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ABSTRACT OF THE DISSERTATION

Applications of Next-Generation DNA Sequencing
to the Identification of Rare Variants in Congenital Disorders

of the Intestine and Brain

Michael Yourshaw
Doctor of Philosophy in Human Genetics
University of California, Los Angeles, 2014

Professor Stanley F. Nelson, Chair

High throughput, massively parallel DNA sequencing provides a powerful technology to
study the human genome and to identify variations in DNA that cause disease. Sequencing the
protein coding region of the genome (‘whole-exome sequencing’) is a cost effective method to
search the part of the genome that is most likely to harbor disease related mutations.

We developed software methods to process sequencing data and to annotate variants
with data on genes, function, conservation, expression, diseases, pathways, and protein
structure. We applied whole-exome sequencing to search for the molecular basis of disease in
three projects: 1) a cohort of patients with congenital diarrheal disorders (CDDs); 2) a cohort
of patients with congenital chronic intestinal pseudo-obstruction (CIPO) or the related disease,
megacystis-microcolon-intestinal hypoperistalsis syndrome (MMIH); and 3) four siblings with

infantile pontocerebellar hypoplasia and spinal motor neuron degeneration.
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We sequenced 45 probands from diverse ethnic backgrounds who were diagnosed
with a variety of CDDs of probable, but unknown genetic cause. Patients had been diagnosed
with generalized malabsorptive diarrhea, selective nutrient malabsorption, secretory diarrhea,
and infantile IBD. We found homozygous or compound heterozygous mutations, 25 of them
novel, in genes known to be associated with CDDs in 27 cases (60%). The genes implicated
were ADAM17, DGAT1, EPCAM, IL10RA, MALT1, MYO5B, NEUROG3, PCSK1, SI, SKIV2L, SLC26A3,
and SLC5A.

With whole-exome sequencing in a cohort of 20 patients with congenital CIPO or
MMIH, we identified a subset of 10 cases with potentially damaging de-novo dominant acting
mutations at highly conserved loci in the ACTGZ gene, encoding actin, gamma-enteric smooth
muscle precursor, a protein essential to the functioning of muscle cells in the intestinal wall.

By exome sequencing, we discovered rare recessive mutations in EXOSC3 (encoding
exosome component 3) that were responsible for pontocerebellar hypoplasia and spinal motor
neuron degeneration in the four probands, and identified identical and additional novel
mutations in a large percentage of other children with the same disorder.

In conclusion, we demonstrated that whole-exome sequencing is an effective approach
for the identification of casual mutations in that may escape detection with standard practice

involving a complex diagnostic workup and targeted gene sequencing.
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CHAPTER ONE

Introduction



1.1 High-throughput exome sequencing and rare Mendelian disorders

The basic laws of monogenic inheritance were first set forth by Gregor Mendel in 1865
(1).In 1910 Thomas Hunt Morgan discovered that chromosomes were the physical and
mechanistic basis of Mendelian inheritance (2) and in 1953 Watson and Crick determined the
double helix structure of DNA (3). After these fundamental discoveries a framework for
associating genetic mutations with human disease was in place, but DNA could not be reliably
sequenced in the laboratory for several decades. In 1974 Fredrick Sanger developed the chain-
terminator method of DNA sequencing (4). However, even today one of the most advanced
Sanger sequencing machines (the ABI 3730xl) can produce only 2100 kilobases of data per
day, or 0.07% of the human genome. Two further developments revolutionized the field of
medical genetics: publication of the complete human genome in 2004 (5-7) based on
automated Sanger technology; and the development of next generation high-throughput DNA
sequencing technologies such as the Solexa/Illumina Genome Analyzer in 2006. In contrast to
Sanger sequencing, the Genome Analyzer could sequence a billion bases per run in ten days
(8). Today, the widely used Illumina HiSeq 2500 next-generation DNA sequencing platform can
generate 100 billon bases in 27 hours, enough to resequenced an entire human genome.

While Sanger sequencing processes a single fragment at a time, high throughput
platforms process billions of fragments in parallel. A DNA library is prepared by random
fragmentation of genomic DNA into templates, which are then ligated to adapters and PCR
amplified (9). The templates are immobilized on a solid support (glass slides or beads) and
clonally amplified in situ by solid phase amplification, specifically bridge PCR on the Illumina
platform, to create billions of colonies (10). The [llumina platform then performs one cycle of
synthetic sequencing with fluorescent reversible terminator deoxyribonucleotides for each
base position in parallel on all colonies. Images of the slide surface are analyzed to generate

high-confidence base calls (11).



The availability of this powerful technology inspired us to tackle daunting problems in
medical genetics that hitherto would have been extremely difficult to solve. Specifically, we
were interested in gaining a better understanding of the molecular basis of inherited diseases.
Genetic diseases are simplistically divided into those that are polygenic, complex, and common,
on the one hand, and monogenic, simple, and rare, on the other. Multiple genes acting through
a complex network of pathways control complex diseases. Monogenic diseases are often called
‘Mendelian disorders’ because they have certain characteristics of the garden peas studied by
Mendel: a particular genotype at a locus is both necessary and sufficient for a phenotype to be
expressed under the normal range of genetic and environmental backgrounds (12). Humans
inherit two copies of the 22 non-sex chromosomes (autosomes), one from each parent, and
thus may have the same allele (homozygosity) or two different alleles (heterozygosity) at a
given locus. Mendelian patterns of disease inheritance may be dominant, where an affected
individual need only inherit a disease causing allele from one parent, or recessive, where both
parents must transmit a disease causing allele. The type of chromosome further categorizes
Mendelian patterns: the non-sex chromosomes (autosomes) and the X or Y sex chromosomes.
Disease can also be inherited in a not strictly Mendelian manner via the maternally transmitted
mitochondrial chromosome. The reality is more complex than this simplified description, as a
single specific allele, different alleles in the same gene, and different alleles in different genes
all give rise to Mendelian inheritance patterns in a given pedigree. Moreover, a genetically
caused disease may arise in an individual sporadically as a result of a de novo mutation,
typically a dominant acting one.

The reference human genome is a haploid representation of each chromosome, with a
relatively complete list of its nucleotides, assembled from a number of individuals chosen
primarily for reasons of technical sequencing quality and not intended to represent a typical or

perfectly healthy person. High-throughput sequencing will find a large number of variants



from the reference in every subject, most of which are phenotypically insignificant.
Accordingly, we decided at the outset to explore this new technology by focusing on rare,
debilitating, congenital diseases with a distinct phenotype, to empower us to find, in a small
sample size, a causative allele from among thousands of false positives. First, a distinct
phenotype observed in early childhood is more likely to be caused by inborn genetic variants
than by environmental factors acting over a lifetime. Second, a rare incidence of a disorder
implies that it is caused by a rare allele, and we could therefore filter out variants that were
sufficiently common in the population that they could not possibly cause the disease. Third,
individuals affected by a severely debilitating condition in childhood would not generally have
survived to reproductive age absent heroic interventions with modern medicine, which would
insure that recessive alleles would remain heterozygous in the population and dominant acting
alleles would not be found. Fourth, if the pedigree is consistent with autosomal recessive
inheritance or dominant acting de novo mutations, sequencing candidate variants in parents
and affected or unaffected siblings would allow us to exclude variants that did not segregate
with the disease. We made a further simplifying assumption that the disease would be fully
penetrant, i.e., a person with the genotype would always manifest the disease. Congenital
malabsorptive diarrhea, intestinal pseudo-obstruction, and pontocerebellar hypoplasia
satisfied these criteria. A presented in the following chapters, we found homozygous or
compound heterozygous mutations exhibiting recessive inheritance and dominant acting de
novo heterozygous mutations in these diseases. These disorders may be distinguished from
comparatively common diseases, such as obesity, heart disease, type 2 diabetes mellitus, and
others, which typically manifest well after infancy. It is hypothesized that the genetic
component of these diseases can explained by a combination of common variants in one or
more genes, each with a small effect or perhaps by multiple extremely rare variants with a

stronger effect. This class of disease has been studied with large case-control associations



studies, which search for the difference in allele frequency of polymorphic markers between
unrelated groups of affected and unaffected individuals or within families. Association studies
may require costly genotyping of thousands of individuals to have sufficient power to detect
subtle effects and, like linkage analysis, lack resolution at the nucleotide level.

A practical concern regarding the use of high-throughput sequencing for modest
studies with limited budgets is achieving sufficient sequencing depth, i.e., the number of
independent fragments that support a genotype call at a given locus. Multiple observations per
base are necessary (a minimum of 10-20 to sensitively detect heterozygous variants) to make
it likely that both alleles of a heterozygous locus will be observed and also to account for
inevitable errors in the sequencing process. Although the per base cost of sequencing is low,
there are more than 6 billion bases in a diploid human genome. Thus, the cost of sequencing
the genomes of many cases at a depth sufficient to detect rare variants is considerable.
Furthermore, because the number of reads varies by orders of magnitude among loci, it is
necessary to get a mean coverage >100X to achieve 20X coverage for >90% of targeted bases.
For this reason, we initially explored the development of strategies to enrich sequencing
libraries for regions of interest in order to minimize the cost of sequencing less informative
regions. This was a well-recognized difficulty and commercial reagents became available to
meet the demand, obviating the need for us to pursue an in-house solution. A reasonable
strategy for the discovery of rare alleles responsible for Mendelian phenotypes is to sequence
only the protein coding regions of the genome (the ‘exome’), which represent fewer than 2% of
all bases (15). Most known genetic causes of Mendelian diseases affect protein-coding regions
(16), and there is reason to believe that many rare missense alleles and small insertions and
deletions (indels) in the exome have a functional consequence or are damaging (17).
Promoters, enhancers, short RNAs, and other regulatory elements outside the exome doubtless

govern some disorders, but variants in these regions are comparatively difficult to interpret.



Thus, the exome is an attractive target for an initial sub-genomic screen (18). Another
consideration is that regions outside the coding DNA sequences (CCDs) have been noted to
perform less efficiently in capture sequence experiments (19). When linkage or homozygosity
mapping identify a particular region of interest it is possible to develop a custom probe set to
enrich the sequencing library for only that region. Nonetheless, it still may be cost-effective to
use a standard exome probe set unless a large number of samples are involved.

Alibrary can be enriched for exome fragments with a capture method that uses
biotinylated probes or 'baits' (RNA in the Agilent kit, DNA in the [llumina and Nimblegen kits)
to fish targets out of a ‘pond' of DNA fragments. In the Agilent process RNA is transcribed from
PCR-amplified oligodeoxynucleotides originally synthesized on a microarray, generating
sufficient bait for multiple captures at concentrations high enough to drive the hybridization
(20). After the library and probes are hybridized, magnetic beads on the probes select probe-
exome hybrids for sequencing. In our experience ~76% of bases map on or near a bait and the
baited region is enriched 32-fold relative to the remainder of the genomic background.

A high-throughput sequencing instrument has a minimum unit of production
determined by how many DNA clusters are processed in parallel. For example, in a typical
configuration of an [llumina HiSeq 2500 instrument, two flowcells can run simultaneously,
each flowcell being divided into eight lanes. Thus one lane is the minimum platform unit and a
single lane can sequence up to 180 million paired end fragments. This is sufficient sequencing
capacity to get satisfactory coverage on three or more exomes. Accordingly, we could sequence
more samples for almost the same cost if we could multiplex samples in a lane and
computationally identify the samples in downstream processing. We developed a method of
Hamming code based DNA barcodes that were concatenated to the adapters, but switched to
commercially available barcoded adapters when they became available to allow efficient

exome sequencing.



1.2 Annotation of variants identified by high-throughput exome sequencing

In almost all of the experiments we performed, the sequencing platform produced
paired-end reads of 100 bases from either end of library fragments that are ~700 bases long.
Extensive downstream processing is necessary to transform the unmapped raw reads into a
useful dataset for variant discovery. The steps included: demultiplexing barcoded reads to
separate reads by sample; removing PCR duplicates to prevent overrepresented fragments
from biasing allele counts; recalibrating base quality scores to improve accuracy by analyzing
the covariation among reported quality score, position within read, dinucleotide, and
probability of mismatching the reference genome; mapping the fragments to the GRCh37
human reference genome; calling genotypes; assigning a well-calibrated probability of being
true to each variant call in a call set (under a Gaussian mixture model using the variables
inbreeding coefficient, quality by depth, mapping quality map sum test, mapping quality, read
position rank sum test, and Fisher strand); and homozygosity block identification. These
functions are performed by several software packages, including Picard (21), Novoalign (22),
the Genome Analysis Toolkit (23, 24), Samtools (25), and PLINK (26, 27). We developed
pipeline software that could keep track of case IDs, samples, libraries, machine runs, lanes,
barcodes and other experiment-related metadata, coordinate the parallel execution of the
programs on a compute cluster, and manage the output files. The pipeline software was
written in Python and Scala, is modular, and requires minimal manual intervention once the
metadata has been entered. An SQL Server stores metadata and the program results for
downstream analysis.

The output of such a sequencing pipeline is a Variant Call Format (VCF) (28, 29) file
that succinctly and systematically describes the genomic location, dbSNP ID, reference and

alternate alleles, genotype, and other information related to each variant. For an exome, a VCF



file typically consists of over 20,000 individual protein coding variants, and >50,000 records to
account for the effects of variants on different transcripts of the same gene.

A basic VCF file does not contain most of the information that will be needed by a
physician or researcher, such as the transcript and gene that contain the variant, the effect, if
any, on protein encoding (synonymous, missense, nonsense) or structure, the likelihood that
the variant is damaging, association with diseases or phenotypes, tissue expression data, or
phenotypes in model organisms. There are several applications that can add such annotations
to a VCF file, each with strengths an weaknesses (30). One characteristic of most of these tools
is that they have little or no flexibility to include customized user-defined annotations.
Furthermore, while on-line tools, such as SeattleSeq (15), have the advantage of simplicity of
use, they may not be appropriate for confidential patient data or proprietary intellectual
property.

We developed a custom annotator, which we call ‘VAX’ (Variant Annotator eXtras) that
runs on local servers, is not heavily dependent on an outside researcher for software
development and maintenance, and has a simple, modular mechanism for adding new features.
We used the Ensembl Variant Effect Predictor (VEP) (31) as an engine. The VEP annotates
variants with transcript and protein consequences including estimates of the extent of protein
damage as computed by SIFT (32-36), PolyPhen (37-39), and Condel (40) We incorporated
additional annotations from datasets such as Online Mendelian Inheritance in Man (OMIM)
(41), the Human Gene Mutation Database (HGMD pro, BIOBASE Biological Databases), the
Universal Protein Resource (UniProt) (42), KEGG Pathways (43), RefGene (44), the MitoCarta
Inventory of Mammalian Mitochondrial Genes (45), Mouse Genome Informatics (MGI) (46)(47)
and the Human Protein Atlas (HPA) (47), as well as allele frequencies and statistics on the

number of damaging variants per gene.



Several factors were decisive in adopting the Ensembl VEP as the underlying engine.
Ensembl, a joint scientific project between the European Bioinformatics Institute and the
Wellcome Trust Sanger Institute, provides access to genomic annotation for numerous species
stored on a MySQL database that can be accessed programmatically via a Perl application
programming interface (API). The database is supported by a large professional organization,
is updated regularly, and can be accessed remotely or by downloading a local copy. The
Ensembl database and VEP have a large and active user community, which provide excellent
and timely advice and support. The VEP is a mature open source Perl script that can be run
locally, connected either to the remote Ensembl database or a local copy thereof, or with some
limitations used with a local cache.

In addition to its use in our research projects, VAX is used routinely for CLIA/CAP-
accredited whole-exome sequencing by the UCLA Clinical Genomics Center, which has
processed more than 1000 exomes to date (48). VAX is also used by other researchers at UCLA,
for example in a study of bipolar disorder in a family of four affected siblings (14). This study
identified variants in genes that encode proteins with significant regulatory roles in the
ERK/MAPK and CREB-regulated intracellular signaling pathways and supported the
hypothesis that multiple rare, damaging mutations in genes functionally related to a common
signaling pathway may contribute to the manifestation of bipolar disorder.

1.3 Congenital gastrointestinal disorders

Congenital gastroenterological disorders may be caused by genetic mutations,
environmental factors, or a combination of both. These disorders fall into three broad
categories: diarrheal, motility, and obstructive.

Congenital diarrheal disorders (CDDs) are a set of enteropathies caused by inherited or
sporadic genetic mutations that generally manifest soon after birth or in early childhood. The

presenting symptom is chronic diarrhea that often requires total parenteral nutrition (TPN).



These patients frequently endure a complex and costly diagnostic odyssey that commonly fails
to produce a definitive diagnosis (49).

Congenital motility disorders are a heterogenous group of disorders affecting gut
neuromuscular function, which typically present with symptoms of vomiting, constipation or
diarrhea, and abdominal pain (50). These disorders account for a significant portion of
pediatric cases of intestinal failure (51). Hirschsprung disease (aganglionic megacolon) is a
complex genetic disease caused by both rare and common mutations in RET and related genes.
Linkage analysis, homozygosity mapping, and case-control association studies have all
contributed to identifying these genes (52). Non-Hirschsprung cases of congenital intestinal
motility failure are grouped under the term ‘chronic intestinal pseudo-obstruction’ (CIPO) and
also include a related disorder, megacystis-microcolon-intestinal hypoperistalsis syndrome
(MMIH).

Congenital intestinal obstructive disorders (atresia and stenosis) involve narrowed,
blocked or disconnected intestine. Although genetic mutations are believed to be responsible
for some congenital intestinal atresias and the disorder is associated with cystic fibrosis and
Down syndrome, no genetic cause was discovered without the use of exome sequencing.

In the current research we assessed whole-exome sequencing as a method for
identifying casual mutations in CDD patients, and for the discovery of novel genes that cause
CIPO.

1.4 A pilot study of high-throughput exome sequencing to identify the molecular basis of
congenital diarrheal disorders

Congenital diarrheal disorders (CDDs) are rare diseases with serious, even life-
threatening, consequences that impose massive diagnostic and treatment costs as well as great
emotional stress on patients and their families. Until recently, little was known of the genetic

etiology of these diseases, yet identification of a casual mutation can lead to improved
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management of the disease and inform research efforts to develop new treatment modalities.
Prior to the availability of exome sequencing, CDDs with known genetic causes included
secretory chloride diarrhea caused by mutations in the SLC26A3 gene (53), microvillus
inclusion disease caused by mutations in the MYO5B gene (54), a syndromic form of congenital
secretory sodium diarrhea caused by mutations in the SPINT2 gene (55), malabsorptive
congenital diarrhea caused by mutations in the NEUROG3 gene (56), congenital tufting
enteropathy, caused by mutations in the EPCAM gene (57), and early-onset chronic diarrhea,
caused by mutations in the GUCY2C gene (58).

The discovery of the aforementioned genes involved arduous genetic and molecular
studies. In the 1990s genome wide linkage analysis, using 300-500 microsatellite markers,
offered a method of identifying disease susceptibility loci. This approach was time-consuming
and limited to a resolution of down to about 10Mb, a length, which can harbor over 100 genes
(59). To achieve adequate power to find linkage it was necessary to genotype one or more
extended families or a very large number of nuclear families. For example, linkage
disequilibrium and genetic linkage as determined by this technique in Finnish families
indicated that an unknown gene near the cystic fibrosis transmembrane regulator gene (CFTR)
was probably associated with secretory chloride diarrhea (60). Subsequently, cloning of the
linkage region identified four known genes, two of which were considered to be functionally
relevant (61). Finally, segregation of mutations in the SLC26A3 gene with the disorder in a
large number of patients confirmed that such mutations cause the disorder (53). The
development of highly parallel genotyping based on arrays with probes for thousands of single
nucleotide polymorphisms (SNPs) enabled more efficient genotyping with a 10-fold or better
improvement in resolution compared to microsatellite base methods. This technology, applied
to extended kindreds, enabled the discovery of mutations in the causative genes for microvillus

inclusion disease, syndromic congenital secretory sodium diarrhea, congenital tufting
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enteropathy, and early-onset chronic diarrhea. A candidate gene resequencing approach,
founded on a mouse model, identified mutations in NEUROG3 as the cause of malabsorptive
congenital diarrhea (56).

Despite much progress in uncovering the molecular basis for this class of diseases
there remained many patients with strong indications of a genetic etiology for whom no
mutation in these genes could be identified. We hypothesized that a large fraction of these
cases had undetected mutations in genes known to be associated with CDD, and others would
have mutations in discoverable novel genes. An additional working hypothesis was that some
casual mutations would be in the protein coding portion of the genome, and the phenotype
would be recessive the mutation would have high penetrance. Accordingly, we sought to
determine the effectiveness of whole-exome sequencing to identify, in genes that have been
reported to be associated with CDD, the molecular causes of the disease in a cohort of patients
with CDDs that had defied conventional diagnostic methods.

We chose 45 patients from 38 families for exome sequencing. Inclusion criteria were a
diagnosis of congenital diarrhea and probability that the disease had a genetic cause (typically
consanguineous parents or affected family members). Patients were excluded if they had a
confirmed genetic diagnosis or a clinical presentation already suggesting a mutation in a gene
known to cause congenital diarrhea. These patients were of diverse ethnic backgrounds and
had clinical presentations of generalized malabsorptive diarrhea, selective nutrient
malabsorption, secretory diarrhea, and infantile IBD.

We performed whole-exome sequencing, as described above, validated variants found
in candidate genes with Sanger sequencing, and Sanger sequenced available relatives to ensure
that genotypes segregated with the phenotype. We originally sequenced seven cases in five
families on the ABI SOLiD platform. This method identified a casual mutation in PCSK1 in one

case (62), but failed to find interesting variants in the other four families. The SOLiD data
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appeared to be quite noisy (about twice the expected number of raw variants), so we
resequenced the unsolved cases and all further cases on the Illumina platform. In all, we
identified 31 different mutations in 21 families (27 cases) that we considered likely to be the
cause of the disease because they were deemed to be damaging and were found in genes
known to associated with the phenotype or reported in the literature during the course of the
study. We concluded that exome sequencing would be valuable for diagnosis of CDDs in a
clinical setting. Importantly, we identified novel candidate genes in many of the remaining
cases; work is in progress to confirm these findings by functional studies in vitro, in model
organisms, and/or in a model of intestinal tissue developed from patient intestinal stem cells
or differentiated embryonic stem cell cultures.

1.5 PC1/3 deficiency

Before our study, three reported cases indicated that the gene proprotein convertase
subtilisin/kexin type 1 (PCSK1), which encodes the neuroendocrine convertase 1 precursor
protein (PC1/3), is involved in disorders characterized by abnormal enteroendocrine
development or function that manifest in generalized malabsorption (63-65). PC1/3is a
calcium-dependent serine endoprotease essential for the conversion of a variety of
prohormones into their bioactive forms. It has a well-defined role of processing proinsulin in {3
cells of the pancreas (66); it is expressed richly in endocrine cells in the gut, where its function
is obscure.

One of the patients in our CDD cohort was a perplexing child with congenital
malabsorptive diarrhea and other presumably unrelated clinical problems (62). The patient (of
consanguineous parentage) was initially assessed at three weeks of age for recurrent diarrhea
and associated metabolic acidosis. At six days of age he was transferred to the intensive care
nursery due to poor peripheral perfusion and indirect hyperbilirubinemia. DNA genotyping of

CFTR for cystic fibrosis was negative for the 97 mutations most commonly observed. He was
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hospitalized 21 times before age three, including presentations of hypovolemic shock with
profound metabolic acidosis, central venous catheter occlusions, heparin-induced
thrombocytopenia, multiple deep venous thrombi, pneumonia, hyperglycemia, and left
ventricular dysfunction.

Exome sequencing analysis as described above identified a novel Tyr343Ter mutation
in PCSK1 that terminated the protein within its catalytic domain. This nonsense mutation
rendered the gene product undetectable in either cells or secreted into media, probably due to
nonsense-mediated decay, and a caused a total lack of enzyme activity. Immunohistochemistry for
PC1/3-expressing enteroendocrine cells was negative.

The identification of a mutation in PCSK1 suggested a specific clinical diagnosis that
includes diabetes insipidus (DI) as a component. Indeed, follow up with the patient confirmed
the presence of DI, and intranasal desmopressin (DDAVP) improved the patient’s condition
significantly.

Contemporaneously with the pilot exome study, we determined the clinical features of
13 other children with PC1/3 deficiency caused by PCSK1 mutations (67). We performed
Sanger sequencing analysis of PCSK1 and measured enzymatic activity of recombinant PC1/3
proteins. We identified a pattern of endocrinopathies that develop in an age-dependent
manner. Neonates had severe malabsorptive diarrhea and failure to thrive, required prolonged
parenteral nutrition support, and had high mortality. Additional endocrine abnormalities
developed as the disease progressed, including diabetes insipidus, growth hormone deficiency,
primary hypogonadism, adrenal insufficiency, and hypothyroidism.

We further explored the PC1/3 landscape by searching for potentially consequential
variants in the dbSNP (68), 1000 Genomes Project (69), NHLBI (70), and NIEHS (71) datasets.
We found that a novel ArgB0GLN variant (rs1799904) both exhibits adverse effects on PC1/3

activity and is prevalent in the population at a low level, suggesting that further biochemical
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and genetic analysis would be warranted to assess its contribution to the risk of metabolic

disease within the general population.

1.6 Application of high-throughput exome sequencing to identify a probable genetic cause of
sporadic chronic intestinal pseudo-obstruction

In addition to the CDD cohort, we also sequenced a cohort of 20 cases diagnosed with
CIPO or MMIH in the hope of finding one or more novel genes responsible for these rare
conditions. Chronic intestinal pseudo-obstruction (CIPO) is a heterogenous set of diseases
characterized by repetitive episodes or continuous symptoms of intestinal obstruction, in the
absence of a lesion that occludes the lumen of the gut (50, 51). A small fraction of cases are
secondary to organic, systemic, or metabolic diseases, but the majority are primary and may be
myopathic, mesenchymopathic, or neuropathic, depending upon whether predominant
abnormalities are found in the enteric nervous system, interstitial cells of Cajal (ICC), or
intestinal smooth muscle (72). A related disorder, megacystis-microcolon-intestinal
hypoperistalsis syndrome (MMIH), is characterized by constipation and urinary retention,
microcolon, giant bladder (megacystis), intestinal hypoperistalis, hydronephrosis, and dilated
small bowel (73).

Congenital forms of CIPO are rare and can be life-threatening; congenital CIPO is an
important cause of intestinal failure, for which the only treatment may be complete visceral
transplantation (74). Congenital CIPO may sometimes be due to prenatal exposure to toxins
such as alcohol or narcotics. A handful of familial cases of CIPO have been reported with
autosomal dominant (with variable penetrance), autosomal recessive, and X-linked modes of
inheritance (75-85). It is well known that mutations in mitochondrial tRNA genes, POLG
(polymerase (DNA directed), gamma), and TYMP (thymidine phosphorylase), which are
expressed in the mitochondrion, cause a severe form of CIPO requiring frequent and long-term

parenteral nutrition and with frequently fatal digestive and neurologic complications.

15



Mitochondrial disorders may account for ~19% of CIPO cases (86). Contrawise, it is rare for
CIPO to be the principal clinical manifestation of a mitochondrial disorder (87). Primary
defects of the mitochondrial oxidative phosphorylation pathway are phenotypically
heterogenous, and affecting multiple organs, typically with nervous system and skeletal or
ocular muscle dysfunction (88). Mitochondrial neurogastrointestinal encephalomyopathy
(MNGIE) is a rare, autosomal recessive syndrome due to the loss of thymidine phosphorylase
activity associated with loss-of-function mutations in TYMP (89-93). Mutations in POLG, the
mitochondrial myopathy, epilepsy, lactic acidosis, and strokelike episodes (‘MELAS’) mutation
in the tRNAleu(UUR) gene, or mutations in the tRNAbs gene are sometimes associated with CIPO
(85,94-101). Still, congenital CIPO is usually sporadic and prior to the advent of exome
sequencing, no non-mitochondrial gene had been convincingly associated with primary
sporadic CIPO.

We hypothesized for this study that the mode of inheritance would be recessive, de
novo, or mitochondrial, and that mutation effects would be fully penetrant. Identifying de novo
variants with a dominant effect on phenotype typically requires sequencing of parent-child
trios to eliminate the large number of potential heterozygous variants. Unfortunately, we did
not have parental DNA for most of these patients, but we believed there was a reasonable
chance we could narrow down the potential de novo candidates by looking for mutations in the
same gene in multiple patients. We further hypothesized that casual variants would be found
in the protein coding or splicing regions of genes. Because failure of muscle function in the
intestinal wall was believed to be a common cause of CIPO, we were particularly alert for
mutations in genes that might affect muscle cell function, such as myosins, actins, and proteins
that bind or regulate myosins and actins.

