BOC is a Modifier Gene in Holoprosencephaly
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Abstract

Holoproselceﬁhw (HPE), a common developmental defect of the forebrain and midface, has a

complex e&erozygous, loss-of-function mutations in the Sonic hedgehog (SHH)
pathway a d with HPE. However, mutation carriers display highly variable clinical

I
presentati@n, leading to an “autosomal dominant with modifier” model, in which the penetrance

and exprea a predisposing mutation is graded by genetic or environmental modifiers.
i v

Such mod e not been identified. Boc encodes a SHH co-receptor and is a silent HPE

modifier che. Here, we report identification of missense BOC variants in HPE patients.
Consisten se alleles functioning as HPE modifiers, individual variant BOC proteins had
either losgof-function properties in cell-based SHH signaling assays. Therefore, in
addition t&eterozygous loss-of-function mutations in specific SHH pathway genes and an ill-
defined enmntal component, our findings identify a third variable in HPE: low frequency

modifier g

=
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C being the first identified.
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Many structural birth defects are thought to arise from a complex combination of genetic and
environmental risk factors (Krauss and Hong, 2016). Holoprosencephaly (HPE; MIM# 236100),
a commmn devastating defect in midline patterning of the forebrain and midface, is a
prototypi le. HPE encompasses a phenotypic spectrum that ranges from failure to
partitiof tHeé¥e#eBrain into hemispheres and cyclopia, to mild midfacial anomalies that occur
without fohnvolvement (Geng and Oliver, 2009). Heterozygous, loss-of-function
mutationsWn co nents of the Sonic hedgehog (SHH; MIM# 600725) signaling pathway are

frequently, ed with HPE (Roessler and Muenke, 2010). However, highly variable clinical

SC

presentation is seen in mutation carriers, even within pedigrees. Furthermore, in many

“sporadic” cases, mutations in SHH are inherited from a parent with little or no clinical

U

manifesta mon et al., 2012). Statistical analyses have led to an “autosomal dominant

n

with modi el, in which the penetrance and expressivity of a predisposing heterozygous

mutation i§ g @ by modifiers (Roessler et al.,, 2012). Such modifiers may be genetic or

d

enviro ature. While bona fide pathogenic mutations in SHH and other genes

associated E continue to be catalogued, identification of potential HPE modifiers is in its

M

infancy.

[

Thedbimdimg of SHH to its primary cell surface receptor PTCH1 (MIM# 601309) initiates

a signaling @ to modulate GLI transcription factors, which induce expression of pathway

target gene tal, 2016). Among the direct target genes is GLI1 (MIM# 165220) itself. SHH

n

and PT ind to several co-receptors, including CDON (MIM# 608707), BOC (MIM#

[

608708Y; (MIM# 139185) (Bae et al,, 2011; Izzi et al., 2011; Tenzen et al., 2006).

Studies with knodkout mice revealed that these three co-receptors have overlapping and

b

partially redu t function in supporting SHH signaling during development; embryos lacking

all thre nearly complete loss of pathway activity (Allen et al.,, 2011). Heterozygous, loss-

A

of-function mutations in CDON and GAS1 have been identified in HPE patients (Bae etal., 2011;

4
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Pineda-Alvarez et al., 2012; Ribeiro et al., 2010). Consistent with these observations, mice with
targeted mutations in either Cdon or Gas1 display a range of HPE phenotypes (Allen et al., 2007;
Hong ar#uss,ZOlZ; Martinelli and Fan, 2007; Seppala et al., 2007; Zhang et al., 2006). In
contrast, @ ng Boc do not have HPE (Zhang et al., 2011). However, genetic removal of
Boc frofi @@87§: (as1/- mice exacerbates their HPE phenotype (Seppala et al,, 2014; Zhang et
al, 2011). e, Boc functions as a silent HPE modifier gene in mice. Here we address the

potential r@le of BOC in HPE pathogenesis in humans.

