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Hirschsprung disease (HSCR) is the most frequent developmental anomaly of the enteric nervous system, with an

incidence of 1in 5000 live births. Chronic intestinal pseudo-obstruction (CIPO) is less frequent and classified as neurogenic
or myogenic. Isolated HSCR has an oligogenic inheritance with RET as the major disease-causing gene, while CIPO is
genetically heterogeneous, caused by mutations in smooth muscle-specific genes. Here, we describe a series of patients with
developmental disorders including gastrointestinal dysmotility, and investigate the underlying molecular bases. Trio-exome
sequencing led to the identification of biallelic variants in ERBB3 and ERBB2 in 8 individuals variably associating HSCR, CIPO,
peripheral neuropathy, and arthrogryposis. Thorough gut histology revealed aganglionosis, hypoganglionosis, and intestinal
smooth muscle abnormalities. The cell type-specific ErbB3 and ErbB2 function was further analyzed in mouse single-cell RNA
sequencing data and in a conditional ErbB3-deficient mouse model, revealing a primary role for ERBB3 in enteric progenitors.
The consequences of the identified variants were evaluated using quantitative real-time PCR (RT-qPCR) on patient-derived
fibroblasts or immunoblot assays on Neuro-2a cells overexpressing WT or mutant proteins, revealing either decreased
expression or altered phosphorylation of the mutant receptors. Our results demonstrate that dysregulation of ERBB3 or
ERBB2 |eads to a broad spectrum of developmental anomalies, including intestinal dysmotility.
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Introduction

Neurocristopathies are developmental disorders and cancers that
arise from defects of neural crest development. Hirschsprung dis-
ease (HSCR, aganglionic megacolon, OMIM 142623) is a neuroc-
ristopathy and is the most frequent cause of intestinal obstruction
with an incidence of 1/5000 live births (1-3). HSCR is character-
ized by the absence of intrinsic ganglion cells in the submucosal
and myenteric plexuses over a variable length of the distal part of
the gut (4). HSCR is either isolated or associated with other mal-
formations (syndromic HSCR) in about 80% and 20% of cases,
respectively (2).

Hitherto, known HSCR-associated genes accounted for
approximately 60% of cases (3). Isolated HSCR has an oligogen-
ic, sex-dependent mode of inheritance, with mutations in RET
being the major cause. Vertical transmission of rare loss-of-func-
tion RET variants occurs in about 50% of familial cases, and low-
penetrance noncoding variants at the RET locus have been asso-
ciated with HSCR (5-10). Several monogenic syndromes with a
variable predisposition to HSCR, including those associated with
variants in ZEB2, EDNRB, EDN3, PHOX2B, and SOX10, have been
delineated (2). However, many patients presenting syndromic
HSCR remain without a molecular diagnosis, with consequences
on clinical management and genetic counseling.

Apart from HSCR, other gut dysmotility disorders are hypo-
ganglionosis and chronic intestinal pseudo-obstruction (CIPO).
The latter is characterized by continuous or episodic bowel
obstruction without evidence of mechanical occlusion, and is clas-
sified as myogenic or neurogenic (11, 12). CIPO is also genetically
heterogeneous, with most of the disease-causing genes (FLNA,
RAD21,SGOL1,ACTG2, MYH11) involved in the development and
function of the gut and bladder smooth muscles (13-19). In these
myogenic cases, mixed alterations of intestinal smooth muscle
(ISM) and enteric nervous system (ENS) are frequently described
(13-17). To the best of our knowledge, a combination of HSCR and
CIPO in the same patient has not been reported.

The ERBB family of receptor tyrosine kinases is comprised
of 4 members, ERBB1-4, that are widely expressed in neuronal,
epithelial, and mesenchymal cell types under physiological condi-
tions (20, 21). The ERBB receptors play an essential role in the reg-
ulation of cell proliferation, survival, and differentiation, through
activation of various signaling cascades including phosphatidyli-
nositol 3-kinase (PI3K)/AKT and extracellular signal-regulated
kinase (ERK) signaling (22, 23). Their main ligands are neuregu-
lins; in particular, NRG1 (20, 24). Ligand-receptor binding triggers
homo- or heterodimerization of ERBBs, cross-phosphorylation of
the dimeric partners, and activation of downstream pathways (20,
21). Among the 4 members, ERBB3 has no intrinsic tyrosine kinase
activity and its function is thus dependent on heterodimerization,
preferably with ERBB2 (which by itself has a conformation pre-
venting direct interaction with ligand) (25).

Somatic activating mutations in ERBB2 and ERBB3 have been
reported in several solid cancers (26, 27), and a heterozygous ger-
mline activating variant of ERBB3 in a myelodysplastic syndrome
(erythroleukemia, OMIM 133180) (28). A homozygous splice site
variant in ERBB3 was reported in a consanguineous family with
29 affected individuals presenting congenital contracture syn-
drome type 2 with early lethality (LCCS2, OMIM 607598) (29-
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31). Recently, homozygous or compound heterozygous variants
in ERBB3 were also described in a case with LCCS, dysmorphic
features, and knee and hip dislocations (32), and in a patient with
a syndrome including intellectual disability, atrioventricular canal
malformation, craniofacial anomalies, and immunodeficiency
(33). To the best of our knowledge, no clearly pathogenic germline
mutation of ERBB2 has been reported in humans, but rare variants
predicted to be damaging were found overrepresented in Chi-
nese cases with short-segment HSCR (34). Also, in a single case,
a combination of noncoding variants of unknown significance in
ERBB4 and NRGI has been observed (35). Finally, a genome-wide
association study (GWAS) identified overrepresentation of 2 SNPs
in intron 1 of NRGI in a Chinese cohort of patients with isolated
HSCR (36), while mutational scans of the NRGI coding sequence
identified rare missense variants of uncertain pathogenicity in a
minority of isolated HSCR cases worldwide (37-39).

