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Abstract

Background

Mendelian disorders are individually rare but collectively common, forming a “long tail” of genetic disease.
More than 20 million people worldwide suffer from a disease in this long tail before the age of 25, with
minorities and developing countries at highest risk and with the number of carriers far in excess of this
figure. Importantly, the Jewish community’s campaign for universal Tay-Sachs screening shows that
these incurable diseases can nevertheless be prevented if carrier status is known before conception. A
single highly-accurate assay for the long tail of Mendelian disease would allow us to scale this successful
campaign up to the general population, thereby improving millions of lives, greatly benefiting minority
health, and saving billions of dollars.

Methods and Findings

We have addressed the need for such an assay by designing the Universal Genetic Test (UNIT), a non-
invasive, saliva-based carrier test for more than 100 Mendelian diseases across all major population
groups. We exhaustively validated the test with a median of 147 positive and 525 negative samples
per variant. By combining probes for risk alleles with family history information, we show that we can
achieve extremely high levels of accuracy (median 95% CI [0.99988, 0.999999]), precision (median 95%
CI [0.99993, 0.99999)), sensitivity (median 95% CI [0.99988, 0.999999]), and specificity (median 95% CI
[0.99643, 1]) at the level of individual mutations. In particular, through a combination of replicated
probes and confirmatory testing, we are able to reliably detect rare alleles at ¢ ~ 1/1000 with positive
predictive values above 0.995. To put this in context, this performance for a multiplex assay compares
favorably with FDA-approved single-gene carrier tests.

Conclusions

The UNIT represents a dramatic reduction in the cost and complexity of large scale population screening.
With a single inexpensive assay for a substantial fraction of the global Mendelian disease burden, an end
to many preventable genetic diseases is now in sight. Moreover, given that the assay requires only a
saliva. sample, it is for the first time feasible to contemplate an “at-home carrier test” as a successor to
the at-home pregnancy test.
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Author Summary

Single-gene or “Mendelian” disorders affect more than one in 280 births, causing 10% of pediatric ad-
missions, costing billions of dollars per year, and claiming a disproportionate number of minority lives.
However, the Jewish community’s successful campaign against Tay-Sachs disease demonstrates that these
incurable diseases are nevertheless preventable if at-risk couples can be identified before pregnancy.

The problem is that traditional genetic tests are not scalable, accurate, or affordable enough to test
the entire population. This is because single-gene disorders are individually rare but collectively frequent,
forming a “long tail” of genetic disease.

To solve this problem, we developed and validated a clinical diagnostic-quality genetic test for more
than 100 Mendelian conditions. This assay can be manufactured on a large scale, is applicable to every
population group, and requires only a saliva sample.

Importantly, the use of saliva rather than blood makes it feasible for the first time to contemplate
an “at-home carrier test” as a successor to the at-home pregnancy test, to allow for universal and rapid
deployment. Widespread use of this assay by all adults before conception is thus conceivable. Such use
represents a scaling up of the successful campaign against Tay-Sachs, and would promise an end to many
preventable genetic diseases.

Introduction

Mendelian disease imposes a significant public health burden [1,2] on society, with single-gene disorders
accounting for at least 10% of pediatric admissions [3,4] and 20% of infant mortality [5]. Over 6,000 genetic
disorders, each of which affect less than 200,000 Americans, combine to afflict 25-30 million people [6].
Because of this heterogeneity, diagnosis and treatment is difficult for the majority of individuals with a
genetic disease [7,8].

The scale of the issue can be appreciated by multiplying the North American Mendelian disease
incidence [9] of 1 in 280 births by the consequent medical expenditure [10-16] of $100,000 to several
million per child. The result is an average cost to the US healthcare system of at least $360 per birth,
a sum which is particularly staggering in light of the relatively large [17,18] body of knowledge about
Mendelian disease.

Even this figure tends to understate the impact of Mendelian disease, as minority groups and inhab-
itants of developing countries have greater risks [19-23] that are not well described by average costs in
the general population. For example, African Americans are far more likely to develop sickle cell ane-
mia [24,25], Asian Americans account for the majority of thalassemia cases in America [26-28], and more
than one in four members of the Jewish community possess a recessive mutation for a known Mendelian
disease [29-32]. Developing countries with high rates of consanguinity or endogamous marriage tradi-
tions [23] are likewise disproportionately affected. Despite these statistics, genetic test development for
minority diseases has lagged compared to that for Caucasians, in part because minorities are underrep-
resented in both genetic and clinical research (8,33, 34].

This continuing impact of Mendelian disease is troubling because the conditions are preventable
(Figure 1) given preconception carrier testing. Couples who test positive as carriers have several options
to conceive a child without a lethal disease [35], such as preimplantation genetic diagnosis (PGD) {36--40]
or donor gametes [41,42]. With forewarning for a positive test result, couples might choose to adopt, to
conceive naturally and engage in watchful waiting, or to decide not to conceive. Finally, those carrier
couples who choose to conceive without any intervention at all will at a minimum benefit from knowing
the diagnosis of an affected child; for some diseases ameliorative options are available [43], involving
special drugs or rigorous diets from birth [44,45) (Figure 1).

While these choices are doubtless difficult, they are generally far preferable to the decisions that must
be made after a positive result during the current practice of prenatal testing. For lethal Mendelian
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conditions in particular this presents a pregnant mother with a terrible choice between terminating a
wanted pregnancy or losing an infant in early childhood. Empowering women and couples with access to
reproductive information before pregnancy allows them to decide whether and how to prevent this tragic
scenario.

Time of Before Before Before Early
Screening relationship conception birth childhood
Action  Matchmaking programs  |VF/PGD or Watchful Preventive diet
(e.g. Dor Yeshorim) Donor gametes waliting (for metabolic
conditions)

Figure 1. Pre-pregnancy Carrier Testing Allows Prevention of Mendelian Disease. The
earlier an individual knows their carrier status, the more options are available for conceiving a healthy
child. Before a relationship is begun, matchmaking organizations like Dor Yeshorim [46] can pair up
carriers with non-carriers. If carrier status is known before conception, a couple can choose to undergo
IVF/PGD [36,37] to select an embryo without the Mendelian condition, or opt to use donor sperm or
eggs [35,41]. Couples who find out their carrier status during pregnancy can use amniocentesis to
determine if their fetus carries a fatal genetic disease, and may opt to terminate the pregnancy if the
test is positive. Finally, early diagnosis of certain heritable metabolic disorders [43,44] like PKU can
alert parents to the need for preventive diets.

It is important to note that this concept of prevention is by no means theoretical, as successful
campaigns have already been mounted against Tay-Sachs in the Jewish community [47,48] and beta-
thalassemia in people of Mediterranean origin [48]. Ameliorative efforts such as the national newborn
PKU screening campaign have also made their mark, as diagnosis has allowed many affected children to
lead relatively normal lives by adhering to a highly restrictive diet; in this case what is prevented is even
greater suffering because of non- or mis-diagnosed genetic syndromes.

Because of the possibilities for preventive care, many organizations have recommended that couples
be offered genetic testing for specific diseases before pregnancy. For example, the ACMG recommends
offering tests for cystic fibrosis [49-53] and spinal muscular atrophy [54,55] to all adults of reproductive
age, with further testing indicated as a function of family history and ethnic background. Moreover,
for the most common genetic diseases the public health burden is substantial enough that population
screening is supported as a highly cost effective measure [13,56-58], even in developing countries [59].

Further extension of population screening is limited not so much by lack of knowledge of causal
mutations [17,18] but by cost effectiveness: a disease mutation must be frequent, severe, and inexpensively
assayed to be incorporated into a screening campaign. While frequency and severity are determined by
the underlying biology and hence relatively fixed, recent advances in genomics have greatly reduced the
cost per base and opened up new possibilities for population screening.

For this reason there have now been several calls for a significant expansion of population screening
to a much wider range of Mendelian diseases [60-64]. However, building a “Universal Carrier Test”
of this kind is technically challenging. First, it must have high accuracy across all assayed disease
mutations [65], many of which are rare [66-70] and difficult to validate [71-75]. Next, the test should be
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inexpensive [64, 76-79] enough for the cost of running the screen to be less than the financial burden of
disease prevention. Finally, the test protocol should be non-invasive [80] and highly scalable [81] to avoid
limits to universal uptake.

Here we describe the Universal Genetic Test (UNIT), an assay that overcomes all of these hurdles.
The UNIT tests for 458 causal genetic variants for 105 Mendelian diseases with a sensitivity of >0.99988
(median 95% CI [0.99988, 0.999999)), a specificity of >0.99643 (median 95% CI [0.99643, 1]), and a
positive predictive value in excess of 0.995. The test is non-invasive, requires only a saliva sample and
was designed from the outset to be suitable for population screening of individuals from all ethnic groups,
as a truly universal carrier test.

One of the primary purposes of the Universal Genetic Test is preventive care: by combining test results
with demographic and family history, we may identify couples at risk for conceiving a baby affected with
one of the 105 assayed diseases, enabling them to take preventive measures like PGD.

In this manuscript, we begin by detailing the statistical and economic constraints an assay must meet
to enable a Universal Genetic Test. We then describe a design strategy that takes these constraints into
account, by incorporating multiple redundant probes for every variant and using all available prior infor-
mation to improve genotype calling. Next, we discuss the results of an exhaustive validation procedure,
demonstrating that the assay’s positive predictive value is high enough to enable population screening
for the long tail of Mendelian disease. Finally, we conclude by presenting data from the use of the screen
in a clinical setting at more than 100 medical centers around the country, including a number of leading
fertility clinics. This data provides empirical evidence for a “long tail” [7,82] of genetic disease, in which
individuals are shown to be unlikely to carry any given mutation but surprisingly likely to carry at least
one Mendelian disease allele (Figure 2).

Results

The Long Tail of Genetic Disease

We began by assembling data from many sources to demonstrate that the distribution of genetic diseases
has a “long tail” — a large number of diseases, each individually rare, that collectively are surprisingly
common. Figure 2A plots our estimates of the world-wide carrier frequencies of 164 debilitating diseases,
in which disease prevalences and carrier frequencies for a variety of populations were curated from the
literature and public databases.

Note from the figure that the 1.7% worldwide carrier frequency of a more common disease like cystic
fibrosis (CF) is considerably smaller than the sum of the carrier frequencies of the less common diseases
in the plot. A more sophisticated calculation that takes into account the possibility that an individual
carries multiple mutations does not change this effect, and we confirm it empirically in Figure 6. The
ineluctable conclusion, then, is that screening for the most common genetic diseases alone will fail to
discover most of the carriers in the general population.

While seemingly surprising, this result in different form has long been known in population genetics.
For example, estimates of genetic load via excess deaths from consanguineous marriages consistently
produce an estimated number of recessive lethals per person of 4-5 [83]. And medical geneticist and NIH
director Francis Collins [84] has noted that “Most single-gene conditions are uncommon. .. However, the
total effect of monogenic conditions is substantial, from both the individual patient’s and public health
perspective”.

Assaying many of these monogenic conditions simultaneously is made more challenging because the
exact nature of the long tail varies by ethnic group. Figure 2B shows the carrier frequency distribution for
three different populations. Although the distributions are qualitatively similar, the positions of different
diseases vary. The consequence is that a universal carrier screen must assay a large number of different
mutations, many of which are scarce outside of a particular subpopulation.
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A The Long Tail of Mendelian Disease
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Figure 2. The Long Tail of Genetic Disease. (A) While genetic diseases are individually rare,
they are collectively quite frequent. Shown are estimates of world-wide carrier frequencies for 164
debilitating diseases from the literature. Diseases are ranked by frequency on the z-axis, with their
frequencies displayed on the y-axis. (B) The distributions for different ethnic groups have different rank
orders of diseases. Abbreviations: 21H=21-hydroxylase deficiency nonclassic, A1AD=alpha-1
antitrypsin deficiency, AT=alpha thalassemia, BT=Dbeta thalassemia, CF=cystic fibrosis,
GD=Gaucher’s disease, SCD=sickle cell disease, TSD=Tay-Sachs disease.

Statistical and Economic Requirements for a Universal Carrier Screen

A universal carrier screen for the long tail of genetic disease must have both a low false negative rate (FNR)
to reliably identify carriers and a low false positive rate (FPR) to reduce the rate of unnecessary preventive
measures. Moreover, for each disease the screen should have a high mutation detection frequency (MDF),
corresponding to the fraction of causal mutations for the disease detectable by the assay.
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All of these values should be achieved by the most cost-effective test possible, as high cost has been
a major impediment to screening uptake [76-78]. In particular, for the test to be covered by third-
party payers, the savings that result from early identification of a disease must be larger than the cost
of the screen. These cost savings are a function of the frequency of each disease, its cost of treatment
and prevention, and the accuracy and completeness of the screen. To quantify these savings, consider
Figure 3, which illustrates the medical outcomes for the simplest possible case of a perfect screen for an
autosomal recessive single-gene disease with complete penetrance.

