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Abstract

The success of prenatal carrier screening as a disease prevention strategy in the Ashkenazi Jewish
(AJ) population has driven the expansion of screening panels as disease-causing founder
mutations have been identified. However, the carrier frequencies of many of these mutations have
not been reported in large AJ cohorts. We determined the carrier frequencies of over 100
mutations for 16 recessive disorders in the New York metropolitan area AJ population. Among the
100% AJ-descended individuals, screening for 16 disorders resulted in ~1 in 3.3 being a carrier for
one disease and ~1 in 24 for two diseases. The carrier frequencies ranged from 0.066 (1 in 15.2;
Gaucher disease) to 0.006 (1 in 168; nemaline myopathy), which averaged ~15% higher than those
for all screenees. Importantly, over 95% of screenees chose to be screened for all possible AJ
diseases, including disorders with lower carrier frequencies and/or detectability. Carrier screening
also identified rare individuals homozygous for disease-causing mutations who had previously
unrecognized clinical manifestations. Additionally, prenatal testing results and experience for all
16 disorders (n = 574) are reported. Together, these data indicate the general acceptance, carrier
frequencies, and prenatal testing results for an expanded panel of 16 diseases in the AJ population.
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INTRODUCTION

Prenatal carrier screening for severely debilitating recessive genetic diseases prevalent in the
Ashkenazi Jewish (AJ) population began with Tay-Sachs disease (TSD; MIM# 272800) in
the early 1970s [Kaback et al., 1993; Kaback, 2000]. Since that time the number of disorders
included in AJ screening panels increased as the causative genes and founder mutations for
additional diseases made DNA-based carrier testing feasible. Coupled with genetic
counseling, prenatal carrier screening has been widely accepted by the AJ community [Eng
and Desnick, 2001; Eng et al., 1997], and in 2004, the American College of Obstetricians
and Gynecologists (ACOG) updated its recommended AJ carrier screening panel to include
four highly prevalent neurodegenerative and/or debilitating disorders (Canavan disease (CD;
MIM# 271900), cystic fibrosis (CF; MIM# 219700), familial dysautonomia (FD; MIM#
223900), and TSD) [ACOG, 2004]. More recently, the American College of Medical
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Genetics (ACMG) recommended AJ carrier screening for an additional five
neurodegenerative and/or debilitating disorders, including Bloom syndrome (BS; MIM#
210900), Fanconi anemia group C (FA; MIM# 227645), Gaucher disease (GD; MIM#
230800), mucolipidosis type IV (MLIV; MIM# 252650), and Niemann-Pick disease type A
(NPD; MIM# 257200) [Gross et al., 2008].

In addition to screening for these nine diseases, many laboratories also test for maple syrup
urine disease (MSUD; MIM# 248600) and glycogen storage disease la (GSDla; MIM#
232200), bringing the total number of diseases in these prenatal AJ screening panels to at
least 11 with reported carrier frequencies ranging from 0.067 (1 in 15) for GD [Horowitz et
al., 1998] to 0.008 (1 in 127) for MLIV [Edelmann et al., 2002]. AJ founder mutations also
have been described for lipoamide dehydrogenase deficiency (E3; MIM# 248600) [Hong et
al., 2003; Shaag et al., 1999], familial hyperinsulinism (HI; MIM# 256450) [Nestorowicz et
al., 1996], nemaline myopathy (NM; MIM# 256030) [Anderson et al., 2004], and Usher
syndrome types | (USH1F; MIM# 602083) [Ben-Yosef et al., 2003; Brownstein et al., 2004]
and 111 (USH3; MIM# 276902) [Ness et al., 2003], prompting their recent inclusion into
some AJ prenatal screening panels.

Here, we report our experience with carrier screening and prenatal diagnoses for 16 AJ panel
disorders, including the rationale and justification for the panel expansion, as well as its
acceptance by the screenees. The identified carrier frequencies of the underlying founder
mutations in these diseases are based on carrier screening in the New York metropolitan
area AJ population, which included a large number of screenees who reported that both
parents were 100% AJ. The findings reported here for AJ screening in a large population
provides a benchmark for future carrier detection in this and other AJ and ethnic
subpopulations.

Study Population

Peripheral blood samples were obtained with informed consent from individuals requesting
carrier screening from the greater New York metropolitan area from 1996 to 2009. The total
screened population was composed of AJ individuals, individuals with unknown or mixed
ancestry, and non-AJ individuals most of which had AJ spouses. Among these screenees, a
large cohort was identified who reported that both parents were 100% AJ and this
population was used to determine AJ carrier frequencies and to calculate residual risk
values.

