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Mini Review

ADIPOR1 (adiponectin receptor 1)

Virginia Kaklamani, Christos Mantzoros
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Identity

Other names ACDCRY; CGI-45; CGl45 FLJ25385
FLJ42464 PAQRY, TESBP1A

HGNC (Hugo): ADIPOR1
Location: 1g32.1

DNA/RNA

Description

Eight exons spanning 17.5 kb. Transcription is from
telomere to centromere.

Transcription

Transcription produces 11 different mRNAs, 10
alternatively spliced variants and 1 unspliced form.
There are 6 probable alternative promoters, 2 non
overlapping alternative last exons and 8 validated
alternative polyadenylation sites. The mRNAs appear
to differ by truncation of the 5' end, truncation of the 3'
end, presence or absence of 6 cassette exons,
overlapping exons with different boundaries. 9 spliced
and the unspliced mRNAs putatively encode good
proteins, altogether 9 different isoforms (3 complete, 6
partial), some containing Hiil related proteins
domain (Pfam) some transmembrane domains (Bsor

1 of the 3 complete proteins appears to be secreted. The
remaining MRNA variant (spliced) appears not to
encode a good protein.

Atlas Genet Cytogenet Oncol Haematol. 2010; 14(4) 334

Protein

Description

Receptor for globular and fuléngth adiponectin
(APM1), an essential hormone secreted by adiges
that counteracts the effects of insulin.

Expression

Widely expressed. Highly expressed in adipose tissue
and skeletal muscle. Expressed at interiadel level in
brain, heart, spleen, kidney, liver, placenta, lung and
peripheral blood leukocytes. Weaklyxpgessed in
colon, thymus and small intestine. We have also shown
expression in normal and cancerous breast tissue as
well as in other cancers such as prostate, colon,
endometrial. It is also present in several cell lines.

Localisation
ADIPORL1 localizes tdahe plasma membrane.

Function

Receptor for globular and fuléngth adiponectin
(APM1), an essential hormone secreted by adiges
that acts as an antidiabetic. Probably involved in
metabolic pathways that regulate lipid mbétaism
such as fatty acid xidation. Mediates increased
AMPK, PPARa ligand activity, fatty acid oxidation and
glucose uptake by adiponectin. Has some aiffimity

for globular adiponectin but lowffinity for full-length
adiponectin.
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transcription
cen ' tel

Genomic structure of ADIPORL1. Blue boxes indicate exons.

Homology Prostate Cancer

The mouse, human, and rat Adiporl protein Note
(ADIPOR1) contains 375 amino acids. Human and  Adiponectin levels have been shown to correlate with

mouse ADIPOR1 share 96.8% identity. prostate cancer risk (Barb et al., 2007; Arisan et al.,
. 20009).
Mutations
References

Note
One functional polymorphism has been described. Petridou E, Mantzoros C, Dessypris N, Koukoulomatis P, Addy
Rs7539542 has been found to modulate expnessio C, Voulgaris Z, Chrousos G, Trichopoulos D. Plasma

. adiponectin concentrations in relation to endometrial cancer: a
ADIPOR1 mRNA (Soccio et al., 2006). case-control study in Greece. J Clin Endocrinol Metab. 2003

Mar;88(3):993-7

Implicated in

Dal Maso L, Augustin LS, Karalis A, Talamini R, Franceschi S,
Trichopoulos D, Mantzoros CS, La Vecchia C. Circulating
Breast Cancer adiponectin and endometrial cancer risk. J Clin Endocrinol
Metab. 2004 Mar;89(3):1160-3

Note
Adiponectin has been implicated in breast cancer. The Dieudonne MN, Bussiere M, Dos Santos E, Leneveu MC,
breast cancer cell lines MCE MDB-MB-231 and Giudicelli Y, Pecquery R. Adiponectin mediates antiproliferative

. . and apoptotic responses in human MCF7 breast cancer cells.
T47D were found to express both adiponectin receptors  gi.hem Biophys Res Commun. 2006 Jun 23:345(1):271-9

ADIPOR1/ADIPOR2 (Dieudonnet al., 2006; Korner ) ) ) )
et al., 2007) and exposure of T47D cells to adiponectin, (Ssocgio L’aﬁga”g Y:\(A'af’uacccci' SA' '\’\']'gﬂﬁgstg'n‘év'l\';#adgei}n%agg\'?
significantly inhibited their proliferation (Korner et al., Abumrad NA, Klein S, Trischitta V, Doria A. Common
2007). rs2232853 CT genotype (OR=1.67; 95% CI haplotypes at the adiponectin receptor 1 (ADIPOR1) locus are
1.232.26) and the combination of rs7539542 GC associated with increased risk of coronary artery disease in
(OR=0.59; 95% CI 0.36.98) and CC genotypes type 2 diabetes. Diabetes. 2006 Oct;55(10):2763-70
(OR=0.57; 95% CI 0.3B.94) were significantly Barb D, Williams CJ, Neuwirth AK, Mantzoros CS. Adiponectin
associated with breast cancer risk. The high expressing in relation to malignancies: a review of existing basic research
rs2241766 G allele (GG and GT genotypes) was and clinical evidence. Am J Clin Nutr. 2007 Sep;86(3):5858-66
associated with decreased breast cancer risk (OR=0.64; Korner A, Pazaitou-Panayiotou K, Kelesidis T, Kelesidis |,
95% Cl 0.490.83). The low expreing 51501209 G ' Wil CJ Kapraa A, oulen 3 et s, Tacknt o
allele was associated with increased breast cancer risk: molecular—wéight adiponéctin in breast cancer: in vitro and in
for TG: OR=1.59; 95% CI 1.03.48, for GG: OR= vivo studies. J Clin Endocrinol Metab. 2007 Mar;92(3):1041-8

- 050
1.80; 95% CI 1.14.85. Kaklamani VG, Wisinski KB, Sadim M, Gulden C, Do A, Offit K,

Colon Cancer Baron JA, Ahsan H, Mantzoros C, Pasche B. Variants of the
adiponectin (ADIPOQ) and adiponectin receptor 1 (ADIPOR1)

Note genes and colorectal cancer risk. JAMA. 2008 Oct

Adiponectin has also been implicated in colon cancer  1;300(13):1523-31

risk. rs266729 polymorphism was sigitantly Arisan ED, Arisan S, Atis G, Palavan-Unsal N, Ergenekon E.

associated with colon cancer risk: the RR for the Serum adipocytokine levels in prostate cancer patients. Urol
GGI/CG genotypes was rs266729 was associated with a nt- 2009;82(2):203-8
reduced colorectal cancer risk: O.R. 0.73, 95% CI

(0.530.99) (Kaklamani et al., 2008).

. Kaklamani V, Mantzoros C. ADIPOR1 (adiponectin receptor 1).
Endometrial Cancer Atlas Genet Cytogenet Oncol Haematol. 2010; 14(4):334-335.
Note
Adiponectin levels have been showmn dorrelate with
endometrial cancer risk (Petridou et al., 2003; Dal et
al., 2004).

This article should be referenced as such:

Atlas Genet Cytogenet Oncol Haematol. 2010; 14(4) 335
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Review

AKT1 (v-akt murine thymoma viral oncogene
homolog 1)

Daniela Etro, Silvia Missiroli, Francesca Buontempo, Luca Maria Neri, Silvano Capitani

Department of Morphology and Embryology, Human Anatomy Section, Ferrara Eityydd100 Ferrara,
Italy (DE, SM, FB, LMN, SC)

Published in Atlas Database: May 2009

Online updated version: http://AtlasGeneticsOncology.org/Genes/AKT1ID355ch14qg32.html
DOI: 10.4267/2042/44725
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© 2010 Atlas of Genetics and Cytogenetics in Oncology and Haematology

ldentity Transcription
The human AKT1 coding sequence consists of 1443 bp
Other names AKT; C-AKT; EC 2.7.11.1

_ . : _ from the start codon to the stop codon. Multiple
MGCO9656 PKB; PKB-ALPHA; PRKBA, RAC; alternativey spliced transcript variants have been found

RAC-ALPHA; RAC-PK-alpha for this gene Entrez Geng
HGNC (Hugo): AKT1
Location: 14932.33

Note
Location in the mouse: chromosome 12, 57.0 cM, Protein
113892032 t0 13912401 bp, complement strand.

For a comparison of the gene location among Homo
sapiens, mouse and rat sB€BI Map Viewer

Pseudogene
No pseudogene of AKT1 known.

Note
Although the AKT isoforms are activated in a similar
manner and share the same downstream substrates,

DNA/RNA indicating functional redundancy of the AKT isoforms,
their biological function is likely to be different in
Description AKT -knockout mouse models. AKT1 mutant mice

displaydevelopmental defects, showing decreased size
in all organs and impaired placental development
(Yang et al., 2004).

The human AKTlgene is composed of 14 exons
spanning a genomic region of about 26.4 Kb. The open
reading frame of the coding region is 1443 bp.

a.
ATG TGA |
403 12381 EE 850 444 T2 857 I 75 158 425 1817 324 g
1l 21 3 a5 [# 6 [rlHslH o {10l 11 [rzffr3l{14] |
114 126 126 12 148 132 66 s 126 129 215 a3 103 '||Sﬁl]

203|145 |6 |78 9|10 11 [12/13|14

a. Genomic organization of human AKT1. The line indicates untranslated regions and boxes indicate coding regions (exon 1-14) of the
gene. Exon and intron lengths (in bp) are reported in the upper and lower part of the diagram, respectively. The ATG transcription start
site is located in exon 2 and the TGA termination codon is located in exon 14. b. mRNA of human AKT1.

Atlas Genet Cytogenet Oncol Haematol. 2010; 14(4) 336
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a. Diagram of the human AKTL1 protein in scale. The protein domains and their length (indicated by number of limiting residues) are
reported. AKT1 contains a pleckstrin homology domain (PH), an helical region (Helix), a kinase domain (Kinase), and a regulatory motif
(Regulatory). The two phosphorylation sites essential for complete activation of AKT1 (threonine 308, serine 473) are indicated in the

diagram. C: carboxyl-terminal; N: amino-terminal.

b. Schematic representation of the AKT signaling activation and regulation.

AKT1 deficient mice exhibit perinatal morbidity with
partial lethality between E13.5 and 3 weeks after birth
and growth retardation. Surviving adults are fertile, but
show 20% weight reduction accgmanied by reduced
sizes of multiple organs, and enhanceampsis in
some cell types. No effect seen on glucose metabolism.
Moreover, AKT1/ AKT2 doubléknockout mice
display impeded adipogenesis, severe growth
deficiency including impaired skin development, severe
muscle atrophy, impaired bone development and die
shortly after birth (Peng et al., 2003).

Description

Structure. AKT1 protein consists of 480 amino acids,
with a molecular weight of 55,686 Da. AKTL1 is
constituted by a PH domain, a short helical region, a
catalytic kinase domain and a regulatory hydrdptio
motif.

PH domain is a conserved domain of about 100
residues that occurs in a wide range of proteins

Atlas Genet Cytogenet Oncol Haematol. 2010; 14(4) 337

involved as cytoskeletal constituents or in intracellular
signaling; the structure of the PH domain consists of
two perpendicular anfparallel betesheets followed by

a Gterminal amphipathic helix; the common fold of

PH domains is electrostatically polarized. The PH
domain recruits AKT to the plasma membrane by
phosphoinositides binding and is required for
activation.

