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Mutations in TMEM260 Cause a Pediatric
Neurodevelopmental, Cardiac, and Renal Syndrome
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Despite the accelerated discovery of genes associated with syndromic traits, the majority of families affected by such conditions remain
undiagnosed. Here, we employed whole-exome sequencing in two unrelated consanguineous kindreds with central nervous system
(CNS), cardiac, renal, and digit abnormalities. We identified homozygous truncating mutations in TMEM260, a locus predicted to encode
numerous splice isoforms. Systematic expression analyses across tissues and developmental stages validated two such isoforms, which
differ in the utilization of an internal exon. The mutations in both families map uniquely to the long isoform, raising the possibility of an
isoform-specific disorder. Consistent with this notion, RT-PCR of lymphocyte cell lines from one of the kindreds showed reduced levels
of only the long isoform, which could be ameliorated by emetine, suggesting that the mutation induces nonsense-mediated decay. Sub-
sequent in vivo testing supported this hypothesis. First, either transient suppression or CRISPR/Cas9 genome editing of zebrafish
tmem260 recapitulated key neurological phenotypes. Second, co-injection of morphants with the long human TMEM260 mRNA rescued
CNS pathology, whereas the short isoform was significantly less efficient. Finally, immunocytochemical and biochemical studies showed
preferential enrichment of the long TMEM260 isoform to the plasma membrane. Together, our data suggest that there is overall reduced,
but not ablated, functionality of TMEM260 and that attenuation of the membrane-associated functions of this protein is a principal
driver of pathology. These observations contribute to an appreciation of the roles of splice isoforms in genetic disorders and suggest

that dissection of the functions of these transcripts will most likely inform pathomechanism.

Whole-exome and whole-genome sequencing (WES and
WGS, respectively) have accelerated the expansion of the
repertoire of human loci underscoring Mendelian pheno-
types to account for ~3,000 human genes (15%).' None-
theless, the diagnostic yield remains <50%,”* suggesting
that the majority of disease-causing lesions are yet to be
identified and that a significant fraction of this genetic
burden is likely to be contributed by ultra-rare or private
mutations. To contribute to the saturation of the morbid
human genome as a means of improving both diagnostic
value and mechanistic insight, we undertook the system-
atic sequencing of families affected by suspected genetic
disorders, with an emphasis on congenital syndromic
traits. Here, we report the genetic and functional dissection
of affected individuals with a genetically undiagnosed syn-
drome characterized by cardiac, CNS, renal, and digit ab-
normalities in two unrelated consanguineous pedigrees.
We show that the likely molecular cause, homozygous
truncating mutations in TMEM260, affect the functions
of one of the two established isoforms transcribed from
this locus, thereby demonstrating the necessity of the
long isoform for the development of multiple tissues.

We consulted family 1, a consanguineous Ashkenazi
Jewish pedigree, who had experienced three recurrent
births with cardiac complications that resulted in perinatal

lethality in two of the three children (Figure 1A). Male and
female individuals 1-1I-1 and 1-II-2, respectively, were born
at term and presented with central cyanosis and heart
murmur shortly after birth. Echocardiography of 1-1I-1 re-
vealed a complex heart defect including truncus arteriosus,
aventricular septal defect (VSD), an interrupted aortic arch,
and a partial anomalous pulmonary venous return. Simi-
larly, clinical imaging of individual 1-1I-2 revealed notable
cardiac defects that included tricuspid valve atresia, truncus
arteriosus type I with severe truncal valve stenosis and mod-
erateregurgitation, a VSD, aright aortic arch, and persistent
left superior vena cava to coronary sinus. Brain ultrasound
of individuals 1-II-1 and 1-II-2 showed partial agenesis of
the corpus callosum. During the first days of life, both
infants developed generalized edema along with high creat-
inine levels (>1.3 mg/dL; normal: 0.2-0.9 mg/dL). After
corrective cardiac surgery, individual 1-1I-1 did not recover
and suffered from severe anasarca secondary to a massive
capillary leak, deteriorating renal failure, and oliguria.
This led to multi-organ failure and death at the age of
2 months. Individual 1-II-2, in addition to the heart and
brain malformations, displayed a webbed neck, postaxial
polydactyly of the left hand, low-set ears, and bilateral pre-
auricular skin tags. She passed away at the age of 6 weeks
from cardiac and pulmonary failure. A third affected child,
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Figure 1. Homozygous Truncating Mutations in TMEM260 Result in a Reduction of the Canonical Transcript

