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Abstract

Clinical molecular diagnostic centers routinely screen SHH, ZIC2, SIX3 and TGIF for mutations
that can help to explain holoprosencephaly and related brain malformations. Here we report a
prospective Sanger sequence analysis of 189 unrelated probands referred to our diagnostic lab for
genetic testing. We identified 28 novel unique mutations in this group (15%) and no instances of
deleterious mutations in two genes in the same subject. Our result extends that of other diagnostic
centers and suggests that among the aggregate 475 prospectively sequenced holoprosencephaly
probands there is negligible evidence for direct gene-gene interactions among these tested genes.
We model the predictions of the observed mutation frequency in the context of the hypothesis that
gene X gene interactions are a prerequisite for forebrain malformations, i.e. the “multiple-hit”
hypothesis. We conclude that such a direct interaction would be expected to be rare and that more
subtle genetic and environmental interactions are a better explanation for the clinically observed
inter- and intra-familial variability.
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INTRODUCTION

Holoprosencephaly (HPE) is the most common malformation of the forebrain in humans and
is considered clinically and molecularly to be an autosomal dominant disorder [1,2].
However, there has been considerable discussion in the published literature of the
requirement for additional genetic and environmental co-morbid factors in order to
understand and explain the extensive inter- and intra-familial variability [e.g. 3,4,5].
Alterations in the SHH gene [3,6,7, reviewed in 2; MIM *600725; HPE3 #142945]
attributable to chromosomal rearrangements [8], microdeletions [9-12; Pineda-Alvarez and
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Muenke, unpublished], or more commonly point mutations account for at least 6-8% of
heterozygous sequence-detectable HPE-related genetic variation and serve as the
prototypical type of HPE mutation [13-15; reviewed in 1, 2]. Additionally, in many cases
the molecular alteration presents as a familial autosomal dominant form, often involving
many generations, where its clinically relevant phenotypic spectrum is highly variable
between mutation carriers. The basis of this clinical variability is largely unknown, but has
been attributed to several possible mechanisms including modifying factors consisting of
gene variants and co-morbid environmental factors (e.g. gestational diabetes, teratogen
exposure), as well as to a speculative digenic model called the “multiple hit” hypothesis
[16]. Clinical findings in HPE can extend from cyclopia, at the severe extreme, to less
severe conditions that include several types of recognizable microforms such as the solitary
median maxillary central incisor syndrome [SMMCI,; see 17-20], or even incomplete
penetrance of obligate mutation carriers [2, 5, reviewed in 21]. Such extreme clinical
presentations are encompassed in the term the “HPE spectrum”. Mutations have also been
detected in related pathway factors such as PTCH1 [22; MIM *601309; HPE 7 #610828],
the transcription factor gene GLI2 [23; MIM *165230; HPE 9 #610829] and the putative
ligand transporter DISP1 [24; MIM *607502]. SHH is presently one of four genes, which
also include SIX3 [25-27; MIM *603714; HPE2 #157170], ZIC2 [28-31; MIM *603073;
HPES #609637] and TGIF [32-34; MIM *602630; HPE4 #142946], routinely screened as
part of the molecular evaluation of new sporadic or familial HPE or SMMCI cases
[reviewed in 1, 2, 35-37]. Consequently, a large collection of mutations is presently
available for comparative analysis.

Here we draw together the molecular findings of three prospective series of unrelated HPE
probands in order to formulate guidelines for the recognition of the types of mutations most
likely to contribute to disease and the likelihood of combinatorial gene x gene interactions
for any particular proband. We believe that the model we have developed can be adapted to
additional HPE genes in the future and is not dependent on the mode of mutation (e.g. works
with non-synonymous, nonsense, deletion, duplication, copy number variants, non-coding
regulatory element mutations, etc.) provided there is good control data for healthy
individuals. Hence, as we begin to confront the challenge of next generation sequencing data
we feel that there are several important lessons gleaned from the past decade of diagnostic
work that will be instructive as research moves forward using new technologies.

