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I. INTRODUCTION

1. Oxidative stress

1.1. Reactive oxygen species (ROS)

ROS are the chemical molecules that are formed upon incomplete oxygen reduction
(D'Autréaux and Toledano, 2007; Drummond et al, 2011). In cells, ROS including superoxide
anion, hydrogen peroxide and hydroxyl radical can be produced by normal cellular processes
(Sies, 2014). The major sources of intracellular ROS are the mitochondrial electron transport
chain and NADPH oxidases (D'Autréaux and Toledano, 2007; Drummond et al, 2011;
Lemasters and Nieminen, 1997). These ROS are involved in signaling pathways of growth
factors, cytokines, and hormones (D’Autréaux and Toledano, 2007; Drummond et al, 2011).
Therefore, the role of ROS in cell proliferation and differentiation has been widely documented
(Finkel, 2003; Martindale and Holbrook, 2002). However, uncontrolled ROS are involved in
the cellular toxicity because of their greater chemical reactivity with cellular components
(Imlay, 2003). Oxidative stress can be defined as an imbalance between prooxidants and
antioxidants leading to a disruption of redox system (Finkel, 2003; Jones, 2008). Excessive
ROS are subsequently converted into a number of more reactive derivatives like reactive
nitrogen species (RNS), which induces detrimental effects on the cells (Brown and Borutaite,
2001). This oxidative stress leads to the damage of proteins, lipids, and DNA (Blumberg, 2004;
D'Autréaux and Toledano, 2007). Thus, redox systems in cells are required to neutralize ROS

and to maintain proper cellular function.
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1.2. Cellular redox system

Cellular redox system can activate several genes to modulate ROS level, which
contributes to prevent cellular damage (Martindale and Holbrook, 2002; Valko et al, 2006;
2007). The antioxidant enzymes such as superoxide dismutases (SODs), catalase, glutathione
(GSH), thioredoxins (TRXs) and peroxiredoxins (PRXs) are distributed in cells and they are
essential for maintaining the relevant concentration of ROS (Handy and Loscalzo, 2012). SODs
convert superoxide radical to O, and H,O, (Forman and Fridovich, 1973). Further oxygen
metabolite, H,O; is converted to O, and H,O with the help of catalase (Deisseroth and Dounce,
1970). In addition, the most abundant low molecular-weight thiol-containing protein, GSH
plays a major function in the control of H,O, (Go and Jones, 2010). TRX is a key antioxidant
protein regulating protein dithiol/disulfide balance by its disulfide reductase activity (Argyrou
and Blanchard, 2004). The reaction mechanism is involved in the reduction of the enzyme
active site cysteine sulfinic acid to thiol and electron transfer from the thiol to H,O, (Argyrou
and Blanchard, 2004). Another antioxidant protein, PRXs reduce mitochondrial and cytosolic
H,0, (Go and Jones, 2010; Lim et al, 2008; Noh et al, 2009; Rhee et al, 2003). To combat
excessive ROS, antioxidant proteins exist in cells and they can defend the cells against

oxidative stress.

2. Mitochondria
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2.1. Mitochondrial function

Mitochondria are the powerhouses in cells because they are responsible for energy
production. Cells enable to utilize the value of nutrients in the form of ATP by mitochondria
(Green and Reed, 1998; Kroemer and Reed, 2000). Mitochondria have the processes of
respiration and oxidative phosphorylation (OXPHOS), which produces cellular energy from
glucose and oxygen (Jones, 1986). However, in this course, mitochondrial respiratory chain can
produce ROS (Cadenas and Davies, 2000; Yu et al, 2006). Especially, it is a major intracellular
source of ROS generation during pathological condition (DiMauro and Schon, 2003; Rolo and
Palmeira, 2006; Yu et al, 2006). Excessive ROS generation causes changes of mitochondrial
membrane permeability, which is indicative of mitochondrial dysfunction (Lemasters et al,
1998). Loss of outer and inner mitochondrial membranes permeability subsequently triggers an
event of cell death, either by apoptosis or by necrosis (Green and Reed, 1998). Therefore,

maintenance of mitochondrial membrane permeability is important in cell metabolism and

injury.

2.2. Role of the mitochondria in apoptosis

Mitochondria are important organelle for initiation of apoptosis signal cascade
(Kadenbach and Hiittemann, 2015; Kim et al, 2003; Wang, 2001). Mitochondrial damage can
cause disruption of electron transport chain and ATP production, and activation of caspase
family, finally promotes cell death (Kim et al, 2003; Lemasters et al, 1998). Loss of
mitochondrial membrane potential and the subsequently release of cytochrome ¢ starts the
apoptotic signal pathway (Green and Reed, 1998; Hunter et al, 1976; Kadenbach and

Hiittemann, 2015; Kroemer and Reed, 2000; Petronilli et al, 2001). The outer membrane of
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mitochondria is broken as a result of the mitochondrial matrix swelling, which allows
cytochrome ¢ to escape from mitochondria (Green and Reed, 1998). Release of cytochrome ¢
from the mitochondria can provoke a series of events leading to the activation of caspase-9, a
cysteine protease (Green and Reed, 1998; Kroemer and Reed, 2000; Petronilli et al, 2001).
Caspase-9 activates effector caspase-3, which can cause cleavage of PARP (Brown and
Borutaite, 2001). Cleaved PARP facilitates DNA fragment and ensures irreversibility of the
apoptosis signal cascade (Brown and Borutaite, 2001). Hence, mitochondria are critical place

in controlling cell survival and death.

3. Metabolic stress

3.1. Imbalance of nutrition

Metabolic stress is defined as alteration of intracellular glucose and oxygen balance,
which induces modification of cell components and enhances the ROS production (Blackburn
et al, 1999). Therefore, imbalance of diet is a direct cause of metabolic stress. Obesity is a
serious hypernutritional problem, as it increases the risk of morbidity from several pathologies
including hypertension, hyperlipidemia, type 2 diabetes, stroke, non-alcoholic fatty liver
disease, and cancers (WHO, 2012). Many in vivo studies have shown that obesity is coupled
with altered redox state and increased metabolic risk (Codofier-Franch et al, 2012; Hermsdorff
et al, 2012; Warolin et al, 2014). Chronic hypernutrition stimulates intracellular pathways

leading to oxidative stress through multiple biochemical mechanisms, such as superoxide
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generation from NADPH oxidases and OXPHOS (Serra et al, 2012; Sies et al, 2005). Moreover,
oxidative stress also plays a critical role in the development of obesity by stimulating white
adipose tissue deposition increases pre-adipocyte proliferation and adipocyte differentiation
(Furukawa et al, 2004; Lee et al, 2009a).

Lack of proper glucose supply also represents metabolic stress accompanying the
intracellular ATP depletion (Lee et al, 2010a). Decrease of mitochondrial ATP production can
cause changes in membrane phospholipids and proteins (Scholte, 1988). In addition, ATP
depletion redirects the death program towards apoptosis (Nicotera et al, 1998). Therefore,
glucose deprivated-cells activate signal transduction pathways inducing the expression of a
battery of stress responsive genes (Ahmad et al, 2005; Lee et al, 2010a). Ahmad et al. showed
that depletion of glucose supply enhances representative markers of oxidative stress (Ahmad et
al, 2005). Collectively, balanced supply of nutrition is essential for mitochondrial function and

finally cell survival.

3.2. Imbalance of oxygen: hypoxia and HIF-1a regulation

Oxygen is necessary for cell proliferation, bacterial defense and recovery of wound
(Kondo and Ishida, 2010). Most importantly, oxygen is the essential ingredient for making
energy in a process called cellular respiration (Gnaiger et al, 2000). It enables electron transfer
in mitochondrial respiratory chain, which plays a major role in ATP production (Gnaiger et al,
2000). Therefore, when environment of cell is changed to hypoxia (low level of oxygen), cells
alter their transcriptional profiles to modulate glycolysis, proliferation, and survival against
hypoxic stress (Giaccia et al, 2003). The hypoxia-inducible transcription factor-1o. (HIF-1a) is

a primary transcription factor in hypoxia-adaptive response (Giaccia et al, 2003; Ke and Costa,
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2006; Lee et al, 2009b). HIF-1a is unstable in well-oxygenated condition owing to ubiquitin-
mediated degradation, but rapidly becomes stable in hypoxic conditions (Giaccia et al, 2003).
Degradation is mediated via hydroxylation of prolines 402 and 564 of HIF-la by prolyl
hydroxylases (PHDs) (Giaccia et al, 2003; Jaakkola et al, 2001; Lum et al, 2007). The
hydroxylated prolines are recognized by VHL, targeting the HIF-1o subunits for degradation
(Gossage et al, 2015). However, PHDs activity is limited by hypoxia, so HIF-1a hydroxylation
is blocked and finally HIF-1a is stabilized (Kaelin Jr, 2008; Keith et al, 2012). The stabilized
HIF-1a pairs with HIF-1p (also known as aryl hydrocarbon receptor nuclear translocator,
ARNT) and then translocates to the nucleus and binds to hypoxia response elements (HREs) to
induce HIF-1a-dependent gene transcription (Giaccia et al, 2003; Lee et al, 2009b). Because
tumor cells are easily exposed to hypoxic condition, HIF-1a is activated and overexpressed in
various cancers (Borren et al, 2013; Giaccia et al, 2003; Qin et al, 2015; Yang et al, 2008). This
finding has indicated that HIF-1a-signaling pathway is a crucial to regulate metabolism and

growth in tumor.

4. Sestrin2 (SESN2)

4.1. Discovery of SESNs: an emerging family of stress response protein

SESNs are highly conserved stress-responsive proteins and three isoforms were reported
(Budanov et al, 2010; Lee et al, 2013). SESN1 and SESN2 were identified as p53 target genes,

their expression were implicated in defense mechanism against oxidative stress and genotoxic

Collection @ chosun



stress (Budanov et al, 2002; 2010; Budanov and Karin, 2008). SESNI, also known as
p53-activated gene 26 (PA26), is a potential regulator of cellular growth (Buckbinder et al,
1994; Velasco-Miguel, 1999). Hypoxia induced gene 95 (Hi95), better known as SESN2, plays
a crucial role in cytoprotection under oxidative stress (Budanov et al, 2002; Shin et al, 2012).
More recently, NF-E2-related factor 2 (Nrf2)-antioxidant response elements (ARE) pathway
which regulates expression of antioxidant genes was found to control SESN2 gene induction
(Shin et al, 2012). A third member of SESNs family, SESN3, has been reported to induce
SESN1 (Nogueira et al, 2008; Tran et al, 2002) and is regulated by serum and growth factors
(Budanov et al, 2002; Peeters et al, 2003). In comparison to p53 dependent induction of SESN1
and SESN2, SESN3 is activated by forkhead transcription factors (FoxO) (Nogueira et al,

2008).

4.2. Role of the SESN2 in redox homeostasis

The mammalian PRX family consists of six members, which control hydrogen peroxide
concentration under oxidative stress (Chang et al, 2004; Lim et al, 2008). During oxidative
stress, the PRXs can be over-oxidized to cysteine sulfinic acid, resulting in their inactivation
(Rhee et al, 2003). In oxidized form of PRXs can be rescued by a special sulfinylreductase
system comprised of sulphiredoxins (Biteau et al, 2003; Chang et al, 2004). SESN2 can restore
the activity of over-oxidized PRXs in cells (Budanov et al, 2004; Essler et al, 2009; Lee et al,
2013). Knockdown of SESN2 in cultured cells results in ROS accumulation, whereas SESN2
overexpression reduces cellular ROS levels (Budanov et al, 2004). Shin et al. showed that
SESN2 can protect cells from oxidative stress (Shin et al, 2012). In addition, SESN2 appeared

to be protective against energetic stress-induced apoptosis that result in integrate pro-survival
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factor (Ben-Sahra et al, 2013).

