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BACKGROUND AND PURPOSE
In polychemotherapy protocols, that is for treatment of neuroblastoma and Ewing sarcoma, Vinca alkaloids and cell
cycle-arresting drugs are usually administered on the same day. Here we studied whether this combination enables the
optimal antitumour effects of Vinca alkaloids to be manifested.

EXPERIMENTAL APPROACH
Vinca alkaloids were tested in a preclinical mouse model in vivo and in vitro in combination with cell cycle-arresting drugs.
Signalling pathways were characterized using RNA interference.

KEY RESULTS
In vitro, knockdown of cyclins significantly inhibited vincristine-induced cell death indicating, in accordance with previous
findings, Vinca alkaloids require active cell cycling and M-phase transition for induction of cell death. In contrast,
anthracyclines, irradiation and dexamethasone arrested the cell cycle and acted like cytostatic drugs. The combination of
Vinca alkaloids with cytostatic therapeutics resulted in diminished cell death in 31 of 36 (86%) tumour cell lines. In a
preclinical tumour model, anthracyclines significantly inhibited the antitumour effect of Vinca alkaloids in vivo. Antitumour
effects of Vinca alkaloids in the presence of cytostatic drugs were restored by caffeine, which maintained active cell cycling, or
by knockdown of p53, which prevented drug-induced cell cycle arrest. Therapeutically most important, optimal antitumour
effects were obtained in vivo upon separating the application of Vinca alkaloids from cytostatic therapeutics.

CONCLUSION AND IMPLICATIONS
Clinical trials are required to prove whether Vinca alkaloids act more efficiently in cancer patients if they are applied
uncoupled from cytostatic therapies. On a conceptual level, our data suggest the implementation of polychemotherapy
protocols based on molecular mechanisms of drug–drug interactions.

LINKED ARTICLE
This article is commented on by Solary, pp 1555–1557 of this issue. To view this commentary visit
http://dx.doi.org/10.1111/bph.12101

Abbreviations
doxo, doxorubicin; FP, fractional product; VCR, vincristine

Introduction
To increase antitumour efficacy, chemotherapy is always
given as polychemotherapy; several drugs are applied

together, usually within a few hours (Frei, 1985; Dy and Adjei,
2008). The reason for combining certain drugs, but not
others, derives from empirical studies (Frei, 1985; Ramas-
wamy, 2007; Dy and Adjei, 2008). Unfortunately, detailed
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systematic optimization of drug combinations in clinical
trials has not been possible due to limited resources (Benz
et al., 2007; Bendall, 2011).

Furthermore, a basic understanding of the mechanisms of
the mode of action of chemotherapeutic drugs has not been
fully elucidated. In fact, the interaction between two or more
drugs is rarely unravelled on a molecular level, which has
meant that, so far, the choice of favourable drug combina-
tions is not based on a mechanistic understanding of their
interactions (Bonadonna et al., 1995; 2004; Kaspers et al.,
1995; Ling et al., 1996; Müller and Boos, 1998; Akutsu et al.,
2002; Barone et al., 2007; Benz et al., 2007; Li et al., 2007;
Mayer and Janoff, 2007; Bendall, 2011).

For example, it is questionable whether drugs that arrest
the cell cycle should be combined with drugs that require
active cell cycling for their effect (Rixe and Fojo, 2007; Ewald
et al., 2010). In the case of Vinca alkaloids, if cell cycling and
M transition are disabled, they are unable to induce cell death
in tumour cells (Kawamura et al., 1996; Ewald et al., 2010;
Ehrhardt et al., 2011a).

Cell cycle arrest represents a hallmark of chemotherapy.
For many cytotoxic drugs, cell cycle arrest is an important
mechanism of action, and one of the most prominent features
of several classes of cytotoxic drugs is their ability to induce
cell cycle arrest (Rixe and Fojo, 2007; Ewald et al., 2010). Drugs
that induce cell cycle arrest are known as cytostatic drugs (Rixe
and Fojo, 2007; Ewald et al., 2010). In the intracellular signal
transduction pathway, these cytostatic drugs activate p53,
which mediates both cell cycle arrest and cell death (Resnick-
Silverman and Manfredi, 2006; Suzuki and Matsubara, 2011).
Anthracyclines as well as g-irradiation and dexamethasone are
all known to induce cell cycle arrest (Jänicke et al., 2001;
Mattern et al., 2007; Ehrhardt et al., 2011a).