MATERIALS AND METHODS
The NIH Study population

We analyzed 189 HPE patients (collectively comprising the entire spectrum of HPE brain
malformations and prospectively collected by passive referral over 5 years) for potential
sequence variations in SHH, ZIC2, SIX3 and TGIF (the “four gene” screen) under our brain
research protocol and newly established CLIA laboratory. All subjects provided informed
consent in accordance with the guidelines of our NHGRI protocol and IRB review process
and could opt in or out of receiving genetic information results.

Mutation screening, PCR amplification and DNA sequencing

A strategy for the “four gene” screen has been modified from previously described ones
[3,6,25,28,32] and is available upon request. Descriptions of common variations
(Supplementary Table 1) and NIH mutations (Supplementary Table 2 and 6) including data
from Dubourg et al., 2004 [15] and Paulussen et al., 2010 [38] (Supplementary Tables 3 and
4) are based on the SHH NM_000193.2, ZIC2 NM_007129.2, SIX3 NM_005413.2 and
TGIF NM_003244.2 reference sequences (Supplementary Data 7). Guidelines for the
naming of the sequence variants conform to the recommendations of the human
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nomenclature committee (www.hgvs.org/mutnomen) and were checked using the Mutalyzer
software for the predicted effects on the reference gene (http://www.mutalyzer.nl/2.0/).
Position +1 refers to the A position of the ATG initiation codon for that gene. Mutation
descriptions requiring revision according to Mutalyzer nomenclature recommendations are
indicated with the symbol “#”. Family-specific mutations (shown in green in the
Supplementary Tables) meet the following criteria needed to be included in Table 1: are (1)
they are not known to be described in other families, (2) are unique to the indicated study
group, and (3) are not described as variations detectable in dbSNP and/or the 1000 genomes
data, nor 4) detected among the common variations in our NIH cohort (Supplementary Table
1). For consistency, synonymous changes are indicated by italic font, non-coding variations
are underlined and italicized, while non-synonymous variations are in normal font (red for
rare variants and green for family-specific mutations). Note that 3 of the rare variants in our
series actually describe non-sense changes in apparently unrelated families: one case of
[SHH ¢.525C>G (p.Tyr175%*)] and two instances of [ZIC2 ¢.1096_1096del (p.Cys365*)] that
although they formally do not meet the criteria we use for family-specific alterations, they
probably should. These three special cases are not included in the calculations for the
remaining Tables. Unlike the likely SHH ¢.995T>C (p.Val332Ala) benign variant that was
also detected in the French series [15] we conclude that the reason that the same molecular
alteration is detected in unrelated families reflects the type of change that is needed to
produce a stop codon. Similarly, we have identified two apparently different families with
SIX3 ¢.770G>C (p.Arg257Pro) and therefore we choose to label this as a benign rare
variation (see [15] and this study). Interestingly, when tested functionally this allele tested as
normal [26].

Amplification of human genomic DNA is performed in a 35 ul reaction volume, using 60—
100 ng of DNA template, 50 uM each of deoxynucleotide triphosphate, 20 pmol of each
primer, 3.5 ul of 10X PCR Amplification buffer (Invitrogen, CA), 1.75 ul 10X PCR
Enhancer solution (Invitrogen, CA), 1.5mM MgSO4 (Invitrogen, CA) and 2.5U of
AmpliTag DNA polymerase (Roche, IN). All reactions were performed using a PTC-255
thermocycler (MJ Research, MA; now supported by Biorad). Typical PCR cycling
parameters were 95°C for 4 minutes followed by 30 cycles at 95°C for 30 seconds,
annealing at 60°C for 30 seconds, extension at 72°C for 1 minute, and a final extension step
of 72°C for 7 minutes. Amplicons were purified using a high pure PCR purification kit
(Roche, IN) and bi-directionally sequenced using the BigDye ™ version 3.1 terminator cycle
sequencing kit according to the manufacturer’s protocol (Applied Biosystems, CA) on an
ABI 3100 and 3130 automated sequencers.

