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Four different amino acid substitutions have been reported at the p.Asn666 position in platelet-derived growth factor receptor β
(PDGFRβ): p.Asn666Lys, p.Asn666Tyr, p.Asn666Ser, and p.Asn666His. All four substitutions result in strikingly different
phenotypes, ranging from somatic infantile myofibromatosis in p.Asn666Lys and ocular pterygium–digital keloid dysplasia in
p.Asn666Tyr to a severe form of Penttinen syndrome in p.Asn666Ser, while p.Asn666His is associated with a complex
phenotype characterized by debilitating hand and foot contractures and facial coarseness. Here, we show that the p.Asn666Lys,
p.Asn666Tyr, and p.Asn666His substitutions result in increased total PDGFRβ phosphorylation at 32°C compared to 37°C. All
four substitutions exhibit distinct activation patterns of specific PDGFRβ tyrosine residues at both temperatures, indicating a
unique activation of each variant. The temperature effect on downstream signaling is present across all substitutions, resulting
in substitution-specific downstream signaling at both 37°C and 32°C. This complex interplay of downstream signaling proteins
could be important for the clinical manifestations of p.Asn666 PDGFRB variants. Furthermore, variant-specific overactivation
of tyrosine residues and downstream signaling at 32°C emphasize the importance of temperature as an environmental factor in
the pathogenesis of this diverse group of disorders.
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1. Introduction

The PDGFRB gene encodes the platelet-derived growth fac-
tor receptor beta (PDGFRβ) protein, a transmembrane
receptor tyrosine kinase (RTK) [1]. Upon platelet-derived
growth factor (PDGF) binding, dimerization of the kinase
occurs, followed by phosphorylation of the tyrosine residues
located in the intracellular domain [2, 3]. The phosphory-
lated tyrosine residues facilitate the binding of downstream
signaling molecules [4, 5]. The cascade of events initiated

by phosphorylation of PDGFRβ ultimately affects gene
expression and modulates cell proliferation, differentiation,
and motility [1, 4]. Dysregulation of the PDGFRβ/PDGF
signaling, usually through somatic mutations or fusion with
other genes, has been associated with several human disor-
ders including cancers [6–9]. In addition, several pathogenic
PDGFRB germline variants have been reported [10].

Gain-of-function germline variants, reviewed by Guérit
and colleagues [10], have been linked to several different
clinical conditions including infantile myofibromatosis,
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Kosaki overgrowth syndrome (KOGS), premature aging
syndrome, Penttinen type (Penttinen syndrome), and ocular
pterygium–digital keloid dysplasia (OPDKD). The PDGFRB
variants p.Trp566Arg and p.Pro584Arg located in the juxta-
membrane region are linked to KOGS [11–16]. The variants
associated with familial cases of infantile myofibromatosis
include p.Pro560Leu and p.Arg561Cys [17–19] located in
the juxtamembrane region. Variants p.Val6665Ala and
p.Asn666Ser, located in the kinase domain, are associated
with Penttinen syndrome [20, 21]; p.Asn666Tyr is associated
with OPDKD [22]; and p.Asn666His is reported in a single
individual, with clinical manifestations described below
[23]. These are all constitutively active, ligand-independent
variants. One ligand-dependent activating variant has been
reported in the transmembrane domain, namely, p.Ser548-
Tyr, linked to corneal vascular overgrowth in otherwise
healthy individuals [24]. In the extracellular domain, the
p.Ser493Cys variant has been described in one individual
with KOGS [16]. In contrast, loss-of-function variants in
PDGFRB have been associated with primary familial brain
calcifications. These variants have been observed across all
regions of the receptor [25–28].

Intriguingly, the five different known variants of
p.Asn666 are associated with strikingly different clinical
conditions. A summary of clinical data is presented in
Table S1. Briefly, Cheung and coworkers [19] described the
p.Asn666Lys variant in a patient with somatic infantile
myofibromatosis (the patient also had a germline
p.Arg561Cys alteration). This variant was later confirmed in
other sporadic infantile myofibromatosis cases, both in
combination with the p.Arg561Cys variant and alone [29].
Similarly, a recently identified variant associated with somatic
infantile myofibromatosis includes the p.Asn666Thr and
p.Ile564_Val572del mutations in PDGFRB [30]. The
pathogenicity of this variant remains unconfirmed and was
not investigated in this study. The p.Asn666His variant was
found in one patient with a complex congenital syndrome
with cranial, hand, dental, and growth abnormalities [23].
Furthermore, a recurrent germline p.Asn666Ser variant has
been linked to a severe form of Penttinen syndrome [21, 31],
a highly debilitating condition characterized by lipodystrophy,
acro-osteolysis, chronic ulcers in limbs, and corneal
vascularization. More recently, a p.Asn666Tyr variant has
been described, associated with OPDKD [22]. This condition
manifests as corneal vascular overgrowth in early childhood
later followed by keloid formation on digits. While this
substitution in patient fibroblasts gives near normal PDGFRβ
activation at the core body temperature of 37°C, at the lower
physiological temperature of the cornea (32°C), ligand-
independent overactivation of PDGFRβ and downstream
signaling proteins were found [22]. This can explain why
only lower temperature parts of the body (cornea and digits
[32, 33]) are affected. Also, in p.Asn666Ser fibroblasts, at
32°C, upregulation of p-STAT1, a downstream signaling
protein of PDGFRβ, was observed, indicating partial
temperature sensitivity also of this PDGFRB variant [22].

To understand how p.Asn666Lys, p.Asn666Ser, p.Asn666-
His, and p.Asn666Tyr variants can lead to so different clinical
conditions, we have investigated the phosphorylation of spe-

cific tyrosine residues in PDGFRβ and downstream signaling
proteins with a particular focus on the effects of physiologically
reduced temperature (32°C) and ligand stimulation. We show
that all four p.Asn666 PDGFRB variants exhibit distinct phos-
phorylation patterns both at 32°C and when stimulated with
PDGF. All four variants are temperature sensitive, with
increased activation at 32°C. Each p.Asn666 PDGFRB variant
thus displayed a unique pattern of activation.

2. Materials and Methods

2.1. Transduction of Cells. Immortalized fibroblasts (CRL-4001,
ATCC, Manassas, VA) were grown in Dulbecco’s modified
eagle medium (DMEM) fromGibco (Thermo Fisher Scientific,
Waltham, MA) containing 10% fetal calf serum (Biosera, Cho-
let, France), penicillin, streptomycin (Euroclone, Siziano, Italy),
and glutamine (Sigma-Aldrich, Saint Louis, MO). The con-
struction of transgenic cells was performed as previously
described [21]. In brief, a murine retroviral vector containing
the human PDGFRB open-reading frame (NM_002609.3)
was obtained from VectorBuilder (Cyagen Biosciences, Santa
Clara, CA). The PDGFRB c.wt, c.1996A>T p.(Asn666Tyr),
c.1997A>G p.(Asn666Ser), c.1996A>C (p.Asn666His), and
c.1998C>A (p.Asn666Lys) variants were introduced using the
QuikChange Site-Directed Mutagenesis Kit (Catalog #200518,
Agilent Technologies, Sydney, Australia). Virus production
was achieved by transfecting Phoenix-AMPHO packaging cells
(CRL-3213, ATCC). Two days after transfection, the medium
was harvested, and immortalized fibroblasts were transduced.
Two days postinfection, stably transduced cells were selected
by adding 1μg/mL puromycin (InvivoGen, San Diego, CA).

