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Although the protooncogene c-Jun plays a critical role in cell
proliferation, cell death, and malignant transformation, DNA micro-
array screens have identified only a few human cancer types with
aberrant expression of c-Jun. Here, we show that c-Jun accumulation
is robustly elevated in human glioblastoma and that this increase
contributes to the malignant properties of the cells. Most impor-
tantly, the increase in c-Jun protein accumulation occurs with no
corresponding increase in c-Jun mRNA or the half-life of the c-Jun
protein but, rather, in the translatability of the transcript. The c-Jun
5′UTR harbors a potent internal ribosomal entry site (IRES) with a vi-
rus-like IRES domain that directs cap-independent translation in glio-
blastoma cells. Accumulation of c-Jun is not dependent on MAPK
activity but can be stimulated by a cytoskeleton-dependent path-
way. Our findings provide evidence that human c-Jun is an IRES-
containing cellular transcript that contributes to cancer development
through translational activation. This previously undescribed mech-
anism of c-Jun regulation might also be relevant to other types of
human cancer and offers unique potential targets for therapy.

The c-Jun protein is a transcription factor that forms a variety of
dimeric complexes, collectively termed activator protein-1

(AP-1), and positively regulates cell proliferation and tumor
progression. The c-Jun protein stimulates cell cycle progression
through two main mechanisms: (i) induction of genes coding for
components of the cell cycle machinery, such as cyclin D1, and (ii)
repression of tumor suppressor genes, such as p53 (1). In addition,
the c-Jun protein activates several events required for tumor
progression, including the expression of matrix metalloproteinases
(MMPs), proteolytic enzymes that facilitate growth, invasion, and
metastasis of cancer cells (2). Reduction of c-Jun/AP-1 activity
using dominant-negative c-Jun (TAM67) or conditional inacti-
vation of the c-Jun gene causes cell arrest (3), interferes with tumor
development (4, 5), suppresses the invasive ability in keratinocytes
(6) and fibroblasts (7), and blocks papilloma-to-carcinoma con-
version (8). Although the oncogenic activity of c-Jun has been
convincingly demonstrated by multiple lines of evidence in human
cell lines and mouse models, there are only few examples of ele-
vated c-Jun expression in human cancer (9–11).
Expression of c-Jun is markedly elevated on exposure of cells to

various extracellular stimuli, including growth factors, cytokines,
cellular stress, and UV irradiation (12). These external stimuli
cause a rapid and dramatic increase in c-Jun gene transcription,
mainly through activation of the MAPK family of serine/threo-
nine kinases, particularly by JNKs and p38, which phosphorylate
the transcription factors c-Jun, ATF2, and MEF2C, and thereby
activate transcription of the c-Jun gene (13–15). The MAPK
pathway can also contribute to the stability of the c-Jun protein.
Phosphorylation by JNK protects c-Jun from ubiquitination and
subsequent degradation (16), whereas ERK increases c-Jun sta-
bility via inactivation of glycogen synthase kinase 3 (9).
In addition to external stimuli, expression of c-Jun can be reg-

ulated by cell-cell contacts (17–20). Recent studies have shown that

loss of cell-cell contacts, by means of cell separation or functional
inhibition of the adhesion molecule E-cadherin, causes a marked
and sustained increase in c-Jun protein accumulation and that this
increase is not transcriptionally but rather translationally con-
trolled (18). Cell contact control of c-Jun translation appears to be
mediated by the cytoskeletal network: Depolymerization of the
cytoskeleton by overexpression of cofilin 1 (21) or addition of cy-
toskeleton disrupting agents (18, 22, 23) mimics the effect of cell
separation and causes a dramatic increase in c-Jun accumulation,
whereas Taxol inhibits the cell contact-dependent increase (18). As
in the case of cell contacts, the cytoskeletal-dependent increase is
not accompanied by an increase in c-Jun mRNA or in the half-life
of the c-Jun protein. The increase in c-Jun accumulation is trans-
lationally regulated and is mediated by the UTRs of the c-Jun
transcript, particularly by the 5′UTR (22).
Considering that tumor promotion and progression are often ac-

companied by loss of adhesion molecules and/or restructuring of
the cytoskeleton,wedecided to examinewhether expressionof c-Jun
in tumor cells is translationally activated. Here, we examined the
expression of c-Jun in astrocytomas, tumors of glial origin that arise
in the brain. Themostmalignant form of these tumors, glioblastoma
multiforme (grade IV), is one of themost aggressive human cancers,
with a median survival of less than 1 y (24). We show that accumu-
lationof c-Jun in these tumors increaseswith thegradeofmalignancy
and that this increase contributes to the malignant properties of the
cells. Most importantly, we demonstrate that accumulation of c-Jun
is translationally regulated by a cap-independent mechanism.
Translation of c-Jun is mediated by the internal ribosomal entry site
(IRES), is not dependent on MAPK activity, and can be activated
by a cytoskeleton-dependent pathway. These findings provide evi-
dence for translational activation of c-Jun in cancer cells and for the
presence of an IRES element in human c-Jun mRNA.

