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Abstract

Since the 1980s, growing evidence suggested that the cellular localization of proteins determined
their activity and biological functions. In a classical view, a protein is characterized by the single
cellular compartment where it primarily resides and functions. It is now believed that when
proteins appear in different subcellular locations, the cells surpass the expected activity of proteins
given the same genomic information to fulfill complex biological behavior. Many proteins are
recognized for having the potential to exist in multiple locations in cells. Dysregulation of
translocation may cause cancer or contribute to poorer cancer prognosis. Thus, quantitative and
comprehensive assessment of dynamic proteins and associated protein movements could be a
promising indicator in determining cancer prognosis and efficiency of cancer treatment and
therapy. This review will summarize these so-called moonlighting proteins, in terms of a coupled
intracellular cancer signaling pathway. Determination of the detailed biological intracellular and
extracellular transit and regulatory activity of moonlighting proteins permits a better
understanding of cancer and identification of potential means of molecular intervention.
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1. Introduction

The Human Genome Project determined about 20,000-25,000 human protein-coding genes.
Because this number is far lower than predicted numbers of protein (50,000-60,000), the
traditional idea of one gene — one protein — one function has become too simple to fully
explain the cellular complexity of protein function and interaction. Some partial
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explanations for this discrepancy are alternative splicing mechanisms, gene fusions, families
of homologous proteins, or unrestrained enzyme activities; however, a single protein can
have multiple functions that are not result of these phenomena. By providing new insight
into the cellular complexity, we can identify a growing number of multifunctional proteins
in which the two different functions are found in a single polypeptide. Emerging data on the
cellular localization of proteins has exposed additional protein activity that occurs when a
protein’s subcellular localization changes from the region where it is first destined. In a
classical view, proteins are characterized by a single cellular compartment (cytoplasm,
nucleus, plasma membrane, or extracellular region) in which each protein primarily resides
and functions [86]. However, unexpected subcellular localization of such proteins
challenges this classical view, and gives us one mechanism to explain a protein’s
multifunctional ability. For example, the canonical mechanism of extracellular cytokines is
to bind to membrane receptors and propagate signals to intracellular effectors; however,
these cytokines have also been detected in the nucleus, where they perform an alternative
role in transcription. Furthermore, the majority of DNA-binding transcription factors
localize in nucleus, but they may also exist in different cellular regions, such as cell
membrane and mitochondria, suggesting roles other than as a transcription factor or
cofactor. This altered localization may be representative of a new mechanism through which
cells can overcome a limited amount of genomic information to fulfill complex biological
phenotypes and behavior.

Although many proteins were identified and categorized based on a single activity, each is
now known to display multiple, independent functions beyond originally identified ones,
and these multifunctional proteins are referred to as “moonlighting” proteins [49].
Moonlighting describes a single protein with multiple functions that are not a result of gene
fusions, families of homologous proteins, splice variants, or promiscuous enzyme activities.
It is speculated that ancestral moonlighting proteins originally possessed a single function
but acquired additional functions through evolution [50]. In addition to a change in cellular
location, moonlighting proteins can switch between functions due to a change in
temperature, a change in the redox state of the cell, a change in the oligomeric state of the
protein, direct interactions with a variety of binding partner proteins, or changes in the
cellular concentration of a ligand, substrate, cofactor, or product [44, 51]. Although these
switches are all considered as mechanism(s) for moonlighting, this review summarizes well-
known proteins where changes in subcellular localization contribute to additional biological
activity in cancer.

