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Jab1/CSN5 is a multifunctional protein that plays an
important role in integrin signaling, cell proliferation,
apoptosis, and the regulation of genomic instability and DNA
repair. Dysregulation of Jab1/CSN5 activity has been shown to
contribute to oncogenesis by functionally inactivating several
key negative regulatory proteins and tumor suppressors.
In this review, we discuss our current understanding of the
relationship between Jab1/CSN5 and DNA damage and
summarize recent findings regarding opportunities for and
challenges to therapeutic intervention.

Introduction

The human genome is continuously exposed to different
kinds of DNA-damaging agents. The damage can be categorized
into two groups: spontancous DNA damage generated during
normal metabolism and induced DNA damage deriving
from multiple physical and chemical factors, such as ionizing
radiation, ultraviolet (UV) radiation, environmental toxins, and
chemotherapeutic agents.! Genomic instability induced by DNA
damage can lead to cell cycle arrest, apoptosis, or tumorigenesis.
Alrogether, each cell could experience up to 10000 spontaneous
DNA lesions a day.?

Cells have evolved the DNA damage response (DDR) to
maintain genomic integrity. This response can include mismatch
repair (MMR), nucleotide excision repair, base excision repair,
single-strand break repair, and double-strand break (DSB) repair.
Non-homologous end joining and homologous recombination
(HR) are two major DSB repair pathways.! Increasing evidence
has demonstrated that mutation of genes that respond to DNA
damage greatly promotes tumorigenesis. In addition, increased
DDR has been reported to be one of the mechanisms of
chemotherapy or radiotherapy resistance.>® Therefore, studies
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of DNA damage and repair can elucidate the fundamental
mechanisms triggering tumorigenesis and provide novel strategies
for tumor therapy.

Emerging evidence supports the idea that Jabl/constitutive
photomorphogenic 9 signalosome subunit 5 (CSN5) is critically
involved in DDR and is linked to the maintenance of genome
integrity.*¢ Furthermore, Jabl/CSN5 is essential for tumor
survival and is involved in chemotherapy and radiotherapy
resistance.”” In this review, we assess the role of Jabl/CSN5 in
DDR and summarize recent findings that highlight the novel
roles of Jabl/CSNS5 in this process. We also summarize the effect
of Jabl/CSNS5 inhibition on cancer progression and suggest that
inhibition of Jabl/CSN5 is a promising targeted approach to
treat human cancer.

DDR and Cancer

Loss of genomic integrity owing to inactivation of DDR genes
may enhance the risk of a cell to accumulate mutations in genes
that promote cancer development. Somatic mutations in DDR
genes have been observed in several cancer types. For a growing
number of DDR genes, hereditary mutations, such as MUTYH,®
ERCCI) Pold,”® Poin,"" Rad51,"* Rpal,”® and others," are known
to be associated with increased cancer risk. Women with
heterozygous germline mutations in HR genes such as BRCAI
or BRCA2, which are involved in DSB repair via HR,” are
1617 and the incidence
of breast, pancreatic, and prostate cancers is higher in men
with BRCA2 mutations.”® Mutations in the MMR genes MSH2
and MLHI (which cause Lynch syndrome) predispose patients
to a wide range of tumor types.”** For example, hereditary

predisposed to breast and ovarian cancers,

nonpolyposis colorectal cancer is associated with microsatellite
instability, as well as carcinomas of the endometrium, ovary,
stomach, and kidney.! The genomic instability in hereditary
nonpolyposis colorectal cancer is caused by heterozygous
mutations of MMR genes, such as MLHI, MSH2, MSHG6, and
PMS2.2

Mutations in three additional HR genes, BACH1, PALB2, and
RADS5IC, have been identified in approximately 3% of familial
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breast cancer patients and have been associated with a 2-fold
increased risk of breast cancer.???* Mutations of CHK2, ATM,
NBS1, and RADS50 have also been associated with a doubled risk
of breast cancer, indicating the importance of the ATM pathway,
together with HR, in preventing breast cancer formation.”
Bi-allelic mutations of RAD51C are also associated with increased
risk of myelodysplasia and acute myeloid leukemia.?**!

