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ORIGINAL RESEARCH

Somatic Mosaicism of a PDGFRB Activating 
Variant in Aneurysms of the Intracranial, 
Coronary, Aortic, and Radial Artery Vascular 
Beds
Carolina A. Parada, PhD*; Fatima M. El- Ghazali, BS*; Daphne Toglia, BS*; Jacob Ruzevick, MD; Malia McAvoy, MD; 
Samuel Emerson, MD, PhD; Yigit Karasozen, MD; Tina Busald, BS; Ahmad A. Nazem , PhD;  
Shaun M. Suranowitz, BS; Sherene Shalhub , MD, MPH; Desiree A. Marshall , MD; Luis F. Gonzalez- Cuyar , MD; 
Michael O. Dorschner, PhD; Manuel Ferreira Jr.,  MD, PhD

BACKGROUND: Activating variants in platelet- derived growth factor receptor beta (PDGFRB), including a variant we have previ-
ously described (p.Tyr562Cys [g.149505130T>C [GRCh37/hg19]; c.1685A>G]), are associated with development of multiorgan 
pathology, including aneurysm formation. To investigate the association between the allele fraction genotype and histopatho-
logic phenotype, we performed an expanded evaluation of post- mortem normal and aneurysmal tissue specimens from the 
previously published index patient.

METHODS AND RESULTS: Following death due to diffuse subarachnoid hemorrhage in a patient with mosaic expression of 
the above PDGFRB variant, specimens from the intracranial, coronary, radial and aortic arteries were harvested. DNA was 
extracted and alternate allele fractions (AAF) of PDGFRB were determined using digital droplet PCR. Radiographic and histo-
pathologic findings, together with genotype expression of PDGFRB were then correlated in aneurysmal tissue and compared 
to non- aneurysmal tissue. The PDGFRB variant was identified in the vertebral artery, basilar artery, and P1 segment aneu-
rysms (AAF: 28.7%, 16.4%, and 17.8%, respectively). It was also identified in the coronary and radial artery aneurysms (AAF: 
22.3% and 20.6%, respectively). In phenotypically normal intracranial and coronary artery tissues, the PDGFRB variant was 
not present. The PDGFRB variant was absent from lymphocyte DNA and normal tissue, confirming it to be a non- germline 
somatic variant. Primary cell cultures from a radial artery aneurysm localized the PDGFRB variant to CD31- , non- endothelial 
cells.

CONCLUSIONS: Constitutive expression of PDGFRB within the arterial wall is associated with the development of human fusi-
form aneurysms. The role of targeted therapy with tyrosine kinase inhibitors in fusiform aneurysms with PDGFRB mutations 
should be further studied.
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Platelet- derived growth factor receptor beta 
(PDGFRB) is a tyrosine kinase receptor involved 
in activation of multiple signaling pathways pro-

moting cellular proliferation and survival.1 Our group 
first described the role of a somatic activating variant 

of PDGFRB in the formation of fusiform cerebral aneu-
rysms.2 We described a 23- year- old man with multiple 
enlarging fusiform intracranial aneurysms ipsilateral to a 
unique cutaneous phenotype. The phenotype was iden-
tified upon his initial presentation at 9 years of age for coil 
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embolization of a right internal carotid artery dissecting 
fusiform aneurysm. Despite negative cranial imaging for 
additional aneurysms at the time of presentation, he re-
turned 12 years later for surgical repair of a dissecting 
ipsilateral fusiform intracranial vertebral artery aneurysm 
and later repair of a coronary artery aneurysm. DNA anal-
yses revealed a somatic mosaic pattern of a PDGFRB 
variant within the aneurysmal tissue that was not present 
in grossly and histologically normal specimens or blood.

