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ABSTRACT

Background During the investigation of causative
variants of Mendelian disorders using next-generation
sequencing, the enormous number of possible candi-
dates makes the detection process complex, and the use
of multidimensional methods is required. Although the
utility of several variant prioritization tools has been re-
ported, their effectiveness in Japanese patients remains
largely unknown.

Methods We selected 5 free variant prioritization
tools (PhenIX, hiPHIVE, Phen-Gen, eXtasy-order
statistics, and eXtasy-combined max) and assessed
their effectiveness in Japanese patient populations. To
compare these tools, we conducted 2 studies: one based
on simulated data of 100 diseases and another based on
the exome data of 20 in-house patients with Mendelian
disorders. To this end we selected 100 pathogenic vari-
ants from the “Database of Pathogenic Variants (DPV)”
and created 100 variant call format (VCF) files that
each had pathogenic variants based on reference human
genome data from the /000 Genomes Project. The later
“in-house” study used exome data from 20 Japanese
patients with Mendelian disorders. In both studies, we
utilized 1-5 terms of “Human Phenotype Ontology” as
clinical information.

Results In our analysis based on simulated disease
data, the detection rate of the top 10 causative variants
was 91% for hiPHIVE, and 88% for PhenlX, based
on 100 sets of simulated disease VCF data. Also, both
software packages detected 82% of the top 1 causative
variants. When we used data from our in-house patients
instead, we found that these two programs (PhenlX
and hiPHIVE) produced higher detection rates than
the other three systems in our study. The detection rate
of the top 1 causative variant was 71.4% for PhenlX,
65.0% for hiPHIVE.

Conclusion The rates of detecting causative variants
in two Exomizer software packages, hiPHIVE and
PhenIX, were higher than for the other three software
systems we analyzed, with respect to Japanese patients.
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Next-generation sequencing (NGS) can exhaustively
analyze genes in one sequencing process, and this new
capability has dramatically altered the fields of genomic
research and medical genetics. In particular, many
undiagnosed patients have been receiving benefit from
genetic diagnoses by exhaustive gene analysis. Our
previous study showed the utility of genetic diagnoses
for patients with Mendelian disorders using NGS.!
Research methods of nationwide large-scale genomic
studies, such as Genomics England and the Initiative of
Rare and Undiagnosed Diseases project in Japan, have
also been based on NGS technology.

Variant prioritization plays a central role in the
genetic diagnosis of patients with Mendelian disorders
when using NGS techniques, including whole genome
sequencing and whole exome sequencing (WES). WES
can detect some 30,000 more variants compared to
human reference sequences, and approximately 10,000
of these represent nonsynonymous amino acid substitu-
tions, alterations of conserved splice site residues, or
small insertions or deletions.? Therefore, to detect the
causative variant among an enormous number of pos-
sibilities, subsequent prioritization steps are required.
For example, to interpret variants, we utilize several
reference databases and software systems, including a
common variant database, pathogenic variant databases,
and in-silico prediction tools. Ultimately, detailed
consideration by clinicians and bioinformaticians is
needed for detecting the causative variant.! In such
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Table 1. Comparison of phenotype-based variant detection tools® '* 12
Software Availability Population,Disease-Specific, In Silico Predictive Framework Algorithm
and Sequence Databases Algorithms
eXtasy- Polyphen2
order statistics SIFT Phenomiser aleorithm
. 1000 Genomes Project MutationTaster £0!
Website and dbNSFP database CAROL Endeavour algorithm
eXtasy- Command line Random Forest learning
combined HGMD LRT Haploinsufficiency prediction score
max PhastCons
Phylop
Bayesian framework
. Unifying framework
Phen-Gen Website and' HGMD Polyphen2 Genomewide approach
Command line SIFT . .
Phenomiser algorithm
Random-walk-with-restart algorithm
. . Polyphen2
PhenIX I and' LD Ctmssisies: SIFT Phenomiser algorithm
Command line ESP 6500 .
MutationTaster
1000 Genomes Project Polvphen? Phenomiser algorithm
. Website and ESP 6500 yp PhenoDigm algorithm
hiPHIVE . SIFT
Command line MGD MutationTaster Random-walk analyses
IMPC Y st Random-walk-with-restart algorithm

CAROL, Calculated Combined Annotation Scoring Tools; dbNSFP, database for nonsynonymous SNPs’ functional predictions; ESP
6500, Exome Server Project; HGMD, Human Gene Mutation Database; IMPC, International Mouse Phenotyping Consortium; LRT,
Likelihood-Ratio Test; MGD, Mouse Genome Database; SIFT, Sorting Intolerant from Tolerant. Software version: eXtasy (Sifrim et al.
2013)8 ver.0.1, Phen-Gen (Javed et al. 2014)!° ver.1.0, PhenIX and hiPHIVE (Smedley et al. 2015)!? ver. 10.0.1.

variant prioritization processes, clinical information is
essential. Specifically, we use gene lists that have been
made by clinicians for each specific analysis. Such
records can help select related variants for a given pa-
tient’s symptoms, but in those cases where the causative
gene is omitted from such a list, we would not be able
to detect the causative variant. Identification of disease-
causing variants for patients with Mendelian disorders
is very complicated and easily qualifies as a “needle in a
haystack” challenge.’

Several phenotype-driven software tools are
now available to help select differential diagnoses.*
Additionally, to rank the candidate variants in the
context of the enormous number of variants that can be
detected by NGS, several software systems use both the
patient’s phenotypic information and the NGS-derived
genotypic data.>"'? These software packages are also
able to directly reference a variety of diverse databases
and ancillary software systems (Table 1). Comparative
evaluations of these software products using patient
data from Western countries has already been pub-
lished,'® and their utility for causative variant detection
is well described. However, the utility of these variant
detection software systems using data from Japanese
patients’ data is unknown.!! The genetic basis of differ-
ences among ethnic groups has been under-investigated.
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However, we cannot rule out that differences in indi-
vidual single nucleotide variants (SN'Vs) in each ethnic
group can affect genetic testing results.'* Therefore, we
proceeded to undertake the first effort to evaluate their
capabilities with regard to Japanese patients.

