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Abstract Mitochondria mediate energy metabolism,

apoptosis, and aging, while mitochondrial disruption leads

to age-related diseases that include age-related macular

degeneration. Descriptions of mitochondrial morphology

have been non-systematic and qualitative, due to lack of

knowledge on the molecular mechanism of mitochondrial

dynamics. The current study analyzed mitochondrial size,

shape, and position quantitatively in retinal pigment

epithelial cells (RPE) using a systematic computational

model to suggest mitochondrial trafficking under oxidative

environment. Our previous proteomic study suggested that

prohibitin is a mitochondrial decay biomarker in the RPE.

The current study examined the prohibitin interactome map

using immunoprecipitation data to determine the indirect

signaling on cytoskeletal changes and transcriptional reg-

ulation by prohibitin. Immunocytochemistry and

immunoprecipitation demonstrated that there is a positive

correlation between mitochondrial changes and altered

filaments as well as prohibitin interactions with kinesin and

unknown proteins in the RPE. Specific cytoskeletal and

nuclear protein-binding mechanisms may exist to regulate

prohibitin-mediated reactions as key elements, including

vimentin and p53, to control apoptosis in mitochondria and

the nucleus. Prohibitin may regulate mitochondrial traf-

ficking through unknown proteins that include 110 kDa

protein with myosin head domain and 88 kDa protein with

cadherin repeat domain. Altered cytoskeleton may repre-

sent a mitochondrial decay signature in the RPE. The

current study suggests that mitochondrial dynamics and

cytoskeletal changes are critical for controlling mitochon-

drial distribution and function. Further, imbalance of ret-

rograde versus anterograde mitochondrial trafficking may

initiate the pathogenic reaction in adult-onset neurode-

generative diseases.
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ROS Reactive oxygen species
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RPE Retinal pigment epithelium

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel

electrophoresis

siRNA Small interfering RNA

1 Introduction

Previously, proteomic studies dissected the apoptotic

mechanism under oxygen imbalance, showing early sig-

naling molecules that include prohibitin, erythropoietin,

RPE65, melatonin, PP2A, and vimentin, exist as anti-

apoptotic reagents in the retinal pigment epithelium (RPE)

[1–7]. Mitochondrial dysfunction by prohibitin depletion

leads to oxidative damage in the RPE [4, 7]. Prohibitin

knockdown using small interfering RNA demonstrated that

anti-apoptotic function of prohibitin may exist through

BCLxL, AIF, BAK, caspase-9 mediated mechanisms.

Prohibitin binds to p53, mitochondrial DNA, and phos-

pholipids that include mitochondrial cardiolipin as a mul-

timeric scaffold [4]. Decreased prohibitin leads to apoptotic

reactions through mitochondrial disruption, and imbalance

of energy metabolism due to decreased mitochondria may

accelerate aging and mitochondrial diseases.

The previous models of mitochondrial networks connect

the fusion and fission mechanism but not the mitochondrial

morphology in detail [8]. We integrated mitochondrial

trafficking and morphology for the quantitative analysis of

mitochondrial geometry as well as the molecular compo-

nents of dynamics.

We hypothesized that prohibitin may act as a mito-

chondria-nucleus shuttle regulating mitochondrial retro-

grade signaling through prohibitin-cytoskeletal protein

complex. The current study aims to understand mitochon-

drial dynamics and the early apoptotic mechanisms through

prohibitin interactions in the RPE. To determine apoptotic

pathways in mitochondria and the nucleus, we investigated

the prohibitin interactome map using immunoprecipitation

data. The prohibitin interactome map showed that a

specific cytoskeletal and nuclear protein-binding mecha-

nism may exist to regulate prohibitin signaling as the key

element, including vimentin and p53. Our interactome map

and immunoprecipitation data further demonstrated that

prohibitin may regulate mitochondrial trafficking through

two unknown proteins that include 110 kDa protein with

myosin head domain and 88 kDa protein with cadherin

repeat domain. Cytoskeletal polymers, including micro-

tubules (tubulin), intermediate filaments (vimentin), and

microfilaments (actin), were examined using actin,

vimentin, and tubulin immunocytochemistry, respectively.

To obtain quantitative measurements based on their size,

shape, position, and dynamics, we analyzed normal and

aberrant mitochondrial networks under oxidative stress as

well as cytoskeletal molecules, including actin, tubulin,

and vimentin. Our experiments suggest that mitochondria

move to the nucleus under stress to fulfill energy demand

of the nucleus.