Both germline and somatic mosaicism represent 
mechanisms for genetic heterogeneity within an indi-
vidual and is a result of the fidelity of DNA replication. 
Somatic mosaicism is a result of post- zygotic mutations 
leading to unique cell lineages. While many somatic 
cells containing errors in genetic replication undergo 
negative selection, those which escape such negative 
selection are implicated in a spectrum of human pa-
thologies, including vascular disease.3

PDGFRB is expressed by perivascular mesenchy-
mal cells and is particularly important for blood ves-
sel formation.1,4,5 Gain of function variants of PDGFRB 
have been implicated in cancer, vascular pathology, 
and multiple syndromes with overlapping phenotypes 
including infantile myofibromatosis, Kosaki overgrowth 

syndrome, and Penttinen premature aging syn-
drome.6– 10 However, its role in the development of fusi-
form aneurysms has only recently been established.2,11

The index patient died at the age of 29 due to dif-
fuse subarachnoid hemorrhage secondary to a ruptured 
basilar artery aneurysm following publication of our initial 
manuscript. Given the clear pattern of aneurysmal de-
velopment within multiple vascular territories, we aimed 
to investigate the association between the alternate al-
lele fractions (AAF) of his activating PDGFRB variant and 
the histopathologic phenotype in an expanded evalua-
tion of 80 post- mortem tissue specimens.

METHODS
The data that support this study are available from the 
senior author upon reasonable request.

Human Subject
Case study of the index individual, as described pre-
viously, was completed with the goal of further char-
acterizing a previously identified activating PDGFRB 
variant (p. Tyr562Cys [g.149505130T>C [GRCh37/hg19]; 
c.1685A>G]) displaying somatic mosaicism and corre-
lating its role in the pathogenesis of fusiform aneurysms. 
The pathologic phenotype based on gross anatomy, ra-
diographic imaging, and microscopic histology was com-
pared to PDGFRB allelic genotype using deep targeted 
sequencing methods. Premortem and postmortem tissue 
specimens were included from the patient’s aneurysms, 
normal vasculature, and blood. All tissue specimens stud-
ied were obtained with appropriate consent and all pro-
tocols were reviewed and approved by the University of 
Washington institutional human subjects review board.

Tissue Specimen Collection & 
Preservation
Premortem aneurysmal repair operations were per-
formed by the surgical teams at the University of 
Washington affiliated hospitals. The cerebral vascula-
ture and aortic tissue were preserved using flash frozen 
paraffin embedded (FFPE) technique. Radial artery, 
saphenous vein, and coronary arteries were preserved 
using both FFPE and fresh frozen technique. Elective 
donation of the patient’s body was completed per fam-
ily’s request under the supervision of a board- certified 
forensic pathologist and neuropathologist (DAM) and a 
board- certified neuropathologist (LFGC). Autopsy was 
completed within 16 hours of death.

Cell Cultures
Premortem specimens from skin, radial artery aneu-
rysm, and saphenous vein were processed to estab-
lish primary cell lines from the index individual. The 
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endothelial, CD31 positive, cell population was iso-
lated using Dynabeads CD31 Endothelial Cell Beads 
(Invitrogen) for all primary cell cultures.

Histology and H&E Staining
Hematoxylin & Eosin, Gomori’s trichrome, and 
Verhoeff’s- Van Gieson staining was completed for 
all samples. Histologic analysis was performed in a 
single- blinded fashion by board- certified neuropathol-
ogists (D.A.M. and L.F.G.C.).

DNA Extraction and Digital Droplet PCR
DNA was extracted from both frozen and FFPE tissue 
samples taken at autopsy. DNA was also extracted from 
primary cell pellets. DNA extractions on FFPE tissue 
samples were conducted with the QS GeneRead DNA 
FFPE (Qiagen) treatment protocol with modifications. A 
DNA repair step using the NEBNext FFPE DNA Repair 
Mix (New England Biolabs) was performed to ensure the 
integrity of both DNA and RNA available from FFPE tis-
sue. Ten nanograms of DNA was used per digital droplet 
PCR (ddPCR) reaction, using previously described meth-
ods.12,13 Four independent replicates were performed on 
each tissue. Mutant (FAM) and wild- type (HEX) droplet 
thresholds were established using positive and negative 
controls included in each run: positive genomic control 
(35%), negative genomic control, and a no- template 
control. Multiple wells containing independent repli-
cates were merged for analysis and Poisson CIs were 
defined using Quantasoft software (Bio- Rad, Hercules, 
CA Version 1.7). Those with <10 000 total droplets were 
excluded based on established guidelines.

