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Abstract

We investigated the cause of situs inversus totalis (SIT) in two siblings from a consanguineous
family. Genotyping and whole-exome analysis revealed a homozygous change in NME7, resulting
in deletion of an exon causing an in-frame deletion of 34 amino acids located in the second NDK
domain of the protein and segregated with the defective lateralization in the family. NME7 is an
important developmental gene, and NME?7 protein is a component of the jy~tubulin ring complex.
This mutation is predicted to affect the interaction of NME7 protein with this complex as it deletes
the amino acids crucial for the binding. SIT associated with homozygous deletion in our patients is
in line with Mme7~ mutant mice phenotypes consisting of congenital hydrocephalus and SIT,
indicating a novel human laterality patterning role for NME7. Further cases are required to
elaborate the full human phenotype associated with NME7 mutations. Hum Mutat 0:1-5, 2016.
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The human body, although bilaterally symmetrical in appearance, shows a considerable left—
right asymmetry involving many internal organs in their position and shape. Complete
mirror-image reversal of this arrangement is called situs inversus totalis (SIT) and is
estimated to affect about 0.3:10,000 live births [Lin et al., 2014]. SIT is frequently
associated with primary ciliary dyskinesia (PCD) [Tabin, 2006], in agreement with the
knowledge that visceral asymmetry is determined through embryonic ciliary motion and
normal function of the motile cilia plays a key role in the patterning of left—right asymmetry
[Fliegauf et al., 2007]. Not all reversals are complete, and a spectrum of intermediate defects
(situs ambiguus) exists. Situs ambiguous includes heterotaxy syndrome (HS) that refers to
discordance between asymmetry of different visceral organs, including the heart, lungs,
liver, spleen, and stomach. The organs are oriented randomly with respect to the left-right
axis and with respect to one another [Srivastava, 1997]. SIT and HS may be part of a
phenotypic continuum, caused by the same genetic defects. Variants in the Z/C3 (MIM#
300265), CCDC11 (MIM# 614759), or WDR16 (MIM# 609804) genes were found to cause
SIT as well as HS [Ware et al., 2004]. Over 6% of PCD patients were found to have HS
[Kennedy et al., 2007], and about half of 43 patients with HS were found to have PCD
[Nakhleh et al., 2012]. Variants in only a few genes are currently known to cause isolated,
nonsyndromic laterality defects like MMP21 (MIM# 608416) and Nodal (MIM# 601265) in
which mutations account for about 5.9% and 5% of HS patients, respectively [Guimier et al.,
2015; Mohapatra et al., 2009], Z/C3 affecting 1% [Ware et al., 2004], the Activin receptor,
ACVR2B (MIM# 602730) [Kosaki et al., 1999], CFCI (MIM# 115150) [Bamford et al.,
2000], SHROOM3 (MIM# 604570) [Tariq et al., 2011], each present in only a minority of
HS patients. Here we present another player in left-right asymmetry patterning, identified
through genotyping and exome analysis in two siblings from a consanguineous family who
presented with SIT. One sibling has severe milk allergy and sinopulmonary symptoms. Cilia
from both siblings demonstrated normal ciliary structure and function. Further cases in the
future will be able to elaborate on the pulmonary impact of mutation of this gene.

