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congenital cataract, 51.3 % with white pupil, 40.9 % with
cataract found with other diseases, 33.3 % with poor visual
fixation, 32.3 % with cataract diagnosed by previous phy-
sicians, 28.6 % with nystagmus, 13.3 % with photophobia,
8.0 % with strabismus, and 1.4 % with poor vision.

The timing of first visit to ophthalmologists was earliest
for those with nystagmus (5.4 + 4.3 months) followed by,
in descending order, poor visual fixation (9.0 £
8.7 months), white pupil (9.7 & 21.2 months), family his-
tory (10.8 & 21.7 months), cataract diagnosed with other
diseases (11.1 & 19.9 months), photophobia (29.2 +
14.5 months), strabismus (38.2 = 34.3 months), cataract
diagnosed by previous physicians (47.4 £ 69.4 months),
and poor vision (81.3 £ 46.8 months).

Family history and other variables

Because more than 98 % of unilateral cases had no family
history, the relationship between family history and other
variables were analyzed for bilateral cases.

The average age at initial visit for cases with family
history was 2.5 & 3.4 years whereas that for cases without
family history was 2.5 & 3.6 years (no significant differ-
ence; Student ¢ test, p = 0.851). The incidence of associ-
ated ocular anomalies did not differ between the two
groups (15.4 vs. 15.7 %). The prevalence of associated
systemic problems was significantly lower among cases
with family history (5.8 %) than among those without
(35.7 %) (p < 0.0001).

Cataract morphology

Because cataract morphology for both eyes was similar for
more than 90 % of bilateral cases, analysis was based on
the number of cases rather than the number of eyes, after
exclusion of those for which valid information was not
available.

The common morphological type of cataract included
total cataract (29.3 %), nuclear cataract (19.4 %), and
lamellar cataract (18.5 %) in bilateral cases whereas

posterior subcapsular/polar cataract (34.7 %), nuclear cat-
aract (23.5 %), and total cataract (21.8 %) were frequently
found in unilateral cases. These numbers were calculated
including those with unknown and other type of cataract,
and thus are different from those shown in Table 4.

Bilateral and unilateral cases were compared after
excluding cases with unknown type, bilaterally different
type, and other type of cataract (Table 4). The percentage
of total (p < 0.05) and lamellar cataracts (p < 0.05) was
significantly greater among bilateral cases whereas pos-
terior subcapsular/polar cataracts were more frequent in
unilateral cases (p < 0.05).

Cataract morphology and other variables

Age at initial visit is plotted as a function of cataract mor-
phology in Fig. 1. Cases with anterior subcapsular/polar
cataract visited the physician earliest, followed by those with
total, nuclear, combined, lamellar and posterior subcapsular/
polar cataracts. Statistical analysis revealed that age at initial
visit was significantly lower for patients with anterior sub-
capsular, total, and nuclear cataract than for those with
lamellar and posterior subcapsular cataract (p < 0.05, Krus-
kal-Wallis test, Scheffe multiple comparison).

For cases with total cataract, age at the initial visit was
significantly lower for bilateral (12.3 £ 21.3 months) than
unilateral cases (25.7 & 34.4 months) (p = 0.0314, Welch
t-test). Such differences were not found for cases with other
cataract morphology.

The relationship between cataract morphology and
family history was analyzed for bilateral cases. Family
history was found in 30.6 % of cases with total opacity,
27.1 % of cases with lamellar opacity, 44.8 % of cases
with nuclear opacity, 41.2 % of cases with posterior sub-
capsular/polar opacity, 33.3 % of cases with anterior sub-
capsular/polar opacity, 43.8 % of cases with combined
opacity, 21.2 % of cases with a different type of opacity
bilaterally, and 28.6 % of cases with another type of
opacity. These percentages were not statistically signifi-
cantly different.

Table 4 Cataract morphology Morphology Bilateral cases Unilateral cases p value*
Total 95/281 (33.8 %) 37/169 (21.9 %) p <0.05

Percentages are calculated after Lamellar 60/281 (21.4 %) 11/169 (6.5 %) p <0.05

excluding cases with bilaterally  Nyclear 63/281 (22.4 %) 40/169 (23.7 %) n.s.

different type, other type, and 5 o cansular/polar 23281 (8.2 %) 59/169 (34.9 %) p <005

unknown type of cataract, to

compare bilateral and unilateral Anterior capsular/polar 6/281 (2.1 %) 5/169 (3.0 %) n.s.

cases Combined 34/281 (12.1 %) 17/169 (10.1 %) n.s.

n.s. not significant Different bilaterally 37/343 - -

* Bilateral and unilateral cases Others 6/343 1/178 -

were compared by use of the e Unknown 19/343 8/178 _

test
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Fig. 1 Age at initial visit (months) as a function of cataract
morphology

There was no significant association between cataract
morphology and prevalence of associated systemic disor-
ders. For cases with total cataract, the incidence of sys-
temic disorders was 37.6 % among bilateral cases and
15.6 % among unilateral cases, which was significantly
different (p = 0.022). For cases with nuclear cataracts, the
incidence of systemic abnormalities was significantly
higher for bilateral cases (32.8 %) than for unilateral cases
2.9 %) (p = 0.0007). Such differences were not found for
cases of cataracts with a different morphology.

The relationship between cataract morphology and
incidence of associated ocular comorbidities was assessed
(Table 5). It was found that cases with total cataracts were
frequently associated with strabismus, nystagmus, and
microphthalmos whereas nuclear cataract cases presented
high prevalence of microcornea. Persistent fetal vascula-
ture and posterior lenticonus were more often seen for eyes
with posterior subcapsular/polar cataract than for those
with other cataract morphology.

Presumed etiology of congenital cataract

The etiology was estimated from the data provided by the
survey and classified into several categories, including

Table 6 Presumed etiology of congenital cataract

Etiology Bilateral cases  Unilateral cases
Hereditary (family history) 104 (30.3 %) 2 (1.1 %)
Congenital ocular abnormality 36 (10.5 %) 38 (21.3 %)

Persistent fatal vasculature 3 14

Nanophthalmos 11 6

Microcornea 12 5

Others 10 13
Systemic diseases 80 (23.3 %) 17 (9.6 %)
Chromosomal disorder

Down syndrome 24

Others 4 3
Intrauterine infection

Rubella 2 1

TORCH 1
Central nervous system abnormality

Mental retardation 6 0

Epilepsy 6 0

Others 13 0

Cardiac anomaly 10 1

Low birth weight 6 3

Other systemic diseases 8 5
Unknown 123 (35.9 %) 121 (68.0 %)
Total 343 178

hereditary, congenital ocular abnormality, congenital sys-
temic diseases, and unknown (Table 6). Whenever family
history of congenital/developmental cataract was positive,
it was judged to be hereditary.

Among 343 bilateral cases, unknown etiology (idio-
pathic) was most common among 123 cases (35.9 %),
followed by hereditary (104 cases, 30.3 %), systemic
anomalies (80 cases, 23.3 %), and congenital ocular
abnormality (26 cases, 10.5 %).

Among 178 unilateral cases, the presumed etiology was
unknown for 121 (68.0 %), congenital ocular abnormality
for 38 cases (21.3 %), systemic diseases for 17 cases
(9.6 %), and hereditary for 2 cases (1.1 %).

Table 5 Frequently associated
ocular comorbidities and

Ocular diseases

Bilateral cases Unilateral cases

cataract morphology Strabismus

Nystagmus

Microcornea
Microphthalmos

Persistent fetal vasculature

Posterior lenticonus

Total, different bilaterally Nuclear
Total -
Nuclear -
Anterior subcapsular/polar, total Total

Posterior subcapsular/polar Posterior subcapsular/polar

Posterior subcapsular/polar -
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Discussion

This study population was confined to those undergoing
surgical treatment for congenital/developmental cataracts;
patients whose surgical intervention was not indicated were
not included. This was because, when planning this retro-
spective study, we believed that more detailed clinical data
would be available for surgical cases than for non-surgical
cases. Thus, it should be noted that these results do not
necessarily give a complete picture of cases with congen-
ital/developmental cataract in general. Cases with unilate-
ral dense cataracts diagnosed too late for surgery and those
with severe preexisting ocular anomalies contraindicated to
cataract surgery were not included in this study. Likewise
patients with severe systemic comorbidities at a high risk
of developing complications in general anesthesia were
excluded from the current study population. Nevertheless,
another study among facilities similar to those in this study
showed that more than 85 % of respondents will recom-
mend surgery for congenital cataract even when visual
prognosis may not be very promising, after fully explaining
the pros and cons of surgery to the patients’ family.
Therefore, we believe that the results obtained herein do
not deviate substantially from the overall situation for
congenital/developmental cataracts in Japan.

