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Age-related macular degeneration (AMD) is a leading cause of visual impairment and irreversible blindness in most
developed countries, affecting about 50 million elderly people worldwide. Retinal pigment epithelial (RPE) cell
degeneration is the pathophysiological cause of AMD, leading to geographic atrophy and choroidal neovascularization.
We and others have previously identified several polymorphisms on chromosome 10q26 (HTRA1 rs11200638 as well as
LOC387715 rs10490924 and c.372_815del443ins54) associated with AMD. In this study, we confirmed the association of
our previously identified HTRA1 insertion–deletion (indel) variant (c.34delCinsTCCT) in 195 exudative AMD patients and
390 controls from the Hong Kong Chinese cohort with additional 168 patients and 210 controls from the Chengdu
Chinese cohort and followed by studying its biological functions in RPE cells. Genetic analysis verified the higher
prevalence of c.34delCinsTCCT allele in control subjects (8.0%) than in AMD patients (1.9%; P= 7.87 × 10− 5, odds
ratio = 0.229). This protective effect was validated as the haplotype of the c.34delCinsTCCT allele existed independent of
the risk haplotype (P= 1.17 × 10− 5). In vitro studies showed that recombinant HTRA1 c.34delCinsTCCT variant protein was
more localized in the endoplasmic reticulum of RPE cells compared with the wild-type protein, and its secretion was
delayed. Moreover, ARPE-19 cells expressing HTRA1 c.34delCinsTCCT variant had higher cell viability, lower cell apoptosis
and were less responsive to anoikis, supporting its protective role. We revealed a protective AMD-associated HTRA1 variant
in Chinese populations and the biological role of HTRA1 in RPE cell degeneration, indicating its involvement in AMD
pathogenesis.
Laboratory Investigation (2017) 97, 43–52; doi:10.1038/labinvest.2016.117; published online 14 November 2016

Age-related macular degeneration (AMD) is a leading cause of
visual impairment and irreversible blindness in most devel-
oped countries, affecting about 50 million elderly people
worldwide.1 Excessive drusen, the clinical hallmark of AMD,
can lead to retinal pigment epithelium (RPE) damage, which
instigates geographic atrophy (non-exudative type), vascular
endothelial growth factor (VEGF) expression and choroidal
neovascularization (CNV; exudative type) with chronic
aberrant inflammation.2 AMD is a complex disease influenced
by multiple genes and environmental factors. We previously
identified a variant (rs11200638) in the promoter region of
the high temperature requirement factor A1 (HTRA1) gene
on chromosome 10q26 associated with exudative AMD.3,4

HTRA1 is in strong linkage disequilibrium with an adjacent
hypothetical gene LOC387715 (ARMS2), which has also been
proposed to be an AMD candidate gene.5 A non-synonymous
variant (p.(Ala69Ser); rs10490924:G4T) was suggested to
affect the presumptive function of the LOC387715 protein in
mitochondria or cytoskeleton.6,7 In the LOC387715 gene, an
insertion–deletion (indel) variant (c.372_815del443ins54), in
the same haplotype with the rs11200638 risk allele, down-
regulates LOC387715 mRNA although it might not correlate
with LOC387715 level in the retina or blood.8,9 Concurrently,
this indel allele might also upregulate HTRA1 expression.10

However, a nonsense variant (p.(Arg38Ter); rs2736911:
C4T), located in a non-risk haplotype, also led to reduction
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in LOC387715 mRNA.8,10 These findings suggested that
LOC387715 insufficiency alone may not lead to the develop-
ment of AMD on 10q26.8

Human HTRA1 belongs to the evolutionarily conserved
HtrA family of chymotrypsin-like serine protease with
temperature-dependent proteolytic and molecular chaperone
activities.11 It was first identified in SV40-transformed
fibroblasts and osteoarthritic cartilage12,13 and predicted to
possess a N-terminal secretory signal peptide, a mac25-like
domain and a C-terminal HtrA (proteolytic and PDZ)
domain. Mutations in the HTRA1 gene are associated with
cerebral autosomal-recessive arteriopathy with subcortical
infarcts and leukoencephalopathy.14 Downregulation of
HTRA1 has been detected in cancers, whereas HTRA1
overexpression enhanced cell apoptosis and reduced cell
proliferation in cancer cell lines.15 Upregulation of HTRA1
was reported in placentation,16 preeclampsia,17 arthritis,13

Alzheimer’s disease,18 Duchenne muscular dystrophy19 and
idiopathic dilated cardiomyopathy.20 Analogously, HTRA1
mRNA and protein expression are elevated in the lympho-
cytes and RPE of AMD patients carrying the risk-associated
variant,4 while different reported studies had been
inconsistent.8 HTRA1 protein expression is elevated in
drusen, abnormal RPE and CNV lesion of AMD eyes.4,21 In
addition, we found an association of HTRA1 with VEGF in
human vitreous humors and fetal RPE cells upon cell stress
and inflammation.22 Collectively, these evidences indicate
that HTRA1 could be involved in AMD pathogenesis.