2.2. Cell Culture, Lower Physiological Temperature of the
Cornea (32°C), and PDGF Stimulation. Transduced immor-
talized fibroblasts were seeded in 6-well plates. For tempera-
ture sensitivity experiments, cells were grown until 80%
confluent, serum-starved for 16 h, and then either kept at
37°C or incubated for indicated time points at the physiolog-
ical corneal temperature of 32°C [32]. Cells were stimulated
with PDGF from human platelets (P8147-5UG, Merck
KGaA, Darmstadt, Germany) 10ng/mL in 4mM HCl con-
taining 0.1% BSA, for 20min or with 4mM HCl containing
0.1% BSA alone as a control. According to the manufacturer,
the PDGF isolated from the platelets consists of approxi-
mately 70% PDGF-AB, 20% PDGF-BB, and 10% PDGF-
AA. Cells were harvested using lysis buffer consisting of
1% NP-40, 20mM Tris (pH8.0), 137mM NaCl, 10% glyc-
erol, 2mM EDTA, 1mM activated sodium orthovanadate,
10μg/mL aprotinin (#4139, Tocris, Abington, United King-
dom), and 10μg/mL leupeptin (leupeptin hemisulfate,
#1167, Tocris) and stored at −80°C until immunoblot or
ELISA analysis was performed.

2.3. ELISA and Immunoblot Analysis. ELISA and immuno-
blot analysis were performed as previously described [21].
In brief, ELISA analysis was conducted using a DuoSet IC
PDGFRβ kit (# DYC1767-2, R&D Systems, Minneapolis,
MN) following the guidelines provided by the manufacturer.
In this kit, the total phosphorylation level of PDGFRβ is
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measured using an immobilized antibody binding PDGFRβ
followed by an HRP-conjugated antibody against phosphor-
ylated tyrosine.

For immunoblot analysis, protein separation was carried
out using a high-resolution gel system (4–12% NuPAGE
Novex Bis-Tris Gel; Life, Carlsbad, CA) following the man-
ufacturer’s instructions and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA). Membranes were
blocked with 5% nonfat 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 pri-
mary antibodies from Cell Signaling Technology (Danvers,
MA) used at recommended dilutions (catalog numbers in
brackets): phospho-Tyr701-STAT1 (#7649), STAT1 (#9172),
phospho-Tyr705-STAT3 (#9145), STAT3 (#9132), phospho-
Tyr641-STAT6 (#56554), STAT6 (#5397), phospho-Ser473-
AKT (#4060), phospho-Thr308-AKT (#4056), AKT (#4691),
phospho-Tyr783-PLCγ1 (#2821), PLCγ1 (#5690), phospho-
PDGF Receptor β (Tyr740) (#3168), phospho-PDGF Receptor
β (Tyr751) (#4549), phospho-PDGF Receptor β (Tyr771)
(#3173), phospho-PDGF Receptor β (Tyr1009) (#3124),
phospho-PDGF Receptor β (Tyr1021) (#2227), PDGF Recep-
tor β (#3169), antirabbit IgG, and HRP-linked antibody
(#7074). To control for equal loading, an anti-GAPDH anti-
body (#G99545, Sigma-Aldrich) was used. Chemiluminescence
was detected using the ChemiDoc Touch Imaging System (Bio-
Rad). ImageJ software was used for the relative quantification
of immunoblot band intensity.

2.4. Statistical Analysis and Reproducibility. One-way
ANOVA, followed by Dunnett’s multiple comparisons test,
and two-way ANOVA, followed by Šídák’s multiple compari-
sons test, were performed for statistical analysis to compare
total PDGFRβ phosphorylation levels measured with ELISA.
All results were replicated in at least three independent exper-
iments. Representative images are shown in the figures.

3. Results

3.1. The p.Asn666Tyr, p.Asn666Ser, p.Asn666His, and
p.Asn666Lys PDGFRβ Substitutions Cause Ligand-Independent
PDGFRβ Activation. In this experiment, immortalized fibro-
blasts were employed, which had been stably transduced with
wild-type PDGFRB (wt), or with vectors expressing
p.Asn666Lys, p.Asn666Ser, p.Asn666His, and p.Asn666Tyr
substitutions. All four substitutions resulted in increased basal
phosphorylation levels of PDGFRβ compared to wild type at
37°C (2.66, 2.51, 2.89, and 2.2 folds, respectively) (Figure 1a).
After exposure to 32°C for 6h, p.Asn666Tyr, p.Asn666Lys,
and p.Asn666His showed increased PDGFRβ phosphoryla-
tion. The p.Asn666Ser variant showed a trend to higher
PDGFRβ phosphorylation at 32°C; however, this was not sta-
tistically significant (Figure 1b). In immortalized fibroblasts,
similar levels of unphosphorylated PDGFRβ were observed,
indicating comparable levels of PDGFRβ expression (Figure 2).

3.2. Phosphorylation of Specific PDGFRβ Tyrosine Residues
Upon Lower Physiological Temperature (32°C) and PDGF
Stimulation. To further investigate the phosphorylation pat-

tern of PDGFRβ, we specifically examined the tyrosine resi-
dues p-Y-740, p-Y-751, p-Y-771, p-Y-1009, and p-Y-1021
(Figure 2). The four PDGFRB p.Asn666 variants exhibited
increased phosphorylation of p-Y-751 and p-Y-1009 com-
pared to the wild type. The p.Asn666His and p.Asn666Tyr
variants showed the highest levels of phosphorylation of
these tyrosine residues. A small amount of phosphorylated
Y-771 was seen in p.Asn666His and p.Asn666Tyr. We did
not detect any phosphorylation of Y-740 and Y-1021. Upon
exposure to 32°C, we observed increased phosphorylation of
all five PDGFRβ tyrosine residues. Notably, at 32°C, the
strongest signal remained for the Y-751 and Y-1009 residues
in all four variants, while cells with p.Asn666Ser and
p.Asn666His had the strongest phosphorylation of the
Y-771 residue. The strongest phosphorylation of the Y-740
residue at 32°C was observed in the p.Asn666His variant.
The most prominent phosphorylation of the Y-1021 residue
was observed for the p.Asn666His and p.Asn666Tyr variants.
At 32°C, a trend for increased signal intensity was observed in
both the lower (160 kDa) and the upper (180–190 kDa)
bands (Figure 2) (Figure S2).

We also examined the effect of ligand stimulation. After
20min of incubation with 10ng/mL of PDGF, a different
pattern was seen. The most noticeable was the upregulation
of the upper band (180–190 kDa) of PDGFRβ. This was
observed for all the p.Asn666 substitutions, as well as for
the wild-type PDGFRβ (Figure 2). As in the temperature
experiments, the Y-751 and Y-1009 residues exhibited the
highest phosphorylation levels, including the wild type.
Among all p.Asn666 substitutions, p.Asn666His consistently
displayed the strongest phosphorylation levels across all five
phosphorylation sites, while p.Asn666Lys showed the weak-
est response to PDGF stimulation (Figure 2).

