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Introduction
After fertilization of a single oocyte, this one cell gives rise to the trillions of cells that 
constitute the body of a human adult. Every one of these divisions is carefully initiated, 
monitored and terminated by complex signaling networks of proteins dedicated to start 
the cell cycle, copy DNA without errors or damage, construct new organelles and finally 
divide the cellular content equally over two daughter cells. Cell proliferation needs to be 
tightly controlled to avoid the ectopic cell growth and subsequent disruption of organ 
function known as cancer. 
For a healthy cell to become a cancer cell it has to acquire various traits summarized as 
the hallmarks of cancer (1). Two of the primary traits for cancers to initiate are “sustained 
proliferative signaling” and “evading growth suppression”. Acquisition of the “sustained 
proliferative signaling” hallmark commonly arises from alteration of the receptor 
tyrosine kinase (RTK) pathways, driving growth factor (GFR) signaling. Mutations 
commonly found are in the RAS-MEK-ERK and PI3K-PKB/AKT pathways, which 
stimulate cell proliferation. Although mutations in GFR-signaling are well described, the 
mechanisms downstream of these mutations are still not fully understood. Difficulty to 
elude the exact effects of GFR-signaling arises from the vast complexity of how these 
signals are relayed in the cell. First, signals starting from RTKs undergo extensive 
branching as one RTK can activate both RAS-MEK-ERK and PI3K-PKB/AKT, which 
subsequently target diverse proteins operating in various cellular functions. Second, 
when GFR-signals reach the nucleus numerous transcription factors will mediate the 
transcription of a wide array of genes. Careful elucidation of all events downstream of 
GFR-signaling is required to fully understand the consequences of oncogenic mutations 
and a prerequisite for developing successful cancer therapies in the future. 
Key transcription factors in regulating cell proliferation downstream of PI3K-PKB/
AKT signaling are members of the Forkhead Box O family (FOXO). Next to GFR-
signaling FOXOs operate in a plethora of cellular functions and many different aspect 
of life including lifespan, diabetes and cancer (2). The exact mechanism by which FOXO 
functions, mediates transcription and affects multifarious signaling pathways in the cell 
still needs to be fully understood however. This thesis aims to define the role of FOXOs in 
cancer and advance the understanding of the underlying mechanisms by which FOXOs 
contribute to tumorigenesis.
  
The basics of FOXOlogy

Canonical FOXO regulation
The mammalian Forkhead box O (FOXO) family of transcription factors consists of the 
four family members; FOXO1, FOXO3, FOXO4 and FOXO6 (FOXOs). FOXOs are conserved 
throughout the animal kingdom and FOXOs mediate transcription through binding to 
their consensus 5′-TTGTTTAC-3′ binding sites (2-4). The DNA binding domains within 
FOXOs are highly similar, therefore regulation of FOXO1, FOXO3, FOXO4 or FOXO6 specific 
target genes is expected to either arise from differential FOXO expression patterns or 
upstream signaling regulating the transactivation domains that vary between different 
FOXOs (4) . Indeed different expression patterns for FOXOs are found as differing levels 
of FOXO1 and FOXO3 are expressed in all tissues, FOXO6 is predominantly expressed 
in the brain and FOXO4 is mainly expressed in muscle cells and throughout the body at 
low levels (4, 5). 
The Insulin-PI3K-PKB pathway is the canonical pathway in which FOXOs function. Upon 
activation of growth factor receptor tyrosine kinases (GFR/RTK) like the Insulin receptor 
(INSR), Phosphoinositide 3-kinase (PI3K) becomes activated. Activated PI3K generates 
Phosphatidylinositol-3 phosphate (PIP3) in the plasma membrane which functions as 
a docking site for phosphoinositide dependent protein kinase-1 (PDPK1) and Protein 
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Kinase B (PKB/AKT). PDPK1 subsequently activates PKB through phosphorylation of 
Ser308. In addition to Ser308 phosphorylation, PKB requires Ser473 phosphorylation 
by the mTORC2 complex to become fully activated (6). When fully activated, PKB 
can phosphorylate a wide array of target proteins amongst which are the FOXOs and 
members of the mTORC1 complex and stimulate glucose uptake and cell proliferation. 
FOXO transcriptional activity is regulated through its shuttling between the nucleus 
and the cytoplasm. Phosphorylation of nuclear FOXOs by PKB at Thr24/Thr32, Ser256/
Ser253/Ser197 and Ser319/Ser315/ser262 induces the binding to 14-3-3 proteins, 
which facilitate FOXO nuclear export and simultaneously obstruct reimporting into the 
nucleus (7-9). Upon loss of GFR signaling, PI3K generated PIP3 is dephosphorylated by 
the lipid Phosphatase and tensin homolog (PTEN), thereby antagonizing RTK signaling. 
Reduced PIP3 in the plasma membrane results in reduced PKB activity, loss of FOXO 
phosphorylation and subsequent FOXO accumulation in the nucleus. In the nucleus, 
FOXO mediates the transcription of a plethora of target genes involved in the cell cycle, 
apoptosis, redox homeostasis, metabolism, angiogenesis and aging (2, 10). 
If FOXO regulates a specific set of target genes or are more general activators of gene 
expression remains a point of debate. It is clear however that upon FOXO accumulation 
in the nucleus, FOXO preferably binds DNA in promoters and enhancers covered with 
histone marks that are correlated to active transcription (11, 12). These observations 
implicate that the output of FOXO mediated transcription is heavily influenced by the 
epigenetic status of the DNA at the moment FOXOs reside the nucleus. Additionally, 
multiple proteins involved in transcription regulation have been reported to bind to 
FOXOs e.g. p300/CPB, b-catenin, PPARg, Estrogen receptor, androgen receptor, SMADs, 
STATs, etc. (13). Combined, these observations illustrate a highly complex system in 
which transcriptional output of FOXOs can be different between cell lines, organs and 
organisms, depending on concurrent signaling and the epigenetic landscape. 

FOXO activation by reactive oxygen species
Next to RTK signaling FOXO localization can be modulated through multiple other 
pathways even in the presence of active RTK signaling. When a cell encounters adverse 
conditions like elevated reactive oxygen species (ROS) levels, nutrient starvation or 
DNA damage, FOXO is activated in order to reestablish homeostasis (14). 
When high levels of ROS are produced in the cell FOXOs move to the nucleus in two 
different ways. First the c-JUN terminal Kinase (JNK) becomes activated by the 
redox sensitive Apoptosis signal-regulating kinase 1 (ASK1) and the small GTPase 
Ral. Activated JNK inactivates RTK signaling by phosphorylation of Insulin Receptor 
Substrate (IRS1/2) adaptor proteins and FOXOs directly, hereby overriding GF-signaling 
dependent inactivation of FOXO (15, 16). 
Second, FOXOs can be cysteine oxidized by hydrogen peroxide. Oxidized FOXOs can 
form disulfide bridges with nuclear importers Transportin 1 (TNPO1) and Importin 7 
& 8 (IPO7/8), resulting in strong binding and nuclear translocation independently of 
other signals (17, 18). In order to counteract elevated ROS production in the cell, FOXO 
mediates the transcription of antioxidant genes like Catalase, Sestrin (SENS1/2/3), 
Super Oxide Dismutase 2 (SOD2), Peroxiredoxin 3 (PRDX3), Glutathion Peroxidase 
1 (GPX1), GSTM1 and genes involved in the metabolic generation of the Glutathione 
antioxidant system and reductive entities like NADPH (19, 20) . 
Especially in stem cells FOXO is essential regulators of redox homeostasis and required 
to prevent differentiation and mediate survival through this function. Loss of FOXO 
in the hematopoietic system leads to exhaustion of the hematopoietic stem cell pool, 
reduced repopulation capacity, enhanced proliferation and apoptosis (21-23). These 
defects are correlated to increased ROS levels within the stem cell compartment and 
could be rescued by treating mice with the antioxidant N-acetyl cysteine (NAC) (21). 
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Similar defects for FOXO3 loss are found in neuronal stem cells, leading to increased 
brain size, increased levels of ROS production, decreased self renewal and increased 
proliferation (24). These findings imply that FOXOs are essential for tissue homeostasis 
by balancing redox signaling in stem cells.

FOXO activation by nutrient depletion
Under conditions in which glucose is limited, Insulin levels will drop. Consequently 
INSR will become inactive, reducing PI3K-PKB signaling and thereby resulting in 
FOXO nuclear accumulation. In response to low glucose levels, FOXOs will mediate the 
transcription of genes that reduce glycolysis and stimulate ATP production by the use 
of glutamine through Oxidative phosphorylation in the mitochondria. Simultaneously 
FOXOs stimulate gluconeogenesis in the liver and autophagy in starved cells to increase 
the glucose supply and nutrients required for survival (25). In worms the FOXO ortholog 
DAF-16 functions even more drastically by mediating a low metabolic hibernation like 
state called Dauer as a strategy to survive adverse conditions (10). Additionally, when 
ATP levels in the cell drop and the ATP/AMP sensor AMP kinase (AMPK) gets activated 
FOXO3 get phosphorylated on Ser413, Ser588 and Ser626, stimulating the transcription 
of genes involved in metabolic rewiring and stress resistance (26). 

Other inputs
Next to the well-studied regulation of FOXOs by PKB, JNK and AMPK, many other kinases 
can attenuate FOXO activity. In response to DNA damage FOXOs becomes phosphorylated 
by Ataxia telangiectasia mutated (ATM) kinases and might contribute to DNA damage 
repair and its associated cell cycle arrest. FOXOs have also been described as targets 
of extracellular signal-regulated kinase  (ERK), Mammalian Ste20-like kinase (MST1), 
Cyclin dependent kinases (CDK), serum and glucocorticoid-regulated kinase (SGK), 
dual specificity tyrosine phosphorylation regulated kinase 1A  (DYRK1A), IkB kinase 
(IKK) and Casein kinase 1 (CK1)(27). To which extend the phosphorylation changes 
FOXO activity and output is however still under investigation. 
Next to phosphorylation FOXOs can also be modulated through Acetylation by actetyl 
transferases p300, HDACs and Situins (SIRT), as well as ubiquitylation by MDM2 and 
USP7 or methylation by PRMT and SET9 (28-33)

Taken together FOXOs are regulated by many different upstream signals and when 
activated regulate a plethora of target genes (Figure 1). Due to this great complexity 
it is therefore no surprise that the current understanding on how FOXOs function 
exactly is still limited. As FOXOs function at the crossroad of diabetes, cancer and aging 
it is essential to understand its functions in detail as this holds many clinical relevant 
implications. Strikingly, the function of FOXOs in cancer is still unclear and debated 
although many studies report functions for FOXOs within this disease. In fact it is still 
unclear if FOXOs are tumor suppressors or not after two decades of research, illustrating 
how complicated FOXOlogy is and stressing the need for studies dedicated to answer 
this question (34).
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Figure 1: A schematic overview of regulators, binding partners and target genes 
of FOXO
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FOXOs in cancer
The Archetype: FOXOs are tumor suppressors

Repressing the cell cycle
Already in the seminal papers that identified FOXOs are controlled by PKB signaling it 
was apparent that FOXOs could have tumor suppressive functions. Activation of FOXO, 
either by pharmacological inhibition of PI3K-PKB or the ectopic overexpression of 
FOXO resulted in a robust cell cycle arrest in Embryonic Kidney cells, Fibroblasts and 
cancer cell lines derived from colon carcinoma, glioblastoma, osteosarcoma and acute T 
cell leukemia (7, 8, 35, 36). 
Cell proliferation starts from a quiescent state and continues by progression from G1 to 
S phase. In early G1, expression levels of Cyclin D (CCND1/2/3) are up regulated by GFR 
signaling, leading to increased levels of CyclinD-CDK4/6 complexes. Cyclin D-CDK4/6 
complexes inhibit the retinoblastoma family of proteins (RB, p107 and p130), resulting 
in the release E2F transcription factors which induce transcription of S-phase proteins 
and Cyclins (37). From S-phase on Cyclin-E/A-Cdk2 complexes take over ensuring 
correct DNA replication and cellular growth before entering mitosis. As soon as the cell 
is ready to undergo mitosis Cyclin B/Cdk1 complexes become active start mitosis. At the 
onset of anaphase Cyclin B is quickly degraded by the APC/c ubiquitin ligase in order to 
ensure the end of the cell cycle and the return to quiescence.
 FOXO induced cell cycle arrest is mediated through transcription of multiple cell cycle 
kinase inhibitors (CKI). The best described CKI downstream of FOXO is p27kip1 (CDKN1B). 
Additionally to CDKN1B, FOXOs have also been described as regulators of p21cip1 
(CDKN1A), p57kip2 (CDKN1C) and the INK4 family of CKIs, p15INK4b (CDKN2B), p16INK4a 

(CDKN2A), P18INK4c (CDKN2C) and p19INK4d (CDKN2D). FOXO mediated induction of CKI 
expression leads to inhibition of the Cyclin/CDK complexes responsible for progression 
through the different phases of the cell cycle and results in a robust cell cycle arrest in 
G0/G1, G2 or even senescence (35, 38-40). 

Stimulating apoptosis
Next to functioning as repressors of the cell cycle, FOXOs are well described as inducers of 
apoptosis in many different cell lines (41). Apoptosis can be triggered through multiple 
cell intrinsic and extrinsic signals that converge on Caspase 3 and Caspase 7, which are 
the final and irreversible executioners. Extrinsic apoptotic stimuli comprise of Tumor 
necrosis factor (TNF), TNF related apoptosis inducing- (TRAIL) and FAS-ligands (FasL) 
that activate the TNF (TNFR) and Death (DR) receptor family of extracellular receptors 
respectively (42, 43).
The decision to undergo intrinsic apoptosis is determined by the status of the BAK and 
BAX protein. BAK/BAX are usually in an inactive conformation on the outer membrane 
of mitochondria. Activity is regulated through competitive binding to BAX and BAK 
between anti-apoptotic factors BCL2, BCL-XL or MCL1 and pro-apoptotic BH3-only 
proteins BIM, BAD, BID, PUMA, NOXA, BOK and BMF. Anti-apoptotic factors render 
BAK/BAX inactive, but upon binding to pro-apoptotic proteins BAK/BAX become 
activated, leading to mitochondrial outer membrane permeabilization and subsequently 
apoptosis (44). FOXOs can drive the expression of both extrinsic and intrinsic pro 
apoptotic genes including: FASL, TRAIL, TNFR, BIM and BMF, leading to cell death in 
both normal and cancer cells (41). Next to stimulating canonical apoptosis, FOXOs have 
recently been ascribed to induce anoikis in cells that detach from tissue monolayers 
and the extracellular matrix. Detachment from a tissue results in reduced GFR signaling 
and metabolic stress due to impaired glucose uptake. Under these conditions FOXOs 
become activated and drive the expression of BMF in order to execute anoikis and 
prevent metastasis (45). 
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FOXOs suppress tumorigenesis
The fact that FOXOs are negatively regulated down stream of the frequently mutated 
PI3K-PKB pathway and activation results in cell cycle arrest and apoptosis puts FOXOs 
forward as putative tumor suppressors. In line with the observation that FOXOs can 
repress cell proliferation and induce apoptosis in vitro, expression of hyperactive FOXO 
mutants in xenograft experiments confirm primary tumor growth is impaired by ectopic 
FOXO activation (46, 47). 
Histopathological studies focused on correlating FOXO expression and localization to 
disease outcome in cancer patients emphasizes a role of FOXOs as tumor suppressors. 
Low levels of FOXO1 expression and high levels of the inactivating FOXO1-Thr32 
phosphorylation are correlated to reduced overall survival and disease free survival 
in soft tissue sarcoma, AML, prostate and breast cancer (48-51). Similarly high FOXO3 
levels correlate to increased disease free survival in clear cell renal carcinoma, colorectal, 
urothelial and breast cancer (52-55). Pairing primary colorectal cancer samples with 
their corresponding liver metastases showed that FOXO3 levels in metastasis are 
significantly lower, indicating that lowering FOXO levels is required for metastasis 
formation (52). FOXO3 levels in ER-positive breast cancer were reported not to influence 
patient survival and distant metastasis, but in these cases the localization of FOXO3 in 
the nucleus was correlated to good prognosis and delayed metastasis formation (56). 
In line with the observations of FOXO1 and FOXO3, low levels of FOXO4 expression in 
prostate cancer cells is correlated to poor prognosis and increased metastasis formation 
(57).  

FOXO loss enhances tumorigenesis in mice
Foxo1 knockout in mice unveiled an essential role in embryonic angiogenesis and 
Foxo1 therefore is essential for survival of the embryo (58, 59). Foxo3 knockout is not 
embryonic lethal, but female mice become infertile due to defects in primordial follicle 
activation (60). Loss of Foxo4 did not result in any notable changes in the mouse (59). 
Together these studies only described mild phenotypes and no relation to cancer was 
encountered. As noted, FOXOs are highly similar and redundant, therefore single Foxo 
knockout mice are unlikely to present with extensive defects. The seminal paper of Paik 
and colleagues in which conditional Foxo1/Foxo3/Foxo4 knockout mice were generated 
supports this hypothesis (61).  Only a mild increase in tumor incidence in aged mice 
was observer when two FOXO knockouts were combined e.g. Foxo1/Foxo3 or Foxo1/
Foxo4. But triple knockout induced at adult age in mice resulted in lymphoblastic thymic 
lymphomas in the spleen, liver and lymphatic system. Additionally hemangiomas were 
detected and widely spread in the body.  This study now solidifies that FOXOs are indeed 
redundant and can function as tumor suppressors. Curiously, the types of tumors that 
are found are derived from the same lineage and solid tumors derived from epithelial 
tissues are hardly detected. This argues against a general role for FOXOs in prevention 
of tumorigenesis as it only functions in a very specific lineage. 

FOXO mutations in cancer
The fact that to increase tumor incidence you need to lose six FOXO alleles, or 
5 in males, makes it unlikely this will ever occur in tumors and is not yet reported. 
Mutations in single FOXOs however have been described in cancer and can contribute 
to tumorigenesis in different ways. First, mammalian FOXOs were found to be part 
of chromosomal translocations resulting in FOXO1-PAX3/7, FOXO3-MLL and FOXO4-
MLL fusion proteins in alveolar rhabdomyosarcoma and acute leukemia (62-64). In all 
cases the DNA binding domain of PAX or MLL are fused to the transactivation domain 
of FOXOs and result in enhanced expression of PAX and MLL target genes and hereby 
contribute to tumorigenicity. On their own these fusion proteins are insufficient to drive 
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tumorigenesis however and additional mutations are required (63, 65). 
Second, single nucleotide mutations in FOXO1 have been found enriched in the non-
Hodgkin lymphomas, Follicular lymphoma and diffuse B-cell lymphoma. Interestingly, 
these mutations are found mostly found around in the N-terminus of FOXO1 protein and 
lead to a shorter form of FOXO1 (66). More detailed examination of FOXO1 mutations 
revealed that R19, R21 and T24 are frequently mutated (67). Phosphorylation of 
FOXO1 by PKB on T24 is required to induce binding to 14-3-3 proteins and keep FOXO1 
cytoplasmic. The consensus binding-site on proteins for PKB is RxRxxS/T, implicating 
that these mutations result in either loss of PKB binding in the case of R19 and R21 
mutations or disability to phosphorylate FOXO1-Thr32, all resulting in unphosphorylated 
active FOXO1 (67). Indeed the authors describe that these mutation increase FOXO1 
nuclear localization, implicating enhanced FOXO1 activity. Contradictory to what one 
would expect based on FOXOs putative role as tumor suppressors, these mutations 
were correlated to poor prognosis and point towards a more complex role for FOXOs 
in cancer.   

Shifting the paradigm: FOXOs as tumor supporters

Contradicting histopathological studies
In line with the reported activating mutations in FOXO1 that contribute to tumorigenesis, 
multiple other histopathological reports link high FOXO levels and activation to poor 
prognosis. In gastric cancer, phosphorylated FOXO1 is correlated to higher overall 
survival and lower tumor angiogenesis. These correlations suggest that active FOXO1 
supports tumor growth and metastasis (68, 69). 
High expression of FOXO3 is correlated to lower overall survival and recurrence 
free survival in Acute Myeloid Leukemia (AML) patients carrying different types of 
mutations (70). Studies focused on characterizing FOXO3 localization in breast and 
colorectal cancer described that high levels of FOXO3 nuclear localization correlate to 
lower overall survival (71, 72). 
Combined these studies contradict the previously discussed studies that correlate high 
FOXO levels and low FOXO activity to good prognosis underlining the controversy on 
FOXOs function in cancer. Even though less numerous than studies describing FOXOs 
as tumor suppressors some recent studies described tumor supportive properties for 
FOXOs

FOXOs in cancer cell homeostasis and metastasis
As discussed above FOXOs play an important role in maintaining stem cell homeostasis 
and self-renewal. Especially within the hematopoietic stem cell (HSC) compartment 
FOXOs are essential for maintaining the stem cell populations (21). 
Inhibitors targeting the common BCR-ABL mutations efficiently reduce tumor load 
in Chronic myeloid leukaemia (CML), but recurrence of drug resistant Leukemia 
Initiating cells (LICs) makes curing the disease problematic. As FOXOs are essential for 
maintaining HSCs, Naka and colleagues assessed if FOXO3 knockout CML cell populations 
contain LICs and if FOXO3 loss limits their capacity to reestablish tumors. Indeed it 
was found that LICs lacking FOXO3 have limited tumor reconstitution capacity (73). 
The mechanism by which FOXO3 maintains stem cell homeostasis and self-renewing 
capacity was later ascribed to the regulation of Bcl6. As a target gene of FOXO3, Bcl6 
functions by repressing MYC, P53, Cyclin D2 and CDKN2A and thereby mediates LICs 
self-renewal capacity (74, 75).
A similar role for FOXOs was found in AML cells carrying an MLL-AF9 fusion protein 
mutation. LICs within the AML cell population exhibit low PKB activity and nuclear 
FOXO localization, implying that FOXOs are also actively maintaining the LIC population. 
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Hyper-activating PKB signaling within these AML cells leads to FOXO inactivation and 
maturation, thereby reducing the repopulating capacity. Similarly, AML cells knockout 
for Foxo1/Foxo3/Foxo4 lose their repopulating capacity in bone marrow transplantation 
assays and is accompanied by elevated stress signaling through JNK within these cells 
(76). 
Together these finding show that FOXO is not only required for maintaining healthy 
stem cell populations but also essential for cancer stem cell like populations within 
leukemic cancers. If FOXO fulfills a similar role in solid tumors is however still unclear 
and studies addressing this question are lacking to date.
 
FOXOs regulate metastasis
The moment tumors progress and start metastasizing, cancer becomes mortally 
dangerous and this is therefore a critical turning point for patient survival. Multiple 
studies have connected a supportive role for FOXOs in facilitating and even stimulating 
metastasis. The first notion of a role for FOXOs in metastasis was in aggressive breast 
cancer cell lines, which lose their metastatic capacity in xenograft experiments upon 
knockdown of FOXO3. It was shown that loss of FOXO impairs and FOXO3 activation 
induces invasive behavior of breast cancer cells in in vitro invasion and migration assays. 
The effects on the invasive capacity of these cells are addressed to FOXO3 mediated 
expression of Matrix Metalloproteinases 9 and 13 (MMP9/13), which support invasion 
by degrading the extra cellular matrix surrounding the tumor cells (77).  In addition 
FOXO1 has also been linked to regulating MMP1 expression in breast cancer cells, which 
could stimulate metastasis (78).
FOXOs were also found to be involved in colorectal cancer metastasis, as combined 
nuclear localization of FOXO3 and b-catenin correlates with metastatic disease. FOXO3 
hyper-activation alone leads to increased cell motility and apoptosis in DLD1 cells, but 
in the presence of high nuclear b-catenin levels apoptosis is repressed and transplanted 
cells become metastatic in vivo (72). The other way around, tumors generated from 
xenografts and patient tumors show efficient drug resistance development against PI3K/
KB/TOR inhibitors in a b-catenin dependent way. Impairing b-catenin accumulation 
and signaling by co-treatment of these tumors with Tankyrase inhibitors, significantly 
reduced this adaptive resistance and increased apoptosis (79). 
These observations now implicate that dependent on the context in which FOXO 
becomes activated, FOXO can either act as a tumor suppressor or tumor promoter. 
This notion is supported by the finding that in breast and ovarian cancer spheroids 
inhibition of the PI3K pathway results in a dichotomous response, leading to apoptosis 
only in cells on the inside of the spheroids. Within these spheroids a clear FOXO related 
gene expression profile is observed, but depending on the location at which the cell 
resides at the moment of activation the outcome will be different (80).
Another example of context dependent tumor supportive behavior of FOXOs is in breast 
cancer cells that are either positive (ER+) or negative (ER-) for the estrogen receptor. 
FOXO3 hyper-activation in ER+ MCF7 cells results in suppression of cell proliferation, 
migration, invasion and anchorage independent growth. These effects are reversed in 
MCF7 cell treated with RNAi targeting ER, resulting in ER- MCF7 cells (81). 
Combined these studies now establish a more complex role for FOXOs tumorigenesis 
and metastasis. These findings reveal that studies putting FOXOs forward as tumor 
suppressors or tumor supporters are not necessarily contradicting, but that the context 
in which FOXOs are activated or lost dictate the observed phenotypes. 

FOXOs mediate drug responses
Not only do FOXOs fulfill a key role in tumor biology, but they also are heavily involved 
in the drug response to both conventional chemotherapy as well as more modern 
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small molecule inhibitors. Various studies have reported FOXOs mediate apoptosis in 
response to chemotherapeutic drugs including 5-Fluoracil, Paclitaxel, Resveratrol, and 
inhibitors of BCR-ABL, PI3K or PKB (82-86).
However, FOXOs also appear to play a crucial role in drug resistance. FOXO3 was found 
to be a key regulator of the Multi Drug Response pump 1 (MDR1/ABCB1), thereby 
facilitating the acquisition of resistance against Doxorubicin in breast cancer and 
leukemia cells (87, 88). Additionally the role of FOXOs in maintaining cellular redox 
homeostasis and elevating oxidative stress resistance might also contribute to gaining 
resistance towards drugs that elevate ROS levels in the cells (89). For example, ovarian 
cancer cells generate elevated ROS levels as a side effect of Paclitaxel treatment and 
FOXO mediated expression of MnSOD enhances resistance to these elevated ROS levels 
(90). 
The use of small molecule inhibitors targeting receptor tyrosine kinases and other 
oncogenic kinases revealed that cancer cells quickly adapt to the loss of oncogenic 
signaling through elaborate feedback mechanisms that re-establish growth factor 
signaling. Due to this plasticity, treating patients with inhibitors targeting single 
oncogenic kinases including PI3K or PKB is generally ineffective (91).  As FOXOs are 
regulated downstream of PI3K-PKB it can be expected that they participate in feedback 
signaling within this pathway. Indeed mammalian and Drosophila FOXOs can mediate 
re-establishment of growth factor signaling by regulating the transcription of the 
Insulin receptor (92). Treatment of breast cancer or CML cells with Doxorubicin was 
found to induce nuclear localization of FOXO3, which in response up-regulates PIK3CA 
expression and thereby activates PI3K-PKB. FOXO3 induced up-regulated PI3K-PKB 
signaling now confers doxorubicin resistance to these cells (71, 93). In addition to 
PI3K, FOXOs can regulate both mTORC1 and mTORC2 complexes which inactivate and 
activate PKB respectively. Upon activation of FOXO1, either through over expression 
or PI3K inhibition, the mTORC2 component Rictor is transcribed, leading to increased 
mTORC2 activity and consequent PKB activity through Ser473 phosphorylation (94). In 
parallel FOXO1 stimulates the expression of SESN3, which in turn inactivates mTORC1 
by inhibiting the GTPase Rheb, thereby repressing cell growth but enhancing PKB 
activity simultaneously (95).
Furthermore, FOXO3 was found to regulate multiple RTK adaptor proteins including 
Insulin Receptor Substrate 1/2 (IRS1/2) and Insulin Like Growth factor receptor 
binding proteins (IGFBP) in human colon carcinoma cells (11).  The role of FOXOs 
in regulating GFR- feedback signaling is not only restricted to the insulin pathway as 
characterization of RTK expression in response to PI3K-TOR dual inhibitors revealed 
that FOXOs can drive the expression of different RTKs in breast cancer including c-MET, 
HER2, HER3 and RET (96).

This key role of FOXOs in regulating growth factor signaling feedback makes activating 
FOXOs as a putative strategy for cancer therapy questionable and suggests that 
inhibiting FOXOs might also be a suitable strategy. From this introduction it becomes 
clear that FOXOs are heavily involved in many aspects of cancer. Understanding the role 
of FOXOs in cancer is complicated. All the data presented above is scattered through 
many different studies in various types of cancer and most studies are limited to only 
the effects of FOXO loss or gain of function in a single aspect of cancer. Strikingly, up 
to this date no studies have been published that aim to characterize both FOXO loss 
and gain of function within one robust model for cancer. These kinds of studies are 
essential to progress our understanding on how FOXOs function in cancer and might 
contribute to the design of promising treatment strategies that can take advantage of 
FOXOs role in cell cycle regulation and the induction of apoptosis as well as impairing 
therapy resistance. 
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Thesis outline
In chapter 2 we review how classical signal transduction cascades are intertwined with 
redox signaling, herewith adding another layer of complexity to signal transduction in 
cancer. We took the outline of the seminal review “The Hallmarks of cancer: The next 
generation” as a framework to discuss how signal transduction and redox signaling 
cooperate in all aspects of cancer (1). In Chapter 3 we demonstrate that in order for 
breast cancer cells to survive ECM detachment, FOXO activation needs to be restricted 
to prevent accumulation of the pro-apoptotic genes BIM and the novel FOXO target 
gene BMF.  In chapter 4 we address the fundamental question on if FOXOs function as 
tumor suppressors or not. Using a robust mouse model for Invasive Lobular carcinoma 
we test how activating FOXO3 and loss of FOXO1 & 3 influences tumorigenesis and 
metastatic capacity. In this chapter we unveil that FOXOs are essential for tumorigenesis 
and specifically metastasis, but that tumor cells need to carefully tune FOXO activity in 
order to get the benefits of having FOXOs around. In chapter 6 we aim to employ FOXO 
induced transcriptional programs as a prognostic marker for oncogenic PI3K pathway 
activity. By identifying genes that are regulated downstream of PI3K inhibition and 
FOXO activation in breast cancer cell lines we developed a prognostic gene set. Testing 
this gene set on publicly available patient data confirms the ability to predict FOXO 
activity. Using these gene sets, quick assessment of the tumor status can be acquired 
through a qPCR platform with a limited amount target genes. Chapter 6 concerns the 
detailed analysis of the dynamics by which FOXO3 induces a cell cycle arrest. Using 
Retinal Pigment Epethelial (RPE) cells carrying a live cell cycle phase reporter system 
(FUCCI), we identify a novel type of cell cycle arrest in which FOXOs mediate a cell cycle 
exit from G2. Cells exit G2 through premature APCCDH1 activation by down regulating 
EMI1 expression and end up in a G0/G1 like state with 4n DNA. This phenomena is 
represents a novel way in which FOXOs regulate the cell cycle. 
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Abstract
Significance: For a healthy cell to turn into a cancer cell and grow out to become a 
tumor, it needs to undergo a series of complex changes and acquire certain traits, 
summarized as the “Hallmarks of Cancer”. These Hallmarks can all be regarded as the 
result of altered signal transduction cascades and understanding these cascades is 
essential for cancer treatment. 
Recent advances: Redox signaling is a long overlooked form of signal transduction 
that proceeds through the reversible oxidation of cysteines in proteins and that uses 
hydrogen peroxide as a second messenger. 
Critical issues: In this review we provide examples that show that redox signaling is 
involved in the regulation of proteins and signaling cascades that play roles in every 
Hallmark of cancer.
Future directions: Understanding how redox signaling and ‘classical’ signal 
transduction are intertwined could hold promising strategies for cancer therapy in the 
future. 
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Introduction
Fundamental evolutionary processes like DNA mutation, propagation of the mutant DNA 
and natural selection underlie both life and the development of cancer. Elaborate signal 
transduction pathways ensure that cell division and cell death are tightly controlled to 
prevent cells with mutant DNA to disturb homeostasis of the multicellular organism. It 
is therefore not surprising that mutation of the DNA that encodes the players in these 
signal transduction pathways is what transforms normal cells into tumor cells. But 
evolution has yielded several safeguards to prevent uncontrolled growth in order to 
enable multicellular organisms to maintain homeostasis until the DNA has safely been 
passed on to the progeny. These safeguards can be seen as hurdles a cell has to take to 
change from a normal cell into a metastatic tumor that will eventually kill its host that 
it once was part of. Possibly the biggest challenge for the treatment of cancer is the fact 
that the signal transduction pathways that control whether these hurdles can be taken 
are also of vital importance for homeostasis of the soma; tissue maintenance and repair 
after all requires cell division and survival to be allowed under certain conditions.    
Decades of research yielded insight into the biology and molecular mechanisms that 
make up the hurdles every cancer cell has to take to become a metastatic tumor. 
Hanahan and Weinberg originally described six mutation-driven acquired competences 
needed to take these hurdles in their seminal review “The Hallmarks of Cancer” (97). 
Ten years later, they updated this view and now Eight Hallmarks and two Enabling 
Characteristics have been proposed and each of these are connected to alterations 
in signal transduction (Table 1)(1). Indeed, a plethora of mutations in proteins 
fundamental to signal transduction cascades have been identified to be involved in the 
prevention or origin of cancer. Understanding these signaling cascades has been a main 
focus in cancer research, because the proteins involved in these pathways might serve 
as future drug targets. 
An emerging mode of cellular signal transduction called redox signaling is conveyed 
through redox reactions at the thiol side chain of protein cysteine residues. Reactive 
oxygen species (ROS), for instance generated as a by-product of mitochondrial 
metabolism, but also produced in response to growth factor signaling by dedicated 
oxidases like NADPH oxidases (NOX) are a start of redox signaling cascades. Maybe it 
is because of the dubious connotation ROS and Free radicals have in light of pseudo-
scientific health claims, or the aversion to redox reactions some biologists may have 
developed in high school chemistry classes, but redox signaling is more than often 
ignored in tumor biology. This might be a missed opportunity, because redox-signaling 
pathways can be a target or provide leverage in future treatment options. As a matter 
of fact, several therapies that are already used in the clinic have a redox-signaling 
component. In this review we aim to give an overview of how redox signaling and 
‘classical’ signal transduction pathways are intertwined in every Hallmark of cancer 
(Table 1). In light of the Forum Issue on advances in breast cancer research, we discuss 
which mutations commonly found in breast cancer are involved in redox signaling and 
how perturbation of redox homeostasis could contribute to cancer prevention and 
therapy. 

Redox signaling basics
Several excellent reviews have recently been published that describe the biochemistry 
of redox signaling in great detail (98-101). For the purpose of this review it is sufficient 
to understand the basics as outlined below.

Redox signal transduction 
Redox signaling starts with the generation of ROS, for instance due to the incomplete 
reduction of molecular oxygen used to drive mitochondrial ATP generation (98, 102). 
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Another important source of hydrogen peroxide comes from NADPH-dependent 
oxidases (NOX/DUOX), which either generate extracellular hydrogen peroxide directly 
(by DUOX) or superoxide (by NOX) that, after dismutation to hydrogen peroxide, 
enters back into the cell. ROS like superoxide anions O2

- and hydroxyl radicals OH are 
extremely reactive and have therefore a limited diffusion range. Hydroxyl radicals are 
so reactive that they can arguably not be scavenged specifically because they will react 
with anything in their vicinity. Superoxide anions are a little less reactive, allowing 
diffusion over small distances. Some reports suggest that superoxide anions can even 
cross membranes through dedicated channels (103). Nevertheless, it is thought that 
it is the reaction product of the dismutation of O2

- (i.e. H2O2) that initiates the redox 
signaling response. The relatively stable nature of hydrogen peroxide makes it suitable 
to act as the second messenger in redox signaling.

Hallmarks of Cancer* At a glace
Sustaining proliferative signaling Oncogenic mutation or aberrant intrinsic/extrinsic 

growth factor signaling results in the cancer cell’s 
capability to sustain proliferative signaling.

Evading growth suppressors Circumventing growth suppressive mechanisms 
antagonizing sustained proliferative signaling is 
required in order for tumor cells to become hyper 
proliferative.

Enabling replicative immortality Avoiding replicative senescence as a consequence of 
hyper proliferation and telomere erosion is required 
to proliferate indefinitely.

Resisting cell death Restraining pro-apoptotic and elevating anti-apop-
totic signals increases resistance to cell death and 
allows survival of cancer cells under adverse condi-
tions.

Deregulating cellular energetics Cancer cells reroute metabolic pathways to generate 
the building blocks and energetics required for
hyperproliferation.

Genome instability and mutation** Impaired DNA-damage repair allows mutations to 
build-up in the genome and fuels tumor evolution by 
conferring selective genotypic advantage for certain 
cancer cell subclones.

Inducing angiogenesis Hypoxia induced by increased tumor mass activates 
the generation of tumor neo-vasculature.

Tumor promoting inflammation** Tumor associated immune cells stimulate cancer 
progression by excretion of growth factors and 
interleukins.

Avoiding immune destruction Immune destruction of cancer cells drives selection 
for low immunogenic subclones which subsequently 
prevail and become dominant within the tumor.  

Activating invasion and metastasis Acquiring mesenchymal properties including cell 
motility and anoikis resistance results in metastasic 
dissemination.

*Adapted from Hallmarks of Cancer: The Next Generation, Hanahan & Weinberg 2011 (1).
**Enabling characteristics which make Hallmark acquisition by cancer cells possible (1).

