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Abstract

Introduction—Lenz microphthalmia syndrome (LMS) is a genetically heterogeneous X-linked
disorder characterised by microphthalmia/anophthalmia, skeletal abnormalities, genitourinary
malformations, and anomalies of the digits, ears, and teeth. Intellectual disability and seizure
disorders are seen in about 60% of affected males. To date, no gene has been identified for LMS
in the microphthalmia syndrome 1 locus (MCOPS1). In this study, we aim to find the disease-
causing gene for this condition.

Methods and results—Using exome sequencing in a family with three affected brothers, we
identified a mutation in the intron 7 splice donor site (c.471+2T—A) of the N-acetyltransferase
NAA10 gene. NAA1O has been previously shown to be mutated in patients with Ogden syndrome,
which is clinically distinct from LMS. Linkage studies for this family mapped the disease locus to
Xg27-Xq28, which was consistent with the locus of NAA10. The mutation co-segregated with the
phenotype and cDNA analysis showed aberrant transcripts. Patient fibroblasts lacked expression
of full length NAA10 protein and displayed cell proliferation defects. Expression array studies
showed significant dysregulation of genes associated with genetic forms of anophthalmia such as
BMP4, STRAG, and downstream targets of BCOR and the canonical WNT pathway. In particular,
STRAG is a retinol binding protein receptor that mediates cellular uptake of retinol/vitamin A and
plays a major role in regulating the retinoic acid signalling pathway. A retinol uptake assay
showed that retinol uptake was decreased in patient cells.

Conclusions—We conclude that the NAA10 mutation is the cause of LMS in this family, likely
through the dysregulation of the retinoic acid signalling pathway.

INTRODUCTION

Lenz microphthalmia syndrome (LMS, also known as MCOPS1, MIM 309800) is a rare
multisystem condition defined by the canonical features of unilateral or bilateral
microphthalmia or anophthalmia and defects in the skeletal and genitourinary systems.12
Anomalies of the digits, teeth, and ears are also hallmarks of the disease. Intellectual
disability ranges from mild to severe with self-mutilating behaviours and seizures in
severely affected individuals. The multi-organ abnormalities of the disorder suggest that
causative genes play a central role in biological pathways essential to human development.

LMS is an X-linked, genetically heterogeneous disorder. At least two disease loci have been
described. The microphthalmia syndromic 1 locus (MCOPS1; OMIM 309800) was mapped
in 1991 and again in 2001 to Xq27-¢28,34 while the gene for the microphthalmia syndromic
2 locus (MCOPS2; OMIM 300166) showed linkage to Xp11.4-p21.2 in 2002.58 MCOPS1
has remained elusive since its initial mapping to Xq27-g28 more than 20 years ago. Using
exome sequencing of three brothers with LMS we have re-evaluated this previously
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characterised family* and now identify a mutation in the NAA1O gene as a disease-causing
locus for MCOPSL.

NAA10 (ARD1) codes for the catalytic subunit (Naal0p) of the hNaTA complex. NAA10
transfers an acetyl group from acetyl-CoA to proteins with Ser, Ala, Thr, Gly, and Val N-
termini.” NAA10 is thought to acetylate about 8000 different proteins.8

Human NAA10 is ubiquitously expressed® and absence of NAA1Q expression is embryonic
lethal. A single mutation in NAALO, p.Ser37Pro, resulting in reduced N-terminal
acetyltransferase (NAT) function was reported to cause a perinatal lethal phenotype, known
as Ogden syndrome, in affected males from two unrelated families.19 In addition to lethality,
other clinical features included aged appearance, craniofacial abnormalities, hypotonia,
global developmental delay, and cardiac arrhythmia. This study exemplifies NAA10’s
importance in early development. Given the diversity of NAALO function, it is clear that a
mutation of this gene could result in multiple organ abnormalities observed in patients
affected with LMS.

SUBJECTS AND METHODS

Affected individuals and controls

Written informed consent for genetic analysis was obtained from patients in accordance with
the University of California, Irvine Institutional Review Board (IRB) (2005-4253) or from
the National Human Genome Research Institute IRB. Clinical features of the family
discussed in this study have been previously reported.* Briefly, three brothers and a maternal
uncle had congenital anophthalmia, delayed motor development, hypotonia, and mental
retardation.# They also have abnormal ears, high-arched palate, pectus excavatum, finger
and toe syndactyly, clinodactyly, fetal pads, scoliosis, and cardiac and renal abnormalities.?
An obligate carrier has abnormal ears and syndactyly of the second to third toes bilaterally,*
probably due to the presence of X chromosome skewing. Linkage and haplotype analysis of
this family suggested that the gene is located in a 17.65-cM region of Xq27.1-028
(MCOPS1) with a logarithm of odds (LOD) score of 1.2. Based on the LOD score,
MCOPS2 (Xpter-Xq24) was not likely linked.* The updated pedigree and clinical
information are shown in figure 1A.

Whole exome sequencing

We pursued whole exome sequencing of three affected individuals (VI-9, VI-10, VI-11).
Total DNA was obtained from peripheral blood of the patients and controls using standard
protocols. Total DNA was sheared into approximately 300 bp fragments using a Covaris
sonicator (Covaris). A paired-end exome library for Illumina sequencing was prepared using
the Truseq DNA kit (I1lumina) following the manufacturer’s instructions. Exonic regions
covering most of the human genome were captured with the Illumina Exome Enrichment
kit, following the manufacturer’s protocol. Massively parallel sequencing was performed
using the Illumina HiSeq 2000 (Illumina) at the UCI High Throughput Facility. The data
analysis was performed using the CLC Bio Genomics Workbench software.! Reads were
mapped to the human reference genome Hg19 to ensure optimal alignment conditions. We
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then extracted all X chromosomal reads from the 24 chromosome alignment and realigned
only the paired-end reads to the X chromosome reference sequence (~3.9 M paired-end
reads). Subsequently single nucleotide polymorphism (SNP) and deletion/insertion
polymorphism (DIP) calling was performed only for the X chromosome alignment and
parameters were set as follows: Due to the fact that all probands are male we chose a haploid
algorithm. We increased the window length to 19 bp (determines the length of the initial
segmentation of the genome, in base pairs, to analyse) and chose a minimum variant
frequency of 75%. Although we had only aligned paired-end reads, the minimum paired
coverage was set to 1, and maximum coverage was set to 500. SNP and DIP tables were
filtered using CLC Bio discarding intergenic variants focusing on variants within known
genes. We predicted the variant responsible for LMS to be rare, and therefore unlikely to be
previously identified. Polymorphic variants from the 1000 Genome Project and variants
from dbSNP were filtered out to distinguish potentially pathogenic mutations (rare) from
other common variants using the ANNOVAR gene annotation and common variant filtering
tool (http://www.openbioinformatics.org/annovar)12. We defined new variants as ones that
did not exist in the dbSNP database (dbSNP132) or the 1000 genome project
(1000g2010nov) and ultimately followed up on variants common to all three individuals
found within an exon or a splice donor— acceptor site.

