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A human importin-b-related disorder:
Syndromic thoracic aortic aneurysm
caused by bi-allelic loss-of-function variants in IPO8

Ilse Van Gucht,1,29 Josephina A.N. Meester,1,29 Jotte Rodrigues Bento,1 Maaike Bastiaansen,1

Jarl Bastianen,1 Ilse Luyckx,1,2 Lotte Van Den Heuvel,1 Cédric H.G. Neutel,3 Pieter-Jan Guns,3

Mandy Vermont,3 Erik Fransen,1,4 Melanie H.A.M. Perik,1 Joe Davis Velchev,1 Maaike Alaerts,1

Dorien Schepers,1,5 Silke Peeters,1 Isabel Pintelon,6 Abdulrahman Almesned,7 Matteo P. Ferla,8

Jenny C. Taylor,8 Anthony R. Dallosso,9 Maggie Williams,9 Julie Evans,9 Genomics England Research
Consortium, Jill A. Rosenfeld,10,11 Thierry Sluysmans,12 Desiderio Rodrigues,13 Ashish Chikermane,14

Gangadhara Bharmappanavara,15 Kayal Vijayakumar,16 Hassan Mottaghi Moghaddam Shahri,17

Narges Hashemi,18 Paria Najarzadeh Torbati,19 Mehran B. Toosi,20 Zuhair N. Al-Hassnan,21 Julie Vogt,22

Nicole Revencu,23 Isabelle Maystadt,24 Erin M. Miller,25 K. Nicole Weaver,26 Amber Begtrup,27

Henry Houlden,28 David Murphy,28 Reza Maroofian,28 Alistair T. Pagnamenta,8 Lut Van Laer,1

Bart L. Loeys,1,2,29,* and Aline Verstraeten1,29,*
Summary
Importin 8, encoded by IPO8, is a ubiquitously expressedmember of the importin-b protein family that translocates cargo molecules such

as proteins, RNAs, and ribonucleoprotein complexes into the nucleus in a RanGTP-dependent manner. Current knowledge of the cargoes

of importin 8 is limited, but TGF-b signaling components such as SMAD1–4 have been suggested to be among them. Here, we report that

bi-allelic loss-of-function variants in IPO8 cause a syndromic form of thoracic aortic aneurysm (TAA) with clinical overlap with Loeys-Dietz

and Shprintzen-Goldberg syndromes. Seven individuals from six unrelated families showed a consistent phenotype with early-onset TAA,

motor developmental delay, connective tissue findings, and craniofacial dysmorphic features. A C57BL/6N Ipo8 knockout mouse model

recapitulates TAA development from 8–12 weeks onward in both sexes but most prominently shows ascending aorta dilatation with a pro-

pensity for dissection in males. Compliance assays suggest augmented passive stiffness of the ascending aorta in male Ipo8�/� mice

throughout life. Immunohistological investigation of mutant aortic walls reveals elastic fiber disorganization and fragmentation along

with a signature of increased TGF-b signaling, as evidenced by nuclear pSmad2 accumulation. RT-qPCR assays of the aortic wall in male

Ipo8�/� mice demonstrate decreased Smad6/7 and increased Mmp2 and Ccn2 (Ctgf) expression, reinforcing a role for dysregulation of

the TGF-b signaling pathway in TAA development. Because importin 8 is the most downstream TGF-b-related effector implicated in

TAA pathogenesis so far, it offers opportunities for future mechanistic studies and represents a candidate drug target for TAA.
Thoracic aortic aneurysm (TAA) refers to a pathological

and progressive dilatation of the aorta that, if left un-

treated, imposes a risk for life-threatening aortic dissection
1Center of Medical Genetics, University of Antwerp and Antwerp University H

