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Abstract: Targeting mitosis by taxanes is one of the most common chemotherapeutic approaches in various malig-
nant solid tumors, but cancer cells may survive antimitotic treatment with attainable in vivo concentrations due to 
mitotic slippage with a residual activity of the ubiquitin ligase anaphase-promoting complex (APC/C) and a continu-
ous slow ubiquitin-proteasome-dependent cyclin B-degradation leading to mitotic exit. Therefore, blocking cyclin 
B-proteolysis via additional proteasome (PI) or APC/C-inhibition may have the potential to enhance tumor cell eradi-
cation by inducing a more robust mitotic block and mitotic cell death. Here, we analyzed this approach in different 
cell lines and more physiological patient-derived xenografts (PDX) from lung and breast cancer. The sequential 
combination of paclitaxel with the PI bortezomib enhanced cell death, but in contrast to the hypothesis during 
interphase and not in mitosis in both lung and breast cancer. APC/C-inhibition alone or in sequential combination 
with paclitaxel led to strong mitotic cell death in lung cancer. But in breast cancer, with high expression of the anti-
apoptotic regulator Mcl-1, cell death in interphase was induced. Here, combined APC/C- and Mcl-1-inhibition with or 
without paclitaxel was highly lethal but still resulted in interphase cell death. Taken together, the combination of an-
timitotic agents with a clinically approved PI or inhibitors of the APC/C and Mcl-1 is a promising approach to improve 
treatment response in different solid tumors, even though they act entity-dependent at different cell cycle phases.
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Introduction

Targeting mitosis with spindle poisons like tax-
anes and vinca alkaloids that induce mitotic 
arrest by disturbing the microtubule assembly 
is a common approach to treat various malig-
nancies [1]. Although several studies with can-
cer cell lines could prove a sustained mitotic 
arrest after treatment with high-dosed pacli-
taxel [2], it was shown in breast cancer that in 
vivo attainable concentrations do not induce a 
mitotic arrest, but multipolar spindles, result- 
ing in chromosome missegregation and incre- 
ased postmitotic cell death [3, 4]. Mechanisti- 
cally, in adequate dosage taxanes may prevent 
the spindle assembly checkpoint (SAC) from 
being satisfied by interfering with microtubule 
kinetics [5] and trigger a continuous inhibition 
of the anaphase-promoting complex (APC/C). 
The APC/C is an E3-ubiquitin ligase that, after 
activation by the regulatory subunit Cdc20, 

leads to the proteasomal degradation of criti- 
cal cell cycle regulators like the anaphase-in- 
hibitor securin and the mitotic cyclin B to initi-
ate chromosome separation and mitotic exit, 
respectively [6-11]. An incorrect kinetochore-
microtubule attachment leads to formation of 
the mitotic checkpoint complex, that inhibits 
APC/C-activation by sequestration of Cdc20. 
Continuous APC/C-inhibition and consequently 
persistent high levels of cyclin B arrest cells in 
mitosis in order to provide additional time to 
resolve the spindle damage. In this way, spin- 
dle poisons can induce a cell cycle delay that 
can either trigger apoptosis during mitotic 
arrest mediated by mitochondrial outer mem-
brane permeabilization and subsequent cas-
pase activation in a p53-independent manner 
[12] or result in mitotic exit despite incomplete 
cell division and proliferation of cells with a 
highly aberrant genome [13].
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Two mechanisms leading to survival of cancer 
cells after spindle damage and subsequent 
mitotic arrest and therefore to a diminished 
efficacy of antimitotic drugs have been pro-
posed [14]: 

First, mitotic slippage can occur due to re- 
sidual APC/C-activity and continuous back-
ground cyclin B-degradation by the ubiquitin-
proteasome system, and cells may survive due 
to premature mitotic exit [15-17]. Thus, block-
ing mitotic exit downstream of the SAC by inhi-
bition of cyclin B proteolysis or the APC/C in 
cells treated with antimitotic drugs should  
lead to a more efficient eradication of those 
apoptosis-resistant, slippage-prone cells.

Second, efficient apoptosis following mitotic 
arrest may be prevented due to an imbalance 
between the Bcl-2 family members as key re- 
gulators of the mitochondrial apoptotic path-
way [18]. Most important in this context is the 
Mcl-1 protein, which is overexpressed in sever-
al cancers [19-21]. 