In mice, the knockout of either Nrgl, Erbb2, or Erbb3 results
in the absence or severe depletion of various neural crest-derived
cells (40-44). Amongthese, absence of Schwann cells was reported
in Erbb2 and Erbb3 knockouts, and was proposed to cause the
death of motor neurons in the ventral horn of the spinal cord and
of sensory neurons in the dorsal root ganglia during development
(42, 43). Recently, the ENS of neural crest-conditional Erbb3
mutants (Wntl::Cre Erbb3/"**) was shown to be affected, with a
reduction of 50% to 70% in the number of Phox2b-positive cells
along the whole length of the gut. The same study also demon-
strated a deficiency of esophageal ganglia and a reduction in the
extent of the postgastric ENS in Phox2b::Cre NRGI*¥"* mutant
mice, highlighting the role of NRG1/ERBB signaling in the migra-
tion of vagus nerve-associated neural crest cells to the gut (44).

Here, trio whole exome sequencing (WES) led to the identi-
fication of biallelic variants in ERBB3 and ERBB2 in 8 individuals
with syndromic presentations at least in part implicating neu-
ral crest derivatives, from 5 families. Six patients had gut motil-
ity disorders, including HSCR, hypoganglionosis, and CIPO. In
combination with thorough pathological, gene expression, and in
vitro functional analyses that highlight a primary role of ERBB3
in enteric progenitors, this study underscores the role of NRG1/
ERBB3/ERBB2 signaling in human gut development and indicates
that disruption of this pathway results in a variable multisystemic
syndrome, including complex gastrointestinal (GI) alterations.

Results

Clinical presentation and identification of ERBB3 and ERBB2 bial-
lelic variations. With the aims of describing a syndrome com-
bining HSCR and CIPO and identifying the disease-causing
gene or genes, we studied a patient (F1:II-3) presenting with
the combination of a complex neurocristopathy (short-segment
HSCR, progressive axonal peripheral neuropathy, dysautono-
mia, and hypopigmentation), CIPO, hypoplasia of the olfactory
bulbs, external auditory canal agenesis, and hearing loss (Fig-
ure 1A, Table 1, and Supplemental Table 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI145837DS1). His clinical manifestations did not correspond to
a recognizable syndrome. Array-CGH (Agilent 60k) was normal.
Trio WES led to the identification of compound heterozygous
missense variants in the ERBB3 gene (erb-b2 receptor tyrosine
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Figure 1. Biallelic ERBB3 and ERBB2 variations in 8 affected individuals from 5 families. (A) Pedigrees and segregation of ERBB3 (NM_001982.3) and
ERBB2 (NM_004448.3) variants. Mutant alleles are indicated in red. (B and C) Schematic representation of ERBB3 (B) and ERBB2 (C) proteins showing

the predicted consequences of variants identified in this study. ERBB3 variants previously reported in developmental disorders are indicated below the
schematic. The localization of putative phosphorylation sites are indicated by blue arrowheads. Inactive ECD: inactive extracellular domain; pseudo KD:

pseudo kinase domain.

kinase 3; MIM: 190151, GenBank: NM_001982.3) in the affected
individual (c.2359A>C, p.(Thr787Pro) and ¢.2695G>A, p.(Val-
899Met); Figure 1, A and B). Each variant was inherited from an
unaffected parent, and was confirmed by Sanger sequencing (not
shown) (Figure 1A, Family F1).

Through international collaborations, we subsequently
recruited 4 unrelated families in which variants were identified
in ERBB3 or ERBB2, with affected individuals presenting multiple
congenital anomalies, comprising both neural crest and extra-
neural crest features (Table 1, Supplemental Table 1, and Figure 1).

In the proband of family F2 (F2:II-2), a homozygous deletion
of one nucleotide (c.3297delG, p.(His1100Metfs*2)) in ERBB3 was
identified by trio WES (Figure 1, A and B, Table 1, and Supplemen-
tal Table 1). Sanger sequencing confirmed the deletion and the
expected segregation, with homozygosity in the proband and his
affected sister (F2:1I-3), and heterozygosity in both parents. The
healthy sibling did not harbor the variant (Figure 1A). The pro-
band, a male, combines HSCR and other manifestations including
ptosis, external ear agenesis, and hearing loss. His affected sister
presented similar clinical manifestations plus olfactory bulb agen-
esis (Table 1 and Supplemental Table 1).

In family F3, WES analysis of 2 affected fetuses, F3:1I-1
(aborted at 16 weeks of gestation [WG]) and F3:1I-3 (deceased
at 15 WG), identified homozygosity for 2 variants in ERBB3
(c.2618C>G, p.(Thr873Ser) and ¢.2795A>G, p.(GIn932Arg)).
Their parents and 2 healthy siblings are heterozygous for both
variants (i.e., the 2 variants are on the same allele) (Figure 1A,
Family F3, and Figure 1B). In family F4, trio WES identified
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compound heterozygosity for 2 frameshift variants (c.556delT,
p.(Cys186Valfs*20) and ¢.2269dupA, p.(Thr757Asnfs*70))
in a fetus aborted at 18 WG (F4:1I-1), with each variant inher-
ited from one parent (Figure 1A and Figure 1B). All 3 affected
fetuses of families F3 and F4 presented intrauterine growth
retardation, akinesia, arthrogryposis with multiple pterygiums,
with or without cardiac malformations, while macroscopic
examination of the intestine showed no dilatation, atresia, or
volvulus (Table 1 and Supplemental Table 1).

In family F5, WES analysis of F5:II-1 identified a homozy-
gous missense variant (c.2129C>T, p.(Ala710Val)) within ERBB2
(MIM : 164870, GenBank: NM_004448.3). Sanger sequencing
confirmed that the 2 affected children are homozygous while the
healthy parents are heterozygous for the ERBB2 variant (Figure
1, A and C). The proband, a female, born to consanguineous par-
ents, presented severe constipation that eased after 5 years of age,
axonal peripheral neuropathy, ptosis, perceptive hearing loss, and
clubfeet (Table 1 and Supplemental Table 1). Her brother had a
similar clinical presentation, with short-segment HSCR.

