EFFICACY AND SAFETY OF BIMATOPROST

Bimatoprost (%96)

Latanoprost (36) o
FIG. 3. Correlation between% IOP reduction rate of bima-
toprost and latanoprost. % IOP reduction rate of bimatoprost
was significantly correlated with that of latanoprost. (Pear-
son correlation coefficient R?=0.374; P =0.007).

significant correlation between% IOP reduction of bimato-
prost and that of latanoprost (Pearson correlation coefficient
r*=0.374; P<0.01) (Fig. 3).

The mean hyperemia scores at preswitch and week 12
were 0.31+0.35 and 0.56£0.54 (P=0.27), respectively (Table
1). The mean corneal epithelial disorder scores at preswitch
and week 12 were 0.67+0.97 and 0.67+0.97 (P>0.99), re-
spectively (Table 1).

Discussion

The incidence rate of hhnoprost nonresponders is re-
ported at 28.1% and was highest in patients with NTG in
Japan.'® The reduction of TOP in patients with lower baseline
IOP may be more difficult.”’ Several studies revealed that the
IOP-lowering effect of bimatoprost was even equal to or
higher than that of latanoprost.>''~'*

Bimatoprost was difficult to be converted to its free acid
form in human eyes, and free acid was slightly detected at
the site of action in the eye.*?"?* In contrast, latanoprost is a
prodrug that needs de-esterification to yield a pharmaco-
logically active free fatty acid. Due to this, the pharmaco-
logical effect of bimatoprost is difficult to be attenuated
because of its mdabohsm compared with latanoprost. Gan-
dolfi and Cimino" previously reported that most of the
subjects with glaucoma or OH who showed no significant
IOP response to latanoprost were successfully treated with
bimatoprost. They speculated that the lack of response to
latanoprost was associated with poor de-esterification of the
prodrug to the pharmacologically active free fatty acid. In

early studies, the additional IOP-lowering effect of bimoto-
prost was seen in patients who re@ponded poorly to lata-
noprost, thus suggesting a superior IOP-lowering effect of
bimatoprost, compared with latanoprost.'*** Mean IOP be-

TasLe 1. Mean ConjJuNcTival HYPEREMIA
AND ARrREA DinsiTY GRADING SCALE SCORES

Mean conjunctival Mean areq density

hyperemia grading scale score
Preswitch 0.31+0.35 0.67+0.97
At 4 weeks 047£041 (P=0.60)  0.94+1.20 (P=0.78)
At 8 weeks 0.50+0.54 (P=046)  0.78%1.00 (P=0.98)
At 12 weeks 0.56+0.54 (P=0.27) 0.67+0.97 (P>0.99)
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fore the switch to bimatoprost, however, was approximately
23mm Hg in their study.”™* Our study suggests that the
decrease of IOP also occurred with switching to bimatoprost
in Japanese patients who are insufficient responders to lata-
noprost even though pretreatment IOP is low.

In this study, we showed that the mean IOP reduction rate
of bimatoprost was significantly correlated with the mean
IOP reduction rate of latanoprost. Bimatoprost showed a
trend to enhance the potency of latanoprost. Prostaglandin
Fa, (FP) prostanoid receptors are G-protein coupled recep-
tors that mediate the actions of PG Fy,, which is confirmed
to be an alternative splice variant of the human FP (altFP)
prostanoid receptor gene.”! Since bimatoprost interacts
not with PG FP receptor but with prostamide receptor,
blm'll()pr()% is likely to have a pharmacologically inherent
receptor.”” Tt has been reported that bimatoprost may
interact with the FP-altFP receptor heterodimer to induce
alterations in second-messenger signaling.”> FP-altFP com-
plexes may represent the underlying basis of bimatoprost
pharmacology.™ Since prostamide and FP receptors may be
encoded by the same gene, the lowering effects on IOP of
bimatoprost might correlate with those of latanoprost.

Conjunctival hyperemia was the most commonly reported
side effect of bimatoprost and the most frequently observed
biomicroscopic finding in several studies.>*"* Conjunctival
hyperemia occurs more frequently with bimatoprost than
with latanoprost.”® There were, however, no significant dif-
ferences in the mean score of conjunctival hyperemia be-
tween bimatoprost-treated eyes and latanoprost-treated eyes
in this study. The switch from latanoprost to bimatoprost in
the glaucoma therapy was associated with less conjunctival
hyperemia than that measured in patients in whom bima-
toprost was used as first-line therapy.”” One of the limita-
tions of this study is that there was no control group. There is
the possibility that some patients who had conjunctival
hyperemia caused by latanoprost may continue after with-
drawal. Ocular surface hyperemia occurs by endothelial-
derived nitric oxide-mediated vasodilatation and is not
associated with intraocular inflammation.®® Even though
there is a trend toward exacerbation during the switching
phase, no patients withdrew from the treatment. In addition,
the deepening of eyelid sulcus due to bimatoprost has been
reported.” Although 1 patient complained of the deepening
of eyelid sulcus, the patient continued the treatment.

Low ocular perfusion pressure is an established risk factor in
glaucoma.™ Quaranta et al.*' recently reported that in previ-
ously untreated patients with NTG, both latanoprost and bi-
matoprost reduced the IOP from untreated baseline, to a similar
extent, over a 24-h curve. Latanoprost was associated with
slightly improved ocular diastolic perfusion pressure over 24-h
but similar absolute perfusion levels to those of bimatoprost.”

In conclusion, bimatoprost provided a significant reduc-
tion in 10P for at least 12 weeks for Japanese patients with
NTG who showed insufficient response to latanoprost.
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Abstract

Background: Paraneoplastic retinopathy (PR), including cancer-associated retinopathy (CAR) and melanoma-associated
retinopathy (MAR), is a progressive retinal disease caused by antibodies generated against neoplasms not associated with
the eye. While several autoantibodies against retinal antigens have been identified, there has been no known autoantibody
reacting specifically against bipolar cell antigens in the sera of patients with PR. We previously reported that the transient
receptor potential cation channel, subfamily M, member 1 (TRPM1) is specifically expressed in retinal ON bipolar cells and
functions as a component of ON bipolar cell transduction channels. In addition, this and other groups have reported that
human TRPMT mutations are associated with the complete form of congenital stationary night blindness. The purpose of
the current study is to investigate whether there are autoantibodies against TRPM1 in the sera of PR patients exhibiting ON
bipolar cell dysfunction.

Methodology/Principal Findings: We performed Western blot analysis to identify an autoantibody against TRPM1 in the
serum of a patient with lung CAR. The electroretinograms of this patient showed a severely reduced ON response with
normal OFF response, indicating that the defect is in the signal transmission between photoreceptors and ON bipolar cells.
We also investigated the sera of 26 patients with MAR for autoantibodies against TRPM1 because MAR patients are known
to exhibit retinal ON bipolar cell dysfunction. Two of the patients were found to have autoantibodies against TRPM1 in-their
sera.

Conclusion/Significance: Our study reveals TRPM1 to be one of the autoantigens targeted by autoantibodies in at least
some patients with CAR or MAR associated with retinal ON bipolar cell dysfunction.
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Introduction with PR can have night blindness, photopsia, ring scotoma,

attenuated retinal arteriole, and abnormal electroretinograms

Parancoplastic retinopathy (PR) is a progressive retinal disorder (ERGs). The diagnosis of PR is usually made by the identification
caused by an autoimmune mechanism and is associated with the of neoplasms and anti-retinal autoantibodies in the sera.

presence of anti-retinal antibodies in the serum generated against PR includes two subgroups: cancer-associated retinopathy (CAR)

neoplasms not associated with the eye [1-4]. The retinopathy can {5,6] and melanoma-associated retinopathy (MAR) [7-10]. Although

develop cither before or after the diagnosis of a neoplasm. Patients CAR and MAR share similar clinical symptoms, the ERG findings

“E). PLoS ONE | www.plosone.org 1 May 2011 | Volume 6 | Issue 5 | e19911



arc very different. Both a- and b-waves are severely attenuated in
CAR, indicating extensive photoreeeptor dysfunction, whercas only
the b-wave is severely reduced while the a-wave is normal in MAR,
suggesting bipolar cell dysfunction [8,9]. However, it was recently
reported that cancers other than melanoma can cause bipolar cell
dysfunction [11,12]. Scveral autoantibodics against retinal antigens
have been identified, but a specific antigen associated with bipolar
cells has not been identified in patients with CAR and MAR [1-10].