The kinase domain has been evantrily conserved
from Escherichia coli to Homo sapiens; conserved
regions are: i) a glycindgch stretch of residues in close
proximity of a lysine amino acid (179, by similarity),
involved in ATP binding; ii) an highly conserved
activation loop, called Toop, located between DFG
and APE motifs, with a threonine residue important for
enzyme activation; iii) a conserved aspartic acid (274,
by similarity) as proton acceptor residue, important for
the catalytic activity of the enzyme. The kinase domain
catalzes the transfer of the gami#pbosphoryl group
from ATP to serine/threonine residues on a consensus
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sequence on protein substrates, resulting in a
conformational change affecting protein function,
cellular location or association with other proteins
(Knighton et al., 1991).

The carboxylterminal hydrophobic regulatory domain
contains several prolirgch regions that potentially
serve as proteiprotein interaction sites with important
roles in regulation of AKT1 activity; this region
contains the 473 rehiie important for the activation
process. This domain possesses th¥-X-F/Y-S/T-
Y/F hydrophobic motif, where X is any amino acid,
that is characteristic of the AGC kinase family; in
mammalian AKT isoforms, this motif is identical
(FPQFSY) and is thoughib be very important for the
enzymatic activity. The conserved Sid8main binding
motif P-X-X-P in the regulatory region is involved in
the interaction between AKT1l and its upstream
tyrosine kinase Src (Jiang et al., 2003).

The crystallographic structuref cAKT1 has been
solved (PDB ID3CQW, 3CQU).

Activation. The seringhreonine protein kinase AKT1
is a caalytically inactive cytoplasmic protein. AKT
activation occurs by means of stimulation of the growth
factor receptomssociated phosphatidylinositokBase
(PI3K) and is a multstep process that involves both
membrane translocation and phosphorylatigvihen
PI3K is activated by either growth factors, cytokines or
hormones, PI3K  generates -@iosphorylated
phosphoinositides, i.e. phosphatidylinosi8,5
trisphosphate (PHp and phosphatidylinosite3,4-
bisphosphate (PHP at the plasma membrane. Both
phospholipids bind with high affinity to the PH
domain, mediating membrane translocation of AKT. At
the membrane, AKT1 is phosphorylated at threonine
308 by PDK1 (Andjelkovic et al., 1997; Walker et al.,
1998) and at serine 473 by a second kinase idethtifie
with mTOR when bound to Rictor in the so called
TORC2 complex (Santos et al., 2001; Sarbassov et al.,
2005); however, it is still controversial if this second
phosphorylation may occur by DNdependent protein
kinase (Feng et al., 2004; Hill et al.,, 200Dther

kinases that have been reported to phosphorylate serine

473 are PKC (Kawakami et al., 2004), integiivked
kinase (ILK) (Troussard et al., 2003; Lynch et al.,
1999; Delcommenne et al.,, 1998), MAP Kkinase
activated protein kinas2 (MK2) (Rane etal., 2001),
PDK-1 (Balendran et al., 1999) or Akt itself (Toker et
al., 2000). The full activation of AKT1l requires
phosphorylation at both sites; threonine 308
phosphorylation increases the enzymatic activity up to
100fold and serine 473 phosphorylatiday a further
10-fold, thus both phosphorylation events enhance
AKT1 activity by 1000fold (Kumar et al., 2005; Alessi

et al., 1996). The activation is rapid and specific, and it
is abrogated by mutations in the AKT PH domain.
Once activated, AKT1 dissoces from the membrane
and phosphorylates targets in thyoplasm and the cell
nucleus.

Atlas Genet Cytogenet Oncol Haematol. 2010; 14(4) 338
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Beside these essential activation sites, threonine 72 and
serine 246 residues undergo aptwmsphoryletion (Li

et al., 2006), serine 124 and threonine 450 residues are
constitutively phosphorylated, while tyrosine 315 and
326 in the activation loop can be phosphorylated by Src
kinase, maybe regulating AKlTactivity (Chen et al.,
2001).

Regulation. AKT activation is inversely regulated by
phosphatases: PH domain leuciiegh repeat protein
phosphatase (PHLPP) dephosphorylates the serine 473
residue of AKT1 (Brognard et al., 2007), and protein
phosphatase 2 (PP2) dephosphorylates the threonine
308 residue (Gao et al., 2005). PI(3,4,5P3 is
hydrolyzed by phosphatase and tarfsomolog deleted

on chromosome 10 (PTEN) and Src homology domain
containing inositol phosphatases SHIP1/SHIP2. PTEN
antagonizes PI3K activity by removing the phosphate
at the D3 position generating P1(4,5)P2 (Maehama et
al., 1998), while SHIP1/2 dephosplylates the D5
position to produce PI(3,4)P2 (Deleris et al., 2003;
Damen et al., 1996).

Expression

AKT1 is the predominant isoform in the major part of
tissues as determined by using quantitative-FCIR
(Yang et al.,, 2003) and is ubiquitously expressed i
most tissues at high levels and in all the human cell
types so far analyzed (Hanada et al., 2004; Zinda et al.,
2001). A Northern blot analysis of AKT1 in rat tissues
indicated lower expression levels in kidney, liver, and
spleen (Coffer et al., 1991).

Localisation

AKT1 protein is predominantly cytoplasmic; it has
been found at the plasma membrane for its activation
and activated AKT1 is able to translocate into the
nucleus. AKT1 translocation into nucleus has been
demonstrated in several cell lines ispense to stimuli

as after IGH treatment of NIH3T3 cells (Meier, 1997),
NGF stimulation of PC12 cells (Xuan Nguyen et al.,
2006; Borgatti et al., 2003), EPO in K562 cells and
IGF-I or PDGF mitogen factors in MC3T3 (Neri et al.,
2002). Also if AKT1 contais a sequence for nuclear
export rich in leucine (Saji et al., 2005) and some
proteins may have a role of localization signal for its
intranuclear migration, a nuclear localisation sequence
on AKT1 inside motif has not yet been identified.

Function

AKT medates many of the downstream events of the
PI3K signal transduction pathway by its sefine
threonine kinase activity. AKT exhibits tight control
over cell viability and proliferation, having main role in
apoptosis inhibition and promotion of cell cycle
progeession. AKT is involved also in differentiation; in
nervous system development AKT is a critical mediator
of growth factofinduced neuronal survival. Further,
AKT mediates glucose metabolism, angiogenesis,
translationtranscripttional events, prenRNA licing
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and other important nuclear functions such as
chromatin condensation and genes transactivation.

AKT exerts its kinase activity toward proteins
containing the minimal consensus sequence-R/K
R/K-X-X-S/T, where S or T are the phosphorylable
residues More subtle AKT preferences were also
uncovered for other residues surrounding the
phosphorylation site, such as a preference for-P2 at

a bulky hydrophobic residue at +1 (Manning et al.,
2007). More than 400 different proteins contaig the
consesus sequence for AKT phosphorglan have
been identified, also if many of them still have to be
characterized (Nicholson et al., 2002; Obenauer et al.,
2003). The heterogeneity of proteins potentially
phosphorylated by AKT supports the key role of this
kinase. Over 100 neredundant AKT substrates are
reported in the literature, of which 25% do not contain
the minimal requirements for an AKT site. Around 40
substrates which mediate the pleiotropic AKT functions
have been characterized (see table below).

Apoptosis inhibition. Survival factors can suppress
apoptosis and enhance survival of cells by activating
AKT, which inactivates components of the apoptotic
machinery. AKT directly regulates apoptosis by
phosphorylating and inactivating pepoptotic proteis
such as bad, which controls release of cytochrome c
from mitochondria, caspa$e which after AKT
dependent phospherylation promotes cell survival
(Donepudi et al., 2002; Downward et al., 1999; Franke
et al.,, 2003) and apoptosis sigmagulating kinas-1
(ASK1), a mitogeractivated protein kinase involved in
stress and cytokineinduced cell death that, once
phosphorylated on serine 83, reduces apoptosis (Autret
et al., 2008; Datta et al., 1997; Del Peso et al., 1997,
Zha et al., 1996). The pmurvivd prolinerich AKT
substrate of 40kDa (PRAS40) can be phosphorylated
on threonine 246, attenuating its ability to inhibit
MTORC1 kinase activity (Van der Haar, 2007).
PRAS40 appears to protect neuronal cells from
apoptosis after stroke (Kovacina et al.03pand has
been proposed to promote cell survival inaamcells
(Huang et al., 2005).

Proliferation. AKT can stimulate cell cycle
progression through the inhibitory phosphorylation of
the cyclindependent kinase inhibitors p21 and p27
(Viglietto et al.,2002; Liang et al., 2002; Shin et al.,
2002; Zhou et al., 2001; Rossig et al., 2001). The AKT
dependent inhibition of GSK3 stimulates cell cycle
progression by stabilizing cyclin D1 expression (Diehl
et al., 1998). AKT activation can promote progression
through mitosis, even in the presence of DNA damage
(Kandel et al.,, 2002); a mechanism explaining this
observation is that AKT directly phosphorylates the
DNA damage checkpoint kinase Chkl on serine 280
(King et al., 2004), blocking checkpoint function by
gtimulating Chk1 translocation to the cytosol. With no
K protein kinasel (WNK1) seems to be a negative
regulatory element in the insulin signaling pathway that
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regulates cell proliferation. AKT phospherylates
WNK1 on threonine 60 within the AKT consensus
sequence (Vitari et al., 2004). The nefitvomatosis2
(NF2) tumoursuppressor gene encodes an intracellular
membraneassociated protein, called merlin, with
growthsuppressive function. AKT phosphorylates
merlin on threonine 230 and serine 315 residues,
abolishing binding partners and leading to merlin
degradation by ubiquitination (Tang et al., 2007).

Metabolism. AKT phosphorylates the GSK3alpha and
GSK3beta isoforms, which are involved in metabolism
regulation by decreasing glycogen synthesis and
increasing glycolytic enzymes transcription (Jope et al.,
2004; Kohn et al., 1996), thus relating AKT activation
with high glycolysis efficiency in cancer cells
(Warburg effect). AKT1 is also involved in tolerance of
cells to nutrient depletion, allowing tumprogression
under hypovascular conditions (lzuishi et al., 2000).
The TBC1 domain family member 1 (TBC1D1), AKT
substrate phosphorylated on threonine 590, may be
involved in controlling GLUT1 glucose transporter
expression through the mTOR/p70S6K pathwalyou

et al.,, 2008). The RaBAP AS160 (also known as
TBC1D4) has emerged as an important direct target of
AKT involved in GLUT4 trandocation to the plasma
membrane (Sano et al., 2003). In hepatocytes, AKT can
also inhibit gluconeogenesis and fatty aciidation
through direct phosphorylation on serine 570 of PGC
lalpha (Li et al., 2007), which is a gene coactivator
with FoxO1 and other transcription factors.

Angiogenesis. AKT plays important roles in
angiogenesis through effects in both endothelial cells
and cells producing angiogenic signals. AKT activates
endothelial nitric oxide synthase (eNOS) through direct
phosphorylation on the serine 1179 site, resulting in
increased production of nitric oxide (NO) in vascular
endothelium, which stimulates vasaddtion, vascular
remodelling and angiogenesis (lantorno et al., 2007).