A Decision Tree for Carrier Testing

Shown for:
- Autosomal recessive unhealthy R
- Single locus, two variants (.25) $11_c;0gp$£\r/n
- Fully penetrant

- Perfect screen

no carrier

both
carriers healthy $0
() (75) 80 QALY

test not both
carriers — | healthy $0
(1) (1.00) 80 QALY
both )
carriers —| | _ preventive $1k-15k
carrier (c?) measures 80 QALY
test
not both
carriers — | __ healthy $0
(1-¢®) (1.00) 80 QALY

Figure 3. A Decision Tree for Carrier Testing. Without screening, a child has a non-negligible
chance of suffering from a preventable genetic disease (top branch). With screening, this chance may be
substantially reduced (bottom branch). For simplicity, this decision tree depicts a perfect screen for a
single-gene fully penetrant autosomal recessive disease. It is a jumping off point to introduce
non-idealities (as in Figure 4).

Figure 3 is a starting point to calculate the statistical and economic requirements for a universal carrier
screen. To proceed we need to introduce two non-idealities: the possibility of false positive/negative
results and the fact that some causal mutations may be absent from the screen (i.e., the MDF may not
be 1.0).

First suppose the carrier frequency of a disease within a population is ¢, the cost of treatment is Cy,
the cost of prevention after a positive test is C,, the cost of the screen is Cjs, and the screen’s MDF, FPR,
and FNR are given by m, o, and [ respectively.

Next, the cases enumerated in the decision tree of Figure 3 must be augmented to accomodate the
possibility of false positives, false negatives, and untested mutations; these new cases combinatorially
expand the decision space and are shown in Figure 4.

In Figure 4a, there are three possibilities for the mother of a given child: she does not carry any mutant
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alleles, she carries a mutant allele which is present in the assay, or she carries a mutant allele which is
not detected by the assay. For each of these possibilities, there are two outcomes: the assay produces
a negative result (allele is not detected) or a positive result (the allele is detected). Doing a complete
enumeration over both mother and father pairs, we have 3 x 2 x 3 x 2 = 36 cases to consider (Figure
4b-c). For each of these cases, we can score the couple as “at risk” or not (corresponding to whether the
mother and father both carry a mutant allele) and as “using prevention” or not (indicating whether the
mother and father take preventive measures like IVF/PGD. There are 2 x 2 = 4 such outcomes, each
with a different resulting expected cost of treatment (Figure 4d).
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Figure 4. Carrier Screening Outcome Tables. The numerical codes for outcomes are used in

Table 1. (A) The screening outcome for an individual at a given locus depends on both genetics and the

sensitivity and specificity properties of the test. (B} A couple’s true risk is a function of their respective

genetics. (C) Whether a couple takes preventive measures is a function of their test results. (D) Cost

and quality adjusted life years (QALY) outcomes for the child of a couple are functions of both their

true risk and whether or not they take preventive measures. Note that here we consider an autosomal

recessive locus; in general the probability of having at least one child suffer from a genetic disease varies

as a function of the genetic architecture of the trait (e.g., penetrance, dominance) and the number of

children born by the carrier couple.
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Mother | Father | Mother result | Father resuit | At risk? | Prevent? Qutcome probability Cost QALY
0 0 0 0 0 0 (1-q){1-q)(1-a)(1-a) 0 Lp
0 0 0 1 0 0 (1-q)(1-q)(1-a)}(a) 0 Lp
0 0 1 0 0 0 (1-a)(1-q){a)(1-a) 0 Lp
Y 0 1 1 0 1 {-g)(1-g)(a)(a) Cp Lp
0 1 0 0 0 0 (1-gigm)1-a)(B) 0 Lp
0 1 0 1 0 0 (1-q¥{gm)(1-a)(1-B) 0 Lp
0 1 1 0 0 0 (1-g)(@m)(a)(B) 0 Lp
0 1 1 1 0 1 (1 Q)(qm)(ﬂ)(1 B) Cp Lp
0 2 0 0 0 0 (1-g)}{a(1-m)(1-a)(1-a) 0 Lp
0 2 0 1 0 0 (1-a)(g(1 m))(1 -a)(a) 0 Lp
0 2 1 0 0 0 (1-g)(g(1-m)){a){(1-a) Lp
0 2 1 1 0 1 (1-q)(q(1-m))(a)(a) Cp Lp
1 0 0 0 0 0 (qm)(1-q)B)1-a) 0 Lp
1 0 0 1 0 0 (gm){1-9)(B)(a) 0 Lp
1 0 1 0 0 0 (gm){1-q)(1-B)(1-a) 0 Lp
i 0 1 1 0 1 (qmi{-q)(1-8)(@) Cp Lp
1 1 0 0 1 0 (gm){gm)(B)(B) Cd Ld
1 1 0 1 1 0 (gm)(gm)(B)(1-B) Cd Ld
1 1 1 0 1 0 (gm)(gm){1-B)(B) Cd Ld
1 1 1 1 1 1 (gm)(grm)(1-B)(1-8) Cp Lp
1 2 0 0 1 0 (gm)(q(1-m))(B){1-a) Cd Ld
1 2 0 1 1 0 (qm)(g(1-m))(B)(a) Cd Ld
1 2 1 0 1 0 (@m)(a(1-m)(1-B)1-a) Cd Ld
1 2 1 1 1 1 (gm){(g{1-m)(1-B)a) Cp lp
2 0 0 0 0 0 (q{1-m)){1-g)(1- (1 q) 0 Lp
2 0 0 1 0 0 (q(1-m){1-q)(1 0 Lp
2 0 1 0 0 0 {(g(1-m)(1 q)(a)(1 a) Lp
2 0 1 1 0 1 (g(1-m)(1-g)(@)(a) Cp Lp
2 1 0 0 1 0 (q{1-m))}(gm)(1-a)(B) Cd Ld
2 1 0 1 1 0 (q(1-m)){gm)(1-a)(1-B) Cd Ld
2 1 1 0 1 0 (q(t-m){am)(@)(B) Cd Ld
2 1 1 1 1 1 (q(1-m))(am)a)(1- B) Cp Lp
2 2 0 0 1 0 (g(1-m) g -m)(1-ay(1- Cd Ld
2 2 0 1 1 0 (a(1-m)) (q(1 -m)(1 a) Cd Ld
2 2 1 0 1 0 (q(1-m))(q(1-m))(a)(1-a) Cd Ld
2 2 1 1 1 1 (q( m))( (1 m)(a)a) Cp Lp

Table 1. Enumerating the possible outcomes of tandem carrier testing for a couple.

Tabulating all possible outcome cases for pairs of individuals using the tables and numerical codes of
Figure 4 allows us to put a probability distribution over couple screening outcomes. Note that we record
“possible preventive measures” as “no preventive measures” to be conservative. Note also that many of
these outcomes have vanishingly small probabilities but are included for completeness. Using this
exhaustive outcome enumeration, we can obtain Equation 1 and evaluate it for diseases with different
carrier frequencies to determine the necessary properties of a cost-saving universal carrier screen.

With this figure as guidance, we can derive an equation to estimate the cost savings of a carrier
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test. We stress that this calculation considers only the economics of a screen and does not include the
psychological and human cost of disease, which is almost incalculable. For simplicity, we consider the case
of fully penetrant autosomal recessive diseases; other inheritance patterns have a similar cost analysis.
We assume that a disease d has carrier frequency gq = 1 — pg, that the treatment cost for an individual
affected with disease d is C{, and that the prevention cost faced by a couple with a positive test result
is C’I‘f Furthermore, we assume the screen has a mutation detection frequency for d of my and that the
overall FPR and false negative rate of the screen are o and 1 — 3.

The expected economic cost faced by a couple who does not take a carrier screen is C{lqﬁ. They incur
a cost only if they conceive an affected child, which can occur if they are both carriers. We address the
possibility that a carrier couple does not conceive an affected child by conservatively setting C¢ to no
more than half the true expected treatment cost. For simplicity we assume random mating with respect
to the disease.

By multiplying the probability by the expected cost and summing over each row, we can obtain an
expression with 36 terms which expresses the expected cost savings of the screen. Using this expression,
we can posit ¢q,Cy, () as fixed parameters of the disease to derive bounds on the screen parameters
Cs,m, o, B (Figure 1). A screen which satisfies these stringent bounds will be cost effective at scale.

The economic cost faced by a couple who take the screen varies based on their carrier status. If
neither are carriers, which occurs with probability ¢3, they face cost C’;f with probability a?; the screen
must produce two false positives. If exactly one is a carrier, which occurs with probability 2pgqq , they
face cost Cg with probability mgf8a; the screen must produce one false positive and one true positive.

If both couples are carriers, the cost depends on whether they carry the same disease mutation. We
denote the probability that both carry the same mutation as s4; this probability depends on the allelic
spectrum of the disease [85]. If both carry the same mutation, which occurs with probability sg4, they face
cost C¢ with probability (1—mg)+mq(1—3?) (if the screen does not both assay the mutation and produce
two true positives), and they face cost Cg‘ with probability my3? (if the screen assays the mutation and
produces two true positives). If they carry different mutations, which occurs with probability 1 — sq4,
they face cost Cff with probability ((1 —mg)? + 2mg(1l — mg)(1 ~ B) + m3(1 — 52)) (if the screen does
not assay either mutation, if it assays exactly one mutation but produces a false negative, or if it assays
both mutations and produces two false positives), and they face cost Cg' with probability m33?% (if the
screen assays both mutations and produces two true positives).

Combining these equations (and dropping d subscripts and superscripts for clarity), the cost faced by
a couple that takes the screen is

p2a®Cp+2pgmBaC, + ¢* (s ((1 = mpB?) Cy, + mp2C,)
+ (1= 5) (1 =m) +2(1 = mym(1 = B) + m?(1 = 5%) G, + m?6°C,) ) (1)

A screen will be cost effective if this cost, summed over all diseases on the screen and added to the
cost of the screen Cj, is less than Y, Cfg2.

We compared the cost of a universal screen for the diseases in Figure 2 to (1) the cost faced without a
screen and (2) the combined cost of separate screens for each disease. We used values of C¢ = $750,000,
Cs = 8700 (cost of the UNIT for a couple), and C’;f = $10,000 (assuming a significant number at-risk
couples choose PGD). We used our curated world-wide carrier frequencies for gg; we assumed (extremely
conservatively but for the sake of comparison) that disease-specific tests had perfect MDF values (my = 1).
This assumption is quite conservative as it is currently not possible to achieve 100% mutation detection
with any clinical genotyping assay.

We continued by setting the postulated universal screen’s MDF values to those of the UNIT. For
both the universal screen and the disease specific screens we used values of 4 = 0.001 and a = 0.004,
highly conservative estimates of the UNIT’s performance. We estimated sq as ), f(v})?, where f(v}) is
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the frequency of the it" causal variant for d in carriers of d. We used curated values from the literature
for f(v}); this results in the implicit assumption that if an individual has a mutation not known in
the literature there is a negligible probability that the other individual has the same mutation. This
assumption is quite reasonable for most familial mutations, whose danger is likely to be caused by
compound heterozygosity when encountered in non-consanguineous contexts.

Figure 5 plots these costs and suggests several points about the cost-effectiveness of a universal screen.
First, a combination of disease-specific tests is far too expensive to screen all of the diseases in the long
tail; for rare diseases the cost of the screen far outweighs the cost of treatment. Second, a universal
screen becomes increasingly cost-effective as it includes more diseases; any reduction in treatment cost is
beneficial because the incremental screening cost for each disease is very low. Third, the overall conclusion
is that a sufficiently accurate UNIT will result in health care savings when applied at the population level.

Cost Analysis of a Universal Genetic Test
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Figure 5. Cost effectiveness of a universal carrier test. This curve shows the cumulative
expected cost of three different treatment paradigms: no test, a separate test for each disease, and a
universal carrier test. As we proceed down the list of diseases with the highest mutation detection
frequencies on the UNIT, the universal screen becomes increasingly cost-effective compared to the
absence of screening. In contrast, separate tests for each disease are clearly not cost-effective.

Universal Genetic Test Performance Statistics

We exhaustively validated the UNIT on a combination of reference gDNA samples [86], synthetic DNA
samples [87-89], and clinical DNA samples. In brief, we achieved extremely high sensitivity, specificity,
and positive predictive values by combining multiple redundant probes, a triage strategy (Table 4), and
two-stage followup testing for positive carrier couples. Probes in the assay which passed triage had
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essentially digital accuracy, with either complete success or else no-call on hundreds of control samples
per variant. The overall performance results are summarized in Table 2.

We constructed a large gold standard reference database by combining samples from public sources
and sequence verified samples, providing large numbers of labeled positive and negative samples for each
variant. When used in conjunction with domain knowledge that gave us a priori information on the
number of clusters for each variant, we could establish very robust call boundaries with strong separation
between genotypes.