In polychemotherapeutic protocols for the treatment of
solid tumours such as neuroblastoma, nephroblastoma,
Ewing sarcoma and multiple myeloma, Vinca alkaloids are
given on the same day as cytostatic drugs such as anthracy-
clines and g-irradiation. Here we investigated whether this
combination allows the optimal antitumour effects of
Vinca alkaloids to be elicited. In a recent study on acute
leukaemia cells, we showed that combining anthracyclines
with Vinca alkaloids significantly reduced their antitumour
effects as compared with separate applications (Bendall, 2011;
Ehrhardt et al., 2011a). Here we investigated whether this
negative interaction also occurs in solid tumour cells, which
signalling steps are responsible for it and, most importantly,
how Vinca alkaloids should be applied for maximum efficacy
in cancer patients.

Methods

Materials
The following antibodies were used: anti-Bcl-xL, anti-
caspase-2, anti-cleaved Casp-3, anti-cleaved Casp-6, anti-
cleaved Casp-7, anti-cleaved PARP, anti-cyclin B and
anti-p-Histone H3 Ser10 from Cell Signaling Technology
(Danvers, MA); anti-Bcl-2, anti-Histone H1 and anti-p53 from
Santa Cruz (Santa Cruz, CA); anti-a-tubulin from Oncogene
(San Diego, CA); anti-Casp-9 from Transduction Laboratories
(San Diego, CA); anti Casp-10 from MBL (Watertown, MA);

anti-cyclin D1 from BD Biosciences (San Jose, CA) and anti-
caspase-8 from Alexis Corp (Lausen, Switzerland). Caffeine,
vincristine, mimosine, pifithrine-a and L-thymidine were
obtained from Calbiochem (Darmstadt, Germany). All other
reagents were obtained from Sigma (St. Louis, MO).

Cell lines, transfection experiments and
primary samples
All cell lines were obtained from DSMZ (Braunschweig,
Germany) and maintained as previously described (Ehrhardt
et al., 2003; Baader et al., 2005). HCT 116 p53-/- and p53+/+

were a kind gift of B Vogelstein (Bunz et al., 1998). For cell
line experiments, cells were seeded at 0.05 ¥ 106 mL-1 and
incubated with chemotherapeutic drugs at peak plasma con-
centration for 48 h unless otherwise stated.

Transfection experiments where performed using Lipo-
fectamine for SHEP cells for stable transfection and Lipo-
fectamine 2000 (Invitrogen Corporation, Carlsbad, CA) for
the transient transfection of A498 and stable transfection of
Calu6 cells according to the manufacturers’ instructions; for
the transfection of shRNAs against the different cyclins, len-
tiviral transfection was applied (Ehrhardt et al., 2011b; 2012).
shRNA p53, shcyclinA and corresponding mock plasmids
were as previously described (Ehrhardt et al., 2008; 2011a,b;
2012). For the generation of pGreen Puro constructs contain-
ing shRNAs targeting cyclin B or cyclin D1 oligonucleotides
targeting 3′-CTTTACATGGGAGGTCTTTAA-5′ or 3′-GTTTG
TCTAGTAGGCGTTT-5′ were annealed (Yuan et al., 2006).

Animal trial
All studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). The
animal trials were approved by the Baden-Württemberg
federal government, and animal care was in accordance with
institution’s guidelines. Female mice aged 8–12 weeks of
the Swiss Nu/Nu strain were obtained from Charles River
(Sulzfeld, Germany). Animals were kept in fully conditioned
rooms at 22°C � 1°C temperature, humidity 55% � 10%,
regular day / night rhythm of 12/12 h, regular cage changes
and food at libitum. A total of 100 mice was used for the
experiments. The mice were injected s.c. with 0.1 mL cell
solution (corresponding to 5 ¥ 106 cells) in the right
flank. After 14 days, all animals had developed tumours
with diameters ranging between 6 and 11 mm. The animals
were distributed into groups of 10 animals each and treated
with i.p. injections of doxorubicin solution (0.15 mg·mL-1;
Farmitalia, Freiburg, Germany) and/or vincristine solution
(0.05 mg·mL-1, i.v.; Medac, Hamburg, Germany). The tumour
size (two dimensions) was determined at the beginning of
treatment and was followed for 15 days. The relative change
in tumour size was determined for each animal.

Cell imaging, apoptosis assays and Western
blot analysis
Cell death was measured using Nicoletti staining for solid
tumour cells and forward side scatter analysis for leukaemia
cells. In addition, in selected experiments the Annexin V/PI-
double staining was performed in parallel to verify the accu-
racy of the techniques (Nicoletti et al., 1991; Ehrhardt et al.,
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2011a). For biochemical inhibition, cell lines were pretreated
for 6 h or for irradiated experiments 24 h before further
stimulation. Cell cycle analysis and detection of cyclin D1
or p-Histone H3 Ser10 was performed using the recently
described technique of combining intracellular specific anti-
body and PI staining (Ehrhardt et al., 2011a). Western blot
analysis of total cellular protein or of cytosolic and nuclear
fractions was performed as previously described (Ehrhardt
et al., 2008; 2012).

