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ABSTRACT 

 

Astrocytes are a morphologically and functionally heterogeneous population of cells that play critical 

roles in neurodevelopment and in the regulation of central nervous system homeostasis. Studies of 

human astrocytes have been hampered by the lack of specific molecular markers and by the 

difficulties associated with purifying and culturing astrocytes from adult human brains. Human neural 

progenitor cells (NPCs) with self-renewal and multipotent properties represent an appealing model 

system to gain insight into the developmental genetics and function of human astrocytes, but a 

comprehensive molecular characterization that confirms the validity of this cellular system is still 

missing. Here we used an unbiased transcriptomic analysis to characterize in vitro culture of human 

NPCs and to define the gene expression programs activated during the differentiation of these cells 

into astrocytes using FBS or the combination of CNTF and BMP4. Our results demonstrate that in 

vitro cultures of human NPCs isolated during the gliogenic phase of neurodevelopment mainly consist 

of radial glial cells (RGCs) and glia-restricted progenitor cells. In these cells the combination of 

CNTF and BMP4 activates the JAK/STAT and SMAD signaling cascades, leading to the inhibition of 

oligodendrocytes lineage commitment and activation of astrocytes differentiation. On the other hand 

FBS-derived astrocytes have properties of reactive astrocytes. Our work suggests that in vitro 

culture of human NPCs represents a valuable cellular system to study human disorders characterized 

by impairment of astrocytes development and function. Our datasets represent an important resource 

for researchers studying human astrocytes development and might set the basis for the discovery of 

novel human-specific astrocyte markers. 

 

INTRODUCTION 

Astrocytes play a fundamental role in the development of the central nervous system (CNS) as well as 

in its maintenance in the adult organism. A myriad of functions have been attributed to astrocytes, 

among them is their ability to regulate the cerebral blood flow, contribute to the maintenance of the 
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extracellular environment, control intercellular communication, and modulate synapse formation and 

plasticity (Freeman, 2010). During the development of the mammalian CNS, neuroepithelial cells of 

the neural tube differentiate into radial glial cells (RGCs), which maintain self-renewal and 

differentiation properties and are responsible for the sequential generation of neurons, astrocytes and 

oligodendrocytes. In human, at around 12 post conceptual weeks, neuronal production decreases and 

RGCs begin direct differentiating into astrocytes or start producing glia-restricted intermediate 

progenitor cells that can differentiate into astrocytes or oligodendrocytes precursor cells (OPCs) (for 

review see (Rowitch & Kriegstein, 2010)). Studies of astrocytes development have progressed mainly 

through the use of animal models and in-vitro systems based on non-human cells, however human 

astrocytes are far more complex and diverse, and their morphology is drastically different from rodent 

and primate astrocytes (Oberheim et al., 2009; Matyash & Kettenmann, 2010). In order to unravel the 

extraordinary complexity of the human CNS it is necessary to develop and better characterize new 

human-specific cellular systems. The use of primary cultures of adult human glial cells is an 

appealing approach but presents several serious limitations due to the difficulty of purifying and 

culturing adult human astrocytes and because these primary cultures are often contaminated with 

other cell types (Newcombe et al., 1988; Becher & Antel, 1996; Gibbons et al., 2007; Jana et al., 

2007). Multipotent neural progenitor cells (NPCs) isolated from mammalian fetal CNS, expanded 

using EGF and FGF containing media have been shown to differentiate into neurons, astrocytes and 

oligodendrocytes depending on the developmental stage of the fetus and the usage of different 

culturing protocols (Johe et al., 1996). Even though NPCs have been proven to be useful cellular 

system to study different aspects of astrocytes function in both physiological and pathological 

conditions (Liu & Zhang, 2011), the usage of these cells as a model system to study human astrocytes 

has been hampered by the lack of well defined differentiation protocols and by the poor 

characterization of the derived cells (Conti & Cattaneo, 2010). The most commonly utilized 

differentiation procedure to differentiate progenitor cells into astrocytes consists in the use of media 

containing low percentage of serum (Winkler et al., 1998; Martinez et al., 2012). Nevertheless, 

exposure to single factors like ciliary neurotrophic factor (CNTF) (Johe et al., 1996; Rajan & McKay, 

1998) or bone morphogenic proteins (BMPs) (Gross et al., 1996; Nakashima et al., 2001) have been 
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proven to initiate astrocytic commitment and differentiation of progenitor cells (Haas et al., 2012). 

Whether these distinctive differentiation paradigms generate astroglial cells with similar or different 

morphological, functional and molecular properties have not been deeply investigated. Moreover a 

complete picture of the gene expression programs activated during the differentiation of human 

progenitor cells into astrocytes is still missing and it would be necessary to better understand human 

astrocytes development and to lay the groundwork for the use of these cells as a model to study the 

role of human astrocytes in neurodevelopmental disorders (Molofsky et al., 2012).  

 

MATERIALS AND METHODS 

 

Isolation and culture of human NPCs 

NPCs were isolated from five human fetal brains collected from second trimester-aborted fetuses. We 

received fetal specimens from the Birth Defects Research Laboratory at the University of Washington 

in Seattle, through a tissue distribution program supported by the National Institutes of Healt (NIH).  

The Birth Defects Research Laboratory obtained appropriate written informed consent from the 

parents and the procurement of tissues was monitored by the Institutional Review Board of the 

University of Washington. All the work was performed with approval by the Human Subject Research 

Office at the University of Miami. NPCs were cultured as previously described (Magistri et al., 2015). 