2 Methods

2.1 Protein Interaction

ARPE-19 cells were harvested in a lysis buffer, containing

protease inhibitor cocktail, 0.2 % sodium orthovanadate,

10 mM EDTA, 2 mM PMSF, 15 % glycerol, 0.3 % Triton

X- 100, 120 mM NaCl in 25 mM Tris. Proteins were col-

lected using sonication (3 9 5 min), centrifugation (13,

0009g, 30 min) after repeated freeze–thaw cycles. Non-

specific binding was minimized using 4 % bead agarose

cross-linking. Protein A beads used a buffer containing

7.5 mM NaCl and 0.5 mM sodium phosphate, sodium

cyanoborohydride (3 ll, 5 M, 25 �C, 2 h) to immobilized

purified prohibitin primary antibody. A buffer containing

5 % glycerol, 1 % NP-40, 0.001 M EDTA, 0.15 M NaCl,

and 0.025 M Tris, was used to wash antibody-immbilized

protein A column. Prohibitin antibody-protein A column

was incubated with crude proteins at 4 �C for overnight. To

remove nonspecific binding proteins, column was washed

three time using a washing buffer before elution. After

elution of three fractions, remaining proteins were mixed

using Laemmli sample buffer (2 % SDS, 100 mM DTT).

SDS-PAGE separated the elution fractions and visualized

Western blot analyzed specific proteins including p53 and

prohibitin. Proteins were visualized using Coomassie or

silver staining (Bio-Rad, Hercules, CA) and analyzed by

mass spectrometry.

All experiments were repeated (n = 3–10 biological

samples) with technical duplicate or triplicate. Statistical

analysis was performed using StatView software and sta-

tistical significance was determined by variance (ANOVA)

or unpaired student’s t test when appropriate.

2.2 In Vitro Experiments

ARPE-19 cells were cultured as reported previously [1, 4,

6, 7]. Confluent RPE cells were treated with intense light

(7000 lux, 1 h) or tert-butyl hydroperoxide (or H2O2) as

oxidative stress (100–200 lM, 24 h) in serum free media.

At each time point, cells were harvested and proteins were

visualized by immunocytochemistry or Western blotting

using primary antibody.
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2.3 In Vivo Experiments

NIH guideline and The ARVO (Association for Research

in Vision and Ophthalmology) statement on the Use of

Animals in Ophthalmic and Vision Research were followed

for in vivo experiments. Animals (C3HeB/FeJ, 12 week

old female) were obtained commercially (Jackson Labo-

ratory, Bar Harbor). Data from another murine models,

including aged and diabetic mice/rats were reported

recently [7]. Mice were housed for 2 weeks before the

experiments under 250–300 lux of full spectra fluorescent

room light, 12 h dark and 12 h light condition. The HALO

time represents the hour after light on, meaning light off at

HALO 12 and light on at HALO 0. Three groups con-

taining 12 mice/group were used for the current study. The

control group was maintained in the 12 h light/12 h dark

environment. The constant light group was housed in

250–300 lux for seven days and treated with vehicle

solution containing 0.3 % ethanol-saline at HALO 14. The

third group was treated with melatonin (50 lg/kg)
intraperitoneally under constant light at HALO 14. All

mice were euthanized at HALO 18 and the eyes were

removed from animals, and retinas were isolated rapidly

(microscopic dissection). A buffer containing 10 mM Tris–

HCl and 250 mM sucrose removed contaminants and a

lysis buffer containing protease inhibitors, 4 % CHAPS,

7 M urea, 2 M thiourea, and 30 mM TrisCl, was used for

biochemical analysis.

2.4 Prohibitin Interactome Mapping

Immunocytochemistry and immunoprecipitation identified

prohibitin localization and protein interactions. Prohibitin

interactome in cancer cells and the retina/RPE were

established using protein–protein interaction map software

and databases, including STRING 10.0 (http://string-db.

org/), iHOP (http://www.ihop-net.org/UniPub/iHOP/), and

MIPS (http://mips.helmholtz-muenchen.de/proj/ppi/). Pro-

hibitin interacting proteins [7] were added in STRING

query to establish a prohibitin interactome map. Protein

interactions were presented using eight categories, includ-

ing neighborhood (green), gene fusion (red), co-occurrence

(dark blue), coexpression (black), binding experiments

(purple), databases (blue), textmining (lime), and homol-

ogy (cyan). Prohibitin interactions were determined and

confirmed by genomic context, high-throughput experi-

ments, coexpression, and previous publications in Pubmed.

2.5 Mitochondrial Analysis

Mitochondrial size and morphology were analyzed using

the macro connected to Image J software (Ruben Dagda:

http://imagejdocu.tudor.lu/doku.php?id=macro:mitpophagy_

mitochondrial_morphology_content_lc3_colocalization_macro).

We chose the region of interest using the polygon selection

tool to analyze mitochondrial morphology. Red, green, and

blue individual channels were obtained from the RGB

images, then the red and blue channels were closed. The

grayscale was extracted from the red channel and the pixels

were inverted to photographic channel. The Threshold

function determined maximal and minimal pixel values.

Cellular area, mitochondrial content, area/perimeter ratio,

and mitochondrial circularity were analyzed quantitatively.

