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Abstract
Although there is a strong correlation between multinucleated cells (MNCs) and cancer chemo-resistance in variety of
cancers, our understanding of how multinucleated cells modulate the tumor micro-environment is limited. We captured
multinucleated cells from triple-negative chemo-resistant breast cancers cells in a time frame, where they do not proliferate
but rather signiﬁcantly regulate their micro-environment. We show that oxidatively stressed MNCs induce chemo-resistance
in vitro and in vivo by secreting VEGF and MIF. These factors act through the RAS/MAPK pathway to induce chemoresistance by upregulating anti-apoptotic proteins. In MNCs, elevated reactive oxygen species (ROS) stabilizes HIF-1α
contributing to increase production of VEGF and MIF. Together the data indicate, that the ROS-HIF-1α signaling axis is
very crucial in regulation of chemo-resistance by MNCs. Targeting ROS-HIF-1α in future may help to abrogate drug
resistance in breast cancer.
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Multinucleated cells (MNCs), which are also referred to as
polyploid giant cells, are rarely observed during normal
human physiology with the exception of osteoclasts,
monocytes, and macrophages [1] that perform speciﬁc
immunological functions [2]. MNCs are, however, associated with pathophysiological conditions including chronic
hepatitis [3], cancer [4, 5], and other diseases [6, 7]. In
relation to cancer, MNCs have been observed in murine
ﬁbrosarcoma [8], breast cancer [9–11], colon cancer [12],
lung cancer [13], leukemia [14], and tumor associated
stromal cells [15], as well as in breast and ovarian cancer
cell lines [16], particularly following chemotherapy. Multinucleation or polyploidy formation have been observed
after treatment of varieties of chemotherapeutic drugs
including docetaxel (DOC) [17], doxorubicin (DOX) [18],
carboplatin [19], reversine [20, 21], bortezomib [22], and
other drugs in different cancer lineages. However, the
function of MNC in mediating chemo-resistance has not yet
been fully elucidated.
Formation of polyploid cells has been linked to senescence and may contribute to their chemo-resistance [19, 23].
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Polyploid cells in eukaryotes have been proposed to arise
due to entosis [24], cell fusion, endo-reduplication, abortive
cell cycle, genotoxic damage, stress, and ageing [5]. Primary and secondary murine ﬁbroblasts form multinucleated
giant cells in culture due to cell–cell fusion and also due to
asynchronous nuclear division without cytokinetic division
[25]. Chemotherapy induced endo-reduplication in p53deﬁcient cells [14] may contribute to survival from mitotic
or DNA damage stress induced by chemotherapy [26].
MNCs, however, demonstrate diverse context and cell
type properties. MNCs can undergo mitotic catastrophe and
die through necrosis or apoptosis [27] or undergo cell
senescence [18] without exhibiting cellular proliferation, as
observed in melanocytes [28] and in colon cancer cells [12].
However, p53 mutant MNC can be resistant to radiation,
chemotherapy, and hypoxia, but do appear to die through
mitotic catastrophe independent of p53 [29, 30]. Surprisingly MNCs do not always die through mitotic catastrophe
and have been reported to resume proliferation in certain
contexts [31]. A novel type of cell division where multinucleated cells undergo karyokinesis followed by cytokinesis have been reported to give rise to multiple single
nucleated cells known as 'Raju Cells' through 'neosis', as
evident in several rodent and human cancer cell lines [32].
MNC can also undergo asymmetric division, giving rise to
normal sized cancer cells [18] [33] or undergo micronucleation producing multiple small nuclei [34]. MNC
containing populations have been reported to display stem
cell like properties and produce tumors in immune-deﬁcient
mice [8, 16].
In the present study, we studied formation of MNCs in
breast cancer lines resistant to different chemotherapeutic
drugs. We captured and analyzed real-time behavior of
breast cancer MNCs during a time frame where they neither
proliferate nor undergo cell death but instead signiﬁcantly
induced their micro-environment. MNCs, which were
highly chemo-resistant, induced chemo-resistance in
chemo-sensitive cells through production of VEGF and
MIF. We also demonstrate the role of reactive oxygen
species in mediating chemo-resistance and propose a novel
mechanism whereby anti-oxidants could play a role in
preventing breast cancer chemo-resistance.

used chemotherapy drugs paclitaxel (PAC), DOX, and
DOC, respectively (Fig. 1a). While preparing the clones and
with increasing drug dose, we observed the evolution of
large MNC within the resistant population in each of the
three cell lines and with the three different drugs (Fig. 1b).
Drug resistant triple-negative cell lines (MDA-MB-231 and
MDA-MB-468) had prominent MNC with multiple nuclei
(Fig. 1b). Chemo-resistant MCF-7 also had substantial
MNCs but not as prominent as triple-negative cell lines.
DOX-R-231-MNC and DOC-R-468-MNC were 4–5-fold
larger in size than their parental counterpart, whereas
MCF7-PAC-R-MNC were 2–3 fold larger than control cells
(Fig. 1b). Flow cytometry analysis of the resistant population provides a quantitative view of the number of MNCs.
Drug resistant cells (Fig. 1c (ii)) show extra peaks (P7representing cells with more than 2 nuclei), which were not
abundant in parental cells (Fig. 1c (i)). Prolonged (72–96 h)
exposure of resistant cells to drugs resulted in an increase in
number of MNCs (Fig. 1c (iii)-P7 region). Although there
are occasional MNCs in the parent cell lines, prolonged
drug exposure markedly increases the numbers of MNCs
(Fig. 1c) much more markedly in ER- (more than 40%)
compared to ER + (about 20%) cell lines. Thus there is a
marked increase in the population of multinucleated cells in
resistant cells and which increases further under prolonged
drug exposure
Upon observing abundant multinucleated cells in three
breast cancer cell lines resistant to different drugs, we
extended our study by developing two additional MDAMB-231resistant clones against DOC and 5-Fluorouracil
with at least 5-fold resistance as shown in supplementary ﬁg
1a. The morphology and differences in the area of the cells
were similar to those observed in the other resistant clones
of triple-negative cells (supplementary ﬁg 1b).
On a whole, breast cancer chemo-resistance can be
directly correlated with concurrent formation of MNCs
during acquired resistance. MNC were more distinct and
abundant in triple-negative cell line irrespective of the type
of drug used. The number of MNCs was found to increase
with sustained drug incubation for prolonged periods.

