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Abstract

Background: Next-generation sequencing (NGS)-based panels have gained traction
as a strategy for reproductive carrier screening. Their value for screening Ashkenazi
Jewish (AJ) individuals, who have benefited greatly from population-wide targeted
testing, as well as Sephardi/Mizrahi Jewish (SMJ) individuals (an underserved popu-
lation), has not been fully explored.

Methods: The clinical utilization by 6,805 self-reported Jewish individuals of an ex-
panded NGS panel, along with several ancillary assays, was assessed retrospectively.
Data were extracted for a subset of 96 diseases that, during the panel design phase,
were classified as being AJ-, SMJ-, or pan-Jewish/pan-ethnic-relevant.

Results: 64.6% of individuals were identified as carriers of one or more of these 96
diseases. Over 80% of the reported variants would have been missed by following
recommended AJ screening guidelines. 10.7% of variants reported for AJs were in
“SMI-relevant genes,” and 31.2% reported for SMJs were in “AJ-relevant genes.”
Roughly 2.5% of individuals carried a novel, likely pathogenic variant. One in 16
linked cohort couples was identified as a carrier couple for at least one of these 96
diseases.

Conclusion: For maximal carrier identification, this study supports using expanded
NGS panels for individuals of all Jewish backgrounds. This approach can better em-

power at-risk couples for reproductive decision making.
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1 | INTRODUCTION

Reproductive carrier screening for individuals of Ashkenazi
Jewish (AJ; Jews from Central and Eastern Europe; Ostrer
& Skorecki, 2013) descent has undergone a remarkable evo-
lution over the past 50 years (Ferreira et al., 2014; Hoffman
et al., 2014). The recognition of Tay—Sachs disease (TSD;
OMIM: 272800) as one that affects AJ offspring led to en-
zymatic carrier testing in the 1970s and the near elimination
of TSD from this population within a few decades (Kaback,
2000). With the identification of the genetic basis for this
and other recessive Mendelian diseases relevant to Als,
genetic testing for population-specific founder pathogenic
variants was developed and quickly gained acceptance.
Carrier screening allows at-risk couples to take advantage
of preconception/prenatal options to prevent the birth of af-
fected offspring or, alternatively, to strategize for early in-
tervention and disease management. Ideally this screening
should be done before a pregnancy to maximize the options
available.

Professional societies such as the American College of
Obstetricians and Gynecologists (ACOG) and the American
College of Medical Genetics and Genomics (ACMG) have
put forth guidelines describing the diseases for which AJ in-
dividuals should be offered screening and the criteria for the
inclusion of these diseases (ACOG Commitee on Genetics,
2009; Gross, Pletcher, & Monaghan, 2008). The ACMG
guidelines from 2008 also opened a window for the addition
of diseases over time (Gross et al., 2008), and clinical labora-
tories began to expand their AJ panels (Hoffman et al., 2014).
By adding recessive diseases with AJ carrier frequencies/se-
verities in the range of those of the initial diseases, the cumu-
lative carrier frequency predictably increased, for example,
from 1 in 4.3 when testing for the nine ACMG recommended
diseases (including cystic fibrosis [CF; OMIM: 219700],
which is recommended population-wide [ACOG Committee
on Genetics, 2011; Watson et al., 2004]) to 1 in 2 when testing
for a 36-disease panel (Shi et al., 2017). Acceptance of this
screening by the AJ community is widespread, and numerous
organizations have arisen to promote awareness and provide
education and access to testing (e.g., see https://www.jewis
hgeneticdiseases.org/resources-for-genetic-screening-2/).

In contrast, there have been limited efforts to address ge-
netic diseases in a population-wide manner for individuals
of Sephardi/Mizrahi Jewish (SMJ; Sephardi = Jews from
Southern Europe and North Africa; Mizrahi = Jews from the
Middle East/Arab countries) descent (Bloch, 2009; Ostrer
& Skorecki, 2013). On the scientific level, this lag can be
attributed to the more heterogeneous makeup of this popula-
tion resulting from specific migrations and bottlenecks and
subsequent endogamy. On the communal level, this lag has
been associated with a reluctance among its members to par-
ticipate in research and to access clinical testing due to more

limited awareness, inherent superstitions, and fear of stigma-
tization, which may affect marriage prospects for carriers and
their family members (Bloch, 2009). Aside from a few efforts
that have been ancestral country-of-origin-based (Kaback et
al., 2010; Zlotogora, Grotto, Kaliner, & Gamzu, 2016), car-
rier screening for SMJ individuals has been invoked primar-
ily in the context of a positive personal/family history of a
specific genetic disease.