University Nijmegen Medical Center, Nijmegen 6525 GA, the Netherlands; 3

Belgium; 4StatUa Center for Statistics, University of Antwerp, Antwerp 2000, Be

ment of Biomedical Sciences, University of Antwerp, Antwerp 2610, Belgium; 6

University of Antwerp, Antwerp 2610, Belgium; 7Prince Sultan Cardiac Centr

Wellcome Centre for Human Genetics, University of Oxford, Oxford OX3 7B

Southmead Hospital, Bristol BS10 5NB, UK; 10Department of Molecular and Hu

lor Genetics Laboratories, Houston, TX 77021, USA; 12Department of Pediatric

sels 1200, Belgium; 13Birmingham Women’s and Children’s Hospital NHS Fou

Women&Children’s Hospital, BirminghamB4 6NH, UK; 15Musgrove Park Hos

of Paediatric Neurology, University Hospitals Bristol NHS Foundation Trust, B

University of Medical Sciences, Mashhad 009851, Iran; 18Department of Pediat

Mashhad 009851, Iran; 19Department of Molecular Genetics, Next Generatio

009851, Iran; 20Department of Pediatric Neurology, Ghaem Hospital, Mashha

Genetic Program, Department of Medical Genetics, King Faisal Specialist Ho

Regional Genetics Service, Birmingham Women’s and Children’s Hospital, Bir

taires Saint-Luc, University of Louvain, Brussels 1200, Belgium; 24Centre de G

leroi) 6041, Belgium; 25The Heart Institute, Department of Pediatrics, Cincinna

of Medicine, Cincinnati, OH 45229, USA; 26Division of Human Genetics, De

University of Cincinnati College of Medicine, Cincinnati, OH 45229, USA; 27G

orders, UCL Queen Square Institute of Neurology, London, WC1N 3BG, UK
29These authors contributed equally

*Correspondence: aline.verstraeten@uantwerpen.be (A.V.), bart.loeys@uantwe

https://doi.org/10.1016/j.ajhg.2021.04.019.

The America

� 2021 American Society of Human Genetics.
or rupture. TAA presents either as an isolated condition

(non-syndromic TAA) or as part of a multi-systemic con-

nective tissue disorder (syndromic TAA). Most typically,
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the inheritance pattern is autosomal dominant, but rare X-

linked or autosomal recessive families have also been re-

ported. Because pathogenic variants in the more than 30

known TAA-associated genes explain less than 30% of pro-

bands with a positive family history,1 additional TAA-asso-

ciated genes remain to be identified.

Important mechanistic insights into syndromic TAA for-

mation have largely emanated from elucidation of the eti-

ology of two clinically overlapping autosomal dominant

TAA syndromes: Marfan syndrome (MFS [MIM: 154700])

and Loeys-Dietz syndrome (LDS [MIM: 609192, 610168,

613795, 614816, and 615582]).2 Besides TAA, MFS is

characterized by ocular (e.g., ectopia lentis), skeletal (e.g.,

overgrowth, pectus deformity), and cutaneous (e.g., striae,

hernia) manifestations. LDS can be distinguished from

MFS by the unique presence of hypertelorism, cleft palate

or bifid uvula, and prominent arterial tortuosity, as well

as by a more widespread and severe aneurysm phenotype.

Whereas MFS is caused by dominant-negative or haplo-

insufficient variants in the extracellular matrix (ECM)

component fibrillin 13 (FBN1 [MIM: 134797]), LDS results

from loss-of-function variants in six key components of

the canonical transforming growth factor b (TGF-b)

signaling pathway (i.e., TGFBR1/2 [MIM: 190181 and

190182], SMAD2/3 [MIM: 601366 and 603109], TGFB2/3

[MIM: 190220 and 190230]) (Figure S1).4–10 In both condi-

tions, analysis of the aortic wall in mouse models and

affected individuals shows a clear tissue signature for

enhanced TGF-b signaling, including activation of

signaling intermediates and increased output of TGF-b

target genes.11 Interestingly, a third condition with exten-

sive phenotypic overlap with MFS and LDS but less severe

cardiovascular involvement and the unique presence of

neurodevelopmental delay (Shprintzen-Goldberg syn-

drome [SGS] [MIM: 182212]) is caused by heterozygous

missense variants located in the R-SMAD-binding domain

of a negative regulator of the TGF-b transcriptional

response called SKI (SKI [MIM: 164780]) (Figure S1).12,13

Using exome or genome sequencing in six unrelated

probands presenting with an LDS/SGS-like phenotype

(for details, see supplemental materials and methods), we

identified bi-allelic loss-of-function variants in IPO8

(MIM: 605600; GenBank: NM_006390.3), encoding the

nuclear import protein importin 8 (Figures 1A and S2).

None of the probands carried a likely pathogenic variant

in any of the known TAA-associated genes. Except for

p.Leu866Profs*12 (c.2597_2601delTTTTC) (1/250,920 al-

leles), all identified variants are absent from the Genome

Aggregation Database (gnomAD v.2.1.1). Causality is

further supported by segregation analysis, which demon-

strated heterozygosity in the unaffected parents and sib-

lings (Figure 1A) as well as homozygosity in one additional

affected brother (individual 4-II:3; Figure 1A). Subsequent

Sanger sequencing of the coding regions of IPO8 in 50

other genetically unsolved MFS-, LDS-, or SGS-like pro-

bands did not reveal additional individuals with homozy-

gous or compound heterozygous variants.
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Recurrent phenotypic manifestations in our series of in-