A few genes are present on the small circular mitochondrial DNA but many more are

encoded by nuclear DNA and then localize to the mitochondrion. We developed a
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mitochondrial gene annotation in the VAX program for this study, based on the MitoCarta
inventory of 1098 mouse genes encoding proteins with strong support of mitochondrial
localization (45). We also developed an SQL query that generates a matrix of genes and cases
to graphically display the number and ID of cases mutated in each gene. During the course of
our study Lehtonen et al. reported that a missense variant in ACTG, encoding y-enteric actin,
segregated in a Finnish family with autosomal dominant familial visceral myopathy (FVM), a
disorder that is subsumed within the broad definition of CIPO (102). Thus, we were
particularly interested in mutations in this gene, and identified nine novel de novo mutations
in the CIPO cohort. We also found a potential mitochondrial gene (POLG) compound
heterozygous mutation of interest in the mitochondrial gene (POLG), but have not yet
confirmed whether it is causal.
1.7 Application of high-throughput exome sequencing to discover an unsuspected gene, EX0SC3,

that causes pontocerebellar hypoplasia and spinal motor neuron degeneration

Another exome sequencing project involved the search for mutations causing a

mysterious neuromuscular disorder that affected four siblings in a large family (103). The
children were floppy at birth, had ocular motor apraxia, progressive muscle wasting, distal
contractures, progressive microcephaly, growth retardation and global developmental delay,
and never reached any motor milestone or spoke. Initially we were unable to categorize this
condition, but after receiving the autopsy report on one subject, we suspected pontocerebellar
hypoplasia (PCH), which is characterized by cerebellar hypoplasia or atrophy, variable pontine
atrophy and progressive microcephaly with global developmental delay (104). Pontocerebellar
hypoplasia typel (PCH1) is a distinctive subtype of PCH, characterized by diffuse muscle
wasting that is secondary to spinal cord anterior horn cell loss and cerebellar hypoplasia (105-
108). Diagnosis of PCH1 is often delayed or never made because the combination of cerebellar

and spinal motor neuron degeneration is not commonly recognized, and the presentation of
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diffuse weakness and devastating brain involvement is atypical of classical proximal spinal
muscular atrophy (SMA) (109). The literature contains only a handful of descriptions of case
series (110-113) and reports of PCH1 (114-120). Prior to our study, a causative gene had not
been identified in the majority of individuals with PCH1. Recessive mutations have been found
in VRK1 (encoding vaccinia-related kinase 1) (121), RARS2 (encoding mitochondrial arginyl-
tRNA synthetase 2) (104) and TSEN54 (encoding tRNA splicing endonuclease 54) (122) in
single individuals with PCH1. In PCH without SMA, TSEN54 mutations account for most cases
of PCH2 and PCH4 (104, 123), and RARSZ mutations have been found in two families with
PCH6 (124, 125).

Array-based identity by descent analysis of the four affected siblings, three healthy
siblings, and their parents, highlighted candidate regions in four sub-chromosomal loci with
more than 100 candidate genes in total. Exome sequencing (Illumina IIx single end 76 base
reads) of the four affected siblings yielded a single candidate variant, g.9:37783990T>G
(c.395A>C, p.Asp132Ala) in the EXOSC3 gene (encoding exosome component 3). The variant
was homozygous in all four affected siblings, segregated with the disorder upon Sanger
sequencing of unaffected relatives, and was within one of the intervals identical by descent in
all affected siblings; the parents were heterozygous for the variant. The variant was at a
completely conserved locus.

Exosome component 3, also known as the ribosomal RNA-processing protein 40
(Rrp40), is a core component of the human RNA exosome complex (distinct from exosome
vesicles). RNA exosomes are multi-subunit complexes conserved throughout evolution (126)
and are emerging as the major cellular machinery for processing, surveillance and turnover of
a diverse spectrum of coding and noncoding RNA substrates essential for viability (127). The

exosome’s nine subunits are arranged in a two-layered ring; the bottom ‘hexamer’ layer is
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formed by six subunits. Rrp40 is one of three RNA binding subunits that comprise the ‘cap’ of
the exosome complex (128, 129).

Eight probands with PCH1 out of twelve additional families had homozygous or
compound heterozygous mutations in EXOSC3 and all available parents were heterozygous.
The Asp132Ala mutation was present in six of these families, homozygous in three families and
compound heterozygous in another three. One case was homozygous for Gly31Ala, another
compound heterozygous for Gly31Ala and Trp238Arg, and the remainder compound
heterozygous for Asp132Ala plus 99fs*11, Ala139Pro, or intronic c.475-12A>G causing exon
skipping. Genotyping the original family and two others revealed an identical short 1 cM region
flanking the g.9:37783990T>G locus, suggesting a distant ancestry for the mutation.
Interestingly, another founder mutation, Gly31Ala, also seen in two of our cases, was recently
identified as a cause of severe PCH1 among the Czech Roma (130).

Knockdown of exosc3 expression in zebrafish embryos by antisense morpholinos led to
a dose-dependent phenotype of a short, curved spine and small brain with poor motility and
even death by 3 days post fertilization. Whole-mount in situ hybridization showed decreased
expression of atohla (a marker specific for dorsal hindbrain progenitors) in the upper and
lower rhombic lips and a lack of expression of pvalb7, which is specific for differentiated
cerebellar Purkinje neurons (131). The abnormal phenotype from exosc3-specific morpholino
injection was largely rescued by co-injection with wild-type zebrafish exosc3 mRNA whereas
co-injection with mRNA containing the mutation was ineffective in rescue.

In a companion study, biallelic mutations in EXOSC3 were detected in 10 of 27 families
(37%) (132). The mutation-positive subjects typically presented with normal pregnancy,
normal birth measurements, and relative preservation of brainstem and cortical structures.
Psychomotor retardation was profound in all patients but lifespan was variable, with 3

subjects surviving beyond the late teens. Abnormal oculomotor function was commonly

19



observed in patients surviving beyond the first year. Major clinical features previously
reported in PCH1, including intrauterine abnormalities, postnatal hypoventilation and feeding
difficulties, joint contractures, and neonatal death, were rarely observed in mutation-positive
infants but were typical among the mutation-negative subjects, indicating that variability in
survival and clinical severity is correlated with the genotype.

The same homozygous Asp132Ala mutation as that in our original family was reported
in four patients with muscle hypertonia, developmental delay, spinal anterior horn
involvement, and prolonged survival, consistent with a milder form of PCH1, suggesting
phenotypic variability possibly by caused by protective factors in the genetic background
(133). Another recently reported case from Bangladesh with Asp132Ala and a novel Val80Phe
mutation suffered from intellectual disability, early onset spasticity, and cerebellar atrophy
(134).

1.8 Overview of the chapters

Chapter 1 is this introduction. Chapter 2 describes the methods used in the VAX
program for rich annotation of DNA sequencing variants by leveraging the Ensembl Variant
Effect Predictor with plugins. This paper was submitted to Briefings in Bioinformatics and is
under review. Chapter 3 reports the results of a pilot study to use whole-exome sequencing for
the identification of casual mutations in congenital diarrheal disorders. Chapter 4 describes in
more detail one of the cases analyzed in the pilot study of Chapter 3, where exome sequencing
found a novel PCSK1 mutation in a child with generalized malabsorptive diarrhea and diabetes
insipidus. This paper was published in the Journal of Pediatric Gastroenterology and Nutrition
(62). Chapter 5 contains an overview of PCSK1 variants in the human population and the
functional consequences of a novel variant of PCSK1. This paper was published in PLoS One
(135). Chapter 6 presents evidence from exome sequencing that mutations in ACTGZ are a

probable significant cause of chronic intestinal pseudo-obstruction. Chapter 8 shows the
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application of whole-exome sequencing in the field of neurology and describes our discovery
that mutations in the RNA exosome component gene EXOSC3 cause pontocerebellar hypoplasia
and spinal motor neuron degeneration. This paper was published in Nature Genetics (103).

Chapter 10 is the conclusion.
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Abstract

High-throughput DNA sequencing has become a mainstay for the discovery of genomic
variants that may cause disease or affect phenotype. A next-generation sequencing pipeline
typically identifies thousands of variants in each sample. A particular challenge is the
annotation of each variant in a way that is useful to downstream consumers of the data, such as
clinical sequencing centers or researchers. Such users may require that all data storage and
analysis remain on secure local servers to protect patient confidentiality or intellectual
property, may have unique and changing needs to draw upon a variety of annotation datasets,
and may prefer not to rely on closed source applications beyond their control. Here we

describe scalable methods for using the plug-in capability of the Ensembl Variant Effect
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Predictor to enrich its basic set of variant annotations with additional data on genes, function,
conservation, expression, diseases, pathways, and protein structure, and describe an extensible
framework for easily adding additional custom datasets.
Keywords

Ensembl Variant Effect Predictor; plugin; annotation; DNA sequencing; database
Introduction

The recent development of technology to sequence the entire genome of an individual
at moderate cost is revolutionizing clinical genetics and greatly accelerating the discovery of
new genetic causes of disease (1, 2). Next generation sequencing (NGS) platforms now provide
clinical laboratories with the ability to sequence in a single process nearly all of the thousands
of genes known to be causal of human Mendelian diseases at a cost comparable to that of
sequencing a single disease gene by conventional Sanger sequencing (3). Similarly, researchers
can use NGS for an unbiased examination of all genes and regulatory features in order to
discover the relationship of unsuspected genes and pathways to diseases or traits with
unknown causes (4). In operation, a modern NGS platform typically reads the sequence of over
one hundred million short DNA fragments extracted from an individual’s blood, saliva, or other
tissue. These fragments may have been enriched during library preparation for protein coding
regions (the “exome”) or for targeted regions, such as those known to be involved in a class of
diseases. Mature algorithms have been developed to align these short reads to a reference
genome, assign read and mapping quality scores, and genotype loci that vary from the
reference. The output of such a sequencing pipeline is a Variant Call Format (VCF) (5, 6) file
that succinctly and systematically describes the genomic location, dbSNP ID, reference and
alternate alleles, genotype, and other information related to each variant (Figure 1a). Where
the entire exome was sequenced, a VCF file typically consists of over 20,000 individual protein

coding variant records.
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A basic VCF file does not contain most of the information that will be needed by a
physician or researcher, such as the transcript and gene that contain the variant, the effect, if
any, on protein encoding (synonymous, missense, nonsense) or structure, the likelihood that
the variant is damaging, association with diseases or phenotypes, or tissue expression data.
There are several applications that can add such annotations to a VCF file, each with strengths
and weaknesses, and these have been reviewed elsewhere (7). One characteristic of most of
these tools is that they have little or no flexibility to include customized user-defined
annotations. Furthermore, on-line tools, such as SeattleSeq (8), have the advantage of
simplicity of use but they may not be appropriate for confidential patient data or proprietary
intellectual property.

Here we present an approach for developing a custom annotator that can be run on
local servers, is not heavily dependent on an outside single researcher or small group for
software development and maintenance, and has a simple, modular mechanism for adding new
features. Thus, instead of a stand-alone software package, our goal is to share “how-to”
directions for using the plug-in capability of the Ensembl Variant Effect Predictor (VEP) (9) to
enrich its basic set of variant annotations with additional data from datasets such as Online
Mendelian Inheritance in Man (OMIM), the Human Gene Mutation Database (HGMD pro), the
Universal Protein Resource (UniProt), KEGG Pathways, RefSeq, the MitoCarta Inventory of
Mammalian Mitochondrial Genes, the Catalogue of Somatic Mutations in Cancer (COSMIC),
Mouse Genome Informatics (MGI) and the Human Protein Atlas (HPA).

To satisfy the needs of our laboratory research projects and the initiation of the UCLA
Clinical Genomics Center we elected to use the Ensembl database and VEP as the basis of a
custom annotator, which we call “VAX” (Variant Annotator Extras). Several factors were
decisive in adopting this approach. Ensembl, a joint scientific project between the European

Bioinformatics Institute and the Wellcome Trust Sanger Institute, provides access to genomic
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annotation for numerous species stored on a MySQL database that can be accessed
programmatically via a Perl application programming interface (API). The database is
supported by a large professional organization, is updated regularly, and can be accessed
remotely or by downloading a local copy. The Ensembl database and VEP have a large and
active user community, and provide excellent and timely advice and support. The VEP is a
mature open source Perl script that can be run locally, connected either to the remote Ensembl
database or a local copy thereof, or with some limitations used with a local cache. Without any
modifications, VEP produces many useful annotations, including genes affected by the variants,
consequence of variants on the protein sequence, minor allele frequencies in the population,
and SIFT/PolyPhen scores. VEP plugins are a powerful way to extend, filter, and manipulate
the output of the VEP, and form the foundation of our methods for integrating diverse datasets
into our VAX annotation pipeline.

With the guidelines we present here, a research laboratory or clinical sequencing
center, with access to a modest data processing infrastructure and having easily acquired basic
Perl and SQL programming skills, can implement a custom annotation system similar to VAX.
The following sections describe 1) installation of the data and programs from Ensembl that are
needed to run the Variant Effect Predictor and plugin basics, 2) methods for altering VEP
output for downstream entry into a relational database, 3) enriching basic annotations using
Ensembl, 4) examples of how to implement several useful annotations from non-Ensembl
databases, and 5) additional considerations for variant analysis. Computer code for the
modules described herein is in the supplemental file vax_code.tar.gz, an index for which is in
vax_code_contents.docx. The code is available under a GNU Public License on an “as-is” basis;
users should expect to invest additional effort in adapting this code to their particular systems

and needs.
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Base installation and plugins

Ensembl data and VEP. VAX consists of a locally installed MySQL database system,
which hosts the Ensembl database and custom data used by the annotator, local installations of
the Ensembl Perl API and VEP, and a library of custom VEP plugins (Figure 1b). We
downloaded Ensembl data from the Ensembl FTP site in the form of tab-delimited text files for
importing into MySQL (download_ensembl_databases.sh). We installed the Ensembl API and
VEP according to instructions on the Ensembl web site
[http://www.ensembl.org/info/docs/api/api_installation.html].

VEP plugin interfaces. Adding functionality to VEP via plugins is straightforward and
should be within the abilities of any researcher who has a working knowledge of the Perl
programming language. ProteinSeq (Text box 1) is a simple plugin that, for each variant, adds
an annotation of the amino acid sequence of the gene. The ‘use base’ line tells the plugin to
inherit the properties of a base class defined by VEP, allowing the module to interact with VEP
via well-defined methods. The ‘new’ method is called once by VEP to initialize the plugin. One-
time code, such as establishing a database connection, would be placed in the ‘new’ method.
The ‘version’ method returns the version of VEP for which the plugin was designed, and the
‘feature_types’ method tells VEP only to call the plugin for variants that are within transcripts.
The ‘get_header_info’ method defines the annotation. The ‘run’ method is where the plugin
processes each given variation-allele-feature combination. In the example, $tva gets the
transcript variation annotation object from VEP, which contains all information necessary to
identify the variant’s genomic context. The plugin uses the $tva object to access the related
translation object, and then returns the amino acid sequence of the translation to VEP, where
the annotation will be output in the Extra column. There are a number of additional examples
of plugins available through the Ensembl web site (https://github.com/ensembl-

variation/VEP_plugins).
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Database connection. For convenience and efficiency, we implemented a single plugin,
vw.pm, to establish a connection to non-Ensembl MySQL databases, and a non-plugin module,
vax.pm, for commonly used functions such as get_unique, which removes duplicates from lists
of annotations.

Cross-references. External databases may use different gene IDs and number
chromosomes differently from Ensembl. The ensemb_xref2db.pl script builds a table of gene,
transcript, and protein cross references, and the faidx_decoy.txt table is useful to interconvert
human genome build GRCh37 (1000 Genomes decoy version) and UCSC build hg19
chromosomes.

Database-friendly output. By default, VEP places many of its annotations as key-value
pairs in the Extra column, for example, the amino acid sequence from the ProteinSeq plugin
example and a SIFT score of likelihood of protein damage might be represented as
‘ProteinSequence= MEAEESE...SLVRDS;SIFT=tolerated(0.34)’. For use in downstream analysis
it may be more convenient to separate data into one column for each annotation, and even to
create two columns for an annotation like SIFT: one for the verbal description and one for the
numerical score. This approach works well for Excel spreadsheets and is almost essential for
relational databases.

ExtraCols plugin. VEP outputs many annotations, such as HGVS coding and protein
sequence names and the SIFT, PolyPhen, and Condel values, as key-value pairs in the Extra
column. The ExtraCols plugin (ExtraCols.pm) adds selected additional columns to the output
file for each key, making the values more easily accessible to database queries. The command
“use Bio::EnsEMBL::Variation::Utils::VEP qw(@OUTPUT_COLS);” gives the plugin access to
VEP’s list of columns that will appear in the output, and the get_header_info method

demonstrates the technique for adding additional column headers. In the ‘new’ method, the
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plugin places data for each Extra annotation into its own column, and also separates text from
numbers for the SIFT, PolyPhen, and Condel scores.

VCFCols plugin. VEP’s output format does not preserve all of the columns originally
present in the input VCF file, and represents insertions and deletions in a way that is not
directly comparable to the VCF standard use of POS, REF and ALT. Some downstream
applications require data in the original VCF form. The VCFCols plugin (VCFCols.pm) modifies
the VEP output format to include all input VCF columns. The ‘new’ method scans the input VCF
file to identify the columns and stores their names in $self->{ vcf _cols} for future use by the
‘run’ method. The get_header_info method adds output columns and the ‘run’ method places
data from the original input data line into these columns.

Additional Ensembl annotations

The real power of plugins starts with the ability to add additional annotations from
Ensembl’s own rich data collection, as in the ProteinSeq plugin example, above. Two plugins,
adapted from the NGS-SNP collection of command-line scripts (10), and a plugin to get gene
and variant phenotype data, illustrate this.

Protein plugin. The Protein plugin (Protein.pm), derived from NGS-SNP, adds several
useful annotations. Protein_Length is helpful for analysis when considering where in the
protein a variant falls and the likelihood of protein mutation. Protein_Length_Decrease(%),
Protein_Sequence_Lost, Protein_Length_Increase(%), and Protein_Sequence_Gained lend
perspective to stop_gained and stop_lost variants. Reference_Splice_Site, and
Variant_Splice_Site clarify the effect of mutations in the essential splice site region. The plugin
computes each of these from the consequence annotation and the amino acid sequence. The
Overlapping_Protein_Domains annotation presents all the domain features annotated in

Ensembl’s translation object that overlap the variant locus.
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Alignment plugin. NGS-SNP’s annotations for detailed comparisons with orthologous
sequences is, to our knowledge, unique among existing variant annotation tools. The Alignment
plugin (Alignment.pm) adapts portions of NGS-SNP to function as a VEP plugin, and illustrates
the use of the Ensembl comparative genomics (Compara) database, which is not implemented
in the basic VEP. The ‘new’ method accepts additional parameters used by the plugin and
establishes connections to the compara database. This plugin calculates three values that are
useful for evaluating the conservation of amino acid residues. Alignment_Score_Change is the
alignment score for the variant amino acid vs. the orthologous amino acids minus the
alignment score for the reference amino acid vs. the orthologous amino acids. C_blosum is
a measure of the conservation of the reference amino acid with the aligned amino acids in
orthologous sequences using the C_blosum formula given in (11). Context_Conservation is the
average percent identity obtained when the region of the reference protein containing the SNP-
affected residue is aligned with the orthologous region from other species. Additionally, this
plugin generates an alignment of amino acids in orthologous species, ordered by evolutionary
distance from humans as calculated from the phylogenetic tree obtained from Ensembl(12).
This data is displayed in two compact columns: Amino_Acids_In_Orthologues lists the amino
acids and Orthologue_Species lists the species from which sequences were obtained to
generate the alignment as well as the three numerical measures.

Phenotypes plugin. The Phenotypes plugin (Phenotypes.pm) creates columns for
phenotypes associated with a gene or variant locus, cancer associations from COSMIC, and the
public HGMD dataset, sourced from Ensembl (a plugin for the commercial HGMD Pro dataset is
discussed below).

External Databases
It is possible to access some remote databases directly from within a VEP plugin, but in

our experience this presents two difficulties: first, throughput may be slow, and second,
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annotating multiple whole exome variant calls may place an undue burden on remote servers.
Consequently, we elected to create local copies of external datasets, and accepted the burden of
performing regular (usually quarterly) updates. Updating can be somewhat automated,
limiting the human workload to a few hours per year. To access external data we use the
MySQL ISAM engine, also used by Ensembl, for reasons of user familiarity, speed, and cost, but
any other database system with a Perl interface can easily interface with VEP plugins using
code similar to that in the vw plugin. Using external databases within Ensembl plugins
generally requires 1) obtaining data from an external source, 2) preprocessing the data, 3)
loading MySQL table(s), and 4) developing a plugin to access the database and produce output.

A simple example of this process is the Mito plugin (Text box 2), which produces a
column named MT that contains ‘1’ if the gene is annotated by MitoCarta (13) as being found in
mitochondria, otherwise blank. The first step is to download the Human.MitoCarta.xIs file from
http://www.broadinstitute.org/pubs/MitoCarta/human.mitocarta.html. The second,
preprocessing, step is to select from the SYM (gene symbol) column only those genes with a ‘1’
in the MITOCARTA_LIST column (indicating strong support of mitochondrial localization) and
remove any duplicates. Step 3 involves creating a MySQL table named ‘mitocarta_gene’ with a
single column, ‘mito_gene’, which contains the selected mitochondrial gene symbols. For
robust and secure access we also create a stored procedure named ‘get_mitocarta_gene’ that
takes a gene symbol as input and returns a list of one or zero matching symbols. Finally, the
plugin creates an MT column with its get_header_info method and populates the column for
each variant in its ‘run’ method by querying the database, using the database connection
established by the generic vw plugin. Note the use of the $line_hash parameter passed from
VEP to store data in the output line.

GenelDs plugin. The GenelDs plugin (GenelDs.pm) creates columns for the

chromosomal strand containing the transcribed gene, The Ensembl permanent gene identifier
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(ENSG), a gene description, a RefSeq gene summary, the Entrez gene name, the UniProt KB_AC
and ID, Gene Ontology references, and mitochondrial location. With two exceptions, these
columns are populated from information in Ensembl. The RefSeq summary column contains
brief summary paragraphs for more than 5000 well-understood genes, and is an excellent
starting point for an analyst when first confronted with an unfamiliar gene (14). This plugin is
implemented by downloading RefSeqGene and refseqgene*.genomic.gbff.gz from the NCBI ftp
site (download_refseq_data.sh), converting to a database friendly text file (refgene2db.py), and
adding cross-references to Ensembl gene names (refseq_ensg_cross-references.sql). The MT
column is created as described above for the Mito plugin.

OMIM plugin. The OMIM plugin annotates gene associations with Mendelian disorders
from OMIM. (15) To build the dataset locally, download the OMIM data files
(download_omim_data.sh), convert to database tables (omim2db.py), and import genemap.txt
into MySQL.

DiseasesPhenotypes plugin. The DiseasesPhenotypes plugin creates a convenience
column intended to contain the union of all annotations of disease and phenotype associations
from the HGMD, OMIM, Phenotypes, and UniProt plugins. This plugin provides an easy way for
arelational database to scan all of these annotations with one query. It is an example of how
one plugin can create a column that will be populated by other plugins.

HGMD plugin. The HGMD plugin obtains gene and locus disease associations from the
commercial professional version of The Human Gene Mutation Database (HGMD®) (BIOBASE
Biological Databases). This plugin requires a local installation of the database as documented
in its distribution. Stored procedures for access to the data by a plugin are included in
plugin_stored_procs.sql.

HPA plugin. The HPA plugin creates annotations of gene expression by tissue, cell type,

and subcellular location from The Human Protein Atlas. (16) To install the HPA plugin,
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download the normal_tissue and subcellular_location tables (download_hpa_data.sh) and
import them into MySQL.

KEGG plugin. The KEGG plugin annotates gene participation in molecular pathways and
interaction networks from the KEGG Pathway database. (17) Due to usage restrictions on the
database, the gene_pathways table must be created with a Perl script from the KEGG SOAP
server (kegg_pathways.pl). After importing the table into MySQL, create a new table that is
indexed by Ensembl gene IDs for use by the plugin (gene_pathways2ensg_kegg.sql).

MousePhenotypes plugin. Especially when a gene has no known associated phenotypes
in humans, it is important to consider whether there is a phenotype in a model organism. The
Mouse Genome Informatics (MGI) database(18) has extensive annotations of phenotypes
observed in mice when genes orthologous to human genes are mutated or knocked out. The
MousePhenotypes plugin annotates variants with all known mouse phenotypes in equivalent
human genes. The plugin requires downloading the HMD_HumanPhenotype.rpt and
VOC_MammalianPhenotype.rpt files (download_mgi_data.sh), cleaning up the format
(MGI_mouse_phenotype_files.py), and loading the two tables into MySQL. Many other model
organisms have similar human gene/phenotype datasets for which VEP plugins could be
developed by similar methods.

UniProt plugin. The UniProt plugin creates columns for many of the extensive protein
annotations in the UniProt database (19). These include VARIANT, MUTAGEN, SITES,
OTHER_OVERLAPPING_FEATURES, ALLERGEN, ALTERNATIVE_PRODUCTS,
CATALYTIC_ACTIVITY, CAUTION, COFACTOR, DE, DEVELOPMENTAL_STAGE, DISEASE,
DOMAIN, ENZYME_REGULATION, FUNCTION, GeneNames, GO, GO_term, INDUCTION,
INTERACTION, KEGG, KEYWORDS, MIM_gene, MIM_phenotype, MISCELLANEOUS, PATHWAY,
Pathway_Interaction, PE, POLYMORPHISM, PTM, Reactome, RecName, RefSeq_NM, RefSeq_NP,

RNA_EDITING, SEQUENCE_CAUTION, SIMILARITY, SUBCELLULAR_LOCATION, SUBUNIT,
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TISSUE_SPECIFICITY, UCSC, and WEB_RESOURCE. When available, the plugin will annotate
specific protein features that overlap the variant. Install this plugin by downloading the
UniProt data in its unique format (download_uniprot_data.sh), convert to database tables
(uniprot2db.pl), load into MySQL, and create Ensembl transcript ID indexed tables
(uniprot2enst_uniprot.sql).
Additional considerations

VEP plugin-based annotations can work well for producing output that will be
reviewed directly or in an Excel spreadsheet. Even greater analytical power is available if
annotated variants are used as input to downstream applications, possibly including relational
databases. The ExtraCols and VCFCols plugins enable output formatting that is more conducive
to relational database analysis by ensuring that each column of contains a single discrete unit
of data. Two other issues with the way the VCF input format provides for genotypes of multiple
samples can complicate use of the data in some downstream applications. First, the VCF format
requires that each genotyped sample’s genotype and related data be stored in one column per
sample. Second, because samples may have different alternate alleles at a given locus, the ALT
column must contain a list of all observed alleles. Therefore, we preprocess VCF files before
running the VEP to create two files: 1) a VCF file without sample genotype columns and with
each alternate allele on a separate line (this file serves as input to VEP); 2) a file listing each
sample’s genotype on a separate line. After annotation by VEP we relate sample genotypes and
annotations in a database system. During preprocessing we also split the input into a number
of smaller files in order to run VEP in parallel for faster throughput. Although none of these
steps are essential to operation of a successful annotation pipeline based on VEP plugins, we
include our preprocessing program as an example for those who may be interested

(vcf2vax.py).
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Conclusion
Alocal installation of the Ensembl databases and Perl API provides a robust and
flexible framework for annotating DNA sequencing variants from many different data sources
using Variant Effect Predictor plugin modules. We have outlined the design and usage of VEP
plugins for a number of widely used databases. In addition, modules may be easily designed for
incorporating annotations from any external dataset that is kept in a flat file or relational
database, such as the Zebrafish Model Organism database (20), and the Rat Genome database
(21). We have used the VAX system for the discovery of the causes of rare Mendelian diseases
and genes involved in psychiatric disorders. (4, 22, 23). VAX is used routinely for CLIA/CAP-
accredited whole exome sequencing by the UCLA Clinical Genomics Center, which has
processed more than 1000 exomes to date (24). An example of VAX output, demo.vax, is in the
vax_code.tar.gz file.
Key Points
* Richly annotated variants produced by next-generation sequencing are the
foundation of modern clinical sequencing and gene discovery research.
* Ensembl Variant Effect Predictor (VEP) plugins provide a robust and flexible
framework for annotating DNA sequencing variants.
* VEP plugins are Perl scripts that can use the extensive data in Ensembl, such as
comparative genomics and variant annotations.
* Custom VEP plugins can associate variants with data from diverse external
sources.
* An annotation pipeline incorporating VEP plugins is within the reach of small

laboratories and clinical sequencing centers
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Figure 1. Overview of DNA sequencing and annotation. (a) DNA sequencing pipeline.
Fragmented genomic DNA is sequenced by a next-generation sequencer and aligned to a
reference genome. Each locus is genotyped and variants from the reference are output to a
Variant Call Format (VCF) file. (b) Rich variant annotation. Multiple datasets are stored on a
local database server. Modular plugins integrated with the Ensembl Variant Effect Predictor
(VEP) create an output file with rich annotations of each variant.
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package ProteinSeq;
use base gw(Bio::EnsEMBL::Variation::Utils::BaseVepPlugin);
sub new {
my $class = shift;
my $self = $class->SUPER::new(@_);
return $self;
sub version { return '73'; }

sub feature_types { return ['Transcript']l; }

sub get header_info {
return { ProteinSeq => "amino acid sequence of transcript's translated protein", };

}
sub run {
my ($self, $tva) = @_;
if ( defined $tva->transcript->translation ){
return { ProteinSeq => $tva->transcript->translation->seq() };
}
return {};
}
1;

Text box 1. ProteinSeq plugin. This plugin illustrates the methods that a VEP plugin should
implement (new, version, feature_types, get_header_info, and run) and demonstrates a simple
annotation of the complete amino acid sequence of the protein affected by a variant.
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package Mito;

use base gqw(Bio::EnsEMBL::Variation::Utils::BaseVepPlugin);
use Bio::EnsEMBL::Variation::Utils::VEP gqw(@OUTPUT_COLS);
use vw;

sub new {
my $class = shift;
my $self = $class->SUPER::new(@_);
return $self;

sub version { return '73'; }
sub feature_ types { return ['Transcript']l; }
sub get header_info {

my @new output cols = gw( MT );

@OUTPUT_COLS = (@OUTPUT_COLS, @new_output cols);
return { MT => "annotated as in mitochondrion by MitoCarta", };

}
sub run {
my ($self, $tva, $line_hash) = @_;
my $config = $self->{config};
my $hgnc = $tva->transcript->{_gene_hgnc};
if (defined $hgnc){
my $query = "CALL $vw::vw_database.get mitocarta_gene('S$hgnc')";
my $gh = $vw::vw _conn->prepare($query);
$gh->execute() or die "Unable to execute $query: $DBI::errstr\n";
my @row = $gh->fetchrow array();
if( defined($row[0]) && $row[0] ne '' ) {
$1ine_hash->{MT} = '1';
}
else {
$1line_hash->{MT} = '';
}
}
return {};
}
1;
# SQL stored procedure
# CREATE DEFINER="sa '@ %  PROCEDURE “get_mitocarta_gene  (hgnc varchar(15))
# BEGIN
# SELECT "mitocarta_gene . mito_gene’
# FROM “vw' . mitocarta_gene’
# WHERE “mitocarta_gene . mito_gene’ = hgnc;
# END

Text box 2. Mito plugin. This plugin illustrates the use of data from an external database (the
MitoCarta Inventory of Mammalian Mitochondrial Genes) that is stored on a local MySQL
server. Consult the vw.pm file in the supplemental vax_code for details of the database
connection.
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Supplementary Materials

Contents of vax_code.txt

File

Description

Alignment.pm

Alignment plugin Perl module

DiseasesPhenotypes.pm

DiseasesPhenotypes plugin Perl module

demo.vax

Sample vax annotated output

download_ensembl _databases.sh

Shell script to download Ensembl databases
from FTP site

download_hpa_data.sh

Shell script to download tables from Human
Protein Atlas

download_hpa_data.sh

Shell script to download mouse phenotype data
from MGI

download_omim_data.sh

Shell script to download OMIM data

download_refseq_data.sh

Shell script to download RefSeq data

download_uniprot_data.sh

Shell script to download UniProt data

ensembl_database_install_server.sh

Install downloaded Ensembl databases on
MySQL server

ensembl_xref2db.pl

Perl script to create Ensembl cross-reference
table for genes, transcripts, and proteins

ExtraCols.pm

ExtraCols plugin Perl module

faidx_decoy.txt

Database table to interconvert human genome
build GRCh37 (1000 Genomes decoy version)
and UCSC build hg19 chromosomes

gene_pathways2ensg_kegg.sql

T-SQL code to index KEGG pathways by
Ensembl gene IDs

GenelDs.pm

GenelDs plugin Perl module

genemapZ2ensg_omin.sql

T-SQL code to index OMIM gememap by
Ensembl gene IDs

HGMD.pm

HGMD plugin Perl module

HPA.pm

HPA plugin Perl module

kegg pathways.pl

Perl script to download KEGG pathway data
from SOAP server

KEGG.pm

KEGG plugin Perl module

LICENSE.txt

GNU General Public License

MGI_mouse_phenotype_files.py

Python script to convert downloaded Mouse
Genome Informatics phenotype data to
database tables

Mito_example.pm

Mito example plugin Perl module

MousePhenotypes.pm

Mouse Phenotypes plugin Perl module

my.py Common python functions used by vcf2vax.py

OMIM.pm OMIM plugin Perl module

omim2db.py Python script to convert downloaded OMIM
data to database tables

Phenotypes.pm Phenotypes plugin Perl module
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File

Description

plugin_stored_procs.sql

MySQL stored procedures to interface plugins
with database

Protein.pm Protein plugin Perl module
ProteinSeq_example.pm ProteinSeq example plugin Perl module
refgene2db.py Python script to convert downloaded RefGene

data to RefSeq gene summary database table

refseq2refseq_gene_summary.sql

T-SQL code to index RefSeq gene summary table
by Ensembl gene IDs

UniProt.pm

UniProt plugin Perl module

uniprot2db.pl

Perl script to download UniProt data and
convert to database tables

uniprot2enst_uniprot.sql

T-SQL code to index UniProt tables by Ensembl
transcript IDs

vax_code_contents.docx

This document

vax.pm vax common functions Perl module

vcf2vax.py Python script to pre-process VCF files and run
the Variant Effect Predictor in parallel on a
compute cluster

VCFCols.pm VCFCols plugin Perl module

vw.pm MySql connector plugin Perl module

These items are contained in the supplementary file vax_code.txt.
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CHAPTER THREE
Whole-exome sequencing for the identification of casual mutations

in congenital diarrheal disorders
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Abstract

Background. Congenital diarrheal disorders (CDDs) are rare diseases with serious, even
life-threatening, consequences. Whole-exome sequencing enables an unbiased search for
genetic variants that cause the disease.

