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Abstract

Embryonic neurodevelopment involves inhibition of proliferation of multipotent neural stem cells
followed by differentiation into neurons, astrocytes and oligodendrocytes to form the brain. We
have identified a new neurotrophic factor, NF-a.1, which inhibits proliferation and promotes
differentiation of neural stem cell/progenitors derived from E13.5 mouse cortex. Inhibition of
proliferation of these cells was mediated through negatively regulating the Wnt pathway and
decreasing B-catenin. NF-a 1 induced differentiation of neural stem cells to astrocytes by
enhancing Glial Fibrillary Acidic Protein (GFAP) expression through activating the ERK1/2-Sox9
signaling pathway. Cultured E13.5 cortical stem cells from NF-a1-knockout mice showed
decreased astrocyte numbers compared to wild-type mice, which was rescued by treatment with
NF-al. /n vivo, immunocytochemistry of brain sections and western blot analysis of neocortex of
mice showed a gradual increase of NF-a 1 expression from E14.5 to P1 and a surge of GFAP
expression at P1, the time of increase in astrogenesis. Importantly, NF-a1-KO mice showed ~49%
fewer GFAP positive astrocytes in the neocortex compared to WT mice at P1. Thus, NF-al is
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critical for regulating anti-proliferation and cell fate determination, through differentiating
embryonic stem cells to GFAP-positive astrocytes for normal neurodevelopment.

Legend for Graphical Abstract

NF-al, a new neurotrophic factor, inhibits proliferation of neural stem cells and promotes
differentiation of neural stem cell/progenitors into astrocytes. Inhibition of proliferation was
mediated through negatively regulating the Wnt pathway and decreasing p-catenin. NF-a.1
induced differentiation of neural stem cells to astrocytes by enhancing Glial Fibrillary Acidic
Protein (GFAP) expression through activating the ERK1/2-Sox9 signaling pathway.
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Introduction

Embryogenesis is a complex process involving multiple developmental events tightly
regulated at various levels [1]. One important stage in embryogenesis is the neural
development process that leads to the formation of the central nervous system, which is
carefully orchestrated by a series of timed genetic events. At specific times, certain genes are
activated and then turned off when not needed, and these landmarks are regulated by
transiently expressed transcription factors. Numerous studies have identified growth factors
and transcription factors and their signaling pathways that mediate neural induction and
differentiation [2, 3, 4]. Recently, studies revealed a number of proteins and transcription
factors that are responsible for controlling the proliferation of newly formed neural
precursors and for specification of multipotent neural plate stem cells to yield neural
progenitors, which ultimately differentiate into neurons and glia cells to form the brain [3].

Neural stem cells (NSCs) are usually located in the sub-ventricular zone of the developing
neocortex. Some NSCs and neural progenitors are also present in the adult brain, primarily
in the dentate gyrus of the hippocampus and the sub-ventricular zone of the lateral ventricle
[3, 5]. Neural stem cells are multipotent self-renewing cells and give rise to a number of
progenitors, which then differentiate into neurons, astrocytes or oligodendrocytes [6]. They
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first undergo inhibition of proliferation (cell cycle arrest) and then differentiate into the
different cell types. Generally, inhibition of proliferation and differentiation are mediated by
different factors, rather than a single protein. While many factors for the promotion of
proliferation and differentiation of neural stem cells have been identified, the mechanisms
underlying the inhibition of proliferation of these cells are less well explored.

To study the role of stem cells in embryonic development of the nervous system, efforts have
focused on producing a population of NSCs /n vitro that can be manipulated to yield
differentiated cells found in the brain [5, 7]. Research has led to identification of many
trophic factors (such as FGF, BDNF and TGFp) that interact with their respective receptors
on NSCs. This triggers signaling pathways such as Wnt, Notch, Sonic hedgehog, BMP, Ras/
MAPK and JAK/STAT/FGF to promote proliferation and/or differentiation to specific cell
types during embryonic development [8, 9, 10, 11, 12, 13, 14, 15]. Binding of the
appropriate ligands to their signaling receptors leads to activation of transcription factors or
co-activators, such as p-catenin, Hes, Sox, Gli, Smad and Stat proteins, that regulate the
downstream genes involved in the induction and differentiation of NSCs [15, 16, 17]. Other
factors derived from the NSC niche known to modulate the self-renewal, differentiation
capacity, and survival of differentiated NSCs include BDNF, LIF or CNTF, and some
vitamin derivatives e.g. retinoic acid and vitamin D3 (/n vitro) [18, 19, 20, 21, 22, 23].
Molecules such as GDF11, IL-17, urocortin and homocysteine are involved in inhibiting the
proliferation of neural stem cells during development but not in promoting differentiation
[24, 25, 26, 27].

Recently, we found a new neurotrophic factor, neurotropic factor-al (NF-a1), also known
as carboxypeptidase E (CPE) that is highly expressed in adult neural stem cells in the sub-
ventricular niche of mice [28]. It has effects on inhibiting proliferation of neurospheres [28]
and, because it is also expressed during early embryonic development, could be important in
embryonic neural differentiation [29]. CPE/NF-a1-knock-out mice are obese, infertile, and
have neurological disorders [30]. NF-a1 mRNA is differentially expressed in various
regions at early embryonic stages of the rat and is especially high in brain and spinal cord
[29, 31]. Various non-enzymatic roles of CPE/NF-a.1 have also been found: it is a sorting
receptor that targets proneuropeptides to the regulated secretory pathway and the
cytoplasmic tail of the transmembrane form of CPE facilitates secretory vesicle movement
in neuroendocrine cells [30, 32, 33]. Additionally, /n vitro studies indicate that NF-a1 is a
powerful neuroprotectant. Exogenous addition of recombinant NF-a.1 rescued embryonic
cortical rat neurons from oxidative stress /n vitro [34]. Mice subjected to mild chronic
restraint stress showed increased NF-a.1 expression, leading to enhanced levels of BCL2, a
pro-survival protein, in the hippocampus to protect neurons from stress-induced
neurodegeneration [35]. While there has been a report indicating the expression and function
of NF-a1/CPE in pro-neuropeptide processing [29] late rat embryos the function of NF-al1
in anti-proliferation and determining cell fate during early embryonic development has not
been explored. In the present study, we investigated the role of NF-a1 as both an anti-
proliferation and differentiation factor in NSCs.
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Results