Briefly, fetal brains were mechanically dissociated into single cells and seeded in 75-mm tissue 

culture flasks in Neurobasal Media supplemented with EGF (20ng/ml), FGF (10ng/ml), B27, 

Glutamax and Heparin (2g/ml). After 7–10 days of culture, NSCs cells form neurospheres colonies 

that can be cultured in suspension for several months. Before any experiments neurospheres 

underwent at least two passages in order to reduce any possible neuronal contamination. To 

induce differentiation, neurospheres were disaggregated into single cells using accutase and plated for 

1 week in 6-well plates previously coated with poly-L-Ornythine (PLO) for 3 hours and laminin 

overnight. The differentiation media used consisted of DMEM/F12 supplemented with N2 and 

Glutamax and containing either 2.5% FBS or CNTF (20ng/ml) and BMP4 (10ng/ml). 
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RNA extraction and library preparation  

RNA was extracted and purified using a combination of TRIzol reagent and QUIAGEN RNeasy 

columns as previously described (Velmeshev et al., 2013). RNA extraction was performed from each 

NPCs line at the time cells were seeded for differentiation and after 1 week of culture in the 

differentiation media (FBS or CNTF/BMP4). 1g of RNA was used to prepare poly-A selected 

directional libraries using the NEBNext Ultra Directional RNA Library Prep Kit (New England 

BioLabs, USA) and libraries were sequenced utilizing the Illumina Hiseq2000 platform at the 

sequencing core of the University of Miami.  

 

RNAseq data analysis 

RNAseq analysis was performed utilizing CANEapp, an application for comprehensive analysis of 

RNA seq data (Velmeshev et al., 2016). CANEapp is a freely available Java application generated at 

the University of Miami that allows a completely automated analysis of RNAseq data for the 

detection of differentially expressed genes (http://psychiatry.med.miami.edu/research/laboratory-of-

translational-rna-genomics/CANE-app). In more detail, paired-ends reads generated from sequencing 

on the Illumina Hiseq2000 were trimmed off the adaptor sequences using a custom script and were 

aligned to the human genome reference GRCh37 using TopHat 2.0.9. Transcriptome for each sample 

was assembled using Cufflinks, which also provided transcripts abundance in fragments per kilobase 

of exon per million fragments mapped (FPKM), and transcripts assemblies were merged using 

Cuffmerge. Differential gene expression analysis was performed using Cuffdiff and genes having 

FDR < 0.05 were further filtered based on their expression level (FPKM > 5 in at least one of the 

group: NPCs or differentiated cells). Genes were annotated according to the ENSEMBL classification 

and genes that were not annotated as proteins coding genes, lincRNAs or antisense RNAs were 

filtered out. The data discussed in this publication have been deposited in NCBI's Gene Expression 

Omnibus and are accessible through GEO Series accession number GSE76122. 
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Gene Ontology (GO) Enrichment Analysis 

Differentially expressed genes were used as the input list to perform GO enrichment analysis using 

PANTHER from the Gene Ontology Consortium. Statistical overrepresentation test analysis was run 

using default settings and the “GO biological process complete” as reference list.  

 

Gene Set Enrichment Analysis 

Over-representation analysis of reactive astrocytes genes was performed using the Gene Set 

Enrichment Analysis (GSEA) tool (Subramanian et al., 2005). GSEA was applied on the two lists of 

genes that undergo differential expression during the differentiation of NPCs into astrocytes using 

FBS and CNTF/BMP4 (Supplementary table 1). Genes were ranked based on their fold changes and 

the analysis was run in pre-ranked mode. We adopted a classic enrichment statistic, as it is the 

recommended approach for RNA sequencing data. A list of reactive astrocytes genes were obtained 

from the study published by Zamanian et al. (Zamanian et al., 2012) and was used to create a reactive-

astrocytes gene set that was utilized in the analyses together with the GO biological processes's gene 

sets (c5.bp.v5.0) retrieved from the Molecular Signatures Database (MSigDB). 

 

Revere Transcriptase quantitative PCR (RT-qPCR) 

1 g of RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcroption Kit 

(ThermoFisher Scientific, USA). cDNA was diluted 1 to 5 and used as template for SYBR Green or 

TaqMan qPCR on the QuantStudio™ 6 Flex Real-Time PCR System. ACTIN (cat# 4310881E), 

GFAP (Hs00909233_m1 and mm01253033_m1), BLBP (Hs00361426_m1), VIM (Hs00958111_m1) 

and NESTIN (Hs04187831_g1) TaqMan assays were purchased from Life Technologies. Primers 

used for SYBR green RT-qPCR were designed spanning exon-exon junction using Primer3 v.0.4.0 

(Supplementary table 3). For all RT-qPCR reactions we included three technical replicates. To 

compare the expression of genes between NPCs and differentiated cells we used Student’s t –test. To 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

compare gene expression changes after spinal cord injury we used GraphPad prism software to 

perform ANOVA followed by Tukey post-hoc test. A p value of below 0.05 was considered as 

statistically significant. 

 

Immunostaining 

NPCs cells were plated on 8-well glass chamber slides (Millipore, PEZGS0816) coated with poly-L-

Ornythine (PLO) for 3 hours and laminin overnight to allow cells to adhere. Cells were fixed with 4% 

formaldehyde for 10 min, permeabilized with 0.2% triton-X, and incubated for 1 h in blocking buffer 

containing 20% goat serum to prevent non-specific binding of primary antibodies. Cells were then 

incubated with primary antibody overnight at 4C, subsequently cells were washed 3 times with PBS 

and incubated with fluorescently labeled secondary antibodies for 2 h at room temperature. 

Antibodies used: mouse anti-GFAP (1:5000) (Millipore, MAB360), chicken anti-VIMENTIN 

(1:1000) (Millipore, AB5733), mouse anti-NESTIN (1:200) (Millipore, MAB5326), rabbit anti-BLBP 

(1:50) (Santa Cruz Biotech, sc-30088). 

 

Western Blotting 

Whole cells were lysed in 2.5% SDS, 250mM Tris-HCl, pH 7.4, at 95°C. Gel electrophoresis and 

immunoblotting were done as previously described (Yamanaka et al., 2015). Immunoblots were 

developed using primary antibodies directed to GFAP (Millipore, MAB360) and GAPDH (Santa 

Cruza Biotech, sc-32233) and HRP-conjugated secondary antibodies. 

