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Bi-allelic Mutations in PKD1L1 Are Associated
with Laterality Defects in Humans
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Disruption of the establishment of left-right (L-R) asymmetry leads to situs anomalies ranging from situs inversus totalis (SIT) to situs

ambiguus (heterotaxy). The genetic causes of laterality defects in humans are highly heterogeneous. Via whole-exome sequencing

(WES), we identified homozygous mutations in PKD1L1 from three affected individuals in two unrelated families. PKD1L1 encodes a

polycystin-1-like protein and its loss of function is known to cause laterality defects in mouse and medaka fish models. Family 1 had

one fetus and one deceased child with heterotaxy and complex congenital heart malformations. WES identified a homozygous splicing

mutation, c.6473þ2_6473þ3delTG, which disrupts the invariant splice donor site in intron 42, in both affected individuals. In the sec-

ond family, a homozygous c.5072G>C (p.Cys1691Ser) missense mutation was detected in an individual with SIT and congenital heart

disease. The p.Cys1691Ser substitution affects a highly conserved cysteine residue and is predicted by molecular modeling to disrupt a

disulfide bridge essential for the proper folding of the G protein-coupled receptor proteolytic site (GPS) motif. Damaging effects associ-

ated with substitutions of this conserved cysteine residue in the GPS motif have also been reported in other genes, namely GPR56, BAI3,

and PKD1 in human and lat-1 in C. elegans, further supporting the likely pathogenicity of p.Cys1691Ser in PKD1L1. The identification of

bi-allelic PKD1L1 mutations recapitulates previous findings regarding phenotypic consequences of loss of function of the orthologous

genes in mice and medaka fish and further expands our understanding of genetic contributions to laterality defects in humans.
Although vertebrates may appear symmetrical when

viewed externally, there is marked left-right (L-R) asymme-

try in the positioning of almost all the internal organs. The

normal arrangement of internal organs is known as situs

solitus. Failure to establish normal organ asymmetry along

the left-right axis can result in situs inversus totalis (SIT) or

situs ambiguous (also known as heterotaxy). SIT is the

complete mirror image of situs solitus whereas heterotaxy

refers to discordant organ arrangement with reversal of at

least one organ relative to the others.1 In vertebrates, the

establishment of L-R asymmetry occurrs during early em-

bryonic development and involves complex signaling

transduction cascades and nodal cilia.2–4 Whereas the acti-

vation of NODAL in the left lateral plate mesoderm results

in normal position of internal organs (situs solitus), the

expression of NODAL in the right side of the embryo leads

to SIT.4 In SIT, organ concordance is preserved and congen-

ital organ malformation is rare. In contrast, heterotaxy

(randomization of organ positioning and organ discor-

dance) arises from bilateral or absent NODAL activation.5

Approximately 80% of individuals with heterotaxy have

complex congenital heart disease (CHD).6 Overall, situs

anomalies have a prevalence of 1 in 10,000 live births

and account for approximately 3% of complex CHD.5–7

The genetic causes of laterality defects in humans are

highly heterogeneous. SIT and heterotaxy with complex
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CHD can be caused by defects in a number of genes

including ZIC3 (MIM: 300265), CFC1 (MIM: 605194),

MMP21 (MIM: 608416), GDF1 (MIM: 602880), NODAL

(MIM: 601265), LEFTY2 (MIM: 601877), ACVR2B (MIM:

602730), and FOXH1 (MIM: 603621); those genes encode

components or modifiers of nodal signaling, a signal

transduction pathway that plays an important role in

mesoderm and endoderm formation and subsequent

organization of L-R axial structures.2,3,5,8–14 Additionally,

rare variants in other genes including CCDC11 (MIM:

614759), CRELD1 (MIM: 607170), MED13L (MIM:

608771), SHROOM3 (MIM: 6045700), MEGF8 (MIM:

604267), NKX2-5 (MIM: 600584), NPHP4 (MIM: 607215),

and PKD2 (MIM: 173910) have also been associated with

L-R patterning defects.5,15–20 Furthermore, approximately

50% of individuals with primary ciliary dyskinesia (PCD)

have SIT and approximately 6% have heterotaxy.21 Despite

these previous discoveries, our understanding of the

genetic basis of this group of developmental disorders re-

mains relatively limited.

Here, we describe the identification of homozygous mu-

tations in the polycystic kidney disease 1 like 1 gene

(PKD1L1 [MIM: 609721]) by WES and Sanger sequencing.