Laterality

In 2000, Rahi et al. [12] studied 243 cases with congenital
cataracts in the UK and reported that 66 % were bilateral.
A Danish study by Haargaard et al. [13] in 2004 reported
that 64 % of 1,027 congenital cataracts were bilateral, and
an Australian study by Wirth et al. in 2002 found that 56 %
of 421 cases had cataracts in both eyes [14]. These studies
were conducted nationwide and/or across wider regions,
and their results are in good agreement with ours. Smaller-
scale studies, however, report different results. Eckstein
et al. [15] investigated 366 cases in India and reported an
incidence of bilateral cases of 78.1 %, of which 15 % were
caused by rubella; Jain et al. [16] reported that 92.1 % of
76 congenital cataracts were bilateral. SanGiovanni et al.
[17] stated that 47.9 % of 73 congenital cataracts in the
USA were bilateral. Judging from previous large-scale
studies and our current results, it seems that the ratio of
bilateral and unilateral cases in congenital cataract is
approximately 2:1.

Family history of congenital cataract
We found that family history was significantly higher for
bilateral cases (33.1 %) than for unilateral cases (1.3 %), in

good agreement with results reported by Rahi et al. [12]
and Haargaard et al. [13].
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Associated systemic diseases

Consistent with our results, Rahi et al. [12] and Haargaard
et al. [13] reported that the incidence of associated sys-
temic comorbidities was higher for bilateral cases than for
unilateral cases.

Associated systemic anomalies were found for 35.7 %
of patients without a family history of congenital cataract,
compared with only 5.8 % of those with family history.
The prevalence of preexisting ocular problems was not
associated with family history of congenital cataract,
however. These results suggest that many patients with
hereditary congenital cataract have no concurrent systemic
and ocular diseases other than cataract. Haargaard et al.
[13] also reported that 91 % of cases with hereditary
congenital cataract had no abnormality other than cataract
(isolated cataract).

Associated ocular diseases

We found that strabismus accompanied congenital/devel-
opmental cataracts among 33.3 % of patients, which is
consistent with results from previous studies, for example
24.1 % reported by Deweese [18], 33.6 % reported by
Yang et al. [19], and 28 % reported by Kim et al. [20].

The incidence of nystagmus associated with congenital
cataract varies: 22.6 % reported by Deweese [18], 38.1 %
reported by Yang et al. [19], and 15 % reported by Kim
et al. [20]. Our results (17.7 %) fall within this range.

The prevalence of microphthalmos associated with
congenital cataract was reported to be 4.5 % by Deweese
[18] and 6.6 % by Rahi et al. [12]. The prevalence of either
microphthalmos or microcornea was reported to be 3.9 %
by Haargaard et al. [13], and the prevalence of microcornea
was 10.8 % among cases in the study by Yang et al. [19].
In many of these studies, microphthalmos and microcornea
are not distinguished clearly. In this study, we found
microphthalmos in 3.6 % and microcornea in 6.0 % of
cases. When combined, €ither microphthalmos or micro-
cornea was present in 8.6 % (45/521).

Persistent fetal vasculature often coexists with congen-
ital cataract, and its incidence is reported to be 3.8 % by
Yang et al. [19], 5.7 % by Haargaard et al. [13], 8.2 % by
Rahi et al. [12], 4.3 % by Ledoux et al. [21], and 3.0 % by
Plager et al. [22] The prevalence found in our study, 2.0 %,
is somehow lower than in these reports.

The incidence of posterior lenticonus in eyes with
congenital cataracts varies substantially, depending on the
study: 0.9 % reported by Haargaard et al. [13], 10.1 % by
Ledoux et al. [21], and 14.9 % by Plager et al. [22]. In our
study, 1.5 % of cases presented with posterior lenticonus.
These discrepancies may be because of different study
populations, different surgical procedures, and/or timing of
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diagnosis. Diagnosis of posterior lenticonus is sometimes
difficult before surgery, because of dense opacity, and even
during surgery, when the lens is being removed by use of
the pars plana lensectomy technique. In fact, one of the
authors (TN) found posterior lenticonus in 9.8 % (6/61) of
cases during surgery in which limbal approach technique
with implantation of an intraocular lens was scheduled.

Concomitant ocular abnormalities, for example strabis-
mus, persistent fatal vasculature, and posterior lenticonus,
are more frequently associated with unilateral rather than
bilateral cases of congenital cataract. For persistent fatal
vasculature, Haargaard et al. [13] reported prevalence of
15.0 vs. 0.5 % (unilateral vs. bilateral, p < 0.0001) and
Rahi et al. [12] reported 21.7 vs. 1.3 % (p < 0.0001). The
incidence of posterior lenticonusis was reported to be 1.9
vs. 0.3 % (p = 0.025) by Haargaard et al. [13]. For the
association of microphthalmos with congenital cataract,
Rahi et al. [12] reported no difference between unilateral
and bilateral cases (7.2 vs. 6.3 %, p = 0.770) whereas
Haargaard et al. [13] reported that the prevalence of either
microphthalmos or microcornea among patients with con-
genital cataracts was significantly larger for unilateral
(5.9 %) than for bilateral (2.8 %) cases (p = 0.0127). We
found the incidence of microphthalmos and microcornea to
be no different between bilateral and unilateral cases.

Age at initial visit

In this study, age at the first visit to ophthalmologists
averaged 2.6 & 3.3 years (mean = standard deviation;
range O to 18.8 years). Yang et al. [19] reported an average
age of 2 years 1 month (0-10 years 1 month) and Haarg-
aard et al. [13] reported a medium age of 3 years; both
results are very similar to ours. Patients in the UK were,
however, examined and diagnosed at a very early stage,
average 8 weeks (0-15 years) after birth, as reported by
Rahi et al. [12]. This is because of the national ophthalmic
surveillance scheme in the UK, administered ophthalmol-
ogists and pediatricians, in which all British pediatricians
are required to conduct ocular examinations of newborns;
screening by pediatricians and treatment by ophthalmolo-
gists are free of charge; and 89 % of ophthalmologists
participate in the national survey of congenital/infantile
cataracts and report to the registry [12].

There is a specific critical period for surgical treatment
of congenital cataract to achieve optimum orthoptics. For
unilateral cases, the report of 6 weeks from birth by Birch
et al. [8] is widely accepted. For bilateral cases, there are
several opinions, ranging from 8 [9] and 10 [10] to
14 weeks [11] from birth, we adopted 12 weeks as the
threshold for this analysis. We found that only 15.2 % (25/
165 cases) of unilateral cases and 31.4 % (103/328 cases)
of bilateral cases were seen for the first time within the

critical visual period, indicating that detection and diag-
nosis of congenital cataracts were too late in many cases.

The relationship between main complaint and age at the
initial visit was analyzed. For bilateral cases, 64.3 % with a
family history of congenital cataracts visited within
12 weeks, followed by 51.3 % with white pupil, and
40.9 % with cataract diagnosed with other eye diseases.
For unilateral cases, the percentage of patients who saw a
physician within the critical period was 42.6 % for those
with white pupil and 28.6 % for those with cataract diag-
nosed with other eye diseases, compare with O % for other
main complaints. Thus, two-thirds of the patients with
family history visited within the critical period, and fewer
than half of those with white pupil came to see a doctor
within that period.

When studying the relationship between cataract mor-
phology and age at initial visit, it was found that patients
with total, anterior subcapsular, and nuclear opacity visited
a physician significantly earlier than those with posterior
subcapsular and lamellar opacity. This seems to be because
total, anterior subcapsular, and nuclear cataract are often
apparent from white pupils at an earlier stage, in contrast
with posterior subcapsular and lamellar cataract.

Main complaints

Few studies have investigated the main complaints of
patients with congenital/developmental cataract. Yang
et al. [19] reported the distribution of initial presentations
of suspected cataract: poor visual acuity or complaint of
blurred vision for 33.3 %, white pupil for 31.5 %, dis-
covery on screen test by pediatricians or at school for
19.8 %, squint for 10.8 %, eye shaking for 2 %, head tilt
for 1.5 %, and photophobia for 1 %. The percentages of
white pupil and squint in their report are similar to our
results, but those of nystagmus and photophobia are
inconsistently lower; the reason for this is currently
unknown.

Cataract morphology

There are a variety of reports on the distribution of mor-
phological types of cataract. Haargaard et al. [13] found
nuclear or lamellar cataract among 34 %, total cataract
among 15 %, posterior subcapsular cataract among 14 %,
combined cataract among 10 %, posterior polar cataract
among 10 %, anterior polar cataract among 6 %, others
among 8 %, and unknown among 3 %. Compared with
their results, we found a somewhat higher proportion of
total cataracts and a lower proportion of posterior sub-
capsular/polar and anterior subcapsular/polar cataracts.
Yang et al. [19] reported a very high frequency of
nuclear cataracts (48.4 %) compared with total (22.4 %),
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posterior polar (13.8 %), and lamellar (8.5 %) cataracts.
Plager et al. [22] found lamellar among 35.8 % of cases,
nuclear among 16.4 %, posterior subcapsular/polar among
38.8 %, total among 6.0 %, and anterior polar cataract
among 1.5 %. Ledoux et al. [21] state that lamellar opacity
was present among 30.9 %, nuclear among 24.5 %, pos-
terior subcapsular among 14.4 %, posterior lenticonus
among 10.1 %, posterior polar among 7.9 %, total among
2.9 %, anterior polar opacity among 2.9 %, and others
among 2.2 %. These conflicting results seem suggestive of
different surgical indications for congenital cataracts, and
diverse background of patients, for example age, ethnicity,
and socioeconomic situations.

