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Background: Docetaxel is the only FDA-approved first-line treatment for castration-resistant prostate cancer (CRPC) patients.
Docetaxel treatment inevitably leads to tumour recurrence after an initial therapeutic response with generation of multinucleated
polyploid (MP) cells. Here we investigated role of MP cells in clinical relapse of CRPC.

Methods: Prostate cancer (PC-3) cells were treated with docetaxel (5nm) for 3 days followed by a washout and samples were
collected at close intervals over 35 days post drug washout. The tumorigenic potential of the giant MP cells was studied by
implanting MP cells subcutaneously as tumour xenografts in nude mice.

Results: Docetaxel-induced polyploid cells undergo mitotic slippage and eventually spawn mononucleated cells via asymmetric
cell division or neosis. Both MP and cells derived from polyploid cells had increased survival signals, were positive for CD44 and
were resistant to docetaxel chemotherapy. Although MP cells were tumorigenic in nude mice, these cells took a significantly
longer time to form tumours compared with parent PC-3 cells.

Conclusions: Generation of MP cells upon docetaxel therapy is an adaptive response of apoptosis-reluctant cells. These giant
cells ultimately contribute to the generation of mononucleated aneuploid cells via neosis and may have a fundamental role
precipitating clinical relapse and chemoresistance in CRPC.

Despite significant advances in research, diagnosis, and clinical
practice, prostate cancer still remains the second most commonly
diagnosed cancer and the sixth most common cause of cancer-
related death among men worldwide (Attard et al, 2011).
Androgen-deprivation remains the mainstay of the first-line
treatment for both primary and metastatic prostate cancer.
Initially, majority of the patients respond well to this treatment
but eventually the tumour progresses to castration-resistant
prostate cancer (CRPC), which is the major cause of mortality
(Tong et al, 2016). Docetaxel was approved by the European
Medicine Agency and the US Food and Drug Administration in

2004 for the first-line treatment of patients with CRPC and is now
the only standard of care in this setting (Hussain et al, 1999;
Tannock et al, 2004). Although this clinical regimen prolongs
overall survival in CRPC patients, the cancer unfortunately recurs
(clinical relapse) inevitably after an initial illusionary therapeutic
response. Currently, there is a lack of mechanistic knowledge
underlying this tumour cell ‘replenishment’ after docetaxel
treatment, which inevitably leads to tumour recurrence and
translates to only a modest increase in overall survival. The
present study explores this therapy-relapse paradox that inescap-
ably results in tumour recurrence shortly after a therapy response.
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The formation of giant multinucleated polyploid (MP) cells after
therapeutic intervention with either taxane-based chemotherapy
including docetaxel or DNA-damaging agents has been well
described. Studies have reported that some tumour microenviron-
mental factors including hypoxia are also responsible for the
generation of MP cells. Studies have also shown that hypoxia-
mimicking CoCl, treatment induces formation of polyploid cells
that contributes to expansion of a cell subpopulation with stem cell
characteristics (Lopez-Sanchez et al, 2014; Zhang et al, 2014a).
These polyploid cells can be a result of DNA over-replication
(Nakayama et al, 2009), abrogated mitotic checkpoint (Erenpreisa
et al, 2008), or failed cytokinesis (Sagona and Stenmark, 2010). It
was long assumed that these giant polyploid cells do not survive
and die due to ‘mitotic catastrophe’ subsequent to multipolar cell
division. However, recent evidence indicated that although most
polyploid cells succumb to cell death, a small percentage of them
survive and produce viable progeny (Erenpreisa and Cragg, 2007;
Coward and Harding, 2014). A study also found that colon cancer
cells treated with DNA-damaging agent cisplatin generated giant
polyploid cells, a subset of which were able to engender viable
clones via asymmetric cell division; furthermore, this phenomenon
was recapitulated in an in vivo xenograft model of colon cancer
treated with cisplatin (Puig et al, 2008). Another study revealed
that when PC-3 cells were treated with docetaxel, it led to growth
arrest and formation of multinucleated cells and the generation of
docetaxel-resistant progeny (Makarovskiy et al, 2002). A very
recent study has reported the cabazitaxel, a second-line che-
motherapy in CRPC treatment, also leads to chemoresistance by
inducing severe multinucleation in prostate cancer cells (Martin
et al, 2016). Altogether, these data suggest that polyploid cells that
were once presumed to be either destined for terminal growth
arrest or cell death may actually represent a ‘transition state’ for
generation of viable clones.

