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Interferon-gamma (IFN-v) is one of the critical cytokines released by host immune cells upon infection.
Despite the important role(s) of IFN-y in host immune responses, there has been no in vivo study
regarding the effects of IFN-y on brain development, and the results from many in vitro studies are
controversial. In this study, the effects of IFN-y on embryonic neurogenesis were investigated. Treatment
of E14.5 mouse neural progenitor cells (NPCs) with IFN-y resulted in a decrease in the percentage of
TuJ1-positive immature neurons but an increase in the percentage of Nestin-positive NPCs. Similar re-
sults were obtained in vivo. Treatment of NPCs with a JAK inhibitor or the knockdown of STAT1
Neural progenitor cells expression abrogated the IFN-y-mediated inhibition of neurogenesis. Interestingly, the expression of one
Neurogenin2 of proneural genes, Neurogenin2 (Neurog2) was dramatically inhibited upon IFN-y treatment, and cells
STAT1 overexpressing Neurog?2 did not respond to IFN-y. Taken together, our results demonstrate that IFN-y
Differentiation inhibits neuronal differentiation of NPCs by negatively regulating the expression of Neurog2 via the JAK/
STAT1 pathway. Our findings may provide an insight into the role of IFN-y in the development of em-
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bryonic brain.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Interferon-gamma (IFN-v) is one of the inflammatory cytokines
expressed in the fetal brain following an inflammatory stimulus [1].
It can be expressed from embryonic day (E) 7 in mice and week 21
of pregnancy in humans [2,3]. The binding of IFN-y to its receptor
results in the phosphorylation of Janus tyrosine kinase (JAK) 1 and
JAK2 and the subsequent phosphorylation of signal transducer and
activator of transcription (STAT) 1. Phosphorylated STAT1 then
forms a homodimer and translocates into the nucleus [4]. STATT,
acting as a transcription factor, can positively or negatively regulate
downstream target genes, depending on the presence of other co-
factors [5].

The effects of IFN-y on neurogenesis have been investigated
in vitro using recombinant IFN-y in various types of cells. However,
depending on the cell type and the concentration of IFN-v, different
results have been reported. In experiments involving murine adult
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neural stem cells, a human neuroblastoma cell line, a neonatal
neural progenitor cell line (C17.2), and E15—E16 neurons, treatment
with IFN-y resulted in increased neurogenesis [6—9]. However, in
an experiment involving cells from the subventricular zone of
postnatal day 2 mouse brains, IFN-y had the opposite effect [10].
Furthermore, it was also reported that a high level of IFN-vy resulted
in irregular cell types double-positive for glial fibrillary acid protein
(GFAP) and TuJ1 when E14 neural stem/precursor cells were used
[11]. Not only are the effects of IFN-y on neurogenesis controversial,
but the downstream mechanism of this cytokine is barely
elucidated.

In this study, we investigated the role of IFN-y in embryonic
neurogenesis, both in vitro and in vivo. It was found that IFN-y
effectively inhibits neurogenesis, and this inhibition was depen-
dent on the JAK/STAT1 signaling pathway in primary neural pro-
genitor cells (NPCs). An in vivo study using E14.5 embryonic brains
also showed a similar result. Interestingly, IFN-y treatment specif-
ically decreased the RNA level of Neurogenin2 (Neurog2) among
other proneural genes. To our knowledge, this is the first study
reporting a role of IFN-y in the regulation of proneural gene
expression in differentiating NPCs.
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2. Materials and methods
2.1. Plasmid constructs

The murine IFN-y and Neurog2 were amplified from cDNAs
isolated from the PMA/Ionomycin stimulated mouse splenocytes,
and adult murine hippocampal tissue, respectively using primers
listed in S1 Table. These sequences were cloned into pGEM®-T Easy
(Promega), and verified sequences were cloned into the MS-IRES-
eGFP vector [12].

The shRNA sequences (S2 Table) targeting mouse STAT1 or
luciferase were cloned into pSIREN-DsRed (Clontech) vector, which
was manipulated to contain HA tag.

