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Abstract Oxidative stress has long been implicated in
the pathogenesis of various neurodegenerative disorders
such as Alzheimer’s disease and stroke. While high
levels of oxidative stress are generally associated with
cell death, a slight rise of reactive oxygen species (ROS)
levels can be protective by “preconditioning” cells to
develop a resistance against subsequent challenges.
However, the mechanisms underlying such precondi-
tioning (PC)-induced protection are still poorly under-
stood. Previous studies have supported a role of ERKS
(mitogen-activated protein [MAP] kinase 5) in neuro-
protection and ischemic tolerance in the hippocampus.
In agreement with these findings, our data suggest that
ERKS5 mediates both hydrogen peroxide (H,O,)-in-
duced PC as well as nerve growth factor (NGF)-induced
neuroprotection. Activation of ERKS partially rescued
pheochromocytoma PC12 cells as well as primary hip-
pocampal neurons from H,O,-caused death, while inhi-
bition of ERKS abolished NGF or PC-induced protec-
tion. These results implicate ERKS5 signaling as a com-
mon downstream pathway for NGF and PC.
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Furthermore, both NGF and PC increased the expres-
sion of the transcription factor, KLF4, which can initiate
an anti-apoptotic response in various cell types. Induc-
tion of KLF4 by NGF or PC was blocked by siERKS,
suggesting that ERKS is required in this process.
siKLF4 can also attenuate NGF- or PC-induced neuro-
protection. Overexpression of active MEKS or KLF4 in
H,O,-stressed cells increased Bcl-2/Bax ratio and the
expression of NAIP (neuronal apoptosis inhibitory pro-
tein). Taken together, our data suggest that ERKS5/KLF4
cascade is a common signaling pathway shared by at
least two important mechanisms by which neurons can
be protected from cell death.
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Introduction

Oxidative stress-induced cell damage has been implicat-
ed in the physiological process of aging as well as the
pathology of a variety of disorders associated with ag-
ing, such as Alzheimer’s disease (AD) and stroke. Stud-
ies in AD models support that early molecular alter-
ations in degenerating neurons include increased gener-
ation of reactive oxygen species (ROS) to activate apo-
ptotic pathways. However, while high levels of oxida-
tive stress is generally associated with neuronal degen-
eration and death, a slight rise of ROS level can be
substantially protective by “preconditioning” (PC) cells
to develop a resistance against subsequent challenges
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(Wiese et al. 1995; Lee and Um 1999; Kim et al. 2001;
Dirnagl et al. 2009). For example, hydrogen peroxide
(H,0O5)-induced PC is known to confer adaptive
cytoprotection against subsequent oxidative stress-
related injury in various cell types (Angeloni et al.
2011; Mo et al. 2012). Nevertheless, the precise mech-
anism by which PC protects against oxidative injury,
especially in the brain, remains unknown.

The ERK/mitogen-activated protein kinase (MAPK)
pathway is not only involved in the perception of re-
sponses to oxidative stress, but also a key mediator of
neuroprotection. For example, estrogen activated
ERK1/2 signaling pathway in global ischemia-induced
hypoxia, and the MEK (upstream activator kinase for
ERK) inhibitor PD98059 blocked the neuroprotection
by estrogen (Lebesgue et al. 2009). However, such
studies used pharmacological inhibitors for MEK, in-
cluding PD98059 or U0126, which inhibit both MEK1
and MEKS, the upstream activator of ERK1/2 and
ERKS, respectively (Davies et al. 2000). Therefore, it
is plausible that the effects previously assigned to
ERK1/2 are actually a function of ERKS. Importantly,
Wang et al. reported that cerebral ischemic PC acti-
vated ERKS in the hippocampal CAl region of rats,
and that ERKS signaling contributes to ischemic tol-
erance (Wang et al. 2006a). These data and ongoing
work in our laboratory led to our hypothesis that
ERKS is a key component of the protection associated
with hypoxic PC.

Known activators for ERKS5 include growth factors
such as nerve growth factor (NGF) (Fukuhara et al.
2000) and oxidative stress (Fukuhara et al. 2000;
Scapoli et al. 2004; Cavanaugh et al. 2006). While there
is considerable information regarding ERKS’s upstream
activators, little is known regarding the downstream
effectors of ERKS, especially in the CNS. In a recent
report by Ohnesorge et al., transcription factor Kriippel-
like factor 4 (KLF4) was identified as a novel execu-
tioner of MEKS/ERKS pathway to elicit an anti-
apoptotic and anti-inflammatory phenotype in human
endothelial cells (Ohnesorge et al. 2010). KLF4 is well
known for its role in stem cell biology (Takahashi and
Yamanaka 2006), cardiovascular disease (Dong and
Huang 2009) and cancer (Cho et al. 2007; Akaogi
et al. 2009). And though KLF4 has been implicated in
neuron regeneration (Moore et al. 2009), brain tumor
formation (Nakahara et al. 2010) and neuronal apoptosis
(Zhu et al. 2009), a mechanistic understanding of its role
in the CNS is extremely limited.
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During a recent large-scale screening, Dijkmans et al.
identified KLF4 as a major immediate-early gene in-
duced by NGF in the rat pheochromocytoma PC12 cells
(Dijkmans et al. 2009). PC12 cells have been widely
used as a model to elucidate the mechanisms by which
NGF exerts its anti-apoptotic effects (Greene 1978). In
Dijkmans’ report, the authors found that the NGF-
induced increase in KLF4 expression was partially
abolished by U0126 (inhibitor against MEK1/2 and
MEKYS), suggesting an involvement of the ERKs
(Dijkmans et al. 2009). Given that ERKS signaling
induces KLF4 expression in peripheral cells to counter-
act apoptosis (Ohnesorge et al. 2010), and that NGF
activates ERKS in PC12 cells (Obara et al. 2009), we
hypothesized that NGF and/or PC protects neuronal
cells from apoptosis via activation of an ERKS/KLF4
pathway. By using both PC12 cells and mouse primary
hippocampal neurons as the complimentary models, we
examined (1) the effect of blocking ERK signaling on
KLF4 induction by NGF and PC, and (2) whether
depletion of ERKS or KLF4 by RNAi can attenuate
the neuroprotection elicited by NGF and PC against an
H,0, insult. Potential downstream gene targets of KLF4
to exert its protective functions were examined as well.