Data collected for statistical modeling

Holoprosencephaly (HPE) patients are screened in the indicated CLIA lab for at least one of
k genes. Once the genetic testing has been completed, the results are summarized in Table 1.
For the N; patients screened for gene i (i =1,2,...,k) we detect a total of m; clinically and
molecularly proven mutations. Furthermore, the observed mutation frequency 1) by gene
and 2) by base pair (bp) are then calculated as shown in columns 5 and 6 in Table 2,
respectively.

Statistical Model description

Mutations are often defined as sudden and spontaneous changes in the genomic sequence of
a living organism; in statistical terms, this is equivalent to “rare” events (changes in the
DNA sequence) occurring in the genome. The Poisson distribution is a discrete probability
distribution for describing occurrences of rare events [39] in a fixed interval of time and/or
space [40], which expresses the probability that these events occur with a known average
rate. Some examples include the statistical modelling of the number of electronic devices
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that fail before their guarantee period [41], the estimation of cancer incidence [42], the
description and further modelling of the number of motor vehicle crashes [43], genetic
association studies in which the disease trait corresponds to count data [44,45] and, more
recently, testing RNA-Seq data [46]

Let X; be a random variable counting the number of mutations per patient in gene i. Then,
the probability that there are exactly m; mutations is [47]

P(X,‘=mi|/1,j)=/limi exp{—/li}/mi! m;=0,1,2,... i=1,2,...,k @)

where }; is the expected value and variance of X;. In our context, A; can be determined as the
mutation frequency per gene, per base pair or per amplicon, or as a function of a set of
covariates of interest Y1,Yo,...,Ym, by changing the definition of X; accordingly. If the latter
approach were chosen, then a Poisson regression [48] setting would be more appropriate.
Several methods are available for estimating A;; these methods include, among others,
maximum likelihood (ML) estimation and estimation using the method of moments [47].
We estimated A; using the ML method (columns 5-6, Table 2) because of its computational
simplicity and its well-know asymptotic properties [40, 47].

Now, suppose that two independent genes G; and G5 are screened in HPE patients. Then,
the joint distribution of X1 and X, is

PX1=m1, Xo=ms| A1, 12)=2"" 1" exp{—(11+)}/(m 'm2!), m=0,1,2,...;m=0,1,2,... (2

The expected value of Y = X1 X5 is E[Y] = A1Ap and its variance V[Y] = A1 (1+h1+12). On
the other hand, the probability that none and one unique mutation per patient occurs in the
G1 and G, genes (a double hit) are pg = exp{—(h1+X2)} and p; = pohiAy, respectively.

Comparison of mutation rates per base pair—Three independent research groups
(NIH, French and Dutch; Supplementary Tables 2-4) have studied HPE over the last 15
years. In their respective labs, they have performed gene screening for a total of n=475 HPE
patients including the SHH, ZIC2 SIX3, and TGIF HPE genes (Table 3, details in
Supplementary Table 5).

Recently, it was reported that, on average, one mutation is found every 85 million base pairs
[49, 50]. Using this figure as our baseline mutation rate per base pair for comparison
proposes, we tested whether the mutation frequency per base pair in each of the k HPE genes
was statistically different from the reference, i.e.,

Ho;:Ai=A0 vs. Hi ;24 # 1o i=1,2,...,k e

with Aq being the reference mutation rate per base pair in [50]. For testing (4), we used a
Poisson test as implemented in R [51].

Sample size for detecting double hit mutations—Here we describe a methodology
for determining the minimum number of patients that would need to be screened in order to
detect a statistically significant deviation from the expected number of patients with
mutations in genes G1 and G based on the empirically measured number of detected
mutations per gene. Although we only consider the case in which patients have unique
mutations in two genes, our methodology can be easily extended to detect “multiple hits”,
i.e., k unique mutations, one per gene, when k genes are screened.

