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p27%™! loss promotes proliferation and phagocytosis but
prevents epithelial-mesenchymal transition in RPE cells after
photoreceptor damage
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Purpose: p27%'™! (p27), originally identified as a cell cycle inhibitor, is now known to have multifaceted roles beyond cell
cycle regulation. p27 is required for the normal histogenesis of the RPE, but the role of p27 in the mature RPE remains
elusive. To define the role of p27 in the maintenance and function of the RPE, we investigated the effects of p27 deletion
on the responses of the RPE after photoreceptor damage.

Methods: Photoreceptor damage was induced in wild-type (WT) and p27 knockout (KO) mice with N-methyl-N-
nitrosourea (MNU) treatment. Damage-induced responses of the RPE were investigated with bromodeoxyuridine (BrdU)
incorporation assays, immunofluorescence, and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assays at different stages after MNU treatment. Subcellular localization of p27 in the WT RPE was also analyzed in
vivo and in vitro.

Results: MNU treatment induced photoreceptor-specific degeneration in the WT and KO retinas. BrdU incorporation
assays revealed virtually no proliferation of RPE cells in the WT retinas while, in the KO retinas, approximately 16%
of the RPE cells incorporated BrdU at day 2 after MNU treatment. The RPE in the KO retinas developed aberrant
protrusions into the outer nuclear layer in response to photoreceptor damage and engulfed outer segment debris, as well
as TUNEL-positive photoreceptor cells. Increased phosphorylation of myosin light chains and their association with
rhodopsin-positive phagosomes were observed in the mutant RPE, suggesting possible deregulation of cytoskeletal
dynamics. In addition, WT RPE cells exhibited evidence of the epithelial-mesenchymal transition (EMT), including
morphological changes, induction of a-smooth muscle actin expression, and attenuated expression of tight junction
protein ZO-1 while these changes were absent in the KO retinas. In the normal WT retinas, p27 was localized to the
nuclei of RPE cells while nuclear and cytoplasmic p27 was detected in RPE cells undergoing EMT, suggesting a role for
cytoplasmic p27 in the phenotype changes of RPE cells.

Conclusions: p27 loss promoted proliferation and phagocytic activity of RPE cells while preventing EMT after photo-
receptor damage. These findings provide evidence for the role of p27 in the control of RPE responses to retinal damage.
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Cell cycle progression is driven by cell cycle—specific
cyclins assembled with their catalytic partners, cyclin-
dependent kinases (CDKs). The activity of cyclin/CDK
complexes is regulated by CDK inhibitors, which inhibit cell
cycle progression and promote cell cycle exit [1,2]. p27%™!
(p27), a member of the CIP/KIP family of CDK inhibi-
tors, was initially considered as a tumor suppressor based
on p27’s ability to block cell proliferation; however, p27 is
now known to have multifaceted roles beyond cell cycle
regulation [3,4]. For example, p27 promotes cell migration
by blocking the activation of the small GTPase RhoA [5,6],
facilitates neuronal differentiation by stabilizing Neuro-
genin2 [5], forms a repressive complex with pl30/E2F4 to
regulate transcription of its target genes [7,8], and induces
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the epithelial-mesenchymal transition (EMT) in cancer
cells via signal transducer and activator of transcription 3
(STAT3) activation [9]. Importantly, the biologic effects of
p27 are regulated by its subcellular localization; cytoplasmic
accumulation of p27 promotes tumor metastasis and thus is
considered oncogenic [10].

Previous analyses of p27-deficient mice revealed that
p27 is essential for the normal histogenesis of many organs,
including the retina [11-13]. Inactivation of p27 extends the
period of progenitor proliferation during retinal development
and induces retinal dysplasia due to reactive gliosis of Miiller
glia, the principal glial cell type in the retina [14-16]. In the
mature retina, p27 is predominantly expressed in Miiller glia
and downregulated when they reenter the cell cycle after
retinal damage [16]. In addition, acute inactivation of p27
induces proliferation of Miiller glia without retinal damage
[17]. Thus, p27 seems to play a critical role in maintaining the
quiescence of Miiller glia in the mature retina.
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p27 is also required for normal cell cycle exit of the
RPE during development [18,19]. The RPE is a monolayer
of epithelial cells located between the neural retina and the
choroid and plays critical roles in the maintenance of photore-
ceptor function [20]. The RPE lacking p27 exhibits increased
nuclear density and epithelial thickness, as well as disruption
of the normal contact between the RPE and photoreceptor
outer segments [19]. This implies the possibility that the
absence of p27 may affect not only the development of the
RPE but also its function and maintenance in the mature
retina. Although the mature RPE is mitotically quiescent, it
is capable of proliferation in dissociated cultures [21,22] or
even in vivo under certain pathological conditions such as
retinal detachment [23,24]. High-density cultures stop RPE
proliferation via upregulation of p27 [25], indicating that p27
regulates proliferation of mature RPE cells at least in vitro.
However, there are conflicting reports on whether the mature
RPE expresses p27 [18,26], and in vivo evidence for the role
of p27 in the mature RPE is lacking.

To define the role of p27 in the mature RPE in vivo, we
exploited a mouse model of photoreceptor damage induced
by N-methyl-N-nitrosourea (MNU) treatment [27] and
analyzed the effects of the genetic deletion of p27 on the
damage-induced responses of the RPE. In the absence of
p27, a significantly higher proportion of RPE cells reentered
the cell cycle after photoreceptor damage. In addition, we
unexpectedly found that p27 loss enhanced phagocytosis
of dead photoreceptors by the RPE. Moreover, EMT-like
changes observed in the wild-type RPE were absent in the
p27-deficient RPE. Our data provide evidence for previously
unrecognized roles for p27 in the control of damage-induced
RPE responses.