2. Cytoplasmic proteins (Hsp90, Transglutaminase 2, GAPDH)

2.1. Hsp90

Heat shock protein 90 (Hsp90) is a molecular chaperone, traditionally known cytoplasmic
protein that mediates ATP-dependent folding, stabilization, intracellular disposition, and
proteolytic turnover of proteins [47, 121]. However, Hsp90 is also a secreted and cell
surface protein. Extracellular Hsp90 has long been observed, and its secreted form is
considered a pro-tumorigenic protein. Blocking secretion of Hsp90 resulted in a significant
inhibition of tumor metastasis, and the serum level of Hsp90 is positively correlated with
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tumor malignancy in clinical cancer patients [116]. Extracellular Hsp90 interacts with and
stabilizes matrix metalloproteinase-2 (MMP-2), which contributes to angiogenesis and
cancer cell invasiveness [31, 105]. Secreted Hsp90 has also been reported to regulate and
alter E-cadherin function in prostate cancer, giving rise to epithelial-mesenchymal transition
(EMT) [40], indicating that it could be a diagnostic marker for tumor malignancy. In
addition to this unexpected role of Hsp90 in the extracellular region, Hsp90 also has been
found in the nucleus [23] and could regulate several nuclear events [108] (Figure 1). In
consideration of such localization, selective Hsp90 inhibitors have been tested for clinical
development. These inhibitors bind to the N-terminus of Hsp90 (ATP-binding domain) and
induce degradation of multiple oncogenic Hsp90 client proteins, such as HER2/neu [52,
117]. However, further preclinical and clinical studies are required to validate the use of
these inhibitors for therapeutic purposes.

2.2. Transglutaminase 2

Transglutaminase 2 (TG2), a ubiquitous member of the mammalian transglutaminase
family, can catalyze protein crosslinking via transamidation of glutamine residues to lysine
residues in a Ca2*-dependent manner [66]. Besides its classical protein crosslinking activity,
TG2 possesses several other functions in different cellular compartments, including cell
adhesion and kinase activities. TG2 is predominantly a cytoplasmic protein, but increasing
evidence indicates that TG2 dynamically translocates depending on cellular context [84],
even though the molecular mechanism(s) underlying dynamic translocation of TG2 to
various subcellular compartments remains elusive. In addition to transglutaminase (TGase)
activity, cytosolic TG2 has been shown to be involved in signal transduction. TG2 activates
the NF-xB pathway to elicit anti-apoptotic effects in ovarian cancer cells [11] (Figure 1).
TG2 can also function as a G protein (Gy,) on the plasma membrane, which has a unique
GTP binding pocket and GTP hydrolysis activity, suggesting TG2 may be implicated in
receptor signaling [45]. Membrane TG2 have kinase activity and phosphorylate target
proteins such as insulin-like growth factor-binding protein-3 (IGFBP-3) [77]. In addition,
translocation of TG2 from the cytoplasm to the nucleus was detected in various types of
cells [59, 70, 87], implying the versatility of the TG2 protein. Although elevation of
intracellular calcium levels promoted TG2 translocation to the nuclear compartment [59],
the biological function of nuclear TG2 is still unclear. Emerging evidence indicates the
importance of nuclear TG2 in regulating gene expression via post-translational modification
of transcription factors (via crosslinking and phosphorylation) and histone proteins. These
include E2F1 [82], hypoxia inducible factor 1 [33], Sp1 [106], and all four mammalian core
histones (H2A, H2B, H3, and H4) [78]. Although TG2 was originally identified as an
intracellular enzyme, TG2 can also be detected in the extracellular space. Extracellular TG2
acts as a matrix stabilizer through crosstalk with other proteins, a component of cell
adhesion complex and regulates cell survival [22]. For example, extracellular TG2 is
associated with multiple integrins of the 31 and B3 subfamilies and implicated in cell
adhesion and spreading [3]. TG2 also interacts with extracellular matrix-associated
fibronectin (FN). FN-bound TG2, with increased resilience to MMP degradation, maintains
cell adhesion by interacting with cell surface heparin sulfate chains of syndecan-4 [107].
This substantial evidence indicates that various activities of TG2 are differentially regulated
depending on TG2’s subcellular localization. Recently, for clinical purposes, large numbers
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of TG2 inhibitors were screened with respect to adhesion, migration, and invasion of ovarian
cancer cells [123].

