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ABSTRACT

Age-related macular degeneration (AMD), the leading cause of blindness among the elderly, is
without treatment for early disease. Degenerative retinal pigment epithelial (RPE) cell heterogeneity
is a well-recognized but understudied pathogenic factor. Due to the daily phagocytosis of photo-
receptor outer segments, unique photo-oxidative stress, and high metabolism for maintaining vision,
the RPE has robust macroautophagy/autophagy, and mitochondrial and antioxidant networks.
However, the autophagy subtype, mitophagy, in the RPE and AMD is understudied. Here, we
found decreased PINK1 (PTEN induced kinase 1) in perifoveal RPE of early AMD eyes. PINK1-
deficient RPE have impaired mitophagy and mitochondrial function that triggers death-resistant
epithelial-mesenchymal transition (EMT). This reprogramming is mediated by novel retrograde
mitochondrial-nuclear signaling (RMNS) through superoxide, NFE2L2 (NFE2 like bZIP transcription
factor 2), TXNRD1 (thioredoxin reductase 1), and phosphoinositide 3-kinase (PI3K)-AKT (AKT serine/
threonine kinase) that induced canonical transcription factors ZEB1 (zinc finger E-box binding
homeobox 1) and SNAI1 (Snail family transcriptional repressor 1) and an EMT transcriptome.
NFE2L2 deficiency disrupted RMNS that paradoxically normalized morphology but decreased func-
tion and viability. Thus, RPE heterogeneity is defined by the interaction of two cytoprotective
pathways that is triggered by mitophagy function. By neutralizing the consequences of impaired
mitophagy, an antioxidant dendrimer tropic for the RPE and mitochondria, EMT (a recognized AMD
alteration) was abrogated to offer potential therapy for early AMD, a stage without treatment.
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Introduction exists for early disease. Like many age-related diseases, AMD

has multiple pathogenic etiologies. The National Eye
Institute’s AMD Pathobiology group concluded that identify-
ing and prioritizing the major pathogenic signals and deter-
mining whether they interact with one another at each disease
stage will accelerate the development of treatment for each
stage [3].

Age-related macular degeneration (AMD) is the most com-
mon cause of blindness among the elderly in western societies
[1]. In the US, the number of people with AMD is similar to
those with all invasive cancers combined and double those
with Alzheimer disease [2]. While treatment is available for
intermediate and effective for neovascular AMD, no therapy
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The retinal pigment epithelium (RPE) is situated
between photoreceptors and the choriocapillaris at its
apex and base, respectively, where it is uniquely and
chronically exposed to light for vision. As a result, the
RPE possesses multiple specialized, energy dependent func-
tions involved with vision and a robust mitochondrial net-
work to match this demand [4]. As a post-mitotic
epithelium, the RPE relies on multiple cytoprotective pro-
cesses such as a robust antioxidant system including
NFE2L2 (NFE2 like bZIP transcription factor2) to neutra-
lize metabolically derived oxidative stress and chronic light
exposure to survive because they are unable to proliferate
in response to stress. In addition, the RPE relies on efficient
macroautophagy/autophagy to process oxidatively damaged
proteins and organelles in addition to the 30,000 photore-
ceptor outer segments phagocytosed per day [5-7].

In early AMD, the traditional perspective is that the RPE
degenerates and dies [8]. However, RPE heterogeneity is well-
described [9-14], but underappreciated, and if understood,
could guide therapeutic development. While ordered cell het-
erogeneity protects any organism [15], degenerative hetero-
geneity from stress is pathogenic from disease driving
subclones, even if comprised of few cells [16]. In early
AMD, perifoveal macular RPE are dysmorphic, coinciding
with rod death [17-24], which suggests that a perifoveal
RPE clone drives early AMD and thus, are a viable treatment
target.

Autophagy impairment and mitochondrial dysfunction
have emerged as early pathophysiologic events in AMD
[1,25-29]. Mitochondrial injury markedly increases reactive
oxygen species (ROS), which can disrupt homeostatic sig-
naling [30-33]. Previously, we showed that NFE2L2 is
decreased in dysmorphic perifoveal RPE with early AMD,
and that impaired NFE2L2 signaling induced RPE degen-
eration [34,35]. Mitophagy is an autophagy subtype where
damaged mitochondrial fragments are sequestered and
degraded to preserve mitochondrial network health.
Unlike autophagy, the role of mitophagy in the RPE is
understudied. Furthermore, in early AMD, it is unclear
how impaired mitophagy, mitochondrial function, and
NFE2L2 signaling contribute to RPE degeneration. Given
AMD’s multifactorial etiology, we hypothesized that mito-
phagy becomes impaired to induce mitochondrial dysfunc-
tion and oxidative stress, which signals degenerative RPE
heterogeneity. Herein, we showed in vitro and in an in vivo
model that simulates the human perifovea that PINKI1
(PTEN induced kinase 1) mediated mitophagy launches
retrograde mitochondrial to nuclear signaling (RMNS)
that critically depends upon NFE2L2 stress signaling to
define RPE heterogeneity. In essence, two cytoprotective
pathways, initiated by PINK1 mediated mitophagy and
dependent upon NFE2L2 antioxidant signaling, intimately
interact to regulate cell heterogeneity, a hallmark feature of
many age-related diseases including AMD. Finally, we used
a novel RPE and mitochondrial specific antioxidant den-
drimer to mitigate epithelial-mesenchymal transition
(EMT), a subclone of RPE heterogeneity recognized in
AMD, which offers therapeutic potential in treating early
AMD, a disease stage without treatment.
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Results
PINK1 is decreased in perifoveal RPE of early AMD eyes

Since the earliest AMD changes to the RPE occur in the
perifovea [17,18,23,24], the distribution of PINKI,
a mitochondrial serine/threonine-protein kinase that initiates
mitophagy, was examined in early AMD eyes (Minnesota
grade 1-3; Table S1). In AMD perifoveas, PINK1 immunola-
beling was abundant and uniform throughout the neurosen-
sory retina, but a mosaic of strong and weak labeling in
morphologically normal and dysmorphic RPE, respectively
(Figure 1(a,b) and Figure. S1). In non-AMD perifoveas,
PINKI1 labeling was uniformly strong in the RPE (Figure 1
(c,d)). This labeling pattern suggests that PINK1 is reduced in
dysmorphic perifoveal RPE with early AMD.

PINK1 deficiency impairs mitophagy in the RPE

Mice are a reasonable anatomic model for studying early
AMD because their RPE and rod/cone density are similar to
the human perifovea [36]. To interrogate impaired PINK1
signaling in the RPE, pinkl™~ and littermate wild-type
(WT) controls were given intravitreal (IVT) injections of
CCCP (carbonyl cyanide m-chlorophenyl hydrazone) to
induce mitophagy. Mice were sacrificed at 9 am to reduce
circadian variability with photoreceptor phagocytosis and fed
to minimize generalized autophagy. p-PRKN (parkin RBR E3
ubiquitin protein ligase)-S65, which is phosphorylated by
PINKI1 [37], was increased in the RPE of controls, but barely
detected in pinkl_/_ mice (Figure 1(e)). MAP1LC3B (micro-
tubule associated protein 1 light chain 3 beta) lipidation was
increased in the RPE of controls after CCCP but not in
pinkl_/ ~ mice (Figure 1(e)). When mice were given intraper-
itoneal leupeptin, a lysosomal protease inhibitor, MAP1LC3B
lipidation was increased in controls, but not in pinkl ™~ mice.
Furthermore, SQSTM1 was increased in WT mice given leu-
peptin, but was markedly decreased in the RPE of pinkl ™~
mice and remained so after leupeptin (Figure 1(f)). These
results suggest that mitophagy flux was impaired with
PINKI1 deficiency.

