect on 
MMP14 processing by either 9-cis RA or 13-cis RA, the incubation period (4h) might 
have been too short. However, 13-cis RA partially corrected the subcellular localisation 
of the S466P and R111H S466P fusion proteins, which could be detected in ventral 
podosome-like rosettes upon retinoid treatment. This suggests that retinoids can stim-
ulate trafficking of MMP14 to podosomes, which could (partially) explain their effect 
in acne.  
 
Conclusion and future perspectives 

In conclusion, we provide evidence that a mild manifestation of WS is caused by a 
novel homozygous p.R111H missense mutation in MMP14 that partially impairs the 
ability of the membrane-bound metalloproteinase to activate secreted pro-MMP2, 
digest gelatin and stimulate migration in vitro. The residual enzyme activity of MMP14 
R111H observed in our assays is likely to be responsible for the relatively mild disease 
phenotype evident in our patients. Our observations suggest that MMP14’s catalytic 
activity, in particular, its ability to activate pro-MMP2, may be the most important 
determinant of disease severity in humans. However, further analysis is required for a 
full understanding of how different murine Mmp14 mutations lead to an identical phe-
notype, including assessing collagenolytic capacity and homodimerisation of the re-
spective mutant proteins. Our assays furthermore provided additional insights in the 
pathogenesis of previously reported MMP14 mutations and normal MMP14 posttrans-
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lational processing. We presented the first evidence of MMP14 SP removal upon ER 
insertion. In addition, our data suggest that the R89-R-P-R--C93 proprotein convertase 
recognition site plays a more important role in pro-MMP14 activation than previously 
thought. Future N-terminal protein sequencing could provide a definite answer to 
aberrant processing suggested by our data. Finally, we demonstrated that retinoid 
treatment influences the trafficking of MMP14, specifically to podosomes. The puta-
tive mechanism of retinoid treatment in acne will be assessed in Chapter 3.  
 
Materials and methods 
 
Cell culture 

MRC-5V1 immortalised human foetal lung fibroblasts (Prof. Alan Lehmann, Universi-
ty of Sussex, Brighton, UK) and HT-1080 fibrosarcoma cells (Dr. John Eykelenboom, 
University of Dundee, Dundee, UK) were grown in 2D culture in either high glucose 
Dulbecco’s Modified Eagle Medium (DMEM, GE Healthcare Life Sciences, Pitts-
burgh, PA; SH3024.01) and mIMCD-3 immortalised murine kidney cells (ATCC; 
CRL-2123) were grown in low-glucose DMEM (GE; SH30021.01), both containing 
10% (v/v) fetal bovine serum (FBS; GE; A15-101) and 100 U/mL penicillin / 100 
µg/mL streptomycin (ThermoFischer Scientific, Inc., Waltham, MA, USA; 15140122) 
at 37 C in 100% humidity and 5% CO2. Cells were kept growing in log phase and 
passaged when reaching 70-85% confluence by detaching cells with 0.25% Trypsin-
EDTA (ThermoFischer Scientific, Inc.; 25200-056).  
 
Cloning and mutagenesis 

A series of expression vectors was created encoding 3HA and EGFP double-tagged 
versions of either WT or mutant human MMP14. The MMP14 WT vector was gener-
ated by amplifying MMP14 (RefSeq NP_004986.1) from total cDNA obtained from 
MRC-5V1 cells (see Table 2.2 for primers used) using KOD high fidelity polymerase 
(Merck) and cloning the amplicon into the pJET3.1 vector (ThermoFisher Scientific, 
Inc.). MMP14 WT cDNA was cloned into the pQCXIB (w297-1, Addgene plasmid 
#22800) backbone (a gift from Dr. Eric Campeau) with the addition of 3HA and 
EGFP tags in subsequent cloning steps. The WS p.R111H mutation was induced by 
site-directed mutagenesis (SDM) of Codon 111 of the MMP14 cDNA sequence in the 
WT vector from CGC into CAC using partially overlapping primers following the 
protocol of Werler et al. [83]. Likewise, the Cartoon p.S466P mutation was induced by 
SDM of Codon 466 from TCA into CCA. The WS p.T17R mutation was induced by 
SDM of Codon 17 from ACG into AGG with fully overlapping primers (see Supple-
mentary Material, Table S1). Likewise, the Sabe p.R92C mutant vector was created by 
mutating Codon 92 from CGA into TGC with fully overlapping primers. The 3HA-
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EGFP control vector was generated by deletion of the MMP14 coding sequence from 
the WT vector by inverse-PCR with fully overlapping primers binding to 24 bp of each 
linker sequence. The entire insert of mutant plasmids with correct band size was se-
quenced with primers #1-6, control plasmid was sequenced with primers #7-8 (AIT-
biotech, Singapore, Singapore); see Table 2.3. The wild type c-Src vector pcDNA3 c-
Src, the mutant c-Src vector pcSrc527, and the control vector pMSCV-GFP were 
obtained via Addgene (Addgene; 42202, 17675 and 86537, respectively) [72, 84, 85]. 
 
Retinoid treatment 

Seventy-two hours post seeding, cells were incubated with 0-8 nM 13-cis retinoic acid 
(RA) (Sigma-Aldrich, St. Louis, MO, USA; R3255) or 8 nM 9-cis RA (Sigma; R4643) in 
1.2% (v/v) ethanol (Merck, Darmstadt, Germany; 1.00983.2500) or left untreated for 4 
hours at 37 C in the dark, after which cells were fixed or harvested for IF or WB 
experiments, respectively.  
 
Immunofluorescence microscopy 

Cells were seeded on No. 1.5H microscope cover glasses (Paul Marienfeld GmbH & 
Co. KG, Lauda-Königshofen, Germany; 0117580) in 12-well cell culture plates (Corn-
ing, Inc., Corning, NY, USA; 353043) at a density of 50,000 cells per well unless stated 
otherwise. Cells were transfected with 1.2 mg vector DNA using jetPRIME® 
 
Table 2.2 – Primers used for cloning and mutagenesis of pQCXIB 3HA-MMP14-EGFP vectors. 
Fw, forward; Rv, reverse; SDM, site-directed mutagenesis. The altered codon is underlined.  

MMP14 WT cDNA 
Fw  5’-TGAATTCCAATGTCTCCCGCCCCAAGA-3’ 
Rv  5’-AGATCTTGACCTTGTCCAGCAGGGAACGC-3’ 

SDM MMP14 T17R 
Fw  5’-CGTTGTCTCCTGCTCCCCCTGCTCAGGCTCGGCACCGCGCTCGCCTCCCTC-3’; 
Rv  5’-GAGGGAGGCGAGCGCGGTGCCGAGCCTGAGCAGGGGGAGCAGGAGACAACG-3’ 

SDM MMP14 R92C 
Fw  5’-CCATGAGGCGCCCCTGCTGTGGTGTTCCAG-3’ 
Rv  5’- CTGGAACACCACAGCAGGGGCGCCTCATGG-3’ 

SDM MMP14 R111H 
Fw  5’-AATGTTCGAAGGAAGCACTACGCCATCCAGGGTCTCAAATGG-3’ 
Rv  5-ACCCTGGATGGCGTAGTGCTTCCTTCGAACATTGGCCTTGAT-3’ 

SMD MMP14 S466P 
Fw  5’-GAGTCTCCCAGAGGGCCATTCATGGGCAGCGATGAAGTCT-3’ 
Rv  5’-CGCTGCCCATGAATGGCCCTCTGGGAGACTCAGGGATCCC-3’ 

Generation of 3HA-EGFP vector 
Fw  5’-CTCGAGCTCAAGCTTCGAATTCCAAAGATCCACCGGCCGGTAGCCACC-3’ 
Rv  5’-GGTGGCTACCGGCCGGTGGATCTTTGGAATTCGAAGCTTGAGCTCGAG-3’ 



2

A novel MMP14 mutation causing Winchester syndrome 

 87 

(Polyplus transfection®, VR SA, Illkirch, France; 114-15) 24h post-seeding and media 
refreshed 4h post-transfection. Non-transfected cells were seeded 18h prior to fixa-
tion. Cells were fixed with 4% paraformaldehyde (PFA) in PBS 1x (Santa Cruz Bio-
technology, Inc., Dallas, TX, USA; sc-281692), permeabilized with 0.2% Triton® X-
100 (Promega, Madison, WI, USA; H5141) in PBS 1x (GE Healthcare Life Sciences; 
SH30028.02) and blocked with Image-iT® FX Signal Enhancer (ThermoFisher Scien-
tific, Inc.; R37107). Cells were incubated with primary antibodies (see Table 2.4 for 
antibody details and dilutions) overnight at 4 C, and with Alexa-fluorophore labeled 
secondary antibodies (1:200 unless stated otherwise) and phalloidin (1:100) (Ther-
moFisher Scientific, Inc.) for 1h at RT, all dissolved in 3% (w/v) bovine serum albumin 
(BSA; MP Biomedicals, Santa Ana, CA, USA; 0219989880) in PBS 1x. Cells were 
mounted on microscope glasses (Biomedia, Singapore, Singapore; BMH.880102) using 
Vectashield antifade mounting medium containing 4’,6-diamidino-2-phenylindole 
(Vector Laboratories, Burlingame, CA, USA; H-1200). Z-stacks of cells were recorded 
with an Olympus IX81 microscope with FV1000 scan head (Olympus Corporation, 
Tokyo, Japan). Images of randomly selected cells with average signal intensity were 
taken with a 63X 1.45 NA or 40X 1.30 NA oil immersion Plan Apochromat objective 
(Olympus), with fixed laser power and exposure time per experiment. The investigator 
taking and analyzing images was blinded for the transfection of the cells. Raw images 
were processed with Fiji software (U.S. National Institutes of Health, Bethesda, MD, 
USA; ImageJ version 2.0.0-rc-15/1.49k, adapted by IMU). 
 
Western blotting  

For endogenous MMP14 and analysis of double-tagged MMP14, cells were seeded at a 
density of 100,000 cells per well of a six-well plate. Cells were either transfected with 
pQCXIB vectors as described above or left non-transfected. Cells were harvested with 
trypsin–EDTA and whole cell lysate (WCL) was obtained using NP-40 lysis buffer 
(150 mM NaCl, 1% NP-40, 250 mM Tris pH 7.3) supplemented with protease and  
 
Table 2.3 – Primers for sequencing of pQCXIB 3HA-MMP14-EGFP plasmids. The position of 
primers is given relative to the first base of the vector. Fw, forward; No, number; Or, orientation; Rv, 
reverse. 

No.  Or.  Sequence  Position 
1  Fw  5’-GAATTCCAATGTCTCCCGCCCCAAGACCCT-3’  c.6,468-6,597 
2  Rv  5’-AGTGGTGTGGCACTCTCCCA-3’  c.7,045-7,026 
3  Fw  5’-GAGGTGCCCTATGCCTACAT-3’  c.7,056-7,075 
4  Fw  5’-AACCGGGCTACCCCAAGTCA-3’  c.8,056-8,075 
5  Fw  5’-AGCGTTCCCTGCTGGACAAGGTCAAGATCC-3’  c.8,299-8,328 
6  Rv  5’-ACTTGTGGCCGTTTACGTC-3’  c.8,427-8,409 
7  Fw  5’-CATTGGAACGCTGCAGGAAT-3’  c.6,398-6,417 
8  Rv  5’-TAGGTCAGGGTGGTCACGAG-3’  c.6,799-6,780 
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phosphatase inhibitors (Roche). Protein concentration was determined by Bradford 
protein assay (Sigma). An appropriate volume of Laemmli sample buffer was added to 
equal amounts of total protein lysate followed by boiling for 5 min. Samples were 
subjected to SDS–PAGE before transfer to an Amersham HybondTM-PVDF mem-
brane (GE Healthcare Life Sciences, Buckinghamshire, UK). Membranes were 
blocked in 5% (w/v) milk (Marvel dried skimmed milk) in 0.1% (v/v) Tween-20 (Mel-
ford; P1362) in TBS 1x (Sigma; T5912-1L). After overnight incubation at 4 C in pri-
mary antibody (Table 2.4) appropriately diluted in 0.5% BSA in TBS block buffer, 
membranes were incubated with secondary IRDye® 680RD donkey anti-rabbit (LI-
COR Biosciences, Lincoln, Nebraska, USA; 926-68073) and Alexa fluor 680 donkey 
anti-mouse (ThermoFischer Scientific, Inc.; A10038) antibody appropriately diluted in 
block buffer. Blots were imaged on the Odyssey® Fc Imaging System (LI-COR). 
To compare the processing of MMP14 upon retinoid treatment, cells were seeded at a 
density of 440,000 per 6 cm dish. Cells were harvested and WCL obtained by scraping 
in 4% (w/v) SDS in dH2O. Protein concentration was determined by BCA kit (Ther-
moFischer Scientific, Inc.; 23225). Samples were subjected to SDS-PAGE before 
transfer to a PVDF membrane (ThermoFischer Scientific, Inc.; 88518). Membranes 
were blocked in 4% (w/v) milk/0.1% (v/v) Tween-20 in TBS 1x. After overnight incu-
bation at 4 C in primary antibody (Table 2.4) appropriately diluted in 4% (w/v) milk in 
TBS block buffer, membranes were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (1:3,000 dilution; Thermo; 31450 and 31460) and 
Streptactin (1:10,000 dilution; Biorad; 161-0380) in 4% (w/v) milk in TBS block buffer. 

Raised against 
 Raised 

in  Clonality  Manufacturer  
Product  
code 

 Concentration  
IF  WB 

β-actin  Ms  Mono  Thermo  MA1-744  -  1:4,000 
Cortactin  Ms  Mono  Merck  05-180  1:200  - 
GFP  Ms  Duo  Roche  11814460001    1:2,000 
Golgin-97  Ms  Mono  Thermo  A21270  1:1,000  - 
HA  Ms  Mono  Abcam  Ab16918  1:200  - 
HA  Rb  Mono  Cell Signaling  3724  1:1,600  1:1,000 
KU-80  Rb  Mono  Cell Signaling  2180  -  1:1,000 
MMP14   Rb  Mono  Abcam  Ab51074  1:100  1:1,000 
MMP14 AA 299-314  Rb  Poly  Eurogentec  SY5336  1:100  1:64,000 
MMP14 AA 218-233  Ms  Mono  Merck  mab3328  1:100  1:1,000 
SERCA2A  Ms  Mono  Abcam  Ab2861  1:40,000  - 
SH3PXD2B (Hof1)  Rb  Poly  Millipore    1:200  - 
Src  Rb  Poly  Abcam  Ab47405  1:200  - 
Vimentin  Rb  Poly  Abcam  Ab45939  1:50  - 
Vimentin  Rb  Mono  Abcam  Ab133260  1:250  - 

 
Table 2.4 – Antibodies used. GFP, green fluorescent protein; HA, influenza hemagglutinin epitope 
(YPYDVPDYA); IF, indirect immunofluorescence microscopy; MMP14, matrix metalloproteinase 14; Ms, 
mouse; Rb, rabbit; WB, Western blot. 
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Protein bands were visualised by ECL Western Blotting substrate mix (Thermo; 
32106) on BioRad ChemidocTM. 
 
Zymography 

Gelatin zymography was performed as previously described [86]. Briefly, MRC-5V1 
cells were transfected with the aforementioned pQCXIB vectors. Culture medium was 
changed to FBS-free DMEM 24h post-transfection to allow conditioning for 24h, 
after which conditioned medium was harvested and mixed with equal volumes of 2x 
sample buffer [0.125 M Tris–HCL, pH 6.8, 20% (v/v) glycerol, 4% (w/v) SDS, 0.005% 
(w/v) bromophenol blue (Sigma; B-6131)]. Samples were subjected to SDS-PAGE in 
10% resolving gel containing 0.1% gelatin. After electrophoresis, proteins were 
renatured in freshly made 1x Zymogram Renaturing Buffer (Triton® X-100 2.5% (v/v) 
in ddH2O) for 30 min at RT. The gel was subsequently incubated in 1x Zymogram 
Developing Buffer (0.01 M Tris-HCL pH 7.5 (Sigma; 10812846001), 1.25% (v/v) Tri-
ton X-100, 5 mM CaCl2 (Kanto Chemical Co., 07058-00)) for 30 min at RT to allow 
equilibration. Developing buffer was refreshed and the gel was incubated at 37 C 
overnight. Finally, the gel was stained with Coomassie Blue R-250 (ThermoFischer 
Scientific, Inc.; 20278) 0.5% (w/v) for 30 min, and subsequently washed in destaining 
solution (water:methanol:acetic acid at 5:4:1) for four times 15 min. The gel was im-
aged with the Bio-Rad Image Lab system and the image analyzed in Fiji software. 
 
Gelatin digestion assay 

The QCMTM Gelatin Invadopodia Assay system (Merck Millipore, Billerica, MA, USA; 
ECM671) was used according to the manufacturer’s protocol. In brief, a four-chamber 
glass bottom dish (Cellvis, Mountain View, CA, USA; D35C4-20-1.5-N) was coated 
with poly-L-Lysine, glutaraldehyde and Cy3-labeled gelatin in sequence. The coated 
dish was sterilized with 70% ethanol for 30 min, followed by DMEM quenching for 
30 min at RT. MRC-5V1 cells were transfected with the appropriate pQCXIB vectors 
24 h prior to seeding onto the coated chamber dish. The ability of the transfected cells 
to digest the Cy3-labeled gelatin was determined at 3h and 20h post-seeding using an 
EVOS fluorescence microscope (Thermo; AMF4300). Average degradation per green 
fluorescent cell (degradation factor, d) was calculated by automated image analysis in 
Fiji and assessed for statistical difference by a two-sided student’s T-test in Microsoft® 
Excel® (Microsoft Corporation, Redmond, WA, USA; version 14.6.6 (160626)). To 
quantify the number of transfected cells (N) in a given field, a find-object macro was 
created in Fiji. The threshold was manually adjusted to cover the entire degradation 
area (A) that was measured. The degradation factor of each MMP14 mutant was de-
fined as d = A/N. Three independent experiments (N≥103) were carried out. For 
qualitative analysis, fluorescent cells were identified 2 h post-seeding and z-stacks rec-
orded ever 15 min for 5h with a spinning disk (Yokogawa, Tokyo, Japan; CSU-22) 
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confocal microscope (Nikon, Tokyo, Japan; Nikon Ti inverted) equipped with the 
Nikon Perfect Focus System. A maximum intensity projection was performed in Met-
aMorph 7.8.8.0 software (Molecular Devices, Sunnyvale, CA, USA) at the end of the 
experiment. 
 
Phagokinetic assay 

Four-chamber glass bottom dishes were coated with 1 µg/ml Rhodamine Fibronectin 
(Cytoskeleton, Denver, CO, USA; FNR01) according to the manufacturer’s protocol. 
MRC-5V1 cells were transfected with the aforementioned pQCXIB vectors 24h prior 
to seeding onto the coated chamber dish. Migration of the transfected cells was rec-
orded by time-lapse imaging starting 2h post-seeding with a spinning disk confocal 
microscope. A z-stack consisting of 16 steps with an interval of 1 µm between succes-
sive steps of each field was acquired and a maximum intensity projection was per-
formed in MetaMorph software. Time-lapse images were then subjected to customize 
cell-tracking analysis in Imaris Image Analysis Software 8.4.1 (Bitplane, Belfast, UK). 
 
Supplemental material 
Supplemental material is available in Addendum 1. 
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Abstract 
Frank-Ter Haar syndrome (FTHS) and Winchester syndrome (WS) are ultra-rare auto-
somal recessive skeletal dysplasias associated with severe acne responding to retinoid 
treatment. These disorders are caused by homozygous loss-of-function mutations in 
SH3PXD2B and MMP14, respectively. As the protein products of these genes directly 
cooperate in ECM remodelling, we hypothesized that defective dermal ECM remodel-
ling might contribute to aberrant sebaceous gland morphogenesis resulting in cyst i.e. 
comedo formation, the hallmark of acne. By using two simple yet well-established in 
vitro 3D culture models of epithelial cells grown in ECM, we demonstrated an im-
portant role for MMP14 and SH3PXD2B in de novo lumen formation and branching 
morphogenesis. In addition, we demonstrated for the first time that therapeutic plasma 
concentrations of both 9-cis RA and 13-cis RA directly stimulate de novo lumen for-
mation and branching morphogenesis of mIMCD-3 3D culture. Our findings suggest 
that MMP14, SH3PXD2B, and retinoids affect both processes by stimulating epithelial 
cell polarity, proliferation and/or ECM degradation. Finally, our retinoid experiments 
demonstrate the suitability of the spheroid in vitro model for drug treatment and sup-
port their use in drug screening. 
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Introduction 
Acne vulgaris is an extremely common skin condition, in some countries affecting 
almost 100% of adolescents [1]. It is characterised by the presence of comedones, 
which are cystic sebaceous glands (Fig. 3.1C-D), and inflammation around these struc-
tures [2]. From genetic and epidemiological studies, it is known that accelerated seba-
ceous gland growth, as a consequence of genetic predisposition, hormonal influences 
and/or a glycaemic diet, is an important precipitating factor [3, 4]. However, it does 
not emerge from these observations how or why such growth should become prob-
lematic and cause acne. Although Cutibacterium (formerly Propionibacterium) acnes has 
historically been associated with acne (as its name implies), there is no good evidence 
that C. acnes causes inflammation or is otherwise causally involved [1]. 
While mild acne resolves without long-term sequelae and is effectively addressed with 
topical drugs, moderate-to-severe disease can leave disfiguring scars and requires sys-
temic therapy to prevent this [2]. However, treatment options are limited. Tetracy-
clines or macrolide antibiotics are often used for their anti-inflammatory properties but 
carry a risk of bacterial resistance [5]. Furthermore, they are less effective in severe 
acne, which requires intervention with 13-cis retinoic acid (RA) [6]. Although very 
effective, its exact mechanism of action in resolving acne is unknown. In addition, this 
drug is highly teratogenic and has dose-restricting side effects, limiting its usefulness. 
As there exists a profound lack of insight into acne pathogenesis, no novel drug classes 
are being developed for moderate-to-severe acne since [6, 7]. Thus, there is a signifi-
cant unmet medical need.  
We may now have identified the missing link, providing a unique opportunity to better 
understand and treat acne. This link comes from studies of rare genetic syndromes that 
are associated with severe acne. The Frank-Ter Haar syndrome (FTHS, MIM 249420) 
is a rare autosomal recessive skeletal dysplasia that is characterized by premature oste-
oporosis, cardiac defects, craniofacial dysmorphism and severe acne [8-10]. It is caused 
by homozygous mutation or deletion of, SH3PXD2B at 5q25.1 (MIM 613293) [11-13]. 
We have previously reported two additional patients with clinical features strongly 
reminiscent of the FTHS patients reported by Borrone et al. (Fig. 3.1A-B), in which 
we recently identified a novel homozygous mutation in MMP14 at 14q11.2 (MIM 
600754; see Chapter 1 and 2) [10, 14, 15]. Only a single loss-of-function mutation in 
MMP14 had been reported before in patients with Winchester syndrome (WS, MIM 
277950) [16]. This is another ultra-rare skeletal dysplasia with clinical overlap with 
FTHS, including severe acne [17, 18]. There is a compelling link between SH3PXD2B 
and MMP14. The protein products of these genes directly interact in the formation of 
podosomes, specialized membrane extensions that mediate extracellular matrix (ECM) 
degradation and invasion [19]. SH3PXD2B (SH3 and Phox-homology Domain Con-
taining Protein 2B) is an adapter protein that recruits the membrane-bound MMP14 
(matrix metalloproteinase 14) to the nascent podosome membrane, enabling the podo- 
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Figure 3.1 – A 3D in vitro model for aberrant sebaceous gland lumen formation and branching 
morphogenesis in Winchester syndrome. A-B, Winchester syndrome patient with severe acne, evi-
denced by numerous comedones in the concha of the right ear (B). C, sebaceous glands (sg) are situated in 
the dermis (d), are multilobulated and excrete sebum into the infundibulum around the hair shaft (hs). D, 
in comedones (c), the infundibulum is expanded and filled with keratinous and sebaceous material, while 
the sebaceous gland itself appears hypotrophic [2]. E, the sebaceous gland is a multilobulated mini-organ, 
with a proliferative basal cell layer and more central cell layers of differentiating sebocytes undergoing 
various stages of lipid accumulation, cell volume increase, nuclear fragmentation, and cell lysis, resulting in 
holocrine secretin of sebum into a branched lumen [2]. F, Madin-Darby canine kidney (MDCK) cells form 
spheroids with a central lumen in 3D in vitro culture in MatrigelTM when exposed to serum by a process 
called “cord hollowing”, following several well-defined steps. A nonpolarised cell (i) proliferates, generating 
two nonpolarised daughter cells (ii). Incorporation of tight junctions (green) between the two cells defines 
the apical (red) and basolateral (blue) membrane (iii). A lumen (l) is created between the apical/luminal 
membranes of both daughter cells by polarized exocytosis (iv). Subsequent cell divisions give rise to a 
spheroid, consisting of polarised cells in the periphery and a central lumen (v). By further apical secretion, 
the lumen and luminal membrane grow relatively compared to the surrounding cells, changing the mor-
phology of the cells (vi) [31]. G-H, for murine inner medullary collecting duct (mIMCD-3) cells, lumino-
genesis follows a similar process as for MDCK cells, however, they behave differently in different extracel-
lular matrices. In MatrigelTM, mIMCD-3 form spheroids with a lumen similar to MDCK cells (G). In type I 
collagen gel, mIMCD-3 cells form branched cell cords that later acquire a lumen (H). B, hair bulb; e, epi-
dermis; ECM, extracellular matrix; f, fibroblast; jz, junctional zone. A-B are adapted from Van Steensel et 
al. [14], C-D from Williams et al. [2], and F from Sigurbjornsdottir et al. [31], with permission. 
 
some to locally digest the ECM [13, 19-21]. The identified SH3PXD2B and MMP14 
mutations are loss-of-function mutations that result in reduced ECM degradation by 
cells expressing the mutant proteins [11, 12, 16, 20]. As reported before for patients 
with FTHS and patients with a clinical diagnosis of WS, the facial skin of our patients 
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was thickened due to dermal fibrosis, as evidenced by the dermal accumulation of 
collagen [10, 22 and unpublished data]. This demonstrates defective ECM remodelling 
and is thought to be linked to aberrant sebaceous gland growth resulting in comedo 
formation. This is further supported by the presence of large, open comedones in the 
postoperative hypertrophic scar in one of our patients [14].  
The sebaceous gland is, in essence, a hollow multilobulated mini-organ situated in the 
collagen I-rich dermis. It consists of a proliferative basal cell layer and more central 
layers of differentiating sebocytes culminating in holocrine secretion of sebum into a 
branched lumen (Fig. 3.1E) [2]. Extracellular matrix remodelling is essential for normal 
morphogenesis of developing branching structures [23]. It has been shown that multi-
ple human cell types, including fibroblasts and tumour cells of epithelial and mesen-
chyme origin, depend on the catalytic activity of MMP14 for the invasion of dense 
type I collagen matrices [24]. Furthermore, mouse mammary epithelial cells depend on 
the catalytic activity of MMP14 for branching morphogenesis in dense collagen matrix 
[25]. In addition, it has been shown that angiogenesis, a special form of branching 
morphogenesis, depends on the collagenolytic activity of MMP14 [26, 27]. Branching 
morphogenesis additionally requires planar cell polarity (PCP); abnormal PCP can 
cause cyst formation [28]. Intriguingly, membrane localisation of MMP14 is regulated 
by the PCP protein Van Gogh-like 2 (VANGL2) and is needed for normal PCP [29]. 
Thus, loss of SH3PXD2B or MMP14 could, therefore, disrupt ECM remodelling 
and/or PCP in growing sebaceous glands, resulting in cyst i.e. comedo formation. As 
the acne in our patients was successfully treated with 13-cis RA, we hypothesised that 
this drug could correct the putative defect in branching morphogenesis [14].  
We aimed to assess the role of MMP14 and SH3PXD2B in, and the effects of retinoid 
treatment on, the morphogenesis of the developing sebaceous gland. In this pilot 
study, we used a well-established in vitro 3D epithelial cell culture model of murine 
inner medullary collecting duct (mIMCD-3) cells. When cultured in reconstituted 
basement membrane (MatrigelTM), these cells form spheroids with a central lumen by a 
process called cord hollowing (Fig 3.1F-G) [30, 32]. When cultured in a gel of type I 
collagen, these cells form branched cell cords that subsequently acquire a lumen by a 
similar process (Fig. 3.1H) [33]. Using mIMCD-3 cells in these two set-ups enabled us 
to study de novo lumen formation and branching morphogenesis separately, which is 
relevant as the sebaceous gland is a hollow, branched structure. We demonstrated an 
important role for MMP14 and SH3PXD2B in both de novo lumen formation and 
branching morphogenesis. Furthermore, we showed for the first time that therapeutic 
concentrations of both 9-cis and 13-cis RA directly stimulate both processes in in vitro 
mIMCD-3 3D culture. Our findings suggest that MMP14, SH3PXD2B, and retinoids 
affect both processes by stimulating epithelial cell polarity, proliferation and/or ECM 
degradation. As both 9-cis RA and 13-cis RA had similar effects on luminogenesis and 
branching morphogenesis, cell-type specific effects or additional modes of action are 
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likely responsible for the effects of 13-cis RA on acne. Finally, our results further sup-
port the use of these in vitro models for drug screening affecting epithelial lumen for-
mation and branching morphogenesis. 
 
Results 
 
Lumen formation of mIMCD-3 cells in MatrigelTM is positively correlated with gel volume 

The role of MMP14 and SH3PXD2B in lumen formation was analysed by utilising an 
in vitro 3D culture model of mIMCD-3 cells in MatrigelTM. First, normal luminogenesis 
by mIMCD-3 cells was established. For this, mIMCD-3 cells were seeded in Mat-
rigelTM according to three different reported methods at comparable cell densities to 
determine the optimal culturing conditions. Cells were either seeded as single cell sus-
pension in 10 µL droplets of MatrigelTM (“standing droplets” method) that were incu-
bated upside-down while the gel is setting, or seeded in 100 µL MatrigelTM on top of a 
15 µL solidified layer of MatrigelTM (“sandwich” method), or seeded in 200 µL Mat-
rigelTM (“thick gel”) per well of a 8-well chambered cover glass [30, 34]. After the Mat-
rigelTM had set, 200 µL of medium was added and cells were observed daily. Cells were 
fixed in situ (i.e. together with the gel) four days post seeding, when cells had formed 
round clusters (Fig. 3.2A). Staining the fixed cells for F-actin and chromatin (with 
fluorescently tagged phalloidin and DAPI, respectively) allowed for analysis of the cell 
cluster morphology by fluorescence microscopy. After four days, mIMCD-3 cells had 
formed round spheroids (Fig. 3.2B). However, there were differences in lumen for-
mation between the three different culture methods. In standing droplets, only a mi-
nority (~10%) of cell clusters had a lumen. In sandwich gel, a lumen was more fre-
quently (~30%) observed in spheroids, whereas in thick gel, a slight majority (50-60%) 
of spheroids had a lumen after four days of culture. Furthermore, various stages of 
lumen formation could be observed: cell clusters without a lumen, clusters with vari-
ous small vesicles between the cells, and clusters with increasingly larger lumen were 
present side by side. In some spheroids, cell remnants with fragmented nuclei could be 
seen within or adjacent to the central lumen, suggesting apoptosis has a role in lumi-
nogenesis of mIMCD-3 cells. In general, average lumen size was positively correlated 
with MatrigelTM volume.  
 
Keeping mIMCD-3 cells in log phase more strictly does not accelerate lumen formation in MatrigelTM 

There was significant variation in spheroid size and lumen formation by mIMCD-3 
cells between, but also within, the three tested 3D culturing methods. One possible 
explanation for the variation within a single method could be contact inhibition be-
tween cells in 2D culture prior to seeding in MatrigelTM. Accordingly, some cells might 
take longer to recover from this contact inhibition, and the resulting cell clusters are 
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Figure 3.2 (continued) – after four days, but more spheroids have a distinct lumen and lumen size is on 
average larger in spheroids grown in the thick gel. Note however that in thick gel set-up, many cells are 
growing in 2D (A, arrowheads). In some spheroids, cell remnants with fragmented nuclei can be seen within 
or adjacent to the central lumen, suggesting apoptosis has a role in luminogenesis of mIMCD-3 cells. Asterisk 
indicates an air bubble. Scale bar equals 20 µm.  
 
expected to grow slower and develop a lumen later than cells that were not or less 
affected by contact inhibition. Therefore, we hypothesised that keeping cells more 
strictly in log phase prior to seeding in MatrigelTM might enhance spheroid growth and 
lumen formation. To test this hypothesis, cells were kept at 85% or 40% confluence in 
2D culture for five days prior to seeding in MatrigelTM standing droplets. Similar to the 
experiment shown in Figure 3.2, cells were fixed four days post seeding in MatrigelTM. 
However, there was significant variation in cell cluster size under both conditions. 
Notably, cells kept less confluently in 2D culture (Supp. Fig. 2.1C) formed less and 
smaller clusters in MatrigelTM than cells kept more confluently in 2D culture (Supp. 
Fig. 2.1A). As seen in Figure 3.2, under both conditions only a minority of cell clusters 
(~10%) had a lumen after four days of 3D culture (Supp. Fig. 2.1 B and D). Although 
lumen size varies within the two conditions, there was no overt difference in average 
lumen size between conditions. Taken together, our results suggest that contact inhibi-
tion in 2D culture does not impair lumen formation in subsequent 3D culture.  
 
