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TNF-α induces human neural progenitor
cell survival after oxygen–glucose
deprivation by activating the NF-κB
pathway
Miri Kim1, Kwangsoo Jung2, Il-Sun Kim2, Il-Shin Lee2, Younhee Ko3, Jeong Eun Shin4 and Kook In Park1,2,4

Abstract
Neural progenitor cell (NPC) transplantation has been shown to be beneficial in the ischemic brain. However, the low
survival rate of transplanted NPCs in an ischemic microenvironment limits their therapeutic effects. Tumor necrosis
factor-alpha (TNF-α) is one of the proinflammatory cytokines involved in the pathogenesis of various injuries. On the
other hand, several studies have shown that TNF-α influences the proliferation, survival, and differentiation of NPCs.
Our study investigated the effect of TNF-α pretreatment on human NPCs (hNPCs) under ischemia-related conditions
in vitro. hNPCs harvested from fetal brain tissue were pretreated with TNF-α before being subjected to
oxygen–glucose deprivation (OGD) to mimic ischemia in vitro. TNF-α pretreatment improved the viability and reduced
the apoptosis of hNPCs after OGD. At the molecular level, TNF-α markedly increased the level of NF-κB signaling in
hNPCs, and an NF-κB pathway inhibitor, BAY11-7082, completely reversed the protective effects of TNF-α on hNPCs.
These results suggest that TNF-α improves hNPC survival by activating the NF-κB pathway. In addition, TNF-α
significantly enhanced the expression of cellular inhibitor of apoptosis 2 (cIAP2). Use of a lentivirus-mediated short
hairpin RNA targeting cIAP2 mRNA demonstrated that cIAP2 protected against OGD-induced cytotoxicity in hNPCs.
Our study of intracellular NF-κB signaling revealed that inhibition of NF-κB activity abolished the TNF-α-mediated
upregulation of cIAP2 in hNPCs and blocked TNF-α-induced cytoprotection against OGD. Therefore, this study
suggests that TNF-α pretreatment, which protects hNPCs from OGD-induced apoptosis by activating the NF-κB
pathway, provides a safe and simple approach to improve the viability of transplanted hNPCs in cerebral ischemia.

Introduction
Self-renewing neural progenitor cells (NPCs) have the

capacity to differentiate into multiple neural cell lineages,
such as neurons, astrocytes, and oligodendrocytes; migrate
toward damaged sites in the central nervous system (CNS);
and provide various neurotrophic factors1–4. Recent
studies have shown that transplantation of NPCs into the

ischemic brain can restore neurological function and
induce tissue regeneration via replacement of lost cells,
enhancement of axonal plasticity, and promotion of
angiogenesis, neurogenesis, and synaptogenesis5–7.
Despite these promising results, NPC therapy is limited by
poor cell survival due to increased apoptosis of trans-
planted cells in the ischemic microenvironment6,8,9.
Therefore, protecting NPCs from apoptosis in the
ischemic microenvironment is essential for improving cell
therapy. Several strategies have been suggested to improve
the efficacy of stem cell therapy, such as genetically
modified stem cells overexpressing survival-related or
paracrine factors10–13. However, although transplant
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outcomes have been improved by genetic modification of
stem/progenitor cells, safer and simpler strategies might
be needed for future clinical applications. Pretreatment of
NPCs with pharmacological agents might elicit significant
cytoprotective effects against ischemia14–16.
The proinflammatory cytokine tumor necrosis factor-

alpha (TNF-α) is induced in response to various patho-
logical processes. In the event of brain injury, TNF-α is
released by macrophages and activated microglia within a
few minutes and remains in the injured tissues over the
following days. Furthermore, TNF-α is upregulated in
various neurodegenerative disorders, including Hunting-
ton’s disease, Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, and stroke, in which it is
considered to play a central role in a proinflammatory
function17,18. On the other hand, several studies have
shown that TNF-α has a neuroprotective function against
stroke19 and influences the proliferation, differentiation,
and survival of neural stem/progenitor cells in the brain,
thereby modulating tissue remodeling and repair after
stroke, neurodegeneration, and inflammation20–22. At the
molecular level, the effects of TNF-α on NPCs depend on
binding to TNF receptor and subsequent intracellular
signaling through nuclear factor-κB (NF-κB) and the
mitogen-activated protein kinase (MAPK) pathways23.
The three major types of MAPK, namely, extracellular
signal-regulated kinase 1/2 (ERK1/2), p38 MAPK, and c-
Jun N-terminal kinase (JNK), regulate gene expression by
phosphorylating downstream kinases24. Therefore, we
suggest that TNF-α pretreatment might decrease apop-
tosis and increase survival of NPCs through the NF-κB or
MAPK pathways in ischemic conditions.
In this study, we used fetal brain-derived primary

human NPCs (hNPCs) to investigate the effects of TNF-α
on cell survival under ischemic conditions in vitro. Pri-
mary hNPCs are usually derived from fetal CNS tissue at
approximately 5–22 weeks of gestation and are expanded
as cell clusters in the presence of mitogenic cytokines25–
29. The purpose of the present study was to determine
whether TNF-α pretreatment improves hNPC survival in
ischemic conditions. We also investigated the molecular
mechanisms underlying the effects of TNF-α pretreat-
ment on hNPCs.

Materials and methods
hNPC culture
Human fetal brain tissue was obtained from a cadaver at

13 weeks of gestation with full parental consent and the
approval of the Research Ethics Committee of Yonsei
University College of Medicine, Seoul, Korea (Permit
Number: 4-2003-0078)28. All procedures conformed to
the guidelines of the National Institutes of Health and the
Korean Government. hNPCs isolated from the tele-
ncephalon were grown as neurospheres in serum-free

growth medium, which consisted of a 1:1 mixture of
Dulbecco’s modified Eagle’s medium and Ham’s F12
(DMEM/F12; Gibco, Carlsbad, CA, USA) containing 1%
penicillin/streptomycin (P/S; Gibco), 1% N2 formulation
(Gibco), 20 ng/ml fibroblast growth factor-2 (R&D Sys-
tems, Minneapolis, MN, USA), 10 ng/ml leukemia inhi-
bitory factor (Sigma, St. Louis, MO, USA) and 8 μg/ml
heparin (Sigma). All cultures were maintained in a
humidified incubator at 37 °C and 5% CO2 in air, and half
of the growth medium was replaced every 3–4 days. Cells
were passaged every 7–8 days by dissociation of bulk
neurospheres with 0.05% trypsin/EDTA (Gibco) and
cryopreserved at each passage in a Good Manufacturing
Practice facility. For TNF-α (Peprotech, Rocky Hill, NJ,
USA) pretreatment, TNF-α was added to the cell culture
medium (final concentration: 0; 5; 10; 20; 50; or 100 ng/
ml) for 24 h and then washed out prior to in vitro
experiments.