MATERIALS AND METHODS

To our knowledge, 11 software packages have been
established as variant prioritized tools using Human
Phenotype Ontology (HPO)."> In this research, software
was selected using the following criteria using exome
sequencing data and available as downloaded packages.
We finally selected five variant prioritization software
packages PhenIX,'> hiPHIVE,'?> Phen-Gen,!? eXtasy-
order statistics,® ¢ and eXtasy-combined max.® These
products, except for the Phen-Gen package, have
already been compared in a previous report.'3 To test
these software packages, we selected 1-5 HPO terms
corresponding to specific variant call format (VCF)
files.!® The HPO provides a common lexicon of pheno-
typic abnormalities found in human diseases, and has
been utilized in many databases and NGS projects.!” For
our analyses using PhenlX and hiPHIVE, we settled
on a cut-off of allele frequency at 1%. We ran all the
software programs in the form we received them via
downloads. In this research, we performed two different
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analyses, one using artificially simulated data and the
other using actual data from in-house Japanese patients
(Fig. 1). We retained the default parameter settings in
all the software products. In addition to the comparison
of variant detection rates across the various software
products, we also compared variant types and detection
rates. To classify each variant type, we utilized the
guidelines of the American College of Medical Genetics
and Genomics and the Association for Molecular
Pathology, which were developed in 2015. In that
statement, null variants including nonsense, frameshift
and splice sites variants, were classified as very strong
pathogenic criteria.'®

Simulated disease data analysis

For this part of our study, we created 100 VCF files
using reference genome bam data (1000 Genomes
Project,'® http:/www.internationalgenome.org/home).
In addition, we randomly selected 100 pathogenic vari-
ants from the “Database of Pathogenic Variants (DPV),
http://dpv.cmg.med.keio.ac.jp/dpv-pub/variants).” This
database contains germline pathogenic variants in
Japanese patients with Mendelian disorders. We then
created 100 simulated patient VCF files using each
pathogenic variant.

The HPO of each disease was randomly selected
using the “Phenomizer! 2% system (http://compbio.
charite.de/phenomizer).” With this tool, we can pick up
causative disorders using the HPO. Additionally, the
HPO terms with regard to each disease are described
on this site. We analyzed data on 100 simulated patients
with the five software packages, using each VCF file
and between 1 to 5 selected HPO terms.

In-house patient data analysis

In the second part of this research project, we analyzed
20 exome samples collected from Japanese patients
with Mendelian disorders. All samples were sequenced
using the TruSight One sequencing panel (Illumina, San
Diego, CA). Sequencing and variant detection methods
have already been described in our previous research.!
We performed WES using the lon AmpliSeq TM
Exome RDY kit (Thermo Fisher Scientific, Waltham,
MA) for undiagnosed patients despite having performed
TruSightOne sequencing. All causative variants were
validated by Sanger sequencing. Clinical geneticists
selected 1 to 5 HPO of each patient based upon a review
of their medical records. Using both the HPO and VCF
information, we evaluated the detection rate of each
software program. This study was approved by the
ethics committee at Tottori University (dated September
22,2014, approval number G152).

RESULTS

Simulated disease data analysis

We analyzed 100 simulated disease VCF data using the
five different software packages (Fig. 2a). The detection
rates of causative variants revealed that the best two
systems at detecting the top ten variants were hiPHIVE
at 91%, and PhenlX at 88%. In addition, both products
detected 82% of the top 1 variant. We also note that
both of the eXtasy software packages (eXtasy-order
statistics and eXtasy-combined max) have limitations
on their HPO terms available for analysis and that they
could not analyze 20 VCF data items. The detection rate
of the top 10 causative variants in eXtasy-order statistics
was 19.0%, and in eXtasy-combined max product was
21.0%. In addition, the percentage of variants that could
be detected as the chief cause was 6.0% in the order sta-
tistics system and 10.0% in combined max product. In
Phen-Gen software, the detection rate of the top 5 caus-
ative variants was 29%, the top 10 was 33%, and the top
1 was zero percent. Detailed results from the simulated
disease data analysis are presented in Supplementary
Table S1.

PhenIX and hiPHIVE could detect a total of 82
causative variants as being the most critical. They also
produced higher detection rates than the other three
software products (Phen-Gen, eXtasy-order statistics
and eXtasy-combined max), which correctly detected a
total of only 12 variants as being the most critical. We
confirmed that the difference in productivity between
PhenIX or hiPHIVE and the three other products was
quite statistically significant (P < 0.001, by Fisher’s
exact test). Similarly, PhenIX and hiPHIVE detected 87
causative variants as being the first to fifth main factors
and showed a higher detection rate than the other three
systems (Phen-Gen, eXtasy-order statistics and eXtasy-
combined max), which only detected 40 variants as
being in the first to fifth factors. We also confirmed the
significance of this difference between the PhenlIX or
hiPHIVE systems and the three other software pack-
ages using the detection rates regarding the top first to
fifth data (P < 0.001, by Fisher’s exact test).

Subsequently, we compared the results of PhenlX
and hiPHIVE against each other. A total of 79 variants
were detected as the top causative factors by both prod-
ucts. The hiPHIVE system detected 7 causative variants
as having a higher priority than did the PhenIX product
(ID 3, 7, 30, 60, 72, 88, 96), but the PhenIX software
detected 6 causative variants as higher priority than did
the hiPHIVE product (ID 29, 38, 59, 70, 71, 73).

In this simulated disease aspect of our study, the
analyzed variants consisted of 51 missense mutation
variants (Fig. 2b) and 44 null variants (Fig. 2¢). Because
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Simulated disease data analysis

Randomly selecting 100 pathogenic variants from
Database of Pathogenic Variants (DPV)

<L

VCF created by adding DPV variants to reference VCF
from 1000 Genomes Project.

-+

1 -5 HPO terms were randomly selected for
each VCF data .

