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Recurrent, Activating Variants
in the Receptor Tyrosine Kinase DDR2
Cause Warburg-Cinotti Syndrome

Linda Xu,1,2,3 Hanne Jensen,4,13 Jennifer J. Johnston,5,13 Emilio Di Maria,6 Katja Kloth,7

Ileana Cristea,1,2,3 Julie C. Sapp,5 Thomas N. Darling,8 Laryssa A. Huryn,9 Lisbeth Tranebjærg,10,11

Elisa Cinotti,12 Christian Kubisch,7 Eyvind Rødahl,1,3 Ove Bruland,2 Leslie G. Biesecker,5,13

Gunnar Houge,2,13,* and Cecilie Bredrup1,2,3,13

We have investigated a distinct disorder with progressive corneal neovascularization, keloid formation, chronic skin ulcers, wasting of

subcutaneous tissue, flexion contractures of the fingers, and acro-osteolysis. In six affected individuals from four families, we found one

of two recurrent variants in discoidin domain receptor tyrosine kinase 2 (DDR2): c.1829T>C (p.Leu610Pro) or c.2219A>G

(p.Tyr740Cys). DDR2 encodes a collagen-responsive receptor tyrosine kinase that regulates connective-tissue formation. In three of

the families, affected individuals comprise singleton adult individuals, and parental samples were not available for verification of the

de novo occurrence of the DDR2 variants. In the fourth family, a mother and two of her children were affected, and the c.2219A>G

missense variant was proven to be de novo in the mother. Phosphorylation of DDR2 was increased in fibroblasts from affected individ-

uals, suggesting reduced receptor autoinhibition and ligand-independent kinase activation. Evidence for activation of other growth-

regulatory signaling pathways was not found. Finally, we found that the protein kinase inhibitor dasatinib prevented DDR2 autophos-

phorylation in fibroblasts, suggesting an approach to treatment. We propose this progressive, fibrotic condition should be designated as

Warburg-Cinotti syndrome.
In 2006, Warburg et al. described an apparently distinct

connective-tissue disorder characterized by blepharophi-

mosis, progressive corneal vascularization, retinal dystro-

phy, conductive hearing loss, acro-osteolysis, and wasting

of subcutaneous tissue in the face, hands, and feet.1 For up-

dated pictures of the described individual, see Figure 1.

Cinotti et al. later reported an individual with similar fea-

tures.2 In this report we extend the clinical description

by identifying four additional individuals, three of whom

are from a single family, and identify the molecular cause

of this syndrome.

Informed consent was obtained for participation and

publication of clinical photographs. The study was

approved by the Regional Committee for Medical and

Health Research Ethics, Western Norway (IRB no.

00001872, project number 2014/59). The NIH study was

reviewed and approved by the National Human Genome

Research Institute institutional review board, protocol

10-HG-0065.

The clinical findings are illustrated in Figures 1 and 2 and

are summarized in Tables 1 and S1. Pedigrees are provided

in Supplemental Figures S1–S4. Individuals 1 and 2 have

been described in detail.1,2 The proband of the third pedi-

gree (individual 3) is a 31-year-old female with two affected
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children (Figures 2 and S3). She was born with a clubfoot,

which was successfully treated. When she was 5 years old,

the first red, linear, and firm keloid-like plaque appeared

spontaneously on her left forearm. This was slowly pro-

gressive. Over the years, several additional red papules

and linear or annular plaques developed on her arms

and feet, without preceding trauma or inflammation. In

contrast, no keloid formations have occurred after surgical

and traumatic wounds, with the exception of one instance

after an ear helix piercing. At age 14, finger flexion contrac-

tures, preceded by painless, non-erythematous swelling

of the involved joints, developed. This progressed to

ankylosis of proximal interphalangeal (PIP) joints and

cutaneous fusion between the digits and the palm (Figures

2E and 2F). Surgical correction and collagenase injections

allowed the fixated digit to extend, but rapid recurrence

and progression occurred. Gradual cutaneous fusion of

the toes led to little or no separation of the toes (Figures

2I and 2J). She has had numerous sterile abscesses of

the hands and feet, and these abscesses were often fol-

lowed by scarring, cutaneous fusions, and contractures.