In the current study, we identified autoantibodies against the
transient receptor potential cation channel, subfamily M, member 1
(TRPM1I) [13-15] in the scrum of one patient with lung cancer. The
ERG findings in this patient indicated a sclective ON-bipolar cell
dysfunction. We also investigated the sera of 26 MAR patients and
found that two contained autoantibodics against TRPMI. Our
results suggest that TRPM1 is once of the retinal autoantigens in at
least some patients with CAR or MAR and may cause retinal ON
bipolar cell dysfunction.

Results

Case report of CAR associated with ON bipolar cell
dysfunction

A 69-ycar-old man visited the Nagoya University Hospital with
complaints of blurred vision, photopsia and night blindness in both
cyes of three months duration. At this point he was not diagnosed
as suffering from any cye discasc or systemic discase, including a
malignant tumor, and his family history revealed no other
members suffering from any eye discases. On initial examination,
his best-corrected visual acuity was 0.9 in the right eye and 0.6 in
the left eye. Humphrey static perimetry revealed a severe decrease
in sensitivity within the central 30 degrees of the visual field in both
cyes (Fig. 1A). Dark-adaptometry of this patient showed a loss of
the rod branch. The cone threshold was within normal range.
Ophthalmoscopy showed a nearly normal fundus appearance
except for slight hypopigmentation at the macula of the left eye,
which may be due to age-related changes in the retinal pigment
cpithclium (Fig. 1B), but fluorescein angiography demonstrated
periphlebitis of the retinal vessels (arrows, Fig. 1C). Spectral-
domain optical coherence tomography (SD-OCT) showed that the
morphology of the retina was normal in both eyes (Fig. 1D).

Electrophysiological examinations

Recordings of the full-field ERGs from this patient showed that the
rod responses were undetectable (Fig. 2). The rod- and cone-mixed
maximal response was a negative-type with an a-wave of normal
amplitude and a b-wave that was smaller than the a-wave. The a-
wave of the cone response had a wide trough, and the b-wave was
reduced by 40%. The amplitude of the 30-Hz flicker ERG was
reduced by 50%. The photopic long-flash ERG showed severely
reduced ON response and normal OFF response. These ERG
findings indicated that there was a defect in the signal transmission
from photoreceptors to ON bipolar cells both in both rod and cone
pathways.

Bascd on these ophthalmological and clectrophysiological tests,
we suspected that this patient might have PR and referred him to an
internist. The general physical examination including positron
cmission tomography and computed tomography revealed two
abnormal masses in the right lung. Biopsy of these masses confirmed
that the masses were small cell carcinomas of the lung.

Detection of autoantibodies against TRPM1 in the serum
of the CAR patient

Based on our ERG examination results, we hypothesized that
the scrum of this CAR patient may contain autoantibodies against

@ PLoS ONE | www.plosone.org
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Figure 1. Ophthalmological findings from a patient with
paraneoplastic retinopathy (PR) associated with lung cancer,
(A) Threshold of static visual field (Humphrey, 30-2 program) plotted on
a gray scale showing severely decreased sensitivities within the central
30 degrees of the visual field. (B) Fundus photographs of the patient
showing a nearly normal fundus. (C) Fluorescein angiograms showing
periphlebitis of the retinal vessels (arrows). (D) Spectral-domain optical
coherence tomographic (SD-OCT) image of a 9 mm horizontal scan of
the retina of our patient. The retinal structure in each retinal layer is
normal.

doi:10.1371/journal.pone.0019911.g001

TRPMI. To test this hypothesis, we examined whether or not this
CAR patient’s serum could recognize human TRPMI protein by
Western blot analysis. We transfected an expression plasmid
containing human TRPM1 ¢DNA with the C-terminal 3xFlag-tag
(TRPM1-3xFlag) into HEK293T cells, and carried out a Western
blot analysis using whole cell extracts harvested after 48 hrs cell
growth. We first confirmed that TRPM1-3xFlag was expressed by
cell using Western blot analysis and an anti-Flag antibody. We
detected the ~200 kDa TRPMI-3xFlag band in the cell lysates
(Fig. 3A).

Next, we performed Western blot analysis on the same lysates
using the serum from our CAR patient and a healthy control
person. We detected immunostaining of the same size protein,
which was confirmed with the anti-Flag antibody, and with CAR
serum. The control serum did not present a significant band
(Fig. 3B, C). This result showed the presence of autoantibodies
against TRPMI in this CAR patient’s serum.
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Figure 2. Full-field ERG recordings. The rod response was recorded with a blue light at an intensity of 5.2x10™

3 cd-s/m? after 30 minutes of dark-

adaptation. The cone-rod mixed maximum response was elicited by a white flash at an intensity of 44.2 cd-s/m? The oscillatory potentials were
recorded with a white flash at an intensity of 44.2 cd-s/m? usmg a band-pass filter of 50-1000 Hz. The cone response and a 30 Hz flicker response
were elicited by a white stimulus of 4 cd-s/m? and 0.9 cd-s/m?, respectively, on a blue background of 30 cd/m Photopic long-flash ERG responses
were also elicited by long-duration flashes of 100 ms using a densely-packed array of white LEDs of 200 cd/m? on a white background of 30 cd/m*.

doi:10.1371/journal.pone.0019911.g002

To examine whether the serum from the CAR patient recognized
retinal bipolar cells, we carried out an immunohistochemical
analysis on monkey and mouse retinas. We first performed
immunohistochemistry on the retina of a 3-year-old rhesus monkey
(Macaca mulata) and on the retina of a one-month-old C57/B6
mouse using the serum of the CAR patient, however, we did not
obtain a significant staining signal above background (data not
shown). We then concentrated the serum by IgG purification
followed by filter spin column centrifugation and performed
immunohistochemistry on the monkey retina using the concentrat-
ed serum (Fig. 3D-G). We observed a significant immunolabeling
on the INL in the monkey retina (Fig. 3D, F) whereas the normal
serum did not give a significant labeling (Fig. 3E, G). The antibodies
immuolabeled both the bipolar side and amacrine side of the INL.
Since most of the cells residing on the outer side of the INL are ON
bipolar cells, at least some of the stained cells are ON bipolar cells. It
should be noted some of the staining signals show a spotted pattern
in the outer plexiform layer (Fig. 3F) as is observed in TRPMI or
mGIuR 6 immunostaining on the mouse retina [13], suggesting that
the CAR patient serum recognizes the bipolar dendritic tips where
some of the TRPM1 protein localizes.

@ PLoS ONE | www.plosone.org

Western blot analysis of the sera from MAR patients

Since the functional defect in the retina of MAR patients is
known to be duc to abnormal signal transmission between
photoreceptors and ON bipolar cells [8,9], we then investigated
whether or not autoantibodies to TRPM1 were also present in the
sera of MAR patients. We obtained the sera of 26 MAR patients
from two hospitals in Japan (Chiba University Hospital and Iwate
Medical University Hospital) and Ocular Immunology Laboratory
in the USA (Casey Eye Institute). We found that the sera from
patients #8 and #23 exhibited a significant immunoreactive band
against TRPMI-transfected cell lysates by Western blot analysis
(Fig. 4A and B). The control serum showed no significant immune
response against the TRPMI-transfected cell lysates (Fig. 3C).
These results suggest that the sera from some MAR patients
contain autoantibodies against TRPMI. Due to the limited
volume of sera from the MAR patients, we could not try
immunostaining on the monkey or the mouse retina using the
serum from the patients #8 and #23.