The gene has previously been characterized as an impor-

tant determinant of L-R axis in mouse and medaka

fish.22–25 Three subjects affected with laterality defects
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Table 1. Summary of Phenotypic and Molecular Data

Family 1; Subject 1 Family 1; Subject 2 Family 2; Subject 3

Age of diagnosis prenatal prenatal 3 weeks

Sex male male female

Cardiac situs ND levocardia dextrocardia

Atrial situs solitus: normal systemic and
pulmonary venous return

ambiguus: IVC, hepatics to L-sided
atrium; R-SVC, PV to R-sided atrium

inversus: normal systemic and
pulmonary venous connections with
mirror image situs

AV valves and ventricles U-AVSD; LV hypoplasia U-AVSD; LV hypoplasia CCTGA; LV hypoplasia; VSD

Great arteries DORV with malposed great arteries PA with MAPCAS; R-aortic arch PA

Abdominal situs inversus: R-sided stomach, L-sided
liver, R-sided spleen

inversus: R-sided stomach, L-sided
liver, R-sided spleen

inversus, R-sided stomach, L-sided
liver, R-sided spleen

Nucleotide change (Hom) c.6473þ2_6473þ3delTG c.5072G>C

Effect splice donor site at exon 42/intron 42 boundary p.Cys1691Ser

Coordinate (Hg19) chr7: 47,870,812–47,870,813 chr7: 47,886,558

ExAC (Het) (African) 3/10,394 ND

ExAC (Het) (Latinos) 1/11,560 ND

ExAC (Het) (European) 41/66,146 ND

In silico predictions elimination of the splice donor site (see Figure S1) SIFT (damaging); MutationTaster
(disease-causing); PolyPhen-2
(damaging)

Abbreviations are as follows: CCTGA, congenitally corrected transposition of the great arteries (ventricular inversion); DORV, double outlet right ventricle; ExAC,
Exome Aggregation Consortium; Hom, homozygous; Het, heterozygous; IVC, inferior vena cava; L, left; LV, left ventricle; MAPCAS, major aortopulmonary
collaterals; ND, no data; PA, pulmonary atresia; PV, pulmonary veins; R, right; SVC, superior vena cava; U-AVSD, unbalanced atrioventricular septal defect;
VSD, ventricular septal defect.
from two unrelated families were studied. Subject 1 from

family 1 was ascertained from approximately 6,900

consecutive clinical exome case subjects referred to the

Exome Laboratory at the Baylor Genetics from November

2011 to December 2015. The similarly affected sibling

(subject 2) in family 1 was later recruited and studied by

Sanger sequencing. Subject 3 from family 2 was enrolled

in the Baylor Hopkins Center for Mendelian Genomics

(BHCMG) research study. Written informed consent for

all subjects was obtained in accordance with protocols

approved by the appropriate human subject ethics com-

mittees at Baylor College of Medicine.

WES was completed in the Exome Laboratory at Baylor

Genetics (subject 1, father, and mother) and at Baylor

College of Medicine Human Genome Sequencing Center

(BCM-HGSC) (subject 3) (Table S1). Sequencing and data

analyses were conducted as previously described, targeting

approximately 20,000 genes, including the coding and the

untranslated region (UTR) exons.26,27 Samples were also

analyzed by cSNP array (Illumina HumanExome-12 v1

array) for quality control assessment of exome data, as

well as for detecting large copy-number variants (CNVs)

and regions of absence of heterozygosity (AOH).28

Family 1 is a non-consanguineous family of Northern

European ancestry with one fetus (subject 1, II-3) and

one deceased child (subject 2, II-2), both affected with het-

erotaxy and complex CHD, and one healthy child (II-1)
The Americ
(Table 1, Figure 1). The family was referred for prenatal ge-

netic assessment after an ultrasound examination per-

formed at 21 weeks and 6 days of gestation revealed com-

plex congenital malformations of the fetus. The fetus

presented with situs ambiguus with atrial situs solitus, un-

balanced atrioventricular septal defect with left ventricular

hypoplasia, double outlet right ventricle with malposed

great arteries, right-sided stomach, left-sided liver, and

right-sided spleen (Table 1). The diagnosis was confirmed

after birth. The subject expired at 3 weeks of age due to

complications of CHD. The family history indicated that

a previous child (subject 2) was also diagnosed with heter-

otaxy. He had atrial situs ambiguus, unbalanced atrioven-

tricular septal defect with left ventricular hypoplasia, pul-

monary atresia, right-sided stomach, left-sided liver, and

right-sided spleen (Table 1, Figure 1). This child died in

the neonatal period due to complications of severe CHD.

