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Abstract Our previous work showed that Cyclin A2 defi-
ciency promotes cell invasion in fibroblasts. Given that the
majority of cancers emerge from epithelia, we explored novel
functions for Cyclin A2 by depleting it in normal mammary
epithelial cells. This caused an epithelial to mesenchymal
transition (EMT) associated with loss of cell-to-cell contacts,
decreased E-Cadherin expression and increased invasive
properties characterized by a reciprocal regulation of RhoA
and RhoC activities, where RhoA-decreased activity drove
cell invasiveness and E-Cadherin delocalization, and RhoC-
increased activity only supported cell motility. Phenotypes
induced by Cyclin A2 deficiency were exacerbated upon
oncogenic activated-Ras expression, which led to an increased
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expression of EMT-related transcriptional factors. Moreover,
Cyclin A2-depleted cells exhibited stem cell-like properties
and increased invasion in an in vivo avian embryo model. Our
work supports a model where Cyclin A2 downregulation facil-
itates cancer cell EMT and metastatic dissemination.
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Abbreviations
CycA2 Cyclin A2
EMT Epithelial to mesenchymal transition

NMuMG Normal murine mammary gland
TGFB Transforming growth factor

Introduction

Cyclin A2 expression in human cancer is usually linked to
cell proliferation. However, in renal, colorectal and prostate
carcinomas [1, 15, 25, 29], tumors with low levels of Cyc-
lin A2 were shown to be more aggressive than those with
high Cyclin A2 expression. Similarly, there is an inverse
correlation between Cyclin A2 levels and invasiveness of
oral squamous cell carcinoma (OSCC) both in vitro and in
vivo [46]. In addition, we recently found decreased expres-
sion of Cyclin A2 in metastases relative to primary tumors
in colorectal cancer [4].

There is a precedent for cell cycle regulators to have new
functions that may influence tumorigenesis [7, 9]. Here,
we explore these novel Cyclin A2 functions in an epithelial
context, in particular its role in the epithelial to mesenchy-
mal transition (EMT).

EMT plays a role during early embryonic development
and is reactivated during adult tissue regeneration and wound
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repair [41]. Moreover, clinical evidence suggests that upregu-
lation of EMT inducers in cancer cells correlates with tumor
aggressiveness, metastasis and poor patient prognosis [11,
35, 48]. EMT is triggered by a network of signals emanating
from the tumor stroma [26, 49]. Notably, Ras and TGFg have
been shown to cooperate in promoting EMT, whereby the
activating Vall2 mutation of Ras potentiates this process [22].

EMT is characterized by loss of E-Cadherin from the
plasma membrane and acquisition of mesenchymal mark-
ers [42]. The expression of multiple transcription factors,
in particular the E2A gene products E12 and E47, members
of the Snail and Twist families, Zeb1 and Zeb2 [5, 39, 47]
are also induced. Moreover, cells undergoing EMT acquire
invasive capabilities following increased expression or acti-
vation of RhoGTPases, such as Racl, Cdc42 and RhoC
[27]. In addition, cells can acquire stem cell markers, which
identify them as potential tumor-initiating cells responsible
for further spreading in vivo [17].

Here, we explore the effect of Cyclin A2 inactivation in
the EMT process. Depletion of Cyclin A2 in the mouse mam-
mary gland epithelial cell line NMuMG conferred a spindle-
like morphology to the cells and a loss of cell-cell contacts,
along with both decreased expression of E-Cadherin and
its delocalization from the membrane. Cyclin A2-depleted
NMuMG cells showed increased 3D invasive properties,
which correlated with decreased RhoA and increased RhoC
activities. This mesenchymal phenotype was enhanced by
transformation with H-RasV12, as evidenced by upregula-
tion of associated transcription factors and metalloproteases.
Knockdown of RhoA potentiated cell invasion and disrupted
E-Cadherin localization to the plasma membrane, whereas
our data identify RhoC as a major regulator of cell invasion
in the Cyclin A2-depleted cells. Sh CycA2 transformed cells
showed increased formation of tumorospheres and expres-
sion of stem cell markers, suggesting that loss of Cyclin A2
may promote cancer stem cell capabilities. Moreover, the in
vitro effects of Cyclin A2 depletion were corroborated by in
vivo experiments showing an enhanced invasion of Cyclin
A2 knockdown cells in an avian embryo model.

Overall, our study establishes Cyclin A2 as a novel reg-
ulator of metastasis through modulation of EMT, which
sheds new light on why low Cyclin A2 expression is associ-
ated with poor prognosis in some cancers.

Materials and methods
Plasmids and siRNA
shRNA a and b were both used for experiments:

a: 5-GAAATGGAGGTTAAATGA-3’
b: 5-GTAGCAGAGTTTGTGTATA-3'.
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They were cloned into RNAi-Ready pSIREN-RetroQ
vector (Clontech, Mountain View, CA).

