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DNA replicates in a timely manner with each cell division. Multiple proteins and factors are involved in
the initiation of DNA replication including a dynamic interaction between Cdc10-dependent transcript
(Cdt1) and Geminin (GMNN). A conformational change between GMNN-Cdt1 heterotrimer and hetero-
hexamer complex is responsible for licensing or inhibition of the DNA replication. This molecular switch
ensures a faithful DNA replication during each S phase of cell cycle. GMNN inhibits Cdt1-mediated

Keywords: minichromosome maintenance helicases (MCM) loading onto the chromatin-bound origin recognition
?gxlt\cglecpltlcatlon complex (ORC) which results in the inhibition of pre-replication complex assembly. GMNN modulates
Inhibitors DNA replication by direct binding to Cdt1, and thereby alters its stability and activity. GMNN is involved
Development in various stages of development such as pre-implantation, germ layer formation, cell commitment and
Cancer specification, maintenance of genome integrity at mid blastula transition, epithelial to mesenchymal
Geminin transition during gastrulation, neural development, organogenesis and axis patterning. GMNN interacts
with different proteins resulting in enhanced hematopoietic stem cell activity thereby activating the
development-associated genes' transcription. GMNN expression is also associated with cancer patho-
physiology and development. In this review we discussed the structure and function of GMNN in detail.
Inhibitors of GMNN and their role in DNA replication, repair, cell cycle and apoptosis are reviewed.
Further, we also discussed the role of GMNN in virus infected host cells.
© 2016 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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Fig. 1. A) Licensing mechanism of replication initiation in absence and B) Presence of GMNN protein C) Differential presence of GMNN across the cell cycle stages (G1, S, G2
and M blocks does not represent the time dependent stage of cell cycle it only shows the presence of GMNN across various stages. GMNN levels drop at the metaphase/anaphase
transition of mitosis due to its degradation by the Anaphase Promoting Complex and completely degraded at the end of mitosis stage). Step A1: Ubiquitination of GMNN; Step A2:
Degradation of ubiquitinated GMNN; Step A3: Loading of Cdt1 proteins onto the ORC; Step A4: Loading of MCM proteins onto the ORC (heterotrimer Cdt1 residues exposed and free
to engage in replication licensing by promoting MCM chromatin association); StepA5: Pre-RC formation results replication progression. StepB1: No GMNN ubiquitination; Step B2:
GMNN bind to Cdt1 proteins and formation of GMNN-Cdt1 complex (formation of heterohexamer); Step B3: GMNN-Cdt1 complex formation inhibits loading of Cdt1 onto the ORC
(In heterohexamer, residues in the tertiary interface of Cdt1 buried and unable to engage with MCM and obstruct replication licensing); Step B4: Due to absence of Cdt1 on ORC, no
further recruitment of MCM onto the ORC; Step B5: Pre-RC formation inhibition results no further replication.

development and disease such as cancer [1] [2]. Initiation of
eukaryotic DNA replication involves interaction of a protein com-
plex with the origin of replication (OR). This complex includes ORC,
cell division cycle 6 (Cdc6), CMG helicase (Cdc45—MCM—GINS
complex), DNA polymerase, alpha-primase, leading strand DNA
polymerase epsilon, lagging strand DNA polymerase delta, prolif-
erating cell nuclear antigen (PCNA) clamp, replication factor C (RFC)
clamp loader, replication protein A (RPA), single stranded binding
protein (SSB) protein and Cdt1 [3]. This process known as ‘licensing’
is tightly regulated to achieve a single whole genome duplication
event per cell cycle [4]. ORC- mediated independent binding of
Cdc6 and Cdt1 to OR follows MCM recruitment which leads to the
formation of pre-recognition complex. This initiates the DNA
replication licensing [5]. GMNN binds with Cdt1 and prevents the
loading of MCM complex to OR resulting in licensing inhibition.
GMNN activity depends on equilibrium between a heterotrimer
(two GMNN proteins and one molecule of Cdt1) and a hetero-
hexamer (four GMNN proteins and two molecules Cdt1). The
relative abundance of this hetrotrimer/hexamer is regulated during

the cell cycle. It has been reported that heterohexamer inhibits DNA
licensing while heterotrimer exposes the Cdt1 residues and hence
promotes MCM chromatin association and allow licensing even in
the presence of GMNN [6]. GMNN is indeed a component of the
pre-replication complex [7,8,9]. Inhibition of licensing by GMNN in
early S-phase occurs on chromatin. Tetramerization followed by
accumulation of GMNN on chromatin is the key event that inhibits
further licensing [6]. The function of GMNN in licensing inhibition
outside chromatin occurs mainly in mitosis, at a time when Cdt1 is
stabilized and is not chromatin bound. Uncontrolled accumulation
of Cdt1 has been reported for the multiple DNA replication events
during G1 phase of cell cycle. Alteration of Cdt1 by ubiquitination
and proteolysis affect the licensing of DNA replication. DNA damage
mediated proteolytic degradation of Cdt1 in S-phase might serve as
checkpoint control is not yet clear [10,11]. Controlled expression of
GMNN regulates the Cdt1 level during cell cycle. Thus, GMNN
safeguards DNA replication in eukaryotes (Fig. 1) [ 12]. Alterations in
GMNN expression are associated with cell proliferation, differen-
tiation, development and transcriptional regulation. GMNN
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Fig. 2. A) Molecular surface structure of GMNN-Cdt1 (red-green color respectively) complex (PDB-2ZXX) B) Residues involved in GMNN-Cdt1 interaction (Green color shows Cdt1
while other color codes for GMNN) C) Residues involved in homeobox protein HOX C9 (Green color) and GMNN (red) complex (PDB-2LPO0).

regulates cellular decision of self-renewal versus commitment of
neuronal progenitor cells [13]. It is also involved in inhibition of
DNA replication of virus infected host cells [14].

2. Geminin structure, function and its role in disease

Initially, GMNN was identified as a general inhibitor of DNA
replication in Xenopus laevis egg extracts. However, its specific
function was not known [ 15]. Later, it was reported that GMNN is an
inhibitor of Cdtl [16,17]. GMNN protein (molecular weight,
23565 Da) has about 209 amino acids and its gene is located on the
6th chromosome. It is a tetramer protein. The monomers of each
dimer are known to interact with each other by coiled-coil domain
interaction [18,19]. The peptide harbors leucine zipper domain

consisting of internal polar residues and a negatively charged sur-
face that interacts with the basic domain of interacting partners
[19]. For example R43 and M54 in helix IIl and the basic amino acid
cluster in the N terminus of Hox homeodomain are known to be
involved in the formation of Hox homeodomain- GMNN complex
(Fig. 2C). This interaction inhibits the transcriptional activity of Hox
and also recruits it for the control of cell proliferation [20]. The
upstream and downstream residues of the leucine zipper domain
prevent DNA synthesis. It is also reported that the coiled-coil
dimerization of the functional domain of GMNN is required for its
activity [21]. Cdt1-binding domain lies adjacent to the dimerization
domain which inhibits DNA replication and restricts the entry of
cell into mitosis phase. Ubiquitin-mediated proteolysis of GMNN
allows cell to enter into mitosis phase and thereby allow a new
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Fig. 3. Role of Geminin at different developmental stages [52—58].

round of replication in the subsequent cell cycle [15]. Bipartite
nuclear localization signal of GMNN is required for its degradation
during mitosis. GMNN modulates the stability and activity of Cdt1
at various stages in cell cycle such as initiation and loading of MCM
on the DNA. Binding of GMNN with Cdt1 protects its proteasomal
degradation and ensures sustainenace during S phase and mitosis.
It is now known that GMNN acts both as positive and negative
regulator for the formation of pre-replication complex [22]. Loss of
GMNN resulted in multiple defects (multi-polar spindles) during
mitosis [23]. Increase of GMNN levels from G1 to G2 inhibit re-
licensing in G2 phase thereby controls the licensing process
spatiotemporally [9]. Replication licensing control has been sub-
jected to chromatin accessibility to MCM proteins (by histone
acetylation). The process is regulated by Cdt1-HBO1 and GMNN
-HDAC11 interactions in G1 and S-phase of the cell cycle respec-
tively [24].

Dihydrofolate reductase (DHFR) reduces dihydrofolic acid to

tetrahydrofolic acid using NADPH as electron donor which in turn
generates different tetrahydrofolate cofactors used for one carbon
transfer in biological reactions including DNA synthesis. DHFR gene
amplification is actively inhibited by GMNN and p53 thus main-
taining the integrity of genome. Depletion of GMNN may cause
excess replication resulting in giant nuclei formation consisting of
either wild type or mutant p53 [25]. In blood vessels, vascular
smooth muscle (VSM) lies between endothelial and fibroblast cell
layers. Contraction and relaxation of VSM alters the blood vessel
volume and local blood pressure, which upholds the redistribution
of blood in the body, Excessive vasoconstriction/vasodilation may
lead to high/low blood pressure condition. In VSM cell, GMNN
expression is increased as the cell cycle progresses and further
decreased with S/G2/M phase of cell cycle exit [26]. Angiotensin II
and norepinephrine upregulates the GMNN expression in VSM
cells. It is also established that inhibition of GMNN expression could
increase Cdk1 expression, which in turn stimulates VSM cell
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Table 1
Association of Geminin with other proteins and their functions.

Geminin associated protein General function of Geminin associated protein Geminin associated function References

Hox DNA binding protein

Involved in pattern formation in developmental process via regulating cell aggregation and proliferation

HOXD13, HOXD11, HOXA13 Binds to replication origin, interacts with Cdc6 Geminin interact with HOXD13, blocks Pre-replication [60]
and promote pre-replication complex leading to inhibition of replication
formation

HOXb4 Located on 3’ HOX gene enhance hematopoietic Degradation of Geminin by activating Es ubiquitin ligase [61]
stem cell proliferation mediated ubiquitination

HOXa9 Located on 3’ HOX gene enhances Induces ubiquitination of Geminin and enhance [61]
hematopoiesis and leukemogenesis hematopoietic progenitors activity

Polycomb-gp (PcG) complex 1

Silence transcription by E3 ubiquitin ligase mediated ubiquitination of H2A

Scmh1 Forms complex with Polycomb group (PcG) Acts as sub-stoichiometric component of PcG complex 1 to [63]
multiprotein complexes required to maintain provide an interaction domain for Geminin
the transcriptionally repressive state of some
genes

HBO1 H4 specific histone acetylase required for Geminin inhibit the formation of Cdt1-HBO1 complex [64]
licensing process formation by inhibiting HBO1 acetylase activity

Brm It is a SWI/SNF related chromatin remodeling Geminin antagonize the Brahma chromatin remodeling [65]
complex required for maintenance of gene protein Brahma related gene 1 (Brgl)
expression steps

Idas Involved in cell cycle progression and play role Coiled-coil mediated interaction with Idas, changes [66]
during developmental process Geminin subcellular localization

Aurora A A kinase involved in cell cycle proteins Phosphorylates Geminin on Thr25 during M phase and [67]
phosphorylation induces Geminin stabilization

TIPT Links transcription to chromatin remodeling Interacts with Geminin and activates TATA Box containing [68]

promoter
Tcf Downstream DNA-binding transcription factors Binds with 5’ sequence domain of Geminin and involved in [69]

known to regulate Wnt signal mediated target
gene expression

Whnt signaling mediated neural specific gene expression
during gastrulation

HOX=Homeotic genes, HBO1=Histone acetyltransferase binding to origin recognition complex 1, Brm = Brahma, TIPT = TATA box-binding protein related factor 2 interacting

protein in testis, Tcf = T cell factor proteins.

proliferation [27]. Thus, GMNN plays a crucial role in vascular dis-
eases. Similarly GMNN also plays a prominent role in proliferation
of fetal hematopoietic stem cells, thymocytes and mature T cells,
erythrocytes and megakaryocytes [13] [28,29]. A study revealed
that GMNN destruction leads to disorganization of hematopoietic
lineages and cause anemia and thrombocytosis [30]. By virtue of
inhibition of Cdt1- GMNN complex formation (due to chromatin-
bound GMNN), inhibition of centrosome duplication, facilitation
of Topo lla activity (required for the termination of DNA replication)
GMNN is known to be actively involved in the maintenance of
proper cytokinesis [31,32].

