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PURPOSE. The purpose of this study was to identify the genetic cause of aggressive corneal
vascularization in otherwise healthy children in one family. Further, to study molecular
consequences associated with the identified variant and implications for possible treat-
ment.

METHODS. Exome sequencing was performed in affected individuals. HeLa cells were
transduced with the identified c.1643C>A, p.(Ser548Tyr) variant in the platelet-
derived growth factor receptor beta gene (PDGFRB) or wild-type PDGFRB. ELISA and
immunoblot analysis were used to detect the phosphorylation levels of PDGFRβ and
downstream signaling proteins in untreated and ligand-stimulated cells. Sensitivity to
various receptor tyrosine kinase inhibitors (TKIs) was determined.

RESULTS. A novel c.1643C>A, p.(Ser548Tyr) PDGFRB variant was found in affected family
members. HeLa cells transduced with this variant did not have increased baseline levels of
phosphorylated PDGFRβ. However, upon stimulation with ligand, excessive activation of
PDGFRβ was observed compared to cells transduced with the wild-type variant. PDGFRβ
with the p.(Ser548Tyr) amino acid substitution was successfully inhibited with tyrosine
kinase inhibitors (axitinib, dasatinib, imatinib, and sunitinib) in vitro.

CONCLUSIONS. A novel c.1643C>A, p.(Ser548Tyr) PDGFRB variant was found in family
members with isolated corneal vascularization. Cells transduced with the newly iden-
tified variant showed increased phosphorylation of PDGFRβ upon ligand stimulation.
This suggests that PDGF-PDGFRβ signaling in these patients leads to overactivation of
PDGFRβ, which could lead to abnormal wound healing of the cornea. The examined
TKIs prevented such overactivation, introducing the possibility for targeted treatment in
these patients.

Keywords: hereditary corneal vascularization, PDGFRB, activating gene variant, receptor
tyrosine kinase inhibitors

I n the last decade, several ligand-independent, gain-of-
function variants in the platelet-derived growth factor

receptor beta gene (PDGFRB) have been reported. They
have been identified in individuals with a diverse range
of disorders. Ocular pterygium digital keloid dysplasia
(OPDKD) is associated with a temperature-sensitive, activat-
ing p.(Asn666Tyr) substitution in PDGFRβ.1 Patients typi-
cally develop extensive corneal vascularization in early
childhood, followed by development of keloids on the
fingers and toes later in life.1 A more severe phenotype is
seen in the Penttinen type of premature aging syndrome,
also associated with activating substitutions in PDGFRβ

(p.(Asn666Ser) and p.(Val665Ala)) and in Kosaki overgrowth
syndrome (KOGS) linked to the substitutions p.(Pro584Arg),
p.(Trp566Arg), p.(Ser493Cys), and p.(Asn856Ile). In these
two syndromes, multiple organs are involved. Penttinen
syndrome is associated with tissue wasting leading to frag-
ile lipodystrophic skin with ulcerations, acro-osteolysis, and
corneal vascularization in early adulthood.2–5 Kosaki over-
growth syndrome is a somatic overgrowth syndrome char-
acterized by distinctive facial features, accelerated growth
with elongated hands and feet, thin and fragile skin, vascu-
larized corneal overgrowth, white matter lesions in the
central nervous system (CNS), and developmental delay.6–11
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It remains unclear why these gain-of-function syndromes are
so phenotypically diverse. However, molecular studies on
intracellular signaling pathways indicate that each syndrome
has a unique pattern of activated downstream signaling
proteins.1–3,5,6,12,13

Various constitutively active gain-of-function PDGFRβ

substitutions have been successfully targeted with tyrosine
kinase inhibitors (TKIs) in in vitro studies.1,2,5,12,14,15 Several
individuals carrying such substitutions have shown clinical
improvement when treated with TKIs, typically imatinib.12,15

Interestingly, an individual with the p.Val665Ala PDGFRβ

substitution exhibited partial clinical improvement with
imatinib but showed a more favorable response to dasatinib
treatment.5

In this report, we describe a novel variant in PDGFRB,
c.1643C>A, p.(Ser548Tyr), found in 3 family members
presenting with aggressive and early-onset corneal vascu-
larization leading to severe visual impairment. In contrast
to the other reported PDGFRB variants, individuals with the
c.1643C>A, p.(Ser548Tyr) variant are otherwise healthy.16

Although the p.(Ser548Tyr) substitution was not consti-
tutively active, ligand-induced overactivation of PDGFRβ

and downstream signaling were seen after stimulation with
platelet-derived growth factor (PDGF). Both ligand-induced
overactivation of PDGFRβ and downstream signaling were
inhibited by several TKIs.

