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CHAPTER 5
Context-dependent regulation of Twist and Zeb1
transcription factors in cellular senescence and EMT
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Epithelial-mesenchymal transition, a process that provides cells with a more
migratory phenotype, is important for cancer progression. Senescence, on the
contrary, acts as a failsafe mechanism against cancer, by limiting the proliferative
activity of tumor cells. We aimed to unravel the differences in cellular signaling
between these two processes. We show that BRafE600 and RasV12 induce EMT in
both rat and human breast epithelial cells, whereas they induce senescence in
human diploid fibroblasts. In all cell types, BRafE600 and RasV12 activated the MAP
kinase pathway. Remarkably, whereas the key EMT regulators Twist and Zeb1
are induced by BRafE600 and RasV12 in epithelial cells, they are downregulated
in fibroblasts. We also demonstrate that ectopic expression of Twist abrogates
BRafE600-induced arrest. We conclude from these results that Twist and Zeb1 are
regulated in a context-dependent manner. These observations are consistent
with and extend the model that by promoting EMT and inhibiting senescence,
key EMT-regulating transcription factors can have a double impact on cancer
progression.

Introduction
Understanding the mechanism underlying cancer development is important for
improving anticancer therapies. Cancer is a very complex disease comprising
multiple steps, starting from the growth of a primary tumor to invasion and subsequently outgrowth of secondary tumors at distant sites. Many biologically distinct
processes play important roles in cancer development (Geiger & Peeper, 2009). One
of these processes that is especially important for the later steps of cancer development, metastasis, is epithelial-mesenchymal transition (EMT). EMT is a process
contributing to embryonic development, allowing the cells to acquire a more migratory and motile phenotype reminiscent of mesenchymal cells (Thiery & Sleeman,
2006). EMT enables tumor cells to invade surrounding tissues, blood and lymphatic
circulation and is therefore important for the first steps of metastasis (Thiery, 2002)
(Christofori, 2006). It is characterized by the loss of epithelial markers, including
E-cadherin and catenins, and often also by the gain of mesenchymal markers
including vimentin and fibronectin (Jechlinger et al., 2003; Huber et al., 2005). The
major hallmark of EMT is the downregulation of E-cadherin. This glycoprotein is
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regulated by several transcription factors, including E12/E47, and the Twist, Snail
and Zeb families (Perez-Moreno et al., 2001; Yang et al., 2004; Peinado et al., 2007).
These factors bind to E-boxes within the CDH1 promoter and thereby prevent its
transcription. EMT can be induced by several oncogenes, often in cooperation with
TGFβ, including RasV12 and ErbB2 (Janda et al., 2002; Jenndahl et al., 2005).
Another process important for cancer development is the escape from cellular
senescence. Senescent cells retain metabolic activity, but are in a non-proliferative
state, which in most cases is irreversible. In contrast to EMT, senescence protects
the body from cancer progression, thereby acting as a failsafe mechanism. Senescence can be induced by short or malfunctioning telomeres (called replicative
senescence) but also prematurely by stress signaling, including oncogenic signaling
(oncogene-induced senescence, or OIS) (Serrano et al., 1997; Campisi, 2005). OIS is
commonly characterized by a flattened cell morphology, upregulation of the tumor
suppressor p16INK4A, increased activity of lysosomal β-galactosidase (SA-β-GAL),
chromatin remodeling and induction of DNA damage (Adams, 2009). Furthermore,
OIS is accompanied by the secretion of cytokines, comprising the Senescence-Associated Secretory Phenotype (SASP) (Coppe et al., 2008) or Senescence-Messaging
Secretome (SMS) (Kuilman & Peeper, 2009).
Although OIS has been initially described as an in vitro phenomenon, it is being
increasingly recognized as an important process preventing tumorigenesis, acting
alongside apoptosis and other death programs. For example, human melanocytic
nevi (moles) are benign neoplastic lesions that commonly harbor an oncogenic
BRAFE600 mutation, which, in spite of the promitogenic mutation, can stay in this
arrested state for decades. Nevi express elevated levels of the tumor suppressor
p16INK4A, show increased activity of SA-β-GAL and are non- proliferative, all hallmarks of senescence (Michaloglou et al., 2005). Additional mutations are required
to enable bypass from senescence, thus leading to the development of aggressive
melanoma (Mooi & Peeper, 2006). Also OIS induced by RasV12 has been reported in
vivo. Whereas lung adenomas expressing RasV12 are in a senescent state, expressing
p16INK4A and showing activity of SA-β-GAL, invasive adenocarcinomas are highly
proliferating and negative for p16INK4A expression and SA-β-GAL activity (Collado
et al., 2005). An increasing number of mouse models corroborate these findings
(reviewed in (Kuilman et al., 2010)).
Recently, some interrelated signaling activities between EMT and senescence have
been reported. For example, beyond its dominant role in EMT, Zeb1 appears to
be involved in senescence. MEFs that are depleted of Zeb1 undergo premature
replicative senescence (Liu et al., 2008). Also another EMT regulator, Twist, has
been shown to regulate senescence: it can bypass ErbB2-induced senescence in
human epithelial cells. Interestingly, this bypass is accompanied by an induction of
EMT (Ansieau et al., 2008). Along those lines, TGFβ-induced senescent cells cannot
undergo EMT (Ohashi et al., 2010). This implies that these two processes, EMT and
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senescence, that were previously thought to act independently, are in fact crossing
paths.
We were intrigued by the potential link between EMT and senescence and also by
the observation that oncogenes can induce both EMT and senescence. Therefore,
we asked here what the difference in signaling is between oncogene-induced EMT
and oncogene-induced-senescence.

