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Purpose: This study aimed to describe a multisystemic disorder featuring cardiovascular, facial,
musculoskeletal, and cutaneous anomalies caused by heterozygous loss-of-function variants in
TAB2.
Methods: Affected individuals were analyzed by next-generation technologies and genomic array.
The presumed loss-of-function effect of identified variants was assessed by luciferase assay in cells
transiently expressing TAB2 deleterious alleles. In available patients’ fibroblasts, variant
pathogenicity was further explored by immunoblot and osteoblast differentiation assays. The
transcriptomic profile of fibroblasts was investigated by RNA sequencing.
Results: A total of 11 individuals from 8 families were heterozygotes for a novel TAB2 variant.
In total, 7 variants were predicted to be null alleles and 1 was a missense change. An additional
subject was heterozygous for a 52 kb microdeletion involving TAB2 exons 1 to 3. Luciferase
assay indicated a decreased transcriptional activation mediated by NF-kB signaling for all point
variants. Immunoblot analysis showed a reduction of TAK1 phosphorylation while osteoblast
differentiation was impaired. Transcriptomic analysis identified deregulation of multiple pleio-
tropic pathways, such as TGFf-, Ras-MAPK-, and Wnt-signaling networks.
Conclusion: Our data defined a novel disorder associated with loss-of-function or, more rarely,
hypomorphic alleles in a restricted linker region of TAB2. The pleiotropic manifestations in this
disorder partly recapitulate the 6q25.1 (TAB2) microdeletion syndrome and deserve the
definition of cardio-facial-cutaneous-articular syndrome.
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Introduction

TAB2 (OMIM *605101) maps to 6g25.1. and encodes for 1
of the 3 proteins (TAB1, TAB2, and TAB3) that intracel-
lularly bind to MAP3K?7 (also known as TAK1) to form the
TAKI-TABs complex. In particular, TAB2 acts as an
adapter protein in TAK1 activation by linking TAKI to
TRAF6." Autoubiquitylation of TRAF6 by the interaction
with the TGFp receptors recruits the TAK1-TAB2 complex
through the Npl4 zinc-finger domain of TAB2. This triggers
the activation of TAK1” and the downstream intracellular
signaling networks, such as mitogen-activated protein ki-
nase (MAPK)-p38, MKK4, cJNK, and NF-xB pathways.3
The TAK1-TABs complex is a central player in the sig-
nalosome for inflammation, apoptosis, autophagy, and
fibrosis. It is also crucial for connective tissue homeostasis
and, in particular, extracellular matrix (ECM) biogenesis by
stimulating type I/IV collagen and fibronectin production in
mesangial cells and fibroblasts.”®

In 2010, haploinsufficiency of TAB2 owing to 6q25.1
microdeletions was described in association with congenital
heart defects (CHDs) (OMIM 614980).° Subsequently,
Cheng et al'’ refined the phenotype associated with 6g25.1
microdeletions by reporting 13 new individuals from 7
families. This condition emerged as a multisystem disorder
featuring CHD, cardiomyopathy, short stature/growth delay,
hypotonia, intellectual disability/developmental delay, facial
dysmorphism, and variable connective tissue abnormal-
ities."” However, the clinical variability of 6q25.1 micro-
deletion syndrome remains wide because it ranges from
isolated, familial CHD'' to syndromic presentations
resembling Ehlers-Danlos syndrome (EDS) and/or Loeys-
Dietz syndrome.' %"

More rarely, TAB2 single-nucleotide variants or indel
variants were identified for different phenotypes. The
p-(GluS69Lys) and p.(GIn540Arg) variants were identified
in 2 cases of frontometaphyseal dysplasia type 3. These
missense changes likely cause the disease by exerting a
gain-of-function effect.'”'> In total, 6 isolated reports
describe heterozygous truncating variants in TAB2 associ-
ated with apparently different phenotypes. In particular, 1
frameshift and 3 nonsense variants were described in asso-
ciation with polyvalvular heart disease with or without
additional ocular, craniofacial, and connective tissue
anomalies. "’ Another family carrying the
p-(Thr467Tyrfs*6) variant showed a multisystem disorder
resembling a hereditary connective tissue disorder.'”
Finally, the p.(Arg546Ter) variant was reported in a fetus
with hypoplasia of the mitral valve, left ventricle, and
ascending aorta.”’ Taken together, these observations pre-
dict the existence of a phenotypically distinguishable subset
of individuals with heterozygous loss-of-function variants in
TAB2.

In this study, we report a series of 12 individuals from 9
families with loss-of-function variants in TAB2 and a
multisystem phenotype. This condition emerges as a novel

recognizable syndrome with cardiovascular anomalies,
facial dysmorphisms, and multiple connective tissue
features.

Materials and Methods
Patient enrolment

Subjects were recruited from the routine clinical activities of
the involved institutions. All patients except 1 (I12, see
later) underwent molecular testing for a suspicion of EDS or
a related connective tissue disorder. The diagnosis was
resolved molecularly by next-generation sequencing (NGS)
technologies with a multigene panel, clinical exome, exome
sequencing, or genome sequencing (GS) approaches.