Recently, the APC/C-inhibitors proTAME and 
apcin have been described [22]: Their com- 
bination (pT/A) increases the stability of APC/ 
C-substrates and they synergistically prevent 
mitotic exit and induce apoptosis in tumor  
cells. APC/C-inhibitors have not been imple-
mented in clinical trials yet, but preclinical  
data indicate a promising therapeutic  
approach, as proTAME increased mitotic arrest 

derived xenografts (PDX, Table 1) and the re- 
spective whole exome sequencing data were 
provided by Charles River Discovery Research 
Services Germany GmbH, Freiburg, Germany. 
All cells were tested for mycoplasma. A549, 
H838, H520, H460 and the PDX were cul- 
tured in RPMI1640-medium with L-glutamine 
(Thermo Fisher Scientific, MA, USA), 10% fetal 
bovine serum (FBS; Biochrom, Berlin, Ger- 
many), 1% penicillin/streptomycin, 1 mM sodi-
um pyruvate and 25 mM Hepes (all Thermo 
Fisher Scientific, MA, USA). MDA MB213, MDA 
MB468 and JIMT-1 were cultured in DMEM-
medium with D-glucose, L-glutamine and pyru-
vate (Thermo Fisher Scientific, MA, USA), 10% 
FBS and 1% penicillin/streptomycin. T47D  
were cultured in 90% IMEM-medium with 
L-glutamine (Thermo Fisher Scientific, MA, 
USA), 10% FBS, 1% penicillin/streptomycin and 
1 mM sodium pyruvate. Cell culture was per-
formed under standard conditions (37°C, 5% 
CO2 (10% for JIMT-1), 90% air humidity).

Drug administration

Cells were treated with paclitaxel (Sigma-
Aldrich, MO, USA) diluted in the appropriate 
medium to 118 nM for high-dose treatment 
and G2/M-block, or for low-dose treatment to 
5.9 nM for LXFA-629L and MAXF-0401, to 8.8 
nM for LXFE-66NL and to 11.7 nM for LXFL-
1121L for 24 h. After a wash step with medi- 
um, either bortezomib (Selleckchem, Munich, 
Germany) diluted in the appropriate medium to 

Table 1. Overview of the examined Non-small cell 
lung cancer (NSCLC) and breast cancer cell lines and 
patient-derived xenografts (PDX)

Entity
Cell line A549 NSCLC Adenocarcinoma

H838 Adenocarcinoma
H520 Squamous cell carcinoma
H460 Large cell carcinoma
JIMT-1 Breast  

cancer
Triple negative

MDA MB231 Triple negative
MDA MB468 Triple negative
T47D Hormone receptor-positive

PDX LXFA-629L NSCLC Adenocarcinoma
LXFE-66NL Squamous cell carcinoma
LXFL-1121L Large cell carcinoma
MAXF-0401 Breast  

cancer
Triple negative

and apoptosis in paclitaxel-treated cell 
lines of different solid tumors [23-26]. 
Similarly, a number of small molecules in- 
hibiting anti-apoptotic proteins like Mcl-1 
have shown promising clinical activity to re-
enable apoptosis in different malignancies 
[23, 27, 28].

Here, we examined the additional preven-
tion of cyclin B-degradation by either inhibi-
tion of the proteasome or the APC/C in lung 
and breast cancer cells both considered 
responsible to treatment with taxanes [29].

Material and methods

Cell culture 

All cell lines (Table 1) were characterized  
by DSMZ in 2020 (German Collection of 
Microorganisms and Cell Cultures GmbH, 
Braunschweig, Germany). The patient-
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2.5 nM for MAXF-0401, 10 nM for LXFA-629L 
and LXFE-66NL and 25 nM for LXFL-1121L, or 
the combination of the two drugs proTAME and 
apcin (pT/A; both BostonBiochem, MA, USA) 
[22] diluted in the appropriate medium to the 
published effective concentrations of 16 µM 
and 200 µM in all cell lines and PDX, were 
added for another 24 h. The doses of pacli- 
taxel and bortezomib used in the cell lines  
are indicated in Figures S1 and S2. S63845 
(APExBIO, TX, USA) [31] was diluted in the ap- 
propriate medium to 1.5 µM and was applied 
for 48 h simultaneously with paclitaxel. 

Calculation of half maximal effective concen-
tration (EC50) and combination index (CI)

The EC50 and CI were determined using the 
Quest Graph™ EC50 Calculator [32] and the 
CompuSyn software [33]. The therapy effect 
was defined as reduction of cell viability as- 
sessed by acridine orange/propidium iodide-
double stain (LUNA-FLTM dual fluorescence cell 
counter). Three different concentration levels 
for each substance and combination in a fixed 
ratio were analyzed.

Soft agar colony assays

A bottom layer with 0.8% NuSieveTMGTGTM aga-
rose (Lonza, Köln, Germany) in medium was 
prepared in 35 mm-culture dishes. One ml 
medium containing 50,000 cells after the 
appropriate treatment as described above and 
after a wash step to remove the substances 
was mixed with 1 ml 1.4% agarose in medium 
and plated as top layer, covered with medium, 
and incubated under standard cell culture  
conditions. The number of colonies was count-
ed at day 21.

Live cell imaging 

Cells were seeded on eight-well chambered 
coverslips (Ibidi, 80826) with 30-50,000 cells 
per well and incubated under standard cell  
culture conditions for 24 h. The SiR-DNA kit 
(Spirochrome, Stein am Rhein, Germany) was 
used for nucleus stain. Image acquisition was 
performed on an Olympus (Hamburg, Ger- 
many) IX-81 inverse microscope with climate 
chamber using a UPLSAPO × 20 objective 
(numerical aperture 0.75) and the ScanR Ac- 
quisition software (v.2.2.09). RFP-fluorescence 
was visualized using a CY5-filter set. Picture 
acquisition was repeated every 10 min under 

standard climate chamber conditions. Analysis 
was performed using the ScanR analysis soft-
ware (v.1.2.0.6). 

