1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Clin Genet. Author manuscript; available in PMC 2016 June 01.

-, HHS Public Access
«

Published in final edited form as:
Clin Genet. 2015 June ; 87(6): 570-575. doi:10.1111/cge.12425.

Determination of the Allelic Frequency in Smith-Lemli-Opitz
Syndrome by Analysis of Massively Parallel Sequencing Data
Sets

Joanna L. Cross™1, James Iben™!, Claire Simpson?2, Audrey Thurm3, Susan Swedo3, Elaine
Tierney#4, Joan Bailey-Wilson?, Leslie G. Biesecker®, Forbes D. Porterl, and Christopher A.
Wassifl

1Program in Developmental Endocrinology and Genetics, Eunice Kennedy Shriver National
Institute of Child Health and Human Development, National Institutes of Health, Department of
Health and Human Services, Bethesda, MD 20892, USA

2Statistical Genetics Section, National Human Genome Research Institute, National Institutes of
Health, Department of Health and Human Services, Bethesda, MD 20892, USA

SPediatrics & Developmental Neuroscience Branch, National Institute of Mental Health, National
Institutes of Health, Department of Health and Human Services, Bethesda, MD 20892, USA

4Department of Psychiatry, Kennedy Krieger Institute, Baltimore, MD, USA

SHuman Development Section, National Human Genome Research Institute, National Institutes of
Health, Department of Health and Human Services, Bethesda, MD 20892, USA

Abstract

Data from massively parallel sequencing or “Next Generation Sequencing” of the human exome
has reached a critical mass in both public and private databases, in that these collections now
allow researchers to critically evaluate population genetics in a manner that was not feasible a
decade ago. The ability to determine pathogenic allele frequencies by evaluation of the full coding
sequences and not merely a single SNP or series of SNPs will lead to more accurate estimations of
incidence. For demonstrative purposes we analyzed the causative gene for the disorder Smith-
Lemli-Opitz Syndrome (SLOS), the 7-dehydrocholesterol reductase (DHCR7) gene and
determined both the carrier frequency for DHCR7 mutations, and predicted an expected incidence
of the disorder. Estimations of the incidence of SLOS have ranged widely from 1:10,000 to
1:70,000 while the carrier frequency has been reported as high as 1 in 30. Using four exome data
sets with a total of 17,836 chromosomes, we ascertained a carrier frequency of pathogenic DHRC7
mutations of 1.01%, and predict a SLOS disease incidence of 1/39,215 conceptions. This approach
highlights yet another valuable aspect of the exome sequencing databases, to inform clinical and
health policy decisions related to genetic counseling, prenatal testing and newborn screening.
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Introduction

Mutations in the 7-dehydrocholesterol reductase gene (DHCR?) cause the autosomal
recessive disorder, Smith-Lemli-Opitz Syndrome (SLOS), a multiple malformation/
cognitive impairment syndrome. Perturbations of DHCR?7 function result in the
accumulation of 7-dehydrocholesterol (7DHC) and reduction in cholesterol levels. This
alteration of sterol composition results in a plethora of congenital malformations
accompanied by various degrees of cognitive and behavioral impairments. The incidence of
SLOS has been reported between 1:10,000 to 1:70,000 depending on the population being
studied (1), while the carrier frequency has been reported as high as 1 in 30 (2). Efforts to
determine the allelic frequency of mutations has been limited to a few common mutations
but are inadequate for predicting overall carrier frequencies or predicting the rate of SLOS
pregnancies given the large number of pathogenic mutations found in DHCRY. To date 164
mutations have been reported (3-8). Although SLOS has been thought of predominantly as a
disorder of Northern European decent (9), there have been reported cases in nearly all
ethnicities. Even within Europe there are frequency differences and gradients for individual
mutations. For example, the most common mutant allele, ¢.964-1G>C, likely originated in
the British Isles but has a decreasing prevalence moving eastward across Northern Europe
(9). ¢.964-1G>C accounts for approximately one third of all mutant alleles reported, with a
reported carrier frequency of approximately 1% in North American populations (1).
Reported estimations of the clinical incidence of SLOS may be erroneous due to lack of
ascertainment at both ends of the clinical spectrum. Many severely affected patients are
likely lost in utero (10), while mildly affected patients with minimal malformations may fail
to prompt biochemical testing and are therefore potentially missed. Due to this potentially
biased ascertainment, it is difficult to discern both the full prevalence of the disorder or the
allelic frequency. In this report we sought to determine the full allelic frequency of SLOS
utilizing exome sequencing.