Mutation validation

Sanger sequencing of PCR amplicons from genomic DNA was used to confirm the
candidate variants identified via exome sequencing. Genomic DNA was extracted from
whole blood via the Gentra Puregene Blood Kit (Qiagen) following the manufacturer’s
protocol. PCR of the region of interest was performed using the forward primer,
GTGGAGGAGGGTGTCCCCGG, in intron 6 and the reverse primer,
GGTCGTGACTCCTGGCAACGT, in intron 7, resulting in a 273 bp amplicon. PCR
conditions were as follows: 95°C for 2 min, 95°C for 20 s, 63°C for 9 s, and 72°C for 20 s
with 35 cycles and a final extension time of 20 s. Sanger sequencing was performed on the
ABI 3130 Genetic Analyzer (Life Technologies) using primers from both directions.

RT-PCR analysis

Total RNA from control and patient fibroblasts and skeletal muscle was isolated using the
RNeasy Plus Mini Kit (Qiagen) following the manufacturer’s instructions. Fifty nanograms
of total RNA were used for cDNA synthesis and amplification using SuperScript One-Step
RT-PCR with Platinum Tag (Invitrogen) with the following primers: NAA10 cDNA
amplicon F1 (TGTGAAGCGTTCCCACCGGC), NAA10 cDNA F2
(GAAGAGTAACCGGGCCGCCC), NAA10O cDNA amplicon R1
(CCTCGCGACAGGCCTCTCCT), and NAA10 cDNA R2
(CCAGGCCCTTCTCCTCGCGA).

Quantitative real-time PCR analysis

RNA was isolated and purified using the RNeasy Plus Mini Kit (Qiagen), according to the
manufacturer’s recommendations. SYBR Green quantitative real-time PCRs using the
SuperScript One Step RT-gPCR kit (Invitrogen) were performed in triplicate for each primer
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set using the ABI 7900 HT Sequence Detection System (Life Technologies). Primers were
designed to span introns or at exon junctions. To ensure specificity of PCR, melt curve
analyses were performed at the end of all PCRs. Gene expression levels were normalised to
GAPDH and then analysed using the 2AACt method.

Affymetrix gene expression array

For microarray analysis, RNA was extracted from control and patient fibroblasts using the
RNeasy Kit (Qiagen). RNA quality was determined using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, California, USA). Microarray analysis was performed
using Human Gene 1.0 ST arrays (Affymetrix), according to the manufacturer’s guidelines.
The data were then normalised and analysed using Cyber-T (http://cybert.ics.uci.edu/) and
Partek (http://www.partek.com/microarray) software. Pathway and Bio-function analysis
was performed using Ingenuity (Ingenuity Systems Inc) in order to put into context the
differentially expressed probe sets. The following criteria were used: a value of p<0.001 and
a minimum fold change > 1.5 (273 probe sets).

Western blot

Cultured fibroblast cells were washed with phosphate buffered saline (PBS) and lysed with
lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA pH 8.0, 1% Triton
X-100, and one protease inhibitor tablet). Protein concentrations were determined using a
Bradford Assay (Bio-Rad). Forty micrograms of each lysate were resolved by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a NUPAGE 4-12%
gradient Bis-Tris gel (Invitrogen) and electroblotted onto a polyvinylidene difluoride
membrane (Invitrogen). Membranes were incubated in 5% blocking buffer (non-fat dry milk
in PBS containing 0.1% Tween) for 3 h at room temperature. Membranes were then blotted
with either rabbit polyclonal anti-NAA10 (1:200; Santa Cruz Biotechnology) or rabbit
polyclonal anti-tuberin (1:2000; Santa Cruz Biotechnology) antibody overnight at 4°C.
Membranes were then washed three times with PBS and incubated with goat anti-rabbit
horseradish peroxidase (HRP) conjugated secondary antibody (1:2000; Pierce) for 1.5 h at
4°C. HRP was detected using ECL Western Blotting Detection Reagents (Amersham
Biosciences). Blots were stripped and re-probed with mouse anti-GAPDH antibody to verify
equal loading.

Co-immunoprecipitation

293T cells were co-transfected with pcDNA3-TSC2 and pcDNA3-myc-NAA10 or its
mutant, pcDNA-myc-NAA10-mutant, using Lipofectamine 2000 according to
manufacturer’s instructions (Invitrogen). Forty-eight hours later, cells were harvested and
lysed with 250 pL lysis buffer see above. Fifty microlitres of each lysate was placed aside as
input. The cell lysates were pre-cleared by incubation with pre-washed protein G beads
(Santa Cruz Biotechnology) for 2 h at 4°C. After centrifugation at 3000 rpm for 3 min, the
supernatants were collected and incubated overnight at 4°C with 1 ug of anti-TSC2 (Santa
Cruz Biotechnology) or anti-Myc antibody (Clonetech). The next day, samples were
incubated with pre-washed protein G beads for 2 h at 4°C. Afterward, the beads were
washed five times using lysis buffer and finally resuspended in SDS-PAGE loading buffer,
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heated to 100°C for 5 min, and analysed by western blotting using either anti-TSC2 or anti-
Myc antibodies.

