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Abstract
Chronic inflammation in the central nervous system (CNS) is a central feature of many
neurodegenerative and autoimmune diseases. As an immunologically competent cell, the astrocyte
plays an important role in CNS inflammation. It is capable of expressing a number of cytokines
such as tumor necrosis factor alpha (TNF-α) and interleukin-1 beta (IL-1β) that promote
inflammation directly and through the recruitment of immune cells. Checkpoints are therefore in
place to keep tight control over cytokine production. Adenylate/uridylate-rich elements (ARE) in
the 3′ untranslated region of cytokine mRNAs serve as a major checkpoint by regulating mRNA
stability and translational efficiency. Here, we examined the impact of KH-type splicing
regulatory protein (KSRP), an RNA binding protein which destabilizes mRNAs via the ARE, on
cytokine expression and paracrine phenotypes of primary astrocytes. We identified a network of
inflammatory mediators, including TNF-α and IL-1β, whose expression increased 2 to 4-fold at
the RNA level in astrocytes isolated from KSRP−/− mice compared to littermate controls. Upon
activation, KSRP−/− astrocytes produced TNF-α and IL-1β at levels that exceeded control cells by
15-fold or more. Conditioned media from KSRP−/− astrocytes induced chemotaxis and neuronal
cell death in vitro. Surprisingly, we observed a prolongation of half-life in only a subset of mRNA
targets and only after selective astrocyte activation. Luciferase reporter studies indicated that
KSRP regulates cytokine gene expression at both transcriptional and post-transcriptional levels.
Our results outline a critical role for KSRP in regulating pro-inflammatory mediators and have
implications for a wide range of CNS inflammatory and autoimmune diseases.
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INTRODUCTION
Astrocytes are the primary glial cells in the central nervous system (CNS) and outnumber
neurons by more than 5-fold (Sofroniew and Vinters, 2010). They provide a variety of
functions ranging from structural and trophic support of the neurovascular unit to synaptic
function and neuronal plasticity (Dong and Benveniste, 2001; Sofroniew and Vinters, 2010).
Astrocytes also play a pivotal role in regulating CNS inflammatory responses in
pathological states such as multiple sclerosis, amyotrophic lateral sclerosis, Alzheimer’s
disease, and brain cancer. Astrocytes produce a wide range of cytokines and chemokines
which can attract, activate, or attenuate other immune cells including microglia and
peripherally derived lymphocytes. An important level of control for this molecular diversity
is post-transcriptional regulation. Many mRNAs of factors produced by astrocytes, such as
tumor necrosis factor alpha (TNF-α) and interleukin 1 beta (IL-1β), contain
adenylateuridylate rich elements (ARE) in the 3′ untranslated region (UTR), which directly
regulate the stability and translational efficiency of the transcript. KH-type splicing
regulatory protein (KSRP) and other adenylate-uridylate–rich RNA-binding proteins
(AUBP) such as Hu Antigen R (HuR) interact with the ARE to modulate this level of gene
regulation. KSRP, also known as far upstream element binding protein 2 (FBP2), was first
characterized as a DNA-binding protein that enhances c-myc transcription (Davis-Smyth et
al., 1996; Duncan et al., 1994). Subsequently, KSRP was found to bind AREs in the 3′
untranslated region (UTR) and promote mRNA deadenylation and degradation by recruiting
the exosome (Gherzi et al., 2010). Here, we investigated the impact of KSRP−/− on
molecular and cellular phenotypes of astrocytes. We found that KSRP−/− astrocytes
expressed significantly higher levels of select inflammatory mediators including TNF-α and
IL-1β. Luciferase reporter studies indicate that KSRP exerts a suppressive effect at the post-
transcriptional, and surprisingly, the transcriptional level. KSRP deletion led to production
of soluble factors that induced astrocyte chemotaxis and neuronal apoptosis. Our results
indicate that KSRP is an important suppressor of inflammatory cytokine expression in
astrocytes.

