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RAPID COMMUNICATION

Evidence that all Sorsby’s fundus dystrophy
mutations cause TIMP3 dimerization resulting
in impaired inhibition of VEGFR2

Tissue inhibitor of metalloproteinases 3 (TIMP3) regulates

turnover of the extracellular matrix (ECM) and is also a

potent inhibitor of the vascular endothelial growth factor

receptor 2 (VEGFR2), a key mediator of angiogenesis. Mu-

tations in TIMP3 give rise to Sorsby’s fundus dystrophy (SFD),

a dominantly inherited degenerative disease of the retina

that leads to blindness, usually in middle age. To date,

fifteen different mutations in TIMP3 have been identified as

causing the disease. Conventionally, these were numbered

for their positions in the secreted protein, excluding the

signal sequence but are referenced in Table S1, with and

without including the signal sequence; however, we use the

conventional nomenclature in the text. Figure 1A illustrates

their relationship to the primary structure. Thirteen of these

are missense mutations, one a nonsense mutation and one a

mutation in the splice acceptor site at the intron 4/exon 5

boundary. All but one of these mutations (S15C) affect exon

5, which codes for all except the first 3 residues of the

carboxyl-terminal domain of the molecule. Notably, eleven

mutations result in a change to a cysteine residue, while the

nonsense mutation (E139X), also gives rise to an unpaired

cysteine residue.1 It seems unlikely that this is coincidental.

Indeed, we have shown many of these Cys residues result in

dimerization and/or multimerization of the TIMP3 protein.

Moreover, the E139K missense mutation2 and the E139X

nonsense mutation1 have also been shown to form disulfide

bonded dimers, strengthening the hypothesis that TIMP-3

dimerization is a prerequisite for the disease. However,

the H158R mutation and the S15C mutation have both been

reported to be solely monomeric, challenging this hypothe-

sis.3,4 Moreover, the molecular consequences of several

other mutations, and the novel splice acceptor site mutation

have never been examined.

Initially we examined the expression of the H158R mu-

tation, reported to be monomeric when expressed by

patient dermal fibroblasts or transfected HEK293 cells,3 the

S15C mutation, also reported to be monomeric when

expressed from patient fibroblast cells or by a cell-free

expression system4 and the Y128C, Y154C and Y159C mu-

tants whose dimerization status had not been examined.

cDNAs corresponding to these mutations were stably

expressed from ARPE19 retinal pigment epithelial cells,

alongside the S181C mutant, which is widely accepted to

dimerize. Figure 1B shows that all of these mutant forms of

TIMP3 gave rise to bands in the range of 20e30 kDa, cor-

responding to the expected size of glycosylated and

unglycosylated forms of TIMP3. However, in the non-

reduced gels additional bands at w50 kDa were also

observed for all the mutants which disappeared upon

reduction, indicating that these higher molecular weight

forms are disulfide bonded dimers.

Next we examined the splice-acceptor site mutation by

creating a synthetic gene construct comprising exons 1e4,

intron 4 and the whole of exon 5 with either the wild-type

(sWT) -cagATC- or mutant (sM) -caagATC- splice acceptor

site at the end of intron 4 (Fig. S1A). These constructs were

transfected into COS-7 and ARPE19 cells and total RNA

isolated, reverse transcribed and sequenced. Sequencing of

TIMP3 cDNA from COS-7 and ARPE19 cells transfected with

the sM construct, but not the normal control construct

(sWT), gave rise to a number of novel cDNA species

(Fig. S1B). In all cases these resulted from mis-splicing of

exon 4 into cryptic acceptor sites in the non-coding

sequence of exon 5, potentially giving rise to TIMP3 pro-

teins with novel C-terminal domains of different length and

numbers of cysteine residues (illustrated in Fig. 1C from the

DNA sequences in Fig. S1C).

ARPE19 cells were stably transfected with the sM and

sWT constructs (endogenous wild-type TIMP3 is also

expressed by these cells) and their extracellular matrix

(ECM) isolated and stained with anti-TIMP3 antibody. Novel

bands at w15 kDa and w30 kDa were observed in the non-Peer review under responsibility of Chongqing Medical

University.
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Figure 1 The effects of Sorsby’s fundus dystrophy mutations on TIMP3 expression and dimerization and on endothelial cell

migration in response to VEGF. (A) Schematic representation of the primary structure of TIMP3 illustrating the positions of residues

found to be mutated in SFD. Mutated residues are highlighted in black and numbered according to the secreted protein sequence.

Other key residues, including cysteines and the N-glycosylation site are also numbered and the exon 4/exon 5 boundary indicated.