From the age of 25, she developed corneal neovasculari-

zation and subsequent pannus and symblepharon forma-

tion on the right eye; eventually, there was complete
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Figure 1. Features of Individual 1, with the p.Leu610Pro DDR2 Variant
(A–C) Panels A–C show facial features, including a long philtrum, a short nose, a thin upper vermilion, midface retrusion, and narrow
nostrils.
(D) Panel D shows mild cutaneous acquired syndactyly of fingers 3 and 4 and flexion contractures.
(E) Panel E shows corneal vascularization at age 54 years and development of complete corneal conjunctivalization and symblepharon
formation.
conjunctivalization of the cornea and a reduction of her

visual acuity to hand motion only. Her left eye has normal

vision, but examination showed limbal stem-cell defi-

ciency (LSCD), a superior corneal vascular pannus, reduc-

tion of the central corneal thickness to 419 mm, and

endothelial-cell dysfunction with disruption of healthy

hexagonal morphology (Figures 2A–2C). Fundoscopy

showed normal retinal findings. Her facial features include

a mild narrowing of the nasal bridge, mild lower-midface

retrusion, and mild epicanthal folds. The lengths of her

palpebral fissures are normal. She was diagnosed with

hypothyroidism in her 20s. She has generalized thin

skin and erythema.The hyperkeratosis of follicular orifices

of her arms, neck, and chest resembles keratosis pilaris.

Radiographs of the hands showed relatively normal pha-

langes with contractures. Radiographs of the feet showed

small, hypodense distal phalanges and deformed middle

phalanges, and in the 3-5th toe severe lateral angulation

of the DIP joints could be seen (Figure 2H). She had
The American
enlarged frontal sinuses on skull films and no apparent

osteolysis.

Her eldest daughter (individual 4) had a normal birth

and health history in early childhood. She developed con-

tractures of her fourth fingers at 4–5 years of age; these

contractures were associated with painless, non-erythema-

tous swelling of the involved joints. Her PIP contractures

were �90 degrees on the right fourth finger, but less severe

on the left third finger. On her palms, she had associated

scar-like thickening overlying the flexor tendons of

the fourth digits (Figures 2K and 2L). She had a right cho-

lesteatoma removed at age 4; this recurred and was

removed again at age 8. On evaluation at age 8.5, she

had a faint papular erythematous rash on her arms, face,

neck, and chest; a 3 mm bluish papule with a punctate

eschar on her right upper arm; and a soft, slightly bluish

1.5–2.5 cm mass on the sole of her left foot. Although

her vision was normal, she had a superior corneal vascular

pannus and reduced central corneal thickness (right eye
Journal of Human Genetics 103, 976–983, December 6, 2018 977



Figure 2. Features of Individuals 3 and 4
Individual 3 (A–J) is the index patient of this family, and individual 4 (K–O) is her 8-year-old daughter. Both have the p.Tyr740CysDDR2
variant.
(A and B) Slit-lamp microscopy images of the mother’s anterior segment. There was complete conjunctivalization of the right cornea
with symblepharon formation (A) and superior vascular pannus in the left eye (B).
(C) A specular microscopy image of the cornea of individual 3 (C). The image shows disruption of the healthy hexagonal endothelial
morphology.
(D) A normal image is shown for comparison.
(E and F) Extreme flexion contractures of the mother’s hands, as well as scarring and adhesions of the flexor surfaces of the digits and
palm.
(G) A few of the annular plaques with features that are similar to those of keloids, though they have an atypical maroon-brown pigmen-
tation. The more distal, lighter-pigmented lesion had been excised, after which it recurred and was treated with intralesional
corticosteroids.
(H–J) Feet and radiographs featuring acro-osteolysis, lateral deviation of the digits, and extreme connective-tissue overgrowth leading to
subsequent fusion of the toes.
(K–O) Images of the 8-year-old daughter show a 90-degree flexion contracture of the right fourth finger (K), scar-like lesions of the palm,
mild contraction of the left fourth finger, and asubtle, scar-like lesion in the palm proximal to that digit (L). The radiograph shows an
absence ofmajor osteolysis in the feet, whichappeared largely normal aside from a deviated, deformed distal phalanx of the left fourth toe.
491 mm, left eye 484 mm), but normal endothelial cell

morphology on specular microscopy. She has a long face

with midface retrusion, a narrow nose, short palpebral fis-

sures, epicanthal folds, and thin ear cartilage. Her skin is

thin and somewhat lax, similar to her mother’s, although

her feet appear relatively normal.

