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Abstract
An indispensable role for oligodendrocytes in the protection of axon function and promotion of
neuronal survival is strongly supported by the finding of progressive neuron/axon degeneration in
human neurological diseases that affect oligodendrocytes. Imaging and pathological studies of the
CNS have shown the presence of neuroaxonal injury in progressive multifocal
leukoencephalopathy (PML), a demyelinating disease of the CNS, resulting from destruction of
oligodendrocytes upon productive replication of the pathogenic neurotropic polyomavirus JC.
Here, we examined the extracellular factors involved in communication between oligodendrocytes
and neurons. Culturing cortical neurons with conditioned medium (CM) from rat CG4
oligodendrocytic cells that express the JCV agnoprotein showed that CXCL5/LIX, which is a
chemokine closely related to the human CXCL5/ENA78 and CXCL6/GCP-2 chemokines, is
essential for neuronal cell survival. We found that in CM from agnoprotein-producing CG-4 cells
level of CXC5/LIX is decreased compared to control cells. We also demonstrated that a reduced
expression of CXCL5/LIX by CG4 GFP-Agno cells triggered a cascade of signaling events in
cortical neurons. Analysis of mitogen-activated protein kinases (MAPK) and glycogen synthase
kinase (GSK3) pathways showed that they are involved in mechanisms of neuronal apoptosis in
response to the depletion of CXCL5/LIX signaling. These data suggest that agnoprotein-induced
dysregulation of chemokine production by oligodendrocytes may contribute to neuronal/axonal
injury in the pathogenesis of PML lesions.
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INTRODUCTION
Among demyelinating diseases, progressive multifocal leukoencephalopathy (PML), which
is caused by destruction of CNS oligodendrocytes infected with the human polyomavirus JC
(JCV), is one of the most prominent because it leads to rapid neurological deterioration and
frequently to death (Berger, 2007). Serological studies have shown that JCV infects most
people during childhood and seroconversion rates reach 70% in adults (Padgett and Walker,
1973; Kitamura et al., 1990). Latent virus has been detected in the kidneys, lymphoid tissue,
and bone marrow of healthy and immunosuppressed individuals without PML (Berger et al.,
1987; Yogo et al., 1990; Monaco et al., 1998; Randhawa et al., 2005; Tan et al., 2009). This
state of infection when JCV DNA can be detected but expression of JCV proteins cannot be
determined is considered as a state of latency, although presence of viral DNA replication
below the level of detection cannot be excluded (White and Khalili, 2011). Interestingly,
JCV DNA can be found in the brains of individuals whether or not they are affected by PML
(Elsner and Dorries, 1992; White et al., 1992; Vago et al., 1996; Caldarelli-Stefano et al.,
1999; Tan et al., 2010). However, it is not clear whether JCV first enters the central nervous
system during primary infection or later (Tan et al., 2010, White and Khalili, 2011).
Reactivation of the latent virus may occur in individuals with impaired immune function,
including HIV-1/AIDS (which now accounts for up to 80% of PML cases),
lymphoproliferative disorders, malignancies, MS and in organ transplant recipients,
resulting in PML. The risk of PML is also increased in patients treated with
immunosuppressive drugs and immunomodulators that inhibit migration and adhesion of
leukocytes and lymphocytes (Brooks and Walker, 1984; Berger and Houff, 2006; Khalili et
al., 2007; Berger, 2011; Carson et al., 2009; Clifford et al., 2010; White and Khalili, 2011).

In most cases of PML, JCV reactivation from latency is observed in the glial cells of the
brain, predominantly oligodendrocytes (Hou and Major, 2000). Histology of PML reveals
multiple foci of demyelination, occasionally with central necrosis, large astrocytes with
bizarre, hyperchromatic nuclei and oligodendrocytes with enlarged nuclei that contain JCV
inclusion bodies. Until recently, it was thought that in demyelinated lesions of PML, axon
integrity is relatively unaffected. However, pathological studies have demonstrated the
presence of dystrophic, transected neurites and axonal loss in both cortical and subcortical
PML lesions and involvement of the grey matter (Moll et al., 2008). Neuroaxonal injury in
PML is also indicated by substantial decreases in N-acetyl aspartate (NAA) levels, a marker
of neuronal viability, as revealed by proton magnetic resonance spectroscopy (1H MRS)
(Simmons et al., 1991; Chang et al., 1995, 1997; Simone et al., 1998; Iranzo et al., 1999).
Thus it is of interest to investigate the mechanisms by which JCV and its protein products
can contribute to neuronal damage.

JCV has a double-stranded circular DNA genome of 5.13 Kb and encodes regulatory
proteins large T-antigen, small t-antigen and agnoprotein as well as structural capsid
proteins VP1, VP2, and VP3 (Frisque, 2001; Khalili et al., 2005; Johnson, 2010).
Interestingly, the expression of the viral regulatory proteins has been detected in CNS glial
cells in the absence of active viral replication and PML lesions, suggesting that they may
affect host cell functions in subclinical conditions (Del Valle and Khalili, 2010; Tan and
Koralnik, 2010).