Carrier Screening Assays

Until 2005, all diseases included in our prenatal AJ panel were tested using clinically
approved standard polymerase chain reaction (PCR)-restriction fragment length
polymorphism (RFLP) and allele-specific oligonucleotide hybridization (ASOH) assays
[Dong et al., 2002; Edelmann et al., 2002; Edelmann et al., 2001; Eng and Desnick, 2001;
Eng et al., 1997; Kornreich et al., 2004]. In 2005, BS, CD, FA, FD, GD, MLIV, NPD and
TSD, and CF were genotyped using the AJP and CF Tag-It™ Mutation Detection Kits
(Luminex Molecular Diagnostics, Toronto, ON), respectively, according to the
manufacturer’s instructions. Genotypes for these samples were determined using Tag-It™
Data Analysis Software (Luminex Molecular Diagnostics). The number of CFTR mutations
included in the CF testing panel increased progressively from six in 1996 (p.W1282X,
p.F508del, p.G542X, ¢.3717+12191C>T (3849+10kb C>T), p.N1303K, and p.1507del) to
the current panel of 76 mutations and variants, which includes the 23 ACMG-recommended
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mutations [Grody et al., 2001; Watson et al., 2004] and the p.D1152H mutation which is
prevalent in the AJ population [Kornreich et al., 2004].

In 2004 and 2005, MSUD and GSDla, respectively, were added to our AJ panel using
clinically approved ASOH assays [Edelmann et al., 2001]. In 2007, they and five additional
diseases (E3, HI, NM, USH1F, and USH3) were incorporated into the panel using a
multiplex PCR/allele-specific primer extension (ASPE) assay, as described in the Supp.
Methods. The 12 specific mutations tested by this assay for these seven diseases are listed in
Supp. Table S1, and the PCR and ASPE primer sequences are listed in Supp. Tables S2 and
S3, respectively. A graphical output of allelic ratios from representative positive control
MSUD, GSDla, E3, USH1F, USH3, HI and NM samples is shown in Figure 1.

Together, testing for all 16 disorders currently includes 118 total mutations and variants. The
GenBank RefSeq and MIM entries for the 16 panel genes are: GD (GBA; NG_009783.1;
MIM# 606463), CF (CFTR; NG_016465.1; MIM# 602421), TSD (HEXA; NG_009017.1;
MIM# 606869), FD (IKBKAP; NG_008788.1; MIM# 603722), CD (ASPA; NG_008399.1;
MIM# 608034), GSDIa (G6PC; NG_011808.1; MIM# 232200), HI (ABCC8; NG_008867.1;
MIM# 600509), MLIV (MCOLNL1; AF287270.1; MIM# 605248), MSUD (BCKDHB,;
NG_009775.1; MIM# 248611), FA (FANCC; NG_011707.1; MIM# 227645), E3 (DLD;
NG_008045.1; MIM# 238331), NPD (SMPD1; NG_011780.1; MIM# 607608), USH3
(CLRN1; NG_009168.1; MIM# 606397), BS (BLM; NG_007272.1; MIM# 604610), USH1F
(PCDH15; NG_009191.1; MIM# 605514), NM (NEB; NG_009382.2; MIM# 161650).
Nucleotide numbering reflects cDNA numbering with +1 corresponding to the A of the
ATG translation initiation codon in the reference sequence. The initiation codon is codon 1.
Of note, prior to 2005, DNA-based TSD testing was only performed in our laboratory for
confirmation of hexosaminidase enzyme analyses. Consequently, for this study, the TSD
carrier frequency was determined from individuals screened by the 2005 AJ panel and
onward.

Allele and Carrier Frequencies

The carrier frequencies for all screenees and the 100% AJ screenees are summarized in
Table 1 and ranged from 0.060 (1 in 16.8; GD) to 0.005 (1 in 186; NM) and from 0.066 (1 in
15.2; GD) to 0.006 (1 in 168; NM), respectively. All disease alleles in both populations were
in Hardy-Weinberg equilibrium. On average the 100% AJ carrier frequencies were ~15%
higher than those among all screenees, except for CF and NPD where the carrier frequencies
were about equal. For the five recently added disorders (E3, HI, NM, USH1F, and USH3),
the 100% AJ carrier frequencies ranged from 0.015 (1 in 68; HI) to 0.006 (1 in 168; NM),
which resulted in a cumulative carrier frequency of 0.045 (1 in 22).