Histologic characterization of gastrointestinal and muscle alter-
ations. In patient F1:II-3 with both HSCR and CIPO, histology of
the rectum showed thick extrinsic nerve fibers and the absence of
ganglion cells (Figure 2A). Various abnormalities in the ganglionic
segments were also noticed, including atrophy of the longitudi-
nal outer muscular layer in the colon and ectopic location of the
myenteric plexuses within the outer muscular layer in the small
intestine (Figure 2A). Immunohistochemistry with S100 (a marker
of glial cells) confirmed the ectopic localization of enteric ganglia
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Table 1. ERBB3 and ERBB2 variations and associated phenotypes

Causal gene ERBB3 (NM_001982.3) ERBB2 (NM_004448.3)
Affected individuals F:01-3 F2:11-2 F2:11-3 F3:111 F3:1I-3 F4:11-1 F5:11-1 F5:11-2
HSCR + + + + NA + NA +
Hypoganglionosis = i i = NA = NA ki
Intestinal smooth muscle + - - - NA - NA NA
abnormalities
CIPo + = = NR NR NR = =
Arthrogryposis - - - + + + + +
Peripheral neurapathy i = = NR NR NR & i
Olfactory bulb agenesis + - + NA NA + NA NA
External auditory canal agenesis i i i i ki i = =
Hearing loss + + + NR NR NR + +
Ptosis = ki ki NR NR NR & &
Dysautonomia + - - NR NR NR - -
Pigmentation defect + = = = = = = =
Cardiac defect - - - + + - - -
(DNA €.2359A>C €.3297delG €.3297delG €.2618C>G €.2618C>G ¢.556delT €2129C>T €.2129C>T
€.2695G>A €.2795A>G €.2795A>G €.2269dupA
Protein p.(Thr787Pro)  p.(His1100Metfs*2) p.(His1100Metfs*2) p.(Thr873Ser)  p.(Thr873Ser) p.(Cys186Valfs*20) p.(Ala710Val)  p.(Ala710Val)
p.(Val899Met) p.(GIn932Arg)  p.(GIn932Arg) p.(Thr757Asnfs*70)

Inheritance Comp. Het. Hom. Hom. Hom. Hom. Comp. Het. Hom. Hom.
GnomAD 0 0 0 0 0 1/251484/0 0 0

0 0 0 0
SIFT 0 NA NA 0 0 NA 0.04 0.04

0 0 0 NA
Polyphen2 1 NA NA 1 1 NA 1 1

1 1 1 NA
CADD 27 NA NA 31 31 NA 28 28

31 283 283 NA

Variant frequency is presented as allele count/allele number/number of Hom. or 0 if absent from the GnomAD database; variant pathogenicity is predicted
by SIFT (close to 0), Polyphen2 (close to 1), and CADD scores. HSCR, Hirschsprung disease; CIPO, chronic intestinal pseudo-obstruction; NR, not relevant;

Comp. Het., compound heterozygous; Hom., homozygous.

in the small intestine (Figure 2B). We also examined markers of
smooth muscle, smooth muscle actin (SMA), and desmin. As pre-
viously observed in most patients with CIPO and some controls
(45), an absence of SMA was observed in the circular inner mus-
cular layer of the small intestine, while the desmin distribution
appeared normal (Figure 2B). Staining for cKIT, a marker of inter-
stitial cells of Cajal (ICCs), showed normal distribution of these
cells (Figure 2B).

In both HSCR cases of family F2, histology revealed a very
short (< 2 cm) distal aganglionic segment without overt extrinsic
nerve fibers, and a long transition zone with rare scattered ganglion
cells (Figure 2, C and D), arguing for a histological diagnosis of
hypoganglionosis (46).

In patient F5:11-2, histology revealed a lack of ganglion cells
and a hyperplasia of nerve fibers in the colon resection specimen
(Figure 2E).

Following these observations, a retrospective investigation of
the digestive tracts of the 2 fetuses F3:1I-1 (Figure 3A) and F4:II-1
(Figure 3B) was performed. Total colonic aganglionosis extending
to the stomach in F3:1I-1 and to the small intestine in F4:II-1 was
observed in H&E-stained sections, and confirmed by the absence
of PHOX2B and S100 staining (Figure 3, A and B). SMA staining

was comparable to that of an age-matched control in each case
(Figure 3, A and B).

Besides the ENS defects, histology of muscle tissues of the
affected fetuses of families F3 and F4 provided evidence of skel-
etal myopathy (Figure 4). Indeed, a high proportion of myotubes
with a centered nucleus were observed in 2 fetuses F3:1I-1 (Fig-
ure 4A) and F3:1I-3 (Figure 4B), while in the age-match controls,
most muscle fibers are mature with nuclei positioned at the
periphery (Figure 4, A and B). In the fetus F4:1I-1, myotubes with
centralized nuclei were also found but to a lesser extent (Figure
4C), and staining of slow and fast myosin heavy chains showed
a physiological presence of type I and type II muscle fibers (Fig-
ure 4E). Analysis at ultrastructural level by electron microscopy
showed isolated primary myotubes in fetus F4:II-1, while in the
control, secondary myotubes were observed apposed to the pri-
mary myotubes (Figure 4D). Histology of cervical spinal cord of
fetus F4:11-1 displayed normal morphology and density of both
motoneurons in the anterior horn and sensory neurons in the
dorsal root ganglia (Figure 4, F and G).

Investigation of the cell type specificity of ERBB3/ERBB2 function
in ENS and ISM development. ERBB3 expression was previously
reported in the enteric plexuses and possibly in the ISM in mouse

J Clin Invest. 2021;131(6):e145837 https://doi.org/10.1172/)CI145837
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Colon
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Figure 2. Histology of gut specimens from patients with ERBB3 or ERBB2 mutations. (A and B) Patient F1:1I-3. (A) H&E-stained sections showed
aganglionosis and hypertrophic nerve fibers (arrow) in the rectum, atrophy/disorganization of the external muscularis in the colon, and ectopic location
of myenteric plexuses (arrows) within the external muscularis of the small intestine. (B) Immunohistochemistry for S100 indicated presence of enteric
glia and ectopic localization of enteric plexuses (arrows). Lack of SMA staining in the internal muscularis (star) of the small intestine, and normal desmin
staining were observed. cKIT staining appeared normal (arrows point to ICCs). (C) Patient F2:11-2 and (D) Patient F2:1I-3. H&E-stained sections revealed

a short distal agangliononic segment without overt hyperplastic nerves (photos on the left-hand side), followed by a long hypoganglionic segment con-
taining rare scattered ganglion cells (arrows in photos on the right-hand side). (E) Patient F5:11-2. H&E-stained sections showed a lack of myenteric and
submucosal ganglion cells and a hyperplasia of nerve fibers in the colon (arrows). Scale bars: 100 pum.
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Figure 3. Histology of gut specimens from fetuses with ERBB3 mutations. (A) Fetus F3:ll-1and (B) fetus F4:1I-1, along with age-matched controls (C-16WG
and C-18WG, respectively). H&E-stained sections showed total colonic aganglionosis, confirmed by absence of PHOX2B and 5100 staining in both fetuses.
In the controls, enteric neurons and glia were observed (arrows). SMA staining was normal (arrows). Scale bars: 100 pm.