In this report, we describe results from a cohort of 6,805
self-reported Jewish individuals who underwent expanded
carrier screening using a targeted next-generation sequencing
(NGS)-based panel over a 2 year time period (June 2015 to
June 2017). The panel was designed to not only include an
increased set of diseases more prevalent in the AJ population,
but also an SMJ disease set, and a set relevant to all Jewish
subgroups (as well as other disease genes known to be more
relevant to other ethnic groups). As opposed to previous pan-
els that assessed known pathogenic Jewish founder variants
by targeted genotyping methods, the NGS panel eliminates
biases related to which variants should be ascertained per
gene and, when offered to all who report Jewish descent,
overcomes being misguided by inaccurate ethnic information
(Lazarin & Haque, 2016; Umbarger et al., 2014). The uti-
lization of these types of panels in the reproductive carrier
screening realm has been rising (e.g.,see Haque et al. (2016))
due to their increased efficiency and decreases in costs and
turnaround times (Gregg, 2018).

Numerous professional societies (ACOG Committee on
Genetics, 2017a; Edwards et al., 2015; Grody et al., 2013;
Henneman et al., 2016) have outlined the pros and cons of
preconception/prenatal expanded carrier screening (ECS)
relative to more traditional approaches, and have offered
recommendations for its possible laboratory and clinical
implementation. In its 2017 committee opinion, ACOG con-
siders ECS “an acceptable strategy,” with the caveat that it
“does not replace risk-based screening” (ACOG Committee
on Genetics, 2017a). Findings from our experience with this
screening strategy are presented here, with an emphasis on
overarching themes relevant for those considering ECS for
individuals reporting Jewish descent.

2 | MATERIALS AND METHODS
2.1 | Editorial policies and ethical
considerations

All human subject retrospective research was carried out
on anonymized samples in accordance with the policies
and procedures of the Mount Sinai Health System and its
Institutional Review Board (IRB). For the pilot study (HSM
#13-00743; GCO 13-1611), informed consent was obtained
from ~900 self-reported SMJ individuals who also completed
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short demographic questionnaires. For the NGS panels and
ancillary tests, clinical testing was ordered by healthcare pro-
viders, and patients’ written informed consent was obtained.

2.2 | Pilot SM]J Study and NGS panel
development

For the pilot study, DNA isolated from saliva samples of
the SMJ individuals was analyzed for 107 selected variants
from 40 disease genes (Table S1) using Agena Bioscience™
iPLEX® pro chemistry on a MassARRAY® platform
and Agena Bioscience™ Typer 4.0 genotyping software.
Candidate disease selection for this targeted genotyping
panel, as well as for the NGS-based panel, was guided by
literature searches, by data from internal laboratory testing
databases, and occasionally by family or physician advocacy
(see Fedick et al. (2015) for example). Diseases included
on the NGS panel met internal criteria of: carrier frequency
more common than 1 in 500 in the general population or in
a subpopulation (e.g., Jewish), and disease characteristics of
(a) early-onset and severe, or (b) childhood/early adult onset
and progressive, or (c) amenable to treatment or intervention.
Preclinical validation of the panel was performed using con-
trol samples with known pathogenic variants (single nucleo-
tide variants (SNVs) and small indels (insertions/deletions))
previously characterized by standard molecular techniques,
according to CLIA (Clinical Laboratory Improvement
Amendments), CAP (College of American Pathologists)
and NYS-DOH (New York State-Department of Health)
guidelines.