Results

After having observed signiﬁcant increase in number of
MNCs during acquired chemo-resistance in breast cancer
cell lines, we wanted to evaluate its prevalence in animal
and human tumor tissues that had received chemotherapy
(i.e., in chemo-resistant tissues). To determine the prevalence of MNCs in animal tumours, we prepared an
orthotopic nude mice tumor model using MDA-MB-231 to
mimic chemo-resistance. Animals were treated with
moderate (6.5 mg/gm body weight) and high doses

Multinucleated cells (MNCs) are enriched in acquired
chemo-resistant breast cancer cells
Chemo-resistance is a major hurdle to effective treatment of
breast cancer [35]. We thus developed ER + (MCF-7) and
triple-negative (MDA-MB-231 and MDA-MB-468) cell
lines that were four-fold or more resistant to the commonly

MNCs are more abundant in chemo-resistant mice
and human tumor tissues
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Fig. 1 MNCs are enriched in
acquired chemo-resistant breast
cancer cells. a Cell viability
assay using MTT reagent to
compare the differences in
percentage cell viability of
parental and resistant
counterparts. MDA-MB-231DOX-R (Doxorubicin resistant
clone MDA-MB-468-DOC-R
(Docetaxel resistant clone),
MCF-7-PAC-R (Paclitaxel
resistant clone. Each point
depicts average ±SD
representative of three
independent experiment
performed in triplicates. b
DAPI, rhodamine-phalloidin
staining and Area analysis (with
the help of ImageJ) to
demonstrate morphology of
multinucleated cells resistant to
different chemotherapeutic
drugs and displaying differences
in their size. Graph depicting
average area ±SD. DOX-R-231MNC-Doxorubicin resistant
MDA-MB-231 multinucleated
cells. DOC-R-468-MNCDocetaxel resistant MDA-MB468 multinucleated cells. PACR-MCF-7-MNC-Paclitaxel
resistant MCF-7 multinucleated
cells. Scale bar: 50 µm.
Multinucleated cells are marked
with yellow arrow. c Percentage
of multinucleated cells identiﬁed
by ﬂow cytometry. Cells during
different stages of preparation of
multinucleated cells were
subjected to ﬂow cytometry. P7
area represents the population of
multinucleated cells (MNCs). (i)
Parental control cells. (ii)
Resistant cell population. (iii)
Resistant cells with prolonged
(72–96 h) drug exposure.
Graphical representation of %
MNCs mean ±SEM in i, ii, and
iii. *p < 0.05, **p < 0.01, and
***p < 0.001

(10 mg/gm body weight) of DOX with a gap in between to
give tumor cells some time to develop chemo-resistance
(Fig. 2a) (detailed protocol given in methods). Figure 2b

shows that there is considerable difference between tumor
volumes of treated and untreated groups. Both the
treated samples developed chemo-resistance (expressed
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Fig. 2 MNCs are abundant in chemo-resistant mice and human tumor
tissues. a Model for chemo-resistance prepared in orthotopic nude
mice by implanting MDA-MB-231 cells. Two groups were separately
treated with moderate (6.5 mg/kg) and high dose (10 mg/kg) with a
gap between doses. Tumors were excised from different animals at
different time points as mentioned. Each experimental group had ﬁve
mice for sacriﬁce at different time points. Five mice were also used in
untreated or control group. b Tumor volume comparison between
control and treated groups as calculated in mm3 after tumor excision.
Control group received saline treatment. c Hematoxylin and Eosin (H

& E) of excised animal tumors. Yellow encircled regions are the larger
multinucleated area. d Number of probable MNCs as calculated in
different groups based on area calculation through imageJ software.
Detail protocol given in methods. e H & E sections of representative
human tissues (benign, malignant, and chemo-resistant). Encircled
regions are multinucleated regions in chemo-resistant tissue (scale: 20
µm). f Comparison of %MNCs between malignant and chemoresistant tissue. Graphical representation of % MNCs is mean ±SD in
(b and f). *p < 0.05, **p < 0.01, and ***p < 0.001

more p-gp), due to gap, as evident from supplemental 2B.
Figure 2c depicts the H & E section of treated and control
tumor tissues. It shows the abundance of MNCs and an
increase in nuclear size of treated samples. MNCs also
increased with number of doses in different treated groups
(Fig. 2d). (Details of probable calculation of MNCs based
on area is described in methods). Both moderate and high
dose treated groups at later time points showed about 15%
MNCs, whereas there were only 2–3% MNCs in the control
group (~6.2-fold higher), which shows a signiﬁcant increase
(Fig. 2d). The number of MNCs did not differ very markedly between the two treated groups (moderate and high).
Despite reduction in tumor volume, there was increase in

