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Heterozygous RNF13 Gain-of-Function Variants Are
Associated with Congenital Microcephaly, Epileptic
Encephalopathy, Blindness, and Failure to Thrive

Simon Edvardson,!27 Claudia M. Nicolae,?7 Grace J. Noh,*” Jennifer E. Burton,> Giuseppe Punzi,°®
Avraham Shaag,! Jessica Bischetsrieder,* Anna De Grassi,® Ciro Leonardo Pierri,® Orly Elpeleg,!*
and George-Lucian Moldovan3.*

Accumulation of unfolded proteins in the endoplasmic reticulum (ER) initiates a stress response mechanism to clear out the unfolded
proteins by either facilitating their re-folding or inducing their degradation. When this fails, an apoptotic cascade is initiated so that the
affected cell is eliminated. IREla is a critical sensor of the unfolded-protein response, essential for initiating the apoptotic signaling.
Here, we report an infantile neurodegenerative disorder associated with enhanced activation of IREla and increased apoptosis. Three
unrelated affected individuals with congenital microcephaly, infantile epileptic encephalopathy, and profound developmental delay
were found to carry heterozygous variants (c.932T>C [p.Leu311Ser] or ¢.935T>C [p.Leu312Pro]) in RNF13, which codes for an
IRElo-interacting protein. Structural modeling predicted that the variants, located on the surface of the protein, would not alter
overall protein folding. Accordingly, the abundance of RNF13 and IREla was not altered in affected individuals’ cells. However, both
IRElo-mediated stress signaling and stress-induced apoptosis were increased in affected individuals’ cells. These results indicate that
the RNF13 variants confer gain of function to the encoded protein and thereby lead to altered signaling of the ER stress response asso-

ciated with severe neurodegeneration in infancy.

Apoptosis is a cellular response to stress conditions such as
the accumulation of unfolded proteins in the endoplasmic
reticulum (ER). Under this stress, an intracellular unfolded-
protein response (UPR) is activated, triggering a cascade of
signaling events resulting in attenuation of protein synthe-
sis and transcriptional upregulation of genes encoding ER
chaperones, folding enzymes, and ER-associated degrada-
tion (ERAD) components. When UPR fails, an apoptotic
cascade is triggered, leading to cell death." Mammalian
UPR is initiated by the activation of three ER stress sensors:
protein kinase RNA-like ER kinase (PERK), activating tran-
scription factor 6 (ATF6), and inositol-requiring transmem-
brane kinase/endonuclease (IREle).> We now report on
an infantile neurodegenerative disorder associated with
enhanced activation of the ER stress sensor IREla and
increased apoptosis.

Of the three affected individuals, all of whom were
males, two are alive at 2 and 8 years of age, respectively,
whereas the third died of sepsis at 33 months. The affected
individuals originated from three unrelated families; their
clinical and radiologic data are summarized in Table 1,
and an illustrative clinical description is included in the
Supplemental Note. Abnormally high o-fetoprotein in
maternal blood was noted in the only pregnancy tested
(individual 1). Pregnancies were otherwise uneventful for
all three affected individuals. The affected individuals
were born at term; although birth weight varied, the

