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ABSTRACT
Background High myopia, with the characteristic
feature of refractive error, is one of the leading causes
of blindness worldwide. It has a high heritability, but
only a few causative genes have been identified and
the pathogenesis is still unclear.
Methods We used whole genome linkage and exome
sequencing to identify the causative mutation in
a non-syndromic high myopia family. Direct Sanger
sequencing was used to screen the candidate gene in
additional sporadic cases or probands.
Immunofluorescence was used to evaluate the expression
pattern of the candidate gene in the whole process of
eye development. Real-time quantitative PCR and
immunoblot was used to investigate the functional
consequence of the disease-associated mutations.
Results We identified a nonsense mutation (c.141C>G:
p.Y47*) in SLC39A5 co-segregating with the phenotype
in a non-syndromic severe high myopia family. The same
nonsense mutation (c.141C>G:p.Y47*) was detected in
a sporadic case and a missense mutation (c.911T>C:p.
M304T) was identified and co-segregated in another
family by screening additional cases. Both disease-
associated mutations were not found in 1276 control
individuals. SLC39A5 was abundantly expressed in the
sclera and retina across different stages of eye
development. Furthermore, we found that wild-type, but
not disease-associated SLC39A5 inhibited the expression
of Smadl, a key phosphate protein in the downstream of
the BMP/TGF-β (bone morphogenic protein/transforming
growth factor-β) pathway.
Conclusions Our study reveals that loss-of-function
mutations of SLC39A5 are associated with the autosome
dominant non-syndromic high myopia, and interference
with the BMP/TGF-β pathway may be one of the
molecular mechanisms for high myopia.

INTRODUCTION
Myopia, which is characterised by refractive error
resulting primarily from excess elongation of the
eye, is one of the most common eye disorders. The
prevalence varies across countries, but is really high
(∼71–96%) in Asian countries such as China,
Singapore, and Japan.1–3 High myopia—clinically
defined as a spherical equivalent refractive error ≥6
dioptre—affects 1–10% of the general population.4

It may result in several severe complications

including macular degeneration, retinal detach-
ment, cataract and glaucoma, and greatly increases
the risk of blindness. There are several syndromic
forms of high myopia, with additional findings
involving skeleton, heart, and ears such as Marfan,
Stickler and the recently defined deafness and
myopia syndrome.
Both environmental (close working habits,

higher education levels, higher socioeconomic class,
etc) and genetic factors are involved in the aeti-
ology of myopia.5 6 Twin and family studies
demonstrated that myopia, especially high myopia,
has a very high heritability.7 8 Candidate and whole
genome linkage analysis has identified dozens of
loci for non-syndromic myopia, but no associated
gene has been found in these linkage intervals up
to now. Several genome-wide association studies
(GWAS) and meta-analyses have found that myopia
or refractive error is associated with common var-
iants at GJD2, RASGRF1, GRIA4, KCNQ5, RDH,
LAMA2, BMP25, SIX6, and PRSS56, which may
involve eye development by regulating ion trans-
port, neurotransmission, retinoic acid metabolism,
and extracellular matrix remodelling.9–12 Several
other susceptible genes or loci were also identified,
increasing the risk of high myopia by GWAS, such
as CTNND2, 1q41, ZC3H11B, SNTB1, VIPR2, and
ZFHX1B.13–17 Recently, by using family based con-
versional positional cloning or exome sequencing,
four genes (ZNF644,18 SCO2,19 LEPREL1,20

LRPAR121) have been identified in monogenic non-
syndromic high myopia families. However, all these
genes can only explain a very small proportion of
high myopia subjects and the pathogenesis is still
unclear.
In this study, we recruited a three-generations

Chinese high myopia family with autosomal dom-
inant inheritance. By using whole genome linkage
and exome sequencing, we identified a segregating
nonsense mutation of SLC39A5 in this family.
Candidate screening in other high myopia families
and sporadic samples identified another family
with a missense mutation and a sporadic case with
the same nonsense mutation. Immunofluorescence
revealed that SLC39A5 involves the whole process
of eye development and expresses mainly in sclera
and retina. Real-time quantitative PCR (qPCR) and
immunoblot showed that both disease-associated
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mutations are loss-of-function and interfere with the BMP/
TGF-β (bone morphogenic protein/transforming growth
factor-β) pathway.

METHODS
Study subjects and clinical characterisation
A Chinese Henan non-syndromic high myopia family
(HM-FR3) with autosomal dominant inheritance participated in
this study (figure 1A). All recruited members underwent clinical
examination and blood collection after providing informed
consent. All of the affected cases have a history of myopia onset
before 10 years of age. A comprehensive ophthalmic examin-
ation was performed and the refractive error and axial length
were measured and recorded. All of the affected individuals
have no known ocular disease or insult that could predispose to
myopia, such as retinopathy of prematurity or early age media
opacification, and no known genetic diseases associated with
myopia, such as Stickler or Marfan syndrome. The study was
approved by the Institutional Review Board of The State Key

Laboratory of Medical Genetics and adhered to the tenets of
the Declaration of Helsinki.