Table 1: The hallmarks of cancer
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Redox signals are being transferred by post-translational modification of the thiolate 
side chain of cysteines in proteins, similar to other more well known post-translational 
modifications like phosphorylation, ubiquitination etc. In contrast to most other post-
translational modifications, oxidative modifications have been suggested to occur 
largely independent of enzymatic catalysis (99). However, recent work that implicates 
peroxiredoxins in the oxidation of specific cysteines in for instance STAT-3 argues 
against random oxidation (104). Cysteine oxidation can directly influence enzyme 
activity or act as a linker to form complexes with other redox sensitive proteins through 
disulfide bridges and thus can alter the activity of signaling up- and downstream of 
oncogenes and tumor suppressors (105).
Oxidative post-translational modification of cysteines can be reversible (i.e. disulfide 
S-S, sulfenic acid S-OH) or irreversible (SO2, SO3), but mainly the reversible modifications 
occur at physiological ROS levels and that are relevant in redox signaling, because these 
allow the signal to be switched off again. Indeed, mass spectrometry based screens that 
are designed to identify reversibly oxidized proteins show that these modifications are 
widespread and abundant (106).  An exception is the over oxidation of peroxiredoxins 
(PRDXs) to SO2, which is slowly reversed by the action of the enzyme sulfiredoxin (99). 

Redox signaling versus random damage: a balancing act
The damaging nature of ROS has been recognized long before it was noted that redox 
signaling is a physiologically relevant mode of cellular signaling. Generation of ROS is 
counter-balanced by multiple antioxidant systems within the cell of which PRDXs are 
the most abundant antioxidant proteins. Each 2-Cys class peroxiredoxin dimer has two 
catalytic centers that consist of a highly reactive so-called peroxidatic cysteine and a 
resolving cysteine. The peroxidatic cysteine reacts with H2O2 to form a sulfenic acid 
intermediate that rapidly reacts with the resolving cysteine on the other PRDX molecule 
in the dimer, resulting in an intermolecular disulfide and the release of H2O. The disulfide 
in oxidized Peroxiredoxins as well as in other oxidized proteins and protein complexes 
are reduced by the action of Thioredoxin (TRX), which in turn becomes oxidized and 
forms an intramolecular disulfide. This leaves PRDX recycled to react with the next H2O2 
molecule. Subsequently, oxidized TRX is reduced by Thioredoxin Reductase (TRXR) in 
a Nicotinamide adenine dinucleotide phosphate (NADPH) dependent reaction (100). 
Besides PRDX and TRX the cell produces multiple antioxidant peptides and enzymes 
to counterbalance ROS-induced damage to proteins, lipids and DNA. Cells produce a 
large pool of the Glu-Cys-Gly tripeptide Glutathione (GSH), which can be oxidized to 
form a glutathione disulfide (GSSG) in a reaction that can be catalyzed by glutathione 
peroxidases (GPX). Reduction of GSSG to 2 GSH is mediated by glutathione reductase 
(GR) again in an NADPH dependent reaction (107, 108). Hence, NADPH is a key factor 
in redox signaling because it functions both as the supplier for reducing equivalents 
to recycle the PRDX/TRX and GSH systems and as the cofactor for the ROS producing 
NOX/DUOX enzymes. The main source of NADPH in the cell is the pentose phosphate 
pathway (PPP), which branches off from glycolysis at the level of Glucose-6-phosphate. 
The activity of the PPP can be stimulated by inhibition of glycolysis downstream of 
Glucose-6-phosphate, and because this pathway also generates nucleotides for DNA 
replication it is commonly activated in cancer. (100). 
The high abundance of oxidation sensitive PRDX and GSH in the cell makes it counter 
intuitive that cysteines in other proteins can become oxidized with substantial 
stoichiometry before PRDXs are inactivated by overoxidation (109, 110). Therefore 
another model proposes that oxidized PRDX actually serves as an intermediate to 
oxidize specific target cysteines in a redox relay reaction (104, 111). 
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Spatiotemporal tuning of redox signaling
Redox signaling is affected by the constant changes in redox balances throughout the 
cell. Depending on the cells overall and localized metabolic states, changes in NAD+/
NADH and NADP+/NADPH ratios allow shifting between reducing and oxidative 
environments. These states can vary within different organelles and compartments of 
the cell by localized production and reduction of ROS, which results in localized  redox 
signals and thereby conveys specificity to these signals. As these localized redox states 
translate in protein oxidation or reduction, redox signaling becomes an essential part 
of signal transduction. Both cell intrinsic and extrinsic signals like nutrient availability, 
growth factor signaling, inflammation or wounding, can induce changes in the local 
redox state of the cell and result in for example starting the cell cycle or wound healing. 
The combined compartmentalized redox state including the NAD+/NADH, NADP+/
NADPH and GSH/GSSG ratios as well as the local thiol proteome that together determine 
the outcome of redox signaling has been dubbed the Redox Code by Sies & Jones(112). 
Also in cancer cells the redox balance changes in response to the accumulation of 
mutations and tumor stage, either through local changes in production of ROS by NOX 
and mitochondrial respiration as well as changes in metabolism and the availability 
of reductive enzymes, peptides and NADPH involved in antioxidant response (113). 
It would be impossible to describe all redox-dependent signaling events taking place 
in tumor cells, but below we aim to illustrate that redox signaling plays a role in all 
Hallmarks of cancer and that redox signaling is hardwired in tumor biology. 

Hallmarks of cancer from the redox perspective:
Sustaining proliferative signaling

Redox regulation of growth factor signaling
In healthy tissue homeostasis, stem cells give rise to cells with limited proliferative 
potential that will rapidly differentiate and form the tissue (Figure 1A). For tumors to 
arise, cells in the tissue need to overcome this limited proliferative potential. Under 
healthy conditions cells receive mitogenic cues from the surrounding tissue through 
growth factors (GF). Upon binding to extracellular growth factor receptor tyrosine 
kinases (RTK), cells respond by assembling the intracellular growth factor receptor 
complex SOS-GRB2-RAS and activation of the PI3K/PDPK1/PKB pathway (Figure 1B). 
Redox signaling is essential for entering the cell cycle as making the cellular redox state 
more reducing impairs RTK signaling and downstream cell cycle initiation (114).  Cell 
cycle entry and sustained proliferation is modulated by redox signaling and the latter 
influences the assembly of, and signaling by, these pathways at multiple levels (115). The 
first redox-signaling event upon GF-RTK binding is the activation of NADPH-oxidases 
(NOX) family members that release a burst of extracellular O2

-. After dismutation and 
reentry into the cell as hydrogen peroxide, the latter reacts with the catalytic cysteines 
of protein-tyrosine phosphatases, including 1B (PTP1B) at Cys215, 1D (PTP1D/SHP2) 
at Cys459 and phosphatase and tensin homolog (PTEN) at Cys124, resulting in their 
inactivation (116-122). Oxidation and hence inactivation of PTPs is required to allow 
signaling by RTKs to proceed at full capacity. Similarly, PTEN inactivation through 
oxidation results in enhanced levels of PIP3 in the cell membrane to ensure a robust 
platform for PKB/AKT activation.

Oncogenic mutations result in elevated ROS production
Mutations in growth factor signaling complexes are among the most frequently found 
in cancer. Activating mutations in for instance PI3K, PKB and RAS result in a sustained 
mitogenic signal and primes cells to become hyper proliferative (Figure 1C). Sustained 
growth factor signaling results in transcription and activation of NOX downstream of 
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active ERK (123). Consequently, oxidation of PTEN and PTP1B under these conditions 
might now be enhancing RTK signaling even further. Localized ROS production by 
NADPH-oxidases is clearly essential for the activation and fine-tuning of growth 
factor signaling (124). Excessive ROS production however, might also act as a negative 
feedback mechanism. It has been described that AKT/PKB can be directly oxidized on 
Cys297 And Cys310/311, resulting in inactivation (125-128). Also oxidation of PI3K 
has been detected and is proposed to be inactivating (129). Although redox signaling 
is essential for cell proliferation, excessive growth factor signaling can result in redox 
dependent negative feedback, by inhibiting mitogenic kinases and triggering stress 
signaling in response to damage by ROS. A recent paper suggests that the location of 
ROS production determines whether it acts mainly proliferative or anti-proliferative 
(130).

Evading growth suppression & gaining replicative immortality  

Oncogenic mutations in RAS, RAF, PI3K or AKT/PKB results in sustained proliferative 
signaling but do not necessarily result in uncontrolled proliferation (131). In light of 
this review, oncogenic transformation results in a more oxidizing redox state that will 
trigger pathways culminating into withdrawal from the cell cycle and activation of ROS 
detoxification pathways. Several tumor suppressor genes are involved in repressing 
tumor cell proliferation or guiding the cells to a permanent cell cycle arrest known as 
senescence. Pathways responding to oncogene-induced stress directly regulated by 
redox signaling are downstream of retinoblastoma protein (RB), p16INK4A, JNK/p38 
stress kinases, p53, NRF2 and FOXO transcription factors. Of which RB, p16INK4A and p53 
are the most prototypic tumor suppressors frequently lost or mutated in breast cancer 
(132, 133). Below we have briefly elaborated on the redox signaling properties of these 
growth-suppressive proteins and pathways.

RB is a cell cycle gatekeeper 
RB functions as the main switch on the irreversible restriction point from which cells 
prepare to enter S-phase and hence is a gatekeeper that decides over quiescence and 
proliferation (133). Active RB binds and inhibits E2F transcription factors, which are 
responsible for cell cycle progression through S, G2 and Mitosis (Figure 2A) (134). RB 
is inactivated through phosphorylation by CDK4/CDK6, the activity of which depends 
on Cyclin D and the latter is transcribed in response to mitogenic signaling (Figure 2B) 
(37).  Modulating RB activity in order to prevent unwanted cell cycle entry involves cell 
cycle dependent kinase inhibitors (CKI) including p21cip1/waf1, p27KIP1 and p16INK4A, which 
can be induced in response to oncogenic and redox stress. Transcription of CKIs will 
result in CDK4/CDK6/Cyclin D and CDK2/Cyclin E complex inhibition and therefore 
repression of RB phosphorylation (135). Pausing the cell cycle allows the cell to recover 
from redox stress until conditions are considered safe again for genome duplication and 
cell division. 
Although it is unclear if RB itself can be directly regulated through redox signaling, 
multiple pathways converging on RB are triggered and influenced by redox signals 
and will be discussed below. For example, RB can be actively dephosphorylated by 
the phosphatase PP2A, which is rapidly activated in response to elevated ROS levels. 
Whether cysteines in PP2A can be directly oxidized or whether PP2A is activated by 
upstream redox signals is unclear at this moment (136, 137). 

p16INK4A puts the lock on the cell cycle
The small tumor suppressor p16INK4A is an essential player in the regulation of RB 
activity and is proposed as the main player in oncogene induced senescence. p16INK4A 



Chapter 2: The hallmarks of cancer from a redox perspective

30

2

functions by binding to and inhibiting CDK4/CDK6. In response to ROS p16INK4A can get 
activated through stress kinase signaling (15, 138). 
Stress kinases JNK and p38 are activated in response to redox signaling through the 
Apoptosis signal-regulating kinase 1 (ASK1). Under normal conditions ASK1 is kept 
inactive by TRX, but as the levels of ROS increase in the cell ASK1 becomes oxidized 
and therefore active. Active ASK1 phosphorylates p38 and JNK, which in response 
phosphorylate FOXO, p53 and ETS transcription factors (Figure 2C)(15, 138). Activation 
of FOXOs and inhibition of ETS results in upregulation of p16INK4A by two different 
mechanisms. First, ETS is a direct transcriptional repressor of p16INK4A and is released 
from this locus by p38/JNK phosphorylation (139). Second, the FOXO target gene 
CITED2 can modulate the activity of the p16INK4A transcriptional repressor BMI1 (140, 
141). If the redox signal is sustained, the cell either enters p16INK4A mediated senescence 
or will undergo apoptosis (142, 143). Interestingly, cysteine oxidation of p16INK4A has 
been detected but the role hereof has not been elucidated yet (17). 

P53 protects against hyper proliferation and oxidative damage
P53 acts to prevent permanent damage to the genome by responding to cellular stresses 
including DNA-damage, oncogene activation, oxidative stress, nutrient depletion, 
hypoxia, ribosome-stress and ER-stress (144). Under healthy conditions p53 levels are 
low due to rapid MDM2-mediated protein turnover, but when a cell encounters adverse 
conditions, p53 is stabilized and activated through a multitude of post-translational 
modification including phosphorylation, sumoylation, acetylation and methylation 
(Figure 2A&B)(145). Depending on the type of stress and how detrimental the stress is 
to the cell p53 can function in a temporary arrest and recovery from the insult, drive the 
cell into a permanent withdrawal from the cell cycle or activate apoptosis. P53 is redox 
sensitive and a number of cysteine residues, especially in the DNA binding domain, can 
be targeted by oxidation and glutathionylation (146, 147). 

Functional effects of oxidative modifications on p53 are still poorly understood but have 
been found to intervene with DNA binding and differential p53 target gene regulation 
(148-154). P53 function in regulating the cell cycle depends largely on its target gene 
p21cip1/waf1. Transcription of p21cip1/waf1 will result in CDK4/CDK6/Cyclin D, CDK2/Cyclin 
E inhibition and therefore the induction of a reversible cell cycle arrest (135). In parallel 
with p21cip1/waf1 function to halt the cell cycle, p21 cip1/waf1 also mediates the activation 
of Nuclear Factor 2 (NRF2), a major antioxidant response transcription factor (155). 
NRF2 is in a complex with Kelch like-ECH-associated protein 1 (KEAP1) and the Cullin 
3 (CUL3) ubiquitin ligase and degraded under healthy redox conditions. As p21cip1/waf1 
levels rise in response to cellular stress, p21cip1/waf1 competes for NRF2 binding with 
KEAP1 and this displacement results in stabilization and nuclear translocation of NRF2 
(156). KEAP1 can also be oxidized and inactivated directly at several of its 27 cysteine 
residues, of which Cys151 is key to ensure NRF2 stabilization (157). When the cell has 
resolved the damage, p53 levels will drop and the cell will continue the cell cycle. 
With respect to oxidative stress p53 is described to prevent damage caused by ROS 
through transcriptional regulation of several genes that contribute to maintaining 
redox homeostasis either directly or indirectly including: TP53-inducible glycolysis and 
apoptosis regulator (TIGAR), Aldehyde dehydrogenase 4 (ALDH4), Manganese Super 
Oxide Dismutase (MnSOD) and Glutathione peroxidase (GPX). TIGAR acts as a metabolic 
switch and diverts glucose from glycolysis into the Pentose Phosphate pathway (PPP) 
and hence elevates NAPDH production used for reducing PRDX/TRX and GSH pools. 
ALDH4 generates the GSH precursor glutamate as part of the proline degradation 
pathway. MnSOD dismutates O2

- into H2O2, which is subsequently reduced to H2O by 
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Figure 2: Redox signaling in tum
or suppression

(A) Quiescent cells render E2F transcription factors inactive and hence prevent the cell from
 entering the cell cycle. RB inhibits E2F and transcription factors including 
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the GPX and PRDX systems or used as the second messenger in redox signaling (144).  

FOXOs maintain redox homeostasis
The family of Forkhead Box O (FOXO1, FOXO3, FOXO4, FOXO6) transcription factors 
plays a crucial role in regulation of the cell cycle and redox homeostasis (2, 3). FOXOs 
function downstream of canonical PI3K/PKB signaling, by which it is kept inactive 
and sequestered in the cytoplasm by 14-3-3 proteins (7, 8). Upon loss of GF-signaling 
and PKB activity, FOXOs are released and translocate to the nucleus where they can 
mediate transcription of a plethora of target genes (11, 12). FOXOs are proposed tumor 
suppressors as loss of FOXOs results in increased tumor formation and activation of FOXO 
results in cell cycle arrest and apoptosis (35, 61, 158). FOXOs mediate the transcription 
of p16INK4A, p19INK4D, p21CIP1/WAF1 and p27KIP1 CKIs, keeping cells in a quiescent state in the 
absence of GF-signaling (Figure 2A)(2). Next to their role in cell cycle regulation, FOXOs 
are part of the p38/JNK stress response and regulators of overall redox homeostasis 
(2). When cells encounter high ROS levels, FOXOs can become activated through 
phosphorylation by JNK. Activated JNK phosphorylates FOXOs and thereby overrules 
AKT/PKB mediated cytoplasmic sequestration (15). In response FOXOs will mediate 
the transcription of antioxidant genes like MnSOD, SOD2, Catalase, Sestrin, PRDX3, 
GPX1, GSTM1 and CKIs to reduce the oxidative stress and arrest the cell cycle (26, 159, 
160). 
FOXOs have been shown to be oxidized on several cysteines in response to low  H2O2 
levels (20). This results among others in the binding to nuclear import proteins. 
Oxidation of Cys150 in FOXO3 mediates the binding to Importin 7 and 8 (IPO7/8) and 
oxidation of Cys239 in FOXO4 was shown to result in disulfide dependent binding to 
Transportin 1 (TNPO1). Binding to IPO7/8 and TNPO1 subsequently results in FOXO 
translocation to the nucleus where it is now able to mediate transcription (17, 18). 
Next to redox mediated translocation, transcriptional activity of FOXOs can be directly 
influenced by cysteine oxidation. The acetyltransferases CBP and p300 can acetylate 
FOXO4 and histones in response to oxidative stress. The binding of CBP/p300 to 
FOXO4 is mediated by reversible covalent disulfide binding to Cys477 (31). How CBP/
p300 exactly regulates FOXO transcriptional activity remains a point of debate since 
acetylation of histones is correlated to gene activation but acetylation of FOXOs can 
result in differential transcriptional activity and inactivation (32, 33, 161, 162).

Gaining replicative immortality  
Additional to avoiding oncogene-induced senescence, tumor cells need to deal with 
telomere erosion caused by hyper proliferation. Each cell division telomere length 
is shortened due to the end-replication problem and in non-stem cells (that express 
telomerase) this will result in withdrawal from the cell cycle when telomeres become 
critically short (known as the Hayflick limit) (163, 164). Cancer cells deal with telomere 
erosion mainly through upregulation of the telomerase reverse transcriptase TERT. 
TERT extends telomere length by adding telomeric repeats at the end of chromosomes 
to maintain telomere length and thus to avoid triggering the DNA damage triggered 
by uncapped chromosomes (165).  Although the exact mechanisms are still under 
investigation, redox signaling has been connected to telomere erosion by several studies 
and telomere erosion has been correlated to high levels of ROS (166, 167). 
In parallel to its function in telomere extension, TERT functions to protect telomeres 
from oxidative damage both by increasing the cells antioxidant capacity through 
stimulating GSH generation and limiting mitochondrial ROS production (168). Also 
the redox-regulated endonuclease APE1, which is involved in base excision repair (as 
discussed in detail below), has been found to protect cells from telomere erosion in 
response to elevated ROS concentrations even in the presence of high TERT levels 
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(169).  Taken together, although the underlying molecular mechanisms are far from 
clear, redox signaling and replicative immortality are interconnected at various levels. 
To acquire the “sustained proliferation”, “evasion of growth suppression” and “gaining 
replicative immortality” hallmarks, cancer cells must undergo oncogenic transformation. 
In breast cancer, mutations that give rise to these hallmarks are most commonly 
found in the PTEN/PI3K/PKB pathway (Figure 2C)(170). Hyperactivation of growth 
factor signaling overcomes the requirement for extracellular growth factor signals. 
Circumventing RB repressive signals generated by stress activated tumor suppressors 
p16INK4A and p53, is mainly the result of inactivating mutations in these genes. 
Interestingly, mutations in FOXO transcription factors are rarely reported in cancer but 
sustained PI3K/PKB signaling is likely sufficient to inhibit the FOXO tumor suppressor 
response. In addition, it is tempting to speculate that keeping FOXO transcription factors 
around comes with the benefit of retaining redox and metabolic adaptability, a property 
that might be contributing to stress resilience and tumor plasticity.

Resisting cell death

Oncogenic transformation culminates in high ROS production in the cancer cell. When 
a cell is exposed to levels of ROS that surpass the clearance rate and ROS become 
damaging, the stress response machinery is activated and this may lead to the onset 
of apoptosis. Apoptosis can be triggered through several cell intrinsic and extrinsic 
signals that converge on Caspase 3 and Caspase 7, which are the final and irreversible 
executioners. Extrinsic apoptotic stimuli comprise of Tumor necrosis factor (TNF), 
TNF related apoptosis inducing- (TRAIL) and FAS-ligands (FasL) that activate the TNF 
(TNFR) and Death (DR) receptor family of extracellular receptors respectively. These 
ligands can be secreted by different sources like immune cells, neighboring cells or 
autocrine signaling in response to stress or inflammatory signals. Although extrinsic 
and intrinsic apoptosis are mechanistically different, canonical extrinsic apoptosis 
signals will ultimately result in Caspase 8 mediated Caspase 3 cleavage and activation. 
Activation of DR and TNFR can also result in the activation of ASK1, JNK/p38 and the 
downstream stress response (42, 43).
From a redox perspective intrinsic apoptosis is most interesting however, as this is a 
redox regulated process that is executed largely by mitochondria. Only few proteins 
directly involved in apoptosis are described to be regulated by cysteine oxidation to 
date, of which BCL2 is a good example (171). The decision to undergo apoptosis 
is ultimately determined by the status of the BAK and BAX proteins. BAK/BAX are 
usually in an inactive conformation on the outer membrane of mitochondria. BAK/
BAX activity is regulated through competitive binding of anti-apoptotic factors BCL2, 
BCL-XL or MCL1 to the pro-apoptotic BH3-only proteins  BIM, BAD, BID, PUMA, NOXA, 
BOK or BMF. Anti-apoptotic factors render BAK/BAX inactive, but upon binding 
to BH3-only proteins BAK/BAX become activated, leading to oligomerization and 
subsequent opening of the permeability transition pore (PTP) and mitochondrial outer 
membrane permeabilization. Cyctochrome C (CytC) is released upon permeabilization 
of mitochondria. CytC is the key component of the apoptosome complex which induces 
the cleavage of pro-caspase 3 subsequently driving the cell into apoptosis. The onset of 
apoptosis can be triggered by cell autonomous and non-autonomous signals of which 
high ROS levels and associated oxidative stress is an example (44, 172).  
BCL2 is an important anti-apoptotic protein and can be oxidized at Cys158 and Cys229, 
leading to interference with its anti-apoptotic functions and increased sensitivity of cells 
to apoptosis (171). Interestingly, hydrogen peroxide signaling has also been reported to 
stimulate apoptosis directly in a BAX/BAK and death receptor independent manner by 
oxidizing Cofillin (173). Cofillin functions in actin organization but upon oxidation of all 
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four cysteines (Cys39, Cys80, Cys139 & Cys147), cofillin translocates to mitochondria 
and induces PTP opening followed by the induction of apoptosis (173). 
As discussed above, hydrogen peroxide can both directly and indirectly activate the 
JNK/p38, p53 and FOXO pathways, which next to ROS detoxification are also regulators 
of apoptotisis.  Especially p53 and FOXOs are involved in the oxidative stress response, 
stimulating apoptosis by driving the expression of NOXA, PUMA and BIM and BMF.  The 
apoptotic response is not solely a response to oxidative stress but also generates high 
levels of ROS, mostly as a result of changing mitochondrial membrane potential (MMP) 
(43, 102).
Not only the mitochondria are contributing to apoptosis by elevating ROS levels, but 
generation of ROS also appears to be part of the apoptosis inducing program of p53. 
Activated p53 results in the transcription of several genes involved in creating a more 
oxidative milieu in the cell including Quinone oxidoreductase (PIG3), proline oxidase 
(PIG6), PUMA and p66shc (174-177).
The expression of pro apoptotic BH3-only protein PUMA functions by directly 
competing for BAK/BAX binding and in this process enhances superoxide leakage 
from the mitochondria (152, 175). The adaptor protein p66shc is a negative regulator 
of RAS signaling and functions by competing with the SOS-GEF for binding tot the 
RAS-GRB2 complex. By doing so, p66shc expression stimulates NOX activity in a SOS-
RAC1 dependent way and thereby enhances ROS production similar to the role of NOX 
in proliferation (178, 179). Additionally p66shc directly interacts with and oxidizes 
Cytochrome C, in a reaction that results in hydrogen peroxide production. Combined 
activation of NOX and enhanced hydrogen peroxide production in mitochondria by 
p66shc, PIG3 and PIG6 leads to an increased oxidative state in the cell and is proposed 
to function as an amplification signal stimulating the induction of apoptosis (176, 177).
Tumor cells overcome the induction of apoptosis by either losing tumor suppressor 
genes, most notably p53, or elevation of the apoptotic threshold. Elevated expression 
of BCL2, MCL1 and BCL-xl is often detected in cancer and allows tumor cells to evade 
apoptosis (180). Oncogenic mutant PI3K and KRAS generate upstream signals that 
inhibit pro apoptotic BH3-only family members. ERK activation downstream of a 
RAS or RAF mutation leads to the inhibitory phosphorylation of BIM and BMF (181, 
182). In PI3K/PTEN mutant cells hyper-activated PKB directly inhibits BAD and BAX 
by phosphorylation (183, 184). Additionally, inhibition of FOXO by PKB restricts the 
induction of BIM and BMF transcription (185).  Taken together, oncogenic mutations 
and concomitant loss of tumor suppressors in cancer cells are able to tilt the apoptotic/
anti-apoptotic balance towards survival even in adverse situations like oxidative stress. 
Interestingly, high ROS levels lower the apoptotic threshold of cancer cells and even 
contribute to the irreversibility of apoptosis induction. This provides a rationale for 
targeting cancer cells by either elevating ROS production even further or repressing the 
antioxidant capacity, tipping the balance back towards apoptosis.

Deregulating cellular energetics

Metabolism is fundamental to redox signaling
Metabolism is central to redox homeostasis and signaling as the oxidative 
phosphorylation cycle in the mitochondria is one of the main sources of ROS as 
explained above. Furthermore, reductive entities like NADPH are generated as products 
of enzymatic steps in multiple metabolic routes (102, 186). 
As mentioned, NADPH can be generated in the PPP but also as a product of isocitrate 
dehydrogenases (IDH1, IDH2, IDH3) during conversion of isocitrate to a-ketoglutarate 
in the cytoplasm or TCA cycle (102). The cell’s reductive capacity also relies on sufficient 
GSH levels and as this is a glutamate-cysteine-glycine tripeptide, it relies on amino acid 
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metabolism for its synthesis (Figure 3A). Glutamate, Cysteine and Glycine are non-
essential amino acids and can either be supplied by nutrient uptake from the food or 
synthesized de novo. Glutamate is generated from glutamine by glutaminases (GLS1 
and GLS2) and can be subsequently used to generate a-ketogluterate for utilization in 
the TCA cycle or the generation of GSH (187). Serine metabolism is used for generation 
of Cysteine and Glycine (188). The first step in GSH synthesis is the generation of 
g-glutamylcysteine by g-glutamylcysteine synthetase (g-GCS) and is followed by Glycine 
addition through gluthation synthetase (GSS) to form GSH (Figure 3A)(189). When ROS 
production out-balances the reductive capacity of the cell, hydrogen peroxide itself 
signals to reduce mitochondrial respiration by inhibiting glycolysis and divert glucose 
into the PPP. Both Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and the cancer 

LDHA
Lactate

Glucose

PPP

TCA
Cycle

Ser Gly

Glucose-6-phosphate

3-phosphoglycerate

Pyruvate

Actetyl-CoA

Citrate

Isocitrate

α-ketogluterate
Succinate

Succinyl-CoA

Fumarate

Malate

Oxaloacetate

NADPHNADP+

G6PD

PDH

PKM1

GSS

HK

ATP

ATP

ATP

ATP
ATP

ATP
ATP

ATP

PHGDH

ATP ATPATP

ATP

ATP
ATP ATP

ATP

ATP

ATP
ATP

ATP

ATP
ATP

ATP

ATPATP

ATP

ATP
ATP

NAD+NADH

OXPHOS

Glycolysis

PDK
GLDH

GSH

GSSG

H2O2

GPXGRS

NADP+

γ-glutamylcysteine

Gln

Glu

γGCS

GLS
Cys

p53

GLUT

Glucose

p53

p53

FOXO ATM

FOXO

p53

OX OX

PFK1

GAPDH
GAPDH

LDHA
Lactate

Glucose

PPP

TCA
Cycle

Ser Gly

Glucose-6-phosphate

3-phosphoglycerate

Pyruvate

Actetyl-CoA

Citrate

Isocitrate

α-ketogluterate
Succinate

Succinyl-CoA

Fumarate

Malate

Oxaloacetate

NADPHNADP+

G6PD

PKM2

GSS

HK

ATP
ATP

PHGDH

ATP

ATP

ATP

ATP

ATP
ATP

NAD+NADH

GLDH

GSH

GSSG

H2O2

GPXGRS

NADP+

γ-glutamylcysteine

Gln

Glu

γGCS

GLS
Cys

GLUT

Glucose

p53 ATMPKB FOXO
PP PWarburg

PKB

RASV12

ATP
ATP

ATP
ATP

ATP
ATP

PKM2
OX

PFK1

A B

Healthy cell Cancer cell

OX

SH

SH

SH
OX

ATPATP

ATP
ATP

ATP
ATP

ATP
ATP

GAPDHGAPDH
SHOX

PKB

Figure 3: Redox homeostasis is mediated by cell metabolism 
(A) In a healthy cell, metabolism is balanced between OXPHOS (green arrows) and glycolysis (blue arrows). 
Quiescent cells mostly utilize OXPHOS for maintaining sufficient ATP levels. Available glucose is processed to 
Acetyl-CoA through glycolysis and is used to fuel the TCA cycle. When cells become proliferative, mitogenic 
signaling stimulates glycolysis and pyruvate fermentation to lactate as well as synthesis of amino acids 
and nucleotides. OXPHOS generates high levels of superoxide and when the redox balance becomes more 
oxidizing, oxidation of FOXO, ATM, GAPDH and stress kinase activation of p53 will stimulate glycolysis and 
the pentose phosphate pathway (PPP) for NADPH generation by G6PD. Additionally glutamine (Gln) uptake 
and serine (Ser) metabolism is increased and the GSH synthesis pathway is stimulated. (B) Cancer cells 
shift to using glycolysis for ATP production although oxygen is present, known as the Warburg effect (Red 
arrows). Mitogenic signaling by PKB/AKT continuously stimulates glucose uptake and glycolysis by activating 
GLUT, Hexokinase (HK) and Phosphofructokinase 1 (PFK1). Hyperactivate RAS stimulates the synthesis of 
a-ketogluterate from Glutamate (Glu) to fuel the TCA cycle.  Even though tumor suppressors involved in redox 
homeostasis are frequently lost in cancer, the build-up of ROS can be counter balanced by oxidation of GAPDH 
and PKM2, ensuing rerouting of glucose  into the PPP to produce NADPH required for TrxR and GR. 
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cell specific Pyruvate kinase isozyme M2 (PKM2) are essential glycolytic enzymes that 
can be inactivated by oxidation directly (190, 191). GAPDH converts glyceraldehyde 
3-phosphate to D-glycerate 1,3-bisphosphate during glycolysis but upon oxidation of 
Cys152 GAPDH is rendered inactive and glycolysis is inhibited (192, 193). Likewise, 
hydrogen peroxide can directly inhibit the rate-limiting step of glycolysis by oxidizing 
Cys358 in PKM2 and thereby block glycolysis atop of GAPDH inhibition in cancer cells 
(190). Both these redox modifications lead to diversion of glucose into the PPP, driving 
NADPH regeneration and boosting the cellular reductive capacity. It has been shown 
that failure to inhibit PKM2 severely hampers tumor growth, which can be overcome by 
supplementation with antioxidants(190).

The Warburg effect
Highly proliferative tumor cells require great amounts of building blocks for 
macromolecules like amino acids, nucleotides and fatty acids. In order to maintain 
this hyper-proliferative state cancer cells switch their metabolism to supply the need 
for macromolecular biosynthesis (Figure 3B). Tumor cells enhance their glucose up-
take and switch from low glycolysis rate combined with the TCA and OXPHOS, to ATP 
production through aerobic glycolysis followed by pyruvate fermentation to lactate. 
Next to having high aerobic glycolysis, cancer cells reroute glucose carbons into the 
PPP for enhanced production of amino acids, NAPDH, nucleotides and fatty acids. The 
TCA cycle is still active in tumor cells but now is often mainly dependent on glutamine 
instead of glucose. Rather than using the TCA cycle products for ATP generation, cancer 
cells utilize the TCA cycle for the biosynthesis of macromolecule precursors. This 
phenomenon was already observed in the early twentieth century by Otto Warburg and 
hence is called the Warburg effect (Figure 3B) (186, 194, 195). 

Oncogenic mutations reroute metabolism
Common mutations found in cancer have a direct impact on metabolism. Oncogenic 
mutations in the KRAS and PI3K pathways result in stimulation of glucose uptake 
by enhancing membrane translocation of GLUT1 and GLUT4 glucose transporters 
and glycolysis (196, 197). Additionally, AKT/PKB activates Hexokinase (HK) and 
phosphofructokinase (PFK1/2), thereby enhancing glycolysis (198). Mutations in the 
KRAS pathway also stimulate glycolysis and additionally influence TCA cycle activity by 
feeding glutamine into the cycle as the major source of carbons (Figure 3B). Although 
the exact mechanism needs to be unraveled, RAS mutation increases the cells efficiency 
to use all available resources under low oxygen conditions by forcing glucose into 
glycolysis and the PPP and glutamine into the TCA cycle (196, 199, 200). Oncogenic 
transformation and consequential ROS production by growth factor signaling, is thus 
compensated for by enhancing the cell’s reductive capacity by PPP dependent NADPH 
production and GSH production via glutamine. Interestingly, cancer cells have low TCA 
cycle and OXPHOS activity, but RAS enhances ROS generated by OXPHOS and this ROS 
production is essential for proliferation (199).  

Tumor suppressors counter oncogene induced metabolic reprogramming
Several frequently mutated tumor suppressors are involved in regulating cell 
metabolism. Tumor suppressors respond to elevated ROS levels or nutrient starvation 
and stimulate ROS detoxification and catabolism, in contrast to oncogenic mutations 
that stimulate anabolic metabolism.  When glucose becomes limited as a result of 
oncogene induced hyper-activation of glycolysis, ATP levels in the cell drop and p53 
and FOXOs are being activated by phosphorylation downstream of the ATP/AMP ratio 
sensor AMPK. Activation of p53 and FOXO and their subsequent target genes instruct 
the cell to lower glycolysis and use fatty acids and glutamine as TCA cycle precursors 



37

Chapter 2: The hallmarks of cancer from a redox perspective

2

(2, 144). P53 reduces glucose uptake by suppression of GLUT1, GLUT3 and GLUT4 
transcription (201, 202). Simultaneously, p53 activates the transcription of TIGAR and 
represses the expression of several glycolytic enzymes. TIGAR reduces the production 
of fructose-2,6,-bisphosphate which is the activator of phosphofructokinase 1 (PFK1) 
and the commitment step for glycolysis (203-205).  Although glycolysis rates are low, 
p53 represses pyruvate dehydrogenase kinase 2 (PDK2) expression to ensure pyruvate 
dehydrogenase (PDH) is not inhibited by its phosphorylation and residual pyruvate can 
still be converted to Acetyl-CoA for use in the TCA cycle and ATP production (206). 
Next to lowering the glycolysis rate p53 actively stimulates the use of glutamine in the 
TCA cycle by inducing expression of glutaminase 2 (GLS2), which converts glutamine 
to glutamate (207, 208). Additionally, p53 stimulates the generation of TCA cycle 
and OXPHOS components Acetyl-CoA, NADH and FADH by increasing expression of 
carnitine palmitoyltransferase 1C (CPT1C), lipin 1 (LPIN1) and Pantothenate kinase 1 
(PANK1), which mediate fatty acid transport to the mitochondria and b-oxidation (209, 
210). Taken together, under nutrient deprived conditions p53 reduces glucose up-take 
and glycolysis rate and simultaneously ensures ATP production by the TCA cycle and 
OXPHOS through glutamine metabolism and b-oxidation (144). 
In line with the dual role of p53 in redox homeostasis and apoptosis, p53 can also fulfill 
an opposite role in metabolism and is known to regulate genes that enhance glycolysis, 
reduce the PPP needed for NADPH and nucleotide synthesis, required in p53 DNA 
damage and redox response (211-214).
Next to regulating glycolysis, p53 also mediates amino acid metabolism and specifically 
serine metabolism, which is essential for delivering the amino acids for GSH synthesis. 
As serine levels drop, p53 stimulates de novo serine synthesis by inducing a p21 
dependent transient cell cycle arrest (215, 216). In parallel, pyruvate kinase isoform 2 
(PKM2) activity is reduced, as serine is an allosteric activator of PKM2. Combined low 
PKM2 activity and the p21 induced cell cycle arrest allow cancer cells to replenish the 
serine pool (217, 218). 
Induction of FOXO activity by nutrient stress induces similar effects as seen with 
p53. FOXOs reduce glycolysis by regulating the expression of phosphoenolpyruvate 
carboxykinase (PEPCK) and glucose-6-phosphatase (G6PD) in response to glucose 
deprivation (25, 219, 220).  Additionally FOXOs stimulate autophagy by inducing 
glutamate to glutamine conversion through glutamine synthase (GS) expression, which 
leads to inhibition of mTOR (221). The TCA cycle can be maintained by FOXO mediated 
IDH1 transcription and subsequent generation of a-KG (222). In response to redox 
signaling, FOXOs modulate metabolism by stimulating GSH synthesis trough enhanced 
serine metabolism as a result of lowered PKM2 activity and upregulation of the PPP for 
enhanced production of NAPDH (19).
As becomes apparent, oncogenic mutations in the PI3K and KRAS pathways elevate 
redox signaling by increasing ROS generation through sustaining GF-signaling and 
antagonizing this by reprogramming metabolism and enhancing the reductive capacity 
of the cell. To maintain the oxidative glycolysis state, tumor cells need to either lose or 
inactivate tumor suppressors like p53 and FOXO to ensure these transcription factors 
do not deviate the cell from this state. Indeed p53 is often lost and FOXO efficiently 
inactivated downstream of PI3K. Interestingly, FOXOs are still functional and can be 
activated by AMPK, stress kinases and redox signaling. FOXOs might therefore be useful 
for cancer cells to adapt to adverse conditions by retaining metabolic and proliferative 
flexibility. 
Taken together, deregulated cellular energetics is likely a necessary adaptation to the 
high metabolic demand and elevated ROS generation in tumor cells. Redox signaling 
plays a role in this adaptation at several levels and targeting cancer metabolism is 
currently being explored in clinical trials (223, 224). 
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Genome instability and mutation  

Cancer is a mutation-driven disease and changes in genome integrity are widespread in 
cancer cells and range from single nucleotide mutations to chromosome rearrangements 
(genetic instability) and even the loss or gain of complete chromosomes after aberrant 
mitosis (Genomic instability, aneuploidy). During the course of life the genome is 
under constant attack as there are many circumstances that damage DNA, i.e. UV-light, 
radiation, toxins, metabolites and importantly ROS. The discovery that ROS are able to 
damage the DNA led to postulation of the free radical theory of ageing, a model where 
the constant need of oxygen and the consequential generation of ROS explains the 
degradation of an organism in time (225). This theory is found to be incorrect as the 
exact role and effects of endogenous ROS on genetic stability is heavily debated and ROS 
are equally essential for life (226, 227).
Under healthy conditions the cell encounters 104-105 insults to the DNA per day and the 
cell safeguards its genome by an elaborate cell homeostasis and DNA Damage Response 
(DDR) system (228).  With respect to redox homeostasis, cells generate a reduced 
environment by constantly counter-balancing ROS production with the PRDX/TRX 
and GSH systems. In situations when protection by PRDX/TRX and GSH are insufficient 
and the cell suffers from damage caused by ROS, JNK/p38, p53, NRF2 and FOXO stress 
response is activated as delineated above. Although all these players in the oxidative 
stress response are connected to the DDR, repairing the actual DNA damage is highly 
dependent on a specific set of DDR proteins including the redox regulated kinase ATM. 
Most common DNA lesions are single nucleotide adducts which can impair base pairing, 
transcription, replication, and lead to single strand breaks (SSB). As the complementary 
strand is still intact these lesions are quickly resolved by nucleotide excision repair 
(NER) or base excision repair (BER), which remove the aberrant nucleotide or base 
prior to transcription coupled repair to replace lost nucleotides (Figure 4) (229, 230). 