Subject 3 (II-1 from family 2) is a 46-year-old female born

to consanguineous parents of Iranian origin. She was diag-

nosed in the first weeks of life with SIT and congenital

heart disease including congenitally corrected transposi-

tion of the great arteries (ventricular inversion) with a

small left ventricle, pulmonary atresia, and ventricular

septal defect (Table 1, Figure 1). She underwent placement

of a left ventricle to pulmonary artery conduit and ventric-

ular septal defect closure. She has paroxysmal atrial flutter

and a dual-chamber pacemaker (Figure 1).
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Figure 1. Segregation of PKD1L1 Muta-
tions with Laterality Defects in Families 1
and 2
(A) NGS reads in Integrative Genomic
Viewer (IGV) and Sanger chromatograms
show the c.6473þ2_6473þ3delTG dele-
tion in family 1: proband (II-3, subject 1),
affected brother (II-2, subject 2), unaf-
fected sister (II-1), father (I-1), and mother
(I-2). The c.6473þ2_6473þ3delTG dele-
tion is homozygous in the proband and
the affected brother and heterozygous in
the parents. The mutation is indicated by
red arrows.
(B) Plain radiograph of the chest and
abdomen of the affected brother in family
1 (subject 2) at birth shows situs ambig-
uous with levocardia and leftward apex
(white ‘‘C’’), left-sided liver (Liv), right-
sided stomach (S); R ¼ right, L ¼ left.
(C) CT localizer radiograph of the proband
in family 2 (subject 3) demonstrates situs
inversus totalis with dextrocardia and
rightward apex (C), left-sided liver (Liv),
right-sided stomach (S), and right-sided
spleen (Sp). Median sternotomy wires are
seen as well as a subcutaneous pacemaker
(P) with intravascular leads terminating
in the left-sided right atrium and subpul-
monary ventricle; R ¼ right, L ¼ left.
(D) NGS reads in IGV and Sanger
chromatograms show the c.5072G>C
(p.Cys1691Ser) missense change in family
2: proband (II-1, subject 3) and mother
(I-2). The c.5072G>C (p.Cys1691Ser)
change is homozygous in the proband
and heterozygous in the mother. The mu-
tation is indicated by red arrows.
(E) Schematic representation of genomic
structure of human PKD1L1, where solid
blue rectangles indicate exons and the hor-
izontal bars introns. The exons 32 and 42
are colored in solid red and the mutations
with their relative position are shown.
Trio exome-sequencing analysis was performed on DNA

extracted from cultured fetal amniocytes from subject 1

and blood samples from the parents in family 1. WES anal-

ysis did not detect any pathogenic variants in genes previ-

ously associated with laterality defects.5,8–21 However,

WES identified a homozygous c.6473þ2_6373þ3delTG

variant affecting the invariant splice donor site at the exon

42/intron 42 junction of PKD1L1 (GenBank: NM_138295.

3) in subject 1; WES also showed that the variant is present

in the heterozygous state in both parents, consistent

with autosomal-recessiveMendelian expectations (Figure 1,

Table 1). The next-generation sequencing (NGS) data re-

vealed the presence of this mutation in 97 out of 97

(97:0) reads in the proband, and 45:63 and 30:58 of

the mutation versus the wild-type reads in the mother and

the father, respectively (Figure 1, Table 1). In silico pro-

grams predicted that the c.6473þ2_6473þ3delTG variant

abolishes the canonical splice donor site in intron 42

(Figure S1), as is usually expected for changes affecting

invariant splice sites at the exon-intron boundaries. The
888 The American Journal of Human Genetics 99, 886–893, October
minor allele frequency (MAF) of this variant is 0.06% (41/

66,146 alleles) in the European non-Finnish population,

0.028% (3/10,394 alleles) in Africans, and 0.008% (1/

11,560) in Latinos in the database from the ExomeAggrega-

tion Consortium (ExAC; n ¼ 61,486 exomes; accessed

February 2016) (Table 1). No homozygotes have been re-

ported for this variant in ExAC. Subsequent Sanger

sequencing confirmed the homozygous mutation in the

proband, validated the segregationof alleles in both thepar-

ents, and showed that the deceased brother was homozy-

gous and thehealthy sisterwasheterozygous for this change

(Figure 1). The detection of this variant in homozygous

configuration in the proband and the affected brother

shows that the homozygous genotype segregates with the

congenitalmalformations in the family and supports a caus-

ative role of this variant in the affected individuals.