MATERIALS AND METHODS
Plasmids

Cloning of the pGL2-TNF-3′ UTR and pGL2-HelN1-promoter constructs was described
previously (King, 1996; Nabors et al., 2003). To generate pGL2-TNF(−655), pGL2-
TNF(−610), pGL2-TNF(−122), and pGL2-TNF(−78), the human TNF-α promoter was
amplified by PCR using pXP1-TNF as a template [kindly provided by Dr. Economou
(Rhoades et al., 1992)]. The primers used were: TNF655-Fwd, 5′-
ATATATACGCGTATGAAAGAAGAAGGCCTGC-3′, TNF610-Fwd, 5′-
ATATATACGCGTATTTCACTCCCCGGGGCT-3′, TNF122-Fwd, 5′-
ATATATACGCGTTACCGCTTCCTCCAGATGA-3′, TNF78-Fwd, 5′-
ATATATACGCGTGTTTTCCGCTGGTTGAATGA-3′, TNF3-Rev, 5′-
ATATATCTCGATTGTGCCAACAACTGCCTT-3′. The mouse TREM-1 promoter (+54
to −1,200) (Hosoda et al., 2011), kindly provided by Dr. Nagaoka (Juntendo University,
Tokyo, Japan), was cloned into pGL2-Basic vector at MluI/BglII sites. A plasmid containing
heterogeneous nuclear ribonucleoprotein C (hnRNP C) was a gift from Dr. Scott Blume
(University of Alabama at Birmingham). The pSV-β-galactosidase control vector was
purchased from Promega. Construction of pcDNA3-FLAG-KSRP was described previously
(Lin et al., 2007).
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Cell Culture
Primary astrocytes were isolated from KSRP−/− (Lin et al., 2011) or littermate control cortex
as described previously (Qin et al., 2008). Cells were cultured until confluent and then
shaken vigorously at room temperature for 3 h. Cells were trypsinized at room temperature
and seeded in six-well plates. Purity of astrocytes was confirmed by immunostaining for
glial fibrillary acidic protein (GFAP). RAW 264.7 and N2a cells were cultured according to
manufacturer’s protocol (ATCC).

Transfection and Luciferase Assays
Astrocytes were transfected by electroporation (Invitrogen) following the manufacturer’s
protocol. The amount of luciferase reporter plasmid was kept constant (1 μg) and three
doses of expression plasmid were used (1, 2, and 3 μg). DNA for each transfection was kept
constant with empty pcDNA vector. Transfections were done in duplicate. Reporter
plasmids (0.2 μg for N2A and 0.5 μg for RAW264.7 cells), pcDNA3-FLAG-KSRP or
pcDNA3-myc-hnRNP C (0.2–1.5 μg), and a SV40-β-galactosidase plasmid (0.2 μg) were
cotransfected using the TransIT-LT kit (Mirus). Luciferase activity was assayed using a kit
(Promega) and measured with the Spectrafluor plus machine (Tecan U.S.). Values were
normalized to β-galactosidase activity as previously described (Nabors et al., 2003).

Western blot, RNA Immunoprecipitation, and ELISA
Whole cell extracts were prepared using the M-Per kit (Pierce) and quantitated with a
bicinchoninic acid protein assay kit. Fifty micrograms of protein were resolved by gel
electrophoresis, blotted and probed with antibodies to the following targets: FLAG and α-
tubulin (Sigma), MYC, HuR, TIA-1, TIAR (Santa Cruz), TTP (Abcam), and luciferase
(Millipore). For RNA immunoprecipitation, WT astrocytes were treated with
lipopolysaccharide (LPS) at 1 μg/ml or vehicle for 24 h, and cytoplasmic extracts were
harvested using NE-PER (Pierce Endogen). Two hundred micrograms of extract were
immunoprecipitated as described elsewhere (Lu et al., 2009). RNA was extracted from the
precipitate and subjected to qRT-PCR. RNA input of each target was determined by qRT-
PCR. For ELISA, astrocytes were seeded in 6-well plates and treated with LPS (1 μg/mL) or
TNF-α (10 ng/mL). TNF-α, IL-1β, and vascular endothelial growth factor (VEGF) were
quantified in the culture media by ELISA (R & D system). Values were normalized to
volume of growth media. Total RNA was extracted from the cells and quantitated to ensure
an equivalent input of cells.

RNA Isolation, Quantitation, Kinetics, and Microarray Analysis
Total RNA was extracted and quantitated with the RiboGreen kit (Invitrogen). One
microgram of RNA was reverse transcribed according to the manufacturer’s specifications
(Applied Biosystems). Quantitative RT-PCR was carried out as described previously
(Nabors et al., 2003) using the 7900HT Fast Real-Time PCR System and commercially
available primers and probes (Applied Biosystems). Target mRNA values were normalized
to S9 mRNA values. For RNA kinetics, astrocytes were treated with TNF-α (10 ng/mL) or
LPS (1 μg/mL) for 24 h. Half-lives were determined as previously described (Lu et al.,
2009). For microarray analysis, we performed single chip assays using 300 ng of total RNA
from KSRP−/− and wild type (WT) astrocytes. Double strand cDNA was generated by linear
amplification using Random Primer-T7 oligomers and reverse transcriptase. Biotin-labeled
cRNA was synthesized by in vitro transcription (IVT) using the 3′-Amplification Reagents
for IVT labeling (Affymetrix) followed by cRNA fragmentation and preparation of
hybridization cocktail. Arrays were hybridized overnight at 45°C, and then washed, stained,
and scanned the next day. Gene expression levels were extracted using Affymetrix
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GeneChip Command Console. GeneChip data was extracted, normalized and summarized
using the robust multiaverage method in GeneSpring v10.0.