To determine whether PINKI1 deficiency impairs mito-
phagy in human cells, ARPE-19 cells were cultured in serum
and treated with an siRNA-PINKI (PINKI1-KD) and CCCP.
PRKN was detected in mitochondrial, but not cytoplasmic
fractions by western blot (Fig. S2A), was co-localized with
outer mitochondrial membrane protein TOMM20 (translo-
case of outer mitochondrial membrane 20), inner mitochon-
drial membrane protein TIMM23 (translocase of inner
mitochondrial membrane 23), and mitochondrial matrix pro-
tein HSPD1 (heat shock protein family D (Hsp60) member 1;
Figure 1(h) Fig S3). In addition, p-PRKN was increased after
CCCP in controls, effects that were blunted with PINKI-KD
(Figure 1(g, h)). MAP1LC3B lipidation was observed in mito-
chondrial, but not cytoplasmic fractions by western blot (Fig.
S2A) and MAPILC3B colocalized with TOMM?20, TIMM23,
and HSPDI1 in control cells but not in PINKI-KD cells after
treatment with CCCP (Figure 1(h), Figure S3). As in mice,
these changes were abrogated with PINKI-KD (Figure 1(g),
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Figure 1. PINK1 immunolabeling in early AMD and its effect on mitophagy. (a) Perifoveal section from an 87 yo F with AMD (MGS2) with decreased PINK1
immunolabeling in the RPE. Ch, choroid; D, drusen; Bar: 25 um. (b) Same image after Nuance correction to remove pigment. Grey arrowheads show RPE with weak
PINK1 staining. (c) Perifoveal section from an 87 yo male without AMD with strong PINK1 labeling in the RPE. (d) After Nuance correction. Black arrowheads show RPE
with strong PINK1 labeling. *indicates artifactitious RPE detachment from tissue preparation. (e) Western blot of mitophagy proteins in the RPE after WT and pink1™~
mice were given IVT 10 pM CCCP or vehicle (DMSO) and sacrificed after 4 h. (f) Western blot of mitophagy flux of MAP1LC3B conversion and SQSTM1 accumulation in
the RPE after WT and pink1™~ mice were given 40 mg/kg lysosome inhibitor leupeptin or vehicle (DMSO) intraperitoneally and sacrificed after 4 h. (g) Western blot of
mitophagy genes in ARPE-19 cells treated with control (ctrl) or PINKT siRNA for 5 days and then exposed to 10 pM CCCP for 4 h. (h) PRKN and MAP1LC3B (both red)
co-stained with mitochondrial TOMM20 (green) after CCCP in control and PINK-KD ARPE-19 cells. Bar: 10 pum (i). Control or PINK1-KD cells were transduced with
adenovirus containing mCherry-eGFP-COX8A and then treated with 10 pM CCCP or vehicle. Control cells have prominent eGFP mitochondrial labeling. When
mitochondrial injury is induced with CCCP to stimulate mitophagy, a shift to acid resistant mCherry labeling was seen in control cells, but not PINK1-KD cells treated



Figure 1(h)). Control or PINKI-KD cells were then trans-
duced with an adenovirus containing mCherry-eGFP-COX8A
which targets mitochondria. In lysosomes, the green eGFP is
quenched while red mCherry is resistant to acidic pH. In
Figure 11, Ctrl siRNA cells transduced with mCherry-eGFP-
COX8A had green eGFP labeling, which suggests a low level
of mitophagy. When treated with CCCP, cells displayed
a distinct shift toward red mCherry fluorescence, suggestive
of autolysosome-enwrapped mitochondria, which reflects
mitophagy [38]. In contrast, transfected PINKI-KD cells did
not display red mCherry fluorescence with or without CCCP
treatment. Furthermore, mitophagy flux was reduced with
PINKI-KD. MAP1LC3B lipidation in mitochondrial fractions
was greater in controls than PINKI-KD cells, and more so
after treatment with lysosomal inhibitor bafilomycin A,
(Figure 1(j)). These observations suggest that PINK1 induces
mitophagy in mouse and human RPE and that PINK1 defi-
ciency impairs mitophagy.

PINK1 deficiency impairs mitochondrial function

Mitochondria were dysfunctional in the RPE of both pinkl1 ™~
mice and ARPE-19 cells using several indicators of mitochon-
drial function. The RPE of pinkl1™~ mice had increased super-
oxide anion (O,") and decreased oxygen consumption rates
(OCR) relative to WT mice (Figure 2(a, b)). Likewise, PINKI-
KD cells had decreased OCR (Figure 2(c-e)) and increased
glycolysis, as detected by decreased extracellular acidification
rates (ECAR) (Figure 2(f, g)) and increased lactate (Fig. S2B).
With PINKI-KD, ATP and mitochondrial membrane poten-
tial (MMP) were also decreased while mitochondrial O, was
increased (Figure 2(h-j)).

Impaired mitophagy induces epithelial-mesenchymal
transition (EMT)

RPE cells that had impaired mitophagy due to PINK1 defi-
ciency displayed morphologic, ultrastructural, and molecular
evidence of EMT. While hexagonally shaped in 2-month-old
pinkl™" mice, the RPE of 4-month-old pinkl™~ mice were
enlarged and dysmorphic with increased cell-aspect ratios
(Figure 3(a)). These dysmorphic RPE of 4-month-old
pinkl™ mice had ultrastructural changes suggestive of mito-
chondrial injury and EMT (Figure 3(b)). Specifically, while
mitochondria number in the RPE of 4-month-old WT and
pinkl™ mice was similar, the mitochondria in the RPE of
pinkl™" mice were diffusely distributed rather than basally
located, as in WT mice. Mitochondria were round with loss of
cristae while in WT mice, they remained elongated and
branched with well-defined cristae. Tight junctions were con-
fined to the apex in the RPE of pinkl™~ mice but spanned the
entire RPE of WT mice. Basolateral infoldings were shortened
and fewer, especially when adjacent to basal laminar deposits
in the RPE of pinkl ~~ mice relative to WT mice (Figure 3(b)).
Molecularly, VIM (vimentin) was increased and tight junction
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component CDHI (cadherin 1) was decreased in the RPE of
pinkl™~ mice relative to WT mice. Likewise, the mRNA
expression of prototypical EMT transcription factors Zebl
(zinc finger E-box binding homeoboxl) and Snail (snail
family transcriptional repressor 1) was increased in the RPE
ofpinkl_/_ mice (Figure 3(c)).

