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ABSTRACT

The epidermal comified cell envelope is a complex protein-lipid composite that replaces the plasma membrane of
corneocytes and is crucial for epidermal barrier function. Loricrin is a major constituent of the epidermal cornified
cell envelope, contributing approximately 70% by mass. In order to explore novel function of wild-type (WT) loricrin
other than the major component of the epidermal comified cell envelope, we transiently expressed construct encod-
ing human WT and mutant loricrin (730insG) in HaCaT keratinocytes. HaCaT cells transfected with WT or mutant
loricrin were at differentiation level. WT loricrin in the transfected cells was seen diffusely in the cytoplasm and nuclei.
Positive transferase deoxytidyl uridine end labeling staining was observed in the nuclei of WT loricrin-transfected
HaCaT keratinocytes. Data from the DNA fragmentation assay showed that only WT loricrin induced DNA ladders
compared with that of mutant loricrin. WT loricrin-transfected HaCaT keratinocytes were susceptible to pro-
grammed cell death (PCD). Activation of caspase-14 was also seen. In contrast, PCD or activation of caspase-14
did not occur in mutant loricrin-transfected HaCaT cells. These results suggest that the expression of WT loricrin

facilitates induction of PCD in HaCaT keratinocytes.
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INTRODUCTION

Loricrin is a glycine-, serine- and cystein-rich basic
protein expressed in the granular cell layer of the epi-
dermis, where it is first stored in aggregates (L-gran-
ules in mouse, keratohyalin granules in human) that
are predominantly cytoplasmic, but also seen in the
nucleus.'® In the last stage of terminal differentiation,
these aggregates are dispersed and loricrin is
assembled into the cornified cell envelope where it is
cross-linked with the other cornified cell envelope
components. Recently, mutations in the loricrin gene

caspase-14, cornified cell envelope, loricrin, programmed cell death.

have been reported in Vohwinkel syndrome with
ichthyosis (Online Mendelian Inheritance in Man
[OMIM] 604117).”""7 Furthermore, Ishida-Yamamoto
et al.* identified a similar loricrin mutation in a family
with progressive symmetric erythrokeratoderma
(OMIM 602036). These syndromes are now collec-
tively named loricrin keratoderma. So far, four types
of loricrin mutations have been detected in genomic
DNA from nine families. The most frequent mutation,
730insG, has been found in families from the UK,
Japan and Germany. A defective protein generated
from the mutant loricrin allele in Vohwinkel syndrome
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is unusual. It generates a frame-shift before its termi-
nal 84 codons, which further extends the polypeptide
22 amino acids beyond the C-terminal domain of the
wild-type (WT) protein. This C-terminal domain of the
mutant, but not WT, loricrin polypeptide is predicted
to cantain a nuclear localization signal. To explore the
molecular mechanisms for abnormal keratinization
caused by mutant loricrin, it is essential to know the
function of WT and mutant loricrin in vivo and in vitro.

In this study, we sought to determine the function
of WT loricrin in HaCaT keratinocytes using transient
transfection as a means of ectopic protein expres-
sion. We report here that expression of human WT,
but not mutant, loricrin leads to programmed cell
death (PCD) with the activation of caspase-14.

METHODS

Plasmid construction

Genomic DNA containing the entire coding region of
WT loricrin' and mutant loricrin'® was subcloned into
pcDNA 3.1/V5-His vector (Invitrogen, San Diego, CA,
USA). The most frequent mutation, 730insG, was
chosen for the present study. The sequence of
each of the plasmid constructs was verified by the
dideoxynucleotide chain termination method using
the 377 DNA sequencing system (Applied Bio-
systems, Foster City, CA, USA).

Cell culture and plasmid transfection

The culture and transfection of HaCaT cells were car-
ried out as previously described.'®'® Briefly, cells
were plated on 35 or 60 mm culture dishes at a den-
sity of 4 x 10° cells/mL 24 h before plasmid transfec-
tion, and cultured in Dulbecco’s modified Eagle’s
medium (450 mg/dL glucose) supplemented with
10% (v/v) fetal bovine serum. A portion of 2 pg of WT
loricrin or mutant loricrin in pcDNA3.1/V5-His vector
for 35-mm dishes and 10 pg for 100-mm dishes
was transfected into cells with LipofectAMINE plus
reagent (Invitrogen) according to the manufacturer’s
instructions. Forty-eight hours after transfection, cells
were collected for further analysis. In each experi-
ment, transfection efficiency was confirmed to be
similar among types of transfected plasmids using
X-gal staining. The percentage of cell death induced
by WT loricrin was determined by transfecting cells
with pcDNAS3.1/V56-His vector (mock), pcDNAS.1/
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V5-His WT loricrin and pcDNA3.1/V5-His mutant
loricrin. PCD cells were identified by visual inspection
with a Nikon inverted fluorescence microscope
(Nikon, Tokyo, Japan). The uptake of Trypan blue and
SYTO 13 (Invitrogen) was used to confirm the number
of PCD. Each experiment was performed at least
five times, with 10 000 cells counted for each
determination.

Primary antibodies

The anti-V5 antibody was purchased from Invitrogen,
polyclonal rabbit anti-human keratin antibody from
DAKO (Glostrup, Denmark), anti-caspase-14, anti-
filaggrin, anti-transglutaminase-1, anti-involucrin and
anti-a-tubulin antibody from Santa Cruz Biotech
(Santa Cruz, CA, USA), and anti-envoplakin and anti-
periplakin antibody from Abcam (Cambridge, UK).

Immunofluorescence microscopy
Immunostaining was performed exactly as described
previously.?® After 48 h of transfection, HaCaT cells
on glass coverslips were fixed with methanol. Cells
on glass coverslips were incubated with primary anti-
bodies (anti-V5 [1:300], anti-keratin [1:200], anti-envo-
plakin [1:300], anti-periplakin [1:300], anti-involucrin
[1:300Q], anti-transglutaminase-1 [1:300], and anti-
filaggrin [1:300]) overnight at 4°C, and detection was
made with fluorescein isothiocyanate-conjugated
antibody to rabbit immunoglobulin (Ig)G or a combi-
nation of Cy3-conjugated streptavidin and biotin-
conjugated antimouse IgG. Immunofluorescent
images were viewed with a confocal laser micro-
scope (Olympus, Tokyo, Japan).

Immunoblot analysis

Immunoblot analysis was performed exactly as
described previously.'® After 48 h of transfection,
HaCaT cells were lysed in Laemli buffer (consisting of
62.5 mmol/L Tris-HCI (pH 6.8), 25% glycerol, 2%
sodium dodecylsulfate [SDS], 0.01% bromphenol
blue) on ice for 30 min. Cell debris was removed by
centrifugation at 20 380 g for 1 min, and supernatant
(cell lysates) was collected. Protein concentrations in
cell lysates were determined using Bradford reagent
(BioRad, Hercules, CA, USA). Cell lysates con-
taining 30 pg proteins were electrophoresed on an
SDS/polyacrylamide gel and transferred to a nitrocel-
lulose membrane. The membrane was incubated with
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primary antibody (anti-V5 [1:1000], anti-caspase-14
[1:5000] and anti-a-tubulin [1:200] antibody) for 2 h
at room temperature, followed by incubation with
horseradish peroxidase (HRP)-conjugated appropri-
ate secondary antibody, and the proteins were
detected using an enhanced chemiluminescence
system (Amersham Biosciences, Piscataway, NJ,
USA) according to the manufacturer’s instructions.