percentage of MNCs in treated samples. Thus, DOX treatment leads to increases in the number MNCs in orthotopic
nude mice model.
Earlier studies suggested the presence of stem-like
polyploid cells in breast cancer tissues, which was correlated with chemo-resistance. Based on the observation of
increased numbers of MNCs in animal tumors after chemotherapy, we investigated human tumor tissues from
patients who had received neo-adjuvant therapy where
DOX was one drug in the regimen. The, MNCs are not only
a characteristic of in vitro drug resistant cancer cells, but are
also increased in tumor tissues (animal and human) after
therapy.
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Fig. 3 Multinucleated cells are
stressed with excess ROS
production. a β-Galactosidase
assay to check for senescence, as
observed by blue coloration in
MNCs (red arrow). Scale bar:
50 µm. b, c Measurement of
mitochondrial and cellular ROS
generation by parental cells and
MNCs through mitosox and
H2DCFDA staining. Graph
represents quantitative analyses
of intensities with average plus
SEM as error bars. Scale bar: 50
µm. d Determination of
mitochondrial concentration by
mitotracker in parental cell and
MNCs. e Determination of
mitochondrial membrane
potential by calculating the ratio
of Red aggregate/Green
aggregate using jc1 stain. For
each experiment, at least 30 cells
in a group of three independent
biological replicates were taken
for analysis of stain intensities.
Graph represents quantitative
analyses with error bars
representing SEM. Scale bar: 50
µm. *p < 0.05, **p < 0.01, and
***p < 0.001
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Fig. 4 Multinucleated cells induce chemo-resistance via p44/42 signal
pathway. a Expression proﬁle of apoptotic, anti-apoptotic, and survival
proteins by western blot analysis. Con- MDA-MB-231 conditioned
media treated; Media- Dox-R-231-MNC’s conditioned media treated.
Bar graph representing fold change in protein expression with SD as
error bars. b Cell viability assay is performed using MTT to compare
differences in drug resistance. Three different cells (MCF-7, MDAMB-231, and MDA-MB-468) were treated with different conditioned
media followed by drug treatment as mentioned. c Tumors as excised
from (MDA-MB-231 xenograft) different treatment groups as indicated; d Percentage change in tumor volume shown as a bar graph,
with average ±SEM. e, f Immunohistochemistry for determining
expression of proteins in tumor tissue derived from the breast cancer
xenograft model. g Cell viability assay using SCH772984 (p44/42
inhibitor) and in combination with doxorubicin using MDA-MB-231
cells under control (MDA-MB-231) and MNC(DOX-R-231-MNC)
conditioned media. h Table indicating percentage cell death as derived
from preceding graphs. i Protein interactome map showing the
potential of MAPk1 to bind and effect the function of apoptotic proteins like Bcl2, Bad and Bax. Scale bar: 100 µm. *p < 0.05, **p < 0.01,
and ***p < 0.001

Multinucleated cells are stressed and demonstrate
excessive ROS production
MNCs have been reported to be stressed and undergo
senescence [36]. Real-time imaging suggested that DOX,
DOC, and 5-ﬂuorouracil resistant cells were dormant for
several hours, without proliferating or exhibiting cell death
(Supplementary Fig 1a). Since drug resistant MNCs did not
undergo normal cellular division nor enter cell death
through apoptosis or necrosis, we assessed whether drug
resistant MNCs were undergoing cell stress. Drug resistant
MNCs (close to 80% of MNCs) showed acidic β-galactosidase activity (blue stain) (Fig. 3a), a marker of senescence
that can be associated with cell stress. Accordingly, we
evaluated oxidative stress, as it a common form of stress
associated with chemotherapy response and drug resistance
[37, 38]. Oxidative stress can promote or inhibit growth and
metastasis in a context dependent manner [39]. Live cell
staining using two different stains: (1) mitosox (for determining mitochondrial superoxide radicals) and (2)
H2DCFDA (to quantify cellular reactive oxygen species)
revealed higher mitochondrial and cellular ROS (four fold
and three fold, respectively, in MNCs) (Fig. 3b, c). Similar
results were obtained with 468-DOCR MNCs (supplementary ﬁg 3c and d), demonstrating generalizability. We
assessed mitochondrial membrane potential through staining with JC1 where the ratio of red (JC1 aggregate): green
(JC1 monomer) depicts mitochondrial viability. Mitochondrial membrane potential (Δѱ) (ratio of red to green
JC1 staining) in DOX-R-231-MNCs was lower than that in
parental MDA-MB-231 cells consistent with mitochondrial
damage associated with superoxide radical production (Fig.
3e). There was a high concentration of mitochondria near or
within the nuclear ring, as evident from mitotracker staining

(Fig. 3d). Drug resistant MNCs contained higher levels of
acidic vesicles than parental cells (supplementary ﬁg 3b),
consistent with the induction of autophagy, which is also
associated with ROS generation.
Thus, drug resistant MNCs appear to be physiologically
stressed with elevated ROS and lowered mitochondrial
membrane potential (Δѱ).