Temporal and spatial expression of NF-alin mice during embryonic development

Using gRT-PCR, NF-a1 mRNA expression was detected in all embryonic stages analyzed
(E5.5 - E14.5 & E17.5 and P1). For clarity, since the earliest stage that we could dissect was
ES5.5, the levels of NF-a1 mRNA at all other embryonic stages were normalized to this level
(Fig. 1A). NF-a1 expression increased from E6.5 - E8.5 and gradually fell to very low levels
at E10.5 and E11.5. This was followed by a rapid increase from E12.5 to E14.5 and at E17.5
(whole body). Head alone samples also showed an increase from E12.5 to P1. /n situ
hybridization, using a 3°S-UTP-labeled mouse NF-a 1 probe, showed that at E10.5, NF-a 1
mRNA was highly expressed in the telencephalon, diencephalon, and spinal cord regions
(Fig. 1B). At E11.5 and E12.5, in addition to those brain regions seen at E10.5, there was
expression in the mesencephalon of the brain, heart, and in somites (Fig. 1B). Western blot
data confirmed the presence of NF-a.l protein in E8.5, E10.5, E11.5, E12.5 and E13.5
embryos (Fig. 1C). These data indicate that NF-a1 could play a role in neural development
since it is expressed at the appropriate times in neural tissue in the embryo during
development.

NF-al negatively regulates the proliferation of NSCs

The early developmental expression pattern of NF-a.1 prompted us to investigate its role in
neuronal proliferation and differentiation, particularly in NSCs using neurospheres as a
model system. To study proliferation, neocortical cells isolated from E13.5 embryos were
treated with or without recombinant NF-a.1 protein for 5 days. Total neurospheres generated
in NF-a1-treated cells were reduced by 41% compared to controls (Control: 215.0 + 5.03;
NFa-1:126.3 £3.18; n =6, p = 0.0001; Fig. 2A). Moreover, the number of neurospheres
less than 100-149 pm in diameter was significantly reduced in the NF-a 1-treated cells
compared to the controls (Control, 42.67 + 1.45; NF-a1, 19.00 £ 1.15; n = 6, p < 0.001; Fig.
2B). The EdU proliferation assay revealed a small but significant decrease in neural stem/
progenitor proliferation on day 5 of neurosphere cultures treated with NF-a.1 compared to
control cultures (Control: 40.00 + 0.94; NFa-1: 34.80 + 0.91; n =5, p = 0.004; Fig. 2C and
2D). These data collectively indicate that exogenously added NF-a1 inhibits proliferation of
neural stem cells. As a control analysis, both the neocortical cells and neurospheres express
NF-al protein (Fig. 2E).

NF-al inhibits NSC proliferation through Wnt/p-Catenin signaling pathway

To examine the possibility that NF-a.1 inhibits NSC proliferation through the Wnt/B-Catenin
signaling pathway, neocortical cells were grown with NF-a 1 treatment at day 0.
Neurosphere lysates were collected at different time points (24 h, 72 h and 5 d) after NF-a.1
treatment and B-Catenin protein levels were measured. After 24 h, neurospheres treated with
NF-a1 showed slightly decreased levels of B-Catenin. By 72 h and 5 d, the levels of -
Catenin were significantly decreased (~30-35%) in NF-a.1-treated cultures compared to
controls (72 h Control, 100.00 + 3.76; NF-al, 64.71 £ 3.36; n =12, p<0.0001 and 5 d
Control, 100.00 + 2.72; NF-a1, 62.50 £ 3.27; n = 6, p < 0.0001) (Fig. 3).
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NF-al promotes the differentiation of NSCs into astrocytes

Neurosphere-derived cells were cultured with or without NF-a.1 and then immunostained for
markers of astrocytes, neurons, and oligodendrocytes (Fig. 4A). There was a significant
increase in the GFAP™ (astrocyte marker) population (~1.4-fold), and a trend towards a
decrease in the Tuj1* (neuronal marker) population in NF-a1-treated cells compared to the
controls. No change in CNPase* (oligodendrocyte) populations was observed between the
two groups (% of GFAP* cells: Control, 42.20 + 2.95; NF-a1, 58.00 £ 1.78; n = 5, F(5 24) =
179.3, p < 0.001; % of Tuj1" cells: Control, 26.20 + 0.86; NF-a1, 22.20 + 1.31; n = 5,

F(s, 24y = 179.3, p > 0.05; Fig. 4B). Similar results were seen when a non-enzymatically
active form of NF-a.1 (E300Q) [36] was used (% of GFAP* cells: Control, 43.80 + 2.74;
E300Q-NF-al, 61.20 £ 3.39; n =5, F(5 24y = 134.4, p < 0.05; % of Tuj1* cells: Control,
28.60 +1.40; NF-a 1, 22.20 £ 0.58; n = 5, F(s5 24) = 134.4, p > 0.05; Fig. 4C), confirming
that the enzymatic activity of NF-a.1 is not necessary for promoting the differentiation of
NSCs into astrocytes.

Neurosphere-derived cells cultured with or without NF-a.1 were double immunostained for
Nestin and GFAP. The majority of the NSCs stained for both Nestin and GFAP (Fig. 4D). A
small portion of the stem cell population that stained for Nestin alone showed no difference
between the NF-a. 1 treated and untreated groups in 5 d cultures. However, a significant
increase (~2-fold) in GFAP* alone (% of cells: Control, 15.17 + 0.83; NF-a.1, 29.50 * 1.85;
n =6, F(s,30) = 314.4, p < 0.0001) and a decrease (~1.18-fold) in Nestin*/GFAP™ cells (% of
cells: Control, 60.50 + 1.64; NF-a.1, 51.50 + 1.64; n = 6, F(5.30) = 314.4, p < 0.0001) cells
was observed in NF-al-treated compared to untreated cultures (Fig. 4E). Similar results
were observed in 10 d cultures (data not shown).