Regarding CF, while six CFTR mutations (p.W1282X, p.F508del, p.D1152H, p.G542X, c.
3717+12191C>T, and p.N1303K) accounted for >98% of the total mutations identified
among the 100% AJ screenees, they only accounted for ~86% of the mutations identified
among all screenees. In addition, whereas p.F508del was the most common mutation
identified among all screenees (0.018; 1 in 56), p.W1282X was the most common mutation
identified among the 100% AJ screenees with a slightly higher frequency (0.020; 1 in 50).
Although the ACMG recommends testing 23 mutations for routine CF carrier screening
[Grody et al., 2001; Watson et al., 2004], additional CFTR mutations were identified in
4.5% and 7.0% of all screenees and the 100% AJ screenees, respectively, primarily due to
the p.D1152H mutation prevalent among the AJ (1 in 188) [Kornreich et al., 2004].
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Residual Risks

All 16 diseases included in the prenatal carrier panel have high detectability in the AJ
population (>0.90) with the exception of USH1F, which is estimated to be >0.75. These
rates are generally accepted for the majority of diseases [DeMarchi et al., 1996; Eng and
Desnick, 2001; Eng et al., 1997; Gross et al., 2008; Monaghan et al., 2008], and the
detectabilities of the five disorders recently included in the panel were based on previous
reports of affected AJ families [Anderson et al., 2004; Ben-Yosef et al., 2003; Brownstein et
al., 2004; Hong et al., 2003; Ness et al., 2003; Nestorowicz et al., 1996; Shaag et al., 1999].
Their respective detectability rates were used to determine the residual risk for each disease
among the 100% AJ screenees, which are summarized in Table 2. Due to a carrier frequency
of 0.066 (1 in 15), GD had the highest residual risk (1 in 281), whereas BS had the lowest (1
in 13,301) when compared to the other disorders. Of the five disorders recently included in
the panel, USH1F had the highest residual risk (1 in 585) as a result of its lower detectability
(=0.75) and NM had the lowest (1 in 3,341).

Table 2 also lists the residual risk values of having an affected fetus when one parent tests
positive and the other negative (i.e., positive/negative) and when both parents test negative
(i.e., negative/negative) for each of the 16 AJ disorders. In the presence of a positive/
negative or negative/negative parental test result, GD had the highest residual risk for an
affected fetus (1 in 1,124 or 1 in 3.2 x 10, respectively), whereas BS had the lowest risk (1
in 53,204 or 1 in 7.1 x 108, respectively).

Combined Carrier Frequencies of AJ Testing Panels

The combined carrier frequencies for the AJ carrier screening disorders are summarized in
Table 3. As expected, the combined carrier frequencies for all screenees and the 100% AJ

screenees increased with the number of diseases tested. The combined carrier frequencies

for the 16 disorders among all screenees and the 100% AJ screenees were 0.274 (1 in 3.7)

and 0.306 (1 in 3.3), respectively.

Double- and Triple-Heterozygote Carrier Frequencies

The AJ double-heterozygote frequencies are summarized in Supp. Table S4. Of note, 1 in 21
AJ individuals was found to be a carrier for two of the 16 diseases, consistent with the
predicted frequency of ~1 in 24 when using the full testing panel. Together, GD and CF
mutations were the most commonly identified alleles among double-heterozygous Al
individuals with an observed frequency (1 in 400) consistent with their predicted frequency
of ~1 in 343 (Supp. Table S5). In addition, since 2002, seven triple-heterozygous Al
individuals have been identified by routine screening, resulting in an observed frequency of
0.0018 (~1 in 561). Each of these individuals harbored unique disease mutation
combinations (GD/CF/NPD, GD/CF/BS, GD/TSD/FD, GD/FD/CD, CF/FD/FA, CF/GSDIa/
MSUD, and TSD/CD/FA).

Panel Selection among AJ Screenees

A random subset of AJ screenees was monitored to evaluate the disorders selected for
carrier testing and these results are summarized in Table 4. Among 466 AJ individuals who
underwent pre-screening genetic counseling between 2008 and 2009, the majority (82%)
selected a testing panel that included all 16 disorders. Of those who did not choose all 16
disorders, the majority chose the full panel without CF because they had previously
undergone CF testing and/or had testing performed elsewhere. Not including CF, ~96% of
AJ individuals chose to include all available disorders and these results were consistent
whether they underwent genetic counseling at our center or elsewhere. Importantly, less than
2% of the AJ population chose not to include either USH1F or the five recently added
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disorders (E3, HI, NM, USH1F, and USH3) in their panel, suggesting that the AJ population
is strongly in favor of including all 16 disorders in prenatal testing panels.

Prenatal Testing

Prenatal diagnostic testing has been performed at our center for all 16 AJ disorders and the
cumulative results since 1996 are summarized in Table 5. Among all DNA-based prenatal
diagnoses (n = 574), the fetuses were diagnosed as non-carriers (193; 34%), carriers (274;
48%), or affected (107; 19%). These outcomes significantly deviated from the expected
Mendelian ratios (x2 = 26.9, 2 df) and were due to the fact that prenatal diagnoses were
performed for pregnancies in which one partner was a known mutation carrier and the other:
1) was unavailable for testing and had an unknown mutation status, 2) was a carrier by
enzyme for TSD but was negative for the commonly screened mutations, or 3) was negative
for the commonly screened GD causing mutations but was being tested prenatally by
enzyme analysis.