Migration and Neuronal Death Assays
The migration assay was carried out as described (Ding et al., 2002; Tezel et al., 2001).
Briefly, tissue culture inserts with 8 μm diameter pores (Costar) were coated on the lower
surface with 10 μg/mL vitronectin (Invitrogen) at 37°C overnight, followed by blocking
with 1% BSA in DMEM for 1 h at 37°C. Primary astrocytes were trypsinized, washed and
resuspended in migration assay buffer (DMEM with 1% BSA, 2 mM L-glutamine) at 4 ×
105 cells/ml. A 100 μL cell suspension was seeded on the insert, placed in 24-well plate
with astrocyte conditioned media, and incubated at 37°C. After 48 h, cells on the lower
insert surface were fixed with 4% paraformaldehyde (PFA) for 10 min. Cells were washed
and stained with 1% crystal violet for 15 min. Migrated cells were counted in 8 random high
power fields and averaged from three independent experiments. For the cell death assays,
cortical neurons were cultured in 24-well plates with neurobasal medium supplemented with
B27 and 0.5 mM L-glutamine. Neurons were maintained for 7 days, after which half of the
medium was replaced with fresh medium. Neurons were treated with astrocyte conditioned
media at different doses for 24 h. For apoptosis, neurons were fixed in 4% PFA and
incubated with cleaved caspase-3 antibody (Cell Signaling) at 1:500 followed by a
secondary anti-rabbit Alexa Fuor 488 antibody (Invitrogen). Images were viewed under a
Nikon Eclipse TI microscope. Positive cells were expressed as a percentage of total cell
nuclei. For nuclear fragmentation, cell chromatin was stained with 4′, 6′-diamidino-2-
phenylindole (DAPI) and neuronal viability was quantified by evaluating nuclear
morphology. Neurons with condensed nuclei and/or fragmented chromatin were considered
nonviable (Kaltschmidt et al., 1999; Morrison et al., 2006; Zhang et al., 2008). Viable and
nonviable neurons were counted from eight fields for each treatment.

Statistical Analyses
All statistical analyses were performed with Graphpad Prism v. 5 software using a Student’s
t test.

RESULTS
TNF-α and IL-1β Are Upregulated in KSRP−/− Astrocytes

Astrocytes can produce high levels of TNF-α and IL-1β in response to environmental cues
such as TNF-α stimulation (Dong and Benveniste, 2001). Since the mRNAs of these
inflammatory cytokines are regulated post-transcriptionally through the ARE, we
investigated the impact of a KSRP−/− genotype on their expression in astrocytes. Because
AUBPs can regulate each other, we first tested for HuR, TIAR, TIA-1, and tristetraprolin
(TTP) expression by Western blot in KSRP−/− astrocytes (Fig. 1). KSRP was expectedly
absent, but we found no changes in other AUBPs either in basal or activated (TNF-α
stimulated) cells compared to littermate controls. We next analyzed TNF-α and IL-1β
mRNA expression by qRT-PCR at baseline and after activation (Fig. 2). In control
astrocytes, both mRNAs were induced after TNF-α stimulation (2-fold for TNF-α and 10-
fold for IL-1β). KSRP−/− astrocytes, however, had significantly higher mRNA levels (2- to
2.5-fold) under basal and stimulated conditions (P < 0.05). KC (CXCL1) mRNA and VEGF,
both of which contain AREs in the 3′ UTR, were not affected indicating that KSRP deletion
did not have a global effect on ARE-containing mRNAs. We next tested the impact of LPS
stimulation on TNF-α and IL-1β expression (Fig. 3). LPS produced a higher overall
induction of both mRNAs in control cells, but as with TNF-α stimulation, there was a 2 to
3-fold increase in KSRP−/− cells. We quantitated these cytokines in the culture media 24 and
72 hours after stimulation and found a 15-fold increase in TNF-α production in KSRP−/−
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versus control cells. With IL-1β, no protein was detected in WT cells whereas KSRP−/− cells
produced ~2 pg/mL. Neither TNF-α nor IL-1β was detected in either cell type under basal
conditions or after TNF-α stimulation (data not shown). Secreted VEGF showed no change
consistent with the mRNA levels (Supp. Info. Fig. 1). We examined astrocytes from
heterozygous (KSRP−/+) mice and found intermediate increases of TNF-α (~1.7-fold) and
IL-1β (1.5 to 2.1-fold; Supp. Info. Fig. 2) consistent with a KSRP dose effect. Except for the
LPS stimulated condition, differences between mutant and wild-type astrocytes remained
significant. To determine whether increases of TNF-α and IL-1β expression in KSRP−/−

astrocytes were related to changes in RNA kinetics, we measured the half-lives of those
targets under basal, TNF-α or LPS-stimulated conditions (Fig. 4). For both mRNAs, no
differences in half-life were observed at baseline or with TNF-α stimulation. The
degradation curves were essentially superimposable. The short mRNA half-life of TNF-α
(~0.3 h) was similar to that reported in other cell types and it did not change after TNF-α
stimulation (Nabors et al., 2003; Park et al., 2008). After LPS stimulation, there was a 3-fold
increase in TNF-α half-life in control cells (0.9 h), but for KSRP−/− cells, the half-life
extended to 1.7 h. The IL-1β half-life did not change substantially in control cells after LPS
stimulation whereas in KSRP−/− cells it increased nearly 2-fold (3.0 to 5.8 h). In summary,
loss of KSRP led to global increases in TNF-α and IL-1β mRNA levels, but only stimulus-
dependent changes in mRNA stability.

