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Endoplasmic reticulum (ER) stress is caused by the accumulation of misfolded or unfolded proteins in the lumen of
the endoplasmic reticulum. CCAAT/enhancer binding proteins are one of the cellular proteins whose expression is
upregulated during ER stress. Previously, we have identified C/EBPbeta isoforms, especially LIP, as a negative regulator
of polyomavirus JC (JCV), the causative agent of the demyelinating disease progressive multifocal leukoencephalopathy
(PML). Here, we show that the induction of ER stress by thapsigargin increase the expression of endogenous LIP and the
degradation of JCV T-antigen in a JCV-transgenic mouse tumor cell line. Our results also revealed that overexpression of
LIP significantly reduced the level of T-Ag and this effect is reversed upon siRNA-mediated silencing of LIP.
Immunoprecipitation/Western blot experiments indicated that LIP interacts with T-antigen directly. Treatment of cells
that overexpress LIP with MG115, a proteasome inhibitor, partially rescued LIP-mediated degradation of T-antigen. Our
observations point to a role of LIP in ER stress regulation of T-antigen stability and may open a new avenue to study
host-virus interaction during ER stress.

Introduction

The human neurotropic polyomavirus JC (JCV) is a DNA
tumor virus and the etiological agent of the often fatal demyelinat-
ing disease progressive multifocal leukoencephalopathy (PML).
The virus can exist in a persistent asymptomatic state or in a repli-
cative pathogenic state where it infects glial cells to produce demy-
elinating lesions in the white matter typical of PML pathology.1

The activity of the virus is regulated by a transcriptional control
region that determines the extent of the expression of the early
genes, large-T antigen (T-Ag) and small t-antigen, and the late
genes, agnoprotein and the capsid proteins VP1, VP2 and VP3.2

We have found that key transcription factors in this regulation are
NF-kB p65,3 NFAT44 and C/EBPb.3 T-Ag is the major regula-
tory protein of the JCV life cycle by driving cell cycle progression
to S-phase for viral DNA replication and it is also tumorigenic in
animals.5 Recently, it has been reported that T-Ag can also be reg-
ulated post-transcriptionally through mechanisms involving its
degradation by the proteasome6 and by autophagy.7 In U-87 MG
human glioblastoma cells, neurofibromatosis type 2 protein
(NF2) suppresses T-Ag protein expression by binding to T-Ag
and promoting degradation of ubiquitin bound T-Ag protein via
a proteasome dependent pathway.6 On the other hand in
BsB8 cells derived from primitive neuroectodermal tumors
arising in T-Ag-transgenic mice, protein-protein interaction
between T-Ag and the Bcl¡2-associated athanoprotein BAG3
is important for the autophagic degradation of T-Ag.7

Infection of cells with viruses initiates a struggle between the
virus, which tries to drive host cell proliferation and biosynthetic
processes to further its lice cycle, and the host cell, which
responds by mobilizing cellular processes that might limit infec-
tion such as apoptosis8,9 autophagy10,11 and the unfolded protein
response.9,13 A key player in the interplay is the liver-inhibitory
isoform (LIP) of CAAT/enhancer binding protein-b (C/EBPb),
which is translated from an alternate initiation codon from a
common C/EBPb mRNA that also encodes the full-length (FL)
C/EBPb isoform and the liver-activating (LAP) isoform of
C/EBPb.14 LIP has been found to be regulated by the stress
response program induced by ER stress15 and LIP regulates
stress-triggered cell death16 and autophagy.17 In the present
study, we examine the effect of C/EBPb LIP on JCV T-Ag.

Results

Treatment with thapsigargin induces LIP and downregulates
JCV T-antigen

Thapsigargin is an inhibitor of the endoplasmic reticulum
Ca2C ATPase18 and raises cytosolic calcium concentration by
blocking the ability of the cell to pump calcium into the endoplas-
mic reticulum (ER) which causes these stores to become depleted
and ER stress.19 In order to induce ER stress in a cell line that
expresses T-Ag, BsB8 cells were treated with 35 mM thapsigargin
and analyzed for LIP and T-Ag expression as described in Materi-
als and Methods. As shown in Figure 1A, LIP expression was
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increased up to 12 hours whereas T-Ag expression declined
(Fig. 1B). Thapsigargin at concentrations up to 70 mM had little
effect on cell viability as measured byMTT assay (Fig. 1C).