The distribution of cataract morphology did not differ
substantially between those with and without family his-
tory of congenital cataracts, indicating that inherited and
non-inherited congenital cataracts are no different in their
phenotype. Haargaard et al. [13]. stated that hereditary
cataracts tend to be more associated with nuclear and
lamellar cataracts, whereas idiopathic types are more likely
to be linked with posterior subcapsular/polar cataracts, but
they did not show a statistically significant difference
between them.

There is no study of the relationship between cataract
morphology and the incidence of ocular comorbidities. We
found that cases with total cataract were frequently asso-
ciated with strabismus, nystagmus, and microphthalmos
whereas persistent fetal vasculature and posterior lentico-
nus were more often seen for eyes with posterior subcap-
sular/polar cataracts than for those with other cataract
morphology. These results can be explained by the fact that
total cataract results in more severe visual deprivation,
leading to strabismus and nystagmus at an early stage,
whereas posterior fetal vasculature and posterior lenticonus
are anatomically related to posterior subcapsular/polar
cataracts.

Presumed etiology of congenital cataract

The distribution of presumed etiology in this study is in
good agreement with that reported by Rahi et al. [13], who
reported that 34 % of bilateral cases were of unknown
etiology, 28 % were hereditary, 25 % were associated with
systemic diseases, and 13 % were linked to ocular diseases.
They also reported a higher proportion of unilateral cases
associated with ocular comorbidities, however [12]. This is
because their statistics include unilateral cases with per-
sistent hyperplastic primary vitreous and anterior segment
dysgeneses, severe cases of which were excluded from our
study population because of the absence of surgical indi-
cations. The breakdown of presumed etiology reported by
Haargaard et al. [13] is highly consistent with our results
for both bilateral and unilateral cases.
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In conclusion, we herein report the clinical features of
cases with congenital/infantile cataracts who underwent
surgical treatment. Understanding the detailed clinical
characteristics of these cases and analyzing the relation-
ships among the different variables will be of clinical
importance to achieving earlier diagnosis and providing
timely treatment of congenital/developmental cataract to
prevent potentially treatable amblyopia in children.
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Abstract

Although the gene encoding optineurin (OPTN) is a causative gene for glaucoma and amyotrophic lateral sclerosis, it is
ubiquitously expressed in all body tissues, including the retina. To study the function of OPTN in retinal ganglion cells as well as
the whole retina, we previously isolated OPTN-interacting proteins and identified the gene encoding the bZIP transcription
factor neural retina leucine zipper (NRL), which is a causative gene for retinitis pigmentosa. Herein, we investigated the binding
between OPTN and NRL proteins in HeLaS3 cells. Co-expression of HA-tagged NRL and FLAG-tagged OPTN in HeLaS3 cells
followed by immunoprecipitation and Western blotting with anti-tag antibodies demonstrated the binding of these proteins in
HeLaS3 cells, which was confirmed by proximity ligation assay. NRL is the first OPTN-binding protein to show eye-specific
expression. A series of partial-deletion OPTN plasmids demonstrated that the tail region (423-577 amino acids [aa]) of OPTN
was necessary for binding with NRL. Immunostaining showed that Optn (rat homologue of OPTN) was expressed in rat
photoreceptors and localised in the cytoplasm of photoreceptor cells. This is a novel demonstration of Optn expression in
photoreceptor cells. OPTN was not detected in photoreceptor nuclei under our experimental conditions. Further analyses are
necessary to elucidate the function of OPTN and the significance of its possible binding with NRL in photoreceptor cells.

Keywords: co-immunoprecipitation; NRL; optineurin; photoreceptor; protein interaction; proximity ligation assay

Introduction

The cellular protein optineurin (OPTN) was originally given
the name FIP-2 and characterised by its binding of the
adenovirus E3 14.7-kDa protein and induction by tumour
necrosis factor alpha (Li et al, 1998). OPTN was also
described as a huntingtin interacting protein HYPL, a
transcription factor IIIA-interacting protein (TFIIIA-intP)
(Faber et al., 1998; Moreland et al., 2000), and an NF-«B
essential modulator (NEMO)-related protein with the name
NRP (Schwamborn et al., 2000). Following the discovery that
mutations in the OPTN gene were causative for adult-onset
primary open-angle glaucoma (POAG), the gene was named
optineurin (Rezaie et al., 2002) and OPTN was thought to
have a neuroprotective function, which was subsequently
supported by studies in limited cell culture systems (De
Marco et al., 2006; Chalasani et al., 2007).

*Corresponding author: e-mail: mino@hama-med.ac.jp

OPTN is ubiquitously expressed in tissues, including the
heart, brain, skeletal muscle, adrenal cortex and retina (Li
et al.,, 1998; Rezaie et al., 2002). For this reason, OPTN is
thought to play roles in various tissues and cell types in
addition to retinal ganglion cells to maintain their normal
functions. The function of OPTN in tissues other than retinal
ganglion cells was exemplified by a recent report that several
OPTN mutations cause amyotrophic lateral sclerosis (ALS)
but not POAG (Maruyama et al., 2010). This discovery
supports the neuroprotective function of OPTN not only in
the retina but also in the spinal cord.

OPTN expression is seen in ocular tissues such as the
trabecular meshwork, non-pigmented ciliary epithelium and
retina (Rezaie et al., 2002). Retinal ganglion cells have the
highest level of OPTN expression in the retina (Rezaie and
Sarfarazi, 2005; Rezaie et al., 2005; Kroeber et al., 2006). To
study the general functions of OPTN not only in ganglion

Abbreviations: aa, amino acid; NEMO, NF-kB essential modulator; OPTN, optineurin (human); Optn, optineurin (rat); NRL, neural retina leucine zipper
(human); Nrl, neural retina leucine zipper (rat); IP, immunoprecipitation; WB, Western blotting; PLA, proximity ligation assay
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cells, but in other types of retinal cells, we isolated cDNA
clones of OPTN-binding candidate proteins by yeast two-
hybrid screening from a human retinal ¢cDNA library
(Ohtsubo et al., unpublished). We found that one of these
cDNA clones encodes a neural retina-specific leucine zipper
protein, the bZIP transcription factor (NRL). The NRL gene is
expressed in rod nuclei in adults and has important functions
in the differentiation of various types of ocular cells (Mears
etal., 2001; Swain et al., 2001). Mutations of the NRL gene also
cause retinitis pigmentosa (RP) (Bessant et al., 1999).

We report here interactions between OPTN and NRL
proteins in cultured cells as well as the expression of Optn in
rat photoreceptor cells.

Materials and methods

The study was approved by the Institutional Ethics
Committee for Genetic and Genomic Research and the
Animal Use Committee of Hamamatsu University School of
Medicine.

Antibodies

Rabbit anti-HA-tag antibody (561) was purchased from MBL
International Corporation (Woburn, MA), and mouse anti-
FLAG M2 monoclonal antibody (F3165) was purchased from
Sigma—Aldrich, Japan, K.K. (Tokyo, Japan). We confirmed by
Western blot analysis that the anti-HA-tag and anti-FLAG M2
monoclonal antibodies do not cross-react. Anti-OPTN
antibody (Cat. No. 10837-1-AP) was purchased from
ProteinTech Group, Inc. (Chicago, IL), and anti-NRL
antibody (sc-10971) was purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA), both of which detect
human proteins. Anti-NRL antibody cross-reacts with the rat
counterpart of NRL (Nrl). We confirmed that the anti-OPTN
antibody can be used for the rat counterpart of OPTN (Optn)
by Western blot analysis, as also that the anti-NRL and the
anti-OPTN antibodies do not cross-react. Goat anti-mouse
IgG/HRP (P0447), goat anti-rabbit IgG/HRP (P0448), and
rabbit anti-goat IgG/HRP (P0449) were purchased from
DAKO (Tokyo, Japan). AlexaFluor488-donkey anti-goat IgG
(A11055), AlexaFluor488-donkey anti-mouse IgG (A21202)
and AlexaFluor594-donkey anti-rabbit IgG (A21207) were
purchased from Invitrogen (Carlsbad, CA).

cDNA cloning

cDNA for the NRL and OPTN genes was amplified by
polymerase chain reaction (PCR) with human retina
marathon cDNA (TAKARA, Japan). The nucleotide
sequences of NRL (Acc. No. NM_006177) and OPIN
(NM_001008211) cDNA were obtained from RefSeq,
NCBI (http://www.ncbi.nlm.nih.gov/). The open reading
frame sizes ‘'were 714 and 1,734bp for NRL and OPTN,
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respectively. PCR primers were designed from these
sequences, and the recognition sites for restriction endonu-
clease HindIIl and EcoRI for NRL and Bsal and EcoRI for
OPTN were introduced into each primer. The names and
sequences of the PCR primers for NRL are as follows:
NRL. HindlI.F, CCCAGCaagcttATGGCCCTGCCCCCCAG-
CCCCCT; and NRL.EcoRLR, GCTCTGgaattc TCAGAGGAA-
GAGGTGGGAGGG. Those for OPTN are as follows: OPTN.
Bsal.LF, TTCCACggtctcAAGCTTATGTCCCATCAACCTCT-
CAG; and OPTN.EcoRLR, ATACATgaattcTTAAATGATGC-
AATCCATCA.