Our previous sequencing study, which involved 163
exudative AMD patients and 183 control subjects, identified
an indel variant (c.34delCinsTCCT) in the coding region of
HTRA1 gene.23 In the present study, genotyping was extended
to increased number of AMD and control subjects in the
Hong Kong Chinese cohort. An additional independent
Chinese cohort (Chengdu) was also included to validate the
association. The properties of the recombinant HTRA1
variant protein were investigated. We aimed to further verify
the protective role of this HTRA1 indel variant in AMD.

MATERIALS AND METHODS
Study Subjects
Unrelated Chinese exudative AMD patients and age- and
gender-matched control subjects (Supplementary Table S1)
were recruited at the Prince of Wales Hospital and the Hong
Kong Eye Hospital in Hong Kong (195 patients and 390
controls) and at the Sichuan Provincial People’s Hospital in
Chengdu (168 patients and 210 controls). All study subjects
were given complete ophthalmoscopic examinations and
graded by an international classification and grading system.24

Patients with exudative AMD had non-drusenoid RPE
detachment, CNV, serous or hemorrhagic retinal detach-
ments, subretinal or sub-RPE hemorrhage or fibrosis. The
control subjects did not have family history of AMD, sign of
AMD or any other major eye diseases except mild senile
cataracts and low myopia. Their fundi were normal with no

drusen, no abnormal RPE change and no foveal reflex. The
study protocol was approved by the Ethics Committee for
Human Research at the Chinese University of Hong Kong
and the Sichuan Provincial People’s Hospital. It was in
accordance with the tenets of the Declaration of Helsinki.
Informed consent was obtained from the study subjects after
explanation of the nature and possible consequences of
the study.

HTRA1 Genotyping
Genomic DNA from peripheral venous blood samples
of the study subjects was extracted (QIAamp DNA Kit;
Qiagen, Germany) according to the supplier’s instructions.
The genotype of c.34delCinsTCCT in HTRA1
(ENSG00000166033; Ensembl Genome Browser: http://
www.ensembl.org/) was determined by PCR (forward primer:
5′-GTCCCCAAGGCGGCTCGT-3′, reverse primer: 5′-CGC
GAAGCTCGGTTCCGAGG-3′)23 and direct sequencing
(BigDye Terminator Cycle Sequencing Reaction Kit v3.1;
Applied Biosystems, Foster City, CA, USA) on a DNA
sequencer (ABI 3130XL; Applied Biosystems).

Meta-Analysis
The meta-analysis of the Hong Kong and Chengdu cohorts
was performed by the Review Manager software (RevMan,
version 5.2, The Cochrane Collaboration, Copenhagen,
Denmark) to generate the Z-scores. The exact P-values with
the Z-scores were then calculated using R (v3.0.0, http://cran.
r-project.org/). The I2 statistic was used to assess the
heterogeneity among studies, which corresponds to no
(o25%), low (25%–50%), moderate (50%–75%) and high
heterogeneity (≥75%). The random effects model was
adopted in the meta-analysis. Summary Po0.05 was
considered statistically significant.

Haplotype Analysis
The genotypes of rs2736911 and rs10490924 in LOC387715
and rs11200638 in HTRA1 were collected from previous
studies for haplotype construction and estimation of four
LOC387715/HTRA1 polymorphisms (http://www.broad.mit.
edu/mpg/haploview/, Haploview version 4.2, Massachusetts
Institute of Technology, Cambridge, MA, USA).23,25 Haplo-
type conditional analysis was performed using PLINK (v1.07;
http://pngu.mgh.harvard.edu/purcell/plink/) to test whether
the 34delCinsTCCT haplotype had an independent haplotype
effect. Moreover, the haplotypes containing rs11200638 and
c.34delCinsTCCT of HTRA1 were also determined using
allele-specific PCR followed by direct sequencing. DNA from
carriers of the heterozygous 34delCinsTCCT genotype, one
exudative AMD patient and four control subjects, was
analyzed with specific primers (forward primer for
rs11200638 G allele: 5′-GA CGCTGCCTTCGTCCG-3′;
forward primer for rs11200638 A allele: 5′-GGACGCTGC
CTT CGTCCA-3′; and a common reverse primer: 5′-TCGCA
GCGGTCTGGGCA-3′).
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Bioinformatic Analysis for HtrA1 Signal Peptide
The signal peptide sequences of human HTRA1 wild-type
(GenBank accession number: NP_002766.1) and variant
(c.34delCinsTCCT) were determined by a prediction pro-
gram, SOSUIsignal (http://bp.nuap.nagoya-u.ac.jp/sosui/sosui
signal/).26 HTRA1 signal peptide sequences from different
species and human HTRA3 signal peptide were aligned by
ClustalW (http://www.ebi.ac.uk/clustalw/). The hydrophobi-
city profile of wild-type and variant signal peptides was
predicted by the Kyte–Doolittle algorithm (Protscale tool,
http://ca.expasy.org/tools/protscale.html) with a window size
of 7.27 The probability score for the central hydrophobic core
region of the wild-type and variant signal peptides was
estimated by SignalP 3.0 (http://www.cbs.dtu.dk/services/
SignalP/).

