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Abstract

Brain inflammation is a primary pathological driving force of many neurodegenerative disorders.
In the destructive process, pro-inflammatory cytokines (IL-1p and TNF-a), are robustly released,
affecting normal neural progenitor cell (NPC) differentiation, and resulting in a vast number of
astrocytes and a diminished neural population. A counteractive mechanism is still unknown. In
this study, we have identified a link between brain inflammation and the signal transducer and
activator of transcription 3 (STAT3) pathway: IL-1f and TNF-a induce STATS3 activation in
NPCs. Then to investigate STAT3’s effects on NPC fate, we observed that an inhibition of STAT3
expression by siRNA inhibited astrocytic differentiation and increased neuronal differentiation of
human NPCs in fetal bovine serum (FBS)-induced astrocyte differentiation condition.
Furthermore, STAT3-targeting siRNA abrogated IL-1p and TNF-a-induced astrocyte
differentiation and partially restored neuronal differentiation. Elimination of STAT3 expression
also countered IL-1f and TNF-a-induced inhibition of proneural bHLH genes, mammalian
achaete-schute homologue-1 (Mash1), Neurogeninl (Ngnl), and Neurogenin 2 (Ngn2). These data
suggest that a suppression of STAT3 during brain inflammation would inhibit astrogliogenesis and
promote neurogenesis. Thus, STAT3 could be a potential target of drug therapy for
neurodegenerative disorders.
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Introduction

In the adult brain, active neurogenesis occurs constitutively in two defined regions: the
subgranular zone of the hippocampus and the subventricular zone (SVZ) lining the lateral
ventricles (1, 2). Neural stem/progenitor cells (NSPCs) within these neurogenic regions can
self-renew, proliferate, and differentiate into neurons or glia, that allows them to generate a
reservoir of neurons, astrocytes, and oligodendrocytes as back-up in times of normal cell
turnover or brain injury (3, 4).

Recent findings have revealed that uncontrolled, chronic brain inflammation is an
underlying driving force to intensifying the rapid deterioration of the central nervous system
in neurodegenerative diseases such as Alzheimer’s disease (AD), HIV-1 Associated
dementia (HAD), multiple sclerosis, and Parkinson’s disease (PD) (5). Following brain
injury or exposure to pathogens, an inflammatory response is driven by the activation of
resident microglia, astrocytes, and local invasion of circulating immune cells (4, 6).
Activated microglia, usually dormant, contribute to neuronal loss by enhancing oxidative
stress and mediating cell apoptosis pathways (7). Contrary to a normally functioning CNS
where neurons and astrocytes share a symbiotic relationship, chronic inflammation
transforms astrocytes from a basal to a reactive state, forcing the neuron “helper” cells to
abandon their supportive roles, and eventually damage neurons (8, 9). Brain inflammation
also contributes to neural stem cell dysfunction and plays a detrimental role for neurogenesis
in adult brain (10-13). In the destructive process, pro-inflammatory cytokines (IL-1f and
TNF-a) are robustly released, affecting normal neural progenitor cell (NPC) differentiation,
and resulting in a vast number of astrocytes and a diminished neural population (14).

Signal transducer and activator of transcription (STAT) 3, a member of the STAT family, is
a transcription factor that primarily mediates cytokine- and growth factor-induced signals
that culminate in diverse biological responses including cell proliferation, differentiation,
and apoptosis (15). In addition, the STATS3 signaling pathway plays a critical role in the
determination of NPC fate, especially in promoting astrogliogenesis. Mouse knockout
studies have demonstrated that genetic deficiency in major components of this pathway
leads to impaired astroglial differentiation (16-18). The STAT3 pathway has also been
shown to contribute to inflammation-mediated astrogliogenesis (12, 19, 20). Ramified
microglia and activated microglia promote astrogliogenesis through the activation of STAT3
(12, 19).