Immunocytochemistry

MTT assay

For immunofluorescence staining, fibroblast cells were fixed with 4% paraformaldehyde for
20 min at room temperature and washed three times in PBS. The fixed cells were blocked in
10% blocking buffer (10% goat serum, 0.1% Triton X-100 in PBS) for 1.5 h at room
temperature before overnight incubation with rabbit anti-NAA10 antibody (1:50; Santa Cruz
Biotechnology) at 4°C. The rabbit anti-NAA10 antibody was raised against amino acids 1—
235, representing the full length NAALO of human origin. After overnight incubation, cells
were washed three times for 5 min in PBS and incubated with goat anti-rabbit Alexa fluor
488 (Molecular Probes, Invitrogen) in 10% blocking buffer for 1.5 h at 4°C. Cell nuclei
were visualised by 4’-6-diamidino-2-phenylindole (DAPI, 1:400) staining.
Immunofluorescence images were captured on a Nikon Eclipse Ti Inverted Microscope.

Cell proliferation was determined by the conventional 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) reduction assay using an MTT assay kit (Sigma)
according to the manufacturer’s instructions. Briefly, patient fibroblast cells were plated at a
density of 1x10* cells/well of a 12-well plate in triplicate. On days 1, 3, 5, and 7, the MTT
solution was diluted in fresh medium and added to the cells. After the cells were incubated
for 3.5 h in the dark, the medium was removed and the formazan dye crystals were
solubilised in 1 mL of dimethyl sulfoxide (DMSO). Absorbance at 570 nm was measured
with a microplate reader. The data were analysed with a Student t test. Significance was
defined by a p value <0.05, n=3.

Cell growth competition assay

To compare the growth rate of patient cells, a competition assay was performed. Equal
numbers of wild-type (control) fibroblast cells and fibroblast cells from patient VI-11 were
mixed and a total of 100 000 cells were plated in one well of a 6-well plate. The cells were
passaged several times when they reached confluence. Each time the cells were passaged, a
portion was collected for mutant DNA analysis. Sanger sequencing was performed as
described above. The ratio of wild type versus mutant cells was determined by
chromatogram analysis; n=3.

Lentivirus production

Lentivirus was produced by transient co-transfection of three plasmids into 293T cells.
Briefly, 293T cells were plated onto poly-D-lysine coated plates at approximately 80-90%
confluence. 293T cells were transfected using Lipofectamine 2000 reagent (Invitrogen),
according to the manufacturer’s protocol. A total of 16 ug of plasmid DNA per 100 mm dish
was used: 3 pg of the VSV-G envelope plasmid, pMD.G, 12 pg of the packaging plasmid,
pCMVR8.91, and 9 ug of the lentiviral transducing vector. The medium was replaced 24 h
after transfection with virus-collecting medium (Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)). The viral supernatant was
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collected at 48 and 72 h after transfection and filtered through 0.45 pm filters. Virus was
immediately added to fibroblast cells.

Generation of NAA10 knockdown fibroblast cell lines

Assay of 3H-

RESULTS

Control and NAA10 shRNA plko. 1-lentiviral constructs were a generous gift from Dr
Anand Ganesan. Twenty-four hours before transduction, 1x10° normal dermal human
fibroblasts (NDHFs) were plated onto 6-well plates. The following day control and NAA10
shRNA lentivirus was supplemented with 6 pg/mL polybrene, and added to the cells. Forty-
eight hours after transduction, puromycin (1 pg/mL) was used to select for transduced cells.
Once the cell lines were expanded, NAA10 knockdown was verified by immunofluorescence
and SYBR Green quantitative real-time PCR (qRT-PCR).

retinol uptake from 3H-retinol/RBP

Production of 3H-retinol/retinal binding protein (RBP ) and 3H-retinol uptake assay were
performed as previously described.13 Briefly, wild-type (control) and patient fibroblast cells
were washed with Hank’s balanced salt solution (HBSS) before incubation with 3H-
retinol/RBP diluted in serum-free medium at 37°C. The reaction was stopped by removing
the medium, washing the cells with HBSS, and solubilising the cells in 1% (w/v) Triton
X-100 in PBS. Radioactivity was measured with a scintillation counter.

Pedigree analysis and clinical examination of family

The recently updated pedigree information included seven generations with a total of 10
participants in this family of mixed European descent, including German, Italian, and other
northern European backgrounds (figure 1A). Analysis of the pedigree was consistent with
X-linked inheritance. Only affected males without male-to-male transmission were
observed. 4 Physical examinations were recently performed and clinical information was
updated. At the most recent evaluation, there were three living affected brothers (V1-9,
VI1-10, VI-11), one obligate carrier (V-10), one carrier identified previously by linkage
(\V-6), and her daughter who was also a carrier (V1-4). All three affected individuals
presented with anophthalmia or microphthalmia, prenatal onset of growth deficiency, and
significant dysmorphic features (figure 1B). Although the affected male individuals
presented with LMS phenotypes, there was also significant intra-familial variation. The
affected males all developed scoliosis to varying degrees. Individuals VVI-9 and VI-11, but
not VI-10, had surgical procedures to correct scoliosis. Individuals VI-9 and VI1-10, but not
VI-11, developed body hair to an uncomfortable degree, requiring frequent shaving. In the
past, individual VVI-10 presented as energetic, outgoing, and physically strong, but at the
time of the last evaluation displayed a loss of energy, increased muscle stiffness, loss of
short term memory, and a worsened autism-like behaviour. A few months before to his
evaluation, he had two strokes and an MRI showed arterial sclerosis with a 50% narrowing
of the carotid artery. Individual VI-11 was the most severely affected and has a seizure
disorder. He has not developed words, and relies completely on sign language. In addition,
haematoxylin and eosin (H&E) staining of his skeletal muscle showed muscle degeneration
(figure 1C). He also required surgical intervention to lengthen his heel cord.
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Three heterozygotes (VI-4, V-6, V-10) had cutaneous syndactyly between the second and
third toes and short terminal phalanges (figure 1D). These manifestations were not seen in
the individual without the mutation. We concluded that the phenotypes of the three
heterozygotes were causally related to the hand anomalies of the male individuals.
Therefore, the condition could be considered as X-linked with reduced expressivity in the
heterozygotes.