Dealing with oxidative DNA damage
The most common form of DNA damage as a result of high ROS levels is oxidation 
of dGTP to 8-oxodGTP (8-oxoG) and dATP to 2-hydroxy-dATP (2-OH-dATP), which 
can cause mismatched pairing and nucleotide substitutions in de the genome. The 
formation of oxidized dNTP can happen both on the DNA but also on free nucleotides 
prior to DNA replication. In order to prevent incorporation and accumulation of oxidized 
nucleotides in the DNA, cells employ multiple sanitizing mechanisms (231). Preventing 
incorporation of oxidized dNTP is mediated by the MTH1 proteins, which converts 
oxidized dNTP into monophosphates and thereby removes them from the pool of 
available dNTPs for replication (232).  When oxidized dNTP is incorporated in the DNA 
or arise de novo on the DNA, oxidized nucleotides are predominantly removed by BER.  
Oxidized dNTPs are recognized by a set of DNA glycosylases like 8-oxoguanine DNA 
glycosylase (OGG1), VIII–like DNA glycosylase (NEIL1-3), endonuclease III glycosylase 
(NTH1) and N-methyl purine DNA glycosylase  (AAG). DNA glycosylases excise the 
damaged base, leaving an apurinic, apyrimidinic or abasic site, which subsequently 
recruits and is processed by AP endonuclease APE1 followed by transcription coupled 
repair (233). In parallel to APE1 function in BER, APE1 functions as a major redox 
regulator of several transcription factors involved in stress response and DNA damage 
signaling. Although the exact mechanism of APE1 function as a redox regulator needs 
to be elucidated, the current model proposes Cys65 to be a reactive cysteine that can 
react with various oxidized proteins and Cys93 is expected to be the resolving cysteine 
(234). As a redox regulator APE1 can interact with p53, HIF1a, AP-1 and multiple tissue 
specific transcription factors to keep them in a reduced and active state (Figure 4) (235-
237). 
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Next to sanitizing the oxidized nucleotide pool by MTH1 and the BER machinery, 
BRCA1 and 2 are essential with respect to preventing and repairing ROS induced dNTP 
oxidation. BRCA1 and 2 stimulate BER by enhancing transcription of NTH1, OGG1 and 
APE1 through direct binding of the OCT1 transcription factor (238). Not only are BRCA1 
and 2 required for efficient repair of oxidized DNA lesions, they are also involved in 
regulating the expression of antioxidant genes by directly mediating NRF2 activity 
through competitive binding with KEAP1 (239-241). 

ATM in redox signaling
More severe types of damage like inter-strand crosslinks and double strand DNA 
breaks (DSB) are more complex to repair. Repair of DSBs can be accomplished by error 
prone non-homologous-end-joining (NHEJ) or more secure but S/G2-phase restricted 
homologous recombination (Figure 4) (HR) (242, 243).  Upon DSB detection cells will 
activate DDR Kinases ATM and ATR and attempt to perform HR mediated by MRN 
(MRE11-RAD51-NBS1), BRCA1 and BRCA2 complexes. Interestingly key members of 
the DDR, namely; p53, BRCA1, BRCA2, and ATM are frequently mutated in breast cancer. 
p53 and ATM are involved in regulation of the DNA damage checkpoint ensuring that 
cells do not progress through the cell cycle as long as DNA damage remains.  As soon as 
the cell encounters DSBs, ATM is activated by the MRN complex and in turn activates 
CHK1, CHK2 and p53. Together these kinases stimulate DNA repair and keep CDK/
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Figure 4: Preventing and repairing oxidative DNA damage
Oxidation of deoxyguanosine triphosphate (dGTP) is common and results in the formation of 8-Oxo-2'-
deoxyguanosine (8-oxodG). Incorporation of 8-oxodG is prevented by MTH1. Upon incorporation of oxidized 
nucleotides, mismatches are induced and nucleotide excision repair is activated. OGG1 and APE1 remove the 
oxidized nucleotide from the DNA followed by transcription-coupled repair. APE1 additionally functions to 
keep p53 in a reduced and active state. BRCA1 and BRCA2 prevent oxidative DNA damage by activating NRF2 
through inhibition of KEAP1 and mediate OCT1 transcriptional activity in order to enhance the expression 
of APE1, OGG1 and MTH1.  When double strand breaks (DSB) arise in the DNA, BRCA is essential to mediate 
homologous recombination and ensure error free DNA repair. In parallel DSBs trigger ATM activation through 
recruitment of the MRE1-RAD51-NBS1 (MRN) complex, ATM subsequently activates p53 directly and by CHK 
phosphorylation. Redox signaling can also directly influence ATM activity independent of DNA damage, as 
oxidation of ATM leads to the formation of an active ATM dimer. 
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Cyclin complexes inactive, contributing to arresting the cell cycle and allow the cell to 
repair the damage (Figure 4). 
Similar to BRCA1 and 2, ATM is involved in the regulation of redox homeostasis and 
prevention of oxidative DNA damage in parallel to its canonical role in DDR. In patients 
loss of ATM leads to Ataxia–telangiectasia (A-T) caused by neuronal degeneration and 
accompanied cancer predisposition, two phenotypes proposedly caused by defects in 
DDR.  Additionally, cells lacking ATM exhibit increased sensitivity to oxidative stress and 
show impaired stress response (244). Indeed ATM can function in many other pathways 
next to DDR and influence redox homeostasis on multiple levels.  Interestingly, ATM 
function outside of DDR is directed by redox signaling through oxidation of Cys2991. In 
DDR ATM functions as a monomeric kinase but upon Cys2991 oxidation ATM forms a 
homodimer, which is active independent of DNA damage (245). Although it is unclear 
which ATM targets are dependent on the monomeric or dimeric form, it is tempting to 
speculate that oxidation of ATM induces differential target regulation and makes ATM a 
redox sensor additional to its function in the DDR (244, 246). 
Some ATM substrates that influence redox homeostasis are p53, G6PD, 4EBP1, NEMO, 
LKB1 and HIF1α. Activation of p53 leads to a cell cycle arrest and up regulation of anti 
oxidant gene expression as discussed above. Additionally, another major cue to regulate 
redox homeostasis is by mediating changes in cell metabolism by stimulating PPP and 
reducing oxidative phosphorylation. G6PD is an essential enzyme in the PPP to generate 
NADPH from NADP+ as discussed above. ATM enhances the cells reductive capacity by 
elevating G6PD activity through HSP27 phosphorylation and its subsequent binding to 
G6PD, (247). 
Taken together it is clear that redox signaling plays an important role in regulation 
of the activity of several DDR proteins. Altered redox homeostasis may contribute to 
deregulation of for instance BRCA1, BRCA2, p53 and ATM and will impair DDR and 
enhance the DNA mutation rate in healthy cells, predisposing them for accumulation of 
oncogenic mutations. Cells lacking these tumor suppressor genes are able to continue 
proliferation in the presence of DNA damage and thereby can more rapidly acquire 
mutations that provide other hallmarks of cancer. 

Inducing angiogenesis

Sustained proliferation, evasion of growth suppression and escape from apoptosis will 
ultimately result in a neoplasm, which will increase in size over the course of time. 
Acquiring sufficient nutrients and oxygen becomes challenging with the gain of tumor 
mass and this will result in hypoxia and starvation of the core of the tumor. In response 
to hypoxia, cells stimulate the tumor environment to supply oxygen and nutrients. 
Hypoxia is the ultimate stimulus for the body to start the build-up of new vascular beds, 
a process called angiogenesis, and is dependent on the oxygen concentrations in the 
cells. The key regulator of the response to oxygen levels is hypoxia inducible factor 1 a 
(HIF1a) (248). Under normoxia, HIF1α is rapidly degraded by ubiquitinylation, which in 
turn is regulated through proline hydroxylation that is catalyzed by prolyl hydroxylases 
(PHDs). Hydroxy proline in HIF1α forms a docking site for the von Hippel Landau 
(VHL) adaptor protein that allows the Cullin E3 ligase to target HIF1α for proteosomal 
degradation. PHDs are the oxygen sensors in this system as it uses O2 to catalyse proline 
hydroxylation on HIF1α. When oxygen levels drop, HIF1α is stabilized, binds to its 
cofactor HIF1b and localizes to the nucleus to mediate the transcription of angiogenesis 
inducing factors, most notably VEGF (248-250). 

Redox regulation of HIF1a
Transcriptional activity of HIF1a can be modulated by redox signaling directly as 
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Cys800 is a reactive cysteine. Oxidation of Cys800 influences the binding to APE1, 
SIRT6 deacetylases and CBP/p300 acetyltransferases which subsequently can function 
as co-repressors or activators by influencing the redox and acetylation state of HIF1a 
as well as the chromatin state of its target genes (234, 251, 252). To what extend HIF1a 
mediated transcription of specific target genes is influenced by the redox state of Cys800 
remains to be further characterized however.  
HIF1a stimulates glycolysis through enhancing glucose import by inducing GLUT1 and 
GLUT3 expression (253). Glycolysis is enhanced by upregulating the expression of 
glycolysis enzymes: Hexokinase, PGI, PFK1, aldolase, TPI, GAPDH, PGK, PGM, enolase, 
PK and PFKFB1–4 (254-258). To ensure pyruvate generated by glycolysis is used for 
ATP production, HIF1α induces LDHA expression to convert pyruvate to lactate and 
expression of PDK1 to inhibit PDH mediated conversion of pyruvate to Acetyl-CoA (259-
261). In parallel HIF1α induces expression of MCT4 to mediate the export of lactate out 
of the cell. 
To stimulate angiogenesis in hypoxic tissues, HIF1α induces the expression of 
extracellular factors that stimulate branching and proliferation of endothelial cells 
(262). The induction of vascular endothelial growth factor (VEGF) is described best and 
is essential for angiogenesis. Additional growth factors induced by HIF1α are; placental 
growth factor (PGF), stromal-derived factor 1 (SDF1), angiopoietin1 and 2 (ANGPT1/2) 
and platelet-derived growth factor B (PDGFB) (263). 
Next to stimulating angiogenesis HIF1α plays an important role in the remodeling and 
permeability of tissue by enhancing expression of genes that induce cell motility/EMT 
and extracellular matrix remodeling. In cancer cells HIF1α levels are constitutively high 
due to the general hypoxic nature of the tumor. However, even if tumor cells are growing 
under normoxic conditions HIF1α levels are high and described to be the result of either 
oncogenic mutations in RAS, PI3K and PTEN, leading to enhanced HIF1α translation, or 
the frequent loss of VHL tumor suppressors (264, 265).

Redox signaling in angiogenesis
Angiogenesis and redox signaling are highly interlinked as ROS play an essential role in 
stimulating blood vessel growth but are also responsible for some vascular pathologies 
(266). The balance in ROS levels is critical in respect to angiogenesis. Lowering ROS 
levels by treating cells with NAC, NOX inhibitors, ectopic SOD2 expression, mannitol 
and catalase inhibit angiogenesis and tumor vascularization (267-269).  In line with 
these results, generation of mice lacking NOX1 activity show impaired angiogenesis 
during embryogenesis and adult neovascularization after ischemia (270). In contrast, 
stimulating angiogenesis through angiopoietin 1 is augmented by the loss of catalase in 
mice and suppressed in mice with impaired NOX signaling (271, 272). 
 Elevated ROS levels in tissues as well as cancer cells stimulate HIF1α stabilization 
independent of oxygen tension, which in turn transcribes VEGF and induces angiogenesis 
(273, 274). ROS signals both upstream and downstream of VEGF signaling are clearly 
required for stimulation of endothelial cell proliferation and angiogenesis (275, 276). 
Although it must be noted that the mechanism by which ROS mediate direct activation 
of HIF1α and VEGF induction remains to be elucidated. The oxidation of phospholipids 
(OxPL), 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine (OxPAPC) and low-
density lipoproteins (OxLDL) might explain how ROS increases HIF1α and VEGF levels. 
OxPL, OxPAPC and OxLDL are found to mediate VEGF expression, HIF1α stabilization 
and VEGF receptor activity and thereby mediate angiogenesis (277-279).  Again it 
remains to be elucidated how these lipids transduce the information of the redox state 
of the cell towards HIF1a.  Understanding the redox mediated induction of hypoxic 
signaling and associated angiogenesis is of vital importance for future cancer therapy 
as this hallmark is the gateway to malignant metastatic disease. 
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Evading immune destruction & tumor promoting inflammation

As the tumor grows and becomes vascularized it also becomes more accessible for 
immune cells. The immune system plays a crucial role in tumorigenesis as it can both 
antagonize and stimulate the growth of the tumor (280). As tumor size increases 
surrounding tissue becomes damaged and the tumor becomes hypoxic, both important 
cues for the recruitment of immune cells. The role for immune cells in the initiation and 
clearing of cancer is heavily debated. Cancer cells can be recognized and cleared by Th1 
helper T cells, Natural killer cells (NK) and Cytotoxic T lymphocytes (CTLs) and mice 
lacking NK and CTLs are more susceptible to tumorigenesis (281-283). On the other 
hand, tumors recruit Macrophages (TAM), T regulatory cells (Treg) and Neutrophils 
(TAN), resulting in the suppression of tumor immune destruction and contribution 
to tumorigenesis (283). Especially the recruitment of TAMs and TANs is interesting 
from a redox perspective, since these cells utilize ROS to kill and degrade pathogens 
or cells in a process called respiratory burst (284). The excessive ROS production by 
tumor associated immune cells is proposed to be contributing to the overall oxidative 
state of the tumor and its surrounding tissue. Elevating ROS levels by immune cells is 
not only detrimental to the cancer cells but also contributes to tumorigenesis through 
several pathways. As discussed above, ROS plays a crucial role in HIF1α/VEGF signaling 
mediated angiogenesis and stimulates both tumor and immune cells to produce VEGF 
and other cytokines involved in this process. Indeed, lowering ROS production in tumor 
associated immune cells reduces angiogenesis (285, 286). The oxidative environment 
of the tumor as result of the immune response is also suggested to contribute to tumor 
evolution and plasticity as a result of a higher DNA damage rate and increased genomic 
instability.  (280, 287).  

Invasion and Metastasis
At the end stage of tumorigenesis, tumors become mortally dangerous due to cells 
metastasizing throughout the body.  When lymphatic and blood vessels have formed 
and the extracellular matrix is damaged, cells can escape from the primary tumor and 
invade the surrounding tissue. The tumor-associated blood- and lymphoid vasculature 
serves as an entry point from where tumor cells are transported to distant parts in the 
body and colonize vital tissues. Two important changes are required for a cell to become 
metastatic. First, cells need to become motile in order to migrate out of the tumor by a 
process called epithelial to mesenchymal transition (EMT) (288). Activation of EMT in 
cancer cells can be induced by a plethora of signals ranging from oncogenic mutation 
in RAS, PI3K and b-catenin signaling pathways, to inflammation, hypoxia and cytokine 
signaling towards TGFb especially. Whether redox signaling has a specific function in 
EMT other than its role in the previously discussed signaling pathways and processes 
remains a subject to be explored as this is certainly expected (289).
Second, cancer cells need to be able to survive dissemination from the tissue and its 
accompanying extracellular matrix, which is yet another mechanism in multicellular 
organisms that suppresses tumor growth. In healthy tissue, especially the epithelium of 
breast lumen and the intestine, cells undergo a specific type of apoptosis upon loss of 
cell-cell and/or ECM contact called anoikis. Redox signaling was shown to be important 
in the regulation of anoikis. 

Redox regulation of anoikis
High levels of ROS are detected in disseminating cells and contribute to anoikis induction. 
Upon loss of ECM attachment, nutrient uptake, especially of glucose, is dramatically 
decreased. As a result of reduced glucose uptake, ATP production drops and subsequent 
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Figure 5: Redox regulation of anchorage independent grow
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NADPH production in the PPP required for GSSG and PRDX/TRX reduction is impaired, 
leading to detrimental ROS levels (Figure 5A). Anoikis induction and ATP production 
can be rescued by HER2 mediated re-establishment of glucose uptake. Additionally, 
treating mammary epithelial cells with antioxidants like Trolox or catalase inhibits ROS 
induced anoikis, allowing cells to employ AMPK induced fatty acid oxidation for ATP 
production (290, 291). 
Avoiding anoikis also relies on HER2/EGFR signaling mediated inhibition of pro-
apoptotic BH3-only proteins BIM and BMF (292). In healthy breast epithelium active 
growth factor signaling by HER2/EGFR-RAS and PI3K-PKB repress BIM and BMF activity 
both on the transcriptional and post-translational level. Upon aberrant localization of a 
tumor cell to the lumen of the mammary duct, correct ECM and cell-cell contacts are lost 
and growth factor signaling is decreased. Loss of growth factor signaling now results in 
the transcription and activation of BIM and BMF (Figure 5A)(45, 293, 294). Cells need 
to be able to migrate and move into tissues during development and angiogenesis and 
therefore need to temporarily circumvent anoikis induction. Anoikis can be repressed 
by the presence of HER2/EGFR activating growth factors but also other cytokines that 
regulate integrin activity. Upon integrin activation by cytokines like ANGLPT4, NOX1 is 
activated and produces ROS (Figure 5B)(295). Generation of ROS by NOX1 results in the 
oxidation of SRC on Cys245 and Cys487, which is essential for SRC activation (296). Active 
SRC subsequently phosphorylates and activates HER2/EGFR leading to downstream 
RAS and PI3K pathway activation and inhibition of anoikis (Figure 5B)(297, 298). In 
cancer cells, oncogenic mutations in and amplification of the EGF/HER2-RAS or IGFR-
PI3K pathway overcome the induction of anoikis without requiring additional anoikis 
suppressive mechanisms and restrain BIM and BMF, allowing anchorage-independent 
growth and metastasis (Figure 5C)(299, 300). 
Redox signaling is clearly involved in the balance between live and death upon 
dissemination of a cell from it’s tissue. Cancer cells heavily rely on growth factor 
signaling to maintain the required glucose uptake for ATP production and maintaining 
the antioxidant capacity of the cell. Targeting redox signaling in combination with 
growth factor signaling might therefore hold promising therapeutically strategies 
especially in repressing the metastatic capacity of cancer cells.

Targeting Redox signaling in cancer

Taking all hallmarks together it becomes clear that common breast cancer  mutations 
in RAS, PI3K, AKT/PKB and HER2 together with loss of function mutations in tumor 
suppressors like p53, RB and ATM results in a redox state that allows proliferation, 
avoids cell death via apoptosis or anoikis, stimulates angiogenesis and ultimately leads 
to metastatic disease.  Modulating redox homeostasis as a strategy for cancer prevention 
and therapy is currently being explored and might hold promising opportunities. 
Targeting general redox homeostasis by anti- or pro-oxidant treatment can have both 
negative and positive effects on tumor biology and has already been tested in multiple 
ways (113, 224, 301, 302). 
The concept of ROS induced DNA damage and consequential accumulation of mutations 
prompted the research into dietary antioxidant intake in cancer prevention. Several 
studies investigated the effects of Vitamin C, Vitamin E, selenium and b-carotene 
supplements on human healthspan (303-306). Although some studies report a delay 
in tumorigenesis and overall positive effect on healthspan of persons involved in these 
trials, opposite effects have also been reported and therefore the effects of dietary 
supplements, especially in humans, is still to be elucidated  (307, 308).  The effects 
of antioxidant supplements on cancer treatment have also yielded opposing results 
and can both contribute to therapy efficiency or drug resistance (224, 309). Given the 
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Figure 6: Targeting redox homeostasis in cancer. 
Disruption of redox homeostasis can effectively kill cancer cells. Conventional chemotherapeutic agents 
like cisplatin, 5-FU and Doxorubicin all induce DNA damage but in parallel also elevate ROS production by 
disrupting mitochondrial respiration. Superoxide leaking from the mitochondria is dismutated by SOD to H2O2 
and inhibition of SOD with ME-2 or ATN-224 therefore results in impaired superoxide detoxification, but at the 
same time inhibit H2O2-dependent redox signaling. Sulphasalazine can block the import of cysteine required 
for GSH synthesis and GSH synthesis can be impaired by BSO mediated inhibition of gGCS. Destabilization of 
the GSH/GSSG ratio by GSSG mimetic NOV-002 or inhibition of GPX mediated H2O2 detoxification by PEITC 
increases H2O2 levels. Interfering with the PRDX/TRX system can be accomplished by inhibition of TRXR with 
Auranofin impairing the recycling of the PRDX/TRX system. 6-AN and DHEA inhibit the production of NADPH 
by G6PD therefore less reductive entities are available, leading to elevated ROS levels.
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vast amount of both positive and negative effects of redox signaling on all Hallmarks 
of Cancer described in this review it might not be surprising that there is no simple 
solution like an anti-oxidant supplement for the treatment of cancer.
Elevation of ROS in cancer cells can be detrimental for the tumor and has therefore been 
considered an interesting strategy for cancer therapy. Indeed several studies have sought 
to use strategies elevating the oxidative redox status of cells by trying to exacerbate 
ROS production and push cancer cells into apoptosis (310-314). Conventional cancer 
therapies including DNA damaging agents, irradiation and taxanes have been successful 
in killing cancer cells, not only by pushing cancer cells into a decrepit state due to severe 
genomic instability, but likely also by the accompanying ROS production (Figure 6). 
ROS generation as a side effect of irradiation is suggested to result from mitochondrial 
dysfunction and NOX activation (310, 311). DNA damaging drugs like Doxorubicin, 
cisplatin and 5-Fluorouracil (5-FU) all induce oxidative stress in cancer cells through 
different mechanisms. Doxorubicin competes with coenzyme Q10 in mitochondria 
leading to superoxide production in addition to its DNA damaging properties (312). 
Cisplatin leads to damaged and dysfunctional mitochondria and subsequent ROS 
production (313). Evoking the p53 dependent apoptotic response with its associated 
ROS production was shown to be the main ROS inducing mechanism for 5-FU (Figure 6)
(314). As DNA damage and genetic instability strategies heavily depend on the presence 
and activity of tumor suppressors like p53, ATM, BRCA1, BRCA2, these drugs become 
less efficient upon loss of these genes, resulting in therapy resistance.  Although elevated 
redox signaling can have opposing effects on survival of tumors, tumor cells are found 
to show increased sensitivity to cell death caused by elevated ROS levels. This provides 
a rationale for developing ROS inducing cancer therapies targeting specific antioxidants 
and metabolic pathways with small molecule inhibitors (113, 224, 302).
The antioxidant enzyme SOD1 is regularly found upregulated in cancer and is essential 
to keep cells from oxidative damage. Indeed targeting SOD1 with methoxyestradiol 
(2-ME) or ATN-224 inhibits superoxide conversion to peroxide, kills cancer cells 
selectively and are now in prostate and breast cancer clinical trails (Figure 6)(315-317). 
In line with the here described vital roles of redox signaling in cancer one could also 
speculate that the therapeutic effect of inhibition of SOD1 not only comes from elevated 
superoxide anion dependent damage, but also from lack of hydrogen peroxide mediated 
redox signaling.  
GSH mediated ROS detoxification was found to be impeding therapy response and 
enhance resistance to DNA damaging drugs and tamoxifen treatment in breast cancer 
(318, 319). Targeting the synthesis of GSH or the GSH/GSSG balance in cancer and 
thereby abrogating ROS detoxification has yielded promising results. GCL inhibitor 
Buthionine Sulphoximine (BSO), inhibiting the ligation of cysteine to glutamate, directly 
abrogates GSH synthesis, tumor growth and resistance to cisplatin (320-323). Similar 
to blocking GSH synthesis, inhibition of GPX mediated GSSG reduction, blocking GSH 
activity or unbalancing GSH/GSSG ratios by GSSG mimetics with compounds like 
Phenethyl isothiocyanate (PEITC), piperlongumine and NOV-002 has been shown to 
be effective in multiple types of cancer (Figure 6)(324-326). Next to targeting GSH 
directly, targeting upstream metabolic pathways involved in GSH synthesis is proposed 
as a feasible strategy. Blocking cysteine import by XCT importers using Sulphasalazine, 
depletes GSH levels and efficiently inhibits tumor growth in xenograft models including 
triple negative breast cancer (327-329).  
Modulation of glucose, glutamine and NADPH metabolism can also results in elevated 
ROS levels followed by cell death. Inhibition of TRXD by Auranofin reduces tumor cell 
growth and in combination with BSO results in increased drug sensitivity in otherwise 
drug resistant cancer cells (330, 331). 
Blocking glutamine to glutamate conversion by inhibition of GLS activity using the 
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small molecule dibenzophenanthridine (968) effects GSH synthesis similar to blocking 
cysteine import by limiting the available amino acids required to generate GSH (332, 
333). 
Depleting the NADPH required for GSSG and TRX reduction is another promising 
strategy for cancer treatment.  Deviation of glucose from PPP entry by inhibition of 
G6PD with 6-anicotinamide results in insufficient NADPH production and reductive 
capacity followed by elevated drug sensitivity and cell death (Figure 6) (334, 335) 
Taken together redox homeostasis and signaling is clearly essential for tumorigenesis. 
Moreover, superoxide and hydrogen peroxide are not solely byproducts of metabolism, 
but function as essential signaling molecules that specifically modulate signal 
transduction in a plethora of pathways. Given the physiological roles of redox signaling 
in healthy tissue, it will be challenging to target cancer cells specifically. The cancer-
associated elevated ROS production and ensuing adaptation by of the antioxidant 
capacity might be one way to achieve selectivity. 
Another way would be by targeting acquired, redox sensitive cysteines that are unique 
to cancer cells due to mutation as was explored for instance for the oncogenic RasG12C 
mutation (336). A similar approach might be possible for other acquired cysteines in 
cancer (337). Tracking redox signaling experimentally is challenging and therefore it 
can be expected that the current knowledge on redox signal transduction is still very 
limited. Future research may unveil more roles for redox signaling in cancer and thereby 
new potential targets for treatment. 
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Abstract 
Loss of cellular adhesion leads to the progression of breast cancer through acquisition 
of anchorage independence, also known as resistance to anoikis. While inactivation of 
E-cadherin is essential for acquisition of anoikis resistance, it has remained unclear 
how metastatic breast cancer cells counterbalance the induction of apoptosis without 
E-cadherin-dependent cellular adhesion. We report here that E-cadherin inactivation in 
breast cancer cells induces PI3K/AKT-dependent FOXO3 inhibition, and identify FOXO3 
as a novel and direct transcriptional activator of the pro-apoptotic protein BMF. As a 
result, E-cadherin negative breast fail to upregulate BMF upon transfer to anchorage-
independence, leading to anoikis resistance. Conversely, expression of BMF in 
E-cadherin negative metastatic breast cancer cells is sufficient to inhibit tumour growth 
and dissemination in mice. In conclusion, we have identified repression of BMF as a 
major cue that underpins anoikis resistance and tumour dissemination in E-cadherin 
deficient metastatic breast cancer.



Chapter 3: Restraining BMF underpins tumour progression

52

3

Introduction
Development and homeostasis of glandular structures like the mammary gland 
depend on spatiotemporal induction of apoptosis upon loss of cell-cell and cell-matrix 
attachment, a process known as anoikis (338, 339). Proper anoikis regulation ensures 
the formation of hollow lumen within a glandular epithelium structure by induction 
of apoptosis in selective non-polarized luminal epithelial cells that line the ductal 
structures (293, 340). In the mammary gland the pro-apoptotic proteins BIM and BMF 
induce apoptosis upon cell detachment and as such contribute to the formation of the 
mammary ductal lumen (294, 299). 
Anoikis is regulated by an intricate regulation of the balance between pro- and anti-
apoptotic proteins (172). Anti-apoptotic BCL-2 family proteins (BCL-2, BCL-xL and 
MCL1) compete with the pro-apoptotic molecules (BIM, PUMA, NOXA, BID, BAD or BMF) 
for binding to BAK and BAX to prevent mitochondrial membrane permeabilization and 
subsequent apoptosis. Expression of pro-apoptotic proteins can be induced by a variety 
of stresses including DNA damage, nutrient deprivation, heat and hypoxia (44). BMF 
appears to specifically function to induce anoikis in epithelial cells (299, 341). It is 
however still controversial whether activation of factors like BMF is induced through 
transcriptional activation, or by posttranslational events in the cytosol (342).
Correct execution of apoptosis in luminal mammary cells is deregulated during the early 
stages of breast cancer, like atypical hyperplasia and ductal carcinoma in situ (DCIS), 
resulting in filling of the mammary duct with anoikis resistant cells (343). Several 
studies have shown that activation of oncogenic growth factor receptor (GFR) signalling 
can induce aberrant filling of the luminal space (299, 340, 344). Similar effects have 
been observed upon inhibition of pro-apoptotic players such as BIM, BMF and p53 
(294, 299, 345), indicating that either GFR activation and/or the inhibition of distal 
pro-apoptotic effectors underlie anchorage independence of breast cancer cells. Indeed, 
mutations in the PI3K and p53 pathway are among the most observed mutations in 
epithelial cancers including breast cancer (346). Moreover, hyperactivation of PI3K 
and its downstream effector AKT/PKB can lead to repression of apoptosis through 
phosphorylation-dependent inactivation of pro-apoptotic proteins like BAD (183, 184, 
299).  
Enhanced growth factor signalling can also be induced through down-regulation of 
the epithelial adherens junction (AJ) (347, 348). E-cadherin is the core component 
of the AJ and a master regulator of epithelial integrity, linking the cell membrane 
to the cytoskeleton (349). While loss of E-cadherin in the mammary gland is not 
tolerated (350-352), mammary-specific E-cadherin inactivation following loss of p53 
in mice leads to the acquisition of anoikis resistance of tumour cells and subsequent 
dissemination, demonstrating E-cadherin loss as a prerequisite for metastatic disease 
progression (353). 
Despite its repression by growth factor signals, the apoptotic machinery is functionally 
intact in cancer cells. Targeting the apoptotic machinery has become increasingly 
interesting in cancer therapy, as intervention strategies using novel BH-3-only 
protein mimetic compounds in combination with dual specificity inhibitors of PI3K 
and mTOR have shown promising results (80, 354).  Here we have identified BMF 
as a direct transcriptional target of FOXO3 in breast cancer cells. Our data show that 
FOXO-dependent BMF expression is repressed in E-cadherin negative and metastatic 
breast cancer cells, and that expression of BMF is sufficient to inhibit tumour growth 
and dissemination in mice. We have thereby linked loss of E-cadherin to a cell intrinsic 
inhibition of BMF-dependent anoikis, a crucial step in malignant tumour progression. 
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Results
Anoikis resistant breast cancer cells restrain expression of BMF
To identify the proteins that control anchorage independence of metastatic breast 
cancer cells, we cultured E-cadherin expressing anchorage-dependent and anoikis 
resistant E-cadherin negative breast cancer cells from mouse and human origin in 
suspension. Under these conditions the non-metastatic mouse mammary carcinoma 
cell line Trp53∆/∆-4 and human MCF7 underwent anoikis as previously demonstrated 
(350, 355). In contrast, mouse and human E-cadherin negative mILC1 and MDA-MB-231 
cells were anoikis resistant (Fig. 1A-B).
To determine which of the key anti and pro-apoptotic molecules were induced during 
anoikis, we assayed the protein and mRNA expression levels of the anti-apoptotic family 
members BCL2, BCL-XL and MCL1 and the pro-apoptotic NOXA, PUMA, BIM, BID and BMF. 
We observed that all cell lines up-regulated BCL2 protein levels and showed increased 
BID cleavage under anchorage-independent conditions regardless of E-cadherin status. 
For NOXA and PUMA, no changes were detected in protein levels (Fig. S1A). In line with 
previous findings (294, 299{Reginato, 2005 #817, 356) we detected a clear induction of 
BIM and BMF in the anoikis sensitive Trp53∆/∆-4 and MCF7 (Fig. 1C&D, Fig. S1B&C). In 
contrast, the metastatic cell lines mILC1 and MDA-MB-231 did not show a comparable 
upregulation of either BIM or BMF (Fig. 1C&D, Fig. S1B&C). Subsequent qPCR 
experiments demonstrated that the only pro-apoptotic gene that was transcriptionally 
upregulated in both mouse and human E-cadherin expressing anchorage-independent 
cells was BMF (Fig. 1E&F Fig. S2A&B). We observed that although E-cadherin negative 
cells induced BMF under anchorage independent conditions, the expression levels 
were 3 to 10-fold lower relative to Trp53∆/∆-4 and MCF7. These data demonstrate that 
anchorage independent E-cadherin negative cells restrain transcriptional up-regulation 
of BMF, a key inducer of anoikis.
Despite the fact that BMF is the major pro-apoptotic factor that showed uniform 
transcriptional upregulation in suspension settings, at the protein level both BMF and 
BIM are increased (Fig 1C&D and Fig S1B&C). To determine whether these two BH3-
only factors are specifically required to induce anoikis, we performed loss of function 
studies and assessed the effect of BMF and/or BIM loss on anoikis resistance of mouse 
and human E-cadherin positive cells. Using two independent targeting sequences we 
induced knockdown and observed that loss of either BMF or BIM led to a significant 
increase in anoikis resistance of Trp53∆/∆ and MCF7 cells (Fig. 2A-F). Concomitant 
knockdown of BMF and BIM also resulted in a significant increase in anoikis resistance 
when compared to controls (Fig. 2A-F). Overall our data does not indicate that dual 
inhibition of BMF and BIM has an additive effect when compared to the single BMF 
knock down experiments (Fig 2A&B). In short, our data demonstrate that BMF and BIM 
both contribute to the induction of anoikis in E-cadherin positive breast cancer cells. 
Further, our data indicate that BMF and BIM are non-redundant and have overlapping 
functions in the regulation of anoikis of E-cadherin expressing cells. Overall we show 
that BIM and BMF expression is increased upon transfer to anchorage independent 
conditions to induce anoikis. However, our data indicate that in contrast to BIM, the 
upregulation of BMF under these conditions is transcriptionally regulated.

Loss of E-cadherin results in anoikis resistance and restricts BMF expression
To determine if E-cadherin loss is causal to the repression of BMF expression in breast 
cancer, we generated E-cadherin knockout cell lines using the CRISPR/Cas9 system. 
Guide RNAs targeting the E-cadherin locus were expressed in Trp53∆/∆ and MCF7 cells, 
which were subsequently FACS sorted based on E-cadherin expression, resulting in 
E-cadherin negative cell lines. In contrast to control cells, the E-cadherin knockout 
cell lines failed to establish E-cadherin-based cell-cell junctions and consequently 
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Figure1: Anchorage independent E-cadherin negative breast cancer cells restrain BMF expression. 
(A) Anoikis resistance in the E-cadherin negative breast cancer cell lines mILC1 and MDA-MB-231. Shown 
are flow cytometric analyses of apoptosis and cell death using Annexin-V-FITC and Propidiumiodide after 24 
hours adherent (Ad) and suspension (Sus) conditions. Note the robust induction of anoikis in the E-cadherin 
expressing cells Trp53∆/∆-4 and MCF7 (B) Quantification of anoikis induction measured by flow cytometry 
in (A). Data represent mean ± SD, n=3, t-test p<0.05 = *, p<0.005 = **, p<0.0005=***. (C and D) Western blot 
analysis of BMF and α-Tubulin protein levels in Trp53Δ/Δ-4 and mILC1. Blots are cropped in correspondence 
to the black box (C) and MCF7 and MDA-MB-231 cells grown under adherent (Ad) and suspension (Sus) 
conditions. Blots are cropped corresponding to the black box (E and F) qPCR analysis of Noxa, Puma, Bim, 
Bmf, Bid, Bcl2, Bcl-xl, Mcl1 mRNA expression in Trp53Δ/Δ-4 and mILC1 and MCF7 and MDA-MB-231 cultured 
in adherent (Ad) and suspension (Sus) culture. Data are relative to mRNA levels in adherent mILC1 cells (E) 
or MDA-MB-231 cells (F). Data represent the mean ± SD, n=3, t-test p<0.05 = *, p<0.005 = **, p<0.0005=***. 