METHODS

Animals: p27" mice on a C57BL/6 background [13] were
obtained from the Jackson Laboratory (Bar Harbor, MA)
and bred and genotyped by PCR as recommended by the
Jackson Laboratory. C57BL/6 mice were purchased from
Charles River Laboratories Japan (Yokohama, Japan). All
experimental procedures were conducted in accordance
with a research protocol approved by the institutional animal
care committee of Tokyo Women's Medical University and
adhered to the ARVO Statement for Use of Animals in
Research.

MNU treatment and tissue preparation: To induce photo-
receptor damage, 5-week-old wild-type (WT) and p277
(knockout, KO) mice were treated with MNU (Sigma, St.
Louis, MO, 60 mg/kg i.p.) and killed by cervical disloca-
tion in the middle of the light phase (12 h:12 h light-dark
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cycle) at different time intervals after MNU treatment (at
least three animals per stage and genotype). For immuno-
histochemistry, the eyecups were dissected and fixed with
immersion in 4% paraformaldehyde. Cryostat sections were
cut at 10 pm through the optic disc along the dorsoventral axis
and collected on Matsunami adhesive silane (MAS)-coated
glass slides (Matsunami Glass, Kishiwada, Japan). For whole
mount preparations, the neural retina was separated from the
RPE, choroid, and sclera following fixation. For real-time
(RT)—PCR, the retinas were dissected and kept frozen at
—80 °C until use.

RPE cell culture: The eyes were removed from 5-week-old
WT mice after euthanasia by cervical dislocation. After
digestion with 2% dispase II (Wako, Osaka, Japan) in
Dulbecco’s modified eagle’s medium (DMEM) High Glucose
(Nacalai Tesque, Kyoto, Japan) for 1 h at 37 °C, the RPE
was separated, cut into small pieces with microdissection
scissors, and cultured on glass bottom dishes (CELLview,
Greiner Bio-One, Frickenhausen, Germany) in DMEM
supplemented with 10% fetal bovine serum (GIBCO, Grand
Island, NY), 1% penicillin/streptomycin (Nacalai Tesque),
2.5 mM L-glutamine (Nacalai Tesque), and 1% non-essential
amino acids (Nacalai Tesque) at 37 °C in 10% CO, for up to
3 days. RPE cells were then fixed in 4% paraformaldehyde
and processed for immunohistochemistry.

Immunofluorescence: Immunofluorescence was conducted
as described previously [28]. Primary antibodies are listed
in Table 1. Secondary antibodies include donkey anti-mouse
immunoglobulin G (IgG; Alexa Fluor 488 and 648), donkey
anti-rabbit IgG (Alexa Fluor 488 and 555), and donkey anti-
rat IgG (Alexa Fluor 594), all of which were purchased from
Life Technologies (Eugene, OR). Alexa Fluor 488 phalloidin
(Life Technologies) was used to label actin filaments. Horse-
radish peroxidase (HRP)-conjugated donkey anti-rabbit IgG
(Jackson Immuno Research, West Grove, PA) and the TSA
Plus fluorescein system (PerkinElmer, Waltham, MA) were
used for whole mount staining for Ibal. Fluorescence images
were obtained using a confocal laser scanning microscope
(LSM510/710; Carl Zeiss, Jena, Germany).

BrdU incorporation assay: To label S-phase cells, animals
were injected with BrdU (Sigma, 100 mg/kg i.p.) 2 h before
they were euthanized. For BrdU immunolabeling, the samples
were treated with 2 M HCl at 37 °C for 30 min before incuba-
tion with primary antibodies.

TUNEL assay: Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay was performed using the
in situ cell death detection kit, TMR red (Roche, Mannheim,
Germany) according to the manufacturer’s instruction. When
the TUNEL assay was combined with immunofluorescence,
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the assay was first performed followed by the immunofluo-
rescence procedure.

Image analysis: The proliferation of Miiller glia and RPE
cells was quantitated based on BrdU incorporation assays.
Vertically sliced retinal sections containing the optic nerve
head were used for analysis (three sections per animal, three
animals per stage and genotype). Confocal images (at least six
per animal), measuring 226 x 226 pm, were captured from
the central retina, defined as 700 um from the border of the
optic nerve head, using a 40x objective lens. The number of
Sox9-positive Miiller glia and RPE cells, as well as BrdU-/
Sox9-positive cells, was counted, and the percentages of
BrdU-positive Miiller glia and RPE cells were calculated.
The areas of the outer nuclear layer (ONL) were measured
using rhodopsin-stained retinal sections. Confocal images (at
least four per animal) were obtained from the central retina
as above, and the areas of the ONL measured using Imagel
software (NIH) and expressed as percentages relative to the
intact WT retinas. Statistical analysis was performed with the
Student ¢ test, and a p value of less than 0.05 was considered
statistically significant.

Quantitative RT-PCR: Retinas from both eyes of individual
animals were pooled, from which total RNA was isolated
using the RNeasy kit (Qiagen, Tokyo, Japan). Samples from
three animals were obtained per genotype. RNA was reverse-
transcribed using the ReverTra Ace qPCR RT Master Mix
with gDNA Remover Kit (Toyobo, Osaka, Japan). Quantita-
tive PCR was performed with StepOnePlus (Applied Biosys-
tems, Tokyo, Japan) using THUNDERBIRD SYBR qPCR
Mix (Toyobo). The PCR conditions consisted of an initial
denaturation step (95 °C for 2 min), followed by 40 cycles of
two-step PCR (95 °C for 15 s and 60 °C for 30 s). The primers
were as follows: 5-GGA GAC TGG AGC CAA CAG AG-3’
and 5-TCT TGT CTG GCT GTG TCC TG-3' for Cx3crl;
5'-CAT TGC TGT ACA CCG TCC TG-3' and 5-AAC TTG
GCA CAC CAA GGT TC-3' for P2ryi2; 5-GAC TCA GTG

© 2016 Molecular Vision

AGC CCC ATC AT-3' and 5'-AGA TCG TCT TGG CAG
ATG CT-3' for Itgam; and 5-AGA ATA AGA GAG CCA
CGG AC-3' and 5-CAA CTT CTG CAC AAC TCT AGC-3'
for Thp. The relative expression of the target genes in the KO
retinas compared to the WT retinas was calculated with the
AACT method using Thp as an internal control. Statistical
analysis was performed with the Student # test, and a p value
of less than 0.05 was considered statistically significant.