4.3. SESN2 and cellular signaling

SESN2 controls metabolic adaptation of cells in response to diverse stress by regulation
of the AMP-activated protein kinase (AMPK)-mammalian target of rapamycin (mTOR)
signaling axis (Budanov and Karin, 2008; Sanli et al, 2012). AMPK and mTOR are crucial
nutrient-sensing protein kinases and each has antagonistic functions in metabolic homeostasis
(Hardie et al, 2012; Zoncu et al, 2011). AMPK phosphorylates various enzymes, such as
acetyl-coenzyme A carboxylase (ACC) and glycogen synthase, directly suppresses their
enzymatic activities in glycogen and lipid biosynthesis (Hardie et al, 2012). Importantly,
AMPK can directly inhibit mTOR complex 1 (mTORC1) through phosphorylation-dependent
inhibition of regulatory subunit raptor (Gwinn et al, 2008). SESN2 induces phosphorylation of
AMPK and enhances AMPK-mediated phosphorylation of the TSC1:TSC2 complex (Budanov
and Karin, 2008). In addition, overexpression of SESN2 in cells results in strong inhibition of
mTORCI1 activity (Budanov and Karin, 2008). Importantly, hepatosteatosis in SESN2-
knockout mice can be corrected by restoration of AMPK activity (Lee et al, 2012a), supporting
that AMPK as a major mediator of SESN2 effects on metabolism. Collectively, these results
show that SESN2 is a crucial regulator of cellular metabolism acting via the AMPK-mTORC

signaling axis.

5. Implication of SESN2 in human diseases
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5.1. Role of SESN2 in metabolic diseases

Accumulated reports supported that SESN2 has many beneficial effects in metabolic
diseases (Bae et al, 2013; Eid et al, 2013; Jin et al, 2013; Lee et al, 2010b). Fasting and
refeeding states regulate SESN2 level in mouse liver (Bae et al, 2013). Moreover, SESN2
decreases high glucose-induced dysfunction of endothelial nitric oxide synthase and synthesis
of fibronectin in glomerular mesangial cells (Eid et al, 2013). In addition, SESN2 attenuates
hepatic lipogenesis (Jin et al, 2013). Moreover, in Drosophila, SESN-null flies have increased
lipid accumulation in the fat body, the Drosophila homologue of the mammalian liver, which is
associated with reduced AMPK activity and enhanced TOR activity (Lee et al, 2010b).
Importantly, feeding of SESN-null Drosophila larvae with rapamycin or the AMPK activator
S-aminoimidazole-4-carboxamide-1--d-ribofuranoside (AICAR) attenuates degenerative
phenotypes observed in skeletal muscle (Lee et al, 2010b). Collectively, these reports indicate
that SESN2 is responsively induced under metabolic stress in cells and can modulate cellular
metabolism-related signaling. The present study further investigated that glucose deprivation-
induced metabolic stress increased ROS production leading to the induction of SESN2, which
protected mitochondrial damage and cell death. In addition, the pivotal role of SESN2-AMPK

activation in adaptive survival response was examined.

5.2. Suppression of cancer cell growth and proliferation by SESN2

SESN2 inhibits cell growth and proliferation in many cancer cell lines including lung
and breast carcinoma (Budanov et al, 2002; Budanov and Karin, 2008). SESN2 prevents

translation of c-Myc and Cyclin D1 mRNAs, thus, suppresses cell proliferation (Budanov and
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Karin, 2008). Moreover, SESN2 was originally isolated as a gene activated by hypoxia in
human neuroblastoma cells (Budanov et al, 2002). In addition, lack of SESN2 mouse
embryonic fibroblast was significantly more responsible to Ras-induced oncogenic
transformation than wild type cells (Budanov and Karin, 2008). Silencing of SESN2 together
with p53 accelerates lung cancer cell growth in a mouse tumor xenograft model (Sablina et al,
2005). Based on these previous reports that SESN2-dependent regulation of cell proliferation
can be important during tumorigenesis, this study aimed to investigate the inhibitory role of

SESN2 in cancer pathophysiology under hypoxia and its molecular mechanism.
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II. STUDY AIMS

1. The first study investigated whether glucose deprivation causes ROS mediated
mitochondria impairment and apoptosis, and if so, whether a novel antioxidant SESN2
protects cells from the mitochondrial dysfunction and apoptosis. Finally, this study
examined the role of SESN2-AMPK in recovery of mitochondrial function and
cytoprotection.

2. The second study investigated whether a novel antioxidant SESN2 inhibits HIF-1o and in
vitro cell metastasis in colrectal cancer cells. Moreover, the role of SESN2—-AMPK

activation on regulation of HIF-1a degradation was studied.
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IHI. MATERIALS AND METHODS

1. Materials

Anti-HIF-1a antibody was provided by BD Biosciences Pharmingen (San Jose, CA). Anti-
SESN2 antibody and anti-HIF-1J antibody were purchased from Proteintech (Chicago, IL).
Antibody against phospho-ACC, phospho-AMPK, AMPKa, caspase-3, hydroxyl-HIF-1a
(proline 564) and ubiquitin were purchased from Cell Signaling Technology (Danvers, MA).
Anti-Bcl-x; antibody, anti-Nrf2 antibody, anti-PARP antibody and rhodamine 123 were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA). Mn-TBAP was purchased from Cayman
Chemical (Ann Arbor, MI). Cycloheximide (CHX), cyclosporin A, dimethyloxalylglycine
(DMOG), 5-fluorouracil (5-FU) and MG132 were purchased from Calbiochem (San Diego, CA).
Phospho-Nrf2 antibody and PHD2 antibody were purchased from NOVUS Biologicals
(Littleton, CO). Glucose-free Dulbecco’s modified Eagle’s medium (DMEM) was obtained from
Life Technology (Gaithersburg, MD). Actinomycin D (Act D), AICAR, anti-B-actin antibody,
PEG-catalase (catalase), cobalt chloride (CoCl,), 2°,7’-dichlorofluorescein diacetate (DCFH-
DA), dimethylsulfoxide (DMSO), hydrogen peroxide (H,0,), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT), N-acetyl-L-cysteine (NAC), rotenone, trolox, and other

reagents were purchased from Sigma Chemicals (St. Louis, MO).

2. Cell culture

A human hepatoma-derived cell line (HepG2), murine hepatocyte cell line (AML12) and
human colorectal cancer cell lines (HCT116 and HT29) were obtained from the American Type

Culture Collection (Manassas, VA). HepG2, HCT116 and HT29 cells were maintained in
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DMEM and Huh7 (a human hepatoma-derived cell line) cells were maintained in RPMI.
AMLI12 cells were cultured in 1:1 mixture of DMEM and Ham’s F12 medium (Hyclone, Logan,
UT) with insulin/transferrin/selenium solution (Life Technologies, Gaithersburg, MD) and 40
ng/ml dexamethasone (Sigma Chemicals St. Louis, MO). All cells were maintained in media
with supplement of 10% fetal bovine serum (FBS; Hyclone, Logan, UT) and 50 units/mL
penicillin/streptomycin. Cells were grown at 37°C in a humidified 5% CO, atmosphere. For
experiments, cells were plated in plates for 2-3 days (i.e., reached around 80%) and medium
removed and replaced with a fresh serum-free medium for overnight before treatments. To
generate hypoxic condition, cells were maintained in either normoxic (21% O, and 5% CO,) or
hypoxic (1% O,, 5% CO,, and N, balance) conditions at 37°C using a hypoxia incubator

(Galaxy 48R, New Brunswick [Eppendorf], Hamburg, Germany).

3. Establishment of a stable cell line expressing SESN2

For preparation of stably expressing SESN2 cells, HepG2 cells were transfected with the
plasmid pCMV-Tag3A (MOCK-transfected) or pCMV-SESN2 (geneticin-resistant SESN2
overexpressed) by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the
manufacturer’s protocol. One day after transfection, formation of colonies, which were
geneticin-resistant, were selected by incubation with geneticin (500 ug/mL). Geneticin-resistant
cells were grown and amplified in culture. Overexpression of SESN2 was confirmed by

immunoblot analysis.

4. Recombinant adenovirus SESN2 constructs infection

The plasmid encoding a SESN2 was kindly provided by Dr. Il Je Cho (Deagu Haany

- 13 -

Collection @ chosun



University, Daegu, Korea). HCT116 or HT29 cells were infected with adenovirus and incubated
for 36 h, and then serum starved for 12 h. Then cells were treated with the indicated reagent. Ad-
LacZ or Ad-GFP was used as an infection control. Efficiency of infection was consistently

>90% with this method.

5. Primary hepatocyte isolation

All animal experiments were approved by the the guidelines of the Institutional Animal Use
and Care Committee at Chosun University. Primary hepatocytes were isolated from male ICR
mice (Samtako, Korea) as previously described (Jin et al, 2013). Briefly, the mouse was
anesthetized with injection of Zoletil (Virbac, France) and portal vein was cannulated. Then, the
liver was perfused by HBSS containing 0.1% collagenase and calcium. After the liver was
collected, it was minced gently with scissors and suspended with DMEM. The cell suspension
filtered through a cell strainer (70 pum), and then centrifuged at 400 rpm for 5 min to separate
parenchymal and nonparenchymal cells. Isolated hepatocytes were plated on collagen-coated
dishes and cultured in DMEM supplement of 10% FBS and 75 units/mL penicillin/streptomycin.
Viability of isolated cells was determined via trypan blue staining; the viability of the isolated

hepatocytes was usually 80-90%.

6. MTT assay

Cells were seeded in a 48-well plate. MTT was dissolved in PBS, and cells were incubated
with the MTT solution for 3 h. Formation of formazan crystals was dissolved in DMSO.
Absorbance at 570 nm was measured using a microplate reader (Spectramax 190, Molecular

Device, Sunnyvale, CA). Cell viability was calculated relative to the untreated control according
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to the following formula: cell viability (% control) = 100 * (absorbance of treated sample) /

(absorbance of control).

7. Measurement of ROS generation

DCFH-DA, which is a nonpolar compound that is converted into polar derivative
(dichlorofluorecein) by cellular esterase following incorporating in to cells (Métivier et al, 1998),
was used to detect intracellular H,O,. The cells were seeded in 12-well plate and incubated
under the indicated conditions. Cells were stained with 10 uM DCFH-DA during the final 1 h at
37°C. After all treatments, the cells were harvested by trypsinization and washed twice with PBS.
Generation of hydrogen peroxide was measured using a fluorescence microplate reader (Gemini
XPS, Molecular Device, Sunnyvale, CA) at excitation/emission wavelength of 485/525 nm.
ROS production was normalized to the protein concentration and calculated relative to the
vehicle-treated control according to the following formula: ROS production (fold of control) =
[(relative fluorescence unit of treated sample)/(protein concentration of treated sample)] /
[(relative fluorescence unit of vehicle-treated control)/(protein concentration of vehicle-treated

control)].

8. Mitochondrial membrane permeability analysis

Changes in mitochondrial membrane permeability were calculated based on the rhodamine
123 uptake. Rhodamine 123, a membrane-permeable cationic fluorescent, binds to the
mitochondrial membranes. Cells were stained with 0.05 pg/mL rhodamine 123 for last 1 h
treatment. Sample collection and detection of fluorescence intensity were conducted as

described in ROS production.

- 15 -

Collection @ chosun



9. Immunoblot analysis

Whole cell lysates were prepared in ice-cold RIPA lysis buffer as described previously
published procedures (Seo et al, 2014). Equal amount of protein samples were loaded in to a
7.5% or 12% SDS-gel, and blotted onto nitrocellulose membranes. After the membranes were
blocked with 5% skim milk, they were immunostained with primary antibody overnight at 4°C
and then incubated with horseradish peroxidase-conjugated a secondary antibody. Specific
protein bands were visualized by incubating the membrane with an ECL chemiluminescence
system (GE Healthcare, Buckinghamshire, UK). Immunoblotting for [-actin confirmed equal

loading of proteins.

10. Immunoprecipitation assay

Whole cell lysates (1.5 mg) were incubated with anti-HIF-1a antibody overnight at 4°C
with continuous mild agitation. After antibody-antigen reaction, the antigen-antibody complexes
were precipitated following a short incubation with protein G-agarose at 4°C. The captured
immunocomplexes were washed 3 times with RIPA buffer prior to the addition of 2X Laemmli
buffer and heating at 100°C for 5 min. Samples were separated on SDS—PAGE and analyzed as

immunoblotting.