A plasmid containing mouse wild-type RhoC fused to
EGFP was a kind gift from J.C. Der (University of North
Carolina, Chapel Hill, USA). siRNA directed against
mouse RhoA and RhoC were purchased from Thermo
Scientific (Waltham, MA) as smartpools. They were trans-
fected using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) at 10 nM concentration. Assays (immunfluorescence,
Western blot analysis, invasion assay) were performed 48—
72 h following transfection.

Quantitative real time PCR (qQRT-PCR)

RNA was purified using RNeasy kit (Qiagen, Hilden, Ger-
many). Reverse transcription was performed using Super-
script III (Invitrogen) according to standard protocols. qRT-
PCR was performed using SYBR Green (Roche, Basel,
Switzerland) with the primers listed in Supplementary
Table 1. Briefly, cDNA samples were diluted and subjected to
40 cycles of PCR at 95 °C for 10 s, 60 °C for 15 s and 72 °C
for 15 s. Internal controls used were GUS (beta-glucuroni-
dase), HPRT (hypoxanthine guanine phosphoribosyl trans-
ferase 1) and TBP (TFIID TATA box binding protein). Reac-
tions were performed on a LightCycler 480 (Roche) machine.

qPCR primer sequences

Gene name  Forward/ Sequence 5'-3/
reverse

El12 Forward GGGAGGAGAAAGAGGATGA
Reverse GCTCCGCCTTCTGCTCTG

E47 Forward GGGAGGAGAAAGAGGATGA
Reverse CCGGTCCCTCAGGTCCTTC

E-Cadherin ~ Forward CTGCTGCTCCTACTGTTTC
Reverse CTGGCTCAAATCAAAGTCC

Fibronectin ~ Forward GCGACTCTGACTGGCCTTAC
Reverse CCGTGTAAGGGTCAAAGCAT

GUS Forward GATTCAGATATCCGAGGGAAAGG
Reverse GCCAACGGAGCAGGTTGA

HPRT Forward GCAGTACAGCCCCAAAATGG
Reverse GGTCCTTTTCACCAGCAAGCT

MMP-3 Forward GGAAATCAGTTCTGGGCTATACGA
Reverse TAGAAATGGCAGCATCGATCTTC

MMP-14 Forward GGAGACGGAGGTGATCATCATTG
Reverse GCGTCCCATGGCGTCTGAAGA

N-Cadherin ~ Forward GGCAGAAGAGAGACTGGGTC
Reverse GAGGCTGGTCAGCTCCTGGC

Nanog Forward TCTTCCTGGTCCCCACAGTTT
Reverse GCAAGAATAGTTCTCGGGATGAA

Oct4 Forward AGAGGATCACCTTGGGGTACA
Reverse CGAAGCGACAGATGGTGGTC
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Gene name  Forward/ Sequence 5'-3'
reverse

Slug Forward CCATGCCATCGAAGCTGAG
Reverse GGCCAGCCCAGAGAACGTA

Sip1/Zeb2 Forward TAGCCGGTCCAGAAGAAATG
Reverse GGCCATCTCTTTCCTCCAGT

Six1 Forward GAATCAACTCTCTCCTCTGG
Reverse TTAGGAACCCAAGTCCACCA

Snail Forward CACTGCCACAGGCCGTATC
Reverse CTTGCCGCACACCTTACAG

TBP Forward ACTTCGTGCAAGAAATGCTGAAT
Reverse CAGTTGTCCGTGGCTCTCTTATT

Twist 2 Forward GCAAGAAATCGAGCGAAGAT
Reverse GCTCTGCAGCTCCTCGAA

Zebl Forward GCTGGCAAGACAACGTGAAAG
Reverse GCCTCAGGATAAATGACGGC

Cell culture, transfections and infections

NMuMG and NMuMGRasV12 cells were maintained in
DMEM with 10 % fetal calf serum (FCS) supplemented
with insulin (10 wg/ml). They were purchased from ATCC
(CRL-1636, Manassas, VA). Transfections were performed
using Lipofectamine 2000 (Invitrogen). For virus infection,
cells were selected for at least 2 days in the presence of
2pg/ml puromycin (Invitrogen) or 100 pg/ml hygromycin.
For rescue experiments, cells previously infected with sh-a
directed against Cyclin A2 were infected with a retrovirus
coding for Wt Cyclin A2 resistant for sh-a. Infections with
control virus are denominated as PMSCV (plasmid derived
from the Murine Stem Cell Virus).

FACS analysis of cell cycle and cell viability

Following 12 h of culture in non-adherent conditions,
tumorospheres were trypsinized and cells (10°) incubated
with 7AAD (1 pg/ml in PBS) to evaluate cell death. 7AAD
staining was measured by FACS analysis on a FACSCali-
bur (BD Biosciences, San Jose, CA). For cell cycle anal-
ysis, 10° cells were fixed overnight using 90 % ethanol.
Cells were spun, washed once with PBS and resuspended
in 500 w1l of PBS-7AAD (1 pg/ml)-RNase(200 pg/ml) for
30 min before being analyzed.