Spinal Cord Injury 

All animal experiments were approved by the Institutional Animal Care and Use Committee at the 

University of Miami and conducted according to specifications of the National Institutes of Health as 

outlined in the Guide for the Care and Use of Laboratory Animals. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Twelve C57B/L6 female mice were purchased from Jackson Laboratories and the Mutant Mouse 

Resource and Research Center (MMMRC) at 7- to 9-weeks of age. Eight mice were anesthetized 

using ketamine/xylazine (100 mg/15 mg/kg i.p.) before receiving mid-thoracic (T8) spinal cord 

injuries as previously described (Soderblom et al., 2013), while the remaining 4 mice were used as 

control. Injury (75 kDynes) was performed using the Infinite Horizon impactor device (Precision 

Systems and Instrumentation). Injured mice received lactated Ringer's solution, antibiotics (Baytril, 

10 mg/kg), and analgesics (buprenorphine, 0.05 mg/kg) subcutaneously for the first week after 

surgery. All mice were first anaesthetized with isoflurane inhalation, then euthanized by cervical 

dislocation. Control mice and four injured mice were euthanized one-week post-surgery, while the 

remaining four injured mice were euthanized two-weeks post-surgery. The spinal cord was collected 

at the site of injury for RNA extraction and RT-qPCR gene expression analysis.  

 

RESULTS 

Evaluation of human fetal neural progenitor cells (NPCs) differentiation into astrocytes. 

During development, neurons and glia are generated from multipotent neural progenitor cells (NPCs) 

derived from radial glial cells. Early in development during the so-called neurogenic phase, NPCs 

mainly produce neurons while later in development, during the gliogenic phase, radial glial cells can 

differentiate in glial progenitor cells or directly differentiate in glia cells (Kriegstein & Alvarez-

Buylla, 2009). In order to study astrocyte differentiation we isolated NPCs from human fetal brains 

collected from second trimester-aborted fetuses, a time point during neurodevelopment that 

corresponds with the end of the neurogenic phase and the beginning of gliogenic phase. 

Immunostaining analysis of isolated NPCs revealed expression of the typical NPCs markers NESTIN, 

VIMENTIN and BLBP (FABP7) (Figure 1A), thus confirming the undifferentiated state of these 

cells. In order to differentiate NPCs into astroglial cells we tested several differentiation paradigms 

and used RT-qPCR to assess the expression of the well-established astrocytic marker glial fibrillary 

acid protein (GFAP) to compare the efficiency of the different culturing conditions in inducing 
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astroglial differentiation. NPCs cultured in media containing 2.5% FBS had a 10-fold increase in the 

expression of GFAP, while exposure to the gliogenic cytokine CNTF (Bonni et al., 1997) or the bone 

morphogenic proteins BMP2 and BMP4 separately induced GFAP expression at a lower degree 

compared to FBS (Figure 1B). Since CNTF has been shown to act synergistically with BMP2 to 

induce astrocyte differentiation in rodents (Nakashima et al., 1999b), we decided to test the effects of 

CNTF/BMPs combinations. CNTF combined with BMP2 induced expression of GFAP at a level 

comparable with FBS, while the combination of CNTF with BMP4 resulted in even stronger (more 

than 30-fold) induction of this glial marker (Figure 1B). To validate our results at the protein level, we 

then used western blot analysis (Figure 1C) and immunohistochemistry (Figure 1D) to attain 

quantitative and qualitative estimate of GFAP expression in NPCs and cells differentiated with 2.5% 

FBS and CNTF/BMP4. As shown by western blot, GFAP was expressed, although at a low level, in 

the NPCs and increased after astroglial differentiation with both paradigms (Figure 1C). GFAP 

immunostaining revealed differences in the morphology of differentiated cells, where FBS-

differentiated cells assumed an elongated fibroblast-like morphology, whereas cells differentiated 

with CNTF/BMP4 assumed a typical astrocyte-like stellate morphology (Figure 1D). Cells 

differentiated with CNTF/BMP4 resemble fibrous astrocytes of the white matter, which have a 

stellate morphology and typically express glial filaments that stain positive for GFAP.  

In order to better describe the cells resulting from exposure to FBS and the combination of CNTF and 

BMP4, we utilized RT-qPCR to measure the expression of a panel of astroglial and NPCs markers. 

After one week of differentiation in the presence of FBS or CNTF/BMP4 we observed a significant 

increase in the expression of the astrocytic markers GFAP, AQP4 and CD44 (Figure 1E). In cells 

differentiated with FBS we noticed a decrease in the expression of the progenitor marker BLBP but 

not significant changes in NESTIN and VIMENTIN. On the other hand, cells differentiated with 

CNTF/BMP4 showed a decrease in NESTIN but not in BLBP and VIMENTIN. These data suggest 

that NPCs isolated from fetal brain differentiate into astroglial cells when exposed to both FBS and 

CNTF/BMP4, but that the degree of differentiation and the characteristics of these cells might depend 

on the differentiation paradigm utilized.  
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RNAseq analysis of NPCs differentiation into astrocytes.  

