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Background: Tumour-initiating cells (TICs) account for chemoresistance, tumour recurrence and metastasis, and therefore
represent a major problem in tumour therapy. However, strategies to address TICs are limited. Recent studies indicate Cdk5 as a
promising target for anti-cancer therapy and Cdk5 has recently been associated with epithelial–mesenchymal transition (EMT).
However, a role of Cdk5 in TICs has not been described yet.

Methods: Expression of Cdk5 in human cancer tissue was analysed by staining of a human tissue microarray (TMA). Functional
effects of Cdk5 overexpression, genetic knockdown by siRNA and shRNA, and pharmacologic inhibition by the small molecule
roscovitine were tested in migration, invasion, cell death, and tumorsphere assays and in tumour establishment in vivo. For
mechanistic studies, molecular biology methods were applied.

Results: In fact, here we pin down a novel function of Cdk5 in TICs: knockdown and pharmacological inhibition of Cdk5 impaired
tumorsphere formation and reduced tumour establishment in vivo. Conversely, Cdk5 overexpression promoted tumorsphere
formation which was in line with increased expression of Cdk5 in human breast cancer tissues as shown by staining of a human
TMA. In order to understand how Cdk5 inhibition affects tumorsphere formation, we identify a role of Cdk5 in detachment-
induced cell death: Cdk5 inhibition induced apoptosis in tumorspheres by stabilizing the transcription factor Foxo1 which results
in increased levels of the pro-apoptotic protein Bim.

Conclusions: In summary, our study elucidates a Cdk5-Foxo1-Bim pathway in cell death in tumorspheres and suggests Cdk5 as a
potential target to address TICs.

Tumour-initiating cells (TICs) limit therapeutic success of anti-
cancer chemotherapy as they show high tumour-initiating
potential, cause the establishment of metastases and are resistant
to standard therapy (Mani et al, 2008; Scheel and Weinberg, 2012;
Pinto et al, 2013; Pattabiraman and Weinberg, 2014). Conse-
quently, therapeutic strategies that address TICs may substantially
improve anti-cancer treatment and patient prognosis.

In order to find new approaches for targeting TICs, research on
TICs has been strongly intensified during recent years. Various
mechanisms that contribute to TIC generation and survival have

been elucidated (Scheel and Weinberg, 2012); TIC generation has
been associated with epithelial–mesenchymal transition (EMT), a
process of cellular plasticity that confers mesenchymal properties
to epithelial cells. During EMT, epithelial cells change their
morphology, acquire highly migratory and invasive mesenchymal
traits and gain stem-like properties (Mani et al, 2008; Scheel et al,
2011; Schmidt et al, 2015). Mechanisms responsible for the
increased survival of TICs include increased DNA damage repair,
altered cell cycle checkpoint control, overexpression of drug efflux
proteins like multidrug resistance transporters as well as impaired
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apoptosis (Signore et al, 2013). Nevertheless, our understanding of
the mechanisms and the regulation of signalling components
contributing to TIC survival is still limited.

Cdk5 is a serine/threonine kinase pivotal for neuronal develop-
ment, synaptic plasticity and neurotransmission and implicated in
neurodegenerative diseases like Alzheimer’s and Parkinson’s disease
(Dhavan and Tsai, 2001). During the last years, important non-
neuronal functions of Cdk5 have been elucidated (Liebl et al, 2011a).
Amongst others, our own studies demonstrated indispensable
functions of endothelial Cdk5 in lymphatic vessel development
(Liebl et al, 2015) and in tumour angiogenesis (Merk et al, 2016).
Moreover, recent studies elucidated functions of Cdk5 in cancer, for
example, we elucidated a role of Cdk5 in DNA damage response in
hepatocellular carcinoma (HCC; Ehrlich et al, 2015). Importantly,
Cdk5 was associated with tumour initiation: aberrant Cdk5 activity
induced neuroendocrine medullary thyroid carcinoma (Pozo et al,
2013) and ASCL1-driven upregulation of Cdk5 contributed to the
establishment of neuroendocrine and small-cell cancers (Meder et al,
2016). Notably, Cdk5 has recently been linked with EMT (Liang et al,
2013; Ren et al, 2015; Sun et al, 2015). However, a function of Cdk5 in
TICs has not been described yet.