With regard to the role of JCV in the pathogenesis of PML and the impact of
oligodendrocytic infection on neuronal integrity, it is important to note that communication
between axons and myelinating glia is a reciprocal process. Stimulatory and inhibitory
neuroaxonal signals, including neuregulins, neurotrophins and electrical activity, recruit
glial cells to obtain trophic support and myelination (Piaton et al., 2010; Nave, 2010).
Conversely, oligodendrocytes modify axonal structure via myelination, influence the
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formation of nodes of Ranvier, provide trophic support, and control axon extension
(Mukhopadhya et al., 1994; Chen et al., 2000; Dupree et al., 2004; Chan et al., 2004;
Rasband et al., 2005; Nave and Trapp 2008). It is clear that chemokines (chemoattractant
cytokines) are important in these intercellular interactions. Originally described as immuno-
inflammatory mediators that regulate leukocyte trafficking in response to inflammation,
chemokines have been implicated in the modulation of many important biological processes
in brain physiology, including migration of neuronal progenitors in the developing brain,
glial proliferation and synaptic activity, and in the pathogenesis of a number of diseases of
CNS that are associated with inflammation and neurodegeneration, including MS, AIDS
dementia complex and Alzheimer’s disease (Bajetto et al., 2002; Cartier et al., 2005; Miller
et al., 2008).

Our studies indicate that the expression of JC viral protein agnoprotein can compromise
release of CXCL5/LIX. CXCL5/LIX is a member of murine ELR+ CXC chemokine family
and has high sequence similarity to both human epithelial cell-derived neutrophil-activating
peptide-78 CXCL5/ENA78 and granulocyte chemoattractant protein-2CXCL6/GCP-2
chemokines (Smith et al., 1997; Rovai et al., 1998). ELR+CXC chemokines contain a
glutamic acid–leucine–arginine (ELR) tripeptide motif in their N-terminal domain that has
been shown to be essential for receptor binding and neutrophil activation (Clark-Lewis et al.,
1993), as well as for stimulation of angiogenesis (Strieter et al., 1995). ELR+CXC
chemokines exert their effect on target cells via interaction with the G-protein-coupled
transmembrane receptors CXCR1 and CXCR2, which are expressed at high levels by
neurons and oligodendrocytes in the various regions of the brain (Horuk et al., 1997; Xia et
al., 1997; Nguyen and Stangel, 2001). It has been shown that CXCR2 plays a critical role
not only in neutrophil chemotaxis (Cacalano et al., 1994), but also in the recruitment of
oligodendrocytes to repair lesions in MS (Omari et al., 2005) and in the positioning of OPCs
in developing spinal cord (Tsai et al., 2002).

Human oligodendrocytes are not amenable to tissue culture studies but the study of
oligodendrocytic functions has been facilitated by the ability of the rat CG4 progenitor cell
line to develop into mature oligodendrocytes (CG4-Ol). This development is impaired and
survival of differentiating oligodendrocytes is inhibited when these cells are transduced to
ectopically express JCV agnoprotein (Merabova et al., 2008), which is a 71 amino-acid
protein that has been shown to be involved in the regulation of many important cellular
processes such as cell cycle progression, DNA damage response and DNA repair
(Darbinyan et al., 2002, 2004). Here we show that the release of CXCL5/LIX by CG4-Ol is
compromised by the expression of the JCV agnoprotein. As a consequence of this, exposure
of neurons to medium from agnoprotein-positive CG4-Ol leads to neuronal process
disintegration and neuronal death due to CXCL5/LIX depletion. Analysis of signaling
pathways in these neurons implicate dysregulation of the MAPK and GSK3 pathways in the
induction of apoptosis. These observations provide important information about possible
mechanisms of neuronal/axonal injury associated with JCV infection.

RESULTS
Rat cortical neurons exposed to conditioned medium (CM) obtained from CG4-Ol
constitutively expressing JCV agnoprotein undergo structural alterations

First, we examined the effect of treatment of primary cortical neurons with CM from CG4-
Ol constitutively expressing JCV agnoprotein (Fig. 1). CG4, a bipotential cell line that is
able to differentiate into either oligodendrocytes or astrocytes (Louis et al., 1992), was
stably transduced with retroviral vectors expressing either GFP (green fluorescent protein)
or GFP-Agno (JCV agnoprotein fused to GFP) as we have previously described (Merabova,
2008). Differentiation of CG4 cells into oligodendrocytic lineage was assessed by
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quantitative analysis of rat myelin specific PLP and DM-20 genes by quantitative
polymerase chain reaction (QPCR) (Fig. 1C). Expression of agnoprotein was verified by
Western blot analysis (Fig. 1D). CM from CG4 GFP or GFP-Agno cells (Fig. 1A and 1B),
which had been induced to differentiate into oligodendrocyte lineage was collected after
four days of differentiation and applied to primary rat cortical neurons isolated from rat
embryos at embryonal day 17 (E17). Neurons were fixed after 16 hours of treatment with
CM obtained from CG4-Ol and immunolabeled with antibody to class III β-tubulin.
Incubation of rat cortical neurons with CG4-Ol GFP-Agno CM resulted in significantly
reduced arborization and loss of neuronal processes as evident in cells stained with anti-class
III β-tubulin antibody (Fig. 1F) compared to controls, which were treated with CM from
agnoprotein-negative CG4-Ol cultures (Fig. 1E). Direct treatment of neurons for 16 hours
with recombinant agnoprotein demonstrated no neurotoxic effects (data not shown),
suggesting that soluble factors present in the CM from cells expressing agnoprotein were
responsible for the toxic effects observed with primary cortical neurons.