Molecular analysis

After DNA extraction and quantification following standard
procedures, I1-11 underwent molecular analysis by NGS
technologies at the involved institutions following different
diagnostic flowcharts. NGS analysis was first carried out in
index cases (I1, 12, I3, 16, 17, 18, 19, and 110) and subse-
quently extended to parents and additional affected relatives,
if available. Individuals 12, 13, 17, and 110 were analyzed by
a custom-made multigene panel and I1 was analyzed by a
clinical exome panel, while 16, I8, and 19 were analyzed by
exome sequencing (Supplemental Methods). All variants
identified by NGS were confirmed by Sanger sequencing
and were interpreted according to the rules of the American
College of Medical Genetics and Genomics (Supplemental
Methods). In 112, the microdeletion spanning TAB2 exons
1 to 3 (see Results section) was identified by GS and sub-
sequently confirmed by the revision of the data from a
previous comparative genome hybridization array
(Supplemental Methods). All TAB2 variants reported in this
study refer to the same reference sequence: NM_015093.

Cell cultures

Primary dermal fibroblasts were obtained from skin biopsies
of 6 affected individuals, 2 carrying the previously pub-
lished p.(Thr467Tyrfs*6) variant'” and 4 carrying the novel
p-(Thr297Ala), p-(Argd41%), p-(GIn504%*), and
p-(Leu506Serfs*6) variants (14, 16, 19, and 110, respec-
tively), and of 5 unaffected controls. Fibroblasts were then
cultured in Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM-F12) (Thermo Fisher Scientific) plus
10% fetal bovine serum (FBS) (Thermo Fisher Scientific)
and 1% penicillin and streptomycin (P/S, 100 U/mL and 100
pg/mL, respectively) (Thermo Fisher Scientific). Primary
fibroblast cultures were deposited into the Telethon
Genomic and Genetic Disorders Biobank (http://www.
operapadrepio.it/ggdbbank/). Human embryonic kidney


http://www.operapadrepio.it/ggdbbank/
http://www.operapadrepio.it/ggdbbank/

L. Micale et al.

441

(HEK) 293 cell lines were maintained in DMEM with
Glutamax supplemented with 10% FBS and 1% P/S. Cell
cultures were grown in a 5% carbon dioxide incubator at 37
°C. All fibroblast cultures were free of mycoplasma.

Generation of expression plasmid

The pCMV-hemagglutinin-(HA)-TAB2 plasmid was kindly
provided by Prof Stephen P. Robertson (University of
Otago, Dunedin, New Zealand). The pcDNA3 constructs
expressing the HA-tagged TAB2 variants were generated
from HA-tagged TAB2 wild types by using the Quick-
Change II Site-Directed Mutagenesis Kit (Stratagene) and a
Pfu Taq polymerase (Promega) according to the manufac-
turer’s instructions. The constructs were verified by Sanger
sequencing. Primer pairs used are listed in Supplemental
Table 1.

Luciferase assay

HEK?293 cells were seeded at density of 1.0 X 10° cells/mL
per well in a 24-well plate and then transfected with
pGL4.32-NF-kB-RE (E849A, Promega) luciferase reporter
plasmid together with indicated pcDNA3-HA-TAB2
expression vectors using Lipofectamine LTX (Thermo-
Fisher Scientific) according to the manufacturer’s in-
structions. Renilla luciferase-expressing plasmid (pRL-
SV40, Promega) was used to normalize transfection effi-
ciencies. After 48 hours of transfection, cells were lysed in
the passive buffer and assayed for both firefly and Renilla
luciferase activities using the Dual-GLO Luciferase Assay
System (Promega) in a Glomax 96-Well Microplate
Luminometer (Promega). Firefly luciferase activity was
normalized to Renilla luciferase activity for each transfected
well. Values are presented as the mean + standard error of 3
experimental replicates from 3 independent transfections.
To verify whether the cells ectopically expressed the wild-
type and all aberrant TAB2, lysates from transfected cells
were resolved by electrophoresis on 10% sodium dodecyl-
sulfate (SDS) polyacrylamide gel (Biorad), transferred to a
nitrocellulose membrane, blocked in gelatin, and then
blotted with anti-HA (372485, Cell Signaling).

Quantification of phosphorylated protein levels

Patients’ and controls’ fibroblasts were lysed in 1Xx Dul-
becco’s phosphate-buffered saline (Thermo Fisher Scienti-
fic), 0.025% NP-40, and protease- and phospho-inhibitors
(Roche), resolved by electrophoresis on 10% SDS poly-
acrylamide gel, and transferred to a nitrocellulose mem-
brane. The membranes were blocked in gelatin and then
blotted with anti-phospho-TAKI1 (9339, Cell Signaling) and
anti-GAPDH (sc-47724, Santa Cruz). To analyze the reac-
tive TAKI1 phosphorylation level, band intensity of

phosphorylated TAKI/GAPDH was quantified using
Imagel software as previously reported.”’