Whole genome genotyping and linkage analysis
Genomic DNA was extracted from leucocytes of all individuals
by the standard proteinase K digestion and phenol-chloroform
method. Whole genome genotyping was performed using
Illumina HumanLinkage-12 Bead Chip on all recruited
members of pedigree HM-FR3, strictly following the instruc-
tions of Illumina’s protocol. Genotype calling and quality
control were performed using the Illumina GenomeStudio
Genotyping Module (V6.0). Single nucleotide polymorphisms
(SNPs) were excluded if the call rate was lower than 95%,
departed from Hardy-Weinberg equilibrium (p<0.001) or had
Mendelian inconsistencies. Finally, the call rates for all indivi-
duals were above 98% and a total of 5440 autosomal SNPs
were left for linkage analyses. Parametric two-point and multi-
point linkage analysis using the genotypes after quality control
were carried out with MERLIN22 based on an autosomal

Figure 1 Identification of SLC39A5 mutations in high myopia patients. (A) The pedigree plot for HM-FR3: solid symbols represent affected
individuals. M numbers denote individuals whose DNA samples were analysed. The nonsense mutation (Y47X) identified by whole genome linkage
and exome sequencing segregated with the phenotype exactly. (B) Fundus photograph for the proband of HM-FR3 (M16346) appeared tigroid and
had focal atrophy of the choroid. OD represents right eye and OS represents left eye. (C) Multi-point parametric linkage analysis shows four regions
with LOD score more than 1 on chromosome 2, 10, and 12, respectively, and other eight low peaks with maximum LOD score no more than 0.5.
(D) The pedigree plot for family HM-ZZ19 with the missense mutation (M304T) of SLC39A5. (E) Schematic of human SLC39A5 protein structure and
mutational locations: the nonsense mutation occurred at the 47th amino acid and is located in the amino-terminal domain; the missense mutation
is located at the terminal of the third transmembrane domain.
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dominant (AD) model with 0.9 penetrance and an allele fre-
quency of 0.01. The affection statuses were defined strictly
according to the clinical diagnosis.

Targeted region capturing and exome sequencing
For each patient selected for exome sequencing, 1 μm of
genomic DNA was fragmented and selected, aiming for a 350–
400 base pair product and PCR amplified. Exome capturing was
performed to collect the protein coding regions of human
genome DNA using Illumina TruSeq array as described in the
manufacturer’s instructions. The exon-enriched DNA libraries were
sequenced using the Illumina HiSeq 2000 platform, following the
manufacturer’s instructions (Illumina, San Diego, USA).

Read mapping, variant analysis, and mutation validation
Generated reads by exome sequencing were aligned to human
reference genome hg19 (UCSC version) using BWA
(Burrows-Wheeler Aligner) 0.5.6.23 Read qualities were recali-
brated using GATK Table Recalibration 1.0.2905.24 Picard 1.14
was used to flag duplicate reads (http://picard.sourceforge.net/).
GATK IndelRealigner 1.0.2905 was used to realign reads
around insertion/deletion (InDel) sites. Single nucleotide var-
iants (SNVs) were generated with GATK Unified Genotyper24

and in parallel with the SAM tools pipeline.25 The small InDels
were also called with the GATK Unified Genotyper and
SAMtools. The called SNVs and InDels are annotated with
ANNOVAR,26 and filtered as follows: (1) extracting non-
synonymous, splicing, and InDel variants; (2) excluding high
frequency (minor allele frequency (MAF) >0.01) polymorph-
isms in dbSNP137, 1000 genome and ESP6500; (3) extracting
heterozygous variants; (4) excluding variants in our 50 in-house
control samples with exomeSeq data; (5) extracting the shared
variants of the two affected individuals; (6) extracting the var-
iants located in the linkage signal regions. Sanger sequencing
was used to validate the co-segregating status of the mutations
left by the above filtering procedures. Mutation screening in the
180 probands and sporadic cases was also performed by Sanger
sequencing. The primer pairs spanning all exons, untranslated
regions (UTRs) and splicing sites were designed by the Primer3
program (http://frodo.wi.mit.edu/).

Immunofluorescence for expression distribution of Slc39a5
in the mouse eyes
The whole mouse embryos at embryonic day 10 and at postnatal
days 0, 13, and 50 were cryopreserved according to standard proce-
dures. The cryosections (10 mm) were incubated with haematoxylin
and eosin, anti-Slc39a5 (Sigma-Aldrich), or a rabbit IgG isotype
negative control (Vector labs). Bound primary antibody was
detected with Alexa Fluor 488-conjugated secondary antibody
( Jackson), and the nuclei were counter-stained with DAPI
(4’,6-diamidino-2-phenylindole) (Invitrogen). Immunofluorescence
was analysed with an Eclipse TE2000-E inverted confocal micro-
scope (Leica Instruments).