CM from agnoprotein-producing CG4-Ol contains reduced amount of CXCL5/LIX
chemokine

In order to identify factors involved in the observed changes in neurons, CM collected from
agnoprotein-positive and agnoprotein-negative CG4-Ol were analyzed using Cytokine
antibody array (RayBiotech, Inc.) for a panel of cytokines/chemokines (Fig. 2A). The
positions of cytokines on the membrane are shown in the array map provided by the
manufacturer (Fig. 2B). Densitometry of signal intensities was performed to quantify the
differences in cytokines present in CM. Each signal was normalized to background, and the
relative expression levels of cytokines/chemokines are shown (Fig. 2C). The levels of
several chemokines in CM from agnoprotein-positive cells were affected including
Fractalkine, IL-10, TNF-α, and TIMP-1. Of note, the most prominent decrease was found in
the level of CXCL5/LIX (10 fold). Decreased release of CXCL5/LIX in CM from cells
expressing GFP-Agno was also confirmed by CXCL5/LIX ELISA assay (RayBiotech, Inc.)
(Fig. 2D). We conclude that the loss of neuronal processes treated with CM from
agnoprotein-expressing CG4-Ol is associated with a reduced extracellular level of CXCL5/
LIX.

CXCL5/LIX is essential for survival of rat cortical neurons
The viability of neurons that have been exposed to oligodendrocyte CG4-Ol CM with
normal and reduced levels of CXCL5/LIX was examined using the MTT assay as we have
previously described (Merabova et al, 2008). Rat cortical neurons were plated on 6-well
plates in triplicate and treated with CM from CG4-Ol and in the presence of neutralizing
anti-LIX antibody or purified recombinant LIX protein (rLIX). Bovine serum albumin
(BSA) and IgG1 were used as protein and antibody controls, respectively. Neuronal viability
in cultures treated with neutralizing anti-LIX antibody or rLIX was evaluated after 16 hours
of treatment using MTT assay. Relative cell viability (expressed as a percentage of control)
for each sample was determined as the ratio of average absorbance for each sample to cells
in neuronal medium, which is shown as 100% (Fig. 3A, lane 1). The MTT assay shows a
decrease in neuronal viability in samples treated with CM from cells expressing agnoprotein
(Fig. 3A, lanes 4 and 8) or from control cells cultured in the presence of neutralizing anti-
LIX antibody (Fig. 3A, lane 5). Reduced cell viability is CXCL5/LIX dependent, as only a
small percentage of neurons are metabolically active when the amount of CXCL5/LIX is
low or its function is neutralized by anti-LIX antibody. Incubation of neurons with rLIX
before addition of CM from CG4-Ol GFP-Agno reduced the level of neuronal cell death
(Fig. 3A lane 6). To ascertain that the observations described above resulted from apoptosis
we labeled neurons with Annexin V-PE (a marker that is specific for apoptosis) and Nexin
7-AAD and analyzed the cells by flow cytometry (Fig. 3B). These data demonstrate a
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dramatic increase in the number of apoptotic cells identified by the presence of both
Annexin V-PE and Nexin 7-AAD upon treatment with CM with reduced or neutralized by
antibody CXCL5/LIX (Fig. 3B, lanes 4, 5 and 8). Pretreatment of neurons with rLIX
significantly augments survival of neurons (Fig. 3B, lane 6). Thus, altered production of
CXCL5/LIX by agnoprotein-expressing CG4-Ol oligodendrocytic cells is associated with
reduced neuronal survival and induction of apoptosis suggesting that viability of neurons
depends on CXCL5/LIX in culture medium.

Activation of apoptotic signaling pathways in rat cortical neurons upon treatment with CM
from CG4-Ol with reduced level of CXCL5/LIX