Since LIP has been found to be regulated by the ER stress
response program15 and can regulate stress-triggered pro-
cesses,16,17 we examined the effect of ectopically expressed LIP
on T-Ag expression levels. As shown in Figure 2A, transfecting
increasing amounts LIP expression plasmid into BsB8 cells
caused a progressive decline in T-Ag expression. On the other
hand, using an adenovirus that we constructed to deliver siRNA
to LIP resulted in a reduction of the level of LIP and an induction
in T-Ag expression (Fig. 2B). These data indicate the involve-
ment of LIP in suppression of T-Ag expression.

Next, we investigated the role of the proteasomal pathway in
T-Ag down regulation by LIP. MG115 inhibits the peptidase

activities of the 20S and 26S protea-
somes and reduces the cellular degrada-
tion of proteins.20 BsBb cells were
transfected with increasing amounts of
LIP expression plasmid in the absence
(DMSO) or presence of MG115. As
shown in Figure 3, MG115 partially
rescued T-Ag from LIP-induced reduc-
tion in expression (compare lane 5 to
lane 2 and lane 6 to lane 3). Thus, LIP-
induced reduction is, in part, dependent
on the proteasome.

Finally, we asked if the downregula-
tion of T-Ag by LIP might involve a
direct interaction between the 2 proteins
using an immunoprecipitation/Western
blot approach. As shown in Figure 4A,
IP with antibody to T-Ag, but not non-
immune mouse serum, coprecipitated
LIP in BsB8 cells transfected with
expression plasmid for LIP. Recipro-
cally, antibody to LIP coprecipitated
JCV T-Ag (Fig. 4B). Thus the 2 pro-
teins directly interact in cells suggesting
that this interaction may be involved in
the turnover of T-Ag.

Discussion

The endoplasmic reticulum (ER) has
major functions in protein synthesis and
transportation, the regulation of calcium
homeostasis and carbohydrate metabo-
lism. A variety of viruses can hijack the
cellular translation machinery to pro-
duce large amount of viral proteins that
lead to the disturbance ER homeostasis
and causes ER stress. Liver-inhibitory
isoform (LIP) of CCAAT/enhancer
binding protein-b (C/EBPb) has been

implicated as a cellular protein that is upregulated upon ER stress
and regulates stress-triggered cell death and autophagy.8-13 We
have previously identified LIP is form as negative regulator of
JCV transcription from both the early and late promoters in pres-
ence or absence of T-Ag by binding a specific DNA element
within the viral promoter.3 The present study uncovers a new role
of LIP during ER stress on the stability of T-Ag.

The data presented here indicate that thapsigargin, a well-
known ER stressor, induces the expression of the LIP isoform of
C/EBPb and significantly decreases the expression of JCV T-Ag in
BsB8 cells. Western blot analyses of BsB8 cells has shown that over-
expression of LIP downregulates T-Ag expression in a concentra-
tion dependent manner, indicating that LIP is involved in
regulating T-Ag expression level. This observation was further
supported by experiment involving the silencing of LIP by an

Figure 1. Effect of thapsigargin on the expression of LIP and T-Ag. BsB8 cells were treated with thapsi-
gargin (TG) and then analyzed by Western blot for expression of T-Ag (A) and LIP (B) as described in
Materials and Methods. The loading control was a-tubulin. The left-hand lane contains the molecular
weight markers (MW). The effect of TG on BsB8 cell viability was measured by MTT assay (C).
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adeno-shRNA construct showing that T-Ag expression was rescued
from LIP mediated downregulation. Although the exact mecha-
nism of LIP-mediated regulation of T-Ag is not known, our results
from the treatment of the cells with MG115, a potent proteasome
inhibitor, show that it partially rescues T-Ag expression.