3. Geminin translocation and phosphorylation

Nuclear localization sequence of GMNN has been initially
discovered in Xenopus sp. N-terminal sequences of GMNN consti-
tutes destruction box while sequences of the central domain are
accountable for nuclear expunction and accumulation. Destruction
box sequences play a role in the nuclear expunction of GMNN.
Nuclear accretion of GMNN helps information of licensing system
and suppression of Cdt1-induced re-replication [33]. Cdt1 also has
a role in subcellular localization of GMNN as upregulation of the
protein directs GMNN towards the nucleus while diminished
expression maintains GMNN in the cytoplasm [34]. GMNN shut-
tling from nucleus to cytoplasm and vice-versa regulates its func-
tions during the cell cycle. It is imported into the nuclei during S
phase and later exported (by Crm1 exportin protein) from nuclei at
the end of mitosis. Unavailability of Crm1 in the nucleus during the
subsequent G1 phase of cell cycle is responsible for proper MCM
loading onto chromatin leading to transcription of target gene.
GMNN acts as a substrate for various protein kinases such as pro-
tein kinase Il and Casein kinase Il [35]. Phosphorylation of GMNN by
protein kinase Il is essential in the proceedings during S phase. Post

S phase, re-replication of the DNA is inhibited by cyclin-dependent
kinase-mediated phosphorylation of CDC6 and ORC. Tetra-
bromobenzotriazole (TBB), an inhibitor of CK2 is known to interact
with the C-terminal region of GMNN thereby blocking its phos-
phorylation. In spite of this, TBB does not affect the binding ability
of GMNN to Cdt1 [35].

4. Inhibitors of Geminin-Cdt1 interaction

Hyperfunctioning of Cdt1 is a result of Cdt1- GMNN imbalance.
For eg., GMNN silencing with siRNA induces DNA re-replication and
eventual cell death in few cancer-derived cell lines. It is found that
CoQ, polyunsaturated fatty acids (linoleic and oleic acid) and
sulfoquinovosyl-diacylglycerol (SQDG) could inhibit the Cdtl-
GMNN interactions [36—38]. Yoshida et al. identified a small pep-
tide that binds to the 31—111 amino acid stretch of GMNN and
inhibit the Cdt1- GMNN interaction [39]. Thus, inhibitors that can
disrupt Cdt1- GMNN interaction has potential to be developed as
anticancer agents. Mechanistically, Cdt1 is either destined to load
MCM proteins on DNA or bind to GMNN. Studies demonstrated that
Cdt1 can bind to both GMNN and MCM proteins at the same time
[38]. Mizushina and coworkers identified that Arg243 and Arg342
residues of Cdt1 is involved in the hydrogen bond formation with
CoQ and polyunsaturated fatty acid respectively [36,37]. Salabat
et al. investigated the effect of apigenin (flavonoid) on pancreatic
cancer cell proliferation in vitro [40]. The microarray analysis data
of this study depicted the down regulation of GMNN in apigenin-
treated pancreatic cancer cells. Apigenin inhibited GMNN pro-
moter activity and down regulated the gene at both transcriptional
and translational levels. The effect of this flavonoid (Apigenin) on
the expression of Cdc6, Cdtl, and MCM7 was monitored in cell
lines. These data indicates that GMNN is regulated by natural
products.
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Fig. 4. Outcome of interaction of Geminin with other proteins.

5. Fate of Geminin during development

Developmental begins with the fertilization of egg followed by
cleavage, blastulation, gastrulation, organogenesis, and axis for-
mation. Kroll et al. first showed that GMNN is an important regu-
lator of neural development [41]. Several studies followed which
demonstrated the role GMNN in the development (Fig. 3). GMNN
supports cell cycle progression (S and M phase) during pre-
implantation stage in vivo [42]. It also has a role in blastula to
gastrula transition (formation of three germ layers). Studies on
various animal models including Danio rerio, C. elegans and Xenopus
embryos demonstrated the upregulation of GMNN during germ
line development. The mechanism involves the inhibition of Cdt1
and MCM6 proteins; provides licensing activity for DNA replica-
tion; cell commitment confirmation; cell fate specification and
germ layer restriction to specific location. Geminin is also required
to maintain genome integrity during mid blastula transition
[43—45]. At the onset of gastrulation, GMNN demarcates the future
neural plate [41]. GMNN is convoluted in the induction of neural
progenitor formation at the expense of non-neural ectodermal
derivatives [46]. Yellajoshyula et al. suggested that GMNN is
actively involved in epithelial to mesenchymal transition (EMT),
which is mandatory prerequisite during gastrulation, neural crest
formation, anterior-posterior axis formation and patterning se-
quences. It also maintains hyperacetylation of chromatin at neural

genes that leads to neural fate acquisition of embryonic stem cells
[47]. Stringent control of cell proliferation and differentiation is
required during organogenesis in vertebrates. Role of GMNN along
with Six 3 transcription factor is reported in cell proliferation
Geminin and Six 3 proteins function in tandem. Increase or
decrease of either of these proteins can lead to developmental
abnormalities such as expanded optic vesicles via abnormal retinal
precursor-cell proliferation, forebrain and eye defects [48—50].
Besides cell proliferation, GMNN's involvement in ciliogenesis,
setting up heart and visceral laterality and proper Kupffer's vesicle
formation is reported in model organisms [51].

6. Association of Geminin with other proteins

Interaction of GMNN with various proteins is listed in Table 1.
DNA double strand breaks, activates and recruits ATM and ATR
(Ataxia telangiectasia mutated/ataxia telangiectasia and Rad3-
related protein) serine/threonine protein kinases at the point of
damage. These kinases phosphorylate several key proteins involved
in the activation of DNA damage checkpoints leading to the acti-
vation of DNA repair, cell cycle arrest and apoptosis. Saxena et al.
demonstrated that ATM/ATR kinase and tumor suppressor protein,
p53 are activated by GMNN or cdtl imbalance (Fig. 4) [59]. The
interaction of GMNN with Hox protein is elucidated in detail. Hox
proteins are involved in head-tail axis formation and segmentation.
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Table 2
Association of labeling and proliferation index of Geminin with aggressiveness of different cancer.
Cancer type Aggressiveness strategies Geminin (PIs or LIs) Interpretation References
NB Proliferation Index (PI) among Median PI was 16.8% high in Expression increases with severity of cancer [77]
low and sever neuroblastomas sever neuroblastomas sample and may involve in aggressiveness of the
patients with unfavorable disease.
clinical, biological, and
pathological factors was
measured.
ScC
Oral squamous cells NOE < LD < 0SCC 6.8% < 9.2%<32.2% Expression increased with aggressiveness of [78]
cancer
Head & neck Precise local (T)<Regional nodal - Expression was not associated with [79]
(N)<Distant (M) stage aggressiveness of cancer
Oral mucosa, OED and NOM < OED < 0SCC Increased from normal to Expression increased with aggressiveness of [80]
their corresponding cancer stage cancer
Cell carcinoma of penis Less to high aggressive stage Geminin Lls increased with Expression was not independently associated [81]
other proteins such asKi-67 and with aggressiveness of cancer
MCM2
SGT LIs in different types of salivary Low LIs —AcCC(mean 1.55%) & Expression may differentiate the prognosis of [82,83]
gland tumors such asACC, CEPA, MEC (mean 2.43%) different salivary gland tumors
MEC, PLGA, PA, AcCC and SDC Intermediate LI -ACC (mean
was studies 4.09%)
High LI in SDC (mean 15.22%).
BC LIs studied in breast cancer- Geminin LI was high in BCSS in Geminin expression may be used as predictor of [84]
specific survival (BCSS) and comparison to DFS adverse outcome in breast cancer patients.
disease-free survival (DFS)
LIs studied in Ki-67 low and LI was low in low Ki-67 (about Geminin may be useful tool to identify patients [85]
high subset of ER positive 93%) and about 60% high in Ki- of Ki-67-high subset that can be avoiding
&HER2negative breast cancers 67 high subset unnecessary chemotherapy.
LIs were studied in NBC and LI was significantly different in Geminin may be useful tool to identify breast [86,87]
MBC NBC and MBC samples cancer aggressiveness.
cc Stage I, Il and III LI was high in stage Il and III Geminin assessment may give predictive [88]
prognosis in colorectal cancer patients
MM IMM &LGMFS Not significant difference in Geminin cannot be used to differentiate IMM [75]
expression pattern and LGMFS
RMC & MMC LIs compared in RMC and MMC LIs RMC < LIs MMC Geminin assessment may be used to [89]
differentiate RMC and MMC
GHPPA & IC LIs assessed from Stage I to IV LI increased from Stage I to IV Geminin may be associated with overall [90]

survival in gastric cancer.

NB=Neuroblastoma, PI=Proliferation index, LI = Labeling index, SCC = squamous cell carcinoma, NOE=Normal oral epithelia, LD = lesions with dysplasia, OSCC = oral
squamous cell carcinomas, NOM=Normal oral mucosa, OED=0ral epithelial dysplasia, GMNN = Geminin, MCM2 = Minichromosome maintenance protein, SGT=Salivary
gland tumors, ACC = Adenoid cystic carcinomas, CEPA=Carcinoma expleomorphic adenomas, MEC = Mucoepidermoid carcinomas, PLGA=Polymorphous low-grade ade-
nocarcinomas, PA=Pleomorphic adenomas, AcCC=Acinic cell carcinomas, SDC = salivary duct carcinoma, BC=Breast cancer, ER = Estrogen receptor, HER2 = Human
epidermal growth factor receptor 2, NBC=Normal breast cancer, MBC = Malignant breast cancer,CC=Colorectal cancer, MM: Myxofibrosarcoma and myxoma,
IMM=Intramuscular myxoma, LGMFS = Low-grade myxofibrosarcoma, RMC & MMC = Reactive mesothelial cells & malignant mesothelioma cells, GHPPA & IC=Gastric

hyperplastic polyps, adenomas& intestinal type carcinomas.