3.3. Specific Downstream Signaling Protein Changes at 37°C
and 32°C for the p.Asn666Tyr, p.Asn666Ser, p.Asn666His,
and p.Asn666Lys Amino Acid Substitutions. The identifica-
tion of specific tyrosine residue overactivation prompted
an exploration into the temperature effects of the down-
stream signaling of these variants. To explore the molecular
effects of p.Asn666 variants, we systematically examined the
selected downstream signaling proteins of PDGFRβ
(Figure 3). At 37°C, all p.Asn666 variants exhibited an
overactivating effect on one or more signaling mediators,
namely, AKT, STAT1, STAT3, STAT6, and PLCγ
(Figure 3a,b). Each p.Asn666 substitution demonstrated a
distinct pattern. To illustrate, p.Asn666Lys displayed at least
a twofold increased phosphorylation level of all examined
downstream signaling proteins compared to wild type
(Figure 3a,b). At 37°C, comparable levels of phosphorylated
STAT1, AKTSer473, and PLCγ were seen in p.Asn666Tyr and
wild type, while AKTThr308, STAT3, and STAT6 showed at
least a fourfold increase. Downstream signaling of p.Asn666-
Ser and p.Asn666His exhibited similar patterns at 37°C, with
at least twofold increase of phosphorylated AKTThr308,
STAT1, and STAT3 while maintaining phosphorylated
AKTSer473 and PLCγ levels similar to the wild type. Notably,
while phosphorylated STAT6 was increased more than 10-
fold in p.Asn666Lys, less than a twofold increase was seen
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Figure 1: (a) All PDGFRβ substitutions (p.Asn666Lys, p.Asn666Ser, p.Asn666His, and p.Asn666Tyr) increase basal phosphorylation at
37°C. (b) Exposure to 32°C for 6 h further increases phosphorylation in the p.Asn666Tyr, p.Asn666Lys, and p.Asn666His substitutions.
Total phosphorylated PDGFRβ levels were measured by ELISA. Nontransduced immortalized fibroblasts were referred to as “nt,” while
fibroblasts transduced with PDGFRB wild-type vector were denoted as “WT PDGFRB.” (a) One-way ANOVA with Dunnett’s test
compared wild-type PDGFRB and variants at 37°C (∗∗∗∗p < 0 0001). (b) Cells were incubated at 32°C or 37°C, and two-way ANOVA
with Šídák’s test compared phosphorylation between temperatures for each variant (∗p < 0 05 ; ∗∗∗p < 0 001 ; ∗∗∗∗p < 0 0001).
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Figure 2: Effect of reduced temperature (32°C) and ligand stimulation on PDGFRβ-specific tyrosine residue phosphorylation.
Representative immunoblots showing phosphorylation of PDGFRβ at p-Y-740, p-Y-751, p-Y-771, p-Y-1009, and p-Y-1021. At 37°C,
p.Asn666Lys and p.Asn666Ser variants exhibited nearly identical signal intensity, whereas p.Asn666His and p.Asn666Tyr showed a
distinct pattern. At 32°C, all variants exhibited a variant-specific increase in phosphorylation. PDGF stimulation (10 ng/mL) altered
phosphorylation patterns, increasing the upper PDGFRβ band, likely representing the fully mature, membrane-associated receptor. Full
immunoblots, also overexposed, are shown in Figures S1 and S2.
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Figure 3: Continued.
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in p.Asn666Ser compared to wild type (Figure 3a,b). These
distinct phosphorylation patterns in downstream signaling
indicate a different constitutively active gain-of-function
pattern in all four variants.

We then investigated how downstream signaling proteins
respond to a lower physiological temperature (Figure 3a,c).
We observed that the activation of the PI3K-AKT pathway
was the dominant pattern in p.Asn666Tyr and p.Asn666Lys
cells. A particularly prominent 32°C effect was observed for
the p.Asn666Tyr substitution (Figure 3a,c). On the other
hand, upon exposure to 32°C, p.Asn666Ser, p.Asn666His,
and p.Asn666Lys led to increased phosphorylation of various
partners in the STAT pathway (Figure 3a,c). At 32°C, the
p.Asn666Ser variant exhibited a more than 10-fold increase
in p-STAT1 indicating a strong activation of p-STAT1. The
p.Asn666Lys substitution had, in addition to p-STAT1, an
extensive increase of p-STAT6 at 32°C (more than 50-fold
and 4-fold, respectively). For p.Asn666His, all three investi-
gated STAT family members were overactivated at 32°C; p-
STAT1 and p-STAT3 increased more than 50-fold, while at
least a 10-fold increase was seen for p-STAT6. Notably, all four
variants exhibited varying degrees of increased phosphoryla-
tion levels in the PLCγ1 pathway at 32°C (Figure 3a,c).

3.4. The Temperature-Induced PDGFRβDownstream Signaling
Kinetics in Temperature-Sensitive p.Asn666 PDGFRB Variants.
In this section, we aimed to explore the dynamics of
temperature-induced downstream signaling in PDGFRβ. Spe-
cifically, we examined the time course of downstream signaling
activation upon exposure to 32°C and the rate of normalization
upon returning to 37°C after 1h at 32°C.

The PI3K-AKT pathway exhibited a rapid response to
temperature changes, with almost immediate increases
observed after 5min in p-AKTSer473 and slightly longer,

about 10min, in p-AKTThr308 for the p.Asn666Tyr substitu-
tion (Figure S6). In contrast, the STAT family members, p-
STAT1, p-STAT3Tyr-705, and p-STAT6, displayed slower
responses to temperature changes in all four p.Asn666
substitutions, typically requiring 30min to 1 h for the
activation (Figure S7). The 32°C-induced activation time
for p-PLCγ1 was dependent on the PDGFRβ amino acid
substitution, ranging from 15min for p.Asn666Lys to 1 h
for p.Asn666Tyr, with a gradually accumulative trend for
all four substitutions (Figure S8).

After exposing the p.Asn666Tyr substitution to 32°C for
1h and returning to 37°C, we observed a rapid normalization
of p-AKTSer473, p-AKTThr308, p-STAT1, p-STAT3, p-STAT6,
and p-PLCγ levels (Figures S6, S7, and S8). Despite the
observation of slower recovery kinetics for p.Asn666His,
p.Asn666Ser, and p.Asn666Lys, it is noteworthy that
temperature-induced activation is reversible in all four variants.