(A) Two unrelated consanguineous pedigrees affected by TMEM260 mutations. Family 1 (left) has three affected individuals (1-1I-1, 1-II-2,
and 1-1I-3) who harbor a homozygous TMEM260 truncating mutation that segregates with disease (c.1393C>T [p.GIn465*]). Five
healthy siblings are either wild-type (WT) or heterozygous for the mutation (M). A single affected individual (2-1I-4) from an unrelated
pedigree (family 2) has a homozygous truncating mutation in TMEM260 (c.1698_1701del [p.Tyr567Thrfs*27]). Affected individuals
are indicated with filled squares (male) and circles (female), unaffected individuals are indicated by unfilled squares (male) and circles
(female), and diagonal lines indicate deceased individuals.

(B) Schematic of the human TMEM260 locus shows the position of the two truncating mutations found in families 1 and 2. TMEM260
has two protein-coding isoforms (long [top] and short [bottom]), but both mutations affect only the long isoform. c.1393C>T is located
in exon 11 of the long transcript but is not present in the short transcript. c.1698_1701del (p.Tyr567Thrfs*27) is in the protein-coding
part of the long transcript but in the 3’ UTR of the short transcript.

(legend continued on next page)
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individual 1-II-3, was a full-term male baby who presented
with systolic murmur due to VSDs and atrial septal defects
(ASDs). Upon physical examination, we noted facial port
wine nevus, an overriding fourth left toe, and an unde-
scended right testis. Abdominal ultrasound demonstrated
multiple small left renal cysts. The VSDs closed spontane-
ously during the first year of life; at the last clinical assess-
ment (2 years), he had a small ASD (Table 1; Supplemental
Note).

Independently, we consulted family 2, an Arabic pedi-
gree with a neonate referred as a result of a cyanotic heart
defect diagnosed at birth (Figure 1A). Individual 2-1I-4
(CK429_AN31_21) was born at term to consanguineous
parents (double first-degree cousins) after an uncompli-
cated pregnancy. She presented initially at the age of
2 weeks with cyanosis, significant total body edema, and
vomiting during feeding. On physical examination, we
noted a 2/6 systolic murmur; an echocardiogram revealed
tetralogy of Fallot with pulmonic atresia. A neurological
examination revealed microcephaly and hypotonia, but
head ultrasound was normal. Renal ultrasound showed
that both kidneys were at the upper range of normal; how-
ever, the pyramids appeared echogenic in both kidneys.
These findings were accompanied by persistently elevated
creatinine levels (1.93 mg/dL; normal: 0.2-0.9 mg/dL).
After surgery, individual 2-1I-4 was stable and discharged.
However, 1 year later, she passed away suddenly at
home. The family history is positive for a female sibling
(2-11-3) who died at the age of 35 days as a result of congen-
ital heart disease. Individual 2-1I-4 has two older living
siblings, a 6-year-old male (2-1I-1) and a 5-year-old female
(2-11-2), with no reported congenital malformations but
with seizures and intellectual disability, respectively
(Table 1; Supplemental Note).

On the basis of the recurrence of similar clinical features,
non-gender bias for the incidence of disease, and report-
edly healthy parents, we hypothesized an autosomal-reces-
sive mode of inheritance in both families. To investigate
the molecular underpinnings of disease in family 1, we
collected DNA samples after obtaining informed consent
and approval from the review board at Hadassah Medical
Center, and we conducted WES of both parental samples
(sufficient DNA quantities were unavailable from individ-
uals 1-II-1 and 1-II-2 for WES). We generated capture li-