(B) Representative Western blots of non-reduced and reduced ECM from ARPE19 cells stably transfected with different SFD mutant

constructs. (U) untransfected, (WT) wild-type TIMP3 or the specified mutant forms of TIMP3. Mutations in the upper panel were

probed using an anti-TIMP3 polyclonal antibody, those in the lower panel with an anti-V5 monoclonal antibody. (C) Protein

sequence of the normal, wild-type (WT), exon 5 and the predicted sequences of the novel mis-spliced products (S1eS5). (D)

Representative Western blots of non-reduced and reduced ECM from ARPE19 cells stably transfected with splice site SFD mutant

constructs. Upper panel, the products of the full-length wild type (sWT) and full-length splice site mutated (sM) splice constructs

i.e., including intron 4 and all of exon 5. Lower two panels; sWT and sM construct alongside products of the S1, S3, S4 and S5 splice

product cDNA sequences. Membranes were probed with anti-TIMP3 polyclonal antibody. (E) Bar chart showing percentage migration

relative to ECM from untransfected cells (means � SE, nZ 3, one way ANOVA) ****, P < 0.0001 relative to untransfected ARPE19;

þþþ, P < 0.001 relative to WT TIMP3; þþ P < 0.01 relative to WT TIMP3.
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reduced gel for sM but not sWT (Fig. 1D, top panel). Upon

reduction, the band atw30 kDa was absent and there was a

concomitant increase in the intensity of thew15 kDa band,

which suggests that the w30 kDa band is a dimer.

This banding pattern is unlikely to be explained by

expression of the splice product S2, which would be

w23 kDa, if expressed. However, S1, S3, S4 and S5 would all

be expected to yield 15e17 kDa polypeptides with short

aberrant C-terminal sequences and all or one of these

products might comprise the observed lower band. They

would also result in molecules with an odd number of Cys

residues, which could contribute to intermolecular disulfide

bonds and thew30 kDa band. In order to determine which, if

any, of the cloned mis-spliced cDNA sequences could explain

the protein expression pattern, the cDNA sequences were

subcloned into the pcDNA3 mammalian expression vector

and stably transfected into ARPE19 cells (alongside sM and

sWT for comparison). Without reduction, none of the cDNA

constructs gave rise to a w15 kDa band but both S1 and S5

gave rise to bands at w30 kDa, which could be reduced to

bands at w15e16 kDa (Fig. 1D, bottom two panels).

All of the mis-splicing events identified on expression of

the splice mutation would give rise to TIMP3 proteins that

lack all but the first three amino acid residues of the

carboxyl domain of TIMP3, which has been shown to be both

essential and sufficient for VEGFR2 inhibition,5 making it

highly unlikely that these mis-spliced protein products

would inhibit the receptor. However, patients with the

splice site mutation have a late onset form of the disease

and do not show a more pronounced degree of CNV than

patients with any other TIMP3 mutation. Similarly, patients

with the E139X mutation, which also lacks most of the

carboxyl domain, do not exhibit particularly pronounced

CNV (referenced in Table S1). This led us to hypothesize

that dimerization of TIMP3 about the carboxyl domain may

impair the ability of all mutant TIMP3 proteins to inhibit

VEGFR2, potentially explaining the CNV which is a hallmark

of this disease. We tested this hypothesis by analysing the

ability of vascular endothelial cells to migrate through ECM

from ARPE19 cells expressing either wild-type or several

different SFD mutant TIMP3 proteins in response to VEGF.

The cell matrix from wild-type TIMP3 transfected

ARPE19 cells inhibited human umbilical endothelial cell

(HUVEC) migration by w60% relative to that from untrans-

fected cells (Fig. 1E, S2A). While ECM from all the SFD-

transfected ARPE19 cells also showed some inhibition, this

was significantly less than for the wild-type protein (w30%,

relative to untransfected cell matrix). Western blotting of

the ECM from these cells for total TIMP3 protein expression,

showed some variation in expression levels, however these

did not correlate with the degree of inhibition seen with,

for example, more TIMP3 protein being expressed by the

S156C SFD transfected cells (Fig. S2B).

In summary, our data support the hypothesis that all

SFD-mutated forms of TIMP3 result in dimerization/multi-

merization of the protein which in turn significantly impairs

its ability to inhibit the proangiogenic growth factor re-

ceptor VEGFR2. However, we cannot categorically dismiss

the possibility that SFD mutations have an, as yet uniden-

tified, effect on the ECM which facilitates endothelial cell

migration, although this seems unlikely as, in patients at

least, mutations result in increased matrix deposition and

basement membrane thickening which would be expected

to impair, rather than facilitate, migration.
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