4. Discussion

The identification of five germline variants in the p.Asn666
position associated with severe clinical manifestations sug-
gests that this position may play a crucial role in PDGFRβ
signaling and disease development. The p.Asn666Lys substi-
tution in PDGFRβ has been predicted to abolish the interac-
tion between Asn666 and His661, changing potential protein
interactions in this region and possibly leading to a structure
more similar to the active conformation of KIT (proto-onco-
gene c-KIT) kinase [19]. The other disease-causing substitu-
tions in neighboring PDGFRB sites further support that
notion. The p.Val665Ala variant triggers constitutive activa-
tion of PDGFRβ and is linked to Penttinen syndrome [20,
34, 35], while the loss-of-function p.Leu658Pro is associated
with primary familial brain calcification [25, 36].
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p-STAT1 (upper band)
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Figure 3: Effects of lower physiological temperature (32°C) on PDGFRβ downstream signaling. (a) Immunoblots showing temperature-
dependent changes in p-AKT-Ser473, p-AKT-Thr308, p-STAT1, p-STAT3-Tyr705, p-STAT6, and p-PLCγ1, in immortalized fibroblasts
expressing the four p.Asn666 variants. GAPDH served as a loading control. Full immunoblots are shown in Figure S3. (b,c)
Quantification of downstream signaling is presented as the ratio of phosphorylated protein to GAPDH. (b) Normalized values for each
variant compared to the wild type at 37°C. (c) Rations for each variant at 32°C versus 37°C. Symbols represent fold changes: “-” (≥ 30%
decrease), “≈” (−30% to +50%), “(+)” (150–200%), “+” (2- to 4-fold), “++” (4- to 10-fold), “+++” (10- to 50-fold), “++++” (> 50-fold).
Bar charts summarizing these data are provided in Figures S4 and S5.
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In this study, we confirmed that p.Asn666Tyr,
p.Asn666Ser, p.Asn666His, and p.Asn666Lys are gain-of-
function PDGFRB variants, causing constitutive ligand-
independent activation [19, 21–23] (Figure 1a). The total
overactivation of PDGFRβ itself could not account for the
distinct and quite different, clinical manifestations seen in
these p.Asn666 variants. We observed that p.Asn666Tyr,
p.Asn666Lys, and p.Asn666His showed further increased total
phosphorylation of PDGFRβ at 32°C measured by ELISA,
while p.Asn666Ser did not reach statistical significance
(Figure 1b). In addition, all variants exhibited temperature
responses at specific PDGFRβ tyrosine residues at 32°C
(Figure 2), indicating their temperature-sensitive nature.

The phosphorylation pattern of specific tyrosine residues
was observed to be different when cells were stimulated with
ligand. The increased phosphorylation was predominantly
observed in the higher 180–190 kDa band that represents
the fully mature PDGFRβ located in the plasma membrane
[37, 38]. The receptor has to be situated in the plasma
membrane for activation by extracellular ligands. In con-
trast, at 32°C, also the lower 160 kDa band showed increased
phosphorylation (Figure 2). The 160 kDa band represents an
immature form of PDGFRβ [37, 38]. The ligand-dependent
activation of the p.Asn666 variants thus revealed variant-
specific phosphorylation of investigated tyrosine residues,
highlighting distinctive phosphorylation patterns for each
p.Asn666 variant (Figure 2).

At 37°C, all variants exhibited overactivation in specific
downstream signaling pathways compared to the wild type,
confirming their constitutively active nature (Figure 3a,b).
At 32°C, an increased activation in various downstream sig-
naling proteins was observed across all four p.Asn666 vari-
ants. The p.Asn666Tyr variant exhibited elevated levels of
both p-AKTThr308 and p-AKTSer473 (Figure 3a,c), confirming
original findings in patient fibroblasts [22]. Furthermore, the
overactivation of STAT1 at 32°C was observed in all four vari-
ants, although this ratio might be less accurate in the p.Asn666-
Tyr variant, as the amount of p-STAT1 at 37°C approached
background levels (Figure 3a,c). Such temperature-sensitive
overactivation of phosphorylated p-STAT1 in the p.Asn666Ser
variant was previously reported in patient fibroblasts [22].

It is thought that specific residues serve as a docking site
for distinct downstream signaling proteins [5]. Our results
only partly support this notion. For instance, the Y-751 res-
idue serves as one of the docking sites for the PI3K-AKT sig-
naling pathway [39, 40]. In line with this, we find that the
p.Asn666Tyr variant exhibited the strongest activation of
Y-751, resulting in a strong activation of both p-AKTSer473

and p-AKTThr308 at 32°C. However, the p.Asn666Lys variant
displayed robust AKT signaling at 37°C, but the phosphory-
lation level of Y-751 was among the lowest observed among
the p.Asn666 variants. A similar scenario was observed with
the Y-1009 residue, a docking site for PLCγ signaling [41,
42]. The p.Asn666His and p.Asn666Tyr variants had the
strongest phosphorylation of the Y-1009 at 32°C, resulting
in noticeable activation of PLCγ (Figures 2 and 3a,c). Con-
versely, the p.Asn666Lys variant exhibited strong phosphor-
ylation of PLCγ with undetectable levels of p-Y-1009 both at
37°C and 32°C (Figures 2 and 3a,c). This may suggest the

presence of alternative docking sites for the downstream sig-
naling pathways [43], or it could indicate variations in the
timing between tyrosine residue phosphorylation and down-
stream signaling phosphorylation at different temperatures.
These phosphorylation patterns represent a dynamic process
captured at a specific time point under defined experimental
conditions. This may contribute to the differences in observed
phosphorylation peaks at individual PDGFRβ tyrosine
residues and in downstream signaling. Variability in the
phospho-Y antibody affinity, specificity, and epitope accessi-
bility may also affect the signal intensity and contribute to
the consistently strong signals of p-Y-751 and p-Y-1009.
Quantitative phospho-proteomics could provide an unbiased
assessment of site-specific phosphorylation and clarify poten-
tial antibody-dependent variability.

AKT is involved in PDGFRβ-mediated cellular pro-
cesses, including proliferation, differentiation, survival,
growth, migration, and angiogenesis [44, 45]. Furthermore,
gene variants causing overactivation of the PI3K/AKT/
mTOR pathway are implicated in overgrowth disorders
[46]. The clinical manifestations of overgrowth observed in
the p.Asn666Tyr variant, affecting the cornea and digits
[22], are associated with increased phosphorylation of AKT
at 32°C (Figure 3a; Figure S6). A strong AKT involvement
at both temperatures was observed in the p.Asn666Lys
variant (Figure 3a), which could be associated with tumor
overgrowth [47–49].

The STAT1 upregulation in PDGFRβ signaling has been
associated with a tissue-wasting phenotype [50]. Although
speculative, the severe acro-osteolysis and tissue wasting of
limbs described in the p.Asn666Ser variant and the less severe
acro-osteolysis of hands in the p.Asn666His variant [21, 23,
31] (Table S1) could be linked to strong STAT1 upregulation
at 32°C (Figure 3a). In contrast, the overgrowth phenotype
in the p.Asn666Tyr variant exhibited low levels of STAT1
signaling at both temperatures (Figures 3a, 3b, and 3c).

The transcription factors STAT3 and STAT6 regulate
cell functions like growth, differentiation, and immune
responses, with aberrations in their activation linked to can-
cer, autoimmunity, and inflammation [51–54]. Similarly,
PLCγ, a key enzyme in phosphoinositide signaling, influ-
ences cell growth, calcium regulation, and inflammation
[55, 56]. A full understanding of the precise roles of
PDGFRβ downstream pathways in the development of dis-
eases associated with p.Asn666 variants remains elusive.