braries by using the SureSelect Human All Exon 50 Mb
Kit (V4, Agilent Technologies) and obtained 100 bp
paired-end reads on a HiSeq 2000 instrument (Illumina)
with a mean of 57 X coverage across the two samples (Table
S1) as previously described.” We aligned WES data to the
human reference genome (UCSC Genome Browser hg19;
GRCh37) and called variants by using the DNAnexus
platform with default parameters. Of the variants called,
we narrowed candidates according to the following strat-
egy: (1) retention of only heterozygous variants present
in both parents, (2) quality score > 30, (3) read depth >
10x, (4) functional variants altering coding regions and
splice junctions, (5) <1% minor allele frequency (MAF)
in the 60,000 exomes from the Exome Aggregation Con-
sortium (EXAC) Browser,’ and (6) <3% MAF in our in-
house exome dataset (~600 Ashkenazi Jewish individuals).
This filtering strategy resulted in 22 rare variants (Tables S2
and S3); among these, we excluded seven variants residing
in genes implicated in human genetic disorders not consis-
tent with the phenotype or inheritance pattern of family 1.
Of the remaining 15 rare variants, we prioritized the
sole nonsense variant in exon 11 of TMEM260 (GenBank:
NM_017799.3; c.1393C>T [p.GIn465*]) for segregation
by using Sanger sequencing (Table S4). We confirmed
that both parents were heterozygous, the affected siblings
were each homozygous at this site, and five unaffected
siblings were either wild-type (WT) or heterozygous car-
riers (Figure 1A). TMEM260 c.1393C>T is not present in
the homozygous state in the EXAC Browser and, at a fre-
quency of 9/60,052 heterozygous individuals (including
non-Finnish Europeans), is ultra-rare.

For family 2 (Figure 1A), we collected blood samples and
pedigree information from the affected individual (2-11-4)
and his mother after obtaining informed consent and
analyzed them as previously described.”® Approval for hu-
man subject research was obtained from the institutional
review boards of Tel HaShomer Hospital and Boston Chil-
dren’s Hospital. We captured genomic DNA with an Agilent
SureSelect All Exome Kit v.2.0 (Agilent Technologies) and
sequenced the library on a HiSeq instrument (Illumina) to
obtain a mean target coverage of 45x (Table S1). We per-
formed all subsequent sequence alignment to the reference
human genome (hg19) and variant calling by using CLC
Genomics Workbench (v.6.5.1) software (CLC bio). First,

(C and D) RT-PCR analyses of TMEMZ260 across eight different human tissues (Clontech Human MTC Panel I) (C) and a mixture of 35
different human tissues pooled from various developmental stages (Clontech Human Universal QUICK-Clone II) (D) show the presence
of the long transcript (sequence confirmed) when amplified with primers located in exons 1 and 16 of the annotated long transcript. In
contrast, amplification with primers F1 and R1 (located in exons 10 and 14, respectively) shows the presence of both long and short
transcripts (sequence confirmed). GAPDH was used to control for RNA integrity.

(E) Qualitative RT-PCR analysis from a lymphocyte cell line established from individual 1-II-3 and a primary fibroblast cell line isolated
from individual 2-1I-4 shows less expression of the long transcript than in the control, whereas the short transcript remains unaffected.
Agarose gel images are shown; F1, F2, and R1 are the primers (located in exons 10, 11, and 14, respectively) depicted in (B), and GAPDH
was used to control for RNA integrity.

(F) qPCR (40 cycles of amplification) from the lymphoblastoid cell line of individual 1-II-3 shows significantly less expression (~5-fold
reduction; p = 0.001) of the long TMEM260 transcript than in lymphoblast control 1; this is rescued by the addition of emetine to the
culture medium (~3-fold increase; p = 0.006 versus individual 1-II-3). qPCR from a fibroblast cell line of individual 2-II-4 shows less
expression (~2-fold reduction; p = 0.05) of the long TMEM260 long than in fibroblast control 1. Experiments were performed in triplicate
and normalized to GAPDH expression.
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Table 1.

