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Contact inhibition is a crucial mechanism regulating proliferation in vitro and in vivo. Although it is gen-
erally accepted that contact inhibition plays a pivotal role in maintaining tissue homeostasis, the molec-
ular mechanisms of contact inhibition are still not fully understood. FoxM1 is known as a proliferation-
associated transcription factor and is upregulated in many cancer types. Vice versa, anti-proliferative sig-
nals, such as TGF-p and differentiation signals decrease FoxM1 expression. Here we investigated the role
of FoxM1 in contact inhibition in fibroblasts. We show that protein expression of FoxM1 is severely and
rapidly downregulated upon contact inhibition, probably by inhibition of ERK activity, which then leads
to decreased expression of cyclin A and polo-like kinase 1. Vice versa, ectopic expression of FoxM1 pre-
vents the decrease in cyclin A and polo-like kinase 1 and causes a two-fold increase in saturation density
indicating loss of contact inhibition. Hence, we show that downregulation of FoxM1 is required for con-
tact inhibition by regulating expression of cyclin A and polo-like kinase 1.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cell-cell contact is known to be a critical regulator of cellular
proliferation, differentiation and motility. Inhibition of prolifera-
tion by cell-cell contact is generally referred to as contact-
dependent inhibition of growth or contact inhibition [1]. In vitro,
non-transformed cells are arrested in GO/G1-phase at a critical cell
density forming a confluent monolayer. In adult tissues, contact
inhibition is thought to be continuously active, playing a critical
role in the repression of somatic cell proliferation and probably or-
gan size control [2]. The importance of contact inhibition for tissue
homeostasis is demonstrated, for instance, by the fact that hyper-
sensitivity to contact inhibition in the naked mole-rat provides
cancer resistance in these animals [3]. Vice versa, release from con-
tact inhibition in vivo and in vitro is associated with abnormal cel-
lular proliferation and tumorigenesis [4]. In line, transformed cells
are characterized by a loss of contact inhibition which is mani-
fested by a higher saturation density and the emergence of mul-
ti-layered foci in vitro. Despite its importance for cell cycle
control, knowledge about the signaling cascade mediating contact
inhibition is still scarce [5].

One central regulator for G1 cell cycle progression and transi-
tion into S-phase is the ERK-Cyclin D/Cdk4-pRB-pathway [6]. Acti-
vation of ERK, for instance by growth factors, leads to expression of
cyclin D1, which in association with Cdk4 (or Cdk6) phosphory-
lates the retinoblastoma protein (pRB), the gate keeper of G1-S-
transition [7]. Downstream, pRB is phosphorylated by the cyclin
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E/Cdk2 complex thereby allowing dissociation from the transcrip-
tion factor EF2 which then activates transcription of S-phase spe-
cific genes, such as cyclin A [6,8]. Upon contact inhibition in
fibroblasts, phosphorylation of pRB is blocked by inhibition of
ERK activity, subsequent downregulation of cyclin D1 as well as
upregulation of the cdk4 inhibitor p16 and the cdk2 inhibitor
p27 [9-13].