>

In-house patient data analysis

VCF of patients with Mendelian disorders

-+

1 -5 HPO annotations were selected by
clinical geneticist for each cases.

~>

Comparison of 5 prioritization software

Fig. 1. Overview of the prioritization software comparison study.

Two separate investigations were performed, one using data from in-house patients, and the other based on simulated data. We compared
5 different software products (PhenIX, hiPHIVE, Phen-Gen, eXtasy-order statistics and eXtasy-combined max). These systems use
variant call format (VCF) files and the human phenotype ontology (HPO). In simulated disease analyses, we created 100 virtual patient
VCF files, and added pathogenic variants based on reference to the VCF files in the 1000 Genome Project. We selected 100 pathogenic
variants from the Japanese pathogenic variant database (http:/dpv.cmg.med.keio.ac.jp/dpv-pub/variants). Additionally, we selected sev-
eral HPO files for each VCF from the Phenomizer site (http://compbio.charite.de/phenomizer). For the in-house patient analysis, we used

VCF files and HPO for specific patients with Mendelian disorders.

five variants were deleted from the DPV site, we ex-
cluded these from our comparison of the detection rates
and variant types. We found that Exomiser’s two kinds
of software (PhenlX and hiPHIVE) correctly detected
80% of the VCF files as the top 1 through 5 for both the
missense mutations and null variants. For Phen-Gen, no
remarkable difference was found in the detection rate
in distinguishing between these variant types. For the
eXtasy-order statistics package, the “not ranked” detec-
tion rate was 64% (28/44) of the null variants and only
11.8% (6/51) for the missense variants. “Not ranked”
means that the software did not remarkably detect any
causative variants within the top 1-100. This tendency
was also observed in the eXtasy-combined max pro-
gram, where 64% (28/44) of the null variants and 11.8%
(6/51) of the missense variants were also not detected.

In-house patient data analysis

We also analyzed the data from our 20 in-house patients
with Mendelian disorders (Fig. 3) using each of the
five software products. The detection rate of the top

10 causative variants for the hiPHIVE system was
85.7%, and for the PhenlX product this was 76.2%.
Also, the percentage of variants that could be detected
as the chief cause was 61.9% in hiPHIVE and 71.4%
in PhenIX. In our analysis of eXtasy, we found that it
discovered the principal causative variant in only 5% of
the cases, and its finding of the top 10 factors was only
10%. Remarkably, we also found that, for eXtasy, the
combined max analysis could not detect any of the main
causative variants, nor any within the top 10. Likewise,
Phen-Gen also generated poor results, identifying zero
of the top five causative variants, only 5% of the top 10,
and zero of the chief causes. Detailed results of variant
data analysis are described in Supplementary Table S2.

PhenlX could detect 15 of the top causative vari-
ants and showed a higher detection rate than the other
three software products (Phen-Gen, order statistics, and
combined max eXtasy), each of which only detected one
top variant. We confirmed the significance of the differ-
ences between PhenlX and these three other software
products (P < 0.001, by Fisher’s exact test).
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Fig. 2. Simulated disease analysis data ranked by category.

(a) Ranking of causative variant detection in simulated disease data analysis (7 = 100). (b) Ranking of missense causative variants
detection in simulated disease data analysis (n = 51). (¢) Ranking of null causative variants detection in simulated disease data analysis
(n = 44). The term “not ranked” means software could not detect causative variants; “could not analyze” means the software could not
perform the analysis.
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Fig. 3. In-house patient data ranked by category.

(a) Data from 20 patients was used in the analysis of each software product. (b) Ranking of missense causative variants detection regard-
ing in-house patient data analysis (7 = 11). (¢) Ranking of null causative variants detection of in-house patient data analysis (n = 8). The
term “not ranked” means software could not detect causative variants; “could not analyze” means the software could not perform the
analysis.
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Similarly, PhenIX detected 15 of the top 1-5
causative variants and in this regard also showed a
higher detection rate than the other three software
systems (Phen-Gen, order statistics, and combined max
eXtasy), which only detected two variants, respectively.
We again confirmed this statistical difference between
PhenIX and three software (P < 0.001, by Fisher’s exact
test).

In a similar pattern, hiPHIVE could detect 13
causative variants as being the top 1, and 17 variants
as being in the top 1-5. This software also produced
a higher detection rate than the three other software
systems (Phen-Gen, order statistics, and combined max
eXtasy), which detected only one variant as a top 1
and 2 variants as being among the top 1-5 causes. We
likewise confirmed this difference in top 1 and top 1-5
detection rates between hiPHIVE and three software
as being statistically significant (P < 0.001, by Fisher’s
exact test).

We subsequently compared the results produced by
the PhenlX and hiPHIVE systems against each other
and found that the same 13 variants were detected as the
top causes by both products. For three causative variants
(patients 1, 16, 19), hiPHIVE identified them as having
a higher priority than did PhenIX. In contrast, PhenlX
detected two causative variants as having a higher prior-
ity than hiPHIVE (patients 6, 10).

Over the course of this in-house study, we analyzed
11 missense mutation variants (Fig. 3b) and 8 null vari-
ants (Fig. 3c). Because patient 3’s variant types were
missense mutation and null variant, we excluded the
case from our comparison of the detection rates and
variant types. With the Phen-Gen product, we found
no remarkable difference in the detection rate despite
the distinction of the variant types. In Exomiser’s two
types of software (PhenlX and hiPHIVE), the detection
rate of causative variants within the top 10 was 100%
in the analysis of the null variants, and also quite high
for the missense variants: PhenlX at 72.7% (8/11) and
hiPHIVE at 81.8% (9/11). In addition, the detection rates
of “not ranked” for both software were 18.2% (2/11) in
the missense variants analysis. With the two eXtasy
software products (order statistics and combined max)
the proportion of “not ranked” results was 25% (2/8) for
the null variants data and 27% (3/11) for the missense
variants.