Proliferation index: Measurement of number of cells in any tumors that are dividing.

Labeling index: Mitotic activity measurement of a cell population is defined as the number of cells in the S phase of the cell cycle divided by the total cells in the population.
The index measures the rate of the reproduction of the cells as in fetal tissue development or the growth of tumors.

HOXD13, HOXD11 and HOXA13 are known as HOX DNA-binding
proteins. HOXD13 is implicated in the formation of pre-replicative
complex at OR. GMNN interacts with HOXD13 and inhibits the
HOXD13-mediated assembly of pre-replicative complex there by
preventing the HOXD13-induced DNA replication [60]. Hox genes
such as Hoxb4 and Hoxa9 are known to enhance hematopoietic
stem cell (HSC) activity. CUL4A binds with DNA damage binding
protein-1 (DDB1), which in turn allows the binding of ubiquitin
ligase complex and ROC1 at its N and C-terminus respectively.
Further, CUL4-DDB-ROC1 complex weakens the histone-DNA
interaction by histone ubiquitination and facilitates the transcrip-
tion of developmental genes, Studies revealed that Hoxb4 and
Hoxa9 forms a complex with the CUL4A-DDB1-ROC1 and induces
the ubiquitination of GMNN [61—62]. GMNN inhibits the licensing
of HOX-mediated replication origin [60]. Polycomp-group (PcG)
complex 1 silences histone H2A mediated transcription and regu-
lates GMNN stability by its E3 ubiquitin ligase activity. GMNN in-
teracts with PcG complex 1 via its Scmh1l interactive domain.
Yasunaga et al. observed that deficit of Schm1 restores the GMNN
dysregulation by derepressing Hoxb4 and Hoxa9 (Fig. 4) [63].

In general, acetylation of histones (H1/H5, H2A, H2B, H3 and H4)
by histone acetyltransferases unwraps the DNA and thereby in-
crease gene expression. HBO1 (histone acetyltransferase binding to
ORC 1) is a H4-specific histone acetylase which acts as co-activator
of the Cdt1. Thus, it is essential for DNA replication licensing and is
inhibited by GMNN [24]. Idas, a coiled-coil protein is localized into
the nucleus (by C-terminal nuclear localization signal) wherein it
interacts with GMNN. This interaction inhibits GMNN binding to
Cdt1 and thereby block the DNA replication [66,70]. GMNN
destruction box/nuclear localization signal tagged to Azami Green
(AG, a fusion protein) acts as a fluorescent probe which is used to
visualize G2 arrest in ionizing radiation induced living cells [71].
TBP (TATA-box binding proteins) and TBPL1 (TATA box-binding
protein-like protein1) that specifically binds to TATA box are
known to interact with GMNN leading to the activation of TATA
box-containing promoters and TATA-less NF1 promoter respec-
tively (Fig. 4). GMNN also interacts with TIPT2, an isoform of TATA-
binding protein-like factor-interacting protein (TIPT) [68]. Human
genome contains Aurora A, B and C kinases, localized in the
centrosome during mitosis. Aurora-A phosphorylates GMNN
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Table 3
Expression profile of Geminin and other related proteins in different types of cancer.
Cancer type Gene involved 1 l Interpretation References
NB GMNN t - A higher-than-median AURKB and Geminin Proliferative Index (PI) was [77]
AURKB 1 — associated with unfavorable clinical (high-risk group, advance stage and
abdominal sites), biological (MYCN amplification, 1p deletion and 17q
gain) and pathological factors (undifferentiated status, high mitosis
karyorrhexis index, unfavorable histology) in patients. AURKB and
Geminin PIs were also correlated with shorter overall survival of
patients.
Nee
Oral GMNN 1 — Geminin overcomes; MCM7 mediated low survival of patients at stage [78]
MCM 7 1 - I-1v.
Head & neck GMNN ) - Connexin 43 (one of the six connexin proteins composing connexon- [79]
Cx 43 1 — hemichannels of gap junction) did not show any correlation with
Geminin (cell cycle regulation related biomarker) expression.
Oral mucosa, OED and GMNN 1 - MCM2, GMNN and Ki-67 expression increased progressively from NOM, [80]
their corresponding MCM2 ) - OED to OSCC. Higher expression of GMNN in OED indicated a constant
Ki-67 t — cell cycle re-entry and predicted as novel biomarker of growth and
prognostic tool for OED.
SCCP GMNN t - Geminin, MCM2 and Ki-67 shown to be mutual dependent prognostic [81]
MCM 2 t — biomarkers in surgically treated SCCP. They displayed positive
Ki-67 1 - correlation with histological tumor grade, lympho-vascular invasion
and nodal status in SCCP.
SGT GMNN 1 — Geminin significantly correlated with Ki-67 labelling index and [83]
Ki-67 t - histopathological factors (pathological T factors, lymphatic and blood
vessel infiltration and lymph node metastasis).
Study revealed that GMNN is a significant and independent prognostic
marker for patient survival and tumor relapse.
BC GMNN t — Regarding breast cancer, most of the Geminin associated studies were [84—87,91,92,100]
MCM 2 t - focused on its prognostic ability.
Ki-67 t — Beside that study revealed that Geminin overexpression promotes the
AURKA t — imatinib sensitization in triple negative breast cancer tumor.
CD133 t - Geminin expression has been positively correlated with Ki-67, ER-
Cyclin A 1 — negativity, nuclear grade, distant metastases development, breast
c-Abl 1 — cancer specific survival and disease free survival.
Geminin with Ki-67 expression has been reported to increase in
metastatic breast carcinomas.
Some of the proteins such as CD133 expression have been found
significantly associated with high Geminin level in triple negative breast
cancer.
CcC GMNN 1 - Study showed that these proteins including Geminin expression may be [88]
MCM 7 t — used as prognostic marker in colorectal cancer patients.
Ki-67 1 -
RMC & MMC GMNN 1 — Labeling Index of GMNN including other proteins may serve as [89]
MCM 7 1 — differential diagnostic markers of reactive mesothelial cells and
Ki-67 t - malignant mesothelioma.
Topo Il a 1 —
SLA GMNN 1 — Geminin has been reported overexpressed in small lung [93]
MCM 7 1 - adenocarcinomas. Like Ki-67 and MCM7, GMNN may also be used as
Ki-67 t - independent prognostic biomarker in small lung adenocarcinomas
patients.
Geminin Labeling index was found to be associated with gender,
histological grade, subtypes, N-status, p-factor and tumor stage in lung
cancer adenocarcinomas.
STS GMNN t - Study revealed the correlation of Geminin expression with histological [103]
MCM 7 1 - grade of soft tissue sarcoma.
Geminin and MCM7 may be used as prognosis markers for patients with
STS.
LMT & MTLA GMNN t — In this study several gene expression including Geminin, were studied [104]
S100A4 t - to differentiate between micro and macro-metastatic tumors of lung
ALDH 1 1 — adenocarcinoma.
E-cadherin t — Geminin expression was not found to be significantly different among
SMA t - micro and macro-metastatic lung adenocarcinoma tumor.
CD34 t -
CD204 stromal cell 1 —
MT GMNN 1 - Study showed that Geminin overexpression promotes cytokinesis [98]
failure, production of aneuploidy leading to aggressiveness of breast
tumors.
RCC GMNN t - Study revealed that high expression of these proteins including Geminin [95]
MCM 2 1 - is associated with reduced disease-free survival time.
Ki-67 t -
PC GMNN — l Study showed the expression profile of several genes including Geminin [96]
MCM 2 1 - involved in the oncogenesis and progression of prostate cancer.
Ki-67 1 — Geminin was not found to be significantly expressed in androgen-
B-catenin — - sensitive and androgen-refractory prostate cancer samples.

P27



PP. Kushwaha et al. / Biochimie 131 (2016) 115—127 123

Table 3 (continued )

Cancer type Gene involved 1 1 Interpretation References
p21 _ _
p16 _ _
MGDMT — —
AR — —
HIF1a. — —
ALC GMNN mRNA 1 — Study explored the Geminin and Cdt1 expression levels in peripheral [97]
Cdt1 mRNA t — blood and bone marrow with newly diagnosed AL.
Geminin level was found to significantly high in bone marrow of AL
patients suggesting its role in pathogenesis of AL.
ABT GMNN 1 — Increased expression of Geminin was found in high grade astrocytomas. [94]
Geminin overexpression was significantly correlated with survival in
patients with high grade astrocytoma especially in early stage.
PPNET GMNN — l Apigenin (a bioflavonoid) treatment decreased the expression of [40,101]
MCM7 - 1 Geminin and Cdc6 in pancreatic cell lines.
Cdt1 - - Study revealed anticancer property of apigenin by modulating Geminin
Cdc 6 - - and other study gene expression in pancreatic cancer cell lines.
GHPPA & IC GMNN 1 - Study revealed the Geminin could be a possible prognostic biomarker in [90]
MCM 2 1 - advanced intestinal type gastric carcinomas.
Ki-67 1 —
ONM GMNN ) — Study indicates the involvement of Geminin in pathogenesis of oral [76]
MCM 2 1 — melanomas.
Ki-67 1 - Geminin may also use as additional diagnostic tool to differentiate oral

benign and malignant melanocytic lesions.

1 = Upregulation, | = Downregulation, NB=Neuroblastoma, AURKB = Aurora kinase B, SCC = squamous cell carcinoma, MCM7 = Minichromosome maintenance protein 7,
Cx43 = Connexin 43, MCM2 = Minichromosome maintenance protein 2, OED=Oral epithelial dysplasia, OSCC=0ral squamous cell carcinomas, SCCP= Squamous cell car-
cinoma of penis, SGT=Salivary gland tumors, BC=Breast cancer, AURKA = Aurora kinase A, CD133 = Cluster of differentiation 133, c-Abl = Mammalian Abelson murine
leukemia, CC=Colorectal cancer, RMC & MMC = Reactive mesothelial cells & malignant mesothelioma cells, Topo Il a. = Topoisomerase II alpha, SLA=Small lung adeno-
carcinomas, STS=Soft tissue sarcoma, LMT & MTLA = Lymph node micrometastatic tumors &micrometastatic tumors of lung adenocarcinoma, SMA=Smooth muscle actin,
CD34 = Cluster of differentiation34, CD204 = Cluster of differentiation204, MT = Mammary tumors, RCC = Renal cell carcinoma, PC=Prostate cancer, MGDMT = Methyl
guanine DNA methyltransferase, AR = Androgen receptor, HIF1¢. = Hypoxia inducible factor 1¢, ALC = Acute leukemia cancer, Cdt1 = Chromatin licensing and replication
factor 1, AL = Acute leukemia, ABT = Astrocytic brain tumors, PPNET=Pancreatic & Pancreatic neuroendocrine tumors, Cdc6 = Cell division cycle 6, GHPPA & IC=Gastric
hyperplastic polyps, adenomas & intestinal type carcinomas, ONM=Oral nevi and melanoma.
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Fig. 5. Association of Geminin with different cancer. RCC = Renal cell carcinoma, SGT=Salivary gland tumors, ABT = Astrocytic brain tumors, PC=Prostate cancer, ALC = Acute
leukemia cancer, NB=Neuroblastoma, RMC & MMC = Reactive mesothelial cells & malignant mesothelioma cells, MT = Mammary tumors, CC=Colorectal cancer, SCC = squamous
cell carcinoma, BC=Breast cancer, GHPPA & IC=Gastric hyperplastic polyps, adenomas& intestinal type carcinomas, PPNET=Pancreatic & Pancreatic neuroendocrine tumors,
ONM=0Oral nevi and melanoma, RB = Retinoblastoma, SLA=Small lung adenocarcinomas, STS=Soft tissue sarcoma, LMT & MTLA = Lymph node micrometastatic tumors
&micrometastatic tumors of lung adenocarcinoma, MM = Myxofibrosarcoma and myxoma [99].