Methods. We developed a bioinformatic pipeline and analytical methods for whole-
exome sequencing to discover variants in the protein coding region of genes associated with
CDDs.

Results. We sequenced 45 probands from diverse ethnic backgrounds who were
diagnosed with a variety of CDDs of probable, but unknown genetic cause, and searched for
damaging mutations in genes known to be associated with CDDs. Patients had been diagnosed
with generalized malabsorptive diarrhea (n=33), selective nutrient malabsorption (n=5),
secretory diarrhea (n=3), and infantile IBD (n=4). Although most cases had thorough
diagnostic workups, sometimes including sequencing of suspected genes, none had a
convincing genetic finding. Surprisingly, we found a mutation in a known gene, or a gene that
was reported during the course of the study, that is likely to cause disease in 27 cases (60%).
The genes implicated were ADAM17, DGAT1, EPCAM, IL10RA, MALT1, MYO5B, NEUROG3, PCSK1,
SI, SKIV2L, SLC26A3, and SLC5A1. While six of the mutations were previously reported, 25 of
them were novel.

Conclusions. Whole-exome sequencing is an effective approach for the identification of
casual mutations in known CDD genes that may escape detection with standard practice

involving a complex diagnostic workup and targeted gene sequencing.

Introduction
Congenital diarrheal disorders (CDDs) are rare diseases with serious, even life-

threatening, consequences that impose massive diagnostic and treatment costs as well as great
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emotional stress on patients and their families. These patients frequently endure a complex
and costly diagnostic odyssey that often fails to produce a definitive diagnosis (1). Affected
families may be unaware of appropriate treatments and prognosis (2) and lack information on
the recurrence risk in subsequent pregnancies. Until recently, little was known of the genetic
etiology of these diseases, yet identification of a casual mutation can lead to improved
management of the disease and inform research efforts to develop new treatment modalities.
Importantly, identifying new genes provides a better understanding of the molecular pathways
and mechanisms responsible for the specific disease and other phenotypes governed by the
same pathways. For example, mutations in the gene PCSK1 (encoding neuroendocrine
convertase 1 precursor) can cause a severe form of generalized malabsorptive diarrhea, while
milder variants are associated with obesity (3).

Although rare, these diseases impose serious emotional and economic burdens on
families and society. Children with CDDs often require long-term parenteral nutrition in order
to absorb sufficient nutrients to sustain normal growth and development. Parenteral nutrition,
however, does not address the primary cause of the disorder and its prolonged use is
associated with numerous complications, including loss of central venous access, sepsis,
intestinal failure associated liver disease, poor health related quality of life, multivisceral
transplantation, and death. Economically, the expenditure of home parenteral nutrition alone
is estimated in the range of $100,000-$150,000 per year, and the cost of transplantation is
~$1.5-1.9 million for the first year alone (4).

CDDs are a group of enteropathies caused by inherited or sporadic genetic mutations
that generally manifest soon after birth or in early childhood. The primary presenting
symptom is chronic diarrhea that often requires total parenteral nutrition. Mutations in
number of genes are known to cause CDDs, but many cases, even those that harbor a mutation

in a known gene, do not receive a genetic diagnosis.

63



The discovery of most of the known genes involved arduous genetic and molecular
studies. In the 1990s genome-wide linkage analysis, using 300-500 microsatellite markers,
offered a method of identifying disease susceptibility loci. This approach was time-consuming
and limited to a resolution of down to about 10Mb, a length, which can harbor several genes
(5). To achieve adequate power it was necessary to genotype one or more extended families or
a very large number of nuclear families. For example, linkage disequilibrium as well as genetic
linkage, as determined by this technique in Finnish families, indicated that an unknown gene
near the cystic fibrosis transmembrane regulator gene (CFTR) was probably associated with
secretory chloride diarrhea (6). Subsequently, cloning of the linkage region identified four
known genes, two of which were considered to be functionally relevant (7). Finally,
segregation of mutations in the SLC26A3 gene with the disorder in a large number of patients
confirmed that such mutations cause the disorder (8). The development of highly parallel
genotyping based on arrays with probes for thousands of single nucleotide polymorphisms
(SNPs) enabled more efficient genotyping with a 10-fold or better improvement in resolution
(9) This technology, applied to extended kindreds, enabled the discovery of mutations of the
causative genes for microvillus inclusion disease (10), syndromic congenital secretory sodium
diarrhea (11), congenital tufting enteropathy (12), and early-onset chronic diarrhea (13). A
candidate gene resequencing approach, founded on a mouse model, identified mutations in
NEUROGS3 as the cause of malabsorptive congenital diarrhea (14).

The paradigm of earlier techniques for mutation discovery required first, a narrowing
down the genome by application of candidate gene resequencing, linkage analysis,
homozygosity mapping, or case-control association studies, followed by a search for causative
mutations within a small part of the genome. Specific clinical tests would then be developed to
assess for the presence of a known mutation. The advent of affordable technology to sequence

a human genome has rapidly changed physicians’ and researchers’ approach across a wide
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range of congenital disorders. It is now possible to sequence all the protein-coding DNA (the
“exome”) of a patient at a cost that approaches the price of clinical sequencing of a single gene
by traditional methods (15). For example, the widely used [llumina 2500 next-generation DNA
sequencing platform can sequence an entire genome in 27 hours for under $10,000. Thus, next-
generation sequencing technology enables researchers and clinicians to examine almost all
mutations in the whole genome, or the protein encoding portion thereof, at a cost much lower
than that of previous locus-specific methods. In particular, whole-exome sequencing is a
transformative technology that may alter the clinician’s approach to the evaluation of CDD
patients (16). Accordingly, we sought to determine the effectiveness of whole-exome
sequencing to identify, in genes that have been reported to be associated with CDD, the
molecular causes of the disease in a cohort of patients with congenital gastrointestinal

disorders that had defied conventional diagnostic methods.

Methods

Subjects. Samples for exome sequencing were identified from the UCLA Pediatric Diarrhea
Database, which includes samples referred for clinical diagnosis or research since 2004, and
was approved by our institutional review board. Inclusion criteria for the database were a
history of chronic (>2 mo) severe diarrhea during childhood (<18 y), although subjects with
various causes of short-bowel syndrome, inflammatory bowel disease (but not infantile IBD),
celiac disease, and pancreatic insufficiency were excluded. The database contains more than
172 kindreds comprising 194 children with chronic diarrhea, of which 163 cases were
classified as congenital in origin. Approximately 25 of the subjects were identified with various
forms of selective malabsorptive diarrhea and 133 were classified with the generalized form of

malabsorption.
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We chose 45 patients from 38 families for exome sequencing. Inclusion criteria were a
diagnosis of congenital diarrhea and probability that the disease had a genetic cause
(consanguineous parents or affected family members). Patients were excluded if they had a
confirmed genetic diagnosis or a clinical presentation strongly suggesting a mutation in a gene
known to cause congenital diarrhea. These patients were of diverse ethnic backgrounds and
had clinical presentations of generalized malabsorptive diarrhea (n=33), selective nutrient
malabsorption (n=5), secretory diarrhea (n=3), and infantile IBD (n=4) [Table 1].

Whole-exome sequencing. Over the course of this study we evaluated several
methodologies for sequencing library preparation and sequencing platform. Genomic DNA
from probands, and in some cases family members, was either fragmented by sonication and
ligated to Illumina bar-coded adapters or fragmented and ligated in a single step with [llumina
engineered transposases, and then in either case, the fragments were amplified by PCR.
Fragments were then enriched for the protein coding portion of the genome by hybridization
to probes from either the Agilent SureSelect XT Human All Exon 50Mb, [llumina TruSeq Exome,
or [llumina Nextera ExpandedExome enrichment kits. Different kits were used for assessment
of coverage and sample preparation efficiency. The exome-enriched library was sequenced for
100x100 paired end reads on an Illumina Genome Analyzer 2000 or 2500 platform to a mean
coverage depth of 116X, with 85% of RefGene CDS and essential splice sites having at least 20X
coverage [Table 2] (Data not shown for subject 45, who was sequenced on an Applied
Biosystems SOLiD 4 System instrument as described previously (2)).

Variants that were predicted to be damaging in genes known to be associated with CDD
were validated by Sanger sequencing. Sanger sequencing of relatives from whom DNA was
available confirmed segregation of the variant allele with the disorder.

Data analysis. We converted sequenced reads from the native bcl files to the FastQ format

by the Illumina bel2fastq program. We processed the FastQ files to create aligned bam files with in-
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house pipeline software. Briefly, we aligned the reads to build GRCh37 of the human genome (17)
with Novoalign (http://www.novocraft.com) to obtain a mean of 120 million uniquely aligned
100x100 paired end reads per sample after removing PCR duplicates [Table 2]. We recalibrated base
quality scores to improve accuracy by analyzing the covariation among reported quality score,
position within read, dinucleotide, and probability of mismatching the reference genome using the
Genome Analysis Toolkit (GATK) (18, 19). We used the GATK Unified Genotyper and Haplotype
Caller tools to genotype single nucleotide variants and indels and recalibrated variant quality score
recalibration with the GATK Variant Quality Score Recalibrator to assign probabilities to each
variant call. We obtained the variant consequences on transcripts and proteins with the Ensembl
Variant Effect Predictor (VEP) (19), and estimated the extent of protein damage with SIFT (20-24),
PolyPhen (25-27), and Condel (28). We further annotated variants with additional data from Online
Mendelian Inheritance in Man (OMIM) (29), the Human Gene Mutation Database (HGMD pro,
BIOBASE Biological Databases), the Universal Protein Resource (UniProt) (30), KEGG Pathways
(31), RefGene (32), the MitoCarta Inventory of Mammalian Mitochondrial Genes (33), Mouse
Genome Informatics (MGI) (34) and the Human Protein Atlas (HPA) (35) using in-house
plugins for the VEP.

We hypothesized for this study that the mode of inheritance would be recessive
(homozygous or compound heterozygous) and mutation effects would be fully penetrant.
Further hypothesizing that casual variants would be found in the protein coding or splicing
regions of genes, we filtered to include only splice acceptor or donor, stop gained or lost,
frameshift, initiator codon, inframe insertion or deletion, missense, or splice region variants
(Ensembl consequence rank >13). We also removed variants with a minor allele frequency
>0.5% in the combined 1000 Genomes (36) and NHLBI (37) datasets to remove variants that,
given the rare incidence of CDDs, are too frequent in the population to cause these disorders. In

addition, we removed variants that were observed in more than 2 (homozygous model) or 8
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(compound heterozygous model) samples from ~150 unaffected control exomes, to eliminate
false positives caused by technical artifacts. We ranked variants for likelihood of damage using
multiple factors. We deemed a splice acceptor or donor variant, stop gained, and frameshift, to
be probably damaging. We prioritized missense single nucleotide variants (SNVs) by SIFT,
PolyPhen, and Condel predictions, and variants in the splice site region near the acceptor and
donor by GERP conservation scores. In the case of compound heterozygous variants we
assigned the priority of the second ranked variant. In families where we had sequenced
members other than the proband, we filtered out all variants that were inconsistent with fully
penetrant Mendelian inheritance. Finally, for this phase of the study, we selected variants in
genes that were known or suspected of being involved in congenital diarrheal disorders [Table

3] and had reported mutations that cause a phenotype consistent with that of the patient.

Results

After filtering by consequence rank, allele frequency, and controls and eliminating
variants that did not segregate with the disease, the probands had 1-237 variants in all genes
and a mean of two filtered variants in one of the genes known or suspected to be associated
with CDDs (range 0-5) [Table 4]. After applying bioinformatic metrics of protein damage and
conservation, reviewing the literature, and comparing the expected phenotype of a mutation in
a gene to the proband’s presenting phenotype, we identified 31 different mutations in 21
families (27 cases) that we considered to be the likely cause of the disease [Table 5]. The genes
(and number of families) implicated were ADAM17 (n=1), DGAT1 (n=2), EPCAM (n=3), IL10RA
(n=1), MALT1 (n=1), MYO5B (n=2), NEUROG3 (n=3), PCSK1 (n=2), SI (n=3), SKIV2L (n=1),
SLC26A3 (n=1), and SLC5A1 (n=1). Six of these variants were previously known to cause a
CDD, but the other 25 are novel. All of these mutations had a recessive mode of inheritance;

mutations in a gene were homozygous in 13 probands and compound heterozygous in the
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remaining 9 (one proband had mutations in two genes). The variant consequences included
large deletion (n=1), splice donor (n=2), stop gained (n=4), frameshift (n=5), missense (n=17),
and splice region (n=2). In summary, we identified a mutation highly likely to cause the

patient’s phenotype in 60% of the probands that we sequenced.

Discussion

Whole-exome sequencing identified a probable molecular explanation for the disorder
in a majority of cases, thus suggesting the value of this approach for diagnosis of CDDs in a
clinical setting. Certified clinical sequencing of the genes and in some cases clinical follow up to
confirm genotype/phenotype correlations would be needed to confirm these findings but each
phenotype, as recorded in the UCLA Pediatric Diarrhea Database, is consistent with the
reported phenotypes associated with mutations in the identified casual genes. For example,
loss of function mutations in the metallopeptidase domain 17 gene (ADAM17) cause neonatal-
onset inflammatory skin and bowel disease with diarrhea (38). A rare splice site mutation in
diacylglycerol O-acyltransferase (DGAT1) has been linked to CDD (39). The epithelial cell
adhesion molecule (EPCAM) is the casual gene for congenital tufting enteropathy (12).
Mutations in the interlukin-10 receptor, alpha gene (IL10RA) cause a form of early onset
inflammatory bowel disease (40). The mucosa associated lymphoid tissue lymphoma
translocation gene (MALT1), which has been implicated in combined immunodeficiency (41),
can also present with generalized malabsorptive diarrhea. Microvillus inclusion disease is
caused by mutations in the myosin VB (MYO5B) gene (10). Congenital malabsorptive diarrhea
is caused by mutations in the transcription factor neurogenin 3 (NEUROG3) (14). Proprotein
convertase 1/3 (PC1/3) deficiency, an autosomal-recessive disorder caused by rare mutations
in the proprotein convertase subtilisin/kexin type 1 (PCSK1) gene frequently cause

generalized malabsorptive diarrhea in childhood (42). Congenital sucrase-isomaltase
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deficiency is a selective nutrient malabsorption disorder caused by mutations in the sucrase-
isomaltase (alpha-glucosidase) (SI) gene (43). The superkiller viralicidic activity 2-like (S.
cerevisiae) gene (SKIV2L) causes trichohepatoenteric syndrome-2, a severe disease
characterized by intrauterine growth retardation, facial dysmorphism, hair abnormalities,
intractable diarrhea, and immunodeficiency (44). Congenital chloride diarrhea is characterized
by excretion of large amounts of watery stool containing high levels of chloride; it is caused by
mutations in solute carrier family 26, member 3 (SLC26A3) (8). An intestinal monosaccharide
transporter deficiency known as glucose/galactose malabsorption is caused by mutations in
solute carrier family 5 (sodium/glucose cotransporter), member 1 (SLC5A1) (45).

Infants presenting with CDD often endure multiple hospitalizations, a batteries of
indirect, redundant, and expensive tests, and the life threatening risks of PN, as well as even
more serious procedures such as multivisceral transplantation. Whole-exome sequencing, now
becoming widely available from certified diagnostic centers (46, 47), is a revolutionary
technology that that should be considered early in a clinician’s evaluation of patients with CDD.

However, our study also demonstrates that much remains unknown about the genetic
etiology of CDDs, as 40% of the probands we sequenced did not yield a clear molecular finding,
although many interesting and novel candidate genes have been identified. There are several
factors contributing to this “genetic dark matter”. Most importantly, the cellular pathways
involved in the development and function of the intestine are not fully understood and many
genes are yet to be identified that contribute to the risk of CDDs. The present study generated a
number of candidate genes that are now the subject of active research.

A second consideration is that many de novo cases of CDD without a family history of
disease or evidence of consanguinity are likely be caused by sporadic mutations with dominant
effect and possibly found in novel genes. Before exome sequencing, it was technically difficult

to identify this class of mutation in a single case, and identifying a variant in an autosomal
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dominant mode of inheritance would usually require that the variant did not have a serious
effect on reproductive fitness and was, therefore, present in a large kindred whose DNA was
available to researchers. Accordingly, we are aware of only two genes reported before exome
sequencing was introduced where mutations cause a CDD, namely, protease, serine, 1 (Trypsin
1) (PRSS1) which causes hereditary pancreatitis (48), and autoimmune regulator (AIRE),
which apparently caused autoimmune polyendocrinopathy syndrome type [ with a dominant
pattern of inheritance in a single family (49). Exome sequencing of a single proband usually
returns too many heterozygous candidate variants (mean 315 in our study) to be practically
studied for their effect on function. However, exome sequencing of both parents and an
affected child allows de novo mutations to be identified from a few candidates (50). A third
source of genetic dark matter is the 98% of the human genome that is not in the exome, which
includes promoters, enhancers, short RNAs, and other regulatory elements. Identifying and
characterizing these features is an active area of research, but at this time the size of the
genome to be sequenced and the lack of data on these features limits our ability to determine
how they affect phenotypes.

Because some of the cases in this study were in consanguineous families, we
considered the approach of using a high density microarray to locate regions of homozygosity
in the patients’ genome, then developing a set of custom capture probes to select that region
for deep sequencing, or to sequence all exons in the region with the traditional Sanger method.
However this would require a different array for each family and was unlikely to be cost
effective. Furthermore, we wished to develop and evaluate an unbiased analytical pipeline that
could be used for many other genetic patterns in addition to homozygosity arising from
inbreeding.

Our success in identifying a majority of the probable causative mutations by screening

with a relatively short list of known genes raises the question of whether it would be more
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efficient to perform targeted exome sequencing for these genes instead of whole-exome
sequencing. Comparing the costs of these two options is rather complex and depends on
variable such as type of sequencing platform (high throughput or low throughput), caseload
and batching factors, and the relative cost of a standard probe set versus a custom panel.
Another factor to consider is that new genes will be discovered and a targeted panel will
become obsolescent. Finally, whole-exome sequencing has the potential to generate novel
candidate genes as a side effect, and with proper consenting and safeguards, this data can
usefully be employed in a research setting.

In sum, we believe that with present technology, and for several years to come, whole-
exome sequencing is an effective approach for the identification of casual mutations in known
CDD genes that may escape detection with standard practice involving a complex diagnostic
workup and targeted gene sequencing. We envision that portions of the standard metabolic
panels and other urine, blood and radiographic tests will be used less frequently once exome
sequencing becomes fully implemented into clinical practice. More directed phenotypic
evaluation will be possible after a molecular basis for the gene is known, rather than the

shotgun approaches typically employed currently for children with rare genetic conditions.
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Tables

Family | Probands | Others Population Phenotype

1 1 GMD

2 1 diarrhea; fistulizing disease

7 1 Mexican in US GMD

45 1 Hispanic in US GMD

46 1 f,m Pakistani in US GMD

52 1 m,2 Pakistani in US GMD, no secretory cells

54 1 Arab in Turkey GMD, bile acid malabsorption

72 1 Caucasian secretory diarrhea

73 1 Caucasian GMD

81 1 f,m,1 Irish GMD

82 1 Caucasian GGM

93 1 Arab in Turkey GMD, bile acid malabsorption

108 1 Austrian GGM-like

119 2 f,m GMD

125 1 Caucasian GGM-like

128 1 Caucasian GGM-like

133 1 f,m Caucasian secretory diarrhea

137 1 f,m GMD

138 1 Arab GMD

141 1 Mexican GMD, bile acid malabsorption

145 1 Arab GMD, APO-like

148 1 Spaniard GMD, no paneth cells, diabetes

149 1 Arab diarrhea; constantly inflamed
colon

154 1 f,m Italian/Asian GMD, tufting

158 2 Bedouin in Israel GMD

159 2 1 Bedouin in Israel GMD, Fanconi syndrome

160 1 1 Bedouin in Israel GMD, Fanconi syndrome, rickets

161 1 Bedouin in Israel GMD

162 1 Bedouin in Israel GGM

165 1 Arab in Netherlands GMD, dematitis skin lesions

171 1 Bedouin in Israel GMD, tufting

172 2 Bedouin in Israel diarrhea; fistulizing disease

173 1 f,m Caucasian GMD

174 1 f,m Hondudas GMD

180 1 f,m secretory diarrhea

181 2 GMD

1819 2 Mexican in US GMD

9899 2 f,m,1 Mexican in US malabsorptive diarrhea
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Table 1. Subjects. Children afffected with a congenital diarrhea disorder that were sequenced
in this study. Probands: number of affected siblings; Others: other relatives sequenced (father,
mother, number of unaffected siblings); Population: self-reported ethnic background, when
available; Phenotype: presenting diagnosis prior to sequencing, GMD generalized
malabsorptive diarrhea, GGM glucose galactose malabsorption.
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id capture kit | reads coverage | fraction
(M) bases =>20X
1 [llumina 140 127 0.90
2 [llumina 147 128 0.90
7 [llumina 71 75 0.89
46 [llumina 124 109 0.88
52 [llumina 96 103 0.90
54 [llumina 19 24 0.49
72 Agilent 123 136 0.85
73 [llumina 70 78 0.87
81 [llumina 182 198 0.92
82 Agilent 187 221 0.87
93 [llumina 16 18 0.27
108 Agilent 189 221 091
119 [llumina 140 96 0.86
119C | llumina 137 96 0.86
125 Agilent 92 98 0.83
128 Agilent 129 146 0.86
133 Agilent 121 63 0.84
137 [llumina 85 71 0.84
138 Agilent 155 190 0.90
141 Agilent 133 92 0.89
145 Agilent 89 56 0.87
148 Agilent 155 185 0.91
149 Agilent 79 52 0.85
154A | Agilent 94 81 0.80
158 Agilent 86 104 0.86
158A | Agilent 57 60 0.76
159 Agilent 83 100 0.86
159A | Agilent 134 147 0.86
160 Agilent 138 153 0.88
161 Agilent 199 232 0.92
162 Agilent 187 210 0.92
165 Agilent 86 58 0.86
171 [llumina 42 53 0.79
172 [llumina 200 194 0.93
172A | lllumina 165 180 0.93
173 [llumina 98 70 0.80
174 [llumina 138 101 0.85
180 [llumina 128 86 0.84
181 [llumina 146 104 0.87
181A | Illumina 127 85 0.84
1819 | Illumina 102 109 091
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id capture kit | reads coverage | fraction
(M) bases 220X

1819 | Illumina 66 72 0.89

9899 | Illumina 106 130 091

9899 | Illumina 201 206 0.93

mean 120 116 0.85

s.d. 46 56 0.11

Table 2. Sequencing metrics. Agilent: SureSelect XT

Human All Exon 50Mb; [llumina:

TruSeq/NexteraRapidCapture ExpandedExome; reads: the
number of unique reads that pass the sequencer's quality
filters and are aligned with mapping score > 0 to the
reference genomecoverage: the mean coverage of all baits in
the capture kit; % bases 220X: percentage of all RefGene
exon and essential splice site bases acheiving 20X or greater

coverage.
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gene name OMIM
ADAM17 ADAM metallopeptidase domain 17 | Inflammatory skin and bowel disease,
neonatal
AIRE autoimmune regulator Autoimmune polyendocrinopathy
syndrome , type I, with or without
reversible metaphyseal dysplasia
APOB apolipoprotein B (including Ag(x) Hypobetalipoproteinemia;
antigen) Hypobetalipoproteinemia,
normotriglyceridemic;
Hypercholesterolemia, due to ligand-
defective apo B
DGAT1 diacylglycerol O-acyltransferase 1
EPCAM epithelial cell adhesion molecule Diarrhea 5, with tufting enteropathy,
congenital; Colorectal cancer,
hereditary nonpolyposis, type 8
FOXP3 forkhead box P3 Immunodysregulation,
polyendocrinopathy, and enteropathy,
X-linked; Diabetes mellitus, type I,
susceptibility to
GUCY2C guanylate cyclase 2C (heat stable Diarrhea 6; Meconium ileus
enterotoxin receptor)
HPS1 Hermansky-Pudlak syndrome 1 Hermansky-Pudlak syndrome 1
IL10RA interleukin 10 receptor, alpha Inflammatory bowel disease 28, early
onset, autosomal recessive
LCT lactase Lactase deficiency, congenital
MGAM maltase-glucoamylase (alpha-
glucosidase)
MLL2 myeloid/lymphoid or mixed- Kabuki syndrome 1
lineage leukemia 2
MPI mannose phosphate isomerase Congenital disorder of glycosylation,
type Ib
MTTP microsomal triglyceride transfer
protein
MYO5B myosin VB Microvillus inclusion disease
NEUROG3 | neurogenin 3 Diarrhea 4, malabsorptive, congenital
PCSK1 proprotein convertase Obesity with impaired prohormone
subtilisin/kexin type 1 processing; Obesity, susceptibility to,
BMIQ12
PNLIP pancreatic lipase Pancreatic lipase deficiency
RFX6 regulatory factor X, 6 Martinez-Frias syndrome
SAR1B SAR1 homolog B (S. cerevisiae) Chylomicron retention disease
SBDS Shwachman-Bodian-Diamond Shwachman-Bodian-Diamond
syndrome syndrome
SI sucrase-isomaltase (alpha- Sucrase-isomaltase deficiency,
glucosidase) congenital
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gene name OMIM

SKIV2L superkiller viralicidic activity 2-like | Trichohepatoenteric syndrome 2
(S. cerevisiae)