2.6 Immunocytochemical Analysis

MitoTracker Orange (100 nM Molecular Probes) was

used to analyze mitochondrial morphology. ARPE19 cells

were fixed using 10 % formaldehyde (25 min) and the

membrane was permeabilized using 0.2 % Triton X-100

(20 min), followed by blocking (0.05 % Tween 20, 10 %

FBS, 1 h) and 1:500 anti-prohibitin antibody incubation

(4 �C, overnight, antibody from Genemed Synthesis, San

Antonio). Prohibitin was visualized using 1:700 Alexa

Fluor 488-secondary IgG antibody incubation (25 �C, 1 h,

anti-rabbit, Molecular Probes). The nucleus was visual-

ized by DAPI (4, 6-diamidino-2-phenylindole, VECTA-

SHIELD Mounting Medium). A fluorescent microscope

was used for image analysis (Zeiss AxioVert 200 M Apo

Tome, 639).

2.7 2D Electrophoresis

ReadyPrep 2-D Cleanup Kit (Bio-Rad, CA) was used for

protein purification. BCA protein assay kit was used for

protein quantification (Pierce, Rockford, IL). For isoelec-

tric focusing, proteins (150 lg) were mixed with a rehy-

dration buffer (200 ll, 50 mM DTT, 2 % CHAPS, 2 M

thiourea, 8 M urea, and 0.5 % DeStreak IPG buffer ranging

pH 3–10, GE healthcare, PA) in Immobiline drystrips

(11 cm, pH 3–10 and pH 4–7, Bio-Rad, CA) using Ettan

IPGphor-3 (GE healthcare). Voltage gradients for 12 kVh

was applied (500 V 1 h, 1000 V 1 h, 6000 V 2 h, 8000 V

40 min). Proteins were reduced in an equilibration buffer

containing 50 mM DTT, 2 % SDS, 20 % glycerol, 6 M

urea and 0.375 M Tris–HCl and alkylated in a buffer

containing iodoacetamide (150 mM). Proteins were sepa-

rated in second dimension using polyacrylimide gels

(8–16 %, Bio-Rad, CA) and visualized by Coomassie

staining.

2.8 Immunoblotting

Proteins were electrotransferred (30 min, 15 V) onto the

PVDF membrane (Bio-Rad), followed by blocking (5 %

nonfat dry milk, 0.1 % Tween-20, 4 �C, 2 h). Membranes
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were incubated in 1:1000 diluted prohibitin primary anti-

body for overnight at 4 �C (rabbit polyclonal, Genemed

Synthesis, San Antonio, TX), followed by a HRP-conju-

gated secondary antibody incubation at 25 �C for 2 h

(1:10,000 dilution, anti-rabbit, Agrisera, Vännäs, Sweden).

Phosphorylated vimentin was detected by p-vimentin pri-

mary antibody (Santa Cruz Biotechnology CA, sc-16673,

1:500 dilution). Proteins were detected using a chemilu-

minescent reagent (West Pico, Pierce) and an image ana-

lyzer (LAS 4000 mini luminescent, GE, Piscataway, NJ).

As a loading control and a positive control, b-actin was

analyzed using a mouse monoclonal antibody (1:5000

dilution, Sigma-Aldrich, St. Louis, MO) and a 1:7000

diluted HRP-conjugated secondary antibody (anti-mouse,

Santa Cruz Biotechnology, Santa Cruz, CA). Prism and

Quantity One software (Bio-Rad) were used for protein

quantification based on band area and pixel intensity.

3 Results

3.1 Prohibitin Interactome Mapping

First, we analyzed prohibitin interactions to understand the

prohibitin-mediated mitochondrial-nuclear retrograde sig-

naling in the RPE (Fig. 1). Previously , our lipid interaction

assay demonstrated that prohibitin is a major cardiolipin-

binding chaperone to inhibit the apoptotic signal in mito-

chondria [4]. Interaction mapping in prohibitin complexes

providing direct association was determined using

immunoprecipitation, followed by mass spectrometry

analysis. Prohibitin binding proteins in the RPE were

connected using STRING 10.0 software (http://string-db.

org/) [9, 10]. The prohibitin interactome showed an actin

and p53 mediated pathways that include direct (physical)

and indirect (functional) associations in the map. Then, to

compare prohibitin interactome in different cells, we ana-

lyzed the prohibitin interactions using prostate/breast can-

cer cell information (Fig. 2) [11–16]. Prohibitin

interactions were confirmed using eight sources that

include neighborhood, gene fusion, co-occurence, high-

throughput interaction experiments, databases, homology,

conserved coexpression, and published knowledge,

including ExPASy (http://www.expasy.org/proteomics/pro

tein-protein_interaction), MiPS, and Pubmed database

(http://www.ncbi.nlm.nih.gov/pubmed). Our results imply

that prohibitin in cancer cells may regulate the transcription

through ubiquitin C (UBC), BRE (BRCA complex), E3

ubiquitin ligase (RNF2) and Ras/Raf pathway [11–13, 17].

However, in retinal and RPE cells, activation of prohibitin

under stress, including aging, oxidants, light, and insulin

depletion, may relay a distinct signaling to CDK2, PI3K,

JUN, p53 and actin [18].