In order to reveal the dynamic changes of gene expression programs activated in NPCs during 

astrocyte differentiation, we decided to take advantage of next generation sequencing and perform a 

transcriptomic analysis of NPCs before and after differentiation in the presence of FBS and 

CNTF/BMP4. From now on we will refer to differentiated cells as FBS-astrocytes and CNTF/BMP4-

astrocytes according to the differentiation method utilized. NPCs isolated from 4 different donors  

(91, 103, 110 and 114 days embryos) were differentiated for 1 week using 2.5% FBS, while 3 NPCs 

lines (two from 103 and one from 110 days embryo) were differentiated for 1 week in the presence of 

CNTF/BMP4. RNA was extracted from NPCs before and after differentiation and submitted for 

sequencing on the Illumina HiSeq 2000 platform. Using our validated bioinformatics analysis pipeline 

(Magistri et al., 2015) we identified 757 genes to undergo differential expression (406 upregulated 

and 351 downregulated) in NPCs differentiated with FBS and 1414 genes to be differentially 

expressed (619 upregulated and 795 downregulated) when NPCs are differentiated in 

CNTF/BMP4-containing media (Figure 2A and Supplementary table 1). Hierarchical clustering using 

differentially expressed genes revealed that the two differentiation protocols activate a similar pattern 

of gene expression (Figure 2B). In support of this observation we identified 396 genes (195 

upregulated and 201 downregulated) to be in common between the two lists of differentially 

expressed genes (Figure 2A), suggesting that these might represent the core set of genes responsible 

for driving astroglial differentiation process. Among these genes there were the known astrocytic 

markers GFAP, CD44 and AQP4, which we confirmed by RT-qPCR to be upregulated during the 

differentiation process (Figure 1E). Beside these markers, and among the most upregulated genes we 

found the four members of the inhibitor of differentiation (ID) family of helix-loop-helix 

transcriptional inhibitors, which have been previously implicated in astrocytic cell fate determination 

and differentiation (Ross et al., 2003; Samanta & Kessler, 2004). Among the most downregulated 

genes we found the transcription factors OLIG1 and OLIG2, which are crucial for oligodendrocytes 

lineage commitment (Ligon et al., 2006). These data confirm that NPCs cultured in both FBS and 
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CNTF/BMP4 undergo astrocytic differentiation and that these two different culturing conditions 

induce the activation of a mutual transcriptional program leading to astrocyte differentiation. 

 

Differentiating cells undergo inhibition of oligodendrocytes lineage commitment and activation 

of astroglial differentiation.    

To attain a better picture of the common transcriptional program activated by FBS and CNTF/BMP4 

we examined the mutual 396 differentially expressed genes using gene ontology (GO) enrichment 

analysis (http://pantherdb.org/). Gliogenesis and glia cell differentiation were the most significantly 

enriched biological processes thus confirming that this core set of genes is indeed enriched for genes 

playing important roles during astrocyte differentiation (Figure 2C, Figure 2D and Table 1). Among 

the upregulated genes belonging to these processes we found astrocytic markers (GFAP and CD44), 

astrocytes-associated inhibitors of DNA binding (ID2 and ID4) and several other genes know to play 

a role in astrocyte maturation. For example, FGFR3 is expressed by neuroepithelial precursor cells in 

the embryonic brain and spinal cord and is highly enriched in astrocytes compared to other neural 

cells in the postnatal brain (Cahoy et al., 2008; Young et al., 2010). NOTCH1 is among the 

upregulated genes, and notch signaling is known to inhibit maturation of neurons and 

oligodendrocytes from precursor cells while promoting astrocytes differentiation (Givogri et al., 2003; 

Louvi & Artavanis-Tsakonas, 2006). Among other upregulated genes were APCDD1, which is a 

negative regulator of Wnt signaling that promotes astrocyte precursor migration (Kang et al., 2012), 

the chemokine CCL2 that recruit CCR2-expressing monocytes into the CNS and is mainly expressed 

by astrocytes upon viral infection and TBI (Semple et al., 2010; Zaritsky et al., 2012), and the colony 

stimulating factor-1 (CSF1) which is expressed by astroglial cells during CNS development and 

following inflammatory response (Shafit-Zagardo et al., 1993; Alterman & Stanley, 1994). When we 

looked at the downregulated genes we noticed that the majority of these genes are normally expressed 

by oligodendrocytes, by they precursor cells (OPCs) or they are genes important for oligodendrocytes 

differentiation. Among these genes we found the oligodendrocyte lineage transcription factors 1 and 2 
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(OLIG1 and OLIG2) and the non-receptor tyrosine kinase LYN, which are important regulators of 

oligodendrocytes differentiation (Colognato et al., 2004; Ligon et al., 2006). We also noticed 

downregulation of EGR1 and S100, two genes that are expressed at high level in undifferentiated 

oligodendrocyte precursor cells (OPCs) (Deloulme et al., 2004; Dugas et al., 2006). Another gene 

expressed in the OPCs and downregulated in our dataset was PTPRZ1, which codes for the receptor 

protein tyrosine phosphatase gamma. PTPRZ1 is expressed at the surface of OPCs and plays a dual 

role in inhibiting their proliferation and promoting their maturation (Lamprianou et al., 2011). The 

actin-binding protein gelsolin (GSN) is an early marker of oligodendrocytes (Lena et al., 1994; 

Vouyiouklis & Brophy, 1997) and was also downregulated upon differentiation of the NPCs. Another 

downregulated gene is the adhesion G protein-coupled receptor GPR56 that is abundantly expressed 

throughout oligodendrocytes development. Loss of GPR56 causes hypo-myelination in the CNS 

(Giera et al., 2015). Mutations in NDRG1, another downregulated gene, cause motor and sensory 

neuropathy characterized by severe peripheral demyelination (Tazir et al., 2013), while in the CNS 

NDRG1 is predominantly expressed by oligodendrocytes (Okuda et al., 2008). Beside glia cell 

differentiation we also noticed enrichment for the chondroitin sulfate proteoglycan (CSPG) metabolic 

process. CSPGs are indeed one of the main components of the extracellular matrix of the central 

nervous system (CNS) (Rowitch & Kriegstein, 2010) and upon injury CSPGs production is 

upregulated in astrocytes and results in the formation of a glia scar in the proximity of the lesion 

(McKeon et al., 1991). Expression of mature astrocyte’s markers ALDH1L1 and SLC1A2 did 

not significantly increase upon 1 week of differentiation with 2.5% FBS, nor CNTF/BMP4, 

suggesting that differentiated cells maintain an immature phenotype. 