Oxygen–glucose deprivation (OGD)
To mimic cerebral ischemia in vitro, we seeded hNPCs

(106 cells/well) in six-well plates, grew them for 48 h in
growth medium in a 5% CO2 atmosphere, and then
treated them with TNF-α (0, 5, 10, 20, 50, or 100 ng/ml)
for 24 h. To induce oxygen–glucose deprivation (OGD),
we placed the cells in medium containing 116mM NaCl,
5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 26.2 mM
NaHCO3, and 1.0 mM NaH2PO4, and incubated them in
an anaerobic chamber (DG250, Don Whitley Scientific
Limited, Bridgend, UK). The chamber was flushed with a
gas mixture containing 85% N2, 10% H2, and 5% CO2

30.
OGD was carried out for 6 h.

Blockade of NF-κB and p38 MAPK signaling
hNPCs were plated at a density of 1 × 106 cells/well in

six-well tissue culture plates and cultured for 48 h. Sub-
sequently, the cells were treated with or without TNF-α,
with or without pretreatment with inhibitors of various
signaling pathways. An NF-κB-specific inhibitor (BAY11-
7082, 10 µM; Calbiochem, San Diego, CA, USA) or p38
MAPK-specific inhibitor (SB203580, 20 µM; Sigma) was
added to the hNPC culture medium 2 h before TNF-α
treatment to block NF-κB and p38 MAPK signaling.

Cell viability assay
Cell viability was measured using a Cell Counting Kit-8

(CCK-8; Dojindo, Kumamoto, Japan), which detects cel-
lular dehydrogenase activity in living cells. Cells treated
with or without TNF-α and with or without signaling
inhibitors were placed in oxygen-depleted, glucose-free
medium and then incubated in an anaerobic chamber for
6 h. CCK-8 reagent was added to each well, and the plate
was incubated for an additional 4 h at 37 °C. Then, the
absorbance of each sample at 450 nm was immediately
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evaluated using an automatic microplate reader (BioTek
Instruments; Winooski, VT, USA). All experiments were
performed three times independently with three technical
replicates each.

Lactate dehydrogenase assay
Lactate dehydrogenase (LDH) release was assayed using

a Cytotoxicity Detection Kit PLUS (Roche, Mannheim,
Germany), which evaluates cytotoxicity by measuring the
amount of LDH released from the cytosol of damaged
cells according to the manufacturer’s protocols. LDH
activity was measured in the supernatant of cultures
exposed to OGD for 6 h and of control cultures to assess
cell damage. The data point represents the average value
of three independent replicates.

Quantitative real-time polymerase chain reaction
Total RNA was extracted from hNPCs using TRIzol

reagent (Molecular Research Center, Cincinnati, OH,
USA). RNA was quantified with a spectrophotometer, and
1 μg of isolated RNA was reverse-transcribed into cDNA
using a first-strand cDNA synthesis kit (Promega Corp.,
Madison, WI, USA) following the manufacturer’s proto-
col. Synthesized cDNA was stored at −20 °C until use as a
template in PCR. Quantitative real-time polymerase chain
reaction (qRT-PCR) was performed in 384-well plates,
with 0.5 μl of cDNA in a 10 μl reaction volume per well,
using LightCycler 480 SYBR Green I Master mix (Roche)
on a LightCycler 480 System (Roche) as follows: 95 °C for
5 min and 45 cycles of 95 °C for 10 s, 60 °C for 20 s, and 72
°C for 15 s, followed by a melting curve program. Forward
and reverse primers were designed to evaluate the
expression levels of factors in hNPCs (GAPDH: sense, 5′-
CCATGAGAAGTATGACAACAGCC-3′, and antisense,
5′-GGGTGCTAAGCAGTTGGTG-3′; cellular inhibitor
of apoptosis 2 [cIAP2]: sense, 5′-CAACATGCCAA-
GTGGTTTCC-3′, and antisense, 5′-CTCCTGGGCTGT-
CTGATGTG-3′; and SOD2: sense, 5′-CTGGACAA-
ACCTCAGCCCTA-3′, and antisense, 5′-TGATGGCTT-
CCAGCAACTC-3′). Relative gene expression was nor-
malized to that of the housekeeping gene GAPDH and
analyzed using advanced relative quantification based on
the E-method provided by Roche Applied Science.

Western blotting
hNPCs were lysed in tissue protein extraction reagent

(Pierce Biotechnology, Rockford, IL, USA) containing
protease and phosphatase inhibitors (Sigma), and lysates
were centrifuged (16 000 × g, 30 min, 4 °C). The super-
natant was collected and stored at −70 °C. The protein
concentrations of the lysates were determined using the
Pierce BCA protein assay kit (Pierce Biotechnology). The
protein was mixed with 2% β-mercaptoethanol in tricine
sample buffer (Bio-Rad, Hercules, CA, USA) and

denatured by heating to 95 °C. Then, the samples were
electrophoresed in 10% Tris-glycine gels and 4–15%
Mini-PROTEAN TGX precast gels (Bio-Rad) and trans-
ferred to nitrocellulose membranes. The membranes were
blocked with 5% bovine serum albumin prepared in Tris-
buffered saline (TBS) containing 0.1% TWEEN 20 (TBST)
and then incubated overnight at 4 °C with the following
antibodies: rabbit anti-NF-κB p65 (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA); rabbit anti-
phospho-NF-κB p65; rabbit anti-phospho-p38 MAPK;
rabbit anti-p38 MAPK; rabbit anti-phospho-ERK1/2;
rabbit anti-ERK1/2; rabbit anti-phospho-JNK; rabbit anti-
JNK; rabbit anti-cleaved caspase-3; mouse anti-caspase-2
(all 1:1000; Cell Signaling Technology, Inc., Danvers, MA,
USA); mouse anti-cIAP2 (1:500; BD Biosciences Phar-
mingen, San Diego, CA, USA); goat anti-lamin B (1:1,000;
Santa Cruz Biotechnology); and mouse anti-β-actin
(1:2500; Sigma). Next, the immunoblots were washed in
TBST, incubated with a horseradish peroxidase-
conjugated secondary antibody (1:20 000; Jackson
Immunoresearch, West Grove, PA, USA) for 1 h at room
temperature, and treated with SuperSignal West Pico or
Dura Chemiluminescent substrate (Thermo Scientific,
Suwanee, GA, USA). The images were observed with a
LAS-4000 mini imager (GE Healthcare, Buckinghamshire,
UK) and analyzed with MultiGauge software (Fujifilm,
Tokyo, Japan).

