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G, Giorgino F. The p665' protein controls redox signaling and
oxidation-dependent DNA damage in human liver cells. Am J Physiol
Gastrointest Liver Physiol 309: G826-G840, 2015. First published
September 3, 2015; doi:10.1152/ajpgi.00041.2015.—The p665h< pro-
tein mediates oxidative stress-related injury in multiple tissues. Ste-
atohepatitis is characterized by enhanced oxidative stress-mediated
cell damage. The role of p665" in redox signaling was investigated in
human liver cells and alcoholic steatohepatitis. HepG2 cells with
overexpression of wild-type or mutant p665°, with Ser>® replacement
by Ala, were obtained through infection with recombinant adenovi-
ruses. Reactive oxygen species and oxidation-dependent DNA dam-
age were assessed by measuring dihydroethidium oxidation and 8-hy-
droxy-2'-deoxyguanosine accumulation into DNA, respectively.
mRNA and protein levels of signaling intermediates were evaluated in
HepG2 cells and liver biopsies from control and alcoholic steatohepa-
titis subjects. Exposure to H,O- increased reactive oxygen species and
phosphorylation of p665™ on Ser>® in HepG2 cells. Overexpression of
p665"c promoted reactive oxygen species synthesis and oxidation-
dependent DNA damage, which were further enhanced by H»O».
p665he activation also resulted in increased Erk-1/2, Akt, and FoxO3a
phosphorylation. Blocking of Erk-1/2 activation inhibited p665h¢
phosphorylation on Ser°. Increased p665'° expression was associated
with reduced mRNA levels of antioxidant molecules, such as NF-E2-
related factor 2 and its target genes. In contrast, overexpression of the
phosphorylation defective p665" Ala®® mutant inhibited p665h® sig-
naling, enhanced antioxidant genes, and suppressed reactive oxygen
species and oxidation-dependent DNA damage. Increased p665hc
protein levels and Akt phosphorylation were observed in liver biop-
sies from alcoholic steatohepatitis compared with control subjects. In
human alcoholic steatohepatitis, increased hepatocyte p665™ protein
levels may enhance susceptibility to DNA damage by oxidative stress
by promoting reactive oxygen species synthesis and repressing anti-
oxidant pathways.
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ABERRANT PRODUCTION OF REACTIVE oxygen species (ROS) has
been recognized as a major determinant of DNA damage,
leading to disruption of tissue homeostasis, organ dysfunction,
and onset of chronic degenerative disorders (24, 27, 30). p66ShC
has recently emerged as a master regulator of ROS production
and a critical intracellular switch conveying oxidative stress
signals to DNA damage in multiple cells and tissues, including
the vascular wall and heart (11), kidney (29), osteoblasts (1),
lymphocytes (25), and hepatocytes (10).

Rodents with genetic deletion of p665" demonstrate a pro-
longed life span due to significant resistance to oxidative stress
(3, 21, 32) p665"~/~ mice are also protected against experi-
mental diabetic glomerulopathy (19), diabetic cardiomyopathy,
and hyperglycemia-induced endothelial dysfunction and
atherogenesis (36), confirming that p665" mediates oxidative
stress-dependent tissue damage. Furthermore, phosphorylation
of p665" on Ser®® has been identified as the key signaling
event mediating p665'° activation and promotion of its down-
stream cellular effects (21). In the liver, the levels of total and
Ser*®-phosphorylated p665™ protein were found to be signifi-
cantly augmented in the mouse nonalcoholic steatohepatitis
(NASH) model (31). Conversely, ethanol-induced oxidative
stress was found to be attenuated in the liver of p665'~/~ mice
(12), suggesting that p665"° may be involved in the hepatocyte
damage in response to metabolic injuries. In addition, ablation
of p66*" gene in mouse hepatocytes suppressed cellular apo-
ptosis and ROS production after hypoxia/reoxygenation
through upregulation of Mn superoxide dismutase (SOD) and
redox factor-1 (13).

Normally, cells adapt to increased ROS levels by upregulat-
ing antioxidant genes (24, 30) and neutralizing ROS through
the low-molecular weight antioxidant and phase II detoxifying
enzymes (2, 35). The NF-E2-related factor 2 (Nrf2) is a master
gene involved in the regulation of phase II and antioxidant
enzymes [e.g., glutathione S-transferase alpha 5 (GSTA)S),
glutathione S-transferase muscle 2 (GSTM?2), and MnSOD] (2,
15). Reduced expression of cardiac Nrf2 was indeed associated
with significant increase in nitrosative DNA damage (5). In
hepatocytes, Nrf2 was shown to be required for cell survival
during liver development, its deficiency resulting in enhanced
oxidative stress both in the normal and injured liver (4). While
the detoxifying and ROS-scavenging role of Nrf2 has been
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recognized in multiple cytoprotective activities (4, 15, 35), the
relationship between p665" and Nrf2 has not been explored.
In this study, we show that p665" protein expression is
increased in human alcoholic steatohepatitis (ASH) and that in
human liver cells p665™ controls intracellular ROS levels, the
antioxidant Nrf2 and Forkhead box protein O3a (FoxO3a)
pathways, and the extent of oxidative DNA damage.