MATERIALS AND METHODS

Ethical Approval

The Regional Committee for Medical and Health Research
Ethics, Western Norway (IRB.no.00001872, project number
2014/59) approved the study. Informed written consent was
obtained from affected individuals prior to genetic analysis.
The study thus adhered to the Tenets of the Declaration of
Helsinki.

Isolation of DNA, Genotyping, and Exome
Sequencing

Blood samples for genotyping were obtained and genomic
DNA was isolated. We examined three DNA samples
from affected family members (individual II-3, who was
legally blind from central corneal scarring with associ-
ated peripheral vascularization, and individuals II-1 and III-
3).16 Exome sequencing was performed using the Nextera
DNA Library Preparation Kit (Illumina, cat # 15028211)
and sequenced on a NextSeq 500 sequencer (Illumina).
Variants were called using GenomeAnalysisTK version
3.2-2-gec30cee,17 following the Broad institute’s recom-
mended best practice. Filtration was performed using
VCFtools,18 and annotation of variants was performed using
ANNOVAR.19

Transduction of Cells

HeLa cells (ATCC CCl-2) were grown in Dulbecco‘s Modi-
fied Eagle Medium (DMEM) containing 10% fetal calf
serum. Transgenic cell preparation was performed as
previously described.2 In brief, a murine retroviral vector
containing the PDGFRB open-reading frame (NM_002609.3)
was obtained from VectorBuilder. The PDGFRB c.wt,
c.1996A>T (p.(Asn666Tyr)), or c.1643C>A (p.(Ser548Tyr))
variants were introduced using the QuickChange Site-

Directed Mutagenesis Kit. Virus production was achieved
by transfecting Phoenix-AMPHO packaging cells. Two
days after transfection, the medium was harvested and
HeLa cells were transduced. Two days post-infection,
stably transduced cells were selected by adding 1 μg/mL
puromycin.

Cell Culture and Stimulation With PDGF

Transduced HeLa cells were seeded in 6-well plates. When
the cells were 80% confluent, they were serum-starved
for 16 hours and stimulated with PDGF (Platelet-Derived
Growth Factor from human platelets; P8147-5UG; Merck
KGaA, Darmstadt, Germany; 2.5, 12.5, and 15 ng/mL in
4 mM HCl containing 0.1% BSA) for 20 minutes or with
4 mM HCl containing 0.1% BSA alone as control. Accord-
ing to the manufacturer, the PDGF isolated from platelets
consists of approximately 70% PDGF-AB, 20% PDGF-BB, and
10% PDGF-AA. Cells were harvested in 1% NP-40, 20 mM
Tris (pH 8.0), 137 mM NaCl, 10% glycerol, 2 mM EDTA,
1 mM activated sodium orthovanadate, 10 μg/mL Apro-
tinin (#4139; Tocris, Abington, United Kingdom), 10 μg/mL
Leupeptin (Leupeptin hemisulfate, #1167; Tocris, Abington,
United Kingdom), and stored at −80°C until immunoblot or
ELISA analysis was performed.

Reduction of Temperature and Glucose
Deprivation

Transduced HeLa cells were either kept at 37°C or incu-
bated overnight at the physiological corneal temperature of
32°C.20,21 Cells transduced with retroviruses expressing the
temperature-sensitive p.(Asn666Tyr) PDGFRB variant were
used as controls. Cells were harvested as described above.

To examine the effect of glucose deprivation, the medium
of the transduced cells was replaced with glucose-free
and serum-free DMEM (Thermo Fisher Scientific Inc.;
#11966025) for 24 hours.