TUNEL staining

Transferase deoxytidyl uridine end labeling (TUNEL)
staining was performed with ApopTag apoptosis
detection kit (Intergen, Burlington, MA, USA) exactly
as described previously.'® HaCaT cells on coverslips
were fixed with —20°C methanol, rinsed with phos-
phate buffered saline (PBS) two times, and treated
with 10% normal goat serum for 10 min. They were
then incubated with the anti-V5 antibody for 30 min,
rinsed with PBS three times, and incubated with bio-
tin-conjugated goat antimouse IgG (Sigma, St Louis,
MO, USA) for 30 min, followed by incubation with
streptavidin—Cy3 conjugate (Sigma) for 30 min. Cells
were incubated with working strength TdT enzyme at
37°C for 1 h, extensively washed with stop/wash
buffer and PBS, and incubated with anti-digoxigenin
conjugate fluorescent dye for 30 min. They were
mounted on a glass slide with PermaFluor (Thermo-
Shandon, Vernon Hills, IL, USA) and observed by
confocal laser microscope (Olympus).

DNA fragmentation assay

After 48 h of transfection, HaCaT cells were lysed
in lysis buffer (10 mmol/L Tris-HCI (pH 8.0), 100
mmol/L NaCl, 1% SDS, 1 mmol/L ethylene diamine
tetra acetate, and 2 mg/mL proteinase K) for 1 h at
65°C. Following two successive extractions with phe-
nol/chloroform, the DNA samples were precipitated
in ethanol. After washing with 70% ethanol, the
DNA samples were resuspended in TE buffer and
subjected to 2% agarose gel electrophoresis.

Statistics

All values are presented as means =+ standard error
of the mean. The significance of the difference from
the respective controls for each experiment test con-
dition was assayed using a Student’s t-test for each
paired experiment. An anova was used to test for
significance (P < 0.05).
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RESULTS

Subcellular localization of WT and mutant
loricrin

Genomic DNA containing the coding region of WT
loricrin and mutant loricrin was subcloned into
pcDNAB.1/V5-His vector. The most frequent muta-
tion, 730insG, was chosen for this study. The trans-
fection efficiencies for WT and mutant loricrin were
almost the same. Immunoblot analysis using anti-V5
antibody revealed that WT loricrin (Fig. 1a, arrow,
35 kDa) and mutant loricrin (arrowhead, 42 kDa) were
expressed to almost the same degree (Fig. 1a).
Although the expected molecular mass of WT loricrin
is 35 kDa, the migrating position of WT loricrin was
around the 37-kDa molecular marker. We think this
migration is due to many aliphatic amino acids (gly-
cine/serine/cystein) in WT loricrin. Next, to determine
whether mutant loricrin protein localizes in the
nucleus in cultured keratinocytes as in keratinocytes
of loricrin keratoderma in vivo,” we transfected
HaCaT cells with V5-tagged WT loricrin or mutant
loricrin, the mutation in loricrin keratoderma, and
stained them with an anti-V5 antibody and an anti-
keratin antibody. WT loricrin distributes in the cyto-
plasm and nucleus (Fig. 1b, upper right panel). Mutant
loricrin, which is predicted to get a nuclear locali-
zation signal, seems to localize in the nucleolus
(Fig. 1c, upper right panel). Why it localizes in the
nucleolus, rather than nucleus, is not clear as
reported by Ishida-Yamamoto et al.?' We analyzed
4 000 000 cells and found that transfection effi-
ciency was the same in either semi-confluent or
non-confluent state. That is, transfection efficiency
was not dependent on confluency. When WT loricrin
was transfected, we observed cells shrinking perhaps
due to PCD.

Differentiation level of the HaCaT cells

transfected with WT or mutant loricrin

At first, we transfected WT loricrin and mutant loricrin
into normal human epidermal keratinocytes. Normal
human epidermal keratinocytes were purchased from
KURABO (Osaka, Japan). These primary human epi-
dermal keratinocytes were cultured and transfected
as described by DiColandrea et al.?> However, we
could not transfect WT and mutant loricrin constructs
into normal human epidermal keratinocytes. That was
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Figure 1. (a) Immunoblot analysis of wild-type (WT) loricrin-transfected HaCaT cells and mutant loricm-transfected HaCaT
cells. Immunoblot with anti-V5 antibody revealed that WT loricrin and mutant loricrin were expressed to almost the same degree.
Arrow denotes 35-kDa WT loricrin including V5 tag sequence. Arrowhead denotes 42-kDa mutant loricrin including V5 tag
sequence. Although the expected molecular mass of WT loricrin is 35 kDa, the migrating position of WT loricrin was around the
37-kDa molecular marker. We think this migration is due to many aliphatic amino acids (glycine/serine/cystein) in WT loricrin.
(b,c) Distribution of WT loricrin-V5 and mutant loricrin-V5 of transfected HaCaT keratinocytes. HaCaT keratinocytes were trans-
fected with either plasmid pcDNAS.1/V5-His-WT loricrin or plasmid pcDNA3.1/V5-His-mutant loricrin. Cells were fixed at 48 h
post-transfection, and the fate of the transfected gene product was examined by double-label immunofluorescence. To
visualize the transfected gene product, cells were stained with a mouse monoclonal antibody recognizing the sequence
of V5. Antibody staining was followed by biotin-conjugated antimouse immunoglobulin G and Cy3-conjugated streptavidin.
(b) Double-stainings of HaCaT cells with 1:100-diluted anti-V5 antibody (red) and 1:100-diluted anti-keratin antibody (green).
WT loricrin distributes diffusely in the cytoplasm and in the nuclei in transfected cells. (Scale bars: 25 um.) (c) Double-stainings
of HaCaT cells with 1:100-diluted anti-V5 antibody (red) and 1:100-diluted anti-keratin antibody (green). Mutant loricrin distrib-

utes in the nucleolus as a V5-positive immunoreactive granule. (Scale bars: 25 pm.) DIC, differential interference contrast.

to say, transfection efficiency was so low (<0.1%) that
we could not detect WT or mutant loricrin with immu-
noblot analysis. Then, we decided to use HaCaT
cells. The HaCaT keratinocyte cell line is a spontane-
ously transformed human epithelial cell line derived
from adult skin which maintains full epidermal differ-
entiation capacity.?® The transfection efficiency into
HaCaT cells was approximately 3%. Because the
expression of WT and mutant loricrin is observed only
in morphologically different keratinocytes, we tried to
estimate the differentiation level of WT and mutant
loricrin transfected HaCaT cells. WT loricrin-transfect-
ed HaCaT cells exhibited positive immunoreactivities
for periplakin, envoplakin, involucrin, transglutamin-
ase 1 and filaggrin. Mutant loricrin-transfected HaCaT
cells also exhibited positive immunoreactivities for
periplakin, envoplakin, involucrin, transglutaminase 1
and filaggrin. Mutant loricrin in the nucleoli co-local-
ized with periplakin, envoplakin, involucrin, trans-
glutaminase 1 and filaggrin (Fig. 2). We could not
transfect WT or mutant loricrin into non-differentiated
level HaCaT cells (filaggrin-negative HaCaT cells).
These results suggest that HaCaT cells expressing
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WT or mutant loricrin are at differentiation level
because periplakin, envoplakin, involucrin, transgluta-
minase 1 and filaggrin are differentiation markers.

