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ABSTRACT
The implications of nutrient starvation due to aging on the degeneration of the retinal pigment
epithelium (RPE) is yet to be fully explored. We examined the involvement of AMPK

activation in mitochondrial homeostasis and its relationship with the maintenance of a healthy
mitochondrial population and epithelial characteristics of RPE cells under nutrient starvation.
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Nutrient starvation induced mitochondrial senescence, which led to the accumulation of

reactive oxygen species (ROS) in RPE cells. As nutrient starvation persisted, RPE cells
underwent pathological epithelial-mesenchymal transition (EMT) via the upregulation of

('

TWIST1, a transcription regulator which is activated by ROS-induced NF-κB signaling.
Enhanced activation of AMPK with metformin decelerated mitochondrial senescence and EMT
progression through mitochondrial biogenesis, primed by activation of PGC1-α. Thus, by
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facilitating mitochondrial biogenesis, AMPK protects RPE cells from the loss of epithelial

81

&2

55

integrity due to the accumulation of ROS in senescent mitochondria under nutrient starvation.
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INTRODUCTION
The retinal pigment epithelium (RPE) is located between the Bruch’s membrane (BrM) and
the retina, and consists of a monolayer of postmitotic epithelial cells which do not undergo

further differentiation (1). As aging progresses, the RPE becomes dysfunctional, with a
decrease in its cell numbers, contributing to the disruption of retinal homeostasis (2). Aging
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also diminishes the circulatory function of the choriocapillaris (CC), the blood vessels behind
the RPE and BrM which supply nutrients and oxygen to the retina. Since nutritional support
for the RPE is provided by the CC, deficiencies in CC function with age may cause nutrient

('

starvation in the RPE (3). Although the RPE is known to protect the retina against tissue stress
and/or retinal damage, the detailed molecular mechanisms occurring during aging are not fully
understood.
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Under conditions of nutrient starvation, such as glucose withdrawal, RPE cells
predominantly rely on mitochondria for ATP production, increasing mitochondrial oxidative
phosphorylation (OXPHOS) (4). Reactive oxygen species (ROS), such as hydroxyl radicals,
superoxide, and hydrogen peroxide (H2O2) are often produced by the mitochondrial electron

55

transport chain (mETC), which produces ATP for cell survival under nutrient starvation (5).
However, as glucose withdrawal persists without the supply of other nutrients, mitochondria in
the RPE display depolarization accumulation with a decrease in oxygen consumption rate
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(OCR) (6). It has been suggested that the ability of RPE to tolerate oxidative stress can be
increased by well-controlled autophagy, which removes senescent and dysfunctional
mitochondria (7).
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The general RPE stress responses are characterized by epithelial-mesenchymal transition

(EMT), including RPE trans-differentiation, leading to the loss of RPE characteristics (8).
Because cell-cell junctions are essential for maintaining RPE integrity, progression of EMT is
likely to cause the deconstruction of epithelia-formed permeability barriers and RPE
3
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degeneration (9). It has been suggested that ROS plays a critical role during the EMT process
in cancerous epithelial cells by the loss of cell-cell junctions with degradation of junction

proteins such as CDH1/E-cadherin (10). The expression of junction proteins, during EMT, is
repressed by transcription factors, including Snail, Slug, Twist and ZEB, and activation of NFκB signaling is involved in the EMT process by stimulating the expression of these
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transcription factors (11-13). Notably, increased ROS levels have been observed to activate
NF-κB signaling, leading to EMT-related morphological changes (14).

AMP-activated protein kinase (AMPK) is a major player in the modulation of the metabolic
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system to cope with nutrient deficiency in cells (15). AMPK has been known to be responsible
for maintaining mitochondrial homeostasis through mitophagy and mitochondrial biogenesis,
by activation of the upstream kinase in mitophagy (ULK1) and peroxisome proliferator-
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activated receptor-γ (PPARγ) co-activator 1α (PGC1-α), respectively (16). However, little is
known about mitochondrial homeostasis in nutrient-starved RPE in terms of AMPK activation
and the subsequent maintenance of RPE integrity.

In this study, we investigated the role of AMPK in mitochondrial biogenesis under nutrient
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starvation, in which ROS levels increase owing to the accumulation of senescent mitochondria.
We further examined whether AMPK activation could decelerate EMT progression in RPE
cells under prolonged starvation conditions. The results of our study indicate that AMPK-
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induced mitochondrial biogenesis compensates for the loss of nascent and functional
mitochondria, contributing to the deceleration of RPE cell degeneration under nutrient

81

starvation.

RESULTS AND DISCUSSION
Nutrient starvation induces mitochondrial senescence and ROS accumulation
Since the accumulation of ROS is a known feature of mitochondrial senescence, we first
4
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examined the generation of ROS in RPE cells exposed to nutrient-depleted conditions by
monitoring DCF-DA fluorescence (Fig. 1A). We observed that fluorescence increased in a
starvation and time-dependent manner up to 9 h and then reduced at 12 h (red arrow in Fig.

