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Mutations in Subunits of the Activating Signal
Cointegrator 1 Complex Are Associated with Prenatal
Spinal Muscular Atrophy and Congenital Bone Fractures
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Transcriptional signal cointegrators associate with transcription factors or nuclear receptors and coregulate tissue-specific gene transcrip-
tion. We report on recessive loss-of-function mutations in two genes (TRIP4 and ASCC1I) that encode subunits of the nuclear activating
signal cointegrator 1 (ASC-1) complex. We used autozygosity mapping and whole-exome sequencing to search for pathogenic mutations
in four families. Affected individuals presented with prenatal-onset spinal muscular atrophy (SMA), multiple congenital contractures (ar-
throgryposis multiplex congenita), respiratory distress, and congenital bone fractures. We identified homozygous and compound-hetero-
zygous nonsense and frameshift TRIP4 and ASCC1 mutations that led to a truncation or the entire absence of the respective proteins and
cosegregated with the disease phenotype. Trip4 and Asccl have identical expression patterns in 17.5-day-old mouse embryos with high
expression levels in the spinal cord, brain, paraspinal ganglia, thyroid, and submandibular glands. Antisense morpholino-mediated knock-
down of either trip4 or ascc1 in zebrafish disrupted the highly patterned and coordinated process of a-motoneuron outgrowth and formation
of myotomes and neuromuscular junctions and led to a swimming defect in the larvae. Immunoprecipitation of the ASC-1 complex consis-
tently copurified cysteine and glycine rich protein 1 (CSRP1), a transcriptional cofactor, which is known to be involved in spinal cord regen-
eration upon injury in adult zebrafish. ASCC1 mutant fibroblasts downregulated genes associated with neurogenesis, neuronal migration,
and pathfinding (SERPINF1, DAB1, SEMA3D, SEMA3A), as well as with bone development (TNFRSF11B, RASSF2, STC1). Our findings indi-
cate that the dysfunction of a transcriptional coactivator complex can result in a clinical syndrome affecting the neuromuscular system.

Introduction

Arthrogryposis multiplex congenita (AMC) comprises a
heterogeneous group of disorders that has a prevalence
of 8.5/100,000 individuals and an incidence of 1/3,000-
5,000 births and shares multiple congenital joint contrac-
tures as a defining feature.”> AMC is caused by limited fetal
movement (akinesia) resulting from conditions that
impede intrauterine neuromuscular development.® Much
has been learned from AMC-causing gene defects about
the development of the human neuromuscular system.
Mutations can affect the genes of structural proteins of
the contractile apparatus,”® trophic factors, proteins impli-
cated in pathfinding®® and myelination,” receptor pro-
teins,®” or proteins involved in transmitter release.'®

In six out of seven individuals from our study, AMC
occurred together with congenital bone fractures. From
the epidemiologic view, congenital bone fractures are an
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extremely rare condition and are mainly due to trauma or os-
teogenesis imperfecta.'' A retrospective birth register study
of 343,941 newborns from Sweden uncovered 68 cases of
multiple congenital contractures (incidence ~1/5,100).
Of these 68 children, 14 had amyoplasia (incidence
~1/45,000), 18 had different neuromuscular disorders (inci-
dence ~1/19,100), and only 2 had perinatal fractures (inci-
dence ~1/172,000), although it was not mentioned to
what group the latter two individuals belonged. Hall et al.
analyzed the clinical symptoms of amyoplasia, the most
frequent subform of AMC, and found a much higher fre-
quency of congenital bone fractures among these children,
in the range of ten percent.'” Other rare disorders in which
AMC associates with congenital bone fractures occur with
mutations in UBAI (formerly UBEI, X-linked spinal
muscular atrophy type 2 [SMAX2] [MIM: 301830]),"*'*
FKBP10 (Bruck syndrome type 1 [MIM: 259450]),"> and
ERBB3 (lethal congenital contracture syndrome type 2
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[LCCS2] [MIM: 607598])'° and in several forms of nemaline
myopathy.'”~'? Although the most severe form of infantile
spinal muscular atrophy (SMA type 1, Werdnig Hoffmann
disease [MIM: 253300]) is often associated with fetal akine-
sia, congenital bone fractures seem to be a rarity in this con-
dition. In these children, fractures might occur later in life
due to inactivity. We only found a single publication in
which a case of SMA type 1 plus congenital bone fractures
had been verified on the molecular level through detection
of an SMNI deletion.”” In most published cases of SMA
plus congenital bone fractures, SMNI deletions had been
excluded.?'~2* Hence, we set out to search for mutations in
other genes that might involve neuromuscular develop-
ment as well as bone metabolism in three families with six
affected children who had AMC plus congenital fractures.
Gene mapping and whole-exome sequencing (WES) re-
vealed mutations in two genes that encode subunits of a
transcriptional signal cointegrator complex.

Transcriptional signal cointegrators associate with tran-
scription factors or with nuclear receptors in multi-pro-
tein complexes and are able to bi-directionally affect the
link between receptor and transcription machinery, either
as corepressors or coactivators. They enable the functional
integration of multiple transcription factors*® and thus
fine-tune cell metabolism and transcription depending
on environmental cues”® or provide tissue specificity.”’
Over the past few years, a number of studies have shown
that coactivator complexes are often bi-functional pro-
teins that do not only coactivate transcription mediated
by specific transcription factors, like nuclear hormone re-
ceptors, but also participate in pre-mRNA processing and
regulation of splicing.”® The tetrameric ASC-1 transcrip-
tional cointegrator complex is composed of the following
four subunits.”’ TRIP4 (thyroid receptor interacting
protein 4 [MIM: 604501]) contains a conserved cysteine-
rich Zn-chelating domain, which binds transcription
factors,”” and a conserved C-terminal domain, which har-
bors a RNA-binding PUA domain®® thought to be an
ancient structural motif for RNA-protein interactions.
ASCC1 (ASC-1 complex, subunit 1 [MIM: 614215])
has an RNA-binding KH domain fused to a 2H RNA-phos-
phoesterase.””*' Not much is known about the ~100 kDa
subunit ASCC2 (ASC-1 complex subunit 2 [MIM:
614216]). The largest subunit of ~200 kDa, ASCC3
(ASC-1 complex subunit 3 [MIM: 614217]), is an RNA
helicase and shows paralogy to the small nuclear ribonu-
cleoprotein 200, which is involved in RNA splicing.
Hence, the ASC-1 complex is likely to be a ribonucleopro-
tein complex that participates in transcriptional coactiva-
tion, as well as in RNA processing events.

Methods

Ethics
Human samples were collected according to guidelines laid down
in the Declaration of Helsinki in the amended version of 2013. All

caretakers provided written informed consent for all investiga-
tions of the study (IRB approval of the Charité EA2/092/06). Zebra-
fish were raised and used in compliance with the guidelines
approved by the animal care and use committee at the National
Institute of Genetics (Japan).

Haplotype and Mutation Analysis

Autozygosity mapping®” was performed with members of families
A, B, and D (Figures S3-S5, members indicated by an asterisk on
the pedigrees in Figure 2). WES was done in three index case indi-
viduals (B.II_01, D.II_02, D.II_03), as previously described.** DNA
analyses were done with genomic DNA from blood leukocytes. For
SNP analysis, we used the GeneChip Human Mapping 250K SNP
Array (Affymetrix) and analyzed each separate family with the
HomozygosityMapper software for autozygous regions that were
only present in affected children and not in unaffected family
members.*

For WES, we captured the exonic sequences by using the SeqCap
EZ Human Exome Library v.3.0 (NimbleGen) and sequenced them
on a HiSeq2000 (Illumina) machine. The paired-end reads were
aligned to the 1000 Genomes GRCh37.p11 human reference
sequence with the Burrows-Wheeler Aligner (BWA)-MEM
v.0.7.1** and then fine-adjusted and called for deviations from
the human reference with the Genome Analysis Toolkit (GATK)
v.2.7 in all exonic + 50 bp flanking regions.*® For coverage details,
see Table S2. The resulting variants were filtered for homozygosity
(e.g., the absence of more than four homozygotes in the 1000
Genomes Project or of more than 20 homozygotes in the Exome
Aggregation Consortium [ExAC] database) and the presence of
the variant in the autozygous interval. These variants were then
assessed by the MutationTaster software for potential pathoge-
nicity.*® Variants and their segregation were verified by bi-direc-
tional Sanger sequencing with the BigDye Terminator method
(Applied Biosystems). Subsequently, we searched for TRIP4 and
ASCC1 mutations in 11 unrelated children with AMC, respiratory
distress, and congenital bone fractures by performing sequence
analysis of the entire open reading frame and intron-exon borders
of both genes; genomic primers are listed in Table S8.

Analysis of TRIP4 Splice Isoforms

In order to explain the identity of the additional bands on the
TRIP4 western blot, we used RT-PCR. mRNA from muscle tissue
of affected children and control indiviuduals was reversely tran-
scribed into cDNA and amplified with various primer combina-
tions with forward primers (located at exons 1-5) and reverse
primers (located at exons 8-13). Resulting PCR products were
subcloned and subjected to bi-directional automatic Sanger
sequencing. Resulting sequence fragments were aligned to the
TRIP4 reference sequence with the STAR v.2.4.0 software, which
is able to identify novel splice junction sites.® For the identifica-
tion of different splicing patterns in RNA-seq datasets from the
GEO repository (Figure 3), we used the STAR v.2.4.0 aligner fol-
lowed by analysis with the Cufflinks v.2.2.1 software suite.®”

Histology

Cryosections from muscle biopsy specimens were stained with
GOmori trichrome, H&E non-specific esterase, and ATPases pre-
incubated at pH 4.3, 4.6, and 9.4, as well as with primary anti-
bodies directed against myosin heavy chain: MHCqow, MHCtyst,
MHCeo, and MHCge,. Signals were visualized with appropriate
secondary antibodies and the diaminobenzidine system. Zebrafish
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morphants were anesthetized at 48 hours post fertilization (hpf) in
0.02% tricaine (Sigma), fixed in cacodylate-buffered (pH 7.2) 2%
glutaraldehyde, and prepared for electron microscopy as previ-
ously described.*® The skeletal muscle was likewise processed for
electron microscopy. For antibodies, see Table S9.

Western Blot

Western blot was performed with protein extracts from muscle
and fibroblasts as previously described.”” We used antibodies
against TRIP4 and ASCCI1. Anti-pan-Actin was used as loading
control for muscle and B-tubulin for fibroblasts. Bands were visu-
alized by chemiluminescence with peroxidase-labeled secondary
antibodies. For antibodies, see Table S9.