Real-time qPCR
Total RNA was isolated from lymphocyte cell lines from the
patients and unaffected family members using the GeneJET RNA
purification kit (Fermentas), as described by the manufacturer.
First strand cDNA was synthesised with Revert Aid First Strand
cDNA Synthesis Kit (Fermentas) from total RNA. Quantitative
PCR was performed with the Maxima SYBR Green qPCR
Master Mix (Fermentas) for SLC39A5 mRNA (forward
primer, 50-CTCGTCAGTTTGCTCTGCTG; reverse primer,
CAGCAAGGGCCGTAGTAGAC) or Smad1 mRNA (forward

primer, 50-GCCCTGTACTTCCTCCTGTG; reverse primer,
50-TTGGGTTGCTGGAAAGAATC). ACTB (forward primer,
50-AATCTGGCACCACACCTTCTA; reverse primer, 50-GAT
AGCAACGTACATGGCTGG) and 18S rRNA (forward primer,
50-AGTCCCTGCCCTTTGTACACA; reverse primer,
CGATCCGAGGGCCTCACTA) were used for normalisation in
mRNA relative quantifications. All samples were run in tripli-
cate. Relative SLC39A5 mRNA levels or Smad1 mRNA levels
were normalised to that of ACTB or 18S rRNA, calculated by
the 2−ΔΔCt method and log10 transformed. A value of p<0.05
was considered to be statistically significant.

Immunoblot analyses
Cells were seeded in 24-well plates transfected with empty
SLC39A5-FLAG, SLC39A5-M304T-FLAG or SLC39A5-Y46X-
FLAG plasmid using Lipofectamine 2000 (Invitrogen). Cells
were harvested 48 h after transfection for protein extraction.
Cells were lysed and homogenised with SDS (sodium dodecyl
sulfate) sample buffer (63 mM Tris-HCl, 10% glycerol, 2%
SDS) and Protease Inhibitor Cocktail (Sigma). Twenty micro-
grams of total protein per lane were separated on 10%
SDS-PAGE (polyacrylamide gel electrophoresis) gels and fol-
lowed by transfer to PVDF membranes (Millipore). Membranes
were blocked by 5% non-fat milk for 1 h at room temperature
followed by incubation overnight with primary antibody at
4. The antibody used was rabbit-anti Smad1 (Cell Signaling),
M2 (Sigma), mouse-anti SLC39A5 (sigma), mouse-anti β-actin
(Sigma).

SLC39A5 shRNA plasmid construction
The short hairpin RNA targeting SLC39A5 cDNA was designed
with Block-iT RNAi Designer (Invitrogen). SLC39A5
sh1 (50-GGAATCTCGAAACACGCAACT-30), SLC39A5
sh2 (50-GACCACCTGAATGAGGATTGT-30), SLC39A5 sh3
(50-GCCCTGCTTTATCAGATCGAC-30), and a control shRNA
(50-GACTCACGCATCGAACAATGA-30), which was not hom-
ologous with any known mammal genes, were used in the
experiment. Oligonucleotides were annealed followed by inser-
tion into pSUPER vector (OligoEngine).

Immunofluorescence for subcellular localisation of SLC39A5
Cells were cultured on glass coverslips. Wide type and mutant
vectors were transfected by lipo2000 (Invitrogen). The cells
were then fixed in 4% paraformaldehyde/sucrose for 10 min.
Cell permeabilisation was performed with 0.1% Triton X-100/
PBS (phosphate buffered saline) for 15 min followed by block-
ing with BSA (bovine serum albumin) for 30 min. The cells
were then probed by primary antibody and stained by Alex
Flour 488-conjugated or cy3-conjugated second antibody. DAPI
was used for nuclear stain. Images were acquired with an
Eclipse TCS-SP5 inverted confocal microscope (Leica).

RESULTS
Clinical description
Nine members (five affected, figure 1A) of HM-FR3 were
recruited into the study. The refractive errors for the five
affected subjects range from −5.00 to −25.00 dioptre sphere
(DS) for the left eye (OS) and from −7.00 to −20.00 DS for the
right eye (OD). Eye globe axial length ranges from 26.14 to
33.32 mm for OS and 26.29 to 32.09 mm for OD (table 1).
The proband (M16346) and two elderly patients showed typical
fundus features of high myopia, tigroid and focal atrophy of
choroid (figure 1B). All of the affected individuals have a
history of myopia onset before the age of 10 years old (table 1)
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and have no known ocular disease or insult that could predis-
pose to myopia.

Whole genome linkage and exome sequencing identified
segregating mutation in SLC39A5
To narrow the chromosome intervals and increase the possibility
of identifying the causative mutation, we firstly performed
whole genome linkage analysis using Illumina Human
Linkage-12 BeadChip. Multi-point parametric linkage analysis
identified four regions on chromosome 2, 10, and 12 with
maximum multi-point parametric LOD (logarithm of odds)
scores from 1 to 1.42 (figure 1C, see online supplementary
table S1). We also identified eight other signals distributed in
seven chromosomes, with maximum parametric and non-
parametric LOD scores of no more than 0.5 (figure 1C).
Nevertheless, we also included these eight signals in the follow-
ing filtering procedures as linkage intervals.