dividuals with bi-allelic IPO8 variants include facial dys-

morphism with dolichocephaly (5/7), frontal bossing (6/

7), hypertelorism (6/7), eyelid ptosis (4/7), retrognathia

(6/7), and a high arched (6/7) or cleft palate/bifid uvula

(3/7); skeletal findings with arachnodactyly (6/7), joint

hypermobility (7/7), pectus excavatum (7/7), foot defor-

mity (5/7), and scoliosis (3/7); neuromuscular features,

including hypotonia (7/7) and developmental delay (7/

7); cardiovascular abnormalities with aortic root and/or

ascending aortic aneurysm (6/7) and structural heart dis-

ease (atrial or ventricular septal defect [ASD or VSD, respec-

tively] and patent ductus arteriosus [PDA]) (7/7); and

finally, umbilical and/or inguinal hernia (5/7) (Figure 1B,

Table 1). No disproportionate body growth was observed

(Figure S3). Of note, despite the severe aneurysm pheno-

type, none of the affected individuals experienced an arte-

rial or aortic dissection, but this may be due to their young

age. Additionally, marked arterial tortuosity, a typical LDS

feature, was reported in two affected individuals (2-II:1

and 6-II:1) but might have been overlooked in the others

because they have not yet undergone head-to-pelvis arte-

rial imaging. Overall, the phenotype fits in the spectrum

of LDS/SGS-like disorders (Table 2).

Six out of eight IPO8 variants are predicted to result in a

premature termination codon and, as a result, to induce

nonsense-mediated mRNA decay (NMD). Indeed, in fibro-

blast cDNA of individual 3-II:3, c.2597_2601delTTTTC was

only observed upon puromycin treatment (Figure S4A). In

blood-derived cDNA of the same child, c.1428þ5G>A was

found to result in exon 13 skipping (Figures S5A and S5B).

In silico protein modeling of its predicted resultant in-

frame deletion, p.Lys447_Arg476del (c.1428þ5G>A), sug-

gests abnormal folding due to removal of a single helix

(Figure S5C). In fibroblast cDNA of individual 1-II:3, the

variant allele was seen even in the absence of inhibition

of NMD with puromycin, revealing surprising escape

from NMD (Figure S4B). No protein was seen in immuno-

blotting on fibroblast lysates of individuals 1-II:3 and 3-II:3

via an antibody against the N-terminal portion of

importin 8, in keeping with a loss-of-function

mechanism (Figure S4C). In proband 1-II:3, the lack of im-

portin 8 protein is possibly attributed to translational

repression, which previously has been described in other

conditions,15 or significant protein instability. For individ-

ual 6-II:1, fibroblasts are not available, but in silico

modeling of the predicted resultant deletion-insertion,

p.Thr967_Glu1006delinsLys (c.2900�1G>A), suggests

removal of the last structured part of the protein

(Figure S6), which based on this region’s role in controlling

the protein conformation in some other b-importins, may

significantly affect protein stability.16–18

Murine importin 8 is 92% identical and 95% similar to its

human ortholog, rendering mice a suitable animal model

to pursue supportive in vivo evidence for a causal relation-

ship between IPO8 deficiency and TAA. We used a C57BL/

6N Ipo8�/� model that was previously only known to
e 3, 2021



Figure 1. Familial screening and clinical
characterization of individuals with bi-
allelic IPO8 variants
(A) Pedigrees of the families with their
respective pathogenic variants. Squares
represent males, while circles represent fe-
males, filled symbols denote affected indi-
viduals, a double line connecting spouses
symbolizes consanguinity, and m/m1/
m2 denote the presence of the respective
IPO8 variants and a þ sign represents
the wild-type IPO8 allele. Variants are an-
notated against GenBank: NM_006390.3.
(B) Clinical phenotyping. Proband 1-II:3
showing prominent forehead, hypertelor-
ism, mild ptosis left eye, retrognathia, pec-
tus excavatum, umbilical hernia, joint
hypermobility with thumb abduction,
and camptodactyly of the second toe. CT
angiography of proband 2-II:1 demon-
strating dilatation of the common carotid
arteries along with marked tortuosity of
the common carotid and internal carotid
artery, mild tortuosity of the vertebral ar-
teries, and enlargement of the anterior
andmiddle cerebral arteries bilaterally. Pro-
band 3-II:3 presenting with frontal bossing
with bitemporal flattening, retrognathia,
downturned corners of the mouth, and
flat feet. Proband 5-II:2 showing promi-
nent forehead, significant hypertelorism
with flat nasal bridge, mild ptosis of left
eye, and retrognathia. Proband 6-II:1
demonstrating dolichocephaly, retrogna-
thia, malar flattening, downslanting palpe-
bral fissures, and hypertelorism. Magnetic
resonance angiography (MRA) revealing
tortuous intracranial and extracranial arte-
rial vessels, most prominently involving
the superior cervical internal carotid ar-
teries with dilation of the left internal ca-
rotid artery at the carotid bifurcation. CT
scan (pre-surgical) showing os odontoi-
deum with cervical spinal canal stenosis
(arrows).
present with reduced grip strength and diminished vertical

