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Introduction
Noninvasive prenatal genetic testing (NIPT) of whole chromo-
somal aneuploidies has already altered the landscape of prenatal 
diagnostics in the United States (1) and increasingly worldwide. 
Aside from the noninvasiveness, advantages of NIPT include the 
rapid turnaround, relatively low cost, and simplicity of the pro-
cedure for pregnant couples. Arguably, these benefits are largely 
made possible because it is not necessary to construct parental 
haplotypes in order to accurately diagnose chromosomal copy 
number. For noninvasive prenatal diagnosis (NIPD) of monogenic 

disease, on the other hand, this is not the case. In order for NIPD to 
take hold in the clinical setting, it will be necessary to develop uni-
versal methodologies that apply to the diagnosis of any mutation, 
maternal or paternal, regardless of inheritance. Although some 
universal techniques for NIPD have already been described, each 
one requires time-consuming and sophisticated parental haplo-
type construction in advance of test interpretation (2–4). The clas-
sic haplotype construction methodology is simpler to implement 
because it involves the collection of DNA samples from several 
family members for linkage analysis. Nevertheless, this process 
is often complicated or sometimes made impossible by low com-
pliance, couple privacy concerns, or the unavailability of living 
first-degree relatives. To address these issues, researchers have 
developed various molecular and statistical techniques for family- 
independent haplotyping (reviewed in ref. 5). Unfortunately, the 
described molecular techniques are too expensive, too time con-
suming, and/or too labor intensive for use in a clinical setting. 
Moreover, statistical approaches, which rely on high-throughput 
analysis of population data, are not appropriate for clinical appli-
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sis in populations of mixed European descent 
(7); a mutation in the SERPINA1 gene, which 
causes α1-antitrypsin deficiency in Scandina-
vians of mixed European descent (8); a muta-
tion in Colombians, which causes early-onset 
Alzheimer’s disease (9); and scores of founder 
mutations in the Tunisian (10) and Ashkenazi 
Jewish (AJ) (11) populations. The common 
denominator among all population-specific 
mutations is that they each appear with their 
own mutation-flanking molecular fingerprint 
or haplotype. Hypothetically, this fingerprint 
could be used as a tool for NIPD, although this 
has never been attempted for the aforemen-
tioned mutations. Nevertheless, if successfully 
implemented, this tool would alleviate the has-
sle of constructing family-specific haplotypes 
for founder mutation NIPD. Moreover, the use 
of mutation-specific fingerprints would also 
eliminate the need for sophisticated molecular 
haplotyping methods in NIPD, thereby effect-
ing major savings with regard to test duration, 
reagent cost, and labor expenditure.

The monogenic disorder type I Gaucher 
disease is especially prevalent in Israel due 
to increased frequency of acid β-glucosidase 
(GBA) founder mutations, N370S (c.1226A>G 
or p.N409S, GenBank NM_001005741.2) and 
84GG (c.84dupG, GenBank NM_001005741.2), 
in the AJ population (12) (the AJ population com-
prises 36% of the overall population in Israel; 
ref. 13). Unlike 84GG, which is deleterious in 
homoallelic form and much less prevalent in the 
AJ population (14), the N370S mutation appears 

in 1 of every 17 AJ individuals (15). In addition, most patients with 
type I Gaucher disease treated at our Gaucher Clinic (SZMC) are 
N370S homozygotes. Taken together, these research amenable 
circumstances led us to develop a cost-effective, expeditious test 
for NIPD of GBA N370S as a proof-of-principle for NIPD of auto-
somal recessive founder mutations in general.

As type I Gaucher disease is a relatively mild genetic disor-
der with safe and effective treatments (16), N370S testing was 
deemed an ideal candidate for NIPD assay calibration, given that 
(a) most mutation carrier couples do not opt to terminate homozy-
gous N370S fetuses regardless of circumstance (17), therefore 
there was no clinical or ethical indication to provide test results 
to couples during pregnancy, and, (b) because the disease is treat-
able, children of at-risk couples are commonly tested in infancy to 
determine the need for surveillance and treatment. Therefore, the 

cation. Hence, the question arises as to whether a rapid, cost-effec-
tive, and routine test can be implemented for NIPD of monogenic 
disorders, with less reliance on blood sample collection from rela-
tives of the pregnant couple. For mutations with increased preva-
lence in certain populations, also known as founder mutations, the 
answer to this question may be in the affirmative.