11. RNA isolation and RT-PCR analysis

Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA) according to the protocol
provided by the manufacturer. The RNA was then reverse transcribed using an oligo(dT);

primer. PCR was conducted using a PCR premix (Bioneer, Daejeon, Korea) and a Thermal
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Cycler (T100, Bio-Rad, Hercules, CA). GAPDH confirmed equal loading of total mRNA. The
following primer pairs were used for PCR: human SESN1 5'-CTTCTGGAGGCAGTTCAAGC-
3  (forward) and 5 -TGAATGGCAGCCTGTCTTCAC-3 (reverse); human SESN2 5 -
CTCACACCATTAAGCATGGAG-3  (forward) and 5 -CAAGCTCGGAATTAATGTGCC-
3 (reverse); and human GAPDH 5 -GAAGATGGTGATGGGATTTC-3 (forward) and 5 -

GAAGGTGAAGGTCGGAGTC-3 (reverse).

12. Real-time PCR analysis

Quantitative real-time PCR was performed with StepOne (Applied Biosystems, Foster City,
CA) using a SYBR Green premix according to the manufacturer’s instructions (Applied
Biosystems, Foster City, CA). PCR was performed using primers selective for the genes
encoding haman vascular endothelial growth factor (VEGF) 5 -
AGGAGGGCAGAATCATCACG-3 (forward) and 5 -CAAGGCCCACAGGGATTTTCT-3
(reverse), glucose transporter 1 (GLUT1) 5 -TGACGATACCGGAGCCAATG-3 (forward)
and 5 -CGGGCCAAGAGTGTGCTAAA-3 (reverse), carbonic anhydrase-IX (CA-IX) 5 -
CTTGGAAGAAATCGCTGAGG-3 (forward) and 5 -TGGAAGTAGCGGCTGAAGTC-3
(reverse), lactate dehydrogenase A (LDH A) 5 -AGCCCGATTCCGTTACCT-3 (forward) and
5 -CACCAGCAACATTCATTCCA-3 (reverse), pyruvate dehydrogenase kinase 1 (PDK1)
5 -ACAAGGAGAGCTTCGGGGTGGATC-3 (forward) and 5 -

CCACGTCGCAGTTTGGATTTATGC-3 (reverse).

13. Transient transfection and luciferase assay

Cells were seeded in 12-well or 6-well plates and grown for overnight. Next day, the
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transfection complexes containing the human SESN2 reporter plasmid and pRL-TK control
plasmid (encoding for Renilla luciferase) and either dominant negative mutant of AMPK (DN-
AMPK) or pCDNA (control) with Lipofectamine reagent (Invitrogen, San Diego, CA) were
added to each well (Hwahng et al, 2009). HRE-A549 cells had been stably transfected with a
HRE reporter gene containing the luciferase gene downstream of HRE (Lee et al, 2009b). After
adenovirus infection, HRE-A549 cells were transfected with pRL-TK control plasmid. After 3 h,
the transfection complexes were removed and cells were incubated in minimum essential media
containing 1% FBS for 14 h. Then, Renilla and firefly luciferase activities were measured in cell
lysates using the Dual Luciferase Assay System (Promega, Madison, WI) with a Luminometer

(Promega).

14. Measurement of ADP/ATP ratio

Cells were plated in clear-bottom white 96-well plates. After working time, the ADP/ATP
ratio was determined using the EnzyLight ADP/ATP ratio assay kit (BioAssay Systems,
Hayward, CA) according to the manufacturer’s instructions. Briefly, addition of the ATP reagent
to cells grown plate, and then luminescence of ATP (RLU A) was measured using a luminometer
(Promega, Madison, WI). After 10 min, luminescence of background (RLU B) was measured.
Next, addition of ADP reagent to the cells and luminescence due to ADP (RLU C) was measured.
Finally, obtained the ADP/ATP was calculated by subtracting RLU B from RLU C and then

dividing the result by RLU A.

15. Measurements of mitochondrial DNA

Total genomic DNA was extracted from HepG2 cells according to the protocol provided by
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the manufacturer (Nucleogen, Siheung, Korea). Levels of cytochrome ¢ oxidase subunit II
(mtCOX II) transcribed from mitochondrial DNA (mtDNA) were quantified by real-time PCR.
Nuclear-encoded receptor-interacting protein 140 (RIP140) was used as normailzation. The
following primer pairs were used: human mtCOX II 5 -ACCTGCGACTCCTTGACGTTG-3

(forward) and 5 -TAGGACGATGGGCATGAAACTG-3 (reverse), and human RIP140 5 -
GCTGGGCATAATGAAGAGGA-3 (forward) and 5 -
CAAAGAGGCCAGTAATGTGCTATC-3  (reverse). Real-time PCR was performed using
StepOne (Applied Biosystems, Foster City, CA) with a SYBR Green premix following the

manufacturer’s protocol (Applied Biosystems, Foster City, CA).

16. siRNA knockdown experiment

Cells were transfected with an siRNA directed against human SESN2 (Cat No. L-019134-
02-0005, ON-TARGETplus SMARTpool; Dharmacon Inc., Lafayette, CO) or an siRNA directed
against human AMPKa (Cat No. sc-45312, Santa Cruz Biotechnology, CA) using
Lipofectamine 2000 (Invitrogen, San Diego, CA) for 24 h. A non-targeting control siRNA (100
pmol/mL) was used as negative control for all experiments. SESN2 and AMPKa knockdown

was confirmed by immunoblot analysis.

17. Wound migration assay
Cells were seeded in 24-well plates and grown until 90% confluency in DMEM
supplemented with 10% FBS. The monolayer was scratched straightly with a sterile 200 pL tip.

The migration of cells to the cleared area was inspected under a microscope (magnification,

503). Pictures were taken directly at the time of scratching and after scratching at 24 h. The
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width of the injury line was measured by using Image J Software.

18. In vitro cell invasion/migration assay

An in vitro cell invasion assay was analysed in a BioCoat Matrigel Invasion Chamber
(Becton-Dickinson, Bedford, MA) according to the protocol provided by the manufacturer.
Briefly, the lower side of the Transwell was coated with Type I collagen (Corning, Bedford,
MA). The lower compartment was filled with serum-free media containing 0.1% bovine serum
albumin. Adenovirus infected HCT116 cells (2 X 10%) were placed in the upper part of the
Transwell, and incubated in DMEM with or without 10% FBS. 5-FU (50 uM) treatment was
used as positive control. After 24 h, the non-invading cells on the upper side of the membrane
were removed, and the invaded cells on the lower side of membrane were fixed with ice-cold
methanol and then stained with 0.5% crystal violet (Sigma) for 20 min. Membrane was washed

twice with distilled water, and allowed to air dry. The stained cells were visualized under a

microscope (magnification, 1002<). For quantification of cell invasion, membrane was dissolved
in acetic acid. Then, absorbance at 570 nm was measured using a microplate reader (Spectramax
190, Molecular Device, Sunnyvale, CA). An in vitro cell migration assay was performed using
an 8-um polycarbonate filter Transwell (Costar, Lowel, MA) with 24-well plate. Experimental
procedures the in vitro cell migration assay was the same as except that the filter was not coated

with matrigel.

19. Statistical analysis

Multiple comparison tests for different groups were conducted and statistical significance

was determined by one-way analysis of variance (ANOVA). The data were represented in the
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form of means = S.E., which was obtained from at least three independent experiments. The

criterion for statistical significance was set at p < 0.05 or p <0.01.
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IV. RESULTS

Part I: Protection of mitochondrial function by Sestrin2 in glucose

deprivation-induced cytotoxicity

1.  Regulation of SESN2 expression by glucose level in hepatocytes

The first study determined whether glucose level regulates SESN2 expression in
hepatocytes. Primary hepatocytes were isolated from mice after fasting or nonfasting for 18 h.
The expression of SESN2 in primary hepatocytes from fasted mice was higher than primary
hepatocytes from nonfasted mice (Fig. 1A, left). Deprivation of glucose resulted in
upregluation of SESN2 protein level in hepatocyte-derived cell lines (AML12 and Huh7 cells)
(Fig. 1A, right). In order to test whether glucose level affects on SESNs induction, HepG2 cells
were incubated in various glucose concentrations (0—25 mM)-containing media, and then
SESNs mRNA and protein level were measured. There were increases in the level of SESN2
mRNA and protein in glucose-free media (Fig. 1B and 1C). However, incubation of cells in
high glucose (25 mM)-containing media did not change SESN2 expression when compared to
normal glucose (5.6 mM) condition (Fig. 1B and 1C). Moreover, alteration of glucose
concentration did not affect level of SESN1 mRNA (Fig. 1B). Upon glucose deprivation, the
level of SESN2 mRNA significantly was increased starting at 6 h and peaked at 12 h, but
SESNT1 level was not changed (Fig. 1D). Also, glucose deprivation significantly increased the

expression of SESN2 protein after 12 h and peaked at 18 h (Fig. 1E). To confirm the induction
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of SESN2 by glucose deprivation, cells were transfected with a human SESN2-luciferase
reporter plasmid and then incubated in glucose-free media. Exposure of cells to glucose-free
medium resulted in a marked upregulation of reporter construct activity (Fig. 1F). Collectively,

these results suggest that glucose deprivation upregulates transcriptional induction of SESN2.
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Fig. 1. Regulation of SESN2 expression by glucose level in hepatocytes

(A) Immunoblot analysis. SESN2 protein level was determined by using lysates from primary
hepatocytes from mice that had fasted for 18 h (left). AML12 and Huh7 cells were incubated in
glucose-containing (5.6 mM) or glucose-free DMEM for 18 h (right). Lysates from these cells
were then used to determine SESN2 protein level via immunoblotting. The blots shown are
representative of data from at least 3 different replicates.

(B) RT-PCR assays. HepG2 cells were incubated in the indicated concentrations of glucose for 6
h, and then the SESN1 or SESN2 transcripts were analyzed by RT-PCR. The results shown are
representative of data from at least 3 different replicates.

(C) Immunoblot analysis. HepG2 cells were incubated in the indicated concentrations of
glucose for 12 h. Lysates from these cells were then used to determine SESN2 protein level via
immunoblotting. The blots shown are representative of data from at least 3 different replicates.
(D) RT-PCR assays. HepG2 cells were incubated in glucose-free DMEM for the indicated time
period (0—12 h). SESN1 or SESN2 transcripts were then analyzed by RT-PCR. The results
shown are representative of data from at least 3 different replicates; p < 0.05 or ~ p < 0.01
when compared to the control.

(E) Immunoblot analysis. The lysates of cells incubated in glucose-free DMEM for 0-18 h
were immunoblotted for SESN2 protein level. The blots shown are representative of data from
at least 3 different replicates; ~ p < 0.01 when compared to the control.

(F) Luciferase activity. SESN2 luciferase activity was determined from the cell lysates
incubated in glucose-free DMEM for 12 h. Data were expressed as the mean + S.E. from at least

3 different replicates;  p < 0.01 when compared to the glucose-incubated control.
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2. The effects of glucose deprivation-induced ROS in SESN2 expression

Previous study showed that SESN2 is induced by oxidative stress and an siRNA
knockdown of SESN2 increases cell death mediated by hydrogen peroxide (Shin et al, 2012).
In addition, recent studies showed that SESN2 protects diverse cells against oxidative stress
(Chen et al, 2014; Seo et al, 2014; Yang et al, 2014). Thus, this study determined whether
excess production of ROS by glucose deprivation is involved in SESN2 induction. First, to
examine the effect of glucose deprivation on ROS production, intracellular ROS accumulation
was analyzed using DCFH-DA. An increase of intracellular ROS was observed under glucose
deprivation (Fig. 2A). To confirm that overproduction of ROS are the cause of glucose
deprivation-induced SESN2 upregulation, cells were treated with various ROS scavengers with
glucose-free medium. Treatment with NAC (an antioxidant), Mn-TBAP (a novel SOD mimetic
agent), or rotenone (a mitochondrial complex I inhibitor) significantly inhibited the induction
of SESN2 expression by glucose deprivation (Fig. 2B and 2C). These results support our
conclusion that glucose deprivation increases ROS production, which in turn induces SESN2
expression.