1A). Interestingly, cellular ROS levels further increased after 12 h of continued nutrient
starvation. To explain this fluctuation in ROS levels in RPE cells under prolonged nutrient
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starvation, we hypothesized that starvation-induced ROS generation could be regulated by
AMPK, as a main sensor of cellular nutrient status (17).

To test this hypothesis, we first monitored AMPK phosphorylation in RPE cells under

('

nutrient starvation conditions (Fig. 1B). Depletion of nutrients caused an increase in the levels
of phosphorylated AMPK up to 12 h, but the extent of AMPK phosphorylation decreased after
12 h. We next investigated mitochondrial turnover in cells under nutrient starvation conditions
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by tracing the fluorescence of MitoTimer protein (Fig. 1C). Green and red fluorescence of
MitoTimer indicate nascent and senescent mitochondria, respectively (18). During the initial
12 h of nutrient starvation, RPE cells displayed yellow fluorescence in the merged image,
indicating that nascent and senescent mitochondria were present together. However, red
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fluorescence was dominant in cells under prolonged starvation conditions after 12 h, suggesting
the accumulation of senescent mitochondria.
We further investigated the shape of mitochondria to infer mitochondrial senescence in RPE
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cells under nutrient starvation conditions (Fig. 1D). Mitochondria maintained their general
morphology by showing elongated tubular forms for up to 12 h of nutrient starvation. However,
consistent with the previous results (Fig. 1C), mitochondria under prolonged nutrient starvation
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displayed enlarged spherical forms. To further confirm changes in mitochondrial morphology
and senescence, RPE cells under prolonged nutrient starvation were monitored by transmission
electron microscopy (TEM) (Fig. 1E). RPE cells under nutrient starvation for up to 36 h
exhibited extensive disruption of structural integrity with deteriorated mitochondrial cristae,
5
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when compared to non-starved RPE cells harboring healthy normal-appearing mitochondria
with clear inner membranes and dense matrix space. Taken together, our results show that

prolonged nutrient starvation causes mitochondrial senescence in RPE cells, and that AMPK
phosphorylation decreases with ROS accumulation.

35

AMPK maintains a healthy mitochondrial population through mitochondrial biogenesis

Based on the finding that RPE cells display an increase in ROS and senescent mitochondria
under nutrient starvation after 12 h (Fig. 1), we examined whether AMPK activation led to a

('

decrease in ROS accumulation in RPE cells under nutrient starvation conditions (Fig. 2A). RPE
cells were treated with either compound C (Comp C), a known inhibitor of AMPK activation
(Fig. S1), or chloramphenicol (CAP), an inhibitor of mitochondrial protein translation.
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Consistent with the results shown in Fig. 1A, ROS fluorescence intensity was rarely observed
in control cells under nutrient starvation for 12 h. However, in both Comp C- and CAP-treated
cells, ROS fluorescence was significantly increased in cells under nutrient starvation for 12 h.
This result suggests that starvation-induced ROS accumulation can be reduced by either AMPK
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activation or mitochondrial biogenesis.

Next, we tested whether the inhibition of AMPK activation or mitochondrial biogenesis
affects mitochondrial morphology in RPE cells under nutrient starvation. When cells were
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nutrient-starved for 12 h in the presence of Comp C or CAP, round shape with perinuclear
clustering of mitochondria was observed, which reflects abnormal mitochondrial morphology
(Fig. 2B). In accordance with this morphological disturbance in mitochondria, the red-green

81

fluorescence ratio of MitoTimer was approximately 6-fold higher than that of cells without
inhibitor treatments (Fig. 2C). These results indicate that the population of nascent
mitochondria diminished with AMPK inactivation and/or inhibition of mitochondrial
biogenesis in RPE cells under nutrient starvation.
6
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We further examined mitochondrial functionality in nutrient-starved RPE cells under AMPK
inactivation and/or inhibition of mitochondrial biogenesis by measuring the mitochondrial
membrane potential (ΔΨM) (Fig. 2D). Mitochondrial dysfunction induces a decrease in ΔΨM,

which can be identified by measuring MitoTracker double-stained cells by flow cytometry.
MitoTracker Green accumulates in the mitochondrial matrix regardless of ΔΨM, representing
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the mass of mitochondria in cells, and MitoTracker Red stains polarized mitochondria with a
negative membrane potential, indicating functional mitochondria (19). When RPE cells were
subjected to nutrient starvation for 12 h, the cellular population with functional mitochondria