head circumference was invariably low (-2 SD to —3.1
SD). The perinatal course was characterized by feeding dif-
ficulties, restlessness, and abnormally increased muscle
tone. Tonic, clonic, and myoclonic seizures were first
documented at 7 weeks to 7 months of age and were resis-
tant to multiple drugs. An electroencephalogram (EEG)
and video EEG revealed a slowing of background activity,
with interictal bilateral nonsynchronous spikes and sharp
waves, as well as focal ictal discharges correlating with
tonic and clonic seizures that progressed to secondary
generalization. All affected individuals had cortical visual
impairment accompanied by roving eye movements and
a pupillary response to light but failure to fixate or track
moving objects; fundoscopy was essentially normal. All
affected individuals had bilateral hearing loss. An auditory
brainstem response test in affected individuals 1 and 3
indicated profound sensorineural deafness with prolonged
latencies and slow conductance. Affected individual 1 was
treated with cochlear implants, but the subsequent
response to noise was inconsistent. None of the affected
individuals achieved any developmental milestones, and
all three showed no voluntary movements and no
communication. Increased muscle tone, limb contrac-
tures, and scoliosis (Figure 1) were invariably present.
The affected individuals were fed via gastrostomy but
showed failure to thrive and microcephaly; head circum-
ference ranged from —5.5 SD (affected individual 2)
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= to —2 SD (affected individual 3) according to the latest
o 2 measurements.
iz . 5 g Brain MRI of affected individual 1 at age 3 months
Sel2 & = | = showed a thin corpus callosum, whereas a brain MRI of
° E § § § $ affected individual 2 showed thin corpus callosum and
§ ;E &; il; i 3 delayed myelination at 1 year of age. Subsequent imaging
] 2 revealed supra- and infratentorial volume loss.
5 & B Laboratory investigations, including blood lactate,
é % £ ammonia, very long chain fatty acids, amino acids, bio-
- Qé 2 ; tinidase activity, isoelectrofocusing of transferrins, and
°§= ) Edf E acylcarnitine levels, were normal, as were cerebrospinal-
£ LE) ;%LS) E < 2 fluid amino acids and glucose; urinary organic acid anal-
als |[S5°¢ z |2 ysis repeatedly displayed increased lactate excretion in
% g one of the three affected individuals. Chromosomal micro-
“ R g g g% R 8 array was normal in all three affected individuals, and
E\ S E g % 29 E é mitochondrial DNA sequencing performed in affected in-
5|8 Qg:; £ i%% g |s dividual 2 disclosed no pathogenic variants.
i E %;5 3= %E g Whole-exome analysis (WES) for affected individual 1
E g “i‘: £ § g g g E g and his parents was performed on exon targets captured
S| 2325 E2|2 with the SureSelect Human All Exon 50 Mb Kit V4 (Agilent
H £ £ g‘a% ?: -:3; £ §o Iy Technologies). Sequences were determined by HiSeq2500
ol ¢ BE P 88 g_ (lumina). The full sequencing methodology and variant
IS S = interpretation protocol were previously described.® For in-
Ej E g dividuals 2 and 3 and their parents, WES was performed at
2l = = = 8 GeneDX on exon targets isolated by capture with the Clin-
§ % g % % ical Research Exome kit (Agilent Technologies). The full
T = o % sequencing methodology and variant interpretation proto-
I 5 col has been previously described.” The general assertion
rE R E v criteria for variant classification are publicly available on
_§ 3 E £ £ £ % the GeneDx ClinVar submission page (see Web Resources
2|=° & & & lg below). All procedures were performed in accordance
£ 2 ) with the ethical standards of the responsible committee
k g = g g § on human experimentation (institutional and national);
g E 2> “é i § i proper informed consent was obtained from all guardians.
Nl b 3|z = g g In the WES of the affected individuals, average depth of
E ;_E § g % g 'g coverage was 81x, 351x, and 30x, with 95.6%, 85.1%,
1< al~ ~ & ~ 8 and 85.3% of the target covered at least 20x for affected
'*E " Y < individuals 1, 2, and 3, respectively. Following read align-
2;. g g ) EE: é ment, variant calling, and filtration, 334 heterozygous var-
2 2 § % g 5% 2 iants remained; all but one were inherited from the parents.
f S EE ZE et 3 For affected individual 1, the non-inherited variant
| PlE: 2% £ g was GRCh37/Hgl9 Chr3: 149678677T>C (GenBank:
£| 2| =% ‘gi §§ 8 S NM_007282.4) (c.932T>C[ p.Leu311Ser]) in RING finger
E g g‘g %‘E qég % 9 protein 13 (RNF13, MIM: 609247), whereas for affected
sl | T g individuals 2 and 3, this was GRCh37/Hgl9 Chr3:
2lcz2 £5 149678680T>C (GenBank: NM_007282.4) (c.935T>C
% § ‘5 o) g § [p.Leu312Pro]) in RNF13. We verified the findings by Sanger
® 8 8 g | _ 128 sequencing in the affected individuals and confirmed their
s|EZ Zi 2 2 E § absence from the DNA of all the parents and the healthy
E é E 2 $ $ = g siblings. The variants were not carried by any of the
BIRE(~2 2 e =§ G ~123,000 individuals whose exome analyses were depos-
T: & |3 R Q *2 § ited at gnomAD (see Web Resources below), nor were they
:E F %é found at the Hadassah and GeneDx WES databases. The
2 Y g € £z three affected individuals became known to each other’s
- § 3E| & B |z5 physicians through the GeneMatcher website.”°
2| @ § g § § g g RNF13 encodes a 381 amino acid protein, which belongs
el EI=8IS = 2E to the PA (protease associated)-TM (transmembrane)-RING
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Figure 1. Clinical and Radiographic Findings

