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Jun: the master regulator in healthy and cancer cells

Petr Vaiihara, Jan Smarda

Laboratory of Cell Differentiation, Institute of Experimental Biology, Faculty of Science, Masaryk University,

Brno, Brno, Czech Republic

Received 25™ September 2006.
Revised 5" October 2006.
Published online 1* December 2006.

Summary

Healthy cells strictly regulate gene transcription to control crucial cellular regulatory pathways. Members
of the Jun protein family, c-Jun, JunB, and JunD are key subunits of the transcription factor AP-1 that
controls transcription from various gene promoters. The genes targeted by Jun affect essential life
processes, such as cell cycle progression, differentiation or programmed cell death. Therefore, the loss of
proper Jun function is often associated with cancer. This review summarizes recent advances in
understanding of function of the Jun proteins in healthy and cancer cells.
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INTRODUCTION

The Jun proteins are members or the basic leucine
zipper (bZIP) protein family that participate in the
formation of the Activation Protein 1 (AP-1)
transcription factor. To form the AP-1, the Jun
moiety (c-Jun, JunB or JunD) dimerizes with one of
the Fos proteins (c-Fos, FosB, Fral, Fra2) or one of
the CREB/ATF/Maf proteins. Some members of
the Jun family can also bind the other proteins
possessing dimerization motifs, such as PU.1 or
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GATA-1 (Liew et al. 2006), the master
transcriptional regulators of hematopoiesis. The
composition of AP-1 determines its DNA-binding
specifity (Kouzarides and Ziff 1989). AP-1 often
binds to the phorbol 12-O-tetradecanoyl-13-acetate
(TPA)-responsive elements (TRE, 5>’TGACTCA3’)
or cAMP-responsive  elements (CRE, 5'-
TGACGTCA-3") (Lee et al. 1987, Inagaki et al.
1992). TREs and CREs are present in promoters of
many genes coding for collagenase 1,
metallothionein II,, interleukin 2, fibronectin,
vimentin, cell cycle regulators and many others
(Rahmsdorf 1996, Karin et al. 1997, Rinehart-Kim
et al. 2000, Angel et al. 2001, Jochum et al. 2001,
Shaulian and Karin 2001). Moreover, there is
frequent cross-talk between the Jun proteins and
other transcription factors, such as pRB (Nead et al.
1998), ATF (Tsai et al. 1996), CREB (Benbrook
and Jones 1990), NFxB, NFAT (Macian et al.
2001) or the homeodomain proteins. These inter-
molecular interactions extend the effects of AP-1 to
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cellular signalling pathways driven by various
ligand-activated receptors such as receptors for
glucocorticoid hormone, estrogen hormone, retinoic
acid, vitamin D3 and MyoD (Gaub et al. 1990,
Jonat et al. 1990, Schiile et al. 1990, Bengal et al.
1992). Therefore, the Jun proteins integrate
complex information from cellular environment and
connect it with executive molecular network to
optimize the cell reponse.

PROLIFERATION AND PROGRAMMED
CELL DEATH

The c-Jun protein is essential for control of the cell
cycle. It induces expression of cyclin DI, the
positive regulator of the G1-phase cyclin-dependent
kinases CDK4/CDK6. Growth of fibroblasts
derived from c-jun-deficient or haploinsufficient
mice is arrested and this effect is not reversible by
mitogens (Johnson et al. 1993, Eferl et al. 1999,
Schreiber et al. 1999). The lack of c-Jun results in
the p53-mediated inhibition of the S-phase-specific
CDKs by p21°P%P  (Schreiber et al. 1999).
Hepatoblasts derived from the c-Jun” mice are
growth-arrested as well. Therefore, upon partial
hepatoctomy the c-Jun-deficient mouse
hepatoblasts cannot regenerate liver (Behrens et al.
2002).