WWed high-throughput screening of BOC (NM_033254.3) for 360 HPE patients
using Hig ion Melting, as described (Kauvar et al., 2011). Additionally, 384 unrelated
individual creened as controls. HPE and control samples with melting profiles that
deviated me wild type melting curves were directly sequenced for variant confirmation. A

total of Eim:lt amino acid substitution variants in BOC were identified in HPE patients,

including as found in two unrelated patients and two that were present in a single

patient . There are over 400 BOC missense variants reported in EXAC. We note that
most o ariants we identified are rare (Table 1), including p.Gly556Glu, which has not been
previously reported. An exception is p.Pro828Arg, which has a minor allele frequency of 0.0017,

more comh‘l the ~1:10,000 birth frequency of HPE (Leoncini et al., 2008), and consistent

with possion as a modifier allele. All individuals were also studied for the four genes

most comm reened in HPE (SHH, ZIC2 (MIM# 603073), SIX3 (MIM# 603714), and TGIF

(MIM# ne patient had a truncating mutation in ZICZ, and another patient had a

deletionBRIBI R able 1),

To:the functional consequences of HPE-associated BOC variants, we developed a
cell—ba%r BOC activity. Exogenous expression of BOC had little ability to enhance SHH
signaling in pe mouse embryo fibroblasts (MEFs) or even Cdon~-;Boc/- MEFs (not
shown). To work in as sensitive a cell system as possible, we used Cdon~-;Boc/;Gas1/- MEFs

5
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(TKO cells) (Mathew et al,, 2014). When treated with escalating doses of recombinant SHH N-
terminus protein (referred to simply as SHH), TKO cells expressed the direct target gene Gli1

very inegllentl , relative to wild type MEFs, as determined by qRT-PCR (Supp. Fig. S1A). To

determine exogenous expression of CDON or BOC could restore SHH responsiveness to
TKO cells, WesgFamkfected the cells with expression vectors encoding one or the other of these
co-receptofrs, d the cultures with SHH, and quantified Gli1 expression. CDON effectively

rescued SHH-depéhdent Gli1 induction, whereas BOC expression had little effect (Supp. Fig.

cr

S1B). The suggest that BOC may require a factor not present in MEFs to actas a

S

productive SHH co-receptor. CDON and GAS1 may play some role in this phenomenon. However,

as BOC had little agtivity in wild type MEFs, and Cdon~/~;Gas1~/- embryos have BOC-dependent

el

SHH activi etal,, 2011; Allen et al.,, 2007), a need for additional factors for BOC function

n

seems like

d

BO ON have Ig repeats followed by fibronectin-type III (Fn3) repeats in their
ectodo ig. 1A). The third Fn3 repeat of BOC and CDON bind to SHH, whereas Fn3 repeats

1 and associate with PTCH1 (Bae et al,, 2011; Izzi et al,, 2011; Kavran et al., 2010). We

M

constructed expression vectors encoding four of the HPE-associated BOC variants: p.Arg533Leu,

p.Gly556G 697Pro, and p.Pro828Arg. The p.Arg533Leu and p.Gly556Glu substitutions

Or

are in Fn3ffepeatl, p.Arg697Pro is in the linker region between Fn3 repeats 1 and 2, and

p.Pro828Argisin the linker region between Fn3 repeat 3 and the transmembrane region (TM).

h

These vaxi e selected because: 1) they were located in the Fn repeat region of BOC,

f

which i Shh signaling (Song et al., 2015); and 2) they resemble similarly located,

HPE-associated, 1@ss-of-function, missense mutations in CDON in that they were highly non-

Gl

conservative itutions in evolutionarily conserved residues (Bae et al.,, 2011). Prioritization

of thes s was not based on either retrospective allele frequency or Annovar annotation

t

criteria, which were not available at the time of study design.