activity, suggesting muscle weakness and decreased

locomotor exploration, respectively,19 and thus corrobo-

rating with the observed hypotonia and (possibly associ-

ated) motor delay in individuals with IPO8 bi-allelic

variants. Serial transthoracic echocardiography (age 4–

32 weeks) of the aortic root at the level of the sinuses of Val-

salva and distal ascending aorta in Ipo8�/� mice and their

wild-type (WT) littermates (N ¼ 17/group) revealed statisti-

cally significant progressive dilatation in mutant mice at

both anatomical locations, and aneurysms of the distal

ascending aorta were already becoming visible at the age

of 8–12 weeks (proot ¼ 1.3E�3 [Figure 2A]; pasc ¼ 8.4E�9

[Figure 2B]). Intriguingly, sex-stratified analyses demon-

strated aortic root enlargement in both mutant females (7

Ipo8�/� versus 8 WT; proot_f ¼ 2.3E�3 [Figure S7A]) and

males (10 Ipo8�/� versus 9 WT; proot_m ¼ 2.3E�2

[Figure S7B]), whereas the ascending aortic aneurysm

phenotype is very pronounced and only statistically signif-

icant in the male Ipo8�/� animals (pasc_f ¼ 6.5E�2
The America
[Figure S7C] versus pasc_m ¼ 8.4E�10 [Figure 2C]). After

the last echo at 32 weeks, 14 Ipo8�/� and 17 WT animals

were kept alive until the age of 48 weeks. Of these, three ho-

mozygous mutant males (3/9, 33.3%) died from an aortic

rupture at the age of 32, 36, and 46 weeks, while no aortic

rupture-related mortality was seen in the homozygous fe-

males (0/5, 0%) or WT animals (0/17, 0%). Sex differences

in syndromic TAA penetrance and severity have been re-

ported before, both in mice and humans.20,21 Generally,

males are more severely affected, exhibiting larger aortas

and experiencing dissection and/or rupture more

frequently.22,23 Several studies in TAA mouse models have

attempted to define the basis for the observed sex differ-

ences, revealing a context-dependent role for female and

male hormone signaling, hypertension, and/or exacerbated

ERK activation, but no predominant mechanism has been

identified.21 The C57BL/6N Ipo8�/� mouse model repre-

sents a promising tool to further investigate the TAA

sexual dimorphism. Of note, during our echocardiography

studies, we did not observe severe structural outflow tract
n Journal of Human Genetics 108, 1115–1125, June 3, 2021 1117



Table 1. Detailed overview of the clinical characteristics of individuals with bi-allelic IPO8 variants

Family 1,
proband
1-II:3

Family 2,
proband
2-II:1

Family 3,
proband
3-II:3

Family 4,
proband
4-II:4

Family 4,
individual
4-II:3

Family 5,
proband
5-II:2

Family 6,
proband
6-II:1

Variant c.
annotation

c.1420C>T,
homz

c.[770_777delT
ATGGTGG];
[1000dupG]

c.[1428þ5G>A];
[2597_2601
delTTTTC]

c.776G>A,
homz

c.776G>A,
homz

c. 2347_
2369del,
homz

c.2900�1G>A,
homz

Variant p.
annotation

p.Arg474*,
homz

p.[Val257
Glufs*3]; [Val334
Glyfs*19]

p.[Lys447_Arg
476del]; [Leu866
Profs*12]

p.Trp259*,
homz

p.Trp259*,
homz

p.Leu783Valfs*
5, homz

p.Thr967_
Glu1006 delins
Lys, homz

Sex M M F M M F M

Current age 10 years 8 years 8 years 6 years 10 years 3 years
9 months

19 years

Growth

Age at
measurement

7 years
11 months

8 years 7 years
4 months

6 years 9 years 3 years
9 months

19 years

Height 124 cm
(P10–P25)

127 cm (P25) 118.7 cm
(P10–P25)

121 cm (P75) 126 cm
(P10–P25)

92 cm (P3) 175 cm
(P25–P50)

Weight 21 kg
(P3–P5)

19.9 kg (P1) 22 kg
(P25–P50)

18.3 kg
(P25–P50)

17.6 kg (P0.3) 11 kg (P0.5) 63 kg (P25)

OFC 55 cm (P97) ND 53.5 cm
(P50–P75)

ND ND 47 cm (P10) ND

Facial features

Dolichocephaly þ þ � (prominent
sutures)