Translation. A well known AKT substrate is the
serine/threonine kinase mammalian target of rapamycin
(mTOR), which controls the translation of several
proteins important for cell cycleprogression and
growth (Starkman et al., 2005; Varma et al., 2007).
AKT can directlyphospherylate and activate mTOR,
as well as cause indirect activation of mTOR by
phosphorylating two sites on the tuberous sclerosis
complex 2 (TSC2) tumour suppressorofgin, also
called tuberin (Manning et aR002). mTOR forms two
complexes TORC1, in which mTOR is bound to
Raptor, and TORC2, in which mTOR is bound to
Rictor. In the TORC1 complex, mTOR signals to its
downstream effectors S6 kinase/ribosomal proteit a
4EBPR1/elF4E to control protein translation. In the
TORC2 complex, mTOR can phosphorylate AKT itself
thus providing a positive feedback on the pathway
(Sarbassov et al., 2005). The mTOR effector S6 kinase
1 (S6K1) can also regulate the pathway by iitinib

the insulin receptor substrate (IRS), thus preventing
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IRS proteins from activating the PI3K/AKT signaling
(Harrington et al., 2004; Shah et al., 2004). The Y-box
binding protein 1 (YBl) is a DNA/RNAbinding
protein through the Yox motif in targetsequences.
AKT phosphorylates YBL on serine 102, leading to an
enhancement of cagependent translation of multidrug
resistance 1 (MDR1) gene (Bader et al., 2008).

Nuclear functions. Among the AKT substrates
identified into cell nucleus, acinus is a nualdactor
required for chromatin condensation which induces

resistance to caspases proteolysis and to apoptosis

when phosphorylated by AKT on serine 422 and 573
(Hu et al., 2005). Phosphorylation of the murine double
minute 2 (MDM2/HDM2 in humans) oncogengy
AKT promotes its translocation to the nucleus, where it
negatively regulates p53 function with subsequent
modification of the cell cycle in relation to DNA repair
mechanisms (Vousden et al., 2002; Mayo et al., 2005).
Several Akt substrates are nucl&anscription factors:
AKT  blocks forkhead transription factors
(FKHR/FOXO1) and in particular the FoxO subfamily
mediated transcription of genes that promote apoptosis,
cell cycle arrest and metabolic processes. When
phosphorylated by AKT, FKHR are sexpirated in the
cytoplasm thus inhibiting transcription (Nicholson et
al., 2002; Datta et al., 1997). AKT can phosphorylate
IKK, indirectly increasing the activity of nuclear factor
kappa B (NFkB), which stimulates the trargiption

of prosurvival genesand regulates the immunity

response (Ozes et al., 1999; Romashkova et al., 1999;

Verdu et al.,, 1999). The cAMRsponse element
binding protein (CREB) is a direct target for
phosphorylation by AKT, occurring on a site that
increases binding of CREB to peins necessary for
induction of genes containing cAMP responsive
elements (CRES) in their promoter regions; CREB has
been shown to mediate AKihduced expression of
antiapoptotic genes b@& and mcil (Du et al., 1998).
AKT can regulate the telomeraseisity necessary for
DNA replication; recombinant AKT was found to
enhance telomerase activity by phosphorylating the
human telomerase reverse transcriptase (hTERT)
subunit, which contains a consensus motif as AKT
substrate. The hehloop-helix transcripton factor tall,
required for blood cell development, is specifically
phosphorylated by AKT at threonine 90, causing its
nuclear redistribution (Palamarchuk et al., 2005b).
Insulin induces GATA2 phosphorylation on serine 401
by AKT. GATA2 transcription faar is an inhibitor of
adipogenesis and activator of vascular cells. AHNAK is
a protein of exceptionally large size localized into
nuclei and able to shuttle between nucleus and
cytoplasm; it is downregulated in several tumors
(Amagai et al., 2004). It habeen reported that in
epithelial cells its extranuclear localization is regulated
by AKT dependent phosphorylation (Sussman et al.,
2001). ALY is a nuclear speckle protein implicated in
MRNA export. The PI3K/AKT signaling regulates its
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subnuclear residengycell proliferation, and mRNA
export activities through nuclear AKT dependent
phosphorylation on threonine 219 and phosphoino
sitide association (Okada et al., 2008). AKT
specifically phosphorylates serine 350 of the Nur77
protein within its DNAbinding comain, decreasing its
transcriptional activity by 5@85% and connecting the
AKT axis with a nuclear receptor pathway (Pekarsky et
al., 2001). The breast cancer susceptibility gene
BRCA1 encodes a nuclear phosphoprotein that acts as a
tumor suppressor; hegelin induces AKFdependent
phosphorylation of BRCA1, which has been implicated
in altering its function (Altiok et al., 1999).

Table. Characterized Akt substrates
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PHOSPHORYLABLE
SUBSTRATE  prcinuEs REFERENCES
Bad* 5136 Downward et al.. 1999
caspase 9° 5196 Donepudi et al., 2002
ASKT® 583 Autret et al_, 2008
PRAS40* 5246 Kovacina et al_, 2003
Pdcd4 S67. 3457 Palamarchuk et al_, 2005a
tau 5214 Kyoung Pyo et al_, 2004
MLK3 S674 Barthwal et al.. 2003
YAP 5127 Basu et al 2003
p21* T145, 8146 Rossig et al., 2001
p27* T157 Shin et al_, 2002
GSK3o® 521 Jope et al., 2004
GSK3p* 59 Jope et al,, 2004
Chk1* 5280 King et al., 2004
VMK TG0 Vitari et al, 2004
merlin T230, 5315 Tang et al., 2007
c-RAF* S259 Zimmermann et al.. 1999
B-RAF 5364, 5428 Guan et al , 2000
TBC1D1 THI0 Zhouetal , 2008
TBC1D4* 5588, TR42 Sano et al 2003
PGC-1rx S570 Lietal 2007
PFK2 5478 Hammerman et al , 2004
ACL T277 Berwick et al., 2002
eMNOS* S1179 lantorno et al__ 2007
YB1 5102 Bader et al__ 2008
mToR S2448. 52481 Varma et al.. 2007
TS0+ 5939, T1462 Man_ning etal., 2002

(510861088, T1422) Incki et al_, 2002
acinus 422, 5573 Hu Yetal, 2005
Zyxin 5142 Chan et al_ 2007
MDM2/HDM2* 5166, 5186 Mayo et al, 2001
FKHR® T32, 5253, 5256, 5315 Nicholson et al.. 2002
[N T23 QOzesetal., 1999
CREB 5133 Du et al, 1998
hTERT 5227, 5824 Kang et al_, 1999
tall Ta0 Palamarchuk et al., 2005b
GATA-2 401 Menghini et al_, 2005
AHNAK 55635 Sugsman et al., 2001
ALY 7219 Okada et al_ 2008
SEKA 578 Park et al., 2002
AR factors 5210, 5790 Lin et al_, 2001
ER factors 5167 Campbell et al_, 2001
Nur?7 5350 Pekarsky et al. 2001
BRCA1 Th0D9 Altiok et al , 1999
SRK ? Koh et al, 1999

* substrates assessed independently by multiple reports
(Manning et al., 2007).

Homology

Homologs. AKT belongs to the AGC pretn kinase
family, sharing a high similarity in the catalytic domain
with more than 80 kinases from the AGC family
(PhosphositePlgs Three isoforms, AKT1AKT2 and
AKT3, plus a fourth isoform defined AKTgammal,
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have been identified in humans. They are codified by
different genes with 80% sequence homology.

The AKT isoforms share 80% homology in amino acid
sequence.

In particular, the identity between eadbmain of the
AKT isoforms ranges from 76% to 84% in the PH
domain, from 87% to 90% in the catalytic domain, and
from 66% to 76% in the @rminal domain (Masure et
al., 1999; Kumar et al., 2005). The AKT isoforms are
identical in the ATP binding region,xeept for one
residue: AKT1 A230 is conserved in AKT2 (A232),
but switches in AKT3 (V228).

Orthologs. AKT is evolutionarily conserved in
eukaryotes ranging from Caenorhabditis elegans to
man. The amino acid identity between C. elegans and
human AKT1 is arand 60%; the mouse AKT1 is 90%
homologous to human AKT1 at the nucleic acid level
and 98% homologous at the amino acid level (Hanada
et al., 2004; Bellacosa et al., 1993).

For details seeHomoloGene

Also the phosphorylation sites on the AKT ssthates
are conserved amongst the orthologs from all
mammals; this evolutionary conservation can be
indicative of the relevance of the substradevard the
AKT cellular functions.

AKT1 Identity (%)

Species Protein DHNA
Homo sapiens

vs. Pan troglodytes 99.2 98.8
vs. Canis lupus familiaris 97.0 913
vs. Bos taurus 96.2 90.8
vs. Mus musculus 98.3 90.9
vs. Rattus norvegicus 98.1 909
vs. Gallus gallus 96.0 769
vs. Caenorhabditis elegans 596 558
Mutations

Note

Although mutation of AKT1 is rare, different types of

AKT1 alterations are involved in several human
diseases, especially in cancer.
No AKT1 mutations have been collected in the

COSMIC database

Clmm Ui e

E17 K —=

Schematic representation of SNPs and point mutation in the
AKT1 gene. Missense (red), synonymous (green) and
frameshift (blue) SNPs are indicated in the upper part; point
mutation is reported in the lower part of the figure.
For details see: Single Nucleotide Polymorphism.

Germinal
No germline mutations of AKT1 have been described.
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Somatic

Amplification and L OH. Amplification of AKT1 has
been described in human gastric adenctama, in
lung and other cancers (Staal, 1987; Lockwood et al.,
2008).

High level amplification in breast tissues and LOH in
several tissues have been report€DNAN: Copy
Number Analysis

SNPs.17 esonic variations (missense, synonymous and
frameshift SNPs) have been described.

Moreover, statistical significece for single markers
and multilocus haplotypes has been reported for the
association between the AKT1 gene variants in samples
of families with schizophrenia using singiecleotide
polymorphisms (Schwab et al., 2005; Emamian et al.,
2004).

Point mutation. The E17K mutation occurs in the
lipid-binding pocket of AKT1 PH domain. Lysine 17
alters the electrostatic interactions of the pocket and
forms new hydrogen bonds with a phosphoinositide
ligand. This mutation activates AKT1 by means of
pathological lochzation to the plasma membrane,
stimulates downstream signaling, transforms cells and
induces leukemia in mice. The E17K mutation occurs
in a small percentage of human breast, ovarian, and
colorectal cancers (Carpten et al., 2007). It has been
found alsoin squamous cell carcinoma of the lung and
in prostate cancer (Malanga et al., 2008; Boormans et
al., 2008). Some authors suggested that this mutation
may not play a crucial role in the development of the
most types of human cancers (Kim et al., 2008).

Implicated in

Various cancers

Prognosis

Immunohistochemical analysis has been used to
demonstrate prognostic  significance of AKT1
activation. Phosphorylation of AKT1 at serine 473 has
been associated with poor prognosis in cancer of the
skin (Dai et al., 2005 pancreas (Yamamoto et al.,
2004), liver (Nakanishi et al.,, 2005), prostate
(Kreisberg et al.,, 2004), breast (Pefleenorio et al.,
2002), endometrium (Terakawa et al., 2003), stomach
(Nam et al., 2003), brain (Ermoian et al., 2002) and
blood (Min et al, 2004). It has been reported that AKT
phosphorylation on both serine 473 and threonine 308
sites is a better predictor of poor prognosis in tumors
versus normal tissues than serine 473 alone (Tsurutani
et al., 2006; Kornblau et al., 2006).

