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Abstract

The Jun dimerization protein 2 (JDP2) is part of the family of stress-responsible transcription
factors such as the activation protein-1, and binds the 12- O-tetradecanoylphorbol-13-
acetateresponse element and the cAMP response element. It also plays a role as a histone
chaperone and participates in diverse processes, such as cell-cycle arrest, cell differentiation,
apoptosis, senescence, and metastatic spread, and functions as an oncogene and anti-oncogene,
and as a cellular reprogramming factor. However, the molecular mechanisms underlying these
multiple functions of JDP2 have not been clarified. This review summarizes the structure and
function of JDP2, highlighting the specific role of JDP2 in cellular-stress regulation and
prevention.
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1. Introduction
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The Jun dimerization protein 2 (JDP2) is a member of the activating protein-1 (AP-1) family
of transcription factors, detected using the Sos recruitment system, and dimerizes with c-Jun
to repress AP-1-mediated activation (Aronheim et al., 1997). Based on a yeast two-hybrid
system with the activation transcription factor 2 (ATF2) as bait, it was later shown to repress
ATF-mediated transcriptional activation (Jin et al., 2001). The gene that encodes JDP2 is
located on human chromosome 14 (Blazek et al., 2003) and is composed of four exons; its
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transcriptional start site is located in exon 1 and the translational start site is located in exon
2. Although JDP2 is transcribed ubiquitously (Jin et al., 2001), it is predominantly enriched
in the mouse lung and brain. The alternative splicing of JDP2 generates at least seven
transcripts, including two unprocessed transcripts and five coding transcripts that generate
two isoforms. The canonical sequence of JDP2 is 163 amino acids long (molecular weight,
18,704 Da), and isoform 2 contains 174 amino acids, with an extra 11 amino acids located at
the amino terminus (molecular weight, 19,783 Da) (Fig. 1). This family is a group of basic
leucine zipper (bZIP) proteins (Aronheim et al., 1997; Jin et al., 2001; http://
www.nchi.nlm.nih.gov/gene/122953), that bind the 12- O-tetradecanoylphorbol-13-acetate
(TPA) response element (TRE) and the cAMP response element (CRE) via
heterodimerization with c-Jun or ATF-2 (Aronheim et al., 1997; Jin et al., 2001). JDP2 binds
not only to DNA cis elements, but also to histones and the nucleosome, indicating that JDP2
possesses histone chaperone activity and inhibition of histone acetyl transferase activity
(INHAT) (Jin et al., 2006). JDP2 is involved in multiple and diverse processes. Knockout
mice for Jdp2 exhibit a shorter tail and small size, increased cell proliferation and
differentiation (Pan et al., 2010), and a lower number of neutrophils and osteoclasts (for
bone homeostasis) (Maruyama et al., 2012). Transgenic mice with JDP2 specifically
expressed in the heart acquire massive atrial dilatation and lethal phenotype (Kehat et al.,
2006). In this review, we focus on the structure and functions of JDP2, such as cell
differentiation, apoptosis, cell-cycle arrest, senescence, and antioxidation. Depending on the
context, JDP2 displays both oncogenic and tumor-suppressive properties. Recently, JDP2
was shown to play a role in the cellular reprogramming of somatic (Liu et al., 2015) and
cancer (Chiou et al., 2013) cells. These functions will be addressed and targeted for future
use as therapies in regenerative medicine and aging.

JDP2 gene and expression

The human and mouse JDP2 genes are located on chromosome 143 and chromosome
12D2, respectively. JDP2 consists of four exons and spans about 46.4 kb and 39 kb,
respectively (chr 14: 75,474,111 to 75,427,716; chr 12: 85,599,105 to 85,639,878). Its
coding-region products produce a canonical protein of 163 amino acids (Aronheim et al.,
1997), one variant of 174 amino acids, and one truncated protein of 134 amino acids that
originates from the truncated transcript of the 3’-terminus. The single-nucleotide
polymorphism (SNP) of JDPZ gene that correlates with intracranial aneurysms was detected
among Japanese, Korean and Dutch cohorts (Krischek et al., 2010). In the mouse, SL-3-3
MLV-induced T-cell lymphomas show the insertional mutagenesis into the 250 kb locus of
Fos/Jdp2/Batf locus (Rasmussen et al., 2005).