Indeed, medical centers around the world offer invasive pre-
natal diagnostic services for local population-specific founder 
mutations on a routine basis. Depending on the carrier frequency 
within the population, founder mutation tests often comprise 
a significant component of the overall molecular testing in such 
health care laboratories. Some examples of common founder 
mutations for which prenatal testing would be relevant include 
those implicated in long QT syndrome within the Finnish popula-
tion (6); the delF508 mutation in CFTR, which causes cystic fibro-

Figure 1. Pedigrees of GBA mutation carrier families 
in this study. Mutations in GBA are indicated in red. 
Individuals with unknown genotypes at sample collec-
tion are shaded in gray. WT denotes a WT GBA allele; 
wk, denotes the week of gestation at which maternal 
plasma was collected.
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To accomplish this goal, we first sequenced GBA-flanking SNPs 
(up to ±250 kb distance from GBA) of the parents and their first- 
degree relatives in families 1 and 2, so as to construct parental hap-
lotypes. However, these family-based haplotypes were of limited 
size (Supplemental Table 4). Therefore, we sought a larger haplo-
type sequence to aid fetal diagnosis by mapping a consensus N370S 
founder region surrounding the GBA gene.

Fine mapping of the consensus AJ N370S founder haplotype region. 
To fine map the N370S founder region, we sequenced 7 unrelated 
homoallelic AJ mutation carriers on our targeted GBA-flanking 
SNP panel. Six of these homoallelic patients with type I Gaucher 
disease were homozygotic for all 490 SNPs on our initial sequenc-
ing panel. The seventh sample shared the same haplotype within 
and 3′ to GBA, but a heterozygous region was clearly identified 
144,388 nucleotides 5′ to the gene and beyond (at rs2306124, 
dbSNP 138). Hence, this sample was used to demarcate a pre-
liminary consensus founder haplotype (Figure 2A). To further 
clarify the N370S sequence, we then crossed the preliminary 
version with linkage-based N370S haplotypes from the families 
under investigation in this study in addition to 3 other unrelated 
heteroallelic AJ N370S mutation carrier duos (2 first-degree rel-
atives, each of whom carries the same mutation). This analysis 
identified a recombined region only 17,858 nucleotides upstream 
of GBA (at rs148168407, dbSNP 138) (Figure 2B), but remark-
ably, not a single recombination event was identified in the entire  
219-kb region downstream of GBA in any of the 20 N370S chro-
mosomes analyzed. Not coincidentally, this 3′ conserved region 
has been previously characterized as a nonrecombination hot spot 
by the HapMap Consortium (18). Moreover, previous studies have 
identified a conserved AJ N370S founder haplotype that extends 
even further downstream of GBA (12, 19). Nevertheless, although 
it is likely that the founder haplotype is longer than we initially 
mapped, our SNP-sequencing panel still successfully linked a siz-
able amount of GBA-flanking SNPs (153 altogether) to a consensus 
AJ haplotype sequence (Figure 2C and Supplemental Table 5). The 
next question was to determine whether this population-based 
haplotype could be used as a diagnostic tool for NIPD.

Preliminary NIPD of an autosomal recessive founder mutation. 
For pilot testing, families 1 and 2 offered 3 different avenues with 
which to assess the utility of the consensus N370S haplotype. This 
was because both parents (of the fetus) in family 1 were N370S 

information gained by performing NIPD for type I Gaucher dis-
ease and confirmation of test results in the children born corre-
sponded to information that would have been clinically indicated 
irrespective of this study.

Thus, by means of highly targeted next-generation sequenc-
ing (NGS), we show that fine mapping of a founder mutation fin-
gerprint is a potentially valuable asset for NIPD of an autosomal 
recessive disease in the AJ population, and this strategy may prove 
beneficial for NIPD of many other worldwide autosomal recessive 
founder mutation conditions as well.