Cell Sub-fractionation

Fibroblasts were yielded from nearly confluent plastic culture
flasks by trypsination. Cross linking was done in DMEM with
1% formaldehyde for 10 min on ice. The reaction was stopped
by adding glycine to a concentration of 130 mM, and the cells
were spun down at 250 x g for 7 min. The pellet was resuspended
in LF buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5 mM EDTA,
0.5% NP40, 1.15% Triton X-100, one Complete tablet [Roche])
and incubated for 10 min on ice. The cell suspension was then
transferred into a Dounce tissue grinder where cells were broken
by 10 up and down strokes and centrifuged for 10 min at 4°C at
3,000 x g. The supernatant was kept at —80°C as the cytosolic frac-
tion. The pellet containing the nuclei was resuspended in freshly
prepared nuclear lysis buffer (10 mM Tris-HCI [pH 8.0], 100 mM
NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate, 0.5%
N-lauroylsarcosine, one Complete tablet) and sonicated 10 times
for 10 s on ice. Finally, a 1/10 volume of Triton X-100 was added
and a centrifugation at 16,000 x ¢ for 1 min was performed to re-
move debris. The supernatant was kept as the nuclear fraction.

Immunoprecipitation

500 pg protein of the nuclear fraction were mixed with 2 ng of spe-
cific antibody and incubated in 500 pl nuclear lysis buffer on a ro-
tator at 4°C overnight. Washed 50 pl Protein-G Sepharose beads
were then added and incubated on a rotator at 4°C overnight to
let the beads bind to the specific antibodies. Beads were then
spun down at 2,000 x g at 4°C for 2 min. The supernatant con-
tained the unbound fraction. The bead pellet was then washed
six times with wash buffer (50 mM HEPES-KOH [pH 7.55], 1 mM
EDTA, 1.0% NP40, 0.7% Na-deoxycholate, 500 mM LiCl). For
western blot, the beads were finally washed once with TE buffer
(10 mM Tris-HCI [pH 8.0], 1 mM EDTA, 50 mM NaCl). Protein
was eluted from the beads with elution buffer (50 mM Tris-HCI
[pH 8.0], 10 mM EDTA, 1.0% SDS). Remaining beads were spun
down at 2,000 x g at 4°C for 2 min, and the supernatant was
used for SDS-PAGE. For mass spectrometry, the beads were finally
washed once with 50 mM ammonium-bicarbonate (pH 8.0) and
spun down at 2,000 x g for 2 min at 4°C. After removal of the su-
pernatant, the pellets were frozen on dry ice.

Trip4 and Asccl In Situ Expression Analysis in Mice
and Zebrafish

Studies of Trip4 and Asccl gene expression were done in axial and
sagittal sections of whole C57BL6/] mouse embryos (embryonic
day 17.5 [E17.5]) by in situ hybridization as previously des-
cribed.*” Mouse embryos were embedded in TissueTek (Sakura),
and longitudinal and axial sections were prepared on a cryostat.

Riboprobes of ~600 bp length were generated by RT-PCR from
mouse muscle with tailed primers (Table S8) and cloned into the
pCR-Script vector (Clontech). After linearization of the vector,
antisense and sense DIG-labeled probes were generated with T3
and T7 RNA polymerase (DIG RNA Labeling Kit, Roche), respec-
tively. Hybridization was performed overnight at 60°C followed
by a colorimetric reaction at room temperature (24-48 hr). Slides
were photographed with a 20x lens on a DMI4000 (Leica) micro-
scope. Single visual fields were joined by the tiling-software
(Image-Pro Premier v.9.1) of the microscope to generate the
cross-sectional image of the spinal cord and adjacent structures
(Figure 4, Figures S6 and S7). Whole-mount in situ hybridization
of zebrafish was performed as previously published,® with trip4
and asccl DIG-labeled antisense probes, and labeling with the
respective sense probes did not detect any significant signal.

Functional Analysis in Zebrafish

MO-Mediated Knockdown of trip4 and asccl

Two different antisense morpholino oligonucleotides (MOs) were
designed against the splice acceptor sites of zebrafish trip4 (bound-
ary of intron 4 and exon 5) and asccl (boundary of intron 3 and
exon 4) (Figures S8-S10). These antisense MOs and a standard
negative control MO were purchased from Gene Tools. The se-
quences of these MOs and the control MO are depicted on Table
S8. Zebrafish embryos were injected with 5 ng of MOs at the
one- or two-cell stage in three independent trials and studied as
previously published.® At these dosages, the control MO produced
no discernible phenotype change.

Quantification of MO-Mediated trip4 and assc1 Knockdown on the
MRNA Level

Total RNA was extracted from a mixture of five MO-injected em-
bryos and subjected to RT-PCR with the SuperScript III kit (Life
Technologies) for reverse transcription. The number of reaction
cycles for PCR was 23 for trip4 and asccl and 18 for bactin. All
primer sequences are provided in Table S8. Quantitative analysis
was done by measurement of band intensities of trip4, asccl, and
bactin with the Image] software, and p values were calculated
with the t test.

Quantification of MO-Mediated trip4 and assc1 Knockdown on the
Protein and Morphological Levels

For morphological analysis of a-motoneurons and neuromuscular
junctions, zebrafish embryos (36 hpf) were anaesthetized in 0.02%
tricaine (Sigma) and fixed in 4% paraformaldehyde (Sigma) at 4°C
overnight and subjected to immunostaining as described previ-
ously (Figure 5).° The following antibodies and labeling reagents
were used: anti-synaptotagmin (znp-1, 1:100), AlexaFluor488-con-
jugated anti-mouse immunoglobulin G (IgG, 1:1,000), and
AlexaFluor594-conjugated a-bungarotoxin (1:1,000). Fluorescent
images were captured with a confocal microscope (SP5, Leica).
For antibodies, see Table S9. To quantity the reduction of neuro-
muscular junctions in the morphants, we densitometrically
measured the intensities of the a-bungarotoxin staining in control
and morphant zebrafish larvae by using Image]. Statistic analysis
was done by t test.

Movement Analysis of Zebrafish

At 1 dpf, the chorion of the embryos was removed to allow touch
access to the embryos. Embryos showing retarded development or
developmental malformations, which were even seen in un-in-
jected wild-type clutch, were removed before assay. Tactile stimu-
lation was applied to the tail with a forceps (Movies S1, S2, and S3).
Touch responses of MO-injected embryos (morphants) were video
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recorded at 30 hpf with a high-speed camera at 200 frames per sec-
ond (HAS-220, Ditect).*! The normal touch response of control
morphants at 1 dpf is a vigorous coiling behavior, twisting their
tail to the trunk (“full coil”), but asccl and trip4 morphants dis-
played only a faint twitch without coiling their tail to the trunk
(“partial coil”). The ratio of abnormal embryos showing partial
coil to total embryos in the three experimental trials is provided
in Table S3. Statistic analysis was done by the > test.

Rescue of MO-Knockdown with trip4 and ascc1 Constructs
Full-length zebrafish trip4 and asccl1 cDNAs were cloned into the
pCS2+ zebrafish expression vector with the oligonucleotide
primers detailed in Table S8. The trip4 nonsense mutation leading
to a truncation of the protein (zebrafish, p.Lys265*; corresponding
alteration in humans, p.Arg278*) and the asccl frameshift muta-
tion, also leading to a truncation of the protein (zebrafish,
p-Glu53Glyfs*) were introduced by site-directed mutagenesis.
100 pg of trip4 or asccl wild-type and mutant RNA were then in-
jected into zebrafish embryos along with trip4 or asccl MOs, and
the morphants were assayed for touch response and motoneuron
and neuromuscular junction labeling (Figure S11, Table S5).

Cell Culture

Low passage skin fibroblasts of two affected children and four age-
matched control individuals were grown to semi-confluency in
DMEM supplemented with 15% fetal bovine serum (FBS) at
37°Cin a 5% CO, atmosphere. After being washed with PBS, the
cells were incubated with DMEM supplemented with 0.5% FBS
over 24 hr for serum starvation. A fibroblast pellet was yielded after
this period (time point = 00W). After being washed with PBS, the
other culture dishes were incubated with DMEM supplemented
with 15% FBS, and aliquots of cells were yielded exactly 30 min
(time point = 30W) and 60 min (time point = 60W) later. All pel-
lets were flash frozen in liquid nitrogen and stored at —80°C until
further use.

Global mRNA Expression Profiling

Skin fibroblasts of affected children (D:1I_2 and D:11_3) and of age-
matched control indiviuduals (n = 4) were processed as described
above. Total RNA was prepared from the frozen pellets with the
standard TRIzol (Life Technologies) protocol. Quality of the RNA
was controlled via the 2100 Bioanalyzer (Agilent). RNA was
hybridized, according the manufacturer’s instructions, on the
GeneChip Human Gene 2.0 ST Array (Affymetrix), which repre-
sents 40,716 human RefSeq transcripts, including 30,654 tran-
scripts which are annotated as protein coding. The chips were
scanned with the 428 Scanner (Affymetrix) and data were pro-
cessed with the Affymetrix GeneChip Command Console Soft-
ware (AGCC) to produce the CEL files that could be uploaded to
the GenePattern platform for further downstream analysis and
visualization.** We first inspected those genes that are known
downstream targets of serum response factor (SRF), which, how-
ever, failed to show any difference in serum-dependent regulation
between affected children and control individuals (Figure S12).
Next, we identified those genes that were significantly up- and
downregulated in the samples from affected children in compari-
son to those from control individuals. In order to control for mul-
tiple testing, we only considered genes as significantly regulated if
they had a false discovery rate (FDR) below 0.01. The raw data of
this experiment can be accessed from the GEO database (GEO:
GSE67627). Pathway and gene network analysis of the regulated
genes was performed with AmiGO2.*

Statistics

For comparison of normally distributed values, we used the t test, and
for not normally distributed values, either the %> or the nonpara-
metric Mann-Whitney U test. To control for multiple testing in the
gene expression studies, we calculated the FDR,** and differences
in gene expression were considered significant if the FDR was <0.01.

Results

Clinical Presentation in Eight Individuals from Four
Families

We describe here a cohort of seven individuals who were
born with distal and proximal joint contractures, as well
as generalized muscle atrophy and fractures of their long
bones (humerus and femur), and one aborted fetus. Deep
tendon reflexes were absent, muscles did not contract
upon electrical nerve stimulation, and neurography re-
vealed axonal neuropathy in these indiviudals. Respiratory
distress, diaphragmatic eventration and pulmonary hypo-
plasia necessitated mechanical ventilation soon after birth.
Dysphagia required gavage feeding. For a detailed compar-
ison of clinical symptoms, see Table 1. Most children died
from respiratory failure between 2 weeks and 16 months of
life. One child died from acute heart failure. Additional
variable features included premature birth, microretrogna-
thia, hypertelorism, a high-arched palate, secundum atrial
septal defect, patent ductus arteriosus, and cardiomyopa-
thy. In the affected children from family D, cerebral MRI
had been performed and revealed a simplified gyral pattern
of the cerebral cortex (Figure 1).