We subsequently performed exome capturing and sequencing
for two patients (M16346 and M16350, figure 1A) from family
HM-FR3. In total, we generated an average of 6.38 Gbp and
13.09 Gbp of sequence with more than 50× and 90× coverage
for each individual as paired-end, 110-bp reads, and more than
95% of the targeted bases were covered sufficiently to pass our
thresholds for calling SNVs and insertions and deletions
(InDels) (see online supplementary table S2). We identified
21 963 (9083 non-synonymous SNV, splicing SNV and InDels)

and 21 047 (8679 non-synonymous SNV, splicing SNV and
InDels) coding variants in M16346 and M16350, respectively.
The called SNVs and InDels were filtered as described in the
method (Read mapping, variant analysis and mutation valid-
ation). Following the filtering procedures described above, only
four variants were left for our further analysis (table 2). We used
Sanger sequencing to validate these four variants and analyse
the co-segregating status of the variants in all family members.
Finally, only one nonsense mutation in SLC39A5 (c.141C>G:p.
Y47*) co-segregated with the phenotype in all family members.
Considering that the HM-FR3 family is not large enough to
detect complete linkage signals (the MAX-LOD score is 1.42),
we also assessed all the variants shared between the two affected
individuals (left by procedure 5). Only the nonsense mutation in
SLC39A5 co-segregated with the phenotype in all family
members.

This mutation is located in the linkage region in chromosome
12 with the maximum multi-point parametric LOD score of
1.42 (rs774033 and rs10122, see online supplementary table
S1). To confirm that the segregating status of the mutation is
consistent with the haplotype segregating status, we per-
formed the haplotype analysis using the genotyped SNPs
around this mutation. The haplotype plot shows that the
mutation segregated within the haplotype exactly (see online
supplementary figure S1). This mutation is not identified in
500 population-matched controls using Sanger sequencing, or

Table 1 Description of clinical characteristics of the family members and the sporadic case with SLC39A5 mutations

Sample
ID Sex

Affection
status

Age at onset
(years)

Age at exam
(years)

Corneal power
Refractive error
(DS)

Axial length
(mm)

MutationsOD OS OD OS OD OS

HM-FR3
M16344 M U NA 70 42.75/43.01 42.50/44.62 −0.34 −0.50 24.2 23.8 NO
M16345 F A 10 68 43.50/44.75 43.01/44.25 −5.00 −7.00 26.14 27.65 c.C141G:p.Y47X
M16346 F A 3 47 41.57/42.75 42.01/43.50 −25.00 −20.00 33.32 32.09 c.C141G:p.Y47X
M16348 M U NA 44 40.65/41.34 40.50/42.45 +1.00 +0.50 23.5 23.9 NO
M16347 F A 5 42 41.75/42.23 41.50/42.35 −9.00 −13.00 28.13 29.41 c.C141G:p.Y47X
M19118 F U NA 28 41.21/43.89 41.50/43.25 −0.30 −0.25 24.0 24.5 NO
M16349 M A 8 35 42.35/44.62 42.75/44.25 −5.00 −7.00 27.87 28.52 c.C141G:p.Y47X
M16350 M A 8 15 43.25/44.00 43.75/44.50 −7.50 −7.00 26.35 26.29 c.C141G:p.Y47X
M21932 M U NA 17 42.75/43.50 42.02/43.65 −0.22 −0.45 23.8 24.1 NO
HM-ZZ19
M20111 M U NA 50 40.87/41.50 40.25/42.50 −1.00 −1.00 23.9 24.00 NO
M20112 F A 10 48 43.19/44.25 43.94/45.25 −8.00 −8.50 27.50 28.35 c.T911C:p.

M304T
M20113 M A 5 23 43.75/44.12 44.00/45.25 −6.50 −5.25 26.54 26.52 c.T911C:p.

M304T
Sporadic
M21789 M A 9 45 41.26/42.79 41.38/43.21 −20.00 −18.50 31.34 29.58 c.C141G:p.Y47X

OD represents right eye and OS represents left eye.
A, affected; DS, diopter sphere; F, female; M, male; U, unaffected.

Table 2 Filtering procedures and statistics for the SNVs and InDels called from the exome sequencing data

Sample
ID NS/SS/InDel

LowFreq
(MAF<0.01)

Dominant
(Heterozygous)

Absent in our 50
exomeSeq data

Segregating in
exomeSeq subjects

In linkage
regions

Segregating in all
family members

M16346 8692/77/313 630/26/291 622/21/202 437/8/46 72/2/6 3/1/0 1/0/0 (SLC39A5:c.
C141G:p.Y47X)M16350 8300/69/309 549/19/293 540/14/195 385/3/39

InDel, insertions and deletions; LowFreq represents low allele frequency (MAF<0.01) both in 1000g2012Aril and ESP6500NS, non-synonymous variants; SNV, single nucleotide variant;
SS, splicing variants.
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in another cohort of 776 population-matched controls with
exome sequencing data. High myopia and other related syn-
dromes were excluded for all of the 1276 controls.