2.3 | NGS clinical testing

Targeted regions (exons, intron-exon boundaries, and re-
ported pathogenic variants in other regions) were enriched
from patients’ genomic DNA with Agilent SureSelect™
QXT® technology on a Bravo NGS platform (Agilent). The
barcoded libraries were pooled and sequenced using the
Illumina HiSeq2500 system with 100 base pair paired-end
reads. FASTQ sequence files served as inputs to a custom
variant of the Broad “GATK best practices” pipeline to ob-
tain variant calls, similar to that described in (Linderman et
al., 2014). Genome alignment was to the Broad b37 refer-
ence genome. A mean coverage of 300X-500X was expected
over all targeted regions with a minimum average coverage
of 200X required for each sample. In addition, a minimum
coverage of 20X was required for “promised exons,” which
included exons harboring well-known pathogenic variants
as well as exons with multiple variants reported in HGMD
(Human Gene Mutation Database; http://www.hgmd.cf.ac.
uk/ac/index.php).
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Variant curation was performed in real time using a com-
bination of automated (including Cartagenia Bench Lab soft-
ware (Agilent)) and manual approaches. All novel variants
classified as likely pathogenic had to fulfill a minimum of
ACMG criteria PVS1 + PM2 (Richards et al., 2015) at the
time of curation. Pathogenic and likely pathogenic variants
were confirmed by Sanger sequencing and/or MassARRAY
according to the NYSDOH guidelines. All novel likely patho-
genic variants reported here were submitted to ClinVar (https
://[www.ncbi.nlm.nih.gov/clinvar/).

Practitioners received single integrated laboratory reports
with only pathogenic and likely pathogenic variants reported
(Edwards et al., 2015; Richards et al., 2015). Variants of un-
certain significance (VUSes) were on occasion unmasked
upon provider request. VUSes and likely pathogenic variants
are re-curated by the laboratory on a periodic basis for possi-
ble upgrades or downgrades in classification.

Ancillary assays are described in the Supporting

Information.
3 | RESULTS
3.1 | Pilot Study, and targeted NGS panel

development

An initial set of candidate pathogenic variants/diseases re-
ported in SMJ individuals was compiled and then culled
using inclusion criteria that considered severity, frequency,
penetrance, and value for reproductive decision-making or
management. First, a high-throughput genotyping assay was
developed covering 107 reported variants from 39 autosomal
recessive genes and one X-linked disease gene (Table S1).
Outreach to SMJ communities spurred support from commu-
nity leaders who then provided venues for educational talks
and sample collection, allowing for the screening of over 900
SMJ individuals from numerous ancestral countries of origin.
Carriers were identified for over half of the panel conditions,
and several homozygous individuals were identified as well
(Table S2; homozygotes identified for familial Mediterranean
fever (FMF; OMIM: 249100) and inclusion body myopathy
2 (IBM2; OMIM: 605820)). Four diseases were determined
to have a high overall SMJ carrier frequency (>1%) (FMF
(~11in 12), IBM2 (~1 in 11), phenylketonuria (PKU; OMIM:
261600; ~1 in 30) and Wolman disease (LALdef; OMIM:
278000; ~1 in 38)). Carrier frequency generally increased
when determined in the context of a relevant subethnic
group (e.g., IBM2 carrier frequency in Iranian Jews was 1 in
7 [n = 494]) (data not shown). Finally, ~1,500 anonymized
AJ DNAs also were screened using this targeted genotyping
panel, and high carrier frequencies (>1%) were found for
three diseases (FMF [~1 in 13], TSD [~1 in 25], and glyco-
gen storage disease type II [GSD2; OMIM: 232,300; ~1 in
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57]), with some overlapping variants seen between the AJ
and SMJ populations for these diseases and others (data not
shown).

The above 40 genes formed the core of the SMJ section of
the targeted NGS test, a set which was supplemented by an-
other four SMIJ disorders (Table S3; SMIJ section). Six disor-
ders from the initial 40 SMJ could be classified as pan-ethnic/
pan-Jewish, together with another four disorders for a total
of ten in that category (Table S3; pan-ethnic/Jewish section).
The set of ten includes not only CF as per guidelines (ACOG
Committee on Genetics, 2011; Watson et al., 2004), but also
spinal muscular atrophy (SMA; OMIM: 253300) which is
recommended universally by ACOG and ACMG (ACOG
Committee on Genetics, 2017b; Prior, & Professional Practice
and Guidelines Committee, 2008), and Fragile X syndrome
(FXS; OMIM: 300624), whose appropriateness for univer-
sal testing has been debated at length (ACOG Committee on
Genetics, 2010; Grody, 2011). With respect to the set of panel
genes more relevant for AJ individuals, most came from a
36-gene panel that already was offered by our laboratory for
this subpopulation (Shi et al., 2017). Another 16 relevant dis-
orders met inclusion criteria and were added (Table S3; AJ
section). In addition to these 96 genes, the largest ECS panel
offered contained 185 additional disease genes that have been
reported to be relevant for other ethnic groups.