55

Chapter 3: Restraining BMF underpins tumour progression

3

grew dispersed as solitary cells (Fig. 3A). As expected, we observed that E-cadherin 
loss in mouse and human cells resulted in the acquisition of anoikis resistance (Fig. 
3B). Importantly, we noted a significant reduction of BMF expression in E-cadherin 
knockout cell lines relative to control cells upon transfer to anchorage independence 
(Fig. 3C-D). These results confirm that loss of E-cadherin is causal to the acquisition of 
anoikis resistance and show that loss of E-cadherin leads to transcriptional repression 
of BMF expression upon loss of cell-matrix attachment.
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Figure 2: Loss of BMF or BIM increases anoikis resistance of E-cadherin expressing breast cancer 
cells
(A-B) Knockdown of BMF and BIM reduces apoptosis of Trp53∆/∆ and MCF7 cells cultured in suspension. 
Flow cytometric quantifications of apoptosis using Annexin-V-FITC and propidium iodide after 24 hours in 
suspension culture. (C-D) qPCR analysis of BMF and BIM mRNA knockdown efficiency. Data represent the 
mean ± SD, n=3, t-test p<0.05 = *, p<0.005 = **, p<0.0005=***, p<0.0005=****.  (E-F) Western blot analysis of 
BMF and BIM protein levels shows succesful BMF and BIM knockdown in Trp53∆/∆ and MCF7 cells cultured 
in suspension. Blots are cropped corresponding to the black box.
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BMF expression is inhibited by growth factor signalling-dependent repression of 
FOXO3
Because BMF was transcriptionally regulated upon transfer to anchorage independence, 
we hypothesised that either direct transcription repression or inhibition of a 
transcription factor could underlie the differential BMF expression in anoikis resistant 
breast cancer cells. We therefore analysed the human genomic BMF promoter region and 
identified two FOXO consensus binding sites (TTGTTTA).  FOXOs are directly regulated 
and suppressed by canonical PI3K/AKT signalling and known transcription factors for 
the pro-apoptotic genes BIM, NOXA and PUMA (2).
To assess if BMF is a direct FOXO target we performed a Chromatin Immunoprecipitation 
(ChIP) with the most ubiquitously expressed FOXO transcription factor, FOXO3. To this 
end we stably introduced a doxycycline (dox)-inducible FOXO3 construct in MCF7 cells 
and performed ChIP in the presence of the allosteric inhibitor VIII (AKTi) to prevent 
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Figure 3: Loss of E-cadherin results in anoikis resistance and repression of BMF expression.
(A) Immunofluorescence analysis of Trp53∆/∆  and MCF7 cells targeted with E-cadherin-specific gRNA. 
∆CDH1.1 and ∆CDH1.2 cells grow dispersed; show loss of E-cadherin (Green), cytoplasmic translocation of 
p120-catenin (Red) and fail to establish cell-cell junctions. (B) Acquisition of anoikis resistance upon loss of 
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in adherent (Ad) and suspension (Sus) culture conditions. Data are relative to mRNA levels in suspension 
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upstream inhibition of FOXO3 by AKT. In line with the predicted binding sites we noticed 
binding of FOXO3 to both consensus sites in the BMF promoter (Fig. 4A). We confirmed 
these results by analysing induction of BMF upon expression of a dominant active form 
of FOXO3 (FOXO3.A3) (7) and showing that administration of dox indeed resulted in a 
robust induction of BMF mRNA and protein levels upon FOXO3 activation (Fig. 4C-D, Fig. 
S3A-C Fig. S4A&B). 
To determine if FOXO3 activation was sufficient to induce anoikis in E-cadherin negative 
cells, we cultured mILC1-iFOXO3.A3 and MDA-MB-231-iFOXO3.A3 in suspension 
and assayed anchorage independent survival. Addition of dox triggered anoikis 
in mILC1(Fig. 4B), confirming that FOXO activation is indeed sufficient to prevent 
anchorage independence in E-cadherin negative breast cancer cells. Although MDA-
MB-231-iFOXO3.A3 cells showed a modest increase in BMF expression upon expression 
of FOXO3 (Fig. S4B), this did not lead to anoikis, which indicates that the induced BMF 
levels were insufficient to cause apoptosis in these anchorage independent breast 
cancer cells.
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Activation of the PI3K/AKT pathway by GFR signalling and ectopic expression of either 
oncogenic PI3KE545K or myristoylated AKT1 results in repression of anoikis in mammary 
epithelial cells (299). Interestingly, we previously have shown that inactivation of 
E-cadherin function in cancer cells results in hypersensitisation of GFR signalling 
without activating mutations (348). To confirm that active PI3K/AKT signalling, which 
is an established upstream inhibitor of FOXO, controls anoikis resistance, we cultured 
mILC1 cells and the MCF7-∆CDH cells in suspension and inhibited AKT activation using 
AKTi and observed that AKTi resulted in a 2-fold increase in anoikis (Fig. 5A-B). More 
important, we could show that AKT inhibition resulted in a 2 to 3-fold upregulation of 
BMF mRNA and protein expression in anchorage-independent cells (Fig. 5C-E).
In conclusion, our data show that E-cadherin negative metastatic breast cancer cells 
restrain anoikis through PI3K/AKT signalling, a cue that subsequently inhibits FOXO3-
dependent transcriptional activation of its pro-apoptotic target BMF.

Upregulation of BMF expression restrains anchorage independent tumour growth 
and metastasis of E-cadherin negative mammary cancer in mice
Because BMF was the major pro-apoptotic factor upregulated in anoikis sensitive breast 
cancer cell lines, we determined if induction of BMF expression was sufficient to induce 
anoikis in E-cadherin negative breast cancer cells. To this end we stably introduced a 
doxycycline-inducible BMF cDNA expression system (iBMF) in mILC1 and MDA-MB-231 
cells (Fig. 6A) and assayed anoikis resistance. Expression of BMF was indeed sufficient 
to cause a marked increase in apoptosis in both cell types (Fig. 6B&C). Moreover, treating 
mILC1 and MDA-MB-231 cells with increasing concentrations of the BH3-mimetic drug 
ABT-199 induced a dose dependent execution of apoptosis (Fig. 6D), suggesting that 
anchorage-independent E-cadherin deficient breast cancer cells have a lower threshold 
for the BH3-only protein dependent execution of anoikis. Together, these results show 
that increased the levels of BMF, or inhibition of BCL2 using the BMF-mimetic ABT-199 
is sufficient to induce apoptosis in E-cadherin negative cells, especially in an anchorage-
independent setting.
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(A-B) Anoikis resistance in E-cadherin negative breast cancer cells is AKT-dependent. Shown is the 
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inhibition results in BMF expression. Shown are qPCR analyses of Bmf/BMF mRNA and western blot analyses 
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Since anoikis resistance is an excellent prognosticator of E-cadherin negative breast 
cancer growth and metastasis (350, 353), we investigated the effect of BMF expression 
on tumour growth in vivo. To this end we orthotopically transplanted 10,000 mILC1 
cells carrying either an empty vector (EV) or the iBMF expression vector in recipient 
mice and monitored tumour growth. Once tumours reached an average volume of 
100mm3, we induced BMF expression by feeding mice doxycycline-containing chow. 
Treatment of mILC1 cells carrying the empty expression vector with doxycycline either 
at a 100mm3 or when metastasis was detected using bioluminescence imaging (BLI) did 
not result in significant changes in tumour growth (Fig. 7A). In contrast, BMF expression 
induced a significant reduction in tumour growth (Fig. 7B). Moreover, induction of BMF 
expression when metastases were detected led to a robust 19-fold decrease in primary 
tumour volume (Fig. 7C). Importantly, we observed a reduction in metastasis formation 
based upon BMF expression on thoracic BLI in dox-fed mice when compared to control 
mice (Fig. 7D-H). 
In closing, our data establish that restriction of FOXO3-dependent BMF expression 
underpins anchorage-independent tumour growth and metastasis of E-cadherin 
negative breast cancer cells.

Discussion
Acquisition of anchorage independence through evasion of apoptosis is a hallmark 
of cancer (1). Metastatic cells have shifted the regulation of pro and anti-apoptotic 
mechanisms toward survival and have thereby gained the possibility to bypass the 
induction of anoikis during dissemination. 
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E-cadherin negative breast cancer cells. 
(A) Doxycycline treatment does not influence tumour growth of mILC1 cells carrying the empty doxycycline-
inducible expression vector (EV). (B) BMF expression inhibits mammary tumour growth in mice. Primary 
tumour growth of control mice (n=10) and mice treated with doxycycline (n=12), which was started when 
tumours reached a volume of 100mm3. Data represent the mean tumour volume ±SEM, Holm-Sidak corrected 
t-test p<0.0005 =***. (C) BMF expression inhibits mammary tumour growth in mice with metastatic disease. 
Primary tumour growth of control (n=10) and mice treated with doxycycline (n=13), which was started when 
lung metastasis were detected by bioluminescent imaging (>2⋅103 photons/s/cm²/sr), data represent the 
mean tumour volume ±SEM. (D) Successful BMF expression after Dox treatment was determined by qPCR 
analysis of the parental mILC1-iBMF and in primary tumours derived from either untreated or Dox-treated 
mice. Data represent mean ±SD, n=3, t-test p<0.05 =*, p<0.005. (E) Western blot analysis of tumour lysates 
shows Bmf induction upon dox treatment of mice. Two untreated (-Dox) and treated (+Dox) tumours are 
shown respectively. (F) BMF expression inhibits metastasis formation of mILC1 cells. Kaplan-Meier curve 
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bioluminescent imaging in control mice (n=23) and mice treated with doxycycline at a primary tumour 
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by bioluminescence imaging in control mice (n=19) and mice treated with doxycycline at a primary tumour 
volume of 50-100mm3 (n=7). Data represent individual mice with detected metastasis (>2⋅103 photons/s/
cm²/sr) ±SD, Welch’s corrected t-test p<0.0062. 
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Activation of growth factor signalling in cancer cells is essential for anoikis resistance 
due to modulation of expression and activity of apoptotic factors (80). Others and we 
have demonstrated that inactivation of the E-cadherin underpins anoikis resistance 
in breast cancer cells, a finding that appears to depend on hyper-sensitization of GFR 
signalling through AKT/PKB and ERK upon dismantling of the AJ complex (347, 348, 
350, 353, 357). Since these mechanisms confer constitutive activation of GFR signals 
in breast cancer cells, it provides a clear rationale for the maintenance of anoikis 
resistance in E-cadherin deficient breast cancer cells. Although AKT/PKB and ERK can 
control the post-translational modulation of BAD, BIM and BAX, our current data show 
that anoikis resistant breast cancer cells restrain BMF transcription, the main pro-
apoptotic factor uniformly expressed in E-cadherin expressing breast cancer cells upon 
transfer to anchorage independence (180, 183, 184). Elegant studies by the Brugge lab 
have identified BIM and BMF as key anoikis regulators of luminal mammary cells, a 
process counterbalanced by constitutive activation of growth factor induced PI3K/AKT 
pathways (294, 299). However, the underlying mechanism that prevented metastatic 
breast cancer cells from expressing BMF upon loss of anchorage remained unclear. Since 
we detected clear changes in BMF mRNA levels upon transfer to anchorage independence 
when comparing breast cancer cells in the context of E-cadherin expression, we probed 
for transcriptional upstream cues, which resulted in our finding that FOXOs are key 
players in the regulation of BMF expression in breast cancer. 
BMF can directly compete for BAK/BAX binding with BCL2 and thereby drive apoptosis. 
Our data indicate that the increase in BMF expression, rather than the levels of BLC2, 
is the rate-limiting factor driving breast cancer cell survival. First, the robust up-
regulation in BMF mRNA expression in anoikis sensitive cells combined with reduced 
BMF expression in anoikis resistant cells leads us to think that a specific BMF threshold 
should be reached to induce anoikis. Second, although anoikis resistant cells induced 
BMF transcription in the absence of anchorage, this did not trigger anoikis, despite 
expressing comparable levels of BCL2 when compared to anoikis sensitive cells.  In line 
with this we did not detect differences in expression levels of BCL2 upon transfer to 
anchorage independence between cell lines. Finally, we could force anoikis resistant 
cells to undergo apoptosis by ectopic expression of BMF or treatment with ABT-199. 
Together, our data show that loss of the AJ leads to growth factor receptor-induced 
signals that block FOXO-dependent BMF expression, a feature that is essential for 
survival in breast cancer cells during metastasis. 
Our results indicate that FOXO-dependent transcription of BMF may be subject of 
epigenetic regulation as well. Although we have ectopically activated FOXO3 under 
anchorage-dependent and independent conditions, we detected further enhanced 
FOXO3 binding at the BMF promoter in suspension.  The chromatin state of the BMF 
locus is expected to influence FOXO3 binding, as it is known that FOXO3 prefers to 
bind genomic regions associated with activating epigenetic marks (11, 12). Histone 
deacetylase (HDAC) activity has been reported as a negative regulator of BMF 
expression, because inhibition of HDACs results in BMF expression in multiple human 
cancer cell lines (358, 359). How BMF is regulated post transcriptionally remains to be 
fully characterized, but it was previously described that phosphorylation of ERK2 can 
inactivate BMF function (182, 360). In line with these findings, complementing HDAC 
inhibition with inhibitors of mitogenic signalling, i.e. B-RAF, augments the pro apoptotic 
effect of BMF (361). This might also explain why BMF induction does not directly lead 
to apoptosis in anchorage independent MDA-MB-231 cells that show a constitutively 
elevated growth factor signalling due to oncogenic KRAS and B-RAF mutations (71).
Loss of BMF has been linked to tumour suppression in several cancer types (362). 
Preclinical intervention strategies using BH3-only mimetics as monotherapy have been 
successful, but mostly in lymphoid malignancies (363, 364). Recent studies indicated 
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that BH3-mimetics can be used to treat non-lymphoid cancers but mostly in combination 
with oestrogen antagonists, proteasome inhibitors, specific PI3K-mTOR inhibitors, or 
chemotherapy (354, 365-370). Since previous findings from our lab demonstrated that 
E-cadherin negative lobular breast cancer depends on p120-catenin-mediated activation 
of RhoA, Rock and subsequent actomyosin contraction (355), we anticipate that dual 
inhibition of these pathways might be successful in E-cadherin negative cancers that 
are not driven by oncogenic activation of GFR pathways Although we do not yet know 
whether RhoA-Rock signals converge onto the GFR-AKT-FOXO axis in the regulation of 
anoikis resistance, the fact that FOXO expression had no effect on survival of B-RAF/
KRAS mutated MDA-MB-231 cells, seems to be in line with this assumption. Moreover, 
given that human ILC mostly expresses ER and responds to estrogen antagonists, our 
findings provide an additional option to improve current treatment regimens in lobular 
breast cancer by using a combination BH3-mimetics and ER targeted drugs.
In conclusion, we have linked activation of GFR pathways to inhibition of FOXO3-
dependent BMF expression and the regulation of anchorage-independent tumour 
growth and metastasis in E-cadherin negative metastatic breast cancer cells. 

Materials and Methods

Cell lines 
Mouse breast cancer cell lines Trp53Δ/Δ-4 (KP8) and mILC1 (KEP1) were derived from 
tumours that developed in female K14cre;Trp53F/F and K14cre;Cdh1F/F;Trp53F/F mice and 
cultured as described previously (353). Human breast cancer cell lines MCF7 and MB-
MDA-231 were verified by STR analysis and cultured as described (348).  

Constructs, lentiviral transduction and transfections
Lentiviral cDNA expression vectors expressing iBMF, iFOXO3, iFOXO3.A3 were 
generated using Gateway cloning in the pINDUCER20 dox-inducible expression system 
(371). Guide RNAs for Cdh1.1 and Cdh1.2 CRISPR were cloned into the lentiviral pSicoR 
CRISPR/Cas9 vector (372) using BsmBI restriction sites (Table. S1). After lentiviral 
transduction cells were selected for incorporation using puromycin and subsequently 
FACS-sorted based on E-cadherin expression (DECMA-1, 1:2000; Abcam #11512). 
BMF and BIM knockdown in Trp53∆/∆ -4 cells was achieved by lentiviral transduction 
of pLKO1-shBMF (TRCN0000009716 (shBMF#1) and TRCN0000009717 (shBMF #2)) 
and pLKO1-shBIM (TRCN0000231244 (shBIM #1) and TRCN0000231246 (shBIM #2), 
Sigma), followed by puromycin selection. For MCF7, siRNA smartpools targeting BMF, 
BIM or control siRNA (Dharmacon M-004393-04-0005 and M-004383-02-0005) were 
reverse-transfected using HiPerfect (Qiagen) at a final siRNA concentration of 40 nM. 48 
hours after transfection cells were harvested and seeded for anoikis assays.(371, 372)

Immunoblotting & antibodies
Proteins were detected using SDS-PAGE and subsequent western-blot analysis with 
primary antibodies recognizing BAD (CST-9292), BIM (CST-2819) BMF (human: CST-
5889, mouse: ENZO-17A9), BID (SC-11423 Santa Cruz), AKT/PKB (CST), FOXO1 (CST- 
29H4), FOXO3 (H144 Santa Cruz), NOXA (SP7122p Acris), PUMA (CST-4976), BCL2 (CST-
2876) used 1:2000. Primary antibodies were detected by secondary HRP conjugated 
antibodies targeting mouse, rabbit, and rat IgG and visualized using chemiluminescence 
(Biorad).

Immunofluorescence
Cells were grown on glass coverslips, fixed using ice-cold methanol and blocked with 
2% BSA (Invitrogen) and 0.1% normal goat serum (Invitrogen). Cells were stained 
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with mouse anti-p120 (BD616134, 1:500 over night), Alexa Fluor 555-conjugated 
mouse anti-E-cadherin, (1:200, BD560064, 2 hours at room temp.), and DAPI (Sigma). 
Secondary 563-conjugated goat anti-mouse antibodies were used for visualisation on a 
Zeiss LSM700 confocal microscope. 

Quantitative RT-PCR
mRNA was isolated from live cells using the Qiagen RNeasy kit (Qiagen). cDNA synthesis 
was performed using the iScript cDNA synthesis kit (BioRad). Real-time PCR was 
performed using SYBR green FastStart master mix (Roche) in the CFX Connect Real-
time PCR detection system (BioRad). Target genes were amplified using specific primer 
pairs (Supplemental table 1) and specificity was confirmed by analysis of the melting 
curves. Target gene expression levels were normalised to GAPDH, PBDG and TUBA1A 
levels.

Anoikis Assays
Anoikis resistance was analysed by seeding 6-well ultra-low cluster polystyrene 
culture dishes (Corning) with 50,000 cells/mL. After 24 hours, cells were harvested 
and resuspended in 100mL of Annexin-V buffer supplemented with Annexin-V (IQ 
Products) and propidium iodide (Sigma-Aldrich). Anoikis was defined as the Annexin-V 
and propidium iodide–positive population and quantified using a FACSCalibur (BD 
Biosciences). 

Chromatin Immunoprecipitation (ChIP)
MCF7-iFOXO3 cells were grown under adherent or suspension conditions in the 
absence or presence of doxycycline, and treated with the allosteric AKT inhibitor VIII 
1 hour prior to harvesting to ensure full FOXO activation. Immunoprecipitations were 
performed on 20·106 cells with 5 µg rabbit anti-FOXO3 (Santa Cruz H144) and 5 μg of 
normal rabbit IgG (Santa Cruz). ChIPs were performed as previously described (373).

Orthotopic Transplantations and tumour watch
For longitudinal tumour growth and dissemination experiments, 10,000 mILC-1 cells 
were transplanted in the 4th inguinal mouse mammary gland of Nude recipient mice 
as described previously (355). Primary tumours were allowed to develop to a volume 
of 100mm3 at which point expression of BMF was induced by feeding doxycycline-
containing chow (Ssniff). Alternatively, BMF expression was induced when lung 
metastasis were detected using bioluminescence imaging of the thorax (>2•103 
photons/s/cm2/sr). Tumour volumes and lung metastases were followed in time as 
described using a Biospace φ imager (355). All animal experiments were approved by 
the Utrecht University Animal Experimental Committee (DEC-ABC no. 2012.III.05.044).
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protein levels in Trp53D/D-4, MCF7, mILC1 and MDA-MB-231 cells grown under adherent (Ad) and suspension 
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Supplemental figure 2: Transcriptional regulation of pro and anti apoptotic proteins in breast cancer 
cells.
A. qPCR analysis of Noxa, Puma, Bim, Bmf, Bid, Bcl2, Bcl-xl, Mcl1 mRNA expression in Trp53D/D-4 relative to 
mILC1 adherent cells. Data represent the mean ±SD, n=3, t-test p<0.05 =*, p<0.005 =**, p<0.0005=***) B. 
qPCR analysis of NOXA, PUMA, BIM, BMF, BID, BCL2, BCL-XL, MCL1 mRNA expression in MCF7 relative to MDA-
MB-231 adherent cells. Data represent the mean ±SD, n=3, t-test p<0.05 =*, p<0.005 =**, p<0.0005=***)
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analyses of Bmf/BMF mRNA before and after doxycycline treatment. Data represent the mean ±SD, n=3, 
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Supplemental figure 4: Transcriptional regulation of pro and anti apoptotic proteins by FOXO3.
A. qPCR analysis of Noxa, Puma, Bim, Bmf, Bid, Bcl2, Bcl-xl, Mcl1 mRNA expression in mILC1-iFOXO3.A3 and 
Trp53-/--4 cells cultured in under adherent (Ad) and suspension (Sus) conditions in the presence or absence 
of doxycycline (Dox). Data represent the mean mRNA expression levels ±SD relative to mILC1-iFOXO3.A3 
cultured under adherent conditions. N=3, t-test p<0.05 =*, p<0.005 =**, p<0.0005=***. B. qPCR analysis of 
NOXA, PUMA,BIM, BMF, BID, BCL2, BCL-XL, MCL1 mRNA expression in MDA-MB-231-iFOXO3.A3 and MCF7-
iFOXO3.A3 cells cultured in under adherent or suspension conditions in the presence or absence of Doxycy-
cline. Data represent mean ±SD levels in mRNA expression relative to MDA-MB-231cultured under adherent 
conditions, n=3, t-test p<0.05 =*, p<0.005 =**,p<0.0005=***).
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Supplemental	  Table	  1:	  Oligos	  used	  in	  this	  study

qPCR	  Primers Target	  gene Direction Sequence	  5'-‐-‐>	  3'
Human GAPDH Forward CATTTCCTGGTATGACAACG

Reverse CTCTTCCTCTTGTGCTCTTG
TUBA1A Forward TACACCATTGGCAAGGAGAT

Reverse AACCAAGAAGCCCTGAAGAC
NOXA Forward GGAGATGCCTGGGAAGAAGG

Reverse CACTCGACTTCCAGCTCTGC
PUMA Forward ATTTGGCATGGGGTCTGCC

Reverse GAGGGCTGAGGACCACAAATC
BIM Forward TCTCAGTGCAATGGCTTCCA

Reverse TCCAATACGCCGCAACTCTT
BMF Forward CCTCCTTCCCAATCGAGTCTG

Reverse TCCATCTCTCCTGGGTGACT
BID Forward AGCACAGTGCGGATTCTGTC

Reverse ACCGTTGTTGACCTCACAGT
BCL2 Forward GGATAACGGAGGCTGGGATGC

Reverse GCAGAGTCTTCAGAGACAGCC
BCL-‐XL Forward GCCTAAGGCGGATTTGAATCTCT

Reverse TGGGCTCAACCAGTCCATTG
MCL1 Forward AAGAGGCTGGGATGGGTTTG

Reverse CAGCAGCACATTCCTGATGC
ChIP-‐β-‐Globulin Forward ATGGGACGCTTGATGTTTTC

Reverse CCCTGTTACTTATCCCCTTCCT
ChIP-‐FOXO	  binding	  site	  1 Forward GAGGCCACTCCGCACG

Reverse GGGCGGGGCCTCATCA
ChIP-‐FOXO	  binding	  site	  2 Forward GGAGGCCACTCCGCAC

Reverse CTCATCAGCTGTTTGCGGGA
CRISPR CDH1 gRNA_human GCTGAGGATGGTGTAAGCGATGG
CRISPR CDH1 gRNA_human GAGTTTCCCTACGTATACCCTGG
CRISPR CDH1 gRNA_mouse ACCGCGTGTCATCAAATGGGGAAGCGG
Mouse Pbgd Forward GCCTACCATACTACCTCCTGGCT

Reverse AAGACAACAGCATCACAAGGGTT
Noxa Forward ATAACTGTGGTTCTGGCGCA

Reverse TCCTTCAAGTCTGCTGGCAC
Puma Forward TACGAGCGGCGGAGACAAG

Reverse GTGTAGGCACCTAGTTGGGC
Bim Forward CGGTCCTCCAGTGGGTATTT

Reverse GTCGTATGGAAGCCATTGCAC
Bmf Forward GCAGCCCGCTGGAGTT

Reverse CAGGGTCCAGGGTGAAGAAC
Bid Forward GGACTCTGAGGTCAGCAACG

Reverse CCTCCCAGTAAGCTTGCACA
Bcl2 Forward GCGTCAACAGGGAGATGTCA

Reverse TTCCACAAAGGCATCCCAGC
Bcl-‐xl Forward CCGGTCTCTTCAGGGGAAAC

Reverse TAAGGTTCTGGCTGACTGCTC
Mcl1 Forward CAAAGAGGCTGGGATGGGTT

Reverse CAGCACATTTCTGATGCCGC
panBMF Forward CAGTGCATTGCAGACCAGTT
panBMF Reverse CCCCGTTCCTGTTCTCTTCT
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Summary
FOXO transcription factors function downstream of PI3K-AKT and are often considered 
tumor suppressors. Conversely, FOXOs have been reported to support tumorigenesis 
by maintaining homeostasis, supporting metastasis and regulating drug resistance. 
Indeed, studies that aimed to use FOXOs expression or localization as prognostic 
markers for the course of cancer progression have come to diametrical conclusions. 
Clarifying FOXO function in cancer is therefore essential, but studies comparing the 
effects of both loss and hyperactivation within the same model system are lacking. To 
this end we characterized pathophysiological and molecular effects of FOXO expression, 
activation and loss in mouse invasive lobular carcinoma. Our study supports that FOXO3 
activation suppresses tumor growth and metastasis, but unveils that FOXO loss is even 
more detrimental to tumorigenesis as FOXOs regulate cancer cell migration, invasion, 
anoikis resistance, PI3K activity, bioenergetics and redox homeostasis. Based on our 
results we conclude that FOXOs are essential for tumorigenesis but their activity needs 
to be carefully tuned. 
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Introduction
Sustained proliferative signaling is a hallmark of cancer that can for instance be 
provided for by many oncogenic alterations found in the highly conserved RAS-
MEK-ERK and PI3K-AKT pathways {Hanahan, 2011 #789}. The PI3K-AKT pathway is 
commonly hyper activated in cancer and converges on the redundant Forkhead Box O 
family of transcription factors (FOXO1, FOXO3, FOXO4) of which FOXO1 and FOXO3 are 
most abundantly expressed. FOXOs are kept inactive in the cytoplasm by active AKT, but 
upon loss of PI3K-AKT activity FOXOs translocate to the nucleus where they control a 
plethora of target genes involved in redox homeostasis, cell proliferation, differentiation, 
metabolism and apoptosis (2, 7, 8, 11, 12). FOXOs are considered putative tumor 
suppressors as combined loss of Foxo1, Foxo3 & Foxo4 in adult mice results in increased 
tumor formation and FOXO activation arrests the cell cycle and induces apoptosis or 
anoikis in multiple types of tumor cells (34, 45, 61). Counter intuitively; FOXOs are 
rarely mutated in cancers. This could either be because mutation of 6 FOXO alleles is 
unlikely and AKT mediated FOXO inhibition is sufficient to avoid tumor suppression, or 
because tumor cells benefit from having FOXOs around. In line with the latter, several 
recent studies have suggested that FOXOs may also support tumorigenesis (72, 73, 76, 
77). 
Additionally, FOXOs have been reported as part of a drug resistance signaling feedback 
loop that re-establishes RTK-PI3K-AKT signaling after pharmacological inhibition of 
AKT. Inhibition of AKT results in transcription of multiple RTKs, RTK adaptor proteins 
like IRS2 and the mTORC2 component RICTOR, which concurrently reactivate RTK and 
AKT signaling, a response hampered in the absence of FOXOs. (94-96).
Multiple studies have aimed to use FOXO levels and localization as prognostic markers 
for cancer patient survival. In line with the paradoxical role of FOXOs in cancer, these 
studies yielded contradictory results, showing that FOXO activity (as measured by 
nuclear localization) and levels can both correlate with good and poor prognosis (48-
57, 67-72). 
It is clear that the current understanding of the role of FOXOs in cancer is insufficient. 
The current knowledge is scattered over many different studies in various types of 
cancer and most studies are limited to only the effects of FOXO loss or gain of function 
in single aspects of cancer. Gaining better insight into the role of FOXOs in cancer might 
lead to the development of promising strategies for cancer therapy (34). However, 
studies designed to characterize the effects of both FOXO gain and loss of function 
within one system are lacking. 
To this end we characterized acute FOXO expression, activation and loss in a robust 
mouse model for invasive lobular carcinoma (mILC) that allows monitoring of both 
primary tumor growth and metastasis (350, 353).  Our study reveals that FOXO3 hyper 
activation suppresses tumorigenesis and delays metastasis. Combined loss of Foxo1 
and Foxo3 expression was found to be even more detrimental to tumorigenesis and 
efficiently inhibits metastasis. Further characterization of the effects of FOXO activity 
on mILC shows that FOXOs are essential to maintain PI3K/AKT signaling and are 
involved in numerous processes including cell migration, invasion, anoikis resistance, 
bioenergetics and redox homeostasis. Based on these observations we conclude that 
FOXOs are not tumor suppressors but essential for many aspects of tumorigenesis and 
propose that cancer cells need to carefully tune FOXO activity to maintain homeostasis. 
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Results

FOXO3 activation represses tumor growth and metastasis
In order to determine how FOXO levels and activity are influencing tumorigenesis 
we established mILC1 cell lines constitutively expressing luciferase, combined with 
doxycycline-inducible wild-type FOXO3 (iFOXO3) or the AKT resistant hyperactive 
mutant FOXO.A3 (iFOXO3.A3). We chose FOXO3 because the individual FOXOs are 
redundant as putative tumor suppressors and FOXO3 is the most ubiquitously 
expressed FOXO (Figure 1A)(7, 61, 353). It is important to use an inducible system to 
minimize the chances of adaptation to presence of the transgene. Cells were grown 
under continuous selection with neomycin that is expressed from the same construct 
to ensure that they do not lose the construct. Upon administration of doxycycline for 
7 days, colony outgrowth was impaired in both mILC1-iFOXO3 and mILC1-iFOXO3.A3 
cells (Figure 1B). To resolve whether colony formation is impaired due to apoptosis 
or cell cycle inhibition or both the cells were tested for apoptosis and DNA content by 
flow cytometry. Doxycycline treatment showed no significant increase in apoptosis 
for both mILC1-iFOXO3 and mILC-iFOXO3.A3 cells (Figure 1C). Induction of FOXO3.A3 
did however induce a cell cycle arrest resulting in 81% of G1 arrested cells after 48 
hours (Figure 1D). In mILC1-FOXO3 cells on the other hand only 61% of the cells are 
in G1. Induction of FOXO3 and FOXO3.A3 resulted in expression of its canonical target 
gene Cdkn1b/p27, indicating colony formation capacity is mainly restricted through 
inhibition of the cell cycle (Figure 1E). In case of iFOXO3 the cell cycle effect seems only 
temporary as p27 is induced after 16 hours, colony outgrowth is restrained but no cell 
cycle arrest is observed after 48 hours of FOXO3 induction. These results confirm the 
well-described role of FOXOs in regulation of the cell cycle (35). 
Orthotopic transplantation of mILC1 cells is a robust model for invasive lobular 
carcinoma and the aggressive nature (tumor cells detectable in the lungs ~6 weeks 
after transplantation in the fat pad) of this tumor type allows studying both primary 
tumor growth and metastasis. In order to verify the observed tumor suppressive effects 
of FOXO3 and FOXO3.A3 expression in vivo, we orthotopically transplanted 10.000 
cells into the mammary fat pad of recipient mice. Expression of FOXO3 and FOXO3.
A3 was induced by feeding mice doxycycline-containing chow either 2 weeks after 
surgery or when tumors were 50-100mm3 in size. Induction of FOXO3 in both early 
and late dox-treated mice did not influence primary tumor growth (Figure 1F). Early 
expression of FOXO3.A3 hampered tumor development by delaying primary tumor 
growth. Expression of FOXO3.A3 when primary tumors are between 50-100mm3 
resulted in inhibition of tumor growth and decreased primary tumor size, but 2 weeks 
after doxycycline administration primary tumor growth was re-established (Figure 1G). 
Detection of luciferase activity in the mouse outside the primary tumor location, 
primarily the lungs, was used to determine the metastatic capacity of mILC1-iFOXO3 
and mILC1-iFOXO3.A3. No significant differences in metastasis free survival were 
detected for tumors with FOXO3 and FOXO3.A3 induction 2 weeks after surgery. In 
contrast, FOXO3 and FOXO3.A3 induction when tumors are 50-100mm3 in size showed 
significantly delayed metastasis formation (Figure 1H&I). The average primary tumor 
volume was significantly larger when metastases were first detected in doxycycline 
treated mice, indicating that FOXO3 activation not only restrains primary tumor growth 
but also inhibits metastasis formation (Supplemental Figure 1A). Strong selection for 
cells with low amounts of viral integrations was observed by quantifying the amount 
of viral integrations in the genome of mILC1-iFOXO3.A3 cells isolated from untreated, 
early and late treated tumors by real-time PCR (Supplemental Figure 2A). Cells isolated 
from dox treated tumors remained resistant to neomycin selection and showed low 
FOXO3.A3 induction, comparable to mILC1-FOXO3.A3 cells treated for 3 weeks with 
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4doxycycline in culture, which means that they did retain and express the construct 
(Supplementary Figure 2B&C). The strong selection for cells expressing low levels of 
FOXO3.A3 explains why the suppressive effect of FOXO3.A3 on primary tumor growth 
is limited and temporary. 
Together these results show that FOXO3 activation suppresses tumor growth and 
delays the establishment of metastatic disease. Previously we showed FOXO3 activation 
might be involved in repression of metastasis by regulating anoikis in breast cancer 
cells including the cells used in our mILC1 model (45). Our results now for the first 
time implicate that FOXO3 activation can repress metastasis in vivo and complement 
our previous findings.

FOXOs are essential for tumor growth and metastasis
Our data confirms activation of FOXOs suppresses tumorigenesis in vivo, in agreement 
with Paik et al. showing that Foxo1, Foxo3 & Foxo4 knockout mice display high tumor 
incidence and (61). But since epithelial tumors were rarely found in knockout mice and 
recent studies revealed also a putative tumor supportive role for FOXOs, we set out to 
evaluate the effects of FOXO loss on tumorigenesis in our mILC1 model (72, 73, 77). 
As FOXO transcription factors are highly redundant in their function we first determined 
the endogenous expression levels of Foxo1, Foxo3 and Foxo4 in mILC1. Both Foxo1 and 
Foxo3 were expressed and no Foxo4 mRNA was detected in mILC1 (supplemental 
figure 3A). Conveniently, Foxo1 and Foxo3 share sufficient sequence overlap that they 
can be targeted by a single shRNA, that we expressed dox-inducible in mILC1 cell lines 
(shFOXOs)(38, 222). Upon shFOXOs expression efficient knockdown of both Foxo1 and 
Foxo3 is observed over the course of 72 hours (Figure 2A & Supplemental figure 3B). 
Foxo knockdown over the course of 7 days reduced mILC1 colony outgrowth (Figure 
2B). To resolve if colony outgrowth is impaired due to apoptosis or cell cycle inhibition, 
apoptosis and DNA content were assessed by flow cytometry. FOXO knockdown for 72 
hours showed no significant increase in apoptosis (Figure 2C). FOXO knockdown did 
also not induce a cell cycle arrest but resulted in an overall increase in cell cycle time 
as measured by video time-lapse microscopy (Figure 2D&E). Whereas Cdkn1b/p27 was 
induced upon FOXO3 activation, inactivation of FOXOs in mILC1 cells up regulates the 
expression of Cdkn1a/p21 indicating that FOXO activation and FOXO loss affects the cell 
cycle through different mechanisms (Figure 2F).
We orthotopically transplanted 10.000 mILC1-shFOXOs cells into the mammary 

Figure 1: FOXO3 activation inhibits tumor growth and metastasis
A Western blot analysis of FOXO3 expression in mILC1-iFOXO3 and mILC1-iFOXO3.A3 cells after 16 hours 
of doxycycline. B Colony formation capacity of mILC1-iFOXO3 and mILC1-iFOXO3.A3 cells after 7 days 
of doxycycline. Shown here is a representative figure. C Flow cytorometric analysis of mILC1-iFOXO3 and 
mILC1-iFOXO3.A3 cells stained with Annexin-V and Propidium Iodide (PI) after 24 hours of doxycycline. Data 
represent the average of 3 experiments ±SD. Aspecific background signal was used to control for loading. D 
Flow cytometric analysis of PI staining for DNA content in mILC1-iFOXO3 and mILC1-iFOXO3.A3 cells before 
and after 48 hours of doxycycline. Shown is a representative histogram and the average percentage of cells 
with 2n DNA (G1) (n=3) ±SD E Western blot analysis of Cdkn1a and Cdkn1b protein levels in mILC1-iFOXO3 
and mILC1-iFOXO3.A3 cells after 8 or 16 hours of doxycycline. Aspecific background signal was used to 
control for loading. F & G Primary tumor growth curves of orthotopically transplanted mILC1-iFOXO3 and 
mILC1-iFOXO3.A3 cells. Black lines indicate untreated tumors (n=10), green lines indicate tumors treated 
with doxycycline starting from 2 weeks after transplantation (n=10), blue lines indicate tumors treated with 
doxycycline starting from tumor size 50-100mm3 (n=10). Data represent the mean tumor volume ±SEM, 
Holm-Sidak corrected t-test p<0.005 =**, p<0.0005 =***. H & I Kaplan-Meier curve representing metastasis 
free survival, measured in days until metastasis were detected by bioluminescent imaging in control mice 
(n=10), mice treated starting from 2 weeks after transplantation (n=10) and mice treated with doxycycline 
at a primary tumor volume of 50-100mm3 (n=10), Mantel-Cox test mILC1-iFOXO3 p=0.0015 (**), mILC1-
iFOXO3.A3 p<0.0001=***
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Figure 2: FOXOs are essential for tumor growth and metastasis
A Western blot analysis of Foxo1 and Foxo3 expression in mILC1-shLuc and mILC1-shFOXOs cells after 24, 
48 and 72 hours of doxycycline. B Colony formation capacity of mILC1-shLuc and mILC1-shFOXOs cells 
after 7 days of doxycycline. Shown here is a representative experiment. Aspecific background signal was 
used to control for loading. C Flowcytorometric analysis of mILC1-shLuc and mILC1-shFOXOs cells stained 
with Annexin-V and Propidium Iodide (PI) after 72 hours of doxycycline. Data represent the average of 3 
experiments ±SD. D Flow cytometric analysis of PI staining for DNA content in mILC1-shFOXOs cells treated 
with doxycycline for 72 and 96 hours. Shown is a representative histogram and the average percentage of 
cells with 2n DNA (G1) (n=3) ±SD E Quantification of time-lapse microscopy imaging of the time it takes to 
undergo the complete cell cycle in untreated or 72 hours doxycycline treated mILC1-shFOXOs cells. F Western 
blot analysis of Cdkn1a and Cdkn1b protein levels in mILC1-shLuc and mILC1-shFOXOs cells after 24, 48  or 
72 hours of doxycycline. Aspecific background signal was used to control for loading. G Primary tumor growth 
curves of orthotopically transplanted mILC1-shFOXOs cells. Black lines indicate untreated tumors (n=10), 
green lines indicate tumors treated with doxycycline starting from 2 weeks after transplantation (n=10), blue 
lines indicate tumors treated with doxycycline starting from tumor size 50-100mm3 (n=10). Data represent 
the mean tumor volume ±SEM, Holm-Sidak corrected t-test p<0.005 =**, p<0.0005 =***. H Kaplan-Meier curve 
representing metastasis free survival, measured in days until metastasis were detected by bioluminescent 
imaging in control mice (n=10), mice treated starting from 2 weeks after transplantation (n=10) and mice 
treated with doxycycline at a primary tumor volume of 50-100mm3 (n=10), Mantel-Cox p<0.0003 (***).
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fat pad of recipient mice to determine loss of FOXO expression effects in vivo. FOXO 
loss hampered tumor development significantly, delaying primary tumor growth by 
approximately 4 weeks. Expression of shFOXOs in primary tumors between 50-100mm3 
resulted in efficient but temporary growth inhibition (Figure 2G). Strikingly, the onset 
of metastasis was significantly delayed in tumors treated with FOXO knockdown 
from 2 weeks after surgery compared to untreated control tumors. Treating tumors 
at 50-100mm3 also reduced the establishment of metastasis (Figure 2H). Average 
primary tumor volume was significantly larger when metastases were first detected in 
doxycycline treated mice, indicating that loss of Foxo1 and Foxo3 expression not only 
restrains primary tumor growth but also delays metastasis formation (Supplemental 
Figure 4A). 
The effect of Foxo loss on tumor growth is initially quite dramatic but a relapse was 
observed in time. Quantifying the amount of viral integrations in the genome of mILC1-
shFOXOs cells isolated from control or dox treated tumors by real-time PCR showed mild 
selection for cells with low amounts of viral integrations in contrast to mILC1-FOXO3.
A3 tumors (Supplemental Figure 5A). Cells isolated from dox treated tumors retained 
GFP expression, meaning that the construct is still expressed. Additionally, efficient 
Foxo1 and Foxo3 knockdown was still observed in cells derived from the doxycycline 
treated tumor groups (Supplementary Figure 5B). The fact that there is little negative 
selection against cells carrying shFOXO construct combined with the maintenance of 
efficient Foxo knockdown suggests that tumor cells are able to adapt to Foxo loss by a 
yet unknown mechanism. Together these results show mILC1 tumors depend on the 
presence Foxos for both growth and metastasis.