Methods
Cell culture and treatment

Rat pheochromocytoma PC12 cells were grown in RPMI
1640 media containing 5 % fetal bovine serum and 10 %
heat-inactivated horse serum (HIHS) and maintained at
37 °Cin 5 % CO, humidified incubator. NGF (Millipore,
Billerica, MA, USA) was added at 100 ng/ml. For cell
viability experiments, cells were exposed to NGF or PC
(tert-butyl-hydrogen peroxide; 50 M) for 24 h followed
by a 24-h exposure to 250 uM H,0, fert-butyl-hydrogen
peroxide (Sigma, St. Louis, MO, USA).

Full details of the mouse study were approved by the
Institutional Animal Care and Use Committee at the
University of North Texas Health Science Center. All
mice were handled according to the Guide for the Care
and Use of Laboratory Animals. Primary cultures of
hippocampal neurons were prepared from neonatal mu-
rine pups (C57BL/6NHSd mice, Harlan) as described
by Sarkar et al. (2008) with modifications. Briefly,
hippocampal tissue isolated from newborn mice (post-
natal days 2—4) was dissociated with trypsin and DNase
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I for 10 min at 37 °C. The tissue was then washed twice
with Neurobasal-A medium containing B-27 and further
dissociated by gentle titration using a graded series of
fine polished Pasteur pipettes. After centrifugation at
200xg for 3 min at 4 °C, hippocampal neurons were
resuspended in Neurobasal-A/B-27 medium, passed
through a cell strainer with 40 um mesh, and plated at
1.0x10° cells/cm® on culture dishes precoated with
poly-D-lysine. The culture dishes were kept at 37 °C in
humidified 95 % air and 5 % CO,. The initial culture
medium was replaced after 5 h; subsequently, half of the
medium was changed every 3 days. At day in vitro
(DIV) 2, 1-B-arabinofuranosylcytosine (AraC) was
added to a final concentration of 5 uM to prevent glial
proliferation. Treatments of the primary cultures started
at DIV 7.

Specific inhibition of MEKS was achieved using the
pharmacological inhibitors, BIX01288 or BIX01289
(Selleckchem, Houston, TX, USA) at 30 uM, which
was applied 30 min before NGF or PC administration.
For transfection experiments, siRNA duplexes of ERKS
or KLF4 were transfected with Gene Silencer reagent
(Genlantis, San Diego, CA, USA). Total RNA or protein
was isolated 24 h post transfection.

Calcein AM cell viability assay

PC12 cells or primary neurons were cultured in a 96-well
flat-bottomed plate. Calcein AM (Molecular Probes,
Oregon, USA) staining was used to determine the num-
ber of viable cells in each well. The eight wells in the
same column on the plate were assigned to the same
treatment, and mean from these eight wells was consid-
ered as a single “n”. Each treatment was repeated in three
different experiments. At the end of treatment, cells were
incubated with calcein AM (2 uM) at 37 °C for 30 min
and rinsed with PBS. Live cells were distinguished by
hydrolysis by intracellular esterase of calcein-AM to
calcein, which fluorescence when excited by 485 nm.
Emission at 538 nm was measured with an Fluorescence
Microplate Reader (Molecular Devices Corporation,
Sunnyvale, CA, USA) and analyzed by Softmax-PRO.
Data were expressed as the mean fluorescent peak height
of samples normalized to percent of the control value.

Plasmids and transient transfection

Expression vectors encoding mouse wild-type ERKS5 and
constitutively active MEKS (CA-MEKS) were generous

gifts from Dr. Bradford Berk (University of Rochester,
Rochester, NY, USA). PC12 cells were transfected with
plasmids using TransIT-Neural® Transfection Reagent
(Mirus Bio LLC, Madison, WI, USA) at 60-80 %
confluency per manufacturer’s protocol. Total RNA or
protein was isolated 24 h post transfection.

RNA isolation and cDNA synthesis

Total RNA was extracted from cultures and DNase-
treated using the RNeasy Lipid Kit (Qiagen, Valencia,
CA, USA) according to the manufacturer's instructions.
Concentrations of extracted RNA were calculated from
the absorbance at 260 nm. The quality of RNA was
assessed by absorption at 260 and 280 nm (A»40/4250
ratios of 1.9-2.0 were considered acceptable). Total
RNA (2 pg) was reverse transcribed into cDNA in a
total volume of 20 pl using the High-Capacity DNA
Archive Kit (Roche Applied Science, Indianapolis, IN,
USA), according to the manufacturer's instructions.

Primers and probes for quantitative real-time RT-PCR

PCR primers and probes for the target genes and the
endogenous control, GAPDH, were purchased as
Assay-On-Demand (Applied Biosystems Inc, Foster
City, CA). The assays were supplied as 20x mix of
PCR primers (900 nM) and TagMan probes (200 nM).
The KLF4 assay (Rn00821506 g1) contained FAM (6-
carboxy-fluorescein phosphoramidite) dye label at the 5
end of the probes and minor groove binder and nonflu-
orescent quencher at the 3’ end of the probes. The
GAPDH assay (Rn9999999 sl) contained VIC-
labeled probes. The assays were optimized for use
on an ABI Prism Sequence Detection System at the
default machine settings.