Temperature kinetic studies indicate that temperature-
induced ligand-independent phosphorylation of all four
p.Asn666 PDGFRB variants is a dynamic and reversible
process (Figure S6, S7, and S8). This dynamic nature and
reversibility of temperature-induced activation adds further
complexity to their downstream signaling. This observation
prompts the consideration of potential mechanisms underlying
the temperature sensitivity of the mutant kinase domain.
This may indicate changes in intrinsic stability or efficiency
at lower temperatures, or it may be due to indirect effects on
phosphorylation regulators like phosphatases or processes
such as endocytosis and membrane trafficking. Further
research is needed to clarify these interactions and their
impact on kinase function at varied temperatures.

7Human Mutation



5. Conclusions

Understanding the precise contributions of downstream sig-
naling proteins to the clinical manifestations of the four
p.Asn666 PDGFRB variants is a complex challenge. How-
ever, potential associations have been identified, such as that
AKT signaling could influencing overgrowth phenotypes
and STAT1 upregulation could be linked to tissue wasting or
degenerative clinical features. The distinct pattern of phos-
phorylation of specific tyrosine residues of PDGFRβ observed
in the p.Asn666 variants provides a new possible explanation
of how gain-of-function PDGFRB variants result in such strik-
ingly different phenotypes. The four p.Asn666 PDGFRB vari-
ants exhibit variant-specific tyrosine residue and downstream
signaling overactivation at 32°C, emphasizing the importance
of temperature as an environmental factor.

Data Availability Statement

All data generated or analyzed during this study are included
in this published article and its supporting information files.

Conflicts of Interest

The authors declare no conflicts of interest.

Funding

This work was supported by grants from theWestern Norway
Regional Health Authority (912161 and F-12860 to C.B.), the
Norwegian Association of the Blind and Partially Sighted (to
C.B.), the Dr. Jon S. Larsen Foundation (to C.B.), the Gidske
og Peter Jacob Sørensens Forskningsfond (to T.G), and the
Olav Raaholt og Gerd Meidel Raagholts stiftelsen (to T.G.).

Acknowledgments

We would like to thank Natalia Papadopoulos and Carl-
Henrik Heldin for their professional assistance and Unni
Larsen for the technical assistance.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. (Supporting Information)
Table S1. Summary of clinical manifestations associated with
five p.Asn666 PDGFRB variants, including variant names,
phenotypes, and key clinical manifestations from previously
published studies. The abbreviation “NR” indicates that infor-
mation was not reported. Figure S1. Full immunoblotting
images corresponding to the data presented in Figure 2. Figure
S2. Overexposed immunoblotting images corresponding to
the data presented in Figure 3. Figure S3. Full immunoblotting
images corresponding to the data presented in Figure 3a.
Figure S4. Quantification analysis of the western blots pre-
sented in Figure 2, Panel B. The data shows the relative inten-
sity of the protein bands normalized to the control. Figure S5.
Quantification analysis of the western blots presented in
Figure 2, Panel C. The data shows the relative intensity of
the protein bands normalized to the control. Figure S6. Repre-

sentative images showing the activation and subsequent
normalization of p-AKTThr308 and p-AKTSer473 signaling in
PDGFRB variants at 32°C. Left: Activation kinetics across time
points (5min to 6h). Right: Normalization of p-AKT levels
after returning to 37°C following 1h at 32°C. Figure S7. Repre-
sentative images showing the activation and normalization of
p-STAT1, p-STAT3Tyr705, and p-STAT6 signaling in
PDGFRB variants at 32°C. Left: Activation kinetics across time
points (5min to 6h). Right: Normalization of p-STAT levels
after returning to 37°C following 1h at 32°C. Figure S8. Repre-
sentative images showing the activation and normalization of
p-PLCγ1 signaling in PDGFRB variants at 32°C. Left: Activa-
tion kinetics across time points (5min to 6h). Right: Normal-
ization of p-PLCγ1 levels after returning to 37°C following 1h
at 32°C.

References

[1] J. Andrae, R. Gallini, and C. Betsholtz, “Role of Platelet-
Derived Growth Factors in Physiology and Medicine,” Genes
& Development 22, no. 10 (2008): 1276–1312, https://doi.org/
10.1101/gad.1653708.

[2] J. D. Kelly, B. A. Haldeman, F. J. Grant, et al., “Platelet-Derived
Growth Factor (PDGF) Stimulates PDGF Receptor Subunit
Dimerization and Intersubunit Trans-Phosphorylation,” The
Journal of Biological Chemistry 266, no. 14 (1991): 8987–
8992, https://doi.org/10.1016/S0021-9258(18)31541-2.

[3] C.-H. Heldin and B. Westermark, “Mechanism of Action and
In Vivo Role of Platelet-Derived Growth Factor,” Physiological
Reviews 79, no. 4 (1999): 1283–1316, https://doi.org/10.1152/
physrev.1999.79.4.1283.

[4] M. A. Lemmon and J. Schlessinger, “Cell Signaling by Receptor
Tyrosine Kinases,” Cell 141, no. 7 (2010): 1117–1134, https://
doi.org/10.1016/j.cell.2010.06.011.

[5] C.-H. Heldin and J. Lennartsson, “Structural and Functional
Properties of Platelet-Derived Growth Factor and Stem Cell Fac-
tor Receptors,” Cold Spring Harbor Perspectives in Biology 5, no. 8
(2013): a009100, https://doi.org/10.1101/cshperspect.a009100.

[6] K. Appiah-Kubi, T. Lan, Y. Wang, et al., “Platelet-Derived
Growth Factor Receptors (PDGFRs) Fusion Genes Involve-
ment in Hematological Malignancies,” Critical Reviews in
Oncology/Hematology 109 (2017): 20–34, https://doi.org/
10.1016/j.critrevonc.2016.11.008.

[7] G. Dachy, R. R. De Krijger, S. Fraitag, et al., “Association of
PDGFRB Mutations With Pediatric Myofibroma and Myofi-
bromatosis,” JAMA Dermatology 155, no. 8 (2019): 946,
https://doi.org/10.1001/jamadermatol.2019.0114.

[8] C. Schwab, S. L. Ryan, L. Chilton, et al., “EBF1-PDGFRB
Fusion in Pediatric B-Cell Precursor Acute Lymphoblastic
Leukemia (BCP-ALL): Genetic Profile and Clinical Implica-
tions,” Blood 127, no. 18 (2016): 2214–2218, https://doi.org/
10.1182/blood-2015-09-670166.

[9] P. Pandey, F. Khan, T. K. Upadhyay, M. Seungjoon, M. N.
Park, and B. Kim, “New Insights About the PDGF/PDGFR
Signaling Pathway as a Promising Target to Develop Cancer
Therapeutic Strategies,” Biomedicine & Pharmacotherapy 161
(2023): 114491, https://doi.org/10.1016/j.biopha.2023.114491.

[10] E. Guérit, F. Arts, G. Dachy, B. Boulouadnine, and J.-
B. Demoulin, “PDGF Receptor Mutations in Human Dis-
eases,” Cellular and Molecular Life Sciences 78, no. 8 (2021):
3867–3881, https://doi.org/10.1007/s00018-020-03753-y.