Other mRNA Targets Are Affected by the KSRP−/− Genotype
To identify other mRNA targets affected by KSRP deletion, we performed a pilot
microarray analysis on KSRP−/− and WT astrocytes and screened for mRNAs that changed
by more than 2-fold in KSRP−/− versus control (not shown). Three identified targets were
further investigated: C-type lectin domain family 5, member A (CLEC5A), triggering
receptor expressed on myeloid cells (TREM) and chemokine, C-C motif, ligand 12(CCL12).
Each target was validated by qRT-PCR and showed more than a 2-fold increase compared to
control cells under basal conditions (Table 1). TNF-α stimulation induced all three targets
by an additional 2 to 4-fold, with TREM-1 showing the highest induction. KSRP−/− cells
again had a 2 to 3-fold increase in expression of these mRNA targets. LPS produced a 4-fold
induction of CCL12 but had no effect on CLEC5A or TREM-1. One gene, inducible nitric
oxide synthase (iNOS), whose regulation has been linked to KSRP (Pautz et al., 2010 ), was
not identified in the microarray. Quantitative RT-PCR validated this result, showing no
significant difference between KSRP−/− and control cells either at baseline or upon
induction with astrocyte stimulation (Supp. Info. Fig. 3). Interestingly, fuse binding protein
1 (FBP1), which is closely related to KSRP, was identified in the array and found to be
increased by 2-fold in KSRP−/− cells (Supp. Info. Fig. 3). A similar pattern of upregulation
was also observed when KSRP was silenced in a hepatoma cell line (Malz et al., 2009).
FBP3, on the other hand, which is the third member of the family, was not changed. We next
measured the RNA half-lives of TREM-1, CLEC5A and CCL12 under basal and stimulated
conditions (Table 1 and Supp. Info. Fig. 4). All three mRNAs had similar degradation
curves in KSRP−/− and control astrocytes under basal and TNF-α stimulated conditions,
although the half-life of CLEC5A could not be estimated because it exceeded the last time
point of 6 h. TNF-α stimulation stabilized CCL12 but only modestly prolonged TREM-1
mRNA half-life (from 2.2 to 3.6 h). LPS induced stabilization of CCL12 in KSRP−/− but not
control cells (> 6.0 versus 6.0 h). In summary, there were significant increases in all three
target mRNAs in KSRP−/− astrocytes with only selective prolongation of half-lives
depending on the stimulus type and the mRNA target.
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KSRP Negatively Regulates Gene Expression in Astrocytes at the Post-Transcriptional
Level

Our findings thus far indicated that KSRP deletion led to increased RNA stability of certain
targets but not others (despite an increase in target mRNA levels). To investigate
mechanisms of KSRP regulation in astrocytes, we used luciferase reporters to assess the
impact of the 3′ UTR (post-transcriptional regulation) and the promoter (transcriptional
regulation) on target mRNA expression. For the former, we co-transfected a luciferase
reporter fused to the ARE portion of the TNF-α 3′UTR along with a FLAG-KSRP or myc-
hnRNP C (control) expression plasmid (Fig. 5A). The antisense orientation of the 3′ UTR
fragment served as a second control. When KSRP was expressed ectopically in WT
astrocytes, there was a significant and gene dose-dependent decrease in luciferase activity (P
<0.0001), but no change with the control 3′ UTR or with hnRNP C (Fig. 5B). Ectopic
KSRP also significantly inhibited TNF-α 3′ UTR mediated expression in KSRP−/−

astrocytes (Supp. Info. Fig. 5A). To confirm that the reduced luciferase activity was related
to reduced protein expression, we assessed reporter activity in the neuronal-like N2a cell
line. We observed a significant dose-dependent reduction in luciferase activity in
conjunction with luciferase protein, as determined by Western blot, and luciferase mRNA as
determined by qRT-PCR (Supp. Info. Fig. 5B–D). While KSRP has been shown to bind
TNF-α mRNA in other cell systems (and regulate the mRNA post-transcriptionally), the
other four targets have not. So, to begin identifying a link, we did RNA immunoprecipitation
with LPS-stimulated wild-type astrocyte extracts using an anti-KSRP antibody (Fig. 6).
Bound mRNA was quantitated by qRT-PCR and expressed as a percent of target mRNA in
the extract (input). We identified increased binding to each of the target mRNAs (over IgG
control) except TREM-1 where no binding was detected. RNA immunoprecipitation of
extracts from unstimulated astrocytes displayed the same binding pattern (not shown).
Inspection of the 3′ UTRs identified at least one ARE in the 3′ UTR of the bound targets,
but none in TREM-1, which may explain the absence of binding. The similar pattern of
binding by HuR, another AUBP, is further supportive of this explanation.

