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Abstract
BACKGROUND—Large multinucleated cells (MNC) commonly exist in tumorigenic cancer cell
lines widely used in research, but their contributions to tumorigenesis are unknown.

METHODS—In this study, we characterized MNCs in the murine fibrosarcoma cell line
UV-2237 in vitro and in vivo at a single cell level.

RESULTS—We observed that MNCs originated from a rare subpopulation of mononuclear cells;
MNCs were positive for a senescent marker, β-galacosidase (SA-β-Gal); MNCs were responsible
for the majority of clonogenic activity when cultured in hard agar; MNCs were more resistant to
chemotherapeutic agents than were mononuclear cells; MNCs could undergo asymmetric division
(producing mononuclear cells) and self-renewal in vitro and in vivo; and, most importantly a
single MNC produced orthotopic subcutaneous tumors (composed mainly of mononuclear cells)
that gave rise to spontaneous lung metastases in nude mice.

CONCLUSIONS—MNCs can be growth-arrested under stress, are highly resistant to
chemotherapy, and can generate clonal orthotopic metastatic tumors
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INTRODUCTION
Cancer cell lines have been widely used as major cancer research tools for decades. As
heterogeneous as cells in a tumor tissue, cells of cancer cell lines are diverse in their
tumorigenic potentials.1 The heterogeneity of tumor cells is a frequent cause of therapeutic
failure. Tumor cells with a high degree of resistance to therapeutic agents and high capacity
of tumorigenicity may serve as the source of cells for tumor relapse and metastasis. The
origin of these drug resistant and tumorigenic cells remains unclear, and the known cancer
stem cells (CSC) might be contributors.2, 3

Large multinucleated cells (MNC) commonly exist in cancer cell lines as well as in human
cancer tissues.4–14 It is known that MNCs often survive after drug treatment of cancer cells
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cultured in vitro and MNCs of cancer may derive from cell fusion or cell division.15, 16
MNC’s distinct morphological features, enlarged cell size, multiple nuclei, and long-time
survival in culture without multiplication, suggest that they are senescent cells17 with a
programmed growth arrest at G1 despite a persistent active metabolism.18 Whether the
senescent phenotype of MNCs is permanent or reversible is also an open question. The
contribution of senescent cells to the biology of a given cancer cell line has not been
evaluated.

In the present study, we investigated the origin of the MNCs in UV-2237 cells by long-term
live cell imaging and determined the clonogenicity in agar culture, drug sensitivity, ability of
self-renewal and growth in vitro and in vivo at the level of one cell.

MATERIALS AND METHODS
Cells and reagents

Murine fibrosarcoma UV-2237 cells were recovered from the frozen stock maintained in our
laboratories. Cells were cultured in minimal essential medium (MEM) supplemented with
10% fetal bovine serum (FBS), sodium pyruvate, nonessential amino acids, L-glutamine,
and a twofold vitamin solution in 5% CO2-95% air at 37°C. GFP-fused histone 2B (GFP-
H2B) expression vector (Cat #559241) was purchased from BD Biosciences (San Jose, CA).
GFP expression vector was from Clontech (Mountain View, CA). The GeneJuice
transfection reagent (Cat #70967-3) was from Novagen (San Diego, CA). Becto Agar (Cat
#214010) was from Sigma-Aldrich (St. Louis, MO). Nylon meshes for 10 µm pore size (Cat
#145939) and for 21 µm pore size (Cat #145940) were from Spectrum Laboratories (Racho,
Dominquez, CA). Growth factor-reduced Matrigel (Cat #354230) and green fluorescent
membrane staining dye Alexa Fluor 488WGA (Cat# W11261) were from Invitrogen (San
Diego, CA). TdT-mediated dUTP Nick-End Labeling (TUNEL) kit (Cat #G3250) was from
Promega (San Luis Obispo, CA).