To investigate signaling pathways leading to apoptosis of cortical neurons exposed to CM
from CG4-Ol, we examined the expression and phosphorylation of proteins involved in the
regulation of cell survival and apoptosis (Fig. 4A). Rat cortical neurons were treated with
CM from CG4-Ol as described in Figure 3 and whole-cell protein lysates prepared from
neurons were analyzed by Western blotting (Fig. 4A). The final executive step in the process
of apoptosis is considered to be activation of caspase-3. We analyzed the level of caspase-3
cleavage and release of the active, cleaved form of the enzyme (17 kDa). Our results
indicated activation of caspase-3 in neurons exposed to CM from agnoprotein-expressing
cells (Fig. 4A, lanes 4 and 8) or in the presence of CXCL5/LIX neutralizing antibodies (Fig.
4A, lane 5). Further examination of signaling pathways revealed that cleavage of caspase-3
is accompanied by activation of MAPK pathways. MAPKs, including the extracellular
signal-regulated kinases (ERK1/2, p44/42), the stress-activated c-Jun N-terminal kinase
(JNK), and the 38-kDa high-osmolarity glycerol response kinase (p38 MAPK) are activated
in response to a wide range of extracellular stimuli and regulate a large number of
physiological processes including cell survival and death (Miloso et al., 2008). Western blot
analysis demonstrated that treatment of neurons with CM from CG4-Ol expressing
agnoprotein caused phosphorylation (activation) of p38 MAPK expression and reduction of
phospho-p44/p42 MAPK (phospho-ERK1/2) without any decrease in the total amount of
p44/42 MAPK. Next, we examined GSK3, which is also an important regulator of neuronal
survival. GSK3 has two isoforms, GSK3α and GSK3β and is regulated by Akt, which,
through phosphorylation of GSK3β at serine 9 and GSK3α at serine 21, inhibits their
activity (Nair and Olanow, 2008). Using an antibody that is specific for GSK3β
phosphorylated at Ser 9, which is inhibitory, we showed that the level of inactive GSK3β
was significantly lower in neurons exposed to CM from agnoprotein-positive cells (Fig. 4A,
lanes 4 and 8) or with neutralized CXCL5/LIX (Fig. 4A, lane 5). As a control, the total
amount of GSK3β remained unchanged. Next we examined β-catenin, one of the targets for
GSK3β, and found that the level of expression of β-catenin is lower in cells where activity
of GSK3β is induced (Fig. 4A, lanes 4, 5 and 8). Interestingly, Western blot analysis of
proteins prepared from cortical neurons treated with recombinant LIX (rLIX) showed that an
excess amount of LIX in culture medium although upregulated the expression of β-catenin
in neurons, did not affect the MAPK signaling pathway (data not shown). In addition, we
investigated the role of p38 MAPK in apoptotic signaling in neurons exposed to CG4-Ol
CM. We found that upregulation of p38 MAPK along with activation of caspase 3 in cortical
neurons treated with CM from agnoprotein-positive CG4-Ol (Fig. 4B, lane 6) was reversed
by treatment of these neurons with the p38 MAPK inhibitor SB202190 (100 nM), implying
that p38 plays a critical role in the induction of apoptosis in cortical neurons treated with
CG4 GFP-Agno cells. Thus inhibition of ERK1/2 and concurrent stimulation of p38 MAPK
signaling pathways is associated with the induction of apoptosis in neurons.

In a separate study, we analyzed the activation of GSK3β pathway in response to treatment
with CM from GFP-Agno cells (Fig. 5A). Involvement of the GSK3β pathway in regulation
of neuronal cell survival in response to levels of CXCL5/LIX released from
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oligodendrocytes was further supported by experiments where cortical neurons were
incubated for 1 hour with lithium chloride (LiCl) prior to the addition of CG4 CM. LiCl, a
therapeutic drug used for the treatment of bipolar mood disorder, is a direct inhibitor of
GSK3 (Stambolic et al, 1996; Ryves and Harwood 2001). Expression of inactive GSK3β
(phosphorylated at Ser 9) was significantly lower in neurons treated with CG4-Ol GFP-
Agno CM (Fig. 5A, lane 4) compared to neurons treated with CM from CG4-Ol GFP (Fig.
5A, lane 2). Addition of LiCl to the CG4-Ol GFP-Agno CM resulted in the pronounced
inhibition of GSK3β activity (Figure 5A, lane 5). Interestingly, a similar result was obtained
when cortical neurons were treated with CM from CG4-Ol GFP-Agno where agnoprotein
expression was silenced by agnoprotein-targeted siRNA (Fig. 5A, lane 8). Incubation of
neurons with CM from CG4-Ol GFP-Agno cells treated with a non-targeting siRNA caused
no difference in the level of expression of phosphorylation of GSK3β at Ser 9 (Fig. 5A, lane
7). Reduction of agnoprotein expression in CG4 GFP-Agno cells by siRNA was substantial,
as measured by Western blot (Fig. 5B). Thus, treatment of neurons with CM containing
reduced levels of LIX results in activation of GSK3β signaling.

DISCUSSION
Our data demonstrate that exposure of rat primary cortical neurons to CM obtained from rat
OPCs expressing JCV agnoprotein results in reduced viability of neurons. Activation of
apoptotic signaling in neurons exposed to CG4-Ol CM was associated with lack of CXCL5/
LIX or inhibition of its activity. We have previously shown that JCV agnoprotein affects
several important cellular processes (Darbinyan et al., 2002, 2004). Importantly, expression
of JCV agnoprotein in bipotential CG4 progenitor cells impairs their ability to develop into
mature oligodendrocytes (Merabova et al., 2008). Here we demonstrate that expression of
JCV agnoprotein in the absence of other viral proteins in differentiated rat OPCs alters
CXCL5/LIX release. Furthermore, our findings show that survival of neurons depends on
CXCL5/LIX signaling.