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) catalyzes an important energy-
yielding step in glycolysis: GAPDH coverts glyceraldehyde-3-phosphate to D-glycerate 1,3-
bisphospate and mediates formation of NADH and adenosine triphosphate (ATP) in the
presence of inorganic phosphate and nicotinamide adenine dinucleotide (NAD). In addition
to this originally identified function as a “housekeeping” protein in the cytoplasm, emerging
data show numerous activities apart from energy production [103, 109]. GAPDH is
translocated to the nucleus upon exposure to a stressor, such as oxidative stress, leading to
cell death/dysfunction [41]. This nuclear translocation is caused by S-nitrosylation at Cys%0
residue and formation of complex with Siah containing the nuclear localization signal
(Figure 1). Nuclear GAPDH is further acetylated at Lys10 residue by the acetyltransferase
p300/CREB binding protein (CBP) through direct protein interaction, which in turn
stimulates acetylation and catalytic activity of p300/CBP, leading to induction of target
genes, including tumor suppressor p53 [97]. Various GAPDH nucleic functions that deviate
from cell death have been also reported. For example, GAPDH directly interacts with
apurinic/apyrimidinic endonuclease 1 (APEL), which is involved in the base excision DNA
repair pathway. GAPDH reactivates endonuclease activity of APE1 to cleave a basic sites
and to regulate the redox state of a number of transcriptional factors such as p53, AP-1, c-
Jun, c-Fos, and NF-«xB [5]. GAPDH also forms a complex with OCTamer-binding factor 1
(Oct-1) and p38, and regulate S-phase progression in the cell cycle [24]. Nuclear GAPDH
plays a role in maintaining and protecting telomeric DNA from rapid, chemotherapy-
induced degradation [26]. Through these findings, GAPDH is not only involved in
glycolysis as a cytoplasmic protein to break down glucose for energy and carbon molecules,
but also participates in gene regulation as a nuclear factor.

3. Nuclear proteins (HMGB1, p53, ESE-1, and B-catenin)

3.1. HMGB1

High mobility group box-1 (HMGB1) belongs to one of three families (HMGA, HMGB, and
HMGN), and members of each family have been identified as the second-most abundant
chromatin proteins participating in gene regulation and cellular differentiation [20].
Moreover, they contribute to the fine tuning of transcription in response to rapid
environmental changes by interacting with nucleosomes, transcription factors, nucleosome-
remodeling machines, and histone H1 [9]. HMGBL is a nuclear factor and binds to
nucleosome and controls DNA packing and chromatin remodeling. HMGBL is also a crucial
cytokine that mediates the response to infection, injury, and inflammation [67] (Figure 2).
HMGBL1 is also secreted from cultured macrophages after stimulation with endotoxin, TNF,
or IL-1pB. Because HMGBL release occurs considerably later than secretion of the classical
early pro-inflammatory mediators TNF and IL-1p, HMGBL is considered to be a cytokine
involved as a late-acting mediator for lethal shock (endotoxemia) [113]. HMGB1 binding to
the receptor for advanced glycation end-products (RAGE) and to Toll-like receptors (TLRs)
for activating the inflammatory process in immune and endothelial cells [27, 102] has been
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intensively studied. Secretion of HMGB1 seems not to be restricted to immune cells since
epithelial gastric and colon cancer cell lines also show release of HMGBL1 [1].

3.2. p53 tumor suppressor protein

3.3. ESE-1

p53, a well-known tumor suppressor protein, accumulates in the nucleus in response to DNA
damage, oncogene activation, and other stress; it acts as a nuclear transcription factor by
binding to a specific DNA sequence and regulating a variety of genes [56, 94]. In addition to
this nuclear activity, p53 also has different biological activities in the cytoplasmic region—
not as a transcription factor [18]. Although mutant p53 loses its transcriptional activity even
in the nucleus, it still has the ability to induce apoptosis [126]. In addition, there are reports
that p53 rapidly accumulates in the mitochondria under a variety of stress conditions [73].
The mitochondrial membrane is one of the intracellular compartments where cytoplasmic
p53 is located under a stress condition, and p53 induces mitochondrial outer membrane
permeabilization by triggering the release of pro-apoptotic factors such as Bax and Bak [17,
36]. This indicates that the pro-apoptotic effects of cytoplasmic p53 are independent of
transcription. Post-translational modification of p53 and protein interactions can dictate the
destination of p53 [34, 73] (Figure 2). These results, taken together, indicate that apoptosis
induced by p53 likely arises from combined activities of the cytoplasmic and nuclear
proteins. On the other hand, p53 is rapidly degraded by the selective E3 ligase MDM.
Therefore, potent and selective small-molecule inhibitors of the p53-MDM?2 interaction have
been designed with the intention to treat p53 wild-type tumors [68]. Currently, several
chemically diverse MDM2-p53 inhibitors are in Phase | or Phase 1l clinical trials for the
treatment of solid and hematological malignancies [127].