Cloning of Recombinant Human HTRA1
A full-length open-reading frame of the HTRA1 gene
(NM_002775.4; 1440 base pairs) was cloned into an empty
pcDNA6/myc-His A vector (Invitrogen, Carlsbad, CA, USA)
between the BamHI and NotI sites (pHis/myc-HTRA1) using
specific primers (forward: 5′-TAATGGATCCCCATGCAGA
TCCCGCGC-3′; reversed: 5′-TAATGCGGCCGCGGGTCAA
TTTCTTCGGG-3′). Expression construct for the recombi-
nant human HtrA1 variant (pHis/myc-HTRA1-12insSer)
was generated by site-directed mutagenesis (QuikChange
Lightning Multi Site-Directed Mutagenesis Kit; Strategene, La
Jolla, CA, USA) using specific primers (sense: 5′-GCGCC
GCTCTTCTCCCGCTGTCCTTGCTGCTGCTGCTGGCGG-
CG-3′; anti-sense: 5′-CGCCGCCAGCAGCAGCAGCAAGG
ACAGCGGGAGAAGAGCGGCGC-3′) based on the expres-
sion construct for the recombinant human wild-type HtrA1
(pHis/myc-HTRA1). Sequences of both constructs were
verified by direct sequencing.

RPE Cell Culture
The human ARPE-19 cell line (CRL-2302, American Type
Culture Collection) and primary human fetal RPE cells were
maintained in Dulbecco’s modified Eagle’s medium and F-12
nutrient mixture (Gibco BRL, Rockville, MD, USA) supple-
mented with 10% heat-inactivated fetal bovine serum (Gibco
BRL) and 1 × penicillin/streptomycin (Gibco BRL) at 37 °C in
5% CO2.

22 ARPE-19 cells at 90% confluence were transfected
with 4 μg HtrA1 expression constructs in 10 μl Lipofect-
amine-2000 (Invitrogen) and incubated for 12–48 h before
further analysis. ARPE-19 cells transfected with empty
pcDNA6/myc-His A vector (Invitrogen) were used as control.

HtrA1 Expression Analysis in ARPE-19 Cells
Each of the following experiments was performed in
triplicates. Total RNA (RNeasy Extraction Kit; Qiagen) was
reverse-transcribed by SuperScript III reverse transcriptase
(Invitrogen). HTRA1 mRNA expression was confirmed by
PCR.22 HTRA1 protein expression was determined from
whole-cell lysate by immunoblotting using mouse

monoclonal antibodies against HTRA1 (R&D Systems Inc.,
Minneapolis, MN, USA). Secreted HTRA1 protein in the
serum-free medium collected at specific time points after
transfection (12, 18, 24 and 36 h) was concentrated by
immunoprecipitation (IP) using mouse monoclonal antibo-
dies against polyhistidine tag (Upstate Biotechnology Inc.,
Lake Placid, NY, USA) and detected by immunoblotting using
mouse monoclonal antibodies against HTRA1 (R&D Sys-
tems). HTRA1 in the cell lysate of the HtrA1-transfected
ARPE-19 cells was determined to estimate the HtrA1 protein
synthetic rate for each construct.

Proteolytic activities of secreted HTRA1 protein were
determined by casein digestion.13 Briefly, equal amount of
total protein (10 μg) in the medium from HTRA1-transfected
ARPE-19 cells were incubated with 5 μg of β-casein (Sigma-
Aldrich) in 50 mM Tris/HCl (pH 7.5; Sigma-Aldrich) and
150 mM NaCl (Sigma-Aldrich) at 37 °C. The mixtures,
collected at time points 0, 10, 20, 30, 40 and 50 min, were
resolved by 15% SDS-PAGE and stained with Coomassie
Blue. The protein bands were imaged and the densities were
analyzed by the Quantity One Image Analysis software
(Bio-Rad). The sample containing buffer and β-casein only
was used as the negative control.