Oncogenesis

The PI3K/AKT pathway is a prototypic survival
signaling that is constitutively activated in many types
of cancer, due to AKT gene amplification or as a result
of mutations in components of the signaling that


http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=homologene&dopt=AlignmentScores&list_uids=3785
http://www.sanger.ac.uk/perl/genetics/CGP/cosmic?action=gene&ln=AKT1
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?locusId=207
http://www.sanger.ac.uk/cgi-bin/genetics/CGP/conan/search.cgi?geneName=AKT1&action=GetGenes&searchMethod=hugoId
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activates AKT. Once activated, signaling througRTA

can be propagated to a diverse array of substrates. This
pathway is an attractive therapeutic target in cancer

because it serves as a convergence point for many
growth stimuli, and through its downstream substrates,

controls cellular processes that tilute to cancer
progression. Moreover, activation of the PI3K/AKT
pathway confers resistance to many types of cancer
therapy, and is poor prognostic factor for several
tumors. Thus, combining conventional therapy with
PI3K/AKT pathway inhibitors can oveome this
resistance.

Hyperactivation of AKT1 has been found associated to
several human cancers:

-Thyroid carcinoma

-Breast carcinoma

-Non-small cell lung carcinoma
-Gastric carcinoma
-Gastreintestinal stromal tumors
-Pancreatic carcinoma

-Bile duct cacinoma

-Ovarian carcinoma

-Prostate carcinoma

-Renal cell carcinoma

-Acute and chronic leukemia
-Multiple myeloma
-Lymphoma

Thyroid cancer

Note

Genetic alterations in the AKT pathway have been
observed in anaplastic and follicular thyroid cancers, in
paricular AKT has been shown highly phosphorylated
in thyroid cancer cell lines and human thyroid cancer
specimens (Liu et al.,, 2008; Mandal et al., 2005).
Activated AKT is common to both human and mouse
follicular thyroid cancer and is correlated with

increassed cell motility in vitro and metastasis in vivo

(Kim et al., 2005).

Breast cancer

Note

Somatic mutation E17K occurs in the PH domain of
AKT1 in 8% of human breast cancers (Carpten et al.,
2007). Overexpression of cyclin D1 has been found in
breast cancerelevated cyclin D1 levels result in
shortened cell cycle times and thereby contribute to
tumor progression. AKT is involved in this mechanism
by regulating cyclin D1 expression at transcription,
translation and protein stability level (Nicholson et al.,
2002). Antiestrogens such as tamoxifen inhibit the
growth of (estrogens receptors) pRBsitive breast
cancers by reducing the expression of estrogen
regulated genes. AKT, by activating ER, protects breast
cancer cells from tamoxifemduced apoptosis
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(Canpbell et al.,, 2001). It has been shown that
activation of AKT/mTOR promotes angiogenesis via
HIFlalpha stabilization in breast cancer cells
(Laughner et al., 2001). Recent studies have shown that
AKT1 can attenuate breast cancer cell motility,
whereas AKT2enhances this phenotype. AKT1 blocks
the migration of breast cancer cells through GSK3beta
inactivation and transcription factor NFAT inhibition
(Yoeli-Lerner et al., 2009).

Lung cancer

Note
Although AKT1 mutations are apparently rare in

lung cancer (1.%), the oncogenic properties of E17K
AKT1 may contribute to the development of a fraction
of lung carcinoma with squamous histotype (Malanga
et al., 2008). Adenocarcinomas of the lung commonly
show an increase in the activity of PI3K/AKT signaling
pathway. The simultaneous inhibition AKT1 siRNA
and BclxL function greatly enhanced the apoptotic
response, suggesting that AKT1 and-Bclcontrol cell
death in lung adenocarcinoma cells in a synergistic
manner (Qian et al., 2009). AKT1 is overexpressed as a
direct result of gene amplification in lung cancer,
suggesting that amplification of this genome hotspot is
a common mechanism of oncogene activation
(Lockwood et al., 2008).

Gastric carcinoma

Note

AKT1 gene amplification has been observed in gastric
carcinoma. Most gastric adenocarcinomas arise as a
longterm complication of Helicobacter pylori infection
of the stomach; phosphorylation of AKT and its
substrates is inducible by epithelial mitogens such as
EGF, which is implicated in the pathogenesis of H.
pylori gastritis (Ang et al., 2005). NRB activation
was frequently observed in eadtage gastric
carcinoma and was significantly correlated with better
prognosis and Akt activation (Lee et al., 2005). AKT
activation and LOH of PTEN play an important role in
conferring a broagpectrum chemoresistance in gastric
cancer patients (Oki et al., 2005).

Colorectal cancer

Note

The transforming E17K point mutation in the PH
domain of AKT1 in human colorectal cancer (6%) has
been identified (Carpten et al., 2007). The
Src/PI3K/FAK/AKT pathway has been described as
responsible of colon cancer cells metastatic adhesion
(Thamilselvan et al, 2007). Cytoplasmic
mislocalization of p27, caused by activated AKT1, and
functional losses of p27 and p53 have been associated
with poor prognosis and are involved in the
development of various subtypes of colorectal cancer
(Ogino et al., 2007). The inhibitor of the apoptosis
protein (IAP) family member XIAP is essential for cell
survival in colorectal cancer cells and is activated
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through the AKT pathway. The AKKIAP up-
regulation was shown to be correlated to colorectal
cancer progression and may be a potential molecular
target for therapy (Takeuchi et al., 2005).

Glioblastoma and gliosarcoma

Note

AKT1 amplification and overexpressiohave been
observed in human glioblastoma and gliosarcoma, a
variant of glioblastoma multiforme characterized by
two components displaying gliomatous or sarcamss
differentiation (Actor et al., 2002; Staal et al., 1987).
Glioblastomas frequently carrynutations in PTEN
gene, which tumor suppressor properties are closely
related to its inhibitory effect on the AKT signaling
(Knobbe et al., 2003).

Pancreatic cancer

Note

It was reported that constitutively active AKT1 in
mouse pancreas requires S6 kinaséorlinsulinoma
formation (Alliouachene et al., 2008). AKT1 serine 473
may undergo both phosphorylation andGENAc
modification, and the balance between these events
may regulate murine befancreatic cell apoptosis
(Kang et al., 2008). All the AKT isofms may have
protective effects within the cell depending on the type
of apoptotic stimuli in human pancreatic MiaPaZa
cells (Han et al.,, 2008). Overexpression of-bcis
common in pancreatic cancer, confers resistance to the
apoptotic effect of chemoand radiotherapy and is
accompanied to increased activity of AKT as well as its
downstream target IKK (Mortenson et al., 2007).

Hepatocellular carcinoma (HCC)

Note

Hyperactivation of the AKT pathway frequently
occurs in HCC (Roberts et al., 2005). It waported
that Bortezomib induces apoptosis in HCC cell lines by
downregulating phosph@dKT. Down-regulation of
phospheAKT may thus represent a biomarker for
predicting clinical response to HCC treatment (Chen et
al., 2008). Moreover, it was observed tttea cancer
stem cell population in HCC contributes to
chemoresistance through preferential activation of
AKT and bclt2 cell survival response (Ma et al., 2008).
Knockdown of insulin receptor substrate in primary
human HCC HepG2 cell line resulted in redowtof
insulin stimulated AKT1 phosphorylation at serine 473
and 50% reduction in the basal level of phosphorylated
MTOR (Ser 2448), indicating a pivotal role of the AKT
signaling in HCC (Varma et al., 2008). It was also
presented that AKT1 was upregulated HCC cells,
and its active phosphorylated form was mainly located
in the nucleus (Zhu et al., 2007).

Ovarian cancer

Note
The transforming E17K point mutation in the PH
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domain of AKT1 in human ovarian cancer (2%) has
been identified (Carpten et al., 2007The AKT
pathway plays an important role in cell proliféian,
migration, and invasion in ovarian cancer cells;
particular importance has the signaling specificity of
AKT1, as the inhibition of AKT1 is sufficient to affect
these events (Meng et al.,@) Kim et al., 2008; Gu et
al., 2008).

Prostate cancer

Note

Increased AKT1 kinase activity was reported in more
than 50% of prostate carcinomas. The androgen
receptor (AR) factors phosphorylated by AKT lead to
inhibition of their activity and blockade @fndrogen
induced apoptosis in a prostate cancer cell line (Lin et
al., 2001). A study of prostate cancer indicates that
AKT is involved more in cancer progression than
initiation. The E17K mutation was identified in clinical
prostate cancer samples. Thetation was mutually
exclusive with respect to PTEN inactivation and PI3K
activation; it was suggested that tumors carrying the
AKT1 mutation may follow a more favourable clinical
course (Boormans et al., 2008).

Renal cancer

Note

PhospheAKT expression is ignificantly increased in
renal carcinoma cells. A decreased expression of PTEN
may be an underlying mechanism for AKT activation
and thus an AKT inhibitor may be a therapeutic option
for the subset of renal cell carcinoma patients with
elevated AKT activly (Hara et al., 2005).

Melanoma

Note

Common mutations and/or deregulated expression of
proteins of the AKT signaling, as-RAF, PTEN,
MDM2 and AKT itself, were identified in melanoma
(Ch'ng et al., 2009). AKTependent phosphorylation
of hTERT increasesetomerase activity in melanoma
cells, indicating that AKT promotes the
immortalization of cancer cells by preventing
replicative senescence (Kang et al., 1999).

Acute leukemia

Note

The AKT signaling is important for governing cell
survival and proliferatio in acute myeloid leukemia
(AML). The level of AKT phosphorylation on
threonine 308 but not on serine 473 is associated with
high-risk cytogenetics and predicts poor overall
survival in AML (Gallay et al., 2009). AKT activation
critically mediates survidaduring the early phase of
drug (i.e. imatinib) resistance development (Burchert et
al., 2005). PTEN phosphorylation, associated with
increased AKT phosphorylation, is found in 75% of
AML (Cheong et al., 2003a). Also SHIP1 alteration is
shown to result iKT activation in AML cells (Luo et
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al., 2003). AKT constitutive activation is observed in

more than 50% of AML cases and correlates with
chemotherapy resistance and poor prognosis (Min et
al., 2003; Grandage et al., 2005; Martelli et al., 2007).
In acuteleukemias, AKT

activation gives rise to the upregulation of several
downstream targets as FoxO transcription factors in
AML patients with poor prognosis (Tamburini et al.,
2007; Cheong et al.,, 2003b), Bad, p27, GSK3beta,
IKK, p70S6K and 4EBP1 in AML blasts (Zhao et al.,
2004; Guzman et al., 2001; Xu et al., 2003).

AKT signaling plays an important role in cell survival
mechanisms in acute promyelocytic leukemia (APL)
(Billottet et al., 2009); recent advances have defined a
novel PML/PTEN/ AKT/mTOR/FoxO sgnaling
network (Ito et al., 2009). The promyelocytic leukemia
protein (PML) has established activities as a potent
repressor of proliferation and oncogenic
transformation, a promoter of apoptosis, an inducer of
senescence, and may act as angiogenesiitiomhi
PML tumour suppressor prevents cancer by
inactivating phosph@KT inside the nucleus and
suppressing apoptotic rescue (Culjkovic et al., 2008).

In acute lymphoblastic leukemia (ALL) cell lines such
as Jurkat T cells, PTEN is deleted thus activathng
AKT pathway and promoting survival (Xu et al., 2002;
Uddin et al., 2004). In addition, an activating mutation
of Notchl receptor in ALL cells is found to inhibit
PTEN expression with subsequent AKT activation
(Palomero et al., 2007).