Quantitative real-time RT-PCR

The reaction mixture contains water, 2x qPCR Master
Mix (Eurogentec), and 20x Assay-On-Demand for
BDNF. A separate reaction mixture was prepared for
the endogenous control, GAPDH. The reaction mixture
was aliquoted in a 96-well plate and cDNA (100 ng of
RNA converted to cDNA) was added to bring the final
volume to 30 pl. Each sample was analyzed in triplicate.
Amplification and detection were performed using the
ABI 7300 Sequence Detection System (Applied
Biosystems) with the following profile: 2 min hold at
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50 °C (UNG activation), 10 min hold at 95 °C, followed
by 40 cycles of 15 s at 95 °C (denaturation) and 1 min at
60 °C (annealing and extension). Sequence Detection
Software 1.3 (Applied Biosystems) was used for data
analysis. The comparative Ct method (2-*2<") was
used to calculate the relative changes in target gene
expression. In the comparative Ct method, the amount
of target, normalized to an endogenous control
(GAPDH) and relative to a calibrator (untreated con-
trol), is given by the (2785 equation. Quantity is
expressed relative to a calibrator sample that is used as
the basis for comparative results. Therefore, the calibra-
tor was the baseline (vehicle-treated control) sample
and all other treatment groups were expressed as an
n-fold (or percentage) difference relative to the con-
trol (Livak and Schmittgen 2001). The average and
standard deviation of (2~2*") were calculated for the
values from five independent experiments, and the
relative amount of target gene expression for each
sample was plotted using the GraphPad Prism 4 soft-
ware (San Diego, CA).

Western blotting

After treatment with NGF or PC, cells were harvested
with lysis buffer containing protease and phosphatase
inhibitors, as described previously (Singh et al. 1999).
After homogenization, samples were centrifuged at
99,000x g for 15 min at 4 °C, and the resulting super-
natants were evaluated for total protein concentrations
using the Bio-Rad DC (Bio-Rad Laboratories, Inc.)
protein assay kit. Sample lysates were loaded onto a
sodium dodecyl sulfate/10 % polyacrylamide gel, sub-
jected to electrophoresis, and subsequently transferred
onto a polyvinylidene difluoride membrane (0.22 pum
pore size; Bio-Rad Laboratories, Inc.). The membrane
was blocked for 1 h with 5 % non-fat milk in 0.2 %
Tween-containing Tris-buffered saline solution before
application of the primary antibody. The following pri-
mary antibodies were used: The antibodies against
phospho-ERK1/2 (#9101, Thr202/Tyr204, 1:1,000),
phospho-ERKS5 (#3371, Thr218/Tyr220, 1:500), ERKS5
(#3372, 1:1,000), GAPDH (14C10, 1:1,000) were pur-
chased from Cell Signaling Technology (Danvers, MA).
Antibodies to ERK1 (C-16, sc-93, ERK2 (c-14, sc-154),
KLF4 (F-8,sc-166238, 1:500), NAIP2 (A-17, sc-11068,
1:500), Bax (6A7, sc-23959, 1:500), Bcel-2 (C-2, sc-
7382, 1:500) were from Santa Cruz Technology. f3-
Actin antibody (A3854, clone AC-15) was from Sigma.
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Antibody binding to the membrane was detected
using a secondary antibody (either goat anti-rabbit or
rabbit anti-goat) conjugated to horseradish peroxidase
(1:20,000; Pierce Chemical Co., Rockford, IL, USA)
and visualized using enzyme-linked chemiluminescence
(Pierce ECL Western Blotting Substrate; Thermo Scien-
tific, Illinois, USA) with the aid of the Alphalnnotech
imaging system.

siRNA and transfection

AllStars negative siRNA control, pre-designed siRNA
duplexes against ERK5 (S105429620 for rat,
S101300663 for mouse), KLF4 (8101529150 for rat,
S101083579 for mouse), ERK1 (SI01906163 for rat,
S101300569 for mouse) and ERK2 (S101906037 for
rat, SI02672117) were purchased from Qiagen. Briefly,
PC12 cells or mouse primary neuronal cultures were
transfected with the siRNA duplexes using Gene Silenc-
er reagent (Genlantis) per manufacturer protocol. The
siRNA (png)/Gene Silencer () ratio is 1:5. Total RNA
was isolated 24 h post-transfection. Silencing of ERKS
and KLF4 was assessed by real-time PCR.

Statistical analysis

At least three independent experiments were conducted
for Western blotting, Calcein assay and qRT-PCR. Den-
sitometric analysis of the Western blots was performed
using Alpha Innotech Image Analysis software (Cell
Biosciences, Santa Clara, CA, USA). Data were sub-
jected to ANOVA, followed by Tukey’s analysis for the
assessment of group differences, and presented as a bar
graph depicting the mean+SEM, using GraphPad Prism
software (San Diego, CA, USA). A p value <0.05 was
considered to indicate statistical significance.

Results

Both NGF and low dose H,O, preconditioning protect
PC12 cells against high dose H,O,-induced oxidative
stress

Since a low level of H,0, is considered to be a “pre-
conditioning” signal to protect cells while a high level of
H,0, triggers cell death, it is critical to determine the
appropriate doses of H,O, used under the two different
circumstances. The rat pheochromocytoma neuron-like
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PC12 cells have been widely used as a model to study
H,0,-induced oxidative stress (Li et al. 2008; Nair and
Olanow 2008; Aliaghaei et al. 2014), therefore, we
started our investigation of PC neuroprotection with this
model. To examine the effects of different concentra-
tions of H,O, on cell viability, PC12 cells were exposed
to various concentrations of H,O, (50 to 1000 uM) for
24 h, and cell viability was determined by CalceinAM
assay. In agreement with previous reports (Guyton et al.
1996), 0—-100 uM H,0, did not affect PC12 cell viabil-
ity significantly, while concentrations higher than
250 uM induced a significant cell death (Fig. 1a). There-
fore, we used 50 uM H,0, as the PC concentration and
250 uM H,O, as the oxidative stress concentration in
the subsequent experiments with PC12 cells.