Subcellular localization of the recombinant HTRA1 protein
was determined by double immunofluorescent labeling. After
fixation (3% paraformaldehyde, Sigma-Aldrich), permeation
and blocking, the HTRA1-transfected cells were labeled with
primary rabbit polyclonal antibodies against giantin (Golgi
marker; Covance, Emeryville, CA, USA) or Bip (endoplasmic
reticulum (ER) marker; BD Biosciences, San Jose, CA, USA)
and secondary antibodies against rabbit IgG conjugated with
Alexa Fluor488 (Invitrogen). The cells were further labeled
with primary mouse monoclonal antibodies against HTRA1
(R&D Systems) and secondary antibodies against mouse IgG
conjugated with Rhodamine Red-X (Invitrogen). The fluor-
escence signals were visualized under a confocal microscope
(TCS SP5; Leica, Germany). For each experiment, 9 fields
were captured, and around 200 cells were counted in each
field. Percentage of ER localization was calculated by the
number of transfected cells with partial overlap signal of
HtrA1 with giantin or Bip over the total number of HtrA1-
transfected cells.

Cell Survival Analysis
Viability of the HTRA1-transfected ARPE-19 cells at 24 h
after transfection was assessed by MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) assay (Invitro-
gen). Absorbance at 570 nm with a reference of 650 nm was
measured by a spectrophotometer (Powerwave XS, Bio-Tek
Instruments). The percentage of cell viability was determined
as OD570 sample/OD570 control × 100%. Cell apoptosis was
analyzed by counting the number of transfected ARPE-19
cells with normal and fragmented nuclei (the end stage of
apoptosis). HTRA1-transfected cells were identified by
immunofluorescent labeling of monoclonal antibodies against
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HtrA1 (R&D Systems). For each experiment, 9 fields were
captured, and around 200 cells were counted in each field.
The apoptosis rate was calculated as the number of
transfected cells with fragmented nuclei over the total number
of HTRA1-transfected cells. Anoikis was induced as
described.28 Briefly, equal number of transfected ARPE-19
cells (2 × 105 cells) was transferred to poly-hema-coated plates
for 8 h. Cells were allowed to reattach in adhesive plates
overnight, followed by Coomassie Blue staining. We pre-
viously showed that HTRA1 was upregulated in primary
human fetal RPE cells treated with tunicamycin and
dithiothreitol (DTT) but downregulated with Z-Leu-Leu-
Leu-H (MG132).22 The viability of ARPE-19 cells treated with
these cell stress inducers, tunicamycin (5 and 10 μg/ml;
Sigma-Aldrich), DTT (1 and 2 mM; Sigma-Aldrich) and
MG132 (10 and 20 μM; Sigma-Aldrich), in serum-free
medium for 18 h was examined by MTT assay.

Statistical Analysis
Genotypes of the HTRA1 variant between patients and
control subjects were compared by the χ2 test. The risk
analysis was estimated by odds ratios (OR). Independent
T-test was used to compare the mean in the biological studies.
All statistical analyses were performed by commercially
available software (SPSS, version 16.0; SPSS Inc., Chicago,
IL, USA). Significance was defined as Po0.05.

RESULTS
Genotypic Distribution of HTRA1 c.34delCinsTCCT
Variant in Two Chinese Cohorts
The frequencies of HTRA1 c.34delCinsTCCT indel allele in
control subjects were higher than that of exudative AMD
patients in the two study cohorts (Hong Kong: 8.0% versus
1.0%, and Chengdu: 8.1% versus 3.0%, respectively). Under
the dominant model, the association was significant with
exudative AMD in both Hong Kong (P= 6.23 × 10− 4; OR=
0.120, 95% confident interval (CI): 0.028–0.507) and
Chengdu cohorts (P= 0.035; OR= 0.348, 95% CI: 0.126–
0.965; Table 1) and with the cohorts combined
(P= 8.33 × 10− 5; OR= 0.226, 95% CI: 0.101–0.505). Simi-
larly, under the additive model, the association was also
significant in both Hong Kong (P= 5.69 × 10− 4; OR= 0.120,
95% CI: 0.029–0.505) and Chengdu cohorts (P= 0.037;
OR= 0.358, 95% CI: 0.131–0.981) and with the cohorts
combined (P= 7.87 × 10− 5; OR= 0.229, 95% CI: 0.103–
0.508). Moreover, meta-analysis of the dominant model on
our two cohorts (heterogeneity P= 0.22) confirmed this
significant association (summary P= 2.00 × 10− 4; OR= 0.22,
95% CI: 0.09–0.49; Figure 1). These results indicated that the
HTRA1 c.34delCinsTCCT indel variant is protective.