Knockdown of Mmp14 or Sh3pxd2b disturbs mIMCD-3 spheroid architecture and luminogenesis 

Having established normal lumen formation by mIMCD-3 cells in MatrigelTM, the role 
of MMP14 and SH3PXD2B in luminogenesis was assessed next. As the mutations 
identified in FTHS and WS patients cause loss-of-function, this justified KD of these 
genes [11, 12, 16, 20]. For KD of either Mmp14 or Sh3pxd2b, mIMCD-3 cells were 
transfected with the TriFECTa® DsiRNA sets listed in Table 3.1 and seeded into 
MatrigelTM 24h later according to the “sandwich” method described above. Cells were 
fixed in situ seven days post seeding. Knockdown efficacy was assessed by qPCR, 24h 
post transfection. As shown in Figure 3.3A, targeting Sh3pxd2b resulted in up to 40% 
KD of Sh3pxd2b mRNA expression (left panel). Albeit differences between the two 
primer sets used to assess Sh3pxd2b expression, it became clear that the level of 
Sh3pxd2b KD differs between DsiRNA sets, being highest for DsiRNA set 2 (35-40% 
KD) and lowest for set 3 (6-30% KD). Knockdown of Mmp14 expression is more 
pronounced, reaching as high as 65% for Mmp14 DsiRNA set 2. Interestingly, KD of 
Sh3pxd2b resulted in a concurrent increase of Mmp14 mRNA levels (6-114%, right 
panel). Conversely, KD of Mmp14 by DsiRNA sets 1 and 2 only led to a minor in-
crease (2-17%) in Sh3pxd2b expression and was absent for Mmp14 DsiRNA set 3. 
After seven days of 3D culture in MatrigelTM, mIMCD-3 cells had formed round cell 
clusters that varied in size, similar to previous experiments (Fig. 3.2 and Supp. Fig. 
2.1). Transfection resulted in a substantial reduction in the number of spheroids 
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Figure 3.3 – Knockdown of Mmp14, but not Sh3pxd2b, disturbs spheroid architecture and lumen 
formation in mIMCD-3 cells cultured in MatrigelTM. A, mean mRNA expression levels of Sh3pxd2b 
(left graph) and Mmp14 (right graph) 24h post transfection with the TriFECTa® DsiRNA sets listed on 
the x-axis (see Table 3.1 for details), analysed with two primer pairs (see Table 3.3), normalised for Hprt 
expression and denoted as the relative fold-difference to siControl. Transfection with Sh3pxd2b DsiRNA 
resulted in max. 40% KD of Sh3pxd2b, with a concomitant upregulation of Mmp14 expression. Transfec-
tion with Mmp14 DsiRNA led to max. 65% KD of Mmp14, with only a slight increase in Sh3pxd2b expres-
sion. B, brightfield microscopy images of mIMCD-3 spheroids in MatrigelTM. Four regions per well are 
shown. Twenty-four hours post transfection, cells were seeded in MatrigelTM and grown for seven days. 
Transfection reduced the average number of spheroids formed. C, equatorial optical sections of IF mi-
croscopy z-stacks of representative spheroids per treatment condition, stained for endogenous MMP14. 
Knockdown of Mmp14 and Sh3pxd2b disturbed normal lumen formation in mIMCD-3 spheroids. Cells 
transfected with siControl formed spheroids, most of which had a lumen after seven days. Transfection 
with Sh3pxd2b DsiRNA set 3 and Mmp14 set 1 had the most pronounced effect; in the majority of sphe-
roids a lumen was absent and many spheroids had a disturbed morphology (see panel xii and xv for aber-
rantly shaped organoids). Transfection with Sh3pxd2b set 1 disturbs lumen formation in mIMCD-3 sphe-
roids to a lesser extent. Scale bar equals 20 µm. 
 
formed (Fig. 3.3B). From confocal immunofluorescence (IF) microscopy images it 
becomes clear that after seven days of 3D growth, the majority of spheroids formed by 
siControl-transfected cells had a distinct lumen (Fig. 3.3C). In contrast, although not 
quantified, transfection of cells with Sh3pxd2b DsiRNA disturbed normal lumen for-
mation. For cells transfected with Sh3pxd2b DsiRNA set 1, and to a lesser extent set 3, 
the fraction of organoids without a clear lumen seemed to be increased. Unfortunately, 
cells transfected with Sh3pxd2b DsiRNA set 2 were lost during the staining procedure 
and as a result were not imaged. Transfection of cells with Mmp14 DsiRNA sets 2 and 
3 did not have an overt effect on luminogenesis; in the majority of spheroids visual- 
ised, a clear lumen could be detected, similar to the representative spheroid shown in 
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Figure 3.3C. Transfection with Mmp14 DsiRNA set 1, on the other hand, disturbed 
normal lumen formation, to a similar extent as Sh3pxd2b DsiRNA set 1. Notably, no 
endogenous MMP14 could be detected in organoids of Mmp14 DsiRNA set 1 trans-
fected cells. However, as qPCR showed the KD of Mmp14 was incomplete (Fig. 3.3A), 
it is unlikely that the organoids would not contain any MMP14 protein at seven days 
post transfection. As such, the lack of MMP14 signal in the IF image is more likely 
attributable to a technical error. Taken together, the results presented in Figure. 3.3 
suggest KD of Mmp14 or Sh3pxd2b disturbs normal lumen formation in mIMCD-3 
spheroids. 
 
Therapeutic plasma concentrations of retinoids stimulate mIMCD-3 spheroid size and luminogenesis  

After demonstrating a role for MMP14 and SH3PXD2B in lumen formation in an 
mIMCD-3 spheroid model, the effect of retinoids on lumen formation was analysed 
next. The standing droplet set-up was used to assess the effect of retinoids on lumen 
formation, expecting retinoid treatment to increase the number of spheroids with a 
lumen as well as the average lumen size. Cells were grown in MatrigelTM in presence of 
5-24 nM 9-cis retinoic acid (RA) or 13-cis RA. As discussed in Chapter 2, cells were 
treated before with 2-8 nM retinoids (corresponding to therapeutic plasma concentra-
tions), to assess its effect on subcellular MMP14 localisation after 4h of treatment. 
However, as spheroid formation is a relative slow process that requires cells to be 
cultured for multiple days, the range of retinoid doses was expanded. Retinoids were 
administered as a single dose to the culture medium immediately after the MatrigelTM 
had set. As the retinoids were dissolved in 100% ethanol, treatment with 3.6% (v/v) 
ethanol served as vehicle control, corresponding to the volume added to cells treated 
with the highest retinoid dose (24 nM). In addition, cells were left untreated to assess 
the effect of the vehicle on spheroid formation. After three days of growth in Mat-
rigelTM, mIMCD-3 cells had formed small cell clusters (Fig. 3.4), and differences be-
tween organoids grown under different conditions were rather subtle. Treatment with 
therapeutic doses (5-8 nM) of 9-cis RA and 13-cis RA seemed to increase spheroid size 
compared to untreated cells (not quantified). At higher retinoid dose, the positive 
effect on spheroid size was absent; at 24 nM RA treatment spheroids were less numer-
ous and smaller compared to untreated control. This negative effect could, at least in 
part, be attributed to the relatively high concentration (3.6 %) of ethanol, as treatment 
with vehicle-only also negatively affected spheroid number and size. After six days, the 
effects of retinoid treatment on spheroid and lumen size became clearer. Treatment 
with 5-8 nM 9-cis RA or 13-cis RA increased the average spheroid and lumen diameter 
as compared to untreated spheroids (Fig. 3.5). At higher concentrations, the positive 
effect of retinoids on spheroid and lumen size was absent. Notably, treatment with 
3.6% (v/v) ethanol with or without 24 nM RA decreased the average spheroid size.  
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Figure 3.4 – Therapeutic doses of retinoids increase mIMCD-3 spheroid size after 3 days of 3D 
culture in MatrigelTM. mIMCD-3 cells were seeded in 10 µL droplets of MatrigelTM and cultured in media 
containing 5-24 nM 9-cis or 13-cis RA, vehicle (ethanol) only, or left untreated. A, brightfield overview 
showing small cell clusters. Treatment with 5-8 nM 9-cis RA or 13-cis RA increased the average spheroid 
size compared to untreated cells. At higher concentrations of retinoids (and vehicle), the positive effect on 
spheroid number and size was absent; at 24 nM RA treatment there were fewer and smaller spheroids 
compared to untreated control. However, the highest concentration of vehicle only (3.6% ethanol) seems 
to negatively affect spheroid number and size as well.  
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Figure 3.5 (continued) – lumen diameter as compared to untreated control. At higher concentrations, the 
positive effect of retinoids on spheroid and lumen size is absent. Scale bar equals 20 µm. 
 
mIMCD-3 cells form branched tubuli in 3D culture in type I collagen gel 

As sebaceous glands are not only a hollow but branched as well, tubulogenesis and 
branching morphogenesis were subsequently modelled by mIMCD-3 cells in type I 
collagen gel. Similar to the MatrigelTM experiments, normal tubulogenesis was assessed 
first. For this, mIMCD-3 cells were seeded as a single cell suspension in 10 µL stand-
ing droplets type I collagen gel. Cells were grown for up to two weeks, as performed 
before by others [35]. After four days, the majority of cells had formed small cell clus-
ters (Fig. 3.6, panel ii and iii), and to a lesser extent formed cell cords (panel i) with few 
branching points. After one week, longer cell cords had formed (panel iv) and more 
branching points were present (panel v). One week later, the cells had formed 2D 
sheets (panel vi, bottom part, and panel viii) and heavily branched cell cords (panel vi 
and vii). Even after two weeks, cell cords typically had a diameter of only 2-3 cells and 
were lacking a clear central lumen. Staining for MMP14 resulted in a rather diffuse 
signal distribution that only seemed to have a higher intensity at the cell surface in a 
minority of cells. One possible explanation is insufficient rinsing, thereby capturing an 
abundance of primary antibodies in the cells and the gel, as supported by the back-
ground staining in cell-free areas.  
 
Knockdown of Mmp14 or Sh3pxd2b disturbs tubulogenesis of mIMCD-3 cells in type I collagen gel 

After establishing normal tubulogenesis of mIMCD-3 cells in type I collagen gel, the 
role of MMP14 and SH3PXD2B in this process was assessed next. In parallel with the 
MatrigelTM experiment shown in Figure 3.3B-C, part of the cells transfected with the 
TriFECTa® DsiRNA sets were seeded in type I collagen gel droplets 24h post trans-
fection. After seven days, untransfected mIMCD-3 cells have formed long, branched 
tubules (Fig. 3.7). As seen in MatrigelTM 3D culture, siControl transfection reduced the 
number and size of organoids formed in type I collagen gel. Knockdown of Sh3xd2b 
generally reduced tubule formation dramatically; the majority of cells formed small, 
star-like structures, although cells transfected with Sh3pxd2b DsiRNA set 2 still formed 
some tubules (second panel from top). Knockdown of Sh3pxd2b thus disturbed nor-
mal mIMCD-3 organogenesis in both MatrigelTM and type I collagen gel 3D culture 
systems. In contrast, transfection of mIMCD-3 cells with Mmp14 DsiRNA sets 1 and 2 
had a milder effect on tubulogenesis, although the formed tubuli were generally short-
er. Transfecting cells with Mmp14 DsiRNA set 3 had no overt effect on tubulogenesis. 
Knockdown of Mmp14 in mIMCD-3 cells disturbed both mIMCD-3 luminogenesis 
and tubulogenesis in the two respective 3D culture models, however, there were some 
discrepancies between the three DsiRNA sets used. Where KD of Mmp14 with 
DsiRNA set 1 disturbs both processes, set 2 only affected tubulogenesis. Although  
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Figure 3.6 – Time course of mIMCD-3 cell tubulogenesis in type I collagen gel. mIMCD-3 cells 
started to grow in small cell clusters (ii and iii) and formed cell cords (i) within four days after seeding in 
type I collagen gel. After seven days, cell cords had elongated (iv) and started to branch out (v). After 
fourteen days, cells formed cellular sheets (vi, bottom, and viii) and heavily branched cell cords (vi and vii) 
without a clear lumen. Note that cells within the sheets formed actin stress fibers. Scale bars equal 20 µm. 

 
Mmp14 was knocked-down as evidenced by qPCR, Mmp14 DsiRNA set 3 had no overt 
effect on lumen formation or tubulogenesis. 
 
Retinoid treatment stimulates tubulogenesis of mIMCD-3 cells in type I collagen gel 

The effect of retinoid treatment on tubulogenesis was assessed by growing mIMCD-3 
cells in type I collagen gel in the presence or absence of 9-cis or 13-cis RA. In a first 
trial, cells were grown for three days, after which tubulogenesis was assessed by bright-
field microscopy. As spheroid size and lumen formation were only stimulated by ret-
inoid treatment dosed within the range of therapeutic plasma concentrations, cells 
were treated with 2-8 nM 9-cis RA or 13-cis RA, or 1.2% (v/v) ethanol. After three 
days, the majority of untreated and vehicle-only treated mIMCD-3 cells had formed 
small cell clusters from which cell cords radiated; very few clear tubular structures 
could be observed (Supp. Fig. 2.2). Vehicle-only treatment did not affect tubulogene-
sis. Treatment of cells with increasing doses of 9-cis RA was positively correlated with 
the number of tubular structures that were formed. At all doses tested, 13-cis RA 
stimulated tubulogenesis of mIMCD-3 cells, which was reflected in both a larger 
amount of tubular structures as well as a longer average tubule length. 
For five-day type I collagen 3D culture, cells were incubated with higher concentra-
tions (5-24 nM) of retinoids and an equivalent higher concentration (3.6% v/v) of 
ethanol as a control. As shown in Figure 3.8, even after five days most untreated and 
vehicle-only treated mIMCD-3 cells formed cell clusters or sheets from which cell 
cords radiated; relatively few cells formed true tubular structures. Similar to three-day 
culture, there was no overt difference between untreated and vehicle-only treated cells. 
Increasing the retinoid concentration appeared to be positively correlated with the 
fraction of cells that formed tubular structures after five days, both for 9-cis RA and 
13-cis RA.  
 
Discussion 
FTHS and WS are ultra-rare autosomal recessive skeletal dysplasias associated with 
severe acne responding to retinoid treatment [8-10, 14, 17, 18]. These disorders are 
caused by homozygous loss- of-function mutations in SH3PXD2B and MMP14, re-
spectively [11, 16]. As the protein products of these genes directly cooperate in ECM 
remodelling, we hypothesized that defective dermal ECM remodelling might contrib-
ute to aberrant sebaceous gland morphogenesis resulting in cyst i.e. comedo for- 
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Figure 3.7 – Knockdown of Mmp14 or Sh3pxd2b disturbs tubulogenesis of mIMCD-3 cells cul-
tured in type I collagen gel. After 7 days, untransfected mIMCD-3 cells form branching tubules. Trans-
fection with siControl reduced the number and length of tubular structures to some extent. Although some 
tubules are formed by cells transfected with DsiRNA Sh3pxd2b set 2, Sh3xd2b KD significantly inhibits 
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Figure 3.7 (continued) – tubulogenesis. In contrast, transfection with DsiRNA Mmp14 set 1 and 2 has a 
milder effect on tubulogenesis, although the formed tubuli are generally shorter. DsiRNA Mmp14 set 3 
does not affect tubulogenesis. 
 
mation, the hallmark of acne [2, 20]. By using two simple in vitro mIMCD-3 3D culture 
models, we confirmed an important role for Mmp14 and Sh3pxd2b in normal de novo 
lumen formation and branching morphogenesis [30, 32, 33]. In addition, we demon-
strated for the first time that therapeutic plasma concentrations of 9-cis RA and 13-cis 
RA stimulate both processes in mIMCD-3 3D culture. 
 
In vitro mIMCD-3 3D culture models of lumen formation and branching morphogenesis 

The sebaceous gland is an epidermal adnex that, together with the hair follicle, invagi-
nates the underlying dermis. In essence, it is a branched, hollow structure lined with 
epithelial cells and a central lumen filled with differentiating sebocytes and sebum [2, 
36]. To study the role of MMP14 and SH3PXD2B in sebaceous gland branching mor-
phogenesis, we used a simple in vitro 3D cell culture system to model the essential 
aspects of glandular epithelial organization [30, 37]. For de novo lumen formation, pre-
viously unpolarised epithelial cells need to sense their environment (ECM and neigh-
bouring cells), establish apicobasal polarity that is coordinated with their neighbours, 
alter their shape, and finally create and expand a lumen between them [38-41]. To 
study these processes, we used the mIMCD-3 cell line. These are epithelial cells de-
rived from the inner medullary collecting duct of mice transgenic for the early region 
(large T) of SV40 [32]. When cultured in ECM in vitro in presence of serum, these cells 
will rapidly polarise and form hollow 3D structures [30, 33]. The advantage of this 
modular culture system is the possibility of growing these cells in different types of 
ECM [41]. When cultured in MatrigelTM, mIMCD-3 cells form spheroids with a central 
lumen lined by a single cell layer [30]. When cultured in collagen type I gel, these cells 
form branching tubuli [33]. These matrices are physiologically relevant. MatrigelTM is 
the protein extract of murine Engelbreth-Holm-Swarm (EHS) mouse sarcoma. It is 
rich in laminin, collagen type IV, nidogen/entactin and proteoglycans, and can thus 
serve as reconstituted basement membrane [37, 40]. In the skin, the epidermis includ-
ing the sebaceous gland is separated from the dermis by the basement membrane. The 
reticular dermis, at the level of the sebaceous gland, is rich in collagen type I fibrils 
[36]. This modular system enabled us to study de novo lumen formation and branching 
morphogenesis of epithelial cells independently.  
In MatrigelTM, we demonstrated mIMCD-3 cells form spheroids within several days. 
Although lumen diameters were not quantified, the average lumen size observed and 
imaged of representative spheroids correlated positively with MatrigelTM volume. 
Spheroids formed asynchronously with various stages of lumen formation present at 
the same time, as reported before by others [30]. Keeping the cells more stringently in 
log-phase prior to seeding in MatrigelTM did not lead to more uniform spheroids, but 
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Figure 3.8 – Retinoids stimulate tubulogenesis of mIMCD-3 cells in type I collagen gel. Brightfield 
images of mIMCD-3 cells grown in type I collagen gel for five days in presence or absence of 5-24 nM 9-
cis RA or 13-cis RA, or vehicle (3.6% (v/v) ethanol) only. After five days, most untreated and vehicle-only 
treated mIMCD-3 cells formed cell clusters or sheets from which cell cords radiated; relatively fewer cells 
formed true tubular structures. Treatment of cells with increasing doses of both 9-cis RA and 13-cis RA 
was positively correlated with the fraction of cells that form tubular structures after five days.  
 
instead caused slower spheroids development. Frequent passaging might have caused 
cellular stress, resulting in slower cell growth and spheroid development. This is sup-
ported by our observation that the spheroids in general, and not only the lumen, were 
smaller for more frequently passaged cells. Alternatively, less frequently passaged cells 
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could have been seeded in MatrigelTM as small clusters containing 2-3 cells instead of 
individual cells, thereby causing a growth advantage and resulting in larger spheroids 
over time. In addition, we observed fragmented nuclei in the lumen of some sphe-
roids, suggestive of apoptosis. Similar to Madin-Darby canine kidney (MDCK) cells, 
mIMCD-3 cells were reported before to form a lumen by a process called cord hol-
lowing, characterized by apical vesicular exocytosis of cytoplasmic vesicles [31, 39, 40]. 
Cavitation, i.e. luminal clearing by apoptosis, was previously reported not to be in-
volved in mIMCD-3 luminogenesis [30]. In MDCK spheroids, cavitation occurs as a 
corrective mechanism when polarisation is slow [40]. Additional assays, including 
cleaved Caspase-9 staining, are required to assess whether these cells are indeed apop-
totic. 
In collagen type I gel, we observed mIMCD-3 cells forming cell clusters, radiating cell 
cords that grow in diameter and finally branched tubular structures over the course of 
several days as reported before [42, 43]. Piscione et al. previously demonstrated that 
after only 72h growth in a collagen matrix, mIMCD-3 tubuli have a central lumen [43]. 
In contrast, we did not observe a central lumen by IF microscopy. It is likely that in 
this initial experiment, we only imaged tubule progenitors instead of structures that, in 
our subsequent experiments, were morphologically regarded as tubuli [44].  
 
Mmp14 and Sh3pxd2b are essential for epithelial lumen formation and branching morphogenesis 

As mIMCD-3 cells form organoids in 3D culture within days, the involvement of 
genes in luminogenesis and branching morphogenesis can be studied by siRNA 
knockdown (KD), and the phenotypic alterations assessed by microscopy when KD is 
still present [30, 39]. By this approach, we found that MMP14 and SH3PXD2B play an 
important role in de novo lumen formation and tubulogenesis. Although not quantified, 
our results of MatrigelTM 3D culture suggested that KD of Sh3pxd2b and Mmp14 re-
sults in an increased fraction of spheroids without a clear lumen. We furthermore 
showed that in collagen type I gel 3D culture, Sh3pxd2b KD resulted in a dramatic 
reduction of tubule formation, whereas Mmp14 KD had a less pronounced inhibitory 
effect of tubulogenesis. As the defects tubulogenesis were overtly visible, number and 
size of tubular structures were not quantified in this study. Although the used DsiRNA 
sets differed in the extent to which they affected luminogenesis and branching mor-
phogenesis, and phenotypic rescue by overexpression was not performed, the fact that 
multiple DsiRNA sets per gene affected these two related processes makes explaining 
them as an off-target effect unlikely.  
The question remains what process is exactly affected by the KD, resulting in the ob-
served phenotypes. Three candidate processes are likely involved. The observed dis-
turbed mIMCD-3 spheroid architecture and luminal filling upon KD of Sh3pxd2b and 
Mmp14 are suggestive of impaired cellular polarity. This may be mediated through 
defective integrin signalling. Integrins are important in the cellular perception of the 
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surrounding ECM and can thereby alter cellular behaviour [45]. It has previously been 
demonstrated that β1-integrin has an important role in tissue polarization [38]. MDCK 
cells lacking β1-integrin were shown to be incapable to initiate polarization, resulting in 
organoids lacking a lumen [31]. There is furthermore a compelling link between β1-
integrin and MMP14. Firstly, MMP14 can directly bind to β1-integrin to activate Erk, 
increasing MAPK signalling, which facilitates branching morphogenesis in collagen 
matrices [21, 46]. Secondly, shRNA KD of β1-integrin has been demonstrated to de-
crease expression levels of Mmp14, and vice versa, in murine mammary epithelial cells. 
Expression levels of β1-integrin are furthermore reduced in the mammary gland of 
Mmp14 KO mice [45]. Finally, KD of β1-integrin was shown to block branching mor-
phogenesis of mammary epithelial cells to the same extent as Mmp14 KD in 1 mg/mL 
type I collagen gel, the same concentration as used in our experiments [46]. 
In addition to aberrant polarity, there are indications that defective ECM degradation 
contributed to the observed phenotype in type I collagen gel. We demonstrated that 
KD of either Mmp14 or Sh3pxd2b reduced tubule length in collagen gel. The similar 
effect of Sh3pxd2b and Mmp14 KD on tubule formation could be explained by dis-
turbed podosome formation, thereby decreasing focal collagen degradation. The type I 
collagen we used is prepared by acid extraction, keeping the N- and C-terminal telo-
peptides on the collagen monomers intact. These telopeptides contribute to crosslink-
ing of the collagen fibrils, requiring proteolytic degradation for cells to move through 
the matrix [47]. Likewise, others previously demonstrated that murine ureteric bud 
(UB) cells require MMP-dependent ECM degradation to form similar branched struc-
tures [48]. This is further supported by defective renal branching morphogenesis in 
Mmp14 KO mice, which furthermore contained excessive amounts of ECM [49]. In 
addition, defective branching morphogenesis was shown to underlie the abnormal 
development of the submandibular gland in Mmp14 KO mice [50]. In both tissues, the 
defects in branching morphogenesis were shown to be independent of pro-MMP2 
activation [49, 50].  
Finally, knockdown of Mmp14 and possibly Sh3pxd2b could inhibit proliferation. This 
could explain the small mIMCD-3 structures that were observed in collagen gel. This 
is moreover likely to be a specific effect of KD, as siControl transfected cells formed 
larger, branching tubular structures. In addition to the polarisation defects in the kid-
ney of Mmp14 KO mice described above, an additional severe proliferative defect was 
reported. Furthermore, IMCD cells of these mice showed a low proliferative rate in 
vitro that could be increased by overexpressing MMP14 WT. Interestingly, overex-
pressing catalytic inactive MMP14 worsened the proliferative defect [49]. It was previ-
ously shown that overexpressing MMP14 stimulates the proliferative rate of MCF-7 
human breast adenocarcinoma cells and UM-SCC-1 squamous cell carcinoma cells 
[51]. Similarly, overexpression of MMP14 resulted in a dramatic increase of MDCK 
cyst size grown in type I collagen gel, but not protease-resistant collagen gel or Mat-
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rigelTM [51]. Likewise, we did not observe a decrease in spheroid size. These observa-
tions suggest the proliferative advantage depends specifically on the collagenolytic 
activity of MMP14. This is unlikely to result from the release of cell-derived factors 
into the matrix by MMP14, as it was previously demonstrated that co-culture of 
MDCK cells with or without overexpression of MMP14 only conferred the MMP14-
expressing cells with a growth advantage [51]. The proliferative advantage is further-
more unlikely attributable to the generation of collagen-derived growth enhancers by 
MMP14, as the incorporation of 1% gelatin or 0.5% MMP14-generated collagen frag-
ments was previously reported not to stimulate proliferation of UM-SCC-1 cells [51].  
 
Retinoids stimulate epithelial lumen formation and branching morphogenesis 

The in vitro 3D models outlined above can be used to directly observe the effects of 
drug treatment on luminogenesis and branching morphogenesis [30]. As acne was 
successfully treated in our patients by 13-cis RA, we assessed the effects of retinoid 
treatment on de novo lumen formation and branching morphogenesis was assessed. We 
demonstrated that retinoid treatment stimulated both spheroid size and lumen diame-
ter in 3D culture of mIMCD-3 cells in MatrigelTM, in addition to an overt stimulatory 
effect on branching morphogenesis resulting in more and longer tubular structures in 
collagen type I gel. It has previously been demonstrated that that vitamin A and retin-
oids (synthetic vitamin A derivatives) are essential for normal branching morphogene-
sis of the murine lung, kidney and submandibular salivary gland [52-54]. In the kidney, 
all-trans retinoic acid (ATRA), the active isomer of both 9-cis RA and 13-cis RA, was 
shown to accelerate UB branching morphogenesis ex vivo [52, 55, 56]. However, this 
stimulatory effect on epithelial cells in lung and kidney was suggested to result from 
the paracrine release of the branching morphogen late-gestation lung protein 1 (Lgl1) 
by the surrounding mesenchymal cells. Both 9-cis RA and ATRA were able to induce 
Lgl1 expression. Interestingly, IMCD cells were demonstrated to lack Lgr1 expression 
[52]. We here demonstrate that retinoids have a direct stimulatory effect on mIMCD-3 
branching morphogenesis. The increase in tubular structure length and the increase in 
spheroid size could, at least in part, be explained by an increase in proliferative rate, as 
retinoids have been demonstrated to promote proliferation of basal keratinocytes by 
shortening the mitotic phase [55, 57]. In addition, retinoids have been reported to 
increase the number of podosomes in chicken osteoclasts [58]. This could stimulate 
focal ECM degradation, thereby aiding tubulus formation.  
Apart from stimulating proliferation and ECM degradation, tissue-specific effects are 
likely involved in the therapeutic effects of retinoids. Although 9-cis RA and 13-cis RA 
both stimulated de novo lumen formation and branching morphogenesis in our in vitro 
models, only 13-cis RA is effective in acne treatment [55]. In addition, previous studies 
have demonstrated that retinoids inhibit differentiation of hyperproliferative keratino-
cytes and sebocytes, and inhibit sebocyte differentiation and thereby sebum produc-
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tion [55, 57, 59]. These aspects were however not possible to assess with our currently 
used models.  
 
Conclusion and future perspectives 

In conclusion, we used two simple yet well-established in vitro models of epithelial cell 
3D culture in ECM to demonstrate an important role for MMP14 and SH3PXD2B in 
de novo lumen formation and branching morphogenesis. In addition, we demonstrated 
for the first time that therapeutic plasma concentrations of both 9-cis RA and 13-cis 
RA directly stimulate luminogenesis and branching morphogenesis of mIMCD-3 cells. 
Our findings suggest that MMP14, SH3PXD2B, and retinoids affect both processes by 
stimulating epithelial cell polarity, proliferation and/or ECM degradation. Due to the 
observed variability in organoids per condition, further studies are needed to analyse 
larger numbers and quantify spheroid size, lumen diameter, and tubule length to con-
firm the observed effects of KD and retinoid treatment [30]. It would be interesting to 
assess whether the observed KD phenotypes can be rescued, either by cDNA overex-
pression or retinoid treatment. In addition, further studies are required to better un-
derstand the underlying mechanism of the observed phenotypes. In the current setup, 
additional staining for markers of polarisation including zonula occludens-1 (ZO-1) 
and β-catenin, and podosomal markers such as cortactin (see Chapter 1) could be 
used to assess the involvement of defective cell polarity and podosome formation, 
respectively. Although our findings support the involvement of MMP14 and 
SH3PXD2B in epithelial luminogenesis and branching morphogenesis, the experi-
ments performed in this pilot study should be repeated with sebocytes to further as-
sess whether similar processes could affect the sebaceous gland. Finally, our retinoid 
treatment experiments demonstrate the suitability of the spheroid system for drug 
treatment. As there is a significant unmet need in the treatment of acne, a sebocyte 3D 
model could potentially be used for drug screening [30, 37].  
 
Materials and methods 
 
Cell culture 

mIMCD-3 immortalised murine inner medullary collecting duct cells (American Type 
Culture Collection, Manassas, Virginia, USA; CRL-2123) were grown in 2D culture in 
low-glucose Dulbecco’s Modified Eagle Medium (DMEM, GE Healthcare Life Sci-
ences, Pittsburgh, PA; SH30021.01) containing 10% (v/v) fetal bovine serum (FBS; 
GE; A15-101) and 100 U/mL penicillin / 100 µg/mL streptomycin (ThermoFischer 
Scientific, Inc., Waltham, MA, USA; 15140122) at 37 C in 100% humidity and 5% 
CO2. Cells were kept growing in log phase and passaged when reaching 70-85% con-
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fluence by detaching cells with 0.25% trypsin-EDTA (ThermoFischer Scientific, Inc.; 
25200-056).  
 
3D culture in MatrigelTM 

For gel droplets, 10 µL single-cell suspension (100,000 cells/mL high-glucose DMEM 
(GE, SH3024.01)) was mixed with 10-15 µL MatrigelTM Basement membrane Matrix, 
growth factor reduced (Becton, Dickinson and Company, Franklin Lakes, NJ, USA; 
354230) and 10 µL droplets were placed on an 8-well Lab-TekTM Chambered Cover-
glasses (ThermoFischer Scientific, Inc.; 15411). For “sandwich gel”, each well was 
coated with 15 µL MatrigelTM and solidified at 37 C. Next, 100 µL cell suspension was 
mixed with 150 µL MatrigelTM and 100 µL of the mix was added per well. For “thick 
gel”, 200 µL cell suspension was mixed with 200 µL MatrigelTM and 200 µL of the mix 
was added per well [30, 34]. MatrigelTM was solidified at 37 C for 60 min (droplets 
inverted to prevent cells from sinking to the coverglass surface), after which 200 µL 
high-glucose DMEM was added per well. After 3-5 days, cells were fixed in 4% (w/v) 
PFA in PBS 1x (Santa Cruz Biotechnology, Inc., Dallas, TX, USA; sc-281692) or alter-
natively in 2% (w/v) PFA (Santa Cruz Biotechnology, Inc., Dallas, TX, USA; sc-
281692) / 0.5% (w/v) gluteraldehyde (Sigma; G7651-10 mL) in PBS 1x.  
 