Seven transcripts of JDP2 have been identified, two of which are expressed pseudo-
transcripts, which do not encode the JDP2 protein. The three transcripts of 5.4, 3.78, and
0.972 kb encoded one canonical JDP2 protein with 163 amino acids, the 1.7 kb transcript
encodes a JDP2 spliced protein with 174 amino acids, and the 0.631 kb transcript leads to a
truncated JDP2 protein with 134 amino acids and the remaining two transcripts (0.518 kb
and 0.454 kb) are not encoding. The expression of JDP2 transcripts seems to be ubiquitous.
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JDP2 protein structure

Domain structure

JDP2 belongs to the family of AP-1, which is a member of basic Zipper (bZIP) protein
family. It contains a basic region from amino acid residues 74 to 96, and four (or five) zipper
regions are located at the amino acid residues from 100 to 128 (or 135). The histone-binding
region is located at amino acid residues from 35 to 74, just before the DNA-binding domain,
and inhibition of histone acetyltransferase activity has been mapped within residues from 35
to 135 (Fig. 1).

3.2. Posttranscriptional modification

JDP2 is phosphorylated at threonine 148 by JNK in response to different stress conditions,
such as UV irradiation, oxidative stress, and anisomycin treatment (Katz et al., 2001; Katz
and Aronheim, 2002; Weidenfeld-Baranboim et al., 2011). Phosphorylated ATF2 inhibits the
formation of heterodimers with JDP2 in vitro (Murata et al., 2008) while phosphorylated
JDP2 undergoes the proteosomal degradation (Weidenfeld-Baranboim et al., 2011). JDP2 is
also phosphorylated by other kinase such as doublecortin-like protein kinases (Nagamine et
al., 2014). Interferon regulatory factor-2-binding protein-1 (IRF2-BP1) is a JDP2 E3 ligase
and inhibits the ATF2-dependent transcription (Kimura, 2008). A putative SUMO site is also
present at amino acid 65 (Fig. 1).

3.3. Dimer formation

JDP2 forms homodimers and heterodimerizes with c-Jun, JunD, JunB, Fra2, ATF2, the
CCAAT/enhancer-binding protein C/EBP-y, and the C/EBP homologous protein (CHOP)
(Aronheim et al., 1997; Broder et al., 1998; Jin et al., 2001; Cherasse et al., 2008;
Weidenfeld-Baranboim et al., 2008). The JDP2 CHOP enhances TRE, but not CRE-
dependent transcription (Weidenfeld-Baranboim et al., 2008). JDP2 also associates directly
with the progesterone receptor (PR) and potentiates ligand-dependent PR-mediated
transactivation (Edwards et al., 2002; Wardell et al., 2002, 2005; Hill et al., 2009). Finally,
JDP2 interacts with IRF2-BP1 (Kimura, 2008) and HDAC3 (Jin et al., 2002), HDACL, 2,
and 6 (Darlyuk-Saadon et al., 2012; Heideman et al., 2013), and ATF-3 (Weidenfeld-
Baranboim et al., 2009; Darlyuk-Saadon et al., 2012).

4. Transcriptional regulation

4.1.

