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Cerebrotendinous Xanthomatosis (CTX) is a treatable inborn error of metabolism caused by recessive variants in
CYP27A1. Clinical presentation varies, but typically includes infant-onset chronic diarrhea, juvenile-onset bilater-
al cataracts, and later-onset tendinous xanthomas and progressive neurological dysfunction. CYP27A1 plays an
essential role in side-chain oxidation of cholesterol necessary for the synthesis of the bile acid, chenodeoxycholic
acid, and perturbations in this gene that reduce enzymeactivity result in elevations of cholestanol. It is commonly
held that CTX is exceedingly rare, but epidemiological studies are lacking. In order to provide an accurate inci-
dence estimate of CTX,we studied the ExAC cohort of ~60,000 unrelated adults from global populations to deter-
mine the allele frequency of the 57 variants in CYP27A1 reported pathogenic for CTX. In addition, we conducted
bioinformatics analyses on these CTX-causing variants and determined a bioinformatics profile to predict vari-
ants that may be pathogenic but have not yet been reported in the CTX patient literature. An additional 29 var-
iants were identified that met bioinformatics criteria for being potentially pathogenic. Incidence was estimated
based allele frequencies of pathogenic CTX variants plus those determined to be potentially pathogenic. One var-
iant, p.P384L, previously reported in threeunrelated CTX families had an allele frequency ≥ 1% in European, Latino
and Asian populations. Three additionalmutations had a frequency of ≥0.1% in Asian populations. CTX disease in-
cidencewas calculated excluding the high frequency p.P384L and separately using a genetic paradigmwhere this
high frequency variant only causes classic CTX when paired in transwith a null variant. These calculations place
CTX incidence ranging from1:134,970 to 1:461,358 in Europeans, 1:263,222 to 1:468,624 in Africans, 1:71,677 to
1:148,914 in Americans, 1:64,267 to 1:64,712 in East Asians and 1:36,072 to 1:75,601 in South Asians. This work
indicates CTX is under-diagnosed and improved patient screening is needed as early intervention prevents dis-
ease progression.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Cerebrotendinous Xanthomatosis (CTX, OMIM 213700) is an inborn
error of bile acid synthesis caused by recessive mutations in CYP27A1
encoding sterol-27-hydroxylase. The classic clinical presentation in-
cludes infantile-onset chronic diarrhea, juvenile-onset bilateral cata-
racts, with later development of tendinous xanthomas and progressive
neurological dysfunction including variably spasticity, ataxia, cognitive
dysfunction and dementia. However, clinical manifestations can vary
significantly even within families. CYP27A1 plays an essential role in
normal cholesterol metabolism and perturbations in this gene result
TX 77030, USA.
in elevations of cholestanol in tissue and plasma, as well as build-up of
toxic bile acid intermediates. Treatment is available for this inborn
error of metabolism (IEM) which, if started early in life, can prevent
the major clinical problems associated with this disease, reviewed in
[1]. Thus, the identification of all patients at a young age significantly
benefits patients and families.

It is commonly held that CTX is exceedingly rare andwhile definitive
diagnosis can be made with available diagnostic testing of plasma ste-
rols, most often patients who fall into the differential for CTX are not
tested for CTX. Given this background and the paucity of epidemiologi-
cal studies of CTX, we hypothesized that CTX may be under-diagnosed.
We sought to provide an accurate disease incidence based on the ExAC
cohort, a large cohort of over 60,000 unrelated adultswho do not have a
diagnosis of CTX and were not ascertained for studies of CTX.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymgme.2015.10.010&domain=pdf
http://dx.doi.org/10.1016/j.ymgme.2015.10.010
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We assessed the previously reported CTX-causing variants
bioinformatically. The results of analyzing these known pathogenic var-
iantswere then utilized to generate an empirically determined bioinfor-
matic framework for prediction of pathogenicity of other CYP27A1
variants. Few patients with CTX have been reported in the literature
and it is most likely that there are pathogenic mutations segregating
in the population that have not yet been described. We identified
these additional ‘potentially pathogenic’ variants by conducting amulti-
plex bioinformatic analysis on the variants in the ExAC cohort. The
resulting list of pathogenic and ‘potentially pathogenic’ variants was
used to calculate CTX disease incidence. Results show this disease is
under-diagnosed and raises questions of variable penetrance and possi-
ble modified genetic paradigms for CTX as observed in other IEMs such
as phenylketonuria (OMIM 261600) and biotinidase deficiency (OMIM
253260) [2-4].

2. Methods

2.1. Databases and genetic variants

Searches of medical literature and publicly available databases were
conducted to identify variants reported as causing CTX. PubMed http://
www.ncbi.nlm.nih.gov/pubmed, ClinVar http://www.ncbi.nlm.nih.gov/
clinvar and Online Inheritance in Man (OMIM) http://www.omim.org
were queried February 2015.

