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#Appendix 1.

In pleiotropic diseases, multiple organ systems are affected causing a variety of clinical manifestations. Here, we report a pleiotrop-
ic disorder with a unique constellation of neurological, endocrine, exocrine, and haematological findings that is caused by biallelic
MADD variants. MADD, the mitogen-activated protein kinase (MAPK) activating death domain protein, regulates various cellular
functions, such as vesicle trafficking, activity of the Rab3 and Rab27 small GTPases, tumour necrosis factor-o. (TNF-o)-induced
signalling and prevention of cell death. Through national collaboration and GeneMatcher, we collected 23 patients with 21 differ-
ent pathogenic MADD variants identified by next-generation sequencing. We clinically evaluated the series of patients and catego-
rized the phenotypes in two groups. Group 1 consists of 14 patients with severe developmental delay, endo- and exocrine dysfunc-
tion, impairment of the sensory and autonomic nervous system, and haematological anomalies. The clinical course during the first
years of life can be potentially fatal. The nine patients in Group 2 have a predominant neurological phenotype comprising mild-to-
severe developmental delay, hypotonia, speech impairment, and seizures. Analysis of mRNA revealed multiple aberrant MADD
transcripts in two patient-derived fibroblast cell lines. Relative quantification of MADD mRNA and protein in fibroblasts of five
affected individuals showed a drastic reduction or loss of MADD. We conducted functional tests to determine the impact of the
variants on different pathways. Treatment of patient-derived fibroblasts with TNF-o resulted in reduced phosphorylation of the
extracellular signal-regulated kinases 1 and 2, enhanced activation of the pro-apoptotic enzymes caspase-3 and -7 and increased
apoptosis compared to control cells. We analysed internalization of epidermal growth factor in patient cells and identified a defect
in endocytosis of epidermal growth factor. We conclude that MADD deficiency underlies multiple cellular defects that can be
attributed to alterations of TNF-o-dependent signalling pathways and defects in vesicular trafficking. Our data highlight the multi-
faceted role of MADD as a signalling molecule in different organs and reveal its physiological role in regulating the function of the
sensory and autonomic nervous system and endo- and exocrine glands.
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Biallelic MADD variants

Introduction

MADD encoding the MAPK-activating protein containing a
death domain (or MAP kinase activating death domain)
belongs to the DENN (differentially expressed normal versus
neoplastic) domain protein families in humans, which are
regulators of Rab family members of small GTPases. The tri-
partite DENN domain consists of a central DENN module
flanked by upstream and downstream modules (uUDENN
and dDENN). In the C-terminal region, MADD has a ser-
ine-rich domain and a death domain (Marat et al., 2011).
Originally, MADD (alternative name RAB3 GEP) was iden-
tified as a guanine nucleotide exchange factor (GEF) for
Rab3 that mediates the exchange of GDP for GTP and
thereby activates Rab3 (Wada et al., 1997). Rab3 is present
on synaptic vesicles and important for Ca®*-dependent exo-
cytosis of neurotransmitter release (Geppert et al., 1994).
MADD upregulates a post-docking step of synaptic exocyt-
osis (Yamaguchi et al., 2002) and, by binding to the kinesins
KIF1BB and KIF1A, MADD mediates motor-dependent
transport of GTP-Rab3-positive vesicles to the presynaptic
nerve terminals (Niwa et al., 2008). Collectively, the data
demonstrate that MADD can act both as a Rab3 GEF and
Rab3 effector and plays a role in formation and trafficking
of synaptic vesicles. Besides MADD’s function in neurotrans-
mission, the DENN and death domain of MADD interact
with the type 1 tumour necrosis factor receptor (TNFR1)
(Schievella et al., 1997; Coppola et al., 2002), thereby stimu-
lating TNFR1-dependent activation of the MAP kinases
ERK and JNK and/or the transcription factor NF-xB
(Schievella et al., 1997; Murakami-Mori et al., 1999;
Al-Zoubi et al., 2001; Kurada et al., 2009). Under stress
conditions that are mediated by tumour necrosis factor-o
(TNF-a), MADD has been proposed to exchange binding
partners by switching from binding to Rab proteins to
TNFR1 (Miyoshi and Takai, 2004).

The MADD pre-mRNA undergoes extensive splicing lead-
ing to expression of at least seven different isoforms
(Supplementary Fig. 1) (Al-Zoubi et al., 2001; Efimova
et al., 2004). 1G20, MADD/DENN (IG20-5V1), 1G20-SV2,
and DENN-SV (IG20-SV3) are ubiquitously expressed in
human tissues, while expression of IG20-SV4 and
KIAA0358 is restricted to certain neuronal tissues, such as
cerebral cortex and hippocampus (Al-Zoubi et al., 2001;
Efimova et al., 2004; Li et al., 2008). The different MADD
isoforms have differential roles in cell survival. For example,
IG20 and 1G20-SV4 have pro-apoptotic effects, while
MADD/DENN, DENN-SV and KIAA0358 isoforms protect
against apoptosis upon TNF-a treatment (Al-Zoubi et al.,
2001; Li et al., 2008; Kurada et al., 2009). MADD was
found to be overexpressed in cancer cells and tissues and
contributes to cancer cell survival by protecting cells from
spontaneous, TNF-a- and TRAIL- (TNF-a-related apop-
tosis-inducing ligand) induced apoptosis (Chow and Lee,
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1996; Lim et al., 2004; Mulherkar et al., 2006, 2007;
Kurada et al., 2009).

In this study, based on an initial discovery from whole-
exome sequencing (WES) in two siblings with a multisystem
disorder, we subsequently assembled a set of 23 individuals
carrying homozygous or compound heterozygous variants in
MADD. We delineated the variable phenotypes and describe
a clinical spectrum ranging from mild developmental delay
to a severe pleiotropic disorder with the distinguishing hall-
marks of severe developmental delay, sensory and auto-
nomic dysfunction, exocrine and endocrine insufficiency,
and haematological anomalies. Early death occurred in seven
patients. We characterized the underlying biochemical conse-
quences of MADD deficiency in patient-derived fibroblasts,
demonstrating multiple cellular defects that can be attributed
to alterations of TNF-a-dependent signalling pathways and
defects in vesicular trafficking.

Materials and methods

Patients

Informed consent for genetic analyses was obtained for all
patients, and genetic studies were performed clinically or as
approved by the Institutional Review Boards of the relevant
institutions. The patients’ parents provided written informed
consent for the participation in the study, clinical data and spe-
cimen collection, genetic analysis and publication of relevant
findings. Permission to publish photographs was provided for
patients shown in Fig. 4.

Next-generation sequencing

Quad whole-genome sequencing (WGS) was performed in
Family 11 (Patients 13, 14 and parents). Quad WES was carried
out in Family 13 (Patients 16, 17 and parents), trio WES (pa-
tient and parents) in Families 2 (Patient 4), 3, 6, 7, 8, 10, 12
and 17, duo WES in Families 1 (Patients 1 and 2) and 5 (Patient
7 and mother), and single WES in Patients 11 (Family 9), 20
(Family 15), and 21 (Family 16). Exome sequencing in Family 4
(Patient 6) has been previously reported (Anazi et al., 2017).
Mendeliome gene panel (6178 genes) was performed in Patients
18 and 19 (Family 14). The MADD variant identified in
Patients 4 and 21 was genotyped in the similarly affected sibling
(Patients 3 and 22, respectively) by Sanger sequencing. Variant
validation was performed by Sanger sequencing with DNA
obtained from leucocytes and/or fibroblasts of patients and
parents. Technical details and information on WGS/WES/
Mendeliome, sequence data analysis, and validation and segre-
gation of variants are described in the Supplementary material.