Although several CXCR1/2 ligands have been implicated in neuroprotection (Limatola et
al., 2000; Watson and Fan, 2005; Semple et al., 2010; Hosking et al., 2010) and
neurotoxicity (De Paola 2007; Valles et al., 2006), there is limited information about the
functions of CXCL5/LIX in promoting survival or death signals and its role in neuron-glial
communication. Activation of CXCR1 and CXCR2 leads to the formation of distinct second
messengers, which activate several signaling pathways through protein kinases and
phospholipases (Atta et al. 1999). The interaction of a chemokine with its specific G-
protein-coupled receptor triggers a series of signaling events in target cells including
activation of protein kinase-C (PKC), Akt/PKB, mitogen-activated protein kinase (MAPK)
and Rb protein cascades (Wu et al., 1993; Jones et al., 1995; Ganju et al., 1998, Khan et al.,
2008). ERK1/2, JNK and p38 MAPK pathways play central roles in survival signaling and
neuronal apoptosis (Harper and LoGrasso 2001). It has been reported that inactivation of
ERKs together with the activation of p38 may be critical for apoptosis, and an increase in
ERK activity has been correlated to increased neuronal cell survival (Xia et al., 1995).
Activation of apoptotic signaling in neurons treated with CM with reduced levels or
neutralized CXCL5/LIX was associated with stimulation of expression of p38 MAPK and
inhibition of ERK1/2 activity. Our studies on GSK3β demonstrated that in neurons exposed
to a low level of CXCL5/LIX, the activity of GSK3β was significantly higher compared to
cells treated with CM from control cells. Interestingly, activation of GSK3β induced by
treatment of neurons with CM from agnoprotein-expressing cells was reversed by incubation
of neurons with LiCl, which has been reported to have a neuroprotective function against a
variety of toxic insults (Grimes and Jope, 2001). GSK3 controls diverse signaling pathways
in neurons, including Wnt, insulin-like growth factor (IGF-1) and neurotrophic factor
signaling pathways and regulates many transcription factors, such as cyclic AMP response
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element binding protein (CREB), heat shock factor −1 (HSF-1), Myc and β-catenin (Grimes
and Jope, 2001). GSK3β also suppresses the activities of the HSF-1 and CREB
transcriptional factors, which promote cell survival. In the Wnt signaling pathway, where the
main target is β-catenin, active GSK3β phosphorylates β-catenin at the N-terminal region
and enhances β-catenin degradation (Yost et al., 1996), thereby preventing the association of
β-catenin with nuclear transcription factors and activation of target gene expression such as
cyclin D1 and c-myc (He et al., 1998; Galceran et al., 1999; Logan and Nusse, 2004). Of
note sequestration of endogenous β-catenin decreases dendritic arborization (Yu and
Malenka, 2003). Our studies show that GSK3β/β-catenin signaling is activated in neurons in
response to treatment with CM with anti-LIX antibodies or obtained from cells that express
agnoprotein, suggesting a role for CXCL5/LIX in stimulation of this pathway.

JCV agnoprotein-induced alterations in chemokine release were associated with pronounced
dysregulation of MAPK signaling in neurons leading to cell death. Inhibition of ERK,
stimulation of p38 MAPK and GSK3β, followed by activation of caspase 3 may be central
mechanisms of neuronal apoptosis in response to reduced levels of CXCL5/LIX. MAPK and
GSK3β have been linked to neurodegenerative processes associated with neuronal loss,
including Alzheimer’s and Parkinson’s neurodegeneration (Miloso et al., 2008; Grimes and
Jope, 2001). We have previously described the activation of apoptotic signaling in JCV
agnoprotein-expressing rat oligodendrocyte progenitors upon differentiation into the
oligodendrocytic lineage (Merabova et al., 2008). Our earlier studies demonstrated the
involvement of agnoprotein in the signaling pathways, which regulate the cell cycle and the
DNA damage response (Darbinyan et al., 2002, 2004). Nevertheless, we could not exclude
possible autocrine effects of CXCL5/LIX-CXCR2 signaling on oligodendrocytes. The
demonstration of the agnoprotein-induced alteration of chemokine expression associated
with inhibition of neuronal survival in these studies implies a new role for JCV agnoprotein
in the pathogenesis of PML. The identification of mechanisms of neuronal injury associated
with JC viral proteins may be instructive for the development of therapeutic neuroprotective
strategies. Further studies of the role of JCV agnoprotein in CXCL5 chemokine expression
and release are thus warranted.

In related studies, recent findings in CXCR2−/− mice and mice with acute
encephalomyelitis resulting from inoculation of the neurotropic JHMV strain of mouse
hepatitis virus emphasize the importance of rapid neutrophil recruitment to the CNS in
response to viral infection in CNS to enhance host defense and facilitate control of viral
replication (Hosking et al, 2009). These studies suggested that ELR+ chemokines contribute
to the disruption of the blood brain barrier by recruiting neutrophils and release of proteases
and facilitate access of the anti-viral T-lymphocytes to the CNS during viral-induced
encephalomyelitis (Hosking et al, 2009). Our observations highlight the importance of
further studies on the consequences of alterations of function of CXC chemokines in
response to JCV infection in CNS and new aspects for possible strategies for
neuroprotection.