8 Human Mutation

https://doi.org/10.1155/humu/6664372
https://doi.org/10.1101/gad.1653708
https://doi.org/10.1101/gad.1653708
https://doi.org/10.1016/S0021-9258(18)31541-2
https://doi.org/10.1152/physrev.1999.79.4.1283
https://doi.org/10.1152/physrev.1999.79.4.1283
https://doi.org/10.1016/j.cell.2010.06.011
https://doi.org/10.1016/j.cell.2010.06.011
https://doi.org/10.1101/cshperspect.a009100
https://doi.org/10.1016/j.critrevonc.2016.11.008
https://doi.org/10.1016/j.critrevonc.2016.11.008
https://doi.org/10.1001/jamadermatol.2019.0114
https://doi.org/10.1182/blood-2015-09-670166
https://doi.org/10.1182/blood-2015-09-670166
https://doi.org/10.1016/j.biopha.2023.114491
https://doi.org/10.1007/s00018-020-03753-y


[11] M. Minatogawa, T. Takenouchi, Y. Tsuyusaki, et al., “Expan-
sion of the Phenotype of Kosaki Overgrowth Syndrome,”
American Journal of Medical Genetics 173, no. 9 (2017):
2422–2427, https://doi.org/10.1002/ajmg.a.38310.

[12] Y. A. Zarate, L. Boccuto, S. Srikanth, et al., “Constitutive
Activation of the PI3K-AKT Pathway and Cardiovascular
Abnormalities in an Individual with Kosaki Overgrowth Syn-
drome,” American Journal of Medical Genetics 179, no. 6
(2019): 1047–1052, https://doi.org/10.1002/ajmg.a.61145.

[13] C. F. Rustad, K. Tveten, T. E. Prescott, P. O. Bjerkeseth,
C. Bredrup, and H. C. V. Pfeiffer, “Positive Response to Ima-
tinib in PDGFRB -Related Kosaki Overgrowth Syndrome,”
American Journal of Medical Genetics 185, no. 8 (2021):
2597–2601, https://doi.org/10.1002/ajmg.a.62264.

[14] T. Takenouchi, Y. Yamaguchi, A. Tanikawa, R. Kosaki,
H. Okano, and K. Kosaki, “Novel Overgrowth Syndrome Phe-
notype due to Recurrent De Novo PDGFRB Mutation,” The
Journal of Pediatrics 166, no. 2 (2015): 483–486, https://
doi.org/10.1016/j.jpeds.2014.10.015.

[15] P. Gawliński, M. Pelc, E. Ciara, et al., “Phenotype Expansion
and Development in Kosaki Overgrowth Syndrome,” Clinical
Genetics 93, no. 4 (2018): 919–924, https://doi.org/10.1111/
cge.13192.

[16] A. Foster, B. Chalot, T. Antoniadi, et al., “Kosaki Overgrowth
Syndrome: A Novel Pathogenic Variant in PDGFRB and
Expansion of the Phenotype Including Cerebrovascular Com-
plications,” Clinical Genetics 98, no. 1 (2020): 19–31, https://
doi.org/10.1111/cge.13752.

[17] N. Ito, S. Watanabe, H. Mishima, et al., “A Mutation in
PDGFRB in a Family With Infantile Myofibromatosis,” Acta
Medica Nagasakiensia 63, no. 1 (2019): 49–53, https://
doi.org/10.11343/amn.63.49.

[18] C. Lepelletier, Y. Al-Sarraj, C. Bodemer, et al., “Heterozygous
PDGFRB Mutation in a Three-Generation Family With Auto-
somal Dominant Infantile Myofibromatosis,” Acta Dermato-
Venereologica 97, no. 7 (2017): 858–859, https://doi.org/
10.2340/00015555-2671.

[19] Y. H. Cheung, T. Gayden, P. M. Campeau, et al., “A Recurrent
PDGFRB Mutation Causes Familial Infantile Myofibromato-
sis,” The American Journal of Human Genetics 92, no. 6
(2013): 996–1000, https://doi.org/10.1016/j.ajhg.2013.04.026.

[20] J. J. Johnston, M. Y. Sanchez-Contreras, K. M. Keppler-
Noreuil, et al., “A Point Mutation in PDGFRB Causes
Autosomal-Dominant Penttinen Syndrome,” The American
Journal of Human Genetics 97, no. 3 (2015): 465–474,
https://doi.org/10.1016/j.ajhg.2015.07.009.

[21] C. Bredrup, T. Stokowy, J. McGaughran, et al., “A Tyrosine
Kinase-Activating Variant Asn666Ser in _PDGFRB_ Causes
a Progeria-Like Condition in the Severe End of Penttinen Syn-
drome,” European Journal of Human Genetics 27, no. 4 (2019):
574–581, https://doi.org/10.1038/s41431-018-0323-z.

[22] C. Bredrup, I. Cristea, L. A. Safieh, et al., “Temperature-
Dependent Autoactivation Associated With Clinical Variabil-
ity of PDGFRB Asn666 Substitutions,” Human Molecular
Genetics 30, no. 1 (2021): 72–77, https://doi.org/10.1093/
hmg/ddab014.

[23] D. Pond, F. A. Arts, N. J. Mendelsohn, J.-B. Demoulin,
G. Scharer, and Y. Messinger, “A Patient With Germ-Line
Gain-of-Function PDGFRB p.N666H Mutation and Marked
Clinical Response to Imatinib,” Genetics in Medicine 20,
no. 1 (2018): 142–150, https://doi.org/10.1038/gim.2017.104.

[24] T. Gladkauskas, O. Bruland, L. Abu Safieh, D. P. Edward,
E. Rødahl, and C. Bredrup, “Corneal Vascularization Associ-
ated With a Novel PDGFRB Variant,” Investigative Ophthal-
mology & Visual Science 64, no. 14 (2023): 9, https://doi.org/
10.1167/iovs.64.14.9.

[25] G. Nicolas, C. Pottier, D. Maltête, et al., “Mutation of the
PDGFRB Gene as a Cause of Idiopathic Basal Ganglia Calcifi-
cation,” Neurology 80, no. 2 (2013): 181–187, https://doi.org/
10.1212/WNL.0b013e31827ccf34.

[26] M. Sanchez-Contreras, M. C. Baker, N. A. Finch, et al.,
“Genetic Screening and Functional Characterization of
PDGFRB Mutations Associated with Basal Ganglia Calcifica-
tion of Unknown Etiology,” Human Mutation 35, no. 8
(2014): 964–971, https://doi.org/10.1002/humu.22582.

[27] C. Wang, X.-P. Yao, H.-T. Chen, et al., “Novel Mutations of
PDGFRB Cause Primary Familial Brain Calcification in Chi-
nese Families,” Journal of Human Genetics 62, no. 7 (2017):
697–701, https://doi.org/10.1038/jhg.2017.25.

[28] G. Nicolas, C. Pottier, C. Charbonnier, et al., “Phenotypic
Spectrum of Probable and Genetically-Confirmed Idiopathic
Basal Ganglia Calcification,” Brain 136, no. 11 (2013): 3395–
3407, https://doi.org/10.1093/brain/awt255.