The current study aimed to analyse the long-term effects of post
docetaxel exposure on prostate cancer cells. Our study shows that
most of the prostate cancer cells exposed to docetaxel undergo cell
death following mitotic arrest. However, a small percentage of the
cells ‘slip out’ of mitosis to form giant MP cells. Most of these MP
cells succumbed to cell death, but a small fraction survived for
several weeks, eventually giving rise to small mononucleated cells
via an asymmetric cell division process called neosis. We further
show that these MP cells have tumorigenic potential in nude mice,
and that both MP cells and cells derived from MP cells (CDPC) are
chemoresistant and were positive for cancer stem cell (CSC)
marker CD44. In conclusion, the formation of MP cells after
docetaxel treatment suggests an escape process that is involved in
tumour relapse and chemoresistance following an initial illusionary
therapeutic response.

MATERIALS AND METHODS

Cell culture and treatment schedule. PC-3 and DU145 cells were
obtained from American Type Cell Culture (Manassas, VA, USA)
and were grown in RPMI medium supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells
were maintained in humidified 5% CO,. All experiments were
performed using 5nwm of docetaxel unless stated otherwise.

Flow cytometry. Cells were harvested at different time intervals,
washed twice with ice-cold PBS, and fixed in 70% ethanol for at
least 24h. Cell pellets were then washed with PBS followed by
RNase A (2mgml~ ') addition and staining with anti-MPM-2
primary antibody and Alexa-488-conjugated secondary antibody.
Propidium iodide (0.1% in 0.6% Triton X-100 in PBS) was added
for 45min in dark followed by analysis on a FACS Canto flow-

cytometer (BD Canto, San Jose, CA, USA) using Flow]Jo software
(Ashland, OR, USA).

Immunofluorescence. Cells were grown on glass coverslips for
immunofluorescence microscopy and were fixed and blocked as
described previously (Mittal et al, 2015). Coverslips were incubated
in primary antibodies (1:2000 dilution) against y-tubulin and
a-tubulin at 1:2000 dilution for 1h at 37 °C, washed with 1 x PBS
for 10 min at room temperature, and then incubated in 1:2000
Alexa 488- or 555-conjugated secondary antibodies (Invitrogen,
Carlsbad, CA, USA). Cells were washed 5 x with PBS and then
mounted with Prolong-Gold antifade reagent that contained DAPI
(Invitrogen).

Microscopy. Immunofluorescently stained cells were imaged
utilizing the Zeiss LSC 700 confocal microscope (Oberkochen,
Germany) and were processed with Zen software (Oberkochen).

Time-lapse imaging. Giant MP cells were isolated and plated 12
days after docetaxel removal. Cells were imaged for 7 days using
time-lapse microscopy at x40 magnification on Zeiss Axio
Observer 5A (Oberkochen). Differential Interface Contrast Images
were captured at multiple points every 2h for 7 days and were
processed with Zen software (Oberkochen). Magnifications and
details related to imaging are provided in individual sections.

Lysate preparation and immunoblotting. Cells were cultured to
~80% confluence and after treatments as mentioned in individual
sections protein lysates were prepared as described previously
(Mittal et al, 2016). Polyacrylamide gel electrophoresis was used to
resolve the proteins, which were transferred onto polyvinylidene
fluoride membranes (Millipore, Billerica, MA, USA). The immune
reactive bands were visualized by using Pierce ECL chemilumines-
cence detection kit (Thermo Fischer, Waltham, MA, USA).
Primary Antibodies, Phospho-Bcl2 (Thr 56) human, Bcl-XL
(54H6), Survivin (71G4B7), Beclin-2, and CD44 (156-3C11) were
obtained from Cell Signaling (Danvers, MA, USA). f-actin
(SC47778 from Santa Cruz Biotechnology, Dallas, TX, USA) was
used as loading control. All relative band intensities were
quantitated by densitometry and were normalized against f-actin
values using ImageJ (Schneider et al, 2012).