NF-al induces NSC differentiation to astrocytes during embryonic neural development

We performed loss-of-function and gain-of-function experiments in neurosphere-derived
cells generated from NF-a1-KO and NF-a1-WT E13.5 embryos and subjected to the
differentiation protocol. Neurosphere-derived cells from NF-a1-KO and NF-a1-WT
embryos were cultured with or without NF-a.1 and immunostained for markers of astrocytes,
neurons, and oligodendrocytes. Fig. 5A, 5B (upper panels, representative ICC) and Fig. 5C-
5E (bar graphs, quantification) show that NF-a.1-KO mice had ~30% fewer GFAP™ cells
than WT mice (Fig. 5C, open bars,% of GFAP™ cells: KO control, 34.33 + 2.29; WT control,
49.17 £ 1.62; n = 6, F(5 309) = 121.2, p < 0.0001) and ~34% more Tuj1™* cells than WT mice
(% of Tuj1* cells: KO control, 52.17 + 1.90; WT control, 34.67 + 3.10; n = 6, F(5 39) =121.2,
p < 0.0001; Fig. 5D, open bars). Moreover, there was a higher % of Tuj1* neurons (52%)
than GFAP™ cells (34%) in the KO mice (% of Tuj1* cells: KO control, 52.17 + 1.90 vs % of
GFAP™ cells: KO control, 34.33 £ 2.29; n = 6, p < 0.0001, t test) (compare open bars in Fig.
5D versus 5C for KO), whereas this distribution appeared to be reversed in the WT cells.
This differentiation profile was reversed upon treatment of the cells from NF-a1-KO mice
with recombinant NF-a.1, resulting in higher % of GFAP* cells (48%) than Tuj1* cells
(40%), (% of GFAP™ cells: NF-a 1 treated; 47.00 + 2.25 and % of Tuj1* cells: NF-a.l
treated; 39.67 + 1.961, n = 6, p = 0.03, ttest; compare solid bars in Fig. 5C vs. 5D for KO).
Irrespective of KO and WT derived neural progenitors, NF-a 1 treatment showed a
significant increase in GFAP™ cells and decrease in Tuj1* cells.
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NF-al promotes NSC differentiation via MAPK/MEK-Sox9 signhaling pathway

Signaling pathways were examined in neurosphere-derived cultures treated with or without
NF-al which included notch, hedgehog, SMAD (data not shown) and MAPK/MEK. Only
MAPK/MEK showed a response to NF-a 1 treatment (Fig. 6A). NF-a.1 treatment led to
increased phosphorylation of ERK1/2, a component of the MAPK/MEK signaling pathway,
in a time-dependent manner with a maximum increase at 15 min compared to the control
cells (% protein expression: Control (15 min), 100.00 + 13.10; NF-a1, 951.2 £ 83.45; n =5,
F(4,20) = 69.54, p < 0.0001) (Fig. 6B). Furthermore, we detected maximum up-regulation of
the expression of the ERK-targeted downstream transcription factor Sox9 at 15 and 30 min,
concomitant with the increase of pERK1/2, in NF-a 1-treated cells (% protein expression:
Control (15 min), 100.00 + 7.85; NF-a1, 242.6 + 46.88; n = 5, F(4,20) =3.857, p < 0.05) (Fig.
6C, 6D). In the presence of the ERK inhibitor, U0126, NF-a.1-induced pERK was reduced
by ~3-fold (NF-a.1, 140.5 + 6.65; U0126 + NF-a.1, 47.75 + 6.84; n = 4, F(3 12 = 59.03, p <
0.0001), confirming that NF-a.1 signals through the ERK pathway. NF-a.1 increased Sox9
protein levels by ~1.3-fold compared to untreated control, whereas U0126 decreased Sox9
levels by ~2.4-fold compared to the NF-a 1 treated cells (NF-a.1, 130.10 £+ 7.59; U0126 +
NF-al, 53.42 £ 5.48; n = 4, F(3 1) =36.42, p < 0.0001; Fig. 6E compare Sox9 lanes 2 and
4). RT-PCR data from Sox9knockdown experiments (Fig. 6F, upper panel) showed that
Sox9 mRNA levels were significantly downregulated in s/-Sox9 RNA transfected NSCs
compared to si-scrambled RNA (control) (si-scrambled, 1.00 £ 0.16; s/-Sox9, 0.63 £ 0.15; n
=8, F(3,28=74.23, p < 0.05). A significant increase in fold change of Sox9and GFAP
expression was found in control samples by treatment with NF-a.1, (Sox9 mRNA fold
change: si-scrambled, 1.00 + 0.16; si-scrambled + NF-a1, 1.63 + 0.10; n = 8, F(3 28)=74.23,
p < 0.0001 & GFAP mRNA fold change: si-scrambled, 1.00 + 0.13; si-scrambled + NF-a.1,
1.86 +0.12; n =8, F(328) = 33.17, p < 0.0001), but this effect of NF-a1 was absent in the s/-
Sox9 RNA transfected cells (Fig. 6F, lower panel).

Expression of NF-alin GFAP* in brain during development from E14.5 to P1

Decrease in

Western blot analysis (Fig.7A) showed that the expression of NF-a.1 in brain gradually
increased from E14.5 to P1 (Fig 7B). GFAP protein (Figs. 7A, C) expression was at a low
level between E14.5 —17.5, with a surge occurring at P1 at time of increased astrogenesis.
Immunohistochemical staining of expression of NF-al1 (Fig.7D) and GFAP (Fig.7E) from
E14.5 to P1 mice showed similar pattern of changes as the Western blot analysis (see images
in supplementary Fig. 1). Expression of NF-a1 from immunostained sections showed
gradual increase in intensity from E14.5 to P1 (Fig.7D), while GFAP-immunoreactive
staining showed low intensity from E14.5 - E17.5 and a surge at P1 (Fig.7E). High
magnification images showed co-localization of GFAP with NF-a1 in astrocytes at P1 (Fig.
7F).