Our data demonstrate that in NPCs, 1 week exposure to both FBS and CNTF/BMP4 triggers 

the concomitant inhibition of oligodendrocyte lineage commitment and activation of astrocyte 

differentiation but do not generate fully mature astrocytes.  
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Validation of RNAseq results by RT-qPCR 

To confirm the accuracy of RNA-seq analysis, we selected a dozen of genes with different expression 

level and with a wide range of differential expression changes and performed RT-qPCR validation 

(Figure 3A and 3B). In this list of genes we included known astrocytic markers, as well as genes 

previously reported to play a role in CNS development and function. Alpha2 microglobulin (A2M) is 

a secreted protein produced by astrocytes with a neurite-promoting activity (Mori et al., 1990), and its 

expression increases in the brain of Alzheimer’s disease patients (Kovacs, 2000) and after SCI (Ramer 

et al., 2005). C1q-like protein 1 (C1QL1) is a synaptic molecules that is expressed by neurons and is 

involved in activity-dependent synapse plasticity and formation (Eroglu & Barres, 2010). Cystain C 

(CST3) is required for neural stem cell proliferation (Taupin et al., 2000). Dusp4 (Dual specificity 

phosphatase 4) promotes neurogenesis (Kim et al., 2015). Elastin (ELN) expression is stimulated by 

hydrostatic pressure in cultured optic nerve head astrocytes (Hernandez et al., 2000) and in astrocytes 

of the lamina cribrosa (Pena et al., 2001) Mutations in ELN are reported in patients with intellectual 

disability or learning problems. IFITM3 is an interferon-induced protein expressed in astrocytes 

following activation of the innate immune system and responsible for neuronal impairments (Ibi et al., 

2013). CRYAB codes for a small heat shock protein, which is also one of the constituents of the 

crystalline lens. In the central nervous system CRYAB is mainly expressed by oligodendrocytes but 

its expression was reported to increases in other glial cells after injury (Piao et al., 2005; Klopstein et 

al., 2012). Podocalyxin (PODXL), a member of sialomucin family of protein, and Follistatin-like 1 

(FSTL1) are both upregulated in glioblastoma (Reddy et al., 2008; Wu et al., 2013), while TRIB2 is a 

pseudokinase protein that has been associated with narcolepsy (Cvetkovic-Lopes et al., 2010). As 

shown in Figure 3A and 3B differential expression by RT-qPCR highly correlates with RNAseq data 

in both differentiation experiments, thus validating the accuracy of our analysis. 
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CNTF/BMP4- differs from FBS-astrocytes and represents bona fide astrocytes 

Beside the similarities, CNTF/BMP4-astrocytes differ from FBS-astrocytes as it is shown by 

unsupervised hierarchical clustering analysis performed on all the genes expressed by the two cell 

types (Figure 4A). To study these differences we decided to take a closer look at the genes that are 

upregulated exclusively during differentiation with CNTF/BMP4 or FBS. Gene ontology enrichment 

analysis of the genes upregulated solely in CNTF/BMP4-astrocytes showed enrichment for 

“regulation of glial cell differentiation” and “proteoglycan metabolic process” (Supplementary Table 

2), suggesting that these cells may represent bona fide astrocytes. On the other hand the genes solely 

upregulated in FBS-astrocytes were enriched for genes involved in tissue development and 

extracellular matrix organization, including SPARC and CYR61 that are matricellular proteins known 

to be secreted by reactive astrocytes (Jones & Bouvier, 2014) (Supplementary Table 2). To better 

compare CNTF/BMP4-astrocytes and FBS-astrocytes we performed differential gene expression 

analysis using Cuffdiff. We found 988 protein-coding genes to be differentially expressed, 376 

enriched in FBS-astrocytes and 612 enriched in CNTF/BMP4-astrocytes (Figure 5A and 

Supplementary Table 1). Gene ontology analysis of genes enriched in CNTF/BMP4-astrocytes 

revealed overrepresentation of genes involved in BMP signaling pathway (Figure 4C and 

Supplementary Table 2). Among the most upregulated (log2 fc > 1.5) and most abundantly expressed 

genes (FPKM > 30) we found several genes expressed by astrocytes in normal or pathological 

conditions, such as CD44 (Hernandez et al., 2000), PODXL (Wu et al., 2013), SPARCL1 

(Kucukdereli et al., 2011), ELN (Hernandez et al., 2000), SOCS3 (Okada et al., 2006), CCL2 (Lo et 

al., 2014) and IGFBP3(Honda et al., 2011). Astrocytes play important roles in synapses formation, 

maturation and maintenance through the secretion of different proteins including glypicans (GPC4) 

and hevin (SPARCL1), and these two genes were enriched in CNTF/BMP4-astrocytes (Kucukdereli 

et al., 2011; Allen et al., 2012). On the other hand gene ontology analysis of FBS-astrocytes enriched 

genes showed a clear overrepresentation for genes involved in neurogenesis, neuronal differentiation 

and synapses formation and function (Figure 4D and Supplementary Table 2), pointing out to the 

presence of neuronal cells among the differentiated cells. Taken together these data demonstrate that 
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exposure to CNTF/BMP4 primarily induces differentiation of NPCs into astrocytes, while low 

percentage of serum gives rise to a mixed population of neuronal and astroglial cells that express 

markers of reactive astrocytes (McCarthy et al., 2006).  