Statistical analysis
Specific apoptosis was calculated as [(apoptosis of stimulated
cells at end minus apoptosis of unstimulated cells at end)
divided by (100 minus apoptosis of unstimulated cells at
end) ¥100]; specific survival was calculated as [100-specific
apoptosis induction]. Fractional product method (FP) was
employed as described. FP-values � -0.1 were defined as
relevant antagonism; FP values � 0.1 as relevant synergism
(Webb, 1963). Dose–effect curves were performed by Com-
puSyn software version 1.0.

In Figure 3F, doxorubicin resistance was defined as specific
apoptosis of less than 10%. All cell line data are presented as
the mean values of at least three independent experiments �

SEM, unless otherwise stated. To test for significant differences,
Student’s paired t-test was applied; for multivariate analysis,
one way RM ANOVA was used. Significance was set at P < 0.05.
For the animal trials, Student’s t-test was applied, with differ-
ences considered significant when P < 0.01.

Results

Vincristine requires active cell cycling for
induction of cell death
Vinca alkaloids are known to induce cell death in tumour
cells by inhibiting the assembly of microtubule structures and
disrupting mitosis in the metaphase (Kawamura et al., 1996;
Mollinedo and Gajate, 2003). Accordingly, Vinca alkaloids
require active cell cycling of target cells for induction of cell
death.

For our studies, we used SHEP neuroblastoma cells as
patients with neuroblastoma receive Vinca alkaloids and
anthracyclines on the same day; the results obtained using
these SHEP cells are depicted in Figures 1–6. To confirm these
results, the experiments were repeated in a second, unrelated
cell line, A498 renal cell carcinoma cells; the results obtained
with these A498 cells are shown in Supporting Information
Figure S5. Comparable in vitro data were also obtained in
CALU-6 lung cancer and MCF-7 breast cancer cells, to extend
the phenotype described to further tumour entities (data not
shown).

In SHEP neuroblastoma tumour cells, knockdown of cyclin
B, which arrested the cell cycle in G2 phase, largely prevented
the cell death induced by vincristine (VCR) (Figure 1A). In
parallel, the knockdown of cyclin A arrested cells in the G2
phase and also reduced cell death induced by VCR (Figure 1B
and C). The negative effect of cell cycle arrest was not restricted
to arrest in the G2 phase. To extend the studies to other phases
of the cell cycle, a further knockdown strategy and biochemi-
cal cell cycle arrest were implemented. To arrest the tumour

cells in the G1 phase, the specific knockdown of cyclin D1 was
selected, which – as published previously – led to an incom-
plete but statistically significant arrest in G1 without interfer-
ence with the basal apoptosis rate of transfected cells
(Figure 1B; Klier et al., 2008; Anastasov et al., 2009). The cell
cycle arrest in the G1 phase significantly inhibited VCR-
induced cell death (Figure 1C). Similarly, biochemical cell
cycle arrest in the G0 phase induced by depriving the cells of
serum (starvation), in the G1 phase by L-mimosine or in the
G2 phase by L-thymidine attenuated the apoptosis induced by
VCR (Figure 1D and Table 1). On a molecular level, these data
reproduce the known fact that VCR requires active cell cycling
of target cells for induction of cell death. Taken together, the
inhibitory effect of cell cycle arrest on the activity of VCR was
observed for the three different cell cycle checkpoints studied
and for molecular and biochemical settings of cell cycle arrest:
arrest in G0, G1 and G2. The results confirm that active cell
cycling and the progression from G2 to the M phase are critical
for VCR efficacy; VCR exerts its cytotoxic effect by arresting the
cells in the M phase.

Several antitumour therapeutics arrest
the cell cycle
In addition to cytotoxic drugs that induce cell death in target
tumour cells, several anti-cancer therapeutics act like cyto-
static drugs arresting the cell cycle and inhibiting tumour
growth. Among these, anthracyclines like doxorubicine
(doxo) and g-irradiation arrest the cell cycle in the G2 phase,
while dexamethasone arrests the cell cycle in the G1 phase
(Figure 2) (Jänicke et al., 2001; Mattern et al., 2007; Ehrhardt
et al., 2011a).

Cytostatic therapeutics reduce the antitumour
effects of Vinca alkaloids
So far, we have reproduced the known facts that Vinca alka-
loids require active cell cycling for induction of cell death in
tumour cells, and that anthracyclines, g-irradiation and dex-
amethasone arrest the cell cycle. In theory, one might con-
clude that a concomitant combination of both therapeutics
appears undesirable.