(thr25) during mitosis which inhibits the APC/C mediated ubiq-
uitination and stabilizes the GMNN. The stabilized GMNN interacts
with Cdt1 and participates in the regulation of DNA replication. The
GMNN also inhibits SCF complex (S-phase kinase-associated pro-
tein, Cullin and F-box)-mediated Cdt1 degradation that ensures the
pre-replicative complex formation in the subsequent S phase [67].

7. Significance of Geminin in cancer

In normal cells, one time origin firing per cell cycle is regulated
by Cdt1 and GMNN levels [72]. Any imbalance in Cdt1 and GMNN
levels could cause replication defects and genomic instability
which might lead to cancer. Significant GMNN levels were observed
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in proliferating lymphocytes, hematopoietic stem cells, epithelial
cells and leukemic stem cells [73]. siRNA suppression of GMNN can
arrest cancer cell proliferation by the induction of DNA re-
replication and DNA damage-mediated apoptosis without
affecting the normal cells. Thus, inhibiting GMNN activity could
selectively control the cancerous cell without affecting the normal
cell [74]. Review of available literature suggested GMNN's
involvement in diseases such as cancer, neuronal and renal
dysfunction. The association of GMNN with apoptosis regulation
(Bcl2, activated caspase-3, phospho- H2A.X, and cleaved PARP), cell
cycle stage specific regulatory proteins (Rb1, Cyclin-A, CDKN1B, and
Cdt1), cell proliferation markers (Ki-67, MCM2, phospho-histone
H3, and GMNN), cell signaling molecules (c-Myc, EGF, EGFR,
PLA2G4A, and HSP90), a dendritic cell marker (CD209), CD 34,
CD133 and the extracellular matrix proteoglycan decorin was
demonstrated [75]. The GMNN labeling index is associated with
clinic-pathological profiles including gender, histological grade,
subtypes, N-status, p-factor, and tumor stage (Table 2) [76].

Differential GMNN expression is associated with different types
of cancer (Table 3). GMNN expression levels significantly associated
with nuclear grade and poor prognosis in breast cancer patients
[85]. Joshi et al. demonstrated that GMNN is a proliferation marker
that is associated with high grade and ER-negativity in breast
cancer [91]. Gonzalez et al. reported that GMNN is an independent
indicator of adverse prognosis, poor overall survival and the
development of distant metastases in invasive breast cancer [86].
Bonito et al. showed positive correlation of GMNN expression with
CD133, Ki-67 & tumor grade and negative correlation with lymph
node metastases. Statistical significance is attributed to the GMNN
expression and survival of cancer patients [92]. In a different study,
it is predicted that GMNN could be a valuable marker for estimation
of tumor aggressiveness and clinical outcome in salivary gland
carcinomas. GMNN is indicated be a possible prognostic marker in
advanced intestinal-type gastric carcinomas, soft tissue sarcomas
and small lung adenocarcinoma [90,93]. Kimura et al. suggested
that GMNN with of MCM 7 and topo Ila labeling index could be a
reliable tool for the differential diagnosis of reactive mesothelial
cells and malignant meso-thelioma cells [89]. In another study,
high GMNN LI is shown as predictive factor of outcome in patients
with high-grade astrocytomas [94]. The role of GMNN in breast,
colorectal and squamous cell carcinomas is fastly emerging (Fig. 5).

As GMNN's role is implicated in various cancers, obviously studies
were carried out to study the effect of drugs/phytoconstituents on its
expression. In this regard, the effect of apigenin on pancreatic cancer
cell lines reported downregulation of the GMNN expression [40]. In
another study, treatment with Imatinib/nilotonib revealed upregu-
lation of GMNN in triple negative breast cancer patients [100].
Yoshida et al. explored the possibility of GMNN as a molecular target
in the development of novel anticancer drugs [105]. It is shown that
GMNN/Ki-67 ratio can determine the relative length of G1 phase. A
high ratio indicates a short G1 phase and a high rate of cell prolif-
eration. Markey et al. revealed the link between GMNN expression
and RB/E2F pathway and represented the first promoter analysis of
GMNN [102]. Blanchard et al. showed that upregulated GMNN acts as
an oncogene that promotes cytokinesis failure and production of
aneuploids and aggressive breast tumors and thus a worthful ther-
apeutic target (oncotarget) for aggressive breast cancer [98]. Taken
together, GMNN can act as a novel biomarker of growth and be a
valuable prognostic tool for cancer [80].

8. Geminin and viruses
Replication of virus in host cell involves multiplication of the

viral genome. The virus utilizes the host cell machinery and
metabolic processes according to their need and either suppress or

enhance the various host cell mechanisms which may eventually
lead to formation of tumors. Viruses that possess the ability to
cause cancer are known as oncoviruses such as human herpes virus
4 (HHV4)/Epstein Barr virus (EBV). HHV4 is often associated with
gastric, nasopharyngeal cancer, Hodgkin's and Burkett's lymphoma.
Studies revealed that GMNN accumulation in virus infected host
cell inhibits the process of DNA replication and thereby dysregulate
the host cell cycle. This might be due to defective pre-replication
complex formation by virtue of decreased Cdtl, increased Cdc6
and MCM family protein levels [14]. GMNN is also inhibits the viral
plasmid replication by inhibiting their origin of replication (oriP)
[106]. Hepatitis B virus is another oncovirus which is, implicated in
hepatocellular carcinoma by Hepatitis B virus X protein (pX).
Rakotomalala et al. observed that the pX is involved in GMNN
suppression and increased expression of Cdc6 and Cdt1, which in
turn promotes DNA re-replication in hepatic cells [107].

9. Conclusion

From zygote to fully development of an organism cell division
have its own importance. Further studies on GMNN in develop-
mental model organisms may unprevail new aspects of the devel-
opmental process. Literature revealed that GMNN is involved in
ATM/ATR and p53 mediated DNA repair, Cell cycle and apoptosis
processes. Beside these it has been also involved in the transcrip-
tion of TATA box containing promoters. Targeting GMNN, there may
be chance to regulate oncogenes, tumor suppressor genes having
TATA box containing promoters. Studies are needed to explore
GMNN-protein interaction mediated regulation of DNA replication,
repair and cell cycle progression. GMNN differential expression has
been found to associate with variety of cancer and other diseases. It
is suggested to execute the study based on role of GMNN mutation
in different cancer. Over all the review indicates that there is an
urgent need to study this protein in much more depth that may
reveal the clear cut diagnostic and prognostic potential of GMNN.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgment

PPK acknowledges financial support from University Grants
Commission, India in the form of CSIR-UGC Junior Research
fellowship. SK acknowledges Central University of Punjab, Bathinda
for providing necessary infrastructure facility and financial support
in the form of Research Seed Money Grant [GP: 25].

References

[1] AS. Boyer, D. Walter, C.S. Sorensen, DNA replication and cancer: from
dysfunctional replication origin activities to therapeutic opportunities,
Semin. Cancer Biol. 37—-38 (2016) 16—25, http://dx.doi.org/10.1016/
j.semcancer.2016.01.001.

[2] J. Nordman, T.L. Orr-Weaver, Regulation of DNA replication during devel-
opment, Development 139 (2012) 455—464, http://dx.doi.org/10.1242/
dev.061838.

[3] D. Zhang, M. O'Donnell, The eukaryotic replication machine, Enzymes 39
(2016) 191—229, http://dx.doi.org/10.1016/bs.enz.2016.03.004.

[4] A. Vassilev, CY. Lee, B. Vassilev, W. Zhu, P. Ormanoglu, S.E. Martin,
M.L. DePamphilis, Identification of genes that are essential to restrict genome
duplication to once per cell division, Oncotarget (2016), http://dx.doi.org/
10.18632/oncotarget.9008.

[5] T. Tsuyama, S. Tada, S. Watanabe, M. Seki, T. Enomoto, Licensing for DNA
replication requires a strict sequential assembly of Cdc6 and Cdtl onto
chromatin in Xenopus egg extracts, Nucleic Acids Res. 33 (2005) 765—775,
http://dx.doi.org/10.1093/nar/gki226.

[6] V. DeMarco, PJ. Gillespie, A. Li, N. Karantzelis, E. Christodoulou,
R. Klompmaker, S.V. Gerwen, A. Fish, M.V. Petoukhov, M.S. Iliou, Z. Lygerou,


http://dx.doi.org/10.1016/j.semcancer.2016.01.001
http://dx.doi.org/10.1016/j.semcancer.2016.01.001
http://dx.doi.org/10.1242/dev.061838
http://dx.doi.org/10.1242/dev.061838
http://dx.doi.org/10.1016/bs.enz.2016.03.004
http://dx.doi.org/10.18632/oncotarget.9008
http://dx.doi.org/10.18632/oncotarget.9008
http://dx.doi.org/10.1093/nar/gki226

(7

(8

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

PP. Kushwaha et al. / Biochimie 131 (2016) 115—127 125

RH. Medema, ].J. Blow, D.I. Svergun, S. Taraviras, A. Perrakis, Quaternary
structure of the human Cdt1-Geminin complex regulates DNA replication
licensing, Proc. Natl. Acad. Sci.U.S.A 106 (2007) 19807—19812, http://
dx.doi.org/10.1073/pnas.0905281106.

D. Maiorano, W. Rul, M. Mechali, Cell cycle regulation of the licensing activity
of Cdt1 in Xenopus laevis, Exp. Cell. Res. 295 (2004) 138—149, http://
dx.doi.org/10.1016/j.yexcr.2003.11.018.

M. Lutzmann, D. Maiorano, M. Mechali, A Cdt1—geminin complex licenses
chromatin for DNA replication and prevents rereplication during S phase in
Xenopus, EMBO ]. 25 (2006) 5764—5774, http://dx.doi.org/10.1038/
sj.emboj.7601436.

G. Xouri, A. Squire, M. Dimaki, B. Geverts, PJ. Verveer, S. Taraviras,
H. Nishitani, A.B. Houtsmuller, P.L.H. Bastiaens, Z. Lygerou, Cdt1 associates
dynamically with chromatin throughout G1 and recruits Geminin onto
chromatin, EMBO ]. 26 (2007) 1303—1314, http://dx.doi.org/10.1038/
sj.emboj.7601597.