For example, consider the representative plot in Figure 7. Domain knowledge for this variant (CFTR
deltaF508) tells us that there are only two clusters expected: the heterozygote (carrier) for the deleterious
recessive deletion and the homozygote (wildtype). The plot also allows us to intuitively understand the
idea of a false negative (a labeled red positive that lands in the blue wildtype homozygote cluster) and
a false positive (a labeled blue negative which lands in the red carrier heterozygote cluster). For this
and many other variants, no false negatives or positives were observed in our entire sample dataset. Full
details on individual variants are in Table 6.

Accuracy and precision are the most informative estimates of the total aggregate error rate of the assay.
Both statistics indicate an overall average error rate of approximately 1 in 50,000. To put this performance
in context, this means the Universal Genetic Test is a highly multiplex assay which nevertheless compares
very favorably to the reported accuracy and precision of FDA-approved single gene assays for cystic
fibrosis (Table 3). It is also within the range of the top single gene DNA based tests for Tay-Sachs
mutations [90], which had 4 errors (false positives + false negatives) per 100,000 couples.

Metric Value 95% CI

Precision 0.99997 | [0.99993, 0.99999]
Accuracy 0.99998 | [0.99988, 0.999999]
Sensitivity 0.99998 | [0.99988, 0.999999)
Specificity >0.996 | [0.99643, 1]

False positive rate <0.004 | [0, 0.00357]

False negative rate 0.00002 | {0.000001, 0.00012]
Positive predictive value | >0.995 | [0.99992, 1]
Negative predictive value | 0.99907 | [0.99474, 0.99995]

Table 2. Performance summary of the Universal Genetic Test. Quantitative definitions of each
parameter are given in Table 5 and Materials and Methods.
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Test Accuracy  95% CI Precision  95% CI Reference
eSensor® Cystic Fibrosis 99.97% [0.99924, 0.99991] | 99.9% n/a 510(k): k060543
Carrier Detection System

Tag-1tT™ Cystic Fibrosis Kit 100% [0.99869, 1] >99.99%  [0.99980, 0.99998] | 510(k): k043011
(TM Bioscience Corporation)

Cystic Fibrosis Genotyping >99.99%  [0.99977, 1} 100% [0.99990, 1] 510(k): k062028
Assay (Celera)

InPlex CF Molecular Test (Third | 99.96% [0.99782, 0.99998] | 99.987% [0.99984, 0.99990] | 510(k): k063787
Wave Technology)

Universal Genetic Test (Counsyl) | 99.998% {0.99993, 0.99999] | 99.997% [0.99993, 0.99999] | Present study

n/a eSensor reported a contradictory call rate of 0.008%.

Table 3. Performance comparison to four IVDs used in cystic fibrosis carrier screening.
The Universal Genetic Test has accuracy and precision levels comparable to FDA-approved in vitro
diagnostic (IVD) devices for cystic fibrosis testing. In other words, this multiplex saliva-based
diagnostic has performance comparable to that of traditional single-gene tests. Here, accuracy and
precision point estimates are taken directly as reported from the regulatory filings. 95% confidence
intervals were re-calculated based on reported counts to serve as a consistent basis for comparison.

Two-Stage Testing

To further ensure the highest possible accuracy, the Universal Genetic Test process includes verification of
carrier couple results with two-stage testing. For an assay with a sufficiently low FPR, this is cost-effective
and can boost accuracy substantially. For example, the FPR of the UNIT is less than 0.004. For rare
alleles with frequencies around 0.001, the positive predictive value (PPV) of the first stage of the test is
better than 0.001/(0.001 +0.004) = 0.20. This represents at least a 200-fold enrichment over background
frequency, which is exactly the purpose of a screening assay. Using a biochemically independent followup
test with a FPR of <0.001 increases the overall PPV beyond 0.20/(0.20 + 0.001), which means it is
>0.995 (for the empirical point estimate, see Table 2). As individual loci can now be inexpensively
assayed by a variety of methods, even a high overall carrier rate does not significantly increase cost as
there are only a few loci (usually just one) on which to perform confirmatory followup.

In summary, it is clear from Table 2 that the test satisfies the rigorous statistical and economic criteria
discussed earlier and is hence suitable for a cost-effective population-wide screen.

The Empirical Clinical Long Tail of Genetic Disease

The empirical distribution of carrier frequencies was calculated from clinical samples tested in our labo-
ratory. As shown in Figure 6, the theoretical predictions of a long-tail of genetic disease were validated
by this empirical data. In aggregate, approximately 35% of samples are found to be carriers of at least
one disease.

In addition to individual carrier frequencies, our clinical samples allow us to calculate the rate of
carrier couples. We find this rate to be approximately 0.6-0.8%. Importantly, our clinical test results
are highly enriched with patient samples originating from fertility clinics, which include both patients
seeking fertility treatments and gamete donors. It may be the case that carriers for some diseases are
at an increased risk of fertility problems, similar to the relationship of CFTR mutations to congenital
absence of the vas deferens [91]. Also, couples previously identified as carriers or with known family
history of disease might be retested while seeking fertility treatments. Thus, we cannot rule out the
possibility that this enrichment has resulted in an increased frequency of carriers and carrier couples.
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A Empirical Clinical Measurements of Carrier Frequencies
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Figure 6. The Empirical Long Tail of Genetic Disease. (A) Log-log plot of observed vs. curated
carrier frequency for major diseases. The solid blue line is the y = z line, representing a perfect match
between experimental and curated frequency data. The dashed line is a robust regression line for
curated vs. experimental data. Not only is the overall match quite good, the heteroskedascity is in the
direction we expect: diseases of lower frequency show more scatter, as the values stated by
experimentalists from the literature are more uncertain (e.g. “the prevalence is approximately 1 in
20000”). (B) Empirical and curated long tail plots associated with (A). Abbreviations: A1AD=alpha-1
antitrypsin deficiency, AT=alpha thalassemia, BT=beta thalassemia, CF=cystic fibrosis,
GD=Gaucher’s disease, SCD=sickle cell disease, TSD=Tay-Sachs disease.
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Discussion

Inspired by the success of the universal Tay-Sachs screening program in the Jewish community, we have
developed a single, non-invasive, inexpensive, highly-accurate assay for the long tail of Mendelian disease.
The assay has been thoroughly validated on reference genomic DNA from biobanks as well as synthetic
heterozygotes, and has been successfully used for patient testing in our clinical reference laboratory. We
have further shown that the assay is extremely sensitive and specific, and that the empirical carrier
frequencies detected by the assay correspond well to those predicted by theory. The assay is currently
in use at more than one hundred clinics [92] across the United States and has already identified several
confirmed carrier couples.

Importantly, the assay makes the prospect of a universal at-home carrier testing feasible for the first
time and has several interesting implications. We discuss these in turn below.

Feasibility of an At-Home Carrier Test
Similarities to the At-Home Pregnancy Test

The introduction of the first at-home pregnancy test was marked by controversy [93]. Critics noted
that the test was performed at home, without the supervision of a trained medical professional. Most
patients who took it were otherwise healthy individuals who tested negative, and those who tested positive
experienced a life changing event requiring significant medical followup.

The fact that the Universal Genetic Test requires only a saliva sample makes it possible to contemplate
an at-home carrier test which is structurally similar to the at-home pregnancy test. Just like the at-home
pregnancy test, most patients who take such a test would be otherwise healthy individuals who test
negative, with couples who test positive experiencing a life changing event requiring significant medical
followup.

Urine and saliva samples collected by laymen may be analyzed in a lab

The only logistical difference between the at-home carrier test and the at-home pregnancy test is the
sample collection procedure. Importantly, the actual analysis for an at-home carrier test would not be
performed on the premises but by a laboratory scientist in a clincial reference laboratory. Just like a
urine test, the laboratory scientist does not need to be present for the process of urine or saliva sample
collection. With urine testing, the patient collects their urine sample and leaves it in a tray for later
analysis by a licensed laboratory scientist, which may occur up to 24-48 hours later. Similarly, with an
at-home carrier test a patient collects their saliva sample and puts it in a remailing envelope for later
analysis by a licensed laboratory scientist, which may occur up to 24-48 hours later.

Indeed, the parallel is particularly strong for two reasons. First, there are already at-home urine
tests [94]. Second, several studies of the reliability of at-home pregnancy test kits [95,96] found that
not only were at-home tests highly sensitive and specific in the hands of trained operators, but that
the difficulties a few laypersons encountered were primarily related to educational level rather than test
characteristics. These issues were largely solved with the introduction of a “thin blue line” binary assay
readout [93]; the promulgation of reproductive education in schools likely assisted as well.

The proposed at-home carrier test does not have this difficulty, as the ‘at-home’ part relates solely
to sample collection and the readout is already quite binary (e.g. carrier couple or not) rather than
continuous (e.g. diabetes risk factor).

Logistics of test provisioning are separate from molecular etiology

Though convincing arguments have been voiced against premature testing for complex diseases [97],
it is of crucial importance to separate the logistics of test provisioning (at-home vs. office visit) from
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the molecular etiology of the disease (Mendelian vs. complex). An attempt to predict complex disease
susceptibility from genes will fail regardless of whether a test is obtained over the internet or in a clinical
setting because the requisite signal is simply not present with today’s technology {98].

By contrast, the signal for predicting Mendelian disorders does not change as a function of whether
a sample is collected at home or in the clinic. The only question is the narrow technical issue of whether
mailing a saliva sample significantly degrades signal vs. sample collection in a clinical setting; both
internal data and external references indicate this is not the case, and that saliva samples are as reliable
as blood [99-102] for the purposes of genotyping.

Benefits of an at-home carrier test for privacy, logistics, equitable access, and reproductive
freedom

Many of the same arguments that ultimately proved convincing during the introduction of the at-home
pregnancy test apply to the at-home carrier test.

First, we must consider privacy. Just as many women may not want to disclose their pregnancy to
outside parties (even including physicians), many individuals and couples desire the minimum outside
knowledge of genetic test information.

Second, if current guidelines were implemented and every adult in the United States was actually
offered a carrier test before pregnancy (as recommended by the ACMG and ACOG), we would face
the burden of millions of otherwise healthy people seeking physican office visits to receive a test for
which they already effectively have a prescription. By contrast, the at-home carrier test is a simple
preventive measure that has the potential to significantly reduce the rate of high-risk pregnancies, as well
as being the first large scale implementation of genomics in preventive medicine. Given the acknowledged
bipartisan consensus on the need to control health care costs, the logistical argument for such a test is
quite compelling.

Third, an inflexible requirement that the test only be offered at the physican’s office will necessarily
raise costs, reduce accessibility, and increase health care disparities. Underserved groups in rural commu-
nities are often located geographically far from the kinds of major medical centers that are generally the
first to adopt new technology. However, even rural areas now have reasonable access to broadband tech-
nology, and the Obama administration has made the expansion of this access a legislative priority [103].
By making the at-home carrier test available via the internet, we can provide the test universally without
implicit discrimination against members of rural communities.

Fourth and finally, an at-home carrier test would be a major victory for reproductive freedom. The
at-home pregnancy tests played a major role in giving women greater control over their reproductive
lives, allowing them to avoid unwanted pregnancies while avoiding stigma [93]. Similarly, the at-home
carrier test would allow a woman and her partner to confidentially decide which reproductive options to
take in the event of a positive result, allowing them to prevent their children from suffering from genetic
disease while avoiding stigma.

The apparent conclusion, then, is that the President of the ACMG was prescient in his recent com-
ments [104]:

Korf said that DTC testing could be considered a “disruptive technology” that arguably
has its share of faults now, but “the danger is that by turning our backs, little by little, as
the quality improves, it could become a very powerful approach” and the clinical genetics
community will have missed its chance to play a role.

That is, the prospect of a diagnostic grade at-home carrier test for Mendelian diseases will likely
reshape the debate [105, 106] over so-called “DTC” genetic testing, which has to this point conflated
test provisioning (clinical vs. mail-in sample collection) with disease etiology (complex vs. Mendelian).
By focusing on a medical diagnostic for well-understood Mendelian disease that has as its precedents
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the at-home pregnancy test and the successful campaign for Tay-Sachs screening, the emphasis turns to
technical issues (sample collection, diagnostic performance) rather than basic scientific questions about
complex disease.

The Limitations of Targeted Mutation Analysis

It is well known that no medical test is 100% accurate. In this connection is important to recall that the
Universal Genetic Test is risk-reducing rather than risk-eliminating, and that a particularly important
source of false negatives are genetic mutations that absent from the panel (either because they are as yet
unknown, recently discovered, or resistant to genotyping based analysis).