Haplotype Analysis of LOC387715/HTRA1 Variants
Haplotype analysis of the combined cohorts showed that
there were four computed haplotypes constructed for ARMS2

Table 1 Genotyping distribution of HTRA1 variant (c.34delCinsTCCT) in two Chinese cohorts

Cohorts Exudative AMD patients Control subjects P Odds ratio (95% CI)

WT Hetero Homo WT Hetero Homo

Hong Kong 193 2 0 359 30 1 6.23 × 10− 4 0.120

99.0% 1.0% 0.0% 92.0% 7.7% 0.3% (0.028–0.507)

Chengdu 163 5 0 193 17 0 0.035 0.348

97.0% 3.0% 0.0% 91.9% 8.1% 0.0% (0.126–0.965)

Two cohorts combined 356 7 0 552 47 1 8.33 × 10− 5 0.226

98.1% 1.9% 0.0% 92.0% 7.8% 0.2% (0.101–0.505)

Abbreviation: CI, confidence interval.
The significance and odds ratio were calculated under the dominant model.

Figure 1 Meta-analysis of HTRA1 34delCinsTCCT variant in Hong Kong and Chengdu Chinese exudative AMD cohorts. The meta-analysis was performed
under dominant model. Random effects model was used. Squares indicate study-specific OR. The size of the box is proportional to the sample size of
the study. Horizontal lines indicate 95% CI. Diamond indicates summary OR with its corresponding 95% CI.
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rs2736911 and rs10490924 as well as for HTRA1 rs11200638
and c.34delCinsTCCT. The major haplotypes were the risk
(H1) and the wild-type (H2) haplotypes (Table 2). The risk
alleles of rs10490924 (T) and rs11200638 (A) were present
only in the risk haplotype (H1). The c.34delCinsTCCT indel
allele (I), joining with the wild-type alleles of other variants,
existed as an independent haplotype (H4). The H4 haplotype
(OR= 0.095, 95% CI: 0.023–0.399; P= 6.23 × 10− 5) con-
ferred stronger protection than the wild-type H2 haplotype
(OR= 0.236, 95% CI: 0.162–0.344; P= 2.15 × 10− 15). More-
over, the haplotype conditional analysis showed that the
haplotype containing c.34delCinsTCCT indel allele exists
independent of the risk haplotype (OR= 0.097, 95% CI:
0.033–0.285; P= 1.17 × 10− 5). In addition, the estimated
haplotype (H4) was confirmed by the allele-specific PCR of
c.34delCinsTCCT and rs11200638. The indel allele of
c.34delCinsTCCT was linked to the wild-type allele (G) of
rs11200638 but not to the risk allele (A) (Figure 2).

Bioinformatic Analysis for the HTRA1 Signal Peptide
The wild-type C allele of c.34delCinsTCCT coded for a
leucine (CUG) at residue 12, while the variant delCinsTCCT
allele inserted a serine (UCC) without affecting the leucine
(UUG) at residue 13 (Supplementary Figure S1). Based on
SOSUIsignal prediction,26 residue 12 lies within the signal
peptide of HTRA1 protein. The leucine residue at position 12
is highly conserved among different species (Figure 3a). It
resides in the central hydrophobic core region (Figure 3b),
which is an indispensable part of the signal peptide.29

According to the Kyte–Doolittle scale,27 hydrophobicity of
leucine is 3.80 and serine is − 0.80. Insertion of the serine
residue in the indel variant was thus predicted to reduce the
hydrophobicity (Figure 3b) and the probability score for the
hydrophobic region (Figure 3c). It may affect, but not abolish,
the property of the HTRA1 signal peptide.