DISCUSSION

Our simulated disease data analysis indicated that the
detection rates with PhenIX and hiPHIVE were sub-
stantially higher than those with the remaining 3 tools;
this trend was corroborated by the previously reported

results.’® However, the utility of these two software
packages, specifically regarding Japanese patients, had
previously been unknown. Our present research indeed
showed that the two software systems generated high
detection rates when using simulated Japanese patient
data and also when using the data from our in-house
patients. We provide detailed information available to
us regarding each software product in Table 1, but only
looking at this information, we do not understand why
there is such a substantial difference in the detection
rates across the various products. Software update
frequency might be one of the most important factors
in improving detection rates. In fact, frequent updates
are done for Exomiser. For example, integration of a
usable database and adding the most recent algorithms
are done continuously.” The detection rate of the top 10
causative variants in hiPHIVE was 20.0% in the previ-
ous report,'3 whereas the present research detection rate
of this software was 90.0%. Certain mechanisms are
unknown, but frequent software updates in Exomizer
might be one of the key elements of improving the
identification rate.

The detection rate of the causative variants
for hiPHIVE and PhenIX was higher than for the
other software except for the data related to ID 71
(Supplementary Table S1). In this case, with ¢.755G > C,
and p Arg252Pro in the PAH gene, we found that Phen-
Gen and eXtasy-order statistics detected the causative
variant as in the top 3, while eXtasy-combined max
detected it among the top 7. In contrast, hiPHIVE
recognized it as being among the top 10, and PhenlX
identified it as among the top 14.

Similarly, other variants of the PAH gene in ID
70 and 72 also had relatively low detection results in
hiPHIVE and PhenIX. In comparison, the detection
rate of ID 73 in the PAH gene for hiPHIVE and PhenIX
was higher than in the two eXtasy software programs.
Also, Phen-Gen could detect more than could the two
eXtasy products. We considered many possible reasons
for this particular result regarding the PAH gene, but
we could not reach a conclusion about the mechanism
involved due to a lack of more detailed information
about each software product and the methods they use.
Nonetheless, this result suggests that the detection rates
can differ depending on the gene.

Associations between the detection rate and the
variant type were not found for hiPHIVE, PhenlX, and
Phen-Gen products, except for the eXtasy software
systems. Notably, in the two types of eXtasy software,
usable HPOs were limited, and we could not analyze
20/100 (20%) of the VCF files. Although statistical
analysis could not be performed because of our small
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sample size, this result suggests that the detection rate
of the 2 eXtasy software products might be inadequate
with regard to the analysis of null variants.

In this simulated study, we created VCF files to
simulate patient genomic data. The 100 bam data files
registered in the 1000 Genome Project were randomly
selected in this study. These bam data files contain not
only Japanese data files but also non-Japanese data
files, and we cannot deny that specific SN'Vs related
to non-Japanese data affected the analysis results. In
our subsequent analyses using this simulated data, we
obtained results similar to what we found using data
from actual in-house patients. As a result, we speculate
that this approach of using simulated patient data might
indeed be more broadly useful for the comparisons of
other variant prioritization tools.

From in-house patient data analysis results involv-
ing ranked comparisons, it is clear that the causative
variant detection rate of hiPHIVE and PhenlX was
higher than that of the other software products. We
particularly note that hiPHIVE was able to detect all
the causative variants within the top 10 except for
only the two ECHS! items. Indeed, these two ECHSI
gene variants from patients 7 and 12 were missed by
all five software products. The ECHSI gene was not
included in our TruSight One sequencing panel, and
we only detected these variants in the ECHSI gene
using WES. We suggest that since the mitochondrial
short-chain enoyl-CoA hydratase 1 deficiency due to
ECHSI mutations was first reported only in 2014,%! it
is possible that the software packages we examined
might be unable to readily detect such relatively new
disorders (Fig. 3). All five software products use the
Phenomizer program described in Table 1 of this paper,
and we hypothesize that this relatively new gene was
not listed in it. However, since these software packages
and their related databases are updated daily, we have to
assume that Phenomizer was updated at the time of our
analyses.

Several variants cause specific phenotypes in
Mendelian disorders. N540K in the FGFR3 of hy-
pochondroplasia and S2G in the SHOC?2 of Noonan-
like syndrome with loose anagen hair are well-known
variants related to specific phenotypes among clinical
geneticists. We found that hiPHIVE and PhenIX could
detect these variants, but the other software products re-
markably could not. This failure is noteworthy because
we would expect that purpose-built causative variant
prioritization tools should be easily able to detect these
well-known variants.

Exomiser, including its use in hiPHIVE and
PhenlIX, recently received the approval of the

International Rare Diseases Research Consortium as
a recognized resource.!” Overall, the detection rates of
causative variants with hiPHIVE and PhenlX was high-
er than with the other software products in our study.
This result is the same found in previous research.!?

As a technical note, we should mention that
although one can find many diagnostic software tools
online using HPO and VCF files,!! in our present study,
this would have required uploading sensitive patient
data. Therefore, to fully adhere to the protection of per-
sonal information, in this present research, we operated
all five software as downloaded packages.

HPO provides a comprehensive bioinformatic
resource for the analysis of human diseases and pheno-
types.! It has therefore been adopted as the standard for
phenotypic terms in international rare affected tissues,
registries, clinical laboratories, biomedical resources,
and clinical software tools.!”> 2227 The description of
phenotypic variations has become critical for genomic
medicine and translational research,?3! and our having
“computable” descriptions of human diseases using
HPO phenotypic profiles is a key element in the use of
Phenotype-based exome analysis tools. Further studies
of HPO setting methodologies for these tools are needed
to enable us to detect causative variants more efficiently.