GFAP™ cells in NF-a1-KO versus NF-a1-WT in P1 brains

NF-a1-KO and NF-a1-WT brain sections (P1) were immunostained for GFAP and MAP2.
A significant ~25.6% decrease in GFAP immunostaining intensity measured over the whole
neocortex was observed in NF-a1-KO embryos compared to WT embryos (GFAP intensity/
brain: NF-a1-WT, 60428 + 2154; NF-a1-KO, 44988 + 2376; mean+SEM, n = 3, p < 0.01,
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Figs. 7G,H,K). Counting GFAP* cell numbers in randomly selected areas of the neocortex
(M) revealed ~49.4% fewer cells (GFAP cell numbers/brain: NF-a1-WT, 94.67 + 5.6; NF-
al-KO, 50 + 3.2; mean+SEM, n = 3, p < 0.01) in the NF-a.1-KO embryos compared to WT
mice (Fig. 7 N,O,R). There was no difference in the intensity of MAP2 staining in the
neocortex close to the same regions where the cells were counted between NF-a.1-WT and
NF-a1-KO mice (Figs.7 1,J,L). This was confirmed by counting MAP2 stained neurons in
similar areas where GFAP* cells were counted (Figs. 7P,Q, S).

Discussion

In this study, we report a new stem cell anti-proliferation/differentiation factor, NF-a 1,
which functions independent of its previously identified carboxypeptidase activity, (CPE,
Fig. 4). We showed that NF-a.1 mRNA is expressed as early as E5.5, primarily in neural
primordium and continues to be expressed in the telencephalon and diencephalon of mouse
embryos at later developmental stages. Moreover, we demonstrated that NF-a.1 is expressed
in NSCs derived from E13.5 mouse neocortex, indicating that NF-a.1 is poised to act as an
intrinsic neural cell fate determinant.

Neural cell fate determination involves multifaceted steps and is influenced by various
extrinsic and intrinsic factors that control the initiation and inhibition of proliferation and
differentiation of cells [37]. Our /n vitro data indicates that NF-a.1 inhibits NSC
proliferation, a prerequisite step to differentiation. Other proteins such as PTEN and MD20
are transiently expressed in select neural cell populations of embryos and regulate
proliferation of NSCs [38, 39]. We propose that /7 vivo at a specific time during neural
development, NF-a1 could be transiently expressed to down-regulate NSC proliferation in
an autocrine/paracrine fashion. Several signaling studies have shown that the Wnt/B-catenin
pathway plays a critical role in regulating neural stem cell proliferation and fate
determination processes in embryonic development [40, 41, 42]. Our study show that NF-a.1
regulates neurospheres proliferation by controlling the expression of g-Catenin, a molecule
normally found to enhance proliferation [43, 44]. Indeed, we have previously reported that
NF-al negatively regulates the canonical Wnt signaling pathway via interaction with its
receptor, frizzled [45]. Thus, based on our findings, we propose that NF-a1 mediates
inhibition of NSC proliferation through decreasing p-catenin levels via the Wnt signaling
pathway.

Our NSC differentiation data indicate that the majority of differentiated cells were
astrocytes, followed by neurons and very low numbers of oligodendrocytes. This is
consistent with neural progenitor differentiation profile data reported by others [46]. The
differentiation of NSCs depends on the trophic factors and growth factors secreted by the
NSC niche [47, 48, 49]. Our study show that addition of NF-a.1 to NSCs significantly
increased the differentiation of NCSs to astrocytes without affecting the differentiation to
neurons and oligodendrocytes. Likewise, EGF-responsive stem cells (cerebellar-derived) in
the presence of CNTF have been shown to differentiate into more astrocytes rather than
neurons and oligodendrocytes [75]. In contrast, addition of BDNF to stem cells derived from
cortical and /or striata showed an increase in neurons and oligodendrocytes rather than
astrocytes [76, 10]. In another study, neocortex-derived stem cells subjected to
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Neurotorphin-3 treatment promoted more neuronal differentiation [77, 78], Similarly,
addition of GDNF to mesencephalon-derived neurosphere cultures showed an increase in the
number of neuronal cells rather than astrocytes [79]. These studies indicate that some trophic
factors such as BDNF, GDNF and Neurotrophin-3 promote neurogenesis, while others such
as CNTF and NF-a.1 promote astrogenesis.

NF-a1/CPE is secreted at the germinal zones of mouse brain and by NSCs, astrocytes and
neurons [50, 51, 28], and we showed that NF-a.1 is expressed and presumably secreted by
the embryonic NSCs (neurospheres). Therefore, NF-al is present in the right location /n
vivoto regulate the differentiation of NSC during neural development in an autocrine/
paracrine fashion. Interestingly, exogenous addition of NF-a.1 to neurospheres generated
from adult mouse sub-ventricular zone had no effect on differentiation to astrocytes,
neurons, or oligodendrocytes [28]. This difference in response to NF-a.1 suggests that NF-
al may be primarily acting as a cell fate determinant during embryonic development.

Our data also show that astrocytes are primarily derived from a population of NSCs
immunopositive for both Nestin and GFAP protein and these in fact represent the majority of
cells differentiated from the neurospheres. Evidence in support of this comes from our
observation that treatment with NF-a.1 decreased the number of Nestin”/GFAP* cells and
increased cells that were positive for GFAP alone, which are the mature astrocytes, to a
similar extent. Increase in GFAP™ cells during differentiation of multipotent neural
precursors is considered as an indication of maturation to the astrocyte phenotype [52, 53,
54].

In vivo, neural development is regulated by a complex environment under the influence of
various growth factors and transcription factors that switch on and off in a coordinated
manner to reprogram the cells and determine their fate [55, 56, 57]. These factors activate
different signaling pathways such as NOTCH, BMP, ERK1/2, TGFp1, known to regulate
differentiation of NSCs into astrocytes [58, 9, 14, 59, 13, 60]. Here we showed that NF-a.1
activated the Raf/MEK/ERK pathway, which then up-regulated the expression of Sox9.
Sox9 is an important transcription factor that plays a central role in transmitting the signals
for major signaling pathways that regulate astrogliogenesis/astrocyte differentiation [11, 61,
62] and its expression could be suppressed by ERK1/2 inhibition [63, 64]. Indeed, we
showed that in the presence of the ERK1/2 inhibitor (U0126) and knockdown of Sox9gene
expression by siRNA, NF-a.1 induced GFAP mRNA expression was blocked. These results
demonstrate that NF-a1 regulates the differentiation of NSCs into astrocytes by signaling
through the ERK1/2 pathway, which enhances expression of the Sox9 transcription factor
and GFAP.