2.2. MTT assay

NPCs were differentiated with various concentrations of I[FN-y
for 2 days. Cell viability was analyzed using MTT assay kit (Roche)
according to the manufacturer's protocol.

2.3. Quantitative RT-PCR

Total RNA was isolated using RNAiso Plus (Takara)lug of each
RNA was used to synthesize cDNAs using Reverse Transcriptase XL
(AMV) (Takara). Quantitative PCR was performed using SYBR Pre-
mix Ex Taq (Takara) and the primers listed in S3 Table.

2.4. Others

All other experiments were performed as previously described
[13]. All primary and secondary antibodies were listed in S4 Table.
Animal procedures were approved by the Institutional Animal Care
and Use Committee of Seoul National University.

2.5. Statistical analysis

All values are presented as mean =+ standard deviation from
triplicate measurements. Differences between values were deter-
mined using GraphPad Prism software (Version 5, GraphPad Soft-
ware). Statistical tests used in each experiment are indicated in
each figure legend.

3. Results
3.1. Effects of IFN-v on the neuronal differentiation of NPCs

To investigate the effects of IFN-y on neuronal differentiation,
primary NPCs were treated with different concentrations of re-
combinant IFN-y. Primary NPCs were prepared from E14.5 mouse
embryos and cultured in NPC proliferation medium. After 2 days,
NPCs were differentiated with DMEM containing 2% FBS in the
presence of 5—50 ng/mL IFN-y for another 2 days. Differentiated
cells were stained for specific markers of immature neurons (Tuj1),
NPCs (Nestin), and astrocytes (GFAP). 45 + 5.2% of total cells were
TuJ1-positive immature neurons, while 35 + 5.3% of them were
Nestin-positive NPCs. Only a small proportion of cells (15 + 1.2%)
were GFAP-positive astrocytes. Upon treatment with 50 ng/mL IFN-
v, the percentage of TuJ1-positive cells was decreased to 17 + 2.0%,
while the percentage of Nestin-positive cells was increased to
72 + 1.2%. There was no significant difference in the percentage of
GFAP-positive astrocytes (Fig. 1A,B). These results strongly suggest
an inhibitory role of IFN-y in the neuronal differentiation of NPCs.

To test whether IFN-y has an effect on NPCs in a proliferative
status, isolated NPCs were grown in NPC proliferation medium with
50 ng/mL IFN-vy for 2 days and differentiated in the absence of IFN-

v. There were no statistically significant differences in the per-
centages of different cell types between the control and IFN-y-
treated cells (Fig. 1C,D). This indicates that IFN-y may have effects
only on NPCs that have started differentiation and not on actively
proliferating NPCs.

To investigate whether the decreased number of TuJ1-positive
cells was due to increased cell death, NPCs were differentiated
with 5—50 ng/mL IFN-y for 2 days and subjected to the MTT and
TUNEL assays. As shown in Fig. 1E, no statistically significant dif-
ference was found in the number of viable cells between the control
and IFN-y-treated groups. Moreover, similar numbers of TUNEL-
positive cells were observed in the control and IFN-y-treated
groups (Fig. 1F,G). These data demonstrate that IFN-y does not have
cellular toxicity and does not have an effect on apoptotic cell death.

3.2. Effects of IFN-v on the neuronal differentiation of NPCs in vivo

To confirm the inhibitory effect of IFN-y on neuronal differen-
tiation in vivo, a retroviral vector, expressing IFN-y and enhanced
green fluorescent protein (eGFP) from a bicistronic message, was
injected into the ventricles of E9.5 embryonic brains using the ul-
trasound image-guided gene delivery technique [ 14]. The activity of
exogenous IFN-y was confirmed in NPCs by measuring the phos-
phorylation status of STAT1 (Fig. S1). When NPCs in the ventricular
zone (VZ) are transduced with such retroviral vectors, the neurons
produced from the NPCs are supposed to migrate away from the VZ
during neurogenesis. The brains were analyzed at E14.5, when
neurogenesis reaches its peak level [15]. When embryonic brains
were injected with a control vector expressing only eGFP, 64 + 13%
of eGFP-positive cells were localized in the TuJ1-stained region. In
contrast, when the vector expressing both IFN-y and eGFP was
delivered to embryonic brains, transduced cells were predomi-
nantly found in the VZ (Fig. 2A,B). Only approximately 24% of cells
were positive for TuJ1, which was significantly lower than that of
the control (P = 0.0287). These data suggest that IFN-y indeed
suppresses neuronal differentiation during brain development.