PINKI-KD in human ARPE-19 cells also developed
mesenchymal morphology after 6 days in culture, whether
grown on plastic or filter supports to maximize differentia-
tion. In contrast, PINKI-KD cells did not develop mesenchy-
mal morphology when transfected with a PINKI plasmid
(Figure 3(d) and Figure. S4A). Similarly, human iPSC-RPE
cells transfected with siRNA or shRNA and grown for 4 weeks
developed mesenchymal morphology (Figure 3(e)). PINKI-
KD cells had prominent VIM immunolabeling, increased
VIM and reduced CDH1 by western blot, and increased
expression of ZEBI and SNAII (Figure 3(f)).

RNA-seq was performed on ARPE-19 cells to explore the
extent of transcriptional EMT that developed with PINKI-
KD. After multiple testing corrections, 927 genes were upre-
gulated and 859 genes were downregulated by PINKI-KD
(Table S2). With function enrichment analysis, upregulated
genes related to EMT including cell-cell adhesion, extracellu-
lar matrix organization, matrix-receptor interaction, and focal
adhesion were among the highest ranked categories. Of down-
regulated genes, two highly ranked categories included oxida-
tive phosphorylation and mitochondrial electron transport
(Table S3). Furthermore, PINKI-KD had significant gene
enrichment of the Broad Institute’s GSEA (Gene Set
Enrichment Analysis) 200 EMT gene database (Enrichment
score 1.7, FDR P-value 0.02; Figure 3(g)). These data suggest
that PINKI-KD induced a transcriptome suggestive of EMT.

To link these experimental findings of EMT with AMD,
the distribution of SNAII in the perifovea of early AMD eyes
was examined by immunohistochemistry. SNAII labeling was
mosaic. SNAI1 immunolabeling was minimal in morphologi-
cally normal RPE. In contrast, SNAII labeling was increased
in dysmorphic RPE overlying drusen in early AMD perifoveas
(Figure 3(h) and Table S1). In the RPE of non-AMD perifo-
veas, SNAII labeling was also minimal (Fig. S4B, C).

Retrograde mitochondrial-nuclear signaling (RMNS)
drives EMT

We next sought to identify how impaired mitophagy induces
EMT, hypothesizing that elevated mitochondrial ROS initiates
EMT signaling. Indeed, ARPE-19 PINKI-KD cells had ele-
vated mitochondrial O, due to impaired electron transport
chain [, III, and IV activities (Figure 4(a) and S5A). PINKI-
KD cells were treated with the mitochondrial antioxidant
mitoTEMPO, the general antioxidant N-acetyl-l-cysteine
(NAC), NAC conjugated to a poly(amido amine) dendrimer
(D-NAC), which is tropic for the RPE, or D-NAC with
Triphenyl phosphinium, a mitochondrial targeting ligand
(TPP-D-NAC) [39,40]. Mitochondrial O,  was neutralized

with CCCP. Bar: 25 pm. The graph quantifies the mCherry:eGFP ratio (N = 30 cells; N = 3 experiments). (j). Western blot of mitophagy flux in PINK1-KD cells 4 h after
100 nM bafilomycin A; or vehicle of MAPT1LC3B conversion and SQSTM1 accumulation. ACTB was used for normalization. Band intensities were plotted as fold
change. Mean + SD, N = 3, Student’s t-test; * P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 2. PINK1 deficient cells exhibit mitochondrial dysfunction. (a) In WT and pink1

Ctrl siRNA PINK1 siRNA

Ctrl sSiRNA

PINK1 siRNA

~~ mice, sections were labeled with 5 UM DHE (dihydroethidium) and the

number of superoxide stained cells per 50 cells were counted and plotted (N = 3). (b) In vivo oxygen consumption measured using Mito-ID oxygen consumption kit
and plotted as fluorescence units per eye (N = 3). (c-g) Seahorse assay was used to measure mitochondrial respiration in ARPE-19 cells as a function of OCR over time
(min) following serial injections of oligomycin, 2-(2-[4 {trifluoromethoxy}phenyllhydrazinylidene)-propanedinitrile, and rotenone-antimycin. Maximal respiration was
measured after 2-[2-[4 (trifluoromethoxy)phenyllhydrazinylidene]-propanedinitrile injection and spare respiratory capacity was calculated by subtracting basal from
maximal respiration. Glycolysis was measured as a function of ECAR (N = 5). (h) ATP was measured using CellTiter-Glo® Luminescent Assay in ARPE-19 cells and
plotted as fluorescence units per well. (i) Mitochondrial membrane potential was measured after 20 nM Tetramethylrhodamine, Methyl Ester, Perchlorate treatment.
(j) Mitochondrial superoxide was quantified using the MitoSOX (5 uM, 20 min; N = 3). Graphs show fluorescence units/well; OCR, oxygen consumption rate; ECAR,

extracellular acidification rate; mean + SD, Student’s t-test; * P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 3. PINK1 loss induces EMT in RPE cells. (a) RPE flatmount from a WT and pink7™~ mouse stained with anti-TJP1 (tight junction protein1) and imaged at 20X.
Cell shape change was quantified using the cell aspect ratio with ImageJ (>15 cells measured/group, N = 5). (b) By TEM, the junctional complex of WT RPE is well
developed (red arrowhead) from apical to basal region between 2 RPE cells. Mitochondria are elongated and adjacent to junctional complexes (left panel). Elongated
mitochondria have well developed cristae (red arrowhead), are diffusely distributed including basal location (right panel), and RPE have normal basal infoldings (red
arrowhead). In contrast, pink1™~ RPE have truncated junctional complexes (red arrowhead; left panel) and rounded mitochondria with degenerated cristae (red
arrowhead; right panel). pinkl‘/" RPE have basal laminar deposits (red line) and truncated basal infoldings (lower panel). A, apical microvilli, Bl, basal infoldings, M,
melanin granule, N, nucleus. Bar: 250 pm. (c) Western blot of mesenchymal marker VIM and epithelial specific CDH1 using ACTB for signal normalization and graphed
as fold change. EMT transcription factors Snail and Zeb1 quantified as ddCt fold change using Tagman based qRT-PCR using Gapdh to normalize signal (N = 3). (d)
Brightfield image of ARPE-19 cells treated with Ctrl or PINKT siRNA and grown for 5 days on a plastic 6-well plate or a 6-well Transwell filter support system. (e)
Brightfield image of iPSC-RPE cells grown on Matrigel coated plate after siRNA transfection, or PINKT or control lentiviral particle transduction and grown for 4 weeks
with puromycin selection. (f) Control or PINKT siRNA treated ARPE-19 cells fixed and stained with anti-TJ1 (red) and anti-VIM (green) for immunocytochemistry,
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by mitoTEMPO and TPP-D-NAC, but not NAC and D-NAC
(Figure 4(a)). TPP-D-NAC also neutralized mitochondrial H,
O, with minimal effect on cytoplasmic H,0, (Figure 4(b)).
Importantly, TPP-D-NAC most completely restored
mesenchymal morphology with peripherally located CDH1
and minimal cytoplasmic VIM labeling. These changes corre-
sponded with restored CDH1 and VIM levels after TPP-
D-NAC from decreased CDHI1 and increased VIM with
PINK1-KD, as seen on western blot. TPP-D-NAC also mini-
mized the increased expression of ZEBI induced by PINKI-
KD (Figure 4(c)). In contrast, exogenously administered tert-
butyl hydroperoxide did not induce EMT (Fig. S5B).