Materials and Methods

Generation of the variant call data presented in this report used the following analysis.
Variant calls from the V3 release of the 1000 Genomes Project (11) were pulled for regions
overlapping a defined gene, in this case DHCR?, by Perl script. Each individual call of the
1092 samples was evaluated for each allele (2184 calls) at every base of the coding exons or
occurring within 5 base pairs of an exon. This was done for all the data sets, with the
exception of the ClinSeq® data that was evaluated within 2 base pairs of an exon. Variant
calls were tabulated by defined ethnicity of the sample, allowing for mutation frequencies to
be calculated for both the overall set and for individual ethnic groups at each mutant
position. Mutations were annotated using SNPnexus (12) using Refseq (13) annotations and
Polyphen-2 severity of effect predictions (14), variations detected within 5 bases of intron
exon boundaries were analyzed by MaxEntScan (15) Annotated synonymous and UTR
mutations were dropped prior to calculating an overall mutation rate for the gene.
Separately, data was compiled from ClinSeq® (16), NHLBI GO Exome Sequencing Project
(ESP) (17), and a NIH inter-institute collaboration on autism for the gene of interest using a
similar scripted pipeline.

Clin Genet. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cross et al.

Results

Page 3

Classification of the variant as pathogenic or nonpathogenic was accomplished by
comparing the variants found in the data sets against all published mutations in literature as
well as performing a gene search of the Human Gene Mutation Database (HGMD®) (8). For
variants that had not been previously associated with SLOS, we classified those determined
by Polyphen-2 as “Probably Damaging”, or “Possibly Damaging” as pathogenic. The splice
variant, ¢.99(-4)G>A, was tested by isolation of mMRNA from a heterozygous cell line.
Reverse transcription PCR using SuperScript 111® (Life Technologies) and Sanger
sequencing were performed.

ESP contributed a maximum allele number of 12,988, 1000 genome contributed 2,184
alleles, ClinSeq® contributed 1,902 alleles and the NIH inter-institute collaboration on
Autism project contributed 762 alleles. This totaled to a maximum of 17,836 alleles that we
analyzed. None of these datasets included any patients ascertained for the presence of SLOS,
so we considered them to be unbiased with respect to variation in the DHCR7 gene.

Comparison of the human reference sequence to exome sequencing data available from the
four databases revealed 515 nonsynonymous sequence variants, in DHCRY7 from 17,836
chromosomes, indicating an overall incidence of variation of 2.89% (515 variant alleles/
17,836 total alleles). Further analysis of the 515 variants found 74 distinct changes; 71
coding single nucleotide base variants, 2 splice mutations, and 1 insertion. The majority of
these changes were unique in the data set (43 of the 74 variants), whereas 9 variants were
noted 10 or more times and accounted for 408 of the total 515 variants detected (79%)
(Table 1). In order to determine the rate of pathogenic alleles we conducted a literature
search and queried HGMD® and found 25 of 74 distinct variants published in individuals
diagnosed with SLOS. This included 23 coding single nucleotide base variants and 2 splice
mutations. We further performed in silico analysis on all the coding single nucleotide base
variants using Polyphen-2, which provided a predictive assignment of “benign”, “possibly
damaging”, or “probably damaging”. Of the 23 coding single nucleotide base variants
identified previously in SLOS, Polyphen-2 classified 18 as probably damaging, 4 as possibly
damaging, and 1 as benign. Of the remaining 48 coding single nucleotide base variants
Polyphen-2 predicted 17 as probably damaging, 7 as possibly damaging, and 24 as benign.
For this study we classified variants that have not been previously associated with SLOS as
pathogenic if they had Polyphen-2 prediction of “Probably Damaging”, or “Possibly
Damaging”.