The E26 transformation-specific (ETS) family of transcription factors is composed of more
than 40 members and play as a key mediator of morphogenesis and development. Many of
them are highly associated with cancer and acts as oncogenes or tumor suppressors. ESE-1
(also known as EIf3, ESX or ERT) is an epithelial specific Ets-1 that is involved in the
differentiation of the epithelium. ESE-1 is induced in response to inflammatory cytokines
and lipopolysaccharide and enhances transactivation of nitric oxidase synthase 2 (NOS2)
synergistically with NF-xB [95] and correlate to induction of cyclooxygenase-2 (COX-2)
[35] by pro-inflammatory cytokines and leads to inflammatory bowel disease. ESE-1 also
directly activates expression of TGF-f receptor type Il (TGF-B RII) and inhibits TGF-p
resistance [19, 85]. Recently, there has been a focus on the dichotomous role of ESE-1 in
tumorigenesis. Many studies claimed that overexpression of ESE-1 induced cell
proliferation, adhesion, invasion and epithelial to mesenchymal transition (EMT). Stable
expression of ESE-1 leads to transformation of breast cancer cells and a knockdown of
ESE-1 decreased cancer cell growth [112]. In addition, expression of ESE-1 is associated
with poor prognosis of colon [114] and prostate cancer [65]. In terms of oncogenic
mechanism, ESE-1 is a target of oncogenic kinase, PAK1 and phosphorylated ESE-1
increase stabilize and cause transformation of breast cancer cells [69]. On the contrary,
increased expression of ESE-1 inhibited tumorigenesis in prostate cancer cells [99] and
resulted in reduced tumorigenicity through the TGF-B-mediated pathway [14]. In terms of
two distinct ESE-1 function, Prescott et al., reported that cytosolic ESE-1 leads to
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transformation of breast cancer through SAR domain-mediated pathway, whereas nuclear
ESE-1 increase apoptosis through transcriptional-mediated pathway [90]. Recently, we
reported that treatment of anti-cancer compounds such as tolfenamic acid leads to nuclear
translocation of ESE-1 [58], which might be a potential mechanism of apoptosis. In cancer
cells, ESE-1 co-localizes both in the cytosol and in the nucleus, and it may dynamically
translocate depending on cellular context although the molecular mechanism of
translocation remains obscure. Further studies will need to clarify the biological function of
ESE-1 depending on cellular localization

3.4. B-catenin

Whnt signaling is essential for embryogenesis, tissue development, cell proliferation and
differentiation. B-catenin is a key mediator of Wnt signaling and Wnt-specific gene
expression that controls cell fate decisions. The nuclear function of 3-catenin as a
transcription co-factor has been well studied in colon cancer development, and abnormal
Whnt signaling has been linked to adenomatous polyposis coli (APC) mutations. These
mutations lead to an increase in cell proliferation and migration, stem cell-self renewal, and
EMT events [93, 96, 104]. Therefore, truncated germline mutations of APC are very
frequent in patients with familial adenomatous polyposis and progress colorectal carcinomas
in combination with mutations in KRAS and TP53 [104]. Nuclear localization of B-catenin
and transcription activity is tightly regulated by Whnt signaling and proteosomal degradation
of p-catenin. In the absence of Wnt ligands, cytoplasmic [3-catenin is subjected to form a
destruction complex composed of various proteins and is phosphorylated by GSK3p and
CK1. As a consequence, p-catenin is ubiquitinated and targeted for degradation by
proteasomes. Alternatively, upon Wnt receptor activation, the destruction complex is
recruited to the Wnt receptor, which causes GSK3p and CK1 inactivation. As a result, -
catenin phosphorylation is inhibited, and stabilized surplus B-catenin escaping ubiquitination
translocates into the nucleus, where it engages with lymphoid enhancer factor/T-cell factor
(TCF) transcription factors to control Wnt-specific gene expression. Thus, mutations in a
destruction complex component, such as APC, could facilitate the stabilization and
accumulation of B-catenin in the nucleus, which contributes to Wnt signal activation and
carcinogenesis [88]. If B-catenin forms a complex together with E-cadherin at the plasma
membrane, this complex could mediate the interplay of junction molecules with the actin
cytoskeleton [111]. Changes in cadherin-based adherens junctions contribute to the
disruption of epithelial cell polarity, which is the onset of morphology change processes
such as tissue rearrangement, cell migration and differentiation, EMT, and metastasis [74].
Recently, novel chemical inhibitors of -catenin were identified. For example, CWP232228
antagonizes binding of B-catenin to TCF in the nucleus and suppresses breast cancer stem-
like cells, implying potential use of these small molecular inhibitors as a cancer therapy
[48].