Treatment With Receptor Tyrosine Kinase
Inhibitors

Three different concentrations were used for treatment
with axitinib (AG 013746), dasatinib (BMS-354825), imatinib
(STI571), and sunitinib (SU11248) (all purchased from Sell-
eckchem, Munich, Germany). First, we conducted an in-
house determination of half-maximal inhibitory concen-
tration (IC50) to evaluate the potency of each drug in
our inventory. This was done by stimulating wild-type
transduced HeLa cells with PDGF (15 ng/mL), and then
determining the drug concentration inhibiting half of the
induced PDGFRβ phosphorylation for each TKI (Supple-
mentary Fig. S1). In addition to these in-house concentra-
tions, we used two other dilutions, including the one recom-
mended by the manufacturer (if available), and the IC50

concentrations from the review article by Heldin.22 Trans-
duced HeLa cells serum-starved for 6 hours were treated
with axitinib, dasatinib, imatinib, and sunitinib dissolved
in DMSO, at these concentrations (see the Table), or
with DMSO alone as a control for 6 hours. Cells were
stimulated with 12.5 ng/mL PDGF 20 minutes prior to
harvesting.

Glucose-deprived cells were treated with axitinib, dasa-
tinib, imatinib, and sunitinib 6 hours prior to harvesting. For

Downloaded from iovs.arvojournals.org on 12/15/2023



PDGFRB Gene Variant in Corneal Vascularization IOVS | November 2023 | Vol. 64 | No. 14 | Article 9 | 3

TABLE. Concentrations of the TKIs Used in this Study

Selleckchem
Heldin Literature

Review22
Titration Studies
From This Study

Axitinib 1.6 nM 1.6 nM 2 nM
Dasatinib Not given* 28 nM 8 nM
Imatinib 100 nM 380 nM 86 nM
Sunitinib 2 nM 10 nM 5.6 nM

* The manufacturer does not give dasatinib IC50 for PDGFRβ.
Still, the manufacturer states that dasatinib targets Abl, Src, and
c-Kit with IC50 of <1 nM, 0.8 nM, and 79 nM in cell-free assays,
respectively. In this study, we used 100 nM dasatinib as previously
described.5

this experiment, only TKI concentrations from the in-house
titration study were used.

ELISA and Immunoblot Analysis

ELISA and immunoblot analyses were performed as previ-
ously described.2 In brief, ELISA analysis was conducted
using a DuoSet IC PDGFRβ kit (# DYC1767-2, R&D systems)
in accordance with the guidelines provided by the manu-
facturer. In this kit, the total phosphorylation levels of
PDGFRβ are measured using an immobilized antibody bind-
ing PDGFRβ and an HRP-conjugated antibody against phos-
phorylated tyrosine. For immunoblot analysis, protein sepa-
ration was carried out using a high-resolution gel system
(4–12% NuPAGE Novex Bis-Tris Gel; Life, Carlsbad, CA, USA)
following the manufacturer’s instructions and transferred
to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA).
Membranes were blocked with 5% non-fat dry milk (Bio-
Rad), 1% glycine, and 1% BSA in PBS-T buffer (standard
PBS with 0.05% Tween 20). They were incubated overnight
at 4°C with primary antibodies from Cell Signalling Tech-
nology (Danvers, MA, USA) used at recommended dilu-
tions (catalogue numbers in parentheses): phospho-Tyr70-
STAT1 (#7649), STAT1 (#9172), phospho-Tyr783-PLCγ1
(#2821), PLCγ1 (#5690), phospho-Ser473-AKT (#4060),
phospho-AKTThr308 (#4056), AKT (#4691), phospho-38
MAPK (Thr180/Tyr182; #9211), phospho-Thr202/Tyr204-
MAPK3/ERK1 (#4370), and MAPK3/ERK1 (#4695). To
control for equal loading, anti-GAPDH antibodies (Sigma
#G99545) were used. ImageJ software was used for relative
quantification of immunoblot band intensity.

Statistical Analysis and Reproducibility

Paired t-test was performed to compare PDGFRβ phospho-
rylation levels measured with ELISA. All results were repli-
cated in at least three independent experiments. Represen-
tative images are shown in the figures.

RESULTS

Clinical Examination

The family has been described previously.16 To summa-
rize, aggressive corneal changes diagnosed as pterygium
with extension across the visual axis appeared early in life
in three otherwise healthy family members (individuals II-
1, III-2, and III-3). In addition, individual II-3 had central
corneal scarring with associated peripheral vascularization,
and individual III-6 had dense corneal opacity, lateral rectus
palsy, and unilateral horizontal nystagmus (Fig. 1).

FIGURE 1. Pedigree indicating affected family members. Individuals
II-1, III-2, and III-3 developed pterygium in the early 20s, and at 6,
and 4 years of age, respectively (fully-shaded symbols). Individuals
II-1 and III-3 had a unilateral pterygium, whereas bilateral ptery-
gium was seen in III-2. Individual II-3 was declared legally blind
from central corneal scarring with associated peripheral vascular-
ization, and III-6 had severe visual impairment due to dense corneal
opacity in the left eye (half-shaded symbols). Individuals II-1, II-3,
and III-3 were included in this study. The clinical data are summa-
rized in the supplementary materials (Supplementary Table S1).