Along this line, we hypothesised that Cdk5 might contribute to
tumour initiation. According, the aim of the present study was to
evaluate a potential role and the molecular signalling of Cdk5 in
TICs in order to judge Cdk5 as a potential target to address TICs.

MATERIALS AND METHODS

Cells. Cells were cultured under constant humidity at 37 1C and
5% CO2. MCF10A cells were from ATCC (Manassas, VA, USA)
and cultured with DMEM/Ham’s F12 containing Horse serum 5%,
EGF 20 ng ml� 1, Insulin 5 mg ml� 1, Hydrocortisone 0.5mg ml� 1,
Choleratoxin 0.1 mg ml� 1 and penicillin/streptomycin (P/S).
MCF7 cells were from DSMZ (Braunschweig, Germany) and
cultured with RPMI 1640 containing FCS 10%, Insulin 5mg ml� 1,
Pyruvate 1 mM, NEAA 1% and P/S. The human urinary carcinoma
cell line T24 was kindly provided by Dr B Mayer (Surgical
Clinic, LMU, Munich, Germany). T24 were cultured with
McCoyś medium containing FCS 10%, glutamine (1.5 mM) and
for lentiviral-transduced T24 cells, puromycin (1mg ml� 1) was
used. Immortalised human mammary epithelial (HMLE) cells
stably transfected with Twist-ER were described previously (Scheel
et al, 2011). In brief, HMLE cells were cultivated in mammary
epithelial cell growth medium (PromoCell GmbH, Heidelberg,
Germany) supplemented with P/S (PAA Laboratories, Pasching,
Austria) and 10mg ml� 1 blasticidin (Gibco, Germering, Germany).
To induce EMT, HMLE Twist-ER cells were treated with 20 nM

4-Hydroxytamoxifen (4-OH-TX; Sigma-Aldrich, Taufkirchen,
Germany) for 10 days, whereby cells were split and supplied with
fresh medium and stimulation reagents every 3 days.

Transfection of cells. Overexpression experiments were per-
formed using FuGENE HD reagent (Promega, Madison, WI,
USA) according to the manufacturers protocol with a reagent:DNA
ratio of 3 : 1. The following plasmids were used: Cdk5 (addgene
1871), p35 (addgene 1347).

Silencing experiments were performed with DharmaFECT 1
Transfection Reagent (Thermo Scientific, Waltham, MA, USA)
corresponding to the manufacturers recommendation. The follow-
ing siRNAs were used: non-targeting (nt) siRNA: D-001810-01;
Cdk5 siRNA: J-003239-09 and J-003239-10 (Thermo Scientific/
Dharmacon, Lafayette, CO, USA).

For stable downregulation of Cdk5, lentiviral transduction
with non-targeting (nt) and Cdk5 shRNA was performed using
MISSION shRNA Lentiviral Transduction Particles (Sigma-
Aldrich) according to the manufacturer’s protocol.

Cell viability assay. Cells were seeded in 96-well plates and
incubated for 24 h. Cells were treated as indicated for further 24 h.
Cell viability was measured using CellTiter-Blue reagent (Promega)
according to the manufacturers protocol.

Proliferation assay. Cells were seeded in 96-well plates and
incubated for 24 h. The initial cell number was determined. Cells
were treated as indicated for further 72 h. Cell viability was
measured using CellTiter-Blue reagent (Promega) according to the
manufacturers protocol. For proliferation assay cells were stained
with crystal violet (0.5% in methanol 20%), lysed with sodium
citrate (0.05 M in ethanol 50%) and absorbance (550 nm) was
measured in a plate-reading photometer (SpectraFluor PlusTM,
Tecan, Crailsheim, Germany).

