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Abstract
Cyclin A2 is an essential regulator of the cell division 
cycle through the activation of kinases that participate 
to the regulation of S phase as well as the mitotic entry. 
However, whereas its degradation by the proteasome 
in mid mitosis was thought to be essential for mitosis 
to proceed, recent observations show that a small 
fraction of cyclin A2 persists beyond metaphase and is 
degraded by autophagy. Its implication in the control 
of cytoskeletal dynamics and cell movement has 
unveiled its role in the modulation of RhoA activity. 
Since this GTPase is involved in both cell rounding early 
in mitosis and later, in the formation of the cleavage 
furrow, this suggests that cyclin A2 is a novel actor in 
cytokinesis. Taken together, these data point to this 
cyclin as a potential mediator of cell-niche interactions 
whose dysregulation could be taken as a hallmark of 
metastasis.

Key words: Cyclin; Mitosis; Mesenchymal transition; 
Metastasis; Autophagy; RhoA; Phospholipase C

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Cyclin A2, as an essential regulator of the 
cell division cycle, is commonly associated to dividing 
cells and, like Ki67, is usually taken as a marker of cell 
proliferation. However, the level of this cyclin does not 
always correlate with the aggressiveness of the tumor, 
more particularly with respect to its invasiveness. 
Surprisingly, recent data suggest that it plays with RhoA 
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also a role in the late phase of mitosis during which it 
is degraded by autophagy. Moreover, its dysregulation 
appears to be associated with the epithelial to mesen-
chymal transition.
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INTRODUCTION
The cell division cycle is controlled by the coordinated 
expression of regulatory proteins whose degradation 
is orchestrated by specific and timely phosphorylation/
dephosphorylation events. Cyclins, as binding and 
activating partners of cyclin-dependent kinases (CDK) 
constitute a key subset of the regulatory components 
of the cell cycle engine. In animal cells, cyclins A and B 
play a central role in the control of mitosis, with cyclin A 
being degraded before cyclin B by the proteasome, just 
after the nuclear envelope breakdown. In mammalian 
cells there are two A-type cyclins: Cyclin A1 that is 
specifically expressed in the testis, and cyclin A2, that is 
ubiquitously expressed. Accordingly, cyclin A2 is usually 
linked to cell proliferation and as such is often found 
expressed at a high level in human cancers[1]. However, 
the level of this cyclin does not always correlate with 
the aggressiveness of the tumor, more particularly with 
respect to its invasiveness[2].

A wealth of information has accumulated suggesting 
that some cell cycle regulators play a more general 
role in cellular transactions[3,4], and along these lines, 
cyclin A2 has been shown to participate in the control of 
cytoskeleton dynamics and cell motility[5].

CYCLIN A2: A LATE ACTOR OF 
CYTOKINESIS?
Using cyclin A2-EGFP to study its ubiquitylation by 
FRET, we recently demonstrated that it starts in foci in 
prometaphase and then spreads throughout the cell in 
metaphase[6]. Indeed, endogenous cyclin A2 colocalized 
within these structures with Cdc20, a key regulator of 
its ubiquitylation, as well as with active proteasome, 
as detected with DQ-ovalbumin[6]. This unprecedented 
observation revealed two unexpected aspects of cyclin 
A2 expression: (1) not all foci colocalized with Cdc20 
or DQ-ovalbumin; and (2) cyclin A2 foci persisted until 
late mitosis, i.e., when its proteasomal degradation is 
thought to be complete. Since this cyclin is absent at 
the beginning of the G1 phase of the next round of cell 
division, this led us to see whether autophagy, another 
major intracellular proteolysis pathway, could also be 
involved in its degradation.

Autophagy is a degradation pathway that eliminates 
misfolded, damaged, or superfluous cell components, 
whether individual molecules or organelles, into recycled 
pools of biomolecules. The operating structures of 
autophagic degradation are the lysosomes that contain 
many hydrolases that break down proteins, lipids as 
well as nucleic acids[7]. Interestingly, some endogenous 
cyclin A2 foci colocalized with light chain 3-B protein 
(LC3-B), a marker of autophagosomes, in metaphase as 
well as with p62[6], a receptor for ubiquitylated proteins 
necessary for their degradation by selective autophagy[8]. 
Furthermore, our data suggest that, in prometaphase, 
cyclin A2 foci colocalized mainly with Cdc20 or activated 
proteasome, while in metaphase, they colocalized mainly 
with LC3-B, p62, or lysosomes[6].