Copy number analysis

Real-time quantitative PCR on genomic DNA was performed as
described previously (Moog et al., 2011). Briefly, 30 ng DNA
was used as template for SYBR® Green-based quantitative PCR
(gPCR). The reaction was carried out using the Rotor Gene
RG-3000 (Qiagen) and 2x SYBR® Green JumpStart'™ Tagq
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ReadyMix™ (Sigma-Aldrich). The CFTR gene was used as an
internal reference. Primer sequences are described in
Supplementary Table 1. Relative quantification of exon copy
numbers on genomic DNA was carried out using the compara-
tive threshold cycle (AACT) method with Control 1 as calibra-
tor. The relative exon copy number was calculated and was of
~2 for a diploid sample.

Transcript analysis

Total RNA was extracted (Monarch® Total RNA Miniprep
Kit, New England Biolabs) from cultured primary fibroblasts.
RNA concentration and purity of the samples were assessed
by use of the Epoch™ Microplate Spectrophotometer
(BioTek). Total RNA (1 pg) was reverse transcribed
(LunaScript® RT SuperMix Kit, New England Biolabs).
Reverse transcription (RT)-PCR fragments were generated
according to standard PCR protocols with OneTaq® Quick-
Load® 2x Master Mix (New England Biolabs). Primer
sequences are described in Supplementary Table 1. PCR
products were either directly Sanger-sequenced or cloned into
pCR2.1 TOPO TA Cloning Vector (Thermo Fisher Scientific)
according to manufacturer’s instructions. Escherichia coli
clones were subjected to colony PCR, and PCR products
from individual clones were sequenced. A total of 93 and 189
clones were analysed for Patients 2 and 3, respectively.

For quantitative RT-PCR (RT-qPCR), technical duplicates of
samples were prepared as a 10 pl approach with the SYBR®
Green I-based Luna® Universal gPCR Master Mix (New
England BioLabs), 500 nM of each primer, and 1 pl of cDNA.
Primer sequences are described in Supplementary Table 1. RT-
gPCR was performed using the QuantStudio™ 3 Real-Time
PCR System (Thermo Fisher Scientific) equipped with
QuantStudio™ Design & Analysis Software v1.4.3 (Thermo
Fisher Scientific). The PCR conditions included a pre-run at
95°C for § min, followed by 40 cycles of 30 s at 95°C, 30 s at
58°C and 435 s at 72°C. PCR amplification specificity was deter-
mined by melting curve analysis with a range from 60°C to
95°C. The values of the cycle threshold (CT) of the target gene
(MADD) were normalized to the housekeeping gene GAPDH.
For relative gene expression the comparative cycle threshold
(AACT) values were calculated with the QuantStudio™ Design
& Analysis Software v1.4.3 with GAPDH as internal control
and expressed as x-fold change to Control 1. Data analysis of
multiple experiments was performed with the ExpressionSuite
Software v1.3 (Thermo Fisher Scientific). Mean of technial
duplicates from each experiment is shown in the Supplementary
material.

Chemicals, antibodies and reagents

The following primary antibodies and dilutions were used for
immunoblotting: rabbit polyclonal anti-p44/42 MAPK (ERK1/
2) [1:1000; Cell Signaling Technology (CST); #9102]; rabbit
polyclonal anti-phospho-p44/42 MAPK (ERK1/2) (Thr202/
Tyr204) (1:1000; CST; #9101); rabbit monoclonal anti-MADD/
DENN (1:500; clone EPR4919; Abcam; ab134117; recognizing
the C-terminus of MADD); mouse monoclonal anti-Tubulin
antibody (1:5000; clone DM 1A; Sigma-Aldrich; #19026).

The following secondary antibodies and dilutions were used
for immunoblotting: goat anti-mouse IgG: StarBright Blue 700
antibody (1:10000; #12004159; Bio-Rad); sheep anti-rabbit

P. E. Schneeberger et al.

IgG: DyLight800 antibody (1:5000; #STAR36D800GA; Bio-
Rad).

The following reagents were used: for induction of cellular
stress and/or apoptosis, we used proteasome inhibitor MG-132
(Sigma-Aldrich), staurosporine (STS; Sigma-Aldrich), and re-
combinant human TNF-o (PeproTech) with cycloheximide
(CHX; Sigma-Aldrich). For epidermal growth factor (EGF) in-
ternalization assay, we used Alexa Fluor™ 555-coupled EGF
(Invitrogen; #E35350).

Cell culture

Primary fibroblasts obtained from a skin biopsy of Patients 2, 3,
6, 11 and 18, the mother of Patient 2 and two healthy individu-
als were cultured in Dulbecco’s modified Eagle medium
(DMEM; Thermo Fisher Scientific) supplemented with 10% foe-
tal bovine serum (FBS; GE Healthcare) and penicillin-strepto-
mycin (100 U/ml and 100 pg/ml, respectively; Thermo Fisher
Scientific). Cells were tested for mycoplasma contamination by
PCR and confirmed to be mycoplasma-free. Briefly, the super-
natant of 2-day-old cultures was collected, boiled at 95°C for 5
min, and cell debris was removed by centrifugation (1 min at
room temperature). The cleared medium (4 pl) was used in a
standard PCR protocol with OneTaq® Quick-Load® 2 x
Master Mix (New England Biolabs). PCR products were sepa-
rated by agarose gel electrophoresis. Primer sequences are
described in Supplementary Table 1.

Immunoblot analysis

Patient and control fibroblasts were harvested in ice-cold
RIPA buffer (50 mM Tris-HCI pH 8.0, 150 mM NacCl, 1%
NP-40, 0.5% DOC, and 0.1% SDS) supplemented with Mini
Protease Inhibitor and PhosSTOP™ (Roche) and lysed for 10
min on ice. Cell debris was removed by centrifugation for 10
min at 4°C, and 4 x sample buffer (33% glycerol, 80 mM
Tris-HCI pH 6.8, 0.3 M DTT, 6.7% SDS, 0.1% bromophe-
nol blue) was added to the supernatant. Samples were boiled
at 95°C for 5 min. Protein extracts were separated on SDS-
PAGE under denaturing conditions and transferred to PVDF
(polyvinylidene fluoride) membranes. Membranes were
blocked with 5% non-fat dry milk or bovine serum albumin
(BSA) in TBS-Tween followed by incubation with the indi-
cated primary antibody at 4°C overnight and with fluorescent
dye-linked secondary antibodies at room temperature for 1 h.
Fluorescence signals were digitally imaged with a ChemiDoc
MP (Bio-Rad). Band intensities were determined with the
Image Lab v6.0 software (Bio-Rad). Uncropped blots are
shown in the Supplementary material.

Epidermal growth factor
phosphorylation

Fibroblasts were seeded into six-well plates (150000 cells per
well) and incubated in starvation medium (0.1% FBS/DMEM)
overnight. Next day, cells were treated with 50 ng/ml TNF-o in
starvation medium for 15 or 30 min or left untreated.
Subsequently, plates were transferred on ice and rinsed with ice-
cold phosphate-buffered saline (PBS). Cells were harvested in
ice-cold RIPA buffer supplemented with Mini Protease Inhibitor
and PhosSTOP™ (Roche), and lysates were subjected to SDS-
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PAGE and immunoblot analysis. For quantification, pERK1/2
was normalized to total ERK1/2, and the ratio at 0 min was set
to 1.

Measurement of caspase-3 and -7
activity

Fibroblasts were seeded into white flat-bottom 96-well micro-
plates (5000 cells per well) and treated with 100 ng/ml TNF-
o and 5 pg/ml CHX for 24 h, 1 uM STS for 24 h, 20 uM
MG-132 for 16 h or left untreated under basal, steady state
conditions. To determine caspase-3 and -7 activity, the
Caspase-Glo® 3/7 Assay (Promega) was performed according
to manufacturer’s instructions. Luminescence signals were
detected as relative light units with the Synergy™ H1 Hybrid
Multi-Mode Reader (BioTek) using the Gen$ software v2.09
(BioTek). The signal ratio of treated to untreated cells was
calculated.