Kinase assay

Cells were lysed in the following buffer : 50 mM Tris pH
7.5, 250 mM NaCl, 0.1 % Triton X100, 5 mM EDTA,
I mM DTT, 50 mM NakF, 0.1 mM Na;VO,. 500 pg of pro-
teins were immunoprecipitated using either an anti-CDK2
(sc-163, Santa Cruz Biotechnologies, Santa Cruz, CA) or
and anti-CDK1 (sc-54, Santa Cruz) for at least 3 h at 4 °C.

Immunoprecipitates were washed three times in lysis buffer
and divided in two. One half was washed once in kinase
buffer (10 mM Tris pH 7.5, 10 mM MgCI2, 1 mM DTT,
100 pM ATP) and the other half was resuspended for
Western blot analysis. The kinase reaction was performed
as follows: 20 pl of kinase buffer containing 0.2 wCi of
33 P.yATP and 5 pg of Histone Hl were added in each
immunoprecipitate. The reaction was incubated at 37 °C
for 30 min then stopped by the addition of 1 ul of 0.5 M
EDTA. The entire reaction was transferred onto a What-
man Grade P8I paper, which was washed three times in
0.75 % phosphoric acid solution, then in 95 % ethanol and
dried. Samples were transferred in scintillation buffer and
counted using the Tri-Card 2900 TR analyzer from Pack-
ard. Western blot analysis was performed in parallel to
check total and immunoprecipitated CDK1 and CDK2 pro-
tein levels which were similar between both sh Luc and sh
CycA2 cells.

Antibodies, immunofluorescence and immunoprecipitation

Antibodies used for immunoblotting included: anti-
CyclinA2 (clone CY-A1—Sigma-Aldrich, St. Louis, MO;
and sc-751, Santa Cruz Biotechnology), anti-RhoA (sc-
418, Santa Cruz Biotechnology), anti-RhoC (D40E4, Cell
Signaling, Danvers, MA), anti-Racl (clone 102, BD Trans-
duction Laboratory, Franklin Lakes, NJ), anti-E-Cadherin
(clone36, BD Transduction Laboratory), anti-non phospho-
rylated active B Catenin (Cell Signaling) and anti-GAPDH
(G9545, Sigma). Secondary HRP-conjugated antibodies
were obtained from Pierce Biotechnology (Thermo Scien-
tific, Rockford, IL).

Antibodies used for immunofluorescence staining were:
anti-Vinculin, (clone hVIN, Sigma), anti-E-Cadherin
(clone36, BD Transduction Laboratory), anti-p120 Catenin
(clone98, BD Transduction Laboratory), anti-f Catenin
(clone 6B3, Cell Signaling), and anti-Vimentin (3932, Cell
Signaling). Staining of F-Actin was performed using Phal-
loidin conjugated with Rhodamine (Sigma). Secondary
antibodies were AlexaFluor conjugates (Invitrogen).

Prior to immunofluorescence analysis, cells were fixed
with 3.2 % paraformaldehyde and permeabilized with 0.2 %
Triton-X-100 for Phalloidin staining. For p120 Catenin,
cells were treated for 10 min at —20 °C in methanol/acetone
(1:1), and for B Catenin/E-Cadherin stainings, cells were
fixed 30 min in 100 % ethanol (—20 °C) then a few seconds
in acetone [13]. Fixed cells were viewed using Axioimager
Z1 (Carl Zeiss, Inc., Oberkochen, Germany) with 63X Plan-
Apochromat 1.4 oil lens (Carl Zeiss, Inc.). Images were col-
lected using a CoolSnap HD2 CCD camera (Roper Indus-
tries, Sarasota, FL) driven by MetaMorph 7.1 Software.

Immunoprecipitations were performed using GFP-Trap®
beads (Chromotek, Planegg-Martinsried, Germany) in
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NP40 lysis buffer according to manufacturer instruction for
2 h at 4 °C. After washes, beads were resuspended in Lae-
mmli buffer for Western blot analysis.

Pull-down of active Rho GTPases

Cells were lysed and incubated for 1 h at 4 °C, either with
60pg Rhotekin-RBD protein GST beads or 20pg PAK-
GST protein beads (Cytoskeleton, Denver, CO) for RhoA
and RhoC or Racl pull-down, respectively [4, 10]. Follow-
ing SDS-PAGE and Western blot analysis using anti-RhoA,
anti-RhoC and anti-Racl antibodies, GTPase activation
was evaluated by measuring band intensities with Imagel
software. The activation index was calculated as pull-down/
input/GAPDH intensity ratio.

Invasion assays

Invasion assays were performed in 96-well dishes (Perki-
nElmer, Waltham, MA) coated with 0.2 % bovine serum
albumin (Sigma, A-8806) and bovine collagen (1 mg/ml), as
described previously [4, 38]. After 24 h, cells were fixed with
paraformaldehyde (4 % final concentration) and stained with
2 ng/ml Hoechst (Molecular Probes, Invitrogen). Confocal
Z slices were collected from each well at 0 pm and 50 pm
from the bottom. The invasion index was calculated as the
ratio of cells at 50/0 pwm. Cell invasion was monitored using
an Arrayscan VTI Live inverted microscope, and the nuclear
staining was quantified with Cellomics software.