Among the 404 DNA confirmed at-risk pregnancies, 97 (24%), 200 (50%), and 107 (27%)
were determined by DNA analysis to be non-carriers, carriers, and affected, respectively, the
distribution being consistent with the expected Mendelian ratios (y“ = 0.53, 2 df). Of the 31
TSD fetuses harboring two mutations, one was compound heterozygous for the HEXA c.
1274 1277dupTATC null mutation and the p.R247W pseudodeficiency allele; however,
after counseling the parents elected to continue the pregnancy. Genotypes with highly
variable phenotypes also were observed in four CF pregnancies, including p.[W1282X] + c.
[1210-12T[5]], p.[F508del] + c.[1210-12T[5]], p.[G542X] + [R117H] (without c.
1210-12T[5]), and p.[N1303K] + [R117H] (without ¢.1210-12T[5]) compound
heterozygotes. Among these, two sets of parents continued the pregnancies (p.[F508del] + c.
[1210-12T[5]] and p.[N1303K] + [R117H]), whereas the parents of the p.[W1282X] + c.
[1210-12T[5]] and p.[G542X] + [R117H] fetuses elected termination. Additionally, among
the 19 fetuses predicted to be affected with GD, 14 were found to be p.[N370S] + [N370S],
a mild phenotype [Balwani et al., 2010], and all but one couple elected to continue these
pregnancies.

Among the 170 pregnancies with only a single DNA confirmed parent, 96 (56%) and 74
(44%) were determined by DNA analysis to be non-carriers and carriers, respectively. The
majority (n = 134; 79%) of these monitored pregnancies were for GD (n = 79) and TSD (n =
55), in part due to their higher carrier frequencies (1 in 15 and 1 in 27, respectively). These
pregnancies were referred to our center which offers prenatal enzyme and/or DNA
diagnoses for these diseases. No affected pregnancies were detected in these cohorts. The
outcomes from the combined cohort deviated significantly from the expected Mendelian
ratios (y2 = 111.3, 2 df), suggesting that most of the unconfirmed parents of these
pregnancies were not mutation carriers.

Interestingly, one fetus was identified as affected with both GD and HI as both parents were
double-heterozygotes (GBA: p.[N370S] + ABCCS8: ¢.[3989-9G>A], and GBA: p.[N370S] +
ABCCS: p.[F1387del]). Based on the 100% AJ carrier frequencies, the predicted frequency
of GD/HI double-heterozygous individuals was 1 in 1,027, and the frequency of an at-risk
carrier couple for both diseases was lower than 1 in 106.

DISCUSSION

AJ Carrier Screening and Panel Expansion

Almost 40 years ago, prenatal carrier screening for TSD in the AJ community became the
prototype for the prevention of severe recessive genetic diseases. The paradigm of educating
the community, offering testing options, and genetic counseling was readily accepted in the
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AJ community and has expanded to other ethnic, demographic, and racial groups for the
option to prevent seriously debilitating diseases of childhood in at-risk populations (e.g., Dor
Yeshorim in the ultra orthodox community [Ekstein and Katzenstein, 2001], Druze [Falik-
Zaccai et al., 2008] and Saudi Arabian [Al Sulaiman et al., 2008] screening programs,
thalassemia [Cao et al., 2002] and the hemoglobinopathies in the Mediterranean [Patrinos et
al., 2005]). As the genes and founder/common mutations for other severely debilitating and
neurodegenerative diseases prevalent in the AJ population were identified, additional
diseases were included in the AJ prenatal screening panel, largely driven by demand from
the AJ community itself, particularly from parents who were screened for the more frequent
disorders but who had an affected child with a less frequent disease not included in the
panel. Suffice it to say, AJ parents want to test for all possible debilitating/
neurodegenerative disorders that can affect their children. The success of this prevention
strategy in the AJ community has been remarkable. Today, the birth of affected children
with these diseases is rare [Lerner, 2009] as the screening programs have essentially become
‘standard of care’ by guidelines and recommendations of the ACOG [ACOG, 2004; 2009]
and ACMG [Gross et al., 2008; Monaghan et al., 2008].