Mol Genet Metab. Author manuscript; available in PMC 2013 April 1.
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Suppose that N patients with unique mutations in genes G, and G, are observed and that it is
of interest to determine how many patients M need to be screened in order to detect any
deviation from the expected number of HPE patients with unique mutations in both genes,
denoted as E, when a type | error probability o is used. Even thought it is not said explicitly,
E is a function of M. For instance, if M patients would have been screened for genes G, and
Gy, the expected number of them with a “double hit” under model (2) is E=p;M, with p; as
previously defined. The test statistic comparing the N and M is given by

T=E"'"(N-EP ~ X’ @®)

We will say that the number of observed and expected number of patients with mutations in
both genes are statistically different if T > y2(1 o), with x%(1, o) the 1-a percentile of a x? with
one degree of freedom. Using our model, it follows that the number of patients M is such
that

(N - piM)y* - p1x2(1,a)M>0 ®3)

Note that in this expression all quantities but M are known. To obtain M we solve (3)
numerically.

For our own dataset (Supplementary Table 2, see details by amplicon in Supplementary
Table 6) we used our complete exonic Sanger sequencing from the CLIA lab to address a
basic research question, namely, are there any recognizable molecular features that would be
helpful for medical geneticists and genetic counselors when approaching a new case of
HPE? Furthermore, do independent referral centers detect similar findings? Here we show
that both statements are true.

The first generalization of value is that when testing is limited to the “four gene” screen in a
new HPE proband the result is frequently entirely normal (85% in our cohort). Using our
model the probability of finding no mutations (in G, and G) approaches unity at the
observed mutation frequencies we found for even the most commonly mutated HPE genes
(Figure 1a). Since the reason for referral often varies among clinicians, and the spectrum of
HPE is so broad, we find that this number is similar to those of other reports [1,2]. The next
most common result is the detection of single nucleotide polymorphisms (SNP) that we
detect at frequencies similar to public databases (Supplementary Table 1). It is noteworthy
that most of these SNPS are synonymous changes and do not predict even subtle changes in
protein function. The most common exception is the single codon (p.Pro163) in TGIF and
secondarily the relatively uncommon length variation in the His-tract of ZIC2
(Supplementary Table 6). Perhaps the most striking, and potentially useful, feature of the
remaining sequence changes is that at least 92% of them are family-specific alterations (see
Methods for a definition) and that at least one third of them can be demonstrated to be de
novo in the pooled datasets (Table 1). We suggest that this empiric observation is tightly
linked to the mechanism of HPE pathogenesis (i.e. that novel translocations, deletions or
point mutations are the proximate cause) and can be used to model the chance that two or
more classical mutations in any of these categories might be detected in the same individual.

The measurable parameters needed for our model are described in Table 2 and allow for
comparison between different diagnostic centers (Table 3). We focused in on the observed
mutation frequency in the four genes to distinguish this parameter from the mutation rate

Mol Genet Metab. Author manuscript; available in PMC 2013 April 1.
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more generally (calculated to be 1 in 85 million base pairs; [49,50]). This measurement of
30-50 novel mutations per proband defines a parameter that limits the number of genes that
could likely participate in mutant x mutant genetic interactions even assuming that they all
would have the potential to do so.

Since we note that virtually all of the observed mutations are family-specific we can derive
an estimate of relative risk of a de novo mutation in these genes causing HPE based on this
expected mutation rate of healthy individuals. As shown in Table 4, the observed mutation
frequency is several orders of magnitude higher than one would expect for a region of the
genome not previously implicated in HPE. Nevertheless, despite this highly statistically
significant finding the frequency of deleterious mutations (4;) is rather low (ranges between
1% and 10%, Table 3) and the probability of detecting mutations in two genes (G1 and G,)
in the same proband would be expected to be quite uncommon (see Figure 1b). Therefore,
we should not be surprised that we failed to observe a single case of a “double hit” among
475 prospectively evaluated cases.