Results
Study description. Eight pregnant AJ couples, of which one or both 
partners were heteroallelic carriers of GBA N370S, were enrolled in 
the study (Figure 1). Although families 1 and 4 were at risk of giving 
birth to a homozygote N370S child (unlike families 2, 3, 5, 6, 7, and 8 
in which one parent of the fetus did not carry any mutation in GBA), 
we tested all couples strictly for proof-of-principle purposes. Plasma 
samples were collected from female participants at the time points 
indicated in Figure 1 for DNA extraction and targeted high-through-
put sequencing of GBA-flanking SNPs. To enhance diagnostic accu-
racy, we elected to defer direct mutation sequencing in favor of a 
more specific and sensitive linkage-based analytical regimen. This 
methodology strengthens diagnostic confidence with increasing 
fetal haplotype size (measured by the number of SNPs in the inferred 
fetal haplotype) (Supplemental Tables 1–3; supplemental material 
available online with this article; doi:10.1172/JCI79322DS1). 

Figure 2. Fine mapping of the consensus AJ N370S founder haplo-
type region. Hundreds of GBA-flanking SNPs (±250 kb from GBA) were 
sequenced in order to identify a conserved N370S founder haplotype. (A) 
NGS-based homozygosity mapping with 7 unrelated homozygote N370S 
Gaucher patients (denoted as H1–H7) (14 N370S chromosomes) was used 
to identify a preliminary founder haplotype. (B) A representative link-
age-based inference of a familial N370S haplotype (hapN370S). This linkage 
analysis was performed for 6 different heteroallelic GBA N370S mutation 
carrier duos (6 N370S chromosomes from 6 sets of 2 first-degree family 
members carrying the N370S mutation). The resultant alleles were each 
compared separately to the haplotype from A until a consensus N370S 
haplotype was demarcated with a 5′ cutoff. (C) Ultimately, the consensus 
AJ N370S founder haplotype (composed of 153 SNPs) used for NIPD was 
constructed from 20 different AJ N370S chromosome sequences. Note that 
this analysis set a 5′ cutoff for the conserved N370S haplotype, but a 3′ 
cutoff could not be established. WT denotes a WT allele.
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to occur commonly because DNA is rearranged at a reduced rate 
in the peri-GBA locus. Along these lines, low recombination rates 
translate into low genotypic complexity, which, in turn, leads to 
limited availability of linkage-informative SNPs, which are crucial 
to fetal haplotyping. Thus, small family-based haplotypes, which 
generally handicap fetal haplotyping, such as that of the family 1 
father (3 SNPs) and that of the family 2 mother (11 SNPs; Supple-
mental Table 4), would be predicted to represent the majority as 
opposed to the minority of cases. Another reason to consider look-
ing beyond a distance of 250 kb from GBA would be to complete 
fine mapping of the 3′ boundary of the consensus N370S sequence, 
which proved so beneficial for fetal typing of family 1 and 2 mater-
nal N370S-paired alleles. Finally, N370S aside, the implementa-
tion of a larger targeted sequencing panel should hypothetically be 
used to diagnose any mutation in GBA via familial linkage analysis, 
regardless of whether the mutation is a founder allele or not. For 
all these aforementioned reasons, we designed a newer and much 
improved targeted deep-sequencing panel to sequence 10 times 
the amount of GBA-flanking SNPs (~5,000 SNPs) across an 8-fold-
sized genomic region (GBA ± 2 Mb) before moving forward with 
NIPD for other families in the study.

The first priority, in terms of test implementation, was to 
use the new expanded sequencing panel to complete fine map-
ping of the founder N370S haplotype. As mentioned above, the 
original sequencing panel successfully demarcated a 5′ bound-
ary for the consensus sequence that was approximately 17 kb 
upstream of GBA and at least 219 kb downstream. When repeat-
ing the same exercise (as that described in Figure 2) using the large 
sequencing panel, the 5′ boundary for the consensus haplotype 
mapped approximately 28 kb upstream of GBA (at SNP rs914615, 
dbSNP141). This 11 kb discrepancy between fine-map boundaries 
is quite remarkable, given that, due to technical reasons, the newer 
panel did not incorporate many of the SNPs sequenced previously 