KSRP Negatively Regulates Gene Expression Through Transcriptional Pathways
Since differences in RNA expression under basal or TNF-α-stimulated conditions did not
appear to be related to changes in RNA half-life, along with the absence of KSRP binding to
TREM-1 mRNA, we examined the possibility that KSRP modulates transcription. We used
a luciferase reporter downstream from portions of the TNF-α and TREM-1 promoters
(Hosoda et al., 2011; Rhoades et al., 1992). Both promoters contain activator protein-1
(AP-1) and nuclear factor kappaB (NF-κB) sites as previously described (Fig. 7A). For a
control, we used another mammalian promoter, Hel-N1 (King 1996). The reporters were co-
transfected with FLAG-KSRP or myc-hnRNP C expression plasmids and a transfection
control into astrocytes (Fig. 7B). We observed a significant and gene dose-dependent
decline in luciferase activity for TNF-α and TREM-1 promoters when KSRP was co-
transfected. At the highest gene dose, promoter activity was reduced to 36% (TNF-α) and
53% (TREM-1) of baseline activity. The control expression plasmid, hnRNP C, showed no
effect on promoter activity at any gene dose. The effect was specific as KSRP failed to
inhibit Hel-N1 promoter activity. We determined whether this negative regulation occurs in
other cell types by testing TNF-α promoter activity in N2a cells (Fig. 8). KSRP, but not
hnRNP C, produced a significant gene-dose dependent reduction in luciferase activity (Fig.
8A) with a concomitant decrease in protein expression (Fig. 8B). To determine the impact of
KSRP on TNF-α promoter activity following LPS stimulation, we used RAW264.7, a
macrophage cell line which is strongly induced by LPS (Supp. Info. Fig. 6). There was a 20-
fold induction of luciferase activity in control (hnRNP C)-transfected cells which was
similar to cells transfected with empty pcDNA vector. This induction was blunted by nearly
60% with KSRP co-expression (P < 0.0001) whereas hnRNP C had no effect. To
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characterize further the cis elements involved in this negative regulation, we performed
additional mapping of the TNF-α promoter in N2a cells (Fig. 8C). We observed a
significant reduction in luciferase activity when a 45 nucleotide segment at the 5′ end of the
promoter region (−611 to −655) was deleted (P < 0.008). This segment included the third
NF-κB site. Although additional deletions, which included the other two NF-κB sites,
reduced overall luciferase activity, there was no significant difference compared to the
control. These results suggest that the furthest upstream NF-kB site contributes to the
negative regulation induced by KSRP. In summary, KSRP specifically inhibited TNF-α and
TREM-1 promoter activity in primary astrocytes (and other cells) which may contribute to
the reduced RNA and protein levels of these inflammatory mediators in the basal and
stimulated states.

KSRP−/− Cells Induce Cortical Neuron Toxicity and Astrocyte Migration
Since KSRP−/− astrocytes produce increased amounts of soluble factors (e.g., TNF-α,
IL-1β), we postulated that these cells would exert paracrine effects on neighboring cells in
the CNS. We tested the phenotypes of neuronal toxicity and astrocyte chemotaxis. We used
astrocyte-conditioned media (ACM) from unstimulated cells to avoid the confounding effect
of LPS or TNF-α in the media. For neurotoxicity we used rat primary cortical neurons (Fig.
9A). ACM was added to the culture media, and after 24 h cells were immunostained with a
cleaved caspase-3 antibody to detect apoptosis. We observed a significant and concentration
dependent increase in immunoreactive cells with KSRP−/− ACM versus wild-type, with the
highest dose showing a ~60% increase in positive cells (P < 0.0001). The number of non-
viable cells, as determined by condensation and/or fragmentation of the nucleus, was also
significantly increased with exposure to KSRP−/− ACM at similar doses (P < 0.001; Supp.
Info. Fig. 7). For chemotaxis, we tested migration of wild-type astrocytes through an 8 μm
pore filter using a dual chamber with ACM in the lower chamber. After 48 h, filters were
removed and stained with crystal violet (Fig. 9B). We observed a significant and
concentration-dependent increase in migrated astrocytes with KSRP−/− versus control ACM.
At the higher dose, there was a 60% increase in migrated cells over control (P < 0.0001).
These results suggest that KSRP regulates factors that exert paracrine effects on other cells
in the milieu.

DISCUSSION
In this study we investigated the role of KSRP in regulating cytokine expression in
astrocytes, and its impact on cellular phenotypes relevant to the inflammatory response. We
showed that a subset of cytokines, including TNF-α, IL-1β, and TREM-1, is upregulated in
astrocytes when KSRP is deleted. This molecular phenotype led to production of soluble
factors that enhanced astrocyte chemotaxis and neuronal toxicity. Surprisingly, there were
no obvious effects on RNA half-life at baseline for these targets, and only selective effects
after LPS stimulation. Luciferase reporter studies suggested that KSRP modulates gene
expression in astrocytes at the transcriptional and post-transcriptional levels.