That said, in every case, the mutations assayed by the Universal Genetic Test are currently used as
part of a targeted mutation panel offered by at least one clinic [18,107,108], as shown in Table 7. In
other words, any arguments about mutation coverage apply equally to current clinical practice, as no one
contends that perfect panels for all tested diseases are currently available.

The ultimate solution to the issue of mutations which are absent from a mutation panel is likely to
be diagnostic-quality resequencing. However, that approach presents its own set of concerns. Diagnostic
resequencing causes us to immediately move from a situation in which the problem is that some mutations
are absent to a situation in which thousands of alterations are present. Given that everyone’s genome
sequence is effectively unique, and given the inherently noisy nature of next-generation sequencing tech-
nology, it is still highly technologically nontrivial to reliably identify heretofore unobserved deleterious
variants.

The conclusion, then, is that while the prospect of an idealized multiplexed sequencing assay is attrac-
tive, the technology simply does not yet exist to make a diagnostic-quality sequencing assay. Criticisms
of a multiplex test which center on mutation detection frequency must take this issue into account; while
no test is perfect, the cost-benefit analysis of Figure 5 clearly shows that highly accurate detection of the
most common mutations at low cost is far superior to no screening at all.

Implications of a Universal Carrier Screen

There are several novel aspects of the Universal Genetic Test. First and foremost, the public health
consequences are significant: this assay enables scaling up the success of Tay-Sachs screening to screen
the general population for a wide variety of preventable genetic diseases.

Second, by shifting as much testing as possible to the pre-pregnancy rather than prenatal stage, more
preventive options become available. This is interesting in that it simultaneously reduces the number of
terminations while expanding choice, and has the potential to be a significant milestone for reproductive
health and women’s rights.

Third, it is a concrete initial step towards routine use of a genome sequence in medicine. ACMG
currently recommends that all adults of reproductive age be offered carrier testing for cystic fibrosis [49]
and spinal muscular atrophy [54], and both NHGRI [109] and ACMG [61] have anticipated a scaled up
carrier screen similar in many ways to our assay. It is thus not unreasonable to postulate that an offer of
universal carrier screening will become a routine part of medical care.

Fourth, the assay is an important tool for closing health disparities. By making the test available via
the internet, we can make sure that rural communities have access to the latest technology at the same
time as wealthy areas with expensive medical centers. And by manufacturing a single inclusive assay for
all populations at scale, by working with insurers to cover it as preventive care, and by providing financial
aid for the needy [110], we can strive to ensure that minority groups benefit equally from the promise of
universal carrier screening.

Fifth, this assay will likely increase the demand for genetic information as people seek to learn more
about their test results. This is not necessarily a negative eventuality. Just as the computer revolution
increased the demand for computer scientists and promoted computer literacy, so too will increased use
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of the fruits of the Human Genome Project increase the demand for medical geneticists and promote
genetic literacy.

Sixth and finally, clinical data from the assay provides the first genome-wide, multivariate dataset on
carrier frequencies. The evidence is consistent with the theoretical prediction that each person carries
4-5 recessive lethals on average [83].

This last point deserves some elaboration. At first it seems quite surprising to find that 35% of people
are carriers for at least one disease in our panel. However, this equates to an expectation of only .35
recessive lethal alleles per person, only a fraction of the 4-5 predicted recessive lethals per person. In
other words, more than 90% of the Mendelian disease burden remains to be accounted for. Testing for
this enormous remainder is clearly a desirable direction for future work, and will necessarily involve both
a transition from targeted genotyping to diagnostic resequencing and an effort to systematically map the
hundreds of unmapped Mendelian loci in OMIM [17].

Materials and Methods

Literature curation

We used a systematic curation of the medical genetics literature and databases [18,107,108] to identify
clinically significant variants associated with single-gene disorders. We selected variants that are (1)
currently tested by at least one other clinical laboratory using different genotyping technologies and (2)
suitable for population screening. We further focused on diseases and variants where mutation detection
was amenable to highly multiplex genotyping methods. For each varlant we recorded the associated
disease, as well as the sequence of the disease-causing and wildtype alleles. The frequencies of the
disease-causing and wildtype alleles in all populations for which data was available were also recorded.

Disease severity was categorized as either mild or severe. For each disease, a genotype-to-phenotype
map was constructed. These maps capture both the general case of autosomal recessive inheritance and
exceptions, such as the importance of the cis/trans relationships of the R117H and IVS8-5T variants of
CFTR. The determination of carrier and affected status was made by reference to these maps.

Genotyping technology

The UNIT uses a customized multiple Molecular Inversion Probe (MIP) assay [111-113] to convert
the information content of a genetic variant into fluorescently-labeled tag sequences. The system was
modified to accommodate a number of variants beyond biallelic SNPs, including insertions, deletions,
triallelic SNPs, copy number variants, and nearby polymorphisms [114,115].

Probes that test each curated disease-causing variant were included. These probes were designed to
detect both the mutant and wildtype alleles of each variant. Thus, heterozygous genotypes are determined
by the positive detection of both a wildtype and mutant allele. The median number of probes tested per
disease-causing variant is 3 for insertions/deletions and 2 for SNPs. In turn, each probe is measured 3
times. Overall, 105 genetic diseases are represented in the UNIT panel. Additional probes were included
as quality control indicators, including markers for sex determination.

To maximize accuracy of the assay, we used a multi-stage approach to design the probes. We began
with a large set of potential probes for a comprehensive set of variants and pursued a triage strategy,
removing (in order) probes that did not format properly, probes that did not convert, and probes that
were callable but had low accuracies. Table 4 summarizes the results of each stage of validation. The
result of this approach was a set of 925 probes for 458 causal disease variants.
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Stage Probes Filtered | Probes Remaining
Initial —_ 2096
Format Correctly 664 1432
Convert Correctly 292 1140
High Accuracy/Precision 215 925
Final — 925

Table 4. A Multi-Stage Approach to Assay Design. We used a multi-stage approach to design
the UNIT. We began with 2096 probes to assay a large number of disease-causing variants. We then
applied a series of increasingly stringent quality control (QC) metrics to obtain the final set of 925
probes for the assay.

Validation study design

To assess the performance of UNIT, a panel of clinically-characterized reference samples was tested.
Because patient samples were not available for all targeted mutations, synthetic patient samples were
created which contain each mutant sequence of interest. [87,88] Each reference sample was tested at least
3 times over the course of the validation study.

Reference samples representing 131 variants in the UNIT were obtained from the Coriell cell repository,
a biobank of genomic DNA reference materials. DNA samples representing all mutant alleles, includ-
ing rarer alelles for which genomic DNA reference materials were unavailable were generated by DNA
synthesis. Double-stranded DNA was synthesized and cloned into standard high-copy plasmid vectors.
The integrity of each insert was confirmed by bi-directional sequencing. Plasmids were combined with
human reference gDNA NA10838 in an approximately equal-molar ratio. A dilution series of plasmid in
gDNA was used to set the final concentration of plasmid in gDNA that achieves a synthetic heterozygote
genotype in the combined samples.

Performance metrics

Formulas for the performance metrics are provided in Table 5.
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Metric Description

™ # replicate calls that equal the modal genotype
FM # replicate calls that do not equal the modal genotype
TP # true positive calls

TN # true negative calls

FP # false positive calls

FN # false negative calls

TC TP + TN

FC FP + FN

Precision ﬁﬁ%ﬂ

Accuracy Fff%“?

Sensitivity %

Specificity ,—1—1\1%

False positve rate LT

False negative rate LD

Positive predictive value | spopp

Negative predictive value mT—Em\

Table 5. Performance Metrics for Validating the Universal Genetic Test. Assay level
performance metrics are in Table 2. Variant level performance metrics are in Table 6.

Empirical carrier frequency determination

Empirical carrier frequency estimates were exported from the Counsyl clinical testing result database.
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Supplementary Tables and Figures

Table 6. Variant Statistics. Performance statistics for the disease causing variants of the UNIT. Column headers are
NP (number of samples that tested positive), NN (number of samples that tested negative), ACC (accuracy), PRC
(precision). Note that the vast majority of variants have digital accuracy, corresponding to highly separated clusters of the
form seen in Figure 7. The variants that had one error are FANCC 322delG, HBB CAP+1 A>C, HBB Glubfs, and
MEFV V726A; these errors appear to be caused by unusually low titration ratios during sample preparation of synthetic
heterozygotes (see Materials and Methods) rather than by intrinsic assay properties.

iene Variant NP NN ACC PRC
ABCCS 3992-9G>A 147 525 1.000 1.000
ABCCS8 F'1388del 147 525 1.000 1.000
ABCCS8 V187D 147 525 1.000 1.000
ACADM G170R 147 525 1.000 1.000
ACADM G242R 147 525 1.000 1.000
ACADM K304E 154 518 1.000 1.000
ACADM L5SF 73 525 1.000 1.000
ACADM R181C 74 525 1.000 1.000
ACADM R181H 73 525 1.000 1.000
ACADM Y42H 147 525 1.000 1.000
ACADS G1858 238 287 1.000 1.600
ACADS R107C 150 522 1.000 1.000
AGA 199.200delGA 147 525 1.000 1.000
AGA C1638 147 525 1.000 1.000
AGL 1484delT 147 525 1.000 1.000
AGL 17delAG 73 525 1.000 1.000
AGL QEX 74 525 1.000 1.000
AGXT F1521 147 525 1.000 1.000
AGXT G170R 147 525 1.000 1.000
AGXT 12447 147 525 1.000 1.000
AIRE R257X 147 525 1.000 1.000
AIRE Y&5C 147 525 1.000 1.000
ALDH3A2 P3158 147 525 1.000 1.000
ALDOB A149P 153 519 1.000 1.000
ALDOB DeltadE4 147 525 1.000 1.000
ALDOB N334K 147 525 1.000 1.000
ALDOB Y204X 147 525 1.000 1.000
ALPL 1559delT 147 525 1.000 1.000
ALPL D361V 147 525 1.000 1.000
ALPL E174K 147 525 1.000 1.000
ALPL F310L 147 525 1.000 1.000
ALPL G317D 147 525 1.000 1.000
ARSA IVS241G>A 147 525 1.000 1.000
ARSA P377L 147 525 1.000 1.000
ARSA P4261, 147 525 1.000 1.000
ARSA T274M 147 525 1.000 1.000
ASPA A305E 150 522 1.000 1.000
ASPA E285A 155 517 1.000 1.000
ASPA IVS2-2A>G 147 525 1.000 1.000
ASPA Y231X 151 521 1.000 1.000
ATM R35X 150 522 1.000 1.000
ATPTB 1340deld 147 525 1.000 1.000
ATP7B 2337delC 147 525 1.000 1.000
ATP7B H1069Q 147 525 1.000 1.000
ATPTB R778G 48 525 1.000 1.000
ATP7TB WT79X 47 525 1.000 1.000
BBS1 M390R 151 521 1.000 1.000
BBS10 C9lfs 149 523 1.000 1.000
BCKDHB E322X 147 525 1.000 1.000
BCKDHB G278S 147 525 1.000 1.000
Continued on next page
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Table 6 — continued from previous page

Gene Variant NP NN ACC PRC
BCKDHB R183P 149 523 1.000 1.000
BCS1L S78G 150 522 1.000 1.000
BLM 2281del6ins7 150 522 1.000 1.000
BLM 2407insT 147 525 1.000 1.000
BTD AI7T1T 147 525 1.000 1.000
BTD D252G 147 525 1.000 1.000
BTD D444H 97 502 1.000 1.000
BTD F403V 147 525 1.000 1.000
BTD G98:d7i3 147 525 1.000 1.000
BTD Q456H 74 524 1.000 1.000
BTD R538C 147 525 1.000 1.000
CBS G307S 147 525 1.000 1.000
CBS 1278T 147 525 1.000 1.000
CFTR 1078delT 7 522 1.000 1.000
CFTR 1161delC 18 525 1.000 1.000
CFTR 1288insTA 147 525 1.000 1.000
CFTR 1609delCA 13 525 1.000 1.000
CFTR 1677delTA 9 525 1.000 1.000
CFTR 1717-1G>A 28 522 1.000 1.000
CFTR 1811+4+1.6kbA>G 147 525 1.000 1.000
CFTR 1812-1G>A 150 522 1.000 1.000
CFTR 1898+1G>A 55 522 1.000 1.000
CFTR 1898+4+1G>T 47 525 1.000 1.000
CFTR 18984+5G>T 48 525 1.000 1.000
CFTR 1949del84 147 525 1.000 1.000
CFTR 2043delG 74 525 1.000 1.000
CFTR 2055del9>A 73 525 1.000 1.000
CFTR 2105-2117del13insAGAAA 22 525 1.000 1.000
CFTR 2183AA>G 33 518 1.000 1.000
CFTR 2184delA 29 521 1.000 1.000
CFTR 2184insA 22 525 1.000 1.000
CFTR 2307insA 147 525 1.000 1.000
CFTR 2789+5G>A 150 522 1.000 1.000
CFTR 2869insG 147 525 1.000 1.000
CFTR 296+12T>C 147 525 1.000 1.000
CFTR 3120+1G>A 79 520 1.000 1.000
CFTR 3120G>A 73 525 1.000 1.000
CFTR 3171delC 74 525 1.000 1.000
CFTR 3199del6 73 525 1.000 1.000
CFTR 3272-26A>G 152 520 1.000 1.000
CFTR 3659delC 7 522 1.000 1.000
CFTR 3667del4 73 525 1.000 1.000
CFTR 3821delT 35 525 1.000 1.000
CFTR 3849+10kbC>T 152 520 1.000 1.000
CFTR 3876delA 41 523 1.000 1.000
CFTR. 3905insT 41 522 1.000 1.000
CFTR 394delTT 24 522 1.000 1.000
CFTR 4054+-1G>A 22 525 1.000 1.000
CFTR 4054-3A>C 18 525 1.000 1.000
CFTR 406-1G>A 21 525 1.000 1.000
CFTR 457TTAT>G 22 525 1.000 1.000
CFTR 574delA 73 525 1.000 1.000
CFTR 6214+1G>T 162 510 1.000 1.000
CFTR 663delT 73 525 1.000 1.000
CFTR 7114+1G>T 77 522 1.000 1.000
CFTR 7114+5G>A 73 525 1.000 1.000
CFTR 712-1G>T 74 525 1.000 1.000
CFTR 935delA 74 525 1.000 1.000
CFTR 936delTA 73 525 1.000 1.000
CFTR A455E 150 522 1.000 1.000
Continued on next page
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Table 6 — continued from previous page