Osteogenic differentiation

To induce osteogenesis, primary dermal fibroblasts from a
previously published subjectl3; individuals 14, 19, and 110; and
3 unaffected controls were plated in cell culture plates at a
density of 5 x 10* cells/mL and treated for 28 days with
osteogenic medium comprising DMEM-F12 supplemented
with 10% FBS , 1% P/S (100 U/ml and 100 pg/mL, respec-
tively), 50 pg/mL ascorbate-2-phosphate (Sigma Aldrich),
10® M dexamethasone (Sigma Aldrich), and 102 M
[-glycerophosphate (Sigma Aldrich). The presence of calcium
deposits in induced cultures was determined by Alizarin Red
S (Sigma Aldrich) staining as follows: cells were fixed in 10%
formalin (Sigma Aldrich) for 10 minutes, then washed in
phosphate-buffered saline without calcium and magnesium
(ThermoFisher Scientific), and incubated for 10 minutes at 37
°C with filtered 2% Alizarin Red S in water. Cells were finally
washed several times to remove the excess stain and observed
using Axiocam 105 color (Zeiss) connected to Eclipse TE300
Microscope (Nikon). The intensity of the red color in the
images was quantified using the Image] software
(Supplemental Figure 2, Supplemental Methods).*?

Statistical analysis

Densitometry analysis of immunoblots and osteogenic
differentiation-related images were performed using the
ImageJ software. Statistical analysis of immunoblotting,
luciferase assays, and osteogenic differentiation were per-
formed using unpaired, 2-tailed Student ¢ tests with equal
variance (*P < .05, ¥*P < .01, ***P < .001).

Results
Clinical and molecular data

Eleven individuals (I1-I11) from 8 families (I-VIII) were
identified carrying a heterozygous variant in TAB2. All
variants were private and clustered in a highly conserved
TAB2 region encoded by exon 4 (Table 1, Figure 1A,
Supplemental Figure 1, Supplemental Results). Seven var-
iants were predicted to be null alleles, whereas a single
variant, segregating in 3 variably affected individuals (I3-5),
was a missense change (c.889C>T, p.[Thr297Ala]). Indi-
vidual 112 was heterozygous for a 52 kb microdeletion
([GRCh38] chr6:149308196-149360335/[GRCh37] chr6:
149629332-149681471) involving part of TAB2 (Table 1,
Figure 2). This finding was confirmed by re-analysis of the
comparative genome hybridization array data performed in
2014 (Supplementary Results). The facial photographs of 8



Table 1  Clinical and molecular data of analyzed individuals
Individual No. I1 12 13 14 15 16 17 18 19 110 I 112
Family I II III II1 II1 v \ VI VII VIII VIII IX
Ethnic origin Finnish Italian Ttalian Italian Ttalian Belgian Belgian Swiss Swiss Italian Italian Belgian
cDNA change €.679C>T c.731del c.889A>G c.889A>G c.889A>G c.1321C>T €.1354C>T c.1385dup  ¢.1510C>T c.1516del c.1516del NA
Amino acid change p.(Arg227*)  p.(Pro244leufs*117) p.(Thr297Ala)  p.(Thr297Ala) p.(Thr297Ala) p.(Arg441*)  p.Arg452* p.(Tyr462*)  p.(Gln504*)  p.Leu506Serfs*6 p.Leu506Serfs*6 NA
Type of variant Nonsense Frameshift Missense Missense Missense Nonsense Nonsense Nonsense Nonsense Frameshift Frameshift 52 kb
microdeletion
(exons 1-3)
Method of analysis Clinical exome Multigene panel Multigene panel Segregation  Segregation  ES Multigene panel  ES ES Multigene panel Segregation GS
Origin Sporadic Familial (parents Familial Familial Familial De novo Sporadic (parents De novo Familial Familial Familial De novo
(parents untested) untested)
untested)
Age at examination (y) 28 33 10 44 18 55 58 5 13 29 68 21
Sex F M F M F F M F F M F F
Head circumference (cm) [SD] 54.4 [-0.71] 57 [-0.02] 52 [-0.52] 54,5 [-1.66] 54.5 [-0.62] 54 [-1.03] 54.5 [-1.66] NA NA 57 [-0.02] 55.5 [-0.18] 53 [-1.89]
Head circumference (in) [SD]° 21.4 [-0.71]  22.4 [-0.02] 20.5 [-0.52]  21.5 [-1.66] 21.5 [-0.62] 21.3 [-1.03] 21.5 [-1.66] NA NA 22.4 [-0.02] 21.9 [-0.18] 20.9 [-1.89]
Height (cm) [SD] 145 [-3.61]  161.5 [-2.81] 129.5 [-1.75] 176 [-0.68]  159.5 [-1.34] 149.5 [-2.90] 162.5 [-2.65] 109 [-0.42] 163 [+0.50] 164 [-2.43] 154 [-2.20] 160 [-1.27]
Height (in) [SD]* 57.1 [-3.61]  63.6 [-2.81] 51 [-1.75] 69.3 [-0.68] 62.8 [-1.34] 58.9 [-2.90] 64 [-2.65] 42.9 [-0.42] 64.2 [+0.50] 64.6 [-2.43] 60.6 [2.20] 63 [-1.27]
Arm span (cm) 146.5 162.5 134 180 160 144.5 165 108 NA 165.3 149.5 156
Arm span (in) 57.7 64 52.8 70.9 63 56.9 65 42.5 NA 65.1 58.9 61.4
Arm span-to-height ratio 1 1 1.03 1.02 1 0.96 1.01 1.00 NA 1 0.97 0.97
Weight (kg) [SD] 45 [-2.11] 58 [-1.52] 28.5 [-0.95] 66 [-0.48]  56.5 [-0.36] 53 [-0.78]  75.4 [+0.47] 18.6 [-0.10] 61 [+1.20]  59.8 [-1.25] 59 [+0.02] NA
Weight (lb) [SD]® 99 [-2.11] 129 [-1.52] 63 [-0.95] 145 [-0.48] 125 [-0.36] 117 [-0.78] 166 [+0.47] 41[-0.10] 134 [+1.20] 132 [-1.25] 130 [+0.02] NA
Facial features + + + + + + + + + + + +
Long/round face + + + + + + + - + + + +
Wide forehead + + + + + + + + + + - +
Low-set ears + + + + + - - - + + - -
Abnormal eye contour” + + + + + + - + + +
Prominent nose/columella - + + + + + + + + + + -
Maxillary hypoplasia + + + + + + + + - +
Long/smooth lip philtrum + + + + - + - - - + + -
Intraoral Features + + + + + - - - + + +
Cardiovascular features + + + + + + + + + + + +
ASD/PFO + - - - - - - - - -
VSD - - - - - - - - - - - +
Cardiomyopathy + + - + - + - + +
Congestive heart failure + - - - - - + - - - - -
Mitral valve - - + + + + + + + + + -
dysplasia/regurgitation
Tricuspid valve - - + + + + - - + + - -
dysplasia/regurgitation
Coarctation/stenosis - - - - - - - - - - + +
of the aorta
Thoracic aorta/aortic - - - - - - + - - - - -
root dilatation
Arrhythmias - - - + - - + - - + + -
Musculoskeletal features + + + + + + + + + + + +
Joint hypermobility (BS) + (5/9) + (5/9) +(7/9) + (5/9) + (6/9) + (5/9) NA +(9/9) + (9/9) + (5/8) + NA
Joint dislocations + + - - - + - - - + + -
Short/webbed neck + + + + + - + - - + -
Pectus - - + + - - - - - - -
excavatum/carinatum
Scoliosis + + + - + - - - + - + +
(continued)