Because NGF and PC can protect various types of
neurons against oxidative stress (Kim et al. 2001; Cao
et al. 2007; Fuenzalida et al. 2007), we first tried to
determine whether both NGF and PC protect PC12 cells
from oxidative stress in this study. We pretreated PC12
cells with NGF (100 ng/ml) or PC (50 uM H,0,) for
24 h and then stressed the cells with 250 uM H,O, for
another 24 h. Cell viability was measured by Calcein
AM assay. We found that NGF or PC pretreatment
significantly rescued PC12 cells from H,0,-induced
death (Fig. 1b). Interestingly, the combination of NGF
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PC (pre- Oxidative
conditioning) stressor

H202 (uM) control 50

Fig. 1 NGF and PC (low-dose H,O, preconditioning) protect
PC12 cells against H,O,-induced oxidative stress. a PC12 cells
were treated with increasing concentrations of H,O, for 24 h
before cell viability was assessed by CalceinAM assay (n=4).
H,0, (50-100 uM) did not affect the cell viability (z.s. no statistic
significance compared to control), while doses higher than
250 uM significantly decreased the cell viability (¥**p<0.01

and PC pretreatment did not further increase cell viabil-
ity compared to NGF or PC pretreatment alone.

NGF and PC activated ERK1/2 and ERKS signaling

Since both the ERK1/2 and ERKS pathways have been
implicated as mediators of neuroprotection, we sought
to determine whether ERK1/2 and/or ERKS are activat-
ed by NGF or PC in our experimental system. Consis-
tent with the literature, NGF resulted in a significant
increase in ERK1/2 phosphorylation (indicating activa-
tion) (Fig. 2). In addition, ERK5 phosphorylation was
also elicited. Consistent with the protective effects of
PC, we found that PC was also effective at eliciting
ERK1/2 an ERKS5 phosphorylation. Notably, NGF-
and PC- induced ERK activation had very different
kinetics: NGF-induced phosphorylation of ERK5 was
evident within the first hour of treatment and gradually
declined back to the basal level at 4-6 h. PC induced a
delayed ERKS5 phosphorylation with a maximal effect at
4 h. In contrast, the dynamic patterns of ERK1/2 acti-
vation by NGF and PC are similar to each other, both of
which reached peak within 1 h and then continuously
declined to the baseline. The different kinetics indicate
an intriguing difference between the ERK1/2 versus
ERKS signaling.

8
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(% of control)
S

compared to control). H,O, (50 uM) was chosen as the precondi-
tioning dose, and 250 uM H,0, was used as the oxidative stress
concentration in the following experiments. b PC12 cells were pre-
treated with PC or NGF for 24 h prior to treatment with a cell
death-inducing concentration of HO, (250 uM) for another 24 h,
then cell viability was assessed (n=3. **p<0.01, ***p<0.001
compared to control; “#p<0.001 compared to H,O, group)
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4 Fig. 2 NGF and PC activate the ERK pathways. PC12 cells were
treated with NGF (a, ¢) or PC (b, d) for indicated times, and
phosphorylation of ERKs was examined by Western blotting
(n=3). Both NGF and PC activated ERKS and ERK1/2. A repre-
sentative blot is shown in a and b. Densitometric quantification of
phosphor-ERK versus total ERK is shown in ¢ and d

NGF- and PC-induced neuroprotection requires ERKS
signaling

Next, we tested the hypothesis that blocking ERK sig-
naling by chemical inhibitors affected the effect of NGF
and PC on cell viability. To dissect the potential role of
ERKS5 versus ERK1/2 in meditating NGF or PC’s effect,
we used PD184352 as the selective inhibitor against
MEK1/2 to block activation of ERK1/2 (Su et al.
2011). PC12 cells were pre-incubated with for 30 min
before NGF or PC administration, then exposed to H,O,
for another 24 h before cell viability was assessed by
Calcein AM assay. Interestingly, PD184352 had no
effect on NGF- and PC-induced cytoprotection (data
not shown), suggesting that ERK1/2 pathway did not
mediate this effect. Next, we used BIX02188 or
BIX02189, two recently identified specific inhibitors
against MEKS, to investigate the potential involvement
of ERKS pathway (Tatake et al. 2008). Both BIX02188
and BIX02189 completely blocked the protection
against H,O, by NGF (Fig. 3a) or PC (Fig. 3b),
supporting that the protection is mediated via ERKS.
These two inhibitors by themselves did not block H,O,-
decreased cell viability (Fig. 3a and b). Further, NGF,
PC or the inhibitors alone did not change cell viability

compared to control (Fig. 3c), indicating that change in
the basal activity of ERKS does not affect PC12 neuro-
nal survival.

Overexpression of active MEKS protects PC12 cells
from H202

The pharmacological effects of BIX02188 or BIX02189
supported that ERKS5 plays an important role in mediat-
ing NGF- and PC-induced protection. To test this hy-
pothesis further, we used a constitutively active MEKS
construct, (CA-MEKS) (Pi et al. 2004), to specifically
activate ERKS. We have previously reported that ex-
pression of this construct resulted in a significant in-
crease of ERKS5 phosphorylation without affecting
ERK1/2 phosphorylation (Su et al. 2011), demonstrat-
ing the specificity of the MEKS mutant. Consistent with
our hypothesis of a protective role of ERKS on neuronal
survival against oxidative stress, we found that transfec-
tion with CA-MEKS led to an increase in cell survival in
the face of the H,O, insult (Fig. 4). This data, when
combined with Figs. 2 and 3, strongly support that NGF
and PC signal through the ERKS pathway to inhibit
oxidative stress-induced cell death.

NGF and PC up-regulated the expression of KLF4

Knowledge regarding the downstream effectors of
ERKS signaling in neurons is extremely limited, with
a small body of research focused on the transcription
factor MEF2 (Liu et al. 2003; Shalizi et al. 2003). Since
ERKS5 has been a focus of interests in cardiovascular
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Fig. 3 ERK 5 signaling mediates NGF- and PC-induced neuro-
protection against H,O,. PC12 cells were pre-treated with
BIX01288 or BIX01289 (specifically inhibiting ERKS activation)
for 30 min before NGF or PC was applied for 24 h. Then cells were
stressed with H,O, for another 24 h before cell viability was

assessed (n=3). The ERKS inhibitors blocked the protective effect
of NGF (A) and PC (B). BIX01288 or BIX01289 alone did not
rescue the cells from H,O, (a, b). NGF, PC or the inhibitors alone
did not affect cell viability (¢) (**, @@: p<0.01; *** #H##
@@@: p<0.001; ns no significance)
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Fig. 4 Overexpressing active MEKS5 rescued cells from H,O,.
PC12 Cells were transfected with control vector or constitutively
active MEKS (CA-MEKS). Twenty-four hours post-transfection,
cells were stressed by H,O, before cell viability was assessed (n=
3). Activation of MEKS partially inhibited H,O,-induced cell
death. p<0.05; **p<0.01

diseases, we searched the literature in the vascular sys-
tem and found that KLF4 has been reported to be an
important mediator for ERKS (Ohnesorge et al. 2010;
Clark et al. 2011; Sunadome et al. 2011). Importantly,
NGEF has been reported to transiently up-regulate KLF4
mRNA level in PC12 cells (Dijkmans et al. 2009).
These data support the likelihood that KLF4 is a plau-
sible target of the neuroprotective/ERKS pathway.

