Biochimica et Biophysica Acta 1843 (2014) 1076-1088

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbamcr

The c100rf10 gene product is a new link between oxidative stress
and autophagy

@ CrossMark

Marcus W. Stepp, Rodney ]. Folz, Jerry Yu, Igor N. Zelko *

Department of Medicine, University of Louisville, Louisville, KY 40202, USA
Department of Biochemistry and Molecular Biology, University of Louisville, Louisville, KY 40202, USA

ARTICLE INFO ABSTRACT

Article history:

Received 5 July 2013

Received in revised form 21 January 2014
Accepted 6 February 2014

Available online 14 February 2014

The human c100rf10 gene product, also known as decidual protein induced by progesterone (DEPP), is known to be
differentially regulated in mouse tissues in response to hypoxia and oxidative stress, however its biological function
remains unknown. We found that mice lacking extracellular superoxide dismutase (EC-SOD) show attenuated ex-
pression of DEPP in response to acute hypoxia. DEPP mRNA levels, as well as the activity of a reporter gene expressed
under the control of the DEPP 5’-flanking region, were significantly upregulated in Hep3B and Vero cells overex-
Keywords: pressing EC-SOD. Subcellular fractionation and immunofluorescent microscopy indicated that overexpressed
Extracellular superoxide dismutase DEPP is co-localized with both protein aggregates and aggresomes. Further biochemical characterization indicates
DEPP that DEPP protein is unstable and undergoes rapid degradation. Inhibition of proteasome activities significantly in-

Autophagy creases DEPP protein levels in soluble and insoluble cytosolic fractions. Attenuation of autophagosomal activity by 3-
Aggresomes methyladenine increases DEPP protein levels while activation of autophagy by rapamycin reduced DEPP protein
Oxidaqve stress levels. In addition, ectopic overexpression of DEPP leads to autophagy activation, while silencing of DEPP attenuates
Hypoxia autophagy. Collectively, these results indicate that DEPP is a major hypoxia-inducible gene involved in the activation

of autophagy and whose expression is regulated by oxidative stress.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

An adaptation of vertebrates to an oxygen-rich environment re-
quires regulatory mechanisms responsive to a changing oxygen concen-
tration. Oxygen sensing is also important in the development of many
pathophysiological and diseased states. Molecular oxygen can be trans-
formed into reactive and harmful byproducts in the course of normal
metabolism and in response to hypoxia. These byproducts are repre-
sented by partially reduced forms of oxygen, and include superoxide
anion radicals, hydroxyl radicals, and hydrogen peroxide. Collectively
they are known as reactive oxygen species (ROS). There is now a large
body of evidence suggesting that ROS not only can be deleterious to
mammalian organisms, but also play important physiological functions
such as regulating vascular tone, sensing of oxygen tension and modu-
lating various signal transduction pathways [1].

Mammalian cells and tissues are protected against oxidative injury
by multiple defense systems including antioxidant enzymes and small
antioxidant compounds. The major class of antioxidant enzymes

Abbreviations: DEPP, decidual protein induced by progesterone; GAPDH, glyceralde-
hyde-3-phosphate dehydrogenase; EC-SOD, extracellular superoxide dismutase; LacZ, 3-
galactosidase; ROS, reactive oxygen species
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involved in maintaining homeostatic levels of superoxide species are
the superoxide dismutase (SOD) family of metalloenzymes which cata-
lyze the dismutation of superoxide radicals (~05) into hydrogen perox-
ide (H,0;) and molecular oxygen (O,). Mammalian cells possess three
distinct forms of SOD; copper-zinc SOD (CuZn-SOD or SOD1) located
in the cytoplasm, manganese SOD (Mn-SOD or SOD2) found exclusively
in the mitochondria, and extracellular SOD (EC-SOD or SOD3) present in
the extracellular spaces [2,3]. EC-SOD is the principal enzymatic antiox-
idant in extracellular spaces and plays an important role in the protec-
tion of mammalian organisms against superoxide [4]. Expression
levels of EC-SOD differ dramatically among tissues, but the highest ex-
pression is found in kidney, lung and heart [5,6]. In some human tissues
such as uterus, umbilical cord, kidney, and arteries, EC-SOD enzyme ac-
tivity equals or exceeds that from CuZn-SOD and Mn-SOD combined
[7,8]. EC-SOD has been shown to provide protection against hyperoxic
lung injury [9-12], bronchopulmonary dysplasia [11], influenza pneu-
monia [13], air pollution particle associated lung injury [14], hemor-
rhage induced-lung injury [15,16], radiation pneumonitis [17] and
bleomycin lung fibrosis [18-20]. EC-SOD is involved in the regulation
of angiogenesis due to suppression of hypoxia-inducible factor 1 (HIF-
1a) and nuclear factor-<B (NF<B) expression [21] as well as repression
of erythropoietin gene expression [22,23]. Thus, EC-SOD plays an im-
portant role in modulating oxidative stress under a variety of environ-
mental exposure models that lead to the development of renal,
pulmonary and cardiovascular diseases.
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In the present study, we analyze the role extracellular reactive spe-
cies play in the regulation of gene expression using mice deficient in
EC-SOD. We found that the human c100rf10 gene product, also
known as decidual protein induced by progesterone (DEPP) or
fasting-induced gene (Fig) or fat-specific expressed gene (Fseg), was
differentially regulated following the exposure of wild-type and EC-
SOD knock-out mice to hypoxia. The full length cDNA for mouse DEPP
consists of 2112 nucleotides and encodes a 205 amino acid long protein
(GenBank accession number: AB022718). Computer assisted analysis
using PROSITE PATTERN identified the putative t-synaptosome-
associated protein receptor coiled-coil motif (SNARE) consisting of
amino acids from 1 to 63. Further analysis using PSORT II program iden-
tified a second peroxisomal targeting signal RLLLSVAHL present at the
N-terminus, however its importance remains to be verified. DEPP was
first characterized as progesterone induced protein in endometrial stro-
mal cells [24]. DEPP mRNA is expressed at a relatively high level in the
lung, liver, heart, kidney, ovary, and arterial endothelial cells [24,25].
DEPP expression, at least at the mRNA level, is highly regulated by a va-
riety of stimuli. DEPP steady-state mRNA levels are induced by hypoxia
[26], progesterone [24], UV and ionizing radiation [27], by energy depri-
vation [28,29], highly selective RXR agonist LGD1069 [30], insulin [31],
and by circadian rhythms [32]. DEPP is one of the 12 genes that can be
used as a biomarker of phospholipidosis induced by a number of cation-
ic amphiphilic drugs [33-35] and DEPP is a highly modulated biomarker
found in human breast cells treated with bexarotene [30]. DEPP is the
most highly induced gene in the uterus during human preterm and
term labor [36]. It also has been shown that DEPP expression increases
during tumor vascularization and wound healing [25]. Furthermore,
Watanabe and coauthors reported that ectopic expression of DEPP re-
sults in activation of Elk-1 transcription factor and increased levels of
phosphorylated mitogen-activated protein kinase (MAPK) Erk [24].

