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Abstract: Neural stem/progenitor cells (NPSCs) express
receptors for many inflammatory cytokines, with varying
effects on differentiation and proliferation depending on
the stage of development and the milieu of inflammatory
mediators. In primary neurons and astrocytes, we recent-
ly showed that interferon gamma (IFNg), a potent antiviral
cytokine that is required for the control and clearance of
many central nervous system (CNS) infections, could dif-
ferentially affect cell survival and cell cycle progression
depending upon the cell type and the profile of activated
intracellular signaling molecules. Here, we show that IFNg
inhibits proliferation of primary NSPCs through dephos-
phorylation of the tumor suppressor Retinoblastoma pro-
tein (pRb), which is dependent on activation of signal
transducers and activators of transcription-1 (STAT1) sig-
naling pathways. Our results show i) IFNg inhibits neuro-
sphere growth and proliferation rate in a dose-dependent
manner; ii) IFNg blocks cell cycle progression through a
late-stage G1/S phase restriction; iii) IFNg induces phos-
phorylation and expression of STAT1 and STAT3; iv) IFNg
decreases cyclin E/cdk2 expression and reduces phos-
phorylation of cyclin D1 and pRb on serine residue 795;
and v) the effects of IFNg on NSPC proliferation, cell
cycle protein expression, and pRb phosphorylation are
STAT1-dependent. These data define a mechanism by
which IFNg could contribute to a reduction in NSPC pro-
liferation in inflammatory conditions. Further delineation
of the effects of inflammatory cytokines on NSPC growth
could improve our understanding of how CNS infections
and other inflammatory events disrupt brain development
and NSPC function. VC 2016 The Authors. Journal of Neurosci-

ence Research Published by Wiley Periodicals, Inc.
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INTRODUCTION

Inflammatory events in the central nervous system
can impact on the development of the brain and the func-
tion of immature neural cells. In particular, viruses induce

neuroinflammatory disease that often results in negative
neurological outcomes in neonatal or pediatric infections
(Bonthius, 2009; Douvoyiannis et al., 2009; Schleede
et al., 2013; Tardieu et al., 2000). As part of the antiviral
immune response, a milieu of cytokines and chemokines
mediate viral clearance in the brain parenchyma.
Interferon-gamma (IFNg), a pluripotent cytokine
expressed by activated immune cells, is necessary for the
control of many neurotropic viruses (Binder and Griffin,
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2001; Burdeinick-Kerr and Griffin, 2005; Cantin et al.,
1999; Fiette et al., 1995; Geiger et al., 1997; Patterson
et al., 2002; Pearce et al., 1994). However, the effect of
IFNg on individual neural cells, and the resultant changes
in neurodevelopment or differentiation, is largely
undefined.

IFNg activates diverse signaling pathways, which
coordinate the expression of IFNg-responsive genes that
are differentially regulated depending upon the cell type
and the inflammatory milieu, reviewed in van Boxel-
Dezaire and Stark, 2007. The general paradigm of IFNg
signaling begins when IFNg engages the IFNg receptor
(IFNGR), which includes two ligand-binding subunits
(IFNGR1) and two intracellular subunits (IFNGR2).
Upon ligand binding, Janus activated kinases (JAK)-1 and
-2 are activated at the receptor, leading to recruitment
and phosphorylation of STAT1. STAT1 then translocates
to the nucleus to initiate transcription of IFN-responsive
genes. Though hundreds of IFN-responsive genes are
known, the profile of antiviral gene expression, and the
subsequent effects on cellular function and survival, is
dependent partially upon cell type. Within the CNS, spe-
cific neural cells display unique signaling profiles and cel-
lular responses upon IFNg stimulation, dependent upon
the endogenous expression of the JAK-STAT1 proteins
(Burdeinick-Kerr et al., 2009; O’Donnell et al., 2012;
Podolsky et al., 2012; Rose et al., 2007; Zhang et al.,
2005).

Neural stem/progenitor cells (NSPCs) are capable
of self-renewal and differentiation into neurons, astro-
cytes, or oligodendrocytes. During CNS insults (viral
infection, stroke, protein misfolding stress), the NSPC
pool can expand or contract (Chucair-Elliott et al., 2014;
Das and Basu, 2011; Das et al., 2011; Deierborg et al.,
2010; Gonzalez-Sanchez et al., 2015; Hoglinger et al.,
2004; Lee et al., 2011; Sun et al., 2014). During many
neurotropic infections, NSPC proliferation and neuro-
genesis declines (Mutnal et al., 2011a; Ruller et al., 2012;
Sharma et al., 2002). These cytostatic responses by NSPCs
may be attributed to direct infection by the virus and/or
the anti-proliferative effect of inflammatory cytokines
(Makela et al., 2010; Mutnal et al., 2011a; Zheng et al.,
2014). For example, activated CD8 1 lymphocytes,
which persist during inflammatory responses to certain
CNS viruses, inhibit NSPC proliferation through IFNg
release, suggesting that a single cytokine can impact on
NSPC renewal (Hu et al., 2014; Mutnal et al., 2011b).

Our previous work demonstrated that neural cells
display tailored cellular responses to IFNg, depending
upon the availability of JAK/STAT signaling molecules.
We have observed that IFNg inhibits proliferation of pri-
mary astrocytes in a STAT1-dependent manner, but pro-
tects primary neurons from inflammatory insults in
STAT1-independent manner (O’Donnell et al., 2015).
Here, we examined IFNg-mediated signaling pathways in
primary NSPCs and the consequences on proliferation
and survival. Our results demonstrate that IFNg reduces
NSPC proliferation by restricting cell cycle progression in
the late G1 phase with site-specific dephosphorylation of
the Retinoblastoma protein (pRb), which is dependent
upon STAT1 signaling. This study demonstrates that
IFNg profoundly affects NSPC growth through altera-
tions of cell cycle regulatory proteins, and suggests that
antiviral cytokine responses may influence the course of
neurodevelopment.

MATERIALS AND METHODS

Culture of Neural Stem/progenitor Cells

Animal use protocols were reviewed and approved by the
Duquesne University Institutional Animal Care and Use Com-
mittee. STAT1-knockout (STAT1-KO) mice were a generous
gift from Dr. Glenn Rall (Fox Chase Cancer Center) (Meraz
et al., 1996). The genotype of the STAT1-KO mice used in
these experiments was confirmed by PCR analysis of tail biopsy
DNA (O’Donnell et al., 2012). Primary neural stem/progenitor
cell (NSPC) cultures were prepared from wild-type C57BL/6
mice (WT) or STAT1-KO mouse embryos on embryonic day
12.5 (E12.5) as described previously with modifications (Currle
et al., 2007). Briefly, cortical tissue was digested using trypsin-
EDTA solution (0.05%, Mediatech, Inc.) containing bovine
serum albumin (0.02%) to obtain a cell suspension. The trypsin
was neutralized using an equal volume of soybean trypsin inhib-
itor (1mg/mL, Sigma-Aldrich), and the cell suspension was
passed through a 70 lm cell strainer (Thermo Fisher). Cells
were centrifuged (1150 rpm for 5 min) and the cell pellet was
resuspended in 1 mL NSPC culture medium consisting of
DMEM (Mediatech, Inc.), 1X B27 supplement without vita-
min A (Life Technologies), 1X N2 supplement (Thermo Fish-
er), heparin (2 lg/mL, Sigma-Aldrich), epidermal growth
factor (20ng/mL, Peprotech), and fibroblast growth factor -2
(10ng/mL, Peprotech). The NSPCs were cultured in suspen-
sion at 2*106 cells in 5 mL NSPC culture medium and main-
tained at 37 8C/5% CO2. After 3 days in vitro (DIV),
neurospheres were disassociated with trypsin, counted, and
used for subsequent experiments.