The youngest child (individual 5) is a male with an unre-

markable birth and health history, except for noticeable

enlargement of several PIP finger joints and mild flexion

contractures of several DIP finger joints. On evaluation at

age 3, he had mild follicular hyperkeratosis, and an eye ex-

amination showed a prominent superior corneal vascular

pannus. His facial features are essentially the same as those

of his sister. The proband’s third and healthy child, her

brother, and both of her parents reportedly have none of

the features described above. All individuals have appar-

ently normal intelligence.

The sixth affected individual (individual 6) is a 35-year-

old female who presented with a complex combination

of congenital and acquired symptoms. She was born to

healthy, unrelated parents with an unremarkable family

history, apart from the presence of polycystic kidney dis-
978 The American Journal of Human Genetics 103, 976–983, Decem
ease in her father and paternal uncle. She presented with

pyloric stenosis and facial dysmorphism in infancy. Psy-

chomotor development was normal, but she suffered

from recurrent ear infections that led to conductive hear-

ing loss during childhood. In addition, she also has polycy-

stic kidney disease. Her arms had angiodermatofibromas

(benign and superficial fibrous histiocytoma), and her

scalp had lichenoid skin lesions. Furthermore, she has

hypothyroidism and mild mitral valve insufficiency, and

during adolescence a susceptibility to bruising was noted.

She has had surgical corrections of dental crowding and

malpositioned teeth. At age 18 years, spontaneous pneu-

mothorax was diagnosed. At age 22 years, she underwent

sigmoid resection as a result of chronic diverticulitis and

developed stenotic scarring as a later complication. At

age 31years she had peritonitis after surgery associated

with an ovarian abscess. Wound healing was delayed,

and she developed a thick, protruding scar that in some

areas was keloid-like. During treatment of her abdominal

illness, she sustained an ischemic stroke, and she devel-

oped cysts in the liver. She has hypermobile joints, flat

feet, contractures, and generalized joint enlargements of
ber 6, 2018



Table 1. Overview of Phenotypic Features

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6

Described by Warburg et al.1 Cinotti et al.2 this paper this paper this paper this paper

Age 57 years 58 years 31 years 8 years 3 years 35 years

Familial status singleton
individual

singleton
individual

index
mother

child of
individual 3

child of
individual 3

singleton
individual

DDR2 variant p.Leu610Pro p.Tyr740Cys p.Tyr740Cys p.Tyr740Cys p.Tyr740Cys p.Leu610Pro

Narrow palpebral fissures þ þ – þ NR þ

Corneal vascularization þþþ þþþ þþ þ þ NR

Reduced vision þþþ þþþ þþ – NR NR

Thin nose 5 small alae nasi þ þ þ þ þ þ

Long face þ – þ þ þ NR

High palate þ NR – – – þ

Abnormal teeth þ þ – – – þ

Posteriorly rotated ears þ þ þ – – NR

Thin ear cartilage NR NR þ þ NR NR

Conductive hearing loss þ – – NR NR þ

Cholesteatoma þ NR NR þ NR NR

Skin with little subcutaneous tissue þ NR þ þ NR þ

Keloid-like plaques þ þ þ – – þ
Follicular hyperkeratosis NR NR þ – þ þ

Contractures þþ þþþ þþ þ þ þ

Joint swellings NR NR þ þ þ þ
Acro-osteolysis þ þ þ – – þ

Palmar fibrotic bands / cutaneous fusions NR þ þ þ – –

Loss of toenails / toes þ þ þ – – þ
Pneumothorax þ – – – – þ

Mitral valve insufficiency NR þ – – – þ
Hypothyroidism NR NR þ – – þ

Intestinal problems þ NR – – – þþ

Abbreviations are as follows: þ ¼ present, with degree of presence indicated when appropriate; – ¼ absent; and NR ¼ not reported.
the fingers. Chronic ulcerations on her toes eventually led