vy
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individuals from this study (I1-3, 16, I8-10, 112) (Figure 1B)
and of patient 2 and 3 from Ritelli et al'* were submitted to
the Face2Gene CLINIC application to obtain a composite
photo (https://www.face2gene.com/). Frequencies of the
various facial features according to Face2Gene nomencla-
ture are reported in Figure 1C (https://www.face2gene.com/).
All individuals reported in Figure 1B gave their informed
consent to publish their clinical photographs.

TAB2 variants alter signaling downstream of
TAK1-TAB1 complex

Our previous study highlighted that the TAB2 c.1398dup
variant encodes for a truncated protein that impairs its
binding to TAKI, decreases TAKI1 autophosphorylation,
and alters the activity of the NF-kxB and MAPK signaling
pathways.”” All TAB2 variants identified in this study,
except the missense change p.(Thr297Ala), were predicted
to generate a truncated protein that lacks the C-terminal zinc
finger domain, which is essential for the formation of the
TAKI-TAB2 complex. Thus, we hypothesized that the
aberrant TAB2 proteins lose their capability to interact with
TAK1 complex, which is required for the
autophosphorylation-induced activation of TAKI. To
explore the functional impact of these novel TAB2 variants
on the TAK1-TABs—dependent pathway, we first quantified
the level of phosphorylated TAKI in cultured skin fibro-
blasts from 5 affected individuals (1 carrying the previously
published p.[Thr467Tyrfs*6] variant'” and 4 carrying the
novel p.[Thr297Ala], p.[Argd41*], p.[GIn504*] and
p.[Leu506Serfs*6] variants) and 3 controls. Immunoblot
analysis revealed a reduction of TAK1 phosphorylation in
all affected subjects when compared with controls
(Figure 3A), thus suggesting that TAB2 variants could alter
TAK1 activity. To verify whether these TAB2 variants

[ N B o (I [
impair downstream signaling, we performed a luciferase
reporter assay that measured a global transcriptional acti-
vation by NF-kB signaling as a readout. HEK293 cells were
et cotransfected with a NF-kB-luciferase reporter plasmid and

a vector expressing the wild-type or HA-tagged TAB2 car-
rying the nucleotide changes identified in our cohort (the
previously reported c.1398dup and the 8 novel variants). We
detected a significant 88-fold increase in the luciferase
signal in cells expressing wild-type TAB2 when compared
with cells transfected with the empty vector (Figure 3B).
Accordingly, we did not observe an increase of luciferase
transactivation in cells expressing all truncated TAB2 pro-
teins when compared with cells expressing wild-type TAB2
(Figure 3B). Interestingly, cells expressing the TAB2
p-(Thr297Ala) missense variant were able to induce a 55-

ASD, atrial septal defect; BS, Beighton score; ES, exome sequencing; F, female; GS, genome sequencing; M, male; NA, not available; PFO, patent forame ovale; VSD, ventricular septal defect.

All measurements are expressed in the International System of Units (cm and kg) and Conventional Units (in and Lb).

®Including almond-shaped eyes, clinical blepharophimosis, downslanting palpebral fissures, and ptosis.