Results
High Accumulation of c-Jun in Human Glial Tumors by Posttranscriptional
Activation. To examine whether c-Jun expression in human glial
tumors is elevated, we immunostained brain sections from normal
and tumor tissues that were defined by histological criteria as as-
trocytoma grade I (pilocytic astrocytoma), II (diffuse astrocytoma),
III (anaplastic astrocytoma), or IV (glioblastoma). The results
clearly showed that accumulation of c-Jun in normal tissue was low
but increased with the grade of malignancy (Fig. 1A). In tumors of
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patients with glioblastoma, high and nuclear-specific expression of
c-Jun was observed in almost all tumor cells. Expression of c-Jun
was also examined by Western blot and quantitative RT-PCR.
HeLa cells, untreated or treated with epidermal growth factor
(EGF), a known stimulator of c-Jun transcription, were used as a
control. Similar to the immunostaining results, Western blot
analysis showed that c-Jun protein accumulation increased with
the grade of malignancy, demonstrating a low level in normal
tissue and in astrocytoma of grade II, and a threefold or 13-fold
increase in astrocytoma of grade III or IV, respectively (Fig. 1 B
and C). However, RNA analysis revealed that unlike the con-
comitant increase in c-Jun protein and mRNA in EGF-treated
HeLa cells, the increase in c-Jun protein accumulation in astro-
cytoma was not accompanied by a corresponding increase in c-Jun
mRNA (Fig. 1D). This latter finding is consistent with previous
DNA microarray data, which failed to identify a significant in-
crease in c-Jun mRNA associated with astrocytoma grade, pro-
gression, or patient survival (25–27).
Similar results were also obtained when rat (C6) and human

(U87, A172, HTZ349, HTZ17, HTZ417, LN229, and U251)
glioblastoma cell lines were assayed. Western blot analysis
showed that rat primary glia accumulated a low, hardly detect-
able level of the c-Jun protein, whereas in a glioblastoma cell
line of rat and most cell lines of humans, the level of c-Jun was
high, similar to that in EGF-treated HeLa cells (Fig. 1E, Upper).
Northern blot analysis showed that the increase in c-Jun protein

in glioblastoma was not accompanied by an increase in c-Jun
mRNA (Fig. 1E, Lower). These findings strongly suggest that
up-regulation of c-Jun in glioblastoma is posttranscriptionally
controlled.

Accumulation of c-Jun Contributes to the Malignant Properties of
Glioblastoma Cells. The c-Jun protein is known to autoregulate
its own transcription via an AP-1 site in the regulatory region of
the gene (1). The finding that the increase in c-Jun protein is not
accompanied by an increase in c-Jun mRNA raised the possi-
bility that in glioblastoma cells, the c-Jun protein is transcrip-
tionally inactive. To examine the transcription activity of c-Jun,
we transfected U87 cells with reporter constructs that contain
a minimal TATA box attached to five copies of the AP-1 se-
quence from the c-Jun (Jun2-TATA) or MMP1 (TRE-TATA)
promoter. A reporter construct that lacks the AP-1 sequence was
used as a control (Fig. 2A). Analysis of reporter gene expression
revealed a marked difference between the expression levels of
the two AP-1–containing constructs. Whereas expression of the
Jun2-TATA construct was low, similar to that of the control
construct, expression of the TRE-TATA construct was 100-fold
higher (Fig. 2B). This high level declined considerably on
cotransfection of TAM67, a dominant-negative form of the c-Jun
protein. This finding suggests that the accumulated c-Jun protein
is functional but incapable of activating its own promoter.

Fig. 1. Up-regulation of c-Jun in human glioblastoma is posttranscriptionally controlled. (A) Immunohistochemical staining of c-Jun in tissue sections of
human normal brain and grade I to IV astrocytomas (Astro) shows strong and nuclear specific staining of c-Jun in almost all cells of astrocytoma grade IV.
(Scale bar: 40 μm.) Tissue samples of normal brain and grade II to IV astrocytomas were assayed for both c-Jun protein and mRNA expression. HeLa cells
treated with EGF or untreated were used as controls. (B) Protein expression was assayed by Western blotting using anti–c-Jun and anti-ERK antibodies. (C)
Blot was scanned, and the intensity of the c-Jun band was calculated relative to ERK. (D) RNA expression was assayed by quantitative RT-PCR. Data are the
mean ± SD. (E) Western blot (Upper) and Northern blot (Lower) analyses show c-Jun expression in rat primary glia, in rat (C6) and human (U87, A172, HTZ349,
HTZ17, HTZ417, LN229, and U251) glioblastoma cell lines, and in HeLa cells treated with EGF or untreated. Tubulin was used as a loading control in Western
blots, and 18S rRNA and GAPDH were used as loading controls in Northern blots.
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To evaluate the functional activity of c-Jun in glioblastoma
further, we assayed whether down-regulation of c-Jun affects the
malignant properties of the cells. Stable transfection of U87 cells
with c-Jun shRNA, c-Jun-5 or c-Jun-7, reduced the expression of
c-Jun by about 50% or 70%, respectively (Fig. 2C). Analysis of
cell proliferation of the stable transfectants revealed a decreased
proliferation rate after knockdown of c-Jun in comparison to
control cells (Fig. 2D). Furthermore, the migration and invasion
capacity was significantly reduced after silencing of c-Jun (Fig.
2D). Similar results were obtained when glioblastoma cell lines
with high (HTZ349) and low (HTZ17) levels of endogenous c-
Jun were assayed (Fig. 2E). HTZ349 cells proliferated at a higher
rate and exhibited an increased capacity of migration and in-
vasion compared with HTZ17 cells (Fig. 2F). Taken together, our

results suggested that the accumulated c-Jun protein is tran-
scriptionally active and contributes to the malignant properties of
glioblastoma cells.

Constitutive c-Jun Accumulation Is Not Due to an Increase in Protein
Stability and Is Independent of MAPK Activity. Given that accu-
mulation of cellular proteins may reflect an increase in protein
stability, we measured the half-life of c-Jun in glioblastoma cells.
Pulse–chase analysis revealed that the half-life of c-Jun in U87
and C6 cells was about 90 min and 70 min, respectively (Fig. 3A),
somewhat shorter than the reported half-life of c-Jun in EGF-
treated cells (130 min) and similar to that in untreated cells (90
min) (16, 28, 29). Thus, accumulation of c-Jun in glioblastoma
cells is not due to an increase in stability of the c-Jun protein.