We then examined NFE2L2 as a signaling component of
EMT induction because it can be induced by ROS. NFE2L2
was translocated to the nucleus in PINKI-KD and control
siRNA ARPE-19 cells but was inhibited by the addition of
NFE2L2 siRNA (Figure 4(d)). PINKI-KD cells treated with
either NFE2L2 siRNA or trigonelline (Trig), which prevents
NFE2L2 nuclear translocation, did not develop mesenchymal
morphology and maintained peripheral CDH1 location with
minimal cytoplasmic VIM. With western blot, compared to
levels with PINKI-KD, CDH1 was increased and VIM was
decreased with NFE2L2 inhibition, either by NFE2L2 siRNA
or Trig. Likewise, PINKI-KD cells treated with NFE2L2 inhi-
bition did not have augmented expression of ZEBI (Figure 4
(e)). Since NFE2L2 regulates a large cytoprotective gene clus-
ter, RNA-seq was performed on PINKI-KD, NFE2L2-KD,
PINKI1-NFE2L2-KD, and scrambled control ARPE-19 cells.
String analysis identified two genes, NQOI1 (NAD(P)H qui-
none dehydrogenase 1) and TXNRDI (thioredoxin reduc-
tase 1), that were downregulated with NFE2L2 KD in PINKI-
NFE2L2-KD relative to PINKI-KD cells (Figure 4(f)). This
analysis suggests that NFE2L2 regulates these two genes
under these experimental conditions. Indeed, TXNRDI
siRNA added to PINKI-KD cells maintained normal mor-
phology and preserved peripheral CDH1 with minimal cyto-
plasmic VIM. Relative to PINKI-KD cells, on western blot,
CDH1 was increased and VIM was decreased with TXNRDI-
KD. In addition, TNXRDI-KD in PINKI-KD cells also pre-
vented induction of ZEBI mRNA expression relative to
PINKI-KD cells (Figure 4(g)).

Using RNA-seq pathway analysis, we also identified over-
represented genes in the (phosphoinositide 3-kinase (PI3K)-
AKT (AKT serine/threonine kinase) pathway with PINK1-KD
(p < 2.1E-5; Figure 5(a)). DAVID (Database for Annotation,
Visualization and Integrated Discovery pathway analysis)
uncovered an AKT activation hub with PINKI-KD that
potentially regulates EMT genes (Table S4). We therefore
explored whether PI3K-AKT is involved in the RMNS that
induces EMT. Using the PI3K inhibitor wortmannin, we
found that the mesenchymal morphology was prevented, the

peripheral CDH1 immunolocalization was maintained, and
cytoplasmic VIM remained low (Figure 5(b)). On western
blot, relative to PINKI-KD cells, CDH1 was increased and
VIM was decreased after wortmannin (Figure 5(c)). Likewise,
wortmannin treatment also prevented ZEBI induction that
was normally observed with PINKI-KD (Figure 5(c)). With
PINKI-KD, AKT signaling was induced, as indicated by
increased p-AKT1-ser473 relative to control siRNA cells.
Using A6730, an AKT1 inhibitor, or AKTI siRNA, we found
that mesenchymal morphology was prevented, p-AKT1-
serd73 was decreased, and ZEB1 was decreased relative to
PINK1-KD cells (Figure 5(b), Figure 5(c), Figure 5(d)).
Finally, when treated with ZEBI siRNA, PINKI-KD cells did
not develop a mesenchymal morphology and maintained per-
ipheral CDH1 with minimal cytoplasmic VIM (Figure 5(e)).
On western blot, CDH1 was decreased and VIM was
increased with PINKI-KD. These levels were restored to that
of controls with ZEBI-KD. These data suggest that RMNS is
initiated by mitochondrial O, to activate NFE2L2, TXNRDI,
and PI3K/AKT that induces ZEB1 (Figure 5(f)).

The impairment of two cytoprotective pathways induces
RPE death

While impaired mitophagy induced EMT, a protective
response, the addition of another impaired cytoprotective
pathway might jeopardize cell survival. RMNS requires
NFE2L2, which activates a comprehensive cytoprotective net-
work and is decreased in a number of age-related diseases
including AMD [34]. We thus interrogated whether impaired
NFE2L2 combined with deficient PINKI influences cell sur-
vival. Indeed, the combination of impaired NFE2L2 and
PINK1 severely impaired basal OCR, which measures the
mitochondria’s ability to meet the ATP demand, spare capa-
city, which reflects the cell’s stress response, and maximal
OCR, which marks the mitochondria’s maximal stress
response (Figure 6(a)). Additionally, ATP and mitochondrial
membrane potential (MMP) were dramatically decreased and
mitochondrial O,  increased with PINKI-NFE2L2-KD
(Figure 6(b)).

With PINKI-NFE2L2-KD, RPE morphology was paradoxi-
cally restored and the expression of SNAIl and ZEBI was
uninduced (Figure 6(c)). To explore how the morphology
could be reversed, RNA-seq analysis was performed on PINKI-
KD, NFE2L2-KD PINKI-NFE2L2-KD, and control ARPE-19
cells. NFE2L2-KD appeared to induce transcriptional repro-
gramming related to EMT. When differentially expressed
genes from the Broad Institute’s GSEA EMT dataset in any of
the 4 treatment groups were sorted by expression profile, the
PINKI-KD profile was distinct from PINKI-NFE2L2-KD,
which was similar to NFE2L2-KD (Figure 6(d)). Functionally,

a western blot of CDH1 and VIM using ACTB for normalization and plotted as fold change. EMT transcription factors SNA/T and ZEBT were quantified using TagMan
gRT-PCR assay and plotted as fold change after ddCT calculations (N = 3). (g) RNA-seq analysis showing EMT specific genes from the Broad Institute’s GSEA data set
plotted against Enrichment Score or log fold change in the most differentially expressed genes in PINK1 KD vs control ARPE-19 cells; NES, normalized enrichment
score; FDR, false discovery rate. (h) The perifovea of an 87 yo female with early AMD has minimal SNAIT labeling in morphologically normal RPE compared to mildly
dysmorphic RPE over a small drusen (top, left) and severely dysmorphic RPE overlying large drusen (bottom left). Same images after removing pigment with Nuance
(right panels). Arrowheads indicate regions of strong SNAI1 labeling in RPE. Note artifactual labeling due to debris in the subretinal space above the RPE (¥). D,
drusen; ch, choroid; bar: 25 um. Mean + SD, Student’s t-test; *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4. Mitochondrial ROS and NFE2L2 are required for EMT. ARPE-19 cells treated with Ctrl or PINK1 siRNA were incubated with MitoTEMPO, NAC, D-NAC or TPP-
D-NAC for 24 h. (a) Mitochondrial superoxide was quantified with MitoSOX (5 uM, 20 min. treatment) and plotted as fluorescence units/well (N = 3). (b) Mitochondrial
and cytoplasmic H,0, were measured using mito-roGFP2-ORP1 or cyto-roGFP2 fusion protein as a redox sensitive fluorescent biosensor and plotted as fluorescence
units/well (N = 4). (c) Immunocytochemistry image of CDH1 (green), VIM (red) and DAPI (blue) showing cell morphology and mesenchymal transition in PINK7-KD
cells and cellular response after adding MitoTEMPO, NAC, D-NAC, or TPP-D-NAC. Graph shows the cell shape after calculating the cell aspect ratio (>20 cells
measured/group). Note how CDH1 labeling in the periphery is lost and cytoplasmic VIM labeling is increased with PINK1-KD, and that these changes are decreased
with antioxidant treatment. Bar: 25 um. Western blot shows increased CDH1 and decreased VIM with PINK1-KD, changes that are mitigated with antioxidant
treatment (MitoTEMPO, NAC, D-NAC, and TPP-D-NAC). Results are represented as fold change (N = 3). EMT transcription factor ZEBT was quantified using TagMan
gRT-PCR and plotted as fold change after ddCT calculations (N = 3). (d) Western blot of nuclear NFE2L2 accumulation with PINKT-KD relative to Ctrl siRNA,
represented as fold change (N = 3). LMNB1 (lamin B1) was used as loading control. (e) Immunocytochemistry image of CDH1 (green), VIM (red) and DAPI (blue)
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PINKI1-NFE2L2-KD cells did not migrate after injury and had
significant cell death (Figure 6(e, f)).