In conclusion, we confirmed the utility of causative
variant prioritization tools with regard to Japanese
patients. In particular, the detection rate of causative
variants in two Exomizer software products, hiPHIVE
and PhenlX, was higher than in that of the three other
systems we analyzed.
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Supplementary Table S1. Variants details, HPO term and rank positions of causative variants in simulated disease data

ID  Disease Gene HGVS Inheritance =~ HPO ID Rank
(OMIM term) notation hiPHIVE =~ PhenlX  Phen- combined  order
(GRCh37/ Gen max statistics
hgl9) (eXtasy) (eXtasy)
1 Usher syndrome CDH23  g.77355814 AD,DR 0000 0000 0001 1 1 - - -
1D/F 2T>G 365 510 751
2 DEAFNESS, GJB2 2.2076332 AD 0000 1 1 - x X
AUTOSOMAL 3C>T 407
DOMINANT 3A;
DFNA3A
3 DEAFNESS, GJB2 22076344 AD 0000 1 3 2 x x
AUTOSOMAL 2C>T 407
DOMINANT 3A;
DFNA3A
4 DEAFNESS, GJB2 22076358 AD 0000 1 1 5 x x
AUTOSOMAL 7C>T 407
DOMINANT 3A;
DFNA3A
5 ALZHEIMER PSENI g.7364037 AD 0001 0001 0002 0002 0002 1 1 5 1 2
DISEASE 3; AD 5C>T 260 332 395 354 185
6 DEAFNESS, ACTG1  g.7947821 AD 0008 0000 1 1 - 279 334
AUTOSOMAL 4C>T 619 408
DOMINANT 20;
DFNA20

1 © 2019 Tottori University Medical Press
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Supplementary Table S1 — Continued

7 PARKINSON MAPT  g4408773 AD,Mu 0000 0001 0000 0002 0001 - 5 2
DISEASE, LATE- 9A>C 726 300 751 172 621
ONSET; PD

8  PULMONARY BMPR2  g2033295 AD 0000 0005 0005 0001 0001 - 66 35
HYPERTENSION, 55T>C 822 308 312 708 009
PRIMARY, 1; PPHI

9  PULMONARY BMPR2 2033835 AD 0011 0004 0005 0005 0001 - - -
HYPERTENSION, 87 20338 353 964 308 312 667
PRIMARY, 1; PPHI 3588delin

SAAGG

10 PULMONARY BMPR2  g.2033848 AD 0001 0005 0004 0005 0001 8 73 14
HYPERTENSION, 58T>C 977 317 964 308 667
PRIMARY, 1; PPHI

11 FEINGOLD MYCN  g.1608594 AD 0004 0004 0000 0000 0000 - 270 178
SYNDROME 1; 1C>T 691 692 958 437 232
FGLDS1

12 DEAFNESS, OTOF 22668289 AR 0008 0004 0000 - x x
AUTOSOMAL 5A>G 529 463 407
RECESSIVE 9;
DFNB9

13  DEAFNESS, OTOF  g2668361 AR 0008 0004 0000 4 x x
AUTOSOMAL 7T>C 529 463 407
RECESSIVE 9;
DFNB9

© 2019 Tottori University Medical Press
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Supplementary Table S1 — Continued

14  DEAFNESS, OTOF 22668386 AR 0004 0000 4 x x
AUTOSOMAL 5C>T 463 407
RECESSIVE 9;
DFNB9

15 NOONAN SOS1 23926258 AD 0000 0000 0000 0000 0003 2 2 2
SYNDROME 4; 1C>A 028 689 494 368 010
NS4

16 DEAFNESS, TMPRSS g.4380408 AR 0000 - x x
AUTOSOMAL 3 8G>A 407
RECESSIVE 8;
DFNBS

17  GLYCINE AMT 24945957 AR 0001 0002 0000 0001 0100 5 8 1
ENCEPHALOPATH 8G>A 298 154 737 336 247
Y; GCE

18 METHYLMALONI MMAA  g.1465607 AR 0001 0001 0002 0001 0002 - 58 26
C ACIDURIA, cblA 24C>T 944 987 154 250 013
TYPE

19  SOTOS NSDI 2.1766946 AD 0002 0000 0001 0000 0001 - 17 9
SYNDROME 1; 45G>A 280 218 943 347 319
SOTOS1

20  CARDIOFACIOCU BRAF g.1405013 AD 0000 0002 0000 0004 0002 5 1 2
TANEOUS 36C>G 280 750 768 322 217
SYNDROME 1;
CFCl
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Supplementary Table S1 — Continued

21

LONG QT KCNQI
SYNDROME I;
LQT!

2.1506486 AD
32A>G

0000
598

0001
657

0001
279

0001
664

0001
663

22

ANTLEY-BIXLER  POR
SYNDROME

WITH GENITAL
ANOMALIES AND
DISORDERED
STEROIDOGENES

IS; ABS1

27561516 AR
3delG

0000
818

0012
385

0000
047

0000
054

0002
650

1

23

DEAFNESS, SLC264
AUTOSOMAL 4
RECESSIVE 4,

WITH ENLARGED
VESTIBULAR

AQUEDUCT,

DFNB4

2.1073038 AR
02C>T

0011
387

0000
376

0000
407

24

DEAFNESS, SLC264
AUTOSOMAL 4
RECESSIVE 4,

WITH ENLARGED
VESTIBULAR

AQUEDUCT,

DFNB4

21073237 AR
71C>A

0011
387

0000
376

0000
407
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Supplementary Table S1 — Continued

25  DEAFNESS, SLC264  g.1073348 AR 0011 0000 0000 1 - x x
AUTOSOMAL 4 99G>A 387 376 407
RECESSIVE 4,
WITH ENLARGED
VESTIBULAR
AQUEDUCT,
DFNB4
26  DEAFNESS, SLC264  g.1073505 AR 0011 0000 0000 1 - x x
AUTOSOMAL 4 76C>T 387 376 407
RECESSIVE 4,
WITH ENLARGED
VESTIBULAR
AQUEDUCT,
DFNB4
27  CHARGE CHD7 26165438 AD 0002 0002 0000 0001 0000 1 - - -
SYNDROME 5G>T 023 410 717 511 394
28  BRANCHIOOTOR EYAI g.7221143  AD 0004 0009 0008 0000 0000 1 - 5 42
ENAL 0G>C 742 798 551 410 104
SYNDROME I;
BORI
29  BECKWITH- CDKNI 2906409 AD 0002 0004 0009 0009 0000 7 - - -
WIEDEMANN C 2906410 060 742 795 797 113
SYNDROME; BWS delinsC
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Supplementary Table S1 — Continued