Molecular Cloning of the HTRA1 Variant
High HTRA1 mRNA (Figure 3d) and cell lysate HTRA1
protein (Figure 3e) expression levels were detected in the

ARPE-19 cells transfected with the HTRA1 wild-type and
variant constructs, with no significant difference between the
wild type and the variant (data not shown). The HTRA1
protein secreted to the serum-free medium was capable of
digesting β-casein, as shown by the time-dependent reduction
of uncleaved β-casein and time-dependent accumulation of
cleaved product (Figure 3f). In contrast, no cleaved product
of β-casein was observed from the condition medium of the
empty vector-transfected ARPE-19 cells. The rate of cleaved
product accumulation for the wild-type HTRA1 protein could

Table 2 Haplotype analysis of LOC387715/HTRA1 variants

Haplotypes Estimated frequency P Odds ratio (95% CI)

Exudative AMD patients (n=316) Control subjects (n=516)

H1 CTAC 73.3% 36.8% 1.02 × 10− 24 4.727 (3.480–6.419)

H2 CGGC 12.6% 38.0% 2.14 × 10− 15 0.236 (0.162–0.344)

H3 TGGC 11.5% 15.9% 0.073 0.677 (0.445–1.028)

H4 CGGI 0.6% 6.3% 6.23 × 10− 5 0.095 (0.023–0.399)

Abbreviation: CI, confidence interval.
The haplotypes of rs2736911, rs10490924, rs11200638 and c.34delCinsTCCT were constructed and their frequencies were computed by Haploview. I (in bold)
represents the c.34delCinsTCCT indel allele.

Figure 2 Haplotype analysis of rs11200638 and 34delCinsTCCT. DNA from
study subjects with a genotype of heterozygous 34delCinsTCCT and
rs11200638 was amplified by PCR using rs11200638 allele-specific primers
for direct sequencing. (a) The risk A allele of rs11200638 shared the same
haplotype with wild-type C allele of 34delCinsTCCT. (b) The wild-type G
allele of rs11200638 shared the same haplotype with indel allele of
34delCinsTCCT. The 34delCinsTCCT indel allele is located in a different
haplotype with the risk A allele of rs11200638.
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not be differentiated from that for the HTRA1 variant
protein, suggesting that the signal peptide variation did not
affect its protease activity.

The HTRA1 antibody used in this study detected the
full-length HTRA1 protein, which is catalytically active as
shown by our β-casein digestion data and a previous study.30

Secreted HTRA1 could not be detected before 12 h of
posttransfection (data not shown). From 12 to 36-h

posttransfection, stronger signals of secreted HTRA1
were detected for the cells transfected with pHis/myc-
HTRA1 compared with that transfected with pHis/myc-
HTRA1-12insSer, whereas HTRA1 in the whole-cell
lysate was detected similarly for both constructs (Figure 3g).
The delayed secretion of HTRA1 variant might be
due to the higher percentage of ER localization. The HTRA1
immunofluorescent profiles suggested that HtrA1 protein
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could be localized mainly in the Golgi apparatus
but seldom in ER (Figure 3h). ARPE-19 cells transfected
with HTRA1 variant showed more fluorescence signal
(2.3-fold, P= 0.006) of HTRA1 partially overlapped with that
of giantin or Bip at 24 and 36-h posttransfection (22.6% and
23.4%, respectively), compared with those transfected with
wild type (9.7% and 10.4%, respectively). The signal
peptide property in the HTRA1 variant is altered and
thereby affects the trafficking and secretion of the HTRA1
protein.

Cell Survival Analysis of Recombinant Human HTRA1
Protein
ARPE-19 cells expressing wild-type HTRA1 protein had
34.0% reduction of cell viability compared with that
transfected with empty vector (P= 0.005), while ARPE-19
cells expressing HTRA1 variant protein had 15.4% reduction
(P= 0.045; Figure 4a). Overexpression of HTRA1 protein
therefore reduced viability of the ARPE-19 cells, but higher
viability was found in cells expressing HTRA1 variant protein.
Moreover, 25.4% of ARPE-19 cells expressed wild-type
HTRA1 protein, 15.6% of ARPE-19 cells expressed HTRA1
variant protein and 9.43% of empty vector-transfected
ARPE-19 cells possessed fragmented nuclei (Figure 4b). This
represented a 2.70-fold increase of apoptotic rate in ARPE-19
cells expressing wild-type HTRA1 protein (P= 1.19 × 10− 5)
and a 1.66-fold increase in ARPE-19 cells expressing HTRA1
variant protein (P= 0.001). Ectopic expression of HTRA1
protein would increase cell apoptosis in ARPE-19 cells.
Furthermore, ARPE-19 cells expressing HTRA1 variant were
less responsive to anoikis when compared with those
expressing wild-type protein (Figure 4c). ARPE-19 cells
expressing HTRA1 variant could have higher survival rate
than those expressing wild-type. We have previously found

upregulation of HTRA1 by DTT and tunicamycin but
downregulation by MG132.22 Accordingly, we also studied
stress-induced human fetal RPE cells to verify the association
of enhanced HTRA1 expression with RPE cell viability. The
viability of tunicamycin and DTT-treated human fetal
RPE cells was reduced (Po0.05), whereas the MG132-
treated cells were not affected when compared with the
control (Figure 4d).