MATERIALS AND METHODS

Antibodies and reagents. Anti-Shc monoclonal antibody was from
BD Transduction Laboratories (Lexington, KY). Anti-Shc/p66
(pSer®) antibody was from Calbiochem (Darmstadt, Germany). Anti-
MAP kinase (ERK-1/2) antibodies were obtained from Zymed Lab-
oratories (San Francisco, CA). Anti-GAPDH antibody (FL-335) was
from Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-Akt
(Ser*”®), total Akt, phospho-p42/p44 MAP kinase (Thr?°%/Tyr?%%),
phospho-FoxO1la(Thr?*)/FoxO3a(Thr*?), total FoxO3a, phosphory-
lated Thr!'®3/Tyr'85-SAPK/INK, total SAPK/INK, phosphorylated
Thr'8/Tyr'82-p38 MAPK, and total p38 MAPK antibodies were
purchased from Cell Signaling Technology (Beverly, MA). The MEK
inhibitor U0126 was obtained from Calbiochem (La Jolla, CA).
Anti-8-oxoguanine monoclonal antibody was purchased from Milli-
pore (MAB3560; Millipore, Billerica, MA). Alexa Fluor>*® anti-rabbit
antibody and the fluorescent dye dihydroethidium (DHE) were ob-
tained from Invitrogen (Invitrogen, Carlsbad, CA). H>-O> was from
Sigma Aldrich (St. Louis, MO).

Cell cultures. HepG2 human hepatoma cells were from American
Type Culture Collection (Rockville, MD) and were cultured in MEM
supplemented with 10% FCS (both from GIBCO, Invitrogen, Paisley,
UK), 100 U/ml penicillin, 100 mg/ml streptomycin (Lonza, Iquique,
Chile), and nonessential amino acids (NEA; GIBCO, Invitrogen).

Adenoviral transfection studies. The recombinant adenoviruses
were generated by cloning either the wild-type p665"-encoding
cDNA or the Ala*® p665" mutant into the shuttle vector pAdTrack-
CMV, containing a green fluorescent protein epitope. Adenovirus
production and cells infection were performed as previously described
(18, 23).

Immunoblotting analysis. Cell lysate preparation and immunoblot-
ting analysis were performed as previously described (22, 23). Briefly,
HepG?2 cells mechanically detached in ice-cold lysis buffer, contain-
ing 50 mM HEPES pH 7.5, 150 mM NaCl, 1| mM MgCL, 1 mM
CaCl,, 4 mM EDTA, 1% Triton X-100, 10% glycerol, 50 mM NaF,
and 10 mM NaPP, supplemented with 100 puM PMSF, 5 ng/ml
leupeptin, 1 pg/ml aprotinin, and 2 mM NazVO,. Cell lysates were
cleared by centrifugation. Protein concentration was determined by
the Bradford assay (Bio-Rad, Hercules, CA), and equal protein sam-
ples (60 ng) were separated on 7% —10% SDS-PAGE gels, as
appropriate, and electrotransferred onto Hybond-P polyvinylidene
difluoride filters (Amersham Life Science, Arlington Heights, IL). The
filters were then probed with the specific primary antibodies, and the
immunoreactive bands were visualized with horseradish peroxidase-
conjugated goat anti-mouse or anti-rabbit IgG (H+L) (Bio-Rad), as
appropriate, using an ECL Plus Immunoblotting Detection System
(Amersham Life Science), and quantified by densitometric analysis
using the Versadoc imaging system (Bio-Rad).

Immunofluorescence analysis of FoxO3a. To visualize FoxO3a
translocation, immunofluorescence analysis was performed, as previ-
ously described (7). Briefly, HepG2 cells were grown on coverslips in
complete medium for the indicated times, then fixed with 3.7%
formaldehyde at room temperature for 45 min, and permeabilized at
room temperature with 0.1% Triton X-100. Subsequently, coverslips
were incubated with primary antibodies (1:250 dilution) in PBS
containing 2% BSA (16 h at 4 C), followed by 1 h of incubation with
secondary Alexa546 Fluor anti-mouse goat antibody (1:500; Molec-
ular Probes, Eugene, OR) or Alexa488 Fluor anti-rabbit goat antibody
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(1:500; Molecular Probes). Coverslips were mounted on glass slides
with Vectashield (Vector Laboratories, Burlingame, CA). Images
were acquired on a Leica DM IRE2 confocal microscope or on Leica
fluorescence microscope DM RXA2 (Leica Microsystems, Heer-
brugg, Switzerland), as appropriate.

Measurement of ROS. Intracellular ROS production was assessed
through the evaluation of dihydroethidium oxidation using a Jasco
FP6200 spectrofluorimeter (Jasco, Easton, MD) (7). Cells were incu-
bated with 20 mM dihydroethidium for 0.5 h at 37°C in a serum-free
medium in the dark, then washed with PBS, collected, and resus-
pended in assay buffer (100 mM potassium phosphate pH 7.4 and 2
mM MgClL,), using an aliquot for protein determination. The fluores-
cence increase (480-nm excitation and 567-nm emission wavelengths)
caused by the ROS-dependent oxidation of dihydroethidium was
expressed as arbitrary units normalized by cell protein content.