[29] F. A. Arts, R. Sciot, B. Brichard, et al., “PDGFRB Gain-of-
Function Mutations in Sporadic Infantile Myofibromatosis,”
Human Molecular Genetics 26, no. 10 (2017): 1801–1810,
https://doi.org/10.1093/hmg/ddx081.

[30] P. Pattisapu, T. L. Wenger, J. P. Dahl, et al., “Avoidance of Sur-
gery for Head and Neck Infantile Myofibromatosis Using Ima-
tinib Monotherapy,” Clinical Case Reports 10, no. 2 (2022):
e05382, https://doi.org/10.1002/ccr3.5382.

[31] B. Aggarwal, A. R. E. Correa, N. Gupta, M. Jana, andM. Kabra,
“First Case Report of Penttinen Syndrome From India,” Amer-
ican Journal of Medical Genetics - Part A 188, no. 2 (2022):
683–687, https://doi.org/10.1002/ajmg.a.62558.

[32] J. K. Slettedal and A. Ringvold, “Correlation Between Corneal
and Ambient Temperature With Particular Focus on Polar
Conditions,” Acta Ophthalmologica 93, no. 5 (2015): 422–
426, https://doi.org/10.1111/aos.12657.

[33] L. Kessel, L. Johnson, H. Arvidsson, and M. Larsen, “The
Relationship Between Body and Ambient Temperature and
Corneal Temperature,” Investigative Ophthalmology & Visual
Science 51, no. 12 (2010): 6593, https://doi.org/10.1167/
iovs.10-5659.

[34] H. Iznardo, C. Bredrup, S. Bernal, et al., “Clinical and Molecu-
lar Response to Dasatinib in an Adult Patient With Penttinen
Syndrome,” American Journal of Medical Genetics 188, no. 4
(2022): 1233–1238, https://doi.org/10.1002/ajmg.a.62603.

[35] A. Nédélec, E. M. Guérit, G. Dachy, et al., “Penttinen Syn-
drome‐Associated PDGFRBVal665Ala Variant Causes Aber-
rant Constitutive STAT1 Signalling,” Journal of Cellular and
Molecular Medicine 26, no. 14 (2022): 3902–3912, https://
doi.org/10.1111/jcmm.17427.

[36] F. A. Arts, A. I. Velghe, M. Stevens, J. Renauld, A. Essaghir, and
J. Demoulin, “Idiopathic Basal Ganglia Calcification-
Associated PDGFRB Mutations Impair the Receptor Signal-
ling,” Journal of Cellular and Molecular Medicine 19, no. 1
(2015): 239–248, https://doi.org/10.1111/jcmm.12443.

[37] C. E. Hart, R. A. Seifert, R. Ross, and D. F. Bowen-Pope, “Syn-
thesis, Phosphorylation, and Degradation of Multiple Forms of
the Platelet-Derived Growth Factor Receptor Studied Using a
Monoclonal Antibody,” The Journal of Biological Chemistry

9Human Mutation

https://doi.org/10.1002/ajmg.a.38310
https://doi.org/10.1002/ajmg.a.61145
https://doi.org/10.1002/ajmg.a.62264
https://doi.org/10.1016/j.jpeds.2014.10.015
https://doi.org/10.1016/j.jpeds.2014.10.015
https://doi.org/10.1111/cge.13192
https://doi.org/10.1111/cge.13192
https://doi.org/10.1111/cge.13752
https://doi.org/10.1111/cge.13752
https://doi.org/10.11343/amn.63.49
https://doi.org/10.11343/amn.63.49
https://doi.org/10.2340/00015555-2671
https://doi.org/10.2340/00015555-2671
https://doi.org/10.1016/j.ajhg.2013.04.026
https://doi.org/10.1016/j.ajhg.2015.07.009
https://doi.org/10.1038/s41431-018-0323-z
https://doi.org/10.1093/hmg/ddab014
https://doi.org/10.1093/hmg/ddab014
https://doi.org/10.1038/gim.2017.104
https://doi.org/10.1167/iovs.64.14.9
https://doi.org/10.1167/iovs.64.14.9
https://doi.org/10.1212/WNL.0b013e31827ccf34
https://doi.org/10.1212/WNL.0b013e31827ccf34
https://doi.org/10.1002/humu.22582
https://doi.org/10.1038/jhg.2017.25
https://doi.org/10.1093/brain/awt255
https://doi.org/10.1093/hmg/ddx081
https://doi.org/10.1002/ccr3.5382
https://doi.org/10.1002/ajmg.a.62558
https://doi.org/10.1111/aos.12657
https://doi.org/10.1167/iovs.10-5659
https://doi.org/10.1167/iovs.10-5659
https://doi.org/10.1002/ajmg.a.62603
https://doi.org/10.1111/jcmm.17427
https://doi.org/10.1111/jcmm.17427
https://doi.org/10.1111/jcmm.12443


262, no. 22 (1987): 10780–10785, https://doi.org/10.1016/
S0021-9258(18)61031-2.

[38] M. T. Keating and L. T. Williams, “Processing of the Platelet-
Derived Growth Factor Receptor. Biosynthetic and Degrada-
tion Studies Using Anti-Receptor Antibodies,” Journal of Bio-
logical Chemistry 262, no. 16 (1987): 7932–7937, https://
doi.org/10.1016/S0021-9258(18)47658-2.

[39] A. Kazlauskas, A. Kashishian, J. A. Cooper, and M. Valius,
“GTPase-Activating Protein and Phosphatidylinositol 3-
Kinase Bind to Distinct Regions of the Platelet-Derived
Growth Factor Receptor Beta Subunit,”Molecular and Cellular
Biology 12, no. 6 (1992): 2534–2544, https://doi.org/10.1128/
MCB.12.6.2534.

[40] S. Wennström, A. Siegbahn, K. Yokote, et al., “Membrane Ruf-
fling and Chemotaxis Transduced by the PDGF Beta-Receptor
Require the Binding Site for Phosphatidylinositol 3’ Kinase,”
Oncogene 9, no. 2 (1994): 651–660.

[41] M. Valius, C. Bazenet, and A. Kazlauskas, “Tyrosines 1021 and
1009 Are Phosphorylation Sites in the Carboxy Terminus of
the Platelet-Derived Growth Factor Receptor Beta Subunit
and Are Required for Binding of Phospholipase C Gamma
and a 64-Kilodalton Protein, Respectively,” Molecular and
Cellular Biology 13, no. 1 (1993): 133–143, https://doi.org/
10.1128/MCB.13.1.133.

[42] L. Rönnstrand, S. Mori, A. K. Arridsson, et al., “Identification
of Two C-Terminal Autophosphorylation Sites in the PDGF
Beta-Receptor: Involvement in the Interaction With Phospho-
lipase C-Gamma,” The EMBO Journal 11, no. 11 (1992): 3911–
3919, https://doi.org/10.1002/j.1460-2075.1992.tb05484.x.