carriers in addition to the mother in family 2 (Figure 1). For fam-
ily 1, the N370S carrier father was completely homozygous for the 
entire consensus N370S sequence. This precluded the use of the 
N370S haplotype for NIPD of his allele. Nonetheless, the familial 
mutation-linked haplotype of the father in family 1 did facilitate 
the identification of his WT allele in the fetus (Figure 3A and Sup-
plemental Tables 6 and 7). Regarding the maternal alleles in fam-
ilies 1 and 2, the consensus N370S haplotype proved to be quite 
valuable. The family-based maternal N370S-linked haplotype was 
clearly identified in family 1 plasma DNA. This fetal haplotype was 
completely concordant with the consensus N370S haplotype (Fig-
ure 3B and Supplemental Tables 7 and 8). For family 2, the family- 
based maternal N370S haplotype could not reliably discern which 
allele was transmitted to the fetus because the fetal haplotype was 
determined on differing SNP positions. On the other hand, the 
longer consensus N370S haplotype clearly matched the inferred 
maternal haplotype in the fetus, indicating inheritance of the 
N370S allele (Figure 3C and Supplemental Tables 7 and 9). Thus, 
in this case, the consensus N370S sequence was crucial to the 
diagnosis of the maternal allele in the family 2 fetus.

Extended fine mapping of the consensus AJ N370S founder hap-
lotype region. Although initial testing of families 1 and 2 showed 
promising results regarding the utility of the consensus N370S hap-
lotype for incorporation into NIPD, it was clear that for expanded 
N370S testing in a clinical setting a more sophisticated sequenc-
ing panel would be required to facilitate setup of a universal assay 
for noninvasive prenatal Gaucher disease testing. Our concerns 
with the initial 490-SNP sequencing panel were 4-fold. As evi-
denced by HapMap (18) and deCode (20) data, meiotic recombi-
nation is quite infrequent in the immediate human GBA-flanking 
locus (±250 kb), which was the small target of our pilot sequencing 
panel. In this genomic context, homozygosity of an N370S muta-
tion carrier parent, such as in the family 1 father, would be expected 

Figure 3. Noninvasive fetal allele identification based on familial and/or the N370S founder haplotype. Illustrations depict the immediate GBA-proximal 
locus and SNPs that were deep sequenced for the construction and typing of fetal alleles (as indicated in the “Haplotype legend”). (A) In family 1, the pater-
nal WT allele was diagnosed by inference from the family-based N370S-linked haplotype (red squares). The consensus N370S haplotype could not be used 
to phase the paternal allele in the fetus due to paternal homozygosity in the founder haplotype region. (B) On the other hand, the maternal N370S allele in 
family 1 was readily identified (in multiple sites) via the consensus haplotype, and this result was corroborated by equivalent matches to the family- 
based maternal N370S haplotype. (C) For the family 2 maternal allele, the fetal N370S haplotype could only be matched to a single polymorphic site in the 
family-based haplotype (red square). This site and 2 other fetal SNPs were definitively matched to the N370S mutation by comparison to the founder N370S 
haplotype. Therefore, in this case, it would not have been possible to reliably diagnose the maternal allele in the fetus without the N370S founder sequence.
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301 SNPs; Supplemental Table 10) would already 
seem quite large for what is considered to be an 
ancient founder allele. Yet, remarkably, previous 
studies have shown that the N370S haplotype 
should, in fact, extend much further downstream 
from GBA, up to a full Mb from the gene (12, 19). 
Indeed, after careful scrutiny of the new sequenc-
ing data, we found that, among 16 sequenced 
N370S chromosomes from 8 N370S homozy-
gotes, 15 chromosomes shared a near-consensus 
haplotype that extended 1.1 Mb 3′ to GBA (Figure 
4A). Therefore, we postulated that, if a 250-kb 
consensus sequence could be used to haplotype 
fetal alleles in families 1 and 2 (as in Figure 3), 
then a 1.1-Mb sequence might prove even more 
useful for typing of N370S chromosomes in most 
mutation carrier families in general.