Cell migration assay using Boyden chambers. A total of 10000
cells suspended in RPMI medium containing 0.5% FBS were added
to the upper well of the Boyden chamber. The lower chamber was
filled with RPMI medium containing 10% FBS. After 48h, cells
that had migrated to the bottom surface of the filter were fixed with
70% methanol, stained with crystal violet, and counted under
a microscope in 10 randomly selected fields at a magnification
of X 20.

MTT assay. MTT assay was used to measure metabolic activity
suitable for analysis of proliferation rates between PC-3, giant MP,
and CDPC. Approximately 10000 cells of each cell type were
seeded into each well of a 96-well microplate. The assay was
performed over a 6-day period with incubation times at 24, 48, 72,
96, 120, and 144 h. At the end of each incubation period, 10 ul of
MTT (Sigma-Aldrich, St Louis, MO, USA) at 5mg ml~ ! in PBS
was added into each well after removal of the culture medium and
incubated for 4 h under the same conditions. After the incubation,
100 ul of DMSO was added to dissolve the formazan crystals.
Absorbance was measured at 570 nm using a 96-well microplate
reader.

In vivo tumour growth. A total of 50000 PC-3 cells or giant MP
cells (cells that were treated with 5nm docetaxel and harvested 1
day after drug removal) were subcutaneously injected in the right
flank of 6-week old male BALB/c nude mice (Harlan Laboratories,
Indianapolis, IN, USA). Tumours were measured every week using
a digital Vernier Caliper. The two longest perpendicular axes in the
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x/y plane of each xenograft tumour were measured to the nearest
0.1 mm. The depth was assumed to be equivalent to the shortest of
the perpendicular axes, defined as y. Tumour volume was
calculated using the formulae xy*/2 as is standard practice. All
animal experiments were performed in compliance with Georgia
State University (GSU) Institutional Animal Care and Use
Committee (IACUC) guidelines. All animal protocols (including
description of experiments and experimenters) were approved by
GSU IACUC.

Statistical analyses. Unless otherwise stated in the Methods and
Results sections, statistical analyses were performed using two-
tailed Student’s t-tests. The criterion for statistical significance for
all analyses was P<0.05.
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RESULTS

Docetaxel induces formation of giant MPcells. To corroborate
the fact that docetaxel treatment causes mitotic arrest before cell
death, we examined the cell cycle events post docetaxel treatment.
To this end, we treated PC-3 cells with 5 nm docetaxel for 72h and
then stained them for MPM-2 antibody (mitotic cell marker) by
flow cytometry. As shown in Figure 1A, there was an induction of
mitotic arrest 24h post docetaxel treatment. Using immunofluor-
escence confocal microscopy, we noticed large number of
mitotically arrested cells (Figure 1B) displaying aberrant multipolar
spindles 24 h after docetaxel treatment. On the other hand, DMSO-
treated control cells showed normal bipolar cell division (Figure 1B
and Supplementary Figure 4). Following this, a disappearance of
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Figure 1. Docetaxel induces formation of giant MP cells. (A) Cell-cycle histograms of doubly stained PC-3 cells treated with docetaxel at 5nm
concentration for different time points showing mitotic arrest and slippage at different time points. (B) Representative immunofluorescent confocal
micrographs of PC-3 cells treated with docetaxel for 24 and 72h, indicating mitotic arrest and emergence of giant MP cells respectively.
Centrosomes and microtubules were immunolabeled for y-tubulin (green) and a-tubulin (red), respectively, and DNA was counterstained with DAPI
(blue). Scale bar (white), 5 um. (C) Cell-cycle histogram of docetaxel treated PC-3 cells showing emergence of polyploid population. (D) Bar-graphs
showing the percentage of sub-G1 and mitotic population resulting from 5nm docetaxel treatment. (E) Bar-graphs showing the percentage of

giant MP cells 72 h after docetaxel treatment.
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the M-phase population and an emergence of apoptotic cells (sub-
Gl population) was observed at 48h after docetaxel treatment
(Figure 1D).