L.A.A. Higa, LS. Mihaylov, D.P. Banks, J. Zheng, H. Zhang, Radiation-mediated
proteolysis of CDT1 by CUL4—ROC1 and CSN complexes constitutes a new
checkpoint, Nat. Cell. Biol. 5 (2003) 1008—1015, http://dx.doi.org/10.1038/
ncb1061.

N. Tsanov, C. Kermi, P. Coulombe, S.V.D. Laan, D. Hodroj, D. Maiorano, PIP
degron proteins, substrates of CRL4Cdt2, and not PIP boxes, interfere with
DNA polymerase g and i focus formation on UV damage, Nucleic Acids Res.
42 (2014) 3692—3706, http://dx.doi.org/10.1093/nar/gkt1400.

M. Melixetian, A. Ballabeni, L. Masiero, P. Gasparini, R. Zamponi, ]. Bartek,
J. Lukas, K. Helin, Loss of Geminin induces rereplication in the presence of
functional p53, ]. Cell. Biol. 165 (2004) 473—482, http://dx.doi.org/10.1083/
jcb.200403106.

D. Karamitros, P. Kotantaki, Z. Lygerou, H.V. Fernandes, V. Pachnis,
D. Kioussis, S. Taraviras, Life without geminin, Cell Cycle 9 (2010)
3181-3185, http://dx.doi.org/10.4161/cc.9.16.12554.

N. Biswas, V. Sanchez, D.H. Spector, Human cytomegalovirus infection leads
to accumulation of geminin and inhibition of the licensing of cellular dna
replication human cytomegalovirus infection leads to accumulation of
geminin and inhibition of the licensing of cellular dna replication, J. Virol. 77
(2003) 2369—2376, http://dx.doi.org/10.1128/JV1.77.4.2369.

T.J. McGarry, M.\W. Kirschner, Geminin, an inhibitor of DNA replication, is
degraded during mitosis, Cell 93 (1998) 1043—1053, http://dx.doi.org/
10.1016/S0092-8674(00)81209-X.

J.A. Wohlschlegel, B.T. Dwyer, S.K. Dhar, C. Cvetic, J.C. Walter, A. Dutta, In-
hibition of eukaryotic DNA replication by geminin binding to Cdt1, Science
290 (2000) 2309—-2312, http://dx.doi.org/10.1126/science.290.5500.2309.

S. Tada, A. Li, D. Maiorano, M. Mechali, J.J. Blow, Repression of origin as-
sembly in metaphase depends on inhibition of RLF-B/Cdt1 by geminin, Nat.
Cell Biol. 3 (2001) 107—113, http://dx.doi.org/10.1038/35055000.

AL, Okorokov, E.V. Orlova, S.R. Kingsbury, C. Bagneris, U. Gohlke,
G.H. Williams, K. Stoeber, Molecular structure of human geminin, Nat. Struct.
Mol. Biol. 11 (2004) 1021—1022, http://dx.doi.org/10.1038/nsmb835.

M. Thepaut, D. Maiorano, J.F. Guichou, M.T. Auge, C. Dumas, M. Mechali,
A. Padilla, Crystal structure of the coiled-coil dimerization motif of geminin:
structural and functional insights on DNA replication regulation, ]. Mol. Biol.
342 (2004) 275—287, http://dx.doi.org/10.1016/j.jmb.2004.06.065.

B. Zhou, C. Liu, Z. Xu, G. Zhu, Structural basis for homeodomain recognition
by the cell-cycle regulator Geminin, Proc. Natl. Acad. Sci. U. S. A. 109 (2012)
8931-8936, http://dx.doi.org/10.1073/pnas.1200874109.

J:-M. Benjamin, SJ. Torke, B. Demeler, T,J. McGarry, Geminin has dimerization,
Cdt1-binding, and destruction domains that are required for biological ac-
tivity, J. Biol. Chem. 279 (2004) 45957—45968, http://dx.doi.org/10.1074/
jbc.M407726200.

A. Ballabeni, M. Melixetian, R. Zamponi, L. Masiero, F. Marinoni, K. Helin,
Human Geminin promotes pre-RC formation and DNA replication by stabi-
lizing CDT1 in mitosis, EMBO ]. 23 (2004) 3122—3132, http://dx.doi.org/
10.1038/sj.emboj.7600314.

KE. Tachibana, M.A. Gonzalez, G. Guarguaglini, E.A. Nigg, RA. Laskey,
Depletion of licensing inhibitor geminin causes centrosome overduplication
and mitotic defects, EMBO Rep. 6 (2005) 1052—1057, http://dx.doi.org/
10.1038/sj.embor.7400527.

P.G. Wong, M.A. Glozak, T.V. Cao, C. Vaziri, E. Seto, M.G. Alexandrow, Chro-
matin unfolding by Cdt1 regulates MCM loading via opposing functions of
HBO1 and HDAC11-geminin, Cell Cycle 9 (2010) 4351—-4363, http://
dx.doi.org/10.4161/cc.9.21.13596.

W. Zhu, Y. Chen, A. Dutta, Rereplication by depletion of geminin is seen
regardless of p53 status and activates a Go/M checkpoint, Mol. Cell. Biol. 24
(2004) 7140—7150, http://dx.doi.org/10.1128/MCB.24.16.7140.

J. Guo, N. Sun, Cell cycle regulator geminin is dispensable for the prolifera-
tion of vascular smooth muscle cells, Sci. China Life Sci. 56 (2013) 731-738,
http://dx.doi.org/10.1007/s11427-013-4513-1.

Y. Zhang, Z. Jiang, L. Li, Y. Zhou, Z. Song, M. Shu, Geminin interference fa-
cilitates vascular smooth muscle cell proliferation by upregulation of Cdk-1,
Cardiovasc. Drugs Ther. 28 (2014) 407—414, http://dx.doi.org/10.1007/
$10557-014-6550-9.

D. Karamitros, P. Kotantaki, Z. Lygerou, D. Kioussis, S. Taraviras, T cell pro-
liferation and homeostasis: an emerging role for the cell cycle inhibitor
geminin, Crit. Rev. Immunol. 31 (2011) 209—231, http://dx.doi.org/10.1615/
CritRevimmunol.v31.i3.30.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

D. Karamitros, A.L. Patmanidi, P. Kotantaki, A.J. Potocnik, T. Bahr-Ivacevic,
V. Benes, Z. Lygerou, D. Kioussis, S. Taraviras, Geminin deletion increases the
number of fetal hematopoietic stem cells by affecting the expression of key
transcription factors, Development 142 (2015) 70—81, http://dx.doi.org/
10.1242/dev.109454.

K.M. Shinnick, E.A. Eklund, T.J. McGarry, Geminin deletion from hemato-
poietic cells causes anemia and thrombocytosis in mice, ]. Clin. Invest. 120
(2010) 4303—4315, http://dx.doi.org/10.1172/JCI43556.

E. Nakuci, M. Xu, M.A. Pujana, J. Valls, W.M. ElShamy, Geminin is bound to
chromatin in G2/M phase to promote proper cytokinesis, Int. J. Biochem. Cell
Biol. 38 (2006) 1207—1220, http://dx.doi.org/10.1016/j.biocel.2005.12.017.
M.L. Depamphilis, Spotlight on geminin, Breast Cancer Res. 13 (2011) 109,
http://dx.doi.org/10.1186/bcr2881.

K. Yoshida, H. Takisawa, Y. Kubota, Intrinsic nuclear import acitivity of
geminin is essential to prevent re-initiation of DNA replication in Xenopus
eggs, Genes Cells 10 (2005) 63—73, http://dx.doi.org/10.1111/j.1365-
2443.2005.00815.X.

M. Dimaki, G. Xouri, L.LE. Symeonidou, C. Sirinian, H. Nishitani, S. Taraviras,
Z. Lygerou, Cell cycle-dependent subcellular translocation of the human DNA
licensing inhibitor geminin, J. Biol. Chem. 288 (2013) 23953—23963, http://
dx.doi.org/10.1074/jbc.M113.453092.

M. Kulartz, E. Hiller, F. Kappes, L.A. Pinna, R. Knippers, Protein kinase CK2
phosphorylates the cell cycle regulatory protein Geminin, Biochem. Biophys.
Res. Commun. 315 (2004) 1011-1017, http://dx.doi.org/10.1016/
j-bbrc.2004.01.164.

Y. Mizushina, T. Takeuchi, Y. Takakusagi, Y. Yonezawa, T. Mizuno, K. ichiro
Yanagi, N. Imamoto, F. Sugawara, K. Sakaguchi, H. Yoshida, M. Fujita, Coen-
zyme Q10 as a potent compound that inhibits Cdt1-geminin interaction,
Biochim. Biophys. Acta - Gen. Subj. 1780 (2008) 203—213, http://dx.doi.org/
10.1016/j.bbagen.2007.09.005.

Y. Mizushina, T. Takeuchi, Y. Takakusagi, F. Sugawara, K. Sakaguchi,
H. Yoshida, M. Fujita, Inhibitory action of polyunsaturated fatty acids on
Cdt1-geminin interaction, Int. J. Mol. Med. 21 (2008) 281—290, http://
dx.doi.org/10.3892/ijmm.21.3.281.

Y. Mizushina, T. Takeuchi, T. Hada, N. Maeda, F. Sugawara, H. Yoshida,
M. Fujita, The inhibitory action of SQDG (sulfoquinovosyl diacylglycerol)
from spinach on Cdt1-geminin interaction, Biochimie 90 (2008) 947—956,
http://dx.doi.org/10.1016/j.biochi.2008.02.018.

K. Yoshida, 1. Inoue, Peptide binding to Geminin and inhibitory for DNA
replication, Biochem. Biophys. Res. Commun. 317 (2004) 218—222, http://
dx.doi.org/10.1016/j.bbrc.2004.03.035.

M.R. Salabat, L.G. Melstrom, M.]. Strouch, X.Z. Ding, B.M. Milam, M.B. Ujiki,
C. Chen, J.C. Pelling, S. Rao, P.J. Grippo, T.J. McGarry, D.J. Bentrem, Geminin is
overexpressed in human pancreatic cancer and downregulated by the bio-
flavanoid apigenin in pancreatic cancer cell lines, Mol. Carcinog. 47 (2008)
835—844, http://dx.doi.org/10.1002/mc.20441.

K.L. Kroll, AN. Salic, LM. Evans, M.W. Kirschner, Geminin, a neuralizing
molecule that demarcates the future neural plate at the onset of gastrulation,
Development 125 (1998) 3247—3258.

K. Hara, K.I. Nakayama, K. Nakayama, Geminin is essential for the develop-
ment of preimplantation mouse embryos, Genes Cells 11 (2006) 1281—-1293,
http://dx.doi.org/10.1111/j.1365-2443.2006.01019.x.