Gene expression studies comparing confluent versus proliferat-
ing cultures of mouse fibroblasts revealed differential expression of
genes which are involved e.g. in proliferation, signal transduction,
transcriptional regulation, cell adhesion and communication [12].
One interesting observation was downregulation of the transcrip-
tion factor FoxM1. FoxM1 has been described as Trident, WIN
(winged helix from INS-1 cells), FKHL 16 (forkhead drosophila
homolog-like 16), MPP2 (MPM2-reactive phosphoprotein2, M-
phase phosphoprotein 2), and HFH-11 [HNF-3(hepatocyte nuclear
factor 3)/forkhead homolog 11] reviewed in [14]. It belongs to
the forkhead/winged helix transcription factors and is known to
be a typical proliferation-associated transcription factor which is
downregulated upon anti-proliferative signals, such as serum-
depletion, differentiation, aging or TGF-B [14]. In adult tissues,
expression of FoxM1 is limited to self-renewing epithelia, e.g. small
intestine or colon, or organs with a large fraction of proliferating
cells, such as thymus or testis [14]. In non-proliferating tissues,
such as lung or liver, expression is very low. However, expression
is re-induced during regenerative proliferation, for instance due
to injury or partial hepatectomy [14]. In line, upregulation of
FoxM1 has been described in several cancer types and FoxM1 is
known to be one of the few genes which are upregulated during
early cancer development [14,15]. Its dominant role during
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proliferation is demonstrated by regulation of genes being involved
in G1/S and G2/M transition, such as Skp2 and Cks, which are sub-
units of the Skp1/cullin/F-box protein (SCF) complex regulating
degradation of the cyclin-dependent kinase inhibitors p21 and
p27, as well as expression of cyclin D1, Cdc25B, cyclin A, cyclin
B, Aurora B kinase, survivin, polo-like kinase 1 (Plk1) and centro-
mere protein A (CENPA), CENPB, and CENPF [14]. Interestingly, to
date nothing was known about its regulation upon contact inhibi-
tion. Here we show that downregulation of FoxM1 is crucial for
contact inhibition. In confluent cultures, expression of FoxM1 is
diminished leading to a decrease in cyclin A and PIk1. Vice versa,
ectopic expression of FoxM1 causes a loss of contact inhibition
by preventing downregulation of these proteins. Time course anal-
ysis revealed early decrease in FoxM1 upon contact inhibition, very
likely as a result of decreased ERK activity. We provide a model in
which the decrease in ERK activity upon contact inhibition not only
blocks the cyclin D/Cdk4-pRB-pathway, but additionally induces
downregulation of FoxM1 which is essential to prevent G1/S tran-
sition and further cell cycle progression.

2. Materials and methods
2.1. Cell culture

Non-transformed NIH3T3 cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM) (PAA) supplemented with 10% fe-
tal calf serum (FCS) (PAA), 4 mM glutamine, penicillin and strepto-
mycin (100 U/ml).

2.2. Flow cytometry

Cells were either seeded to a low density of 1.4 x 10%/cm? (60%
confluence) or to a high density of 1.8 x 10°/cm? (100% confluence)
and cultured for 24 and 48 h. Cells were trypsinized and washed
twice with phosphate-buffered saline (PBS). 1-2 x 10° cells were
vortexed in 200 pl of PBS and fixed with 2 ml of ice-cold 70% eth-
anol for 30 min at 4 °C. Cells were then permeabilized by incuba-
tion with 1 ml of 0.2% Tween 20/PBS for 15 min at 37 °C. Cells
were resuspended in 2% FCS/PBS in the presence of RNAse A
(11.25 kU/sample) and incubated with propidium iodide (50 ng/
sample, Applichem) for 30 min at room temperature in the dark.
Finally, the cells were resuspended in 800 pl of PBS and flow cyto-
metric analysis was performed by a FACSCalibur (Becton
Dickinson).

2.3. Western blot

Cells were either seeded to a low density of 1.4 x 10%/cm? (60%
confluence) or to a high density of 1.8 x 10°/cm? (100% conflu-
ence), cultured and treated as described in the figure legend. Total
cell extracts were prepared by lysing the cells in hot Laemmli sam-
ple buffer and protein concentration was determined according to
Smith et al. [16]. Equal amounts of protein (20-50 ng protein/lane)
were separated by SDS-PAGE (7.5-12.5%) and electroblotted over-
night onto Immobilon membrane (Millipore). The membranes
were blocked for 1h with 5% low-fat milk-powder in TBS
(50 mM Tris-HCI, pH 7.5, 150 mM NaCl) containing 0.05% Tween
20 and then incubated for 1.5 h at room temperature with anti-
FoxM1-, anti-cyclin A-, anti-Plk-1-antibody (1:1000, Santa Cruz)
or anti-phospho-ERK1/2 (1:1000, Cell Signaling) followed by incu-
bation with horseradish-peroxidase-conjugated secondary anti-
body and ECL-detection according to the manufacturer’s
instructions. To control equal loading, the blots were stripped
and reprobed with anti-ERK2- or anti-ERK1/2-antibody (1:2000,
Santa Cruz).