6
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Each variant was expressed at easily detectable levels when transiently transfected in
HEK293T cells (Fig. 1B). When expressed in TKO cells subsequently treated with SHH, the
p.Arg53§du, .Xrg697Pro, and p.Pro828Arg variants were similar to wild type BOC in having

little abili ote ligand-dependent Gli1 expression (Fig. 1C). Surprisingly, the

p.Gly5 38 Gl aht had substantial activity in this assay, conferring on BOC the ability to
promote S ling. Therefore, p.Gly556Glu is a ligand-dependent, gain-of-function mutant.
When lysafes of célls expressing wild type BOC or the HPE-associated variants were analyzed by
Western bWter conditions of limited proteolysis, p.Gly556Glu did not produce a product
formed by the others (Fig. 1D). This result suggests that p.Gly556Glu may have an altered

conformation t;;contributes to its gain of function. A similar observation was made for some

of the HP ed CDON variants that displayed a loss of function (Bae et al., 2011).

Th iy of p.Gly556Glu to confer SHH-dependent Gli1 expression to TKO cells offered
an opportusiit ssess whether the other three HPE-associated variants might have the
anticipa of function property by constructing BOC expression vectors that harbor the
p.Gly5 change along with, independently, each of the other three. We reasoned that if

these other variations crippled BOC'’s ability to function as a SHH co-receptor, they would block
Gli1 exprehﬂulated by p.Gly556Glu in the TKO cell assay. Each double variant
(p.Gly556( w 33Leu, p.Gly556Glu/Arg697Pro, and p.Gly556Glu/Pro828Arg) was
expressed imilar level as p.Gly556Glu itself in transient transfectants (Fig. 1E). When
assaye lity to promote SHH-dependent Gli1 expression, the p.Gly556Glu/Pro828Arg
double M the ability to do so, while p.Gly556Glu/Arg697Pro was still nearly as active

as p.Gly556Glu (Fig. 1F). The p.Gly556Glu/Arg533Leu double variant resembled

G

p.Gly556Glu/ 8Arg in having diminished activity relative to p.Gly556Glu, but this fell just

short o al significance (p = 0.06). We conclude that p.Pro828Arg is a loss-of-function

variant in this context and p.Arg533Leu is likely to be one. Furthermore, we anticipate that this
7
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is so even in the context of otherwise wild type BOC, as would be the case in the individuals with

HPE who harbored these variants. In contrast, p.Arg697Pro may be a benign variant, or it may

|

affect BOCHunction in a way not revealed by this assay.

y556 are both within BOC Fn3 repeat 1 [Fn3(1)]. Although Fn3 repeats

p

||
have cons

erable sequence variability, they adopt a similar three-dimensional fold. We aligned

[

the sequenge ofln3(1) with the closest hit in the Protein Data Bank

G

(http://w .org/pdb/home/home.do), an engineered Fn3 domain (RCSB code 4U3H;

32% sequ ideintity) (Porebski et al., 2015). The sequence of Fn3(1) was then aligned with

S

this struct in information on the locations of Arg533 and Gly556 (Fig. 1G). The

U

Arg533 h n 4U3H is a surface exposed serine. Substituting a hydrophobic leucine for the

larger, chaliged arginine at such a position could therefore potentially disrupt interactions with

[

binding p ediated by that surface. The Gly556 equivalent maps to a position just after a

d

conserved Bet rpin connecting two beta strands. This glycine is conserved in many Fn
repeats, backbone phi is 138°, which is unfavorable for non-glycine residues.