FITC-annexin V/PE-propidium
iodide apoptosis assay

Fibroblasts were seeded into six-well plates (150000 cells per
well) and treated with 100 ng/ml TNF-o. and 5 pg/ml CHX for
24 h, 1 uM STS for 24 h, 20 uM MG-132 for 16 h or left un-
treated under basal, steady state conditions. After treatment,
supernatant was transferred into a 5 ml flow cytometry tube.
Cells were harvested via trypsinization, added to the flow
cytometry tube and washed twice with PBS (300g, 5 min). For
determination of early and late apoptotic cells, the FITC
Annexin V Apoptosis Detection Kit I (BD Biosciences) was used
according to the manufacturer’s protocol, including FITC-
Annexin V and PE-propidium iodide as staining reagents.
Fluorescence signals were measured with the FACSCanto™ 1I
(BD Biosciences) equipped with FACSDiva™ Software v.8.0.1
(BD Biosciences), and the open source Flowing Software 2.5.1
(http://flowingsoftware.btk fi/index.php? page=1) was used for
gating and analysis. The amount of early and late apoptotic cells
under steady state conditions was subtracted from the amount
of early and late apoptotic cells after treatment.

Epidermal growth factor
internalization assay

Fibroblasts were plated into six-well plates (150000 cells per
well) and incubated under steady state conditions overnight.
The next day, cells were serum-starved (0.1% FBS/DMEM)
for 2 h followed by labelling with 1 pg/ml Alexa Fluor™ 555-
coupled EGF in ice-cold starvation medium for 1 h at 4°C. Cells
were rewarmed to 37°C in pre-warmed starvation medium for
various times (0, 5, 10 and 15 min) to induce and follow intern-
alization of EGF-Alexa Fluor™ 555. Subsequently, cells were
transferred on ice, and remaining surface-bound EGF-Alexa
Fluor™ 555 was removed by an acidic wash (0.2 M acetic
acid, 0.5 M NaCl, pH 2.5) for 6 min. Cells were washed once
in ice-cold PBS, twice in ice-cold starvation medium and once in
PBS before trypsinization and fixation in 4% paraformaldehyde.
After intensive washing, the median fluorescence intensity was
measured with the LSRFortessa'™ cell analyzer (BD
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Biosciences) equipped with FACSDiva™ Software v.8.0.1 (BD
Biosciences), and the open source Flowing Software 2.5.1 was
used for gating and analysis.

Data analysis and statistics

Quantitative data are presented by GraphPad Prism 8 software
(Instat, GraphPad Software) as the mean + standard deviation
(SD). For MADD mRNA and protein amount quantification,
measurement of caspase-3 and -7 activity and determination of
the amount of apoptotic cells, statistical analysis via one-way
ANOVA followed by a Bonferroni post hoc test for multiple
comparisons was performed. For ERK1/2 phosphorylation and
EGF internalization experiments, statistical analysis via two-way
ANOVA followed by a Tukey post hoc test for multiple com-
parisons was performed. A P-value <0.05 was considered stat-
istically significant (*P < 0.05; **P < 0.01; ***P < 0.001;
***:P < 0.0001).

Data availability

The authors declare that all data supporting the findings of this
study are available within the paper and its Supplementary ma-
terial. Consent restrictions preclude sharing of full datasets, and
the consents do not cover the deposition of the next-generation
sequencing data in a public database.

Results

Biallelic variants in MADD are
associated with a pleiotropic
disorder

We investigated two siblings of a non-consanguineous family
(Family 1), a boy (Patient 1) and his sister (Patient 2), who
presented with apnoea at birth, followed by repeated epi-
sodes of desaturation, muscular hypotonia, severe develop-
mental delay, exocrine pancreatic insufficiency, growth
hormone deficiency, and low haemoglobin. Patient 1 died at
the age of 7.5 years; Patient 2 was 12 years old at last fol-
low-up (Table 1). Both affected siblings were subjected to
WES. Suspecting a Mendelian autosomal recessive trait, we
observed that the siblings shared two rare, potentially patho-
genic MADD variants in heterozygosity, ¢.914G>T/
p-(Gly305Val) and an intragenic deletion of MADD exons
11 to 24 [c.(1862+1_1863-1)_(3759+1_3760-1)del;
GenBank accession number: NM_003682.3] (Fig. 1, Table 1
and Supplementary Table 2). Both variants were absent in
dbSNP138, 1000 Genomes Project, Exome Variant Server,
and ExAC and gnomAD browsers (Table 1). By Sanger
sequencing, we confirmed the MADD missense variant in
the siblings and their mother in the heterozygous state
(Supplementary Fig. 2A). The pathogenicity prediction algo-
rithms CADD, REVEL and M-CAP predicted this amino
acid substitution to have a damaging impact on protein
function, and Gly305 was predicted to be intolerant to
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Table | Biallelic MADD variants and key clinical features in 23 patients

Patient  Nucleotide Amino acid gnomAD Failure DD Muscular  Sensoryand Endocrine Exocrine Early
change alteration browser: to and/or hypotonia autonomic abnormalities pancreatic death
(NM_003682.3) (NP_003673.3) MAF [%] thrive ID impairment insufficiency®

Group |

I+ 2° c914G>T p.(Gly305Val) Absent + 1+ +/+ + +/+ + +/+ 7y5m
c.(1862+1_1863-1)_ p.c Absent (Pe 1)

(3759 + 1_3760-1)del
3*+4 c963+I1G>A p.° Absent +/+ +/+ + +/+ + +/+ 20m
(Pt 3)

5 c979C>T p.(Arg327%) 0.001989  + + + + + + 16 m
c.l705+1G>C p.? Absent

6° c3119T>G p.(Leul 040Arg) Absent i & i i i I5m

7 c.646C>T p.(Arg216*) 0.0004032 + + + + + + 8m

8 c979C>T p.(Arg327%) 0.001989  + + + + + + 2m

9 c4293G>A p.(Trp1431%) Absent + + + + + + Alive

10 c979C>T p.(Arg327%) 0.001989  + + + + ND + Alive
c.3760-2A>C p.? Absent

1° c.770C>T p-(Ser257Phe) Absent > e > Alive

12 c979C>T p.(Arg327%) 0.001989  + + + + + Alive
¢.4398delG p.(Leul467Cysfs*20)  Absent

13+ 14 cllI5C>T p-(Pro372Leu) Absent ND/+ +/+ +/+ sl il D 2yé6m
.4080delG p(Lys1361Serfs*24)  Absent (Pe13)

Group 2

15 c.1037T>C p-(Leu346Pro) Absent G i it it - ND Alive

16 + 17  ¢.3533_3534delCT p.(Ser1178Cysfs*18)  Absent -/- +/+ +/+ +/+ -/- —/ND Alive
c.3848A>C p-(Tyr1283Ser) Absent

18° + 19 cl061C>T p.(Pro354Leu) 0.001988 -/ + +/+  —/- -/- -/- -/- Alive
¢.3637_3638delAG p.(Ser1213%) Absent

20 c3952T>C p.(TrpI318Arg) Absent - + + + - ND 3y

21 +22  c2834T>C p.(Leu945Pro) Absent -/- P[] + /- + /- -/- ND /ND Alive

23 c.3637_3638delAG p.(Ser1213%) Absent - + + + - - Alive
c4594C>T p-(Argl532%) Absent