When the antioxidant protective systems are overwhelmed by oxi-
dative stress it leads to the accumulation of oxidatively modified macro-
molecules and damaged cellular organelles. An effective pathway to
eliminate these potentially toxic waste byproducts is through activation
of autophagy, a process involving the cellular lysosomal degradation
machinery [37]. Autophagy protects cells from oxidative damage by re-
moving oxidatively damaged endoplasmic reticulum, mitochondria,
and peroxisomes as well as aggregated proteins [38-40], and can facil-
itate cell survival during exposure to energy or oxygen deprivation [41].
However, excessive degradation of cellular components might also pro-
mote cell death through apoptosis or necrosis [42,43]. Thus, tight con-
trol of autophagy is required for cell survival in response to different
kinds of stressors. Thus, it is not surprising that autophagy has been im-
plicated in a variety of other biological processes, including aging, im-
munity, development, and cellular differentiation [44,45]. Increasing
evidence suggests that ROS and oxidative stress can induce autophagy
[46]. However, detailed molecular mechanisms that regulate autophagy
by ROS are not well understood.

We have begun to explore the role that extracellular ROS play in reg-
ulating cellular signaling processes and gene expression. In the present
study, we utilize both EC-SOD knock-out mice and transformed human
cells overexpressing EC-SOD to demonstrate the important role EC-SOD
plays in the regulation of DEPP expression and stability. In addition, we
investigated the biological function DEPP plays in mammalian cells.

2. Materials and methods
2.1. Reagents

Oligonucleotides were obtained from Integrated DNA Technologies.
UBEI-41 (4[4-(5-nitro-furan-2-ylmethylene)-3,5-dioxo-pyrazolidin-1-
yl]-benzoic acid ethyl ester) was from Biogenova (Potomac, MA). All
other chemicals and enzymes were from Sigma Chemical Co. (St.
Louis, MO), or Invitrogen (Carlsbad, CA). Plasmids encoding pcECE-

Foxo1-ADA, pECE-Foxo3a-ADA, and pECE-Foxo4-ADA were a gift from
Dr. Burgering (Utrecht University, Netherlands).

2.2. Antibodies

The following antibodies that were used in this study: anti-LC3B, anti-
Rab5, anti-Rab7, anti-Rab11, anti-phospho-S6K (Thr 389), S6K, Foxo1,
Foxo3a, Foxo4 and anti-myc were from Cell Signaling Technology (Bever-
ly, MA). Mouse monoclonal anti-GAPDH and goat polyclonal anti-Actin
(C-11) antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). In order to produce antibodies specific for DEPP, an an-
tiserum was prepared against two distinct human DEPP peptides Ac-
VRSISRLAQPTSVLDKAC-amide (FIP-1) and CEARMPGHSLARPPQDGQQS-
amide (FIP-2) corresponding to amino acids 41-57 and 153-172 of the
National Center for Biotechnology Information (NCBI) Reference Se-
quence (RefSeq) [record NP_008952]. These DEPP specific antibodies
were affinity purified using resin conjugated peptides. Peptide synthesis,
rabbit immunization and affinity purifications were performed by 21 Cen-
tury Biochemicals (Marlboro, MA). Immunoblotting analysis indicated
that the affinity purified IgG anti-FIP-1 peptide recognized human and
mouse DEPP while IgG anti-FIP-2 peptide recognized only human DEPP.

2.3. Animals

All experiments involving animals were approved by the University
of Louisville Institutional Animal Care and Use Committee. Homozygous
EC-SOD KO mice (C57BL/6]) were generated by homologous recombi-
nation [9]. Control wild-type mice (C57BL/6]) were obtained from
Taconic (Germantown, NY). All of the experiments in this study were
performed using 6- to 8-wk-old male mice.

24. Cell culture and transfections

Vero (green monkey kidney epithelial cells), Hep3B (human hepato-
cellular carcinoma cell line), 769-P (human renal carcinoma), SV40
MES13 (mouse kidney mesangial cells) and HEK293 (human embryonic
kidney cells) were obtained from ATCC (Manassas, VA). Vero, HEK293
and Hep3B cells were cultured in MEM medium supplemented with
non-essential amino acids, sodium pyruvate and 10% fetal bovine
serum (FBS).769-P cells were cultured in RPMI 1640 medium with
25 mM Hepes and 1-glutamine containing 1.5 g/L sodium bicarbonate,
4.5 g/L glucose, 1 mM sodium pyruvate and 10% FBS. SV40 MES13 cells
were cultured in DMEM/Ham's F12 medium with 14 mM Hepes and
5% FBS. Cells were maintained at 37 °C and 5% CO, in a humidified
incubator.

Transfection assays were carried out using Lipofectamine2000 re-
agent (Invitrogen, Carlsbad, CA). Briefly, cells were seeded at 90% con-
fluence on 24 well plates, incubated overnight before transfection, and
then treated with Lipofectamine/DNA complexes for 5 h according to
the manufacturer's instructions. Eighteen to twenty four hours after
transfection, cell extracts were assayed for luciferase activity using a
dual-luciferase reporter assay system (Promega, Madison USA). In ex-
periments requiring protein detection, cells were lysed and analyzed
using Western blot. All experiments were performed at least in tripli-
cate, and the luciferase activity data were normalized to Renilla lucifer-
ase to control for differences in transfection efficiency by co-transfecting
PRL-CMV plasmid (Promega, Madison USA).