(A-D) Craniofacial features of affected individual 2 at age 3 years (A and B) and affected individual 1 at age 22 months (C) and 18 months
(D). Images show microcephaly with midface hypoplasia, a narrowed forehead, a short nose, a small chin, and a narrowed nasal bridge
and base.

(E and F) A brain MRI of affected individual 2 at age 10 months reveals delayed myelination with thin corpus callosum (E: T1 axial, F: T1
sagittal).

(G and H) A scoliosis X-ray of affected individual 1 at age 21 months (G) and affected individual 2 at age 8 years (H) shows
80° levoscoliosis.

(I'and J) A hand X-ray of affected individual 2 at 3 months (I) and 17 months of age (J) shows initial flexion deformity of metacarpo-
phalangeal joint and joint hypermobility as well as markedly delayed bone age (i.e., absent epiphyses and ossification of carpal bones).

(really interesting new gene) protein family. RNF13 was
shown to associate with IREla and promote its activa-
tion.” IRE1a is the main ER stress sensor and functions as
a transcription factor of ER chaperones.® Activated IREla.
cleaves the mRNA of X-box-binding protein 1 (XBP1).”
It also interacts with tumor-necrosis-factor-receptor-
associated factor-2 (TRAF2), leading to the activation of
apoptosis-signal-regulating kinase 1 (ASK1) and c-Jun
NH2-terminal kinase (JNK).® In turn, phosphorylated JNK
activates the cytochrome-c-mediated apoptotic pathway
by phosphorylating specific members of the BCL-2 family
of proteins.”'! Thus, RNF13 is considered a crucial medi-
ator of ER stress-induced JNK activation and apoptosis
through its interaction with and activation of IREla.
Because heterozygotes for RNF13 loss-of-function variants
are present at the expected rate (relative to protein length,
pLI = 0.00) in the ExAC cohort of ~60,000 healthy indi-
viduals (see Web Resources below), we explored the possi-
bility that the c.932T>C (p.Leu311Ser) or c.935T>C
(p.Leu312Pro) variant in RNF13 confers a gain of function,

i.e., increased ER stress-induced apoptosis relative to that
in unrelated, sex-matched control cells from a young,
healthy adult.

The two RNF13 variants are localized in a highly
conserved sequence (Figure 2A) that includes a set of
charged, hydrophilic residues, 309-TPLLRPLASVS-319 (see
PhosphoSite Plus in Web Resources below), which is the
target of post-translational modification (PTM) by phos-
phorylation at Thr309 and Ser319 (Figure S1). No structures
of RNF13 or its close paralogs are currently available. Thus,
to gain insights into the impact of these mutations, we
created a computational 3D comparative model of RNF13
structure (for methods of 3D model generation, see Supple-
mental Data). The 3D model revealed that the di-leucine
motif, together with the entire 309-TPLLRPLASVS-319
sequence, is located on the protein surface and forms a
loop between the PEST and the Ser-rich sequence motifs
(Figure 2B; Figure S2). In silico mutagenesis simulations
showed that the two mutations result in only slightly
different orientations of side chains in adjacent amino acids
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A TPLLRPLASVS

H.sapiens.RNF13_ WT
G.gorilla. RNF 13.NP_009213.1

Mmulatta RNF13.XP_003895008. 1
Anancynaae RNF13.XP_012292493.1
Camiliaris. RNF13.XP_534303.1
F.catus.RNF13.XP_003992063.1
H.sapiens.RNF13 L3115
H.sapiens.RNF13_L312P
H.sapiens.FOXO1.NP_002006.2
P.abelii_FOXO1.XP_002824246.1
N.leucogenys. FOXO1.XP_003270061.1
P.anubis.FOXO1.XP_003913848. 1
S.svrofa FOXO1.XP_020920928.1
C.hircus FOXO1.XP_017912175.1
Maunguiculatus.FOXO1.XP_021494280.1