MAR patient #8, was a 76-year-old man with a history of skin
melanoma. He had ring scotomas and abnormal ERGs indicating
that he had MAR. The other patient, MAR #23, was a 57-year-

May 2011 | Volume 6 | Issue 5 | €19911
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Figure 3. Immunostaining and Western blot analysis of human TRPM1 using serum from the CAR patient. (A-C) Immunoblots of the
transfected cell lysates using an antibody against Flag tag (A), serum from CAR patient (B), and control serum (C). Arrowheads indicate the TRPM1-
3xFlag protein bands. HEK293T cells were transfected with the pCAGGS or pCAGGS-human TRPM1-3xFlag plasmid, and cells were harvested after
48 hrs. B-actin (B-act) was used for a loading control. (D-G) Confocal images of a three-year-old rhesus monkey retina immunostained with the
concentrated serum from the CAR patient (D, F) or the concentrated normal serum (E, G). Cell nuclei are visualized with DAPI. CAR patient serum
presented signals on INL cells and the inner part of the OPL (D, F). Scale bar =50 um in (E) and 20 um in (G).

doi:10.1371/journal.pone.0019911.g003

old man with poor night vision, abnormal scotopic ERGs and
abnormal color vision. He had a history of skin melanoma and
thyroid cancer. There was no other clinical information available
on these two patients because these sera were obtained from other
institutes scveral years before without detailed clinical information.

Discussion

PR, including MAR and CAR, presents visual disorders associated
with systemic cancer. Antibodies against retinal cells and proteins
have been detected in the sera of patients with PR suggesting an
autoimmune basis for the ctiology of the PR. The autoantibodies

@ PLoS ONE | www.plosone.org

identified so far include rhodopsin, retinal transducin alpha and beta,
recoverin, S-arrestin, o-enolase, carbonic anhydrase II, and heat
shock protein-60 which reside abundantly in photoreceptors [1—
10,16]. MAR and CAR can cause bipolar cell dysfunction [7-12].
The results of the ERG [8,9] and immunohistochemistry [7] studies
suggested that the main target of MAR are retinal ON bipolar cells in
both the rod and cone pathways. However, autoantibodies
specifically reacting with a bipolar cell antigen had not been identified
in the sera of patients with PR, including those with CAR and MAR.
In the current study, we identified autoantibodics against TRPM1, a
component of the ON bipolar cell transduction channel negatively
regulated by Goot in the mGluR6 signaling pathway [13-15], in the
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MAR #23

Figure 4. Western blot analysis of human TRPM1 using sera
from the MAR patients. (A, B) Immunoblots of the transfected cell
lysates using sera from MAR patient #8 (A) and MAR patient #23 (B).
HEK293T cells were transfected with pCAGGS or pCAGGS-human
TRPM1-3xFlag plasmid, and cells were harvested after 48 hrs. Arrow-
heads indicate the TRPM1-3xFlag protein bands. $-actin (B-act) was
used for a loading control.

doi:10.1371/journal.pone.0019911.g004

sera of one CAR patient and two MAR patients. The CAR patient
exhibited a dysfunction of ON bipolar cells, and to our knowledge,
this is the first report on an autoantibody against a bipolar cell antigen
in the serum of PR patients affecting the ON bipolar cell function.
Previously, we isolated a mouse TRPMI-L ¢cDNA corresponding
to the human long form of TRPMI, and found that the TRPM1-L
protein is developmentally localized at the tips of the ON bipolar
dendrites co-localizing with mGluR6, but not on OFF bipolar cells
[13,14]. The TRPM! null mutant mouse completely loses the ON
bipolar cell photoresponses to light, indicating that TRPM1 plays
a critical role in the synaptic transmission from photoreceptors to
ON-bipolar cells [13,15]. In addition, we demonstrated using a
CHO cell reconstitution system that TRPMI-L is a nonselective
cation channel which is negatively regulated by Goo. downstream
of the mGIuR6 signaling cascade in ON bipolar cells [13].
Recently, four groups including ours independently reported that
mutations of human TRPM1 are associated with the complete-type
of congenital stationary night blindness (cCSNB), an inherited
human retinal disease [17-20]. cCSNB is a non-progressive retinal
discase characterized by congenital night blindness with a
moderate decrease in visual acuity and myopia [21-24]. Previous
ERG studies have suggested that the defect in cCSNB patients lies
in the signal transmission from photoreceptors to ON bipolar cells
in both the rod and cone pathways [25-28]. We have identified
five different mutations in our three cGSNB patients, and have
shown that these mutations lead to cither abnormal TRPMI
protein production or mislocalization of the TRPMI protein in
bipolar cell dendrites [17]. These results suggest that TRPMI
plays a critical role in mediating the photoresponses of ON bipolar
cells in humans as well. Based on these findings, we hypothesize
that the ectopic expression of TRPM1 in tumor cells of some CAR
and MAR patients may result in aberrant production of
autoantibodies to TRPM1 through B-lymphocytic responses

@ PLoS ONE | www.plosone.org
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[29-32]. These antibodies may react to the TRPMI protein in
retinal ON bipolar cells resulting in dysfunction of the TRPM1
transduction cation channel downstream of the mGluR6 signaling
cascade. However, we could not confirm whether TRPMI is
expressed in the tumor cells of the three PR patients examined in
this study [29] because tumor samples were not available.

Another question regarding the discase mechanism underlying
PR is whether the binding of TRPM1 autoantibody to bipolar cells
results in the cell death or dysfunction of bipolar cells. As far as we
examined the retinal structure of the CAR patient using a spectral
domain optical coherence tomography (SD-OCT) retinal imaging
device, the structure of the retinal bipolar cell layer appeared to be
well preserved even three months after the onset of symptoms
(Fig.1D). This suggests that the autoantibodies reacting to TRPM 1
cause dysfunction of the ON bipolar transduction pathway rather
than bipolar cell death. However, further studies are nceded to
clarify the exact disease mechanism.

In the sera of MAR patients, several types of autoantibodies
against retinal proteins have been reported, including the 22 kDa
neuronal antigen GNB1, rhodopsin, S-arrestin, and aldolase-A and
-C [10,16,33,34]. We initially considered that TRPM1 might be a
major MAR target antigen, because TRPMI is exclusively
expressed in retinal ON bipolar cells. However, autoantibodies
against TRPM1 were detected in only two out of 26 MAR.
patients’ scra (7.7%, Fig. 4A, B). We tested whether the sera of one
CAR patient and 26 MAR patients recognized human mGluR6,
which is specifically expressed in ON bipolar cells, however, none
of the scra exhibited a significant band in Western blot analysis
(data not shown). Thus, antigens other than TRPM1 or mGluR6
may be involved in the pathogenesis of a large proportion of MAR.

Immunohistochemical analyses using the serum of the CAR
patient showed labeling in the inner nuclear layer and outer
plexiform layer of the adult rhesus monkey retina (Fig. 3D-G),
where the bipolar cell bodies and dendrites reside, respectively. This
immunostaining pattern is somewhat similar to our previous
immunostaining results on the mouse retina with specific antibody
against mouse TRPMI-L, which corresponds to the human TRPM1
long form [13]. Other labceling was also observed in the amacrine cells
and ganglion cells. The reason for the immunoreactivity with these
cells is uncertain, however, it may be due to the presence of other
autoantibodies against amacrine cell and ganglion cell antigens. Lu
¢t al. reported the presence of various different autoantibodies in the
serum of a single PR patient [10]. If this is the case, it may explain
why our CAR patient displayed severely reduced visual sensitivities in
the visual field tests (Fig. 1A) unlike cCSNB patients with TRPM1
mutations[17].

It should be noted that we did not confirm whether there are any
antoantibodics against TRPM1 in the sera of normal subjects by
using a large number of samples. However, this possibility is thought
to be low, because Shimazaki ef al. reported that the molecular
weights of the IgGs with observed anti-retinal reactivity in 92 normal
sera were smaller than 148 kDa, which is smaller than the TRPM1
molecular weight of ~200 kDa, although relatively high molecular
weight reactivity was not intensively investigated [35].

One limitation of the current study is that we could not obtain
detailed information on the two MAR patients, MAR #8 and #23,
associated with the TRPMI autoantibody. We confirmed that these
two patients had skin melanomas accompanying the visual
disturbances, but could not obtain a more detailed clinical history
or data on visual acuity, visual ficld, or ERGs because these sera were
sent from different hospitals several years ago. Thus, we do not know
whether these two MAR patients really had retinal ON bipolar cell
dysfunction. Further prospective studies of the TRPMI autoanti-
bodies in large numbers of MAR patients are needed.
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In conclusion, our study suggests that TRPM1 may be one of
the causative antigens responsible for PR associated with ON
bipolar cell dysfunction.