4. Secreted proteins (MMPs and NAG-1)

4.1. MMPs

Matrix metalloproteinases (MMPs) were originally identified as zinc-dependent
endopeptidases that act in the extracellular matrix. Most studies on the biological function of
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MMPs focused on degradation and turnover of extracellular matrix (ECM) components
which contribute to cell invasion [55, 83]. Emerging data have uncovered nontraditional
roles for MMPs in the extracellular space as well as in the nucleus [71]. The biological role
of intracellular MMPs and their mechanism(s) for protein trafficking are still unclear,
although recent studies have demonstrated some of their functions in intracellular regions
and mechanism(s) for protein trafficking. Specifically, the presence of MMP-2 in the
nucleus of cardiac myocytes has been reported. Poly (ADP-ribose) polymerase (PARP) may
be a nuclear substrate of MMP-2, suggesting a possible role of nuclear MMP-2 in PARP
degradation [57]. MMP-3 is also found in the nucleus in several cultured cell types and in
human liver tissue sections. MMP-3 may have a putative NLS at position 107 to 113 in the
amino acid sequence which is responsible for nucleus entry through the nuclear pore via a
mechanism involving transporter protein recognition of NLS. Nuclear expression of MMP3
is associated with an increased rate of apoptosis, and MMP3 appears to serve as an anti-
tumorigenic protein [101]. An additional putative NLS in MMP3 and unique function of
nuclear MMP3 as a transcriptional factor has been identified (Figure 3). MMP-3 binds to a
enhancer of the connective tissue growth factor (CCN2/CTGF) promoter, transactivates the
CCN2/CTGF gene [28], and promotes chondrocyte proliferation and ECM remodeling.
These studies suggest a new role of MMP3 in the development, tissue remodeling, and
pathology of arthritic diseases through CCN2/CTGF regulation. MMP-12 is known as a
macrophage metalloelastase which contributes to degradation of the extracellular matrix
during inflammatory tissue destruction. However, MMP-12 can be translocated into the
nucleus where it binds to the NFKBIA promoter and drive transcription [72]. Intracellular
MMP-12 mediates NFKBIA transcription, leading to IFN-a secretion and host protection
from virus infection. The recent findings of nuclear localization of MMPs open a new
avenue of study in which MMPs cleave and activate intracellular peptides as well as induce
gene expression.

We identified the NSAID-activated gene-1 (NAG-1, also known as GDF15) as a divergent
member of the TGF-B superfamily by PCR-based subtractive hybridization from an NSAID-
induced library in cyclooxygenase (COX)-negative cells [6]. NAG-1 expression reduces
TNF-a secretion in macrophages [10], and ectopic expression of NAG-1 causes cell growth
arrest [6, 8]. Furthermore, overexpression of NAG-1 in human colon, bladder, and
glioblastoma cells inhibits tumor formation in the nude mouse model [4, 6, 110]. The
principal function, receptor, and signaling pathway of NAG-1 remain uncertain in cancer,
and the biological role of NAG-1 in diseases remains poorly understood with sometimes
contradictory evidence. Several studies have observed major up-regulation of NAG-1
mMRNA and protein in cancer biopsies [81, 98], whereas a number of other studies, including
ours, have demonstrated an anti-tumorigenic function for NAG-1, in which NAG-1 induces
apoptosis and negatively affects tumor growth [6, 7, 16, 53, 54, 124]. Although in vitro
assays show different results, studies conducted in NAG-Tg and NAG-1 KO mice
consistently demonstrate anti-tumorigenic activity associated with expression of this protein
[7, 12, 128]. Some possible explanations of the contradictory activity in vitro include 1)
NAG-1’s different functions in different cancer types, 2) an unidentified role of pro-mature
(pre-processed) NAG-1 in cells, and 3) the contribution of NAG-1 binding proteins or
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receptors in different cells. Overall, NAG-1 represents a highly promising molecular target
for anti-cancer activity induced by NSAIDs, and elucidation of its cellular movement still
needs to be determined toward this end. NAG-1 is synthesized as 308-amino acid pro-
NAG-1 and then dimerized by specific disulfide linkage. A pro-NAG-1 dimer is then
cleaved by furan-like proteases at an RXXR site, forming a 112 amino acid C-terminal
dimeric protein and a pro-peptide [115]. This mature dimeric protein is secreted into the
extracellular matrix and can be found in human blood. Experimental evidence clearly
confirms the secreted mature dimer has biological activity [21]; although pro-NAG-1 is
present in cells, its fate and role resulting in biological activity is unclear. We have recently
reported that pro-NAG-1 accumulates in the nucleus and contributes to transcriptional
regulation [76]. Pro-NAG-1 is expressed in not only the cytoplasm and ECM, but also in the
nucleus. NAG-1 is dynamically moved to the nucleus, exported into cytoplasm, and further
transported into the ECM (Figure 3). We have also found that nuclear NAG-1 contributes to
inhibition of the Smad pathway by interrupting the binding of the Smad complex to DNA.