MATERIALS AND METHODS
Cell culture

(i) CG4 cells. The CG4 (central glia-4) cell line was maintained as described previously
(Louis, 1992). Briefly, cells were propagated on poly-L-ornithine (Sigma, St. Louis, MO)-
coated plates in 70% Dulbecco’s minimal essential medium (DMEM) containing 2 mM
glutamine, N1 supplement (50 µg/ml transferrin, 5 µg/ml insulin, 100 µM putrescine, 20 nM
progesterone, and 30 nM selenium), 10 ng/ml biotin, and 30% conditioned medium from the
B104 neuroblastoma cell line. Cells were induced to differentiate into oligodendrocytes by
withdrawal of mitogens (without the addition of B104-conditioned medium) under serum-
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free conditions in the presence of 2 mM L-glutamine, N1 supplement, and insulin for up to 4
days. Withdrawal of the growth factors in the B104-conditioned medium results in the
cessation of cell division and the initiation of cell differentiation. (ii) B104 neuroblastoma
cells. B104 neuroblastoma cells (Interlab cell line, Genoa, Italy) were grown in DMEM
containing 10% (vol/vol) heat-inactivated fetal calf serum (Invitrogen) and 2 mM L-
glutamine until 70% confluent and then conditioned with modified Sato medium (see above)
for 3 days. (iii) Stable cell lines. Stable cell lines were produced by the retroviral
transduction as previously described (Merabova, 2008). Briefly, the Phoenix retroviral
packaging cell line (Orbigen, San Diego, CA) was transfected with pLEGFP-C1-Agno, or
pLEGFP-C1 plasmids by calcium phosphate precipitation as we have previously described
(Darbinyan et al., 2004). Conditioned medium containing virus was collected 48 h
posttransfection and used to infect CG4 progenitor cells in the presence of 10 µg/ml
Polybrene (Millipore, Billerica, MA). Twenty-four hours posttransduction, cells were
subcultured and selected with 700 µg/ml G418 (Invitrogen, Carlsbad, CA). Expression of the
transgene was verified by Western blot analysis using anti-agnoprotein antibody or Living
Colors full-length polyclonal antibody (BD Biosciences, Clontech), which recognizes
enhanced green fluorescent protein (EGFP). (iv) Rat cortical neurons. Primary cultures of rat
cortical neurons were prepared from rat embryos (E17) of 17-day pregnant Sprague-Dawley
rats as described previously. Cortices were dissected out in dissecting medium (1.6 mM
sucrose, 2.2 mM glucose, 1 mM HEPES, 16 mM NaCl, 0.5 mM KCl, 0.1 mM Na2HPO4,
and 0.022 mM KH2PO4) and placed in Hibernate E medium (BrainBits, Springfield, IL).
After careful removal of the meninges, the intact tissue was incubated with Tryple Express
enzyme (Invitrogen, Carlsbad, CA) at 37°C for 10 min, followed by three washes with
Hibernate E medium. Tissue trituration was performed in culture medium (see below) using
a fire-polished glass Pasteur pipette, and single cell suspension was diluted with culturing
medium. Finally, cells were plated on 60 mm poly-D-lysine-coated dishes (Sigma) at a
density of 2.5 × 106 cell per 60 mm2 dishes and cultured in Neurobasal medium containing
B27 supplement, 0.25 mM Glutamax, and 0.25 mM L-glutamine (all from Invitrogen).
Cytosine arabinoside (Ara-C, Sigma) (final concentration 1 µM) was added after 16 hours
for two days to reduce glial proliferation. Treatment of neuronal cultures with Ara-C (48
hours) efficiently depletes proliferating cells. At day 10 or 12 of in vitro culturing more than
98% of cells are positive for neuronal marker class III β-tubulin (verified by
immunocytochemical analysis).

Treatment of cells with siRNA targeting agnoprotein
Cells were treated with either agnoprotein siRNA or non-targeting siRNA using
Oligofectamine according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA).
The JCV agnoprotein siRNA targeted nt 324 to 342 of the Mad-1 isolate of JCV (sense
strand, 5′-AACCUGGAGUGGAACUAAAdTdT-3′), non- targeting siRNA (siGENOME
non-targeting siRNA #1) were obtained from Dharmacon (Lafayette, CO) and were used at
a final concentration of 100 nM. In all experiments, Western blot analysis for agnoprotein
was performed with protein extracts from control cells and cells transfected with
agnoprotein-specific siRNA to verify agnoprotein knock-down with anti-α- tubulin antibody
used as a loading control.

Preparation of protein extracts and immunoblot analysis
For the preparation of whole-cell extract, cells were lysed for 30 min on ice in LB1 buffer
(50 mM HEPES, pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol, 1%
Triton X-100) containing 1 µg/ml leupeptin, 1 µg/ml aprotinin, 1 mM phenylmethylsulfonyl
fluoride, and 0.2 mM Na-orthovanadate. Cell debris was removed by centrifugation at
14,000 rpm for 15 min at 4°C. The supernatant was assayed for protein content by Bradford
analysis (Bio-Rad) and was either used immediately or stored at −80°C. For immunoblots,
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50-µg aliquots of total cell protein were run on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred to a nitrocellulose membrane, and immunoblotted with antibody.
Bound antibody was detected using the ECL enhanced chemiluminescence detection kit (GE
Healthcare Life Sciences, Piscataway, NJ) according to the Manufacturer’s
recommendations.

Methylthiazoletetrazolium (MTT) assay
The Cell Proliferation Kit I (MTT) was used according to the manufacturer’s protocol
(Roche). Neurons were plated onto poly-D-lysine-coated 6-well plates in triplicate in eight
sets at a density of 1 × 105 cells/well, cultured 10 days and treated according to the
experimental design. After 16 hours, MTT (5 mg/ml) was added to the wells (final
concentration, 0.5 mg/ml) for 4 h, and the reaction was stopped by the addition of
solubilization solution. The tetrazolium salt MTT is cleaved to form a formazan dye by
mitochondrial reductase enzymes that are active only in viable cells and not in dead cells.
The amount of formazan generated is directly proportional to the number of metabolically
active cells. The spectrophotometrical absorbance of neurons in each condition was
measured using a microplate (enzyme-linked immunosorbent assay) reader at 570 nm with a
reference wavelength of 650 nm.