Statistical Analysis
QuantaSoft parameters were set based on oligonucleo-
tide control thresholds. Droplets were deemed positive 
for the PDGFRB variant if they fell within the established 
thresholds. AAF of the PDGFRB variant were calculated 
using the concentration of the mutant- positive droplets 
divided by the total amount of DNA- containing droplets 
(variant+wildtype droplets). AAFs were deemed positive 
under 2 conditions: the Poisson CIs of the mutant and 
wildtype droplets did not overlap and the AAF value fell 
within its own sample CIs. When the 95% CI overlapped 
that of the wildtype control, these samples were consid-
ered negative.14 All figures were created using RStudio 
(RStudio, Boston, MA, Version 1.4.1106).

RESULTS
Clinical Course
A 21- year- old man with a predominantly right- sided 
cutaneous phenotype presented for care at the 

University of Washington Hospital health system, 
having previously undergone coil embolization of a 
right carotid fusiform aneurysm at the age of nine. 
Follow- up imaging revealed an unruptured right ver-
tebral artery fusiform aneurysm as well as a right P1 
segment posterior cerebral artery fusiform aneurysm. 
He underwent multiple endovascular and microsurgi-
cal operations for occlusion and bypass of the ver-
tebral artery fusiform aneurysm. Six years later, he 
experienced palpitations leading to cardiac work- up 
where a 3.4×3.0×2.8 cm distal left main coronary ar-
tery aneurysm was discovered. He subsequently un-
derwent cardiac stenting and bypass for exclusion of 
the aneurysm. Two years following this operation, at 
the age of 29, he underwent resection of an enlarging 
right radial artery aneurysm using a saphenous vein 
interposition graft. Tissue specimens were harvested 
at this time to establish primary cultures. Further 
cranial imaging revealed progression of the right 
P1 segment fusiform aneurysm and development 
of a mid- basilar fusiform aneurysm. Unfortunately, 
prior to treatment, he experienced rupture of the 
mid- basilar fusiform artery aneurysm with resultant 
subarachnoid and intraventricular hemorrhage lead-
ing to acute intracranial hypertension, causing death 
(Figure 1).

Intracranial Arteries
AAF from tissue of the intracranial circulation ranged 
from 0% to 28.7%, with higher AAF representing the 
presence of the PDGFRB variant and correlating with 
the identification of fusiform aneurysms. The PDGFRB 
variant was present in the right vertebral artery an-
eurysm (proximal and distal AAF: 17.5% and 28.7%, 
respectively), mid- basilar aneurysm (AAF: 16.4%), 
and right P1 segment aneurysms (AAF: 17.8%). The 
PDGFRB variant was also present in the tissue from 
the PCA, immediately adjacent to the P1 segment an-
eurysm (AAF: 21.1%). Comparatively, sites without ob-
vious aneurysmal dilatations had lower AAFs. The AAF 
of the unaffected right carotid artery, the right anterior 
cerebral artery, and the left middle cerebral artery were 
2.7%, 2.9%, and 4.3%, respectively.

The AAF of the unaffected right middle cerebral ar-
tery and left anterior cerebral artery sites was 0 and 
the Poisson CIs overlapped with the wildtype negative 
control suggesting a lack of expression of the PDGFRB 
variant. The AAF of the unaffected left common carotid 
artery was 0.3%. Its Poisson CI also overlapped with 
the negative control suggesting a lack of expression of 
the PDGFRB variant (Figure 2A).