Our prohibitin map showed that specific cytoskeletal

and nuclear protein-binding mechanisms may exist to

regulate prohibitin signaling as key elements, including

actin and BRCA1, to determine the retrograde apoptotic

pathway in the RPE. Our immunoprecipitation experiments

demonstrated that prohibitin binds to mitochondrial traf-

ficking proteins, including kinesin, unknown protein at

110 kDa (myosin head motor domain, SH3 domain, ATP

binding domain, GenBank: BAG 65583, Accession: AK

304840), unknown protein at 88 kDa (cadherin repeat,

Ca2? binding, GenBank: BAC 28880, Accession: AK

034910) (Supplement Table 1).

3.2 Mitochondrial Size Analysis

Next, we analyzed mitochondrial area, circularity,

perimeter, content as well as cellular area to determine the

correlations between healthy mitochondria and injured

mitochondria.

Mitochondrial analysis demonstrated that mitochondrial

size decreased and moved to the nucleus under oxidative

stress (Fig. 3a). The nucleus, mitochondria, and prohibitin

were detected using DAPI, MitoTracker Orange, and the

prohibitin-specific primary antibody, respectively (Sup-

plement Figure 1).

Previously, our in vitro data using RPE cells demon-

strated the positive correlation between apoptotic signaling

and mitochondria-nucleus prohibitin shuttling [4]. Mito-

chondrial morphology regulated by prohibitin and phos-

pholipids, including cardiolipin, may determine RPE cell

fate. Mitochondrial analysis software (Image J with the

macro by Dagda RK, University of Pittsburgh) was used to

calculate mitochondrial concentration quantitatively.

Quantitative analysis that includes mitochondrial con-

tent, morphology, and colocalization, was examined in

RPE cells under oxidative stress (Fig. 3b). To understand

mitochondrial structure and function, twelve categories,

including (1) total area of mitochondria, (2) cellular area,

(3) mitochondrial content, (4) mitochondrial perimeter, (5)

mitochondrial circularity, (6) average perimeter, (7) aver-

age mitochondrial area, (8) average circularity, (9) area/

perimeter, (10) area/perimeter normalized to minor axis,

(11) minor axis, (12) area/perimeter normalized to circu-

larity, were calculated using ARPE-19 cells under oxida-

tive stress (Table 1). Our data showed that mitochondria

under oxidative stress change morphology to circular

compact shape for fussion, followed by fragmentation

toward greater degree of roundness and circularity. Total

area of mitochondria decreased in 40–50 % and both

perimeter/circular mitochondria were downregulated up to

60–70 %. Area/perimeter normalized to circularity ratio of

mitochondria was decreased to 63 % (60 min) under
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oxidative stress, showing positive correlation between

mitochondrial morphology versus apoptotic RPE.

Our data show that RPE mitochondria change their size

(smaller network vs larger network), shape (non-tubular,

swollen tubes, more branched), connectivity (open vs.

closed), position (uniform distribution, asymmetric distri-

bution, close to the nucleus, far from the nucleus) and

dynamics (over-fused, over-fragmented) under stress con-

ditions (Fig. 4).

3.3 Mitochondrial Decay and Cytoskeletal Changes

Our unbiased proteomic approach demonstrated that actin,

tubulin, and vimentin filaments were changed

dramatically in the RPE and retina under oxidative

environment [2, 3, 6]. Oxidants disrupt barrier integrity

and cell junction to initiate the RPE pathogenesis through

a blood-retina barrier degeneration mechanism. Balance

between actin filaments, intermediate filaments, and

microtubules regulates RPE cytoskeleton, mitochondrial

morphology as well as mitochondrial traffic. Vimentin

phosphorylations induce disassembly of intermediate fil-

aments in vitro [6, 19]. Melatonin is synthesized noctur-

nally to protect the retina and a potential therapy for

retinal diseases. To determine downstream regulations of

the retina protection by melatonin, we designed the

experiments using melatonin under constant light. Our 2D

SDS-PAGE, Western blotting, and mass spectrometry

Fig. 1 Prohibitin Interactome

in the RPE. Prohibitin

interaction map in retinal

(HRPC) and RPE (ARPE-19)

cells were determined by

immunoprecipitation using a

prohibitin antibody. Prohibitin

interactome was established

using protein–protein

interaction map software

STRING 10.0 (http://string-db.

org/) by adding 40 prohibitin

binding proteins in the query

[10]. Protein interactions were

presented using eight categories,

including neighborhood (green),

gene fusion (red), co-occurrence

(dark blue), coexpression

(black), binding experiments

(purple), databases (blue),

textmining (lime), and homol-

ogy (cyan). Prohibitin interac-

tions were determined and

confirmed by genomic context,

high-throughput experiments,

coexpression, and previous

publications in Pubmed (Color

figure online)
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analysis of vimentin shows site-specific phosphorylations

in vivo (Fig. 5). Mice were exposed to three different

conditions; (1) 12 h light (250–300 lux)/12 h dark, (2)

24 h continuous light (24 h) for seven days, (3) 24 h

continuous light plus melatonin treatment. Twenty-four

hours of constant light for seven days upregulated PP2A

(box 1) and vimentin (box 2), 1.8 fold and two fold

respectively, which were down-regulated by melatonin

treatment under 24 h constant light condition (Fig. 5a).