A Novel PDGFRB Variant

Exome sequencing revealed a variant in PDGFRB,
NM_002609.3: c.1643C>A, p.(Ser548Tyr) shared by all
3 affected individuals. This previously unreported vari-
ant is absent in gnomAD, dbSNP, and other variant
databases. Additionally, it has not been detected in in-
house samples subjected to exome sequencing at the
Department of Medical Genetics, Haukeland University
Hospital, Bergen, Norway. The missense variant changes a
highly conserved amino acid located in the transmembrane
domain of PDGFRβ (Supplementary Fig. S2). There is a
major physicochemical difference between Ser and Tyr,
and the variant was predicted to be damaging by SIFT and
MutationTaster.

The PDGFRβ p.(Ser548Tyr) Substitution Does Not
Cause Ligand-Independent Auto-Activation

In HeLa cells stably transduced with either the c.1643C>A,
p.(Ser548Tyr), or wild-type PDGFRB vector, similar levels of
both PDGFRβ and phosphorylated PDGFRβ were observed
(Fig. 2A, Supplementary Fig. S3). In line with this, compara-
ble phosphorylation levels of the examined PDGFRβ down-
stream signaling proteins (p-AKTSer473, p-AKTTyr308, p-PLCɣ1,
p- MAPK3/ERK1, and p-STAT1) were found (Fig. 2B). This
indicates that the p.(Ser548Tyr) substitution is not causing
constitutive ligand-independent auto-activation of PDGFRβ.

The PDGFRβ p.(Ser548Tyr) Substitution Causes
Ligand-Dependent Over-Activation

When p.(Ser548Tyr) cells were stimulated with 2.5 or 12.5
ng/mL PDGF, increased levels of phosphorylated PDGFRβ

(see Fig. 2A) were seen compared to wild-type cells, with
a 2.2 and 1.9 fold increase, respectively. This indicated that
the p.(Ser548Tyr) amino acid substitution leads to excessive
PDGFRβ activation upon ligand binding.

We next examined downstream signaling proteins after
ligand stimulation. Although comparable levels of p-STAT1
were found in p.(Ser 548Tyr) and wild-type cells, increased
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FIGURE 2. (A) Levels of phosphorylated PDGFRβ measured by ELISA analysis. The untreated wild-type and p.(Ser548Tyr) cells have compa-
rable PDGFRβ phosphorylation levels. Upon stimulation with PDGF (2.5 ng/mL and 12.5 ng/mL), higher PDGFRβ phosphorylation levels
were found in p.(Ser548Tyr) cells. Data are shown as mean ± SEM of three independent experiments. Paired t-test was performed to compare
wild-type and p.(Ser548Tyr) response to PDGF stimulation, * P < 0.01. (B) Representative images showing effect of ligand stimulation on
PDGFRβ downstream signaling proteins. Increased levels of downstream signaling proteins, p-AKTSer473, p-AKTTyr308, and p-PLCɣ1 upon
PDGF stimulation were seen in p.(Ser548Tyr) cells, whereas no such effect was seen on p-STAT1. Upon stimulation with low levels of
PDGF, comparable levels of p-MAPK3/ERK1 were found, whereas at high concentration (12.5 ng/mL) increased phosphorylation levels
were observed in p.(Ser548Tyr) cells. The p-AKTSer473/GAPDH, p-AKTTyr308/GAPDH, and p-PLC ɣ1/GAPDH ratios upon stimulation with
2.5 ng/mL PDGF were 4.9, 12.8, and 3.7 folds higher in p.(Ser548Tyr) cells compared to wild-type cells. All results were replicated in at least
three independent experiments. ELISA analysis data point distributions, full immunoblottings, and quantification of representative images
are shown in Supplementary Figures S4 and S5.

phosphorylation of p-AKTSer473, p-AKTTyr308, and p-PLCɣ1,
were present in cells expressing the p.(Ser548Tyr) substi-
tution (see Fig. 2B) at both ligand concentrations. For
phospho-Thr202/Tyr-MAPK3/ERK1, a different pattern was
seen. Here, comparable levels were present upon stimula-
tion with low ligand concentration (2.5 ng/mL) in both cell
types, whereas stimulation with 12.5 ng/mL PDGF led to
higher levels in p.(Ser548Tyr) cells.