2.5. Transfection of siRNAs

Expression of Foxo1l and DEPP was silenced using ON-TARGETplus
pool of 4 different siRNAs (Thermo Scientific, USA). Non-targeting
Pool ON-TARGETplus siRNA was used as negative control. HEK293 and
Vero cells were transfected with siRNA using DharmaFECT 1 transfec-
tion reagent (Thermo Scientific, USA) according to the manufacturer's



1078 M.W. Stepp et al. / Biochimica et Biophysica Acta 1843 (2014) 1076-1088

protocol. The effect of siRNA on gene expression was analyzed after 24 h
using qRT-PCR and Western blot.

2.6. Cell hypoxic exposures

For hypoxic exposures, the cells were seeded at 90% confluence on
35-mm dishes and incubated in complete medium containing 50 pM
Co(l, or exposed to 1% oxygen with 5% CO,. Total cellular RNA was iso-
lated using Quick-RNA MicroPrep Kit (Zymo, Irvine, CA).

2.7. Exposure to hydrogen peroxide

Vero cells were exposed to an indicated concentration of hydrogen
peroxide for 30 min and then exposed to either normoxia or hypoxia
(1% 0y, 5% CO,) for 4 h.

2.8. Mouse hypoxic exposures, RNA extraction and microarray analysis

EC-SOD KO and wild-type (C57BL/6]) mice were exposed to a con-
tinuous flow of normobaric hypoxia (7% oxygen) or room air
(normoxia) for 4 h in an air-tight cabinet. Immediately after exposures,
the mice were euthanized, and kidneys and brains were excised and
used for the RNA isolation. Total RNA (20 pg) was extracted and purified
using Trizol (Invitrogen, Carlsbad, CA). The quality of RNA was assessed
using UV spectroscopy and an Agilent Lab-on-a-Chip 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA). RNA was labeled and co-
hybridized with mouse MO36k oligonucleotide arrays printed by the
Duke University Microarray Facility (Operon Mouse Oligo Set, version
4.0). Analysis was performed using GeneSpring v7.2 software (Agilent
Technologies, Santa Clara, CA).

2.9. Quantitative RT-PCR

Total RNA was prepared from the cultured cells or mouse tissues
using Trizol reagent (Invitrogen, Carlsbad, CA) or Quick-RNA MicroPrep
Kit (Zymo, Irvine, CA). The synthesis of single stranded DNA from RNA
was performed using SuperScript First-Strand Synthesis System for
RT-PCR and random hexamers (Invitrogen, Carlsbad, CA), according to
the protocol provided by the manufacturer. To quantitate the abun-
dance of mRNA specific for EC-SOD and c100rf10, quantitative PCR
was undertaken using the iCycler iQ™ Real-Time PCR Detection System
(Bio-Rad, Hercules, CA) and an iQ SYBR® Green Master Mix. The PCR cy-
cles were 95 °C for 3 min, then 40 cycles of 95 °C for 15 s, and 60 °C for
1 min. The EC-SOD primers were forward (5’-TGC CCC GCG TCT TCA G-
3’) and reverse (5’-CCA AAC ATT CCC CCA AAG G-3'); the mouse DEPP
primers were forward (5’-TAG ACT CCT GCC ACC CTG AC-3’) and re-
verse (5'-CTC TGG GCT GTG ACC TTG TC-3'); the human DEPP primers
were forward (5’-GAC TGT CCC TGC TCA TCC AT-3') and reverse (5'-
CAC GTA GTC ATC CAG GCT AGG-3'); GAPDH primers were forward
(5’-CAT GGA CTG TGG TCA TGA GT-3’) and reverse (5'-CCA TGT TCG
TCA TGG GTG TGA-3’). PCR assays were run in triplicate, and analyzed
gene mRNA levels were normalized to GAPDH mRNA levels.

2.10. Plasmids

The human DEPP gene's 5'-flanking sequences were generated by a
standard PCR technique using Pfu Turbo polymerase (Stratagene, La
Jolla, CA) and corresponding primer pairs containing Kpn I and Bgl Il re-
striction sites for the 5’ and 3’ primers, respectively. The amplified DNA
was cloned using pCR-Blunt II-TOPO kit (Invitrogen, Carlsbad, CA). The
cloned EC-SOD promoter regions were recloned into pGL3-Basic vector
(Promega, Madison, IN) at Mlu I and Bgl II restriction sites. The peroxi-
somal targeting signal 1 (PTS1) was created by annealing two phos-
phorylated oligonucleotides: sense 5'-GAT CTT CGT ACA AGT CCA AGC
TGT AG-3’ and antisense 5’-AAT TCT ACA GCT TGG ACT TGT ACG AA-
3’. The duplex was ligated into pDsRed1-C1 plasmid (Clontech,

Mountain View, CA) at Bglll and EcoRI restriction sites to create three
amino acid sequence (Ser-Lys-Leu) at the C-terminal end of DsRed1
protein which resembled the putative PTS1 sequence. DNA sequencing
confirmed the identity of all constructs.

2.11. Western blot

Whole cell lysates from Vero and HEK293 cells were prepared using
RIPA buffer (50 mM Tris-HCl pH 8.0, 0.15 M Na(l, 0.1% SDS, 0.5% sodium
deoxycholate, 1% NP-40) with protease and phosphatase inhibitors and
separated on a 8-16% SDS-PAGE gel (Invitrogen, Carlsbad, CA), trans-
ferred to a PVDF membrane and stained using the corresponding
antibodies. The specific protein bands were visualized using a chemilu-
minescence development kit (Cell Signaling Technology, Beverly, MA).

2.12. Immunofluorescence

Cells were seeded onto a Nunc Lab-Tek II Chamber Slide System
(Sigma, St. Louis, MO) and fixed with 3.5% paraformaldehyde/PBS for
15 min in CO, incubator at 37 °C and then treated with blocking solu-
tion for 1 h at room temperature. The blocking solution contained 5%
normal serum (from species in which secondary antibodies were pro-
duced) in PBS and 0.1% saponin. The same solution was used for diluting
primary and secondary antibodies. The cells were incubated overnight
with respective antibodies, washed with PBS and incubated for 1 h at
room temperature with secondary antibodies (AlexaFluor 488 or
AlexaFluor 594-conjugated antibody (Cell Signaling Technology, Bever-
ly, MA)). After washing with PBS, the slides were incubated with DAPI,
washed with PBS and then coverslipped with Prolong Antifade Reagent
(Invitrogen, Carlsbad, CA) and analyzed with either confocal or wide-
field fluorescent microscopy. Images were processed using Image J (Na-
tional Institutes of Health, Bethesda, MA) and Adobe Photoshop (Adobe
Systems, San Jose, CA).