('

did not change. In contrast, when nutrient-starved cells were treated with Comp C or CAP, the
cellular population with dysfunctional mitochondria was significantly increased (Fig. 2D).
Taken together, these results suggest that AMPK inactivation and the inhibition of
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mitochondrial biogenesis induce an increase in the senescent mitochondrial population with
features of swollen shape, increased senescent mitochondrial protein (i.e., MitoTimer Red),
and mitochondrial dysfunction in RPE cells under nutrient starvation.
It is known that PGC1-α, one of the main transcription factors for mitochondrial biogenesis,
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is phosphorylated by AMPK and translocated to the nucleus for the upregulation of the
mitochondrial transcription factor A (TFAM) (16, 20). We examined the activation of PGC1-α
by monitoring PGC1-α nuclear translocation under nutrient starvation conditions (Fig. 2E).
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PGC1-α was predominantly present in the cytoplasm prior to starvation and was translocated
to the nucleus after continued nutrient withdraw. However, PGC1-α rarely translocated to the
nucleus when the Comp C was used. Thus, the activation of AMPK is likely to induce the

81

translocation of PGC1-α to the nucleus. In the same context, we observed that AMPK inhibition
led to the failure of TFAM transcription under nutrient starvation conditions (Fig. 2F). Thus,
our results indicate that activation of AMPK leads to the activation of PGC1-α and TFAM,
which are responsible for mitochondrial biogenesis in RPE cells under nutrient starvation
7
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conditions.

Activated AMPK protects mitochondrial senescence and epithelial-mesenchymal
transition

Since AMPK activation attenuates ROS through mitochondrial biogenesis under nutrient

35

starvation conditions (Fig. 2), we investigated whether AMPK activation can also attenuate

mitochondrial senescence and EMT progression in RPE cells under prolonged nutrient
starvation. To enhance the activation of AMPK, metformin (Met), a drug used to treat diabetes

('

mellitus patients, was employed (21). We first examined whether ROS accumulation was
decreased by Met-assisted AMPK activation under prolonged starvation (Fig. 3A). When cells
were consistently exposed to prolonged nutrient starvation for up to 36 h, ROS fluorescence

(&
7

increased substantially. In contrast, accumulation of ROS fluorescence was rarely observed
after Met-treatment during prolonged nutrient starvation (36 h).
Next, we investigated whether Met-treatment leads to continued activation of PGC1-α,
which is involved in mitochondrial biogenesis (Fig. 3B). We observed translocation of PGC1-
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α to the nucleus in cells treated with Met under prolonged starvation. This result suggests that
activated AMPK is likely to induce PGC1-α for mitochondrial biogenesis under prolonged
nutrient starvation. Using the MitoTimer fluorescence assay, we observed that continued

&2

activation of AMPK with Met or AICAR (direct AMPK agonist) resulted in delayed
mitochondrial senescence (Fig. S2A and S2B). When cells were treated with Met for further
activation of AMPK under prolonged starvation, there were more nascent mitochondria than

81

the cells without Met-treatment. This result was further supported by the mitochondrial
functionality assay performed under the same conditions (Fig. S2C). Prolonged starvation
significantly induced mitochondrial damage in cells, which was reduced by treatment with the
AMPK activator Met. Thus, Met-treated RPE cells maintained mitochondrial quality control
8
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through AMPK activation under prolonged starvation conditions.
We next addressed whether Met-assisted AMPK activation can maintain intact mitochondrial
morphology in RPE cells under prolonged nutrient starvation (Fig. 3C). Mitochondria with

swollen shape and perinuclear clustering were distinctively observed in cells under prolonged
starvation, while mitochondria displayed a normal reticulated shape in starved cells treated

35

with Met. Furthermore, TEM image of prolonged starved RPE cells exhibited extensive

structural damage in the mitochondria, such as enlarged shape and disrupted mitochondrial
cristae, compared with starved-cells treated with the AMPK activator Met (Fig. 3D). Based on

('

these results on mitochondrial morphology and functionality, we suggest that mitochondrial
senescence is prevented by continued activation of AMPK through mitochondrial biogenesis,
despite prolonged starvation in RPE cells.
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Next, we examined whether prolonged nutrient starvation induces EMT in RPE cells and
whether AMPK activation can delay EMT progression. To monitor EMT progression in RPE
cells, the presence of CDH1/E-cadherin and vimentin (VIM), markers of epithelial and
mesenchymal cells, respectively, was assessed by fluorescent monitoring. The epithelial
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marker CDH1 was present in the cell-cell junctions of RPE cells under nutrient starvation for
up to 12 h, whereas the mesenchymal marker VIM was mainly observed in cells with persistent
starvation for up to 24 h. Interestingly, this EMT progression was significantly reduced with

&2

Met-treatment in cells under prolonged starvation for up to 24 h, in which the fluorescence
ratio of VIM-to-CDH1 was approximately 14-fold lower than that of cells without Mettreatment (Fig. 4A). The delay of EMT progression with AMPK activation was also