In this study, we used a human embryonic cortical neural progenitor cell (NPC) culture.
NPCs were isolated and expanded as neurospheres in the presence of bFGF, EGF and LIF.
These cells continue self-renewal and once deprived from GF, they give rise to neurons and
astrocytes. This in vitro system allows the further analysis of molecular mechanisms during
differentiation under defined conditions. We first investigated the potential role of STAT3
on human NPC differentiation under normal conditions. An inhibition of STAT3 expression
with siRNA transfection consequently inhibits astrocytic differentiation and increases
neuronal differentiation of human NPCs. Next, we treated human NPCs with two common
pro-inflammatory cytokines, IL-13 and TNF-a, resembling a brain inflammation
environment, and analyzed the STATS3 effects on cytokine-induced NPC differentiation.
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Finally, we examined the potential downstream effect of STAT3 by observing the mRNA
expressions of proneural basic helix-loop-helix (bHLH) transcription factors mammalian
achaete-schute homologue-1 (Mash1), Neurogeninl (Ngnl), and Neurogenin2 (Ngn2),
demonstrating that a deletion of STAT3 expression in NPCs promoted neurogenesis even
with cytokine pressure. Harnessing the capability of STAT3 and delving into its underlying,
novel implications in both brain inflammation and NPC fate regulation may be instrumental
in suppressing the detrimental effects of brain inflammation and finding a potential target of
drug therapy for neurodegenerative disorders.

Materials and Methods

Human Neural Progenitor Cell culture

Human cortical NPCs were isolated from human brain tissue (12-16 weeks post-
conception). NPCs were seeded at a concentration of 200,000 cells/ml into substrate-free
tissue culture flasks and grown as spheres in neurosphere initiation medium (NPIM), which
included X-Vivo 15 (BioWhittaker, Walkersville, ME) with N2 supplement (GIBCO
Invitrogen, Carlsbad, CA), neural cell survival factor-1 (NSF-1, BioWhittaker), basic
fibroblast growth factor (bFGF, 20 ng/mL, Sigma-Aldrich, St. Louis, MO), epidermal
growth factor (EGF, 20 ng/mL, Sigma-Aldrich), leukemia inhibitory factor (LIF, 10 ng/mL,
Chemicon, Temecula, CA), and 60 ng/mL N-acetylcysteine (Sigma-Aldrich). Cells were
passaged every two weeks to ensure greatest medium availability with 15 minutes Trypsin,
which dissociated cell clusters, along with gentle mechanical dissociation (21).

NPC Differentiation

Single-cell suspension NPCs were cultured in poly-D-lysine-coated coverslips or 6-well
plates (Sigma-Aldrich) in NPIM for 24 hours and then induced to differentiate into neurons
or astrocytes by serum-free neurobasal medium (GIBCO) supplemented with B27 (NB27;
GIBCO) or by Dulbecco’s modified Eagle’s medium (DMEM)/F12 (GIBCO) with 1% FBS,
respectively. For siRNA transfection, pre-designed siRNA duplexes targeted against STAT3
MRNA (siSTAT3) were synthesized by Ambion Inc. (Austin, Texas). NPCs were
transfected with 100 nM nonspecific control siRNA (sicon) or siSTAT3 in the presence of
silmporter (Upstate Cell Signaling Solutions, Charlottesville, VA) according to the
manufacturer’s instructions. Cells were grown in differentiation media for 6 days before
analysis.

