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ABSTRACT

14-3-3 is a highly conserved acidic protein family, composed of seven isoforms in mammals. 14-3-3 protein can
interact with over 200 target proteins by phosphoserine-dependent and phosphoserine-independent manners. Little is
known about the consequences of these interactions, and thus are the subjects of ongoing studies. 14-3-3 controls cell
cycle, cell growth, differentiation, survival, apoptosis, migration and spreading. Recent studies have revealed new
mechanisms and new functions of 14-3-3, giving us more insights on this fascinating and complex family of proteins.
Of all the seven isoforms, 14-3-36 seems to be directly involved in human cancer. 14-3-30 itself is subject to regulation
by p53 upon DNA damage and by epigenetic deregulation. Gene silencing of 14-3-36 by CpG methylation has been
found in many human cancer types. This suggests that therapy-targeting 14-3-3¢ may be beneficial for future cancer

treatment.
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INTRODUCTION

Gene inactivation leading to cancer can be due to epi-
genetic causes. One epigenetic event involves changes in
chromatin conformation due to histone modification by
acetylation and deacetylation. Another has been associ-
ated with transcriptional silencing, due to methylation of
CpG islands around the gene promoter. Gene silencing
through promoter hypermethalytion has been the subject
of a large number of studies and has gained interest for
numerous reasons. Methylation occurs early in cancer,
and therefore it can be a useful tool to detect recurrences
or relapses. In addition, gene methylation can be detected
in body fluids and urine. Finally, reversal of hyper-
methylation can be achieved by administration of new
therapeutic compounds including the metyltransferase
inhibitor 5-Azacytidine, and histone deacetylase inhibitors
[1-2]. A growing list of tumor suppressor genes silenced
by DNA hypermethylation of the promoter are described
in various cancer types, including fragile histidine triad
(FHIT) gene, ANp63, Cadherin-1 (CDHI), RAS associ-
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ated domain family (RASSF1A), Cadherin 13 (CDHI3),
secreted frizzled related protein- 1 (sFRPI), retinoic acid
beta (RARD), p16 and death associated kinase (DAPK),
and /4-3-30 genes [3]. 14-3-30 will be the topic of our
review.

14-3-3c belongs to the 14-3-3 protein family, which is
a class of highly conserved proteins involved in regulating
signal transduction pathways, apoptosis, adhesion, cellular
proliferation, differentiation and survival. Among all 14-3-
3 proteins, 14-3-3¢ is the isoform most directly linked to
cancer [4]. There are several lines of evidence indicating
that 14-3-3G acts as a tumor suppressor gene and that its
inactivation is crucial in tumorigenesis. In this review, we
will summarize the role of 14-3-3 protein in controlling cell
cycle, apoptosis and adhesion. Emphasis will be given to
the most recent research work elucidating its function and
its mechanism. Secondly, we will discuss the potential
regulators of 14-3-3, mainly those involved in 14-3-3c.
Thirdly, 14-3-36’s link to cancer and its epigenetic silenc-
ing will be described. Ultimately, we will conclude by
discussing the potential use of specific targeted therapies
toward 14-3-3¢ for patients with cancer.