Histopathological evaluation of the intracranial fusi-
form aneurysms showed proliferation of medial smooth 
muscle medial cells with haphazard arrangement and 
variable nuclear pleomorphism. There was marked 
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fibrointimal proliferation with extensive effacement of 
the internal elastic lamina. In addition, there was ad-
herent intraluminal thrombus in various stages of or-
ganization, including acute with fibrin layering, early 
organizing, and remote with fibrosis and neovascular-
ization (Figure 3).

Coronary Arteries
Similar to the presence of the PDGFRB variant in the 
intracranial aneurysms, the PDGFRB variant was also 
identified in the coronary artery aneurysm. The AAF 
from aneurysmal tissue was 22.3%. In contrast the 
AAF of the proximal and distal left coronary artery was 
0.28% and 0%, respectively. The Poisson CI of these 
non- aneurysmal samples overlapped with the wildtype 
negative control suggesting a lack of the PDGFRB 
variant.

Complete histopathological assessment of the cor-
onary artery aneurysm was precluded due to struc-
tural alterations induced by the stenting procedure. 
However, nodular fibro- intimal proliferation with focal 
calcification and scattered ectatic vascular spaces 
were identified. The recognizable portions of peripheral 

coronary vessel wall showed fascicular and haphaz-
ard medial proliferation with moderate hypercellularity. 
Focal proliferative regions with granulation tissue- like 
appearance, foamy and pigment laden macrophages, 
hemosiderin, and cholesterol clefts were present and 
suggestive of organizing thrombus (Figure 3).

Aorta
Multiple locations starting at the aortic root and ex-
tending to the distal abdominal aorta were sampled in 
pairs with one pair from each sample showing variable 
AAFs ranging from 0% to 35.1%. The entirety of the 
aortic wall was visualized and analyzed. CT angiog-
raphy and gross anatomical examination by the team 
of pathologists did not reveal any obvious thoracic or 
abdominal aortic aneurysms. However, histopathologi-
cal examination from the proximal aortic arch showed 
various degrees of pathological alterations consistent 
with microdissections at various stages of remodeling 
(Figure  3). One blinded pathologist reviewing these 
aortic samples was able to accurately rank the more 
affected sampled from higher to lower AAF based on 
histopathological features alone.

Figure 1. Radiographic correlate of the index patient’s clinical course.
A, (Top row) Digital subtraction angiography showing 3D reconstruction of a right vertebral artery fusiform aneurysm after a right 
vertebral injection. A fusiform aneurysm encompassing the extracranial and intracranial vertebral artery is seen. (Middle) Post- 
treatment left vertebral artery injection shows a normal left vertebral artery and small fusiform dilatation of the right P1 segment. The 
right vertebral artery underwent coil embolization/sacrifice with bypass. (Bottom) Digital subtraction angiogram with Townes view of 
a left common carotid artery injection. The right anterior circulation is seen due to cross- filling via a patent anterior communicating 
artery. No aneurysmal pathology is identified in the anterior circulation. The right common carotid artery had previously undergone coil 
embolization and sacrifice. B, Follow- up digital subtraction angiography showing (Top) progression of the right P1 segment fusiform 
aneurysm as well as development of a mid- basilar artery aneurysm and (Bottom) right external carotid artery to middle cerebral artery 
bypass with normal right middle cerebral artery candelabra. C, (Top) Identification of a coronary artery aneurysm and (Bottom) post- 
treatment imaging. D, Identification of a right radial artery fusiform aneurysm. E, Non- contrasted computed tomography showing 
diffuse subarachnoid hemorrhage secondary to a ruptured basilar artery aneurysm causing death.
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Radial Artery
Analysis of the frozen specimens harvested from the 
aneurysmal radial artery revealed the presence of the 
PDGFRB variant (AAF: 20.6%). The AAF of isolated 
CD31+ cells was 0.05% versus 36% for isolated CD31-  
cells suggesting a CD31 negative, non- endothelial 
specific localization of the PDGFRB variant.