Immunocytochemical Staining

NPCs were fixed with ice-cold methanol/acetone (1:1) and then washed 3x with phosphate
buffered saline (PBS). The cells were then blocked in 2% bovine serum albumin (BSA) with
0.1% Triton X-100 in PBS for 1 hour. Cells were then incubated overnight in 4° C with
primary antibodies against Nestin (1:400; Chemicon), SRY (sex determining region Y)-box
2 (Sox2; 1:400; Abcam Cambridge, MA), glialfibrillary acidic protein (GFAP; 1:2000;
Dako, Carpinteria, CA), and/or neuron-specific class 111 B-Tubulin (Tuj-1; 1:1500; Sigma-
Aldrich). Cells were washed 3x with PBS and then incubated with fluorophore-labeled 2nd
antibodies, Alexa Fluor 488 goat anti-mouse and Alexa Fluor 594 goat anti-rabbit (1:800;
Molecular Probes, Eugene, OR) for 1 hour in room temperature. Hoechst 33342 (1:3000
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with PBS; Sigma-Aldrich)was used to identify cell nuclei. The coverslips were then
mounted onto a slide with Fluoromount (Sigma-Aldrich) to be examined under a Nikon
Eclipse E800 microscope with a 20x objective. Ten to fifteen pictures per condition were
captured randomly with the microscope digital imaging system, and then imported onto
Image-ProPlus 4.0 (Media Cybernetics, Silver Spring, MD) for quantification. The numbers
of neurons and astrocytes for each condition (total 300-500 cells per condition) were
manually counted by a blinded investigator. Percentage of Tuj-1/ GFAP-positive cells was
calculated based on the total count of cell nuclei, marked by Hoechst (blue). Percentages
were then normalized as fold of control.

RNA extraction and real-time reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA from NPC cultures was extracted using TRIzol reagent during the lysing process
followed by the RNeasy Mini Kit Assay (QIAGEN, Valencia, CA). RNA concentration was
determined by the NanoDrop 2000 Spectrophotometer (Thermo Scientific, Wilmington,
DE). Real-time RT-PCR was conducted with Assays-on-Demand primers, using the one-
step quantitative TagMan real-time RT-PCR system (Applied Biosystems Inc.; Foster City,
CA) following manufacturing protocol. STAT3, Mash1, Ngn1, and Ngn2 mRNA levels
were determined and standardized by comparison to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; Applied Biosystems Inc.).

Western Blot

Cells were lysed with Protein Extraction Buffer (Pierce, Rockford, IL) containing 1x
protease inhibitor cocktail (50:1 dilution; Roche Diagnostics, Indianapolis, IN). Protein
concentration was determined using the Bicinchoninic Acid (BCA) Protein Assay Kit
(Pierce). Protein samples (10-20 ng) were then separated by a 10% Sodium Dodecyl Sulfate
(SDS) - polyacrylamide gel electrophoresis (PAGE) and transferred onto an Immuno-Blot
polyvinylidene fluoride polyvinylidene fluoride (PVVDF) membrane (Bio-Rad, Hercules,
CA). The membrane was subsequently blocked with a Tris-Buffered Saline Tween 20
(TBST) and 5% nonfat milk solution for 1 hour. Next, primary antibodies (diluted in 5%
BSA and TBST) against Phosphorylated-STAT3 (P-STAT3), Total-STAT3 (T-STAT3), and
b-actin, were added and incubated overnight at 4° C, followed by a 1 hr incubation with
horseradish peroxidase-conjugated anti-mouse and anti-rabbit secondary antibodies diluted
with 5% milk buffer (1:10,000; Cell Signaling Technologies). The membrane was developed
using Enhanced Chemiluminescent (ECL) solution (Pierce). The film was then scanned with
a CanonScan 9950F scanner, and the band intensities were quantified with the ImageJ
computer program.

Statistical analyses

Data were expressed as means + S.D. The data were evaluated statistically by analysis of
One-way variance (ANOVA) followed by the Tukey-test for paired observations or an
unpaired, two-tail T-test when comparing only two sets of data. Significance was considered
to be either p < 0.01 (**/##) or p < 0.05 (*/#). To account for any donor-specific differences,
all experiments were performed with human NPCs from at least three donors. All assays
were performed at least three with triplicate samples in each assay.
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Results

Suppression of STAT3 in human NPCs inhibits astrogliogenesis and enhances
neurogenesis

To establish the specific function of STAT3 signaling in differentiating human NPCs, we
used our well-established human cortical NPC neurosphere culture system (21). In
undifferentiated conditions (in the presence of only bFGF, EGF, and LIF), neurosphere-
dissociated cells maintained stem cell properties, as evidenced by the strong
immunoreactivity to Nestin and Sox2. Under these conditions, over 80% of NPCs were
immunopositive for the cytoskeletric protein, Nestin, a marker for multi-potent precursors
(Figure 1A, C), and the neural stem cell-specific transcription factor, Sox2 (Figure 1A, D).
This suggests that the majority of the cells were in an undifferentiated state in NPIM culture
condition. To analyze the effect of STAT3 on NPC differentiation, cells were differentiated
into a neuronal-enriched population by changing to NB27 medium. Alternatively, they were
differentiated in 1% FBS to induce more astrocyte differentiation.