Post-translational modifications in cytoskeletal proteins

detected by mass spectrometry were listed in Table 2.

Vimentin and PP2A showed a reversal of the constant

light-induced expression changes after melatonin treat-

ment. Identification of melatonin targets in our study

provides a foundation to determine melatonin’s potential

to protect mitochondria via vimentin/PP2A mechanism.

Vimentin is a signal transducing intermediate filament

monomer relaying extracellular signal to the nucleus [20–

24]. A narrow range of isoelectric focusing was per-

formed for the analysis of vimentin modifications

(Fig. 5b). Previously, we presented data from in vivo

model from other genetic background (C57BL/6J) under

constant light (7 days), intense light (7000–10,000 lux), or

circadian regulated (12 h light/12 h dark) as well as

C3HeB/FeJ model [1, 3, 33]. Prohibitin signaling and

cytoskeletal protein expressions are consistent in mice

model with two different genetic background (BL6 vs

C3He), however, only albino mice showed different pro-

hibitin/cytoskeletal protein expressions (data not shown).

Prohibitin expressions were examined in other murine

model (mice vs. rats), in vivo human post mortem tissue,

and in vitro model (ARPE19) showing specific pro-

hibitin/cytoskeletal protein expressions under stress con-

ditions [7]. Western blot analysis showed that

phosphorylated vimentin tetramer (220 kDa) under nor-

mal condition dissociates into phosphorylated monomer

(55 kDa) under stress conditions (Fig. 6). Phosphorylated

vimentin was visualized by p-vimentin (S55) antibody

and comparted to total amount of vimentin as a loading

control. Our data suggest that vimentin phosphorylation

may determine the net charge (pI), solubility, and

depolymerization.

Fig. 2 Prohibitin Interactome

in Cancer Cells. Prohibitin

interactome was established

using protein–protein

interaction map software

STRING 10.0 (http://string-db.

org/) by adding 40 prohibitin

binding proteins in the query

[40, 41]. Prohibitin interactome

may suggest a new apoptotic

signaling or transcriptional reg-

ulation based on protein inter-

actions in the retina and RPE.

The prohibitin interactome

shows functional, indirect asso-

ciations and direct physical

interactions. Prohibitin interac-

tions in cancer cells are derived

from eight sources, including

neighborhood, gene fusion, co-

occurence, high-throughput

interaction experiments, con-

served co-expression, databases,

homology, and published

knowledge (Pubmed)
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OS 60 min

OS 45 min

Control

Mitochondria Red Channel Density Map

Control Oxidative Stress

Mitochondria

Red Channel

Density Map

A

B

Fig. 3 Mitochondria

(mitochondrial content,

morphology, colocalization and

mitochondrial autophagy) were

analyzed in RPE cells under

oxidative stress. Mitochondrial

analysis software (Image J with

the macro by Dagda RK, U Pitt)

was used to calculate

mitochondrial morphology

quantitatively. The RGB images

were split into individual

channels (red, green, blue),

grayscale conversion, followed

by photographic pixel inversion.

Quantitative analysis is

summarized in Table 1. Nuclear

surrounding by mitochondria

was shown under stress

conditions (a) and extended

mitochondrial filament in

b (Color figure online)

Table 1 Mitochondrial

morphology changes under

oxidative stress

Mitochondrial morphology Control Oxidative stress (t = 60 min)

Total area mitochondria 1.60 0.53

Cellular area 9.9 9.9

Mitochondrial content 16 5.3

Mitochondrial perimeter 40 25

Mitochondrial circularity 13 5.8

Average perimeter 0.98 1.2

Average area 0.039 0.025

Average circularity 0.33 0.28

Area/perimeter 0.040 0.021

Area/perimeter normalized to minor axis 0.49 0.28

Minor axis 0.082 0.076

Area/perimeter normalized to circularity 0.12 0.076
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To determine the interdependence of cytoskeletal

assembly, we examined b-tubulin dynamics under stress

conditions. Intense light accelerated b-tubulin aggregation

as well as localization as shown in Fig. 7. Intense light also

leads to actin filament aggregation in cytosol in the RPE as

shown in Fig. 8a. Cytosolic b-actin in the dark entered into

the nucleus under stress condition. Immunocytochemistry

of tubulin and actin demonstrated oxidative stress-mediated

aggregation and size changes along with mitochondrial

decay (Figs. 7, 8b). Vimentin was shown as an extended

filamentous structure in control, however, it was aggregated

around the nucleus under stress conditions, including

oxidative stress (Fig. 9a) and intense light (7000 lux,

Fig. 9b). Cytoskeletal proteins, including actin, tubulin, and

vimentin moved into the nucleus under intense light or

oxidative stress (Figs. 7, 8, 9).