3D culture in type I collagen gel 

For gel droplets, 15.6 µL ddH2O, 7.2 µL PBS 10x and 1.2 µL 1 M NaOH in ddH2O 
was mixed with 48 µL 3 mg/mL type I collagen (ThermoFischer Scientific, Inc.; 
A10483-01) and 72 µL cell suspension (100,000 cells/mL high-glucose DMEM). Sin-
gle 10 µL droplets of the mix (1 mg/mL type I collagen gel containing ~500 cells) 
were placed on No. 1.5H microscope cover glasses (Paul Marienfeld GmbH & Co. 
KG, Lauda-Königshofen, Germany; 0117580) in 12-well cell culture plates. For 
“sandwich gel”, 660 µL high-glucose DMEM containing 15% (v/v) FBS and 10 µL 1M 
NaOH was mixed with 333 µL 3 mg/mL type I collagen. Each well of an 8-well 
Chambered Coverglass was covered with 15 µL of the mix and the collagen polymer-
ised at 37 C. A 2 mg/mL type I collagen solution was made by mixing 780 µL 
DMEM containing 30% (v/v) FBS, 50 µL 1 M NaOH and 1.67 mL 3% type I collagen, 
of which 100 µL was mixed with 100 µL cell suspension. Eighty µL of the final mix 
was added per well. The gels were incubated at 37 C for the collagen to polymerise 
(droplets inverted for the first 5 min to prevent the sinking of cells), after which 1 mL 
(for 12-well plate) or 200 µL (for 8-well chamber slide) DMEM (high glucose) was 
added. After 3-14 days, cells were fixed in 4% (w/v) PFA in PBS 1x containing 5% 
(w/v) sucrose (Kanto Chemical Co., Tokyo, Japan; 37000-00) [42, 47].  
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Brightfield and immunofluorescence microscopy 

After fixation, cells were incubated with 0.2 M glycine (1st BASE, Singapore, Singa-
pore; BIO-1400-500g) in ddH2O. Cells were permeabilised in 0.5% (v/v) Triton® X-
100 (Promega, Madison, WI, USA; H5141) in PBS 1x and blocked with Image-iT® 
FX Signal Enhancer (ThermoFischer Scientific, Inc.; R37107). Cells were incubated 
with a custom-made anti-MMP14 primary antibody (Eurogentec, Seraing, Belgium; 
SY53376) at 1:100 dilution overnight at 4 C and Alexa-fluorophore labelled secondary 
antibodies and Alexa-fluorophore labelled phalloidin (ThermoFischer Scientific, Inc.; 
1:200 and 1:100 dilution, respectively) for 1h at RT, all dissolved in 3% (w/v) bovine 
serum albumin (BSA; MP Biomedicals, Santa Ana, CA, USA; 0219989880) / 0.05% 
Tween-20 (Promega; H5151) in PBS 1x. Gels were covered in 100 µL Vectashield 
antifade mounting medium containing 4',6-diamidino-2-phenylindole (DAPI) (Vector 
Laboratories, Burlingame, CA, USA; H-1200). Gel droplets on cover slips were 
mounted on microscope slides with 15-18 mm wide, 0.6-0.8 mm deep cavity (Paul 
Marienfeld GmbH & Co. KG, Lauda-Königshofen, Germany; 1320000) filled with 70 
µL Vectashield with DAPI. Fluorescent z-stacks of organoids were recorded with an 
Olympus IX81 microscope with FluoView FV1000 scan head (Olympus Corporation, 
Tokyo, Japan). Images of randomly selected organoids that were entirely within focal 
reach were taken with a 63X 1.45 NA or 40X 1.30 NA oil immersion Plan Apochro-
mat objective (Olympus Corporation, Tokyo, Japan), with fixed laser power and expo-
sure time per experiment. Brightfield images of organoids in MatrigelTM were taken 
with an Olympus IX81, brightfield images of organoids in type I collagen gel were 
taken with a Zeiss Axiovert 200 M (Carl Zeiss EG, Oberkochen, Germany). Raw im-
ages were processed with Fiji software (U. S. National Institutes of Health, Bethesda, 
MD, USA; version 2.0.0-rc-15/1.49k, adapted by IMU). 
 
Table 3.1 – Overview of the TriFECTA® DsiRNA duplex oligo-RNA sequences used. 

Gene  Set   Reference  Sequence 
Mmp14  1  121663819  oligo 1: 5’-GGGAAACAAAUACUGGAAGUUCAAC-3’ 
      oligo 2: 3’-UUCCCUUUGUUUAUGACCUUCAAGUUG-5’ 
  2  121663816  oligo 1: 5’-AGUUUACCCUAAAGACUUUGAUAAG-3’ 
      oligo 2: 3’-AGUCAAAUGGGAUUUCUGAAACUAUUC-5’ 
  3  121663813  oligo 1: 5’-CCAAGUGAUGGAUGGAUACCCAATG-3’ 
      oligo 2: 3’-UUGGUUCACUACCUACCUAUGGGUUAC-5’ 

Sh3pxd2b  1  121663833  oligo 1: 5’-GCAAAGAAAUGUUACAGUUCUGATT-3’ 
      oligo 2: 3’-GUCGUUUCUUUACAAUGUCAAGACUAA-5’ 
  2  121663830  oligo 1: 5’-GGCUUAUUACAGCAAUAAACAAUTC-3’ 
      oligo 2: 3’-GUCCGAAUAAUGUCGUUAUUUGUUAAG-5’ 
  3  121663827  oligo 1: 5’-GGACCACCUCAAUACAUAAUGGGAA-3’ 
      oligo 2: 3’-UCCCUGGUGGAGUUAUGUAUUACCCUU-5’ 
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Retinoid treatment 

After cells were seeded in MatrigelTM or type I collagen gel, 5-24 nM 9-cis or 13-cis 
retinoic acid (Sigma; R3255-100MG) in 0.75-3.6% ethanol, or 3.6% (v/v) ethanol 
(Merck; 1.00983.2500DE) was added to the medium, or left untreated.  
 
siRNA knockdown of Mmp14 and Sh3pxd2b 

For KD experiments, cells were seeded at a density of 100,000 per well of a 6-well 
plate and transfected 24h post seeding with 100 pmol mouse TriFECTa® DsiRNA 
(Integrated DNA Technologies, Coralville, Iowa, USA) raised against Mmp14 
(NM_008608) or Sh3pxd2b (NM_177364) as listed in Table 3.1, or siControl, with 
jetPRIME® (Polyplus-transfection® SA, Illkirch, France; 114-15), or were left un-
treated. Media was refreshed 5h post transfection.  
 
qPCR analysis of siRNA knockdown 

Twenty-four hours post transfection, cells were incubated with Trizol (ThermoFischer 
Scientific, Inc.; 15596018), and total mRNA was chloroform/isopropanol precipitated 
and rinsed ice-cold 70% (v/v) ethanol (Merck; 1.00983.2500) in nuclease-free dH2O 
(1st BASE; BUF-1180-1L). Total mRNA was resuspended in 25 µL dH2O. cDNA was 
synthesised by iScript cDNA Synthesis Kit according to the manufacturer’s protocol 
(Biorad; 1708898). qPCR was performed with iQTM SYBR® Green Supermix (Biorad; 
1708882AP) in technical duplicates according to the manufacturer’s protocol with a 
CFX96 Touch™ Real-Time PCR Detection System (Biorad; 1855196). The primers 
used are summarised in Table 3.2. Expression of Mmp14 and Sh3pxd2b were normal-
ised for Hprt expression and denoted as the relative fold-change to siControl. 
 
Table 3.2 – Primers used for qPCR. Hprt, hypxanthine guanine phosphoribosyl transferase. 

Gene  #  Sequence  Tm ( C) 
Mmp14  1F  5’-ACTTCGTGTTGCCTGATGAC-3’  55.4 
  1R  5’-CGAGAGGTAGTTCTGGGTTG-3’  54.7 
  2F  5’-AGTGACAGGCAAGGCTGATTT-3’  57.1 
  2R  5’-AGGGGTGTAATTCTGAATGCAG-3’  55.0 

Sh3pxd2b  1F  5’-CCATCTACCGGCGCTACAG-3’  57.7 
  1R  5’-GATCCTCTGCTTGGGGTCTT-3’  56.7 
  2F  5’-CTATGGGCAGGGAGAAGGAG-3’  56.8 
  2R  5’-GGGGTCTTTGCCTCATCTTT-3’  55.1 

Hprt  F  5’-CTGGTGAAAAGGACCTCTCGAA-3’  56.6 
  R  5’-CTGAAGTACTCATTATAGTCAAGGGCA-3’  56.0 
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Supplemental material 
Supplemental material is available in Addendum 2. 
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Abstract 
Winchester syndrome is an ultra-rare, autosomal recessive skeletal dysplasia caused by 
deleterious mutations in the gene encoding MMP14, a membrane-bound metallopro-
teinase. So far, only two human MMP14 missense mutations have been reported; an-
other two were identified in mouse models. Although the resulting phenotype varies in 
severity, humans, and mice share stunted growth, craniofacial malformations and dras-
tically reduced bone mineral density leading to pervasive deformities including kypho-
sis. The reasons for the craniofacial malformations and the osteopenia are insufficient-
ly understood, and treatment, therefore, is a hit-and-miss affair. Here, we report a 
novel mmp14a/b knockout zebrafish model that recapitulates essential aspects of the 
Winchester syndrome phenotype including craniofacial malformations, kyphosis, 
short-stature, and reduced bone density. In our fish model, we found that cranial neu-
ral crest induction, delamination, migration and homing to the pharyngeal arches, as 
well as early steps in skeletogenesis, were unaffected by mmp14a/b knockout. Instead, 
skeletal remodelling turned out to be abnormal, showing similarities with previously 
reported Mmp14 knockout mice and owing to defective collagen remodelling. The fish 
will be a valuable tool for developing novel therapeutic approaches to this devastating 
disorder, as well as reduced bone density in general. 
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Introduction 
Winchester syndrome (WS, MIM #277950) is an extremely rare autosomal recessive 
skeletal dysplasia, caused by mutations in the gene encoding membrane-bound metal-
loproteinase 14 (MMP14) [1, 2]. To date, four missense mutations in conserved re-
gions are known in patients and mouse models, all affecting protein function. In both 
humans and mice, these mutations lead to short stature, progressive osteopenia, tho-
racic kyphosis and craniofacial malformations including (Fig. 4.1A) [1-5]. Interestingly, 
the majority of the affected craniofacial skeletal elements is of neural crest (NC) origin 
(Fig. 4.1B) [6]. The NC comprises a population of multipotent stem cells that is in-
duced at the lateral borders of the neural plate during embryogenesis. These cells de-
laminate from the closing neural tube and subsequently migrate extensively to many 
parts of the developing body, where they differentiate and give rise to various deriva-
tives. For cranial NC cells, this includes major parts of the skull [6, 7]. It seems there-
fore likely that the cranial NC is involved in the MMP14-related craniofacial pheno-
type, however, it is unknown which aspect of NC development would be affected. 
MMP14 has an important role in invasive cell motility by locally degrading structural 
components of the extracellular matrix (ECM) [8-13]. As NC cells migrate extensively, 
we hypothesized that loss of MMP14 function could lead to craniofacial malfor-
mations (at least in part) due to impaired cranial NC cell migration. In addition, it is 
unclear how the loss of MMP14 function causes a general reduction in bone density. 
These questions are best addressed in an in vivo model.  
A well-established model organism for vertebrate development is the zebrafish (Danio 
rerio), a bony fish that has been extensively used for genetic studies [19]. Bone has only 
been introduced once during evolution and the characteristics of skeletal tissues are  
 

 
Figure 4.1 – Craniofacial skeletal elements affected in Winchester syndrome are of neural crest 
origin. A, facial appearance of a Winchester syndrome patient, with a high and broad forehead, hyper-
telorism, and a prominent lower jaw. B, the affected craniofacial skeletal elements are of neural crest (NC) 
origin (green). The frontal bone (f) is of mixed NC and mesodermal origin. C, in zebrafish, as in humans, 
the majority of craniofacial skeletal elements are of neural crest origin (green). Note that the anterior part 
of the frontal bone is of neural crest origin, whereas the posterior part is of mesodermal origin (magenta). 
As, alisphenoid; sq, squamosal; hy, hyoid; z, zygomatic bone. See Table 4.9 for additional abbreviations of 
skeletal elements. A is reproduced from Van Steensel et al., B is adapted from Santagati and Rijli, and C is 
reproduced from Kague et al., all with permission [3, 6, 14].  
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well conserved among vertebrates [19, 20]. Zebrafish form all major types of skeletal 
cells and tissues found in higher vertebrates including humans [20-22]. Furthermore, 
bone formation and remodelling is similar in zebrafish and humans, and the pathways 
regulating these processes are well conserved [19, 20, 22, 23]. Although the zebrafish 
skull is more complex, it contains similar skeletal elements as higher vertebrates, which 
furthermore develop in similar manner [21, 22]. As in humans, the cranial NC contrib-
utes to major parts of the zebrafish skull (Fig. 4.1C), giving rise to chondroblasts, 
chondrocytes, and osteoblasts of many craniofacial skeletal elements [14, 24]. As such, 
the zebrafish is a good model organism for human bone disorders, especially those 
affecting the craniofacial skeletal elements such as WS.  
The use of zebrafish has important advantages over other model organisms such as 
mice. Zebrafish are relatively cheap to house, easy to handle and readily produce large 
clutches of offspring, improving the statistical power of experiments [19, 21, 25]. Fur-
thermore, zebrafish embryos develop externally, making them readily available for use 
in experiments [19, 26]. In addition, the zebrafish embryonic development proceeds 
rapidly. By 24h post fertilization (hpf), the embryo has a recognizable head and tail and 
contains rudiments of primary organs (Fig. 4.2) [15]. The NC cells are induced, and 
delaminate and migrate during the first day. The NC-derived melanophores differenti-
ate only after 24 hpf; as a result, the zebrafish embryo is completely transparent until 
the majority of NC migration is completed [15]. A transgenic background expressing a 
fluorescent signal under sox10 promoter, a marker of NC cells, can therefore be used 
to visualise NC cells in vivo [14, 27, 28]. During the second day, the pharyngeal arches 
develop and on the third day, cartilage starts to develop in the chondrocranium, the 
jaws, and the branchial arches, and the first bone (cleithrum) appears. Embryos hatch 
sporadically from the chorion, mostly during the third day. [15]. After 72 hpf, the lar-
vae start to swim actively. During the larval period (up to 30 days post fertilization, 
dpf), cartilage development continues and ossification of the skeletal elements pro-
ceeds in an anterior-to-posterior sequence as part of the larval-to-juvenile metamor-
phosis [26, 29]. All of the aforementioned characteristics make the zebrafish highly 
suitable to study both NC migration and craniofacial bone development.  
Zebrafish express 25 matrix metalloproteinases. However, their set of Mmps is less 
complex compared to humans. Firstly, there are no orthologs of many human MMPs 
(1, 3, 7, 8, 10, 12, 26 and 27). Secondly, zebrafish express duplicates of many Mmps 
due to genomic duplication during their evolution [33]. As such, zebrafish express two 
paralogs of Mmp14: Mmp14a and Mmp14b [32-34]. Both paralogs are well conserved, 
with an amino acid sequence that is >80% identical to human MMP14 (Fig. 4.3A), and 
a similar domain structure (Fig. 4.3B) [32]. Importantly, similar to the expression pat-
tern of MMP14 in mice, both Mmp14a and Mmp14b are expressed in the zebrafish 
head mesenchyme during embryonic and larval development, (Fig. 4.2) [16-18, 35, 36].  
As we have demonstrated that all four MMP14 missense mutations known in humans 
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Figure 4.3 – MMP14 is well conserved from zebrafish to human. A, alignment of human MMP14 
(NP_004986.1), zebrafish Mmp14a (NP_919397.1) and zebrafish Mmp14b (NP_919395.1) amino acid 
sequence using the PRALINE online server, displayed in ClustalX colour scheme [30, 31]. Overall homol-
ogy between MMP14 and Mmp14a/b is > 80%. B, Mmp14a and Mmp14b have a similar domain structure 
to MMP14. Mmp14a is similar in length (574 amino acids, AA) to MMP14 (582 AA). Note the insertion in 
Mmp14b shown in A, resulting in a larger stalk region (St) shown in B (drawn to the same scale) and an 
overall larger protein (621 AA) [32]. The red dot indicates the location of catalytic zinc-ion binding resi-
dues. C, carboxyl-terminus; Hi, hinge region; Hx, hemopexin-like domain; I, cytoplasmic tail; N, amino-
terminus; SP, signal peptide; T, transmembrane domain. 
 
and mice cause loss-of-function (see Chapter 2), a knockout (KO) approach would be 
justified to study the role of Mmp14a/b in cranial NC migration and bone develop-
ment. Previously, transient knockdown (KD) of mmp14a/b by antisense Morpholino 
oligonucleotides (MOs) injection of embryos during 1-4 cell stage was shown to cause 
gastrulation defects and to disrupt craniofacial cartilage development [16, 32]. Howev-
er, it is known that MOs can cause off-target changes in gene expression, which could 
confound phenotypic analysis [37, 38]. In a recent study, Kok et al. demonstrated that 
~80% of the analysed previously published morphant phenotypes were not recapitu-
lated in mutant embryos [37]. One well-known off-target effect of MOs is the induc-
tion of p53-dependent apoptosis [37, 38]. Indeed, a later study demonstrated that gas-
trulation defects were absent and only mild craniofacial defects occurred upon simul-
taneous MO KD of mmp14a and p53 [17]. Although genome editing can also induce 
off-target mutations, these can be segregated away from the mutation of interest by 
outcrossing, which is impossible for MO [38]. Consequently, it has been advocated to 
only use MOs that result in the same phenotype as the corresponding genetic mutant 
[37, 38]. As no mutant mmp14a/b fish existed, we performed targeted mutagenesis of 
mmp14a/b by CRISPR/Cas9 approach, aiming to knock both genes out. This further-
more enabled us to study later stages in bone remodelling, which is not possible by 
transient KD by MO.  
The CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)/Cas 
(CRISPR-associated) systems were originally identified as a form of adaptive immunity 
of eubacteria and archaea against viral and plasmid DNA [39-41]. The type II system 
of S. pyogenes has been adapted for use as a fast and accurate genome-editing tool that 
has been used successfully in zebrafish in recent years [40-44]. This system only re-
quires two components: Cas9 protein and guide RNA (gRNA). Cas9 is an endonucle-
ase that cleaves double-stranded (ds) DNA [40-42]. Figure 4.4 demonstrates the gen-
eral overview of genome editing by CRISPR/Cas9 in zebrafish. In vitro generated Cas9 
mRNA and gRNA are microinjected into the yolk cell of the zygote. After entering the 
animal cell, Cas9 mRNA is translated into Cas9 protein and enters the nucleus together 
with the gRNA [42]. The gRNA guides Cas9 to the desired locus in the genomic DNA 
for site-specific editing. For this, the gRNA contains a Cas9 binding site and a variable 
20-nucleotide (nt) protospacer sequence complementary to the target site [41, 43-45].  
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Here, Cas9 generates a blunt double-stranded DNA break [37, 41, 42]. In absence of 
template DNA, the break is repaired by error-prone non-homologous end joining 
(NHEJ), generating small insertions or deletions (in/dels) [42, 43]. When targeting 
coding sequence, this can result in a frameshift, inducing a premature termination 

Figure 4.4 – Overview of the 
CRISPR approach to generate 
mutant fish. The yolk cell of 
zebrafish zygotes is injected with 
gRNA and Cas9 RNA. Phenol red 
is added for easier estimation of 
droplet size and visualisation of 
successful injection (i). Both RNAs 
enter the animal cell, where Cas9 
RNA is translated into Cas9 pro-
tein. gRNA and Cas9 enter the 
nucleus, where the gRNA guides 
Cas9 to the target site. Here, Cas9 
generates a double-stranded DNA 
break (ii, iii) that, in absence of a 
template for homology-directed 
repair, is repaired by non-
homologous end-joining, creating 
random insertions and/or dele-
tions (iv). At the reproductive age 
of three months, injected fish are 
genotyped to select for fish in 
which genomic targeting has 
occurred. These fish are subse-
quently intercrossed, and part of 
their F1 offspring genotyped to 
identify F0 founders in which the 
germline was targeted (v). F1 fishes 
heterozygous for a favourable 
frameshift mutation leading to an 
immediate stop codon at/near the 
target site are selected (vi) and 
intercrossed to generate F2 homo-
zygous mutants (vii). The entire 
procedure from injection until 
homozygous mutants takes at least 
nine months, and every additional 
crossing needed will add three 
months. Adapted from Charpentier 
et al., with permission. [42]. 
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codon [37]. As different mutations can occur in different cells even within the same 
embryo, the injected embryos are typically mosaic mutants. In a proportion of the 
injected embryos, the germline will be targeted (F0 founders) [37]. Further crosses lead 
to F1 heterozygous and F2 homozygous mutants. As zebrafish reach sexual maturity 
typically around 90 dpf, generating homozygous mutant adults takes at least 9 months 
[26, 29, 44]. When two genes need to be knocked out, as is the case for mmp14a/b, 
each additional crossing will add another 3 months to the timeline.  
Here, we demonstrate a novel zebrafish model of WS. Similar to human MMP14 and 
murine Mmp14 mutants, mmp14a/b KO fish have a short stature, kyphosis, and cranio-
facial dysmorphology. In addition, the bone density of mmp14a/b KO fish is reduced, 
albeit limited to the skull. Similar to the mutant mice, mmp14a/b KO fish have a short-
ened lifespan and do not reproduce. Knockout of mmp14a and mmp14b did not affect 
cranial NC migration, although the possibility of maternal transcript rescuing the phe-
notype cannot be ruled out. In contrast to earlier MO studies, craniofacial cartilage 
developed normally in mmp14a/b KO fish. Initial mineralisation proceeded normally as 
well, and only subtle craniofacial abnormalities became apparent at juvenile age. Nota-
bly, both NC- and mesoderm-derived bones are affected, which is furthermore not 
limited to a single ossification type. Affected bones show disorganisation of cartilage 
content with a relative lack of cortical bone. In conclusion, our mmp14a/b KO fish 
recapitulates the skull bone defects seen in WS well. This new model can not only aid 
to shed light on the underlying pathogenesis, but is also be a valuable tool for develop-
ing novel treatments for decreased bone density in general.  
 
Results 
 
Genome editing of mmp14a and mmp14b in zebrafish by CRISPR/Cas9 approach 

To knock out mmp14a and mmp14b in D. rerio by CRISPR/Cas9, gRNA and Cas9 RNA 
were generated. gRNA targeting either mmp14a or mmp14b was generated by in vitro T7 
transcription of dsDNA fragments encoding all necessary elements of functional 
gRNA, including the protospacer and the Cas9-binding scaffold sequence (Fig. 4.5C) 
[46]. The protospacer sequence determines the binding site in the genomic DNA 
(gDNA) of the gRNA and is, therefore, the only variable part of the DNA oligonucle-
otide. As shown in Figure 4.5C, the protospacer (in blue) is directly adjacent to the 3’ 
end of the T7 promoter (in red). For better compatibility with T7 transcription, the 
optimal protospacer starts with GG on its 5’ end [43, 46]. In the gDNA, the proto-
spacer needs to bind to a target site directly adjacent to an NGG protospacer adjacent 
motif (PAM) sequence on its 3’ end (see Fig. 4.4) [41, 45]. Possible gRNA target se-
quences that meet these criteria were identified with ZiFiT Targeter [47, 48]. The ideal 
target site is located in an exon 5' of regions predicted to be important for protein 
function so that upon inducing a frameshift mutation, the majority of the functional  
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domains of the resulting protein product are lost [44]. On the other hand, the target 
sequence needs to be located far enough from the original start ATG to minimize the 
risk of an alternative start codon being used to generate a functional protein product, 
thereby circumventing the effect of any induced mutation [37, 44]. Taking all these 
requirements into consideration, target sequences in exon 4 of mmp14a and mmp14b 
(Fig. 4.5A-B, red bar) seemed optimal. Blasting the selected target sequences against 
the D. rerio genome by CRISPRscan predicted only a single binding site for each [49]. 
The resulting dsDNA fragments were in vitro transcribed into RNA (Supp. Fig. 3.1A-
B). mRNA encoding zebrafish codon-optimised Cas9 with N- and C-terminal NLS 
was generated by in vitro SP6 transcription of the NotI-linearised pCS2 nls-zCas9-nls 
vector (Fig. 4.5D and Supp. Fig. 3.1C-E) [40].  
 
Successful targeting of mmp14a and mmp14b in zebrafish 

Twenty-four hours after injecting D. rerio zygotes with Cas9 RNA and gRNA targeting 
mmp14a or mmp14b, part of embryos was lysed to test for successful targeting. Primers 
were hereto designed (Table 4.12) and optimised (Supp. Fig. 3.2) for PCR amplifica-
tion of a 200-500 bp region around the respective target site using the gDNA of sin-
gle-embryo lysate as template. In uninjected embryos, Sanger sequencing of the am-
plicon resulted in single peaks in the region around the target site, corresponding to 
the WT sequence (shown for mmp14a in Fig. 4.6A). Mosaic targeting of injected em-
bryos was evidenced by the presence of double and triple peaks in the chromatogram 
starting in the 3’ region of the target site (Fig. 4.6B). Injected F0 clutch mates of em-
bryos with demonstrated targeting were grown until fertile age, intercrossed and part 
of their F1 offspring genotyped at 24 hpf. Identification of F1 heterozygous mutants 
(shown for mmp14a in Fig. 4.6C) implicates at least one of the F0 parents is a founder 
with germline targeting, which were subsequently outcrossed into the Tg(sox10::egfp) 
transgenic background. At 24 hpf, their green fluorescent offspring was selected and a 
subset genotyped as described above. F1 fish were fin-clip genotyped at two months 
of age. The identified frameshift mutations are listed in Figure 4.6D and E. Most of 
these mutations occurred at the 3’ end of the target site, as reported before [43, 45]. 
Some mutations caused a termination codon at the target site, which is predicted to 
result in loss of the majority of the functional domains including the residues binding 
the catalytic zinc ion (red dot in Fig. 4.5A-B). As such, fish with a 2 bp deletion in  

Figure 4.5 – Knockout of mmp14a and mmp14b by CRISPR/Cas9. A-B, schematic overview of the 
localisation of mmp14a on chromosome 7 (A) and mmp14b on chromosome 2 (B), gDNA with exons (grey 
boxes), cDNA with CRISPR target site in exon 4 (red bar) and the protein domains. The red dot indicates 
the catalytic zinc-ion binding residues. Abbreviations as in Figure 4.3. C, gBlock® oligonucleotide se-
quence. Forward and reverse primer binding sites are underlined at the 5’ and 3’ end, respectively. The T7 
promoter is shown in red, the target sequence (shown here for mmp14a exon 4) in blue. D, simplified 
vector map of the pCS2 nls-zCas9-nls vector, with Cas9 coding sequence under SP6 promoter [44]. AmpR, 
ampicillin resistance cassette; SV40 NLS, SV40 virus nuclear localisation signal. 
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Figure 4.6 – Results of mmp14a and mmp14b genome targeting. A-C, chromatography results of 
direct Sanger sequencing around the mmp14a CRISPR target site of a single WT embryo showing single 
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Figure 4.6 (continued) – peaks (A), a representative F0 embryo injected with mmp14a gRNA and Cas9 
RNA showing double and triple peaks starting at the target site (B), and a representative F1 embryo heter-
ozygous for a 2 bp deletion in mmp14a (C), all analysed at 24 hpf. D and E, overview of the identified 
mutations in mmp14a (D) and mmp14b (E) and their effect on any putative protein product (number of 
altered amino acids up to the premature termination codon) in analysed 2-month-old F1 heterozygous non-
transgenic mutants.  
 
exon 4 of mmp14a were selected for further crossings. As shown in Figure 4.6E, all the 
identified mmp14b mutations induced a termination codon at or relatively close to the 
target site. Therefore, F1 fish heterozygous for a 2 bp deletion in mmp14a were crossed 
with F0 mmp14b founders. F2 offspring heterozygous for an mmp14a 2 bp deletion 
(p.F190X) and an mmp14b 8 bp deletion (p.S183Rfs23X) were identified, hereafter 
referred to as mmp14a+/∆; mmp14b+/∆ fish.  
 
mmp14a∆/∆; mmp14b∆/∆ fish have a distinct phenotype 

The F2 mmp14a+/∆; mmp14b+/∆ fish were subsequently intercrossed. As mmp14a and 
mmp14b are located on different chromosomes (Fig. 4.5A-B), the mutant alleles of 
both genes segregate independently. Therefore, all possible combinations of WT and 
mutant alleles were expected in the F3 offspring of mmp14a+/∆; mmp14b+/∆ fish. Two 
clutches of F3 offspring were generated and observed regularly, starting at every 6 
hours during the first week and once daily afterward until one month of age. In the 
first 6 days of life, 7% off the embryos/larvae died; another 12% died over the next 10 
days. Embryos and early larvae were inspected for morphology of the head, eyes, yolk 
ball and yolk extension, and pigmentation pattern. At 6 dpf, larvae were inspected for 
presence and inflation of the swim bladder [26]. Up till one-month post fertilisation, 
no over phenotype could be observed. At three months of age, a total of 111 adult F3 
fish were fin-clip genotyped (Table 4.1). All nine possible genotypes were identified, 
close to the expected Mendelian ratio. Notably, only two mmp14a∆/∆; mmp14b∆/∆ dou-
ble homozygous mutants were identified. The majority of genotypes developed  
 
Table 4.1 – Relative frequency of different genotypes in F3 offspring of F2 mmp14a+/∆; mmp14b+/∆ 
parents. n, number of fish. 

Genotype  Actual % (n)  Expected % 
mmp14a+/+; mmp14b+/+    6.31 (  7)    6.25 
mmp14a+/∆; mmp14b+/+  17.12 (19)  12.50 
mmp14a+/+; mmp14b+/∆    6.31 (  7)  12.50 
mmp14a∆/∆; mmp14b+/+    6.31 (  7)    6.25 
mmp14a+/+; mmp14b∆/∆    4.50 (  5)    6.25 
mmp14a+/∆; mmp14b+/∆  31.53 (35)  25.00 
mmp14a∆/∆; mmp14b+/∆  13.51 (15)  12.50 
mmp14a+/∆; mmp14b∆/∆  12.61 (14)  12.50 
mmp14a∆/∆; mmp14b∆/∆    1.80 (  2)    6.25 
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normally and were indistinguishable from mmp14a+/+; mmp14b+/+ fish at 3 months of 
age (Fig. 4.7). Fish with genotype mmp14a+/∆; mmp14b∆/∆ had a shorter total body 
length and a relatively short head. In contrast, the two mmp14a∆/∆; mmp14b∆/∆ fish, 
belonging to different clutches, looked strikingly different from their clutch mates: 
they were shorter, had kyphosis, and had a relatively short and dorsally tilted head and 
a short operculum that exposed the underlying gills. Inspecting the fish in dorsal view 
demonstrated the relative short head and revealed exophthalmos in the double homo-
zygous mutant fish. Interestingly, these mmp14a∆/∆; mmp14b∆/∆ fish shared many fea-
tures with the mutant Mmp14 mouse models: both have a short stature, small head, 
short snout and relatively large, protruding eyes compared to their WT siblings. To 
verify the observed phenotype was indeed caused by mmp14a/b KO, the effect of the 
selected mutations at the mRNA and protein level was assessed. In addition, larger 
numbers of double homozygous fish were generated to assess the reproducibility of 
the observed phenotype. 
 
Mutant mmp14a/b mRNA undergoes nonsense-mediated decay 

To analyse the effect of the selected mmp14a/b mutations at the mRNA level, 
mmp14a/b mRNA levels were assessed in 1-5 dpf embryos/larvae of F3 mmp14a∆/∆; 
mmp14b+/+ or mmp14a+/+; mmp14b∆/∆ parents, and 2-month-old mmp14a∆/∆; mmp14b∆/∆ 
juveniles, and compared to those in age-matched WT fish. The expression levels of 
mutant mmp14a and mmp14b were very low compared to the WT alleles (21-51% of 
WT mRNA levels at 1 dpf for mmp14a, 13-58% for mmp14b; Fig. 4.8 A-B). In addition, 
the increase in expression of WT alleles in the first 5 days is absent for mutant alleles. 
These results are suggestive of nonsense-mediated mRNA decay (NMD), a process 
that degrades faulty mRNAs with premature termination codons. This process is espe-
cially likely to be responsible for mRNA degradation if the premature termination 
codon is present more than 50 nucleotides upstream of the (original) exon junction 
[50, 51]. Following this rule-of-thumb, NMD was expected for the mmp14a mutation, 
but seemed less likely for the mmp14b mutation, as it induced a termination codon 
within 50 nucleotides of the downstream exon junction. Interestingly, while the mu-
tant mRNA levels are very low, the expression of the non-mutated paralog is upregu-
lated compared to its expression in WT larvae (30-135% increase). In accordance with  

Figure 4.7 – Genomic targeting of mmp14a and mmp14b affects growth and craniofacial morphol-
ogy. Gross anatomy images of representative 3-month-old offspring of F2 parents heterozygous for a 2 bp 
deletion in exon 4 of mmp14a and an 8 bp deletion in exon 4 of mmp14b. The majority of fish developed 
normally. Fish with genotype mmp14a+/∆; mmp14b∆/∆ had a shorter length and a relatively short head. Fish 
with genotype mmp14a∆/∆; mmp14b∆/∆ were shorter than their clutch mates, had kyphosis, a short, dorsally 
tilted head, a short operculum that exposed the gills, and protruding eyes. Note that these fish were fin-clip 
genotyped 1-2 weeks prior to imaging, which is reflected in the regrown tail fin that is not fully pigmented 
yet. All fish sharing the same scale bar were resized identically; scale bar equals 5 mm. 
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Figure 4.8 – Mutant mmp14a and mmp14b mRNA undergo nonsense-mediated decay. A-B, 
mRNA expression levels for mmp14a (left) and mmp14b (right) of 1-5 dpf offspring of mmp14a∆/∆; 
mmp14b+/+ (A) or mmp14a+/+; mmp14b∆/∆ (B) intercrossed fish, compared to those in WT embryos/larvae, 
normalised for β-actin expression and denoted relative to the expression level in 1 dpf WT embryos (dotted 
line). Values are average ± SEM of technical triplicates. mRNA levels of mutant mmp14a and mmp14b are 
very low, suggestive of nonsense-mediated mRNA decay. Note that the expression of the WT paralog in 
mutant fish is upregulated. C, mRNA expression levels of mmp14a (left) and mmp14b (right) of 2-month-old 
mmp14a∆/∆; mmp14b∆/∆ juveniles compared to those in WT juveniles, normalised for β-actin expression and 
denoted relative to expression in WT juveniles (dotted line).  
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our findings in embryos/larvae, the levels of mutant mmp14a and mmp14b mRNA are 
very low (7% for mmp14a, 22% for mmp14b) in 2-month-old double homozygous juve-
niles (Fig. 4.8C) as compared to WT fish.  
To assess the contribution of maternal transcripts, the experiment shown in Figure 
4.8A-B was repeated with offspring of either F3 mmp14a+/∆; mmp14b∆/∆ or F3 
mmp14a∆/∆; mmp14b+/∆ parents and WT larvae. Similarly to the previous experiment, 
the expression levels of the mmp14 paralog for which the parents were homozygous 
mutant were very low (9-30% for mmp14a, 22-23% for mmp14b) in their larval off-
spring (Supp. Fig. 3.3). Interestingly, in the offspring of mmp14a+/∆; mmp14b∆/∆ par-
ents, the expression level of mmp14a did not differ from that in WT larvae. It is im-
portant to note that the offspring of mmp14a+/∆; mmp14b∆/∆ intercrossed parents will 
have the genotypes mmp14a+/+; mmp14b∆/∆, mmp14a+/∆; mmp14b∆/∆ and mmp14a∆/∆; 
mmp14b∆/∆, that are theoretically present at a 1:2:1 ratio. The observed ‘normalisation’ 
of the mmp14a mRNA levels could, therefore, result from NMD of mutant mmp14a 
mRNA and concurrent upregulation of WT mmp14a mRNA. In the offspring of 
mmp14a∆/∆; mmp14b+/∆ parents, however, mmp14b expression was upregulated to a 
similar extent (12-156%) as observed in mmp14a∆/∆; mmp14b+/+ larvae, except for a 
higher expression (150% increase) at 1 dpf. However, as the exact ratio of the geno-
types are unknown due to pooling RNA of 20 randomly selected larvae per time point, 
it is impossible to draw any definite conclusions. Furthermore, it is impossible to make 
any definitive statements about the contribution of any maternal transcripts. Taken 
together, our qPCR results suggest that the selected mutations indeed knocked out 
mmp14a and mmp14b. 
 