The Jak-STAT3 signaling is a critical part of the astrogliogenic machinery in mouse brain
development (22, 23), but its roles in human NPC differentiation have been unclear. We
initially examined whether human NPCs expressed STAT3 after siRNA transfection. We
transfected human NPCs with a STAT3-targeting siRNA (SiSTAT3) or a negative control
siRNA (siCon), which has no targeting sequence. To examine the effectiveness of our
transfection assay, we first observed the effect of SiISTAT3 on STAT3 mRNA expression in
NPCs by real-time RT-PCR. Seven days after transfection, quantitative results revealed that
the mRNA level of STAT3 in NPCs transfected with siSTAT3 was, indeed, significantly
decreased (by 60.67%), compared with that in NPC transfected with siCon (Figure 2A). The
STAT3 protein expression in human NPCs was tested through utilizing Western blotting
(Figure 2B). P-STAT3 was little expressed in control and siCon-treated NPCs, whereas
SISTATS3 significantly decreased both the protein levels of T-STAT3 and P-STAT3 in NPCs
(by 59.27% and 93.60%, respectively), compared with those in untransfected NPCs (control)
(Figure 2C, D). These two experiments verified that transfection with siSTAT3 eliminated
STAT3 expression and phosphorylation of STAT3 in NPC, to ensure the reliability of the
assay in later experiments.

We next investigated whether inhibition of STAT3 expression could influence human NPC
differentiation. To address this issue, human NPCs were transfected with siCon or SiSTAT3
for 24 hours and then were differentiated in NB27 with or without 1% FBS for an additional
6 days. Then we performed immunocytochemical staining with antibodies against Tuj-1 (a
specific marker of neurons) and GFAP (a specific marker of astrocytes) (Figure 3A-F). Inan
NB27 culture condition, NPCs differentiated into 47.14%Tuj-1-positive cells and 33.16%
GFAP-positive cells; with 1% FBS, NPCs differentiated into 17.26% Tuj-1-positive cells
and 73.55% GFAP-positive cells. In both conditions, introduction of siSTAT3 into NPC
culture showed a trend of increase of Tuj-1-positive cells and decrease of GFAP-positive
cells as compared to control or siCon, although in NB27 neuronal differentiation condition,
changes were negligible (Figure 3G, H). However, with 1% FBS medium, siSTAT3 induced
a significant increase of neurons (3.08 fold of control, Figure 3I) and a significant decrease
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of astrocytes (0.68 fold of control, Figure 3J). Taken together, these data suggest that
elimination of STAT3 in NPC by siSTAT3 inhibits astrogliogenesis and promotes
neurogenesis of human NPCs.

IL-1B and TNF-a induce STAT3 activation and astrogliogenesis

In order to detect if STAT3 is also involved in inflammation-induced astrogliogenesis, NPCs
were treated with pro-inflammatory cytokines, IL-1p (1 ng/ml) and TNF-a (20 ng/ml) for 24
hours. In a parallel experiment, NPCs were differentiated in NB27 media with or without
IL-18 and TNF-a for 6 days. Expressions of P-STAT3 and T-STAT3 were detected by
Western blotting of total cell lysates. Our results demonstrated that IL-1p and TNF-a induce
significant increases of both P-STAT3 and T-STAT3 expressions (Figure 4). This is
correlated to the increase of astrocyte differentiation in IL-1p and TNF-a treatments from
previous observations (14).