After PCR amplification, NRL cDNA was cut with HindIII
and EcoRI and inserted into the HindIII and EcoRI sites of a
3 x HA vector (a gift of Drs. A. Takayanagi and N. Shimizu)
(Lim et al., 2007). Similarly, OPTN cDNA was amplified, cut
with Bsal and EcoRI, and inserted into the HindIII and EcoRI
sites of a p3 x FLAG-CMV-7.1 expression vector (Sigma-—
Aldrich). The PCR primer OPTN.Bsal.F was designed to
obtain the same protruding sequence as that produced by
HindIII when the amplified product was cut by Bsal to enable
a ligation reaction with the vector edge cut by HindIIl. For
NRL and OPTN ¢DNA mock experiments, we used YPEL5
c¢DNA (Hosono et al., 2010), which shares no homology to
the sequences of NRL and OPTN and was not expected to
interact with them. YPEL5 c¢DNA was inserted into the
3 x HA vector and p3 x FLAG-CMV-7.1 expression vector.
The nucleotide sequences of all clones were confirmed as the
same as the designed sequences.

Construction of a deletion series of OPTN-expression
plasmids

A series of deletion OPTN plasmids was constructed using
the KOD-Plus-Mutagenesis Kit (TOYOBO) with the follow-
ing PCR primers: OPTN_Lclst-R, AAGCTTGTCATCGT-
CATCCTTGTAATC, and OPTN_Lclst-F, TCATCTGAGG-
ACCCCACTGATG for OPTNdellst (1-120); OPTN_LcM-R,
CCTTTCTGATTTCCCTTTTAG, and OPTN_LcM-F, GAA-
GAGAAAGGCCCGGAGA for OPTNdel2nd (121-287);
OPTN_Lc3rd-R, ATCATTCTCTTTCTCTIGTGCT- CCC,
and OPTN_Lc3rd-E, CTGAAGGAACTGAGTGAAAAACT-
GGA for OPTNdel3rd (288-422) and OPTN_Lc4th-R, CAC-
TGCCCTGTCCACTTTTTCTG, and OPTN_Lc4th-F, TAAG-
AATTCATCGATAGATCTGATATCGG  for  OPTNdel4th
(423-577).

Cell culture, DNA transfection and immunofluorescent
staining

HeLaS3 cells were cultured on coverslips in Dulbecco’s
modified Eagle medium containing 10% foetal bovine serum

under standard cell culture conditions. DNA transfection
involved FuGENE6 (Roche, Indianapolis, IN). Briefly, the
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cells were treated with FuGENE6 in the same serum-
containing medium for 24h. They were fixed in 4%
paraformaldehyde after permeabilization by 0.5% Triton
X-100 in phosphate buffered saline lacking Ca®* and Mg**.
Binding of the primary and secondary antibodies was done at
room temperature for 1h and 30 min, respectively. Fluores-
cent signals were observed using a fluorescence microscope
[Axioskop-2plus (Zeiss, Goetingen, Germany)].

Proximity ligation assay

Cells cultured on coverslips were co-transfected with HA-
NRL and FLAG-OPTN plasmids. After fixation and binding
of the rabbit anti-HA and mouse anti-FLAG primary
antibodies, cells were treated with secondary antibodies,
that is, anti-rabbit Ig conjugated with a specific oligonucleo-
tide (PLA probe MINUS) and anti-mouse Ig with another
specific oligonucleotide (PLA probe PLUS). Next, Alexa-
Fluor488-donkey anti-mouse IgG was applied to detect
FLAG-OPTN, which was followed by PLA probe hybrid-
isation, the ligation reaction to form closed circular DNA,
amplification by the rolling circle reaction, and final
hybridisation of the amplified DNA-specific fluorescent oligo
DNA probe. PLA hybridisation signals were detected using a
fluorescent microscope (Axioskop-2plus, Zeiss).

Cell fractionation

Cell fractionation was done in 50mM Tris—~HCl/0.15M
NaCl/1 mM EDTA (pH 7.4) (TBS) and 1% Triton X-100 in
TBS (Triton-TBS). Protease inhibitor complete EDTA-free
(Roche) cocktail was added to TBS and Triton-TBS. Cells
were suspended in Triton-TBS for disruption to prepare the
cell lysate. The whole cell lysate was centrifuged at 500g for
5 min and the supernatant used for immunoprecipitation. To
prepare nuclear and cytoplasmic fractions, cells were mildly
disrupted in hypotonic buffer (10 mM Tris—HCI, 10 mM KCl,
1.5mM MgCl,, 0.5mM DTT, pH 7.9 and the protease
inhibitor) using a homogeniser, and the undisrupted cells
were removed by low-speed centrifugation. High-speed
centrifugation (5000g, 10 min) was used to separate the
cytoplasmic fraction (supernatant) and nuclei (precipitate).
Nuclei were destroyed in hypertonic buffer (20 mM Tris—
HClL, 420mM NaCl, 1.5mM MgCl,, 0.5mM DTT, 25%
glycerol, pH 7.9 and the protease inhibitor), using an
ultrasonic disruptor (Sonicator UD-201, TOMY, Tokyo,
Japan) on ice at power level 2 for 20 s (50% duty cycle). The
supernatant from the same high-speed centrifugation was
used as the nuclear fraction.

Immunoprecipitation

Protein G Sepharose 4 Fast Flow (GE Healthcare, Piscataway,
NJ) was equilibrated with Triton-TBS, and the appropriate
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antibody was added to the solution for >2 h. After washing in
Triton-TBS, the whole-cell, cytoplasmic or nuclear lysate was
added to allow antigen—antibody binding overnight. After the
lysates had been washed with Triton-TBS, sample buffer for
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) was added, and the samples were boiled. The
supernatant was applied to an SDS-PAGE gel.

Western blotting

Proteins in the SDS-PAGE gel were electroblotted to
Immobilon-P (MILLIPORE, Chelmsford, MA) membrane
filters in a semi-dry apparatus at 1.2 mA/cm® for 60 min.
Primary and HRP-labelled secondary antibodies were bound
using a standard protocol, and 5% skim milk was used to
block non-specific binding. Luminescent detection was
performed using ImmunoStar Reagent (Wako, Tokyo,
Japan), and the luminescent images were analysed by
LAS1000 mini (Fuji Film, Tokyo, Japan).

Immunofluorescent staining of rat retina

Rats were handled in adherence to the ARVO statement for
the use of animals in ophthalmic and vision research.

Ten-week old male Wistar rats, purchased from Japan SLC
Co., Ltd. (Hamamatsu, Japan), were anaesthetised by ether
inhalation, and perfused and fixed with 2% paraformalde-
hyde-containing 0.1 M phosphate buffer (pH 7.4) at 4°C. The
eyes were enucleated and immersed in the same fixative for
10min, and the cornea, lens and vitreous humour were
removed to form an eyecup under a stereoscopic microscope.
The eyecup was immersed in the fixative for 4h at 4°C,
cryoprotected sequentially in PBS(—) containing 15%, 20%
and 25% sucrose at 4°C for 4 h each and promptly frozen in
Tissue-Tek O.C.T. compound (Sakura Finetek USA, Inc.,
Torrance, CA, USA) in liquid nitrogen. The frozen block was
sectioned in the sagittal plane using a cryostat (CM 1510-11,
Leica Microsystems GmbH, Wetzlar, Germany; Finetec, Co.
Ltd., Tokyo, Japan) to generate sections of 4 and 10 wm. The
frozen sections were mounted onto MAS-coated slides
(Matsunami Glass Ind., Ltd., Osaka, Japan) and dried using
a handheld hair dryer for 1h.