TPSLRPLASV.
TPLPRPLASVS

(Figure 2C), thus ruling out a significant perturbation of the
local tertiary structure (i.e., the global structural arrange-
ment of PEST and Ser-rich motifs containing the mutated
loop). Furthermore, the new variants containing motifs
309-TPSLRPLASVS-319 and 309-TPLPRPLASVS-319 are
highly similar to the sequence 24-PLPRPRSCT-32, hosting
phosphorylation at Thr32 in FOXO1'! (Figure 2A), suggest-
ing that these mutations might alter PTMs of RNF13. This is
further corroborated by the results of the NetPhos 3.1 PTM
prediction server,'” which reported a novel high-probabil-
ity phosphorylation site at Ser311 (p = 0.91), in the case
of variant c.932T>C (p.Leu311Ser), and an increased
probability of Thr309 phosphorylation (from p = 0.56 to
p =0.64), in the case of c.935T>C( p.Leu312Pro) compared
to wild-type (Figure 2C). Altogether, these observations led
us to explore the possibility of a gain-of-function effect of
these variants.

We therefore studied the signaling of ER stress in fibro-
blast and lymphoblast cells derived from affected individ-
ual 1 and an unrelated control (detailed materials and
methods are described in the Supplemental Data). We first
investigated RNF13 abundance in these cells. Immunoblot
experiments indicated no major difference between
control cells and those from the affected individual
(Figure 3A-3C). Treatment of HeLa cells with RNF13-target-
ing siRNA resulted in its depletion, confirming that the
observed band corresponds to RNF13 (Figure 3A). Given
the role of RNF13 in the modulation of signaling of ER
stress, such as that induced by tunicamycin,” we treated
control cells and cells from affected individual 1 with

Figure 2.
Structure
(A) RNF13 orthologous sequences from
various mammalian species. The dileucine
motif in position 311-312, altered in
the affected individuals reported here, is
highly conserved. FOXO1 sequences are
reported for comparative purposes.

(B) The 3D model of RNF13. The PA_C_
RZF-like domain located at the N-terminal
of RNF13 (residues 55-171) is shown in
yellow. The RING_H2_RNF167 domain
(residues 233-283) is shown in blue. Resi-
dues 309-319, including the discussed
309-TPLLRPLASVS-319 sequence, are pre-
sented in red. The putative PEST motif
and a serine-rich sequence (See alignment
panel), located close to the 309-
TPLLRPLASVS-319 sequence at the end
of the C-terminal domain (residues
284-381), are shown in gray. Finally, the
N-terminal domain (residues 1-54) and
the domain including residues 172-232
are presented in pink.

(C) The 309-TPLLRPLASVS-319 loop and the
resulting two variants, 309-TPSLRPLASVS-
319 and 309-TPLPRPLASVS-319, are shown
in a red cartoon representation. High-
probability phosphorylated residues are
indicated.

3D Modeling of RNF13 Protein

Leu312

Leu311
pSer312

‘prh r309

Pro311
Leu312

1 pg/mL tunicamycin for 48 hr. Immunoblot experiments
showed that, although IRE1a abundance was unchanged,
both XBP1 splicing and c-Jun phosphorylation increased
in fibroblast (Figure 3B) and lymphoblast (Figure 3C) cells
derived from the affected individual. Moreover, quantita-
tive determination of spliced XBP1 mRNA by RT-qPCR"*
confirmed increased levels in cells from the affected
individual upon tunicamycin treatment (Figure 3D,
Figure S3A). Because ER stress signaling mediated by
RNF13 had previously been shown to be associated with
induction of apoptosis,” we investigated apoptosis levels
under increased ER stress. To this end, we measured
annexin V positivity in control and affected individual
lymphoblasts after 1 pg/mL tunicamycin treatment for
48 hr. Compared to control cells, cells from the affected in-
dividual showed significantly higher tunicamycin-induced
annexin V signal, suggesting increased apoptosis
(Figure 3E, Figure S3B). These results indicate that the
¢.932T>C (p.Leu311Ser) RNF13 mutation identified in in-
dividual 1 has a gain-of-function effect, resulting in
enhanced signaling of ER stress and increased ER stress-
induced apoptosis in mutated relative to control cells.
Apoptosis, the activation of the caspase cascade leading
to cell death, is an essential feature of cortical brain devel-
opment. During neurogenesis, about 70% of progenitor
cells in the ventricular and subventricular zone undergo
apoptosis; this number is similar to the number of post-
mitotic cells that undergo apoptosis, leading to the
suggestion that apoptosis controls the stem-cell popula-
tion.'* Regulation of apoptosis is necessary for normal
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Figure 3. Increased ER Stress-Induced
Apoptosis in RNF13-Mutant Cells
(A) Control fibroblasts and fibroblasts