To validate the association of SLC39A5 with HM, we
sequenced all the exons and splice sites of this gene in a cohort
of 180 patients with high myopia (63 family probands and 117
sporadic cases). The 180 patients had refractive errors ranging
from −6.4 to −30.0 DS and an axial eye globe length from
26.00 to 44.38 mm for both eyes (see online supplementary
table S3). Two mutations were identified. One of them
(c.141C>G:p.Y47*), identified in a sporadic case (M21789,
table 1), is the same as that we identified in pedigree HM-FR3.
The other one (c.911T>C:p.M304T) was identified and
co-segregated in a pedigree with three members (HM-ZZ19,
figure 1D, table 1). The c.911T>C mutation was not identified
in 1276 population-matched controls.

SLC39A5 is expressed in the sclera and retina across
different stages of eye development
SLC39A5 encodes solute carrier family 39, member 5
(SLC39A5 or ZIP5), a member of the ZIP family of transporters
for metal ion, specific for zinc.27 It is reported that SLC39A5 is
situated in the Golgi membrane27 or cell membrane.28

However, our data showed that it is localised in the membrane
of endoplasmic reticulum in HEK293 cells (see online supple-
mentary figure S2–3). Although SLC39A5 has been shown to
express in several tissues important for zinc homeostasis, includ-
ing the intestine, pancreas, liver and kidney,27 no data revealed
its expression in ocular tissues. In light of further association
between SLC39A5 and high myopia and the substructure local-
isation of SLC39A5 in the eye, we investigated the expression of
Slc39a5 in the mouse eyes with a rabbit polyclonal antiserum
against Slc39a5. As shown in figure 2A, B, Slc39a5 was observed

in all stages of eye development and mainly expressed in the
sclera and several layers of the retina, such as the inner segment
(IS), outer plexiform layer (OPL), and ganglion cell layer (GCL).

Disease-associated mutations are loss-of-function and
interfere with the BMP/TGF-β pathway
Human SLC39A5 contains eight transmembrane domains, and
the N-terminus and C-terminus are extra-cytosolic. There are
four potential sites of N-glycosylation: three of them (Asn-49,
Asn-91, and Asn-158) are found in the amino-terminal domain,
and the other one (Asn-390) is predicted to lie within transmem-
brane domain 4. The Y47* mutation introduced a stop codon at
position 47 (figure 1E). The protein level in the patients’
lymphocyte cell lines was decreased compared to the normal
controls as demonstrated by immunoblot, but the mRNA expres-
sion level was not different between cases and controls (see
online supplementary figure S4). This indicates that the Y47*
mutation may produce a truncated protein with 46 amino acids.
The missense mutation was located in the third transmembrane
domain (figure 1E); however, it did not influence the localisation
of SLC39A5 in the membrane of endoplasmic reticulum (see
online supplementary figure S3).

SLC39A13, a homologue of SLC39A5, encoding another zinc
transporter, has been identified as causing Ehlers-Danlos syn-
drome (EDS).29 EDS patients also presented with incomplete
penetrance of myopia and under-hydroxylated lysyl and prolyl
residues of collagens. Interestingly, Slc39a13-deficient mouse
showed a disrupted BMP/TGF-β transduction pathway.30 To see
if SLC39A5 is also involved in the BMP/TGF-β pathway, the
expression of Smad1, a key downstream transcription factor,
was examined by real-time qPCR and immunoblot. As shown in
figure 3A, B, we observed pronounced upregulation of Smad1
in both mRNA (figure 3A, see online supplementary figure S5)

Figure 2 Slc39a5 is expressed in all stages of developing mouse eye, mainly in the sclera and retina. (A) Immunofluorescent labelling of Slc39a5
at different developing stages of normal mouse eye. The localisation of Slc39a5 is shown by the green colour, and the blue colour indicates the
nuclei that were stained with DAPI. We selected four developing stages of normal mouse, E10, P0, P13, and adult. Slc39a5 is abundantly expressed
at different developing stages of the eye. (B) The enlargement of the retina and sclera from labelled adult mouse eye. Slc39a5 is abundantly
expressed at the sclera and different layers of the retina. The following abbreviations represent the retinal layers: NFL, nerve fibre layer; GCL,
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segment; OS,
outer segment ; PRL, photo receptor layer; and RPE, retinal pigment epithelium.
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and protein (figure 3B) expression levels in the patients’
lymphocyte cell lines as compared to controls. We also demon-
strated that wild type, but not disease-associated SLC39A5, sup-
pressed the expression of Smad1 in HEK293 cells (figure 3C).
To further study the effect of SLC39A5 on the Smad1 expres-
sion, we transduced HEK293 cells with three SLC39A5 shRNA
vector (SH1, SH2, SH3). As shown in figure 3D,E, silence
of SLC39A5 significantly attenuated the suppressive effect of
wild-type SLC39A5 on Smad1 expression, implying the
disease-associated mutations are loss-of-function. As the BMP/
TGF-β pathway has been recurrently implicated in myopia
development,21 31 32 disruption of the BMP/TGF-β pathway
may be one of the mechanisms underlying high myopia.