DISCUSSION
Analysis of 80 post- mortem samples from our previ-
ously published index individual reveals further evi-
dence of mosaic expression of an activating PDGFRB 
variant and its relationship to fusiform aneurysm de-
velopment. Within the cerebral vasculature specimens, 
the presence of the PDGFRB variant correlated with an-
eurysm phenotype (proximal and distal vertebral artery 
aneurysm, mid- basilar artery aneurysm, and right P1 
segment aneurysm). Areas with positive, yet low AAF 

(unaffected right carotid artery, right anterior cerebral 
artery, and left middle cerebral artery) did not have ob-
vious aneurysmal dilation. Similarly, samples from the 
coronary artery revealed the presence of the PDGFRB 
variant in the aneurysmal component of the coronary 
artery and negative expression of the PDGFRB variant 
in the proximal and distal components of the coronary 
artery. Samples from the aortic arch revealed the high-
est AAF of all aortic samples, ranging from 21.70% to 
35.07%. All other aortic specimens contained variant 
AAFs ranging from 0.1% to 15.8%. The patient never 
developed any clinically significant aortic aneurysms 
though early evidence of dissection was apparent on 
histopathologic evaluation at the areas with the highest 
AAF, suggesting a variable time course for the clinical 
phenotype of aneurysmal dilatation to develop. Finally, 
the PDGFRB variant was present in the radial artery 
aneurysm tissue (AAF: 20.6%).

The PDGFRB activating variant found in the index 
patient’s cerebral, coronary, and radial artery aneurysm 

Figure 2. Heatmap of vascular samples harvested from the (A) intracranial, (B) coronary, and (C) aortic samples.
Gross pathological specimens are shown as well as AAF% at the associated sampling sites.
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tissue was absent from lymphocyte DNA and normal 
tissue sites, confirming it to be a non- germline somatic 
variant. Somatic mosaicism is one of several mecha-
nisms for the development of cellular heterogeneity and 
is the natural result of the fidelity of genetic replication. 
Mosaicism can occur at any point following the first 
replication of the zygote with single nucleotide errors 
in DNA replication occurring at an estimated frequency 
of 10−9 errors per cellular division.15,16 This basal rate, 
alongside environmental mutagens throughout life, 
allow for significant genetic variation across all tissues, 
increasing as one ages, compared to the genome of 
the initial gametes. While this is a mechanism impli-
cated in human disease, mosaicism can also lead to 
beneficial cellular changes in the immune system17 and 
development of neuronal diversity,18 enhancing the 
adaptive ability of tissues.19

PDGFRB encodes a transmembrane receptor tyro-
sine kinase involved in multiple cell signaling pathways 
and is critical for the growth of mesenchymal cells, 

including blood vessels.1 It is composed of four do-
mains (1) Ig- like domain, (2) transmembrane domain, 
(3) juxtamembrane domain, and (4) tyrosine kinase 
domain. The index patient was found to have a single 
novel variant (p. Tyr562Cys [g.149505130T>C [GRCh37/
hg19]; c.1685A>G]) within the juxtamembrane domain. 
In the subsequent validation cohort of non- syndromic 
patients with fusiform aneurysms, other variants in 
PDFGRB were identified and included a juxtamem-
brane domain variant predicted to result in a 4 amino 
acid in- frame deletion (p. Tyr562_Arg565del), and 
2 additional variants (p. Asp850Tyr and p. Arg849_
Lys860delinsHisAlaGly LeuGluLeuHisLeuGln) in the 
activation loop of the kinase domain. Furthermore, 
sequencing of saccular aneurysms of the validation 
cohort revealed only wildtype PDGFRB suggesting a 
mosaic expression associated with fusiform aneurysm 
formation.2

The clinical phenotype of the index patient is reminis-
cent of other known heritable progressive aneurysmal 