The Exome Aggregation Consortium (ExAC) Cohort was used to ob-
tain allele frequencies of CYP27A1 variants in found in subjects with CTX
aswell as a source of potentially pathogenic variants segregating in pop-
ulations that may be predicted damaging to CYP27A1 function (Exome
Aggregation Consortium Cohort, Cambridge, MA, http://exac.
broadinstitute.org, accessed February, 2015).

Nomenclature for all variants follows HGVS standards and is report-
ed in reference to CYP27A1 NM_000784.3 and NP_000775.1. All genetic
alleles studied that were not previously found in ClinVar have been sub-
mitted to ClinVar http://www.ncbi.nlm.nih.gov/clinvar/.

2.2. Bioinformatic analysis of variant potential pathogenicity

All CTX-causing missense variants were assessed for potential to
perturb protein function using CADD 1.0 [5], SIFT [6], PolyPhen2 HDIV
[7], Genomic Evolutionary Rate Profiling (GERP++) [8], and PhyloP
using custom perl scripts as previously described [9]. Any value residing
outside 1.5 times the inter-quartile range was labeled an outlier and re-
moved for calculation of reported mean, standard deviation, boxplots
and violin plots. SIFT is based on the assumption that amino acids in a
protein sequence that are highly conserved throughout evolution are
more functionally impactful and that substitutions in these positions
may affect protein function. Using a sequence alignment based ap-
proach, SIFT predicts and ranks the effects of all possible substitutions
at each position in a protein sequence. PolyPhen-2 predicts the func-
tional significance of an allele change from its individual features by
Naïve Bayes classifier trained using supervised machine-learning.
PolyPhen-2 HDIV is trained on all damaging alleles with known effects
on the molecular function causing human Mendelian diseases, present
in the UniProtKB database, together with differences between human
proteins and their closely related mammalian homologs, assumed to
be non-damaging. GERP++ detects evolutionary constraint while
PhyloP considers both conservation and acceleration in the evolutionary
rate of substitutions. The phyloP score reported here results from anal-
ysis of an alignment of 46 different species. The GERP++ score report-
ed here is based on the alignment of 35 mammalian species.

2.3. Incidence estimation

The disease incidence estimates are based on carrier frequencies of
variants reported to cause CTX. The first step in incidence estimation
was the identification of genetic variants reported as causing CTX. We
queried the mutation databases HGMD and ClinVar, as of December
22, 2014. Searches of medical literature identified additional variants
pertaining to CTX. All variants were mapped to HG19 and CYP27A1
NM_000784.3 and NP_000775.1. Any mutations not currently present
in ClinVar were deposited into ClinVar. To determine carrier allele fre-
quencies we queried a large adult cohort that did not include anyone
known to have CTX (Exome Aggregation Consortium (ExAC), Cam-
bridge, MA, http://exac.broadinstitute.org, accessed December, 2014).
The total carrier frequency was calculated as the number of individuals
carrying a CTX-pathogenic mutation divided by the total number of in-
dividuals ascertained.

Disease incidence was calculated based on the total carrier frequen-
cy and Hardy–Weinberg principles.

Incidence ¼ q2

Using 1 = p2 + 2pq + q2, with p = 1

CarrierRateof aGene 2pqð Þ

¼
Xk

n¼1

n Homozygouskð Þ þ n Heterozygouskð Þð Þ
TotalNumChromsGenotypedk � 0:5

k = variants in a gene that cause disease.
Calculation of incidence of diseasewhile taking into account the pos-

sibility of the presence of an allele, A, segregating in the population that
only causes disease when present in an individual in combination with
specific other alleles (for example nonsense alleles, N)was computed as
follows.

Incidence ¼ 2pqN � 2pqAheterozygous � 0:25
� �

þ 2pqN � 2pqAhomozygous � 0:50
� �

3. Results

3.1. Determining a bioinformatic profile of CYP27A1 variants reported to
cause CTX

We conducted a survey of all variants reported pathogenic for CTX
that included searches of public databases and medical literature.
Table 1 shows the mutations identified and included in this study as
pathogenic CTX-causing mutations. A total of 72 variants were identi-
fied, 57 single nucleotide variants (SNVs) and 16 frameshift variants.
Ten single nucleotide and three frameshift variants were identified in
the literature that were not present in ClinVar and these have subse-
quently been deposited into ClinVar. Of the 57 SNVs, 13 were nonsense,
25 missense, and 19 suspected or shown to affect splicing.

All CTX-causing missense variants were assessed for potential to
perturb protein function using CADD, Sift, PolyPhen, GERP++, and
PhyloP. CADD was conceived to combine information from multiple al-
gorithms and as such represents a composite of 63 points of predictive
data [5]. Rather than offering a categorical determination of pathogenic
or not, CADD gives a Phred-scaled score. The average CADD score for
variants demonstrated to be pathogenic appears to vary depending on
the particular disease [5]. The average CADD score for CTXmissense var-
iants was 23 (Fig. 1 and Table 1). SIFT and PolyPhen are widely utilized
algorithms for predicting pathogenic effects of variants. We plotted the
SIFT and PolyPhen scores, normalized from0 to 1with 1 beingmaximal-
ly damaging, for all missense CTX pathogenic variant. The average
scores were 0.99 and 0.98 respectively (Fig. 1 and Table 1).