Flow cytometry

Cell cycle distribution was assessed by DNA 
staining with propidium iodide and DNA con- 
tent was measured based on fluorescence 
intensity by flow cytometry. Cells were fixed in 
70% ethanol at 4°C over night, washed in PBS, 
incubated in 50 μg/ml propidium iodide con-
taining 0.1 mg/ml RNaseA and 0.1% TritonX  
(all Sigma-Aldrich, MO, USA) for 30 min at 37°C 
and analyzed on a BD LSRFortessa™ cell ana-
lyzer (Becton Dickinson GmbH, Heidelberg, 
Germany). A standard of 10,000 cells was  
analyzed per sample or data point. Software 
analysis of cell cycle distribution was per- 
formed with BD FACSDiva™ Software (Becton 
Dickinson GmbH, Heidelberg, Germany).

Lentivirus-based knockdown plasmids and 
transduction

For knockdown (kd) of Mcl-1 oligonucleotides 
containing the target sequence 5’-GGACTG- 
GCTAGTTAAACAAAG-3’ (shRNA1) or 5’-GAAGG- 
AAGTATCGAATTTACA-3’ (shRNA2), the comple-
mentary sequence, a loop and linker sequenc-
es were designed as previously described [34] 
and ligated into pLentiLox 3.7 (pLL). 293T cells 
(ACC635, DSMZ, Braunschweig, Germany) 
were transfected with the pLL-kd vector and 
packaging plasmids (pMDLg/pRRE, pRSV-Rev, 
pMD.G) and incubated for 10 h in the presen- 
ce of calcium phosphate-precipitated plasmid 
DNA. Virus-containing supernatant was collect-
ed after 24 and 48 h. MAXF-0401 cells were 
incubated in 4 ml of virus containing superna-
tant supplemented with 2 ml of fresh normal 
medium and 5 µg/ml hexadimethrine bromide.

Mutational analysis (whole exome sequencing)

After DNA extraction, material was sequenced 
with 126 bp paired-end reads using the 
ILLUMINA HiSeq-2500 platform and the Agi- 
lent V5 50MB enrichment kit, with a coverage 
of >160X. Next, human reads were isolated 
using Xenome [35], aligned to the GRCh38  
reference genome, and mutations were called 
using a workflow based on GATK (Genome 
Analysis Toolkit version 4) best practices. Us- 
ing the variant effect predictor (VEP) [36], can-
didate mutations were annotated and filtered 
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considering only variants with moderate or  
high protein impact and those being rare in 
healthy populations (<1% in gnomAD) [37].

Western blot and antibodies

Cells were lysed using RIPA buffer (40 mM Tris 
Base, 150 mM NaCl, 1% NP-40, 0.5% Sodium- 
deoxylat, 0.1% SDS, 1 mM EDTA) and freshly 
added to a complete protease- (Roche, Basel, 
Switzerland) and phosphatase-inhibitor cock-
tail set (Calbiochem Merck, Darmstadt, Ger- 
many). 50-100 mg protein was separated on 
10% SDS-PAGE. Immunoblotting was perfor- 
med with ImmobilonP membranes (Millipore, 
Billerica, CA, USA). Antibody incubation was 
performed in 5% skim milk powder in PBS.  
After each step, membranes were washed in 
PBS/0.1% Tween (Sigma-Aldrich). Antibodies 
used were anti-Bub1 (Bethyl Laboratories, TX, 
USA), anti-BubR1, anti-Mcl-1 (both Becton 
Dickinson GmbH, Heidelberg, Germany), anti-
Mad2, anti-Cyclin B1 (both Santa Cruz Bio- 
technology, Heidelberg, Germany), anti-Cdc20, 
anti-Cdh1 (both Abcam Cambridge, UK), anti-
cGAS, anti-phospho-Histone 3 (both Cell Sig- 
naling Technology, Frankfurt, Germany) and 
anti-Actin (Sigma-Aldrich, MO, USA). Horsera- 
dish-peroxidase-conjugated secondary anti-
bodies used were anti-rabbit (GE Healthcare, 
Pittsburgh, PA, USA) and anti-mouse (Dako 
Cytomation, Glostrup, Denmark). 

Statistics

Biological replicates were analyzed for all 
experiments. A two-sided Student’s t-test was 
used for statistical analyses. Mean and stan-
dard deviation were plotted as indicated. 
P-values were defined as described in the fig-
ure legends.

Results

Proteasome inhibition in paclitaxel-treated 
solid cancer cells increases cell death in 
interphase

We evaluated the effect of paclitaxel in com- 
bination with the proteasome inhibitor (PI)  
bortezomib in various cell lines from non-small 
cell lung (NSCLC) and breast cancer (Figure  
1A, 1B; Table 1). In addition, we investigated  
ex vivo cultures of patient-derived xenografts 
(PDX), as these are closest to the biology of in 
vivo growing tumors [38, 39]. Cells from three 
NSCLC with the main different histologies and 
a triple-negative breast cancer PDX were used 
(Table 1).