Substit e larger, charged glutamate in this position is likely to cause local disruptions of

]

this loop. We note that this loop (called the F-G loop) is where the RGD sequence of the Fn3(10)

[

repeat in fi in resides and that this sequence is essential for fibronectin to bind integrin

receptors @ pn et al.,, 1994). Mapping the sites of the p.Arg533Leu and p.Gly556Glu

variants on itional closely related Fn3 domain structures gave very similar results as for the

N

Fn3 do he PDB entry 4U3H (data not shown). Importantly, the p.Arg533Leu and

[

p.Gly55 ts are distant from one another, on opposite sides of the molecule. It

therefore seems ublikely that they are disrupting the same interaction. This is consistent with

U

the notion th g533Leu would be a function-perturbing variant for BOC generally, not only

in the c f the gain-of-function p.Gly556Glu variant.

A

8
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The identification of silent modifier genes that can influence the severity of

developmental defects is uniquely challenging (Kousi and Katsanis, 2015). In our

consideratfon(s) of such potential modifiers, we are referring to variant molecules that can

gifrequency and whose biological effects are contingent on a specific genetic

driver 6% éf¥AEOAMental insult with which they interact. Occasionally, variants with the ability

to synergihological process may co-occur and functionally interact. Such instances

C

would qu as direct gene:gene interaction partners (Hong et al,, 2016). It is these context-

dependen ions that are the most difficult to predict using current bioinformatic analysis

S

tools. In fact, our retrospective analysis of currently used bioinformatics tools demonstrated

that the ACMG elines are unhelpful in the autosomal dominant with modifier model that we

J

think best HPE; none of the three BOC variants with perturbed function were predicted

n

to be sob Table 1). While these annotations are generally useful in identifying strong

genetic driye modifier category is not a consideration. For example, the BP5 category is

d

allowe s that co-occur with a strong driver mutation as an indication that the variant

should be ¢ ed as benign (Richards et al., 2015). Similarly, although most genetic drivers

N

for HPE (or similar malformation syndromes) are both novel and clearly damaging, the effects

of genetic @ariation at additional loci cannot be disregarded (Mouden et al., 2016). Given the

[

complexity, signal reception and transduction, it should not be surprising that

bioinform

O

dictions that relate to only one molecule at a time, to the exclusion of other

co-morbid¥ariants, may be unsatisfactory. In some important respects, all of the bioinformatics

h

predictions were @ither imprecise, ambiguous, or misleading when applied to the variants

{

tested in t (Table 1).

U

The in lete penetrance and wide phenotypic spectrum that characterize HPE can be

commo even in pedigrees in which bona fide deleterious mutations in SHH or S1X3 are

A

inherited (Solomon et al., 2012; Solomon et al., 2009). This strongly suggests that modifiers,

9
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genetic and/or environmental, play a role in the clinical outcome (Roessler et al., 2012). Our
findings provide strong support for BOC as a modifier gene in HPE. First, studies with mice
supporttﬁ.oss of Boc in mice does not result in HPE, but its genetic removal enhances
the phenot @ erity of the HPE seen in Cdon and Gas1 mutant mice (Seppala et al.,, 2014;
Zhang & aW2098 Furthermore, in the case of Cdon mutants, Boc’s effects are gene-dosage
sensitive ( al,, 2011). Mice have proven to be a good model for HPE. Mice with targeted
mutationsWn virtuglly all the genes thought to be drivers of human HPE also have HPE, including
Shh, Six3, mr, Gli2, Cdon, and Gas1 mutants (Geng and Oliver, 2009). Therefore, HPE-

associated variants in BOC are likely to act on an essential substrate, either genetic or

teratogenimausation of HPE.

Segnd, functional analyses of HPE-associated BOC variants are most consistent with a
modifier r odel systems, loss of SHH signaling during early midline patterning is
causally asSac with HPE (Chen, 2016; Geng et al., 2016; Hong and Krauss, 2013; Roessler
and Mu 10). Furthermore, human HPE-associated heterozygous mutations in SHH
pathw es virtually always show a loss of function in cell- or model organism-based assays
(Geng and Oliver, 2009; Roessler and Muenke, 2010). Therefore, in HPE patients where these

mutations d, they are extremely likely to be the genetic drivers on which modifiers act.