DISCUSSION
We have identified that loss-of-function mutations in SLC39A5
were associated with high myopia by using the combination of
whole genome linkage analysis and exome sequencing. Our data
indicate that Slc39a5 was highly expressed in all developing
stages of mouse eyes and mainly expressed in sclera and retina,
further implying the association between SLC39A5 and eye
development. Functional studies indicated that wild-type, but
not disease-associated SLC39A5 suppressed the expression of
Smad1, suggesting disruption in the BMP/TGF-β pathway as
one of the underlying mechanisms of high myopia.

The disease-associated nonsense mutation Y47* has been
annotated as an extremely rare SNP (rs199624584). One indi-
vidual (HG00701) from the Chinese population in the 1000
genome project carried this variant. Since there is no phenotype
record in the 1000 genome samples, it is unclear whether the
individual has the myopia phenotype or not. The missense
variant is a private mutation which has not been reported in any
database and our 1276 controls. It is located in the fourth trans-
membrane domain. The functional prediction of this mutation
by SIFT and PolyPhen2 is not damaging. However, our func-
tional analysis demonstrated that it has a pathogenic effect. We

revealed that this variant, as with Y47*, lost the function to sup-
press Smad1 expression. SLC39A5 has been reported suiting in
Golgi27 or plasma membrane.28 However, we revealed that
SLC39A5 is localised in the membrane of the endoplasmic
reticulum in HEK293 cells. The most likely explanation is that
different cell types were used in these studies. It is reported that
one protein can localise in different subcellular structures to
play different functions in different cells. This phenomenon has
been observed in other genes, such as TLR333 and GPR30.34

SLC39A5 encodes a zinc transporter. Interestingly, zinc is
essential for eye development and zinc deficiency has been
reported in high myopia patients.35 36 Our data show that zinc
transporter Slc39a5 is involved in the whole stage of mouse eye
development and is abundantly expressed in the sclera and
retina. Although it is still unclear how zinc participates in eye
development and the development of myopia, we identified that
disease-associated mutations of the zinc transporter encoded the
gene dysregulated BMP/TGF-β pathway. Interestingly, TGF-β is
one of the most reproducibly dysregulated genes in the study of
myopia development21 31 32 37 38 and is thought to exert an
effect through modulating the extracellular matrix (ECM) of the
sclera, in which SLC39A5 is abundantly expressed. Although
the BMP/TGF-β pathway has been implicated in high myopia
pathogenesis, the mechanism is still unclear. Our data suggest
that zinc may be involved in eye development by regulating
BMP/TGF-β, and disruption of this may cause the refractive
error and finally result in the high myopia phenotype.

It is also worth highlighting that SLC39A13 mutations caused
under-hydroxylated lysyl and prolyl residues of collagens in
EDS patients.29 Since Slc39a13-deficient mouse presented with
disruption of the BMP/TGF-β pathway,30 there might be some
kind of relationship between collagen or collagen hydroxylase
and the BMP/TGF-β pathway. Indeed, BMP/TGF-β has been
implicated in modulating ECM of the sclera,39 which is mainly
comprised of collagens. Therefore, it is possible that
BMP/TGF-β may regulate the transcription of collagens or

Figure 3 Disease-associated mutations of SLC39A5 failed to suppress Smad1 expression. (A, B) Real-time quantitative PCR and immunoblot
analysis showed a pronounced increase of both mRNA (A) and protein (B) expression level of Smad1 in two affected individuals (M16346 and
M16350) as compared to controls. (C) Immunoblot analysis showed that wild-type SLC39A5 suppressed Smad1 expression; however, both
disease-associated mutations notably up-regulated Smad1expression in transduced HEK293 cell lines. (D, E). Immunoblot analysis showed that
SLC39A5 shRNAs (SH1, SH2, SH3) (D) notably attenuated the suppressive effect of wild-type SLC39A5 on Smad1 expression (E).
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collagen-related protein, such as lysyl and prolyl hydroxylase,
and control the expression and normal function of collagens.
The failure of any process may contribute to myopia or related
phenotypes. Interestingly, one homozygous missense mutation
in the prolyl hydroxylase encoded gene, LEPREL1, has been
identified as the cause of autosome recessive high myopia in an
Israeli family.20 Furthermore, we also identified a homozygous
loss-of-function mutation of this gene in a high myopia family
from a Chinese population.40 Further studies should be con-
ducted to explore the relationship between collagen or collagen
hydroxylase and the BMP/TGF-β pathway, as well as the poten-
tial underlying mechanism in the development of myopia.
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Figure S1. Haplotype analysis for the linkage interval in chromosome 12. The haplotype, highlighted 

by black square frame, is assumed to carry the inherited disease allele. Recombination was observed 

between rs2279400 and rs6581040 on patient M16346 at the top, and between rs1174596 and rs187991 

on patient M21932 at the bottom. The minimum haplotype segregating with phenotype carrying the 

disease allele is from rs2279400 to rs187991 (blue square). SLC39A5 is located between rs6581040 

and rs774033. 