Evolutionary conservation was measured using PhyloP and
GERP++. PhyloP predicts departures from neutral evolution with a
range of scores from min = −13.9 to max = 2.9 and genome-wide
mean = 0.03 [10]. The mean PhyloP score for CTX-causing missense
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Table 1
Allele frequency of CYP27A1variants that are predicted to have functional impact. Literature and database searcheswere conducted to identify variants inCYP27A1 thatmaybe pathogenic.
Bioinformatic assessment using SIFT, PolyPhen2, CADD, GERP++, and PhyloPwas utilized to predict pathogenicity and those variantsmeeting criteria for being pathogenic are listed here.
These variants are shown alongwith the results of the bioinformatic algorithms and their allele frequencies in five global populations according to the ExAC database. EUR= 33,370 non-
Finnish Europeans, FIN=3307 Finnish Europeans, AFR=5203 Africans, AMR=5789 Latino, EAS=4327 East Asians, and SAS=8256 South Asians. Source refers to where a variantwas
identified whether it be from the literature, ClinVar, and/or ExAC.

Source Mutation type cDNA Protein SIFT PolyPhen2 CADD Phred GERP PhyloP EUR FIN AFR AMR EAS SAS

Literature Missense T2C M1T 1 0.81 13 3.90 1.61 0.00000 0.00000 0.00000 0.00000 0.00000 0.00132
ExAC Nonsense C211T Q71X 0.6 − 36 4.39 2.27 0.00000 0.00016 0.00000 0.00000 0.00000 0.00000
ExAC Missense G277A G93S 1 1 29 5.67 2.68 0.00000 0.00000 0.00010 0.00000 0.00000 0.00000
ExAC Missense G356T R119L 1 1 36 5.67 2.68 0.00000 0.00015 0.00000 0.00000 0.00000 0.00000
ExAC Missense C374G P125R 1 1 32 5.67 2.68 0.00000 0.00000 0.00000 0.00000 0.00000 0.00006
ClinVar Missense C379T R127W 1 1 32 4.75 1.30 0.00000 0.00000 0.00019 0.00000 0.00012 0.00000
ClinVar; ExAC Missense G380A R127Q 1 1 33 5.67 2.68 0.00003 0.00000 0.00000 0.00000 0.00000 0.00000
Literature Nonsense G399A W133X 0 − 39 5.63 2.67 − − − − − −
ClinVar; ExAC Missense C409T R137W 1 1 35 5.63 2.67 0.00003 0.00000 0.00000 0.00000 0.00012 0.00000
ClinVar; ExAC Missense G410A R137Q 0.99 1 35 5.63 2.67 0.00000 0.00000 0.00010 0.00009 0.00023 0.00000
Literature Missense T425C L142P 0.82 1 23 5.63 2.16 0.00017 0.00000 0.00000 0.00000 0.00000 0.00000
ClinVar Missense G433A G145R 1 1 29 5.63 2.67 − − − − − −
ClinVar Missense G434A G145E 1 1 27 5.63 2.67 − − − − − −
ClinVar Splice G435T G145G − − 3 −0.62 −0.44 0.00000 0.00000 0.00000 0.00000 0.00069 0.00000
ClinVar Splice 446+1GNA − − − 32 5.63 2.67 − − − − − −
ExAC Missense C472T R158C 1 1 34 5.93 2.83 0.00003 0.00000 0.00010 0.00000 0.00000 0.00006
ExAC Missense G473A R158H 1 1 28 5.93 2.83 0.00002 0.00000 0.00000 0.00009 0.00000 0.00000
ClinVar; ExAC Nonsense C475T Q159X 0.45 − 38 5.93 2.83 0.00004 0.00000 0.00000 0.00000 0.00000 0.00000
ExAC Nonsense C562T R188X 0 − 15 4.11 0.82 0.00000 0.00000 0.00010 0.00078 0.00000 0.00000
ClinVar Nonsense G583T E195X 0.42 − 34 2.69 0.83 − − − − − −
ExAC Nonsense C601T Q201X 0.71 − 13 3.02 0.35 0.00001 0.00000 0.00000 0.00000 0.00000 0.00000
ExAC Nonsense G643T E215X 1 − 36 5.91 2.82 0.00000 0.00000 0.00000 0.00009 0.00000 0.00000
ClinVar; ExAC Splice G646C A216P 0.97 1 32 5.91 2.82 0.00004 0.00000 0.00000 0.00000 0.00000 0.00000
Literature Splice 647-1GNA − − − 32 5.91 2.82 − − − − − −
ClinVar Splice 647-1GNT − − − 30 5.91 2.82 − − − − − −
ExAC Missense G674A R225H 1 1 29 5.91 2.82 0.00000 0.00000 0.00000 0.00017 0.00000 0.00000
ExAC Missense G683A C228Y 1 1 21 5.91 2.82 0.00001 0.00000 0.00000 0.00000 0.00000 0.00000
Literature Nonsense C688T Q230X 0.71 − 34 −0.46 −0.01 − − − − − −