SLC10A2 solute carrier family 10 Bile acid malabsorption, primary
(sodium/bile acid cotransporter
family), member 2

SLC26A3 solute carrier family 26, member 3 Chloride diarrhea, congenital, Finnish

type; ?Colon cancer

SLC2A2 solute carrier family 2 (facilitated Diabetes mellitus, noninsulin-
glucose transporter), member 2 dependent; Fanconi-Bickel syndrome

SLC2A5 solute carrier family 2 (facilitated
glucose/fructose transporter),
member 5

SLC39A4 solute carrier family 39 (zinc Acrodermatitis enteropathica
transporter), member 4

SLC46A1 solute carrier family 46 (folate Folate malabsorption, hereditary
transporter), member 1

SLC5A1 solute carrier family 5 Glucose/galactose malabsorption
(sodium/glucose cotransporter),
member 1

SLC7A7 solute carrier family 7 (amino acid | Lysinuric protein intolerance
transporter light chain, y+L
system), member 7

SPINT?2 serine peptidase inhibitor, Kunitz Diarrhea 3, secretory sodium,
type, 2 congenital, syndromic

TCN2 transcobalamin II Transcobalamin II deficiency

TMPRSS15 | transmembrane protease, serine 15

TREH trehalase (brush-border membrane | Trehalase deficiency
glycoprotein)

TTC37 tetratricopeptide repeat domain 37 | Trichohepatoenteric syndrome 1

UBR1 ubiquitin protein ligase E3 Johanson-Blizzard syndrome

component n-recognin 1

Table 3. Genes. Genes known or suspected to be associated with congenital diarrheal
disorders. OMIM: disease annotation of gene in OMIM.
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known

gene indels

known
gene

snvs

known
gene

variants

filtered
indels

48

22
24

65

19
20

19
42

15

26
19

28
47

55
44
38

14

21

42

32
51

63

10

filtered
SNVs

79
55
52
28
32
68
85

50

97
77
41

95

176
11

127
87

182
121

114

44
31

33
30
82

127
121

100
112
44
33

11

27
20

filtered

variants

127
77
76
34
39

133
104
70

116
119
56

2

121

195
16
13

155
134
237

165
152
7

58
37
40

35

103
169
153
151

175
54
40

12
17
12
33
23
4

id

46

52
54
72
73

81

82
93

108
119

119C
125
128
133
137
138
141

145
148
149

154A
158

158A
159

159A
160
161

162
165
171

172

172A
173
174
180
181

181A
1819
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id filtered filtered | filtered | known known | known
variants | SNVs indels gene gene gene indels
variants snvs
1819 1 2 2 1
9899 2 0 0
9899 0 0 0
mean 75 55 19 2 1 0
stdev | 65 49 19 1 1 0
min 1 1 0 0 0 0
max 237 182 65 5 5 2

Table 4. Variant counts. Filtered: homozygous or compound

heterozygous variants that satisfied consequence, allele frequency,
exome control , and segregation constraints; known gene: filtered
variants that were in genes known or suspected to be associated with

CCDs.
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ID |Gene GT |[cDNA protein conseq SIFT| PolyPhen | Condel GERP |HGMD
45  [PCSK1 1/1 |1029C>G Tyr343Ter stop gained -9.280 n
46 [EPCAM 1/1 377G>A Arg126Lys missense D D D n
72 [MYOS5B  |0/1 [3698G>T Ser1233lle missense t b -0.826 n
0/1 |4240G>A Glul414Lys missense D 4.65 n
82 [SI 0/1 |5234T>G Phe1745Cys missense D 4.14 *
0/1 |635+2dupT splice region 2.555 n
119 [SKIV2L 0/1 [3188G>C IArg1063Pro missense D 3.2 n
0/1 [3629T>C Leul210Pro missense 4.3 n
125 S| 0/1 [3218G>A Gly1073Asp missense 4.65 *
0/1 |834_837delAACA (GIn278HisfsTerl8 [frameshift -0.064 n
128 Sl 0/1 |1730T>G \Val577Gly missense D D D (3.83 *
0/1 |5234T>G Phe1745Cys missense D D D 4.14 *
138 [DGAT1 1/1 |chr8:g.145541784_145541915del deletion* * this deletion spans the splice
acceptor and part of the exon (novel)
141 [SLC26A3 [0/1 [1177G>T Gly393Trp missense D D D [0.907 n
0/1 |1939delC His647ThrfsTer18 |[frameshift 4.92 n
158 [EPCAM 1/1 [578delT Ile193MetfsTerl7 |[frameshift n
159 |NEUROG3 |1/1 [410A>G GIn137Arg missense D | benign n |4.54 n
160 [NEUROG3 |1/1 [556G>C Gly186Arg missense D D D [3.82 n
161 [NEUROG3 |1/1 [410A>G GIn137Arg missense D | benign n |4.54 n
162 |SLC5A1 1/1 [947T>C Leu316Pro missense D D D 3.91 n
165 |[ADAM17 |1/1 [308dupA Asn103LysfsTer20 [frameshift -1.705 n
171 [EPCAM |1/1 [227C>G Ser76Ter stop gained n
PCSK1 0/1 |1069A>G Ser357Gly missense D pD D @.64 n
0/1 |c.1213C>T Arg405Ter stop gained -1.39 n
172 |ILIORA 1/1 |537G>A splice region 3.8 n
173
174 |DGAT1 1/1 [751+2T>C splice donor 3.67 *
180 |[MYOS5B |0/1 [1744G>C Ala582Pro missense D b n 2.45 n
0/1 |4036C>T GIn1346Ter stop gained 3.71 n
181 |[MALT1 1/1 [550G>T Asp184Tyr missense D D D [3.51 n
1819 EPCAM 0/1 |491+1G>A splice donor *
0/1 |538delT Phe180LeufsTer30 [frameshift n

Table 5. Subjects and sequencing results. Gene in which a damaging mutation is considered highly likely to be
causitive of the disorder. GT: genotype, 0/1=homozygous, 1/1=compound heterozygous; cDNA: effect of
mutation on transcript; protein: effect of the mutation on protein; conseq: classification of mutation's effect;
SIFT: prediction of effect of mutation on protein by SIFT (D deleterious, t tolerated); PolyPhen: prediction of
effect of mutation on protein by PolyPhen (D probably damaging, pD possibly damaging, b benign); Condel:
consensus of SIFT and PolyPhen predictions as calculated by Condel (D deleterious, n neutral); GERP: GERP
conservation score; HGMD: variant annotated in the HGMD database (*=present in HGMD, n=no HGMD
annotation).
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ABSTRACT

Objectives: Congenital diarrhea disorders are a group of genetically diverse
and typically autosomal recessive disorders that have yet to be well
characterized phenotypically or molecularly. Diagnostic assessments are
generally limited to nutritional challenges and histologic evaluation, and
many subjects eventually require a prolonged course of intravenous nutri-
tion. Here we describe next-generation sequencing techniques to investigate
a child with perplexing congenital malabsorptive diarrhea and other pre-
sumably unrelated clinical problems; this method provides an alternative
approach to molecular diagnosis.

Methods: We screened the diploid genome of an affected individual, using
exome sequencing, for uncommon variants that have observed protein-
coding consequences. We assessed the functional activity of the mutant
protein, as well as its lack of expression using immunohistochemistry.
Results: Among several rare variants detected was a homozygous nonsense
mutation in the catalytic domain of the proprotein convertase subtilisin/kexin
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type I gene. The mutation abolishes prohormone convertase 1/3 endoprotease
activity as well as expression in the intestine. These primary genetic findings
prompted a careful endocrine reevaluation of the child at 4.5 years of age, and
multiple significant problems were subsequently identified consistent with the
known phenotypic consequences of proprotein convertase subtilisin/kexin
type 1 (PCSK1) gene mutations. Based on the molecular diagnosis, alternate
medical and dietary management was implemented for diabetes insipidus,
polyphagia, and micropenis.

Conclusions: Whole-exome sequencing provides a powerful diagnostic tool
to clinicians managing rare genetic disorders with multiple perplexing
clinical manifestations.

Key Words: enteroendocrine cell, Neurogenin-3, PC1/3, proprotein
convertases

(JPGN 2013;57: 759-767)

ongenital diarrheal disorders are uncommon yet frequently

devastating chronic conditions that are secondary to a
diverse group of autosomal recessive mutations. They can be
classified into those that selectively impair the transport or hydroly-
sis of single nutrients or electrolytes and those that attenuate the
assimilation of all forms of nutrients (1). They may also be grouped
as either malabsorptive or secretory in nature, and by an array of
histologic features, including changes within the enterocytes or
their migration along the crypt—villus axis.

Regardless, children presenting shortly after birth with
severe diarrhea—given their rarity and heterogeneity—are fre-
quently misdiagnosed. Failure to diagnose such patients quickly
and accurately can undermine their tenuous hold on life. When
correctly diagnosed, subjects with impairment of selective nutrient
assimilation generally do well on a lifelong nutrient-specific
restricted diet; however, those presenting with malabsorption of
multiple forms of nutrients (proteins, carbohydrates, and fats) gener-
ally have an adverse clinical course that includes lifelong or pro-
longed total intravenous (parenteral) nutrition, and/or intestinal and
occasionally concomitant liver transplantation (1). Although these
disorders are frequently fatal without proper dietary and nutritional
modifications, present state-of-the-art therapeutic modalities are
primitive and are associated with extremely significant morbidity
and mortality, as well as daunting medical care costs (2).

As a group, generalized malabsorptive diarrheal disorders
are frequently idiopathic, and their physiologic basis is poorly
understood (3). These limitations serve as the impetus to a general
search for the molecular basis of these disorders, thus propelling the
use of recently feasible pluripotent and somatic stem cell technol-
ogies to discover alternative therapeutic approaches (4).
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In some cases, the histology and nutrient absorption charac-
teristics may point to the possibility of dysfunction in known genes
(Neurogenin-3 [NEUROG3], SGLT1, EPCAM, MYOS5B, SPINT2,
TTC37, SKIV2L, ADAM17), which can then be directly sequenced
to identify likely causative mutations (5—11). Often, however,
clinical evidence may be insufficient to implicate known genes
or sequencing of candidate genes fails to reveal damaging mutations
resulting from genetic heterogeneity. These aspects, as is typical of
all rare disorders, greatly impede efficient and timely diagnosis.
Recent advances in sequencing technology now make it possible to
sequence the coding portion and essential splice sites of approxi-
mately 95% of all protein-coding bases of all known genes (the
‘‘exome’’) at a cost comparable to clinical sequencing tests of a
single gene (12,13). Thus, an unbiased scan of the exome can
discover known and novel mutations in known genes and also
mutations in hitherto unsuspected genes in a manner that efficiently
directs clinical care. Here we show an example of the use of whole-
exome sequencing to identify the causative mutation in a child with
congential diarrhea.

Prohormone convertase 1/3 (PC1/3) is a calcium-dependent
serine endoprotease that converts proinsulin and other prohormones
into active forms (14). PC1/3 is highly expressed in the small
intestine. PC1/3 deficiency, resulting from the mutations in the pro-
protein convertase subtilisin/kexin type 1 (PCSK1) gene, can prevent
enteroendocrine cells from producing functional hormones
and cause generalized malabsorption and a variety of systemic
endocrinopathies that develop in an age-dependent fashion (15).
The mechanism by which PC1/3 deficiency causes malabsorption
is not well understood, but it may be that a novel peptide, or
multiple redundant peptides, processed by PC1/3 enhance nutrient
assimilation.

METHODS
DNA Sequencing

We prepared an exon-enriched sequencing library following
Agilent Technologies (Santa Clara, CA) SureSelect Target Enrich-
ment System for the Applied Biosystems (Foster City, CA) SOLiD
System protocol (version 1.5.1). Briefly, genomic DNA extracted
from patient saliva with an Oragene DNA Collection kit (DNA-
Genotek, Kanata, Canada) was ultrasonically sheared (Covaris,
‘Woburn, MA) into ~125 bp fragments. After fragment end repair,
ligation of adapters, and gel-size selection for ~175 bp product, the
library was nick translated and amplified by 12 polymerase chain
reaction (PCR) cycles. The library was hybridized in solution to
RNA probes from the 3-Mb SureSelect All Human Exon kit
(Agilent G3361), covering 1.22% of the human genome containing
the exons of the Consensus CDS genes (16). The exon-enriched
library was selected by magnetic bead separation, further amplified
by 12 cycles of PCR, and clonally amplified on beads by emulsion
PCR (Applied Biosystems SOLiD 4 System Templated Bead
Preparation Guide [March 2010]). Fragment sequencing by ligation
was performed on a SOLiD 4 System (Applied Biosystems SOLiD
4 System Instrument Operation Guide [March 2010]), which
yielded ~108 million 50-base reads.

Bioinformatics Analysis

We aligned the sequenced reads to build GRCh37 of the
human genome (17) with Novoalign (http://www.novocraft.com) to
obtain ~31 million uniquely aligned 50-base reads (~1.5G bases)
after removing PCR duplicates. ~1.2G bases were within the
targeted exome with a mean coverage of ~33X at each targeted
position, achieving at least 10X coverage of 67% of the coding
sequence of annotated protein-coding genes per Ensembl
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(Wellcome Trust Sanger Institute, Hinxton, UK) (18). Base quality
scores were recalibrated to improve accuracy by analyzing the
covariation among reported quality score, position within read,
dinucleotide, and probability of mismatching the reference genome
using the Genome Analysis Toolkit (GATK) (19,20). The GATK
Unified Genotyper was used to genotype single-nucleotide variants
(SNVs) and indels. The GATK variant quality score recalibration
module was used to assign probabilities to each variant call. In
addition to variants that passed quality checks, for improved
sensitivity, we retained for downstream analysis a tranche of
variants that had a likelihood <1% of being false-positives. Variant
consequences were determined by the Ensembl Variant Effect
Predictor (20), and the extent of protein damage was estimated
with SIFT (Sorting Intolerant From Tolerant) (21-25), PolyPhen
(Polymorphism Phenotyping) (26—28), and Condel (Consensus
Deleteriousness) (29).

Development of Wild-Type and Mutant PC1/3
Expression Vectors

Human PC1/3 complement DNA (cDNA) was generated
from RNA isolated from human pancreatic carcinoid (BON) cells.
The wild-type PC1/3 was amplified by using an oligonucleotide that
contained a Kpnl site, and 20 nucleotides of PC1/3 from the
translational start site. A 3’ oligonucleotide contained an Xhol site,
and a FLAG amino acid (DYKDDDDK) sequence introduced at the
stop site of the wild-type and Y343X mutant cDNA. The wild-type
cDNA was subcloned into the Kpnl and Xhol restriction-digested
pcDNA3 vector and clones were screened. A single clone, desig-
nated WT PC1/3, was used to generate the Y343X mutant clone,
and the entire clone was sequenced to verify that only the targeted
variant was altered.

Transient Transfection of Expression Vectors

HEK?293 cells at a density of 2 x 10° cells per well in 24-well
plates were transfected with plasmids encoding WT PC1/3 or Y343X
in triplicate wells. Cells were transfected with 200 ng of plasmid DNA
per well using Lipofectamine Reagent (Invitrogen, Carlsbad, CA).
Five hours posttransfection, 1 mL of growth medium was added to
each well and incubation continued for an additional 24 hours.
Postincubation, cells were washed with phosphate-buffered saline
and 0.3 mL of Opti-MEM (Invitrogen) containing 100-ug/mL bovine
aprotinin was added to each well. Cells were incubated for an
additional 24 hours before conditioned medium and cells were
harvested. Conditioned medium was analyzed first by enzyme assay;
both cells and medium were then subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis followed by Western blotting.
Expression in both types of samples was assessed using primary
antiserum against the amino terminus of mature PC1/3 followed by
horseradish peroxidase—coupled secondary antiserum (30). Immuno-
reactive protein visualization was accomplished using the Super-
Signal West Femto Maximum Sensitivity Substrate kit (Thermo
Scientific, Rockford, IL).

Enzyme Assay

Enzymatic activity of secreted recombinant PC1/3 proteins
present in conditioned medium obtained from transiently trans-
fected HEK293 cells was measured in triplicate 50-pL reactions in
a 96-well polypropylene plate containing 25 pL of conditioned
medium, 200 wmol/L substrate (pyr-RTKR-amc [7-amino-4-
methylcoumarin]), 100 mmol/L. of sodium acetate, pH 5.5, 2
mmol/L of CaCl,, 0.1% of Brij 35, and a protease inhibitor cocktail
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(final concentrations 1 wmol/L of pepstatin, 0.28 mmol/L of tosyl
phenylalanyl chloromethylketone, 10 wmol/L of E-64, and 0.14
mmol/L of Na-tosyl-Lys-chloromethylketone). Reaction mixtures
were incubated at 37°C and fluorescence measurements (380 nm
excitation, 460 emission) were taken under kinetic conditions every
20 seconds for 1 hour in a Fluoroskan fluorometer (Thermo
Scientific). Maximum rates were calculated.

Histology and Immunohistochemistry

Small bowel and colonic mucosal biopsies were stained with
hematoxylin and eosin and immunohistochemistry (IHC) with anti-
serum to chromogranin A (CGA) as previously described (31).
Briefly for IHC, sections were cut at 2 to 3 wm, deparaffinized,
and endogenous peroxidase activity was quenched using 0.5% hydro-
gen peroxide. Heat-induced epitope retrieval was performed. Slides
were placed on a Dako Autostainer and then incubated sequentially in
primary anti-CGA (DakoCytomation, Campbellfield, Australia) for
30 minutes in rabbit anti-mouse immunoglobulin, followed by
Envision+ (DakoCytomation). Diaminobenzidine and hydrogen
peroxide were used as the substrates for the peroxidase enzyme.
Similarly, PCSK1 staining was performed manually using a human
anti-PCSK1 mouse monoclonal antibody (Novus/Biologicals,
Littleton, CO); this antiserum is directed against the C-terminus
and would be expected to be lost in a C-terminal truncation mutant.
Antigen retrieval was performed in citrate buffer pH 6.0 at 95°C for
30 minutes in a steamer. Tissue was stained with the primary antibody
(1:250) at room temperature for 45 minutes. Secondary antibody was
used as obtained directly from the company and samples incubated at
room temperature for 45 minutes (DakoCytomation). Diaminoben-
zidine incubation time was 10 minutes at room temperature.

RESULTS

Clinical History Before Exome Sequencing

The patient was initially assessed at 3 weeks of age for
recurrent diarrhea and associated metabolic acidosis. He was a
41-weeks’ gestational age male infant born to a 17-year-old gravida
1 female and a biological father said to be the mother’s father’s first
cousin. There was no history of substance abuse, prenatal infec-
tions, or other complications during the pregnancy. The baby was
born at the appropriate size for gestational age with normal Apgar
scores. At 6 days of age, he was transferred to the intensive care
nursery because of poor peripheral perfusion and indirect hyper-
bilirubinemia, with an initial bicarbonate level of 8 and an anion gap
of 13. Other liver enzymes (aspartate aminotransferase, alanine
transaminase, and alkaline phosphatase) were normal, and urine
was trace positive for reducing substances. The infant was treated
for possible sepsis with antibiotics. Blood and urine cultures were
subsequently negative.

Because of the initial presentation, metabolic laboratory
values were sent twice. These included urine organic acids, serum
amino acids, acylcarnitine profile, lactate and pyruvate as well as
serum ammonia levels. These tests were normal. He was treated in
the interim with carnitine supplementation. Two newborn state
metabolic screens were normal for congenital adrenal hyperplasia,
hypothyroidism, and disorders of amino acid, organic acid, and fatty
acid oxidation. When feedings were stopped, the diarrhea ceased,
but feeds were subsequently resumed using a standard milk
protein—based formula.

Because of the extremely early onset of the diarrhea, con-
genital disorders were considered and stool was evaluated for redu-
cing substances, pH, qualitative fat, and elastase-1 level, as well as for
white and red blood cells. These were normal or negative. DNA
genotyping of CFTR for cystic fibrosis was negative for the
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97 mutations most commonly observed. Serum immunoreactive
trypsinogen, serum «-antitrypsin levels, phenotyping, and an ultra-
sound of the liver and gallbladder were normal.

Nephrology consultation for possible renal tubular acidosis
resulted in brief treatments with oral bicarbonate replacement, but
this was stopped when it was believed that no renal tubular issue
was present. The patient received amoxicillin prophylaxis for 1
urinary tract infection during his neonatal intensive care unit course
and grade 2 bilateral vesicoureteral reflux on a voiding cystoure-
throgram study.

Both upper and lower gastrointestinal (GI) endoscopies
revealed no gross or microscopic abnormalities in duodenal, gastric,
and colonic biopsies, and electron microscopy of small bowel
biopsies showed no ultrastructural abnormalities. Disaccharidase
levels were normal (more detailed information can be found at
http://links.lww.com/MPG/A254 and  http://links.lww.com/MPG/
A255).

The patient had several bouts of acute-onset acidosis requir-
ing several boluses of sodium bicarbonate and fluids. He was
discharged home at 3 months of age. Upon discharge, he was
placed on Elecare (amino acid—based formula, Abbott Nutrition)
and gaining weight adequately despite multiple interruptions of his
feeding schedule for intolerance and diarrhea and multiple stool
tests were positive for Clostridium difficile toxin. Even on a casein-
hydrolyzed formula, he had gross blood in his stool, which dis-
sipated on Elecare. His medications upon discharge included
amoxicillin for urinary tract infection prophylaxis, multivitamin
with iron, and metronidazole to complete a course for the stool
C difficile.

Five weeks after discharge, he presented to a different
hospital with a reported 3-day history of diarrhea and was found
to be in hypovolemic shock with profound metabolic acidosis and
an initial bicarbonate level of only 4.1. His serum sodium level was
163, and his chloride was 138. Before hydration, it was noted that
he had decreased 420 g in weight from his neonatal intensive care
unit discharge weight of 4620 g. He was transferred to another
children’s medical center for admission, had his first central
venous (Broviac) catheter placed, and started receiving total
parenteral nutrition. At 6 months of age, he had significant failure
to thrive with length <5%, and a weight of 5.1 kg (Z—3.75). During
this prolonged hospitalization, he was transferred to UCLA
Medical Center for 1 month for additional evaluation and was
returned to the transferring facility, where he remained hospitalized
for an additional 3 weeks. Among various tests that were performed,
the serum pancreatic polypeptide level was extremely elevated
(>1600 pg/mL, normal <519) and serotonin was low (34 ng/mL,
normal range 50—220); however, serum substance P (540 pg/mL,
normal <1780), chromogranin A (26.2 ng/mL, normal <36.4), and
vasoactive intestinal peptide (28.6 pg/mL, normal <50) levels were
normal for age. A proinsulin level was, unfortunately, not obtained at
that time.

He was readmitted to local community hospitals 19 times
during the subsequent 31 months. Nine of these were emergency
department visits, 7 were inpatient stays, and 3 were simply outpatient
contacts for testing. He was subsequently placed into foster care
because it was believed that many of his admissions were because of
inadequate care of his central venous line by his biological parents or
because of lack of appropriate outpatient follow-up.

He subsequently had multiple problems with central venous
catheter occlusions and was diagnosed as having heparin-induced
thrombocytopenia and later as having a plasminogen inhibitor
deficiency, which were believed to result in multiple deep venous
thrombi, for which he was treated with enoxaparin and later
warfarin. Given these significant thrombotic events, his central
venous catheter was removed and a percutaneous gastrostomy tube
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was placed to aid in the transition from parenteral to enteral
nutrition support. Repeat upper endoscopy at that time revealed
mild chronic gastritis and lactase deficiency on tissue analysis for
disaccharidase levels (lactase activity 1.4, normal 24.5+8.0). An
upper GI and small bowel follow-through x-ray were normal,
including normal transit time.

There was also an admission for pneumonia and respiratory
distress. During that admission, he was noted to exhibit excessive
thirst and hyperglycemia, with glucose levels running in the high
100s. He was hypokalemic and acidotic, requiring intravenous
bicarbonate infusions as well as baking soda enterally. He also
had evidence of left ventricular dysfunction requiring Lasix,
enalapril, Aldactone, and potassium supplementation. As part of
his evaluation for heart failure, fluorescence in situ hybridization
studies for Williams syndrome were negative.

Sequencing/Bioinformatics Results

The initial dataset contained 21,804 nonreference variants
(20,129 SNVs) and 1675 small insertions/deletions [indels])
(Table 1). In addition, another 17,172 SNVs were in the 1%
false-positive tranche, meaning there was a 1% likelihood that
the actual genotype at a given locus was wild-type. This unusually
large number of false-positive tranche alleles appeared to be an
artifact of the SOLiD platform’s quality score assignment algorithm
as well as the fact that we had only a small number (n=7) of
sequencing experiments from the same platform available for
analysis by the GATK Unified Genotyper’s Gaussian mixture
model. We used custom data analysis software, based in part on
the Ensembl Variant Effect Predictor (20) and next-generation
sequencing-single nucleotide polymorphism (32) and implemented
on a Microsoft SQL Server database system, to identify potentially
causative alleles. We limited the search to variants within the
coding region and flanking intronic essential splice site of
protein-coding genes in the Ensembl dataset. Under the hypothesis
that the disorder was rare, and therefore the causative allele(s)
would not be common, we filtered out variants that were in the
dbSNP (33), 1000 Genomes (34), National Heart, Lung, and Blood
Institute (NHLBI) (35), or National Institute of Environmental
Health Sciences (NIEHS) (36) datasets with an allele frequency
>0.01 in any population. We also excluded variants observed in

74 locally sequenced exomes from unrelated individuals. Six of
these exomes were sequenced on the SOLiD platform and were
particularly useful to remove systemic bias and false-positives. We
thus reduced the number of variants to 1043 SNVs and 11 indels that
were sufficiently rare in multiple populations to be consistent with a
rare disorder. Analysis of the consequences on protein-coding
transcripts for significant adverse effects (nonsense, missense, or
essential splice site mutations) reduced the candidate variant list to
467 SNVs and 3 indels.

Under a recessive model, we searched the autosomes and sex
chromosomes in this set of variants for homozygous and compound
heterozygous mutations (the latter defined as 2 variants in the same
transcript). We required that the variants be likely to have a deleter-
ious effect on protein structure as predicted by at least 1 of SIFT
(21-25), PolyPhen (26—28), or Condel (29)). Initially, we limited the
search to variants that fully passed all of the data quality filters, but
this resulted in no homozygous variants being selected, a surprising
finding given the stated consanguineous parental relationship. By
including the 1% false-positive tranche homozygous variants, we
identified a single homozygous variant in PCSK1 and 6 compound
heterozygous variants in 3 other genes (Table 2). The PCSK variant
was within a 7.5-Mb homozygous interval, identified by 49 poly-
morphous dbSNP markers, consistent with inbreeding.

The Tyr343X mutation in PCSK/ was highlighted by the fact
that the protein would be truncated by a premature stop codon
within its catalytic domain and by PCSK1’s bioinformatics annota-
tion as the only 1 of the 4 genes having a known association with
human disorders.

Defects in PCSKI are the cause of PC1/3 deficiency
(MIM:600955), which had previously been identified in 3 subjects
and is characterized by obesity, hypogonadism, hypoadrenalism, and
reactive hypoglycemia, as well as significant small-intestinal absorp-
tive dysfunction (37—-40) (Fig. 1C). Given the subject’s history of
diarrhea, we confirmed the presence of the mutation in 71 sequenced
fragments (Fig. 1A) and by Sanger sequencing (Fig. 1B), and assessed
further whether the mutation of the PCSKI gene could alter the
protein function and account for the subject’s medical problems.

Functional Analysis and In Vitro Assessment

The Y343X mutation eliminates the final 410 amino
acids of the protein, which includes the entire C-terminal and

TABLE 1. Exome sequencing statistics

Called Filtered Raw

All Known Novel All Known Novel All Known Novel
Called loci 10,2961 85,413 17,548 82,876 19,608 63,268 18,5837 10,5021 80,816
Ref loci 81,157 66,133 15,024 61,104 16,843 44,261 14,2261 82,976 59,285
Variant loci 21,804 19,280 2524 21,772 2765 19,007 43,576 22,045 21,531
SNVs 20,129 18,291 1838 21,095 2639 18,456 41,224 20,930 20,294
Insertions 775 465 310 148 30 118 923 495 428
Deletions 900 524 376 529 96 433 1429 620 809
Hets 13,172 10,863 2309 21,330 2389 18,941 34,502 13,252 21,250
Hom ref 57,506 46,193 11,313 42,576 8661 33,915 10,0082 54,854 45,228
Hom var 8632 8417 215 442 376 66 9074 8793 281
Het/hom ratio 1.53 1.29 10.74 48.26 6.35 286.98 3.8 1.51 75.62
Ti/Tv ratio 2.64 3.11 0.69 0.54 1.27 0.48 1.15 2.73 0.49

Metrics for variants identified by exome sequencing. Called = variants that passed all quality control filters; Filtered = variants that did not pass all QC,
including variants with a 1% likelihood that the actual genotype is wild-type; Hets =heterozygous genotypes; Hom var =homozygous nonreference
genotypes; Hom ref =homozygous reference genotypes (wt); Known/novel = variants in/not in dbSNP137; Ref loci =loci that match GRCh37 reference
genome; SNVs = single nucleotide polymorphisms; Ti/Tv ratio = ratio of transition (purine to purine or pyrimidine to pyrimidine) to transversion (purine to/

from pyrimidine) variants; Variant loci =loci that differ from the reference.
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TABLE 2. Genes with homozygous or compound heterozygous variants likely to affect protein

Model Gene Variant_human_glk_v37 Variant_cDNA Variant_protein OMIM_disorder
Hom PCSK1 chr5:95746544G>C ENST00000311106.3:¢.1029C>G ~ ENSP00000308024.2:p.Tyr343X 600955: Obesity with
impaired prohormone
processing
2-Het  NOL9 chr1:6601892A>G ENST00000377705.5:¢.1073T>C ~ ENSP00000366934.5:p.Leu358Pro
chr1:6601893G>C ENST00000377705.5:¢.1072C>G ~ ENSP00000366934.5:p.Leu358Val
2-Het ~ BAMBI chr10:28971098A>C ENST00000375533.3:¢.551A>C ENSP00000364683.3:p.GIn184Pro

chr10:28971100G>T ENST00000375533.3:¢.553G>T ENSP00000364683.3:p.Asp185Tyr
2-Het SPTBN4 chr19:40996047T>A ENST00000352632.2:¢.387T>A ENSP00000263373.2:p.Phe129Leu
chr19:41025432G>A ENST00000352632.2:¢.3028G>A  ENSP00000263373.2:p.Val1010Met

Seven rare (allele frequency <0.01) homozygous (hom) or compound heterozygous (2-het) mutations were found in the patient and absent from 74 control
exomes.