gg derived from affected individual 1 were
o analyzed for RNF13 protein abundance
=2 by immunoblot. To confirm that the indi-

cated band corresponds to RNF13, we
treated HeLa cells with RNF13-targeting
siRNA and analyzed cells in parallel.

(B and C) Increased signaling of ER stress

% RNF13

Spliced XBP1
(sXBP1)

|

GAPDH

in fibroblasts (B) and lymphoblasts (C)
derived from affected individual 1. Cells

Phospho-c-Jun

Spliced XBP1
(sXBP1)

E Vinculin

D Spliced XBP1 mRNA (RT-gPCR)

" | Phospho-c-Jun EI Vinculin

E Apoptosis %nnexin V flow cytometry)

were treated with 1 pg/mL tunicamycin
for 48 hr, and lysates were analyzed for
XBP1 splicing (2.4- and 2.5-fold increases
in the affected individual'’s fibroblasts and
lymphoblasts, respectively, when results
were normalized against those for vincu-
lin) and Jun phosphorylation at Ser73
(3.2- and 3.7-fold increases in the affected
individual’s fibroblasts and lymphoblasts,

Lymphoblasts ymphoblasts respectively). The asterisk indicates a cross-

_ . reactive band.
6 ** p=00016) 4 (20,020 (D) Increased tunicamycin-induced XBP1
::<Z( = No drug I E@ " "F‘Sn?éggw cin T splicing in the affected individual’s lym-
oL °| = Tunicamycin 25 ; Y phoblasts, quantified by qRT-PCR. Cells
B ¢ 82 were treated with 1 pg/mL tunicamycin
g% 3 'g c 2 L for 48 hr. The average of six experiments,
£X ) [ oy > with standard deviations indicated as error
%§ S € 1 bars, is shown. Tunicamycin-treated sam-
L= J - < J . ples were normalized to the “no drug”
0 0 condition for each cell type. The statistical

Control Affected Individual Control

Affected Individual difference between tunicamycin-treated

control cells and those from the affected
individual (TTEST, two-tailed, unequal

variance) is indicated. Baseline (no drug treatment) amounts of spliced XBP1 mRNA are not significantly different in the affected

individual (Figure S3A).

(E) Increased tunicamycin-induced apoptosis in the affected individual’s lymphoblasts. Cells were treated with 1 pg/mL tunicamycin for
48 hr and analyzed for Annexin V labeling by flow cytometry. The average of four experiments, for which standard deviations are indi-
cated as error bars, is shown. Tunicamycin-treated samples were normalized to the “no drug” condition for each cell type. The statistical
difference between tunicamycin-treated control cells and the affected individual’s cells (TTEST, two-tailed, unequal variance) is indi-
cated. Baseline (no drug treatment) levels of apoptosis are not significantly different in the affected individual (Figure S3B).

brain development; an increase in neuronal apoptosis,
with the resultant depletion of the intermediate
neuron-progenitor population, is observed in the micro-
cephalic Mos™~ mice. This strain is haploinsufficient for
Magoh, the exon-junction-complex component that reg-
ulates neural stem-cell division.'”> Conversely, apoptosis
reduction due to Caspase 9 knockout is associated with
a markedly enlarged and malformed brain in mice.'®
Collectively, these data support the hypothesis that miti-
gation of endoplasmic reticulum (ER) stress and precision
in spatio-temporal regulation of apoptosis is critical for
normal brain development.