2.4. Transient transfection of siRNA

NIH3T3 cells were transfected with FoxM1 siRNA (MWG Bio-
tech AG) or control siRNA (Sigma), respectively, using RNAIMAX
(Invitrogen). In 24-well-plates, 28 pmol FoxM1siRNA or control
siRNA, respectively, was diluted in 100 pl of Opti-MEM I reduced
medium. 1.4 pl of RNAIMAX reagent were added and incubated
for 20 min at room temperature. 2 x 10* NIH3T3 cells were diluted
in 500 pl of DMEM/10% FCS without antibiotics, added to each well
(final concentration of siRNA 47 nM) and incubated for another 5 h
at 37 °C. Medium was changed to DMEM/10% FCS containing anti-
biotics. Cells were cultured for another 48 h at 37 °C. FoxM1 siRNA:
GGACCACUUCCCUUACUU UTT (sense), AAAGUAAGGGAAGUG-
GUCC (antisense).

2.5. RT-PCR

RNA was isolated by RNeasy Mini Kit (Qiagen) and reverse-tran-
scribed by Advantage RT-for-PCR Kit (Clontech). Primers, PCR con-
ditions and fragment sizes are listed in Supplementary Table 1.

2.6. Stable transfection with pCMV-FoxM1

NIH3T3 cells were stably transfected with pCMV-Foxm1b (gen-
erously provided by Pradip Raychaudhuri, Illinois) [17] or empty
vector and pcDNA6/TR (Invitrogen) carrying the blasticidin resis-
tence gene using Lipofectamine (Invitrogen). NIH3T3 cells were
grown in DMEM/10% FCS to 80% confluence (100 mm culture
dishes). Before transfection, medium was replaced by 3.2 ml
DMEM without FCS and without antibiotics. For transfection,
7 ug of pCMV-FoxM1 and 1.5 ng of pcDNAG/TR were diluted in
800 pl of Opti-MEM I reduced medium and incubated with 50 pl
of Lipofectamine, also diluted to 800 pl of Opti-MEM I reduced
medium, for 30 min at room temperature. 1.6 ml of Opti-MEM I re-
duced medium was added to the complex solution (total volume
3.2 ml) which was then added to the cells. After 5 h incubation at
37 °C, 6.4 ml of DMEM/20% FCS (no antibiotics) was added. After
another 24 h, cells were passaged in DMEM/10% FCS, antibiotics
and 3 pg/ml blasticidin (Invitrogen). After 8-10 days colonies were
picked.

3. Results

Cultures of NIH3T3 cells undergo contact inhibition. When they
are seeded to confluence, about 75% of the cells are arrested in GO/
G1-phase after 24 h, and more than 90% are arrested in GO/G1 after
48 h, respectively (Fig. 1A, [12,13]). Simultaneously, we detected a
strong decrease in the expression of the transcription factor FoxM1
and of its downstream-targets cyclin A and Plk1 (Fig. 1B). Down-
regulation of FoxM1 upon contact inhibition was not restricted
to NIH3T3 cells, but was observed in all cell lines tested including
rat liver oval cells (WB-F344), mouse C3H10T1/2 fibroblasts and
human colon epithelial cells (Caco-2) indicating that FoxM1 levels
generally decrease upon contact inhibition (Fig. 1C and unpub-
lished observation).