 
 

Figure S2. Immunofluorescence showed that SLC39A5 (SLC39A5-GFP: green) was not localized in 

the membrane of Golgi network (GM130 marker: red). Blue color indicates the nuclei that were stained 

with DAPI. 

 

 

 

Figure S3. Immunofluorescence showed that SLC39A5 (SLC39A5-GFP: green) and the membrane of 

endoplasmic reticulum (CALRECULALIN marker: red) are co-localization (Merge: yellow). Blue 

color indicates the nuclei that were stained with DAPI. The missense mutation of SLC39A5 (M304T) 

did not influence the membrane localization. 



 

Figure S4. A: Immunoblot showed that the protein expression level of SLC39A5 in patients’ 

lymphocyte cell lines (M16346 and M16350) was decreased as compared to the control. B: Real-time 

qPCR showed that there is no significant difference of mRNA expression level in lymphocyte cell lines 

between cases and controls. 

 

 

 

 

Figure S5. Real-time qPCR revealed that the mRNA expression level of Smad1 is significantly 

increased in patients as compared to family unaffected controls. Two housekeeping genes, ACTB and 

18S rRNA, were used as reference. 

  



Table S1. Four linkage regions with maximum LOD score more than 1. 

CHR snpID Position(cM) Position(bp) LOD ALPHA HLOD 

Linkage Region 1 
     

chr2  rs714393 208.0927 212698718 -1.583 0 0 

chr2  rs2054615 209.1377 213484752 0.799 1 0.799 

chr2  rs931218 209.1535 213496624 0.808 1 0.808 

chr2  rs1397354 210.4696 214916394 1.3 1 1.3 

chr2  rs1880586 211.9134 216195171 1.415 1 1.415 

chr2  rs1525351 211.9945 216263366 1.415 1 1.415 

chr2  rs1851328 213.9884 217180532 1.414 1 1.414 

chr2  rs750365 216.01 218391463 1.413 1 1.413 

chr2  rs921970 217.5207 219209796 1.413 1 1.413 

chr2  rs9076 217.5223 219210781 1.413 1 1.413 

chr2  rs585185 217.9054 219457741 1.412 1 1.412 

chr2  rs1554622 218.1358 219606218 1.412 1 1.412 

chr2  rs746233 219.8353 220384126 1.41 1 1.41 

chr2  rs1378011 221.572 221231032 1.41 1 1.41 

chr2  rs1463991 222.5677 221703746 1.411 1 1.411 

chr2  rs1002742 223.789 222133254 1.412 1 1.412 

chr2  rs348971 225.0195 222918191 1.414 1 1.414 

chr2  rs1438620 225.1031 223038461 1.402 1 1.402 

chr2  rs6756323 226.1572 223785740 1.208 1 1.208 

chr2  rs2028383 226.2017 223823132 1.198 1 1.198 

chr2  rs17203808 226.6372 224189533 1.08 1 1.08 

chr2  rs1045654 228.0278 225630233 -1.46 0 0 

Linkage Region 2 
     

chr2  rs1469375 244.998 235950187 -1.461 0 0 

chr2  rs11680844 246.1844 236261524 0.667 1 0.667 

chr2  rs1569125 247.446 236556537 0.928 1 0.928 

chr2  rs1728291 247.7624 236668638 0.966 1 0.966 

chr2  rs729454 249.1315 237851338 1.074 1 1.074 

chr2  rs1198823 251.5616 238760118 1.127 1 1.127 

chr2  rs1198826 251.6564 238793068 1.126 1 1.126 

chr2  rs895572 251.7202 238815252 1.121 1 1.121 

chr2  rs472357 253.1288 239355454 0.997 1 0.997 

chr2  rs6431603 253.4846 239492882 0.959 1 0.959 

chr2  rs291335 255.1809 240147847 0.712 1 0.712 

chr2  rs731161 256.5374 240671768 0.304 1 0.304 

chr2  rs2083411 257.3843 240961728 -1.362 0 0 

Linkage Region 3 
     

chr10 rs1041226 19.60313 6643851 -1.164 0 0 

chr10 rs2439903 20.05396 6831860 0.566 1 0.566 

chr10 rs942432 20.8777 7162564 1.012 1 1.012 

chr10 rs1969825 21.00757 7221320 1.054 1 1.054 

chr10 rs942434 21.03659 7237007 1.063 1 1.063 

chr10 rs1537626 21.80639 7653124 1.249 1 1.249 