81

demonstrated with the AMPK agonist (AICAR) treatment (Fig. S3A). These results suggest
that AMPK activation decelerates EMT progression in cells under prolonged starvation. To
further confirm the effect of AMPK activation on the maintenance of epithelial characteristics,
we tested whether AMPK inhibition by Comp C could accelerate EMT progression in RPE
9
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cells under nutrient starvation (Fig. S3B). Significant progression of EMT was not observed in
RPE cells under nutrient starvation for up to 12 h, but cells treated with Comp C showed a
faster onset of EMT than cells without Comp C. Hence, we suggest that AMPK activation not

only contributes to reduce EMT progression but also delays senescent changes in mitochondria
in RPE cells under nutrient starvation conditions.
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It has been known that EMT is induced by the transcription of EMT-related genes such as

SNAI1 or TWIST1 following activation of NF-κB (10). To address the signaling pathway
underlying EMT progression by AMPK activation, we examined the activation of NF-κB in

('

RPE cells under prolonged starvation conditions using a dual-luciferase reporter assay (Fig.
4B). NF-κB activity was not elevated under nutrient starvation for up to 12 h but significantly
increased after 24 h of starvation. However, NF-κB activation was significantly decreased in
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cells treated with the Met under nutrient starvation for 24 h. This result indicates that enhanced
activation of AMPK attenuates starvation-induced NF-κB activation. We next investigated the
transcription of EMT-related genes by monitoring TWIST1 and SNAI1 mRNA levels in cells
under nutrient starvation (Fig. S3C). TWIST 1 mRNA levels were significantly increased in
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cells undergoing continued starvation for up to 24 h (Fig. S3C and Fig. 4C). The enhanced
level of TWIST1 mRNA was reduced by Met treatment, implying that TWIST1, through NFκB activation, is responsible for EMT progression in RPE cells under nutrient-depleted
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conditions. In addition, to confirm that TWIST1 is indeed involved in EMT during starvation,
we examined whether EMT progression was attenuated in RPE cells transfected with TWIST1
siRNA (Fig. S3D). Cells transfected with TWIST1 siRNA showed the presence of CDH1 in

81

the cell-cell junctions, with little VIM fluorescence, even under nutrient starvation, while both
non-transfected and control siRNA-transfected cells showed depleted CDH1 fluorescence
under nutrient starvation. Collectively, our findings indicate that AMPK activation can
decelerate TWIST1-mediated EMT progression in RPE cells, which leads to attenuation of
10
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RPE degeneration induced by nutrient starvation.
In conclusion, our studies demonstrate that activated AMPK downregulates the accumulation

of ROS and mitochondrial senescence in RPE cells under nutrient starvation (Fig. 4D). As RPE
cells were exposed to nutrient starvation, activation of AMPK maintained a healthy
mitochondrial population by facilitating mitochondrial biogenesis through the activation of

35

PGC1-α and subsequent TFAM transcription. Furthermore, stimulation of AMPK-induced
mitochondrial biogenesis was beneficial for the efficient suppression of oxidative stress caused
by nutrient starvation-induced senescent mitochondria. As starvation persisted, RPE cells

('

underwent EMT, which induced RPE degeneration. EMT progression was facilitated by the
activation of TWIST1 transcription, following the ROS-induced NF-κB pathway in RPE cells
under prolonged starvation. We observed that enhanced activation of AMPK delayed the onset
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of EMT progression by reducing ROS accumulation under nutrient starvation. Our results
provide an insight into the mechanisms of RPE degeneration by senescent mitochondria,
suggesting that AMPK activation would be beneficial in impeding the progression of retinal

55

degeneration.

MATERIALS AND METHODS

&2

Detailed materials and methods are available in Supplementary Material.

ACKNOWLEDGMENTS
This research was supported by a grant from the National Research Foundation of Korea (NRF)

81

funded by the Korean government, Ministry of Science, and ICT (2017R1E1A1A01074656).

CONFLICTS OF INTEREST
The authors declare that they have no conflicts of interest.
11

22
)

FIGURE LEGENDS
Fig 1. AMPK activation decreases the level of ROS produced by senescent mitochondria
under nutrient starvation. ARPE-19 cells were starved with HBSS medium for 0–36 h. (A)

Fluorescence microscopy images of DCF-DA-stained ARPE-19 cells under nutrient starvation

for 0–36 h. Scale bar: 275 μm. Bar graph indicates the fluorescence intensity of DCF, which

35

was normalized to starvation 0 h. The data are presented as the mean ± SEM, n = 3.

***

P<

0.005. (B) Western blot analysis of AMPK and p-AMPK under nutrient starvation for 0–36 h.
The graph indicates the ratio of p-AMPK to total AMPK. (C) Confocal fluorescence

('

microscopy images of MitoTimer-expressing cells under nutrient starvation for 0–36 h. Scale
bar: 10 μm. Bar graph represents the red-to-green fluorescence ratio of MitoTimer. Data are
presented as the mean ± SEM, n = 3. *P < 0.05. (D) Confocal fluorescence microscopy images
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of MitoTracker Red-stained cells under nutrient starvation for 0–36 h. Nuclei were stained with
DAPI (blue). Scale bar: 10 μm. (E) TEM images showing mitochondrial internal structures of
ARPE-19 cells under nutrient starvation for 0 or 36 h. Green- and yellow-colored arrows

55

indicate healthy and damaged mitochondria, respectively. Scale bar: 500 nm.