*Exocrine pancreatic insufficiency has been determined by low level or absent faecal elastase- |
®Fibroblasts of the patient were used in functional studies.
“Detailed data of MADD mRNA analysis are shown in Fig. 2.
+ = feature present; — = feature absent; DD = developmental delay; ID = intellectual disability; m = months; MAF = minor allele frequency; ND = no data; y = years. For siblings,

the first plus or minus symbol refers to the clinical feature in the older sibling and the plus or minus symbol after the forward slash to the clinical feature in the younger sibling.

variation (Supplementary Table 2) (Kircher et al., 2014;
loannidis et al., 2016; Jagadeesh et al., 2016; Wiel et al.,
2019). Real-time qPCR of select MADD exons using gen-
omic DNA confirmed one copy of the MADD exons 14, 20,
and 23 in Patient 2 and her father, while the relative copy
number of MADD exons 10 and 25 was comparable to a
diploid sample in the two individuals (Supplementary Fig.
3). In fibroblast-derived cDNA of Patient 2, we identified
predominant abundance of MADD transcripts with the
c.914G>T variant suggesting nonsense-mediated mRNA
decay (NMD) of transcripts harbouring the multi-exon dele-
tion (Supplementary Fig. 2A). We analysed the effect of the
MADD exon 11-24 deletion on mRNA level in fibroblasts
of Patient 2. We characterized and determined the ratio of
four different aberrant MADD transcripts harbouring a de-
letion or a deletion/insertion [r.1706_3759del (~27%);
r.[1706_3759del; 3868 _3869ins3868 +1_3868-1] (~13%);
r.1863_3759del (~43%); r.[1863_3759del;
3868_386%ins3868 +1_3868-1] (~17%)], all leading to
frameshift and premature stop codon [p.(Asn569Argfs*2)
and p.(Ser621Argfs*7)] (Fig. 2A and B). Compound hetero-
zygosity of a likely pathogenic missense and a loss-of-

function variant in MADD in the two affected siblings sug-
gested that these alterations underlay their phenotype. This
was further corroborated by a report on two unrelated indi-
viduals with developmental delay/expressive language delay
carrying biallelic MADD variants (Anazi et al., 2017) and
the observation of only 44% of the expected MADD loss-
of-function variants in the database gnomAD (observed/
expected score: 0.44).

We identified another family (Family 2) with two siblings
(Patients 3 and 4) similarly affected as Patients 1 and 2
(Table 1). Patients 3 and 4 carry the homozygous splice site
mutation ¢.963 + 1G> A in intron 4 of MADD, and parents
were heterozygous (Fig. 1A, Table 1 and Supplementary Fig.
2B). By analysing fibroblast-derived cDNA of Patient 3, we
found an in-frame deletion of the last 30 nucleotides of exon
4 in the majority of MADD transcripts [~87%;
r.934_963del/p.(Leu313_Val322del)]. The remaining identi-
fied MADD transcripts harboured an insertion of the first 7
bp of intron 4 (~11%; r.963_964ins963 +1_963+7) or a
deletion of the last 50 nucleotides of exon 4 (~2%;
r.914_963del), both of which resulting in a frameshift
and introduction of a  premature stop codon


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa204#supplementary-data
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Biallelic MADD variants

BRAIN 2020: 143; 24372453 | 2443

A c.(186241_1863-1)_(3759+1_3760-1)del
'
I I
c.963+1G>A €.1705+1G>C c.3760-2A>C
ATG TAA
Exon 1 2 3 4 5 &7 g 9 10 11 12 13 14 15 1617 18 19 20 21 22 23 24 2526 27 28 29 30 313233 34 35 36
B p.(Gly305Val)  p.{Pro35dleu) p.(Leug4s5Pro) Pp.Ser1213%) (2) p.(Lys1361Serfs® F@M

4) p.(Pro372Leu)

I:[Leu 346Pro) |

pi{sers p-(Trp13184rg) p.(Leulds7Cysis*20)

1647

Amino acid 8 L 173 402 486 554

Domain uDENN DENN dDENN

Splice site variant Multi exon deletion

p.{Leu1040Arg) |p-ﬁvr12835&ri p.(Trp1431%)
1340 1415
Death domain

1157 1250
Ser-rich

Missense variant | Truncating variant

Figure | Schematic view of MADD exon-intron structure and protein domains with variants identified in 23 patients. (A)
Schematic overview of MADD exon-intron structure (NM_003682.3; not drawn to scale) showing the splice site variants (light yellow) found in
Patients 3 and 4 (c.963 + 1G> A), Patient 5 (c.1705 + |G > C) and Patient 10 (c.3760-2A > C), and the deletion of exons || to 24 (dark yellow)
identified in Patients | and 2 [c.(1862+ |_1863-1)_(3759 + | _3760-1)del]. Exon numbers are given below the structure. 3'- and 5'-untranslated
regions are coloured in grey. Start codon is located in exon 2 and stop codon in exon 36. Exons coding for certain protein domains are coloured;
colours of respective protein domains are as follows: uDENN (light blue), DENN (mid blue), dDENN (dark blue), Ser-rich (light green) and
Death domain (dark green). Colours of the exons encoding domains in A match with colours of protein domains in B. (B) Schematic overview
of MADD protein structure (NP_003673.3) showing the missense variants (light orange) found in Patient || [p.(Ser257Phe)], Patients | and 2
[p.(Gly305Val)], Patient 15 [p.(Leu346Pro)], Patients 18 and 19 [p.(Pro354Leu)], Patients 13 and 14 [p.(Pro372Leu)], Patients 21 and 22
[p.(Leu945Pro)], Patient 6 [p.(Leul040Arg)], Patients 16 and |7 [p.(Tyr1283Ser)], and Patient 20 [p.(Trpl318Arg)], and the truncating variants
(dark orange) found in Patient 7 [p.(Arg216*)], Patients 5, 8, 10 and 12 [p.(Arg327%*)], Patients 16 and 17 [p.(Ser|178Cysfs*18)], Patients 18, 19
and 23 [p.(Serl213*)], Patients 13 and 14 [p.(Lys1361Serfs*24)], Patient 9 [p.(Trpl1431%)], Patient 12 [p.Leul467Cysfs*20)], and Patient 23
[p-(Arg1532%)]. The bold number in brackets indicates the number of unrelated individuals with this mutation. Amino acid positions and name of

protein domains are given below the structure.

[p.(Val306Glyfs*70) and p.(Val323Argfs*72)] (Fig. 2C and
D).

Through a national collaboration and GeneMatcher
(Sobreira ef al., 2015), we subsequently identified 19 add-
itional individuals with biallelic variants in MADD, bring-
ing the total number of patients with variants in this gene
to 23 (Table 1 and Supplementary Tables 3 and 4). Every
participating group/centre independently selected MADD
variants as the only potentially disease-causing variants
and did not consider other variants in known or candidate
genes as potentially disease-relevant. In total, we found 21
different rare variants in MADD, nine missense, five non-
sense, three splice, three frameshift, and one multi-exon de-
letion (Fig. 1, Table 1 and Supplementary Table 2). The 21
variants affect all seven different MADD transcript variants
(Supplementary Fig. 1). Patient 6 with the homozygous
missense variant ¢.3119T > G/p.(Leu1040Arg), confirmed
in DNA and cDNA of patient’s fibroblasts (Supplementary
Fig. 2C), has already been reported, but without clinical
details and functional studies regarding the consequence of
the amino acid change (Anazi et al., 2017). MADD var-
iants in Patients 11 and 18 were validated in fibroblast-

derived DNA and ¢DNA (Supplementary Fig. 2D and E).
Pathogenicity prediction algorithms predicted the nine
MADD missense variants to have a damaging impact on
protein function, and eight were absent in the gnomAD
browser (Table 1 and Supplementary Table 2). Five of nine
missense variants cluster in the central DENN domain,
while the remaining four missense variants are located in
the middle and C-terminal region of the protein, without
affecting any known domain (Fig. 1B). Six missense
changes
(Supplementary Table 2). For the two intronic variants
¢.1705 + 1G> C and ¢.3760-2A > C, both affecting a highly
conserved splice site, mRNA analysis could not be per-
formed, but splice site analysis tools predicted the variants
to have an impact on MADD pre-mRNA splicing
(Supplementary Table 2). In summary, based on rarity or
absence of the identified MADD variants in the population
databases, several truncating variants as well as missense
and splice variants with a predicted damaging effect, and
overlapping clinical features in the 23 affected individuals,
we were convinced that biallelic MADD variants underlie
the phenotype in all of them.