Similar changes were observed in mice. Both Trig treated
pinkl1™~ and pinkl™ nfe2l2”~ 4-month-old mice had
impaired RMNS. pinkl™~ or WT mice given Trig in their
water for 2 months [41] had decreased NFE2L2 nuclear
translocation in the RPE (Fig. S6A). While increased in the
RPE of pinkl™~ mice, TXNRDI, p-AKT, Zebl, and Snail
were decreased in Trig-treated pinkl™~ and pinkl ™ nfe2l2”
~ mice (Figure 6(g-i) and Fig. S6B, S6C). The RPE of pinkl™
“nfe212”~ mice had severely decreased OCR (Figure 6(j)). The
RPE was dysmorphic in pinklI™~ mice, but hexagonal in
pinkl™ nfe2l2”’~ and Trig treated pinkl™~ mice (Figure 6
(k)). RPE viability was decreased in pinkl™ nfe2l2”’~ mice
and was similar to WT RPE given a toxic smoke extract
dose (1000 pg/ml; Figure 6(1)).

TPP-D-NAC prevents RPE EMT

The RPE enters EMT after mitochondrial derived ROS trigger
a RMNS cascade. To determine whether RMNS is
a therapeutic target to prevent RPE EMT in vivo, TPP-
D-NAC was given intraperitoneally every 4 days for
1 month to 3-month-old pinkl_/ ~ mice, an age without
EMT. As expected, the RPE of 4-month-old pinkl™~ mice
had mesenchymal morphology. While this mesenchymal mor-
phology of the RPE in pinkl™~ mice was unchanged by
treatment with vehicle or NAC, TPP-D-NAC prevented
mesenchymal transition and appeared similar to WT mice
treated with vehicle, NAC, or TPP-D-NAC (Figure 7(a)).
TPP-D-NAC also decreased O, , prevented AKT phosphor-
ylation, and Zebl induction in the RPE of pinkl™~ mice
(Figure 7(b-d)). These data indicate that TPP-D-NAC
decreases mitochondrial ROS induced RPE EMT.

Discussion

In this study, we showed both in vitro and in an in vivo model
that is anatomically similar to the human perifovea that
impaired PINK1 mediated mitophagy triggered mitochondrial
dysfunction and instead of inducing cell death, paradoxically
activated NFE2L2 dependent RMNS reprogramming to EMT,
a protective response. Our study sheds light on how the
integrity and interplay between these two cytoprotective path-
ways, initiated by PINK1 mediated mitophagy and dependent
upon NFE2L2 signaling, influenced degenerative RPE hetero-
geneity. Given that we showed decreased PINKI and
increased SNAIl immunolabeling in abnormal perifoveal
RPE of early AMD eyes and we previously showed decreased
NFE2L2 in dysmorphic perifoveal RPE of early AMD [34],

our experimental findings could explain how perifoveal RPE
develop EMT in early AMD [16,42-50]. These pathways may
also be pivotal determinants of heterogeneity in other diseases
defined by mitochondrial dysfunction and oxidative damage.
Importantly, we used a novel RPE and mitochondrial specific
antioxidant dendrimer to neutralize mitochondrial ROS and
inhibit RMNS, which mitigated EMT, a subclone of RPE
heterogeneity, to offer therapeutic potential in treating early
AMD, a stage without treatment.

RMNS was initiated by elevated mitochondrial O,™ and H,
O,. We used approaches to measure ROS that are recom-
mended by the Free Radical Society to minimize artifact [51].
While physiological mitochondrial ROS provide homeostatic
signaling, elevated ROS can induce a compensatory, survival
response [52]. Mitochondrial health through mitophagy integ-
rity determines whether ROS levels are homeostatic or ele-
vated to initiate a survival response. Since most mitochondrial
genes are nuclear encoded, it is logical that mitochondrial
ROS initiate RMNS [52]. In C. elegans, increased ROS acti-
vates protein SKN-1 (SKiNhead), an NFE2L2 analog, during
RMNS to coordinate mitochondrial biogenesis and mitophagy
gene expression that regenerates mitochondria [53]. The con-
served NFE2L2-RMNS from worms to humans underscores
its importance for cell survival. In contrast to C. elegans,
RMNS in mammalian cells did not reactivate PINK1, which
is possible since NFE2L2 can regulate PINK1 [54]. Instead,
NFE2L2 activated TXNRD1 and PI3K-AKT to induce
a comprehensive repair network. Unfortunately, by compro-
mising RPE function, this adaptive response unintentionally
contributed to a disease phenotype. In AMD, EMT has
emerged as an RPE subtype with mesenchymal alterations,
multilayering, proliferation, migration [22,55], increased VIM
and SNAII, and decreased CDH1 [56]. In AMD, the resis-
tance to death by EMT could cause prolonged RPE dysfunc-
tion that furthers disease progression.

When mitophagy and NFE2L2 fail, the RPE is vulnerable
to death. While one impaired cytoprotective pathway induces
a survival response, failure of an additional pathway renders
the cell incapable of self-repair. In early AMD, the perifoveal
RPE can have decreased PINKI1, NFE2L2 [34], and/or
undergo cell death [8,57]. We propose a heterogeneity
model that is based on PINKI mediated mitophagy and
NFE2L2 through RMNS (Fig S7). When both cytoprotective
pathways are functional, the RPE is normal. When mitophagy
is impaired, the RPE enters EMT to enhance survival. When
NFE2L2 declines, the RPE degenerates [34]. If both are
impaired, the RPE dies.