to the loss of all toes and a significant portion of forefoot

tissue. She has surgical wound management on a regular

basis. At her latest clinical examination (at age 35), she pre-

sented with apparently normal cognition, tall stature

(�95th percentile), reduced subcutaneous body fat,

enlarged and low-set-ears, widely spaced eyes, bilateral ep-

icanthus, bilateral blepharophimosis, a thin nose with

small alae nasi, and a high palate. She is able to walk un-

supported but suffers from limitations due to chronic ul-

cerations on her feet.

Clinical testing for genomic copy-number aberrations

and a connective-tissue gene panel of individuals 1 and

2 were normal (data not shown). Research exome

sequencing, using both dominant and recessive models,

was undertaken as described in the Supplemental Methods.
The American
We made a list of all variants shared by these unrelated in-

dividuals, then removed all variants previously classified as

benign in our diagnostic pipeline, as well as all variants pre-

sent in dbSNP build 137. Only four heterozygous missense

variants in two genes remained. Two variants were inMUC4

[MIM: 158372] in non-conserved nucleotides and amino

acids, and both were predicted to be benign by the in silico

tools provided by Alamut (Interactive Biosoftware). Two

variants were in DDR2 [MIM: 191311]; these variants

affected conserved nucleotides and amino acids, and

both were predicted to be damaging by the following

in silico prediction programs: PolyPhen2, MutationTester,

SIFT, and LRT. Individual 1 was heterozygous for DDR2

(GenBank: NM_001014796.1) c.1829T>C (p.Leu610Pro),

and individual 2 was heterozygous for DDR2 c.2219A>G

(p.Tyr740Cys). In programs provided through Alamut,
Journal of Human Genetics 103, 976–983, December 6, 2018 979



Figure 3. DDR2 Structure and Amino Acid
Conservation
Above, the DDR2 structure is sketched with
variant positions indicated. Below, the de-
gree of amino acid conservation is indicated
by a comparison to organisms ranging from
C. elegans to humans. The paralog DDR1 is
also included for comparison. Red Y’s are
tyrosines known to be phosphorylated.
Green amino acids are conserved. TM ¼
transmembrane domain.
neither of the variants were predicted to affect splicing.

In addition, the variants had CADD scores of 30 for

p.Leu610Pro and 31 for p.Tyr740Cys, also decreasing the

likelihood that this was a chance finding (see Supplemental

Methods for details).DDR2 is relatively intolerant to loss-of-

function variants (Exac database pLI score of 0.99) and

more tolerant to missense variation (Exac database Z score

of 2.09). Neither of the DDR2 variants found were present

in the gnomAD database, nor were any other missense

changes to either the Leu610 or Tyr740 codons. Both

missense changes affect conserved amino acids located in

the DDR2 tyrosine kinase domain, as can be seen from

the cross-species comparison made in Figure 3. The same

amino acids are also conserved in DDR1 [MIM: 600408].

Subsequently, we found that individual 3 had the same

p.Tyr740Cys variant previously found in individual 2 and

that individual 6 had the same p.Leu610Pro variant

previously found in individual 1. The variant found in indi-

vidual 3 was proven to be de novo after parental testing

(Figure S3). In the other individuals, samples from both par-

ents were not available (Figures S1, S2, and S4). The two

affected children of individual 3 (individuals 4 and 5) had

inherited the p.Tyr740Cys variant (Figure S3). The variants

were verified by Sanger sequencing (Figures S1–S3). We

conclude that the identification of two unique and recur-

rent missense variants, p.Leu610Pro and p.Tyr740Cys,

affecting conserved DDR2 amino acids, in four families

with a similar clinical phenotype (one proven de novo occur-

rence) confirms the pathogenicity of these variants.