Apoptosis analysis. Apoptosis was performed according to
Nicoletti et al (1991). Briefly, tumorspheres were collected, washed
and stained with HFS-solution containing PI (50 mg ml� 1,
overnight, 4 1C) followed by flow cytometry (FACSCantoII, BD
Biosciences, Franklin Lakes, NJ, USA) the next day. SubG1 cells
were analysed using the FlowJo 7.6 analysis software (Tree Star
Inc., Ashland, OR, USA). Percentage of specific apoptosis was
calculated using the formula 100� ((experimental apoptosis (%)�
spontaneous apoptosis (%))/(100%� spontaneous apoptosis (%));
Fulda et al, 2001).

Clonogenic growth. Cells were treated as indicated for 24 h.
Afterwards, cells were trypsinized and freshly seeded (5000 cells
per 6-well) and incubated for 7 days. Colonies were stained
with crystal violet (0.5% in methanol 20%), lysed with sodium
citrate (0.05 M in ethanol 50%) and the absorbance was measured
in a plate-reading photometer (SpectraFluor PlusTM, Tecan,
Crailsheim, Germany).

Migration and invasion. After indicated treatments (24 h), cells
were labelled with CellTrackerGreen CMFDA (Life Technologies,
Carlsbad, CA, USA), resuspended in medium without serum and
added to the upper compartment of the transwell chamber
(6.5 mm, polycarbonate membrane, 8.0 mm pore size, Corning
Incorporated, Tewksbury, MA, USA). For invasion assays, the
transwell inserts were coated with Matrigel. Culture medium
containing 10% serum was added to the lower chamber, medium
without serum served as negative control. After migration, cells
were fixed in 4% PFA (10 min) and cells in the upper chamber
were removed using cotton buds. Four pictures per well were taken
by means of an inverted microscope (Axiovert 25/200, Zeiss, Jena,
Germany) at 10-fold magnification. Cells were counted using
ImageJ software.

Sphere formation assay. Sphere formation assays were performed
as described (Dontu et al, 2003). Cells were treated with
Roscovitine (24 h) or transfected as indicated (48 h). Cells were
resuspended in sphere-formation medium containing 1% methyl
cellulose (Sigma-Aldrich) and seeded into poly-(2-hydroxyethyl
methacrylate; pHEMA, Sigma-Aldrich)-coated 12-well plates at
4� 104 cells per well. After incubation for 10 days, 12 pictures per
well were taken by using a LSM 510 Meta (Zeiss, Jena, Germany)
microscope. Number of spheres bigger than 50 mm was evaluated
using ImageJ.

Immunoblotting. Immunoblotting was performed as described
(Ehrlich et al, 2015). The following primary antibodies were used:
AKT (9272, Cell Signaling), AKT phospho (Ser 473; 4051, Cell
Signaling), b-actin (MAB1501, Millipore), b-tubulin (2146, Cell
Signaling), Bim (2819, Cell Signaling), Cdk5 (AHZ0492, Life
Technologies), COX IV (4844, Cell Signaling), CREB (9104, Cell
Signaling), ERK (9102, Cell Signaling), ERK phospho (9106, Cell
Signaling), Foxo1 (2880, Cell Signaling), GAPDH (sc-69778,
Santa Cruz), HIF1a (610958, BD Biosciences), phospho-histone
H2aX (gH2aX, 2577, Cell Signaling), matrix metalloproteinase-9
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(MMP-9; 3852 Cell Signaling), MMP-2 (4022 Cell Signaling),
NICD-1 (4147, Cell Signaling), NICD-4 (sc-5594, Santa Cruz),
Notch 1 (3608, Cell Signaling), Retinoblastoma protein phospho
(Ser807/811; 8516, Cell Signaling), Retinoblastoma protein
(554136, BD Biosciences), Stat3 phospho (Ser 727; 9134, Cell
Signaling), Stat3 (9132, Cell Signaling). Anti-vimentin, -snail, -b-
catenin, -claudin-1, N-cadherin were from Cell Signaling (EMT
Sampler Kit, 9782), c-Myc (sc-788, Santa Cruz). Loading control by
stain-free gels was performed by adding 0.5% TCE (2,2,2-
Trichloroethanol, Sigma-Aldrich) to the PAGE gels according to
the TGX Stain-Free Gels system (BioRad, Hercules, CA, USA).