5. Other proteins (E-cadherin, TGFa receptor I, EGFR, and Smad)
5.1. E-Cadherin

E-cadherin is a class | transmembrane glycoprotein that plays important roles in cell
adhesion and formation of adherens junctions. The classically and originally identified
function of this protein was as a cell membrane protein [37, 38]. E-cadherin consists of 5
cadherin repeats (EC1 — EC5) in the extracellular domain that bind calcium ions to form a
stiffened linear molecule, one transmembrane domain, and an intracellular domain that
interacts with catenins and a variety of actin-binding proteins to anchor the cadherin—catenin
complex to the actin cytoskeleton [37]. E-cadherin can also block growth factor-mediated
proliferation signaling (contact inhibition of growth), thereby maintaining tissue integrity
and preserving tissue function [91]. A decrease in E-cadherin, attenuating strong cell-cell
interactions, has been implicated in cancer progression and metastasis [89]. Decreasing the
strength of cellular adhesion to a tissue gives rise to cancer cell motility, enabling cancer
cells to cross the basement membrane and invade surrounding tissues. Reduced expression
of E-cadherin is indicative of an unfavorable clinical outcome in several malignant diseases
[125]. This evidence supports the notion that E-cadherin may be a tumor-suppressor protein.
However, emerging roles of nuclear E-cadherin as a modulator of tumor growth survival and
motility, triggering cancer progression, has been reported; therefore, E-cadherin may also
possess oncogenic functions. E-cadherin has been shown to be cleaved by y-secretase, after
which the cytoplasmic fragment of E-cadherin translocates to the nucleus and regulates gene
expression [32], implying that oncogenic functions of E-cadherin may arise from the cleaved
form in the nucleus. The nuclear E-cadherin fragment interacts with CTF2 to suppress the
induction of apoptosis [32]. In vivo study has shown that detection of aberrant nuclear E-
cadherin correlates with lymph node spread and liver metastases in pancreatic endocrine
tumors [15]. In addition to y-secretase, several proteases, and matrix metalloproteinases
(MMP-3, MMP-7, MMP-9, and MT1-MMP) have also been reported to convert the mature
120 kDa E-cadherin into an extracellular N-terminal 80-kDa fragment and an intracellular
C-terminal 38-kDa fragment [25]. Interestingly, the extracellular fragment is released from
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the plasma membrane and diffuses into the extracellular environment and even the
bloodstream to serve as a paracrine/autocrine signaling molecule [46].