Gene expression analysis. RNA was extracted using RNeasy mini-
kit (Qiagen, Hilden, Germany), according to the manufacturer’s in-
structions, as described previously (18). After total RNA was isolated
from HepG2 cells, genomic DNA contamination was eliminated by
DNase digestion (Qiagen), and cDNA was obtained using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Weiterstadt, Germany). Oligonucleotide primers used for quantitative
(q@)RT-PCR was as follows: human (-glucoronidase: forward CT-
CATTTGGAATTTTGCCGATT, reverse CCGAGTGAAGATCC;
human rRNA 18s: forward CGAACGTCTGCCCTATCAACTT, re-
verse ACCCGTGGTCACCATGGTA; human Nrf2: forward AAAC-
CAGTGGATCTGCCAAC, reverse GACCGGGAATATCAGGA-
ACA; human CYPIAI: forward GCTGACTTCATCCCTATTC-
TTCG, reverse TTTTGTAGTGCTCCTTGACCATCT; human GSTAS:
forward CATTCACCTGGTGGAACTTTTCTA, reverse CTGC-
CAGGCTGCAGAAACTT; human GSTM?2: forward CCGATTT-
GAGGGCTTGGA, reverse CCATCTTTGTGAACACAGGTCTTG;
human SOD2: forward GTTGGCTTGGTTTCAATAAGGAA, re-
verse TCCCCAGCAGTGGAATAAGG; and human catalase: for-
ward TTCGATCTCACCAAGGTTTGG, reverse TGGATTCCG-
GTTTAAGACCAGTT.

The PCR reactions were carried out in an ABI PRISM 7500 System
(Applied Biosystems, Weiterstadt, Germany). The PCR reactions
were carried out under the following conditions: 50°C for 2 min, 95°C
for 10 min, 40 cycles at 95°C for 15 s, and 60°C for 1 min. Relative
gene expression levels were determined by analyzing the changes in
SYBR green fluorescence during qRT-PCR using the AACt method.
To confirm amplification of specific transcripts, melting curve profiles
were produced at the end of each reaction. The mRNA level of each
gene was normalized using 3-actin as internal control.

Assessment of oxidative DNA damage. Oxidative DNA damage in
the HepG2 cells was estimated by measuring the levels of 8-oxo-7,8-
dihydro-2'-deoxyguanosine (8-oxodG) in DNA using the method of
Polytarchou et al. (26). Briefly, HepG2 cells were fixed in 4%
formaldehyde, either before or 30 min after treatment with H>O», and
then stained with an anti-8-hydroxyguanine antibody. Coverslips were
mounted on glass slides, with Vectashield mounting medium contain-
ing 4',6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Im-
ages were obtained using a Nikon Eclipse 80i microscope with a X 10
objective and a Spot charge-coupled-device camera. Images were
quantified as red/blue ratios by using Adobe Photoshop (Adobe
Systems).

Ex vivo studies in liver biopsies. Liver biopsy specimens were
obtained from patients admitted to the Liver Unit (Clinical Division
“A. Murri,” Azienda Ospedaliero-Universitaria Policlinico) with clin-
ical and analytic features of ASH, including alcohol intake >80 g/day,
increased aminotransferase and y-glutamyl transpeptidase levels, and
no other identifiable cause of liver disease (9). Histologic grading was
as follows: 7) degree of hepatocellular damage/ballooning (0, none; 1,
mild; 2, severe) and presence of Mallory bodies, mega-mitochondria,
and cholestasis (0, no; 1, yes); 2) degree of lymphocytic infiltration (0,
none; 1, mild; 2, moderate; 3, severe); 3) degree of polymorphonu-
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Fig. 1. p665" phosphorylation on Ser*® and reactive oxygen species (ROS) synthesis in HepG2 cells. A: dose-response of p665"¢ phosphorylation on Ser®® in wild-type
HepG2 cells exposed to H>O» for 15 min. Representative immunoblots of p665" phosphorylation (fop) and protein content (bottom) are shown. B: dose response of
p663" phosphorylation on Ser*® in HepG2/p665"™ and HepG2/mock cells exposed to HOx for 15 min. C: time course of p66°5" phosphorylation in HepG2/p66°" and
HepG2/mock cells exposed to 0.5 mM H>O.. Representative immunoblots of p665' phosphorylation on Ser*® (fop) and Shc protein content (bottom; all 3 She protein
isoforms are shown). The quantitation of phosphorylated p66°" on Ser*® in multiple experiments is also shown (¢: HepG2/p66°"; m: HepG2/mock). D: quantification
of ROS levels in wild-type HepG2, HepG2/p665t, and HepG2/mock cells stimulated with H>O> for 15 min (black bars) or left untreated (white bars). Results in A-D
represent the means * SE of at least n = 5 independent experiments. A.U., arbitrary units. *P < 0.05 vs. basal; #P < 0.05 vs. wild-type HepG2 and HepG2/mock.
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Fig. 2. p665" overexpression in HepG2 cells. HepG2 cells were transduced with different doses of Ad/p665", Ad/mock, and Ad/p665"°Ala’® adenoviral
constructs, expressing a green fluorescence protein, at 90% confluence, as described in MATERIALS AND METHODS. A: morphology of confluent wild-type HepG2,
HepG2/p66°t, HepG2/mock, and Ad/p665"°Ala® cells incubated with the indicated doses of adenovirus under light microscopy (top) and corresponding
fluorescent signal assessed under a fluorescent microscope (bottom). PFU, plaque-forming units. Magnification: X10. B: representative immunoblot of all 3 Shc
isoforms in HepG2/p66°", HepG2/mock, and Ad/p66°"°Ala’® cells incubated with the indicated doses of adenovirus or left untreated. C: quantitation of p665h©
in HepG2/p665™ incubated with the indicated doses of adenovirus or left untreated. *P < 0.05 vs. control.
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Fig. 3. Activation of Erk-1/2 and Akt/FoxO3a in HepG2/p665t and HepG2/mock cells. HepG2/p665® and HepG2/mock cells were incubated with 0.5 mM H>O»
for the indicated times or left untreated. Representative immunoblots of Erk-1/2 (A), Akt (B), and FoxO3a (C) total protein content and phosphorylation (left),
and the quantitation of results from multiple experiments (right: ¢: HepG2/p665'; m: HepG2/mock). Results represent the mean = SE of at least n = 5
independent experiments. *P << 0.05 vs. basal; #P < 0.05 vs. HepG2/mock.
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clear infiltration (0, none; 1, mild; 2, moderate; 3, severe); 4) degree
of steatosis (GO: <10%; G1 10-33%; G2, 33—-66%; G3 =66%); 5)
degree of lobular fibrosis (0, none; 1, mild; 2, moderate; 3, severe);
and 6) fibrosis stage (0, no fibrosis; 1, portal; 2, portal fibrosis and few
septa; 3, septal fibrosis without cirrhosis; 4, cirrhosis) (9, 20). The
protocol was approved by the Independent Ethics Committee at the
Azienda Ospedaliero-Universitaria Policlinico Consorziale, Bari, It-
aly, and all patients gave their written informed consent.