PCD and activation of caspases-14 in HaCaT
cells expressing WT loricrin
To explore whether WT loricrin induces PCD in
HaCaT cells, we first examined the effects of WT
loricrin on cell morphology. Forty-eight hours after
transfection, the number of cell deaths was deter-
mined by counting 10 000 HaCaT cells under a
phase-contrast microsocpe. PCD cells were judged
by staining both PCD nuclei with SYTO 13 and
plasma-membrane permeabilization with Trypan
blue. When WT loricrin was transfected, PCD cells
which contained PCD nuclei were increased (Fig. 3a).
PCD cells in 10 000 cells increased from 9 + 2.2 of
mock to 103 + 4.3 of WT loricrin. In contrast, mutant
loricrin did not increase PCD cells (8 + 4.1 cells).
Furthermore, positive TUNEL stainings were
observed in the nuclei in WT loricrin-transfected cells
(Fig. 3b). Data from the DNA fragmentation assay
showed that only WT loricrin induced DNA ladders
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Figure 2. Differentiation level of the HaCaT cells after transfection of wild-type (WT) and mutant loricrin. WT loricrin-transfected
HaCaT cells exhibited positive immunoreactivities for periplakin, envoplakin, involucrin, transglutaminase 1 and filaggrin. Mutant
loricrin-transfected HaCaT cell also exhibited positive immunoreactivities for periplakin, envoplakin, involucrin, transglutaminase
1 and filaggrin. We could not transfect WT or mutant loricrin into non-differentiated level HaCaT cells (filaggrin-negative HaCaT

cells). (Scale bars: 25 um.)

(Fig. 3c). Immunoblot analysis using anti-caspase-14
antibody revealed that processing the p11 fragment
was observed only in WT loricrin-transfected cells
(Fig. 3d, arrow). Caspase-14 was not activated in
mock or mutant loricrin-transfected HaCaT cells.

DISCUSSION

As far as we know, we showed for the first time that
procaspase-14 was processed and activated accom-
panying PCD when we transfected WT loricrin in
HaCaT cells. In contrast, transient expression of
mutant loricrin in HaCaT keratinocytes does not result
in PCD or activation of casapse-14. The number of
PCD cells in cells transfected with WT loricrin was
markedly higher than that in cells of transfected mock
or mutant loricrin. In addition, we showed positive
TUNEL staining in WT loricrin-transfected cells.
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Although we demonstrated that PCD occurred in the
HaCaT cells after transient transfection of WT loricrin,
we assume that this response represents a tissue-
specific form of PCD that differs from classical apop-
tosis. The frame-shift mutations in the loricrin gene
have produced mutant forms of loricrin with altered
and extended COOH termini, as a consequence
of alternative, downstream termination signals.
Thus, the common feature of all loricrin mutations
described to date is replacement of the COOH-termi-
nal Gly- and GIn/Lys-rich domain with highly charged
Arg- and Leu-rich domain amino acid sequences.
Because the COOH-terminus of mutant loricrin is very
different from the WT loricrin, namely, acquiring a
nuclear localization signal, mutant loricrin accumu-
lates in the nucleus. Mutant loricrin overexpressed in
HaCaT cells by transfection did not cause PCD
in vitro, which might be related to pathogenesis of
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Figure 3. Induction of programmed cell death (PCD) by wild-type (WT) loricrin but not by mutant loricrin. (a) Number of PCD
cells was significantly higher in WT loricrin than in mock or mutant loricrin (morphology) (n = 5). Quantification of PCD was per-
formed by both staining PCD nuclei with SYTO 13 and plasma-membrane permeabilization with Trypan blue. (b) Double-stain-
ings with 1:100-diluted anti-V5 antibody (red; upper right panel) and transferase deoxytidyl uridine end labeling (T! UNEL) staining
(green; upper left panel). Lower left panel shows merge of the two stainings. Positive TUNEL stainings were observed in the
nucléi in WT loricrin-transfected cells. (Scale bars: 25 um.) (c) Data from the DNA fragmentation assay showed that only WT
loricrin induced DNA ladders. (d) Activation of caspase-14 by WT loricrin. Immunoblot with 1:5000 diluted anti-caspase-14 and
with 1:200 diluted anti-a-tubulin antibody. Caspase-14 was activated in WT loricrin-transfected cells. Similar data were obtained
in five experiments. DIC, differential interference contrast.

keratoderma although more studies are needed. Ish-
ida-Yamamoto et al.'® reported that number of TUN-
EL-positive cells was increased in the skin of loricrin
keratoderma. They reported that epidermal differenti-
ation in loricrin keratoderma seemed to be disrupted
at the very late stages, immediately before the dis-
integration of apoptotic nuclei containing profilaggrin
amino-terminus. Anti-apoptotic protein, such as
Mcl-1, might be expressed more abundantly in
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HaCaT cells than in vivo epidermis because HaCaT
cells were spontaneously immortalized an aneuploid
human keratinocyte cell line.?*

Filaggrin is an intermediate filament-associated
protein that aggregates epidermal keratin filaments
in vitro and is thought to perform a similar function
during terminal differentiation in vivo. Loricrin and
filaggrin are two major proteins expressed by termi-
nally differentiated epidermal keratinocytes. Recently,
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the importance of filaggrin has been underscored by
demonstrating that loss-of-function mutations in the
profilaggrin gene underlie the skin disease ichthyosis
vulgaris, and that they strongly predispose to atopic
dermatitis and asthma.?>?® Dale et al.?” showed that
transient expression of filaggrin in epithelial cells led
cell contraction, nuclear membrane breakdown and
nuclear condensation. Dale et a.?’ and Kuechle
et al.?® stated that a low transfection rate is also seen
in filaggrin constructs (<2%) as we observed with WT
and mutant loricrin constructs. They reported that
green fluorescent protein (GFP) and f-galactosidase
control constructs showed 15-20% transfection rate.
We also observed that the transfection rate of
pcDNA3.1/V5-His WT keratin 14 was 20-30%. We
also tried Lipofectamine 2000 (Invitrogen) as a trans-
fection reagent. However, transfection efficiency of
loricrin was almost the same as using LipofectAMINE
plus reagent (Invitrogen). The reason why there is dis-
parity in transfection rate between loricrin and keratin
14 constructs is not currently clear. In addition, we
could not detect proteins by immunoblot analysis
after transfection of WT and mutant loricrin constructs
into cultured normal human epidermal keratinocytes.
Similarly, we observed a cystatin A expression vector
with cytomegalovirus immediate early promoter could
not transfect cystatin A in cultured normal human epi-
dermal keratinocytes.?® Transfection of cornified cell
envelope component proteins such as loricrin, filag-
grin or cystatin A into cultured keratinocytes may be
very difficult.

We formerly showed that no alterations could be
observed in mice with an approximately twofold over-
expression of human WT loricrin.> We also observed
that human cystatin A transgenic mice did not show
any abnormalities in the epidermis or hair follicle.?®
Presland et al.*® created human filaggrin transgenic
mice and observed no abnormalities in the epidermis,
hair structures or tissue organization. Interestingly
enough, there was no evidence of altered keratin fila-
ment organization in the suprabasal layers of filaggrin
transgenic epidermis. On the contrary to these trans-
genic mice in vivo data, we observed that WT loricrin-
transfected HaCaT keratinocytes were susceptible to
PCD. Dale et al.?” proved that transient transfection
of epidermal filaggrin efficiently aggregates keratin fil-
aments when expressed in vitro either in rat keratino-
cytes (keratinS/keratin14 and keratin1/keratin10) or
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monkey COS-7 cells (keratin8/keratin18). Presland
et al.3%3" reported that there was a disruption of cell-
cell adhesion in keratinocytes overexpressing filag-
grin, which they did not observe in transgenic mice
overexpressing filaggrin. They speculated that cul-
tured cells might be more sensitive to keratin filament
disruption than epidermal tissue, which expressed a
greater diversity of keratin proteins and thus con-
tained a more robust intermediate filament network
with stronger cellcell adhesion through desmo-
somes. Similarly, we think cultured HaCaT cells may
be more sensitive to various PCD stimuli than in vivo
epidermal tissue which express a greater diversity of
keratin proteins and contain an abundant type | kera-
tin proteins that are known to prevent apoptosis.