Terminal deoxynucleotidyl transferase dUTP nick end
labeling assay
Cells were treated in various ways and then exposed to

OGD. After the cells were fixed with 4% paraformalde-
hyde for 30 min and permeabilized with 0.3% Triton X-
100 for 15min, an In Situ Cell Death Detection Kit FITC
(Roche) was used for immunocytochemical detection of
apoptosis through the detection of single- and double-
stranded DNA breaks by a terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay
according to the manufacturer’s instructions. Stained cells
were analyzed by fluorescence microscopy to detect green
fluorescence of apoptotic cells and blue fluorescence of
cell nuclei. The proportion of TUNEL-positive cells was
determined by analyzing three randomly selected fields
per group.

Extraction of cytoplasmic and nuclear proteins
Cytoplasmic and nuclear proteins were extracted using

the NE-PER Nuclear and Cytoplasmic Extraction Reagent
kit (Pierce Biotechnology) according to the manu-
facturer’s instructions. Cells were grown in a six-well
tissue culture dish. Briefly, the cells were washed with
sterile phosphate-buffered saline (PBS) and centrifuged at
500 × g for 5 min at 4 °C. The cell pellet was resuspended
in 400 µl of Cytoplasmic Extraction Reagent I solution
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containing protease inhibitors. The suspension was vor-
texed for 15 s, incubated on ice for 10min, supplemented
with 22 µl of Cytoplasmic Extraction Reagent II solution,
placed on ice for 1 min, and then vortexed again. The
suspensions were centrifuged at 16 000 × g for 5 min at 4 °
C. The supernatant was collected as the cytoplasmic
fraction. The remaining pellet was resuspended in 200 µl
of Nuclear Extraction Reagent. The suspensions were
vortexed and incubated on ice for 10 min. This process
was repeated three times more for a total of 40 min. The
resulting nuclear suspension was centrifuged at 16 000 × g
for 10 min at 4 °C, and the supernatant was collected as
the nuclear fraction.

Detection of nuclear NF-κB p65 in TNF-α-stimulated hNPCs
hNPCs were stimulated with 20 ng/ml TNF-α. After 3 h,

cells were fixed with 4% paraformaldehyde for 30min at
room temperature. Blocking and permeabilization were
carried out in 10% normal donkey serum (NDS; Jackson
ImmunoResearch), 3% bovine serum albumin, and 0.3%
Triton X-100 (Sigma) prepared in PBS. Samples were
incubated at 4 °C overnight with a primary antibody
against NF-κB p65 (1:50; Santa Cruz Biotechnology)
diluted in PBS containing 3% NDS. After being washed
with PBS, slides were labeled with an Alexa Fluor 594-
conjugated donkey anti-rabbit secondary antibody (1:500;
Invitrogen, Carlsbad, CA, USA) in PBS containing 3%
NDS for 1 h at room temperature. Cells were counter-
stained using Vectashield mounting medium containing
4′,6-diamidino-2-phenylindole (Vector, Burlingame, CA,
USA) and visualized by fluorescence microscopy (BX51;
Olympus, Center Valley, PA, USA).

Transfection of cIAP2-targeting short hairpin RNA
The pLKO-shcIAP2-A plasmid was a gift from William

Hahn (Addgene, Cambridge, MA, USA), and the scram-
bled short hairpin RNA (shRNA) control plasmid was a
gift from David Sabatini (Addgene). 293T cells were cul-
tured in DMEM (Gibco) containing 10% fetal bovine
serum (Gibco) and 1% P/S. Subconfluent 293T cells in
DMEM were co-transfected with 20 µg of the lentiviral
plasmid pLKO-shcIAP2-A or the control scrambled
shRNA empty vector, 15 µg of the psPAX2 packaging
plasmid, and 6 µg of the pMD2.G envelope plasmid using
calcium phosphate. The lentiviral vectors were donated by
the Trono laboratory (Addgene). After 6 h, the medium
containing the transfection reagent was removed and
replaced with fresh DMEM containing 10% fetal bovine
serum and 1% P/S. After 2 days, the culture medium
containing lentiviral particles was harvested, centrifuged
at 3000 r.p.m. for 5 min to remove cell debris, filtered, and
concentrated by ultracentrifugation at 26 000 r.p.m. on a
sucrose cushion. hNPCs were transduced with lentiviral
particles encoding shcIAP2 or scrambled shRNA, and

then puromycin (1 μg/ml) was added to kill non-
transfected cells. These cells were used for subsequent
experiments.

Next-generation sequencing
hNPCs were stimulated with 20 ng/ml TNF-α or left

untreated. After 24 h, total RNA was extracted from
hNPCs using TRIzol reagent (Molecular Research Cen-
ter). Preparation of an RNA library using a TruSeq RNA
kit (Illumina, San Diego, CA, USA) and sequencing using
a HiSeq 2000 (Illumina) according to the manufacturer’s
instructions were carried out by Macrogen Co. (Seoul,
Korea).
All primary analysis of sequence data was performed with

the Bowtie2, TopHat2, and Cufflinks packages31–33. Bow-
tie2 is an ultrafast and memory-efficient tool for aligning
sequencing reads to long reference sequences. TopHat is a
specially designed tool for fast splice-junction mapping of
RNA-Seq reads. It also analyzes the mapping results to
identify splice junctions between exons. In our study,
sequence reads were mapped to the UCSC hg19 reference
genome using Bowtie2 and TopHat. Once the sequence
reads were successfully mapped to the reference genome,
Cufflinks3 was used for transcript assembly and gene
quantification, and then differentially expressed genes
(DEGs) were identified using rigorous statistical analysis
using Cuffdiff. DEGs were identified by comparing the
expression profiles before and after TNF-α treatment.