For family 2, proband WES analysis performed on the

DNA sample from subject 3 detected a homozygous

c.5072G>C (p.Cys1691Ser) missense mutation in the G

protein-coupled receptor proteolytic site (GPS) motif of
6, 2016



Figure 2. Alignment and Molecular Modeling of the Impact of p.Cys1691Ser Variant on the GPS Motif
(A) Schematic representation of the human PKD1L1 structural domains. PKD1L1 has two Ig-like PKD domains, a REJ domain and a GPS
motif in the N-terminal extracellular region, an LH2/Plat domain in the first intracellular loop, and a coiled-coil domain at the C-termi-
nal (CC).
(B and C) 3Dmodels of the GPSmotif in PDK1L1 in the wild-type (B) and p.Cys1691Ser mutant (C) by Phyre2 based on the GPSmotif in
the GAIN andHormR domains of human brain angiogenesis inhibitor 3 (BAI3). The five b strands are shownwith numbered amino acids
corresponding to the coding sequence of PKD1L1. Cys to Ser substitution at the position 1691 (magnification boxed in red) eliminates
the highly conserved disulfide bridge between cysteine residues 1691 and 1717 represented by the yellow solid bar. The conserved
Leu1722 residue at the putative cleavage site is boxed in blue.
(D) Alignment of the GPS motif in PKD1L1, other members of PC-1 family, and G protein couple receptors (GPCRs). The GPS motif con-
tains four conserved cysteines arranged in a specific fashion (C-x2-W-x6-16- W-x4-C-x-10-22-C-x-C) just before the first transmembrane

(legend continued on next page)
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PKD1L1 (GenBank: NM_138295.3) (Figure 1, Table 1). The

NGS data revealed the presence of this mutation in 110 out

of 110 (110:0) reads in the proband; no wild-type reads

were identified (Figure 1). This variant is located in exon

32 and affects a cysteine residue that is highly conserved

during evolution (Figure 2). The p.Cys1691Ser substitution

is predicted to be deleterious by in silico prediction tools

(Table 1). This variant is absent from ExAC (n ¼ 61,486

exomes; accessed February 2016). Sanger sequencing

confirmed that the variant is homozygous in the proband

and also showed that the unaffected mother is heterozy-

gous for the change. The father was not available for study

(Figure 1). However, it is likely that the father is heterozy-

gous for the variant since this change is located within a

copy-neutral AOH region of approximately 16 Mb (chr7:

40,538,810–56,534,467) in subject 3.

Human PKD1L1, which belongs to the polycystin cation

channel family 1 (PC-1), is a paralog of PKD1 (polycystin-1

[MIM: 601313]) and consists of 58 exons spanning 187 kb

of genomic DNA. The 2,849-amino acid protein contains

in the N-terminal extracellular region two immunoglob-

ulin (Ig)-like polycystic kidney disease (PKD) domains, a

small receptor for egg jelly (REJ) domain, a GPS motif, 11

putative transmembrane segments, a polycystin-1, lipoxy-

genase, alpha-toxin (PLAT) domain, and a C-terminal

intracellular coiled-coil (CC) (Figure 2); all the domains

can also be found in PKD1. RNA dot-blot analysis of mul-

tiple human tissues has demonstrated PKD1L1 expression

in adult and fetal heart and in testis.29

Several independent animalmodels provide evidence for

the involvement of PKD1L1 in the L-R patterning in verte-

brates. First, in a Pkd1l1�/� mouse model, approximately

one-third of the homozygous mutant mice showed situs

inversus (SI) without other phenotype or lesions suggestive

of underlying primary ciliary dyskinesia (PCD) such as

impaired mucociliary clearance or reproductive defects.23

The Pkd1l1�/� mice showed markedly reduced viability

during development or early postnatal period. The author

hypothesized that undiagnosed CHD associated with later-

ality defects might be the potential cause, although the

hearts and great vessels of these mice were not examined.

Second, the Pkd1l1rks/rks mutant mice carrying a homozy-

gous p.Asp411Gly substitution, which disrupts a highly

conserved PKD domain of PKD1L1, also displayed L-R lat-

erality defects including randomized stomach situs, ran-

domized heart apex, and right lung isomerism. Mutant

Pkd1l1rks/rks mice showed embryonic lethality by 15.5

dpc.24 In addition to internal organ discordance, the
domain. The conserved cysteine (C) residues are boxed; the conserv
cysteine residues are numbered with respect to the protein sequenc
IV) cysteine residues in the conserved positions. The putative cleav
last two b strands of the GPS motif are highlighted in green in the a
in subject 3 (II-1 from family 2) of this study. Highlighted in red are
hBAI3, and hGPR56 and cLAT-1. Abbreviations are as follows: h, hu
(E) ClustalW multiple alignment analysis shows high level evolution
multiple species (highlighted in gray).
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authors also showed that Pkd1l1rks/rks mutants failed to