Slyskova et al. demonstrated that the expression of four
nucleotide excision repair genes (CSB, CCNH, XPA, and XPD)
and four base excision repair genes (NEILI, APEX1, OGG]I, and
PARPI) was 1.08- to 1.28-fold higher in colorectal carcinomas
(P < 0.05).” In addition, it is known that deficient nucleotide
excision repair greatly increases the risk of melanoma and other
skin cancers because of defective repair of UV radiation-induced
lesions in skin cells after sun exposure.?

Cancer is an evolutionary disease fueled by genomic instability
that is often caused by chromosomal translocations, which can
lead to aberrant expression of oncogenes, such as c-Myc or Jabl/
CSN5, or to the generation of deregulated chimeric proteins

with enhanced activity.®2¢

Experiments have shown that in the
absence of p53, non-homologous end joining-defective mice
develop B-cell lymphomas harboring translocations between the
immunoglobulin locus and ¢-Myc that depend on unrepaired
breaks created by RAG1/RAG2.* Importantly, Jabl/CSNS5,
along with Myc, was reported to act as a master regulator of
a wound gene expression signature in breast cancer cells and
this finding suggests that Jabl/CSN5 plays an important role
in activating the transcription of stress response genes that are
involved in the proliferation and matrix invasiveness of cells.?”
Similarly, ATM deficiency was shown to lead to persistent
RAG-induced breaks, which could join other DSBs to generate
translocations and promote tumorigenesis.*®

Faulty DDR genes not only predispose carriers to cancer
formation by facilitating senescence, apoptosis bypass, and cellular
proliferation despite the accumulation of DNA damage?®? but
also alter the sensitivity of tumors to chemotherapy. Although
response to therapy may be affected by nucleotide excision repair®
and base excision repair,’ chemotherapy sensitivity has been most
robustly linked to HR and MMR deficiencies. In particular,
inhibiting DDR increasing DNA
damage—and administering chemotherapeutic drugs could lead
to cancer cell death. DDR defects such as HR deficiency may be
targeted by synthetic lethal approaches or therapeutic strategies
that disrupt synthetic viability. This approach is illustrated by the
sensitivity of BRCA-deficient tumor cells to poly(ADP-ribose)
polymerase (PARP) inhibition.”* This effect has been proposed
to be caused by the accumulation of unrepaired DNA breaks
in the absence of both PARP-dependent single-strand break
repair and HR. In addition, recent studies have demonstrated
that ATM, DNA-PK, and CHKI inhibitors have preferential
toxicity toward cancer cells following treatment with genotoxic
agents.”?® Methotrexate, an inhibitor of DNA base synthesis,
has been shown to selectively kill MMR-deficient cancer cells

components—thereby

by contributing to the accumulation of oxidative DNA lesions.?”
DNA repair processes are not only important for the intrinsic
response of tumors to chemotherapy but are also mechanisms for
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cancer therapy resistance. In this respect, DDR defects in tumors
may be a mixed blessing. For example, HR deficiency confers
sensitivity of tumor cells to DSB-inducing agents but at the same
time causes additional genomic instability and genetic alterations
that may induce therapy resistance."

Jab1/CSN5 Overexpression in Cancer

The CSN complex was first identified in plants and
demonstrated to be an essential regulator of light-mediated
development.**“° The CSN complex has a mass of about 450 kDa
and comprises eight core subunits—CSN1-CSN8—in order
of descending size. These subunits are highly conserved across
diverse species and play essential roles in multiple cancers.”** In a
screening for genes that when downregulated are synthetic lethal
with activating Ras mutations, Steve Elledge’s group identified
several subunits of the CSN complex.®* They demonstrated that
DLD-1 cells bearing the Ras mutation and with stable depletion of
COPS4 exhibit impaired growth. Furthermore, those with lower
COPS3 and CDC16 expression levels together with higher EVI5
expression levels were associated with a striking enhancement of
survival in patients bearing tumors that exhibited a positive Ras
signature.”