Clinical Phenotypes of Affected Individuals with TMEM260 Mutations

1-11-1 1-11-2

1-11-3 2-11-4

Age deceased (2 months)

Mutation c.1393C>T (p.GIn465%)

deceased (6 weeks)

¢.1393C>T (p.GIn465%)

2 years deceased (1 year)

¢.1393C>T (p.GIn465*) ¢.1698_1701del

(p.Tyr567Thrfs*27)

Cardiac Defects

Septal defect(s) VSD VSD
Systolic murmur + +
Truncus arteriosus + +
Tetralogy of Fallot, pulmonic - —
atresia, and major aortopulmonary

collateral arteries

Interrupted aortic arch + -
Right aortic arch — +
Tricuspid valve atresia -

Persistent left superior vena cava - +

Partial anomalous pulmonary + -
venous return

VSD, ASD VSD

+ +

CNS Defects

Agenesis of corpus callosum + +

Microcephaly — —

Renal Defects

Creatinine levels (normal:
0.2-0.9 mg/dL)

elevated (1.3 mg/dL)

Urine output oliguria anuria

Renal cysts - -

elevated (1.3 mg/dL) NA

elevated (1.93 mg/dL)

Limb Defects

Polydactyly - +

Overriding toes - -

Other

Additional symptoms generalized edema

edema, cyanosis, low-set
ears, bilateral preauricular
skin tags, webbed neck

facial port wine nevus,
undescended right testis

generalized edema,
cyanosis, facial
dysmorphism, hypotonia

Abbreviations are as follows: +, present; —, absent; VSD, ventricular septal defect; ASD, atrial septal defect; and NA, not available.

we conducted homozygosity mapping. Downstream pro-
cessing of aligned BAM files was carried out with Picard
and SAMtools;’ single-nucleotide variants were called with
the Genome Analysis Toolkit,'” and the subsequent VCF
file was used in the homozygosity mapper'' as previously
described.'” We observed 370 Mb of homozygosity, which
was distributed in 29 regions ranging in size from 2 to 88
Mb (Figure S1). Next, we used the Integrated Genomics
Viewer to filter the WES data according to MAF (<1% in
the ExAC Browser), quality (Q > 30), intersection with ho-
mozygous regions, and visual inspection (Table S5). Rare
functional variants were present in five genes (Table S6), all
of which were Sanger confirmed in individual 2-II-4 and
her asymptomatic mother (Table S4). Heterozygous variants
in two of the five genes have been implicated previously

in disorders with non-overlapping phenotypes. Of the re-
maining three genes harboring candidate variants, we ob-
tained a phenotype match between TMEM260 (GenBank:
NM_017799.3; ¢.1698_1701del [p.Tyr567Thrfs*27]) and
family 1 by using GeneMatcher."’

TMEM?260, also known as C140rf101, encodes a predicted
transmembrane protein of unknown function. Although
TMEM?260 has a single validated RefSeq transcript encoding
a 707 amino acid polypeptide (GenBank: NM_017799.3
and NP_060269.3; referred to as the long isoform), we
noted multiple predicted splice isoforms, one of which we
considered potentially relevant to our exome findings. Spe-
cifically, we noted an isoform that encodes 409 amino acids
(GenBank: BC121163.1 and AAI21164.1; referred to as the
short isoform). Alternative splicing of the short isoform
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lacks the sequence corresponding to exon 11 of the long
transcript, as well as part of the C-terminal coding
region of the long isoform (Figures 1B and 3A). The reason
for its potential candidacy was that in family 1, the homo-
zygous nonsense mutation, ¢.1393C>T (p.Gln465%), maps
to exon 11 of the long transcript (Figure 1B). Further,
the truncating mutation in family 2 (c.1698_1701del
[p.-Tyr567Thrfs*27]) maps to exon 13, which is also used
uniquely by the long isoform of this locus (Figure 1B).

Given these observations, we hypothesized that dysfunc-
tion of this isoform might contribute to the disorder. How-
ever, given the potentially complex splicing nature of this
locus, we first tested the physiological relevance of all
computationally predicted transcripts. We amplified the
long canonical transcript of TMEM260 in cDNA obtained
from a commercially available panel of eight different hu-
man tissues (Clontech Human MTC Panel I) with PCR
primers located in exons 1 and 16, and we noted the pres-
ence of only one product in seven of eight tissues
(Figure 1C, top). Subsequent Sanger sequencing confirmed
that the sequence of the amplified product corresponds to
the long transcript of TMEM260. To investigate the pres-
ence of the short TMEM260 transcript, we amplified the
TMEM260 locus in the aforementioned eight different hu-
man tissues from exon 10 to exon 14 and predicted to be
shared by multiple transcripts. However, we detected only
two products (Figure 1C, middle), sequencing of which
confirmed them to be the long and short TMEM260 tran-
scripts. To test whether some of the additional predicted
transcripts might be expressed in a spatiotemporal context
not represented in our initial panel, we performed a similar
RT-PCR and sequencing experiment in a mix of 35 human
tissues collected across various developmental stages (Clon-
tech Human Universal QUICK-Clone II). Once again, the
only two transcripts detectable were the aforementioned
long and short isoforms (Figure 1D).