Multinucleated cells induce chemo-resistance via
p44/42 signal pathway
Earlier studies showed that senescent cells can modulate
their secretory phenotype and modulate their microenvironment [40, 41]. Thus, we investigated whether
MNCs regulate their micro-environment and alter the drug
sensitivity of cancer cells. Conditioned media of MNCs
induced increased lamellipodia and ﬁlipodia in cancer cells
(supplemental ﬁg 4a). We next determined the effect of
MNC-conditioned media on expression of proteins involved
in cell proliferation and survival in breast cancer cells. DoxR-231-MNC-conditioned media markedly increased p-p44/
42 in the RAS/MAPK pathway (quantiﬁcation given in
supplemental ﬁg 4e), while pAKT in the PI3K pathway was
only modestly increased (Fig. 4a). Surprisingly, MNCconditioned media induced a marked increase in the antiapoptotic proteins Bcl-2 and Bcl-xL with a concomitant
alteration in the pro-apoptotic proteins Bak and Bax (Fig.
4a) in MDA-MB-231 and MDA-MB-468, with a lesser
effect in MCF-7. This change in apoptotic balance would be
expected to increase cell survival. To determine whether the
actions of Dox-R-231-MNC-conditioned media were tumor
speciﬁc, we determined the effects on normal cells. Normal
breast cells, HuMEC and MCF-10A, could not be studied
due to differences in media requirements from the Dox-R231-MNC-conditioned media. Thus, we assessed HEK-293
(Human embryonic kidney) and HaCat (human keratinocyte) cells. The effects of Dox-R-231-MNC-conditioned
media were variable with increase in HaCat and decrease in
Bcl2 and Bcl-xl in HEK-293 (Supplemental 4b).
Thus, while the effects of Dox-R-231-MNC-conditioned
media on tumor cells were consistent, they were conditional
on normal cells potentially due to different cell lineages
assessed.
The ability of Dox-R-231-MNC-conditioned media to
skew expression of apoptotic regulators toward promotion
of cell survival combined with previous studies implicating
MNC in chemotherapy resistance, prompted us to explore
the effect of Dox-R-231-MNC-conditioned media on
response to chemotherapy agents. Dox-R-231-MNC-conditioned media induced resistance to DOX and DOC, two
drugs commonly used in therapy of breast cancer, in each of
the three parental drug sensitive cell lines tested
(MDA-MB-231, MDA-MB-468, and MCF-7) (Fig. 4c).
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Table 1 Scoring of immunohistochemical images
Sl. No.

Tissue/cell line

Protein

Figure

Score

Scoring guide

1

231_media

p-p44/42

ﬁg-4E

17

Negative

0–50 = Negative/very
low

2

231_media

bcl2

ﬁg-4E

12

Negative

51–100 = Low

3

231_media

Ki 67

ﬁg-4E

51

Low

101–150 = Low
moderate

4

231_media

CD31

ﬁg-4E

75

Low

151–200 = High
moderate

5

DOXR 231_MNC media

p-p44/42

ﬁg-4E

140

Low mod

201–300 = High

6

DOXR 231_MNC media

bcl2

ﬁg-4E

161

High mod

7

DOXR 231_MNC media

Ki 67

ﬁg-4E

44

Negative

8

DOXR 231_MNC media

CD31

ﬁg-4E

111

Low mod

9

231_media + DOX

bcl2

ﬁg-4F

17

Negative

10

231_media + DOX

bax

ﬁg-4F

61

Low

11

DOXR 231_MNC media +
DOX

bcl2

ﬁg-4F

106

Low mod

12

DOXR 231_MNC media +
DOX

bax

ﬁg-4F

37

Negative

13

MDA-MB-231

MIF

ﬁg-5E

112

Low mod

14

MDA-MB-231

VEGF

ﬁg-5E

107

Low mod

15

MDA-MB-231

p-44/42

ﬁg-5E

115

Low mod

16

DOXR-MNC

MIF

ﬁg-5E

132

High mod

17

DOXR-MNC

VEGF

ﬁg-5E

160

High mod

18

DOXR-MNC

p-44/42

ﬁg-5E

197

High mod

19

Malignant

MIF

ﬁg-5F

93

Low

20

Malignant

VEGF

ﬁg-5F

158

High mod

21

Malignant

P-GP

ﬁg-5F

190

High mod

22

Chemo-resistant(neo-adjuvant)

MIF

ﬁg-5F

231

High

23

Chemo-resistant(neo-adjuvant)

VEGF

ﬁg-5F

210

High

24

Chemo-resistant(neo-adjuvant)

P-GP

ﬁg-5F

220

High

25

MDA-MB-231

HIF1α

ﬁg-6C

111

low mod

26

DOXR MNC

HIF1α

ﬁg-6C

170

High mod

27

Control

p-GP

ﬁg-2B

51

Low

28

Moderate treatment late

P-GP

ﬁg-2B

132

Low mod

29

High treatment late

P-GP

ﬁg-2B

215

High

Immunohistochemical images were scored as mentioned as a measure of overall intensity of the images. Score of 0–50 depicted negative/very low
score. 201–300 depicted high score

Similar effects were observed with DOC-R-468-MNCconditioned media with MDA-MB-231 cells (supplementary 4b, c and d & b).
To determine whether MNC-conditioned media could
alter drug sensitivity in vivo, we treated mice with Dox-R231-MNC-conditioned media (see methods) and determined
the effect on response to DOX in vivo. Surprisingly, DoxR-231-MNC-conditioned media but not conditioned media
from drug sensitive parental MDA-MB-231 decreased the
effects of DOX on tumor volume (Fig. 4c, d). Consistent
with effects in vitro, p-p44/42 and Bcl-2 were increased in
tumors from the Dox-R-231-MNC-conditioned media

treated mice. CD31 was also increased in the Dox-R-231MNC-conditioned media treated mice with limited changes
in Ki67 (Fig. 4e). In the DOX treated mice there was a
concurrent increase in Bcl-2 and a decrease in Bax consistent with both the in vitro data and with the resistance to
DOX (Fig. 4f) (refer to Table 1 for scoring of tissues). To
ascertain whether activation of p44/42 MAPK was essential
for conferring drug resistance, we inhibited p44/42 MAPK.
MNC-conditioned media decreased the response of parental
MDA-MB-231 cells to SCH772984 (inhibitor of p44/42
MAPK) (Fig. 4g). However, SCH772984 sensitized MDAMB-231 cells growing in MNC-conditioned media to DOX.
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Fig. 5 VEGF and MIF: Candidates responsible for inducing chemoresistance. a Phase contrast microscopy to determine morphology (red
arrow indicates increased ﬁlopodia) of cells when treated with protein,
non-protein part of MNC media, and total MNC media, Scale bar: 50
µm. b MTT assay for determining cellular viability during treatment
with protein (>5 kd) and non-protein (<5 kd) parts of MNC media. c
Screening of different protein factors through Protein array methods.
Expression has been plotted as arbitrary intensity values of proteins
with signiﬁcant difference in expression. d Amount of VEGF and MIF
as measured through ELISA. e Immunohistochemistry to compare
protein expression in resistant (treated with DOX) and parental