It is well established that increased ROS induce various antioxidant genes via activation of
ARE. Shin et al. demonstrated that ROS cause SESN2 induction, which is affected by Nrf2-
ARE activation (Shin et al, 2012). In addition, Lee et al. reported that glucose deprivation
causes Nrf2 activation and induces heme oxygenase-1 (HO-1) expression in HepG?2 cells (Lee
et al, 2010a). The hypothesis that activation of Nrf2 could lead to induction of SESN2
expression under glucose deprivation was examined. Incubation of glucose-free medium
increased the phosphorylation of Nrf2 (Fig. 3A), which represents increase of Nrf2 stabilization

and enables Nrf2 to translocate to nucleus (Niture et al, 2014). To elucidate the role of ARE in
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SESN2 induction from glucose deprivation, cells were transfected with the AARE in the
SESN2 reporter construct. A specific deletion of the ARE in the SESN2 promoter region
markedly reduced the activity of the SESN2 reporter construct in glucose deprivation (Fig. 3B).
These observations indicate that Nrf2-ARE system was involved in SESN2 induction under
glucose deprivation. Overall, upregulation of SESN2 induction is involved in activation of

Nrf2-ARE by glucose deprivation.
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Fig. 2. The effects of glucose deprivation-induced ROS in SESN2 expression

(A) Measurement of ROS production. Cells were incubated in glucose (5.6 mM) or glucose-
free DMEM for 12 h. ROS production was assessed by DCF fluorescent intensity. The data are
expressed as mean + S.E. from at least 3 different replicates; ~ p < 0.01 when compared to the
glucose-incubated control.

(B) Immunoblot analysis. Cells were incubated with or without NAC (5 mM) in glucose (5.6
mM) or glucose-free DMEM for 12 h. Then, lysates from these cells were used to determine
SESN2 protein level via immunoblotting. The blots shown are representative of data from at
least 3 different replicates; p < 0.05 when compared to the glucose-incubated control; “p < 0.05
when compared to cells incubated in glucose-free DMEM without NAC.

(C) Immunoblot analysis. Cells were incubated with or without Mn-TBAP (20 uM, left) or
rotenone (10 nM, right) in glucose (5.6 mM) or glucose-free DMEM for 12 h. Then, lysates
from these cells were used to determine SESN2 protein level via immunoblotting. The blots
shown are representative of data from at least 3 different replicates; ~ p < 0.01 when compared
to the glucose-incubated control; “p < 0.05 or *p < 0.01 when compared to cells incubated in

glucose-free DMEM without Mn-TBAP or rotenone.
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Fig. 3. Involvement of Nrf2 activation in glucose deprivation-induced SESN2

induction

(A) Immunoblot analysis. The lysates of cells incubated in glucose-free DMEM for 0—6 h were
immunoblotted. The blots shown are representative of data from at least 3 different replicates; p
< 0.05 when compared to the control.

(B) Luciferase activity. Cells had been transfected with pGL4-phSESN2 or pGL3-phSESN2-
AARE and incubated in glucose (5.6 mM) or glucose-free DMEM for 12 h. Luciferase activity
was determined from the cell lysates. Data were expressed as the mean + S.E. from at least 3
different replicates; ~p < 0.01 when compared to the glucose-incubated control in pGLA-
phSESN2 transfected cells; “p < 0.01 when compared to cells incubated in glucose-free DMEM

after pGL4-phSESN?2 transfection.
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3. Glucose deprivation-induced mitochondrial damage and apoptosis

In HepG2 cells, depletion of glucose markedly increases apoptosis (Lee et al, 2010a).
Since glucose deprivation increased mitochondrial ROS and depleted ATP, cells cannot
maintain mitochondrial membrane permeability and lead to activate the apoptotic signal
cascade (De Saedeleer et al, 2014; Moley and Mueckler, 2000). Therefore, in an attempt to
investigate the linkage between glucose deprivation-induced cytotoxicity and mitochondrial
damage, mitochondrial membrane permeability was assessed by using rhodamine 123 staining.
Glucose deprivation reduced intensity of rhodamine 123 fluorescence in cells, but cyclosporin
A, inhibitor of mitochondrial membrane transition pore formation (Petronilli et al, 2001;
Scorrano et al, 2001; Shin and Kim, 2009), restored decreased in intensity of rhodamine 123
fluorescence (Fig. 4A); this result represents that glucose deprivation increased the
mitochondrial membrane damage. The recovery of mitochondria membrane potential by
cyclosporin A also antagonized glucose deprivation-induced cell death (Fig. 4B). Moreover,
trolox (a water soluble analogue of vitamin E and hydroxyl radical scavenger), catalase (a
hydrogen peroxide scavenger), and Mn-TBAP significantly protected cells death against
glucose deprivation (Fig. 4C). This result indicates that intracellular ROS including
mitochondria-derived ROS might be involved glucose deprivation-induced cytotoxicity.
Collectively, these results suggested that glucose deprivation induces the overproduction of

ROS, which leads to cell death.
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Fig. 4. Glucose deprivation-induced mitochondrial damage and apoptosis

(A) Measurement of mitochondrial membrane permeability changes. Cells were incubated in the
indicated DMEM with or without cyclosporin A (10 pg/mL) for 18 h. Data represent the mean +
S.E. of data from at least 3 different replicates; ~p < 0.01 when compared to the glucose-
incubated control; *p < 0.05 when compared to cells incubated in glucose-free DMEM without
cyclosporin A.

(B) Cell viability assay. Cells were incubated in indicated DMEM without or with cyclosporin A
(10 pg/mL) for 24 h. The effect of cyclosporin A on cell viability was then assessed using MTT
assay. Data are expressed as the means = S.E. of data from at least 3 different replicates;  p <
0.01 when compared to the glucose-incubated control; *p < 0.01 when compared to cells
incubated in glucose-free DMEM without cyclosporin A.

(C) Cell viability assay. Cells were incubated in indicated DMEM with or without trolox (100
uM), PEG-catalase (catalase, 1000 U/mL), or Mn-TBAP (20 uM) for 24 h. The effect of these
antioxidants on cell viability was then assessed using the MTT assay. The data are expressed as
the means + S.E. of data from at least 3 different replicates;  p < 0.01 when compared to the

glucose-incubated control; “p < 0.01 when comparing treatment groups under glucose-free

DMEM incubation.
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4. The effects of SESN2 overexpression on glucose deprivation-induced

cytotoxicity

To wverify whether SESN2 has cytoprotective activity, HepG2 cells that stably
overexpressed SESN2 were prepared. Overexpression of SESN2 was verified by immunoblot
analysis (Fig. SA, upper). Overexpression of SESN2 repressed glucose deprivation-induced
cell death compared to MOCK-transfected cells (Fig. 5A, lower). To examine whether glucose
deprivation-induced cytotoxicity was related with the induction of apoptosis, cell lysates were
immunoblotted for marker proteins for apoptotic death. Glucose deprivation induced PARP
cleavage, caspase-3 activation and decrease in Bcl-xp expression. However, SESN2
overexpression prevented PARP and caspase-3 cleavage and a decrease Bcl-xp expression from
glucose deprivation (Fig. 5B). Indeed, SESN2-overexpressed cells attenuated glucose
deprivation-induced ROS production (Fig. 5C). These results clearly indicate that SESN2

inhibits glucose deprivation-induced ROS production, thereby preventing apoptosis.
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Fig. 5. The effects of SESN2 overexpression on glucose deprivation-induced

cytotoxicity

(A) Cell viability assay. Cells were incubated in DMEM with glucose (5.6 mM) or glucose-free
DMEM for 24 h. Cell death was determined by the MTT assay. Data represent the mean + S.E.
of at least 3 different replicates; ~p < 0.01 when compared to glucose-incubated MOCK-
transfected cells; “p < 0.01 when comparing MOCK-transfected cells and SESN2-
overexpressing cells in glucose free-DMEM.

(B) Immunoblot analysis. Cells were incubated in DMEM with glucose (5.6 mM) or glucose-
free DMEM for 24 h. Then, lysates from these cells were used to determine levels of apoptotic
proteins via immunoblotting. The blots shown are representative of data from at least 3 different
replicates.

(C) Measurement of ROS generation. Cells were incubated in DMEM with glucose (5.6 mM) or
glucose-free DMEM for 12 h. ROS levels were then assessed via DCF fluorescent intensity.
Data represent the mean + S.E. of data from at least 3 different replicates; **p < 0.01 when
compared to glucose-incubated MOCK -transfected cells; “p < 0.05 when comparing MOCK-

transfected cells and SESN2-overexpressing cells in glucose free-DMEM.
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5. The effects of SESN2 overexpression on glucose deprivation-induced

mitochondrial damage

Next, the possibility that SESN2 could protect mitochondrial dysfunction against glucose
deprivation was determined. Increased ADP/ATP ratio revealed that glucose-free media
incubation in MOCK-transfected cells significantly induced mitochondrial dysfunction (Fig.
6A). In contrast, overexpression of SESN2 significantly decreased ADP/ATP ratio when
compared with MOCK-transfected cells (Fig. 6A). In addition, glucose deprivation
significantly decreased mtDNA, a copy number of mitochondrial DNA, in MOCK-transfected
cells, but SESN2 overexpressed cells effectively restored mtDNA by glucose deprivation (Fig.
6B). Moreover, glucose deprivation decreased mitochondria membrane potential in MOCK-
transfected cells, but this decrease was prevented by SESN2 overexpression; this result
suggests that SESN2 inhibits mitochondrial membrane damage (Fig. 6C). Likewise, to assess
the functional role of SESN2 in the maintenance of mitochondrial membrane potential,
transfection with an siRNA directed against human SESN2 was conducted. Knockdown of
SESN2 was confirmed by immunoblot analysis (Fig. 6D, upper). The protective effect of
SESN2 in mitochondrial membrane permeability transition by glucose deprivation was
reversed by siRNA knockdown of SESN2 (Fig. 6D, lower). These results clearly indicate that
SESN2 contributes to restoration of mitochondrial function after glucose deprivation-induced

oxidative stress.
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Fig. 6. The effects of SESN2 overexpression on glucose deprivation-induced

mitochondrial damage

(A) ADP/ATP ratio assay. Cells were incubated in DMEM with glucose (5.6 mM) or glucose-
free DMEM for 15 h. Data represent the mean = S.E. of data from at least 3 different replicates;
p < 0.05 when compared to glucose-incubated MOCK-transfected cells; *p < 0.01 when
comparing MOCK-transfected cells and SESN2-overexpressing cells in glucose free-DMEM.
(B) mtDNA contents. Cells were incubated in DMEM with glucose (5.6 mM) or glucose-free
DMEM for 15 h. The samples were then subjected to real-time PCR analysis with primers for
the mtDNA region COXII. Data represent the mean = S.E. of data from at least 3 different
replicates; ~ p < 0.01 when compared to glucose-incubated MOCK -transfected cells; “p < 0.01
when comparing MOCK-transfected cells and SESN2-overexpressing cells in glucose free-
DMEM.

(C) Measurement of mitochondrial membrane permeability changes. Cells were incubated in
DMEM containing glucose (5.6 mM) or glucose-free DMEM for 18 h. Data represent the mean
+ S.E. of data from at least 3 different replicates; p < 0.01 when compared to glucose-
incubated MOCK-transfected cells; *p < 0.01 when comparing MOCK-transfected cells and
SESN2-overexpressing cells in glucose free-DMEM.