To make effective use of the expanded near-
consensus N370S haplotype without allowing 
haplotype errors to corrupt downstream fetal 
analysis, we carefully inspected each N370S 
chromosome in all mutation carrier parents 
in the study (families 1 through 8) using the 
large sequencing panel. We found that, in some 
cases, we could detect recombination in the true 
parent-specific N370S-linked sequence with 
respect to the founder mutation near-consen-
sus haplotype (Figure 4B). These discrepancies 
were applied on an allele-specific basis toward 
refinement of the consensus sequence, so that it 
could be used for the analysis of fetal haplotypes, 
which were not phased by conventional family- 
based linkage analysis (Figure 4C). In such 
scenarios, the parent-specific near-consensus 
N370S haplotype was appropriated for the reso-
lution of unphased fetal haplotypes to increase 
confidence in the final NIPD test result (Figure 
4D). For example, if an N370S carrier mother and 
her immediate family members (whose samples 
were used for standard linkage analysis) were all 
heterozygous for the same SNP loci, the mother’s 
genotypes were considered informative, even 
though linkage could not set phase on her N370S-
linked haplotype. In this case, it was possible that 
the mother’s unphased SNPs were located within 
the fine-mapped mother-specific consensus 
N370S haplotype (as in Figure 4B) and genotyped 
in her fetus (as in Figure 4C). When this occurs, 

the correct haplotype can be identified in the fetus, even though 
conventional family-based linkage analysis fails. More examples of 
this new approach to NIPD will be illustrated below.

NIPD of GBA N370S using an improved targeted sequencing panel. 
Having setup the framework with which to embark on streamlined 
NIPD for the N370S founder mutation, we returned to families 1 
and 2 and retested the same samples using the expanded sequenc-
ing panel. One of the primary issues with the previous analy-
sis involving these families was the small size of linkage-based 

with the older panel. Nevertheless, the preliminary 5′ cutoff, based 
only on N370S homozygotes, strikingly mapped to the exact same 
SNP position (SNP rs2306124) 144,388 nucleotides 5′ to GBA in 
both panels. Thus, given this concordance between old and new 
sequencing panels regarding the 5′ N370S consensus sequence, it 
was especially edifying that the 3′ boundary of the haplotype fine 
mapped to a position that is roughly 650 kb downstream of GBA (at 
SNP rs1055184, dbSNP 141) by the new and improved panel. This 
expanded N370S-linked 670-kb-sized sequence (composed of 

Figure 4. Extended fine mapping of the consensus and near-consensus AJ N370S founder 
haplotype region as a tool for phasing fetal haplotypes. Illustration depicting the GBA locus 
(±2 Mb) and thousands of SNPs that were deep sequenced for the construction and typing 
of fetal alleles according to the analytical pipeline (as indicated in the key). (A) An extended 
deep-sequencing panel was used to better fine map the conserved N370S founder haplotype, as 
in Figure 2. Accordingly, a 301-SNP haplotype (termed “full-consensus N370S haplotype”) was 
identified in all N370S chromosomes in this study (28 chromosomes altogether). In addition, 
the consensus haplotype was found to extend 500 kb further downstream of GBA (620 addi-
tional SNPs) in 15 of 16 chromosomes from 8 N370S homozygotes. Furthermore, in all N370S 
homozygotes (but not all N370S carriers), the consensus haplotype was found to extend another 
120 kb upstream of GBA (100 additional SNPs). Altogether, these extended haplotypes were 
termed “near-consensus N370S haplotypes.” (B) The N370S haplotype from each N370S carrier 
parent in the study was carefully mapped according to homozygous regions and family-based 
linkage analysis. After comparison to the near-consensus haplotype in A, new parent-specific 
5′ and/or 3′ demarcations of the N370S near-consensus haplotype were set (this haplotype was 
termed the “parent-specific consensus N370S haplotype”). (C) In this example, deep sequencing 
of the GBA-flanking region in a fetus identified stretches of a linkage-based parental N370S 
haplotype that resided outside of the consensus N370S region. In addition, some stretches 
of fetal sequence could not be phased according to family-based linkage. (D) When unphased 
fetal sequence, such as in C, fell within the parent-specific consensus N370S haplotype (as 
determined in B), the consensus information was used to phase the fetus (here, with the N370S-
linked haplotype), thereby increasing confidence in the diagnostic test result.
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haplotypes in the family 1 paternal N370S allele and the family 
2 maternal N370S allele (Supplemental Table 4). As expected, 
the large sequencing panel clearly solved this issue for families 1 
and 2 (and, essentially, all families in this study). Ranging from 
113 to 336 phased SNPs, all parental family-based haplotypes in 
the current investigation were of substantial size and content to 
enable scoring of fetal haplotypes with generally high confidence 
(Supplemental Table 11). Interestingly, the family 1 father turned 
out to be homozygous for the entire N370S consensus and near-
consensus sequence by the new panel analysis. Nonetheless, his 
linkage-based N370S haplotype facilitated highly unambiguous 
identification of his WT allele in the fetus (Figure 5A and Sup-
plemental Table 12). This test result was clearly of much higher 
quality, in terms of fetal haplotype size (14 phased SNPs), in com-
parison with the previous test (2 phased SNPs) involving the same 
samples (Figure 3A). Regarding the family 1 maternal allele, there 
was little doubt from the previous panel whether the mother had 
transmitted her N370S allele to the fetus (9 phased SNPs in fetus; 
Figure 3B and Supplemental Table 8). In the newer panel, it was 
even more obvious that the mother had transmitted her N370S 
allele to the fetus based on clear matches between the fetal hap-
lotype and the mother’s family-based N370S allele as well as her 
consensus and near-consensus N370S sequences (17 phased SNPs 
altogether; Figure 5B and Supplemental Table 13).