3.2 | Overall experience with offering the
expanded panel

Over a 2-year period, 6,805 individuals of self-reported
Jewish ancestry received carrier screening through our clini-
cal laboratory using the targeted NGS-based panels. A ma-
jority of these patients self-reported as AJ, but there was a
combined SMJ subcohort of 299 individuals as well as an
“other Jewish” subcohort that included those of mixed pa-
rental or of less certain Jewish backgrounds. Most patients
(79%) opted for large panels of 252-281 genes, whereas
some preferred to limit their testing to smaller sized panels
(Figure 1). Results presented here focus on NGS findings
from a set of 96 genes, shown in Table S3, that during the
panel design phase were classified as more relevant for AJ
and SMJ patients.

The overall chance of being a carrier for one or more of these
96 disease genes tested by NGS was 1 in 1.57 (63.7% of indi-
viduals) (Figure 1; carriers for FXS and SMA as determined

by other methods are not included). Approximately 27% of
individuals were carriers for multiple diseases, 1253 were
carriers of two diseases, 425 of three diseases, and 134 of
four or more diseases (data not shown). Additionally, sev-
eral homozygous individuals and individuals carrying two
distinct variants in the same gene also were identified (data
not shown). Finally, many carriers, and some putative Jewish
founder variants, also were identified when individuals from
this cohort were tested for the additional genes on the panel
beyond this set of 96 (manuscript in preparation).

Observed carrier frequencies for the set of 96 diseases
are shown in Table S4 for the total cohort as well as the
AJ subcohort. AJ carrier frequencies were largely consis-
tent with those reported in the literature, with the six high-
est frequencies observed being for Gaucher disease (GD;
OMIM: 230800, 230900, 231000), FMF, CF, factor 11 de-
ficiency (Flldef; OMIM: 612416), nonsyndromic hearing
loss (DFNB1A; OMIM: 220290), and PKU. For the limited
SMIJ subcohort, only results from 31 diseases where two or
more carriers were found are shown (Table S5; for another 25
of the 96 diseases, one SMJ carrier for each was observed).
Notably, there were only six diseases for which no carriers
were identified in any of the subcohorts (Table S4).

For the AJ cohort, 5,779 variants in total were reported
for the 96 diseases, and, as shown in Figure 2 (top), differ-
ing proportions of these variants would have been detected
by previous targeted genotyping panels (9 or 36) or using
only the AJ + pan-ethnic/pan-Jewish subportions of the NGS
panel (58 genes). This latter subpanel would have missed
10.7% of variants that were found in the “SMIJ-relevant
genes.” Similarly, if SMJ individuals were tested only for the
SMIJ + pan-ethnic/pan-Jewish subportions of the NGS panel
(48 genes), 31.2% of the 176 total variants reported for this
cohort would have been missed (Figure 2, bottom), since they
were found in “AJ-relevant genes.” Of a total of 523 unique
variants reported for the 96 diseases, there were 102 novel
(i.e., not reported in the literature) variants that were clas-
sified as likely pathogenic (Richards et al., 2015; Figure 1).
Roughly 2.5% of individuals in the cohort carried a novel
likely pathogenic variant, and a subset of recurring variants
is presented in Table S6. Several of these variants have been
found in the gnomAD (Genome Aggregation Database; http://
gnomad.broadinstitute.org/) and ExXAC (Exome Aggregation
Consortium) browser (http://exac.broadinstitute.org/) data-
bases to be at increased frequency in Als, and may poten-
tially represent novel AJ (or pan-Jewish) founder mutations

FIGURE 1

Overview of testing performed for self-reported Jewish individuals. "Those with an indication other than routine carrier screening

have been excluded, albeit that some individuals may have had (more limited) carrier screening previously. “The genotyping panel of 38 is that
described in (Shi et al., 2017) with the addition of SMA/FXS testing. The panel of 96 is described in the text and shown in Table S3; subpanels of
that included 48 SMJ + pan-ethnic/pan-Jewish diseases or 58 AJ + pan-ethnic/pan-Jewish diseases. Larger panels (of 252-281 diseases) included

the full 96-disease set. "Carrier is defined as someone carrying one or more reported pathogenic/likely pathogenic variants in any of the 96 genes as

detected by NGS (or genotyping analysis for certain variants [see methods in Supporting Information]). Abbreviations: M, males; F, females
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Self-reported Jewish individuals'
n=6805 (2184 M/4621 F)