Fig. 2. c-Jun protein is transcriptionally active and contributes to the malignant properties of glioblastoma cells. (A) Schematic representation of luciferase
reporter constructs used in this study. (B) Promoter activity was assayed using U87 cells transfected with indicated reporter constructs with or without the
dominant-negative c-Jun construct TAM67 (+) or empty pCDNA3 vector (−). Transfection efficiency was controlled by cotransfection of CMV-Rnl. Luciferase
activity obtained with TRE-TATA was given the arbitrary value of 100 and used to normalize all other results. Values are the mean ± SD of three separate
experiments. (C) Cellular level of c-Jun in U87 cells stably transfected with c-Jun–directed shRNA (c-Jun-5 or c-Jun-7) or with control shRNA was assayed by
Western blotting. Tubulin was used as a loading control. (D) Proliferation, migration, and invasion of the stably transfected c-Jun-5 and c-Jun-7 cells vs. control
cells. Migration and invasion assays were performed in a Boyden chamber. Experiments were repeated at least three times. Data are given as the mean ± SEM.
***P < 0.05. (E) Comparison between two human glioblastoma cell lines that express a high (HTZ349) or low (HTZ17) level of c-Jun by Western blotting, using
tubulin as a loading control. (F) Proliferation, migration, and invasion of HTZ17 cells vs. HTZ349 cells. Experiments were repeated at least three times. Data are
given as the mean ± SEM.
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Stability of the c-Jun protein and transcription of the c-Jun
gene are known to be mainly controlled by the MAPKs, partic-
ularly JNK, ERK, and p38. We examined the activation state of
the MAPK pathway in glioblastoma cells using specific anti-
bodies that recognize phosphorylated (and therefore activated)
JNK, ERK, and p38. EGF or peroxovanadate (VOOH), a gen-
eral phosphatase inhibitor, was used as a control. The results
clearly showed that the MAPK pathway is not activated in
glioblastoma cells: The level of phospho-JNK (P-JNK), phospho-
ERK (P-ERK), or phospho-p38 (P-p38) in U87 and C6 cells was
low, similar to that in primary glia (Fig. 3B). Similar results were
obtained when normal and tumor brain samples were assayed.
Here too, the level of P-JNK, P-ERK, or P-p38 in astrocytoma of
grade III or IV was similar to that in normal tissue (Fig. 3C).
Thus, consistent with the above results, aberrant accumulation of
c-Jun in glioblastoma is independent of MAPK activity.

High Accumulation of c-Jun in Primary Glia by Cytoskeleton-
Dependent Pathway. Although expression of c-Jun is known to
be mainly activated by the MAPK pathway, recent studies have
shown that c-Jun expression can also be activated by a cytoskel-
eton-dependent pathway (18, 22, 23). This latter pathway does
not affect the transcription of the c-Jun gene or the stability of
the c-Jun protein but, rather, the translatability of its transcript
(22). We examined whether both pathways can stimulate the
expression of c-Jun in primary glia. Indeed, addition of latrun-
culin B, which depolymerizes the actin network, or nocodazole,
which depolymerizes the microtubules, caused a marked increase
in c-Jun protein accumulation in primary glia (Fig. 4A, Upper).
Northern blot analysis revealed that the increase in c-Jun protein
accumulation was not accompanied by a corresponding increase
in c-Jun mRNA (Fig. 4A, Lower), indicating that cytoskeletal
control of c-Jun expression is posttranscriptional. Unexpectedly,
analysis of c-Jun expression in EGF-treated cells revealed that
activation of the MAPK pathway induced the expression of c-Jun
and c-Fos (another target gene of the MAPK pathway) in HeLa
cells but not in primary glia (Fig. 4B). These findings suggest that
the cellular context of glial cells facilitates the cytoskeleton-de-
pendent increase in c-Jun expression but lacks components es-
sential for MAPK-mediated induction.

Expression of c-Jun Is Translationally Activated. The possibility that
accumulation of c-Jun in glioblastoma is translationally con-
trolled was assayed by measuring the rate of de novo c-Jun syn-

thesis in primary glia and glioblastoma cells (C6) or in HeLa cells
untreated or treated with EGF. Protein extracts from cells la-
beled metabolically with 35S-Met/Cys were immunoprecipitated
with anti–c-Jun antibodies (Fig. 5A). In parallel, the cellular
amount of c-Jun mRNA was quantitatively determined by RT-
PCR (Fig. 5B). Translation efficiency was calculated as the ratio
between the rate of de novo synthesis of the c-Jun protein and the
cellular amount of the c-Jun mRNA. The results clearly demon-
strated that translation efficiency of c-Junwas elevated by eightfold
in glioblastoma cells but not in EGF-treated HeLa cells (Fig. 5C).
Translational control is often mediated by the UTRs of the

transcript. In the case of c-Jun, these regions are exceptionally
long (the 5′UTR and 3′UTR have 974 and 1,364 bases, re-
spectively) and GC-rich, and they have the potential of forming
stable secondary structures. Previous studies have shown that
these regions can confer repression of protein translation in
HeLa cells, cells that accumulate a low basal level of the c-Jun
protein (22). Given the observed increase in translation efficiency
in glioblastoma cells, we decided to examine whether the c-Jun
UTRs affect translation in these cells too. We used an HA-tagged
c-Jun construct that contains (5′HAjun3′) or does not contain