Table 1
Cell cycle distribution in SHEP cells after biochemical cell cycle
inhibition

Cell cycle
distribution G0 G1 G2 M

Control 3.0% 71.9% 17.9% 3.6%

0% FCS 34.5% 58.5% 4.2% 0.3%

Mimosine 1.1% 87.4% 9.3% 0.6%

L-thymidine 1.2% 60.8% 34.6% 0.2%

SHEP cells were treated by withdrawal of FCS (0%FCS), with
mimosine (100 mM) or L-thymidine (300 mM) as in Figure 1D.
Cell cycle distribution was performed using PI staining as in
Figure 1A. cyclin D1 was used to discriminate G0 and G1 phases,
p-Histone-H3 to separate arrest in G2 and M phase. The result-
ing cell cycle distribution is presented.

BJP H Ehrhardt et al.

1560 British Journal of Pharmacology (2013) 168 1558–1569



To prove this hypothesis, in vitro experiments revealed
that g-irradiation, dexamethasone and doxo significantly
reduced the antitumour effect of VCR (Figure 3A). More
detailed studies were performed on anthracyclines. Dose–

effect curves indicated the negative interaction between doxo
and VCR over a broad range of clinically relevant drug con-
centrations in SHEP and Calu6 cancer cells (Figure 3B and C).
The negative interaction was further confirmed by the appli-

Figure 1
Negative interaction between cell cycle arrest and Vinca alkaloids
induced apoptosis. (A) SHEP neuroblastoma cells were stably trans-
fected with a shRNA targeting cyclinB (shcyclinB) or a control mock
sequence and were analysed for cell cycle distribution using PI stain-
ing (left panel) or apoptosis induction after VCR for 48 h (right
panel). (B,C) Parental SHEP cells transiently transfected with shRNA
targeting cyclin A or D1 were analysed as in (A). (D) SHEP cells were
pretreated by withdrawal of FCS (0%FCS), with mimosine (100 mM)
or L-thymidine (300 mM) for 48 h and consecutively stimulated with
VCR as in (A). For all cell line experiments, apoptosis was determined
by PI staining of fragmented DNA and FACscan analysis, and data are
presented as mean � SEM of at least three independent experiments,
if not stated differently. Statistical analysis of cell line data was per-
formed using ANOVA, *P < 0.05. NS = not significant.
�

Figure 2
Cell cycle arrest by doxo, irradiation in G2 and dexamethasone
(dexa) in G1 in SHEP cells. (A–C) SHEP cells were stimulated with
doxo (A, 100 ng·mL-1), irradiated (B, 30Gy) or incubated with dexa
(C, 10-5M) for 24 h. Cell cycle analysis was performed, and data
presented and analysed as in Figure 1.
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cation of other algorithms like median effect blots or the
fractional product method (data not shown). The negative
interaction persisted for prolonged periods of time and doxo
acted like a classical cell death inhibitor showing a dose-
dependent inhibitory function (Supporting Information
Figure S1A and B).

Several different anthracyclines, daunorubicin, epirubicin
and idarubicin, were also found to inhibit the cell death

induced by VCR and doxo inhibited cell death induced by
Vinca alkaloids vinblastine and vinorelbine, indicating a
general inhibitory effect of members of these two classes of
antitumour drugs (Figure 3D). The doxo inhibitory effect on
VCR-induced cell death was followed by enhanced colony
growth of the tumour cells treated with the combination of
the two drugs, which points towards a long-term negative
effect beyond direct cytotoxicity (Figure 3E).
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To evaluate the frequency of the inhibitory interaction
across the tumour entities, 36 cell lines of various different
tumour cell types were screened in vitro using doxo and VCR
(Supporting Information Figure S1C–E). The fractional
product was calculated as described previously (Webb, 1963;
Ehrhardt et al., 2011a). In 86% (31/36) of these cell lines and
across all tumour types, doxo inhibited the antitumour effect
of VCR (Figure 3F, Supporting Information Figure S1C–E).
Doxo inhibited VCR in 15 out of 18 (83%) haematological, 3
out of 4 (75%) mesenchymal, 5 out of 6 (83%) neuroectoder-
mal and 8 out of 8 (100%) epithelial tumour cell lines.

In most, but not all, polychemotherapy protocols anthra-
cyclines are given on the same day as Vinca alkaloids. Of the
cell lines we tested, twenty-three were derived from tumours,
including neuroblastoma and Ewing’s sarcoma, that are cur-
rently treated clinically by the simultaneous application of
Vinca alkaloids and anthracyclines. Of these cell lines, 78%
(18 of 23) showed inferior responses if doxo and VCR were
combined. All the cell lines resistant to doxo-induced cell
death showed a negative interaction, suggesting that anthra-
cycline resistance might predispose tumour cells to the
inhibitory effect on VCR (Figure 3F).