Fig 2. Inhibition of AMPK-dependent mitochondrial biogenesis increases ROS and
mitochondrial senescence during nutrient starvation. ARPE-19 cells were starved with

&2

HBSS medium in the presence or absence of Comp C (5 μM) and CAP (50 μg/ml) for 12 h. (A)
Fluorescence microscopy images of DCF-DA-stained ARPE-19 cells. Scale bar: 275 m. Bar
graph indicates the fluorescence intensity of DCF, which was normalized to starvation 0 h in

81

the presence or absence of Comp and CAP. Data are presented as the mean ± SEM, n = 3. **P
< 0.01. (B) MitoTracker Red-stained cells under nutrient starvation for 12 h in the presence or
absence of Comp C and CAP. Nuclei were stained with DAPI (blue). Scale bar: 10 μm. (C)
Images in MitoTimer-expressing cells under nutrient starvation for 12 h in the presence or
12
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absence of Comp C and CAP. Scale bar: 10 μm. Bar graph represents the red-to-green
fluorescence ratio of MitoTimer. Data are presented as the mean ± SEM, n = 3. **P < 0.01 and
***

P < 0.005. (D) Flow cytometric assay for percentage population of cells with dysfunctional

mitochondria in the presence or absence of Comp C and CAP. Bar graphs indicate the
percentage of cells with dysfunctional mitochondria. Data are presented as the mean ± SEM,

35

n= 3. *P < 0.05. (E) PGC1-α-immunostained (green) ARPE-19 cells under nutrient starvation
for 12 h in the presence or absence of Comp C. Nuclei were stained with DAPI (blue). Scale

bar: 10 μm. (F) Quantitative real-time PCR of ARPE-19 cells under nutrient starvation for 12

('

h in the presence or absence of Comp C. Bar graph indicates the relative mRNA level of TFAM
which was normalized to starvation 0 h in the presence or absence of Comp C. Data are
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presented as the mean ± SEM, n = 3. ***P < 0.005.

Fig 3. AMPK activation promotes mitochondrial quality control under nutrient
starvation. ARPE-19 cells were starved with HBSS medium in the presence or absence of Met
(1 mM; pre-treated for 2 h) for 36 h. (A) Fluorescence microscopy images of DCF-DA-stained

55

ARPE-19 cells. Scale bar: 275 m. Bar graph indicates the fluorescence intensity of DCF,
which was normalized to starvation 0 h in the presence or absence of Met. Data are presented
as the mean ± SEM, n = 3. **P < 0.01. (B) Images of PGC1-α-immunostained (green) ARPE-

&2

19 cells under nutrient starvation for 36 h in the presence or absence of Met. Nuclei were
stained with DAPI (blue). Scale bar: 10 μm. (C) MitoTracker Red-stained cells under nutrient
starvation for 36 h in the presence or absence of Met. Nuclei were stained with DAPI (blue).

81

Scale bar: 10 μm. (D) TEM images showing mitochondrial internal structures of cells under
nutrient starvation for 36 h in the presence or absence of Met. Green- and yellow-colored
arrows indicate healthy and damaged mitochondria, respectively. Scale bar: 500 nm.
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Fig 4. AMPK decelerates EMT by down-regulating TWIST1 under prolonged starvation.
ARPE-19 cells were starved with HBSS medium in the presence or absence Met (1 mM; pretreated for 2 h) for 0–24 h. (A) CDH1 and VIM-immunostained (green and red, respectively)

ARPE-19 cells under nutrient starvation for 0–24 h in the presence or absence of Met. Nuclei

were stained with DAPI (blue). Scale bar: 50 μm. Bar graph represents the VIM-to-CDH1

35

fluorescence ratio. Data are presented as the mean ± SEM, n = 3. **P < 0.01. (B) Dual-luciferase

reporter assay for NF-κB activation in ARPE-19 cells under nutrient starvation for 0–24 h in
the presence or absence of Met. Bar graph represents the activity of NF-κB luciferase which

('

was normalized to Renilla luciferase. Data are presented as the mean ± SEM, n = 3. *P < 0.05.
(C) Quantitative real-time PCR for the relative mRNA level of TWIST1 in ARPE-19 cells
under nutrient starvation, which was normalized to starvation 0 h in the presence or absence of
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Met. Data are presented as the mean ± SEM, n = 3. *P < 0.05. (D) Proposed mechanism of the
cellular fate of the RPE under nutrient starvation via AMPK activation and the epithelial-

81
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mesenchymal transition (EMT).
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MATERIALS AND METHODS
Reagents and antibodies