Exome sequencing identifies a novel splice site mutation in NAA10

To identify the gene mutated in this family, we first obtained informed consent from all
patients and female carriers in accordance with the UC Irvine Human Subjects Committee.
Although the locus in this family was linked to chromosome Xq27-q28 within an interval of
17.25 cM, the LOD score was only 1.2.4 The region was defined by one mildly affected
individual.# Since a small percentage of patients with LMS have a mutation in the BCOR
gene on Xpl1.4, patient VI-9 underwent BCOR sequencing, and no mutation was detected.
An Affymetrix SNP6 chip did not identify any significant duplications or deletions. The
17.25 cM interval on Xg27-q28 where the MCOPSL gene was originally mapped proved to
be gene-rich, containing more than 100 genes. Many of these genes are expressed in the
developing eye. Some of these genes were previously sequenced but no mutations were
detected.*

We pursued exome sequencing of the three affected male individuals (VI1-9, VI-10, VI-11)
on the Illumina HiSeq 2000 sequencer. The resulting exome library resulted in 186 860 022
reads of which 179 177 640 mapped to the human reference sequence (95.9%). We
extracted all X chromosomal reads from the 24 chromosome alignment and realigned only
the paired-end reads to the X chromosome reference sequence (~3.9 M paired-end reads).
The CLC Bio alignment and ANNOVAR filtering, as described in the methods section,
resulted in 32/42 SNP/DIP variants in VI1-9, 37/42 SNP/DIP variants in VI-10, and 37/36
SNP/DIP variants in VI-11. Five SNPs and 14 DIPs showed overlap among all three
affected male individuals. Only one variant fulfilled the criteria to be either in an exon or a
splice junction. This novel variant was in the NAA10O gene. This variant predicts a mutation
at the intron 7 GT splice donor site (c.471+2T—A) of NAA10. The NAA1O splice mutation
was confirmed via Sanger sequencing in all three affected males (VI-9, VI-10, VI-11), their
obligate heterozygote mother (V-10), as well as an aunt who was previously suspected as a
heterozygote by linkage (\V-6) and one of her daughters (VI-4) (figure 1E). NAA1OQis in
X(q27, but was not inside the region previously defined by DXS1232 and DXS8043 markers.
This may be the reason why no mutations were detected when sequencing the genes within
these markers in the study by Forrester et al.* The NAA10 ¢.471+2T> A mutation was not
found in any of the four unaffected individuals in this family (-8, VI-5, VI-6, VI-12)
(figure 1E). Therefore, the mutation segregated with the disease in this pedigree.

NAA10 mutant splice site results in loss of wild-type NAA10 expression and multiple
splice variants

The +2T position of the GT splice donor site is highly conserved in the splice site consensus
sequence, predicting that the ¢.471 +2T— A mutation severely alters exon 7 splicing.
Although predicting the exact resulting splice mutation products would be difficult, we can
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anticipate that this mutation may lead to alternative splicing and aberrant transcripts. In
mice, three isoforms of NAA10 have been identified consisting of 235, 225, and 190 amino
acids.1* Generated by alternative splicing, these isoforms differ in the C-terminal region. In
humans, however, alternative splicing events have not been reported for NAA10 and only a
235-full length amino acid form has been identified. To determine whether aberrant splicing
is present in the affected males, RNA was isolated and RT-PCR was performed using
primers that extended from exon 5 through exon 8 (figure 2A). While no NAA10 wild-type
band was present in any of the affected male patient samples, we did observe at least five
bands representing aberrant sizes of mMRNA (figure 2B). Two primer sets were used in the
RT-PCR reactions resulting in similar banding patterns with a 94 base pair size difference.
We gel-purified the RT-PCR products for subsequent Sanger sequencing; sufficient
quantities of cDNA could be isolated for only two out of the five bands (figure 2B; # and *).
Sequencing of the 901/805 base pair band (#) showed it as the exon7-intron7-exon8 fusion
transcript; mutant splice variant 1. Sequencing of the 388/292 base pair band (*) showed it
as the mutant splice variant 2, having activated a cryptic splice site at position ¢.471+27 that
resulted in a 27 nucleotide in-frame insertion derived from intron 7.

To test if any of these mutant isoforms produced protein, fibroblast cells derived from
patient VI-11 were subjected to western blot analysis with a rabbit anti-human NAA10
antibody. As shown in figure 2C, a lower molecular weight band was visible in individual
VI-11 derived fibroblast cells when compared to normal fibroblast cells. This lower
molecular weight band may represent the read through mutant splice variant 1, resulting in
the truncation of exon 8 and the addition of 45 amino acids derived from intron 7. The
transcript with a 27 nucleotide insertion resulting in the addition of nine amino acids from
intron 7, at the protein level (mutant splice variant 2), was not detected in fibroblast cells. It
is important to note that there is no detection of wild-type NAAL0 protein in the fibroblast
cells from the affected male patient, coinciding with the RT-PCR data showing the lack of a
wild-type band in his mRNA. Expression analysis using an Affymetrix array showed a
reduction of NAA1O mRNA levels for all three affected male patient fibroblast samples, as
compared to controls (data not shown).

To test if the ¢.471+2T— A mutation affected NAA10 cell localisation we performed
immunofluorescence on control and affected individual, VI-11 derived, fibroblasts. NAA10
has been shown to be located within the cytoplasm and the nucleus.® Results from
immunofluorescence indicated that endogenous NAA10 protein is located within the
cytoplasm and nucleus of control and patient VI-11 fibroblast cells, suggesting that this
mutation does not affect cellular localisation (data not shown). However, the staining pattern
of endogenous NAA1O in the fibroblast cells of patient VI-11 was suggestive of the
formation of protein aggregates. To further investigate whether this punctate staining was a
result of the NAA10-mutant, we created a mutant NAA10-GFP fusion protein containing the
addition of 45 amino acids past exon 7, followed by the truncation of the original 79 amino
acids from exon 8 (mutant splice variant 1). Over-expression of mutant NAA10-GFP fusion
protein in 293T cells resulted in punctate staining suggestive of protein aggregation within
the cytoplasm, as shown in figure 2D (insets; Mutant NAA10-GFP), further suggesting that
the mutant NAA10 aggregated in the cytoplasm.
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Patient fibroblasts with NAA10 splice site mutation are defective in cell proliferation