14-3-3 PROTEINS, AN OVERVIEW
The discovery of 14-3-3 proteins goes back to the work
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of Moore and Pretz in 1968, when they found 14-3-3 in
brain tissue. The peculiar name, 14-3-3, was given to this
family of protein due to their characteristic migration pat-
tern on scratch-gel electrophoresis [5]. 14-3-3 proteins
belong to a family consisting of highly conserved acidic
proteins, with molecular weights of 25-30 kD. It is com-
posed of at least seven mammalian isoforms, which are
found in all eukaryocytic cells. 14-3-3 acts as an adaptor
or “chaperone molecule”, which is able to move freely
from cytoplasm to nucleus and vise-versa [6]. 14-3-3 pro-
teins are mainly cytoplasmic molecules. It can form
homodimers or heterodimers, and interact with various
cellular proteins. They are phosphoserine-binding proteins
that bind to the consensus motifs RSXpSXP and RXY/
FXpSXP. These consensus motifs are present in almost
all of the 14-3-3 binding proteins [7]. Over hundred small
molecules interact with 14-3-3 in a phosphorylation-de-
pendent manner. These proteins include protein kinases
(murine leukemia viral oncogene homologue - RAF1,
MEK kinase, PI3 kinase, and Grb10), receptor proteins
(insulin-like growth factor 1 and glucocorticoid receptors),
enzymes (serotonin N-acetyltransferase, tyrosine and tryp-
tophane hydroxylase), structural and cytoskeletal proteins
(vimentins, and keratins), scaffolding molecules
(calmodulin), proteins involved in cell cycle control (cdc25,
p33, p27, and weel) and proteins involved in transcrip-
tional control (histone acetyltransferase, and TATA box
binding proteins), and proteins involved in apoptosis (BAD)
[7, 8]. However, a few proteins interact with 14-3-3 in a
phosphorylation-independent manner such as (Bax).
Recently, using direct proteomic analysis, researchers have
identified a large number of polypeptides (>200) that can
associate with 14-3-3 proteins. These polypeptides are
involved in numerous cell functions. These functions in-
clude fatty acid synthesis, reductive metabolism, iron and
other metabolisms, DNA/ chromatin interactions includ-
ing transcription factors, RNA binding, protein synthesis,
protein folding and processing, proteolysis, protease
inhibitors, ubiquitin metabolism, cellular signaling and
apoptosis, actin dynamics, cellular trafficking and
tansporters, signaling kinases, cell division, nuclear
proteins, oncogenic signaling, and cytoskeletal proteins
[9,10]. An study demonstrated that some of the 14-3-3
binding proteins are involved in the regulation of the
cytoskeleton, GTPase function, membrane signaling, and
cell fate determination [11]. It is difficult to list the numer-
ous 14-3-3-interacting proteins here. The important con-
sequences of these interactions include alterations of en-
zymatic activity, inhibition or promotion of protein
interactions, and enhanced pos-translational modifications
such as phosphorylation. However, many other conse-
quences are still unknown. So far, the most common func-
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tion of 14-3-3 is sequestration of proteins in the cytoplasm,
leading to inhibition of their function [12].

14-3-3 in cell growth, survival and differentiation
14-3-3 regulates cell growth, survival and differentiation.
These tasks are achieved through various mechanisms.
14-3-3 regulates cell growth through its interactions with
Raf-1 in Raf-1/ERK, the extracellular signal-regulated
kinase (also known as the mitogen activated protein,
MAP) pathway. The MAPK signaling cascade control cell
growth, differentiation and survival, involving many sub-
strates and numerous steps. Growth factors, hormones
and mitogens stimulate the activity of extracellular signal-
regulated protein kinases ERK1 and ERK2. ERK1/ERK2
are activated by the mitogen-activated protein kinase
kinases MAPKK (or ERK activator kinases), MEK1 and
MEK?2, which are activated by Raf-1 (MAP3K). For Raf-1
activation, a recruitment to the plasma membrane is
required, where Ras is localized and functions as a stimu-
lator of Raf-1 activity. Once MEK1 and MEK?2 are activated,
they will activate MAPK. Down in the cascade, both
MEK1/2 and MAPK activate latent transcription factors
and change patterns of gene expression [13]. The regula-
tion of Raf-1 by 14-3-3 protein is a well-known phenome-
none, but the exact mechanism is very complex and still
the subject of ongoing research. However, the most recent
data start to unfold the story [14, 15]. All of the Raf
isoforms contain two binding sites for 14-3-3 proteins. In
addition, 14-3-3 has 2 binding sites on the same protein,
one of which is a dominant site or a “gate keeper” site
[16]. In unstimulated cells, the dominant site is phospho-
rylated, whereas the second site is not. This Raf-1 is un-
able to promote stable Raf/14-3-3 interactions. Thus, each
14-3-3 dimer is only bound to its target protein through
one of its two binding motifs. When the second site in
Raf-1 is also phosphorylated, it will bind rapidly to the
target protein due to the high local concentration induced
by proximity. Complying with this model, a study showed
that the first motif is located on Ser®”!, a regulatory region
important for Raf-1 activation. The second motif is lo-
cated on Ser’™, a catalytic region important for Raf-1 sup-
pression [14]. In unstimulated cells, Raf-1 is not phos-
phorylated on Ser”, and 14-3-3 is unable to bind to the N-
terminus of Raf-1 to allow the recruitment of Raf-1 to the
plasma membrane for activation. When both sites are
phosphorylated, 14-3-3 will bind to the N-terminus of
Raf-1 to introduce a conformational change in Raf-1. 14-
3-3 itself however only undergoes a slight conformational
change during this process. As a consequence, 14-3-3
sequesters Raf-1, blocking its recruitment to the plasma
membrane [15]. This in turn, inhibits Ras signaling to the
MAP kinase pathway. Another mechanism by which 14-
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3-3 protein regulates cell growth and survival is by regu-
lation of mitogen-activated kinase-1 (BMK1). BMK1 is
another member of the MAPK family, which promotes
cell proliferation, and inhibits apoptosis [17]. The regula-
tion of BMKI1 is not well understood. MEKS is the up-
stream kinase that activates BMK 1 via phosphorylation.
This activation leads to the phosphorylation and subse-
quent activation of the transcription factor MEF2C [18].
Recently, the isoform 14-3-33 was implicated in BMK1
regulation. It appears that phosphorylation of BMK1 on
ser**¢ within its C terminus is required for its binding to
14-3-3B. Furthermore, the binding of 14-3-3f to BMK1
inhibits the phosphorylation of BMK1 and subsequently
blocks the activation of MEF2C. Additionally, another mode
other than phosphorylation has been suggested [19]. It
has been shown that by interacting with ser**¢, a region
located within the BMK1-MEF2C interaction site, 14-3-3
may competitively inhibit the binding of MEF2C to BMK1.
Therefore, 14-3-3 inhibits BMK1 from activating its tran-
scription factor substrates.