Chronic leukemia

Note

Chronic myelogenous leukemia (CML) is caused by
BCR-ABL fusion gene product, that has constitutive
tyrosine kinase activity and evokes the PI3K/AKT
signaling pathway (Steelman et al., 2004). AKT is
constitutively active in primary CML cells of both the
chronic phase and blast crisis as well as in CML cell
lines (Kawauchi et al., 2003). Introduction of a
dominantnegative kinaséleficient AKT mutant
(K179M) inhibits leukemegenesis in murine cells,
indicating an important role of AKT in transformation
with BCRABL through the possible effectors FoxO,
MDM2, GSK3beta, S6K and 4EBP (Skorski et al,
1997; Kharas et al, 2005). Furthermore, AKT
dependent phosphorytaon of FoxO3A is required for
maintaining the leukemic phenotype (Birkenkamp et
al., 2007).

Myeloma

Note

In both myeloma cell lines and primary cells-6Land
IGF-1 activate the PI3K/AKT pathway accompanied by
enhanced phosphorylation of downstream targets such
as Bad, GSK3beta, and FoxO (Hideshima et al., 2001,
Tu et al., 2000; Hsu et al., 200Z)he expression of
CD45 in myeloma cells negatively regulates the

Atlas Genet Cytogenet Oncol Haematol. 2010; 14(4)

344

Etro D, et al.

responsiveness to IGE stimulation that leads to AKT
activation (Descamps et al., 2004). Furthermore6 IL
and IGF1 both upregulate telomerase activity, which is
usually coupled with celtlivision, mediated by AKT
signaling (Akiyama et al., 2002). Constitutive
phosphorylation of AKT has been reported in primary
samples from patients with myeloma (Pene et al.,
2002). In addition, inhibition of mMmTOR induces
prevention in tumor proliferationna angiogenesis in
myeloma cells associated with high levels of AKT
activation (Frost et al., 2004).

Lymphomas

Note

AKT activation has been demonstrated in a variety of
B-cell nonHodgkin's lymphomas (NHL) including
Follicular Lymphoma (FL), diffuse largeB-cell
lymphoma (DLBCL), marginal zone-Bell lymphoma
and Mantle Cell Lymphoma (MCL) (Rudelius et al.,
2006; Dal Col et al, 2008). Constitutive
phosphorylation of AKT on serine 473 has been found
also in peripheral leukemia cells of-cCEll large
granularlymphocytic leukemia (ALGL) (Schade et al.,
2006). Constitutive phosphorylation of  AKT,
GSK3beta, and mTOR substrates such as S6K and 4E
BP1 was demonstrated in Hodgkin's lymphoma (HL)
cell lines, suggesting that the AKT pathway plays a
crucial role in srvival of HL cells (Dutton et al.,
2005). Moreover, proteomic analysis of FL tissues
showed overexpression of phosphldT on serine 473
(Gulman et al., 2005). In primary DLBCL samples,
there is a correlation between poor prognosis and
constitutive activabn of AKT (Uddin et al., 2006;
Ogasawara et al.,, 2003). In primary samples from
anaplastic large cell lymphoma (ALCL) patients,
around half of ALCLs exhibit constitutive
phosphorylation of AKT on serine 473 and the AKT
target p27 is downregulated in ALClcell lines
(Rassidakis et al., 2005). Moreover, mTOR, S6K and
4E-BP1 are constitutively phosphorylated in cell lines
and in tissue samples from ALCL patients (Vega et al.,
2006), indicating that the AKT pathway may be
implicated in cell proliferation andusvival of ALCL
tumors. AKT and its downstream targets, including
GSK3, FoxO3A, p27, MDM2, Bad, p70S6K and-4E
BP1, have been shown to be constitutively
phosphorylated in both primary MCL cells and MCL
cell lines (Rudelius et al., 2006). AKT is likely to be
more active in blastoid MCL variants than in typical
MCL, suggesting that the AKT pathway plays a critical
role in pathogenesis in aggressive MCL cases.
Constitutive AKT activation has been demonstrated in
adult T-cell leukemic (ATL) cells as well as inTA

cell lines. HSP9O0, a chaperone protein for AKT, and
the mTOR pathway are required for cell proliferation
and survival in primary ATL samples, suggesting a
crucial role for the AKT/mTOR axis in ATL expansion
(Kawakami et al., 2007).Bell antigen recept (BCR)
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stimulation has been shown to induce AKT
phosphorylation on serine 473 (Poggi et al.,, 2008;
Longo et al, 2007). In addition, CpG

oligodeoxynucleotide (Cp®DN) stimulates leukemia
cell proliferation accompanied by upregulation of AKT
phosphoryléion on 473 residue inLL patients with
poor prognosis (Longo et al., 2008). Therefore, AKT
activation seems to be involved in CLL -d2ll
expansion.

Various diseases

Note

Alteration of AKT activity is associated with several
human diseases, including  hatosclerosis,
cardiovascular disease, Alzheimer disease,
schizophrenia and diabetes.

Atherosclerosis

Note

Oxidized lowdensity lipoproteins LDLs activate the
PI3K/AKT network in macrophages/foam cells (Biwa
et al., 2000). The amount of phosphorylated A&Td
other phosphorylated effector proteins as S6K, S6,
GSK3beta and FKHR was found to be reduced in
atherosclerotic lesions.

Cardiovascular disease

Note

The first report on a role of the PI3K/AKT pathway in
the control of cell and organ size was publisineote
than 10 years ago (Leevers et al., 1996). AKT signaling
is relayed via mTOR to control the heart size. The
cardiomyocytespecific inactivation of the lipid
phosphatase PTEN and subsequent AKT hyper
activation also triggers heart hypertrophy and
culminates in reduced cardiac contractility (Crackower
et al.,, 2002). AKT is involved in the therapy for
ischemic limb or heart (Huang et al., 2009; Kruger et
al., 2009). Moreover, lonterm activation of
AKT/mTOR signaling links dietnduced obesity with
vascuér senescence and cardiovascular disease (Wang
et al., 2009).

Alzheimer disease

Note

Microtubule-associated protein tau contains a
consensus motif for AKT encompassing the double
phospheepitope  (T212/S214). AKT dependent
phosphorylation of tau occurs iiitne at both threonine
212 and serine 214 and may play specific roles relevant
to Alzheimer disease and other neurodegenerations
(KsiezakReding et al., 2003). Modulators of the PI3K
pathway might be reduced during aging leading to a
sustained activationf&SK3beta, which in turn would
increase the risk of tau hypphosphorylation
(MercadeGomez et al., 2008). In primary cultures,
AKT selectively phosphorylates tau at serine 214,
raising the possibility that 214 residue may participate
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in AKT-mediated amtapoptotic signaling (Kyoung
Pyo et al., 2004).

Schizophrenia

Note
Association between schizophrenia and an AKT1

haplotype associated with lower AKT1 levels and a
greater sensitivity to the sensorimotor gatdigruptive
effect of amphetamine, conferrbg AKT1 deficiency,
has been described. Alterations in AKT1/GSK3beta
signaling contribute to schizophrenia pathogenesis and
AKT1 gene may confer potential schizophrenia
susceptibility. Consistent with this proposal, it has been
shown that haloperidol indes a stepwise increase in
regulatory phosphorylation of AKT1 in the brains of
treated mice, that could compensate for an impaired
function of this signaling pathway in schizophrenia
(Emamian et al., 2004).

Diabetes type 2

Note

AKT is involved in the pathoechanism of diabetes as

it determines betaell apoptosis of Langerhans islets
and insulin sensitivity of the cells (Cseh et al., 2009;
Schulthess et al., 2009). It has been reported that
alterations of the AKT/mTOR or the AKT/PRAS40
axis contributes to aiabetic phenotype (Marshall et
al., 2006; Nascimento et al., 2006). AKT is required for
the metabolic actions of insulin; muscle cells from type
2 diabetic patients displayed defective insulin action
and a drastic reduction of insulgtimulated activityof

all AKT isoforms, in particular with altered AKT1
phosphorylation on threonine 308 residue (Cozzone et
al.,, 2008). Insulin resistance can be induced by
stimulating the degradation of important molecules in
the insulin signaling pathway as AKT1 (Wing &,
2008).
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ldentity

Other names B3GnT6; beta3GNT6 BGnT-6; Beta
1,3N-acetylglucosaminyltransferage Beta3GRT6;
C3S Core 3 synthaseMGC119334 MGC119336
MGC119337

HGNC (Hugo): B3GNT6
Location: 11913.5
Local order: -NA-

Note
B3GNT6 is a singlgass type Il membrane protein
belonging to the glycosyltransferase 31 family.

DNA/RNA

Note
Human B3GNTE6 is located on chromosome 11 in the
region of q13.4.

B3GNT6 Genomic organization and transcript

Exon1 Intron1 Exon2
[12106p 5,073 bp | SNSRI
7,111 bp
— ATG TGA
[BUTR(I21Bp)| U ORF(1155bp) i.su‘rm?e_szyl
2,038 bp

The schematic representation of human B3GNT6 gene and its
transcript (ATG, translation start codon; TGA, translation stop
codon; UTR, Untranslated region; ORF, Open reading frame).
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Description

Human B3GNT6 gene is 7,111 bp in length, composed
of 2 exons and 1 intron, and located at chromosome
11913.4.

Transcription

B3GNT6 transcript contains two exons. Exon 1 is 121
bp and exon 2 is 1,917 bp. The exon 2 contains 1,155
bp ORF and 762 bp 3'UTR.

Pseudogene
-NA-

Protein

Note

Human UDPRGIcNAc:GalNAcatSer/Thr betdl,3-N-
acetylglucosaminyltransferase (core 3 synthase) has
384 amino acids and 43 KDa molecular weight.

B3GNT6 Protein structure

N-{CT[TM |Stem|
1-12 13-31 32-384

~C

Catalytic domain

aa positions

The predicted B3GNT6 structure contains a short N-terminal
cytoplasmic tail (CT) (12 aa), a transmembrane domain (TM)
(19 aa), a long stem region and catalytic domain (353 aa) at the
C-terminal region.

Description

B3GNT6/C3S is singlpass type Il membrane protein
belonging to the glycosyltransferase 31 family.
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Expression

B3GNT6/C3S gene expression is restricted to mucus
secretory tissues. The level of beta3GnT6 transcript
expressed ivarious human tissues as measured by the
real time PCR revealed that the expression level was
highest in the stomach, followed by the colon and small
intestine. Skeletal muscle and testis expressed the
beta3GnT6 transcript at a moderate level. The
expres®on levels in the remaining tissues were very
low or not detectable. Its expression was markedly
downregulated in gastric and colorectal carcinomas,
which include both tumor tissues and cell liksived
from these carcinomas.

Localisation

Golgi Membrane

Function

B3GNT6/C3S enzyme catalyzes the transfer of
GlcNAc from UDRGIcNAc to GalNAcalphaiSer/Thr
(Tn antigen) to form the core 3 structure

(GIcNAchetat3GalNAcalphaiSer/Thr). Core 3 can

be extended by the addition of galactose and then other
sugars @ generate biologically important epitopes or
serves as the precursor for the formation of core 4,
which in turn can be further elaborated to form more
complex structure. Core-&ntaining Gglycans are
found in the secreted mucins produced in the mucus
secretory tissues. Loss of core 3 synthase results in the
loss of not only core 3 glycans but also core 4 glycans.
Loss of core 3 could lead to the production of secreted
mucins with compromised mucus protection function.
As a result, mucus would be more gdfrated, bacteria
would be inefficiently cleared from the system, and
chronic inflammation would be developed, which
eventually would result in development of cancer. A
mouse model devoid of core 3 synthase gene has been
shown to develop colon cancer. Besa the loss of this
gene leads to development of colon cancer,
B3GNT6/C3S gene is a tumor suppressor gene.