Although the bulk of WT loricrin exists within kera-
tohyalin granules and comified cell envelope, WT lori-
crin is also known to be present in the nucleus at
in vivo epidermis.* We also confirm that WT loricrin
distributes in the nucleus in vitro transfected HaCaT
cells. However, the function of WT loricrin is not
known yet. The profilaggrin N-terminal domain local-
izes to both cytoplasm and nucleus of epidermal
granular layer cells. Profilaggrin is a large phospho-
protein that is expressed in the granular cells of epi-
dermis where it is localized in keratohyalin. It consists
of multiple copies of single filaggrin units plus N- and
C-terminal sequences that differ from filaggrin. The
N-terminal sequence of human profilaggrin comprises
two distinct domains; an acidic A domain of 81 amino
acids that binds calcium, and a cationic B domain of
212 residues. The cellular distribution of WT loricrin is
similar to that of profilaggrin N-terminal domain. We
speculate that WT loricrin may interact with profilag-
grin N-terminal domain in vivo and that this interaction
may have some role in normal epidermal keratini-
zation. To explore the expression of nuclear WT lori-
crin in cultured keratinocytes and epidermis and
examine its association with profilaggrin N-terminal
domain would be of great interest as a future project.

in summary, this study shows that expression of
WT loricrin in HaCaT keratinocytes causes PCD
whereas mutant loricrin is unable to cause PCD. Our
results may implicate novel function of WT loricrin
considering that the overexpression of filaggrin and
profilaggrin results in PCD in both simple epithelial
cells (COS-7) and rat epidermal keratinocyte cell line
(REK).2”
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Phenotypical variety of insulin resistance in a family with a
novel mutation of the insulin receptor gene
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Abstract. A novel mutation of insulin receptor gene (INSR gene) was identified in a three generation family with
phenotypical variety. Proband was a 12-year-old Japanese girl with type A insulin resistance. She showed diabetes mellitus
with severe acanthosis nigricans and hyperinsulinemia without obesity. Using direct sequencing, a heterozygous nonsense
mutation causing premature termination at amino acid 331 in the ¢ subunit of INSR gene (R331X) was identified. Her
father, 40 years old, was not ocbese but showed impaired glucose tolerance. Her paternal grandmother, 66 years old, has
been sufféred from diabetes mellitus for 15 years. Interestingly, they had the same mutation. One case of leprechaunism
bearing homozygous mutation at codon 331 was identified. These findings led to the hypothesis that R331X may contribute
to the variation of DM in the general population in Japan. An extensive search was done in 272 participants in a group
medical examination that included 92 healthy cases of normoglycemia and 180 cases already diagnosed type 2 DM or
detected hyperglycemia. The search, however, failed to detect any R331X mutation in this local population. In additien,
the proband showed low level C-peptide/insulin molar ratio, indicating that this ratio is considered to be a useful index for
identifying patients with genetic insulin resistance. In conclusion, a nonsense mutation causing premature termination
after amino acid 331 in the « subunit of the insulin receptor was identified in Japanesc diabetes patients. Further
investigations are called for to address the molecular mechanism.

Key words: Insulin receptor, Insulin resistance, Type 2 diabetes, Leprechaunism, C-peptide/insulin molar ratio

THE INTERACTION of insulin with its cell surface
receptor is the first step in insulin action and the first
identified target of insulin resistance. Mutations in the
insulin receptor gene lead to the insulin resistance in
several syndromic forms. The human insulin recep-
tor is encoded by a single gene with 22 exons and is
an assembly of a disulfide bond-linked tetramer com-
posed of two o and two 3 subunits [1-5]. After bind-
ing of insulin to the extracellular o subunit, the ty-
rosine kinase of the membrane spanning f subunit is
activated and the receptor is autophosphorylated [6].
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Insulin receptor kinase regulates the action of insulin
on metabolism and growth through signal transduction
pathways and is therefore thought to be central to in-
sulin action [7].

Some dozens of mutations in the human insulin re-
ceptor gene have already been identified to date [8-11].
Homozygous or compound-heterozygous mutations
in the insulin receptor gene are found in patients with
syndromes of severe insulin resistance [12]. More se-
vere Donohue syndrome (“Leprechaunism” OMIM
246200) and the milder Rabson-Mendenhall syn-
drome (OMIM 262190) are characterized by intrauter-
ine and postnatal growth retardation, facial dysmor-
phism, lack of subcutaneous fat and altered glucose
homeostasis with hyperinsulinemia, acanthosis nigri-
cans and reduced life expectancy [13-15]. Cells from
most patients with Donohue syndrome show absent or
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severely reduced insulin binding, whereas those with
Rabson-Mendenhall retain some insulin binding ca-
pacity. Therefore, it has been proposed that severity
of the phenotype is determined by the degree of insu-
lin resistance and that residual insulin binding capac-
ity correlates with survival. Heterozygous mutations
in the insulin receptor gene have been demonstrated
in type A insulin resistance with the triad of insulin re-
sistance, acanthosis nigricans, and hyperandrogenism
(OMIM147670) [16].

In this study, we identified a heterozygous muta-
tion causing premature termination at amino acid 331
substituting a termination codon for arginine in the L2
domain in g subunit of the insulin receptor gene in a
Japanese patient with diabetes mellitus and hyperinsu-
linemia. Interestingly, her family members shared the
same mutation but showed different clinical course.

Materials and Methods

Subjects

The proband, a girl of 12 years old, was referred to
our hospital because of glucosuria detected by school
urinary screening. She presented with mild symp-
toms of polydipsia and polyuria. She was born to un-
related Japanese parents at 37 weeks of gestation (birth
weight 2495 g, birth length 48 cm). At birth, she did
not have the dysmorphic features characteristic of lep-
rechaunism or Rabson-Mendenhall syndrome, includ-
ing intrauterine growth retardation, fasting hypogly-
cemia. Sensorineural hearing loss in right side was
diagnosed when she was infant, but did not deteriorate.

At presentation, she was not obese, but showed se-
vere acanthosis nigricans with scratching scar of her
neck. It also mildly existed at the axilla and elbow.
Hirsutism was not observed. Body mass index (BMI)
was 21.6 (height 148.6 cm, weight 47.7 kg). Blood
pressure was 110/70 mmHg. Pubertal stage was B2
and PH1. Laboratory tests revealed the following;
HbAlc, 9.2 %; FPG, 124 mg/dL; IR], 65.7 uU/mL;
C-peptide, 3.18 ng/mL; AST, 20 1U/L; ALT, 18 TU/L;
total cholesterol, 194 mg/dL; HDL cholesterol, 43.7
mg/dL; testosterone, 0.33 ng/mL. Islet associated au-
toantibodies were absent. Urine testing showed no
ketonuria but proteinuria (microalbumin 64.4mg/g cr)
and glucosuria. Ocular complication and retinopa-
thy was not detected. Abdominal CT revealed no fat-
ty liver and area of visceral fat on umbilical level was
41.8 cm’ (normal: 60>). Although she showed diabe-

tes mellitus with severe insulin resistance, her data of
body composition was not suggested risk for obesity
or metabolic syndrome. Self monitored blood glucose
levels were 120-140 mg/dL at premeal time and 170-
200 mg/dL at postprandial time. Her father, 40 years
old, was healthy and no obesity (BMI 21.8) from a
clinical point of view at the time of investigation. Her
paternal grandmother, 66 years old, has been suffered
from diabetes mellitus. She was also not obese (BMI
21.6) and has been treated with sulfonylureas for 15-
years. She already developed retinopathy and present-
ed vitreous hemorrhage 10 years ago. Her younger
brother, seven years of age, had mild mental retarda-
tion and supported by special education. He showed
mild obesity but normal response to oral glucose tol-
erance test without hyperinsulinemia (FPG, 86 mg/dL;
IRI, 8.6 pU/mL; C-peptide, 1.53 ng/mL).