Fig. 3. Accumulation of the c-Jun protein is not due to an increase in c-Jun stability and is not dependent on MAPK activity. (A) To estimate the half-life of c-
Jun, U87 and C6 cells were metabolically pulse-labeled with 35[S]methionine/35[S]cysteine and chased for the indicated periods of time. The intensities of the
immunoprecipitated (IP) c-Jun bands were determined by scanning and calculated using EZQuant-Gel software. The c-Jun signal intensities are expressed as
a percentage of that present at the end of the labeling pulse. The data shown are of two independent experiments. (B) Protein samples from primary glia and
C6 and U87 cells untreated (−) or treated (+) with EGF or VOOH were analyzed by Western blotting using the indicted antibodies. (C) Protein samples from
primary glia, untreated (−) or treated (+) with VOOH, or from tissue samples of normal brain and grade III and IV astrocytomas were analyzed by Western
blotting using the indicated antibodies.
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Fig. 4. Cytoskeletal-dependent pathway activates the expression of c-Jun in
primary glia. (A) Western blot (Upper) and Northern blot (Lower) analyses
show c-Jun expression in HeLa cells and rat primary glia untreated (−) or
treated (+) with EGF, nocodazole, or latrunculin B. Tubulin and ERK were
used as loading controls in Western blots, and 18S rRNA and GAPDH were
used as loading controls in Northern blots. (B) Western blot analysis shows
the expression of c-Jun and c-Fos and the phosphorylation of ERK in HeLa
cells and rat primary glia untreated or treated with EGF.
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(HAjun) the c-Jun 5′UTR and 3′UTR. The constructs were
transfected into HeLa and U87 cells, together with a firefly lu-
ciferase (FL) construct as a control. The levels of the endogenous
c-Jun and exogenous HA-Jun were assayed. As expected, ex-
pression of the 5′HAjun3′ construct in HeLa cells was consid-
erably lower than that of the HAjun. By contrast, in U87 cells, the
two constructs were expressed at a similar high level (Fig. 5D).
This finding indicates that the c-Jun UTRs do not repress
translation in glioblastoma cells.

Translation of c-Jun in Glioblastoma Is Cap-Independent and IRES-
Mediated. Initiation of translation in eukaryotic cells can occur
by means of at least two distinct mechanisms: cap-dependent
scanning and internal ribosome entry (30). To examine which
mechanism underlies the increase in c-Jun translation, we treated
glioblastoma cells with LY294002, a potent PI3K inhibitor that
affects eIF4E-BP1 (4E-BP1) phosphorylation and prevents cap-
dependent translation (31). In the absence of LY294002, 4E-BP1
was highly phosphorylated in both C6 and U87 cells, as evidenced
by the prevalence of the slow-migrating hyperphosphorylated
forms of the protein (Fig. 6A). As expected, 4E-BP1 phosphory-
lation was strongly inhibited by LY294002, as the hypo-
phosphorylated form became more prominent. Strikingly, despite
hypophosphorylation of 4E-BP1, enhancement of c-Jun trans-
lation wasmaintained (Fig. 6A). Similar results were obtained with
rapamycin, another inhibitor of cap-dependent translation (31).
Exposure of C6 or U87 cells to rapamycin abolished the phos-

phorylation of ribosomal S6, a downstream effector of rapamycin,
but did not affect the accumulation of c-Jun (Fig. 6B). These
findings indicate that c-Jun can be expressed under conditions in
which cap-dependent translation is impeded. To examine whether
translational activation occurs via an IRES-mediated mechanism,
we inserted the c-Jun 5′UTR into a bicistronic vector (pR-F),
which contains Renilla luciferase (RL) and FL, in the first and
second cistrons, respectively. Two negative controls were used: an
empty vector that contains the multiple cloning site in the inter-
cistronic region (pR-F) and a vector containing a segment from
the coding region of human GAPDH (pRGAPDHF). A plasmid
containing the encephalomyocarditis virus IRES (pREMCVF)
was used as a positive control (32). The constructs were trans-
fected into C6 and U87 cells, and luciferase activity was assayed.
The ratio of FL/RL activity was calculated and normalized to the
value of the control vector pR-F, arbitrarily set at 1. The results,
presented in Fig. 6C, suggested that the c-Jun 5′UTR contains
a potent IRES that can direct a marked increase in expression of
the downstream cistron.

Translational Activation Is Driven by a Virus-Like IRES Domain. De-
letion analysis revealed that IRES activity is mainly located within
the first 562 nt of the 5′UTR (Fig. 7A). Subsequent truncations
of this region to generate constructs that contain the first 397 nt
(pR1-397F) or 277 nt (pR1-277F) of the 5′UTR resulted in an
almost stepwise decrease in the FL/RL ratio, suggesting that the
deleted sequences contribute, structurally or functionally, to
IRES activity. To rule out the possibility that translation of the
downstream cistron was a result of ribosome reinitiation, we
inserted at the transcription start site of the pR1-277F and pR1-
397F constructs a stable hairpin structure that inhibits cap-de-
pendent translation (33). The hairpin strongly inhibited RL ex-
pression but not the expression of FL (Fig. S1). This resulted in an
increase in the FL/RL ratio, indicating that the two cistrons were
independently translated (Fig. 7B). In addition to reinitiation of
ribosomes, increased activity of FL in a bicistronic construct can
be generated through cryptic promoter activity or cryptic splicing.
Because Northern blot analysis (Fig. S2) could not eliminate the
possible contribution of cryptic promoter or splicing activity, we
transfected cells with mRNA instead of plasmid DNA. The
bicistronic constructs were subjected to in vitro transcription
followed by capping and poly (A) tailing reactions (Fig. S3A andB).
The mRNA was transfected into U87 cells, and the resulting RL
and FL activities weremeasured. A small but measurable amount of
FL activity was produced from the R-F or the RGAPDHF-negative
control mRNAs. Insertion of the first 277 bases of the c-Jun 5′UTR
resulted in a 14-fold increase in FL/FR ratio over the negative
controls (Fig. 7C). These findings clearly indicate that the c-Jun
5′UTR harbors IRES activity.
Analysis by the MFold prediction algorithm (34) revealed that