In contrasr alleles can, by definition, encode phenotypic suppressors or enhancers

(Kousi and is, 2015). Strikingly, the p.Gly556Glu BOC variant identified here displayed a
gain—ofﬁ SHH signaling. This is the opposite of what would be expected in causation of
HPE, buwent with the notion that it may have served as a protective modifier allele in
the patientcaE it. Approximately 97% of HPE cases succumb in utero and are lost to follow-
up analysis. W, culate that this patient may have survived long enough for sequence analysis

due to p: Glu acting as a phenotypic suppressor of an unidentified genetic or

environmental substrate that caused a loss-of-function defect in SHH signaling. Similar effects

10
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have been demonstrated in mouse models of HPE, in which genetic removal of one copy of the
negative SHH pathway regulator, Ptchl, largely restored normal rostroventral midline
patterth al,, 2016; Hong and Krauss, 2013). Two other BOC variants identified in HPE
patients di§p d/a loss-of-function property that is consistent with their acting more
convenffloWalF#EY, as phenotypic enhancers of a primary defect that acted, directly or
indirectly, ss SHH signaling. Consistent with this notion, the patient with the
p-Arg533 varjant also had a mutation in ZICZ, and one patient with a p.Pro828Arg variant
also had a w of TGIF (Table 1). Therefore, as predicted for a modifier gene, we have
identified BOC variants that show either gains or losses of function in patients with HPE. As
discussed abOV;:;e algorithms for predicting perturbation of function remain imperfect, but
even as th ve, it will be extremely difficult to predict whether a specific variant may

have anu d type of perturbation in function. The p.Gly556Glu variant is a point in case,

as its gain@on phenotype could only be identified through functional analysis.

ith many birth defects, understanding the multifactorial etiology of HPE has been
difficul with heterozygous loss-of-function mutations in a select group of genes and a
poorly illuminated environmental component, our findings with BOC variants argue for a third

category ohe: low frequency modifier genes, BOC being the first such factor identified.
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FIGURE LEGENDS

{

FIGUR -associated BOC variants display gain- and loss-of-function activities

A: Schema of BOC protein and the location of HPE-associated variants. B: Western

|
blot analygis of BOC and BOC variant expression. HEK293T cells were transiently transfected

with emptyggecter (vector), wild type BOC (BOC), and the indicated variants. Forty-eight hours

C

later cells ed and prepared for Western blots with antibodies to human BOC and j3-actin

as a loadi tr@l. C: Expression of p.Gly556Glu, but not other BOC variants, restored the

$

response TKO cells. Cultures were treated with 3 ng/ml SHH and analysis of Gli1

U

expressio rformed and quantified qRT-PCR. WT, wild type BOC. D: BOC p.Gly556Glu

displayed @ltered product formation upon limited proteolysis. Wild type BOC and BOC variants

)

with a C-te LAG tag were expressed in 293T cells as in B, and incubated at 4° C prior to

Western b

dl

sis with anti-FLAG antibodies. * indicates full-length BOC, ** indicates a

produc ormed by incomplete N-linked glycosylation (Kang et al., 2002), and *** indicates

a prote egradation product. The red arrow indicates the absence of the proteo-lytic

M

degradation product with the p.Gly556Glu variant. This was seen reproducibly. E: Western blot

[

analysis o ble mutant expression. 293T cells were transiently transfected with empty

vector (ve vectors encoding the indicated variants. F: The Pro828Arg substitution, but

not the Arg6 substution, prevents p.Gly556Glu from conferring SHH responsiveness to

n

TKO ce 33Leu substitution also diminished p.Gly556Glu activity but fell short of

statistic

{

nce. Cultures were treated with 3 ng/ml SHH, and analysis of Gli1 expression

was performed bAqRT-PCR. *p<0.05; #p=0.06 with Student’s t-test. G: Sites of BOC variations

U

mapped on Fn main from 4U3H. Beta strand and loop topology are indicated in green and

yellow, ively. Sites of R553 and G556 are indicated by the red spheres.