The study was approved by the Assaf Harofe Medical Center institutional review board, and
all participants gave written informed consent prior to participation. Parents were first
cousins once removed of Muslim origin, had one healthy and two affected off springs, 21
and 6 years old, male and female, respectively (Fig. 1A). SIT was determined in both,
following chest X-rays, echocardiography, and abdominal ultrasound. Patient 11-1 has no
sinopulmonary symptoms; patient 11-2 has a small ventricular septal defect with spontaneous
closure. She additionally has severe milk allergy with anaphylaxis reaction and respiratory
symptoms including intermittent rhinitis, wheezing, dry cough, and several chest infections
which were resolved with oral antibiotics and inhaled bronchodilatators. Chest CT and
sperm motility were not performed. Cilia derived from nasal brushing from both siblings
demonstrated heterogeneous alterations (Supp. Fig. S1) and normal ciliary beat frequency
and pattern by high-speed video microscopy. Nasal nitric oxide level and spirometry
performed on patient 11-2 were normal (Supp. Table S1).
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Assuming homozygosity by descent of a recessive mutation as the likely cause of the
disorder, we have genotyped the patients ((Fig. 1A); I11-1, 11-2) and both parents (see Supp.
Methods). We identified six autozygosity regions larger than 3 cM, shared by the two
patients encompassing a total of 77.56 Mbp (70.5 cM). Exome sequencing was performed
on Patient I1-1 (see Supp. Methods). Eight homozygous variations with allele frequency of
less than 1% in the public databases (ExAc browser, 1000 Genomes, dbSNP, Exome Variant
Server) were identified in the autozygosity regions shared by the two patients (Supp. Table
S2). Of these variations, two appeared at a frequency of 1.4% and 2.5% in our Bedouin-
Muslim exome database. Five additional variations were excluded because they had a low
prediction of being damaging using the Omicia score, which is based on six prediction
programs (Mutation Taster, Polyphen-2, SIFT, Phylo-P of three comparisons and
additionally by VVVP and CADD). The only remaining variation: chrl: 169199951C > T
(hg19/GRCh37), NM 013330.3:¢.990 + 5G > A in intron 10 of Mme7 (expressed in
nonmetastatic cell 7; MIM# 613465) present in the largest autozygosity region of 31.7¢cM
(23.6Mb) was further considered. This variant is novel, not reported in the public databases,
segregates as expected in the family, namely it is found to be homozygous in the patients and
heterozygous in the parents and the healthy sibling (Fig. 1A, B). Individuals with a
homozygous defect in NME7 are expected to have random lateralization (50% of individuals
with SIT and 50% with a normal phenotype), thus it is possible that a normal individual
could be homozygous for the mutation; however, patients with complete situs inversus
would be expected to be homozygous for the mutation as observed in the family. The variant
was excluded as a population-specific variation by not being present in 83 control Bedouins-
Muslims of the Negev, composed of our Bedouin exome collection and samples that were
analyzed by restriction analysis with 7as/, a site created by the variation (Fig. 1A).

Since the BDGP splice prediction program predicted that the variation would be detrimental
to the donor splice site, we directly verified the effect of the gene variant on the splicing.
RNA was extracted from lymphoblastoid cells that were established from the two patients,
their mother and from comparable cells of control individuals, and cDNA was prepared.
PCR was performed on the cDNA using primers in exons 8 and 12, flanking intron 10 that
contains the mutation. The RT-PCR products of the patient-derived cells demonstrate a faster
migrating band in contrast to the expected fragment of normal splicing shown in control
cells and two bands in the mother, of the patient and control sizes (Fig. 1C). Sanger
sequencing of the PCR products demonstrated that the small fragment of the patients (295
bp) is missing in exon 10 whereas the large fragment of the control (397 bp) shows the
expected splicing (Fig. 1D).

NME7 has an N-terminal DM10 domain, which consists of approximately 105 residues
whose function is unknown. This domain has been identified in only two types of proteins:
nucleoside diphosphate kinases (which contain a single copy of the DM10 domain) and in
an uncharacterized class of proteins (which contain multiple copies of DM10 domains)
(Uniprot). The protein also contains two nucleoside diphosphate kinase (NDPK) domains
(Fig. 2A), but both domains lack the residues deemed crucial for enzyme structure and
activity (reviewed in [Desvignes et al., 2009]). Yoon et al. ['Yoon et al., 2005] confirmed the
lack of kinase activity in human NME7 but reported a marked exonuclease activity. The
DM10 domain may act as a flagellar NDPK regulatory module or as a unit specifically
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involved in axonemal targeting or assembly [King, 2006]. NME7 has two coding splice
variants, which differ in the second exon and the start of translation; the second variant
misses the 36 N-terminal amino residues and thus part of the DM10 domain [Kallberg et al.,
2012], thus the skipping of exon 10 will affect both known splice variants. The skipping of
exon 10 causes an in-frame deletion of 34 amino acids that are highly conserved in the
second NDK domain (Fig. 2A, B). Using RaptorX Webserver, the three-dimensional
structure of NME?7 protein was modeled with the orthorhombic crystal form C222 of the
Aquifex aeolicus nucleoside diphosphate kinase that represents the most similar known
structure. The 34 amino acids that are deleted by the mutation are correspondent to the
removal of the central beta sheet and two adjacent alpha helices, thus predicted to unfold the
NDK2 domain (Fig. 2C). We have verified the RNA expression pattern of NME7 on eight
adult human organs by quantitative RT-PCR using commercially available RNA and found
that it is ubiquitously expressed and abundantly expressed in brain and testis (Supp. Fig. S2).