Muscle biopsy samples from four children were available
for re-analysis (Figure 1): the muscle fibers were reduced in
size, showed increased fiber-size variation, and were much
more immature than samples from age-matched control in-
dividuals. The affected childrens’ type I fibers were clustered
in groups, in comparison to the checkerboard pattern in con-
trol individuals, which is a characteristic finding in prenatal
SMA (Figure 1). In one individual, postmortem histology of
the spinal cord was available and revealed numerous
apoptotic o-motoneurons in the anterior horns at different
levels (Figure 1). Sural nerve biopsy from two children
showed normal density of myelinated fibers within the range
of published reference values*®*® (Figures S1 and S2, Table
S1), but also showed signs of unmyelinated axon loss
(Figure 1). The average axon diameters were increased
in one individual from family B, but in the range of a
normal age-matched control in an individual from
family D (Figure S2). On X-ray, the bones of individual
D.II_3 had failed to develop callus after 14 days of splinting.
Subperiostal new bone formation would be expected after
11 days at the latest, and even earlier in young infants.*’
Bone mineralization and alkaline phosphatase activities
were normal.

Autozygosity Mapping and WES
Even though families A and B denied consanguinity, we
assumed a founder haplotype due to their common
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Table 1. Clinical Data of the Investigated Families

Family A Family B Family C Family D Total
Country of origin Kosovo Kosovo Albania Turkey -
Gene involved TRIP4 TRIP4 TRIP4 ASCC1 -
Mutation on the cDNA level ¢.760C>T c.832C>T ¢.760C>T ¢.832C>T ¢.157dupG -
Predicted protein alteration p.-Arg254* p-Arg278* p-Arg254* p.Arg278* p-Glu53Glyfs19* -
Number of affected individuals n=2 n=2+ (1) n=1 n=2 n=7+(1)?
Prenatal Manifestation: HPO ID
Decreased or absent fetal movement: 1558 n=2 n=2 ND n=2 n = 6/6, 100%
Polyhydramnios: 1561 n=0 n=0 ND n=2 n = 2/6, 33%
Oligohydramnios: 1562 n=2 n=1 ND n=0 n = 3/6, 50%
Premature birth (< 37 weeks): 1622 n=1 n=1 ND n=2 n = 4/6, 67%
Nervous System: HPO ID
Severe muscular hypotonia: 6829 n=2 n=2 n=1 n=2 n=7/7, 100%
Areflexia: 1284 n=2 ND ND n=2 n = 4/4, 100%
Muscle weakness: 1324 n=2 n=2 ND n=2 n = 6/6, 100%
Global developmental delay: 1263 n=2 n=2 ND n=2 n = 6/6, 100%
Dysphagia: 2015 n=2 n=2 ND n=2 n = 6/6, 100%
Abnormal cortical gyration: 2536 ND ND ND n=2 n = 2/2, 100%
Head and Neck: HPO ID
Microretrognathia: 0308 n=2 n=2 ND n=0 n = 4/6, 67%
Hypertelorism: 0316 n=2 n=1 ND n=0 n = 3/6, 50%
High palate: 0218 n=2 n=1 ND n=0 n = 3/6, 50%
Narrow mouth: 0160 n=2 n=0 ND n=0 n=2/6,33%
Cardiovascular System: HPO ID
Patent foramen ovale: 1655 n=0 n=1 ND n=2 n = 3/6, 50%
Secundum atrial septal defect: 1684 n=2 n=0 ND n=0 n = 2/6, 33%
Patent ductus arteriosus: 1643 n=2 n=1 ND n=2 n = 5/6, 83%
Cardiac failure: 1635 n=1 n=0 ND n=0 n=1/6,17%
Cardiomyopathy: 1638 n=1 n=1 ND n=0 n = 2/6, 34%
Respiratory System: HPO ID
Neonatal respiratory distress: 2643 n=2 n=2 n=1 n=2 n = 7/7, 100%
Pulmonary hypoplasia: 2089 n=0 n=2 ND n=2 n = 4/6, 67%
Musculo-skeletal System: HPO ID
Multiple prenatal fractures: 5855 n=2 n=1 ND n=2 n = 5/6, 83%
Arthrogryposis multiplex congenita: 2804 n=2 n=3 n=1 n=2 n = 8/8, 100%
Muscle fiber immaturity: NA n=1 n=2 ND n=1 n = 4/4, 100%
Muscle fiber size variation and atrophic fibers: 3557 n=1 n=2 ND n=1 n = 4/4, 100%

The families correspond to those in Figure 2. Abbreviations are as follows: HPO ID, Human Phenotype Ontology identifier; NA, not available; ND, not
determined.*®
For Family B, the number in parentheses refers to an aborted fetus.

Kosovan origin and performed autozygosity mapping. we found a homozygous nonsense mutation, ¢.832C>T
Their shared autozygous region comprised 38 protein-cod- (p.Arg278*), in TRIP4 (chr15:64,701,816C>T [GRCh37],
ing genes (Figures S3-S5). Via WES of individual B.II_01, exon 7 [GenBank: NM_016213.4]). Genotype-phenotype

The American Journal of Human Genetics 98, 473-489, March 3, 2016 477



D Individual B:11_01 (TRIP4) Individual D:11_02 (ASCC1) Normal control

iy TR T i 3 g

for oo 9t

v Pt

Quadiceps muscle
Hematoxylin-Eosin

D

Quadriceps muscle
MHcsIow

Quadriceps muscle
MHC,,,

E Electron microscopy of the sural nerve (Individual B:1I_05) F Spinal cord

Hematoxylin-Eosin
(Individual B:11_01)

Figure 1. Clinical Presentation of the
Affected Children

(A and B) Axial T,-weighted cranial MRI images
of affected children D.II_02 (A) (at a corrected
gestational age of 39 weeks) and D.II_03 (B)
(at a corrected gestational age of 37 weeks)
with a simplified gyral pattern of the frontal
lobes and enlargement of the external CSF
spaces. Myelination of the brain stem and the
basal ganglia is normal.

(C) X-ray of the bilateral congenital femoral
fractures of individual D.II_03.

(D) Muscle histology demonstrates a reduction
in fiber size and an increase in fiber-size varia-
tion in two individuals with a TRIP4 and
ASCC1 mutation, in contrast to fiber size and
variation in an age-matched control individ-
ual. The grouping of the larger type I fibers
(marked by MHCjow), in contrast to a normal
checkerboard pattern in the control in-
dividual, is characteristic for prenatal SMA.
The intense staining of the muscles of the
affected children for MHCg, highlights their
immaturity.

(E) Ultrastructure of a sural nerve biopsy spec-
imen with normal myelinization but with
loss of unmyelinated axons as documented
by “empty” pouches (open triangles).

(F) Presence of multiple intensely stained
apoptotic o-motoneurons in the anterior
horn of the spinal cord in a postmortem
sample.

observed on ultrasound imaging
(Figure 2). Sequencing of TRIP4 in family
A also revealed a nonsense mutation
(c.760C>T [p.Arg254*]), albeit unexpect-
edly, at a different position (chrl5:
64,698,591C>T [GRCh37], exon 6), and
homozygosity of this mutation segre-
gated with the disease. Both mutations
were absent in the 1000 Genomes Project
as well as in 135 ancestry-matched in-
house exomes. The p.Arg278* truncation
was present in heterozygous form in
2/121,356 alleles of the ExAC database
(accessed November 2015), in two indi-
viduals of European and African descent,
whereas the p.Arg254* truncation was
not listed.

Despite a similar clinical phenotype,
autozygosity mapping located the disease
locus of family D not on chrl5, but on
chr10. Using WES, we discovered a frame-
shift mutation, c.157dup (p.GluS3Glyfs*
19), in ASCC1 (chrl0:73,970,544_
5insC [GRCh37], exon 3 of ASCC1-003
[Ensembl: ENST00000317168] [GenBank:

segregation was verified by Sanger sequencing of the entire = NM_001198800.2]) that was homozygous only in the
family, including DNA from a fetus, who had been aborted affected children (Figure 2). This mutation is present in het-
at 27 weeks and 3 days, after joint contractures were erozygousformin 2/120,662 alleles of the ExXAC database, in
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Figure 2. Pedigrees of the Families and Molecular Genetic Findings

(A) The pedigrees of all investigated families with their respective genotypes are depicted below the symbols. Individuals marked with an
asterisk were used for autozygosity mapping.

(B) Variants identified by WES were verified by Sanger sequencing for segregation in all family members. Below the electropherograms,
the reading frame of the respective amino acids is provided in the three letter code. Both TRIP4 mutations resulted in a premature termi-
nation codon, whereas the ASCC1 mutation led to a frameshift with a termination codon after insertion of 19 non-original amino acids.
(C) Western blot of a muscle protein extract from two individuals with a TRIP4 mutation and from a control individual. The premature
termination codons in both affected children lead to upregulation of an alternative splice isoform at ~53 kDa that excludes both mutant
positions. Anti-pan-Actin band density was used as a loading control.

(D) Western blot of a protein extract from cultured fibroblasts of both children from family D and of two control individuals. The
blot demonstrates the complete absence of the ASCC1 band in the affected children. B-tubulin band density was used as a loading
control.

The American Journal of Human Genetics 98, 473-489, March 3, 2016 479



A c.760C>T  ¢.832C>T
p.Arg254* p.Arg278
TRIP4 11
ENSG00000103671 Ex1 2 3 4 5 6 7 8 9
B
ENST00000261884 66 kDa
— —
Exon5/6 Exon7

ENST00000560567 42 kDa | |
Alternative splice 54 kDa
isoform Exon 5/7
C Exon 5 Exon 6

§ ACTCATGTCAGGAGTGGAGAATTCTGGAA

) N N N\n A

Exon7

~ TGAC[TTTGCAGIGAAGGAAGATCCTGGAAG

c

S A A A AfA '

S T L L Aot

Exon 5 Exon 7

E ACTCATGTCAGGAAGGAAGATCCTGGAAG

3 AN NanaA AN
D c.157dup rs11000217,

p.Glu53Glyfs*19 p.Ser78*

Ascc1 1 ]
ENSG00000138303 ix1 2 3 [EW 4 s 6 7 8
E

ENST00000317168 41 kDa

ENST00000394915 45 kDa
1.1% in muscle (GEO #GSE56787)
0.2% in myotubes (GEO #GSE56787)
0.0% in myoblasts (GEO #GSE56787)
2.2% in brain (GEO #GSE64018)

two individuals of European and Latino descent. Interest-
ingly, the ExXAC database lists a variant in ASCCI
(rs11000217) in 896/16,490 alleles (59 of them homozy-
gotes), mainly in individuals from African or South Asian
descent, that causes a truncation of ASCC1 (p.Ser78*).
Such a finding might put into question the essential impor-
tance of ASCC1 for the ASC-1 complex. However, a tran-
scriptomic analysis of RNA-seq datasets from muscle and
brain revealed that this variant (AbSNP: rs11000217) resides
in an exon that is only included in 0%-2% of the transcripts
from the ASCC1 locus (exon 3b, Figure 3), whereas the exon
3a that carries the mutation of the affected children in our
study is present in >95% of the transcripts.