Figure 2 provides a graphical representation of the number of individuals that we would
need to sequence (for G1 and G,) based on the experimentally determined mutation
frequencies per gene (A1 and X,). Note that as A; falls below 1%, the number of patients
needed to detect even a single hit grows exponentially, and instances of a “double hit” are
even more remote. Similarly, we can model the number of cases M needed to detect a
“double hit” for any desired threshold of N observed patients. As shown in Table 5, it is
indeed unlikely to detect even a single patient (N=1) with a “double hit” and thousands of
unrelated HPE individuals would be required to detect such a case.

DISCUSSION

Holoprosencephaly is the most common structural malformation of the developing forebrain
in humans and its causation includes genetic and environmental components typical for a
complex trait that must integrate both types of factors [35,36,52]. Its genetic heterogeneity is
supported by the fact that nearly 75% of cases are wild-type in their DNA sequence of the
coding regions of the nine currently known HPE genes in patients with normal
chromosomes [1,2]. Here we have shown that the detection of novel mutation in an HPE
gene is one salient feature shared among the four genes that are routinely screened that this
type of mutation is likely to be both necessary and sufficient. By extrapolation to additional
HPE genes, we expect that this trend should continue (see [55-58]; and the candidate gene
described by Dupé et al., 2011 [54]). Our current testing recommendations for HPE are
consistent with our model in that candidate genes where 4; is less than 1% are extremely
difficult to establish as clinically significant factors [37] as are low frequency copy number
variations [59]. Although the ability to discriminate between ultra-rare variations and bone
fide mutations is a challenge without functional analysis, nevertheless, the vast
improvements in normative comparative datasets of healthy individuals in publically
available databases makes the recognition of novel alterations far simpler than in the past.
With similar improvements in databases of copy number variations (CNV) this mechanism
can also be incorporated into the interaction analysis.

We also suggest that an obligate digenic model of HPE (caused by mutations in two genes)
is unlikely to apply in the vast majority of cases. In fact this is the observed result for these
cases. Furthermore, if this obligatory digenic model were correct (with an unknown
interacting factor 4;) this requirement would likely confound any meaningful genotype/
phenotype correlation. We certainly do not mean to imply that gene x gene interactions are
unimportant. Rather, our model predicts that common genetic variants are the likely
substrate to influence the clinical manifestations of a family-specific mutation (i.e. 1> > 14).

Mol Genet Metab. Author manuscript; available in PMC 2013 April 1.
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This model is entirely consistent with the known strain-specific modifier effects seen in
mouse studies (reviewed in [53]). These genetic modifiers are generally silent (and are fixed
in the respective classical inbred strains of mice) unless an experimental genetic lesion is
introduced. Extrapolating to humans, the modifiers of known HPE genes would also be
silent variations that can be either coding or non-coding in nature that influence the function
or expression of key developmental pathways when a critical component is compromised.
Taken together, we deduce from the theoretical and empirical absence of instances of a
“double mutation” (including recessive cases of HPE were 1; and A, are the same) that the
autosomal dominant with modifier model is the best description of how these and future
HPE genes disturb forebrain development in humans.

We illustrate this notion (Fig. 1) with the most extreme case: namely the case of two de novo
base-pair changes in the same individual. This is indeed unlikely, and marginally worthy of
mentioning. Furthermore, we stipulate that there is little evidence that any of these genes
fundamentally changes the mutation rate; this is influenced by DNA synthesis and repair
mechanisms, or recombination factors, etc. However, if one of these functional variants is
inherited (A, = 0.5) it is no longer so rare, nor is it readily distinguishable from the incidence
of a single “hit”. This second modifier “hit” can be a common variant in a relevant
developmental pathway, or a common environmental insult, e.g. alcohol, maternal diabetes,
etc. Our model is particularly useful because different clinically relevant alterations occur at
intrinsically different rates (e.g. CNV>translocation>>base-pair changes). What our model
provides is a way to estimate the likelihood of two classes of alterations occurring in the
same individual.