chr10 rs3858256 22.02301 7770222 1.289 1 1.289 

chr10 rs1244459 22.31534 7928240 1.339 1 1.339 

chr10 rs2671303 22.58606 8074577 1.38 1 1.38 

chr10 rs516769 22.841 8212168 1.415 1 1.415 

chr10 rs1663691 25.24088 9023732 1.415 1 1.415 

chr10 rs2589569 25.38377 9071968 1.415 1 1.415 

chr10 rs1033912 25.99346 9592521 1.414 1 1.414 



chr10 rs1535976 29.10913 11850132 1.413 1 1.413 

chr10 rs1892302 30.42805 12446572 1.414 1 1.414 

chr10 rs1111060 30.71605 12576812 1.414 1 1.414 

chr10 rs652029 32.08619 13064407 1.414 1 1.414 

chr10 rs7899305 32.49754 13199611 1.415 1 1.415 

chr10 rs1890876 33.35893 13482731 1.416 1 1.416 

chr10 rs1001201 34.76352 14043452 1.416 1 1.416 

chr10 rs873849 36.16506 14509807 1.416 1 1.416 

chr10 rs2298033 37.67526 15649710 1.416 1 1.416 

chr10 rs1341106 37.81187 15701278 1.416 1 1.416 

chr10 rs1341100 37.95056 15753837 1.416 1 1.416 

chr10 rs780838 40.7268 16921370 1.414 1 1.414 

chr10 rs1810205 40.83673 16965227 1.414 1 1.414 

chr10 rs1276709 41.01948 17038138 1.414 1 1.414 

chr10 rs359280 41.72523 17319707 1.414 1 1.414 

chr10 rs359327 41.82716 17398870 1.414 1 1.414 

chr10 rs729245 43.47998 18741794 1.415 1 1.415 

chr10 rs10740828 43.86 19320865 1.415 1 1.415 

chr10 rs949857 45.14854 20525737 1.416 1 1.416 

chr10 rs4748722 45.52962 21073521 1.416 1 1.416 

chr10 rs10828183 45.72443 21353551 1.416 1 1.416 

chr10 rs8341 46.38657 22825133 1.416 1 1.416 

chr10 rs927751 46.52325 23506529 1.387 1 1.387 

chr10 rs442463 47.94854 24614557 0.763 1 0.763 

chr10 rs1928365 49.57619 25782764 -0.958 0 0 

Linkage Region 4 
     

chr12 rs2279400 69.47428 54581314 -1.461 0 0 

chr12 rs6581040 70.80205 55790945 1.12 1 1.12 

chr12 rs774033 72.09882 56825311 1.416 1 1.416 

chr12 rs10122 72.76 58350631 1.416 1 1.416 

chr12 rs1848125 72.81748 58519811 1.39 1 1.39 

chr12 rs1174596 72.96262 58761336 1.332 1 1.332 

chr12 rs187991 73.85646 59962305 0.421 1 0.421 

chr12 rs1000708 73.92 60083488 0.421 1 0.421 

chr12 rs1504464 73.95303 60743179 0.421 1 0.421 

chr12 rs1393988 74.06718 60987363 0.421 1 0.421 

chr12 rs1503578 74.07032 60991716 0.421 1 0.421 

chr12 rs1506918 74.51395 61606297 0.421 1 0.421 

chr12 rs2048822 74.63473 61773625 0.421 1 0.421 

chr12 rs1695105 77.63686 64597579 0.421 1 0.421 

chr12 rs1344945 78.7658 65675628 0.422 1 0.422 

chr12 rs1816562 80.26799 66678337 0.422 1 0.422 

chr12 rs961049 80.39421 66762591 0.422 1 0.422 

chr12 rs1480027 80.93679 67124761 0.421 1 0.421 

chr12 rs1252269 81.14355 67262772 0.396 1 0.396 

chr12 rs11832437 81.32215 67381992 0.373 1 0.373 

chr12 rs717078 82.47697 68131676 0.182 1 0.182 

chr12 rs1195817 84.43761 69330932 -1.037 0 0 

 

  



Table S2. Summary statistics for exome sequencing for the two individuals from HM-FR3 family 

Sample Bases Map Bases Map Bases Rate Target Map Base Target Map Bases Rate Target Length Coverage Mean Depth 

M16346 6.83 Gbp 5.22 Gbp 78.2% 2.91 Gbp 67.7% 62 Mbp 95.1% 46.9X 

M16350 13.03 Gbp 9.89 Gbp 77.4% 5.66 Gbp 70.1% 62 Mbp 95.6% 91.2X 

 



Table S3. Clinical description for the 180 family probands or sporadic cases 

StatItems Age 
Refractive Error [DS]  Axial Length[mm] 

 OD OS   OD OS 

Min 3 6.40 6.50  26.50 26.20 

Max 77 30.00 30.00  44.38 35.00 

Mid 41 11.75 12.00  27.52 27.46 

Avg 39 13.64 14.31  28.07 27.99 
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