 

FBS-astrocytes are enriched for markers of reactive gliosis 

The role of astrocytes is not only limited to normal development and homeostasis as they play an 

essential role during diseases and injury of the CNS by adopting a different functional state in the 

process of astrocyte reactivation. It has been shown that in vitro differentiated or cultured astrocytes 

undergo morphological and molecular changes that make cultured cells very different from mature in 

vivo astrocytes (Cahoy et al., 2008). In particular, in vitro cultured rodents astrocytes have been 

shown to express many reactive astrocyte genes (Zamanian et al., 2012). In our datasets we noticed 

that CNTF/BMP4- and FBS-astrocytes express immature and reactive astrocytes markers. For 

example CNTF/BMP4-astrocytes retain the expression of NESTIN and VIM, while FBS-astrocytes 

express BLBP and VIM (Figure 1E) and express matricellular proteins secreted by reactive astrocytes 

(Table 3). In order to verify whether there was an enrichment of reactive astrocytes genes among the 

genes expressed in our cultures of astroglial cells, we decided to compare genes upregulated during 

differentiation of CNTF/BMP4- and FBS-astrocytes with genes upregulated in reactive gliosis from 

the study published by Zamanian et al. (Zamanian et al., 2012). Gene set enrichment analysis (GSEA) 

showed a statistically significant enrichment for reactive astrocytes genes in FBS-astrocytes (FDR < 

0.001) (Figure 5A), while there was not statistical significant enrichment in CNTF/BMP4-astrocytes 

(FDR 0.270). Among the genes forming the core enrichment of our analysis (6B) we selected few to 

monitor their expression changes during reactive gliosis after spinal cord injury in vivo. In order to 

induce astrocyte reactivation in vivo, we utilized a spinal cord injury paradigm where it is well 

established that reactive astrocytes create a scar around the site of injury preventing the spread of 

further tissue damage and at the same time prevent neuronal regeneration. C57BL6 mice received 

surgical injury to their spinal cord and mice were sacrificed one or two weeks after injury. Increased 
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GFAP expression is a hallmark of reactive astrocytes and represents a well-studied phenomenon 

during spinal cord injury (Garrison et al., 1991; Yang & Wang, 2015). Alpha2 microglobulin (A2M) 

is a secreted protein produced by astrocytes that has a neurite-promoting activity (Mori et al., 1990), 

and its expression increases in Alzheimer’s disease brain (Kovacs, 2000). EMP1 is indispensable for 

blood-brain barrier tight junction formation and function and is involved in mechanisms of drug 

resistance (Bangsow et al., 2008). OSMR encodes for the oncostatin M (OSM) receptor, a member of 

the type I cytokine receptor family. In astrocytes OSM binds to OSMR to induce IL-6 expression 

(Van Wagoner et al., 2000). Both OSMR and OSM were reported to be upregulated after spinal cord 

injury at the site of lesion where they play protective role and promote recovery (Slaets et al., 2014). 

As shown in Figure 5C, these genes showed significant increase after spinal cord injury, thus 

confirming their reactive astroglia-specific expression profile. These data show that FBS-astrocytes 

compared to CNTF/BMP4 astrocytes are enriched for reactive astrocytes markers. 

 

DISCUSSION 

 

Radial glial cells (RGCs) and neural progenitors cells (NPCs) can be isolated from embryonic 

mammalian brain and cultured in vitro in the presence of mitogens as floating cellular aggregates 

called neurospheres (Buc-Caron, 1995; Bez et al., 2003). These cells retain the capability to 

differentiate in different neural lineages, thus they represent an appealing in vitro model system to 

study development and function of the CNS. In the developing mammalian CNS, asymmetric division 

of RGCs initially gives rise to neuronal progenitors that differentiate into neurons migrating along the 

RGCs processes. Later in development RGCs undergo a switch in their developmental program from 

neuron to glia cells production (Rowitch & Kriegstein, 2010). At the molecular level this switch is 

underlined by the concomitant repression of pro-neuronal proteins and the activation of pro-glia 

proteins. Our neurospheres derived from cells isolated during the gliogenic phase of neural 

development expressed the typical progenitor cells markers (BLBP, NESTIN, VIM and GFAP), 
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confirming the undifferentiated state of these cells and therefore suggesting their capability to undergo 

in vitro differentiation. Gene expression profiling using RNAseq revealed that neurospheres expressed 

very low levels of well-established pro-neuronal proteins like the bHLH transcriptional regulators 

neurogenin 1 (NEUROG1), NEUROG2, NHLH1 and ATOH1 (Bertrand et al., 2002). At the same 

times these cells expressed high levels of members of the NOTCH signaling pathway (NOTCH1, 

DLL1 and JAG1) and of the pro-glia transcription factor SOX9, both of which play fundamental role 

during the switch from neuron to glia in the developing CNS (Stolt et al., 2003; Yoon et al., 2008; 

Namihira et al., 2009; Kang et al., 2012). Our transcriptomic data showed that neurospheres isolated 

during the gliogenic phase of CNS development consist mainly of a mixed population of glia-

committed progenitor cells and RGCs.  

The in vitro usage of embryonic NPCs has been an important model to study neuronal and glial 

differentiation and to understand the molecular bases underlying CNS development. In vivo studies 

indicate that gliogenesis initiates when RGCs and progenitor cells are exposed to neurons-secreted 

cytokines belonging to the interlueukin 6 (IL-6) family (Barnabe-Heider et al., 2005). Among these 

cytokines, the leukemia inhibitory factor (LIF) (Asano et al., 2009), the ciliary neurotrophic factor 

(CNTF)  (Rajan & McKay, 1998) and cardiotrophin 1 (CT1) (Barnabe-Heider et al., 2005) have been 

shown to promote astroglia differentiation of NPCs through the activation of the JAK-STAT signaling 

pathway. Astrogenesis requires also the activation of the SMAD signaling cascade by bone 

morphogenic proteins (BMPs) that has been shown to converge with the JAK-STAT pathway and 

results in the activation of astrocyte-specific genes (Nakashima et al., 1999a). BMPs also repress 

NPCs differentiation into neurons and oligodendrocytes by controlling the expression of bHLH 

factors (Nakashima et al., 2001). In vitro, the fate choice decision of NPCs can be modulated by the 

exposure to specific growth factors that mimic the extracellular cues driving differentiation in vivo. 