Characterized first as a general recycling process 
for defective structures, autophagy is now proposed 
to participate in regular cellular regulatory pathways. 
Accordingly, our observation showing that it plays a 
complementary role in cyclin A2 degradation to prevent 
its accumulation at the end of mitosis, points to a 
potential novel and unexpected function for this cyclin 
late in cytokinesis. Indeed, formation of the mitotic 
cleavage furrow depends upon the activity of RhoA via 
its exchange factors such as Ect2[9] and GEF-H1 that 
localizes to the mitotic apparatus[10,11]. Our previous 
observation unveiled the potentiating effect of cyclin A2 
on RhoA GTP loading by its exchange factors[5]. Thus, 
formation of the contractile ring, which is dependent 
upon local activation of the GTPase, would appear to 
result from its concomitant interaction with Ect2 and/or 
microtubule-activated GEF-H1 and cortical cyclin A2. 

Finally, autophagy has already been shown to 
participate in abscission of the cleavage furrow after 
telophase and to promote the degradation of active 
RhoA[12]. This suggests that cyclin A2 may be degraded by 
autophagy with the GTPase (in the same complex?) when 
localized to cortical membranes, whereas degradation 
of its soluble fraction would occur mainly through 
proteasomal activity (Figure 1).

EPITHELIAL TO MESENCHYMAL 
TRANSITION AND CYCLIN A2 
DYSREGULATION 
The epithelial to mesenchymal transition (EMT) is a normal 
biological process that is important in organogenesis during 
early development and in wound healing. It has recently 
become a leading concept to explain metastasis[13]. This 
process entails the trans differentiation of epithelial cells to 
mesenchymal cells, with an associated increase in invasive 
properties. Cyclin A2 depletion in fibroblasts leads to an 
increase in cell motility and cooperates with oncogenic 
transformation to increase invasiveness in collagen 
matrices[5,14], a phenomenon that is associated with its 
cytoplasmic localization and independent of its association 
with the CDKs. When performed in epithelial cells, cyclin 
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A2 knockdown induces an EMT in RasV12-transformed 
mammary epithelial cells, and increases their invasiveness 
in vitro as well as in chicken embryos[14] (discussed in 15). 
Interestingly, these cells form tumorospheres and are 
more resistant to anoikis under non-adherent conditions. 
Whereas the Rho GTPases, RhoA and RhoC, were shown 
to be responsible for the invasion phenotype, with RhoA 
involved in the maintenance of cell-cell junctions, they do 
not fully account for the observed EMT phenotype[15].

Oncogenic EMT, which is thought to arise during 
tumorigenesis, is generally characterized by a decrease 
and/or a delocalization of epithelial markers (E-cadherin, 
occludin), upregulation of mesenchymal markers (N-
cadherin, vimentin) and transcriptional factors (Zeb1/2, 
Slug, Snail, Twist1/2, etc.), as well as functional attributes 
such as increase in migration, invasion, cell scattering and 
resistance to anoikis[16].

Multiple signalling pathways are known to be dys-
regulated during tumorigenesis and EMT. Among them, 
the WNT pathway[17] has been shown to play a major role 
in metastasis and promotion of EMT in breast cancer, in 
which expression of WNT ligands or suppression of their 
inhibitors induces EMT and metastasis[18]. The canonical 
WNT signalling pathway is initiated by binding of a WNT 
ligand to a frizzled (FZD) receptor and its associated 
co-receptors, low-density lipoprotein receptor–related 
proteins 5/6. This inactivates glycogen synthase kinase-
3b (GSK-3b) via phosphorylation, followed by the release, 
dephosphorylation, and nuclear translocation of b-catenin, 

where it binds to T-cell factor/lymphocyte enhancer 
factor components and activate transcription of target 
genes, such as the mesenchymal marker, fibronectin[19].