and/or human (47, 48). However, scrutinizing human scRNA-
seq data sets revealed no/low detectable expression of ERBB3
and ERBB2 in the intestinal muscle cell population identified by
expression of ACTA2 (encoding smooth muscle-2 actin) (49). In
mouse, ENS scRNA-seq data sets generated at E15.5 and E18.5
further ascertained that ErbB3 and ErbB2 are expressed almost
exclusively in the enteric progenitors and glial populations (Figure
5A). No/lower expression was found in neurons (Figure 5A). Alto-
gether, these data suggest that the impact of ERBB3 and ERBB2
variants might be cell autonomous in the ENS and non-cell auton-
omous in the ISM.

To determine whether NRG1/ERBB3 signaling from the
neural crest-derived ENS can impact ISM development, we
evaluated gut muscle development in neural crest-specific
ErbB3-deficient mice. Histological analysis and immunohisto-
chemistry using TUJ1 (a neuronal marker) and SMA confirmed
hypoganglionosis as previously described (44), but we observed
no gross alteration of the 2 muscle layers in mutants compared
with controls at E17.5, the latest stage that mutants could be ana-
lyzed before embryonic death at day E18. Specific invalidation
of Erbb3 in neural crest cells thus does not impact the ISM, at
least before birth (Figure 5B).

Reduced expression and impaired function of mutant ERBB3
and ERBB2. Out of the 7 ERBB3 variants identified, 3 were frame-
shifts that were either absent or present at very low frequency in
the gnomAD database and with no homozygosity reported (Table
1). The ¢.3297delG variant of F2:II-2 and F2:II-3 is located in the

penultimate exon of ERBB3, whereas ¢.556delT and ¢.2269dupA
of F4:II-1 are located in exons 5 and 19, respectively. They are pre-
dicted to lead to premature stop codons 2, 20, and 70 amino acids
downstream and, if translated, would lead to truncated proteins,
lacking essential functional domains or the C-terminal tail rich in
phosphorylation sites (Figure 1B) (50). Alternatively, the mutant
mRNAs could be degraded by nonsense-mediated mRNA decay
(NMD). RT-qPCR experiments performed on fibroblasts con-
firmed that the ERBB3 mRNA was significantly lower in cells from
F2:11-2, compared with his mother (F2:I-2) and a control (Figure
6A). cDNA sequencing confirmed the presence of the variant in
the quantified transcripts (Figure 6B). Samples from family F4
were not available for testing.

The 5 missense variants (4 in ERBB3 and 1 in ERBB2)
were also absent in the gnomAD database and predicted to be
damaging by SIFT, Polyphen-2, and CADD scores (Table 1).
The affected amino acids are highly conserved and located in
the pseudo-kinase domain of ERBB3 or the kinase domain of
ERBB2 (Figure 1, B and C, and Figure 7, A and B). 3D modeling
using the crystal structure of these domains predicted no mod-
ification due to the ERBB2 variant, but modifications of hydro-
gen bonds were predicted for p.(Thr787Pro), (Thr873Ser), and
p.(GIn932Arg) substitutions in ERBB3 (Figure 7, C and D). These
changes may destabilize the protein and/or modify its confor-
mation and thus, affect its function.

The impact of each variant on ERBB3 and ERBB2 subcellular
localization and function was further analyzed in vitro. Transfec-
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Figure 4. Histology of skeletal muscles, the anterior horn of the spinal cord and dorsal root ganglia of fetuses with ERBB3 mutations. (A-C) H&E-
stained sections of muscle specimens from F3:11-1 (A, quadriceps femoris muscle at 16 WG), F3:11-3 (B, deltoid muscle at 15 WG), and F4:1I-1 (C, psoas
muscle at 18 WG). Note the presence of the unequal caliber of muscle fibers with the presence of numerous myotubes characterized by central nuclei (blue
arrows) compared with the control muscles (C-<16WG, C-15WG, and C-18WG psoas muscles), where muscle fibers are homogeneous in size and density
with most nuclei positioned at the periphery of mature fibers. (D) Analysis at the ultrastructural level by electron microscopy shows isolated primary
myotubes (M1) in fetus F4:11-1, while in the control, secondary myotubes (M2) were observed apposed to the primary myotube (M1). (E) Immunohisto-
chemical analyses using NCL-MHCs and NCL-MHCf antibodies (staining slow and fast myosin heavy chains, respectively) showed the presence of type
I and Il myotubes, respectively. (F) Preserved cyto-architecture of cervical spinal cord of fetus F4:11-1. AH: anterior horn; DRG: dorsal root ganglion. (G)
Higher magnification of boxed regions in F. At the cellular level, both motoneurons in the anterior horn (blue arrows in AH) and sensory neurons in the

dorsal root ganglia (blue arrows in DRC) displayed normal morphology and density. Scale bars: 100 um in A-C, E-G; 2 um in D.

tion of expression vectors containing WT or mutated tagged ver-
sions of human ERBB3 and ERBB2 cDNA followed by immuno-
cytofluorescence experiments using antibodies directed against
each tag and phalloidin (a marker of actin, for visualization of cell
shapes), revealed that none of the variants affects the localization
of the resulting proteins at the cell membrane (Figure 84).