We next investigated whether docetaxel in addition to causing
mitotic arrest and cell death induces other phenotypic changes. At
72 h post treatment, there was an emergence of G1/G2-interphase
cells, which in addition to being much bigger in size were also
multinucleated compared with parent PC-3 cells (Figure 1B). In
addition, we observed that there was a significant drop in the
percentage of MPM-2 positive cells from ~11% at 48h to 1% at
72h and a simultaneous increase in MPM-2 negative population
from ~26% at 24h to 42% at 72h (Figure 1A and D). Most
probably, these large multinucleated cells resulted from a mitotic
exit, that is, cells slipping out of mitosis without cell division. As
cells have failed to successfully progress through mitosis to execute
cytokinesis, they have twice or more the amount of DNA as
compared to parent PC-3 cell in the GI phase of the cell cycle
(Figure 1C). We termed these pseudo-Gl-like cells as giant MP
cells. Almost 95% of the surviving cells after 3 days of docetaxel
treatment were giant MP cells. Taken together, these observations
clearly suggest that, upon docetaxel treatment a small percentage of
cells slip out of mitosis resulting in the formation of giant MP cells.
The induction of giant MP cells was not limited to PC-3 cells but
was also formed in two other cell lines: DU-145 (androgen-
dependent prostate cancer cell line) and MDA-MB-231 (triple-
negative breast cancer cell line) (Supplementary Figure 1).
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Giant MP cells undergo asymmetric cell division via neosis.
Having established that docetaxel treatment induces the formation
of giant MP cells, we next followed the fate of these giant MP cells
for the consequent 35 days after docetaxel removal. To accomplish
this, we collected cells every third day post drug removal and,
employing confocal microscopy, we visualized the morphology of
PC-3 cells. Microtubules were immunolabelled for a-tubulin (red)
and DNA was counterstained with DAPI (blue). For the first 15
days post drug removal, we did not observe any remarkable
changes in cell morphology. After 15 days in culture, we started
observing the formation of small mononucleated cells in the
vicinity of giant MP cells (Figure 2A). The number of
mononucleated cells further increased by day 25 (Figure 2A and E).
At later time points (day 35) following the removal of docetaxel,
sparse colonies of small, tightly-packed, mononucleated cells were
observed in the culture dish (Figure 2A and E).

We next examined the origin of these mononucleated cells at
day 15 after removal of docetaxel. To this end, starting at 12 days
after docetaxel removal, we isolated and plated three giant MP cells
per well by serial dilution and followed them for 7 days using time
lapse imaging. We observed asymmetric cell division pattern in
giant MP cells through a process known as neosis (Navolanic et al,
2004; Sundaram et al, 2004; Rajaraman et al, 2005). Small
mononucleated daughter cells were seen budding from the giant
MP cells from the branches of the giant MP cells (Figure 2B). To
confirm the presence of DNA in the budding cells, we stained the
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Figure 2. Giant MP cells undergo asymmetric cell division via neosis. (A) Confocal micrographs of docetaxel treated PC-3 cells. Cells are stained
with a-tubulin (red) and DNA (blue) and showed emergence of small mononucleated cells on different days (D) after drug removal. Scale bar (white)
5um. (B) Time lapse images of giant MP cells generating small-sized daughter cells via budding (black arrows) over a 7-day period. Scale bar

(black), 5 um. (C) Confocal immunographs of cells stained with o-tubulin (red) and DNA (blue) showing transport of DNA from the branches of the
giant MP cells (white arrows). (D) Line graph representing the total number of small sized nucleated cells and giant MP cells at different days after

drug removal.
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giant MP cell along with the budding cells with Hoechst 33342 and
used it in combination with differential interference contrast
microscopy. Using this method, we were able to detect the presence
of DNA in the budding daughter cells (Supplementary Figure 2).
We named these budding cells as CDPCs. Furthermore, by using
confocal microscopy, we demonstrated that the DNA was
transported within the branches of the giant MP cells
(Figure 2C). These results demonstrate that giant MP cells produce
daughter cells through a process of budding also known as neosis
where the branches of the giant MP cells can serve as vessels for
DNA transport.