Measurements

The standard 75 g oral glucose tolerance test
(OGTT) was performed, after overnight fast. Levels
of glucose, insulin and C-peptide were measured at
0, 30, 60, 90 and 120 min. Insulin was measured us-
ing an enzyme immunoassay ( E test TOSOH II;
TOSOH Corporation, Tokyo, Japan). Cross-reactivity
with proinsulin was 2 %. C-peptide was measured
using a chemiluminescent enzyme immunoassay
(LUMIPULSE Presto C-peptide; FUJIREBIO Inc.,
Tokyo, Japan). Proinsulin was measured using a
RIA2 antibody method (HUMAN PROINSULIN RIA
KIT; Linco Research Inc., St. Charles, MO).

We calculated C-peptide/insulin molar ratio from
each molecular weight and international unit of insu-
lin i.e. 26 IU/mg. We estimated molecular weight of
insulin at 5800 and C-peptide at 3600. Consequently,
1 pU/mL of insulin is 6.09 pmol/L and | ng/mL of
C-peptide is 0.278 nmol/L.

Sequence analysis

Informed consent was obtained from her family.
Genomic DNA was extracted from peripheral blood
lymphocytes using a DNA isolation kit for mamma-
lian blood. Exon 1-2 of the insulin gene and Exons
1-22 of the insulin receptor gene were individual-
ly amplified using primer sets as described [17, 18].
PCR products were purified for direct sequence anal-
ysis on an ABI gene analyzer 310 or 3100 system ac-
cording to the manufacturer’s instructions (Applied
Biosystems).
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Analysis for prevalence of R331X mutant in
population

We tested the frequency of R331X in type 2 DM or
by chance hyperglycemia in adult people, living in the
Akita prefecture located in northern Japan. We stud-
ied 272 participants of a group medical examination,
comprised 92 healthy cases checked normoglycemia
and 180 cases already diagnosed type 2 DM or detect-
ed hyperglycemia. These included 47 cases with fam-
ily history of DM and 14 cases diagnosed before third
decade. All participants gave informed consent, and
the Ethics Committee of Kyoto University School of
Medicine approved the study.

Genotyping of R331X was assayed with PCR re-
striction fragment length polymorphism. PCR re-
actions were conducted in a reaction volume of
7.5 pL with 20 ng genomic DNA, 2x GC buf-
fer, 200 pM dNTPs, 10 pmol of each prim-
er and 1 unit of LA Taq polymerase (Takara,
Tokyo, Japan). The PCR primers used were 5'-
AGATGTCTGAAGGACCTTGGA-3' as a forward
primer and 5-ACAGCTCAGAGGGACATGGA-3’ as
a reverse primer. PCR was performed with 39 cycles
of the following 94°C for 45 s, 54°C for 45 s and 74°C
for 1 min in a thermocycler. Obtained PCR products
showed a single fragment at 285 bp. Six pL of 285-bp
product were then digested with 2 units of BspCNI re-
striction enzyme at 25 °C for 2 h. Digestion products
were visualized on a 3 % agarose gel. Wild-type al-
lele produced double band at 269 and 16 bp and mu-
tant allele produced three bands at 165, 104 and 16 bp.

Results

An OGTT revealed a diabetic pattern with hyper-
insulinemia (Table 1). The homeostasis model as-
sessment of insulin resistance (HOMA-IR), an index
of insulin resistance, was 20.1. The C-peptide/insu-
lin molar ratio was extremely low. The fasting and
120 min levels were 2.21 and 1.57, respectively (nor-
mal level of fasting is 4.0<). An insulin tolerance
test (0.1U/kg insulin i.v.) showed insulin resistance
with only 37 % reduction in plasma glucose levels.
Metformin was started from 250 mg/day and increased
up to 500 mg/day. HbAlc levels improved to 5-6 %
six months later. At that point in time, her fasting pro-
insulin level was 71.7 pmol/L when the IRI level was
49.1 pg/mL. Proinsulin/insulin molar ratio was 0.24
(normal 0.1-0.2). Her insulin levels were still high;

Table 1 C-peptide/insulin molar ratio in family members

Patient
OGTT (1) on admission
Time (min) 0 30 60 90 120
PG (mg/dL) 124 224 263 280 262
IR1 (pU/mL) 65.7 1148 1915 279.1 290.1
CPR (ng/mL) 3.18 4.62 7.01 9.80 10.00
CPR/IRI molar ratio 221 1.84 167 1.60 1.57

OGTT (2) 2 weeks after admission

Time (min) 0 30 60 90 120
PG (mg/dL) 85 190 224 220 202
IRI (pU/mL) 527 1369 1874 2392 3136
CPR (ng/mL) 268 580 800 899 1050
CPR/IRI molar ratio 232 1.93 1.95 1.72 1.53
Father
OGTT
Time (min) 0 30 60 90 120
PG (mg/dL) 88 169 256 214 172
IRI (pU/mL) 10.1 37.0 100.5 1081 110.5
CPR (ng/mL) 124 314 696 8.05 8.22
CPR/IRI molar ratio 560  3.87 3.16 3.40 3.40
Grandmother
Fasting time
PG (mg/dL) 146
IRI (U/mL) 30.1
CPR (ng/mL) 2.51
CPR/IRI molar ratio 3.84

however, the acanthosis nigricans had disappeared af-
ter she had regained diabetic control.

Her clinical course suggested two genetic diseas-
es of glucose metabolism. One was the insulin gene
mutation, as characterized by a low level C-peptide/
insulin molar ratio, and sometimes presents as type 2
DM. The other was the insulin receptor gene muta-
tion, which clinically demonstrated type A insulin re-
sistance.

A sequencing analysis of the 22 exons as well as the
intron-exon junctions identified a heterozygous muta-
tion at nucleotide position 1072 substituting a termi-
nation codon for arginine 331, a conserved amino acid
in the insulin-like growth factor I receptor and insulin
receptor-related receptor, in the putative receptor L2
domain of the patient’s insulin receptor (Fig. 1) [19].
No other mutations were found in any of the insulin
receptor genes analyzed in this study.

Her father and grandmother also had the same
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Partial nucleotide sequence of the insulin receptor gene in the patient. Sequence from the patient is shown in comparison with

that from the control. The patient is heterozygous for a mutation at the nucleotide position 1072, converting Arg 331(CGA) to
a termination codon (TGA). An arrow indicates the position of mutation.

heterozygous mutation (data not shown). The fast-
ing C-peptide/insulin molar ratio of her grandmoth-
er was relatively low under the treatment of sulfo-
nylureas (3.84, IRI; 30.1 pU/mL, CPR 2.51 ng/mL).
The HbA lc level of her father was 4.7 %, but OGTT
showed impaired glucose tolerance (Tablel). Although
the fasting insulin level was 10.1 uU/mL, it increased
up to 100 pU/mL in 60 -120 min. The C-peptide/in-
sulin molar ratio was 5.60 in fasting and 3.40 in 120
min. They showed milder insulin resistance in com-
parison to the proband. The heterozygous mutation
seemed to significantly affect the insulin resistance of
the three subjects, even if no typical skin lesions were
observed in either the father or grandmother.