30 WIEDEMANN- KMT24  g.1183440 AD 0009 0001 0010 0000 0000 13 - - -
STEINER 21delC 796 374 628 691 384
SYNDROME;
WDSTS

31  HYPOURICEMIA, SLC224 g.6436035 AR 0001 0003 0012 0000 1 - x x
RENAL, 1; RHUC1 12 5G>A 919 537 611 791

32 DEAFNESS, TECTA  g.1209987 AR 0000 1 - x x
AUTOSOMAL 73G>C 407
RECESSIVE 21;
DFNB21

33 KABUKI KMT2D  g.4942030 AD 0000 0000 0000 0010 0000 1 - - -
SYNDROME 1; 4 494203 164 175 218 314 508
KABUK1 05delAA

34 KABUKI KMT2D  g.4943864 AD 0000 0001 0004 0001 0000 1 - - -
SYNDROME 1; 7G>A 592 680 736 212 403
KABUK1

35 KABUKI KMT2D  g.4944446 AD 0000 0001 0000 0000 0000 1 - - -
SYNDROME 1; 3C>A 365 382 252 358 535
KABUK1

36 KABUKI KMT2D  g.4944468 AD 0001 0001 0001 0008 0002 1 - - -
SYNDROME 1; 2 494446 007 249 382 897 650
KABUKI1 83insGAG

GCCATC
CA
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Supplementary Table S1 — Continued

37  KABUKI KMT2D  g.4944708 AD 0000 0004 0000 0000 0004 - - -
SYNDROME 1; 8 494470 164 736 400 358 467
KABUK1 89delAG

38  LISSENCEPHALY TUBAIA 4958043 AD 0001 0010 0000 0001 0002 - 126 31
3; LIS3 0G>A 251 864 252 250 510

39  DEAFNESS, GJB2 2.2076369 DR,AR 0000 0001 2 x x
AUTOSOMAL 1dupC 407 751
RECESSIVE 1A;
DFNBIA

40  PITUITARY OTX2  g5726876 AD 0011 0004 - x x
HORMONE 1C>A 755 322
DEFICIENCY,
COMBINED, 6;
CPHD6

41 CARDIOFACIOCU BRAF 2538028 AD 0000 0001 0002 0000 0001 - - -
TANEOUS 0C>G 463 622 019 486 276
SYNDROME I;
CFCI1

42 NIJMEGEN NBN 2.9098344 AR 0000 0000 0000 0006 0003 - - -
BREAKAGE 5 909834 957 175 444 532 202
SYNDROME; NBS 49delGTT

TT
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Supplementary Table S1 — Continued

43 LOEYS-DIETZ TGFBR2 g3071386 AD 0002 0001 0004 0100 0002 1 1 4 1 36
SYNDROME 2; 6C>G 308 363 955 259 650
LDS2

44 MARFAN FBNI  g4871292 AD 0000 0007 0007 0001 0003 1 1 - 3 68
SYNDROME; MFS 3G>A 494 676 800 548 179

45  ANGELMAN UBE3A  g2561693 1C 0001 0002 0001 0005 0010 1 1 - - -
SYNDROME; AS 7delC 344 286 347 484 808

46 ANGELMAN UBE3A  g2562083 IC 0001 0002 0000 0000 0010 1 1 - 62 21
SYNDROME; AS TA>G 344 019 272 639 808

47 RUBINSTEIN- CREBB  g3801726 AD 0000 0000 0005 0002 0000 1 1 - - -
TAYBI P C>A 580 028 895 788 736
SYNDROME 1;
RSTSI

48  LI-FRAUMENI TP53  g7574031 AD 0002 0006 0030 0002 0002 1 1 - - -
SYNDROME; LFS delG 488 744 078 667 669

49  DEAFNESS, SLC264  g.1073405 AR 0011 0000 0000 1 1 5 x x
AUTOSOMAL 4 60 10734 387 376 407
RECESSIVE 4, 0561insT
WITH ENLARGED
VESTIBULAR
AQUEDUCT;
DFNB4

50 CHARGE CHD7  g.6165459 AD 0001 0200 0000 0000 0000 1 1 - - -
SYNDROME 5C>T 719 021 252 347 054
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Supplementary Table S1 — Continued

51 CHARGE CHD7 2.6165460 AD 0000 0001 0000 0001 0004 4 - -
SYNDROME 4C>T 717 156 324 539 496
52 CHARGE CHD7 2.6165501 AD 0000 0100 0003 0010 0008 - - -
SYNDROME 6delA 834 736 974 751 551
53  CHARGE CHD7 2.6165502 AD 0000 0000 0000 0002 0003 3 - -
SYNDROME TA>T 048 204 378 937 022
54  CHARGE CHD7 2.6169385 AD 0000 0010 0000 0000 0001 - - -
SYNDROME 0 616938 682 669 160 388 629
51delCC
55 CHARGE CHD7 g.6172895 AD 0000 0000 0000 0000 0001 - - -
SYNDROME 1 617289 772 324 044 394 561
55delATC
TT
56 CHARGE CHD7 g.6174942 AD 0000 0002 0000 0000 0004 3 - -
SYNDROME 2C>T 772 015 501 568 058
57 CHARGE CHD7 g.6174952 AD 0000 0001 0002 0000 0001 - - -
SYNDROME 9C>A 772 360 901 066 171
58 CHARGE CHD7 2.6176308 AD 0001 0000 0001 0001 0001 6 - -
SYNDROME OdupT 305 821 601 252 883
59 CHARGE CHD7 2.6176923 AD 0009 0001 0000 0001 0001 3 - -
SYNDROME 9T>A 738 679 488 883 629
60 GLYCINE GLDC 2.6536188 AR 0001 0000 0000 0001 0000 - 191 85
ENCEPHALOPATH A>C 274 718 737 336 711
Y; GCE
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Supplementary Table S1 — Continued