Our findings implicate KSRP as a dampener for the expression of select inflammatory
mediators in astrocytes. Remarkably, the attenuating effect of KSRP was relatively uniform
across the targets (2–3 fold at the mRNA level). The specificity of regulation was
underscored by the absence of an effect on KC and VEGF mRNA. Protein secretion which
directly impacts paracrine and autocrine functions showed much greater changes. TNF-α
and IL-1β levels in the culture media, for example, were 15-fold or greater versus WT
astrocytes after LPS stimulation (Fig. 3). Two possibilities may contribute to this
enhancement. First, KSRP modulates translational efficiency in addition to mRNA stability.
A recent report showed that KSRP silencing in Hela cells led to relocation of IL-1α and
IL-6 mRNA to polysomes with increased protein secretion (Dhamija et al., 2011).
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Translational silencing of these targets was mediated through the ARE. The second
possibility is the increased expression of TREM-1, a cell surface receptor, and CLEC5a, a
trans membrane protein, both of which augment release of cytokines such as TNF-α and
IL-1β (Aoki et al., 2009; Bakker et al., 1999; Bouchon et al., 2001; Chen et al., 2008).
Furthermore, astrocytes express chemokine receptors which can respond to secreted factors
leading to further production of inflammatory mediators (Dorf et al., 2000; Tanabe et al.,
1997). TNF-α, IL-1β and CC12 are also well known to amplify the inflammatory response
by promoting chemotaxis, recruitment, and activation of immune cells (both peripheral and
central) (Gabay et al., 2010; Ming et al., 1987; Sarafi et al., 1997). A link to the innate
immune system was also recently identified in a study of embryonic fibroblasts where
deletion of KSRP led to stabilization of Type I interferon mRNAs and resistance to viral
infection (Lin et al., 2011).

The astrocyte is capable of producing many secreted factors, and our pilot microarray data
showed additional, albeit not yet validated, targets that changed by 2-fold or more with
KSRP deletion (Dong and Benveniste 2001; Lieberman et al., 1989). KSRP knockdown
studies in other cell types indicate that a broader group of genes is regulated by KSRP under
different cellular conditions (Dhamija et al., 2011; Graham et al., 2010; Ruggiero et al.,
2007; Winzen et al., 2007). Interestingly, IL-1β, TREM-1, CCL12, and CLEC-5A were not
among the targets identified in those studies suggesting that the regulation is cell-type
dependent as well. With such a broad molecular phenotype, the astrocyte, not surprisingly,
can have diverse effects on surrounding cells, ranging from supportive to toxic (Renault-
Mihara et al., 2008; Sofroniew and Vinters 2010; Whitney et al., 2009; Williams et al.,
2007). Increased astrocyte migration with KSRP−/− ACM (Fig. 9) is relevant to glial
responses in inflammatory or traumatic insults to the central nervous system. Such migration
may be protective by limiting the inflammatory response, or potentially harmful by
producing astrogliosis and scarring (Renault-Mihara et al., 2008; Sofroniew and Vinters
2010). While the data indicate that KSRP modulates this phenotype, it is unclear which
targets are responsible. KC, a chemokine linked to astrocyte migration (Heesen et al., 1996),
was not upregulated in KSRP−/− cells and thus is unlikely to be a candidate (Fig. 2). TNF-α
and IL-1β, on the other hand, inhibited astrocyte migration in a scratch wound model
(Faber-Elman et al., 1995). The identity of factor(s) producing cortical neuron death (Fig. 9)
is also unknown. The neurotoxic role of astrocytes through secretion of toxic factors has
been well established in a number of neuroinflammatory and degenerative diseases
including multiple sclerosis, amyotrophic lateral sclerosis, Parkinson’s and Alzheimer’s
disease (Blackburn et al., 2009; Chuanyu et al., 2011; Williams et al., 2007). TNF-α and
IL-1β have both been identified as potential mediators of neuronal injury (Allan et al., 2005;
Chuanyu et al., 2011; Sriram and O’Callaghan, 2007), and their upregulation in KSRP−/−

astrocytes may have contributed to the neurotoxicity observed here.