Cohort screening of TRIP4 and ASCC1I in 11 unrelated
affected children with the appropriate phenotype revealed
an additional individual (C:II_05), who also originated
from the Balkans (Albania) and carried both TRIP4 muta-
tions in compound heterozygous state (Figure 2).

In order to further exclude mutations in other (known)
genes that might have an influence on the phenotype of
our affected children, we specifically searched within the
autozygous regions of families A, B, and D for variants in
genes that were associated in the Human Phenotype
Ontology™® with “arthrogryposis, HP:0002804,” “fractures,
HP:0003084,” “spinal muscular atrophy, HP:0007269,”

Figure 3.
ASCC1
(A) Genomic structure of TRIP4 (not drawn
to scale). The introns are indicated by gray
lines.

(B) The exons included into the various
mRNA splice isoforms are depicted in
green, and the red box indicates a frame-
shift.

(C) Sequence traces of the exon splice
junctions. Their respective localization is
marked on (B). The alternative splice
acceptor site in exon 7 is highlighted by
a red box.

(D) Genomic structure of ASCCI1 (not
drawn to scale).

(E) The transcript encoding the 41 kDa
ASCC1 is the most abundant. Exon 3b,
which contains a missense mutation in
5.4% of the ExAC alleles and leads to the
truncation of the protein (p.Ser78*), is
only present in a rare ASCC1 45 kDa splice
variant found in 0%-2% of the indicated
GEO RNA-seq datasets.

Splice Isoforms of TRIP4 and

10 11 12 13

“muscle weakness, HP:0001324,” or
with “abnormity of cortical gyration,
HP:0002536,” but did not find any
other potentially pathogenic vari-
ants, either in heterozygous or in
homozygous states.

Given that cryo-muscle samples
were available from individuals
A:I1_02 and B:I1_05, we studied the ef-
fect of the mutation on the protein
level by western blot. Whereas, in normal muscle, we found
two bands at ~40 and ~70 kDa and an additional very weak
band at ~53 kDa, both individuals exhibited bands at
~53 kDa and ~36 kDa, with absence of the ~40 kDa and
~70 kDa bands (Figure 2). Interestingly, both mutant
TRIP4 bands migrated at the same molecular size despite
the fact that the premature termination codons were
located at different positions. RT-PCR analysis of different
TRIP4 splice isoforms (Figure 3) revealed the activation of
a cryptic splice acceptor site leading to a novel isoform
with skipping of exons 6 and part of exon 7 that preserved
the reading frame but excluded both missense mutations.
This splice isoform seems to be upregulated in mutant cells,
whereas the full-length transcript was subjected to
nonsense mediated messenger decay. Such corrective
splicing events leading to the upregulation of a rare splice
isoform have been described, albeit rarely, for other condi-
tions, such as spinal muscular atrophy (MIM: 253300),°°
Rothmund-Thomson syndrome (MIM: 268400),”" retinitis
pigmentosa (MIM: 304020),°” Ullrich congenital muscular
dystrophy (MIM: 254090),>* and epidermolysis bullosa
(MIM: 226650).>* In these reported cases, the truncated
proteins were expressed and seemed to retain some residual
function that ameliorated the clinical phenotype. From
family D, we only had cultured fibroblasts, which entirely

9a 9% 9c 10
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lacked ASCC1 and in which we did not detect any corrective
splice isoforms that excluded the mutant exon (Figure 2).

Subcellular Location of the ASC-1 Complex

TRIP4 had been shown previously by indirect immunofluo-
rescence to be a nuclear protein that localized into the cyto-
plasm under conditions of serum deprivation.>> Because
TRIP4 forms a tetrameric protein complex, we hypothesized
that its correct subcellular localization might be compro-
mised if one subunit (e.g., TRIP4 or ASCC1) of the ASC-1
complex was altered. Hence, we separated nuclear and cyto-
solic fractions of wild-type and ASCC1 mutant fibroblasts
under normal growth conditions, after serum depletion,
and after serum depletion with subsequent 30 and 60 min
of serum re-challenge and probed them on western blot
with antibodies directed against three subunits of the
ASC-1 complex (anti-TRIP4, anti-ASCC1, anti-ASCC2). We
were unable to confirm a translocation to the cytoplasm un-
der serum starvation, neither of the entire ASC-1 complex
nor of TRIP4 alone. The signals of three subunits of the
ASC-1 complex remained stationary in the nuclear fraction
independently of the presence or absence of serum
(Figure S13).

Trip4 and Asccl Expression Analysis in Mouse
Embryos by In Situ Hybridization

To determine the spatial expression pattern of Trip4 and
Asccl in a later phase of embryonic development, we per-
formed in situ hybridization on cryosections of E17.5
mouse embryos. Both genes showed nearly identical
mRNA-expression patterns with ubiquitous expression,
albeit at different levels (Figure 4). Highest expression
was seen in dorsal root ganglia, the paraspinal sympathetic
and trigeminal ganglia, and thyroid and submandibular
glands, as well as the spinal cord. Expression in the cerebral
cortex was comparable to the expression in the spinal cord.

MO Knockdown of trip4 and asccl in Zebrafish

The function of TRIP4 and ASCC1 in vertebrates has not
been explored. To evaluate the physiological consequences
of the absence of both mutant proteins, we performed a
MO-mediated knockdown of trip4 and asccl in zebrafish,
given that both proteins are conserved between humans
and zebrafish (Figures S14 and S15). Based on the postmor-
tem findings regarding the affected children, which re-
vealed numerous apoptotic neurons in the anterior horn
of the spinal cord, and the muscle histology of prenatal
SMA, we focused our investigation on ¢-motoneuron and
muscle development. Indeed, we found a severe impair-
ment of axonal outgrowth, formation of the neuromus-
cular junction, and organization of the myotome (Figure 5,
Table S3). Control MO-injected embryos responded to
touch with typical coiling behavior, which consists of two
to three vigorous contractions of trunk and tail at 30
hpf.*! Knockdown of trip4 or asccl resulted in a compro-
mised response (Movies S1, S2, and S3, Table S3). The
knockout coiling phenotype of zebrafish could be rescued

by injection of the respective full-length wild-type trip4
and asccl mRNA, but not by injection of mRNA carrying
the affected childrens’ mutations (Figure S11). To verify
the specificity of the used MO, we used a second MO
(MO2) aimed at a different splice site and were able to re-
produce the original effect (Figure S10, Table S4). These
loss-of-function analyses confirm that trip4 and asccl are
indispensable for motor system development. In accor-
dance with the observation of the motor behavior, the myo-
tomes, as well as the neuromuscular endplates, appeared
severely disorganized on electron microscopy (Figure 5).

Identification of ASC-1 Target Genes

In order to identify those genes whose mRNA transcript
levels are differently regulated in the absence of a function-
ally intact ASC-1 complex, we performed a global mRNA
expression analysis of ASCC1 mutant and control fibro-
blasts after serum depletion and re-challenge (Figure 6, Ta-
ble S6). Contrary to the originally published hypothesis
that the ASC-1 complex might regulate transcription via
the SRE,*’ we discovered normal upregulation of the SRF-
dependent downstream target genes FOS (MIM: 164810),
IER2, FOSL1 (MIM: 1365150), FOSB (MIM: 164772), JUNB
(MIM: 165161), and TRIB1 (MIM: 609461) after serum
challenge that was indistinguishable between affected
and control fibroblasts (Figure S12). Hypothesis-free anal-
ysis of expression patterns after stringent filtering against
genes with a FDR >0.01 revealed downregulation of 44
genes (Figure 6, Table S6), 13 of which are involved in neu-
rogenesis (SERPINF1 [MIM: 172860], NOV [MIM: 164958])),
neuronal projection (SERPINF1, CRABP2 [MIM: 180231]),
pathfinding (SEMA3A [MIM: 603961], SEMA3D [MIM:
609907]), migration (DAB1 [MIM: 603448]), and suppres-
sion of neuronal apoptosis (SERPINF1, CRLF1 [MIM:
604237]). On the other hand, genes that suppress neuronal
plasticity (HAPLN1 [MIM: 115435]) and negatively regu-
late neuron projection (CDH13 [MIM: 601364]) were upre-
gulated. Six of the downregulated genes (Figure 6, Table S6)
are involved in the negative regulation of bone resorption
(TNFRSF11B [MIM: 602643]), ossification and regulation of
osteoblast differentiation (RASSF2 [MIM: 609492]), and
collagen fibril organization (DPT [MIM: 125597]), as well
as calcium ion homeostasis (FAM20A [MIM: 611062],
STC1 [MIM: 601185]).

Identification of ASC-1 Binding Partners

Immunoprecipitation with three different antibodies
(anti-TRIP4, anti-ASCC1, and anti-ASCC2) against sub-
units of the ASC-1 complex mutually copurified the other
members of the holocomplex (Figures 7 and S16-S18, Ta-
ble S7). Even in the absence of ASCC1, copurification be-
tween TRIP4 and ASCC2 was still possible (Figures S16
and S18), suggesting the stability of the complex even in
the absence of one subunit. Mass spectrometric analysis
of the immunoprecipitates consistently identified copurifi-
cation of the cysteine and glycine rich protein 1 (CSRP1), a
transcriptional cofactor that is known to be involved in
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Figure 4. Gene Expression Study in E17.5 Mouse Embryos

In situ hybridizations of cryosections from E17.5 mouse embryos demonstrate the nearly identical expression patterns of Trip4 (A, C, and
E) and of Ascc1 (B, D, and F) mRNA. At the lower thoracic level (A and B), the highest expression levels were seen in the spinal cord, dorsal
root ganglia, paraspinal sympathetic ganglia, muscle, lung, and brown fat tissue. In the parasagittal sections, the highest expression
levels were seen on the thyroid and submandibular salivary gland and the trigeminal ganglion. Abbreviations are as follows: B, brain;
BFT, brown fat tissue; CB, cerebellum; DRG, dorsal root ganglion; GUT, gut; H, heart; KID, kidney; LIV, liver; LU, lung; PC, pancreas;
SC, spinal cord; SM, skeletal muscle; SMG, submandibular salivary gland; ST, sympathetic tract; TG, trigeminal ganglion; TG, thyroid
gland; TM; thymus; VC, vertebral column.

spinal cord regeneration in adult zebrafish (Table S7, Fig-  Discussion

ures $19-523).°° Copurification of the CSRP1 protein was

additionally verified by western blot of all three anti- Our data show that mutations in two genes that encode
ASC-1 immunoprecipitates with an anti-CSRP1 antibody different subunits (TRIP4 and ASCC1) of the activating
(Figure 7). signal cointegrator 1 (ASC-1) complex cause a profound
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Figure 5. Studies on Zebrafish Embryos

Expression of trip4 and asccl mRNA.