activate the asymmetric gene expression at the node or

in the lateral plate.24 Furthermore, Field and collaborators

showed that Pkd1l1 was exclusively expressed in the node

with a spatiotemporal pattern corresponding to the estab-

lishment of L-R asymmetry. Ciliary morphology and

motility of nodal cells in Pkd1l1 and Pkd2 mutants were

both normal, suggesting a functional role for the two genes

downstream of nodal flow.24 Additionally, they demon-

strated that PKD1L1 interacts through the C-terminal

coiled coil (CC) domain with the C-terminal region of

PKD2 in the node and hypothesized that PKD1L1 and

PKD2 form complexes within cilia that sense nodal flow

and are involved in left-sided activation of the Nodal

signaling cascade.24 In a third study,22 Grimes and collab-

orators demonstrated that (1) PKD1L1 is required to

restrict Nodal activation to the left side downstream of

nodal flow; (2) PKD1L1 can mediate fluid flow-induced

Caþ signal response in vitro, suggesting an analogous

role in vivo in the elicitation of nodal flow response;

and (3) importantly, the complete loss-of-function

Pkd1l1tm1/tm1 mutant mice presented with randomized lat-

erality of heart and stomach at E13.5. In addition, 43% of

the mutants surviving until adulthood exhibited reversed

situs. Finally, keeping with the role of Pkd1l1 in laterality

defects in mice, a previous study showed that medaka

fish mutant abecobe (abc is the homolog of PKD1L1 in hu-

mans and Pkd1l1 in mouse) displays L-R developmental

patterning defects, which included randomized direction

of heart looping and randomized liver and gallbladder

positioning.25

Collective data based on animal models, the severity of

the variant, and the co-segregation of disease and genotype

suggested that the c.6473þ2_6473þ3delTG PKD1L1

mutation in subjects 1 and 2 from family 1 is the most

parsimonious molecular explanation for these individuals’

phenotypic features. In order to further determine the

effect of the c.5072G>C (p.Cys1691Ser) variant in family

2, a structural prediction of the extracellular region con-

taining the amino acid change in PKD1L1 was determined

using the in silico protein modeling bioinformatics tools

Phyre2 and I-TASSER.30–33 The crystal structures of the

GPS motif in the GPCR-autoproteolysis inducing (GAIN)

and hormone receptor (HormR) domains of human brain

angiogenesis inhibitor 3 (BAI3) and the GAIN and HormR

domains of rat CIRL/latrophilin 1 (CL1) were identified by

the prediction programs as top-ranked structural analogs

and were used as templates for subsequent analyses
ed tryptophan (W) residues are highlighted in magenta. The first
e. PKD1L1 and PKD1 do not have the second and fourth (II and
age site leucine residues that are located in the turn between the
lignment. Highlighted in cyan is the mutant site of PKD1L1 GPS
the previously reported mutant sites in the GPS motif in hPKD1,
man; r, rat; m, mouse; c, C. elegans.
ary conservation of the human Cys1691 residue in PKD1L1 across
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Table 2. Reported Mutations Affecting the Conserved Cysteine in
the GPS Motif

Gene Residue Position Variant
Associated Phenotype/
Effect

PKD1L1 c.5072G>C p.Cys1691Ser SIT (subject 3, family 2
of this study)

GPR56 c.1036T>A p.Cys346Ser bilateral frontoparietal
polymicrogyria (BFPP)36,37

BAI3 c.2904G>A p.Cys819Tyr mutated in non-small
cell lung cancer39

PKD1 c.9043T>A p.Cys3015Ser affects PKD1 cleavage
activity in vitro38

lat-1 c.1489T>A p.Cys497Ser disrupts disulfide bond and
affects LAT-1 receptor
activity in C. elegans35
(Figures 2, S2, and S3). The GPS motif serves as an auto-