Our group originally identified Jabl/CSN5 as a c¢Jun
coactivator, and other groups subsequently discovered it to be
the fifth member and an integral component of the CSN.*% In
addition to being associated with the large CSN complex, Jabl/
CSN5 can be found in a monomeric form or associated with a
smaller non-CSN complex in various species.”* Of the eight
CSN subunits, CSN5 is unique in that it not only harbors the
catalytic center of CSN isopeptidase activity but it also stably
exists independently of the CSN complex in vivo.” Jabl/
CSN5 actively participates in important biologic functions,
both as part of the CSN holocomplex and independently of the
CSN complex. For example, quantitative assessment of CULL
complexes after knockdown revealed that loss of COPS5 did
not result in a significant loss of association with the larger CSN
complex despite a reduction in the amount of the COPS5 subunit
associated with CULL.%% A large proportion of Jabl/CSNS5 is
found in the free form.”® Whereas CSN-associated Jabl/CSNS5 is
mostly nuclear, the free forms appear to be both cytoplasmic and
nuclear.”**>! The dependence of CSN5 nuclear accumulation on
other subunits has been clearly demonstrated in the CSN-like
complex of budding yeast.’> Although our findings shown that
ectopic Jabl/CSNS5 played a critical role in cancers and that Jabl/
CSN5 appears to be both cytoplasmic and nuclear, whether Jab1/
CSN5 acts as a complex or independently of a complex in cancers
remains to be determined.

The domains responsible for the interaction between Jabl/
CSN5 and p27 and for its metalloproteinase activity have been
identified. Jabl/CSNS5 interacts with p27 and mediates the
shuttling of p27 between the nucleus and the cytoplasm in a
CRMI-dependent manner through a nuclear export signal-like
sequence between amino acids 233 and 242 at its C-terminal
end.’® Jabl/CSNS5 has an Mprl-Pad1-N (MPN) terminal domain
that encompasses a Jabl/CSN5 MPN domain metalloenzyme
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(JAMM) motif (also known as the MPN* motif). Some have
suggested that the Jabl/CSN5 MPN domain functions as a
protein—protein platform, whereas the JAMM motif acts as
a cofactor for enzymatic activity.® The JAMM motif within
Jabl/CSNS5 is essential to CSN deneddylation activity, but
deneddylation still relies on the entire CSN complex, as the
loss of any one of the CSN subunits results in its inactivation.”
The JAMM motif is essential for the co-activation of the
oncogenic MYC transcription factor by Jabl/CSN5 and for the
transformative effects Jabl/CSNS5 in a breast epithelial model;
these effects were also found to be dependent on the assembly of
the entire CSN.>* This domain does not, however, appear to be
critical to the functions of Jabl/CSNS5 outside of the full CSN,
such as the stabilization of HIF-1a and its role as a co-factor for
E2F1-induced apoptosis.”> In fact, the domains responsible for
many of the mechanisms of Jabl/CSN5 and the mechanism by
which it performs its many functions, as well as the involvement
of the CSN or smaller complex, remain to be determined.”

Jabl/CSNS5 is involved in in tumorigenesis by degrading
several essential targets, including p27, p53, cyclin E, Smad 4/7,
and LHR.” These substrates of Jabl/CSN5 are involved in many
cellular processes, such as cell-cycle regulation, proliferation,
apoptosis, angiogenesis, and survival. Indeed, accumulating
evidence has shown that Jabl/CSN5 overexpression is inversely
correlated with p27 expression and with poor survival in various
human malignancies.”

Actually, Jabl/CSNS5 is overexpressed in a variety of human
cancers, such as ovarian cancer,’® hepatocellular carcinoma,” lung

cancer,® 62

pancreatic cancer,® breast carcinoma,® nasopharyngeal
carcinoma (NPC),” and many others.”” Moreover, investigators
have found that Jabl/CSNS5 is a prognostic marker for multiple
cancers. For example, overexpression of Jabl/CSN5 is associated
with lymph node metastasis of hepatocellular carcinoma® and
oral squamous cell carcinoma,” and it leads to poor survival in
patients with these cancers. Similarly, Jabl/CSN5 expression
is correlated with tumor size in thyroid carcinoma cases.*
Therefore, Jabl/CSN5 overexpression could be considered a

biomarker of poor prognosis for many types of cancers.