5.2. TGF-B receptor |

5.3. EGFR

TGFP receptors are type | transmembrane proteins that possess serine/threonine kinase
activity. In the canonical pathway, active TGF-B1 binds to cell surface receptor kinases
TGF-B type | (TBRI) and type Il receptors (TBRII). Upon ligand binding to TBRII, TRRII
further phosphorylates and activates TRI, which in turn propagates the signals by
phosphorylating the aforementioned Smad proteins [100] to regulate cell differentiation,
morphogenesis, tissue homeostasis, and regeneration. This function as a cell membrane
receptor for sensing and propagating signals was originally identified as the role of TGFj
receptors. Since TNF-alpha converting enzyme (TACE) has recently been shown to cleave
and release ectodomains of TBRI and attenuate TGFp signaling [62], Yabing Mu’s group
reported that TGFp induces Lys63-linked polyubiquitination of TBRI via TRAF6 to promote
cleavage of TPRI by the metalloprotease TACE, resulting in translocation of the intracellular
domain of TPRI to the nucleus [79]. Once the liberated intracellular domain (ICD) of TBRI
is translocated to the nucleus, it associates with the transcriptional regulator p300 and
promotes tumor progression by activating invasion-regulating target genes such as Snail and
MMP2. Nuclear translocation of TBRI in response to TGFf is not abolished by TRI serine/
threonine kinase inhibitor SB505124, implying that a therapeutic strategy that targets both a
kinase function and nuclear function of TBRI may elicit a better effect in inhibiting tumor
progression. Another recent report has shown that ligand-stimulated TPRI is translocated to
the nucleus in association with importin p1, nucleolin, and Smad2/3 in HER2-transformed
cells. In the nucleus, TBRI specifically recognizes RNA targets and regulates RNA
processing [13].

The epidermal growth factor receptor (EGFR, also known as ErbB1/HERLY) is a member of
the EGFR tyrosine kinase family and consists of HER2/neu (ErbB2), HER3 (ErbB3), and
HER4 (ErbB4). EGFR triggers intracellular signaling pathways by phosphorylating
downstream signal molecules such as the RAS/MAPK, PI(3)K/Akt, PLCy/PKC, and Jak/
STAT. Stimulation of these kinases and downstream cell signaling cascades influence cell
proliferation, apoptosis, migration, and survival, as well as complex biological processes.
There are many reports that EGFR has been consistently detected in the nuclei of cancer
cells from primary tumor specimens and highly proliferative tissues [61, 122], suggesting a
second function of EGFR as a nuclear factor in addition to its role in traditional cytoplasmic
signaling. Research over the last decade has demonstrated the mechanism(s) of transport of
EGFR to the nucleus. The EGFR family members (EGFR, ErbB2, ErbB3, and ErbB4) have
a conserved tripartite nuclear localization signal (NLS), which can recognize importin 31 for
shuttling EGFR to the nucleus [43]. EGFR is described as undergoing COPI-mediated
retrograde trafficking from the Golgi apparatus to the ER [119], and then EGFR is
translocated to the inner nuclear membrane (INM). Molecular mediators for nuclear
translocation of EGFR include dynamin, importins, and Sec61 [118], and CRM1 exportin
may be involved in the nuclear export of EGFR [63]. Upon entry into the nucleus, EGFR
can function in ways distinct from the receptor tyrosine kinase on plasma membrane. Many
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reports have indicated a role of nuclear EGFR as a co-transcription factor via its interaction
with transcription factors, including E2F1 and STAT3 [29, 39, 64]. This evidence suggests
that the subcellular distribution of EGFR contributes to the evocation of different biological
outcomes that need to be considered in the field of EGFR studies. Indeed, a recent study
demonstrated that cetuximab, which is an IgG1 chimeric monoclonal antibody targeting the
ligand-binding domain of the EGFR, may have varied efficacy due to the presence of
nuclear EGFR. Although cetuximab can abrogate signals from plasma membrane EGFR,
nuclear EGFR is not affected by cetuximab. Therefore, nuclear EGFR is not targeted by
cetuximab and propagates its own signals through the modulation of cyclin D1, B-myb, and
Aurora kinase A, contributing to increased proliferation [60]. This implies that new
therapeutic chemicals need to be considered to target both plasma membrane EGFR and
nuclear EGFR.