Kinase activity assay. Cdk5 was immunoprecipitated using anti-
Cdk5 antibody (sc-173, Santa Cruz Biotechnology) and Protein G
Agarose beads (Sigma-Aldrich). Beads were resuspended in 50ml
kinase buffer (50 mM HEPES pH 7.0, 10 mM MgCl2, 1 mM DTT, 1 mM

NaF, 1 mM Na3VO4, 1 mM PMSF, 3 mM b-glycerophosphate, 4 mM

Complete EDTAfree). An aliquot of 2mM ATP, 10mCi 32P-g-ATP
(Hartmann Analytic, Braunschweig, Germany) and 0.05mgml� 1

histone H1 (Type III from calf thymus, Sigma-Aldrich) were added
and samples were incubated at 30 1C for 20 min before termination by
boiling with 5� SDS sample buffer (5 min, 95 1C). Electrophoresis
and autoradiography was performed.

Immunostaining. Cells were seeded in 8-well slides (ibidi GmbH,
m-Slide 8-Well ibiTreat, 80826), washed, fixed with 4% PFA and
permeabilized using 0.1% TritonX-100. After blocking, cells were
incubated with anti-Foxo1 antibody and a secondary antibody
(Alexa Fluor 488, A-11008, Invitrogen (Carlsbad, CA, USA); 1 h
each). Nuclei were visualised using 5mg ml� 1 Hoechst33342.
Microscopy was conducted using LSM 510 Meta (Zeiss, Jena,
Germany) microscope.

Mitochondrial fractionation. Cells were collected, incubated with
permeabilization buffer for 20 min on ice (210 mM mannitol,
200 mM sucrose, 10 mM HEPES, pH 7.2, 0.2 mM Na2EGTA, 5 mM

succinate, bovine serum albumin 0.15%, 80 mg ml� 1 digitonin) and
centrifuged (1300 r.p.m., 4 1C, 10 min). The supernatant was
collected (cytosolic fraction) and the pellet permeabilized with
0.1% TritonX-100 (15 min, on ice; mitochondrial fraction).

Cytosol-nuclei fractionation. Cells were collected, washed and
pelleted (1500 r.p.m., 4 1C, 5 min). The pellet was incubated with
BufferA (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM

EGTA, 1 mM DTT, 0,5 mM PMSF, Complete 1 : 100) for 15 min.
After addition of Nonidet P-40 10% cells were again pelleted
(12 000 r.p.m., 4 1C, 1 min). The supernatant (cytosolic fraction)
was removed and the pellet was resuspended in hypertonic BufferB
(20 mM HEPES, pH 7.9, 0,4 mM NaCl, 1 mM EDTA, 1 mM EGTA,
25% Glycerol, 1 mM DTT, 1 mM PMSF, Complete 1 : 100; 15 min,
4 1C shaker). After centrifugation (12 000 r.p.m., 4 1C, 5 min) the
supernatant was taken as nuclei fraction.

Quantitative real-time PCR. Cells were collected and RNA was
isolated using RNeasy Mini Kit (74106, Qiagen, Hilden, Germany)
according to the manufacturers protocol. Reverse transcription was
conducted using High Capacity cDNA Reverse Transcription Kit
(4368814, Life technologies). Bim primers were purchased from
Life technologies (4453320). E-cadherin, N-cadherin and vimentin
primers were purchased from Metabion international AG.
(E-Cadherin fw 50 CAG CAC GTA CAC AGC CCT AA 30, rv 50

AAG ATA CCG GGG GAC ACT CA 30; N-Cadherin fw 50 ACA
GTG GCC ACC TAC AAA GG 30, rv 50 CCG AGA TGG GGT
TGA TAA TG 30; Vimentin fw 50 CGG CGG GAC AGC AGG 30,
rv 50 TCG TTG GTT AGC TGG TCC AC 30). GAPDH was used as
control.