þ þ � þ

Frontal bossing þ þ þ þ þ þ �

Hypertelorism þ þ � þ þ þ þ

Ptosis þ (L > R) þ (L > R) � � � þ (L > R) þ

Retrognathia þ þ þ � � þ þ

Submucous
cleft palate

� þ and broad
uvula

� � � � and bifid
uvula

� and bifid
uvula

High arched
palate

þ þ þ þ þ � þ

Skeletal findings

Arachnodactyly þ þ � þ þ þ þ

Joint
hypermobility

þ þ þ þ þ þ þ

Pectus
excavatum

þ þ þ þ þ þ þ

Pes planum þ þ þ þ þ � �

Cervical spine
anomalies

ND þ � ND � � þ

Scoliosis � þ � � þ � þ

Other 2nd toes
camptodactyly

kyphosis recurrent hip
and ankle
dislocation

talipes
equinovarus
(L); vertical
talus (R)

sagittal clefts of
midthoracic
vertebrae; talipes
equinovarus (R)

� long toes

Neurological findings

Hypotonia þ þ þ þ þ þ þ

Developmental
delay

þ (mild) þ þ (motor) þ (motor) þ (motor) þ (motor) þ

Intellectual
disability

� � � � � mild þa

(Continued on next page)
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Table 1. Continued

Family 1,
proband
1-II:3

Family 2,
proband
2-II:1

Family 3,
proband
3-II:3

Family 4,
proband
4-II:4

Family 4,
individual
4-II:3

Family 5,
proband
5-II:2

Family 6,
proband
6-II:1

Cardiovascular findings

Age at finding 10 years
8 months

8 years 7 years
5 months

1 year 8 months 9 years 3 years
6 months

19 years

ASD þ þ þ � � þ þ (aneurysmal)

VSD � � þ (membraneous
and muscular)

þ
(membraneous)

þ þ
(membraneous)

�

PDA � þ þ (surgical repair) þ � � �

Aortic root 26 mm
(Z ¼ 3.5)

35 mm (Z ¼ 10) 25 mm
(Z ¼ 3.58)

25 mm
(Z ¼ 5.7)

38 mm
(Z ¼ 6.0)

15 mm
(Z ¼ 0,5)

41 mm
(Z ¼ 6.9)

Ascending aorta 28 mm
(Z ¼ 5.7)

28 mm (Z ¼ 8.7) 21 mm
(Z ¼ 2.68)

17 mm
(Z ¼ 3.9)

23 mm
(Z ¼ 2.7)

ND 31 mm
(Z ¼ 3.8)

Sinotubular
junction

ND 25 mm (Z ¼ 5.4) 23 mm
(Z ¼ 4.99)

ND 25 mm
(Z ¼ 3.8)

12 mm
(Z ¼ 0.18)

23 mm
(Z ¼ 1.2)

Other aneurysms ND com/int carotid,
cerebral arteries

ND ND ND pulmonary
artery, coronary
sinus

ND

Arterial/aortic
tortuosity

ND þ ND ND ND ND þ

Other findings

Hernia umbilical umbilical/bilateral
inguinal

� � umbilical umbilical umbilical/
inguinal

Easy bruising þ þ � � � � �

ND, not determined; L, left; R, right;þ, present;�, absent; Z, Z score (calculated according to Lopez et al.);14 P, percentile; com, common; int, internal; ASD, atrial
septal defect; VSD, ventricular septal defect; PDA, patent ductus arteriosus; homz, homozygous; OFC, occipitofrontal circumference.
aProband 6:II-1 also has a chromosomal duplication (1.779 Mb gain of 19q13.41), and learning disability is also present in proband’s mother and maternal half-
brother.
defects. Evaluation of lateral and dorsoventral total body X-

rays, which are publicly available through the International

Mouse Phenotyping Consortium (IMPC) portal, did not

show evidence for scoliosis (visual inspection) or increased

kyphosis (quantitative evaluation; p ¼ 2.8E�1) in Ipo8�/�

mice as compared to WT animals.

Given the fact that the aneurysmal phenotype is most

pronounced in males at the level of the distal ascending

aorta, we performed further experiments in male mice

only. To study the biomechanical properties of distal

ascending aortic rings, we used the ‘‘rodent oscillatory ten-

sion set-up to study arterial compliance’’ (ROTSAC)

assay.24 More precisely, ex vivo aortic stiffness was assessed

at 12 (5 Ipo8�/� versus 4 WT), 24 (4 Ipo8�/� versus 4 WT),

and 52 (4 Ipo8�/� versus 2 WT) weeks of age. We used

different experimental conditions to evaluate the involve-

ment of vascular smooth muscle cells (VSMCs) and/or

endothelial cells. The Peterson modulus (Ep) was first

determined in Krebs-Ringer solution at a distention pres-

sure of 80–120 mmHg and 120–160 mmHg, revealing a

trend toward higher Ep values and, thus, stiffer ascending

aortas at 120–160 mmHg in 12, 24, and 52 week old

Ipo8�/� male animals as compared to controls (Figures 3

and S8). Because complete VSMC relaxation by diethyl-

amine NONOate (DEANO) addition or VSMC stimulation
The America
with phenylephrine (PE), even upon nitric oxide synthase