Cell culture
Prior to any treatment, all cells were cultured in MEM supplemented with 10% FBS, sodium
pyruvate, nonessential amino acids, L-glutamine, and a twofold vitamin solution in 5%
CO2-95% air at 37°C. For hard agar culture, we used Becto-Agar at 2.0% dissolved in
distilled water autoclaved for sterilization. Base layers of DMEM with 10% FBS and 0.4%
agar were set in each well of 6-well culture plates. Over this bottom layer, a second layer of
medium containing 0.6% agar and a suspension of single tumor cells (5,000 cells for
mononuclear cells) were laid. After the top layer (with suspended tumor cells) gelled, 1–2
ml of Dulbecco’s MEM with 20% FBS was added. Culture plates were incubated at 37°C in
an incubator with 5% CO2 and 95% air for 4 weeks. Colonies with diameters exceeding 50
µm were counted. Cells stably expressing GFP or GFP-H2B were established by
transfecting cDNA encoding GFP and GFP-H2B followed by 3 weeks of selection in
medium containing 500µg/ml Geneticin. For drug treatment, cells cultured in 6-well culture
plates (n=6) at about 80% confluence were treated with 10 µM doxorubicin for 48 h with
medium refreshment at 24 h. The control cells were treated with vehicle (same volume of
DMSO). After treatment for 24 h, the cells were imaged with an inverted phase-contrast
microscope for the presence of live cells and TUNEL assay. Images were captured with a
cooled charged coupled device, Hamamatsu C5810 camera (Hamamatsu Photonics K.K.,
Bridgewater, NJ). At 72 h after drug treatment, detached dead cells were washed off and the
remaining living cells were imaged and counted.
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Long-time live cell imaging
Long-time live cell imaging was performed using a Biostation IM cell culture system
(Nikon, Melville, NY). Time lapse phase-contrast and fluorescent images were
automatically taken at 10-min intervals for 72 h.

Separation of MNCs from mononuclear cells
Adherently cultured or agar cultured cells were trypsinized to produce single cell
suspensions. Based on the size difference between mononuclear cells and MNCs (the
diameter of mononuclear cells is less than 10 µm while the diameter of MNCs is more than
21 µm), MNCs were separated from mononuclear cells by passing the cell mixture through a
nylon mesh with 21µm pores. This method allowed mononuclear cells to pass through the
mesh while retaining larger MNCs. Filtered cells were harvested with culture medium prior
further analyses.

Animals
Male athymic nude mice (NCI-nu), 10-weeks of age were obtained from the Animal
Production Area of the National Cancer Institute’s Frederick Cancer Research and
Development Center (Frederick, MD). The mice were maintained under specific pathogen-
free conditions in facilities approved by the American Association for Accreditation of
Laboratory Animal Care and in accordance with current regulations and standards of the U.
S. Department of Agriculture, U. S. Department of Health and Human Services, and the
NIH.

One-cell tumorigenic assay
Cells stably expressing GFP (about 80% confluent) were harvested in trypsin (0.25%)/
EDTA solution and then resuspended in fresh medium to generate single-cell suspensions.
Large MNCs were then separated from small mononuclear cells as described previously.
One single cell was picked up with a 20 µl pipette tip under a fluorescent microscope and
then transferred to a well of a 96-well plate that contained 100 µl Hanks’ balanced salt
solution (HBSS) with 50% growth factor-reduced Matrigel (Invitrogen, Carlsbad, CA). The
single-cell status of each well of the 96-well plate was confirmed under a fluorescent
microscope. The content of each well that contained one tumor cell was aspirated into a 1 ml
syringe for subcutaneous injection. Four injection sites were made on the back of each nude
mouse (n=15). Tumor growth was monitored for 8 weeks.

Recycling tumor cells from orthotopic–subcutaneous tumor tissues was carried out as
follows: Tumors were aseptically dissected out from mice and minced into ~1-mm3 pieces
in MEM containing 5% FBS, then rinsed in the same medium twice. Tumor tissues were
enzymetically dissociated in a solution containing collagenase (200 units/ml) and DNase
(1,500 units/ml) for 30 min at room temperature. Tumor cell suspensions were obtained by
filtering the supernatants through a wire sieve. The cell suspensions were then cultured in
fresh medium for 48 h. After the unattached cells were washed off, the adherent cells
containing both MNC and mononuclear cells were separated.19 Single cells were harvested
for implantation into the subcutis of nude mice (n=8).