RESULTS

p27 loss induces cell cycle reentry of Miiller glia and RPE
cells after photoreceptor damage: To confirm the induc-
tion of photoreceptor cell death with MNU treatment, we
performed TUNEL assays. In the WT and KO retinas, most
photoreceptors in the ONL were TUNEL-positive by day 2
after MNU treatment while no labeling was observed in the
intact retinas of both genotypes (Figure 1A).

We next conducted BrdU incorporation assays to
examine the proliferative response of the WT and KO retinas
after photoreceptor damage. Double immunofluorescence
was performed for BrdU, an S-phase marker, and Sox9,
which labels the nuclei of Miiller glia, astrocytes, as well as
RPE cells [29]. In the WT retinas, virtually no BrdU-positive
Miiller glia were detected at all stages examined after MNU
treatment while a few RPE cells incorporated BrdU at day 2
and 3 (Figure 1B,C). In the KO retinas, the nuclei of many
Miiller glia were displaced toward the ONL even in the non-
treated control retinas as reported previously [17], and some,
although few (approximately 1%), Miiller glia were labeled
for BrdU at day 2 and 3 after MNU treatment (Figure 1B,C).
A higher proportion of RPE cells (approximately 16%) were
labeled for BrdU at day 2 in the mutant retinas (Figure
1B,C). Interestingly, the thickness of the RPE, as assessed
with the melanosome distribution under differential interfer-
ence contrast (DIC) imaging, was markedly increased in the
mutant retinas by day 2 but returned to control levels by day

TABLE 1. LIST OF PRIMARY ANTIBODIES.

Antibody Dilution Species Source

p27KIP 1:1000 Mouse  BD 610241

Sox9 1:2000  Rabbit Millipore AB5535
BrdU 1:200  Rat Abcam ab6326
Myosin Vlla 1:2000  Rabbit Proteus 25-6790
Rhodopsin 1:5000 Mouse  Sigma 04886

Ibal 1:2000 Rabbit ~ Wako 019-19741
Phospho-myosin light chain 2 (Ser19) 1:25 Rabbit Cell Signaling 3671
a-smooth muscle actin 1:1000  Mouse Sigma A5228

Z70-1 1:3000  Rabbit Invitrogen 40-2200
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Figure 1. Proliferation of Miiller glia and RPE cells in the WT and p27 KO retinas after MNU-induced photoreceptor damage. A: Terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays. In the wild-type (WT) and knockout (KO) retinas, most photoreceptor
cells in the outer nuclear layer (ONL) are labeled at day 2 after MNU treatment while no labeling is observed in the non-treated control
retinas (Cont). B: Double immunofluorescence for Sox9 and bromodeoxyuridine (BrdU). Note BrdU-/Sox9-positive Miiller glia (arrows) and
RPE cells (arrowheads) in the KO retinas at day 2. Virtually no BrdU-positive Miiller glia or RPE cells are observed in the WT retinas. C:
The proportion of BrdU-positive Miiller glia and RPE cells in the central retina. Each bar represents the mean =+ standard error of the mean
(SEM; n = 3). Asterisks denote statistically significant differences between the WT and KO retinas (*p<0.05; **p<0.01). DIC, differential
interference contrast; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bars =20 pum.
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7 (Figure 1A,B). These data indicate that p27 loss induces
cell cycle reentry of RPE cells in response to photoreceptor
damage. The effect of p27 loss on Miiller glia proliferation
was less pronounced at least in the present photoreceptor
damage model.

p27 loss promotes the phagocytic clearance of dead photo-
receptors by the RPE: The relatively high proportion of RPE
cells entering the cell cycle and the dramatic changes in the
thickness of the RPE in the p27 KO retinas (Figure 1B,C)
prompted us to examine the effects of p27 loss on the struc-
ture of the RPE after photoreceptor damage. We performed
immunofluorescence for the RPE-specific marker myosin
Vlla [30,31] to visualize the RPE cells. DIC and myosin
VIla images of the non-treated controls revealed a thin
monolayer appearance of the RPE in both genotypes (Figure
2). After MNU treatment, the thickness and irregularity of
the WT RPE gradually increased, and it exhibited a thick,
multilayered appearance with vacuoles by day 5 although
the thickness subsequently decreased by day 7 (Figure 2).
The RPE of the KO retinas underwent more rapid structural
changes after MNU treatment. The mutant RPE developed
many folds and protrusions toward the ONL as early as day
1, when only a slight irregularity in the contour of the WT
RPE was observed (Figure 2). These RPE protrusions seemed
to invade the ONL by day 3 (Figure 2). Such invasion of the
RPE into the ONL was never observed in the WT retina at
any stage after MNU treatment. By day 5, the RPE of the
mutant retinas lost abnormal protrusions and returned to the
normal epithelial appearance (Figure 2).