Induction of experimental focal hypoxic-ischemic brain
injury and cell transplantation
All procedures were approved by the Institutional Ani-

mal Care and Use Committee at Yonsei University College
of Medicine. Unilateral hypoxic-ischemic (HI) brain injury
was induced in ICR mice at postnatal day 7 by permanent
right common carotid artery occlusion under isoflurane
anesthesia, followed by exposure to hypoxia (8% oxygen/
92% nitrogen) for 1.5 h. Body temperature was maintained
at 37 °C on a warm plate. All mice received the same care
and housing and were evenly distributed between control
and treatment groups. On day 3 after HI injury (postnatal
day 10), the pups were anesthetized, and an incision was
made through the dorsal midline of the scalp to inject
TNF-α-pretreated hNPCs, non-pretreated hNPCs (10 μl of
cell suspension at 8 × 104 cells/μl), or vehicle into the HI-
injured site of each mouse brain with a glass micropipette
(0.3mm diameter). Cyclosporine (10mg/kg; Sandimmune,
Novartis Korea, Seoul) was intraperitoneally administered
to all groups of mice once per day from the day before
transplantation until sacrifice.

Immunohistochemistry
Mice were anesthetized, transcardially perfused, and

fixed with cold PBS followed by 4% paraformaldehyde.
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The brains were removed, cryoprotected in 30% sucrose,
and frozen in O.C.T. compound (Sakura Finetek, Tor-
rance, CA, USA). The brains were coronally sliced into 16
μm sections with a freezing cryostat (Leica, Wetzlar,
Germany). The sections were mounted on slides and
stained with antibodies specific for a human nucleus
marker (STEM101; 1:100; Stem Cell Inc., Cambridge, UK)
and a human cytoplasmic marker (STEM121; 1:500; Stem
Cell Inc.) to trace transplanted hNPCs. Immuno-
fluorescence images were captured using an Olympus
BX51 microscope.

Statistical analyses
All statistical analyses were performed using SPSS ver-

sion 23 (IBM Corp., Armonk, NY, USA). The two groups
were compared by the Mann–Whitney U-test. Multiple
groups were compared with a repeated measures analysis
of variance, followed by Bonferroni post hoc analysis. All
data are represented as the means ± standard error of the
means. P < 0.05 was considered to indicate a statistically
significant difference.

Results
TNF-α promotes survival of hNPCs upon OGD
The viability of hNPCs pretreated with various con-

centrations of TNF-α was evaluated by a CCK-8 assay
after OGD exposure (Fig. 1a). hNPC viability was sig-
nificantly decreased after OGD exposure (OGD alone,
46.5% ± 2.0%; n= 3), and TNF-α pretreatment mitigated
the OGD-induced reduction of hNPC viability (5 ng/ml,
53.4% ± 0.2%; 10 ng/ml, 56.1% ± 0.6%; 20 ng/ml, 75.6% ±
2.9%; 50 ng/ml, 66.7% ± 1.7%; 100 ng/ml, 59.1% ± 0.8%; n
= 3/group). Similarly, the LDH assay showed that hNPC
cytotoxicity was significantly increased after OGD expo-
sure, and TNF-α pretreatment diminished the OGD-
induced cytotoxicity, as indicated by reduced LDH release
compared with the untreated group (5 ng/ml, 91.5% ±
0.4%; 10 ng/ml, 84.5% ± 1.7%; 20 ng/ml, 80.8% ± 2.1%; 50
ng/ml, 85.3% ± 0.7%; 100 ng/ml, 91.3% ± 0.6%; n= 3/
group; Fig. 1b). TNF-α treatment at concentrations up to
100 ng/ml did not affect hNPC cytotoxicity in normal
culture conditions (Supplementary Figure S1). Death of
hNPCs pretreated with various concentrations of TNF-α
was evaluated by a TUNEL assay after OGD exposure
(Fig. 1c, d). The number of apoptotic TUNEL-positive
hNPCs was notably increased after OGD exposure.
However, the number of apoptotic hNPCs (fluorescein
isothiocyanate-positive cells) was significantly reduced in
the TNF-α-pretreated group (0 ng/ml, 14.8% ± 2.9%; 5 ng/
ml, 6.9% ± 1.9%; 10 ng/ml, 6.3% ± 1.5%; 20 ng/ml, 4.4% ±
0.5%; 50 ng/ml, 4.1% ± 0.4%; 100 ng/ml, 5.2% ± 0.7%; n=
4/group; Fig. 1c, d). The data showed that pretreatment of
hNPCs with 20 ng/ml TNF-α markedly increased cell
viability and decreased cell cytotoxicity compared with

the values in the untreated group after OGD exposure. On
the basis of these findings, we pretreated hNPCs with 20
ng/ml TNF-α in further experiments. The pro-survival
effect of TNF-α was verified by western blotting with an
anti-cleaved caspase-3 antibody (Fig. 1e, f). TNF-α-
pretreated hNPCs showed a reduction of OGD-induced
caspase-3 activation compared with untreated hNPCs.
However, the levels of caspase-2, known as an apoptotic
initiator, were not significantly different between TNF-α-
pretreated and untreated hNPCs (Supplementary Fig-
ure S2). These results demonstrated that TNF-α protects
against the OGD-induced reduction of hNPC viability by
reducing apoptosis and cytotoxicity. In addition, to eval-
uate whether TNF-α pretreatment of hNPCs could
enhance engraftment and survival of implanted cells
within the HI-injured brain in vivo, we transplanted TNF-
α-pretreated and untreated hNPCs into the severely HI-
injured brain of a neonatal mouse model. Compared with
the untreated control group, the TNF-α-pretreated group
showed significantly increased numbers of implanted cells
positive for the human-specific cell markers STEM121
and STEM101 within the peri-infarct region of the HI-
injured brain 3 weeks following transplantation (Supple-
mentary Figure S3). These findings demonstrate ther-
apeutically beneficial effects of TNF-α pretreatment on
the survival and engraftment of implanted hNPCs in HI
brain injury; such effects would lead to functional
improvement.