To test the interaction of both drugs within the complex in
vivo situation, mice were xenografted s.c. with human CALU-6
lung carcinoma cells. CALU-6 cells bearing mice were treated
with doxo or VCR or both drugs. Similar to the in vitro data,
doxo significantly inhibited the antitumour effect of VCR in
vivo, when doxo was applied together with VCR (Figure 3G).

Taken together, doxo frequently and markedly inhibited
the antitumour effect of VCR in vitro across the majority of
tumour types tested and in a preclinical model in vivo. Doxo
inhibited VCR in tumour entities that are routinely treated
with this drug combination in current polychemotherapy
protocols in patients.

Signalling mechanism responsible for the
negative effect of doxo on VCR-induced
cell death
To characterize the mechanism mediating the negative inter-
action between doxo and VCR, cell cycle analyses were per-

formed. Both doxo and VCR arrested the cell cycle in G2/M,
when given alone (Figure 4A). While VCR alone induced cell
cycle in M, doxo alone did not (Figure 4B). Treatment with
the combination of doxo and VCR resulted in nearly no cells
in the M phase (Figure 4B), suggesting that the predominant
doxo-induced arrest in G2 prevented the M-phase transition
(Ehrhardt et al., 2011a). Furthermore, the combination of
doxo and VCR induced a prolonged cell cycle arrest in G2/M
compared with the single agents (Figure 4C).

In solid tumour cells, doxo inhibited the identical down-
stream signalling pathways of VCR-induced apoptosis that we
have recently described in leukaemia cells (Ehrhardt et al.,
2011a). Phosphorylation of anti-apoptotic Bcl-2 and Bcl-XL
was inhibited, which is a pre-condition for their degrada-
tion and VCR-induced apoptosis (Supporting Information
Figure S2A). Subsequent VCR-induced mitochondrial pore for-
mation, release of cytochrome C and activation of executioner
caspases, cleavage of PARP and DNA fragmentation were mark-
edly reduced by doxo (Supporting Information Figure S2B and
data not shown). Doxo, VCR or the combination of both did
not affect the expression level of the Bcl-2 and IAP family
members that represent important antagonists of apoptosis
signal transduction (Supporting Information Figure S2C).
However, the exception was survivin, which was up-regulated
by VCR; this is thought to be an epiphenomenon as overex-
pression of survivin did not influence the apoptosis response
to doxo, VCR or the combination and did not affect the cell
cycle distribution (Supporting Information Figure S2D and E).

Taken together, these results indicate that doxo-induced
G2 arrest disabled M-phase transition, stabilized anti-
apoptotic Bcl-2 family members and inhibited the execution
phase of intrinsic apoptosis signalling otherwise induced by
VCR.

Restoring the antitumour effects of VCR
by preventing p53 accumulation or cell
cycle arrest
In patients, each drug should be used at maximum antitu-
mour potency. We next searched for approaches to prevent
inhibition of VCR’s antitumour effects.

Figure 3
Interference of cytostatic drugs with Vinca alkaloid-induced apoptosis. (A) SHEP cells from Figure 2 were additionally treated with VCR as indicated.
(B,C) SHEP (B) or Calu-6 lung cancer (C) cells were simultaneously stimulated with doxorubicin (doxo; 30, 100 or 300 ng·mL-1) and vincristine
(VCR; 3, 30 or 300 ng·mL-1) as indicated for 48 h. Dose–effect curves were obtained to test for the negative interaction between doxo and VCR.
(D) SHEP cells were stimulated with VCR and doxo, daunorubicin (dauno, 100 ng·mL-1), epirubicin (epi, 100 ng·mL-1) or idarubicin (ida,
100 ng·mL-1) (left panel) or with doxo and VCR, vinblastine (VBL, 300 ng·mL-1) or vinorelbine (VRB, 300 ng·mL-1) (right panel) as in (A). (E) Light
microscopy pictures of SHEP cells stimulated with doxo (100 ng·mL-1) and VCR (300 ng·mL-1) after 96 h for cell morphology (upper panel) and
after 10 days for colony formation (lower panel). Numbers indicate simultaneously determined specific apoptosis. (F) n = 36 tumour cell lines of
different origin were stimulated simultaneously with doxo and VCR as in (A) using doxo at 100 ng·mL-1 and VCR at 300 ng·mL-1 and calculation
of the fractional product was performed as described in Methods. Depicted is the fraction of cell lines in which doxorubicin significantly inhibited
VCR-induced apoptosis (detailed apoptosis data for solid tumour cell lines are depicted in Supporting Information Figure S1C–E). Data for
haematopoietic tumour cells have been published in detail elsewhere (Ehrhardt et al., 2011a). The cell lines were sub-classified by three criteria: (i)
by tumour entities as indicated; (ii) by clinical relevance (for tumour entities, where both drugs are applied simultaneously in the clinic, the drug
combination was considered as ‘relevant’, in B- and T-ALL, AML, lymphoma, Ewing’s sarcoma and neuroblastoma; otherwise, it was considered
‘irrelevant’); and (iii) by sensitivity towards doxorubicin-induced apoptosis (‘doxoR’ indicates that <10% specific apoptosis was induced by doxo;
otherwise, cells were classified as ‘doxoS’). n indicates number of cell lines tested. (G) The xenograft study of CALU-6 tumour cells was performed
as described in detail in Methods. Animals (10 per group) were treated with vehicle (placebo), doxo (d; 1.5 mg·kg-1) or VCR (V; 0.5 kg-1) alone or
doxo followed by VCR 24 h later as indicated in the treatment schedule. Tumour size was measured in two dimensions, and tumour volume was
calculated thereof. *P < 0.01, t-test comparing VCR to doxo or the combined application. For all cell line experiments, apoptosis was determined
by PI staining of fragmented DNA and FACscan analysis besides leukaemia cell lines (Ehrhardt et al., 2011a), and data are presented as mean � SEM
of at least three independent experiments if not stated differently. Statistical analysis of cell line data was performed using ANOVA, *P < 0.05.
�
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Within its pleiotropic functions, p53 is known to mediate
cell cycle arrest, and all the cell lines studied express func-
tionally active p53 (Zhou and Elledge, 2000; Yu and Zhang,
2005; Petitjean et al., 2007; Rozan and El-Deiry, 2007). That