proteolytic cleavage site located just before the first

trans-membrane domain; this motif is shared by some G

protein-coupled receptors (GPCRs) and the polycystin-1

(PC-1) family members (Figure 2).34 Previous studies

showed that the GPS motif is structurally characterized

by five b strands that are integrated into the approximately

320-residue GAIN domain.34,35 The GAIN domain and the

~40-residue GPSmotif form amodule that is evolutionarily

conserved from slime molds to mammals; the module is

involved in receptor activation, signaling activity, and

intracellular trafficking functions of the GPCRs and PC-1

proteins.34,35 Three key elements appear to be funda-

mental for the proper folding and activity of the GPS

motif: (1) disulfide bonds between neighboring b strands

that enable the formation of the sharp loop between the

last two strands containing the conserved leucine at the

cleavage site (Figure 2); (2) hydrophobic interaction be-

tween the last b strands; and (3) the trapping of the highly

conserved leucine within a conserved hydrophobic

pocket.34 Of note, all themembers of the PC-1 family share

these structural features with the GPCR proteins, although

PKD1 and PKD1L1 have only one disulfide bond at the

penultimate b strand (Figure 2). GPS autoproteolytic

cleavage is essential for protein maturation, intracellular

trafficking, and other normal functions of the GPS motif-

containing proteins.34–38 Mutations that alter the GPS

structural integrity without affecting autoproteolysis can

also abrogate the protein function.35 Our analysis revealed

that p.Cys1691Ser in PKD1L1 abolishes the essential disul-

fide bridge between the first and the penultimate b strand

(Figures 2 and S3) and is therefore predicted to destabilize

the tridimensional structure of the GPS motif with poten-

tial detrimental effects on protein function and signaling

activity as recently shown.35 Moreover, the predicted alter-

ation of the loop containing the conserved critical leucine

residue Leu1722 (Figure 2) may in turn affect GPS cleavage

and the trafficking of the protein to the cytoplasm.34

Intriguingly, changes affecting the same conserved resi-

due in the GPS motif corresponding to Cys1691 in

PKD1L1 (residue highlighted in cyan in Figure 2) have
The Americ
been reported in at least three other human genes—

GPR56 (MIM: 604110), BAI3 (MIM: 602684), and PKD1

(MIM: 601313)—as well as latrophilin-1 (lat-1) in

C. elegans, as identified by Domain Mapping of Disease

Mutation (DMDM) analysis and literature review (summa-

rized below and in Table 2).35–40 In one study, a homozy-

gous p.Cys346Ser substitution in GPR56 corresponding

to the identical substitution detected in PKD1L1 has

been reported in two subjects with bilateral frontoparietal

polymicrogyria (BFPP [MIM: 606854]) (Figure 2); the

molecular studies have demonstrated that this change

produces a GPR56 protein with dramatically impaired

cleavage that fails to traffic beyond the endoplasmic retic-

ulum, with consequent loss of function of the protein.36,37

Another study showed that the conserved Cys819 in the

putative tumor-suppressor gene BAI3 (Figure 2) is mutated

to Tyr in cancer cells and the change is predicted to affect

the activity of the protein.39 Furthermore, it has been

shown that in vitro site-specific mutagenesis of Cys to

Ser at the position 3015 in PKD1 (Figure 2) affects the

cleavage of the protein at the GPS motif.38 Lastly, a recent

study inC. elegans showed that the corresponding substitu-

tion p.Cys497Ser in the LAT-1 protein (Figure 2) affects the

GPS structural integrity by disrupting the normal disulfide

bond patterns and results in an inactive receptor.35

Based on the predictions from molecular modeling that

shows that p.Cys1691Ser in PKD1L1 abolishes an essen-

tial disulfide bridge, together with the evidence of the

damaging effects associated with changes of the conserved

cysteine in other genes, we conclude that the homozygous

PKD1L1 c.5072G>C (p.Cys1691Ser) mutation is most

likely the cause of the laterality defects in subject 3 from

family 2.

PDKD1L1 interacts with PKD2,22,24,25,41 which is also

involved in L-R patterning in mouse, medaka fish, and ze-

brafish models.42,43 Additionally, Pkd1l1�/� and Pkd2�/�

mouse mutants phenocopy strongly. However, in humans,

PKD2 heterozygous mutations cause polycystic kidney dis-

ease 2 (MIM: 613095), a form of ciliopathy arising from ab-

normalities of the renal primary cilium. Heterozygous mu-

tations in PKD2 have also been reported in individuals

with laterality defects but the occurrence is rare.17 Further

studies are needed in order to elucidate the role of PKD1L1

and PKD2 in the establishment of left-right body asymme-

try in humans and to determine whether additional

PKD1L1 partners might be potentially involved in human

laterality disorders.

In summary, we identified two homozygous mutations

in PKD1L1 in three individuals who presented with lateral-

ity defects. Our findings recapitulate those in mouse and

medaka fish and further expand the genetic heterogeneity

of laterality defects in humans.
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Hüning, I., Knight, S.J., et al. (2012). Mutations in multido-

main protein MEGF8 identify a Carpenter syndrome subtype

associated with defective lateralization. Am. J. Hum. Genet.

91, 897–905.

21. Knowles, M.R., Daniels, L.A., Davis, S.D., Zariwala, M.A., and

Leigh, M.W. (2013). Primary ciliary dyskinesia. Recent ad-

vances in diagnostics, genetics, and characterization of clin-

ical disease. Am. J. Respir. Crit. Care Med. 188, 913–922.

22. Grimes, D.T., Keynton, J.L., Buenavista, M.T., Jin, X., Patel,

S.H., Kyosuke, S., Vibert, J., Williams, D.J., Hamada, H., Hus-

sain, R., et al. (2016). Genetic analysis reveals a hierarchy of

interactions between polycystin-encoding genes and genes

controlling cilia function during left-right determination.

PLoS Genet. 12, e1006070.