(D) Measurement of mitochondrial membrane permeability changes. Cells were transfected with
control siRNA (siRNA CON) or SESN2 siRNA (siRNA SESN2). Then, cells were incubated in
DMEM containing glucose (5.6 mM) or glucose-free DMEM for 12 h; p < 0.05 when
compared to glucose-incubated control siRNA-transfected cells; “p < 0.05 when comparing

control siRNA-transfected cells and SESN2 siRNA-transfected cells in glucose free-DMEM.
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6. Inhibition of glucose deprivation-induced mitochondrial dysfunction by

SESN2-AMPK activation

Previous studies have shown that the cytoprotective effects of SESN2 result from
activation of AMPK during various stress (Ben-Sahra et al, 2013; Budanov and Karin, 2008;
Sanli et al, 2012). In addition, AMPK could protect cells against mitochondrial dysfunction
(Ido et al, 2002). Therefore, the role of SESN2-AMPK axis in protecting mitochondrial
dysfunction under glucose deprivation was investigated. First, the effects of glucose
deprivation on the timed responses of ACC and AMPK phosphorylation in cells were
examined. Glucose deprivation increased the phosphorylation of ACC, which represents
cellular AMPK activity (Fig. 7A). Overexpression of SESN2 similarly the increase of ACC
phosphorylation compared with MOCK-transfected cells by glucose deprivation (Fig. 7B).
Next, to examine the role of AMPK activation by SESN2 in protecting mitochondrial function,
cells were transfected with a DN-AMPK. Overexpression of the DN-AMPK was confirmed by
level of AICAR-induced ACC phosphorylation (Fig. 7C, upper). The recovery of decrease in
mitochondrial membrane permeability elicited by SESN2 overexpression was notably reversed
by DN-AMPK overexpression (Fig. 7C, lower). In another effort to verify the role of AMPK in
the protection of cell death, the effect of AICAR (an AMPK activator) on cell viability was
determined (Fig. 7D). AICAR treatment attenuated the glucose deprivation-induced increases
in cell death. These results provide evidence that the cytoprotective effect and the recovery of

mitochondrial function by SESN2 might be associated in part with AMPK activation.
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Fig. 7. Inhibition of glucose deprivation-induced mitochondrial dysfunction by

SESN2-AMPK activation

(A) Immunoblot analysis. The lysates of cells that had been incubated in glucose-free DMEM
for 0—18 h were immunoblotted. The blots shown are representative of data from at least 3
different replicates; p < 0.05 or ~ p <0.01 when compared to the control.

(B) Immunoblot analysis. Cells were incubated in DMEM containing glucose (5.6 mM) or
glucose-free DMEM for 12 h. Protein levels in lysates from these cells were then determined via
immunoblotting. Data represent the mean + S.E. of data from at least 3 different replicates;  p <
0.01 when compared to glucose-incubated each control cells.

(C) Measurement of mitochondrial membrane permeability changes. MOCK-transfected or
SESN2-overexpressing cells were transfected with a construct expressing a dominant-negative
form of AMPK (DN-AMPK) or pCDNA (i.e., empty plasmid). Then, cells were incubated in
DMEM containing glucose (5.6 mM) or glucose-free DMEM for 12 h. Data represent the mean
+ S.E. of data from at least 3 different replicates; p < 0.01 when compared to glucose-
incubated pCDNA and mock-transfected cells; “p < 0.01 when comparing pCDNA and
MOCK-transfected cells and pCDNA transfected SESN2 overexpressing cells in glucose free-
DMEM.

(D) Cell viability assay. Cells were incubated with or without AICAR (2 mM) in indicated

DMEM for 24 h. The effect of AICAR on cell viability was then assessed using the MTT assay.
The data were expressed as means = S.E. of data from at least 3 different replicates; **p <0.01

when compared to the glucose-incubated control, #p < 0.01 when compared to cells incubated

in glucose-free DMEM without AICAR.
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Fig. 8. Schematic diagram illustrating that SESN2 inhibits mitochondrial
dysfunction and apoptosis against glucose deprivation-induced stress by

AMPK activation.
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Part II: Sestrin2 inhibits HIF-1o. accumulation through increase of

PHD activity and H,0,-scavenging effect

1. Inhibition of HIF-1a accumulation by SESN2 overexpression

Hypoxia induces HIF-lo accumulation, which contributes cancer cells to adapt to
microenvironments (Denko, 2008; Keith et al, 2012). The second study investigated whether
SESN2 inhibits the HIF-1a-mediated adaptive response in cancer cells. First, to demonstrate
the role of SESN2 in HIF-1a level, HEK293 cells were transfected with HIF-1o and/or SESN2
expression plasmid. When cells were transfected with HIF-1a, an increase in HIF-1a level was
observed (Fig. 9A). However, SESN2 overexpression significantly repressed HIF-1a level in
HEK293 cells (Fig. 9A). Next, to elucidate whether SESN2 inhibits HIF-1a accumulation in
colorectal cancer cells, HCT116 and HT29 cells were exposed to hypoxia (1% O;) or normoxia
(21% 0O,). Hypoxia significantly accumulated HIF-1a protein for 3 h in both Ad-LacZ
(control)-infected HCT116 (Fig. 9B, left) and HT29 (Fig. 9B, right) cells. However, Ad-
SESN2 infection notably diminished hypoxia-induced HIF-1a accumulation in HCT116 (Fig.
9B, left) and HT29 (Fig. 9B, right) cells. The inhibitory effect of SESN2 on HIF-1a
accumulation was confirmed by CoCl, (a hypoxia mimetic agent) treatment. Treatment of cells
with CoCl, resulted in a marked increase in HIF-lo accumulation for 3—6 h in Ad-GFP
(control)-infected HCT116 cells (Fig. 9C, left) and for 3 h in HT29 cells (Fig. 9C, right). The
accumulation of HIF-la by CoCl, treatment was significantly suppressed by Ad-SESN2

infection in HCT116 (Fig. 9C, left) and HT29 (Fig. 9C, right) cells; overexpression of the
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SESN2 was verified by observation of SESN2 expression (Fig. 9C). These results indicate that

SESN?2 inhibits HIF-1o accumulation under hypoxia.
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Fig. 9. Inhibition of HIF-1a accumulation by SESN2 overexpression

(A) Immunoblot analysis. HEK293 cells were transfected with pCDNA-HIF-1a or either
pCMV-tag3A (pCMV) or SESN2, together with pPCDNA-HIF-1a for 48 h. Lysates from these
cells were then used to determine protein level via immunoblotting. The blots shown are
expressed as the mean + S.E. from at least 3 independent experiments; **p < 0.01 when
compared to the pPCDNA-transfected cells; “*p < 0.01 when compared to the pPCMV and SESN2-
transfected cells.

(B) Immunoblot analysis. HCT116 (left) or HT29 (right) cells were incubated under the
condition of normoxia (21% oxygen) or hypoxia (1% oxygen) for 3 h after Ad-LacZ or Ad-
SESN2 infection. Lysates from these cells were then used to determine protein level via
immunoblotting. The blots shown are expressed as the mean = S.E. from at least 3 independent
experiments;  p < 0.01 when compared to the normoxia-incubated control in Ad-LacZ-infected
cells; *p < 0.01 when compared to the hypoxia-incubated Ad-LacZ-infected cells.

(C) Immunoblot analysis. HCT116 (left) or HT29 (right) cells exposed to CoCl, (100 uM) for
0-6 h (left) or 3 h (right) after Ad-GFP or Ad-SESN2 infection. Lysates from these cells were
then used to determine protein level via immunoblotting. The blots shown are expressed as the
mean + S.E. from at least 3 independent experiments; ~ p < 0.01 when compared to the vehicle-
treated control in Ad-GFP-infected cells; “p < 0.05 or *p < 0.01 when compared to the CoCl,-

treated Ad-GFP-infected cells.

- 49 -

Collection @ chosun



2. Inhibition of HIF-la-dependent gene transcription by SESN2

overexpression

HIF-1a makes a complex with HIF-1p to form a heterodimer (Wang et al, 1995; Wenger
et al, 1997). HIF-1o/p complex is translocated into the nucleus and induces target genes
involved in angiogenesis and glycolysis in cancer cells (Giaccia et al, 2003; Lee et al, 2009b).
To observe effects of SESN2 on HIF-1a-dependent gene transcription, a luciferase reporter
assay in the human lungcarcinoma cell line, A549 cells which had been stably transfected with
a HRE reporter construct was performed. HRE-luciferase activity was increased by CoCl,
treatment for 24 h in Ad-GFP-infected A549 cells, but Ad-SESN2 infection decreased HRE
reporter activity (Fig. 10A, left); overexpression of the SESN2 was verified by immunoblot
analysis (Fig. 10A, right). Consistently, CoCl, treatment increased the level of GLUT1, VEGF,
CA-IX, LDH A and PDK1 in HCT116 (Fig. 10B, upper) and HT29 (Fig. 10B, lower) cells. The
increased HIF-1o-target genes have been studied as cellular markers for hypoxia. However,
Ad-SESN2 significantly decreased the CoCl,-induced transcripts of GLUT1, VEGF, CA-IX,
LDH A and PDKI1 in HCT116 (Fig. 10B, upper) and HT29 (Fig. 10B, lower) cells. These

results show that SESN2 inhibits HIF-1a-mediated gene regulation in colon cancer cells.
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Fig. 10. Inhibition of HIF-la-dependent gene transcription by SESN2

overexpression

(A) HRE reporter gene assay. HRE-A549 cells were incubated with CoCl, (100 uM) for 24 h

following Ad-GFP or Ad-SESN2 infection. Luciferase activity was measured in the cell lysates.
Data were expressed as the mean = S.E. from at least 3 different replicates; **p < 0.01 when

compared to the vehicle-treated control in Ad-GFP-infected cells; “p < 0.01 when compared to

the CoCl,-treated Ad-GFP-infected cells.

(B) Real-time PCR assays. HCT116 (upper) or HT29 (lower) cells exposed to CoCl, (100 uM)
for 6 h (upper) or 3 h (lower) after Ad-GFP or Ad-SESN2 infection. Data were expressed as the
mean + S.E. from at least 3 different replicates; p < 0.05 or = p < 0.01 when compared to the
vehicle-treated control in Ad-GFP-infected cells; #p <0.05 or ##p < 0.01 when compared to the

CoCl,-treated Ad-GFP-infected cells.
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3. Inhibition of in vitro cell migration and invasion by SESN2 overexpression

HIF-1a activation induces cell growth, migration, and invasion in cancer cells (Denko,
2008; Keith et al, 2012; Semenza, 2008; 2014). The ability of cancer cells to disseminate from
the primary site and form distant metastases is the main cause for cancer-related morbidity in
patients with solid tumors (Denko, 2008; Popovic et al, 2014). Therefore, much effort has been
invested in the identification of the HIF-1a signaling pathways and the cellular structures
involved in the migratory process of cells. Hence, further study examined the role of SESN2
during the inhibition of cancer cell metastasis. First, scratch assays were conducted in HCT116
cells. After removal of cancer cells with scratch, treatments of 1% serum induced wound
migration in Ad-LacZ-infected cells. However, the overexpression of SESN2 inhibited in vitro
scratch wound migration (Fig. 11A). To confirm this, in vitro cancer cell migration and
invasion assay were performed. Ad-LacZ-infected cells were significantly migrated cells in
10% serum-condition (Fig. 11B). However, Ad-SESN2 markedly repressed serum-induced in
vitro cell migration (Fig. 11B). Next, in vitro cell invasion were examined by using matrigel
coated invasion chamber in 10% serum-condition. Invasive population was increased in Ad-
LacZ-infected cells, whereas infection of Ad-SESN2 notably suppressed serum-induced
invaded cells (Fig. 11C). 5-FU treatment was used as positive control (Fig. 11B and 11C) to
inhibit cell migration and invasion in colon cancer cells (Bogatkevich et al, 2008; Shen et al,
2014). These results support the notion that SESN2 inhibits cancer cell metastasis, which may

result from ability of SESN2 to diminish HIF-1a level.
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Fig. 11. Inhibition of in vitro cell migration and invasion by SESN2

overexpression

(A) Wound healing assay. HCT116 cells were seeded in 24-well plate following Ad-LacZ or
Ad-SESN2 infection. Cells grown to 90% confluence were cleared with a scratch and then

incubated with 1% serum for 24 h. Migrated cells were observed with light microscopy

(magnification, *50). The width of the injury line from three independent experiments was
measured. The results presented were mean + S.E.; p < 0.01 when compared to the Ad-LacZ-
infected control.

(B) In vitro cell migration assay. HCT116 cells were placed in the upper part of the transwell
plate following Ad-LacZ or Ad-SESN2 infection, and incubated with or without 10% serum for

24 h. 5-fluorouracil (5-FU, 50 uM) was used as positive control. Migrated cells were observed

with light microscopy (magnification, 100). The results shown are expressed as the mean +
S.E. from at least 3 different replicates; p < 0.05 when compared to the vehicle-treated control
in Ad-LacZ-infected cells; “p < 0.05 when compared to the serum-treated Ad-LacZ-infected
cells.