(untreated) nude mice (orthotopic tumor model with MDA-MB-231),
scale: 20 µm. f Immunohistochemistry of malignant and chemoresistant human tumor samples (malignant tumor treated neoadjuvantly with regimes containing Adriamycin), scale: 20 µm. g
MTT assay to determine cell viability after immunoprecipitation or
depletion of VEGF and MIF from MNC-conditioned media, h Protein
expression analysis by western blotting after immunoprecipitation or
depletion of VEGF and MIF from MNC-conditioned media. i Fold
expression change of p44/42 phosphorylation upon addition of VEGF
and MIF to MDA-MB-231 cells, as quantiﬁed from western blotting.
*p < 0.05, **p < 0.01, and ***p < 0.001

Thus, MNC-conditioned media appears to confer chemoresistance both in vitro and in vivo through activation of
p44/42 MAPK and altered apoptotic balance. Consistent
with a role of p44/42 MAPK, regulation of apoptotic
proteins including Bcl-2 and Bax/Bad by p44/42 has been
suggested by the protein interactome map (Fig. 4i). We
conclude that MNCs, which are chemo-resistant, also
induce resistance in chemo-sensitive cells through the
activity of a secreted factor(s).

VEGF and MIF: Candidates responsible for inducing
chemo-resistance
We fractionated Dox-R-231-MNC-conditioned media to
determine the size of the soluble mediator. Consistent with
large molecules such as cytokines or growth factors
(>5 KDa) being responsible for the effects of Dox-R-231MNC-conditioned media, the >5 KDa fraction induced
morphologic changes (Fig. 5a) and chemo-resistance
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(Fig. 5b). We next assessed Dox-R-231-MNC-conditioned
media for the presence of secretory cytokines, chemokines,
and growth regulators using an antibody array. Fourteen
proteins were increased in the Dox-R-231-MNC-conditioned media (Fig. 5c and supplemental 5a) with marked
increases in PDGF-BB, MIF, VEGF, Resistin, thrombospondin1 (TSP1), GM-CSF, Serpin E1, and IL-17A. We
hypothesized that VEGF (Vascular endothelial growth
factor) and MIF (Macrophage migration inhibition factor)
could contribute to chemo-resistance, since both activate
p44/42 MAPK signaling and increase Bcl-2 levels [42, 43]
and have been associated with effects on cell survival,
proliferation, and migration. Semi-quantitative PCR
revealed higher expression of VEGF and MIF by MNCs
(supplementary ﬁg 5b). VEGF and MIF levels in MNCconditioned media were approximately six- and four-fold
greater than in control media, as measured through ELISA
(Fig. 5d). Based on the presence of VEGF and MIF in
MNC-conditioned media, we assessed levels in animal and
human chemo-resistant breast tissue. Importantly MIF and
VEGF were increased in murine tumors models treated with
DOX where we found increased levels of VEGF, MIF and
p-p44/42 MAPK (Fig. 5e) (refer to Table 1 for scoring of
tissues). Neo-adjuvantly treated malignant tumor samples
(our model for chemo-resistance) had higher levels of pglycoprotein, MIF and VEGF compared to malignant tissues, which did not receive chemotherapy (Fig. 5f) (refer to
Table 1 for scoring of tissues). Thus, the increase in MNCs
in chemo-resistant samples in vitro and in vivo likely
mediate the production of MIF and VEGF in chemotherapy
treated cells.
To further ascertain the role of VEGF and MIF in
chemo-resistance, we depleted those factors from MNCconditioned media. Cell viability studies revealed a decrease
in drug resistance (Fig. 5g), while protein expression studies
also showed a decrease in p-p44/42 and Bcl-2 and an
increase in Bax levels (Fig. 5h). Further, upon addition of
VEGF and MIF in amounts equivalent to those in
MNC-conditioned media, there was an increase in p44/42
phosphorylation in MDA-MB-231 cells (Fig. 5i).
We thus inferred that MNCs release VEGF and MIF
in the conditioned media, which is both necessary and
sufﬁcient to induce survival and chemo-resistance in
chemo-sensitive cancer cells. However, a contribution of
additional protein or non-protein factors cannot be
eliminated.

Stabilization of Hif-1-α by ROS causes
overexpression of VEGF and MIF
Previous studies revealed that both MIF and VEGF are
under transcriptional regulation by Hif-1-α [44, 45]. Upon
assessing Hif-1-α mRNA expression level through real-time