3.3. Involvement of the JAK/STAT1 pathway in the IFN-y-mediated
inhibition of neurogenesis

To understand the downstream mechanism of the inhibitory
role of IFN-y in embryonic neurogenesis, the involvement of the
JAK/STAT1 pathway was analyzed as it is the main signaling route
activated by IFN-y. Primary E14.5 NPCs were differentiated with
DMEM containing 2% FBS and treated with IFN-y alone or in
combination with 1 pM JAK1/2 inhibitor (Ruxolitinib) for 2 days.
The proportion of TuJ1-positive cells was reduced from 60 + 3.1% to
26 + 5.6% upon IFN-y treatment and was restored to the control
level when Ruxolitinib was added concurrently. Conversely, the
proportion of Nestin-positive cells increased from 36 + 4.8% to
56 + 2.9% after IFN-y treatment but remained similar to the control
level after treatment with both IFN-y and Ruxolitinib (41 + 11% and
34 + 8.1%, respectively). There was no significant difference in the
number of GFAP-positive astrocytes between the control and IFN-
y-treated groups (Fig. 3A,B). The activity of Ruxolitinib was
confirmed by examining the phosphorylation level of STAT1 by
western blotting. Upon IFN-y treatment, the STAT1 tyrosine residue
was phosphorylated as expected, but phosphorylation was totally
inhibited when 1 puM Ruxolitinib was added (Fig. S2).

As JAK1/2 is involved in the activation of not only STAT1 but also
other signaling pathways such as STAT3 and MAPK pathways
[16—18], shRNA targeting STAT1 was employed to confirm the role
of STAT1 and rule out the effects of other factors on neurogenesis.
Retroviral vectors expressing three different shRNA sequences
against STAT1, together with HA-tagged DsRed, were constructed.
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Fig. 1. IFN-y decreases the neuronal differentiation of primary NPCs. (A, B) Primary NPCs were induced to differentiate in the presence of different concentrations of I[FN-y for 2 days
and then immunostained for different cell markers (TuJ1, Nestin, and GFAP). (C, D) NPCs were grown in proliferation medium in the presence of 50 ng/mL IFN-y for 2 days and
induced to differentiate in the absence of IFN-v. After 2 days, immunostaining was done for TuJ1, Nestin, and GFAP. (E) NPCs were differentiated with various concentrations of IFN-y
for 2 days and subjected to the MTT assay. (F, G) NPCs were differentiated with different concentrations of IFN-y for 2 days, and then the TUNEL assay was performed. DNase-treated
cells were used as a positive control (PC). DNA was labeled with Hoechst 33258 (blue). Scale bar, 50 um. The statistical significance of differences between two groups was analyzed
using the unpaired t test. Other differences in values were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's post hoc test. **P < 0.01; ***P < 0.001; n.s., not
significant.
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Fig. 2. IFN-vy inhibits neuronal differentiation in vivo. (A,B) Retroviral vectors expressing IFN-y and eGFP were injected into E9.5 embryonic brains (n = 3/group) and then the brains
were immunostained with antibodies to eGFP and TuJ1 at E14.5. Scale bar, 100 pm. The statistical significance of differences was analyzed using the unpaired t test. “P < 0.05. LV,

lateral ventricle; C, control.

STAT1 shRNA sequence #2, which showed the strongest inhibition
of STAT1 expression (approximately 67.2%), was chosen for subse-
quent experiments (Fig. 3C).