Histone chaperone

It is reported that histone acetylation by p300 is inhibited by exogenous JDP2 in a dose-
dependent manner (Jin et al., 2006). An inhibitory effect of JDP2 was detected on histone
acetylation induced by p300, the CREB-binding protein (CBP), the p300/CBP-associated
factor (PCAF), and general control nonrepressive 5 (GCN5). The overexpression of JDP2
apparently represses the retinoic acid (RA)-induced acetylation of lysines 8 and 16 of
histone H4 and some amino-terminal lysine residues of histone H3. The template activating
factor-1p (TAF-IB), a component of the inhibition of histone acetyltransferase (INHAT)
complex identified by Seo et al. (2001, 2002), is a histone chaperone that binds directly to
core histones and facilitates the assembly of nucleosomes in vitro. Similarly, JDP2 interacts
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directly with all the core histones tested and inhibits the p300-mediated acetylation of those
histones. Moreover, JDP2 also introduced supercoils into circular DNA in the presence of
core histones, to levels that were similar to those observed for the yeast CCG1-interacting
factor 1 protein (yCialp) and CCG1l-interacting factor (CIA1). Therefore, JDP2 appears to
have significant histone chaperone activity in vitro (Jin et al., 2006). The HAT-inhibitory
activity of JDP2 is involved, to some extent, in the repression of transcription by JDP2,
whereas the maximal capacity of JDP2 to suppress the RA-mediated activation of the c-Jun
promoter (Jin et al., 2002) and to suppress adipocyte differentiation (Nakade et al., 2007)
requires the indirect recruitment of histone deacetylases (HDAC).

4.2. AP-1repressor

JDP2 represses the transcription of the TRE-dependent gene, c-JUN (Aronheim et al., 1997)
and the CRE-dependent gene, ATF-2 (Jin et al., 2001). Thus, JDP2 is a well-known AP-1
repressor that interacts with other transcription factors, such as JUNB, JUND, C/EBPy
(Broder et al., 1998), and CHOP (Cherasse et al., 2008; Weidenfeld-Baranboim et al., 2008).
It has been shown that JDP2 was recruited to the promoter of the ccrna2 gene at the AP-1 site
to suppress cell cycle progression by downregulating cyclin-A2 (Pan et al., 2010). Previous
work in fibroblast also showed that the expression of ATF3, a stress induced transcription
factor sharing high homology with JDP2, was suppressed by JDP2 binding to its promoter
region (Weidenfeld-Baranboim et al., 2009). Subsequently, it was demonstrated that the
repression of ATF3 by JDP2 is via recruitment of multiple HDACs and the inhibition of
histone acetylation (Darlyuk-Saadon et al., 2012; Maruyama et al., 2012). JDP2 inhibits
p300/ATF2-mediated transactivation of c-Jun upon retinoic acid-induced commitment of
murine F9 cells by recruiting histone deacetylase 3 (HDAC3) to the promoter of ¢c-Jun (Jin et
al., 2002), and inhibits the histone acetyltransferase activity (Jin et al., 2006). This inhibition
of histone acetyltransferase (INHAT) activity is associated with the N-terminal domain,
which is encoded by exon 2. Moreover, JDP2 inhibits the Epstein—Barr virus (EBV)
immediate early gene BZLF1 promoter for the regulation of the latent-lytic switch in EBV
infection (Murata et al., 2011).

4.3. Enhancer

In contrast, JDP2 is a coactivator of the progesterone receptor (Edwards et al., 2002; Wardell
et al., 2002, 2005; Hill et al., 2009) and facilitates the soluble receptor activator of the
nuclear-factor kappa-B ligand (SRANKL)-mediated activation of tartrate-resistant acid
phosphatase (TRAP) and cathepsin K gene promoters in RAW264.7 cells (Kawaida et al.,
2003). JDP2 also stimulates antioxidant response element (ARE)-dependent genes (Chiou et
al., 2013; Tanigawa et al., 2013). Its function as an enhancer or repressor might depend on
the gene context.