Our model suggests that morphology unreliably represents
the RPE phenotype since normal appearing RPE can have
deficient mitophagy and NFE2L2 yet be dying. Preventing

showing ARPE-19 cell morphology and mesenchymal transition after treatment with siRNAs for PINK1, PINK1 and NFE2L2, or PINK1 with NFE2L2 inhibitor Trigonelline
(1 uM). Note how CDHT1 labeling in the periphery is lost and cytoplasmic VIM labeling is increased with PINK7-KD, which are prevented with NFE2L2 inhibition. Bar:
25 pm. Relative to PINKT-KD cells, on western blot, CDH1 is increased and VIM is decreased VIM with NFE2L2 inhibition. Results are represented as fold change
(N = 3). ZEB1 was quantified using TagMan qRT-PCR and plotted as fold change after ddCT calculations (N = 3). (f) STRING analysis of DEGs (FDR<0.05) obtained from
RNA-seq comparing PINK1-KD alone and PINK1-NFE2L2 siRNA treated ARPE-19 cells, which shows TXNRD1 as a major NFE2L2 downstream target. (g)
Immunocytochemistry image of CDH1 (green), VIM (red), and DAPI (blue) showing ARPE-19 cell morphology and mesenchymal transition after treatment with
siRNAs for PINKT and prevention with TXNRD1 siRNA. Bar: 25 um. Relative to PINK7-KD cells, on western blot, CDH1 is increased and VIM is decreased with TXNRD1
inhibition. Results are represented as fold change (N = 3). ZEBT was quantified using TagMan gRT-PCR and plotted as fold change after ddCT calculations (N = 3).

Mean * SD, Student’s t-test; *P < 0.05, **P < 0.01 ***P < 0.001, ****P < 0.0001.
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RPE death is a therapeutic target for AMD. Since RPE in EMT
are resistant to death, we suggest that this subpopulation is
a logical, alternative target, especially since mesenchymal-
epithelial transition therapy has been investigated for cancer
[58]. We suggest that reversing EMT by inhibiting RMNS at
or downstream of NFE2L2 will promote cell death and geo-
graphic atrophy, the advanced form of dry AMD. Instead,
upstream mitochondrial repair or scavenging ROS are logical
targets to restore the specialized RPE functions essential for
vision. TPP-D-NAC provides proof-of-concept benefit. Given
the high specificity of TPP-D-NAC for the RPE and the
known safety profile of NAC [59], the systemic side effects
should theoretically be limited. TPP-D-NAC very effectively
neutralized mitochondrial ROS with limited effect on cyto-
plasmic ROS. This high specificity would preserve physiologic
cytoplasmic ROS signaling to maintain cellular homeostasis.
Since NFE2L2 can be decreased in AMD, multi-drug therapy
that includes NFE2L2 rejuvenation, such as the FDA
approved dimethyl fumarate, should be considered [60].

In conclusion, we described the novel finding that
impaired PINK1-mediated mitophagy triggered an NFE2L2
dependent RMNS that induced EMT, and that the integrity of
mitophagy and NFE2L2 signaling determines RPE heteroge-
neity. Studying the interaction between two cytoprotective
pathways improved the modeling of a complex disease like
AMD. By doing so, we identified therapeutic potential in
TPP-D-NAC for early AMD. Future work should establish
the relative contribution of impaired mitophagy and NFE2L2
signaling relative to other pathogenic processes in early and
later AMD.

Materials and Methods
Human tissue

The tenets of the Declaration for Helsinki for research invol-
ving human tissue were followed. Human autopsy eyes
(n = 10) were obtained from Ocular Pathology at the
Wilmer Eye Institute. Donors were classified as “unaffected”
(n = 4) if they had no AMD history or evidence of drusen.
Early AMD donors (n = 6) had an AMD history and drusen
(>63 and < 125 um diameter) and no later disease such as
geographic atrophy or choroidal neovascularization (Table
S1). Eyes were fixed in 4% formaldehyde, paraffin embedded,
and sectioned.

Mouse care

Experiments were in accordance with NIH guidelines and
approved by the Johns Hopkins Animal Care and Use
Committee. pink1™S" (pink1™"), nfe2l2™™* (nfe2127") in
a C56BL/6 ] background (Jackson Labs, Bar Harbor, ME) were
without the Rd8 mutation. Wild-type littermates were used as
controls. To generate pinkl ™~ and nfe2I2”"~ double-knockout
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mice, pinkl™'~ and nfe2l2”’~ mice were bred to generate F1
heterozygotes, which were inbred and genotype confirmed
double-knockout animals were selected for further breeding.
Mice without these mutations were used as littermate controls.
An equal number of male and female mice were used for
experiments. Mice were given water ad libitum and kept in
a 12-h light-12-h dark cycle.

For some experiments, mice received an IVT injection in
one eye and an equal volume (1 pl) of vehicle in the contral-
ateral eye using a microinjection pump (Harvard Apparatus,
Holliston, MA, USA). To induce mitophagy in vivo, animals
were intravitreally injected with 10 uM CCCP or DMSO. Eyes
were harvested 24 h later. To measure autophagic flux in vivo,
mice were injected intraperitoneally (IP) with 40 mg/kg leu-
peptin (ThermoFisher, 78,435) or vehicle and sacrificed after
4 h. Protein was extracted from the RPE, as described [61]. To
pharmacologically induce NFE2L2 deficiency, pinkl™'~ mice
were treated with 50 mg/kg Trig (Sigma-Aldrich, T5509)
mixed in the drinking water [62].

Mouse tissue preparation

Eyes were fixed in 2.5% glutaraldehyde and 1% paraformalde-
hyde in 0.08 M cacodylate buffer for transmission electron
microscopy (TEM). The central 2 x 2 mm tissue around the
optic nerve was prepared for osmium-tannic acid-
paraphenylenediamine (OTAP) TEM to preserve neutral lipids
[63,64]. Ultrathin sections were stained with uranyl acetate and
lead citrate and examined with an electron microscope (JEM-100
CX; JEOL, Tokyo, Japan). Other eyes were fixed in 2% parafor-
maldehyde for immunohistochemistry or dissected and tissue
was placed in RLT lysis buffer (Qiagen, 74,104) or RIPA buffer
with protease and phosphatase inhibitors (Cell Signaling
Technology, 5872) for extraction of RNA and protein, respec-
tively, from the RPE with minimal choroidal contamination [65].

Cell culture

Human ARPE-19 cells were maintained as described [66].
Human induced pluripotent stem cells (Cb6.2 line) were
differentiated into RPE monolayers, as described [67].
Reagents used appear in Table S5. Cells were transfected
with 15nM PINKI, NFE2L2, TXNRDI1, AKT, ZEBI, or
scrambled control Silencer Select siRNA (ThermoFisher
Scientific, TableS5) in Lipofectamine 2000 (ThermoFisher
Scientific, 11,668,019) for 24h after which medium was
switched to regular RPE medium (Corning, 10-092-CV).
For shRNA experiments, cells were treated with PINKI or
scrambled lentiviral particles per the manufacturer’s protocol
(Origene, TL320728V). For experiments, cells were treated
with the specific reagents listed in Table S5 for 4 or 24 h.
Dendrimer-tagged NAC with or without tri-phenyl-
phosphonium (TPP) was synthesized as described [59]. For

using the cell aspect ratio with Image) (>15 cells measured/group, N = 5). (I) RPE cell survival from freshly dissected eyecups was assessed using ethidium
homodimer staining with TJ1 immunolabeling to identify cell margins. The number of ethidium-stained nuclei was quantified and presented in the graph. A toxic
dose of CSE (1000 pg/ml) was used. Bar: 25 um. Mean + SD, Student’s t-test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7. TPP-D-NAC prevents RPE EMT to the RPE of pink1™~ mice. WT and pink1™~ mice were treated with intraperitoneal TPP-D-NAC (25 mg/kg) or NAC (25 mg/
kg) for 1 month. (a) RPE flatmounts stained with anti-TJ1 were imaged at 20X. Cell morphology was plotted after calculating the cell aspect ratio (>20 cells
measured/group). (b) Superoxide anion in the RPE was measured using DHE labeling and quantified as the fold change of DHE labeled RPE in pink1™~:WT mice using
DAPI nuclei to count cells. (c) Western blot of p-AKT and AKT and quantified in the graph as fold change (N = 3). ACTB was used as loading control. (d) Zeb1 was
assessed using TagMan RT-qPCR and plotted as fold change after ddCT calculations (N = 3). Mean + SD, Student’s t-test; *P < 0.05, **P < 0.01, ***P < 0.001,