The molecular mechanism for the attenuating effect of KSRP appears to be bimodal,
involving transcriptional and post-transcriptional pathways. KSRP, like many other RBPs,
can bind DNA and RNA and has multiple functions (Dreyfuss et al., 1993). KSRP and its
homologues have been linked to transcriptional regulation, RNA splicing, 3′ processing,
editing, localization, stability and miRNA maturation (Danckwardt et al., 2011; Gherzi et
al., 2010). A number of these functions could potentially suppress mRNA expression, either
directly through interaction with the mRNA target or its promoter, or indirectly by
modulating other factors that regulate target expression (e.g. a transcriptional factor, miRNA
or RBP). The absence of RNA half-life changes for the targets in KSRP−/− astrocytes at
baseline or with TNF-α stimulation, despite significant increases in mRNA levels, suggests
another regulatory mechanism at play. In another study using Hela cells, more than 400
mRNA targets were enriched by greater than 2-fold after KSRP knockdown yet the vast
majority of targets, including TNF-α, were not stabilized (Winzen et al., 2007). Our finding
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of KSRP-induced inhibition of TNF-α and TREM-1 promoter activity points to
transcriptional repression as an alternative mechanism of regulation. While KSRP and other
members of the FBP family are known for their transactivation of c-myc, they possess
promoter repressor activity (Chung et al., 2006; Duncan et al., 1996; Liu et al., 2000).
Although inspection of TNF-α and TREM-1 promoter sequences used here did not reveal
classic FUSE binding elements, a more recent study indicates that KSRP binds to a much
broader spectrum of DNA loci with no obvious consensus sequence (Benjamin et al., 2008).
We were not able to detect an interaction of KSRP by chromatin immunoprecipitation or by
electrophoretic mobility shift assay (not shown). Although these negative data do not
exclude a direct effect, it is possible that KSRP is modulating promoter activity indirectly by
affecting expression of other transcription factors. FBP1 mRNA levels, for example,
increased by 2-fold in KSRP−/− astrocytes (Supp. Info. Fig. 3). Our mapping studies suggest
that the negative effect of KSRP, in part, involves sequence containing the third NF-κB site
in the TNF-α promoter (Fig. 8). Interestingly, all inhibited promoters, including a
cytomegalovirus promoter which was used to drive our transfection control in pilot studies
(not shown), contain a number of NF-κB sites whereas the unaffected promoters, Hel-N1
and SV40 (used to drive the β-galactosidase transfection control reporter), had none.
Additional studies, however, are clearly required for definitive characterization of response
element(s) and the involvement of NF-κB. The inhibitory effect is also not restricted to
astrocytes, and includes other immune cells, thus broadening the importance of KSRP in
cytokine regulation (Supp. Info. Figs. 5 and 6).

We observed differential RNA stabilization of TNF-α, IL-1β, and CCL12 in KSRP−/− cells
after LPS stimulation indicating a clear role for KSRP in the post-transcriptional regulation
of these targets. This finding was supported by reporter studies with the TNF-α 3′ UTR
(Fig. 5 and Supp. Info. Fig. 5) and RNA immunoprecipitation indicating that KSRP bound
to these transcripts (Fig. 6). With TREM-1, there was no effect of KSRP deletion on RNA
degradation, suggesting that promoter inhibition (Fig. 7) is the predominant mechanism. The
absence of any clear-cut ARE in its 3′ UTR coupled with the lack of binding to KSRP (and
HuR), is further supportive of that possibility. Interestingly, we observed stress-dependent
selective stabilization of target mRNAs in astrocytes. The TNF-α mRNA half-life tripled
(from 0.3 h to 0.9 h, Fig. 4) in LPS-stimulated WT astrocytes whereas IL-1β showed no
change. This differential stabilization of cytokine mRNAs (containing AREs) has been
observed with other targets in other cells (Brown et al., 1996; Chen et al., 2006; Lindsten et
al., 1989; Nabors et al., 2003; Schuler and Cole, 1988; Tebo et al., 2003), underscoring the
complexities of post-transcriptional regulation.

In summary, we have identified KSRP as a significant checkpoint in regulating a subset of
proinflammatory mediators in astrocytes. These findings have implications for CNS
autoimmune and degenerative diseases, where a sustained inflammatory response is critical
for disease progression.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
KSRP−/− genotype does not affect other ARE RNA binding proteins in astrocytes. Western
blot of protein extracts prepared from cultured KSRP−/− and littermate control (WT)
astrocytes at baseline and after TNF-α stimulation (10 ng/mL for 24 h). Antibodies are
shown to the left of the blot.
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Fig. 2.
KSRP−/− genotype enhances TNF-α-induced TNF-α and IL-1β mRNA expression in
astrocytes. qRT-PCR analysis of TNF-α and IL-1β in KSRP−/− or littermate control (WT)
astrocytes treated with vehicle (PBS) or TNF-α (10 ng/mL) for 24 h. All mRNA values
were normalized to the housekeeping mRNA, S9, and expressed as a fold-induction over
unstimulated WT astrocytes (set at a value of 1). Data points are the mean (±SEM) of at
least four independent experiments. *P, < 0.05 (compared with WT).
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Fig. 3.
KSRP−/− genotype enhances LPS-induced mRNA and protein expression of TNF-α and
IL-1β. Left panel: astrocytes were treated with LPS (1 μg/mL) for 24 h, and analyzed for
TNF-α and IL-1β mRNAs by qRT-PCR. Target mRNA expression was normalized to S9
mRNA and values are expressed as a fold-induction over unstimulated WT astrocytes (set at
a value of 1). Data points are the mean (±SEM) of at least four independent experiments. *P
< 0.05 compared with WT. Right panel: ELISA analysis of culture media from astrocytes
stimulated with LPS for the time points designated. Data points are the mean (±SEM) of two
independent experiments tested in duplicate.
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Fig. 4.
LPS-induced TNF-α and IL-1β mRNA stabilization is enhanced in KSRP−/− astrocytes. WT
or KSRP−/− astrocytes were treated with vehicle (PBS), TNF-α (10 ng/mL) or LPS (1 μg/
mL) for 24 h, followed by 5 μg/mL ActD to block transcription. RNA was collected at
indicated time intervals and analyzed by qRT-PCR. RNA expression was normalized to S9
and expressed as a percentage of the level before ActD was added (time 0). Values are the
mean (±SEM) of at least three independent experiments. Estimated half-lives in hours are
shown in parentheses.