Note added in proof

During the course of revision process of this manuscript,
Dhingra et al. (J. Neurosci. 31, 3962-3967, 2011) independently
reported the presence of autoantibodies against TRPMI1 in two
MAR patients. Our study reports on autoantibodies against
TRPMI in CAR scrum in addition to MAR sera.

Materials and Methods

Subjects

The Nagoya University Hospital Ethics Review Board ap-
proved this study (approval ID 1131). Of the PR patients that were
examined in the Nagoya University Hospital, one PR patient with
lung cancer and ON bipolar cell dysfunction was studied in detail.
The examinations included routine ophthalmological and electro-
physiological tests. In addition, immunohistochemical and West-
crn blot analyses were performed using the scrum of this patient.
The procedures used conformed to the tenets of the Declaration of
Helsinki of the World Medical Association. A written informed
consent was obtained from the patient after he was provided with
sufficient information on the procedures to be used.

We also obtained sera of 26 patients with MAR from two
hospitals in Japan (Chiba University Hospital and Iwate Medical
University Hospital) and Ocular Immunology Laboratory in the
USA (Cascy Eyc Institute) for Western blot analysis.

Ophthalmologic examinations

The ophthalmologic examination included best-corrected visual
acuity, biomicroscopy, ophthalmoscopy, fundus photography, fluo-
rescein angiography, static perimetry, and spectral-domain optical
coherence tomography (SD-OCT). Static visual fields were obtained
with the Humphrey 30-2 program (Carl Zeiss, Dublin, USA), and the
results are shown in gray scale. SD-OCT was performed with a 9-mm
horizontal scan through the midline with 50 averages (Spectralis
HRA+OCT; Heidelberg Engincering, Vista, CA).

Electroretinograms (ERG)

Full-field ERGs were clicited with a Ganzfeld dome and
recorded with a Burian-Allen bipolar contact lens clectrode. The
ground clectrode was attached to the ipsilateral car.

After 30 minutes of dark-adaptation, a rod response was clicited
with a bluc light at an intensity of 5.2x107% cd-s/m?. A cone-rod
mixed maximum response was clicited by a white flash at an
intensity of 44.2 cd-s/m? A cone response and a 30 Hz flicker
response were clicited by a white stimulus of 4 cd-s/m? and
0.9 cd-s/m?, respectively, on a bluc background of 30 cd/m?
Full-ficld cone ERGs were also clicited by long-duration flashes of
100 ms using a densely packed array of white LEDs. The array
was positioned at the top of the Ganzfeld dome and covered by a
diffuser. The stimulus intensity and background illumination
mecasured in the dome was 200 cd/m? and 30 c¢d/m?, respectively.
Responses were amplified by 10K and the band pass was sct to 0.3
to 1000 Hz. The data were digitized at 4.3 kHz, and 5 to 20
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Immunohistochemistry

For immunohistochemistry, patient and normal sera (300 pl)
were purified using the Mclon Gel IgG purification kit according
to the manufacturer’s protocol (Pierce Biotechnology, Rockford,
IL) to remove IgM, and purificd scra were concentrated by
Amicon Ultra 100 (Millipore, MA). The rhesus monkey eye cup
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Transfection and Western blot analyses

HEK293T cells were cultured in D-MEM containing 10% fetal
bovine serum (FBS; Nissui, Tokyo, Japan). These cells were grown
under 5% carbon dioxide at 37°C. The calcium phosphate
method was used to transfect the cells. Transfected cells were
incubated at 37°C for 48 hrs, and then harvested for further
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Laboratories, San Francisco, CA) or donkey anti-human IgG
(1:10,000; Jackson Immuno Research Laboratorics, West Grove,
PA) as sccondary antibodics. The bands were developed using
Chemi-Lumi One L (Nacalai Tesque, Kyoto, Japan).
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miR-124a is required for hippocampal axogenesis and
retinal cone survival through Lhx2 suppression

Rikako Sanukil2, Akishi Onishi!?, Chieko Koike!, Rieko Muramatsu?, Satoshi Watanabe>2, Yuki Muranishil,
Shoichi Irie!2, Shinji Uneo?, Toshiyuki Koyasu?, Ryosuke Matsui®, Yoan Chérasse®, Yoshihiro UradeS,
Dai Watanabe®, Mineo Kondo#, Toshihide Yamashita> & Takahisa Furukawal»2

MicroRNA-124a (miR-124a) is the most abundant microRNA expressed in the vertebrate CNS. Despite past investigations into
the role of miR-124a, inconsistent results have left the in vivo function of miR-124a unclear. We examined the in vivo function
of miR-124a by targeted disruption of Rncr3 (retinal non-coding RNA 3), the dominant source of miR-124a. Rncr3-"- mice
exhibited abnormalities in the CNS, including small brain size, axonal mis-sprouting of dentate gyrus granule cells and retinal
cone cell death. We found that Lhx2 is an in vivo target mRNA of miR-124a. We also observed that LHX2 downregulation by
miR-124a is required for the prevention of apoptosis in the developing retina and proper axonal development of hippocampal
neurons. These results suggest that miR-124a is essential for the maturation and survival of dentate gyrus neurons and retinal

cones, as it represses Lhx2 translation.

MicroRNAs (miRNAs) are small RNAs that regulate gene expression
by base-pairing to mRNAs. Notably, miR-124a is completely conserved
at the nucleotide level from worms to humans and is estimated to be
the most abundant miRNA in the brain, accounting for 25-48% of all
brain miRNAs!. In addition, the human miR-124a-1 locus is located
in the chromosome 8p23 region, which is rich in genes that have been
implicated in neuropsychiatric disorders, microcephaly and epilepsy?.
Overexpression of miR-124a in HeLa cells leads to the suppression of a
large number of non-neuronal transcripts®. Moreover, a neurogenesis
suppressor gene, Ctdspl, and a neuron-specific splicing repressor gene,
Ptbpl, have been identified as miR-124a target genes in vitro*®, and
an increase of Ptbpl mRNA was observed in the telencephalon of a
Dicer conditional knockout mouse®. In vivo knockdown of miR-124a
in mouse SVZ cells identified Sox9, a neurogenesis suppressor gene,
as a miR-124a target, suggesting that miR-124a controls neurogenesis
through suppression of Sox9 translation®. One study found that
miR-124a is required for neuronal determination in the developing chick
neural tube?. On the other hand, another study reported that miR-124a
is not involved in the initial neuronal differentiation in the developing
chick spinal cord’. A Dicer conditional knockout mice exhibited ini-
tial neurogenesis in the absence of miRNA production®®. Considering
these inconsistent observations, the target genes of miR-124a and its
functional role in neural differentiation remain ambiguous.

RESULTS

Rncr3 is the dominant source of miR-124a

Previously, we used a screen to identify functionally important mole-
cules in the retina!® and isolated mouse Rncr3 cDNA!, which is highly

expressed in the retina. We examined the expression profiles of Rncr3
by northern blot analysis and detected a ~4.1-kb full-length Rncr3
band specifically in the CNS tissues (Fig. 1a). We identified a stem
loop of precursor miR-124a-1 (pre-miR-124a-1), which is encoded
in exon of Rncr3. Rncr3 fulfilled certain criteria for being a miR-124a
precursor, including high expression in the brain, nuclear localization
and the presence of a consensus sequence!? (data not shown). We
examined the expression patterns of pre-miR-124a and miR-124a and
confirmed that they were specifically expressed in the CNS, including
the retina (Fig. 1b). We then investigated the localization of Rncr3
and miR-124a in the developing retina and brain using iz situ hybridi-
zation (Fig. 1c-i). Both Rncr3 and miR-124a signals were strongly
detected in ganglion cells and differentiating neurons at embryonic
day 13.5 (E13.5; Fig. 1¢,f), and those signals gradually increased until
the mice were 1 month old (Fig. 1d,e,g,h). The abundant miR-124a
signals in photoreceptor cells accumulated in the inner segment from
postnatal day 1 (P1) to adulthood (1 month of age; Fig. 1g,h). In the
adult mice, the miR-124a signal was detected in differentiated neu-
rons, except for putative Miiller glial cells in the inner nuclear layer
(Fig. 1e,h), consistent with previous findings!3. In the P6 brain, Rncr3
RNA was broadly expressed, especially in the hippocampus and the
upper third of the cortex (Fig. 1i). These results suggest that Rncr3
is specifically expressed in the CNS and functions as a primary miR-
124a-1 (pri-miR-124a-1).