Tumorosphere assay

10° cells of the different genotypes were plated in low-
adhesion plates and cultivated in DMEM without serum for
48 h. After 48 h, tumorospheres were harvested, dissoci-
ated with trypsin and cell number was evaluated using a Z1
Coulter counter.

Quantitation of extravasation efficiency rates in chicken
embryos and cancer cell extravascular migration in vivo

For the quantification of extravasation, fertilized chicken
eggs were incubated in a rotary incubator at 37 °C with
90 % humidity for 4 days before being removed from the
shell, placed in covered dishes and then incubated at 37 °C
with 90 % humidity until usage [23, 24]. On day 13 of
embryonic development, 10° cells of the different geno-
types were intravenously injected into a vein within the
chorioallantoic membrane (CAM, N = 5 each group) [23,
24]. Stitched images of the ROI were acquired immedi-
ately after injection and at 24 h post-injection on an upright
Zeiss Examiner and a Hamamatsu EMCDD camera using
Volocity software (PerkinElmer). CAM vasculature was
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labeled with fluorescent Lens Culinaris Agglutinin (LCA,
Vector Laboratories, Burlingame, CA) at 24 h post-injec-
tion timepoint, and cells were visualized using a spinning
disk confocal microscope (Quorum Technologies, Water-
loo, ON, Canada) [3]. Extravascular cells were identified as
being present within the underlying stroma, and not within
the same Z-plane as the CAM lumen [3]. At least 100 cells
for each ROI at r = 0 were analyzed and enumerated.

For extravascular migration, embryos injected with 10°
cells at day 9 of development were incubated at 37 °C with
90 % humidity until day 16 of development. Randomly
selected micrometastases were imaged intravitally using
an upright AxioExaminer microscope (Zeiss) fitted with a
temperature-regulated enclosure, laser diode/shutter unit,
EMCCD camera, Yokogawa spinning disk console and
10X microscope objective. Three-dimensional image sets
of at least 5 regions of interest (ROI) were acquired for
each embryo every 15 min during 12-16 h. Volocity (Perki-
nElmer) was used to generate migration tracks of individual
cells within each ROI, in which at least 5 individual migra-
tion tracks were analyzed. Each group of embryos (control,
Cyclin A2 knockdown) included n = 4.

Statistical analysis

Data are reported as arithmetic mean £ SEM. Statisti-
cal analyses were carried out using nonparametric Mann—
Whitney test or one-way ANOVA and post hoc tests includ-
ing Dunnett’s and Tukey’s tests performed with Prism
software. Statistical significance was defined as P < 0.05.

Results

Cyclin A2-depleted epithelial cells adopt a fibroblastic
morphology and undergo EMT

We infected normal mouse mammary gland epithelial cells
(NMuMG) with expression vectors for small hairpin RNAs
that target the Cyclin A2 transcript (sh CycA2) and firefly
luciferase (sh Luc) as control. While Cyclin A2 knockdown
had no major effect on cell proliferation, the cells showed
a slight accumulation in S phase which correlated with
decreased CDK2 and CDK1 activities, the latter probably due
to a decreased cell proportion in G2 M (online resources 1
and 2a). Moreover, the cells showed a more elongated mor-
phology (Fig. 1 and online resource 2b). This was also true
for the bipotential mouse embryonic liver (BMEL) cell line
and 67NR, a mouse mammary carcinoma epithelial cell line
(online resource 2b). When cultivated in collagen (3D), or as a
monolayer, Cyclin A2-depleted cells adopted a tubular shape
characteristic of mesenchymal cells, or displayed cytoplas-
mic protrusions (Fig. 1a and online resource 2b). E-Cadherin
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Fig. 1 Induction of mesenchymal traits following Cyclin A2 deple-
tion in NMuMG cells. a Visualization of sh Luc and sh CycA2
NMuMG cells by light microscopy. Scale bar 200 pm. b Western
blot analysis of E-Cadherin in Cyclin A2-depleted cells and sh Luc
NMuMG cells. E-Cadherin expression was quantified by densitom-
etry and normalized to that of GAPDH (n = 3, *P = 0.01). ¢ Stain-
ing of F-Actin using Phalloidin-Rhodamine, § Catenin (red) or Vin-

protein levels decreased, and the remaining protein relocal-
ized from the membrane junctions to the cytoplasm (Fig. 1b,
c¢). This corresponded to diminished contact between cells,
and an increase in cell size, as well as the formation of stress
fibers and a redistribution of focal adhesions as detected by
Phalloidin and Vinculin staining, respectively (Fig. 1c). The
membrane-proximal proteins, f Catenin and p120 Catenin,
shifted from cell junctions to the nucleus and the cyto-
plasm, respectively (Fig. 1c). Furthermore, N-Cadherin and
Fibronectin mRNA levels (1.6 + 0.5, P < 0.01; 4.5 & 1.0,
P < 0.0001, respectively) were consistently increased fol-
lowing the loss of Cyclin A2 relative to controls. Similarly,
Cyclin A2 depletion led to a significant upregulation of the
mRNA coding for the membrane-associated regulatory met-
alloproteinase MMP-14 (1.5 £ 0.2, P < 0.0005), which has
been shown to be expressed by invasive carcinomas under-
going EMT (Fig. 1d). For comparison, NMuMG cells were
treated with TGFp, a known EMT-inducer in these cells.
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culin (green), E-Cadherin (red) and p120 Catenin (green) in sh Luc
and sh CycA2 NMuMG cells. Scale bar 20pm. d qPCR analysis of
N-Cadherin, Fibronectin and MMP-14 mRNA levels. The values are
expressed as fold change, where sh CycA2 was compared to sh Luc
and TGFp treated cells to untreated cells. Data are represented as
mean + SEM