Giant MP cells and CDPCs are chemoresistant. After establish-
ing that giant MP cells can survive and can form small
mononucleated cells via neosis, we next determined their response
to docetaxel treatment. For this purpose, PC-3, CDPC, and giant
MP cells were treated with 5nwm of docetaxel for 48 h. Cell death
was estimated by measuring the expression of cleaved caspase-3
and cleaved PARP. Interestingly, we observed increased levels of
cleaved caspase-3 staining in PC-3 cells after 48h of docetaxel
treatment (Figure 3A). This was further substantiated by increased
protein expression of cleaved PARP and cleaved caspase-3 by
immunoblotting (Figure 3B and Supplementary Table 1). On the
other hand, CDPC and giant MP cells showed lower expression of
both cleaved caspase-3 and cleaved PARP after docetaxel exposure,
suggesting that these cells were resistant to docetaxel treatment.
Next, we evaluated the sensitivity of PC-3, CDPC, and giant MP
cells to various concentrations of docetaxel (5, 10, and 20 nm) using
MTT assay. PC-3 cells exhibited a dose-dependent increase in cell
death 48h after docetaxel treatment when compared with, both
CDPC and giant MP cells (Figure 3C). In addition, we assessed the
expression of anti-apoptotic and survival proteins in both CDPC
and giant MP cells and compared them with the parental cells. The
expression of anti-apoptotic proteins like Bcl-2, pBcl-2 and Bcl-XL
were much higher in giant MP cells (day 1 to day 25 in Figure 3D
and Supplementary Table 2) and CDPC (day 35) as compared with
parental PC-3 cells (Day0). Similarly, survival proteins such as
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survivin and beclin-2 were also higher in giant MP cells and CDPC
compared with parent PC-3 cells. Taken together, these results
suggested that both giant MP cells and CDPC exhibited a
completely different response to docetaxel treatment as compared
to the parental cells owing to the increased expression of anti-
apoptotic and survival proteins. We also observed that the giant
MP and CDPC cells were positive for CD44, which is a CSC
marker (Supplementary Figure 3E and Supplementary Table 4).

Giant MP cells and CDPC show differential ability to migrate
and proliferate as compared to parent PC-3 cells. We next
examined the ability of the giant MP cells and CDPC to migrate
and proliferate and compared it to the parent PC-3 cells. Transwell
migration assay was used to compare the migratory ability of
CDPC and giant MP cells with that of the parent PC-3 cells. At
48h, the mean number of parent PC-3 cells that had migrated
across the membrane was ninefold higher than the giant MP cells
and twofold higher than the CDPC cells (Figure 4A and B). The
MTT assay showed the giant MP cells showed no signs of
proliferation over a 6-day period. On the other hand, the
proliferation rate of CDPC was similar to that of the parent PC-
3 cells over the 6-day period (Figure 4C). Surprisingly, the
mesenchymal marker vimentin was much higher in CDPC and
giant MP as compared with the parent PC-3 cells (Figure 4D and
Supplementary Table 3). We speculate that the giant MP cells use
this mesenchymal phenotype to transport DNA through the
branches in order to produce small mononucleated cells via neosis
(Figure 2D). These results suggest that giant MP cells have slow
proliferation and low rates of invasion and tumour formation
compared to the parent PC-3 cells, suggesting that giant MP cells
are less aggressive or malignant than that of parental cells.

We next wanted to see whether the CDPCs have a different
genetic profile as compared with the parent PC-3 cells. We
measured the degree of aneuploidy in the CDPC and parent PC-3
cells using fluorescent in situ hybridization (Figure 4E). The
average number chromosomes in the parent PC-3 cells were 83 as
compared with 82 in the CDPC (Figure 4F). We next calculated the
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Figure 3. Giant MP cells and CDPC are chemoresistant. (A) Confocal images of cleaved caspase-3 staining (red) on docetaxel treated PC-3 cells.
(B) Representative immunoblot images of cleaved caspase-3 and cleaved-PARP for docetaxel treated cells. Actin was used as the loading control.
(C) Graphical representation of cell survival using MTT assay. Cells were treated with 3 different concentrations of docetaxel and MTT assay was
done 48 h after docetaxel treatment. (D) Western blottings of anti-apoptotic and survival proteins in at different days after docetaxel removal. DO

are control PC-3 cells while cells on D35 are CDPCs.
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Figure 4. Phenotypic changes in CDPC and giant MP cells. (A) Bright-field microscopic images of cells stained with crystal violet showing invasion
capacity of PC-3, CDPC, and giant MP cells. (B) Bar graph representing the number of migrated cells in a Boyden chamber. (C) Cell proliferation
assay over a 7-day period using MTT assay. (D) Representative immunoblots of Vimentin in PC-3, giant MP, and CDPC's. (E and F) Graphical

representation of the percent aneuploidy and number chromosomes respectively using fluorescent in situ hybridization analysis. A total of 50 cells

were counted.