The RPE is known for its ability to phagocytose outer
segment tips shed daily by photoreceptor cells [20,32].
Previous reports have also suggested the ability of RPE cells
to phagocytose photoreceptor debris after damage [27,33]. We
thus hypothesized that the abnormal protrusions of the mutant
RPE invading into the ONL may represent an enhanced
phagocytic ability of the RPE in the absence of p27. To test
this hypothesis, we first performed immunolabeling for the
rod-specific marker rhodopsin to examine the time schedules
of photoreceptor clearance after MNU-induced photoreceptor
damage. In the non-treated controls, rhodopsin labeling was
mainly localized to the photoreceptor outer segments, and
there was no significant difference in the ONL thickness
between the WT and KO retinas (Figure 3A,B). Rhodopsin
labeling in the ONL was notably enhanced after MNU
treatment (Figure 3A) possibly due to impaired rhodopsin
trafficking [34]. At day 3, no significant difference in the
ONL thickness was observed between genotypes; however,
the rhodopsin-labeled outer segments were virtually lost
in the KO retinas by day 3 while they were still present in
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the WT retinas (Figure 3A). Thereafter, rhodopsin-positive
photoreceptors were more drastically cleared in the KO
retinas compared to the WT retinas, leading to a significant
difference in the ONL thickness between genotypes at day
5 (Figure 3A,B). Thus, the clearance of dead photoreceptors
seemed to be accelerated in the KO retinas although most
photoreceptors were eventually removed in both genotypes
by day 7.

We next examined phagocytic engulfment of photore-
ceptor debris by the RPE using double immunofluorescence
for myosin VlIla and rhodopsin. We also performed myosin
VIla immunolabeling in combination with TUNEL assays
to visualize phagocytosis of dead photoreceptor nuclei
by the RPE. In the control retinas of both genotypes, few
rhodopsin-positive structures were visible in the RPE, and
no TUNEL-positive cells were observed (Figure 3C). In the
WT retinas, a few rhodopsin-positive vesicular structures,
most likely phagosomes containing photoreceptor debris,
were evident in the RPE by day 3, and these structures
further accumulated by day 5 (Figure 3C). The engulfment of
TUNEL-positive photoreceptor nuclei by the RPE was rarely
observed in the WT retinas (Figure 3C). In the KO retinas,
numerous rhodopsin-positive vesicles were observed in the
RPE at day 3; moreover, RPE protrusions seemed to engulf
the rhodopsin-positive photoreceptor cell bodies located in
the ONL (Figure 3C). Myosin VIla and TUNEL labeling also
revealed engulfment of the TUNEL-positive photoreceptor
nuclei by the RPE (Figure 3C). Engulfment of photoreceptor
nuclei by the RPE was also confirmed with DNA labeling in
whole mount RPE preparations (Figure 3D), which was never
observed in the WT RPE. Rhodopsin-positive or TUNEL-
positive photoreceptors were mostly eliminated in the KO
retinas by day 5 (Figure 3C).

As microglia and macrophages have been considered the
main players in the phagocytic clearance of dead photore-
ceptors [35-37], we investigated infiltration of microglia and
macrophages into the ONL with double immunolabeling for
rhodopsin and Ibal, a microglia- and macrophage-specific
marker [38]. As expected, photoreceptor damage induced
infiltration of Ibal-positive cells into the ONL in the WT and
KO retinas (Figure 4A). Whole mount immunolabeling also
revealed the infiltration of numerous Ibal-positive cells in
the ONL by day 3 (Figure 4B). Due to their highly ramified,
irregular structure, it was difficult to quantify the Ibal-posi-
tive cells accurately; however, the number of Ibal-positive
cells was apparently similar between the WT and KO retinas
at day 3 after MNU treatment (Figure 4B). We also analyzed
the expression of microglia-specific genes (Cx3crl, P2ryl2,
and ltgam) [39,40] with quantitative RT-PCR to compare
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damage-induced microglia activation between the genotypes.
At day 3 after MNU treatment, no significant difference in
the expression of Cx3crl, P2ryl2, and Itgam was observed
between genotypes (Figure 4C). Together, p27 loss does not
significantly affect the infiltration and activation of microglia
and macrophages after photoreceptor damage.

p27 controls cytoskeletal dynamics by inactivating RhoA,
a member of the Rho family of small GTPases [3]. Because
RhoA has been implicated in the control of cytoskeletal rear-
rangement during phagocytosis [41,42], we hypothesized that
the effects of p27 loss on RPE phagocytosis may be mediated
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by the RhoA signaling pathway. RhoA activation induces
phosphorylation of myosin light chains (MLCs), which, in
turn, enhances actin—-myosin interactions [43,44]. We thus
investigated the distribution of phosphorylated MLC (pMLC)
and its association with filamentous actin (F-actin) to test
the possible deregulation of the RhoA pathway in the mutant
RPE. In the control retinas of both genotypes, fluorescence-
conjugated phalloidin-labeled F-actin in the apical junctions
and microvilli of the RPE, as reported previously [19,45], and
pMLC were colocalized with F-actin in the apical junctions
(arrows in Figure 5A). pMLC labeling in the WT RPE was