A
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p.Gly556GIu+ p.Gly556Giu+ p.Gly556GIu+
P-GlySE6GIU ) A ra533Leu p.Arg6a7Pro p.Pro828Arg



Singl | Four BOC BOC BOC Protei | Conse | Experi | ExXAC | ACMG® | ACM

eton gene gDNA cDNA Protein n nsus ment G

patie | screen” | [hgl9] [NM_033 | [NP_150 | domai MAF predic

nt 25421 | 279.1] |n Predic tion®
tion’

BL93 c.184C>T | p.Pro62S | Ig Benign | N.T. 0.00000 | BP4/BP | Likely
21° er 8238 5 benign
c.1598G> FNI1 Benign | Suppre

T p.Arg533 ssor of | 0.00000 | BP4/BP | Likely
Leu gain of | 8237 5 benign
functio
n
LCL1 c.1667G> | p.Gly556 | FN1 Damag | Gain of | None PM2;PP | VOUS
00 ¢ A Glu ing functio 3
n
FB60 ¢.2090G> | p.Arg697 | linker | Damag | Benign | 0.00055 | PP3;BS | VOUS
4 C Pro FN2to | ing 43 |
FN3
BL10 c.2111A> | p.Tyr704 | linker | Benign | N.T. 0.00031 | BS1;BP | Likely
62 C Ser FN2 to 42 4 benign
FN3
BL67 | Normal | chr3:1130 | ¢.2483C> | p.Pro828 | linker | Benign | Suppre | 0.00166 | BSI;BP | Likely
88 2309 G Arg’ FN3 to ssorof | 8 4 benign
™ gain of
functio
n
BL73 | del c.2483C> | p.Pro828 | linker | Benign | Suppre | 0.00166 | BS1;BP | Benign
48" TGIF/d G Arg’ FN3 to ssorof | 8 4/BP5
up 18 ™ gain of
functio
n
BL67 | Normal 0| c.2575G> | p.Gly859 | T™M Damag | N.T. 0.00002 | PP3 VOuUS
68’ A Arg ing 471
G/A
BL92 | Norma :1130 | ¢.3225T> | p.Serl07 | intracel | Benign | N.T. 0.00019 | BS1;BP | Likely
821 0558 A 5Arg lular 79 4 benign
T/A
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*Pineda-Alvarez et al. (2010) by Sanger sequencing or cytogenetic analysis.

b VarianthOC (MIM#608708) was essentially identical to that described in Kauvar ez al. 2010 with

Sanger sequg 8%as confirmation. Minor Allele Frequency (MAF) as determined by ExAC
[http://exac. @ ute.org].

 Also dtﬁcwalthy parent of an HPE child, a product of a first cousin marriage.

4 dbNSFP ansus (http://annovar.openbioinformatics.org/en/latest/): determined by concurrence >50%
of [SIFT, PolyPhen2HDIV, PolyPhenHVAR, LRT, MutationTaster, MutationAssessor, FATHMM, PROVEAN,
aSVM, MetalLR] as damaging or <50% as benign.

¢ Justifications for assertions of pathogenicity incorporate the principal accepted guidelines in Richards, S. et al.

(2015) for a tosomal dominant disorder with high penetrance. Variants with an allele frequency
greater than ,000(the live birth incidence of HPE in the newborn nursery) are either likely benign or, if

shown to be in function, can act as modifiers.
fSemilobar icrocephaly, elevated palate, hypotelorism, global developmental delay, spasticity, diabetes
insipidus.

¢ Semilobar @PE, hypoplastic corpus callosum, asymmetric hydrocephalous, generalized atrophy,
brachycephaly:

h Hypotelormcephaly, cebocephaly, cleft lip.

! Lobar HPE, midline cleft lip and palate.

J Lobar HPE.
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