Next, we cotransfected Neuro-2a cells with expression vectors
containing WT ERBB2 and WT or mutated forms of ERBB3 cDNA,
treated the cells with or without NRG1, and analyzed ERBB3 phos-
phorylation levels by Western blotting. An almost total absence of
ERBB3 phosphorylation was observed upon analysis of the 2 vari-
ants identified in family F1, p.(Thr787Pro) and p.(Val899Met),
with or without NRG1. The p.(Thr873Ser) and p.(Gln932Arg)
behaved as WT in this assay (Figure 8, B and C, for quantification).
The phosphorylation of ERBB2 was also impaired for p.(Thr-
787Pro) and p.(Val899Met), and no significant increase in ERBB2
phosphorylation level was observed upon NRG1 treatment for all

J Clin Invest. 2021;131(6):e145837 https://doi.org/10.1172/)C1145837

4 mutants, suggesting alteration of downstream signaling (Figure
8B and quantification in Figure 8D). Similarly, Western blot anal-
ysis revealed a drastic decrease of both ERBB2 and ERBB3 phos-
phorylation upon analysis of the ERBB2 variant (Figure 8E and
quantifications in Figure 8, F and G). Altogether, these functional
analyses demonstrate either total or partial loss-of-function con-
sequences for all missense variants.

Discussion

Here we report 8 patients carrying homozygous or compound
heterozygous variants in ERBB3 or ERBB2 and presenting with a
broad spectrum of developmental anomalies associating neural
crest and extra-neural crest features, including intestinal dysmo-
tility. In vitro studies showed that these variants were either loss-
of-function mutations or hypomorphic alleles due to decreased
expression or altered phosphorylation of the receptors. ERBB3,
and also ERBB2, are thus further examples of genes in which loss-

7


https://www.jci.org
https://doi.org/10.1172/JCI145837

RESEARCH ARTICLE

The Journal of Clinical Investigation

A ErbB3 ErbB2
£
Progenitor £ ¥
0 Neuron 1‘
[Te)
g
<
3
UMAP1 0 _2 0 _1
Progenitor
® scp o Y
® Glia '
0
x Neuron
w
b |
0 1.5 0 1
B Intestine Colon
H&E DAPI TUJ1 H&E DAPI TUJ1
'_
=
€
O]
5
=

Figure 5. Investigation of the cell type specificity of ERBB3/ERBB2 in ENS and ISM development. (A) Expression of ErbB3 and ErbB2 in different popula-
tions identified by scRNA-seq at E15.5 and E18.5. Uniform Manifold Approximation and Projection (UMAP) representations indicate clusters corresponding
to progenitors, Schwann cells precursors (SCP), enteric glia, and neurons. Feature plots show expression of ErbB3 and ErbB2. Color bars indicate expression
level with maximum cut off at the 90th percentile. (B) H&E staining and immunohistochemistry for SMA (green) and TUJ1 (red) on small intestine and
colon sections from WT and Wnt1::Cre Erbb3™/* (Mutant) embryos at E17.5 show normal ISM layer organization. In each case, 10 to 20 sections of n = 3

controls and n = 3 mutants were analyzed. Scale bars: 20 um.

of-function and activating mutations are reported in developmen-
tal disorders and cancer, respectively.

In the literature, intestinal defects were not documented in
patients with biallelic ERBB3 variants (29-33). In our study how-
ever, 4 patients (F1:I1I-3, F2:1I-2, F2:1I-3, and F5:11-2) presented
severe intestinal dysmotility due to HSCR, hypoganglionosis,
and/or CIPO. Following identification of ERBB3 variants, retro-
spective examination of gut histology revealed total colonic agan-
glionosis in both fetuses for which samples were available (F3:1I-1
and F4:1I-1). Altogether, GI alterations were found in at least 6 of

:

8 cases, making them the most common feature of the ERBB3/
ERBB2-associated phenotype in our series. In particular, the com-
bination of HSCR and CIPO in patient F1:II-3 is a previously unre-
ported finding, to the best of our knowledge. Gut histology further
revealed that ganglionic regions of patients with ERBB3/ERBB2
loss of function can be abnormal, causing complex gut dysmotility
that should be anticipated. For better patient care and counseling,
we also propose that patients presenting syndromic HSCR with
persistent postoperative gut motility disorders should be screened
for ERBB3/ERBB2 genetic variations.
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Figure 6. Decreased ERBB3 expression due to the c.3297delG variant. (A) ERBB3 mRNA expression level in fibroblasts determined by RT-gPCR. F2:1I-2 and
F2:1-2 represent the patient and his mother, respectively. The relative abundance of the ERBB3 amplicon was normalized to the GUSB internal control and
presented relative to that of cells from the control. Data represent mean + SEM (in black) of relative gene expression of n = 6 independent biological replicate
experiments (in gray) performed in triplicate. Statistical differences were determined using a 2-tailed t test on ACt values and Holm-Bonferroni correction.
NS: P > 0.05. **P< 0.01, ***P < 0.001. (B) Sanger sequencing identified the c.3297delG variant in genomic DNA (gDNA) extracted from peripheral blood
samples and in cDNA amplified from the patient and his mother’s fibroblast, and its absence in a control.

As for all monogenic syndromes predisposing to HSCR
described thus far, the HSCR trait shows high but incomplete pen-
etrance in the ERBB3/ERBB2-associated multisystemic syndrome.
While the ERBB3 variants identified in our cohort appear sufficient
to cause HSCR, we cannot exclude the possibility that additional
genetic factors may contribute to the phenotype in the affected
siblings reported here with a homozygous ERBB2 variant. Inves-
tigation of a larger cohort of ERBB3/ERBB2-variant carriers with
or without HSCR would allow us to address this issue. Regarding
the ligand, the association of NRGI rare variants and a RET intron-
ic low-predisposition variant has previously been reported in less
than 1% of isolated HSCR cases in Spanish and Chinese popula-
tions (37-39). Our own screen of 121 French individuals with HSCR
revealed a de novo truncating variant in NRGI (NM_013960.4:
¢.608C>G, p.(Ser203%)) in a male patient with isolated short-
segment HSCR, who also harbored a low-effect noncoding vari-
ant in RET (our unpublished observations). Altogether, these data
demonstrate that dysregulation of the NRG1/ERBB3/ERBB2 path-
way can lead to HSCR in humans, and that the penetrance of this
trait may be influenced by variations in the RET locus.