MyoVlla

Day1

Day7 IN

MyoVlla

Figure 2. Myosin VIIa immunofluorescence in the RPE of the WT and p27 KO retinas after MNU treatment. The wild-type (WT) RPE
becomes thicker and vacuolated (asterisks) by day 5 after MNU treatment. The RPE in the knockout (KO) retinas develops many apical
protrusions as early as day 1. Arrows indicate RPE protrusions in the mutant retina invading into the outer nuclear layer (ONL) at day 3.
DIC, differential interference contrast; MyoVIla, myosin VIIa; Cont, control; INL, inner nuclear layer. Scale bar =20 um.
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Figure 3. Enhanced phagocytosis of photoreceptor debris by the RPE in the p27 KO retinas. A: Rhodopsin immunofluorescence displaying
the outer nuclear layer (ONL) and photoreceptor outer segments. Dotted lines indicate the thickness of the ONL. Arrows denote intensely
labeled outer segment debris in the wild-type (WT) retina. Cont, control. Scale bar =20 um. B: Quantitative analysis of the areas of the ONL
expressed as percentages relative to the value in the intact WT retina. Each bar represents the mean + standard error of the mean (SEM; n=
3). Asterisks denotes statistically significant difference (p<0.01). C: Double immunofluorescence for myosin VIla (MyoVIla) and rhodopsin
(Rho) showing an accumulation of Rho-positive phagosomes (arrowheads) in the RPE after photoreceptor damage. Engulfment of Rho-
positive photoreceptor cell bodies (arrows) by the RPE is found only in the knockout (KO) retinas. Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assays combined with MyoV1la labeling reveal dead photoreceptor nuclei (arrows) engulfed by the RPE in
the KO retinas. OS, outer segments; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars =20 um. D: Nuclear staining of the whole
mount RPE with Hoechst 33258 showing photoreceptor nuclei (arrows) engulfed by the mutant RPE at day 3 after N-methyl-N-nitrosourea
(MNU) treatment. Arrowheads indicate the RPE nuclei.
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increased only marginally in intensity after MNU treatment
(Figure 5A; see day 3 and day 5 in the WT RPE) while that
in the mutant RPE exhibited a dramatic increase in intensity
by day 3 after MNU treatment (Figure 5A; see day 3 in the
p27 KO RPE). The labeling was granular, located in the cyto-
plasm, and mostly colocalized with F-actin. pMLC labeling
in the mutant RPE returned to normal by day 5 (Figure 5A).
To test whether F-actin and/or pMLC is associated with
phagosomes in the RPE, we performed triple labeling for
F-actin, pMLC, and rhodopsin in the mutant retinas at day
3. As expected, F-actin and pMLC were associated with
phagosomes that contained rhodopsin-positive photoreceptor
debris (Figure 5B). Thus, deregulated RhoA signaling may be
involved in the enhanced phagocytic activity of the RPE in
the mutant retinas.

© 2016 Molecular Vision

p27 loss prevents EMT in RPE cells after photoreceptor
damage: The thickness of the WT RPE increased with vacu-
olation, and the WT RPE lost its normal monolayer struc-
ture after photoreceptor damage (Figure 2). These changes
were suggestive of the EMT, known to occur in RPE cells
after retinal detachment [24] or in response to metabolic or
oxidative stress [46]. In our model, these EMT-like changes
were maximally observed at day 5 and still apparent at day
7 in the WT RPE (Figure 2). In contrast, the RPE in the
p27 KO retinas exhibited abnormal morphological changes
(such as apical protrusions) at early stages (days 1-3), and
the normal epithelial appearance returned by day 5 (Figure
2). Thus, we tested the possibility that p27 loss affects the
EMT process in RPE cells after photoreceptor damage. To
this end, we performed immunofluorescence for myosin VIla
in combination with a-smooth muscle actin (a-SMA), one
of the established markers for EMT in RPE cells [22,24,47].

p27KO

Iba1/Rho

B WT

Iba1

p27KO

Day3

itk

2. OWT
] M p27KO
>
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ie]
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o
e 1 }
(0]
[
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®
]
14

0.

Cx3cr1 P2ry12 ltgam

Figure 4. Infiltration of microglia and macrophages in the WT and p27 KO retinas after MNU treatment. A: Double immunofluorescence for
Ibal and rhodopsin (Rho) reveals infiltration of microglia and macrophages into the outer nuclear layer (ONL) after photoreceptor damage.
INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar = 20 pm. B: Z-stack images of Ibal staining in the whole mount retinas at day
3 after N-methyl-N-nitrosourea (MNU) treatment showing infiltration of microglia and macrophages in the ONL. Scale bar = 20 pm. C:
Quantitative real-time (RT)-PCR analysis of microglia-specific genes in the wild-type (WT) and knockout (KO) retinas at day 3 after MNU
treatment. The transcript levels of each gene are expressed relative to the WT retinas after normalization to Thp levels. Each bar represents
the mean + standard error of the mean (SEM; n = 3). No significant difference was observed between the WT and KO retinas.
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Figure 5. Enhanced phosphorylation of myosin light chains in the RPE of the p27 KO retinas after photoreceptor damage. A: Immunofluo-
rescence for phosphorylated myosin light chains (pMLC) combined with phalloidin labeling. Arrows indicate colocalization of phalloidin-
labeled F-actin and pMLC in the apical junctions of the RPE. The outer limiting membrane is also labeled for F-actin (arrowheads). Note
enhanced labeling for F-actin and pMLC in the mutant RPE at day 3. B: Triple labeling for F-actin, pMLC, and rhodopsin (Rho) in the mutant
RPE at day 3. Note colocalization of F-actin and pMLC with Rho-positive phagosomes (arrows). DIC, differential interference contrast;
Cont, control; OS, outer segments; ONL, outer nuclear layer; INL, inner nuclear layer. Scale bars = 20 um.