The PDGFRβ p.(Ser548Tyr) Substitution is not
Temperature Sensitive but is Responsive to
Glucose Deprivation

Upon prolonged glucose withdrawal (24 hours), increased
levels of p-AKTSer473 were observed in p.(Ser548Tyr) cells
compared to wild-type cells (Fig. 3). No difference in
phosphorylation of PDGFRβ or downstream signaling
protein p-AKTTyr308, p-PLCɣ1, p-ERK1/2, and p-STAT1 was
found (Supplementary Fig. S6). Comparable phosphoryla-
tion levels of PDGFRβ and downstream signaling partners
were observed for p.(Ser548Tyr) and wild-type cells upon
exposure to the corneal physiological temperature of 32°20,21

(Supplementary Fig. S7).

Tyrosine Kinase Inhibitors Inhibit the PDGFRβ

p.(Ser548Tyr) Ligand-Dependent Over-Activation

All the examined TKIs (axitinib, dasatinib, imatinib,
and sunitinib) inhibited the ligand-induced activation of
PDGFRβ and its downstream signaling partners both in
p.(Ser548Tyr) and wild-type cells (Fig. 4). Of these, axitinib
at both 1.6 nM and 2 nM concentrations reduced the phos-
phorylated PDGFRβ by 4.2 to 5-fold. This was more effective

FIGURE 3. Representative images showing immunoblot analysis of
AKT, p-AKTSer473, and GAPDH in wild type cells and cells express-
ing the p.(Ser548Tyr) substitution cultivated with and without
glucose. The p-AKTSer473/GAPDH ratio in p.(Ser548Tyr) cells after
glucose withdrawal compared with wild-type cells after glucose
withdrawal, and with p.(Ser548Tyr) cells under normal glucose
conditions was 5.8 folds and 14 folds higher, respectively. All results
were replicated in at least three independent experiments. Full
immunoblotting and quantification of representative images are
shown in Supplementary Figure S6.

than imatinib achieving 1.3 and 2.5-fold reduction, respec-
tively, at comparable concentrations (86 nM and 380 nM).
Sunitinib and dasatinib reduced activation ranging from 1.8
to 5.2 and 1.5 to 5.4 fold, respectively (see Fig. 4A).

The increased levels of p-AKTSer473 seen upon glucose
withdrawal were also inhibited with all tested TKIs (Supple-
mentary Fig. S8).
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FIGURE 4. Effect of tyrosine kinase inhibitors on PDGFRβ and downstream signaling proteins. Panels (A) and (B) show ligand-induced
PDGFRβ autophosphorylation levels measured with ELISA in p.(Ser548Tyr) (A) and wild type (B) cells after incubation with four tyro-
sine kinase inhibitors (axitinib, dasatinib, imatinib, and sunitinib) at different concentrations. Data are shown as mean ± SEM of three
independent experiments. Paired t-test was performed to compare drug effect on PDGF-stimulated PDGFRβ. * P < 0.05, ** P < 0.01, and
*** P < 0.001. Panels (C) and (D) show representative images of immunoblot analysis of downstream signaling proteins in p.(Ser548Tyr)
(C) and wild-type (D) cells after incubation with tyrosine kinase inhibitors at different concentrations. Axitinib, at all used concentrations,
most effectively inhibited phosphorylated PDGF/PDGFRβ and downstream signaling cascades. All results were replicated in at least three
independent experiments. ELISA analysis data point distributions, full immunoblottings, and quantification of representative images are
shown in Supplementary Figures S9 to S11.

DISCUSSION

PDGF is an extracellular signaling molecule with a vital
role during embryonal development, hematopoiesis, and
wound healing.23–25 Together with factors like BMP2, BMP4,
and IL-1α, PDGF signaling plays a crucial role in fibrob-
last chemotaxis and proliferation, influencing corneal health
and injury recovery.26 PDGF binds to PDGFRα and PDGFRβ,
two receptor tyrosine kinases (RTKs) with a nearly identical
domain structure, including five extracellular immunoglobu-
lin (Ig) loops, a helical transmembrane domain, a juxtamem-
brane region, and a split intracellular tyrosine kinase
(TK) domain. After stimulation with PDGF, dimerization of
PDGFRs triggers an auto-catalyzed trans-phosphorylation
in the intracellular domain.27 The receptors’ phospho-
rylated tyrosine residues become specific docking plat-
forms to recruit SH2 or PTB domains containing effector
proteins.