Treatment of rat primary neurons with LiCl and p38 MAPK inhibitor
Rat cortical neurons were incubated with LiCl (5 mM final concentration) for 1 hour prior to
the addition of CM from CG4 cells. Cortical neurons were pretreated with p38MAPK
inhibitor SB202190 (100 nM final concentration) for 1 hour prior to the addition of CM
obtained from CG4 cells.

Nexin assay
Rat cortical neurons were plated in duplicate in Neurobasal medium on poly-D-lysine coated
60 mm2 dishes and treated with CM, obtained from CG4 cells producing agnoprotein and
control agnoprotein-negative cells at the 4th day of induction to differentiate towards
oligodendrocytes. After 16 hours cells were harvested, pelleted by centrifugation and labeled
with Annexin V-PE and Nexin 7-AAD according to Guava Nexin™ kit protocol (Guava
Technologies, Hayward, CA). Annexin V is a protein with high affinity for
phosphatidylserine (PS), a membrane component normally localized to the internal face of
the cell membrane. Early in the apoptotic pathway, PS molecules are translocated to the
outer surface of the cell membrane where they are bound by Annexin V. The cell
impermeant dye, 7-AAD, serves as an indicator of membrane structural integrity. It is
excluded from healthy cells and early apoptotic cells, but permeates late stage apoptotic and
dead cells. Cells positive for both markers comprising the population of late stage apoptotic
cells were identified by flow cytometric analysis.

Flow cytometric analysis
Cells were harvested, rinsed with PBS, and fixed in suspension in 73% ethanol in PBS for at
least 16 to 20 h at −20°C. After incubation for 24 h at −20°C, the cells were washed with
PBS containing 1% bovine serum albumin, stained with propidium iodide (10 µg/ml) in PBS
containing 250 µg of RNase A/ml, and incubated at 37°C for 30 min in the dark before
analysis by fluorescence-activated cell sorting. Cell cycle distribution was analyzed with the
GuavaEasy Cyte mini system and using the Guava CytoSoft cell cycle program according to
the manufacturer’s instructions (Guava). The DNA content determination was based on the
intensity of the PI fluorescence.
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LIX ELISA
LIX ELISA was performed using RayBio® Rat LIX ELISA kit protocol (RayBiotech, Inc.,
Norcross, GA). Briefly, CG4 GFP and CG4 GFP-Agno cells were induced to differentiate
for 4 days and CM was collected and centrifuged to remove cell debris. Samples and
standards were added into appropriate wells of LIX microplate coated with anti-rat LIX
antibody and were incubated overnight at room temperature. Wells were washed and
biotinylated anti-rat LIX antibody was added to each well. After washing away unbound
biotinylated antibody, HRP-conjugated streptavidin was added to the wells. The wells were
washed again and TMB substrate solution was applied. Color develops in proportion to the
amount of LIX bound. The intensity of the color was measured at 450 nm.

Immunocytochemistry for class III β-tubulin
Primary rat fetal cortical neurons were prepared and seeded on poly-D-lysine (10 µg/ml final
concentration) and laminin (5µg/ml final concentration) coated glass chamber slides. After 9
days, cells were incubated with CM from differentiated CG4 GFP and CG4 GFP-Agno cells
and fixed with 4% paraformaldehyde. Fixed cells were blocked with 5% BSA in PBS for 1 h
and incubated with mouse monoclonal antibody to class III-β-tubulin for 16 hr. Control cells
were incubated without primary antibody. Cells were then washed three times with
PBS-0.01% Tween-20 and incubated with FITC conjugated anti-mouse secondary antibody
for 45 min. Slides were washed three times with PBS, mounted, and examined by
fluorescence microscopy. Nuclear DNA was labeled with DAPI. Immunofluorescence was
analyzed by fluorescence microscopy.

Reverse transcription (RT) and quantitative real-time polymerase chain reaction (QPCR)
Total RNA was isolated using RNeasy kit (Qiagen, Valencia, CA) according to the
manufacturer’s directions. The RT reaction was performed using random primers (p(dN)6;
Roche) and M-MuLV RT enzyme. For the analysis of rat myelin specific PLP and DM-20
genes by QPCR the following primers were used: forward, 5’-
ggCCgAgggCTTCTACACCAC-3’, reverse, 5’-CAggAgCCCACTgTggAgCAA-3’ (Milner
et al., 1985). For relative quantification, the expression level of genes was normalized to the
housekeeping gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH), and was referred
as arbitrary units.