Neurosphere Assay

NSPCs (passage 1) were cultured in T-25 flasks at 20,000
cells/mL with different concentrations of interferon-gamma
(IFNg; 1-1000 U/ml). IFNg solutions were prepared by mak-
ing 10X solutions in NSPC culture medium from a 1000 U/lL
stock solution (BD Biosciences). As a negative control, heat-
inactivated IFNg (DH-IFNg) was prepared by boiling IFNg
(1000U/mL) at 100 8C for 5 min. After IFNg treatment, the
neurospheres were imaged after 3, 5, or 7 DIV using an EVOS

Abbreviations

IFNg interferon-gamma

NSPC neural stem/progenitor cell

pRb retinoblastoma protein

IFNGR interferon gamma receptor

JAK janus activated kinase

STAT signal transducers and activators of transcription

cdk cyclin dependent kinase
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Fig. 1. IFNg inhibits neurosphere growth in a concentration-
dependent manner. Wild-type NSPCs (WT/NSPCs) were treated
with IFNg (1-1000 U/ml) or with heat-inactivated IFNg (DH IFNg;
1000 U/ml) as a negative control for 3, 5, or 7 days in vitro (DIV).
A: Representative images of neurospheres imaged 5 days post-IFNg
treatment at 2x magnification for different concentrations of IFNg
(Scale bar 5 250 lm). B: Quantitation of neurosphere diameter at 3,
5, and 7 days post-IFNg treatment. The longest diameter of each
neurosphere was measured using Image J software. Data was collected

from neurospheres in five fields/condition from three biological repli-
cates and graphed as a percentage of untreated controls. Statistical
analysis was applied by one-way ANOVA (** p< 0.01, ****
p< 0.0001). C: Histogram plots of neurosphere area for different con-
centrations of IFNg on DIV 5 as measured by pixel2 for each neuro-
sphere. For each condition, five fields/condition were measured using
cells from three biological replicates. Frequency distribution of the
number of neurospheres corresponding to the indicated neurosphere
area in pixel2 was plotted for each condition.
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FL microscope (Life Technologies). Five fields were taken from
each flask at 2X magnification by an observer blinded to exper-
imental conditions. The neurosphere diameter (lm) and area
(pixel2) was measured for each neurosphere using Image J soft-
ware (Version 1.6.0_65). The average diameter for each treat-
ment group was calculated and graphed as percent of the
untreated group. Neurosphere area was graphed as a histogram
plot using pixel2/neurosphere for each treatment condition.

Bromodeoxyuridine (BrdU) Assay

WT and STAT1-KO NSPCs (100,000 cells/mL) were
cultured in T-25 flasks and treated with IFNg (1-1000 U/ml)
for 3 DIV. BrdU staining was performed following manufac-
turer’s instructions using the BD PharmingenTM-FITC BrdU
Flow Kit (BD Biosciences). On DIV 3, the neurospheres were
treated with BrdU (25 lM) solution for 90 min. at 37 8C. The
neurospheres were dissociated using 0.05% trypsin solution
(3 min at 37 8C) into a cell suspension. BrdU content was deter-
mined by incubating the cells with a FITC-conjugated anti-
BrdU antibody (1:50; 559619, BD Biosciences) for 30 min. A
FITC-conjugated isotype control antibody (1:50; 556649, BD
Biosciences) was used as a negative control for BrdU staining.
The cells were counterstained with 7-Aminoactinomycin D
(25 lM) for 15 min at 20 8C. Single cells (100,000 events per
sample) were analyzed by flow cytometry (Accuri C6, BD Bio-
sciences) using an initial gate to exclude debris (Supplementary
Fig. 1A). Signals for BrdU-FITC (FL1) and 7-AAD (FL3) were
compensated by subtracting FL3 from FL1 (2%) and FL1 from
FL3 (10%) as per manufacturer’s guidelines prior to analyses.
Co-labeling with BrdU and 7-AAD staining allowed for dis-
crimination of cell cycle phases: G0/G1 (7-AAD low, BrdU
low), S-phase (BrdU high, 7-AAD intermediate), and G2/M-
phase (BrdU low, 7-AAD high).

For the BrdU pulse-chase assay, NSPCs were grown in
T-25 flasks with or without IFNg (100 or 1000 U/mL) treat-
ment, as described for the BrdU assay. On DIV 3, the neuro-
spheres were pulsed with BrdU for one hour and washed with
1X PBS. Neurospheres were harvested at 0, 3, 6, and 9 hours
post-BrdU washout. Neurospheres for the zero hour time point
were harvested immediately post-BrdU washout. For the other
time points, the neurospheres were resuspended in NSPC cul-
ture medium and harvested at the respective time points. Fol-
lowing harvest, the protocol for the BrdU assay described
above was followed.

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL) Assay

The TUNEL assay was performed using the Trivigen
Flow TACS Apoptosis kit (R&D Systems) according to manu-
facturer’s protocol. Briefly, 50,000 cells/mL NSPCs (WT or
STAT1-KO) were cultured with or without IFNg (100 and
1000 U/ml) for 3 DIV.

Neurospheres were collected by centrifuging at 400 rpm
and trypsinized as described above. The cells were fixed in
3.7% PFA for 10 min, permeabilized using 100 lL cytonin solu-
tion (Trevigen, #4876-60-01) for 30 min, and treated with
25 lL/sample TdT labeling mixture for 1 hr at 37 8C. The cells
were then treated with 25 lL/sample of strep-fluorescein for

10 min in the dark and washed 1x in PBS. Neurosphere cells
(1 3 10^5 cells/sample) were analyzed by flow cytometry to
quantify TUNEL positive cells (FL1 channel) with gating to
exclude cellular debris. DNase-treated and TdT enzyme-
omitted groups were used as positive and negative controls for
the assay.