Role of Jab1/CSN5 in DDR

The mechanisms of Jabl/CSN5 activity have been reported
to affect either the activity or the stability of proteins involved in
DDR.*> CSN regulates the Skpl/cullin-1/F-box (SCF) ubiquitin
ligases by removing the ubiquitin-like protein Nedd8 from the
cullin subunit of SCF. SCF-dependent ubiquitination mediates
the degradation of many cell-cycle regulators, including p27,
CDK inhibitor p21, E2F1, B-catenin, IkBa, and cyclins E, A,
and B.® Nayak et al. found that, in Caenorhabiditis elegans, the
SCF complex regulates meiosis and the Skpl-related (skr) gene
family, which are required for the restrain of cell proliferation
and for the formation of bivalent chromosomes at diakinesis.®®
A recent study showed that, as a complex, CSN mediates the
inhibition of the DDB1-DDB2-CUL4A/B-RBX1 complex.”
Knockdown of Jabl/CSN5 reduced the repair activity of DDB2
by 50%.%* A distinguishing feature of Jabl/CSNS5 is that it is able
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to mediate the nuclear export and degradation of several nuclear
proteins, including DNA damage and repair proteins.

The 9-1-1 complex, which is constructed from Rad9,
Husl, and Radl orthologs (using Schizosaccharomyces pombe
nomenclature), is critical in the initiation of cellular responses
to DNA damage. The complex is loaded around DNA by the
Rad17-containing clamp loader in response to DNA damage.
The DNA-bound complex then facilitates ATR-mediated
phosphorylation and activation of Chkl, a protein kinase that
regulates S-phase progression, G,/M arrest, and replication fork
stabilization.” Therefore, the 9-1-1 complex acts as a DNA-
damage sensor for transducing the DNA damage. Recently,
Huang et al. found that Jabl/CSN5 directly interacts with
the Radl ortholog, translocates the complex from the nucleus
to the cytoplasm, and rapidly degrades the complex via the
26S proteasome, indicating the importance of Jabl/CSN5 in
DNA damage and repair pathways.”® Furthermore, Jabl/CSN5
overexpression significantly suppresses Chkl phosphorylation at
Ser345, which could be induced by UV radiation, y-radiation,
and  hydroxyurea.’® Jabl/CSN5 suppresses

checkpoint signaling activation, DNA synthesis recovery from

significantly

blockage, and cell viability after replication stresses. These results
suggest that Jabl/CSN5 is an important regulator of the stability
of the 9-1-1 complex in cells and provide novel information on
the involvement of Jabl/CSNS5 in checkpoint and DNA repair
signaling in response to DNA damage.

Other findings have demonstrated that Mei-41—a member
of the Drosophila ATM/ATR family of kinases that are required
for DNA damage and recombination checkpoints in yeast,
worms, and humans as well as in flies”’—regulates Rad51 and
Rad54, which are required for DSB repair.’? Kinases in the
ATM/ATR subfamily that includes Mei-41 play a central role
in checkpoint-mediated responses to DNA damage.”! These
kinases are thought to act as sensors of DNA damage, as they
are activated upon binding to damaged DNA. Phosphorylation
of several downstream effectors, including the Chkl and Chk2
kinases and p53, then restrains cell-cycle progression until the
DNA damage is repaired, when the checkpoint kinases dissociate
from the DNA. Studies in which Jabl/CSN5 phenotypes were
suppressed by mei-41 mutations have demonstrated that Jabl/
CSN5 acts upstream of the DNA damage checkpoint and suggest
DSBs arising during meiotic recombination cannot be efficiently
repaired in Jabl/CSN5-mutant cells.”?> Moreover, Jabl/CSN5 was
found to directly interact with mei-W68,”> which encodes the
Drosophila homolog of yeast gene SPOI1, a gene required for the
induction of DSBs’? and the initiation of meiotic recombination.”