NPCs were transduced with the retroviral vector expressing
STAT1 shRNA and, 2 days later, induced to differentiate in the
presence of IFN-y for 2 days. The percentages of HA-positive cells
expressing different cell markers were calculated. Among NPCs
transduced with a control vector, the percentage of TuJ1-positive
cells was reduced from 51 + 25% to 10 + 8.4% upon IFN-y treat-
ment. When cells were transduced with the vector expressing
STAT1 shRNA, however, there was no statistically significant dif-
ference between the control and IFN-y-treated groups (44 + 7.9%
and 40 + 10%, respectively). The percentage of Nestin-positive cells
was increased approximately 2.5-fold upon IFN-y treatment, while
such an increase was not observed in cells expressing STAT1 shRNA.
Neither IFN-y treatment nor the knockdown of STAT1 expression
affected the number of GFAP-positive cells (Fig. 3D,E). These results
clearly show that the inhibition of neurogenesis by IFN-y is
dependent on the JAK/STAT1 signaling pathway.

3.4. Effects of IFN-y on the expression of Neurogenin2

It was tested whether IFN-y had an effect on the expression of
the basic helix-loop-helix (bHLH) proneural genes as they are key
players in the neuronal differentiation of NPCs [19]. E14.5 NPCs
were treated with IFN-y and differentiated with DMEM containing
2% FBS. Total RNA was collected every 3 h up to 12 h, and the RNA
levels of Neurog2, Mash1 and Math1 were analyzed by qRT-PCR.
While the expression levels of Mash1 and Math1 were similar be-
tween the control and IFN-y-treated groups, there was a

remarkable change in the case of Neurog2. The RNA level of Neurog2
was induced more than 10-fold upon differentiation, while this
induction was almost completely inhibited in the IFN-y-treated
group (Fig. 4A).

To determine whether an increased level of Neurog2 expression
can generate actual biological effects, the expression level of Thr2,
one of the downstream targets of Neurog2, was measured [20]. The
RNA level of Thr2 was also increased in a time-dependent manner
upon differentiation, while its upregulation was reduced upon
treatment with IFN-vy, correlating with the level of Neurog2
expression.

To investigate whether Neurog? is indeed the key downstream
target of IFN-y, NPCs were transduced with a retroviral vector
expressing Neurog?2 and eGFP from a bicistronic message for 2 days
and then differentiated with or without 50 ng/mL IFN-vy for another
2 days. IFN-vy treatment did not affect the level of eGFP expression
when NPCs were transduced with a control vector expressing eGFP
only, suggesting that IFN-y did not have an influence on the func-
tion of viral long terminal repeats (data not shown). The expression
of exogenous Neurog2 was confirmed in NIH/3T3 cells by western
blotting (Fig. S3). As expected, among cells transduced with the
control vector, IFN-y treatment reduced the number of TuJl-
positive cells by nearly half while increasing the number of
Nestin-positive cells more than 2-fold. However, almost all cells
overexpressing Neurog2 had differentiated to Tuj1-positive neu-
rons, and IFN-y treatment showed no inhibitory effect (92 + 14%
and 94 + 5.2%, respectively). There was no statistically significant
difference in the percentage of GFAP-positive cells between the
control and IFN-y-treated groups (Fig. 4B,C). These results reveal
that the inhibition of Neurog2 expression is necessary for the IFN-vy-
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mediated inhibition of neurogenesis.

Since the effects of IFN-y on neurogenesis depend on the JAK/
STAT1 pathway, it was tested whether inhibition of the JAK/STAT1
pathway would affect the IFN-y-mediated downregulation of
Neurog2 expression. NPCs were treated with IFN-y in the presence
of 10 nM to 1 uM Ruxolitinib and differentiated for 12 h. Total RNA
was isolated, and the level of Neurog2 expression was determined
by qRT-PCR (Fig. 4D). IFN-y treatment reduced the expression of
Neurog2 by approximately 84%, but the expression level was
restored to that of the control at 1 pM Ruxolitinib. Taken together,
these data indicate that IFN-y inhibits neurogenesis by inhibiting
Neurog2 expression through the JAK/STAT1 pathway.