A tumor type-specific concentration of the  
spindle poison paclitaxel and the PI bortezo- 
mib was chosen that can empirically be achi- 
eved in vivo [2], which just led to an increased 
G2/M-block (for paclitaxel) or an incipient 
increase of apoptotic rate (for bortezomib) in 
previously performed concentration series and 

Figure 1. Combination of antimitotic treatment with proteasome inhibition leads to increased cell death in solid 
tumor cells. Response of (A) NSCLC (adeno- [A549, H838], squamous [H520], large cell carcinoma [H460]) and 
(B) breast cancer cell lines (triple negative [JIMT-1, MDA MB231, MDA MB468], hormone receptor-positive [T47D]) 
and (C) different PDX (NSCLC adenocarcinoma [LXFA-629L], squamous cell carcinoma [LXFE-66NL], large cell car-
cinoma [LXFL-1121L] and breast cancer [MAXF-0401]) to antimitotic therapy (T), proteasome inhibition (B) and the 
combination (T + B) was assessed by flow cytometry after propidium iodide-stain, the percentage of cells in G2/M-
phase (green bars) and apoptotic cells (yellow bars) are depicted as compared to control; n=3 for cell lines, n=2 for 
PDX. Abbreviations: NSCLC = Non-small cell lung cancer; PDX = patient-derived xenograft; ctrl = untreated control; 
T = paclitaxel; B = bortezomib; ***P<0.001; **P<0.01; *P<0.05; n.s. = not significant.
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which lay in the range of the calculated half 
maximal effective concentration (EC50; Figures 
S1 and S2). 

As expected, the apoptotic rate of sequentially 
treated cells was significantly increased in 
most cancer cell lines after combination of 
paclitaxel with bortezomib when compared to 
paclitaxel alone (Figure 1A, 1B). In the more 
physiological PDX, there was only a trend 
towards a higher toxicity of the combination 
when analyzing the sub-G1-fraction by flow 

cytometry (Figure 1C), but both cell counts 
shortly after exposure (Figure 2A) and long-
term colony-forming capacity in soft-agar were 
significantly reduced, when comparing the eff- 
ect of the single substances with the combina-
tion treatment (Figure 2B). Live cell imaging 
revealed that apoptosis was mainly initiated 
during interphase and not in mitosis in both 
PDX after in vivo attainable concentrations of 
paclitaxel, bortezomib and the combination of 
both substances (Figure 2C, 2D). The total 
apoptotic rate was increased by additional 

Figure 2. Proteasome inhibition in paclitaxel-pretreated solid cancer cells increases cell death in interphase. A. The 
total cell count was determined via live cell imaging of NSCLC adenocarcinoma ([LXFA-629L], blue bars) and breast 
cancer PDX ([MAXF-0401], red bars) 20 hours after DNA-stain (SiR) and antimitotic therapy (T), proteasome inhibi-
tion (B) and the combination (T + B); n=9. B. The long-term effect of the appropriate treatment on cell growth in 
three NSCLC (adenocarcinoma, squamous cell carcinoma [LXFE-66NL], large cell carcinoma [LXFL-1121L]) and the 
breast cancer PDX was examined with soft agar colony assays; n=3. C. The course of cell cycle leading to apoptosis 
was traced back on single cell level via live cell imaging, exemplary shown for breast cancer PDX after proteasome 
inhibition. The time point is indicated in h:min after addition of bortezomib. D. The rate of cells entering apoptosis 
during interphase vs. in mitosis, respectively, was quantified for NSCLC adenocarcinoma and breast cancer PDX; 
n=9. The p-values refer to the total apoptotic rate. E. Time from chromatin condensation to completion of telophase 
was determined for untreated NSCLC adenocarcinoma and breast cancer PDX and after antimitotic therapy, respec-
tively; n=9. Abbreviations: PDX = patient-derived xenograft; NSCLC = Non-small cell lung cancer; ctrl = untreated 
control; T = paclitaxel; B = bortezomib; *P<0.05; **P<0.01; ***P<0.001; n.s. = not significant.
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bortezomib after paclitaxel treatment in NSC- 
LC adenocarcinoma, but not in breast cancer 
PDX (Figure 2D). In accordance with the ex- 
pected effect of spindle poisons, mitosis was 
significantly prolonged after treatment with 
paclitaxel in comparison to the untreated con-
trol in both PDX (Figure 2E). 

Additionally, the combination index (CI) of  
paclitaxel and bortezomib was determined for 
these PDX: It was lower than one in NSCLC  
adenocarcinoma (CI=0.359), confirming a syn-
ergistic effect of the two substances (Figure 
2A, 2B), but greater than one in breast cancer 
PDX (CI=2.579) arguing against synergism, 
since bortezomib was already highly efficient 
on its own in this PDX (Figure 2A, 2B). 