Immunocytochemistry
Tumor cells plated onto four-chamber slides at a density of 1×104 cells/well in 10% MEM
were incubated overnight. The cells were then washed once and then fixed in acetone for 15
min. The slides were blocked in phosphate-buffered saline (PBS) containing 5% normal
horse serum and 1% normal goat serum. The slides were incubated in primary antibody
(1:100 dilution) overnight at 4�C, rinsed three times with PBS, and then incubated for 10
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min in protein blocking solution. Slides were then washed twice in PBS and the cell nuclei
stained with Hoescht 33342 (Polysciences, Inc., Warrington, PA) for 2 min followed by
washing in PBS. For unconjugated primary antibodies, the slides were then incubated in a
biotin tyramide solution for 10 min, washed twice, and incubated for another 45 min in
streptavidin-conjugated Alexa fluorescent 594. For the fluorescence conjugated primary
antibodies, the step of incubation with a secondary antibody was omitted. Fluorescence
bleaching was minimized by mounting the slides with glycerol/PBS medium containing 0.1
M propyl gallate (Sigma, St. Louis, MO). Immunofluorescence microscopy was performed
using a Zeiss Axioplan fluorescence microscope (Carl Zeiss, Inc., Thornwood, NY)
equipped with a 100-W Hg-lamp and narrow band pass excitation filters (Chroma
Technology Corp., Brattleboro, VT). Images were captured with a cooled charged coupled
device Hamamatsu C5810 camera (Hamamatsu Photonics K.K.) and ImagePro software
(Media Cybernetics Inc., Silver Spring, MD). Composite photographs were made using
PhotoShop software (Adobe Systems, Mountain View, CA).

Cell senescence assay
Cell senescence assay kit was purchased from Chemicon Intl (Temecula, CA) (Cat#
KAA002) and assay was carried out according to the protocol provided by the manufacturer.

Electronic transmission microscopy
Transmission electron microscopy was conducted in the High Resolution Electron
Microscopy Facility at M. D. Anderson Cancer Center (Houston, TX)
(www.mdanderson.org/HREMF).

Statistical analysis
The Student’s T-test with normal distribution and equal variance was used to assess the
difference of colonies formed by mononuclear cells and MNCs, TUNEL positivity of
mononuclear cells and MNCs, and of tumor formation by mononuclear cells and MNCs.
P<0.05 was defined as the statistical significance.

RESULTS AND DISCUSSION
MNCs exist in most of the commonly used cancer cell lines. Whether MNCs are derived
from cell-cell fusion has been a debate.15, 16 Taking advantage of current live cell imaging
technology, we were able to observe a complete process of MNC formation. To monitor the
dynamics karyokenesis, we stably expressed a green fluorescent protein fused nuclear
protein histone 2B (GFP-H2B) in the cells for live imaging. We then combined phase-
contrast and green fluorescence imaging to observe the morphological changes and
karyokinesis. As shown in Figure 1A, a single mononuclear cell could undergo
multinucleation due to an absence of cytokinesis. Because the majority of cells in colonies
formed by a single MNC are mononuclear, it appears that MNCs can divide asymmetrically,
yielding proliferative mononuclear cells. The asymmetric division of MNCs was observed
by live-imaging of adhesive cultured cells. As shown in Figure 1B, MNC produced
mononuclear cells by asymmetric cell division. The mononuclear cells derived from MNC
are rapidly proliferating. The ability of self-renewal of MNCs was also detected by live cell
monitoring. As shown in Figure 1C, one MNC produced 4 MNCs by one round of cell
division.

The clonogenicity of MNCs was measured using hard agar (0.6% agar) culture,20 in which
we separated the large MNCs from the small cells by a sequential passage through nylon
meshes with 10 and 21 µm pore size (Fig. 2A). We then seeded the separated MNCs and
small cells into liquid medium and observed that the large cells were exclusively MNCs and
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the small cells were exclusively mononuclear (Fig. 2B). We further confirmed the
multinuclear status of the large cells by fluorescent co-staining of the nucleus with
propidium iodide and of cell membrane with Alexa Fluor 488WGA dye viewed under a
fluorescent light microscope and by transmission electronic microscopy (Fig. 2C).