To test the hypothesis that KLF4 is a downstream
target of NGF and PC in PC12 cells, we measured KLF4
mRNA and protein levels in response to NGF or PC
stimulation. Given that KLLF4 has generally been con-
sidered as an early response gene in various tissues
(Dijkmans et al. 2009; Godmann et al. 2010), coupled
with our observation that its potential upstream activa-
tor, ERKS, was activated by NGF or PC within an hour
of stimulation (Fig. 2), we used the time frame of 1 to 6 h
to assess the effect of NGF and PC on KLF4 expression.
In line with published results, KLF4 mRNA was rapidly
increased by NGF within 1 h, and then declined to basal
levels (Fig. 5a). Interestingly, PC also induced a signif-
icant KLF4 mRNA increase, but with different kinetics:
the time for KLF4 mRNA to reach peak levels was
delayed to 3 h after treatment, and the overall effect
was weaker than the effect induced by NGF. We further
tested if NGF or PC changed the levels of KLF4 protein.
To this end, Western blotting data confirmed the findings
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obtained through qPCR (Fig. 5b), supporting our
hypothesis that KLF4 is a target of both NGF and PC.
There was a slight delay of KLF4 protein level change
compared to the mRNA change, which may reflect the
time required for KLF4 translation.

ERKS5 mediates NGF- and PC-induced KLF4
expression

Since our data indicated that the ERKS5 signaling cas-
cade is activated by NGF as well as PC in PC12 cells
(Fig. 2), and ERKS activation is associated with the
induction of KLF4 in other cell types (Ohnesorge et al.
2010), we asked if ERKS mediated NGF- and PC-
increased KLF4 in PC12 cells. Given that chemical
inhibitors may suffer from specificity issues and further,
and comparing different pharmacological agents may be
confounded by their relative efficacy against their pre-
sumptive targets (i.e., efficacy of U0126 against
ERK1/2 vs. ERKS), we elected to employ an RNAi
approach to selectively knock down the expression of
ERKS, ERK1 or ERK2 in PCI12 cells. We previously
reported a successful depletion of ERKS expression in
rat primary astrocytes using this method (Su etal. 2011).
Indeed, transfection of siERKS significantly inhibited
NGF- or PC-induced KLF4 up-regulation, while
siERK1/2 had no effect on KLF4 mRNA levels
(Fig. 6), suggesting that ERKS is the mediator for
NGF and PC to induce KLF4 expression in PC12 cells.

Both ERKS and KLF4 are required for NGF-
and PC-induced protection

Since ERKS, as well as KLF4, are known to play a role
in the regulation of apoptosis (Shalizi et al. 2003;
Ohnesorge et al. 2010), we hypothesized that both
ERKS5 and KLF4 play a role in mediating NGF- or
PC-increased cell viability against H,O, stress. Again,
to avoid the non-specific effects by chemical inhibitors,
we employed RNAi-mediated knocking-down of ERKS
or KLF4 in PC12 cells. Because NGF and PC also
activated the ERK1/2 pathways (Fig. 2), siRNA against
ERK1 or ERK2 was tested in parallel. Cells transfected
with a scrambled siRNA control, siRNA specifically
against ERKS5 or KLF4 were pre-incubated with NGF
for 24 h, and then treated with H,O, (Fig. 7a). While the
scramble siRNA control did not alter the protective
effects of NGF, either siEKRS or siKLF4 significantly
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Fig. 5 KLF4 is a downstream target of NGF and PC. PC12 Cells
were treated with NGF or PC for indicated times (n=3), then
mRNA or protein level of KLF4 was measured by qPCR (a) or
Western blotting (b), respectively. GAPDH was used as loading

attenuated the protective effect, suggesting that both
ERKS and KLF4 are required for NGF to exert its effect
on cell viability. A second experiment with PC showed a
similar inhibition of the protective effect by either
siERKS or siKLF4 (Fig. 7b). These data support our
hypothesis that ERK5/KLF4 is a common downstream
signaling pathway shared by NGF and PC. In agreement

3

NGF

KLF4 protein level
(fold change of 0 hr)
TN £ 2 92

4

Dt

33
29
R
28,
° 7 Rl
g
Eﬁ
b
t253

nN
1

——

il
0o 1 2 3 4 6flhrs)

control. Both NGF and PC induced an increase in KLF4 mRNA
and protein levels. Densitometric quantification KLF4 protein
versus GAPDH was shown in ¢ (¥****p<0.0001 compared to 0 h)

with our previous finding that PD184352 (specific
inhibitor against ERK1/2) had no effect on NGF- or
PC-enhanced cell viability, siERK1 or siERK2 did
not affect protection conferred by NGF (Fig. 7c) or
PC (Fig. 7d), suggesting that ERK1/2 signaling does
not mediate cytoprotection downstream of these two
neuroprotectants.
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Fig. 6 ERKS mediates NGF- and PC-induced KLF4 expression.
PC12 Cells were transfected with siRNA scramble control,
siERKS, siERK1 or siERK2 for 24 h before NGF or PC was
applied for another 1 or 3 h, respectively. KLF4 mRNA was
measured by qPCR (n=3). siERKS abolished NGF- or PC-

Activation of the ERK5/KLF4 pathway up-regulates
the expression of antiapoptotic genes