is, doxo induced marked nuclear accumulation of p53, which
was unchanged by VCR (Figure 5A and data not shown).

When activation of p53 by doxo was inhibited using the
biochemical p53 inhibitor pifithrine-a or knockdown of p53,

Figure 4
Inhibition of M-phase transition by doxorubicin. (A,B) SHEP cells were stimulated with doxo and VCR for 24 h. Cell cycle analysis was performed using
PI staining (A), to discriminate G2 and M arrest, double staining for phospho-Histone H3 (Ser10) and PI was performed (B). PI was measured in the
PE-channel, phospho-Histone-H3-Alexa Fluor 488 in the FITC channel of the LSR II. (C) SHEP cells were stimulated with doxo and VCR and cell cycle
analysis performed as in (A and B) after incubation times indicated. Data are presented as mean � SEM of at least three independent experiments.

Figure 5
Therapeutic options to overcome the negative interaction between anthracyclines and Vinca alkaloids mediated by cell cycle arrest. (A) Western
blot of nuclear extracts was performed from SHEP cells stimulated with doxo and VCR as in Figure 3A. Histone H1 served as a loading control. (B)
SHEP cells were pretreated with pifithrine-a (10 mM) for 6 h followed by stimulation with doxo and VCR. (C) Parental SHEP cells stably transfected
with shRNA targeting p53 (shp53) or a control mock shRNA sequence were stimulated with doxo and VCR as in Figure 3A and analysed for cell
cycle distribution (left panel, 24 h incubation) or cell death induction (right panel, 48 h incubation). (D) SHEP cells were pretreated with caffeine
(300 mg·mL-1) for 6 h followed by stimulation with doxo and VCR and analysed as in in (C). For all cell line experiments, the concentrations of
doxo and VCR, measurement of apoptosis, Western Blot, presentation of data and statistical analysis were performed as described in Figures 1–4.

�
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doxo was unable to induce cell cycle arrest in G2; as a con-
sequence, VCR was able to induce cell death even in the
presence of doxo (Figure 5B and C, Supporting Information
Figure S3). Knockdown of p53 restored VCR-induced apopto-
sis in the presence of doxo. These data suggest that doxo
requires p53 signalling to arrest the cell cycle and to inhibit
VCR-induced cell death. Doxo-induced cell cycle arrest is
thus responsible for inhibiting the antitumour effect of VCR.
Translated into a clinical context, prevention of p53 accumu-
lation might therefore allow VCR-induced apoptosis in the
presence of cytostatic drugs.

Downstream of p53, cell cycle arrest in G2 is the critical
signalling step that inhibits VCR-induced apoptosis. For
proof of principle and to prevent cell cycle arrest by doxo,
cells were pretreated with caffeine. Caffeine alleviated the
doxo-induced block in G2 and thereby promoted VCR-
induced cell death (Figure 5D). Thus, the negative action of
doxo on VCR can be overcome by the addition of a third
agent preventing cell cycle arrest (Figure 5D).