the first 277 bases of the c-Jun 5′UTR might form a stable sec-
ondary structure (ΔG = −99.3 kcal/mol) that contains several
stem-loop domains, designated as domains I to III (Fig. 8A).
Sequence inspection revealed that domain I has striking homol-
ogy to a conserved and functionally essential stem-loop structure
that has been identified in IRES elements of four genetically di-
verse flaviviruses: hepatitis C virus (HCV), bovine viral diarrhea
virus (BVDV), hog cholera virus (HoCV), and hepatitis GB virus
B (GBV-B) (35). The viral stem-loop structure has conserved and
functionally required primary nucleotide sequences within the
terminal loop and internal bulge loops (35), and these sequences
are also present in domain I of the c-Jun 5′UTR (highlighted
in Fig. 8B). To assess the contribution of the different c-Jun
domains to IRES activity, we generated bicistronic constructs that
contain the following combination of domains in the intercis-
tronic region: I and II (pR28-203F), I and III (pRΔ145-191F), II
and III (pRΔ53-120F), or only I (pR1-141F). The constructs were
transfected into U87 cells, and luciferase activity was assayed. The

Fig. 5. Accumulation of c-Jun in glioblastoma cells is translationally con-
trolled. (A) Protein extracts of EGF-treated (+) or untreated (−) HeLa cells,
primary glia, or C6 cells, metabolically labeled with 35[S]methionine/35[S]
cysteine, were fractionated by electrophoresis, before or after immunopre-
cipitation (IP) with anti–c-Jun antibodies, and visualized by autoradiography.
De novo synthesis was calculated by scanning the intensity of the c-Jun band.
(B) Parallel cultures were used to measure the c-Jun mRNA by quantitative
RT-PCR. Experiments were repeated three times. Data are the mean ± SD. (C)
Translation efficiency was calculated as the ratio between the rate of de
novo synthesis of the c-Jun protein and the cellular amount of the c-Jun
mRNA. The calculated ratio in untreated HeLa cells or in primary glia was
assigned the arbitrary value of 1 and was used to normalize the rate in EGF-
treated HeLa or C6 cells, respectively. (D, Upper) Schematic representation of
the HA-Jun reporter construct used in this study. (D, Lower) HeLa and U87
cells were transfected with the indicated HA-Jun constructs together with
the luciferase construct, pjLuc, to control for transfection efficiency. Ex-
pression of the transfected HA-Jun and luciferase constructs and the en-
dogenous c-Jun and ERK was assayed by Western blotting.
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results showed that deletion of domain II, domain III, or both
domains II and III had almost no effect on IRES activity. By
contrast, deletion of domain I reduced the activity strongly, in-
dicating that IRES activity is mainly directed by domain I (Fig.
8C). Taken together, our results show that IRES-mediated
translation of c-Jun is driven by a virus-like IRES domain and
constitutes a primary mechanism for up-regulation of c-Jun in
glioblastoma cells.

Discussion
Recent studies using comparative genomic and proteomic pro-
filing of cells have suggested that translational control is more
important in the regulation of gene expression than often as-
sumed and that this mechanism might play a major role in tumor
progression. In line with this notion, this study shows that ex-
pression of the protooncogene c-Jun in tumor cells is not tran-
scriptionally but, rather, translationally controlled. Analysis of
human glial tumors revealed that accumulation of the c-Jun
protein increases with the grade of malignancy and that this in-
crease is not accompanied by a corresponding increase in c-Jun
mRNA. Robust accumulation of c-Jun is also observed in rat and
human glioblastoma cell lines, and there too, expression of c-Jun
is posttranscriptionally controlled. This finding is supported by
transfection experiments that assayed the expression of reporter
constructs that contain the AP-1 sequence from the c-Jun or the
MMP1 promoter. The results showed that the c-Jun protein is
transcriptionally active in glioblastoma cells but incapable of
activating its own promoter. The transcription activity of c-Jun is
executed by forming AP-1 complexes that consist of homo- or
heterodimers with members of the Jun, Fos, and ATF protein
subfamilies. These c-Jun/AP-1 complexes display subtle but im-
portant variations in DNA binding specificity, and their forma-
tion depends on the relative abundance of each of the Jun, Fos,
and ATF proteins in the cell (36–38). Thus, the observed dif-
ferences in transactivation of reporters that contain the AP-1
sequence from the c-Jun or MMP1 promoter suggest that in
glioblastoma cells, the cellular context facilitates the formation
of c-Jun/AP-1 complexes that can interact with the AP-1 se-
quence of the MMP1 promoter (and thereby activate the ex-
pression of proteolytic enzymes that contribute to the invasive
capability of cancer cells) but not with that of c-Jun.