The left-right axis is established in early embryonal stages, subsequent to the development
of anterior—posterior and dorsal-ventral axes. According to the generally accepted model,
the initiation of asymmetry is coordinated by nodal cilia, which create leftward flow [Tabin,
2006]. The flow forms a concentration gradient detected by sensory immotile cilia
producing intracellular signal transduction [Yoshiba et al., 2012]. This nodal signaling
pathway activates an asymmetric developmental program in visceral primordial cells within
the lateral plate mesoderm [Yoshiba et al., 2012]. Nodal cilia share many structural features
with other matile cilia, and impaired function of the nodal cilia is likely an integral part of
primary cilia dyskinesia (PCD; MIM# 244400), in which situs is randomized.

NME?7is one of 10 genes in human that belong to the NME family (previously known as
Nm23 or nucleoside diphosphate kinase (NDPK)). Vertebrate Aime genes can be separated in
two evolutionary distinct groups. NimeI-4belong to Group | whereas vertebrate Nime5-10
belong to Group Il. The proteins encoded by group 11, except for NMES6, lack NDPK
activity. NME7 as well as NMEG (MIM# 608294) are important developmental genes as
revealed by a ShRNA functional screen for the creation of induced pluripotent embryonic
stem cells. Knockdown of either Nme6 or Nme7 reduces the formation of embryoid body
(EB) and teratoma. The overexpression of either Nme6 or Nme7 can rescue the stem cell
marker expression and the EB formation in the absence of leukemia inhibiting factor [Wang
etal., 2012].

In humans, NME7 is predominantly expressed in testis and at significant levels in ovary and
brain (Supp. Fig. S2 and [Lacombe et al., 2000]). Western blotting analyses of various
mouse tissues consistently indicated that it is preferentially expressed in tissues with motile
cilia as well as in sperm. Immunofluorescence microscopy revealed that this protein is
localized along the entire length of the TritonX-100-insoluble fraction of sperm flagella,
possibly in the axonemes. Additionally, in vitro cosedimentation assays using recombinant
proteins showed that both mouse and Chlamydomonas NME7 directly bind to microtubules
[Ikeda, 2010]. Moreover, in three cell lines siRNA to NME7 demonstrated that knockdown
of NME7 causes transport and signaling defects in cilia yet retained normal looking cilia.
Since depletion of NME7also accumulates putative secretory transport vesicles and
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decreases ciliary levels of GPCRs, it was speculated that NME7 may regulate vesicular
transport from the Golgi to the plasma membrane [Lai et al., 2011].

In a systematic analysis of human proteins involved in chromosome segregation NME7 was
identified as a component of the y-tubulin ring complex ( TURC) [Hutchins et al., 2010]. It
was also found in this complex by interaction with CDK5RAP2, a human microcephaly
protein that binds the complex and is involved in centrosomal attachment of y-tubulin [Choi
et al., 2010]. Finally, NME7 interacts with the » TURC through both NDK domains, with
Arg-322 in the second NDK domain being crucial to the binding [Liu et al., 2014]. The 34
amino acids predicted to be deleted by the mutation we identified, including Arg at position
322, are missing in the mutated protein (Fig. 2B). This deletion is expected to have a
deleterious effect on the interaction between NME7 and » TuRC.

The probable role of NME7 in cilia is revealed by the presentations of mice knocked out for
this gene. A high-throughput study of mutagenesis and phenotyping process designed to
characterize protein functions demonstrated that knock out of ANme7 by gene trap caused
congenital hydrocephalus in almost 100% of Nme7~/~ mice, situs inversusin 50%, but
neither infertility nor severe rhinosinositis was detected [Vogel et al., 2010, 2012]. However,
other members of the NME group Il family Mme5[Vogel et al., 2012] and NMES (MIM#
607421) [Duriez et al., 2007] have been involved in nasal exudates in mice and PCD in
human, respectively. It was suggested that the function and biogenesis of motile cilia/flagella
in the respiratory epithelium and spermatozoa are less dependent on functional NDP kinase
7 than are the motile cilia of embryonic node. Also, the phenotypic difference between
Nme5~/~ and Nme7~/~ mice may illustrate that there is structural and functional variation in
motile cilia at different locations [respiratory epithelium and embryonic node, Vogel et al.,
2012].