Our /n vitro data on NF-a1-KO embryos showed a significant difference in differentiated
cell phenotype. There were less astrocytes among the cells derived from the NF-a1-KO
neurospheres compared to those from NF-a1-WT mice. In contrast, there were more
neurons derived from the NSCs in the NF-a.1-KO compared to NF-a1-WT embryos. These
results reaffirm that NF-a.1 plays an important role in inducing differentiation of NSCs to
astrocytes. This was further confirmed by rescue experiments showing that addition of
exogenous NF-a.1 to the NSCs from KO embryos increased the astrocyte population and
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decreased the neuronal population. To demonstrate that NF-a.1 plays a role in the induction
of astrogenesis /n vivo, we examined its developmental expression together with GFAP in
mouse embryos and P1 pups, as well as the number of GFAP+ astrocytes in NF-a1-KO
versus WT mice. Our data showed a steady increase in expression of NF-a 1 in the brain of
E14.5 to P1 mice. At P1, the time of significant astrogenesis in mice, [80], there was a surge
in the expression of GFAP and an increase in numbers of GFAP+ astrocytes which also
showed co-expression of NF-a1 in these cells. The presence of NF-al in these astrocytes
suggests that it could have played a regulatory role in the differentiation of neural stem cells
to astrocytes. More importantly, we demonstrated that the lack of NF-a.1 perturbed normal
astrogenesis in mice at P1 /n vivo. Brain sections from the neocortex of NF-a1-KO mice
revealed a significant (49%) decrease in the number of GFAP+ cells and a reduction in their
staining intensity compared to the NF-a1-WT P1 mice. The extent of the decrease was even
greater than the decrease in GFAP™ astrocytes observed in E13.5 cortex derived NSCs in the
KO versus WT embryos. This finding together with the /n vitro evidence showing decreased
GFAP+ astrocytes in neocortex neurosphere cultures which could be rescued with addition
of exogenous NF-a.1, strongly indicate a regulatory role of NF-a.1 in astrocyte
differentiation. Unlike the /n vitro studies, MAP2 staining was similar in intensity,
suggesting no difference in the neuronal population between KO and WT mice in this brain
region. This could be due to compensatory mechanisms that exist /7 vivo. Given the
importance of astrocytes in supplying neurons with substrates for energy metabolism,
modulating the immune response and synaptic transmission and control of extracellular
water and electrolyte homeostasis [65, 81], NF-a.1’s role in promoting differentiation of
NSCs to astrocytes during development is pivotal in building an optimally functioning CNS.
Indeed, decreased astrocyte numbers in the cortex may contribute to cognitive deficits in
CPE/ NF-a.1 knockout mice [30].

In conclusion, this study has uncovered a novel neurotrophic factor, NF-a.1, which has the
unique ability to perform the dual role of switching off proliferation and activating
differentiation of embryonic NSCs, offering greater efficiency in this process. We propose
that by up-regulating NF-a.1 expression in specified NSCs at a specific time during
neurodevelopment, this switch from proliferation to differentiation could be activated.
Moreover, NF-a1 is a cell fate determinant, promoting NSC differentiation into astrocytes.
Its importance in normal brain development /7 vivo was evident in NF-a.1-KO mice which
exhibited decreased astrocyte numbers in the neocortex. Indeed, deficits in astrocyte
numbers and function during neurodevelopment have been linked to human neurological
diseases [66].

MATERIALS AND METHODS

Animals

All animals were given food and water ad /ibitum in a humidity and temperature controlled
room under a 12 h light: dark cycle. Mice (3—12 weeks old) were purchased from Taconic
Farms, Inc., (Derwood, MD). Timed pregnant mice were generated by mating C57BL6 mice
in our animal facility and embryonic 13.5 or P1 NF-a.1-wild type (WT)/NF-a1-knock out
(KO) pups were produced by mating male and female heterozygote mice (since
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homozygotes are infertile [67]) at the NIH animal facility. All animal procedures were
approved by the Animal Care and Use Committee, NICHD, NIH.

Recombinant NF-al

Purified recombinant wild type NF-a.1 and enzymatically inactive NF-a1 (E300Q) mutant
were custom generated by GenScript USA Inc, Piscataway, NY, as previously described
[34].

In Situ hybridization

Animals and tissue: All embryos were generated from timed-pregnant C57BL6 female
mice. Data reported are from at least one litter for each age group and at least 3 embryos at
each age. The embryos (E10, E11, and E12) were collected and freshly frozen, or embedded
directly in OCT compound without prior fixation. Sagittal cryostat sections were prepared as
described [68, 29].

In situ Hybridization: A cRNA probe was generated using linearized pGEM-T-Easy
plasmid vector containing 980 bp corresponding to nucleotides 540-1520 of murine CPE
mRNA (NM_013494) and labeled with 35S-UTP. The details of the hybridization procedure
are described elsewhere [69, 70]. The slides from all animals were processed together to
eliminate differences from inter-assay variation.

Quantitative RT-PCR of NF-al

Total RNA isolation, cDNA synthesis and gPCR was performed as described previously
[71]. The gPCR cycling conditions were: 10 min denaturation at 95°C and 40 cycles of DNA
synthesis at 95°C for 15 seconds and 60°C for 1 min and the results analyzed using SDS
1.9.1 software (Applied Biosystems). Primer sequences for mouse CPE/NF-a.1 and 18S
RNA can be found in Supplementary Table S1. All gPCRs were performed in triplicates and
the relative amount of CPE/NF-a1 mRNA was normalized to 18S rRNA.