(A) trip4 is expressed ubiquitously in the head (A1) and trunk (A2)
at 24 hpf and at 48 hpf (A3 and A4). ascc1 is also expressed ubiq-
uitously in the head (AS) and trunk (A6) at 24 hpf and 48 hpf (A7
and A8). The arrowheads indicate the heart, verifying that both
trip4 and asccl are expressed in cardiac muscles.

(B) MO-mediated trip4 and asccl knockdown in zebrafish larvae
led to a severe derangement of a-motoneuron axons and the

disturbance of neuromotor unit development and result in
prenatal onset spinal muscular atrophy with bone fractures.
The notion that these two proteins form a functional com-
plex and are involved in the same biological process in vivo
is supported (1) by the nearly identical mRNA-expression
pattern in the mouse embryo, (2) by the indistinguishable
phenotypes of trip4 and asccl zebrafish morphants, (3) by
mutual coimmunoprecipitation, and (4) ultimately by the
similar phenotype of affected children and zebrafish. Such
a phenomenon is known for other genetic disorders, such
as leukoencephalopathy with vanishing white matter,
which can be caused by alterations in five different subunits
of the translation initiation factor elF2B."’

The ASC-1 complex is composed of four subunits, which
bind to nuclear receptors and coactivate the transcription
of a wide range of transcripts. One subunit, TRIP4, was
initially identified as a transcriptional coactivator of the
thyroid hormone receptor.”® Later, it was shown that
TRIP4 stably associates with three other polypeptides, the
activating signal cointegrator subunits 1-3 (ASCC1-
ASCC3), and interacts with a wider range of transcription
factors such as activating protein 1 (AP-1), nuclear factor
kappa-B (NF-«B), and SRE.*’ In particular, the latter interac-
tion between TRIP4 and SRF, which had been demon-
strated by reporter gene assays,”’ seemed to offer a func-
tional link between genetic defect and disease phenotype
because SRF is an essential transcription factor for mus-
cle,*” nervous system,°”®! and bone®* development. How-
ever, we detected neither physical interaction between SRF
and ASC-1 (Figures S16-S18) nor abnormal SRF-dependent
transcription of downstream target genes in affected chil-
drens’ fibroblasts after serum depletion and re-challenge
(Figure S12).

To explore alternative explanations for the pathome-
chanism seen in the affected children studied here and to

myotome. In the morphants, we found a perturbed outgrowth
of a-motoneuron axons projecting to the trunk muscle in every
somite segment at 36 hpf. The a-motoneurons were short, thin,
and fragile with abnormal branches in frip4 morphants and
asccl morphants. In these morphants, we additionally see ectopic
outgrowth of motoneurons from the spinal cord. The a-motoneu-
rons are labeled with the znp-1 antibody (green). Labeling with
a-bungarotoxin (purple) displays the formation of neuromuscular
junctions that form along with the a-motoneurons. The neuro-
muscular junctions were thin, reduced in number, and disorga-
nized in the trip4 and asccl morphants.

(C) Electron-microscopic images of axial sections through the
zebrafish myotome at 48 hpf. The rosette-like formation of myofi-
brils is greatly disturbed with reduced size and numbers. The lower
panels show a neuromuscular endplate of the control morphants
(left) with a normal thickened basal lamina, which is directly adja-
cent to the contractile elements of the myofibril. This is in contrast
to the endplates from the trip4 and asccl morphants, which are
smaller and have a disrupted basal lamina and no adjacent con-
tractile elements. An asterisk denotes clusters of neurotransmitter
vesicles (vesicle diameter 30-40 nm); open arrowheads denote the
synaptic cleft and basal lamina of the neuromuscular endplate;
open circles denote sarcomers (contractile elements) in the vicin-
ity of the neuromuscular endplate. Note the higher magnification
of the morphant endplate.
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Figure 6. Gene Expression Analysis of Wild-Type and ASCCT Mutant Fibroblasts

(A) Clustergram of genes downregulated in fibroblasts of affected children with FDR < 0.01. Blue denotes normalized downregulation;
red denotes upregulation (see attached scale above). The numbers on the right identify the Affymetrix Human GeneChip 2.0 probe set.
The gene names are given on the far right column. The red arrows depict genes involved in neurogenesis; green arrows depict genes
involved in bone metabolism. Abbreviations are as follows: Co, control; Aff, affected individual with ASCCI mutation; 00W, serum
starved for 12 hr; 30W, serum challenge for 30 min; 60W, serum challenge for 60 min; FDR, false discovery rate.

(B) Genes upregulated in fibroblasts of affected children with FDR < 0.01.

(C and D) Genes involved in neurogenesis that are downregulated (C) or upregulated (D) in ASCCI mutant fibroblasts (red dots).

(E) Downregulated genes involved in bone metabolism and development (red dots). Each dot represents a separate hybridization exper-
iment. Black dots denote control individuals; red dots denote affected individuals. The horizontal lines represent the arithmetic mean.
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search for proteins that bind to ASC-1, we performed an
immunoprecipitation of the ASC-1 complex in fibroblasts
of affected children and controls. Using mass spectrometry
analysis, as well as western blot after immunoprecipita-
tion, we consistently found coimmunopurification of
CSRP1. CSRP1 localizes to the nucleus in the same manner
as the ASC-1 complex (Figure S13).

CSRP1 is an evolutionarily highly conserved 23.4 kDa
transcriptional coactivator that shares 83% identity be-
tween humans and zebrafish on the amino acid level. It
contains a double zinc-finger motif, a nuclear localization
signal, and a LIM motif, suggesting its involvement in
developmental processes.®*°* In the E14.5 mouse embryo,
strong expression can be found in the CNS, especially in
the spinal cord.”® MO-mediated knockdown of csrp1 in ze-
brafish during early development resulted in abnormal
axis formation and severe deformities of midline struc-
tures. Miyasaka et al. also demonstrated that Csrp1 inter-
acts with dishevelled 2 and diversin, thereby controlling
cell morphology and the generation of pseudopodial pro-
cesses via the non-canonical Wnt and JNK pathways.®°
Both pathways largely influence the generation of filopo-
dia at axonal growth cones and are deemed essential for
neuronal polarity and axon outgrowth and branching, as
well as the navigation to their final targets. Interestingly,
in adult zebrafish, which have the capability to regrow sev-
ered descending spinal axons after spinal injury and regain
locomotor activity, Ma et al.>® demonstrate a direct influ-
ence of Csrpl on the re-growth behavior of axons. In
contrast to mammals, zebrafish are able to reactivate spe-
cific developmental programs for regenerative purposes,
and Ma et al. found a significant upregulation of csrpl in
those neurons that regrew their axons, whereas MO-medi-
ated csrpl knockdown impaired axonal regeneration and
subsequent locomotor recovery.

We are aware that the conjectures about ASC-1 and
CSRP1 interaction have to be proven in a mammalian sys-

Western blot

. . and CSRP1 would shape neuronal
with anti-ASCC2

patterning, outgrowth, pathfinding,

and endplate formation. Because a
complete knockout of Csrpl would most likely be embry-
onically lethal,°® such experiments would have to be
done in conditional knockout mice and with an o-moto-
neuron specific Cre-driver line.

Comparison of gene expression between mutant and
wild-type cells shows that the ASC-1 complex exerts an in-
fluence on entire modules of genes (Figure 6, Table S6),
many of which either enhance neurodevelopment and
pathfinding or whose products suppress other genes that
negatively regulate neuron projection, cell proliferation,
or neuronal plasticity. Despite the fact that the mRNA
expression analyses could only be done in the available
fibroblasts of the affected children, it has been shown
for another disease (MCT8-deficiency) that analysis of
genome-wide expression data from fibroblasts derived
from affected individuals was able to identify the dys-
regulation of coexpressed gene modules®” that are disease
specific and mirror those seen in the human brain tran-
scriptome.®®

As an example from our cohort, SERPINF1 (serum pepti-
dase inhibitor F), the most prominently downregulated
gene (—5.7-fold) in mutant fibroblasts, has been shown
to be involved in the positive regulation of spinal axon
sprouting,® neuroprotection,’® and survival of spinal mo-
toneurons,”’ whereas the extracellular matrix protein
HAPLN1 (hyaluronan and proteoglycan link protein), the
most prominently upregulated gene (46.7-fold) in mutant
fibroblasts suppresses neuronal plasticity.”” The same
modular phenomenon can be seen for genes involved in
bone development. Here, the TNFRSF11B (tumor necrosis
factor receptor superfamily, member 11b; osteoprotegerin)
gene was most prominently downregulated (—4.8-fold).
Osteoprotegerin functions as an inhibitor of osteoclasto-
genesis’® and bone resorption’* and positively regulates
bone mass.””

In conclusion, the ASC-1 complex seems to be involved in
the highly regulated development of the neuromuscular
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unit and possibly of the neighboring bony structures as well.
However, further research is needed to elucidate the exact
signaling pathways that are involved in the patterning and
development of the neuromuscular unit via the ASC-1 com-
plex. Knowledge about the factors involved might have im-
plications for regenerative medicine.

Accession Numbers

Raw data from the gene expression analysis of ASCC1 mutant
versus control fibroblasts can be accessed under the accession
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Morphometric analysis of the sural nerve
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) S - . ;

Sural nerve

Figure S1. Representative cross sections of sural nerve biopsy specimens Five of such visual fields
were analyzed for each nerve in two patients and one age-matched control.
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Figure S2. Morphometric analysis of myelinated axon diameters of sural nerve biopsies. Sural nerve
biopsies were fixed in glutaraldehyde, embedded in Epon®. Semithin sections were stained with meth-
ylene blue or with paraphenylene diamine to visualize the myelin sheaths. From each nerve five full
visual fields that were entirely filled with myelinated axons were photographed, together with an ob-
ject micrometer scale using a 100x objective on a Leica DML3000 inverted microscope. The images
were recorded in bright field with a cooled SPOT RT3 CCD-camera (1,600 x 1,200 px). Axon diameters
were measured morphometrically using the free Imagel v1.37a program. The axon diameters were
depicted in a multiple dot/box blot. The boxes depict the median, 10", 25", 75" and 90™ percentiles;
p-values were calculated with the non-parametric Man-Whitney U-test.
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Results of the autozygosity mapping in three families
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Figure S3. Autozygosity mapping of Family A Two affected individuals were used for the analysis. The
red bars depict the autozygous regions at: Chr03:64,230,433-65,658,852 (rs3911778-rs6803573),
Chr12:129,242,824-132,057,829 (rs7966499-rs7963314), and Chr15:53,697,249-66,260,894
(rs1021746-rs333556).
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Figure 54. Autozygosity mapping of Family B Three affected and two unaffected individuals were used
for the analysis. The red bars depict the regions that were only homozygous in the patients and not in
the unaffected family members at Chr15:63,594,231-68 726 159 (rs12910654-rs12915814). A shared
autozygous region between Families A and B comprised an interval on Chr15:63,594,231-66,260,894
(rs12910654-rs333556) that contained 38 protein-coding genes.
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Figure S5. Autozygosity mapping of Family D Two affected and one unaffected individual were used
for the analysis. The red bars depict the regions that were only homozygous in the patients and not in
the unaffected family member at Chr10:71,613,489-81,169,345 (rs2683563-rs10824752) and
Chr10:124,114,432-135,422,505 (rs7905027-rs4498943) comprising 196 protein coding genes.