With family 2, the value and importance of the consensus 
N370S haplotype grew manifold after reanalysis on the larger 

sequencing panel. In the previous assessment, only 1 of 3 SNPs in 
the fetal haplotype was phased to the family-based N370S allele 
(Figure 3C). In the newer evaluation, the fetal haplotype was much 
larger, but only 5 SNPs were phased to the family-based maternal 
N370S haplotype, one of which was isolated on the 3′ side of GBA  
(1 Mb distance from the mutation). To strengthen the certainty of 
this test result, the fetal haplotype was compared to the parent- 
specific consensus and near-consensus N370S haplotype. This 
comparison yielded another 5 phased SNPs located 3′ to the muta-
tion, which, together with family-based fetal alleles, led to the cor-
rect diagnosis of the N370S mutation in the family 2 fetus (based on 
10 phased SNPs altogether; Figure 5C and Supplemental Table 14).

The principles set forth in these preliminary tests were sub-
sequently put into practice for fetal allele identification involv-
ing families 3 through 8 (Figure 5, D–J, and Supplemental Tables 
15–21). Of particular importance is the fact that 4 of 6 N370S-
paired alleles in these families were typed noninvasively with the 
aid of the N370S consensus and/or near-consensus sequence (Fig-
ure 5, F–H, and J). These results thereby confirmed our assump-
tion that the founder N370S haplotype is a valuable tool for incor-
poration into standard NIPD protocol. Another point to consider, 
which supports the use of larger sequencing panels in NIPD in 
general, is the fact that, even when a nonfounder GBA mutation 
was tested (such as that of the family 4 paternal allele; Figure 5E 
and Supplemental Table 16), the extended sequencing panel facil-
itated construction of a well-defined fetal haplotype nonetheless.

Figure 5. Noninvasive fetal allele identification based on familial, N370S consensus, and/or N370S near-consensus haplotypes. Illustrations depict the 
GBA locus (±2 Mb) and SNPs that were deep sequenced for the construction and typing of fetal alleles (as indicated in the “Haplotype legend”). The num-
bers shown under DFM denote the distance from mutation (in Mb). The noninvasively identified fetal alleles were (A) WT paternal, (B) N370S maternal, (C) 
N370S maternal, (D) N370S maternal, (E) WT paternal, (F) WT maternal, (G) N370S paternal, (H) N370S paternal, (I) L444P (non-N370S) maternal, and (J) 
84GG (non-N370S) maternal. Note the utility of the N370S consensus haplotype for fetal typing in B, C, and H. The near-consensus N370S haplotype also 
aided fetal typing in B, C, F–H, and J.
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To summarize, the outcomes of this proof-of-concept study 
are presented in Table 1. All noninvasive test results were vali-
dated with conventional prenatal or postnatal diagnostics.