TNF-α activates the NF-κB and p38 MAPK pathways
To investigate the mechanisms by which TNF-α pro-

motes hNPC survival, we assessed several signaling
pathways associated with the regulation of cell prolifera-
tion, cell survival, and stress, specifically the most com-
mon kinases activated by TNF-α: NF-κB; p38 MAPK;
ERK1/2; and JNK. Upon treatment of hNPCs with 20 ng/
ml TNF-α for various durations, protein expression of p-
NF-κB p65 and p-p38 MAPK increased substantially;
however, the expression levels of NF-κB p65 and p38
MAPK remained relatively unaltered (Fig. 2a). Similarly,
the protein levels of p-JNK, JNK, p-ERK1/2, and ERK1/2
were relatively stable in hNPCs treated with TNF-α for
different durations (Fig. 2a, b). These results suggest that
the TNF-α-induced increase in hNPC survival upon OGD
exposure is mediated by NF-κB or p38 MAPK signaling
activation.
To study the TNF-α-induced activation of the NF-κB

and p38 MAPK pathways, we evaluated the effects of an
NF-κB inhibitor (BAY11-7082) and a p38 MAPK inhibitor
(SB203580) on hNPCs. Western blot analysis indicated
that B22Y11-7082 greatly inhibited TNF-α-induced
nuclear translocation of NF-κB p65 (Fig. 3a–d) and that
SB203580 significantly inhibited phosphorylation of p38
MAPK (Fig. 3f, g). To analyze the subcellular distribution
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of NF-κB p65 by immunocytochemistry, we fixed hNPCs
and immunostained them with an anti-NF-κB p65 anti-
body (Fig. 3e). The level of nuclear NF-κB p65 was higher
in TNF-α-treated hNPCs (TNF-α) than in untreated
hNPCs (control). Moreover, the TNF-α-induced nuclear
localization of NF-κB p65 was inhibited in hNPCs incu-
bated with BAY11-7082 prior to TNF-α treatment (TNF-
α+ BAY). Thus, the subcellular localization of NF-κB p65
correlates with the western blot data.

TNF-α improves the viability of hNPCs upon OGD by
activating the NF-κB pathway
To further investigate whether the NF-κB or p38 MAPK

pathways are responsible for the reduction in OGD-
induced apoptosis, we treated hNPCs with an NF-κB
inhibitor (BAY11-7082) or a p38 MAPK inhibitor
(SB203580) for 2 h before TNF-α treatment. BAY11-7082
exacerbated OGD-induced apoptosis compared with that
of hNPCs pretreated with TNF-α alone (18.2% ± 0.9% vs.
10.6% ± 0.3%, P < 0.01; Fig. 4a, b). Preincubation with
BAY11-7082 before TNF-α treatment increased OGD-
induced cytotoxicity compared with the level observed on

TNF-α treatment alone, as measured by the LDH assay
(109.4% ± 0.2% vs. 79.3% ± 0.2%, P < 0.01; n= 3/group;
Fig. 4c). The LDH and TUNEL assays revealed that
BAY11-7082 significantly reduced TNF-α-mediated
cytoprotection after OGD exposure. On the other hand,
preincubation with SB203580 before TNF-α treatment
did not significantly alter hNPC death (5.5% ± 0.6% vs.
4.1% ± 0.1%; Fig. 4d, e) or cytotoxicity compared with the
levels observed upon TNF-α treatment alone (83.4% ±
0.2% vs. 80.9% ± 0.5%; n= 3/group; Fig. 4f). hNPC cyto-
toxicity was significantly increased after OGD exposure
but was not affected by treatment of cells with TNF-α or
inhibitors under normal conditions (Fig. 4c, f). Our results
reveal that TNF-α improved the viability of hNPCs upon
OGD by activating the NF-κB pathway.

TNF-α induces cIAP2 expression via the NF-κB pathway
To determine the influence of TNF-α on hNPC gene

expression, we performed next-generation sequencing
(NGS) to assess the expression of survival-related genes in
stem/progenitor cells. NGS analysis was carried out using
hNPCs incubated in the absence or presence of TNF-α

Fig. 1 The protective effect of TNF-α on hNPCs exposed to OGD. a–d hNPCs were pretreated with different doses of TNF-α (0, 5, 10, 20, 50, or
100 ng/ml) for 24 h before OGD exposure. a The viability of hNPCs was assessed by a CCK-8 assay after OGD exposure for 6 h. *P < 0.05 and **P < 0.01
vs. OGD-alone group. b Cytotoxicity was measured using LDH assays. **P < 0.01 vs. OGD-alone group. c TUNEL-positive cells were visualized by
fluorescence microscopy (arrows). The data shown are representative images. Scale bar, 50 μm. d Quantitative analysis of the TUNEL assay. TUNEL-
positive cells were counted in four images of randomly selected fields per group. *P < 0.05 and **P < 0.01 vs. non-treated group. (e) Protein levels of
cleaved caspase-3 were determined by western blotting. Cells cultured in the presence or absence of 20 ng/ml TNF-α were incubated for 6 h under
OGD conditions. β-Actin was used as an internal control. f Quantification of cleaved caspase-3 (n= 3). *P < 0.05 vs. control. Data are presented as the
mean ± SEM
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(20 ng/ml) for 24 h. Expression of anti-apoptotic and
antioxidant genes was higher in TNF-α-pretreated hNPCs
than in untreated control cells. cIAP2 and SOD2, which
are anti-apoptotic and antioxidant genes, respectively,
were significantly upregulated only in TNF-α-pretreated
hNPCs (Fig. 5a).
To confirm the data obtained by NGS, we analyzed

the mRNA expression of cIAP2 and SOD2 by quantitative
reverse-transcription polymerase chain reaction in
hNPCs cultured in the presence and absence of TNF-α
(20 ng/ml) for 24 h. The expression levels of cIAP2 and
SOD2 were approximately 450-fold and 120-fold higher,
respectively, in TNF-α-pretreated hNPCs than in
untreated hNPCs (Fig. 5b, c). Thus, qRT-PCR analysis of
hNPCs confirmed the NGS data, showing that TNF-α
treatment upregulates the gene expression of cIAP2
and SOD2.
To determine whether the NF-κB and p38 MAPK