DISCUSSION
The HTRA1 c.34delCinsTCCT variant was newly discovered
in our previous whole HTRA1 gene sequencing study.23 In
this study, we genotyped more AMD and control subjects in
our cohort and included additional Chinese cohort from
Chengdu in order to verify the frequencies and association
patterns of the HTRA1 c.34delCinsTCCT variant in different
cohorts. The association of the HTRA1 c.34delCinsTCCT
variant in the Chengdu cohort (P= 0.035; Table 1) is smaller
than that in the Hong Kong cohort (P= 6.23 × 10− 4), which
could be due to smaller number of control subjects used in
the Chengdu cohort and few more exudative AMD patients
were found in the Chengdu cohort to carry the indel allele.
Furthermore, in the haplotype prediction analysis, the TGGC
haplotype (H3) is not associated with exudative AMD
(P= 0.073; Table 2) as the difference in the minor allele
frequency of rs2736911 (T) is relatively comparable between
the exudative AMD patients (11.5%) and the control subjects
(15.9%).

Results from the association study and haplotype
analysis indicated a genetic protective effect of the HTRA1
c.34delCinsTCCT variant against AMD (Tables 1 and 2,
Figures 1 and 2). The HTRA1 variant was predicted to reduce
the characteristic hydrophobicity of the central core region of
the signal peptide (Figures 3a–c),29 thereby increasing its

Figure 3 Bioinformatic analysis, expression, proteolytic activity, secretion and ER localization of HTRA1 in ARPE-19 cells. (a) In the alignment of HTRA1
signal peptide sequences from different species, leucine at position 12 was highly conserved. (b) The hydrophobicity profiles of wild-type and variant
signal peptides were predicted by the Kyte–Doolittle algorithm with the window size of 7. Signal peptide of HTRA1 variant (dotted line) had lower
hydrophobicity than that of wild-type HTRA1 (solid line). (c) Probability scores for the central hydrophobic core regions of the signal peptides were
estimated by SignalP 3.0. The HTRA1 variant signal peptide (dotted line) had a less hydrophobic central core region than the wild-type signal peptide
(solid line). (d) HTRA1 gene expression for HTRA1-transfected ARPE-19 cells was analyzed by RT-PCR. Comparable band signals were observed in cells
transfected with HTRA1. (e) HTRA1 protein in the lysate of HTRA1-transfected ARPE-19 cell was detected by immunoblotting. Comparable band signals
were observed. (f) Equal amount of total protein (10 μg) in the serum-free medium from HTRA1-transfected ARPE-19 cells was incubated with 5 μg of β-
casein in a buffer of 50 mM Tris/HCl (pH 7.5) and 150 mM NaCl at 37 °C. The reaction mixture at different time points was resolved by 15% SDS-PAGE
and visualized by Coomassie Blue. The sample containing only β-casein and buffer was used as a negative control. Secreted HTRA1 protein could digest
β-casein, as shown by the time-dependent reduction of uncleaved β-casein and time-dependent accumulation of the cleaved product. In the condition
medium of the empty vector-transfected ARPE-19 cells, no cleaved product of β-casein was observed. The accumulation rate of cleaved product of the
wild-type HTRA1 protein (solid line) was not differentiated from that of the HTRA1 variant protein (dotted line). (g) Serum-free medium from ARPE-19
cells transfected with pHis/myc-HTRA1 and pHis/myc-HTRA1-12insSer was collected at 12, 18, 24 and 36 h after transfection. Secreted full-length HTRA1
from the medium was concentrated by immunoprecipitation (IP) using mouse anti-His6 antibody and quantified by immunoblotting using mouse
monoclonal antibody against HTRA1. Stronger signals of secreted HTRA1 were detected for the ARPE-19 cells transfected with pHis/myc-HTRA1
compared with cells transfected with pHis/myc-HTRA1-12insSer. From the whole-cell lysate, the expression of HTRA1 protein were similar for both
constructs. (h) Transfected ARPE-19 cells were fixed and doubly immunolabeled for HTRA1 protein (red fluorescence) and gaintin (marker for Golgi
apparatus) or BiP (marker for ER; green fluorescence). Scale bars: 10 μm. About 10% of ARPE-19 cells expressing wild-type HTRA1 showed partial co-
localization compared with about 23% of ARPE-19 cells expressing HTRA1 variant. White bar: 24-h posttransfection; black bar: 36-h posttransfection.
**Po0.01 compared with wild-type.
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ER localization and delaying its secretion (Figures 3g and h).
Moreover, ARPE-19 cells expressing the HTRA1 variant had
higher cell viability, lower cell apoptosis and less responsive to
anoikis compared with those expressing the wild type
(Figure 4). Consistent with the genetic results, these biological
studies also showed the protective effect of this HTRA1
c.34delCinsTCCT variant.