23. Vogel, P., Read, R., Hansen, G.M., Freay, L.C., Zambrowicz,

B.P., and Sands, A.T. (2010). Situs inversus in Dpcd/Poll-/-,

Nme7-/-, and Pkd1l1-/- mice. Vet. Pathol. 47, 120–131.

24. Field, S., Riley, K.L., Grimes, D.T., Hilton, H., Simon, M.,

Powles-Glover, N., Siggers, P., Bogani, D., Greenfield, A., and

Norris, D.P. (2011). Pkd1l1 establishes left-right asymmetry

and physically interacts with Pkd2. Development 138,

1131–1142.

25. Kamura, K., Kobayashi, D., Uehara, Y., Koshida, S., Iijima, N.,

Kudo, A., Yokoyama, T., and Takeda, H. (2011). Pkd1l1 com-

plexes with Pkd2 on motile cilia and functions to establish

the left-right axis. Development 138, 1121–1129.

26. Lupski, J.R., Gonzaga-Jauregui, C., Yang, Y., Bainbridge, M.N.,

Jhangiani, S., Buhay, C.J., Kovar, C.L., Wang, M., Hawes, A.C.,

Reid, J.G., et al. (2013). Exome sequencing resolves apparent

incidental findings and reveals further complexity of

SH3TC2 variant alleles causing Charcot-Marie-Tooth neurop-

athy. Genome Med. 5, 57.

27. Yang, Y., Muzny, D.M., Xia, F., Niu, Z., Person, R., Ding, Y.,

Ward, P., Braxton, A., Wang, M., Buhay, C., et al. (2014).

Molecular findings among patients referred for clinical

whole-exome sequencing. JAMA 312, 1870–1879.

28. Lalani, S.R., Liu, P., Rosenfeld, J.A., Watkin, L.B., Chiang, T.,

Leduc, M.S., Zhu, W., Ding, Y., Pan, S., Vetrini, F., et al.

(2016). Recurrent muscle weakness with rhabdomyolysis,

metabolic crises, and cardiac arrhythmia due to bi-allelic

TANGO2 mutations. Am. J. Hum. Genet. 98, 347–357.

29. Yuasa, T., Venugopal, B., Weremowicz, S., Morton, C.C., Guo,

L., and Zhou, J. (2002). The sequence, expression, and

chromosomal localization of a novel polycystic kidney disease

1-like gene, PKD1L1, in human. Genomics 79, 376–386.

30. Kelley, L.A., Mezulis, S., Yates, C.M., Wass, M.N., and Stern-

berg, M.J. (2015). The Phyre2 web portal for proteinmodeling,

prediction and analysis. Nat. Protoc. 10, 845–858.
The Americ
31. Yang, J., Yan, R., Roy, A., Xu, D., Poisson, J., and Zhang, Y.

(2015). The I-TASSER suite: protein structure and function pre-

diction. Nat. Methods 12, 7–8.

32. Yang, J., and Zhang, Y. (2015). Protein structure and function

prediction using I-TASSER. Curr. Protoc. Bioinformatics 52,

1–15.

33. Yang, J., and Zhang, Y. (2015). I-TASSER server: new develop-

ment for protein structure and function predictions. Nucleic

Acids Res. 43 (W1), W174–W181.
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Figure S1. Predicted consequences of the variant c.6473+2_6473+3delTG on splicing.

The analysis of the variant was performed by using five predicting tools (SpliceSiteFinder-like,

MaxEndScan, NNSPLICE, GeneSplicer and Human Splicing Finder) performed with Alamut Visual of

Interactive Biosoftware (http://www.interactive-biosoftware.com/doc/alamut-visual/2.0/splicing.html). In

parenthesis are indicated the range of score on the right to the method used. Blue and green vertical bars

indicate the predicted 5’ and 3’ acceptor sites, respectively, with score indicated for those varying between

the wild-type and the variant. Sites with scores unchanged between the wild type and the mutated

sequence are dimmed. The different predicting tools showed that the c.6473+2_6473+3delTG abolishes

the canonical donor splice site.
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PKD1L1 1690/1722

Rank PDB Hit TM-score RMSD IDEN Cov

1 4dloA 0.841 1.01 0.234 0.979

2 delqA2 0.643 1.29 0.158 0.792



Figure S2. In silico modeling predictions based on highest ranked identified structural analogs by I-

TASSER1,2,3.