pathways are involved in regulating TNF-α-induced

expression of cIAP2 and SOD2 in hNPCs, we treated
hNPCs with an NF-κB inhibitor (BAY11-7082) and a p38
MAPK inhibitor (SB203580) for 2 h before TNF-α treat-
ment. TNF-α-induced cIAP2 and SOD2 mRNA expres-
sion was eliminated in hNPCs pretreated with the NF-κB
inhibitor (Fig. 5b). By contrast, in hNPCs pretreated with
the p38 MAPK inhibitor, TNF-α-induced SOD2 mRNA
expression was moderately reduced but TNF-α-induced
cIAP2mRNA expression was not (Fig. 5c). Therefore, NF-
κB improved the survival of TNF-α-pretreated hNPCs
after OGD via overexpression of cIAP2, suggesting that
TNF-α pretreatment enhanced hNPC survival upon OGD
via the NF-κB pathway. We also confirmed that TNF-α-
induced overexpression of cIAP2 was not induced
through the p38 MAPK pathway, but rather through NF-
κB signaling at the protein level (Fig. 5d–g). In addition,
the significantly increased expression of cIAP2 protein
was maintained in TNF-α-pretreated hNPCs under OGD
conditions (Supplementary Figure S4).

Fig. 2 Induction of signaling pathways by TNF-α. a Cell lysates were analyzed by western blotting for p-NF-κB p65, phosphorylated MAPK
signaling proteins (p-p38 MAPK, p-ERK1/2, and p-JNK), total NF-κB p65, and total MAPK (p38 MAPK, ERK1/2, and JNK) after TNF-α (20 ng/ml)
administration. β-Actin was used as a loading control. b Densitometric quantification of NF-κB p65 and MAPK proteins (n= 3). **P < 0.01 vs.
pretreatment group. Data are presented as the mean ± SEM
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NF-κB-mediated cIAP2 expression is essential for TNF-α-
induced protection of hNPCs against OGD
To investigate whether cIAP2, which was induced by

TNF-α via NF-κB, affects the apoptosis of hNPCs upon
OGD, we combined genetic knockdown of cIAP2 with an
shRNA-mediated system to examine its effects in hNPCs.
Using this approach, we demonstrated that TNF-α-
induced cIAP2 supported TNF-α-mediated protection of
hNPCs under OGD. The level of cIAP2 in TNF-α-
pretreated lentivirus (LV)-shcIAP2-transfected hNPCs
was 36% and 23% of that of TNF-α-pretreated LV-
shScramble (shScr)-transfected hNPCs under normal

(Supplementary Figure S5) and OGD conditions (Fig. 6a),
respectively. Cytotoxicity was comparable between LV-
shcIAP2-transfected cells and LV-shScr-transfected cells
under normoxia. The level of cytotoxicity upon OGD, as
measured by LDH release, was significantly lower in TNF-
α-pretreated LV-shScr-transfected cells than in non-
pretreated LV-shScr-transfected cells (82.8% ± 0.7% vs.
100% ± 0.7%, P < 0.01; n= 4/group; Fig. 6b). However, the
level of cytotoxicity upon OGD was significantly higher in
TNF-α-pretreated LV-shcIAP2-transfected cells than in
TNF-α-pretreated LV-shScr-transfected cells (96.3% ±
0.7% vs. 82.8% ± 0.7%, P < 0.01; n= 4/group; Fig. 6b).

Fig. 3 Involvement of the NF-κB and p38 MAPK pathways in the effects of TNF-α treatment on hNPCs. a TNF-α induces nuclear translocation
of NF-κB p65 in hNPCs. A representative western blot analysis of NF-κB p65 in cytosolic and nuclear extracts of hNPCs confirmed the TNF-α-related
nuclear translocation of NF-κB. TNF-α treatment increased the nuclear translocation of NF-κB p65 in hNPCs. b Summarized data (n= 3) show the
average protein level of NF-κB p65 (normalized to the protein level of β-actin or lamin B) corresponding to the bands shown in the western blots. *P
< 0.05 vs. control. c Western blot analysis of cells treated with 20 ng/ml TNF-α for 6 h in the presence or absence of BAY11-7082 using an anti-NF-κB
p65 antibody. d Quantification of NF-κB p65 protein (n= 3). e Representative immunofluorescence staining of NF-κB p65 in hNPCs. DAPI staining was
performed to indicate cell nuclei. An overlay of the images (NF-κB p65 and DAPI) demonstrates the nuclear translocation of NF-κB p65 in hNPCs
treated with (TNF-α) or without (control) TNF-α (20 ng/ml), with BAY11-7082 alone (BAY), or with TNF-α and BAY11-7082 (TNF-α+ BAY). The data
shown are representative images. Scale bar, 25 μm. f Western blot analysis of cells treated with 20 ng/ml TNF-α for 6 h in the presence or absence of
SB203580 using anti-p38 MAPK and anti-p-p38 MAPK antibodies. g Quantification of p38 MAPK and p-p38 MAPK protein levels. **P < 0.01. Data are
presented as the mean ± SEM
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TNF-α-pretreated LV-shScr-transfected cells reduced
OGD-induced apoptosis compared with the level in
untreated LV-shScr-transfected cells (5.6% ± 1.2% vs.
14.2% ± 1.8%, P < 0.01; Fig. 6c, d). On the other hand, cell
death did not significantly differ between TNF-α-
pretreated LV-shcIAP2-transfected cells and untreated
LV-shcIAP2-transfected cells (16.5% ± 1.2% vs. 15.0% ±
0.6%; Fig. 6c, d). Thus, we demonstrated that TNF-α-
mediated cIAP2 expression via the NF-κB pathway is
essential to the protection of hNPCs against OGD.