In members of a family presenting with early-onset
corneal vascularization, we found a novel missense vari-
ant in PDGFRB, c.1643C>A, p.(Ser548Tyr). The variant is
located in exon 11, leading to a p.(Ser548Tyr) substitution
in the PDGFRβ transmembrane domain. This exon is highly
conserved among various animal species (see Supplemen-
tary Fig. S2). Patients carrying the p.(Ser548Tyr) substitution
have similar corneal changes as patients with OPDKD.1 The
corneal overgrowth is more aggressive than what has been

reported in Penttinen type of premature aging syndrome2,5

and Kosaki overgrowth syndrome.8,9 These diseases are all
caused by PDGFRB variants leading to ligand-independent
activation of the kinase.

It has been shown that the transmembrane (TM) domain
of RTKs contributes to the stability of full-length dimers.
Thus, this part of the kinase is thought to be impor-
tant for maintaining a signaling-competent dimeric recep-
tor conformation.28–30 There is a broad spectrum of pheno-
types in human diseases arising from disease-causing substi-
tutions in the TM domain of various RTKs.29 It has
been suggested that these substitutions can activate RTKs
by several mechanisms, such as by altering dimerization,
ligand binding, or phosphorylation.31 We observed ligand-
induced overactivation of PDGFRβ and downstream signal-
ing proteins (see Fig. 2), possibly due to altered phos-
phorylation of the kinase caused by the p.(Ser548Tyr)
substitution.

In contrast to the previously reported PDGFRB vari-
ants, we found that the p.(Ser548Tyr) substitution is
not causing constitutive ligand-independent activation (see
Fig. 2). Instead, the p.(Ser548Tyr) substitution caused ligand-
dependent PDGFRβ overactivation. (see Fig. 2A). In line
with this, upregulation of downstream signaling proteins,
AKTTyr308, AKTSer473, and PLCɣ1, were found upon ligand
stimulation (see Fig. 2B). The cornea is constantly exposed
to minor traumas/scratches,32,33 which can lead to the
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secretion of PDGF.34,35 Although speculative, individuals
carrying the PDGFRB p.(Ser548Tyr) variant may have an
excessive wound healing response to such minor corneal
traumas, in turn leading to corneal vascularization. Details
on the ocular microenvironment, such as the tear film,
meibomian gland function, and the lid margins were not
described in the case report16 but may be relevant for the
observed phenotype.

The avascular cornea has unique environmental condi-
tions, such as a low physiological temperature (30-32°C) and
low glucose levels.36–45 A temperature-sensitive mutation in
PDGFRB, p.(Asn666Tyr) is associated with corneal vascu-
larization.1 Such a response to the physiological corneal
temperature was not found in p.(Ser548Tyr) cells. Glucose
starvation, however, caused an upregulation of p-AKTSer473

(see Fig. 3), in p.(Ser548Tyr) cells. Graham and co-workers
described that glucose withdrawal may initiate a posi-
tive feedback loop involving the generation of reactive
oxygen species and inhibition of protein tyrosine phos-
phatases by oxidation, hence increasing tyrosine kinase
signaling.46 However, the precise mechanism behind the
observed increase in AKT signaling upon glucose starvation
remains to be elucidated.

AKT and PLCY1 phosphorylation have important roles
in PDGFRβ ligand-induced cell proliferation, differentiation,
survival, growth, migration, and angiogenesis.47–49 Inter-
estingly, the AKT signaling pathway is important for the
effect of PDGFRβ p.(Asn666Tyr) associated with OPDKD,
suggesting that it is important for the corneal overgrowth
phenotype. In contrast, increased STAT1 signaling has been
linked to tissue wasting,50 among others in Penttinen
syndrome.2,5,13 Our affected family members have no degen-
erative features and in line with this, no STAT1 upregulation
was observed (see Fig. 2B).