Preparation of mouse E13.5 cortical cells

Preparation of E13.5 cortical cells has been described previously [72]. The final cell pellet

was re-suspended in DMEM/F12 (Sigma Aldrich) containing B27 (1X) (Gibco), Penicillin-
Streptomycin (1X) (Gibco), 2 pg/ml heparin (Sigma Aldrich) and 15 mM HEPES (Gibco),

and used in proliferation and differentiation studies.

Neurosphere culture preparation, proliferation and differentiation assays

Cortical cells were cultured as described previously [7,72]. Cells were grown for 5-7 days at
37°C in the presence of 5% CO», with supplementation of additional EGF (20 ng/ml)/
bFGF2 (10 ng/ml) every 2 days. Proliferation Assay: cells were cultured in 96 well plates at
a density of 500 cells per 100ul in the presence of growth factors (EGF/bFGF), treated with
or without 200 nM recombinant NF-a.1 on day 0 and grown for 5 days. At the end of 5 days,
images were taken to count the number and size of the neurospheres using imageJ software.
Ethynyldeoxyuridine (Edu) incorporation method: Five day neurosphere cultures were
treated with or without NF-a.1 (200 nM), incubated with 10 uM EdU for 1 h and
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immediately dissociated to single cells using Accutase (StemPro® Accutase®, Life
Technologies, USA) followed by neutralization by trypsin inhibitor from G/ycine max
(soybean) (Sigma Aldrich). Cells were plated on poly-L-lysine coated chamber slides and
grown in DMEM/F12 media with 1% FBS (no growth factors) overnight at 37°C. The cells
were then processed according to the manufacturer’s instructions to visualize nuclear EdU
(Click-it EAU Imaging Kit, Invitrogen, Life Technologies, USA). Slides were examined
using a fluorescence microscope (Nikon Eclipse 80i, Tokyo, Japan). Nine images (10x
magnification) from randomly selected fields containing ~55-60 cells were assessed for
EdU positive staining. Differentiation Assay: 7 day neurosphere cultures were dissociated
into single cells, plated at the density of 50,000 cells/ well in a 2 well chamber slide coated
with poly-L-lysine, and cultured in DMEM/F12 media with 1% FBS (no growth factors).
Cells were then treated with or without 200 nM NF-a.1 and grown for an additional 5 or 10
days and then analyzed by immunocytochemistry.

Phenotypic characterization of differentiated cells by immunocytochemistry

Immunocytochemistry was performed using standard protocols and examined using a
fluorescence microscope (Nikon Eclipse 80i, Tokyo, Japan). Cell types analyzed were
astrocytes (GFAP), neurons (Tujl or pllI Tubulin), oligodendrocytes (CNPase) and nestin
(Nestin, a stem cell marker). For quantification, cells in 8-10 images taken at 20x
magnification from randomly selected fields (~45-50 cells/field) were counted and
averaged.

Treatment of neural stem/progenitor cells (NSC) with NF-al with or without ERK inhibitor

NSCs from dissociated neurospheres were plated on poly-I-lysine coated dishes and
incubated with 200 nM NF-al for 0, 15, 30, 60 and 180 min, after which the cells were
harvested and lysates analyzed by Western blot for p-ERK and total-ERK. Alternatively,
cultured NSCs were pre-incubated with or without the ERK inhibitor, U0126 (5 uM) (Sigma
Aldrich), for 30 min after which 200 nM NF-a.1 was added and incubated for a further 30
min. The cells were then harvested and the cell lysates analyzed by Western blot for p-ERK
and total-ERK.

Inhibition of Sox9 in NSCs using RNA interference

Double-stranded small-interfering RNAs (siRNAs) and control (scramble) RNA for mouse
sox9 were obtained commercially (Santa Cruz). Using the RNAIMAX (Life Technologies)
transfection procedure, neural stem/progenitor cells plated on poly-I-lysine coated cells,
were transfected with Sox9'scramble siRNA and treated with or without NF-a1. After 48 h,
the cells were harvested and extracted for RNA which was used to prepare cDNA. RT-PCR
was performed to study mRNA levels of Sox9and Gfap. The primer sequences for mouse
sox9and Gfap mRNA can be found in Supplementary Table S1. The relative amount of
Sox9and Gfap mRNA was normalized to 18S rRNA. For detailed RT-PCR protocol and
cycling conditions please refer to the above method section.
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Immunoprecipitation of embryonic tissue

To check whether NF-a1 was expressed at the protein level during early embryonic
development, we harvested embryos from pregnant mice at different developmental stages.
We pooled 4-5 embryos/stage for immunoprecipition (IP) and Western blot. Briefly lysates
from each embryonic stage (whole embryos: E8.5, E10.5 & E11.5 and head alone: E12.5 &
E13.5) were immunprecipitated [73] using rabbit polyclonal anti-NFa—1 (generated in our
laboratory) and analyzed by Western blot with mouse monoclonal anti-NF-a.1 (1:2000) (BD
bioscience).

Western Blot

Cell lysates were prepared from E13.5, E14.5, E15.5, E16.5, E17.5, P1 corteX, neurospheres
and differentiated cells as described previously [34]. Twenty pg of protein from the
supernatants were analyzed by standard western blotting procedures using nitrocellulose.
Protein bands were visualized and quantified by the Odyssey infrared imaging system and
software v2.1 (LI-COR Inc.). The protein expression level for each sample was normalized
to B-actin. A complete list of the antibodies used can be seen in Supplementary Table S2.