Statistical analysis. Data are presented as means * SE. Normal
distribution of data was assessed by the Kolmogorov-Smirnov test
(P > 0.05). Statistical analysis was performed by the Student’s r-test
or the one-way ANOVA with Tukey’s multiple comparison test, as
appropriate, using Minitab 15.1. Significance was assumed at P <
0.05.

RESULTS

p665" is activated by oxidative stress and promotes ROS
synthesis in HepG2 cells. To understand the relationship be-
tween oxidative stress and p665", p66°" phosphorylation was
examined in HepG2 cells exposed to H>O,. Although the
endogenous p66°"° levels were relatively low in wild-type
HepG2 cells, phosphorylation of p665" on Ser® could be
detected in a dose-dependent manner upon exposure to H>O»
(Fig. 1A), and this was associated with increased intracellular
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ROS levels (Fig. 1D). To investigate the effects of increased
p6655€ protein levels in liver cells, HepG2 cells with selective
overexpression of p665' (HepG2/p665'°) were obtained by
infection with a recombinant adenovirus encoding p665" (Fig.
2). In the absence of H,O,, phosphorylation of p665" on Ser>¢
was found to be increased severalfold in HepG2/p665" com-
pared with control HepG2/mock cells (P < 0.0001; Fig. 1, B
and C), and it was further enhanced in a dose-dependent
manner upon H,O; exposure (Fig. 1B), peaking at 15 min (P <
0.001 vs. basal; Fig. 1C). ROS levels were increased approx-
imately threefold in HepG2/p665™ compared with control cells
under basal conditions (P < 0.001 vs. wild-type HepG2 and
HepG2/mock; Fig. 1D). In addition, exposure of HepG2/p665"
cells to H,O5 led to further increase in ROS synthesis (P <
0.005 vs. wild-type HepG2 and HepG2/mock; Fig. 1D). Thus
p6658°¢ conveys extracellular oxidative stress signals to in-
crease ROS synthesis in liver cells.

p665" activates the Erk and Akt/FoxO3a pathways in
HepG2 cells. The activation of Erk and of Akt/FoxO3a path-
ways, which have been shown to be involved in p665' sig-
naling and oxidative stress responses (5, 11), was assessed
next. Phosphorylation levels of Erk-1/2 (Fig. 3A) and Akt (Fig.
3B) were found to be significantly increased in response to
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Fig. 4. FoxO3a localization in HepG2/mock and HepG2/p6635t cells. HepG2/mock (A) and HepG2/p665t¢ (B) cells were incubated with 0.5 mM H>O, for 15
min or left untreated. The magnified images show FoxO3a localization in representative HepG2/mock and HepG2/p665" cells. Adenovirus-infected cells are
shown in green according to green fluorescence protein expression (green, fop). FoxO3a was visualized with a rabbit polyclonal antibody followed by the addition
of ALEX488 (red) labeled anti-rabbit antisera. TOPRO (blue) was used to visualize the nuclei. In control HepG2/mock cells, endogenous FoxO3a could be
detected almost exclusively in the cell nucleus in the absence of H>Ox (A, white arrows in images on the left), whereas it was relocated predominantly in the
cytoplasm after exiting the nucleus following H>O» stimulation for 15 min (A, white arrows in images on the right). In HepG2/p665 cells, FoxO3a showed
predominant cytoplasmic localization and reduced nuclear staining already in the absence of H.O» (B, white arrows in images on the left), and this was not
significantly modified by exposure to H>O» (B, white arrows in images on the right). Images are representative of 4 independent experiments.