In agreement with these studies, our group found that Jabl/
CSNS5 is associated with Rad51,*> which is a key protein in
the HR repair pathway.”” Tian and colleagues found that loss
of Jabl/CSN5 results in spontaneous DNA breaks that are
associated with increased expression of the histone H2AX,
which recognizes DNA DSBs and initiates the recruitment of
DDR proteins.”” This recruitment is coupled with a deficiency
in HR repair due to decreased Rad51 expression and function.
Exogenous Jabl/CSN5 overexpression was associated with an
increase in Rad51 levels, whereas reduced endogenous Jabl/
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CSN5 protein expression was associated with a decrease in Rad51
levels in mouse embryonic fibroblasts’ and NPC cell lines.
Moreover, a correlation plot of the Jabl/CSN5 and Rad51 blot
intensities showed a linear correlation between the levels of the
two proteins (r = 0.6824; P = 0.0072), confirming that the levels
of Jab1/CSN5 are proportional to the Rad51 levels in NPC cells.*
We found that Rad51 was decreased in U20S osteosarcoma cells
treated with Jabl/CSN5 small interfering RNA (siRNA). In
comparison, the expression levels of Ku70, an important protein
in the non-homologous end joining DNA repair pathway, and
of phosphorylated Chk2, a key molecule in the transduction
of DNA damage signaling induced by DSBs,”® were increased
after ionizing radiation exposure regardless of whether the
cells had been treated with Jabl/CSN5 or control siRNA.J
Consistent with these findings, our studies showed that Jabl/
CSN5 siRNA-treated HONE1 NPC cells exhibited increased
levels of y-H2AX,? which is an early indicator of the presence of
DSBs.”” Similarly, the levels of phosphorylated Chk2 increased
in NPC cells after DNA damage exposure regardless of whether
the cells had been treated with Jabl/CSNS5 siRNA (although the
phosphorylated Chk2 levels were higher in Jabl/CSN5-deficient
cells).* In contrast, Rad51 levels decreased in Jabl/CSN5 siRNA-
treated cells 48 h after treatment with cisplatin or UV radiation.
In addition, y-H2AX levels were higher but Rad51 levels were
lower in Jabl/CSNS5 knockdown cells than in control cells upon
exposure to ionizing radiation. Jabl/CSN5 knockdown also
affected Rad51 activity: ectopic expression of Rad51 rescued the
defective repair function in cells with knockdown of Jab1/CSN5
expression. These results suggest that depletion of Jabl/CSN5
reduces the expression of Rad51, thereby reducing the ability of
NPC cells to repair DNA lesions.

Genotoxic stress triggers a series of posttranslational
modifications in p53 that contribute to its stabilization, nuclear
accumulation, and biochemical activation. Thus, p53 is considered
a DNA damage sensor. Our data showed that p53 was increased
after DNA damage and that the upregulation was enhanced in
Jab1/CSN5-knockdown cells.*> Consistent with our studies, Lee
and colleagues showed that Jabl/CSN5 can suppress p53 activity
under stressed conditions,”® indicating an important role of Jabl/
CSN5 in DDR through the p53 pathway. Moreover, p53-binding
protein 1 (53BP1) is well characterized as a “mediator” of DNA
damage checkpoint responses.” Observations that Jabl/CSN5
was associated with 53BP1 in growing cells suggest that Jabl/
CSNS5 is involved in DDR. These reports allow us to speculate
that Jabl/CSN5 participates in the signaling pathway in response
to DNA damage through a functional interaction with 53BP1.
Our own recent studies indicated that Jabl/CSN5 regulates
Rad51 through the p53 pathway.*

Jab1/CSN5 Inhibition as a Novel Therapeutic
Strategy against Cancer

A growing body of evidence strongly suggests that Jabl/CSN5
plays a role in the pathogenesis of several tumor types and in
many cases has specifically correlated it with reduced levels of p27
and poor prognosis.”” Patients with Jabl/CSN5 overexpression
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and reduced p27 levels had poorer overall survival, and patients
with lymph node metastasis and Jabl/CSN5 overexpression had
poorer disease-free and overall survival rates than did patients

with epithelial ovarian tumors®

or esophageal® or laryngeal®
squamous cell carcinoma.

Recent studies have shown that depletion of Jabl/CSN5
inhibits the growth of cancer cells. For example, knockdown
of Jabl/CSNS5 inhibited proliferation and induced apoptosis
in breast cancer cells* and, in our research, NPC cells.
Furthermore, Jabl/CSN5-deficient mice were found to have an
embryonically lethal phenotype, suggesting that Jabl/CSNS5 is
critical for fetal development and survival’ Our previous studies
showed that Jabl/CSN5-null embryos were smaller than wild-
type embryos and displayed growth retardation. Jabl/CSN5-
null embryos are viable up to the blastocyst stage but begin to
exhibit disrupted development at embryonic day 6 and are no
longer viable at embryonic day 8.5, which is before gastrulation
occurs.”® Other investigators have found that several targets of
Jab1/CSNS5, including p27, p53, c-myc, and cyclin E, are highly
expressed in Jabl/CSN5~- embryos, resulting in impaired
proliferation and accelerated apoptosis.>® Similarly, in pro-B
cells, Jabl/CSN5 deletion leads to aberrant expression of the
apoptosis-triggering protein Fas ligand.** A more recent study
showed that by interacting with Jabl/CSN5, Fankl could
suppress apoptosis by activating the AP-1-induced anti-apoptotic
pathway.®