'% fold increase of luciferase transactivation when compared

a 2 f; with cells with the empty vector (Figure 3B). Immunoblot
EE . E g 2 analysis of whole lysates of HEK293 cells analyzed in the
?é - 5 §§ g o 28 E & luciferase assay confirms both the ectopic expression of all
% <8 “E $E g.g”: E’% § wild-type and aberrant TAB2 variants and the translational
SS5EEE"55E8EE impact of the nucleotide changes (Figure 3B). These data
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Features

Figure 1  A. Schematic representation of the TAB2 gene and protein structure. Coding regions are in black and untranslated region se-
quences are in gray; introns are not to scale. Variants reported here are located on exon 4, which encodes for 35 to 534 amino acids. B. A
composite picture of the facial gestalt extracted from the clinical photographs of 11, 12, I3, 16, 18, 19, 110, and 112 (see Figure 2) and those
previously published in Ritelli et al'® (patient 2 and 3) was created by the Face2Gene Research application (https://www.face2gene.com/). C.
Frequencies of the reported features in the earlier listed individuals and according to the Face2Gene nomenclature (https://www.face2gene.
com/). CC, coiled coil region; CUE, coupling of ubiquitin conjugation to endoplasmic reticulum degradation; NZF, Npl4 zinc finger; TAK1
BD, TAKI1 binding domain.
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Analysis of the copy number variations in I12 revealing a de novo microdeletion in TAB2 ([GRCh37] chré: 149629332-

149681471). A. Visualization in integrative genomics viewer shows a loss of coverage in the genome sequencing data of the index in this
region but no loss of coverage in the data of 112’s father and mother. Breakpoints of the microdeletion are marked by 2 red arrows. B. Array-
comparative genomic hybridization results of individual 12. TAB2 is shown in red. The 52 kb microdeletion overlapping with the 5’ end of
TAB2 in 112 is shown in blue. C. Facial phenotype, including long face, wide forehead, blepharophimosis and midfacial hypoplasia, and
brachy-clinodactyly, in I12. D. Comparison of the 6q25.1 microdeletion identified in this patient with previously published cases. E. Detailed
view of the SRO (in red) between the patients from 149,629,332 base pair (bp) (centromeric breakpoint in 112) to 149,632,217 bp (telomeric
breakpoint in the 249489 Database of Chromosomal Imbalance and Phenotype in Humans using Ensembl Resources patient). Genomic
coordinates are based on assembly GRCh37 (hgl9). SRO, smallest region of overlap.
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Figure 3  A. Left: total lysates were obtained from indicated individuals and control skin fibroblasts and separated on 10% sodium dodecyl-
sulfate polyacrylamide gel and subjected to immunoblotting with the indicated antibodies. Right: levels of phospho-TAK1/GAPDH were
quantified by densitometry using ImagelJ analysis software. The relative phospho-TAK1/GAPDH levels in control cells were set as 1. Graphs
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n=3; *P < .05, n=3). B. Up: luciferase assays were performed in human embryonic kidney (HEK) 293 cells cotransfected with a pcDNA3-
HA-tagged-TAB2 WT or HA-tagged-altered-TAB2 (as indicated) plasmid, a pGL4.32-NF-kB-RE luciferase reporter plasmid, and a
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suggest that all identified TAB2 variants significantly impair
TAKI1-TABs mediated signaling.

TAB2 variants compromise osteoblast
differentiation

It is well documented that the TAK1-TAB2 complex plays
a crucial role in osteoblast differentiation, mineralization,
and skeletal development.”**> In our cohort, given the high
rate of brachydactyly, orthopedic traits, and, to a lesser
extent, short stature, we hypothesized that the effects of the
deleterious variants were not limited to the nonossified
mesodermal derivatives but also extended to the skeletal
system. We differentiated primary dermal fibroblasts iso-
lated from 4 affected individuals (1 carrying the previously
published p.[Thr467Tyrfs*6] variant' and 3 carrying the
novel p.[Thr297Ala], p.[GIn504*], and p.[Leu506Serfs*6]
variants) and 3 controls. After 28 days of induction, Alizarin
Red S staining and calcium content quantification showed a
significantly less calcified ECM in patients’ cells when
compared with control cells (Figure 3C). The differentiation
assay was validated by quantifying the expression levels of
the osteoblastic marker genes COLIAI, SPPI, BGLAP,
RUNX2, and DMP] at 7, 14, 21, and 28 days from induction
in control cells (Supplemental Figure 2, Supplemental
Methods). These preliminary data showed that the osteo-
blast differentiation process from fibroblasts was strongly
compromised in affected individuals.