(NOS) inhibition through N(U)-nitro-L-arginine methyl

ester (L-NAME) addition, did not considerably alter the

Ep increase in Ipo8 null males (Figure 3), neither increased

basal tone nor sustained VSMC contraction seem to

contribute to the increased aortic stiffness. Our data rather

point toward an increased passive stiffness of the

ascending aorta in male Ipo8�/� mice throughout life.

Increased arterial stiffness, an important marker for cardio-

vascular disease, has previously been observed in genetic

TAA mouse models25 and affected individuals.26 In an es-

tablished MFS mouse model, i.e., Fbn1mgR/mgR, stiffness

was augmented in mutant non-aneurysmal (circa 3-fold)

and aneurysmal (circa 4-fold) ascending aortas, which

upon histological analysis, was shown to correlate with a

diffuse loss in elastic fiber integrity.25 Compared to age-

matched controls, TAA-affected individuals exhibit a stiffer

mechanical response with aortic biomechanical properties

resembling those of a significantly older (‘‘aged’’) non-

aneurysmal cohort.27 Given the observed trend toward

stiffer ascending aortas in Ipo8�/� mice (Figure 3) and

recurrent prior associations between aortic ECM deteriora-

tion and TAA,2 we evaluated the structural ECM integrity

by using histological elastin and collagen staining in

ascending aortic sections of 12- (3 Ipo8�/� versus 3 WT),
n Journal of Human Genetics 108, 1115–1125, June 3, 2021 1119



Table 2. Comparison of Marfan, Loeys-Dietz, Sphrintzen-Goldberg, and IPO8 phenotypical characteristics

MFS LDS SGS IPO8

Gene(s) FBN1 TGFBR1/2, SMAD2/3,
TGFB2/3

SKI IPO8

Inheritance AD AD AD, de novo AR

Ectopia lentis þþþ � � �

Cleft palate/bifid uvula � þþ þ þ

Hypertelorism � þþ þþ þþ

Proptosis � þ þþ þþ

Craniosynostosis � þ þþþ �

Arachnodactyly þþþ þþ þþ þþ

Tall stature þþþ þ þþ �

Pectus deformity þþ þþ þþ þþ

Club foot � þþ þ þ

Joint hypermobility þ þþ þþ þþþ

Cervical spine instability � þþ þ þ

Osteo-arthritis þ þþ þ ?

Hernia (umbilical, inguinal .) þ þ þ þ

Aortic root aneurysm þþþ þþþ þ þþþ

Ascending aneurysm þ þþ þ þþ

Arterial aneurysm �/þ þþþ þ þ

Arterial tortuosity � þþþ þ þ

Early aortic dissection þ þþ � �

BAV/ASD/VSD/PDA � þ � þþ

Motor developmental delay � � þþ þþ

Intellectual disability � � þþ �

�, absent; þ, occasional; þþ, common; þþþ, typical clinical feature; ?, unknown; MFS, Marfan syndrome; LDS, Loeys-Dietz syndrome; SGS, Shprintzen-Gold-
berg syndrome; TAA, thoracic aortic aneurysm; AD, autosomal dominant; AR, autosomal recessive; BAV, bicuspid aortic valve; ASD, atrial septal defect; VSD, ven-
tricular septal defect; PDA, patent ductus arteriosus.
24- (3 Ipo8�/� versus 3 WT), and 52-week-old (3 Ipo8�/�

versus 2 WT) mice. Whereas the collagen content did

not differ noticeably (Figure S9A), the elastic fibers were

more disorganized and fragmented in mutant males of all
Figure 2. Progressive TAA development in Ipo8�/� mice
(A) Log of weight-corrected aortic root diameters in male and female
(B) Log of weight-corrected ascending aortic diameters in male and f
(C) Log of weight-corrected ascending aortic diameters in male mice
error of the mean (SEM). p values, which represent the interaction t
analysis. WT, wild-type.
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age groups as compared to their WT counterparts

(page-combined ¼ 5.2E�4) (Figures 4A, 4B, and S9B).