To determine the function of miR-124a in vivo, we generated
Rncr37~ mice by replacing all of the exons of Ricr3 with the PGK-neo
cassette (Fig. 2a~c). Rncr3™'~ mice were initially viable and appeared
to be normal; however, about two-thirds of the Rncr3™/~ mice gradually
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Figure 1 Expression of Rncr3 and miR-124a. (a) Northern blot analysis of Rncr3 transcripts in aduit mouse tissues. The arrow indicates the approximately
4.1-kb Rncr3 full-length mRNA. The lower panel shows ethidium bromide (EtBr) staining of RNA. (b) Northern blot analysis of miR-124a in adult mouse
tissues. The upper panel shows miR-124a signals obtained from LNA-modified anti-miR-124a probe. The lower panel shows EtBr staining of small RNA.

(c-h) Expression of Rncr3 (c—e) and miR-124a (f-h) was detected by in situ hybridization in the developing retina at E13.5 (c,f), P1 (d,g) and in adult mice

(1 month old, e,h). miR-124a signal was detected in the developing photoreceptor layer at P1 and the inner segments of photoreceptors in adults (g and h,
arrowheads). The small boxes in e and h show unstained blank spots by in situ hybridization, which may correspond to Miiller glia cells in the inner nuclear layer
(INL). Scale bar represents 100 um. (i) Expression of Rncr3 in the developing brain at P6. Scale bar represents 1 mm. CTX, cortex; DG, dentate gyrus; GCL,

ganglion cell layer; NBL, neuroblastic layer; ONL, outer nuclear layer.

became debilitated and died around P20 for unknown reasons. We com-
pared miR-124a expression among wild-type, Rncr3*/~ and Rncr3™/~
mice and found that miR-124a band intensities were substantially
reduced by 60-80% in all of the Rncr3~/~ CNS regions that we exam-
ined at P14 (Fig. 2d). We then performed northern blots for miR-124a
and an absolute quantitative RT-PCR (qPCR) assay for pri-miR-124a-1,
pri-miR-124a-2 and pri-miR-124a-3 using the retina, hippocampus
and cortex of P6 wild-type and Rncr3™/~ mice (Supplementary
Fig. 1). miR-124a expression was reduced by 60-80% in Rrcr3~/~ mice
(Supplementary Fig. 1a) and pri-miR-124a-3 was undetectable in both
wild-type and Rncr3~~ mice (Supplementary Fig. 1b), indicating that
Rncr3 (pri-miR-124a-1) is the dominant source of miR-124a.

We then examined the tissue distribution of miR-124a in developing
Rncr3~/~ mice using in situ hybridization to identify tissues in which
miR-124a knockout was not compensated for by expression of pre-
miR-124a-2 or pre-miR-124a-3. miR-124a expression was substan-
tially reduced and barely detectable in the presumptive photoreceptor
layer (PPL), where cone photoreceptor neurogenesis occurs from E11
to E18 (refs. 14,15), of Rncr3~/ retina at E15.5 (Fig. 2e-h), whereas
NEURODI, a neuronal differentiation and early photoreceptor
marker, was detected at normal levels (wild type, 908.5 + 58.2 cells

per section; Rncr3™=, 919  33.8; P = 0.79; Fig. 2i-1). In the E17.5
wild-type retina, pri-miR-124a-1 (Rncr3) was strongly observed in
the PPL; however, the pri-miR-124a-2 host gene was barely expressed
and pri-miR-124a-3 was undetectable (Supplementary Fig. 2a-f),
suggesting that pri-miR124a-1 is the predominant source of
miR-124a in the PPL.

We next observed sections of the P6 developing Rncr3™~ brain
(Fig. 2m-p). The Rncr3™'~ brain was smaller than that of the wild
type, but its morphology was not substantially affected (Fig. 2m,n).
miR-124a expression was significantly reduced in the Rncr3~/~ brain
compared with that in the wild-type brain, as determined by in situ
hybridization (Fig. 20,p). We found an especially substantial loss
of miR-124a expression in the Rncr3~/~ hippocampal dentate gyrus
(Fig. 2p). Our results suggest that miR-124a expression is almost
abolished in the developing cone photoreceptor layer and dentate
gyrus in the hippocampus. Thus, we focused our analysis on retinal
cone photoreceptors and the dentate gyrus.

Rncr3-'~ mice exhibit neuronal dysfunction and dysmaturation
We first analyzed cone cells in the Rncr3™/~ retina. We performed
flat-mount immunostaining using 2-month-old Rncr3~/~ retinas and
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Figure 2 Loss of miR-124a in the retinal presumptive
photoreceptor layer and hippocampal dentate gyrus.
(a) Strategy for the targeted deletion of the Rncr3
gene. All exons were replaced with the PGK-neo
cassette. The outside probes used for Southern blot
analysis are shown (5’ probe and 3’ probe). Asterisk
indicates the location of pre-miR-124a-1.

(b,c) Southern blot analysis of genomic DNA

from wild-type (+/+), Rncr3*~ (+/-) and Rncr3--
(/=) mice. The 5 probe detected 17-kb wild-type
and 14-kb mutant bands (b). The 3’ probe detected
9-kb wild-type and 7-kb mutant bands (c).

(d) Northern blot analysis of total RNA extracted
from the P14 CNS. (e-h) Expression of miR-124a

in wild-type and Rncr3-- retinas detected by in situ
hybridization. miR-124a signal was observed in the
GCL and developing photoreceptor layer in the wild-
type retina (e,g), but not in the photoreceptor layer of
the Rncr3-- retina at E15.5 (f,h). The white boxes
indicate the developing photoreceptor layer. Scale bars
represent 200 um (e,f) and 100 pm (g,h).

(i-1) Immunostaining of NEUROD1 in E15.5
wild-type and Rncr3™ retinas. Scale bars represent
200 pm (i,j) and 50 pum (k,1). (m-p) Absence of
miR-124a in the dentate gyrus. Niss! staining of the
wild-type and Rncr3-"~ mouse brain at P6 (m,n).
miR-124a detected by in situ hybridization in the
developing dentate gyrus of wild-type and Rncr3-- mice
at P6 (o,p). Arrowheads indicate the dentate gyrus.
Scale bar represents 1 mm in m-p. PPL, presumptive
photoreceptor layer; RPE, retinal pigment epithelium.

observed a significant reduction of the cone cell number and of mRNA
expression of cone-specific genes (P < 0.001; Fig. 3a-d). To evaluate
the physiological function of the Rncr3™/ retina in vivo, we recorded
scotopic and photopic electroretinograms (ERGs) from 2-month-old
wild-type and Rncr3~/~ mice. Both the waveforms and amplitudes
of a- and b-waves of scotopic ERGs were very similar between wild-
type and Rncr3~/~ mice (Fig. 3e-g). In contrast, the amplitudes of the
photopic ERGs of Rncr37/~ mice were significantly smaller than those
of wild-type mice at all stimulus intensities (P < 0.05; Fig. 3h~j). The
amplitudes of the a-waves, which originate from cone photoreceptors,
were less than one-third of those of wild-type mice. Moreover, we
found that some opsin-positive cone cells were ectopically localized
in the Rncr3~/~ retina (Supplementary Fig. 3a—g). We also examined
the development of other retinal cell types in 2-month-old Rncr3~/~
mouse retinas by immunostaining (Supplementary Fig. 4a-g). Rod
photoreceptor cells, bipolar cells, amacrine cells, horizontal cells,
ganglion cells and Miller glial cells were unaffected. These results
indicate that cone photoreceptors are impaired in Rrcr3™~ mice.

In the developing mouse retina, the expression of TRB2, an early
cone marker, peaks at E17.5 (ref. 16). We examined the number of
TRP2-positive cells in the Rucr3~/~ retina (Supplementary Fig. 5a—c).

5’ probe
Kb +H+ - —/—’

ARTICLES

d Retina
+H+ o+~

Pre-miR-
124a-1
Pre-miR-
124a-2 .