Antibodies and recombinant proteins
Monoclonal anti-rat LIX antibody and mouse IgG1 isotype control antibody were purchased
from R&D Systems (R&D Systems, Minneapolis, MN). Rabbit polyclonal antibody against
JCV agnoprotein was previously described (Darbinyan et al., 2007). Anti-α-tubulin, clone
B512, and anti-β-tubulin isotype III, clone SDL.3D10, were obtained from Sigma-Aldrich
(Sigma-Aldrich Inc.). Anti-phospho-glycogen synthase kinase 3β (GSK3β) (Ser9) antibody,
rabbit polyclonal (#9336), anti-phospho-p44/42 mitogen-activated protein kinase (MAPK)
(Thr202/Tyr204) (#4376), β-catenin (E-5), mouse monoclonal antibody (sc-7963) and anti-
caspase-3 rabbit polyclonal (sc-7148) were obtained from Santa Cruz (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA). Cleaved caspase-3 (Asp175) (# 9661), anti-p44/42
MAPK (#9102) and anti-GSK3β (27C10) rabbit polyclonal antibodies were purchased from
Cell Signaling (Cell Signaling Technology, Inc., Danvers, MA). Recombinant rat LIX was
purchased from R&D Systems (#543-RL).
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Figure 1. Structural alterations in rat cortical neurons exposed to CM from CG4-Ol
constitutively expressing JCV agnoprotein
A and B. Phase-contrast images of CG4 cells expressing GFP and GFP-Agno induced to
differentiate into oligodendrocyte lineage. Scale bar, 20 µm. C. Quantification of levels of
mRNAs for PLP and DM-20 by QPCR. Relative levels of mRNAs from CG4 cells, un-
induced and induced to differentiate into oligodendrocytic lineage for 2 or 4 days, were
expressed as the ratio to the number of the target gene copies relative to the number of
reference gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) copies and was
referred as arbitrary units. D. Immunoblot analysis demonstrating the presence of GFP-
agnoprotein using an antibody against agnoprotein. The position of the GFP-Agnoprotein
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band (35 kDa) is indicated by an arrow. Grb2 serves as a loading control (low panel). E and
F. Rat cortical neurons isolated from rat embryos (E17) were incubated with CM from CG4-
Ol cells expressing GFP or GFP-Agno. After 16 hours of incubation, neurons were fixed and
immunolabeled with antibody to class III β-tubulin (green fluorescence). Nuclei were
counterstained with DAPI (blue). Scale bar, 20 µm.
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Figure 2. Comparison of CM from agnoprotein-expressing CG4-Ol to CG4-Ol control for levels
of the CXCL5/LIX chemokine
CM collected from agnopositive and agnonegative CG4 cells at the 4th day of differentiation
into oligodendrocytic lineage was analyzed by cytokine antibody array (A) and quantified
(C). Positions of the cytokines on the membrane is depicted on cytokine array map provided
by the Manufacturer (B). CXCL5/LIX levels in the supernatants of CG4 cells, CG4 GFP and
CG4 GFP-Agno cells at the 4th day of differentiation as measured by ELISA ND - below
detectable level. (D). Experiments were repeated three times.
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Figure 3. Neuronal survival after treatment with conditioned medium from agnoprotein-
expressing CG4 cells
A. Analysis of the effect of CXCL5/LIX on the survival of rat cortical neurons in the MTT
assay. Rat cortical neurons were treated with CM and cell viability was evaluated after 16
hours. The order of samples is as follows: 1. neuronal culture medium; 2. CG4-Ol CM; 3.
CG4-Ol GFP CM; 4. CG4-Ol GFP-Agno CM; 5. CG4-Ol GFP CM + neutralizing anti-LIX
antibodies (3 µg/ml); 6. 1h pretreatment with rLIX (100 ng/ml) + CG4-Ol GFP-Agno CM;
7. CG4-Ol GFP CM + IgG1 (3µg/ml); 8. CG4-Ol GFP-Agno CM + BSA (100ng/ml). The
relative cell viability (percent) for each sample was determined as the ratio of average
absorbance for treated to that for untreated cells (sample 1). B. Effect of CXCL5/ LIX on the
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apoptosis of rat cortical neurons in the nexin assay. Flow cytometry with Annexin V-PE and
Nexin 7-ADD. Rat cortical neurons were treated with CM and cell viability was evaluated
after 16 hours and presented as percentage of double-positive cells. Sample order is the same
as in panel A.

Merabova et al. Page 20

J Cell Physiol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Effect of reduced level of CXCL5/LIX in CM on pro-survival signal transduction
pathways in neurons
A. Western blot analysis of total lysates prepared from rat cortical neurons treated with: 1.
neuronal CM; 2. CG4-Ol CM; 3. CG4-Ol GFP CM; 4. CG4-Ol GFP-Agno CM; 5. CG4-Ol
GFP CM + neutralizing anti-LIX antibodies (3 µg/ml); 6. 1h pretreatment with rLIX (100
ng/ml) + CG4-Ol GFP-Agno CM; 7. CG4-Ol GFP CM + IgG1 (3 µg/ml); 8. CG4-Ol GFP-
Agno CM + BSA (100 ng/ml). B. Effect of SB 202190 on p38 MAPK, activation of caspase
3 and apoptotic signaling in neurons treated with CM from agnoprotein-expressing cells.
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Figure 5. Effect of agnoprotein on GSK3β activity
A. Treatment of neurons with CM from CG4 cells with silenced agnoprotein and LiCl, an
inhibitor of GSK3. The level of expression of total GSK3β is also shown. B. Western blot
for agnoprotein expression in the cells used in Panel A is shown together with α-Tubulin as
a loading control.
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