affect an intolerant amino acid residue
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Figure 2 MADD mRNA analysis in fibroblasts of Patients 2 and 3 revealed multiple aberrant transcripts. (A and C) Partial se-
quence electropherograms of aberrant MADD transcripts in Patients 2 and 3. Fibroblasts from both patients were used to analyse the effect of
the respective MADD variant (Patient 2: deletion of exons | -24; Patient 3: c.963 + | G> A) by generating RT-PCR products from fibroblast-
derived cDNA, followed by cloning of the amplicons. Ninety-three (Patient 2) or 189 (Patient 3) colony PCR products were directly sequenced.
Description of the sequence alterations of the mutated MADD transcripts (NM_003682.3/NP_003673.3) is given on RNA and protein level on
the left. (B and D) Quantification of the different aberrant MADD transcripts. The proportion of each aberrant transcript (in %) is shown in a pie

chart for Patients 2 (B) and 3 (D).

Biallelic MADD variants cause
MADD deficiency or reduced

MADD protein in five patient-
derived fibroblast cell lines

To characterize the functional consequences of homozy-
gous and compound heterozygous MADD variants, we
used fibroblasts derived from Patients 2, 3, 6, 11 and 18.
We first determined the relative MADD mRNA amount
in the patient cells by RT-qPCR. MADD mRNA amount
was reduced to ~40% to ~48% in fibroblasts of Patients
2, 3 and 18 compared to cells of Control 1 (set to 100%)
(Fig. 3A). This can be explained by NMD of MADD tran-
scripts harbouring a premature stop codon that are
expressed from one or both MADD allele(s) in patient
cells. In contrast, the MADD mRNA amount in cells of
Patients 6 and 11 was comparable to that of control cells
suggesting that transcripts with variants predicting amino
acid substitutions are stable (Fig. 3A). Cells of the mother
of Patient 2 had normal MADD mRNA level (Fig. 3A).
We next used lysates of primary fibroblast cultures for
MADD protein analysis via immunoblotting. The anti-
MADD antibody was raised against a synthetic peptide

comprising part of the human MADD C-terminus and
detects the ubiquitously expressed isoforms IG20-FL,
MADD/DENN, 1G20-SV2, 1G20-SV3 and IG20. The iso-
forms I1G20-SV4 and KIAAO0385 will likely not be
detected due to a different C-terminus (Supplementary
Fig. 1); however, expression of these two MADD forms is
restricted to neural tissues (Li et al., 2008). MADD was
almost completely absent in fibroblasts of Patients 2, 3,
11 and 18, while in cells of Patient 6 with the homozy-
gous missense variant p.(Leu1040Arg) a small amount of
mutant MADD was detectable (Fig. 3B). Relative quantifi-
cation of the MADD protein confirmed significantly
reduced levels in all patient cells, that was between 0%
and 4% in fibroblasts of Patients 2, 3, 11 and 18 and
~20% in Patient 6-derived cells in comparison to cells of
Control 1 (Fig. 3C). In cells of the mother of patients 1
and 2, who was a healthy carrier of the heterozygous mis-
sense variant p.(Gly305Val), MADD protein level was
reduced by ~40% compared to Control 1 cells (Fig. 3B
and C). The data show that biallelic MADD variants,
including  the  missense  variants  p.(Ser257Phe),
p-(Gly305Val), and p.(Leu1040Arg), lead to MADD defi-
ciency or a drastic reduction in MADD protein amount in
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Figure 3 MADD mRNA and protein amount is drastically reduced in fibroblasts of Patients 2, 3, 6, | |, and 18. (A) Quantification
of MADD transcripts by RT-qPCR. RNA was obtained from fibroblasts of Patients 2, 3, 6, || and |8, the mother of Patient 2 and two control sub-
jects. The mean of three independent experiments = SD is given. Mean of technial duplicates from each experiment is shown in the
Supplementary material. One-way ANOVA with Bonferroni correction was used for statistical analysis. (B) Immunoblot of lysates obtained from
fibroblasts of five patients, the mother of Patient 2 and two controls. The amount of MADD protein was monitored with an anti-MADD anti-
body, and an anti-tubulin antibody was used for equal loading. Uncropped blots are provided in the Supplementary material. (C) Band intensities
of fluorescence signals were quantified using the ChemiDoc imaging system. The mean of three (Patients | | and 18) or four (Patients 2, 3 and 6)
independent experiments = SD is given, and individual data-points from each experiment are shown. One-way ANOVA with Bonferroni correc-
tion was used for statistical analysis. *P < 0.05; **P < 0.01; **P < 0.001; **P < 0.0001. Ctrl | = Control I; Ctrl 2 = Control 2; M2 = mother
of Patient 2; P2 = Patient 2; P3 = Patient 3; P6 = Patient 6; P| | = Patient | I; PI8 = Patient |8.

five patient fibroblast cell lines that is likely due to NMD
of mutant transcripts and/or intrinsic instability or
enhanced degradation of the produced protein.

The phenotype in patients with
biallelic MADD variants ranges from
developmental delay to a severe
multisystem disorder

The 23 patients with biallelic MADD variants showed over-
lapping phenotypes as all had global developmental delay
and/or intellectual disability, and the majority had muscular
hypotonia and seizures (Table 1 and Supplementary Tables
3 and 4). However, we noticed major differences in the

phenotypes of the 23 patients. Fourteen had a complex clin-
ical picture and came to medical attention during the peri-
natal period with respiratory distress, apnoea, severe
muscular hypotonia, and/or hypoglycaemia. The course of
disease in the 14 patients, forming patient Group 1 (Table 2
and Supplementary Table 3), was characterized by dysfunc-
tion of multiple organ systems. Repeated episodes of apnoea
and/or desaturation were observed in 13 patients, which
started in the neonatal period and improved over time.
Temperature dysregulation and/or intermittent or constant
fever were reported in 11 individuals, and diarrhoea and/or
obstipation in 13. Reduced sweating was observed in six
patients, reduced pain sensation in nine, crying without tears
in five and self-mutilation in six patients. These features are
characteristic of sensory and autonomic dysregulation.
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Figure 4 Facial photographs of eight patients with biallelic MADD variants. Patients |, 2,4, 9, 10, | | and 12 showed the severe multi-
systemic phenotype (Group 1), while Patient 23 had the predominant neurological phenotype (Group 2). All patients with the pleiotropic dis-
order had a myopathic facial expression with open mouth, high or broad forehead, depressed or wide nasal bridge, short nose, and small mouth
with tented upper lip vermilion. Patients |, 2 and 9 had small palpebral fissures that were more pronounced in infancy. The philtrum was short in
Patients 10 and 11. The two skin lesions on the temporal forehead of Patient || resulted from non-invasive ventilation device in her previous
treatments. The mildly affected Patient 23 had minor facial dysmorphism with wide nasal bridge, low hanging columella, and low-set, posteriorly

rotated ears.