Cerebrum  Cerebellum Brainstem Spinal cord
H4 A= ==t A= == ] -

The number of cones was unaltered in the Rncr3™/~ retina at E17.5
(Supplementary Fig. 5¢). Notably, we found some mis-localized
TRP2-positive cells in the E17.5 mutant retina (Supplementary Fig. 5b).
We then examined the expression of Crx and Otx2, photoreceptor cell
differentiation genes!’~!%, and Neurogenin 2 (Ngn2, also known as
Neurog2), a proneural gene, in both the wild-type and Rncr3~/~ retinas
at E13.5 by in situ hybridization and qPCR analysis (Supplementary
Fig. 5d-n). In contrast with our cone number results, we found no
apparent effect on early neurogenesis by quantitatively measuring
Neurodl, Trf2, Crx, Otx2 and Ngn2 in wild-type and Rncr3~/-
retinas, although miR-124a expression was reduced (Figs. 2i-m
and 3a-d and Supplementary Fig. 5a-n). We examined apoptosis
by TUNEL assay in wild-type and Rncr3~/ retinas, and found that
the number of TUNEL-positive cells was significantly increased
in the P3 Rucr3~/~ retina (P < 0.05; Supplementary Fig. 6a—c).
We further observed an increase in the number of TRB2 and active
caspase-3 double-positive cells and a decrease in the number of TR2-
positive, caspase-3-negative cells in the Rncr3™/~ retina (Fig. 3k-p),
suggesting that the number of cone cells was reduced by apoptosis
after neurogenesis. Furthermore, a recent study found that miR-124a
was substantially reduced in anaplastic astrocytomas®. Thus, we
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Figure 3 Reduction of cone photoreceptor

cells in the Rncr3~- retina. (a-¢) Flat-mount
immunostaining of central regions of wild-type (a)
and Rncr3-" (b) retinas using antibody to M-opsin
(magenta) and antibody to S-opsin (green). Scale
bar represents 50 um. The number of cone cells
expressing M-opsin and/or S-opsin in wild-type, 3
Rncr3*'- and Rner3-- retinas are shown in ¢ c
(*P < 0.001). Error bars represent s.d. from

the means of triplicates. (d) Quantitative

RT-PCR of retinal photoreceptor genes at P14
(**P < 0.01). Error bars represent s.d. from

the means of three littermate pairs. Actb was
used for normalization. (e-j) ERGs recorded

from 2-month-old wild-type and Rncr3-" mice.
Scotopic ERGs elicited by four different stimulus
intensities are shown in e. The amplitudes of the
scotopic ERG a-wave (f) and the b-wave (g) are
shown as a function of the stimulus intensity. e

Photopic ERGs elicited by four different stimulus ' wWT
intensities are shown in h. The amplitude E
of the photopic ERG a-wave (i) and the b-wave (j)

are shown as a function of the stimulus intensity.

Error bars represent s.e.m. (*P < 0.05).

(k-p) Immunostaining of active caspase-3

(act-Cas3) and TRB2 in the Rncr3~~ retina

at P3. Arrowheads indicate active caspase-3

and TRB2 double-positive cells. The white boxes

indicate the area enlarged in the right panels.

Scale bar represents 10 um (k-n). The number of h
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WT

examined cell proliferation in the Rncr3~/~
retina by immunostaining with phospho-
histone H3 (PH3) and Ki67 and count-
ing the number of PH3-positive cells at P3
(Supplementary Fig. 7a—c). The proportion
of PH3-positive cells was not significantly
different between wild-type and Rncr3™/~
retinas (P > 0.9). These results suggest that
miR-124a is necessary for proper survival
and localization of cone cells rather than for
early neurogenesis.

We found that 2-month-old Rrcr3™/~ mice
had smaller brain weights than did wild types
(Fig. 4a,b). The small brain phenotype was
not apparent at P1, but became significant
by P6 during maturation (P < 0.005, data not
shown). Furthermore, Rncr3~/~ mice exhi-
bited a front and hind limb clasping response in the tail-suspension
assay at 4-5 months (Fig. 4¢,d). This abnormal phenotype is com-
monly observed in mouse models of neurodegenerative disorders?!
suggesting that the neural function of the Rncr3™~ mouse is substan-
tially impaired. We then performed Timm staining on P10 wild-type
and Rncr3™/~ brain sections, the time at which mossy fibers develop??, to
examine dentate granule cell maturation (Fig. 4e-h). Notably, aberrant
outgrowth of mossy fibers (dentate granule cell axons) into the CA3
region was observed in the Rncr37~ mouse (Fig. 4gh). The number
of apoptotic cells in the dentate gyrus and cortex at P6 was signifi-
cantly increased (dentate gyrus: wild type, 1.2 1.6 cells per section;
Rncer3™—, 10.2 + 3.6; P < 0.001; cortex: wild type, 5.8 £ 2.5 cells per
5% 10° um?; Rncr3™-, 59.4+17.1; P < 0.001; Fig. 4i-1). Cell proliferation
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in the dentate gyrus of Rncr3~/~ mice was not substantially affected
(Supplementary Fig. 7d,e), suggesting that apoptosis of neurons contrib-
utes to the smaller brain size in Rrcr3~/~ mice. These results indicate that
miR-124a is necessary for proper brain development and axogenesis of
dentate granule neurons to the CA3.

Lhx2 is a direct target mRNA of miR-124a in vivo

To identify miR-124a target mRNAs, we searched for 3" untrans-
lated regions (UTRs) of genes that are highly expressed in retinal
progenitors and substantially downregulated on progenitor differ-
entiation?, such as Lhx2, Sox2, Rax, Six6, Six3, Pax2, Pax6, Vsx2
and Otx2, using TargetScan 5.1 (http://www.targetscan.org/).
Searching the database revealed that Lhx2 contains an evolutionarily
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Figure 4 Rncr3~'~ mice exhibit neuronal
dysfunction and aberrant growth of dentate
granule cell axon. (a,b) Appearance of the brain
and brain weight in wild-type and Rncr3~'~ mice.
Representative brains from wild-type (left) and
Rncr3~- mice (right, litter mates, 2 months old)
are shown in a. Brain weights of wild-type (n = 5)
and Rner3-~ mice (n= 9) are shown in b

(*P < 0.001). Error bars represent s.d.

(c,d) Abnormal limb-clasping of Rncr3-"-
mouse. A clasping response was observed in the
Rncr3-"~ mouse (c, right), but not in the wild-
type mouse (c, left). Total clasping time was
measured for 3 min (d). Error bars represent s.d.
from the mean of n= 4 (wild type) and

n =8 (Rncr3~). (e-h) Aberrant sprouting of
mossy fibers in the Rncr3~- mouse. The mossy
fiber terminals were visualized by Timm staining
with Nissl counterstaining at P10. Scale bars
represent 500 um (e,g) and 100 um (f,h).

(i,j) TUNEL assay of the P6 wild-type and
Rncr3-'- dentate gyrus. Scale bars represent
200 pm. (k,I) TUNEL assay of the P6 wild-type
and Rncr3~'- visual cortex. Scale bars represent
200 pm. GC, granule cell layer.

GC’

highly conserved miR-124a target sequence
(Fig. 5a). We examined whether Lhx2 is a
target mRNA of miR-124a by constructing
luciferase reporter plasmids that contained
native or mutated seed sequences of the
Lhx2 3" UTR (Fig. 5a) and co-transfecting
these reporter plasmids with miR-124a expression plasmids
(pBAsi-mU6-miR-124a-1, pBAsi-mU6-miR-124a-2 or pBAsi-mU6-
miR-124a-3) into HEK 293T cells that lacked endogenous miR-
124a (Supplementary Fig. 8a,b). HEK 293T cells transfected with
miR-124a expression plasmids produced significant amounts of
miR-124a (P <0.001; Supplementary Fig. 8a,b). The luciferase activity of
the native Lhx23’-UTR plasmid was significantly reduced by all of the pre-
miR-124a expression plasmids (P < 0.01; Fig. 5b). However, luciferase
activity of the mutated Lhx2 3’-UTR plasmid was not attenuated by
miR-124a (Fig. 5b), and the luciferase mRNA levels of both native
and mutated Lhx2 3’-UTR plasmids were not significantly reduced
(P < 0.004; Supplementary Fig. 8c,d). We observed a statistically
significant increase of luciferase activity in Rner3~/~ hippocampal
neurons transfected with native Lhx2 3’-UTR plasmid (P < 0.009),
but found no significant effect in neurons transfected with the
mutated Lhx2 3"-UTR plasmid (P > 0.45; Supplementary Fig. 8e).
Next, to determine whether Lhx2 is an in vivo target of miR-124a,
we performed immunostaining of the E17.5 Rncr3™/~ retina using
antibodies to LHX2 and TRB2 antibodies (Fig. 5c~e). The number
of LHX2 and TRB2 double-positive cells was significantly increased
in the Rncr3™/~ retina compared with the wild-type retina (P < 0.01;
Fig. 5e). We then introduced Lhx2 expression plasmids that contained
native or mutated 3" UTR (Lhx2-Nat and Lhx2-Mut) together with an
egfp expression plasmid into the PO mouse retina by in vivo electro-
poration to determine whether retinal cell apoptosis occurs by Lhx2
overexpression. The number of TUNEL-positive cells was increased
in retina transfected with the Lhx2-Mut plasmid, but transfection with
the Lhx2-Nat plasmid did not lead to an increase in the number of
TUNEL-positive cells (Fig. 5f~h), suggesting that the native 3’ UTR
was targeted by native miR-124a. This result is consistent with the
observation that the number of TUNEL-positive cells was significantly
increased in the Rncr3~/~ retina (P < 0.05; Supplementary Fig. 6a—c).