Although we cannot exclude the possibility that some of
the additional predicted transcripts might be expressed but
beyond our detection threshold levels (or have a narrow
spatiotemporal expression level that we did not test), our
expression data argued that the locus produces two major
isoforms, one of which is affected positionally by the mu-
tations we discovered in the two families. As a first test of
this hypothesis, we established a lymphoblast cell line
from individual 1-1I-3. We then extracted total RNA with
the RNeasy Mini Kit (QIAGEN) and performed quantita-
tive PCR (qPCR) of the resulting cDNA generated with
the Quantitect Reverse Transcription Kit (QIAGEN) and
Power SYBR Green PCR Master Mix (Applied Biosystems).
Compared with an ethnically matched control individual
(lymphoblast control 1), individual 1-1I-3 showed ~5-fold
less message, given that primers specific to the long iso-
form annealed to exons 10 and 11 (p = 0.001; Table S4);
qualitative analysis conducted by amplification of both
isoforms concurrently with primers in shared exons (exons
2 and 3), however, showed that the short isoform re-
mained intact in individual 1-II-3 (Figures 1E and 1F). To

assess possible expression bias across reactions, we also
tested three independent, ethnically matched controls
(lymphoblast controls 1-3); we did not observe significant
differences in TMEM260 expression (Figure 1F). We
observed further that treatment with emetine led to signif-
icantly more expression of the long isoform in lympho-
blast cells from individual 1-II-3 than in untreated
lymphoblast cells from individual 1-II-3 (p = 0.006; Figures
1E and 1F). Together, these data suggest that mutated
TMEMZ260 product is subjected to nonsense-mediated
decay in individual 1-1I-3.

We also assessed the relative ratios of the TMEM260
splice isoforms in family 2. For this purpose, we evaluated
mRNA expression in primary fibroblasts from individual
2-1I-4 by using an RT-PCR strategy similar to that used
with family 1. Both long and short transcripts were detect-
able, suggesting that the mutation confers no appreciable
effect on mRNA stability (Figure 1E). However, QPCR anal-
ysis showed 2-fold less expression of the long isoform in
individual 2-II-4 than in a tissue-matched control (fibro-
blast control 1; Figure 1F). Between two tissue-matched
controls (fibroblast controls 1 and 2), we did not observe
a significant difference in TMEM260 expression (Figure 1F).
These data suggest that, by virtue of their location in the
long-isoform-specific C-terminal region, both TMEM260
mutations affect only the long isoform, whereas the short
isoform remains intact.

We and others have demonstrated previously the utility
of zebrafish models in testing the candidacy of rare muta-
tions in syndromic disorders;'* ' this approach includes
an experimental paradigm in which expression of muta-
tions in the context of spliced isoforms can be used
for testing the specific effect of such alleles.'***** For
TMEM260, we utilized this approach to ask (1) whether
the transient suppression or introduction of deletions at
the locus can reproduce key aspects of the human pathol-
ogy, (2) whether the two known isoforms of the human
locus might have different abilities to rescue relevant phe-
notypes, and (3) whether the long TMEM260 isoform
harboring individual 2-II-4’s mutation (c.1698_1701del)
has the ability to rescue relevant phenotypes.

For evolutionary analysis, we aligned full-length
TMEM260 amino acid sequences of human and 22 other
vertebrate species available in UniProt. The resulting
phylogenetic tree generated with Clustal Omega multi-
ple-sequence alignment showed that TMEM260 is
almost ubiquitously present across vertebrate evolution
(Figure S2). Reassuringly, the amino acid sequence corre-
sponding to exon 11 is conserved across species
(Figure S3A) with 59% similarity to the equivalent exon
in zebrafish Tmem260 (Figure S3B). For our in vivo work,
we first identified a single tmem260 ortholog (Ensembl:
ENSDART00000154660 [GRCz10]; 48% similarity to
human TMEM260; Figures S4A and S4B), which we
could detect by RT-PCR in 2 day post fertilization (dpf)
embryos (Figure S4B). In contrast to human transcripts, a
single amplified transcript encodes a full-length protein
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Figure 2. Suppression and Mutation of tmem260 Results in CNS Defects

(A) Acetylated tubulin staining of WT (ZDR strain) larvae shows brain structures at 3.5 dpf (dorsal view). MOs (second from left) show
fewer intertectal neurons (arrow) and smaller optic tecta size (dotted oval).