ClinVar Nonsense C691T R231X 0.62 − 35 1.95 0.36 − − − − − −
ClinVar; ExAC Nonsense C745T Q249X 0 − 36 0.58 0.14 0.00000 0.00000 0.00000 0.00000 0.00000 0.00012
ClinVar Nonsense C752A S251X 0 − 38 5.28 1.61 − − − − − −
ClinVar Missense A776G K259R 0.42 0.01 17 2.22 0.52 0.00003 0.00000 0.00000 0.00000 0.00000 0.00000
ClinVar Nonsense G779A W260X 0 − 39 6.15 2.93 − − − − − −
ExAC Missense T802C W268R 1 1 20 6.15 2.36 0.00000 0.00000 0.00000 0.00000 0.00000 0.00042
Literature Missense G804T W268C 1 1 30 6.15 2.93 − − − − − −
ClinVar; ExAC Nonsense C808T R270X 0 − 35 2.35 0.16 0.00001 0.00000 0.00010 0.00000 0.00000 0.00006
ClinVar Splice 844+1GNA − − − 32 6.15 2.93 − − − − − −
ExAC Splice 844+1GNC − − − 27 6.15 2.93 0.00000 0.00000 0.00000 0.00000 0.00000 0.00006
Literature Splice 844+1GNT − − − 31 6.15 2.93 − − − − − −
ClinVar Splice 845−1GNA − − − 29 5.44 2.83 0.00010 0.00000 0.00000 0.00000 0.00000 0.00000
ClinVar; ExAC Nonsense A850T K284X 0 − 44 5.44 2.29 0.00001 0.00000 0.00000 0.00000 0.00000 0.00000
ExAC Nonsense C886T Q296X 0.38 − 10 2.30 0.73 0.00000 0.00000 0.00010 0.00000 0.00000 0.00000
Literature Missense C1004T A335V 0.99 1 33 5.44 2.83 − − − − − −
ExAC Missense T1010C V337A 1 1 25 5.44 2.29 0.00002 0.00000 0.00000 0.00000 0.00000 0.00000
ClinVar; ExAC Splice C1016T T339M 1 1 33 5.44 2.83 0.00003 0.00000 0.00000 0.00000 0.00012 0.00007
ClinVar Splice G1017C T339T − − 10 4.56 1.54 − − − − − −
Literature Missense C1028G T343R 1 1 23 5.55 2.60 − − − − − −
ExAC Missense C1028T T343M 1 1 29 5.55 2.60 0.00018 0.00000 0.00010 0.00000 0.00023 0.00012
ClinVar Missense A1061G D354G 0.96 0.15 21 0.49 −0.14 − − − − − −
ExAC Nonsense C1072T Q358X 1 − 39 5.76 2.71 0.00000 0.00000 0.00000 0.00000 0.00046 0.00000
ExAC Missense T1148A M383K 1 1 23 5.76 2.19 0.00000 0.00000 0.00000 0.00078 0.00000 0.00000
ClinVar; ExAC Missense C1151T P384L 1 1 21 5.76 2.71 0.02373 0.00333 0.00433 0.00846 0.00023 0.03046
ClinVar; ExAC Splice C1183A R395S 1 1 22 5.76 2.71 0.00002 0.00000 0.00000 0.00000 0.00000 0.00000
ClinVar; ExAC Splice C1183T R395C 1 1 22 5.76 2.71 0.00021 0.00030 0.00010 0.00017 0.00000 0.00006
ClinVar; ExAC Splice G1184A R395H 1 1 23 5.49 2.56 0.00003 0.00000 0.00000 0.00000 0.00000 0.00000
Literature Splice G1184T R395L 1 1 22 5.49 2.56 − − − − − −
ClinVar Splice 1184+1GNA − − − 23 5.49 2.56 0.00009 0.00000 0.00000 0.00000 0.00000 0.00067
ClinVar Splice 1185−1GNT − − − 22 5.75 2.69 − − − − − −
ClinVar Missense C1202G P401R 0.99 1 22 4.86 1.37 − − − − − −
ClinVar Missense C1209G N403K 0.91 1 18 0.96 0.09 − − − − − −
ClinVar Missense C1213T R405W 1 1 21 3.72 1.37 0.00001 0.00000 0.00000 0.00009 0.00000 0.00006
ClinVar; ExAC Missense G1214A R405Q 1 1 22 5.75 2.69 0.00003 0.00000 0.00010 0.00009 0.00046 0.00000
ClinVar Nonsense G1222T E408X 0.82 − 17 5.75 2.69 − − − − − −
ClinVar Missense T1238A V413D 1 1 18 5.75 2.18 − − − − − −
ClinVar Splice 1263+1GNA − − − 21 5.75 2.69 0.00006 0.00000 0.00000 0.00009 0.00012 0.00000
ClinVar Splice 1263+5GNT − − − 17 5.75 2.69 0.00001 0.00000 0.00000 0.00000 0.00000 0.00000
ClinVar Splice 1264−1GNA − − − 22 5.23 2.41 − − − − − −
ExAC Missense C1336T P446S 1 1 29 5.23 2.41 0.00000 0.00000 0.00000 0.00000 0.00000 0.00012
ExAC Missense C1342A R448S 1 1 25 5.23 2.41 0.00000 0.00000 0.00000 0.00017 0.00000 0.00000
ExAC Missense C1342T R448C 1 1 24 5.23 2.41 0.00002 0.00000 0.00000 0.00000 0.00000 0.00006
ExAC Missense G1343A R448H 1 1 33 5.23 2.41 0.00000 0.00000 0.00031 0.00000 0.00000 0.00006
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Table 1 (continued)