TAB2-related transcriptomic profile

We  hypothesized  that the  dysregulation  of
TAK1-TAB2-mediated signaling alters the transcriptional
profile in different cell types, thus leading to impaired
connective tissue homeostasis. To identify potential disease-
related pathways and networks, we carried out RNA
sequencing (Supplemental Methods) on 6 fibroblast cell
lines from 6 affected individuals (2 previously published
subjects13 and individuals 14, 16, 19, and 110). Transcriptome
analysis revealed 1567 differentially expressed genes
(DEGs) (Supplemental Table 4 sheet 1) with false discovery
rate (FDR) < 0.05 (Figure 4A). The expression of 436
DEGs differed significantly with at least a 2.0 log fold
change (230 upregulated and 206 downregulated genes).
Figure 4A represents the volcano plot that illustrates the
statistical significance (FDR) vs fold-change of DEGs. The

436 DEGs formed 16 clusters on the basis of biological
processes when querying the Database for Annotation,
Visualization, and Integrated Discovery Gene Ontology
database with the Functional Annotation clustering Tool
(DAVID GO FAT) (Figure 4B and C, Supplemental Table 4
sheet 2) and assuming a threshold of FDR < 0.05 and an
enrichment score of 3. These processes are related to cell
proliferation, skeletal system development, bone develop-
ment and homeostasis, regulation of signaling, cardiovas-
cular system development, epithelial cell proliferation, and
organ morphogenesis. Figure 4B and C show the most
representative biological processes for each cluster.

Discussion

The existence of an under-recognized disorder caused by
loss-of-function variants in TAB2 has been anticipated by the
description of the 6g25.1 microdeletion syndrome'’ along
with the report of single individuals carrying TAB2 hetero-
zygous null variants and showing variable congenital birth
defects.''®?” The phenotypical convergence between the
6g25.1 microdeletion and specific point variants in TAB2
was first proposed by our group by comparing a sporadic
individual with approximately 2 Mb microdeletion involving
TAB2 and a family with the p.(Thr467Tyrfs*6) variant."’
Subsequently, we showed that the p.(Thr467Tyrfs*6)
variant causes TAB2 haploinsufficiency.”

In this study, we delineated this condition by reporting 12
novel individuals from 9 families of different European
ancestries and by exploring their cellular consequences. In 8
families, NGS analysis revealed either a null allele (7 fam-
ilies) or a missense change (1 family) in exon 4 of TAB2
(Figure 1). All identified variants resulted in either hap-
loinsufficient (null variants) or hypomorphic (missense
variant) alleles. In a single case (I12), a 52 kb microdeletion
selectively encompassing the first 3 noncoding exons of
TAB2 was identified (Figure 2). The facial and cardiac
phenotype observed in 112 was compatible with individuals
(I1-11) with single-nucleotide variations or indel variants in
TAB2 (Table 1). Unique features of this subject included
underdevelopment of the abdominal mesentery and a wan-
dering spleen owing to underdevelopment of hepatocolic
and splenocolic ligaments. Moreover, none of these findings
were reported among previously published individuals with
6925.1 microdeletion syndrome.

pRL-SV40 expressing plasmid. Luciferase activities were normalized to the level of Renilla luciferase. All data are presented as mean + SEM
of the 3 independent experiments. *** P < .001 when compared with HA-empty vector. Bottom: to verify the transfection efficiency of the
pcDNA3-HA-tagged-TAB2 WT or HA-tagged-altered-TAB2 (as indicated) plasmid in HEK293 cells, an aliquot of the whole protein lysates
used in the luciferase assays was separated on 10% sodium dodecyl-sulfate polyacrylamide gel and subjected to immunoblotting with anti-
HA antibody. C. Left: Alizarin Red S staining of deposited extracellular matrix derived from cultured control and patient fibroblasts in both
basal (upper panel) and osteogenic media (lower panel). Magnification: 10X, scale bar = 100 pm. Osteoblast differentiation was performed
for 28 days. Images obtained in 1 of 2 similar experiments are shown. Right: calcium deposition amount in induced osteoblasts was
quantified by measuring the intensity of the red color with Imagel software. All data are presented as mean + SEM of the 2 independent
experiments. ***P < 001 compared with control. AU, arbitrary unit; CNT, control; IB, immunoblot; HA, hemagglutinin; p-TAKI,

phosphorylated TAK1; WT, wild type.
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Syndrome delineation

TAB?2 loss-of-function variants (I1-11) results in a different
facial morphology, congenital and acquired cardiovascular
disease, and musculoskeletal abnormalities (Supplemenatry
Table 2). A thorough comparison with previously pub-
lished patients is hindered by the fragmented extrac-
ardiovascular data reported by the authors (Supplemental
Table 2). However, the combination of CHD, cardiomyop-
athy, short stature or growth delay, and facial dysmorphisms
(overlapping those observed here) appears to be highly
represented in the literature. Hearing loss was an additional
low-frequency but clinically relevant manifestation in this
series. For this condition, we tentatively propose the term
cardio-facial-cutaneous-articular (CFCA) syndrome.