Recent studies showed that 14-3-3 controls cell prolif-
eration by binding to p27. p27 is a cyclin-dependent ki-
nase inhibitor, which upon migration to the nucleus inhib-
its cyclin dependent kinase activity and blocks cell cycle
progression. Since cyclin-dependent kinases are nuclear
proteins, localization of p27 in the nucleus is vital for its
ability to inhibit these kinases [20, 21]. The phospha-
tidylinositol-3 kinase (PI3K)/Akt pathway regulates cell
proliferation, survival and motility, and its inappropriate
activation has been implicated in carcinogenesis [21]. Akt
phosphorylates p27 on Ser'’, Thr'*’, and Thr'*®. Phos-
phorylation of p27 on Th'*’ causes its association with 14-
3-3. 14-3-3 sequesters p27 in the cytoplasm, and thus,
inhibits its nuclear function [22]. The end result is activa-
tion of cyclin CDK complex activity and cell cycle
progression.

Another mechanism by which 14-3-3 controls cell
growth is through its regulation of tuberous sclerosis
genes. TSC1 encodes hamartin, and 7SC2 encodes tuberin.
Both genes are considered to be tumor suppressor genes.
Inactivation by point mutations in 7SC/ or 7SC2 genes
have been reported in patients with tuberous sclerosis, an
autosomal-dominant condition characterized by the devel-
opment of hamartomas in many organs. The TSC1/TSC2
complex plays an important role in inhibiting cell growth
and in control of cell size. Both genes are involved in con-
trolling the transition from the G, phase to S phase [23].
Furthermore, overexpression of TSC1 gene triggers an
increase in cyclin dependent kinase inhibitor, p27 expres-
sion [24]. Therefore, TSC1 could be involved in cell cycle
control through the P27 cell cycle regulator. There is line
of evidence showing the involvement of 14-3-3 in cell
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cycle regulation via TSC1/TSC2 complex. Using
proteomics analysis, Hengstchlager et a/ showed that the
cellular levels of four 14-3-3 isoforms (v, €, { , and ©)
were up regulated by the TSC1/TSC2 complex [25]. This
suggests that members of the 14-3-3 family are involved
in cell cycle regulation via TSC1/TSC2. Furthermore,
recent studies showed that TSC2, but not TSC1, is able to
interact with 14-3-3 [26]. This interaction is phosphoryla-
tion-dependent, requiring TSC2 phosphorylation on
Ser'?' by an unknown kinase. The association of 14-3-3
to TSC2 leads to functional inhibition of TSC2 [27].