For example, members of the IL-6 family of cytokine and BMPs molecules are also effective in 

driving in vitro differentiation of progenitor cells into astrocytes. In our study, we showed that human 

neurospheres exposed to the combination of CNTF and BMP4 differentiated into astrocytes through 

the activation of the JAK/STAT and SMAD signaling pathways. RNAseq revealed that signaling 
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through CNTF receptor culminates with the activation of STAT3, which is a direct transcriptional 

regulator of GFAP expression, while, signaling through BMPs receptors and SMAD transducers 

activates the expression of all four members of the ID family of proteins (Hollnagel et al., 1999), 

which negatively regulate oligodendrocytes transcription factors OLIG1 and OLIG2 (Samanta & 

Kessler, 2004). Our findings showed that human astrocyte differentiation of glia-committed 

progenitors requires the concomitant activation of the JAK/STAT and SMAD signaling pathways, 

resulting in the inhibition of oligodendrocyte lineage commitment and activation of astrocytes 

differentiation. Our results are in agreement with previous studies (Raff et al., 1983; Rao et al., 1998; 

Herrera et al., 2001) suggesting that glia-committed progenitor cells may retain the capability to 

differentiate into astrocyte and oligodendrocyte and that their fate decision is dictated by the 

stimulation of diverse signaling pathways and the activation of lineage-specific genetic programs.  

FBS has been widely used to induce astrocytic differentiation of NPC (McCarthy et al., 2000; Brunet 

et al., 2004; Haas et al., 2012) but the signal transduction mechanisms underlying the differentiation 

process and the characteristics of the differentiated cells remained poorly investigated. To better 

highlight the differences and fully understand the nature of FBS- and CNTF/BMP4-astrocytes we 

compared their transcriptional profiles attained with RNAseq. In comparison to FBS-differentiated 

cells, CNTF/BMP4-astrocytes are enriched for genes involved in glia cell differentiation and 

astrocytes-specific metabolic processes and express high level of gene important for astrocytes 

function. For examples, CNTF/BMP4-astrocytes express glypicans (GPC4) and hevin (SPARCL1), 

which are astrocytes-secreted proteins playing a crucial role in the formation, maturation and 

maintenance of synapses (Kucukdereli et al., 2011; Allen et al., 2012). Differently, FBS-astrocytes 

when compared to CNTF/BMP4-astrocytes showed enrichment for genes involved in neurogenesis, 

neuronal differentiation and synapses formation and function. This observation is in line with 

previous studies showing that NPCs exposed to low percentage of serum differentiate into a mixed 

population of neuronal and glial cells (McCarthy et al., 2000; McCarthy et al., 2006), and suggests 

that neurospheres isolated from second trimester embryonic bran might contain a small percentage of 

progenitors capable of differentiating into neuronal cells in response to FBS but not CNTF/BMP4 
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stimulation. Our data imply that CNTF/BMP4 stimulation is a more controlled and specific 

experimental paradigm than FBS to differentiate human NPCs into astrocytes. 

In response to CNS injury astrocytes undergo different molecular, morphological and functional 

changes in a process called reactive gliosis. For example after spinal cord injury, reactive astrocytes 

create a scar around the site of injury preventing the spread of further tissue damage (Faulkner et al., 

2004) but at the same time releasing extracellular matrix components and pro-inflammatory 

molecules that are detrimental for neuronal regeneration (Silver & Miller, 2004). Reactive astrocytes 

are characterized by the upregulation of GFAP, increased secretion of CSPGs (Dyck & Karimi-

Abdolrezaee, 2015) and the expression of immature markers like NESTIN (Clarke et al., 1994) and 

VIMENTIN (Liu et al., 2014) but more complex molecular changes occur during reactive gliosis. The 

study of Zamanian et al. was instrumental to reveal genome-wide gene expression changes occurring 

during mouse reactive gliosis, providing a transcriptome database of reactive astrocytes (Zamanian et 

al., 2012). The transcriptional profile of primary rodents astrocytes cultured in vitro have been shown 

to drastically differ from acutely purified mature astrocytes, with the in vitro culture being more 

similar to immature astrocytes or astrocytes in the reactive state (Cahoy et al., 2008; Zamanian et al., 

2012). In concordance with these studies we noticed enrichment for reactive-astrocytes genes in FBS-

astrocytes but not in CNTF/BMP4 astrocytes, thus suggesting that FBS-astrocytes might have a 

phenotype more similar to reactive astrocytes which might explain the fibroblast-like phenotype of 

astrocytes differentiated with FBS compared to the more stellate phenotype obtained with 

CNTF/BMP4.  

Our findings demonstrated that the combination of CNTF and BMP4 triggered human NPCs to 

restrict their fate and to differentiate into astrocytes through the activation of signaling pathways that 

recapitulate in vivo development of astrocytes: the JAK/STAT and the SMAD signaling cascades. 

Differently, NPCs cultured in the presence of FBS differentiated in astrocytes with a more reactive-

like phenotype.  
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Our datasets and culture system are an important resource to study human astrocytes development 

and may be of help to identify novel human-specific astrocyte markers. Our study consist of a 

valuable tool for future research of human disorders characterized by impairment of astrocyte 

development and function and represents a step forward for the therapeutic application of 

RGCs-derived astrocytes.  
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FIGURE LEGENDS 

Figure 1. Astroglial differentiation of human Neural Progenitor Cells (NPCs) 

A) Immunostaining of human neurospheres stained with anti-NESTIN (red), anti-VIMENTIN (green) 

and anti-BLBP (magenta) antibodies. Nuclei were stained with DAPI (blue).  

B) RT-qPCR analysis of GFAP expression changes in NPCs differentiated for 1 week using different 

culturing conditions. On the Y axe is depicted the expression of GFAP relative to the housekeeping 

gene -ACTIN. GFAP expression level was normalized to NPCs (EGF + FGF). 

C) Western blot analysis of GFAP protein expression in NPCs and in cells differentiated for 1 week in 

the presence of FBS and CNTF/BMP4. The expression of the housekeeping gene GAPDH was used 

to as loading control. 