The MAPK pathway constitutes a major signaling cascade that
controls the transcription of the c-Jun gene and the stability of
the c-Jun protein. Pulse–chase analysis showed that accumula-
tion of c-Jun is not due to an increase in c-Jun protein stability,
and, consistently, no significant increase in phosphorylation, and
therefore activation of the MAPK family members, JNK, ERK,
or p38, was observed in glioblastoma cell lines and tumor brain
samples. The finding that accumulation of c-Jun in glioblastoma
is independent of MAPK activity was corroborated by the un-
expected results, which showed that activation of the MAPK
pathway by EGF fails to induce the expression of c-Jun in pri-
mary glia. Glial cells appear to lack downstream components
essential for MAPK-mediated transcriptional activation of the
c-Jun gene. This finding is of particular interest because the EGF
receptor (EGFR) is reportedly a primary contributor to glio-
blastoma initiation and progression (39). Amplification of the
EGFR is one of the highly specific genetic events associated with
glioblastoma and is often accompanied by genetic alterations
that result in a constitutively active receptor protein. The onco-
genic role of EGFR has been functionally validated in cell culture
and animal models, but the mechanistic basis of its function is still
unclear. Our results suggest that in glioblastoma, the tumorigenic
activity of EGFR is not mediated by the c-Jun pathway. However,
the c-Jun protein is an important driver of glial malignancy.
Consistent with its role in cell proliferation, apoptosis, and tumor
promotion, knockdown of c-Jun by stable transfection of shRNA
decreased proliferation, migration, and invasion capacity of
glioblastoma cells. The increase in c-Jun accumulation might be
triggered by a signaling pathway that is activated at early stages of
malignancy. Nevertheless, accumulation of c-Jun in human brain
tumors may serve as a hallmark of tumor progression and provide
a molecular target for tumor prevention.
We measured the rate of de novo c-Jun synthesis in primary

glia and glioblastoma cells and in HeLa cells untreated or treated
with EGF. Our results clearly showed that unlike EGF, which
causes an increase in c-Jun protein accumulation by stimulating
the transcription of the c-Jun gene, the increase in c-Jun accu-
mulation in glioblastoma cells is translationally controlled.
However, treatment with rapamycin or LY294002 revealed that
accumulation of c-Jun can also occur under conditions in which
cap-dependent translation is impeded. In line with the structural
properties of the human c-Jun 5′UTR, which is exceptionally

Fig. 6. Translation of c-Jun is cap-independent and IRES-mediated. (A) Pattern of c-Jun expression and 4E-BP1 phosphorylation in C6 or U87 cells untreated
(−) or treated (+) with LY294002. (B) Pattern of c-Jun expression and S6 phosphorylation in C6 and U87 cells untreated or treated with rapamycin. (C)
Bicistronic reporter plasmids, schematically represented (Left), were transfected into C6 or U87 cells. EMCV, encephalomyocarditis virus. RL and FL activities
were determined. The ratio of FL/RL in the empty pR-F plasmid was assigned the arbitrary value of 1 and used to normalize all other results. The data shown
are the mean ± SEM of at least three separate experiments.
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long (974 bases) and GC-rich and has the potential of forming
stable secondary structures, transfection of bicistronic DNA and
RNA constructs revealed the presence of a potent IRES in the c-
Jun 5′UTR. The 5′UTR of avian c-Jun, which is considerably
shorter (301 bases), also contains IRES activity (40). Translation
of the other human Jun family members, Jun D and Jun B, is
apparently cap-dependent (41, 42). Deletion analysis showed
that in the human c-Jun transcript, the first 562 bases, but not the
last 425 bases, harbor IRES activity and that the first 277 bases
are sufficient to direct IRES-mediated translation. This region is
predicted to form a stable secondary structure with several stem-
loop domains. Subsequent deletion analysis revealed that domain
I, which is located at the 5′ border of the c-Jun transcript, highly
contributes to translational activation. This domain has striking
homology to a phylogenetically conserved sequence and sec-
ondary structure in flavivirus IRESs (35). In viral IRESs, muta-
tion analysis showed that the conserved primary nucleotide
sequences within the terminal loop and internal bulge loops are
functionally essential. Considering that the flaviviruses infect very
different host species, it has been suggested that the conserved

loop sequences interact with elements of the host translational
machinery that are broadly conserved among different mamma-
lian species. Indeed, cryoelectron microscopy studies have shown
that the apical half of this conserved IRES domain makes direct
contact with the 40S ribosomal subunit (43). This contact may be
an important determinant not only of viral IRES function but in
the translation activation of c-Jun in glioblastoma cells.
IRES elements are found in the 5′UTR of several oncogenes,

growth factors, and proteins involved in cancer (44). Cellular
IRESs are active under physiologically relevant conditions that
are important in cancer, and when cap-dependent translation is
compromised (e.g., during mitosis and tumor stress responses,
such as hypoxia and nutrient deprivation). The precise molecular
mechanism of cellular IRES-directed translation is not com-
pletely understood. In several cases, IRES-directed translation
has been attributed to the activity of auxiliary proteins, known as
IRES trans-acting factors, although the requirement for these
proteins is not absolute and seems to be IRES-specific. Although
the mechanism that underlies the translational activation of c-
Jun in glioblastoma cells has yet to be unraveled, our results

Fig. 7. Mapping of IRES activity in the c-Jun 5′UTR. U87 cells were transfected with bicistronic reporter plasmids that contain the entire c-Jun 5′UTR or
fragments thereof (A), with or without a hairpin structure at the transcription start site (B) or with capped and poly(A)-tailed bicistronic RNA, obtained by in
vitro transcription (C). Luciferase activities were determined, and the ratio of FL/RL activity in the empty pR-F construct was assigned the arbitrary value of 1
and used to normalize all other results. The data shown are the mean ± SEM of at least three separate experiments.
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suggest that cytoskeleton dynamics might constitute an impor-
tant component in this process. We showed that although acti-
vation of the MAPK pathway failed to induce the expression of
c-Jun, depolymerization of the actin or microtubule network
elevated the expression of c-Jun markedly. Restructuring of the
cytoskeleton is imperative in the process of cell proliferation and
in migration and invasion of cancer cells. In glioblastoma, con-
trol of cytoskeletal dynamics has been attributed to the orches-
trated activity of several signaling pathways, including Rac1,
RhoA, and RhoC (45–47). Interestingly, the two latter pathways
have also been implicated in c-Jun regulation (48, 49). Recent
evidence points to a functional interaction between the cyto-
skeleton and the translation machinery (50). The microtubule
and actin networks are associated with polysomes and translation
effectors, such as aminoacyl-tRNA synthetases and translational
initiation and elongation factors, are involved in the targeting
and transport of mRNA molecules and can actively regulate
global and local translation. It is possible that cytoskeleton dy-
namics trigger a signaling pathway that functionally contributes
to IRES-mediated translation of c-Jun. Our findings provide
evidence that human c-Jun is an IRES-containing cellular tran-
script and that, similar to some previously identified IRES-
containing transcripts, it contributes to cancer development
through cap-independent translation. This previously unde-
scribed mechanism of c-Jun regulation offers unique potential
targets for therapy.