We performed rescue experiments by infecting sh CycA2
cells using a retrovirus coding for shRNA-resistant Wt
CyclinA2 tagged with Flag. In these conditions, E-Cadherin
and p120 Catenin translocation from the membrane to the
cytosol was clearly reversed (online resource 3a), and cell-
to-cell junctions appeared intact like sh Luc cells. Moreo-
ver, Western blot analysis of active p catenin showed a clear
increase in absence of Cyclin A2 which returned to control
levels after Cyclin A2 reexpression (online resource 3b).

Altogether, Cyclin A2 depletion leads to an EMT
phenotype.

Cyclin A2 knockdown promotes invasion and has
opposite effects on RhoA and RhoC activities

During EMT, cells acquire enhanced invasive capacities.

We used a 3D collagen matrix to measure invasion by sh
Luc and sh CycA2 NMuMG cells. Consistent with the
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results above, Cyclin A2 knockdown increased invasion
in NMuMG cells (Fig. 2a), which was reversed following
infection of sh CycA2 cells with a retrovirus coding for
shRNA-resistant Wt Cyclin A2 (online resource 3c). Rho
GTPases control Actin dynamics, membrane protrusion and
thereby cell migration [19, 36]. We measured RhoA, RhoC
and Racl activities in Cyclin A2-depleted NMuMG cells
using a GTP-bound GTPase pull-down assay. Cell extracts
were incubated with either GST-Pak1-PBD for Racl or
GST-Rhotekin-RBD for RhoA and RhoC. The bound pro-
teins were visualized by immunoblotting for Racl, RhoA
and RhoC. While Racl activation was not affected by Cyc-
lin A2 knockdown (Fig. 2b), a strong decrease in activity
of RhoA (Fig. 2c) and an increase in that of RhoC relative
to control cells expressing sh Luc (Fig. 2d) were observed.

We previously found an interaction between Cyclin A2
and RhoA [4]. Given the strong sequence conservation
between RhoA and RhoC, we investigated whether RhoC
could also interact with Cyclin A2. Lysates from cells
expressing GFP-tagged RhoC were incubated with tag-spe-
cific antibodies, and the bound complexes were analyzed
by immunoblotting. Indeed, endogenous Cyclin A2 was
found to co-precipitate with RhoC as well (Fig. 2e).

Mesenchymal traits of Cyclin A2-depleted cells are
increased upon Ras expression

Activated Ras (H-RasV12) facilitates EMT in several cell
lines [40], and Cyclin A2 knockdown in a RasV12-over-
expressing background increased the mesenchymal traits
of the cells as shown by qPCR analysis of several EMT
marker genes (Fig. 3). Indeed, mRNA level for N-Cad-
herin was significantly increased (2.1 &+ 0.19, P < 0.0001)
to a greater extent than with sh CycA2 alone. Those for
E-Cadherin (0.5 & 0.066, P < 0.05) were diminished rela-
tive to vehicle control, and NMuMG cells with Cyclin A2
knocked down (Fig. 3a). Consistent with this, there was
an associated increase in the mRNA levels of transcription
factors involved in E-Cadherin repression, including E12
(2.1 £ 0.23, P < 0.0001), E47 (2.3 £ 0.39, P < 0.0001),
Twist 2 (3.4 £ 0.90, P < 0.0001) and Slug (2.0 £ 0.26,
P < 0.0001 without RasV12 and 3.9 £+ 0.52, P < 0.0001
in its presence) as compared to both sh CycA2 alone and
control cells (Fig. 3b). Further, Sipl/Zeb2 transcript lev-
els were equally upregulated upon CycA2 depletion with
or without RasV12 (1.7 & 0.097, P < 0.001; 1.7 £ 0.068,
P <0.001; respectively).

We analyzed the transcript levels of the regulatory pro-
teases, MMP-3 and -14 (Fig. 3c), which are important com-
ponents in EMT. Like Fibronectin, MMP-14 was upregu-
lated by Cyclin A2 deficiency with or without oncogenic
Ras (1.5 £ 0.16, P < 0.0005; 1.7 £ 0.03, P < 0.001). In
contrast, while MMP-3 was slightly decreased by sh
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CycA2 alone (0.3 £ 0.04, P < 0.001), enhanced MMP-3
mRNA expression (4.2 £ 0.066, P < 0.001) was observed
and required both RasV12 and diminished Cyclin A2 lev-
els. Finally, analysis of invasion rate and RhoC activity
of Cyclin A2-depleted cells in the context of Ras showed
increases in both by comparison to their controls (online
resource 4). Thus, while Cyclin A2 deficiency alone can
activate hallmarks of EMT, they are increased by expres-
sion of activated Ras in conjunction with Cyclin A2 deple-
tion (resource online 5).