P domains and a portion of the catalytic domain (41). Loss Y343X gene product undetectable in either cells or media, most
of even 1 residue of the P domain is known to block enzyme likely because of rapid intracellular degradation (Fig. 2A). As
expression (42). In vitro assessment allows for confirmation expected, the absence of detectable Y343X PC1/3 protein in the
of the deleterious effect of the Y343X mutation on PC1/3 conditioned medium resulted in a total lack of enzyme activity
catalytic activity (30). The nonsense mutation rendered the (Fig. 2B).

A

] m 416 619 753

C Signal peptide c.520+TA>Cfs Ala213del Gly250* ser307Leu Tyr343* Gly593Arg
28

Propeptide Catalytic

FIGURE 1. Exome sequencing results. A, Aligned pileup of sequenced fragments at chr5:95746544 with 30 forward strand reads and 41 reverse
strand reads of the C variant and 2 low-quality reads of the reference G allele on fragment 3’ ends. Visualized by the Integrative Genomics Viewer
(39). B, Sanger sequencing validation of variant. C, Structure of PC1/3 showing locations of previously identified mutations and the novel Y343X.
Adapted from (38) and (40).

www.jpgn.org 763

Copyright 2013 by ESPGHAN and NASPGHAN. Unauthorized reproduction of this article is prohibited.

93



Yourshaw et al

JPGN ¢ Volume 57, Number 6, December 2013

>

35001
3000+
2500+
2000+
1500+
1000+

Maximum rate RFU/min

500+

& o

J

B
x
3
[
z £
- Lysate
87 kDa
PC1/3 Medium
R -actin

FIGURE 2. Functional characterization and visualization of wild-type (WT) prohormone convertase 1/3 (PC1/3) complementary DNA and PC1/3
containing the Y343X nonsense mutation. HEK293 cells were transiently transfected with empty pcDNA3 (not shown), WT PC1/3, and Y343X
PC1/3. A, Enzymatic activity of secreted recombinant PC1/3 proteins in conditioned medium was compared by measuring maximum cleavage
rates using the fluorogenic substrate pyr-RTKR-amc during a 1-hour kinetic assay. Three replicates per condition were assayed in triplicate and are
shown as the mean =+ standard deviation, P<0.0017 (2-tailed). B, Western blot of cell lysates and media from transfected HEK293 cells, using
amino terminal-directed PC1/3 primary antiserum for detection of recombinant PC1/3 proteins. The data shown represent 1 of 3 independent

experiments. B-actin shows equivalent loading of cell extracts.

Histologic Assessment

The small and large bowel mucosa from the subject was
histologically normal in all respects except for the loss of
PC1/3-positive enteroendocrine cells (Fig. 3). By hematoxylin and
eosin staining, the architecture, immune cell complement, and epi-
thelium were indistinguishable from normal mucosa (Fig. 3A). By
IHC, the appearance and number of chromogranin A—positive
enteroendocrine cells were normal (Fig. 3B); however, IHC for
PC1/3-expressing enteroendocrine cells was negative relative to
wild-type controls in the small (Fig. 3C, D) and large bowel (data
not shown). PC1/3 THC should decorate a subset of enteroendocrine
cells in colonic and small bowel mucosa.

Clinical History Following Genetic Testing

A more comprehensive and focused evaluation was
prompted by identification of the genetic mutation. The adoptive
parents were contacted to obtain an update of the subject’s clinical
status to determine whether known clinical manifestation of PC1/3
deficiency described in the other probands was observed in this
child (15). The subject had been managed at several local com-
munity facilities and was not seen at the major referral institution
for >4 years. The family reported evidence suggestive of poly-
dipsia, polyuria, enuresis, and polyphagia, but he had not been
evaluated for diabetes insipidus. The subject was urgently assessed
locally and found to have an undetectable serum vasopressin level.
Intranasal desmopressin (DDAVP) improved significantly the
severity of the polydipsia and enuretic episodes.

An endocrine analysis was performed at the referral center
when the subject was 4 years, 5 months old. Before starting
DDAVP, he had significant polyuria and polydipsia, drinking
approximately 4 L of water per day. When parents restricted water,
he would drink from the toilet, fish tank, or outdoor faucet. He
experienced temper tantrums when water intake was limited. He
also had evidence of severe pica and attempted to eat intravenous
tubing, wood from his crib, and paper products. He was toilet
trained, but still went through 1 bag of diapers per day. His appetite
was described as excessive, eating more than his teenage siblings
combined, and his parents keeping the refrigerator and pantry
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locked. His examination was otherwise normal, with the exception
of a small penis: approximately 2.8 cm in stretched length (mean
5.7 em, Z of —2.5 is 3.5 cm). Blood tests, including insulin, were
generally normal except for dramatically elevated proinsulin,
slightly elevated thyroid-stimulating hormone, and low serum
insulin-like growth factor 1 and insulin-like growth factor—binding
protein-3 (more detailed information can be found at hitp://
links.lww.com/MPG/A254 and http://links.lww.com/MPG/A255).

DISCUSSION

Our laboratory began a systematic assessment of several
distinct kindreds with various putatively genetic forms of conge-
nital diarrhea, using exome sequencing, with the hope of identifying
the molecular basis of the disorders. This article describes our
analysis of a single patient, and nicely illustrates how this research
technique was used to understand a challenging patient with an
inherited disorder and multiple medical problems, and led to a more
definitive phenotypic workup that greatly altered clinical manage-
ment.

Our finding in this single case confirms the value and
efficiency of exome sequencing as a primary diagnostic mode to
identify mutations of genes associated with rare clinical conditions.
This case pointedly illustrates how multiple hospitalizations and a
barrage of various indirect, redundant, and expensive tests are
frequently required—and sometimes fail—to establish medical
diagnoses. Whole-exome sequencing is a transformative techno-
logy that should alter the clinician’s approach to the evaluation of
such patients (43). It is conceivable that portions of the standard
metabolic panels and other urine, blood, and radiographic tests will
be used less frequently once exome sequencing becomes fully
implemented into clinical practice. More directed phenotypic
evaluation will be possible rather than the shotgun approaches
typically used in children with rare genetic conditions. This pheno-
typic evaluation is called a ‘“diagnostic odyssey’” and is often years
in duration, to the disadvantage of the patient and at great cost to
family and society.

In a relatively short period of time, high-throughput sequen-
cing has solved the mystery of numerous novel inherited disorders
and has been used to identify common variants associated with
various primary tumors (44,45). As costs continue to decline, this
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Patient H&E

”

Patient PCSK1

FIGURE 3. Absence of prohormone convertase 1/3 (PC1/3)-positive enteroendocrine cells in small bowel mucosa. A, Hematoxylin and eosin
(H&E)-stained proprotein convertase subtilisin/kexin type 1 mutant showing normal morphology; original magnification x200. B, Chromo-
granin A immunohistochemistry of mutant tissue showing a normal pattern of enteroendocrine cells; original magnification x400. C, PC1/3
immunohistochemistry showing complete absence of PC1/3-positive enteroendocrine cells in the mutant tissue; original magnification x400. D,
PC1/3 immunohistochemistry showing normal PC1/3 enteroendocrine cells in a healthy control; original magnification x400.

technology promises to identify the genetic basis of numerous
clinical diagnoses, especially those, such as congenital diarrhea,
that can be causally related to a large number of possible genes,
thereby bypassing the traditional approach of targeted candidate
gene sequencing (46).

Given the possibility of inbreeding, we considered the
approach of using a high-density microarray to locate regions of
homozygosity in the patient’s genome, then developing a set of
custom-capture probes to select that region for deep sequencing, or
to sequence all of the exons in the region with the traditional Sanger
method. We ultimately decided on whole-exome sequencing as
being more cost-effective. Furthermore, without knowledge that
other family members were affected, we did not have a high
previous likelihood that the mutation would be in a large region
of homozygosity that could be detected by a microarray. Even
though we may hypothesize that this child’s disease was caused by
ahomozygous mutation, there was essentially no additional cost or
time needed to analyze the data for both homozygous and com-
pound heterozygous mutations. Finally, we wished to develop an
unbiased analytical pipeline that could be used for many other
genetic patterns.

Others have reported on the use of next-generation sequen-
cing to identify mutations in a gene (SLC26A3) known to be
associated with chronic diarrhea; however, unlike our approach,
sequencing was limited to regions that were homozygous by
consanguineous descent (46a). The general efficiency of whole-
exome sequencing favors the generation of whole-exome data on
virtually all such patients as the most efficient and thorough means
of genetic evaluation.

www.jpgn.org
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Severe mutations of the PCSK/ gene are rare. The Y343X
mutation is novel and was not identified in the 7252 chromosomes
that comprise the publicly available 1000 Genomes, NHLBI, and
NIEHS datasets, suggesting an allele frequency of <0.00014 and an
inferred incidence of homozygous individuals in the population of
<1 in 52 million, which is consistent with the rarity of PC1/3
deficiency disorders. This mutation broadens the phenotypic con-
sequences of PC1/3 deficiency disorders. The first PCSK/-mutant
proband was a middle-aged woman who was evaluated for post-
prandial hypoglycemia and was found to have obesity, hypogona-
dotropic hypogonadism, hypoadrenalism, and elevated proinsulin
levels (47,48). A second case of PC1/3 deficiency was established
in an infant with generalized malabsorptive diarrhea who expired at
18 months of age (37). A third proband was described as a 6-year-
old boy with a diarrheal condition that resembled the previous case,
and intestinal biopsies from both children were described as a
persistent enteropathy with patchy villous atrophy (38). In contrast,
the subject reported here had no histopathological evidence of
enteropathy and had perfectly normal crypt-villus axis without a
pathologic inflammatory component (Fig. 3). We have recently
presented findings on additional cases with PCSK] mutations that
we identified by Sanger sequencing (15). Retrospective question-
ing of the primary proband confirmed similar diarrheal symptoms
that were certainly worse during early childhood (37). In our
patient, as in the other 3 patients, the proinsulin level was signifi-
cantly elevated. These data would suggest that serum proinsulin
levels and sequencing of the PCSK gene could be used to establish
the diagnosis; however, given the breadth of phenotypic presenta-
tions, molecular diagnosis is likely to remain challenging without
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implementation of broader approaches such as whole-exome
sequencing.

To develop a sense of the mutational load of rare variants on
PCSKI in the whole population, we examined all 913 PCSKI
variants reported in dbSNP and the 1000 Genomes, NHLBI, and
NIEHS datasets, and found 47 variants causing nonsynonymous
codons or more serious consequences and having minor allele
frequencies <0.01 (supplementary Table S1, hitp:/links.lww.-
com/MPG/A255). Interestingly, common variants in the coding
region of PCSK1 are also associated with common forms of obesity
(N221D, Q665E, S690T) and type 2 diabetes mellitus (Q665E,
S690T) (49,50). A recent study suggests that PC1/3 deficiency is
dependent on the dosage of PCSK1, and rare heterozygous mutations
can cause obesity (51). From the population data, rare protein-altering
mutations will be homozygous or compound heterozygous, resulting
in substantial loss of PC1/3 activity in ~86 individuals per million,
and these individuals would be predicted to be at risk for a life-
threatening PC1/3 deficiency. Additionally, an estimated 1 in 20
individuals may harbor a modest PC1/3 deficiency, which may
contribute to PC1/3 deficiency—related obesity.

Exome sequencing will typically generate upwards of 20,000
candidate variants from the reference genome in a given individual.
A challenge for diagnosis by exome sequencing is to filter out
variants that cannot possibly cause the disease in question. Alleles,
such as synonymous or intronic variants, can be eliminated with
slight risk that they are false-negatives, as can alleles that are too
frequent in the population to be consistent with the incidence of the
disorder. Beyond that, prediction of the functional consequences of
novel mutations remains a daunting task.

Enteric anendocrinosis is another inherited intestinal endo-
crinopathy that has clinical features that resemble the early stages of
PC1/3 deficiency, including a generalized form of malabsorption
(MIM:610370) (5). Homozygous mutations of NEUROG3 were
described in 3 probands, the intestines of which were devoid of
enteroendocrine cells, yet had an otherwise normal-appearing
intestine. NEUROG3 is a basic helix-loop-helix transcriptional
factor that is necessary and sufficient to drive endocrine cell
development in the pancreas and intestine (5). Although 2 of the
3 cases in the initial report did not develop insulin-dependent
diabetes mellitus until preadolescent age, 2 recent cases describe
the onset of diabetes during the neonatal period (52). Unlike
patients with PC1/3 deficiency, children with enteric anendocri-
nosis do not appear to develop hypothalamic, pituitary, adrenal,
thyroid, or gonadal insufficiencies.

Establishing the precise diagnosis of a congenital diarrheal
condition requires an intestinal biopsy and a thoughtful approach
to dietary challenges. A differential diagnosis of this condition,
when presenting with seemingly histologically normal intestinal
mucosa, is mostly limited to specific defects of nutrient assim-
ilation (digestive enzymes or transport proteins) or enteroendo-
crinopathies. Enteroendocrinopathies are histologically subtle,
are generally only discovered when specifically sought, and
require immunohistochemical confirmation (31). Exome sequen-
cing will certainly be used in the coming years to identify the
inherited basis of novel diarrheal disorders and will likely be
the standard of practice for genotype testing of established
disorders. In our case, exome sequencing provided a diagnosis
that resulted in immediate changes in patient care and an improved
ability to predict clinical progression, based on previous cases of
PC1/3 deficiency.
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Abstract

Background: Common single nucleotide polymorphisms (SNPs) in proprotein convertase subtilisin/kexin type 1 with
modest effects on PC1/3 in vitro have been associated with obesity in five genome-wide association studies and with
diabetes in one genome-wide association study. We here present a novel SNP and compare its biosynthesis, secretion and
catalytic activity to wild-type enzyme and to SNPs that have been linked to obesity.

Methodology/Principal Findings: A novel PC1/3 variant introducing an Arg to Gln amino acid substitution at residue 80
(within the secondary cleavage site of the prodomain) (rs1799904) was studied. This novel variant was selected for analysis
from the 1000 Genomes sequencing project based on its predicted deleterious effect on enzyme function and its
comparatively more frequent allele frequency. The actual existence of the R80Q (rs1799904) variant was verified by Sanger
sequencing. The effects of this novel variant on the biosynthesis, secretion, and catalytic activity were determined; the
previously-described obesity risk SNPs N221D (rs6232), Q665E/S690T (rs6234/rs6235), and the Q665E and S690T SNPs
(analyzed separately) were included for comparative purposes. The novel R80Q (rs1799904) variant described in this study
resulted in significantly detrimental effects on both the maturation and in vitro catalytic activity of PC1/3.

Conclusion/Significance: Our findings that this novel R80Q (rs1799904) variant both exhibits adverse effects on PC1/3
activity and is prevalent in the population suggests that further biochemical and genetic analysis to assess its contribution
to the risk of metabolic disease within the general population is warranted.
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Introduction

Prohormone convertase 1/3 is a calcium-dependent serine
endoprotease essential for the conversion of a variety of
prohormones and neuropeptide precursors to their bioactive
forms. Human prohormone convertase 1/3 (PC1/3) is encoded by
the gene PCSK1, which is located on chromosome 5 and is
comprised of 14 exons [1]. PC1/3 is expressed in a subset of
endocrine and neuroendocrine tissues, cells equipped with a
regulated secretory pathway. During transit through the secretory
pathway, PC1/3 is first synthesized in the endoplasmic reticulum
(ER) as an inactive 94 kDa zymogen composed of an N-terminal
signal peptide, a prodomain which serves as an intramolecular
chaperone and inhibitor; a catalytic domain which accomplishes
substrate hydrolysis; a P (homo B) domain which contributes to
enzymatic properties; and a carboxyl-terminal (CT) domain
which, when removed by partial or complete i frans proteolytic
processing, results in a much more active, but also less stable,
enzymatic form (reviewed in [2] (Figure 1). PC1/3 is abundantly
expressed in the arcuate and paraventricular nuclei of the

PLOS ONE | www.plosone.org

hypothalamus [3,4], tissues that are known to mediate satiety
and hunger signals [5]. Substrates of PC1/3, such as proinsulin,
proglucagon, proghrelin, agouti-related protein, pro-neuropeptide
Y, provasopressin and proopiomelanocortin are responsible for the
regulation of absorption, metabolism and acquisition (appetite) of
nutrients [6,7,8,9,10,11,12,13,14].

Deficiencies in PC1/3 frequently lead to imbalances in
prohormone processing that result in an array of metabolic
phenotypes, previously investigated both in mouse models and in
humans. Three human subjects have been described with an
autosomal recessive disorder (MIM:600955) associated with severe
mutations of PC1/3 resulting in early-onset obesity, hyperphagia,
hypoadrenalism, reactive hypoglycemia, malabsorptive diarrhea,
and hypogonadism [15,16,17]. Interestingly, the PC1/3 null
mouse model, unlike the PC1/3-deficient human, is not obese.
Although of normal weight at birth, PC1/3 null mice have a high
post-natal mortality rate, and those that do survive have a
significant reduction in body mass as compared to wild-type
animals by the age of 6 weeks. The stunted growth of PC1/3 null
mice is believed to be due at least in part to reduced processing of
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4 Sulfation u Catalytic triad W Oxyanion hole 4 N-glycosylation
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Figure 1. Domain structure and SNP locations within preproPC1/3. The upward arrows indicate the cleavage sites required for PC1/3
maturation. The downward arrows indicate locations of previously described (black) and novel (purple) SNP. The dashed line between the pro and
catalytic domains represents a primary cleavage site (occurring in the ER) that is required for activation. The dashed line in the middle of the
prodomain indicates the secondary cleavage site (likely cleaved in the trans-Golgi network). The P or Homo B domain following the catalytic domain
is important for the stabilization of the catalytic domain, as well as determining various enzymatic properties. The C-terminal domain plays a role in
efficient routing of PC1/3 to the secretory granules, and contributes to substrate specificity as well as to specific activity and stability.

doi:10.1371/journal.pone.0055065.g001

growth hormone releasing hormone (GHRH) and thus reduced
circulating levels of growth hormone (GH) [8]. In addition to a
reduction in GHRH, the levels of several key neuroendocrine
peptides such as ACTH, insulin and glucagon-like peptides-1 and -
2 are reduced in these animals due to lack of precursor processing
by PC1/3 [8].

While the PC1/3 null mouse is not obese, a mouse model of
obesity has been generated via introduction of a missense mutation
in PCSKT at amino acid position 222, near the calcium-binding
pocket in the catalytic domain. This hypomorph mutation resulted
in obesity, hyperphagia and increased metabolic efficiency due to
decreased autocatalytic maturation of the enzyme to smaller
molecular weight forms [18]. Three common SNPs in PCSKT have
been identified and associated with obesity. All three SNPs
(included in this study for comparison) exhibit moderate effects on
catalytic activity  vitro and on natural substrate processing in rat
pituitary tumor cells [19,20]. Two of the three non-deleterious
SNPs (S690T [rs6235] and Q665E [rs6234]) have been associated
with diabetes-related traits [20,21,22].

In the work presented below, the novel variant
NP_000430.3:p.Arg80GIn (R80Q); rs1799904), identified and
functionally evaluated for the first time here, was compared with
previously described SNPs associated with obesity and/or diabetes
(N221D  [rs6232], Q665E/S690T [rs6234/rs6235], Q665E
[rs6234], and S690T [rs6235]) for potentially deleterious effects
on the biosynthesis, secretion and catalytic activity of PC1/3. Our
data suggest that this novel R80Q variant (rs1799904) deserves
further analysis to assess its genetic association with metabolic
diseases such as obesity and diabetes.

Materials and Methods

Databases used and protein structure/function analysis
methods

Alleles that varied from the human reference genome build
GRCh37 [23] were obtained from the dbSNP [24], 1000
Genomes [25], NHLBI [26], and NIEHS [27] datasets and were

PLOS ONE | www.plosone.org

merged into a custom SQL database. dbSNP data were compiled
from various sources, with allele frequencies available only for a
subset of variants. The 1000 Genomes dataset was based on both
low coverage whole genome and higher coverage exome
sequencing of 1092 individuals. The NHLBI and NIEHS data
were obtained from exome sequencing of 6500 and 95 individuals
respectively. Population allele frequencies were calculated using
the combined datasets wherever allele counts were present.
Variations in PCSKT (chr5:95726119-95769847) were identified
and analyzed with the Ensembl Variant Effect Predictor version
2.6 [28] and Ensembl database homo_sapiens_variation_68_37
[29] to determine the effect of the variant on the transcript. Non-
synonymous codon substitutions were analyzed using the SIFT
[23,30,31,32,33], PolyPhen [34,35,36], and Condel [37] models to
estimate the variant’s probable impact on protein structure and
function.

Sanger sequencing of genomic DNA

Genomic DNA from individuals homozygous for two SNPs of
interest was isolated from EBV-infected B cells by the Coriell
Institute and sent to us for sequencing. The HG00596 DNA
sample containing 151799904 (p.R80Q; (g.5:95764963C>T;
¢.239G>A) was obtained from a southern Han Chinese female,
while  the  N586Tfsx4-containing  (g.5:95730696TC>T;
¢.1755delG) DNA sample, HG00350, was obtained from a
Finnish female. The primers used for sequencing bidirectionally
were:

Exon 2 (510 bp):

(F) CTCAACCAATTCAACCCAATC;

(R) CCCGTGACACAAGTTTACCTATG; and

Exon 13 (545 bp):

(F) CAGCTTTCCAAGAACACATCC;

(R) CCATGTTTGACTTATTTCCTGC

Expression vector construction/mutagenesis
Flag-tagged human PC1/3, a kind gift of J. W. Creemers [20]
was modified by site-directed mutagenesis using the Stratagene
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Table 1. Potentially consequential variant alleles in PCSKT.
Pos ID REF ALT Rank cDNA Protein Effect MAF Samples Het Hom
5:95768682 rs201377789 A G 12 65T>C Leu22Pro 0.00033 7690 5 0
5:95764976 G A 12 226C>T Pro76Ser 0.00008 6501 1 0
5:95764968 rs148354360 C A 12 234G>T Arg78Ser SpC 0.00015 6501 2 0
5:95764963 151799904 [« T 12 239G>A Arg80GIn p 0.00870 1092 17 1
5:95761576 rs200893367 T G 12 344A>C Asp115Ala S 0.00046 1092 1 0
5:95761546 A T 12 374T>A Met125Lys 0.00008 6503 1 0
5:95761545 15146545244 C T 12 375G>A Met125lle 0.00038 6503 5 0
5:95759156 G A 12 404C>T Thri35lle PC 0.00008 6503 1 0
5:95759151 T G 12 409A>C Met137Leu 0.00008 6503 1 0
5:95759098 15145659863 T G 12 462A>C Lys154Asn S 0.00008 6503 1 0
5:95759093 A G 12 467T>C le156Thr SpC 0.00008 6503 1 0
5:95759090 15200462856 G A 12 470C>T Thr157Met SPC 0.00015 6503 2 0
5:95759036 rs140520429 G A 12 524C>T Thr175Met SPC 0.00026 7595 4 0
5:95759019 rs145592525 A G 12 541T>C Tyr181His SPC 0.00038 6503 5 0
5:95757611 G A 12 593C>T Pro198Leu SPC 0.00008 6503 1 0
5:95751796 15202203086 G A 12 650C>T Ala217Val SPC 0.00013 7595 2 0
5:95751785 156232 T c 12 661A>G Asn221Asp 0.03289 8254 523 10
5:95751745 rs145127903 T A 12 701A>T Lys234lle SPC 0.00008 6503 1 0
5:95751742 rs183045011 A G 12 704T>C Val235Ala SPC 0.00046 1092 1 0
5:95748134 T C 12 770A>G Asn257Ser S 0.00008 6503 1 0
5:95748123 c T 12 781G>A Val261Met SPC 0.00008 6503 1 0
5:95748122 rs139602265 A G 12 782T>C Val261Ala SPC 0.00008 6503 1 0
5:95748068 rs142673134 C G 12 836G>C Gly279Ala SPC 0.00008 6503 1 0
5:95748035 rs193214131 T C 12 869A>G Tyr290Cys PC 0.00026 7595 4 0
5:95746664 G C 12 909C>G Phe303Leu SPC 0.00008 6503 1 0
5:95746663 rs148617898 C T 12 910G>A Val304lle pC 0.00038 6503 5 0
5:95746638 rs138879299 C T 12 935G>A Arg312His S 0.00008 6503 1 0
5:95746543 15189927028 C T 12 1030G>A Ala344Thr P 0.00046 1092 1 0
5:95744026 G A 12 1097C>T Thr366Met S 0.00008 6503 1 0
5:95735742 rs140481124 G C 12 1345C>G Leud49Val SPC 0.00008 6503 1 0
5:95735724 G T 12 1363C>A Pro455Thr SpC 0.00008 6503 1 0
5:95735703 rs151257336 G T 12 1384C>A Pro462Thr SpC 0.00008 6503 1 0
5:95735700 rs143174906 C T 12 1387G>A Glu463Lys 0.00059 7595 9 0
5:95734621 rs149124467 C T 12 1550G>A Arg517GIn pC 0.00015 6503 2 0
5:95734610 G A 12 1561C>T Leu521Phe SpC 0.00008 6503 1 0
5:95734581 A G 3 1588+2T>C - 0.00015 6503 2 0
5:95730719 rs145196120 A G 12 1733T>C Ile578Thr 0.00008 6503 1 0
5:95730638 C T 12 1814G>A Arg605His SPC 0.00008 6503 1 0
5:95730629 G A 12 1823C>T Thr608Met SpC 0.00015 6503 2 0
5:95730597 rs144324144 C G 12 1855G>C Gly619Arg P 0.00008 6503 1 0
5:95730576 G T 12 1876C>A Pro626Thr 0.00008 6503 1 0
5:95729049 rs139453594 T C 12 1918A>G Thr640Ala 0.00145 7595 22 0
5:95729048 rs193015519 G A 12 1919C>T Thr640lle 0.00013 7595 2 0
5:95729039 rs142453906 G C 12 1928C>G Ser643Cys 0.00008 6502 1 0
5:95729007 rs200614230 G A 12 1960C>T Arg654Trp S 0.00046 1092 1 0
5:95728982 rs148807505 G T 12 1985C>A Ala662Asp S 0.00008 6503 1 0
5:95728974 rs6234 G C 12 1993C>G GIn665Glu 0.24962 7900 2988 478
5:95728898 rs6235 c G 12 2069G>C Ser690Thr 0.23747 7900 2852 450
5:95728877 rs138433207 T G 12 2090A>C Tyr697Ser 0.00008 6503 1 0
PLOS ONE | www.plosone.org 3 January 2013 | Volume 8 | Issue 1 | €55065
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Pos ID REF ALT Rank cDNA Protein Effect MAF Samples Het Hom
5:95728863 140899352 C T 12 2104G>A Glu702Lys 0.00039 7595 6 0
5:95728862 15188666266 T G 12 2105A>C Glu702Ala S 0.00046 1092 1 0
5:95728749 G A 12 2218C>T Arg740Trp SPC 0.00008 6503 1 0
5:95728748 rs140941383 C T 12 2219G>A Arg740GIn SPC 0.00008 6503 1 0
5:95728710 rs147016634 T G 12 2257A>C Asn753His SC 0.00046 7595 7 0

doi:10.1371/journal.pone.0055065.t001

QuikChange method [38] to introduce the mutations shown in
Figure 1. All mutations were verified by sequencing of the entire
PC1/3 cDNA insert.