Materials and methods
Vector constructs
Plasmids used were pBP-RasV12, pBP-BRafE600 and MSCV-BRafE600. pBP-Twist was a
kind gift form R. Weinberg (Yang et al., 2004).
Cell culture and colony formation assays
Human diploid fibroblasts TIG3 and BJ expressing ecotropic receptor and hTERT,
RK3E (ATCC), RIE-1 (a kind gift from R. D. Beauchamp and K. D. Brown (Blay &
Brown, 1984)), MDA-MB-231 expressing ecotropic receptor and phoenix packaging
cells were cultured in DMEM containing 9% fetal calf serum (FCS; PAA Laboratories
GmbH) and 1% penicillin-streptomycin. MCF10A cells expressing ecotropic receptor
were cultured in Dulbecco’s modified Eagle’s medium-F12 (1:1 dilution) (Gibco)
supplemented with 15 mM HEPES buffer, 5% equine serum, 1% penicillin-streptomycin, 0.5 µg/ml hydrocortisone, 10 µg/ml insulin, 20 ng/ml epidermal growth
factor and 100 ng/ml cholera toxin. Ecotropic retrovirus was produced in Phoenix
packaging cells (http://www.stanford.edu/group/nolan/retroviral_systems/phx.
html). All cells were transduced with empty vector (pBP), pBP-RasV12 and pBPBRafE600 and subsequently selected. Eight days after viral transduction cells were set
up for colony formation assay, and at day 12-15 cells were stained with Coomassie
blue or a BrdU assay was performed. For rescue experiments, TIG3 cells expressing
ecotropic receptor and hTERT were transduced with pBP-Twist, selected and subsequently transduced with MSCV-BRafE600. Cells were selected and set up for colony
formation. 9-14 days after BRafE600 transduction cells were harvested for western
blot analysis and colony formations were stained with Coomassie blue.
Western blot analysis
Cells were lysed in RIPA (50 mM Tris [pH 8.0], 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate), sonicated and protein
content was determined with a Bradford assay (BioRad). Samples were loaded
on a precast BisTris 4-12% gel and transferred to nitrocellulose membranes. After
blocking in 5% protifar, membranes were incubated with the following primary antibodies: E-cadherin, vimentin, fibronectin and Ras (all BD Biosciences), pan-Trk (C14,
Santa Cruz), BRaf (sc-5284, santa cruz), β-actin (AC74, Sigma), Zeb1 (H102, Santa
Cruz), Twist (Twist2C1a, Abcam) and p16 (JC8; MS-889; NeoMarkers). Antibodies
for pMEK (41G9, Cell Signaling) and MEK1/2 (L38C12, Cell Signaling) and pERK, ERK
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(p44/42 MAPK, Cell Signaling Technology) were diluted in 4% bovine serum albumin.
Proteins were visualized using ECL reagent (Amersham). All pictures consist of 2
pictures derived from the same blot.
Immunofluorescence
Cells were grown on 8-well chamber slides, fixed in 4% formaldehyde, permeabized
in 0.2% Triton-X-100 and blocked in 5% normal goat serum. Slides were incubated
with E-cadherin antibody (1:200 dilution, BD Biosciences) in blocking solution for
1 hour, washed in PBS-0.2% Tween and incubated with secondary antibody (Alexa
Fluor 488 goat anti mouse, Molecular Probes). After washing, slides were stained
with TO-PRO (1:500 dilution, Molecular Probes) and mounted using Aqua-Poly/
Mount (Polysciences, Inc). Slides were analyzed using a 100x, 1.32-numerical-aperture objective lens, with standard filter combinations and Kalman averaging.
BrdU analysis
Cells were fixed in 75% ethanol, incubated with RNaseA, lysed in 5 M HCL / 0.5%
Triton-X-100, neutralized in Tris pH 7.5 and stained with BrdU antibody (Bu20a,
Dako). After incubation with secondary antibody (goat anti mouse FITC, Dako)
samples were resuspended in PBS with propidium iodide. Samples were analyzed
with fluorescence-activated cell sorting (FACS).
SA-β-GAL assay
Cells grown on collagen (20 µg/ml, Cohesion) coated 8-well chamber slides and after
1 day fixed in formaldehyde and stained with the senescence beta-galactosidase
staining kit (Cell Signaling) according to manufacturer instructions. For quantification
of the percentage SA-β-GAL positive cells, one representative picture was counted.