2.13. Lysosome staining

Vero cells were transfected with GFP-DEPP and incubated for 18 h at
37 °Cin CO, incubator. Lysosomes were stained using Lyso-ID Red De-
tection Kit from Enzo Life Sciences (Farmingdale, NY) for 20 min in
CO, incubator.

2.14. Analysis of DEPP protein stability and degradation

To analyze DEPP stability Vero cells were transfected with plasmid
encoding DEPP and 18 h later exposed to cycloheximide (50 pg/mL)
and incubated for 30 min, 1, 2 and 3 h. Following exposure, the cells
were washed once with ice-cold PBS and then lysed using Lysis buffer
(10 mM Tris-HCl pH 7.5, 5 mM EDTA, 1% NP-40 (w/v), 0.5%
deoxycholate, 150 mM NaCl with 0.25 mM PMSF) while being kept on
ice for 10 min. Cells were scraped and lysates passed through a 25-
gauge needle 10 times on ice to break up DNA. Inclusion bodies were
collected by centrifuging lysates at 16,000 xg for 30 min at 4 °C.

To analyze DEPP degradation by proteasomes, Vero or HEK293 cells
were transfected with plasmid encoding DEPP and 18 h later were ex-
posed to the proteosomal inhibitors MG132 (10 uM), lactacystin
(10 pM) or ubiquitin ligase inhibitor UBEI-41 (50 uM). Total cellular ly-
sates and soluble fractions or protein precipitates were prepared as de-
scribed above.

2.15. Analysis of autophagy

HEK293 cells were transfected with plasmid encoding DEPP and ex-
posed either to inhibitor of autophagy, 3-methyladenine (2.5 mM) or
activator of autophagy, rapamycin (50 nM and 500 nM), for the indicat-
ed times. Total cellular extracts were analyzed for autophagosomal
marker LC3-II using Western blot.
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3. Results

3.1. The presence or absence of EC-SOD dramatically alters the magnitude
of hypoxia-induced DEPP expression

To determine the effect of EC-SOD on the expression of hypoxia in-
ducible genes, we exposed wild-type C57BL/6 and EC-SOD KO (same
strain at least 10 generations) mice to room air or 7% oxygen for 4 h.
Brain and kidney total RNA was isolated and differential expression of
genes analyzed using microarray (Supplementary Fig. 1). DEPP was
among several genes whose mRNA levels were altered by EC-SOD
gene inactivation. To validate microarray data, we performed quantita-
tive real-time PCR with primers specific for mouse DEPP. The beta-
actin mRNA levels were also measured by real-time RT-PCR and used
for normalization and to control for efficiency of tissue RNA isolation.
At baseline (i.e., following exposure to room air (normoxia)), we did
not find significant differences in DEPP mRNA levels between EC-SOD
KO and wild-type mice (1.11 4 0.18 vs. 1.15 + 0.15 for kidney and
1.33 &+ 0.31 vs. 0.92 + 0.08 for brain (Fig. 1)). However, when the two
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Fig. 1. EC-SOD regulates hypoxia-induced DEPP gene expression in mouse kidney (A) and
brain (B). Mice were exposed to 7% oxygen (hypoxia) or room air (normoxia) for 4 h. Tis-
sue total RNA was isolated and DEPP mRNA levels were determined by quantitative real-
time PCR. Values were normalized to beta-actin (n = 4-5 mice for each group). Results
shown are mean 4 SD. Two asterisks represent p < 0.05, one asterisk represents
p <0.001; C, EC-SOD protein levels in the kidney of wild-type and EC-SOD KO
mice exposed to hypoxia or normoxia.

groups of mice were exposed to 4 h of 7% hypoxia, dramatic differences
were seen. Wild-type animals increased DEPP mRNA levels 24.5-fold to
27.2 4+ 5.22 in the kidney and 9.6-fold to 12.78 + 1.17 in the brain
(Fig. 1). More importantly, EC-SOD KO mice significantly attenuated
DEPP mRNA expression to only 5.23-fold (6.01 4 1.78 R.U.) increase in
kidney and 2.56-fold (2.35 + 0.22 R.U.) in brain (Fig. 1). When com-
pared to wild-type animals, EC-SOD KO mice showed a 78.7% reduction
in DEPP induction in kidney and a 73.3% reduced induction in brain
(from normoxia to hypoxia). Exposure of mice to hypoxia did not signif-
icantly change EC-SOD expression levels (Fig. 1C). These results demon-
strate that the absence of EC-SOD attenuates DEPP induction by hypoxia
or alternatively, the presence of EC-SOD augments DEPP induction by
hypoxia in these cells.

3.2. DEPP induction by hypoxia

In order to study hypoxia inducible expression of DEPP, we exposed
several cell lines to the hypoxic mimetic CoCl, (100 uM) or to hypoxia
(1% Oy, 5% CO,, 96% N> ) in an airtight humidified chamber for 4 h. Sig-
nificant DEPP induction by hypoxia was observed only in Vero cells
(Fig. 2A). The induction of DEPP by hypoxia in Vero cells is biphasic. Ini-
tially, DEPP mRNA levels increased after 1 h of hypoxia and reached a
maximum of 10-fold at 4 h. The second peak of induction, up to 40-
fold, was reached after 24 h of exposure (Fig. 2B). In order to determine
the molecular mechanisms of DEPP hypoxia-dependent induction, we
cloned 1 kb of its 5’-flanking region in front of the luciferase reporter
gene in pGL3-Basic vector (Fig. 2C). This construct reporter activity
showed a greater than 70-fold higher activity compared to the
promoterless reporter following expression in Vero cells (Fig. 2D). Ex-
posure to hypoxia did not activate this 1 kb DEPP promoter. This ap-
pears to not be due to the lack of HIF-1a, or some other hypoxia
responsive transcription factor, because we did detect the induction of
the erythropoietin gene in these cells (Fig. 2D).