The published literature suggests that one major mech-
anism underlying the cytoprotective effects of KLF4 is
through the inhibition of apoptosis. To test the hypoth-
esis that the ERKS5/KLF4 pathway affects apoptosis, we
used an apoptotic PCR array (SABiosciences, rat apo-
ptotic PCR array PARN-012Z) to screen potential can-
didate apoptotic genes in KLF4-overexpressed PC12
cells. Cells transfected with empty vector or KLF4
encoding plasmid for 24 h were processed for PCR array
analysis. Comparison of the mRNA profile of KLF4-
transfected PC12 cells to the vector-transfected cells
revealed several genes whose expression levels were
changed more than 2-fold. Genes that were up-
regulated include well-known protective factors such
as Bcl-2, NAIP2 (neuronal apoptosis inhibitory
protein-2), Birc5, FAIM (Fas apoptosis inhibitory mol-
ecule), and genes that were down-regulated include
Bax, Bid, Caspasel, and C-IAP1 (Cellular Inhibitors
of Apoptosis 1) (data not shown). As a follow-up, we
investigated whether activating the ERK5/KLF4 path-
way under conditions of oxidative stress affected the
expression of these genes identified by PCR array. PC12
cells were transfected with empty vector, a KLF4
encoding plasmid, or a plasmid encoding constitutively
active MEKS (CA-MEKSY) for 24 h, then exposed to
250 uM H,O, for another 24 h. Cell lysates were
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induced KLF4 expression (**p<0.01 compared to siControl;
#1<0.01 compared to siControl+NGF or PC). siERK5, siERK1
or siERK2 by themselves had no effect compared to siControl.
siERK1+NGF (or PC) or siERK2+NGF (or PC) showed no
statistical difference compared to siControl+NGF (or PC)

subjected to Western blot to determine the expression
of NAIP2, Bcl-2 and Bax (Fig. 8). In both scenarios,
NAIP2 protein level and the ratio of Bcl-2 : Bax
were significantly elevated, supporting our hypothesis
that up-regulated expression of anti-apoptotic proteins
and down-regulation of pro-apoptotic proteins con-
tribute to the cell survival induced by ERKS/KLF4
signaling.

RNAi-mediated knocking-down of ERKS5 or KLF4
attenuated NGF- and PC-induced protection in primary
hippocampal neurons

Low level of HO, PC has also been reported to protect
primary neurons from subsequent oxidative stress in-
duced by higher concentration of H,O, or oxygen-
glucose deprivation (OGD) (Furuichi et al. 2005)
(Chang et al. 2008). To determine if ERK5/KLF4 sig-
naling pathway plays an important role in protecting
primary neurons against oxidative stress, we first exam-
ined the cell viability of mouse primary hippocampal
neurons exposed to increasing H,O, concentrations for
24 h. In general, primary neurons were more vulnerable
to H,O, treatment compared to PC12 cells, while 0—
25 uM H,0, did not produce significant cell toxicity
(as measured by CalceinAM assay), 50 uM H,O,
killed 45-60 % neurons (Fig. 9). Therefore, we used
25 uM H,0, as the PC protectant concentration and
50 uM H,0, as the oxidative stressor in our following
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Fig. 7 Both ERKS and KLF4 are required for NGF- and PC-
induced protection. PC12 Cells were transfected with siControl,
siERKS, or siKLF4 for 24 h before NGF or PC was applied for
another 24 h. Cells were then stressed with H>O,, and assessed for
cell viability (n=4). Both siERKS and siKLF4 attenuated NGF-

experiments with primary cultures. We found that sim-
ilar to our results from PC12 cells, 24-h pretreatment of
NGF and PC significantly protected neurons against
another 24-h exposure to H,O, (Fig. 9b). Importantly,
transfecting these neurons with siRNA against either
ERKS or KLF4 abolished NGF- and PC-induced pro-
tection (Fig. 9c and d). Efficient knocking-down of
target gene levels with the siRNA was confirmed with
gPCR (data not shown).
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###H#: p<0.000)

Discussion

Numerous epidemiological and experimental studies
support a unifying role for oxidative stress in the path-
ogenesis of many cardiovascular and neurodegenerative
disorders, including AD and stroke (Briones and Touyz
2010; Miller et al. 2010). In particular, the increased
ROS, including H,O,, could kill neurons directly or
indirectly by activating apoptotic pathways. However,
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Fig. 8 Activation of ERKS5/KLF4 signaling regulates apoptotic
genes. PC12 Cells were transfected with control vector, encoding
vector for KLF4 or constitutively active MEKS for 24 h. Total
cellular protein was isolated and analyzed for expression of

while high levels of oxidative stress is generally associ-
ated with neuronal degeneration and death, a slight rise
of reactive ROS level can be protective by “precondi-
tioning” cells to develop a resistance against subsequent
challenges (Wiese et al. 1995; Lee and Um 1999; Kim
et al. 2001; Dirnagl et al. 2009). It is believed that de
novo synthesis of H,O,-responsive proteins accumu-
lated during PC accounts for H,O, adaptation (Wiese
et al. 1995). Therefore, revealing the downstream
transcription factors responsible for the PC-elicited
protection will help elucidate the underlying molec-
ular mechanism.

One clue stems from the observation that the MAP
kinase ERKS is recruited both under conditions of
H,0,-induced neuronal PC as well as following appli-
cation of NGF (Suzaki et al. 2002; Jou 2008). In the
present study, we investigated the neurprotective role of
ERKS against oxidative stress in PC12 cells. These cells
are widely used as a model to study PC protection, and
signaling cascades known to mediate PC effect in these

@ Springer

NAIP2, Bax and Bcl-2 by Western blotting (»=3). 3-Actin was
used as loading control. A representative blot is shown in a. b
Densitometry of Bcl-2/Bax ratio and NAIP versus (3-Actin
(*p<0.05, **p<0.01 vs. control)

cells include SAPK/JNK (Kim et al. 2001), PI3K/Akt
(Mo et al. 2012) and ERKS (Suzaki et al. 2002). Here,
we provide evidence, for the first time, for a key mech-
anism whereby the ERKS5/KLF4 signaling pathway
functions as a convergent point of various upstream
signals (such as NGF and PC) to protect neurons from
oxidative stress. Our conclusion is strongly supported
by the findings that (1) NGF and PC rapidly activated
ERKS5 and subsequently increased the expression of
KLF4; (2) Activating ERKS signaling by transfecting
the active form of its upstream kinase MEKS protected
cells from H,0,; (3) inhibiting ERK5/KLF4 by chemi-
cal inhibitors or RNAi-mediated depletion abolished
PC- or NGF neuroprotection; and (4) activating
ERKS5/KLF4 pathway regulated pro- and anti-
apoptotic genes in a manner that favors survival.