NAA10 has been shown to play a role in cell proliferation. In addition, all the affected male
individuals in this pedigree had severe prenatal and postnatal growth deficiency, suggesting
that cell proliferation may be affected by the ¢.471+2T— A mutation. To test if this mutation
causes cellular growth deficiency, we plated an equal amount of control and patient
fibroblast cells and observed whether they reached confluence at the same time. As shown in
figure 3A, by the fifth day of culture, the growth rate of fibroblast cells from the affected
male individuals appeared slower than in the normal control. To confirm and quantify this
observation, we performed an MTT assay (figure 3B). Results from the MTT assay
confirmed that the proliferation rate of fibroblast cells from the affected male individuals
were dramatically reduced as compared to the normal control (p<0.01) (figure 3B),
suggesting that the loss of wild-type NAA10 may inhibit cell proliferation. We also created
a cell growth competition assay. To do this, we mixed an equal number of fibroblast cells,
from control and affected patient VI-11, in one 6-well plate. Each time the cells reached
confluence, they were passaged and a portion of the cells were harvested for DNA isolation.
Since cell growth rate can be estimated by the sequencing chromatogram, the mutation was
sequenced at every time point. As shown in figure 3C, after two passages in the mixed
population, there was no detectable trace of the mutant in the sequence chromatogram,
suggesting that the fibroblast cells with the NAA10 mutation grew more slowly than the
wild-type control and were rapidly taken over during competition.

To verify that the loss of NAALO expression is directly responsible for the decrease in cell
proliferation, NAA10 knockdown experiments were performed. NAA10 was knocked down
in NDHF cells, using a sShRNA lentivirus system. Initially, we started with five different
NAA10 shRNA constructs. However, after transduction with the various NAA10 shRNA
constructs, four out of five cell lines became apoptotic and proceeded to die within a week
of transduction. Fibroblast cells transduced with control ShRNA were normal (figure 3D).
The only surviving NAA10 knockdown cell line was tested for knockdown by gPCR and
showed over 90% reduction in NAA1O mRNA expression (data not shown). After an
additional week, the only remaining NAA10 shRNA cell line also became unstable and
began to die (figure 3D). Although we could not confirm the extent of NAA10 knockdown in
the other cell lines, these results have been duplicated and may suggest that a high efficiency
knockdown of NAA1Q is lethal.

The function of NAA1O0 in cell proliferation is controversial. Several groups have found that
NAALO is essential for cell proliferation, particularly in several cancer cell lines. Therefore,
NAA0 could be an oncogene.16-18 ~ Other groups have found the opposite, 12 suggesting
that this function is cell line dependent. NAA10 has been identified as a substrate of IKK-
B.20 IKK-B mediated phosphorylation of amino acid Ser209 on NAA10 destabilises NAA10
and induces its degradation 20. Therefore truncating the protein before this site will prevent
IKK-B mediated degradation and may cause a concomitant up-regulation of NAAZ10 activity.
In addition, the amino acid sequence encoded by exon 8 of NAA1O is conserved in mammals
(figure 4A), suggesting that loss of exon 8, as in the mutant splice variant 1, could be
detrimental to its function. It has been recently reported that the C-terminus of NAA10 is
required for interaction with TSC2, an inhibitor of the mTOR (mammalian target of
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rapamycin) pathway 21 After forming a complex with TSC2, NAA10 acetylates TSC2, both
stabilising TSC2 and increasing its cellular concentration.2! NAA10 may therefore play an
important role in the regulation of the mTOR pathway and loss of exon 8 could disrupt this
regulation. To test if the mutation ¢.471+2T—A in the NAA10O gene (truncating exon 8 and
adding of 45 amino acids) affects the stability of TSC2, we examined TSC2 expression in
fibroblast cells derived from patient VI1-11 by western blot with a rabbit anti-human TSC2
antibody. TSC2 levels were decreased significantly compared to a normal control (figure
4B). The NAA10-TSC2 interaction was further tested by co-immunoprecipitation. Mutant
NAALO failed to precipitate TSC2 (figure 4C), suggesting that the interacting domain of
NAAL10 was truncated. These results suggested that the ¢.471 +2T— A mutation truncated
exon 8 and leads to the loss of TSC2 binding and a reduction of TSC2 protein levels.

Mutant NAA10 expression array shows dysregulation of retinoic acid signalling pathways

To identify the molecular pathways that may be disrupted by this mutation in NAA10 and
further understand the pathogenesis of this disease, we performed gene expression profiles
on fibroblasts from the three affected male patients and two normal controls using the
human Affymetrix gene array and Ingenuity pathway and bio-function analysis. Since it has
been suggested that NAA10 can affect up to 8000 genes, we were not surprised to see a
large number of genes severely dysregulated; approximately 800 genes were identified
exhibiting significant fold difference in expression levels compared to controls (p<0.002).
NAA10 was included among these dysregulated genes. Genes involved in eye development
are particularly interesting since one of the most striking features of LMS is microphthalmia/
anophthalmia. Therefore, genes involved in eye development were our focus in the pathway
analysis. It has been shown that the retinoic acid and canonical wnt signalling pathways play
a critical role in eye development. Genes associated with these pathways, such as STRAG,
FOXF1, HOXCS8, and WNT2B were among the most highly dysregulated genes in the
affected male patient samples. In addition, we performed analysis, using the Ingenuity
software, to classify the differentially expressed genes into physiological functions. From
our analysis, the most significant physiological functions are related to the following
developmental categories: tissue development, embryonic development, organ development,
skeletal and muscular system development. The genes associated with the retinoic acid and
canonical wnt signalling pathways are listed within these highly significant biofunctions,
(see online supplemental file 1). Mutations in the RBP4 (retinol binding protein) receptor,
STRAB,%2 cause the Matthew Wood syndrome (MCOPS9, OMIM 601186),2324 a condition
that overlaps with the LMS phenotype. STRA6 binds the RBP4-retinol (holo-RBP4)
complex and mediates cellular uptake of vitamin A,22 which is the precursor to retinoic acid,
a developmental morphogen. The RBP4 disease-associated mutations abolish STRAG’s
vitamin A uptake activity.2> Data analysis from the human expression array showed that the
STRAG expression level was significantly reduced in all three of the affected male patients’
(VI-9, VI-10, VI-11) fibroblast cells, as compared to the controls (data not shown). This
result was validated by SYBR Green gRT-PCR (figure 5A). To determine if the down-
regulation of STRAG affected the cellular uptake of retinol in the affected male patient
samples, a retinol uptake assay was performed. Our results showed that retinol uptake from
retinol/RBP4 complex was decreased significantly in patient VI-9, VI-10, or VI-11
fibroblast cells compared with normal controls (p<<0.01) (figure 5B). We conclude that the
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NAA10 ¢.471+2T— A mutation causes LMS through perturbation of the retinoic acid
signalling pathway.