Results
Both BRafE600 and RasV12 induce EMT in epithelial cells
Ectopic expression of RasV12 induced a dramatic morphological change in rat kidney
epithelial cells (RK3E), rat intestinal epithelial cells (RIE-1), human breast epithelial
cells (MCF10A) and human breast tumor cells (MDA-MB-231), all of which harbor
a defect in the p53 and/or RB pathway (Figure 1A). Overexpression of BRafE600
induced a similar morphological change (Figure 1A). This resembled EMT, as we had
observed previously for cells that overexpress another oncogene, TrkB (Smit et al.,
2009). Therefore, we examined the levels of the epithelial marker E-cadherin and the
mesenchymal markers vimentin and fibronectin. BRafE600 and RasV12 induced downregulation of E-cadherin in three out of four cell lines analyzed (Figure 1B). Although
in MCF10A cells, no strong downregulation of E-cadherin was observed, overexpression of BRafE600 and RasV12 did cause a translocation of E-cadherin. Whereas
in control cells, E-cadherin was localized at the cell membrane, overexpression of
BRafE600 and RasV12 caused a more diffuse cytoplasmic localization pattern, leaving
little E-cadherin detectable at the cell membrane (Figure 2). In RK3E cells, the mesen-
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Figure 1: BRafE600 and RasV12 induce EMT in epithelial cells. (A) Mesenchymal morphology induced by BRafE600
and RasV12 in RK3E, RIE-1, MCF10A and MDA-MB-231 cells. (B) Effect on epithelial and mesenchymal markers
by BRafE600 and RasV12, as analyzed by western blotting. β-actin serves as a loading control.