Source Mutation type cDNA Protein SIFT PolyPhen2 CADD Phred GERP PhyloP EUR FIN AFR AMR EAS SAS

Literature; ExAC Nonsense C1381T Q461X 0.68 − 9 4.26 2.41 0.00002 0.00000 0.00000 0.00000 0.00000 0.00000
ClinVar Missense C1402T P468S 0.98 1 23 5.08 2.33 − − − − − −
ClinVar; ExAC Missense G1415C G472A 1 1 22 5.25 2.44 0.00000 0.00000 0.00000 0.00000 0.00104 0.00000
ClinVar; ExAC Missense C1420T R474W 1 1 22 5.25 2.44 0.00002 0.00000 0.00000 0.00000 0.00012 0.00000
ClinVar; ExAC Missense G1421A R474Q 1 1 23 5.25 2.44 0.00002 0.00000 0.00000 0.00000 0.00012 0.00000
ClinVar Missense C1435T R479C 1 1 22 4.36 1.16 0.00002 0.00000 0.00000 0.00000 0.00012 0.00000
ClinVar Missense C1435G R479G 1 0.96 22 4.36 1.16 0.00003 0.00000 0.00000 0.00000 0.00000 0.00000
Literature Nonsense C1573T Q525X 0.2 − 18 2.40 1.15 − − − − − −
ExAC Nonsense C1582T Q528X 0.74 − 38 1.39 0.14 0.00003 0.00000 0.00000 0.00000 0.00000 0.00000
ExAC Nonsense C1588T Q530X 0.75 − 38 2.40 1.15 0.00000 0.00000 0.00000 0.00000 0.00000 0.00006
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variants was 1.98, a clear elevation from the genome-wide average.
GERP++approximates evolutionary constraint at a locus bymaximum
likelihood estimation. The genome-wide average GERP++ score is
−0.125 with a maximum GERP++ score of 6.18 [8]. Likewise, the
GERP++ score for CTX-causing missense variants showed an elevated
mean of 5.22 (Fig. 1 and Table 1).

Two variants had scores that were outliers for three of the bioinfor-
matic metrics: SIFT, PolyPhen2, GERP++. These variants,
g.2:219677404, c.776ANG, p.K259R and g.2:219678787, c.1061ANG,
Fig. 1. Bioinformatic analyses of variants reported pathogenic in CTX patients. Missense varian
scores were plotted as violin plots with histograms superimposed. Outliers are plotted as red
(E) GERP++. A similar assessment was conducted for variants within plus or minus two base
of analysis of these splice variants are shown in (E) CADD Phred, (F) PhyloP, and (G) GERP++
p.D354G, were both originally reported in the same study [11]. This
studywas conducted prior to the advent of these bioinformatics predic-
tors and prior to the existence of large-scale public databases of genetic
variation and thus could not receive the same vetting as current studies.

In a separate analysis, variants that have been reported to affect
splicing and those within 2 bases of an exon-intron boundary and
were considered for the potential to affect splicing. These variants
were evaluated for conservation and constraint as high conservation
or constraint may indicate a functional role such as contribution to
ts reported pathogenic in CTX patients were assessed bioinformatically and the resulting
dots. The metric studied are (A) CADD Phred, (B) SIFT, (C) PolyPhen2, (D) PhyloP, and
pairs from an exon–intron boundary and any variant reported to affect splicing. Results
.



Table 2
Bioinformatic predictors of pathogenicity for variants reported to cause CTX.

Missense Splice

Mean Std. dev. Mean Std. dev.

CADD 23 7.4 26 5.2
SIFT 0.99 0.04 1 0.01
PolyPhen2 0.98 0.04 1 0
PhyloP 1.98 0.89 2.72 0.14
GERP++ 5.22 0.65 5.64 0.37
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splicing. Fig. 2 shows the distribution of CADD, PhyloP and GERP++
scores for these splicing variants. After removal of outliers, bioinformat-
ic predictors showed higher means for the group of splice variants than
for the group of missense variants (Table 2).