(C) In vitro cell invasion assay. HCT116 cells were placed in the upper part of the matrigel
coted-transwell plate following Ad-LacZ or Ad-SESN2 infection, and incubated with or without

10% serum for 24 h. 5-FU (50 uM) was used as positive control. Invaded cells were observed

with light microscopy (magnification, *100). The results shown are expressed as the mean +
S.E. from at least 3 different replicates; ~ p < 0.01 when compared to the vehicle-treated control
in Ad-LacZ-infected cells; “p < 0.01 when compared to the serum-treated Ad-LacZ-infected

cells.
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4. Increase of ubiquitin-dependent HIF-1laa degradation by SESN2

overexpression

Next study assessed the mRNA level of HIF-1a to see if changes in the level of HIF-1a
mRNA precede that of protein by SESN2 overexpression. Treatment of CoCl, did not
significantly affect the mRNA transcripts of HIF-la in HCT116 cells. Moreover, when
compared with Ad-GFP, Ad-SESN2 infection did not change the level of HIF-1lo. mRNA
significantly (Fig. 12A). Treatment of actinomycin D, a transcription inhibitor, was adopted as
a positive control, significantly decreased mRNA transcripts in compared to each control group
(Fig. 12A); this result suggest that posttranscriptional mechanism possibly might be involved in
SESN2-mediated HIF-1a regulation. In normoxia, HIF-1a. is rapidly degraded by proteasome
after ubiquitination via E3-ubiquitin ligase pVHL (Giaccia et al, 2003) and this pathway is
recognized as the most important to regulate the level of HIF-1a. Therefore to find the
molecular mechanism on inhibition of HIF-1a accumulation by SESN2, the stability of HIF-1a
protein was examined. First, HIF-1a protein accumulation was induced by CoCl, treatment and
then CHX (a protein translation inhibitor) was treated to observe and HIF-1a degradation.
CHX treatment gradually showed decrease in accumulation of HIF-1a in both Ad-GFP and
Ad-SESN2 infected cells (Fig. 12B). However, in the overexpression of SESN2, HIF-1a
protein displayed a more decrease from 3 h after the start of the experiment and lower level at
60 min after treatment of CHX (Fig. 12B). To verify aforementioned results, cells were
incubated with MG132, a proteasome inhibitor, and then cells were incubated under the
condition of hypoxia or CoCl, treatment. After HIF-1a degradation was blocked by MG132

under hypoxia in HCT116 (Fig. 12C, left) and HT29 (Fig. 12C, right) cells, HIF-1a
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ubiquitination was detected by immunoprecipitation assay. In the presence of MG132, Ad-
SESN2 overexpression clearly increased HIF-1a-ubiquitination under hypoxic conditions in
both HCT116 (Fig. 12C, left) and HT29 (Fig. 12C, right) cells. Moreover, Ad-SESN2 more
facilitated ubiquitination of HIF-1a than Ad-GFP under both CoCl, and MG132 treatment in
HCT116 (Fig. 12D, left) and HT29 (Fig. 12D, right) cells. These results clearly indicate that

SESN2 promotes ubiquitination dependent proteasomal degradation of HIF-1a.
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Fig. 12. Increase of ubiquitin-dependent HIF-la degradation by SESN2

overexpression

(A) Real-time PCR assays. After Ad-GFP or Ad-SESN2 infection, HCT116 cells were
pretreated with actinomycin D (Act D, 3 pg/mL) and then incubated with CoCl, (100 uM) for 6
h. Data were expressed as the mean + S.E. from at least 3 different replicates; *p <0.05 or **p <
0.01 when compared to the vehicle-treated Ad-GFP-or Ad-SESN2-infected cells.

(B) Immunoblot analysis. After Ad-GFP or Ad-SESN2 infection, HCT116 cells were incubated
with CoCl, (100 uM) and cycloheximide (CHX, 0.5 pg/mL) for the indicated time periods.
Lysates from these cells were then used to determine HIF-1a protein level via immunoblotting.
These results show representative data of at least 3 separate experiments.

(C) Immunoprecipitation assay. After Ad-LacZ or Ad-SESN2 infection, HCT116 (left) or HT29
(right) cells that had been transfected with the plasmid encoding ubiquitin were pretreated with
MG132 (MG, 10 uM) for 3 h and then incubated under the condition of hypoxia (1% oxygen)
for 3 h. Immunoprecipitation assay was determined in the cell lysates. HIF-1a
immunoprecipitates were immunoblotted with anti-ubiquitin antibody. HIF-1o and B-actin were
immunoblotted in the cell lysates. These results show representative data of at least 3 separate
experiments.

(D) Immunoprecipitation assay. After Ad-GFP or Ad-SESN2 infection, HCT116 (left) or HT29
(right) cells that had been transfected with the plasmid encoding ubiquitin were pretreated with
MG (10 uM) for 3 h and then incubated in CoCl, (100 uM) for 6 h (left) or 3 h (right).
Immunoprecipitation assay was determined in the cell lysates. HIF-1o immunoprecipitates were

immunoblotted with anti-ubiquitin antibody. HIF-1o and -actin were immunoblotted in the cell
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lysates. These results show representative data of at least 3 separate experiments.
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5. Involvement of PHD activation in SESN2-mediated inhibition of in vitro

cell migration and invasion

To be degraded by the ubiquitination-proteasome system, the hydroxylation of proline
residues (Pro402 and Pro564) in the oxygen-dependent degradation domain (ODDD) of HIF-
la by PHDs is a prerequisite (Kaelin Jr, 2008; Popovic et al, 2014). Next, to demonstrate
whether SESN2 affects the hydroxylation of HIF-1a protein, hydroxyl-HIF-1a (OH-HIF-10)
level was examined. Hypoxia-induced OH-HIF-1a (Pro564) was increased for 3 h in Ad-LacZ-
infected HCT116 (Fig. 13A, left) and HT29 (Fig. 13A, right) cells. When compared with the
Ad-LacZ, Ad-SESN2 notably more increased the level of OH-HIF-1a in HCT116 (Fig. 13A,
left) and HT29 (Fig. 13A, right) cells under hypoxia. But there was no difference the
expression level of PHD2 between Ad-LacZ and Ad-SESN2 infected cells (Fig. 13A). Under
CoCl, treatment, Ad-SESN2 also enhanced OH-HIF-1a in both colon cancer cells (Fig. 13B).
These results suggest that SESN2 increases the level of HIF-lo hydroxlyation, thereby
promoting HIF-1a degradation.

Next, to verify whether SESN2-induced increase of OH-HIF-1a affects on the cancer cell
metastasis, cells were treated with DMOG, an inhibitor of PHD activity. The inhibitory effect
on CoCl,-induced HIF-1a accumulation by Ad-SESN2 was reversed by DMOG treatment in
HCT116 cells (Fig. 14A). DMOG treatment notably repressed CoCl,-induced hydroxylarion of
HIF-1a in LacZ or SESN2 infected cells (Fig. 14A). This results indicates that hydroxylation
of HIF-1a is a prerequisite for SESN2-mediated HIF-1a degradation. Next study examined the
possibility that increase in hydroxylation of HIF-1ao by SESN2 affects cancer cell metastasis.

Consistent with aforementioned result, DMOG treatment abrogated the inhibitory effect of
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10% serum-induced in vitro cell migration and invasion in Ad-SESN2 of HCT116 cells (Fig.
14B and 14C). These results show that SESN2-overexpressed cells increase PHD activity for

HIF-1a hydroxylation, thereby preventing cancer cell migration and invasion.
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Fig. 13. The role of PHD activity in SESN2-mediated HIF-1a inhibition

(A) Immunoblot analysis. HCT116 (left) or HT29 (right) cells were incubated under the
condition of normoxia (21% oxygen) or hypoxia (1% oxygen) for 3 h following Ad-LacZ or Ad-
SESN2 infection. Lysates from these cells were then used to determine protein level via
immunoblotting. The blots shown are expressed as the mean + S.E. from at least 3 independent
experiments;  p < 0.01 when compared to the normoxia-incubated control in Ad-LacZ-infected
cells; *p < 0.01 when compared to the hypoxia-incubated Ad-LacZ-infected cells.

(B) Immunoblot analysis. HCT116 (left) or HT29 (right) cells were incubated in CoCl, (100
uM) for 6 h (left) or 3 h (right) following Ad-LacZ or Ad-SESN2 infection. Lysates from these
cells were then used to determine protein level via immunoblotting. The blots shown are
expressed as the mean + S.E. from at least 3 independent experiments; “p < 0.01 when

compared to the CoCl,-treated Ad-GFP-infected cells.
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Fig. 14. Involvement of PHD activation in SESN2-mediated inhibition of in

vitro cell migration and invasion

(A) Immunoblot analysis. After Ad-LacZ or Ad-SESN2 infection, HCT116 cells were pretreated
with DMOG (1 mM) for 1 h and then incubated in CoCl, (100 uM) for 6 h. Lysates from these
cells were then used to determine protein level via immunoblotting. The blots shown are
expressed as the mean + S.E. from at least 3 independent experiments; p < 0.01 when
compared to the vehicle-treated control in Ad-LacZ-infected cells; “p < 0.01 when compared to
the CoCl,-treated Ad-LacZ-infected cells.

(B) In vitro cell migration assay. HCT116 cells were placed in the upper part of the transwell
plate following Ad-LacZ or Ad-SESN?2 infection, and treated with or without DMOG (1 mM)

and continuously incubated with 10% serum for 24 h. Migrated cells were observed with light

microscopy (magnification, ¥100). The results shown are expressed as the mean + S.E. from at
least 3 different replicates; **p < 0.01 when compared to the vehicle-treated control in Ad-LacZ-
infected cells; “p < 0.01 when compared to the serum-treated Ad-LacZ-infected cells.

(C) In vitro cell invasion assay. HCT116 cells were placed in the upper part of the matrigel
coted-transwell plate following Ad-LacZ or Ad-SESN2 infection, and treated with or without

DMOG (1 mM) and continuously incubated with 10% serum for 24 h. Invaded cells were

observed with light microscopy (magnification, *100). The results shown are expressed as the
mean = S.E. from at least 3 different replicates; ~ p < 0.01 when compared to the vehicle-treated
control in Ad-LacZ-infected cells; “p < 0.01 when compared to the serum-treated Ad-LacZ-

infected cells.
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6. Inhibition of ROS-mediated HIF-laa accumulation by SESN2

overexpression

Previous study reported that excessive ROS production contributes to development of
colorectal cancer (Waris and Ahsan, 2006). Moreover, generation of ROS in hypoxic condition
leads to accumulate HIF-1a (Shimojo et al, 2013; Chandel et al, 2000; Goyal et al, 2004).
Furthermore, prevention of oxidative stress improves tumor grade beneficially and inhibits
metastasis (Sotgia et al, 2011). Based on the previous results that SESN2 is an antioxidant, next
experiments explored whether the inhibitory effect of SESN2 on HIF-1a accumulation is
related with its antioxidant capacity. To observe whether ROS production is involved in HIF-
la accumulation, the level of HIF-1a was assessed after H,O, treatment. H,O, significantly
accumulated HIF-1a protein for 3—6 h in HCT116 (Fig. 15A, left) and for 1 h in HT29 (Fig.
15A, right) cells. HyO,-induced HIF-1aw accumulation was also blocked by Ad-SESN2 in
HCT116 and HT29 cells (Fig. 15A). In addition, measurement of ROS production using
DCFH-DA indicated that Ad-SESN2 overexpression significantly inhibited increases in ROS
production by CoCl, treatment (Fig. 15B). The antioxidant effect of SESN2 was verified by
detection of H,O,-induced intracellular ROS generation (Fig. 15C). Therefore, the inhibition of

HIF-1a accumulation by SESN2 may result from its antioxidant effect.
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Fig. 15. Inhibition of ROS-mediated HIF-la accumulation by SESN2

overexpression

(A) Immunoblot analysis. HCT116 (left) or HT29 (right) cells were exposed to H,O, (500 uM)
for 0-6 h (left) or 1 h (right) after Ad-GFP or Ad-SESN2 infection. Lysates from these cells
were then used to determine protein level via immunoblotting. The blots shown are expressed as
the mean + S.E. from at least 3 independent experiments; p < 0.05 or ~p < 0.01 when
compared to the vehicle-treated control in Ad-GFP-infected cells; “p < 0.05 when compared to
the H,O»-treated Ad-GFP-infected cells.