RNF13 was previously identified as a critical regulator of
staurosporine-mediated apoptosis. RNFI13-knockdown
cells showed a markedly reduced response to the triggering
of ER stress-mediated apoptosis, whereas overexpression of
RNF13 induced an enhanced ER stress response and cas-
pase-dependent apoptosis.> RNF13 is synthesized as an en-
dosomal integral membrane protein'” and was shown to
localize with markers of the late endosomal-lysosomal sys-
tem.'® RNF13 expression is prominent in embryonic and
adult brain tissues, and RNF13 was shown to be involved

in neuronal development. Brain RNF13 mRNA is upregu-
lated after initiation of neurite outgrowth.'” Genetic
disruption of Rnf13 leads to a learning and memory defect
in mice,'? whereas its ectopic expression promotes sponta-
neous neurite outgrowth of PC12 cells in vitro.”” ' Our
work suggests that these neuro-cognitive phenotypes
might be attributed to altered levels of apoptosis.

Here we show that heterozygous missense mutations
in the Leu 311-Leu 312 dileucine motif of RNF13 are
associated with gain of function of its apoptosis-related ac-
tivity without affecting RNF13 abundance. Abnormally
increased apoptosis was previously reported in neurolog-
ical syndromes in humans; individuals suffering from the
renal-neurological disease Galloway-Mowat syndrome
[MIM: 251300], characterized by microcephaly, brain
anomalies, and developmental delay, accompanied by
early-onset nephrotic syndrome, were shown to carry
recessive mutations in subunits of the KEOPS complex.
This complex is involved, among its other activities, in
tRNA modification; defects in the KEOPS complex would
thus result in translational errors that can impair protein
folding and thereby activate a UPR. In agreement,
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knocking down KEOPS subunits resulted in an increase
in phosphorylated IRE1«, spliced XBP-1, phosphorylated
elF2a, and ATF4, indicating activation of the UPR.*?
Another example of the association between increased
apoptosis and neurological syndromes is seen in affected
individuals with bi-allelic mutations in IER3IP1 (immedi-
ate early response 3 interacting protein 1 [MIM:
609382]); these mutations manifest as a simplified gyral
pattern in combination with severe infantile epileptic
encephalopathy and early-onset permanent diabetes.
Although the role of IER3IP1 in apoptosis induction is
unknown, increased apoptosis is observed in the affected
individual’s cortex, as well as in control cells treated with
IER3IP1 siRNA after dithiothreitol-induced ER stress.”

RNF13 was previously assumed to function as an
E3 ubiquitin-protein ligase.'® ' Mutations in another
E3 ubiquitin ligase, encoding Malin (NHLRCI [MIM:
608072], were shown to cause the Lafora progressive
myoclonus epilepsy.”* Indeed, from a clinical point of
view, RNF13-associated disease can be partly regarded as
early-onset progressive myoclonus epilepsy.

In summary, we propose that the neurodegenerative disor-
der affecting the individuals described here is attributed to
the heterozygous RNF13 variants ¢.932T>C( p.Leu311Ser)
or ¢.935T>C( p.Leu312Pro), which occurred de novo in the
three individuals. The variants were absent from large co-
horts of healthy individuals, and the three affected individ-
uals share a distinctive clinical phenotype. Furthermore, the
variants are adjacent and reside in an amino acid stretch that
is highly conserved throughout evolution, and we found
them to be associated with RNF13 gain of function manifest-
ing as abnormally increased ER-stress-induced apoptosis,
which in itself is reported to cause neurological disorder in
humans. We hypothesize that the presence of a new PTM
site or the modification of the amino acid sequence flanking
a native PTM target site might be responsible for altering
RNF13 function, perhaps by changing its half-life or its inter-
actions with other proteins, such as IRE1a, that are involved
in apoptosis regul.altion.25

Supplemental Data

Supplemental Data include Supplemental Material and Methods, a
case report, and three figures and can be found with this article on-
line at https://doi.org/10.1016/j.ajhg.2018.11.018.
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SUPPLEMENTAL DATA

Supplemental Note: Case Report

The affected individual (affected individual 1 in table 1) was a 20 month old male, second of two

children to healthy, nonconsanginous parents.