ERKSs play key roles in many physiological process-
es, including cellular proliferation, differentiation, and
gene expression (Roux and Blenis 2004). The best-
studied members of this family, ERK1/2, have been
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Fig. 9 ERKS5/KLF4 pathway is required for NGF- and PC-in-
duced protection against oxidative stress in mouse primary hippo-
campal neurons. a Primary hippocampal neurons were treated with
increasing concentrations of H,O, for 24 h before cell viability
was assessed by CalceinAM assay (n=4). 25 uM H,0O, was
chosen as the preconditioning concentration, while 50 uM H,0O,
was used as the oxidative stressor in the following experiments. b
Primary neurons were pre-treated with PC or NGF for 24 h prior to
treatment with HyO, (50 pM) for another 24 h, then cell viability
was assessed (n=3). Both PC and NGF rescued neurons from
H,0, (***p<0.001, ****p<0.0001 vs. control, respectively).

considered critical in promoting cell survival against
oxidative stress in cultured primary neurons (Hota,
Hota et al. 2012; Sanchez et al. 2012) as well as PC12
cells (Wruck et al. 2007; Xiao et al. 2011). However,
these studies utilized the pharmacological inhibitors
U0126 and PD98059, which have been previously used
as selective inhibitors of the ERK1/2 signaling pathway
but recently reported to effectively inhibit ERKS signal-
ing pathway as well (Suzaki et al. 2004; Su et al. 2011).
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#p<0.05, ###p<0.001 versus H,O,. ¢, d Primary neurons were
transfected with siControl, siERKS5 or siKLF4 for 24 h before
NGF or PC was applied for another 24 h. Cells were then stressed
with H,0,, and assessed for cell viability (n=3). While NGF and
PC both increased cell viability against H,O, (#p<0.05,
#1<0.01), siERK5 or siKLF4 abolished this effect (@: p<0.05
compared to siControl+H,0,+NGF [or PC]). NGF or PC alone
did not affect cell viability (ns between siControl+NGF [or PC]
vs. siControl). Without H,O, stress, siERKS or siKLF4 did not
affect the protective effect by NGF or PC (ns between siERK5+
NGF [or PC], siKLF4+NGF [or PC] vs. siControl+NGF [or PC])

In fact, ERK1/2 and ERKS pathways can play either
similar or opposite roles within the same system. For
example, Cavanaugh et al. (2006) reported that in a
dopaminergic cell line, both ERK1/2 and ERKS path-
ways promote neuronal survival under basal conditions,
while only ERK1/2 pathway was neuroprotective in
response to oxidative stress. We also recently described
distinct roles for ERK1/2 and ERKS activities on BDNF
expression such that ERKS exerts tonic inhibitory
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control over BDNF expression, while the ERK 1/2 path-
way is recruited to preferentially mediate stimulus-
driven increases in BDNF expression (Su et al. 2011).
Therefore, it is critical to delineate the roles of ERKS
versus ERK1/2 when studying a physiological effect.
ERKS is well known to be sensitive to oxidative
stress, and regulate apoptosis and inflammation in oxi-
datively stressed tissues, especially within the cardio-
vascular system (for review, see Nigro et al. 2011).
Nevertheless, the physiological functions of ERKS in
the CNS and peripheral nervous system (PNS) has been
poorly studied, presumably due to the lack of selective
pharmacological inhibitor(s), until the recently reported
BIX02188 and BIX02189 compounds (Tatake et al.
2008). Further, the technical challenge of delivering
interfering molecules (i.e., siRNAs) efficiently into neu-
rons has also been only more recently addressed.
Existing literature suggests a role of ERKS5 in neuronal
development (Cundiff et al. 2009), adult neurogenesis in
hippocampus and the olfactory bulb (Pan et al. 2013;
Pan et al. 2013), neuronal survival in both CNS and
PNS (Watson et al. 2001; Pazyra-Murphy et al. 2009),
and neuropathic pain in the spine (Obata et al. 2007). A
few studies have identified neurotrophins, including
NGF, BDNF and NT-3 as major physiological activators
of ERKS in neurons (Watson et al. 2001; Wang et al.
2006b; Ohtsuka et al. 2009; Yu et al. 2012). Further-
more, Suzaki et al. (2002) reported that in PC12 cells,
ERKS was rapidly (within 5 min) activated by 30—
300 uM H,0,, which resulted in increased DNA bind-
ing of transcription factor MEF2 to promote cell surviv-
al. Because both NGF and PC are known
neuroprotectants, we asked whether or not NGF and
PC can activate ERK5 in PC12 cells. Indeed, both
NGF and PC (50 uM H,0,) induced significant ERKS
phosphorylation. Importantly, inhibiting ERKS activa-
tion by the selective MEKS inhibitors, BIX02188 and
BIX02189, abolished the neuroprotection by NGF or
PC, suggesting an indispensible role of ERKS5 in medi-
ating this effect (Fig. 2). Interestingly, NGF- and PC-
induced ERKS activation showed different kinetics:
NGF triggered a rapid but transient increase in ERKS
phosphorylation, with a maximal effect at 1 h. In com-
parison, PC induced a gradual and sustained ERKS
phosphorylation that reached the plateau at 3—6 h after
treatment. The same pattern was also observed with
NGF- and PC-induced ERK1/2 phosphorylation
(Fig. 2, lower panels). Since the differential activation
kinetics of the ERK1/2 pathway can exert distinct
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biological effects (Seidman et al. 2001; Murphy and
Blenis 20006), it will be interesting to determine if this
also holds true for ERKS5. However, for the effects
examined by the current study (i.e., cell survival), both
NGF- and PC-induced ERKS signaling resulted in
cytoprotection against oxidative stress. It is worthwhile
to point out that combination of NGF and PC pretreat-
ment did not further increase cell viability compared to
NGF or PC pretreatment alone, which argues that NGF
and PC have no addictive/synergistic effects, and sup-
port a common downstream route for cytoprotection.