Perimeter/circularity ratio as well as the size of mito-

chondria were decreased under oxidative stress, showing a

positive correlation between mitochondria concentration

versus apoptosis (Fig. 10). RPE mitochondria change their

size (smaller network vs. larger network), shape (non-

tubular, swollen tubes, more branched), connectivity (open

vs. closed), position (uniform distribution, asymmetric

distribution, close to the nucleus, far from the nucleus) and

Shape
Tubular, open

Size
Extended

Non-tubular
Closed
Close to the nucleus

Position
Away from the nucleus

Aging
Light

Oxidative Stress
Diabetes

Healthy
Mitochondria

Injured
Mitochondria

Fig. 4 Mitochondrial morphology changes under oxidative stress.

Mitochondrial structure in healthy RRE cell was changed in the

apoptotic RPE cell. Tubular mitochondria were turned into non-

tubular, closed structure

Light/Dark Light/Light

100

75

50

37

5 6
pH

1

2

5 6
pH

1

2

kDa

55

5                   6
pI

L/D

kDa

Vimentin WB

A

B

Phosphorylated vimentin

Fig. 5 Vimentin phosphorylations. 2D SDS-PAGE and Western blot

analysis, followed by mass spectrometry shows that vimentin

undergoes site-specific phosphorylations and depolymerization under

stress conditions. Immunocytochemistry demonstrates stress-induced

vimentin aggregation and depolymerization (short filaments). A

scaffold subunit of PP2A (#1 box) and vimentin (#2 box) were

upregulated under constant light, 1.8 and two fold, respectively

(7 days) (a). Target proteins were detected using Coomassie blue

staining, Western blotting (b), and analyzed by MALDI-TOF-TOF

mass spectrometry (Table 2)

Table 2 Modifications of cytoskeletal proteins under oxidative stress

Protein Site Modification

b Actin cytoplasmic 1 T186 Phosphorylation

b Tubulin 2B Y50, Y51, T55 Phosphorylation

b Tubulin 5 Y159 Nitration

b Tubulin 5 S168, S172 Phosphorylation

Vimentin Y38, S325, S412, S420 Phosphorylation

55

220

p-Vimentin (S55) WB

100 M 200 M 500 M

Loading Control

H2O2kDa CTL

Vimentin

Fig. 6 Vimentin depolymerization. Oxidative stress induces accu-

mulation of 57 kDa Ser55 phospho-vimentin and decrease of

dephosphorylation of vimentin tetramer. APRE-19 cells were treated

with 100, 200 and 500 lM H2O2 for 1 h. Vimentin is used as a

loading control. Quantitative analysis shows that vimentin exists as a

phosphorylated tetramer (220 kDa) in control, whereas dephospho-

rylated monomer (55 kDa) or phosphorylated monomer (55 kDa)

under stress condition
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dynamics (over-fused, over-fragmented) under stress con-

ditions (Fig. 11). When RPE cells were under oxidative

stress, mitochondria altered their shape from extended

filaments to the small rounded form, possibly by changing

microtubule structure by b-tubulin and cardiolipin

concentration.

β-tubulin Mitochondria Nucleus Merge

Control

Light

Fig. 7 Cytoskeleton under stress conditions. ARPE19 cells were

treated under intense light (7000 lux) for 1 h. Expression changes of

cytoskeletal proteins, including tubulin, actin, and vimentin, were

visualized by immunocytochemistry. Immunocytochemistry using

b-tubulin antibody showed colocalization of tubulin with mitochon-

dria. Western blot analysis shows that neurofilament, vimentin, and

tubulin changes their expression levels, whereas actin maintains its

concentration under oxidative stress (data not shown)

β-actin Mitochondria Nucleus Merge

β-actin Mitochondria Nucleus Merge

Control

Light

Control

Light

A

B

Fig. 8 Immunocytochemical

analysis of actin. Control

ARPE19 cells were shown in

the dark or under stress

condition (7000 lux light) (a).
Cytosolic actin was observed in

the dark, however, actin was

translocalized and aggregated

outside of mitochondria under

intense light. Enlarged (963)

figure represents that b-actin in

ARPE-19 cells showed

mitochondria-localized actin in

control as opposed to nuclear-

transported actin in stress

conditions (7000 lux light) (b).
Aggregation and

translocalization were pointed

by the white arrow
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4 Discussion

How mitochondria move and change their shape remain an

intriguing question. The current study tested the hypothesis

that mitochondrial trafficking and morphology could cor-

relate positively with the prohibitin complex under stress

conditions in the RPE. To obtain quantitative measure-

ments based on mitochondrial size, shape, position, and

dynamics, we analyzed normal and aberrant mitochondrial

networks under oxidative stress [8]. Mitochondrial mem-

branes may regulate autophagosome through a phospho-

lipids transport mechanism [25]. A protective response

mechanism may exist toward extra- and intra-cellular stress

under a chronic oxidative environment to activate prolif-

eration reaction in RPE mitochondria [26–28].