Figure 3. Histopathology of multiple vascular compartments.
Evaluation of the left anterior cerebral artery with (A) Hematoxylin and eosin (H&E) (10×) shows a well- preserved and architecturally 
intact cross- section of muscular artery lacking significant atheromatous change and fibrointimal hyperplasia. B, Gomori trichrome 
(GT) stain (10×) shows organized muscular tunica media and collagenized tunica adventitia. C, Verhoeff- van Gieson (VVG) stain 
(10×) shows an intact internal elastic lamina throughout the entire vessel. Histology of the ruptured mid- basilar artery aneurysm 
with (D) H&E (10×) shows a longitudinal section with a luminal surface variably lined by a thin layer of fibrin and reactive- appearing 
endothelial cells (likely related to adjacent rupture). E, GT- staining (10×) shows a proliferation of haphazardly arranged smooth muscle 
cells with variable nuclear pleomorphism in the tunica media. F, VVG staining (10×) highlights marked fibrointimal proliferation with 
extensive effacement of the internal elastic lamina. Histology of the non- aneurysmal proximal right coronary artery with (G) H&E at low 
power magnification (4×) shows a cross- section of muscular artery with marked fibrous intimal proliferation, a polypoid intraluminal 
fibrous plug and reactive endothelial changes but without significant inflammation. H, GT- stained section (10×) shows fascicular 
and partially disorganized proliferative tunica media with intervening collagen deposition while (I) VVG- stained tissue (10×) shows 
elastic fiber fragmentation and loss with effacement of the internal elastic lamina. Histology of the proximal aortic arch (Section 
A1) using (J) H&E (10×) shows a relatively well- preserved incomplete cross- section of elastic artery wall. K, GT staining (10×) shows 
focal minimal disorganization in the tunica media. L, VVG- staining (10×) shows elastic fibers admixed with smooth muscle cells in 
a generally uniformly fashion throughout the entire tunica media except for small areas with patchy minimal degenerative changes 
(fragmentation of the elastica) in the tunica media. Histology of the more distal aortic arch (Section A5) with (M) H&E (10×) shows 
an incomplete cross- section of elastic artery wall with disordered nodular fibrointimal and medial hyperplasia. (N) GT staining (10×) 
shows medial hypercellularity, variable nuclear pleomorphism and architectural disorganization with intervening collagen deposition. 
O, VVG staining (10×) shows haphazard and patchy distribution of elastic fibers throughout the tunica media in addition to effacement 
of the internal elastic lamina.
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pathologies including Marfan syndrome, Loeys- Dietz 
syndrome, and Ehlers- Danlos type IV, amongst others. 
These, however, show Mendelian inheritance with vari-
able penetrance and are due to mutations in fibrillin- 1, 
COL3A1, and TGFBR 1 and 2, respectively.20 Fresh 
and post- mortem tissue were tested for these genetic 
mutations without any alterations. A notable difference 
in the clinical phenotype of the index patient’s aneu-
rysms, as compared to those seen in syndromic cases 
described above, were their fusiform appearance and 
presence in multiple vascular compartments. Fusiform 
aneurysms represent an estimated 10% of intracranial 
aneurysms, with histological findings of intimal layer 
thickening.20,21 The more common intracranial aneu-
rysm variant, saccular aneurysms develop from thick-
ened hyalinized intimal and adventitial layers with risk 
factors including smoking, hypertension, and a family 
history of saccular aneurysms. Intracranial saccular 
aneurysms are more readily treated via microsurgical 
clipping or endovascular techniques. Fusiform aneu-
rysms, however, are significantly more difficult to treat 
due to the involvement of long segments of the involved 
vessel and poor responses to surgical clip reconstruc-
tion. While endovascular technologies have led to a 
revolution in the treatment of intracranial fusiform an-
eurysms, often a combined approach is needed, with 
higher surgical risks compared to the treatment of sac-
cular aneurysms.