FOXOs attenuate cell motility and anoikis resistance
For cells to become metastatic they need to be motile and able to survive dissemination. 
FOXOs have been reported to facilitate metastasis trough regulating cell motility and 
migration in breast and colon cancer cells (72, 77).  But others and we have previously 
shown that FOXO activation is correlated to anoikis induction in anchorage independent 
cells including mILC1 (45, 80). In order to determine whether decreased metastatic 
potential by FOXOs correlates to changes in cell migration or prevention of anchorage 
independent survival we assessed how different levels of FOXO activity impact on cell 
motility and anoikis resistance. 
Tracking cell migration by live microscopy of mILC-shFOXOs and mILC1-iFOXO3.A3 
in 2D culture showed a significant inhibition of cell motility upon loss but not upon 
activation of FOXO (Figure 3A). mILC1 cells cultured as spheroids in a mixture of 
matrigel and collagen grow as large multicellular structures that invade into the matrix. 
Loss of FOXO results in a marked reduction of invasive growth whereas expression of 
FOXO3.A3 impairs spheroid formation or leads to the collapse of the 3D structure when 
induced after the formation of invasive protrusions (Figure 3B).
Next we determined the effect of FOXO activity on anoikis resistance. Previously we 
reported that activation of FOXOs induces anoikis, however the effect of FOXO loss 
on anoikis has not been studied (45). Significant increase in anoikis was observed in 
mILC1-shFOXOs cells transferred to suspension after 72 hours of doxycycline (Figure 
3C).  Reduced anoikis resistance by FOXO loss indicates that FOXOs are required for 
anchorage independent survival. Induction of anoikis by FOXO activation is mediated by 
transcription of the pro-apoptotic BH3-only genes BIM and BMF (45). Probing for genes 
involved in anoikis in mILC1-shFOXOs cells grown in suspension confirms that Bim and 
Bmf expression are up-regulated in a FOXO dependent manner and shows reduced Bcl2 
and Bcl-xl expression levels (Figure 3D&E).  Together these results show that loss of 
FOXOs correlates with reduced cell migration, invasion and anoikis resistance of mILC1 
cells. The mechanism by which anoikis is triggered remains to be clarified however.
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FOXOs are required for cancer cell homeostasis and bioenergetics
The increased sensitivity to apoptosis in cells lacking FOXO expression is not expected 
to be sufficient to attenuate cancer cell proliferation or trigger cell death without 
additional stimuli. Anchorage independent survival is reported to be dependent 
on active growth factor signaling and the cancer cell’s ability to maintain redox and 
metabolic homeostasis (290, 292). FOXOs have been reported to influence cell 
proliferation and survival by prevention of metabolic and oxidative stress (19, 21, 76, 
374). To determine if mILC1-shFOXO cells activate stress signaling we determined the 
phosphorylation status of JNK, p38 and c-JUN. FOXO knockdown lead to induction of 
stress kinase pathway activity over the course of three days, suggesting that FOXO 
loss leads to oxidative or metabolic stress (Figure 4A). Next we determined whether 
stress kinase activation correlates with increased levels of ROS and an overall more 
oxidative state. CellRox fluorescence intensity was increased after FOXO knockdown in 
cells treated with this reactive species probe, indicating that FOXO loss increases ROS 
levels (Figure 4B). The ratio of NADP+ over NADPH, the main reductive entity in cells, 
increased after FOXO knockdown supporting the notion that an overall more oxidative 
environment reigns in cells after loss of FOXO (Figure 4C). NADPH is mainly recycled 
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Figure 3: Loss of FOXOs reduces cell motility, invasion and anchorage independent survival.
A Cell migration speed in mm/frame (5 min) determined by tracking cell movement using live cell microscopy 
of mILC1-shFOXOs treated with doxycycline for 72 hours and mILC1-FOXO3.A3 cells treated with doxycycline 
for 8 hours. B Spheroid cultures of mILC1-shFOXOs and mILC1-FOXO3.A3 in Matrigel containing Colagen I 
cultured in the presence of doxycycline either from day 1 or after 7 days.  C Flow cytometric analysis of 
anoikis induction in mILC1-shLuc, mILC1-shFOXOs, mILC1-iFOXO3 and mILC1-iFOXO3.A3 cells cultured in 
suspension for 24 hours and stained for Annexin-V and PI. mILC1-shLuc and mILC1-shFOXOs were pretreated 
with doxycycline for 72 hours. mILC1-iFOXO3 and mILC1-FOXO3.A3 were treated with doxycycline upon 
transfer to suspension. Data represent the average of 3 experimens ±SD. D RT-qPCR analysis of Mcl1, Bcl2, 
Bcl-xl, Bim, Bmf, Bid, Puma and Noxa mRNA expression levels in mILC1-shFOXOs cells. mILC1-shFOXOs cells 
(adh) were cultured in the presence of doxycycline for 96 hours (adh+dox) or transfered to suspension  for 24 
hours (sus) after 72 hours of doxycycline (sus+dox).  Data represent the average of 3 experiments ±SD, data 
is normalized to Gapdh mRNA expression.  E Western blot analysis of Bmf, Bim, Bcl-xl, Bcl2 and Foxo1 protein 
levels. mILC1-shFOXOs cells (adh) were cultured in the presence of doxycycline for 96 hours (adh+dox) or 
transfered to suspension  for 24 hours (sus) after 72 hours of doxycycline (sus+dox). Picture of the same blot 
is cut at indicated dashed line. Aspecific background signal was used to control for loading. 
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from NADP+ when glucose is shunted into the pentose phosphate pathway. FOXOs 
are well known regulators of glucose uptake and metabolism and therefore we tested 
whether glucose metabolism was impaired upon FOXO knockdown. Tracking glucose 
uptake using 2-NBDG showed loss of FOXOs led to reduced glucose uptake (Figure 4D). 
To determine the effect of FOXO loss on overall bioenergetics we measured glycolytic 
activity and oxygen consumption rate using Seahorse technology. Basal and maximal 
glycolysis was lower after FOXO loss, showing cells are using their full glycolytic capacity 
(Figure 4E).  Similarly, oxygen consumption is lower in cells lacking FOXOs and cells 
use their full capacity (Figure 4F). Although FOXOs clearly affect cellular bioenergetics 
and redox homeostasis, antioxidants e.g. Trolox, N-acetyl cysteine or EUK134, do not 
rescue cell proliferation or anoikis induction (Supplemental figure 6). Taken together, 
these data indicate that although FOXOs are essential for cellular redox homeostasis in 
mILC1, the role of FOXOs in cancer is more complex than just providing tumor cells with 
sufficient reductive capacity. 

FOXOs tune growth factor signaling activity 
Growth factor signaling is fundamental to tumorigenesis and anchorage independent 
survival is strongly dependent on RAS and PI3K pathway activity (45, 80, 292, 300). 
Interestingly, FOXOs have been proposed as regulators of a signaling feedback mechanism 
that maintains PI3K-pathway activity in response to pharmacological inhibition of this 
pathway (71, 94-96). How FOXOs precisely regulate PI3K feedback signaling remains 
to be characterized. Expression of FOXO3.A3 increases RAS and PI3K pathway activity, 
shown by ERK phosphorylation, AKT-Ser308 and Ser473 phosphorylation. Loss of 
FOXO correlated with a marked reduction in Akt-S308 and S473 phosphorylation 
(Figure 5A). Unchanged p70s6k phosphorylation implicated no changes in mTORC1 
activity. To validate these observations in vivo we stained AKT-Ser473 in mILC1-iFOXO3.
A3 and mILC1-shFOXOs tumors that were either untreated or doxycycline treated for 
a week at primary a tumor volume of 50-100mm3. Induction of FOXO3.A3 or shFOXOs 
correlated to increased and reduced levels of AKT-S473 respectively (Figure 5B). FOXO 
activation induced mRNA expression of a panel of previously described growth factor 
signaling feedback components including c-Met, Erbb2, Erbb3, Insr, Igf-1r, Pdgfra, 
Fgfr1, Fgfr3, Irs1, Irs2, Rictor, Sesn1 and Sesn3 (Figure 5C). FOXO knockdown resulted 
in decreased mRNA expression of c-Met, Igf-1r, Insr, Erbb2, Erbb3, Rictor, Irs1, Irs2, 
Sesn1, Sesn3 (Figure 5D). Protein levels indeed confirm FOXOs control the expression 
of c-Met, Igf-1r, Insr, Erbb2, Erbb3, Irs1, Irs2, Rictor and Pdgfra (Figure 5E). Together 
these results show that FOXOs are important mediators of PI3K feedback signaling and 
do so by regulating multiple components of this pathway.  Co-expression of an shRNA-
insensitive mutant of FOXO3 in mILC1-shFOXOs is sufficient to maintain AKT activation 
and prevent stress kinase activation (Supplemental figure 7A-F). Re-establishing AKT 
activity by ectopic expression of PI3KH1047R, myr-AKT or Rictor is however insufficient to 
rescue cell proliferation and anoikis induction upon loss of FOXO, even in the presence 
of antioxidants (Supplemental figure 7G&H). These findings stress that carefully tuning 
FOXO activity is essential for its complex function within the cell, as ectopic hyper 
activation, complete loss of FOXO3 or hyper activation of GFR signaling all overdo the 
endogenous function of FOXOs.
Collectively, our results show that FOXOs are involved in diverse processes that 
are essential for tumor cell proliferation, survival, migration, redox & metabolic 
homeostasis. Moreover, our findings demonstrate that tumor cells need to carefully 
tune FOXO activity for outgrowth and survival (Figure 5F). 
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Discussion
Tuning FOXO activity is essential for tumorigenesis
Our approach for the first time allowed determination of the effects of differential 
FOXO levels and activity in an orthotopic model of tumor growth and metastasis. 
Elevated FOXO3 levels had no effect on primary tumor growth but delayed metastasis 
formation. The expression of constitutively nuclear and hyperactive FOXO3.A3 strongly 
affected both primary tumor growth and metastasis, underlining that suppression of 
FOXO activity by AKT is required for tumor cells to proliferate and survive anchorage 
independent growth. These findings are well in line with previous studies that propose 
a tumor suppressive role for FOXOs based on its roles in cell cycle arrest, apoptosis and 
anoikis (2, 7, 34, 35, 45, 61, 80).
Induced loss of FOXO expression revealed that mILC1 cells are highly dependent on 
FOXOs for tumor growth and metastasis. These observations argue against a general 
role for FOXOs as tumor suppressors and show that endogenous FOXOs support cell 
proliferation and cellular homeostasis not only in normal cells but also in cancer 
cells. Previous studies already proposed that FOXOs support tumorigenesis by either 
facilitating cell invasion in breast and colon cancer cells or blocking differentiation in 
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Figure 4: FOXOs are required for maintaining cellular redox homeostasis and bioenergetics
A Western blot analysis of cJun, phospo-cJun, Jnk, phospho-Jnk, p38 and phospho-p38 protein levels in 
mILC1-shFOXOs cells treated with doxycycline for 24, 48 or 72 hours. Aspecific background signal was 
used to control for loading. B Flow cytometric analysis of CellRox oxidation in mILC1-shFOXOs cells treated 
with doxycycline for 72 hours. Shown is a representative cytometric histogram and the average of three 
independent experiments ±SD.  C Quantification of the ratio between NADP+ and NADPH. Data represents 
the average of 3 experiments ±SD, t-test p<0.05 = *. D Flow cytometric analysis of 2-NBDG uptake in mILC1-
shFOXOs cells treated with doxycycline for 72 hours. Shown is a representative cytometric histogram and the 
average of three independent experiments ±SD. E Seahorse measurement of glycolytic activity and maximal 
glycolytic capacity based on the extra cellular acidification rate (ECAR) of mILC1-shFOXOs cells treated with 
doxycycline for 72 hours. Shown is the average of 5 technical replicates within a representative experiment 
±SD. F Seahorse measurement of mitochondrial respiration (OXPHOS) and maximal respiratory capacity 
based on the oxygen consumption rate (OCR) of mILC1-shFOXOs cells treated with doxycycline for 72 hours. 
Shown is the average of 5 technical replicates within a representative experiment ±SD. 
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CML or AML (72, 73, 76, 77). We now show that FOXOs are involved in diverse aspects 
of tumor development simultaneously, including proliferation, invasion, anchorage 
independent growth and cellular energy & redox homeostasis. 
In the paper by Paik and colleagues FOXOs are described as putative tumor suppressors 
due to the higher tumor incidence associated with the combined loss of Foxo1, Foxo3 & 
Foxo4 in mice (61). An interesting note to that study is that epithelial tumor incidence is 
not increased in Foxo triple knockout mice. This could be because early onset of different 
tumor types obscures epithelial tumorigenesis or because epithelial tumors rely more 
on the presence of FOXOs. The observation of a 23,1% decrease in spontaneous lung 
cancer incidence in Foxo3-/- mice treated with DMBA carcinogen insinuates a more 
tumor supportive role for FOXOs in epithelial cancers. 
Except from the study by Paik and colleagues the paradigm of FOXOs acting as tumor 
suppressors is mainly build on ectopic over-expression of FOXO3.A3, activating FOXO in 
the context of PI3K-AKT inhibition or exposing cells to adverse conditions like excessive 
amounts of hydrogen peroxide. The subsequent cell cycle arrest and induction of 
apoptosis observed in cells involves FOXOs but whether endogenous FOXOs can do this 
in an endogenous context remains unanswered. Cells isolated from mILC1-FOXO3.A3 
tumors showed strong selection against high expression of FOXO3.A3. However, the 
remaining cells retained the capability of expressing FOXO3.A3 at super-endogenous 
levels without suffering from reduced proliferation. This observation implicates that 
cells can deal with unnaturally high levels of FOXO activity to a certain extent, while 
still being able to proliferate and raises the question if fully active endogenous FOXO3 
could inhibit proliferation without concurrent AKT inhibition. It is therefore temping to 
speculate that the technical aspects of how experiments on FOXOs are designed have 
obscured the essential role of endogenous FOXOs in cancer and led to the paradigm that 
FOXOs need to be repressed for cell proliferation. 
Similar to FOXO3.A3 expression, tumors adapt to FOXO loss and regain their capacity to 
grow and metastasize. In contrast to FOXO3.A3, mILC1-shFOXO cells retain the efficient 
knockdown of both Foxo1 and Foxo3. It might therefore be expected that cells adapt 
to FOXO loss by rewiring signaling in order to become FOXO independent through a 
yet unknown mechanism. This observation might also explain why FOXO knockout 
cells can be cultured and show mild phenotypes in the absence of adverse conditions, 
stressing the importance of conditional loss of function strategies to further elucidate 
FOXO function (19, 21, 24, 61, 76).
 
FOXOs facilitate anchorage independent survival
FOXOs have been reported to be involved in a plethora of processes essential for optimal 
cell function including proliferation, death, migration, redox homeostasis, bioenergetics, 
differentiation and lifespan (2, 375). 
Others and we proposed a role for FOXOs in preventing anchorage independent survival 
(45, 80). The current study shows that hyper activation of FOXO3 inhibits metastasis in 
vivo and is in line with these previous observations. The reported metastasis stimulating 
effect of FOXO3.A3 in colon carcinoma cells was not observed in our system (72). These 
contradicting results illustrate that the output of FOXO activation differs between 
cell types and the concurrent signaling context in which FOXOs are activated. The 
differences between our study and that of Tenbaum and colleagues might be explained 
by the presence of high b-catenin levels in colon carcinoma cells compared to mILC, 
which represses FOXO3.A3 induced apoptosis (72, 79, 353).
We confirmed that loss of FOXOs correlates with reduced cell motility and invasion in vitro 
(77). Additionally, we show for the first time that conditional loss of FOXOs impairs the 
formation of metastasis in vivo. The exact reason by which FOXO loss impairs metastasis 
formation is hard to pinpoint due to its complex function in the cell. Attempts to rescue 
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therefore insufficient as this likely requires more signaling and metabolic components 
and subtle tuning of FOXO activity is experimentally unattainable. Even though cancer 
cells primarily rely on the presence of FOXOs, cells can adapt to the absence of FOXOs 
through a yet unknown mechanism. 

Targeting FOXOs in cancer
Inhibition of PI3K or AKT and the subsequent cell cycle arrest and apoptosis in cancer 
cells was the rationale for development of many different small molecule inhibitors 
targeting PI3K and AKT for cancer therapy. The effectiveness of these inhibitors in 
treating cancer is however limited due to the strong feedback response of cells, re-
establishing PI3K/AKT activity (376). Induction of GFR-signaling components in 
response to PI3K/AKT inhibition is obstructed in the absence of FOXOs and FOXO3.A3 
expression correlates with increased RICTOR and SESN3 expression and AKT activity 
(71, 94-96). We combined these observations and establish that FOXOs can indeed 
drive the expression of multiple components of GFR-signaling and regulate PI3K/AKT 
activity in mILC1. Complementary, we show that FOXOs are required for diverse aspects 
of cellular metabolism and that loss of FOXOs results in an overall more oxidative state.
Our study emphasizes that FOXOs are essential for tumorigenesis and not operating 
in a binary fashion in which they are “ON” or “OFF” but rather in a gradual mode of 
operation in which activity is balanced to be “just right” in both healthy and cancer cells. 
The joined observation that loss of FOXOs is disadvantageous for tumor development, 
correlates with increased metabolic defects and reduces GFR-signaling, puts inhibiting 
FOXOs forward as an appealing strategy for cancer therapy, especially combined with 
blocking adaptation to FOXO loss.
 
Experimental Procedures

Cell culture
Mouse invasive lobular carcinoma cells mILC1 were derived from tumors that developed 
in female K14cre;Cdh1F/F;Trp53F/F mice and cultured as described previously (353). 
For doxycycline treatment 100 nM Doxycycline was used for the duration of indicated 
times. Antioxidant treatment was done by daily 200mM Trolox, 20mM EUK-134 or 1mM 
n-acetyl cysteine (NAC) treatment. 3D spheroid cultures are established by culturing 

Figure 5: FOXOs maintain PI3K pathway activity
A Western blot analysis of Foxo1, Foxo3, Erk, phosphor-Erk, Akt, Phospho-Akt-S308, phospo-Akt-Ser473, 
p70s6k and phosphor-p70s6k protein levels in mILC1-shLuc, mILC1-shFOXOs and mILC1-iFOXO3.A3 cells. 
mILC1-shluc and mILC1-shFOXOs cells were treated with doxycycline for 72 hours, mILC1-iFOXO3.A3 were 
treated with doxycycline for 16 hours. Total ERK, AKT and p70S6K levels were used to control for loading. B 
Immunohistochemical analysis of phospo-Akt S473 protein levels in mILC1-iFOXO3.A3 and mILC1-shFOXOs 
cells after treatment with doxycycline for 7 days. Shown are representative pictures of one tumor. C RT-qPCR 
of Egfr, cMet, Igf1r, Insr, Irs1, Irs2, Rictor, Fgfr1, Fgfr2, Fgfr2, Fgfr3, Fgfr4, Pdgfra, Pdgfrb, c-Kit, Ret, Erbb2, Erbb3, 
Erbb4, Sesn1, Sesn2 and Sesn3 mRNA expression levels in mILC1-shLuc, mILC1-shFOXOs and mILC1-iFOXO3.
A3 cells. mILC1-shluc and mILC1-shFOXOs cells were treated with doxycycline for 72 hours, mILC1-iFOXO3.
A3 were treated with doxycycline for 16 hours. Graph represents the average of 3 independent experiments 
±SD, ND = not detected. D RT-qPCR of Egfr, cMet, Igf1r, Insr, Irs1, Irs2, Rictor, Fgfr1, Fgfr2, Fgfr2, Fgfr3, Fgfr4, 
Pdgfra, Pdgfrb, c-Kit, Ret, Erbb2, Erbb3, Erbb4, Sesn1, Sesn2 and Sesn3 mRNA expression levels in mILC1-
iFOXO3.A3 after treatment with doxycycline for 16 hours. Graph represents the average of 3 independent 
experiments ±SD, ND = not detected. E Western blot analysis of Irs1, Irs2, cMet, Rictor, Egfr, Igf-1r, Insr, Pdgfra, 
Erbb2 and Erbb3 protein levels in mILC1-shLuc, mILC1-shFOXOs and mILC1-iFOXO3.A3 cells. mILC1-shluc 
and mILC1-shFOXOs cells were treated with doxycycline for 72 hours, mILC1-iFOXO3.A3 were treated with 
doxycycline for 16 hours.  Aspecific background signal was used to control for loading. F A graphic model 
illustrating the consequences of differential FOXO activity in cancer cells.
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mILC1 cells in 20 ml drops containing 40% matrigel, 40% rat tail collagen I (1,5mg/
ml final concentration)(Ibidi) and 20% culture medium containing 1000 cells/ml. For 
colony formation assays 2000 cells/well were plated and grown for 7 days in normal 
medium containing the indicated chemicals. 

Constructs, lentiviral transduction and transfections
Third generation packaging vectors and HEK293T cells were used to generate lentiviral 
particles (377). Lentiviral cDNA expression vectors expressing FOXO3 and FOXO3.A3 
were generated using Gateway cloning in the pINDUCER20 (Addgene #44012) dox-
inducible expression system (371). Foxo1 and Foxo3 knockdown in mILC1 cells was 
achieved by lentiviral transduction of doxycycline inducible FH1tUTG carrying shRNA 
simultaneously targeting Foxo1 and Foxo3 (TRCN0000020707) (38, 378). The Lentiviral 
constructs pLV-CMV-PIK3CA-IRES-Puromycin, pLV-CMV-PIK3CAH1047R-IRES-Puromycin, 
pCDH-myr-HA-Akt-puromycin (Addgene #46969) pLV-CMV-RICTOR-IRES-Hygromicin 
and pINDUCER20-GFP-FOXO3mt were used to express PI3K, PI3KH1047R, myrAKT, RICTOR 
and FOXO3mt respectively.

Immunoblotting & antibodies
For western blot cells are lysed in sample buffer containing 0.2%SDS, 10% glycerol, 
0.2% b-mercapto ethanol, 60mM Tris pH6.8. Protein concentrations were determined 
using Bradfort (Biorad) and equal concentrations of protein were used for Western 
blot. Proteins were detected using 6-15% SDS-PAGE gels and subsequent western-blot 
analysis with primary antibodies recognizing: BIM (CST-2819) BMF (ENZO-17A9), AKT/
PKB (5178 (379)), FOXO1 (CST- 29H4), FOXO3 (H144 Santa Cruz), BCL2 (CST-2876), 
BCL-XL (CST-2764), PKB-S308 (CST-2965), PKB-S473 (CST-4060), ERK (SC-94), pERK 
(CST-4370), p70S6K (CST-2708), phospho-p70S6K (CST-9234), JNK (SC-1648), pJNK 
(CST-4668), cJUN (SC-1694), cJUN-S73 (CST-9164), p38 (CST-2387), p38-T180/183 
(CST-9211), IRS1 (CST-2390), IRS2 (CST-4502), cMET (CST-3127), EGFR (CST-4267), 
ERBB2 (CST-2165), ERBB3 (CST-12708), INSR (CST-3025), IGF-1R (CST-9750), PDGFRA 
(CST-3174) and RICTOR (CST-2140), p27 (BD-610241), p21 (SC-471) used 1:2000. 
Primary antibodies were detected by secondary HRP conjugated antibodies targeting 
mouse, rabbit, and rat IgG and visualized using chemiluminescence (Biorad).

Orthotopic Transplantation assays
For tumorigenesis experiments, 10,000 mILC1-iFOXO3, mILC1-iFOXO3.A3 and mILC1-
shFOXO cells were orthotopically transplanted in the 4th mouse mammary gland of 
Nude recipient mice as described previously (355). Primary tumours were allowed to 
develop to a volume of 50-100mm3 at which point expression or knockdown of FOXOs 
was induced by feeding doxycycline-containing chow (230mg/kg) (Ssniff). Alternatively, 
FOXO expression or loss was induced 2 weeks after transplantation. Tumour volumes 
and lung metastases were followed in time as described using a Biospace φ imager and 
caliper (355). All animal experiments are approved by the Utrecht University Animal 
Experimental Committee (DEC-ABC no. 2012.III.12.135).

Immunohistochemistry
Mouse tissues were fixed in 4 % formaldehyde for 24 hours followed by dehydration 
in 70% ethanol and embedding in paraffin. Rehydrated slides were blocked for 
endogenous peroxidase activity in phosphate buffer (pH5.8) containing 1.5% hydrogen 
peroxide. Cooking samples for 20 minutes in 10mM citrate buffer (pH6) in a microwave 
was used for antigen retrieval. Primary and secondary HRP-conjugated antibodies were 
incubated overnight or 1 hour at 4°C respectively. Staining of slides was performed 
using diaminobenzidine (DAB) and hematoxylin.
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RT-qPCR
mRNA was isolated from live cells using the Qiagen RNeasy kit (Qiagen) and cDNA 
synthesis was performed using the iScript cDNA synthesis kit (BioRad). Real-time PCR 
was performed using SYBR green FastStart master mix (Roche) in the CFX Connect Real-
time PCR detection system (BioRad). Target genes were amplified using specific primer 
pairs (Supplemental table 1) and specificity was confirmed by analysis of the melting 
curves. Target gene expression levels were normalized to GAPDH, PBDG and HRNPN1A 
levels. Genomic DNA from tumors and cell lines was isolated using the DNeasy kit 
(Qiagen).

Flow cytometry
Anoikis was assessed by seeding 6-well ultra-low cluster polystyrene culture dishes 
(Corning) with 50,000 cells/ml. After 24 hours, cells were harvested and resuspended in 
100mL of Annexin-V buffer supplemented with Annexin-V (IQ Products) and propidium 
iodide (Sigma-Aldrich). Anoikis was defined as the Annexin-V and propidium iodide–
positive population and quantified using a FACSCalibur (BD Biosciences). For assessing 
glucose uptake cells were treated win 10mM of 2-NBDG for 1 hour prior to trypsinization 
and cytometric analysis. For assessing oxidative stress, cells were treated for 30 minutes 
with 5mM CellRox deep red prior to trypsinization and cytometric analysis. 

Live cell imaging and tracking
10.000 mILC1-shFOXOs cells were cultured in Lab-Tek II 8-well imaging chambers 
and treated with doxycycline 72 hours prior to imaging. mILC1-iFOXO3.A3 cells were 
treated with doxycycline 8 hours prior to imaging. DIC imaging was performed on a 
Olympus Real-Time imager microscope for 48 hours at 37°C and 5% CO2. Cell tracking 
and quantification of cell migration was performed using ImageJ. 

Seahorse & NADP+/NADPH measurements
Seahorse XF-24 technology was used to determine glycolytic activity (ECAR) and 
mitochondrial respiration (OCR) in mILC1-shFOXO cells. 10.000 mILC1-shFOXO cells 
were seeded in poly-lysine coated Seahorse XF-24 plates (Seahorse Bioscience) and 
cultured in the presence or absence of doxycycline. For ECAR the culture medium was 
replaced with Seahorse XF base medium (Seahorse Bioscience) supplemented with 
2mM L-glutamin and, 0.56mM NAOH 1 hour prior to measurements after which the 
cells were sequentially treated with 17.5mM Glucose, 8mM Oligomycin and 100mM 
2-deoxy-glucose. For OCR culture medium was replaced with Seahorse XF base medium 
supplemented with 17.5mM Glucose, 5 mM Pyruvate, 2mM L-glutamin and, 0.56mM 
NAOH 1 hour prior to measurements after which the cells were sequentially treated 
with 8 mM oligomycine, 18mM FCCP and 2mM Rotenone & Antimycine A. OCR and 
ECAR were normalized based on protein levels. 
NADP+/NADPH ratio was determined using Amplite™ Fluorimetric NADP/NADPH 
Ratio Assay Kit (AAT Bioquest).
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Supplemental figure 1: Average tumor size upon detection of metastasis in mILC1-iFOXO3 and mILC1-
iFOXO3.A3
A Primary tumor volume (mm3) of mILC1-iFOXO3 cells treated with when metastases were first detected by 
bioluminescent imaging. Black dots represent control tumors (n=8), green dots represent tumors treated with 
doxycycline 2 weeks after transplantation (n=6) and blue dots represent tumors treated with doxycycline at 
tumor sizes 50-100mm3 (n=6). Graph represents the average ±SD, t-test p<0.05=* B The average primary 
tumor volume (mm3) of mILC1-iFOXO3.A3 cells treated with when metastases were first detected by 
bioluminescent imaging. Black dots represent control tumors (n=8), green dots represent tumors treated 
with doxycycline 2 weeks after transplantation (n=6), blue dots represent tumors treated with doxycycline at 
tumor size 50-100mm3. Graph represents the average ±SD, t-test p<0.005=**
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Supplemental figure 2: negative selection of FOXO3.A3 cells
A Quantitative PCR analysis of genomic DNA for pINDUCER20-FOXO3.A3 viral integrations in tumor cells 
isolated from tumors of mILC1-iFOXO3.A3 control, treated with doxycycline 2 weeks after transplantation 
and treated with doxycycline at tumor volumes of 50-100mm3 groups. Orange bars represent relative 
integration levels of the rtTA3G gene contained in the pINDUCER20 construct backbone. Green bars represent 
relative integration levels of the FOXO3.A3 cDNA contained in the pINDUCER20-iFOXO3.A3 construct. B 
Colony formation capacity of tumor cells isolated from control, doxycycline 2 weeks after transplantation 
and doxycycline at tumor volume 50-100mm3 groups, cultured in the presence of neomycin, doxycycline or 
neomycin and doxycycline for 7 days. C Western blot analysis of FOXO3 protein levels in corresponding tumor 
cells after treatment with doxycycline for 24 hours. Two different exposures of the FOXO3 blot are shown. 
Aspecific background signal was used to control for loading. D Western blot analysis of FOXO3 protein levels 
in mILC1-iFOXO3.A3 cells cultured in the presence of doxycycline for 24 hours or 3 weeks. Two different 
exposures of the FOXO3 blot are shown. Aspecific background signal was used to control for loading.  
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A

Supplemental figure 3: Foxo1, Foxo3 and Foxo4 expression levels in mILC1
A RT-qPCR analysis of Foxo1, Foxo3 and Foxo4 mRNA expression in mILC1 cells. Graph represents the average 
of 3 experiments ±SD, mRNA levels are relative to Gapdh mRNA levels. B RT-qPCR analysis of Foxo1, Foxo3 
and Foxo4 mRNA expression after shFOXOs induction in mILC1-shFOXOs cells. Graph is a representative 
experiment, average of 3 replicates ±SD, mRNA levels are relative to Gapdh mRNA levels.
 

Supplemental figure 4: Average tumor size upon detection of metastasis in mILC1-shFOXOs
A Primary tumor volume (mm3) of mILC1-shFOXOs cells treated with when metastases were first detected by 
bioluminescent imaging. Black dots represent control tumors (n=6), green dots represent tumors treated with 
doxycycline 2 weeks after transplantation (n=6) and blue dots represent tumors treated with doxycycline at 
tumor sizes 50-100mm3 (n=7). Graph represents the average ±SD, t-test p<0.05=*
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Supplemental figure 5: Adaptation of mILC1-shFOXOs cells to loss of Foxo1 and Foxo3 expression
A Quantitative PCR analysis of genomic DNA for viral integrations of FH1tUTG-shFOXOs in tumor cells isolated 
from tumors of mILC1-shFOXOs control, treated with doxycycline 2 weeks after transplantation and treated 
with doxycycline at tumor volumes of 50-100mm3 groups. Orange bars represent relative integration levels of 
the GFP gene contained in the FH1tUTG construct backbone. Green bars represent relative integration levels 
of the shFOXO location contained in the FH1tUTG-shFOXOs construct. B Western blot analysis of Foxo1 and 
Foxo3 protein levels in corresponding tumor cells after treatment with doxycycline for 72 hours. Aspecific 
background signal was used to control for loading.
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Supplemental figure 6: Antioxidant treatment of mILC1-shFOXOs does not rescue cell proliferation or 
anoikis resistance
A Colony forming capacity of mILC1-shFOXOs cells treated with doxycycline for 7 days and in combination 
with 200mM Trolox, 20mM Euk-134 or 1mM n-acetyl cysteine (NAC).  B Flow cytometric analysis of mILC1-
shFOXOs cells cultured in suspension for 16 hours, after 72 hour pretreatment with doxycycline or in 
combination with 200mM Trolox, 20mM Euk-134 or 1mM NAC, stained for stained for Annexin-V and PI. 
Shown is a representative experiment. 