IL-1B8 and TNF-a affect NPC differentiation through STAT3

To fully comprehend STAT3’s role during brain inflammation, we investigated cytokines’
effects on NPC differentiation after blocking STAT3 expression. NPCs were transfected
with siCon or siSTAT3 and subsequently, treated with or without IL-1 3 or TNF-a for 24
hours. Expressions of T-STAT3 and P-STAT3 were detected by Western blotting (Figure
5A). The results showed siSTAT3 decreased total STAT3 expression and inhibited both
IL-1B- and TNF-a-induced STAT3 activation (Figure 5B, C). In parallel, NPCs were
transfected with siCon and siSTAT3 and differentiated with or without IL-1f and TNF-a for
6 days. Immunocytochemical staining was performed to check if an inhibition of STAT3
could affect NPC differentiation with inflammatory pressure (Figure 6A-F). Our quantitative
results revealed that, consistent with other well-established studies, IL-18 and TNF-a
significantly inhibit neurogenesis (0.59 fold and 0.34 fold, respectively) and induce
astrogliogenesis (1.51 fold and 1.89 fold, respectively) (Figure 6G, ). However, after
STAT3 expression was eliminated, the cytokine effects were greatly diminished. The fold of
Tuj-1-postive cells showed trends of upregulation (siCon + cytokine vs. siSTAT3 +
cytokine) for both IL-18 and TNF-a treatment (0.59 + 0.24 to 0.85 +0.15; 0.34 £ 0.22 to
0.72 £ 0.11, respectively). The fold of GFAP-positive cells significantly decreased (1.51 +
0.22t01.11 £ 0.15; 1.89 £ 0.40 to 1.34 + 0.23, respectively). This result suggests that the
cytokines, IL-1p and TNF-a, key components in brain inflammation, affect neurogenesis
through the STAT3 pathway. Elimination of STAT3 in NPC by siSTAT3 inhibits cytokine-
induced astrogliogenesis and promotes neurogenesis of human NPCs.

STATS3 affects neurogenesis through the bHLH family transcription factors

It is well known that bHLH transcription factors play an important role in the development
of the mammalian neocortex as well as the timing of NPC differentiation and proliferation
(24, 25). Our earlier results suggested that eliminating STAT3 shows promise for a
promotion of neurogenesis, so for an advancement of this study, we chose to focus on three
proneural bHLH factors, Mash1, Ngn1, and Ngn2. NPCs were transfected with siCon or
SiSTATS3 and then treated with cytokines for 24 h. Total mMRNA was extracted and
quantitative real-time RT-PCR was conducted. Results showed mRNA levels of Mash1,
Ngn1, and Ngn2 were upregulated with siSTATS3 transfection (Figure 7). IL-18 and TNF-a
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significantly decreased Mash1 (0.38 and 0.42 fold, respectively), Ngn1 (0.27 and 0.46 fold,
respectively), and Ngn2 (0.34 fold, IL-1p only) compared to siCon. However, after
suppression of STATS3, cytokine effects were consequently reduced, and mRNA levels of all
three bHLH factors, reversely, significantly increased again as compared to siCon + IL-1[3 or
TNF-a. Mashl mRNA level after transfection exhibited significant increases with IL-1
treatment (by 0.31). Ngn1 mRNA levels after transfection significantly increased with both
IL-1B and TNF-a treatments (0.27 = 0.04 to 1.44 £ 0.05; 0.46 £ 0.05 to 0.89 £ 0.13,
respectively), as did Ngn2 mRNA levels (0.34 £ 0.01t0 2.19 £ 0.36; 0.63 £ 0.02to 1.11 +
0.06, respectively). Based on these data, there is strong evidence that even under brain
inflammation pressure, suppression of STAT3 may overcome cytokine stimulus and
promote neurogenesis.