14-3-3 in cell cycle regulation and apoptosis

14-3-3 plays a major role in cell cycle regulation. The
association of 14-3-3 with its target proteins affects cell
cycle progression. This occurs through different mecha-
nisms and may occur by affecting protein localization or
by modification of their enzymatic activity. Cdc25C is a
member of the Cdc25 family of dual protein phosphatases,
which includes Cdc25A, Cdc25B, and Cdc25C. Cdc25B
and Cdc25C have been implicated in the activation of the
CDCKl1/cyclinB1 complex, which advances the cell cycle
from G, to M phase. Cdc25C activates the cyclin-depen-
dent kinase CDC2, which drives the cells through mitosis.
Overexpression of Cdc25B induces premature mitosis,
more efficiently than Cdc25C, and leads to mitotic catas-
trophe [28-29]. During interphase, the 14-3-3 isoforms €
and v bind to Cdc25c. This results in Cdc25C sequestra-
tion in the cytoplasm, and leads to its inactivation, pre-
sumably by preventing the premature activation of CDC2.
This binding requires the phosphorylation of Cde25C on
Ser’'®by TAK1 kinase and maybe by other unidentified
kinases [30]. Furthermore, CDC2 blocks the inhibition of
its own activator, insuring that it could become activated
once mitosis is initiated. A similar mechanism takes place
after DNA damage when the so called “checkpoint ki-
nase” CHI1K becomes activated. CHIK phosphorylates
Cdc25C resulting the binding of the latter to 14-3-3 [31].
Subsequently, Cdc25C becomes sequestrated in the cyto-
plasm and results in cell cycle arrest in G, phase. In
contrast, 14-3-36 does not bind directly to Cdc25C like
the other isoforms. Instead, 14-3-3c affects cdc25C indi-
rectly by inhibiting the premature chromatin condensation
induced by Cdc25C [30]. Finally, by the same mechanism
of regulation, the 14-3-3 isoforms 3 and &, inhibits Cdc25B
[32]. As we mentioned earlier, 14-3-3 controls the cell
cycle by directly affecting wee-1 enzymatic activity. Wee-1,
a tyrosine kinase, is activated by phoshorylation during
interphase. The association of 14-3-3 to wee-1 phospho-
rylated on Ser®”, enhances its activation. Activated wee-1
inhibits CDC2 phosphorylation and blocks cell cycle pro-
gression [33].
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14-3-3 regulates apoptosis through its interactions with
the two pro-apoptotic proteins Bax and BAD. Normally,
Bax is located in the cytoplasm in an inactive state. Upon
DNA damage, and in the absence of 14-3-30, Bax trans-
locates to the mitochondria around the centrosomes and
drives the cells for rapid progression into apoptosis.
However, when 14-3-36 is present, 14-3-3G interacts with
Bax in a phosphorylation-independent manner, leading to
the sequestration of Bax in the cytoplasm. This prevents
the cell from entering apoptosis [34]. Recently, similar
effects upon interaction of 14-3-36 with Bax have been
reported [35]. Additionally, 14-3-3 controls apoptosis by
its regulation of BAD. BAD inhibits the antiapoptotic func-
tions of Bcl2 and Bclx. Following the phosphorylation of
BAD by Akt, protein kinase A, and ribosomal S6 kinase-1,
BAD will associate with 14-3-3. Subsequently, 14-3-3
induces conformational changes in BAD, resulting in its
dissociation from Bcl2 or Belx. This, in turn blocks the
pro-apoptotic effects of BAD [36]. Thus, 14-3-3 proteins
play an active role in delaying and suppressing apoptosis,
and in allowing time for DNA repair after cellular damage.