*¥*%P < 0.0001. Bar: 25 pum.

gene overexpression studies [68], 0.5-1.0 pg of plasmid DNA
was used for transfection, and cells were collected 48 h after
transfection. pCLBW COX8A EGFP mCherry plasmid
(COX8A-EGFP-mCherry) was purchased (Addgene, 78,520;

deposited by the laboratory of Dr. David Chan) and the
sequence corresponding to COX8A-EGFP-mCherry was sub-
cloned into an adenovirus vector at Vector Biolabs as a paid
service. The cells were infected at 50 multiplicity of infection



Table 1. Antibodies used for immunohistochemistry studies.
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Immunohistochemistry Antibodies Concn Catalog # Vendor Location
Human Immunohistochemistry

Anti-PINK1 1:50 ab75487 Abcam Waltham, MA
Anti-SNAI 1:50 sc10432 Santa Cruz Biotechnology Dallas, TX
Mouse Flatmount immunohistochemistry

Anti-ZO1 1:1000 40-2200 ThermoFisher Scientific Waltham, MA
Alexa Fluor 594 1:200 A-11012 ThermoFisher Scientific Waltham, MA
Anti-ZO1-conjugated Alexa Fluor 488 1:1000 MA3-39,100-A488 ThermoFisher Scientific Waltham, MA
Human immunocytochemistry

Anti-TOMM20 1:1000 sc-17,764 Santa Cruz Biotechnology Dallas, TX
Anti-TIMM23 1:500 sc-514,463 Santa Cruz Biotechnology Dallas, TX
Anti-HSPD1 1:1000 sc-13,115 Santa Cruz Biotechnology Dallas, TX
Anti-MAP1LC3B 1:1000 L7543 MBL Woburn, MA
Anti-PRKN 1:1000 ab15954 Abcam Waltham, MA
Anti-ZO1-conjugated Alexa Fluor 488 1:1000 MA3-39,100-A488 ThermoFisher Scientific Waltham, MA
Anti-VIM conjugated Alexa Fluor 594 1:1000 7675 Cell Signaling Technology Danvers, MA
Alexa Fluor 594 anti-rabbit 1:200 A-11008 ThermofFisher Scientific Waltham, MA
Alexa Fluor 488 anti-mouse 1:200 A-11001 ThermoFisher Scientific Waltham, MA

for 24 h before conducting experiments as we previously
described [69]. The red and green fluorescence within single
cells were measured using Image] (Rasband, W.S., Image],
U. S. National Institutes of Health, Bethesda, Maryland,
USA, https://imagej.nih.gov/ij/ 1997-2018). The red:green
fluroscence ratio was calculated as a measure of mitophagy.

Immunohistochemistry

For human eyes fixed in 4% formaldehyde, antigens were
retrieved using the Target Retrieval System (Dako, S2367).
Deparaffinized sections were blocked with horse serum
(ThermoFisher, 26,050,070), incubated with primary antibody
(Table 1), then biotinylated anti-rabbit IgG (Vectastain®ABC-
AP Kit; Vector Labs, AK5001), and then with the ABC-AP.
Slides were incubated with levamizole added to blue substrate
working solution. Sections were imaged with a light micro-
scope equipped with the Cri-Nuance system (Perkin Elmer
Corp, Inc. Hopkinton, MA, USA) to remove melanin
pigment.

Mouse flatmounts or human cells were blocked with TBS
(Corning Inc., 46-012-CM), 1% BSA (Sigma-Aldrich, F4135),
5% goat serum (ThermoFisher, 50197Z) overnight at 4°C,
then primary and secondary antibodies (Table 1). Human
RPE cells were incubated with blocking serum - 1X TBS
(Corning Inc., 46-012-CM) containing 0.1% Triton X-100
(Sigma-Aldrich, X100) and then the primary antibody and
secondary antibodies (Table 1). Samples were examined with
a confocal microscope (ZEN LSM 710, Carl Zeiss Microscopy,
LLC, Thornwood, NY, USA).

Quantitative real-time RT-PCR

Reverse transcription was performed using random hexamers
and MultiScribe reverse transcriptase (Applied Biosystems,
4,311,235). Quantitative real-time RT-PCR analyses were per-
formed using Assay-on-Demand primer and probe sets
(Applied Biosystems; Table S6) with a StepOnePlus TaqgMan
system (Applied Biosystems).

RNA sequencing

Total RNA was isolated from cells using the RNeasy Plus Mini
Kit with on-column DNA digestion by RNase-free DNase
(Qiagen, 74,134). RNA integrity was verified using Agilent
Bioanalyzer 2100 (Agilent). Stranded RNA-seq library con-
struction was carried out using 100 ng RNA with the TruSeq
Stranded mRNA Sample Preparation Kit (Illumina,
20,020,594). Libraries were paired-end sequenced to 126
bases using a HiSeq 2500 Sequencing System (Illumina).

Analysis of RNA-Seq data

Using Illumina HiSeq, gene expression profiles were measured
of 3 siRNA-scrambled, 3 NFE2L2-siRNA, 3 PINKI1-siRNA, and
3 NFE2L2-PINKI-siRNA samples (Table S7). In total,
172,492,252 (51.3%) raw reads of RNA-Seq were uniquely
mapped to the GRCh37/hgl9 genome assembly using STAR
[70]. Differentially expressed genes between groups were identi-
fied through EdgeR [71]. Gene function enrichment analysis was
conducted using DAVID [72]. The heatmap and clustering of
gene expression were performed in R platform. To analyze the
association of differentially expressed genes with EMT, we used
a gene signature “HALLMARK EPITHELIAL MESEN
CHYMAL TRANSITION” from the GSEA database (https://
www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_
EPITHELIAL_ MESENCHYMAL_TRANSITION)

Western blot analysis

Western blot analysis was performed as described [73]. Some
experiments used Jurkat and activated Jurkat cell extracts sup-
plied in SDS sample buffer (Cell Signaling Technology, 9273) as
AKT control cell extracts. For mitochondrial extracts, cell pellets
or tissue pieces were lysed or homogenized in the cold mitochon-
drial buffer, provided by the Mitochondrial and Cytoplasmic
Extraction Reagents kit (Biovision, K256), with FAST Protease
Inhibitor (Sigma, S8820) added. Cytoplasmic and mitochondrial
protein fractions were prepared sequentially and quantified using
the Bio-Rad DC Protein Assay Kit (5,000,112).


https://imagej.nih.gov/ij/
https://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
https://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
https://www.gsea-msigdb.org/gsea/msigdb/cards/HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
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Table 2. Antibodies used for western blot experiments.