2′,7′-dichlorofluorescin diacetate (DCF-DA; D6883), compound C (Comp C; 171260),
chloramphenicol (CAP; C0378), 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR;

A9978), and metformin (Met; D150959) were purchased from Sigma-Aldrich (Burlington, MA,
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USA). 4′,6-diamidino-2-phenylindole (DAPI; D1306), MitoTracker Red CMX/Ros (M7512),
MitoTracker Green FM (M7514), ProLong Gold antifade reagent (P36934), and Lipofectamine
3000 (L3000015) were supplied by Invitrogen (Waltham, MA, USA). Protease & phosphatase
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inhibitor cocktail (78,442) was purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Dulbecco's Modified Eagle Medium:Nutrient Mixture F-12 (DMEM/F12; 11330-032), Hank’s
buffered salt solution (HBSS; 24020117) and Opti-MEM (31985070) were purchased from
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GIBCO (Waltham, MA, USA). Fetal bovine serum (FBS) and penicillin-streptomycin solutions
(LS202-02) were supplied by Welgene (Deagu, Korea). 10X Phosphate-buffered saline (PBS;
L615-500) was supplied by Biowest (Riverside, MO, USA).
The following antibodies were used: anti-AMPKα (2532S) and phospho-AMPKα (2535S)
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antibodies were purchased from Cell Signaling (Danvers, MA, USA). Anti-GAPDH (ab181602)
and PGC1-α (ab54481) were supplied by Abcam (Cambridge, UK). Horse radish peroxidase
conjugated goat anti-rabbit immunoglobulin (sc-2004) and Horse radish peroxidase conjugated
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goat anti-mouse immunoglobulin (sc-2031) were obtained from Santa Cruz Biotechnology
(Dallas, TX, USA). Alexa Fluor 488-conjugated goat anti-rabbit immunoglobulin (A-11008),
Alexa Fluor 488-conjugated goat anti-mouse immunoglobulin (A-11001), and Alexa Fluor
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555-conjugated goat anti-rabbit immunoglobulin (A-21428) were purchased from Invitrogen.

Cell culture and siRNA transfection
Retinal pigment epithelial cells (ARPE-19; CRL-2302; American Type Culture Collection,
2
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ATCC) were maintained in DMEM/F12 medium supplemented with 10% heat-inactivated FBS
and 1% penicillin/streptomycin. Cells were kept in an incubator, humidified at 37 °C with 5%

CO2. Cells were starved with HBSS minimal medium. To knockdown TWIST1, ARPE-19 cells
were incubated in Opti-MEM medium and transfected with anti-TWIST1 siRNA (sc-38604;
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Santa Cruz Biotechnology) using Lipofectamine 3000.

Reactive oxygen species detection

ARPE-19 cells were seeded on glass coverslips (Ф12 mm) placed in a 24-well plate and
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starved with HBSS minimal medium under various conditions at 37 °C. After incubation, cells
were treated with DCF-DA (10 μM) in the dark at 37 °C for 10 min. Cells were washed with

Western blot analysis
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PBS and examined under a fluorescence microscope (AMF7000; Invitrogen).

RIPA buffer (50 mM Tris-HCl, pH 8, 150 nM NaCl, 0.1% SDS, 0.5% sodium deoxycholate,
1.0% Tergitol®, 10 mM 2-mercaptoethanol, 1 mM phenylmethanesulfonylfluoride) including
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a protease & phosphatase inhibitor cocktail was used to lyse the cells. Bradford assay (5000006;
Bio-Rad; Hercules, CA, USA) was used to determine the protein concentration. SDS
polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate proteins (15-20 g per
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lane) and then proteins were transferred to an Immobilon-P PVDF membrane (IPVH00010;
Millipore; Burlington, MA, USA). Membranes were blocked with 3% bovine serum albumin
(BSA100; LPS solution; Daejeon, Korea) dissolved in tris buffered saline tween-20 (TBST)
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buffer (25 mM Tris, 150 mM NaCl, 2 mM KCl, 0.1% Tween 20, pH 7.4) for 1 h at room
temperature, followed by incubation overnight with primary antibodies (1:1000 to 1:80,000) at
4 °C. After washing with TBST buffer, membranes were incubated with horseradish
peroxidase-conjugated anti-rabbit and anti-mouse immunoglobulin for 2 h at room temperature.
3
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After 2 h, membranes were revealed using an enhanced chemiluminescence system
(WBKLS0500; Millipore) and signals were detected using a G:BOX Chemi XL (Syngene;
Frederick, MD, USA).