Western Blot

NSPCs were cultured in T-75 flasks by seeding 50,000
cells/mL in NSPC culture medium. The cells were treated
with IFNg (100 U/mL) or left untreated. On DIV 2, 3, or 5,
the neurospheres were collected by centrifugation at 400 rpm
and lysed using 200 lL 1x Cell Lysis Buffer (Cell Signaling
Technology) with protease inhibitor cocktail (10 uL/106 cells,
Sigma-Aldrich). The lysate was centrifuged at 11,000 rpm and
the supernatant was stored at 280 8C until analysis. The protein
concentration of each lysate was measured using the Pierce
BCA Protein Assay Kit (Thermo Fisher). For each sample,
20 lg of lysate was subjected to sodium dodecyl sulfate–
polyacrylamide gel electrophoresis on NuPAGE 7% Tris-
acetate gels (Life Technologies, Grand Island, NY). The gel
was blotted onto Immobilon-FL Membrane (Millipore, Billeri-
ca, MA) and the membranes were blocked using a 1:1 mixture
of 1X phosphate buffered saline/Tween-20 solution (Sigma-
Aldrich) and Odyssey blocking buffer (Licor Biosciences) for
60 min at 20 8C. The membranes were treated with primary
antibody solutions diluted in odyssey blocking buffer (Licor
Biosciences) overnight at 4 8C on a rocker. The membranes
were washed thrice PBS-Tween for 10 min each) and incubat-
ed in secondary antibody solutions (goat anti-rabbit 680 or
donkey anti-mouse 800 (1:10000); Licor Biosciences) for
60 min at 20 8C. The membranes were washed thrice in PBS-
Tween and imaged on the Odyssey Infrared Imaging System
(Licor Biosciences). Individual bands were quantified using
Image Studio software (Licor Biosciences, version 4.0.21). The
signal from each band(s) was normalized against the GAPDH
signal as a loading control. Primary antibodies used were as
follows: anti-phospho STAT1 (Y701, #612133), anti-STAT1
(N-terminus, #610120), anti-STAT3 (610190) from BD Bio-
sciences; anti-phospho STAT1 (S727, #9177) anti-Cyclin D1
(#2978), anti-Cyclin D3 (#2936); pRb S780 (#8180), pRb
S807/811 (#8516), pRb S780 (#9307), Rb-total (#9313) anti-
phospho STAT3 (#9131) form Cell Signaling Technology;
pRb S795 (1:500, ab47474) from Abcam; and anti-cdk4
(MAB8879), anti-cdk2 (#07-631) anti-cyclin E (#07-687)
from Millipore. All primary antibody concentrations were
1:1000 unless otherwise stated. Antibody research resource
identification numbers (RRIDs) and characterization details are
described in Table I.

Blots for STAT1 and STAT3 displayed two bands, owing
to the presence of two isoforms of each of these proteins. For
the STAT proteins, both bands were quantified together. Blots
for cyclin D1 also showed two bands, which correspond to
phosphorylated (upper band) and unphosphorylated (lower
band) forms. These bands were quantified together (for total
cyclin D1 levels) and individually (for levels of phosphorylated
and unphosphorylated cyclin D1, respectively). All values for
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STAT proteins and cyclin D1 were normalized to GAPDH for
analysis.

Statistical Analysis

Data are presented as the mean 6 SEM from 3–4 techni-
cal replicates for all experiments. For the neurosphere assay, a
one-way ANOVA was performed. To compare the IFNg-
treated groups with the untreated group, a Dunnett’s multiple
comparison test was applied. For the BrdU assay and western
blot analyses, a one-way ANOVA was performed and a Bonfer-
roni multiple comparisons post-hoc test was applied for pair-
wise comparisons between the untreated and IFNg-treated
groups. For the BrdU pulse-chase assay, a two-way ANOVA
was performed to compare the differences between the different
treatment groups across different time points, with Bonferroni
multiple comparisons post-hoc analysis. For the TUNEL assays,
a two-tailed student’s t-test was applied for statistical compari-
sons. For all other assays, a one-way ANOVA was performed.
Differences were deemed significant when p� 0.05. For P val-
ues between 0.0001 and 0.05, actual P values are reported. For
any values< 0.0001, Graphpad software reports the values as
“p< 0.0001”, which we list as appropriate. All statistical analysis
was performed using Graphpad Prism (Version 6.0b).

Outliers were identified using the Grubb’s method and
the alpha level was set to 0.05 using Graphpad Prism. In the
neurosphere assay for WT NSPCs, five outlier data points were
reported corresponding to individual neurospheres. Upon sta-
tistical analysis of the cleaned data, the comparisons retained sig-
nificance. Technical replicates were obtained from at least 3
separate sets of dissections. Each replicate was defined as embry-
onic cortical NSPCs from obtained from one female dam. Typ-
ically, each replicate involved NSPCs derived from 6–
8 embryos.

RESULTS

IFNc Inhibits Neurosphere Growth

Our previous work has shown that IFNg can reduce
the growth of mitotically active cells, such as primary
fibroblasts and astrocytes, while promoting the survival of
primary neurons, depending on the signaling pathways
that are invoked (O’Donnell et al., 2015). In NSPCs, we
hypothesized that IFNg would impair NSPC growth due
to the availability of STAT1. To assess how IFNg impacts
NSPC proliferation, we measured the diameter and area
of primary murine NSPCs grown as neurospheres in sus-
pension culture. The neurospheres were comprised of
95.3% nestin 1 cells, with 81.6% of cells in the neuro-
spheres expressing the IFNGR1 subunit of the receptor,
as measured by flow cytometry (Supplementary Fig. 1).
Neurospheres were exposed to a range of IFNg concen-
trations (1–1000 U/ml) for 3, 5, or 7 days in vitro (DIV)
(Fig. 1). Neurosphere diameter was significantly smaller
in IFNg-treated cultures in comparison to untreated cells
or to cells treated with heat-inactivated IFNg (DH IFNg;
1000 U/ml) at all concentrations tested (Fig. 1A). At DIV
3, IFNg limited neurosphere diameter in comparison to
untreated controls at both low (1 U/ml IFNg) and high
(1000 U/ml IFNg) concentrations of IFNg.

Neurospheres were restricted to 89.5% 6 3.3 of untreated
controls at 1 U/ml IFNg (n 5 3, p 5 0.0063) and
59.4% 6 3.0 of untreated controls at 1000 U/ml (n 5 3,
p< 0.0001) (Fig. 1B, left panel). By 7 days post-IFNg
treatment, neurosphere diameter was less than half of the
untreated cells at 100 and 1000 U/ml of IFNg
(44.6% 6 3.2 of untreated; n 5 3, p< 0.0001 and
43.7% 6 3.2 of untreated; n 5 3, p< 0.0001, respective-
ly). These results show that IFNg treatment was associat-
ed with a prolonged reduction in neurosphere
proliferation.