Supplemental figure 7: Restoring GFR-signaling in mILC1-shFOXOs cells is insufficient to rescue cell 
proliferation and stress kinase induction.
A Western blot analysis of Akt, Akt-S308, Akt-S473 and Foxo1 protein levels in mILC1-shFOXOs cell 
constitutively expressing PIK3CA or oncogenic PIK3CAH1047R. Total Akt levels were used to control for loading. 
B Western blot analysis of Rictor, PIK3CA, cJun, phospho-cJun and Foxo1 protein levels in mILC1-shFOXOs 
cell constitutively expressing oncogenic PIK3CAH1047R. Aspecific background signal was used to control for 
loading. C Western blot analysis of Rictor, Akt, Akt-S473 and Foxo1 protein levels in cells constitutively 
expressing RICTOR, myristoylated AKT (myrAKT) or both RICTOR and myrAKT. Total Akt levels were used to 
control for loading. D Western blot analysis of Foxo1, Foxo3, cJun, phospo-cJun, Akt, Akt-S308 and Akt-S473 
protein levels in mILC1-shFOXOs co-expressing a hairpin insensitive GFP-FOXO3 (FOXO3mt). Total Akt levels 
were used to control for loading. E Flow cytometric analysis of Annexin-V and PI stained mILC1-shFOXOs 
constitutively expressing PIK3CAH1047R, myrAKT, RICTOR, myrAKT & RICTOR or FOXO3mt cultured in suspension 
in the presence of doxycycline for 16 hours. F Colony forming capacity of mILC1-shFOXOs constitutively 
expressing PIK3CAH1047R, myrAKT, RICTOR, myrAKT & RICTOR or FOXO3mt cultured in suspension in the presence 
of doxycycline for 7 days. G Colony forming capacity of mILC1-shFOXOs constitutively expressing myrAKT, 
RICTOR or myrAKT & RICTOR cultured in the presence of doxycycline for 7 days in combination with 1mM 
NAC or 200mM Trolox.
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Abstract 
The PI3K signaling pathway is commonly hyper activated in a wide variety of cancers. 
Tumors with active PI3K signaling are potentially sensitive to PI3K pathway inhibitors 
but reliable diagnostic tests quickly assessing PI3K activity in patients lack. We developed 
a knowledge-based Bayesian computational model interpreting tissue-derived FOXO3 
target gene mRNA levels. As FOXO activity is inversely correlated with PI3K activity we 
apply this model to determine PI3K activity in cancer samples. FOXO and PI3K activity 
was correctly predicted in MCF7 and MDA-MB-231 cells expressing hyperactive FOXO3. 
The model was used to deduct FOXO and PI3K activity in colorectal cancer patient 
tissue samples and predicted low PI3K activity in healthy tissue and high PI3K in cancer 
tissues, correlating to FOXO3 localization in healthy and colon cancer tissues. Strikingly, 
FOXO was predicted to be active in a subset of colorectal cancer and various normal-
like, Luminal A, Luminal B, HER2 positive and triple negative breast cancer samples. 
This suggests that alternative pathways even in the presence of growth factor signaling 
activate FOXOs. The test will be further refined using this knowledge in the future and 
clinically validated for multiple cancer types. The final model can than be used in efforts 
to improve diagnosis of the mutational status of patient tumors, prediction of therapy 
response to PI3K pathway targeted drugs and prediction of prognosis on an individual 
patient basis. 
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Introduction 
The past decade treatment of cancer has moved from conventional chemotherapy 
towards administration of targeted drugs directed at patient-specific tumor traits. 
This “precision medicine” approach requires biomarker tests that reliably predict 
the response to a specific targeted therapy (380). Such tests need to assess relevant 
molecular aspects of the tumor, specifically the mechanism driving cancer progression. 
Cancer progression can be driven by roughly ten to twelve cellular signal transduction 
pathways, and this can be relatively independent of the tissue (1, 381, 382). The PI3K 
pathway, one of the main cellular growth factor signaling pathways, is commonly hyper 
activated in cancer. The PI3K pathway can be activated through multiple aberrations 
in the cancer genome e.g. amplification of receptor tyrosine kinases like HER2, loss of 
lipid phosphatase PTEN and activating mutations in the PIK3CA gene that encodes the 
catalytic subunit of PI3K (381).
Small molecule inhibitors targeting PI3K signaling are applied in cancer treatment, for 
example for the treatment of HER2-driven breast cancer and hematological malignancies 
like CML (383). Additionally, PI3K pathway inhibitors are being used in combination with 
other targeted strategies like endocrine therapy in breast cancer to prevent emergence 
of therapy resistance (376, 384). Despite selection of potentially responsive patients 
based on identification of PI3K pathway mutations in their tumors, in general only a 
subpopulation of patients responds adequately to the drugs (385, 386). This shows that 
changes at the cancer genome level do not reliably predict functional PI3K pathway 
activity and tests assessing PI3K activity more directly are needed to improve patient 
treatment strategies. Such tests would also be useful to monitor therapy response and 
emerging drug resistance during the course of treatment. 
We have previously described a novel computational approach to assess signal 
transduction pathway activity in cancer tissue samples.  Pathway activity can be inferred 
by modeling of mRNA expression profile data sets in which mRNA expression changes 
are mediated by specific signal transduction cascades, for example by WNT or estrogen 
receptor (ER) signaling (387, 388) (van Ooijen 2016 submitted). 
Here we report the development of an mRNA-based diagnostic test for the quantitative 
assessment of PI3K pathway activity. This test is based on the computational modeling 
principle mentioned above using Forkhead Box O (FOXO) transcription factor mediated 
transcription as readout.  The FOXO family includes the highly redundant FOXO1, 
FOXO3, FOXO4 and FOXO6 (FOXO) transcription factors in humans, which operate 
down stream of PI3K-PKB signaling (2). In the presence of growth factor signaling 
FOXO is phosphorylated by PKB and reside inactively in the cytoplasm. Upon loss of 
growth factor signaling FOXO translocates to and accumulate in the nucleus where they 
mediate transcription of a plethora of target genes (7, 8, 11, 389). Oncogenic activation 
of the PI3K pathway in cancer cells results in FOXO inactivation and hence blocking 
of the FOXO transcriptional program. In principle a simple inverse relationship exists 
between FOXO activity and PI3K pathway activity and therefore we reasoned that 
FOXO target gene expression levels could be used as readout for PI3K pathway activity. 
Here we describe how knowledge on direct FOXO3 target genes can be used to create a 
Bayesian network model assessing the probability that FOXOs are in a transcriptionally 
active state based on measured target gene expression levels. We determined a core 
set of FOXO target genes that robustly predict PI3K activity using publicly available 
data sets combined with mRNA profiling of MCF7 and MDA-MB-231 breast cancer cell 
lines treated with PI3K inhibitor or carrying doxycycline inducible hyper active FOXO3 
mutant (FOXO3.A3) constructs. We then validated the predictive value of this core set of 
FOXO target genes on patient material.
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Methods
Cell culture-based model system for FOXO3 activity
MCF7 and MDA-MB-231 breast cancer cell lines were cultured in DMEM-F12 containing 
10% FBS (Lonza) 100U/ml penicillin and 100mg/ml streptomycin (Lonza). Third 
generation packaging vectors were used to generate lentiviral particles in HEK293T cells 
(377). MCF7 and MDA-MB-231 cells were stably transduced with lentivirus containing 
pINDUCER20-FOXO3.A3, allowing for doxycycline induced expression of hyper active 
FOXO3 (FOXO3.A3) (7, 45, 371). MCF7 and MDA-MB-231 cells were treated with 20% 
FBS (Lonza) or 10mM PI3K inhibitor LY294002 (Selleckchem) for 16 hours to activate 
and inactivate the endogenous PI3K pathway, respectively. FOXO3.A3 expression was 
induced by 16 hours treatment with 100ng/ml doxycycline.

RNA isolation and Affymetrix microarray analysis
Control cells or cells treated with doxycycline, 20%FBS, LY294002 and LY294002 
plus doxycycline were harvested after 16 hours of the respective incubations, and 
processed for RNA isolation using the RNeasy kit (Qiagen). Affymetrix HG-U133Plus2.0 
microarrays were used for mRNA hybridization and processed by ServiceXS (Leiden, 
The Netherlands). 

Western Blotting
Western blot analysis was performed using standard 6-15% SDS-PAGE and transferred 
to PVDF membranes. The membranes were blocked using TBS containing 0.01% 
tween20 and 2% BSA for 30 minutes, followed by incubation with primary rabbit 
antibodies (1:2000) raised against FOXO3 (H144 Santa Cruz) at 4°C for 16 hours. Next, 
blots were incubated with HRP-conjugated secondary antibodies at 4°C for 30 minutes 
and proteins were visualized with enhanced chemiluminescence (Biorad) using a 
ImageQuant LAS 4000 scanner (GE healthcare).     

Immunofluorescence and immunohistochemistry
For immunofluorescence, cells were grown on glass coverslips, fixed using 4% 
paraformaldehyde and blocked with PBS containing 2% bovine serum albumin 
(BSA) (Invitrogen) and 0.1% normal goat serum (Invitrogen). Cells were incubated 
with FOXO3 antibody (1:500 CST-75D8), secondary Alexa563 conjugated antibodies 
and DAPI (Sigma). Slides were imaged on a Zeiss LSM710 confocal microscope. For 
immunohistochemistry rehydrated paraffin sections were blocked for endogenous 
peroxidase activity in phosphate buffer (pH5.8) containing 1.5% hydrogen peroxide. 
For antigen retrieval samples were boiled ,using a microwave, for 20 minutes in 10mM 
citrate buffer (pH6) in. Primary FOXO3 (CST-75D8) and secondary HRP-conjugated 
antibodies were incubated overnight or 1 hour at 4°C respectively. HRP-conjugated 
antibodies were visualized using diaminobenzidine (DAB) and sections were 
counterstained with hematoxylin.

Development of the computational model for predicting FOXO3 activity 
Our signal transduction pathway modeling approach is based on inferring pathway 
activity from the expression profiles using probabilistic Bayesian network inference, 
as previously described (388). Bayesian networks were built using the Bayes Net 
Toolbox for MATLAB. The model describes how expression of target genes depends 
on transcription complex activation and how probeset intensities in turn depend on 
expression of the respective target genes. Probeset intensities were taken from fRMA 
preprocessed Affymetrix HG-U133Plus2.0 microarrays available from Gene Expression 
Omnibus (GEO, www.ncbi.nlm.nih.gov/geo) and ArrayExpress (http://www.ebi.
ac.uk/arrayexpress). The probabilistic relations in the Bayesian network model were 
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made quantitative using experimental data, enabling probabilistic reasoning on new 
experimental samples. Parameters describing relationships between target genes and 
their respective probe sets were trained on a publicly available data set of Human 
Umbilical Vein Endothelial Cells (HUVEC) carrying inducible hyperactive FOXO3.A3-ER 
(GSE16573) (390). Parameters enforcing the relationships between the transcription 
complex and target genes were manually set as described to improve generalization 
behavior of the model across different tissue types (388). PI3K pathway analysis for 
colon samples was performed on publicly available datasets GSE20916 and GSE8671.
For GSE17907 and GSE12276 breast cancer patients sets, the intrinsic breast cancer 
subtypes of included samples were determined from the microarray data according 
to the method described by Parker and co-workers (391) based on earlier work of 
Perou and co-workers (392). In short, this method calculates the distance between a 
sample and the centroids of the intrinsic subtypes using 50 genes in a representative 
training set using correlation, also known as the PAM50 algorithm. The intrinsic 
subtype characterisation of the GSE21653 dataset, as given by Sabatier et al., was used 
to determine the centroids of the intrinsic subtypes (393). PI3K pathway activity was 
subsequently inferred for the specific breast cancer subtypes.

Results
Selection of direct target genes for FOXO
Activity of the PI3K pathway can be inferred from FOXO3 activity as PI3K activity is 
inversely correlated with FOXO transcriptional activity. Development of a Bayesian 
network-based computational model for the PI3K-FOXO pathway is knowledge-based, 
therefore knowledge on FOXO target genes and availability of cell-culture-based model 
systems in which the pathway can be turned “ON” and “OFF” in a controlled manner 
are required. For optimal performance across multiple different tissue types, the 
mathematical model should contain direct target genes of the FOXO transcription factor. 
Unfortunately, pathway databases such as KEGG (www.genome.jp/kegg) and Biocarta 
(www.biocarta.com) are incomplete and inconsistent on this aspect (394). Hence, 
we manually selected target genes based on scientific evidence for each individual 
gene being a direct target gene of FOXO. We extensively evaluated available literature 
retrieved from the MEDLINE database using PubMed for FOXO target genes. In addition, 
target genes were extracted from Thomson-Reuters’ Metacore by selecting only genes 
that had multiple sources of reliable evidence for being transcriptionally regulated by 
one or more of the FOXO family members. Ultimately, the target genes were ranked 
according to literature evidence using a similar methodology as described earlier (388). 
Only the highest ranked target genes, also included in the list published by van der Vos 
& Coffer or Webb & Brunet were selected as direct target genes (389, 395)(Table 1). 

Computational model for FOXO activity in untransformed cells
The computational FOXO pathway model was built using the selected FOXO target 
genes and initially calibrated on a public GEO dataset (GSE16573), consisting of 
mRNA expression data from human umbilical vein endothelial cells (HUVEC) stably 
transfected with tamoxifen (4OHT) inducible FOXO3.A3-ER (390). HUVECs were used 
to provide the “ground truth” evidence for FOXO activity status in an untransformed 
setting. HUVEC and HUVEC-FOXO3.A3-ER in which FOXO3.A3 activity was induced with 
4OHT were used for training purposes, including refining the list of target genes for the 
model. A second group, HUVEC treated with 4OHT, was used to calibrate our model.  The 
probability of the PI3K pathway being active is inversely correlated with the predicted 
probability of the FOXO transcription factor being in the active transcribing state. This 
probability can be translated into odds of the transcription factor being active by taking 
the ratio of the probability of being active versus inactive (i.e. odds are given by p/(1-p) 
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Gene Affymatrix probeset References
AGRP 207193_at (405, 406)
BCL2L11 1553096_s_at/1555372_at/ 1558143_a_at/ 

208536_s_at/ 222343_at/ 225606_at
(407, 408)

BCL6 203140_at/ 215990_s_at (75, 409)
BNIP3 201848_s_at/ 201849_at (410, 411)
BTG1 1559975_at/ 200920_s_at/ 200921_s_at (412)
CAT 201432_at/ 211922_s_at/ 215573_at (413)
CAV1 203065_s_at/ 212097_at (414, 415)
CCND1 208711_s_at/ 208712_at/ 214019_at (416)
CCND2 200951_s_at/ 200952_s_at/ 200953_s_at/ 

231259_s_at
(416)

CCNG2 1555056_at/ 202769_at/ 202770_s_at/ 
211559_s_at/ 228081_at

(417, 418)

CDKN1A 1555186_at/ 202284_s_at (419, 420)
CDKN1B 209112_at (35, 185, 421)
ESR1 205225_at/ 211233_x_at/ 211234_x_at/ 

211235_s_at/ 211627_x_at/ 215551_at/ 
215552_s_at/ 217190_x_at/ 207672_at

(422)

FASLG 210865_at/ 211333_s_at (7, 423)
FBXO32 225801_at/ 225803_at/ 225345_s_at/ 225328_at (424)
GADD45A 203725_at (425, 426)
INSR 207851_s_at/ 213792_s_at/ 226212_s_at/ 

226216_at/ 226450_at
(92)

MXI1 202364_at (427)
NOS3 205581_s_at (428)
PCK1 208383_s_at (429)
POMC 205720_at (405, 430)
PPARGC1A 1569141_a_at/ 219195_at (431)
PRDX3 201619_at/ 209766_at (432)
RBL2 212331_at/ 212332_at (36, 417)
SOD2 215078_at/ 215223_s_at/ 216841_s_at/ 

221477_s_at
(89)

TNFSF10 202687_s_at/ 202688_at/ 214329_x_at (433)
 Table 1: Selected FOXO target genes
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if p is the predicted probability of being active). Samples are classified as FOXO active in 
case the transcription factor activity exceeds the odds of 1 to 1 that the pathway is active 
and inactive in case the odds are 1 to 1 or less (Figure 1A). 
The FOXO activity status predicted by the Baysian-model were consistent with the 
experimental FOXO activity status (Figure 1B). Vehicle treated HUVEC, HUVEC treated 
with 4OHT and vehicle treated HUVEC-FOXO3.A3-ER were predicted to have low FOXO 
activity and therefore active PI3K signaling, as expected in proliferating cells. HUVEC-
FOXO3.A3-ER treated with 4OHT are predicted to have highly active FOXO, in line with 
the induction of FOXO3.A3. HUVEC expressing FOXO3.A3-ER-H212R, a mutant version 
of FOXO3 with impaired DNA binding capacity, showed no predicted FOXO activity in 
untreated cells and low FOXO3 activity in cells treated with 4OHT. This observation 
confirms the model specifically detects transcriptional changes induced by FOXOs 
and is sensitive as already very low levels of FOXO activity are identified. The residual 
transcription inducing capacity of the FOXO3-H212R mutant is expected to be the 
consequence of the remaining low affinity for FOXO target genes as reported previously 
(Figure 1B) (390).

Accurate prediction of FOXO activity in breast cancer cell lines
To follow-up on the establishment and calibration of the computational model we set 
out to validate the model in independent breast cancer cell lines. ER positive, PI3KE545K 
mutant MCF7 and triple negative MDA-MB-231 cells were stably transduced with 
a doxycycline inducible FOXO3.A3 expression vector, allowing rapid and controlled 
induction of FOXO3.A3. Strong induction of FOXO3.A3 was observed upon treatment with 
doxycycline for 16 hours (Figure 2A). Endogenous FOXO3 was found predominantly in 
the cytoplasm in untreated and 20%FBS stimulated MCF7 cells and nuclear localization 
was observed in doxycycline, PI3K inhibitor LY294002, and doxycycline in combination 
with LY294002 treated cells (Figure2B). Endogenous FOXO3 in MDA-MB-231 cells was 
mainly localized in the nucleus even in untreated conditions, but a more pronounced 
nuclear FOXO3 localization was observed in cells treated with doxycycline, LY294002 
and doxycycline combined with LY294002. Combined these results show that we can 
activate FOXO3 in a controlled manner, making these cell lines a suitable test case for 
our computational model.
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Figure 1: A Bayesian computational model predicting FOXO activity
A. A simplified model of the Bayesian network structure used as a basis for our modelling approach. The 
network consists of three types of nodes: the transcription factor which can be on or off, target genes which 
can be up or down and corresponding microarray probe sets of which the intensity can be high or low. B. 
Training of the computational FOXO3 model on a public GEO dataset GSE16573, consisting of Affymetrix 
microarray 2.0 Plus expression data from HUVEC containing a 4OHT-inducible FOXO3.A3-ER expression 
construct. Each bar represents a sample analysis result. The vertical axis indicates the probability that FOXO 
is “active” (values above the horizontal axis) versus “inactive” (values below the horizontal axis).
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Figure 2: FOXO and PI3K activity are correctly predicted in breast cancer cell lines 
A. Western blot analysis of FOXO3 expression levels in MCF7-FOXO3.A3 and MDA-MB-231 cells cultured 
in the absence or presence of doxycycline (dox) for 16 hours. The lower FOXO3 blot represents a longer 
exposure of the same blot. Aspecific background signal ws used to control for loading. B. Immunofluorescence 
staining of FOXO3 (green) and DNA (pink) in MCF7-FOXO3.A3 and MDA-MB-231-FOXO3.A3 cells treated 
with 20% FBS, PI3K inhibitor LY294002, doxycycline or a combination of doxycycline and LY294002 for 16 
hours. C. Validation of the computational FOXO3 model using MCF7-FOXO3.A3 cells treated with 20% FBS, 
PI3K inhibitor LY294002, doxycycline or a combination of doxycycline and LY294002 for 16 hours. Each bar 
represents the analysis results of one sample. The vertical axis indicates the probability that the FOXO3 is 
“active” (values above the horizontal axis) versus “inactive” (values below the horizontal axis. D. Validation of 
the computational FOXO3 model using MCF7-FOXO3.A3 and MDA-MB-231 cells treated with doxycycline for 
16 hours. Each bar represents the analysis results of one sample. The vertical axis indicates the probability 
that the FOXO3 is “active” (values above the horizontal axis) versus “inactive” (values below the horizontal 
axis). 



104

Chapter 5: A computational pathway model predicting FOXO3 activity

5

Subsequently, we generated microarray (Affymetrix HG-U133Plus2.0) mRNA expression 
profile data sets from the MCF7-FOXO3.A3 cells treated with 20%FBS, LY294002, 
doxycycline and a combination of LY294002 and doxycycline to biologically validate the 
PI3K pathway model. The odds FOXOs are active were predicted to be low in untreated 
cells or MCF7 treated with 20%FBS. Conversely, the probability that FOXOs are active 
was predicted to be high in cells treated with doxycycline, LY294002 and combined 
treatment with doxycycline and LY294002 (Figure 2C). These results are in line with the 
expected localization and corresponding activity of FOXO. Newly generated microarray 
mRNA expression profiles for both MCF-FOXO3.A3 and MDA-MB-231-FOXO3.A3 that 
were either untreated or treated with doxycycline for 16 hours were used to reproduce 
the prediction and validate the model in MDA-MB-231-FOXO3.A3 cells. In line with the 
first experiment the probability that FOXOs are active in untreated MCF7 and MDA-
MB-231 cells was predicted to be low and predicted to be high in doxycycline treated 
cells (Figure 2D). Together these results confirm that the generated Bayesian-network 
model based on preselected FOXO target genes and trained in an untransformed cell 
culture-based system can accurately predict FOXO activity in independent cancer cell 
line samples.

Identification of FOXO3 activity in clinical colon tissue samples
A number of selected public datasets (GSE8671 & GSE20916) with Affymetrix 2.0 
Plus data were used to validate the computational model predicting FOXO activity 
(396, 397). First we applied the FOXO activity model on tissue samples derived from 
32 patient biopsies of both normal colon tissue and adenoma tissue (GSE8671)(397). 
A clear difference in the probability of FOXO activation was observed between the 
different types of samples, predicting FOXO activation in healthy colon tissue and FOXO 
inactivation in adenomas (Figure 3A). Second, we applied the FOXO activity model 
on a broad set of patient tissues containing normal colon, colon adenoma and colon 
carcinoma tissues (GSE20916)(396)(Figure 3B). In normal colon mucosa FOXO was 
consistently predicted to be active and in adenomas FOXOs are predicted to be inactive, 
in line with our findings in the first data set. Additionally FOXO is predicted to be 
mainly inactive in adenocarcinoma and were predicted to be inactive in 28 out of 46 
colon carcinoma samples. Interestingly, in data sets from colon tissue that were micro 
dissected into mucosa and crypt tissue, FOXO pathway activity was predicted active in 
the mucosa, while inactive in crypts (Figure 3B). In colon adenoma samples, whether 
obtained from crypt or mucosal tissue, FOXO3 activity was predicted to be inactive.  
Overall the expected FOXO inactivation in highly proliferative tissue is predicted as 
expected but FOXOs are predicted active in a subset of colon carcinoma samples. Also 
FOXO can be active in a variety of cell types other than epithelial and cancer cells, among 
which immune cells, implying that mRNA extracted from a cancer tissue sample is in 
most instances derived from the mixture of cell types present in the tissue. In case the 
presented computational model FOXO3 is scored as transcriptionally active in such a 
heterogeneous sample, to take the right therapy decision for the respective patient, 
it may be necessary to know in which cell type FOXO is active and if the predicted 
activity correlates with FOXO localization. For this reason, we aimed to develop a 
FOXO3 immunohistochemistry (IHC) staining for identification of cytoplasmic versus 
nuclear localized FOXO3, which can be applied in a routine diagnostic setting and be 
used to validate our observed predictions. FOXO3 was mainly found cytoplasmic in 
normal crypt cells and present in the nucleus of normal mucosa cells in IHC staining for 
FOXO3 on normal colon tissue samples (Figure 3C). Colon adenoma cells were found 
to have FOXO3 localized mainly in the cytoplasm and colon carcinoma cells displayed 
heterogeneous FOXO3 localization, showing some cells have nuclear FOXO3 and other 
cytoplasmic FOXO3. 
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Figure 3: The predicted FOXO3 /PI3K activity in colorectal cancer correlates with FOXO3 localization
A. Prediction of  FOXO activity in corresponding normal colon and colon adenoma patient samples within 
the GSE8671 dataset. Each bar represents the analysis results of one sample. The vertical axis indicates the 
probability that the FOXO3 is “active” (values above the horizontal axis) versus “inactive” (values below 
the horizontal axis). The green bars represent normal tissue, the red bars represent adenoma samples. B. 
Prediction of FOXO activity model in Normal colon tissue (separated in micro-dissected mucosa, micro-
dissected crypt and complete surgical samples), distant colon (separated in micro-dissected mucosa and 
micro-dissected crypt), colon adenoma (separated in micro-dissected mucosa, micro-dissected crypt and 
complete surgical samples) and carcinoma (separated in micro-dissected mucosa, micro-dissected crypt and 
complete surgical samples) patient samples within the GSE20916 dataset. Each bar represents the analysis 
results of one sample. The vertical axis indicates the probability that the FOXO3 is “active” (values above 
the horizontal axis) versus “inactive” (values below the horizontal axis). The green bars represent normal 
tissue, the red bars represent adenoma samples, and the blue bars represent colon carcinoma samples. C. 
Immunohistochemical staining of FOXO3 and haematoxylin in normal colon, colon adenoma and two colon 
carcinoma patient samples. The lower panel is a magnification of the area indicated by the black box.  
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Although PI3K is expected to be active in the majority of the used colon cancer samples, 
causal relations are hard to determine due to a lack of genetic background information 
on the patients included in these datasets. We established that we can predict FOXO 
activity in colon cancer patient material and that these predictions are reflected by the 
physical localization of FOXO3 within the tissue.

Prediction of FOXO3 activity in clinical breast tissue samples
To further test the computational model we applied the model to three independent 
publicly available data sets on breast cancer (GSE17907, GSE12276 & GSE21653) 
(393, 398-400). Prior to modeling, breast cancer tumor subtyping in all data sets 
was performed using the PAM50 algorithm to ensure the subtypes in all data sets are 
similar (391). In line with normal colon tissue FOXO activity was predicted to be active 
in the normal breast tissue subset (Figure 4A).  The relatively low grade tumors from 
the normal-like and Luminal A breast cancer subtype were predicted to have high 
FOXO activity in all data sets (Figure 4 A-C). In high-grade tumors from the Luminal 
B, HER2 positive and generally triple negative Basal breast cancer subsets FOXO was 
predicted to be active in the majority of tumors. Although our observation that FOXOs 
are predicted to be active in normal-like benign breast tissue is in line with the expected 
levels of FOXO activity in non-proliferative cells, FOXOs are also predicted to be active 
in cancers that are more aggressive. Interestingly, these observations indicate that even 
though FOXO is expected to be inactive in highly proliferative tissue commonly carrying 
PI3K activating alterations, FOXO can still be activated and regulate transcription. It is 
therefore not possible yet to infer PI3K activity based on our current computational 
model for FOXO activity. The computational model does however uncover that FOXOs 
are expected to be active in during breast tumorigenesis. If the predictions are in line 
with the actual PI3K and FOXO activity status within the breast cancer data sets needs 
to yet be controlled however to be ensure that the model is accurate.

Discussion
A computational model predicting FOXO and PI3K activity
We describe the development of a novel computational model predicting FOXO 
transcriptional activity in cancer patient tissue mRNA samples. The computational 
model was developed using established FOXO target genes and using FOXO3 as the 
paradigm FOXO isoform as FOXOs are redundant (61, 389, 395). Based on this subset of 
FOXO target genes that make up the computational FOXO3 model, we aim to asses PI3K 
pathway activity in a tissue sample. The Bayesian-model calibrated in FOXO-inducible 
HUVEC resulted in a computational model that accurately predicts FOXO activity in the 
breast cancer cell lines MCF7 and MDA-MB231. Prediction of PI3K/FOXO activity upon 
treatment of MCF7 cells with the PI3K inhibitor LY294002 showed the model is indeed 
capable to infer the PI3K activity status correctly. The observation that the odds PI3K 
is active are lower in LY294002 treated cells compared to ectopic FOXO3 activation 
in MCF7 might be a result of growth factor signaling feedback. Although we observed 
FOXO nuclear accumulation in LY294002 treated cells, pharmacological inhibition of 
PI3K also initiates a growth factor feedback response that re-establishes growth factor 
signaling and inactivates FOXO, a major component of drug resistance development in 
cancer cells (96, 376, 384). 
The generated Bayesian-model robustly predicts FOXO and PI3K activity in controlled 
cell culture based models, but applying the model to patient material to infer PI3K 
activity proved to be more challenging. The predictions in colon tissue fall largely in 
line with the expected proliferative status of the different tissues in our model. Tissues 
with low levels of proliferation like the mucosa were predicted to have active FOXO and 
therefore inactive PI3K signaling and highly proliferative cancerous tissue was predicted 
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Figure 4: FOXO is predicted to be active in various breast cancer subtypes.
A. Prediction of FOXO activity in normal-like breast cancer, Luminal A, Luminal B, HER2 positive and Basal 
breast carcinoma patient samples within the GSE17907 dataset. Each bar represents the analysis results of 
one sample. The vertical axis indicates the probability that the FOXO3 is “active” (values above the horizontal 
axis) versus “inactive” (values below the horizontal axis). The pink bars represent normal-Like breast, blue 
bars represent Luminal A breast cancer, green bars represent Luminal B, red bars represent HER2+ and the 
yellow bars represent Basal breast carcinoma. B. Prediction of FOXO activity in normal-like breast cancer, 
Luminal A, Luminal B, HER2 positive and Basal breast carcinoma patient samples within the GSE21653 
dataset. The pink bars represent normal-Like breast, blue bars represent Luminal A breast cancer, green 
bars represent Luminal B, red bars represent HER2+ and the yellow bars represent Basal breast carcinoma. 
C. Prediction of FOXO activity in in normal-like breast cancer, Luminal A, Luminal B, HER2 positive and Basal 
breast carcinoma patient samples within the GSE12276 dataset. The pink bars represent normal-Like breast, 
blue bars represent Luminal A breast cancer, green bars represent Luminal B, red bars represent HER2+ and 
the yellow bars represent Basal breast carcinoma. 
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to have low FOXO activity. These observations were also in line with the observed 
FOXO3 localization in the stained tissue sections. However, in both the colon adenoma 
and carcinoma data sets multiple tumors were predicted to have active FOXO but a 
more heterogeneous distribution of FOXO3 localization was found in tissue sections of 
colon carcinomas. The computational model showed an even more pronounced FOXO 
activation signature in all different types of breast cancer in multiple breast cancer data 
sets, including the high-grade tumors. This is unexpected since the PI3K pathway is the 
most frequently mutated pathway in breast cancer and even though we do not know 
the exact genetic background of the patient samples within these data sets it is save to 
assume most of these tumors have active growth factor signaling. 
Together these results show that we can model FOXO activity in both cell lines and 
patient material, but in order to reliably PI3K activity based on FOXO activity the model 
needs to be further refined. Also, FOXO and PI3K activity yet needs to be characterized 
in the corresponding cancer tissue samples to ascertain that the model is accurately 
predicting FOXO, and eventually PI3K, activity. For example, we need to ensure that 
tissue heterogeneity or differential FOXO activity levels throughout the cancer samples 
do not cause the predicted outcomes of the model. 

Stress signaling could distort the PI3K activity readout
The prediction of active FOXO in high-grade cancers holds two interesting implications 
that can contribute to a better model. First, FOXOs might be active in the tumor without 
suppressing cancer progression. Second, FOXOs can be active in tumors in the presence 
of active growth factor signaling, suggesting activation by other signaling pathways. 
FOXOs are considered tumor suppressors but also function as regulators of cellular 
homeostasis and respond to various adverse conditions including, DNA damage, high 
levels of reactive oxygen species and low nutrient availability (2, 3, 375). Tumors 
often suffer from these adverse conditions during growth and therefore it is likely that 
FOXOs become activated stress-signaling pathways (20, 401). As such, cellular stresses 
interfere with the simple inverse FOXO-PI3K relationship, complicating the deduction 
of PI3K activity from measured FOXO activity in cancer tissue samples. It is therefore 
mandatory to distinguish between FOXO3 activity in a growth factor signalling role 
versus a role in cellular homeostasis. The finding that FOXO3 is mainly localized in 
the nucleus of MDA-MB-231 cells under normal culture conditions is in line with the 
finding that triple negative breast cancers are predicted to have active FOXO within the 
tumor and was also reported previously (71). It is curious however that FOXO activity 
is predicted to be inactive under normal conditions while FOXO3 is nuclear, implying 
that there are indeed additional inputs in FOXO activity and separate transcriptional 
programs that can be executed by FOXO, an observation previously made in C. elegans 
as well (402).
Determination of a subset of FOXO target genes that can discriminate between these two 
functions should be added to our current model to allow separation of these different 
transcriptional modes of FOXOs in order to more reliably predict PI3K activity in tumor 
tissue samples in the future.

Clinical application of computational models
Quick assessment of active signalling within patient tumor samples allows for rapid 
diagnosis and efficient establishment of a treatment strategy. Computational methods 
to elucidate prognostic mRNA expression profiles allow narrowing down the amount 
of parameters that need to be assessed for efficient diagnosis. Development of 
comprehensive RT-qPCR kits by selecting a subset of diagnostic genes characteristic 
to a certain signalling pathway can avoid elaborate sequencing and histopathological 
methods for this purpose. Models similar to our FOXO activity model predicting WNT and 
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ER pathway activity are already put to practise (388).  Although FOXOs are implicated in 
major diseases like cancer and diabetes, using FOXO activity as a prognostic marker has 
been proven difficult. Over the years, studies that aimed to correlate FOXO expression 
or localization to disease outcome in cancer patients came to opposing conclusions. On 
one hand various studies correlated high FOXO expression and/or nuclear localization 
to good prognosis (48-57, 403). On the other hand several studies correlated high FOXO 
levels and/or activity to poor prognosis (68-72, 404). Determination of FOXO levels or 
localization is clearly insufficient to address whether in a specific patient FOXOs are 
active or inactive. Therefore, our computational model based on a robust set of FOXO 
target genes could be used to address the question if FOXOs are active.  FOXO can be 
expected to be active in different types and stages of cancer based on predictions made 
by our computational model, suggesting FOXO can be active even in the presence of 
growth factor signalling. Separation of FOXO activity regulated by growth factor 
signalling from FOXO activity induced by stress signalling might provide insight on the 
vulnerabilities of the tumor. For example, if FOXOs are found inactive due to high PI3K 
activity, treating tumors with PI3K inhibitors might induce tumor suppressive FOXO 
activity. The other way around, if FOXOs are found active in the context of cellular stress, 
targeting cellular metabolism might be more suitable as FOXOs are already active and 
no additional tumor suppressive effect can be expected from FOXO. To this end we are 
currently assessing whether there are FOXO target genes that can distinguish between 
FOXO activation in the context of growth factor or stress signalling.
The focus now lies on developing models for single signaling pathways, but when 
established a combined model for multiple pathways could be generated and allows 
simultaneous assessment of signalling pathways relevant to cancer diagnosis, patient 
prognosis and treatment strategy determination (van Ooijen 2016, submitted). To 
uncover a tumor’s vulnerabilities and anticipate adapting to targeted therapies we need 
to understand how a tumor cell is wired and responds, the models as proposed in this 
chapter provide a feasible tool to provide this understanding. The use of these models 
does not need to be restricted to cancer of course as they can be applied to a wide 
variety of diseases in which the corresponding pathways are function.
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Abstract
Forkhead Box O (FOXO) transcription factors are key players in cell cycle regulation.  
Activation of FOXO leads to expression of cyclin dependent kinase inhibitors (CDKis) 
that subsequently repress cell cycle progression from G1 to S or G2 to M phase of the cell 
cycle. How the decision arises to arrest either in G1 or in G2 following FOXO activation 
is however unclear. We used untransformed Retinal Pigment Epithelial (RPE) cells 
carrying the Fluorescent Ubiquitination-based Cell Cycle Indicator system (FUCCI) to 
examine the FOXO mediated effects on the cell cycle in detail. We found that FOXOs 
induce a cell cycle exit from G2 phase, leaving the cells in a tetraploid G0/G1 like state. 
Further elucidation of the mechanism that underlies this FOXO induced G2 exit revealed 
that FOXOs repress EMI1 expression, which is a key inhibitor of APC/c activity in S,G2 
and early mitosis. We find that FOXOs drive the expression of p27, MXI1 and FBXW7 and 
thereby can inhibit MYC and E2F1, the main transcription factors for EMI1 expression. 
Combined our results unveil a novel mechanism by which FOXOs can repress the cell 
cycle
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Introduction
FOXO transcription factors are key players in regulating the cell cycle. FOXO activity is 
restrained in the presence of growth factors through PI3K-AKT signaling and FOXOs 
become activated in response to reduced growth factor signaling or adverse conditions 
like increased levels of reactive oxygen species. Upon activation FOXO can arrest the cell 
cycle or even steer the cell into a permanent withdrawal from the cell cycle by means of 
senescence (7, 8, 38).
G1 to S phase transition depends on inactivation of APCCDH1 ubiquitin ligases and 
activation of E2F transcription factors, which are repressed by the retinoblastoma 
family of proteins (RB, p107 and p130) in non-proliferating cells. During G1, expression 
of Cyclin D (CCND1/2/3) increases in response to mitogenic signaling. The active Cyclin 
D-CDK4/6 complexes phosphorylate and thereby inhibit RB, resulting in release of E2Fs 
in order to start transcription of S-phase proteins and Cyclins (37). From S-phase on 
Cyclin-E/A-CDK2 complexes and SCFSKP2 ubiquitin ligases take over and ensure correct 
DNA replication and cellular growth before entering mitosis. Cyclin B/CDK1 complexes 
become active at the end of G2 and drive the cells into mitosis. At the onset of anaphase 
Cyclin B is quickly degraded by APCCDC20 in order to ensure the end of the cell cycle (434-
436).
The cell cycle arrest induction by FOXO is mediated through transcription of multiple 
cell cycle kinase inhibitors (CKI). The canonical CDKi downstream of FOXO is p27 

(CDKN1B) (35). Additional to CDKN1B FOXO can also be a transcriptional regulator 
of p21 (CDKN1A), p57 (CDKN1C), p15 (CDKN2B) and p19 (CDKN2D) (420, 437-439). 
FOXO mediated induction of CDKi expression leads to inhibition of the Cyclin/CDK 
complexes responsible for progression through the different phases of the cell cycle 
and results in a robust cell cycle arrest in G0/G1,G2 or even senescence (35, 38-40, 425, 
426). 