The two patients reported here are not sufficient for genotype—phenotype correlation. On the
one hand, they do not have congenital hydrocephalus, previously associated with ventricular
motile cilia abnormalities [Chamling et al., 2013] and consistent with hydrocephalus in
Nme7~/~ mice. On the other hand, both patients lacked objective evidence of ciliary
dysfunction in line with the findings in mutant mice. Ciliary ultrastructure, ciliary beat
frequency, and pattern were normal. Although patient 11-2 has atopy and milk allergy that
may explain her respiratory symptoms, we cannot rule out some ciliary dysfunction in vivo
and in certain condition such as viral infections.

Since NME7 has not been previously characterized in humans, further cases in the future
may elaborate the phenotypic impact of this gene.

We conclude that a deleterious mutation in NME7, which results in deletion of amino acids
necessary for its interaction with the  TURC is associated with impaired left-right
asymmetry manifested by SIT. The phenotypic spectrum of the reported mutation cannot be
fully characterized based on the present small sample size and should be determined in the
future.
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Figure 1.
Family pedigree and identification of the mutation. (A) Pedigree: The segregation of the

NME?7 mutation that creates a 7as/ site is shown by restriction analysis, under each
individual and two controls. Digestion of the 148 bp amplicon with 7as/results in 78 and 70
bp fragments in controls. When the mutation is present, the 70 bp fragment is cleaved into
44 and 26 bp fragments. Digestion products were separated by electrophoresis on 20%
polyacrylamide gels. The patients are homozygous for the mutation, all available parents and
all healthy siblings are heterozygotes, and the controls are homozygous for the normal allele.
(B) Sequence chromatogram of PCR product of genomic DNA showing the single variant
compatible with being a disease-causing mutation, a change in intron 10. The
chromatograms show the homozygous mutant (upper panel) and heterozygous sequences
(lower panel). (C) Splicing of the NME7 gene in patients* cells. RT-PCR products. RNA was
extracted from lymphoblastoid cells of the two patients (I11-1 and 11-2), the mother (I-1) and a
control (C). PCR was performed on the cDNA using primers in exons 8 and 12, flanking
intron 10 that contains the mutation. PCR products were separated on 2% agarose gels. The
patient cells exhibited one fragment of 295 bp in contrast to control cells that had a 397 bp
fragment. The heterozygous mother has the two bands. (D) Sequence chromatogram of the
295 bp PCR product of the patients showing the skipping of exon 10 (exon 9 joining directly
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to exon 11) (upper). The 397-bp PCR product shows normal splicing (lower). The mutation
was submitted to a MME7 variant database (http://www.lovd.nl/NMET7).
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Figure2.
Effect of the mutation on the protein. (A) Diagram of protein domains and the location of

the mutation. The DM10 and NDPK domains are based on the predictions of SMART
(Uniprot). The numbering of the amino acids corresponds to the protein produced by splice
variant 1, variant 2 misses the 36 amino acids at the N terminus and thus its DM10 domain is
not complete. (B) Sequence conservation of the amino acids encoded by exon 10: 297-330,
that are missing in the patients are presented between the diagonal lines. Arg at position 322,
which is crucial for the binding to the y-tubulin ring complex, is marked by an arrow. (C)
Modelling the 3D structure of the normal protein using the RaptorX program with 3ztoA
(Orthorhombic crystal form C222 of the Aquifex aeolicus nucleoside diphosphate kinase
since it represents the best alignment, the p value for the entire length of 376 residues is
5.92e-07; http://www.rcsh.org/pdb/explore/explore.do?structureld=3zto) as template, left.
The protein region deleted by the mutation is within the NDK2 domain from Asp at position
297 to Pro at position 330 is colored black in this domain in the figure at the right.
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