Discussion

In this study, we used human NPCs to study the potential role of STAT3 on NPC
differentiation. We demonstrated that STAT3 is critical for astrogliogenesis in both a
neuronal differentiation condition (NB27) and an astrocytic differentiation condition (1%
FBS) (Figure 3). Further, pro-inflammatory cytokines, IL-1p and TNF-a induce STAT3
activation and both increase astrogliogenesis and decrease neurogenesis of human NPCs
(Figure 4). Cytokine-mediated astrogliogenesis is mediated through the STAT3 pathway,
since the siRNA-mediated knockdown of STAT3 expression results in a reduction of
cytokine-induced STATS3 activation and subsequent astrocytic differentiation (Figure 5-6).
The STATS3 pathway also contributes to cytokine-mediated inhibition of neurogenesis
through regulation of proneural bHLH factors (Ngn1, Ngn2, and Mash1) (Figure 7). Thus,
we report a dual role of the STAT3 pathway in brain inflammation-mediated NPC
differentiation.

The Jak-STAT3 signaling is a critical part of the astrogliogenic machinery during brain
development (22, 26). Knockout of the major components of this pathway, including LIF, its
receptors LIFRP and gp130, or the signaling molecules STAT1/3, leads to impaired
astroglial differentiation (16-18, 27). Activation of this pathway can lead to the association
of P-STAT3 with the transcriptional coactivator CREB binding protein (CBP/p300) to
activate expression of astrocyte-specific genes and promote astrocytic differentiation (18,
22, 28). In our study, we further demonstrated that STATS3 is critical for astrocytic
differentiation in human NPCs. In neuronal differentiation condition, STAT3 is only slightly
activated, while a majority of cells differentiate into neurons (Figure 2). In an astrocytic
differentiation condition induced by FBS, introduction of siSTAT3 into NPC culture
decreases astrocytic differentiation and increases neurogenesis. Furthermore, pro-
inflammatory cytokines, IL-1p and TNF-a, induce STAT3 activation and increase astrocytic
differentiation; siSTAT3 decreases cytokine-induced STAT3 activation (Figure 5) and
astrocytic differentiation (Figure 6). Thus, the STAT3 pathway plays an important role in
astrocytic differentiation of human NPCs under both normal and inflammation conditions.

Many cell fate-specifying transcription factors can both positively regulate one fate and
negatively regulate alternative fates. Besides its effect on promoting astrogliogenesis by
functioning as a transcriptional activator, the STAT3 pathway has been shown to inhibit
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neurogenesis through regulating other cell fate-determining transcription factors. Previous
studies demonstrated that over-expression of a dominant negative form of STAT3
(STATS3F) results in promotion of neurogenesis and inhibition of astrogliogenesis (29). In
that report, mRNA levels of proneural bHLH transcription factors, such as Math1, Ngn3 and
NeuroD, were significantly increased, while Notch family members (Notchl, 2, and 3) and
inhibitory bHLH transcriptional factors (Hes5, 1d2, and 1d3) for gliogenesis were
significantly decreased after an overexpression of STAT3F. In another study, Cao et al. used
the STAT3MoX/flox mouse embryos and demonstrated that a conditional deletion of STAT3 in
NSC induced neurogenesis and inhibited astrogliogenesis through a reduction in Notch1 and
Notch2 mRNA expression (30). In our study, we also demonstrated that elimination of
STAT3 expression by siRNA promoted neurogenesis and inhibited astrogliogenesis, but
with human NPCs. siSTAT3 slightly increased the expression of proneural bHLH factors,
such as Mashl, Ngnl and Ngn2. Interestingly, while cytokines inhibit proneural bHLH
factor expression, siSTAT3 reversed cytokine-induced inhibition of these factors and
partially restore neurogenesis. Therefore, STAT3 signaling plays a dual role in determining
the neural cell lineage fate. The mechanism by which STAT3 reduces the level of proneural
bHLH factors is unknown. A more detailed characterization of the various mechanism by
which STAT3 inhibits proneural bHLH factors may need further investigation.