CD44 staining and FACS analysis. For CD44 surface protein
quantification, a FITC labelled CD44 antibody was used (560977,
BD Pharmingen). CD44 staining was carried out according to the

manufacturers protocol. FITC Mouse IgG2b k antibody was used
as isotype control (555742, BD Pharmingen). Surface expression
was measured by a flow cytometer (FACS Canto, BD Pharmingen).
For gating and population analysis FlowJo 7.6 software (Tree Star
Unc.) was used.

Tumour xenograft model. Mouse experiments were performed
with approval by the District Government of Upper Bavaria in
accordance with the German animal welfare and institutional
guidelines. T24 cells stably transfected with non-targeting shRNA
and Cdk5 shRNA (1� 105 cells in 100 ml PBS) were subcuta-
neously injected into the flanks of 6-week-old female Balb/c nude
mice (Harlan Envigo). Five mice per group were used. The time of
tumour establishment and the number of established tumours was
determined.

Immunohistochemistry. For staining of tumour sections,
tumours were removed, fixed with PFA 4% for 24 h, left in PFA
1%, embedded into paraffin and 10 mm sections were prepared.
The slides were deparaffinized in xylene (15 min) and rehydrated
through descending concentrations of ethanol (20 min in 100%
and 20 min in 95%). For antigen retrieval sections were boiled in
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH
6.0) for 20 min. Endogenous peroxidase was blocked by incubation
in 7.5% hydrogen peroxide for 10 min. For staining of the human
tissue microarray (TMA), anti-Cdk5 antibody (Thermo Fisher
Scientific, AHZ0492), diluted 1 : 100 in PBS, was applied as
primary antibodies for 1 h at room temperature. For antibody
detection Vectastain Universal Elite ABC Kit (Vector Laboratories,
Burlingame, CA, USA) was taken according to the manual and
AEC (Vector Laboratories) was used as a chromogen. Slides were
counterstained with hematoxylin for 1 min and mounted using
FluorSave Reagent mounting medium (Merck, Darmstadt,
Germany). Images were obtained with an Olympus BX41
microscope and an Olympus DP25 camera (Olympus, Tokyo,
Japan). Cdk5 staining of the TMA section was assessed using the
(Remmele and Stegner, 1987) immunoreactive score as described 0
absent; 1–4 weak; 5–8 moderate; 9–12 strong expression.

Statistical analysis. All experiments were performed at least three
times unless otherwise indicated in the figure legend. Data are
expressed as mean±s.e.m. Statistical analysis was performed with
GraphPad Prism (version 5.04, GraphPad Software, Inc., La Jolla,
CA, USA). Statistical significance was assumed if Pp0.05.

RESULTS

Expression of Cdk5 in human cancer tissue. Analysis of Cdk5
expression revealed increased levels of Cdk5 in the cancer cell lines
MCF7 and T24, and MDA-MB-231 in comparison to the non-
cancerous epithelial cell line MCF10A (Figure 1A). This was in line
with the expression of Cdk5 in human cancer tissue: staining of a
human TMA from 198 female breast cancer patients revealed that
Cdk5 expression seemed to be stronger in cancer tissue compared
to healthy breast tissue. The staining was evaluated according to
the IRS score showing that human tumour tissues expressed Cdk5
in 22.5% at low IRS score, in 46.1% at medium IRS score and in
31.4% at high-IRS score, whereas healthy tissues expressed Cdk5
only at low (28.6%) or median (71.4%) intensity (Figure 1B).
A strong staining-intensity was not detected in healthy breast
tissue. Moreover, Cdk5 expression and kinase activity (Histone H1
phosphorylation) were increased in cells with an EMT-induced
mesenchymal phenotype in comparison to epithelial cells
(Figure 1C and D). This set of data points to a role of Cdk5 in
mesenchymal tumour cells.