Transient transfection of PC1/3 variants

To assess the biosynthesis and secretion profiles of PC1/3
variants in a cell line that does not express endogenous PC1/3,
Ad-293 (Stratagene) HEK cells, plated at a density of 2x10° cells
per well in 24-well plates, were transfected with plasmids encoding
either wild-type or variant PC1/3s in triplicate wells. Cells were
transfected with 200 ng of plasmid DNA per well using
Lipofectamine (Invitrogen, Carlsbad, CA). To assess effects in a
regulated neuroendocrine cell line (also lacking expression of
endogenous PC1/3), Neuro-2A cells (ATCC, cat. No. CCL-131)
were transfected in triplicate with the same protocol using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). For both cell
lines, five hours post-transfection, 1 ml of growth medium was
added to each well and incubation continued for an additional
24 h. Cells were then washed with PBS and 0.3 ml of Opti-MEM
(Invitrogen, Carlsbad, CA) containing 100 ug/ml bovine aprotinin
(Desert Biologicals) was added to each well. Cells were incubated
for an additional 18-24 h before conditioned medium and cells
were harvested. Conditioned medium was analyzed first by
enzyme assay; both cells and medium samples (for HEK cells)
and medium samples (for Neuro- 2A cells) were then subjected to
SDS-PAGE followed by Western blotting using primary antiserum
against the amino terminus of mature mouse PC1/3 [39]. Mouse
monoclonal anti-B-actin antiserum (Sigma-Aldrich, St. Louis, MO)

95,764,963
CAGAAGGTCTCGAAGGAGTGC
S e —— —

R80Q |
pcsk1® :

WT p
PCSK1

Figure 2. Direct Sanger sequencing of genomic DNA from a
subject bearing the Arg80GIn variant.
doi:10.1371/journal.pone.0055065.g002
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The R80Q (rs1799904) variant that differed from the human reference genome and was predicted to have a potentially consequential effect on the transcript was
selected from the dbSNP 137, 1000 Genomes, NHLBI, and NIEHS public datasets. Pos: genomic position in GRCh37; ID: dbSNP 137 rs ID; REF: reference allele; ALT:
alternate allele (variant); Rank: 3 splice_donor_variant, 12 missense_variant; cDNA: position and consequence of variant in cDNA of canonical NM_000439.4 transcript;
Protein: position and consequence of variant in NP_000430.3 protein; Effect: computational prediction of effect on protein structure or function (“S” predicted
deleterious by SIFT, “P"” or “p” predicted probably or possibly damaging by PolyPhen, “C", predicted deleterious by Condel from a consensus of SIFT and PolyPhen, “-"
no prediction); MAF: minor allele frequency across all populations; Samples: total number of individuals genotyped; Het: number of individuals heterozygous for the
variant allele; Hom: number of individuals homozygous for the variant allele. Known, common variants are listed in italics, and the rare novel variant is shown in bold.

was used to assess cellular actin levels as a loading control. Western
blots were then probed with horseradish peroxidase-coupled
secondary antiserum. Visualization of immunoreactive protein
was accomplished using the SuperSignal West Femto Maximum
Sensitivity Substrate kit (Thermo Scientific, Rockford, IL).

Enzyme assay

Enzymatic activity of secreted recombinant PC1/3 proteins
present in conditioned medium obtained from transiently trans-
fected HEK293 cells was measured in triplicate 50 ul reactions in
a 96-well polypropylene plate containing 25 ul of conditioned
medium and final concentrations of 200 uM substrate (pyr-
ERTKR-amc [7-amino-4-methlcoumarin]), 100 mM sodium ac-
etate, pH 5.5, 2 mM CaCl,, 0.1% Brij 35, and a protease
inhibitor cocktail (final concentrations: 1 uM pepstatin, 0.28 mM
TPCK, 10 uM E-64, and 0.14 mM TLCK). Reaction mixtures
were incubated at 37°C and fluorescence measurements (380 nm
excitation, 460 emission) were taken under kinetic conditions every
20 seconds for 1 h in a SpectraMax M2 Microplate Reader.
Maximum rates were obtained from the linear portion of the
kinetic measurement curves. Specific activities of PC1/3 proteins
in the conditioned medium were determined by dividing
maximum rates by band intensities of total secreted immunore-
active protein, each determined in triplicate, and quantified with
an Alphaimager 3300 (Alpha Innotech Corporation, San Leandro,
CA) imaging system.

Results

Analysis of public databases; structure-function analysis

A total of 1020 allelic variants (data not shown) within the
PCSKT gene were found in the public databases, of which 54 were
potentially consequential splice site or missense variants (Table 1).
Thirty-seven non-synonymous substitutions were predicted to be
possibly or probably deleterious by at least one model (SIFT,
PolyPhen, or Condel, where Condel represents a consensus
modeling program). Two of the three previously described variants
are common, with MAFs of 23.7% for S690T (rs6235) and 25.0%
for Q665E (rs6234), whereas the N221D SNP (rs6232) is less
common (MAF=3.3%). None of these three variants were
predicted to be deleterious using SIFT, PolyPhen, or Condel. In
contrast, the novel variants that were predicted as “possibly” or
“probably” deleterious were unique to one sample or were
observed with very low frequency (minor allele frequencies (MAFs)
of 0.008%—-0.87%. In addition we considered a frameshift variant
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Figure 3. Western blotting of wild-type and variant PC1/3 proteins expressed in HEK cells. HEK cells were transiently transfected with
empty pcDNA3 (E); pcDNA3 encoding either wild-type PC1/3; or PC1/3 proteins bearing the mutations under study. Western blots of cell lysates and
media from transfected HEK cells were probed with amino-terminally directed PC1/3 primary antiserum for detection of recombinant proteins. The
data shown represent 1 of 3 independent experiments performed in triplicate. Total secreted immunoreactive band intensity values, obtained
through densitometry analysis and used to calculate specific activity for each variant, are represented above the Western blot and shown as the mean

+ S.D.
doi:10.1371/journal.pone.0055065.g003

N586TX4 (g.5:95730696), which exhibited an unusually large
MATF of 6.1% in a previous release of the 1000 Genomes data. We
selected the most common novel variant R80Q (rs1799904;
MAF =0.87%), and N586TfsX4 for genomic sequencing and
potential functional studies, comparing them with already

described common variants of PC1/3.

SNP validation by sequencing

Genomic DNA from two individuals homozygous for the most
common variants was obtained from the Coriell Institute and
subjected to Sanger sequencing. The DNA sample containing
rs1799904 (R80Q) (2.5:95764963C>T; ¢.239G>A) was found to
be homozygous for the R80Q mutation in exon 2 (Figure 2),
while the N586Tfsx4-containing SNP (g.5:95730696TC>T;

¢.1755delG) was determined to be a false positive (i.e. no frameshift
mutation was found in in exon 13) (data not shown).

Secretion and biosynthesis of PC1/3 variants

In order to assess whether the novel variant R80Q) (rs1799904)
affected the biosynthesis or secretion of PC1/3, expression vectors
encoding wild-type and variant PCSKTs were transiently transfect-
ed into HEK and/or Neuro-2a cells (both lines lack expression of
endogenous PC1/3). PC1/3 proteins containing the previously
described S690T/Q665E (rs6234/rs6235) pair, as well as the
individual S690T and Q665E SNPs, did not exhibit significantly
altered expression and secretion patterns as compared to wild-type
PC1/3. The N221D (rs6232) substitution resulted in reduced
secretion and cleaved forms of PC1/3 in the medium (Figure 3).
The secretion profile of the R80Q) (rs1799904) substitution differed

] P=0.02

] P=0.05

" %

Max Rate pmol AMC/min
Secreted PC1/3 Band Intensity

wT N221D

Q665E QB65E/S690T S690T

R80Q

Figure 4. Specific activities of wild-type and variant PC1/3 proteins, expressed in HEK cells. Enzymatic activities of secreted recombinant
PC1/3 proteins in conditioned medium of transfected HEK cells were compared by measuring maximum cleavage rates using the fluorogenic
substrate pyr-ERTKR-amc during a 1 h kinetic assay. Three replicates per transfection condition were assayed in triplicate, and maximum rates were
divided by band intensity of immunoreactive protein in the spent medium of the same wells from which activity data were derived. Specific activity
values are shown as the mean *+ S.D (n=3). Data represent one of 3 independent experiments performed in triplicate.
doi:10.1371/journal.pone.0055065.9g004
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Figure 5. Western blotting of wild-type and novel R80Q
(rs1799904) variant PC1/3s, expressed in Neuro-2A cells. Panel
A: Neuro-2a cells were transiently transfected with equal amounts of
empty pcDNA3 (E), or pcDNA3 encoding wild-type PC1/3 or the novel
variant R80Q (rs1799904) PC1/3. Western blots of media were probed
using amino-terminally directed PC1/3 primary antiserum. The data
shown represent one of 3 independent experiments performed in
triplicate. Panel B: Specific activities of wild-type PC1/3 and the
R80Q PC1/3 variant. Enzymatic activities of secreted recombinant
PC1/3 proteins in conditioned medium were compared by measuring
maximum cleavage rates using the fluorogenic substrate pyr-ERTKR-
amc during a 1 h kinetic assay. Three replicates per transfection
condition were assayed in triplicate, and maximum rates were divided
by band intensity of immunoreactive protein in the spent medium of
the same wells from which the activity data were derived. Specific
activity values are shown as the mean * S.D. Data represent one of 3
independent experiments, each performed in triplicate.
doi:10.1371/journal.pone.0055065.9g005

from wild-type PC1/3, in that the 74 and 66 kDa lower molecular
weight forms of PC11/3 were absent from the medium (in HEK cell
experiments) or reduced (in Neuro-2a cell experiments), although
the total level of secreted PC1/3 was not reduced.

Catalytic activity of PC1/3 variants

To determine the impact of these variations on PC1/3 catalytic
activity, conditioned medium of HEK cells transfected with either
empty vector, variant PC1/3s, or wild-type PC1/3 was subjected
to a fluorogenic assay. Maximum rates of fluorogenic substrate
cleavage were normalized using the band intensities of secreted
PC1/3s in order to determine the specific activity of each variant
relative to wild-type PC1/3. The S690T/QG665E (rs6234/rs6235)
and S690T (rs6234) amino acid substitutions did not significantly
alter specific activity (95% confidence level; p>0.13). The Q665E
substitution alone resulted in a small but significant 27% decrease
in specific activity as compared to wild-type (p=0.05). The
N221D (rs6232) substitution decreased specific activity by 36%
(p=0.02), and the R80Q) variation resulted in a 38% decrease
(p=0.02) (Figure 4). When expressed in Neuro-2a cells, the
R80Q (rs1799904) variant resulted in a 42-48% decrease
(p<<0.0001) in activity as compared to wild-type PC1/3 (Figure 5).
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Discussion

In studies of European populations, PCSKT represents the third
most important gene contributing to extreme obesity [40].
Functional studies of certain SNPs associated with obesity that
impose modest or no significant effects on PC1/3 function i vitro
have supported the idea that even slight variations in PC1/3
activity can predispose an individual to higher risk of obesity [20].
Individuals who are compound heterozygotes or are homozygous
for rare severe deleterious mutations in PCSKT suffer from multi-
dimensional disease states, including small intestinal dysfunction,
hyperphagia and obesity [15,16,17]. Even heterozygous mutations
which result in functional enzymatic changes have been linked to
obesity, despite the presence of a normal allele [40]. The
mechanism by which modest deficiencies in PC1/3 activity can
lead to such profound phenotypes when present on a single allele
remains unknown. A closer look into the complex biochemistry of
commonly found variations of this enzyme may provide answers to
these questions. In this work, we have analyzed public databases
for other less common and rare deleterious variants and identified
the variant R80Q) (rs1799904), and have compared the effects of
this variant to those of known polymorphisms.

Consistent with previous studies [19,20], we found that the
amino acid substitutions S690T/Q665E (rs6234/rs6235) did not
significantly alter the specific activity or biosynthesis and secretion
of PC1/3 in HEK cells. The Q665E substitution alone did result
in a slight decrease in specific activity as compared to wild-type
enzyme, and may represent the more detrimental of the two
mutations (S690T/Q665E), which were previously identified as a
paired SNP associated with a higher risk of developing obesity and
diabetes [19,20,21]. In our hands, the N221D (rs6232) substitution
decreased specific activity by a somewhat greater extent than
previously reported, possibly due to differences in enzyme assay
methods [20].

However, of all of the variants we analyzed in HEK cells, the
novel R80Q) (rs1799904) variant exhibited the most detrimental
effects on PC1/3 maturation and specific activity. This variant
yielded an 87 kDa product in the conditioned medium that did
not undergo further carboxy-terminal processing to the more
active 74 and 66 kDa forms, resulting in an enzyme with
significantly lower specific activity, similar to the more common
obesity risk N221D (rs6232) variant. This novel R80Q) variant
exhibited an even more pronounced decrease in specific activity
when expressed in a cell line containing a regulated secretory
pathway (Neuro-2a), where wild-type PC1/3 is likely able to
achieve greater specific activity through more complete matura-
tion to its lower molecular weight forms within regulated secretory
vesicles. The lower molecular weight forms of PC1/3 exhibit a
different substrate specificity than full-length 87 kDa PC1/3 [41];
this could be an important mechanism for SNPs to exert functional
effects. Another possible functional consequence of altering the
profile of active species is a change in enzyme stability, since
carboxy-terminally truncated species are known to be more labile
than the 87 kDa form (reviewed in [2]). Since the C-terminal
region of PC1/3 has been implicated in targeting of this enzyme to
secretory granules [42,43], altered C-terminal processing may also
result in changes in enzyme distribution. Further studies using
immunocytochemistry in transfected Neuro- 2A cells will shed
additional light on this question.

The proPC1/3 maturation process begins with the autocatalytic
intramolecular cleavage of the pro-domain in the ER at the
primary cleavage site, RSKR!07-110 [44.,45]. This cleavage yields
an 87 kDa form of PC1/3 that, by analogy with the related
enzyme furin [46] likely remains associated with its own

January 2013 | Volume 8 | Issue 1 | 55065

105



prodomain through non-covalent interactions until its arrival at
the trans-Golgi network. Although this has not yet been strictly
demonstrated for PC1/3, the PC1/3 prodomain most likely assists
in the folding of the catalytic domain and in enzyme inhibition
during secretory pathway transport [47,48,49,50,51,52]. If prodo-
main processing of PC1/3 occurs similarly to that of furin, trans-
Golgi network protonation of a histidine in the vicinity of the
secondary cleavage site (RRSRR’”®!) then results in secondary
site cleavage at R®!, followed by dissociation of prodomain
fragments from PC1/3 [53,54]. The inhibitory role of the
prodomain is of particular interest to this study when we consider
the location of the R80Q) (rs1799904) substitution within the
secondary cleavage site of the prodomain (Figure 1). Independent
studies have shown that alteration of mouse proPC1/3 prodomain
residues either within or surrounding cleavage motifs can affect
propeptide processing; the i wvitro proteolytic conversion of an
R80A mutant propeptide (the same residue as the R80Q variant
studied here) by wild-type enzyme was impaired compared to
wild-type propeptide [44]. Given this finding, our lack of
identification of propeptide-bearing R80Q) PC1/3 is puzzling.
We have previously found that a portion of newly synthesized
proPC1/3 is subjected to endoplasmic reticulum- associated
degradation [52]; this might represent the fate of this molecular
species. Collectively, these data support the idea that residues
within the secondary cleavage site, including the novel variant
studied here, contribute to the proper processing of proPC1/3.
The novel R80Q) (rs1799904) variant (MAF = 0.87%) is about
one-third as common as the N221D (rs6232) SNP (MAF = 3.3%).
Although less common, the R80Q) variant should be subjected to
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further analysis to evaluate its influence on insulin sensitivity,
proinsulin conversion and the risk of developing obesity, similarly
to the effect of the N221D (rs6232) SNP [20,22]. We note that 119
individuals in the public datasets have other, less common and
rare variants of PGSK7, most of which are predicted to have some
detrimental effect on protein function. This mutational burden on
the population is not trivial and may also play a role in
susceptibility to obesity or other disorders. The importance of
rare variants in common disorders is not clear at present, but
advances in massively parallel sequencing and computational
analysis may soon shed additional light on this question.

In conclusion, we show that the novel PCSKT variant R80Q).
(rs1799904) exhibits deleterious effects on PC1/3 maturation. This
PC1/3 variant exhibits decreased catalytic activity as compared to
wild-type PC1/3 and to previously described obesity risk SNPs;
therefore, it may contribute to a higher risk of metabolic disease in
the general population. Our results suggest that further study of
less common and rare variations in PCGSK7 from both biochemical
and genetic standpoints will be useful in elucidating the
mechanisms by which variant PC1/3s contribute to metabolic
diseases such as obesity and diabetes.
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CHAPTER SIX
Mutations in ACTGZ are associated with
sporadic congenital chronic intestinal pseudo-obstruction

and megacystis-microcolon-intestinal hypoperistalsis syndrome
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ABSTRACT

Chronic intestinal pseudo-obstruction (CIPO) is a serious motility dysfunction
syndrome characterized by symptoms of intestinal obstruction in the absence of any
mechanical blockage. It is a major cause of intestinal failure. With whole-exome sequencing in a
cohort of 20 patients with congenital CIPO or MMIH, we identified a subset of 10 cases with
potentially damaging de-novo mutations at highly conserved loci in the ACTG2 gene. In light of
arecent finding that a mutation in ACTG2 caused familial visceral myopathy in a Finnish family,
we conclude that ACTGZ also governs a significant proportion of cases of sporadic congenital

CIPO.

INTRODUCTION

Chronic intestinal pseudo-obstruction (CIPO) is a heterogenous set of diseases
characterized by repetitive episodes or continuous symptoms of intestinal obstruction, in the
absence of a lesion that occludes the lumen of the gut (1, 2). A small fraction of cases are
secondary to organic, systemic, or metabolic diseases, but the majority are primary and may be
myopathic, mesenchymopathic, or neuropathic, depending upon whether predominant
abnormalities are found in the enteric nervous system, Interstitial Cells of Cajal (ICC), or
intestinal smooth muscle (3). A related disorder, megacystis-microcolon-intestinal
hypoperistalsis syndrome (MMIH), is characterized by constipation and urinary retention,
microcolon, giant bladder (megacystis), intestinal hypoperistalis, hydronephrosis, and dilated
small bowel (4).

Congenital forms of CIPO are rare and can be life-threatening; congenital CIPO is an
important cause of intestinal failure, for which the only treatment may be complete visceral
transplantation (5). Congenital CIPO may sometimes be due to prenatal exposure to toxins

such as alcohol or narcotics. A handful of familial cases of CIPO have been reported with

109



autosomal dominant (with variable penetrance), autosomal recessive, and X-linked modes of
inheritance (6-16). It is well known that mutations in mitochondrial tRNA genes, POLG
(polymerase (DNA directed), gamma), and TYMP (thymidine phosphorylase), which are
expressed in the mitochondrion, cause a severe form of CIPO requiring frequent and long-term
parenteral nutrition and with frequently fatal digestive and neurologic complications.
Mitochondrial disorders may account for ~19% of CIPO cases (17). Contrawise, it is rare for
CIPO to be the principal clinical manifestation of a mitochondrial disorder (18). Primary
defects of the mitochondrial oxidative phosphorylation pathway are phenotypically
heterogenous, and affecting multiple organs, typically with nervous system and skeletal or
ocular muscle dysfunction (19). Mitochondrial neurogastrointestinal encephalomyopathy
(MNGIE) is a rare, autosomal recessive syndrome due to the loss of thymidine phosphorylase
activity associated with loss-of-function mutations in TYMP (20-24). Mutations in POLG, the
mitochondrial myopathy, epilepsy, lactic acidosis, and strokelike episodes (‘MELAS’) mutation
in the tRNAleu(UUR) gene (MT-TL1), or mutations in the tRNAYs gene (MT-TK) are sometimes
associated with CIPO (16, 25-32). Still, congenital CIPO is usually sporadic and prior to the
advent of exome sequencing, no non-mitochondrial gene had been convincingly associated

with primary sporadic CIPO.

METHODS

Samples were selected from 20 patients seen at UCLA, and were approved by our
institutional review board. We chose 18 patients for exome sequencing; we sequenced only
one of monozygotic twins in one family and a second patient entered the study after exome
sequencing had concluded. Inclusion criteria were a diagnosis of chronic severe CIPO or MMIH.
These patients were of diverse ethnic backgrounds and had clinical presentations of myopathic

CIPO (n=6), neuropathic CIPO (n=5), idiopathic CIPO (n=3), and megacystis-microcolon-
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intestinal hypoperistalsis syndrome (MMIH) (n=4). The phenotype of several patients was
complex with syndromic presentations of developmental delay (n=1), severe neurological
problems (n=1), or microcephaly and mental retardation (n=2 siblings) [Table 1].

Genomic DNA from probands, and in some cases unaffected family members, was
either fragmented by sonication and ligated to [llumina bar-coded adapters or fragmented and
ligated in a single step with Illumina engineered transposases, and then in either case, the
fragments were amplified by PCR. Fragments were then enriched for the protein coding
portion of the genome by hybridization to probes from either the Agilent SureSelect XT Human
All Exon 50Mb, Illumina TruSeq Exome, or [llumina Nextera Expanded Exome enrichment Kkits.
The exome-enriched library was sequenced for 100x100 paired end reads on an Illumina
Genome Analyzer 2000 or 2500 platform to a mean coverage depth of 97X, with 84% of
RefGene CDS and essential splice sites having at least 20X coverage. Sanger sequencing
confirmed candidate variants and segregation of the variant allele with the disorder in
relatives from whom DNA was available.

We converted sequenced reads from the native bcl files to the FastQ format by the Illumina
bel2fastq program. We processed the FastQ files to create aligned bam files with in-house pipeline
software. Briefly, we aligned the reads to build GRCh37 of the human genome (33) with Novoalign
(http://www.novocraft.com) to obtain a mean of 93 million uniquely aligned 100x100 paired end
reads per sample after removing PCR duplicates. We recalibrated base quality scores to improve
accuracy by analyzing the covariation among reported quality score, position within read,
dinucleotide, and probability of mismatching the reference genome using the Genome Analysis
Toolkit (GATK) (34, 35). We used the GATK Unified Genotyper and Haplotype Caller tools to
genotype single nucleotide variants and indels and recalibrated variant quality score recalibration
with the GATK Variant Quality Score Recalibrator to assign probabilities to each variant call. We

obtained the variant consequences on transcripts and proteins with the Ensembl Variant Effect
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Predictor (VEP) (35), estimated the extent of protein damage with SIFT (36-40), PolyPhen (41-43),
and Condel (44), and computed GERP conservation scores (45). We further annotated variants with
additional data from Online Mendelian Inheritance in Man (OMIM) (46), the Human Gene
Mutation Database (HGMD pro, BIOBASE Biological Databases), the Universal Protein Resource
(UniProt) (47), KEGG Pathways (48), RefGene (49), the MitoCarta Inventory of Mammalian
Mitochondrial Genes (50), Mouse Genome Informatics (MGI) (51) and the Human Protein
Atlas (HPA) (52) using in-house plugins for the VEP.

We hypothesized for this study that the mode of inheritance would be recessive, de
novo, or mitochondrial, with a dominant effect on phenotype and that mutation effects would
be fully penetrant. Further hypothesizing that casual variants would be found in the protein
coding or splicing regions of genes, we filtered to include only splice acceptor or donor, stop
gained or lost, frameshift, initiator codon, inframe insertion or deletion, missense, or splice
region variants. We removed variants that, given the rare incidence of CIPO, are too frequent in
the population to cause this disorder; under the recessive model we removed variants with a
minor allele frequency (MAF) >0.5% in the combined 1000 Genomes (53) and NHLBI (54)
datasets and with a MAF of >0.1% under the de-novo model. In addition, we removed variants
that were observed in more than 2 (homozygous and de-novo models) or 8 (compound
heterozygous model) samples from ~150 unaffected control exomes, to eliminate false
positives caused by technical artifacts. We ranked variants for likelihood of damage using
multiple factors. We deemed a splice acceptor or donor variant, stop gained, and frameshift, to
be probably damaging. We prioritized missense single nucleotide variants (SNVs) by SIFT,
PolyPhen, and Condel predictions, and variants in the splice site region near the acceptor and
donor by GERP conservation scores. In the case of compound heterozygous variants we
assigned the priority of the second ranked variant. In families where we had sequenced

members other than the proband, we filtered out all variants that were inconsistent with fully
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penetrant Mendelian inheritance under the recessive model or present in any unaffected
relative under the de-novo model. We hypothesized that there would be genotypic
heterogeneity among the cases, so we looked for cases that shared predicted damaging

mutations in the same gene.

RESULTS

The probands had a mean of ~93,000 variations from the GRCh37 reference genome
before filtering. After filtering by consequence rank, allele frequency, and controls and
eliminating variants that did not segregate with the disease, the probands had a mean of 85
variants consistent with either the recessive or de-novo models. Looking for genes that had de-
novo mutations in multiple cases, our attention focused on ACTGZ2 (encoding actin, gamma-
enteric smooth muscle precursor), in which there were seven different de-novo mutations in
seven cases and no controls. ACTGZ was of interest because of actin’s involvement in muscle
function (55) and particularly because y-enteric actin is the dominant isoform of actin
expressed in the jejunum (56). We performed Sanger sequencing on ACTG2 exons in all cases
and found two additional mutations, one that had been missed in exome sequencing and one in
a case added to the study after exome sequencing was complete, as well as confirming the
presence of a mutation in the unsequenced twin [Tables 2 & 3]. Each of the mutations was
predicted to be deleterious by the Condel consensus statistic based on PolyPhen and SIFT and
all were at highly conserved loci with GERP scores 23.59. All variants were confirmed by
Sanger sequencing, and were not found in unaffected relatives. No variant was found in ~150

control exomes, nor in the 1000 Genomes or NHLBI datasets.
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DISCUSSION

During the course of our study Lehtonen et al. reported that a missense variant
(Arg148Ser) in ACTG segregated in a Finnish family with autosomal dominant familial visceral
myopathy (FVM), a disorder that is subsumed within the broad definition of CIPO (57).
Although none of the mutations we identified overlapped with the FVM mutations, our results
along with the FVM finding, make a strong case that mutations in y-enteric actin have a
profound effect on intestinal motility and may be a predominant cause of sporadic and familial
intestinal failure due to pseudo-obstruction.

Nonetheless, ACTG mutations explain only 50% of the cases we examined, suggesting
that CIPO must be genetically heterogeneous. Moreover, we found ACTG2 mutations in patients
initially suspected to be myopathic, neuropathic, or having MIMH syndrome. This may be
explained in part by the challenges in diagnosing this class of disorders and in part by
phenotypic heterogeneity. There may also be identifiable genotype-phenotype correlations,
which may become apparent when a larger number of cases are genotyped. Interestingly, none
of the cases in our study with syndromic CIPO had detectable mutations in ACTGZ.

Alarge study (n=115) observed absent or partial staining for smooth muscle a-actin in
the jejunal circular muscle layer of in 24% of CIPO patients (58). This report, which found no
differences in staining of y-actin, may indicate a different molecular basis for another class of
patients than those with y- actin mutations. It is also possible that the near sequence identity of
a- and y-actin made it difficult to distinguish the isoforms, even though the antibodies used
purported to be specific. Another study also found a-actin deficiencies in CIPO patient tissue
(59), but that finding was not replicated (60).

The molecular mechanism by which disrupted actin affects enteric smooth muscle cells
remains to be discovered. Now that ten different probably disease-causing ACTG2 mutations

have been identified it will be interesting to discover how each of these variants affects the cell.
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Mutations in other actin isoforms at homologous loci to those reported here can cause disease.
The ACTAZ2 Arg258Cys mutation, homologous to ACTG2 Arg257Cys, causes thoracic aneurisms
and dissections (61); ACTA1 Arg258His causes nemaline myopathy (62); and ACTAZ Arg258His
causes thoracic aortic disease & strokes (63). Several other loci when mutated in ACTA1 or
ACTAZ to different amino acids than those reported here also cause disease [Table 3] (64-68).
This suggests the possibility of common molecular mechanisms at work, which manifest
variously in different tissues where other actin isoforms are expressed. However, determining

the these mechanisms will be challenging (69).
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Tables

ID Sex | Population | Predicted Disease Sequenced
1A F EA/Arab CIPO p,f,m
2A F EA CIPO, myopathic p

3A F MA CIPO p,f,m
4A M MA CIPO, myopathic p

5A1 |F EA CIPO; mycocephaly; MR p,s

5A2 | f EA CIPO; mycocephaly; MR p,s

6A M AA CIPO p

7A F AA MMIH p,m

8A F EA CIPO, neuropathic p

9A M EA CIPO, myopathic p,m
10A | M MA CIPO, myopathic; developmental delay p,m
12A | M MA CIPO, neuropathic p

13A | F EA/Asian CIPO, neuropathic; severe neurologic problems | p,f,m
14A | M EA CIPO, neuropathic p

15A | F EA CIPO, myopathic p

16A | F MA MMIH p

17A | M MA CIPO, neuropathic p,f,m
19A1 | M MA MMIH S

19A2 | M MA MMIH p

23A | M EA CIPO, myopathic S

Table 1. Subjects. Population: EA, Eurpean American; MA, Mexican American. Phenotype:
CIPO, chronic intestinal pseudo-obstruction; MMIH, megacystis-microcolon-intestinal
hypoperistalsis syndrome; MR, mental retardation. Sequenced: p,proband; f, father; m,
mother; s, affected sibling; S, Sanger sequencing only.
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ID Age Gl Symptoms Sugeries Disease Status | Addtional Pathology Findings
(yrs) Information
2A 36 Abdominal pain, | OLT/SBT/PT Regular diet? Neurogenic bladder | Spotty
portal Post with degeneration of
hypertension, transplant hydronephrosis muscle fibers.
bleeding, course Disorganization of
jaundice, edema complicated muscle fibers.
by high Nerves are
output, prominent and
neurogenic ganlions are
bladder with present.
hydronephrosi
s, multiple line
infections, and
bladder
infections.
4A 23 Abdominal Colectomy, TPN support ileostomy
distention, high jejunostomy, GT specimens: no
ostomy outputs decriptions
available
7A 7 FTT, TPN GlJ tube, Full enteral neurogenic bladder | Muscularis propria
dependent with | ileostomy, feeds requiring present, no
IFALD, chronic subtotal catheterization vacuolization.
cholestasis, gastrectomy, External layer of
unable to h/o vesicostomy muscularis propria
tolerate feeds now closed, slightly thinned out,
via GT. splenectomy but not hypoplastic.
and OLT/SBT/PT Ganglion cells are
present.
9A 10 Abdominal Malrotation s/p | TPN support, Neurogenic bladder | Distal ileum:
distention with repair, increased with bilateral Ganglion cells
increased Nissen/GT, total | outputs, hydronephrosis present within the
outputs. colectomy and multiple line submucosa and
Multiple line ileostomy with infections, muscularis propria
infections. multiple bladder
revisions, involvement
broviac with multiple
placement with UTls.
multiple line

infections, lap
cholecystectom
y, h/o
vesicostomy
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ID Age Gl Symptoms Sugeries Disease Status | Addtional Pathology Findings
(yrs) Information
14A | 8 Retained Nissen/GT, TPN support, Mother was 36yo none available
meconium with colectomy with bladder G5P2. Older sibling
constipation and | ileoanal pull involvment, was born46XY with
abdominal through, temporary ambiguous
distention. tempoary gastric genitalia,
Then developed | gastric stimulator hypoplastic left
persistent stimulator without kidney, adrenal
diarrhea, positive hypoplasia, normal
previously able clinical facies and passed
to tolerate response away at 6weeks of
enteral feeds, age.
but signif
decreased since
enteritis in
2010.
15A | 32 Abdominal Total colectomy | TPN support History of atonic Small intestine:
distention, with ileostomy, bladder at birth thinning of
constipation, cholecystecomy requiring muscularis propria,
cholelithiasis , hernia repair, catheterizations in vacuolar
GJ tube the neonatal degeneration of
period. muscle c/w
myopathy. Colon:
vaculolar
degeneration of
myentericplexus
cells and mild
atrophy of
muscularis. Liver:
mild centrilobular
steatosis. Electron
microscopy:
smooth muscle
coat.
16A | 28 Abdominal Ex-lap at birth, TPN support, Neurogenic bladder. | consistent with
distention, repair of depression, H/o AD manometry | visceral myopathy.
nausea, malrotation, GT, | chronic pain at Cedars by Dr Ganglion cells
diarrhea, large vesicostomy. management Hyman (result?). present.
GT outputs issues. Hemolytic anemia
with chronic
pancytopenia.
19A 6 TPN dependent Repair of Listed for re- ex twin IHC: ckit positive
1 with intestinal malrotation at transplant with interstitial cells
failure s/p birth, GT, of cajal present. SB:
transplant, multivisceral thin walled
complicated by transplant (liver,
graft rejection colon, SB,

with total
enterectomy,
adenovirus
infection, and
PTLD diffuse
large B cell.

pancreas) now
s/p subtotal
enterectomy
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ID Age Gl Symptoms Sugeries Disease Status | Addtional Pathology Findings
(yrs) Information
19A 6 TPN dependent Listed for TPN support, ex twin Appendix: mild
2 with IFALD, SBT/OLT. H/o bladder architectural
listed for vesicostomy , involvement. dissarray with
mulativisceral malrotatin s/p Currently ganglion cells
transplant. repair, GJ tube. listed for present
multivisceral
transplant
23A | 16 diffuse Colostomy with | Tolerating Ex 31 wk none available
abdominal pain revision, hiatal feeds, premie,neurogenic
and intermittent | hernia repair colostomy bladder requires
vomiting with functioning catherterization
episodes of well, bladder daily. H/o
constipation and involvement intrauterine bladder
recurrent requiring stent surgery at 24
bacterial catherterizatio | weeks. Fathers/p
overgrowth n. pancreatic
transplant.