We next determined the distribution of neurosphere
sizes during IFNg treatment using a histogram analysis of
neurosphere area. We observed a decrease in median neu-
rosphere area with IFNg treatment (100 U/mL, DIV 5)
as measured by the number of pixels2 in each neurosphere
(Fig. 1C). The median neurosphere area was reduced 3-
fold from 2054.4 pixel2 in untreated cells to 656.5 pixel2

in IFNg-treated NSPCs (100 U/ml). Furthermore, the
distribution of neurosphere sizes shifted toward a smaller-
sized population of neurospheres with the addition of
IFNg, as shown by the leftward shift of the curve in the
IFNg-treated (100 U/ml) group (Fig. 1C, right panel)
versus untreated cells (left panel) or cells treated with 1
U/ml IFNg (middle panel).

NSPCs Proliferation is Restricted at the G1/S
Checkpoint in Response to IFNc

Based on the inhibition of neurosphere growth that
we observed with IFNg treatment, we reasoned that cell
death and/or changes in the cell cycle could contribute to
the reduction in neurosphere size. IFNg can induce apo-
ptotic or pro-survival pathways depending on the cell
type and on the context of other inflammatory mediators
in the system (Chawla-Sarkar et al., 2003; Dai and Krantz,
1999; Medina-Echeverz et al., 2014; Wall et al., 2003).
To determine if apoptosis contributed to the IFNg-
mediated restriction in neurosphere size, we quantified
the percentage of apoptotic cells in the neurospheres using
the TUNEL assay (Fig. 2A. A significant but modest
increase in apoptosis was seen at the highest concentration
of IFNg used in the study (0.45% 6 0.08 TUNEL 1 cells
in untreated versus 3% 6 0.5 TUNEL 1 cells at 1000 U/
mL IFNg (n 5 4, p 5 0.0037), demonstrating that IFNg
can lead to limited cell death.

We next performed BrdU/7-AAD staining in
IFNg-treated neurospheres in order to identify the stages
of the cell cycle. The thymidine analog BrdU is incorpo-
rated into newly synthesized DNA, which marks cells in
the S (synthesis) phase of the cell cycle. The cells are also
counterstained with 7-AAD to measure the total DNA
content (Rothaeusler and Baumgarth 2007). We analyzed
BrdU/7-AAD-stained NSPCs by flow cytometry, and
gated single cells by cell cycle stage (representative plots
are shown in Fig. 2B). With IFNg treatment, there was a
dose-dependent decrease in the percentage of cells in the
S-phase (48.8% 6 1.0 untreated versus 33.9% 6 0.5
IFNg-treated [1000 U/ml; n 5 4 p< 0.0001]), suggesting
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Fig. 2. IFNg restricts cell cycle progression in NSPCs and induces
minimal apoptosis.A: The TUNEL assay was performed on
untreated and IFNg-treated (100 and 1000 U/ml; 72h) NSPCs.
The average percentage of total TUNEL 1 cells from 3 indepen-
dent experiments is plotted with SEM (one-way ANOVA, **
p< 0.01). B: WT/NSPCs were treated with IFNg (1, 100, 1000
U/ml) for 72h and labeled with BrdU and 7-AAD. The intensity
of BrdU and 7-AAD staining per cell was assayed by flow cytom-
etry. Cell populations were gated in different phases of cell cycle
(S 5 synthesis phase, G1 5 gap phase 1, M 5 mitosis phase,
G2 5 gap phase 2). Representative plots for untreated and IFNg-

treated NSPCs (1000 U/ml) are shown. C: Quantitation of
NSPCs in each cell cycle phase. The average percentage of cells
in each cell cycle was plotted with SEM (n 5 3). Statistical analysis
was applied using one-way ANOVA (****p< 0.0001;
***p< 0.001). D: Cells in the S-phase gates were analyzed for
mean fluorescence intensity (MFI, arbitrary units, A.U.) of the
BrdU signal for all treatment groups. The MFI for the BrdU sig-
nal of IFNg-treated cells was compared with untreated controls
using a one-way ANOVA (*p< 0.05). [Color figure can be
viewed at wileyonlinelibrary.com]
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that fewer cells were actively synthesizing DNA (Fig. 2C,
left panel). Moreover, we observed a dose-dependent
increase in the number of cells in the G0/G1phase
(38.7% 6 1.0 untreated versus 48.9% 6 1.0 IFNg-treated
[1000 U/ml; n 5 4, p< 0.0001]) and G2/M phase
(0.36% 6 0.1 untreated versus 3.7% 6 0.6 IFNg-treated
[1000 U/ml; n 5 4, p 5 0.001]) (Fig. 2C, middle and
right panels respectively). These findings indicate that
IFNg induces a major restriction in cell cycle progression
at the G1/S checkpoint, and a significant, but relatively
minor, restriction at the G2/M checkpoint.

The changes in cell cycle progression could be
explained by a longer G0/G1 phase and/or by a shorter S
phase with IFNg treatment. To determine if IFNg treat-
ment also altered the duration of the cell cycle phases, we
first compared the mean fluorescence intensities (MFI) of
NSPCs in S phase (Fig. 2D). The MFI of IFNg-treated
NSPCs in S-phase was higher than the untreated group
(n 5 4; p 5 0.0491 for 100 U/ml and p 5 0.0357 for
1000 U/ml). Moreover, when comparing the number of
BrdU 1 cells in the G2/M phase, we found that the
IFNg-treated groups (100 and 1000 U/ml) had higher
numbers of BrdU 1 cells than the untreated control (Sup-
plementary Fig. 2), suggesting that more NSPCs were
transitioning from the S phase to G2/M with IFNg treat-
ment. Together, these findings support the notion that
IFNg induces a shorter S phase in NSPCs.

To further investigate the effect of IFNg on cell
cycle progression, we also performed a BrdU pulse chase
experiment. IFNg-treated neurospheres (72h) were
pulsed with BrdU for one hour and cell cycle progression
was tracked in cells for nine hours post-BrdU washout
(Fig. 3A). At all time points, IFNg treatment decreased
the proportion of cells transitioning from G1 to S phase
(G1/S) and from S-phase to G2 (S/G2) (Fig. 3B). How-
ever, the number of cells BrdU 1 cells in the G0/G1 and
G2/M phases increased with IFNg treatment. This obser-
vation corroborates the increased MFI of BrdU 1 S-phase
cells seen with IFNg treatment (Fig. 2D), suggesting that
IFNg leads to a shortened S-phase. These studies also sug-
gest that IFNg treatment lengthens the G0/G1 phase, as
the percentage of cells increased in G0/G1 in the pres-
ence of IFNg.

IFNc Alters Activation and Expression of STAT1
and STAT3 in NSPCs

IFNg primarily signals through the JAK/STAT1
pathway. However, alternative signaling via STAT3 has
also been reported (Qing and Stark, 2004), and activation
of both STAT1 and STAT3 has been demonstrated in
primary hippocampal neurons after IFNg stimulation
(Rose et al., 2007). STAT1 and STAT3 also are associat-
ed with inhibition and activation of cell proliferation,
respectively (Nakashima et al., 2000; Sherry et al., 2009;
Tu et al., 2012). Thus, based upon the cell cycle blockade
observed in IFNg-treated NSPCs, we next analyzed the
activation of STAT1 and STAT3. Both STAT1 and
STAT3 were phosphorylated upon IFNg treatment (Fig.