During pregnancy, elevated Alpha-Feto-Protein was noted and from the 22" week of pregnancy
head circumference was discordant with gestational age averaging one week behind the
expected. Amniocentesis was declined. Delivery was uneventful at term with a birth weight of
2850 grams, and a head circumference of 31.5 cm that rose to 33 cm by two weeks of age.
Within two days after birth irritability, increased appendicular tone and feeding difficulties were
noted. No psychomotor development was noted from birth. No eye-contact or voluntary
movement were recorded. At age 7 weeks epilepsy presented with refractory, generalized,
nonfebrile, Status Epilepticus that persisted for several hours despite treatment with
Benzodiazepines, Barbiturates, and Levetiracetam. Subsequent seizures were myoclonic, and
generalized Tonic-Clonic. EEG was abnormal with a slow, disorganized background and
multifocal interictal spikes. Treatment with Vigabatrin was not effective and Ketogenic diet was

partially effective.

Cortical Visual Impairment was diagnosed by few months of age and sensorineural deafness led
to cochlear implants by one year of age. No evidence of hearing was obtained subsequently.
Persistent feeding difficulties and poor weight gain led to insertion of a Gastrostomy tube.

At the time of initial examination in our clinic (age 20 months) weight was 7.3 kg, height: 76 cm,
and head circumference was 40.3 cm. No tracking, response to noise or touch was elicited.
Roving eye-movements were noted. The boy was noted to have adducted thumbs (as did his
father) and no other dysmorphic or neurocutaneous stigmata. Spasticity was noted in both
upper and lower extremities while truncal tone was reduced. No hyperreflexia or upgoing
Babinsky's sign was noted. Contractures of lower limbs were present in hamstrings and plantar
flexors. Pupils were reactive to light, tongue was in midline and no facial asymmetry was noted.

No extrapyramidal movements were noted and the rest of the examination was unremarkable.



Metabolic workup including blood lactate, ammonia, very long chain fatty acids, amino acids,
biotinidase activity, isoelectrofocusing of transferrins and acylcarnitine levels were normal as
were CSF amino acids and glucose. Brain MRI at age 3 months revealed a thin Corpus Callosum.
At 33 months the boy was admitted to hospital with a suspected sepsis that led to his death. No

pathogenic agent was identified and autopsy was declined.
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Figure S1. List of RNF13 experimentally observed PTMs retrievable on phosphositePlus (see Web

Resources in the Main Text).
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Figure S2. The sequence structure alighment between RNF13 and the sequences of the

crystallized structures 3icu.pdb, 3kas.pdb and 1chc.pdb, reported according to pGenThreader

and pDomThreader predictions. The alignment figure was generated by using Jalview and the

color zappo-style.
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Figure S3. Baseline XBP1 splicing and apoptosis levels are not significantly different in the
affected individual’s cells.

(A) Quantification of spliced XBP1 mRNA by RT-qPCR under baseline (no drug treatment)
conditions (non-normalized data). The average of 6 experiments, with standard deviations
indicated as error bars, is shown. Statistical significance (TTEST, two-tailed, unequal variance) is
indicated.

(B) Quantification of baseline (no drug treatment) apoptosis levels (non-normalized data). The
average of 3 experiments, with standard deviations indicated as error bars, is shown. Statistical

significance (TTEST, two-tailed, unequal variance) is indicated.



Materials and methods

Cell studies: Fibroblasts and lymphoblasts cells were grown in RPMI media supplemented with
10% FBS. For gene knockdown, cells were transfected with Stealth siRNA (Life Tech) using
Lipofectamine RNAIMAX reagent. The RNF13 siRNA oligonucleotide sequence used was:
GCCACCUUAUCUUAGUUCCAGAAULU. Cell lysates were obtained by incubating cells in lysis
buffer (4% SDS, 2M [-mercaptoethanol, 0.1M Tris pH 6.8) for 15 minutes at 95°C. Antibodies
used for Western blots are: RNF13 (Novus NBP1-31251); GAPDH (Santa Cruz Biotechnology sc-
47724); IRE1 (Santa Cruz Biotechnology sc-390960); spliced XBP1 (Cell Signaling Technology
12782); phospho-Jun Ser73 (Cell Signaling Technology 3270); Vinculin (Santa Cruz Biotechnology
sc-73614). Cellular apoptosis was quantified using the FITC Annexin V kit (Biolegend 640906)
according to the manufacturer’s instructions. FITC fluorescence intensity was measured using a

BD FACSCanto flow cytometer.