Table 2. Patients with ACTG2 mutations.
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ID ACTG2 Condel GERP Score | Other Mutations
Mutation Prediction

2A GIn138Lys deleterious 4.65 ACTA1: GIn139His Nemaline
myopathy (PMID 18461503)

4A Gly37Ser deleterious 4.57 ACTA1: Gly38Ala Nemaline
myopathy (PMID 19562689);
ACTA2: Gly38Arg Thoracic aortic
aneurysms and dissections (PMID
21937134)

7A Argl178Ser deleterious 4.65

9A Arg211Cys deleterious 4.65

14A | Arg257Cys deleterious 4.65 ACTA2: Arg258Cys Thoracic aortic
aneurysms and dissections (PMID
17994018)

15A | Arg257His deleterious 4.65 ACTA1: Arg258His Nemaline
myopathy (PMID 10508519);
ACTA2: Arg258His
Thoracic aortic disease & strokes
(PMID 19409525)

16A | Argd0Cys deleterious 3.59 ACTA1: Arg41Term Nemaline
myopathy (PMID 12921789)

19A1 | Gly198Asp deleterious 4.65 ACTA1: Gly199Ser Nemaline
myopathy (PMID 15236405)

19A2 | Gly198Asp deleterious ACTA1: Gly199Ser Nemaline
myopathy (PMID 15236405)

23A | Argd0His deleterious 4.65 ACTA1: Arg41Term Nemaline

myopathy (PMID 12921789)

Table 3. Sequencing results. Condel: Consnesus of PolyPhen and SIFT protein damage

predictions. GERP: Conservation score. Other mutations: Disease-causing mutations reported

in homologues of ACTG2; those in italics are at the same locus as the ACTG2 mutation, but

with a different amino acid substitution.
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Mutations in the RNA exosome component gene EXOSC3
cause pontocerebellar hypoplasia and spinal motor

neuron degeneration

Jijun Wan'?4, Michael Yourshaw?24, Hafsa Mamsa!, Sabine Rudnik-Schoneborn?, Manoj P Menezes?,

Ji Eun Hong!, Derek W Leong!?3, Jan Senderek™3, Michael S Salman®7, David Chitayat®°, Pavel Seeman!?,
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RNA exosomes are multi-subunit complexes conserved
throughout evolution' and are emerging as the major
cellular machinery for processing, surveillance and turnover
of a diverse spectrum of coding and noncoding RNA
substrates essential for viability2. By exome sequencing,

we discovered recessive mutations in EXOSC3 (encoding
exosome component 3) in four siblings with infantile spinal
motor neuron disease, cerebellar atrophy, progressive
microcephaly and profound global developmental delay,
consistent with pontocerebellar hypoplasia type 1 (PCH1;
MIM 607596)3-°. We identified mutations in EXOSC3 in

an additional 8 of 12 families with PCH1. Morpholino
knockdown of exosc3 in zebrafish embryos caused embryonic
maldevelopment, resulting in small brain size and poor
motility, reminiscent of human clinical features, and these
defects were largely rescued by co-injection with wild-type
but not mutant exosc3 mRNA. These findings represent the
first example of an RNA exosome core component gene that
is responsible for a human disease and further implicate
dysregulation of RNA processing in cerebellar and spinal
motor neuron maldevelopment and degeneration.

Pontocerebellar hypoplasia (PCH) is a clinically and genetically
heterogeneous group of autosomal recessive disorders characterized
by cerebellar hypoplasia or atrophy, variable pontine atrophy and
progressive microcephaly with global developmental delay”. PCH1
is a distinctive subtype of PCH, characterized by diffuse muscle
wasting that is secondary to spinal cord anterior horn cell loss and
cerebellar hypoplasia®-. Diagnosis with PCH1 is often delayed
or never made because the combination of cerebellar and spinal
motor neuron degeneration is not commonly recognized, and the
presentation of diffuse weakness and devastating brain involvement
is atypical of classical proximal spinal muscular atrophy (SMA)?. The
literature contains only a handful of descriptions of case series?~'2and
reports of PCHI1 (refs. 13-19). The causative gene has not been iden-
tified in the majority of individuals with PCH1. Recessive mutations
have been found in VRKI (encoding vaccinia-related kinase 1)?°,
RARS2 (encoding mitochondrial arginyl-tRNA synthetase 2)!
and TSEN54 (encoding tRNA splicing endonuclease 54)?? in
single individuals with PCH1. In PCH without SMA, TSEN54
mutations account for most cases of PCH2 and PCH4 (refs. 21,23),
and RARS2 mutations have been found in two families with PCH6
(refs. 24,25).
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We identified one family (family 1) in which four children were
floppy at birth, had ocular motor apraxia, progressive muscle wast-
ing, distal contractures, progressive microcephaly, growth retarda-
tion and global developmental delay, and never reached any motor
milestone or spoke. Although normal in size at birth, in all four chil-
dren, head circumference, height and weight dropped to below the
5th percentile by the age of 7-10 months. Magnetic resonance imaging
(MRI) showed marked cerebellar atrophy with prominent sulci and
decreased volume of folia (Fig. 1a-d) compared to age- and gender-
matched normal individuals (Fig. 1e-h). In the affected individuals,
the brainstem and the cerebral cortex appear normal in configuration
but are small. Electromyography showed neurogenic motor changes
in an 18-year-old subject (Fig. 1i), which were exemplified by a single
fast-firing (25 Hz) wave complex that was polyphasic (crossing the
baseline multiple times) and unstable. The high-frequency firing in
the absence of other complexes suggests a loss of axons, and unstable
polyphasic units are manifestations of reinnervation in response to
denervation. In a 9-year-old subject with PCH1, we observed border-
line neurogenic motor changes (Fig. 1j), with a normal recruitment
pattern but occasional large-amplitude motor unit action potentials
(~4.5 mV) suggestive of reinnervation, compared to a normal indi-
vidual (Fig. 1k), who showed multiple distinct wave complexes of
normal amplitude (200-400 1LV that represent preserved motor axons
without injury. Nerve conduction studies showed motor responses
with severely reduced amplitude but normal sensory responses in
the affected individuals (Supplementary
Table 1). Furthermore, when the oldest child in
family 1 died at age 18 years after a respiratory
infection, the autopsy revealed a severe loss
of cerebellar (Fig. 11,m) and spinal (Fig. 1n)
motor neurons compared to a control indi-
vidual (Fig. 10-q). These clinical features are
most consistent with PCH1.

Figure 1 Neuroimaging, neuromuscular and
pathological features in family 1. (a-h) Sagittal
T2- (a) and coronal T1-weighted (b) images
from the oldest surviving sibling, who was

18 years old at the time of the study, showing
the presence of all cerebellar lobules, yet with
marked atrophy, compared to T1-weighted
sagittal (e) and coronal (f) images from an
age-matched, normal male. Sagittal (c) and
coronal (d) T1-weighted images from the
youngest surviving sibling, who was 9 years

old at the time of the study, showing cerebellar
volume loss comparable to that seen in a,b,

in contrast to sagittal (g) and coronal (h)
T1-weighted images from an age-matched,
normal male. (i—k) Needle electromyography
(EMG) tracings in the left triceps muscle of the
18-year-old sibling (i) and right vastus lateralis
muscle of the 9-year-old sibling (j) showed
neurogenic changes compared to normal EMG
tracings in the right biceps muscle of a healthy
adult male (k). (I-q) Brain autopsy of the subject
who died at age 18 years (1) shows profound
cerebellar atrophy compared to control (o), with
dysmorphic Purkyné (also known as Purkinje)
cells and loss of granule cells seen at higher
magnification (m) compared to in control (p).
Diffuse loss of motor neurons was observed

in the anterior horn of the spinal cord of the
affected subject (n) compared to the control with
normal-appearing spinal motor neurons (q).

LETTERS

No PCH1-associated genes were known when this study began. We
performed a genome scan of the four affected siblings, three healthy
siblings and their parents, which narrowed the candidate regions to
four subchromosomal loci with more than 100 candidate genes in
total (Supplementary Fig. 1). To identify the gene underlying PCH1,
we captured the exomes from the four affected siblings using the
SureSelect Human All Exon kit (Agilent Technology, G3362) and
performed sequencing on a Genome Analyzer IIx (Illumina). This
analysis yielded one candidate variant fulfilling the requirement of
being a rare biallelic variant within the intervals identical by descent
in all the affected individuals: g.9:37783990T>G in the EXOSC3 gene
(c.395A>C, Ensembl ENST00000327304.4; encoding p.Asp132Ala,
ENSP00000323046.4). We did not observe variants in VRK1, RARS2
or TSEN54 that have previously been reported in PCH1.

There are multiple alternatively spliced forms of EXOSC3,
with the longest reading frame spanning 4 exons over 5,119 bases
(NM_016042.2) and encoding a 275-amino acid protein, human exosome
component 3 (EXOSC3), also known as the ribosomal RNA-processing
protein 40 (RRP40) (NP_057126.2). EXOSC3 is a core component of
the human RNA exosome complex (distinct from exosome vesicles) that
is present in the cytoplasm and the nucleus and especially enriched in the
nucleolus?®. The N-terminal (NT) domain and putative RNA-binding
S1 and KH domains are evolutionarily conserved (Fig. 2).

We confirmed genotype-phenotype co-segregation in family 1 by
Sanger sequencing. To validate the association between EXOSC3 mutations
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Figure 2 £XOSC3 mutations in PCH1. (a) Genomic a
structure of EXOSC3, with the four exons indicated
by open boxes and mutations highlighted in

Exon 1

2

3 4
[ X - - || || ° I—

X ! ! € €92G>C  ¢.204_303del C.395A>C C.415G>C  Cc.475-12A>G c712T>C
magenta. Circle, missense mutation; triangle, b

deletion; star, splice-site mutation. (b) Alignment . p.Gly31Ala  p.Asp132Ala p.Ala139Pro  p.Trp238Arg
£ orotei ded by orthologs i H. sapiens LGQVVLPGEELLLPE DIFKVDVGG-SEPASLSYL FGMNGRIWVKAKTIOQ
Of protein sequences encoded by orthologs in - B. taurus LDQVVLPGEELLLPD DIFKVDVGG-SEPASLEYL ~FGMNGRIWVKAKTIO
humans and other eukaryotic organisms, including M. musculus LNQVVLPGEELVLPD DIFKVDVGG-SEPASLSYL FGMNGRIWVKAKTIQ
i i G. gallus VGQVVLPGDVLLLPA DVFRLDVGG-SEQASLSYL LGMNGRIWVKAKTVQ
verteprate, insect, plant and yeast s_peueg ) D roric bbb i e L Ceporii ks
showing that the mutated amino acids (highlighted D. melanogaster ~ --TIVMPGERT DLYRVDIGA-TDTASISYL VGVNGRIWLKAHSLK
in bold) are conserved. (c) Schematic of the C. elegans -~TVYLPGDVI- DFFRLDIGT-AEYAMINFT ~VGMNGRIWISASTSD
. X . S S. pombe --SYYFPGERT- EGYRVDIGS-AHTAQLNAL ~VGMNGRVWVNSENLS
locations of the mutated amino acids (highlighted S. cerevisiae ~~TFIFPGDSF- DSYKVSLONFSSSVSLSYM ~IGLNGKIWVKCEELS
in magenta) in the EXOSC3 protein, with the K. lactis ---LLLPGDVI- DSYRVSLCNFSNPVILSYM ~IGVNGIIWLKTDDVR
conserved NT, S1 and KH domains indicated N. crassa --LVVLPGETI- DFYYVSLSPYTPNATLPHL ~VGRNGKVWVGSESVK
A. thaliana --QTVVPGDVV---- ENYWIDIKG-PQIALLPVL FGLNGRCWVHARAPR

(Protein Data Bank (PDB) 2NN6).

and PCHI1, we sequenced all exons and flanking introns of EXOSC3
(Supplementary Table 2) in the probands from 12 additional families
with PCH1. Eight probands had recessive mutations in the gene (Fig. 2
and Table 1). All available samples from the parents of the affected sub-
jects were heterozygous for the mutations. None of the mutations were
found in Turkish (n = 94), Czech (n = 96) or North American (prin-
cipally of northern and western European ancestry) (n = 189) control
individuals. A more recent review of databases, including the National
Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project,
showed that the mutation encoding the p.Asp132Ala alteration has been
observed in 6 of 4,870 exomes, with an estimated allele frequency of
0.0012. None of the other variants has been previously reported.

The p.Asp132Ala alteration was present in seven of the nine mutation-
positive families (Fig. 2 and Table 1). This change affects a highly con-
served amino-acid residue in the putative RNA-binding S1 domain;
the crystal structure suggests that Asp132 may be important for inter-
subunit interaction within the exosome complex?’. We genotyped
the probands of families 1-3 who were homozygous for mutations
causing the p.Asp132Ala alteration to find identical haplotypes in
a 1-cM region flanking the mutation locus, which would suggest an
ancestral origin for the mutation (Supplementary Table 3).

‘We found three additional missense mutations. Two mutations,
encoding p.Gly31Ala and p.Trp238Arg alterations, were present in
family 4, with the parents being identified as carriers. The mutation
encoding p.Gly31Ala was homozygous in the affected subject in family 9.
Strictly conserved from yeast to humans, the Gly31 residue in the
N-terminal domain seems to be involved in intersubunit interaction?”,
whereas the Trp238 residue is in the putative RNA-binding KH domain?’.

Table 1 Ancestry and EXOSC3 mutations in subjects with PCH1

In family 8, the affected subject harbored a mutation encoding
p.Asp132Alain trans with another missense mutation in the S1 domain,
¢.415G>C, encoding p.Ala139Pro (Fig. 2 and Supplementary Note).

We identified one frameshift mutation, a deletion spanning ten
nucleotides in family 5, which is predicted to result in premature termi-
nation of the protein; the faulty transcript may be subject to nonsense-
mediated mRNA degradation. In silico analysis of the intronic muta-
tion ¢.475-12A>G in family 6 suggested that it may introduce a new
splice site just upstream of the normal splice acceptor for exon 3.
RT-PCR in expression studies primarily showed skipping of exon 3
(shifting the reading frame) and evidence of aberrant splicing (which
incorporated 11 nucleotides upstream of the normal splice site), with a
minority of transcripts having normal splicing (Supplementary Fig. 2
and Supplementary Table 2).

The fact that biallelic missense, frameshift and splice-site mutations
all led to the same clinical manifestations suggests that the alleles
may be null or hypomorphic. Because all components of the exosome
are essential for viability!, it is unlikely that individuals with PCH1
harbor biallelic null mutations; it is more likely that the missense
mutations are hypomorphic, and the frameshift mutations could be
null. In silico analyses predicted detrimental consequences from the
missense mutations (Supplementary Table 4). The standard marker
for impaired exosome function has long been an abnormal accumula-
tion of unprocessed rRNA!, which we did not observe in fibroblasts
from the subject in family 1 (Supplementary Fig. 3), suggesting
that the impact of the homozygous mutations in EXOSC3 encod-
ing p.Asp132Ala may be more nuanced and subtle than a complete
elimination of exosome function.

Family Subjects Ancestry Age (death) Nucleotide change Amino-acid change Ref.
1 4 male American, European (18 years), 18 years, ¢.395A>C, homozygous p.Aspl32Ala -
16 years, 9 years
2 1 female Canadian, Cuban (40 months) ¢.395A>C, homozygous p.Aspl32Ala 14
32 1 female, 1 male German, Turkish 20 years, 16 years ¢.395A>C, homozygous p.Aspl132Ala -
4 1 male, 1 female Czech (8 months), (8 months) ¢.92G>C, ¢.712T>C p.Gly31Ala, p.Trp238Arg -
5 1 male New Caledonian (Seen at 3 months) ¢.294_303del; ¢.395A>C p.99fs*11; p.Aspl32Ala 11
6 1 female Australian (26 months) ¢.395A>C; ¢.475-12A>G p.Asp132Ala; exon 3 skipping, -
aberrant splicing

72 1 male Australian, Turkish (3 years) ¢.395A>C, homozygous p.Aspl132Ala -
8 1 male Australian (11 months) ¢.395A>C; ¢.415G>C p.Asp132Ala; p.Alal39Pro 11
9 1 male Czech (17 months) ¢.92G>C homozygous p.Gly31Ala -
10 1 male Spanish 10 years - - 15
11 1 male Japanese (15 years) - - 19
12 1 male, 1 female Australian (9 months) - - -
13 1 female Australian (20 months) - - -

Mutations in EXOSC3 were identified by exome sequencing in affected subjects in family 1 and further investigated in DNA samples from families 2-13 by targeted sequencing.

3Parental consanguinity.

706

VOLUME 44 | NUMBER 6 | JUNE 2012 NATURE GENETICS

131



© 2012 Nature America, Inc. All rights reserved.

&

a Control AUG SPL
\ 3ng 15ng 3ng 15ng N\ 3ng
ARy Sve AV 2L
AT N
/ B Tas ‘
& Q’ 1mm
b atohla pvalb7
Contol 1o SPL Control__ SPL
o = .‘ |
~ 3
3 3
oy =T L oo
AL
W Normal
c — *' s ' Abnormal
— —
1o, (289 (239) (151) (202) (209) (174) (75) (149) (98)
§
H
g 05
=
3
]
T
T & & SIS S
fFELe &8s &
RO NP SRS S FF & &
SeFse SFFse s
A A M A A

To further examine the functional effects of the mutations, we
knocked down endogenous exosc3 expression (NM_001029961.1)
in zebrafish embryos by exosc3-specific antisense morpholino injec-
tion (Fig. 3, Supplementary Fig. 4 and Supplementary Table 2).
Zebrafish embryos injected with antisense morpholinos directed
against the start codon or the splice-donor site of exon 2 of exosc3
led to a dose-dependent phenotype of a short, curved spine and small
brain with poor motility and even death by 3 days post fertilization
(d.p.f.) compared to embryos injected with nonspecific, control mor-
pholinos (Fig. 3a).

The observation of shrunken or collapsed hindbrain in embryos
injected with morpholinos targeting the splice-donor site prompted
us to further investigate hindbrain-specific cells. Whole-mount
in situ hybridization showed decreased expression of atohla (a marker
specific for dorsal hindbrain progenitors)?® by 1 d.p.f. in the upper
and lower rhombic lips in embryos injected with morpholinos to the
splice-donor site compared to the normal pattern of robust expression
of atohla in hindbrain progenitors in the control-injected embryos?®
(Fig. 3b). Whole-mount in situ hybridization further showed a lack
of expression of pvalb7, which is specific for differentiated cerebellar
Purkinje neurons?®, by 3 d.p.f. in embryos injected with morpholinos
to the splice-donor site compared to normal expression in distinct
clusters of differentiated Purkinje cells in embryos injected with con-
trol morpholinos (Fig. 3b).

The abnormal phenotype from exosc3-specific morpholino injec-
tion was largely rescued by co-injection with wild-type zebrafish
exosc3 mRNA (Fig. 3¢ and Supplementary Table 5), suggesting that
the detrimental effects of the antisense morpholinos were specific
to exosc3 knockdown. Co-injection with wild-type human EXOSC3
mRNA, which shares 67% identity with the zebrafish ortholog, was
less effective in rescue. Co-injection with zebrafish or human mRNA
containing the mutations was ineffective in rescue, suggesting that
the mutations disrupted the normal function of EXOSC3 (Fig. 3¢
and Supplementary Table 5). Survival data of embryos 1-3 d.p.f. are
stratified and summarized (Supplementary Table 5).

LETTERS

Figure 3 Knockdown of exosc3 in zebrafish embryos disrupts normal
development. (a) Zebrafish embryos injected with exosc3-specific
antisense morpholinos AUG (directed against the start codon) or SPL
(directed against the splice-donor site for exon 2) compared to those
injected with nonspecific control. (b) Whole-mount in situ hybridization
in embryos injected with SPL morpholinos in lateral view (inset, dorsal
view with rostral to the left) showing diminished expression of dorsal
hindbrain progenitor-specific marker atohla and cerebellar-specific
marker pvalb7 compared to embryos injected with nonspecific control.
URL, upper rhombic lip; LRL, lower rhombic lip; *, distinct clusters

of differentiated Purkinje cells in embryos 3 d.p.f. (c) Survival data
from embryos 3 d.p.f. co-injected with 3 ng of SPL and with 240 pg of
human EXOSC3 or zebrafish exosc3 mRNA versus GFP mRNA as control
from three separate experiments. z, zebrafish; h, human; WT, wild-type
EXOSC3 or exosc3; GA, mutant mRNA encoding p.Gly31Ala in human
or p.Gly20Ala in zebrafish; DA, mutant mRNA encoding p.Asp132Ala
in human or p.Asp102Ala in zebrafish; WR, mutant mRNA encoding
p.Trp238Arg in human or p.Trp208Arg in zebrafish. Embryos were
classified as normal (blue) or abnormal (gray; including embryos that
were mildly abnormal, severely abnormal or dead). *P < 0.0001,
two-tailed Pearson’s y-squared test.

‘We have discovered disease-causing mutations in a gene encoding
the exosome component EXOSC3 leading to PCH1 with combined
cerebellar and spinal motor neuron degeneration of infantile onset.
There is clinical heterogeneity. Affected individuals in families 1 and 3
do not present with primary hypoventilation and have survived
beyond infancy and early childhood, which is exceptionally unu-
sual for classical PCH1 (refs. 7,23). Furthermore, in families 1 and 2,
autopsy showed profound cerebellar atrophy and variable involve-
ment of the pons and inferior olives, suggesting a degenerative proc-
ess in addition to a developmental disorder. Additional studies will
facilitate endophenotype stratification of PCH1. There is clear genetic
heterogeneity in PCH1, as some affected individuals do not harbor
mutations in any known PCH1-associated genes.

RNA exosomes are the principal enzymes that process and degrade
RNA. The bulk of the human genome is transcribed to produce an
extraordinary diversity of RNA?. The versatility and specificity of the
exosome regulate the activity and maintain the fidelity of gene expres-
sion. Although exosomes are immunogenic in some individuals with
polymyositis-scleroderma3®3! or chronic myelogenous leukemia®>33,
the findings in this report are the first to our knowledge to establish a
pathogenic role for exosome core component mutations in human dis-
ease. Despite a growing effort to examine exosome function and subunit
contribution, its substrates have not been fully characterized in humans
or in lower animals, and the specific contribution of each component is
incompletely understood. The discovery of naturally occurring muta-
tions in exosome component genes provides a valuable opportunity to
define subunit contribution to exosome function. Our findings suggest
that normal function of the EXOSC3 component is essential for the
survival of cerebellar and spinal motor neurons. Of note, RNA dysregula-
tion is increasingly understood to be important in the etiology of motor
and cerebellar degeneration. RNA processing defects are implicated in
SMNI1 deficiency in SMAS. Mutations in RNA- and/or DNA-binding
proteins*-37 and pathogenic repeat expansions generating RNA that
is likely toxic®®3? cause amyotrophic lateral sclerosis (ALS), an adult-
onset motor neuron disease. Gain of function of RNA from noncoding
repeat expansions was recently proposed to cause combined spinocer-
ebellar and brainstem motor neuron degeneration of late onset in SCA36
(ref. 40). Dysregulation of tRNA processing underlies other subtypes
of PCH?!23:24, Elucidation of the pathological mechanism underlying
PCH1 may lead to new insights regarding RNA processing in the develop-
ment and survival of cerebellar and spinal motor neurons.
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URLs. NHLBI Exome Sequencing Project, http://evs.gs.washington.
edu/EVS/; Novocraft, http://www.novocraft.com; Ensembl, http://www.
ensembl.org/; dbSNP132, http://www.ncbi.nlm.nih.gov/projects/SNP/;

1000 Genome Project, http://www.1000genomes.org/.

METHODS

Methods and any associated references are available in the online

version of the paper.
Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Clinical characterization. PCH1 was diagnosed in 13 unrelated families from
around the world, with documented congenital combined cerebellar and spinal
motor neuron disease. Almost all affected subjects were hypotonic from birth.
All had spontaneous breathing. Neurogenic muscle atrophy with spinal motor
neuron disease was confirmed by EMG, muscle biopsy or autopsy. Many sub-
jects developed progressive microcephaly, with prominent cerebellar atrophy
and variable involvement of the brainstem, as determined by MRI or autopsy.

Genetic analysis. DNA was extracted from peripheral blood, with consent
from all participants and their legal guardians, using standard methods. The
study was approved by the University of California, Los Angeles (UCLA)
Institutional Review Board. For exome sequencing, each library produced
approximately 28 million single-end 76-bp reads. The mean coverage of bases
in the target exomes was 23x. Raw reads that passed Illumina’s quality filters
were aligned to the reference human genome Build 37 with Novoalign from
Novocraft. The GATK UnifiedGenotyper was used to call single-nucleotide
variants and indels*"*2, Each case had ~15,000 variants not present in the
GRCh37 reference human genome, amounting to 19,098 total variants in
the 4 cases. We limited the search to variants within the coding regions or
flanking intronic essential splice sites of protein-coding genes in the Ensembl
data set. Under the hypothesis that the disorder was rare and the causative
allele(s) would therefore not be common, we filtered out variants that were in
dbSNP132 (refs. 43,44) and the 1000 Genomes Project?’, leaving ~400 variants
in each case and a total of 699 variants. Under a recessive model, we searched
for homozygous variants and compound heterozygous variants (defined as 2
variants in the same transcript) that were shared by all 4 cases (15 and 10 vari-
ants, respectively). To compensate for bias in our own analytical system, we
then filtered out variants that we had identified in 25 exomes from unrelated,
unaffected subjects. Sanger sequencing for further validation was performed
using standard protocols (Supplementary Table 2).

Zebrafish morpholino injection and in situ hybridization. Cloning, muta-
genesis and in vitro mRNA synthesis were performed using standard protocols
(Supplementary Table 2). Zebrafish embryos were provided by the UCLA
Zebrafish Core Facility, and procedures were approved by the UCLA Animal
Research Committee. Fish were maintained at 28 °C using a 14-h light/10-h
dark cycle and bred to obtain embryos. Morpholino oligonucleotides (Gene
Tools) were designed to block translation initiation or the splice-donor site of
exon 2 of zebrafish exosc3 pre-mRNA (Supplementary Table 2). We obtained
a standard control from Gene Tools. We used fine glass needles and a micro-
injector to perform injections of embryos at the one-cell stage. The injec-
tion volume ranged from 0.5 to 2.0 nl at a concentration of 3 ng/nl. Embryos
were incubated in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl,,
0.33 mM MgSO, and 0.00001% methylene blue; Sigma) at 28 °C.

‘Whole-mount in situ hybridization was performed, and the expression
of specific genes was detected using an alkaline phosphatase-conjugated
antibody against digoxigenin (DIG) and a chromogenic substrate, as
described previously*°.