Cell fate specification involves the reciprocal activation of genes related to a particular cell
fate and the suppression of genes of alternative fates. In our study, pro-inflammatory
cytokines, IL-1p and TNF-a, promote astrocytic differentiation and inhibit neurogenesis.
This effect may not be only through activation of the STAT3 pathway, but also through
down-regulation of the proneural bHLH factor expression (Figure 7).

Proneural bHLH proteins, such as Ngn1, Ngn2, Mash1, and NeuroD, are key regulators of
neurogenesis (24, 25). During brain development, after early stages of NSC expansion and
self-renewal, NPCs differentiate and mature into neurons, astrocytes, and oligodendrocytes
in a lineage-restricted and sequential manner. During the neurogenic period, proneural
bHLH factors are highly expressed and induce neurogenesis by functioning as a
transcriptional activator. Meanwhile, proneural bHLH genes such as Ngn1 are also potent
inhibitors of the Jak-STAT pathway for astrogliogenesis machinery. Ngn1 inhibits the
differentiation of neural stem cells into astrocytes by sequestering the CBP-Smad1
transcription complex away from astrocyte differentiation genes or inhibiting the activation
of STAT transcription factors that are necessary for gliogenesis (18, 31). In our study,
STAT3 is only slightly activated in neuronal differentiation condition, while a majority of
cells differentiated into Tuj-1-positive neurons, suggesting the inhibition effect of proneural
bHLH factors on the STAT3 pathway in a neuronal differentiation condition. However,
during brain inflammation, cytokine (IL-1p and TNF-a) down-regulated proneural bHLH
factor expression. Considering the critical role of proneural bHLH factors on neurogenesis,
the downregulation of these factors may contribute to cytokine-mediated inhibition of
neurogenesis. Furthermore, the downregulation of proneural bHLH factors may also release
the inhibition on astrocytic differentiation machinery, which results in an activation of
STAT3 and a subsequent promotion of astrogliogenesis.
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NSPC-based therapy is a promising treatment for many intractable CNS disorders, such as
Alzheimer’s disease and Parkinson’s disease. Transplantation of embryonic dopaminergic
neurons into the brains of patients with Parkinson’s disease has demonstrated the clinical
benefits (32). Thus, it is important to clarify the molecular mechanisms regulating the cell
fate of NPCs in order to increase the number of neurons. During brain inflammation, neural
stem cells rarely give rise to neurons, possibly because inflammatory factors inhibit
expression levels of neurogenic bHLH factors. In this study, we have provided evidence that
IL-1P and TNF-a promote astrocytic differentiation and inhibit neuronal differentiation of
NPCs through activation of STAT3 and inhibition of proneural bHLH factors. Inhibition of
STAT3 rescues a damaged CNS from cytokine-induced astrogliogenesis and promotes
neurogenesis. This pathway could become a drug target for the purpose of increasing the
number of neurons in NPC-based therapy. We propose that the manipulation of neurogenic
bHLH factors with neural stem cells may provide a means of enhancing the ability of stem
cells to generate large numbers of neurons that might be useful for treating
neurodegenerative disorders or repairing the injured nervous system.
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B Hoechst

Figure 1. Characterization of human cortical NPCs
Neurospheres were dissociated to single cell suspension and plated in poly-D-lysine-coated

cover slips for 24 h. Cells were fixed and stained for Nestin (green, C) and Sox2 (red, D).
Nuclei were stained using Hoechst 33342 (blue, B). Figure 1A shows a merged image of B,
C, and D. The original magnification is x 20. Results are representative of three donors.
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Figure 2. SISTAT3 blocks STAT3 expression
A. Human NPCs were transfected with siCon or siSTAT3. Six days later, total mMRNA was

extracted and real-time RT-PCR was conducted to examine the mRNA expression levels of
STAT3. STAT3 expression was normalized to GAPDH as an internal gene expression
control and data is presented as fold of siCon. Data were obtained from three independent
donors. ** differs significantly compared to siCon (p < 0.01). B-D. Expressions of STAT3
were detected by Western blotting. The films were scanned and the acquired images were
analyzed using the public domain NIH image program for data quantification. Expression of
P-STAT3 (C) and T-STAT3 (D) were normalized to p-actin. Data is presented as fold of
control (NB27). Results are an average of three independent donors. * differs significantly
compared to control (p < 0.05).
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Figure 3. Suppression of STAT 3 reduces astrocytic and increases neuronal proportions
A-F. Human NPCs were transfected with either siCon (B, E) or siSTAT3 (C, F) and