[43] A. Kashishian, A. Kazlauskas, and J. A. Cooper, “Phosphoryla-
tion Sites in the PDGF Receptor With Different Specificities
for Binding GAP and PI3 Kinase In Vivo,” The EMBO Journal
11, no. 4 (1992): 1373–1382, https://doi.org/10.1002/j.1460-
2075.1992.tb05182.x.

[44] B. D. Manning and A. Toker, “AKT/PKB Signaling: Navigat-
ing the Network,” Cell 169, no. 3 (2017): 381–405, https://
doi.org/10.1016/j.cell.2017.04.001.

[45] E. Caglayan, M. Vantler, O. Leppänen, et al., “Disruption of
Platelet-Derived Growth Factor–Dependent Phosphatidylinositol
3-Kinase and Phospholipase Cγ 1 Activity Abolishes Vascular
Smooth Muscle Cell Proliferation and Migration and Attenuates
Neointima Formation In Vivo,” Journal of the American College
of Cardiology 57, no. 25 (2011): 2527–2538, https://doi.org/
10.1016/j.jacc.2011.02.037.

[46] K. M. Keppler-Noreuil, V. E. R. Parker, T. N. Darling, and J. A.
Martinez-Agosto, “Somatic Overgrowth Disorders of the
PI3K/AKT/mTOR Pathway & Therapeutic Strategies,” Amer-
ican Journal of Medical Genetics Part C 172, no. 4 (2016):
402–421, https://doi.org/10.1002/ajmg.c.31531.

[47] T. F. Franke, “PI3K/Akt: Getting It Right Matters,” Oncogene
27, no. 50 (2008): 6473–6488, https://doi.org/10.1038/
onc.2008.313.

[48] L. M. Thorpe, H. Yuzugullu, and J. J. Zhao, “PI3K in Cancer:
Divergent Roles of Isoforms, Modes of Activation and
Therapeutic Targeting,” Nature Reviews. Cancer 15, no. 1
(2015): 7–24, https://doi.org/10.1038/nrc3860.

[49] M. S. Lawrence, P. Stojanov, C. H. Mermel, et al., “Discovery
and Saturation Analysis of Cancer Genes Across 21 Tumour
Types,” Nature 505, no. 7484 (2014): 495–501, https://
doi.org/10.1038/nature12912.

[50] C. He, S. C. Medley, J. Kim, et al., “STAT1 Modulates Tissue
Wasting or Overgrowth Downstream From PDGFRβ,” Genes
& Development 31, no. 16 (2017): 1666–1678, https://doi.org/
10.1101/gad.300384.117.

[51] D. E. Levy and C. Lee, “What Does Stat3 Do?,” The Journal of
Clinical Investigation 109, no. 9 (2002): 1143–1148, https://
doi.org/10.1172/JCI0215650.

[52] H. Yu, D. Pardoll, and R. Jove, “STATs in Cancer Inflamma-
tion and Immunity: A Leading Role for STAT3,” Nature
Reviews. Cancer 9, no. 11 (2009): 798–809, https://doi.org/
10.1038/nrc2734.

[53] W. Wang, L. Wang, and B. Zha, “The Roles of STAT6 in Reg-
ulating B Cell Fate, Activation, and Function,” Immunology
Letters 233 (2021): 87–91, https://doi.org/10.1016/j.imlet.
2021.02.006.

[54] S. Goenka and M. H. Kaplan, “Transcriptional Regulation by
STAT6,” Immunologic Research 50, no. 1 (2011): 87–96,
https://doi.org/10.1007/s12026-011-8205-2.

[55] N. Hajicek, N. C. Keith, E. Siraliev-Perez, et al., “Structural
Basis for the Activation of PLC-γ Isozymes by Phosphoryla-
tion and Cancer-Associated Mutations,” eLife 8 (2019):
e51700, https://doi.org/10.7554/eLife.51700.

[56] K. Kanemaru and Y. Nakamura, “Activation Mechanisms and
Diverse Functions ofMammalian Phospholipase C,” Biomolecules
13, no. 6 (2023): 915, https://doi.org/10.3390/biom13060915.

10 Human Mutation

https://doi.org/10.1016/S0021-9258(18)61031-2
https://doi.org/10.1016/S0021-9258(18)61031-2
https://doi.org/10.1016/S0021-9258(18)47658-2
https://doi.org/10.1016/S0021-9258(18)47658-2
https://doi.org/10.1128/MCB.12.6.2534
https://doi.org/10.1128/MCB.12.6.2534
https://doi.org/10.1128/MCB.13.1.133
https://doi.org/10.1128/MCB.13.1.133
https://doi.org/10.1002/j.1460-2075.1992.tb05484.x
https://doi.org/10.1002/j.1460-2075.1992.tb05182.x
https://doi.org/10.1002/j.1460-2075.1992.tb05182.x
https://doi.org/10.1016/j.cell.2017.04.001
https://doi.org/10.1016/j.cell.2017.04.001
https://doi.org/10.1016/j.jacc.2011.02.037
https://doi.org/10.1016/j.jacc.2011.02.037
https://doi.org/10.1002/ajmg.c.31531
https://doi.org/10.1038/onc.2008.313
https://doi.org/10.1038/onc.2008.313
https://doi.org/10.1038/nrc3860
https://doi.org/10.1038/nature12912
https://doi.org/10.1038/nature12912
https://doi.org/10.1101/gad.300384.117
https://doi.org/10.1101/gad.300384.117
https://doi.org/10.1172/JCI0215650
https://doi.org/10.1172/JCI0215650
https://doi.org/10.1038/nrc2734
https://doi.org/10.1038/nrc2734
https://doi.org/10.1016/j.imlet.2021.02.006
https://doi.org/10.1016/j.imlet.2021.02.006
https://doi.org/10.1007/s12026-011-8205-2
https://doi.org/10.7554/eLife.51700
https://doi.org/10.3390/biom13060915

	Temperature as a Key Modulator: Investigating Phosphorylation Patterns of p.Asn666 PDGFRB Variants and Their Role in Downstream Signaling
	1. Introduction
	2. Materials and Methods
	2.1. Transduction of Cells
	2.2. Cell Culture, Lower Physiological Temperature of the Cornea (32°C), and PDGF Stimulation
	2.3. ELISA and Immunoblot Analysis
	2.4. Statistical Analysis and Reproducibility

	3. Results
	3.1. The p.Asn666Tyr, p.Asn666Ser, p.Asn666His, and p.Asn666Lys PDGFRβ Substitutions Cause Ligand-Independent PDGFRβ Activation
	3.2. Phosphorylation of Specific PDGFRβ Tyrosine Residues Upon Lower Physiological Temperature (32°C) and PDGF Stimulation
	3.3. Specific Downstream Signaling Protein Changes at 37°C and 32°C for the p.Asn666Tyr, p.Asn666Ser, p.Asn666His, and p.Asn666Lys Amino Acid Substitutions
	3.4. The Temperature-Induced PDGFRβ Downstream Signaling Kinetics in Temperature-Sensitive p.Asn666 PDGFRB Variants

	4. Discussion
	5. Conclusions
	Data Availability Statement
	Conflicts of Interest
	Funding
	Acknowledgments
	Supporting Information
	References