Control

OS (16 h)

OS (20 h)

Nucleus Vimentin Merge

A

B

Control

Light

Vimentin Mitochondria Nucleus Merge

Fig. 9 Intermediate filaments

under stress conditions. a RPE

cells were incubated under

oxidative stress (tert-BuOOH,

200 lM) for 24 h and cells were

visualized by

immunocytochemistry. b RPE

cells were incubated in the dark

(control) or intense light (7000

lux). Immunocytochemistry

using anti-vimentin antibody,

Alexa488 secondary antibody,

MitoTracker, and DAPI staining

showed vimentin (green) and

the nucleus (blue) (Color

figure online)
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Fig. 10 Decreased mitochondria under oxidative environment. RPE

cells were incubated using tert-BuOOH or H2O2 (100 lM) for 24 h.

For each time point, mitochondria were visualized using MitoTracker

Red or Rhodamine123, followed by quantitative analysis using Image

J with Mito-Morphology Macro by R. Dagda
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Previously, our biochemical studies suggested that mito-

chondria were disrupted under oxidative stress or RNA

knockdown conditions in the RPE through a prohibitin

depletion mechanism. The current experiments further test

whether an RPE-specific prohibitin interaction network may

determine the mitochondrial signaling. Prohibitin interaction

networks suggest that prohibitin may regulate mitochondrial

traffic and nuclear transcription in the RPE via cytoskeletal

proteins and transcriptome-dependent mechanisms.

4.1 Prohibitin Interactome

To determine the major stress responses mediated through

mitochondrial protein interactions in the RPE, we estab-

lished a prohibitin affinity map via integration of

immunoprecipitation data.

Integration of protein–protein interaction mapping based

on network topology is used to connect prohibitin and

potential partners to predict the signaling mechanism. The

new algorithm identified the new protein–protein interac-

tions among prohibitin, cytoskeletal proteins, and tran-

scriptional regulators in the nucleus. The current

interaction map describes possible prohibitin connections

among several pathways that do not appear to be related at

first. The network topology identified several potential

interactions within each network and between networks,

many of which were verified in the literature as well as our

immunoprecipitation experiments.

Prohibitin interactions in retinal (HRPC) and RPE

(ARPE-19) cells were determined by immunoprecipitation

using a prohibitin antibody. Our results imply that prohibitin

interactions in cancer cells may regulate transcriptional

activation through ubiquitin C (UBC), BRE (BRCA com-

plex), E3 ubiquitin ligase (RNF2) and Ras/Raf pathway.

However, in retinal and RPE cells, activation of prohibitin

under stress, including aging, oxidants, light, and insulin

depletion, may relay a distinct signaling to CDK2, PI3K,

JUN, p53 and actin. ARPE19 cell line is one of the most

widely used models to study the biology of the RPE, how-

ever, limitations exist including the clinical relevance of this

in vitromodel. Previously,we showed that there is difference

of protein expressions between primary RPE cells versus

immortalized cells [2]. Prohibitin expressions in vivo from

murinemodel (aged and diabetic rat/mouse) and clinical data

(post mortem human AMD eyes) were examined [7].

Decreased cardiolipin in 10–20 % under stress seems to

be enough to initiate RPE apoptosis induced by mito-

chondrial deficits. In the RPE, decreased prohibitin may

initiate a cellular protecting mechanism that induces

mitochondrial overproliferation.

4.2 Mitochondrial Decay and Prohibitin

In vivo data from human tissue revealed that prohibitin is

downregulated in the periphearl region of AMD eyes,

suggesting mitochondrial dysfunction and RPE cell death

in AMD mechanism [7]. RPE apoptosis is initiated by

disintegration of long mitochondrial filaments into small

rounded mitochondria moving toward the nucleus. Our

data implies that mitochondrial shape, altered cytoskeleton,

and prohibitin translocalization are the initial reactions of

apoptotic RPE cells [4, 29–31].

Our study showed that a small isolated particle or an

extended filament may demonstrate mitochondrial response

under oxidative stress. Elongated mitochondrial network

may imply a functional electrical charge unit using a

phosphate that is required for energy demand. Further,

mitochondria organize anti-apoptotic defense system of the

RPE when high concentration of O2 is consumed by intense

([7000 lux) or constant light ([24 h). Extracellular stress

accelerates proton potential transmission to mitochondria

to respond the urgent ATP requirement. A small particle in

mitochondria may represent a fast transportable energy

complex in the RPE [32, 33].

4.3 Mitochondrial Decay under Oxidative Stress

Our data suggest that mitochondria may indicate cell fate

and apoptosis based on size, shape, position, and dynamics.

Size: extended network

Shape: branched, closedPosition: away from the nucleus

Dynamics: over-fused

Healthy RPE

Size: smaller network

Shape: tubular, openPosition: close to the nucleus

Dynamics: over-fragmented

Apoptotic RPE

Prohibitin and cytoskeleton into the nucleus

Fig. 11 Altered mitochondrial morphology under stress. Mitochon-

drial morphology, content, perimeter, and dynamics were changed

under stress conditions. Mitochondrial perimeter/circular ratio as well

as total area of mitochondria were downregulated. Mitochondrial size,

shape, connectivity, and positions are the determinants of healthy

versus apoptotic mitochondria
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RPE mitochondria change their size (smaller network vs.

larger network), shape (non-tubular, swollen tubes, more

branched), connectivity (open vs. closed), position (uni-

form distribution, asymmetric distribution, close to the

nucleus, far from the nucleus) and dynamics (over-fused,

over-fragmented), responding extracellular environment.