percent aneuploidy in parent PC-3 and CDPCs by counting the
number of cells that had either <80 or >86 chromosomes. Using
this method, the percent aneuploidy in parent PC-3 cells was 12%
compared with 18% in CDPC. Taken together the degree of
aneuploidy in CDPC was comparable to that of the parent PC-3
cells (e.g., chromosomal translocation). As there was a high
number of translocations/duplications/and so on in the parent PC-
3 cells, making many of the chromosomes unidentifiable, we were
not able to measure the degree of structural chromosomal
abnormalities in the PC-3 and CDPC cells. These results suggested
that the degree of aneuploidy in the parent PC-3 and CDPC was
not very different.

Giant MP cells have tumorigenic potential. To test the
tumorigenicity of giant MP cells, we collected the giant MP cells
3 days after docetaxel treatment. A total of 50000 PC-3 or giant
MP cells were injected into the right flank of the nude mice (n = 6).
As shown in Figure 5A, 6/6 mice (100%) injected with PC-3 cells
formed tumours, whereas only 2/6 mice (33%) injected with giant
MP cells formed tumours in the nude mice. We also measured the
kinetics of the tumour growth over a period of 60 days. Measurable
tumours started to form as early as 15 days post inoculation in
mice injected with parent PC-3 cells. On the other hand,
measurable tumours were started to form only after 28 days’ post
inoculation in mice injected with giant MP cells. The rate of
tumour growth was also much higher in mice injected with PC-3
cells compared with mice that were injected with giant MP cells
(Figure 5C). At the end of 60 days, the tumour weight of mice

injected with PC-3 cells was three times higher than the tumours
formed by giant MP cells (Figure 5B and C). These results
suggested that even though the giant MP cells have tumorigenic
capacity, the rate of tumour formation is much slower than the
parent PC-3 cells.

DISCUSSION

Docetaxel, a member of the taxane class of antimicrotubule agents
is the only FDA-approved chemotherapeutic agent for CRPC.
In many clinical situations, tumours will initially respond
successfully to docetaxel but subsequently relapse and become
progressively more malignant. This is mainly because of the
intermittent dosing schedule followed for docetaxel administra-
tion. This intermittent dosing regimen allows tumour regrowth
between treatment schedules resulting in only a partial regression
of the prostate tumour mass. Our current study very elegantly
demonstrates that the formation of giant MP cells due to
docetaxel treatment is the culprit cell population responsible for
cancer relapse. We describe here that the formation of giant MP
cells is mainly a result of mitotic slippage. It is well known that
the mitotically slipped cells can undergo a second round of DNA
replication without undergoing mitosis leading to formation of
giant MP cells (Galan-Malo et al, 2012). This phenomenon is
known as endoduplication (Edgar and Orr-Weaver, 2001; Lee
et al, 2009). Several reports suggest that p53 is an important
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Figure 5. Giant MP cells have tumorigenic potential. (A) Bar graph representing the number of animals forming tumours after injecting either PC-3
or giant MP cells. (B) Bar graph representing the tumour weight. (C) Tumour growth monitored (by Vernier calipers) and presented as tumour

volume in cubic millimeter over a period of 60 days.

component of ploidy checkpoint and its overexpression to can
lead endoduplication of cell (Aylon and Oren, 2011). In addition,
generation of resistant giant multinucleated cells has been
reported in p53-mutated tumour cells (Illidge et al, 2000). As
PC-3 cells lack p53 (Rubin et al, 1991), endoduplication and
subsequent formation of giant MP cells may be attributed to the
loss of p53 gene.