Analysis of mitochondrial morphology
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Cells were seeded on glass coverslips (Ф12 mm) placed in a 24-well plate and starved with

HBSS minimal medium under various conditions at 37 °C. After incubation, cells were washed
with PBS and incubated with 100 nM of MitoTracker Red CMX/Ros (diluted in Opti-MEM)
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at 37 °C for 10 min in the dark. Cells were subsequently washed thrice with pre-warmed PBS
and fixed with 4% paraformaldehyde for 1 h. After washing, the nuclei were stained with 300
nM of DAPI (diluted in PBS) in the dark at room temperature. Cells were washed with PBS
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for 10 min three times after each step. Coverslips were mounted with ProLong Gold antifade
reagent on a glass slide. Red fluorescence resulting from the mitochondria was observed using
a confocal fluorescence microscope (LSM800; Carl Zeiss, Jena, Germany).
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MitoTimer fluorescence assay for mitochondrial turnover
Cells were seeded on glass coverslips (Ф12 mm) placed in a 24-well plate and transfected
with plasmids encoding MitoTimer (52659; Addgene, Watertown, MA, USA) using
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Lipofectamine 3000. After transfection, cells were washed with PBS and the medium was
replaced with 10% DMEM/F12 medium. Cells were starved with HBSS minimal medium
under various conditions at 37 °C. After incubation, cells were fixed with 4%
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paraformaldehyde for 1 h. Nuclei were stained with 300 nM of DAPI (diluted in PBS). Cells
were washed with PBS for 10 min three times after each step. Cells were observed under a
confocal fluorescence microscope (LSM800; Carl Zeiss). MitoTimer fluorescence was
quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
4
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Flow cytometric analysis

Cells were seeded in 6-well plates and starved with HBSS minimal medium under various

conditions at 37 °C. The cells were washed with pre-warmed PBS and stained with MitoTracker
Red CMX/Ros (100 nM) and MitoTracker Green FM (50 nM) at 37 °C for 10 min in the dark.

cytometer (Beckman Coulter, Brea, CA, USA).
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Quantitative real-time PCR analysis
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Cells were collected and resuspended in PBS. Cells were analyzed using a CytoFLEX flow

Cells were seeded in 6-well plates and starved with HBSS minimal medium under various
conditions at 37 °C. After collecting the cells, total RNA was isolated using TransZol-Up

(&
7

reagent (ET111-01; TransGen Biotech, Beijing, China) according to the manufacturer’s
instructions. cDNAs were synthesized from 1 μg of total RNA using ReverTra Ace™ qPCR
RT Master Mix (FSQ-201; TOYOBO, Osaka, Japan) according to the manufacturer’s
instructions. cDNAs were amplified by quantitative real-time PCR using the QuantiNova
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SYBR Green PCR Kit (208054; QIAGEN, Hilden, Germany). Primer sequences used are listed
in Table S1. The fluorescence signal was detected using Rotor-Gene Q (QIAGEN). The
following cycle conditions were applied: 95 °C for 5 min, followed by 40 cycles at 95 °C for
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10 s, and 53 °C for 45 s, and melting step from 58 °C to 95 °C.

Immunocytochemistry
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Cells were seeded on glass coverslips (Ф12 mm) placed in a 24-well plate and starved with

HBSS minimal medium under various conditions at 37 °C. After incubation, cells were fixed
with 4% paraformaldehyde for 1 h. Cells were then permeabilized with 0.2% Triton X-100 for
15 min at room temperature, followed by blocking with 3% bovine serum albumin for 1 h at
5
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room temperature. Primary antibodies were incubated overnight at 4 °C, and fluorescenceconjugated secondary antibodies were added for 2 h at room temperature. Nuclei were stained

with 300 nM of DAPI (diluted in PBS). Cells were washed with PBS for 10 min three times
after each step. Cells were mounted with ProLong Gold antifade reagent on a slide glass and
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observed under a confocal fluorescence microscope (LSM800; Carl Zeiss).

Dual-luciferase reporter assay

Cells were seeded in a 24-well plate and co-transfected with luciferase-expressing NF-κB
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plasmids (Promega; Madison, WI, USA) and luciferase-expressing Renilla plasmids (Promega)
using Lipofectamine 3000. After transfection, cells were washed with PBS and the medium
was replaced with 10% DMEM/F12 medium. Cells were starved with HBSS minimal medium
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under Met pretreatment (1 mM for 2 h) at 37 °C for 12 and 24 h. After incubation, the cells
were lysed using a passive lysis buffer (Promega). Luciferase assay was performed using the
Dual-Luciferase Reporter Assay System (E1910; Promega) according to the manufacturer’s
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instructions.