When RPE cells were under oxidative stress, mitochondria

altered their shape from extended filaments to the small

rounded form, possibly by changing microtubule structure

and cytoskeletal interactions.

What is the origin of mitochondrial decay and morpho-

logical changes? Our previous experiments suggest that

decreased cardiolipin and increased cholesterol may deter-

mine the apoptotic lipid composition in the RPE. Further,

the changes of double bond unsaturation by oxidants may

regulate the shape and size of the organelle membrane.

Cytoskeletal polymers are essential for mitochondrial

dynamics [34, 35]. The cytoskeleton communicates with

mitochondria to regulate ATP concentration while their

interactions could be connected to various cytoskeletal

proteins directly with VDAC (voltage-dependent anion

channels) through intermediate filament related proteins.

4.4 Altered Cytoskeleton may Lead

to Mitochondrial Decay

Prohibitin-actin interaction led us to examine actin, tubulin,

and vimentin filaments in the RPE under stress conditions.

Vimentin is involed in light-induced cytoskeleton changes in

the retina and the RPE through PP2A and nitric oxide

mechanism [6]. N-terminus of vimentin molecule is

responsible for intermediate filament interaction with mito-

chondria. Vimentin-mitochondria interaction decreases

mitochondrial motility and elevates mitochondrial mem-

brane potential. Vimentin phosphorylation may determine

the net charge (pI), solubility, and depolymerization while

immunocytochemistry of actin and tubulin demonstrated

oxidative stress-mediated aggregation and size changes

along with mitochondrial decay. Oxidants disrupt barrier

integrity and cell junction to initiate the RPE pathogenesis

through a blood-retina barrier degeneration mechanism.

Balance between actin filaments, intermediate filaments, and

microtubules regulates RPE cytoskeleton and mitochondrial

morphology as well as mitochondrial traffic. Vimentin

phosphorylations induce disassembly of intermediate fila-

ments in vitro. Western blot analysis showed that vimentin

tetramer dissociates into monomer under stress conditions.

4.5 Prohibitin as a Mitochondrial Trafficking

Modulator

Prohibitin is involved in both anterograde (nucleus to

mitochondria, bovine retina cell) and retrograde signaling

(mitochondria to the nucleus, ARPE-19 cells) [4]. Previ-

ously, coimmunoprecipitation of prohibitin suggested that

a prohibitin-mediated mitochondrial trafficking complex

may exist in the motor-based cytoskeletal polymers that

include actin microfilament, vimentin intermediate fila-

ment, and microtubules.

Our immunoprecipitation experiments demonstrated

that prohibitin binds to mitochondrial trafficking proteins,

including kinesin, unknown protein at 110 kDa (myosin

head motor domain, SH3 domain, ATP binding domain),

unknown protein at 88 kDa (cadherin repeat, Ca2? bind-

ing), actin and lamin B2. Prohibitin-kinesin interaction

could be involved in anterograde mitochondrial trafficking,

whereas prohibitin-lamin B2 binding may have influence

on retrograde transport of mitochondria. Prohibitin binding

with a new protein that has myosin motor domain may

regulate bidirectional transport of mitochondria along actin

microfilaments. Prohibitin-myosin family p110 complex,

including PI3K, lamin B2, and cadherin repeating p88, may

suggest specific localization of mitochondrial trafficking in

the ATP and Ca?2 demanding regions.

Abnormal changes of mitochondrial trafficking is a main

pathological initiation reaction in adult-onset neurodegen-

erative diseases [36–39]. Mitochondrial dysfunction,

altered dynamics, impaired transport, and turnover pertur-

bation are associated with the pathology of major neu-

rodegenerative disorders, including Alzheimer’s disease.

Impaired mitochondrial transport decreases the release of

healthy mitochondria to distal processes, and disrupted

eliminations of injured mitochondria from synapses may

lead to decreased energy and alteration of Ca2? concen-

trartion [40, 41].

Prohibitin-myosin binding may regulate bidirectional

transport of mitochondria along actin microfilaments. Actin

microfilaments mediate transport over short distance

whereas microtubules are the track for long distance

transport. Since mitochondrial movements on microtubules

are reported to be bidirectional, the polarity orientation of

tubulin filaments may also be affected by prohibitin-me-

diated mitochondrial trafficking patterns. Down-regulation

of prohibitin in the RPE may initiate a mitochondrial dis-

ruption in AMD. Decreased prohibitin may lead to RPE

apoptosis, altered lipid metabolism, and transcriptional

reactivation to accelerate the neurodegenerative signaling.

Preventing prohibitin depletion may provide a critical

therapeutic target as effective strategies for the AMD

treatment.
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