Materials and Methods
Reagents and Plasmids. Nocodazole, VOOH, and rapamycin were purchased
from Sigma. Latrunculin Bwas a gift from Y. Kashman (Tel Aviv University, Tel

Aviv, Israel). EGF was purchased from R&D Systems. LY294002 was purchased
from A.G. Scientific. The reporter constructs 5XcollTRE-TATA-Luc (TRE-
TATA), 5Xjun2TRE-TATA-Luc (Jun2-TATA), and TATA-Luc (TATA) (37) were
gifts from P. Angel (German Cancer Research Center, Heidelberg, Germany).
The expression vector for dominant-negative c-Jun, pEGP-TAM67 (3), was
kindly provided by R. F. Hennigan (University of Cincinnati, Cincinnati, OH).
The pR-F, pLRp27F, and pRGAPDHF bicistronic reporter constructs (33) were
gifts from L. Hengst (Innsbruck Medical University, Innsbruck, Austria), and
pREMCVF (32) was a gift from G. J. Goodall (Center for Cancer Biology,
Adelaide, Australia). The HA-Jun expression vectors (pHAjun and p5′
HAjun3′) and the luciferase reporter, pjLuc, have been described previously
(22). Generation of bicistronic pR-F plasmids containing the c-Jun 5′UTR
(pR5′UTRF) or fragments thereof (pR549-974F, pR1-562F, pR271-577F, pR1-
397F, pR1-277F, pRΔ53-120F, pR1-141F, pR28-203F, and pRΔ145-191F) and
plasmids with a hairpin structure at the transcription start site (pLR1-277F
and pLR1-397F) is described in SI Materials and Methods and primers used
for cloning are shown in Table S1. A panel of shRNA constructs for c-Jun and
a control vector encoding a noneffective 29-mer cassette were purchased
from OriGene Technologies. shRNA constructs with the strongest effect on
c-Jun (c-Jun 5 and c-Jun 7) were used for further experiments. CMV-Rnl
(Promega) and pCDNA3 (Clontech) are both commercial vectors.

Tissue Samples and Immunohistochemical Analysis. All tissue samples were
obtained in accordance with the ethical guidelines of the University of
Regensburg Medical Center and approved by the ethical committee of the
University of Regensburg (application number 09/101). For protein and RNA
analysis, the samples were collected from surgical specimens, quick-frozen
immediately in precooled isopentane, and stored at −80 °C until further
analysis. Histological diagnosis of the tumor samples was performed by an
independent pathologist. Each tissue sample was divided in two and pro-
cessed for RNA or protein preparation. For immunohistochemistry, paraffin-
embedded sections were deparaffinized, rehydrated, and subsequently in-
cubated with primary rabbit anti–c-Jun antibody (Santa Cruz Biotechnology)

Fig. 8. Virus-like IRES domain drives translational activation. (A) Predicted secondary structure of the first 277 bases of the c-Jun 5′UTR. Structural domains
are labeled I to III. (B) Domain I of c-Jun IRES and a conserved IRES domain identified in four genetically diverse flaviviruses: heptatis C virus (HCV), bovine viral
diarrhea virus (BVDV), hog cholera virus (HoCV), and hepatitis GB virus B (GBV-B). Bases shown with heavy highlighting are conserved among the IRES
domains. (Adapted with permission from ref. 35.) (C) U87 cells were transfected with bicistronic reporter plasmids that contain a combination of the IRES
domains, as indicated. Luciferase activities were determined, and the ratio of FL/RL activity in the empty pR-F construct was assigned the arbitrary value of 1
and used to normalize all other results. The data shown are the mean ± SEM of at least three separate experiments.
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overnight at 4 °C. The secondary biotin-labeled anti-rabbit antibody (DAKO)
was incubated for 30 min at room temperature, followed by incubation with
streptavidin-POD (DAKO) for 30 min. Antibody binding was visualized using
AEC-solution (DAKO). Finally, the sections were counterstained with hema-
lum solution (DAKO). The evaluation of the staining was performed semi-
quantitatively by light microscopy.

Cell Culture. Rat primary glia cultures were prepared from cerebral cortices of
1- to 2-d-old Sprague–Dawley rat pups, as previously described (51). The
experiments were conducted in accordance with regulations and guidelines
of the animal care and use committee of Tel-Aviv University. The detailed
protocol is included in SI Materials and Methods. Glioblastoma human (U87,
A172, HTZ349, HTZ17, HTZ417, LN229, and U251) or rat (C6) cell lines and
HeLa cells were grown at 37 °C in DMEM supplemented with 10% (vol/vol)
FBS, in a humidified atmosphere containing 5% CO2. Cells were treated with
drugs at the following end concentrations and periods of time: Noc (30 μg/
mL) and latrunculin B (4 μg/mL) for 18 h, EGF (100 ng/mL) for 30 min, VOOH
(0.1 mM) for 15 min, and rapamycin (100 nM) and LY294002 (20 μM) for 24 h.
Cell proliferation was assessed using the Cell Proliferation Kit II (XTT; Roche
Applied Science) according to the protocol supplied.