61  GLYCINE GLDC 2.6588688 AR 0003 0001 0000 0100 0001 1 1 4 219 159
ENCEPHALOPATH G>C 108 249 737 247 250
Y; GCE

62  CORNELIADE HDACS g.7178782 AD 0001 0000 0000 0000 0200 1 1 3 60 94
LANGE 0G>A 263 218 527 545 055
SYNDROME 3;
CDLS3

63 FOCALDERMAL PORCN g4836827 XLD 0001 0004 0100 0010 0009 1 1 2 340 198
HYPOPLASIA; 8C>T 274 334 559 622 381
FDH

64  TELANGIECTASI  ACVRLI g.5230753 AD 0001 0002 0000 0001 0001 1 1 - 163 76
A, HEREDITARY 4C>T 342 249 434 901 694
HEMORRHAGIC,
TYPE 2; HHT2

65  MOWAT-WILSON  ZEB2 g.1451588 AD 0040 0009 0004 0004 0001 - - - - -
SYNDROME; 26 14515 082 748 415 322 636
MOWS 8827delC

T

66 MOWAT-WILSON  ZEB2 g.1451588 AD 0004 0008 0000 0002 0000 - - - - -
SYNDROME; 71G>A 298 572 768 558 076
MOWS
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Supplementary Table S1 — Continued

67  TELANGIECTASI  ENG 2.1305794 AD 0002 0001 0001 0001 0004 1 1 - - -
A, HEREDITARY 83delC 094 901 694 250 406
HEMORRHAGIC,
TYPE 1; HHT1

68  TELANGIECTASI  ENG 2.1305920 AD 0001 0100 0002 0001 o011 1 1 - x x
A, HEREDITARY 08delG 903 858 573 722 934
HEMORRHAGIC,
TYPE 1; HHT1

69 PHENYLKETONU P4H 2.1032342 AR 0000 0002 0004 0001 0000 - - - - -
RIA; PKU 88A>C 718 514 923 347 737

70  ALAGILLE PAH 2.1032454 AD 0000 0000 0002 0000 0001 10 4 7 8 3
SYNDROME 1; T4C>A 518 490 155 110 328
ALGS1

71  ALAGILLE PAH 2.1032466 AD 0000 0000 0002 0003 0000 10 14 3 7 3
SYNDROME 1; 80C>G 585 490 937 022 486
ALGS1

72  ALAGILLE PAH 2.1032466 AD 0002 0002 0000 0004 0001 9 10 - 1 1
SYNDROME 1; 96C>G 910 937 400 969 947
ALGS1

73  ALAGILLE PAH 2.1033065 AD 0000 0001 0000 0005 0001 28 14 - 55 92
SYNDROME 1; 82A>G 772 394 490 280 629
ALGS1

11
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Supplementary Table S1 — Continued

74  MUCOPOLYSACC IDS 2.1485643 XLR 0002 0002 0000 0001 0001 - 95 79
HARIDOSIS, TYPE 39G>A 159 180 648 085 761
II; MPS2

75  EXOSTOSES, EXT2 24415163 AD 0003 0003 0003 0000 0000 2 X X
MULTIPLE, TYPE 7C>A 068 276 406 896 918
I

76  MARFAN FBNI 24872920 AD 0002 0000 0100 0000 0003 - 22 88
SYNDROME; MFS 1G>A 647 494 775 565 088

77  MARFAN FBNI 24872998 AD 0001 0000 0007 0000 0004 3 1 6
SYNDROME; MFS 2C>A 659 268 676 189 927

78  MARFAN FBNI 24875776 AD 0001 0000 0002 0000 0004 2 - -
SYNDROME; MFS 4C>T 166 268 816 501 927

79  MARFAN FBNI 24878038 AD 0001 0001 0000 0000 0000 - 1 1
SYNDROME; MFS 4T>C 635 002 494 275 278

80  Loeys-Dietz TGFBR2 g.3069178 AD 0001 0000 0000 0001 0000 - 1 2
syndrome 2 5C>T 156 175 316 634 278

81  Loeys-Dietz TGFBR2 g.3071334 AD 0002 0001 0001 0009 0002 - 2 114
syndrome 2 5C>T 631 647 519 473 650

82  Loeys-Dietz TGFBR2 g.3071370 AD 0000 0005 0004 0001 0000 3 1 1
syndrome 2 5T>C 766 807 955 388 347

83  Loeys-Dietz TGFBR2 g.3073291 AD 0000 0004 0001 0001 0100 3 3 5
syndrome 2 8C>T 766 944 634 643 259

84  Loeys-Dietz TGFBR2 g.3073296 AD 0001 0004 0009 0000 0001 - - -
syndrome 2 9C>T 631 955 473 939 762

12
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Supplementary Table S1 — Continued

85  Loeys-Dietz TGFBR2 g.3073297 AD 0001 0002 0012 0004 0001 1 1 6 12 108
syndrome 2 0G>A 166 308 385 944 363

86  Loeys-Dietz TGFBRI g.1019115 AD 0005 0001 0000 0000 0001 1 1 3 58 12
syndrome 1 35G>A 182 363 272 977 762

87  Mental retardation,  SLC946 g.1350806 XLD 0000 0100 0001 0000 0000 - - - - -
X-linked, 42 13508 717 543 263 400 020
syndromic, 0643delG
Christianson type A