4A and B). Phosphorylation of STAT1 on tyrosine 701
(Y701) and serine 727 (S727) was elevated in all IFNg-
treated groups, with phosphorylation of Y701 and S727
peaking at 3 days post-treatment when normalized to
GAPDH (348-fold increase above untreated for Y701
and 184-fold above untreated for S727; n 5 3,
p< 0.0001). Phosphorylation of STAT3 was less pro-
nounced than STAT1, with a 2.4-fold increase in phos-
phorylation versus untreated NSPCs at DIV 2 (n 5 4,
p 5 0.0018), followed by a decline in phosphorylation
below the untreated group by DIV 5. Basal levels of phos-
phorylated STAT3 also increased over time in the
untreated groups (10-fold increase in phosphorylated
STAT3 in the untreated group at day 5 versus day 0). We
also observed an increase in the total expression levels of
STAT1 and STAT3, regardless of phosphorylation status,
in all IFNg-treated groups. These findings indicate that
NSPCs respond to IFNg with a sustained activation of
STAT1 and a transient, but significant, activation of
STAT3. Normalization of phosphorylated STAT1 and 3
with their respective total protein levels was also per-
formed (Fig. 4C). The protein ratio of STAT1-P/STAT1
at both phosphorylation sites was consistent with that
seen with GAPDH normalization. However, the protein
ratio of STAT3-P/STAT3 did not show increased activa-
tion with IFNg at DIV 2 or 3. These data indicate that
increased STAT1 activation is not only attributed to
greater total STAT1 expression but also to increased acti-
vation of the STAT1 pathway. However, increased
STAT3 phosphorylation corresponded with greater
expression of total STAT3 protein levels post-IFNg
treatment.

IFNc Decreases Site-specific Phosphorylation of
pRb and Expression of Late G1/S Cyclin/Cdk
Complexes

Growth arrest is mediated by decreased expression
of positive regulators of the cell cycle, including particular
cyclins and cyclin-dependent kinases (cdks) depending on
the cell cycle checkpoint. In order to progress through
the G1/S checkpoint, both cyclin D1/cdk4 and cyclin E/
cdk2 phosphorylate the retinoblastoma protein (pRb) at
serine 795 (S795), which is a rate-limiting step in the pro-
gression from the G1 phase to the S phase (Connell-
Crowley et al., 1997; Zarkowska and Mittnacht, 1997).
Phosphorylation at S795 is critical for pRb inactivation
and dissociation from the transcription factor, E2F1
(Rubin et al., 2005); whereas, phosphorylation at serine
807/811 (S807/811) is not required for progression to the
S phase (Knudsen and Wang, 1996). Because we observed
that IFNg restricted cell cycle progression at G1/S check-
point, we next analyzed the protein expression of cyclin
D/cdk4 (early G1 phase) and cyclin E/cdk2 (late G1
phase) complexes in NSPCs post-IFNg treatment (Fig.
5A). Cyclin D1 expression did not significantly change
after IFNg treatment until DIV 5, where cyclin D1 levels
increased transiently (n 5 4, p 5 0.0011). Cyclin D1 also
undergoes cyclical changes in phosphorylation and
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Fig. 3. IFNg decreases NSPC cell cycle progression.WT NSPCs
were treated with IFNg (100 U/ml) 3 days or left untreated. On
day 3, the cells were pulsed with BrdU for one hour. The BrdU
was washed out and the cells were harvested at 0, 3, 6, and 9h
post-washout. Cells were processed as described in materials and
methods for BrdU/7-AAD staining. A: Representative plots for
untreated (top row) and IFNg-treated (1000 U/mL, bottom row)
NSPCs with gates for G0/G1, G1/S, S/G2, and G2/M phases at

different time points. B: Averages of cell percentages in the each
of cell cycle gate were quantified for untreated, and IFNg-treated
(100 and 1000 U/mL) NSPCs. Error bars represent SEM. Statisti-
cal analysis was applied using two-way ANOVA with Bonferroni
post-hoc analysis (n 5 3), *p< 0.05, **p< 0.01, ***p< 0.001,
****p< 0.0001. [Color figure can be viewed at wileyonlinelibrary.
com]
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Fig. 4. NSPCs activate STAT1 and STAT3 upon IFNg stim-
ulation.IFNg-treated NSPCs (100U/ml) were collected on DIV 2,
3, and 5, and lysed for western blot analysis. A: Representative
blots are shown for phosphorylated STAT1 (Y701 and S727), total
STAT1, phosphorylated STAT3 (Y705), and total STAT3.
GAPDH is shown as the loading control. B: The fluorescence sig-
nal for each protein was quantified and normalized to GAPDH.

C: For the phosphorylated STAT1 and STAT3 bands, the fluores-
cence signals were also normalized to the levels of the total
STAT1 and STAT3, respectively. The average of 3–5 biological
replicates is plotted with SEM. Statistical analysis was applied using
repeated measures one-way ANOVA with Bonferroni multiple
comparisons post-hoc analysis (****p< 0.0001, *** p< 0.001, **
p< 0.01 *p< 0.5).
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Fig. 5. IFNg modulates the expression of cell cycle checkpoint pro-
teins and the phosphorylation of pRb in NSPCs.A: Expression of
cyclins D1, D2, D3, E, and cdk2 were measured using western blot
and fluorescence signals were normalized to GAPDH as a loading
control. For cyclin D1, the top band (open arrowhead) corresponds to
the phosphorylated form of cyclin D1 and the bottom band (closed
arrowhead) corresponds to the unphosphorylated form of cyclin D1.
B: Expression of total retinoblastoma protein (pRb) and associated

pRb phosphorylation at different serine residues (S780, S795, and
S807/811) was measured. The fluorescence signal for each band was
normalized to GAPDH as a loading control. For pRb S795, normali-
zation was also performed against total pRb. Quantitation of samples
is shown as the average with SEM. Statistical analysis was applied
using repeated measures one-way ANOVA with Bonferroni multiple
comparisons post-hoc analysis (****p< 0.0001, *** p< 0.001,
**p< 0.01 *p< 0.5; n 5 3-5).
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subcellular localization (Yang et al., 2006). This includes
nuclear to cytoplasmic redistribution and phosphoryla-
tion, with the highest levels of phosphorylation occurring
after the G1/S transition (Alt et al., 2000; Diehl et al.,
1997). Therefore, if IFNg treatment slowed the transition
of NSPCs into the S-phase, we would expect a decrease
in the phosphorylated form of cyclin D1. In Figure 5, the
upper cyclin D band (open arrowhead) corresponds to the
phosphorylated form of the protein; the lower band cor-
responds to the unphosphorylated form (closed arrow-
head) (Fig. 5A). When quantified separately, the
phosphorylated form of cyclin D1 decreases in the IFNg-
treated groups at DIV 2 and 3, consistent with a G0/G1
restriction. Cdk4 expression was also unchanged in the
presence of IFNg (data not shown). Expression of cyclin
D3 decreased with IFNg treatment only at DIV 3, sug-
gesting that the regulation of expression of D-type cyclins
do not play a major role in IFNg-mediated control of cell
cycle progression. In contrast, the expression of both
cyclin E and cdk2 decreased at all time points post-IFNg
treatment, suggesting that IFNg acts at the late G1 phase.