RhoA knockdown mimics changes induced by Cyclin A2
deficiency while that of RhoC reverses the effect on cell
invasion

Using siRNA, we determined whether RhoA can reca-
pitulate the phenotype induced by diminished Cyclin A2
levels. RhoA knockdown in NMuMGRasV12 cells had
increased invasive properties in 3D matrix, and strikingly,
these cells showed a fibroblastic morphology together
with delocalization of E-Cadherin and p120 Catenin to
the cytosol, although E-Cadherin protein levels and tran-
scripts were unchanged (Fig. 4a—c). Moreover, the mRNA
levels of the EMT-associated transcription factor E47
(1.4 £ 0.2, P <0.001) and mesenchymal marker Fibronec-
tin (1.8 + 0.4, P < 0.001) were increased in the absence of
RhoA, although most of the other EMT markers were not
enhanced (Fig. 4d).

To elucidate the involvement of RhoC in the effects
mediated by Cyclin A2 depletion, we used siRNA against
RhoC in sh CycA2 NMuMGRasV12 cells as an attempt
to revert their phenotype. Interestingly, RhoC depletion in
these cells greatly impaired cell invasion with a decrease in
MMP3 mRNA level (0.5 £ 0.1, P < 0.0001), but there was
no reversion of the mesenchymal morphology (not shown),
and no significant effect on other EMT-associated markers
(data not shown).

Overall, RhoA depletion appears to recapitulate some
of the phenotypes observed in the absence of Cyclin A2,
i.e., increased invasiveness, elongated cell morphology, cell
adhesion molecule delocalization and upregulation of some
EMT markers. In contrast, RhoC depletion in the absence
of Cyclin A2 affects only cell invasion.

CyclinA2 depletion enhances tumorosphere formation
and stem cell marker expression

After undergoing EMT, cells display certain stemness
characteristics, including the expression of stem cell
markers, the ability to form tumorospheres under condi-
tions of low adherence and a high tumorigenic potential
[28]. NMuMGRasV12 cells formed tumorospheres under
non-adherent conditions. Ablation of Cyclin A2 increased
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Fig. 2 Cyclin A2 knockdown
in NMuMG cells modulates 3D
invasion, along with RhoA and
RhoC activities. a Invasion of
sh Luc and sh CycA2 NMuMG
cells in a 3D collagen matrix

(n =35, ****P < 0.0001).

b—d Western blotting after
pull-down of the activated
forms of Racl (b), RhoA (c¢)

or RhoC (d) in extracts of cells
depleted of Cyclin A2. Lower
panels Quantification where the
amount of the GTP-bound form
was normalized to total Racl,
RhoA, RhoC and GAPDH. Data
are represented as mean = SEM
(*P = 0.01 for RhoA, n = 3 and
*P = 0.01 for RhoC, n = 3).

e Co-immunoprecipitation of
endogenous Cyclin A2 with
RhoC. Cell lysates obtained
from NMuMG cells transfected
with RhoC-GFP were incubated
by GFP-Trap beads. Immuno-
precipitates were subjected to
SDS-PAGE and analyzed by
Western blotting with an anti-
Cyclin A2 antibody
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their number and size (Fig. 5a). This was determined by
quantification of their area and diameter, as well as by the
number of viable cells recovered following their disso-
ciation (Fig. 5b—e). This was associated with an increased
resistance to anoikis in the absence of Cyclin A2 (online
resource 6). Moreover, Cyclin A2-depleted cells expressed
higher levels of stem cell marker mRNA, such as Nanog
and Oct4 (2.5 £ 0.9, P <0.01; 2.4 = 0.9, P < 0.01; respec-
tively) (Fig. 5f). Thus, Cyclin A2 depletion facilitates the
promotion of stem cell-like properties.

Cyclin A2 inactivation increases extravasation
and migration in vivo

Extravasation and migration of cancer cells within the
stroma can be limiting steps during metastatic spread [21,
34]. We tested the extravasation potential and the ability of
Cyclin A2-depleted cells to invade the stroma in vivo using
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an avian embryo model (Leong et al.). GFP-expressing
NMuMG cells with the desired phenotype with respect to
Cyclin A2 and RasV12 were injected intravenously (IV)
into embryos, and the cells were followed while undergo-
ing trans-endothelial migration within the chorioallantoic
membrane. Stitched images of a region of interest (ROI)
in each embryo were acquired immediately and 24 h post-
injection to measure the number of cells that had extrava-
sated. As shown in Fig. 6a, NMuMG cells depleted for
Cyclin A2 showed more extravasation than control cells,
even if the overall percentage remained low (4.7 &+ 1.52 %
for sh CycA2 NMuMG cells versus 0.76 &+ 0.31 % for
control cells, n = 5 embryos per group, >100 cells ana-
lyzed per embryo, P = 0.0354). In contrast, NMuMG cells
expressing activated RasV12 exhibited high extravasa-
tion independently of Cyclin A2 status (28.52 £ 4.62 %
in control, 33.97 £ 5.54 % in Cyclin A2-depleted cells,
n = 5 embryos per group, >100 cells analyzed per embryo,
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Fig. 3 Modulation of the levels of EMT markers following Cyclin
A2 depletion in NMuMG RasV12 cells. mRNA analysis of EMT
markers using quantitative real time PCR (qQRT-PCR) and expressed
as fold change, where the level in sh CycA2 cells was normalized to