Migration and Invasion Assay. Migration and invasion assays were performed
as previously described (52, 53). Briefly, migration was assessed in Boyden
chambers containing polycarbonate filters with a pore size of 8 μm (Costar)
coated with gelatin. The lower compartment was filled with fibroblast-
conditioned medium used as a chemoattractant, and the filter was placed
above. Cells were harvested by trypsinization and resuspended in DMEM
without FCS. Cell suspensions (800 μL) at a density of 3 × 104 cells/mL were
placed in the upper compartment of the chambers. After incubation at 37 °C
for 4 h, filters were removed and cells adhering to the lower surface were
fixed, stained, and counted. For invasion assays, 2.5 × 105 cells/mL were used
and filters were coated with a commercially available reconstituted base-
ment membrane (Matrigel, diluted 1:3 in H2O; Becton Dickinson). Each
condition was assayed in triplicate, and assays were repeated at least twice.

Protein Preparation and Western Blot Analysis. Cellular protein extracts were
prepared by sonication of the cells in passive lysis buffer (Promega) containing
a mixture of protease inhibitors (Roche Diagnostics). For analysis of LY294002,
rapamycin, and MAPK activity, a mixture of phosphatase inhibitors (Roche
Diagnostics) was added. The lysate was centrifuged at 20,000 × g for 15 min at
4 °C. Equal protein samples (20–40 μg) were separated on 10% (wt/vol) or 15%
(wt/vol) for analysis of 4E-BP1) SDS-polyacrylamide gels and analyzed by
Western blotting using Odyssey Blocking Buffer (LI-COR Biosciences) and the
following antibodies: anti–c-Jun (Transduction Laboratories); anti–HA-tag
(Covance); anti-FL (Chemicon International); antitubulin, anti-phospho ERK,
and anti-ERK (Sigma); anti-JNK, anti-p38, anti–phospho-c-Jun, and anti–c-Fos
(Santa Cruz Biotechnology); anti–phospho-p38, anti–phospho-JNK, anti-S6,
and anti–phospho-S6 (Cell Signaling Technology); and anti–4E-BP1 (Abcam).
Anti-mouse or anti-rabbit IgG coupled to IRDye 800CW (LI-COR Biosciences)
was used as a secondary antibody, and protein bands were visualized by the
Odyssey infrared imaging system (LI-COR Biosciences). Bend intensity was de-
termined using Odyssey software (LI-COR Biosciences).

Isolation and Quantification of RNA. Total RNA was isolated from tissue
samples using the RNAeasy Mini Kit (Qiagen) and from cell cultures using the

EZ-RNA reagent (Biological Industries) according to the manufacturers’
instructions. RNA was analyzed by Northern blot and quantitative RT-PCR as
previously described (18). The detailed protocol is included in SI Materials
and Methods.

In Vitro Transcription. The bicistronic plasmids pR-F, pR1-277F, and pRGAPDHF
(containing T7 promoter upstream to the Renilla cistron) were linearized
using BamHI. Capped and polyadenylated transcripts were synthesized using
the T7 mScript mRNA Production System (Epicentere) according to the
protocol supplied. RNAs were purified by LiCl precipitation. An aliquot of
each RNA was run on an agarose gel to verify RNA quality.

DNA and RNA Transfection and Luciferase Assay. For DNA or RNA transfection,
cells (7.5 × 105 per well) were seeded into six-well plates 24 h before
transfection. DNA (3 μg) was transfected to U87 cells using the ProFection
mammalian transfection system (Promega) and to C6 or HeLa cells using
jetPEI (Polyplus transfection) according to the protocols supplied. Protein
extracts for immunoblotting were prepared 48 h after transfection. Clones
of U87 cells, stably transfected with c-Jun or control shRNA, were selected in
the presence of puromycin (0.65 μg/mL; Sigma). RNA (4 μg) was transfected
to U87 cells using the TransIT-mRNA transfection kit (Mirus) according to the
manufacturer’s recommendations. FL and RL activities were assayed 48 h
after DNA transfection and 10 h after RNA transfection, using the Dual-
Luciferase Reporter Assay Systems (Promega) according to the manu-
facturer’s instructions and were recorded by a luminometer (LKB).

Pulse–Chase Analysis. Pulse–chase analysis was performed as described before
(22). Briefly, C6 and U87 cells were pulse-labeled with 200 μCi/mL [35S]me-
thionine and [35S]cysteine (PerkinElmer Life and Analytical Sciences) in me-
thionine-free medium for 60 min and chased in medium containing 2 mM
unlabeled methionine for the indicated periods. Total cell extracts were
immunoprecipitated with protein A/G-Sepharose (Santa Cruz Biotechnology)
bound to anti c-Jun antibodies (Transduction Laboratories). Bound proteins
were separated by SDS/PAGE, transferred to nitrocellulose, and analyzed by
autoradiography. Bend intensities were determined using EZQuant-Gel
software (EZQuant, Israel). The identity of the c-Jun protein was verified
by immunoblotting.

Measurement of Translation Efficiency. To measure the rate of de novo c-Jun
synthesis, primary glia and C6 cells or HeLa cells, untreated or treated with
EGF, were pulse-labeled with 200 μCi/mL [35S]methionine and [35S]cysteine in
methionine-free medium for 30 min. Total cell extracts were immediately
prepared, and the c-Jun protein was immunoprecipitated and analyzed as
described above. In parallel, total RNA was prepared from duplicated cell
cultures, and the cellular amount of c-Jun mRNA was determined by real-
time RT-PCR as described above. Translation efficiency was calculated as the
ratio between the rate of de novo synthesis of the c-Jun protein and the
cellular amount of the c-Jun mRNA.
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