Previous studies have shown an increase in the level of
C/EBPb LIP in thapsigargin induced ER stress.21 It has been

argued that LIP expression is regulated by preferential translation
initiation site usage and that the ER stress response may regulate
translation and the initiation codon for LIP may be efficient
under ER stress.15 The study by Li et al.15 has shown an increase
in the level of LIP during the late ER stress phase (>9 h), which
is in line with our observation reported here where a high level of
LIP was detected at 12 hours post-treatment with thapsigargin
(Fig. 1). Two cellular proteins were identified in 2 previous stud-
ies involved in JCV T-Ag degradation. A study by Sariyer et al.7

showed that BAG3 induced autophagy was associated with
decreased levels of T-Ag. On the other hand, Beltrami et al.6

reported proteasome-mediated degradation of T-Ag in human
glioblastoma by Neurofibromatosis type 2 protein. The data pre-
sented here indicate the treatment of cells with MG115 partially
reversed LIP-mediated T-Ag loss indicating a role for the protea-
some. Although at this time the exact physiological role of ER
stress-induced LIP is not clear, we speculate that LIP-mediated
degradation of T-Ag may be seen as a host-virus interaction that
might serve to contain viral infection.

In summary, our experimental results provide evidence that
LIP overexpression is associated with T-Ag degradation. Further
studies of the components of the ER stress pathway will provide
new insight into the role of ER stress in the JCV life cycle.

Materials and Methods

Cell culture and plasmids
BsB8 is a mouse cell line from a tumor of cerebellar neuroec-

todermal origin arising in a mouse transgenic for the JCV early
region, which expresses JCV T-Ag,22 were maintained in

Figure 2. Effect of overexpression of LIP and LIP siRNA on T-Ag expression.
(A) BsB8 cells were transfected with different amounts of expression
plasmid for LIP as indicated and T-Ag expression analyzed by Western
blot. The loading control was a-tubulin. The left-hand lane contains the
molecular weight markers (MW). (B) BsB8 cells were transfected with
expression plasmid for LIP and transduced with adenovirus vectors as
indicated and T-Ag expression analyzed by Western blot. The loading
control was a-tubulin. The left-hand lane contains the molecular weight
markers (MW).

Figure 3. Effect of MG118 on LIP downregulation of T-Ag expression. BsB8
cells were transfected with different amounts of expression plasmid for
LIP in the absence and presence of MG115 as indicated and T-Ag expres-
sion analyzed by Western blot. The loading control was a-tubulin.
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Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) line as we have previously
described.23 The expression plasmid pCMV-LIP and the adeno-
viruses for C/EBPb siRNA (Ad-siRNA) and control (Ad-null)
have been described.3

Antibodies
Mouse monoclonal anti-C/EBPb (H7, sc-7962) was ordered

from Santa Cruz Biotechnology, Inc., Santa Cruz, CA and recog-
nizes all 3 C/EBPb isoforms3 Mouse monoclonal anti-T-antigen
Ab-2 PAb416 DP02 was obtained from Calbiochem (La Jolla,
CA). Mouse anti-a-tubulin antibody clone B512 was from
Sigma-Aldrich (St. Louis, MO).

Thapsigargin treatment
Cells were plated for 24 h and then treated with or without

35 mM thapsigargin in DMSO vehicle for 6, 12 and 24 h. Total
cell extracts were prepared and analyzed by Western blot.

Western blot
Westerns were performed as previously described23 except that

antibody was detected with the LI-COR system. Blots were incu-
bated with IRDye� 680RD Goat Anti-Mouse Li-COR dyes and

visualized with an Odyssey� CLx Imag-
ing System (LI-COR, Inc., Lincoln, NE)
using LI-COR Odyssey software. Band
intensities were quantified using the
Quantity One software (Bio-Rad, Her-
cules CA) and intensities normalized to
a-tubulin.

Transient transfection and siRNA
treatment

Transfection of LIP expression plas-
mid was performed using Lipofectamine
2000 (Life Technologies Inc., Carlsbad
CA) and transduction with adenoviral
vectors was we have previously
described.3,23 The total amount of trans-
fected DNA was normalized with empty
vector DNA. MG115 (30 mM. Sigma)
treatment was overnight.

Immunoprecipitation/Western blot
BsB8 cells were transfected with LIP

expression plasmid, whole cell extracts
prepared and IP/Western performed as
we have described.23 T-Ag was immuno-

precipitated followed by Western blot for LIP or vice versa for
the reciprocal IP/Western.
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