To investigate whether the observed downregulation of cyclin A
and PIk1 was caused by the decrease in FoxM1 expression, we
knocked-down FoxM1 by transient transfection of siRNA targeted
against FoxM1 and performed RT-PCR and Western blot analysis
after 48 h. Fig. 2A and B clearly shows that downregulation of
FoxMT1 results in decreased mRNA and protein expression of cyclin
A and PIk1. In line with the work of others reviewed in [14], we
also observed upregulation of the cdk inhibitor p27 (data not
shown). As a result, proliferation was blocked which was demon-
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Fig. 1. GO/G1 arrest upon contact inhibition in NIH3T3 cells and downregulation of FoxM1. (A, B) NIH3T3 cells were either seeded at a low density (60% confluence = prol.) or
high density (100% confluence = confl.) and cultured for 24 or 48 h in the presence of 10% FCS. (A) Cell cycle distribution was assessed by flow cytometric analysis after
propidium iodide staining. (B) Western blot analysis was performed using anti-FoxM1-, anti-cyclin A- or anti-Plk1-antibodies. The blots were stripped and reprobed with
anti-ERK2-antibody to control equal loading. (C) Different cell lines were seeded at a low density (p) or to confluence (c) and cultured for 48 h. Western blot analysis was
performed using anti-FoxM-antibody. The blots were stripped and reprobed with anti-ERK2-antibody to control equal loading.
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Fig. 2. Requirement of downregulation of FoxM1 for contact inhibition. (A-C) NIH3T3 cells were transiently transfected with siRNA targeted against FoxM1 or control siRNA
and cultured for 48 h. (A) Semi-quantitative RT-PCR was performed to analyze downregulation of foxm1-, cyclin A- and plk1-mRNA. (B) Western blot analysis was performed
using anti-phospho-FoxM1-, anti-cyclin A-, or anti-Plk1-antibodies. The blots were stripped and reprobed with anti-ERK2-antibody to control equal loading. (C) Cell number
was determined by counting after Trypan blue exclusion. (D, E) NIH3T3 cells were stably transfected with pCMV-FoxM1 expression vector according to the Material and
methods section. Controls were transfected with empty vector. Cells (mock-transfected control = ctr) were seeded to a density of 2.4 x 10* cells/cm?, cultured for 6 days. (D)
Cell number was determined at the indicated time points. (E) Cell extracts were prepared (c = mock-transfected control, cI2 = clone 2) at the indicated time points and
Western blot analysis was performed using anti-phospho-FoxM1-, anti-cyclin A-, or anti-Plk1-antibodies. The blots were stripped and reprobed with anti-ERK2-antibody to
control equal loading.

strated by a strong decrease in cell number 72 h after transfection non-transfected cultures (data not shown). Several clones were

(Fig. 2C).

In order to show the causal role of FoxM1 in contact inhibition,
FoxM1 was overexpressed by stable transfection of pCMV-FoxM1
[17]. Controls were transfected with empty vector. There was no
difference in proliferation between mock-transfected and

analyzed for their growth properties and all of them showed in-
creased saturation density compared to mock-transfected cells.
Fig. 2D shows the example of two representative clones. Although
ectopic expression of FoxM1 was hardly detectable in
exponentially growing cultures, Fig. 2D clearly demonstrates that
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Fig. 3. Inhibition of ERK activity leads to downregulation of FoxM1. (A) NIH3T3
cells were seeded to a high density (100% confluence) in the presence of 10% FCS.
The cells were harvested at the indicated time points after adherence to the culture
dish (4 h after seeding). Western blot analysis was performed using anti-FoxM1- or
anti-phospho-ERK1/2-antibodies. The blots were stripped and reprobed with anti-
ERK2-antibody to control equal loading. (B) NIH3T3 cells were not treated or
treated with U0126 (50 uM) for 24 h. Cell cycle distribution was assessed by flow
cytometric analysis after propidium iodide staining. (C) NIH3T3 cells were not
treated or treated with U0126 (50 uM) for 24 h. Western blot analysis was
performed using anti-FoxM1-, anti-cyclin A- or anti-ERK1/2-antibody. ERK* = phos-
phorylated ERK2 [11].

downregulation of FoxM1 at increasing cell densities was abol-
ished in the FoxM1 expressing clones. In line with the knock-
down-experiments described above, downregulation of cyclin A
and of PIkl was prevented in the FoxM1 expressing clones
(Fig. 2E).