Cdk5 regulates growth and motility of cancer cells. Next, the
impact of genetic knockdown of Cdk5 with transient silencing by
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siRNA and stable lentiviral shRNA transduction as well as
pharmacological inhibition of Cdk5 with the small molecule
roscovitine on cancer cell functions was analysed. Cdk5 inhibition
impaired cancer cell growth as the proliferation of Cdk5 shRNA
cells was reduced (Figure 2A). In line, pharmacological inhibition
of Cdk5 with roscovitine concentration dependently reduced
proliferation and cell viability of various breast and bladder cancer
cell lines (Figure 2B and C). Although Cdk5 expression and kinase
activity was increased in cells with a mesenchymal phenotype,
EC50 of roscovitine was similar in epithelial (MCF10A, MCF7,
T24), as well as in mesenchymal (MDA-MB-231, EMT-induced
HMLE) cell lines. This might be due to the expression of different
Cdks by the cell lines which are inhibited by roscovitine and
therefore contribute to its anti-proliferative effect. Moreover, both
Cdk5 downregulation and inhibition reduced long-term colony
formation (Figure 2D and E).

Besides abrogating cancer cell growth, Cdk5 knockdown
reduced cancer cell migration and invasion (Figure 3A and B
Supplementary Figure 1). A concentration-dependent decrease of
migration by Cdk5 inhibition with roscovitine again demonstrates
pharmacologic accessibility of Cdk5 (Figure 3C).

Cdk5 regulates sphere formation. To analyse a potential function of
Cdk5 in cancer stem cell (TIC) formation, we performed tumorsphere
assays with cultivation of cells under specific conditions in suspension
and with serum starvation which exclusively allows clonal expansion
of TICs. In fact, Cdk5 knockdown with shRNA (Figure 4A) as well as
inhibition with roscovitine (Figure 4B and C and Supplementary

Figure 2) reduced tumorsphere formation. Conversely, Cdk5 over-
expression in non-cancerous epithelial cells led to increased sphere
formation (Figure 4D). Furthermore, time of establishment and
number of established tumours was reduced by Cdk5 knockdown
in vivo (Figure 4E). In sum, this set of data suggests a potential
contribution of Cdk5 to tumour initiation.

Cdk5 does not regulate tumorsphere formation by modulating
EMT and cell survival. To understand how Cdk5 contributes to
tumorsphere formation, we first focused on EMT as Cdk5 was
recently described to contribute to TGFb-induced EMT (Liang et al,
2013) and as our data showed that Cdk5 was activated in cells that
have undergone EMT (Figure 1C and D). However, common EMT
markers like the epithelial marker E-cadherin and the mesenchymal
markers N-cadherin and vimentin were not changed by Cdk5
knockdown (Figure 5A and B). The generation of TICs as well as the
EMT process itself are described to be influenced by Notch signalling
pathways (Harrison et al, 2010a) and we recently elucidated that Cdk5
interferes with Notch signalling in tumour angiogenesis (Merk et al,
2016). Nevertheless, Cdk5 neither influenced the generation of active
Notch1 and Notch4 intracellular domains N1-ICD and N4-ICD nor
the Notch downstream target c-Myc that have been associated with
TICs (Cho et al, 2010; Harrison et al, 2010b; Lombardo et al, 2012;
Figure 5C). Moreover, the expression of CD44, a transmembrane
adhesion receptor that directs the migration of mesenchymal stem
cells and represents a characteristic surface molecule of TICs (Zoller,
2011) was not changed in Cdk5 knockdown cells (Figure 5D). Finally,
keeping in mind that Cdk5 affects cell migration and invasion we
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further focused on MMPs which were also described to drive cancer
progression via the EMT process (Radisky and Radisky, 2010).
However, MMP2 and MMP9 were not influenced by Cdk5
(Figure 5E). This set of data suggests that the observed impact of
Cdk5 on sphere formation is not due to a regulation of the EMT
process. Next, we investigated whether pathways that have been
associated with cancer cell survival are influenced by Cdk5. AKT,
ERK, Hypoxia-inducible factor HIF1a or Stat3 can contribute to
detachment-induced survival (Lin et al, 2007; Courapied et al,
2010; Hsu et al, 2013; Buchheit et al, 2014; Hu et al, 2015b),
but were not modulated by Cdk5 knockdown in tumorspheres
(Figure 5F). Additionally, the phosphorylation of Retinoblastoma
protein (Rb), a cell cycle regulator and target of Cdk5 in neuro-
endocrine thyroid cancer (Pozo et al, 2013) was not affected by
Cdk5 knockdown (Figure 5F). We previously elucidated that Cdk5
regulates DNA damage response in HCC (Ehrlich et al, 2015).
However, phosphorylation of histone H2aX which is caused by DNA
damage was not modulated by Cdk5 knockdown in T24 cells
(Figure 5G).