14-3-3 in cell spreading and migration

14-3-3 plays a role in controlling cellular spreading and
migration through integrin regulation. Integrins are a fam-
ily of cell-surface glycoproteins that link the extracellular
matrix to the actin cytoskeleton. By regulating signal trans-
duction across the plasma membrane, integrins are ca-
pable of controlling cellular spreading, migration, and sur-
vival [37]. 14-3-3f interacts with the cytoplasmic tail of
B1-integrin, and overexpression of 14-3-3f stimulates cell
spreading and migration [38]. Numerous proteins interact
with 14-3-3, either by a phosphoserine-dependent or by a
phosphoserine-independent manner. However, unlike these
other proteins, the cytoplasmic tail of B1-integrin does
not contain sequence motifs for binding 14-3-3 in a
phosphoserine-dependent or in phosphoserine-independent
manners. Another mechanism must exist to allow the bind-
ing of B-integrin to 14-3-3f. A recent study showed that
14-3-3f contains a novel-binding site for its interaction
with B1 integrin [39]. This interaction requires residues,
such as Ser® on helix C, which is located outside of the
amphipathic grooves of 14-3-3f. Thus, the phosphoryla-
tion of Ser® may block the interaction of 14-3-3 with
Bl-integrin cytoplasmic domain. This promotes cell
spreading and migration. Additionally, 14-3-33 may pro-
mote cell spreading and migration by interacting with
Raf-1, or p130cas, (a small protein implicated in cell
spreading), or other signaling pathways involved in cell
migration [40].

Another mechanism by which 14-3-3 affects cell
spreading and migration is through its regulation of the
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Ca*'/calmodulin-dependent protein kinase (CaMK)
pathway. Elevated intracellular calcium triggers multiple
signaling pathways including the CaMK cascade, its down-
stream targets CaMKI, CaMKIV, and protein kinase B
(PKB). CaMKI is cytosolic and regulates mRNA translation,
cytoskeletal organization, and axonal growth cone motility
[41]. CaMKIV is nuclear and regulates gene transcription.
Moreover, CaMKI and CaMKIV have phosphorylation
sites, which in the presence of elevated intracellular Ca**,
become activated through phosphorylation by CaMK ki-
nase (CaMKK). Recently, it has been shown that PKA-
mediated phosphorylation of CaMKK occurs at 3 regula-
tory sites, Ser™®, Ser'®, and Ser**®. The latter two phos-
phorylations lead to its inactivation. Phosphorylation of
Ser” causes CAMKK to bind to 14-3-3, resulting in
CAMKK inhibition. Secondly, this binding blocks the sub-
sequent dephosphorylation of Thr'®, resulting in maintain-
ing CAMKK in an inactive state [42].

14-3-3¢

14-3-30 is primarily expressed in epithelial cells. It is
also known as HEM-1, human epithelial marker (HEM) or
as stratifin. By immunohistochemistry, 14-3-36 (HEM/
startifin) was seen in both the cytoplasm and the nucleus
of normal tissue. This shows once more that 14-3-3 is a
dynamic protein that can shuttle in and out the nucleus as
needed. Strong 14-3-3G expression was observed in the
keratinocytes of the skin, in urothelial epithelium, in
periductal and periglandular cells of the prostate, in breast
and in squamous epithelium of the exocervix. On the other
hand, no 14-3-3¢ expression was seen in the germinal
cells of the testis, or ovary, or in the thyroid, liver, lymph
node, or skeletal muscle. Focal sporadic expression was
seen in the renal tubules, but none was seen in the glom-
eruli [43] (Fig. 1 A-C).

14-3-30 seemed to be regulated by different mecha-
nisms, which when altered contributed directly to cancer
development. The major regulator of 14-3-3¢ is the tumor
suppressor gene, pS3. Following cellular DNA damage,
p53 is activated. Subsequently, p53 either mediates a cell
cycle arrest or apoptosis, ensuring the maintenance of gene
stability. p53 regulates the cell cycle by inducing G,/S
arrest which is mediated by p21. In addition, p53 regu-
lates the G,/M checkpoint by inducing /4-3-30 expression.
Upon DNA damage, p53 becomes dephosphorylated and
is able to bind the promorter region 1.8 kb upstream of
14-3-3c transcription start site. The subsequent activa-
tion and increased expression of 14-3-3¢ lead to the se-
questration of CDK1/cyclin B1 in the cytoplasm, and
thereby blocks the interaction of CDC2 with CDK1 and
the entry of the cell into mitosis, allowing time for DNA
repair [44-46]. Furthermore, 14-3-36 may directly increase
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Fig. 1 Immunohistochemistry using 14-3-36 polyclonal antibody in normal tissue showed a positive expression in the myoepithe-
lial cells of normal breast tissue (A), in the basement membrane and epithelia cells of normal prostate (B). There is focal and sporadic
expression in normal renal tubules, but not in the glomeruli (C).