Discussion
Here, we describe successful NIPD of the Gaucher disease 
N370S founder mutation in 8 families. In addition, we have per-
formed fine mapping of the founder AJ N370S-linked haplotype, 
which we assessed as a diagnostic tool for NIPD. We show that, 
as long as parental homozygosity does not overlap the consensus 
N370S sequence, the universal haplotype can serve as a valuable 
supplement to classic family-based haplotyping or even a highly 
attractive alternative in appropriate cases. Accordingly, we predict 
that this diagnostic strategy may be implemented for much more 
severe autosomal recessive founder mutation testing in relevant 
subpopulations worldwide.

One of the objectives of this study was to reduce monogenic 
disorder NIPD turnaround time for practical application in the 
clinic. Previously described methods require several weeks to 
reach a diagnosis (5), thereby increasing the risk of late-stage 
pregnancy termination of an affected embryo. In contrast, we per-
formed an expeditious 5-day work flow, which can facilitate reli-
able diagnosis of at-risk fetuses within a short enough timeframe 
to enable decision making during early-stage pregnancy. In addi-
tion, previously described methods entail high-cost materials, 
sophisticated machinery, and/or large staff overhead, especially 
for haplotype construction. With our method, universal precon-
structed founder haplotypes are readily accessible for free fetal 
DNA analysis at no extra financial or time cost.

There is also an additional benefit to utilization of universal 
founder haplotypes in NIPD. When performing linkage analysis 
to infer parental alleles ahead of fetal testing, it is not uncommon 
for heterozygosity to present in the mutation carrier parent and 
each of his/her immediate family members. In such instances, 

family-based linkage cannot phase parental SNPs to a specific 
allele (WT or mutant). However, if these unphased SNPs also lie 
within the conserved founder haplotype sequence, this consen-
sus sequence can be used to phase ambiguous SNPs, which ulti-
mately can be exploited for fetal allele identification. This boon 
to founder haplotype testing aided diagnosis of families 1, 2, 4, 
5, 6, and 8 (Figure 5, B, C, F, G, H, and J) in the current study, 
and it should be expected to benefit many more founder mutation 
NIPD tests going forward.

Aside from founder haplotype-related advantages, a major 
advance in our NIPD method for Gaucher disease was evident 
when we transitioned from a small targeting sequencing panel 
(encompassing 500 kb of GBA-flanking sequence) to a larger 
targeted sequencing panel (encompassing 4 Mb of GBA-flank-
ing sequence). While it is not impossible for long 4-Mb stretches 
of homozygosity to confound searches for perigenic informative 
SNP markers, this scenario is quite unlikely. Indeed, the larger 
sequencing panel in the current study demonstrated that at least 
100 informative parental markers were identified in all cases sim-
ply by probing a larger gene-flanking region. In addition, while 
the larger panel added much needed complexity to the NIPD 
assay in terms of SNP marker availability, it also simultaneously 
simplified fetal typing by delineating the upper and lower bound-
aries of the N370S founder haplotype. As mentioned above, this 
was a valuable aid to downstream fetal haplotype analysis. More-
over, even in the absence of a founder allele for testing, the larger 
sequencing panel facilitated non-N370S GBA mutation analysis 
(of the paternal R496H allele, for example, in family 4; Figure 
5E) because informative markers are generally easier to find in 
large Mb stretches of DNA. Nonetheless, when assaying large 
genomic regions for fetal diagnosis, one must exercise caution to 
avoid pitfalls resulting from the possibility that perigenic meiotic 
recombination might cause a WT haplotype to appear upstream 
of a mutation, while a mutant haplotype recombines downstream 

Table 1. Summary of noninvasive prenatal diagnoses (using large sequencing panel) with validation

Plasma DNA sample information Paternal haplotype in fetus Maternal haplotype in fetus Validation
Family Gestation 

wk
Paternal 
genotype

Maternal 
genotype

Fetal  
load (%)

Diagnosis Based on 
consensus N370S 

haplotype?

Based on 
familial 

haplotype?

Diagnosis Based on 
consensus N370S 

haplotype?