(B and C) Co-injection of tmem260 translation-blocking MO and WT long TMEM260 mRNA rescues intertectal neuron count (B; see
zoomed images in the second row of A) and optic tecta size. Co-injection of tmem260 MO and WT short TMEM260 mRNA rescues
intertectal neuron count (B) and optic tecta size (C) but less significantly than co-injection of MO and WT long TMEM260 mRNA
(n = 52-74 larvae per batch, repeated). Co-injection of tmem260 MO and WT long TMEM260 mRNA harboring ¢.1698_1701del does
not rescue intertectal neuron count (B) or optic teca size (C) (n = 37-39 larvae per batch, repeated).

(D and E) CRISPR/Cas9 FO mutants (A: sixth and seventh from left) show significantly fewer intertectal neurons (D) and smaller optic
tecta size (E). G2, G3, and G4 are CRISPR guide RNAs 2, 3, and 4, respectively. n = 48 larvae per batch, repeated. ***p < 0.0001; ns, not

significant (Student’s t test). Error bars indicate SEM.

of 684 amino acids (Figures S4A and S4B); this transcript
is also localized to anterior structures (9.5 counts per
million mapped reads in 5 dpf zebrafish heads; GEO:
GSE63191).14

We designed a translation-blocking morpholino (MO;
Table S4) and injected increasing doses into WT embryos
(ZDR strain, Aquatica BioTech) at the 1- to 4-cell stage.
All zebrafish studies were approved by the Duke University
Institutional Animal Care and Use Committee. We focused
primarily on modeling CNS defects of the affected individ-
uals (microcephaly and agenesis of the corpus callosum),
for which there are well-described proxies in zebrafish:
optic tecta are bilateral oval structures occupying a major
portion of the midbrain, and the area is an indicator
of head size.'* Further, we were able to image (and
count) the neurons connecting the midbrain hemispheres,
a proxy for the corpus callosum in humans. Staining with a

mouse anti-acetylated a-tubulin antibody (Sigma T7451;
1:1,000 dilution), followed by image acquisition and quan-
titative measurement as previously described,'*'* revealed
significantly smaller optic tecta size and fewer intertectal
neurons in 3.5 dpf morphants than in uninjected controls
(Figures 2A-2C). Co-injection of WT long TMEM260
mRNA and MO resulted in significant rescue of both CNS
abnormalities (n = 52-74 larvae per batch; p < 0.0001;
repeated with masked scoring; Figures 2A-2C). Co-injec-
tion of short TMEM260 mRNA and MO also improved
optic tecta size and intertectal neuron count. However,
both phenotypic readouts were still significantly worse
than that of long TMEMZ260 mRNA (Figures 2A-2C;
p < 0.0001 for optic tecta size; p = 0.01 for intertectal neu-
rons), suggesting that short TMEM260 mRNA confers
partial functionality. To test the second discovered allele,
we co-injected MO and long TMEM260 mRNA harboring

The American Journal of Human Genetics 100, 666-675, April 6, 2017 671



TMEM260 (ENST00000261556)

v HIHEEEZE N

1
TMEM260 (ENST00000538838)

HEHEE
]

B DAPI:a-c-Myc

g

TMEM26Q lon
transcript

TMEM260 short
transcript

I'C . Disordered region Transmembrane domain

707 Low complexity region Coiled coil
3 & ¢
5}

L 9]

5] 2 1]

L & S

12 = 4

c =1

© b= o

= _8 c

c

5 » S Ponceau S
=

c-Myc e [87kD
v
k52 kD -
NaKATPase . —— ® =112 kD

Figure 3. Truncation of TMEM260 Inhibits Proper Localization to Cellular Membranes

(A) Predicted structure of the long and short forms of TMEM260, including the arrangement of domains.