the transcriptional activity of p53, suggesting a positive
feedback loop. In cancer, mutated p53 results in a de-
crease in 14-3-3¢ expression. Therefore, 14-3-36 will not
be able to arrest the cancerous cell in the G, phase, thus
allowing the occurrence of mutations and aberrant chro-
mosomes structures. Recently another tumor suppressor
gene, BRCA1, has been shown to act synergistically with
p53 during DNA damage [47]. In irradiated /4-3-30" cells,
there is increased frequency of chromosome end-end
associations with loss of telomeric repeat sequences. Even
without radiation-induced DNA damage, /4-3-30"" cells
have an increase frequency of genetic aberrations [48].
This genetic instability seen in 14-3-3c deficient cells may
contribute to tumor progression. Secondly, 14-3-36 may
be regulated by p63, a protein, which controls cell cycle
arrest and /or apoptosis. p63 encodes two major isoforms,
TA (transcriptionally active) p63 and AN (dominant
negative) p63. When overproduced, the TAp63 isoform
induces apoptosis by transactivation of p53. The ANp63
suppresses both p53 and TAp63 transactivation in a domi-
nant negative manner [49]. p63, in which the ANp63 prod-
ucts account for virtually all p63 protein expression, is
mainly expressed in the basal/progenitor cell compartment
of epithelial structures. 14-3-3¢ is highly expressed in
keratinocytes at both the mRNA and protein levels, whereas
its expression is repressed in the basal/progenitor cells [50].
In the basal cells, suppression of 14-3-3¢ is mediated by
ANp63. ANp63 regulates the stem-cell fate by occupying
the p53- binding site on 14-3-36 resulting in repression of
its function. When keratinocytes become more
differentiated, ANp63 is no longer produced, the suppres-
sion of 14-3-30 is lifted, and 14-3-3G is again expressed.
Thirdly, 14-3-36 can be regulated by estrogen-induced
zinc finger protein (EFP). In breast epithelial cells, 14-3-
30 expression seems to be post-translationally regulated
through the interaction with EFP, which results in 14-3-
36 ubiquitinylation and its rapid degradation. Furthermore,
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over-expression of EFP in vivo can induce tumors pre-
sumably by inducing genomic instability due to the loss of
14-3-30. Lastly, silencing of the /4-3-30 gene occurs by
CpG methylation, and it is seen in various cancers

14-4-3c AND CANCER

14-3-30 is a tumor suppressor gene, which contributes
to cancer development. Gene silencing of /4-3-30, mainly
by CpG methylation, occurs in numerous solid tumor types
and even in hematologic malignancies (also see review in
the same issue by Lodygin and Hermeking) [52]. There is
a significant association between aberrant 14-3-36 protein
expression (as shown by immunohistochemistry (IHC)
and CpG methylation detected by methylation specific-
PCR (MSP). 14-3-36 methylation and its aberration ex-
pression are seen in preneoplastic lesions such as vulval
intraepithelial neoplasia (VIN) (60%), prostatic intraepi-
thelial neoplasia (PIN) (95 %), ductal carcinoma in situ
(83%), atypical hyperplasia (38%), and even in morpho-
logically normal tissue adjacent to cancer [53-55]. Epige-
netic modification of the /4-3-3c gene is a very early event
in carcinogensis and can precede any morphologic change
in tissue. Therefore, evaluation of /4-3-30 methylation in
urine and body fluids may be useful in monitoring recur-
rence in cancer patients and/or detection early disease.
However, 14-3-36 methylation was recently detected in
normal lymphocytes, and lymphoid malignancies such as
precursor B ALL, Burkitt’s lymphoma, and ALL cell lines
[56]. This may give false positive results when using body
fluid as a source to detect 14-3-36 methylation. Secondly,
when analyzing 14-3-36 methylation in human tissues for
research purposes, strong inflammatory reactions accom-
panying epithelial tumors could give false positive results.