Within the splice site group, CADD, GERP++ and PhyloP identified
two variants with outlier scores by all three metrics. One of these,
g.2:219674479GNT, c.435GNT, p.G145G, is 12 base pairs upstream
from the exon 2 3′ exon-intron boundary. The original report of this var-
iant included sequencing of mRNA from a patient homozygous for this
variant and this analysis showed ~90% of mRNA sub-cloned from pa-
tient fibroblasts showed skipping of exon 2 or partial deletion of exon
2 [12]. The other outlier variant lies in the last base of exon 5,
g.2:219679439CNT, c.1435CNT, p. R479G and was reported as com-
pound heterozygous with a missense variant and no exploration of
the variant's affect on splicing was conducted [13].
3.2. Bioinformatically predicting pathogenic variants in healthy carriers

Operating under the hypothesis that not all CTX-causing variants
have been reported, we interrogated CYP27A1 sequences in the ExAC
Fig. 2. Population allele frequency distributions of variants reported pathogenic in CTX pa-
tients and those predicted pathogenic. The allele frequency of every variant found through
literature or database searches is shown in X and the allele frequency for every variant
identified in ExAC passing bioinformatics criteria is shown in O. Each population is repre-
sented individually: EUR is non-Finnish European, FIN is Finnish, AFR is African, AMR is La-
tino, EAS is East Asian, and SAS is Southeast Asian. Plot A shows all data and B shows the
same exact dataset, but B uses a Y scalemaximumvalue of 0.0015 in order to allowdisplay
of lower frequency variants.
cohort of approximately 60,000 unrelated adults none of whom are re-
ported to carry a diagnosis of CTX. These individuals represent global
populations and include 33,370 Non-Finnish Europeans, 3307 Finnish
Europeans, 5203 Africans, 5789 Latinos, 4327 East Asians, and 8256
South Asians. All variants present in the CYP27A1 sequence data from
this cohort were ascertained and analyzed for CADD, Sift, PolyPhen,
GERP++, and PhyloP. Using the bioinformatics profile generated for
CTX-causing variants as a benchmark, we determined thresholds for
classifying variants not previously reported as pathogenic as ‘potentially
pathogenic’. Missense variants were considered potentially pathogenic
if they have a value for CADD, Sift, PolyPhen, GERP++, and PhyloP
that is equal to or higher than the mean value for four out of five of
these metrics with the all scores being higher than the 1st quartile in
the CTX causing missense variant group (Table 2). Likewise, variants
within 2 bases plus or minus of an exon-intron boundary were consid-
ered potentially pathogenic if they had a value for CADD, GERP++, and
PhyloP that was equal to or higher than the mean value for two out of
three of those metrics in the CTX causing splice variant group
(Table 2). All nonsense and frameshift variants were considered ‘poten-
tially pathogenic’.

A total of 51 variants in the ExAC cohort meet the bioinformatics
profile of CTX-causing variants (23 missense, 6 splice, 13 nonsense,
and 9 frameshift) (Table 1). Of these 51 variants present in ExAC, 29
had not already been reported as causing CTX. Conversely, of the 72
total variants reported as causing CTX, 32 were observed in this cohort
of healthy adults. All 13 nonsense variants found in ExAC were consid-
ered ‘potentially pathogenic’, and 5 of these had been observed in CTX
patients. There were 9 frameshift variants found in the ExAC cohort all
of which we considered ‘potentially pathogenic’. Two of these frame-
shift variants have been reported in CTX patients.

3.3. Allele frequencies of CYP27A1 disease-causing variants show significant
global variation

We determined the frequency of pathogenic and ‘potentially patho-
genic’ CYP27A1 variants in the ExAC cohort of approximately 60,000 un-
related adults. Allele frequency distribution of both groups of variants is
highly similar with most variants observed in b1% in all populations
(Fig. 2). Notably, there is one variant reported as pathogenic in a CTXpa-
tient that is higher frequency. This variant, c.C1151T p.P384L, has been
reported as pathogenic in the literature and in ClinVar and occurs in
0.02 in Europeans, 0.004 in Africans, 0.009 in American, 0.0002 East
Asians, and 0.03 South Asians. The high frequency of this variant trig-
gered closer inspection of the bioinformatic support that itmay be path-
ogenic and in fact it scored very high in all metrics utilized: SIFT = 1,
PolyPhen2 = 1, CADD = 21.3, GERP = 5.76, and PhyloP = 2.71
(Table 1).