3.3. Role of reactive oxygen species and EC-SOD in the regulation of DEPP
expression in mammalian cells

To study the molecular mechanisms of EC-SOD dependent DEPP ex-
pression, we first developed and characterized a Hep3B cell line that
permanently overexpresses EC-SOD. This cell line has been previously
described [22]. We compared DEPP mRNA levels in Hep3B wild-type
and EC-SOD overexpressing cells and found a 1.68-fold higher expres-
sion of DEPP in SOD3high vs. Hep3Bwt cells (Fig. 3A). However, the in-
duction of endogenous DEPP mRNA by hypoxia (1% O,, 5% CO,, 94% N,
for 4 h) in both cell lines was not detected. Nevertheless, overexpression
of EC-SOD in Hep3B cells increases both DEPP mRNA levels as well DEPP
promoter activity 1.68 and 1.42-fold, respectively (Fig. 3A and B). These
data confirm that DEPP expression is regulated by EC-SOD and that cis-
elements responsible for this regulation are located in the first 1000 bp
of the DEPP 5’-flanking region.

The role of EC-SOD in hypoxia inducible expression of DEPP was fur-
ther analyzed in Vero cells transfected with a plasmid encoding human
EC-SOD. Overexpression of EC-SOD significantly increased DEPP expres-
sion in response to hypoxia (Fig. 3C and D). Since EC-SOD catalyzes the
conversion of superoxide into hydrogen peroxide and oxygen, we de-
cided to analyze the effect of hydrogen peroxide on basal and hypoxia
inducible DEPP expression. Vero cells were exposed to different concen-
trations of hydrogen peroxide and then exposed to either normoxia or
hypoxia for 4 h. Hydrogen peroxide, at a concentration 0.75 mM, in-
duced DEPP expression up to 3-fold (Fig. 3E). However, no significant
effects of hydrogen peroxide, on fold of DEPP induction by hypoxia,
were observed. These data indicate that EC-SOD might mediate its ef-
fects on DEPP expression via an elevation in the production of hydrogen
peroxide.
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3.4. Regulation of DEPP expression by Foxo transcription factors

In order to gain insights into the transcriptional regulation of DEPP,
we analyzed the role of the Foxo subfamily of forkhead transcription
factors in the activation of DEPP gene expression. Using microarray
analysis, it has been shown that ectopic expression of Foxo3a
(FKHRL1) in prostate tumor cells increased DEPP mRNA levels by 506-
fold [47]. To confirm the role of Foxo in the regulation of DEPP expres-
sion, we transfected HEK293 and Vero cells with plasmids encoding
constitutively active mutant forms of Foxo1 (FKHR), Foxo3a (FKKHRL1)
and Foxo4 (AFX). Overexpression of Foxol and Foxo3a increased
DEPP mRNA 9.8-fold and 2.2-fold, respectively in HEK293 cells
(Fig. 4A and C). Ectopic expression of Foxo1 and Foxo3a in Vero cells in-
duced DEPP expression 1.5-fold and 2.6-fold, respectively (Fig. 4B and
C). However, overexpression of Foxo1l and Foxo3a transcription factors
did not affect hypoxia induction of DEPP when compared to controls.
For example, while transfection of Vero cells with Foxo3a significantly
increased steady-state levels of DEPP mRNA in normoxia conditions,
there was no additional augmentation of induction under hypoxia con-
ditions (Fig. 4B). Foxo4 overexpression showed no effect on DEPP
mRNA levels in either cell lines.

In order to identify the location of cis-elements involved in Foxo1 de-
pendent induction of DEPP, we transfected HEK293 and Vero cells with
plasmids expressing a reporter construct under control of the DEPP pro-
moter. Foxo1 overexpression in both cell lines activated DEPP promoter
by 3-fold, while a control promoterless construct was not activated

(Fig. 4D). Next, we analyzed the effects of Foxo1 silencing on DEPP basal
and hypoxia inducible expression. Foxol specific siRNA attenuated
Foxo1 levels by at least 50% in both cell lines as detected using qRT-PCR
(data not shown) and Western blot (Fig. 4E). Moreover, silencing of
Foxo1 reduced DEPP mRNA levels by 51% under normoxic conditions
and by 48% under hypoxic conditions in Vero cells (Fig. 4F). Interesting,
no significant effects of Foxo1 siRNA on DEPP mRNA levels were observed
in HEK293 cells. These results indicate that Foxo1 and Foxo3a transcrip-
tion factors are potent regulators of DEPP expression in mammalian cells.

3.5. DEPP intracellular localization

In order to gain insights into a possible biological role for DEPP, we
first searched for homology between amino acid sequences of DEPP
and any known proteins or protein structural motifs. As shown in
Fig. 5A, the DEPP amino acid sequence is highly conserved between a
variety of species including human, chimp, dog, cow and rodent. How-
ever, no significant homology was found with any known protein or
structural motif. Only two weak homologies were found for putative t-
synaptosome-associated protein receptor coiled-coil motif (SNARE)
and to peroxisomal targeting signal (PTS2) (Fig. 5A). The SNARE motif
is a domain of approximately 60 amino acids involved in vesicle fusion
and transport. PTS2 is a signal peptide responsible for peroxisomal lo-
calization of proteins. Transient transfection of mammalian cells with
the plasmid encoding DEPP protein fused to the green fluorescent pro-
tein (GFP) revealed punctate strong signals scattered throughout the
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Fig. 3. Regulation of DEPP expression by reactive oxygen species. A, Hep3Bwt and overexpressing EC-SOD (SOD3high) were exposed to normoxia (21% 05, 5% CO,, 74% N,) and hypoxia (1%
05, 5% CO,, 94% N,) for 4 h. DEPP mRNA levels were analyzed using quantitative RT-PCR and normalized to GAPDH expression, *p < 0.01 B. Activity of mDEPP promoter/reporter construct
in Hep3Bwt and SOD3high cells, *p < 0.001. C, Vero cells were transiently transfected with plasmid encoding EC-SOD and then exposed to hypoxia for 24 h. DEPP mRNA levels were
determined using qRT-PCR (N = 6), *p < 0.05. D, Western blot of EC-SOD overexpression in Vero cells. E, Vero cells were exposed to different concentrations of hydrogen peroxide for
30 min and then exposed to normoxia or hypoxia (1% O,, 5% CO,) for 4 h. DEPP mRNA levels were quantified using qRT-PCR and then normalized to GAPDH expression. Results
shown are mean =+ SD from three independent experiments. *p < 0.01 compared to 0 mM H,0, normoxia, *p < 0.01 compared to 0 mM H,0, hypoxia.