Homology

An alignment of the amino acid sequences of five
B3GnTs made using ClustalW showed 41, 54, 42, and
35% sequence identity between B3GnT6 B3GNT2,
B3GnT3, B3GnT4, and B3GnT5, respectively, and this
sequence similarity was limited to the putative catalytic
domains. Five cysteine residues were conserved among
these five B3GnTs. However, only B3GNT6/C3S
exhibits significant core 3 synthase aityi.

Implicated in
Gastric and Colorectal carcinomas
Note

Colorectal cancer, which is also called colon cancer
or large bowel cancer, includes cancerous growths in
the colon, rectum and appendix. Loss of function of the
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mucus layer is one major causd this cancer.
Globally, cancer of the colon and rectum is the third
leading cause of cancer in males and the fourth leading
cause of cancer in females. The frequency of colorectal
cancer varies around the world. It is common in the
Western world and is ra in Asia and Africa. In
countries where the people have adopted western diets,
the incidence of colorectal cancer is increasing.
Colorectal cancer can take many years to develop and
early detection of colorectal cancer greatly improves
the chances of auce. Therefore, screening for the
disease is recommended in individuals who are at
increased risks. Prevention and early detection are key
factors in controlling and curing colorectal cancer.

Indeed, colorectal cancer is the second most
preventable canceafter lung cancer.

Prognosis

B3GNT6/C3S is dowegulated in gastric and

colorectal carcinomas, suggesting that it may be used
as a marker for distinguishing between benign
adenomas and premalignant lesions.

Oncogenesis

O-linked oligosaccharides (@lycars) are the primary
components of the intestinal mucus layer that covers
the gastrointestinal epithelium. This layer is a dense,
carbohydrateich matrix that consists primarily of
mucins containing multiple serine and threonine
residues, which have been difted by Oglycans and
account for 880% of the mucin mass. The mucus
layer and epithelial cells comprise an intestinal barrier
that protects epithelial and intestinal mucosal immune
cells from potentially harmful luminal microflora and
food components.Among all mucin glycan core
structures, Core 3 and core 4 are unique to secreted
mucins, which may play important roles in protecting
the molecular integrity of these mucins and enable
them to perform their functions under extreme harsh
conditions, such agastric and colonic environment.
Loss of these functions resulted from the loss of core 3
synthase is thought to initiate oncogenesis in the
gastrointestinal tract.
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Identity

Other names BCL2L4

HGNC (Hugo): BAX

Location: 19913.33

Local order: Orientation: Plus Strand.

DNA/RNA

Description

The BAX gene, with 6.939 bases in length, consists of
6 exors and 5 intervening introns.

Transcription

The BAX gene is characterized by 5 protein coding

transcripts (alpha/psi, beta, delta, epsilon, sigma)- Bax

beta encodes the longest isoform (891 bp) of the gene.
BAX-alpha/Baxpsi variant is 888 bp in length and

codes for a protein isoform that possesses a shorter and

different C terminus, as compared with the isoform
BAX-beta. The third variant (BAXlelta), which is 741

bp in length, lacks exon 3, whereas it retains the
functionally critical Gterminal membrane rehorage
region, as well as the BCL2 homology 1 and 2 (BH1
and BH2) domains, although it has a shorter and
different C terminus, in comparison with BAbeta.
The fourth identified variant of BAX, which is
designated as BApsilon, is 986 bp in length bacse

it contains an extra fragment within the coding region,
as well as a distinct 3' coding region and 3' UTR,
resulting in a distinct BAX isoform with a shorter and
distinct C terminus, as compared with BA¢ta. The
fifth identified variant of BAX, BAXsigma, is 849 bp

in length and has also a shorter and different C
terminus, when compared with the isoform beta.
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Pseudogene
Not identified so far.

Protein

Note

The BAX gene encodes for a 21 kDa protein, named
BAX-alpha. It was the first deathducing membe of

the BCL2 family to be identified, and it was detected as
a protein cepurified with BCL2 in
immunoprecipitation studies. The BH3 domain of BAX
is essential for its homodimerization and its
heterodimerization with BCL2 and BGXL.
Furthermore, the prein contains a hydrophobic-C
terminal region essential for membrane targeting, while
BH1 and BH2 domains show homology to pore
forming proteins that contribute to apoptosis. In
addition to BAXalpha, which is the major protein
product of the whole gene, BAundergoes alternative
splicing, resulting in the production of distinct protein
isoforms. The tumour suppressor p53 is a
transcriptional regulator of BAX, since the promoter of
the BAX gene possesses four regions with high
homology to the consensus p58ding sites.

Description

The BAX belongs to the BCL2 family of proteins. It is
composed of 192 amino acids (21184 kDa), with a
calculated molecular mass of 21.184 kDa. The BAX
protein exists as a monomer, a homodimer, or as a
heterodimer with BCL2, E1B 19 protein, BCL2L1
isoform BckX(L), MCL1 and BCL2A1/Al. It also
interacts with SH3GLB1 and HN. It contains one BH3
homology domain.

Localisation
BAX protein has been reported to be localized in the
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mitochondria, mitochondrial permeability transition
pore complex, mitochondrial outer membrane,
endoplasmic reticulum membrane and cytoplasm.

Function

BAX protein heterodimerizes either with members of
the BCL2 family of proteins or with tyrosine kinases
enabling them it to display its proapoptotic function
within the cell. It is also implicated in the loss of
mitochondrial membrane potential and the release of
cytochrome c.

Homology

Human BAX shares 99.5% amino acid identity with
Pan troglodytes, 97.4% identity with Canis lupus
familiaris, 96.4% identity with B® Taurus, 92.2%
identity with Mus musculus, 91.2% identity with Rattus
norvegicus and 52.7% identity with Danio rerio. In
addition, BAX protein presents high homology to the
BCL2 protein, containing the conserved regions BH1,
BH2 and BH3.

Mutations

Note

Onre regulatory type of mutation has been identified
according to which a guanine substituting adenosine
substitution at position 125 (G125A) in the BAX

promoter is associated with higher stage of chronic
lymphocytic leukemia (CLL) and failure to respond to

treatment in CLL patients. Additionally, 110 SNPs,

with uknown clinical association and the following IDs,

have been reported in Entrez SNP database:
rs62125987, rs62125961, rs61473366, rs61415800,
rs60900019, rs59878749, rs59152877, rs57453473,
rs57028628, rs56251427, rs56251427, rs55692456,
rs55692456, rs36101119, rs36096807, rs36017265,
rs35946201, rs35630245, rs35475300, rs35258702,
rs34873472, rs34124134, rs34043541, rs28624947,
rs28450536, rs12983717, rs12976339, rs12976283,
rs12975003, rs11671610, AK69164, rs11669162,

rs11668424, rs11668008, rs11667351, rs11400412,
rs11358529, rs11302449, rs10644606, rs7508566,
rs7259013, rs7255991, rs7255559, rs4645904,
rs4645903, rs4645902, rs4645903, rs4645902,
rs4645901, rs4645900, rs4645899, rs4645898,
rs464589, rs4645896, rs4645895, rs4645894,
rs4645893, rs4645891, rs4645890, rs4645889,
rs4645888, rs4645887, rs4645886, rs4645885,
rs4645884, rs4645883, rs4645882, rs4645881,
rs4645880, rs4645879, rs4645878, rs4309503,
rs3817074, rs3817073, rs2387583, rs1985882,
rs1974820, rs1805419, rs1805418, rs1805417,
rs1805416, rs1075531, rs1057369, rs1010104,

rs1010103, rs1009316, rs1009315, rs905238, rs704243.

Atlas Genet Cytogenet Oncol Haematol. 2010; 14(4)

357

Thomadaki H, Scorilas A

Implicated in
Various cancers and diseases
Disease

Colorectal cancer, -Tell acute lymphoblastic leu
kemia, chraic lymphocytic leukemia (CLL), B cell
chronic lymphocytic leukemia, osteomyelitis.

Prognosis

BAX mutations have been found to be associated with
positive prognosis in Dukes B2 patients, concerning
survival.

The G(248)A polymorphism in the promoter regioh

the BAX gene has been associated with reduced BAX
expression, advanced disease stage, reduced treatment
response and short overall survival inc8l chronic
lymphocytic leukemia (CLL).

Polymorphisms were found for BAX, caused by
variation in nucleotid A repeat number at position 360

in the 5'region of BAX gene. These allelic frequencies
of BAX polymorphism were significantly different
between males and females and therefore associated
with gendetbasecheamatocrite (HCT) differences

Substitution of he nucleotide G>A at position-248 in

the BAX gene was more frequent in patients with

osteomyelitis and was associated with a longer lifespan
of their peripheral blood neutrophils, probably

possessing a significant role in the pathogenesis of
osteomyeliis.

In cases of malignancies, the concentration of BAX
protein in cancer cells is reduced. In addition, p53
deficient mice show reduced BAX levels, ultimately
developing TFcell lymphoma.

Reduction of BAX expression levels is negatively
associated with mancancers outcome. It is associated
with a variety of adverse prognostic factors such as
poor response to radi@and chemotherapy, advanced
stage, lymph node metastasis, and reduced difesse
and overall survival in variety cancer types, such as
coloredal, pancreatic, breast, head and neck, prostate,
small cell lung cancer and gynecological (ovarian)
malignancies. More specifically, the enhanced
expression of BAX protein is a positive prognostic
factor for pancreatic cancer and sensitizes human
pancredat cancer cells to apoptosis induced by
chemotherapeutic agents. In the case of stage Il colon
cancer, treated only with surgery, BAX protein
expression may be a predictor for prognosis. In ovarian
cancer, BAX protein may have a predictive potential in
taxaneplatinumtreated patients. Moreover, in resected
nonsmall cell lung cancer, low expression of BAX
implies poor prognosis. In addition, in patients with
advanced esophageal cancer, treated with
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chemoradiotherapy, reduced expression levels of BAX
predict poor prognosis. Low expression of BAX was
also

significantly associated with poor PFS and OS in
nasopharyngeal cancer patients.

In lung cancer, BAX is translocated to the nucleus,
enhancing tumour development.  Furthermore,
mutational analysis of theege in cases of lung cancer
patients revealed the presence of a silent point mutation
in codon 184 (TCG>TCA), as well as intronic
mutations.

In T cells and endometrium of patients with acute
lymphoblastic leukaemia, frameshift mutations have
been detectenh the BAX gene.

It is a common observation in cases of gastrointestinal
cancer, the detection of two specific missense
mutations of the BAX gene in codon 169 (Thr > Ala or
Thr > Met), which cause inhibition of the proapoptotic
activity of the protein angnhance the development of
cancer.

Various chemotherapeutic treatments act via- up
regulation of the BAX gee to block tumour
progression.

BAX is highly expressed in H60 but it was found to

be hardly expressed in HCR cells, a Czxeramide
resistant HE60 subline, which has been recently
established. These cells showed reduced response to a
variety of anticancer drugs including ceramide,
doxorubicin, etoposide and cytosine arabinoside.

Hybrid/Mutated gene
Not identified so far.

Abnormal protein
Not identified so far.
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Identity

Other names BGP, BGPI, BGPL CD66a BGP
HGNC (Hugo): CEACAM1

Location: 19g13.2

Local order: centromere CGM7(CEACAMA4)-
CGM2(CEACAM7)- CEA(CEACAMS) -
NCA(CEACAMS6) - CGM1(CEACAMS3)- CEACAM1
- CGM9(CEACAMP2)- CGM6(CEACAMS)-
CGM8(CEACAMP1)- telomere.