Restoring antitumour effects of VCR by
preventing cell cycle arrest
As the loss of p53 in HCT116 cells was accompanied by a
reduction in the activity of VCR (Supporting Information
Figure S3), we studied a far simpler and straightforward trans-
latable approach, the effect of a time-scheduled application of
both drugs to prevent the negative interaction between doxo
and VCR. Indeed, application of VCR at least 1 or 2 days
before doxo enabled VCR to be effective at inducing cell
death in vitro (Figure 6A). Here, VCR had induced cell death
before doxo arrested the cell cycle in target tumour cells. In
contrast, when doxo was applied first it disabled the effect of
VCR.

To further elucidate the sequence dependency of both
drugs within the complex in vivo situation, a second inde-
pendent preclinical trial was performed using the mouse
model of xenografted human CALU-6 lung carcinoma cells.
Mice bearing CALU-6 cells were treated with doxo or VCR
using different application schedules. A time-delayed appli-
cation of doxo after VCR was included. Similar to the in vitro
data, VCR exerted its complete antitumour effect, if doxo was
applied after, but not before or together with VCR (Figure 6B).
When VCR was given first, VCR induced cell death in M
phase before doxo arrested cells in G2. Thus, both drugs act
most efficiently, when given separately from each other. The
antitumour efficacy of treatment with doxo and VCR was
highly dependent on the sequence of application. In an addi-
tional independent animal trial, animals treated with VCR
alone lived longer than animals treated with the combination
of doxo and VCR, showing that the addition of doxo to VCR
reduced the survival time of the mice (Supporting Informa-
tion Figure S4; Ehrhardt et al., 2011a).

Taken together and within polychemotherapy protocols,
VCR acts most effectively, if it is applied uncoupled from
cytostatic drugs; this allows VCR to act on actively cycling
tumour cells, not cells in cell cycle arrest.

The present results suggest that the negative action of
doxo on VCR can be overcome by a novel application sched-
ule, which is easily translatable into clinical polychemo-
therapy protocols. Our data propose the use of old drugs in

Figure 6
Facilitation of maximum antitumour efficiency by sequential applica-
tion of vincristine before doxorubicin. (A) SHEP cells were stimulated
with doxorubicin (doxo, 100 ng·mL-1) and vincristine (VCR,
300 ng·mL-1) with application intervals indicated. Apoptosis was
measured 48 h after addition of the second drug. *P < 0.05, ANOVA. NS
= not significant, h = hour. (B) Xenograft study of CALU-6 tumour cells
implanted s.c. into nude mice was performed as described in
Methods and in Figure 3G. Mice were treated once with doxo (d;
0.3 mg·kg-1) and/or VCR (V; 0.1 mg·kg-1) or placebo as depicted.
Tumour size was measured in two dimensions, and tumour volume
was calculated. Statistical analysis revealed that doxo followed by VCR
1 day later significantly inhibited the effect of VCR alone (*P < 0.01,
t-test), whereas VCR followed by doxo 4 days later did not differ from
VCR alone. For the cell line experiment, the concentrations of doxo
and VCR, measurement of apoptosis, presentation of data and statis-
tical analysis were performed as described in Figures 1 and 3.
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new, optimized application schedules with the aim of increas-
ing the antitumour efficacy of Vinca alkaloids in cancer
patients.

Discussion and conclusions

Our in vivo and in vitro data show that Vinca alkaloids exert
their maximum antitumour effects on solid tumour cells,
when given separately from cytostatic drugs. As an underly-
ing mechanism, Vinca alkaloids require active cell cycling for
the induction of cell death, while cytostatic drugs arrest the
cell cycle thereby inhibiting Vinca alkaloids. Based on the
molecular understanding of the interaction of these classes of
drugs, maximum antitumour effects of Vinca alkaloids in
combination with cytostatic drugs were achieved by (i) inhib-
iting cell cycle arrest by blockade of p53, (ii) by addition of
substances that promote cell cycling or (iii) by separate appli-
cation of the two drugs a few days apart.

Recently, we have described the antagonistic effect of
anthracyclines on the actions of Vinca alkaloids on leukae-
mia cells (Ehrhardt et al., 2011a). We demonstrated here for
the first time (i) that in solid tumour cells the antitumour
effectiveness of Vinca alkaloids is highest when they are
applied separately from cytostatic drugs; (ii) using RNA inter-
ference, we proved that the cell cycle was the important
signalling step, where both signalling pathways converge;
(iii) in a preclinical mouse model, we showed that separate
application of both drugs restored full antitumour activity of
VCR. These new data clearly demonstrate the general signifi-
cance of the presented mechanism for all kinds of tumour
entities.

