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Aging is a major risk factor for many neurodegenerative disorders. A key feature of
aging biology that may underlie these diseases is cellular senescence. Senescent cells
accumulate in tissues with age, undergo widespread changes in gene expression,
and typically demonstrate altered, pro-inflammatory profiles. Astrocyte senescence
has been implicated in neurodegenerative disease, and to better understand
senescence-associated changes in astrocytes, we investigated changes in their
transcriptome using RNA sequencing. Senescence was induced in human fetal
astrocytes by transient oxidative stress. Brain-expressed genes, including those
involved in neuronal development and differentiation, were downregulated in senescent
astrocytes. Remarkably, several genes indicative of astrocytic responses to injury
were also downregulated, including glial fibrillary acidic protein and genes involved
in the processing and presentation of antigens by major histocompatibility complex
class II proteins, while pro-inflammatory genes were upregulated. Overall, our findings
suggest that senescence-related changes in the function of astrocytes may impact the
pathogenesis of age-related brain disorders.
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INTRODUCTION

Astrocytes are the most abundant population of cells within the central nervous system (CNS) and
the structural diversity and functional complexity of cortical astrocytes is a distinguishing feature of
the primate brain (Oberheim et al., 2006). Astrocytes form a functionally coupled network through
a series of gap junctions and have pleiotropic roles in maintaining the blood–brain barrier and
controlling cerebral blood flow (Abbott et al., 2006); regulating ion, water and neurotransmitter
homeostasis (Simard and Nedergaard, 2004); and modulating synaptic transmission as part of
the tripartite synapse (Perea et al., 2009). Astrocytes can respond to CNS insults through the

Frontiers in Aging Neuroscience | www.frontiersin.org 1 August 2016 | Volume 8 | Article 208











fnagi-08-00208 August 29, 2016 Time: 12:37 # 6

Crowe et al. Astrocyte Transcriptome and Oxidative Stress

FIGURE 2 | Gene Ontology (GO) term enrichment analysis for senescent astrocyte down- and upregulated transcripts. (A) The top overrepresented GO
biological process classes in astrocyte downregulated transcripts (padj < 0.05 and fold change of 1.5 or greater; Supplementary Table S3) are shown in the pie chart.
The weighted number of genes in each category corresponds to the width of the wedges in the pie chart. (B) GO terms that are not cell division related are
expanded below in a bar graph. Developmental categories are coded in gray, immune function is in green, sterol metabolism in blue, and development of the
nervous system is in black. (C) The top overrepresented GO biological process classes by fold enrichment within astrocyte upregulated transcripts (padj < 0.05 and
fold change of 1.5 or greater; Supplementary Table S4). (D) All GO terms overrepresented by the senescence upregulated genes, ranked by fold enrichment, color
coded as in (C). *Full names of GO terms: antigen processing and presentation of peptide or polysaccharide antigen via major histocompatibility complex (MHC)
class II, regulation of Wnt receptor signaling pathway, morphogenesis of a branching structure, the combined term of “cell projection morphogenesis, cell
morphogenesis involved in differentiation, neuron differentiation,” regulation of smooth muscle cell proliferation, embryonic skeletal system development, regulation of
I-kappaB kinase/NF-kappaB cascade, positive regulation of cytokine production, positive regulation of protein kinase cascade.

by the genes in the ‘extracellular structure organization’ GO
category (Supplementary Table S5).

To determine whether genes with differential expression
in oxidative stress-induced astrocyte senescence are brain-
expressed, we analyzed differentially expressed transcripts
(padj < 0.05) that also had a ≥1.5-fold change, for tissue
expression using the UniProt tissue expression database
(DAVID:UP_TISSUE). Of all the non-exclusive expression
sites found (FDR <10%) for downregulated transcripts,
genes belonging to CNS sites comprise the vast majority (762
transcripts or 94.8%), with expressed tissue definition of brain
and hippocampus (Figure 3A). Therefore, upon the induction of
senescence in astrocytes, we see a loss of brain-expressed genes.
In contrast, none of the genes upregulated in senescence was

CNS-enriched (not shown). CNS enrichment for all detected
transcripts was 27%, which is the ratio of the total size of the CNS
expression gene sets (7858) to all the defined tissue expression
gene sets (29348, FDR <10%, Figure 3B). Thus, H2O2 induced
astrocyte senescence specifically downregulates genes that are
CNS-enriched.

Validation of RNA-Seq by qRT-PCR
Astrocyte-Enriched Genes
To determine whether our astrocyte transcriptome data is similar
to previously published astrocyte gene expression data, we
compared our list of differentially expressed transcripts with cell-
type specific markers of astrocytes as described in a previous
microarray study (Cahoy et al., 2008). The expression levels
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FIGURE 3 | Tissue expression of detected transcripts in senescent astrocytes. (A) Tissue annotation expression for astrocyte 1.5-fold or more
downregulated transcripts using DAVID (controlling for an FDR at 10%). The width of wedges corresponds to the number of astrocyte downregulated transcripts
with tissue expression annotation information that are expressed in the indicated tissues. (B) Tissue expression annotation for all transcripts detected in astrocytes.

of selected astrocyte-enriched genes GFAP, S100B, ALDH1L1,
FGFR3, CNS enriched Synapse Differentiation Induced Gene 1
(SynDIG1) and a non-CNS enriched gene, KLF3 were validated
by qRT-PCR. The expression of astrocyte and CNS enriched
genes was lost or diminished in senescent astrocytes, while that
of KLF3 did not change (Figure 4B). We verified the association
of this decrease in GFAP with senescence by measuring the
levels of this protein in pre-senescent astrocytes [cumulative
population doubling (cPD) 8.1] and astrocytes that reached
replicative senescence, as verified by cessation of growth (cPD
12.2). The GFAP expression in pre-senescent astrocytes was
greatly reduced in replicative senescence, confirming our findings
with oxidative stress-induced senescence (Supplementary Figure
S1). When comparing the log2-fold changes in transcript levels
between pre-senescent and senescent astrocytes using qRT-PCR
and RNA-Seq, we observed a significant positive correlation
(r2
= 0.656, n = 17) between the results from the two distinct

methodologies (Figure 4A; Supplementary Table S6). Thus,
the loss of astrocyte-enriched genes, combined with the GO
analysis demonstrating reduced expression of genes involved
in glial and neuronal development suggests loss of normal
function in these cells upon undergoing oxidative stress-induced
senescence.