Immediately before use, the sections on slides were
immersed in methanol at —25°C for 1h and treated with
2% skim milk in PBS(—) for 2h at room temperature to
block non-specific binding of antibodies. They were
incubated with rabbit anti-OPTN (1:100) and goat anti-
NRL (1:50) antibodies in PBS(—) containing 1% bovine
serum albumin (BSA) for 1h at room temperature. After
washing with PBS(—) three times for 5 min each, the sections
were treated with 2% non-immune donkey serum in PBS(—)
for further blocking. Incubation with the secondary anti-
bodies AlexaFluor488-donkey anti-rabbit immunoglobulin
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(IgG) (1:500) and AlexaFluor594 donkey anti-goat IgG
(1:500) in PBS(—) containing 1% BSA was performed for 1 h
at room temperature. After washing, nuclei were counter-
stained with 4',6-diamidino-2-phenylindole (DAPI) (Invi-
trogen, Tokyo, Japan). The sections were mounted under a
coverslip in Fluoromount medium (Diagnostic Biosystems,
Pleasanton, CA, USA) and observed using a fluorescence
microscope (Axioskop 2 plus; Carl Zeiss Co., Ltd., Tokyo,
Japan). For negative staining, non-immune rabbit IgG and
goat IgG (Novagen, Madison, W1, USA) were used instead of
the primary antibody.

Results

Interaction of tagged NRL and OPTN in HeLaS3 cells

Coding regions of human NRL and OPTN cDNA were
prepared by PCR, cloned into N-terminal-HA-tagged and N-
terminal-FLAG-tagged vectors, respectively, and co-trans-
fected into HeLaS3 cells. The expression and localisation of
HA-tagged NRL (HA-NRL) and FLAG-tagged OPTN
(FLAG-OPTN) in the cells were followed by double
immunofluorescence staining using anti-tag antibodies.
Anti-HA antibody stained the nuclei (Figure 1C), which is
consistent with the localisation of NRL (Swain et al., 2001). In
contrast, anti-FLAG antibody staining was found not only in
the cytoplasm, but in the nucleus (Figure 1D). The staining
signal in the nucleus was weaker than in the cytoplasm, but
still appeared non-artifactual, which suggests that a small
amount of FLAG-OPTN is localised to the nucleus. The
intensity of the FLAG-OPTN (green) signal in the nucleus
varied among cells, and nuclei with a stronger signal showed
more yellow colour mixed with the HA-NRL (red) signal
(Figure 1A). The staining profile of FLAG-OPTN in the
cytoplasm was fairly even, probably because of overexpres-
sion. Therefore, we transfected cells with only the HA-NRL
plasmid (Figures 1E-1H). Endogenous OPTN was detected
using its specific antibody (Figure 1H). The signal intensity
was generally lower than that of FLAG-OPTN, but the Golgi
apparatus staining near the nucleus was seen as previously
reported (Rezaie et al., 2002). In this case, the anti-OPTN
signal in the nuclei was also clear, although it was weaker than
in the cytoplasm (Figure 1H), which suggests that OPTN is at
least partially localised to the nuclei.

We examined the interaction between HA-NRL and
FLAG-OPTN co-expressed in HeLaS3 cells in two ways.
First, we immunoprecipitated it for Western blot analysis (IP-
WB analysis) to determine whether NRL and OPTN might be
co-immunoprecipitated. Second, we did a proximity ligation
assay (PLA). For IP-WB analysis, plasmid cDNA encoding
HA-NRL and FLAG-OPTN was co-transfected into HeLaS3
cells, and whole cell lysates were prepared using Triton-TBS,
with the negative controls being plasmids containing the
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Figure 1 Immunofluorescence staining of HelaS3 cells using anti-
HA and anti-FLAG or anti-OPTN. HelaS3 cells were transfected with
HA-NRL and FLAG-OPTN plasmids (A-D) or with HA-NRL plasmid only (E-
H). (A-D) Cells were stained with anti-HA antibody (red) and anti-FLAG
antibody {(green). (A) Merged image of (C) and (D); (B) DAP! staining of
nuclei; (C) staining with anti-HA antibody; (D) staining with anti-FLAG
antibody. (E-H) Cells were stained with anti-HA antibody (red) and anti-
OPTN antibody (green). (E) merged image of (G) and (H); (F) DAPI staining
of nuclei; (G) staining with anti-HA antibody; (H) staining with anti-OPTN
antibody. Arrows in (H) show Golgi-apparatus-like staining near the
nuclei. Scale bar is 20 wm. Only cells in which plasmids were successfully
transfected showed immunofluorescent signals (C, D and G). FLAG-OPTN
signals in nuclei were weaker than those in the cytoplasm, but still non-
artifactual (D and H).

coding sequence of an unrelated protein; YPEL5 (HA-YPEL5
or FLAG-YPELS) were used rather than HA-NRL or FLAG-
OPTN. Following immunoprecipitation with the anti-FLAG
antibody, the immunoprecipitate was detected by Western
blotting using anti-HA antibody, and a 33-kDa band
corresponding to the size of NRL (29kDa) with the HA-
tag (4kDa) (left lane of the upper panel in Figure 2A) was
found. Immunoprecipitation with the anti-HA antibody gave
a 75-kDa band with anti-FLAG antibody (left lane of lower
panel in Figure 2C). Although the calculated size of FLAG-
OPTN is 69 kb (66 kDa of OPTN plus the 3-kDa FLAG-tag),
the 75-kDa band was considered to be FLAG-OPTN because
this apparently larger size of FLAG-OPTN in SDS-PAGE was
seen previously (Park et al., 2006, 2010). Mock transfection
with plasmids expressing YPEL5 cDNA did not produce
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Figure 2 Co-immunoprecipitation of HA-NRL and FLAG-OPTN
expressed in HelaS3 cells. (A) Immunoprecipitation performed with
the anti-FLAG antibody. The presence of transfected plasmid DNA is
indicated at the top by plus (+) and minus (—). Western blotting was used
with the anti-HA antibody (upper panel) and the anti-FLAG antibody
(lower panel). The open arrowhead shows the position around 22-23 kDa
corresponding to the size of HA-YPELS. (B) Western blot analysis of input
proteins used for the immunoprecipitation shown in (A). The presence of
transfected plasmid DNA is indicated at the top by plus (+) and minus (-).
Western blotting was used with the anti-HA antibody (upper panel) and
anti-FLAG antibody (lower panel). (C) Immunoprecipitation performed
with the anti-HA antibody. The presence of transfected plasmid DNA is
indicated at the top by plus (+) and minus (—). Western blotting was used
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bands at the corresponding size of 22-23kDa (open
arrowheads shown in right lanes of the upper panel in
Figure 2A and the lower panel in Figure 2C). Cell extracts
without immunoprecipitation were directly assayed, and the
respective tagged proteins were found (Figures 2B and 2D),
confirming the presence of tagged proteins in cell lysates.
These results show that the HA-tagged NRL and FLAG-
tagged OPTN proteins were co-immunoprecipitated and
suggest that these two proteins interact when co-expressed in
HeLaS3 cells.

[P-WB analysis was used for cells transfected with only the
HA-NRL plasmid to assay the interaction between HA-NRL
and endogenous OPTN. Cell lysate was prepared and used for
immunoprecipitation with an anti-OPTN antibody, and the
immunoprecipitate was probed with anti-HA antibody. A 66-
kb band (right lane of the lower panel in Figure 2E) was
considered to be endogenous OPTN. Thus, HA-NRL was co-
immunoprecipitated with endogenous OPTN, which in-
dicates interaction between OPTN and NRL.

To confirm that FLAG-OPTN and HA-NRL interact with
each other intracellularly, PLA analysis was used. HeLaS3 cells
were co-transfected with HA-NRL and FLAG-OPTN
plasmids. Strong PLA signals were seen in cell nuclei
(Figures 3D and 3H). Because DNA amplification in PLA
occurs only when two proteins exist in close proximity, this
finding indicates that HA-NRL and FLAG-OPTN interacted
with each other in the nucleus, ruling out the possibility of
their interacted during preparation of the lysate.