One unrelated case of leprechaunism with R331X
homozygous mutation was identified in Tokyo, Japan.
The patient was born to unrelated parents at 39 weeks
of gestation with a birth weight of 1743 g. She
showed an extreme degree of insulin resistance (FPG,
200 mg/dL<; IRI 10,000 pU/mL<). She thereafter
started to receive subcutaneous injections of recombi-
nant human IGF-1. After treatment, her glucose meta-
bolic abnormality was improved. Informed consent
was obtained from her parents for sequence analysis.
Her parents had R331X heterozygous mutation. They
did not demonstrate any symptoms of diabetes mel-
litus. Information on the glucose tolerance including
OGTT was unavailable.

These findings led to the hypothesis that insulin re-
ceptor genetic variants contribute to the variation of
DM in the general population in Japan. An extensive
search was done in 272 participants in a group medi-
cal examination that included 92 healthy cases of nor-
moglycemia and 180 cases already diagnosed as type

2 DM or detected hyperglycemia. The search, how-
ever, failed to detect any R331X mutation in this local
population.

Discussion

Type A insulin resistance was initially character-
ized in young female patients with acanthosis nigri-
cans, ovarian hyperandrogenism and virilization [20].
Over 30 mutations have so far been described in these
patients, which are mainly clustered in the tyrosine ki-
nase domain of the insulin receptor [21, 22].

A nonsense mutation was identified in one allele of
a patient substituting the termination codon (TGA) for
the CGA codon normally encoding Arg™' located in a
putative L2 domain, which is a single stranded right-
hand beta-helix and is suggested to make up the bilob-
al ligand binding site [23]. The nonsense mutation at
codon 331 truncated the C-terminal half of the receptor
o subunit as well as the entire § subunit including the
transmembrane anchor and the tyrosine kinase domain.
Therefore, it is unlikely that this truncated receptor,
translated from the mutant allele, would be either func-
tional or located on the cell surface, In fact, extreme
insulin resistance was observed in a female lepre-
chaunism patient with homozygous R331X alleles.

Hyperinsulinemia is usually considered to be the
result of resistance to the physiological effects of in-
sulin and consequent compensatory increased insu-
lin secretion. Recently, the C-peptide/insulin ratio is
widely used as a surrogate of hepatic insulin clear-
ance for the evaluation in type 2 DM or glucose intol-
erance [24, 25]. This index, should clarify whether
impaired hepatic insulin clearance or increased insu-
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lin secretion has a dominant effect on such patients.
Insulin and C-peptide are secreted into the portal vein
in a 1:1 molar ratio after B-cell stimulation by carbo-
hydrate or other secretagogues. A large fraction of
endogenous insulin is cleared by the liver, whereas
C-peptide, which is cleared primarily by the kidney
and has a lower metabolic clearance rate than insulin,
and traverses the liver with essentially no extraction
by hepatocytes [26, 27]. Diminished insulin clearance
has been demonstrated to be an important underlying
mechanism for the hyperinsulinemia found in various
insulin-resistant conditions [28-30]. For example, to
evaluate hyperinsulinemia in African Americans, at
risk for type 2 DM, several studies used C-peptide/in-
sulin molar ratio as an index of hepatic insulin clear-
ance. African American children and adults showed
lower C-peptide/insulin ratio than White Americans,
thus suggesting that high insulin levels could be partly
attributed to lower clearance [31, 32].

Therefore, the use of the C-peptide/insulin molar
ratio reflects of hepatic insulin clearance [33]. A low
C-peptide/insulin molar ratio of our patients suggests
impaired hepatic insulin clearance because of, not
only DM, but also abnormal insulin receptor expres-
sion in the liver. To this day, a low C-peptide/insulin
molar ratio has not been substantially observed among
individuals with type A insulin resistance. Two fami-
ly cases with an insulin receptor gene mutation report-
ed the presence of a low C-peptide/insulin molar ratio
[34, 35]. They showed hyperinsulinemic hypoglyce-
mia, severe insulin resistance and the C-peptide/insu-
lin molar ratio ranged from 1.1 to 3.8.

As well as this reported cases, the molar ratio of
the proband of our family was very low similar to
that observed in subjects with insulin gene mutation.
Previously, low C-peptide/insulin ratio was well re-
ported to be a clinical feature of mutations in the hu-
man insulin gene causing either familial hyperinsu-
linemia or familial hyperproinsulinemia. The elevated
circulating IRI consisted mainly of the unprocessed
mutated proinsulin, which had accumulated because
of proinsulin’s relatively low clearance compared with
insulin. In these subjects, proinsulin levels were tends
to be extremely high, namely over three hundred pmol/
L [36, 37]. Due to dramatic improvements in the assay
techniques of IRI, cross-reactivity with proinsulin is
normally seen at very low levels. Consequently, there
have been no new reports regarding hyperproinsuline-
mia with insulin gene mutations for the last decade.
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Recently, the fasting proinsulin/insulin ratio is used
as a marker of B-cell dysfunction. In peripheral blood,
fasting proinsulin accounts for 10-20% of insulin but
it may reach values as high as 50 % in type 2 DM.
Taura ef «l. evaluated the basal and dynamic proin-
sulin-insulin relationship to assess the f-cell func-
tion during OGTT in type 2 DM [38]. The proinsulin/
insulin molar ratio was higher in type 2 DM (0.39 £
0.05) subjects than normal (0.14 + 0.01) and impaired
glucose-tolerant (0.13 + 0.02) subjects. In comparison
to this study, the fasting proinsulin/insulin ratio of the
proband, 0.20 was slightly higher than normal. It is
difficult to consider that her low C-peptide/insulin mo-
lar ratio is derived from structural abnormalities in the
proinsulin molecule.

We calculated the C-peptide/insulin molar ratio of
several previous cases with insulin receptor gene mu-
tation from data measured simultaneously. Severe
cases, Rabson-Mendenhall syndrome or Donohue’s
syndrome, showed very low level (0.69 to 1.83) [14,
39-41]. Milder cases, type A insulin resistance or DM,
also showed relatively low molar ratio (1.47 to 4.26)
[35, 42]. However, most previous case reports only
recorded the IRI data, more investigations are needed
to discuss these clinical characteristics.

Interestingly, the patient’s father did not show
hyperinsulinemia while demonstrating a normal
C-peptide/insulin molar ratio after fasting. However,
after oral glucose ingestion, the insulin level increased
100.5 pU/mL/mL at 60 min and the molar ratio gradu-
ally decreased from 5.60 to 3.40. Meier et al. studied
the C-peptide/insulin molar ratio as calculated at sin-
gular time points after oral glucose administration in
non-diabetic subjects [37]. They reported that the mo-
lar ratio decreased to half level at 30 minutes and then
it gradually increased up to the initial level through
120 min. In contrast to their data, the proband and her
father showed a gradually decreasing pattern from 0
to 120 minutes. Receptor-mediated insulin endocy-
tosis and degradation in hepatocyte underlie the basic
mechanism of insulin clearance. Insulin is targeted for
degradation after internalization, whereas the recep-
tor recycles back to the cell surface [43]. CEACAMI,
a transmembrane glycoprotein, plays a significant role
in receptor-mediated insulin endocytosis [44]. In vit-
ro studies suggest that upon its phosphorylation by the
insulin receptor kinase, CEACAMI binds indirectly
to the receptor to undergo internalization in clathrin-
coated vesicles as part of endocytosis complex [45].
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CEACAM1 is considered to interact with two sepa-
rate domains of the insulin receptor: a C-terminal for
its phosphorylation, and cytoplasmic juxtamembrane
domain required for internalization [46]. R331X mu-
tant defects these important domains for endocytosis
of insulin-insulin receptor complex. A reduction of
endocytosis may also affect recycle of insulin receptor
and may cause prolonged low hepatic extraction after
glucose oral load observed in subjects having R331X
mutation. Although her father showed normal data in
fasting period, the oral glucose test may be a supple-
mentary means for evaluating of insulin receptor mu-
tant subjects.