Ashkenazi tested
n=5426

# Diseases tested:i
38 (n=79)

58 (n=63)
96 (n=1131)
96 in context of larger panel

Sephardi/Mizrahi tested
n=299

(n=4153)

# Diseases tested:*
48 (n=5)

96 (n=35)

96 in context of larger panel
(n=259)

"Other Jewish" tested
n=1080

# Diseases tested:jt

38 or 48 or 58 (n=46)
96 (n=63)

96 in context of larger panel
(n=971)

. . .. S5of11
Molecular Genetics & Genomic e:*_wl LEY

J

|
Unaffected n=1862
Carriers® n=3564 (65.7%)

Unaffected n=160
Carriers® n=139 (46.5%)

|
Unaffected n=446

Carriers® n=634 (58.7%)

Unique known

Total number of
§

carriers

n=4337

Combined carrier
frequency=63.7%

Total number of unique
variants reported

n=523

Unique novel likely
pathogenic variants

n=102

pathogenic/likely
pathogenic variants

n=421
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Al (5779 variants reported for 96 diseases)

20.2% 2.3% 77.5%
9
44.2% 3.8% 52.0%
36
58
0% 20% 40% 60%

@ Variants detected m Variants missed (genes tested)

80%

i Variants in genes not tested

FIGURE 2
with panel expansion. Each bar represents

Increased detection rates

the breakdown of the three categories
(labeled on x-axis) for a given testing panel
(y-axis) relative to the total number of
reported “variants detected” when the 96
disease gene set of the NGS panel is used
for AJs (top) or SMJs (bottom), each of
which is taken to be 100%. The genotyping
panel of 36 diseases is described in Shi et
al. (2017), and the genotyping panel of nine
diseases includes CF plus the eight ACMG
diseases (Gross et al., 2008). NGS panels
of 48 and 58 are described in the text; both
exclude SMA and FXS carriers that are
detected by other means. Abbreviations: AJ,
Ashkenazi Jewish; SMJ, Sephardi/Mizrahi
Jewish

100%

SMIJ (176 variants reported for 96 diseases)

6.8% 2.3%

9
20.5% 8.0% 71.5%
36 :
48
0% 20% 40% 60%

@ Variants detected  mVariants missed (genes tested)

(similar to what has been described in Zlotogora, Patrinos, &
Meiner (2018)).

3.3 | Special Interest Diseases

Carrier status for several of the diseases was analyzed by an-
cillary or alternative methods (see Supporting Information).
For TSD, 226 HEXA carriers via DNA analysis were identi-
fied; this number includes one individual carrying a novel
likely pathogenic variant (c.1A > C), but excludes 12 pseu-
dodeficiency allele carriers (Figure 3 and Table S7). Seventy-
six percent of those HEXA carriers via DNA analysis also
were tested for Hexosaminidase A (HexA) enzyme activity,
and 92% were HEXA carriers via enzyme analysis, 6% were
inconclusive, and one (a c.1274_1277dupTATC carrier) was
unexpectedly a noncarrier by enzyme analysis. Additionally,
the carrier of a B1 allele (¢.533G>A) was classified as a non-
carrier by enzyme analysis and represents a false negative

80%

100%

i Variants in genes not tested

(see (Mahuran, 1999) for review). Of the 167 patients that
were determined to be HEXA carriers via enzyme analysis,
96.4% were also HEXA carriers via DNA analysis. Six indi-
viduals determined to be HEXA carriers via enzyme analysis
not carry reportable HEXA variants, albeit that three of the
six did carry a VUS (data not shown). Thirty-two putative
Sandhoff disease (OMIM: 268800) carriers also were identi-
fied based on high total HexA levels (Mahuran, 1999), and
these individuals had follow-up HEXB analysis (Figure 3b
and data not shown).