We recently increased our prenatal AJ carrier screening panel from 11 to 16 disorders
prevalent in the AJ population, as parents of affected patients sought testing panel expansion
to prevent the birth of children with these diseases. Although there is debate regarding the
expansion of prenatal AJ panels [Fares et al., 2008; Gross et al., 2008], there is a compelling
rationale for including E3, USH1F, USH3, HI and NM when screening the AJ population.
For example, E3 can be a severe neonatal disorder with a fatal outcome. Although it is
considered rare, it has been reported in the North American AJ population and it may be
under-diagnosed given its clinical presentation which is similar to ketotic hypoglycemia
[Sansaricq et al., 2006]. Awareness of the possibility of fatal decompensation could lead to
life-saving treatment. However, discussion of the phenotypic variability of p.G229C
homozygotes should be included during prenatal genetic counseling. Regarding USH, the
severity of profound prelingual hearing loss, vestibular areflexia, prepubertal onset of
retinitis pigmentosa, and the occurrence of an AJ founder mutation in USH1F make it a
good screening candidate. Although USH3 has a much more variable and later onset than
USH1, screening for the CLRN1 p.N48K mutation in the AJ population would inform carrier
families of the progressive nature of USH3 and assist in distinguishing it from other atypical
forms of USH and non-syndromic deafness. HI is a good candidate for AJ carrier screening
given its severe neonatal phenotype and a carrier frequency (0.015; 1 in 68) similar to that
observed in many other disorders already included in AJ panels. NM is a variable and
genetically heterogeneous disorder; however, the typical form associated with NEB
mutations is characterized by infantile onset and profound weakness of facial, bulbar, and
respiratory muscles and neck flexors. Although the disease is rare, screening for the
p.R2478 D2512del mutation could reduce the occurrence of this devastating disorder in the
AJ population.

Further support for inclusion of E3, USH1F, USH3, HI and NM in testing panels comes
from the AJ community itself. By monitoring panel selection among AJ screenees, our study
determined that following standard pre-screening genetic counseling, the vast majority
(~95%) of AJ individuals opted for the expanded testing panel, even after counseling about
the lower detectability and residual risk of USH1F. Of note, in addition to information on
USHZ1F, prenatal carrier counseling at our center typically includes a discussion of recessive
disease inheritance, carrier frequencies of each disorder, an overview of the clinical features
of each disease including those with variable phenotypes, detectability, as well as
information on prenatal testing and preimplantation genetic diagnosis availability. The rare
possibility of detecting homozygosity — particularly for GD — during carrier screening is also
discussed. Taken together, these data indicate that the local AJ community is supportive of
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carrier screening expansion, including disorders with lower carrier frequencies and/or
detectability.

DNA-Based Testing in the AJ Population

Coinciding with the expansion of AJ carrier screening panels has been the continued
development and clinical evaluation of multiplexed genotyping platforms [Edelmann et al.,
2004; Fares et al., 2008; Kalman et al., 2009; Schrijver et al., 2007; Strom et al., 2004;
Strom et al., 2005]. Although the current panel of 16 disorders utilizes commercial assays
[Strom et al., 2005; Strom et al., 2006], to facilitate carrier testing of the recently added
diseases (E3, USH1F, USH3, HI and NM), we designed a novel multiplexed bead-based
assay which simultaneously genotyped their seven mutations and an additional five AJ
mutations which cause MSUD and GSDla.

In addition to targeted mutation analyses, full gene sequencing is increasingly being used to
identify rare mutations in some AJ panel disorders (e.g., TSD, CF), particularly for non-AJ
or mixed-ethnicity couples. Although this testing strategy offers an increased mutation
detection sensitivity, this is offset by the additional cost, labor and turnaround time, and the
concerning possibility of identifying sequence variants of unknown significance (e.g.,
synonymous and non-coding variants). However, many of the AJ individuals surveyed at
our institution said they would be inclined to pursue full gene sequencing if they were found
to be a carrier of a particular disorder and their partner was not, particularly if their partner
was not of AJ descent (unpublished observations).

Regarding cost and turnaround time of full gene sequencing, it is possible that customized
resequencing microarrays [Lebet et al., 2008; Waldmuller et al., 2008] and next-generation
sequencing platforms [ten Bosch and Grody, 2008; VVoelkerding et al., 2009] will decrease
in price in the near future, which could enable more thorough and practical clinical
sequencing-based assays. Of note, the size of the genes responsible for the 16 disorders in
the AJ panel range from four exons (USH3) to 150 exons (NM) (average: 26 exons; median:
14 exons), underscoring the challenge and time required to perform traditional capillary-
based sequencing for these diseases. Additionally, forthcoming clinical sequencing
platforms should also be able to detect small and large deletions/duplications in conjunction
with single nucleotide mutations. This is particularly relevant given that seven of the 16
genes included in the current AJ panel (GBA, G6PC, ABCC8, MCOLN1, DLD, PCDH15,
NEB) lie in genomic regions with variable copy-number based on the Database of Genomic
Variants (http://projects.tcag.ca/variation/) [lafrate et al., 2004].