Other constant findings were exocrine pancreatic insuffi-
ciency (low level or absent faecal elastase-1) in 13 individu-
als and endocrine dysfunction, characterized by
hypothyroidism in six patients, and growth hormone defi-
ciency and (pan)hypopituitarism in eight each. Repeated
hypoglycaemia was observed in 12 individuals, insufficient
weight gain in 10, and postnatal growth retardation in 13.
An abnormal pituitary gland was detected in brain MRI of
two patients. Haematological abnormalities comprised low
haemoglobin in 13 patients and thrombocytopenia in five.
The overall outcome in patient Group 1 was poor: six
patients died before their third year of life, and one child at
the age of 7.5 years.

The other nine patients had mild-to-severe developmen-
tal delay and/or intellectual disability as common features
and formed patient Group 2 (Table 2 and Supplementary
Table 4). Motor and speech developmental delay or im-
pairment was found in seven individuals, and muscular
hypotonia and seizures in six patients each. Characteristic
features of the pleiotropic disorder of Group 1 patients,
such as postnatal failure to thrive, repeated episodes of
apnoea and/or desaturation, reduced pain sensation and
obstipation and/or diarrhoea were observed only in a few
of the nine affected individuals, and temperature dysregu-
lation, reduced sweating, and exocrine and endocrine dys-
function in none of them.

Craniofacial dysmorphism was present in almost all of the
23 patients (Fig. 4 and Supplementary Tables 3 and 4). In
particular, full cheeks, small mouth and tented upper lip
were frequent dysmorphic features in infants; however, we
did not observe a common and recognizable facial gestalt in
the eight individuals shown in Fig. 4.

Reduced TNF-o-dependent
activation of the MAP kinases
ERKI1/2 in patient-derived
fibroblasts

MADD is required for TNF-a-mediated activation of the
MAPK pathway, including ERK1/2, in several cell lines
(Schievella et al., 1997; Murakami-Mori et al., 1999; Al-
Zoubi et al., 2001; Kurada et al., 2009). In MADD knock-
down cells, TNF-o treatment did not induce phosphoryl-
ation of ERK1/2 (Kurada et al., 2009). We next determined
the phosphorylation status of ERK1/2 in serum-starved
fibroblasts that were treated with TNF-a. We identified an
increase over baseline in ERK1/2 phosphorylation after
15 min and 30 min of TNF-a treatment for both the patient
and control cells (Fig. 5A). However, the responses to
TNF-o. were significantly less in patient cells (Fig. SA).
ERK1/2 phosphorylation after 15 min of TNF-a treatment
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Table 2 Main clinical characteristics of 23 patients with
biallelic MADD variants

Clinical feature Number of patients

14 (Group 1) 9 (Group 2)
Impairment of neurological function
Developmental delay 14/ 14 9/9
Impaired/delayed motor 14/ 14 718
development
Impaired/delayed speech 9711 718
development
Intellectual disability 3/3 5/5
Muscular hypotonia 14/ 14 6/9
Seizures 9/14 6/9
Abnormal EEG 9/13 617
Impairment of sensory and autonomic system
Obstipation and/or diarrhoea 13/14 3/7
Repeated episodes of apnoea 13/14 3/9
and/or desaturations
Temperature dysregulation/fever /13 0/7
of unknown origin
Reduced sweating 6/11 0/8
Reduced pain sensation 9/12 2/8
Self-mutilation 6/11 1/8
Crying without tears 5/13 1/8
Exocrine and endocrine dysfunction
Exocrine pancreatic insufficiency 13/14 0/4
Growth hormone deficiency 8/10 0/5
Hypothyroidism 6/13 0/8
(Pan)hypopituitarism 8/12 0/5
Hypoglycaemia 12713 0/7
Postnatal failure to thrive
Low weight (<-2.0z) 10/13 2/9
Low length/height (<—2.0z) 13713 117
Haematological abnormalities
Low haemoglobin 13/14 3/9
Thrombocytopenia 5/14 1/8

Z = z-score.

was 1.9-2.3-fold lower in cells from Patients 2, 3, 6, 11 and
18 than in Control 1 fibroblasts (Fig. 5B). Similarly, after 30
min of TNF-o treatment, the phosphorylation level of
ERK1/2 was significantly reduced by 1.9-2.6-fold in the five
patient-derived cell lines compared to Control 1 cells
(Fig. 5B). Together, these data demonstrate that TNF-o-
induced activation of the MAPK signalling pathway was
suppressed in MADD-deficient patient cells that is in line
with the requirement of MADD for TNFR1-mediated acti-
vation of MAP kinases (Kurada et al., 2009).

MADD deficiency triggers TNF-o-
dependent apoptosis

MADD was found to be overexpressed in many types of
human tumours and tumour cell lines, where it contributes
to resistance of cancer cells to TNF-o-induced apoptosis
(Chow and Lee, 1996; Efimova et al., 2004; Turner et al.,
2013). Accordingly, knockdown of endogenous MADD
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makes cells susceptible to TNF-a-induced apoptosis
(Mulherkar et al., 2006; Li et al., 2008; Kurada et al., 2009).
To see if a similar effect was present in patient-derived cells,
we treated fibroblasts of five patients and three control sub-
jects with TNF-o0 and CHX or cultured them under normal
conditions and monitored the activation status of the effector
caspases 3 and 7 that execute cell death. TNF-o treatment of
fibroblasts caused a higher activation of the two caspases in
patient than in control cells, i.e. caspase-3 and -7 activity was
1.4-1.9-fold higher in the five patient-derived cell lines than
in Control 1 cells (Fig. 5C). Treatment of patient cells with
STS and MG-132, which both activate the intrinsic apoptosis
pathway (Caballero-Benitez and Moran, 2003; McKenna
et al., 2010), induced a similarly elevated activation of cas-
pase-3 and -7 in patient compared to control cells (by 1.8-
3.2- and 1.9-3.9-fold, respectively) (Supplementary Fig. 4).
Our data demonstrate enhanced susceptibility of patient-
derived fibroblasts with MADD deficiency to TNF-o, but
also other cellular stressors, that resulted in activation of the
intrinsic apoptosis pathway and possibly increased cell death.

We next determined the amount of early and late apoptot-
ic cells after treatment of fibroblasts with TNF-o0 and CHX
and found a striking increase in the percentage of early and
late apoptotic cells in MADD-deficient cells compared to
control cells (Fig. 5D and E). TNF-o treatment caused a
highly significant increase in the percentage of early apoptot-
ic cells by 43-52.7-fold in three patient cell lines compared
to Control 1 cells (Fig. 5D). While TNF-o treatment had an
anti-apoptotic effect in control cells, as we observed 0.5-1%
fewer late apoptotic cells in treated compared to untreated
control cells, 1-1.4% of patient cells were late apoptotic
after TNF-o treatment compared to untreated patient cells
(Fig. SE). Similarly, STS or MG-132 treatment induced a sig-
nificant increase in the amount of early and late apoptotic
cells in patient compared with control cells (Supplementary
Fig. 5). These data confirm increased sensitivity of MADD-
deficient cells to stressors promoting activation of the intrin-
sic apoptosis pathway.