DISCUSSION

We have used exome sequencing to identify a novel NAA1O splice mutation, c.471+2T—A,
in a family with LMS. This mutation resulted in no detectable normally spliced NAA10O at
the RNA or protein level and produced a small amount of aberrant transcript and truncated
protein. In addition, the NAA10 ¢.471+2T— A mutation caused fibroblast cell growth
defects. This mutation disrupted association with TSC2, a protein known to interact with
wild-type NAA10 through its C-terminal domain.2! The mutant protein had normal cellular
localisation but tended to aggregate in the cytoplasm when over-expressed. Lastly, an
Affymetrix expression array showed significant dysregulation of genes involved in the
retinoic acid and WNT signalling pathways, both of which play important roles in neural
and retinal development. Although exome sequencing covers only 95% of exons and the
non-coding regions are generally not covered, the above studies provide convincing
evidence that NAA10 mutation is disease-causing in this family.

NAAL10 plays an important role in basic cell function and human development, and has been
associated with Ogden syndrome.10 A ¢.109T>C (p.Ser37Pro) variant in NAA1O has been
recently identified as a cause for Ogden syndrome, resulting in the lethality of male infants
due to a deficiency in NAT activity. Data mining using in situ hybridisation and microarray
gene expression databases, 2627 for human and mouse, showed that NAA1O is ubiquitously
expressed in the eyes, the skeletal and genitourinary systems, the digits, teeth, ears, and
central nervous system—tissues in which the development defects in our patients were
observed (data not shown).

Due to the diverse functions of NAA1O, it is no surprise that different mutations in this gene
can have heterogeneous effects. A distinct difference between Ogden syndrome and LMS,
besides lethality, is the effect of the NAAL1O mutation on eye development. While individuals
affected with Ogden syndrome had normal globe size eyes, patients with LMS had
microphthalmia or anophthalmia. This major difference suggests that the NAA10 mutation
identified here has important effects on pathways involved in eye development. Unlike the
p.Ser37Pro mutation causing lethal Ogden syndrome, which directly affects the N-terminal
of NAAL10 and its NAT activity, the mutation, c.471 +2T>A, truncates the C-terminal end of
NAAL10, maintaining the N-acetyltransferase catalytic domain, resulting in a milder
phenotype. The loss of exon 8 (C-terminal) affects NAA10’s ability to interact with other
proteins, resulting in the dysregulation of important pathways. Thus, this study suggests that
different mutations in NAA1O can cause different syndromes.

How the deletion of exon 8 affects NAA10 function is not completely understood. The
serine residue at position 209 (Ser209), in NAA10, was shown to be a phosphorylation site
of IKK-B.20 Phosphorylation by IKK-p destabilises NAA10 and induces its proteasome
mediated degradation.2? Deletion of this IKK-B phosphorylation site is associated with
NAAU0 stability.20 In addition, immunofluorescence of mutant-NAA10 over-expression
showed that the NAA10 variant aggregated within the nucleus and cytoplasm, suggesting
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that the loss of exon 8 causes conformational changes in the protein structure that result in
aggregation. The ¢.471+2T>A splice site mutation, identified in this study, truncates the C-
terminal end of NAA10 and keeps the N-acetyltransferase catalytic domain intact,
suggesting that the NAT activity may be maintained. However, ¢.471+2T>A splice site
mutation in affected patient cells causes no expression of wild-type NAA10 and minimal
expression of the mutated NAA10. Even if the truncated mutant NAA10 protein maintains
N-acetyltransferase activity, the overall activity would be significantly less than normal,
considering its expression level is minimal compared to expression in wild-type cells (figure
2C). In addition, it has been reported that the C-terminus of NAAZ1O is required for
interaction with TSC2, an inhibitor of the mTOR pathway. After forming a complex with
TSC2, NAA1O acetylates TSC2. Data from our mutant-NAA10 and TSC-2 co-
immunoprecipitation experiments support the proposal that the ¢.471+2T>A mutation
truncates exon 8 and leads to the loss of TSC2 binding and a reduction of TSC2 protein
levels (figure 4C). The ability of NAA10 to form a complex with TSC2 and acetylate it was
impeded. This experiment suggests that the ¢.471+2T>A mutation not only exhibits
diminished N-acetyltransferase activity, but also losses other functions, such as interacting
with TSC2.

Although western blot and RT-PCR analyses showed that there is no detectable amount of
normal NAA10 on the RNA or protein level in affected male patient fibroblasts, there is
expression of the truncated NAALO protein. However, expression of the truncated NAA10
protein is dramatically less in the affected individuals when compared to the expression of
wild-type NAAZ10 in a normal control (figure 2). Previous studies showed that NAA10
knockout is embryonic lethal.28 We can therefore infer that this hypomorphic NAALO
mutation (c.471+2T—A) provides sufficient activity to allow viability of primary patient
cells as well as human survival, although significant growth deficiencies are present. This is
further suggested based on an attempt to create NAA10 knockdown primary human
fibroblast cell lines. Upon knockdown with five different NAALO shRNA constructs, all five
cell lines became unstable and eventually died while our control cell line survived. This
result is consistent with another study in which NAA10 knockdown led to apoptosis and cell
cycle arrest.2? However, a previous study by Fisher et all® performed NAA1O RNAI
experiments, using human liver carcinoma cells, which resulted in 35% and 85% NAA10
knockdown. Although cell proliferation decreased, these cells were still viable. This could
be explained by the difference in cell types used, their tissue specific expression patterns,
and the level of NAA10 knockdown. Even though >80% knockdown of NAA10 decreased
cell proliferation, in HepG2 cells, it did not induce cell death,® suggesting that the 20%
residual activity of NAA10 is sufficient to maintain cell survival or that these cancer cells
may activate signalling pathways that complement NAA10 deficiency, preventing apoptosis
or cell cycle arrest.