4. Discussion

The role of IFN-y in neurogenesis has been controversial. Here,
we demonstrated that IFN-y negatively regulates neuronal differ-
entiation both in vitro and in vivo. Our data are in contrast with the
results of several previous studies. For example, a study involving
C17.2 cell line has showed that IFN-y induces neuronal differenti-
ation through activation of the JNK pathway [8]. In the study of
Walter et al., treatment of proliferating E14 neural stem/precursor
cells with 1,000 U/mL IFN-y (equivalent to 1 mg/mL) resulted in
atypical gene expression and cell functions through regulation of
the sonic hedgehog pathway [21]. None of the above observations
were made in our study. The different findings of these studies
compared with our study may be due to the various types of cells
and the different concentrations of IFN-y used, or they may be due
to differences in other experimental conditions such as the time of
NPC isolation and the availability of cofactors of the JAK/STAT1
pathway.

Many downstream targets of IFN-y are known, but they have
not been extensively studied in the context of embryonic neuronal
differentiation. According to our data, one of the final target genes
of IFN-y seems to be Neurog2. Neurog2 is an essential factor in the
initiation of the neuronal differentiation of NPCs and is sufficient
enough to generate neurons from mouse embryonic stem cells
[22—25]. Although Neurog2 is a key factor in the determination of
neural cell types and its expression pattern is tightly regulated, only
a few factors are known to regulate its expression [26—28]. In our
study, IFN-y specifically suppressed the RNA level of Neurog2
among many proneural genes. IFN-y treatment inhibited the
upregulation of Neurog2 expression in NPCs throughout the dif-
ferentiation period, and the overexpression of Neurog2 completely
abrogated the inhibitory effect of IFN-y on neurogenesis. Because
STAT1 can regulate gene expression in various ways, there are many
possible mechanisms by which it might control the level of Neurog2
mRNA. Although the exact IFN-vy activated sequence (GAS) element
(TTCNNNGAA) is not present in the promoter of Neurog2, STAT1
may bind to similar sequences, as it is known to be permissive for
mismatches [29] or to unique DNA sequences by interacting with
other proteins. STAT1 may also bind to an enhancer region or
induce the expression of one or more factors that might in turn
regulate Neurog2 expression. Further investigation is required to
unravel the precise mechanism of how the JAK/STAT1 pathway
controls the expression level of Neurog2 mRNA.

Several recent studies have suggested that the cause of neuro-
logical disorders in infants that survive from congenital infection
may be the inflammatory response, rather than the pathogen itself
[30]. Lipopolysaccharide or polyinosinic:polycytidylic acid (syn-
thetic double-stranded RNA) injections administered to rat or
mouse dams have resulted in sensorimotor gating dysfunction,
increased anxiety, impairment of social interactions, and other
abnormal behaviors in newborns, showing that an inflammatory
response is sufficient to cause behavioral abnormalities associated

with brain dysfunction [31—33]. IFN-y is one of the cytokines
known to be released in the fetal brain during infection [1,3,34]. As
Neurog2 is known to generate glutamatergic neurons while sup-
pressing the generation of GABAergic neurons, the downregulation
of Neurog2 expression due to IFN-y would lead to an abnormal ratio
of glutamatergic to GABAergic neurons in the mature brain. An
imbalance of glutamate and GABA has been reported to be one of
the main causes of various neurological diseases including autism,
Rett syndrome, schizophrenia, and mood disorders [35—37]. In this
regard, it is interesting to note that the glutamate to GABA ratio was
reduced while the level of IFN-y was increased in the plasma of
autistic patients compared with healthy subjects, suggesting a link
between IFN-y and brain abnormalities [35]. Although it is not yet
clear what the consequences of the IFN-y-mediated dysregulated
neuronal differentiation during embryonic development are, our
findings may provide an interesting starting point for under-
standing the role(s) of IFN-y during brain development and ulti-
mately neurodevelopmental disorders caused by congenital
infections.
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