S. Chen, M. Zeng, H. Sun, W. Deng, Y. Lu, D. Tao, Y. Liu, S. Zhang, Y. Ma,
Zebrafish Dnd protein binds to 3'UTR of geminin mRNA and regulates its
expression, BMB Rep. 43 (2010) 438-444, http://dx.doi.org/10.5483/
BMBRep.2010.43.6.438.

K. Yanagi, Caenorhabditis elegansgeminin homologue participates in cell
cycle regulation and germ linedevelopment, ]J. Biol. Chem. 280 (2005)
19689—19694, http://dx.doi.org/10.1074/jbc.C500070200.

S.L. Kerns, K.M. Schultz, K.A. Barry, T.M. Thorne, T.J. McGarry, Geminin is
required for zygotic gene expression at the Xenopus mid-blastula transition,
PLOS ONE 7 (2012), http://dx.doi.org/10.1371/journal.pone.0038009.

C.D. Rogers, N. Harafuji, T. Archer, D.D. Cunningham, E.S. Casey, Xenopus Sox3
activates sox2 and geminin and indirectly represses Xvent2 expression to
induce neural progenitor formation at the expense of non-neural ectodermal
derivatives, Mech. Dev. 126 (2009) 42-55, http://dx.doi.org/10.1016/
j-mod.2008.10.005.

D. Yellajoshyula, E.S. Patterson, M.S. Elitt, K.L. Kroll, Geminin promotes
neural fate acquisition of embryonic stem cells by maintaining chromatin in
an accessible and hyperacetylated state, Proc. Natl. Acad. Sci. U. S. A. 108
(2011) 3294-3299, http://dx.doi.org/10.1073/pnas.1012053108.

F.D. Bene, K.T. Raible, J. Wittbrodt, Direct interaction of geminin and Six3 in
eye development, Nature 427 (2004) 745—749, http://dx.doi.org/10.1038/
nature02292.

M. Pitulescu, M. Kessel, L. Luo, The regulation of embryonic patterning and
DNA replication by geminin, Cell. Mol. Life Sci. 62 (2005) 1425—1433, http://
dx.doi.org/10.1007/s00018-005-4553-1.

K.L. Kroll, Geminin in embryonic development: coordinating transcription
and the cell cycle during differentiation, Bioscience 6 (2007) 1395—1409.
S. Huang, J. Ma, X. Liu, Y. Zhang, L. Luo, Geminin is required for left-right
patterning through regulating Kupffer's vesicle formation and ciliogenesis
in zebrafish, Biochem. Biophys. Res. Commun. 410 (2011) 164—169, http://
dx.doi.org/10.1016/j.bbrc.2011.04.085.

C. DeRenty, K]J. Kaneko, M.L. DePamphilis, The dual roles of geminin during
trophoblast proliferation and differentiation, Dev. Biol. 387 (2014) 49—63,


http://dx.doi.org/10.1073/pnas.0905281106
http://dx.doi.org/10.1073/pnas.0905281106
http://dx.doi.org/10.1016/j.yexcr.2003.11.018
http://dx.doi.org/10.1016/j.yexcr.2003.11.018
http://dx.doi.org/10.1038/sj.emboj.7601436
http://dx.doi.org/10.1038/sj.emboj.7601436
http://dx.doi.org/10.1038/sj.emboj.7601597
http://dx.doi.org/10.1038/sj.emboj.7601597
http://dx.doi.org/10.1038/ncb1061
http://dx.doi.org/10.1038/ncb1061
http://dx.doi.org/10.1093/nar/gkt1400
http://dx.doi.org/10.1083/jcb.200403106
http://dx.doi.org/10.1083/jcb.200403106
http://dx.doi.org/10.4161/cc.9.16.12554
http://dx.doi.org/10.1128/JVI.77.4.2369
http://dx.doi.org/10.1016/S0092-8674(00)81209-X
http://dx.doi.org/10.1016/S0092-8674(00)81209-X
http://dx.doi.org/10.1126/science.290.5500.2309
http://dx.doi.org/10.1038/35055000
http://dx.doi.org/10.1038/nsmb835
http://dx.doi.org/10.1016/j.jmb.2004.06.065
http://dx.doi.org/10.1073/pnas.1200874109
http://dx.doi.org/10.1074/jbc.M407726200
http://dx.doi.org/10.1074/jbc.M407726200
http://dx.doi.org/10.1038/sj.emboj.7600314
http://dx.doi.org/10.1038/sj.emboj.7600314
http://dx.doi.org/10.1038/sj.embor.7400527
http://dx.doi.org/10.1038/sj.embor.7400527
http://dx.doi.org/10.4161/cc.9.21.13596
http://dx.doi.org/10.4161/cc.9.21.13596
http://dx.doi.org/10.1128/MCB.24.16.7140
http://dx.doi.org/10.1007/s11427-013-4513-1
http://dx.doi.org/10.1007/s10557-014-6550-9
http://dx.doi.org/10.1007/s10557-014-6550-9
http://dx.doi.org/10.1615/CritRevImmunol.v31.i3.30
http://dx.doi.org/10.1615/CritRevImmunol.v31.i3.30
http://dx.doi.org/10.1242/dev.109454
http://dx.doi.org/10.1242/dev.109454
http://dx.doi.org/10.1172/JCI43556
http://dx.doi.org/10.1016/j.biocel.2005.12.017
http://dx.doi.org/10.1186/bcr2881
http://dx.doi.org/10.1111/j.1365-2443.2005.00815.x
http://dx.doi.org/10.1111/j.1365-2443.2005.00815.x
http://dx.doi.org/10.1074/jbc.M113.453092
http://dx.doi.org/10.1074/jbc.M113.453092
http://dx.doi.org/10.1016/j.bbrc.2004.01.164
http://dx.doi.org/10.1016/j.bbrc.2004.01.164
http://dx.doi.org/10.1016/j.bbagen.2007.09.005
http://dx.doi.org/10.1016/j.bbagen.2007.09.005
http://dx.doi.org/10.3892/ijmm.21.3.281
http://dx.doi.org/10.3892/ijmm.21.3.281
http://dx.doi.org/10.1016/j.biochi.2008.02.018
http://dx.doi.org/10.1016/j.bbrc.2004.03.035
http://dx.doi.org/10.1016/j.bbrc.2004.03.035
http://dx.doi.org/10.1002/mc.20441
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref41
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref41
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref41
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref41
http://dx.doi.org/10.1111/j.1365-2443.2006.01019.x
http://dx.doi.org/10.5483/BMBRep.2010.43.6.438
http://dx.doi.org/10.5483/BMBRep.2010.43.6.438
http://dx.doi.org/10.1074/jbc.C500070200
http://dx.doi.org/10.1371/journal.pone.0038009
http://dx.doi.org/10.1016/j.mod.2008.10.005
http://dx.doi.org/10.1016/j.mod.2008.10.005
http://dx.doi.org/10.1073/pnas.1012053108
http://dx.doi.org/10.1038/nature02292
http://dx.doi.org/10.1038/nature02292
http://dx.doi.org/10.1007/s00018-005-4553-1
http://dx.doi.org/10.1007/s00018-005-4553-1
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref50
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref50
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref50
http://dx.doi.org/10.1016/j.bbrc.2011.04.085
http://dx.doi.org/10.1016/j.bbrc.2011.04.085

126

(53]

[54]

[55]

[56]

[57]

(58]

(591

[60]

[61]

[62]

[63]

(64]

[65]

(66]

(67]

(68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

PP. Kushwaha et al. / Biochimie 131 (2016) 115—127

http://dx.doi.org/10.1016/j.ydbio.2013.12.034.

A. Boos, A. Lee, D.M. Thompson, K.L. Kroll, Subcellular translocation signals
regulate Geminin activity during embryonic development, Biol. Cell. 98
(2006) 363—375, http://dx.doi.org/10.1042/BC20060007.

L.S.D. Emmett, K.S. O'Shea, Geminin is required for epithelial to mesen-
chymal transition at gastrulation, Stem Cells Dev. 21 (2012) 2395—2409,
http://dx.doi.org/10.1089/scd.2011.0483.

JW. Lim, P. Hummert, J.C. Mills, K.L. Kroll, Geminin cooperates with Poly-
comb to restrain multi-lineage commitment in the early embryo, Develop-
ment 138 (2011) 33—44, http://dx.doi.org/10.1242/dev.059824.

L.M. Quinn, A. Herr, T.J. McGarry, H. Richardson, The Drosophila Geminin
homolog: roles for Geminin in limiting DNA replication, in anaphase and in
neurogenesis, Genes Dev. 15 (2001) 2741—-2754, http://dx.doi.org/10.1101/
2ad.916201.

M. Pitulescu, M. Kessel, L. Luo, The regulation of embryonic patterning and
DNA replication by geminin, Cell. Mol. Life Sci. 62 (2005) 1425—1433, http://
dx.doi.org/10.1007/s00018-005-4553-1.

A. Herr, L. Mckenzie, R. Suryadinata, M. Sadowski, L.M. Parsons, B. Sarcevic,
H.E. Richardson, Geminin and Brahma act antagonistically to regulate EGFR-
Ras-MAPK signaling in Drosophila, Dev. Biol. 344 (2010) 36—51, http://
dx.doi.org/10.1016/j.ydbio.2010.04.006.

S. Saxena, A. Dutta, Geminin-Cdt1 balance is critical for genetic stability,
Mutat. Res. - Fundam. Mol. Mech. Mutagen 569 (2005) 111-121, http://
dx.doi.org/10.1016/j.mrfmmm.2004.05.026.

V. Salsi, S. Ferrari, R. Ferraresi, A. Cossarizza, A. Grande, V. Zappavigna,
HOXD13 binds DNA replication origins to promote origin licensing and is
inhibited by geminin, Mol. Cell. Biol. 29 (2009) 5775—5788, http://dx.doi.org/
10.1128/MCB.00509-09.

Y. Ohno, S. Yasunaga, S. Janmohamed, M. Ohtsubo, K. Saeki, T. Kurogi,
K. Mihara, N.N. Iscove, Y. Takihara, Hoxa9 transduction induces hemato-
poietic stem and progenitor cell activity through direct down-regulation of
geminin protein, PLOS ONE 8 (2013), http://dx.doi.org/10.1371/
journal.pone.0053161.

Y. Ohno, S. Yasunaga, M. Ohtsubo, S. Mori, M. Tsumura, S. Okada, T. Ohta,
K. Ohtani, M. Kobayashi, Y. Takihara, Hoxb4 transduction down-regulates
Geminin protein, providing hematopoietic stem and progenitor cells with
proliferation potential, Proc. Natl. Acad. Sci. U. S. A. 107 (2010)
21529-21534, http://dx.doi.org/10.1073/pnas.1011054107.

S. Yasunaga, M. Ohtsubo, Y. Ohno, K. Saeki, T. Kurogi, M. Tanaka-Okamoto,
H. Ishizaki, M. Shirai, K. Mihara, H.W. Brock, ]. Miyoshi, Y. Takihara, Scmh1
has E3 ubiquitin ligase activity for geminin and histone H2A and regulates
geminin stability directly or indirectly via transcriptional repression of
Hoxa9 and Hoxb4, Mol. Cell. Biol. 33 (2013) 644—660, http://dx.doi.org/
10.1128/MCB.00974-12.