RT-qPCR: Total mRNA was purified using TRIzol reagent (Invitrogen), and subjected to reverse
transcription using the RevertAid Reverse Transcriptase Kit (Thermo Fisher Scientific) with oligo
dT primers. Real-time qPCR was performed with PerfeCTa SYBR Green SuperMix (Quanta), using
a CFX Connect Real-Time Cycler (BioRad). The cDNA of GAPDH gene was obtained and analyzed
in parallel for normalization. Primers used were: spliced XBP1 (from ') (for:
TGCTGAGTCCGCAGCAGGTG; rev: GCTGGCAGGCTCTGGGGAAG); and GAPDH (for:
TGCACCACCAACTGCTTAGC; rev: GGCATGGACTGTGGTCATGAG).

Sequence analysis: RNF13 orthologs were sampled from metazoan by using blastp.

Comparative modeling analysis: Crystal structures of the RNF13 or close paralogs are not
available. Thus, related structures for comparative andalysis and 3D modeling were sampled by
using pGenThreader, pDomThreader and Modeller tools (see ? and references therein). The
retrieved sequences, including the proposed template structures to be used for comparative
modeling, were aligned by using ClustalW (see ? and references therein). The sequence-
structure alignment was used for generating a 3D multi-template model of the human wild type

RNF13 protein according to Modeller protocols (3, see > and references therein). 3D models of



the RNF13_Leu311Ser and of the RNF13_Leu312Pro mutants were built by using the in silico
mutagenesis tools of PyMOL. A slow molecular dynamics simulation with an annealing
procedure”’ was repeated to generate 100 optimized RNF13 wild type and mutant models,
according to our validated protocols®. The structural properties of the RNF13 wild type and
mutant 3D models with the best energy function were evaluated using the
biochemical/computational tools of the WHAT IF Web server
(http://swift.cmbi.ru.nl/servers/html/index.html). Final models were examined in PyMOL

(http://www. pymol.org/) and SwissPDBViewer (http://spdbv.vital-it.ch/).

Generation of a 3D model for RNF13. The RNF13 model was produced by performing multi-
template comparative modeling using the crystallized structures of 1chc.pdb’; 3icu.pdb

(http://www.rcsb.org/pdb/explore/explore.do?structureld=3icu) and 3kas.pdb®, according to

pGenThreader and pDomThreader’. Modeller software® was used for generating the 3D model
using the above cited multi-template sequence structure alignment (Figure S2). The generated
model (Figure 2) shows the PA_C_RZF, like domain located at the N-terminal of RNF13 (at the
level of RNF13 residues 23-180). In particular, RNF13 residues Phe55-1le171 (out of 381) are
modelled on residues Tyr71-Asn204 of 3icu.pdb and on residues Tyr219-Leu372 of the chainA of
3kas.pdb (out of 760 residues) (Figure S2). Moreover, the model shows the RING_H2 RNF167
domain, rich in Cys and His residues, possibly involved in the binding of Zn located at the C-
terminal of RNF13 (at the level of residues 238-283). Notably, the ring domain overlaps with the
APC11 domain (at the level of residues 238-291) possibly involved in posttranslational
modification, protein turnover, chaperones / Cell division and chromosome partitioning. In
particular, RNF13 residues Lys233-Asn303 are modeled on the 68 residues of 1chc.pdb (Figure
2). At the end of the C-terminal domain, a putative PEST and a serine rich sequence motifs can
be observed (Figure 2). pGenThreader, pDomThreader and other similar template predictors did
not suggest good templates for the modeling of this region. Nevertheless, the RNF13 region
including residues Glu304-Val381 shares with the 3kas c-terminal domain (residues Lys505-
Ala591) more than 30% of identical residues. Thus 3kas.pdb template was also used for

modeling the RNF13 C-terminal domain (Figure 2).

PTM predictions. The NetPhos 3.1 server was used for predicting phosphorylation at serine,

threonine or tyrosine of the full-length sequences of RNF13 wild type and variant-containing



sequences. Both generic and kinase specific predictions are performed. NetPhos3.1 performs
make for the following 17 kinases: ATM, CKI, CKIl, DNAPK, EGFR, GSK3, INSR, PKA, PKB, PKC,
PKG, RSK, SRC, cdc2, cdk5 and p38MAPK, CaM-Il.
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