APC/C-inhibition alone and in paclitaxel-pre-
treated cells increases cell death in mitosis in 
lung cancer and in interphase in breast cancer

Next, we evaluated the effect of paclitaxel in 
combination with the APC/C-inhibitors proTA- 
ME and apcin (pT/A) dosed in accordance with 
previous published in vitro data [22, 40]. Cell 
cycle distribution of the same set of different 
NSCLC and breast cancer cell lines and PDX 
was analyzed after monotherapy with paclitax-
el, with pT/A and after combination treatment 
of paclitaxel with sequentially added pT/A, re- 
spectively (Figure 3A-C). We observed an en- 
hanced G2/M-arrest after pT/A as compared  

to in vivo attainable paclitaxel concentrations 
in nearly all cell lines (Figure 3A, 3B). The com-
bination of both substances led to a lower 
G2/M-, but increased apoptotic rate, suggest-
ing a higher incidence of apoptosis in mitosis 
(Figure 3A, 3B). There was a clear trend for in- 
creased cell deaths after treatment with pT/A 
and paclitaxel as compared to the spindle poi-
son alone in the four PDX (Figure 3C). In the 
short-term analysis via live cell imaging, cell 
counts were significantly reduced in lung and 
breast cancer PDX with this combination (Fig- 
ure 4A). However, the long-term colony-forming 
capacity was only reduced in lung but not in 
breast cancer PDX (Figure 4B). Interestingly, in 
live cell imaging after APC/C-inhibition alone 
and in combination with paclitaxel, we obser- 
ved that lung cancer cells mainly died in mito- 
sis (Figure 4C, 4D), but the majority of breast 
cancer cells died during interphase (Figure  
4D). In both PDX, the total apoptotic rate was 
significantly increased by additional APC/C-in- 
hibition after antimitotic treatment and already 
after APC/C-inhibition with pT/A alone (Figure 
4D).

The CI for paclitaxel and pT/A was lower than 
one in NSCLC adenocarcinoma (CI=0.566), 
confirming the presumed synergistic effect of 
the two substances in this entity, but greater 
than one in breast cancer PDX (CI=1.084), 
arguing against synergism.

Figure 3. Combination of antimitotic treatment with APC/C-inhibition leads to increased cell death in solid tumor 
cells. Response of (A) NSCLC (adeno- [A549, H838], squamous [H520], large cell carcinoma [H460]) and (B) breast 
cancer cell lines (triple negative [JIMT-1, MDA MB231, MDA MB468], hormone receptor-positive [T47D]) and (C) 
different PDX (NSCLC adenocarcinoma [LXFA-629L], squamous cell carcinoma [LXFE-66NL], large cell carcinoma 
[LXFL-1121L] and breast cancer [MAXF-0401]) to antimitotic therapy (T), direct APC/C-inhibition (pT/A) and the com-
bination (T + pT/A) was assessed by flow cytometry after propidium iodide-stain, the percentage of cells in G2/M-
phase (green bars) and apoptotic cells (yellow bars) are depicted as compared to control; n=3 for cell lines, n=2 for 
PDX. Abbreviations: PDX = patient-derived xenograft; NSCLC = Non-small cell lung cancer; ctrl = untreated control; 
T = paclitaxel; pT/A = proTAME/apcin; ***P<0.001; **P<0.01; *P<0.05; n.s. = not significant.
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The anti-apoptotic protein Mcl-1 is overex-
pressed in the breast cancer PDX and its inhi-
bition is highly toxic but still induces cell death 
in interphase and not in mitosis

As whole exome sequencing data of the four 
PDX (Table 2) did not provide an obvious expla-
nation for the different responses to APC/C-
inhibition of the distinct tumor entities, the 
expression of mitotic and anti-apoptotic regu- 
lators was examined at protein level in the 

untreated PDX (Figure 5A). Most strikingly, and 
consistent with known properties of this entity 
[41], the anti-apoptotic protein Mcl-1 was sub-
stantially upregulated in the triple negative 
breast cancer PDX (Figure 5A), suggesting that 
the efficacy of antimitotic treatment using pa- 
clitaxel and pT/A in these cells may be influ-
enced by Mcl-1-overexpression. Mcl-1 levels of 
the different PDX blocked in G2/M-phase after 
high-dosed paclitaxel were comparable to the 
untreated controls (Figure S3A) and remained 