(B) Measurement of ROS production. HCT116 cells were incubated with CoCl, (100 uM) for
30 min following Ad-LacZ or Ad-SESN2 infection. ROS production was assessed by DCF
fluorescent intensity. Data represent the mean + S.E. of data from at least 3 different replicates;
“p < 0.01 when compared to the vehicle-treated control in Ad-LacZ-infected cells; “p < 0.05
when compared to the CoCl,-treated Ad-LacZ-infected cells.

(C) Measurement of ROS production. HCT116 cells were incubated with HO, (500 uM) for 10
min following Ad-LacZ or Ad-SESN2 infection. ROS production was assessed by DCF
fluorescent intensity. Data represent the mean + S.E. of data from at least 3 different replicates;
“p < 0.01 when compared to the vehicle-treated control in Ad-LacZ-infected cells; “p < 0.01

when compared to the H,O,-treated Ad-LacZ-infected cells.
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7. The role of SESN2—AMPK axis in HIF-1a inhibition

AMPK plays a major role in maintaining energy and redox homeostasis in cells.
Deregulation of this balance can lead to metabolic stress-associated disease (Steinberg and
Kemp, 2009; Hardie, 2003; 2007; Hardie et al, 2012). AMPK activation inhibits HIF-1a
accumulation (Lee et al, 2003; Jung et al, 2008; Treins et al, 2006). SESN2 has been
documented as an upstream regulator of AMPK activation (Budanov and Karin, 2008; Ben-
Sahra et al, 2013; Sanli et al, 2012). Therefore, to investigate the role of the SESN2-AMPK
axis in HIF-1a inhibition, cells were transfected with an siRNA directed against human
AMPKa. An siRNA knockdown of AMPKa reversed the Ad-SESN2-mediated inhibition of
HIF-1a accumulation in HCT116 cells under hypoxia (Fig. 16A). Moreover, the increase of
OH-HIF-1a by Ad-SESN2 under hypoxia was reversed by siRNA knockdown of AMPKa. (Fig.
16A). This result showed that the possible role of AMPK signaling was required in the
inhibitory action of Ad-SESN2 on HIF-1a destabilization. Similarly, a DN-AMPK to restore
the ability of CoCl,-induce HIF-1a accumulation against Ad-SESN2 (Fig. 16B, lower); DN-
AMPK overexpression was confirmed by western blotting of AMPK truncated form (Fig. 16B,
upper). The inhibitory effect of HRE luciferase activity under hypoxia in Ad-SESN2-
overexpressing A549 cells was not seen in SESN2-overexpressing cells transfected with an
siRNA knockdown (Fig. 16C, left); an siRNA knockdown of AMPKa was confirmed by
immunoblot analysis (Fig. 16C, right). This result suggested that AMPK was responsible for
SESN2-mediated inhibition of HIF-1a activity against hypoxia. These results indicate that

repression HIF-1a accumulation by Ad-SESN2 may result from AMPK activation.
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Fig. 16. The role of SESN2-AMPK axis in HIF-1a inhibition

(A) Immunoblot analysis. After Ad-LacZ or Ad-SESN2 infection, HCT116 cells were
transfected with control siRNA (siCON) or AMPKa siRNA (siAMPKa). Then, HCT116 cells
were incubated under the condition of hypoxia (1% oxygen) for 3 h. Lysates from these cells
were then used to determine protein level via immunoblotting. The blots shown are expressed as
the mean + S.E. from at least 3 independent experiments; ~p < 0.01 when compared to the
hypoxia-incubated control in Ad-LacZ-infected and siCON-transfected cells; “p < 0.05 or *p <
0.01 when compared to the hypoxia-incubated Ad-SESN2-infected and siCON-transfected cells.
(B) Immunoblot analysis. After Ad-GFP or Ad-SESN2 infection, HCT116 cells were
transfected with a construct expressing a dominant-negative form of AMPK (DN-AMPK) or
pCDNA. Then, cells were treated with CoCl, (100 uM) for 6 h. Protein levels were
immunoblotted in the cell lysates. The blots shown are expressed as the mean = S.E. from at
least 3 independent experiments; ~ p < 0.01 when compared to the vehicle-treated control in Ad-
GFP-infected and pCDNA-transfected cells; “p < 0.01 when compared to the CoCl,-treated Ad-
GFP-infected and pCDNA-transfected cells.

(C) HRE reporter gene assay. After Ad-LacZ or Ad-SESN2 infection, HRE-A549 cells were
transfected with siCON or siAMPKa. Then, HRE-A549 cells incubated under the condition of
normoxia (21% oxygen) or hypoxia (1% oxygen) for 15 h. Luciferase activity was measured in
the cell lysates. Data were expressed as the mean + S.E. from at least 3 different replicates; ~ p <
0.01 when compared to the normoxia-incubated control in Ad-LacZ-infected and siCON-
transfected cells; “p < 0.05 when compared to the hypoxia-incubated Ad-LacZ-infected and

siCON-transfected cells.
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Fig. 17. Schematic diagram illustrating that SESN2 inhibits HIF-1a
accumulation in hypoxia by increase of PHD activity and H,0;-scavenging

effect
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V. DISCUSSION

This study examines that SESN2 suppresses glucose deprivation-induced ROS production,
thereby inhibiting mitochondrial dysfunction and apoptosis. In addition, SESN2 inhibits
hypoxia-induced HIF-1a accumulation and cancer cell metastasis. This study also provides
evidence that AMPK activation is required for the action of SESN2.

Family of SESNs (SESN1-3) has been discovered in mammals (Buckbinder et al, 1994;
Budanov et al, 2002; Peeters et al, 2003). Although all isoforms of SESN have been
documented to attenuate intracellular ROS, the each SESN induction is regulated by different
mechanisms. The present study showed that glucose deprivation-induced SESN2 expression
but not SESN1 in HepG2 cells (Fig. 1). Bae et al. also demonstrated that two diet states (fasting
and refeeding) regulate SESN2 expression in mouse liver (Bae et al, 2013). In addition, tert-
butyl hydroquinone leads to induction of SESN2 but not SESN1 or SESN3 (Shin et al, 2012) in
HepG2 cells. Harmful environments such as gamma irradiation and genotoxic stress induce
transcription of the SESN2 gene (Budanov et al, 2002; Velasco-Miguel et al, 1999). Hypoxia
as one of the most severe metabolic condition also activates SESN2 gene transcription in
human neuroblastoma cells (Budanov et al, 2002). Moreover, many compounds including 2-
deoxyglucose which can decrease cellular ATP level, stimulates SESN2 expression (Ben-Sahra
et al, 2013). Indeed, SESN2 is upregulated in obesity mouse tissue (liver and skeletal muscle)
(Lee et al, 2012a). Collectively, these results suggest that especially SESN2 is sensitively
induced in response to detrimental stimuli.

SESN2 participates in a variety of biological process, which protects function of diverse

cells and tissues. It was shown that overexpressed SESN2 protects cells against oxidative
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stress- and hypoxia-induced cell death (Budanov et al, 2002, 2004). In addition, Lee et al.
reported that SESN2 prevents ROS overproduction thereby maintaining cellular metabolism
and mitochondrial function (Lee et al, 2010b). In glomerular mesangial cells, it prevents
hyperglycemia-induced dysfunction of endothelial nitric oxide synthase and fibronectin
synthesis (Eid et al, 2013). Moreover, SESN2 also contributes to the inhibition of hepatic
lipogenesis by the liver X receptor a (LXRo)-mediated SREBP-1c¢ expression (Jin et al, 2013).
In addition, this study shows that SESN2 protects mitochondrial function and increases cell
survival against glucose depletion. Collectively, SESN2 has been shown to prevent stress-
induced malfunction of cells.

ROS are important stimuli to induce SESN2. It is well known that ROS induce a lot of
antioxidant genes via Nrf2-ARE activation (Lee et al, 2010a; Nguyen et al, 2009). SESN2 is
also regulated by Nrf2-ARE dependent signal pathway (Shin et al, 2012). ROS induce Nrf2
phosphorylation, which results in separation Nrf2 from Kelch-like ECH-associated protein 1
(Keapl), an inhibitory regulator of Nrf2 (Itoh et al, 2004). This process increases Nrf2 stability
and enables to translocate Nrf2 to nucleus (Itoh et al, 2004). Present study showed that glucose
deprivation-induced Nrf2 phosphorylation at Serine 40 (Fig. 3A). In addition, this study found
Nrf2-ARE activation-mediated SESN2 induction as evidence by measurement of SESN2
promoter activity (Fig. 3B). AARE in the region of the SESN2 promoter blocked the glucose
deprivation-induced increase of SESN2 reporter activity (Fig. 3B). These observations suggest
that the ARE region is involved in Nrf2-dependent induction of SESN2 gene.

This study focused on the protective effects of SESN2 is due to preserve mitochondrial
function. Mitochondria membrane potential is important to produce ATP, therefore its loss
mainly representative indicates of mitochondrial dysfunction and subsequently decreases the

level of ATP (Green and Reed 1998). This study verified that overexpression of SESN2
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prevented mitochondrial dysfunction, as supported by the decreased ADP/ATP ratio and
recovery of mtDNA contents and mitochondrial membrane potential (Fig. 6). However,
directly linkage between SESN2 and mitochondria has not been well defined. Based on AMPK
is a downstream target of SESN2 and also plays a role in sensing ATP level, this study
examined that the AMPK activation is involved in SESN2-mediated protection of
mitochondrial damage. In response to an increase in the AMP/ATP ratio, AMPK represses
ATP-consuming processes and increases ATP synthesis (Steinberg and Kemp, 2009). The
recovery of mitochondria permeability transition elicited by SESN2 overexpression was
reversed in DN-AMPK transfection (Fig. 7C). Moreover, treatment with AICAR prevented
glucose deprivation-induced cell death (Fig. 7D); this result suggests that AMPK activation is
responsible for SESN2-mediated protective effect of mitochondria and cell death against
glucose deprivation. Since mitochondria are the sites of ATP production, mitochondria are
probably target of AMPK to maintain cellular energy status (Steinberg and Kemp, 2009).
Moreover, it is well established that AMPK represses accumulation of ROS in mitochondria
through enhancing the mRNA level of peroxisome proliferators-activated response-coactivator-
1, uncoupling protein, and MnSOD (Kukidome et al, 2006). Indeed, AMPK activation can
preserve mitochondrial membrane permeability by suppressing glycogen synthase kinase 33
(GSK3pB) (Shin et al, 2009). Oxidative stress is able to activate GSK3[, which in turn
translocates into the mitochondria, finally, permeability transition pore is phosphorylation and
membrane potential is break down; components phosphorylation is critical role in the
mitochondrial permeability transition pore opening (Juhaszova et al, 2004; Xi et al, 2009).
Therefore, the critical role of AMPK in inhibitory effect of GSK3[ phosphorylation leads to
protect on mitochondria. In addition, since SESN2 and AMPK are negative regulator of mTOR

signaling (Lee et al, 2012a), ATP-consuming procedures by mTOR may be target of maintain
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ATP levels in metabolic stress.

Hypoxia also affects the function of mitochondria. Normal cells metabolize glucose to
pyruvate and then produce ATP through TCA cycle in mitochondria respiratory chain (Rudich
et al, 2007). In mitochondria, OXPHOS system utilizes the proton gradient formed during
electron flow from a reduced substrate to molecular oxygen to synthesize ATP from ADP
(Rudich et al, 2007). Therefore, distribution of oxygen has been shown to be essential for
preservation of mitochondrial function.

Unlike normal cells, tumor cells can generally adapt to and overcome hypoxia by diverse
mechanisms including angiogenesis and switching glucose metabolism to glycolysis (Keith et
al, 2012; Kleiner and Stetler-Stevenson, 1999; Liu et al, 2012; Parks et al, 2013). The adaptive
response in hypoxia is primarily regulated by the transcription factor HIF-1a. Koop et al.
documented that HIF-1a transactivates VEGF and plays a crucial role in angiogenesis and
tumor formation (Koop et al, 2003). HIF-1 also stimulates glycolytic pathway by
transactivating genes involved in extracellular glucose transport (such as GLUT1) and enzymes
responsible for the glycolytic breakdown of intracellular glucose (such as Aldolase) (Chen et al,
2001; Semenza et al, 1994). In hypoxia, pyruvate is not used by mitochondria, instead it is
converted to lactate by LDH to be released into the extracellular space, resulting in cancer cell
acidosis (Firth et al, 1995). Moreover, CA-IX maintains cellular acidosis, thus, facilitates
cancer cell growth and invasion (Semenza, 2003). Furthermore, HIF-1 also downregulates
OXPHOS system within the mitochondria through PDKI1 induction (Kim et al, 2006;
Papandreou et al, 2006). Thus, HIF-1a is considered as a promising target against cancer
progression and growth (Weidemann and Johnson, 2008; Yee et al, 2008).