Since the publication of our prior study describing 
the association between PDGFRB and fusiform aneu-
rysms, several case reports have been published de-
scribing patients with PDGFRB variants, due to both 
germline and somatic mosaicism, with dermal and/or 
vascular phenotypes. Chenbhanich et al reported 2 
patients with the same mosaic PDGFRB p(Tyr562Cys) 
variant identified in our index patient. One 25- year- old 
female patient had presented with a 1- year history of 
progressive left eye blindness and was found to have a 
fusiform aneurysm of the left intracranial internal carotid 
artery as well as a fusiform dilation of the left anterior 
cerebral artery. Repeat imaging 1  year later showed 
interval progression of these fusiform aneurysms as 
well as the development of a fusiform aneurysm at 
the right middle cerebral artery. Whole body imaging 
also revealed 2 fusiform aneurysms of the coronary 
arteries. Targeted antibody therapy using Sorafenib, 
a tyrosine kinase inhibitor, was initiated, though she 
unfortunately experienced rupture of her left internal 
carotid artery aneurysm necessitating neurosurgical 
intervention. A second patient with the same mosaic 
variant was a 16- year- old female who presented with 
segmental hemihypertrophy of the left arm and hand 
and was found to have abnormal vasculature within 
the affected arm.11 Wenger et al reported a series of 
12 patients with activating PDGFRB mutations, with 
three of the older patients (ages 13, 14, and 26) found 

to have aneurysms.9 Foster et al reported 2 patients 
with cerebrovascular complications including basilar 
artery thrombosis and aneurysmal rupture.22 Finally, 
Takenouchi et al retrospectively reviewed the two orig-
inally published Kosaki overgrowth syndrome patients 
with activating PDGFRB variants and discovered fusi-
form intracranial and coronary aneurysms.23

Though distinct individual syndromes secondary 
to activating PDGFRB variants have been described, 
such as infantile myofibromatosis, Kosaki overgrowth 
syndrome, and Penttinen premature aging syndrome, 
there likely exists a phenotypic spectrum that is due 
to the specific activating germline or mosaic expres-
sion of the individual PDGFRB variant. When long- term 
follow- up of patients with activating PDGFRB variants 
was performed, Wenger et al proposed a 2- group 
classification of phenotypes termed PDGFRB activat-
ing disorder (PAVS) −1 and −2. PAVS- 1 represents the 
less severe group and would include patients previ-
ously diagnosed with infantile myofibromatosis.9 These 
patients are often spared the cutaneous and skeletal 
morbidity of more severely affected individuals, though 
vascular pathology, such as aneurysms, have been re-
ported with several affected patients dying suddenly at 
a young age. Specific variants, including p. Pro560Leu, 
pArg561Cys, p. Ile564_Val572del, p. Lys567Glu, and p. 
Pro660Thr are considered likely to lead to a less se-
vere phenotype and subsequent designation under 
the PAVS- 1 classification. PAVS- 2 is the more severe 
phenotype with affected individuals presenting with 
multi- organ system involvement, including central 
nervous, musculoskeletal, skin, and vasculature sys-
tems. Phenotypes of Kosaki overgrowth syndrome, 
Penttinen premature aging syndrome, and multiple fu-
siform aneurysms seen in our index patient would be 
considered PAVS- 2. Vascular abnormalities, including 
fusiform aneurysms are common with multiple reports 
of progressive vasculopathy as well as sudden death 
suggestive of aneurysmal rupture in this subclassifica-
tion.9,10,22– 24 Specific variants associated with a more 
severe phenotype and subsequent classification of 
PAVS- 2 include p. Arg561_Tyr562, p. Tyr562Cys, p. 
Trp566Arg, p. Pro584Arg, p. Val665Ala, p. Asn666His, 
and p. Asn666Ser.