Characteristic facial features are a long and/or round face,
a high forehead, almond-shaped eyes/dystopia canthorum, a
prominent nose and columella, maxillary hypoplasia, and a
long philtrum (Figure 1B and C). This pattern occasionally
prompted a suspicion of a RASopathy (I10). Cardiovascular
anomalies are present in all but are markedly variable. Mitral
and tricuspid valve involvement are most common but clin-
ical severity varies. Cardiomyopathy, mostly of the dilated
type, occurred in about half of the patients and was associated
with arrhythmias in 4 individuals and congestive heart failure
in 2 individuals. Notably, upon follow-up of family 1
harboring the TAB2 p.(Thr467Tyrfs*6) variant,'” we learned
that patient 3 died from a sudden cardiac death. Moreover,
the extended family history was positive for multiple pre-
mature deaths in the paternal line.'” In our present cohort, we
did not register any sudden deaths among the evaluated in-
dividuals nor their close relatives. Nevertheless, the history of
family 1 in Ritelli et al'’ and the progressive nature of
myocardial disease in I1 and I7 from the present study sug-
gest that cardiovascular involvement in individuals with
TAB?2 loss-of-function variants may be life threatening and
warrants cardiac follow-up, even in the absence of CHD.
Musculoskeletal and connective tissue involvement
frequently includes generalized joint hypermobility with
positive Beighton scores (ie, >5/8 or >5/9) and an abnormal
skin texture. Their concurrence, sometimes in combination
with joint dislocations and/or chronic pain, aroused a suspi-
cion of a hereditary soft connective tissue disorder, mainly
EDS, in 5 families (I1, 12, 13-5, 16, 17, I8, and 19).

The clinical features of TAB2 loss-of-function variants
partially overlap with the cardiospondylocarpofacial syn-
drome caused by heterozygous variants in MAP3K7,
encoding TAKI, as evidenced by similar facial character-
istics, short stature, and cardiovascular and musculoskeletal
anomalies. These similarities were previously observed by
our group.”’ Nevertheless, cardiospondylocarpofacial syn-
drome is clinically characterized by severe functional
impairment of the gut and carpal/tarsal synostoses, features
not previously reported in TAB2 deficiency. The existence
of overlapping syndromes in the TAK1-TABs complex was
also and, for the first time, documented for gain-of-function

variants in both MAP3K7 and TAB2 in frontometaphyseal
dysplasia.'*

6g25.1 microdeletion syndrome and loss of TAB2
function

Individual 112 was identified by GS, which revealed a
microdeletion in TAB2 (Table 1). She shared many features
with I1-11 and patients with 6q25.1 microdeletion syn-
drome.'” A comparison between previously published in-
dividuals with 6g25.1 microdeletions encompassing TAB2
and I12 are presented in Figure 2 and Supplemental Table 3.
The incidence of CHD, cardiomyopathy, short stature or
growth delay, and facial dysmorphisms are comparable
among patients with 6g25.1 microdeletions and those with
TAB2 loss-of-function variants. Conversely, joint hyper-
mobility, abnormal skin texture, and intellectual disability/
developmental delay showed different rates in patients with
6g25.1 microdeletions and those with TAB2 loss-of-function
variants (Supplemental Table 2 vs Supplemental Table 3).
Because individuals with 6g25.1 microdeletions were
generally described in more detail, an ascertainment bias
might explain the apparent lower rate of extracardiac fea-
tures in patients with TAB2 loss-of-function variants, espe-
cially of the soft connective tissue abnormalities. However,
this likely does not apply to intellectual disability/develop-
mental delay, and therefore, TAB2 haploinsufficiency alone
does not cause neurodevelopmental abnormalities. Accord-
ingly, in 6q25.1 microdeletion syndrome, intellectual
disability/developmental delay could be determined by the
involvement of neighboring genes. The higher rate of in-
tellectual disability/developmental delay in subjects with
larger deletions (Supplemental Table 3) might support this
assumption.

Individual 112 allowed refining of the smallest region
of overlap of 6g25.1 microdeletion syndrome to approx-
imately 3 kb around the untranslated exon 1 of TAB2
(Figure 2), and this strongly indicates that the non-
neurodevelopmental manifestations are mainly, or even
exclusively, caused by TAB2 perturbations in 6q25.1
microdeletion syndrome. How selectively the deletion of
the nontranslated exons in the 5’ region of TAB2 might
affect TAB2 expression is currently not understood. Loss
of key regulatory elements mapped in the deleted
sequence, alterations of the 3-dimensional chromatin or-
ganization, or the use of alternative start codons may be
equally possible mechanisms.

TAB2 identified variants generate either
haploinsufficient or hypomorphic alleles

Our study explored the pathogenic effects of 8 novel vari-
ants of TAB2. In silico findings predicted that 7 TAB2 var-
iants generate truncated proteins that lack the C-terminal
region. The terminal portion of TAB2 is essential for
modulating TRAF6-mediated TAK1 activation. This region
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contains coiled-coil and TAKI1 binding domains that
mediate the interaction between TAB2 and TAK1** and a
zinc finger domain involved in polyubiquitin binding
(Figure 1).”” Tt is well documented that engineered variants
of the zinc finger domain abolish the ability of TAB2 to bind
ubiquitin chains and its capability to link the TAK1-TRAF6
complex and then to induce TAK]1 activation.”’ At the same
time, replacement of the zinc finger domain restores the
ability of TAB2 to activate TAK1.”® Mechanistically, in
response to various stimuli, ubiquitinated TRAF6 recruits
TAKI1 via the C-terminal ubiquitin-binding domain of
TAB2, which acts as a scaffold protein.”' TAB2 transfers
the polyubiquitin chains from TRAF6 to TAK1 and then-
leads to TAKI1 autophosphorylation and downstream
signaling activation. Our present and previous™® results
propose TAB2 loss-of-function variant as a pathological
mechanism that negatively impairs the formation of the
TRAF6/TAB2/TAKI1 signaling complex and, consequently,
the regulation of the downstream signaling pathways.