(B) Immunostaining of Neuro2A cells transfected with TMEM260 c-Myc-tagged long (top) and short (bottom) isoforms.

(C) Immunoblot (left) and Ponceau S loading control (right) show the relative concentration of c-Myc-tagged long (87 kDa) and short
(52 kDa) isoforms of TMEM260 in the membrane lysates (as indicated by Na*/K+ ATPase IB; bottom) of transiently transfected Neuro2A

cells.

¢.1698_1701del. Consistent with our prediction, this mes-
sage did not rescue CNS abnormalities (n = 37-39 larvae
per batch; p < 0.0001, replicated; Figures 2A-2C), suggest-
ing loss of WT function. Ectopic expression of long, short,
and ¢.1698_1701del TMEM260 mRNA did not produce any
significant CNS abnormalities (Figures 2B and 2C).

In addition to the rescue experiments, we tested the
specificity of the phenotype by generating deletions in
the zebrafish locus with CRISPR/Cas9-mediated genome
editing. We designed and validated three CRISPR guide
RNAs (G2, G3, and G4; Table S4) targeting exons 2, 7,
and 5 of D. rerio tmemZ260, respectively, according to previ-
ously described methods,'® and we injected guide RNA and
Cas9 into single-cell embryos (n = 48-74 embryos per
batch). We established the efficiency of each reagent by
genomic DNA isolation, heteroduplex detection on 15%
polyacrylamide gel electrophoresis (n = 6 embryos tested
per condition),”® and subsequent cloning and sequencing
of PCR amplicons to estimate mosaicism. We observed an
average of 45%-75% mosaicism for each of the three guide
RNAs independently (n = 3 embryos assessed per condi-
tion; Figures S4D-S4I). We then injected CRISPR guides
in pairwise combinations (100 pg per guide RNA) with
Cas9 (200 pg; PNA Bio). We found a significant reduction
in the number of intertectal neurons (Figure 2D) as well
as size of the optic tecta (Figure 2E) in 3.5 dpf zebrafish
larvae injected with either a G2-G3-Cas9 or G3-G4-Cas9
combination (p < 0.0001; n = 48-74 embryos per condi-
tion, replicated). Injection of equivalent doses of guide
RNA in the absence of Cas9 did not result in any
phenotypes (Figures 2D and 2E). Together, our in vivo

data show recapitulation of the anatomical phenotypes
observed in affected children with truncating TMEM260
mutations and demonstrate that the short isoform is insuf-
ficient to fully compensate for the loss of the long isoform’s
function.

Given these observations, we wondered whether the
disparate C-terminal coding regions of each of the
TMEM260 isoforms conferred differential protein localiza-
tion that could possibly be linked to varying function. To
investigate the cellular localization of the two TMEM260
proteins, we generated pCS2+ expression constructs with
an N-terminal c-Myc epitope tag (6 x EQKLISEEDL) corre-
sponding to each of the long and short WT open reading
frames. We seeded murine Neuro2a cells on coverslips in
6-well plates and transfected transiently with short and
long TMEM260 isoform constructs by using DharmaFECT
(Dharmacon) according to the manufacturer’s instructions.
Two days after transfection, we fixed cells with 4% parafor-
maldehyde for immunocytochemical analysis by using
c-Myc (Sigma M4439; 1:500 dilution) and Alexa Fluor-488
(Molecular Probes, ThermoFisher; 1:500 dilution) primary
and secondary antibodies, respectively. We mounted cover-
slips on glass slides with DAPI-containing Fluoro Shield
solution (Calbiochem) and acquired fluorescent signals
on a Nikon 90i microscope with a confocal head.

We observed clear differences in subcellular distribution
between the two isoforms. For the long isoform, there was
uniform protein distribution throughout the cytoplasm
and appreciable localization in the vicinity of the plasma
membrane; in contrast, the protein encoded by the short
isoform was largely perinuclear (Figure 3B). Given the
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quantitative limitations of immunocytochemistry, we
performed biochemical localizations studies, in which we
fractionated cells in high sucrose buffer as previously
described,”® purified membrane fractions, and performed
immunoblotting either with the Myc tag or with an anti-
body against Na*/K+ ATPase, a membrane marker (Abcam
ab7671; 1:10,000 dilution). In this experiment, we
observed a striking difference in the relative ratios of
long and short protein isoforms in the membrane
(Figure 3C), a result consistent with the observed immuno-
cytochemical distributions.