AJP-Gastrointest Liver Physiol - doi:10.1152/ajpgi.00041.2015 - www.ajpgi.org
Downloaded from journals.physiology.org/journal/ajpgi (065.021.193.086) on March 8 2022.



G832 THE p665" PROTEIN CONTROLS REDOX SIGNALING IN LIVER CELLS
A HepG2/p66She 2000 - "y
Er1 —> . w — - 5 1500 -
Ek2 —» == e ' g' S—
PErk1 —> 3 %
P-Erk2 —» E o 500 A
H.O, - + - + 0 . -
uo126 - - + + H.O, + - +
uo126 - + +
B HepG2/p66She ~ 1500 1
o] *
< #
P. Ser® —» 500 A
o - - . - i
H202 - 0 | I
uo126 - - + + H,0, s - 4
Uo126 - + +
c 8000 - *yy
HepG2/p66She —~
< 6000 - *
oo . oo
radse — SN (D T % 2000 - |_I_|
- - 0 . :
HO, + H,0, + - +
uo126 = = + uo126 . + +
2000 - .
D HepG2/p66She S5 #
_ % 1500 .
FoxO3a —>- - - -‘ g 1000 -
o I—LI
H,O, - 0 T T
_ _ HO, + - +
Uo126 + + U026 i . N
E . 500 - A
8
g 400 -
IS t
2 300 - :
()
L
T 200 - *
n
©
0
% 100 -
R
0 T T T T
H0, + - + - + +
uo126 - - + - - +
HepG2/mock HepG2/p66She
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H,0, treatment in both HepG2/p665™ and HepG2/mock cells
(P < 0.001 vs. basal; Fig. 3, A and B). However, Erk-1/2 and
Akt phosphorylation showed higher levels and Erk-1/2 also an
earlier 15-min peak after H,O, challenge in HepG2/p665"
than in control cells (P < 0.001 vs. HepG2/mock; Fig. 3, A and
B). Both JNK-1/2 and p38 MAPK were also found to be
activated upon H,O, treatment in both HepG2/p665™ and
control cells; however, phosphorylation levels of these kinases
were similar in HepG2/p665" and control cells (data not
shown).

Akt-mediated FoxO3a phosphorylation on Thr*? promotes
both its inactivation and translocation from the nucleus to the
cytoplasm (8). In both HepG2/mock and HepG2/p665"° cells,
the levels of Thr*? phosphorylation of FoxO3a were increased
following challenge with H,O, (P < 0.005 vs. basal; Fig. 3C)
and augmented in p665"° overexpressing vs. control cells (P <
0.005 in HepG2/p665" vs. HepG2/mock; Fig. 3C), paralleling
Akt phosphorylation (Fig. 3B). The subcellular distribution of
FoxO3a in the cytoplasmic and nuclear compartment was then
investigated. In control HepG2/mock cells, endogenous
FoxO3a could be detected almost exclusively in the nucleus in
the basal state, whereas it was relocated predominantly in the
cytoplasm following 15 min of H,O, stimulation (Fig. 4A). By
contrast, in HepG2/p665™ cells, FoxO3a showed reduced nu-
clear staining and increased cytoplasmic localization already in
the basal state, with minimal changes induced by exposure to
H,0, (Fig. 4B). Thus H,0,-mediated p66°" activation is
followed by activation of the Erk-1/2 and Akt/FoxO3a path-
ways and translocation of FoxO3a from the nuclear to the
cytoplasmic compartment. These responses are enhanced, and
already under basal conditions, when p665™ is overexpressed.

A p66$hc —

p528hc —
p468hc

G833

Role of ERK in Ser’® phosphorylation of p66°" and Akt/
FoxO3a phosphorylation. The role of Erk-1/2 activation in
p665°¢ phosphorylation was investigated next by using the
MEK inhibitor U0126. As expected, pretreatment with U0126
completely abrogated Erk-1/2 phosphorylation in both HepG2/
mock and HepG2/p665™ cells, both under basal conditions and
after H,O, stimulation (P < 0.0001 vs. cells not exposed to
U0126; Fig. 5A and data not shown). This was associated with
a significant decrease in p665" phosphorylation on Ser*®, both
in the absence and presence of H,O, (Fig. 5B and data not
shown). Similar results were obtained using PD098059, an-
other inhibitor of MEK (data not shown). Furthermore, inhib-
iting the Erk-1/2 pathway with U0126 also significantly re-
duced the phosphorylation of Akt and FoxO3a following H>O»
challenge (P < 0.05 vs. cells not exposed to the MEK inhib-
itor; Fig. 5, C and D). Finally, treatment with U0126 markedly
reduced H,O,-induced ROS production in control and HepG2/
p665h¢ cells, respectively (P < 0.01 vs. cells not exposed to
U0126; Fig. 5E). Altogether, these results suggest that activa-
tion of Erk-1/2 contributes to p665" phosphorylation and its
downstream signaling.