These giant MP cells can not only survive for a long period of
time but could give rise to small mononucleated, actively
proliferating cells that can later cause the tumour to relapse. Here,
the giant MP cells undergo a novel type of cell division that involves
nuclear budding followed by intracellular cytokinesis, to produce
mononucleated daughter cells that ‘bud off” from the giant MP cell, a
phenomenon known as neosis or reductive cell division. Previous
studies have also shown that giant MP cells can form small daughter
cells through this process of neosis (Sundaram et al, 2004;
Rajaraman et al, 2005, 2006; Puig et al, 2008; Coward and
Harding, 2014; Zhang et al, 2014b). These mononucleated daughter
cells have previously been reported to be highly error-prone, which
increases the rates of genomic instability and contributes to tumour
regrowth (Chen et al, 2016).

We further show that giant MP cells and cells generated from
them (CDPC) are chemoresistant. The fact the giant MP cells are
chemoresistant was not surprising. It is well known that tumour
cells in patients’ bodies are present in different phases of the cell
cycle (G1, S, G2, and M) and conventional chemotherapy kills only
the most vulnerable phase of the cell cycle but spares the others
(Abal et al, 2003). In other words, the cell death upon
administration of the chemotherapeutic agent depends upon the
‘cytotoxicity window’ of the drug (Abal et al, 2003). In particular,
extensive literature reports that the high ‘cytotoxicity window’ of
docetaxel corresponds to late S and G2 phase of the cell cycle
(Hennequin et al, 1995; Paoletti et al, 1997). Studies have
convincingly demonstrated that cells are variably sensitive to
docetaxel when treatment is applied to cells synchronized in
different phases of the cell cycle. It is now well established that
docetaxel is almost totally lethal against S-phase cells, but is only
partially toxic against cells in G1 phase of the cell cycle. As these
giant MP cells are pseudo-G1-like cells, these cells are very unlikely
to die upon docetaxel treatment. We also speculate that the

chemoresistance of CDPC cells could be attributed in part to high
expression of antiapoptotic (cIAP-1, cIAP-2, XIAP, survivin, and
clusterin) (McEleny et al, 2004) proteins and survival proteins
(Bcl-2 and Bcl-XL) (Feldman and Feldman, 2001; O’Neill et al,
2011). It is also likely to be that CDPCs have altered expression of
drug transporter proteins, thus making them less susceptible to
docetaxel toxicity.(Aberuyi et al, 2014; Rahgozar et al, 2014;
de Morree et al, 2016; Ma et al, 2016)

These cells also express CSC marker CD44. This CSC marker
has a critical role in regulating the properties of CSCs such as,
tumour initiation, self-renewal, and chemoradioresistance (Yan
et al, 2015). Our findings are in line with a previous study, which
reported that docetaxel-resistant prostate cancer cells exhibit
increased stemness compared with their parental counterpart
(Puhr et al, 2012). Thus, targeting CSCs seems to be potential
mechanism to combat the resistance and relapse developed after
docetaxel treatment. In line with this, a recent study showed that
Napabucasin (BBI608), a cancer cell stemness inhibitor, suppresses
the prostate cancer growth and makes the prostate cancer cells
sensitive to docetaxel by killing the prostate CSCs that were
resistant to docetaxel (Zhang et al, 2016). Thus, we speculate that
the docetaxel treatment leads to clonal selection of highly
aggressive phenotype with stem cell-like phenotype and this in
part is responsible for the chemotherapy failure.

Finally, we show evidence that giant MP cells have tumorigenic
potential in nude mice. The giant MP cells take a significantly
longer time to form the tumour as compared with the parent PC-3
cells. This is because the giant MP cells first need to produce the
mononucleated daughter cells which then subsequently proliferate
to form the tumour. This result is in concordance to the fact that
tumour relapse always occurs after a significant delay usually
ranging from a couple of months to sometimes years.

Taken together, our studies show that generation of giant MP
cells that were once presumed to be either destined for terminal
growth arrest or cell death may actually represent a ‘transition
state’ for generation of viable clones. These cells may have an
integral part in tumour relapse and generation of chemoresistance.
Strategies preventing the formation of giant MP cells and
understanding the molecular mechanism of neosis will help us
identify key targets to prevent tumour relapse.
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