LI et al. Page 16

Glia. Author manuscript; available in PMC 2013 April 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
KSRP negatively regulates gene expression via the TNF-α 3′ UTR. A: Schematic figure of
the luciferase reporters used showing the ARE portion of the TNF-α 3′UTR or the antisense
control UTR downstream from the luciferase gene. B: The upper panel is a Western blot of
WT astrocytes transfected with increasing amounts of FLAG-KSRP or myc-hnRNPC
control plasmids (see Materials and Methods). The blot was probed with an anti-FLAG
(KSRP) or anti-myc (hnRNP C) antibody. The lower panel shows relative luciferase
activities of the reporters following co-transfection with increasing amounts of expression
plasmid (1–3 μg) versus reporter plasmid (1 μg). After normalizing to the transfection
control (β-galactosidase), all values were expressed as a percent of the luciferase activity
when the reporter was co-transfected with pcDNA alone. The 3′ UTR tested is shown in
parentheses. All data points represent the mean (±SEM) of three independent experiments.
**P < 0.003, **** P <0.0001, comparing TNF-α to control 3′ UTR for KSRP.
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Fig. 6.
KSRP associates with all mRNA targets except TREM-1. RNA immunoprecipitation was
performed on cytosolic extract from LPS-stimulated WT astrocytes using antibodies to
KSRP, HuR, or control IgG. RNA from the precipitates was analyzed by qRT-PCR and
expressed as a percentage of the input. To the left is a schematic diagram showing the
different 3′ UTRs (mouse orthologs) and the presence of AUUUA pentamers. Data
represent the mean (±SEM) of two independent assays, each evaluated in duplicate.
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Fig. 7.
KSRP specifically inhibits TNF-α and TREM-1 promoter activity in astrocytes. A:
Schematic diagram of TNF-α, TREM-1, or Hel-N1 promoters used in the reporter assay. B:
Luciferase activity of the reporters after co-transfection with FLAG-KSRP or myc-hnRNP C
plasmid at three doses (see Materials and Methods). A transfection control plasmid was used
to adjust for transfection efficiency. Values are expressed as a percentage of luciferase
activity in cells transfected with reporter alone. Data points for all transfection experiments
shown in this figure represent the mean (±SEM) of at least three independent experiments
performed in duplicate. *P < 0.03, **P < 0.003, ***P < 0.0003 compared with hnRNP C
control at the equivalent gene dose.
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Fig. 8.
KSRP inhibits TNF-α promoter activity in N2a cells. A: Left panel, Western blot of N2a
cells 48 h after co-transfection of a luciferase reporter containing the TNF-α promoter and
Flag-KSRP or myc-hnRNP C. Gene dose is expressed as molar ratio of the luciferase
reporter to the expression plasmid. The blot was probed with FLAG (KSRP) and myc
(hnRNP C) antibodies. Right panel, luciferase activity of transfected N2a cells. B: Western
blot of luciferase protein after N2a cells were transfected with KSRP or hnRNP C and the
TNF-α reporter plasmid. Antibodies are shown to the right. C: Mapping analysis of TNF-α
promoter. N2a cells were transfected with KSRP or pcDNA (control), reporter plasmid and a
transfection control plasmid. Data points for all transfections are the mean (±SEM) of at
least three independent experiments analyzed in duplicate. **P <0.008; ****P <0.0001.
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Fig. 9.
Conditioned media from KSRP−/− astrocytes induces cortical neuron toxicity and increased
astrocyte migration. A: Rat cortical neurons were treated with different amounts of astrocyte
conditioned media (ACM) from KSRP−/− or littermate control (WT) astrocytes for 24 h.
Neurons were stained with a cleaved caspase-3 antibody and DAPI. Immunostained neurons
(green) were quantitated. Data points are the mean (±SEM) of eight high-power fields from
three independent experiments. **P <0.007; ****P <0.0001 compared with WT. B: WT
astrocytes were plated onto tissue culture inserts with 8 μm diameter pores and placed on
wells containing KSRP−/− or control ACM. After 48 h, migrated cells on the lower surface
were detected with crystal violet (photomicrographs) and quantified. Data points represent
the mean (±SEM) of eight high-powered fields from three independent experiments. ***P <
0.003; ****P <0.0001 compared with WT. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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