Determination of the region of OPTN necessary for NRL
binding

A set of plasmids was constructed with different partial
deletions of the OPTN-coding sequence (Figure 4) to
determine the region of OPTN necessary for NRL binding.
The boundaries of these deletions were decided according to
a previously reported homology analysis with NEMO

]

-

with the anti-HA antibody (upper panel) and the anti-FLAG antibody
(lower panel). The open arrowhead shows the position around 22-23 kDa
corresponding to the size of HA-YPELS. (D) Western blot analysis of input
proteins used for the immunoprecipitation shown in (C). The presence of
transfected plasmid DNA is indicated at the top by plus (+) and minus ().
Western blotting was used with the anti-HA antibody (upper panel) and
anti-FLAG antibody (lower panel). (E) Immunoprecipitation performed
with the anti-FLAG or anti-OPTN antibody. Antibodies (Ab) used for
immunoprecipitation in the left and right lanes are anti-FLAG («F) and
anti-OPTN («O), respectively. Western blotting was used with the anti-HA
antibody (upper panel) and the anti-OPTN antibody (lower panel). The
thick band shown with an open arrowhead is the light chain of the
antibody. (F) Western blot analysis of input proteins used for
immunoprecipitation shown in (E). Western blotting was done with the
anti-HA antibody (upper panel) and anti-OPTN antibody (lower panel). IP,
immunoprecipitation; WB, Western blotting.
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Figure 3 Detection of probable binding between FLAG-OPTN and
HA-NRL using the proximity ligation assay in HelLaS3 cells. (A-D)and
(E-H) are the same views. (A) Merged image of (C) and (D). (E) Merged
image of (G) and (H). (B and F) DAP! staining of nuclei. (C) Staining with
anti-FLAG antibody detected by fluorescent secondary antibody (Alexa-
Fluor488-donkey anti-mouse 1gG). (G) Staining with anti-HA antibody
detected by fluorescent secondary antibody (AlexaFluor594-donkey anti-
mouse IgG). (D and H) Signals from proximity ligation assay (PLA) using
anti-FLAG and anti-HA antibodies. Scale bar is 20 um. Only cells in which
plasmids were successfully transfected showed immunofiuorescent
signals (C and G). Strong PLA signals were detected in the nuclei (D
and H).

(Schwamborn et al., 2000). The tail region (423-577 aa) with
the highest NEMO homology; the left middle region (121-

287 aa), which does not have a corresponding region in
NEMO; and the first and third regions (1-120 and 288-422

Interacting mGIuR
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1aa Rab8

OPTN (Wt)
OPTNdel1st (1-120)

OPTNdel2nd (121-287)
OPTNdel3rd (288-422)

OPTNdeldth (423-577)
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aa, respectively) with low NEMO homology were selected for
deletion (see the plasmid constructs in Figure 4). The
corresponding deletion clones were named dellst, del2nd,
del3rd and del4th in order of their position in OPTN. The
calculated protein sizes for partial OPTN with the FLAG tag
expressed from these four plasmids were 55, 50, 53 and
51 kDa, respectively.

These plasmids were co-transfected with HA-NRL. For the
following immunoprecipitation experiments, cytoplasmic
and nuclear fractions were used rather than whole cell lysates
to analyse the protein localisation in greater detail.
Immunoprecipitation used anti-FLAG antibody for the
cytoplasmic and nuclear fractions of cells transfected with
one of the four deletions OPTN plasmids, followed by
Western blot analysis with anti-HA-tag antibody (Figure 5A,
lanes 3-6). In the nuclear fractions of cells transfected with
the dellst, del2nd or del3rd plasmid, a band of co-
immunoprecipitated HA-NRL was detected (arrows in lanes
3Nu, 4Nu and 5Nu in Figure 5A). However, the deldth
plasmid did not produce a band (Figure 5A, lane 6Nu), which
suggests that the NRL-binding region of OPTN is located in
the fourth region (Figure 4). A higher-brightness picture of
lane 6Nu (lane 6’ in Figure 5A) confirmed that there was no
band in the HA-NRL position. The NRL band was not found
in cytoplasmic fractions from cells transfected with any of the
deletion plasmids or with the whole-length OPTN plasmid
(Figure 5A, lanes 3—-6Cy and 1Cy). The same immunoblot
used in Figure 5A was analysed by Western blotting with anti-
FLAG antibody (Figure 5B). Bands sized 63 kDa (lanes 3Cy
and 3Nu), 55 kDa (4Cy and 4Nu), 60 kDa (5Cy and 5Nu) and
58 kDa (6Cy and 6Nu) were detected in the cytoplasmic and
nuclear fractions (bracket in Figure 5B), which appear to
correspond to FLAG-OPTN with partial deletions. All these
apparent sizes were greater than the calculated sizes, which is

RIP-1

Myosin Vi
TFHA Htt 577aa

NRL
binding

+

-+

-+

Figure 4 Construction of partial-deletion OPTN plasmids. The four deleted regions are shown. The top part of this figure was compiled from a
previous report (Chalasani et al., 2009) with several modifications. bZIP, Leucine zipper, Coiled coil, Zinc finger and UBD represent the functional domains
of OPTN. Horizontal bars show the binding regicns of various proteins. The ability of NRL to bind each of the partial-deletion OPTN proteins from these
plasmids in the assay described in Figure 5 is indicated by a plus or minus sign.
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Figure 5 Determination of the OPTN region necessary for NRL
binding. (A) Western blot analysis using the anti-HA antibody on
immunoprecipitates obtained with the anti-FLAG antibody from the
cytoplasmic (Cy) and nuclear (Nu) fractions after transfection with a series
of partial deletion FLAG-OPTNs together with the HA-NRL plasmid. The
arrow indicates the position of HA-NRL. (B) Western blot analysis using the
anti-FLAG antibody in the same blot shown in (A). The bracket shows the
band positions of partial-deletion FLAG-OPTN proteins. (C) Western blot
analysis of all fractions without immunoprecipitation using the anti-HA
antibody. (D) Western blot analysis of all fractions without immunopre-
cipitation using the anti-alpha-tubulin antibody. (E) Western blot analysis
of all fractions without immunoprecipitation using the anti-histone H1
antibody. In Lanes 1-6, the following plasmids were used for transfection:
Lane 1, full-length FLAG-OPTN; Lane 2, no plasmids; Lane 3, OPTNdel1st
(1-120); Lane 4, OPTNdel2nd (121-287); Lane 5, OPTNdel3rd (288-422);
and Lane 6, OPTNdel4th (423-577). Arrows in (A) show the position of
HA-NRL. Lane 6’ shows the same blot as Lane 6 but with longer exposure
time for signal detection, in which no specific HA-NRL band appeared. The
bands seen in Lanes 1-6 Cy in (A) are non-specific. M stands for the
molecular weight markers.

similar to the case for full-length FLAG-OPTN described
above. The amount of full-length or deletion FLAG-OPTN
found in nuclear fractions was much lower than that in the
cytoplasm, but was clearly non-artifactual (Figure 5B, lanes 1,
3—-6Nu). This finding indicates that a small amount of
nuclear-localised FLAG-OPTN, with the exception of del4th,
bound to HA-NRL. Western blot analysis of all fractions
without immunoprecipitation using the anti-HA antibody
also detected HA-NRL bands with modest intensity in the
cytoplasm fractions (Figure 5C), which indicates that HA-
NRL was present in the cytoplasmic fractions, but did not
bind to FLAG-OPTN. The amount of alpha-tubulin and
histone H1, marker proteins for the cytoplasm and nuclear
fractions, respectively, was analysed to detect contamination
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of the nuclear fraction by cytoplasmic components or vice
versa, but no significant contamination was detected
(Figures 5D and 5E). These results show that FLAG-OPTN
binds to HA-NRL in the nucleus and that the NRL-binding
region of OPTN is located in its tail region (423-577 aa).

Expression and localisation of Optn and Nrl in the rat
retina

To investigate the localisation of rat homologues of OPTN
and NRL (Optn and Nrl) in the rat retina, we immunostained
rat retinal sections with anti-OPTN and anti-NRL antibodies,
for which cross-reactivity to rat Nrl and Optn had been
confirmed. Strong fluorescent signals from the anti-OPTN
antibody were seen in the outer plexiform layer (OPL), the
outer nuclear layer (ONL) and the inner segments of the
photoreceptors (IS) (Figures 6A and 6B). Medium-intensity
signals were detected in ganglion cells, and weaker but clear
signals were also detected in the inner plexiform and inner
nuclear layer (IPL and INL). Anti-NRL immunoreactivity
was seen in the ONL and IS (Figure 6D). High-power images
of ONL for anti-OPTN staining showed fluorescent signals in
the cytoplasm of most photoreceptor cells (Figure 6G).
However, the nuclei of these cells did not show anti-OPTN
staining even though they were stained with the anti-NRL
antibody (Figures 6G, 61 and 6]). These results indicate that
Optn is expressed in rat photoreceptor cells, and is localised
in the cytoplasm, but no detectably in the nucleus.

Discussion

Having shown co-immunoprecipitation of FLAG-OPTN and
HA-NRL that had been co-transfected in HeLaS3 cells, and
that endogenous OPTN co-immunoprecipitated with HA-
NRL with close proximity of FLAG-OPTN and HA-NRL in
the nucleus with close proximity, it seems that OPTN and
NRL interact in the nuclei. Various OPTN-binding proteins
have been reported, including huntingtin, TFIIIA, Rab8 and
myosin VI (Chalasani et al., 2008), all of which are expressed
in the eyes and various other tissues. However, NRL is a rod-
specific protein (Swain et al., 2001), and is the first OPTN-
binding protein identified to have eye-specific expression.
NRL-binding region of OPTN is limited to the tail portion
(423-577 aa), which contains binding regions for other
proteins, including RIP-1, myosin VI and huntingtin
(Figure 4). This information will be useful in analysing the
interaction between OPTN and NRL. We have also shown
OPTN expression in photoreceptor cells, which seems to be a
novel finding.