We also examined multiple phosphorylation sites on
pRb (Fig. 5B). Expression levels of total pRb did change
with IFNg treatment. However, phosphorylation of pRb
at S795 was decreased at both DIV 2 (2.25-fold decrease
versus untreated) and DIV 3 (2-fold decrease versus
untreated) with IFNg treatment (n 5 4, p 5 0.0002), while
S780 and S807/811 were not affected by IFNg. In untreat-
ed NSPCs, pRb phosphorylation at each of the phosphory-
lation sites increased at DIV 2 and 3, and declined by DIV
5, suggesting that the untreated neurospheres undergo a
period of sustained growth early in culture that slows by
DIV 5. Together, these results show that IFNg interferes
with G1/S cell cycle progression by decreasing the expres-
sion of cyclin/cdk complexes that control the late G1 phase
transition, and ultimately decrease pRb phosphorylation.
However, the expression of early G1 phase cyclin/cdk
complexes are unaffected by IFNg.

STAT1 is Crucial for IFNc-mediated Inhibition of
NSPC Proliferation

IFNg induced an anti-proliferative phenotype in
NSPCs that was characterized by strong, persistent
STAT1 activation. To study the role of STAT1 in IFNg-
induced growth arrest in NSPCs, we analyzed primary
NSPCs from STAT1-KO mice, which express a truncat-
ed form of STAT1 that is devoid of the first three translat-
ed exons and is functionally deficient in the ability to
bind to GAS elements (Meraz et al., 1996). The impact of
IFNg on NSPC proliferation was abrogated by the loss of
functional STAT1 (Fig. 6). We first determined the diam-
eter and area of STAT1-KO neurospheres treated with
IFNg. Neurosphere diameter was decreased at the highest
concentration of IFNg (1000 U/ml) (Fig. 6A and 6B),
but not at the other concentrations of IFNg that had an
impact on the growth of wild-type neurospheres (1, 10,
and 100 U/ml, Fig. 1B). At 1000 U/ml IFNg, there was
a 27% decrease in neurosphere diameter in STAT1-KO

NSPCs (n 5 3, p< 0.0001) as compared to a 53%
decrease in the WT NSPCs at the same time point (DIV
5). Histogram plots of the area of the STAT1-KO neuro-
spheres showed that IFNg treatment (1 and 100 U/ml,
Fig. 6C) reduced neurosphere area to a lesser extent than
in wild-type NSPCs. The median area decreased from
2547.5 pixel2 in untreated STAT1-KO neurospheres to
2247 pixel2 in neurospheres treated with 100 U/ml
IFNg; a 300 pixel2 decrease as compared to a 1400 pixel2

decrease in WT NSPCs. Notably, the area of the untreat-
ed STAT1-KO neurospheres (2547.5 pixel2, DIV 5) was
greater than untreated WT neurospheres (2054 pixel2) at
the same time point. Moreover, the diameter in all treat-
ment groups of the STAT1-KO NSPCs was greater than
in the corresponding treatment groups of WT NSPCs
(Supplementary Fig. 3), suggesting that deletion of
STAT1 permitted greater growth of the neurospheres
regardless of IFNg treatment. The higher growth rate of
the STAT1-KO NSPCs limited data collection at DIV 7,
as the larger neurospheres began to clump and settle at the
bottom of the flask, with the appearance of a darker cen-
ter by phase-contrast microscopy. We suspect that the
larger size of the STAT1-KO neurospheres prevented
necessary growth factors and nutrients from reaching the
cells located in the core at later time point. To further
identify the role of STAT1 in inhibiting NSPC prolifera-
tion, we also measured the cell cycle progression in
STAT1-KO NSPCs during IFNg treatment. We found
that the cytostatic effect in WT NSPCs was lost at all but
the highest concentration of IFNg (1000 U/ml) (Fig.
7B). There was no change in the number of cells in the S,
G0/G1, and G2/M phases with 1-100 U/mL IFNg treat-
ment (Fig. 7A and B) at any time point. A modest effect
was observed with 1000U/mL IFNg; with only a
4% 6 0.9 decrease (n 5 4, P 5 0.005) in S phase cells in
STAT1-KO NSPCs as compared to 15% 6 0.5 decrease
for WT NSPCs at the same concentration (Fig. 2B and
5B). These findings demonstrate that STAT1 mediates
the cytostatic effect of IFNg on NSPCs, though STAT1-
independent pathways may also contribute.

IFNg-treated WT NSPCs transitioned faster into
the G2/M phase than untreated cells (Fig. 2). This effect
was not observed in the STAT1-KO NSPCs (Fig. 7B;
right panel), where IFNg did not affect the percentage of
cells in G2/M. However, when comparing the untreated
controls of WT and STAT1-KO NSPCs, the latter had
significantly higher cells in the G2/M phase (Supplemen-
tary Fig. 2C). Collectively, these data indicate that
STAT1 is responsible for mediating much of the anti-
proliferative effects of IFNg on NSPCs. However,
STAT1-KO NSPCs may also be inherently cycling a
faster rate than WT NSPCs, as indicated by the greater
neurosphere sizes of untreated STAT1-KO cells.

STAT1 Mediates the Effects of IFNc on pRb
Phosphorylation and Cyclin/Cdk Expression

We further explored whether the absence of
STAT1 abrogated changes in the expression of cell cycle
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Fig. 6. STAT1 is required for IFNg-mediated inhibition of neuro-
sphere growth.STAT1-KO NSPCs were treated with IFNg (1–1000
U/ml) or with heat-inactivated IFNg (DH IFNg; 1000 U/ml) as a
negative control for DIV 3 and 5 post-IFNg treatment A: Repre-
sentative images of neurospheres imaged 5 days post-IFNg treatment
at 2x magnification for different concentrations of IFNg (Scale
bar 5 250 lm). B: Quantitation of neurosphere diameter at 3 and 5
days post-IFNg treatment. The longest diameter of each neuro-
sphere was measured using Image J software. Data was collected