Ex- vivo, cell lines obtained from the index patient 
resulted in an increase of kinase auto- phosphorylation 
with subsequent phosphorylation and constitutive ac-
tivation of the downstream proteins: ERK, SRC, and 
AKT10. This is consistent with in vitro studies of activat-
ing PDGFRB variants in cell lines created from patients 
with infantile myofibromatosis and Kosaki overgrowth 
syndrome.10,25 Notably, CD31-  (non- endothelial) cells 
had the expressed the PDGFRB variant. This finding 
is particularly interesting as the expression of PDGFRB 
within vascular smooth muscle cells has been as-
sociated with a synthetic, rather than contractile 



J Am Heart Assoc. 2022;11:e024289. DOI: 10.1161/JAHA.121.024289 8

Parada et al PDGFRB Mosaicism in Aneurysms

phenotype, resulting in increased secretion of extracel-
lular vesicles that enhance local inflammation and pro-
mote aneurysm development.26 This is consistent with 
histopathological findings showing varying degrees of 
vascular medial hyperplasia and disorganization asso-
ciated with frequently marked fibrointimal hyperplasia 
with the most severely involved segments showing 
effacement of the internal elastic lamina. In addition, 
this differentiates fusiform aneurysms from other intra-
cranial vascular pathology, such as arteriovenous mal-
formations, where activating mutations are localized to 
the endothelial cell layer.27

Tyrosine kinase inhibitors are an attractive option for 
the targeted treatment of pathology secondary to the 
constitutive activation of PDGFRB variants. Patients 
with infantile myofibromatosis, Penttinen- like pheno-
types, and intracranial fusiform aneurysms have been 
treated with the tyrosine kinase inhibitors imatinib, suni-
tinib, and sorafenib.9,11,28– 31 Imatinib, in combination 
with vinblastine, was used to treat myofibromas with a 
rapid and durable response in two siblings with infan-
tile myofibromatosis.28 Wenger et al reported 2 patients 
with severe myofibromatosis treated with imatinib with 
a robust response.9 Likewise, Pond et al reported the 
efficacy of imatinib in treating multiple phenotypes as-
sociated with a gain of function PDGFRB variants.29 
To date, however, no study has reported regression 
of aneurysmal phenotype following initiation of tyrosine 
kinase therapy. Notably, as described above, a single 
patient treated with sorafenib experienced intracranial 
aneurysm rupture 3 months following initiation of ther-
apy.11 It is unclear whether sorafenib contributed to this 
rupture and as such, further experimental treatments 
with tyrosine kinase inhibitors in patients with intracra-
nial aneurysms should be performed with caution. Our 
group was in the process of discussing treatment of 
our index patient with a tyrosine kinase inhibitor due to 
profound advancement of his aneurysmal phenotype. 
As conventional therapeutic modalities of endovascular 
and open surgical repair are exhausted, systemic ther-
apy might become an alternative. Weighing the risks 
and benefits and understanding the natural history is 
imperative prior to pursuing experimental therapies.

There were several limitations to this study. While 
this manuscript aims to provide a thorough characteri-
zation of the presence of the PDGFRB variant through-
out the index individual, generalizing the results to the 
pathogenesis of spontaneous fusiform aneurysms re-
quires validation in larger cohorts of both sporadic and 
syndromic patients. Given the rarity of presentation, 
future studies aimed at elucidating mechanisms of 
fusiform aneurysmal development would benefit from 
multi- institutional collaborations and tissue sharing. 
Second, to best identify the role of PDGFRB in aneu-
rysm formation, in- vitro and in- vivo studies are needed 
to determine if downregulation of constitutive PDGFRB 

phosphorylation can recover a normal vascular phe-
notype. Finally, there was some heterogeneity in the 
fixation techniques of various vascular samples given 
the temporal differences between tissue harvest. 
However, multiple groups have reported high concor-
dance between FFPE and fresh frozen tissue in ge-
nomic assays, suggesting that differences in AAF due 
to fixation technique are nominal.32– 34

In summary, we add additional evidence showing the 
role of PDGFRB in the formation of intracranial and ex-
tracranial fusiform aneurysms and localize these to non- 
endothelial, CD31-  cells. Given the significantly shortened 
lifespan of patients with syndromes secondary to activat-
ing PDGFRB variants, hypothesized to be due to ruptured 
aneurysms, additional therapeutic evidence for the effi-
cacy of tyrosine kinase inhibitors in vascular remodeling 
are needed to decrease morbidity and prolong life.
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