A) Alignments of PKD1L1 1690 to 1722 protein sequence containing the critical Cys1691 to sequence

present in PDB library by I-TASSER which uses TM-align structural alignment program to match the first I-

TASSER model to all structures in the PDB library (http://www.rcsb.org/pdb/home/home.do). Rank of

templates represents the top ten threading templates used by I-TASSER and are obtained from several

programs (1: MUSTER, 2: HHSEARCH2, 3: HHSEARCH I, 4: Neff-PPAS, 5: HHSEARCH, 6:dPPAS , 7:

MUSTER, 8: HHSEARCH2, 9: HHSEARCH I , 10: HHSEARCH ). GPS motif of GAIN and HormR

domains of human brain angiogenesis inhibitor 3 (BAI3) (PDB accession code 4DLO, 1-7 predictions) and

GAIN and HormR domains of rat CL1 (PDB accession code, 4DLQ, 8-10 predictions) were identified as the

top two structural analogs. Residues in template which are identical to the residue in the query sequence are

highlighted in color. PKD1L1 Cys1691 is boxed in red. S= strand; C=coil; Iden1=the percentage sequence

identity of the templates in the threading aligned region with the query sequence; Iden2= percentage sequence

identity of the whole template chains with query sequence; Cov=coverage of the threading alignment and is

equal to the number of aligned residues divided by the length of query protein. Norm. Z-score is the

normalized Z-score of the threading alignments. Alignment with a normalized Z-score >1 mean a good

alignment and vice versa.

B) Ranking of proteins is based on TM-score (measure of similarity between two protein structures with

different tertiary structures) of the structural alignment between the query structure and known structures in

the PDB library; RMSD represent root mean square deviation between residues that are structurally aligned by

TM-align; IDEN is the percentage sequence identity in the structurally aligned region; Cov represents the

coverage of the alignment by TM-align and is equal to the number of structurally aligned residues divided by

length of the query protein. TM-score has the value in (0,1), where 1 indicates a perfect match between two

structures.

C) Query structure for residues 1690 to 1722 in PKD1L1 using GAIN and HormR domains of human BAI3

model is boxed in red.

D) Query structure for residues 1690 to 1722 in PKD1L1 using GAIN and HormR domains of rat CL1 is

boxed in red.
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Figure S3. In silico secondary and 3D structure predictions by Phyre24 based on highest ranked models

and analysis of the Cys1691 mutation.

Blue arrows= β-strands; T=hydrogen bonded turn; S=bend. Here the most relevant templates are shown based

on the highest structural homology.

A), E) Alignments of PKD1L1 1690 to 1722 protein sequence containing the critical Cys1691 with crystal

structures of the GPS motif present in GAIN and HormR domains of human brain angiogenesis inhibitor 3

(BAI3) and GAIN and HormR domains of rat CL1 respectively (PDB accession code 4DLO and 4DLQ

respectively). B), F) 3D models showing the critical disulfide bridge between Cys8 (corresponding to the

mutated Cys1691 in PKD1L1) and Cys34 (yellow bar).

C), G) Sequence profile graph representing residue preferences in the protein at the position corresponding at

Cys1691 of PKD1L1. The twenty possible amino acids are labelled along the x-axis with their one-code letter.

The value are calculated by scanning PKD1L1 sequence against a large sequence database using the iterative

PSI-blast. The colored bars indicate the favourability of each residue type at the specific position 1691. Tall

and red= favorable; short and blue= unfavorable.

D), H) Mutational analysis graph that represents the predicted effect of mutations at the position 1691 in

PKD1L1 made by using SuSPect5 method part of the Phyre2 software package. The twenty possible amino

acids are labelled along the x-axis with their one-code letter code. The colored bars indicate the probability

that a mutation to the corresponding residue will have a detrimental effect on the protein or the phenotype of

the organism; tall and red=likely to affect function, short and blue=unlikely to affect function.



aUnique Aligned (Mbp): the total number of base-pairs in reads that align best to a single location in the reference genome

bTotal Pass Filter (Mbp): the total number of base-pairs in reads that pass the Illumina quality filters

cAvg % Align (PF) Read 1: the average percentage of pass filter base-pairs in Read 1 that align best to a single location in

the reference genome

dAvg % Align (PF) Read 2: the average percentage of pass filter base-pairs in Read 2 that align best to a single location in

the reference genome

e Avg % Error rate Read 1: the calculated error rate of bases on Read 1, as determined by aligning to reference genome

fAvg % Error rate Read 2: the calculated error rate of bases on Read 2, as determined by aligning to reference genome

g Unique-ness %: Percentage of unique reads

hDuplicate %: fraction of reads that are identified as duplicate reads – reads whose alignment location is identical to other

reads from the same library

iTotal Reads Aligned: the number of reads that align to the reference genome

jAverage Coverage: the total number of uniquely aligned bases to the reference genome divided by the size of the

reference genome

kReads hit target/buffer: the number of reads whose alignments overlap either a region targeted by the capture reagent, or

the 100bp buffer (or both)

lBases 20+ Coverage: the fraction of bases targeted by the capture reagent that are covered by 20 times or more uniquely

aligned reads.
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