Gene Variant NP NN ACC PRC
CFTR ABSIT 9 525 1.600 1.000
CFTR C524X 9 525 1.000 1.000
CFTR D1152H 151 521 1.000 1.000
CFTR E60X 151 521 1.000 1.000
CFTR E92X 22 525 1.000 1.000
CFTR F31ldel 73 525 1.000 1.000
CFTR F508C 18 520 1.000 1.000
CFTR F508del 77 461 1.000 1.000
CFTR G178R 78 521 1.000 1.000
CFTR G330X 17 525 1.000 1.000
CFTR G480C 13 525 1.000 1.000
CFTR G5H42X 16 522 1.000 1.060
CFTR G551D 18 520 1.000 1.000
CFTR G622D 147 525 1.000 1.000
CFTR G85E 29 518 1.000 1.000
CFTR GI91R 21 525 1.000 1.000
CFTR 1148T 7 522 1.000 1.000
CFTR 1506V 39 525 1.000 1.000
CFTR 1507del 15 522 1.000 1.000
CFTR IVS8-5T 37 488 1.000 1.000
CFTR K710X 73 525 1.000 1.000
CFTR L206W 73 525 1.060 1.000
CFTR M1101K 41 522 1.000 1.000
CFTR N1303K 77 522 1.000 1.000
CFTR P574H 150 522 1.000 1.000
CFTR Q1238X 35 525 1.000 1.000
CFTR Q493X 17 521 1.000 1.000
CFTR Q552X 9 525 1.000 1.000
CFTR Q890X 147 525 1.000 1.000
CFTR R1066C 74 525 1.000 1.000
CFTR R1070Q 73 525 1.000 1.000
CFTR R1158X 76 522 1.000 1.000
CFTR R1162X 79 520 1.000 1.000
CFTR R117C 18 525 1.000 1.000
CFTR RI117H 25 522 1.000 1.000
CFTR R1283M 73 525 1.000 1.000
CFTR R334W 24 522 1.000 1.000
CFTR R347H 23 522 1.000 1.000
CFTR R347P 20 522 1.000 1.000
CFTR R352Q 18 525 1.000 1.000
CFTR R553X 16 522 1.000 1.000
CFTR R560T 17 521 1.000 1.000
CFTR R709X 74 525 1.000 1.000
CFTR R75X 46 522 1.000 1.000
CFTR S1196X 52 525 1.000 1.000
CFTR S1235R 55 509 1.000 1.000
CFTR S1251IN 35 525 1.000 1.000
CFTR $51255X 35 525 1.000 1.000
CFTR S5364P 18 525 1.000 1.000
CFTR 55491 13 525 1.000 1.000
CFTR S549N 16 522 1.000 1.000
CFTR S549R(A>C) 13 525 1.000 1.000
CFTR SE49R(T>G) 16 522 1.000 1.000
CFTR T3381 18 525 1.000 1.000
CFTR V520F 16 522 1.000 1.000
CFTR W1089X 35 525 1.000 1.000
CFTR W1204X(c.3611G>A) 47 525 1.000 1.000
CFTR W1204X(c.3612G>A) 48 525 1.000 1.000
CFTR W1282X 79 520 1.000 1.000
CFTR Y1092X 79 520 1.000 1.000

Continued on next page

29



Nature Precedings : hdl:10101/npre.2010.4192.1 : Posted 1 Feb 2010

A Universal Carrier Test for Mendelian Disease

Table 6 — continued from previous page

Gene Variant NP NN ACC PRC
CHFTR. Y 122X 3 522 1.000 1.000
CFTR dele2-3 21kb 147 525 1.008 1.000
CHM IVS13+4-2dupT 147 525 1.000 1.000
CLN5 2467AT 147 525 1.000 1.000
CLN8 R24G 147 525 1.000 1.000
CLRN1 N48K 150 522 1.000 1.000
CNGB3 819_826del8 147 525 1.000 1.000
CNGB3 886-896del11insT 148 524 1.000 1.000
CNGB3 12336X 74 525 1.000 1.000
CNGB3 1VS88-3T>G 73 525 1.000 1.000
CNGB3 R403Q 147 525 1.000 1.000
CNGB3 T383fs 154 518 1.000 1.000
CPTIA G710E 147 525 1.000 1.000
CPT1A PA4A79L 147 525 1.000 1.000
CPT2 G549D 74 525 1.000 1.000
CPT2 Leul78.Ilel86delinsPhe 147 525 1.000 1.000
CPT2 P227L 147 525 1.000 1.000
CPT2 P50H 73 525 1.000 1.000
CpPT2 P604S 147 525 1.000 1.000
CPT2 Q413fs 147 525 1.000 1.000
CPT2 Q550R 73 525 1.000 1.000
CPT2 R124X 147 525 1.000 1.000
CPT2 R503C 147 525 1.000 1.000
CPT2 R631C 73 525 1.000 1.000
CPT2 S113L 152 520 1.000 1.000
CPT2 S38fs 74 525 1.000 1.000
CPT2 Y628S 74 525 1.000 1.000
CTNS 537del21 147 525 1.000 1.600
CTNS D205N 147 525 1.000 1.000
CTNS L158P 147 525 1.000 1.000
CTNS W138X 147 525 1.000 1.000
CTSK X330W 147 525 1.000 1.000
DHCRY7 C380Y 147 525 1.000 1.000
DHCR7 IVS8-1G>C 98 500 1.000 1.000
DHCR7 L10o9P 147 525 1.000 1.000
DHCR7 L157P 22 525 1.000 1.000
DHCRY7 R352Q) 74 525 1.000 1.000
DHCR7 R352W 73 525 1.000 1.000
DHCRY R404C 147 525 1.000 1.000
DHCR7 TO3M 147 525 1.000 1.000
DHCR7 V326L 74 525 1.000 1.000
DHCR7 WI151X(c.452G>A) 65 521 1.000 1.000
DHCR7 W151X(c.453G>A) 64 525 1.000 1.000
DLD 105insA 147 525 1.000 1.000
DLD G229C 147 525 1.000 1.000
DPYD IVS144+1G>A 150 522 1.000 1.000
Fl11 E117X 147 525 1.000 1.000
Fi1 F283L 149 523 1.000 1.000
Fi1 IVS144+1G>A 70 525 1.000 1.600
F11 IVSiddelid r 525 1.000 1.000
k5 D2222G 210 462 1.000 1.000
F5 HI1299R 215 457 1.000 1.000
F5 R506Q 33 492 1.000 1.000
FAH E357X 147 525 1.000 1.000
FAH IVS1245G>A 151 521 1.000 1.000
FAH IVS8-1G>C 147 525 1.000 1.000
FAH P261L 79 520 1.000 1.000
FAH W262X 73 528 1.000 1.000
FANCC 322delG 76 523 0.987 1.000
FANCC IVS44-4A>T 147 525 1.000 1.000
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FANCC Q13X 73 525 1.000 1.000
FANCC R548X 147 525 1.000 1.000
FH 1431.1433dupAAA 151 521 1.000 1.000
G6PC 459insTA 147 525 1.000 1.000
G6PC 727G>T 147 525 1.000 1.000
GopC [327del 147 525 1.000 1.000
GGPC G188R 147 525 1.000 1.000
G6PC G270V 147 525 1.000 1.000
G6PC Q242X 147 525 1.000 1.000
G6PC Q27fsdelC 147 525 1.000 1.000
G6pPC Q347X 3 522 1.000 1.000
G6PC R83C 78 521 1.000 1.000
G6PC R83H 73 525 1.000 1.000
G6PD N126D 147 525 1.000 1.000
G6PD R459L 73 525 1.000 1.000
G6PD R459P 74 525 1.000 1.000
G6PD S188F 152 520 1.000 1.000
G6PD V68M 147 525 1.000 1.000
G6PT1 1211delCT 147 525 1.000 1.000
G6PT1 A367T 147 525 1.000 1.000
G6PT1 G339C 73 525 1.000 1.000
G6PT1 G339D 74 525 1.000 1.000
GAA DE45E 147 525 1.000 1.000
GALC Ex11-17del 149 523 1.000 1.000
GALC G270D 147 525 1.000 1.000
GALC R168C 208 464 1.000 1.000
GALT F1718 150 522 1.000 1.000
GALT IVS2-2A>G 147 525 1.000 1.000
GALT K285N 150 522 1.000 1.000
GALT L195P 150 522 1.000 1.000
GALT Q169K 147 525 1.000 1.000
GALT Q188R 156 516 1.000 1.000
GALT S135L 77 522 1.000 1.000
GALT T138M 73 525 1.000 1.000
GALT X380R 147 525 1.000 1.000
GALT Y209C 74 525 1.000 1.000
GBA 1035insG 76 522 1.000 1.000
GBA D409V 74 525 1.000 1.000
GBA IVS2+1G>A 59 667 1.000 1.000
GBA L444P 71 633 1.000 1.000
GBA N370S 166 506 1.000 1.000
GBA R463C 73 525 1.000 1.000
GBA R463H 74 525 1.000 1.000
GBA R496H 147 525 1.000 1.000
GBA V394L 150 522 1.000 1.000
GCDH A421V 147 525 1.000 1.000
GCDH R402W 147 525 1.000 1.000
GJB2 167delT 150 522 1.000 1.000
GJIB2 313dell4 150 522 1.000 1.000
GJB2 35delG 39 512 1.000 1.000
GJIB2 [5120del 73 525 1.000 1.000
GJB2 M34T 44 507 1.000 1.000
GJIB2 Q124X 74 525 1.000 1.000
GJIB2 R184P 147 525 1.000 1.000
GJIB2 V37l 28 522 1.000 1.000
GJIB2 W24X 70 525 1.000 1.000
GJB2 WT77R 48 525 1.000 1.000
GJIB2 WT7TX 47 525 1.000 1.000
GNE MT712T 147 525 1.000 1.000
GRHPR 103delG 147 525 1.000 1.000
Continued on next page
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HADHA BEAT4Q 150 522 1.000 1.000
HADHA Q342X 147 525 1.000 1.000
HBB -28A>G 52 525 1.000 1.000
HBB -29A>G 47 525 1.000 1.000
HBB -30T>A 48 525 1.000 1.000
HBB -87C>G 7 522 1.000 1.000
HBB -88C>T 73 525 1.000 1.000
HBB 619 bp deletion 147 525 1.000 1.000
HBB CAP+1 A>C 148 524 1.000 0.997
HBB Gluéfs 17 520 1.000 0.992
HBB Glyl6fs 4 525 1.000 1.000
HBB Gly24 T>A 18 525 1.000 1.000
HBB Hb C 27 522 1.000 1.000
HBB Hb D-Punjab 74 525 1.000 1.000
HBB Hb E 26 525 1.000 1.000
HBB Hb O-Arab 73 525 1.000 1.000
HBB Hb S 14 522 1.000 1.000
HBB IVS-I-1{G>A) 29 522 1.000 1.000
HBB IVS-I-1(G>T) 26 525 1.000 1.000
HBB IVS-1-110 153 519 1.000 1.000
HBB IVS-1-5 26 525 1.000 1.000
HBB IVS-1-6 31 519 1.000 1.000
HBB IVS-11-654 152 520 1.000 1.000
HBB IVS-11-705 73 525 1.000 1.000
HBB IVS-11-745 7T 522 1.000 1.000
HBB IVS-11-844 48 525 1.000 1.000
HBB IVS-11-849(A>C) 52 525 1.000 1.000
HBB IVS-II-849(A>G) 47 525 1.000 1.000
HBB IVS-11-850 76 522 1.000 1.000
HBB K17X 4 525 1.000 1.000
HBB Lys8fs 10 525 1.000 1.000
HBB Phedlfs 73 525 1.000 1.000
HBB PheT7lfs 152 520 1.000 1.000
HBB Poly A: AATAAA->AATAAG | 74 525 1.000 1.000
HBB Poly A: AATAAA->AATGAA | 73 525 1.000 1.000
HBB Pro5fs 24 525 1.000 1.000
HBB Q39X 80 519 1.000 1.000
HBB Ser9fs 25 525 1.000 1.000
HBB W1sX 5 525 1.000 1.000
HEXA 1278insTATC 150 522 1.000 1.000
HEXA G269S 84 515 1.000 1.000
HEXA IVS12+1G>C 157 515 1.000 1.000
HEXA IVS7T+1G>A 73 525 1.000 1.000
HEXA IVS9+1G>A 154 518 1.000 1.000
HEXA R178C 73 525 1.000 1.000
HEXA R178H 77 522 1.000 1.000
HEXA R247TW 78 521 1.000 1.000
HFE C282Y 92 485 1.000 1.000
HFE E168Q 38 525 1.000 1.000
HFE E168X 35 525 1.000 1.000
HFE H63D 127 398 1.000 1.000
HFE H63H 36 525 1.000 1.000
HFE Q127H 147 525 1.000 1.000
HFE Q283P 95 525 1.000 1.000
HFE 565C 45 517 1.000 1.000
HFE V53M 17 525 1.000 1.000
HFE V59M 36 525 1.000 1.000
HFE W169X 35 525 1.000 1.000
HGD G161R 152 520 1.000 1.000
HGD G270R 147 525 1.000 1.000
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HGD IVS1-1G>A 147 525 1.000 1.000
HGD IVS5+1G>A 147 525 1.000 1.000
HGD M368V 147 525 1.000 1.000
HGD P230S 147 525 1.000 1.000
HGD S47L 73 525 1.000 1.000
IDUA A327P 147 525 1.000 1.000
IDUA W402X 147 525 1.000 1.000
IKBKAP IVS20+4+-6T>C 151 521 1.000 1.000
IKBKAP P914L 147 525 1.000 1.000
IKBKAP RE96P 147 525 1.000 1.000
VD A311V 147 525 1.000 1.000
LAMA3 RG50X 147 525 1.000 1.000
LAMB3 3024delT 147 525 1.000 1.000
LAMB3 Q243X 147 525 1.000 1.000
LAMB3 R144X 147 525 1.000 1.000
LAMB3 R42X 147 525 1.000 1.000
LAMB3 R635X 147 525 1.000 1.000
LAMC2 RO95X 147 525 1.000 1.000
LRPPRC A354V 147 525 1.000 1.000
MCOLN]1 511.6944del 55 669 1.000 1.000
MCOLN1 IVS3-2A>G 150 522 1.000 1.000
MEFV AT448 149 523 1.000 1.000
MEFV F479L 147 525 1.000 1.000
MEFV 1692del 26 525 1.000 1.000
MEFV K695R 43 508 1.000 1.000
MEFV M6801 44 525 1.000 1.000
MEFV M6941 25 525 1.000 1.600
MEFV M694V 26 525 1.000 1.000
MEFV P369S 153 519 1.000 1.000
MEFV RA408Q 152 520 1.000 1.000
MEFV R653H 147 525 1.000 1.000
MEFV R761H 147 525 1.000 1.000
MEFV T2671 147 525 1.000 1.000
MEFV V726A 148 524 1.000 0.997
MPI R295H 147 525 1.000 1.000
MUTYH Y165C 151 521 1.000 1.000
NBN 657delb 152 520 1.000 1.000
NPC1 11061T 154 518 1.000 1.000
NPHS1 121.122del 147 525 1.000 1.000
NPHS1 R1109X 147 525 1.000 1.000
PAH G272X 39 525 1.000 1.000
PAH 65T 154 518 1.000 1.000
PAH IVS-10int-546 147 525 1.000 1.000
PAH IVS12+1G>A 149 523 1.000 1.000
PAH 1.48S 147 525 1.000 1.000
PAH R158Q 147 525 1.000 1.000
PAH R252W 70 525 1.000 1.000
PAH R261Q 38 525 1.000 1.000
PAH RA408Q 47 525 1.000 1.000
PAH R408W 49 524 1.000 1.000
PAH Y414C 57 520 1.000 1.000
PCDHI15 R245X 147 525 1.000 1.000
PEX1 G843D 147 525 1.000 1.000
PEXT7 G217R 74 525 1.000 1.000
PEXT L292X 147 525 1.000 1.000
PKHDI1 9689del A 147 525 1.000 1.000
PKHD1 Leul965fs 147 525 1.000 1.000
PKHDI1 R496X 147 525 1.000 1.000
PKHD1 T36M 147 525 1.000 1.000
PKHD1 V3471G 147 525 1.000 1.000
Continued on next page
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PMM2 F119L 147 525 1.000 1.000
PMM2 R141H 150 522 1.000 1.000
POMGNT1 | IVS17+1G>A 147 525 1.000 1.000
PPT1 L10X 147 525 1.000 1.000
PPT1 R122W 147 525 1.000 1.000
PPT1 R151X 147 525 1.000 1.000
PPT1 T75P 147 525 1.000 1.000
PYGM G204S 147 525 1.000 1.000
PYGM K542T 74 525 1.000 1.000
PYGM Kb42X 73 525 1.000 1.000
PYGM R49X 154 518 1.000 1.000
RMRP 262G>T 147 525 1.000 1.000
RMRP g.70A>G 147 525 1.000 1.000
RS1 E72K 73 525 1.000 1.000
RS1 G109R 147 525 1.000 1.000
RS1 G74V 74 525 1.000 1.000
SACS 5254C>T 147 525 1.000 1.000
SACS 6594delT 147 525 1.000 1.000
SERPINA1 S allele 34 491 1.000 1.000
SERPINAL | 7 allele 155 517 1.000 1.000
SGCB S114F 147 525 1.000 1.000
SLCI12A6 R675X 147 525 1.000 1.000
SLC12A6 Thr813fsX813 152 520 1.000 1.000
SLC17A5 Leu336fsX13 147 525 1.000 1.000
SLC17A5 R39C 147 525 1.000 1.000
SLC25A15 F188del 147 525 1.000 1.000
SLC26A2 C653S 147 525 1.000 1.000
SLC26A2 IVS1+4+2T>C 147 525 1.000 1.000
SLC26A2 R178X 147 525 1.000 1.000
SLC26A2 R279W 148 524 1.000 1.000
SLC26A2 V340del 147 525 1.000 1.000
SLC26A4 E384G 147 525 1.000 1.000
SLC26A4 1L.236P 148 524 1.000 1.000
SLC26A4 T416P 147 525 1.000 1.000
SMN1 Exon 7 deletion 64 826 1.000 1.000
SMPD1 L302P 150 522 1.000 1.000
SMPD1 R496L 152 520 1.000 1.000
SMPD1 fsP330 50 640 1.000 1.000
TH R233H 147 525 1.000 1.000
TPP1 G284V 147 525 1.000 1.000
TPP1 IVS5-1G>A 75 523 1.000 1.000
TPP1 IVS5-1G>C 74 525 1.000 1.000
TPP1 R208X 147 525 1.000 1.000
TTPA 744delA 147 525 1.000 1.000