Role of p66°"© Ser’ phosphorylation in Erk and Akt/FoxO3a
signaling and ROS production. To assess whether phosphory-
lation of p665™ on Ser®® is necessary for efficient signal
propagation, a phosphorylation-defective p665"™ protein, in
which Ser®® was mutated to Ala, was overexpressed in HepG2
cells (HepG2/p665™-Ala®®). No significant differences in
p665t° protein levels were observed between HepG2/p665h
and HepG2/p665"c-Ala3® cells (Fig. 6A), while Ser*® phosphor-
ylation of p665" was undetectable in HepG2/p665c-Ala3®
cells both under basal conditions and after H,O, stimulation
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Fig. 6. p665' phosphorylation on Ser*® in HepG2 cells
overexpressing the mutant p665"°Ala3® protein. A: rep-
resentative immunoblots of Shc protein content (fop)
and p665"° phosphorylation on Ser®® (bottom). B: den-
sitometric analysis of 5 independent experiments (white
bars: untreated cells; black bars: H,O»-stimulated cells).
Wild-type HepG2, HepG2/p665t¢, HepG2/p665he-
Ala*®, and HepG2/mock cells were incubated with 0.5
mM H>O, for 15 min or left untreated. Data represent
the quantitation of at least n = 5 independent experi-
ments. *P < 0.05 vs. basal; #P < 0.05 vs. wild-type
HepG2, HepG2/mock, and HepG2/p665he-Ala3®.
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(Fig. 6, A and B). Interestingly, Erk-1/2 activation was signif- Nrf2 and Nrf2 target genes in HepG?2 cells overexpressing
icantly decreased and Akt/FoxO3a phosphorylation was com- p66%. In the light of the protective role of Nrf2 against
pletely blunted in HepG2/p665"¢-Ala®® compared with HepG2/  oxidative stress (17—19), whether Nrf2 and the Nrf2-induced
p665he cells, both in the absence and presence of H,O, stim-  antioxidant response element (ARE) target genes would be
ulation (Fig. 7, A—C; P < 0.01 vs. HepG2/p665'). In addition, affected by changes in p665" protein levels in HepG2 cells
H>0, exposure failed to increase ROS production in HepG2/ was examined next. Interestingly, Nrf2 mRNA levels were
p665he-Ala’®, differently than in control cells (Fig. 7D), indi- significantly lower in HepG2/p66°™ than in control HepG2/
cating that Ser®® phosphorylation of p665" is critical for ROS  mock cells in the absence of H>O, (P < 0.05 vs. basal control
production in response to oxidative stress. Thus Ser*® phos- cells; Fig. 8) and remained significantly reduced by >50% at
phorylation of p665" plays an important role in activation of multiple times following induction of oxidative stress with
the Erk and Akt/FoxO3a signaling pathways and ROS synthe- H,O, up to 240 min (P < 0.05 vs. control cells at 15-60 min;
sis in HepG2 cells. Fig. 8). Changes in Nrf2 mRNA levels were paralleled by
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Fig. 8. mRNA expression levels of NF-E2-related factor 2 (Nrf2) and Nrf2-target genes in HepG2/mock, HepG2/p665h<, and HepG2/p665"c-Ala’® cells. Nif2,
CYPIAI, GSTM2, GSTAS, and SOD2 mRNA expression levels were measured by quantitative RT-PCR in HepG2/mock (grey squares), HepG2/p665i¢ (black
squares), and HepG2/p665"-Ala® (white triangles) following exposure to 0.5 mM H>O: for the indicated times. Data represent the means = SE of at least n =
5 independent experiments. *P < 0.05 HepG2/p6652¢ vs. HepG2/mock; #P < 0.05 HepG2/p665h vs. HepG2/p665he-Ala®; §P < 0.05 HepG2/p665hc-Ala® vs.
HepG2/mock.
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similar changes in gene expression of major Nrf2 target genes.  vs. HepG2/mock; Fig. 8). Furthermore, Nrf2 and Nrf2-induced
Indeed, mRNA levels of cytochrome P450 (CYP)IAI, GSTM2, ARE genes showed markedly reduced mRNA levels in HepG2/
and GSTAS were significantly reduced in HepG2/p665" com-  p665' compared with HepG2/p6657¢-Ala3® cells (P < 0.05 vs.
pared with HepG2/mock cells both under basal conditions and ~HepG2/p665'-Ala’®; Fig. 8). Finally, HepG2/p665"°-Ala3®
at multiple time-points following exposure to H>O, (P < 0.05 cells exhibited higher mRNA levels of CYPIAI, GSTM?2,
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Fig. 9. 8-0x0-7,8-dihydro-2’-deoxyguanosine (8-oxodG) accumulation following p665™ overexpression in HepG2 cells. HepG2/mock (A), HepG2/p665™ (B),
and HepG2/p665tc-Ala’® (C) cells were treated with 0.5 mM H>O> or left untreated and then analyzed 30 min later by immunofluorescence, evaluating
accumulation of 8-0xodG, a sensitive marker of DNA damage. For each condition, from left to right, the 1st column shows DAPI nuclei staining, the 2nd column