For SMA, gene dosage analysis was performed to assess
loss of SMNI exon 7, and deletion carriers were identified
at a frequency of 1 in 76 in the AJ cohort (Table 1), simi-
lar to what has been reported in comparably sized cohorts
(Sugarman et al., 2012). Previously we described an SMNI
2.27134T > G intron 7 variant in individuals of AJ (and
other) descent that is present in ~ 50% of all AJ SMN1 dupli-
cation events (Luo et al., 2014). By extension, the presence of
this founder variant in the context of two copies of SMNI can
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FIGURE 3 Overview of results from
TSD screening. DNA (a) and enzyme (b)
testing results are shown. DNA carriers do
not include those with pseudodeficiency
alleles. Abbreviations: AJ, Ashkenazi
Jewish; NGS, next-generation sequencing

Open Access,

HEXA gene analysis
(NGS and 7.6kb deletion)
Total Jewish individuals tested
n=6805

Ashkenazi
Jewish
n=5426

Sephardi/Mizrahi
Jewish
n=299

Pathogenic
n=192

"AJ" n=189

# DNA # DNA # DNA
carriers carriers carriers
n=193 n=0 n=33
J
|
. Pathogenic
Likely n=33
pathogenic
n=1
"A)" n=32
"non-Al" n=1

B1 variant n=1
"non-AJ" n=2

(b)

HexA enzyme analysis
(plasma and/or WBC)
Total individuals tested
n=5502

CARRIERS
n=167

NON-CARRIERS
n=5261

[ CARRIERS

INCONCLUSIVE
n=42

Possible
SANDHOFF

[

6 do not carry
reportable
HEXA variants;
1 carries a

n=32

1 carries

. B1 variant;
11 carry pathogenic

1 carries a
pathogenic
variant

mutations

novel likely
pathogenic
variant

identify a subset of likely SMA silent (2 + 0) carriers (Feng et
al., 2017; Luo et al., 2014). Genotyping analysis for this vari-
ant identified 17 of these likely silent carriers (of 4,842 tested
individuals, 0.35%) (Table 1). Notably, the AJ residual risk
after a negative result from copy number analysis (i.e., two
copies detected) decreases from 1 in 672 to 1 in 978 when
also negative for this variant, and increases to 1 in 10 when
positive for the variant.

For FXS, CGG repeat expansion sizes were determined
for females only, since these alleles do not typically expand in
the male germline (ACOG Committee on Genetics, 2017b).

Carrier frequencies (premutation + full mutation) of 1 in 128
in the total cohort and 1 in 118 in the AJ subcohort were
observed (Table S8), consistent with published frequencies
(Hantash et al., 2011). Only one full mutation carrier (262
repeats), and only two premutation carriers with >90 re-
peats and an associated highly significant chance of expan-
sion (80% chance; ACOG Committee on Genetics, 2017b)
were identified. Although rare FMR]1 intragenic pathogenic
variants have been reported for carriers (Lugenbeel, Peier,
Carson, Chudley, & Nelson, 1995), these were not seen in the
6,805 individuals tested by NGS.
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TABLE 1 SMA deletion and likely silent AJ carriers identified.
Screening results from SMNI copy number and g.27134T > G

genotyping analyses are shown for the AJ (Ashkenazi Jewish)
subcohort. Carrier frequencies for the likely silent carriers may be
underestimates, since some are missed even with g.27134T > G
genotyping (Luo et al., 2014). Residual risk estimates are noted in the
text and were calculated as per (Luo et al., 2014)

Copy number and

Category genotyping results n 1in

1 (deletion SMNI copies = 1, 64 76
carriers) 2.27134T>G: Negative
2 SMNI copies = 2,
2.27134T>G: Negative
3 (likely silent SMNI1 copies = 2, 17 285
carriers) 2.27134T>G: Positive
4 SMNI copies>=3, 365
2.27134T>G: Negative

5 SMNI copies>=3, 302
2.27134T>G: Positive

4,094

Total tested 4,842
3.4 | Clinical outcomes and decision making
after receiving ECS results

There were 831 linked couples identified in which both mem-
bers of the couple were part of this cohort and were tested
either in tandem or sequentially. Of these, 53 couples were
shown to be carrier couples for the same genetic disorder
among the set of 96 genes, and most of these couples were
AJ-AJ pairs (Figure 4a). There were 19 diseases for which
carrier couples were detected (Figure 4b): ten diseases were
classified on the panel as AJ, five as pan-ethnic/pan-Jewish,
and four as SMJ. Of note, several AJ-AJ couples were car-
rier couples for the diseases more relevant to SMJs (data not
shown). When assessing the 53 couples by the nature of the
specific variants identified, 26 of the allele combinations
were expected to be fully penetrant, and 30 of reduced pene-
trance (three couples were double carrier couples; Figure 4b).
Finally, at the time of testing, 30% of the 53 couples were
pregnant, and 56% of the pregnant couples already knew their
carrier couple status (mostly for variants in genes/disorders
on the ACMG eight-gene panel [Gross et al., 2008] or in
CFTR) (Figure 4c and data not shown).