B. Miotto, K. Struh, HBO1 histone acetylase activity is essential for DNA
replication licensing and inhibited by geminin, Mol. Cell. 37 (2010) 1-18,
http://dx.doi.org/10.1016/j.molcel.2009.12.012.

S. Seo, A. Herr, J.W. Lim, G.A. Richardson, H. Richardson, K.L. Kroll, Geminin
regulates neuronal differentiation by antagonizing Brgl activity, Genes Dev.
19 (2005) 1723—1734, http://dx.doi.org/10.1101/gad.1319105.

D.E. Pefani, M. Dimaki, M. Spella, N. Karantzelis, E. Mitsiki, C. Kyrousi,
L.E. Symeonidou, A. Perrakis, S. Taraviras, Z. Lygerou, Idas, a novel phyloge-
netically conserved geminin-related protein, binds to geminin and is
required for cell cycle progression, J. Biol. Chem. 286 (2011) 23234—23246,
http://dx.doi.org/10.1074/jbc.M110.207688.

T. Tsunematsu, Y. Takihara, N. Ishimaru, M. Pagano, T. Takata, Y. Kudo,
Aurora-A controls pre-replicative complex assembly and DNA replication by
stabilizing geminin in mitosis, Nat. Commun. 4 (2013) 1885, http://
dx.doi.org/10.1038/ncomms2859.

M.E. Pitulescu, M. Teichmann, L. Luo, M. Kessel, TIPT2 and geminin interact
with basal transcription factors to synergize in transcriptional regulation,
BMC Biochem. 10 (2009) 16, http://dx.doi.org/10.1186/1471-2091-10-16.
JJ. Taylor, T. Wang, K.L. Kroll, Tcf- and Vent-binding sites regulate neural-
specific geminin expression in the gastrula embryo, Dev. Biol. 289 (2006)
494—-506, http://dx.doi.org/10.1016/j.ydbio.2005.10.047.

C. Caillat, D.E. Pefani, PJ. Gillespie, S. Taraviras, JJ. Blow, Z. Lygerou,
A. Perrakis, The Geminin and Idas coiled coils preferentially form a hetero-
dimer that Inhibits Geminin function in DNA replication licensing, J. Biol.
Chem. 288 (2013) 3162431634, http://dx.doi.org/10.1074/
jbcM113.491928.

M. Ishikaw, Y. Ogihara, M. Miura, Visualization of radiation-induced cell
cycle-associated events in tumor cells expressing the fusion protein of Azami
Green and the destruction box of human Geminin, Biochem. Biophys. Res.
Commun. 389 (2009) 426—430, http://dx.doi.org/10.1016/
j.bbrc.2009.08.160.

C. Petropoulou, P. Kotantaki, D. Karamitros, S. Taraviras, Cdt1 and Geminin in
cancer: markers or triggers of malignant transformation? Front. Biosci. 13
(2008) 4485—4494, http://dx.doi.org/10.2741/3018.

J.A. Wohlschlegel, ]J.L. Kutok, A.P. Weng, A. Dutta, Expression of geminin as a
marker of cell proliferation in normal tissues and malignancies, Am. J. Pathol.
161 (2002) 267—273, http://dx.doi.org/10.1016/S0002-9440(10)64178-8.
W. Zhu, M.L. DePamphilis, Selective killing of cancer cells by suppression of
geminin activity, Cancer Res. 69 (2009) 4870—4877, http://dx.doi.org/
10.1158/0008-5472.CAN-08-4559.

J.M.M. Cates, V.A. Memoli, R.S. Gonzalez, Cell cycle and apoptosis regulatory

[76]

(771

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

proteins, proliferative markers, cell signaling molecules, CD209, and decorin
immunoreactivity in low-grade myxofibrosarcoma and myxoma, Virchows
Arch. 467 (2015) 211-216, http://dx.doi.org/10.1007/s00428-015-1778-8.
B.A.B. De Andrade, J.E. Leon, R. Carlos, W.D. Azanero, A.M. Taylor, O.P. De
Almeida, Expression of minichromosome maintenance 2, Ki-67, and geminin
in oral nevi and melanoma, Ann. Diagn. Pathol. 17 (2013) 32—36.

P. Ramani, E.S. Avugrah, M.T. May, High proliferation index, as determined
by immunohistochemical expression of Aurora kinase B and geminin, in-
dicates poor prognosis in neuroblastomas, Virchows Arch. 467 (2015)
319-327, http://dx.doi.org/10.1007/s00428-015-1806-8.

T. Tamura, K. Shomori, T. Haruki, K. Nosaka, Y. Hamamoto, T. Shiomi,
K. Ryoke, H. Ito, Minichromosome maintenance-7 and geminin are reliable
prognostic markers in patients with oral squamous cell carcinoma: immu-
nohistochemical study, J. Oral Pathol. Med. 39 (2010) 328-334, http://
dx.doi.org/10.1111/j.1600-0714.2009.00861 ..

K. Danos, D. Brauswetter, E. Birtalan, A. Pato, G. Bencsik, T. Krenacs, 1. Petak,
L. Tamas, The potential prognostic value of connexin 43 expression in head
and neck squamous cell carcinomas, Appl. Immunohistochem. Mol. Morphol.
24 (2015) 476—4381, http://dx.doi.org/10.1097/PAL.0000000000000212.

AT. Rendon, S. Roy, G.T. Craig, P.M. Speight, Expression of MCM2, geminin
and Ki67 in normal oral mucosa, oral epithelial dysplasias and their corre-
sponding squamous-cell carcinomas, Br. J. Cancer 100 (2009) 1128—1134,
http://dx.doi.org/10.1038/sj.bjc.6604967.

M. May, M. Burger, W. Otto, O.W. Hakenberg, W.F. Wieland, D. May,
F. Hofstdter, S. Gotz, N. Niessl, H.M. Fritsche, K. Birnkammer, C. Gilfrich,
J. Peter, A. Jain, S. Koch, S. Lebentrau, H. Riedmiller, W. Rossler, S. Denzinger,
S. Brookman-May, S. Gunia, Ki-67, mini-chromosome maintenance 2 protein
(MCM2) and geminin have no independent prognostic relevance for cancer-
specific survival in surgically treated squamous cell carcinoma of the penis,
BJU Int. 112 (2013) 383—390, http://dx.doi.org/10.1111/j.1464-
410X.2012.11735.x.

P.A. Vargas, Y. Cheng, AW. Barrett, G.T. Craig, P.M. Speight, Expression of
MCM-2, Ki-67 and geminin in benign and malignant salivary gland tumours,
J. Oral Pathol. Med. 37 (2008) 309—318, http://dx.doi.org/10.1111/j.1600-
0714.2007.00631.x.

M. Yamazaki, S. Fujii, Y. Murata, R. Hayashi, A. Ochiai, High expression level
of geminin predicts a poor clinical outcome in salivary gland carcinomas,
Histopathology 56 (2010) 883—892, http://dx.doi.org/10.1111/j.1365-
2559.2010.03561.x.

S.S. Rajan, AAM. Hanby, K. Horgan, H.H. Thygesen, V. Speirs, The potential
utility of geminin as a predictive biomarker in breast cancer, Breast Cancer
Res. Treat. 143 (2014) 91-98, http://dx.doi.org/10.1007/s10549-013-2786-5.
T. Yagi, N. Inoue, A. Yanai, K. Murase, M. Imamura, Y. Miyagawa, Y. Enomoto,
A. Nishimukai, Y. Takatsuka, S. Hirota, K. Akazawa, Y. Miyoshi, Prognostic
significance of geminin expression levels in Ki67-high subset of estrogen
receptor-positive and HER2-negative breast cancers, Breast Cancer 23 (2016)
224-230, http://dx.doi.org/10.1007/s12282-014-0556-9.

M.A. Gonzalez, K.E. Tachibana, S.F. Chin, G. Callagy, M.A. Madine, S.L. Vowler,
S.E. Pinder, R.A. Laskey, N. Coleman, Geminin predicts adverse clinical
outcome in breast cancer by reflecting cell-cycle progression, ]J. Pathol. 204
(2004) 121—-130, http://dx.doi.org/10.1002/path.1625.

AM. Tokes, AM. Szasz, F. Geszti, LV. Lukdcs, I. Kenessey, E. Turanyi,
N. Meggyeshazi, .A. Molnar, ]. Fillinger, I. Soltesz, K. Balint, Z. Hanzely,
G. Arato, M. Szendroi, ]. Kulka, Expression of proliferation markers Ki67,
cyclin A, geminin and aurora-kinase A in primary breast carcinomas and
corresponding distant metastases, J. Clin. Pathol. 68 (2015) 274—282, http://
dx.doi.org/10.1136/jclinpath-2014-202607.

K. Nishihara, K. Shomori, T. Tamura, S. Fujioka, T. Ogawa, H. Ito, Immuno-
histochemical expression of geminin in colorectal cancer: implication of
prognostic significance, Oncol. Rep. 21 (2009) 1189—1195, http://dx.doi.org/
10.3892/0r_00000340.

F. Kimura, I. Okayasu, H. Kakinuma, Y. Satoh, S. Kuwao, M. Saegusa,
J. Watanabe, Differential diagnosis of reactive mesothelial cells and malig-
nant mesothelioma cells using the cell proliferation markers mini-
chromosome maintenance protein 7, geminin, topoisomerase Il alpha and
Ki-67, Acta Cytol. 57 (2013) 384—390 doi:10.1159000350262.

K. Shomori, K. Nishihara, T. Tamura, S. Tatebe, Y. Horie, K. Nosaka, T. Haruki,
Y. Hamamoto, T. Shiomi, M. Nakabayashi, H. Ito, Geminin, Ki67, and mini-
chromosome maintenance 2 in gastric hyperplastic polyps, adenomas, and
intestinal-type carcinomas: pathobiological significance, Gastric Cancer 13
(2010) 177—185, http://dx.doi.org/10.1007/s10120-010-0558-z.

S. Joshi, J. Watkins, P. Gazinska, J.P. Brown, CE. Gillett, A. Grigoriadis,
S.E. Pinder, Digital imaging in the immunohistochemical evaluation of the
proliferation markers Ki67, MCM2 and Geminin, in early breast cancer, and
their putative prognostic value, BMC Cancer 15 (2015) 546, http://dx.doi.org/
10.1186/s12885-015-1531-3.

M. Di Bonito, M. Cantile, F. Collina, G. Scognamiglio, M. Cerrone, E. La Mantia,
A. Barbato, G. Liguori, G. Botti, Overexpression of cell cycle progression in-
hibitor Geminin is associated with tumor stem-like phenotype of triple-
negative breast cancer, J. Breast Cancer 15 (2012) 162—171, http://
dx.doi.org/10.4048/jbc.2012.15.2.162.