Here, we have shown that truncating mutations in
TMEM260 cause a syndrome characterized by CNS, cardiac,
renal, and axial skeletal defects. Notably, the homozygous
truncating mutations found in both our families affected
specifically one of the two splice isoforms generated by
this locus, arguing specificity in the phenotypic driver.
Consistent with thisnotion, the longisoform is significantly
more efficient than the shortisoform in rescuing CNS anom-
alies in a zebrafish model of this disorder. We note the
need for caution in interpreting this result given that the
zebrafish tmem260 ortholog does not appear to encode the
short isoform. However, the partial rescue observed with
the short human isoform argues that this isoform is func-
tional in zebrafish embryos. Still, we do not know whether
the differential rescue of the CNS pathologies by the two
splice isoforms is also true for other related phenotypes.

As part of our studies, we also assessed the heart, kidneys,
and fin in our zebrafish morphants and observed pathol-
ogies relevant to the human disease (pericardial edema, kid-
ney filtration defect, and blunted pectoral fins in a dose-
dependent manner and reduced renal convolution at high
doses; Figure S5). We note that we were able to recapitulate
pericardial edema and kidney filtration defects (evident by
proteinuria) in CRISPR FO mutants (Figures SSA, S5D, SSE,
and S5H). We were not able to rescue these phenotypes,
and thus we cannot be confident of their specificity; none-
theless, we also observed a dose-dependent pericardial
edema (Figures S5A and S5C) in larvae when a second MO
(sb MO; Figure S4C) was injected at increasing concentra-
tions, arguing that the failed rescue with human mRNA
might possibly be due to cross-species differences rather
than non-specificity of the phenotype. In that context,
the future characterization of F2 mutants might be helpful.

Conservative estimates indicate that the TMEM domain is
found in 13% of the proteome.?” Unsurprisingly, there are
numerous examples of variant TMEM proteins in human
genetic disorders,”* ** and in that context, we do gain path-
omechanistic clues about the disorder. We have reported
enrichment of TMEM domains in the ciliary proteome,**
raising the possibility that the present constellation of
phenotypes could be part of the ciliopathy spectrum.**
However, staining for cilia in fibroblasts from affected indi-
viduals did not reveal any appreciable structural defects
(Figure S6), suggesting that either ciliary function is normal
or the cell type and/or type of ciliary defect that drives pa-
thology could not be appreciated with the available cells

and experimental paradigm. As such, agnostic methods
that include transcriptomic and proteomic studies of cells
and model organisms might be necessary for gaining further
insight.

Finally, our observations potentially contribute to a
growing list of genetic disorders caused by isoform-specific
mutations and highlight the utility of the zebrafish model
in dissecting such phenomena. For example, mutations
specifically affecting the cytoplasmic functions of DNAJB6
cause limb-girdle muscular dystrophy (OMIM: 611332
and 603511) by increasing the half-life (and toxicity of
the isoform),”* whereas MEIS1 (OMIM: 601739) mutations
thataffect one of the splice isoforms of that locus predispose
to restless leg syndrome (OMIM: 612853), most likely
through a subcellular distribution mechanism.”> We
cannot exclude the formal possibility that the TMEM locus
generates additional transcripts that were not detectable by
our experimental paradigm. However, the presence of two
transcripts in the major organs affected by the disorder
and the fact that the discovered mutations appear to affect
the function of one transcript represent evidence of likely
isoform specificity. We speculate that mutations that affect
both transcripts might be incompatible with life and
that dissecting potentially different functions for the
two TMEM260 isoforms will thus be of value in under-
standing pathomechanism. Our immunocytochemical
and biochemical studies propose some initial clues: even
though both isoforms are predicted to encode several
transmembrane domains, only the long isoform can be
appreciated substantially in the membrane. These data
argue that the C termini of the protein might confer subcel-
lular localization specificity or indeed a discrete function-
ality in one of the organellar membranes and merit further
exploration.
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