Importin 8 is a nuclear transport receptor belonging to the

importin-b protein family, which has not been linked to
mice combined (N ¼ 17/group).
emale mice combined (N ¼ 17/group).
only (10 Ipo8�/� versus 9 WT). The error bars show the standard
erm between genotype and age, were calculated via mixed model

e 3, 2021



Figure 3. Trend toward increased ascending aortic passive stiff-
ness in Ipo8�/� mice at a distention pressure of 120–160 mmHg
Age- and genotype-dependency of the Peterson modulus (Ep) of
ascending aortic segments of male Ipo8�/� and wild-type mice un-
der control (Krebs-Ringer), maximally relaxed (DEANO), and con-
tracted (PE or PE þ L-NAME) conditions at 12 (5 Ipo8�/� versus 4
WT), 24 (4 Ipo8�/� versus 4 WT), and 52 (4 Ipo8�/� versus 2 WT)
weeks of age. The error bars show the SEM. Two-way ANOVA p
values are shown (*p < 0.05). Sidak post hoc testing did not reveal
statistically significant genotype-based differences in Ep. PE, phen-
ylephrine; DEANO, diethylamine NONOate; L-NAME, N(U)-nitro-
L-arginine methyl ester; Ep, Peterson modulus; WT, wild-type; NS,
non-significant.
human diseases before. It is ubiquitously expressed and be-

comes upregulated upon TGF-b1 stimulation.28 b-importins

translocate cargo molecules such as proteins, RNAs, and

ribonucleoprotein complexes to the nucleus in a RanGTP-

dependent manner. While a specific cargo can be shuttled

by multiple b-importins, superior affinity to one of them is

often observed. Themost established cargoes for human im-

portin 8 are phosphorylated SMADs 1–4 (pSMAD1–4),29

AGO2,30 mature miRNAs,31 EIF4E,32 and SRP19.33 Apart

from being a nuclear transport receptor, importin 8 has

been implicated in miRNA-guided gene silencing.30 Given

that individuals with bi-allelic IPO8 variants phenotypically

resemble individuals with TGF-b-related aortopathy syn-

dromes such as LDS and SGS and key effectors of the canon-

ical TGF-b pathway (i.e., pSMAD2–4) have been reported to

be shuttled by importin 8,29 a plausible hypothesis is that

dysregulatedTGF-b signaling is involved in thepathogenesis

of IPO8-related disease (Figure S1).We determined the levels

of nuclear pSmad2, an effector of canonical TGF-b signaling,

in ascending aortic sections of 12- (3 Ipo8�/� versus 3 WT),

24- (3 Ipo8�/� versus 3 WT), and 52-week-old (3 Ipo8�/�

versus2WT)mice.A larger fractionofnuclei stainedpositive

for pSmad2 in Ipo8�/� mice as compared to WT animals
The America
(page-combined ¼ 3.4E�2), suggesting a role for dysregulated

TGF-b signaling in the pathogenesis of IPO8-related TAA

(Figures 4A, 4B, and S9C). Subsequent RT-qPCR analysis for

nine TGF-b superfamily-related genes (i.e., Tgfb1, Tgfb2,

Smad4, Smad6, Smad7, Mmp2, Ccn2 [Ctgf], Eln, and Serpine1

[Pai1]) in ascending aortic samples of 16-week old Ipo8�/�

andWTmales (N¼ 12/group) revealed significantly reduced

Smad6 (p¼ 6.0E�3) and Smad7 (p¼ 3.6E�2)mRNA expres-

sion in themutant animals, alongwith a significant increase

in Mmp2 (p ¼ 4.2E�3) and Ccn2 (Ctgf) (p ¼ 7.8E�3)