Figure 4. APC/C-inhibition alone and in paclitaxel-pretreated cells increases cell death in mitosis in lung cancer and 
in interphase in breast cancer. A. The total cell count was determined via live cell imaging of NSCLC adenocarci-
noma ([LXFA-629L], blue bars) and breast cancer PDX ([MAXF-0401], red bars) 20 hours after DNA-stain (SiR) and 
antimitotic therapy (T), APC/C-inhibition (pT/A) and the combination (T + pT/A); n=9. B. The long-term effect of the 
appropriate treatment on cell growth in three NSCLC (adenocarcinoma, squamous cell carcinoma [LXFE-66NL], 
large cell carcinoma [LXFL-1121L]) and the breast cancer PDX was examined with soft agar colony assays; n=3. 
C. The course of cell cycle leading to apoptosis was traced back on single cell level via live cell imaging, exemplary 
shown for NSCLC adenocarcinoma PDX after APC/C-inhibition. The time point is indicated in h:min after addition 
of pT/A. D. The rate of cells entering apoptosis during interphase vs. in mitosis, respectively, was quantified for 
NSCLC adenocarcinoma and breast cancer PDX; n=9. The p-values refer to the total apoptotic rate. Abbreviations: 
PDX = patient-derived xenograft; NSCLC = Non-small cell lung cancer; ctrl = untreated control; T = paclitaxel; pT/A 
= proTAME/apcin; *P<0.05; **P<0.01; ***P<0.001; n.s. = not significant.
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high after treatment with pT/A in the breast 
cancer PDX (Figure S3B). APC/C-inhibition with 
or without paclitaxel, but not paclitaxel alone  
at in vivo attainable concentrations, led to 
increased pH3-levels, indicating a more pro-
nounced block in metaphase, and cyclin B- 
levels remained largely unchanged indepen-
dent of the respective treatment in all PDX as 
expected in whole cell extract (Figure S3B).

We repeated colony assays with the breast  
cancer PDX after treatment with paclitaxel  
and/or pT/A in combination with the Mcl-1-
inhibitor S63845 [31]. Indeed, colony forma-
tion was significantly reduced after addition of 
S63845 to both the APC/C-inhibitor alone and 
the combination of paclitaxel with pT/A (Figure 
5B). The supplementary CI-calculation indicat-
ed a synergistic effect of combined APC/C- and 
Mcl-1-inhibition with a value lower than one 
(CI=0.061). To confirm that these results were 

specific to Mcl-1-inhibition, we repeated the 
experiments using two different shRNA against 
Mcl-1 with different knockdown (kd) efficacy 
(Figure 5C) and observed a synergism of Mcl-1-
kd with APC/C-inhibition and antimitotic treat-
ment in a dose-dependent manner, with Mcl-1-
kd being much more toxic on its own than the 
less specific inhibitor (Figure 5D). However,  
live cell imaging of the breast cancer PDX after 
additional Mcl-1-inhibition revealed that the 
leading cause of toxicity was still apoptosis in 
interphase (Figure 5E, 5F).

Discussion

Taxanes play an important role in the treat- 
ment of breast, ovarian and lung cancer since 
the 1990s [4], but the antitumor effect and 
thus the clinical efficacy of these spindle poi-
sons are highly variable [14]. The mechanism 
leading to cell death is still not fully under- 

Table 2. Detected aberrations in whole exome sequenzing of the NSCLC squamous cell [LXFE-66NL], 
large cell [LXFL-1121], adenocarcinoma [LXFA-629L] and breast cancer [MAXF-0401] patient-derived 
xenografts
Gene LXFA-629L LXFE-66NL LXFL-1121L MAXF-0401
APC nonsense wild type nonsense missense
BRCA1 nonsense wild type wild type frameshift
BRCA2 nonsense frameshift wild type wild type
CDKN2A low coverage missense wild type low coverage
CDKN2B low coverage wild type wild type low coverage
CTNNB1 missense wild type wild type wild type
EGFR nonsense wild type wild type wild type
ERBB2 missense wild type wild type wild type
ERBB3 frameshift wild type wild type wild type
FGFR3 wild type wild type wild type low coverage
KIT frameshift wild type wild type wild type
KRAS wild type wild type wild type wild type
LRP1B nonsense wild type missense wild type
MET frameshift wild type wild type wild type
MLH1 frameshift wild type wild type wild type
MSH3 missense wild type wild type wild type
MYC wild type wild type wild type wild type
NOTCH1 missense wild type low coverage low coverage
PIK3CA nonsense wild type wild type wild type
PIK3CB nonsense wild type wild type wild type
PIK3R1 wild type wild type wild type wild type
PTEN wild type wild type wild type wild type
STK11 low coverage wild type wild type low coverage
TP53 missense missense missense missense
sVEGFA wild type wild type wild type wild type
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stood. Induction of mitotic delay is supposed  
to play a pivotal role [42], and several in vitro 
studies with cancer cell lines could prove a  
sustained mitotic arrest after treatment with 
high-dosed paclitaxel [2]. However, it was 
shown that lower therapeutically relevant con-
centrations do not induce a mitotic arrest, but 

multipolar spindles, resulting in chromosome 
missegregation and increased cell death in in- 
terphase following a perturbed mitosis [3, 43]. 
Paclitaxel is known to accumulate intracellular-
ly, depending on the cell type and concentra-
tion: in breast cancer cell culture, treatment 
with 5-10 nM paclitaxel resulted in intracellu- 