Knierim et al. Supplemental Material

In-situ hybridization of whole E17.5 mouse embryos

Figure S6. Comparison of in-situ intensities for Trip4 antisense and sense probes. In-situ hybridization
of a parasagittal section of an E17.5 C57BL6/J embryo with a Trip4 antisense probe (left) and the corre-
sponding sense probe (right). Both DIG-labeled RNA-probes were generated from the same plasmid via
transcription from the T3 promoter (antisense) or the T7 promoter (sense) of the pCR-Script plasmid.
Due to the large size of the embryo single sub-images are stitched together to represent the entire em-
bryo on a single image. Both images have been recorded with the identical illumination settings.
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Figure S7. Comparison of in-situ intensities for Ascc1 antisense and sense probes. In-situ hybridization
of a parasagittal section of an E17.5 C57BL6/) embryo with an Asccl antisense probe (left) and the cor-
responding sense probe (right). Both DIG-labeled RNA-probes were generated from the same plasmid
via transcription from the T3 promoter (antisense) or the T7 promoter (sense) of the pCR-Script plas-
mid. Due to the large size of the embryo single sub-images are stitched together to represent the entire
embryo on a single image. Both images have been recorded with the identical illumination settings.
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Quantification of morpholino injection into zebrafish
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Figure S8. Morpholino mediated exon skipping in asccl and trip4 transcripts. (A) Location of the MOs
at the trip4 and asccl splice junctions, position of the oligonucleotide primers used for RT-PCR and exon
skipping patterns. (B) Agarose gel electrophoresis of trip4 and asccl RT-PCR products in differently in-
jected zebrafish embryos verifying exon skipping. The sizes of the skipped exons are: trip4 MO1 = exon
5 (79 bp); trip4 MO2 = exon 4 (219 bp); ascc1 MO1 = exon 4 (180 bp); asccI MO2 = exon 2 (100 bp). red
= in-frame deletion, blue = out-of-frame deletion
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Figure S9. Morpholino mediated knockdown of ascc1 and trip4. (A) Effect of control, trip4 and asccl
MO (5 ng each) mediated knockdown on the ability of the 30 hpf zebrafish embryos for “full coil” or
“partial coil”. (B) Left panel: Location of the MOs at trip4 and asccl splice junctions and position of the
oligonucleotide primers used for RT-PCR. Right panels: Agarose gel electrophoresis of trip4 and asccl
RT-PCR products in differently injected zebrafish embryos verifying the specific knockdown of the in-
tended targets. B-actin mRNA was taken as reference.
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Figure $10. Use of alternative MO2 constructs for trip4 and asccl knockdown. (A) Effect of control,
trip4 and ascc1 MO?2 (5 ng each) mediated knockdown on the ability of the 30 hpf zebrafish embryos for
“full coil” or “partial coil”. (B) The alternative trip4 and ascc1 MO2s have the same specificity to gener-
ate the morphologic abnormalities of the a-motoneuron and the neuromuscular junction as the respec-
tive MOs (see Figure 3C for comparison), hence verifying the specificity of the effect. (C) Left panel:
Location of the MO2s at trip4 and asccl splice junctions and position of the oligonucleotide primers
used for RT-PCR. Right panels: Agarose gel electrophoresis of trip4 and asccl RT-PCR products in differ-
ently injected zebrafish embryos verifying the specific knockdown of the intended targets. B-actin
mRNA was taken as reference.




Knierim et al. Supplemental Material

A
100 - n=26 n=25 n=39 n=43
80
60
40
20
0 gt st gl \'gs
PR
& F L
x‘ x&i\ i 960

(o]
S ® ® o
. A &
\{‘\& "{-\& ’5’900 ’\

MO ascc1 MO

trip4 MO trip4

ascc1 MO
trip4 wt RNA trip4 mut RNA ascc1 wt RNA ascc?T mut RNA

Partial coil

Figure S11. Rescue of MO-knockdown with wildtype and mutant mRNAs. Simultaneous injection of
morpholinos and rescue mRNA into zebrafish larvae rescues (A) the clinical phenotype (“coiling” behav-
ior) and (B) the morphological abnormalities of the a-motoneuron projections only if wildtype mRNA is
injected and not by injection of mRNA carrying the zebrafish equivalents of the patient mutations.
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Expression of SRF responsive genes after serum challenge
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Figure S12. Expression of known SRF responsive target genes after serum challenge. Human skin fi-
broblasts were grown in DMEM + 15% FBS, then serum starved for 24 hours and re-challenged with
15% FBS for 30 and 60 minutes. The lines depict the fold change of gene expression from baseline (se-
rum starvation). The red lines depict the patients, the black lines the controls. There was no significant
and persistent difference in the response of the SRF downstream target genes.
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Subcellular location of the ASC-1 complex and of the CSRP1 protein
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Figure S13. Subcellular localization of the ASC-1 complex and of the CSRP1 protein after serum starva-
tion and challenge. The members of the ASC-1 complex TRIP4, ASCC1, and ASCC2 as well as the CSRP1
protein remain in the nucleus independently of the status of serum depletion or challenge of fibro-
blasts. As control for the subcellular fractionation, transcription factor SP1, a nuclear maker protein, is
enriched in the nuclear fraction and the Calreticulin protein (CALR), a marker protein for the
endoplasmatic reticulum (ER) is depleted in the nuclear fraction.
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Multiple species alignment of TRIP4 and ASCC1 amino acid sequences
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Human 1 T|

Chimpanzee 1 AVAGAVSG T

Rat 1 AVAGAASG T|

Mouse 1 AVAGAAYR T|

Clawfrog 1 R

Zebrafish 1 G|

Human 61 PLIQQCE]

Chimpanzee 61 PLIQQCEF)

Rat 61 sFidocw

Mouse 61 SFIQQCL

Clawfrog 61 T TISIAF Q)

Zebrafish 54 GLIGGVL

Human 118 .[F|TEP[DT . TAE . N LYPE GEDELEVLIP G RE|IS
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Rat 118 .[F[PEP[DWV.TVIE LYJSE G DALEV LIRP G R|13
Mouse 118 .[FPEP[DV.AV|E \ LYJSE G DA LEIV LIRP G Rj3|i3
Clawfrog 116 V[Y|[PTSNTSAEE LYJSHE G[8|DJE LIy v LI P GRS
Zebrafish 112 .[VISQAE]. . PEP LYEWAE GIADRILEIV LIRP GR[e]

Human PP CHICLIOKHL INNCH#
Chimpanzee 171 [siD[ssfG[e)a:ijfpgj s
Rat PR CHIC LIOKHIL INNC#
Mouse YRR CHIC LEQOKHML INNC)E
Clawfrog N ERCHIC LEIOKHEIL INNC[
Zebrafish TR CIBC LEVQ KHEIL INNCJE

AR DL
Y

Clawfrog 234
Zebrafish 226
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Human 231 HESKLLEBDER SPER T Q
Chimpanzee 231 HESMK L LEDENN SRR T O
Rat 231 HESK L LERDES SR T O
Mouse 231 HESHE L LEIDESY S ISR T O

Human 289
Chimpanzee 289
Rat 289
Mouse 289
Clawfrog 294
Zebrafish 276
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REBBILEKIREINE LIGE LRHA S RIS LI RN IR VLD EGENMSPRYIO K

Human 349 LNQPIUTEKLDRSSEEP LGVRt RN MY [o]S PISOICAH TGAA S QKEAA F RISIS G
Chimpanzee 349 TUNQPIMTKLDRSSEEP LGVIASAN MY [e]S PIOUMIH TGAA S QIKIAF RISISG
Rat 349 LINIQISI{VTSDRSSEEPLGV)AUILNMY[$A PISOUARIN TG SAP PKIYT S LISV G
Mouse 349 LINQISIHVTLDRSCEEP LG VAN MY[elA SIOUARIN TGS TP QKT SLISIAG
Clawfrog 354 LAV OSHHSETVVIFIPISIGS . .PGERSNTSSpAay s LILIE SiVILARslOV S SGS Y[KIMK A S|SE .
Zebrafish 336 FPpyVEARMNT[ESEFGOKAKHSAPADRQHF REPRIIIN TIL[8)S A ERASS VA S SNP SRIAS SSKAR