The selected mmp14a/b mutations have a deleterious effect on any putative protein product 

After demonstrating the effect of the mmp14a and mmp14b mutation at the mRNA 
level, the effect of these mutations at the protein level was assessed. Both the 2 bp 
deletion in mmp14a and 8 bp deletion in mmp14b are frameshift mutations, that are 
predicted to induce a premature termination codon within exon 4 of the respective 
gene (Fig. 4.6). In case any mRNA would escape degradation, any putative protein 
product is expected to lack its C-terminal half. To test this hypothesis, protein lysate of 
1 dpf mmp14a∆/∆; mmp14b+/+ or mmp14a+/+; mmp14b∆/∆ larvae was subjected to im-
munoblotting with antibodies reportedly raised against zebrafish Mmp14a or 
Mmp14b, respectively. However, the antibodies turned out to cross-react with both 
Mmp14 paralogs in addition to other zebrafish proteins and were therefore not useful 
for testing our hypothesis (data not shown). As an alternative approach, four vectors 
were created encoding either WT or mutant Mmp14a or Mmp14b, all with a C- termi-
nal Hemagglutinin (HA) tag (Fig. 4.9A). Based on the predicted effect of these muta-
tions on the protein level, the HA sequence should not be presented in any resulting 
mutant protein. Primers were designed to amplify mmp14a or mmp14b coding sequence  
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Figure 4.9 – Mutant mmp14a and mmp14b mRNA does not form full-length Mmp14. A, to assess 
the effect of the selected mmp14a/b frameshift mutations on any putative protein product, plasmid inserts 
were designed encoding a zebrafish optimised kozak sequence, WT or mutant mmp14a/b cDNA (without 
stop codon) and a hemagglutinin (HA) tag sequence. B, to generate these four inserts, forward (Fw) pri-
mers containing the kozak sequence and reverse (Rv) primers containing the HA coding sequence and a 
stop codon were used to PCR amplify WT or mutant mmp14a/b coding sequence from cDNA of 2-month-
old WT or mmp14a∆/∆; mmp14b∆/∆ juveniles, respectively. C, the resulting amplicons were cloned into the 
pCS2+ backbone; only the two WT expression vectors are shown here. D, the four vectors were transfect-
ed into MRC-5V1 cells and whole cell protein extract analysed by immunoblot against the HA-tag.  
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Figure 4.9 (continued) – A strong band is visible at the expected height for cells expressing the WT 
Mmp14a-HA (60 kDa) and Mmp14b-HA (71 kDa) fusion protein. No bands are seen in cells transfected 
with the mutant vectors, demonstrating the disrupting effect of the frameshift mutations. 
 
while adding a 3’ kozak sequence and a 5’ HA tag encoding sequence (Fig.4.9B and 
Table 4.15). cDNA of a single 2-month-old mmp14a∆/∆; mmp14b∆/∆ or mmp14a+/+; 
mmp14b+/+ juvenile served as template. The resulting amplicons were inserted into the 
pCS2+ vector (Fig. 4.9C; see Supp. Fig. 3.4 for details on the cloning strategy). Initial-
ly, the four vectors in vitro transcribed and the mRNA injected into WT zygotes. As 
immunoblotting 24 hpf protein extract against the HA tag resulted in nonspecific 
bands, the vectors were transiently expressed in MRC-5V1 human fibroblasts as an 
alternative approach (see Chapter 2 for details on MRC-5V1 cells). As shown in Fig-
ure 4.9D, subjecting the whole cell protein extract to anti-HA immunoblotting resulted 
in strong bands at the expected height for Mmp14a WT-HA (60 kDa) and Mmp14b 
WT-HA (71 kDa). Importantly, no bands were seen in the lysate of cells transfected 
with the mutant vectors. Although it is impossible to distinguish between mRNA 
decay, a premature stop codon or an altered protein sequence caused by frameshift, 
the results shown in Figure 4.9D demonstrate the disrupting effect of the mutations 
on the resulting protein product.  
 
CRISPR-induced mutations in mmp14a and mmp14b are not circumvented by alternative splicing 

Although it was demonstrated that mutant mmp14a and mmp14b mRNA was downreg-
ulated, and any surviving full-length mRNA was shown not to result in a full-length 
Mmp14 protein, it could be argued that the mutations in exon 4 could be circumvent-
ed by alternative splicing, thereby forming a (shorter) functional protein [37]. Alterna-
tive splicing could not be assessed in the in vitro model presented in Figure 4.9, as the 
vectors do not include any intronic sequences. As shown in Supplemental Figure 3.4, 
the primers shown in Figure 4.9B generated multiple smaller amplicons in addition to 
the full-length mmp14a and mmp14b cDNA. To assess whether this result was depend-
ent on the primers used, new primers to amplify exons 1-10 of mmp14a and mmp14b 
cDNA were designed (Table 4.14) and optimised (Supp. Fig. 3.5A-B). As shown in 
supplemental Figure 3.5C, the new mmp14a primers generated only two amplicons 
from WT cDNA template; one of a length between 1-1.5 kb corresponding to the full-
length mRNA (expected size of 1,326 bp) and one smaller fragment of ~500 bp. 
When mutant cDNA was used as template, the mmp14a primers only amplified a single 
~80 bp fragment that is too short to encode any protein product of significance. For 
both WT and mutant cDNA, the new mmp14b primers amplified two fragments, one 
around 1.5 kb corresponding to the full-length mmp14b mRNA (expected size of 1,458 
bp) and a smaller fragment just under 400 bp. Both amplicons were subsequently ana-
lysed by direct Sanger sequencing, confirming the larger fragment indeed corresponds 
to full-length mmp14b mRNA, containing an 8 bp deletion in the mutant sample. The  
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Figure 4.10 – mmp14a/b KO impairs follicular maturation in the ovary. Ovaria on midsagittal sec-
tions 3-month-old offspring of mmp14a+/+; mmp14b+/+ and mmp14a∆/∆; mmp14b+/∆ stained with haematoxy-
lin and eosin (top panel) and picrosirius red (bottom panel) demonstrating the relative lack of final stages in 
follicular maturation, which does not improve at age 3.5 months (not shown here). Note the intense colla-
gen staining in vitellogenic follicles of mmp14a/b KO fish (arrowhead), not present in the other genotypes. 
a, oogonium; b, pre-vitellogenic follicle; c, vitellogenic follicle; d, pre-ovulatory follicle. Scale bars equal 200 
µm.  
 
~400 bp amplicon corresponded to the first four exons of mmp14b mRNA, and ended 
before the CRISPR target site. These results suggest no alternative splicing of any 
significance takes place in mmp14a∆/∆; mmp14b∆/∆ fish that would circumvent the muta-
tions and lead to a functional protein product. Together with the qPCR and Western 
blot results, this strongly suggests mmp14a and mmp14b were knocked out.  
 
mmp14a/b KO fish do not reproduce 

To verify the phenotype of mmp14a/b KO fish as shown in Figure 4.7 was reproduci-
ble, more mmp14a/b KO fish needed to be generated. As the two mmp14a/b KO fish 
in the initial two F3 clutches did not produce any offspring, F3 mmp14a∆/∆; mmp14b+/∆ 
fish were intercrossed to generate additional mmp14a∆/∆; mmp14b∆/∆ fish. These F4 
mmp14a/b KO fish were used for the Western blot experiments described above. Mul-
tiple attempts to intercross mmp14a/b KO fish failed to produce any offspring; normal 
courtship and chasing behaviour was absent and no eggs were laid. Attempts to out-
cross phenotypically female F4 mmp14a/b KO fish with size-matched adult WT males 
failed as well. Sectioning confirmed that the analysed mmp14a/b KO fish were indeed 
female, as evidenced by the presence of ovaria. In ovaria of mmp14a/b KO fish, oogo-
nia and early-stage follicles were relatively abundant, while pre-ovulatory follicles were 
relatively scarce. In addition, an intense picrosirius red staining indicated a relatively 
high collagen content of vitellogenic follicles (Fig. 4.10, arrowhead) in mmp14a/b KO 
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ovaria as compared to their clutch mates’ and WT fish ovaria. In D. rerio, body size 
rather than age correlates best with reproductive maturity, for which typically a stand-
ard length of ~23 mm (SL, distance from the anteriormost tip of the snout, excluding 
the lower jaw, to the caudal peduncle) needs to be reached [25]. As shown in Figure 
4.7, the short body length of mmp14a/b KO fish might explain their sexual immaturity 
at the age of 3 months. Alternatively, Mmp14a and Mmp14b might have a direct role 
in follicular development. In the rat ovarium, expression of Mmp14 and Mmp2 are 
spatiotemporally controlled, as previously demonstrated by RNA in situ hybridisation 
[52]. Both MMP14 and MMP2 (which is activated by MMP14) are collagenases, and 
the altered collagen content of vitellogenic follicles in mmp14a/b KO fish supports a 
direct effect of mmp14a/b KO on follicle development. Although all nine sectioned 
mmp14a/b KO fish turned out to be female, this does not automatically imply a role of 
Mmp14a/b in sex determination. Although sex determination in zebrafish is incom-
pletely understood, it is known that environmental factors play an important role. 
Rearing density is a well-documented factor influencing sex determination, with a 
lower density favouring female development [25]. As fish were reared at a relative low 
density (max. 20 fish per 3 L), and even lower after sorting fish according to genotype 
per clutch (see below), this might have skewed the male/female ratio. For further 
experiments, mmp14a/b KO fish were therefore generated by intercrossing either 
mmp14a∆/∆; mmp14b+/∆ or mmp14a+/∆; mmp14b∆/∆ fish.  
 
mmp14a/b KO fish have stunted growth, craniofacial malformations, and hyperkyphosis 

To confirm the phenotype of mmp14a/b KO fish, and to assess when the phenotype 
arises, F3 mmp14a∆/∆; mmp14b+/∆ fish were intercrossed and their offspring imaged 
between 2.5 weeks to 3 months of age. Offspring of uninjected mmp14a+/+; mmp14b+/+ 
fish served as control. As shown in Figure 4.11, at the age of 17 days, there were no 
overt differences in physical appearance between the different genotypes. The F4 
mmp14a/b KO fish started to look phenotypically different from their clutch mates  
 
Table 4.2 – Number of individuals imaged and measured per genotype and time point. Dpf, days 
post fertilization. 

 

  Genotype  17 dpf  34 dpf  43 dpf  53 dpf  73 dpf  90 dpf 
WT intercrossed  mmp14a+/+; mmp14b+/+  12  28  41  43  47  75 

mmp14a∆/∆; mmp14b+/∆ 
intercrossed 

 mmp14a∆/∆; mmp14b+/+    5  10  14    4  15  11 
 mmp14a∆/∆; mmp14b+/∆    3  20  27  10  24  15 
 mmp14a∆/∆; mmp14b∆/∆    4  13  13    8  17  21 

mmp14a+/∆; mmp14b∆/∆ 
intercrossed 

 mmp14a+/+; mmp14b∆/∆  -  -    9  -  -  17 
 mmp14a+/∆; mmp14b∆/∆  -  -  19  -  -  29 
 mmp14a∆/∆; mmp14b∆/∆  -  -  13  -  -  13 
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from about one month of age, and could be identified by their appearance from 43 dpf 
4.2. The average total body length was compared between genotypes per time point by 
a 2-sided student T-test; the resulting significance levels are summarised in Table 4.3. 
onwards. Over time, their phenotype gradually worsened and encompassed short body 
length, a short and dorsally tilted head with relatively short snout, relatively large, pro-
truding eyes, a short operculum exposing the gills, and kyphosis. This phenotype was 
identical to that observed in the F3 mmp14a/b KO fish (Fig. 4.7). Total body length 
quantification confirmed that mmp14a/b KO fish were on average significantly shorter 
than their clutch mates and age-matched WT fish. As shown in Figure 4.11B, the 
growth of mmp14a/b KO fish stagnated relatively early during their development, 
reaching a total body length at 90 dpf of about two-thirds of their clutch mates’. The 
number of fish measured per genotype and time point is summarised in Table 4.3. 
 
The zebrafish mmp14a/b KO phenotype is independent of the parental genotype 

To assess whether the parental genotype influences the phenotype of mmp14a/b KO 
fish, F3 mmp14a+/∆; mmp14b∆/∆ fish were intercrossed and their offspring compared to 
the offspring of F3 mmp14a∆/∆; mmp14b+/∆ fish (the individuals shown in Fig. 4.11). 
However, intercrossing mmp14a+/∆; mmp14b∆/∆ fish repeatedly resulted in either no 
 
Table 4.3 – Levels of significance of two-sided student T-test on average total body length be-
tween different genotypes at different ages. Genotype colours as in Figure 4.12. 

  17 dpf  33 dpf  43 dpf  53 dpf  73 dpf  90 dpf 
a+/+; b+/+ vs. a∆/∆; b+/+  0.0010  0.011  0.11  0.051  0.091  0.011 
a+/+; b+/+ vs. a+/+; b∆/∆  -  -  0.61  -  -  0.028 
a+/+; b+/+ vs. a∆/∆; b+/∆  0.0091  0.11  0.52  0.073  <0.0001  0.0003 
a+/+; b+/+ vs. a+/∆; b∆/∆  -  -  0.31  -  -  <0.0001 
a+/+; b+/+ vs. a∆/∆; b∆/∆  0.0004  <0.0001  0.0001  <0.0001  <0.0001  <0.0001 
a+/+; b+/+ vs. a∆/∆; b∆/∆   -  -  0.0043  -  -  <0.0001 
a∆/∆; b+/+ vs. a+/+; b∆/∆  -  -  0.39  -  -  0.82 
a∆/∆; b+/+ vs. a∆/∆; b+/∆  0.85  0.040  0.26  0.40  0.0069  0.35 
a∆/∆; b+/+ vs. a+/∆; b∆/∆  -  -  0.38  -  -  0.0003 
a∆/∆; b+/+ vs. a∆/∆; b∆/∆  0.29  0.17  0.037  <0.0001  <0.0001  <0.0001 
a∆/∆; b+/+ vs. a∆/∆; b∆/∆  -  -  0.25  -  -  <0.0001 
a+/+; b∆/∆ vs. a+/∆; b∆/∆  -  -  0.76  -  -  <0.0001 
a+/+; b∆/∆ vs. a∆/∆; b+/∆  -  -  0.94  -  -  0.23 
a+/+; b∆/∆ vs. a∆/∆; b∆/∆  -  -  0.015  -  -  <0.0001 
a+/+; b∆/∆ vs. a∆/∆; b∆/∆  -  -  0.0012  -  -  <0.0001 
a∆/∆; b+/∆ vs. a+/∆; b∆/∆  -  -  0.67  -  -  0.0019 
a∆/∆; b+/∆ vs. a∆/∆; b∆/∆  0.29  <0.0001  0.0004  <0.0001  <0.0001  <0.0001 
a∆/∆; b+/∆ vs. a∆/∆; b∆/∆  -  -  0.012  -  -  <0.0001 
a+/∆; b∆/∆ vs. a∆/∆; b∆/∆  -  -  0.0068  -  -  <0.0001 
a+/∆; b∆/∆ vs. a∆/∆; b∆/∆  -  -  0.0001  -  -  <0.0001 
a∆/∆; b∆/∆ vs. a∆/∆; b∆/∆  -  -  0.18  -  -  <0.0001 
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offspring or relatively small clutches (30-80 eggs). Notably, ovaria of 3-month-old 
mmp14a+/∆; mmp14b∆/∆ females were phenotypically normal including presence of late 
stages of follicular development (not shown). In contrast, the majority of mmp14a∆/∆; 
mmp14b+/∆ couples set up for crossing repeatedly produced large clutches (up to ~300 
eggs). It is noteworthy that the number of eggs laid seems to be the limiting factor, as 
the majority of eggs laid was fertilised. This strengthens the hypothesis that 
Mmp14a/b have a role in ovarian follicle development. At 43 dpf, the mmp14a/b KO 
fish resulting from both crossings were indistinguishable in phenotype and body size 
(15.8 vs. 17.0 mm; p = 0.18; see Fig. 4.12A). In both crossings, the mmp14a/b KO fish 
were significantly smaller than their clutch mates and age-matched WT fish (see Fig. 
4.12B-C; see Table 4.3 for significance levels). At 90 dpf, mmp14a/b KO offspring 
from both crossings had the typical phenotype encompassing all the features described 
above (Fig. 4.12D). Although the offspring of F3 mmp14a∆/∆; mmp14b+/∆ fish (the 
individuals shown before in Fig. 4.11). Although the double homozygous KO fish of 
both crossings were significantly smaller than their clutch mates and WT fish, 
mmp14a/b KO fish of mmp14a+/∆; mmp14b∆/∆ parents had a slight yet significant larger 
total body length than KO fish of mmp14a∆/∆; mmp14b+/∆ parents (13.6 vs. 20.6 mm; p 
< 0.0001; Fig. 4.12E-F). Interestingly, the F4 mmp14a+/∆; mmp14b∆/∆ fish were found 
to be on average significantly smaller than their mmp14a+/+; mmp14b∆/∆ clutch mates 
(29.0 vs. 30.9 mm, p < 0.0001), whereas there was no significant difference in total 
body length between mmp14a∆/∆; mmp14b+/+ and mmp14a∆/∆; mmp14b+/∆ fish at 90 dpf 
(30.8 vs. 30.2 mm; p = 0.35). Although this confirms the shorter length of mmp14a+/∆; 
mmp14b∆/∆ fish in the F3 generation, the relative shortness of the head as present as 
shown in Figure 4.7 was not observed in the F3 generation. In addition, part of the F2 
and F3 mmp14a+/∆; mmp14b∆/∆ fish showed dorsal tilting of the head, similar as seen in 
mmp14a/b KO fish (Fig. 4.12D). Scoring the number of fish with dorsally tilted head 
per genotype demonstrated that this feature becomes more evident over time in 
mmp14a/b KO fish, and is less penetrant in mmp14a+/∆; mmp14b∆/∆ fish (see Tables 4.4 
and 4.5). Notably, there was no statistical difference in the penetrance of this feature 
 
Table 4.4 – Number of individuals per genotype with an uptilted head. n, number of individuals with 
an uptilted head; N, total number of assessed individuals. Genotypes are coloured as in Figure 4.12. 

  43 dpf  90 dpf 
  %  n/N %    n/N 
mmp14a+/+; mmp14b+/+   0  0/39    0    0/75 
mmp14a∆/∆; mmp14b+/+    0  0/14    0    0/20 
mmp14a∆/∆; mmp14b+/∆    0  0/27    0    0/24 
mmp14a∆/∆; mmp14b∆/∆  46  6/13  86  18/21 
mmp14a+/+; mmp14b∆/∆    0  0/09    0    0/17 
mmp14a+/∆; mmp14b∆/∆  16  3/19  14    4/29 
mmp14a∆/∆; mmp14b∆/∆  69  9/13  77  10/13 
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between mmp14a/b KO offspring of the two crossings (86 vs. 77% at 90 dpf, p = 
0.653). In conclusion, the phenotype of mmp14a/b KO fish is independent of the pa-
rental genotype. Additionally, mmp14a+/∆; mmp14b∆/∆ display a partial phenotype with 
larger inter-individual variability.  
 
mmp14a/b KO fish have a shortened life-span 

In the growth curve shown in Figure 4.11B, the mmp14a/b KO fish at 90 dpf were on 
average shorter than at 73 dpf, due to the death of several larger individuals. The 
mmp14a/b KO fish had a shorter life-span compared to their clutch mates and to WT 
fish. Up till one-month post fertilisation, the different genotypes in the offspring of 
mmp14a∆/∆; mmp14b+/∆ parents followed a Mendelian ratio. At later time points, the 
percentage of mmp14a/b KO fish decreased progressively. When genotyping offspring 
of mmp14a∆/∆; mmp14b+/∆ or mmp14a+/∆; mmp14∆/∆ parents between 2 and 3 months of 
age, only 73 out of a total of 492 (14.8%) fish turned out to be double homozygous 
KO. This implies that at least 41% of mmp14a/b KO fish died before three months of 
age. The majority of KO fish that survived past 71 dpf died within the next 7 months, 
as shown in the Kaplan-Meyer survival curve in Supplemental Figure 3.6. In contrast, 
there was no significant death of the other genotypes between the first week and the 
first three months. Afterwards only a handful of WT fish and the clutch mates of 
mmp14a/b KO fish died, usually due to illness not related to the CRISPR-induced 
mutation (confirmed by pathology evaluation, data not shown). Interestingly, short 
stature and a shorter life-span have also been reported for patients and mouse models 
with MMP14 mutations (see Chapter 1 and 2). However, the cause of death differs 
between patients and mice. Where patients usually die of (untreated) heart failure, the 
Mmp14 mutant mice are not successfully weaned and die of wasting [1, 4, 5]. It has 
been suggested by Zhou et al. that the facial abnormalities present in the Mmp14 mu- 
 
Table 4.5 – Levels of significance of Fisher Exact test comparing the number of individuals with 
uptilted head per genotype. Genotypes are coloured as in Figure 4.12. 

  43 dpf  90 dpf 
mmp14a+/+; mmp14b+/+ vs. mmp14a+/∆; mmp14b∆/∆  0.031  0.000 
mmp14a+/+; mmp14b+/+ vs. mmp14a∆/∆; mmp14b∆/∆  0.000  0.000 
mmp14a+/+; mmp14b+/+ vs. mmp14a∆/∆; mmp14b∆/∆  0.000  0.000 
mmp14a∆/∆; mmp14b+/+ vs. mmp14a∆/∆; mmp14b+/∆  0.530  0.281 
mmp14a∆/∆; mmp14b+/+ vs. mmp14a∆/∆; mmp14b∆/∆  0.006  0.000 
mmp14a∆/∆; mmp14b+/∆ vs. mmp14a∆/∆; mmp14b∆/∆  0.000  0.000 
mmp14a+/+; mmp14b∆/∆ vs. mmp14a∆/∆; mmp14b∆/∆  0.002  0.000 
mmp14a+/+; mmp14b∆/∆ vs. mmp14a+/∆; mmp14b∆/∆  0.004  0.000 
mmp14a∆/∆; mmp14b+/∆ vs. mmp14a+/∆; mmp14b∆/∆  0.064  0.117 
mmp14a∆/∆; mmp14b+/∆ vs. mmp14a∆/∆; mmp14b∆/∆  0.109  0.000 
mmp14a∆/∆; mmp14b∆/∆ vs. mmp14a∆/∆; mmp14b∆/∆  0.428  0.653 

 



CHAPTER 4 

156 

 
Figure 4.13 – Skull bone density is reduced in mmp14a∆/∆; mmp14b∆/∆ and mmp14a+/∆; mmp14b∆/∆ 
fish. A, 3D renders of the skeleton of offspring of 3-month-old mmp14a∆/∆; mmp14b+/∆ parents, imaged by 
microcomputed tomography. Skull bones of mmp14a/b KO fish have significantly reduced density (see B) 
and hence appear as incomplete in 3D reconstruction, as do the ribs. Note the exaggerated Weberi-
an/prehemal kyphosis in mmp14a/b KO fish. B-C, bone density measurement of 3-month-old WT fish and 
offspring of mmp14a∆/∆; mmp14b+/∆ or mmp14a+/∆; mmp14b∆/∆ parents. Horizontal lines represent the aver-
age ± standard error. The total bone density (average of the entire skeleton) of mmp14a/b KO fish is signif-
icantly lower than its clutch mates’ (see Table 4.6), which is completely attributable to a reduced skull bone 
density. C, mmp14a+/∆; mmp14b∆/∆ fish have significantly reduced bone density, not only of their skull 
bones, but also of their vertebrae. Note the increase in the spread of measurements for mmp14a+/∆; 
mmp14b∆/∆ fish. Genotypes are coloured as in Figure 4.12. 

 
tant mice might contribute to poor feeding and malnutrition [53]. Although feeding 
problems could contribute to the death of mmp14a/b KO fish, there is evidence (as 
shown in Fig. 4.15 and discussed below) suggesting a different cause of death.  
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Figure 4.13 (continued). 
 
Knockout of mmp14a/b causes a reduced skull bone density in zebrafish 

As mmp14a/b KO fish have a short stature, craniofacial malformations and kyphosis, 
their skeleton was subsequently analysed by microcomputed tomography (micro-CT). 
Apart from visualising the entire skeleton, this technique allows for the measurement 
of the bone density as well. A total of five fish per genotype (WT fish and the off-
spring of both F3 mmp14a∆/∆; mmp14b+/∆ and F3 mmp14a+/∆; mmp14b∆/∆ fish inter-
crossed) were analysed. As development in D. rerio correlates with their body size more 
than their age, it was expected that larger fish would have a higher bone density. The 
difference in average total body length between mmp14a/b KO fish and their clutch 
mates increased over time and may confound the bone density results. However, the  
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Figure 4.13 (continued). 
 
first trial with 4.5-month-old fish revealed that the bone density in the smaller 
mmp14a/b KO fish is a limiting factor. Although size differences between the geno-
types are smaller at juvenile age, imaging mmp14a/b KO juveniles would not yield 
reproducible density measurements. Therefore, fish were imaged at 90 dpf. For a fairer 
comparison, fish of average total body length were selected with exception of 
mmp14a/b KO fish, where only the largest individuals were imaged. Micro-CT scan-
ning at 90 dpf revealed mmp14a/b KO fish had a significantly reduced average bone 
density compared to their clutch mates and WT fish. For mmp14a/b KO fish with 
mmp14a∆/∆; mmp14b+/∆ parents, this difference in bone density was completely at-
tributable to the reduced density of skull bones, while the density of the vertebral col-
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umn was normal (Fig. 4.13B; see Table 4.6 for levels of significance). Similar results 
have been reported for the Mmp14 mutant Sabe mouse before [4]. The low skull bone 
density is reflected in the 3D reconstructions of the skeleton shown in Figure 4.13A, 
where the skull bones of mmp14a/b KO fish had such low density they appeared to be 
partially missing. The bone density of mmp14a∆/∆; mmp14b+/+ and mmp14a∆/∆; 
mmp14b+/∆ was not significantly different from that of age-matched WT fish. Although 
there was no significant difference in the total bone density between mmp14a/b KO 
fish of the two crossings 930.9 vs. 908.0 mg/cc, p = 0.20), the average bone density 
measurement of the skull and the vertebral column separately demonstrated a lower 
average density in double homozygous offspring of mmp14a+/∆; mmp14b∆/∆ parents 
(931.1 vs. 891.5 mg/cc for skull, p = 0033; 930.5 vs. 891.5 for vertebrae, p = 0.0099). 
One explanation could be differences in volume of the skull relative to the vertebral 
column in individual fish, thereby contributing to a different extent to the bone density 
of the total skeleton. This is supported by the notion that there are two mmp14a/b KO 
fish with a skull volume that was almost half of that of other mmp14a/b KO fish, alt-

 
 Table 4.6 – Significance levels of two-sided student T-test on microcomputed tomography meas-
urements between genotypes. Soc, supraoccipital bone; sn2, supraneural of the second Weberian verte-
bra. Genotypes are coloured as in Figure 4.12. 

  Bone density  Angles 
  total  skull  vertebrae  kyphosis  soc-sn2 
a+/+; b+/+ vs. a∆/∆; b+/+  0.32  0.17  0.87  0.60  0.84 
a+/+; b+/+ vs. a+/+; b∆/∆  0.038  0.18  0.020  0.58  0.94 
a+/+; b+/+ vs. a∆/∆; b+/∆  0.36  0.36  0.90  0.16  0.15 
a+/+; b+/+ vs. a+/∆; b∆/∆  0.057  0.043  0.0008  0.38  0.015 
a+/+; b+/+ vs. a∆/∆; b∆/∆  0.11  0.022  0.92  0.0002  0.0001 
a+/+; b+/+ vs. a∆/∆; b∆/∆  0.058  0.0057  0.047  0.0011  <0.0001 
a∆/∆; b+/+ vs. a+/+; b∆/∆  0.0040  0.58  0.0084  0.91  0.75 
a∆/∆; b+/+ vs. a∆/∆; b+/∆  0.68  0.12  0.82  0.51  0.30 
a∆/∆; b+/+ vs. a+/∆; b∆/∆  0.089  0.095  0.0002  0.33  0.030 
a∆/∆; b+/+ vs. a∆/∆; b∆/∆  0.0080  0.0020  0.19  0.0004  0.0003 
a∆/∆; b+/+ vs. a∆/∆; b∆/∆  0.089  0.0091  0.016  0.0029  <0.0001 
a+/+; b∆/∆ vs. a+/∆; b∆/∆  0.29  0.20  0.068  0.30  0.0022 
a+/+; b∆/∆ vs. a∆/∆; b+/∆  0.0019  0.061  0.0077  0.38  0.055 
a+/+; b∆/∆ vs. a∆/∆; b∆/∆  0.46  0.034  0.43  0.0016  <0.0001 
a+/+; b∆/∆ vs. a∆/∆; b∆/∆  0.047  0.52  0.0060  0.0002  <0.0001 
a∆/∆; b+/∆ vs. a+/∆; b∆/∆  0.082  0.061  0.0002  0.11  0.16 
a∆/∆; b+/∆ vs. a∆/∆; b∆/∆  0.0007  0.0001  0.059  0.0002  0.0003 
a∆/∆; b+/∆ vs. a∆/∆; b∆/∆  0.079  0.0055  0.014  0.0012  <0.0001 
a+/∆; b∆/∆ vs. a∆/∆; b∆/∆  0.64  0.49  0.013  0.0068  <0.0001 
a+/∆; b∆/∆ vs. a∆/∆; b∆/∆  0.15  0.27  0.0002  0.0008  0.0008 
a∆/∆; b∆/∆ vs. a∆/∆; b∆/∆  0.20  0.033  0.0099  0.12  0.26 

 

hough their vertebral column volume was comparable (Fig. 4.13C). This, in addition to 
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Figure 4.14 – mmp14a/b KO fish have significantly increased Weberian-prehemal kyphosis and a 
sharper supraoccipital-supraneural 2 angle. A, Midsagittal virtual microcomputed tomography sections 
of 3-month-old offspring of mmp14a∆/∆; mmp14b+/∆ parents, with the angle of kyphosis (magenta) and the 
angle between the supraoccipital bone (soc) and the supraneural of the second Weberian vertebra (sn2; 
green) indicated. B, The average soc-sn2 angle (red bars) is significantly sharper in mmp14a/b KO fish, 
irrespective of the crossing. C, the average angle of kyphosis (red lines) is increased in mmp14a/b KO fish, 
as well as in mmp14a+/∆; mmp14b∆/∆, albeit to a lesser degree. See Table 4.6 for levels of significance. Geno-
types are coloured as in Figure 4.12. 
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Knockout of mmp14a/b causes hyperkyphosis and cranial vault abnormalities in zebrafish 

Hyperkyphosis is part of both the human and murine MMP14-related phenotype. 
Gross anatomy images of mmp14a/b KO fish at 90 dpf suggested the presence of hy-
perkyphosis. The skeletal 3D renders shown in Figure 4.13A clearly confirmed an 
increased Weberian-prehemal hyperkyphosis and dorsal tilting of the skull in 90 dpf 
mmp14a/b KO fish. Differences in Weberian-prehemal kyphosis between the different 
genotypes were quantified subsequently. For this, the angle between a line connecting 
the centra of the Weberian vertebrae and a line connecting the centra of the prehemal 
vertebrae was measured on midsagittal digital sections (magenta lines in Fig. 4.14A). 
As expected, the angle of Weberian-prehemal kyphosis was significantly increased in 
mmp14a/b KO fish compared to their clutch mates and age-matched WT fish. In addi-
tion, there was no significant difference between the average angle of kyphosis of 
mmp14a/b KO fish from mmp14a∆/∆; mmp14b+/∆ or mmp14a+/∆; mmp14b∆/∆ parents 
(40.7 vs. 31.4, p = 0.12). On the digital midsagittal micro-CT sections, it appeared that 
the dorsal tilting of the head was accompanied by morphological differences of the 
posterior cranial vault. The posterior roof of the skull is formed by the supraoccipital 
process (soc), which forms a fibrous connection with the supraneural of the second 
Weberian vertebra (sn2) [54, 55]. In mmp14a/b KO fish, the angle between these two 
bones was significantly sharper (107-113), independent of the parental genotype. 
Notably, the soc-sn2 angle was sharper, yet to a lesser extent, in mmp14a+/∆; 
mmp14b∆/∆ fish (143) compared to WT fish (p = 0.015). Levels of significance for 2-
sided student T-tests performed on the measured angles are summarised in Table 4.6.  
 
mmp14a/b KO fish have an abnormal bone architecture 

After demonstrating mmp14a/b KO fish have a reduced bone density, the bone histol-
ogy was subsequently analysed on midsagittal sections of 3-month-old WT fish and the 
offspring of F3 mmp14a∆/∆; mmp14b+/∆ parents. Haematoxylin and eosin (H&E) stain-
ing revealed an abnormal architecture of craniofacial bones and Weberian vertebrae. 

differences in density between the skull bones and the vertebral column within a single 
fish, was likely to cause the large spread in total bone density in mmp14a/b KO fish of 
mmp14a+/∆; mmp14b∆/∆ parents. Interestingly, mmp14a+/+; mmp14b∆/∆ fish, and especial-
ly mmp14a+/∆; mmp14b∆/∆ fish, had a lower average density of the skull and vertebral 
column (Fig. 4.13C). However, average total bone density was only significantly re-
duced for mmp14a+/+; mmp14b∆/∆ fish compared to age-matched WT fish. This was 
likely due to the considerable inter-individual spread in skull bone density seen for 
mmp14a+/∆; mmp14b∆/∆ fish, which suggests reduced bone density is a variable feature 
of this genotype, similar to the dorsal tilting of the head described above. Levels of 
significance for the 2-sided student T-tests performed on the data of Figure 4.13B-C 
are summarised in Table 4.6. 
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Figure 4.15 – Knockout of mmp14a/b affects ossification both types of ossification of bones of 
neural crest and mesodermal origin. A-D, haematoxylin and eosin stained midsagittal sections of 3-
month-old WT fish and offspring of mmp14a∆/∆; mmp14b+/∆ parents. The cartoons on the right highlight 
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Figure 4.15 (continued) – the bones shown on the sections in green (neural crest origin) or magenta 
(mesodermal origin). A, the frontal bone of WT fish has a smooth surface and even thickness on sagittal 
sections. In contrast, the frontal bone in mmp14a/b KO fish has a threadbare appearance (stars) with a 
heavily undulated surface and uneven eosin staining (note the lighter parts highlighted by arrowheads). B, 
bones forming both the upper (maxilla, m) and lower (dentary, d) jaw of mmp14a/b KO fish have a relative 
lack of bone and (as a result) relative abundance of cartilage. The chondrocytes (enlarged for dentary) 
appear less organised and vary in size. C, the suppraoccipital bone (soc) and the supraneural of the second 
Weberian vertebra (sn2) form a much sharper angle in mmp14a/b KO fish. Both soc and sn2 contain little 
bone but an abundance of cartilage. In the soc, the cartilage contains disorganised chondrocytes and areas 
that lack cells (star). Note the relative lack of haematoxylin staining, indicating the lower proteoglycan 
content of the cartilage. The soc and sn2 are ventrally extended, and compress the spinal cord (sc) at the 
foramen (fm) against the Weberian vertebrae (compare the diameter of the foramen magnum indicated by 
the black line). D, the Weberian vertebral bodies of mmp14a/b KO fish have a disorganised aspect and 
contain cells in the superior part of the vertebral bodies (arrowhead). Scale bars equal 200 µm.  
 