Apart from the combination of HSCR and CIPO in the patient
F1:II-3, the observed GI manifestations of the patients studied
here are reminiscent of those described in patients with SOX10
monoallelic variants. Initially implicated in type IV Waardenburg
syndrome (WS4, defined by pigmentation defects, deafness, and
HSCR), SOX10 variants have now been identified in patients with
either HSCR, hypoganglionosis, or CIPO (51-55). In the 4 reported
CIPO cases, rectal and intestinal biopsies showed normal gangli-
onic cells, but the muscle layers were not scrutinized (53-55). Con-
sidering the role of SOX10 in ENS development, CIPO is probably
neurogenic in these cases. In our study, one of the patients with
HSCR presented quantitative and topologic anomalies of the
ENS and abnormal ISM upon histology of intestinal specimens.
Whether these alterations are independent or interdependent is
unclear. In favor of the latter hypothesis, it has been shown that
ENS defects may impact gut muscle cell differentiation and vice
versa (56, 57). Indeed, the ablation of neural crest-derived cells in
the stomach of chick embryos causes a reduction in the expression

J Clin Invest. 2021;131(6):e145837 https://doi.org/10.1172/)CI145837

of smooth muscle differentiation markers (56). The inhibition of
early ISM differentiation also hinders the patterning of the enteric
plexus in chick (57). However, mesenchymal differentiation initi-
ates well before colonization by enteric progenitors in the colon
(58), and the ISM is able to form ex vivo despite the absence of
enteric plexuses (57). Of interest, analysis of scRNA-seq data
showed prominent ErbB3 expression in the murine ENS, while
no detectable ERBB3 expression was observed in ISM in human
embryos (49). Our reevaluation of the phenotype of neural crest-
specific Erbb3-deficient mice also showed no gross alteration of
the 2 muscle layers in mutants compared with controls at E17.5,
suggesting that the ISM develops independently of the ENS-
derived ERBB3 signaling up to this stage. Altogether, these data
suggest that the CIPO identified in patient F1:II-3 is likely neuro-
genic, while the cause of the ISM abnormality is unclear. Inter-
estingly, most CIPO cases are classified as myogenic, with mixed
alterations of ENS and ISM observed, highlighting the difficulty in
attributing a primary cause for this disorder.

In addition to gut alterations, a peripheral neuropathy was
described in 3 of 8 patients reported here. F1:1I-3 suffered from
progressive peripheral neuropathy and dysautonomia with tachy-
cardia, hyperesthesia, and hyperhidrosis. In this patient, quanti-
tative sudomotor function testing measured by electrochemical
skin conductance provided evidence for the degeneration of the
unmyelinated nerve fibers innervating sweat glands (59). Con-
secutive electroneuromyography studies displayed a progressive
axonal motor and sensory neuropathy with decreased nerve con-
duction amplitude, while nerve conduction velocities were in the
normal range. Of interest, knockout of either Erbb3 or Erbb2 in
mice results in degeneration of motor neurons in the ventral horn
and sensory neurons in the dorsal root ganglia (42, 43). However,
these neuronal defects were considered as non-cell autonomous
and secondary to a depletion or total absence of Schwann cell pre-
cursors along peripheral nerves (42, 43). The differences observed
between mice and patient F1:1I-3 have no explanation so far and
require further investigation.

Besides a complex neurocristopathy, extra-neural crest
anomalies were noted in the patients reported here and in others
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Figure 7. Conservation and 3D analysis of ERBB3 and ERBB2 variants. (A and B) Conservation of the relevant amino acids in human (h), mouse (m),
chick (c), and zebrafish (z); asterisks indicate conserved residues in ERBB3 (A) and ERBB2 (B). (C) 3D modeling showing the positions of the identified
variants on the crystal structure of the pseudo-kinase domain of ERBB3 (left side) and structural analysis of WT and mutants (right side). Hydrogen
bonds are shown in green. Mutations are indicated in different colors (red: p.(Thr787Pro); blue: p.(Val899Met); yellow: p.(Thr873Ser); pink: p.(GIn932Arg))
and presented by family. The WT proteins are depicted in the left column and the mutant versions on the right. Note the p.(Thr787Pro) variant is
expected to cause a loss of 2 hydrogen bonds between the Thr787 and the Cys740 residues, while p.(Thr873Ser) and p.(GIn932Arg) are predicted to add

a hydrogen bond between the substituted amino acids and the GIn865 or the Pro933 residues, respectively. (D) 3D modeling showing the position of the
identified variant on the crystal structure of the kinase domain of ERBB2 (left side) and structural analysis of WT and mutant (gray: p.(Ala710Val); right

side). Note absence of modifications.

in the literature with biallelic variants in ERBB3. Arthrogryposis
was previously attributed to atrophy of neurons in the anterior
horn following autopsy of one individual (29). However, the
fetus F4:1I-1 in our cohort had normal motor and sensory neu-
rons, while altered skeletal muscle cells were documented in all 3
fetuses: F3:1I-1, F3:1I-3, and F4:II-1. Indeed, histological findings

of muscle fibers with centralized nuclei suggest either a patholog-
ical development or a maturation delay of skeletal muscles (60,
61). In favor of the latter, isolated primary myotubes and a paucity
of secondary myotubes were observed in the fetus F4:II-1, while
type I and type II fibers appeared normal. These observations
argue for myogenic arthrogryposis in the affected fetuses, which

J Clin Invest. 2021;131(6):e145837 https://doi.org/10.1172/)CI145837
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Figure 8. Functional consequences of ERBB3 and ERBB2 missense variants.

(A) Subcellular localization of ERBB3 and ERBB2 mutant proteins. DAPI

(blue), an antibody directed against the tagged ERBB3 (anti-HA, green) or tagged ERBB2 (anti-FLAG, green) receptors and phalloidin (red) were used to

visualize subcellular localization of mutant proteins. In each case, 100 cells in

each of n = 3 independent experiments were observed. Merge representative

images are presented, with fluorescence intensity graphs on the right depicting the colocalization, with red and green lines indicating the corresponding
fluorescence of phalloidin and tagged protein, respectively. Variants are presented per family and compared with controls (WT ERBB3 or WT ERBB2). Scale
bars: 10 um. (B-G) Phosphorylation of ERBB3 and ERBB2 analyzed by Western blot, following transfection of Neuro-2a cells with WT or mutant ERBB3-
and ERBB2-encoding plasmids. Representative gels (B and E) along with quantifications (C, D, F, and G, respectively) are shown. Actin beta (ACTB) was
used as loading control. Cells were untreated (-) or treated (+) with NRG1. ERBB3 mutants are shown in B-D and the ERBB2 mutant in E-G compared with
WT proteins (WT). InC, D, F, and G, data represent mean + SEM. Statistical differences were determined from data of at least n = 3 independent biological
replicate experiments using Mann-Whitney tests. After Holm-Bonferroni correction, NS: P > 0.05, *P < 0.05, **P < 0.01. MW: molecular weight.