Based on 
familial 

haplotype?
1 31 N370S/WT N370S/WT 13.6 WT NoA Yes N370S Yes Yes Postnatal
2 22 WT/WT N370S/WT 9.2 N/A N/A N/A N370S Yes Partially Postnatal  

cord blood
3 19 WT/WT N370S/V394LB 3.4 N/A N/A N/A N370S NoA Yes Postnatal
4 14 R496HC/WT N370S/WT 5.6 WT N/A Yes WT Yes Yes Amniocentesis
5 39 N370S/del55D WT/WT 5.8 N370S Yes Yes N/A N/A N/A Postnatal  

cord blood
6 14 N370S/84GG WT/WT 3.6 N370S Yes Yes N/A N/A N/A Postnatal  

cord blood
7 35 WT/WT N370S/L444PE 23.2 N/A N/A N/A L444P No Yes Postnatal
8 28 WT/WT N370S/84GG 2.8 N/A N/A N/A 84GG Yes Yes Postnatal  

cord blood
ADue to N370S carrier homozygosity in consensus N370S haplotype region. BV394L is denoted as p.V433L (c.1297G>T) according to GenBank 
NM_001005741.2. CR496H is denoted as p.R535H (c.1604G>A) according to GenBank NM_001005741.2. Ddel55 is denoted as c.1263_1317del55 according to 
GenBank NM_001005741.2. EL444P is denoted as p.L483P(c.1448T>C) according to GenBank NM_001005741.2. N/A, not applicable.
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carrier family members, 8 unrelated AJ GBA N370S homozygotes, and 
3 unrelated AJ GBA N370S heterozygote duos.

Targeted NGS. Genomic DNA was prepared from blood samples, 
and plasma DNA was isolated from each pregnant female participant 
followed by targeted NGS of 490 SNPs and/or approximately 5,000 
GBA-flanking SNPs on an Illumina MiSeq or NextSeq 500 instrument, 
respectively. Family-specific and N370S-specific haplotypes were 
constructed from NGS data and used to identify fetal alleles in each 
plasma-derived cell-free fetal DNA sample. All fetal diagnoses were 
validated with conventional prenatal or postnatal diagnostics.

Statistics. Accuracy of identified fetal haplotypes was estimated by 
modeling assay-specific sensitivity/specificity as a function of inferred 
fetal haplotype size and genomic site–specific meiotic recombination 
rates (based on ref. 20 and Supplemental Tables 1–3).

Study approval. Ethical approval for the study, including usage of 
materials from human subjects, was obtained from the SZMC institu-
tional review board, and written informed consent was obtained from 
all study participants.
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or vice versa (21). Such recombination events can lead to misdi-
agnosis if care is not taken to ensure that the same haplotype 
flanks the assayed mutation in both upstream and downstream 
DNA sequences. Another potential pitfall for NIPD of monogenic 
disorders is the phenomenon (which has already led to cases of 
misdiagnosis in the field of noninvasive fetal aneuploidy testing) 
of placental mosaicism (22–28). Given that maternal circulating 
fetal DNA is derived from the placenta (29), theoretically, the 
presence of two distinct maternal and/or paternal haplotypes in 
the placenta could lead to misinterpretation of cell-free fetal hap-
lotypes. Therefore, although the outcomes in this proof-of-prin-
ciple study were positive, we cannot predict how effectively two 
distinct fetal haplotypes will affect noninvasive fetal diagnosis of 
monogenic disease in the event that such a situation will arise in 
the future. Regardless, we do speculate that our haplotype-based 
testing method would provide a stronger analysis for prenatal 
allelic measurements than pure counting-based methods, such 
as those in noninvasive aneuploidy tests. At the worst, we would 
expect to observe an inconclusive test result as a result of placental 
mosaicism in our NIPD assay as opposed to outright misdiagnosis. 
In this case, invasive prenatal testing should still be offered to the 
couple in time to inform antenatal decision making.

Nevertheless, based on the exceptional preclinical results of 
the current study, we are encouraged by the bright prospects for 
noninvasive founder mutation prenatal testing in the near future. 
Accordingly, we predict that consensus haplotype–mediated NIPD 
will soon become a widespread tool for prenatal diagnosis of preva-
lent founder mutations in inbred subpopulations around the globe.

Methods
Further information can be found in the Supplemental Methods.

Sample collection. Pregnant AJ couples, carrying mutation(s) in 
the GBA gene, were recruited at the SZMC Gaucher Clinic. Peripheral 
blood samples were collected from each couple, relevant mutation 
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