88  Schizophrenia NOSIAP g.1623370 AD 0000 0002 0000 0100 0007 5 36 - 964 1111

12G>A 746 353 738 753 086

89  Pseudoxanthoma ABCC6  g.1625694 AR 0001 0001 0004 0001 0000 1 1 3 134 39
elasticum 4G>A 635 034 417 718 573

90  Pseudoxanthoma ABCC6  g.1625967 AR 0004 0007 0000 0100 0000 1 1 - - -
elasticum 9A>G 943 663 083 817 573

91  Pseudoxanthoma ABCC6  g.1629196 AR 0000 0004 0000 0001 0001 1 1 - 25 6
elasticum 0C>T 153 417 608 718 723

92  Hypertrophic SLCO24 g.1336725 AR 0002 0001 0030 1 1 - 496 382
osteoarthropathy, 1 67C>T 829 217 314

primary, autosomal

recessive, 2

93 Ciliary dyskinesia, DNAHS5  g1377731 - 0012 0002 0001 1 1 - - -
primary, 3 5delC 265 205 696

94  Ciliary dyskinesia, DNAHS5  g.1383078 - 0012 0002 0001 1 1 - 3 1
primary, 3 4G>A 265 205 696

13 © 2019 Tottori University Medical Press



Yonago Acta Medica 2019;62(3):244-252  doi: 10.33160/yam.2019.09.001

Supplementary Table S1 — Continued

95  DEAFNESS, SLC264  g.1073405 AR 0011 0000 0000 1 1 5 x x
AUTOSOMAL 4 38C>G 387 376 407
RECESSIVE 4,
WITH ENLARGED
VESTIBULAR
AQUEDUCT,
DFNB4
96 THROMBOTIC ADAMT  g.1363075 AR 0011 0000 0000 12 20 - x x
THROMBOCYTOP  §13 68A>T 387 376 407
ENIC PURPURA,
CONGENITAL;
TTP
97  Fabry disease GLA g.1006534 XL 0003 0002 0000 0005 0003 1 1 - 1 1
58A>G 119 376 962 144 326
98  Fabry disease GLA g.1006538 XL 0001 0100 0003 0003 0000 1 1 3 10 5
16A>G 131 820 394 401 407
99  Fabry disease GLA g.1006539 XL 0001 0000 0003 0001 0000 1 1 - 1 2
30T>C 369 708 326 658 093
100 Fabry disease GLA g.1006567 XL 0001 0001 0001 0100 0012 1 1 - - -
98delC 681 014 369 543 702

‘-’ - not ranked. “x’ - could not analyze.
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Supplementary Table S2. Rank positions of causative variants in patients’ data

Patient Disease Gene HGVS Inheritance =~ HPO ID Rank
(OMIM term) notation hiPHIVE PhenIX  Phen- combined order
(GRCh37/ Gen max statistics
hgl9) (eXtasy) (eXtasy)
| CONGENITAL ALGI 25121993 AR 0003 0002 0001 0000 0001 7 10 13 62 108
DISORDER  OF G>A, 256 014 250 252 263
GLYCOSYLATIO 2.5128843
N, TYPE 1K C>T
2 SOTOS NSDI 2.1767158 AD 0000 0001 0011 0001 0001 1 1 - 25 2
SYNDROME 32C>T 256 548 622 643 263
3 JOUBERT AHII g.1357543 AR 0002 0000 0001 1 1 6 - -
SYNDROME 3 26G>A, 419 639 263
2.1357843
53C>A
4 NEUROFIBROM  NFI 22966488 AD 0000 1 1 - x x
ATOSIS TYPE 1 0G>A 957
5 DEAFNESS, WFSI £.6303911 AD 0000 1 1 - x x
AUTOSOMAL G>A 365
DOMINANT 6
6 HYPOCHONDRO FGFR3 g.1807371 AD 0000 0007 0002 0004 2 1 - 15 1
PLASIA C>A 256 359 882 322
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Supplementary Table S2 — Continued

7 MITOCHONDRIA ECHS! 2.1351868 AR 0007 0002 0000 0001 0001 - - -
L SHORT-CHAIN 33G>A, 146 151 639 263 250
ENOYL-CoA 2.1351868
HYDRATASE 1 37T>C
DEFICIENCY
8 SOTOS NSDI g.1767190 AD 0000 0001 - 16 13
SYNDROME 45C>T 256 263
9 AORTIC ACTA2 2.9069929 AD 0002 - x x
ANEURYSM 9C>T 622
FAMILIAL
THORACIC 6
10 TELANGIECTASI ENG 2.1305875 AD 0000 - x x
A HEREDITARY 54A>AG 421
HEMORRHAGIC
TYPE 1
11 JOUBERT CEP290  g.8845655 AR 0002 0001 0000 0001 - - -
SYNDROME 5 6C>T, 419 337 496 249
2.8846243
4AST
12 MITOCHONDRIA ECHS! 21351841 AR 0007 0002 0001 0001 - - -
L SHORT-CHAIN TAT>C, 146 072 250 263
ENOYL-CoA 2.1351868
HYDRATASE 1 33G>A
DEFICIENCY
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Supplementary Table S2 — Continued

13 MARFAN FBNI 24893692 AD 0001 0002 1 - x x
SYNDROME 4CG>C 166 622

14 NEUROFIBROM  NFI 2.2955052 AD 0000 1 - x x
ATOSIS TYPE1 1CAG>C 957

15 RETT FOXGI 2.2923693 AD 0005 0001 0007 0002 1 - - -
SYNDROME 8C>CG 484 263 359 072
CONGENITAL
VARIANT

16 MIGRAINE CACNAIA  g.1341900 AD 0006 0001 0001 14 - - -
FAMILIAL 3C>G 846 249 250
HEMIPLEGIC1

17 NOONAN SHOC2 g.1127241 AD 0001 0000 0004 1 - 198 97
SYNDROME- 20A>G 249 316 322
LIKE DISORDER
WITH LOOSE
ANAGEN HAIR1

18 NEUROFIBROM  NFI 2.2966508 AD 0000 0001 1 - x x
ATOSIS TYPEI1 0GC>G 957 263

19 NIEMANN-PICK  NPC! 2.2112447 AR 0002 0001 0001 0100 0000 16 19 149 18
DISEASE TYPE 0T>TAG, 505 730 260 543 130
Cl g2.2114147

9G>A

20 NEUROFIBROM  NFI 2.2956301 AD 0000 1 - x x

ATOSIS TYPE 1 6T>TA 957

‘-’ - not ranked. “x’ - could not analyze.
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