Figure 5. The anti-apoptotic protein Mcl-1 is overexpressed in the breast cancer PDX and its inhibition is highly toxic 
but still induces cell death in interphase and not in mitosis. (A) Expression of mitotic and antiapoptotic regulators in 
untreated NSCLC squamous cell carcinoma [LXFE-66NL], adenocarcinoma [LXFA-629L], large cell carcinoma [LXFL-
1121L] and breast cancer PDX [MAXF-0401] was analyzed by western blot. Blots for Bub1/BubR1, Mad2/Cdc20/
Cdh1 and Mcl-1/cGAS were cropped from different parts of the same gel. (B) In addition to antimitotic therapy (T) 
and APC/C-inhibition (pT/A), the breast cancer PDX was treated with the Mcl-1-inhibitor S63845 (Mcl1-i) and soft 
agar colony assays were performed to determine long-lasting antitumor effects; n=3. (C) After Mcl-1-knockdown 
with two different shRNA, (D) soft agar colony assays were performed with the breast cancer PDX to analyze the 
impact on cell growth of the spindle poison (T), the APC/C-inhibitor (pT/A) and the combination (T + pT/A); each 
n=2. Live cell imaging of the breast cancer PDX was performed after DNA-stain (SiR), (E) the total cell counts and 
(F) the rate of cells entering apoptosis during interphase vs. in mitosis, respectively, was quantified after the ap-
propriate treatment; n=9. Abbreviations: PDX = patient-derived xenograft; NSCLC = Non-small cell lung cancer; ctrl 
= untreated control; T = paclitaxel; pT/A = proTAME/apcin; Mcl1-i = Mcl-1-inhibitor; Mcl1-kd = Mcl-1-knockdown; 
*P<0.05; **P<0.01; ***P<0.001.
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lar concentrations of 1-9 μM; similar intratu-
moral concentrations were measured in breast 
cancer tissue samples 20 h after intravenous 
administration of an usual dose of 175 mg/m2 
[3]. According to these results, we chose clini-
cally relevant low concentrations for our analy-
ses, similarly low as the calculated EC50. We 
observed a significantly prolonged mitosis af- 
ter treatment with paclitaxel at these concen-
trations in comparison to control in live cell 
imaging of the examined PDX, but the rate of 
apoptosis in mitosis was not increased, indi- 
cating a delayed but successful completion of 
mitosis. Thus, mitotic delay by SAC-activation 
and APC/C-inhibition and mitotic slippage  
could play a role even at these low, in vivo at- 
tainable concentrations. It has recently been 
shown that preventing mitotic slippage by 
downregulation of the APC/C-co-activator 
Cdc20 may increase the sensitivity of cancer 
cells to spindle poisons [17, 42] and high 
Cdc20-expression levels have been reported  
in human cancers, often associated with an 
unfavorable prognosis [44, 45]. Additionally, a 
combination treatment may enable further 
dose reductions and could help to avoid typi- 
cal side effects of taxanes, mainly peripheral 
neuropathy [29]. In accordance with this 
assumed synergistic inhibition of mitotic exit, 
and as already described in ovarian cancer 
[24], we observed the most impressive effect 
on tumor growth in three different NSCLC PDX 
after addition of the APC/C-inhibitors pT/A to 
paclitaxel-pretreatment and already after pT/A 
alone [40]. Here, we proved an increased rate 
of apoptosis after prolonged meta/anaphase 
by pT/A-addition, whereas in the examined 
breast cancer PDX, APC/C-inhibition was less 
efficient and the majority of cells entered ap- 
optosis during interphase. The colony assays 
confirmed the expected durable treatment 
response due to apoptosis in mitosis in the 
NSCLC PDX. In contrast, we observed long- 
term recovery in the breast cancer PDX with 
only slightly reduced colony formation capacity 
despite the increased apoptotic rate and thus 
reduced cell count shortly after exposition. A 
difference in short- vs. long-term survival of 
cells due to mitotic slippage has already been 
described [43]: it may prevent mitotic cell  
death caused by spindle poisons in the short-
term course, but could increase long-term cytoto- 
xicity due to accumulated genomic instability 
after incorrect chromosome segregation. In  

line with this hypothesis, we observed increa- 
sed toxicity shortly after APC/C-inhibition, but 
long-term survival was not reduced.

We assumed a persistent high level of the anti-
apoptotic regulator Mcl-1 to be the underlying 
cause for the entity-specific observations as it 
is frequently overexpressed in breast cancer 
and may mediate resistance to conventional 
antitumor therapy [46]. Mcl-1-levels are regu-
lated cell cycle-dependent with a peak in 
G2-phase and an APC/C-mediated decrease 
during mitosis [21]. This decline is supposed to 
promote apoptosis of cells arrested in mitosis 
and it has been shown that persistent high 
Mcl-1 levels inhibit apoptosis after antimitotic 
treatment [21, 47]. Indeed, in our breast can-
cer PDX, the most impressive reduction of cell 
growth was achieved with the combination of 
APC/C- and Mcl-1-inhibition by using selective 
Mcl-1-inhibitors as well as by Mcl-1-kd. How- 
ever, contrary to prior observations in ovarian 
cancer [24], our live cell imaging data indicate 
that Mcl-1-inhibition induces apoptosis inde-
pendent of mitosis in our breast cancer PDX, 
and activation of the direct mitochondrial ap- 
optotic pathway [31] may outweigh the impact 
on cell cycle.