PCR in MNCs, we found a surprising 4.5-fold higher
expression along with higher expression of VEGF and MIF
(Fig. 6a). Immunoﬂuorescence also showed higher nuclear
expression of Hif-1-α in multinucleated cells (Fig. 6b).
Further, chemo-resistant animal tumors also showed elevated expression of Hif-1-α (Fig. 6c) (refer to Table 1 for
scoring of tissues). Previous studies have indicated that free
oxidative radicals can play a role in stabilizing Hif-1-α [46,
47] and preventing its degradation. As the MNCs were
oxidatively stressed, we hypothesized that ROS could play
a key role in Hif-1-α stabilization and subsequently MIF
and VEGF production as shown in Fig. 6d. Inhibition of
ROS by mito-tempo (mitochondrial ROS inhibitor) and
ascorbic acid (anti-oxidant) and Hif-1-α (by digoxin), did
not reduce Hif-1-α mRNA expression to a signiﬁcant extent
(Fig. 6e), although there was signiﬁcant reduction in protein
level (Fig. 6f), as observed through western blotting.
However, inhibition of Hif-1-α or ROS separately led to
signiﬁcant downregulation of VEGF and MIF mRNA levels
most prominently on inhibition by mito-tempo (Fig. 6g, h).
ELISA also conﬁrmed reduction in both MIF and VEGF in
MNC-conditioned media treated with the inhibitors (Fig.
6i). ROS inhibitors in spite of signiﬁcantly regulating Hif-1α, VEGF, and MIF expressions, did not affect cellular
(MNCs’) viability to a signiﬁcant extent (data not shown).
Alternatively, induction of hypoxia in parental chemosensitive cells through Cocl2 treatment led to increases in
MNCs (supplemental ﬁg6a) consistent with a role for ROS
in induction of MNCs. Furthermore, non-MNCs isolated
from the chemo-resistant population did not contribute to
the production of VEGF and MIF through Hif-1-α (as
evident from supplemental ﬁg6b). Thus, we infer that
reactive oxygen species plays a key role in protecting Hif-1α from degradation which, in turn, leads to increased
expression of both VEGF and MIF by chemo-resistant
MNCs.

Discussion
Our present study demonstrates a unique role of multinucleated cells in inducing chemo-resistance in multiple
breast cancer models. Although previous literature associated the formation of polyploid cells with chemoresistance in breast cancer as well as in other cancer cell
lines [10, 48], there have been ambiguities in their fate,
biological role, and activity. Generation of MNCs have
been associated with cell death [30], proliferation [32],
senescence [31], and also with tumor-forming ability [8].
We have captured MNCs in a time frame where they neither
exhibited cell division nor cell death, but rather demonstrated unique physiology and importantly affected the
behavior of chemo-sensitive cancer cells. Formation of

Multi-nucleated cells use ROS to induce breast cancer chemo-resistance in vitro and in vivo

Fig. 6 Stabilization of Hif-1-α by ROS causes overexpression of
VEGF and MIF. a Real-time PCR showing fold change of following
gene expression in DOX-R-231 MNC when compared with its parental sensitive cell line. b Immunocytochemistry of Hif-1-α with DAPI
used to stain nuclei. c Immunohistochemistry of Hif-1-α as compared
in resistant and parental mice tumor. d Schematic diagram showing
correlation of ROS with Hif-1-α, VEGF, and MIF. e Comparison of
Hif-1-α mRNA expression in Dox-R-231-MNC upon treatment with 1
µM Mito-tempo (mitochondrial ROS inhibitor), 25 µg/ml Ascorbic

acid (anti-oxidant), and 100 nM Digoxin (Hif-1-α inhibitor). f Western
blot to show change in Hif-1-α expression when treated with same
inhibitors. Real-time PCR to compare expression of VEGF and MIF of
Dox-R- MNC mRNA upon treatment with g digoxin, h mito-tempo,
and ascorbic acid. i ELISA to quantify change in secretion of VEGF
and MIF of MNC upon treatment with different inhibitors. *p < 0.05,
**p < 0.01, and ***p < 0.001. Level of signiﬁcance has been measured
in comparison to control in each case

MNCs was characteristic of acquired chemo-resistance in
triple-negative (invasive and aggressive) breast cancer cell
lines. Importantly, the number of MNCs was signiﬁcantly
increased in chemo-resistant xenografts and tumors from
human patients who had received chemotherapy. Real-time
imaging of MNCs demonstrated that they neither exhibited
cell death or proliferation for a considerable period. Subsequently, they were found to be senescent and stressed
with high cellular and mitochondrial ROS level with altered
mitochondrial membrane potential. In future, it would be
interesting to assess whether ROS, which is signiﬁcantly
elevated in MNCs, provides survival advantages to MNCs
over non-MNCs during drug treatment.

During real-time observation of MNCs, one of the most
important observations was the presence of long and prominent ﬁlopodia in MNCs, as well as in non-multinucleated
cells. Past studies reveal that senescent cells have the ability
to produce secretory factors (known as senescenceassociated secretory phenotype) [40], which modulates the
micro-environment [41]. Thus, we hypothesized that MNCconditioned media contained secretory proteins, which was
responsible for the observed changes in chemo-sensitive
cells. MNC-conditioned media increased p44/42 phosphorylation and expression of anti-apoptotic proteins like
Bcl-XL and Bcl-2 while variably downregulating proapoptotic proteins like Bax and Bad in chemo-sensitive
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Fig. 7 Schematic diagram of the role and mechanism of multinucleated cells inducing chemo-resistance