MADD-deficient fibroblasts show
decreased epidermal growth factor
internalization

By acting as a guanine nucleotide exchange factor (GEF),
MADD activates the small GTPases Rab3 and Rab27
(Wada et al., 1997; Figueiredo et al., 2008; Yoshimura
et al., 2010). Active Rab proteins promote membrane traf-
ficking events, such as vesicle budding from donor mem-
branes, vesicle transport and docking and fusion of the
transport vesicle with acceptor membranes (Stenmark,
2009). MADD is not only required for synaptic exocytosis
in neurons and granule exocytosis in parotid acinar cells
(Tanaka et al., 2001; Yamaguchi et al., 2002; Imai et al.,
2013), but also for axonal transport of Rab3-carrying
vesicles (Niwa et al., 2008), suggesting a more general role
of MADD in intracellular trafficking events. Therefore, we
studied the effect of MADD deficiency on EGF
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Figure 5 Effects of TNF-a treatment on ERK1/2 activation and cell death in patient-derived fibroblasts. (A) Immunoblot of lysates
obtained from fibroblasts of Patients 2, 3, 6, | | and 18, the mother of Patient 2 and two control subjects. After serum starvation overnight, cells
were incubated in medium containing 50 ng/ml TNF-o for the indicated times. Cell lysates were analysed for the detection of endogenous phos-
phorylated ERK1/2 (pERK/2) and total ERK1/2 by immunoblotting. Representative blots are shown. Uncropped blots are provided in the
Supplementary material. (B) Band intensities of fluorescence signals were quantified using the ChemiDoc™"" imaging system. pERK 1/2 was nor-
malized to total ERK /2, and the ratio at 0 min was set to |. The mean of three independent experiments + SD is given, and individual datapoints
from each experiment are shown. Two-way ANOVA with Tukey correction was used for statistical analysis. (C) Fibroblasts were treated with
100 ng/ml TNF-o and 5 pg/ml CHX for 24 h or left untreated. Activation of caspase-3 and -7 was determined by the Caspase-Glo® 3/7 assay
according to the manufacturer’s instructions. Luminescence signals were detected as relative light units by luminometer. The signal ratio of
treated to untreated cells is given. The mean of four (left) or three (middle and right) independent experiments + SD is given, and individual data-
points from each experiment are shown. One-way ANOVA with Bonferroni correction was used for statistical analysis. (D and E) Fibroblasts
were treated with 100 ng/ml TNF-a and 5 pg/ml CHX for 24 h or left untreated. Proportion of apoptotic cells was measured with the Apoptosis
Detection Kit according to the manufacturer’s instructions. Cells were analysed by flow cytometry. Annexin V-positive cells are early apoptotic
(D) and Annexin V-propidium iodide double-positive cells are late apoptotic (E). The proportion of apoptotic cells in untreated samples was sub-
tracted from the proportion of apoptotic cells in treated samples. Percentage of early and late apoptotic cells is shown. The bars and errors rep-
resent the mean = SD of three independent experiments, and individual datapoints from each experiment are shown. One-way ANOVA with
Bonferroni correction was used for statistical analysis. *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001. Ctrl | = Control |; Ctrl 2 = Control
2; M2 = mother of Patient 2; P2 = Patient 2; P3 = Patient 3; Pé = Patient 6; Pl | = Patient | |; P18 = Patient 8.

internalization by measuring the internalized amount of fluo-
rescently labelled EGF over a 15-min time course. After 10
and 15 min, we found a significant reduction in the amount
of internalized EGF by 16-26% and 12-25%, respectively,
in MADD-deficient cells of Patients 2, 3, 6, 11 and 18 com-
pared to Control 1 cells (Fig. 6).

Discussion

We show here that biallelic MADD variants cause a neuro-
developmental disorder with and without numerous mani-
festations in multiple organs. On one end of the spectrum,
mild developmental delay with absence epilepsy was present
in a 19-year-old female (Patient 18 in Group 2). On the
other end of the spectrum, we defined the core phenotype of
a severe pleiotropic disorder in 14 individuals (Patients 1—

14; Group 1) that comprises the key abnormalities of severe
developmental delay, hypotonia, sensory and autonomic
neuropathy, endocrine and exocrine dysfunction, and haem-
atological anomalies. The clinical course during the first
years of life can be severe and potentially fatal. In MADD-
deficient fibroblasts, we found several TNF-a-stimulated
pathways to be disturbed. TNF-o treatment of patient cells
resulted in decreased activation of the MAP kinases ERK1/2
and increased activation of the intrinsic apoptosis pathway.
Reduced endocytosis of EGF in patient cells suggests a pos-
sible link between vesicle trafficking defect and impaired
exocytosis. Based on our data, we assume that disruption of
the manifold MADD functions may underlie the different
clinical sub-phenotypes in the patient cohort with the multi-
systemic disorder. For example, decreased endocrine and
exocrine secretion activity in the patients may be related to
defects in exocytosis caused by diminished Rab3 and Rab27
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Figure 6 MADD loss leads to decreased EGF internalization in patient-derived fibroblasts. After serum starvation, fibroblasts were
incubated with Alexa Fluor 555-coupled EGF and rewarmed for the indicated times. Surface-attached EGF-Alexa Fluor 555 was removed by an
acidic wash. The amount of internalized EGF-Alexa Fluor 555 was determined by flow cytometry. The bars and errors represent the mean + SD
of the mean fluorescence intensity normalized to time-point 0 min of three independent experiments, and individual datapoints from each experi-
ment are shown. Two-way ANOVA with Tukey correction was used for statistical analysis: *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001.
Ctrl | =Control I; Ctrl 2 =Control 2; M2 = mother of Patient 2; ns = not significant; P2 = Patient 2; P3 = Patient 3; P6é = Patient 6;

Pl 1 = Patient | |; P18 = Patient 18.

activity, while the neuropathy may develop due to traffick-
ing defects of Rab3-positive vesicles to nerve terminals.

The core clinical features of the severe pleiotropic disorder
we describe here show considerable overlap with the infant-
ile-onset multisystem neurological, endocrine, and pancreatic
disease (IMNEPD; OMIM: 616263) that is caused by bial-
lelic PTRH2 variants (Hu et al., 2014). A total of 14 indi-
viduals with homozygous PTRH2 mutations, comprising the
frameshift variant ¢.269_270delCT/p.(Ala90Glyfs*13), the
nonsense variant ¢.324G> A/p.(Trp108*), and the missense
variant ¢.254A > C/p.(GIn85Pro), and variable phenotypes
have been reported (Hu et al., 2014; Alazami et al., 2015;
Picker-Minh et al., 2016; Sharkia et al., 2017; Le et al.,
2019). The core features of IMNEPD include intellectual dis-
ability, motor and speech delay, ataxia, sensorineural hear-
ing loss, and pancreatic insufficiency, while progressive
cerebellar atrophy, peripheral neuropathy, hypothyroidism,
hepatomegaly and/or abnormal liver parenchyma morph-
ology have occasionally been observed in affected individu-
als (Picker-Minh et al., 2016). At the mild end of the
spectrum, sensorimotor peripheral neuropathy and sensori-
neural hearing loss have been reported in three sisters with
the homozygous p.(GIn85Pro) mutation (Sharkia ez al,
2017). As patients with PTRH2 loss-of-function mutations
tended to have a more severe phenotype than those with the
amino acid change p.(GIn85Pro), a possible genotype-pheno-
type correlation has been postulated (Picker-Minh et al.,
2016; Sharkia et al., 2017; Le et al., 2019). Similar to
MADD, PTHR2 (also known as Bcl-2 inhibitor of transcrip-
tion) is a multifunctional protein that participates in a var-
iety of cellular functions, such as cell death and survival and
protein synthesis in mitochondria (De Pereda et al., 2004;
Jan et al., 2004; Kairouz-Wahbe et al., 2008; Griffiths et al.,

2011). The neonatal diabetes mellitus with congenital hypo-
thyroidism (NDH) syndrome (OMIM: 610199), character-
ized by intrauterine growth retardation, early onset of non-
immune diabetes mellitus and congenital hypothyroidism,
also shows partial phenotypic overlap with the pleiotropic
disorder reported here. Biallelic pathogenic variants in the
GLIS3 gene have been reported in 13 patients with NDH
syndrome (Senee et al., 2006; Dimitri et al., 2011, 2015;
Alghamdi er al., 2017). Besides the cardinal features, add-
itional manifestations comprise facial dysmorphism, develop-
mental delay and learning difficulties, sensorineural hearing
loss, renal parenchymal disease, hepatic disease, exocrine
pancreatic dysfunction, and skeletal and genital abnormal-
ities (Dimitri et al., 2015; Alghamdi ez al., 2017). GLIS3
belongs to a subfamily of Kriippel-like zinc finger proteins,
functions as activator or repressor of gene transcription, and
plays a critical role in the regulation of multiple biological
processes (Jetten, 2018). Variability in the phenotype has
been attributed to the differential expression of multiple
GLIS3 transcripts and the type of mutation (Senee et al.,
2006; Dimitri et al., 2015).