Cdk5 inhibition mediates cell death in tumorspheres by increasing
the pro-apoptotic protein Bim. TICs are often resistant to

apoptotic cell death by altering proteins of the apoptosis machinery
(Keitel et al, 2014). In fact, cell death was increased in tumorspheres
from Cdk5 knockdown cells (Figure 6A) or in cells with pharm-
acologic Cdk5 inhibition (Figure 6B, Supplementary Figure 3). In
addition, the pro-apoptotic BH3-only protein Bim that is a known
mediator of detachment-induced cell death (Maamer-Azzabi et al,
2013; Buchheit et al, 2015) was increased in Cdk5 knockdown cells
(Figure 6C). As the intrinsic apoptosis machinery is activated by Bim
translocation to mitochondria (Buchheit et al, 2015), we performed
mitochondria fractionation at different time points of cell detach-
ment which revealed that Bim protein was increased in mitochondria
from Cdk5 knockdown cells (Figure 6D). By investigating how Cdk5
knockdown affects Bim, we observed an increase in Bim mRNA in
Cdk5 knockdown cells (Figure 6E). The transcription of Bim is
regulated by forkhead transcription factor type O (Foxo) proteins
and Cdk5 has previously been linked with Foxo1 in neurons (Zhou
et al, 2015). In fact, we observed that Cdk5 knockdown and
inhibition increased Foxo1 (Figure 6F and G) both in the cytoplasm
as well as in the nucleus (Figure 6H and I), whereas mRNA
transcription was not affected (Supplementary Figure 4). In sum, this
set of data suggests that Cdk5 regulates cell death in tumorspheres by
mediating Bim transcription via Foxo1.
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DISCUSSION

Tumor-initiating cells represent a major problem in cancer therapy as
they account for tumour recurrence, establishment of metastasis and

resistance towards therapeutics. Thus, recent research strongly
focused on investigating TIC properties and mechanisms that are
involved in TIC formation and maintenance in order to drive the
development of anti-TIC therapies (Pattabiraman and Weinberg,
2014): Signalling pathways which contribute to the self-renewing
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properties of stem cells like TGFb, WNT, Notch and Hedgehog are
supposed as potential attractive targets to address TICs. In fact,
various compounds addressing components of these pathways have
shown anti-TIC effects and are currently investigated in clinical trials.
In order to identify targeted therapies that address TICs, compound
library screens have been carried out and, amongst others, identified
the compound salinomycine as anti-TIC drug. Moreover, anti-TIC
approaches include targeting of the tumour microenvironment which
often triggers EMT induction and tumour initiation. Differentiation
therapy by all-trans retinoic acid promotes the differentiation of
promyelocytic leukaemic cells into mature granulocytes and is
successfully used in therapy of promyelocytic leukaemia. Likewise,
also other forms of cancers associated with TICs might be effectively
treated by differentiation inducing therapeutics. In addition, immu-
notherapy and the targeting of TIC metabolism were supposed as
promising potential anti-TIC strategies. All in all, there are some
promising drugs and strategies, but there is still a craving need for
more candidates to address TICs.