The discoidin domain receptors, DDR1 and DDR2, are

receptor tyrosine kinases (RTKs) that are stimulated by

collagen in the extracellular matrix (ECM). Unlike most

other RTKs, they form ligand-independent stable dimers

that are non-covalently linked.3 This ECM activation in-

duces receptor phosphorylation with slow kinetics, i.e., a

slow and prolonged response, unlike the quicker responses

of most other RTKs. DDRs regulate cell proliferation, differ-

entiation, migration, and survival and control extracellular

matrix homeostasis and remodeling. Dysregulated DDR

function has been associated with fibrosis, arthritis, and

cancer.3,4 DDR2 is predominantly expressed in fibroblasts,

chondrocytes, osteoblasts, and other connective-tissue

cells of mesenchymal origin.5
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Both the p.Leu610Pro and the p.Tyr740Cys substitu-

tions are located in the kinase domain of the DDR2 recep-

tor. To study the consequences of these substitutions, we

first examined DDR2 autophosphorylation. All results

were reproduced in at least two independent experiments.

Control fibroblasts and fibroblasts from individuals 1 and

3, heterozygous for the p.Leu610Pro and the p.Tyr740Cys

substitutions, respectively, were cultured in Dulbecco’s

modified Eagle’s medium (DMEM)—high glucose (Lonza)

supplemented with 10% fetal calf serum, penicillin, strep-

tomycin, and glutamine. When the cells were 80%–90%

confluent, freshmediumwas added, and the cells were har-

vested the following day. The total phosphorylated DDR2

was measured with a DuoSet IC Phospho-DDR2 kit

(#DYC6170, R&D Systems) according to the manufac-

turer’s recommendations (see Supplemental Methods).

More phosphorylated DDR2 was observed in the fibro-

blasts from affected individuals than in those of controls,

indicating that the variants were activating and caused

autophosphorylation of the receptor (Figures 4A and 4B).

DDR2 has 14 tyrosine residues: four located in the extra-

cellular juxtamembrane region, and the rest located in

the kinase domain of the receptor.6 Tyr740 is thought to

play a critical role for DDR2 autoinhibition and site-

directed Tyr740Phe mutagenesis caused in vitro DDR2

autophosphorylation and thereby mimicked the effect of

high levels of SRC.7 Because the p.Tyr740Cys variant alters

this tyrosine residue, phosphorylation at this site was

further examined. For immunoblot analyses, cells were

starved of serum overnight before being harvested, sepa-

rated on a high-resolution gel system, transferred to nitro-

cellulose membranes, and incubated overnight at 4�Cwith

antibodies against phospho-Tyr740-DDR2 (#MAB25382)

and DDR2 (#MAB2538) (R&D Systems, detailed descrip-

tion in Supplemental Methods). Anti-rabbit IgG (#7074)

and anti-mouse IgG (#7076) (Cell Signaling Technology)

were used as secondary antibodies. As a control for equal

loading, the membranes were blocked again, incubated

overnight with a GAPDH primary antibody (#G99545,

Sigma-Aldrich), and visualized as described above.

HEK293 cells transiently transfected with a human DDR2

expression vector were used as a positive control (see

Supplemental Methods). After use of an antibody against
ber 6, 2018



Figure 4. Autophosphorylation of DDR2 and Effect of Dasatinib
Treatment
(A and B) ELISA (A) and immunoblot (B) results show that DDR2
phosphorylation is greater in fibroblasts with the p.Tyr740Cys or
p.Leu610Pro substitutions than in control fibroblasts (Ctr 1 and
Ctr 2). For ELISA (A), cells were harvested, and total phosphory-
lated DDR2 was measured with the DuoSet IC Phospho-DDR2
kit. For immunoblot analysis (B), cells that had been serum starved
overnight were harvested and examined. The antibody used tar-
geted phospho-Tyr740-DDR2. The band representing phospho-
DDR2 is marked with a red arrow.
(C) The result of treatment with 0.1 mM dasatinib (þ) in control
fibroblasts (left lanes), fibroblasts from individual 3 (top right
lanes), and fibroblasts from individual 1 (bottom right lanes).
In fibroblasts with the p.Leu610Pro and p.Tyr740Cys substitution,
the band representing phospho-DDR2 (marked with a red arrow)
disappeared after dasatinib treatment. All experiments were
reproduced in at least two independent experiments, and repre-
sentative results are shown.
Error bars illustrate the standard deviation of replicated
experiments.
non-phosphorylated DDR2, no DDR2 was detected in fi-

broblasts from affected individuals or controls (Figure S5).