5. Cell differentiation, apoptosis, and senescence

JDP2 is involved in the diverse processes of cell differentiation. It plays a role in retinoic
acid-induced F9 cell differentiation (Jin et al., 2002), in the terminal differentiation of C2
myoblasts and rhabdomyosarcoma cells via MyoD1 (Ostrovsky et al., 2002; Blum and
Dynlacht, 2013). Jdp2 knockout mice have shown that JDP2 acts as a repressor of adipocyte
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differentiation (Nakade et al., 2007). The underlying mechanism was shown to involve the
inhibition of histone H3 acetylation in the promoter of the adipogenesis-related gene C/
EBPdelta (Nakade et al., 2007). JDP2 also participates in osteoclast differentiation through
RANKL (Kawaida et al., 2003) and neutrophil differentiation (Maruyama et al., 2012) for
bone homeostasis, as well as in bacterial immunity (Maruyama et al., 2012) and metastatic
spread (Barbarov et al., 2015). Methylome mapping data suggest that JDP2 plays a role in
progenitor cell differentiation in megakaryocytes, but not in lymphoid cells (Ji et al., 2010).
Thus, JDP2 is one of the critical factors in the control of the differentiation of cells such as
adipocytes, cardiomyocytes, myoblasts, osteoclast, neutrophils, megakaryocytes, and
embryonic stem cells.

Specific depletion of JDP2 results in a p53-independent cell death that resembles apoptosis
(Lerdrup et al., 2005). Chronic and acute overexpression of JDP2 represses cardiomyocytes
against hypertrophic growth and apoptosis induction (Hill et al., 2013). In addition to these
protective effects of JDP2 for cardiac remodeling, JDP2 is also required for maintaining a
proper contractile function in cardiomyocytes (Hill et al., 2013).

JDP2-deficient mouse embryonic fibroblasts (MEFs) are resistant to replicative senescence
through the polycomb repressive complex (PRC)-Ink4a (Nakade et al., 2009; Huang et al.,
2010; Wang et al., 2011). The Jap2ZKO MEFs continued to divide, even after 6 weeks,
whereas the wild-type (WT) MEFs almost stopped proliferation and entered senescence
under normoxia condition. Conversely, both WT MEFs and Jgp2KO MEFs did not yield to
replicative senescence under hypoxia conditions (Nakade et al., 2009). These results
demonstrate that MEFs lacking JapZ2 can escape from the irreversible growth arrest caused
by environmental oxygen. The expressions of p16!"k4a and Arf were repressed in aged
Jap2ZKO MEF compared with the levels observed in WT MEFs. In hypoxia condition (3%
oxygen), at the equivalent time at 40 days, WT MEFs expressed lower levels of p16/"k4a and
Arf compared with those grown in normoxia, whereas JapZKO MEFs maintained low-level
expression of p16/"k4a and p19AT. Thus, these data indicate that the expression of p16'nk4a
and p19AT is dependent on oxygen stress, and that JDP2 controls the expression of both
p16'"k4a and p19A™, Studies based on a chromatin immunoprecipitation assay (ChIP assay)
demonstrated that the methylation of H3K27 at the p16'™42/p19AT |ocus is greater in
Jap2KO MEFs than it is in WT MEFs. The binding of PRC1 and PRC2 to the p16!"k4a and
p19A promoters is more efficient in Jop2KO MEFs than it is in WT MEFs. These
observations suggest that H3K27 is methylated by PRC2 in the absence of JDP2, and the
p16/k43) 194 |ocus is silenced by PRC1, whereas the increased expression of JDP2 helps
to release PRC1 and PRC2 from the p16"%43/p194 locus, thereby reducing H3K27
methylation. Therefore, JDP2 may acts as a critical factor in the control of cellular
senescence. The loss of JDP2 allows MEFs to escape senescence and, conversely, the
overexpression of JDP2 induces cell-cycle arrest. The absence of JDP2 reduces the
expression of both p16'™4a and Arf, which inhibit cell-cycle progression.