4 | DISCUSSION

This report describes findings from NGS-based reproduc-
tive carrier screening in individuals of different Jewish
backgrounds (Ashkenazi, Sephardi and/or Mizrahi), with a
particular focus on a 96 disease gene subset of a larger ex-
panded panel. The recovery of an extensive set of patho-
genic/likely pathogenic variants from this type of universal

(@)

(b) ASPA, ATM, ATP7B,

CFTR (3), CLRN1, F11 (5),
FANCG, FKTN, GJB2 (2),
HEXA (2), IKBKAP (4),
MCOLN1, OPA3, SMN1,
TMEM216

Fully penetrant
allele combinations
n=26

Reduced penetrance
allele combinations
n=30

CFTR (2), GBA (9),
GJB2 (2), GNE,
MEFV (14), USH2A (2)

()

Pregnant
n=16

Not pregnant
n=33

Unknown
n=4

FIGURE 4 Characteristics of carrier couples for autosomal
recessive diseases. (a) Distribution of Jewish subethnicities of
identified couples wherein both members were carriers for the same
genetic disorder among the set of 96 genes. (b) Distribution of these
carrier couples by penetrance of their allelic combinations. The number
of couples who were carriers for a given gene is shown in parentheses.
CFTR and GJB?2 fall into both groups, depending on the specific
variants detected. (c) Pregnancy status of the identified carrier couples
at the time of testing. Abbreviations: AJ, Ashkenazi Jewish; OJ, Other
Jewish; SMJ, Sephardi/Mizrahi Jewish

testing yielded a high cumulative carrier frequency for these
96 diseases. In the total cohort, 64.6% of individuals were
identified as carriers of one or more diseases (when NGS
carriers, SMA deletion + silent carriers, and FXS FM + PM
carriers all are included). While the substantial representa-
tion of AJs in the total pool of carriers is expected based
on this ethnicity being “high risk,” almost 50% of the SMJ
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individuals were found to be carriers (Figure 1). We recog-
nize that our SMJ carrier frequencies were determined in a
comparatively smaller-sized subcohort, which could relate
in part to the smaller number of SMJs in the United States
relative to AJs (Bloch, 2009). It has been estimated that only
approximately 5% of Jews living in the United States are not
AJ. Additionally, because SMJs have been an underserved
population in terms of carrier screening, there also is likely a
continuing need to educate SMJ individuals (and physicians)
about the benefits of carrier screening and the normalcy of
being a carrier (Bloch, 2009).

While breaking down the panel into AJ, SMJ, and pan-eth-
nic/pan-Jewish subsections was helpful for panel design pur-
poses, this study does not support using sub-Jewish-oriented
panels for testing (as some patients did; see Figure 1), since
Al carriers of “SMIJ diseases” and SMJ carriers of classically
“AJ diseases” were identified (Figure 2, Tables S4 and S5).
Specific pathogenic variants also are shared between these
groups (data not shown), and these variations may have pre-
dated the formation of Jewish Diaspora populations (Ostrer
& Skorecki, 2013). Moreover, if the end-goal is maximal car-
rier identification, then this study also does not support using
only the 96 gene subpanel on self-reported Jewish patients
(as some patients did; see Figure 1), since many carriers, and
some putative Jewish founder variants, also were identified
when testing was done for additional genes beyond the set
of 96 (manuscript in preparation). This is consistent with the
trending of the field towards offering a universal panel for all
individuals screened by ECS (Lazarin & Haque, 2016), espe-
cially since ethnic identification is often unreliable/complex,
but also because this would be a more equitable approach.