breast cancer cells. We thus hypothesized that increase in pp44/42 and anti-apoptotic proteins with a concomitant
decrease in pro-apoptotic proteins could contribute to drug
resistance, which was conﬁrmed on further analysis. Indeed,
MNC-conditioned media increased cell survival particularly
in the presence of chemotherapy. Similarly, the MNCconditioned media led to increase in survival proteins and
decrease in pro-apoptotic proteins in tumor cells when
injected in vivo.
Protein arrays demonstrated that fourteen factors were
increased in MNC-conditioned media. Out of the fourteen
factors, VEGF and MIF, which were also increased in
human and animal chemo-resistant tissues, were sufﬁcient
to induce chemo-resistance, as well as p44/42 MAPK
phosphorylation. This was further conﬁrmed by
depleting VEGF and MIF from the MNC-conditioned
media, which caused reduction in chemo-resistance and
downregulation of p44/42 MAPK phosphorylation. Similarly, these factors were sufﬁcient to increase p44/42
MAPK phosphorylation. While the changes in p44/42
phosphorylation and alterations in apoptotic proteins by
VEGF and MIF is likely to contribute to the ability of
MNC-conditioned media to induced chemo-resistance, it
does not eliminate a potential role for other protein or nonprotein factors.
Interestingly, ROS, which is generally deleterious to cell
viability, played a positive role in survival of MNCs as well
as in the production of VEGF and MIF. It was further found
that increased reactive oxygen species in MNCs helped
stabilize Hif-1-α that contributed to VEGF and MIF
increase through transcriptional regulation. Figure 7 summarizes our results and ﬁndings. Although VEGF and MIF
have been reported as a secretory phenotype of senescent

cells [40], the ability of resistant polyploid cells to modulate
breast cancer chemo-resistance has been reported for the
ﬁrst time.
Our present study shows a novel mode of regulation of
drug resistance by MNCs. MNCs may not only be associated with drug resistance, but may also induce drug
resistance in chemo-sensitive cancer cells, suggesting a
potential major role in resistance of breast cancer to therapy.
MNCs by producing VEGF and MIF might also inﬂuence
tumor vasculature, macrophage migration, and recruitment
of immune cells at the tumor site, since MIF has been
reported to inﬂuence macrophages, T cells, and regulate
inﬂammation [42]. However, as noted, multiple growth
factors and cytokines were present in MNC-conditioned
media that may have diverse effects on the tumor microenvironment. Moreover, ROS-HIF-1-α signaling axis seems
to be major causal phenomenon, suggesting a potential role
for anti-oxidants in decreasing the production and action of
MNCs and thus chemo-resistance. Taken together, MNC
could prove to be a novel biomarker for prediction of
patient prognosis and of therapy responsiveness. If conﬁrmed in other cancer lineages, these observations could
have wide reaching implications for patient management
and response to therapy.

Materials and methods
Cell culture and generation of multinucleated cells
(MNCs)
Cancer cells were cultured as described [49] in DMEM
complete media. Gradual increase in drug dose on parental
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cells for several months led to the formation of breast cancer
resistant cell lines as previously described [50]. Resistant
cells were maintained in presence of drugs (Dox-R-2311µM, Doc-R-231- 600 nM, 5-FU-R-231- 15 µM, Pac-RMCF7–10 nM, and Doc-R-468- 400 nM) at a concentration
which was close to IC50 (for 48 h) of the parental cells and
was kept drug-free in every alternate passage. After preparation of resistant cells (which had increased number of
MNCs) the cells were incubated with about IC10–IC20 (of
resistant cells) amount of drug for 72–96 h. The cells were
subsequently passaged and allowed to grow in drug-free
condition. The entire process was repeated to enrich
population of MNCs. During experiment, MNCs were kept
in drug-free condition. Parental cells were maintained in the
drug-free condition.

Isolation and puriﬁcation of MNCs
MNCs were separated from non-multinucleated cells
based on their size using Pluriselect cell strainer.
After making single-cell suspension after trypsinization of
cells, they were passed through successive strainer of
varied sizes following the instructed protocol. Trypsinized
cells of size greater than 20 µm and less than 30 µm
contained more than 90% MNCs and less than 10 µm cells
contained almost all non-polyploid cells. These
MNC populations were used for experiments involving
real-time PCR, western blots, and immunoﬂuorescence in
Fig. 6.

Microscopy-phase contrast and ﬂuorescence
microscopy

experiments with SCH772984, 48 h treatment was done and
prestoblue was used to assess viability following manufacturer’s instruction.

Inhibitory assays
For assays using mito-tempo, ascorbic acid and digoxin,
treatment was done for 48 h after seeding MNCs.

Western blotting
For protein expression studies with conditioned media, the
cells were treated for 48 h in most cases, except for during
immunoprecipitation where cells were treated for 24 h.
Western blotting was performed as described earlier [49].
Proteins were detected by immunoblotting using
chemiuminescence peroxidase substrate kit (Sigma
Aldrich). Immunoprecipitation was carried with the help of
Dynabeads® Antibody Coupling Kit14311D (Thermo
Scientiﬁc) by following the manufacturer’s instructions.
Conditioned media was incubated with conjugated
magnetic antibody for a period of 24 h at 4 °C
before incubating the cells. After 24 h of incubation with
protein depleted media, the cells were subjected to western
blotting.

Flow cytometry
Flow cytometry to analyze cell cycle was performed using
propidium Iodide in BD Bioscience FACS ARIA III as
described [52].

Animal experiments
Phase contrast images of live cells were carried out using
Olympus IX41. Live cell imaging was done at regular time
intervals.
Rhodamine/DAPI staining was conducted as described
earlier [51]. Immunoﬂuorescence staining with primary
tagged CD44 FITC and CD24 PE (both Invitrogen) was
carried onto ﬁxed cells following the protocol as described
except the use of secondary antibody. Staining with
H2DCFHDA, Mito-sox, Hoechst-33342, Mitotracker,
Lysotracker, Calcein-AM, and JC1 (Invitrogen) was done
following the manufacturer’s protocol in 96-well plate on
live cells under optimal conditions.