P = ns). Next, we assessed extravascular migration of
NMuMGRasV12 cells = Cyclin A2 shRNA by perform-
ing IV injection in day 9 embryos. 3D image sets of GFP-
positive micrometastatic colonies present in the stroma on
day 16 of development were acquired every 15 min over
a 12- to 16-h time frame (Fig. 6e). Migration of Cyclin
A2-depleted cells into the stroma was enhanced, as shown
by their increased average velocity (23.77 £ 1.18 wm/h
for sh CycA2 cells, n = 39, versus 16.10 & 0.69 wm/h
for control cells, n = 41, P < 0.0001) and displacement
(2.98 £ 0.25 pm/h for sh CycA2 cells, n = 39, versus
2.13 £ 0.25 pm/h for control cells, n = 41, P = 0.0194)
(Fig. 6b, c). Further, 3D image sets of at least 5 ROI were
acquired for each embryo every 15 min continuously for
12-16 h in order to generate migration tracks of individ-
ual cells within each ROI, and we observed that cells with
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sh Luc cells with or without RasV12 expression. a mRNA levels of
N-Cadherin and E-Cadherin, b EMT-related transcription factors and
¢ metalloproteases (MMP-3 and -14)

Cyclin A2 suppression showed greatly increased motility as
shown by their large migration tracks (red lines, Fig. 6d).
Moreover, Cyclin A2-depleted cells displayed an obvious
mesenchymal phenotype as characterized by an elongated
morphology and enhanced formation of membrane protru-
sions (Fig. 6e and movies). Therefore, cells with Cyclin A2
inactivation retain their mesenchymal properties to enhance
extravasation and, in a context of transformation, augment
cell migration in vivo.

Discussion
Our results show that NMuMG cells deficient for Cyclin

A2 undergo EMT. In particular, Fibronectin and N-Cad-
herin levels increase, while those of E-Cadherin decrease
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A2 in NMuMGRasV12 cells. a Invasion in collagen matrix (3D) of
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tion in NMuMG and NMuMGRasV12 cells treated with siRNA

and delocalize from the plasma membrane to the cyto-
plasm, which corresponds to a loosening of cell-cell con-
tacts. Transformation by RasV12 amplifies these effects on
a plethora of EMT markers: upregulation of mRNA cod-
ing for N-Cadherin, the transcriptional regulators Twist2,
Slug, E12 and E47, the metalloproteases MMP-3 and -14
and cancer stem cell markers including Nanog and Oct4.
The invasive properties conferred by suppression of Cyclin
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RhoA. qPCR analysis of mRNA levels of EMT markers in
NMuMGRasV12 cells knocked-down for RhoA (d) or both RhoC
and Cyclin A2 (e). Results are shown as fold change of siRNA of
interest knockdowns over control knockdowns (NMuMGRasV12
cells were used for the siRhoA and sh CycA2NMuMUGRasV12
cells for siRhoC). Data are represented as mean + SEM. *P < 0.05,
**P < 0.01, #**P < 0.001, ****P < 0.0001

A2 appear to be mediated in a large part by RhoA and
RhoC. Accordingly, silencing of RhoA was able to reca-
pitulate some of the phenotypes of Cyclin A2 depletion
(E-Cadherin localization, increased accumulation of some
mRNAs encoding EMT markers) and enhanced invasive-
ness [43]. Numerous studies link decreased RhoA activity
to an increased invasion potential [45], and during the EMT
process in development, downregulation of RhoA is crucial
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Fig.5 Cyclin A2 knockdown enhances tumorosphere formation
in NMuMGRasV12 cells. a Visualization of tumorosphere forma-
tion by light microscopy in sh Luc and sh CycA2 NMuMGRasV12
cells. Scale bar 100 uM. b Cell numbers after dissociation of tumor-
ospheres formed by cells expressing RasV12 with or without Cyc-
lin A2 knockdown (n = 3, *P = 0.03). ¢ Tumorosphere number,
diameter (d) and area (e) represented as frequency distribution in
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Fig. 6 Cyclin A2 knockdown modulates extravasation and migra-
tion in avian embryos. a Extravasation of sh Luc and sh CycA2
NMuMG cells with or without RasV12 expression. The data rep-
resent the percentage of cells present in the stroma versus the total
cell number detected in the ROI. b Velocity of sh Luc and sh CycA2
NMuMGRasV12 cells expressed in microns traveled per hour. ¢ Dis-
placement of sh Luc and sh CycA2 NMuMGRasV12 cells expressed