In contrast, the antibody against Tyr740-phosphorylated

DDR2 left a clear band of expected size in fibroblasts

harboring the p.Leu610Pro and p.Tyr740Cys substitutions,

but not in controls (Figure 4B and Figure S6). Increased
The American
phosphorylation of Tyr740 in cells heterozygous for the

p.Tyr740Cys variant suggested that autophosphorylation

of the wild-type protein partner of a DDR2 dimer took

place in these cells or that this antibody also binds to

DDR2 if phosphorylated at nearby tyrosine residues, e.g.,

Tyr736 and Tyr741 (Figure 3). It is likely that both variants

cause ligand-independent kinase activation, as has been

described for other RTKs.8

The DDRs can interact with multiple proteins and also

modulate signaling pathways initiated by other matrix

receptors, cytokines,growth factors, and transmembrane re-

ceptors in a context- and cell-type-dependent manner.3,4

We therefore evaluated the consequences of DDR2

activation on potential downstream growth-stimulatory

pathways and STAT1. The latter is an important modifier

in the overgrowth and tissue wasting seen in individuals

with PDGFRB [MIM: 173410] gain-of-function variants.9

The following proteins were assessed with appropriate

antibodies, all obtained from Cell Signaling Technol-

ogy at recommended dilutions (see Supplemental

Methods for details): phospho-Tyr542-PTPN11(SHP-2),

phospho-Tyr580-PTPN11(SHP-2), PTPN11(SHP-2), phos-

pho-Ser473-AKT, AKT, phospho-Thr202/Tyr204-MAP-

K3(ERK1), MAPK3(ERK1), phospho-Tyr416-SRC, Tyr416-

SRC, phospho-Tyr527-SRC, Tyr527-SRC, SRC, and

phospho-Tyr70-STAT1. We did not detect increased phos-

phorylation of any of these proteins (Figures S7–S21). This

suggests that the consequence of DDR2 activation in

Warburg-Cinotti syndrome (MIM: 618175) is targeted to a

group of proteins with little signal-transduction crosstalk

with well-known growth-stimulatory pathways, such as

the RAS/ERK and PI3K/AKT pathways.

Our finding that activating DDR2 variants are a cause of

this disease suggested that the ABL inhibitor dasatinib, a

leukemia drug that also inhibits DDR2, could be used for

treatment of affected individuals.10,11 To examine the

effect of dasatinib on p.Leu610Pro- and p.Tyr740Cys-

induced autophosphorylation, we cultured fibroblasts

from affected individuals and controls as described above.

When the cells were 80%–90% confluent, the medium

was replaced with serum-free DMEM. After 16 hours, cells

were either left untreated or treated with 0.05 or 0.1mM da-

satinib (#S1021, Selleckchem); they were then harvested af-

ter 6 hours as described above. Immunoblot analysis deter-

mined the presence of phospho-Tyr740-DDR2. At both

concentrations, dasatinib abolished the observed autophos-

phorylation of DDR2 (Figure4C and Figures S22 and S23),

providing invitro support for experimental treatment of

affected individuals. Penttinen syndrome, associated with

activating mutations in PDGFRB, and Warburg-Cinottisyn-

drome have many similarities, such as lipodystrophy, sub-

cutaneous-tissue wasting and accompanying hypertrophic

lesions, and marked acro-osteolysis.12 Of note, PDGF-tar-

geted therapy has been effective in three reported individ-

uals with germline activating PDGFRB mutations.13,14

DDR2 is an important regulator of bone growth and

resorption, both as a promoter of osteoblastogenesis and
Journal of Human Genetics 103, 976–983, December 6, 2018 981