As shown in Figure 4.15A, the frontal bones (and parietal bones, not shown) of 
mmp14a/b KO fish were irregularly thickened and had a variably undulated surface. 
Furthermore, the eosin staining of the frontal (and parietal) bones of mmp14a/b KO 
fish was uneven, with parts being less intensely stained (arrowheads). The frontal (and 
parietal) bone contained cell clusters (stars), resulting in a threadbare appearance on 
sagittal sections. These cells differed in staining pattern and morphology from chon-
drocytes (see below) and were suggested to be osteoclasts, locally digesting the bone 
matrix. Similar to the cells observed in the frontal and parietal bone, zebrafish osteo-
clasts can be multinucleated [23]. Furthermore, osteoclastic resorption of the outer 
bone plate of calvarial bones has previously been demonstrated in Mmp14 KO mice 
[56, 57]. In contrast, the frontal (and parietal) bones of their clutch mates and WT fish 
had a smooth surface and even thickness and eosin intensity on sagittal sections. Im-
portantly, both the coronal (between the frontal and the parietal bones) and the lamb-
doid suture (between the parietal and supraoocipital bones) were open in all genotypes 
at the age of three months as reported before [58]. On midsagittal sections of 
mmp14a/b KO fish, skeletal elements of the upper (maxillary bone) and lower (dentary 
bone) jaw appeared to contain a relatively small amount of bone matrix, whereas carti-
lage was relatively abundant (Fig. 4.15B). The chondrocytes in the jawbones appeared 
disorganised and varied considerably in size. The abnormalities in bone architecture of 
both the cranial vault and upper and lower jaw could account for the low skull bone 
density as measured by micro-CT. Although in both regions some of the affected 
bones (including the frontal bone, maxilla and dentary bone, see Table 4.9) are of NC 
origin, bones of mesodermal origin (parietal bone) were affected as well. In addition, 
the mesoderm-derived soc and sn2 of mmp14a/b KO fish are also affected. Midsagittal 
sections confirmed the much sharper angle between the latter two bones in mmp14a/b 
KO fish compared to their clutch mates and WT fish (Fig 4.15C). Furthermore, both 
structures contained only a minimal amount of bone matrix, while cartilage was rela-
tively abundant. The cartilage in the soc contained disorganised chondrocytes and cell-
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free areas (star). The ECM in these cell-free areas was relatively devoid of proteogly-
cans, indicated by the minimal haematoxylin staining as a result of the loss of basophil-
ia [57]. Proteoglycan loss has previously been reported in the murine parietal cartilage 
when this structure is removed during intramembranous ossification of the overlying 
parietal bone. However, apoptotic bodies, another hallmark of cartilage removal, were 
absent in the mmp14a/b KO soc [57]. Importantly, the soc and sn2 of mmp14a/b KO 
fish were ventrally extended, thereby narrowing the foramen magnum and spinal canal, 
compressing the spinal cord focally against the first Weberian vertebra. This was even 
further exaggerated by the dorsal tilting of the head. In contrast, in their clutch mates 
and WT fish, there was only minimal indentation of the spinal cord at the foramen 
magnum. As described above, mmp14a/b KO died earlier than their clutch mates. Mul-
tiple mmp14a/b KO fish were observed swimming inadequately 1-2 days before dying 
with a laterally bent tail, making tumbling movements at the water surface. After eu-
thanizing such fish by hypothermic shock, the tail straightened, suggesting the tail 
bending was caused by muscle spasm. Upon dissection, the swim bladder was normal 
in shape and size, intact and inflated (not shown). Therefore, we hypothesise that the 
focal spinal cord impingement causes muscle spasm, thereby severely limiting normal 
movement and feeding behaviour, eventually causing death. In mmp14a/b KO fish, the 
mesoderm-derived Weberian vertebral bodies had a disorganised aspect and contained 
clusters of multinucleated cells in their dorsal aspect (Fig 4.15D, arrowhead), not ob-
served in their clutch mates or WT fish. In addition, the amount of vertebral bone 
matrix was relatively small.  
During imaging of mmp14a/b KO fish at 90 dpf, it was noted that some individuals 
were unable to adduct their pectoral fins. On gross anatomical inspection in ventral 
view, the pectoral muscles seemed enlarged (not shown). Horizontal sections through 
the pectoral girdle demonstrated bilaterally deformed and thickened scapulae, with 
hypertrophy of subscapular muscle bundles relative to other muscle groups of the 
pectoral girdle (not shown). It is of note that (apart from the cleithrum) the NC is not 
reported to contribute to the skeletal elements of the pectoral girdle in D. rerio.  
In addition to the musculoskeletal abnormalities mentioned above, diffuse hypoplasia 
of skeletal and cardiac muscles was observed on midsagittal sections of double homo-
zygous mutants. In contrast to human patients, there were no valvular or outflow tract 
abnormalities in mmp14a/b KO fish. Apart from the smaller size of visceral organs as 
part of generalised smaller stature, the organ architecture was well differentiated and 
organised. No significant histopathological changes were observed in brain, sensory 
organs, pituitary gland, gill lamellae and pseudobranch, pharyngeal pad and oesopha-
geal sacs, teeth, intestine, kidney, pancreas and spleen, assessed according to Menke et 
al. [59]. At the age of 3.5 months, mmp14a/b KO fish showed less cytoplasmic glyco-
gen vacuoles in the liver as compared to their clutch mates. The gall bladder was rela-
tively large, although no pathological changes were identified on the sections (not 
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shown). There were no significant findings in the sections of mmp14a∆/∆; mmp14b+/+ 
and mmp14a∆/∆; mmp14b+/∆ fish compared to age-matched WT fish. 
Taken together, the data presented in Figure 4.15 suggest Mmp14a and Mmp14b have 
a crucial role in normal bone modelling and/or remodelling, which is not restricted to 
bones of NC origin. 
 
mmp14a/b KO fish have abnormal collagen content in affected bones 

As Mmp14a and Mmp14b are collagenases, the collagen content of the affected bones 
in the fish shown in Figure 4.15 was subsequently assessed by picrosirius red (PSR) 
staining of additional sagittal sections. Similar to the H&E staining shown in Figure 
4,17A, the frontal bone of WT fish, mmp14a∆/∆; mmp14b+/+ and mmp14a∆/∆; mmp14b+/∆ 
fish was homogenously stained by PSR (Fig. 4.16A). In contrast, the frontal bone in 
mmp14a/b KO fish appeared threadbare with a normointense core and hypointense 
periphery (arrowheads). The staining intensity was lowest in the cell-rich lacunae 
(stars). The maxillary bone and soc of WT fish, mmp14a∆/∆; mmp14b+/+ and mmp14a∆/∆; 
mmp14b+/∆ fish were homogenously stained, with a hyperintense peripheral layer (Fig. 
4.16B). In mmp14a/b KO fish, both bones were overall less intensely stained; the pe-
riphery was not hyperintense and appeared threadbare (arrowheads). Similar to the 
frontal bone, these peripheral hypointense regions contained cells that differed in 
morphology from the chondrocytes that were present more towards the centre of 
these skeletal elements. Taken together, the affected bones in mmp14a/b KO fish clear-
ly had an altered collagen content. To assess whether the collagen fibrils differed in 
their orientation between bones in mmp14a/b KO fish, their clutch mates and WT fish, 
the sections shown in Figure 4.16A-C were subsequently imaged by polarised differen-
tial interference contrast (DIC) microscopy. In addition to stain collagen, PSR enhanc-
es birefringence of fibrillar collagen and can thereby be used to assess collagen fibrillo-
genesis [60]. Birefringence was assessed in mmp14a/b KO fish in bones with abnormal 
ossification as shown in Figures 4.15 and 4.16A-C, and compared to their clutch mates 
and WT fish. As demonstrated in Figure 4.16D-F, no overt changes in birefringence 
between the different genotypes could be observed. This suggests that the initial colla-
gen fibrillogenesis is unaffected by mmp14a/b KO.  
 
mmp14a/b KO fish have an increased density of epidermal mucous cells  

When analysing the midsagittal H&E stained sections as shown in Figure 4.15, it was 
noted that the aspect of the skin of mmp14a/b KO fish was different. Although 
mmp14a/b KO fish had dermal scales that were covered by an intact epidermis consist-
ing of all reported cell layers, there seemed to be a relative abundance of mucous cells. 
These mucous secreting cells are located in the middle cell layer of the zebrafish epi-
dermis, covering the entire surface of the fish with their secrete. This mucous layer 
contributes to the barrier function of the skin, reduces shear stress between the epi- 
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Figure 4.16 – Affected bones in mmp14a/b KO have altered collagen content. A-C, picrosirius red 
stained midsagittal sections of 3-month-old WT fish and offspring of mmp14a∆/∆; mmp14b+/∆ parents. A, 
the frontal bone of WT fish is smooth and homogenously stained by picrosirius red. In contrast, the frontal 
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Figure 4.16 (continued) – bone in mmp14a/b KO fish appears threadbare (stars) with hyperintense and 
hypointense parts (arrowheads). B-C, the maxillary bone (m) and supraoccipital bone (soc) in WT fish are 
homogenously stained, with a hyperintense peripheral layer. In mmp14a/b KO fish, both bones are overall 
less intensely stained; the periphery is not hyperintense and appears threadbare (arrowheads). C, cell-free 
areas in the suppraoccipital bone (soc) are intensely stained by picrosirius red (stars). D-F, representative 
polarised DIC microscopy images of bones shown in A-C. Birefringence is similar in mmp14a/b KO com-
pared to their clutch mates and WT fish, indicating the organisation of collagen fibrils is unaltered by 
mmp14a/b KO. See legend of Figure 4.15 for additional abbreviations. Scale bars equal 200 µm. 
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Figure 4.17 – mmp14a/b KO fish have an increased density of epidermal mucous cells. A, repre-
sentative images of scales in haematoxylin and eosin stained midsagittal sections of 90 dpf WT fish and 
offspring of mmp14a∆/∆; mmp14b+/∆ parents of dorsal thoracic (top row) and tail (bottom row) epidermis, in 
which mucous cells (arrowheads) can readily be observed. Scale bar equals 50 µm. B, quantification of the 
number of mucous cells per 10,000 µm3 (close to the cross-sectional area of the epidermis covering an 
average WT scale), demonstrating the density of mucous cells is significantly increased in mmp14a/b KO 
fish, which is completely attributable to an increased density in the tail skin. Values are shown as average ± 
SEM. Note that all cell types in mmp14a/b KO skin are smaller compared to their clutch mates and WT 
skin. C, midsagittal section of a WT fish, indicating where images of scales were taken and quantified. Scale 
bar equals 2 mm.  
 
dermis and the surrounding water, contains an array of antimicrobial factors [61, 62]. 
There is an interesting link between mucous cells and human sebocytes. Both cell 
types die by holocrine secretion and share the expression of certain markers including 
Lrig1 [63 and unpublished, personal communication from Dr. T.J. Carney]. In addi-
tion, WS patients have severe acne, characterized by the presence of comedones, 
which are cystic sebaceous glands (see Chapter 3). Mucous cells can readily be identi-
fied on H&E stained sections by their round, lilac mucous core (Fig. 4.17A). To assess 
differences in mucous cell number, these cells were counted in five fields of view per 
region (thorax and tail, see Fig. 4.17C) per fish on midsagittal H&E stained sections of 
3-month-old fish at 10X magnification, for a total of five individuals per genotype. As 
mmp14a/b KO fish were smaller than their clutch mates and wild type fish, their scales 
were smaller as well. To correct for differences in scale size, the mucous cell density 
was expressed as the number of counted mucous cells per cross-sectional scale area. 
Although the mucous cells in mmp14a/b KO skin looked smaller compared to the skin 
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of their clutch mates and WT fish (Fig. 4.17A), their density was increased (26 vs. 17 
per 10,000 µm2, Fig. 4.17B) compared to WT fish. This increase was only statistically 
significant for scales of the dorsal tail (28 vs. 16 per 10,000 µm2), but not the dorsal 
thorax (24 vs. 20 per 10,000 µm2). The latter is likely attributable to the relatively large 
inter-individual spread in mucous cell density and the relatively small number of fish 
that were analysed per genotype. It is notable that also in mmp14a∆/∆; mmp14b+/∆ fish, 
the density of mucous cells was significantly increased in tail skin (23 vs. 16 per 10,000 
µm2). These data suggest mmp14a and/or mmp14b play a role in mucous cell develop-
ment, which is altered upon KO of mmp14a/b. 
 
Live imaging of cranial neural crest cells in zebrafish embryos and larvae with a custom-built light  
sheet microscope 

Having demonstrated craniofacial bone abnormalities in mmp14a/b KO fish, subse-
quent experiments aimed to elucidate when these abnormalities arise. In zebrafish, 
several major processes are involved in the formation of the craniofacial skeletal ele-
ments. As shown in Figure 4.1C, the majority of the craniofacial skeletal elements are 
of NC origin. The NC cells are induced at the dorsolateral aspect of the neural keel 
and later the (closing) neural tube and, after delamination, migrate extensively 
throughout the embryo [15, 64-67]. After reaching their final destination, NC cells 
subsequently differentiate and give rise to a vast array of cell types and tissues. In 
zebrafish, the cranial NC cells contribute to the larval craniofacial cartilage elements, 
which at a later stage are remodelled into the adult skeletal elements [14]. Given the 
role of MMP14 in invasive cell motility, disturbed cranial NC cell migration in 
mmp14a/b KO fish seemed a plausible explanation for the bone phenotype in these 
fish. To visualise NC cells in zebrafish embryos/larvae, the Tg(sox10::egfp) background 
was utilised. As Sox10 is a key regulator of NC cell development in mammals as well 
as in zebrafish, all NC cells in this background are labelled with Egfp [28]. However, 
imaging the green fluorescent NC cells in situ while three-dimensionally migrating in a 
region of interest over 200 µm in each direction would be challenging using regular 
line scanning confocal fluorescence microscopy. To overcome the limitations in scan-
ning speed and sample size, single plane illumination fluorescence microscopy was 
used. For this, a custom-built dual-sided light sheet microscope, under development in 
our institute, was optimised for usage with live zebrafish embryos and larvae. The 
basic set-up of this microscope is shown in Figure 4.18B. A thin sheet of excitation 
light illuminates the plane at which emitted fluorescence is detected, perpendicular to 
the light sheet, thereby greatly reducing out-of-focus light and achieving a higher sig-
nal-to-noise ratio [68]. Focussing a light sheet from both sides onto the sample guaran-
teed an even illumination, even in thick samples. Together with a long working dis-
tance 20X water lens, optical z-stacks up to 300 µm in thickness could be imaged at a 
speed of 50-200 ns per optical section. With this set-up, the system had an optical  
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Figure 4.18 – Live in vivo imaging of cranial neural crest cell migration in zebrafish embryos with 
a custom-built dual-sided light sheet fluorescence microscope. A, in zebrafish, cranial neural crest 
(NC, purple) cells are induced around 10.5 hpf dorsolaterally in the embryo. By 12 hpf the cranial NC cells 
delaminate and start migrating, first as a single wave that shortly after splits into distinct streams (black 
arrows): one anterior of the eye, and three into the developing branchial arches (a). Their migratory path is 
determined by positive (green) and negative (red) signals from the surrounding mesoderm. By 24 hpf, the 
cranial NC cells have completed the majority of their migration. B, schematic overview of single-plane 
illumination microscopy. The sample, i.e. a dechorionated Tg(sox10::egfp) zebrafish embryo, is embedded in 
a column of low-melting point agarose, which is kept in place in a water-filled sample chamber by a glass 
capillary attached to a sample holder (not shown for clarity). An excitation light sheet is focussed on the 
sample from two sides; the light that the sample emits is focused on a camera by a long-working distance 
water lens. Ot, otic vesicle. A is adapted from Mayor et al [64], with permission; B is adapted from Open-
SPIM Wiki; the original is available at http://openspim.org/File:SPIM_logo.jpg#filelinks.  
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resolution of 300 nm in the x,y plane and 10 µm in z-direction, sufficient to distinguish 
individual cells. In addition, the high speed with which z-stacks could be imaged cause 
relative low fluorophore bleaching and phototoxicity, thereby improving the viability 
of the embryos and allowing for longer observation periods [68].  
In the first series of trial experiments, NC cells were imaged at different time points in 
Tg(sox10::egfp) embryos WT for both mmp14a and mmp14b. In zebrafish, cranial NC 
cells are reportedly induced around 10.5 hpf. Around 12 hpf, the cranial NC cells start 
migrating (Fig 4.18A) [65]. The first NC cells reach the pharyngeal arches around 17 
hpf, and by 24 hpf the majority of cranial NC migration is completed [15, 24, 64-67, 
69]. In accordance with the literature, in 16 hpf embryos the cranial NC cells had initi-
ated their migration but had not yet reached the pharyngeal arches (Supp. Fig. 3.7A). 
At 28 hpf, cranial NC cells had completed the majority of their migration and had 
reached the pharyngeal arches (Supp. Fig. 3.7B). For imaging at later stages, embryos 
and larvae were grown in presence of 200 µM 1-phenyl 2-thiourea (PTU) from 24 hpf 
onwards to inhibit melanophore formation [70-73]. At 3 dpf, cranial NC cells were 
observed to contribute to the developing larval craniofacial cartilage elements (Supp. 
Fig. 3.7C), which are larger and more distinct at 6 dpf (Supp. Fig. 3.7D). Importantly, 
at all imaged developmental stages, individual cranial NC cells could be visualised in 
almost the entire head. Having optimised live in vivo imaging of cranial NC cells, the 
effect of mmp14a/b KO on their migration was assessed next. 
 
Knockout of mmp14a/b does not affect cranial NC migration in zebrafish 

To analyse the effect of mmp14a/b KO on cranial NC cell migration, F2 mmp14a+/∆; 
mmp14b+/∆ fish were outcrossed into the Tg(sox10::egfp) background. Their F3 off-
spring was selected for green fluorescence at 24 hpf, and fin-clip genotyped for 
mmp14a/b at adult age. F3 mmp14a+/∆; mmp14b+/∆ Tg(sox10::egfp) fish were again 
crossed with F2 mmp14a+/∆; mmp14b+/∆ fish to generate all possible combinations of 
mmp14a/b genotypes in the transgenic background for subsequent crossing. At 26-29 
hpf, a single z-stack was recorded of the head of the selected embryos. At this time 
point, the majority of NC migration has been completed. Differences between geno-
types in cranial NC migration should, therefore, be reflected in the relative position of 
NC cells at this time point. In addition, the chosen interval is small enough to make 
meaningful comparisons between embryos. By this approach, multiple embryos per 
clutch could be imaged. Accordingly, F5 green fluorescent embryos of three clutches 
of F4 mmp14a∆/∆; mmp14b+/∆ intercrossed parents were analysed. Offspring of one 
clutch of mmp14a+/+; mmp14b+/+ males crossed with mmp14a+/+; mmp14b+/∆ females 
served as control. As melanophore formation only starts around this time and because 
PTU treatment can potentially disrupt normal craniofacial development, embryos were 
not treated with PTU during this experiment [70, 75]. As shown in Figure 4.19, no 
overt differences in NC cell localisation were observed between the different geno- 
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types. In mmp14a/b KO embryos, as in their clutch mates and WT cousins, NC cells 
were present conform the developmental stage of the embryos: in the pharyngeal 
arches (arrowheads), in the olfactory pit, and on the surface of the eye. There were, 
however, some differences in relative signal intensity in these locations between, but 
also within (not shown) the different genotypes. This is likely a result of differences in 
orientation of the embryo relative to the detection objective when imaging. Neverthe-
less, these data suggest that cranial NC migration up to 26 hpf proceeded normally and 
was unaffected my mmp14a/b KO. One would be inclined to conclude that Mmp14a 
and Mmp14b, therefore, do not play a crucial role in cranial NC migration. However, 
due to the manner of crossing, a possible contribution of mmp14b maternal transcripts 
“rescuing” a putative impaired NC migration cannot be ruled out. To further assess 
whether the NC distribution and function is normal in mmp14a/b KO larvae, the larval 
craniofacial cartilage elements were subsequently analysed. 
 
Knockout of mmp14a/b does not affect larval craniofacial cartilage formation in zebrafish 

Having demonstrated a normal distribution of cranial NC cells in 26-29 hpf embryos, 
the larval craniofacial cartilage elements of NC origin were assessed next. For this, 5 
dpf F5 offspring of F4 mmp14∆/∆; mmp14b+/∆ parents were stained with alcian blue; 
WT larvae served as control. Alcian blue is a basic blue dye that binds to acidic muco-
polysaccharides such as glycosaminoglycans present in cartilage [76]. Qualitative analy-
sis did not identify overt differences between the genotypes. In mmp14a/b KO larvae, 
all elements were present and had normal size, shape and staining intensity (Fig. 4.20). 
Formation of larval craniofacial cartilage elements, therefore, does not seem to depend 
on Mmp14a/b, although the possible contribution of maternal transcripts cannot be 
entirely ruled out even at this age. After showing the larval craniofacial cartilage is 
unaffected in mmp14a/b KO fish, mineralization was assessed next. 
 
Knockout of mmp14a/b does not delay mineralisation during D. rerio larval and juvenile development 

In zebrafish, mineralisation of the skeleton initiates in the craniofacial elements around 
5 dpf [77]. Around 4 mm total length (~7 dpf), mineralisation of the axial skeleton, 
formed by the vertebral column and the median fins, starts in perichordal centra [26, 
77-79]. Similar to the majority of the craniofacial bones (see Table 4.9), the vertebrae 
form by membranous ossification. Ossification of the vertebral column can be divided 
into two parts. Anteriorly, unsegmented ossification gives rise to the baso-occipital 
articulary process (bop). Posteriorly, metameric mineralisation forms the vertebrae. 
The latter process starts at the third and fourth vertebral body; subsequent ossification 
centra are added bidirectionally [78]. At 5.5 mm total length, preural 1 and ural 1 ossi-
fy, after which ossification proceeds bidirectionally in the tail fin [78]. As ossification 
of the vertebral column proceeds following a fixed pattern and forms separate ossifica-
tion centra, the number of centra that have calcified at any given time point can be 
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Figure 4.21 – mmp14a/b KO does not delay mineralisation of the vertebral column. A, fluorescence 
microscopy image of a whole mount 14 dpf WT larva (5 mm standard length, SL) stained for calcified bone 
with alizarin red. Lateral view, anterior to the left. At two weeks of age, multiple craniofacial skeletal ele-
ments have started ossifying. In addition, the vertebral ossification centra start to calcify around the noto-
chord in a rostrocaudal wave, which has progressed until the eighth vertebra for the larva shown here. B, 
quantification of the number of calcified vertebral ossification centra at 14 dpf in WT larvae and offspring 
of mmp14a∆/∆; mmp14b+/∆ parents. Red lines represent average value per genotype. There is no significant 
difference in the average number of calcified vertebral ossification centra between the different genotypes. 
Note the large proportion of larvae that have not yet started ossification of the vertebral column; this 
proportion does not significantly differ between the different genotypes. Ab, air bubble; br, branchiostegal 
ray, cl, cleithrum; e, eye; en, entopterygoid; ic, intestinal content; o, opercle; p, parasphenoid. Additional 
abbreviations as in Figure 4.20. Stars indicate the otholiths. Scale bar equals 1 mm. 
 
counted as measure for (membranous) ossification rate. For this, 14 dpf offspring of 
mmp14a∆/∆; mmp14b+/∆ parents and 14 dpf wild type larvae were stained with alizarin 
red (AR), a calcium-binding dye. Although AR stained skeletal elements can be visual-
ised with brightfield microscopy, a higher sensitivity and contrast can be achieved by 
using fluorescence microscopy [76]. As shown in Figure 4.21A, many calcified cranio-
facial skeletal elements, conform the larvae’s age, could be identified by this method 
[74]. In addition, vertebral ossification centra could be visualised and scored. In all 
imaged 14 dpf larvae, ossification had started in the head. Although there was no sig-
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nificant difference in the average number of calcified vertebral centra between the 
genotypes, there were considerable inter-individual differences (Fig. 4.21B). For all 
analysed genotypes, in many larvae did ossification did not proceed to the vertebrae 
yet (Fig. 4.21B and Table 4.7). However, the number of fish in which vertebral calcifi-
cation had not yet started did not differ significantly between the genotypes (Table 
4.8). As the SL did not differ in these clutches at 21 dpf (see below) and differences in 
length between the genotypes have been shown to increase over time, SL was not 
measured in the imaged 14 dpf larvae. At 21 dpf, the experiment was repeated. At this 
time point, ossification of craniofacial skeletal elements had proceeded, although no 
overt differences in ossification or bone shape could be observed between the differ-
ent genotypes (Fig. 4.22A). In the vertebral column, ossification had proceeded further 
caudally and ossification of the tail fin had initiated. To assess differences in ossifica-
tion rate, the number of calcified elements in both the vertebral column and the tail fin 
was scored (see Fig. 4.22C for an overview) and corrected for the SL to achieve an 
“ossification score”. The measured SL was corrected for the effects of fixation (+ 0.29 
mm) [29]. Apart from differences between juveniles with the same genotype, there 
were no statistically significant differences in SL between the assessed genotypes at 21 
dpf (on average 5.5-5.8 mm; Fig. 4.22D and Table 4.8). In addition, there were no 
significant differences in ossification score between the different genotypes (9.07-9.59; 
Fig. 4.22E and Table 4.8). Normal ossification in mmp14a/b KO 14 dpf larvae and 21 
dpf juveniles is consistent with the mutant Mmp14 mouse models, where initial ossifi-
cation is normal, suggesting this process is not Mmp14-dependent [56]. 
 
At 30 dpf, mmp14a/b KO develop aberrantly shaped calvarian bones 

Having demonstrated that membranous ossification is not delayed in mmp14a/b KO 
fish in the first three weeks of life, juveniles were stained with alizarin red at 30 dpf. 
This revealed the first skeletal differences between the genotypes, just before the gross 
anatomical features become apparent. At 30 dpf, there were significant differences in 
SL (Fig. 4.23A and Table 4.8). For a fair comparison, only juveniles with similar SL 
(10.0-10.3 mm) were compared in Figure 4.23B-H. The entire skeleton is calcified in  
 
Table 4.7 – Quantification of vertebral mineralization in 14 dpf larvae. “no 0”, excluding larvae 
without vertebral calcification. 

Genotype  

Average 
calcified 

vertebrae, 
all larvae  

Average 
calcified 

vertebrae, 
“no 0”  

Larvae 
without 
calcified 
vertebrae  

Total 
number 

of 
larvae 

mmp14a+/+; mmp14b+/+  6.4  9.7  19  56 
mmp14a∆/∆; mmp14b+/+  4.4  7.7  19  45 
mmp14a∆/∆; mmp14b+/∆  4.7  8.4  29  66 
mmp14a∆/∆; mmp14b∆/∆  4.8  8.2  16  39 
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30 dpf mmp14a/b KO juveniles (Fig. 4.23B and H). However, the skull of the 
mmp14a/b KO fish looked smaller and its shape differed from that of its clutch mates 
and age-matched WT juveniles. When zooming in, subtle differences could be detect-
ed in the shape of the frontal, parietal and soc bones of mmp14a/b KO (Fig. 4.23D, F 
and G, green and magenta arrows, respectively). At 21 dpf, there were no differences 
in the soc between the different genotypes. The frontal and parietal bones, however, 
were not yet calcified in the 21-dpf juveniles and could therefore not be assessed.  
 
Discussion 
Winchester syndrome is an ultra-rare skeletal dysplasia that is caused by homozygous 
missense mutations in MMP14 [1, 2]. The mechanism underlying the associated re-
duced bone density and craniofacial malformations is incompletely understood. In the 
present study, we generated a novel mmp14a/b KO zebrafish model to gain insights in 
the pathogenesis of WS. Our zebrafish model recapitulated important aspects of WS 
and previous Mmp14 mutant and KO mouse models. As we outcrossed our fish at 
least once when generating mmp14a/b double mutants, the selected mutations were 
demonstrated to be deleterious on mRNA and protein level, and the phenotype of 
mmp14a∆/∆; mmp14b∆/∆ mutant fish was reproducible and independent of the parental 
genotype, we are convinced this phenotype is a specific effect of mmp14a/b KO. Simi-
lar to the patients and mice, our fish demonstrated a gradually worsening phenotype 
that includes stunted growth, craniofacial anomalies involving skeletal elements of 
both the viscerocranium and neurocranium, hyperkyphosis, a reduced bone density 
and shortened lifespan [1, 3-5, 53, 56, 81]. Similar to the mouse models, our mutant 
fish had a relatively short head, exophthalmos and the inability to produce offspring [4, 
5, 56]. Additional abnormalities in our fish, not present in WS patients or Mmp14  
 
Table 4.8 – Levels of significance for Mann-Whitney-U test comparing the average number of 
calcified vertebrae per genotype at 14 dpf, SL at 21 and 30 dpf, and ossification scores at 21 dpf, 
and for Chi-square test comparing the number of larvae without calcified vertebrae per genotype. 
“no 0”, excluding larvae without vertebral calcification. No vert, fraction of larvae without vertebral ossifi-
cation; Oss. score, ossification score as defined in Figure 4.22. 