Enhanced HTRA1 expression attenuates ovarian and
trophoblast cell invasion.17,31 Accordingly, the directly
invading choroid capillaries may not be responsible for the
HTRA1 upregulation. Moreover, blood vessels had been
shown to invade into the cartilaginous condensations and
ossification when HTRA1 expression was upregulated,32

indicating that cells with enhanced HTRA1 expression are

Figure 4 Cell survival analysis of HTRA1-expressing ARPE-19 cells and stress-induced human fetal RPE cells. (a) Cell viability of HTRA1-expressing
ARPE-19 cells was assessed by MTT assay. The percentage of cell viability was expressed as OD570 of ARPE-19 cells expressing wild-type or variant
HTRA1/OD570 of ARPE-19 cells transfected with empty vector. ARPE-19 cells expressing HTRA1 variant had higher cell viability than those expressing
wild-type HTRA1 (reduction of MTT signal 15.40% versus 34.03%, respectively). (b) A cell undergoing apoptosis was indicated by the fragmented nuclei.
HTRA1 protein (red fluorescence) and the DAPI-stained nuclei (blue fluorescence) were labeled by immunocytochemistry. Scale bars: 10 μm. These
represented 25.43% in ARPE-19 cells expressing wild-type HTRA1, 15.62% in ARPE-19 cells expressing HTRA1 variant and 9.43% in ARPE-19 cells
transfected with empty vector. (c) Anoikis was induced in equal number of transfected ARPE-19 cells and stained by Coomassie Blue. Cells expressing
HTRA1 variant had more survival in anoikis than those expressing wild-type. (d) Cell viability of human fetal RPE cells treated with tunicamycin, DTT and
MG132 was assessed by MTT assay. Human fetal RPE cells treated with 5 and 10 μg/ml of tunicamycin had 22.6% and 49.7% reduction of MTT signals,
respectively, while human fetal RPE cells treated with 1 and 2 mM of DTT had 19.8% and 42.9% reduction of MTT signal, respectively, compared with
the control. In contrast, human fetal RPE cells treated with 10 and 20 μM of MG132 had only 6.5% and 3.4% reduction of MTT signal, respectively.
*Po0.05, **Po0.01 and ***Po0.001, respectively, compared with control.
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prone to be invaded by new blood vessels. Therefore, RPE
cells should be involved in HTRA1 upregulation in AMD
pathogenesis. This postulation could be supported by the
elevation of HTRA1 expression in abnormal RPE cells of
AMD patients.4,21

Similar to results in cancer cells,15,28 overexpression of
HTRA1 in ARPE-19 cells in this study reduced cell
viability, increased cell apoptosis and responded to anoikis
(Figures 4a–c). Moreover, we also found reduced cell viability
in human fetal RPE cells treated with DTT and tunicamycin
(Figure 4d), in which HTRA1 was upregulated.22 This
suggested that HTRA1 induces cell death.33 Accordingly, we
propose HTRA1-induced RPE cell death to be a mechanism
in AMD pathogenesis as RPE damage is a pathological feature
of AMD.2 The report of RPE atrophy in HtrA1 transgenic
mice34 further supported our proposition, although HTRA1
could also be involved in regulation of the complement
pathway and the amyloid deposition,35 release of cytokine
expression36 and ultrastructural changes in the elastic layer of
Bruch’s membrane.37

To our knowledge, Golgi localization of recombinant
human HTRA1 protein is first reported in this study
(Figure 3h) while similar perinuclear staining for HTRA1
has been reported in human cervical cancer CaSki cells.38

There may be a biological role of HTRA1 in Golgi apparatus.
Binding of the HTRA1 PDZ domain to cis-Golgi matrix
golgin subfamily protein (GM130) has been reported.39

However, subcellular localizations of HTRA1 in different cell
types were variable, such as the microtubule-like localization
in ovarian cells,31 the nuclear staining for HTRA1 in human
cervical cancer CaSki cells, embryonic kidney 293T cells and
hepatocyte cells,38 the cytosol location in placental cells16 and
the ER localization in HEK293T cells.40 HTRA1 localizations
in organelles appear to be cell specific.

In summary, our results, in combination with genetic and
in vitro functional studies, revealed a protective HTRA1
variant against AMD. In addition, HTRA1-induced RPE cell
death could be a pathogenic mechanism for AMD. Further
studies are needed to unwind the biological role of HTRA1 in
AMD pathogenesis.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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