The predominant neurological phenotype in 9 of 23
affected individuals with biallelic MADD variants (Patients
15-23; Group 2) comprises mild-to-severe developmental
delay and/or intellectual disability, hypotonia, speech impair-
ment, and seizures. Clinical hallmarks of the multisystem
disorder, such as features of sensory and autonomic neur-
opathy, gastrointestinal anomalies, endocrine and exocrine
dysfunction, and haematological anomalies were rarely
reported or even absent in the nine individuals (Tables 1 and
2). MADD variants in the nine patients affect all MADD
transcript variants, similar to the variants identified in the
14 more severely affected individuals (Supplementary Fig.
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1). A genotype-phenotype correlation could not be estab-
lished. For example, both Patient 9 with multisystemic dis-
order in Group 1 and Patient 23 with moderate global
developmental delay in Group 2 had biallelic loss-of-func-
tion variants. A homozygous missense variant was found in
Patient 11 in Group 1 and Patient 15 in Group 2. In add-
ition, individuals with relatively mild (e.g. Patients 18 and
19 in Group 2) and severe clinical manifestations (e.g.
Patients 1 and 2 in Group 1) carried a heterozygous truncat-
ing variant in trans with a heterozygous missense variant.
Three previously reported patients with compound heterozy-
gous MADD missense and nonsense variants were also mild-
ly affected as one had expressive language delay, autism and
poor eye contact (Anazi et al., 2017), and two adult siblings
had macrocephaly and mild-to-moderate intellectual disabil-
ity (Hu et al., 2019). Genital abnormalities, such as small
penis and undescended testes, can be found in male individu-
als of both patient groups (8 of 12 males). In the caspase ac-
tivity assay, fibroblasts derived from the mildly affected
Patient 18 behave like those of the other patients. As most
individuals described here have unique variants, and the ef-
fect of all variants has not been studied, we cannot exclude
a  yet-to-be-defined  genotype-phenotype  correlation.
However, additional genetic, epigenetic and/or environmen-
tal factors may contribute to the clinical outcome in individ-
uals with biallelic MADD variants, and the associated
clinical spectrum is wide, with neurological manifestations at
one end and early fatal outcome at the other end.

MADD has been proposed to protect neurons from cell
death under conditions of cytotoxic stress, because MADD
protein was reduced in the hippocampus in areas of
Alzheimer’s disease pathology, and antisense silencing of
MADD promoted death of cultured rat hippocampal neu-
rons (Del Villar and Miller, 2004). Thus, by acting as pro-
survival factor MADD may prevent stress-induced cell
death, especially upon physiological TNF-o activation. This
suggests that MADD deficiency makes cells susceptible to
TNF-o-induced apoptosis that may be followed by neurode-
generative or other degenerative processes in the patients.

MADD activates the Rab3 family and Rab27A and B
(Wada et al., 1997; Yoshimura et al., 2010). The isoforms
Rab3A-D are involved in exocytosis of synaptic vesicles and
regulated secretory granules (Lang and Jahn, 2008).
Analysis of Madd knockout animals revealed this Rab3 GEF
to be implicated in the formation and trafficking of synaptic
vesicles for regulated exocytosis (Tanaka ef al., 2001; Bae
et al., 2016). Madd also acts as Rab3 effector by binding
GTP-bound Rab3 and transporting Rab3-carrying vesicles
along axons through interaction with the motor proteins
KIF1Bp and KIF1A (Niwa et al., 2008). Inhibition of Rab3-
mediated exocytosis in Madd knockout mice has been
hypothesized to cause a delay in endocytosis (Tanaka et al.,
2001). Thus, impaired endocytosis of EGF in MADD-defi-
cient fibroblasts may provide a link to defective exocytosis
in these and other cell types of the patients. Similar to the
manner in which FAM45A, another DENN domain-con-
taining protein, regulates the late endocytic pathway,
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including endocytosis and endosomal secretion (Zhang
et al., 2019), MADD could be a regulator of late/multivesic-
ular endosomal trafficking.

Rab27A and Rab27B are expressed in various secretory
cells, including endocrine, exocrine and immune cells and
are involved in the regulated secretion of lysosome-related
organelles and secretory granules (Gomi et al, 2007;
Fukuda, 2013). In particular, the two Rab proteins regulate
exocytosis in pancreatic and lacrimal gland acinar cells,
amylase release from parotid acinar cells, and granule secre-
tion in mast cells and platelets (Chen et al., 2004; Imai et al.,
2004; Gomi et al., 2007; Mizuno et al., 2007; Tolmachova
et al., 2007; Chiang et al., 2011). Interestingly, by exchang-
ing GDP for GTP in Rab27, MADD functions in iso-
proterenol-stimulated amylase release from rat parotid
acinar cells (Imai et al., 2013), and the GTPases Rab27A,
Rab27B and Rab3 work in the exocytic machinery of the pi-
tuitary gland (Zhao et al, 2002; Gomi et al., 2007,
Matsuno et al., 2011). Thus, the function of Rab3 and
Rab27 family members in special types of secretion remark-
ably overlaps with the dysfunction of endocrine and exo-
crine glands observed in Group 1 of individuals with
MADD deficiency. For example, growth hormone defi-
ciency, hypothyroidism, (pan)hypopituitarism and exocrine
pancreatic insufficiency may be related to decreased endo-
crine and exocrine secretion activity in the patients. In con-
trast, other clinical features, such as repeated episodes of
apnoea and/or desaturation in the neonatal period are un-
likely to be attributed to defects in secretory pathways. This
assumption is corroborated by the viability of Rab27a/b
double knockout mice (Gomi et al., 2007), which contrasts
with the death of Madd knockout mice immediately after
birth (Tanaka et al., 2001). MADD has been implicated in
neonatal survival as MADD-deficient newborn mice devel-
oped normally but had respiratory problems in the neonatal
period (Tanaka e al., 2001), similar to Group 1 patients
with pathogenic MADD variants. Newborn knockout mice
of Kif1b, encoding a MADD interaction partner, also die
due to apnoea, and Kifl1b*'~ mice have a defect in transport
of synaptic vesicle precursors causing peripheral neuropathy
(Zhao et al., 2001). MADD also interacts with KIF1A, an-
other motor protein, mediating axonal transport of Rab3-
positive vesicles (Niwa et al., 2008), and biallelic variants in
this gene underlie hereditary sensory and autonomic neur-
opathy (HSAN) type II (Riviere et al., 2011). These observa-
tions, together with defective neuromuscular transmission in
Madd-deficient mice (Tanaka et al., 2001), reinforce the
presence of HSAN-typical features in Group 1 patients with
MADD variants, such as reduced pain sensitivity, elevated
body temperature, recurrent episodes of fever, repeated epi-
sodes of apnoea and/or desaturation, and intestinal
dysmotility.

In summary, our study provides evidence that MADD is
crucial for coordinating exocrine, endocrine, and neurologic-
al functions. Its functional loss causes a human disorder
with a wide phenotypic spectrum ranging from predominant
neurological abnormalities to a recognizable multisystem
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condition comprising a characteristic constellation of neuro-
logical, endo- and exocrinological, and haematological
findings.
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