AJ Panel Carrier Frequencies and Residual Risks

The identified carrier frequencies for the 16 disorders among the 100% AJ screenees from
the New York metropolitan area were compared to previously reported frequencies from
other AJ cohorts (Table 6). This is the first comprehensive study of all 16 disorders
involving large numbers of individuals who reported 100% AJ ethnicity, and to our
knowledge, the first reported HI carrier frequency of the ABCC8/SURL1 ¢.3989-9G>A and
p.F1387del mutations in the AJ population (0.015; 1 in 68). Excluding TSD, ~3,000 to
11,000 100% AJ individuals were tested for each of the 16 AJ panel disorders to ascertain
their allele frequencies, carrier frequencies, and residual risk values.

Although several of the disorders had similar frequencies to those previously reported from
other AJ cohorts (GD, CF, TSD, FD, CD, GSDla, MSUD, FA, E3), some diseases warrant
further comment. For example, our USH3 carrier frequency (0.0083; 1 in 120) was higher
than previously reported (0.0071; 1 in 140) [Ness et al., 2003]; however, this was a limited
study of 419 individuals. Assuming Hardy-Weinberg equilibrium, our updated p.N48K
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carrier frequency from a much larger cohort predicts an USH3 prevalence of ~2 per 100,000
AJ individuals. If USH3 accounts for ~40% of all USH subtypes, the predicted overall
prevalence of USH in the AJ population is 4.4 per 100,000, which is within the prevalence
estimates of USH in the general population [Petit, 2001].

The NPD carrier frequency observed among our AJ cohort (0.0087; 1 in 115) was lower
than previously reported [Caggana et al., 1994; Schuchman and Miranda, 1997]. This was
presumably due to differences in sample sizes; however, our larger AJ cohort (n = 10,709) is
likely to be more indicative of the actual frequency. In addition, this NPD carrier frequency
is similar to that (0.008; 1 in 125) reported in a large series of AJ and non-AJ screenees
[Strom et al., 2004]. We also detected a BS carrier frequency (0.0075; 1 in 134) slightly
lower than previously reported [Li et al., 1998; Peleg et al., 2002; Shahrabani-Gargir et al.,
1998], possibly as a result of random differences between sample populations. The NM
carrier frequency identified in our AJ cohort (0.0060; 1 in 168) was lower than previously
reported among AJ enrolled in the Dor Yeshorim screening program (0.009; 1 in 108)
[Anderson et al., 2004]. Although the reason for this discrepancy is not clear, it may be due
to the Dor Yeshorim cohort being primarily composed of Hasidic AJ from New York and
Israel. Frequency differences between these AJ subpopulations previously have been
reported for MCOLN1 mutations [Edelmann et al., 2002].

Usher Syndrome Type | and Detectability

The USH1F PCDH15 p.R245X mutation previously was identified in the majority of
USH1F AJ families while a second putative PCDH15 mutation, p.M1853L, was identified
in compound heterozygosity with p.R245X in a single USH1F patient [Ben-Yosef et al.,
2003]. We tested 802 AJ individuals and identified five p.M1853L carriers, resulting in a
carrier frequency of 0.006 (1 in 160). Combined with p.R245X; this yielded an AJ carrier
frequency of 0.0128 (1 in 77) and predicted an USH1F prevalence much higher than the
observed general population prevalence [Petit, 2001]. Together, the high frequency of the
p.M1853L variant in our AJ cohort, the lack of homozygous p.M1853L among affected
USH1 individuals, and the fact that this allele was identified in non-AJ control subjects
[Ben-Yosef et al., 2003], indicated that p.M1853L represents a rare non-synonymous
polymorphism and that including it in our prenatal AJ panel was not warranted.

Importantly, although the p.R245X mutation was estimated to account for only >75% of the
reported pathogenic USH1F alleles [Ben-Yosef et al., 2003], the detectability is likely higher
given that some of the affected AJ individuals who did not harbor the screened PCDH15
mutations may have had a different USH subtype. For example, two of four families
diagnosed with USH without the screened PCDH15 mutations were actually found to carry
USH1B-causing MYO7A (MIM# 276903) mutations [Ben-Yosef et al., 2003]. Nevertheless,
using the detectability of >75% confers a residual risk of 1 in 585 in non-carrier AJ
individuals. Thus, genetic counseling to discuss the reduced detectability and residual risk of
USHZ1F carriers prior to testing is strongly recommended.