for cytoskeletal and basement membrane reorganization
in order for displacement of EMT cells to occur [31].
Cyclin A2 directly interacts with RhoA and potentiates

in microns traveled away from the origin. d Migration tracks (red
line) of sh Luc and sh CycA2 NMuMGRasV12 cells within CAM
stroma as analyzed by Volocity software. e Image set of sh Luc and
sh CycA2 NMuMGRasV12 cells present in the stroma. Images
were acquired every 15 min for 12-16 h. Data are represented as
mean £+ SEM. *P < 0.05

the exchange activity of its GEFs, which is in accordance
with the reduced RhoA activation we see in absence of
Cyclin A2. Besides, p120 Catenin also accumulates in the
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cytoplasm in Cyclin A2-depleted cells, a situation that has
been shown to lead to the formation of an inhibitory p120
Catenin/RhoA complex [2]. These two observations offer
the most reasonable explanation for the reduced RhoA
activity observed when Cyclin A2 is ablated.

In contrast to RhoA, we found that knockdown of RhoC
in Cyclin A2-depleted cells compromised mainly their
invasive properties. Hakem et al. established the require-
ment for RhoC in the spreading of tumor cells using the
metastasis-prone mouse strain MMTV-PyMT [18]. Further,
recent studies highlighted RhoC as a major regulator of
EMT-mediated invasion [6, 27], where RhoC activity was
correlated to its increased expression. We detected no sig-
nificant variation in RhoC level, pointing to a possible reg-
ulation of its activation via its interaction with Cyclin A2.
This offers a potential mechanism for RhoC to modulate
invasion during EMT. RhoA through Dia has been shown
to stabilize Adherens Junctions (AJ), whereas RhoC via
ROCK promotes the delocalization of AJ components such
as pl120 Catenin, o Catenin and f Catenin [37], the main
effector of the Wnt canonical pathway that is involved in
the regulation of EMT through transcriptional activity fol-
lowing its protein stabilization [14, 16, 33]. In two studies,
Cyclin A2/CDK2 has been shown to enhance pf Catenin
degradation [20, 32] which could explain the increased B
Catenin protein levels and nuclear localization we observed
following Cyclin A2 depletion. The involvement of the B
Catenin/Wnt pathway in the induction of EMT caused by
Cyclin A2 depletion requires further investigation. Thus,
loss of Cyclin A2 potentiates EMT and conceivably meta-
static potential in part through the opposite regulation of
RhoA and RhoC.

The in vivo outcomes of the phenotypes that were
observed in vitro were analyzed in a classic model of
metastasis, the avian embryo model. Consistent with the
increased invasion we observed in vitro, we found that
extravasation was enhanced in NMuMG cells inactivated
for Cyclin A2 by comparison to control. Therefore, in non-
transformed conditions, Cyclin A2 depletion confers motil-
ity advantage to cells in vivo, which was abolished under
a more potent transformation agent such as oncogenic
RasV12 expression. Of note, cells with Cyclin A2 suppres-
sion in the background of RasV12 expression harbored
a mesenchymal phenotype and were highly motile dur-
ing migration in the underlying stroma of avian embryos.
This confirms that EMT had occurred in these cells ena-
bling them to migrate further and faster, as demonstrated
by enhanced displacement, velocity and migration tracks,
as compared to control cells. It has been reported that dif-
ferences in post-extravasation migration between cell
types are correlated with metastatic ability [30]. Given
the increased migration of Cyclin A2 depleted cells in this
context, we hypothesize that they would generate higher
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metastases numbers. However, the potency of the cells
depleted for Cyclin A2 to replicate and form tumors in the
stroma remains to be established.

Another outcome of Cyclin A2 knockdown was the aug-
mentation of the number and size of tumorospheres. This
reflects a corresponding increase in resistance to anoikis
and continued proliferation in non-adherent conditions and
characteristics that have previously been demonstrated to
correlate with cancer stemness, and further supported by
increased levels of Nanog and Oct4, markers of cancer stem
cells. Several elegant studies have shown that induction of
EMT, by expression of master transcription factors such as
Zeb1/2, Snail or Slug, increases CSC properties including
expression of cell surface markers (CD44"e/CD241% in
breast CSCs), high tumor initiation capability and forma-
tion of tumorospheres [8, 12, 50]. Cancer stem cells are
thought to be a small population of cancer cells that have
the ability of unlimited growth, self renewal, transdiffer-
entiation capability and high tumorigenicity upon injec-
tion into immunodeficient mice [44]. With the data from
the avian embryo system, these observations have major
implications on the capacity of a cell to leave the primary
tumor and to generate a macroscopic secondary tumor. This
correlates with the diminished level of Cyclin A2 protein in
metastases versus the corresponding primary tumor [1, 4,
15, 25, 29, 46]. We believe that our observations implicat-
ing Cyclin A2 in the process of EMT help explain why low
Cyclin A2 expression is associated with poor prognosis in
some cancers [1, 4, 15, 25, 29, 46].
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