from neurospheres in five fields/condition from three biological rep-
licates and graphed as a percentage of untreated controls. Statistical
analysis was applied by one-way ANOVA (***p< 0.001,
****p< 0.0001). C: Histogram plots of neurosphere area for differ-
ent concentrations IFNg on DIV 5 as measured by pixel2 for each
neurosphere. Frequency distribution of the number of neurospheres
corresponding to the indicated neurosphere area in pixel2 was plot-
ted for each condition. Note that the range of the x-axis is greater
than in Figure 1C.
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regulatory proteins. Western blot analysis on STAT1-KO
NSPCs showed that STAT3 activation increased at DIV
2 (Fig. 8A; n 5 3, p< 0.0001). Interestingly, IFNg-
mediated STAT3 activation was greater in the absence of
STAT1 than in WT NSPCs (10-fold vs. 2.4-fold induc-
tion, respectively, on DIV 2). Cyclin E expression was
unaffected by IFNg treatment at DIV 2 and 3, but
increased at DIV 5, in contrast to WT NSPCs where
cyclin E expression is reduced at all time points. Cdk2
expression did not change at any time point. IFNg treat-
ment also did not alter the expression of cyclin D1 and
D3, similar to WT NSPCs (Fig. 8B). The dephosphoryla-
tion of pRb at S795 seen in WT NSPCs was not
observed with IFNg treatment in STAT1-KO cells.
Rather, a significant increase in pRb S795 phosphoryla-
tion was observed on DIV 3 (Fig. 8C; n 5 4, p 5 0.0406).
As with WT NSPCs, the phosphorylation of pRb at S780
and S807/811 was unaffected in STAT1-KO cells during
IFNg treatment (Fig. 8C). Together, these studies further
suggest that functional STAT1 is required for IFNg-
mediated modulation of cyclin E/cdk2 expression and
pRb dephosphorylation during inhibition of cell cycle
progression.

DISCUSSION

Given the significant role of IFNg in anti-viral immunity
in the brain, we explored the impact of IFNg on NSPC
growth and survival through analysis of cell cycle regula-
tory proteins. We found that IFNg inhibited NSPC pro-
liferation as characterized by a decrease in neurosphere
diameter and median neurosphere area (Fig. 1). Cell cycle
analysis showed that IFNg restricted the transition of
NSPCs into the S-phase and shortened the transition
from S to the G2/M-phase (Fig 2). We also observed a
modest but significant increase in apoptosis at the highest
concentration of IFNg tested (1000U/ml). Our results
contrast with studies on E14 NSPCs from C57BL/6J
mice, where IFNg substantially activated caspase-3/7 and
only slightly decreased proliferation (Walter et al., 2011).
However, studies on striatal NSPCs from post-natal rat
showed a similar increase in TUNEL 1 cells with IFNg
treatment (�2-fold increase above untreated controls),
albeit with a higher basal level of apoptosis in untreated
neurospheres (15% TUNEL 1 cells versus 0.5%
TUNEL 1 cells in our experiments, Fig. 2D) (Ben-Hur
et al., 2003). The cytostatic effects we observed are also
consistent with other studies on E14 NSPCs from BALB/

Fig. 7. IFNg-mediated regulation of cell cycle progression is
STAT1-dependent in NSPCs.A: STAT1-KO NSPCs were treated
with IFNg (1, 100, 1000 U/ml) for 72h and labeled with BrdU
and 7-AAD. The BrdU and 7-AAD intensities per cell were
assayed by flow cytometry. Cell populations were gated in differ-
ent phases of cell cycle (S 5 synthesis phase, G1 5 gap phase 1,
M 5 mitosis phase, G2 5 gap phase 2). Representative plots for

untreated and IFNg-treated NSPCs (1000 U/ml) are shown. B:
Quantitation of NSPCs in each cell cycle phase. The average per-
centage of cells in each cell cycle phase was plotted with SEM
(n 5 3). Statistical analysis was applied using one-way ANOVA
(**p< 0.01). [Color figure can be viewed at wileyonlinelibrary.
com]
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Fig. 8. IFNg activates STAT3, but does not inhibit cyclin E expres-
sion or pRb phosphorylation at S795, in the absence of STAT1.-
STAT1-KO NSPCs were treated with IFNg (100U/ml) and
collected on DIV 2, 3, and 5 for western blot analysis. Representative
blots for phosphorylated and total STAT3 A: cyclins D1, D2, D3, E
and cdk2, B: and for total pRb and associated pRb phosphorylation

sites, and C: are shown. Signal intensity for each band was normalized
to GAPDH as a loading control. Quantitation of signal intensity is
shown as the average from 3 independent biological replicates with
SEM. Statistical analysis was applied using repeated measures one-way
ANOVA with Bonferroni multiple comparisons post-hoc analysis
(*p< 0.5, ****p< 0.0001).
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c mice and on post-natal day 2 and adult murine NSPCs
from the subventricular zone, where IFNg was shown to
inhibit NSPC proliferation (Cheeran et al., 2008; Li
et al., 2010). Thus, whether IFNg induce a cytotoxic or
cytostatic effect on NSPCs may be dependent, at least in
part, on the stage of development during which the
NSPCs are harvested or on differential susceptibility of
NSPCs in different brain regions.

BrdU-labeling demonstrated a major restriction in
the G1 phase of the cell cycle in the presence of IFNg
(Fig. 2). In the G1 phase, hypophosphorylated pRb binds
to the transcription factor E2F1, which prevents nuclear
translocation of E2F1 and in turn inhibits E2F1-mediated
gene expression of other cell cycle regulators (Johnson
and Walker, 1999). The C-terminal domain of pRb is
sequentially and differentially phosphorylated at specific
amino acid residues by cyclin/cdk complexes, which then
regulate pRb-E2F1 binding. We observed only transient
changes in cyclin D1 and D3 expression and no changes
in cdk4 expression at all time points following IFNg
treatment (Fig. 5A). These cyclin/cdk complexes control
the early G1 phase checkpoint (Ezhevsky et al., 2001),
which suggests that IFNg does not restrict cell cycle pro-
gression at the early G1 phase. In contrast, the cyclin E/
cdk2 complex controls the late G1 phase checkpoint
(Ezhevsky et al., 2001). IFNg reduced cyclin E and cdk2
expression at all time points examined (Fig. 5A), sugges-
ting that IFNg acts at the late G1 phase in NSPCs, prior
to entry into S phase. IFNg also caused a minor restric-
tion in G2/M phase (Fig 2B), which may be due to early
exit from S phase or delayed exit from G2/M. In con-
junction with the moderate increase in TUNEL 1 cells
(Fig. 2D), these data suggest that DNA damage signaling
pathways may be activated at high concentrations of
IFNg. Induction of DNA damage signaling has been not-
ed in other cell types during IFNg treatment, with similar
effects on apoptosis and G2/M arrest (Hubackova et al.,
2016; Kim et al., 2009).pRb phosphorylation at S795 is
necessary for disruption of pRb-E2F1 binding (Connell-
Crowley et al., 1997; Rubin et al., 2005). Consistent
with reports in human fibrosarcoma cells, we found that
IFNg led to dephosphorylation of pRb at S795 (Dimco
et al., 2010). In primary cortical neurons, phosphorylation
of pRb at S795 is also associated with cell death in a mod-
el of HIV-induced neurotoxicity (Akay et al., 2011).
Thus, the low levels of apoptosis (�3%) seen in IFNg-
treated neurospheres may have been limited because of
the loss of phosphorylation at S795. We did not observe
any effect on other pRb C-terminal phosphorylation sites
(S780 and S807/811) (Fig. 5B). This is consistent with
previous studies that show the S807/811 residues are
important for binding to the proto-oncogene c-Abl, but
do not implicate them in affecting pRb binding with
E2F1 (Wall et al., 2003). pRb is also phosphorylated at
S780 by the cyclin D1/cdk4 complex but not by the
cyclin E/cdk2 complex (Futatsugi et al., 2012; Kitagawa
et al., 1996). Therefore, the lack of change in phosphory-
lation of S780 by IFNg at any time point further

reinforces the role of cyclin E/cdk2 in mediating effects
of IFNg.