Immunohistochemistry (IHC) of mouse brains

For immunohistochemistry of E14.5, E15.5, E16.5, E17.5 and P1 mouse brains, pups were
sacrificed by decapitation and processed as described previously [74]. The sections were
processed also as described previously [74] and incubated with primary antibodies listed in
Supplementary Table S2. Slides were examined using a fluorescence microscope (Nikon
Eclipse 80i, Tokyo, Japan). The cortical layer was examined for astrocyte (GFAP), NF-a.1
and neuron (MAP2) immunostaining intensity. Coronal sections (4 consecutive sections, 16
um thick from each embryo were used for quantification, totaling 12 sections per phenotype
from 3 NF-a1-WT and 3 NF-a.1-KO pups or 3 WT mice at each developmental stage, from
3 independent litters). The intensity of the GFAP, NF-a1 and MAP2 immunostaining within
8 rectangular boxed fields (400 x 166 pm) (8 random areas/section, 4 sections/embryo, N=3
embryo/phenotype) in each section representing the whole neocortex was analyzed and
quantified using imageJ software. Low magnification (x10) images were used to show
immunostained cell pictures and high magnification (x20) images were used for
quantification. The same number of coronal sections was used for counting individual GFAP
+and MAP2+ cells in 3 NF-a1-WT and 3 NF-a1-KO pups. For GFAP- and MAP2-
immunopositive cell counting, 2 images/section, in the neocortical region [squared area, 140
x 140 um] were captured by a confocal microscope (Zeiss LSM 510 Inverted Meta) with
x60 magnification and oil immersion lens. High magnification (x60) images were used for
counting the immunostained cells manually in each square area.

Statistical Analysis

Data were analyzed by Student’s paired, unpaired t-test and one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons tests where noted. Significance was
set at p<0.05.

(D&E) Developmental expression of NF-al (D) and GFAP (E) was quantified by
immunohistochemistry in brain sections from E14.5 to P1 mice (see supplementary Fig 1
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and methods). Eight random areas/section in the neocortex from 4 sections per brain and 3
brains for each stage were quantified. The rectangular box in the immunostained panels is
representative of the size of the box (400 x 166 pm) used to measure the intensity of NF-a.1
and GFAP staining (supplementary Fig 1). Expression of NF-a1 from immunostained
sections showed a gradual increase in intensity from E14.5 to P1 (D), while GFAP
immunoreactive staining showed low intensity from E14.5 to E17.5 and a surge at P1 (E).
F(4,10=39.73 for (D) and F4,10)= 289.4 for (E) respectively, values are mean+SEM, *p<0.05
and **p<0.01, N=3, one way ANOVA (Tukey’s multiple comparison test). (F)
Immunohistochemistry showing the co-localization of NF-a.1 (red) and GFAP (green) in
astrocytes (see arrows in merged image) at P1. Scale bar = 20 um (G-L) Eight random areas/
section from four consecutive sections/brain, 12 total sections per phenotype from 3
independent litters (P1 mice) were used to quantify GFAP and MAP?2 staining in the
neocortex of WT and KO mice. The rectangular box in the immunostained panels is
representative of the size of the area in the neocortex used to measure the intensity of GFAP
and MAP2 staining (see methods). (G & H) GFAP* immunostaining in WT and KO mice
Scale bar = 100 um. (K) Bar graph showing quantification of GFAP* immunoreactive
staining intensity in WT and KO neocortex represented in panels G and H. A significant
decrease in GFAP+ expression was found in KO compared to WT mice. *p<0.05, N=3.

(I & J) MAP2* immunostaining intensity was observed in NF-a1-KO & NF-a1-WT mice.
(L) Bar graph showing MAP2* immunoreactive staining in WT and KO neocortex
represented in panel | and J. No significant difference was observed between WT and KO
mice.

(M) Schematic representative of P1 coronal section; the square box indicates the neocortex
region which was used to count the GFAP and MAP2 stained cells. Two square areas/
section, four sections/ brain and 3 brains /phenotype which came from 3 NF-a1-WT and 3
NF-a1-KO pups from 3 independent litters were quantified. (N&O) GFAP* immunostained
astrocytes in WT and KO neocortex respectively. GFAP* astrocytes were significantly
decreased in NF-a1-KO compared to NF-a1-WT. Scale bar = 20um. (R) Bar graph showing
GFAP™ astrocyte numbers represented in panels N and O. There was a significant decrease
in astrocyte numbers in NF-a1-KO embryos compared to NF-a1-WT. The values represent
the mean + SEM, *p<0.05, N=3, ftest. Scale bar = 20 um). (P&Q) MAP2* immunostained
neurons in WT and KO neocortex respectively. No significant difference in MAP2*
immunostaining was observed between NF-a1-KO & NF-a1-WT. (S) Bar graph showing
MAP2* neurons represented in panels P and Q. The values represent the mean = SEM, N=3,
ttest. Scale bar = 20 um.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Temporal and spatial distribution of NF-a1in embryos.
(A) Bar graphs show NF-a1 mRNA expression in E6.5 embryos to postnatal dayl (P1)

(head only) relative to E5.5 embryos. Values are mean £ SEM; N=3, n=3 per embryo stage.
(B) In situhybridization indicates NF-a1 mRNA highly expressed in embryonic brain
especially di (diencephalon), te (telencephalon), som (somites), me (mesencephalon), and h
(heart) (N=3). (C) NF-a.1 was immunoprecipitated with polyclonal rabbit anti-NF-a.1 Ab
from whole embryos (E8.5-11.5) or embryo head (E12.5& E13.5) and probed with mouse
anti-NF-a.1 Ab. NF-al protein is detectable at early embryonic stages (E8.5, 10.5, 11.5,
12.5 & 13.5).
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Figure 2. NF-al negatively regulates neurosphere proliferation.
Neocortical cells from E13.5, were grown for 5 days in 96 well plate in the presence of

growth factors (FGF2 and EGF) and treated with or without 200 nM recombinant NF-a.1 at
day 0. At the end of 5 days, images were taken and analyzed using ImageJ software.
Exogenous addition of recombinant NF-a.1 significantly reduced the numbers of
neurospheres compared to control (A) and also affected the size of the neurospheres under
100-149 pm in diameter category (B) (N=3, **p<0.004, ***p<0.0007). (C) Representative
ICC pictures (10X) of untreated and NF-a1 treated cells. Scale bar = 100 um. (D) Bar graph
shows the percentage of Edu labelled cells compared to total (DAPI). NF-al treatment on
neural stem/progenitors significantly decreased proliferation of the cells (N=2, **p<0.004).
(E) NF-a1 immunoprecipitation assay showed both the starting material (cortical cells) and
the end product (neurosphere) express NF-a1 protein. The values represent the mean +
SEM, ttest.
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Figure 3. NF-a.1 decreases the neurosphere proliferation through Wnt3a/p-catenin signaling.
Cell lysates were prepared, at different time points (24 h, 72 h and 5 day), from

neurospheres grown in the presence of growth factors and treated with or without NF-a.1 on
day 0. Upper panels (A-C) represent Western blots of B-Catenin and B-actin at each time
point. Quantification of the Western blots (D-F) shows a significant decrease in p-Catenin
levels in NF-al treated cultures at 72 h & 5 d compared to untreated controls (E & F). N=3,
***p<0.0001, #test.
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Figure 4. NF-al and E300Q-NF-al (non-enzymatic mutant of NF-al) promotesthe
differentiation of neural stem/progenitorsinto astrocytes.