The effectors of ERKS signaling in neurons are poor-
ly studied. In vascular endothelium, transcription factor
KLF4 has been reported as an ERKS downstream target,
and activating the ERKS/KLF4 pathway affects the
expression of more than 200 genes, resulting in an
overall anti-inflammatory and anti-apoptotic phenotype
(Ohnesorge et al. 2010). Our data support that the tran-
scription factor KLF4 is an important downstream mol-
ecule for ERKS5 to exert its function. We observed
similar kinetics for KLF4 induction as seen in ERKS5
activation by NGF and PC (Fig. 5). Depleting ERKS by
siRNA abolished NGF- and PC-increased KLF4,
supporting a requirement of ERKS to mediate this ef-
fect. Importantly, sSiRNA against either ERKS or KLF4
inhibited the protective effects of NGF and PC against
oxidative stress (Fig. 6). Co-transfecting siRNA against
both ERKS and KLF4 showed no synergistic effect,
suggesting that these two signaling molecules reside
within the same signaling cascade. To further explore
the underlying mechanism for KLF4 to promote surviv-
al, we screened ~90 genes well known for their roles in
apoptosis and identified several as KLF4 targets, includ-
ing NIAP, Bcl-2 and Bax (Fig. 8). Our data suggest that
inhibiting apoptosis contributes to, at least partially, the
overall protective effect of KLF4 in neurons.

Results are equivocal in current literature regarding
KLF4’s role in cellular survival, and comparisons are
complicated by differences in the utilized species, age of
animals, and experimental procedures. Depending on
the cell and tissue types used in specific studies, KLF4
has been shown to either inhibit, promote, or have no
effect on apoptosis. For example, somatically knocking
out KLF4 confirmed a role in promoting survival of
natural killers cells in the spleen (Park et al. 2012). In
breast cancer cells, KLF4 was induced during histone
deacetylase inhibitor treatment, and regulated the extrin-
sic apoptosis pathway by inhibiting caspase cleavage
(Ky et al. 2009). To the contrary, Li et al. 2010 reported
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that KLLF4 promotes H,O,-induced apoptosis via down-
regulating Bcl-2 and up-regulating Bax in leukemia.
Zhu et al. (2009) showed that in primary cortical neuron
cultures, KLF4 overexpression induced the activation of
caspase-3 in response to glutamate excitotoxicity. In a
recent Science paper, Moore et al. detected no differ-
ences in survival between KLF4- and control-
transfected hippocampal neurons, although KLF4 sup-
presses axon and dendrite initiation and elongation in
this system (Clark et al. 2013). Our data presented
herein support the conclusion that KLF4 is an anti-
apoptotic factor. Our recent study in a N27 rat dopami-
nergic neuronal cell line also suggested that siRNA
depletion of KLF4 leads to an increase of caspase-1
activation (data not shown). Therefore, it is plausible,
based on our data, that KLF4 inhibits apoptosis in
various neuronal cell types.

To this end, we sought to investigate whether
ERKS5/KLF4 signaling also mediates neuroprotection
by NGF and PC in primary hippocampal neurons. A
concentration response to H,O, showed a different ki-
netic in primary neurons compared to PC12 cells: while
50 uM H,0O, for 24 h does not change cell viability in
PC12 cells (Fig. 1a), the same concentration caused a
significant cellular death in primary neurons (Fig. 9a). In
comparison, much higher concentrations of H,O, were
required to achieve the same “killing” effects in PC12
cells (Fig. 1a), suggesting that HyO,-induced cell death
is highly cell type-specific. We tested whether 25 pM
H,0, can be used as a PC protectant in primary neurons,
and indeed this concentration of H,O,, as well as NGF,
rescued cells against subsequent 50 uM H,O,-induced
cell death (Fig. 9b). Literature regarding the primary
neuronal survival in response to increasing concentra-
tions of H,O, is equivocal. Chen et al. reported that in rat
embryonic hippocampal neurons, 10 uM H,0, started to
induce a significant cell death, and 30 uM H,O, killed
30 % of cultured neurons. In contrast, Chang et al.
(2008) showed 15 uM H,0, preconditioned mouse pri-
mary cortical neurons against subsequent 50 uM H,O,-
induced oxidative stress. The apparent controversy in the
current literature may result from the variations in animal
species (mouse vs. rat), age of pups used (embryonic vs.
neonatal), and different protocols used by various labo-
ratories to establish the primary cultures.

To examine the potential involvement of ERK5/KLF4
pathway in NGF- and PC-evoked protection, we individ-
ually knocked down each of these signaling molecules
by siRNA and found that similar to our PC12 results

(Fig. 7), siRNA against either ERKS or KLF4 attenuated
NGEF’s or PC’s protection (Fig. 9c,d). These data further
support our conclusion that the ERKS/KLF4 pathway
may function as a common mechanism for NGF and PC
to exert their neuroprotective effect.

In summary, our findings that the ERK5/KLF4 sig-
naling cascade promotes neuronal survival have several
important implications. Although KLF4 has been well
known in stem cell biology of CNS, the current study
represents one of a very few existing efforts to explore a
physiological function of KLF4 in neurons and further,
will advance our understanding of the molecular mech-
anisms by which neurons are protected against oxidative
stress. Second, it is plausible that the ERKS/KLF4 cas-
cade may function as a convergence point for various
protective signals to counteract oxidative stress-induced
neuronal death. Since oxidative stress is thought to be a
major player in many aging-associated diseases such as
stroke and AD, KLF4 may serve as a therapeutic target,
that when activated, counteracts oxidative stress under
such conditions.
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