as an inhibitor of osteoclastogenesis.15,16 DDR2 has been

suggested as a therapeutic target for osteoporosis.16 In

addition, DDR2-collagen interaction stimulates the secre-

tion of lysyl oxidase, which cross-links collagen fibers in

the ECM.3,17 Why activating mutations in DDR2 might

be associated with osteolysis in the individuals described

here remains to be elucidated. However, bi-allelic loss-of-

function variants in DDR2 cause spondylometaepiphyseal

dysplasia accompanied by short limbs and abnormal (pre-

mature) calcifications (SMED-SL [MIM: 271665]).18,19 This

developmental disorder is associated with decreased bone

formation but not increased bone destruction (or osteoly-

sis). No skin or eye changes have been reported.18–20 The

individuals described in this report had normal or tall

stature and normal limb lengths, indicating normal devel-

opmental bone growth. They also had an acquired arthrop-

athy with osteolysis that was associated with flexion

contractures. Premature calcifications (as seen in SMED-SL)

were not observed in any of the individuals with Warburg-

Cinotti syndrome. Thus, the phenotype of the individuals

reported here with gain-of-function DDR2 variants was

distinct from that seen in SMED-SL, which is associated

with loss-of-function DDR2 variants.

The individuals described here experienced corneal

vascularization in early adult life. DDR2 is able to both drive

and prevent angiogenesis under different conditions.21–23

The primary effect seems to be angiogenesis stimulation,

but a rebound effect or overcompensation can counterbal-

ance this.22 In several of the individuals, limbal stem-cell

deficiency (LSCD) was detected at an early age. The corneal

epithelium undergoes constant shedding and regeneration

to maintain optic clarity. The surrounding limbus forms a

barrier to protect the cornea from neovascularization. In

LSCD this barrier is disrupted, and the corneal epithelium

might be replaced with conjunctival cells, similar to what

we observed in these individuals. Although symptoms of

LSCD often include signs of inflammation (redness and irri-

tation), corneal neovascularization might also develop in

the absence of such signs. One example is in aniridia caused

by haploinsufficiency of PAX6.24,25

The individuals described here had multiple skin prob-

lems, including thin skin, chronic ulcers, and a tendency

to form keloid-like lesions. In mice, the highest levels of

phosphorylated DDR2 were found in the lungs, ovaries,

and skin.26 DDR2 is thought to be both a marker and key

regulator of the epithelial-mesenchymal transition.22

DDR2 signaling is important for wound healing through

multiple mechanisms: chemotactic migration to the

wounded area, proliferation, synthesis and remodeling of

the wound matrix by collagen cross-linking, and finally,

fibroblast-mediated contraction of the healing wound.

Inhibition of DDR2 activity has been postulated as a

therapeutic option to improve wound healing and reduce

keloid formation,27 which is supported by our data.

Several of the keloid-like lesions seen in these individuals

were pigmented. It is of potential relevance that genetic var-

iants inDDR1 [MIM:600408]havebeenassociatedwithviti-
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ligo, andDDR1activation is involvedwhenmelanocytes are

attached to collagen-IV fibers.28 Because DDR1 and DDR2

are paralogous receptors, we hypothesize that activated

DDR2hasa role in themigrationor functionofmelanocytes.

In conclusion, we have identified the cause of a fibrotic

syndrome that is inherited in an autosomal-dominant

pattern. This syndrome is characterized by corneal vascular-

ization, acro-osteolysis, contractures, thin skin, keloid-like

plaques, and ulcerations, particularly of the toes and feet.

We suggest it should be designated Warburg-Cinotti syn-

drome, after the authors of the first two clinical reports. In

addition, we have identified a family and another singleton

individual with the same condition. All affected individuals

had activating variants in DDR2, either p.Leu610Pro or

p.Tyr740Cys. We show that dasatinib inhibited the ligand-

independent DDR2 autophosphorylation induced by both

variants in vitro, suggesting an approach for treatment.
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