Hius GG

YTUNEL | +/+
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BC s GG

UTUNEL |

These results suggest that Lhx2 mRNA is a miR-124a target in the
retina and that downregulation of Lhx2 mRNA by miR-124a is neces-
sary for retinal cell survival.

Lhx2 is known to be required for hippocampal formation?*, We
therefore conducted immunostaining on the dentate gyrus with anti-
bodies to LHX2 and the dentate gyrus marker PROX1. The number
of LHX2 and PROX1 double-positive cells was significantly increased
in the Rucr3™/~ dentate gyrus (P < 0.001; Fig. 5i-k). Furthermore, we
compared the expression of Rncr3 and Lhx2 mRNA and LHX2 pro-
tein in the E12.5 forebrain and P3 retina (Supplementary Fig. 8f-o0).
At E12.5, Lhx2 mRNA was highly expressed in both the hippocam-
pus and thalamus, whereas Rncr3 was highly expressed only in the
thalamus. In both the developing brain and retina, LHX2 protein
was not expressed in regions in which both Lhx2 and Rncr3 mRNA
were expressed, suggesting that miR-124a targets Lhx2 mRNA both
in the retina and the brain and that miR-124a inhibits translation
of Lhx2 mRNA. Cell density was significantly higher in the dentate
gyrus in Rncr3™~ mice than in wild-type mice, as determined by
counting PROX1-positive cells (P < 0.004; Fig. 5i,j,1). To assess the
role of Lhx2 in aberrant mossy fiber sprouting, we electroporated
Lhx2-Nat and Lhx2-Mut plasmids into primary cultured hippocampal
cells. Substantial neurite extension was observed in cells expressing
Lhx2-Mut (Fig. 5m-o). To evaluate axonal elongation in dentate
granule cells, we immunostained hippocampal PROX1 neurons and
then measured the axonal length of PROX1-positive cells (Fig. 5p,q).
The percentage of neurons that contained longer axons, greater than
150 um in length, was increased by expression of Lhx2-Mut (Fig. 5p).
Furthermore, the average length of the neurons in the top 25
percentile of the population was also significantly increased in Lhx2-
Mut-expression neurons (P < 0.05; Fig. 5q). We ectopically expressed
Lhx2 using lentivirus in P6 rat dentate gyrus in slice culture and
found that Lhx2-transduced dentate granule cells extended longer
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axons to the CA3 region by 5 d in vitro (DIV) than the wild-type
cells (Fig. 5r—u). These results suggest that a proper LHX2 protein
level, which is affected by miR-124a, is required for the appropriate
development of axons in the dentate gyrus.

Rescue of Rncr3~'~ mice by pre-miR-124a-2 or Lhx2 knockdown
To determine whether miR-124a is responsible for the Rrcr3™/~ retinal
phenotype, we carried out a rescue experiment by mating Rncr3™/~
mice with transgenic mice that specifically expressed miR-124a in
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Figure 5 Target analysis of miR-124a. (a,b) Luciferase reporter assays of se
the predicted miR-124a target gene Lhx2. Schematics of luciferase assay 2 2 1501
promoter construct are shown in a, the miR-124 sequence, miR-124a target g9
sequence of native type (upper, Nat) and its mutated sequence (lower, Mut). ué,g 100
The 5’ seed sequence of miR-124a is marked by pink box. Lhx2 3" UTR o £
contains an evolutionarily well-conserved octamer match (light blue box). < 50
Repression of LHX2 translation by pBAsi-mU6-miR-124a-1,
pBAsi-mU6-miR-124a-2 or pBAsi-mU6-miR-124a-3 expression plasmid 0+

(**P<0.01) is shown in b. Error bars represent s.d. from the means of
triplicates. (c-e) Ectopic expression of LHX2 in Rncr3-'~ retinal cone cells.
Immunostaining of LHX2 and TRB2 in the E17.5 retina (c,d). LHX2 and
TRB2 double-positive cells are marked by arrowheads, and the cells were
counted (e). Scale bar represents 25 um. Error bars represent the s.e.m. of more than

n=10 from at least four retinas. (f-h) Increased apoptosis by overexpression of Lhx2. Lhx2 expression
plasmids (1, 2 and 4 pg pi~1) containing either native or mutated 3 UTR and an EGFP expression
plasmid were electroporated in vivo into the neonatal retina, the mice were killed 4 d later and the
retinas were TUNEL assayed (f,g). Scale bar represents 50 um. An increase of apoptotic cells was
observed with the Lhx2-Mut expression plasmid in a concentration-dependent manner (*P< 0.05, h).
Error bars represent the s.d. from the mean of n= 6 (h). (i-k) Ectopic expression of LHX2 in the
Rncr3-- dentate gyrus. We stained for LHX2 and PROX1 in the wild-type and Rncr3-~ dentate gyrus

at P6 (i,j) and counted the LHX2 and PROX1 double-positive cells (***P< 0.001, k). Scale bar, 50 um.
Error bars represent s.d. from the means of triplicates. (I) PROX1-positive cell density in the wild-type
and Rncr3-- dentate gyrus. The PROX1-positive cells in a unit area were counted in the central part

of the upper blade of the dentate gyrus (*P < 0.004). Error bars indicate s.d. from the means of
triplicates. (m—q) Axonal extension in Lhx2-Mut-expressing neurons. Primary hippocampal neurons from PO mouse were transfected with mock (control), Lhx2-Nat
(native), Lhx2-Mut (mutated) together with EGFP by electroporation. Confocal microimages of neurons 72 h after transfection are shown in m—o. Scale bar
represents 200 um. The percentages of axons with lengths <50, 50-100, 100-150 and >150 pm from n= 85 (control), 81 (nat), and 89 (mut) neurons are shown
in p. The average axon lengths in the top 25% percentile are shown in q. Error bars represent s.d. (r-u) Lentivirus-infected hippocampal slice culture. Shown are
confocal images of the P6, 5 DIV sliced rat hippocampus infected with mock {control, r,s) or Lhx2 (t,u) expression virus. The small white boxes in s and u are the
CA3 regions, magnified in the bottom right corner. Arrowheads indicate elongated mossy fibers in the CA3. Scale bar represents 200 um. IML, inner molecular layer.
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Figure 6 In vivo rescue experiments of
Rncr3~" mice by miR-124a expression in the
retina. (a) Expression of miR-124a in the wild-
type, Rncr3~"~ and Rncr3--; Crx-miR-124a-2
retinas (**P < 0.01). Error bars represent the
s.d. from the mean of triplicate (wild type and
Rncr37) and n= 4 (Rncr3; Crx-miR-124a-2).
(b,c) Comparison of LHX2 protein levels

in the wild-type, Rncr3~~ and Rncr3-/-;
Crx-miR-124a-2 retina. Western blots of LHX2 04 -
in the retina are shown in b. ACTB (B-actin)
was used as a loading control. The signal
intensity of LHX2 protein is shown in ¢

(*P < 0.05). Error bars represent the s.d.