Table 7. Genotype/phenotype association references for each variant in UNIT.

Gene Variant References
ABCCS8 3992-9G>A PMID: 7716548
ABCCS F'1388del PMID: 8923011
ABCCS V187D PMID: 10334322
ACADM G170R PMID: 7929823
ACADM G242R PMID: 1684086
ACADM K304E PMID: 2393404
ACADM L59F PMID: 16291504
Continued on next page
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ACADM R181C PMID: 15832312
ACADM R181H PMID: 16291504
ACADM Y42H PMID: 11409868
ACADS G185S PMID: 8725270
ACADS R107C PMID: 1692038
AGA 199_200delGA PMID: 7627186
AGA C163S PMID: 1904874
AGL 1484delT PMID: 9412782
AGL 17delAG PMID: 8755644
AGL QX PMID: 8755644
AGXT F1521 PMID: 8101040
AGXT G170R PMID: 1703535
AGXT 1244T PMID: 9192270
AIRE R257X PMID: 9398840
AIRE Y85C PMID: 10677297
ALDH3A2 P315S PMID: 9204959
ALDOB A149P PMID: 3383242
ALDOB DeltadE4 PMID: 2339710
ALDOB N334K PMID: 2336380
ALDOB Y 204X PMID: 8438046

PMID: 15880727
ALPL 1559delT PMID: 7833929
ALPL D361V PMID: 1409720
ALPL E174K PMID: 1409720
ALPL F310L PMID: 8954059
ALPL G317D PMID: 8406453
ARSA IVS2+1G>A PMID: 1670590
ARSA P377L PMID: 7866401
ARSA P426L PMID: 7866401
ARSA T274M PMID: 8104633
ASPA A305E PMID: 8023850
ASPA E285A PMID: 8252036
ASPA IVS2-2A>G PMID: 8023850
ASPA Y231X PMID: 8023850
ATM R35X PMID: 8968760
ATP7B 1340deld PMID: 9311736
ATP7B 2337delC PMID: 8298641
ATP7B H1069Q PMID: 8298641
ATP7B R778G PMID: 8533760
ATP7B W779X PMID: 8938442
BBS1 M390R PMID: 12118255
BBS10 C91fs PMID: 16582908
BCKDHB E322X PMID: 11509994
BCKDHB G278S PMID: 11509994
BCKDHB R183P PMID: 11509994
BCS1L S78G PMID: 12215968
BLM 2281del6ins? PMID: 7585968
BLM 2407insT PMID: 17407155
BTD A171T PMID: 10206677
BTD D252G PMID: 10400129
BTD D444H PMID: 10206677
BTD F403V PMID: 10400129
BTD G98: d7i3 PMID: 7550325
BTD Q456H PMID: 9232193
BTD R538C PMID: 9099842
CBS G3078 PMID: 7506602
CBS 12787 PMID: 1301198
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CFTR 1078delT PMID: 1379211
genet.sickkids.on.ca
CFTR 1161delC PMID: 9482579
genet.sickkids.on.ca
CFTR 1288insTA PMID: 15365999
genet.sickkids.on.ca
CFTR 1609delCA PMID: 1284477
genet.sickkids.on.ca
CFTR 1677delTA PMID: 1710601
genet.sickkids.on.ca
CFTR 1717-1G>A PMID: 2236053
genet.sickkids.on.ca
CFTR 18114 1.6kbA>G PMID: 7534040
genet.sickkids.on.ca
CFTR 1812-1G>A PMID: 7517264
genet.sickkids.on.ca
CFTR 1898+4+-1G>A PMID: 1284540
genet.sickkids.on.ca
CFTR 1898+1G>T PMID: 7537147
genet.sickkids.on.ca
CFTR 1898+5G>T PMID: 7543385
genet.sickkids.on.ca
CFTR 1949del84 PMID: 1373934
genet.sickkids.on.ca
CFTR 2043delG PMID: 1379210
genet.sickkids.on.ca
CFTR 2055del9>A PMID: 9298826
genet.sickkids.on.ca
CFTR 2105-2117del13insAGAAA PMID: 11668613
genet.sickkids.on.ca
CFTR 2183AA>G PMID: 7513889
genet.sickkids.on.ca
CFTR 2184delA PMID: 7525963
genet.sickkids.on.ca
CFTR 2184insA PMID: 7525450
genet.sickkids.on.ca
CFTR 2307insA PMID: 7686423
genet.sickkids.on.ca
CFTR 2789+5G>A PMID: 15698946
genet.sickkids.on.ca
CFTR 2869insG PMID: 1373935
genet.sickkids.on.ca
CFTR 296+4+12T>C PMID: 9482579
genet.sickkids.on.ca
CFTR 31204+1G>A PMID: 9150159
genet.sickkids.on.ca
CFTR 3120G>A genet.sickkids.on.ca
PMID: 16436646
CFTR 3171delC PMID: 10794365
genet.sickkids.on.ca
CFTR 3199del6 PMID: 15371908
genet.sickkids.on.ca
CFTR 3272-26A>G PMID: 1379210
genet.sickkids.on.ca
CFTR 3659delC PMID: 2236053
genet.sickkids.on.ca
CFTR 3667deld PMID: 7517264
genet.sickkids.on.ca
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CFTR 3821delT PMID: 1710600
genet.sickkids.on.ca
CFTR 3849-+10kbC>T PMID: 7521937
genet.sickkids.on.ca
CFTR 3876delA PMID: 10777364
genet.sickkids.on.ca
CFTR 3905insT PMID: 7525450
genet.sickkids.on.ca
CFTR 394delTT PMID: 7691344
genet.sickkids.on.ca
CFTR 405+1G>A PMID: 7506605
genet.sickkids.on.ca
CFTR 4054+-3A>C PMID: 9150159
genet.sickkids.on.ca
CFTR 406-1G>A PMID: 10798368
genet.sickkids.on.ca
CFTR 45TTAT>G PMID: 7691352
genet.sickkids.on.ca
CFTR 574del A PMID: 1379210
genet.sickkids.on.ca
CFTR 621+1G>T PMID: 1710599
genet.sickkids.on.ca
CFTR 663delT PMID: 10993719
genet.sickkids.on.ca
CFTR 7114+1G>T PMID: 1710599
genet.sickkids.on.ca
CFTR 7T114+5G>A PMID: 7526928
genet.sickkids.on.ca
CFTR 712-1G>T PMID: 9439669
genet.sickkids.on.ca
CFTR 935delA PMID: 10798368
genet.sickkids.on.ca
CFTR 936del TA PMID: 8064813
genet.sickkids.on.ca
CFTR A455E PMID: 2236053
genet.sickkids.on.ca
CFTR AB59T PMID: 1695717
genet.sickkids.on.ca
CFTR C524X PMID: 1284466
genet.sickkids.on.ca
CFTR D1152H PMID: 7739684
genet.sickkids.on.ca
CFTR E60X PMID: 1284534
genet.sickkids.on.ca
CFTR E92X PMID: 7512993
genet.sickkids.on.ca
CFTR F311del PMID: 7509232
genet.sickkids.on.ca
CFTR F508C PMID: 1977306
genet.sickkids.on.ca
CFTR F508del PMID: 2475911
genet.sickkids.on.ca
CFTR G178R PMID: 1710599
genet.sickkids.on.ca
CFTR G330X PMID: 9150159
genet.sickkids.on.ca
CFTR G480C PMID: 1284534
genet.sickkids.on.ca
Continued on next page