We call for a revised view of the “multiple hit hypothesis” in order to satisfy both empirical
and theoretical realities. We now propose an autosomal dominant with modifier model that
is superior in its utility and predictive power. Furthermore, we argue that just such a model
is needed and can apply to similar genetic conditions where a single genetic alteration
(translocation, deletion, duplication, point mutation) serves as the final insult leading to
malformation and disease — within the context of otherwise silent genetic variants that serve
as modifiers. Finally, we conclude that the best way to identify such intrinsic modifier loci is
to select a group of subjects with a lesion in one of the key HPE genes and perform classical
association analysis of SNP arrays looking for interacting loci.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Probability that one observes (a) none mutations in genes G; and Gy, and (b) one mutation
in both genes G4 and G (i.e., a “double hit”) when the mutation frequency per gene varies
from 0% to 10%.
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Figure 2.

Total number of HPE individuals M to be screened to detect a “double hit” (e.g. individual
mutations in genes G1 and G,) when the observed mutation frequency per gene varies from
1% to 10%.
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Number of family-specific mutations and mutation frequencies per gene and base pair (bp) in four HPE genes
by the respective research group.

Gene

NIH (n=189)

French (n=200)

Dutch (n=86)

Aggregate (n=475)

Mutations detected

SHH
zIc2
sIX3

TGIF

10
8
9
1

15

Mutation frequency per gene

SHH
zic2
SIX3
TGIF

5.29%
4.23%
4.76%
0.53%

7.50%
3.50%
4.00%
1.00%

Mutation frequency per bp?

SHH
zic2
SIX3

TGIF

3.81x1075
1.58x107°
4.77x1075
6.48x1076

5.40x107°
1.30x1075
4.00x107°
1.23x1075

o 0 00 W

3.49%
9.30%
9.30%
0.00%

2.51x107°

3.47x1075

9.31x1075
0

28
23
25

5.89%
4.84%
5.26%
0.63%

4.24x1078
1.81x1075
5.27x1075
1.95x1075

aSHH, ZIC2, SIX3 and TGIF have, respectively, 1389 bp, 2682 bp, 999 bp and 816 bp in length.
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Results from the Poisson test comparing the observed and expected mutation rates by base pair in all HPE

genes.
Gene  Group Ratio? 950%CIP P-value®
SHH NIH 3237.8 (1552.6,5954.6) 2.17x10732
French 4589.6 (2568.7, 7570) 3.95x10750
Dutch 21347  (440.2,6238.7)  4.62x10710
Aggregate  3607.3  (2397,5213.6)  2.71x1078
ZIC2 NIH 4051.7 (1852.7,7691.5) 3.62x10730
French 34034 (1469.3,6706.2) 2.31x10726
Dutch 79149  (3417,15596.2) 2.70x1072°
Aggregate  4478.2 (2898, 6610.7)  3.01x10782
SIX3  NIH 551.1 (14, 3070.8) 1.81x1073
French 1041.7  (126.1, 3762.9) 1.84x1078
Dutch d d d
Aggregate  657.9 (135.7,1922.7)  1.57x1078
TGIF  NIH 13415  (579.2,2643.3) 3.95x107%3
French 1109.2 (446, 2285.5) 7.86x10720
Dutch 2948.2 (1272.8,5809.2) 7.27x10726
Aggregate  1534.6  (972.8,2302.7)  4.20x107%5

a . . . . . N . L
Quotient between the observed mutation rate per base pair and a baseline mutation rate per base pair estimated as 1 in 85 million [Hesman-Saey,

2011].

bConfidence Interval.

c . . .
Two-tailed P-value comparing the observed and expected mutation rates.

do, .. .
Statistical test could not be performed as zero events occurred.
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