is in accordance with the involvement of ERBB3 in the develop-
ment of skeletal muscles (62, 63). Other nonneural crest defects
are hypoplasia or agenesis of the olfactory bulbs in 3 affected indi-
viduals (F1:I1-3, F2:1I-3 and F4:1I-1), in line with the expression of
ERBB3 in the olfactory bulbs and olfactory epithelium (24). Final-
ly, mixed alterations of neural crest and nonneural crest deriva-
tives might explain the tetralogy of Fallot in the fetus F3:1I-3, as
well as microretrognathia and the anomalies of the auricles and
the external ear canal observed in all affected individuals with
biallelic variants in ERBB3 in our cohort.

J Clin Invest. 2021;131(6):e145837

Altogether, we have delineated a broad spectrum of develop-
mental anomalies involving neural crest- and nonneural crest-
derived tissues, due to dysregulation of the NRG1/ERBB3/ERBB2
pathway. The GI dysmotility observed in affected individuals is
complex and can manifest as HSCR, hypoganglionosis, and/or
CIPO in various combinations.

Methods

Patients, exome sequencing, and variant prioritization. In this study, we
included 8 affected individuals presenting complex neurocristopathies

+
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and/or extra-neural crest features: 5 patients with neurocristopathies
(4 of them with HSCR, 3 with peripheral neuropathy) and 3 fetuses
with arthrogryposis multiplex congenita. The major clinical features
of each case are summarized in Table 1 and details are provided in
Supplemental Table 1 and in the Supplemental Data. WES and data
analysis were performed as previously described (64) using genomic
DNA isolated from blood leukocytes or fetal lung. Upon exome anal-
ysis, no mutations in genes previously associated with HSCR or other
ENS disease were found (3).

Histology and immunohistochemistry on tissues from patients and
controls. Histological samples were formalin-fixed and paraffin-
embedded. Four-um-thick sections were stained with H&E. Immu-
nohistochemical studies were performed on formalin-fixed, paraffin-
embedded tissue sections on a Leica Bond 3 Max system, using the
following antibodies: anti-S100 (Dako, Z0311, RRID:AB_10013383,
1/1000), anti-SMA (Dako, 1A4, RRID:AB 2223500, 1/300),
anti-Desmin (Agilent, M0760, RRID: AB2335684, 1/100), c-KIT
(CD117, Agilent, A4502, 1/100), anti-PHOX2B (Abcam, ab183741,
RRID:AB 2857845, 1/1000), anti-Myosin heavy chain (slow) (NCL-
MHCs, Visionbiosystem Novocastra, 1/60, clone WB-MHCs), and
anti-Myosin heavy chain (fast) (NCL-MHCI, Visionbiosystem Novo-
castra, 1/30, clone WB-MHC). All slides were scanned and visualized
using NDPview2 software. Muscle biopsies were fixed in glutaralde-
hyde and embedded in Epon for electron microscopy examination.

Histology and immunohistochemistry on tissues from ErbB3-
deficient mice. Erbb3*/** animals (Erbb3tm3Cbm/Erbb3tm3Cbm,
RRID: MGI:5588162, maintained on B6D2F1background, a gift from
C. Birchmeier, Max Delbriick Center for Molecular Medicine, Berlin,
Germany) were crossed with the Wntl:Cre line (129S4.Cg-E2f1T-
g(Wntl-cre)2Sor/], RRID: IMSR_JAX:022137). Litters were then inter-
crossed to obtain E17.5 embryos of interest. Primers used for genotyping
are provided in Supplemental Table 2. Mouse guts were dissected and
fixed in 4% paraformaldehyde, embedded in paraffin, sectioned, and
stained with H&E. Alternatively, fixed tissues were frozen in Optimal
Cutting Temperature media (OCT, Sakura), cut into 8 pm sections and
used for immunohistochemistry experiments using the following anti-
bodies: anti-SMA (Abcam, ab5694, rabbit, 1/300), anti-TUJ1 (Covance,
MMS-435P, mouse, 1/1000), anti-rabbit Alexa Fluor 488 (Invitrogen,
1/500), and anti-mouse Cy3 (Invitrogen, 1/500). Preparations were
then mounted in Vectashield containing DAPI medium (Vector Labora-
tories) and observed using a Zeiss Confocal LSM 700.

RNA isolation and RT-qPCR. Fibroblasts were isolated from skin
biopsies from patient F2:II-2 and his mother F2:I-2 and grown in
reduced serum medium (Opti-MEM, Life Technologies) supplemented
with 10% FBS, 100 pg/mL streptomycin, and 100 U/mL penicillin
(Life Technologies) at 37°C, 5% CO,. Along with an appropriate con-
trol, these fibroblasts were used to extract total RNA using the RNeasy
Mini Kit, and treated with DNase from an RNase-free DNase Set (Qia-
gen). cDNA was reverse transcribed from 500 ng total RNA using the
Verso ¢cDNA Synthesis Kit (Thermo Scientific). ERBB3 ¢cDNA levels
were then measured by quantitative PCR using the GoTaq qPCR Mas-
ter Mix (Promega) on a Mastercycler RealPlex? (Eppendorf) using the
primers listed in Supplemental Data.

Modeling of the human ERBB2 and ERBB3 variants. Structural
analysis was performed on crystal structures of the pseudo-kinase
domain of ERBB3 (PDB ID: 3KEX) (65) and the kinase domain
of ERBB2 (PDB ID: 3PPO) (66) using the UCSF Chimera software
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(https://www.cgl.ucsf.edu/chimera/). The hydrogen bonds between
the WT or mutated residues and the surrounding amino acids were
visualized for comparison.