It has been reported that FoxM1 protein stability is dependent
on ERK in breast carcinoma cells [18]. We had shown in our previ-
ous work that ERK activity rapidly decreases upon contact inhibi-
tion [13]. We therefore hypothesized that ERK might also
influence protein stability of FoxM1 upon contact inhibition. To
this end, we performed time course experiments and revealed a ra-
pid downregulation of FoxM1 protein which was detectable al-
ready 4 h after the establishment of cell-cell contacts (Fig 3A).
Phosphorylation of ERK1/2 diminished concomitantly (Fig. 3A
and [13]). Moreover, exposure to the MEK1/2-inhibitor UO126,
which blocks activation of ERK1/2 thereby causing GO/G1 arrest
in NIH3T3 cultures, resulted in a decreased FoxM1 protein expres-
sion (Fig. 3B and C). This shows that ERK activity regulates FoxM1
protein levels in NIH3T3 fibroblasts. We propose a model (Fig. 4) in
which the decrease in ERK activity leads (i) to inhibition of the cy-
clin D1/Cdk4-pRB pathway [6,9-13] and (ii) to a rapid downregu-
lation of FoxM1 protein causing inhibition of transcription of cyclin
A and Plk1 and thereby preventing progression into and through S-
and M-phase. We conclude that inhibition of both transcription
factors, EF2 and FoxM1, is required for downregulating cyclin A
and preventing G1/S transition.

Cell-cell contacts

|

ERK activity §
cyclin D1y FoxM1}
pRB-PPP{

E2F —» cyclin Ay —> Inhibition of G1/S progression
\‘P”(N —> Inhibition of G/M progression

Fig. 4. Proposed model of intracellular signaling upon contact inhibition. Contact
inhibition is induced by rapid inhibition of ERK activity which leads a decreased
expression of cyclin D1 and thereby reduced cyclin D1/Cdk4 activity. As a result,
PRB remains in its hypophosphorylated form and inhibits the transcription factor
E2F. Hence expression of cyclin A and PIk1 is reduced. In a parallel pathway,
inhibition of ERK activity results in downregulation of FoxM1 which also contrib-
utes to the decrease in cyclin A and PIk1 expression. As a result, bypass of contact
inhibition by FoxM1 is prevented.

4. Discussion

Contact inhibition is a crucial mechanism of regulating prolifer-
ation in vivo and in vitro. Although some important players, such as
p16™NK p27XP1 pKCs, and p38a MAPK could be identified ([9-
13,19] for review see [5,8]), the molecular mechanisms are still
not fully understood.

It has become clear that the ERK-Cyclin D/Cdk4-pRB-pathway is
blocked upon contact inhibition ([6,9-13], Fig. 4). As a conse-
quence, the transcription factor E2F is inhibited by binding to hyp-
ophosphorylated pRB and thereby transcription of S-phase-specific
genes, such as cyclin A, is prevented [7,20]. Here we show that
downregulation of the transcription factor FoxM1 is further re-
quired for contact inhibition. The observation that (i) knock-down
of FoxM1 by RNA interference techniques significantly blocks cy-
clin A transcription and (ii) ectopic expression of FoxM1 prevents
downregulation of cyclin A at increasing cell densities indicates
that FoxM1 plays a pivotal role in regulating transcription of cyclin
A. Hence, inhibition of both transcription factors, E2F and FoxM1, is
required for contact inhibition. To note, ectopic expression of
FoxM1 leads to an increased saturation density indicating that
FoxM1 is sufficient to overcome contact inhibition. We propose
that loss of contact inhibition is mediated by cyclin A since overex-
pression of cyclin A leads to a release from GO/G1 arrest and pro-
gression into S-phase [21,22].