Transmission electron microscopy

Cells were seeded in a 100-mm dish and starved with HBSS minimal medium under Met
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pretreatment (1 mM for 2 h) at 37 °C for 36 h. After incubation, cells were fixed with
Karnovsky’s fixative (2% glutaraldehyde and 2% paraformaldehyde in 0.05 M sodium
cacodylate buffer) at 4 °C overnight. After three washes with 0.05 M sodium cacodylate buffer,
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cells were post-fixed with 1% osmium tetroxide diluted in 0.1 M cacodylate buffer at 4 °C for
1 h. Cells were washed three times with distilled water and en bloc stained in 0.5% uranyl
acetate for 30 min at 4 °C. Cells were dehydrated with various concentrations (30% to 100%)
of ethanol and transitioned into 100% propylene oxide. Dehydrated cells were embedded with
6
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Spurr’s resin in propylene oxide and polymerized in Spurr’s resin at 70 °C overnight. After
ultramicrotome sectioning (PowerTome PC; RMC Boeckeler, Tucson, AZ, USA), sections
were sequentially stained with 2% uranyl acetate and Reynolds lead citrate. Samples were
observed using a transmission electron microscope (LIBRA 120; Carl Zeiss).
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Statistical analysis

Replicate data were expressed as the mean ± standard error of the mean (SEM). Paired data
were evaluated using Student’s t-test, in which a value of P < 0.05 was considered statistically
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significant.
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Supplementary Table and Figures

Table S1. Primer sequences for PCR
Gene Name

SNAI1

Reverse Primer

5' CCA CTC CGC CCT ATA AGC 3'

Forward Primer

5' TTC TCG GTC TGG AGG ATG GA 3'

Reverse Primer

5' CCC ACG CCC TGT TTC TTT GAA 3'

Forward Primer

5' GAA AGG CCT TCA ACT GCA AA 3'

Reverse Primer

5' TGA CAT CTG AGT GGG TCT GG 3'

Forward Primer

5' ACC ACA GTC CAT GCC ATC AC 3'
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GAPDH

5' AGC TCA GAA CCC AGA TGC 3'

35

TWIST1

Forward Primer
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TFAM

Sequence

5' TCC ACC ACC CTG TTG CTG TA 3'
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Reverse Primer
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Fig S1. Comp C treatment inhibits AMPK activation under nutrient starvation. ARPE-19
cells were starved with HBSS media for 12 h in the presence or absence of Comp C (5 μM).
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Western blot analysis of AMPK and p-AMPK under nutrient starvation.
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Fig. S2. AMPK activation promotes mitochondrial quality control under nutrient
starvation. (A) Confocal fluorescence microscopy images of MitoTimer-expressing cells
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under nutrient starvation for 36 h in the presence or absence of Met (1 mM; pre-treated for 2
h). Scale bar: 10 μm. Bar graph represents the red-to-green fluorescence ratio of MitoTimer.
Data are presented as the mean ± SEM, n = 3.
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***

P < 0.005. (B) Confocal fluorescence
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microscopy images of MitoTimer-expressing cells under nutrient starvation for 36 h in the
presence or absence of AICAR (2 mM; pre-treated for 1 h). Scale bar: 10 μm. Bar graph
represents the red-to-green fluorescence ratio of MitoTimer. (C) Flow cytometric assay for
mitochondrial dysfunction in ARPE-19 cells under nutrient starvation for 36 h in the presence

or absence of Met (1 mM; pre-treated for 2 h). The percentage population of cells with

35

dysfunctional mitochondria is represented in each graph. Bar graphs indicate the percentage of

cells with dysfunctional mitochondria. Data are presented as the mean ± SEM, n = 3. *P < 0.05
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and ***P < 0.005.
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Fig. S3. AMPK decelerates EMT by down-regulating TWIST1 under prolonged
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starvation. (A) Confocal fluorescence microscopy images of CDH1 and VIM-immunostained
(green and red, respectively) ARPE-19 cells under nutrient starvation for 0–24 h in the presence
or absence of AICAR (2 mM; pre-treated for 1 h). Nuclei were stained with DAPI (blue). Scale
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bar: 50 μm. The graph represents the VIM-to-CDH1 fluorescence ratio. (B) Confocal
fluorescence microscopy images of CDH1 and VIM-immunostained (green and red,
respectively) ARPE-19 cells under nutrient starvation for 0–12 h in the presence or absence of
12
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Comp C (5 μM). Nuclei were stained with DAPI (blue). Scale bar: 50 μm. The graph represents
the VIM-to-CDH1 fluorescence ratio. Data are presented as the mean ± SEM, n = 3.

***

P<

0.005. (C) Quantitative real-time PCR for ARPE-19 cells under nutrient starvation for 0–24 h.
Bar graph indicates the relative mRNA level of TWIST1 and SNAI1 which were normalized
to starvation 0 h. Data are presented as the mean ± SEM, n = 3.

**

P < 0.01. (D) Confocal
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fluorescence microscopy images of CDH1 and VIM-immunostained (green and red,

respectively) ARPE-19 cells under nutrient starvation for 0–24 h after control and TWIST1
siRNA transfection. Nuclei were stained with DAPI (blue). Scale bar: 50 μm. Bar graph

P < 0.005.

81

&2

55

(&
7

***

('

represents the VIM-to-CDH1 fluorescence ratio. Data are presented as the mean ± SEM, n = 3.
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