chymal markers vimentin and fibronectin were both downregulated by BRafE600 and
RasV12, while in RIE-1 cells fibronectin was downregulated. In MCF10A cells, BRafE600
and RasV12 induced both fibronectin and vimentin. In MDA-MB-231 cells, no change
in vimentin was observed, but fibronectin was induced (Figure 1B). These findings
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are consistent with those in the literature, showing that up- and downregulation of
epithelial and mesenchymal markers can vary between different cell lines (Grunert
et al., 2003). This����������������������������������������������������������������
pattern is also consistent with TrkB-induced EMT in rat epithelial cells and MCF10A cells, which we have previously characterized (Smit et al.,
2009). We conclude that in several epithelial cell types, BRafE600 and RasV12 induce a
dramatic morphological change, which is accompanied by several hallmarks of EMT.
Vector

BRafE600

RasV12

RIE-1

MCF10A

Figure 2: Localization of E-cadherin upon BRafE600 and RasV12 overexpression in RIE-1 and MCF10A cells, as
analyzed by immunofluorescence and confocal microscopy. Green depicts E-cadherin, red depicts TO-PRO,
which stains DNA.

Both BRafE600 and RasV12 induce senescence in fibroblasts
In contrast to what was observed in epithelial cells, overexpression of BRafE600 and
RasV12 has been reported to induce cell cycle arrest, or more specifically, senescence,
in human diploid fibroblasts (Serrano et al., 1997; Michaloglou et al., 2005). Here, in
the human diploid fibroblast cell line TIG3, which was immortalized by hTERT, both
BRafE600 and RasV12 were able to induce senescence, too. This was characterized by a
strong decrease in proliferation (Figure 3A and B), a flat cell morphology (Figure 3C;
this was more apparent for RasV12 than for BrafE600), elevated activity of SA-β-GAL
(Figure 3D and E) and increased expression of the tumor suppressor and senescence marker p16INK4A (Figure 3F). We conclude that also in the cell system analyzed
here, both BRafE600 and RasV12 induce senescence.
MAP kinase pathway is activated by oncogenes in both epithelial cells and
fibroblasts
We were intrigued by the differential response to the oncogenes between epithelial
and fibroblasts and asked whether there is a difference in their downstream signaling
pathways. The main downstream pathway of both BRafE600 and RasV12 is the MAP
kinase route and therefore we checked the phosphorylation status of MEK and ERK.
In both epithelial cells and fibroblasts the two oncogenes induced elevated levels
of phospho-MEK (pMEK) and phospho-ERK (pERK), showing that they activate the
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Figure 3: BRafE600 and RasV12 induce senescence in TIG3 human diploid fibroblasts. (A) Decrease in BrdU
incorporation upon overexpression of BRafE600 and RasV12. BrdU assay was performed 12 days after viral
transduction. (B) Cell proliferation assay of the cells described in A. Cells were fixed and stained 12 days
after transduction. The RasV12-expressing cells are bigger, and therefore take up more dye (see (C)). (C) Morphology of the cells described in A. Note that the RasV12-expressing cells are bigger. (D) SA-β-GAL activity of
cells expressing BRafE600 and RasV12, 9 days after transduction. (E) Quantification of the number of SA-β-GALpositive cells described in D. The experiment was performed in technical triplicates and the error bars represent standard deviations. (F) Increased p16INK4A expression upon BRafE600 and RasV12 expression as analyzed
by western blotting. β-actin serves as a loading control.
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Figure 4: BRafE600 and RasV12 activate the MAP kinase pathway in epithelial cells and fibroblasts.
Activation of the MAP kinase pathway by BRafE600
and RasV12 as analyzed by western blot in the rat
epithelial cells RK3E and RIE-1 (A) human epithelial cells MCF10A and MDA-MB-231 (B) and in
human diploid fibroblasts, TIG3 and BJ (C).
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Figure 5: Context-dependent regulation of Zeb1
and Twist. (A) Induction of Zeb1 and Twist in rat
epithelial cells upon overexpression of BRafE600 and
RasV12, as analyzed by western blotting. (B) Induction
of Zeb1 and Twist upon overexpression of BRafE600
and RasV12 in human epithelial cells, as analyzed by
western blotting. (C) Downregulation of Zeb1 and
Twist upon overexpression of BRafE600 and RasV12 in
human diploid fibroblasts, as analyzed by western
blotting. β-actin serves as a loading control.