As stated above, C-peptide is believed to be a better
index of the pancreatic B-cell function than insulin be-
cause C-peptide levels are unaffected by hepatic clear-
ance. When comparing the father’s C-peptide levels
of OGTT with proband, only a slight difference was
observed. This result indicates that the insulin secret-
ing function of B-cell is not substantially different and
the canse of hyperinsulinemia in the proband is domi-
nantly affected by impaired hepatic insulin clearance.
The evaluation of the C-peptide/insulin molar ratio is
thus considered to be a useful index for identifying ge-
netic insulin resistance patients. On the other hand, a
mild phenotype such as that observed in her father may
not be effectively evaluated by the fasting data alone.

Unrelated Japanese patienis with another mutation
of the insulin receptor gene have been previously re-
ported. They showed different phenotypes: one was
detected as a heterozygous mutation in type A insu-
lin resistance, while the other was detected as a com-
pound heterozygous mutation in leprechaunism, thus
indicating that the severity of such mutations will
determine the phenotype [47]. The phenotype of
heterozygous R331X differed substantially among the
current family members. Although the proband and
her grandmother showed diabetes mellitus with insu-
lin resistance, the difference in the age of onset was
around forty years. In addition, her father did not

show insulin resistance after fasting. The reason for
this difference may be conditioned by heredity and
environment. The lifestyle for children has changed
over the last few decades in Japan. The proband of-
ten consumed high caloric foods before detecting glu-
cosuria. Numerous genetic factors related to diabetes
mellitus have also been investigated. The insulin re-
ceptor pathway plays an important role in the glucose
metabolism. The phenotype of a homozygous muta-
tion, leprechaunism, revealed this important function
in humans. However, a heterozygous mutation includ-
ing Type A insulin resistance shows a mild phenotype.
Variance in the current family case suggests that vari-
ous genetic factors may therefore have played a role in
their glucose metabolism. Contrary to expectations,
the hypothesis that R331X determines the phenotype
for glucose tolerance in Japanese people was ruled
out. In addition, the influence of other reported muta-
tions was unclear.

In conclusion, a nonsense mutation causing pre-
mature termination after amino acid 331 in the o sub-
unit of the insulin receptor was identified in Japanese
diabetes patients. The phenotype of R331X showed
variety, and therefore further investigations, includ-
ing determination of the mRNA level as well as 1i-
gand binding and receptor autophosphorylation, are
thus called for to address the molecular mechanism
by which this mutation leads to the occurrence. of dia-
betes, as was observed in the current patient, In addi-
tion, the C-peptide/insulin molar ratio is considered to
be a useful index for identifying genetic insulin resis-
tance patients.
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Genetic Variants in Pigment
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Response of Polypoidal Choroidal
Vasculopathy to Photodynamic Therapy
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Purpose: To investigate whether photodynamic therapy (PDT) outcomes of polypoidal choroidal vasculopa-
thy (PCV) are related to baseline clinical characteristics, smoking history, or genetic factors by analyzing the
retreatment-free period after the first PDT.

Design: Retrospective cohort study.

Participants: The study consisted of 167 patients with PCV who underwent PDT as their first treatment.

Methods: We targeted 638 single nucleotide polymorphisms (SNPs) in 42 possible susceptible genes for
age-related macular degeneration to evaluate their relation to the effectiveness of PDT for PCV. For this
evaluation, we used 2 methods: (1) survival analysis, with the retreatment-free period as the target; and (2) logistic
regression test between the need for additional therapy within 3 months after the first PDT and the genotypes,
with age, gender, smoking status, and greatest linear dimension (GLD) at baseline as covariates. The contribu-
tions of smoking status and GLD at baseline for the retreatment-free period also were evaluated. Contributions
of these factors to visual prognosis were evaluated for 1 year after PDT.

Main Outcome Measures: Retreatment-free period after the first PDT for PCV. Secondary outcome
measures included correlation of the susceptible factor to the retreatment requirement within the 3-month
follow-up and the mean visual acuity change.

Results: In survival analyses, SERPINF1 rs12603825 showed a significant association with the retreatment-free
period after the first PDT; those patients homozygous for the minor allele A of rs12603825 received additional
treatment after PDT within significantly shorter times than those with other genotypes (P = 0.0038). There was no
significant difference in the retreatment-free period between baseline GLD and smoking status. Retreatment within 3
months was required significantly more in patients with the AA genotype, even after taking into consideration the
effect of clinical characteristics (age, gender), baseline PCV lesion size, and smoking status (P = 0.0027). Furthermore,
patients with the AA genotype showed significantly worse visual prognosis after PDT (P = 0.013).

Conclusions: Pigment epithelium-derived factor (SERPINF1 or PEDF) polymorphisms may influence the
initial response to and visual prognosis after PDT for PCV. Our findings may lead to understanding the
pathogenesis of PCV and modification of the effects of PDT.

Financial Disclosure(s): The author(s) have no proprietary or commercial interest in any materials discussed
in this article. Ophthalmology 2011, xx:xxx © 2011 by the American Academy of Ophthalmology.

Polypoidal choroidal vasculopathy (PCV) is observed fre-
quently in Asian patients diagnosed with exudative age-
related macular degeneration (AMD),"? and PCV recently
has been considered to be a separate clinical entity differing
from neovascular AMD and other diseases associated with
subretinal neovascularization.> Recent studies on the genet-
ics of AMD and PCV have recognized them as complex
diseases caused by the actions and interactions of numerous
genes and environmental factors.*~8

© 2011 by the American Academy of Ophthalmology
Published by Elsevier Inc.

Photodynamic therapy (PDT) with verteporfin was pre-
viously one of the main therapeutic options for neovascular
AMD, and several studies have shown that the treatment
effects of PDT for AMD vary according to the baseline
composition, including lesion size of choroidal neovascu-
larization, visual acuity, and genotype.®~'? Many studies
have reported that PDT is more effective in treating PCV
than neovascular AMD,!*~!> although PDT for PCV often
has to be repeated, either because of persistent disease or
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doi:10.1016/j.0phtha.2010.12.011

- 195 -



recurrence.'®!” There are limited reports of the association
between clinical or pathologic features and the response of
PCV to PDT. When evaluating the effect of PDT for PCV,
it is essential to consider both genetic and environmental
factors, which has been done in the evaluation of AMD. As
shown in the AMD study, studies have shown that smoking
is associated with the development of PCV.!8-20

The objectives of the current study were to discern
whether the response of PCV to PDT was related to baseline
clinical characteristics, smoking history, and genetic back-
ground by analyzing multiple single nucleotide polymor-
phisms (SNPs) and focusing primarily on the clinical
retreatment-free period.

Materials and Methods

All procedures in this study adhered to the tenets of the Declara-
tion of Helsinki. The institutional review board and ethics com-
mittee of each institute involved approved the protocols of this
study. All patients were fully informed of the purpose and proce-
dures of this study, and written consent was obtained from each
patient.