Identification of Homozygotes by Carrier Screening

The penetrance of the mutations in the 16 disorder AJ panel are generally very high;
however, individuals apparently homozygous for specific sequence variants have been
identified on rare occasions by routine carrier screening. For example, the high frequency of
GD mutations in the AJ population and the variable phenotype of the p.N370S mutation
resulted in the identification of both p.N370S homozygotes and compound heterozygotes
during carrier screening [Balwani et al., 2010]. However, almost all asymptomatic GD
homozygotes serendipitously diagnosed by prenatal carrier screening actually had disease
manifestations following careful clinical assessment [Balwani et al., 2010]. In addition,
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routine carrier screening also identified an adult homozygous for the E3 causing DLD
p.G229C mutation, which was confirmed by sequencing with independent PCR primers.
Although homozygosity for this mutation typically is associated with a milder form of the
disease, significant childhood morbidity and mortality is observed among p.G229C
homozygotes [Hong et al., 2003; Sansaricq et al., 2006; Shaag et al., 1999]. Subsequent
evaluation revealed four lifetime episodes of exertion fatigue and an unverified previous
diagnosis of hypoglycemia; however, clinical assessment of the patient was essentially
normal, including all neurological and biochemical laboratory analyses. Although the reason
for the favorable clinical course in this patient is unclear, it is possible that other subunits of
the associated dehydrogenase complexes modified the p.G229C-mediated enzyme
deficiency.

Additionally, one USH3 p.N48K homozygous adult was identified that, after further clinical
evaluation, was found to have retinitis pigmentosa. Carrier screening also identified three
individuals whose CF tests failed to generate primer extension signals for the pathogenic
p.R75X (c.223C>T) allele. Subsequent sequence analysis of exon 3 revealed homozygosity
for a neighboring variant not included in our CF mutation panel, p.R75Q (c.224G>A,;
rs1800076), which is an allele of uncertain clinical significance [Cohn et al., 2005]. Further
evaluation of one of the homozygous adults revealed an unremarkable medical history,
suggesting that this CFTR variant likely represents a benign, non-synonymous
polymorphism. Together, these data indicate that routine carrier screening for recessive
disorders can identify individuals homozygous for pathogenic mutations with previously
unrecognized clinical manifestations, as well as rare sequence variants of unknown clinical
significance that interfere with molecular testing assays.

ting

Recently, there has been discussion regarding the inclusion of disorders with variable
expressivity in AJ testing panels, specifically type | GD [Zuckerman et al., 2007]. The most
common GBA mutation among the AJ is p.N370S, which precludes neurological disease and
may result in a range of severity in affected patients including onset in childhood to a mild
to moderate disease course depending on the second mutation. Although the recent ACMG
Practice Guidelines recommend GD carrier screening for the AJ population [Gross et al.,
2008], some have argued against GD screening based on the availability of effective
treatment, the difficultly in predicting disease severity, and the assumption that about two-
thirds of p.N370S homozygotes are asymptomatic and never come to medical attention.
However, as noted above, based on prenatal carrier screening, most young adult
homozygotes that were detected serendipitously and evaluated at our center were found to
have disease manifestations [Balwani et al., 2010]. Although GD is one of the more
commonly tested disorders in our prenatal panel (~25% of all prenatal tests), it is notable
that the vast majority (93%) of carrier couples with p.N370S homozygous pregnancies
elected to continue their pregnancies. Similarly, couples with pregnancies that predicted
non-pathogenic or variable TSD and CF phenotypes have been identified and counseled at
our institution and most couples continued these pregnancies to term.

These studies describe the first comprehensive carrier frequencies and residual risks from a
large AJ cohort tested for 16 diseases prevalent in the AJ population. These data can serve as
a reference for future carrier screening and genetic counseling in the AJ population. Of note,
the recently added disorders (E3, USH1F, USH3, HI and NM) had a cumulative carrier
frequency of 1 in 22, supporting their inclusion in testing panels. Importantly, panel
selection data among screenees indicated that the AJ population is very supportive of
including these disorders in AJ screening panels, regardless of their carrier frequencies and/
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or detectability. The acceptance of prenatal screening offers insights into the future potential
for whole exome or genome sequencing, or a ‘mutation chip’ of all known mutations
causing seriously debilitating diseases of childhood. With the current panel of 16 disorders,
approximately 1 in 3.3 AJ individuals will be a carrier for one of these diseases and as high
as 1 in 24 for two diseases. Thus, simultaneous screening of both partners, in conjunction
with pre-screening genetic counseling, is recommended when testing for this panel of
disorders in the AJ population. This may reduce the anxiety when one partner tests positive,
and is particularly relevant as diseases are added to the AJ panel and the frequency of being
a carrier increases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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o A

FIGURE 1.

Net MFI data of representative AJ mutation carriers using the MicroPlex™-xTAG™ assay.
Results illustrate: (A) a MSUD carrier, (B) a GSDIla compound heterozygote (Coriell ID:
NA11468), (C) an E3 carrier, (D) an USH1F and USH3 double-heterozygote, (E) an HI
carrier, and (F) a NM carrier. Mutant allelic ratios (see Supporting Methods) are noted
above all heterozygous alleles. MFI: mean fluorescence intensity; WT: wild-type; MUT:
mutant.
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Chronological combined carrier frequencies of AJ panel disorders

Year?