 

  14 dpf  

21 dpf 

 

30 dpf 
  Average number of  

calcified vertebrae 
  

Comparison   All   “no 0”  No vert.  SL  Oss. score  SL 
a+/+; b+/+ vs. a∆/∆; b+/+  0.136  0.131  0.392  0.11  0.10  0.0001 
a+/+; b+/+ vs. a∆/∆; b+/∆  0.132  0.285  0.259  0.19  0.12  <0.0001 
a+/+; b+/+ vs. a∆/∆; b∆/∆  0.244  0.268  0.481  0.81  0.99  <0.0001 
a∆/∆; b+/+ vs. a∆/∆; b+/∆  0.913  0.547  0.858  0.67  0.31  0.45 
a∆/∆; b+/+ vs. a∆/∆; b∆/∆  0.762  0.658  0.912  0.088  0.15  <0.0001 
a∆/∆; b+/∆ vs. a∆/∆; b∆/∆  0.876  0.813  0.771  0.16  0.11  0.003 
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Figure 4.22 – Knockout of mmp14a/b does not delay mineralisation of the vertebral column and 
tail fin. A, fluorescence microscopy images of representative whole mount 21-dpf (5.7 mm SL) WT larvae 
or offspring of mmp14a∆/∆; mmp14b+/∆ parents, stained for calcified bone with alizarin red. Lateral view, 
anterior to the left. No obvious differences in overall skeletal structure or craniofacial skeletal elements can 
be detected. B, schematic overview of the craniofacial skeletal elements that can be identified in the images 
shown in A. C, schematic overview of the tail fin skeletal elements that can be identified the images shown 
in A. D, quantification of the SL of fish as shown in A. There are no statistically significant differences in 
average SL (red lines) between the genotypes analysed. E, quantification of the number of calcified verte-
brae and tail fin elements as shown in C (black, up to 28 ossified centra; blue, 0-3 preural centra; green, 0-2 
ural centra, cave preural and ural 1 are fused; purple, 0-2 hemal arches; red, parhypural; orange, 0-5 hypu-
rals, yellow, 0-19 subnumeral rays). Ossification score is the sum of ossified elements, divided by the stand-
ard length (in mm). There are no statistically significant differences in the average number of ossified 
elements (red bars) between the genotypes analysed. See Table 4.9 for abbreviations of craniofacial skeletal 
elements. Scale bar equals 1 mm. 

 
mouse models, included dorsal tilting of the skull accompanied by foramen magnum 
stenosis. Joint destruction reported in the mouse models was absent in our fish. In our 
model, we found that cranial NC migration was unaffected. Instead, skeletal remodel-
ling turned out to be abnormal, showing similarities with previously reported Mmp14 
KO mice [56]. As mmp14a+/∆; mmp14b∆/∆ fish, as well as maternal-zygotic (MZ) 
mmp14b∆/∆ fish showed a partial phenotype, whereas mmp14a∆/∆; mmp14b+/∆ and MZ  

Abb.  Full name  NCO  OT  Abb.  Full name  NCO  OT 
aa  anguloarticular  yes  D  op  operculum  yes  D 
b/boc  basioccipital  no  C  os  orbitosphenoid  yes  C 
bsr  branchiostegal ray  yes  D  p  palatine  yes  C 
cb  ceratobranchial  yes  C  pa  parietal  no  D 
cl  cleithrum  yes  D  pc  postcleithrum  no  D 
co  coracoid  no  C  pm  premaxilla  yes  D 
d  dentary  yes  D  po  prootic  yes  C 
e  ethmoid  yes  C  pop  preopercle  yes  D 
en  entopterygoid  yes  D  ps  parasphenoid  no  D 
eo  epioccipital  no  C  pto  pterotic  yes  C 
eoc  exoccipital  no  C  pts  pterosphenoid  yes  C 
f  frontal  mix  D  q  quadrate  yes  C 
h/hm  hyomandibula  yes  C  ra  retroarticular  yes  C 
k  kinethmoid  no  C  sop  supraorbital  yes  D 
iop  interopercle  yes  D  sph  sphenotic  no  C 
le  lateral ethmoid  yes  C  st  subopercle  yes  D 
mpt  metapterygoid  yes  C  st  sphenotic  yes  C 
mx  maxilla  yes  D  st  supratemporal   no  D 
n  nasal  yes  D  sy  symplectic  yes  C 

 

 
Table 4.9 – Abbreviation, neural crest contribution and ossification type of craniofacial skeletal 
elements in zebrafish. Data from Cubbage and Mabee, and Kague et al. [14, 80]. Abb, abbreviation; C, 
cartilage replacement; D, dermal; NCO, neural crest origin; OT, ossification type. 
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Figure 4.23 – At 30 dpf, mmp14a/b KO frontal, parietal and supraoccipital bone shape is aberrant. 
A, quantification of SL of 30-dpf WT juveniles and offspring of mmp14a∆/∆; mmp14b+/∆ parents imaged in 
B-H. Average SL (red lines) is significantly different between the analysed genotypes, with WT juveniles 
being larger and mmp14a/b KO fish being shorter on average. B, whole mount fluorescence microscopy 
images of representative 30 dpf juveniles (10.0-10.3 mm SL), stained for calcified bone with alizarin red. 
Lateral view, anterior to the left. C and E, schematic overview of the craniofacial skeletal elements that can 
be identified in the images shown in D and F in lateral and dorsal view, respectively. D, F and G, enlarged 
images of the skull and Weberian vertebrae of fish shown in B. In mmp14a/b KO fish, the shape of the 
frontal and parietal bone (green arrowhead) and the supraoccipital bone (magenta arrowhead) are slightly 
different to those in the other genotypes. H, enlarged images of the tail fin of fish shown in B. No differ-
ences in tail anatomy or ossification can be observed. See Table 4.9 for abbreviations. Scale bar equals 1 
mm. 

 
mmp14a∆/∆ fish did not (data not shown), it seems that Mmp14b has a more crucial 
role in skeletal remodelling. 
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Mmp14a/b may not be crucial for cranial neural crest migration  

The NC is the prime embryonic structure contributing to the development of the face 
[7, 64, 82]. As a result, genetic disorders that affect NC development often manifest 
with craniofacial dysmorphology [82, 83]. Similarly, patients and mice with homozy-
gous MMP14 loss-of-function mutations had craniofacial malformations affecting 
skeletal structures of NC origin [1, 3-5, 56]. After delamination, NC cells migrate ex-
tensively; for both processes, remodelling of the ECM is essential [64, 67, 83-85]. As 
MMP14 has an important role in invasive cell motility and NC cells have been demon-
strated to express mmp14 in Xenopus laevis, a role for Mmp14a/b was implied in cranial 
NC cell migration during zebrafish embryogenesis [8-13, 83]. This is further supported 
by the observation that MMP-inhibitors can reduce chicken NC motility rate in vivo 
and in vitro [86]. In addition, inhibition of MMP2, which is activated by MMP14, has 
been demonstrated to block NC delamination in the chicken embryo [66, 87]. Fur-
thermore, MO KD of tks5, encoding an adaptor protein that together with Mmp14 is 
involved in the formation of podosomes (specialised membrane structures involved in 
invasive cell motility, see Chapter 1), was shown to decrease the number of migrating 
truncal NC cells in zebrafish [84]. However, in our zebrafish model, we found that 
mmp14a/b KO did not affect cranial NC induction, delamination, migration or homing 
to the pharyngeal arches. In addition, the NC-derived larval cartilage elements ap-
peared qualitatively normal. In contrast, others have previously demonstrated that 
mmp14a/b KD by MO impaired convergence and extension (C&E) cell movements 
and dramatically disrupted larval craniofacial cartilage organisation in zebrafish [16, 
32]. Although these studies did not specifically analyse the NC, the migrational defect 
and cartilage abnormalities suggest that NC migration was likely impaired. An im-
portant difference between the used approaches to KD or KO mmp14 is the timing 
and site of action [88]. Where we crossed fish homozygous/heterozygous for genomic 
mutations in mmp14a/b, respectively, previous studies used MOs to inhibit Mmp14 
translation at the mRNA level. Although both mutant and morphant embryos still 
contain maternally derived proteins, it cannot be excluded that our mmp14a/b KO fish 
additionally contain maternal transcripts of WT mmp14b [32, 89]. MOs, on the other 
hand, are injected into the individual embryos to be analysed and can target the mater-
nal transcripts as well [38]. It is, therefore, possible that complete lack of Mmp14a/b 
results in NC migrational defects, which is masked in our model by the presence of 
maternally derived WT Mmp14b throughout embryonic development. However, the 
fact that Coyle et al. and Zhang et al. reported craniofacial abnormalities in larvae 
injected with MOs targeting either mmp14a or mmp14b, whereas its homolog remained 
unaffected, makes this hypothesis less plausible [16, 32]. Alternatively, the lack of an 
early phenotype in our mutant fish could be explained by genomic compensation, 
although the overt phenotype at later age would suggest such compensation would be 
time and/or tissue specific [90].  
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Figure 4.24 – Schematic overview 
of skeletal elements with aberrant 
ossification in mmp14a/b KO 
fish. Elements highlighted in green 
(NC-derived) or magenta (meso-
derm-derived) are demonstrated to 
have aberrant morphology and/or 
architecture. Grey elements are 
normal or could not be assessed by 
the used mode of imag-
ing/sectioning. W, Weberian verte-
brae. 

 
An alternative explanation for the discrepancy between the mutant and morphant 
phenotype could be a non-specific effect of the used MOs. Although some MOs effi-
ciently mimic mutant phenotypes, it has been demonstrated that MOs can induce 
false-positive features due to off-target changes in gene expression [37, 38, 89, 90]. 
Coyle et al. showed that their mmp14a morphant phenotype can be partially rescued by 
injecting embryos with mRNA encoding WT, but not catalytically inactive, Mmp14a, 
suggesting the phenotype is a specific result of mmp14a KD. The authors additionally 
reported that p53 KD by MO had no effect on the mmp14 morphant phenotype, how-
ever, the used MO doses are unclear [16]. In contrast, Janssens et al. later clearly 
demonstrated that p53-dependent apoptosis contributed significantly to the mmp14a 
MO-induced phenotype [17]. In addition, Boer et al. have demonstrated that MOs can 
induce p53-independent NC cell death [89]. The observation that in our mutant fish 
besides multiple NC-derived structures (frontal bone, opercle, subopercle, maxilla, 
premaxilla, dentary) also multiple mesoderm-derived skeletal elements (parietal bone, 
soc, sn2, Weberian vertebral bodies, see Fig. 4.24) are affected, whereas other NC-
derived structures (caudal fin lepidotrichae) and cell types (melanocytes) are not, ar-
gues against a NC-specific problem [14, 91]. The progressive skeletal phenotype pre-
sent in WS patients, previous mouse models, and our mutant zebrafish is more sugges-
tive of a more general problem in bone remodelling that affects the mutants later dur-
ing development [1, 3-5, 53, 56]. For a definite answer, MZ mmp14a/b mutant fish 
lacking maternally derived protein and mRNA should be generated. Although a direct 
role for Mmp14 in follicular development is likely, ovarian transplantation was suc-
cessfully used to overcome the breeding inability of Mmp mutant Sabe mice [4]. As our 
mmp14a/b KO fish were unable to generate offspring, transplantation of mmp14a/b 
KO ovaria into WT females and subsequent crossing with mmp14a∆/∆; mmp14b+/∆ 
males would be the only way to generate MZ mmp14a/b KOs. Furthermore, any addi-
tional features caused by injection of previously published MOs into these MZ mutant 
embryos would be confirmed as off-target.  
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Mmp14a/b play an important role in perichondral and intramembranous ossification in zebrafish 

After the larval craniofacial cartilage elements are formed, they are replaced during 
metamorphosis by the more permanent mature skeleton [29]. We found that the tim-
ing and rate of mineralization are unaffected in mmp14a/b KO larvae. Instead, we 
demonstrated that later aspects of skeletal remodelling and bone formation are dis-
rupted, which became evident for the first time around 30 dpf and seemed progressive 
in nature given the worsening gross phenotype of mutant fish.  
In fish, like in mammals, bone can be formed by two different processes: intramem-
branous ossification and endochondral ossification [20]. The majority of the bones 
that had an abnormal architecture in our mutant fish, except for the soc, are formed by 
intramembranous ossification (see Table 4.9) [14, 20, 23, 58, 78-80]. Intramembranous 
bones, in fish often referred to as dermal bones, develop directly from mesenchymal 
condensation [78]. This occurs entirely or partially in association with cartilage, but not 
within the cartilage itself [92]. During endochondral ossification, bone forms within a 
cartilage precursor [78]. In fish, true endochondral ossification is rare, and the com-
mon mechanism by which cartilage is replaced by bone is perichondral ossification 
(together referred to as “cartilage replacement” in Table 4.9) [14, 20]. During peri-
chondral ossification, bone is laid down by cells at the surface of the cartilage that 
previously formed the perichondrium. In contrast to mammals, the cartilage precursor 
can remain present inside the bone [20]. In our mutant fish, we observed a relatively 
small amount of bone matrix in all affected bones, irrespective of their ossification 
type. The maxilla, dentary bone and soc contained a relative abundance of cartilage 
with irregular hyperthrophic chondrocytes and, in the soc, loss of peptidoglycans and 
cell-free collagen-rich areas. The calvariae and maxilla additionally contained lacunae 
filled with multinucleated cells, seemingly resorbing the bone matrix locally. Finally, we 
observed a distorted shape and morphology of frontal and parietal bone, soc and We-
berian vertebrae. Similar to our fish, both types of ossification were affected in previ-
ously reported Mmp14 KO mice [56]. In these mice, bone formation, in general, is 
reduced. Cartilage templates for endochondral ossifying bones, as well as those associ-
ated with intramembranous ossifying elements, are not timely and properly replaced or 
removed, respectively (see below). The intramembranously ossifying parietal bone is 
underdeveloped and undergoes osteoclastic resorption [53, 56]. Endochondrally ossi-
fying bones showed disturbed formation and retarded ossification of secondary ossifi-
cation centra [56]. Apart from species-related differences in bone morphology and 
ossification mechanisms, the bone abnormalities of our mmp14a/b KO fish seem, at 
least to a certain extent, comparable with those seen in Mmp14 KO mice.  
 
Possible mechanism of disrupted bone remodelling upon loss of Mmp14 

The question remains how the loss of MMP14 results in aberrant bone remodelling. 
Studies in mice have indicated a crucial role for MMP14 in endochondral and non-
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endochondral cartilage dissolution [53, 56]. In these two processes, MMP14 has been 
demonstrated to be essential for remodelling of unmineralised collagen matrix [93].  
In murine endochondral ossifying bones, the maturation, hypertrophy, and calcifica-
tion of pre- and early postnatal metaphyseal growth plates were shown to proceed 
normally. However, postnatal development of the secondary ossification centra turned 
out to be delayed [53, 56]. During this process, epiphyseal chondrocytes normally 
switch from expressing collagen type II to type X, hypertrophy, and promote minerali-
sation of the ECM [57, 92]. In addition, they release vascular endothelial growth factor 
(VEGF) to stimulate ingrowth of vascular canals [92]. At this point, the peripheral 
ECM is not yet mineralised and proteolytic cleavage of the collagen matrix is needed 
for vessel ingrowth. In contrast, the central matrix is mineralised and is subsequently 
resorbed by osteoclasts, and the chondrocytes undergo apoptosis [92, 94]. Bone is 
subsequently deposited around the cartilage core by newly differentiated osteoblasts 
[57]. In Mmp14 KO mice, vascular invasion of the epiphyseal cartilage is defective [53, 
56, 94]. Instead of a well-organised secondary ossification centre, a mass of hyper-
trophic chondrocytes surrounded by a chondroid matrix is retained that eventually 
ossifies via an alternative mechanism from the perichondrium [53, 56]. The disturbed 
endochondral ossification contributes to the impaired growth of the Mmp14 KO mice 
[56]. It has been suggested that the failure of epiphyseal vessel ingrowth is part of a 
more general defect in postnatal angiogenesis. Although supported by impaired corne-
al FGF2-stimulated angiogenesis in Mmp14 KO mice, additional vascular abnormalities 
are absent [53].  
Non-endochondral dissolution of cartilages associated with intramembranous ossifying 
skeletal elements also depends on the collagenolytic action of MMP14 [56]. During 
this process, first identified in the murine parietal cartilage, the chondrocytes stop 
synthesizing peptidoglycans and type II collagen. In contrast with endochondral ossifi-
cation, the chondrocytes neither hypertrophy nor produce type X collagen, but instead 
start expressing MMP14 and eventually undergo apoptosis [57, 92, 53]. In absence of 
MMP14, the peptidoglycan content is lost, but the collagenous matrix persists and is 
enriched in type I collagen by chondrocytes. The chondrocytes eventually undergo 
apoptosis, but at a later time point than normal and in a random distribution, creating 
an acellular fibrotic tissue described as “ghost cartilage” [53, 56]. In Mmp14 KO mice, 
this is thought to contribute to growth arrest and cranial dysmorphism [57, 92].  
The non-endochondral cartilage dissolution described above was additionally found to 
be impaired in bone-soft tissue interfaces [92]. Concurrently, excessive osteoclastic 
resorption of adjacent mineralized bone was observed [56, 53, 92]. Importantly, 
MMP14 is not needed for cathepsin-dependent dissolution of mineralized collagen 
matrix by osteoclasts [93]. It was thought that the impaired soft tissue remodelling 
disturbs the balanced development of different skeletal compartments. The osteoclas-
tic resorption was hypothesised by Holmbeck et al. to be a compensating mechanism 
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to reduce stress on (peri-) skeletal tissues and enable continued growth up to some 
extent [56, 92].  
In addition to its role in cartilage dissolution, additional functions for MMP14 in bone 
formation have been demonstrated that likely contribute to the MMP14 mutant phe-
notype. MMP14 was shown to stimulate the osteogenic potential of murine osteopro-
genitor cells and bone marrow stem cells [56, 93]. Tang et al. demonstrated that cata-
lytic remodelling of the ECM by MMP14 allows murine skeletal stem cells to change 
their shape, thereby stimulating commitment to the osteogenic lineage over the chon-
drogenic and adipogenic lineage in 3D in vitro culture [95]. Accordingly, mice with 
skeletal stem cell-specific Mmp14 KO have thickened cartilage, delayed membranous 
ossification and general osteopenia. Their appearance furthermore shares similarities 
with the Mmp14 KO mice, including short length, a short snout and dome-shaped 
skull [95]. In addition, MMP14 was shown to protect FGFR2 against the sheddase 
activity of ADAM9 (a disintegrin and metalloprotease domain 9). In absence of 
MMP14, FGFR2 shedding by ADAM9 abrogated FGF-dependent proliferation of 
osteoblasts [96]. It is unknown whether a general defect in FGF-dependent prolifera-
tion could as well account for the defect in angiogenesis reported by Zhou et al. [53]. 
Although reduced pro-MMP2 activation has previously been implied in Mmp14 KO, 
its importance remains unclear as MMP2 stimulates both the growth and differentia-
tion of both osteoblasts and osteoclasts [53, 97]. However, MMP14 additionally func-
tions as a sheddase for receptor activator of NF-κB ligand (RANKL) expressed on the 
plasma membrane of osteoblasts. In the absence of MMP14, binding of RANKL to its 
receptor RANK on osteoclast precursors is increased, resulting in increased osteoclast 
differentiation, activation, and survival [98]. Finally, increased cell senescence was 
demonstrated in multiple tissues of Mmp14 KO mice, which may contribute to the 
bone phenotype when present in osteoblasts or their progenitors [81]. Further studies 
are needed to assess whether these processes also underlie the skeletal abnormalities 
observed in our mmp14a/b KO fish. 
 
Conclusion and future perspectives 

We generated a novel zebrafish model for Winchester syndrome, recapitulating essen-
tial aspects of the skeletal phenotype. Similar to previous Mmp14 KO mouse models, 
early steps in skeletogenesis are unaffected. Instead, perichondral and intramembra-
nous ossification are disturbed in our fish. Our results moreover suggest Mmp14b is 
more crucial in these processes than its homolog Mmp14a. Bones of both NC and 
mesodermal origin were affected in our mutant fish yet cranial NC migration was un-
affected. However, with our current model, we cannot exclude a possible role for 
Mmp14a/b in NC migration, masked in our assay by maternal transcripts. Generating 
MZ mmp14a/b KO fish is required for a definite answer. Additional assays could shed 
light on the exact processes underlying the observed skeletal phenotype. Sections at 
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juvenile age could help to assess the sequence of events in aberrant bone remodelling. 
Staining for tartrate resistant acid phosphatase (TRAP) could assess to what extent 
osteoclastic one resorption plays a role in the bone anomalies. Transgenic lines could 
be used to assess the differentiation of osteoblasts and osteoclasts as well. Moreover, 
our observations highlight a central role for impaired collagen remodelling in patho-
physiology underlying the WS bone phenotype, a potential target for any novel phar-
macotherapy. We believe that our mmp14a/b KO fish could be used to develop and 
test such treatments, which might also be able to address osteoporosis and other con-
ditions with decreased bone density. In contrast to existing mouse models, our model 
can be used for high-throughput drug screening. In addition, it would be worth explor-
ing whether our fish could be used to model, and develop novel therapies for, 
postinflammatory dermal fibrosis seen in our patients. Finally, our fish could serve as a 
novel model for follicular maturation as well as epidermal mucous cell differentiation 
and/or function.  
 
Materials and methods 
 
Zebrafish husbandry 

Danio rerio larvae of the AB strain were grown in E3 medium (0.1 mM NaCl, 3.4 µM 
HCl, 6.6 µM CaCl2, 6.6 µM MgSO4, pH 7.4) at 28.5 C at a rearing density of 80-100 
individuals per liter until 14 dpf, after which larvae were transferred to a closed water 
system at a density of 13-16 per liter. Feeding schedule was fixed according to the age 
of the fish; light/dark (14 h/10 h) circadian rhythm remained fixed from 5 dpf on-
wards. From 4 weeks of age onwards, fish were kept at 27.5 C. Transgenic fish 
Tg(sox10::egfp) were a generated before by T.J. Carney [28]. All zebrafish experiments 
were conducted under IACUC licence 140924.  
 
Genomic editing of mmp14a and mmp14b in zebrafish by CRISPR/Cas9 

Optimal CRISPR target sites in mmp14a (NP_919397.1) and mmp14b (NP_919395.1) 
were identified by ZiFiT Targeter Version 4.2 (Zinc Finger Consortium, URL: 
zifit.partners.org/ZiFiT, date last accessed May 2014; see Table 4.10), ordered as 
gBlocks® Gene Fragments (Integrated DNA Technologies, Coralville, Iowa, USA), 
PCR amplified (see Table 4.11 for primers used) and transcribed into gRNA with the  
 

Gene  Exon  Orientation  Sequence 
mmp14a  4  Fw  5’-GGAGACAGCACCCCATTTGA-3’ 
mmp14b  4  Fw  5’-GGCGATGCCAGTCCATTTGA-3’ 

 

Table 4.10 – Overview of identified CRISPR target sites for knockout of mmp14a/b in D. rerio. Fw, 
forward; Rv, reverse.  
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InvitrogenTM MEGAshortscript T7 kit (ThermoFischer Scientific, Inc., Waltham, MA, 
USA; AM1354) according to the manufacturer’s protocol [46-48]. Cas9 mRNA was 
generated by transcribing the NotI-linearised pCS2 nls-zCas9-nls vector (Addgene, 
Cambridge, MA, USA; 47929) with the InvitrogenTM mMESSAGE mMACHINETM 
SP6 Transcription Kit (ThermoFischer Scientific, Inc.; AM1340) according to the 
manufacturer’s protocol [40]. Danio rerio zygotes were micro-injected in the yolk cell 
with ~2.5 nL 1x Danieau’s solution (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 
mM Ca(NO3)2, 5.0 mM HEPES; pH 7.6)/1x PhenolRed (Sigma; P0290) in dH2O 
containing 0.375 ng Cas9 RNA and 0.375 ng mmp14a gRNA or 1 ng mmp14b gRNA as 
previously described [99]. Genomic editing was assessed by lysis of 24 hpf embryos or 
juvenile/adult fin-clips (in 10 mM Tris, 50 mM KCl, 0.3% (v/v) Tween-20, 0.3% (v/v) 
NP-40, and 0.488 mg/mL proteinase K in dH2O, pH 8.3) and direct Sanger sequenc-
ing of a 200-500 bp gDNA amplicon encompassing the target site (primers for short 
genomic PCR are listed in Table 4.12) using BigDye Terminators version 3.1 (Ther-
moFischer Scientific, Inc.; 4337455) and a 3730XL sequencer (ThermoFischer Scien-
tific, Inc.). Chromatography reads were analysed for frameshift mutations with Poly 
Peak Parser web tool (Yost lab, Salt Lake City, UT, USA) and checked manually in 
SnapGene version 3.3.4 (Clontech Laboratories, Mountain View, CA, USA) [100]. 
Three-month-old F0 mosaic mutants were intercrossed and their F1 offspring geno-
typed at 2 months of age to identify fish with heterozygous frameshift mutations in 
mmp14a or mmp14b. F1 mmp14a+/∆ fish were outcrossed with F0 mmp14b founders to 
generate F2 mmp14a+/∆; mmp14b+/∆ fish, which were intercrossed to generate all possi-
ble mmp14a/b genotypes in the F3 generation. For NC cell imaging, F2 mmp14a+/∆; 
mmp14b+/∆ fish were outcrossed into the Tg(sox10::egfp) background. F3 mmp14a+/∆; 
mmp14b+/∆ Tg(sox10::egfp) fish were outcrossed with F2 mmp14a+/∆; mmp14b+/∆ fish to 
generate all possible mmp14a/b genotypes in Tg(sox10::egfp) background. 
 
Verification of mmp14a/b KO at the mRNA level 

Twenty 1-5 dpf embryos/larvae per genotype were pooled per time point, or 2-month-
old juveniles were kept separately, homogenised in Trizol (ThermoFischer Scientific, 
Inc.; 15596018), and total mRNA was chloroform/isopropanol precipitated and rinsed 
with ice-cold 75% (v/v) ethanol in diethyl pyrocarbonate-treated water (Sigma; 
159220). mRNA was resuspended in RNase-free water, DNase treated (ThermoFisch-
er Scientific, Inc.; AM2238) and cleaned-up with the RNeasy Mini Kit (Qiagen; 74106). 
 

Name  Tm (C)  Sequence 
gBlock Fw  49.6  5’-CATTATGGTGAAAGTTGGAAC-3’ 
gBlock Rv  62.6  5’-AAAAGCACCGACTCGGTGCCAC-3’ 

Table 4.11 – Overview of primers used for PCR amplification of the gRNA template. Fw, forward; 
Rv, reverse; Tm, melting temperature.  
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cDNA was synthesised with the High-Capacity cDNA Reverse Transcription Kit 
(ThermoFischer Scientific, Inc.; 4368813), all according to the manufacturers’ proto-
cols. Primers listed in Table 4.13 were tested at different concentrations (1.95-500 nM) 
on cDNA of 24 hpf WT embryos in technical triplicate with SYBRTM Select Master 
Mix according to the manufacturer’s protocol. Generation of a single amplicon was 
verified by direct Sanger sequencing. Expression of mmp14a/b was normalised to β-
beta-actin (and expressed relative to the expression level in WT embryos at 1 dpf for 
larvae or 2-month-old WT for juveniles). Two-month-old cDNA was amplified (pri-
mers listed in Table 4.14), run on a 1.5% (w/v) agarose in TAE 1x gel, isolated bands 
purified with the Wizard® SV Gel & PCR Clean-Up System (Promega, Madison, WI, 
USA; A9281) and sent for sequencing with the respective forward primer (AITbiotech, 
Singapore, Singapore). 
 
Cloning of pCS2+ mmp14a/b-HA plasmids 

Four expression vectors encoding either WT or mutant Mmp14a or Mmp14b with a 
C-terminal Haemagglutinin (HA) tag were generated. cDNA was obtained from 2-
month-old WT and mmp14a∆/∆; mmp14b∆/∆ juveniles, respectively, and WT respectively 
mutant mmp14a/b coding sequence PCR amplified with the primers listed in Table 
4.15. The forward primers started with zebrafish-optimised kozak sequence 5’- 
CCACC-3’, the reverse primer ended with the HA coding sequence. The amplicon was 
 
Table 4.12 – Primers used for genotyping. Fw, forward; Rv, reverse; Tm, melting temperature.  

Name  Sequence and binding site  Prod.  Tm (C) 
mmp14a exon 4 Fw1  5’-GCCACACATGAGGCCATCAA-3’ 

binds 144 bp upstream of target site 
 307 bp  61.0 

mmp14a exon 4 Rv1  5’-ACCCTAGACACAATTCTAGATCATCT-3’ 
binds 118 bp downstream of target site 

   58.9 

mmp14a exon 4 Fw2  5’-CCTGAAATGCCCACTCAGACC-3’ 
binds 235 bp upstream of target site 

 513 bp  60.4 

mmp14a exon 4 Rv2  5’-GCTCCAAACCAAGTGCATGACC-3’ 
binds 258 bp downstream of target site 

   60.4 

mmp14b exon 4 Fw1  5’-AAGTGTGGGAAAGCGTTACG-3’ 
binds 113 bp upstream of target site 

 223 bp  58.8 

mmp14b exon 4 Rv1  5’-ATAGTCCAAGGCTCAGCTGC-3’ 
binds 90 bp downstream of target site 

   59.8 

mmp14b exon 4 Fw2  5’-CGCAGCATACAGAACTACACGC-3’ 
binds 183 bp upstream of target site 

 326 bp  60.4 

mmp14b exon 4 Rv2  5’-GAGTGTTTTCGCTGACATGCGG-3’ 
binds 123 bp downstream of target site 

   60.4 
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gel-extracted and cloned into the pCR2.1 TOPO TA vector (ThermoFischer Scientific, 
Inc.; 450641) according to the manufacturer’s protocol. The kozak-mmp14a/b-HA 
insert was subsequently cloned into the pCS2+ backbone.  
 
Cell culture 

MRC-5V1 immortalised human fetal lung fibroblasts were provided by Prof. Alan 
Lehmann (University of Sussex, Brighton, UK). Cells were grown in 2D culture in 
high-glucose Dulbecco’s Modified Eagle Medium (DMEM, GE Healthcare Life Sci-
ences, Pittsburgh, PA; SH3024.01) containing 10% (v/v) fetal bovine serum (FBS; GE 
Healthcare Life Sciences, Pittsburgh, PA; A15-101) and 100 U/mL penicillin / 100 
µg/mL streptomycin (ThermoFischer Scientific, Inc.; 15140122) at 37 C in 100% 
humidity and 5% CO2. Cells were kept growing in log phase and passaged when reach-
ing 70-85% confluence by detaching cells using 0.25% trypsin-EDTA (ThermoFischer 
Scientific, Inc.; 25200-056).  
 
Western blotting 

For analysis of the effect of mmp14a/b frameshift mutations on putative protein prod-
ucts, 400,000 cells were seeded in 6 cm dishes. Cells were transfected with 24h post-
seeding with 8 µg pCS2+ vector using InvitrogenTM Lipofectamine 3000 (Ther-
moFischer Scientific, Inc.; L3000008) according to the manufacturer’s protocol, or left 
non-transfected. Media was refreshed 6h post transfection. Cells were harvested 24h 
post-transfection using trypsin-EDTA and whole cell protein extract obtained using 
Triton® X-100 lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% (v/v) mM β-
glycerophosphate) supplemented with protease inhibitors (Roche) and phosphatase 
inhibitors (10 mM NaF and 1 mM Na3VO4). Protein concentration was determined by 
Bradford protein assay (Biorad; 500-0006). Samples were mixed with Laemmli sample 
buffer and boiled for 5 min. Samples were subjected to SDS-PAGE before transfer to 
a PVDF membrane (Merck; ISEQ00010). Membranes were blocked in 5% (w/v) milk 
(Biorad; 170-6404) in 0.1% (v/v) Tween-20 in TBS 1x and incubated with rabbit anti- 
HA (Cell Signaling Technology Inc., Danvers, MA, USA; 3724) or rabbit anti-β-actin 
 
Table 4.13 – Primers used for qPCR. Fw, forward; Rv, reverse; Tm, melting temperature.  

Name  Sequence   
Binds to 
exon  Product  Tm (C) 

mmp14a F1331  5’-CAAGGAAAAGTGGTTCTGGCGA-3’  6-7  186 bp  58.6 
mmp14a R1516  5’-CCTTCCTCCATTTTAGCCTCGTTG-3’  8    60.5 
mmp14b F1265  5’-ACTCCATACCCCACACCGTA-3’  6  130 bp  58.4 
mmp14b R1394  5’-CACGCCAGAACCACTTACCCTTA-3’  6-7    60.5 
β-actin  5’-CGAGCAGGAGATGGGAACC-3’  1-2  100 bp  60.4 
β-actin  5’-CAACGGAAACGCTCATTGC-3’  2-3    56.1 
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buffer. Membranes were incubated with horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (1:3,000) and Streptactin (1:10,000) in 4% (w/v) milk in 
0.1% (v/v) Tween-20 in TBS 1x. Protein bands were visualised by ECL Western Blot-
ting substrate mix (ThermoFischer Scientific, Inc.; 32106) on the BioRad ChemidocTM 
and gel images edited in Image LabTM 5.1 build 8 software (Biorad). 
 
Gross anatomy of larval, juvenile and adult zebrafish 

Fish were sedated with in 200 µg/mL ethyl 3-aminobenzoate methanesulfonate 
(Tricaine/MS222; Sigma; A5040) in system water buffered to pH 7.0-7.5 with Na-
HCO3 and imaged on moist filter paper with a MZ16 FA fluorescence stereomicro-
scope (Leica, Wetzlar, Germany) at 1.4 MPixel resolution at 7.11x and 14x magnifica-
tion [101]. Images were stitched together in Pixelmator 3.5 Canyon software (Pixelma-
tor Team, Vilnius, Lithuania). Total body length was measured with Fiji software (U. S. 
National Institutes of Health, Bethesda, MD, USA; version 2.0.0-rc-15/1.49k, adapted 
by IMU). 
 
Microcomputed tomography 

Three month-old fish were euthanised by hypothermic shock, fixed in 4% PFA and 
dehydrated through graded water into ethanol. Average sized fish were fixed per geno-
type, except for mmp14a∆/∆; mmp14b∆/∆, for which larger individuals were selected to 
better match the size of the other genotypes. Microcomputed tomography images 
were acquired using an Inveon CT (Siemens AG, Berlin, Germany) at 55 kVp/110 
mA. The exposure time per projection was 2,500 ms, and a binning factor of 2 was 
used, resulting in a reconstructed pixel size of 35 µm. Planar images were acquired 
from 181 projections over 360° of rotation in step-and-shoot mode. The images were 
reconstructed using a Feldkamp cone-beam algorithm. Three-dimensional renders of 
the skeleton were made with AMIRA software (FEI, Mérignac Cedex, France) with 
constant window settings. Images were exported as TIFF files and extracorporeal 
skeletal elements of previously imaged fish were manually removed with Pixelmator 
software. Raw data was viewed with AMIDE-bin 1.0.5 software (Andreas Loening), 
individual virtual sections exported as TIFF files and angles measured in Fiji software. 
 
Table 4.14 – Primers for sequencing mmp14 cDNA. Fw, forward; Rv, reverse; Tm, melting tempera-
ture. 