1111


http://www.molvis.org/molvis/v22/1103

Molecular Vision 2016; 22:1103-1121 <http://www.molvis.org/molvis/v22/1103> © 2016 Molecular Vision

MyoVlla aSMA MyoVlla/aSMA

E

Day3 RE
E Day5 =
Day7 [z

Day14 |ag=

Day3 NIl

Day7 RPE

p27KO

Day14 (=

Figure 6. Expression of a-SMA in the RPE of the WT and p27 KO retinas after photoreceptor damage. a-smooth muscle actin (a-SMA)
immunolabeling is transiently increased in the RPE of the wild-type (WT) retinas with the peak around day 5 after N-methyl-N-nitrosourea
(MNU) treatment. Note the absence of a-SMA labeling in the mutant retinas. MyoVIla, myosin VIla; Cont, control. Scale bar = 20 um.
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No a-SMA labeling was detected in the control RPE of the
WT and KO retinas (Figure 6). At day 3, some RPE cells in
the WT retinas were faintly labeled for a-SMA, and at day 5,
most RPE cells exhibiting EMT-like morphological changes
were intensely labeled for a-SMA (Figure 6). a-SMA labeling
in the WT RPE was subsequently decreased and virtually
lost by day 14, when the RPE reacquired its normal epithelial
appearance (Figure 6). In the p27 KO retinas, in contrast,
no a-SMA labeling was detected in the RPE at any stages
examined after MNU treatment (Figure 6).

We next examined the expression of the tight junction
protein ZO-1, known to be repressed during EMT [46,48]. In
the control retinas of both genotypes, ZO-1 immunolabeling
was detected in the apical junctions of the RPE and the outer
limiting membrane (OLM) of the neural retina (Figure 7A), as
reported previously [49]. ZO-1 labeling in the WT RPE was
diminished after MNU treatment, and only faint, punctate
labeling was observed at day 5, suggesting disassembly of
the junctional complexes during EMT (Figure 7A). However,
Z0-1 immunolabeling in the mutant RPE seemed somewhat
increased after MNU treatment (Figure 7A). The labeling
became irregular in appearance by day 3, likely reflecting
structural alterations of the RPE, but it returned to the normal
arrangement by day 5 (Figure 7A). ZO-1 labeling in the
OLM was disrupted at sites where aberrant RPE protrusions
invaded into the ONL (Figure 7A, asterisk). ZO-1 immuno-
labeling using whole mount RPE preparations revealed the
morphology of individual RPE cells more clearly. The RPE
cells in the intact WT retinas were polygonal in shape and
uniform in size while some irregularity in the size and shape
of RPE cells was observed by day 3 after MNU treatment
(Figure 7B). RPE cells in the intact KO retinas were smaller
and more densely packed compared to the WT retinas (Figure
7B) as reported previously [19]. The size and shape of the
RPE cells in the KO retinas became considerably irregular by
day 3 after MNU treatment consistent with the appearance
of ZO-1 labeling on sections (Figure 7B). Taken together,
a-SMA and ZO-1 expression, as well as morphological altera-
tions, was consistent with the possibility that the lack of p27
prevents EMT in RPE cells after photoreceptor damage.

Cytoplasmic expression of p27 in RPE cells undergoing EMT:
These findings indicate that p27 expression is required for
the EMT process in RPE cells after photoreceptor damage.
A recent report suggested that cytoplasmic p27 promotes
EMT in cancer cells through upregulation of the EMT-
inducing transcription factor Twistl [9]. We thus hypoth-
esized that cytoplasmic expression of p27 may be involved
in EMT in RPE cells. To test this hypothesis, we examined
the subcellular localization of p27 in RPE cells with double

© 2016 Molecular Vision

immunofluorescence for p27 in combination with Sox9
(which marks the nuclei of RPE cells) or myosin VIla (which
labels the RPE cell cytoplasm). p27 was detected in all nuclear
layers of the control WT retinas while the staining was absent
in the KO retinas, which verified antibody specificity (Figure
8A). p27 was also localized to the RPE nuclei, which cola-
beled with Sox9, while the mutant RPE was devoid of p27
labeling (Figure 8B). In contrast, in the WT RPE undergoing
EMT (at day 5 after MNU treatment), p27 was colocalized not
only with Sox9 (Figure 8C) but also with myosin VIla (Figure
8D), indicating nuclear and cytoplasmic expression of p27 in
RPE cells undergoing EMT.

We further analyzed p27 expression in primary cultures
of the RPE, which are known to undergo EMT [22,47]. At
day 1 in culture, a-SMA was detected in restricted regions of
the RPE sheets (Figure 9A), and ZO-1 labeling was partially
disorganized (Figure 9B). p27 was detected not only in the
nucleus but also in the cytoplasm of the RPE cells (Figure
9B). At day 3 in culture, the RPE cells were significantly
enlarged and exhibited intense a-SMA immunoreactivity
throughout the cytoplasm (Figure 9A). These RPE cells with
an enlarged cell body were devoid of p27 labeling in the
nucleus and the cytoplasm (Figure 9B).

DISCUSSION

The present study analyzed the effects of p27 loss on the
responses of the RPE to MNU-induced photoreceptor
damage. Our data revealed that in addition to facilitating cell
cycle reentry, p27 loss affected the phagocytic ability, as well
as EMT-like phenotype changes in the RPE cells, providing
the first evidence that p27 may play multifaceted roles in the
regulation of damage-induced RPE responses in vivo.

MNU treatment induced photoreceptor-specific cell
death in a similar manner between the WT and p27 KO
retinas. Nevertheless, photoreceptor damage caused virtu-
ally no proliferation of the RPE in the WT retinas while a
substantial fraction of RPE cells reentered the cell cycle in
the absence of p27. This suggests that p27 plays a critical
role in maintaining quiescence of the mature RPE. Our data
also revealed increased cell cycle reentry of Miiller glia after
photoreceptor damage in the p27 KO retinas, consistent with
a previous report that acute inactivation of p27 induced cell
cycle reentry of this cell type [17]. However, the proportion of
Miiller glia reentering the cell cycle was low (approximately
1% in the central retina), indicating that p27 is dispensable in
most Miiller glia for maintaining quiescence in our model.