6. Oncogene or tumor-suppressor gene

Depending on the context, JDP2 might display oncogenic or tumor suppressive functions.
Thus, the regulatory effect of JDP2 during oncogenesis remains elusive. JDP2 inhibits cell
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transformation and tumor suppression in prostate cancer cell lines (Heinrich et al., 2004). It
also induces partial oncogenic transformation in chicken embryonic fibroblasts (Blazek et
al., 2003). In contrast, the insertional mutagenesis of JDP2 showed that it is an oncogene
(Hwang et al., 2002; Rasmussen et al., 2005; Stewart et al., 2007; Sauvageau et al., 2008).
Jap2 transgenic mice display that expression of JDP2 during the promotion stage is found to
be important for potentiation of liver cancer by acting as a tumor promoter (Bitton-Worms et
al., 2010). JDP2 exhibits gene amplification in head and neck squamous cell carcinoma
(Jarvinen et al., 2008). Downregulation of JDP2 is associated with tumor metastasis and
poor prognosis in patients with pancreatic carcinoma (Yuanhong et al., 2010).
Overexpression of JDP2 reverses the epithelial-mesenchymal transition (EMT) that is
induced by co-treatment with TGF-B1 and EGF in human pancreatic cancer cell lines (Liu et
al., 2012). Microarray and qPCR studies of patients with ST-segment elevation myocardial
infarction (STEMI) suggest that JDP2 is a possible prognostic biomarker of the progression
of heart-failure (Maciejak et al., 2015).

Moreover, JDP2 induces cell-cycle arrest via the inhibition of the expressions of cyclin D
(Ostrovsky et al., 2002) and cyclin A2 (Pan et al., 2010) and the enhancement of the
expression of p53 (Pan et al., 2010). JDP2 increases the expression of JUNB, JUND, and
Fra2, and decreases the expression of c-JUN (Heinrich et al., 2004). In contrast, Piu et al.
reported that JDP2 down-regulates expression of p53 gene and thereby protects cells from
UV-mediated programmed cell death (Piu et al., 2001). Subsequently, it was demonstrated
that JDP2 downregulates 7rp53transcription to promote leukemogenesis (van der Weyden et
al., 2013). The mouse p53 protein negatively regulates the Jdp2 promoter in F9 cells (Xu et
al., 2014), indicating the existence of a JDP2—-p53 autoregulatory circuit. However, an
opposite finding that Jap2KO mice exhibited downregulation of the p53 and p21CiPl
proteins was reported (Pan et al., 2010). Thus, the possibility of a dependence on cell
context cannot be ruled out. This differential regulation should be clarified in the future.

7. Cellular reprogramming

WNT/GSK3p signaling to the estrogen-related receptor beta (Esrrb) is critical for the
stemness characteristics of iPSCs (Li et al., 2009; Stadtfeld and Hochedlinger, 2010).
Previously, we showed that the expression of JDP2 is reduced significantly in hypoxia
compared with normoxia (Nakade et al., 2009), and that JDP2 knockout upregulates the
expression of Wnt/p-catenin pathway (Pan et al., 2010). The increase in the levels of reactive
oxygen species (ROS) by metabolic changes in iPSCs may hinder the survival of
reprogrammed cells, as suggested by observations of iPSC generation under hypoxia
conditions (Yoshida et al., 2009; Saito et al., 2015). In addition, mitochondrial contents are
also repressed in induced pluripotent stem cells (iPSCs) or human embryonic stem cells
(hESCs) (Mah et al., 2011), suggesting that ROS generation by reprogramming factors is
unfavorable to iPSCs. Thus, the introduction of JDP2 may be useful in triggering iPSC
generation, because JDP2 inhibits ROS production (Tanigawa et al., 2013). Accordingly,
JDP2 might play a critical role in nuclear reprogramming. Indeed, a medulloblastoma cell
line (Chiou et al., 2013) and mouse embryonic fibroblasts (Liu et al., 2015) were reported to
be induced into the iPSCs or iPSCs-like cells by JDP2. Moreover, Pei and colleagues
showed that JDP2 anchors five non-Yamanaka factors (Id1, Jhdm1b, Lrh1, Sall4, and Glis1)
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to reprogram mouse embryonic fibroblasts into iPSCs (Liu et al., 2015). Consequently, JDP2
might be the guardian of somatic cell fate to a stem cell lineage. However, many questions
remain unanswered.