Plasmids and site-directed mutagenesis. The full-length human
ERBB3 (NM_001982.3) and ERBB2 (NM_001005862.2) cDNA with
hemagglutinin peptide (HA) tags cloned into the pcDNA3.1 vector
(pcDNA3.1-HA-ERBB3 and pcDNA3.1-HA-ERBB2) were a gift from
Bridget Wilson’s lab at the University of New Mexico (67). The HA
tag in the pcDNA3.1-HA-ERBB2 construct was subsequently replaced
by the FLAG tag using an In-Fusion HD Cloning Kit following the
manufacturer’s instructions (Takarabio). Site-directed mutagenesis
was performed to introduce specific single-nucleotide variations into
the ERBB3 and ERBB2 cDNA in the above plasmids using mutation-
containing primers and the Phusion Hot Start Flex DNA Polymerase
(New England Biolabs). The purification of the plasmids was per-
formed using a NucleoBond Xtra Midi kit (Macherey-Nagel). The
entire sequences of the WT and mutated plasmids were verified by
Sanger sequencing. All primers are listed in Supplemental Table 2.

Cell culture, transfections, and NRGI stimulation. Neuro-2a cells
(RRID:CVCL_0470, ATCC CCL-131) were grown in DMEM (Life
Technologies) supplemented with 10% FBS, 100 pg/mL strepto-
mycin, and 100 U/mL penicillin (Life Technologies) at 37°C, 5%
CO,. One hundred nanograms of plasmids carrying WT or mutant
hemagglutinin peptide HA-ERBB3 ¢cDNA and 100 ng plasmids car-
rying WT or mutant HA- or FLAG-tagged ERBB2 cDNA, alone or
together, were transfected into Neuro-2a cells in 24-well plates con-
taining coverslips (150,000 cells/well) or in 6-well plates (300,000
cells/well) using Lipofectamine and Plus Reagent (Thermo Fisher
Scientific). Forty-eight hours after transfection, cells were fixed in
4% paraformaldehyde or methanol and kept in PBS for subsequent
immunohistochemistry experiments. Alternatively, after 48 hours
cells were starved in FBS-free DMEM for 2 hours and stimulated for
1 hour at 37°C with 100 ng/mL heregulin (thNRG1, Cell Signaling
Technology). Untreated or treated cultures were subsequently used
to perform Western blot experiments.

Immunocytochemistry experiments on transfected Neuro-2a cells.
Fixed cells were blocked in PBS with 3% BSA (MilliporeSigma) for 3
hours. Slides were then incubated overnight at 4°C in PBS with 1% BSA
and the appropriate antibodies from the following list: anti-HA (Roche
Applied Science, clone 12CA5, RRID:AB_514506, mouse, 1/300), anti-
FLAG (Merck, F7425, RRID:AB_439687, rabbit, 1/300), Alexa Fluor
488 donkey anti-mouse (Life Technologies, 1/300), and Alexa Fluor
555 donkey anti-rabbit IgG (Life Technologies, 1/300). Briefly, anti-
HA or anti-FLAG antibodies were used in combination with Texas
Red-X phalloidin (Invitrogen, 1:500) staining. Slides were mounted in
Mounting Medium for Fluorescence with DAPI (Vector Laboratories)
and examined with a LSM 700 laser scanning confocal microscope
(Carl Zeiss) to analyze subcellular localization of ERBB3 and ERBB2.
Image analysis and quantification of receptor molecules at the mem-
brane were performed using the Image]J software.

Western blot. Cells in 6-well plates were washed with ice-cold PBS
and harvested in Pierce RIPA buffer containing protease and phospha-
tase inhibitors (Thermo Fisher Scientific). The total protein levels were
determined by bicinchoninic acid (BCA) protein assay using the BCA
Protein Assay Kit (Thermo Fisher Scientific). A total of 40 ug protein
per sample was run on a polyacrylamide gel and transferred to a PVDF
membrane using the Trans-Blot Turbo Transfer System (Bio-Rad).
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Phosphorylated ERBB3 and total ERBB3 were detected on the same
blots before and after stripping using the following antibodies: anti-
P-ERBB3 (Cell Signaling, Y1289 D1B5, rabbit, 1/1000), anti-ERBB3
(Cell Signaling, D22C5, RRID:AB_2721919, 1/1000), and rabbit IgG-
HRP and mouse IgG-HRP (Abcam, ab6789, 1/10000). Similar exper-
iments were performed using rabbit P-ERBB2 (Cell Signaling, Y1248,
1/1000) and rabbit ERBB2 (Cell Signaling, 29D8, RRID:AB_10692490,
1/1000) antibodies. Mouse anti-actin beta (Abcam, RRID:AB 306371,
1/2500) was used as a loading control. Blots were visualized using the
Amersham ECL Prime Western Blotting Detection Reagent (GE Health-
care), a ChemiDoc XRS+ System and the ImageLab software (Bio-Rad).
Note that Neuro-2a cells transfected with empty plasmid were used as
negative controls and showed an absence of endogenous ERBB3 and
ERBB2 expression (data not shown).

Single-cell RNA-sequencing data sets and analysis. Single-cell
RNA-sequencing(sc-RNAseq) data sets were previously published,
deposited under accession GSE149524 at Gene Expression Omnibus,
and consisted of embryonic ENS isolated from small intestine of Wn-
ICre-R26RTomato mice at E15.5 and E18.5 (68). scRNA-seq data sets
were analyzed as previously described (68). Both neuroblasts and dif-
ferentiating neurons were classified as neurons in Figure 5A.

Statistics. All statistical analyses and graphing were done using R.
Data are presented as mean + SEM in the graphs, and were analyzed
using unpaired 2-tailed Student’s ¢ tests for comparisons of samples
with normal distribution, and Mann-Whitney tests for comparisons of
samples without assumption of normal distribution. The P values were
adjusted for multiple comparisons using the Holm-Bonferroni method
and presented as follows: NS P> 0.05, *P< 0.05, ** P<0.01, ** P<0.001.

Study approval. This research received a favorable opinion from
the Ethics Committee of Paris Ile-de-France II (2015-03-03). Written
informed consent to participate in biomedical research was obtained
from the legal representative(s) of all patients. Animal studies were
conducted in accordance with the guidelines issued by the French
Ministry of Agriculture and were approved by the Direction Départe-
mentale des Services Vétérinaires de Paris.
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