b-catenin is also known to be regulated independently 
of the WNT pathway, through inactivation of GSK-3b 
and/or delocalization of E-cadherin, which ultimately 
liberates b-catenin to undergo dephosphorylation and 
nuclear translocation. Some reports have shown that 
WNT-independent b-catenin regulation can occur through 
transduction components such as extracellular signal-
regulated kinases 1 and 2, protein kinase A, protein kinase 
B (AKT1), as well as phospholipases A and C isoforms. 
Recently, phospholipase C (PLC) isoforms have been 
shown to be major players in EMT, mainly in metastatic 
breast cancer cells, due to their roles in regulating 
cytoskeletal organization, differentiation and other signal 
transduction pathways[20]. Interestingly, isoforms of PLC 
are known to be activated by Rho GTPases[21,22], and PLC-g 
is also regulated by the E-cadherin/b-catenin complex at 
the plasma membrane[23].

Our recent observations suggest that inhibition of the 
b-catenin pathway and/or PLC might lead to a reversion 
of EMT induced by cyclin A2 depletion in Ras-transformed 
cells, with a concomitant increase in E-cadherin expr-
ession and localization to cell membrane, as well as 
decrease in mesenchymal traits in the same cellular 
context[24]. Thus, EMT induced by cyclin A2 depletion 
could well be dependent on PLC and b-catenin activation.

Interestingly, a previous report showed that the 
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Figure 1  Presumptive regulatory network involving cyclin A2 and RhoA in the control of mitosis and epithelial to mesenchymal transition. Cyclin A2 
degradation by the proteasome in mid mitosis is essential for mitosis to proceed. However, recent observations show that a small fraction of cyclin A2 persists beyond 
metaphase and is degraded by autophagy. Cyclin A2 participates in the modulation of RhoA activity; since this GTPase is involved in both cell rounding early in 
mitosis and later, in the formation of the cleavage furrow, this suggests that cyclin A2 plays also a role in cytokinesis. Taken together, these data point to this cyclin as 
a potential mediator of cell-niche interactions, its down regulation leading to EMT via PLC and RhoA converging pathways. EMT: Epithelial to mesenchymal transition; 
PLC: Phospholipase C.
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integrity of adherens junctions results from the balance 
of the antagonistic activities of RhoA and RhoC[25], a 
low level of cyclin A2 displacing the equilibrium toward 
the escape of b-catenin from the junction. That the two 
processes are linked or belong to synergistic pathways 
remains to be established. In any case, a down regulation 
of cyclin A2 expression appears to promote EMT and 
invasive properties. Accordingly, cyclin A2 protein levels 
have been shown to be much lower in human samples 
obtained from metastatic sites in comparison to matched 
primary colon adenocarcinomas, which suggest that a 
decreased expression level of cyclin A2 could be linked to 
cancer metastasis[25].

CONCLUSION
Metastasis relies on the acquisition by the candidate cell 
of invasive properties based on morphological changes 
that allow it to modify its interactions with its neighbours 
and, more generally, to reinterpret cues emanating from 
its surrounding niche. Mitosis offers such an opportunity 
to a cell embedded within an epithelial structure to 
change its fate. Indeed, while it is associated to a drastic 
change in cell shape, it also entails dramatic alterations 
of intracellular structures such as chromosome con-
densation and nuclear envelope breakdown. It is thus 
not surprising to find that dysregulation of cyclin A2 and 
RhoA, two major actors of its control, involved in both its 
early step, cell rounding, and then later, the spreading 
of the two daughter cells, be instrumental in giving rise 
to cells that escape niche controls. Interestingly, recent 
studies on circulating tumor cells have revealed that 
a large number of them harboured a phenotype that 
supports the idea that they were generated through an 
EMT-like mechanism[26]. Thus, promoting a mechanism 
such as EMT is nothing else but another example of how 
a cancer cell co-opts fundamental cellular mechanisms 
that are important in the early development or in wound 
healing. 
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