Nature Precedings : hdl:10101/npre.2010.4192.1 : Posted 1 Feb 2010

A Universal Carrier Test for Mendelian Discase

Table 7 — continued from

previous page

Gene Variant References
CFTR GH42X PMID: 2236053
genet.sickkids.on.ca
CFTR G551D PMID: 2236053
genet.sickkids.on.ca
CFTR G622D PMID: 9736778
genet.sickkids.on.ca
CFTR G85E PMID: 1710599
genet.sickkids.on.ca
CFTR GI1R PMID: 7682984
genet.sickkids.on.ca
CFTR 11487 PMID: 1284534
genet.sickkids.on.ca
CFTR 1506V PMID: 1977306
genet.sickkids.on.ca
CFTR 1507del PMID: 2236053
genet.sickkids.on.ca
CFTR IVS8-5T PMID: 12843327
PMID: 7739684
genet.sickkids.on.ca
CFTR K710X PMID: 1379210
genet.sickkids.on.ca
CFTR L206W PMID: 7691344
genet.sickkids.on.ca
CFTR M1101K PMID: 7680525
genet.sickkids.on.ca
CFTR N1303K PMID: 1998343
genet.sickkids.on.ca
CFTR P574H PMID: 2236053
genet.sickkids.on.ca
CFTR Q1238X PMID: 7683952
genet.sickkids.on.ca
CFTR Q493X PMID: 2236053
genet.sickkids.on.ca
CFTR Q552X PMID: 1709778
genet.sickkids.on.ca
CFTR Q890X PMID: 1284534
genet.sickkids.on.ca
CFTR R1066C PMID: 1379210
genet.sickkids.on.ca
CEFTR R1070Q PMID: 7683628
genet.sickkids.on.ca
CFTR R1158X PMID: 1371265
genet.sickkids.on.ca
CFTR R1162X PMID: 2045102
genet.sickkids.on.ca
CFTR R117C PMID: 7525450
genet.sickkids.on.ca
CFTR RI17H PMID: 2344617
genet.sickkids.on.ca
CFTR R1283M PMID: 1284468
genet.sickkids.on.ca
CFTR R334W PMID: 2045102
genet.sickkids.on.ca
CFTR R347H PMID: 1284538
genet.sickkids.on.ca
CFTR R347P PMID: 2344617
genet.sickkids.on.ca
Continued on next page
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CFTR R352Q PMID: 1284538
genet.sickkids.on.ca
CFTR R553X PMID: 1695717
genet.sickkids.on.ca
CFTR R560T PMID: 2236053
genet.sickkids.on.ca
CFTR R709X PMID: 7535742
genet.sickkids.on.ca
CFTR R75X PMID: 7525450
genet.sickkids.on.ca
CFTR S1196X PMID: 7681034
genet.sickkids.on.ca
CFTR S1235R PMID: 7508414
genet.sickkids.on.ca
CFTR S1251N PMID: 1284535
genet.sickkids.on.ca
CFTR S1255X PMID: 1284534
genet.sickkids.on.ca
CFTR S364P PMID: 9150159
genet.sickkids.on.ca
CFTR 55491 PMID: 2236053
genet.sickkids.on.ca
CFTR S549N PMID: 1695717
genet.sickkids.on.ca
CFTR SE49R(A>C) PMID: 1903761
CFTR S549R(T>G) PMID: 2236053
genet.sickkids.on.ca
CFTR T3381 PMID: 7505693
genet.sickkids.on.ca
CFTR V5201 PMID: 1284466
genet.sickkids.on.ca
CFTR W1089X PMID: 1284534
genet.sickkids.on.ca
CFTR W1204X(c.3611G>A) PMID: 1284534
genet.sickkids.on.ca
PMID: 7522211
CFTR W1204X(c.3612G>A) PMID: 7522211
CFTR W1282X PMID: 2236053
genet.sickkids.on.ca
CFTR Y1092X PMID: 1284534
PMID: 16049310
genet.sickkids.on.ca
CFTR Y122X PMID: 1284471
genet.sickkids.on.ca
CFTR dele2-3 21kb PMID: 10798353
genet.sickkids.on.ca
CHM IVS13+2dupT PMID: 1302003
CLN5 2467AT PMID: 9662406
CLN8 R24G PMID: 10508524
CLRN1 N48K PMID: 12080385
CNGB3 819.826del8 PMID: 10888875
PMID: 15657609
CNGB3 886-896delllinsT PMID: 15657609
CNGB3 E336X PMID: 10958649
CNGB3 IVS8-3T>G PMID: 15459792
PMID: 15657609
CNGB3 R403Q PMID: 15161866
Continued on next page
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CNGB3 T383fs PMID: 10888875
PMID: 15657609
CPTI1A G710k PMID: 10607472
CPTI1A P479L PMID: 11441142
CPT2 G549D PMID: 10090476
CPT2 Leul78_1le186delinsPhe PMID: 9758712
CPT2 P227L PMID: 10090476
CPT2 P50H PMID: 7711730
CPT2 P604S PMID: 9758712
CPT2 Q413fs PMID: 10090476
CPT2 QB50R PMID: 9758712
CPT2 R124X PMID: 9562964
CPT2 R503C PMID: 10090476
CPT2 R631C PMID: 1528846
CPT2 S113L PMID: 8358442
CPT2 S38fs PMID: 10862092
CPT2 Y628S PMID: 8651281
CTNS 537del21 PMID: 9792862
CTNS D205N PMID: 9792862
CTNS L158P PMID: 10482956
CTNS W138X PMID: 9537412
CTSK X330W PMID: 8703060
DHCR7 C380Y PMID: 10677299
DHCRY IVS8-1G>C PMID: 9653161
DHCRY 1.109P PMID: 10677299
DHCRY L157P PMID: 9653161
DHCRT R352Q PMID: 10677299
DHCRY R352W PMID: 9653161
DHCRY R404C PMID: 9653161
DHCR7 T93M PMID: 9653161
DHCRY V326L PMID: 9653161
DHCR7 W151X(c.452G>A) PMID: 9653161
DHCRY W151X(c.453G>A) PMID: 10677299
DLD 105insA PMID: 8968745
DLD G229C PMID: 9934985
DPYD IVS14+1G>A PMID: 8892022
Fi1 E117X PMID: 2813350
Fi11 F283L PMID: 2813350
F11 IVS14+1G>A PMID: 2813350
F11 IVSlddell4d PMID: 8307341
F5 HI1299R PMID: 9375735
F5 R506Q PMID: 8164741
FAH E357X PMID: 8318997
FAH IVS124+5G>A PMID: 8318997
FAH IVS8-1G>C PMID: 9633815
FAH P261L PMID: 9633815
FAH W262X PMID: 8162054
FANCC 322delG PMID: 8128956
FANCC IVS4+4A>T PMID: 8348157
FANCC Q13X PMID: 8128956
FANCC R5H48X PMID: 8103176
PMID: 8882868
FH 1431.1433dupAAA PMID: 9635293
G6PC 459insTA PMID: 8211187
G6PC 727G>T PMID: 7668282
G6PC F327del PMID: 7814621
G6PC G188R PMID: 8733042
Continued on next page
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G6PC G270V PMID: 7573034
G6PC Q242X PMID: 7573034
G6PC Q27fsdelC PMID: 7573034
G6PC Q347X PMID: 8182131
G6PC R83C PMID: 8211187
GG6PC R83H PMID: 7655466
G6PD N126D PMID: 3393536
G6PD RA4591, PMID: 2263506
GEPD R459P PMID: 8447319
G6PD S188F PMID: 3393536
G6PD V68M PMID: 3393536
G6PT1 1211delCT PMID: 9781688

PMID: 9758626
G6PT1 A367T PMID: 10518030
PMID: 15906092
G6PT1 (G339C PMID: 9428641
PMID: 9758626
G6PT1 G339D PMID: 11949931
GAA D645E PMID: 8094613
GALC Ex11-17del PMID: 7581365
GALC G270D PMID: 9272171
GALC R168C PMID: 7581365
GALT 1718 PMID: 1610789
GALT IVS2-2A>G PMID: 11754113
GALT K285N PMID: 1427861
GALT L195P PMID: 1373122
GALT Q169K PMID: 10649501
GALT Q188R PMID: 1897530
GALT S135L PMID: 7887417
GALT T138M PMID: 7887416
GALT X380R PMID: 10408771
GALT Y200C PMID: 10408771
GBA 1035insG PMID: 1961718
GBA D409V PMID: 8118460
GBA IVS2+1G>A PMID: 1589760
GBA 1.444P PMID: 2880291
GBA N370S PMID: 3353383
GBA R463C PMID: 1972019
GBA R463H PMID: 17427031
GBA R496H PMID: 8432537
GBA V394L PMID: 2508065
GCDH A421V PMID: 8900227
GCDH R402W PMID: 8900227
GJIB2 167delT PMID: 9285800
GJIB2 313dell4 PMID: 9529365
GJIB2 35delG PMID: 9285800
GJB2 120del PMID: 10544226
GJIB2 M34T PMID: 9139825
PMID: 17041943
GJIB2 Q124X PMID: 9600457
GJB2 R184P PMID: 10544226
GJIB2 V371 PMID: 10633133
GJIB2 W24X PMID: 9139825
GJIB2 WT7R PMID: 9328482
GJIB2 W77TX PMID: 12792423
GNE M712T PMID: 11528398
GRHPR 103delG PMID: 10484776
Continued on next page
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HADHA E474Q PMID: 7811722
HADHA Q342X PMID: 7846063
HBB -28A>G PMID: 6308558