DNA/RNA

Note
The locus is complex, and it produces several proteins
via alternative splicing.

Description

The gene is composed of 9 exons spanning in a region
of 23,140 bp (Localized from 47,724,479 to 47,703,298
from pter).

Transcription

Human CEACAML1 consists of 9 exons that can be
alternatively spliced to generate 11 different isoforms.
The gene contains 19 different introns, and the
sequence is supported by 286 sequences from 262
cDNA clones. The transcripts differ by truneati of

the Nterminus, truncation of the-@rminus, presence

or absence of a cassette exon, common exons with
different boundaries. Among various types of isoforms,
the full-length nature of two alternative transcripts
(NM_001024912.1, NM_001712.3) has hee
determined.

Pseudogene

Eleven pseudogenes of the CEA cell adhesion molecule
subgroup are found in the cluster of the two subgroups
of the CEA family (the CEA cell adhesion molecules
and the pregnanegpecific glycoproteins which locate
within a 1.2 Mb clister on the long arm of chromosome
19).

41124479 47103298
5 | gh
ATG N Al Bl A2 TM C C C
1 2 3 45 6 189

Genomic structure of human CEACAML1. Open and closed boxes indicate untranslated regions and coding regions (exons) of CEACAM1
gene, respectively. The ATG initiation codon is located in the first exon, and the TGA termination codon is located in exon 9. N, Al, B1
and A2; Ig domains, TM; transmembrane domain, C; cytoplasmic domain.
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In human, 11 different CEACAML1 splice variants have been reported. The domain structure of each protein isoform is illustrated as open
box. N; N-terminal immunoglobulin variable-region-like (IgV-like) domain, A or B; subsets of constant-region-type-2-like (IgC2-like)
domains, TM; transmembrane domain, C; cytoplasmic domain. Nomenclature number after CEACAM1 indicates the number of
extracellular immunoglobulin-like domains, whereas the letter that follows this indicates the presence of either a long (L) or a short (S)
cytoplasmic tail, a unique termini (C), or an Alu family repeat sequence present within the open reading frame (A). For example,
CEACAML1 with four extracellular immunoglobulin-like domains and with a long cytoplasmic domain is called as CEACAM1-4L. The most
common isoforms expressed by human immune cells are CEACAM1-4L, CEACAM1-3L, CEACAM1-4S and CEACAM1-3S.

Protein

Description

CEACAML1 is a singlepass typel glycoprotein which
belongs within the Ig gene superfamily. It contains a 34
amino acid (aa) leader sequence, an extracellular
domain which contains a-Mrminal Ig\-like domain

and three of IgClike domains (382 aa),a
transmembrane domain (43 aa), a cytoplasmic domain
(67 aa) and two of the potential tyrosine
phosphorylation sites. CEACAM1 is heavily -N
glycosylated with more than 60% of the mass
contributed by Ninked glycans.

Localisation

CEACAML1 isoforms with trasmembrane domain are
mostly cellmembrane anchored, whereas those without
transmembrane domain are secreted. They are mostly
expressed in cells of epithelial and endothelial,
lymphoid and myeloid cells.

Function

CEACAML1 is capable of homophilic with CEACAM

or heterophilic adhesion with CEA and CEACAMSG.
Isoforms of CEACAM1 with a long cytoplasmic
domain generally transmit inhibitory signals, whereas
isoforms with a short cytoplasmic domain indicate a
regulated interaction with the cytoskeleton. CEACAM1
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has been implicated in various types of intercellular
adhesion and intracellul@ignaling of cell survival,
differentiation and growth in both normal and cancer
cells as follows:

(1) CEACAML inhibits proliferation of both epithelial
cells and T Ilymphocytes yb a contacimediated
mechanism. In monocytes, CEACAM1 regulates
phosphatidylinositol Xinase (PI3K) and Akt
dependent survival signal and inhibits apoptosis.

(2) CEACAM1 induces apoptosis of mature
colonocytes and mammary epithelial cells, which is in
pat of a morphogenetic process in the formation of
glandular lumen.

(3) CEACAM1 has been demonstrated to stimulate
cellular migration of blood vessel endothelial cells.

(4) In granulocytes, CEACAM1 mediates the diimg
to endothelial Eselectin.

(5) The invdvement of CEACAML1 in carcinogenesis

is complex. In some types of cancer cells such as colon
cancer and hepatoma loss or reduced expression of
CEACAML1 is frequently observed, thereby it has been
regarded as a tumor suppressor. However, in other
types, forexample, thyroid cancer and gastric cancer,
CEACAML1 is upregulated.

(6) CEACAM1 exerts angiogenic properties and is a
major effecter of VEGF in the early vascular formation.
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Since CEACAM1 is mainly expressed in tumor
microvessels but not in large bloodsgels, it may be a
target for the therapy of tumor angienesis.

(7) Neisseria gonorrhea triggers expression of
CEACAML1 on primary endothelial cells by activating
the immediate early response tramiption factor NF
kappaB.

Neisseria gonorrhoeae coloopacityassociated (Opa)
proteins bind to human CEACAM on host cells
including T Ilymphocytes, and Opa binding to
CEACAML1 suppresses the activation of CD4+ T cells
in response to a variety of stimuli.(8) CEACAM1
regulates insulin clearance in the liver.

Homology

CEACAML1 is the human homolog of a cell adhesion
molecule (CAM)of the rat designated CelAM.

Rattus norvegicus: 70.74 (n), 56.12(a) (Percentage
Identity).

Mus musculus: 72.3 (n), 58.25 (a).

Implicated in

Colon cancer

Note

CEACAM1 mRNA was demonstrad to be down
regulated to < or = 0.4 in 80% of 21 colorectal
carcinoma tissue specimens as compared with the
respective adjacent normal mucosa (Neumaier et al.,
1993). CEACAML1 was reported to be asseteid with
pp60esrc, suggesting that dowegulation of
CEACAML1 in about 80% of colorectal carcimoas
may contribute to a dysfunction of ppé&& in
colorectal cancer (Brummer et al., 1995).

Hepatocellular carcinoma

Note

CEACAML1 was reported to be diffusely expressed in
113 of 139 hepatomas. Loss of CEARA expression
was closely associated with large tumor size,
multiplicity of the tumor, portal vein invasion, and
satellite nodules and affected survival adversely,
according to univariate (P < 0.0001) and multivariate
analyses (relative risk, 5.737; P <001) (Cruz et al.,
2005). In rat hepatoma cells 1682A, restoration of
CEACAM1-4L expression was demonstrated to
completely suppress the tumor formation (Laurie et al.,
2005). In human hepatoma cell lines (HLF,
PLC/PRF/5, HepG2 and KY48), CEACAML1 protein
was demonstrated to only express in HepG2, which
shows a strong property for enhanced ancherage
independent growth. It was reported that CEACAM1
acts as a tumor suppressor when the cells are cultured
in anchoragelependent growth conditions. In contrast,
in  anchoragendependent  growth  conditions,
CEACAML1 augments cell proliferation by potentiating
the celtcell attachment (Hokari et al., 2007).
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Breast cancer

Note

CEACAML1 is downregulated in around 30% of breast
cancers. CEACAM1 is reported to suppress the
tumorigenicity of breast cancer cells via its cytoplasmic
domain but not the extracellular domain (Luo et al.,
1997). CEACAML1 is demonstrated to be consistently
expressed in normal tissue and benign lesions of
mammary gland, whereas it disappears with the
development of the malignant phenotype in both
noninvasive and invasive carcinoma (Riethdorf et al.,
1997). CEACAML is reported to be expressed at high
levels in cribiform ductal carcinoma in situ (DCIS).
Although most invasive ductal carcinomas express
CEACAM1 weakly, tumours with minimal lumena
formation show cytoplasmic CEACAM1 expression
(Kirshner et al., 2004).

Prostate cancer

Note

CEACAML is reported to be regulated by androgen and
might act as a growth repressor during differentiation
of the prostat epithelium. Forced expression of
CEACAML1 results in the significatly lower growth
rates of human prostatic cancer cell line-PCHsieh et

al., 1995).

Bladder cancer

Note

CEACAML is expressed in umbrella cells of bladder
urothelium, but is dowanegulaed in superficial bladder
cancer. CEACAML1 silencing in bladder cancer cell
lines 486p and RT4 using the small interfering RNA
technique leads to a significant -tggulation of
vascular endothelial growth factor (VEGE) and
VEGFD, suggesting that the epélial down
regulation of CEACAML1 induces angiogenesis via
increased expression of VEGF and VEGFD
(Oliveira-Ferrer et al., 2004).

Melanoma

Note

A total of 28 of 40 patients with CEACAMfpositive
primary melanomas developed metastatic disease,
compared wth only six of 60 patients with
CEACAM1-negative melanomas. the strongest
CEACAML1 expression was observed at the invading
front. KaplanMeier analysis revealed a highly
significant association between CEACAM1 expression
and metastasis (P <.0001) (Thieslket 2002).

Renal cell carcinoma

Note
In normal kidney, CEACAM1 was found in epithelial
cells of proximal tubules and in endothial cells. In

contrast, tumour cells of 30 clear cell,
chromophobic, and two chromophilic RCCs were

three
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completely devoidof CEACAM1. Renal adenomas
also lacked CEACAM1 expression. Similarly, RCC
cell lines CakKil, CaKi2, A498, and RCC26 exhibited
no or lowlevel CEACAM1 expression. However,
CEACAM1 expression was transiently induced in
A498 cells upon contact with allogengi®8+ T cells,
mediated at least in part by interfergamma.
Furthermore, the majority of tumocinfiltrating T and

NK cells expressed CEACAM1 upon stimulation.
Thus, transient expression of the tumour suppressor
CEACAM1 by tumour cells and subsequent
hormophilic interaction with CEACAM1 on tumour
infiltrating lympho-cytes could represent a novel
immune escape mechanism in RCC (Kammerer et al.,
2004).

To be noted

Note

The role of CEACAML in cancer may be different
among different types of cancer. CEACAM1dewn
regulated in colon carcinomas, hepatocellular
carcinomas, a proportion of breast cancers. In contrast,
in prostate cancer and bladder cancer, CEACAML1 is
downregulated in the cancer cells, whereas
overexpressed in blood microvessels and lymphatic
cafllaries and in the vicinity of the tumor. In thyroid
cancer, gastric cancer and metastasing malignant
melanomas, CEACAML is increased.
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Identity

Other names DAB-2; DOC-2; DOC2, FLJ26626
HGNC (Hugo): DAB2
Location: 5p13.1

Local order: The complement factor 9 (C9) gene is
located at the &ndof the DAB2 gene.

Note
DAB2 was first identified as DOR, for differentially

expressed in ovarian carcinoma, and subsequently as a

protein whose phosphorylation is stimulated by aSF

DNA/RNA

Description

The DAB2 gene consists of 15 exons and 14 introns
spanning in a region of 35 kb in size.

Transcription

The putative DAB2 promoter was identified within a
420bp sequence upstream of the exonl/intronl
junction. DAB2 is alternatively spliced to generate
several transcripts and proteins. The transcriptleas
detected in spleen, thymus, prostate, testis, small
intestine, and abundant in ovary.