differentiated in NB27 (A-C) or 1% FBS (D-F). Six days later, neuron and astrocyte
differentiation were evaluated by immunocytochemical staining with antibodies against
Tuj-1 (green) and GFAP (red). Representative fluorescence overlay-micrographs display the
morphology of neurons (green) and astrocytes (red). G-J. Percentage of Tuj-1/ GFAP-
positive cells was calculated based on the total count of cell nuclei, marked by Hoechst
(blue). Percentages were then normalized as fold of control (G-J). Data were collected from
four independent measurements. */** differs significantly compared to Control and
siControl (* p < 0.05; ** p < 0.01). Scale = 200 um.
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Figure 4. Pro-inflammatory cytokines activate STAT3
Human NPCs were treated with IL-18 or TNF-a. Cells were subsequently lysed, and

proteins were collected 6 days after treatment for Western blotting (A). P-STAT3 (B) and T-
STAT3 (C) expressions were detected, and the films with the acquired images were later
scanned and analyzed for data quantification. Expression was normalized to -actin as a
loading control, and data is presented as fold of Control. Results were representative of three
independent experiments. */** differs significantly compared to Control (* p < 0.05; ** p <
0.01).
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Figure5. SISTAT3 blocks STAT3 expression under cytokine treatment
Human NPCs were transfected with siCon or siSTAT3 and then were treated with I1L-1p or

TNF-a for 24 h. Cells were subsequently lysed, and proteins were collected for Western
blotting (A). P-STAT3 (B) and T-STAT3 (C) expressions were detected, and the films with
the acquired images were later scanned and analyzed for data quantification. Expression was
normalized to B-actin as a loading control, and data is presented as fold of control (NB27).
Results were representative of two independent experiments. */** differs significantly
compared to respective control (NB27 + IL-18 or NB27 + TNF-a, * p < 0.05; ** p < 0.01)),
## differs significantly compared to Control (## p < 0.01).
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Figure 6. Suppression of STAT 3 reduces cytokine-induced increase of astrocytes and decr ease of
neurons
A-F. Human NPCs were transfected with siCon (A-C) or siSTAT3 (D-F) and were

differentiated with or without IL-1f (B, E) or TNF-a (C, F) for 6 days. Neuron and astrocyte
differentiation expressions were evaluated by immunocytochemical staining with antibodies
against Tuj-1 (green) and GFAP (red). Representative fluorescence overlay-micrographs
display the morphology of neurons (green) and astrocytes (red). G-H. Percentage of Tuj-1/
GFAP-positive cells was calculated based on the total count of cell nuclei, marked by
Hoechst (blue). Percentages were then normalized as fold of siCon. Data were collected
from four independent measurements. */** differs significantly compared to respective
siCon ((siCon + IL-1p or siCon + TNF-a, * p < 0.05; ** p < 0.01), and #/## differs
significantly compared to siCon, # p < 0.05; ## p < 0.01). Scale = 200 um.
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Figure 7. Suppression of STAT3 regulates cytokine-mediated bHLH factor expression
Human NPCs were transfected with siCon or siSTAT3 and were then treated with I1L-1p or

TNF-a for 24 h. Total MRNA was extracted and real-time RT-PCR were conducted to
detect transcription factors (Mashl, Ngn 1, and Ngn2) expressions. A-C. Data were obtained
from three independent measurements. Data were presented as fold of siCon. */** differs
significantly compared to respective siCon (siCon + IL-1p or siCon + TNF-qa, * p < 0.05; **
p < 0.01), and #/## differs significantly compared to siCon (# p < 0.05; ## p < 0.01).
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