MAP kinase pathway similarly (Figure 4A-C). We conclude that BRafE600 and RasV12
can activate the MAP kinase pathway independent of cellular context.
Twist and Zeb1 transcription factors are regulated as a function of cellular context
Next, we checked the expression levels of Twist and Zeb1, two transcription factors
often induced during EMT. As expected, BRafE600 and RasV12 induced both Twist and
Zeb1 levels in RK3E cells (Figure 5A). In RIE-1 cells, both oncogenes induced Zeb1,
but Twist was undetectable. In human MCF10A breast epithelial cells, both Twist
and Zeb1 were induced, while in MDA-MB-231 cells, Twist was undetectable and
Zeb1 was unchanged (Figure 5B). Taken together, these results show that in most
epithelial cells analyzed, Twist and Zeb1 are induced upon BRafE600 and RasV12 overexpression.
Subsequently, we determined the expression levels of these transcription factors
upon induction of senescence. Interestingly, upon overexpression of BRafE600 and
RasV12 both Twist and Zeb1 were sharply downregulated in both TIG3 and BJ fibroblasts (Figure 5C). Thus, whereas BrafE600 and RasV12 induce Twist and Zeb1 in epithelial cells, they downregulate these transcription factors in fibroblasts.
Twist can bypass BRafE600-induced senescence
Twist is an established EMT regulator and silencing of Twist reverts TrkB-induced
EMT ������������������������������������������������������������������������������
(Smit et al., 2009)�����������������������������������������������������������
. Furthermore, it is downregulated upon induction of senescence, while others have shown that Twist abrogates ErbB2-induced senescence
(Ansieau et al., 2008). As BrafE600 suppresses the accumulation of Twist in HDF, we
examined whether overexpression of the latter would bypass BRafE600-induced
senescence. A proliferation assay confirmed this idea (Figure 6A), indicating that
Twist downregulation is required for BRafE600-induced arrest. Previously, we have
shown that Twist acts upstream of Zeb1 (Smit et al., 2009) and we wondered
whether this holds true in fibroblasts. Interestingly, the Twist-induced bypass of
BRafE600-induced senescence was accompanied by the upregulation of Zeb1 (Figure
6B). These results indicate that Zeb1 may act downstream of Twist.
B
Twist

Twist

Vector

BRafE600
Vecttor

BRafE600

Vector

A

Zeb1
Twist
β-actin

Figure 6: Twist abrogates BRafE600-induced arrest. (A) Colony formation and (B) western blot analysis of
TIG3 cells expressing either vector control (pBP) or Twist, in combination with overexpression of either
vector control (MSCV) or BRafE600. β-actin serves as a loading control.
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Discussion

BRafE600 / RasV12

epithelial cells

fibroblasts

MAPK

Twist / Zeb1
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Figure 7: Working model depicting
how BRafE600 and RasV12 can induce
EMT and senescence. BRafE600 and
RasV12 activate MAPK, in epithelial
cells this leads to induction of Twist
and Zeb1 and subsequently EMT. In
fibroblasts, activation of the MAP
kinase pathway leads to downregulation of Twist and Zeb1, thereby
induction of senescence.

The results presented here show that two oncogenes, BRafE600 and RasV12, induce EMT in epithelial
cells but senescence in fibroblasts. In both cell types,
these oncogenes activate their main downstream
pathway, the MAP kinase pathway. Interestingly,
the regulation of the transcription factors Twist and
Zeb1 appears to be context-dependent: whereas the
oncogenes induce both Twist and Zeb1 in epithelial
cells, they downregulate both transcription factors
in fibroblasts (Figure 7). Furthermore, we show that
the EMT regulator Twist can bypass BRafE600-induced
arrest in TIG3 fibroblasts.