T. Haruki, K. Shomori, Y. Hamamoto, Y. Taniguchi, H. Nakamura, H. Ito,
Geminin expression in small lung adenocarcinomas: implication of prog-
nostic significance, Lung Cancer 71 (2011) 356—362, http://dx.doi.org/
10.1016/j.lungcan.2010.06.013.


http://dx.doi.org/10.1016/j.ydbio.2013.12.034
http://dx.doi.org/10.1042/BC20060007
http://dx.doi.org/10.1089/scd.2011.0483
http://dx.doi.org/10.1242/dev.059824
http://dx.doi.org/10.1101/gad.916201
http://dx.doi.org/10.1101/gad.916201
http://dx.doi.org/10.1007/s00018-005-4553-1
http://dx.doi.org/10.1007/s00018-005-4553-1
http://dx.doi.org/10.1016/j.ydbio.2010.04.006
http://dx.doi.org/10.1016/j.ydbio.2010.04.006
http://dx.doi.org/10.1016/j.mrfmmm.2004.05.026
http://dx.doi.org/10.1016/j.mrfmmm.2004.05.026
http://dx.doi.org/10.1128/MCB.00509-09
http://dx.doi.org/10.1128/MCB.00509-09
http://dx.doi.org/10.1371/journal.pone.0053161
http://dx.doi.org/10.1371/journal.pone.0053161
http://dx.doi.org/10.1073/pnas.1011054107
http://dx.doi.org/10.1128/MCB.00974-12
http://dx.doi.org/10.1128/MCB.00974-12
http://dx.doi.org/10.1016/j.molcel.2009.12.012
http://dx.doi.org/10.1101/gad.1319105
http://dx.doi.org/10.1074/jbc.M110.207688
http://dx.doi.org/10.1038/ncomms2859
http://dx.doi.org/10.1038/ncomms2859
http://dx.doi.org/10.1186/1471-2091-10-16
http://dx.doi.org/10.1016/j.ydbio.2005.10.047
http://dx.doi.org/10.1074/jbc.M113.491928
http://dx.doi.org/10.1074/jbc.M113.491928
http://dx.doi.org/10.1016/j.bbrc.2009.08.160
http://dx.doi.org/10.1016/j.bbrc.2009.08.160
http://dx.doi.org/10.2741/3018
http://dx.doi.org/10.1016/S0002-9440(10)64178-8
http://dx.doi.org/10.1158/0008-5472.CAN-08-4559
http://dx.doi.org/10.1158/0008-5472.CAN-08-4559
http://dx.doi.org/10.1007/s00428-015-1778-8
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref76
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref76
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref76
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref76
http://dx.doi.org/10.1007/s00428-015-1806-8
http://dx.doi.org/10.1111/j.1600-0714.2009.00861.x
http://dx.doi.org/10.1111/j.1600-0714.2009.00861.x
http://dx.doi.org/10.1097/PAI.0000000000000212
http://dx.doi.org/10.1038/sj.bjc.6604967
http://dx.doi.org/10.1111/j.1464-410X.2012.11735.x
http://dx.doi.org/10.1111/j.1464-410X.2012.11735.x
http://dx.doi.org/10.1111/j.1600-0714.2007.00631.x
http://dx.doi.org/10.1111/j.1600-0714.2007.00631.x
http://dx.doi.org/10.1111/j.1365-2559.2010.03561.x
http://dx.doi.org/10.1111/j.1365-2559.2010.03561.x
http://dx.doi.org/10.1007/s10549-013-2786-5
http://dx.doi.org/10.1007/s12282-014-0556-9
http://dx.doi.org/10.1002/path.1625
http://dx.doi.org/10.1136/jclinpath-2014-202607
http://dx.doi.org/10.1136/jclinpath-2014-202607
http://dx.doi.org/10.3892/or_00000340
http://dx.doi.org/10.3892/or_00000340
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref89
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref89
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref89
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref89
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref89
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref89
http://dx.doi.org/10.1007/s10120-010-0558-z
http://dx.doi.org/10.1186/s12885-015-1531-3
http://dx.doi.org/10.1186/s12885-015-1531-3
http://dx.doi.org/10.4048/jbc.2012.15.2.162
http://dx.doi.org/10.4048/jbc.2012.15.2.162
http://dx.doi.org/10.1016/j.lungcan.2010.06.013
http://dx.doi.org/10.1016/j.lungcan.2010.06.013

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

PP. Kushwaha et al. / Biochimie 131 (2016) 115—127

P. Shrestha, T. Saito, S. Hama, M.T. Arifin, Y. Kajiwara, F. Yamasaki, T. Hidaka,
K. Sugiyama, K. Kurisu, Geminin: a good prognostic factor in high-grade
astrocytic brain tumors, Cancer 109 (2007) 949-956, http://dx.doi.org/
10.1002/cncr.22474.

T.J. Dudderidge, K. Stoeber, M. Loddo, G. Atkinson, T. Fanshawe, D.F. Griffiths,
G.H. Williams, MCM2, geminin, and KI67 define proliferative state and are
prognostic markers in renal cell carcinoma, Clin. Cancer Res. 11 (2005)
2510—2517, http://dx.doi.org/10.1158/1078-0432.CCR-04-1776.

G. Banfi, L. Teleki, P. Nyirady, A. Keszthelyi, I. Romics, A. Fintha, T. Krenacs,
B. Szende, Changes of protein expression in prostate cancer having lost its
androgen sensitivity, Int. Urol. Nephrol. 47 (2015) 1149—1154, http://
dx.doi.org/10.1007/s11255-015-0985-1.

K.H. Zhang, G.L. Li, Z.Z. Liu, Expression of cell cycle associated factors geminin
and cdt1 in patients with acute leukemia, Exp. Hematol. 19 (2011) 578—581.
Z. Blanchard, R. Malik, N. Mullins, C. Maric, H. Luk, D. Horio, B. Hernandez,
J. Killeen, W.M. Elshamy, Geminin overexpression induces mammary tumors
via suppressing cytokinesis, Oncotarget 2 (2011) 1011-1027, http://
dx.doi.org/10.18663/oncotarget.363.

V. Bravou, H. Nishitani, S.Y. Song, S. Taraviras, J. Varakis, Expression of the
licensing factors, Cdt1 and Geminin, in human colon cancer, Int. J. Oncol. 27
(2005) 1511—1518, http://dx.doi.org/10.1016/j.anndiagpath.2012.05.001.

Z. Blanchard, N. Mullins, P. Ellipeddi, J.M. Lage, S. McKinney, R. El-Etriby,
X. Zhang, R. Isokpehi, B. Hernandez, W.M. EIShamy, Geminin overexpression
promotes imatinib sensitive breast cancer: a novel treatment approach for
aggressive breast cancers, including a subset of triple negative, PLOS ONE 9
(2014) 1-18, http://dx.doi.org/10.1371/journal.pone.0095663.

M. Aizawa, M. Kojima, N. Gotohda, S. Fujii, Y. Katoh, T. Kinoshita,
S. Takahashi, M. Konishi, T. Kinoshita, A. Ochiai, Geminin expression in

[102]

[103]

[104]

[105]

[106]

[107]

127

pancreatic neuroendocrine tumors: possible new marker of malignancy,
Pancreas 11 (2012) 512-517, http://dx.doi.org/10.1097/
MPA.0b013e31823ca3e0.

M. Markey, H. Siddiqui, E.S. Knudsen, Geminin is targeted for repression by
the retinoblastoma tumor suppressor pathway through intragenic E2F sites,
J. Biol. Chem. 279 (2004) 29255-29262, http://dx.doi.org/10.1074/
jbc.M313482200.

Y. Hamamoto, K. Shomori, K. Nosaka, T. Haruki, R. Teshima, H. Ito, Prognostic
significance of Minichromosome maintenance protein 7 and Geminin
expression in patients with 109 soft tissue sarcomas, Oncol. Lett. 1 (2010)
703—709, http://dx.doi.org/10.3892/01_00000123.

N. Aramaki, G. Ishii, E. Yamada, M. Morise, K. Aokage, M. Kojima, T. Hishida,
J. Yoshida, N. Ikeda, M. Tsuboi, A. Ochiai, Drastic morphological and molec-
ular differences between lymph node micrometastatic tumors and macro-
metastatic tumors of lung adenocarcinoma, J. Cancer Res. Clin. Oncol. 142
(2016) 37—46, http://dx.doi.org/10.1007/s00432-015-1996-0.

K. Yoshida, Geminin as a molecular target for the development of new
anticancer drugs, Mini Rev. Med. Chem. 6 (2006) 461—462, http://dx.doi.org/
10.2174/138955706776361411.

S.K. Dhar, K. Yoshida, Y. Machida, P. Khaira, B. Chaudhuri, J.A. Wohlschlegel,
M. Leffak, ]. Yates, A. Dutta, Replication from oriP of Epstein-Barr virus re-
quires human ORC and is inhibited by Geminin, Cell 106 (2001) 287—-296,
http://dx.doi.org/10.1016/S0092-8674(01)00458-5.

L. Rakotomalala, L. Studach, W.H. Wang, G. Gregori, R.L. Hullinger,
0. Andrisani, Hepatitis B virus X protein increases the Cdt1-to-geminin ratio
inducing DNA re-replication and polyploidy, ]J. Biol. Chem. 283 (2008)
28729—-28740, http://dx.doi.org/10.1074/jbc.M802751200.


http://dx.doi.org/10.1002/cncr.22474
http://dx.doi.org/10.1002/cncr.22474
http://dx.doi.org/10.1158/1078-0432.CCR-04-1776
http://dx.doi.org/10.1007/s11255-015-0985-1
http://dx.doi.org/10.1007/s11255-015-0985-1
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref97
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref97
http://refhub.elsevier.com/S0300-9084(16)30220-6/sref97
http://dx.doi.org/10.18663/oncotarget.363
http://dx.doi.org/10.18663/oncotarget.363
http://dx.doi.org/10.1016/j.anndiagpath.2012.05.001
http://dx.doi.org/10.1371/journal.pone.0095663
http://dx.doi.org/10.1097/MPA.0b013e31823ca3e0
http://dx.doi.org/10.1097/MPA.0b013e31823ca3e0
http://dx.doi.org/10.1074/jbc.M313482200
http://dx.doi.org/10.1074/jbc.M313482200
http://dx.doi.org/10.3892/ol_00000123
http://dx.doi.org/10.1007/s00432-015-1996-0
http://dx.doi.org/10.2174/138955706776361411
http://dx.doi.org/10.2174/138955706776361411
http://dx.doi.org/10.1016/S0092-8674(01)00458-5
http://dx.doi.org/10.1074/jbc.M802751200

	Geminin a multi task protein involved in cancer pathophysiology and developmental process: A review
	1. Introduction
	2. Geminin structure, function and its role in disease
	3. Geminin translocation and phosphorylation
	4. Inhibitors of Geminin-Cdt1 interaction
	5. Fate of Geminin during development
	6. Association of Geminin with other proteins
	7. Significance of Geminin in cancer
	8. Geminin and viruses
	9. Conclusion
	Conflict of interest
	Acknowledgment
	References