We hypothesized that all TAB2 truncated proteins re-
ported in this study lose the capability to interact with TAK1
and TRAF6 ubiquitinated chains and, in turn, impair TAK1
activation. In vitro studies on patients’ fibroblasts and
ectopically expressing cells revealed that truncated proteins
decrease TAK1 autophosphorylation and alter the activity of
NF-kB (Figure 3A and B). Although it is easy to predict the
molecular mechanism for the truncated variants, it is not so
predictable for the missense p.(Thr297Ala) change.
Emerging studies show that the TAKI-TAB2 signaling
complex is heavily and dynamically regulated by multiple
layers of post-translational modifications. In response to the
different stimulations and in a cell type—dependent manner,
phosphorylation at Ser372 and Ser524, ubiquitination or
methylation at Cys673, sumoylation at Lys329 and Lys562,
and O-GlcNAcylation at Thr456 of TAB2 are functionally
involved in the activation loop of TAK1-TAB2.7**

We predicted that the single missense p.(Thr297Ala)
variant alters a threonine phosphorylation site at residue 297
of TAB2 (Supplemental Figure 3) and, in turn, perturbs
TAB2 activity and the TAKI-TAB2 signaling complex.
Our functional studies on this variant suggest a possible
impact of this amino acid change on TAKI1 activation.
Indeed, biochemical studies carried out on fibroblasts with
the p.(Thr297Ala) change and ectopically expressing cells
showed that this variant also reduceds TAK1 phosphoryla-
tion and NF-kB activity (Figure 3A and B). However, little
is still known about the TAB2 phosphorylation/dephos-
phorylation mechanics, and further studies are needed to
understand its dynamic regulation in both physiological and
pathological conditions.

Osteoblast differentiation and transcriptome
analyses recapitulate disease manifestations

CFCA syndrome emerges as a multisystem connective tis-
sue disorder with common cardiovascular manifestations

and a peculiar face. This implies a pleiotropic nature of the
disorder, which reflects the simultaneous perturbation of
different morphologic pathways under the influences of
TAB?2. Brachydactyly, joint hypermobility and instability,
and short stature indicate major involvement of the
musculoskeletal system, and osteoblasts are key cells
regulating its functions. We explored the consequences of
TAB2-dependent TAKI1 dysregulation on fibroblast to
osteoblast differentiation.” Our investigations showed that
patients’ fibroblasts differentiated into osteoblasts produced
much less calcified ECM than control cells (Figure 3C).
This suggests that a defective osteoblast differentiation may
underlie the skeletal phenotype.

The observed osteoblast differentiation defect was also
supported by transcriptome analysis data, which indicated
perturbation of different pathways involved in bone devel-
opment and homeostasis. Transcriptome analysis further
corroborated the master role of TAB2 in a multitude of cell
functions and could help to support genotype—phenotype
correlations in CFCA syndrome. For example, the massive
deregulation of multiple TGFp pathway components up-
stream of the TAK1-TABs complex and other TGFf ca-
nonical and noncanonical components may explain the
highly penetrant but extremely diverse cardiac anomalies,
spanning from septal defects to single-valve and poly-
valvular disease to cardiomyopathy with or without ar-
rhythmias. Facial involvement in CFCA syndrome might be
caused by the deleterious influence of TAB2 loss-of-function
variants on the formation and/or migration of neural crest
derivatives. Accordingly, transcriptomic analysis showed
marked derangement of Wnt signaling, which is a master
regulator of neural crest morphogenesis. The facial charac-
teristics of CFCA syndrome may occasionally evoke a
clinical diagnosis of a RASopathy. In accordance, tran-
scriptome analysis of TAB2 cell lines also indicated dysre-
gulation of multiple components of the RAS-MAPK
signaling pathway.

Conclusion

Here, we reported the clinical, molecular, and cellular
delineation of a recognizable syndrome with cardiovascular,
facial, and connective tissue anomalies caused by hetero-
zygous loss-of-function variants in TAB2. CFCA syndrome
recapitulates the nonneurodevelopmental manifestations of
the 6g25.1 microdeletion syndrome and shows the key role
of TAB2 downregulation in determining pleiotropic features
in humans. In our experience, major differential diagnoses
of CFCA fall in the group of hereditary connective tissue
disorders, mainly EDS and TGFf-pathies, and RASo-
pathies. The available data on natural history and clinical
variability of CFCA syndrome indicate the need for a
clinical pathway focused on biannual (children) or annual
(adults) monitoring and prevention of cardiovascular (ie,
dilated cardiomyopathy, arrhythmias, thoracic aorta abnor-
malities, progressive polyvalvular disease), musculoskeletal
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(ie, dislocations, pain), and auditory (ie, hearing loss)
complications. Further observations will help to refine the
clinical boundaries of CFCA syndrome and the related pa-
tients’ needs to set up a personalized management program.

Data Availability

For next-generation sequencing analysis, multigene panel
for 12, 13-5, 17, 110-11, clinical and exome sequencing for
I1, 16, I8, 19, genome sequencing for 112, and genomic array
analysis for I12, raw experimental data are available upon
request. RNA sequencing data were deposited in GEO
NCBI and are available at https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE180329.
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