Since the first report on NRL (Swaroop et al., 1992), many
studies have considered its relevance in ocular diseases. NRL
and its animal homologue control the differentiation of rods
from their progenitor cells during eye morphogenesis and
regulate the expression of various rod-specific genes, such as

Cell Biol Int 38 (2014) 16-25 © 2013 International Federation for Cell Biology
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Figure 6 Expression of Optn in rat photoreceptor cells. Sections of rat retina were stained with anti-OPTN and anti-NRL antibodies. (A, B and G)
Fluorescent images with anti-OPTN antibody. (D and I) Fluorescent images with anti-NRL antibody. (E and J) Merged images of (A and D) and (G and 1),
respectively. (C and H) Merged images of (B) or (G) with DAPI counterstaining, respectively. (F) A negative control image using non-immunised IgG to show
no significant signals of anti-OPTN and anti-NRL antibodies. (B—E) are images of the same field. (B-E) are images of the same field at positions similar to
those of (A-F) under high power. The thickness of the sections was 10 pmin (A) and 4 wm in (B-J). The scale baris 20 um in (A-F) and 10 umin (G-J). GCL,
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segment. The
doughnut-ring-like staining of nuclei with the anti-NRL antibody was reproducible, and similar staining of Nr2e3 and Otx2 proteins in mouse
photoreceptor nuclei was previously reported (Chen et al., 2005; Fossat et al., 2007).

thodopsin, in adults (Kumar et al., 1996; Rehemtulla
et al., 1996; Oh et al., 2007). Mutations in the NRL gene
cause RP (Bessant et al., 1999). Thus, the characteristics of
NRL as a transcriptional regulator and an RP-causing factor
are well documented. However, the interaction of NRL with
OPTN, which causes glaucoma, remains unclear.

OPTN partially relocates from the cytoplasm to the nucleus
in a Rab8-dependent manner under stressed conditions, such
as H,0O, exposure (De Marco et al., 2006). We have shown that
a small amount of endogenous OPTN and FLAG-OPTN
localises in the nucleus of HeLaS3 cells in the absence of stress.

Cell Biol Int 38 (2014) 16-25 © 2013 International Federation for Cell Biology

However, Optn was not detected in the nuclei of rat
photoreceptor cells, and therefore it is possible that Optn in
rat photoreceptors is relocated to the nucleus under some type
of stress. Detailed analyses of OPTN localisation and possible
interaction with NRL in photoreceptor cells are necessary to
elucidate the significance of the binding of OPTN with NRL.
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leonatal screening and a new cause of congenital
central hypothyroi

Toshihiro Tajima, MD, PhD, Congenital central hypothyroidism (C-CH) is a rare disease in which thyroid
Akie Nakamura, MD, hormone deficiency is caused by insufficient thyrotropin (TSH) stimulation of a
Shuntaro Morikawa, MD, normally-located thyroid gland. Most patients with C-CH have low free thyroxine
Katsura Ishizu, MD levels and inappropriately low or normal TSH levels, although a few have slightly
' elevated TSH levels. Autosomal recessive TSH deficiency and thyrotropin-releasing
Department of Pediatrics, Hokkaido hormone receptor-inactivating mutations are known to be genetic causes of
University School of Medicine, C-CH presenting in the absence of other syndromes. Recently, deficiency of the
Sapporo, Japan immunoglobulin superfamily member 1 (IGSF1) has also been demonstrated to
cause C-CH. IGSF1 is a plasma membrane glycoprotein highly expressed in the
pituitary. Its physiological role in humans remains unknown. IGSF1 deficiency
causes TSH deficiency, leading to hypothyroidism. In addition, approximately 60%
of patients also suffer a prolactin deficiency. Moreover, macroorchidism and delayed
puberty are characteristic features. Thus, although the precise pathophysiology
of IGSF1 deficiency is not established, IGSF1 is considered to be a new factor

controlling growth and puberty in children.

Keywords: Congenital hypothyroidism (CH), Neonatal screening, Thyrotropin (TSH),
IGSF1

Introduction

Congenital central hypothyroidism (C-CH) is an unusual condition characterized by low
levels of both thyroid hormones and of thyroid-stimulating hormone (TSH). Patients with this
disorder cannot be identified by neonatal screening programs based on TSH measurements"”
However, neonatal screening for CH on the basis of thyroxine (T4) or free T4 and TSH
concentrations can be performed to diagnose this type of CH"®.

C-CH is caused by mutations of transcription factors involved in pituitary development
and differentiation, including POU1F, PROPI, HESX1, LHX3, and LHX4"”. Because more
than one pituitary cell type is deficient in these genetic diseases, patients with mutations of
transcription factors often present with as a multiple pituitary hormone deficiency””. On the
other hand, C-CH presenting in the absence of other syndromes remains a rare disease and is

Received: 3 August, 2014 due mainly to a genetic deficit of the B-subunit of TSH (OMIM 188540)"*"Y or mutations of
Accepted: 14 August, 2014 the thyrotropin-releasing hormone (TRH) receptor (OMIM 188545)">'?. Recently; it has been

demonstrated that deficiency of immunoglobulin superfamily member 1 (IGSF1) (OMIM
Address for correspondence: 300888) can also be a cause of C-CH""”. This review will focus on clinical findings in patients

Toshihiro Tajima, MD, PhD
Department of Pediatrics, Hokkaido
University School of Medicine, N15,
W7, Kita-Ku, Sapporo 060-8638,
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with mutations of IGSF1,and the molecular basis of their disease.

Immunoglobulin superfamily member 1

Tel: +81-11-716-1161 IGSF1 is a plasma membrane immunoglobulin superfamily glycoproteinlg‘lg)‘ This
Fax: +81-11-706-7898 protein has a putative signal peptide and twelve C2 type immunoglobulin (Ig)-like domain
E-mail: tajeari@med.hokudai.acjp loops, a transmembrane domain, and a short intracellular C tail"” (Fig. 1). The protein is
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cotranslationally cleaved such that only the C- tcrmim domain,
containing 7 Ig loops, reaches the plasma membrane'. The gene
encodmg IGSF1 is located on Xq 26.2'". Human IGSF1 and
murine Igsf1 mRNAs are highly expressed in Rathkes pouch and
in adult pituitary gland and testis'”. Moreover, IGSFI protein is
expressed in murine thyrotropes, somatotropes, and lactotropes,
but not in gonadotropes or in the testis'”.

IGSF1 was initially hypothesized to be a candidate for the
inhibin coreceptor in the pituitary gland, and xt was therefore
designated inhibin binding protein or p120.5™". However, Igsf1
knockout mice showed no alternation of follicle stimulating
hormone synthesis or secretion, and normal fertility*"
Moreover, a recent in vitro study did not demonstrate binding of
inhibin and IGSF1*. Thus, the physiological function of IGSF1
remains unknown.

Members of the IgSF have a wide variety of functions, acting
as cell surface antigen receptors, coreceptors and costimulatory
molecules of the immune system, molecules involved in antigen
presentation to lymphocytes, cell adhesion molecules, certain
cytokine receptors, and intracellular muscle proteins™*". Some
IgSF members play crucial roles not only in nervous system
development but also in the adult during neural repair and
synaptic plasticity’*”. Considering the function of other IgSF
family members, IGSF1 may also act as a signal transduction
molecule and/or cell adhesion molecule in the pituitary.

Neonatal screening for C-CH in Japan

In Sapporo city, the neonatal screening program for congenital
hypothyroidism has employed the measurement of free T4
and TSH in the same filter-paper blood spot since 1986. This
system has enabled us to identify C-CH in the neonatal period.
Between January 2000 and December 2004, 83,232 newborns
were screened and six C-CH patients identified as a result of
follow-up of low free T4 and nonelevated TSH screening test
results (a frequency of one in 13,872)". Clinical characteristics
and neonatal screening data of these patients are summarized
in Table 1. Four showed multiple pituitary hormone deficiencies
with pituitary malformations on magnetic resonance imaging.
One patient was diagnosed as having Prader-Willie syndrome.
Of these 6, the C-CH of a single one was caused by IGSF1
deficiency.