Patients and Methods

The study consisted of 167 Japanese patients with PCV who
underwent PDT at Kyoto University Hospital, Fukushima Medical
University Hospital, or Kobe City Medical Center General Hos-
pital between August 2004 and February 2009. All patients en-
rolled in the study met the criteria of PCV as proposed by the
Japanese Study Group of Polypoidal Choroidal Vasculopathy.?!
Each subject underwent a complete ophthalmic examination, in-
cluding measurement of best-corrected visual acuity, indirect oph-
thalmoscopy and slit-lamp biomicroscopy with a contact lens by a
retina specialist, fluorescein angiography and indocyanine green
angiography (ICGA), and optical coherence tomography. Best-
corrected visual acuity was measured with a Landolt chart and
converted to a logarithm of the minimal angle of resolution for
statistical analysis. The inclusion criteria for this study were (1)
diagnosis of PCV, (2) treatment with PDT as the first therapy, (3)
age = 50 years, (4) presence of a subfoveal lesion, and (5)
best-corrected Snellen visual acuity equivalent of 20/200 to 20/40
at baseline. Exclusion criteria were (1) choroidal neovasculariza-
tion caused by other diseases (e.g., pathologic myopia, uveitis) and
(2) combined treatment (e.g., PDT in combination with antivascu-
lar endothelial growth factor drugs). If a patient had bilateral PCV
treated with PDT, the eye treated earlier that fulfilled the criteria of
this study was selected as the study eye for analysis. The greatest
linear dimension (GLD) used for PDT was based on the ICGA
findings and covered the entire PCV vascular lesion, including
polypoidal lesions and branching vascular network vessels.?? All
patients received PDT with verteporfin following the standard
protocol of treatment?® except for determination of the GLD. At 3
months after the first PDT for PCV, all patients underwent a repeat
ophthalmologic examination, including optical coherence tomog-
raphy or fluorescein angiography and ICGA, on which the need for
additional treatment was based. This sequence was followed dur-
ing the follow-up time at intervals of patient visits to the outpatient
clinic for up to 3 months. The retreatment-free period was calcu-
lated as the date of the first PDT to the date that the treating
physician opted for additional treatment for a persistent or new
lesion.

Ophthalmology ~ Volume xx, Number , Month 2011

To evaluate the effect of GLD size, patients were divided into
3 groups according to the guidelines for PDT in Japan.?* The GLD
was =1800 um in the first group, 1800 to 5400 wm in the second
group, and =5400 um in the third group. Information on smoking
status (never smoked, ex-smoker, or current smoker) was obtained
by self-reported questionnaire.

Two methods were used for the current PDT study: (1)
survival analysis, with the retreatment-free period after the first
PDT being the target; and (2) logistic regression test between 2
subgroups to evaluate the initial response to PDT. Because
additional treatment with PDT is usually considered at 3 months
after the first PDT,'#? the patients were classified into 1 of 2
groups by whether additional treatment was required within the
first 3-month follow-up. Those patients who required additional
therapy within 3 months after the first PDT (i.e., they continued
to show an exudative lesion or had a worsened exudative lesion)
were regarded as having a retreatment-free period of less than
3 months (Fig 1).

Multiplexing Single Nucleotide Polymorphism
Analysis

To identify susceptible SNPs for the retreatment-free period after
the first PDT, we used 31 of 160 PCV samples that were genotyped
with the Illumina GoldenGate assay across 638 SNPs of 42 genes
on a BeadStation 500G Genotyping System (Illumina, Inc., San
Diego, CA); this was customized to evaluate possible AMD/PCV
susceptible genes (listed in Table 1, available at http://aacjournal.
org.). Haploview?® software was used to infer the linkage disequi-
librium (LD) in the targeted regions; among the candidate SNPs,
LD indices (D’ and 7?) were calculated with Haploview. To detect
an association between the gene and the response to PDT, 1
representative SNP was chosen from each region. To confirm the
positive association seen in the screening samples, 136 additional
patients were genotyped for the SNPs with the Tagman SNP assay,
which used the ABI PRISM 7700 system (Applied Biosystems,
Foster City, CA). The 31 PCV samples used in the initial screening
were also genotyped to validate concordance between the Gold-
enGate assay and the Tagman assay. Samples with a low success-
ful call rate (<95%) were excluded from the study.

Statistical Analyses

Survival analysis was conducted using Kaplan-Meier methods
to estimate differences among genotypes in the retreatment-free
period after the first PDT. The retreatment-free period of the
patients with no additional treatment was censored at the time
of last contact. To detect differences in survival, Breslow—
Gehan-Wilcoxon tests were used. When a significant associa-
tion was found, the best fitting model (additive, dominant, or
recessive) was then investigated. The Hardy—Weinberg equilib-
rium for genotypic distribution was evaluated using the Hardy—
Weinberg equilibrium exact test. Descriptive statistics for all
demographic and clinical variables were calculated and com-
parisons were made using the unpaired ¢ test for means with
continuous data (e.g., age) and the chi-square test for categoric
data (e.g., gender). Logistic regression analysis was used to
evaluate the association for adjusting age, gender, smoking
status, GLD, and genotype considering the best fitting model.
Visual prognosis after treatment was compared by a repeated-
measures analysis of variance. P value correction was per-
formed with the Bonferroni method using the ratio of the
number of all genotyped SNPs in the screening procedure. For
overall survival analysis, P value correction was performed
with the Bonferroni method using the ratio of the number of
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Figure 1. Fundus photographs (A, E), fluorescein angiographs (B, F), indocyanine green angiographs (C, G), and optical coherence tomographs (D, H)
of a patient who received additional treatment within 3 months after the first PDT. This 72-year-old man with PCV in his right eye underwent PDT as
his first therapy. Before the treatment (A-D), his best-corrected visual acuity was 20/200 and ICGA revealed an active polyp (C, white arrow). Seventy-six
days after PDT (E-H), the treating physician opted to perform additional treatment because his best-corrected visual acuity decreased to 20/400, a new
macular hemorrhage appeared, and the polyp (G, white arrow) and exudative lesion (F, H) remained active.

selected SNPs from the screening. Significance was defined at
the 5% level.

Results

A total of 167 patients with PCV who underwent PDT as their first
therapy at 1 of 3 institutes were enrolled in the current study.
Demographic and clinical characteristics of each patient by insti-
tute involved are shown in Table 2.

Survival Analysis for the Retreatment-free Period

Of the 160 patients with PCV who were genotyped by the Illumina
GoldenGate assay, which launches 638 SNPs across 42 genes in
our previous study, 31 met the inclusion criteria of the current PDT
study and were used for the screening of genotype data. Because
57 SNPs with no call or scattered or overlapping clusters were
excluded from the analysis, 581 SNPs were evaluated by survival
analysis with the retreatment-free period. We identified 6 SNPs in

4 genes (FBLNS, CX3CR1, SERPINF1, and TLR4), with the P
value adjusted for multiple testing <0.05 (Table 3). At SERPINF1
gene, 1s12103559 and rs1894286 were in strong LD (pair-wise D’
= 1.0 and = 1.0). By considering the LD and minor allele
frequency of 3 SNPs of this region, we selected rs12603825 as the
representative SNP of the SERPINF1 gene and tested a total of
4 SNPs in other patients. A total of 136 additional patients from
the 3 institutes were genotyped by the Tagman method. Geno-
typing success rates of the 4 SNP markers in the additional 136
samples were greater than 98.8%. In overall survival analyses,
SERPINF1 rs12603825 showed a significant association with
the retreatment-free period (P = 0.0117). Patients homozygous
for the minor allele of rs12603825 (i.e., a recessive model) were
given an additional treatment after the first PDT in significantly
shorter time periods than were the other genotypes (P =
0.0038), and this association remained significant after a permuta-
tion procedure for multiple test correction (corrected P = 0.015)
(Table 3, Fig 2).

There was no significant difference in the retreatment-free
period among the 3 GLD groups and the smoking status groups

3
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