D) Immunostaining of NPCs differentiated for one 1 week in the presence of FBS and CNTF/BMP4. 

Cells were stained with anti-GFAP antibody (Green) and with DAPI (blue). 

E) RT-qPCR analysis of astrocytes (GFAP, CD44 and AQP4) and progenitor cells (BLBP, NESTIN 

and VIM) specific-genes in NPCs differentiated for 1 week using FBS (upper panel) and 

CNTF/BMP5 (lower panel). On the Y axe is depicted the expression of the analyzed gene relative to 

the housekeeping gene -ACTIN. Gene expression is normalized to non-differentiated NPCs  (-FBS 

and –CNTF/BMP4).   

Error bars are S.E.M.; **p<0.01. 

 

Figure 2. Transcriptomic analysis of differentiated astrocytes  

A) Venn diagram depicting the number of genes that are differentially expressed in NPCs 

differentiated for one 1 week in the presence of FBS and CNTF/BMP4. 
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B) Heatmap showing log2(FPKM) values and hierarchical clustering analysis of differentially 

expressed genes in NPCs, FBS-astrocytes and CNTF/BMPB4-astrocytes. 

C) Graphical representation of Gene Ontology (GO) enrichment analysis showing biological 

processes that are overrepresented in the 398 genes differentially expressed in both FBS- and 

CNTF/BMP4-astrocytes. 

D) Heatmap showing log2(FPKM) values of genes  differentially expressed with both culturing 

conditions (FBS and CNTF/BMP4) and belonging to the most enriched biological processes 

from GO enrichment analysis (Table1). 

 

Figure 3. Quantitative RT-qPCR validation of RNAseq differential expression analysis  

Technical validation of RNAseq differential expression analysis of FBS (A) and CNTF/BMP4 (B) 

differentiation using RT-qPCR showing high degree of correlation between log2 fold change 

differences from RNAseq and RT-qPCR data for 13 different genes. 

 

Figure 4. Comparison of FBS-astrocytes and CNTF/BMP4-astrocytes  

A) Heatmap showing log2(FPKM) values and unsupervised hierarchical clustering analysis of all the 

genes expressed in FBS- and CNTF/BMP4-astrocytes.  

B) Heatmap displaying log2(FPKM) and hierarchical clustering analysis of differentially expressed 

genes between FBS- and CNTF/BMP4 astrocytes. 

Graphical representation of Gene Ontology (GO) enrichment analysis showing biological processes 

that are overrepresented in FBS-astrocytes enriched genes (C) and CNTF/BMP4-astrocytes enriched 

genes (D). 
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Figure 5. Enrichment of reactive astrocytes genes in FBS-astrocytes 

A) Gene set enrichment analysis (GSEA) performed in pre-ranked mode using differentially 

expressed genes in NPCs differentiated with FBS. A) Enrichment plot for reactive astrocytes genes 

signature. Genes related to reactive astrocytes genes signature most strongly associated with the FBS-

astrocytes are represented on the far left. 

 

B) Heatmap showing FPKM expression profile of the core enrichment of genes from GSEA. 

 

C) RT-qPCR analysis of FBS-astrocytes-expressed reactive astrocytes genes in the spinal cord of 

mice control mice (CTRL) or mice after 1 or 2 weeks from injury. RNA was extracted from the site of 

injury of the spinal cord. On the Y axe is depicted the expression of the analyzed gene relative to the 

housekeeping gene -Actin. Gene expression is normalized to CTRL. Error bars are S.E.M.; *p<0.05; 

**p<0.01.; n=4. 
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Table 1. Gene Ontology enrichment analysis of the core set of differentially expressed genes  

 

GO biological process UPregulated Genes DOWNregulated Genes 

gliogenesis 

 FGFR3 GFAP ID2 

NOTCH1  PAX6 CCL2 

STAT3 APCDD1 ID4  

LYN EGR1 OLIG2 PTPRZ1 S100B HES1 

WASF3 GSN DNER NDRG1 GPR56  

glial cell differentiation 

FGFR3 GFAP ID2 

NOTCH1 PAX6 STAT3 

ID4 

LYN EGR1 OLIG2 PTPRZ1 S100B HES1 

WASF3 GSN DNER NDRG1 

oligodendrocyte 

differentiation 

FGFR3 ID2 NOTCH1 

PAX6 ID4 
LYN EGR1 PTPRZ1 OLIG2 WASF3 GSN 

morphogenesis of a 

branching structure 

CSF1 NOG NOTCH1 

SOCS3 CTSH ADAMTS16 

CD44 

ETV4 SLC12A2 NPNT SFRP1 ADM 

CTNND2 CLIC4 SPRY1 NFATC4 SPRY2 

regulation of gliogenesis 
CSF1 NOG FGFR3 ID2 

GFAP NOTCH1 ID4  
LYN PTPRZ1 OLIG2 HES1 

morphogenesis of a 

branching epithelium 

CSF1 NOG NOTCH1 

SOCS3 CTSH ADAMTS16 

CD44 

ETV4 SLC12A2 NPNT SFRP1 ADM 

CLIC4 SPRY1 NFATC4 SPRY2  

negative regulation of 

MAP kinase activity 
  

LYN HMGCR DUSP4 SPRED2 SFRP1 

DUSP6 SPRY4 SPRED1 SPRY4 SPRY1 

SPRY2 

proteoglycan metabolic 

process 

COL11A1 XYLT1 SDC2 

GPC4 CHST15 

CHST11 BCAN SDC3 CHST7 ACPL2 

HS6ST2 

chondroitin sulfate 

proteoglycan metabolic 

process 

XYLT1 SDC2 GPC4 

CHST15 
CHST11 BCAN SDC3 CHST7 ACPL2  

sulfur compound 

biosynthetic process 

XYLT1 ANGPT1 CHST15 

CDO1 

ELOVL6 CHST11 BCAN ACSL3 CTH 

ACSS1 CHST7 MGST3 ACPL2 HS6ST2 
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