(Figure 5). SMAD6 and 7 inhibit SMAD-dependent and -in-

dependent TGF-b family signaling through various mecha-

nisms.34 Whereas SMAD6 preferentially inhibits bone

morphogenetic protein (BMP)-related signaling,35 SMAD7

impedes both TGF-b- and BMP-induced signaling.36 In the

absence of SMAD7, TGF-b receptor activation is augmented,

resulting in excessive SMAD2/3 phosphorylation. The de-

tected decrease in Smad7 mRNA levels in the Ipo8�/� aortic

walls might thus be directly linked to the observed increase

in nuclear pSmad2 levels. SMAD6, on the other hand, has

mostly been linked to BMP signaling,which is lesswell stud-

ied in the context of TAA development. Nonetheless, our

group identified loss-of-function SMAD6 variants as a cause

of bicuspid aortic valve-related TAA,37,38 demonstrating a

mechanistic link between SMAD6 deficiency and TAA

development. MMP2 and CCN2 (CTGF) are prototypical

downstream transcriptional targets of the TGF-b signaling

pathway.39 MMP2 belongs to the family of matrix

metalloproteinases, which mediate the physiological

turnover of the aortic ECM by degrading structural ECM

proteins, including collagen and elastin.40 In TAA-affected

individuals and mouse models, MMP2 levels and/or

activity are strongly increased.41–43 Moreover, Mmp2

deletion in Fbn1mgR/mgR mice inhibited TGF-b activation

and subsequent Smad2 and Erk1/2 phosphorylation,44

which significantly prolonged the lifespan of the MFS

Fbn1mgR/mgR mice.44 As such, increased Mmp2 expression

might connect increased TGF-b signaling and impaired

elastic fiber integrity in our Ipo8�/� mouse model. CCN2

(CTGF) is a multifunctional protein that is involved in

ECM remodeling.39 Overexpression of CCN2 (CTGF) has

been proven to be associated with TAA development45 and

has previously been shown to be upregulated in the aortic

walls of individuals with LDS.4,7 Interestingly, elastic fiber

fragmentation but normal collagen content as well as

reduced Smad6 and Smad7 mRNA expression levels and

higher Mmp activity were also described in aneurysmal

aortic tissue specimens and/or VSMCs of Smad3�/� mice,

an established LDS model that presents with TAA already

at the age of 6 weeks.46 Together, our histological, immuno-

histochemistry, and RT-qPCR findings suggest a link be-

tween IPO8 deficiency and dysregulated TGF-b signaling.

Moreover, they recapitulate prior observations in an estab-

lished LDS mouse model, further relating IPO8-related TAA

to the LDS disease spectrum.

In conclusion, we describe a syndrome caused by bi-

allelic loss-of-function variants in IPO8. The human and
n Journal of Human Genetics 108, 1115–1125, June 3, 2021 1121



Figure 4. Elastic fiber deterioration and nuclear pSmad2 accumulation in the ascending aorta of Ipo8�/� mice
(A) Histological and immunohistochemistry images demonstrating marked elastin disorganization and fragmentation as well as prom-
inent nuclear pSmad2 accumulation in Ipo8�/� mice. Scale bar represents 50 mm.
(B) Elastic fiber integrity scores and nuclear pSmad2 grades of the ascending aorta of all ages combined (12 [3 Ipo8�/� versus 3WT], 24 [3
Ipo8�/� versus 3 WT], and 52 weeks [3 Ipo8�/� versus 2 WT]). Elastin grades can range from 1 to 4: grade 1 sections present with contin-
uous and well-organized elastic bundles and grade 4 sections display vastly disorganized fibers, marked fiber fragmentation, and a thick-
ened aortic wall. For pSmad2, grades 1, 2, 3, and 4 denote sections in which respectively<25%, 25%–50%, 50%–75%, and 75%–100% of
nuclei stained positive. Averaged age-combined scores of blinded observations of three independent researchers are shown. The error
bars depict the SEM. p values were calculated via two-way ANOVA statistics (*p < 0.05, ***p < 0.001). WT, wild-type.
mouse phenotypes caused by importin 8 loss of function

are characterized by severe early-onset TAA development.

Our immunohistochemistry and RT-qPCR studies of mu-

rine Ipo8-deficient aortic tissue reveal pathophysiological

mechanisms that have previously been described in clini-

cally overlapping TGF-b-related signalopathies. Further
Figure 5. mRNA expression analysis of TGF-b-related genes re-
veals decreased Smad6 and Smad7 levels as well as increased
Mmp2 and Ccn2 (Ctgf) levels in the ascending aorta of Ipo8�/�

mice
Ascending aortic samples of 16-week-old Ipo8�/� and WT males
were used (N ¼ 12/group). The error bars depict the SEM. p values
were calculated via mixed model statistics (*p < 0.05, **p < 0.01).
WT, wild-type; NS, non-significant.
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research is warranted to obtain more in-depth insight

into the disease’s clinical course and mechanisms. First,

identification of additional individuals with bi-allelic

IPO8 variants will shed better light on the variability

with respect to disease expressivity and penetrance. More-

over, longitudinal follow-up of affected individuals will

provide information on aortic/arterial dissection or

rupture risk. Interestingly, our clinical findings are corrob-

orated by the observations of Ziegler et al.,47 in this issue of

The American Journal of Human Genetics, who describe

aortic dilatation in 11 out of 12 individuals with bi-allelic

IPO8 variants. Second, it remains to be determined

whether and how abnormal cytosol-to-nucleus shuttling

elicits IPO8-related disease and dysregulated TGF-b

signaling in aneurysmal aortic walls. Finally, as we pre-

dominantly focused on the TAA phenotype, it would be

interesting to have a closer look at the mechanisms

involved in the other affected organ systems, especially

the neuromuscular system in order to explain the motor

developmental delay that was observed in individuals

with IPO8 bi-allelic variants.
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