8. ROS homeostasis and antioxidation control by JDP2

JDP2 controls the antioxidative response via an association with the nuclear-factor erythroid
2-related factor 2 (Nrf2) and the small musculoaponeurotic fibrosarcoma oncogene homolog
(sMaf); moreover, it also reduces the amounts of ROS (Tanigawa et al., 2013). Thus, JDP2
plays a role in oxygen control to maintain the ROS homeostasis: (1) enhancement of the
antioxidation, and (2) prevention of the ROS production (Fig. 2).

JDP2 is known as an AP-1 repressor and is a member of the stress protein family. Here, the
working hypothesis of cross-talk between the stress response and protection response via a
coupling factor such as JDP2 is presented (Fig. 2). Cytoprotection is mediated by cellular
defense systems such as antioxidant enzymes and detoxification enzymes, which are
regulated by anti-oxidant responsive element (ARE) in their gene-promoter regions. ARE
was initially identified as an electrophile response element located in the promoter region of
the mouse glutathione S-transferase alpha 1 (GSTAL) gene, and can be activated by -
naphthoflavone (B-NF), fert-butyl-1,4-hydroquinone (/BHQ), and di-phenols that can mimic
the redox cycle (Friling et al., 1990). Consensus sequences of ARE (5'-
TMANNRTGAYnNnnGCR-3’, where M = A/C, R = A/G, and Y = C/T, and the 9 bp core
ARE is indicated in bold) is found in most of antioxidation related genes. By contrast,
environmental stressors, such as UV radiation and 12- O-tetra-decanoylphorbol-13-acetate
(TPA), activate ARE-containing genes that encode via the AP1 site (‘NNN”) (Angel et al.,
1987). Thus, ARE-regulatory transcription factors have been identified, including c-JUN
(Venugopal and Jaiswal, 1996, 1998), JUNB (Venugopal and Jaiswal, 1998; Yeligar et al.,
2010), JUND (Venugopal and Jaiswal, 1998; Tsuji, 2005; Yeligar et al., 2010), c-FOS
(Venugopal and Jaiswal, 1998), FRA1 (Venugopal and Jaiswal, 1996), Nrfl (Menugopal and
Jaiswal, 1996; Zhang et al., 2006), Nrf2 (Itoh et al., 1997; Dhakshinamoorthy et al., 2005),
ATF3 (Brown et al., 2008; Kim et al., 2010), and ATF4 (He et al., 2001), which bind to
ARE-containing genes that encode various cytoprotective enzymes. JDP2 is also included in
this category. Moreover, JDP2 not only enhances the ARE response with Nrf2, the cap ‘n’
collar (CNC) family, and sMaf family, but also inhibits the ROS production (Tanigawa et al.,
2013). Although the exact target of JDP2 for inhibition of ROS production has not been
clarified yet, it might be possible that some transcriptional regulatory factors controlling
ROS homeostasis are the downstream targets of JDP2.