It is an interesting observation that, although the
two oncogenes activate the MAP kinase pathway
in epithelial cells and fibroblasts, the regulation of
the transcription factors Twist and Zeb1 seems to
be different between the two cell types. Although
it is tempting to conclude that the regulation of
Twist and Zeb1 is dependent on the cell type, that is,
epithelial cell versus fibroblast, one has to take into account that the examined cell
lines differ in the way in which they have been immortalized. All epithelial cells used
here have a defect in the p53 and/or RB pathway, which are key cell cycle regulators.
To be more specific, both RK3E and RIE-1 have a defect in the RB pathway, in RK3E
by overexpression of E1A and in RIE-1 cells by loss of p16INK4A and p15INK4B (Ruppert
et al., 1991; Blay & Brown, 1984). The human breast epithelial cells MCF10A are
spontaneously immortalized, and have lost the genes encoding p16INK4A, p14ARF and
p15INK4B and in addition harbor an amplication of c-myc (Worsham et al., 2006). The
MDA-MB-231 cell line is derived from a mammary adenocarcinoma, suggesting that
these cells are fully transformed and likely to have some defect in either the p53 or
RB pathway (or both). On the contrary, the fibroblast cell lines, TIG3 and BJ, have
intact p53 and RB pathways, since these cells are immortalized by overexpression
of hTERT.
The difference in genetic alterations between the epithelial cells and fibroblasts
prompts several interesting questions. Firstly, what happens to the levels of Twist
and Zeb1 in fibroblasts that have a defect in p53 or RB pathway? For example, would
Twist and Zeb1 be still downregulated by BRafE600 and RasV12 in TIG3 fibroblasts that
have silenced p16INK4A or p53? Or to make a direct comparison with the RK3E cells,
what would be the regulation of Twist and Zeb1 in fibroblasts immortalized by
E1A? We know that silencing p16INK4A is not sufficient to abrogate BRafE600-induced
senescence in fibroblasts (Michaloglou et al., 2005). Therefore, if the regulation of
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Twist and Zeb1 would be dependent on senescence, one would expect that Twist
and Zeb1 are also downregulated upon BRafE600 overexpression in these cells.
Secondly, it would be interesting to find out whether the regulation of Twist and
Zeb1 is dependent on senescence bypass. For example, what happens to the levels
of Twist and Zeb1 in cells bypassing BRafE600-induced senescence by silencing of
interleukin-6 (Kuilman et al., 2008)?
A completely different approach to compare the regulation in the different cell
types would employ the epithelial cells. Because the epithelial cells used in this
chapter are all immortal, it would be interesting to induce EMT in primary epithelial
cells. Would Twist and Zeb1 still be induced in these cells? Puisieux and colleagues
showed that overexpression of RasV12 in primary epithelial cells induces senescence,
rather than EMT. However, they did not examine Twist or E-cadherin levels in these
cells (Ansieau et al., 2008). We observed that the regulation of Twist and Zeb1 is
context-dependent. However, determining what influences this context-dependency is critical and awaits further study. It could be accounted for by the difference
in the genetic constitutions of these cells, or, equally interestingly, by an intrinsic
difference between epithelial cells and fibroblasts.
The link between EMT and senescence has been described before. For example
Twist abrogates ErbB2-induced senescence in epithelial cells (Ansieau et al., 2008).
Interestingly, this was accompanied by an EMT. In this manuscript we show that,
in addition to its role in ErbB2-induced senescence, Twist can abrogate BRafE600induced arrest. Interestingly, this is accompanied by a change in the levels of Zeb1
levels. In chapter 3, we have shown that Twist and Zeb1 act in the same pathway,
at least for TrkB-induced EMT. It could be that in BrafE600-induced senescence, too,
both Twist and Zeb1 act in a single pathway. It remains to be elucidated whether
Zeb1 is required for the Twist-induced bypass of senescence. In addition, although
it is known that Zeb1 is involved in replicative senescence (Liu et al., 2008), it is
unclear whether Zeb1 is required for BRafE600-induced senescence. In conclusion,
we have shown the context-dependent regulation of Twist and Zeb1 in epithelial
cells and fibroblasts. Although this is consistent with the model that Twist and Zeb1
can have a double impact on cancer progression, many questions, as described
above, will need to be addressed to get a grip on the underlying mechanism.
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