globin.bx.psu.edu
HBB -29A>G PMID: 6583702
globin.bx.psu.edu
HBB -30T>A PMID: 3382401
globin.bx.psu.edu
HBB -87C>G PMID: 6280057
globin.bx.psu.edu
HBB -88C>T PMID: 6086605
globin.bx.psu.edu
HBB 619 bp deletion PMID: 287080
globin.bx.psu.edu
HBB CAP+1 A>C globin.bx.psu.edu
PMID: 3683554
HBB Glubfs PMID: 6310991
globin.bx.psu.edu
HBB Gly16fs PMID: 2064964
globin.bx.psu.edu
HBB Gly24 T>A globin.bx.psu.edu
HBB Hb C PMID: 8294201
globin.bx.psu.edu
HBB Hb D-Punjab PMID: 2307460
globin.bx.psu.edu
HBB Hb E PMID: 7177196
globin.bx.psu.edu
HBB Hb O-Arab PMID: 7908281
globin.bx.psu.edu
HBB Hb S PMID: 3267215
globin.bx.psu.edu
HBB IVS-I-1(G>A) PMID: 1634236
globin.bx.psu.edu
HBB IVS-I-1(G>T) PMID: 6714226
globin.bx.psu.edu
HBB IVS-1-110 PMID: 6264477
globin.bx.psu.edu
HBB IVS-I-5 PMID: 6188062
globin.bx.psu.edu
HBB IVS-1-6 PMID: 6280057
globin.bx.psu.edu
HBB IVS-11-654 PMID: 6585831
globin.bx.psu.edu
HBB IVS-1I-705 PMID: 6298782
globin.bx.psu.edu
HBB IVS-11-745 PMID: 7177196
globin.bx.psu.edu
HBB IVS-11-844 PMID: 2001456
globin.bx.psu.edu
HBB IVS-11-849(A>C) PMID: 2424301
globin.bx.psu.edu
HBB IVS-II-849(A>G) PMID: 6583702
globin.bx.psu.edu
HBB IVS-11-850 PMID: 7558878
globin.bx.psu.edu
HBB K17X PMID: 88735
globin.bx.psu.edu
Continued on next page
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HBB Lys8fs PMID: 3828533
globin.bx.psu.edu
HBB Phed1fs PMID: 6826539
globin.bx.psu.edu
HBB Phe71fs PMID: 6585831
globin.bx.psu.edu
HBB Poly A: AATAAA->AATAAG PMID: 3048433
globin.bx.psu.edu
BB Poly A: AATAAA->AATGAA | PMID: 2375910
globin.bx.psu.edu
HBB Probfs PMID: 2606727
globin.bx.psu.edu
HBB Q39X PMID: 6457059
globin.bx.psu.edu
HBB Ser9fs PMID: 6714226
globin.bx.psu.edu
HBB WI15X PMID: 6714226
globin.bx.psu.edu
HEXA 1278insTATC PMID: 2848800
HEXA G269S PMID: 2522679
HEXA IVS12+1G>C PMID: 2837213
HEXA IVST+1G>A PMID: 2220821
HEXA IVS9+1G>A PMID: 1837283
HEXA R178C PMID: 2137287
HEXA R178H PMID: 2961848
HEXA R247TW PMID: 1384323
HFE C282Y PMID: 8696333
HFE E168Q PMID: 10953950
HFE 168X PMID: 10930379
HFE H63D PMID: 8696333
PMID: 18566337
HFE H63H PMID: 9490291
PMID: 15863206
HFE Q127H PMID: 10401000
HFE Q283P PMID: 12737937
HFE S65C PMID: 10194428
HFE V53M PMID: 10401000
HFE V59M PMID: 10401000
HFE WI169X PMID: 10930379
HGD G161R PMID: 9154114
PMID: 10482952
HGD G270R PMID: 10482952
HGD IVS1-1G>A PMID: 10205262
HGD IVS5+1G>A PMID: 10482952
HGD M368V PMID: 9529363
HGD P230S PMID: 8782815
HGD S47L PMID: 10970188
IDUA A327P PMID: 7550242
IDUA W402X PMID: 1301196
IKBKAP IVS8204-6T>C PMID: 11179008
IKBKAP P914L PMID: 12687659
IKBKAP R696P PMID: 11179008
IVD A311V PMID: 9665741
LAMA3 R650X PMID: 8530087
LAMB3 3024delT PMID: 11023379
LAMB3 Q243X PMID: 8824879
LAMB3 R144X PMID: 8824879
Continued on next page
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LAMB3 R42X PMID: 7706760
LAMB3 R6356X PMID: 7698759
LAMC2 RO5X PMID: 8012394
LRPPRC A354V PMID: 12529507
MCOLN1 511_6944del PMID: 10973263
MCOLN1 IVS3-2A>G PMID: 10973263
MEFV A744S PMID: 9668175
MEFV F479L PMID: 9668175
MEFV 1692del PMID: 9668175
MEFV K695R PMID: 9668175
MEFV M6801L PMID: 10090880

PMID: 9288758
MEFV M6941 PMID: 9288094
MEFV M694V PMID: 9288758
MEFV P369S PMID: 10090880
MEFV R408Q PMID: 10364520
MEFV R653H PMID: 11470495
MEFV R761H PMID: 9668175
MEFV T2671 PMID: 9668175
MEFV V726A PMID: 9288758
MPI R295H PMID: 12414827
MUTYH Y165C PMID: 11818965
NBN 657del5 PMID: 9590180
NPC1 11061T PMID: 10480349
NPHS1 121.122del PMID: 9660941
NPHS1 R1109X PMID: 9660941
PAH G272X PMID: 1975559
PAH 165T PMID: 1301187
PAH IVS-10int-546 PMID: 1769645
PAH IVSI24+1G>A PMID: 10598814

PMID: 3008810
PAH L48S PMID: 1679030
PAH R158Q PMID: 2606484
PAH R252W PMID: 2574153
PAH R261Q PMID: 2574153
PAH R408Q PMID: 1312992
PAH R408W PMID: 2884570
PAH Y414C PMID: 2014036
PCDHI15 R245X PMID: 12711741
PEX1 G843D PMID: 9398847
PEXT G217R. PMID: 9090381
PEX7 L292X PMID: 9090381
PKHD1 9689del A PMID: 12846734
PKHD1 Leul965fs PMID: 11919560
PKHD1 R496X PMID: 12506140
PKHDI1 T36M PMID: 11919560
PKHD1 V3471G PMID: 12506140
PMM2 F119L PMID: 9140401
PMM2 R141H PMID: 9140401
POMGNT1 | IVS17+1G>A PMID: 11709191
PPT1 L10X PMID: 9425237
PPT1 R122W PMID: 7637805
PPT1 R151X PMID: 9425237
PPT1 T75P PMID: 9425237
PYGM G204S PMID: 8316268
PYGM K542T PMID: 8316268
PYGM Kb542X PMID: 16786513

Continued on next page
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PYGM R49X PMID: 8316268
RMRP 262G>T PMID: 11207361
RMRP g.70A>G PMID: 11207361
RS1 B72K PMID: 9618178
RS1 GI109R PMID: 9326935
RS1 G74V PMID: 9618178
SACS 5264C>T PMID: 10655055
SACS 6594delT PMID: 106550565
SERPINAL | S allele PMID: 2567291
SERPINAL | Z allele PMID: 6306478
SGCB S114F PMID: 9032047
SLC12A6 RE7HX PMID: 12368912
SLC12A6 Thr813fsX813 PMID: 12368912
SLC17A5 Leu336fsX13 PMID: 10947946
SLCI17A5 R39C PMID: 10581036
SLC25A15 F188del PMID: 10369256
SLC26A2 6538 PMID: 11241838
SLC26A2 IVS142T>C PMID: 10482955
SLC26A2 R178X PMID: 8528239
SLC26A2 R27OW PMID: 8571951
SLC26A2 V340del PMID: 8528239
SLC26A4 E384G PMID: 9618167
SLC26A4 L2367 PMID: 9618166
SLC26A4 T416P PMID: 9618166
SMN1 Exon 7 deletion PMID: 18941424
SMPD1 L302pP PMID: 1391960
SMPD1 R496L PMID: 2023926
SMPD1 fsP330 PMID: 8401540
TH R233H PMID: 9703425
TPP1 G284V PMID: 11339651
TPP1 IVS5-1G>A PMID: 10330339
TPP1 IVS5-1G>C PMID: 9295267
TPP1 R208X PMID: 9295267
TTPA T44del A PMID: 7719340

Table 8. Diseases in the UNIT. Different diseases have different modes of inheritance: AR (autosomal recessive) or
XL (X-linked recessive).

Disease Inheritance
ABCCS8-related Hyperinsulinism AR
Achromatopsia AR
Andermann Syndrome AR
Alkaptonuria AR
ARSACS AR
Aspartylglycosaminuria AR
Ataxia With Vitamin E Deficiency AR
Ataxia-telangiectasia AR
Polyglandular Autoimmune Syndrome Type 1 AR
Limb-girdle Muscular Dystrophy Type 2E AR
Biotinidase Deficiency AR
Bloom Syndrome AR
Canavan Disease AR
Carnitine Palmitoyltransferase IA Deficiency AR

Continued on next page
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Cartilage-hair Hypoplasia AR
Cystic Fibrosis AR
Choroideremia XL
CLNb-related Neuronal Ceroid Lipofuscinosis AR
Northern Epilepsy AR
Congenital Disorder of Glycosylation Type Ia AR
Congenital Disorder of Glycosylation Type Ib AR
Congenital Finnish Nephrosis AR
Cystinosis AR
Factor v Leiden Thrombophilia AR
Factor XI Deficiency AR
Familial Dysautonomia AR
Familial Mediterranean Fever AR
Fanconi Anemia Type C AR
Salla Disease AR
Fumarase Deficiency AR
Gaucher Disease AR
GJB2-related DFNB 1 Nonsyndromic Hearing Loss and Deafness AR
Glucose-6-phosphate Dehydrogenase Deficiency XL
Glutaric Acidemia Type 1 AR
Glycogen Storage Disease Type Ia AR
Glycogen Storage Disease Type Ib AR
Pompe Disease AR
Glycogen Storage Disease Type I11 AR
Glycogen Storage Disease Type V AR
Inclusion Body Myopathy 2 AR
GRACILE Syndrome AR
Sickle Cell Disease AR
Hereditary Fructose Intolerance AR
Hereditary Thymine-uraciluria AR
HIE-associated Hereditary Hemochromatosis AR
Hyperornithinemia-hyperammonemia-homocitrullinuria Syndrome AR
Primary Hyperoxaluria Type 1 AR
Primary Hyperoxaluria Type 2 AR
Isovaleric Acidemia AR
Leigh Syndrome, French-Canadian Type AR
Maple Syrup Urine Disease Type 3 AR
Long Chain 3-hydroxyacyl-CoA Dehydrogenase Deficiency AR
Maple Syrup Urine Disease Type 1B AR
Medium Chain Acyl-CoA Dehydrogenase Deficiency AR
Mucolipidosis IV AR
Hurler Syndrome AR
Muscle-eye-brain Disease AR
MY H-associated Polyposis AR
Niemann-Pick Disease Type A AR
Niemann-Pick Disease Type C AR
Nijmegen Breakage Syndrome AR
Pendred Syndrome AR
Phenylalanine Hydroxylase Deficiency AR
Autosomal Recessive Polycystic Kidney Disease AR
PPT1-related Neuronal Ceroid Lipofuscinosis AR
Pycnodysostosis AR
Rhizomelic Chondrodysplasia Punctata Type 1 AR
Short Chain Acyl-CoA Dehydrogenase Deficiency AR
Sjogren-Larsson Syndrome AR
Smith-Lemli-Opitz Syndrome AR
TPP1-related Neuronal Ceroid Lipofuscinosis AR

Continued on next page
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Segawa Syndrome AR
Tyrosinemia Type I AR
Usher Syndrome Type 3 AR
Usher Syndrome Type 1F AR
Wilson Disease AR
X-linked Juvenile Retinoschisis XL
Tay-Sachs Disease AR
Infantile Refsum Disease AR
Galactosemia AR
Bardet-Biedl Syndrome, BBS1-related AR
Bardet-Biedl Syndrome, BBS10-related AR
Herlitz Junctional Epidermolysis Bullosa, LAMA3-related AR
Herlitz Junctional Epidermolysis Bullosa, LAMB3-related AR
Herlitz Junctional Epidermolysis Bullosa, LAMC2-related AR
Hypophosphatasia, Autosomal Recessive AR
Spinal Muscular Atrophy AR
Alpha-1l-antitrypsin Deficiency, Type Z AR
Alpha-l-antitrypsin Deficiency, Type S AR
Krabbe Disease, Late-onset Form AR
Beta Thalassemia Intermedia AR
Beta Thalassemia Major AR
Krabbe Disease, Infantile Form AR
Carnitine Palmitoyltransferase 1T Deficiency, Lethal Neonatal Form | AR
Carnitine Palmitoyltransferase 1I Deficiency, Myopathic Form AR
Homocystinuria, B6-responsive AR
Homocystinuria, B6-non-responsive AR
Metachromatic Leukodystrophy, Early-onset Form AR
Metachromatic Leukodystrophy, Late-onset Form AR
Achondrogenesis Type 1B AR
Carnitine Palmitoyltransferase 11 Deficiency, Infantile Form AR
Hexosaminidase a Deficiency, Adult-onset Form AR
Hexosaminidase a Deficiency, Juvenile or Chronic Form AR
Recessive Multiple Epiphyseal Dysplasia AR
Diastrophic Dysplasia AR
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Figure 7. Sample data for the CFTR. deltaF508 variant. As described in the text, red points
represent heterozygotes and blue points represent homozygotes. This variant, like others, was retained
after surviving the multi-stage assay design process (Table 4). Other retained variants were those with
similar strong separations between clusters.