Outside of p.P384L the most common pathogenic variants were ob-
served only in the Asianpopulation (Fig. 2B). The top fourmost frequent
East Asian variants range in frequency from 0.0005 to 0.001 and only
one of these has been observed in other populations. The top three
most frequent have been reported in patients and the fourth is a non-
sense variant observed in the ExAC cohort. South Asia's most common
variant, aside fromp.P384L, had allele frequency 0.0013 andwas report-
ed in one patient. The variant appears in the first codon and had very
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low coverage in the ExAC database for all populations; it is not uncom-
mon for first exons to have lower coverage in exome capture experi-
ments. South Asia has one more variant with higher allele frequency
0.0007 and does not appear in other populations. Most common
American variant, aside from P384L, was a nonsense variant with allele
frequency 0.0008. European population did not have any variant with
allele frequency higher than 0.0002.

3.4. Estimation of CTX disease incidence reveals potential under-diagnosis

We sought to generate an accurate estimate of CTX disease incidence
based on carrier frequencies in adult populationswho do not carry a di-
agnosis of CTX. Studying carrier frequencies, using both the pathogenic
and ‘potentially pathogenic’ variants in a large cohort, provides a disease
estimate that should not be significantly influenced by ascertainment
bias. Disease incidence was estimated based on the combined group of
pathogenic and potentially pathogenic variants. These results show an
exceedingly high incidence for CTX with an incidence of 1:1623 in
Europeans, 1:28,845 in Africans, 1:8311 in Americans, 1:49,188 in East
Asians and 1:882 in South Asians. The primary driver of these incidence
estimates is the onehigh allele frequency variant, p.P384L. To generate a
more conservative estimate of disease incidence we calculated inci-
dence using all variants except p.P384L and found incidences of
1:461,358 in Europeans, 1:468,624 in Africans, 1:148,914 in
Americans, 1:64,712 in East Asians and 1:75,601 in South Asians
(Table 3).

Considering the strong bioinformatics support for pathogenicity of
high frequency variant p.P384L, we wanted to consider a genetic model
that includes the possibility that this allelemay contribute to disease bur-
den in anon-classicalMendelian inheritance. There aremanyexamples of
exceptions to classic Mendelian inheritance within disorders typically
thought of as single geneMendelian diseases. In particular, there is a pre-
cedent for higher frequency variants causing recessively inherited inborn
errors of metabolism only when present in combination with certain
other alleles [14]. We hypothesized that p.P384L could cause a classic
CTX clinical presentation only when present in transwith a null allele. In-
cidence was calculated that included all pathogenic and potentially path-
ogenic variants with p.P384L only in combination with nonsense and
frameshift alleles. This calculation showed an incidence of 1:134,970 in
Europeans, 1:263,222 in Africans, 1:71,677 in Americans, 1:64,267 East
Asians, and 1:36,072 South Asians.

4. Discussion

We created a bioinformatic framework to assess the potential path-
ogenicity of genetic alleles segregating in a large cohort of unrelated
adults and subsequently generate an unbiased estimate of disease inci-
dence for CTX. In addition to the previously reported 57 CTX-causing al-
leles we identified 29 genetic variants with strong bioinformatics
support of pathogenic potential. Disease incidence calculations based
on these variants show CTX is under-diagnosed incidence ranging
from 1:134,970 to 461,358 in Europeans, 1:263,222 to 468,624 in
Africans, 1:71,677 to 148,914 in Americans, 1:64,267 to 64,712 in East
Asians and 1:36,072 to 75,601 in South Asians. Evaluation of these al-
leles identified one variant with frequency ≥ 1% that motivated further
exploration of possible alternate genetic paradigms for CTX as observed
in other IEMs such as biotinidase deficiency that exhibit higher
Table 3
CTX disease incidence based on known and predicted pathogenic variants.

Model EUR FIN AFR AMR EAS SAS

LIT–ExAC 461,358 2,734,062 468,624 148,914 64,712 75,601
p.P384L-NULL +
LIT–ExAC

134,970 729,083 263,222 71,677 64,268 36,072
frequency alleles that reduce enzymatic activity and lead to disease
only when in combination with other, specific alleles.

Typically, bioinformatics studies focused on identifyingdisease caus-
ing variants take into account somemetrics that strive to determine if a
variant is ‘damaging’ or not, independent of what is known about the
bioinformatics profile of variants previously demonstrated to cause
the specific disease. More recently the CADD score was developed to
provide a quantitative measure and does not specifically attempt to as-
cribe pathogenicity, but the higher a score the more likely it is to be
damaging. In the initial study describing CADD, the authors noted that
the average CADD score varied depending on disease [5]. We elected
to construct a bioinformatics framework specifically around the
known CTX causing variants in order to tailor our bioinformatics analy-
ses to this disease.We determined the bioinformatics profile of CTX var-
iants for commonly used metrics SIFT, PolyPhen2, PhyloP, and
GERP++plus CADD and then determined what threshold to use to se-
lect potentially pathogenic variants. We elected to take a conservative
approach in selection criteria in order to obtain variants with the likeli-
est possibility of being pathogenic. In addition, when selecting criteria,
we took into consideration the possibility that historically reported var-
iants that precede contemporary technology and databases may not
necessarily be truly pathogenic. The thresholds utilized were calibrated
to obtain 50–75% of the previously reported pathogenic CTX variants. A
resulting 29 variants from ExAC that were either missense or splice
passed these criteria, 15 of these were already noted in patients.