cytoplasm with the large bodies of fluorescence juxtaposed to the nu-
cleus (see Supplementary video). The low intensity green fluorescence
signal was evenly distributed between nucleus and cytoplasm. Taking
into consideration that DEPP shares some homology with the SNARE
domain involved in vesicular trafficking, we evaluated for colocalization
of DEPP specific punctate staining with endosomes. Because the main
transport vesicles in the cell are endosomes, we analyzed colocalization
of DEPP with endosomes using antibodies specific for the Rab family of
proteins. The Rab family of proteins is part of the Ras superfamily of
small GTPases that function as regulators of vesicle formation, vesicle
movement and membrane fusion [48]. We found that DEPP was not
colocalized with Rab proteins (Rab5 (sorting endosomes), Rab7 (late
endosomes), or Rab11 (recycling endosomes)). On the other hand,
complete colocalization of signals were observed when DEPP protein
was detected using fused green fluorescent protein (GFP) and antibod-
ies specific for DEPP (Fig. 5B). In addition, we analyzed the importance
of the putative peroxisome targeting peptide located in the N-terminal
part of DEPP for translocation of newly synthesized protein into perox-
isomes. We found no significant colocalization of DEPP with peroxi-
somes (Fig. 5B).

3.6. Association of DEPP with aggresomes

The distinct punctate staining of cells overexpressing GFP-DEPP pro-
tein and additional juxtanuclear localization of large fluorescent com-
plexes suggested that these localized signals can represent protein
aggregates. Indeed, GFP-DEPP fluorescent signal was colocalized with
aggresomes (Fig. 6A). However, no overlapping fluorescent signals be-
tween DEPP aggregates and lysosomes were detected (Fig. 6B). The lack
of colocalization between GFP-DEPP and lysosomal marker may be due
to the acid-labile properties of EGFP protein which has a pKa of 6.0.
EGFP protein becomes non-fluorescent when transferred into an acidic
environment of lysosomes where the pH is about 4.7 [49]. Nevertheless,
these data indicate that DEPP, overexpressed in mammalian cells, forms
large aggregates that are sequestered in the juxtanuclear aggresomes. Ag-
gregation of DEPP can explain the significantly lower levels of DEPP pro-
tein compared to beta-galactosidase (Fig. 6C). It is likely that DEPP
aggregates form inclusion bodies which undergo rapid degradation
through proteosomal and/or autophagosomal pathways. As expected,
overexpression of DEPP in mammalian cells leads to its distribution be-
tween soluble and insoluble (protein aggregate enriched) fractions
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(Fig. 6D). Moreover, treatment of cells using the protein synthesis inhibi- marginally. The cytosolic GAPDH protein was localized exclusively in sol-
tor cycloheximide significantly attenuates the intensity of bands in solu- uble fractions and treatment with CHX did not significantly change it
ble fractions, while levels of insoluble protein were reduced only levels.

Fig. 5. Alignment and intracellular localization of DEPP. A, The multiple alignments of amino acid sequences of DEPP from different species. The amino acid sequences of DEPP from cow,
dog, human, chimpanzee, mouse and rat were aligned. Identical residues in DEPP orthologous are shaded with yellow, conservative residues are shaded with blue and block of similar
residues are shaded with green. Two weak homologies were found in N-terminal part of DEPP for peroxisomal targeting signal and for putative t-synaptosome-associated receptor
coiled-coil motif (SNARE-motif). The following NCBI RefSeq records were used for DEPP orthologues: human (NP_008952.1), cow (NP_001039980.1), dog (XP_534951.1), mouse (NP_
666092), rat (NP_001019505.2), and chimpanzee (XP_001158796.1). B, DEPP does not colocalize with endosomes. Vero cells were transfected with the plasmid encoding DEPP fused with
green fluorescent protein (GFP). After fixation with paraformaldehyde cells were immunostained with antibodies specific for Rab family of proteins. Rab proteins are GTPases located on
endosomal membrane and involved in many aspects of vesicle-mediated transport. Rab5 is a marker of early endosome, Rab7 is a marker of early and late endosomes and Rab11 is a mark-
er of late endosomes. The colocalization of signal obtained from DEPP-GFP and immunofluorescent staining using antibodies specific for DEPP is shown in the lower panel. DEPP does not
colocalize with peroxisomes. DEPP-GFP (green) and Red fluorescent protein fused with peroxisome targeting signal (red) were co-transfected into Vero cells. The protein intracellular
localization was visualized using confocal fluorescent microscope. Nuclei were stained with DAPI (blue). No obvious colocalization between DEPP and peroxisomes was observed.
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Fig. 6. Association of DEPP with aggresomes. A, Colocalization of DEPP with aggresomes. Vero cells were transfected with pEGFP-DEPP plasmid (panel A). Aggresomes were detected using
ProteoStat Aggresome Detection Kit (see red staining in panel B). Nuclei were stained with DAPI (panel C). Images were merged in panel D. B, Staining Vero cells for DEPP and lysosomes.
Vero cells were transfected with GFP-DEPP (A) and then incubated with LysoTracker Red (B). Nuclei were stained using Hoechst 33342 Nuclear Stain (C). Merged images shown in panel D.
Images were acquired by fluorescent microscopy. C, Vero cells were mock transfected (Control) or transfected with fusion proteins DEPP-Myc and LacZ-Myc. Relative levels of analyzed
proteins were detected using Western blot and antibodies specific for myc-epitope. D, Determination of half-life of DEPP overexpressed in Vero cells. Vero cells were transfected with
pcDNA3.1-hDEPP-Myc-His plasmid and 18 h following transfection cells were exposed to 50 pg/mL of cycloheximide (CHX) for time indicated. The cytosolic soluble (S) precipitate (P)
fractions were prepared as described in Materials and methods. Relative levels of analyzed proteins were detected using Western blot and antibodies specific for DEPP or GAPDH.

GAPDH was used as control.

3.7. Stabilization of DEPP by inhibitors of protein degradation

Taking in consideration that DEPP undergoes rapid proteolysis, we
analyzed the effect of proteosomal inhibition on DEPP stability. Expo-
sure of Vero cells transfected with plasmid encoding DEPP to the protea-
some inhibitors lactacystin and MG132 significantly increased the levels
of mouse and human DEPP (Fig. 7A). Interestingly, exposure to the ubiq-
uitin ligase E1 inhibitor (UBEI-41) produced additional slow migrating
DEPP-specific bands (Fig. 7A and B). To analyze the effects of MG132
on the stability of DEPP in soluble and insoluble fractions, we exposed
cells to MG132 for 1, 3 and 6 h and then isolated corresponding fractions
from the treated cells. As expected, MG132 stabilized mostly the soluble
DEPP and had little effect on insoluble DEPP levels (Fig. 7C).