IFNg mediates unique signaling pathways in neural
cells depending upon the availability of intracellular sig-
naling molecules. Our previous work has shown that
astrocytes express relatively high levels of endogenous
STAT1 and respond to IFNg with rapid but transient
STAT1 phosphorylation (O’Donnell et al., 2012). IFNg
also blocks cell cycle progression in the G0/G1 phase in
astrocytes in a STAT1-dependent manner, with minimal
induction of apoptosis (O’Donnell et al., 2015). In con-
trast, primary hippocampal neurons express low endoge-
nous levels of STAT1, which is associated with delayed
but sustained engagement of JAKs with IFNGR and pro-
longed STAT1 phosphorylation (Podolsky et al., 2012;
Rose et al., 2007). IFNg also induces protective signaling
pathways in neurons that are STAT1-independent. Simi-
lar to neurons, NSPCs express low basal levels of STAT1,
and STAT1 expression and activation is sustained (over
72h) after IFNg treatment. However, IFNg induces simi-
lar cytostatic effects in astrocytes and NSPCs that are
STAT1-dependent, despite different kinetics of STAT1
expression and activation (Fig 3). Thus, STAT1 is central
to the anti-proliferative effects of IFNg in neural cells,
although the profile of STAT1 activation is not predictive
of changes in cell cycle progression. Interestingly, IFNg
also inhibits neuronal differentiation through the JAK/
STAT1 pathway, suggesting that STAT1 activation is
likely to impact on multiple aspects of NSPC function
(Ahn et al., 2015).

STAT1-KO NSPCs show a minor but significant
decrease in neurosphere diameter and BrdU incorpora-
tion at the highest concentration of IFNg tested (1000
U/mL) (Fig. 7). This result could be attributed to residual
STAT1 activity in the STAT1-KO mouse model (the
truncated STAT1 protein retains 2% of DNA binding
activity compared to full length STAT1) (Meraz et al.,
1996). Nevertheless, we observed that a functional loss of
STAT1 abrogated most of the cytostatic effects of IFNg.
In cells lacking STAT1, IFNg caused increased phosphor-
ylation of pRb on S795 as opposed to the dephosphoryla-
tion at S795 seen in the WT NSPCs. STAT1-KO
NSPCs also did not reduce cyclin E/cdk2 expression in
response to IFNg, but instead increased expression of
cyclin E. These observations indicate that the effects of
IFNg on proliferation, pRb phosphorylation, and cyclin/
cdk expression are dependent on STAT1.

In the absence of STAT1, IFNg induced greater
STAT3 activation as compared to WT NSPCs. STAT3
can function as an alternative signaling pathway in
response to IFNg, as has been observed in embryonic
fibroblasts (Qing and Stark 2004). Moreover, STAT1 and
STAT3 show opposing effects on cell proliferation,
STAT1 being anti-proliferative and STAT3 being pro-
proliferative (Nakashima et al., 2000; Tu et al., 2012).
STAT1 inhibits cell proliferation in epithelial carcinoma
cells through the upregulation of cyclin-dependent kinase
inhibitors such as p21 and p27, and primary rat NSPCs
upregulate p21 in response to IFNg (Dimberg et al.,
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2003; Egwuagu et al., 2006; Kominsky et al., 2000;
Makela et al., 2010). Conversely, heightened STAT3
expression and activation has been observed in B-cell
lymphomas, which increases proliferation and survival
(Ding et al., 2008). The substantial increase in STAT3
activation in STAT1-KO NSPCs could also explain the
enhanced neurosphere growth compared to WT NSPCs
(Supplementary Fig. 3). Therefore, it is possible that the
absence of STAT1 leads to a loss of cell cycle inhibitory
proteins, such as p21, as well as compensatory changes in
other signaling pathways (e.g., STAT3), leading to greater
cell cycle progression and more rapid neurosphere
growth.

Besides IFNg, other cytokines signal through the
JAK/STAT pathway and are expressed during neurode-
velopment and immune activation. Cytokines such as cili-
ary neurotrophic factor (CNTF) and leukemia inhibitory
factor (LIF) maintain the NSPC pool and initiate glial dif-
ferentiation in vivo through the STAT3 pathway (Fukuda
et al., 2007; Shimazaki et al., 2001). Acute maternal
administration of IL-6 in pregnant mice increased NSPC
number in the forebrains of adult offspring and resulted in
perturbations in the localization of NSPCs in the SVZ
and cortex (Gallagher et al., 2013). In this study, we
describe the STAT1-dependent role of IFNg in control-
ling NSPC proliferation, which not only supports recent
studies on NSPCs in the adult subventricular zone (Li
et al., 2010; Pereira et al., 2015), but also identifies a
mechanism for mediating NSPC cell cycle control. How-
ever, an outstanding question is how the inflammatory
cytokine milieu would affect NSPC function. Since
IFNg, IL-6, and other inflammatory cytokines may be
expressed concurrently during an anti-viral immune
response, NSPC proliferation may be dictated by multiple
signals. Moreover, IFNg itself induces expression of mul-
tiple chemokines in adult NSPCs in vitro with down-
stream effects on differentiation (Turbic et al., 2011).
Further studies to explore the combinatory effects of mul-
tiple cytokines will be necessary to fully understand how
NSPCs respond to an inflammatory environment.

This was the first study that describes STAT1-
mediated control of pRb in the NSPC cell cycle. Our
data show that IFNg-mediated activation of STAT1 may
directly or indirectly control pRb activity in NSPCs, and
suggests that immune mediators can affect NSPC growth
and the phosphorylation status of pRb. It will be interest-
ing to determine whether IFNg mediates similar effects
on NSPCs in the context of an anti-viral immune
response in vivo, and whether communication between
NSPCs and other brain cells by exchange of IFNg-rich
extracellular vesicles influences the anti-proliferative
response (Cossetti et al., 2014). Moreover, the long-term
impact of alterations in NSPC proliferation on the
infected host remains to be explored. Our studies, and
others like them, underscore the importance of consider-
ing the influence of the immune response in developing
CNS tissue and whether inflammatory mediators bear
upon neurodevelopmental disorders.
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