from the means of triplicates (wild type) and
n= 4 (Rncr3~'- and Rner3--; Crx-miR-
124a-2). (d-g) Rescue of decreased cone

cells by miR-124a expression. Flat-mount
immunostaining using antibody to M-opsin
(green). The pre-miR-124a-2 transgene also
expressed Ds-Red (magenta) as a marker. Scale
bar represents 50 um. (h—j) Real-time gRT-
PCR analysis of control (+/+; Crx-miR-124a-2
and Rncr3+~; Crx-miR-124a-2), Rncr3-'-

and Rncr37'=; Crx-miR-124a-2 transgenic
retinas. Intron-spanning primers amplifying
mouse M-opsin (also known as Opnlmw, h),
S-opsin (also known as Opnlsw, i), Rho (j),
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124a-2; Supplementary Fig. 9a). In the P1 miR-124a-2 miR-124a-2 miR-124a-2

retina, we observed that both miR-124a expres-

sion and the LHX2 protein level reverted back to those of control mice
(Fig. 6a—c). We then performed flat-mount immunostaining (Fig. 6d~g)
and conducted qPCR analysis on retinal photoreceptor marker genes
using the adult retina (Fig. 6h~j). Both the decreased cone cell numbers
and gene expression in the Rncr3™/~ retina were restored to normal levels
when transgenic pre-miR-124a-2 was expressed (Fig. 6d~i). The number
of mislocalized cone cells also recovered (Supplementary Fig. 9b-i).
These results suggest that the cone cell reduction and mislocalization
in the Rncr3™/~ retina are the results of miR-124a-1 disruption and that
the primary function of Rucr3 is to encode miR-124a.

To determine whether the loss of miR-124a is also responsible for
the brain phenotypes, we generated a transgenic mouse that expresses
Ds-Red-intron-miR-124a-2 in postmitotic neurons, driven by 4.3 kb
of the synapsin I promoter (Synl-miR-124a-2)? (Supplementary
Fig. 10a-c). We performed an in situ hybridization of miR-124a and
immunostained for LHX2 in the P10 brain. In the dentate gyrus of the
Rncr3™/=; Synl-miR-124a-2 mice, both the reduced level of mature
miR-124a and the elevated level of LHX2 protein that we observed
in Rncr3™/~ mice were restored to similar levels as seen in control
mice (Fig. 7a-f). In addition, the number of apoptotic cells was sig-
nificantly reduced in the brains of Rncr3™'~; Synl-miR-124a-2 mice
compared with Rncr3™/~ mice (P < 0.01; Supplementary Fig. 10d). In
Rncr3™'=; Syn1-miR-124a-2 mice, Timm-stained mossy fiber axonal
terminals incompletely, but substantially, recovered from aberrant
sprouting into the CA3 region (Fig. 7g-1). The other phenotypes,
including brain weight, clasping and apoptosis in the cortex, were not
substantially rescued in Rncr3~/~; Synl-miR-124a-2 mice (data not

shown). This partial rescue may be a result of insufficient expression
and/or inappropriate expression timing of the miR-124a transgene.

To determine whether downregulation of Lhx2 can rescue the
Rncr3™!~ phenotype, we constructed a short hairpin RNA (shRNA) to
knockdown Lhx2 (shLhx2; Supplementary Fig. 11a,b). We transfected
shLhx2 into organ-cultured PO retina using a recombinant adeno-
associated virus serotype 5 (AAV5; Supplementary Fig. 11¢). After
5 DIV, we performed immunostaining using an antibody to S-opsin.
In the 5 DIV Rncr3™'" retina, the number of cone cells was reduced
in retina transfected with control shRNA (shControl), whereas the
number of cone cells was significantly increased in retina transfected
with shLhx2 compared with the control (P < 0.01; Fig. 8a-e). The
number of cone cells in shLhx2-infected wild-type retina was unal-
tered (Fig. 8a,c), suggesting that the Lhx2 knockdown rescue pheno-
type is not a result of an off-target effect. In addition, we forced the
expression of shLhx2 in primary cultured hippocampal neurons to
determine whether downregulation of Lhx2 can rescue Rncr3™/~ den-
tate gyrus neuron axonal elongation (Fig. 8f-j). The average dentate
granular axon length in the neurons in the top 25% percentile of the
population (determined by axon length) was significantly increased
in shControl-transfected Rncr3~/~ dentate gyrus neurons (P < 0.01;
Fig. 8g). The elongated Rncr3~/~ dentate gyrus axon phenotype was
restored to the wild-type level by transfection of shLhx2 (Fig. 8i,j).
These results suggest that Lhx2 is a primary target gene of miR-124a
and is responsible for the Rncr3~'~ phenotypes, including both the
reduction of retinal cone cell numbers and mossy fiber elongation
of the dentate gyrus.
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Figure 7 /n vivo rescue experiments of Rncr3-"~ mice by miR-124a
expression in the brain. (a-c) /n situ hybridization of miR-124a in the
dentate gyrus of Rncr3*=, Rncr3~~ and Rncr3--; Synl-miR-124a-2

mice at P10. A part of the upper blade of the dentate gyrus is (small white
boxes) magnified in the corresponding lower panel. The dentate gyrus is
distinguished by the dashed lines. (d-f) Immunostaining of LHX2 and PROX1
in the upper blade of the dentate gyrus of Rncr3*-, Rncr3-'-, and Rncr37-;
Synl-miR-124a-2 mice at P10. (g-1) Rescue of aberrant mossy fiber
sprouting by miR-124a expression. The mossy fiber terminals were visualized
by Timm staining with Nissl counterstaining at P10 in Rncr3*-, Rncr3- and
Rncr3-1=; Syn1-miR-124a-2 mice. Scale bars represent 500 pm (g-i) and
100 um (j-1). Scale bars represent 200 ym (a—c) and 50 ym (d-f).

DISCUSSION

The role of miR-124a in neuronal differentiation

The broad and relatively strong expression of miR-124a that we
observed in the CNS in both embryonic and adult mice suggests that
miR-124a is important for neurogenesis, differentiation, matura-
tion and/or function. Previous studies of miR-124a function yielded
inconsistent results. A previous study found that miR-124a did not
act as a determinant of neuronal generation through both knock-
down and overexpression experiments of miR-124a in the developing
chick neural tube’. In contrast, another study found that miR-124a is
required for neuronal determination in the developing chick neural
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tube?. Studies using Dicer conditional knockout mice have shown that
miRNA is not necessary for neuronal determination®®. In Xenopus,
a knockdown experiment by micro-injection of locked nucleic acid
(LNA)-modified anti-miR-124a oligonucleotides into the eight-cell
stage revealed no obvious effect?”. We observed normal neurogenesis
in the developing photoreceptor layer and the dentate gyrus in
Rncr3™/~ mice in which miR-124a expression is mostly eliminated.
These results are consistent with previous reports that miR-124a is
expressed in the Ki67-negative postmitotic cells and regulated by the
REST complex®?8, suggesting that miR-124a functions in neuronal
maturation and maintenance, rather than neuronal determination
(Supplementary Fig. 12). It will be important to examine the role of
miR-124a in neuronal determination and maturation in the future,

Figure 8 Rescue of Rncr3™- mice by pre-miR-124a-2 expression.

(a—e) Flat-mount immunostaining of S-opsin in the 5 DIV cultured
retina. PO wild-type (a,c) and Rncr3-'- retinas (b,d) were dissected and
transfected with U6 promoter—driven shControl (a,b) or shLhx2 (c,d)
with bicistronic expression of CMV-mCherry using AAV5 (a-d). Scale bar
represents 50 pm. We counted the numbers of S-opsin—positive cone
cell (**P < 0.01, e). Error bars represent s.d. from the means of n= 4.
(f-§) Axon length of dentate granule cells after 70 h culture.

PO hippocampus of wild-type and Rncr3~~ mice were isolated and
dissociated, then transfected with a pBAsi-shControl or pBAsi-shLhx2-3
plasmid together with a pCAG-egfp plasmid. After immunostaining

for PROX1 and EGFP, confocal fluorescence images were obtained.
Scale bar represents 50 um (f-i). The average axon length were
calculated in 0-25th, 25-50th, 50-75th and 75-100th percentile
groups (*P < 0.05 and **P < 0.01, j). Error bars represent s.d. from the
means of n= 3. A total of 243 neurons were measured.
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