Smad family transcription factors are downstream mediators of TGFf superfamily
cytokines, and eight Smad proteins have been identified in human and mouse [75]. Smad1,
Smad2, Smad3, Smad5, and Smad8 are substrates for TGFf receptors, referred to as
receptor-regulated Smads, or R-Smads. Smad4 interacts with all R-Smads as a common
partner, also referred to as Co-Smad. Smad6 and Smad7 are inhibitory Smads, also referred
to as I-Smads that attenuate interaction between Smad-receptors or Smad-Smad interaction
[2]. R-Smads constantly shuttle between the cytoplasm and the nucleus in the basal state to
monitor if TGFp receptors are activated. Upon ligand binding, R-Smad phosphorylated by
its receptor can be recognized by the Co-Smad (Smad4); in this cellular context, the
complex then enters the nucleus more rapidly to regulate transcription of target gene
incorporation with other DNA-binding cofactors [42, 80]. This process originally
characterized R-Smads and Smad4 in the nucleus as playing a role in transcription factor-
mediated TGFp signaling. However, Smad could be an adaptor protein in the cytoplasm to
regulate other signal pathways. For example, Dvl-1, Erbin, and Par-3 have been identified as
Smad3 binding proteins using a yeast two-hybrid screen, suggesting that Smads can directly
interact with these proteins not as transcription factors, but to regulate cell polarity [120].
Smad3 also binds to collagen types 1, 111, and V, implying another aspect of Smad proteins
not serving as a transcription factor in the development of the orofacial region [30]. Smad4
binds to Hoxa9 protein in the cytoplasm to prevent nuclear translocation of Hoxa9,
suggesting a protective role of Smad4 against nuclear activation by Hoxa9 and leukemia
transformation [92]. These examples indicate that monitoring the activation of the TGFf
receptor is not only a task that Smad proteins have for ultimate regulation of gene
expression, but Smad proteins also interact with different components of other pathways in
the cytoplasm [129] as adaptor or anchor proteins for fine tuning and crosstalk of the TGF
signal with anther signaling pathway.

6. Conclusion

The list of multifunctional proteins and their new biological roles continue to grow.
Changing subcellular localization contributes to giving a protein additional function, as seen
in the proteins described above. The take-home message of this review is that disease
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progress may not only arise from a mutation in a gene and expression of splice variants, but
also from dysregulation of the protein sorting system that controls protein localization in the
cell. These findings articulate a need for further study of the molecular mechanisms by
which moonlighting proteins affect biologic activity through protein production,
modification, secretion, and nuclear translocation to interact with other proteins in the cell.
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e We summarized moonlighting proteins in cancer signaling.

o Classical localization of cytoplasmic proteins, nuclear proteins, secreted

Highlights

proteins, membrane bound proteins, and receptors were described with alterative
localization.
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Figure 1. Examples of cytosolic moonlighting proteins
Hsp90, GAPDH, and TG2 are classically known as a cytosolic protein. These proteins also

possess biological activity in different translocation such as ECM (Hsp90) and nuclear
(GAPDH and TG2). TG2, transglutaminase 2; Hsp90, heat shock protein 90; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase. Details are in the text.
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Figure 2. Examples of nuclear moonlighting proteins
HMGB1, p53, p-catenin, and ESE-1 are classically known as a nuclear protein to control

chromatin structure and transcription. These proteins also play significant biological roles in
ECM, mitochondria and cytosol. HMGBL1, high mobility group box 1. Details are in the text.
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NAG-1 and MMPs are classically known as a secreted proteins. However, these proteins
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Examples of multifunctional proteins shown in cancer and their subcellular localizations and functions.

Protein Subcellular localization/function
Primary Additional

p53 Nucleus/Transcription factor Mitochondria/Promoting mitochondrial membrane
permeabilization

Smads Nucleus/Transcription factor Cytoplasm/Adaptor protein

Hsp90 Cytoplasm/Molecular chaperone Extracellular region/Regulator for angiogenesis and cell
invasiveness

TG2 Cytoplasm/Catalyzes protein cross-linking (1) Nucleus/Regulates gene expression; (2) Extracellular region/
Cell adhesion and spreading

[-catenin Nucleus/Transcription factor Cytoplasm/Interaction with catenins and actins

GAPDH Cytoplasm/Glycolytic enzyme Nucleus/Participates in gene regulation

HMGB1 Nucleus/Binds to nucleosomes Extracellular region/Inflammatory cytokine

E-cadherin  Cell surface/Involved in cell adhesion Nucleus/Gene regulation

TBRI Cell surface/Type | transmembrane protein Nucleus/Participates in gene regulation

EGFR Cell surface/Membrane receptor tyrosine kinase for EGF Nucleus/Co-transcription factor

MMPs Extracellular region/Secretion protein involved in proteolysis  Nucleus/Regulates gene expression

NAG-1 Extracellular region/Secretion protein involved in apoptosis Nucleus/Gene regulation

ESE-1 Nucleus/Morphology and terminal differentiation Cytosol/Transformation
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