shows the green fluorescence protein (GFP) in infected cells, the 3rd column shows 8-0xodG staining, and the 4th column displays the merged staining (A-C).
Bar = 50 wm. Results are representative of n = 4 independent experiments.
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Fig. 10. Protein levels of p665"© in liver from ASH subjects. A: protein levels of Shc isoforms in human liver biopsies. Representative immunoblots of Shc protein
isoforms in liver biopsies from individual subjects with various degrees of steatosis, fibrosis, and lymphocytic/polymorphonuclear infiltration are shown (fop).
GAPDH protein content was used as loading control. The quantitation of p665h° vs. p52-p465h€ ratio in liver samples considered individually (bottom left) and
grouped as GO-1/F0 (steatosis <33% and absence of fibrosis and lymphocytic/polymorphonuclear infiltration) and as G2-3/F1-4 (steatosis >33% and presence
of fibrosis and lymphocytic/polymorphonuclear infiltration; bottom right) is also shown. B: Akt in human liver biopsies. Representative immunoblots of Akt
phosphorylation and total protein content in liver biopsies from individual subjects with various degrees of steatosis, fibrosis and lymphocytic/polymorphonuclear
infiltration are shown (fop). The quantitation of phospho-Akt vs. total Akt liver biopsies considered individually (bottom left) and grouped as GO-1/FO and
G2-3/F1-4 (bottom right) is also shown. *P < 0.05 vs. GO-1/FO0.

Downloaded from journals.physiology.org/journal/ajpgi (065.021.193.086) on March 8 2022.



G838

GSTAS, and SOD?2 than control HepG2/mock cells (P < 0.05
vs. HepG2/mock; Fig. 8), consistent with the mutant p665"
Ala’® variant acting as a dominant-negative protein.

Overexpression of p66°"° promotes oxidative DNA damage.
8-0Ox0dG is a sensitive marker of ROS-induced DNA damage
(27). To investigate the possibility that forced expression/
activation of p66°" may lead to DNA damage via increased
ROS synthesis, the extent of 8-0xodG accumulation was as-
sessed in individual cells infected with the distinct adenoviral
constructs by immunofluorescence. Expression of green fluo-
rescent protein by the adenovirus allowed identification of
infected cells. With this method, 8-oxodG staining was found
to be increased in HepG2/p665" compared with HepG2/mock
and HepG2/p665"°-Ala’® cells in the absence of H>O, (Fig. 9,
A—C). Treatment of HepG2/p665" with H,O, for 60 min
further increased 8-oxodG accumulation at 15 min (data not
shown) and 30 min (Fig. 9B). By contrast, 8-0xodG staining
was almost undetectable in H,O,-treated HepG2/p6657¢-Ala®®
compared with both HepG2/p665" and HepG2/mock cells
(Fig. 9, A-C). Overall, these data demonstrate that p665"
promotes ROS-induced DNA damage in liver cells and that
this is inhibited by the phosphorylation-defective p665™ pro
tein.

p66%"€ in human liver biopsies from subjects with ASH.
Finally, protein expression and phosphorylation levels of
p6658¢ were examined in liver biopsies of subjects with ASH.
The severity of liver injury was graded according to the
presence and extent of steatosis, fibrosis, and lymphocytic/
polymorphonuclear infiltration (9, 20), ranging from GO/FO to
G3/F4. The protein levels of p665"® were found to be increased
in the human liver biopsies in parallel with the severity of liver
injury (Fig. 10A), in the absence of changes in p525" and
p465h¢ protein abundance (Fig. 10A). Furthermore, p665"°
expression was found to be significantly increased in the group
with higher extent of steatosis (>33%) and presence of fibrosis
and lymphocytic/polymorphonuclear infiltration (P < 0.05,
G2-3/F1-4 vs. GO-1/F0; Fig. 10A). Furthermore, increased
p665" protein levels were associated with significant augmen-
tation of Akt phosphorylation, in the absence of significant
changes in Akt protein levels (P < 0.05, G2-3/F1-4 vs. GO-1/
FO; Fig. 10B). Other signaling reactions, including p665h
phosphorylation on Ser*® and FoxO3a phosphorylation on
Thr?2, could not be assessed since they were below the sensi-
tivity of the immunoblotting technique (data not shown).

DISCUSSION

The adapter protein p665" has been shown to mediate
oxidative stress-related injury in multiple cell types and under
a variety of pathophysiological conditions, including obesity,
diabetes, and steatohepatitis (1, 10-13, 19, 21, 24, 25, 27-32,
36). Specifically, p665"° has been involved in hepatocyte lipid
accumulation and cytotoxicity in both experimental ethanol
intoxication and NASH (17, 31). The results from this study
demonstrate for the first time that p665™ is both a target and an
enhancer of oxidative stress in liver cells and that p665'
protein levels are increased in the liver of individuals with
ASH. In addition, forced expression of p665" promotes ROS
synthesis and reduces expression of Nrf2 and Nrf2-induced
ARE genes, increasing incorporation of 8-oxodG into cellular

THE p665" PROTEIN CONTROLS REDOX SIGNALING IN LIVER CELLS

DNA, a marker of oxidative stress-related DNA damage. All of
these effects require phosphorylation of p665"° on Ser°.

In control HepG?2 cells the levels of p665™ were relatively
low, yet phosphorylation of the protein could be induced by
exposure to H,O,. However, when p66ShC was overexpressed
by adenoviral-mediated gene transfer its phosphorylation on
Ser® was increased (Fig. 1C) and this was associated with
increased phosphorylation of Erk-1/2 and Akt/FoxO3a (Fig. 3,
A-C) and ROS synthesis (Fig. 1D).