Surprisingly, when these isolated MNCs and mononuclear cells were seeded in hard agar,
the clonogenicity of MNCs was significantly higher than the mononuclear cells (Fig. 2D).
The colony formation by MNCs was unexpected, because MNCs of cancer cell lines are
thought to be senescent. To determine whether the MNCs were senescent cells, we
performed β-galactosidase senescence assay.17 As expected, the MNCs were indeed β-
galactosidase-positive (Fig. 2E). Assay of β-galactosidase has been widely used in assessing
and identifying senescent cells; however, thorough evaluation of growth arrest of β-
galactosidase-positive cells under physiological or pathological conditions has not often
been rare, i.e., the possibility remains that β-galactosidase-positive cells can re-enter growth.
It is suggested that it is more appropriate to name cells with senescent-cell morphology and
β-galactosidase activity as “senenscent-like cells” rather than “senescent cells”.21 Evidence
suggests that some types of cellular senescence are reversible.22

The clonogenic activity, the asymmetric division, and the ability of self-renewal exhibited
by MNCs suggested that MNCs might have the ability to initiate tumors in vivo. To test this
possibility, we performed one-cell tumorigenic assays in nude mice using UV-2237 cells.
UV-2237 fibrosarcoma cells are ideal for this in vivo assay for two reasons: (1) tissue
microenvironment, and (2) histocompatibility. Since the UV-2237 is a fibrosarcoma cell
line, the subcutis represents the orthotopic microenvironment for growth of those cells.
Previous work showed that pre-treatment of immuno-incompetent mice with the
immunosuppressive drug VP-16 enhanced the rate of human tumor engraftment,23
suggesting that immuno-incompetent mice may be capable of rejecting human cells.
UV-2237 is of the C3H/HeN mouse origin,24 decreasing the possibility of tissue rejection
by the host. To perform one-cell inoculation, we first established a UV-2237 cell line stably
transfected with GFP. We separated multinuclear UV-2237-GFP cells from mononuclear
GFP cells based on size. We then isolated single cells using an inverted fluorescence
microscope with a 20-μl pipette tip and transferred single cells each into well of a 96-well
plate containing HBSS with 50% growth factor-reduced Matrigel. We used a fluorescence
microscope to examine the wells for a GFP signal to confirm that each well only contained a
single cell. A single cell in a volume of 100 μl was injected into the subcutis of a nude
mouse (to prevent immune rejection). Four separate and distant injection sites were made in
each mouse, with 15 mice injected with MNCs (total of 60 sites) and 10 mice injected with
mononuclear cells (total of 40 sites). After tumor cell injection, the 96-well plate was
reexamined for the presence of GFP to ensure that the cells had been transplanted. Two
months after tumor cell injection, the mice injected with a single MNC per site had 13
subcutaneous tumors (13 of 60 injections) (Figs. 3A and 3B), while the mice injected with a
single mononuclear cell had 1 tumor (1 of 40 injections). In addition, multiple lung
metastases were found in one of the mice injected with a single MNC (Figs. 3C and 3D). To
test whether MNCs can self-renew in vivo, we isolated MNCs from an MNC-induced tumor.
As shown in Figure 3E, MNCs were found in the recycled tumor cells. We then inoculated
nude mice with a single recycled MNC. Within 8 weeks, 5 of 32 recycled MNCs formed
subcutaneous tumors (Fig. 3F), suggesting that MNCs can self-renew in vivo. Collectively,
these results suggest that MNCs have a high probability of initiating tumors.

In addition to asymmetric cell division, self-renewal, and tumor formation by one cell,
MNCs were also more resistant to chemotherapeutic agents than mononuclear tumor cells.
As shown in Figure 4, treatment of parental cell lines which contain both single nucleated
cells and MNCs with high doses of adriamycin (10 µM for 24 h) led to massive apoptotic
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cell death of mononuclear cells evidenced by TUNEL assay. In contrast, the MNCs were
negative for TUNEL. At 72 h after treatment with adriamycin when a majority of the cells
were dead, the remaining live adherent cells were exclusively MNCs.