Catalog
Antibody Concn No Vendor Location
Anti-ACTB HRP 1to 5000 643,807 Biolegend San Diego, CA
conjugated
Anti-LMNB1 1to 1000 ab16048 Abcam Waltham, MA
Anti-VDAC1 1to 1000 ab14734 Abcam Waltham, MA
Anti-PINK1 1to 1000 P0051  Sigma-Aldrich St. Louis, MO
Anti-PRKN 1101000 P6248  Sigma-Aldrich St. Louis, MO
Anti-p-PRKN-Ser65 1 to 1000 Orb31254 Biorbyt St. Louis, MO
Anti-MAP1/LC3B 1t0 1000 L7543  Sigma-Aldrich St. Louis, MO
Anti-SQSTM1 1101000 M162-3 MBL Woburn, MA
Anti-VIM 1 to 1000 sC- Santa Cruz Dallas, TX
373,717  Biotechnology
Anti-CDH1 1to 1000 sc-7870 Santa Cruz Dallas, TX
Biotechnology
Rabbit polyclonal ~ 1to 1000 Ab62352 Abcam Waltham, MA
anti-NFE2L2
Anti-p-AKT Ser473  1to 1000 9271 Cell Signaling Danvers, MA
Technology
Rabbit anti-mouse 1 to 2000 Ab6728 Abcam Waltham, MA
(I9G) HRP
Goat polyclonal 110200 sc-6217 Santa Cruz Dallas, TX
anti-LMNB1 Biotechnology

Nuclear extracts were prepared using the NE-PER Nuclear
and Cytoplasmic Extraction Reagents (ThermoFisher, 78,833)
according to the manufacturer’s instructions. In general, 10 pg
protein was loaded per well onto 4-12% NuPage Bis-Tris gels
(ThermoFisher, NP0336) and iBlot2 Transfer Stacks
(ThermoFisher, IB23002) were used to transfer proteins
onto nitrocellulose membranes. Membranes were incubated
with the intended primary antibody and corresponding sec-
ondary antibodies (Table 2). Signal was detected with
a chemiluminescence detection system (Thermo Scientific,
Waltham, MA). Blots were imaged with an ImageQuant
LAS4000 scanner (GE Healthcare, Inc., Piscataway, NI,
USA), and band intensity is reported as arbitrary densito-
metric units using Image] software. ACTB for whole cell or
cytoplasmic protein, LMNA for nuclear protein fraction, and
VDACI for mitochondrial protein assessment were used for
signal normalization.

Cellular bioenergetics assay

Mitochondrial OCRs and ECARs from cell culture media was
quantified with the Seahorse Bioscience XFe96 analyzer
(Agilent Inc., Santa Clara, CA, USA) and the XF Cell Mito
Stress Test. Lactate was measured with a kit (BioVision,
K607). For Seahorse experiments, cellular respiration was
analyzed by directly measuring the mitochondrial oxygen
consumption rate (OCR) and extracellular acidification rate
(ECAR) from the cell culture media using a Seahorse
Bioscience XFe96 analyzer in combination with the Seahorse
Bioscience XF Cell Mito Stress Test assay kit (103,015-100) as
per the manufacturer’s protocol. Briefly, cells were plated at
50,000 cells/cm” and cultured on Seahorse XFe96 plates for
6 days along with siRNA. On the day of analysis, cell medium
was removed, cells were pretreated with 1 mmol/L glutamate
for 1 h and then changed to base medium supplemented with
25 mmol/L glucose, 2 mmol/L sodium pyruvate, and 2 mmol/
L glutamine (pH 7.4) followed by incubation at 37°C in
a non-CO, incubator for 1 h. The initial 35-min reading

established the baseline. After injections of 1 umol/L oligo-
mycin (complex V inhibitor; Agilent, 103,015-100), 1 umol/L
FCCP (proton gradient uncoupler that collapses proton elec-
trochemical gradients and allows the respiratory chain to
operate maximally; Agilent, 103,015-100), and complex
I inhibitors 0.5 pumol/L rotenone (Agilent, 103,015-100)-
antimycin (Agilent, 103,015-100) spaced 35 min apart, 4
time points were recorded. The OCR and ECAR were calcu-
lated by the Seahorse XFe96 Wave software.

Oxygen consumption assay by Mito-ID in mouse tissue

Oxygen consumption was assessed in freshly dissected mouse
eyes by Mito-ID (Enzo Life Sciences, ENZ-51045). Eye cups
were placed in black clear bottom 96-well plates (Corning
Inc., CLS3603) containing 150 ul RPE media containing 10%
FBS. Ten pl Mito-ID Extracellular O, Sensor probe (Enzo Life
Sciences, ENZ-51045-K100) was added and Mito-ID HS Oil
was used to seal each well. Samples were immediately ana-
lyzed at the beginning and after 30 min with a microplate
plate reader (BMG Labtech, Inc., Cary, NC, USA). Samples
were analyzed immediately and after 30 min with a microplate
plate reader (BMG Labtech, Inc., Cary, NC, USA).

Mitochondrial assays

ATP was determined using the CellTiter-Glo (CTG) ATP
assay (Promega, G7570). Mitochondrial superoxide and
MMP was assessed with MitoSOX and tetramethylrhodamine,
methyl ester, perchlorate (TMRM) assays, respectively
(ThermoFisher Scientific, M36008 and T668). Mitochondrial
and cytoplasmic H,O, was measured using mito-roGFP2-
Orpl(Addgene, 64,992; deposited by Dr. Tobias Dick) or cyto-
roGFP2 fusion protein (Addgene, 64,991; deposited by
Dr. Tobias Dick) as a redox sensitive biosensor after transfect-
ing the plasmids with Lipofectamine 2000 (ThermoFisher,
11,668,019) [74]. Untransfected cells were used as control.
Mitochondrial complex (I-1V) activities were performed
using commercially available kits (Biovision Inc., K968,
K660, K520, K287).

Cell migration assay

Cells were wounded with a plastic tip and photographed
(x100 magnification) 24 h later. The distance between the
edges was measured and averaged.

Cell viability assay

Cell viability was evaluated with the LIVE/DEAD Assay
(Invitrogen, L3224), as recommended by the manufacturer.
Cells were exposed for 30 min to calcein-AM, to measure cell
viability, ethidium homodimer (EthD-1), to measure cell
death, and 4',6-diamidino-2-phenylindole (DAPI), to visualize
DNA. Fluorescence was detected at excitation/emission of
495 nm/515 nm for calcein-AM, and at excitation/emission
of 495 nm/635 nm for EthD-1. The number of live cells with
calcein-AM and DAPI labeling, but not EthD-1 staining, was
counted and expressed as a percentage of control.



Statistical Analysis

The difference between groups was compared by Student’s
t-test using GraphPad Software (San Diego, CA) after verify-
ing that the data were normally distributed using the
Kolmogorov-Smirnov Test of Normality (https://www.socscis
tatistics.com/tests/kolmogorov/default.aspx). All data are
expressed as the mean + SEM or SD. Experiments were
conducted in triplicate and performed at least 3 times.
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