The level of ROS is tightly controlled by an inducible antioxidant program that responds to
cellular stressors and is regulated predominantly by Nrf2 and its repressor protein, Keap 1
(Newman and Keating, 2003; Kobayashi et al., 2004; Motohashi and Yamamoto, 2004;
Zhang et al., 2005; Hayes and McMahon, 2009; Suzuki and Yamamoto, 2015). In contrast to
the acute response of Nrf2, in the steady state, some somatic mutations cause destabilization
of Nrf2 and decrease the constitutive transcription of its target genes, indicating that
enhanced ROS detoxification and additional Nrf2 functions may be critical for the induction
of the antioxidant response (Tebay et al., 2015). Because JDP2 is a member of the stress-
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induced AP-1 protein family (Aronheim et al., 1997), examining the role of JDP2 in cell
proliferation, ROS production, and antioxidant response have identified JDP2 transcription
factor as a cofactor that enhances ARE activity. JDP2 binds to ARE and regulates the ARE-
mediated transcription in association with the Nrf2/MafK factors. Nrf2 is known as a central
regulator of the induction of many antioxidant-responsive genes and genes that encode phase
Il detoxification enzymes. However, Nrf2 is not a DNA-binding protein and the addition of
Nrf2 and MafK led to the repression of ARE reporter genes. Thus, the real target molecules
that enhance the ARE response after oxidative stress remain to be identified. We proposed
that JDP2 is one of the molecules that enhances the transcriptional activity of ARE reporter
genes and inhibits ROS production to form a positive complex with Nrf2/MafK via leucine
zipper domains. Thus, JDP2 not only acts as an AP-1 repressor protein to suppress cell
proliferation during cancer progression, but also participates in the maintenance of ROS
homeostasis to prevent cell damage by ROS.

9. Conclusion and perspectives

Histone-modification enzymes may not access to the nucleosome in vitro because JDP2
binds to not only the specific AP-1/ATF site, but also the core histone or nucleosome
partially in a DNA-sequence-specific manner or histone-subset-specific manner. JDP2
inhibits at least the acetylation of histones H4K8 and H4K16, although other precise
residues of histone H3 acetylation are not determined yet (Jin et al., 2006; Huang et al.,
2010). Moreover, JDP2 associates with methylated lysine residues of histone H3K27 and
blocks the methylation of histones in vitro (Nakade et al., 2009; Huang et al., 2010).
Accordingly, it raises the possibility that the interaction between JDP2 and DNA and
nucleosomes is in a sequence-specific manner ora specific interaction of acetylated or
methylated lysine residues of certain restricted sets of histones. Addressing these precise
functions in the context of epigenesis will help us understand the regulation of senescence,
differentiation, and viral infection in a broader context. JDP2 is not a simple DNA-binding
transcription factor; rather, it is a chromatin modifier. In the presence of antioxidants, JDP2
is a cofactor that reinforces the formation of the possible small Maf/Nrf2 complex and then
activates the ARE (Tanigawa et al., 2013). It is also possible that JDP2 helps to stimulate the
ARE activity by converting the repressor function of MafK/Nrf2 to the active stimulatory
function. However, the molecular mechanism of this conversion of JDP2 from AP-1
repressor or chromatin compaction to positive expression of ARE/AP-1 or chromatin
opening remains to be solved (Fig. 3). Moreover, the exact ligands required for JDP2
activation are not known. Stress inducers, morphogens, hormones, disruptors, and oxygen
might be candidates for JDP2-inducing reagents. Moreover, the identification of the direct
targets of JDP2 in the cell-cycle regulation and in specific tissues, such as the cerebellum
and lung, is required for understanding the real role of JDP2. The manner in which
antioxidants induce the expression of the JDP2 is also interesting. We propose a model for
the induction of cellular senescence by JDP2: aging or oxygen stress upregulates JDP2
expression in primary untransformed cells.