Figure 1: FOXO3 activation in late G1 or early S/G2 induces a cell cycle exit 
A. Schematic representation of the different mKO-hCDT1 and mAG-hGeminin  degradation cycles during the 
cell cycle (FUCCI). B. Live cell imaging stills of an example RPE-FUCCI cell over the course of 24 hours. Showing 
accumulation of mKO-hCDT1 prior to mAG-hGeminin accumulation and followed by rapid degradation of 
mAG-hGeminin at the end of mitosis after which mKO-hCDT1 accumulates again. C. Flow cytometric analysis 
of RPE-FUCCI cells allows separation of cell in distinct cell cycle phases. D. Western blot analysis of FOXO3 
levels after 16 hours of doxycycline (dox) treatment. Equal concentrations of protein are loaded and aspecific 
background staining is used to visualize equal protein content. E. Flow cytometric analysis of RPE-FUCCI-
iFOXO3.A3 cell DNA profiles stained with Hoechst after 48 hours of doxycycline treatment. Bar graph 
represents the average percentage of cells with 2n (red), between 2n and 4n (yellow) or 4n (green) after 24 
and 48 hours. N=3, numbers represent the average percentage. F. Flow cytometric analysis of RPE-FUCCI-
iFOXO3.A3 cell cycle distribution after 48h doxycycline. Bar graph represents the average percentage of cells 
in G1 (red), S (yellow) and G2/M (Green) (as indicated by the gates) after 24 or 48 hours of doxycycline. 
N=3, numbers represent the average percentage G. Live cell imaging stills of an example RPE-FUCCI-iFOXO3.
A3 cell treated with doxycycline over the course of 34 hours, showing mAG-hGeminin degradation without 
entering mitosis and subsequently accumulating mKO-hCDT1. H&I. Live cell imaging quantification of the 
time spend in G2 of RPE-FUCCI-iFOXO3.A3 cells. Each dot represents a cell and corresponds to the time spend 
in G2 without or after FOXO3.A3 expression. Green indicates the cell exits G2 by mitosis, orange indicates the 
cells exits G2 skipping mitosis. J. Alternative representation of the live cell imaging quantification of the time 
spend in G2 of RPE-FUCCI-iFOXO3.A3 cells. Black bars represent the median time spend in G2 and the total 
percentages of G2 exit by skipping mitosis are indicated. K. Flow cytometric analysis of RPE-FUCCI-iFOXO3.A3 
cells stained for DNA content with Hoechst. The upper panels show the populations of cells expressing mKO-
hCDT1 (red) and mAG-hGeminin (Green). The lower panel represents the DNA content of the corresponding 
mKO-hCDT1 (red) and mAG-hGeminin (green) and double positive (yellow) populations. L. Quantification 
of the flow cytometric analysis of RPE-FUCCI-iFOXO3.A3 cells stained with Hoechst. Graph represents the 
average percentage of 4n mKO-hCDT1 (red)(G1) and 4n mAG-hGeminin (green)(G2) positive cells after 24 
and 48 ours of doxycycline. N=3, numbers represent the average percentage.
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The mechanisms underlying FOXO induced G1 arrest is well characterized, but the 
current understanding of the observed FOXO induced G2 arrest is limited.  How a cell 
determines to arrest in G1 or G2 upon FOXO activation in cycling cells is also unclear. To 
scrutinize the effects of FOXO on the cell cycle with high temporal resolution we generated 
Retinal Pigment Epithelial cells (RPE) carrying the Fluorescent Ubiquitination-based 
Cell Cycle Indicator system (FUCCI) and Inducible hyper active FOXO3 (FOXO3.A3). We 
find FOXO activation in early S/G2 phase does not arrest cells in G2 but rather leads to a 
cell cycle exit from G2 without mitosis. FOXO does so by repressing transcription of the 
APC/c inhibitor EMI1, resulting in premature APCCDH1 activation in G2 and a subsequent 
cell cycle exit giving rise to tetraploid cells. 
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Results
FOXO3 activation in S/G2 results in premature APCCDH1 activation and exit from G2
RPE cells expressing mKO-hCDT1(30/120) and mAG-hGeminin(1/110) (also known 
as FUCCI) were established in order to elucidate FOXO induced effects on the cell 
cycle (Figure 1A) (440). Live cell imaging and flow cytometric analysis of RPE-FUCCI 
cells showed gradual accumulation of mKO-hCDT1 after mitosis and SCFSKP2 mediated 
degradation of mKO-CDT1 coincides with the accumulation of mAG-hGeminin prior 
to mitosis. At the end of mitosis mAG-Geminin is rapidly degraded by APCCDC20/CDH1 

activation followed again by gradual accumulation of mKO-CDT1 in cells after mitosis 
(Figure 1B&C). RPE-FUCCI cells stably transduced with pINDUCER20-iFOXO3.A3 
allowed us to conditionally express a hyper active mutant of FOXO3 (iFOXO3.A3) 
using doxycycline (Figure 1D). RPE-FUCCI-iFOXO3.A3 cells arrest with both 2n and 4n 
DNA content upon doxycycline treatment for 24 or 48 hours, resulting in 74±4% 2n, 
20±7% 4n and 73±1% 2n, 22±2% 4n respectively (Figure 1E). A Striking discrepancy 
was observed when cell cycle distribution was characterized in the same cells using 
the FUCCI system. RPE-FUCCI-iFOXO3.A3 cells treated with doxycycline accumulated 
in G1, as 87±4% and 91±2% of the cells were mKO-hCDT1 positive after 24 and 48 
hours respectively (Figure 1F).  This observation indicates that cells mainly arrest in 
a G1 like state but can do so in a diploid and a tetraploid state. We observed cells exit 
the cell cycle and revert to a G0/G1 state without going through mitosis after 15-35 
hours of S/G2 when tracking the fate of S/G2 cells upon FOXO activation by live cell time 
lapse microscopy (Figure 1G-J). We confirmed this observation by combining the FUCCI 
system with staining for DNA content, revealing that 16±2% and 21±1% of mKO-hCDT1 
positive cells carry 4n DNA after 24 and 48 hours of FOXO3.A3 expression respectively 
(Figure 1K&L). Together these results unveil that FOXO3.A3 activation in S/G2 can 
induce a G0/G1 like state with 4n DNA. mAG-Geminin degradation in the absence of 
mitosis shows that APCCDH1 is activated prematurely following FOXO3.A3 expression, 
leading to direct progression to a G0/G1 like state. As no cells are detected in S phase 
after FOXO3.A3 activation with either 2n or 4n DNA we can also conclude that cells are 
arrested in G0/G1.  This FOXO induced cell cycle exit represents a mechanism by which 
FOXOs can regulate cell proliferation that has not been previously described.

FOXO induced cell cycle exit is independent of p53 and p21
G2-exit from the cell cycle has previously been attributed to DNA damage and p53 
activation. The subsequent transcription of p21 inhibits Cyclin E/A-CDK2 complexes 
required for keeping the cell in G2, resulting in premature activation of APCCDH1 followed 
by exiting the cell cycle and senescence (441-443). As FOXOs are known to regulate p53 
activity and p21 expression we determined whether FOXO induced G2 exit is mediated 
by p53 or p21 (38, 373, 420, 438).
Expression of p21 mRNA was up regulated after 24 hours of FOXO3.A3 expression and 
p53 mRNA levels remained stable (Figure 2A&B). No changes in p21 and p53 protein 
expression were detected on western blot after 24 hours of FOXO3.A3 expression (Figure 
2C). The FOXO3 induced cell cycle exit from G2 was unaffected in cells transfected with 
siRNA smartpools targeting either p21 or p53 (Figure 2D-I). Although the time it takes 
for G2 cells to exit the cell cycle in siP53 treated cells is not changed, the percentage of 
cells undergoing the FOXO3.A3 induced cell cycle exit is slightly decreased (Figure 2I). 
This observation suggests that even though p53 does not seem to actively participate in 
the FOXO induced cell cycle exit, cells are more sensitive to exit from G2 in the presence 
of p53. As the levels of p21 and p53 remain unchanged after FOXO3.A3 expression 
and activation of FOXO3.A3 in the absence of p21 and p53 does not impair G2 exit, we 
conclude that the FOXO3 induced G2 exit is independent of p53 and p21. 



117

6

Chapter 6: A computational pathway model predicting FOXO3 activity

FOXO3 induces a G2 exit by repressing EMI1 transcription
Cells ensure progression through G2 and entry into M phase by preventing APCCDC20/CDH1 
activation until the cell reaches the end of metaphase. APCCDC20/CDH1 activity is inhibited 
by EMI1 (also known as FBXO5). From the restriction point at the beginning of S phase 
on, EMI1 binds to APCCDH1 and inhibits ubiquitin chain elongation on its substrates (444-
447).  Previous reports described that EMI1 levels are down regulated in response to 
DNA damage and this down regulation is essential to establish a G2 arrest or withdraw 
from the cell cycle to become senescent (441, 448, 449).
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Figure 2: The FOXO3 induced G2 exit is independent of p21 and p53
A&B. RT-qPCR analysis of P21 and P53 mRNA expression level changes in RPE-FUCCI-iFOXO3.A3 cells over 
the course of 24 hours doxycycline (dox) treatment. C. Western blot analysis of p21, p53 and FOXO3 protein 
levels in RPE-FUCCI-iFOXO3.A3 after doxycycline treatment for 24 hours. Equal concentrations of protein are 
loaded and aspecific background staining is used to visualize equal protein content. D-F. Live cell imaging 
quantification of the time spend in G2 of RPE-FUCCI-iFOXO3.A3 cells treated with siSCR, siP21 or p53 for 
72h prior to doxycycline. Each dot represents a cell and corresponds to the time spend in G2 without or after 
FOXO3.A3 expression. Green indicates the cell exits G2 by mitosis, orange indicates the cells exits G2 skipping 
mitosis. G&H. RT-qPCR analysis of P21 and P53 mRNA expression level changes in RPE-FUCCI-iFOXO3.A3 cells 
treated with Scrambled siRNA (siSCR) siP21 and siP53 for 72 hours. I. Alternative representation of the live 
cell imaging quantification of the time spend in G2 of RPE-FUCCI-iFOXO3.A3 cells. Black bars represent the 
median time spend in G2 and the total percentages of G2 exit by skipping mitosis are indicated. No significant 
difference in the average G2 exit time is observed compared to siSCR+dox (ns).
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In line with this, we observed a rapid decrease in both EMI1 mRNA and protein 
levels in response to FOXO3.A3 expression in RPE-FUCCI-iFOXO3.A3 cells (Figure 
3A&B), implicating that the FOXO mediated cell cycle exit could be a result of EMI1 
repression. To test this, we induced  mTurquoise-EMI1 expression concurrently with 
FOXO3.A3. Combined FOXO3.A3 and mTurq-EMI1 expression resulted in reduced 
levels of endogenous EMI1 and high levels of exogenous EMI1 (Figure 3C).  Time-lapse 
microscopy showed that forced expression of EMI1 overcomes the FOXO3.A3 mediated 
G2 exit, allowing cells to progress normally to metaphase.  (figure 3D). 
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Figure 3: FOXO3 induces a G2 exit by down regulating EMI1
A. RT-qPCR analysis of EMI1 mRNA expression level changes in RPE-FUCCI-iFOXO3.A3 cells over the course 
of 24 hours doxycycline (dox) treatment. B. Western blot analysis of EMI1 and FOXO3 protein levels in RPE-
FUCCI-iFOXO3.A3 after doxycycline treatment for 24 hours. Equal concentrations of protein are loaded and 
aspecific background staining is used to visualize equal protein content. C. Western blot analysis of EMI1 
and FOXO3 protein levels in RPE-FUCCI-iFOXO3.A3 and RPE-FUCCI-iFOXO3.A3+pCW-mTurq-EMI1 after 
doxycycline treatment for 24 hours. Equal concentrations of protein are loaded and aspecific background 
staining is used to visualize equal protein content. D. Live cell imaging stills of an example RPE-FUCCI-
iFOXO3+pCW-mTurq-Emi1 cell over the course of 63 hours. Showing entry into mitosis with high levels of 
mAG-hGeminin expression and cell death after 63 hours of mitotic arrest. E. Live cell imaging quantification 
of the time spend in G2 of RPE-FUCCI-iFOXO3.A3+pCW-mTurq-EMI1 cells. Each dot represents a cell and 
corresponds to the time spend in G2 without or after FOXO3.A3 expression. Green indicates the cell exits G2 
by mitosis, orange indicates the cells exits G2 skipping mitosis. F. alternative representation of the live cell 
imaging quantification of the time spend in G2 of RPE-FUCCI-iFOXO3.A3+pCW-mTurq-EMI1 cells. Black bars 
represent the median time spend in G2 and the total percentages of G2 exit by skipping mitosis are indicated.
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As a result of the induced EMI1 expression cells subsequently arrest at metaphase 
for many hours due to the inability to activate APCCDC20/CDH1 and execute anaphase as 
indicated by mAG-hGeminin positivity, and eventually die (Figure 3D). Co-expression of 
EMI1 with FOXO3.A3 abrogated the FOXO3.A3 induced G2 exit, resulting in G2 exit by 
mitosis (Figure 3E&F). These data establish that the FOXO3 induced G2 exit is the result 
of decreased EMI1 expression and subsequent APCCDH1 activation. 

FOXO3 reduces EMI1 expression in multifarious ways
EMI1 expression is driven by the S-phase transcription factor E2F1 (450). Additionally, 
examination of the EMI1 promoter using the USCG Genome browser showed that the 
transcription factor MYC can bind to the EMI1 promoter and potentially regulates EMI1 
expression. FOXOs can influence E2F1 and MYC activity in multiple ways. First FOXOs 
transcribe CDKis that inhibit Cyclin/CDK complexes required for E2F1 activity and FOXO 
can directly bind to E2F1 and attenuate its function (451-453). Second, FOXOs drive the 
expression of the MYC inhibitor MXI1 (11, 427). Finally, FOXO activity correlates with 
increased levels of FBXW7 (also known as FBXO30) expression, which is responsible for 
substrate recognition by the SCFFBXW7 ubiquitin ligase complex that degrades E2F1, MYC 
and S-phase Cyclins (11, 389).
To test how different E2F1 and MYC effectors are changing in response to FOXO 
activation we looked for changes in p27, E2F1, Cyclin E, Cyclin A RB, MYC, FBXW7 and 
MXI1 expression levels. Upon FOXO3.A3 expression in RPE-FUCCI-iFOXO3.A3 cells we 
observed no change in RB expression, increased levels of p27, FBXW7 and MXI1 and 
decreased levels of E2F1, Cyclin E1 (CCNE1), Cyclin E2 (CCNE2) and MYC expression over 
the course of 24 hours (Figure 4A-H). Protein levels of p27 and MXI1 increase and EMI1 
drop rapidly after FOXO3.A3 expression, while E2F1, RB, phospho-RB, MYC, Cyclin E 
and Cyclin A levels decrease gradually over time (Figure 4I). No significant effects of 
p27, MYC and MXI1 loss on the timing of FOXO3.A3 induced G2 exit was observed while 
tracking cells treated with siRNAs targeting p27, MYC, MXI1, or E2F1 using time lapse 
microscopy (Figure 4J and SFigure 1A, SFigure 2). However, a significant decrease in the 
average time required to exit G2 in response to FOXO3 activation was observed when 
E2F1 was knocked down. Also, reducing expression of MYC, E2F1 and unexpectedly 
MXI1 increases the percentage of cells undergoing a cell cycle exit. Probing for EMI1 
protein levels after FOXO3.A3 activation in the absence of p27, MYC, E2F1, MXI1, 
FBXW7 or RB showed that FOXO mediates EMI1 levels through E2F1 and MYC (Figure 
4K, SFigure 1). FOXO activation in the absence of p27 did not influence EMI1 repression 
but reduction of MYC and E2F1 levels resulted in slightly more efficient reduction of 
EMI1 levels by FOXO3.A3. In line with the latter, reducing RB or MXI1 levels slightly 
reduces the efficiency of EMI1 repression by FOXO3.A3. Reducing the levels of FBXW7 
expression resulted in slightly increased EMI1 repression efficiency in contrast to the 
expected role in degrading E2F1, MYC and Cyclin E/A. We also observed that FOXO1 
and FOXO3 might be able to influence E2F1 transcriptional activity by direct binding, 
as shown by Co-immunoprecipitation of HA-E2F1 with GFP-Flag-FOXO1 and GFP-Flag-
FOXO3 (Figure 4L). Together these results suggest FOXO3 activation in S/G2 reduces 
EMI1 expression by modulating E2F1 and MYC transcriptional activity. 

Discussion
A new role for FOXOs in cell cycle regulation
The involvement of FOXOs in repressing the cell cycle is well established and many 
studies elaborated on the induction of a CKI dependent G1 arrest (7, 8, 35, 451). Cell 
cycle profiles using DNA staining to characterize FOXO induced effects on the cell cycle 
indicated that FOXOs could also induce a cell cycle arrest with 4n DNA (35, 39, 416, 425, 
426). 
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The mechanism behind this proposed FOXO induced G2 arrest remained unclear to 
date. Activation of FOXO3.A3 in RPE cells resulted in a robust cell cycle arrest with 
both 2n and 4n DNA based on classic cell cycle profiling. Strikingly, combining classic 
cell cycle profiling with the FUCCI system, which monitors the activity of essential cell 
cycle ubiquitin ligase complex activity, revealed that the cell previously proposed as G2 
arrested cells based on 4n DNA content are actually biochemically residing in a G1 or G0 
state. Following the fate of cells in G2 when FOXO3 is activated revealed that cells indeed 
switch form SCFSKP2 to APCCDH1 activity without passing through mitosis. Switching from 
S/G2 to a G0/G1 state in response to FOXO3 activity has never been reported and might 
have been obscured by the use of merely the DNA content as a surrogate cell cycle phase 
marker. 
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With this notion in mind, one might reason that the previously suggested G2 arrest in 
response to FOXO activity might actually have been a cell cycle exit from G2 to G1 or G0. 
Whether the G2 exit with 4n DNA observed after FOXO3 activation is a reversible or a 
definitive retraction from the cell cycle remains to be explored.

Multiple pathways converge on EMI1 expression
EMI1 down regulation in response to DNA damage signaling and consequential P53 
and p21 activation is a well-established mechanism to prevent cells from undergoing 
mitosis with damaged DNA and results in senescence with 4n DNA (441-443, 448-450). 
We now describe an additional p53 and p21 independent way in which EMI1 levels 
can be regulated in order to evade mitosis by linking the FOXO induced cell cycle exit 
to down regulation of EMI1. The mechanism by which FOXOs repress EMI1 levels is 
complex but culminates on the regulation of E2F1 and potentially MYC (450). We show 
FOXOs can potentially do so by transcribing CDKis like p27 resulting in inactivation of 
S-phase Cyclin/CDK complexes followed by RB reactivation. Additionally FOXO3 drives 
expression of the MYC inhibitor MXI and the SCF substrate recognition protein FBXW7 
that degrades MYC, E2F1 and S-phase Cyclins. FOXOs might also repress E2F1 directly 
as we show FOXOs can bind to E2F1. Activation of FOXOs in the absence of E2F1 or MYC 
resulted in slightly faster degradation of EMI1, whereas, conversely in the absence of 
MXI and RB EMI1 reduction is slightly impaired. The observation that EMI1 levels are 
only mildly affected can be a consequence of insufficient knockdown efficiency of the 
siRNA targets, or targeting more than a single aspect of EMI1 transcription regulation 
is required. Further elucidation of the mechanism underlying FOXO mediated EMI1 
repression is required in order to determine whether E2F1 is mainly repressed by RB or 
by direct binding and to what extend MYC contributes to retain S/G2 phase progression.

Are FOXOs guardians of homeostasis?
P53 is involved in many homeostatic processes but most notably in monitoring the 
cell for DNA damage and is therefore regularly referred to as a guardian of the genome 
(144). When cells encounter DNA damage P53 becomes activated and subsequently 
influences cell fate depending on if the cell can recover from DNA damage or not.. We 
now show that FOXOs might fulfill a similar or additive role in S and G2 as FOXOs are 
capable to abort the cell cycle before entering mitosis. Similar to p53, FOXOs respond to 
cellular stresses like DNA damage, become activated and participate in the DNA damage 
response (373, 454-456). Although FOXO and p53 functions are intertwined, we do not 
observe p53 activation in response to FOXO3.A3 expression, suggesting FOXOs have 

Figure 4: FOXO3 represses EMI1 in a E2F1 and MYC dependent way
A-H. RT-qPCR analysis of p27, E2F1, CCNE1, CCNE2, RB, MYC, FBXW7 and MXI1 mRNA expression level 
changes in RPE-FUCCI-iFOXO3.A3 cells over the course of 24 hours doxycycline (dox) treatment. I. Western 
blot analysis of p27, E2F1, RB, phospo-RB, MXI1, MYC, EMI1, Cyclin A, and Cyclin E protein levels in RPE-
FUCCI-iFOXO3.A3 after doxycycline treatment for 24 hours. Equal concentrations of protein are loaded and 
aspecific background staining is used to visualize equal protein content. J. Representation of live cell imaging 
quantification of time spend in G2 of RPE-FUCCI-iFOXO3.A3 cells. Black bars represent the median time spend 
in G2 and the total percentages of G2 exit by skipping mitosis are indicated. t-Test of the average time until 
G2 exit p<0.005=*** or not significant (ns) compared to siSCR +dox K. Western blot analysis of EMI1 protein 
levels in RPE-FUCCI-iFOXO3.A3 after doxycycline treatment for 24 hours in combination with Scrambled 
siRNA (siSCR), siP27, siMYC, siE2F1, siMXI1, siFBXW7 or siRB. Equal concentrations of protein are loaded and 
aspecific background staining is used to visualize equal protein content. Graph represents the quantification 
of EMI1 chemiluminescent intensity corrected for protein levels and normalized to untreated siSCR. L. Co-
immunoprecipitation between HA-E2F1 and GFP-FOXO1 & GFP-FOXO3 in 293T cells visualized by western 
blot analysis of HA and GFP tagged protein levels. HA-E2F1, GFP-FOXO1 and GFP-FOXO3 ware expressed 
either alone or in combination in the presence or absence of AKT inhibitor and immunoprecipitated (IP) 
using anti-GFP antibody. The upper lane represents the anti-GFP IP, the lower 3 lanes represent the IP input. 
Equal concentrations of protein were used and aspecific background staining is used to visualize equal 
protein content.
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parallel functions to DNA damage signaling in S and G2 and might act as sensors of 
other homeostatic properties that need to be in check before mitosis. If FOXOs influence 
the p53 mediated G2 exit and the other way around still needs to be fully characterized 
however, as we do observe decreased sensitivity for the FOXO induced cell cycle exit in 
the absence of P53. The exit from G2 is observed only after 15-35 hours in G2, suggesting 
that FOXOs buy the cell time to recover from sudden fluctuations in cellular homeostasis 
using gradual reduction of EMI1 levels as a clock. If the cell is not recovered when EMI1 
levels drop below the threshold to restrain APCCDH1 activity, the cell exits the cell cycle 
and arrests in G0/G1. Taken together we reveal a novel way in which FOXO can prevent 
cell cycle progression. 

Materials & Methods
Cell culture
Retinal Pigment Epithelial cells (RPE) were cultured in DMEM-F12 (Lonza) containing 
10% FCS (Lonza), 100U/ml penicillin and 100mg/ml streptomycin (Lonza). HEK293T 
cells were cultured in DMEM (Lonza) containing 10% FCS (Lonza), 100U/ml penicillin 
and 100mg/ml streptomycin (lonza). For doxycycline treatment 100 nM Doxycycline 
was used for the duration of indicated times. Transfecting third generation packaging 
vectors using Poly-ethylenimine into HEK293T cells generated lentiviral particles 
(377). Transfection of pCDNA-HA-E2F1, pCDNA-GFP-FOXO1 and pCDNA-GFP-FOXO3 in 
HEK293T cells was performed using FuGENE HD (Promega).

Constructs, lentiviral transduction and transfections
RPE-FUCCI cells were obtained as a kind gift from the Medema lab (440, 442) Lentiviral 
cDNA expression vectors expressing FOXO3.A3 were generated using Gateway cloning 
in the pINDUCER20 (Addgene #44012) doxycycline inducible expression system (371). 
The lentiviral construct pCW-mTurqouise-EMI1 was obtained as a kind gift from the 
Medema lab (449). 

Immunoblotting & antibodies
For western blot cells are lysed in sample buffer sample buffer containing 0.2%SDS, 
10% glycerol, 0.2% b-mercapto ethanol, 60mM Tris pH6.8. Proteins were detected 
using 6-15% SDS-PAGE gels and subsequent western-blot analysis with primary 
antibodies recognizing FOXO3 (H144 Santa Cruz), p27 (BD-610241), p21 (SC-471), 
p53 (SC-126), EMI1 (ThermoFisher 3D2D6), E2F1 (CST-3742), RB (BD-654136) RB-
S807/811 (CST-9308), MXI1 (SC-1042), MYC (CST-9402), Cyclin A (AB-16726), Cyclin 
E (SC-198), HA (SC-12CA5), GFP (AB-6673), used 1:2000. Primary antibodies were 
detected by secondary HRP conjugated antibodies targeting mouse, rabbit, and rat IgG 
and visualized using chemiluminescence (Biorad) and a ImageQuant LAS 4000 scanner 
(GE Healthcare). For immunoprecipitation HEK293T cells transfected with HA-E2F1, 
GFP-FOXO1, GFP-FOXO3 were lysed in 50mM Tris, 150mM NaCl, 1% Triton-X100. For 
immunnuprecei[itation Chromotec GFP beads were incubated with cell lysate for 2 
hours at 4°C, subsequently washed with lysis buffer and boiled in sample buffer.

RT-qPCR
mRNA was isolated from live cells using the Qiagen RNeasy kit (Qiagen) and cDNA 
synthesis was performed using the iScript cDNA synthesis kit (BioRad). Real-time PCR 
was performed using SYBR green FastStart master mix (Roche) in the CFX Connect Real-
time PCR detection system (BioRad). Target genes were amplified using specific primer 
pairs (Supplemental table 1) and specificity was confirmed by analysis of the melting 
curves. Target gene expression levels were normalized to GAPDH and HNRNPA1 levels. 
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Flow cytometry
For DNA content profiling live cells were incubated with 10 mM Hoechst33342 for 30 
min. at 37°C. After incubation cells were trypsinized and transferred to normal culture 
medium before measuring. mKO-hCDT1, mAG-hGeminin and Hoechst33342 intensity 
was measured using a BD LSR Fortessa Flow cytometer (BD bioscience). 

Live cell imaging and tracking
20.000 RPE cells were cultured in Lab-Tek II 8-well imaging chambers. Prior to imaging 
normal culture medium is replaced with Leibovitz medium (Lonza) containing 10% FCS 
(Lonza),2 mM L-Glutamin, 100U/ml penicillin and 100mg/ml streptomycin (Lonza). 
Imaging was performed on a Zeiss Cell observer Real-Time imaging microscope for 
48 hours at 37°C. Cell tracking and quantification was performed using ImageJ. Cells 
expressing mAG-hGeminin at the moment of doxycycline addition and cell starting to 
express mAG-hGeminin within 3 hours after doxycycline addition were considered S/
G2 in the analysis. 
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Supplemental Figure 1: siRNA knockdown efficiency for experiments in figure 4 
A. RT-qPCR analysis of p27, E2F1, MYC, MXI1 mRNA expression level changes in RPE-FUCCI-iFOXO3.A3 cells 
after 72 hours treatment with siSCR, siP27, siE2F1, siMYC or siMXI1. B. Western blot analysis of p27 protein 
levels in RPE-FUCCI-iFOXO3.A3 after 72 hours of siSCR or siP27 in combination with doxycycline treatment 
for 8 hours. Equal concentrations of protein are loaded and aspecific background staining is used to visualize 
equal protein content. C. Western blot analysis of RB protein levels in RPE-FUCCI-iFOXO3.A3 after 72 hours 
of siSCR or siRB in combination with doxycycline treatment for 8 hours. Equal concentrations of protein are 
loaded and aspecific background staining is used to visualize equal protein content. D. Western blot analysis of 
pMXI protein levels in RPE-FUCCI-iFOXO3.A3 after 72 hours of siSCR or siMXI in combination with doxycycline 
treatment for 8 hours. Equal concentrations of protein are loaded and aspecific background staining is used to 
visualize equal protein content. E. Western blot analysis of E2F1 protein levels in RPE-FUCCI-iFOXO3.A3 after 
72 hours of siSCR or siE2F1 in combination with doxycycline treatment for 8 hours. Equal concentrations of 
protein are loaded and aspecific background staining is used to visualize equal protein content. F. Western 
blot analysis of MYC protein levels in RPE-FUCCI-iFOXO3.A3 after 72 hours of siSCR or siMYC in combination 
with doxycycline treatment for 8 hours. Equal concentrations of protein are loaded and aspecific background 
staining is used to visualize equal protein content.

Supplemental figure 2: Live cell imaging quantification of the time spend in G2 corresponding to 
Figure 4. 
A-J. Live cell imaging quantification of the time spend in G2 of RPE-FUCCI-iFOXO3.A3 treated with siSCR, 
siP27, siMXI1, siE2F1 or siMYC for 72 hours. Each dot represents a cell and corresponds to the time spend in 
G2 without or after FOXO3.A3 expression. Green indicates the cell exits G2 by mitosis, orange indicates the 
cells exits G2 skipping mitosis. 
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Redefining the role of FOXOs in cancer

FOXOs are not tumor suppressors
FOXOs are tumor suppressors. This is the textbook view attributed to FOXOs in the con-
text of their role in cancer. The initial seminal reports identifying FOXOs as the major 
transcriptional output of PI3K-PKB signaling were soon followed by the observation 
that FOXO induces either a cell cycle arrest or apoptosis, when activated in response to 
PI3K-PKB inhibition or when a mutant insensitive to PKB regulation is expressed (7, 35, 
36, 39, 407, 416). As the PI3K-PKB pathway is commonly hyper activated in cancer and 
restricts FOXO activity, the idea that FOXOs could act as tumor suppressors was coined 
(457, 458). Indeed reduction of primary tumor growth was observed in xenograft ex-
periments with tumor cells expressing hyperactive mutants of FOXO (46, 47). Conven-
tional knockout mouse models for loss of individual Foxo1, Foxo3 or Foxo4 function did 
reveal developmental defects (Foxo1 and Foxo3), but did however not indicate a role 
for individual FOXOs in tumor suppression (58-60). The fact that no tumor suppressive 
effects were found in single Foxo knockout mice proved to be the consequence of redun-
dancy between FOXOs, as only compound loss of Foxo1,3 and 4 knockout mice present 
with tumors (61). The observation that PI3K-PKB signaling inhibits FOXO to allow pro-
liferation and avoid apoptosis, combined with the increased tumor incidence in Foxo 
triple knockout mice led to the proposition of FOXOs as bona fide tumor suppressors 
at least for certain tissue lineages (158). Our observations in Chapter 3 fall in line with 
this concept as we show that FOXO inhibition is essential for anchorage independent 
survival. FOXO needs to be inhibited when cells are cultured in the absence of anchor-
age to prevent expression of the pro-apoptotic BH3-only proteins BIM and BMF and the 
subsequent induction of anoikis. In the case of mouse invasive lobular carcinoma cells, 
PI3K-PKB signaling is proposed to be active as a consequence of E-cadherin loss, and 
hence the subsequent inhibition of FOXO could allow cells to survive without anchor-
age (459). Indeed we find that loss of E-cadherin in anchorage dependent cells results 
in acquired anoikis resistance and correlates to restrained BIM and BMF expression 
(45). Additionally, we show in Chapter 4 that expression of FOXO3 or FOXO3.A3 inhib-
its metastasis in mILC, confirming that cancer cells need to inactivate FOXOs in order to 
successfully disseminate. 
The term bona fide tumor suppressor is commonly used for tumor suppressor genes 
and implies that these genes faithfully repress tumorigenesis. Suggesting that genes 
like FOXO exist to prevent cancer. However if the biological role of tumor suppressor 
proteins is truly focused on repressing tumorigenesis or that the tumor suppressive 
effect of certain genes is just a side effect of its normal function is debatable, certainly 
for FOXOs. In parallel to the findings that put FOXOs forward as tumor suppressors, 
various studies were published on the homeostatic function of FOXOs in balancing re-
active oxygen species levels, stem cell maintenance and bioenergetics, FOXO functions 
expected to be predominantly involved in its longevity mediating effects (19, 21, 24, 89)
(reviewed in: (2, 3, 10, 14)). There is no reason to assume however that FOXO discrimi-
nates between tumor cells and healthy cells in its homeostatic function. The outcome of 
this function is however context dependent and may be perceived as tumor suppressive 
functions in tumor cells. For instance, even a mild induction of CDKis or pro-apoptotic 
factors may be enough to push tumor cells over the apoptotic threshold or into a cell 
cycle arrest. Once the tumor has reached a stage that it is insensitive to these aspects 
of FOXO function, it may actually benefit from for instance the ROS scavenging roles 
downstream of FOXOs.  Studies on the consequence of FOXO loss in neuronal and he-
matopoietic stem cells, CML and AML indeed revealed that both healthy and tumor cells 
depend on the presence of FOXO in order to function optimally (21, 24, 73, 76). Addi-
tionally, FOXO was found to facilitate breast cancer cell motility, stimulate metastasis of 
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colorectal cancer cells and to participate in development of resistance to PI3K and PKB 
inhibitors (72, 77, 94-96).
Our current understanding of the role of FOXOs in cancer appears contradictory and 
suggests that tumor suppression or tumor supportive functions of FOXO are at least 
context-dependent. Based on the observation summarized above, the suggestion that 
FOXOs are bona fide tumor suppressors clearly needs revision. In chapter 3 and 4 we 
addressed the role of FOXO in cancer by studying the effect of gain and loss of FOXO 
function in one defined model system of tumorigenesis, namely invasive lobular car-
cinoma. The experiments demonstrate that tumor cells need to restrain FOXO activity 
in a PKB-dependent manner. Overexpression of wild-type FOXO3 does not significant-
ly influence primary tumor growth but overexpression of the PKB insensitive FOXO3.
A3 mutant inhibits primary tumor growth efficiently. Restriction of FOXO activity is 
important for tumor development, but losing the ability to activate FOXO was found 
to be even more detrimental for tumor growth. Similarly, gain or loss of FOXO activity 
equally well delayed the timing of metastasis formation. This suggests that both hyper 
activation and loss of FOXO obstructs the extravasation or homing of primary tumor 
cells. Interestingly, in contrast to the absence of effect on primary tumor growth, over 
expression of wild-type FOXO3 did influence metastasis onset, indicating that cells tol-
erate high levels of FOXO expression in the primary tumor but not during the process of 
metastasis. These observations imply that during tumor progression the regulation of 
FOXO activity needs to be fine-tuned and different FOXO activity levels are required at 
distinct stages of tumor progression. 
The fact that aggressive types of cancer rely on activated growth factor signaling in one 
way or another, and consequentially repress FOXO activity, does suggest tumors always 
need to restrict FOXO activity to a certain extent. It is curious however that FOXOs are 
rarely lost or mutated in a way that activity is fully reduced. Additionally, we describe in 
Chapter 4 that cells isolated from FOXO3.A3 induced tumors still express super-endog-
enous levels of hyper-active FOXO3.A3 without suffering from reduced proliferation. 
FOXOs are predicted to be active in cancers of different grades, using the computational 
model for FOXO activity generated in chapter 5 on patient cancer samples, suggesting 
FOXOs are actively participating in tumorigenesis and not solely act as tumor suppres-
sors.
Based on these observations it becomes temping to speculate that endogenous (low) 
levels of FOXO activity are hardly tumor suppressive when it comes to primary tumor 
formation, and actually aid in metastatic outgrowth. Whether endogenous FOXOs can 
confer a tumor suppressive phenotype has not been studied outside the context of PKB 
inhibition or FOXO overexpression, since these experiments are technically challeng-
ing, for example by making a heterozygous endogenous inducible PKB insensitive FOXO 
mutant, but this question needs to be addressed in the future to understand how FOXO 
works. 
A gene that needs to be inactivated by mutation or lost in order for cancer to arise is the 
definition of a tumor suppressor gene (460).  Based on our findings presented in this 
thesis and this definition of a tumor suppressor, we conclude that FOXOs are not clas-
sical tumor suppressors. Again, it needs to be stressed that oncogenes and tumor sup-
pressor genes are rather non-biological terms for the function of these genes in general. 
There are no genes that solely exist to cause or suppress cancer, let alone show bona 
fide or mala fide behavior. Rather the phenotypes caused by mutations in these genes 
represent an exaggeration of the signaling mechanisms they are normally involved in. 
Addressing the physiological functions of genes involved in cancer in healthy tissues 
instead of focusing on their function as oncogenes and tumor suppressors results in 
understanding of their role in cancer. Since versatile and complex 3D cell culture sys-
tems resembling healthy tissues and organs have recently, and finally, become broadly 
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available for in vitro studies, this will be a strong tool to apply for this purpose (461).
Dependency of cancer on FOXO: primary tumor vs. metastasis
From Chapter 3, 4 and 5 the picture arises that FOXO needs to be regulated in a flexi-
ble manner within the primary tumor, but in addition needs to be strongly inactivated 
during the metastatic process. The fact that overexpression of wild-type FOXO3 hardly 
influences primary tumor growth compared to FOXO3.A3 shows that FOXO activity is 
restricted in a PKB dependent way also within the tumor. However, FOXOs are expected 
to be active in the majority of breast cancers based on our observations in Chapter 5. 
The in vitro data presented in chapter 3 on the effects of FOXO3 expression in mILC1 
shows that FOXO represses proliferation under adherent conditions and switch to in-
ducing apoptosis when mILC1 is cultured in suspension. This indicates that not only the 
tumor stage but also the space in which the cell resides heavily impacts on the output of 
FOXO mediated transcription. Whether changes in concurrent signaling upon transfer 
to anchorage independent growth or changes in the epigenetic landscape are driving 
FOXO output towards apoptosis remains to be elucidated. In Chapter 3 we find that 
FOXO3.A3 binding to the Bmf locus is further enhanced upon transfer to suspension. 
This suggests the Bmf locus becomes more permissive for FOXO binding when cells are 
cultured in suspension. Therefore low levels of FOXO activity in suspension might al-
ready be sufficient to drive the cell into anoikis while under adherent conditions low 
levels of FOXO activity is better tolerated with respect to apoptosis. These observations 
lead us to draw up a model in which the environmental context of a cancer cell deter-
mines whether FOXOs are tumor suppressors or not (Figure 1). The induction of anoikis 
by FOXO fits well in its broad spectrum of homeostatic functions, as preventing ectopic 
cell growth is essential to maintain tissue integrity and organ function. But this still does 
not explain why FOXOs are retained in cancer if they need to be inactivated anyway.
Close examination of how losing endogenous FOXOs affects cancer cells in Chapter 
4 revealed that FOXOs are involved in many different processes required for optimal 
cancer cell growth. In line with the homeostatic functions of FOXO discussed above we 
find that FOXO is required for maintaining proliferative signaling, redox homeostasis, 
glucose uptake and bioenergetics. Losing FOXO in mILC results in high levels of reactive 
oxygen species, low bioenergetic metabolism and low PI3K-PKB signaling. This shows 
that although FOXO supposedly is largely inhibited by PKB, FOXO is actually actively 
contributing to maintaining cellular homeostasis. These findings support the observa-
tion in Chapter 5 that suggest that FOXOs are expected to be active in multiple breast 
cancers. It is unclear however how much FOXO activity is required for its homeostatic 
function and how much for its cell cycle and apoptotic regulatory function. 
Active growth factor signaling, cell motility and invasion are essential for a cancer cell 
to metastasize and these are reduced upon FOXO loss. This might explain why mILC1-
shFOXOs cells have more difficulty to establish metastasis compared to FOXO3.A3 cells 
that only need to overcome the anti-proliferative and anoikis effects of FOXO hyper-ac-
tivation. Also we have to keep in mind that we only observe strong anoikis induction 
when FOXOs are over expressed or in the context of PKB inhibition: a situation in which 
FOXO is artificially hyper active and a situation in which PKB is concurrently inhibited. 
The observation that mILC1 cells also induce Bim and Bmf and a fraction undergoes 
anoikis when untreated conditions illustrates that mILC1 cells are already balancing 
on the edge of anoikis with low levels of active endogenous FOXO. This shows that bal-
ancing FOXOs is essential also in metastasizing cells and having a small window FOXO 
activity might come with the benefit of maintaining glucose uptake, GFR signaling and 
redox homeostasis: all crucial requirements for anchorage independent survival (292). 
The role of FOXOs in cancer is clearly complex but based on the results presented in 
this thesis we propose a model in which the phase of tumorigenesis and the specific 
spatial context of the cancer cell determines the dependency on and the transcriptional 
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program of FOXO (Figure 1). Having FOXOs around during the early stages of tumor de-
velopment is beneficial for tumors to expand, and only during the short period a cancer 
cell metastasizes FOXO activity needs to be limited.