Vinca alkaloids are not the only cytotoxic drugs requiring
active cell cycling for induction of cell death in tumour cells;
several classes of cytotoxic drugs and g-irradiation induce cell
cycle arrest (Jänicke et al., 2001; Mattern et al., 2007; Rixe and
Fojo, 2007; Ewald et al., 2010; Ehrhardt et al., 2011a). Similar
to the combination of Vinca alkaloids and anthracyclines,
cytotoxic and cytostatic drugs are frequently combined in
current polychemotherapy protocols (Jänicke et al., 2001;
Mattern et al., 2007; Rixe and Fojo, 2007; Ewald et al., 2010;
Bendall, 2011; Ehrhardt et al., 2011a). On a more general
level, the data presented suggest the premise that cytotoxic
and cytostatic drugs are most effective at inducing antitu-
mour effects, when given on the same day in polychemo-
therapy, should be re-evaluated. Further research is needed to
evaluate preclinically whether further drug combinations act
more efficiently upon separate application compared with
simultaneous application, in a similar way as shown here for
anthracyclines and Vinca alkaloids.

On a broader level, the vision of targeted therapies might
be expanded towards targeted drug combinations. Here, the
signalling pathway activated by each drug should be charac-
terized and the interplay of both pathways identified. A
molecular understanding of underlying signalling mecha-
nisms of drugs and drug combinations will enable a major
conceptional change in the design of future polychemo-
therapy protocols for cancer patients: molecular, preclinical
studies might reveal promising, targeted, candidate drug
combinations and application schedules for clinical trials.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 Negative interaction between anthracyclines and
vinca alkaloids in tumour cell lines. (A) SHEP cells were
stimulated with doxo and VCR as in Figure 3A for time
periods indicated. (B) Doxorubicin dose–response evaluated
in SHEP cells. Alternatively, cells were pretreated with zVAD
(50 mM) for 6 h before the addition of VCR. (C–E) Epithelial
(C), mesenchymal (D) and neuroectodermal (E) tumour
cell lines were simultaneously stimulated with doxo
(100 ng·mL-1) and VCR (300 ng·mL-1) as in Figure 3A.
Depicted is the expected apoptosis induction calculated by
the fractional product as described in Methods and the meas-
ured apoptosis after combined stimulation displaying syner-
gistic and antagonistic effects as summarized in Figure 3F. The
concentrations of doxo and VCR, measurement of apoptosis,
presentation of data and statistical analysis were performed
as described in Figure 3 unless otherwise stated. *P < 0.05,
ANOVA. NS = not significant.
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Figure S2 Intracellular signal activation by doxo and VCR.
(A–C) Western blot of total cellular protein was performed on
SHEP cells stimulated with doxo and VCR as in Figure 3A.
a-tubulin served as a loading control. Casp = Caspase, co =
unstimulated control cells, cl. = cleaved, d = doxo, p = phos-
phorylated, h = hour, V = VCR. (D) SHEP cells were transiently
transfected with plasmids containing survivin-GFP fusion
protein (survivin), control GFP plasmid (mock) or left
untreated (parental). Twenty-four hours later, cells were
stimulated with doxo and VCR and evaluated as in Figure 3A.
(E) SHEP cells from Supplemental Figure 2D were analysed for
the cell cycle distribution using propidium iodide (upper
panel) and discrimination of G2 and M phase by p-Histon H3
(lower panel) staining. Concentrations of doxo and VCR,
measurement of apoptosis, Western Blot, presentation of
data and statistical analysis were performed as described in
Figures 1 and 3. *P < 0.05, ANOVA.
Figure S3 Central role of p53 in the inhibition of VCR
induced apoptosis by doxo. HCT116 cells with wild-type p53
(p53+/+), or somatic knock-out of p53 (p53-/-) were stimulated

for 72 h as in Figure 3A. Concentrations of doxo and VCR,
measurement of apoptosis, Western Blot, presentation of
data and statistical analysis were performed as described in
Figures 1 and 3. *P < 0.05, ANOVA.
Figure S4 Combining doxo with VCR reduced life expect-
ancy in mice compared with VCR treatment alone. A preclini-
cal xenograft trial was performed using CEM leukaemia cells
s.c. implanted into NSG mice; mice were treated with doxo
(0.3 mg kg-1) and/or VCR (0.9 mg kg-1) or placebo once
weekly in week 1 and 2; animals were killed whenever
tumour volume exceeded a defined threshold. Tumour sizes
were published in Ehrhardt et al., 2011a (for experimental
details, see there); here, survival times of mice are shown for
the different treatment groups.
Figure S5 Identical signalling mechanisms in A498 renal
cancer cells. (A) See Figure 1A. (B–E). See Figures 2, 3A and
B. (F,G). See Supplementary Figure 1A and B. (H–M) See
Figure 3D and E and Figure 4A–C. (N–Q). See Support-
ing Information Figure S2. (R–V). See Figure 5A–D and
Figure 6A.
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