14-3-36 downregulation, by CpG methylation, is de-
tected in adenocarcinomas of breast (96%), in squamous
cell carcinoma of the vulva (60%), in lung cancer (83%),
in hepatocellular carcinoma (89%), in ovarian carcinoma
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Fig. 2 There is strong 14-3-3c expression in breast adenocarcinoma (A), prostate adenocarcinoma (B), and squamous cell carcinoma

of the exocervix of the uterus (C).

(60%), in endometroid endometrial adenocarcinoma (74%),
in gastric adenocarcinoma (43%), in basal cell carcinoma
BCC (68.3%), in squamous cell carcinoma of the bladder,
in neuroendocrine tumors (85%), and in prostate cancer
(45%) [57-63] (Fig. 2 A—C). However, 14-3-3G appears
to have no role in the pathogenesis of renal and testicular
tumors [64]. Surprisingly, 14-3-36 is highly expressed in
pancreatic adenocarcinoma [65]. In lung cancer, inacti-
vation of /4-3-30 by DNA methylation appears to be type-
specific where it is more frequent in small cell carcinoma
cell lines (57%) than in non-small cell carcinoma cell lines
(6%) [66]. In breast cancer, using a proteomic approach,
Vercoutter-Edouart et al showed that 14-3-36 is strongly
downregulated in breast cancer in comparison to normal
breast tissue, whereas, the levels of other isoforms (g, B,
3. ©) were the same in both normal and breast cancer
[67]. Therefore, 14-3-30¢ may play an important role in
breast cancer carcinogenesis. No association between p53
mutations and 14-3-3¢ expression in human tissues was
seen, suggesting that the constitutive expression of 14-3-
30 may be dependent on other factors rather than p53
[60, 64]. Furthermore, no association between 14-3-36
downregulation and increased level of the dominant-nega-
tive transcriptional regulator ANp63 was seen [58]. In
lung cancer, one report showed that squamous cell carci-
nomas express 14-3-36 more strongly than adeno-
carcinomas, suggesting that this protein has a tendency to
be more expressed in cells with squamous differentiation
[62]. As an epithelial marker, 14-3-36 expression could
distinguish prostatic adenocarcinoma from urothelial car-
cinoma and seminoma from embryonal carcinoma [68].
This finding may help pathologists to differentiate these
tumor types. However, similar to all of the immunohis-
tochemical markers, the expression of 14-3-36 should be
interpreted in the context of a panel of antibodies when
used for diagnostic purposes.

Why is 14-3-36 so unique among all of the 14-3-3 family
proteins? And why are there so many isoforms? Recently,

www.cell-research.com | Cell Research, 15(4):228-236, Apr 2005

studies showed that 14-3-3c and the other isoforms differ
in structure [69-70]. The authors showed that endogenous
14-3-30 forms homodimers, while the other isoforms form
homodimers and heterodimers. Secondly, 14-3-3c has 3
unique amino acids Met202, Asp204, and His206. These
amino acids may form a unique binding site for a ligand,
which only binds to 14-3-3c. These three unique amino
acids may cause the inability of 14-3-36 to bind Cdc25C.
However, all other isoforms are able to bind to Cdc25C.
In addition, significant structural differences between the
14-3-3 isoforms have been detected and these differences
seem to reside adjacent to the amphipathic groove, a re-
gion where 14-3-3 binds with numerous phsophoserine
ligands. Study by van Hermet et a/ showed a difference in
the protein distribution among the 14-3-3 isoforms [71].
They found that 14-3-36 is mainly localized in the cyto-
plasm and only low levels are present in the nucleus. On
the other hand, 14-3-3( was mainly present in the nucleus.
In addition, 14-3-36 was able to shuttle in and out of the
nucleus at higher rate than 14-3-3C. Therefore, 14-3-30
would pass into the nucleus and back to the cytoplasm
while 14-3-3C would pass into the nucleus and stay there.
Together, these studies show that 14-3-3 proteins are not
static molecules, that they sequester ligand proteins in the
cytoplasm, but they actively shuttle in and out of the
nucleus, and that by doing so they change the distribution
of their bound-proteins. In addition, the difference in struc-
ture between 14-3-36 and the other isoforms may account
for their differences in substrate specificity.