3.8. DEPP and autophagy

Degradation of toxic protein aggregates is carried out by proteasomes
and autophagy. Autophagy is the process whereby protein aggregates
and damaged organelles are first engulfed by autophagosomal
membranes, then fused to lysosomes followed by elimination. We
tested our hypothesis that DEPP aggregates are cleared not only by
proteasomes, but also by autophagy. We found that treatment of
HEK?293 cells overexpressing DEPP with the inhibitor of macroautophagy,
3-methyladenine, increased DEPP by 10-fold following 24 h incubation

(Fig. 8A). In contrast, the same treatment did not change the levels of
overexpressed beta-galactosidase protein (LacZ).

The regulation of DEPP expression by a variety of stimuli, including
hypoxia and energy deprivation, suggests involvement of mammalian
Target Of Rapamycin (mTOR) signaling pathway. mTOR pathway inte-
grates signals from energy deprivation and hypoxic exposures to regulate
many processes, including autophagy, metabolism and protein synthesis.
mTOR is represented by two complexes, mTORC1 and mTORC2. mTORC1
activity can be measured by analyzing the phosphorylation of ribosomal
subunit S6 [50,51]. P70 S6 kinase is primarily responsible for S6 phos-
phorylation and requires the phosphorylation of threonine (Thr) 389 for
its activation. We, therefore, exposed cells to hypoxia (1% 0,) for 4 h
and analyzed mTORC1 activity by measuring phosphorylation of its
downstream mediator, p70S6 kinase at Thr389. Hypoxia reduced the
phosphorylation of p70S6K at Thr389 (Fig. 8C), as has been described be-
fore [52], while overexpression of DEPP did not affect the phosphorylation
of p70S6K under normoxic or hypoxic conditions. The similar inability to
activate mTORC1 pathway has been described for other aggregation
prone proteins including mutant Htt, tau, a-synuclein and synphilin-1,
despite their ability to recruit mTOR into aggresome formation [53]. At
the same time, DEPP levels were significantly attenuated in hypoxia-
treated cells possibly due to either an increased protein degradation or at-
tenuated translation of RNA. It is well known that the mTOR pathway is
the major regulator of autophagy [54/]. Treatment of HEK293 cells with
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Fig. 7. Effect of ubiquitin ligase E1 (UBEI-41) and proteosomal (MG132) inhibitors on DEPP stability. A, Vero cells were transfected with plasmids encoding either mouse (mDEPP-Myc-His)
or human (hDEPP-Myc-His) DEPP protein. Eighteen hours following transfections cells were exposed to 10 pM of lactacystin (lacto), 10 uM proteasomal inhibitor MG132 or 50 pM of ubiq-
uitin ligase inhibitor UBEI-41. Cells were exposed for 6 h and whole cell lysates were analyzed using Western blot. B, Vero cells were transfected with pcDNA3.1-hDEPP-Myc-His plasmid
and 18 h following transfection cells were exposed to 50 uM of UBEI-41 for time indicated. The cytosolic soluble (S) and precipitate (P) fractions were isolated and analyzed using Western
blot. C, Vero cells were transfected with pcDNA3.1-hDEPP-Myc-His plasmid and 18 h following transfection cells were exposed to 10 pM MG132 for time indicated. The cytosolic soluble
(S) precipitate (P) fractions were prepared as described in Materials and methods. Relative levels of analyzed proteins were detected using Western blot and antibodies specific for DEPP or
GAPDH. GAPDH was used as control. Lower panel showed quantitative analysis of DEPP levels in soluble fractions or in precipitates.

an activator of autophagy and an inhibitor of mTOR pathway, rapamycin,
attenuated levels of recombinant DEPP while inducing a specific marker
of the autophagy LC3-II (Fig. 8B). Finally, overexpression of DEPP in
HEK293 cells leads to activation of autophagy (Fig. 8D). Eighteen hours
following transfection of DEPP encoding plasmid, levels of autophagy
marker LC3 were significantly elevated compared to mock transfected
cells. The treatment of cells with MG132 alone increased the intensities
of LC3 bands as expected, while overexpression of DEPP and simultaneous
treatment with MG132 increased the levels of the autophagy marker
even further. These data indicate that DEPP steady-state levels in mam-
malian cells greatly depend on the activity of the autophagosomal degra-
dation system. Moreover, we found that DEPP expression is able to induce
autophagy in HEK293 cells. Next, we analyzed whether silencing of DEPP
expression would affect autophagy. We found that Vero and HEK293 cells
transfected with siRNA specific for DEPP had significantly lower steady-
state levels of DEPP (Fig. 8E). This attenuation of DEPP expression in
Vero cells reduced autophagy, as detected by the levels of LC3B autophagy
marker (Fig. 8F). Surprisingly, no changes in autophagy were detected in
HEK293 cells transfected with DEPP siRNA. We believe that this cell-
specific effect of DEPP on autophagy is due to different expression levels
of DEPP in HEK293 and Vero cells. We found that DEPP mRNA levels
were 10-fold higher in Vero cells compared to HEK293 cells (Supplemen-
tary Fig. 2). Furthermore, the ratio LC3B/B3-actin is two-fold higher in Vero
cells compared to HEK293 cells (Fig. 8F, lower panel).

4. Discussion

In the present study, we investigated both the biological function of
DEPP and its regulation by oxidative stress and hypoxia. We found that
acute hypoxic stress significantly elevates DEPP mRNA levels in murine
brain and kidney. We also found that a region 1000 bp upstream of the

DEPP coding region is not involved in hypoxia-dependent induction but
was sufficient for the activation of the DEPP promoter by EC-SOD. Com-
puter analysis identified the hypoxia responsive element (HRE) 5'-CTAC
GTGCTGC-3' located in 3’-untranslated region of DEPP gene and its nucle-
otide sequence to be highly homologous to the HRE of erythropoietin
gene. We believe that this HRE cis-element might be responsible for the
short-term induction of DEPP by hypoxia, however additional experimen-
tal evidences are necessary.