Another notable aspect of this study approach is that this framework
was applied without regard to variant allele frequency. This was done
with the knowledge that higher frequency alleles can contribute to dis-
ease burden particularly in IEMs. The list of variants noted to cause CTX
includes a higher frequency variant, p.P384L,which has frequency rang-
ing from 1 to 3% in global populations. We identified three additional
variants with frequency ≥ 0.1% in the Asian population. All other vari-
ants were observed in less than 0.1% in any population. The Asian pop-
ulations have higher frequency variants that are not present in other
populations, consequently, this population also has the highest inci-
dence of CTX. This could be due to better ascertainment given an early
awareness of CTX in the Japanese population or some population genet-
ics factors such as balancing selection that are currently undescribed.

Incidence estimates show CTX is more frequent than previously ap-
preciated. No previous population based studies of the incidence of CTX
have been reported to our knowledge. Instead, incidence has been pre-
sumed rare since few patients have been described. One study asserted
the incidence of CTXmay bemore common, but this studywas based on
only 115 healthy control individuals [14]. Utilizing the ExAC cohort of
~60,000 individuals empowers this study to yield improved disease es-
timates. Even when applying a conservative bioinformatics approach
and totally excluding variant p.P384L from calculations, we arrived at
incidence rates higher than currently appreciated: 1:461,358 in
Europeans, 1:468,624 in Africans, 1:148,914 in Americans, 1:64,712 in
East Asians and 1:75,601 in South Asians. When considering the possi-
bility that p.P384Lmay cause diseasewhen combinedwith a null muta-
tion (nonsense or frameshift) incidence is significantly lower:
1:134,970 in Europeans, 1:263,222 in Africans, 1:71,677 in Americans,
1:64,267 East Asians, and 1:36,072 in South Asians. While this work
may be the largest population based study of incidence of CTX reported,
given that the predicted incidence of CTX ranges from 1:263,222 to
1:36,072 the resolution of this study is limited by the number of individ-
uals in this study (~60,000).

Biotinidase deficiency is a well-characterized IEM that harbors a
common variant, BTD p.Asp444His, for which genotype–phenotype
studies and extensive biochemical profiling has been conducted. This
variant is present in the ExAC non-Finnish Europeans at allele frequency
4%. It is documented that individuals who are homozygous for this var-
iant have reduced biotinidase activity to 50% of normal and do notman-
ifest clinical symptoms of biotinidase deficiency [4]. However, this allele
causes partial biotinidase deficiency when in trans with a variant that
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causes severe reduction in biotinidase deficiency [3]. Further, when
p.Asp444His is in ciswith a second BTD variant, p.Ala171Thr, it behaves
as a severe deficiency allele and causes profound biotinidase deficiency
when this compound allele (p.Asp444His; p.Ala171Thr) is in transwith
another severe allele [4]. This sets a precedent that must be considered
for other alleles and is especially relevant to other IEMs like CTX. This,
plus strong bioinformatics support of pathogenicity, provides the basis
for inclusion of the high frequency variant, CYP27A1 p.P384L, in our dis-
ease estimates as a pathogenic variant only in combination with null al-
leles. Functional studies characterizing enzymatic activity of this allele
remain to be conducted. A thorough functional assessment of this allele
and others identified bioinformatically as potentially disease causing is
required before definitive conclusions can made for diagnostic and
other purposes.

Creating greater awareness of CTX and better screening for diagnosis
is needed given the findings of this study; this is especially relevant in a
disease like CTX where significant diversity in clinical presentation is
observed. There are several factors contributing to the under-
diagnosis of CTX. Significant variability in clinical presentation presents
a challenge to diagnosis. Not only do clinical features vary among pa-
tients but the age of onset of the individual components of CTX varies
as well [15]. The most common clinical feature is bilateral cataracts,
but not all cases of CTX have cataracts, and the age of onset of cataracts
varies from the first decade of life to appearance in the 60s. Additionally,
the fact that the variousmanifestations of CTX can appear decades apart
may obfuscate that there is a common underlying cause to the observed
constellation of features, and the diagnosis of CTXmaynever bemade in
some cases. Since acquired bilateral cataracts are themost common fea-
ture of CTX and because juvenile onset cataracts are often caused by ge-
netic disorders, these cataract cases should receive genetic screening for
all genes that cause cataracts including CYP27A1. Additional pediatric
signs of CTXmay include unexplained chronic diarrhea, neonatal chole-
static jaundice and intellectual impairment. These symptoms are less
common than cataracts, but since treatment is available and is more ef-
fective when started before the age of 25 [16], early diagnostic testing
for CTX either through genetic or biochemical screening is worthwhile
as it directly impacts patient treatment and disease course. Any clinical
consequence due to impairment of this enzyme is worth detecting since
treatment is available.
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