We have previously shown that expression of Plk1, a key player
of mitotic entry and progression is reduced upon contact inhibition
[12]. According to cyclin A, expression of Plk1 is regulated
(amongst others) by E2F and FoxM1 [23]. Here we show that the
decrease in Plk1 upon contact inhibition is at least partially medi-
ated by downregulation of FoxM1. Interestingly, expression of cy-
clin D1 was not regulated by FoxM1 in NIH3T3 cells (unpublished
observation). Whether additional well-known FoxM1 target genes,
such as cyclin B, Cdc25B or Aurora B kinase, are also deregulated
upon contact inhibition remains to be elucidated.

We further show that FoxM1 is rapidly decreased after estab-
lishment of cell-cell contacts. Two observations argue for a role
of ERK in destabilization of FoxM1 protein: (i) the rapid decline
in FoxM1 protein parallels the decline of ERK-phosphorylation,
(ii) inhibition of ERK activity by the MEK1/2-inhibitor UO126 also
induces a decrease in FoxM1 protein levels. A similar role of ERK in
regulating FoxM1 protein levels has been reported by Madureira
and coworkers in breast carcinoma cells [18]. To note, in their work
the decrease in FoxM1 protein occurs as rapid as 1h after



D. Faust et al./Biochemical and Biophysical Research Communications 426 (2012) 659-663 663

inhibition of ERK supporting our suggestions that ERK functions
upstream of FoxM1 and is responsible for the observed rapid
downregulation of FoxM1 upon contact inhibition. Possibly, regu-
lation of transcription also contributes to FoxM1 downregulation
at later time points. For instance, a functional E2F-binding site
has been identified in the human FoxM1 promoter [24]. Moreover,
direct binding of pRB to the FoxM1 promoter thereby inhibiting
expression of FoxM1 has been described [25]. Whether a similar
crosstalk of the pRb/E2F axis with FoxM1 transcriptional regula-
tion exists upon contact inhibition has to be determined.

FoxM1 is a typical proliferation-associated transcription factor
whose expression is high in proliferating cells in vitro and in vivo
with a peak at G2/M [26,27] for review see [14]. It is known that
FoxM1 regulates transcription of proteins involved in G1/S transi-
tion and S-phase progression, such as cyclin D1, Skp2, cyclin A and
of proteins required for G2/M progression, such as cyclin B, Aurora
B kinase, survivin, polo-like kinase 1 (Plk1) and centromere protein
A (CENPA), CENPB, and CENPF [15]. However, studies in knock-out
mice revealed a major role of FoxM1 in normal coupling of DNA
replication (S-phase) and proper mitotic progression including
genome stability [28] which has been confirmed in numerous
in vitro studies [26,29,30], for review see [14,31]. Accordingly,
knock-down of FoxM1 by siRNA in U20S cells or FoxM1-deficieny
in mouse embryonal fibroblasts results in G2/M arrest [26]. This
raises the question about the exact role of FoxM1 in contact inhi-
bition since confluent cells are arrested in GO/G1-phase. It has been
reported that when cells are arrested in GO/G1 due to serum-
depletion, downregulation of FoxM1 causes inhibition of serum-in-
duced S-phase entry [26]. On the other hand, we here show that
overexpression of FoxM1 is sufficient to overcome contact inhibi-
tion. These observations suggest that the decrease in FoxM1 is
not responsible for induction of GO/G1 arrest, but is required to in-
hibit bypass of contact inhibition by FoxM1. As presented in our
model (Fig. 4), GO/G1 arrest is mediated by downregulation of
the cyclin D/Cdk4-pRB-pathway and upstream ERK-phosphoryla-
tion is reduced. Here we show that the decrease in ERK activity
additionally leads to downregulation of FoxM1. Hence, expression
of cyclin A and PIk1 is blocked thereby preventing S-phase entry
and further cell cycle progression.
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