DEPP expression in mammalian cells was induced by ectopic expres-
sion of Foxo1 and Foxo3a, but not by Foxo4 transcription factors. Our re-
sults are in a good agreement with previously published data reporting
Foxo transcription factors as potent mediators of DEPP transcriptional
activation in a renal adenocarcinoma cell line [55]. These transcriptional
factors induce DEPP expression by binding to their putative binding
sites within DEPP 5’-flanking region in human endothelial cells [56].
Foxo transcription factors regulate transcriptional responses to a variety
of stresses including oxidative, nutrient and hormonal stresses [57].
Moreover, recently published data indicates that Foxol and
Foxo3a are potent modulators of autophagy in transformed cells,
cardiomyocytes and hematopoietic cells [58-60]. It is well known that
reactive oxygen species regulate Foxo activity through both activating
as well as repressing post-translational modifications, including phos-
phorylation, acetylation, ubiquitinylation, and methylation [61]. Thus,
EC-SOD might regulate DEPP expression by modifying Foxol and
Foxo3a transcription factors. It is also possible that EC-SOD exerts its ef-
fect on DEPP expression through elevation of hydrogen peroxide levels.
Exogenous H,0, is a potent stimulator of autophagy, but its effects on
autophagy might be transduced through increased intracellular super-
oxide levels [62]. Thus, our data indicates that DEPP might be the impor-
tant link for signal transduction pathways which convey extracellular
oxidative stress signaling to the induction of autophagy.
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We found that ectopically expressed DEPP co-localized with
aggresomes. DEPP seems to form relatively large clusters of misfolded
proteins and, at least in mammalian cells, is present in both soluble
form and insoluble aggregates. Inhibition of 26S proteosomal
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machinery results in DEPPs' gradual accumulation in soluble and insol-
uble fractions, whereas inhibition of ubiquitin-activating enzyme E1 by
UBEI-41, also known as PYR-41, facilitated the appearance of high mo-
lecular weight DEPP forms. We think that these high molecular weight
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bands represent differently sumoylated and/or cross-linked oligomers
of DEPP. UBEI-41, at concentration used in our experiments, should in-
hibit E1 dependent ubiquitylation by 95%, but it can also rapidly in-
crease protein sumoylation [63] and protein cross-linking [64]. If
degradation of DEPP is dependent on polyubiquitylation, then inhibition
of this initial step of the ubiquitin cascade should increase DEPP protein
levels. Indeed, the cumulative intensity of DEPP specific bands (includ-
ing high molecular weight bands) significantly increased following ex-
posure to UBEI-41 suggesting that ubiquitylation is the prerequisite
step for DEPP degradation.

Abnormally folded polypeptides that escape proteasome-dependent
degradation due to their large size can be transported via microtubules
into aggresomes where they are stored and/or degraded by autophagy.
If left unchecked, protein aggregates can cause cell toxicity leading to
various pathologies, including major neurodegenerative diseases [65].
Thus, the active formation of aggresomes represents a protective cellu-
lar response to the accumulation of aggregated polypeptides when mo-
lecular chaperones and proteasomal machinery fail to handle misfolded
protein waste. While we were unable to detect any toxic effect of DEPP
on cell viability, we do not exclude the possibility of DEPP cytotoxicity
under some specific conditions. For example, the toxicity of proteins
with expanded polyglutamines is strongly enhanced by inhibition of
the microtubule-dependent transport, which is required for aggresome
formation [66].

One primary DEPP function suggested by our studies is the ability of
DEPP to induce autophagy in mammalian cells. DEPP overexpression in
HEK?293 cells induces the association of microtubule-associated protein
1 (LC3-II isoform) with autophagic membranes, the first indication of
autophagy upregulation. Moreover, silencing of DEPP expression in
Vero cells attenuated autophagy. Taking into consideration that DEPP
expression levels are more than 14 times higher in Vero cells compared
to HEK293 cells, these cell-specific effects of DEPP on autophagy provide
an additional confirmation of the important role DEPP plays in autoph-
agy regulation. Furthermore, experiments using specific modulators of
autophagy provide clear evidence for autophagic degradation of DEPP
protein. Inhibition of autophagosome formation by 3-MA results in the
elevated levels of DEPP even in the absence of proteosomal inhibitors,
suggesting that autophagy is one of the main pathways involved in
the degradation of DEPP inclusion bodies. On the other hand, activation
of autophagy by rapamycin, decreases the levels of DEPP while concur-
rently upregulating LC3-II isoform (Fig. 8A and D).

What are the potential biological consequences of DEPP's ability to in-
duce autophagy? The stress responsive expression of DEPP, and its ability
to form aggregates in different cell lines, suggest that DEPP can participate
in the development of a wide variety of human diseases associated with
protein misfolding and/or impaired autophagic clearance. These diseases
range from neurodegenerative disorders, such as Alzheimer and
Parkinson's, to alcoholic and non-alcoholic hepatitis as well as several
specific myopathies [67,68]. Autophagy-mediated clearance of neurotoxic
aggregated proteins from aggresomes is a critical step in protecting neu-
ronal cells from degeneration. This is the highly selective process as it
has been shown that autophagy is involved in the clearance of mutant
Huntington or tau proteins but not AIMP2 (p38) or mutant desmin [53].
The aggregation of unstable proteins can also be very cell-specific. For

example, GPR37 protein overexpressed in the nigrostriatal system of
rats, accumulated in an insoluble form in nigral neurons and nigrostriatal
fibers, but not in GABAergic neurons. These GPR37 aggregates produce
the permanent injury to the host neurons representing the clinical mani-
festation of juvenile Parkinsonism.

Is the ability of DEPP to activate autophagy a unique feature or is it a
common phenomenon? It seems that several other proteins are able to
activate autophagy. The similar activation of autophagy was observed
following ectopic overexpression of aggregation-prone GPR37 protein
[69]. Moreover, induction of protein aggregation in cardiomyocytes
was a proximal signal for the activation of left ventricle autophagy in re-
sponse to pressure overload [70]. Thus, upregulation of autophagy is, to
some extent, a quite common response to aggresomal accumulation of
misfolded proteins. However, the specificity of this process is not well
understood. Nevertheless, the role of DEPP in the modulation of
autophagosomal activity described here provides an additional insight
into the complexity of these regulatory mechanisms.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2014.02.003.
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