In fact, here, we elucidate Cdk5 as a novel player in TICs which
might point to Cdk5 as a potential target to address TICs. Cdk5 can be
addressed pharmacologically and Cdk-inhibiting small molecules are
currently investigated as potential anti-cancer drugs (Liebl et al, 2011b;
Weitensteiner et al, 2013; Ehrlich et al, 2015). Two Cdk inhibitors are
currently evaluated in clinical trials: Roscovitine represents a well-
established inhibitor of Cdks that has been developed in the late 1990
(Meijer et al, 1997). It has shown modest anti-cancer activity in
xenograft tumour models in vivo and has been tested in a number of
Phase I and II clinical trials where it has shown some anti-cancer
activity in around half of the patients (Khalil et al, 2015). Dinaciclib, a
newer Cdk inhibitor, has demonstrated significant clinical activity in
patients with lymphocytic leukaemia and multiple myeloma (Flynn
et al, 2015; Kumar et al, 2015). Moreover, dinaciclib in combination
with an AKT-inhibitor showed therapeutic efficiency in patient-derived
human pancreatic cancer xenograft models and will be followed by
clinical trial evaluation (Hu et al, 2015a). These results are very
promising, however, in contrast, a phase I trial with patients suffering
from triple-negative breast cancer has demonstrated severe toxic effects
and failure of treatment response of a combination treatment of
dinaciclib and epirubicin (Mitri et al, 2015). Thus, further trials are
required to evaluate the potential of dinaciclib as anti-cancer agents.

In order to investigate the underlying mechanism of Cdk5 in TICs,
we first focused on EMT as recent studies demonstrated an
involvement of Cdk5 in EMT (Liang et al, 2013; Ren et al, 2015;
Sun et al, 2015). Moreover, the forkhead transcription factor Foxc2
was identified as a critical regulator of EMT and TICs in breast cancer
(Hollier et al, 2013) and we recently elucidated a relationship between
Cdk5 and Foxc2 in the lymphatic endothelium (Liebl et al, 2015). In
line, our results revealed that Cdk5 expression was increased in cells
that have undergone EMT and in human cancer tissues. Nevertheless,
Cdk5 did not regulate tumorsphere formation by EMT, suggesting a
specific function of Cdk5 in TICs. Recently, Cdk5 was shown to
contribute to the initiation of small-cell lung cancer: overexpression of
the NOTCH target ASCL1-induced activation of Cdk5 that
phosphorylated and inactivated Rb1 (Meder et al, 2016). In line,
aberrant Cdk5 activity was shown to promote tumorigenesis of
medullary thyroid cancer by phosphorylation of the retinoblastoma
protein (Rb1; Pozo et al, 2013). Nevertheless, Cdk5 did not modulate
Notch or Rb1 in Cdk5 knockdown cells. In fact, our work proposed a
role of Cdk5 in cell death of tumorspheres by regulating the pro-
apoptotic protein Bim. This is in line with previous studies showing
that pro-apoptotic proteins like Bim were diminished in cells that
have undergone EMT which contributed to apoptosis resistance of
TICs (Keitel et al, 2014). As Bim suppressed the survival of
disseminated tumour cells (Merino et al, 2015) and induced apoptosis
in leukaemia stem/progenitor cells (Pan et al, 2015), induction of Bim
might represent a potential anti-TIC strategy. As mechanism of Cdk5
to control Bim, we found that Cdk5 knockdown increased Bim at the

transcriptional level by increasing the Forkhead box Type O
transcription factor 1 (Foxo1). This is in line with findings in
neurons, as neuronal Cdk5 regulates Foxo1 by phosphorylation at its
S249 site, favoring its nuclear export and inhibiting its transcriptional
activity (Zhou et al, 2015). Foxos play a pivotal role in tumour
suppression and are regulated by PI3K/AKT; nuclear Foxos induce
the expression of pro-apoptotic genes such as Bim, leading to cell
death, whereas AKT-mediated phosphorylation induces cytoplasmic
translocation and inhibits Foxo target gene transcription (Calnan and
Brunet, 2008). In line with our study, the Akt/Foxo3/Bim pathway has
been previously shown to be associated with cancer stem cell survival
(Gargini et al, 2015).

In summary, our results demonstrate a Cdk5-Foxo1-Bim pathway
in cell death in tumorspheres. As Cdk5 is pharmacologically
accessible, it is suggested as a potential target to address TICs.
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