Studies regarding the role NAA1O plays in regulating cell proliferation have been
controversial. While some studies show that expression of NAA10 promotes cell
proliferation,30-32 another study shows that it inhibits cell proliferation, primarily through
regulation of the mTOR pathway. NAA10 has been shown to form a complex with TSC2, an
inhibitor of the mTOR pathway.2: NAA10 interacts with acetylates and stabilises TSC2,
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repressing mTOR activity and inhibiting cell proliferation.2! Although we showed that the
interaction between mutant-NAA10 and TSC2 was lost, causing a significant decrease in the
stability and expression of TSC2, we still observed cell proliferation defects in our patient
cells and shRNA knockdown cells. Thus, our data suggest that NAAL10 may act on pathways
other than mTOR to regulate cell proliferation. Further study of this subject may elucidate
additional functions of NAA10.

Gene expression analysis performed on fibroblasts from the three affected male patients
showed many dysregulated genes. Genes involved in the retinoic acid signalling pathway
and the WNT pathway were among the most highly dysregulated genes. Retinoic acid and
canonical Wnt signalling is critical for normal eye development. Specifically, retinoic acid
signalling is important for the embryonic development of a number of organs such as the
central nervous system, heart, eyes, ears, and olfactory organs, all of which are affected in
male patients with LMS. Various studies have shown that cellular uptake of vitamin A/
retinol from its RBP4-bound form is dependent on the membrane receptor protein,
STRA6.132233 |n humans, mutations of STRAG results in Matthew-Wood syndrome
characterised by defects in the eye similar to those seen in patients with LMS.2324 |n the
fibroblasts of the affected male patient, STRAG expression was significantly reduced, as
compared to controls, suggesting that these patients may have retinol uptake deficiencies.
Further experimentation confirmed that patients VI-9, VI-10, and VI-11 had deficiencies in
retinol uptake. These results suggest that NAA10 may play a role in the retinoic acid
signalling pathway and in normal eye development. Further studies to elucidate the exact
mechanism by which NAA10 regulates STRAG and the retinoic acid signalling pathway
would facilitate our understanding of the pathogenesis of this disease.

A recent study showed that a p.Ser37Pro NAA10 mutation caused lethality in male infants in
two unrelated families.1% The clinical features included lethality, aged appearance,
craniofacial abnormalities, hypotonia, global developmental delay, and cardiac arrhythmia.
Affected individuals had prominent eyes but no other eye abnormalities were reported in
Ogden syndrome.10 The Ogden syndrome mutation is in the N-acetylation catalytic domain
and resulted in reduced NAT activity. Using quantitative in vitro N-terminal acetylation
assays employing four different substrates, it was shown that there was a 20% and 80%
reduction of NAT activity, depending on protein class.1% The results of this and the present
study show that Ogden syndrome and LMS are allelic disorders. However, minimum
overlap in clinical features suggests the diverse function of NAA10 and demonstrates that
the level of enzymatic activity is crucial. We also sequenced the NAA10 gene in 11 male
patients with microphthalmia and atypical Lenz syndrome but no mutations were found. A
separate group sequenced the NAA1O gene in five microphthalmic patients, and again no
mutations were found.

We conclude that the NAA10 splice mutation identified in the present family can cause LMS
and explains a component of the know locus heterogeneity. However, additional loci have
yet to be identified. In a recent study by Piton et al, 3 the authors used the National Heart,
Lung, and Blood Institute (NHLBI) Exome Sequencing Project to reassess the implications
of 106 genes proposed to be involved in monogenic forms of XLID. According to this paper,
NAA10 was one of 15 genes characterised as ‘awaiting replication’ because this gene had
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been recently described but not yet replicated. In addition, no contradictory findings were
found in Exome Variant Server (EVS). Nevertheless, in this study, the identified splice
donor mutation in NAA10 demonstrates the importance of the C-terminus in maintaining the
functionality of NAAL0, and also emphasises the role of NAA1O0 in regulating cell
proliferation and retinoic acid signalling, providing valuable insight into the pathology of
LMS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pedigree of family affected with L enz microphthalmia syndrome (LM S), supporting
clinical features, and confirmation by Sanger sequencing

(A) Pedigree of LMS affected family. Further experimentation and analyses focused on the
three living affected brothers (VI1-9, VI-10, VI-11), one obligate heterozygote (\VV-10), one
heterozygote identified previously by linkage (\V-6) and her daughter (V1-4). Analysis of
family pedigree was consistent with sex-linked inheritance. (B) Bilateral anophthalmia is an
example of a dysmorphic feature present in patients affected by LMS (VI1-9). (C)
Haematoxylin and eosin staining of skeletal muscle showing neuropathic degeneration
(arrow). (D) Dysmorphic features such as cutaneous syndactyly between the second and
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third toes and short terminal phalanges are present in a heterozygote (\V-10). (E) Sanger
sequencing of NAA10 gene (genomic DNA) shows the ¢.471+2T— A mutation present in all
three affected males (VI1-9, VI-10, VI-11), their obligate heterozygote mother (V-10), as
well as an aunt who was previously suspected as a heterozygote by linkage (V-6) and one of
her daughters (V1-4).
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Figure 2. Transcript analysis of mutant NAA10 and implications of exon 8 truncation
(A) Intron/exon structure of NAA10 and variant transcripts present in patient VI-11 with