Riboprobe generation. To generate the antisense probe, full-length zebrafish
exosc3 cDNA was digested with EcoRI and NotI and ligated into pCR-Blunt
II-TOPO (Invitrogen) with T4 DNA ligase. The sense probe was transcribed
using full-length zebrafish exosc3 in pcDNA3.1/Zeo(+) (Invitrogen).

Full-length zebrafish pvalb7 (clone 7087368, Thermo Scientific Open
Biosystems) was digested with EcoRI and NotI and ligated into pCR-Blunt
II-TOPO with T4 DNA ligase. The sense probe was transcribed in vitro from
the SP6 promoter, and the antisense was transcribed from the T7 promoter.

Full-length zebrafish atohla (clone 7428977; Thermo Scientific Open
Biosystems) was digested with EcoRI and NotI and ligated into pcDNA3.1/
Zeo(+) to generate the sense probe and pcDNA3.1/Zeo(-) (Invitrogen) for
the antisense probe.

RNA probes for in situ hybridization were generated with the mMESSAGE
mMACHINE SP6 or mMESSAGE mMACHINE T7 Ultra kits (Ambion), sub-
stituting the DIG RNA labeling Mix (Roche Applied Science) for the NTP
mix supplied in the kit. All probes were analyzed by denaturing agarose gel
electrophoresis and quantified by NanoDrop.

Assessing functional impact on EXOSC3 splicing. We obtained full-length
EXOSC3 constructs (all exons and intervening introns) by PCR amplification
using Phusion High-Fidelity DNA Polymerase (NEB; Supplementary Table 2)
from genomic DNA of a normal subject and the proband of family 6 (harbor-
ing the ¢.475-12A>G mutation). Gel-extracted amplicons were cloned into
pcDNA3.1/Zeo(+) (linearized with BamHI and XhoI) by using the In-Fusion
HD Cloning System (Clonetech). The full-length clones were confirmed by
bidirectional Sanger sequencing.

The wild-type or mutant full-length constructs were introduced into HeLa
cells by transfection with Lipofectamine 2000 (Invitrogen). Two days after
transfection, RNA was extracted using TRIzol Reagent (Invitrogen). cDNA
was generated using the Transcriptor First Strand cDNA Synthesis kit (Roche
Applied Science) and the BGH reverse primer-binding site located upstream
of the BGH polyadenylation signal on pcDNA3.1/Zeo(+) (Supplementary
Fig. 2). Reverse transcription from the BGHr site ensured that cDNA was
synthesized exclusively from exogenous mRNA and eliminated transcription
from endogenous EXOSC3. cDNA (1 pl) was PCR amplified with Phusion
High-Fidelity DNA Polymerase and the hEXOSC3-c.423f and hEXOSC3-
¢.670r primers (Supplementary Fig. 2 and Supplementary Table 2). RT-PCR
products were resolved on a 12% polyacrylamide gel and visualized by GelRed
(Biotium). We observed multiple products for both wild-type and mutant
constructs. To ascertain the identity of each product, amplicons were cloned
into pCR-Blunt II-TOPO and directly sequenced.

Cloning, mutagenesis and in vitro transcription. Full-length human EXOSC3
cDNA (clone 3346075; Thermo Scientific Open Biosystems) was digested with
EcoRIand Xhol and ligated into pcDNA3.1/Zeo(+)with T4 DNA ligase. Full-
length zebrafish exosc3 (clone 7282897; Thermo Scientific Open Biosystems)
was digested with EcoRI and NotI and ligated into pcDNA3.1/Zeo(+) with
T4 DNA ligase. Specific missense mutations were introduced into the wild-
type cDNA constructs with the QuikChange IT XL Site-Directed Mutagenesis
kit (Agilent Technologies; Supplementary Table 2). All clones were fully
sequenced bidirectionally by Sanger sequencing. In vitro transcription was
performed with the mMESSAGE mMACHINE T7 Ultra kit. Resulting
mRNA was analyzed by denaturing agarose gel electrophoresis and quantified
by NanoDrop.

Cell culture, siRNA transfection and RNA extraction. All medium components
were purchased from Invitrogen. HeLa cells were cultured in DMEM supple-
mented with 10% FBS at 37 °C and 5% CO,. Cells were transfected every 48 h over
6 d with 60 nM siRNA duplexes (sense: 5'-CACGCACAGUACUAGGUCATT-3")
with Lipofectamine 2000 or left untreated, as detailed previously*’. Cells were
lysed in TRIzol Reagent, and RNA was extracted from the aqueous phase and
protein from the remaining organic phase.

Fibroblasts were grown in DMEM supplemented with 20% FBS, 100 nM
MEM Non-Essential Amino Acids, 1 mM GlutaMAX, 100 U penicillin and
100 pg streptomycin at 37 °C and 5% CO,. Total RNA was extracted with
TRIzol Reagent.

RNA blots. RNA blotting was performed following standard protocols. RNA
integrity was analyzed by denaturing agarose gel electrophoresis, and RNA was
quantified by NanoDrop. Total RNA (4 [1g) was resolved on a 6% denaturing
polyacrylamide gel and transferred to positively charged nylon membrane
(Roche). RNA was cross-linked to the membrane, and blots were hybridized
with DIG-labeled, locked nucleic acid (LNA)-modified antisense oligonu-
cleotide probe to 5.85 rRNA (5-CGAAGTGTCGATGATCAAT-3xDIG-3";
LNA in bold). Bound probes were detected with an alkaline phosphatase-
conjugated antibody to DIG (1:10,000 dilution) and CSPD chemiluminescence
(Roche Applied Science).

Protein blots. Protein concentration was determined using the Micro BCA
Protein Assay kit (Pierce). Lysates (10 pg) were separated by SDS-PAGE and
transferred to a nitrocellulose membrane. Protein blotting was performed
following standard protocols with mouse monoclonal antibody to EXOSC3
(Santa Cruz Biotechnology, sc-166568; 1:400 dilution) and with secondary
horseradish peroxidase-conjugated horse antibody to mouse IgG (Vector
Laboratories, PI-2000; 1:5,000 dilution). Blots were subsequently stripped
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and reprobed with chicken antibody to GAPDH (Millipore, ab2302; 1:1,000 ~ 43.

dilution) and secondary horseradish peroxidase-conjugated goat antibody
to chicken IgY (Abcam, ab97150; 1:5,000 dilution). Bound antibodies were
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Supplementary Note

Ascertainment of biallelic mutations in families 5 and 8 by long-range PCR

Since parental DNA was not available for these two families, we determined that the mutations
were in trans by long range sequencing. In Family 5, we amplified in the patient the genomic
sequence spanning exons 1 and 2 (Supplementary Table 2) with Phusion High-Fidelity DNA
Polymerase (NEB) and cloned the gel-extracted 1344 bp product into pCR-Blunt II-TOPO
(Invitrogen) for transformation of competent bacterial cells. The two mutations were found in
separate clones, as confirmed by direct sequencing of purified plasmids.

For Family 8, we PCR amplified the entire gene genomic DNA with Phusion High-Fidelity DNA
Polymerase (NEB) and primers hEXOSC3-ATGf and hEXOSC3-Rcr (Supplementary Table 2). The
gel extracted amplicon was cloned into pcDNA3.1/Zeo(+) (Invitrogen) with In-Fusion® HD
Cloning System (Clonetech) and transformed into competent bacterial cells. Plasmids from
multiple colonies were sequenced to ascertain that the two mutations resided in different
clones.
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Supplementary Table 1. Nerve conduction studies. Nerve conduction studies in the a. oldest
(18-year-old) and b. youngest (9-year-old) surviving patients in Family 1 showed motor
responses with severely reduced amplitudes but normal sensory responses. The velocities were
calculated based on onset latencies.

a. Nerve conduction study on the oldest
surviving patient in Family 1

Sensory Studies

Peak Latency Amplitude Velocity
Left Radial 1.2 msec 28.3 uv 58 m/s
Left Sural 2.0 msec 11.7 pv 50 m/s
Motor Studies

Distal Latency Amplitude Velocity
Left Ulnar 3.0 msec 1.0 mvV 47 m/s
Left Tibial 4.8 msec 0.3 mV 37 m/s

b. Nerve conduction study on the youngest
surviving patient in Family 1

Sensory Studies

| Peak Latency | Amplitude | Velocity
Left Median | 1.8 msec | 48.7 uv | 61m/s
Motor Studies

| Distal Latency | Amplitude | Velocity
Left Median | 3.1 msec | 1.5mv | 42 m/s
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Supplementary Table 3. Shared haplotypes spanning EXOSC3 in Families 1-3.
Affected individuals from Families 1-3 with homozygous D132A mutations share
approximately 1 cM of homozygosity with identical haplotypes around D132A
(chr9:37751044-38395492 hgl8 coordinates). This haplotype was not observed in
126 controls genotyped on the same platform. The findings are consistent with
source of the mutation being a remote common ancestor.

chr pos_b36 rsID c™M FAM1 FAM2 FAM3
37751044 rs1409145 62.0880 BB BB BB
37771455 [rs3827515 62.1171 BB BB BB
37772561 |rs7029518 62.1187 BB BB BB
37772708 [rs13294227 62.1189 AA AA AA
37772967 |rs10973542 62.1193 BB BB BB
37773990 62.1270 11 11 11
37779033 [rs10814621 62.1279 BB BB BB
37804051 [rs10814625 62.1636 BB BB BB
37831248 [rs10973580 62.2035 AA AA AA
37847067 |rs12000384 62.2267 BB BB BB
37848861 [rs16934508 62.2293 AA AA AA
37879753 [rs41436845 62.2749 AA AA AA
37882000 [rs16934574 62.2783 BB BB BB
37888768 |rs16934581 62.2885 BB BB BB
37891883 |rs4878724 62.2932 AA AA AA
37926503 |rs12002323 62.3456 AA AA AA
37947229 |rs7048063 62.3769 AA AA AA
37979893 |rs2243893 62.4270 AA AA AA
38014458 |rs2890783 62.4800 BB BB BB
38069516 [rs1999095 62.5736 AA AA AA
38080221 [rs4878183  62.5919 BB BB BB
38094144 |rs10973666 62.6150 BB BB BB
38109900 [rs7033592 62.6407 BB BB BB
38131337 [rs2890776 62.6757 AA AA AA
38132145 [rs1928239 62.6770 AA AA AA
38141190 |rs1001959 62.6918 BB BB BB
38141268 [rs10973683 62.6919 BB BB BB
38177709 [rs10973695 62.7516 AA AA AA
38178524 |rs7034598 62.7529 AA AA AA
38192630 [rs2585669 62.7760 BB BB BB
38193508 [rs2810740 62.7775 AA AA AA
38196362 [rs2053556  62.7822 BB BB BB
38283902 |rs341474 62.9442 AA AA AA
38299503 [rs1885491  62.9740 AA AA AA
38320114 [rs16935064 63.0096 BB BB --
38352713 |rs1022770 63.0659 BB BB BB
38364977 |rs2181139 63.0870 AA AA AA
38373549 |rs17451412 63.1025 BB BB -
38394292 12336048 63.1406 AA AA AA
38395492 |rs4878203 63.1428 BB BB BB
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Supplementary Table 4. In silico predictions of pathogenicity. Missense EXOSC3
mutations were assessed by various algorithms of phylogenetic conservation and
functional impact. PhastCons (PHylogenetic Analysis with Space/Time models;
evolutionary conservation) http://compgen.bscb.cornell.edu/phast/ spans
between 0 and 1, with 1 being the most highly conserved.

GERP (Genomic Evolutionary Rate Profiling)
http://mendel.stanford.edu/SidowLab/downloads/gerp/index.html is designated
between -11.6 to maximum conservation at 5.82.

Grantham scores, which categorize codon replacements into classes of increasing
chemical dissimilarity, are designated conservative (0-50), moderately conservative
(51-100), moderately radical (101-150), or radical (151).

PolyPhen (Polymorphism Phenotype) scores are designated probably damaging
(>2.00), possibly damaging (1.50-1.99), potentially damaging (1.25-1.49),
borderline (1.00-1.24), or benign (0.00-0.99).2

SIFT (Sorting Intolerant from Tolerant; http://sift.jcvi.org/ ) scores are designated
damaging (<0.05) or not.

Mutation PhastCons GERP Grantham  PolyPhen SIFT
G31A 1 5.27 60 1.35 (potentially damaging)  0.01 (damaging)
D132A 1 5.34 126 2.493 (probably damaging)  0.02 (damaging)
A139P 1 5.34 27 1.985 (possibly damaging) 0 (damaging)
W238R 1 5.66 101 4.142 (probably damaging) O (damaging)
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Supplementary Table 5. Survival assays in zebrafish embryos. Survival assays were
performed in antisense exosc3-specific splice morpholino-injected zebrafish
embryos that were co-injected with in vitro transcribed wildtype or mutant exosc3
mRNA, with GFP as control. Embryos were scored as normal or abnormal (mildly
abnormal, severely abnormal, and dead), as stratified in Supplementary Figure 4
for embryos 1 dpf. For embryos 2 or 3 dpf (shown in Figure 3), those with straight
spine of normal length and normal brain were scored as “normal”; those with
curved spine and small brain but still mobile were scored as “mildly abnormal”; and
those that were severely malformed without movement were scored as “severely
abnormal”.

mildly severely
dpf normal abnormal abnormal dead
SPL MO + zZWT mRNA 1 248 5 3 33
2 240 9 1 39
3 206 39 5 39
SPL MO + zDA mRNA 1 56 37 25 33
2 50 32 32 37
3 35 38 21 57
SPL MO +zGA mRNA 1 69 110 27 27
2 65 48 84 36
3 32 57 72 72
SPL MO + zZWR mRNA 1 68 50 45 39
2 73 30 46 53
3 44 45 37 76
SPL MO + hWT mRNA 1 129 24 27 29
2 112 35 17 45
3 94 31 18 66
SPL MO + hDA mRNA 1 14 12 29 20
2 18 6 22 29
3 11 6 11 47
SPL MO + hGA mRNA 1 38 43 53 40
2 36 23 65 50
3 23 20 37 94
SPL MO + hWR mRNA 1 12 32 49 56
2 11 22 56 60
3 7 13 30 99
SPL MO + GFP mRNA 1 13 55 3 27
2 6 55 5 32
3 6 47 6 39
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Supplementary Figure 1. Genome-wide SNP Genotyping & Linkage Analysis. a.
Pedigree of Family 1 with four affected siblings, three unaffected siblings, and their
parents. Genotyping on Affymetrix 250K Nspl mapping array was performed on
DNA from the four affected siblings, three unaffected siblings, and their parents.
Copy number analysis was used to look for large deletions or duplications shared
by the affected individuals; none were found. Pedigree-free IBD mapping was
performed to search for intervals that were compatible with a common extended
haplotype among all the affected individuals, and not shared by unaffected family
members. b. For the most general compound recessive model with exclusion of the
unaffecteds, we searched for identical inheritance blocks to find an aggregate of 15
Mb candidate region in 4 loci on three chromosomes 1) where all four affecteds
inherited the same allele from the mother and the father and 2) that these
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inheritance blocks were shared by the affected but not by unaffected siblings. c.
The most limited recessive model under this analysis, requiring a single founder
allele and exclusion of unaffected, identified 15 blocks >0.5 cM that were identical
and homozygous in all four affected and not identical in any affected and
unaffected. These loci fit the model of an old founder ~10-20 generations back,
with no recent inbreeding. This analysis excluded the possibility of an X-linked
disorder.
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Supplementary Figure 2. Aberrant splicing from the intronic mutation c.475-
12A>G. a. Diagrammatic representation of the four exons and the location of the
intronic mutation (represented by the star in red). b. RT-PCR products run on a 12%
polyacrylamide gel. Transcript-specific RT-PCR yielded two products from the cells
transfected with the wild type construct: a major product Il (88% by densitometry),
which was of the same size as the PCR product from a full-length EXOSC3 cDNA
clone (control), and a minor band of smaller size Ill (12% by densitometry). Sanger
sequencing confirmed normal splicing of intron 2 (lI-Normal) and skipping of exon
3 (lI-Skipping of Exon 3) and shifting the open reading frame. Transcript-specific
RT-PCR yielded three products from cells transfected with the mutant clone
harboring the intronic variant. The major band (lll) was missing exon 3 (85% by
densitometry), as confirmed by sequencing. There were two minor bands of larger
sizes. The lower band (Il) was of the same size as the control (6% by densitometry)
and confirmed by sequencing. The upper band (I) was the product of aberrant
splicing using the newly introduced splice acceptor site (9% by densitometry), with
the incorporation of 11 additional nucleotides upstream from the normal splice site
to shift the open reading frame, as demonstrated by sequencing (I-Aberrant).
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Supplementary Figure 3. rRNA processing. a. Northern blots demonstrating no
marked accumulation of unprocessed 5.8S rRNA (*7S, as seen in siRNA-treated
Hela cells) in a patient or his parent compared to an unaffected control. 4ug RNA
extracted from patient-derived fibroblasts or HeLa was loaded to each lane on 6%
denaturing PAGE and detected with DIG-labeled probe for 5.85 rRNA. m/m-
homozygous for mutant D132A; +/m-heterozygous for D132A; +/+-normal control
homozygous wildtype; siRNA- Hela cells treated with EXOSC3-specific siRNA;
untreated- Hela cells not exposed to siRNA. b. Western blot demonstrating
diminished EXOSC3 in Hela cells treated with EXOSC3-specific siRNA. 10ug protein
extracted from cells treated or untreated with siRNA probed first with EXOSC3-
specific antibodies (Santa Cruz Biotechnology), stripped, then probed with GAPDH-
specific antibodies (Millipore).
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Supplementary Figure 4. Exosc3 expression in zebrafish embryos by whole-mount
in situ hybridization. a. Control morpholino-injected zebrafish embryos 1 dpf
probed with Exosc3-specific antisense riboprobes demonstrating diffuse expression
with especially strong signal intensity in the brain and eyes, in lateral and dorsal
views under different magnifications. b. There is a progressive decrease in the
expression of exosc3 in zebrafish embryos 1 dpf compared to those at 2 dpf and 3
dpf. The yolk sacs were partially removed to not obscure the visualization of the
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embryos. ¢. Zebrafish embryos 1 dpf injected with antisense morpholinos targeting
the splice site of exosc3 (SPL) led to a marked but variable decrease in the
expression of exosc3 compared to those injected with control morpholinos (CTL).
There was higher expression of exosc3 in the embryo on the far right compared to
the other two SPL-injected embryos. d. Light microscopic examination in dorsal
view of unstained live chorion-enveloped zebrafish embryos 1 dpf revealed
variable phenotypes. Embryos with smaller brain and eyes are scored as mildly
abnormal. Those embryos with very small brain and malformed eyes as well as a
very small hindbrain and thin spinal cord are scored as severely abnormal.
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General conclusions

Eric Lander, first author of the 2001 paper that presented the initial sequencing of the
human genome (1), more recently noted that “[t]he human genome has had a certain tendency
to incite passion and excess” (2). The work presented here justifies a certain passion for
unlocking the secrets of genetic diseases and suggests caution against excessive expectations.
At the outset we sought to employ a new and powerful technology to understand the molecular
basis of severe congenital disorders of the intestine and brain. In this endeavor we had success:
we pinpointed many unsuspected mutations interfering with intestinal absorption in genes
that already were known to medicine; we identified the probable, and possibly predominant,
genetic cause of sporadic congenital intestinal motility disorders; and we discovered a
surprising link between RNA processing and cerebellar and spinal motor neuron survival. In a
few instances, this knowledge can immediately translate into improved disease management;
in all, it can bring closure to patients and families, provide guidance for pregnancy planning,
and can open doors for further basic research on the underlying mechanisms and pathways
and for the development of new treatments.

During the course of this project the field of high throughput sequencing matured
rapidly. Cost per base plummeted and read lengths and read quality improved as a result of
technical improvements in sequencing platforms (3). Software developers have produced tools
for read quality assessment (4-12), mapping and alignment of short reads (13-24), genotyping
and variant identification(25-42), and variant annotation(43-103). The 1000 Genomes project
and NHLBI released exome sequencing results for data from thousands of individuals (104,
105). Nonetheless, many challenges remain for the discovery of rare variants that cause
Mendelian diseases. Foremost among these is the difficulty of obtaining sufficient numbers of
samples from consented and well phenotyped individuals. Power to detect a single casual gene

for a Mendelian disorder rises dramatically when two unrelated samples are sequenced. Multi-
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center projects such as a proposed study of intestinal failure can address this problem. Another
practical concern is storing the large and growing amount of aligned data; hardware,
maintenance, and physical infrastructure are costly, and benefit less from economies of scale
and innovation than has the generation of sequencing data.

Existing tools reliably detect single nucleotide variants with acceptable false positive
rates. The detection of small indels is somewhat less reliable, but software tools such as the
GATK Haplotype Caller are improving in both sensitivity and specificity. A number of tools
attempt to call larger scale duplications and deletions from exome data (106-114), but there is
little consistency among them in our experience. Exon capture variability may prove to
introduce too much noise for this technique to become reliable. Complex rearrangements can
be identified with paired end reads of whole genome data (115-131), but most such events
cannot be detected with exome sequencing.

As this research progressed, we became aware of a number of limitations and pitfalls.
Most importantly, at the outset we underestimated the likelihood that the diseases we studied
might be due to sporadic de novo mutations. The prevailing medical genetics literature has
doubtless underestimated the contribution of de novo mutations to disease burden because of
the difficulty of identifying such mutations in the absence of a priori reasons to investigate a
particular genomic region. Most discoveries had been made in extended families showing
autosomal dominant or recessive, X-linked, or mitochondrial inheritance patterns. Indeed, in
the congenital diarrhea disorders (CDDs) pilot study, all of the mutations we identified have a
recessive effect on phenotype. But this was unsurprising precisely because we looked for
mutations in genes reported in the literature, which typically had been found by a family
linkage methodology. Our identification of de novo dominant acting mutations in half of the
chronic intestinal pseudo-obstruction (CIPO) cohort highlighted the possible importance of

sporadic mutations more generally in families with no prior history of disease. And in the CIPO
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cases, publication of a milder autosomal dominant familial form of CIPO helped us weed out
several other candidate genes in which members of the CIPO cohort shared mutations.

The estimated baseline rate of germline mutation in the human genome is currently
believed to be 1.18 x 10-8 per nucleotide or 74 de novo mutations per generation of which
~1.19 mutations per generation affect the coding region and ~78% of these (~0.9 mutations)
are predicted to alter the protein sequence (132-137). The rate is highly variable within and
between families (138), and increases with paternal age (139). Although there may only be a
few true potentially damaging de novo variants in each exome, there will be many seeming
possibilities in the exome sequencing results of a single individual because of the large number
of inherited heterozygous variants, which can be filtered out by sequencing trios (both parents
and affected child) and excluding any variants that are seen in either parent. False positives
are a more intractable problem. These can be due to false positive variant calls in the proband
or by false negative variant calls in the parents causing the variant in the proband falsely seem
to be de novo. We sequenced only a few trios in the CDD (n=8) and CIPO (n=4) studies.
Coincidentally none of the CIPO trios had ACTGZ mutations. Moreover, even with filtering it can
be difficult to screen out false positives without loosing sensitivity. For example, using our
standard filters for allele frequency, annotation, and segregation filters, we observed a mean of
39 putative variants per proband across all trios, but with stricter mapping quality
(QUAL>=500) and allele balance (40-60%) filters, as might be used for clinical sequencing, the
mean number of de novos mutation calls was just two. Although this approximates the ‘true’
number of de novo germline variants, if we had applied strict filtering to the CIPO cohort, we
would not have found the ACTG2 mutations in three of the cases. Further work may be needed
to find the right balance between sensitivity and specificity in variant detection, and the
balance may be different in a clinical context where avoiding false positives is critical, versus a

research context where sensitivity to novel findings may take precedence.
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We also failed to find with exome sequencing an ACTG2 mutation in one of the cases
that we later confirmed by Sanger sequencing. This may have been due to the relatively poor
coverage of this sample (mean=76X, 86%>=20X), illustrating that variability of coverage is
another pitfall of whole-exome sequencing. Moreover, we used two different modules from the
Genome Analysis Toolkit (GATK) for genotyping, Unified Genotyper and Haplotype Caller. The
latter is now recommended by the GATK’s developers for projects such as the present work;
unlike the Unified Genotyper, the Haplotype Caller performs a local de novo assembly to
resolve misaligned reads and is said to be more accurate and more sensitive to indels. In our
experience, the Haplotype caller succeeds in calling more and longer indels. Nonetheless, with
respect to the de novo mutations in the CIPO cases, both methods found five of the variants, but
only the Unified Genotyper selected two others, yet Sanger sequencing confirmed all of these.

Even more challenging than the technical issues, is the process of determining whether
novel mutations, especially missense or splice regulatory region mutations, are truly harmful.
One report found that human genomes contain over 1000 apparently loss-of-function variants,
of which ~100 (~20 homozygous) were deemed genuine after strict filtering for false
positives; many genes appeared to be tolerant of mutations that would be predicted to be
severely damaging (140). Much work remains to be done to algorithmically predict which
variants are genuinely damaging and likely to be responsible for disease. Ideally, one would
want to demonstrate that a variant causes the expected phenotype in vivo, but this can be
costly and time consuming. For example, we were able to confirm the effect of the EXOSC3
mutation by experiments in a model organism. In this case, with four affected siblings, whole-
exome sequencing produced only one candidate that needed to be confirmed. More typically,
we find a number of mutations that are predicted to be damaging and the effort involved in
narrowing down the candidates may be daunting. Many researchers are now attempting to

develop improved bioinformatic methods for predicting whether a given variant is likely to
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cause harm to the organism. We expect some improvements in this area, but it is unlikely to
become a panacea.

Finding the same mutation, or other damaging mutations in the same gene, as we did
with CIPO, is quite powerful. The difficulty, however, is that the class of disorders we study are
quite rare, limiting the number of cases available for study. One estimate suggests that exome
sequencing of two to five unrelated subjects is necessary for adequate power to identify rare
dominant-acting variants in casual genes (141). Furthermore, despite sharing common
syndromes, the diseases are genetically and phenotypically heterogeneous. A large multi-
center program to sequence and rigorously phenotype many subjects, such as one we have
proposed elsewhere for intestinal failure, is a promising approach.

It also will be necessary to develop high-throughput screening methods for each class
of disease. We are currently developing methods to model the intestine in cell cultures derived
from embryonic stem cells, induced pluripotent stem cells reprogrammed from patient
fibroblasts, and intestinal progenitor stem cells from patient biopsy tissue. We are developing
methods for overexpression of mutant and wild-type alleles in these systems, and evaluating
the resulting phenotypes. In the near future, methods for specifically editing the genome, such
as TALENs or CRISPR/Cas systems (142) will permit more precise recapitulation of the disease
state and the development of methods to repair patient-derived organoids looking towards
future therapeutic modalities. High throughput assays with model organisms could be a
powerful method for quickly and inexpensively screening candidate mutations. For example,
libraries of gene knockdown morpholinos for use with zebrafish, or siRNA for use with C.
elegans, can be used to run many experiments in parallel. Still, mapping human diseases onto
other organisms is not straightforward, and a major screening program will involve much

effort and expense.
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Specific conclusions

Our VAX method, which uses of local installation of the Ensembl databases and Perl
API, provides a robust and flexible framework for annotating DNA sequencing variants from
many different data sources using Variant Effect Predictor plugin modules. We have outlined
the design and usage of VEP plugins for a number of widely used databases. In addition,
modules may be easily designed for incorporating annotations from any external dataset that
is kept in a flat file or relational database, such as the Zebrafish Model Organism database
(143), and the Rat Genome database (144). We have used the VAX system for the discovery of
the causes of rare Mendelian diseases and genes involved in psychiatric disorders. (145-147).
VAX is used routinely for CLIA/CAP-accredited whole exome sequencing by the UCLA Clinical
Genomics Center, which has processed more than 1000 exomes to date (148).

The CDD pilot project successfully identified a probable molecular explanation for the
disorder in a majority of cases, thus suggesting the value of this approach for diagnosis of CDDs
in a clinical setting. The case of the child with a PCSK1 mutation, illustrates how timely use of
whole-exome sequencing could reduce medical costs and patient misery. However, our study
also demonstrates that much remains unknown about the genetic etiology of CDDs, as 40% of
the probands we sequenced did not yield a clear molecular finding, although many interesting
and novel candidate genes have been identified. There are several factors contributing to this
“genetic dark matter”. Most importantly, the cellular pathways involved in the development
and function of the intestine are not fully understood and many genes are yet to be identified
that contribute to the risk of CDDs. The present study generated a number of candidate genes
that are now the subject of active research. As discussed above, de novo mutations, which the
study was not well powered to identify, may account for some of the unsolved cases. A third
source of genetic dark matter is the 98% of the human genome that is not in the exome, which

includes promoters, enhancers, short RNAs, and other regulatory elements. Identifying and
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characterizing these features is an active area of research, but at this time the size of the
genome to be sequenced and the lack of data on these features limits our ability to determine
how they affect phenotypes.

Finding that familial visceral myopathy in one family and a subset of CIPO cases appear
to have a common genetic cause resolves a longstanding mystery. Our finding at this point is
preliminary and it will be necessary in future work to demonstrate at the cellular or organism
level that each mutation causes a disordered phenotype. Beyond that, much remains to be
discovered about the actual molecular mechanism that causes a point mutation in one form of
actin to have a dominant effect. It could involve disruption of actin filament polymerizability or
stability, altered or blocked interactions with actin regulatory proteins, changes to
actin/myosin interactions, or weakening of actin filament structure (149).

Finally, the finding that the RNA exosome seems to play a unique role in the survival of
cerebellar and spinal motor neurons ties in with work on understanding how RNA regulation is

involved in motor and cerebellar degeneration.
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