Protein

Note

DAB2 plays a pivotal role in the control of cellular
homeostasis. The adaptor protein DAB2 is implicated
in several receptemediated signaling pathways
endocytosis, cell adhesive function, hematopoietic cell
differentiation, and angiogenesis.
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Schematic representation of DAB2 domains. DAB2 possess a
highly conserved N-terminal phosphotyrosine-
interacting/phosphotyrosine  binding domain  (PID/PTB),
renamed the DAB homology domain, and a C-terminal proline-
rich domain (PRD).

Description

770 amino acids, molecular weight 82.5 kDa. DAB2
contains an Nerminal PID/PTB domain (amino acid
42-180) and three @rminal prolinerich domains
(amino acid 619527, 663671, and 71422). A
potential actirbinding motif, KKEK is present in the
N-terminal domain.

Expression

Widely expressedCytoplasmic. DAB2 is expresed in
many epithelial cell types and was suggested to have a
role in epithelial organization. dab2 kheout mice are
embryonic lethal for defective visceral endoderm cell
organization. In fact, in dab2/{) mice, the epithelial
cells of the early embryos (visceral endoderm) mix
within the interior rather then align as a layer covering
the inner cell massThe role of Dab2 in mediating
directional trafficking of endocytic proteins to establish
apical polarity is suggested as a mechanism for surface
positioning of endoderm cells.

Function

The PID/PTB and PRD domains of DAB2 associate
with several proteins,ra these interactions have been
shown to modulate protein trafficking,

cytoskeleton organization, cell adhesion and migra
tion, and cell signaling of various receptor protein
tyrosine kinases.
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Cell cycle DAB2 was identified as a protein
phosphorylatedn response to mitogenic stimttian

by CSF1. In cells, protein phosphorylation of DAB2
modulates its functional activity. Protein kinase C
(PKC) and Cdc2 are the two known DAB2 kinases.
The major PKC phosphorylation site has been mapped
to Sef*and it 5 essential for the inhibitory function of
DAB2 in TPArinduced AP1 gene transcription. DAB2

is differentially phosphorylated during the cell cycle by
cdc2, and its phosphorylation promotes the association
of DAB2 with Pinl, that regulates the rate of DAB2
dephosphorylation.

Vesicle traffic: DAB2 plays a role in linking specific
extracellular receptors to the endocytic machinery.
DAB2 associates with AR-positive clathrircoated
structures, together with endetysed transnembrane
proteins such as lowersity lipoprotein (LDL)
receptors and integrins. DAB2 also binds to the actin
based myosin VI, mediating the attachment of cargos to
motor proteins and regulating protein trafficking.

Signaling pathways

- TGFbeta- Dab2 associates with Smad2 and Smad3,
by a direct interaction with the PID/PTB domain of
Dab2, and with TGFbeta receptor | and TGFbeta
receptor Il. Thus Dab2 may be an essential component
of the TGFbeta signaling pathway allowing the
transmission of signals from the TGFbeta receptors to
the Smadamily of transcriptional activators.

- WNT - Dab2 associates with Axin and stabilizes its
expression by preventing Axin interaction with the
LRP5 coreceptor. Thus the interaction of Axin with
betacatenin results stabilized with an increase in beta
caterin degradation and attenuation of Wnt signaling.

- RAS/RAF/MAPK - In cell culture experiments, a
Dab2 overexpression leads to suppression efFas
expression and cell growth inhibition without affecting
MAPK activity. In vivo studies confirmed a Dab2 role
in regulating eFos expression. A possible molecular
mechanism of action is that Dab2 limits the entry of the
activated MAPK into the nucleus. DAB2 can also
interact with Grb2 through its PRD. Receptor tyrosine
kinase activation by growth factors incress¢he
binding of DAB2 to Grb2, which interrupts the binding
of SOS to Grb2 and leads wuppression of ERK
activation.

Cell adhesion DAB2 is an adhesionesponsive
phosphoprotein and plays a role in cell adhesion and
spreading. Sét phosphorylation promes membrane
translocation of DAB2 and its interaction with beta3
integrin. DAB2 negatively regulates integrin
alphallbbeta3 activation, leading to the inhibition of
alphallbbetadnediated fibrinegen adhesion. In cell
experiments during TGFbetaduced epthelial to
mesenchymal traddferentiation (EMT), Dab2
expression is increased and Dab2 binds to betal
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integrin. In these conditions, Dab2 silencing leads to a
decrease in cell adherence, inhibition of EMT, and
apoptosis.

Angiogenesis DAB2 can bind toShc3 domain of Src
and this interaction results in Src inactivation. DAB2 is
expressed in human umbilical vein endothelial cells
(HUVEC). By modulating the activation of SFAK
signaling and MAPK phosphorylation, DAB2 controls
endothelial cell migratioand differentiation.

Homology

The Disabled proteins are a family of adapters involved
in cellular signaling, oncogenesis, and development.
DAB2 is related to Drosophila Disabled and
mammalian Dabl, which regulate neuronal
development. DAB2 shares 81% idigntwith the
mouse p96/Dab2 protein.

Implicated in

Epithelial ovarian cancer

Note

DAB2 was identified due to the loss of its expression in
ovarian cancer cells. Ovarian carcinoma cells
transfected with DAB2 showed a reduced growth rate
and ability to formtumors in nude mice. Loss of DAB2
expression is not correlated with tumor grade,
suggesting that loss of DAB2 expression is an early
event in ovarian malignancies and DAB2 behaves as a
tumor suppressor.

Prostate cancer

Note

DAB2 is a potent growth inhibitofor prostate cancer
cells by suppressing several protein kinase pathways.
The PRD of DAB2 is the key functional domain
responsible for this activity. It was shown that in
prostate cancer cells without endogenous DAB2
expression, a functional motif derivyédrom the PRD of
DAB2 conjugated with a delivery system is a potent
growth inhibitor.

Breast cancer

Note

DAB2 sensitizes breast cancer cells to cell death upon
the loss of celmatrix attachment by targeting the
oncogenic activity of ILK.

Various cancer

Note

Urothelial carcinoma of the bladder, esophageal
squamous carcinoma, metastatic pancreatic cancer,
colorectal cancer, gestational choriocarcinoma.

Disease

DAB2 expression is dowregulated.
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Malignant peripheral nerve sheath
tumor, invasive cervical carcinoma
Note

Comparative genomic hybridization (CGH) revealed

frequent gains of DAB2.
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Identity

Other names DKFZp761P0818 DKFZp781B0426
DLGH1; SAP-97; SAP97 dJ1061C18.1;1HdIg

HGNC (Hugo): DLG1
Location: 3929

DNA/RNA

Description

The DLG1 gene consists of 250,017 bases on the 3g29
locus of chromosome 3 (Azim et al., 1995).

Transcription

The DLG1 gene encodes a 960 amawid protein of
100355 Da with several distinct domains. A 13%0
fragment of the 5'l&nking region of the DLG1 gene,
corresponding to nucleotide (nt)1217/+ 93 contains
the promoter sequence plus the conseb#uding sites
for the Snail family of transcription factors that repress
the expression of some epithelial markers and are up
regulated in a variety of tumours. Snail transcription
factors repress the transcriptional activity of the DLG1
promoter (Cavatorta et al., 2008). The carbexyl
terminal 179 aa show strong homology (35.5%) to
yeast guanylate kinase (GUK) an enzyme that temasf
a phosphate group from ATP to GMP, converting it to
GDP, althouglDLG1 has no enzymatic activity.

DLG1 contains also a 59 aa SH3 (Src homolgy 3)
domain, which mainly mediates binding to other
proteins. The N terminal half of the molecule contains
three copies of the 8®0 aa motif -called
DHR/GLGF/PDZ (PSER5, Dlg, ZG1), which mediate
the binding of the protein to the plasma membrane and
confers binding to proteins that
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possess a class | PDZ binding motif (Morais Cabral et
al., 1996).

There are two may transcripts of DLG1 gene. One is
Discs large homolog 1 isoform 1, which contains an
additional exon (99 nucleotides) in the 5' part of the
Dlg homology repeats (DHR) domain and lacks an
exon in the 3' coding region, resulting in a shorter
protein (isofem 1), compared to isoform 2. The second
is Discs large homolog 1 isoform 2, which represents
the longer transcript and encodes the longer isoform.
This second transcript is alternatively spliced with an
insertion of 34 nucletides in the region betweehe
SH3 and GUK (isoform 2). Another alternative splice
has an insetion of 100 nucleotides and the resulting
transcript is called Bcs large homolog 1 isoform 3.

In conclusion, the protein is regulated by a several
different alternative splicing eventMéri et al., 1998)
resulting in a number of different combination of
spliced variants (which give raise to at least 7 isoforms
such as 1112, 1113, etc.) (see table), some of which are
transcribed in a tissugpecific manner (Lue et al.,
1996; McLaughlin eal., 2002).

Pseudogene
None.

Protein

Description

The 'discs large' protein, Dlgl, is part of a family of
proteins termed MAGUKs (membramassociated
guanylate kinase homologs). MAGUKSs are Hizad

at the membraneytoskeleton interface, usually at eell
cell junctions, where they appear to have both
structural and signaling roles. DLG1 probably exists as
an homotetramer.
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Diagram of the DLG1 protein with its characteristic domains and the main protein-protein interactions at the cell-cell junctions.

Ultrastructural analysis of hDIg by low angle rotary
shadow electron microscopy revealed that the -full
length hDIg protein as well as its amiterminal
domain exhbits a highly flexible irregular shape.
Further evaluation of the sedfssociation state of hDlg
using sedimentation equilibrium centrifugation, matrix
assisted laser desorption/ionization mass spectrometry
and chemical croslinking techniques confirmedhat

the oligomerization site of hDIg is contained within its
aminoterminal domainThis is mediated by a unique
L27 domain which regulates multimerization of hDIg
into dimeric and tetrameric species in solution, and
sedimentation velocity experiments demstrated that
the oligomerization domain exists as an elongated
tetramer in solution (Marfatia et al., 2000). Thus, the
L27 domain regulate DLG1 sedissociation. The N
terminal alternatively spliced region is capable of
binding several SH3 domains and clsioderates the
level of protein oligomerization.

Specific binding partners are known for each domain of
DLG1, and different modes of intramolecular
interactions have been proposed that particularly
involve the SH3 and GUK domains and thecsdled
HOOK region located between these two domains.
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DLG1 binds to the membrane cytoskeletal 4.1 protein
through its Gterminal region (Hanada et al., 2003), via
a motif encoded by the alternatively spliced exon
located between the SH3 and thée@minal guanylate
kinaselike domains (Isoform I13). The PDZ4 modules
and the 13 domain associate with the-KED NH2-
terminal domain of protein 4.1 that is conserved in
ezrin/radixin/moesin (ERM) proteins module (Lue et
al., 1996; Bonilha and Rodrigu&oulan, 2001).
Indeed SAR97 also interacts with ezrin, an aetin
binding protein crucial for morphogenesis of apical
microvilli and basolateral infoldings in retinal pigment
epithelial (RPE) cells.

Through the PDZ2 domain the protein also interacts
with the carboxyterminal S/TXV motif of the APC
(Adenomatous polyposis coli) tumour suppressor
protein and plays an important role in transducing the
APC cell cycle blocking signal (Makino et al., 1997;
Ishidate et al., 2000; MimoKiyosue et al., 2007). In
addition, APC appears to mhate the interaction
between DLG1, betaatenin and the actin
cytoskeleton. Betaatenin is complexed with gamma
catenin and alphaatenin, through which DLG1 binds
to E-cadherin (Reuver et al., 1998). Moreover, the Src



































































































































































