In contrast to the growth enhancing properties
of c-Jun, the JunB and JunD proteins frequently
function in the opposite way (Castellazzi et al.
1991). The JunB protein induces cell cycle arrest by
activating the transcription of p16™*, the CDK
inhibitor (Passegué and Wagner 2000). The p16™*
protein suppresses the growth of mouse 3T3
fibroblasts in the G1 phase of the cell cycle and
induces premature senescence. In addition, the
JunB protein inhibits phosphorylation of the pRb
tumor suppressor by recruiting cyclin D1-CDK4/6
complexes. Inhibition of JunB in myeloid
progenitor cells in vivo induces leukemia-like
diseases typified by the accumulation of neutrophil
granulocytes (Passegué et al. 2001). Similarly to
JunB, the JunD also acts as a growth suppressor.
The over-expression of JunD arrests the growth of
immortalized fibroblasts and JunD-deficiency
stimulates proliferation of these cells (Pfarr et al.
1994, Weitzman et al. 2000). Growth arrest induced
by JunD is mediated by p53 and p119**" proteins
(Weitzman et al. 2000).

The role of c-Jun in the regulation of
programmed cell death is tissue-specific: it
stimulates self-destruction in some cells, while
suppressing it in the others. The pro-apoptotic
effects of c-Jun are documented in primary
sympathetic neurons (Kanamoto et al. 2000).
Inhibition of c-Jun by its dominant negative
mutants suppresses apoptosis from occurring upon
withdrawal of the neural growth factor (Estus et al.
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1994, Ham et al. 1995, Behrens et al. 1999). The c-
Jun protein is also required for induction of the
apoptosis of 3T3 fibroblasts by alkylating agents
(Kolbus et al. 2000). Serine to alanine substitutions
at positions 63 and 73 of the c-Jun protein rescue
primary murine cerebellar granule cells from
kainate-induced apoptosis (Cheung et al. 1998). In
contrast, the c-Jun protein does not control
programmed cell death in early developing tissues:
the c-Jun-deficient mouse embryos possess normal
frequency of apoptosis at 11.5 days post coitum
(dpc) (Roffler-Tarlov et al. 1996). Interestingly, at
E13 dpc the frequency of apoptosis dramatically
increases and the c-Jun” mice die because of the
massive cell death of hepatoblast and liver
hematopoetic cells (Eferl et al. 1999). Experiments
performed on various cell lines showed that the
function of the c-Jun protein in the control of
programmed cell death varies according to the
cellular or microenvironmental context. Over-
expression of c-Jun induces cell death rather than
differentiation of murine MEL erythroleukemia
cells (Poindessous-Jazat et al. 2002), while the
same protein enhances the sensitivity of v-myb-
transformed BM2 monoblasts to differentiation-
promoting agents such as phorbol esters or retinoic
acid without any apparent effect on the frequency
of apoptosis (Sevéikova et al. 2002).

The JunD and JunB proteins also participate in
the control of programmed cell death machinery,
although using different molecular mechanisms.
While JunD suppresses cell death in a p53-
dependent manner (Hilfiker-Kleiner et al. 2005,
Ricci et al. 2005), JunB activates apoptosis by
controlling the expression of anti-apoptotic genes
bcl-2 and bcly (Passegué et al. 2001). In addition,
JunB mediates apoptosis caused by bile acids
(Bernt et al. 2006). Steroid bile acids are potent
activators of ERK1/2 and JNK1/2 pathways, thus
enhancing the activity of the Jun proteins.
According to signals transduced by these pathways,
the Jun proteins determine whether the cell starts
the process of self-destruction or not (Quiao et al.
2003).

TISSUE DEVELOPMENT AND REPAIR

The role of the Jun proteins in organ development
is also tissue-specific. The c-jun-knock-out mice are
not viable due to failure of liver formation. Absence
of the c-Jun protein from embryonic stem cells and
hepatoblasts is lethal for liver development due to
the increased rate of apoptosis and necrosis
(Hilberg et al. 1993). Furthermore, disorders of
liver development caused by c-Jun-deficiency
impair embryonal hematopoiesis (Eferl et al. 1999).
The lack of the c-Jun protein also affects the
development of the cardiovascular system. The
malformations of aorta ascendens and pulmonary
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artery occurring in c-jun”™ mice are similar to the
abnormal positioning of the aortic arch and the
wide connection between right and left ventricles
described in humans with persistent truncus
arteriosus (Rossant et al. 1996, Eferl et al. 1999).
This disease can result from either improper cross-
talk between the c-Jun and Pax3 transcription
factors (Wiggan et al. 2002) or deregulation of
vascular endothelial growth factors (VEGF) by AP-
1 (Naruishi et al. 2003).