Table 1. Patients with C-CH detected by neonatal screening in Sapporo c1ty during 2004 to 2008

Prader-Willi

2 MPHD (TSH, GH, LH, FSH, PRL, ACTH)

3 TsHdeficiency Normal

4 MPHD (TSH, GH, ACTH) Hypo AP Ectopic PP
5 MPHD (TSH, GH) topic PP lnvns:ble stalk

6 MPHD(TSH,GH)

Invisible stalk, Blfateraloptlc nerve atrophy

apem

Adachi et al.” have recently reported the prevalence of C-CH
in Kanagawa prefecture between 1999 and 2008. According
to their study, neonatal screening for free thyroxine and TSH
identified 24 C-CH patients, 14 of whom had multiple pituitary
hormone deficiencies, eight had isolated C-CH, and two had
undetermined pituitary involvement. Thus, the prevalence of
CH-C was estimated at 1 in 30, 833 live births. During this
period, 213 patients with CH of thyroid origin were diagnosed.
Thus, C-CH constituted 10% of permanent CH detected by
neonatal scraeningj

Lanting et al.” have reported the results of a neonatal
screening program based on initial T4 and subsequent TSH
determination with a T4 binding globulin in the Netherlands.
In their study, among 385,000 mfants screened during the
period 1995-2000, the incidence of C-CH was 1:16,404 with
75% of C-CH diagnosed as having multiple pituitary hormone
deficiency. This suggests that the incidence of isolated C-CH
is likely to be around 1:65,000. Moreover, Joustra et al."”
reported an IGSF1 defect in 8 of 11patients with isolated C-CH.
Therefore, it is postulated that the incidence of C-CH caused by
IGSF1 deficiency is approximately 1:100,000.

As mentioned above, in our small study over the short period
2004 to 2008, only one patient had a IGSF1 deficiency”. Thus,
the incidence of IGSF1 deficiency was 1 in 80,000, but the exact
prevalence of C-CH caused by IGSF1 deficiency in Japan cannot
be said to have been determined. Further study is required.

Phenotypes associated with IGSF1 deficiency

In a previous report, six familial cases of C-CH in the
Netherlands and one in Italy were identified by neonatal
screening . We have identified three IGSFI-deficient patients
by neonatal screening'*'®. ™I scintigraphy showed a normal-
sized thyroid in our patients. The Dutch study also showed
normal-sized thyroids by ultrasound, except in one case'”.

In our study, one patient who was not identified by TSH
screening in the neonatal period suffered growth retardation,
and here, medical examination led to the diagnosis of growth
hormone (GH) deficiency and central hypothyroidism at 4 years
of age. We also diagnosed GH deficiency in one other patient.
Joustra et al.” reported 3 patients with GH deficiency together
with CH, but when GH secretion was reevaluated in two

Hypo AP Ectopic PP, Right optic nerve atiophy . 075

C-CH, Congenital central hypothyrmdlsm FT4, free thyroxine; TSH, thyroid- stlmulatmg hormone; MPHD, mult|p|e pituitary hormone
deficiency; GH, growth hormone; LH, Luteinizing hormone; FSH, follicule stimulating hormone; PRL, prolactin; ACTH, adrenocorticotropic
hormone; Hypo AP, hypoplasia of anterior pituitary gland; Ectopic PP, ectopic posterior pituitary gland.

IC-CH of the patient 3 was caused by immunoglobulin superfamily member 1 deficiency.
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patients at adolescence, it was shown to be normal. It is possible
that untreated hypothyroidism may impair GH secretion.
Alternatively, because IGSF1 is expressed in somatotropes', an
IGSF1 defect in these cells may affect GH secretion.

Four of our 5 patients had low levels of prolactin. The
Dutch study found that 16/24 had hypoprolactinemia'”. Thus,
prolactin deficiency is one of the clinical features of IGSF1
deficiency.

Because TSH-based neonatal screening cannot identify
patients with IGSF1 deficiency, treatment with thyroxine is
delayed in those patients undergoing TSH screening. Therefore,
there is a concern that psychomotor development may be
delayed by late onset of treatment. However, several family
members of affected patients showed no symptoms and their
hypothyroxinemia was mild'*'”. Their intelligence quotient
seemed to be within the normal range. By contrast, in our
study, one patient whose treatment was started at 4 years of age
showed slightly delayed development'®. Thus, it is still possible
that severe cases of IGSF1 deficiency might be accompanied
by developmental delay. Three of our patients did have delayed
puberty and their serum luteinizing hormone and FSH levels
remained at prepubertal levels even at 12 years of age. In the

IGSF1
Hypothalamus TRH<—
=
8
Pituitary
thyrotropes

Fig. 1. Speculated function of IGSF1 in pituitary TSH synthesis and secretion.
IGSF1 is likely to affect TSH synthesis, secretion and pituitary TRH receptor
function. In addition, as IGSF1 is also expressed in hypothalamus, IGSF1 may
affect TRH secretion. IGSF1, immunoglobulin superfamily member 1; TSH,
thyroid-stimulating hormone; TRH, thyrotropin-releasing hormone. *, Arrowhead
indicates that undetermined IGSF1 ligand may interact with IGSF1 on cell surface,
and thus may modulate TRH-TRH receptor signaling.

Signal sequence
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report of Sun et al.'"”, 10 of 11 evaluated patients showed
delayed testosterone production and pubertal growth. Delayed
secondary sex characteristics may therefore be one of the
clinical hallmarks in patients with pathogenic IGSFI mutations.
In addition, testicular enlargement after adolescence is a
characteristic feature of IGSF1 deficiency. It has been reported
that all such patients aged more than 12 years manifested
macroorchidism. In our study, two patients showed increased
testicular size at 13 years of age (14 mL according to the Prader
orchidometer) but one other had normal sized testes at 17 years
of age. It has been suggested that testicular size increases from
young to late adulthood. Thus, in this case testicular size may
be increased in the future. Despite macroorchidism, fertility of
male patients is likely to be normal"*"”.

We performed a TRH test twice in one patient. Compared
with the result of the first TRH test, serum TSH was markedly
reduced in the second test'®. It has been observed that in Igsf1
knockout mice, pituitary TSH synthesis and secretion are
reduced, and pituitary TRH receptor mRNA expression is
decreased'. It was speculated, therefore, that reduced TRH
receptor signaling might be one of the pathogenic mechanisms
of C-CH in IGSFI-deficient patients. TRH signaling through
the TRH receptor is known to be an important factor for
normal proliferation of thyrotropes™>”, so in patients with
IGSF1 defects, their proliferation during postnatal development
may be impaired. This may indicate that IGSF1 is involved in
thyrotrope proliferation and differentiation, in addition to TSH
secretion (Fig. 1).

Joustra et al."” have analyzed metabolic parameters of
children and adolescents with IGSF1 deficiency. They found
that body mass index (BMI) was increased in 3 of 7 patients,
and percentage of fat was high in 5. In adult cases, most patients
showed increased BMI and fat, but this is not likely to be due
to hypothyroidism, because patients who were treated from
early infancy also showed these findings, as well as untreated
individuals. This may suggest that obesity is not caused by
hypothyroidism but rather a direct effect of IGSF1 deficiency
itself. In our studies, the BMI of three patients was 18.5, 24.0,
and 25.2 kg/m’ at 12 years of age. Two patients showed higher
BMI for their age than normal Japanese children’”, and thus
careful follow-up for metabolic parameters is also necessary in
IGSF1 deficiency.

Extracellular domain
|

Internal signal sequencev

1 .
Transmembrane domain

A

e

Nn0ngg

Fig. 2. Schematic representation of immunoglobulin superfamily member 1.
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Fig. 3. Mutations/deletions of immunoglobulin superfamily member 1. Shaded boxes represent mutations we have described.

Mutations/deletions of IGSFT

Sun et al."” identified 8 distinct mutations and 2 deletions in
IGSF1 in 11 families (Fig. 2). The mutations included in-frame
deletions, single nucleotide deletions, nonsense mutations,
missense mutations and one base duplication. In vitro
expression studies of several mutations to analyze the functional
consequences demonstrated that the encoded proteins migrated
predominantly as immature glycoforms and were largely
retained in the endoplasmic reticulum, resulting in decreased
membrane expression'”. In Japanese patients, we have reported
two nonsense mutations, one missense, and one base insertion
mutation (Fig. 3). In addition, a large deletion and a splice
junction mutation have been identified (unpublished data). Two
patients had the R1189X mutation. From interview, they were
not related, but they lived in the same prefecture and thus this
mutation may be a founder effect. We also performed an in vitro
study and found that the V1082E mutated product was severely
impaired in its posttranslational modification and membrane
trafficking, similar to results of 770N, S863F and C947R, which
were previously reported.

It is likely that there is no clear genotype-phenotype correla-
tion. Even in familial cases sharing the same IGSF1 defects, a
variable degree of hypothyroidism was observed'*'”. Other
genetic or environmental factors may influence the phenotypic
expression of IGSF1 deficiency.

Conclusions

IGSF1 deficiency is a newly-discovered cause of C-CH.
The physiological role of IGSF1 is unknown, and when

120 WWwW.e-apem.org

clarified in future, its role in the mechanisms responsible for a
variety of symptoms such as hypothyroidism, PRL deficiency,
macroorchidism and delayed puberty will be clearer. IGSF1 is
important for the pituitary-thyroid axis and the development
puberty and thus represents a new player controlling growth
and puberty in childhood and adolescence.
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