Lenz microphthalmia syndrome. (B) RT-PCR analysis of NAA1O transcripts in control and
patients VI1-9 and VI-11. Total RNA from patient VI-9 blood, patient VVI-11 fibroblasts and
skeletal muscle and control fibroblasts was isolated and used for cDNA synthesis and
amplification of two NAA10 cDNA amplicons. No NAA10 wild-type band was present in
any of the affected male patient samples. Mutant splice variant 1 and 2 are indicated by #
and *, respectively. Lanes 2-6: Amplicon F1&R1 (exon 5 and exon 8); lane 1, 100 bp
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ladder; lane 2, VI-9 blood; lane 3, control blood; lane 4, patient VI-11 muscle; lane 5,
control fibroblasts; lane 6, patient VI-11 fibroblasts; lane 7, negative control, no template;
lane 8, 100 bp ladder. Lanes 9-14: Amplicon F2&R2 (exon 5/6 junction and exon 8); lane 9,
VI1-9 blood; lane 10, control blood; lane 11, patient VI-11 muscle; lane 12, control
fibroblasts; lane 13, patient VI-11 fibroblasts; lane 14, negative control, no template. (C)
Western blot analysis of NAA10 expression in normal and patient VV1-11 fibroblast cells.
Left lane, NAA1O from patient VI-11; right lane, control fibroblast. #, Splice mutant variant
1. Blots were stripped and re-probed with mouse anti-GAPDH antibody to verify equal
loading as shown in the lower panel. (D) Immunofluorescence analysis of wild-type and
mutant-NAA10 cellular localisation. NAA10-GFP and mutant-NAA10-GFP were over-
expressed in 293T cells. Mutant NAA10-GFP aggregates in the cytoplasm. Top panel, left,
phase contrast, right, NAA10-GFP; bottom panel, left, phase contrast, right, NAA10-
mutant-GFP.
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Figure 3. NAA1O mutation ¢.471+2T —A causes growth deficiency
(A) Cell proliferation of patient VI-9, VI-10, and VI-11 fibroblasts as compared to control

fibroblasts. An equal number of patient and fibroblast cells were plated and phase images
were obtained on day 5 of culture; n=3. (B) MTT assay. Control and patient V1-9, VI-10,
and VI-11 fibroblast cells were used for the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay. 1x10° cells were plated for each cell type, in triplicate,
and the assay was performed on days 1, 3, 5, and 7; n=3. (C) Cell growth competition assay.
Equal number of control and patient fibroblast cells were mixed and plated in a single well
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of a 6-well plate. Cells were collected at every passage, for three passages, and DNA
purified. The percentage of wild-type or patient cells present at each passage was estimated
by chromatogram analysis at the c.471+2T—A mutation site. (D) NAA10 knockdown in
normal human fibroblast cells affects cell proliferation. Normal human fibroblast cells were
transduced with either shControl or NAA10 shRNA virus. Phase images were obtained on
days 5, 7, and 9 after selection with puromycin. By day 9, NAA10 knockdown fibroblast
cells became unstable and began to die while shControl fibroblast cells continued to
proliferate.

J Med Genet. Author manuscript; available in PMC 2014 December 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Esmailpour et al.

A

H.sapiens
Clupus
M.musculus
R.norvegicus
D.reno
D.rerio
D.melanogaster
A gambise
C.elegans
Athsaliana

O .sativa

TSC2

GAPDH

VI-11

NP_003482.
XP_£53470.
NP_063923.
XP_343843.

NP_998499.1

XP_0026664

NP_648378.1

XP_0016826
NP_501392.
NP_196882.
NP_0010540

C

Control

Page 24

1 148 KRDLTOMADELRRHLELKEKGRAVVLGAIENKVESKGNSPPSSGEACREE
1 142 KRDLTQMADELRRHLELKDKGRHVVLGAIENKVEGRGSSLPSSGDACRDE
i 148 KRDLTOMADELRRALELKEKGKHMVLARLENKAENKGNVLLSSGEACREE
& 148 KRDLTOQMADELRRHLELKEKGRHMVLSAMENKAENKGNVLLSSGEACREE
1 148 KRNLTOQMADEIDK=-===~~ PGVRL-WGSEAPPSQDTISVIGLVEXLTVQDG
gg.1 148 KRNLTOMADEILDK== ===~ PGVRL-WGSEAPPSQDTSVIGLVEKLTIVQDG
1 150 RRDLSEFADEIRA--KARKQS-==~~ GEEEEKAVHR-==~-~ SGG----HG
$7.1 150 RRDLSELVNNSPR--PPAERNELNDVGGDDRIITNR-===~ QKGPVVLPH
1 148 RRDLAKWAEERNI--EPADREAYTTAXTTDDKKKNR ==~~~ Semmmm———
1 142  RENLKGKONHHEA- === === === e e e e e H
11.1 142  RXPLRQPQPKHEH-=====mmmm === e e e H
Myc-NAA10-Mutant - + Myc-NAA10-Mutant - +
Myc-NAA10 + : Myc-NAA1O + -
Tsc2 + + TsCc2 + +
Total Lysate ’ Myc Total Lysate I' . TSC2
- -
P:TsC2 T Myc IP: Myc TSC2
|

Figure 4. Mutation of NAA10 abolishestheinteraction with TSC2
(A). Conservation of amino acid sequence encoded by exon 8 of NAA10. Alignment was

done using the Interactive Structure based Sequences Alignment Program Strap (http://3d-
alignment.eu/). (B) Mutant NAA1O0 fails to precipitate TSC2. Western blot analysis of TSC2
expression in a male patient with Lenz microphthalmia syndrome. Left lane, TSC2 from
patient VI-11; right lane, TSC2 from control fibroblast. Blots were stripped and re-probed
with mouse anti-GAPDH antibody to verify equal loading as shown in the lower panel. (C)
Co-immunoprecipitation of NAA10 and TSC2. Immunoprecipitation assays were performed
using either anti-TSC2 or anti-Myc antibodies followed by western blot analysis. Mutant
NAAU10 failed to precipitate TSC2 and vice versa.
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Figure5. Retinol uptakeisdramatically affected in patient fibroblast cells
(A) Quantitative real-time PCR analysis of STRA6 expression. RNA was isolated from

control and patient VI1-9, VI-10, and VI-11 fibroblast cells. STRAG is significantly down-
regulated in patient fibroblast cells. (B) Retinol uptake in control and patient VI-9, VI-10,
and VI-11 fibroblast cells. COS untransfected and COS eGFP/LRAT were used as negative
controls. COS hSTRAG/LRAT was used as a positive control for the assay.
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