Consistent with these data, we found that Jabl/CSN5
deficiency resulted in early embryonic lethality owing to
accelerated apoptosis. Loss of Jabl/CSN5 expression sensitized
both primary embryonic fibroblasts and osteosarcoma cells to
v-radiation-induced apoptosis.’ It is interesting to note that our
NPC studies showed that inhibition of Jabl/CSN5 expression
with 5 nM of siRNA for 48 h was insufficient to induce
apoptosis,” whereas higher doses of Jabl/CSN5 siRNA (10 or
20 nM) induced apoptosis (unpublished data), and knocking
down Jabl/CSN5 expression in NPC cells increased UV
radiation-, ionizing radiation-, and cisplatin-induced apoptosis.*
In contrast, overexpression of Jabl/CSN5 in CNEI NPC
cells blocked UV radiation- and cisplatin-induced apoptosis.*
Collectively, these results indicate that Jabl/CSN5 may promote
cell proliferation and inhibit apoptosis in tumors. More thorough
studies are required to fully understand the underlying molecular
and signaling events by which Jabl/CSN5 influences apoptosis
in cancers.

Given the prominent antineoplastic potential of Jabl, the
development of specific, effective, and safe Jabl/CSNS5 inhibitors
is likely to have a significant impact on cancer treatment.
Although specific inhibitors targeting Jabl/CSN5 are largely
undetermined, Li et al. recently found that PEGylated curcumin
inhibited cell proliferation in pancreatic cancer cells partially
through the inactivation of Jabl/CSN5.%¢ In addition, PEGylated
curcumin sensitized pancreatic cancer cells to gemcitabine-

8 Qur recent

induced apoptosis and cell growth inhibition.
studies also demonstrated that curcumin analog T83 exhibits
potent antitumor activity and induces radiosensitivity through

the inactivation of Jabl/CSN5 in NPC.¥ Inhibiting the Jabl/
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Radiation or Chemotherapeutics
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chemo-resistance

Figure 1. A schematic of the Jab1/CSN5 signaling pathway involved in
cancer. Jab1/CSN5 regulates DNA damage and repairs proteins such
as p53 and Rad51, leading to DNA damage repair. Overexpression
of Jab1/CSN5 in cancer contributes to tumorigenesis and radio- and
chemo-resistance.

CSN5 signaling pathway may be an effective strategy in the
treatment of cancer.

Many cancer therapies use DNA-damaging agents to target
tumor cells, often triggering DNA repair and rendering the cells
resistant to therapy. Because Jabl/CSN5 plays essential roles
in multple DNA repair pathways, blocking Jabl/CSN5 will
likely sensitize tumors to chemotherapy or radiotherapy, thereby
improving the therapeutic index of such approaches. Indeed,
our previous studies with mice indicated that loss of Jabl/CSN5
sensitizes cells to <y-radiation-induced apoptosis and increases
spontaneous DNA damage and HR defects’” We also recently
analyzed the effects of Jabl/CSN5 on the response of NPC cell
lines to treatment with cisplatin, ionizing radiation, and UV

radiation. We demonstrated that knocking down Jabl/CSN5
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Conclusions and Unresolved Questions

We have provided succinct information on the state of
knowledge of the role of the oncoprotein Jabl/CSN5 in DDR
and cancer therapy (Fig. 1). Jabl/CSNS5 is a novel target for
the prevention and treatment of human cancers. Therefore, the
development of agents specifically targeting Jabl/CSN5 inhibition
is likely to have a significant impact on cancer treatment.

The role of Jabl/CSNS5 in DNA repair in normal cells remains
to be determined. In our work, we observed that mouse embryonic
fibroblasts lacking Jabl/CSN5 were more susceptible to radiation-
induced DNA damage than their wild-type counterparts were. It
will be interesting to determine whether the Jabl/CSN5 protein
directly interacts with DNA damage and repair proteins and is
recruited to sites of DNA damage.
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