The features of MNCs found in this study suggest a dormant nature, growth arrest under
stress, and ability to re-enter growth phase, which are also features of cancer stemloids
(cancer stem cell like cells).25 The cancer stemloids are both self-renewable and
proliferative, unlike cancer stem cells that are not active in proliferation.2,3 Cancer stem
cells can become cancer stemloids by gaining the functions of proliferation, and non-cancer
stem cells can also become cancer stemloids by gaining the property of self-renewal.25

Human cancer tissues also contain MNCs. As a rare population of cancer cells,
multinucleated bizarre tumor cells (with identical morphologies of the large multinucleated
senescent-like cells shown in our preliminary data) exist in many types of neoplasms of
different organs, including breast,5 uterus,7 lung,6 kidney,13 prostate,10 thyroid,14 liver,12
salivary glands,9 testicles,4 and central nervous system,8 and are correlated with
aggressiveness and poor prognosis, especially for tumors with pleomorphism.13 Virus
infection was speculated to be a cause of MNC of tumor tissues; however, studies found no
evidence of virus in MNCs containing tumor tissues.26 In addition, chemotherapeutic
treatments indeed increase the numbers of large multinucleated cells in cancer tissues.11
The drug resistance and senescence-like features of MNCs found in this study indicate that
similar mechanisms might be used by some cancer cells of human cancer tissues exposed to
chemotherapy to survive. The clonogenic and single-cell tumorigenic features of MNCs bear
therapeutic potential, i.e. MNCs might contribute to the development of tumor dormancy
and relapse and identify targetable signaling pathways that are important for the survival/
growth of MNCs.

Clonogenicity and multinucleation might be features of cells of stem cell origin given that
normal tissue stem cells are clonogenic in semi-solid medium27–29 and that bone marrow-
derived stem cells could undergo multinucleation.30 It is possible that the mononuclear cells
that can undergo multinucleation may have features of cancer stem cells; however, thus far,
molecular tools of isolating these mononuclear cells from cancer cell lines are not available.

Our present data support the possibility that solid tumors can originate from a single cell.
Moreover, we demonstrated the self-renewal and asymmetric division processes of MNCs
that are resistant to chemotherapy. Further investigation into the features of the mononuclear
cells that can give rise to MNCs is required to enrich our understanding of cancer stem cells.
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Figure 1. Live cell imaging of multinucleation by mononuclear cells, asymmetric division by
MNCs, and self-renewal by MNC
A, a mononuclear UV-2237 cell divided into one mononuclear (arrowhead) and one MNC
(arrow) cell. B, an MNC divided into one mononuclear (arrow head) and two MNCs
(arrows). C, an MNC divided into four MNCs (arrows).
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Figure 2. MNCs account for the majority of clonogenic potency of cancer cells and MNCs are β-
gal positive
A, large MNC cells (>21µm) were separated from the small cells (<10µm) and reseeded
back to culture with liquid medium (B), the large cells were found to be exclusively MNCs
revealed by costaining of nucleus (propodium iodide, red) and cytoplasm membrane (Alexa
Fluor 488 WGA, green) and transmission electronic microcope (TEM) (C). D, colony
formation by parental UV-2237 cells (Ps) and MNC-depleted cells (P-MNCs) and isolated
MNCs (MNCs). E, β-gal staining of UV-2237 cells, of note is that the MNC (arrow) is
positive for β-gal (blue color). (Error bar = mean ± S.D.). *P<0.05. Bar = 50 µm.
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Figure 3. Tumor formation by a single MNC in nude mice
A, Two tumors were produced in a nude mouse injected subcutaneously at each injected site
with one MNC (4 injection sites/mouse). B, H&E staining of tumor tissues of (A) (MNCs
are indicated by arrows). (Bar = 50 µm). C and D, a lung metastasis formed by a MNC
derived tumor. (Bar = 20 µm). E, MNCs (arrows) in tumor cells recycled from tumor
formed by one MNC. (Bar = 50 µm). F, hematoxylin and eosin staining of a tumor formed
by one MNC recycled from a single MNC-produced tumor (MNCs indicated by arrows).
Bar = 50 µm.
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Figure 4. MNCs are more resistant to adriamycin than are mononuclear cells
A–D, TUNEL assay of UV-2237 cells treated with adriamycin (10 µM for 24 h). MNCs are
indicated by arrows, mononuclear cells are indicated by arrowheads. TUNEL positive
signals are in green and propidium iodide (PI) counterstained nuclei are in red. The
percentage of positive TUNEL cells within mononuclear cells were 74.4+/-8.1%, and none
TUNEL positive cells were fund in the MNCs. Bar = 50µm. E and F, At the 72 hr after
adriamycin treatment, when the dead cells were washed off from the culture dish, all the
remaining live cells were found to be MNCs (nucleus indicated by arrows).Bar=50µm.
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