Discussion
In the current study, we demonstrated that TNF-α

pretreatment protected hNPCs against OGD, which was
used to mimic ischemia in vitro; the pretreated group
showed substantially increased cell viability and a reduced
number of apoptotic cells upon OGD compared with the
untreated control. We found that survival-related proteins
such as NF-κB p65 and cIAP2 were markedly increased
after TNF-α pretreatment, while an NF-κB inhibitor
(BAY11-7082) and a cIAP2-targeting shRNA, both of
which significantly reduced cIAP2 expression after TNF-α
treatment, abolished TNF-α-induced cytoprotection

against OGD. Taken together, these data suggest that
TNF-α pretreatment protects hNPCs from ischemic
damage by upregulating cIAP2 via NF-κB. In addition, the
preliminary in vivo experiment showed that compared
with the untreated control group, the TNF-α-pretreated
group had a significantly increased number of implanted
cells within the peri-infarct region of the HI-injured brain
following transplantation into HI-injured brain in neo-
natal mouse, suggesting therapeutically beneficial effects
of TNF-α pretreatment on the survival and engraftment
of implanted hNPCs in vivo. Thus, preventing apoptosis
of stem/progenitor cells without genetic manipulation is a
safe and effective approach to enhance cell survival in
ischemic conditions. Our chemical pretreatment using
TNF-α may provide a safe and simple approach to
improve the therapeutic efficacy of hNPC transplantation
in ischemic brain injury.
TNF-α is involved in diverse pathophysiological pro-

cesses regulating the development, survival, and function
of cells19,20,] and is induced in response to various neu-
rodegenerative disorders such as Parkinson’s disease,
Alzheimer’s disease, Huntington’s disease, amyotrophic
lateral sclerosis, and stroke, in which it is considered to

Fig. 4 Inhibition of the NF-κB but not the p38 MAPK pathway suppresses TNF-α-induced cytoprotection against OGD. a Cells were
pretreated with the following compounds before OGD exposure: 20 ng/ml TNF-α; 10 μM BAY11-7082; or vehicle (DMSO). TUNEL-positive cells were
visualized by fluorescence microscopy (arrows). The data shown are representative images. Scale bars, 25 μm. b Quantitative analysis of the TUNEL
assay. TUNEL-positive cells were counted from four images of randomly selected fields per group. **P < 0.01. c Cytotoxicity was measured using the
LDH assay. **P < 0.01. NS not significant. d Cells were pretreated with the following compounds before OGD exposure: 20 ng/ml TNF-α; 20 μM
SB203580; or vehicle (DMSO). TUNEL-positive cells were visualized by fluorescence microscopy (arrows). The data shown are representative images.
Scale bars, 50 μm. e Quantitative analysis of the TUNEL assay. TUNEL-positive cells were counted from four images of randomly selected fields per
group. *P < 0.05. f Cytotoxicity was measured using an LDH assay. **P < 0.01. NS, not significant. Data are presented as the mean ± SEM
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have a proinflammatory function17,34. On the other hand,
several studies have shown that TNF-α contributes to
neuroprotection and tissue regeneration after stroke,
status epilepticus, and inflammation by affecting the
survival, differentiation, and proliferation of neural stem/
progenitor cells19–22. TNF-α, which was mainly used at a
concentration of 20 ng/ml in our study, significantly
affected hNPC viability and cytotoxicity after OGD

exposure. Paradoxically, similar concentrations of TNF-α
were reported to trigger apoptotic death of neural stem/
progenitor cells20,35. Lower doses of TNF-α do not usually
induce apoptosis, but higher doses of TNF-α lead to
shock-like symptoms23. Most in vitro experiments have
used 10–100 ng/ml TNF-α36, and the sensitivity of various
cell types to various TNF-α doses has been evaluated
under different experimental conditions37,38. These

Fig. 5 Effect of TNF-α treatment on the expression of survival-related genes in hNPCs. a Heatmap of NGS data analysis of transcripts encoding
genes associated with anti-apoptotic and antioxidant biological pathways. FPKM-normalized values of each gene were used and converted to their
log10 values to generate the graphs. Heatmaps were generated using the cummeRbund R package. Asterisks in heatmaps denote genes discussed in
the text. b qRT-PCR analysis of anti-apoptotic and antioxidant genes showing key factors (such as cIAP2 and SOD2, respectively) whose expression
was significantly increased by TNF-α treatment. TNF-α-induced cIAP2 and SOD2 mRNA expression was eliminated by the NF-κB inhibitor BAY11-7082.
**P < 0.01 vs. control. The control group consisted of hNPCs not treated with TNF-α or BAY11-7082. c In hNPCs pretreated with the p38 MAPK
inhibitor, TNF-α-induced SOD2 mRNA expression was moderately reduced, but TNF-α-induced cIAP2 mRNA expression was not. qRT-PCR data are
representative of three independent experiments. *P < 0.05, **P < 0.01 vs. control and #P < 0.05 vs. TNF-α alone. The control group consisted of hNPCs
not treated with TNF-α or SB203580. d Protein levels of cIAP2 by the NF-κB inhibitor BAY11-7082 were determined by western blotting. The results
are representative of three independent experiments. e Quantification of cIAP2 protein. *P < 0.05, **P < 0.01. f Protein levels of cIAP2 under treatment
with the p38 MAPK inhibitor SB203580 were determined by western blotting. The results are representative of three independent experiments. g
Quantification of cIAP2 protein. **P < 0.01. Data are presented as the mean ± SEM
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findings show that the biological effects of TNF-α are
greatly dose-dependent and differ among the various cell
types.
As for the molecular mechanisms underlying the effects

of TNF-α treatment on human fetal brain-derived NPCs,
the ratios of p-NF-κB p65 to NF-κB p65 and p-p38 MAPK
to p38 MAPK were notably higher in TNF-α-treated
hNPCs than in untreated control hNPCs, whereas the
ratios of p-JNK to JNK and p-ERK1/2 to ERK1/2 were not
altered by TNF-α treatment. Signaling via JNKs, also
known as stress-activated MAP kinases, is activated by
cytokines such as TNF-α or by stress stimuli, including
ultraviolet irradiation, redox stress, and osmotic
stress39,40; JNK signaling activation plays a crucial role in
the control of many cellular events, such as growth and

apoptosis41. ERK1/2, which is involved in the regulation of
cell proliferation, differentiation, and motility42, can also
be activated by TNF-α, and the ERK1/2 pathway is critical
for transducing TNF-α signaling to increase matrix
metalloproteinase production in trabecular meshwork
cells43. The aforementioned reports indicate that TNF-α
is able to activate the JNK and ERK1/2 pathways; how-
ever, these pathways might not be involved in the effects
of TNF-α on hNPCs. The differential activation of these
pathways as shown in our study suggests that signaling
induction depends on various factors, including the type
and status of the cells and the nature of the stimulus 44,45.
The major finding of the current study is that TNF-α

protects hNPCs against OGD by activating the NF-κB
signaling pathway, and we demonstrated that inhibition of