Name  Sequence   Binds exon  Tm (C) 
mmp14a Fw1  5’-CAAAGAAGTGAGACCAGAGGCATG-3’  1-2  60.5 
mmp14a Rv2  5’-TAGAAATAGGCGTTGGCTCCATCC-3’  9-10  60.5 
mmp14b Fw1  5’-AAGATATGAAACCTGAGGCATGGC-3’  1-2  58.8 
mmp14b Rv2  5’-TATTGGAGTCTTCGTTAGGGCAGC-3'  10  60.5 

(Cell Signaling; 4967) primary antibodies at 1:1,000 respectively 1:4,000 in blocking 
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Histology 

Three-month-old fish were euthanized and fixed as described above. After trimming, 
the fish were placed into cassettes and processed with Sakura VIP Tissue Processor. 
Fish were dehydrated through graded ethanol into xylene (Chemtech Trading) before 
paraffin (Leica; 39601006) infiltration. After processing, tissues were embedded into 
paraffin blocks and sectioned midsagittally with a rotary microtome into 5 µm thick 
sections. The slides with sections were dried and placed into an incubator (60°C, 15 
min). The sections were deparaffinised and rehydrated through graded ethanol into 
water. Rehydrated sections were subjected to hematoxylin solution (Richard-Allan 
Scientific™; 7231), Bluing (Richard-Allan Scientific™; 7301), Clarifier (Richard-Allan 
Scientific™; 7442), and eosin-phloxine B Solution (AMPL). A separate batch of 5 µm 
thick sections of all the samples was stained with Weigert’s hematoxylin, followed by 
picrosirius red 0.1% (w/v) (AMPL) staining and rinsing with two changes of acidified 
(0.5%) water. Stained sections were dehydrated through graded ethanol into xylene 
and a cover-slip added. Slides were imaged with an automated slide scanner equipped 
with Zeiss AxioImager Z.2 body, MetaSystems stage, Zeiss Plan-Neofluar 20x/0.5 Ph2 
lens, SSCOPED TL light source, and CoolCube 1 camera with 1.4 Mpixel resolution 
controlled by Metafer4 software. Images were viewed with VSViewer V2.1.103 soft-
ware (MetaSystems GmbH, Altlussheim, Germany). Mucous cell number per cross-
sectional scale surface was quantified with Fiji software.  
 
Light sheet fluorescence microscopy of cranial neural crest cells 

Dechorionated green fluorescent Tg(sox10::egfp) embryos/larvae were stained with 500 
nM MitoTracker® Red CMXRos (Invitrogen; M7512), 2.5 µM DRAQ5 (Abcam; 
ab108410) or left unstained. Larvae imaged after 48 hpf were grown in E3 medium 
containing 200 µM N-phenylthiourea (w/v) (Sigma; P7629) from 24 hpf onwards [71]. 
Embryos/larvae were sedated with 200 µg/mL Tricaine, mounted in 2% (w/v) low-
melting point agarose/200 µg/mL Tricaine in E3 medium in a glass capillary (Brand, 
Wertheim, Germany; 701904) in the sample chamber of a custom built dual-sided 
 
Table 4.15 – Primers used to generate WT and mutant Mmp14a/b-HA-encoding plasmids. Fw, 
forward; HA, hemagglutinin; Rv, reverse; Tm, melting temperature. 

Name  Sequence   Tm (C) 
mmp14a Fw Kozak  5’-CCACCATGTTACCGAAACTGCAGACG-3’  56 
mmp14a Rv HA-Stop  5’-TTAAGCGTAATCTGGAACATCGTATGGGTAAACCTTA 

    TCGAGCAGAGAGCG-3’ 
 58 

mmp14b Fw Kozak  5’-CCACCATGATCTGGAGCGGGTTCA-3’  56 
mmp14b Rv HA-Stop  5’-TTAAGCGTAATCTGGAACATCGTATGGGTAAACCTTG 

    TCCAGTAGGGAGC-3’ 
 58 

M13F  5’-GTAAAACGACGGCCAGT-3’  53 
M13R  5’-GGAAACAGCTATGACCATG-3’  53 
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scanning light sheet microscope (IMB microscopy unit) containing 200 µg/mL 
Tricaine in the water as previously described [102]. The system was equipped with 488 
nm and 561 nm lasers (Coherent OBIS), guided via a beam splitter cube and two opti-
cal fibers onto Galvanometer mirrors. The collimated beam on the Galvanometer 
mirrors and the back focal plane of the objective (Leica air NPLAN 10x NA 0.25) 
formed a conjugated plane. A virtual light sheet was formed by scanning the Gaussian 
beam with the Galvanometer mirror using an analogue signal from an Arduino con-
troller with DAC chip. A beam expander controlled the thickness of the light sheet. A 
Z-stack was recorded either a single time point or every 7 min. The thinnest full width 
at half maximum of the Gaussian beam was 4.9 µm. Embryos/larvae were imaged in 
lateral view unless this was impossible due to their rotation in the agarose column. The 
raw data was exported and 2D projections of 3D renders were made with Imaris Im-
age Analysis Software 8.4.1 (Bitplane, Belfast, UK). After imaging, gDNA was ob-
tained by lysing the embryos/larvae and genotyped for mmp14a/b by direct 
PCR/Sanger sequencing as described above.  
 
Whole mount cartilage and calcified bone staining 

Larvae were stained for cartilage and calcified bone according to a protocol adapted 
from Walker et al. [76]. Larvae were euthanised by an overdose of Tricaine, fixed in 
4% PFA and dehydrated in 50% (v/v) ethanol. Larvae were stained with either 0.02% 
(w/v) Alcian blue 8 GX (Sigma; A5268)/60 mM MgCl2 or 40 µg/mL 3,4-dihydroxy-
9,10-dioxo-2-anthracenesulfonic acid sodium salt (alizarin red, Sigma; A5533) in 70% 
(v/v) ethanol for 14h at RT unless stated otherwise. Larvae were rehydrated in 50% 
ethanol (v/v). Thirty dpf alizarin red stained larvae were de-stained with 1% (w/v) 
KOH for 45 min at RT. All larvae were bleached with 1.5% (v/v) H2O2/1% (w/v) 
KOH for 20 min at RT. Larvae were cleared by going through successive stages (20-
50%, v/v) of glycerol. Five and 14 dpf larvae were mounted individually in 50% glycer-
ol (v/v) between a microscope slide and a cover-slip, separated by modelling clay to 
prevent squishing of the sample. Fourteen dpf alizarin red stained larvae and picrosiri-
us red stained sections were imaged with a Zeiss AxioImager M2 upright fluorescence 
microscope with X-Cite® 120Q (120 W) light source (Excelitas Technologies Corp., 
Waltham, MA, USA), dsRed filter, DIC polariser and Zeiss Plan-Neofluar 5X / 0.16 
NA, 10X / 0.3 NA and 20X / 0.5 NA lenses. The system was operated with Axio-
Vision version 4.8.2 SP3 software (Zeiss) and images were taken with an AxioCam 
HRc camera (Zeiss) with 1.4 Mpixel resolution. Alcian Blue stained larvae and 21 and 
30 dpf alizarin red stained larvae were imaged with a Leica MZ16FA fluorescence 
stereomicroscope with Leica CLS150 (for brightfield) and MZ16FA (for fluorescence) 
light sources, dsRed filter and Planapo 1.0x lens (Leica; 10447157). The system was 
operated with Leica Application Suite software version 2.5.0 R1 (Build 975) and imag-
es were taken with a Leica DFC 300 FX R2 camera with 1.4 Mpixel resolution. 
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Statistics 

Standard length, total body length, bone volume and density, mucous cell count and 
21 dpf ossification score were assessed for statistically significant differences between 
genotypes by two-sided Student’s T-test (College of Saint Benedict & Saint John’s 
University, Collegeville, Minnesota, USA; URL: www.physics.csbsju.edu/stats/t-
test_bulk_form.html). The number of fish with head overextension was assessed by 
Fisher Exact test in SPSS software version 22 (IBM, Armonk, NY, USA). Vertebral 
calcification at 14 dpf was assessed for significant differences between genotypes both 
by chi-squared test and Mann-Whitney-U test in SPSS software.  
 
Supplemental material 
Supplemental material is available at in Addendum 3. 
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Supplemental Figure 1.1 – In silico analysis of the MMP14 signal peptide. A, MMP14 SP sequence 
has all the characteristics of traditional SPs: an N-region with positively charged Arg residues (position 6 
and 9) flanking six hydrophobic Leu residues (position 11-18) in the H-region, and a C-region containing 
polar residues [1, 2]. B, Kyte-Doolittle hydropathy plot, showing the mean hydropathy of 19 amino acid 
segments, predicts membrane-spanning sequences (hydropathy > 1.6) in the MMP14 N-terminus (SP) and 
C-terminus (transmembrane domain) [3]. C, the SP is predicted to be cleaved between positions 23 and 24 
by SignalP 4.0 software (arrowhead in A and C), based on the raw cleavage (C-) score (max. at position 24), 
SP (S-) score (max. at pos. 19), combined cleavage site (Y-) score (calculated from C-score and S-score 
slope, max. at pos. 24), and discrimination (D-) score (weighted average of mean S and max. Y scores, > 
0.450 as cut-off for pos. 1-23) [4]. This is in perfect agreement with consensus for SP cleavage sites, which 
includes small neutral residues at positions -1 and -3 from the cleavage site (Ala at positions 23 and 21), 
Gly and Pro at positions -4 and -5 from the cleavage site (Gly at position 19), and hydrophobic residues 
that are dominant from position -6 onwards from the cleavage site (Leu at position 11-18) [5]. 

 

 
Supplemental Figure 1.2 – Site-directed mutagenesis of pQCXIB 3HA-MMP14-EGFP vectors. 
DNA gel electrophoresis results of template vectors (T) and SDM reaction products (numbered) of 
pQCXIB 3HA-MMP14-EGFP (A), pQCXIB 3HA-MMP14 R111H-EGFP (B), pQCXIB 3HA-MPP14 
S466P-EGFP (C) or pQCXIB 3HA-MMP14 R111H S466P-EGFP (D) to induce the p.R92C mutation, or 
SDM of pQCXIB 3HA-MMP14-EGFP to induce the p.T17R mutation (E), digested with BamHI or 
undigested after SDM. SDM products yielding restriction fragments of the correct length (8,130 and 1,438  
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Supplemental Figure 1.3 - Generation of the pQCXIB 3HA-EGFP vector by inverse-PCR. A, DNA 
gel electrophoresis result of pQCXIB 3HA-MMP14 WT-EGFP from single bacterial colonies after in-
verse-PCR to remove MMP14 coding sequence, digested with BamHI or undigested. Digestion of template 
vector results in two fragments (8,130 and 1,438 bp), whereas the PCR product yields a single band (ex-
pected size 7,822 bp) for samples 1-5. B, sequencing result of sample 1 with reverse (Rv) primer 8 com-
pared to the theoretical sequence of the pQCXIB 3HA-EGFP vector, displayed in ClustalW2 format. 
MMP14 coding sequence is absent; 3HA and EGFP coding sequences are fused by the two linker sequenc- 

Supplemental Figure 1.2 (continued) – bp) were subsequently analysed by Sanger sequencing of the 
entire insert. Samples 20 (A), 24 (B), 1 (C), 8 (D) and 2 (E) were used for the experiments in Chapter 2. 
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Supplemental Figure 1.3 (continued) – es. The A>G mutation in CMV promoter and the 3 bp insertion 
between CMV promoter and the 3HA coding sequence are also present in the pQCXIB 3HA-MMP14 
WT-EGFP vector. Sample 1 was maxiprepped and used in the experiments in Chapter 2. 
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Supplemental Figure 1.4 – Morphology of 
MRC-5V1 cells. A, Brightfield image of MRC-5V1 
cells at 10x magnification. As opposed to the 
primary MRC5 cells, MRC-5V1 cells are less uni-
form in cell size and shape, and have an epithelial 
to fibroblast-like morphology that is more epithelial 
as cells grow more confluent, as described before 
[6]. B, maximum intensity projections of IF mi-
croscopy z-stacks at 60X magnification of MRC-
5V1 cells stained with anti-Vimentin primary 
antibodies and/or Alexa 488-conjugated goat anti-
rabbit secondary antibody, revealing a filamentous 
Vimentin staining pattern, characteristic for fibro-
blasts. Scale bars equal 20 µm. 
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signal intensity in the cell periphery but a relatively lower intensity in the nucleus. Scale bars equal 20 µm.  

 

Supplemental Figure 1.5 – Testing the mouse anti-HA antibody for indirect IF microscopy. IF 
microscopy images of MRC-5V1 cells transfected with pQCXIB 3HA-MMP14 WT-EGFP or pQCXIB 
3HA-EGFP (seeded at 50,000 cells per mL of medium) or left untransfected (seeded at 20,000 cells per mL 
of medium). Cells were fixed 72h post seeding, and stained with mouse anti-HA antibody (ab16918) 
and/or Alexa 647-conjugated goat-anti-mouse secondary antibody. The subcellular localisation of the 
EGFP signal in MRC-5V1 cells transiently expressing 3HA-MMP14 WT-EGFP is similar to that of endog-
enous MMP14 in MRC-5V1 cells, that is, at the cell surface and in a perinuclear aggregate. The HA signal 
in 3HA-MMP14 WT-EGFP-expressing cells is highest in the region of the perinuclear EGFP aggregate, 
and forms a gradient towards but not reaching the plasma membrane. The EGFP signal in MRC-5V1 cells 
transiently expressing 3HA-EGFP is present in the entire cell, with seemingly highest intensity in the 
nucleus. The HA signal in 3HA-EGFP-expressing MRC-5V1 cells is distributed differently, with a higher 
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Supplemental Figure 1.6 – Permeabilisation optimisation for indirect IF microscopy. IF microscopy 
images of MRC-5V1 cells transiently expressing 3HA-EGFP, permeabilised with 0.2-0.8% (v/v) Triton X-
100 and stained with mouse anti-HA antibody (ab16918) and/or Alexa 647-conjugated goat-anti-mouse 
secondary antibody. Increasing the Triton X-100 concentration did not result in an increase in nuclear HA 
signal intensity. Scale bar equals 20 µm.  
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Supplemental Figure 1.7 – Exogenous 3HA-MMP14-EGFP fusion proteins localise similarly in 
mIMCD-3 cells and MRC-5V1 cells. IF microscopy images of mIMCD-3 cells transiently expressing 
WT or mutant 3HA-MMP14-EGFP fusion proteins demonstrate that their subcellular localisation is simi-
lar to that in MRC-5V1 cells (Fig. 2.7). Scale bars equal 20 µm. 
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Supplemental Figure 1.8 – Testing the mouse anti-Golgin97 antibody for indirect IF microscopy. 
IF microscopy images of MRC-5V1 cells incubated with mouse anti-Golgin97 primary antibody at concen-
trations 1:100-1,000 and/or Alexa 488-conjugated goat-anti-mouse secondary antibody. Within the tested 
concentration range, using the anti-Golgin97 antibody at 1:1,000 yields a specific staining in the perinuclear 
region without the nonspecific cytoplasmic and extracellular speckles present at higher concentrations. 
Scale bars equal 20 µm. 
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Supplemental Figure 1.9 – Testing the mouse anti-SERCA2A antibody for indirect IF microscopy. 
A-C, IF microscopy images of MRC-5V1 cells incubated with mouse anti-SERCA2A primary antibody at 
concentrations 1:100-1,000 (A), 1:1,000-10,000 (B), or 1:10,000-100,000 (C), and/or Alexa 488-conjugated 
goat-anti-mouse secondary antibody. Within the tested concentration range, using the anti-SERCA2A 
antibody at concentrations 1:40,000-100,000 yields a specific perinuclear staining. Scale bars equal 20 µm. 
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Supplemental Figure 1.9 (continued). 
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Supplemental Figure 1.9 (continued).  
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Supplemental Figure 
1.10 – Testing the rabbit 
anti-HA antibody for 
indirect IF microscopy. 
IF microscopy images of 
MRC-5V1 transiently 
expressing 3HA-EGFP, 
incubated with a rabbit 
anti-HA primary antibody 
(Cell signalling 3724) at 
concentrations 1:100-3,200 
and/or Alexa 568-
conjugated goat anti-rabbit 
secondary antibody. With-
in the tested concentration 
range, using the anti-HA 
antibody up to concentra-
tions as low as 1:1,600 still 
yields a strong staining, 
which diminishes with 
further dilution of the 
antibody. Scale bars equal 
20 µm. 
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Supplemental Table 1.1 – Average degraded gelatin area (promille per cell) for cells expressing 
different fusion proteins, compared to 3HA-MMP14 WT-EGFP expressing cells by two-sided 
Student’s T-test. H, hour post seeding. 

  3h  21h 
Fusion protein  average  p-value  average  p-value 
MMP14 WT  0.139  -  0.485  - 
MMP14 T17R  0.119  0.590  0.276  0.137 
MMP14 R92C  0.005  0.013  6.80E-4  0.002 
MMP14 R111H  0.027  0.023  0.154  0.016 
MMP14 S466P  0.199  0.453  0.426  0.585 
MMP14 R92C R111H  6.67E-05  0.011  5.00E-5  0.002 
MMP14 R92C S466P  1.33E-4  0.011  1.00E-4  0.002 
MMP14 R111H S466P  0.179  0.269  0.299  0.181 
MMP14 R92C R111H S466P  3.33E-05  0.011  1.87E-4  0.002 
3HA-EGFP  6.21E-4  0.011  3.48E-05  0.002 
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Supplemental Figure 1.11 – Retinoids do not alter subcellular distribution of exogenous MMP14. 
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Supplemental Figure 1.11 (continued) – IF microscopy images of MRC-5V1 cells transiently expressing 
WT or mutant 3HA-MMP14-EGFP fusion proteins, treated with 2-8 nM 13-cis retinoic acid (RA) or 
vehicle (1.2% (v/v) ethanol) only, or left untreated. A-C, subcellular localisation of the fusion proteins’ tags 
in untreated cells is similar to previous experiments (Fig. 2.6) and unaltered by vehicle treatment. A-B, 13-
cis RA did not affect the subcellular distribution of the tags of the WT and R111H mutant fusion proteins. 
C, < 5% of cells expressing the S466P mutant fusion protein show localisation of the EGFP signal, but not 
HA, at the cell surface. This percentage is unaffected by 13-cis RA treatment. Scale bars equal 10 µm. 
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Supplemental Figure 1.11 (continued). 
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Addendum 2 
 

 
Supplemental Figure 2.1 – Lumen formation of mIMCD-3 spheroids does not accelerate by grow-
ing cells less confluent in 2D culture prior to seeding in MatrigelTM. Brightfield (A and C) and IF (B 
and D) microscopy images of mIMCD-3 spheroids in Matrigel. In B and D, equatorial optical slices of the 
imaged spheroids are shown. Cells were kept at 85% (A- B) or 40% (C-D) confluence in 2D culture prior  
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Supplemental Figure 2.1 (continued) – to seeding in MatrigelTM. Cells that were kept less confluent in 
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Supplemental Figure 2.1 (continued) – 2D culture formed less and smaller clusters than more confluent 
cells. With both culture methods, only about 10% cell clusters has a lumen after four days. Scale bars equal 
20 µm. 
 

 
Supplemental Figure 2.2 – Retinoids stimulate tubulogenesis of mIMCD-3 cells in collagen I gel. 
Brightfield images of mIMCD-3 cells grown in type I collagen gel for three days in presence of 2-8 nM 9-
cis RA or 13-cis RA, vehicle (1.2% (v/v) ethanol) only, or left untreated. After three days, the majority of 
untreated and vehicle-only treated mIMCD-3 cells form small cell clusters from which cell cords radiate; 
very few tubular structures can be observed. Treatment of cells with increasing doses of 9-cis RA is posi-
tively correlated with the number of tubular structures that are formed after three days. At all doses tested, 
13-cis RA stimulates tubulogenesis of mIMCD-3 cells, which is reflected in both a larger amount of tubular 
structures as well as a longer average tubule length.  
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Addendum 3 
 

 
Supplemental Figure 3.1 – Generating mmp14a/b gRNA and Cas9 RNA for genome editing. A, 
DNA gel electrophoresis result of PCR-amplified gBlock® DNA. B, DNA gel electrophoresis result of T7 
transcribed mmp14a/b gRNA, compared to positive (from T7 kit) and negative control. 3-4 bands can be 
detected in every lane, corresponding to the different RNA conformations, with the smallest band being 
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Supplemental Figure 3.1 (continued) – the most intense. Several lanes were removed from the gel 
images, as these contained gBlocks® DNA respectively RNA to target genes not relevant to this project. C, 
DNA gel electrophoresis result of miniprepped pCS2 nls-zCas9-nls plasmid DNA, digested with NotI for a 
different duration or undigested, to find the optimal incubation time for complete plasmid linearisation. 
Digestion seems complete even after 1h incubation; bacteria of culture 1 (corresponding to miniprep 1) 
were subsequently grown in larger volume and DNA isolated by maxiprep. D, DNA gel electrophoresis 
result of different amounts of maxiprepped pCS2-nCas9n plasmid DNA (from culture 1), digested with 
NotI for 2.2h or undigested, to rule out any additional bands that were previously not visible due to over-
loading. When loading as little as 100 ng of linearized Cas9 plasmid, only a single band can be detected; the 
plasmid is completely linearised. E, DNA gel electrophoresis result of SP6 RNA transcript of linearised 
Cas9 plasmid, compared to positive control (from the used kit). Similar to gRNA (B), four bands (two < 
1.5 Kb, two > 2 Kb) can be observed, with the smallest band being the most intense. 

 

 
Supplemental Figure 3.2 – Optimisation of mmp14a/ genotyping. A, DNA gel electrophoresis result 
of the unpurified lysate of single 24 hpf WT zebrafish embryos (1-4) and purified gDNA of a single adult 
WT zebrafish (C). gDNA was present in and just below the wells (arrowheads). Lysates 1, 2 and C were 
used in B and C. B-C, DNA gel electrophoresis result of optimisation of PCR amplification of region 



6

Addendum 

 255 

Supplemental Figure 3.2 (continued) – around CRISPR site in exon 4 of mmp14a (B) and mmp14b (C). 
Different amounts of lysate as template and MgCl2 concentrations were tested and compared to negative 
controls (absence of either forward (F) or reverse (R) primer or template DNA). A single amplicon band at 
the expected height (307 bp for mmp14a, 223 bp for mmp14b) can be seen in all reactions with both primers 
and gDNA template present. Note the presence of a primer dimer (arrowhead) for the mmp14b primer set 
that becomes more clearly visible in absence of template gDNA. D-E, result of direct Sanger sequencing 
with forward primer of the mmp14a exon 4 (D) and mmp14b exon 4 (E) amplicon, compared to reference 
sequence shown (mmp14a, NP_919397.1; mmp14b, NP_913395.1) as ClustalW2 output. The CRISPR target 
site is highlighted by the red box. Note the SNP in mmp14b exon 4 (arrow). F-G, halfway the project, new 
primers were designed to amplify larger regions the target site in exon 4 of mmp14a (F) and mmp14b (G). 
Both primer sets were tested in the absence and presence of 1 µL purified gDNA of an adult WT 
zebrafish; only a single concentration of MgCl2 (2 mM) was used. A single amplicon band at the expected 
height (513 bp for mmp14a, 326 bp for mmp14b) can be seen in all reactions with both primers and gDNA 
template present.  
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Supplemental Figure 3.2 (continued).  
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Supplemental Figure 3.3 – Analysis of WT mmp14a/b mRNA during early larval development of 
offspring of mmp14a+/∆; mmp14b∆/∆ or mmp14a∆/∆; mmp14b+/∆ parents. A-B, mRNA expression 
levels for mmp14a (left) and mmp14b (right) of 1-5 dpf offspring of mmp14a∆/∆; mmp14b+/∆ (A) or 
mmp14a+/∆; mmp14b∆/∆ (B) intercrossed (grey bars) compared to WT larvae (black bars), normalised for β-
actin expression and denoted relative to 1 dpf WT embryos (dotted line). mRNA levels of mutant mmp14a 
and mmp14b are very low, suggestive of nonsense-mediated mRNA decay. Note the upregulation of 
mmp14b in the offspring of mmp14a∆/∆; mmp14b+/∆ parents is similar to that in offspring of mmp14a∆/∆; 
mmp14b+/+ parents (Fig. 4.9). 
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Supplemental Figure 3.4 – Generating WT and mutant Mmp14a/b-HA expression plasmids. A, 
DNA gel electrophoresis results of PCR amplified mmp14a/b coding sequences from WT and mutant 
cDNA template. The largest amplicon per lane corresponding to the full-length cDNA of mmp14a (1754 
bp for WT) and mmp14b (1895 bp for WT) with kozak sequence and HA-tag coding sequence (arrowhead) 
was excised, column purified and cloned into the pCR2.1 TOPO TA vector. B, DNA gel electrophoresis 
result of miniprepped pCR2.1 TOPO TA vectors with WT or mutant mmp14a-HA insert digested with 
EcoRV and HindIII, or WT or mutant mmp14b-HA insert digested with HindIII. Plasmids with correct 
restriction fragment size (3,808 bp, 1,401 bp and 445 bp bands for WT mmp14a; 4,964 bp and 831 bp for 
WT mmp14b) were sent for Sanger sequencing. C, DNA gel electrophoresis result of EcoRI linearised 
plasmids with correct sequence insert sequence (C16, C2, C88 and C5). The insert (lower band, arrowhead) 
was cut out, column purified and ligated into EcoRI-linearised pCS2+ backbone. D, DNA gel electropho-
resis result of WT/mutant pCS2+ Mmp14/b-HA plasmids, digested with EcoRV and HindIII (mmp14a) or 
KpnI and AfeI (mmp14b). Plasmids with correct restriction fragments (4,443 bp and 1,406 bp for WT 
mmp14a; 4,144 bp and 1,846 bp for WT mmp14b) were sent for sequencing. Plasmids with correct sequence 
were used for further experiments. 
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Supplemental Figure 3.5 – Alternative splicing of mmp14b mRNA does not encode a catalytically 
active form of Mmp14b. A-B, DNA gel electrophoresis result of optimisation of primer pairs for amplifi-
cation (and subsequent sequencing) of mmp14a (A) and mmp14b (B) cDNA. Both primer pairs were tested 
in the presence and absence of purified gDNA of an adult WT zebrafish at different annealing tempera-
tures; only a single concentration of MgCl2 (2 mM) was used. A single amplicon band at the expected 
height of 1326 bp (A) and 1458 bp (B) for full-length mmp14a respectively mmp14b cDNA can be seen in all 
reactions with gDNA template present. C, DNA gel electrophoresis result of amplification products of WT 
and mmp14a∆/∆; mmp14b∆/∆ cDNA. In WT fish, there are two mmp14a and mmp14b cDNA amplicons. Both 
mmp14a bands can hardly be detected in mutant fish, whereas the mmp14b bands can be clearly observed. 
The mmp14b cDNA amplicons of both WT and mutant fish (red boxes) were excised, column purified and 
sent for direct Sanger sequencing with the forward primer. The top band corresponds to the full-length 
mmp14b cDNA sequence, which in mutant fish contains the expected 8 bp deletion in exon 4. The smaller 
amplicon corresponds to exons 1-4, ends upstream of the CRISPR target site in both WT and mutant fish 
(chromatography reads not shown). 
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Supplemental 3.6 – Kaplan-Meier survival curve of mmp14a/b KO fish. Survival curve for 79 
mmp14a/b KO fish that lived longer than 72 dpf.  
 

 
Supplemental Figure 3.7 – Live imaging of neural crest cells in zebrafish embryos/larvae. 3D 
reconstruction of light sheet fluorescence microscopy z-stacks of cranial NC cells in Tg(sox10::egfp) embry-
os/larvae. A, at 16 hpf, migrating cranial NC cells have not yet reached the pharyngeal arches. B, at 28 hpf, 
cranial NC cells can be observed in the pharyngeal arches (a) as a condensation on the ventrolateral surface 
of the head, close to the yolk ball (y). Note that 30 min incubation with MitoTracker® Red CMXRos 
stained the outermost layer of the embryo and the yolk ball. Red fluorescent beads were embedded in the 
agarose column for stitching of 3D stacks imaged from different angles. C, at 78 hpf, cranial NC cells 
contribute to the developing craniofacial cartilage structures, as well as the olfactory pit (op; ventral view). 
Overnight incubation with MitoTracker® Red CMXRos resulted in bright staining of the outline of the  
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Supplemental Figure 3.7 (continued) – larva, but failed to penetrate beyond the epidermis. D, at 6 dpf, 
the fluorescent cranial NC cells clearly demarcated craniofacial cartilage structures (ventral view). 
DRAQ5TM penetrated very well and labelled nuclei throughout the larval head. b, bead embedded in aga-
rose column; bb, basibranchial; bh, basihyal; ca, caudal; cb, ceratobranchial; ch, ceratohyal; d, diencephalon; 
ep, ethmoid plate; hs, hyosymplectic; l, left eye; m, mouth; Meckel’s cartilage; pf, pectoral fin; pq, pala-
toquadrate; r, right eye ro, rostral; tr, trabeculae. Scale bars equal 100 µm. 
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The relevance of a diagnosis 
In this thesis, we identified a novel homozygous mutation in MMP14 in two patients 
with a multisystem disorder (see Chapter 1) and subsequently confirmed its patho-
genicity at the cellular level (see Chapter 2). This enabled us to provide the patients 
with a final diagnosis: Winchester syndrome (WS). Although this diagnosis does not 
alter the therapy that the patients are currently receiving, it is nevertheless important 
for several reasons. Firstly, it becomes possible to provide the patients with adequate 
information about their disorder and the underlying cause. This not only helps the 
patients in understanding of, but may also improve coping with their symptoms [1, 2]. 
Secondly, a diagnosis can focus additional examinations based on tissues and organ 
systems known to be involved in the particular disorder. Third, as WS is an autosomal 
recessive disorder, confirming the molecular diagnosis provides the opportunity to 
offer more precise genetic counselling to the patients (and partners), informing them 
about inheritance and the potential risk to their future offspring [1].  
 
The value of investigating rare genetic disorders 
WS is an ultra-rare autosomal recessive disorder; the molecular diagnosis has only been 
confirmed in four patients worldwide [3-5, see Chapter 1]. The clinically overlapping 
and genetically related skeletal dysplasias Frank-Ter Haar syndrome (FTHS) and multi-
centric osteolysis, nodulosis, and arthropathy (MONA) only add a limited number of 
patients [6-9]. Spending significant amounts of time, effort and taxpayer’s money on 
investigating these rare disorders may, therefore, seem only to benefit a handful of 
affected patients. However, the power of studying rare monogenetic disorders lays not 
so much in the number of patients with that exact diagnosis, but rather in the unique 
opportunity the direct genotype-phenotype correlation offers to study more common 
pathological processes from a unique and yet unexplored angle. This approach has 
previously been demonstrated successful and has contributed to major advanced in 
various fields. For instance, many genes now known to regulate osteoblast and osteo-
clast differentiation and function, including Runx2, Msx2, Sox9, FGFR1-3, and ca-
thepsin K, were first identified by studying monogenetic disorders [10]. Moreover, 
studying rare monogenetic disorders can lead to the identification of novel therapeutic 
targets. By this, studying rare genetic disorders can be beneficial to patients suffering 
from more prevalent disorders [5].  
 
Winchester syndrome as a model for acne and reduced bone density 
WS is a skeletal dysplasia characterised by a progressive generalised reduction of bone 
density, thoracic kyphosis, craniofacial dysmorphology and severe nodulocystic acne 
with dermal fibrosis and excessive scar formation [3, 4]. We are therefore convinced 
that WS can accurately model reduced bone density and acne (scarring). As mentioned 
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above, there is significant clinical overlap between WS, FTHS, and MONA [6-9]. The 
protein products of the involved genes MMP14, SH3PXD2B, and MMP2, respectively, 
cooperate in extracellular matrix (ECM) remodelling and invasive cell motility (see 
Chapter 1) [9, 11-15]. As such, this led to innovative lines of research studying the 
pathogenesis of acne and reduced bone density from a novel angle.  
 
Acne affects a significant part of the population and novel therapeutic  
options are needed 
Acne vulgaris is the most common skin disorder in the world and one of the most 
common ailments overall. In developing countries, it affects almost 100% of adoles-
cents [16]. Although usually mild and self-limiting, it is a chronic disease that is typical-
ly present for many years. In addition, acne is moderate-to-severe in 15-20% of pa-
tients and often persists into adulthood, with an estimated prevalence of 12% in adult 
females [17]. Apart from physical symptoms that are present while acne is fulminant, 
including soreness, itching, and pain, moderate-to-severe acne can leave disfiguring 
scars [16, 18]. Furthermore, acne can have a large impact on the patient’s quality of life 
and is often associated with significant psychosocial morbidity such as self-
consciousness and anxiety in social interaction, even when the acne itself is compara-
tively mild [18]. This psychological burden can be explained by the involvement of 
directly visible skin and occurance during puberty, an age that is crucial for building 
confidence and self-esteem, while popular culture furthermore emphasises the im-
portance of flawless skin [18]. The psychosocial comorbidity moreover has been 
demonstrated to have a negative impact on school and work performance. In the US 
alone, it was estimated that annually over 3 billion dollars are lost to the costs of 
treatment and reduced productivity [16].  
Although mild acne can be effectively addressed with topical drugs, moderate-to-
severe disease requires systemic therapy to prevent excessive scar formation [18]. 
However, current treatment options are limited and their use restricted by their side 
effects [19, 20]. No novel drug classes are being developed for moderate-to-severe 
acne since there is a profound lack of insight into acne pathogenesis [21, 22]. As such, 
there is a significant unmet medical need.  
 