Maintaining the FOXO balance
The next step in understanding FOXO function is characterizing how FOXO activity is 
subtly regulated. There are various mechanisms proposed however by which FOXO ac-
tivity can be modulated and tuned (Reviewed in(2, 3, 16, 20)). Nuclear translocation of 
FOXOs was found to be a continuous dynamic process as blocking overall nuclear export 
using CRM1 inhibitors results in nuclear accumulation of FOXOs even in the presence of 
active growth factor signaling (5, 9, 462). These observations illustrate that FOXO does 
not operate in a binary “ON” and “OFF” fashion but in equilibrium between nuclear 
import and export. The rate of nuclear import and export is influenced by a multitude 
of post-translational modifications that can affect FOXOs reported to date (Chapter 1, 
Figure 1)(2, 3). Stress kinases, DNA damage, AMPK kinase, redox and growth factor sig-
naling are the best-established routes modulating FOXO transcriptional activity. Next to 
responding to nutrient availability, ROS levels, DNA damage and other stimuli directly, 
recently it became clear that FOXOs are part of a continuous growth factor signaling 
feedback loop that is required for maintaining PI3K signaling (6, 11, 71, 94-96). When 
growth factor signaling is low, FOXO accumulates in the nucleus and induces transcrip-
tion and amongst these target genes are those that constitute essential parts of growth 
factor signaling cascades including various RTKs, RTK adaptor proteins and regulators 
of the mTOR complex 1 and 2. By transcribing these genes FOXO stimulates growth 
factor signaling and its own inactivation. Inactivation of FOXOs subsequently results in 
lowered expression of RTK pathway components and reduction of growth factor signal-
ing (Figure 2). The relevance of this signaling feedback in healthy cells remains to be 
fully characterized but a likely function is sensitize growth factor signaling during a pe-
riod of low nutrient and growth factor availability as to optimize the response to future 
growth factor availability. The discovery of this feed back mechanism is of great impor-
tance with respect to cancer therapy as it was found to be a key mechanism behind de-
velopment of resistance to PI3K-PKB inhibiting drugs (94, 96).  Loss of FOXO impaired 
the development of drug resistance but it remains to be characterized which compo-
nents of growth factor signaling that are directly regulated by FOXOs are responsible for 
this.  In chapter 4 we followed up on these findings in mILC1 and show that FOXO loss 
resulted in decreased PI3K-PKB signaling and expression of FOXO3.A3 increased path-
way activity. We found that FOXOs indeed regulate the expression of multiple RTKs, RTK 
adaptor proteins and regulators of mTOR complex 1 and 2. Showing that FOXOs drive 
the expression novel and previously described components of RTK signaling and that 
modulation of FOXO activity in vivo directly impacts on RTK signaling activity. These re-
sults emphasize that using PI3K-PKB inhibitors or other strategies that result in strong 
FOXO activation has dangerous side effects due to this innate growth factor signaling 
feedback. The mild phenotypes observed in FOXO3 wild type experiments can be ex-
plained by this feedback loop, as high levels of FOXOs mediate their own inactivation. 
Next to the complex phenotype caused by loss of FOXO described in chapter 4, the fact 
that FOXO activity needs to be constantly balanced provides an additional explanation 
as to why it is hard to rescue the loss of FOXO by only over expressing FOXO or adding 
back hyper active PI3KH1047R and myrPKB. 
Next to its role in cancer, this feedback loop might also be essential in the onset of dia-
betes. In chapter 4 we show that loss of FOXOs results in metabolic defects including 
impaired glucose uptake and loss of growth factor signaling and therefore insulin sen-
sitivity. In other words, loss of FOXOs induces a “diabetes type II-like phenotype” in 
cancer cells. 
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It is clear that mechanism by which the cell mediates FOXO functions is through bal-
ancing nucleo-cytoplasmic shuttling. Experiments scrutinizing the exact endogenous 
dynamics of FOXO shuttling are lacking to date however, mostly due to technical difficul-
ties. Understanding the dynamics of endogenous FOXO shuttling and intervening with 
these dynamics might hold interesting insights for both cancer therapy and diabetes 
treatment. Modern genome editing technologies allowing modulation and tagging of 
endogenous proteins recently became available and paves the way to elucidate physio-
logical shuttling rates of FOXO under various conditions. 

Using FOXO in the clinic
Although FOXO is implicated in major diseases like cancer and diabetes, developing 
FOXO targeted therapies or using FOXO as a diagnostic marker has been proven diffi-
cult. Histopathological studies that focused on correlating FOXO expression and local-
ization to disease outcome in cancer patients yielded contradicting results. On one hand 
many studies observed a correlation between high FOXO expression and/or nuclear 
localization and good prognosis (48-57). On the other hand various studies implicat-
ed that high FOXO levels and/or activity correlate to poor prognosis (68-72, 404). Al-
though these studies come to contradictory conclusions we noticed that most of these 
studies did not include sufficient technical and biological IHC controls to validate their 
observations. We have systematically analyzed a great variety of antibodies that are 
employed in IHC staining of FOXO and surprisingly for many of these antibodies it is 
unclear whether they actually stain FOXO in IHC, as they similar signals in FOXO TKO 
tissue (own unpublished observation). In addition, many papers do not report the anti-
bodies used, making interpretation and reproduction of these studies impossible. Also 
from a functional perspective as reported in chapter 4 it becomes apparent that FOXO 
does not fulfill a role in cancer that adheres to a classical view as being either anti- or 
pro-tumorigenesis. Using FOXO as a prognostic marker for cancer progression there-
fore appears at least difficult if it is unclear at what stage of cancer progression FOXO 
is being analyzed.  Due to its role in therapy resistance, correlating in vivo FOXO activ-
ity prior to and following patient treatment to therapy response might be interesting 
in light of increasing therapy efficiency or the decision to undergo therapy in the first 
place. Histopathological examination of FOXO activity in this perspective is not expected 
to be the suitable approach as we show that even when FOXOs is expected to be inactive 
in tumors based on the tumors dependency on active growth factor signaling, this is 
not necessarily the case. Considering the above, determination of the expression level 
of FOXO target genes is likely more informative to determine what the actual status of 
FOXO activity is. In chapter 5 we determined a core set of FOXO transcriptional target 
genes based on microarray and publicly available data set analysis. We used this core 
set of genes to predict PI3K activity in patient material. Interestingly, FOXOs are predict-
ed both active and inactive in a variety of cancer patient tissues, including high grade 
tumors. Additionally, immunohistochemical staining of FOXO3 in colon carcinomas re-
vealed that FOXO activity is heterogeneously spread throughout the tumor, based on 
the observation that within the same slice there are cells with nuclear and cells with 
cytoplasmic FOXO3. Together these observations illustrate that FOXO activity is het-
erogeneous within tumor types but also within tumors it self, explaining why the many 
pathological studies on FOXOs come to opposing conclusions.  This FOXO target gene 
set can also be applied on data sets and patient material in order to correlate FOXO 
levels and activity to therapy response in the future. One might expect that tumors with 
low levels of FOXO expression are less susceptible for developing treatment resistance 
towards PI3K inhibitors for example. The FOXO core target genes could also be used to 
uncover unexpected contributions of FOXO to therapy response in more conventional 
therapies that do not specifically target the PI3K pathway.  
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In this thesis we showed that multiple aspects of tumorigenesis are dependent on 
FOXOs. Targeting FOXOs directly and preventing FOXO activity might therefore be a 
suitable strategy for cancer therapy. Repressing FOXOs using a drug might induce simi-
lar effects as we observed using the shFOXOs. Combining these compounds with drugs 
targeting PI3K might then aid in preventing resistance. Attempts to design FOXO spe-
cific inhibitors are limited but have been reported. AS1842856 is the only commercially 
available small molecule inhibitor targeting FOXOs and should prevent translocation 
to the nucleus (463). AS1842856 has mainly been tested in the context of diabetes, 
bone development, adipocyte differentiation and pulmonary hypertension (464-467). 
In cancer AS1842856 was found to prevent the induction of senescence in proges-
terone receptor positive ovarian cancer and block MYC driven lapatinib resistance in 
breast cancer (468, 469). Although the results suggest FOXO inhibition is possible and 
has promising effects in cancer, we have to note that we could not confirm inhibition 
of FOXO translocation in mILC1 cells treated with AS1842856. No studies have been 
published to date that show FOXO translocation is inhibited by AS1842856 so caution 
with drawing conclusions based on this drug is required. The development of additional 
pan-FOXO inhibitors is desirable based on the promising effects of inhibiting FOXOs in 
cancer presented in this thesis. 
We also uncovered the next hurdle that should be taken in case FOXO inhibitors would 
eventually be used in the clinic, namely the adaptation to impaired FOXO function. In 
Chapter 4 we show potent inhibition of cancer progression when shFOXOs are ex-
pressed in mILC, but also show that tumors adapt to the loss of FOXOs and regain their 
growth and metastatic capacity. In contrast to negative selection against the FOXO3.A3 
construct we show that shFOXO tumors retain the shRNA construct and become FOXO 
independent. The mechanism that drives this adaptation is unclear, but understanding 
this mechanism holds a promising strategy for cancer therapy as blocking this adapta-
tion can be deleterious for a tumor.

A new perspective on an old function of FOXO in the cell cycle 
Inhibition of the cell cycle was amongst the first functions described for FOXO and 
through the years the transcription of several CDKis has been linked to FOXO activity. 
FOXO induced CDKi transcription can be initiated by various stimuli including growth 
factor withdrawal and adverse conditions like DNA damage, elevated levels of ROS or 
hypoxia (2, 3, 451). The cell cycle arrest induced by CDKis is proposed to function as a 
safeguard for tissue, cellular and genomic homeostasis and prevents the cell from di-
viding untimely or under adverse conditions. The role for FOXO in establishing a G0/
G1 arrest is well studied but how FOXO mediates a putative G2 arrest remained to be 
fully characterized (39, 425, 426). In chapter 6 we aimed to characterize the FOXO in-
duced cell cycle arrest in more detail and elucidate how FOXO determines to arrest in 
G0/G1 or G2. By combining classic DNA cell cycle profiling with the newly described 
FUCCI system we unveiled that FOXO activation in S/G2 results in switching to a G0/G1 
like state with 4n DNA (440). This function of FOXO has long been obscured by the way 
cell cycle phase determination has been performed. We now show that merely looking 
at DNA content, even in combination with S-phase or mitosis markers, is insufficient 
to draw conclusions on the cell cycle phase a cell resides in. Although the full mecha-
nism behind the FOXO induced G2 withdrawal needs to be characterized we show that 
this mechanism involves the down regulation of EMI1 by preventing its transcription. If 
there is a physiological stimulus that induces this FOXO mediated cell cycle exit is still 
under investigation and what the purpose of this mechanism is in the cell cycle remains 
to be defined. This FOXO function might be to guard the cell from dividing under ad-
verse conditions and thus reduce the risk of damaging the genome or vital organelles. 
By repressing mitotic entry FOXO allows the cell to anticipate and recover from adverse 
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conditions before entering mitosis. Gradual down regulation of EMI1 by FOXO might 
function as a timer for how long a cell is allowed to recover from an adverse condition. 
If FOXO becomes inactivated as a result of recovery before EMI1 levels drop below the 
APCCDH1 inhibiting threshold the cell will undergo mitosis. Conversely, if recovery takes 
too long and FOXOs remain activated, EMI1 levels drop below the APCCDH1 inhibiting 
threshold and the cell exits the cell cycle. This way EMI1 levels do not only function as 
the G1/S restriction point but also as a G2/M restriction point (446). 
Similar to FOXO, p53 functions to sense adverse conditions in S/G2 and prevents entry 
into mitosis when the cell is suffering from DNA damage or elevated ROS levels (441-
443, 448, 449). Even though we do not find active contribution of p53 to the FOXO in-
duced cell cycle arrest we do observe that cells are less susceptible to undergo a FOXO 
induced G2 exit in the absence of p53. As FOXO and p53 signaling is heavily intertwined 
and responds to similar stimuli we expect that under physiological circumstances FOXO 
and p53 function in overlapping pathways (144, 373). Future characterization of how 
p53 and FOXO mediated G2 exit is attenuated in the absence of either FOXO or p53 is 
needed to determine the exact contribution of each to this phenotype. 

In this thesis we show that the role of FOXO in cancer, but also in healthy cells, is highly 
complex. Instead of being a classical tumor suppressor that induces a cell cycle arrest 
or apoptosis in response to stresses or GF withdrawal, we show that FOXO functions 
in many processes essential for tumorigenesis. The insight that FOXO plays a key role 
in tumorigenesis and that balancing FOXO activity is crucial for its cancer supporting 
function opens many new roads to be explored. Inhibiting FOXO by designing small 
molecule inhibitors might abrogate development of drug resistance, the current hurdle 
in cancer therapy. Conversely, finding strategies that fully activate FOXO in disseminated 
cells might severely hamper cancer progression and increase patient survival. Finding 
ways to stimulate the FOXO induced G2 cell cycle exit might efficiently inhibit cancer 
cell proliferation. Understanding and applying FOXO transcriptional output could help 
in the development of better prognostic tools for cancer patient survival and therapy. 
All new possibilities sprouting from observations made while characterizing the funda-
mental properties of FOXO and shifting the paradigm from FOXO as a tumor suppressor 
to FOXO as a key regulator of homeostasis in both healthy and cancer cells. 
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Nederlandse samenvatting

Alle organismen bestaan uit cellen, sommige functioneren als eencelligen, andere als 
een georganiseerde klont van aan elkaar klevende en samenwerkende cellen. Een 
volwassen mens bestaat uit miljarden cellen, allemaal ooit gevormd uit één bevruchte 
eicel. Na bevruchting ondergaat een eicel celdeling. Tijdens dit proces wordt het DNA in 
de cel gekopieerd en precies in tweeën verdeeld over de twee dochtercellen. Het DNA 
bevat alle genetische informatie van de cel en bestaat uit de genen die coderen voor alle 
eiwitten die een cel kan maken. Dit celdelingsproces zorgt voor de vermeerdering van 
het aantal cellen en daarmee de groei en ontwikkeling van het lichaam. Het uiteindelijke 
resultaat is een volwassen lichaam met miljarden cellen die samen o.a. organen, 
ledematen, botten en het immuunsysteem vormen. Ook in een volwassen lichaam vindt 
nog celdeling plaats. Dit proces is essentieel om organen te onderhouden, wonden te 
helen en kapotte cellen te vervangen door verse, functionele cellen. 
Het is van groot belang om celdeling streng te reguleren. Te weinig celdeling leidt tot 
aftakeling van het lichaam, maar te veel celdeling kan het normaal functioneren van 
organen en het lichaam verstoren. Een bekende ziekte die voortkomt uit ongeremde 
celdeling is kanker. In kankercellen is de controle over het besluit om te delen verloren 
gegaan, wat resulteert in snelle ongecontroleerde celdeling en overwoekering van 
gezonde weefsels door een teveel aan cellen.  
Het reguleren van celdeling gebeurt op moleculair niveau in de cel. Op de buitenkant van 
de cel zitten receptoren (dit zijn eiwitten die in staat zijn andere eiwitten in de omgeving 
van de cel te detecteren) die gevoelig zijn voor groeihormonen. Op het moment dat een 
cel groeihormonen detecteert wordt aan de binnenkant van de cel een signaal afgegeven 
dat de cel instrueert om zich te gaan delen. Dit signaal wordt doorgeven door specifieke 
eiwitten (kinases) die doelgericht binden aan weer andere eiwitten die celdeling 
stimuleren en deze hiermee activeren. Onder deze laatstgenoemde eiwitten bevinden 
zich transcriptiefactoren. Die binden aan genen in het DNA betrokken bij de celcyclus 
en kunnen deze activeren of deactiveren. Kankercellen hebben vaak mutaties in genen 
die betrokken zijn bij het reguleren van celdeling. Deze mutaties kunnen resulteren in 
het onomkeerbaar activeren van celdeling-stimulerende genen (oncogenen), of in het 
verlies van celdeling-remmende genen (tumorsuppressorgenen). 
Om gepaste behandelingen te ontwerpen die kanker bestrijden is het essentieel om te 
begrijpen hoe moleculaire signalen worden doorgegeven en welke van deze signalen 
belangrijk zijn voor het ontstaan en de ontwikkeling van kanker. In de afgelopen decennia 
zijn er vele mutaties ontdekt en in kaart gebracht. Vanwege de grote complexiteit 
waarmee moleculaire signalen worden doorgegeven en geïnterpreteerd in de cel, is het 
echter nog altijd niet precies duidelijk hoe dit exact werkt en hoe we hier het beste in de 
kliniek op kunnen ingrijpen. 

Insulinesignalering in kankercellen
In dit proefschrift ligt de focus op de insulinesignaleringsroute van de cel. De bij 
insulinesignalering betrokken eiwitten reguleren een transcriptiefactor genaamd 
Forkhead Box O (FOXO). Bij afwezigheid van insuline in het bloed, bijvoorbeeld 
voorafgaand aan een maaltijd, is de insulinesignaleringsroute in cellen inactief. Onder 
deze omstandigheden zijn FOXO transcriptiefactoren actief en remmen zij celdeling. 
Tegelijkertijd zorgt FOXO ervoor dat elke cel zuinig omgaat met zijn energie en gezond 
blijft. Na een maaltijd is er veel suiker in het bloed aanwezig en genereert de alvleesklier 
insuline. Insuline in het bloed stimuleert cellen in het lichaam om suiker op te nemen door 
te binden aan de insulinereceptoren aan de buitenkant van een cel. Aan de binnenkant 
van de cel worden dan verschillende kinases geactiveerd, waaronder PI3-Kinase en 
Protein Kinase B (PKB). Deze kinases stimuleren tegelijkertijd de opname van suiker 
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door de cel en de celdeling. Een belangrijke stap in het proces van insulinesignalering 
is het inactiveren van FOXO door PKB. Dit zorgt ervoor dat de cel inderdaad kan gaan 
delen en veel suiker gaat gebruiken om hieruit energie en bouwstenen te winnen. Bij 
insulinesignalering betrokken eiwitten zijn regelmatig gemuteerd in kankercellen. 
Hierdoor is insulinesignalering vaak hyperactief  in kankercellen en daarmee wordt het 
celdelingsremmende effect van FOXO geblokkeerd. Hierom bestaat de verwachting dat 
het omgekeerde ook opgaat, namelijk dat FOXO tumorgroei kan remmen.
Door de jaren heen is er veel onderzoek gedaan naar de effecten van activatie en verlies 
van FOXO in cellen. Hieruit kunnen we concluderen dat het artificieel activeren van 
FOXO inderdaad celdeling kan remmen en celdood kan stimuleren in veel verschillende 
types cellen. Daarnaast is beschreven dat muizen zonder FOXO-genen specifieke types 
kanker ontwikkelen. Op basis van deze bevindingen is het idee ontstaan dat FOXO-
transcriptiefactoren mogelijk een belangrijke tumorgroei-onderdrukkende rol spelen 
in de ontwikkeling van kanker. Hoe FOXO verschillende aspecten van de tumorgroei 
kan beïnvloeden in kankercellen en wat de exacte rol van FOXO’s in kankercellen is, 
is echter nog niet in detail bekend. Uit ander onderzoek rijst het beeld dat de rol van 
FOXO complexer is. FOXO-genen zijn namelijk bijna nooit gemuteerd in kankercellen en 
dus altijd functioneel aanwezig. Bovendien blijkt uit histopathologische onderzoeken 
dat FOXO-activiteit gecorreleerd is aan zowel een goede als slechte prognose voor 
kankerpatiënten. Dit proefschrift richt zich daarom op de vraag wat de exacte rol van 
FOXO in kankercellen is.

FOXO onderdrukt uitzaaiingen
In hoofdstuk 3 van dit proefschrift hebben we de rol van FOXO in uitzaaiende 
borstkankercellen onderzocht. Het moment dat een tumor begint met uitzaaien is een 
onomkeerbaar moment voor een kankerpatiënt. Nadat de tumor is uitgezaaid daalt 
de overlevingskans van de patiënt aanzienlijk doordat de tumor niet alleen plaatselijk 
schade toebrengt maar nu ook in de rest van het lichaam. Door te begrijpen hoe 
uitzaaien werkt op celniveau wordt het mogelijk om in de toekomst behandelingen 
te ontwikkelen die uitzaaien tegengaan. Hiermee kunnen de overlevingskansen van 
patiënten verbeterd worden. 
Uitzaaien is voor een kankercel totaal niet vanzelfsprekend. Van de vele cellen die uit 
de primaire tumor loskomen overleeft slechts een klein deel de reis door het lichaam 
en hiervan is op zijn beurt maar een fractie in staat een nieuwe tumor te vormen. Een 
belangrijk verdedigingsmechanisme van het lichaam tegen uitzaaien is celdood die 
specifiek geïnduceerd wordt door het loslaten van een cel uit het weefsel waar deze 
thuishoort (anoikis). Deze gereguleerde celdood weerhoudt cellen ervan zich buiten hun 
originele weefsel te nestelen. In hoofdstuk 3 ontdekken we dat FOXO een belangrijke 
schakel is in dit anoikisproces. Op het moment dat cellen losraken uit een tumor 
wordt FOXO actief en doodt het de kankercel door middel van anoikis. Alleen als FOXO 
inactief blijft via onderdrukking door PKB kan een cel uitzaaien. Deze observatie kan nu 
gebruikt worden om nieuwe behandelingsstrategieën uit te proberen, bijvoorbeeld het 
farmacologisch onderdrukken van PKB-activiteit in combinatie met het verlagen van de 
drempel om celdood te ondergaan.

De rol van FOXO in kanker herzien
In hoofdstuk 4  onderzoeken we in detail wat de effecten zijn van FOXO-activatie 
en -inactivatie op de ontwikkeling van borstkanker. We bevestigen allereerst onze 
bevindingen in hoofdstuk 3 dat FOXO-activatie in borstkanker inderdaad tumorgroei kan 
remmen en uitzaaiing van de tumorcellen belemmert. Ook het verlies van FOXO-activiteit 
in tumorcellen remt tumorgroei efficiënt en blokkeert het uitzaaien. We beschrijven 
dat FOXO belangrijk is tijdens verschillende aspecten van tumorontwikkeling, inclusief 
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celmigratie, het onderhouden van het energiemetabolisme, het beschermen tegen 
vrije zuurstofradicalen en het in stand houden van actieve groeifactorsignalering. In 
tegenstelling tot de verwachting dat FOXO-verlies tumorgroei bevordert, ontdekken 
we hiermee dat de aanwezigheid van FOXO in kankercellen juist essentieel is voor 
tumorontwikkeling. Hieruit concluderen we dat het uitbalanceren van FOXO-activiteit 
een essentiële voorwaarde is voor tumorgroei en dat FOXO alleen in het proces van 
uitzaaien tijdelijk inactief moet zijn om dit voor een kankercel mogelijk te maken. 
Hiermee herdefiniëren we de rol van FOXO in kanker, namelijk dat de rol van FOXO 
niet tumorgroei-onderdrukkend is maar dat FOXO juist tumorgroei ondersteunt. Met 
deze conclusie in het achterhoofd kunnen we in de toekomst proberen FOXO tijdens de 
tumorgroei  te remmen met specifieke medicatie en daarmee de groei van tumoren te 
stoppen.
In hoofdstuk 5 ontwikkelen we een wiskundig model waarmee we op basis van 
observatie van door FOXO gereguleerde genexpressie kunnen voorspellen of FOXO 
actief is. Door dit model toe te passen op genexpressieprofielen van tumormateriaal 
van kankerpatiënten voorspellen we de mate van FOXO-activiteit en correleren deze 
aan de status van de insulinesignaleringsactiviteit. Met dit model kan snel bepaald 
worden welke signaleringsroutes actief zijn in tumoren en op basis hiervan kan een 
specifieke behandelingsstrategie ontworpen worden. Daarnaast voorspelt het model 
dat FOXO regelmatig actief is  in tumoren waarin groeifactorsignalering ook actief is. 
In de toekomst kunnen we deze kennis gebruiken om te weten te komen in hoeverre 
FOXO-activiteit correleert met de uitkomst van behandelingsstrategieën die zich richten 
op het remmen van o.a. insulinesignalering. 

Een nieuwe rol voor FOXO in celdeling
Om beter te begrijpen hoe FOXO celdeling kan remmen bekijken we in hoofdstuk 
6 in detail wat de effecten van FOXO-activatie op celdeling zijn. Met behulp van 
fluorescerende eiwitten die uitsluitend in specifieke fases van de celcyclus zichtbaar 
zijn, volgen we met live-videomicroscopie wat het effect van FOXO-activatie is in deze 
verschillende celcyclus-fases. FOXO-activatie in het begin van de celcyclus of vlak voor 
het einde van celcyclus beëindigt de celcyclus in de G0/G1-fase. FOXO-activatie tijdens 
de S/G2-fase, het moment dat het DNA gekopieerd wordt, induceert een voorheen voor 
FOXO onbeschreven remming van de celdeling. Cellen stoppen de celcyclus in S/G2-fase 
van de celcyclus met gekopieerd DNA, en verlaten de celcyclus zonder door mitose te 
gaan, om vervolgens in een G0/G1 toestand te stoppen. FOXO realiseert dit door middel 
van het onderdrukken van het EMI1-gen. EMI1 is een belangrijk gen dat ervoor zorgt 
dat de cel niet kan delen voordat het DNA volledig is gekopieerd en de cel voldoende is 
gegroeid om deling te ondergaan. 
Het feit dat FOXO niet alleen een belangrijke speler is in insulinesignalering, maar ook 
betrokken is bij het detecteren van ongunstige omstandigheden voor een cel, zoals DNA-
schade, verhoogde concentraties vrije zuurstofradicalen en een laag energieniveau, 
zou onze observaties kunnen verklaren. De verwachting is dat FOXO-activatie in één 
of meerdere van bovengenoemde omstandigheden tijdens het kopiëren van DNA de 
voortgang van de celcyclus remt, zodat de cel eerst goed kan herstellen alvorens te delen. 
Als het niet lukt om de problemen op te lossen blijft FOXO actief, waardoor de EMI1-
activiteit in de tijd afneemt en de cel uiteindelijk de celcyclus verlaat. EMI1 functioneert 
op deze manier als een klok voor de cel die de maximale tijd bepaalt waarin een cel mag 
herstellen. Of FOXO activatie door ongunstige omstandigheden inderdaad leidt tot het 
verlaten van de celcyclus vanuit S-G2-fase is de  volgende stap in dit onderzoek. 
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Conclusie
De hoofdstukken in dit proefschrift laten samen zien dat de rol van FOXO in kankercellen 
complex is. Het belangrijkste inzicht dat verkregen is, is dat FOXO een cruciale rol 
speelt bij het goed kunnen groeien en uitzaaien van kankercellen. We vinden dus dat 
de realiteit het tegenovergestelde is van de voorheen veronderstelde tumorgroei-
onderdrukkende rol van FOXO. Nu we weten dat FOXO essentieel is voor kankercellen om 
te kunnen functioneren, biedt dit nieuwe mogelijkheden om behandelingsstrategieën te 
ontwikkelen tegen kanker. Is het bijvoorbeeld mogelijk om met specifieke medicijnen 
FOXO-activiteit te onderdrukken in tumoren? Kunnen we de ontwikkeling van 
medicijnresistentie stoppen door FOXO inactief te houden in kankercellen? Gaan 
andere beschikbare medicijnen beter werken wanneer FOXO inactief gehouden wordt? 
Allemaal vragen die in de toekomst beantwoord gaan worden en mogelijk leiden tot 
verbeterde kankerbehandeling. 
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Lydia, labmoeder, hier ligt weer een heel boekwerk vol figuren die door jou gepipetteerd 
zijn. Je hebt me enorm geholpen de laatste jaren om het allemaal te bolwerken en 
daarmee een gigantische bijdrage geleverd aan dit boek. De hoeveelste OIO ben ik die je 
al over de streep geholpen hebt eigenlijk?! Ik heb erg genoten van onze samenwerking 
en ben benieuwd of ik nog wel zindelijk genoeg ben om nog op mezelf te functioneren ;) 
Op naar de volgende promovendus!

En dan Familie Burgering. Maria, my paranymph and coffee/beer drinking partner. It is 
great to have you around, your drive, enthusiasm and indestructability are invigorating 
for everybody around you! Good luck with all the Nature papers and let’s take over 
the rest of the world while we’re at it! Maaike, super dat je me wilde helpen om door 
de eindeloze muizenproeven heen te komen in het GDL! Nu rammen we lekker alles 
eruit tijdens het kickbaggen, heerlijk, dit houden we er in! Sabina, next in line ;). Heel 
veel succes met het afronden van de promotie. Geen slechte filmsuggesties meer van 
mijn kant voor de movie-nights, the floor is yours! Miranda, bedankt voor alle hulp en 
gezelligheid op het lab en doe de groeten aan Henk als je hem nog eens ziet! Paulien, 
stoere brandweervrouw, houd die mannen maar flink onder de duim! Cristina, bedankt 
voor het worstelen met alle burocratie die komt kijken bij een PhD en natuurlijk de 
visumaanvragen voor de mooie reisjes die gemaakt zijn.  Robert, succes met al het mass-
spec werk en het begeleiden van Harmjan! Yvonne, leuk om je nog even mee te maken 
in het lab. De CyTOF is een gruwelijk apparaat dus daar ga ik zeker nog een keer voor 
langskomen in de toekomst! Tianshu & Tao, good luck with your PhD! Runyue “John”, 
a.k.a. Beast from the East, great to meet you. I will never forget our visit to Guangzhou, 
thank you for taking such good care of us! Good luck with finishing your work in the 
Netherlands and all the best in the future as honorable super boss ;)    
Man cave members: Harmjan, Loes, Sasha, fijne kamergenoten, nooit is het saai, maar 
er kan dan ook nooit langer dan 5 min aaneengesloten gewerkt worden. Veel gelachen, 
veel geborreld en veel gekonkeld! Harmjan, bedankt voor de vele input, zorg goed voor 
onze loden vriend “the cure”. Sasha “Beest van België”, succes met het binnenslepen van 
beurzen en het afmaken van je wormenstuk! Loes, aan jou de nobele taak om iedereen 
aan het bier te houden de komende jaren en heel veel succes met het afronden van je 
promotie!
Oude labgenootjes Marrit, Astrid, Maaike, Marieke, Evi, Hesther het lijkt alweer 
eeuwen geleden. Dank voor jullie enthousiasme en hulp tijdens het opstarten van mijn 
PhD! Veel succes met jullie verdere carrières binnen en buiten de wetenschap! David, 
wat hebben wij geouwehoerd over van alles en nog wat de afgelopen jaren. Fijn om lief 
en leed te delen en vooral veel te sparren over hoe het allemaal beter kan met onze 
wetenschap. Het was een eer om je paranimf te mogen zijn, nu is het voor mij tijd voor 
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het hoofdpodium! Inmiddels heb ik wel een ander sportmaatje gevonden ;) Heel veel 
succes bij het CBS en vooral tot snel!
Familie Derksen. Patrick, ouwe, ooit kwam ik de wetenschap binnen als HLO-student 
bij jou en Jos in het NKI. Nu inmiddels 10 jaar later werken we nog altijd samen, hebben 
we een mooie paper gepubliceerd (“the one that says BMF”) en zit jij straks achter de 
tafel als ik sta te zweten tijdens mijn verdediging.  Hopelijk kunnen we in de toekomst 
blijven samenwerken en ideeën uitwisselen. Succes met proeven rammen! Milou, 
partner in crime, we hebben samen goed werk geleverd met onze gezamenlijke paper, 
iets waar we trots op kunnen zijn! Heel veel succes met het opbouwen van je carrière in 
de consultancy business! Miranda, ooit samen op de HLO gezeten en tijdens mijn PhD 
ben je van onmisbare waarde geweest in het helpen opzetten en uitvoeren van mijn 
muizenproeven. Je behulpzaamheid, bereidwilligheid, gezelligheid en geduld worden 
erg gewaardeerd! Je bent de pilaar van het Derksen lab. Ron & Robert, gezellige 
knorrepotten langs de zijlijn van dit alles. Het waren mooie tijden! Hopelijk doet de VS 
jullie veel goed en wie weet drinken we als jullie terug zijn weer eens een biertje!

Anja, Henk & Wim, wat een ontzettend mooie kans en goede ervaring om met een 
bedrijf als Philips aan de slag te gaan. Het is een zeer interessant kijkje in de keuken van 
het bedrijfsleven dat ik heb gekregen en het stuk als resultaat van onze samenwerking 
wordt echt mooi! De laatste loodjes gaan we in de komende tijd nog even verwerken, 
waarna het met succes afgerond kan worden.  

Lucas, UUUUuuuUUUuUuUU my wiggah! WJ, UUUUUuuuuUUUuuUU! Wat waardeer ik 
jou enorm, je bent de hart en ziel van het Stratenum! Wat wordt ons volgende concert? 
Houd je taai! Mitchell, net als bij WJ, wat wordt ons volgende concert?! Daarnaast 
snel een keertje gamen! Succes met het vinden van een mooie Post-doc plek! Vittoria,  
congratulations with your PhD! We had a great time together, with a lot of interesting 
conversations and opinions about this world. Good luck in the future and for the time 
being enjoy the beautiful Italian countryside and its birds! Alex, the violent discussions 
were great, hope you are doing well in the UK! Maria K, borrelmaatje door dik en 
dun. Het was altijd ontzettend gezellig om met je te kletsen over van alles en nog wat, 
bovenal de politiek. Hopelijk heb je je draai gevonden in de wereld van de regelgeving 
en beleidsvoering! 
Susanne & Martijn, bij jullie kwam ik in aanraking met het Stratenum tijdens mijn 
eerste masterstage. Jullie enthousiasme en gedrevenheid hebben enorm stimulerend 
gewerkt en me definitief overtuigd om door te zetten en via de stage in Porto aan mijn 
promotie te beginnen. Een keuze waar ik nooit spijt van zal hebben!  Mijn oude studenten, 
Anniek, Nur, Hashmat & Luke, het was leuk om jullie te mogen begeleiden, wellicht 
ook andersom. Ik hoop dat jullie een mooie toekomst staat te wachten! Goed in het 
boek kijken, want van iedereen staat er wel een experiment in!  And of course the many 
many other people from the Stratenum, Snipperts (Hugo, je wordt nog een keer een 
vogelaar!), Bos Gang, Gloerichs, Holsteges, Timmersen, Kopsen, Lenskes, Cuppens, 
Kalkhovens, van Mils, Vermeulens, Medema’s, thanks for all the discussions and 
most importantly the jolly good borrels! 

Helder, Sara and the rest of the Maiato family, I had a great time while visiting your 
lab, an experience I will never forget! The enthusiastic and inspiring environment of the 
lab and of course the good life in Portugal were impressive. I hope you are all doing well 
and wish you all the best for the future!
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Wat is het leven van een promovendus zonder leven? Vele uren buiten het lab heb ik 
besteed op de mooiste plekken van de wereld in gezelschap van de leukste vrienden van 
de wereld! Wouter, Assia, Maartje, Peter, Rob, Helen, Janne, Sander, Henk, Anne, 
Martijn, Rinske, Bas, Blanca, Jelmer, Sjoerd, Nienke, Martje, Teize,  Lodewijk, 
Thomas, Niels, Ferry, Frank, KKSjes van de Birding Basterds, DTers, het vogelen, 
karnen, zeerapen, wereldreizen en bieren was een welkome afwisseling met het werken 
op het lab. Vele onvergetelijke momenten, grappen, discussies en vakanties zijn er de 
afgelopen jaren voorbij gekomen en blijven nog vele jaren komen! Ik hou van jullie. 
Abbath, I thank you for your music, it helped to Triumph Against the tide and write my 
chapters One by one.

Familie als vrienden, beter kan je het niet wensen. Ank, Hans, Frank, Batsheva  
bedankt voor alle gezelligheid en het onvoorwaardelijke vertrouwen in ons kunnen en 
steun in donkere dagen. Vrienden als familie, Paul & Lies, jullie vriendschap en steun 
de afgelopen jaren zijn van onschatbare waarde geweest voor zowel mij als de rest van 
de familie. Mijn dank is groot en dat gaan we vieren tijdens de vele borrels en BBQs die 
nog komen gaan!    

Alice, moeder, Josse, broeder, de toekomst lacht ons toe! Ik hou ontzettend veel van 
jullie! Zonder jullie steun, onbegrensde vertrouwen en geloof in mijn kunnen had ik 
het nooit tot hier geschopt in het leven. We hebben zeer zware jaren achter de rug en 
ik hoop dat dit proefschrift bijdraagt aan een toekomst waarin andere mensen dit leed 
wordt bespaard.

Pa, ik mis je.

Vivian, elkaars paranimfen voor het leven. Bedankt dat je er altijd voor me bent, voor al 
je hulp, steun en liefde door de jaren heen.  Ik hou van je!
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