Fig. 6 Inhibition of cIAP2 abolishes TNF-α-induced cytoprotection against OGD. a After TNF-α treatment, cIAP2 expression in LV-shcIAP2-
transfected hNPCs under OGD was 23% of the level in LV-shScr-transfected cells. *P < 0.05 vs. TNF-α-pretreated LV-shScr. b After OGD, cytotoxicity, as
measured by LDH release, was significantly higher in TNF-α-pretreated LV-shcIAP2-transfected hNPCs than in TNF-α-pretreated LV-shScr-transfected
cells. **P < 0.01. NS not significant. c TUNEL-positive cells were visualized by fluorescence microscopy (arrows). The data shown are representative
images. Scale bars, 50 μm. d Quantitative analysis of the TUNEL assay. TUNEL-positive cells were counted from four images of randomly selected
fields per group. *P < 0.05. Data are presented as the mean ± SEM
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the NF-κB pathway by BAY11-7082 prior to TNF-α
treatment significantly decreased cytoprotection induced
by TNF-α compared with the degree of cytoprotection in
hNPCs treated with TNF-α alone. Previous studies sug-
gest that NF-κB transcription factors play a role in the
regulation of apoptosis in diverse cell lines46. The pro-
tective role of NF-κB was shown by analysis of p65−/−

mice at day 15 of gestation, which showed massive
degeneration of the liver by apoptosis47, and by suppres-
sion of lymphocyte apoptosis through NF-κB-induced
activation of several cell survival genes, including B-cell
lymphoma-extra large (Bcl-xl)48. Activation of p38
MAPK, one of the signaling molecules activated by TNF-α
in our study, has also been reported to prevent cell death
in response to H2O2 treatment via induction of anti-
oxidant genes49. On the other hand, our study showed
that although p38 MAPK was activated by TNF-α in
hNPCs, inhibition of TNF-α-induced p38 MAPK activa-
tion by SB203580 before TNF-α treatment did not sig-
nificantly alter OGD-induced cell death or cytotoxicity
compared with the levels in hNPCs treated with TNF-α
alone. These findings indicate that TNF-α supports the
role of the NF-κB pathway as an important survival factor
in hNPCs.
We observed the influence of TNF-α-induced NF-κB

activation on survival-related gene expression in hNPCs
by NGS analysis and qRT-PCR. TNF-α pretreatment
significantly increased the expression of the survival-
related genes cIAP2 and SOD2 in hNPCs, according to
NGS analysis. TNF-α-induced mRNA expression of both
cIAP2 and SOD2 was lower to a highly significant degree
in hNPCs pretreated with the NF-κB inhibitor before
TNF-α treatment than in hNPCs treated with TNF-α
alone. By contrast, preincubation with a p38 MAPK
inhibitor moderately reduced TNF-α-induced SOD2
mRNA expression in hNPCs but did not reduce TNF-α-
induced cIAP2mRNA expression. These data suggest that
NF-κB-induced cytoprotection is due to cIAP2 upregula-
tion. NF-κB influences the cytoprotective process by
regulating the expression of anti-apoptotic genes (IAPs),
which directly inhibit the activity of caspases38. cIAP2, a
potent inhibitor of apoptotic death, is a member of the
IAP family, which is important for suppressing apopto-
sis50,51. The IAP family mainly includes cellular IAP1
(cIAP1), cIAP2, X-linked IAP (XIAP), and survivin52,53.
TNF-α markedly increased the expression of cIAP2, but
not of cIAP1, XIAP, or survivin, in hNPCs. cIAP2-null
macrophages are highly sensitive to apoptosis in an LPS-
induced proinflammatory environment54, and ischemic
preconditioning inhibits caspase-3 activation by preser-
ving cIAP2 in hippocampal neurons55. These findings
suggest that cIAP2 was required for TNF-α-mediated cell
survival in our study. To demonstrate that cIAP2 is a key
factor in this study and protects hNPCs under ischemic

conditions, we used a LV-mediated shRNA system to
knockdown cIAP2 in hNPCs. We found a pivotal link
between TNF-α and cIAP2 in hNPCs: TNF-α treatment
increased cIAP2 expression. TNF-α-induced cIAP2
expression was inhibited by an NF-κB inhibitor and
cIAP2-specific shRNA, both of which significantly blocked
TNF-α-induced cytoprotection under ischemic condi-
tions. In line with our results, TNF-α upregulates cIAP2
expression via activation of the NF-κB pathway in hepa-
tocytes56. Although p38 MAPK, which was one of the
signaling molecules activated by TNF-α in our study, was
also reported to increase cIAP2 expression via TNF-α in
human endothelial cells57, our study showed that inhibi-
tion of TNF-α-induced p38 MAPK activation by
SB203580 did not affect TNF-α-mediated cIAP2 expres-
sion. On the basis of this finding, p38 MAPK is not
involved in modulation of cIAP2 expression in hNPCs.
Taken together, our results show that TNF-α-induced
activation of NF-κB plays a crucial role in cIAP2 expres-
sion in hNPCs and that, consequently, TNF-α pretreat-
ment protects hNPCs under ischemic conditions.
In conclusion, we demonstrate that TNF-α pretreat-

ment protects hNPCs against OGD, which was used to
mimic ischemic conditions; the pretreatment exerted an
important preventive effect against OGD-induced apop-
totic processes through cIAP2 upregulation by NF-κB
signaling activation. The current study indicates that
TNF-α pretreatment is a promising new approach to
enhance hNPC survival under ischemic conditions and
may lead to further improvements in the therapeutic
efficacy of hNPCs by protecting hNPCs transplanted to
ischemic injury sites. Although future studies are needed
to verify its effect in vivo, the beneficial effect of TNF-α
pretreatment on cell survival is a safe and simple
approach to improve the viability of transplanted hNPCs
in cerebral ischemia.
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