Disorders in Panel

TABLE 3

Combined Carrier Frequency

Total Screenees

100% AJ Screenees

1975
1992
1996
1999
2001
2002
2004
2005
2007

Disorders AddedP Number of
TSD 1
GD, CF 3
CD, NPD 5
BS, FA 7
FD 8
MLIV 9
MSUD 10
GSDla 1
E3, HI, USH1F, USH3, NM 16

0.0314 (1in 31.9)
0.1351 (1in 7.4)
0.1607 (1in 6.2)
0.1766 (1in5.7)
0.2041 (1in 4.9)
02137 (1in4.7)
0.2210 (1in 4.5)
0.2331 (1in4.3)
02737 (1in3.7)

0.0365 (1 in 27.4)
0.1648 (1in 6.8)
0.1735 (1in 5.8)
0.1909 (1in 5.2)
0.2235 (1in 4.5)
0.2348 (1in 4.3)
0.2450 (1in 4.1)
0.2606 (1 in 3.8)
0.3058 (1in 3.3)

a . . .
Year that disorders were incorporated into panel.

b . . . . .
Routine TSD carrier screening was performed by enzyme analysis until 2005.
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TABLE 6

Carrier frequencies of the 16 disorders included in our prenatal AJ panel

New York 1009%  Published
Disease AJ Carrier AJ Carrier Reference
Frequency (n)  Frequency? (n)
1in 12 (1,364) [DeMarchi et al., 1996]
. lin15 1in 17 (1,208) [Horowitz et al., 1998]
Gaucher Disease (8,425) 1in 17 (3,336) [Fares et al., 2008]
1in 18 (3,764) [Eng et al., 1997]
1in23 1in 23 (>110,000) [Kornreich et al., 2004]
Cystic Fibrosis ©8.671) 1in 25 (3,792) [Eng et al., 1997]
! 1in 26 (6,076) [Abeliovich et al., 1996]
: . lin27 1in21(2,824) [Eng et al., 1997]
Tay-Sachs Disease (1,015) 1in 26 (11,008) [Broide et al., 1993]
lin31 1in 29 (3,246) [Fares et al., 2008]
Familial Dysautonomia (8,207) 1in 32 (2,518) [Dong et al., 2002]
1in 32 (1,100) [Lehavi et al., 2003]
1in55 1in 37 (5,414) [Fares et al., 2008]
Canavan Disease (8.793) 1in 57 (1,423) [Feigenbaum et al., 2004]
! 1in 59 (879) [Elpeleg et al., 1994]
Glycogen Storage Disease la (13'8163 1in71(20,719) [Ekstein et al., 2004]
Familial Hyperinsulinism (17'37628) - .
1in 68 (2,161) [Fares et al., 2008]
N 1in89 1in 97 (66,749) [Bach et al., 2005]
Mucolipidosis Type IV (6,648) 1in 111 (2.000) [Bargal et al,, 2001]
1in 127 (2,029) [Edelmann et al., 2002]
Maple Syrup Urine Disease (15i25%7) 1in 113 (1,014) [Edelmann et al., 2001]
1in 100 1in 77 (2,782) [Fares et al., 2008]
Fanconi Anemia Group C (6,620) 1in 89 (3,104) [Verlander et al., 1995]
’ 1in 92 (4,029) [Peleg et al., 2002]
Lipoamide Dehydrogenase Deficiency 1(7'%;2)7 1in 94 (845) [Shaag et al., 1999]

. i : 1in115 1in 90 (1,000) [Caggana et al., 1994]
Niemann-Pick Disease (10,709) 1in 103 (1,960) [Fares et al., 2008]
Usher Syndrome Type 11 1(7"]7;%;) 1in 140 (419) [Ness et al., 2003)

1in 101 (1,613) [Shahrabani-Gargir et al., 1998]
1in134 1in 107 (1,491) [Lietal., 1998]
Bloom Syndrome (8,158) 1in 111 (4,001) [Peleg et al., 2002]
1in 157 (2,680) [Fares et al., 2008]
b 1in 147 1in 101 (505) [Brownstein et al., 2004]
Usher Syndrome Type IF (5,154) 1in 126 (379) [Ben-Yosef et al., 2003]
Nemaline Myopathy 1(7'%%2? 1in 108 (4,090) [Anderson etal., 2004]

a_ . . Lo . . - . .
Previously reported carrier frequencies include American and/or Israeli AJ cohorts; some studies did not test all known disease mutations.

Inclusion of USH1F in the panel is optional due to its detectability of >0.75 (see Results and Discussion).
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