In vitro 3D-culture for development of novel anti-acne therapeutics 
As stressed above, novel anti-acne therapeutics need to be developed. Acne is charac-
terised by the presence of comedones, which are cystic sebaceous glands, accompanied 
by inflammation around these structures [18]. The sebaceous gland is in essence a 
hollow, branched mini-organ. For normal morphogenesis of branching structures, 
ECM remodelling is essential [23]. Our WS patients demonstrated defective ECM 
remodelling and moreover, have a loss-of-function mutation in MMP14 (see Chapter 
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2), a central player in pericellular ECM degradation [24]. This urged us to explore the 
possible involvement of disturbed lumen formation, as a consequence of impaired 
ECM remodelling, in the pathogenesis of acne. In a pilot study, we used a simple, well-
established in vitro 3D cell culture model to confirm a crucial role of MMP14 and 
SH3PXD2B in lumen formation by epithelial cells [25]. Moreover, we demonstrated 
that therapeutic plasma concentrations of 13-cis RA have a stimulatory effect on lu-
men formation (see Chapter 3). The latter further highlighted the suitability of this in 
vitro model for assessing the effects of drug treatment. These promising results led to 
two subsequent studies. Firstly, as part of a multi-million dollar industry collaboration 
with a major international cosmetics producer, the in vitro model used in our pilot 
study was further developed for use with sebocytes. As this was successful, this novel 
sebocyte 3D model was subsequently used to assess the effects of existing (e.g. 13-cis 
RA) and novel drugs on organoid formation and sebum production. Secondly, collab-
oration was started with the University of Dundee Drug Discovery Unit. This latter 
project highlighted the potential of this in vitro model: upscaling with semi-automated 
analysis for drug screening, as reported before [25].  
 
The zebrafish is a valuable model organism for skin research 
The aforementioned in vitro 3D cell culture model offers the possibility to study lumen 
formation and the effect of prospective therapeutic compounds thereon. However, 
other aspects of acne, such as scarring, are hard – if not impossible – to model in vitro. 
To study these aspects, ultimately an organismal model is needed. Although MMP14 
mutant and knockout (KO) mice have been previously generated, mice are unsuitable 
for drug screening for a variety of reasons, such as high cost and the consequent ina-
bility to analyse large numbers of animals. A more suitable model organism that does 
not have these limitations is the zebrafish [26, 27]. Besides its use in genetic studies, 
the zebrafish is a powerful model organism for skin research. Adult zebrafish have 
dermal scales that are covered by a non-keratinizing epidermis. In addition, zebrafish 
do not have sebaceous glands, but instead harbour mucous glands [28, 29]. Apart from 
these adaptations to aquatic life, the architecture of zebrafish skin is remarkably similar 
to that of mammals. Similar to humans, zebrafish epidermis consists of multiple cell 
layers that moreover correspond to their human counterparts including the stratum 
basale, spinosum and granulosum [28, 29]. The epidermis is separated from the under-
lying dermis, containing the scales, by a basement membrane zone. Another attractive 
feature of zebrafish is their rapid external embryonic development; zebrafish form a 
fully functional multi-layered skin in only six days [29]. During this process, zebrafish 
are optically transparent and hence suitable for live in vivo microscopy experiments. 
Moreover, wound healing in zebrafish skin follows a similar basic sequence of events 
compared to mammalian skin [29, 30]. The causative gene of WS is conserved between 
human and zebrafish and in this thesis, we presented the first mmp14a/b KO zebrafish 
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model (see Chapter 4). We furthermore demonstrated that the phenotype of our fish 
recapitulates key aspects of the human pathology, suggestive of defective collagen 
remodelling as the underlying central problem. Therefore, we believe our fish can 
serve as a useful in vivo model for cutaneous tissue remodelling and scarring and de-
signed a novel project to be carried out by the A*STAR Skin Research Institute of 
Singapore in collaboration with the NTU Lee Kong Chian School of Medicine. Within 
this project, which will commence in September 2018, collagen remodelling will be 
assessed during cutaneous wound repair in our mutant fish. Subsequently, this will be 
used as readout for the effect of different commercially available and newly generated 
therapeutics. As such, this model may lead to the development of novel strategies 
targeting acne scarring.  
 
Reduced bone density is an increasing problem 
The skeletal dysplasias, including the multicentric osteolyses WS, FTHS, and MONA, 
are a heterogeneous group of over 450 inheritable disorders characterised by a general-
ised abnormal growth and development of bone and cartilage [31, 32]. Although the 
individual dysplasias are rare, a recent study conducted in South America analysing 
over 1.5 million births demonstrated that collectively the prevalence of skeletal dyspla-
sia is 3.2 per 10,000 births [32]. A large number of skeletal dysplasias, including WS, 
present with reduced bone density [33]. In the general population, osteoporosis (de-
fined by bone mineral density more than 2.5 standard deviations below the average of 
a young adult) is an increasing worldwide problem [34]. In the Netherlands, the preva-
lence of osteoporosis has been estimated to encompass 431,400 people in 2015, the 
majority of which are postmenopausal women [35]. In this subgroup, about 40% is 
affected by osteoporosis [36]. A reduction in bone density increases the risk of frac-
tures: patients with osteoporosis have a lifetime risk for fractures of 40%, primarily of 
the spine, hip and wrist [34, 36]. These fractures often result in chronic pain and/or 
loss of mobility and autonomy, and can have a drastic effect on the patient’s quality of 
life [34, 36]. In addition, fractures of the hip and spine are associated with a significant 
mortality as a result of complications due to hospitalisation [36]. In 2010, the annual 
health care costs of osteoporosis-related fractures in the Netherlands amounted to 
nearly 200 million euros [34]. As the prevalence of osteoporosis increases with age and 
the Dutch population is ageing, the number of osteoporosis-related fractures and ac-
companying costs are expected to increase in the future [35, 36]. Although present 
therapies are efficient, most have side effects limiting their long-term adherence [36]. 
Therefore, development of novel therapeutics is needed.  
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Zebrafish are invaluable in bone research 
For the development of drugs targeting bone density, an organismal model is needed. 
The zebrafish is a well-established model organism for vertebrate development. 
Zebrafish form all major types of skeletal cells and tissues found in higher vertebrates 
including humans [37-39]. Furthermore, bone formation and remodelling is similar in 
zebrafish and humans, and the pathways regulating these processes are well conserved 
[37, 39-41]. As such, the zebrafish is a good model organism for human bone disor-
ders. Our zebrafish model of WS had an overt skeletal phenotype that included de-
creased bone density. Therefore, we believe our WS zebrafish model can be used for 
testing novel therapeutic strategies aimed at improving skeletal development and in-
creasing bone density. As part of the planned project mentioned above, our mutant 
fish will serve as a model to test the effect on bone development and bone density of 
existing therapeutics currently not used for this purpose. This collaboration will enable 
the development of novel therapeutic strategies addressing two common conditions. 
Due to its focus on tissue remodelling and invasion, there is considerable potential for 
spin-off into other common pathological conditions such as scarring and cancer. In 
addition, the workflow developed in the program can be applied to other (skin) disor-
ders. 
 
Conclusion 
In conclusion, studying the molecular basis of rare disorders such as Winchester syn-
drome is important for two main reasons. Firstly, providing the affected patients with 
a definite diagnosis is important to improve coping with their symptoms, focussing 
clinical follow-up examinations and offering genetic counselling. Secondly, rare disor-
ders can provide novel insights into more common pathologies. As such, the models 
used and developed in this thesis have been or will be subsequently used in academic 
and industry collaborations to develop novel therapeutic strategies for two common 
disorders: acne vulgaris and reduced bone density.  
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Summary 
In 2007, we reported two brothers with a multisystem disorder encompassing progres-
sive mitral valve insufficiency, osteopenia, thoracic kyphosis, craniofacial dys-
morphism, dermal fibrosis, and severe nodulocystic acne [1]. In these patients, we 
identified a novel homozygous MMP14 c.332G>A missense mutation. This gene en-
codes matrix metalloproteinase 14, a membrane-bound endopeptidase that primarily 
cleaves structural components of the extracellular matrix (ECM), which is expressed in 
various tissues including bone and skin [2-5]. Multiple lines of evidence suggested that 
this mutation could be pathogenic. As shown in Chapter 1, in silico analysis predicted 
that the resulting p.R111H substitution would be damaging. Secondly, a homozygous 
MMP14 p.T17R mutation has previously been reported in patients with a clinical diag-
nosis of Winchester syndrome (WS), a constellation of features similar to our patients’ 
phenotype [6, 7]. Thirdly, the mouse models Sabe and Cartoon with homozygous 
MMP14 p.R92C and p.S466P missense mutation, respectively, share many skeletal 
features with our patients [8, 9]. Fourthly, there is significant phenotypical overlap 
between our patients and individuals with Frank-Ter Haar syndrome (FTHS) and 
multicentric osteolysis, nodulosis, and arthropathy (MONA), which are caused by 
homozygous loss-of-function mutations in SH3PXD2B respectively MMP2 [10-16]. 
Importantly, the protein products of these three genes directly cooperate in the for-
mation of podosomes, which are specialised membrane protrusions involved in ECM 
remodelling and invasive cell motility [17-20]. Together, this evidence led us to diag-
nose our patients with Wichester syndrome, pending confirmation of the p.R111H 
mutation’s pathogenicity. In this thesis, we aimed to elucidate how mutation of 
MMP14 results in the WS phenotype.  
 
In Chapter 2, we first assessed how our novel p.R111H mutation, and previously 
reported human and murine mutations, affect MMP14. MMP14 is synthesised as a 
latent pre-proenzyme, whose activity is controlled by different processes, including 
proteolytic activation of the zymogen and exposure at the cell surface [2, 3, 21-24]. To 
reach the plasma membrane, the full-length zymogen contains an amino-terminal sig-
nal peptide (SP) for its insertion into the endoplasmatic reticulum (ER) membrane 
during translation [2, 3]. Next to the SP lies a prodomain that keeps the adjacent cata-
lytic domain inactive [2, 3, 21, 25-27]. After ER insertion, pro-MMP14 is activated by 
sequential cleavage of its N-terminus by MMPs and proprotein convertases (PCs), and 
is subsequently trafficked to the plasma membrane [22, 28-32]. The abovementioned 
mutations are all present at sites that are thought to be crucial for normal activation 
and/or trafficking of MMP14: the SP (p.T17R), PC recognition motifs (p.R92C and 
p.R111H), and the hemopexin-like (Hx) domain (p.S466P) [2, 3, 7-9, 28-30, 33-35]. To 
assess the effect of these mutations on MMP14 processing, trafficking, and activity, we 
developed a novel in vitro model consisting of fibroblasts expressing either wild type 
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(WT) or mutant MMP14 with two different tags at their amino respectively carboxyl 
terminus. As expected, the full-length WT fusion protein was sequentially processed 
along the biosynthetic-exocytotic pathway and finally localised at the cell surface as a 
functionally active enzyme. We provided the first direct evidence for MMP14 SP re-
moval in the ER in vitro. The p.T17R mutation impaired ER insertion and subsequent 
processing and trafficking of MMP14. In contrast, MMP14 R111H was processed and 
trafficked seemingly normally. However, the p.R111H mutation partially impaired 
MMP14’s catalytic activity and its stimulatory effect on cell migration in vitro, suggest-
ing R111 is a crucial residue for pro-MMP14 activation. It is possible that the impaired 
activity is caused by a subtle aberration in pro-domain cleavage that we were unable to 
detect by Western blot. Compared to the patients originally reported by Winchester et 
al., our patients had a relatively mild phenotype, correlating best with mutant MMP14’s 
ability to activate pro-MMP2 in vitro [6]. Our results thus confirmed the pathogenicity 
of the novel hypomorphic MMP14 allele, causing a mitigated form of WS. Compared 
to WS patients, the Mmp14 mutant mice have a more severe phenotype. In line with 
this, the p.R92C mutation dramatically impaired MMP14’s intracellular trafficking and 
activity in vitro. This implies a more important role for the R89-R-P-R-C93 PC recogni-
tion motif in MMP14 activation and subsequent trafficking than previously thought 
[23, 31, 36]. Although the Sabe and Cartoon phenotype are virtually indistinguishable 
and the respective mutations impaired MMP14’s trafficking and pro-MMP2 cleavage, 
MMP14 S466P retained its ability to digest gelatin and stimulate cell motility [8, 9]. A 
possible explanation for this discrepancy is that in contrast to MMP14 R92C, some 
MMP14 S466P still makes it to the plasma membrane, leaving its functions that do not 
require homodimerisation intact [37-40]. Homodimerisation might be impaired by a 
dose effect, or by a direct effect of the p.S466P mutation on the Hx domain [41]. In 
addition, the p.S466P mutation might alter MMP14’s substrate specificity, enhancing 
gelatin digestion, but not pro-MMP2 cleavage. Taken together, we demonstrated that 
these four mutations each impair MMP14 functional activity in a unique manner, re-
sulting in a similar clinical phenotype. We subsequently used 3D in vitro and in vivo 
models to assess how the loss of MMP14 function resulted in specific aspects of the 
WS phenotype.  
 
One aspect of the WS and FTHS phenotype of our particular interest is acne [1, 6, 10, 
11, 42]. Although it is well known that acne is characterised by cystic sebaceous glands 
i.e. comedones, it is unknown why such cystic changes occur. The sebaceous gland is, 
in essence, a hollow, branched epithelial structure that is separated from the type I 
collagen-rich dermis by a basement membrane [43]. Morphogenesis of such structures 
generally relies on de novo lumen formation and branching morphogenesis [44]. Planar 
cell polarity (PCP) and ECM remodelling play a crucial role in these two processes and 
when disturbed, can result in cyst formation [45-48]. Interestingly, multiple cell types 
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depend on MMP14’s catalytic activity for branching morphogenesis, and on cell sur-
face localisation of MMP14 for normal PCP [49-52]. Therefore, we hypothesised that 
disrupted luminogenesis and branching morphogenesis of the sebaceous gland due to 
impaired function of MMP14 or, given their direct functional link outlined above, 
SH3PXD2B, could underly comedogenesis. As the acne in our patients was successful-
ly treated with 13-is retinoic acid, we hypothesised that this drug could correct the 
putative defective branching morphogenesis [1]. In Chapter 3, we conducted a pilot 
study to assess the effects of Mmp14 or Sh3pxd2b knockdown (KD) and retinoid 
treatment on luminogenesis and branching morphogenesis of epithelial cells in vitro 
[53, 54]. We demonstrated that KD of either of these genes impaired lumen formation 
in reconstituted basement membrane (MatrigelTM) and reduced branching morphogen-
esis in type I collagen gel, whereas retinoid treatment directly stimulated both process-
es. The disturbed luminogenesis upon KD of Mmp14 or Sh3pxd2b is suggestive of 
impaired PCP [52]. In addition, the observed shortened tubule length in crosslinked 
type I collagen matrix suggests that KD of Mmp14 or Sh3pxd2b impairs ECM degrada-
tion [55, 56]. Finally, the reduced organoid size in type I collagen gel upon KD could 
additionally be caused by a reduction in cell proliferation. The latter two mechanisms 
are likely linked, as IMCD cells isolated from Mmp14 KO mice were previously report-
ed to have a proliferative defect that depended on MMP14’s collagenolytic activity 
[57]. The fact that KD of either Mmp14 or Sh3pxd2b caused a similar effect in vitro 
suggests that a shared pathway is affected. Given its role in ECM remodelling, podo-
some function is the most likely candidate. Retinoids could act through stimulating 
podosome formation, as we demonstrated that 13-cis retinoic acid stimulated traffick-
ing of MMP14 S466P to podosomes in vitro. This could explain the therapeutic effect 
of 13-cis retinoic acid in acne treatment, although additional tissue-specific effects are 
likely involved [58, 59]. Future studies should repeat our experiments with sebocytes to 
assess whether these processes could affect the sebaceous gland. Such sebocyte 3D 
model could potentially be used in screening for anti-acne therapeutics.  
 
Apart from acne, the WS phenotype is characterised by craniofacial dysmorphism and 
generalised osteopenia [1, 6]. The majority of the affected craniofacial skeletal elements 
are of neural crest (NC) origin, the primary embryonic structure contributing to the 
development of the face [60-62]. After their induction during embryogenesis, NC cells 
delaminate and migrate extensively, for which ECM remodelling is essential [60, 61, 
63-65]. As MMP14 is involved in ECM remodelling and invasive cell motility, we hy-
pothesised that impaired cranial NC migration underlies the WS craniofacial pheno-
type [4, 5, 21, 66]. To test this hypothesis, and to study the underlying cause of osteo-
penia in WS, we decided to use a zebrafish model. Zebrafish form the same skeletal 
tissues as humans, which furthermore develop in a similar manner. This especially 
holds true for the zebrafish skull bones, the majority of which is of NC origin [67-70]. 
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Zebrafish have two well-conserved MMP14 paralogs, Mmp14a and Mmp14b, which 
are expressed in the head mesenchyme during development [71-76]. The rapid external 
development and optical transparency of zebrafish embryos furthermore enable live in 
vivo imaging of NC cells [77-79]. In Chapter 4, we used the CRISPR/Cas9 approach 
to successfully knock out (KO) both mmp14a and mmp14b in zebrafish. Our mmp14a/b 
KO fish recapitulated essential aspects of the WS phenotype, including stunted 
growth, gradually worsening craniofacial anomalies, hyperkyphosis, osteopenia (albeit 
limited to the skull), and a shortened lifespan [1, 6]. In contrast to our hypothesis, NC 
induction, delamination, pharyngeal arch invasion, and differentiation into larval crani-
ofacial cartilage elements were unaffected by mmp14a/b KO. Previously described 
craniofacial defects in mmp14a of mmp14b morphants are likely off-target effects of the 
used Morpholino oligonucleotides [74, 75, 80]. In our mmp14a/b KO larvae, skeletal 
mineralisation during larval-to-juvenile metamorphosis was unaffected [81]. Adult 
mutant fish showed impaired endochondral/perichondral and intramembranous ossi-
fying bones of both NC and mesodermal origin, further arguing against an NC-
specific problem [68, 82]. Affected bones generally contained relatively little amounts 
of bone matrix with altered collagen content, clusters of multinucleated cells, and a 
relatively volumous, disorganised cartilage core. In mice, loss of MMP14 impairs time-
ly cartilage removal during both ossification types and is accompanied by excessive 
absorption of mineralised bone matrix, resulting in similar bone abnormalities as those 
observed in our mmp14a/b KO fish [51, 83]. Although it was previously demonstrated 
in vitro that MMP14 stimulated osteoblast differentiation and inhibited osteoclast dif-
ferentiation and activation, additional assays should shed light on the exact processes 
and cell types involved in the observed skeletal phenotype in the mmp14a/b KO fish 
[84-86]. In addition, it is still unknown to what extent impaired podosome function is 
involved in the resulting human, murine and zebrafish phenotype. The generation of 
various combinations of mmp14a/b KO, sh3pxd2b KO and mmp2 KO zebrafish might 
shed light on how their protein products interact, at least in fish, in bone remodelling. 
Finally, the newly generated mmp14a/b KO fish could be a suitable model for devel-
opment of novel therapeutics addressing not only the WS bone phenotype, but also 
low bone density in general.  
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Samenvatting 
In 2007 beschreven wij twee broers met een multisysteemaandoening, bestaande uit 
progressieve mitraalklepinsufficiëntie, osteopenie, thoracale hyperkyfose, craniofaciale 
dysmorfie, dermale fibrose, en ernstig nodulocysteus acne [1]. Recent toonden wij aan 
dat deze patiënten homozygoot zijn voor een niet eerder gerapporteerde c.332G>A 
missense mutatie in MMP14. Dit gen codeert voor matrix metalloproteinase 14, een 
membraangebonden endopeptidase dat vooral structurele componenten van de extra-
cellulaire matrix (ECM) hydrolyseert en tot expressie komt in diverse weefsels, waar-
onder de huid en bot [2-5]. Het is om meerdere redenen aannemelijk dat deze mutatie 
pathogeen is. Zoals getoond in Hoofdstuk 1, voorspelde in silico analyse dat de resulte-
rende p.R111H substitutie schadelijk is. Eerder werd een homozygote MMP14 p.T17R 
mutatie geïdentificeerd in twee patiënten met Winchester syndroom (WS), die qua 
fenotype sterk lijken op onze patiënten [6, 7]. Ten derde hebben de muismodellen Sabe 
en Cartoon, met respectievelijk homozygote MMP14 p.R92C en p.S466P mutatie, ske-
letafwijkingen vergelijkbaar met die van onze patiënten [8, 9]. Ten vierde is er een 
sterke gelijkenis tussen het fenotype van onze patiënten en dat van mensen met Frank-
Ter Haar syndroom (FTHS) dan wel multicentrische osteolyse, nodulose, en arthropa-
thie (MONA). FTHS en MONA worden veroorzaakt door homozygote mutaties in 
respectievelijk SH3PXD2B en MMP2 [10-16]. Deze twee genen coderen voor eiwitten 
die direct samenwerken met MMP14 in de vorming van podosomen, gespecialiseerde 
membraanuitstulpingen die betrokken zijn bij ECM remodellering en invasieve celmo-
tiliteit [17-20]. Om deze vier redenen hebben wij onze patiënten gediagnosticeerd met 
WS, hoewel de pathogeniciteit van de MMP14 p.R111H mutatie nog bevestogd moest 
worden. In dit proefschrift probeerden wij te ontrafelen hoe mutatie van MMP14 leidt 
tot het WS phenotype. 
 
In Hoofdstuk 2 hebben wij onderzocht of onze nieuw ontdekte p.R111H mutatie 
daadwerkelijk pathogen is, en hoe deze en eerder gerapporteerde mutaties MMP14 
beïnvloeden. MMP14 wordt gesynthetiseerd als een latent pre-proenzym, waarvan de 
activiteit gereguleerd wordt door verschillende processen waaronder proteolytische 
activatie van het zymogeen en blootstelling op het celoppervlak [2, 3, 21-24]. Om het 
plasmamembraan te bereiken bevat pro-MMP14 een signaalpeptide (SP) aan zijn ami-
noterminus voor insertie in het endoplasmatisch reticulum (ER) membraan tijdens 
translatie [2, 3]. Naast het SP ligt een prodomein, dat het nabij gelegen katalytisch 
domein inactief houdt [2, 3, 21, 25-27]. Na ER insertie wordt pro-MMP14 geactiveerd 
door sequentiële hydrolyse van zijn aminoterminus door MMPs en proproteine con-
vertasen (PCs) en wordt actief MMP14 vervolgens naar het plasmamembraan getrans-
porteerd [22, 28-32]. Al de bovengenoemde mutaties zijn aanwezig op plekken die 
cruciaal worden geacht voor activatie en/of transport van MMP14: het SP (p.T17R), 
de PC herkenningsmotieven (p.R92C en p.R111H), en het hemopexine (Hx) domein 
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(p.S466P) [2, 3, 7-9, 28-30, 33-35]. Wij hebben het effect van deze mutaties op hydro-
lyse, transport en activiteit van MMP14 onderzocht aan de hand van een nieuw ont-
wikkeld in vitro model. Dit model bestond uit fibroblasten die wild-type (WT) dan wel 
mutant MMP14 met twee verschillende labels aan respectievelijk hun amino- en car-
boxylterminus tot expressie brachten. Zoals verwacht, werd het WT fusie-eiwit se-
quentieel gehydrolyseerd in de biosynthetische-exocytaire route en bevond zich uitein-
delijk op het celoppervlak als functioneel actief enzym. Dit leverde tevens het eerste 
directe bewijs voor verwijdering van het SP van MMP14 in het ER in vitro. De p.T17R 
mutatie verstoorde ER insertie en daaropvolgende hydrolyse en transport van MMP14. 
Daarentegen verliep de hydrolyse en het transport van MMP14 R111H schijnbaar 
normaal. De p.R111H mutatie verstoorde de katalytische activiteit en het stimulerende 
effect op celmigratie van MMP14 in vitro echter deels, wat suggereert dat R111 een cru-
ciaal residu is voor MMP14 activatie. Het is mogelijk dat de verminderde activiteit 
veroorzaakt wordt door een subtiele afwijking in prodomeinhydrolyse, die wij niet 
konden detectered door middel van Western blot. Vergeleken met de door Winchester 
et al. beschreven patiënten, hadden onze patiënten een relatief mild fenotype; dit cor-
releerde het beste met de mate van pro-MMP2 activatie door mutant MMP14 in vitro 
[6]. Onze resultaten bevestigden de pathogeniciteit van een nieuw, hypomorf MMP14 
allel, dat een milde vorm van WS veroorzaakt. Vergeleken met de WS patiënten, heb-
ben de Mmp14 mutante muizen een ernstiger fenotype. In overeenstemming hiermee 
verstoorde de p.R92C mutatie het intracellulair transport en de activiteit van MMP14 
in vitro dramatisch. Dit impliceert dat het R89-R-P-R-C93 PC herkenningsmotief een 
belangrijkere rol speelt in deze processen dan eerder werd aangenomen [23, 31, 36]. 
Hoewel het Sabe en Cartoon phenotype nagenoeg identiek zijn aan elkaar en de respec-
tievelijke mutaties de pro-MMP2 activatie door MMP14 ernstig verstoorden, behield 
MMP14 S466P zijn vermogen tot hydrolyse van gelatine en stimulatie van celmotiliteit 
in vitro [8, 9]. Een mogelijke verklaring voor deze discrepantie is dat in tegenstelling tot 
MMP14 R92C, enig MMP14 S466P het celmembraan bereikt, en daarmee functies die 
onafhankelijk zijn van homodimerisatie gespaard blijven [37-40]. Homodimerisatie kan 
verstoord zijn door een dosis-effect, of door een direct effect van de p.S466P mutatie 
op het Hx domein [41]. Daarnaast zou de p.S466P mutatie de substraatspecificiteit van 
MMP14 kunnen veranderen, wat de proteolyse van gelatine, maar niet van pro-MMP2, 
vergemakkelijkt. Samengevat hebben wij aangetoond dat de bovengenoemde vier mu-
taties de functionele activiteit van MMP14 elk op een unieke manier verstoren, hetgeen 
restulteert in een vergelijkbaar klinisch fenotype. 
 
Eén aspect van het WS en FTHS fenotype dat onze belangstelling heeft is acne [1, 6, 
10, 11, 42]. Hoewel het alom bekend is dat acne gekenmerkt wordt door cysteuze 
talgklieren oftewel comedonen, is het onbekend waarom dergelijke cysteuze verande-
ringen optreden. De talgklier is in principe een holle, vertakte epitheliale structuur die 
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gescheiden is van de type I collageen-rijke dermis door een basaal membraan [43]. 
Vorming van dergelijke structuren hangt doorgaans af van de novo lumenformatie en 
vertakkende morfogenese [44]. Planaire celpolariteit (PCP) en ECM remodellering 
spelen een cruciale rol in deze twee processen en kunnen, indien verstoord, leiden tot 
cystevorming [45-48]. Opvallend genoeg zijn meerdere celtypen afhankelijk van de 
katalytische activiteit van MMP14 voor vertakkende morfogenese, en tevens van cel-
membraanlocalisatie van MMP14 voor PCP [49-52]. Daarom hypothetiseerden wij dat 
verstoorde luminogenese en vertakkende morfogenese van de talgklier door vermin-
derde functie van MMP14 of SH3PXD2B (gezien hun hierboven beschreven directe 
interactive) ten grondslag kan liggen aan comedovorming. Aangezien acne in onze 
patiënten succesvol werd behandeld met 13-cis retinoïnezuur, hypothetiseerden wij dat 
dit medicament het veronderstelde defect in vertakkende morfogenese zou kunnen 
corrigeren [1]. In Hoofdstuk 3 beschrijven wij een pilotstudie die het effect van 
Mmp14 of Sh3pxd2b knockdown (KD) dan wel retinoïden op lumenvorming en ver-
takkende morfogenese van epitheelcellen in vitro onderzoekt [53, 54]. We toonden aan 
dat KD van deze genen lumenvorming in gereconstrueerd basaal membraan  
(MatrigelTM) verstoorde en vertakkende morfogenese in type I collageengel verminder-
de, terwijl retinoïden beide processen direct stimuleerden. Verstoorde lumenvorming 
door KD van Mmp14 of Sh3pxd2b impliceert dat PCP afwijkend is [52]. Verder sugge-
reert de verkorte tubuluslengte in gecrosslinkte type I collageenmatrix dat KD van 
Mmp14 of Sh3pxd2b de ECM degradatie verstoort [55, 56]. Tenslotte kan de KD de 
celdeling inhiberen, wat de kleinere organoïden in type I collageengel kan verklaren. 
De laatste twee mechanismen zijn waarschijnlijk gekoppeld, aangezien eerder is aange-
toond dat IMCD cellen geïsoleerd uit Mmp14 KO muizen in vitro een proliferatief de-
fect hadden door verlies van de collagenolytische activiteit van MMP14 [57]. Het feit 
dat KD van Mmp14 of Sh3pxd2b eenzelfde effect veroorzaakt in vitro suggereert dat een 
gemeenschappelijke functionele pathway aangedaan is. Vanwege haar rol in ECM 
remodellering, is podosoomfunctie de meest waarschijnlijke kandidaat. Retinoïden 
zouden hun effect kunnen uitoefenen door podosoomvorming te stimuleren, aange-
zien we in Hoofdstuk 2 hebben aangetoond dat 13-cis retinoïnezuur het transport van 
MMP14 S466P naar podosomen in vitro stimuleerde. Dit kan het therapeutisch effect 
van 13-cis retinoïnezuur in de behandeling van acne verklaren, hoewel aanvullende 
weefselspecifieke effecten waarschijnlijk ook een rol spelen [58, 59]. Toekomstig on-
derzoek dat onze experimenten met sebocyten herhaalt, zal moeten uitwijzen of deze 
processen een rol kunnen spelen in de morfogenese van talgklieren. Een dergelijk 3D 
sebocytmodel kan mogelijk gebruikt worden in screening naar anti-acne farmaca. 
 
Naast acne wordt het WS fenotype gekenmerkt door craniofaciale dysmorfie en gege-
neraliseerde osteopenie [1, 6]. De meeste aangedane craniofaciale skeletelementen zijn 
afgeleid van de van neurale lijst (NL), de voornaamste embryonale structuur die bij-
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draagt aan de ontwikkeling van het gelaat [60-62]. Na hun inductie, delamineren NL 
cellen en migreren ze uitvoerig, waarvoor ECM remodellering essentieel is [60, 61, 63-
65]. Aangezien MMP14 betrokken is bij ECM remodellering en invasieve celmotiliteit, 
hypothetiseerden wij dat verstoorde NL migratie ten grondslag ligt aan de craniofaciale 
dysmorfie van WS [4, 5, 21, 66]. Om deze hypothese te testen en de onderliggende 
oorzaak van osteopenie bij WS te bestuderen, besloten wij een zebravismodel te ont-
wikkelen. Zebravissen vormen dezelfde skeletweefsels als mensen, die zich bovendien 
op een vergelijkbare wijze ontwikkelen. Dit geldt met name voor de schedelbeenderen 
van de zebravis, waarvan de meerderheid is afgeleid van de NL [67-70]. Zebravissen 
hebben twee goed geconserveerde MMP14 paralogen, Mmp14a en Mmp14b, die tij-
dens de ontwikkeling in het mesenchym van de kop tot expressie komen [71-76]. De 
snelle uitwendige ontwikkeling en optische transparantie van het zebravisembryo ma-
ken bovendien live in vivo beeldvorming mogelijk [77-79]. In Hoofdstuk 4 hebben wij 
de CRISPR/Cas9 techniek gebruikt voor knockout (KO) van zowel mmp14a als 
mmp14b in zebravissen. Onze mmp14a/b KO vissen toonden essentiële aspecten van 
het WS fenotype, inclusief verminderde groei, geleidelijk verergerende craniofaciale 
afwijkingen, hyperkyfose, osteopenie (hoewel beperkt tot de schedel), en een verkorte 
levensduur [1, 6]. In tegenstelling tot onze hypothese, waren NL inductie, delaminatie, 
farynxbooginvasie, en differentiatie tot craniofaciaal kraakbeen onaangetast door 
mmp14a/b KO. Zoals eerder gesuggereerd, zijn voorheen beschreven craniofaciale 
defecten in mmp14a en mmp14b morfanten waarschijnlijk aspecifieke neveneffecten van 
de gebruikte Morfolino oligonucleotiden [74, 75, 80]. In onze mmp14a/b KO larven 
was de skeletmineralisatie tijdens metamorfose onaangetast [81]. Volwassen mutanten 
hadden een verstoorde enchondrale/perichondrale en intramembraneuze ossificatie 
van zowel NL- als mesoderm-afgeleide beenderen, wat verder tegen een NL-specifiek 
problem pleit [68, 82]. Aangedane botten bevatten in het algemeen relatief weinig 
botmatrix met een afwijkende collageeninhoud en clusters multinucleaire cellen, en een 
relatief volumineuze, ongeorganiseerde kraakbeenkern. In muizen verstoort verlies van 
MMP14 de tijdige verwijdering van kraakbeen tijdens beide vormen van ossificatie, wat 
gepaard gaat met overmatige resorptie van gemineraliseerde botmatrix. Dit resulteert 
in vergelijkbare botafwijkingen als aanwezig in onze mmp14a/b KO vissen [51, 83]. 
Hoewel in vitro is aangetoond dat MMP14 de osteoblastdifferentiatie stimuleert en 
osteoclastdifferentiatie en -activatie inhibeert, zal aanvullend onderzoek uit moeten 
wijzen welke processen en celtypes betrokken zijn in het skeletfenotype van onze 
mmp14a/b KO vissen [84-86]. Verder is het nog onbekend in welke mate afwijkende 
podosoomfunctie betrokken is in het WS fenotype. Analyse van zebravissen met ver-
schillende combinaties van mmp14a/b, sh3pxd2b en/of mmp2 KO kan helpen om de 
samenwerking van de respectievelijke eiwitproducten in botremodellering te begrijpen. 
Tenslotte kan de mmp14a/b KO vis gebruikt worden voor de ontwikkeling van medi-
catie voor botafwijkingen in WS alsook osteopenie in het algemeen. 
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