Human 409 OEMIDEGHCLSHOPWASLLVEIGIKEVEG
Chimpanzee 409 OEMIDECHCLSUHOPWASLLVBIGIKEVEG
Rat 409 oEMIDECHCLSUHOPWASLLVdGIKBVEG
Mouse 409 BoEMIDEGHcLSEHOPWASLLVEIGIKEIVEG
Clawfrog 411 o EMEIDIGUCLSEHQPWASLL
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Figure $14. Multiple species alignment of TRIP4 Red boxes depict identical, yellow boxes similar amino
acids. The zinc-finger motif (aa125-237) is depicted by a green line. The positions of the two nonsense
mutations are depicted by a red triangle. The Ensembl accession number for the amino acid sequences
are: Human [ENSP00000261884], Chimpanzee [ENSPTRP00000012241], Rat [ENSRNOP00000021863],
Mouse [ENSMUSP00000112385], Clawfrog [ENSXETP00000023326], Zebrafish [ENSDARP00000107782]
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Figure S15. Multiple species alighment of ASCC1 Red boxes depict identical, yellow boxes similar amino
acids. The position of the frameshift mutation is depicted by a red triangle. The Ensembl/GenBank ac-
cession number for the amino acid sequences are: Human [ENSP00000320810], Chimpanzee
[ENSPTRP00000004528], Rat [ENSRNOP00000000701], Mouse [ENSMUSP00000052351], Clawfrog
[ENSXETP00000013525], Zebrafish [NP_001017610]. The multiple amino acid sequence alighment was
performed with T-Coffee and the coloring /printout with ESPript.*
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Co-immunoprecipitation with antibodies against three subunits of the ASC-1
complex
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Figure S16. Immunoprecipitation with an anti-TRIP4 antibody. Co-precipitation with TRIP4 can be seen
for ASCC1, and ASCC2. ASCC1 is only seen controls, but not in both patients. Hence, even in the absence
of the ASCC1 subunit the remaining ASC-1 protein complex seems to be formed. SRF is not co-
precipitated TRIP4 (or the ASC-1 complex) and can only be detected in the unbound flow-through.
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Figure S17. Immunoprecipitation with an anti-ASCC1 antibody. Co-precipitation with ASCC1 can be
seen for TRIP4 and ASCC2 only in the controls, not in the patients. SRF is not co-precipitated ASCC1 (or
the ASC-1 complex) and can only be detected in the unbound flow-through.
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Figure $18. Immunoprecipitation with an anti-ASCC2 antibody. (A) Co-precipitation with ASSC2 can be
seen for TRIP4 and ASCC1 only in the controls, not in the patients. SRF is not co-precipitated ASCC2 (or
the ASC-1 complex) and can only be detected in the unbound flow-through.
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HCD spectra of peptides from interacting proteins
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Figure $19. MS spectra of two identified TRIP4 peptides. The b- and y- ion series of the Higher-energy col-
lisional dissociation (HCD) spectrum.
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Figure 520. MS spectra of two identified ASCC1 peptides. The b- and y- ion series of the Higher-energy

collisional dissociation (HCD) spectrum.
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collisional dissociation (HCD) spectrum.
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Figure $21. MS spectra of two identified ASCC2 peptides. The b- and y- ion series of the Higher-energy
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Figure $22. MS spectra of two identified ASCC3 peptides. The b- and y- ion series of the Higher-energy
collisional dissociation (HCD) spectrum.




Knierim et al. Supplemental Material

Gene Mass Score Method
CSRP1 1432.67 222.81 FTMS; HCD
N
‘é\ -.’“-
S °1
§ o]
& ] i e . N
° l .y . l ) | | | || i |—t||||— ‘ || H 1] ||| [ e 2 | 5 . i . | |
100 150 200 =0 300 350 400 450 500 550 00 650 T00 TS50 800 Dam 800 50 1000 1050 1100 150 1200 1250 1300 1350 1400 1450
Yia Yia Yiz Y Yio Yo Ya Y7 Yo ¥s Y4 VES V' VAl
G'FIGIFIGIQ GIA|G A L|IV|H|S E
bz bz ba bs be b7 bs bs2* bio b bz biz | bia?

collisional dissociation (HCD) spectrum.

Figure S23. MS spectrum of one identified CSRP1 peptide. The b- and y- ion series of the Higher-energy

Morphometric analysis of the sural nerve

Table S1. Fiber density of myelinated fibers in patients and control

Patient Median 10™ percentile 90" percentile

Control 22,059 mm? 18,971 mm’ 25,111 mm?
B:1I_05 (TRIP4) 22,752 mm?® 21,781 mm’ 23,169 mm’
D:1l_02 (ASCC1) 21,781 mm?® 16,509 mm”* 28,857 mm’

Coverage details of the exome sequencing

Table S2. Coverage details of three WES datasets

Individual Mean coverage Coverage per base of captured exons 100 bp paired-end
izl >3x [%] >10x [%] >20x [%] | Tregments(n]
B.1I_01 175.99 99.8 99.4 98.7 77.3 Mio
D.II_02 112.91 99.5 98.7 97.0 53.2 Mio
D.II_03 230.12 99.8 99.5 98.9 106.1 Mio
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Quantification of morpholino injection into zebrafish

Table S3. Quantification of the “coiling” behavior of morphants and controls

Morpholino “partial coil” /total number of examined embryos | Affected
[amount injected] (p-value in comparison to bactin MO injection; y’>- | embryos
test) [%]
Control [5 ng] 0/43 (p<0.001) 0
trip4 MO [5 ng] 49/62 (p<0.001) 79
asccl MO [5 ng] 46/55 (p<0.001) 84
Morpholino Primer Specific/bactin RT-PCR band density N
[amount injected] set [meantSD; t-test]
trip4 MO [5 ng] trip4 0.15+0.09 (p<0.01) 4
trip4 MO [5 ng] asccl 0.92+0.07 (p>0.05) 4
asccl MO [5 ng] trip4 1.0310.31 (p>0.80) 4
asccl MO [5 ng] asccl 0.17+0.09 (p<0.01) 4
Table S4. Quantification of the “coiling” behavior using an alternative morpholino
Morpholino “partial coil” /total number of examined embry- | Affected
[amount injected] os (p-value in comparison to bactin MO injec- embryos
tion; >-test) [%]
Control [5 ng] 0/19 (p<0.001) 0
trip4 MO2 [5 ng] 24/28 (p<0.001) 86
asccl MO2 [5 ng] 35/43 (p<0.001) 81
Morpholino Primer Specific/bactin RT-PCR band density N
[amount injected] set [meanSD; t-test]
trip4 MO2 [5 ng] trip4 0.19+0.11 (p<0.001) 4
trip4 MO2 [5 ng] asccl 1.00£0.09 (p>0.9) 4
asccl MO2 [5 ng] trip4 0.92+0.09 (p>0.15) 4
asccl MO2 [5 ng] asccl 0.14+0.10 (p<0.001) 4

Table S5. Quantification of the density of neuromuscular junctions

Morpholino Amount injected Cumulative relative density of the neuromuscular junc-
[ng] tion in comparison to CTRL MO [+ SD]

CTRL MO 5 1.00£0.26 (n=4)

asccl MO 5 0.61+0.12 (n=4, p<0.05)

trip4 MO 5 0.561+0.18 (n=4, p<0.05)
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Table Sé6. Differentially regulated genes in ASCC1 mutant versus control skin fibroblasts
(The PubMed link can be directly clicked and connects to the PubMed abstract of the cited article)

Gene sym- | Fold FDR Gene name Gene Ontology (GO) Direct link to
bol (HGNC) | change | (BH) annotation PubMed
Genes in nervous system development (DOWN-REGULATED)
SERPINF1 -5.7 0.0045 | Serpin peptidase | positive regulation of neuron | PMID:23825416
inhibitor, clade F | projection development
(alpha-2 neuronal cell body PMID:10411342
antiplasmin, pig- negative regulation of neu- PMID:22410737
ment epithelium | ron death
derived factor), positive regulator of neuro- | PMID:8226833
member 1 genesis
GSTM3 -2.1 0.0045 | Glutathione S- establishment of blood- PMID:2345169
transferase mu 3 | nerve barrier
(brain)
DAB1 -6.4 0.0045 | Dab, reelin signal | lateral motor column neuron | PMID:20711475
transducer, hom- | migration
olog 1 (Drosophi- | positive regulation of neuron | PMID:18848628
la) differentiation
neuron migration PMID:15703280,
PMID:15091337
, PMID:1122631
4, PMID:128829
64, PMID:88758
86
neuron projection PMID:14961563
neuronal cell body PMID:14961563
LAMA4 -2.8 0.0045 | Laminin, alpha 4 muscle attachment PMID:22859503
FHOD3 2.1 0.0045 | Formin homology | sarcomere organization PMID:19706596,
2 domain contain- PMID:22509354
ing 3
CRLF1 -2.2 0.0045 | Cytokine recep- negative regulation of neu- PMID:10966616
tor-like factor 1 ron apoptotic process
negative regulation of motor | PMID:14523086
neuron apoptotic process
SEMA3D -2.3 0.0045 | Semaphorin 3D axon guidance PMID:15456815,
PMID:17251263
peripheral nervous system PMID:16280593
development
retinal ganglion cell axon PMID:14724229,
guidance PMID:16467361
Neural crest development PMID:16971468
regulation of axon extension | PMID:16280593
neural crest cell differentia- | PMID:16860789,
tion PMID:16971468
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SEMA3A -5.1 0.0045 | Semaphorin 3A retinal ganglion cell axon PMID:16467361,
guidance PMID:14724229
neural crest cell develop- PMID:16971468
ment
regulation of axon extension | PMID:16280593
pathway involved in axon PMID:18804103
guidance
axogenesis involved in in- PMID:22790009
nervation

PPAP2B -1.9 0.0045 | Phosphatidic acid | Bergmann glial cell differen- | PMID:21319224

phosphatase type | tiation
2B ossification PMID:12933688
response to vitamin D PMID:11702003

CRABP2 -1.6 0.0078 | Cellular retinoic embryonic forelimb mor- PMID:7720575

acid binding pro- | phogenesis

tein 2 hindbrain morphogenesis PMID:22619388
positive regulation of collat- | PMID:18052984
eral sprouting

FZD4 -2.1 0.0045 | Frizzled class re- cerebellum vasculature PMID:15035989,

ceptor 4 morphogenesis PMID:12230512

ASPA -2.7 0.0078 | Aspartoacylase positive regulation of PMID:16634055
oligodendrocyte differentia-
tion

NOV -2.6 0.0078 | Nephroblastoma | axon development PMID:19286457

overexpressed neuronal cell development PMID:19286457
dendrite formation PMID:19286457
Genes in nervous system development (UP-REGULATED)
HAPLN1 +6.7 0.0045 | Hyaluronan and Suppression of neuronal PMID:20566484
proteoglycan link | plasticity
protein Memory function PMID:23595763
Extracellular matrix PMID:23595763
EDIL3 +3.1 0.0045 | EGF-like repeats Neural plate development PMID:20823067
and discoidin I-
like domains 3

NTN4 +3.1 0.0045 | Netrin4 Neuron remodeling PMID:11038171

ITGA +1.7 0.0045 | Integrin alpha-3 Neuron migration PMID:15091337
Excitatory synapse PMID:23595732
Regulation of neuron projec- | PMID:2223092
tion development

CDH13 +2.0 0.0045 | Cadherin-13 Negative regulation of neu- PMID:10737605

ron projection

Negative regulation of cell
proliferation

PMID:10737605
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Gene sym- | Fold FDR Gene name Gene Ontology (GO) Direct link to
bol (HGNC) | change | (BH) annotation PubMed
Genes in bone development (DOWN-REGULATED)

TNFRSF11B | -4.8 0.0045 | Tumor necrosis factor | negative regulation of PMID:16283633
receptor superfamily, | odontogenesis of den- PMID:14981127
member 11b tin-containing tooth

negative regulation of PMID:11839361
bone resorption PMID:16912914
skeletal system devel- PMID:9108485
opment