As with the c-jun knock-out mice, development
of JunB-deficient mice is aborted between 8.5 and
10.0 dpc. These mice die from avascularisation of
extraembryonic tissues (Schorpp-Kistner et al.
1999). Disorder of the vasal tissues in these mice
presumably results from the incapacity of chondro-
allantoic plate vessels to expand in trophoblasts.
Interestingly, while c-Jun and JunB act as mutual
antagonists in a variety of tissues, they possess
similar effects on vascular development. JunB also
controls hematopoiesis by acting as a negative
regulator of proliferation of hematopoetic stem cells
(HSC). Inactivation of JunB deregulates expansion
of the HSC, thus inducing myeloid leukemia in
mice (Passégue et al. 2001). In addition, the JunB
protein participates in the control of differentiation.
The ectopic expression of JunB up-regulates several
differentiation-promoting cytokines in T
lymphocytes. The JunB protein is also expressed in
epidermal and endodermal gut epithelial cells
undergoing terminal differentiation (Wilkinson et
al. 1989, Szabowski et al. 2001).

In contrast to c-Jun and JunB, a deficiency in
JunD does not result in abortion of mouse
development and the JunD” mice are viable.
However, they exhibit impaired growth, hormone
disbalance and reproduction defects because of
weak spermatogenesis (Thepot et al. 2000).
Recently, the group of Ricci indicated that the JunD
protein is involved in the response of heart cells to
mechanical stress, because the JunD-deficient mice
exhibit spontaneous cardiomyopathy and an
increased rate of apoptosis upon mechanical
pressure (Ricci et al. 2005).

The role of Jun proteins in tissue development
is also important in wound healing. The Jun
proteins are up-regulated in a body suffering from
injury or ischemia, thus activating transcription of
various genes involved in tissue repair, such as
genes coding for matrix metalloproteases. When
inactivated, wound healing is delayed and
disharmonised (Shirai et al. 2001, Florin et al. 2004,
2006, Hilthiker et al. 2005).

CARCINOGENESIS

The border between physiological cell expansion
during wound healing and deregulated cancer
outgrowth is remarkably narrow. Therefore,
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deregulation of the Jun proteins that are involved in
the control of tissue repair can contribute to
carcinogenesis. There is an oncogenic version of c-
Jjun, the v-jun that has been identified as one of the
first oncogenes. v-jun oncogene was isolated from
acutely transforming retrovirus (avian sarcoma
virus 17) and provided the first clue that AP-1 is
deeply involved in carcinogenesis. Later, various
membrane-associated- or cytoplasmic oncoproteins,
such as Ras, Src and Raf were shown to up-regulate
AP-1 and this effect was partially reponsible for
their transforming functions (Schiitte et al. 1989).

The v-Jun oncoprotein differs from its cellular
homologue, the c-Jun, by 27-amino acid truncation
in the amino-terminal transactivation domain and
two nonconservative amino-acid substitutions
located in the carboxy-terminal domain involved in
dimerization and DNA-binding (Nishimura and
Vogt 1988). The N-terminal truncation prevents
phosphorylation of the Jun protein by Jun N-
terminal kinase (JNK) (Hibi et al. 1993), thus
controlling its transactivating capability. v-Jun
induces fibrosarcomas in chickens by enhancing the
proliferation rate of fibroblasts in damaged tissues
(Marshall et al. 1992). Similarly, transgenic mice
over-expressing v-Jun also develop dermal
fibrosarcomas and exhibit abnormal wound repair
(Schuh et al. 1990, Marshal et al. 1993). These
effects may result from the v-Jun-induced
deregulation of either MAPK/ERK signalling
pathways and/or the cell cycle regulators, such as
p21°? (Black et al. 2002, MacLaren et al. 2003).
Hence, the v-Jun protein can alter cellular
physiology at multiple levels to start tumor
formation.