14-3-3 AS POTENTIAL THERAPEUTIC TARGET
IN CANCER

14-3-3 are abundant proteins and have many functions.
Inhibition of 14-3-3 protein expression may prove detri-
mental to the cells. Alternatively, specific isoforms or spe-
cific functions of these isoforms may be able to be targeted.
One isoform that could be a potential target for therapeu-
tic agents is 14-3-36 [72]. However, no inhibitor of 14-3-
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30 has been designed. Difopein is a competitive inhibitor
of BAD binding to 14-3-36. Treatment of cells with
difopein might cause BAD to dissociate from 14-3-3¢ and
to bind to Bel2. This will cause the cells to enter apoptosis.
Difopein could be used in conjunction of conventional
chemotherapy to trigger apoptosis. Another approach could
be through phosphorylation of 14-3-3 substrates, such as
Cdc25C, which leads to cell cycle progression. Thereby,
cells with DNA damage will undergo mitotic catastrophe
and apoptosis [73].

However, the most appealing therapeutic approach is
by using methylation inhibitors. 14-3-30 is frequently si-
lenced by CpG methylation in numerous types of cancer.
Reversal of this hypermethylation can be achieved by ad-
ministration of the metyltransferase inhibitor 5-aza-2-
deoxycytidine (5-Aza) and histone deacetylase inhibitors
[74]. In vitro studies revealed that treatment of the cell
lines with 5-Aza triggered the re-expression of 14-3-3G in
the cells, and 14-3-36 mRNA expression level was in-
creased in a dose-dependent manner. The sensitivity of
cell lines to 5-Aza differed depending upon the cell types.
In our recent work, the endometrial cell line (AN3CA)
was more sensitive to the effects of 5-Aza in comparison
to the prostate cancer cell line (LNCAP) [64]. Thus,
methyltransferase inhibitors such as 5-Aza or others such
as Zebularine and the recent histone deacetylase inhibitors
could be of potential therapeutic use [75]. Clinical trials
are underway, and they show promising results in patients
with cancer.

14-3-36 expression is lost in numerous carcinomas.
This loss may lead to mitotic catastrophe and sensitize
epithelial cells to DNA-damaging agents [76]. More
recently, other 14-3-3¢, {, v, B, 6 isoforms have been iden-
tified in cancer [77]. The €, {, v, B, 0 isoforms have been
detected in lung cancer, suggesting that these proteins might
be involved in lung carcinogenesis. In addition, reduction
of 14-3-3C expression impairs the G2 arrest which leads
to mitotic catastrophe and increase radiosensitivity [78].
These data suggest that inhibition of 14-3-3 could be a
useful approach in order to sensitize human lung cancers
to ionizing radiation. The expression levels of 14-3-3C and
14-3-3¢ in human tumors (biopsies or resection specimens)
may be predictive of the effectiveness of subsequent ra-
diotherapy for adjuvant treatment of cancer.

CONCLUSION

Although 14-3-3 proteins were first discovered in 1968,
it was not until 10 years ago that research on 14-3-3 pro-
teins gained special interest. This interest was spurred by
the increased interest in methylation. Recent studies have
made great progress towards elucidating the functions of
14-3-3 in cell cycle regulation, apoptosis, migration, and
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differentiation. In addition, proteomic has allowed us to
better understand the interactions of 14-3-3 with other
proteins (over 200). However, much yet is to be discovered.
Epigenetic silencing of 14-3-3c expression has been fre-
quently found in numerous cancer types. Loss of 14-3-
30 expression may contribute to carcinogenesis due to
loss of regulation of multiple pathways. We predict that
the future will hold promising answers to unlock the mys-
tery of 14-3-3 involvement in cancer.
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