FAM20A -1.9 0.0045 | Family with sequence | tooth eruption PMID:23434854
similarity 20, member PMID:23468644
A PMID:23697977

calcium ion homeostasis | PMID:23434854

RASSF2 -2.5 0.0078 | Ras association bone remodeling PMID:22227519
(RalGDS/AF-6) domain | ossification PMID:22227519
family member 2 regulation of osteoblast | PMID:22227519

differentiation

regulation of osteoclast | PMID:22227519
differentiation

skeletal system devel- PMID:22227519
opment

TSHZ2 -2.2 0.0045 | Teashirt zinc finger embryonic cranial skele- | PMID:23559552
homeobox 2 ton morphogenesis

STC1 -3.0 0.0078 | Stanniocalcin 1 positive regulation of PMID:17032941

calcium ion import

DPT -2.5 0.0045 | Dermatopontin collagen fibril organiza- | PMID:16877395

tion
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Mass spectrometric analysis of peptides from immunoprecipitations

Table S7. Mass spectrometric analysis of peptides from immunoprecipitations (TableS7.xIsx)

Immunoprecipitated samples were boiled at 95°C for 5 min, reduced in 50 mM DTT and alkylated with a
final concentration of 5.5 mM chloroacetamide for 30 min. Proteins were digested by 250 ng of trypsin
overnight at 37°C and desalted with C18 columns. Each sample fraction was dissolved in 2 pL of 5% ACN
and 2% FA for subsequent MS analysis. LC-MS/MS was carried out by nanoflow reverse-phase liquid
chromatography (Dionex Ultimate 3000, Thermo Scientific; Waltham, MA) coupled online to a Q-Exactive
Plus Orbitrap mass spectrometer (Thermo Scientific). Briefly, LC separation was performed using a PicoFrit
analytical column (75 um ID x 25 cm long, 15um Tip ID (New Objectives, Woburn, MA)) in -house packed
with 3 um C18 resin (Reprosil-AQ Pur, Dr. Maisch, Germany). Peptides were eluted using a gradient from
3.8 to 98% solvent B over 46 min at a flow rate of 300 nL/min (solvent A: 0.1% formic acid in water; sol-
vent B: 80% acetonitrile and 0.08% formic acid). Three kilovolts were applied for nanoelectrospray gener-
ation. A cycle of one full FT scan mass spectrum (300—1700 m/z, resolution of 35000 at m/z 200) was
followed by 12 data-dependent MS/MS scans with a normalized collision energy of 25 eV. Raw MS data
were processed with MaxQuant software (version 1.5.0.0) and searched against the human proteome
database UniProtkB with 88,717 entries, released 2014-11. A false discovery rate (FDR) of 0.01 for pro-
teins and peptides and a minimum peptide length of 7 amino acids were required. A maximum of two
missed cleavages was allowed for the tryptic digest. Cysteine carbamidomethylation was set as fixed mod-
ification, whereas N-terminal protein acetylation and methionine oxidation were set as variable modifica-
tions.
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Oligonucleotides used for sequencing, cloning, in vitro mutagenesis and morpholino mediated knockdown

Table S8. Oligonucleotides used for molecular genetics experiments

Gene Exon Forward Reverse Product
size [bp]
Sequencing of genomic DNA
ASCC1 | Ex3 5-CCCAATTCAGACCTGCATAA-3 5-TTGATCCTACAATACACAGGACA-3 296
ASCC1 | Ex4 5-AGCGGTTGACAGCTGAGG-3 5-TCAAGCACTGCAATAAGTATGGA-3 275
ASCC1 | Ex5 5-TCTCTTGTCACAAAGGATTTAAACA-3 5-CCCATAGCTAGAACCCCACA-3 299
ASCC1 | Ex6 5-TCAGAACTGCTTTAGCTCCTCA-3 5-TTGGTGGGGGAAGAAGTTTA-3 390
ASCC1 | Ex7 5-TGGGCTGAGTTTCTTGTTTT-3 5-CTGAGAATTACTCACATACCAAAAAG-3 249
ASCC1 | Ex8 5-TTTTGAAATTAGAAGGGCAATTAGA-3 5-TCAAAGAAAAGGAATCAAAATGAA-3 381
ASCC1 | Ex9 5-GCAGGGCTTTGTATGGTGAT-3 5-TTGCCCACCTCTACTATGCTC-3 395
ASCC1 | Ex10 5-TCATTATGCCACTTTCCAGGT-3 5-TGAAGAAATATACGGAGAACTACTTG-3 298
ASCC1 | Ex11 5-GGGATTGTTGTGGTTTGGTG-3 5-CCCTGCTTGGCAATTAAAAC-3 300
Sequencing of genomic DNA
TRIP4 | Ex1 5-GGGATCTGCACTGGAGGC-3 5-GCACATCCCAGAGCTCCTT-3 289
TRIP4 | Ex 2 5-CTCTGTTAAGATTACTGAGAAACAGTG-3 5-AGCCTGCCCACTTACCAATA-3 291
TRIP4 | Ex 3 5-TTCACCAGGAATCCTCTTATCAA-3 5-TCACTTCCTCTTCTCCAATAGTCA-3 248
TRIP4 | Ex4 5-GGAGCATTTTCTCCCTTGAC-3 5-AGATCTGACTGGCTCTGCGT-3 352
TRIP4 | Ex5 5-GCAATATAATTTAACTGTTGGATCAC-3 5-ACAAGGTACCCATCATCCCA-3 178
TRIP4 Ex 6 5-TTGTTCTTTGTTGCACACTGG-3 5-ATGGCCAGAATCTGTGGACT-3 267
TRIP4 Ex 7 5-AATCGGTCCTTATTTGTCAACAG-3 5-GACCCTTTCTAGTGCTGCTCA-3 298
TRIP4 Ex 8 5-TGTTGGTGGTAAGCATTCTGAG-3 5-AAATTGGGGCCAAACTTCTT-3 244
TRIP4 Ex 9 5-ACCTACCCCAGATTCTTGCC-3 5-TCTAAGATCTTCCACTGCCCA-3 285
TRIP4 Ex 10 5-TGGGATATTCCAGGAAACTAGA-3 5-AACGTCAATGACTTCTCTCCA-3 241
TRIP4 Ex 11 5-TCCTGAGTTCCAAGATCACAAA-3 5-ATGGCGAAACCCTGTCTCTA-3 199
TRIP4 Ex 12 5-GCTTGTCCCAACTATCCTGAA-3 5-TCCCCATTCCTTACTACTGCAC-3 204
TRIP4 Ex 13 5-TAACCAGAAGACCTGGGAGG-3 5-TTTCCAACTTGGTCCAATCTC-3 445
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Tailed primers for the cloning of the in-situ hybridization probes

Trip4 Notl-Sall | 5-GGAGGAGCGGCCGCCGTACCGGGAGCCGCTAGTA-3 5-GGAGGAGTCGACCTTCTGGCCCAGGCAATCAC-3 512
(Notl site underlined) (Sall site underlined)

Asccl Notl-Sall | 5-GGAGGAGCGGCCGCTCCAGGAGGAGGTGCTGAGG-3 5-GGAGGAGTCGACTCCAAAGCTGTCCACCGTGA-3 581
(Notl site underlined) (Sall site underlined)

Two different sets of morpholinos used for trip4 and ascc1 knockdown

trip4 MO 5-ATTGGTGCACACCTGAATGATGTGC-3

asccl MO 5-TGCACCTGTGACCACTGAGAGAAC-3

trip4 MO2 5-AGTGCGAGCTCACCAGACTGCCGCA-3

asccl MO2 5-ATACACTGACTTGTAAAGCACACTG-3

bactin | MO 5-CCTCTTACCTCAGTTACAATTTATA-3

Primers used for RT-PCR quantification of trip4, ascc1, and control (bactin) mRNA abundance after MO and MO2-knockdown

trip4 Ex4-5 5-CTCCCATTGACTTAATGAAGGCAC-3 5-GGTTCCCTCTCCCATCAG-3

asccl | Ex2-4 5-GCAGCAGTGGATCAGTGTC-3 5-CCCTGAGTCCTGTGAGC-3

bactin | Ex1-2 5-CCTTCCTTCCTGGGTATGG-3 5-GGGGGAGCAATGATCTTGATC-3

Primers used for cloning of full length trip4 and asccl constructs and for site directed mutagenesis

trip4 cloning | 5-GGAATTCGCCGCCACCATGAGCGATTCTTTGCTTCGCT 5-GCTCGAGTCACGCTGGCTGCATTAAACACTT 1784
GGAC-3 (start codon underlined) CTTG-3 (stop codon underlined)

trip4 p.K265* | 5-GAATTTGACAAGAACAGTGTTTAGAGAACACAAGTCT 5-CAAGACTTGTGTTCTCTAAACACTGTTCTTGT
TG-3 (mutant residue underlined) CAAATTC -3 (mutant residue underlined)

asccl | cloning | 5-GAATCGATGCCGCCACCATGGAGGTCTTACGGCCGCC-3 5-GTCTAGATCATGAGAATGTGATGTGTCCGGCTG-3 1165
(start codon underlined) (stop codon underlined)

asccl | fs 5-CGATGCTCATAACATAGGAGCAGACGGAC-3 5-GTCCGTCTGCTCCTATGTTATGAGCATCG-3
(inserted nucleotides underlined) (inserted nucleotides underlined)
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Antibodies for immunostaining, immunoprecipitation, and Western blot

Table S9. List of used antibodies

AB against Species Raised in species Company Order number
TRIP4 Humans Rabbit-pAB (1gG) ATLAS HPA016605
ASCC1 Humans Goat-pAB (IgG) Santa Cruz sc-160156
ASCC2 Humans Rabbit-pAB (IgG) Sigma/Prestige HPA001439
CSRP1 Humans Rabbit-pAB (IgG) Abcam ab70010
CALR Humans Rabbit-mAB (IgG), clone EPR3924 Millipore MABT145
SP1 Humans Rabbit-pAB Millipore 07-645
MHCt,qt Humans Rabbit-mAB (IgG1) Novocastra/Leica Clone: WB-MHCf
MHC,jow Humans Rabbit-mAB Novocastra/Leica Clone: WB-MHCs
MHCeo Humans Rabbit-mAB (IgG1) Novocastra/Leica Clone: WB-MHCn
MHCyey Humans Rabbit-mAB (IgG1) Novocastra/Leica Clone: WB-MHCd
GAPDH Humans Mouse-mAB (IgG1) Ambion/Applied Biosystems AMA4300, Clone: 6C5
B-Tubulin Humans Rabbit-pAB (IgG) Abcam ab6046
pan-Actin Humans Mouse-mAB (IgG1), clone C4 Chemicon international MAB1501R
znp-1 Zebrafish Mouse-mAB (IgG2a,x) DSHB znp-1
AlexaFluor594-a-Bungarotoxin Life Technologies/Molecular Probes | B-13423
Protein G Sepharose 4B Life Technologies 101241
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