While overexpression of p665" was associated with in-
creased Erk-1/2 phosphorylation, which was reduced in HepG2
overexpressing a defective p665"°-Ala3® (Fig. 7A), inhibition of
the Erk pathway using various MEK inhibitors significantly
reduced Ser® phosphorylation of p665" both in the absence
and presence of H,O, stimulation. Altogether, these results
suggest that p665"° and Erk-1/2 are involved in a reciprocal
“regulatory loop”: increased p665" expression/signaling re-
sults in Erk-1/2 activation that in turn promotes Ser>°-phos-
phorylation of p665" (Fig. 11). These data are in line with
previous observations in breast and prostate cancer cells, in
which increased p665" protein levels were positively corre-
lated with Erk-1/2 phosphorylation (16, 34), and p665" knock-
down led to reduced Erk-1/2 activation (34), but not with other
studies showing inhibition of Erk signaling by p665" (32).
Conversely, Erk-dependent phosphorylation of p665™ on
Ser®®, which is then responsible for p665"-dependent phos-
phorylation of FoxO3a, as observed in this study (Fig. 5), was
previously shown in mouse embryo fibroblasts (32). However,
the phosphorylation levels of p665"° on Ser*® were not com-
pletely abolished when Erk-1/2 was fully inhibited (Fig. 5),
suggesting that additional protein kinases other than Erk-1/2
may be involved in Ser*°-phosphorylation of p665". Indeed,
depending on the cell type and stimulus (e.g., H»O,, TGF-f3,
various cytokines), protein kinase C (PKC)-3 and -8 and 1Pix
(Pak-interacting exchange factor) have also been shown to be
involved in p665" phosphorylation on Ser*® (6, 22, 31). Fur-
thermore, we have recently reported that TNF-a promotes
p6657¢ phosphorylation on Ser®® via the stress-kinase JNK in
human endothelial cells (23). However, both JNK-1/2 and p38
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Fig. 11. Hypothetical model of p665"°-dependent redox signaling in human
liver cells. P, phosphorylation.
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MAPK activities were not affected by p665" overexpression in
HepG2 cells (data not shown), suggesting that they are not part
of the same regulatory loop as Erk-1/2.

The involvement of the Nrf2 signaling pathway in eliciting
cell survival and resistance to oxidative stress has been recently
reported (2, 5, 35). Nrf2 plays a central role in cytoprotection,
by detoxifying and eliminating ROS, xenobiotics and electro-
philic carcinogens, as well as by removing damaged proteins
and organelles (35). Compared with control cells, Nrf2 knock-
out cardiomyocytes showed significantly higher ROS levels
under basal conditions, which were further enhanced upon
exposure to high glucose concentrations (14). Similarly, in
primary mouse hepatocytes Nrf2 gene ablation resulted in
enhanced oxidative stress, impaired activation of the MAPK
pathway, and reduced mRNA expression of ROS-detoxifying
enzymes (4). In line with these findings, our results show for
the first time a link between the redox protein p665" and the
Nrf2 pathway. Liver cells overexpressing p665" showed re-
duced mRNA levels of Nrf2 and of its downstream detoxifying
target genes, such as CYPIAI, GSTM?2, and GSTAS5, in asso-
ciation with enhanced ROS synthesis and increased oxidative
DNA damage. Conversely, cells overexpressing the phospho-
rylation-defective p665" mutant displayed augmentation of
gene expression of Nrf2 and its downstream target genes,
reduced ROS levels, and minimal 8-oxodG accumulation.
Thus, p665™ appears to foster cellular oxidative stress re-
sponses by suppressing Nrf2 expression (Fig. 11). The Akt/
FoxO3a signaling pathway is also involved in preventing
accumulation of ROS and consequent cell damage by upregu-
lating antioxidant enzymes (33). Since forced activation of
p663" resulted in increased FoxO3a phosphorylation and nu-
clear exclusion (Figs. 3 and 4), and this was not observed
following overexpression of p665'°Ala®® (Fig. 7), enhanced
p665h signaling may potentially promote oxidative DNA dam-
age by both repressing Nrf2 and inactivating FoxO3a (Fig. 11).

Significant elevations of p66" mRNA and protein levels
were recently reported in liver biopsies from individuals with
nonalcoholic fatty liver disease (NAFLD) and NASH, com-
pared with normal liver samples (31). In line with these
findings, we found increased p665" protein levels in liver
biopsies of subjects with ASH, a well-characterized condition
of oxidative stress-induced cellular damage (10, 29). More-
over, p665" protein abundance correlated with the degree of
histological abnormalities and disease severity, being increased
to a greater extent in subjects with higher degree of fibrosis and
steatosis (Fig. 10), in line with the results in NAFLD/NASH
(14). Increased protein expression of p665" in liver biopsies
with more severe grading was associated with augmented Akt
phosphorylation, suggesting the functional relevance of these
findings (Fig. 10). Inhibition of hepatic p665" signaling may
thus represent an attractive strategy to counteract progression
of hepatocyte damage in both alcoholic and nonalcoholic fatty
liver disease.

In conclusion, overexpression of p665™ in human hepato-
cytes promotes ROS accumulation and increases susceptibility
to H,O»-induced oxidative stress, leading to reduced levels of
cytoprotective genes and consequently increased DNA dam-
age. Modulation of the redox homeostasis by limiting p665
expression and/or activity in human hepatocytes may open
novel therapeutic approaches for oxidative stress-associated
liver diseases.
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