Individuals with activating mutations in PDGFRB are
candidates for treatment with TKIs, with imatinib being
the most widely used.1,2,5,12–15 However, recent studies
with various gain-of-function variants in PDGFRB suggest
that there are differences in the sensitivity to various
TKIs.5,12–14 When examining different TKIs (axitinib, dasa-
tinib, imatinib, and sunitinib), we observed that all four
TKIs inhibited PDGFRβ activation in ligand-stimulated
p.(Ser548Tyr), wild-type cells (see Fig. 4) and upregulated p-
AKTSer473 after glucose deprivation (see Supplementary Fig.
S8). In addition, variation in the potency of the TKIs at differ-
ent concentrations was observed (see Fig. 4), with axitinib
being somewhat more effective in inhibiting ligand-induced
PDGFRβ phosphorylation. By using the most potent drug,
clinicians could titrate the lowest drug dosage within the
therapeutic window minimizing risks of side effects of the
TKIs.51

Alternative treatment options for gain-of-function
PDGFRB variants may include anti-PDGF antibodies or
antibody-drug conjugates.52,53 A number of additional
approaches for treating corneal vascularization are being
explored, from targeting the VEGF-pathway to stem cell
transplantation.54–56 Further research is required to decide
the best treatment options for gain-of-function PDGFRB
variants leading to corneal overgrowth.

In summary, we present a novel PDGFRB p.(Ser548Tyr)
variant associated with severe corneal vascularization. The
substitution leads to ligand-depended overactivation of the
kinase and downstream signaling, in particular AKT signal-
ing. Targeted treatment using TKIs might be an option in
patient treatment.

Acknowledgments

The authors would like to thank Unni Larsen for technical assis-
tance.

Supported by grants from the Western Norway Regional Health
Authority (911977 and 912161 to C.B.), Gidske og Peter Jacob
Sørensens Forskningsfond (to T.G), Olav Raaholt og Gerd
Meidel Raagholts stiftelsen (to T.G.), and Futura Fund for scien-
tific medical research (to C.B.).

Disclosure: T. Gladkauskas, None; O. Bruland, None;
L. Abu Safieh, None; D.P. Edward, None; E. Rødahl, None;
C. Bredrup, None

References

1. Bredrup C, Cristea I, Safieh LA, et al. Temperature-
dependent autoactivation associated with clinical variabil-
ity of PDGFRB Asn666 substitutions. Hum Mol Genet.
Published online January 15, 2021:ddab014, doi:10.1093/
hmg/ddab014.

2. Bredrup C, Stokowy T, McGaughran J, et al. A tyrosine
kinase-activating variant Asn666Ser in PDGFRB causes a
progeria-like condition in the severe end of Penttinen
syndrome. Eur J Hum Genet. 2019;27(4):574–581.

3. Johnston JJ, Sanchez-Contreras MY, Keppler-Noreuil KM,
et al. A point mutation in PDGFRB causes autosomal-
dominant Penttinen syndrome. Am J Hum Genet.
2015;97(3):465–474.

4. Aggarwal B, Correa ARE, Gupta N, Jana M, Kabra M. First
case report of Penttinen syndrome from India. Am J Med
Genet A. 2022;188(2):683–687.

5. Iznardo H, Bredrup C, Bernal S, et al. Clinical and molecu-
lar response to dasatinib in an adult patient with Penttinen
syndrome. Am J Med Genet A. Published online December
11, 2021:ajmg.a.62603, doi:10.1002/ajmg.a.62603.

6. Zarate YA, Boccuto L, Srikanth S, et al. Constitutive activa-
tion of the PI3K-AKT pathway and cardiovascular abnormal-
ities in an individual with Kosaki overgrowth syndrome. Am
J Med Genet A. 2019;179(6):1047–1052.

7. Minatogawa M, Takenouchi T, Tsuyusaki Y, et al. Expansion
of the phenotype of Kosaki overgrowth syndrome.Am JMed
Genet A. 2017;173(9):2422–2427.

8. Foster A, Chalot B, Antoniadi T, et al. Kosaki overgrowth
syndrome: a novel pathogenic variant in PDGFRB and
expansion of the phenotype including cerebrovascular
complications. Clin Genet. 2020;98(1):19–31.

9. Mutlu Albayrak H, Calder AD. Kosaki overgrowth syndrome:
report of a family with a novel PDGFRB variant.Mol Syndro-
mol. Published online September 29, 2021:1–7, doi:10.1159/
000517978.

10. Takenouchi T, Yamaguchi Y, Tanikawa A, Kosaki R, Okano
H, Kosaki K. Novel overgrowth syndrome phenotype
due to recurrent de novo PDGFRB mutation. J Pediatr.
2015;166(2):483–486.
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