SESN?2 is originally reported as a p53 dependent gene (Budanov et al, 2002). SESN2 is

frequently deleted in cancer (Velasco-Miguel et al, 1999) and SESN2 expression is especially
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decreased in colorectal cancer (Wei et al, 2015). SESN2 represses cell growth and proliferation
in many cancer cell lines (Budanov and Karin, 2008; Budanov et al, 2002). Moreover, silencing
of both SESN2 and p53 promotes tumor growth in mice xenograft models (Sablina et al, 2005).
However, effects of SESN2 on cancer metastasis, especially HIF-1oo mediated process in
hypoxia never have been explored. This study found that SESN2 represses serum-induced in
vitro cell migration and invasion (Fig. 11). Moreover, its inhibitory effect was reversed by
blockade of PHD activation (Fig. 14); support the concept that SESN2 may have inhibitory
effects on tumor metastasis probably at least in part through PHD activation.

Hydroxylation of HIF-1o by PHD is necessarily required for proteasomal degradation
(Kaelin Jr, 2008; Popovic et al, 2014). Therefore, regulation of PHD activity is recognized as
important target for HIF-1a inhibition. Han et al. have documented that transforming growth
factor-pB1 increased HIF-1o accumulation via down-regulate PHD2 expression, thereby leading
to epithelial-mesenchymal transition (EMT) in renal tubular cells (Han et al, 2013). In
glioblastoma cells, PHD2 constitutively suppresses HIF-1a expression and regulates induction
of HIF-1a-driven genes (Sun et al, 2014). In addition, PHD2 causes repression of pancreatic in
vivo tumor growth and invasion (Su et al, 2012). Although how SESN2 regulates the
interaction between PHD2 and HIF-1a is unclear, SESN2 increased HIF-1a hydroxylation (Fig.
13). These results imply that the PHD2 probably is an important downstream target of SESN2
in HIF-1a inhibition.

Present study provides evidence that SESN2 prevents the ability of hypoxia-induced ROS
production and this process might contribute to inhibit HIF-loo accumulation and
transactivation (Fig. 10 and 15). Accumulated reports have been indicated that antioxidants can

inhibit HIF-1a accumulation and its action on cancer proliferation and metastasis (Lee et al,
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2012b; Shimojo et al, 2013). Inhibition of ROS by NAC suppresses hypoxia-induced EMT and
representative marker of metastasis in pancreatic cancers (Shimojo et al, 2013). Moreover,
oltipraz (a cancer chemopreventive agent) promotes HIF-1a ubiquitin-dependent proteasomal
degradation by its antioxidant effect (Lee et al, 2009b). Overall, SESN?2 is likely to inhibit HIF-
la. accumulation and adaptation of cancer cells to tumor microenvironments via repression of
ROS production.

In addition, present study also suggests the role of AMPK in inhibition of HIF-la
accumulation by SESN2. An siRNA knockdown of AMPK or overexpression of DN-AMPK
showed reversal inhibitory effect of SESN2 on HIF-1la accumulation (Fig. 16A and 16B).
Previous report also indicated that AMPK activation by its activator AICAR or metformin
antagonized insulin- or insulin-like growth factor-mediated HIF-1a accumulation, suggesting
that AMPK activation can inhibit HIF-1a activation (Treins et al, 2006). Moreover, it has been
known that hemin increased the GSK3[ phosphorylation, therefore, either AMPK or GSK3 3
might be link in the inhibition of HIF-1a (Lee et al, 2012b). Recently, Faubert et al. reported
that the knockout of AMPKa accelerates the development of lymphomas in c-Myc-
overexpressed transgenic mice, suggesting that loss of AMPK can contribute to promote tumor
development (Faubert et al, 2013). In addition, AMPK has shown that tumor suppressor
activity through HIF-1a and its target gene inhibition in mice (Faubert et al, 2013; 2015). In
agreement with these previous reports, this study identified that siRNA knockdown of AMPK
in Ad-SESN2 leads to reverse inhibition of HIF-1a activity (Fig. 16); this result corroborates
AMPK signaling is involved in SESN2-mediated reduction of HIF-1a activation.

In conclusion, SESN2 shows wide-ranging influence on metabolic stress-induced adaptive

response. This study provides that SESN2 prevents cellular damage associated with imbalance
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of energy metabolism and inhibits HIF-1o mediated tumor metastasis. These findings strongly

support novel insights into the crucial role of SESN2 in metabolic stress.
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V1. CONCLUSION

1. Glucose deprivation induced SESN2 in hepatocyte-derived cells.

2. SESN2 decreased ROS production and apoptosis under glucose deprivation.

3. SESN2 restored the glucose deprivation-induced mitochondrial dysfunction.

4. AMPK activation was responsible for SESN2-mediated mitochondrial protection against
glucose deprivation.

5. SESN2 repressed the serum-induced in vitro cancer cell migration and invasion.

6. SESN2 decreased ROS-mediated HIF-1o accumulation in colorectal cancer cells.

7. SESN2 increased HIF-1o hydroxylation thereby promoting ubiquitin-dependent HIF-1a
degradation.

8. AMPK activation was responsible for SESN2-mediated effect of HIF-1o destabilization.
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ABSTRACT

The Role of Sestrin2 in Metabolic Stress

Kyuhwa Seo
Advisor: Prof. Sang Mi Shin, Ph. D.
College of Pharmacy,

Graduate School of Chosun University

Cells require energy to support for their growth and proliferation. Mitochondria are
cellular organelles which have energy-producing activity using nutrients and oxygen. Therefore,
proper supplement of nutrients and oxygen is important to preserve the mitochondrial function.
However, their imbalance leads to ATP depletion, thereby inducing energy metabolic stress.
Metabolic stress disturbs the function of mitochondrial electron transport chain and leads to
reactive oxygen species (ROS) production. Excessive ROS production causes oxidative stress
and triggers signal-transduction pathway that alters gene expression. Therefore, cells have
diverse antioxidant systems to preserve cellular redox homeostasis. Sestrin2 (SESN2) as an
antioxidant protein is regulated in response to diverse stress including oxidative stress. SESN2
modulates cellular redox homeostasis through the regeneration of peroxiredoxins, therefore
contributes to inhibit intracellular ROS. This study investigated the mechanism underlying the
role of SESN2 in metabolic stress from deprivation of glucose or oxygen.

The first study demonstrates protective role of SESN2 from the glucose deprivation-

induced metabolic stress. First, SESN2 expression was higher in the hepatocytes isolated from
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fasted mice than nonfasted mice. Glucose deprivation induced SESN2 expression in
hepatocyte-derived cells (AML12, Huh7 and HepG2). However, in HepG2 cell, high glucose
(more than normal condition) did not changed SESN2 expression. Glucose deprivation
increased mRNA expression and luciferase activity of SESN2. To demonstrate whether glucose
deprivation-induced SESN2 induction is accompanied by Nrf2 transactivation, the
phosphorylation of Nrf2 was examined. The phosphorylation of Nrf2 was increased by glucose
deprivation. To identify the role of SESN2 in glucose deprivation-mediated mitochondrial
damage, cells that stably overexpressed SESN2 were prepared. Glucose deprivation decreased
the mitochondrial membrane permeability and mitochondrial DNA (mtDNA) content, and
increased ADP/ATP ratio. However, SESN2-overexpressed cells decreased the increased
ADP/ATP ratio and restored the mitochondrial membrane permeability and mtDNA content
under glucose deprivation. Indeed, overexpression of SESN2 protected cells against glucose
deprivation-induces apoptosis. The protective effect of SESN2 in mitochondria against glucose
deprivation was reversed by siRNA knockdown of SESN2. To understand the cellular
signaling underlying the protective activity of SESN2 in glucose deprivation-induced
mitochondrial dysfunction and apoptosis, AMP-activated protein kinase (AMPK), a cellular
energy sensor, was mutated. The recovery of changes in mitochondria membrane permeability
examined under glucose deprivation by SESN2 overexpression was significantly reversed by
DN-AMPK-overexpressed cells. Treatment with S-aminoimidazole-4-carboxamide-1-p-d-
ribofuranoside (AICAR), an AMPK activator, protected cell death against glucose deprivation.
Finally, these results provide that the role of SESN2 in protection of mitochondrial damage and
cell death in glucose deprivation, which is associated in part through AMPK activation.

The second study investigates effect of SESN2 on hypoxia (deprivation of oxygen)-

induced altered signaling pathways. Hypoxia-inducible factor-la. (HIF-1o) is an oxygen-
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dependent transcription factor, which plays a crucial role in tumor growth by inducing target
genes involved in angiogenesis and glycolysis in cancer cells. This study examined that the
inhibitory effect of SESN2 on hypoxia-induced HIF-lo accumulation and cancer cell
metastasis. First, SESN2 overexpression repressed accumulated HIF-1o level in HEK293 cells.
To verify whether SESN2 have inhibitory effect on HIF-1a accumulation in colorectal cancer
cells, HCT116 and HT29 cells were incubated with hypoxia or CoCl, (hypoxia-mimicking
agent). Hypoxia or CoCl, treatment accumulated HIF-1a protein, but infection of adenovirus-
SESN2 (Ad-SESN2) decreased hypoxia- or CoCl,-induced HIF-1a accumulation. In addition,
Ad-SESN2 diminished CoCl,-induced hypoxia response element (HRE) luciferase activity and
mRNA level of HIF-1a-driven genes. To examine the role of SESN2 in HIF-la-mediated
cancer cell adaptive response, in vitro cell migration and invasion was observed. Ad-SESN2
infected cells were found to inhibit in vitro serum-induced cell migration and invasion. To
determine whether SESN2 inhibits HIF-1a in transcriptional step, mRNA level of HIF-1a was
examined. The mRNA level of HIF-1ao was not affected by Ad-SESN2, suggesting that
posttranscriptional mechanism possibly might be involved. To detect time period of HIF-1a
protein degradation, cells were treated with cycloheximide (an inhibitor of translation) and
CoCl,, the level of HIF-1a protein was examined. As a result, the level of HIF-1o. was more
decreased in Ad-SESN?2 at detect time points. In addition, Ad-SESN2 facilitated ubiquitination
of HIF-1a protein. Hydroxyl HIF-1a. (OH-HIF-10) contributes to increasing ubiquitination of
HIF-1a. Ad-SESN2 increased OH-HIF-1a level in hypoxia and CoCl, treatment. To examine
possibility whether AMPK was accompanied in suppression of HIF-1a by SESN2, Ad-SESN2
cells were transfected with an siRNA AMPKa. Knockdown of AMPKa abolished Ad-SESN2-

mediated increased in OH-HIF-1la and reduced level of HIF-la. Moreover, DN-AMPK
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restored the decreased HIF-1a accumulation by Ad-SESN2. Next, to verify whether increased
OH-HIF-1a. by SESN2 affect on the cancer cell metastasis, cells were treated with
dimethyloxalylglycine (DMOG), an inhibitor of PHD activity. DMOG treatment reversed Ad-
SESN2-induced increased in OH-HIF-1a and reduced HIF-1a accumulation. Consistently,
DMOG treatment abrogated the inhibitory effect of serum-induced in vitro cell migration and
invasion in Ad-SESN2. Finally, these results suggest that SESN2 promotes degradation of HIF-
la protein and inhibits in vitro cell migration invasion in part from AMPK pathway.
Collectively, this study identified the role of SESN2 in metabolic stress. This study
suggests that SESN2 protects metabolic stress-induced mitochondrial impairment and
cytotoxicity, and inhibits cancer cell adaptation in hypoxia. Therefore, SESN2 may become a

promising therapeutic target of metabolic stress-induced diseases.
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