We also analyzed the impact of mitotic cyclin B 
stabilization by the PI bortezomib on the differ-
ent taxane-sensitive solid cancers [30]. Both 
substances were sequentially used in low 
doses to obtain similar concentrations in vitro 
as achievable in vivo [2, 48]. It has been  
shown earlier that solid tumor cells can be as  
sensitive to PI as myeloma cells in vitro [49]. 
However, in clinical trials, bortezomib was nei-
ther effective in breast cancer alone or com-
bined with doxorubicin, nor in chemotherapy-
naive NSCLC [50], probably due to inhibition of 
only one of the three proteasomal subunits by 
the concentrations achieved in vivo [48]. We 
observed a synergistic effect of bortezomib 
with antimitotic treatment, but not by the as- 
sumed mitotic arrest with subsequent apopto-
sis: the apoptotic rate slightly increased after 
antimitotic treatment with PI, but cells entered 
apoptosis mainly during interphase or early 
mitosis, thus leading to a reduced mitotic rate, 
in particular in the breast cancer PDX. Mcl-1-
expression is also regulated by proteasomal 
degradation, and its bortezomib-induced stabi-
lization may inhibit apoptosis following antimi-
totic therapy [21]. However, it has been shown 
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that bortezomib converts Mcl-1 into a deriva-
tive with proapoptotic function [51]. We ob- 
served a highly toxic effect of low-dosed  
bortezomib in breast cancer, supporting the 
theory that bortezomib-induced stabilization of 
antiapoptotic Mcl-1 is overcome by this conver-
sion into a proapoptotic form.

Taken together, the combination of antimitotic 
substances with APC/C-inhibitors or clinically 
approved PI seems a promising approach to 
improve treatment response in different solid 
tumors, even though they act via different enti-
ty-dependent mechanisms; in case of high  
Mcl-1-expression encouraging results could be 
obtained by additional application of an appro-
priate Mcl-1-inhibitor. In light of our results, we 
propose that a strong antitumor effect can be 
obtained by the combination of low concentra-
tions that are achievable in vivo and that help 
to reduce clinically relevant side effects and 
resistance development against single drugs. 
Our data emphasize the importance of a mo- 
lecular characterization and risk stratification 
to identify patients that may not respond to 
standard antimitotic treatment and to allow an 
individual therapy planning.
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Figure S1. Concentration series to determine the lowest dose of paclitaxel leading to an increased G2/M-arrest and 
the lowest dose of bortezomib leading to an increased apoptotic rate in NSCLC cell lines. NSCLC adenocarcinoma 
[A549 and H838], squamous [H520] and large cell carcinoma [H460] cell lines were treated with rising concentra-
tions of (A, C, E, G) the spindle poison paclitaxel and (B, D, F, H) the proteasome inhibitor bortezomib and assessed 
by flow cytometry after propidium iodide-stain, the percentage of cells in G2/M-phase (green bars) and apoptotic 
cells (yellow bars) is depicted as compared to control. The dose chosen for further experiments is marked with a 
black box. Abbreviations: NSCLC = Non-small cell lung cancer; ctrl = untreated control; T = paclitaxel; B = bortezo-
mib; EC50 = half maximal effective concentration. 
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Figure S2. Concentration series to determine the lowest dose of paclitaxel leading to an increased G2/M-arrest and 
the lowest dose of bortezomib leading to an increased apoptotic rate in breast cancer cell lines. Breast cancer cell 
lines (hormone receptor-positive [T47D] and triple negative [MDA MB468, MDA MB231, JIMT-1]) were treated with 
(A, C, E, G) the spindle poison paclitaxel and (B, D, F, H) the proteasome inhibitor bortezomib and assessed by flow 
cytometry after propidium iodide-stain, the percentage of cells in G2/M-phase (green bars) and apoptotic cells (yel-
low bars) is depicted as compared to control. The dose chosen for further experiments is marked with a black box. 
Abbreviations: ctrl = untreated control; T = paclitaxel; B = bortezomib; EC50 = half maximal effective concentration.
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Figure S3. Cell cycle dependent Mcl-1-levels. Mcl-1-expression was analyzed by western blot of NSCLC squamous 
cell carcinoma [LXFE-66NL], adenocarcinoma [LXFA-629L], large cell carcinoma [LXFL-1121L] and breast cancer 
PDX [MAXF-0401] in (A) untreated cells and after G2/M-block with high-dosed paclitaxel (Thd) and (B) after treatment 
with low-dosed paclitaxel (T), APC/C-inhibition (pT/A) and the combination (T + pT/A). The percentage of cells in 
G2/M-phase (green bars) and apoptotic cells (yellow bars) was assessed by flow cytometry after propidium iodide-
stain in parallel experiments, the appropriate diagrams for (B) are depicted in Figure 4C. Abbreviations: NSCLC = 
Non-small cell lung cancer; PDX = patient-derived xenograft; ctrl = untreated control; Thd = high-dosed paclitaxel; 
pH3 = phospho-Histone 3; T = low-dosed paclitaxel; pT/A = proTAME/apcin.