The role of c-Jun in carcinogenesis is
remarkably diverse and depends on multiple
factors. The position of the c-Jun protein in the
centre of the cellular signalling network
predetermines this protein for the regulation of
many cellular processes. Suppression of AP-1
activity was shown to disturb the cell cycle
progression of cultured cells and to reduce the
efficiency of  oncoprotein-mediated cell
transformation (Lloyd et al. 1991, Johnson et al.
1996). Phosphorylations of Ser 63 and Ser 73
residues of the c-Jun protein enhance its
transformation activity (Smeal et al. 1991, Smeal et
al. 1992, Behrens et al. 2000), but over-expression
of this protein in cells does not cause tumor
formation (Grigoriadis et al. 1993). c-Jun co-
operates with the c-Fos protein in the formation of
osteosarcomas (Wang et al. 1995). In addition to
the deregulation of proliferation and differentiation,
c-Jun and JunB participate in malignant
transformation by interfering with  signal
transduction pathways from cell surface molecules,
such as integrins and cadherins, to intracellular
effectors. Weaker cell adhesion can enhance the
formation of metastases. Therefore, ectopic
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expression of the JAC gene that is targeted by the c-
Jun protein induces anchorage-independent growth
of avian fibroblasts (Hartl et al. 2001). Similarly,
the c-Jun and JunB proteins can also induce the
anchorage-independent growth of Ratl fibroblasts

Differentiation

(Leaner et al. 2003). Mammary epithelial cells
over-expressing c-Jun lose polarity but they do not
undergo malignant transformation (Fialka et al.
1996).

Programmed

\ / cell death

Proliferation and
cell cycle control

Tissue repair

Fig. 1. Functions of the Jun proteins

While alteration of the c-jun expression is
associated with early transformation events in
human lung cancer (Szabo et al. 1996), its up-
regulation can promote the anchorage-independent
growth of the human bronchial epithelial cell line
BEAS-2B in semi-solid media and therefore
contribute to the formation of metastases in vivo
(Maeno et al. 2006). c-Jun is also associated with
multistage cancer development in an AP-1-
independent manner (Watts et al. 1995). The c-Jun
protein suppresses the anti-proliferative effects of
retinoic acid in breast cancer cells (Yang et al.
1997). c-Jun is also involved in the development of
leukemias. c-jun expression is activated by the
AMLI1-ETO protein chimera in the bone marrow of
patients with acute myeloid leukemia (AML)
(Elsasser et al. 2003).

The c-Jun protein then binds to and inhibits
C/EBPo, thus blocking differentiation of bone
marrow cells (Rangatia et al. 2003). The Bcr-Abl
protein chimera marking chronic myeloid leukemia
induces phosphorylation of c-Jun by activating the
Jun N-terminal kinase JNK. Hyperphosphorylated
c-Jun decreases the sensitivity of the cell to the
absence of growth factors. Inhibition of c-Jun by its
dominant negative mutants suppresses the
transformation induced by Bcr-Abl in murine
myeloid cells (Raitano et al 1995). On the other
hand, c-jun expression increases during the
dexomethasone-induced apoptosis of human
leukemic lymphoblasts, while leaving the levels of
JunD or JunB unaffected (Zhou et al 1996).

The introduction of dominant negative mutants
brought new perspectives to the analysis of the Jun
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function. The dominant negative jun mutants
became promising tools for therapy of various types
of cancer (Yasumoto et al. 2001, Suto et al. 2004).
Neyns et al 1999 described significant inhibition of
the outgrowth of colonies of human AZ224,
SKOV3 and OVCAR3 ovarian cancer cells by
transient expression of a dominant negative c-jun
mutant (TAMG67). Similarly, the TAM67 inhibited
tumor promotion in the epidermis (Young et al.
1999), reduced the number of epidermal tumours
induced by UV in the skin of hairless mice (Cooper
et al. 2003) and decreased the growth rate of
malignant breast cell lines (Ludes-Meyers et al.
2001, Liu et al. 2002). Inhibition of c-Jun also
reduced the propagation of malignant mouse
epidermal JB6 cells resulting from alterations of
matrix-metalloproteinases (Dong et al. 1997).

In contrast to c-Jun, the JunD and JunB
proteins act rather as tumour suppressors. The JunB
suppresses activity of the AP-1 complex, thus
inhibiting proliferation of malignant mouse
keratinocytes upon y-irradiation (Finch et al. 2002).
Inactivation of the junB gene by methylation can
contribute to the development of certain types of
chronic myeloid leukemia.

CONCLUSION

The Jun proteins are important signalling molecules
that regulate the fate of a cell by controlling
essential processes, such as cell cycle progression,
execution of programmed cell death or
differentiation (Fig. 1). These proteins can perform
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various functions according to the cellular/tissue
context or developmental stage. Deregulation or
absence of the Jun proteins from cells can
contribute to malignant transformation. Therefore,
the Jun proteins are suitable markers of tumour
diseases as well as targets for gene therapy.
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