We unexpectedly found that p27 loss enhanced the
phagocytic activity of the RPE in response to photoreceptor
damage. The RPE is known to phagocytose outer segment
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Figure 7. ZO-1 expression in the RPE of the WT and p27 KO retinas after photoreceptor damage. A: ZO-1 immunolabeling is detected in the
apical junctions of the RPE (arrows) and the outer limiting membrane (OLM, arrowheads). In the knockout (KO) retinas, the ZO-1-labeled
OLM is disrupted where the RPE protrusions invade into the ONL (asterisks). Note attenuated ZO-1 labeling in the wild-type (WT) RPE
after photoreceptor damage. DIC, differential interference contrast; Cont, control; ONL, outer nuclear layer. Scale bar =20 pm. B: ZO-1
immunolabeling in whole mount RPE preparations, showing the significantly irregular size and shape of mutant RPE cells at day 3 after
N-methyl-N-nitrosourea (MNU) treatment. Scale bar =20 um.
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A WT p27KO

Figure 8. Subcellular localization of p27 in the RPE. A: Immunofluorescence for p27 in the wild-type (WT) and p27 knockout (KO) retinas.
Note p27 labeling in the outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) in the WT retina and the
absence of staining in the knockout (KO) retina. B: Double immunofluorescence for p27 and Sox9 in the RPE of the WT and p27 KO retinas.
Arrows indicate the Sox9-positive RPE nuclei. Note the nuclear expression of p27 in the WT RPE and the absence of p27 in the mutant.
Arrowheads denote Bruch’s membrane labeled non-specifically. C: Double immunofluorescence for p27 and Sox9 in the WT RPE at day 5
after N-methyl-N-nitrosourea (MNU) treatment. p27 is localized not only in the nuclei (arrows) but also in the cytoplasm (arrowheads). D:
Double immunofluorescence for p27 and myosin VIIa (MyoVIla) in the WT RPE at day 5 after MNU treatment. Note nuclear (arrows) and
cytoplasmic (arrowheads) staining for p27. DIC, differential interference contrast. Scale bars =20 um.

1115


http://www.molvis.org/molvis/v22/1103

Molecular Vision 2016; 22:1103-1121 <http://www.molvis.org/molvis/v22/1103>

A

Hoechst MyoVlla

Day1

© 2016 Molecular Vision

aSMA Hoechst/MyoVIla/aSMA

Hoechst p27

Day1

Day3

Z0-1 Hoechst/p27/20-1

Figure 9. p27 expression in primary cultures of RPE cells. A: Double immunofluorescence for myosin VIIa (MyoVIla) and a-smooth muscle
actin (a-SMA) showing the epithelial-mesenchymal transition (EMT) of RPE cells in culture. Arrows indicate a-SMA-positive RPE cells
while arrowheads denote a-SMA-negative RPE cells. B: Double immunofluorescence for p27 and ZO-1. p27 is detected in the nucleus
(arrowhead) and the cytoplasm (arrows) at day 1 while nuclear and cytoplasmic p27 is lost in many RPE cells by day 3 (double arrows).
Hoechst, nuclear staining with Hoechst 33258. Scale bars = 20 pm.

tips shed daily by photoreceptor cells [20,32]. Phagocytosed
outer segments were also observed in the RPE after light or
chemically-induced photoreceptor degeneration, suggesting
that the RPE is able to remove not only the shed outer
segments of intact photoreceptors but also the outer segment
debris of degenerated photoreceptors [27,50]. The molecular
mechanisms by which the RPE phagocytoses shed outer
segments are highly similar to those used by professional

phagocytes, such as macrophages for apoptotic cell clearance
[51,52]. However, to our knowledge, phagocytosis of apoptotic
cell bodies by the RPE has not been reported, and phagocytic
targets of the RPE seem to be restricted to the photoreceptor
outer segments even in pathological conditions. We observed
rhodopsin-positive phagosome-like structures, most likely
containing outer segment debris, in the WT RPE after photo-
receptor damage, but we rarely observed TUNEL-positive
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photoreceptor nuclei engulfed by the WT RPE. p27 loss does
not seem to affect the normal phagocytic clearance of shed
outer segments [19]; however, the p27-deficient RPE exhibited
drastic responses to photoreceptor damage by extending aber-
rant apical protrusions and engulfing not only outer segment
debris but also dead photoreceptor nuclei. The enhanced
phagocytic activity of the RPE likely accelerated the removal
of the ONL in the absence of p27. Alternatively, as previous
reports indicated that dead photoreceptors are phagocytosed
by resident microglia or monocyte-derived macrophages
[35-37], it is also likely that p27 loss promoted the infiltra-
tion and phagocytic activity of microglia and macrophages.
However, the infiltration of microglia and macrophages
into the ONL was similar between the WT and KO retinas,
and the expression of the microglia-specific genes Cx3crl,
P2ryl2, and ltgam, known regulators of microglial activation
[53-55], did not differ significantly between genotypes. Thus,
we do not favor the possibility that the effects of p27 loss on
microglial activation contributed significantly to accelerate
the removal of dead photoreceptors.