Senescence-Enriched Genes
We validated by qRT-PCR the levels of senescence-related
transcripts that were differentially expressed by RNA-Seq. The
levels of senescence-related transcripts CCND1 (Cyclin D1), IL8,
IGFBP5, and ICAM-1 were significantly increased (Figure 4C)
and correlated with changes observed with RNA-Seq (Figure 4A;
Supplementary Table S6).

Treatment with H2O2 to induce senescence robustly
induces p21 expression in human diploid fibroblasts (Chen
et al., 1998). Surprisingly, the expression of CDKN1A, which
encodes for the cyclin-dependent kinase inhibitor p21, was not
called as significantly differentially expressed in our dataset,
although a trend toward increased expression in senescent
astrocytes was apparent (RNA-Seq, fold change = 5.84,
padj = 0.11). One potential reason for this is low levels of
read coverage for this transcript; therefore, we determined the
mRNA expression level of p21 using qRT-PCR (Figure 4C).

We confirmed an almost fourfold increase in p21 mRNA
in senescent astrocytes compared with pre-senescent
controls.

Cell Cycle Analysis
Gene Ontology analysis revealed that genes involved in cell
cycle, cell division, and mitosis were over-represented among
the downregulated genes in senescent astrocytes consistent
with the lost proliferative potential of these cells (“cell
division” category, Figure 2A). In order to examine the cell
cycle distribution of senescent astrocytes, cells were stained
for DNA content 7 days after H2O2 treatment and flow
cytometric analysis was performed. Pre-senescent astrocytes
that were serum-starved for 24 h arrested predominantly in
G0/G1, while in senescent astrocyte cultures, we observed
an increase in the fraction of cells with 4N DNA content
and a concomitant loss of cells in G0/G1 compared with
pre-senescent controls cultured in complete growth medium
(Figures 5A,B).

The proliferative arrest associated with the onset of cellular
senescence has often been presumed to occur solely in G1;
however, replicatively senescent cells retain the capacity to
synthesize DNA under certain conditions and accumulate in
both G1 and G2/M (Mao et al., 2012). A multi-phase cell
cycle arrest is also a feature of many cell types exposed to
oxidative stress and DNA damage (Baus et al., 2003; Oyama
et al., 2011). In order to address the possibility that senescent
cells with G2 DNA content are progressing to mitosis, we
stained astrocytes for phosphorylated histone H3 (Ser10), which
is a marker of mitotic chromosome condensation (Hendzel
et al., 1997). Compared with pre-senescent controls, H2O2-
treated astrocytes exhibited few phospho-H3-positive cells
(Figure 5D). In pre-senescent and senescent astrocyte cultures,
we observed a similar proportion of cells with DNA content
between 2N and 4N; therefore, we pulsed the cells with
BrdU to determine whether they were actively synthesizing
DNA. The BrdU-positive population was significantly reduced
in senescent astrocytes compared with pre-senescent controls
(Figure 5C). Overall, these results support a multi-phase
cell cycle arrest in H2O2-induced senescence in human
astrocytes.
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FIGURE 4 | Validation of selected genes by quantitative real-time PCR (qRT-PCR) and comparison with RNA-Seq log2 fold change. (A) A scatter plot of
pre-senescence to senescence log2-fold changes obtained by RNA-Seq and qRT-PCR for selected transcripts. Each symbol represents a single transcript, n = 17,
Pearson r = 0.809, (p < 0.001 95% CI 0.659 to 0.939). (B) Relative levels of astrocyte/brain enriched-genes. Error bars indicate SEM of two independent samples.
(C) Relative levels of senescence or SASP-related transcripts. Error bars indicate SEM of two independent samples. ∗ indicates p < 0.05, student’s t-test.

DISCUSSION

In order to better understand how astrocyte senescence is linked
to aging-related decline in cognition and neurodegeneration, an
unbiased interrogation of the changes that occur at the molecular
level is essential. Here, we report a comprehensive analysis of
the astrocyte transcriptome following the induction of senescence
by oxidative stress. Although gene expression changes have been
profiled extensively in brain tissue homogenates from different
brain regions during aging (Wood et al., 2013) and in Alzheimer’s
disease (Twine et al., 2011), fewer studies have addressed cell-type
specific changes in these contexts (Simpson et al., 2011; Orre et al.,

2014; Sekar et al., 2015). To our knowledge, this is the first report
of senescence-associated gene expression changes in a CNS-
derived cell type using a whole transcriptome sequencing method
(RNA-Seq), which is an accurate and quantitative measurement
of transcript abundance.

As expected from the cessation of cell cycle in senescence,
the majority of genes downregulated in astrocyte senescence
following oxidative stress were related to the cell cycle. Several
upregulated genes were also related to senescence-associated
phenotypes, such as chronic inflammation (comprising NFkB
activation and cytokine production), extracellular remodeling, and
changes in cell morphology (actin cytoskeleton organization).
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