Cell viability assay
To assess cell viability and cytotoxic effect of drugs, MTT
assay was used as described [52]. For conditioned media
experiments, the cells were initially grown in DMEM media
for 24 h followed by treatment with conditioned media for
12 h and subsequent treatment as described. For

Conditioned media experiment
Immunodeﬁcient mice were used for xenograft breast cancer models. MDA-MB-231 cells were used for tumor
development. To determine the effect of MNC-conditioned
media on nude mice, they were treated with cell culture
conditioned media (intra tumor) with simultaneous treatment with drug (intraperitoneal). After tumor development,
the mice were treated with 100 µl of different conditioned
media and PBS subcutaneously (at the site of tumor), for
twp weeks at an interval of one day. Thereafter, the mice
were treated at intraperitoneal region, with DOX at a dose
of 10 mg/kg body weight for three more weeks (thrice a
week). Later the mice were sacriﬁced and tumor excised,
volume calculated, and immunohistochemistry performed
[53]. Immunodeﬁcient mice were procured and caged following NIH and institutional ethical guidelines. Five mice
were used per group.
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Chemo-resistant mice model and calculation of MNCs
Chemo-resistant mice were prepared as shown in Fig. 2a.
After tumors were formed (with 1.5 × 106 cells injected
subcutaneously), the mice were treated with two doses,
moderate (6.5 mg/kg body weight) and high (10 mg/kg
body weight). Treatment was performed with two doses
(times) per week and the gap of seven days was maintained
to let remnant resistant cells to grow drug free. After the
completion of experiment, the tumors were excised, ﬁxed in
para-formaldehyde, sectioned, and stained (H & E) for
visualization of MNCs. Nucleus were differentiated based
on area to distinguish probable multinucleated cells from
other cells. Nucleus with greater than 600 unit of area was
considered as multinucleated. Nuclear area was calculated
manually using ImageJ software and the region of interest
was considered randomly within the tissue using random
co-ordinate values. A minimum of at least hundred nuclei
area was considered per tissue. Five mice per group were
taken (including each experimental group and control).

degrees of ﬁve minutes each) and then incubated with
blocking reagent, primary and secondary antibodies and
developed by following manufacturer’s protocol (BiogenexQD420-YIKE). Dilutions of antibodies were made as
instructed by manufacturer. Whole procedure was done as
said in the following [53] with slight modiﬁcation. Comparisons of intensity was done by standard method of tissue
scoring with slight modiﬁcation [54] (Table 1).

Human tissues
The human tissues were taken from NRS medical college,
Kolkata with prior approval of our project (NO/NMC/
4656). Informed consent was taken from all the patients. At
least ﬁve samples or more were used per group of study.

Real-time PCR
Real-time PCR was done with the help of Biorad SYBR
green mix reagent and following manufacturer’s instructions. The primers used for the genes are as follows:

Conditioned media study
VEGF
Conditioned media of MNCs were collected after 72 h of
growth and that of control cells were taken after 48 h of
growth. These media were used for treatment on cancer, as
well as normal cells, which was followed by further
downstream experiments like Western, MTT, and others.
Protein array of conditioned media was carried out with
500 µl of media using R & D system cytokine array kit
(Human cytokine XL, Protein proﬁler, ARY002). Immunoprecipitation was performed using following the manufacturer’s protocol in the DynabeadsTM Antibody coupling
kit (14311D-Thermoscientiﬁc).

Hematoxylin and Eosin staining
Formalin-ﬁxed tumor tissues were dehydrated in ethanol in
gradual steps and embedded in parafﬁn blocks. Blocks were
then sliced (3 µm thin) with the help of microtome and
mounted on lysine coated slides. Tissues were subsequently
rehydrated by gradually decreasing ethanol concentration.
Thereafter, tissues were stained with hematoxylin ﬁrst (twominute exposure) and then eosin (for 30 s exposure) with
tap water wash in between and at last. Subsequently tissues
were mounted with DPX for microscopy.

Immunohistochemistry
Tissues were ﬁrst ﬁxed, parafﬁn embedded, rehydrated, and
mounted on slides as explained above. Later they were
subjected to antigen retrieval in sodium-citrate buffer at
high temperature for two cycles (95 degrees and 105

Forward Primer 5′- AGGGCAGAATCATCACGAAGT-3′
Reverse Primer 5′-AGGGTCTCGATTGGATGGCA-3′

MIF
Forward Primer 5′ GGTTCCTCTCCGAGCTCACCCAGC 3′
Reverse Primer 5′ GCCGCCGATCTTGCCGATGCTG 3′

HIF-1-α
Forward Primer 5′ CGTGTTATCTGTCGCTTTGAG 3′
Reverse Primer 5′ CATCCTTTTACACGTTTCCAAG 3′

GAPDH
Forward Primer 5′ GACCACAGTCCATGCCATCACTG 3′
Reverse Primer 5′ CAGCTCAGGGATGACCTTGCCC 3′

Statistical analysis and software
All statistical analysis was done using graph pad prism 5
(CA, USA) and appropriate methods were employed.
Sample size were chosen (three or more, varying with different experiments) in a way to get degree of signiﬁcance.
Standard error of mean and standard deviations are used for
designating error bars on different cases as described in the
text. Comparisons of two different groups were done with
the help of Student's t-test and multiple groups were compared using ANOVA. p-value < 0.05 was considered

Multi-nucleated cells use ROS to induce breast cancer chemo-resistance in vitro and in vivo

signiﬁcant. GelQuantNet was used for densitometry analysis of western blots. ImageJ was used for quantiﬁcation of
ﬂuorescent images. Most of the experiments were repeated
by the co-author or machine operator, who initially didn’t
know about the expected outcomes and the group types.
Thus, it was designed as single-blinded study. For every
experiment, which had three or more samples/groups statistical analysis was provided. Number of samples or groups
used are provided either in material and methods or in ﬁgure
legends in appropriate places.

Additional methodology, reagents and chemicals
Supplemental method [55, 56]
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