The 2 splice variants identified in this study were ¢.964-1G>C and ¢.99-4G>A. The c.
964-1G>C mutation is the most common mutation found in SLOS patients and has
previously been shown to have a carrier frequency of approximately 1% (2). Restricting
analysis of 1000 Genome Project data to 988 alleles from Northern European populations
(CEU, CLM, FIN, GBR, IBS, TSI, PUR) we found an incidence of 0.81% consistent with
published results (Table 2). The second splice variant, c.99-4G>A, presented with a
combined frequency of 0.17%. Although this variant has recently been published as a
causative mutation in SLOS (3), the relatively high carrier frequency combined with only
being reported once led us to hypothesize that it is non-pathogenic. In silico analysis with
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MaxEntScan predicted this change to be neutral. To verify the nonpathological nature of this
variant, mRNA from a cell line heterozygous for this polymorphism, was reverse transcribed
and sequenced. No evidence of alternative splicing was detected and sequencing identified
two distinct normal alleles (data not shown). We conclude that this variant is benign. In
addition, we identified one 5-nucleotide insertion, ¢.849 856CTTCT, that predicts a
frameshift, p.F284S*10, and early termination that we consider pathogenic.

Combining published pathogenic alleles, with the alleles identified by Polyphen-2 as
possibly damaging, probably damaging, and the one likely pathogenic insertion resulted in a
total of 191 pathogenic alleles. Thus, these data predict a carrier frequency for pathogenic
DHRC7 mutations of 1.07%. Polyphen-2 provided a false discovery rate (FDR) for each of
the 71 coding single nucleotide base variants. The average FDR was 12% for all 3
categories, where as the average FDR of the combined probably damaging, or possibly
damaging was 5%. Taking into account the FDR of the probably damaging, or possibly
damaging variants we are left with 181 pathogenic alleles, and a carrier frequency for
pathogenic DHRC7 mutations of 1.01% (181 variant alleles/17,836 total alleles). Based on
these carrier frequencies we are able to predict a SLOS disease incidence 0f1/34,937 to
1/39,215 conceptions, respectively. This estimate is in good concordance, especially when
one takes into account in utero demise, with the estimated incidence of 1/40,000 reported by
Lowry and Yong, and Nowaczyk et al. (18, 19) and an incidence of 1/50,000 based on the
biochemical diagnosis of approximately 40 cases of SLOS per year in the US between 1995
and 1998 (20).

Discussion

While this data set is extremely powerful, it is not without limitations. We detected the most
common mutation reported in SLOS, ¢.964-1G>C, as well as many of the other common
mutations. However, of the 164 known mutations we only detected 25, or 15.2% of the
known pathogenic alleles in SLOS. A number of factors could influence both the accuracy
of our allelic prediction and the number of variants detected. First and foremost are the
quality of the sequencing and the depth of coverage. Exome capture is still not perfect and
routinely fails to capture the whole exome, as noted in our supplemental tables we did not
have sequence at every variant detected for all 17,836 chromosomes. Numerous alignment
and calling algorithms exist that can impact the number of variants called per sample. The
depth of coverage is important to consider as the 1000 genomes project is sequencing to an
average depth of 4x. As such the project predicts they will only detect a minor variant allele
that occurs at a frequency of 1%. Many exome sequencing projects, including the 3 other
data sets presented here, are sequencing to a greater depth of coverage, which should permit
increased detection of rare variants. Second, is our interpretation of these data. We utilized
the in silico predictions of Polyphen to predict deleterious mutations, while in good
agreement with the published pathogenic alleles there was one variant, c.400G>T, p. V134L
that Polyphen predicted as benign, but has been reported as deleterious in an SLOS patient
(3). However, no functional analysis has been performed on this mutation, and it is possible
that it is a benign variant. Conversely it is possible that the overall incidence maybe slightly
higher due to our exclusion of coding single nucleotide base variants deemed by polyphen-2
to be “Benign” if subsequent studies find them to be causative.
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Greater ethnicity data in association with the exome data sets will enhance the ability to
accurately assess frequencies of rare variants within any population. This was most evident
in our study of the common ¢.964-1G>C mutation in these data sets. When we were able to
directly identify individuals of northern European decent we found a rate similar to
published literature. The lack of ethnicity data by no means diminishes the power of these
data sets; the inclusion of ethnicity would simply increase the versatility of the data to
perform greater population genetic analysis. As the cost of exome sequencing continues to
decrease these data sets are likely to continue growing, becoming even more powerful
resources.

This study predicts the carrier frequency of DHCR7 mutations based on 17,836 DHCR7
alleles. This approach has general utility for rare diseases in that an accurate estimate of
carrier frequency can be used for prediction of disease incidence, allow determination of
more accurate genetic risk assessments, and guide public health decisions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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