Increased panel uptake by individuals of any Jewish descent
will allow for more accurate determination of carrier frequen-
cies and residual risk estimates, an objective that also will be
aided by increasing detection rates through technological im-
provements such as the ability to assess copy number variation
(see also Beauchamp et al. (2017)). Over time, shared findings
from functional studies and clinical cases also will lead to en-
hanced abilities to assign definitive classifications to novel/rare
variants and to resolve a proportion of the variants classified as
VUS. This becomes particularly poignant for couples in which
one member is a carrier of a known pathogenic variant and the
other carries a variant whose pathogenicity is indeterminate.

To improve detection rates, the current study supports the
utilization of ancillary assays for certain diseases, albeit that
these are labor- and time-intensive to perform and antithet-
ical to the trend toward multiplexing. The continued used
of HexA enzyme analysis (also see Hoffman et al. (2013))
is supported by our identification of one carrier of a novel
likely pathogenic variant (HEXA c.1A>C start loss vari-
ant) who was definitively a TSD carrier by enzyme analy-
sis. Additionally, several TSD carriers by enzyme analysis
were identified who did not carry reportable DNA variants
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(Figure 3 and Table S7); these individuals are being been
counseled as TSD carriers until proven otherwise. While the
enzyme assay is sensitive to storage and transport conditions
and biological factors including hormonal medications and
pregnancy, DNA testing is limited by the ability to classify a
variant as pathogenic due to available reports in the literature.
The two assays performed in conjunction have a greater abil-
ity to identify carriers of the disease than either one alone.

Ancillary testing also proved valuable for the identifica-
tion of some AlJ likely silent (2 + 0) SMA carriers who har-
bored the SMNI g.27134T>G intron 7 variant (Luo et al.,
2014). Approximately 50% of silent (2 + 0) SMA carriers
are expected to be identified using this method. Of note,
one of the likely silent carriers belonged to a couple whose
other member was a deletion carrier, and therefore they were
counseled as an SMA carrier couple (Figure 4b). As has been
done with this SMN variant, there may be other diseases as-
sociated with complex alleles for which supplemental testing
could be helpful for detecting additional carriers and improv-
ing residual risk estimates after a negative result.

In addition to the SMA carrier couple, there were 52 other
carrier couples found among the 831 linked couples, repre-
senting a rate of 1 in 16 (or 1 in 32 if only fully penetrant al-
lelic combinations are considered). In some respects, this high
rate of carrier couples may appear to be higher than expected,
as these patients have been tested for many more diseases than
previously reported in other Jewish cohorts. Additionally,
some of these couples were likely pursuing testing because
the first member of the couple was found to be a carrier, thus
increasing the carrier couple rate. However, this high rate of
carrier couples in this cohort is expected to be an underesti-
mate, since (a) carrier couples were not included if only one
of the two members was part of this cohort, and (b) carrier
couples for diseases beyond the 96 gene subset also were not
included. Of the identified 53 couples, 42% already knew their
carrier couple status from previous (more limited) testing,
and it is likely that some had more readily pursued expanded
testing as it became available. Future studies will monitor de-
cision making in these and other carrier couples, as well as
assess whether the nature of the allelic combinations affects
these choices (see also (Ghiossi, Goldberg, Haque, Lazarin,
& Wong, 2017)). Given the complex nature of ECS results,
posttest genetic counseling of carrier couples must include a
careful and user-friendly review of the nature of the diseases
and the specific variants identified. This is especially import-
ant given that pretest genetic counseling education is likely
overwhelming for patients due to the quantity and diversity of
the panel genes and the complexity of possible NGS results.

The clinical utility of ECS lies in empowering at-risk
couples with maximal, useful knowledge to assist them in
making reproductive decisions that also will be informed by
the couples’ personal values and beliefs. We recognize that
there are opponents of using ECS as a reproductive screening
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strategy, and also that the inclusion of certain genes/diseases
on targeted ECS panels may be criticized based on their being
too rare, associated with mild/variable phenotypes, having
later onset, among other concerns (ACOG Committee on
Genetics, 2017a; Gregg, 2018; Grody, 2016). However, since
this testing is available and has high analytical sensitivity and
specificity, one can argue that the decisions of whether to
pursue this, and whether/how to act on the returned results,
should be left up to the patient/couple. Patients also need to
be aware that, at least in a cohort such as this one, the chance
of being a carrier or part of a carrier couple is high, and the
testing process itself does not affect that chance.
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