Neurospheres dissociated into single cells were grown for 5 days in the presence of 1% FBS
(differentiation media) and treated with or without NF-a.1 or E300Q-NF-a.1 on day 0. At the
end of day 5 single immunocytochemistry (ICC) staining for astrocytes (anti-GFAP),
neurons (anti-p-111 tubulin), and oligodendrocytes (CNPase), as well double immunostaining
for astrocyte (anti-GFAP) and nestin (anti-Nestin) was carried out. (A) Representative ICC
pictures (20X), of control (left) & NF-a.1 treated neural stem/progenitor cells (right). Scale
bar = 100 um. (B) & (C) Bar graph shows the percentage of each cell phenotype population.
Either NF-al1 or E300Q-NF-al treatment on neural stem/progenitor cells significantly
increased the number of astrocytes (***p<0.0001) (open bars), without significantly altering
the percentage of the neuron (shaded bars) and oligodendrocyte (solid bars) populations. (D)
Representative ICC pictures of control (untreated) (left) & NF-al treated cells double
immunostained for Nestin and GFAP (right). (E) Bar graph shows the percentage of
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differentiated phenotype populations. NF-a.1 treatment on neural stem/progenitors
significantly increases differentiation into GFAP* alone, concomitant with a reduction in the
Nestin*/GFAP™ cells population (***p<0.0001) without significantly altering the percentage
of Nestin* population. N=3, the values represent the mean = SEM, one way ANOVA
(Tukey’s multiple comparison test).
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Figure5. NF-a1l-KO/NF-a1l-WT generated neural stem/progenitorsindicate a modulatory role
of NF-alin altering the differentiation cell phenotype.

Neural stem/progenitors generated from NF-a1-KO and NF-a1-WT were grown for 5 days
in differentiation media and treated with or without NF-a1 on day 0. At the end of day 5 the
cells were stained and analyzed for GFAP, B-111 tubulin and CNPase positive cells.
Representative ICC pictures (x20) from NF-a1-KO (A) and NF-a1-WT (B) cells. Scale bar
=100 pm. Left and right side panels indicate controls and NF-a.1 treated cells. C,D & E
show bar graph analysis comparing between NF-a1-KO and NF-a1-WT for individual cell
(GFAP*, Tuj1* & CNPase*) phenotypes. Differentiated NPCs derived from NF-a.1-KO
(control) showed a significant ~30% decrease in GFAP™ cells (C) and ~34% increase in
Tuj1* cells (D) when compared to NF-a.1-WT controls. Irrespective of NF-a1-KO and NF-
al-WT cultures, NF-a 1 treatment increased GFAP* cells and decreased Tuj1* cells (C, D).
+p=0.03, #p<0.001, ***p<0.0001, N=3, the values represent the mean + SEM, one way
ANOVA (Tukey’s multiple comparison test) and Ztest.
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Figure 6. NF-al increases Sox9 mRNA and protein levelsin NPCssignaling via the ERK
pathway.

(A & C) Neural stem/progenitors were cultured for the indicated periods of time in the
presence or absence of 200 nM NF-a1. Total cell lysates were examined by Western blot
analysis using pERK and total ERK antibody. NF-a.1 increased pERK and Sox9 protein ~9
and ~2.4-fold respectively at 15 min and decreased with time compared with the Control
group. N=3; values are mean £SEM, *p<0.05, ***p<0.0001. (B & D) represents the bar
graph of the Western blot results (A & C). (E) ERK inhibitor U0126 treatment of neural
stem/progenitors for 30 min blocked the NF-a.1 induced pERK signaling by ~3-fold. NF-a.1
increased Sox9 protein levels by ~1.3-fold in the absence of U0126. U0126 prevented the
increase and reduced the levels of Sox9 by ~2.4-fold. N=2; values are mean +SEM, *p<0.05,
**p<0.001, ***p<0.0001. (F) Neural stem/progenitors were transfected with si-scrambled &
5i-Sox9RNA, followed by NF-a1 treatment and cultured for 48h. Sox9 mRNA expression
was significantly reduced in s/i-Sox9treated cells compared to si-scrambled. Sox9and GFAP

Stem Cells. Author manuscript; available in PMC 2018 September 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Selvaraj et al.

Page 25

mRNA levels were significantly increased in NF-a1 treated scrambled cells compared to
untreated. N=2; values are mean +SEM, ****p<0.0001, one way ANOVA (Tukey’s multiple
comparison test).
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Figure 7. Developmental expression of NF-al and GFAP and reduced astrocyte population
observed in NF-a1-KO compared to NF-a1-WT in neocortex.

Brains from E14.5 to P1 mice were extracted and protein analyzed by Western blot.
Neocortex coronal sections (16um) from E14.5-P1 mice and NF-a1-KO & -WT mice at P1
stage were immunostained for NF-a1, GFAP (astrocytes) or MAP2 (neuron). (A) Western
blot and bar graphs of NF-a.1 (B) and GFAP (C) showing quantification of protein
expression in brain during development. Each lane contains 2 brains pooled. NF-a1
expression increased gradually from E14.5 to P1 (B), while GFAP showed a major increase
at P1(C), corresponding to the time of increased astrocyte differentiation. F(4 5)= 5.27 for (B)
and F(4 5=152.2 for (C), values are mean+SD, *p<0.05 and **p<0.01, one way ANOVA
(Tukey’s multiple comparison test).
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