The mechanism underlying the enhanced phagocytosis
by the RPE in the absence of p27 remains elusive. Given the
previous reports that phagocytosis by macrophages is regu-
lated by the Rho GTPase-mediated cytoskeletal dynamics
[41,42] and that p27 regulates cytoskeletal dynamics by
preventing RhoA activation [3], we hypothesized that cyto-
skeletal rearrangement induced by deregulated RhoA activity
may be involved in the aberrant activation of phagocytosis by
the p27-deficient RPE. It has been reported that GTP-bound
active RhoA increases the kinase activity of Rho-associated
kinase (ROCK), a major downstream effector of RhoA, which
phosphorylates MLCs and promotes actin—myosin interac-
tions [43]. The present study revealed a large increase in MLC
phosphorylation in association with the enhanced RPE phago-
cytosis in the absence of p27. Moreover, phosphorylated MLC
and F-actin, normally associated with apical junctions, were
recruited to rhodopsin-containing phagosomes, strongly indi-
cating the involvement of the activated actomyosin complex
in the process of phagosome formation. This is consistent
with a previous report that the Mertk-dependent recruitment
of non-muscle myosin II to phagosomes is essential for the
normal phagocytosis of outer segments by RPE cells [56].
Altogether, we favor the possibility that cytoskeletal rear-
rangement, most likely induced by aberrant activation of the
RhoA/ROCK signaling pathway, is involved in the activation
of RPE phagocytosis in the absence of p27. Alternatively,
given the previous reports suggesting the role of p27 as a
transcriptional regulator [7,8], it would be interesting to test
whether p27 loss affects the expression of phagocytic proteins
in the RPE. In addition, we do not rule out the possibility
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that the effects of p27 loss on the RPE phagocytosis may be
non-cell autonomous, for example, secondary to changes in
the neural retina. Future work using RPE-specific p27 KO
mice would be useful to define cell-autonomous functions of
p27 in the RPE.

Another unexpected effect of p27 loss was a lack of
EMT-like changes in the RPE after photoreceptor damage.
EMT is a process by which epithelial cells lose their epithelial
characteristics, including cell—cell junctions and apical—basal
polarity, while acquiring mesenchymal phenotype, such as the
ability to migrate and express mesenchymal proteins [48,57].
The RPE is known to undergo EMT in dissociated cultures
[22,47], after retinal detachment [24], or in response to meta-
bolic or oxidative stress [46]. In the present photoreceptor
damage model, the WT RPE exhibited hallmarks of EMT,
including disorganization of the epithelial structure, upregu-
lation of a-SMA, and attenuation of ZO-1 expression, consis-
tent with the previous reports of RPE cells undergoing EMT
[22,24,46,47]. In contrast, these EMT-like changes were never
observed in the RPE cells in the p27 KO retinas, indicating
that p27 is required for the initiation of EMT in RPE cells.
How p27 regulates the EMT process in RPE cells remains to
be investigated. Zhao et al. recently reported that cytoplasmic
p27 promotes EMT in cancer cells by activating the Janus
kinase (JAK)/STAT pathway, which, in turn, induces Twistl
upregulation [9]. It would be interesting to determine whether
the same mechanism regulates EMT in RPE cells. We found
cytoplasmic localization of p27 in RPE cells undergoing
EMT in vivo and in vitro but not in those with the normal
epithelial phenotype, consistent with the role of cytoplasmic
p27 in EMT. Notably, nuclear and cytoplasmic p27 was lost
in RPE cells in culture that displayed an advanced EMT
phenotype, such as the enlarged cell body and high a-SMA
expression. Loss of p27 in the nucleus indicates that these
cells are most likely proliferating. Thus, p27 may be required
for the induction but not for the maintenance of EMT in RPE
cells. p27, when located in the nucleus, behaves as a cell cycle
inhibitor by interfering with cyclin and CDK complexes [1,3].
However, p27 also regulates cytoskeletal dynamics and cell
motility when expressed in the cytoplasm [3]. Cytoplasmic
accumulation of p27 is promoted by the phosphoinositide
3-kinase/protein kinase B mechanistic target of rapamycin
(PI3K/AKT/mTOR) pathway via the phosphorylation of p27
at threonine 157 (T157) or T198 [3,10,58]. Intriguingly, the
PI3K/AKT/mTOR pathway has been shown to drive EMT in
different cell types, including the RPE [46,59-61]. It is thus
tempting to speculate that this signaling pathway may control
the EMT progression in RPE cells, at least, in part, through
phosphorylation and cytoplasmic sequestration of p27, as has
been proposed for EMT in cancer cells [9].
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The present evidence for the role of p27 as a regulator of
proliferation, phagocytosis, and EMT suggests the possibility
that p27 may coordinate these stress-induced RPE responses
under pathological conditions. EMT is commonly accompa-
nied by proliferation in RPE cells [24,46,47,62]. However, in
the present photoreceptor damage model, no proliferation of
RPE cells was observed during the EMT-like changes in the
WT retina. As RPE cells undergoing EMT expressed p27 in
the nucleus and cytoplasm, it is likely that persistent expres-
sion of p27 in the nucleus prevented cell cycle reentry while
cytoplasmic p27 acted as an EMT inducer. p27 may also link
EMT with phagocytosis. Our data support the notion that
p27 inhibits phagocytosis while promoting EMT, which is
consistent with previous reports that the phagocytic ability
of RPE cells is impaired during EMT progression [46,47,63].
The ability to phagocytose photoreceptor outer segments may
be one of the epithelial characteristics of RPE cells, and thus,
its inhibition may simply reflect the dedifferentiation process
during EMT. Alternatively, inhibition of phagocytosis after
retinal damage may have some advantage to the RPE. EMT
has been known to suppress apoptosis, thus conferring a
survival advantage to cells undergoing EMT [64]. Although
prompt removal of degenerated cells by phagocytosis is
essential for the maintenance of tissue structure and func-
tion [65,66], excessive phagocytosis by the RPE may lead
to the accumulation of degradation products that induce
oxidative damage to the RPE [20,32,67]. Thus, tight control
of its phagocytic ability may be crucial for the preservation
of RPE health, especially when the RPE is challenged by
massive photoreceptor death. The present evidence that p27
controls multiple responses of the RPE after photoreceptor
damage provides critical insight into the mechanisms that
ensure structural and functional integrity of the RPE under
pathological conditions.
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