One hint of the molecular conversion might be explained by the context of the epigenetic
regulation of the p16'"k48/Arf locus. There is a balance between ARE and ROS. The
oxidative stress induces the expression of JDP2, and then forms a triple complex to stimulate
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the ARE; conversely, JDP2 inhibits ROS production to reduce the response to oxidative
stress (Fig. 2). Similarly, Jenkins et al. reported that the loss of p16'"™4a increased the
intracellular level of ROS, which can be lost upon the re-expression of p16'"k42 (Jenkins et
al., 2011). This novel alternative Rb-independent regulation of p16'"™42 might be functional
in the case of JDP2. JDP2 also stimulates the expression of the INK4a/ARF locus to exclude
the polycomb complexes PRC1 and PRC2 from the INK4a/ARF loci. This coordination of
the activations of ARE and the INK4a/ARF locus induced by JDP2 results in cellular
senescence and protection of ROS production to maintain ROS/ARE homeostasis. These
findings suggest that JDP2 plays a potential role in protecting cells against the malicious
attack of carcinogens and endogenous reactive oxygen/nitrogen species, by inducing several
detoxifying/antioxidant enzymes. Thus, JDP2 plays a role of not only the basic regulation of
cell cycle, growth and differentiation but also the control of ROS homeostasis involving in
tumorigenesis, stemness and pluripotency, and probably aging.
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Abbreviations

ATF-2 activation transcription factor-2
cAMP cyclic adenosine monophosphate
ARE antioxidant-responsive element
AP-1 activation protein-1

bzIP basic leucine zipper protein
CBP CREB-binding protein

C/EBP CAAT enhancer-binding protein
CHOP C/EBP homologous protein
CRE CAMP response element

HAT histone acetyltransferase

HDAC histone deacetylase

iPSCs induced pluripotent stem cells
INHAT inhibition of histone acetyltransferase
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JDP2 Jun dimerization protein 2
Keapl Kelch-like ECH-associated protein 1
MafK musculoaponeurotic fibrosarcoma oncogene homolog K
MEFs mouse embryonic fibroblasts
Nrf2 nuclear-factor erythroid 2-related factor 2
PR progesterone receptor
PRC polycomb repressive protein complex
RANKL receptor activator of nuclear-factor kappa-B ligand
ROS reactive oxygen species
SNP single-nucleotide polymorphism
TPA 12- O-tetradecanoylphorbol-13-acetate
TRE TPA response element.
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Schematic domain structure of JDP2 protein
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Fig. 1.

Schematic domain structure of Jun dimerization protein 2. The models of three Jun
dimerization protein 2 (JDP2) isoforms such as canonical protein (163 amino acids) and
isoform 2 (174 amino acids) and isoform 3 (134 amino acids) were presented [http://
www.nchi.nlm.nih.gov/gene/122953 LocusLink Report (LocusID: 122953), Aronheim et al.,
1997; Jin et al., 2001; Kawaida et al., 2003]. The histone binding, basic region and leucine
zipper region were listed (Jin et al., 2006). The first to fourth leucine zipper regions are L—-L
type and the 5t zipper region is L-H type.
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Schematic representation of the role of JDP2 on oxidative stress and antioxidation. Various

stresses regulate the expression of JDP2. JDP2 associates with sMaf family and Nrf2 to

induce the ARE response of variety of antioxidation response related genes, and at the same
time JDP2 inhibits the ROS production to maintain the ROS homeostasis against oxidative
stress (Tanigawa et al., 2013; Tanigawa and Yokoyama, 2013). ROS are generated by the

oxidation of lipid and DNA via ER stress. Therefore, JDP2 controls the balance of ROS
production through the transcriptional control with respective partner molecules for
cytoprotection.
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Putative model of double-edge swords
of JDP2-mediated response
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Fig. 3.

Pugtative models of JDP2 to play the double-edge swords to control the transcription and
epigenetic regulation. Possible positive and negative transcriptional regulations of JDP2 are
presented in this model. JDP2 might form the complex with sMafK and/or Nrf2 and bind to
the ARE element to increase the transcription of ARE related genes (Tanigawa et al., 2013)
via recruitment of CBP/p300 coactivator-dependent Nrf2 acetylation (Kawai et al., 2011) or
possibly histone acetylation. On the other hand, JDP2 might recruit the HDAC family (Jin et
al., 2002; Darlyuk-Saadon et al., 2012; Maruyama et al., 2012) or INHAT activity (Jin et al.,
2006) to repress the transcription of cell cycle related genes (Pan et al., 2010).
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