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Abstract

The purpose of this study was to investigate how human umbilical cord mesenchymal stem cells (HUMSCs) affect breast cancer
tumourigenesis. To observe the influence of HUMSCs on tumourigenesis in vitro, we performed a co-culture of MDA MB-231 breast
cancer cells with HUMSCs, and a result of HUMSCs on tumourigenesis in vivo was achieved by injection of HUMSCs into nonobese dia-
betic/severe combined immunodeficient mice following tumour establishment with MDA-MB231. During the co-culture, apoptosis of
MDA-MB231 was noted, which was driven either by binding with HUMSC through direct cell–cell contact or by formation of a novel cell-
in-cell phenomenon after internalization of HUMSC. Also, treatment with HUMSC injection was efficacious in both in situ and metasta-
tic breast cancers in the animal models. Since HUMSCs were proved to efficaciously suppress breast cancer tumourigenesis both in
vitro and in vivo, it is our expectation that treatment with HUMSCs can be a viable therapy for breast cancer in the near future. In addi-
tion, we share a new point of view on the role of HUMSCs in foetal development during pregnancy.
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Introduction

Mesenchymal stem cells (MSCs) have been harvested from bone
marrow of the human foetus or from adults. Recently, MSCs
have also been isolated from several compartments of the umbil-
ical cord. Specifically, the MSCs have been isolated from umbil-
ical cord blood, umbilical vein subendothelium and the
Wharton’s jelly (the connective tissue surrounding the umbilical
vessels that includes the perivascular zone, the intervascular
zone and the subamnion zone). Like other MSCs, human umbil-
ical cord mesenchymal stem cells (HUMSCs), derived from
Wharton’s jelly, are characterized by their self-renewal and mul-
tipotency [1–3]. They are able to support the stem cell niche [4]

and synthesize various cytokines [4], and they possess the prop-
erties of immunomodulation [5] and homing [6]. Studies regard-
ing the immunophenotype of HUMSCs revealed that they are
stained positively for markers of the mesenchymal cells and neg-
atively for markers of the haematopoietic lineage. HUMSCs
express CD73, CD90, CD105, CD10, CD13, CD29 and CD44 
[1, 4, 7–9], and are negative for CD14, CD31 CD33, CD34, CD45
and CD56 [1, 8].

HUMSCs are earlier-stage cells than MSCs derived from adult
fat or bone marrow [1, 10]. HUMSCs can differentiate into a vari-
ety of specialized cell types in vitro, including bone, cartilage, adi-
pose, muscle, neural cells and pancreatic �-cells [1–3]. When
compared with human bone marrow mesenchymal stem cells
(HBMSCs), HUMSCs have greater expansion capability and faster
growth in vitro. While HUMSCs have higher potency in forming
chondrogenic and osteogenic cells, they are less successful in
forming adipogenic cells [11]. In addition, it has been reported
that HUMSCs produced cytokines similar to those of HBMSCs,
and unlike HBMSCs, HUMSCs synthesized granulocyte
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macrophage colony stimulating factors and granulocyte colony
stimulating factors [4].

The interactions between these MSCs and cells of other
types have not been thoroughly studied yet. It has been
 documented that transfer of mitochondria from HBMSCs
repaired A549 p� cells with non-functional mitochondria during
co-culture [12]. In our previous study, HUMSCs were induced
to differentiate into mature islet-like cell clusters and then trans-
planted into the liver of streptozotocin-induced diabetic rats. 
In addition to the existence of islet-like cell clusters in the liver,
we noted some special liver cells characterized by human
insulin and nuclei-positive staining that possessed secretory
granules [3]. A cell-to-cell fusion was suspected, however, in
need of further study.

Generally, HBMSCs are considered to enhance tumourigene-
sis since they are a source of carcinoma-associated fibroblasts
[13], they help to establish a microenvironment contributory to
tumour growth, and they increase the metastatic potency of
breast cancer cells [14]. However, controversies over the role of
HBMSCs in tumourigenesis still exist [15]. As for the role of
HUMSCs in tumourigenesis, it is still an open question. In this
study, we aimed to investigate how HUMSCs affect breast cancer
tumourigenesis. To our surprise, we found that, during co-culture
with HUMSCs, apoptosis of MDA-MB231 breast cancer cells
occurred either after binding with HUMSC through direct cell–cell
contact or after forming of a novel cell-in-cell phenomenon fol-
lowing internalization of HUMSC. Also, treatment with HUMSC
injection was fairly efficacious in the animal models of both 
in situ and metastatic breast cancers. Since the ability of HUMSCs
to suppress breast cancer tumourigenesis was proved, it is our
expectation that HUMSCs can provide new treatment for breast
cancer in the near future.

Materials and methods

Cell culture

HUMSCs and HBMSCs were purchased from PromoCell GmbH
(Heidelberg, Germany). PromoCell HUMSCs were harvested from
 normal human umbilical cord matrix (Wharton’s jelly), while PromoCell
HBMSCs were harvested from normal human bone marrow. The cells
have been tested for their ability to differentiate in vitro into adipocytes,
chondrocytes and osteoblasts, and have been tested: CD44/CD105 �

95% positive, CD31/CD45 � 95% negative. These HUMSCs and
HBMSCs were cultured in mesenchymal stem cell growth medium
(PromoCell) supplemented with penicillin-streptomycin. Cell passages
4–10 were used for the experiments. MDA-MB-231 breast cancer 
cells, obtained from ATCC, were cultured in Leibovitz’s L-15 Medium
with 10% foetal bovine serum added and were incubated at 37�C with-
out CO2. HS68 cells and SK-Hep1 cells were cultured in DMEM with
10% foetal bovine serum. WI38 cells were cultured in Eagle’s minimum
essential medium with 10% foetal bovine serum.

Preparation of HUMSC-Luc-GFP (HUMSC-LG) and
MDA-MB231-Luc-GFP (MDA-MB231-LG)

The vectors were constructed using standard cloning procedures. The pWPI
was provided Addgene (http://www.addgene.org/pgvec1). To construct
pWPI-Luc-GFP, the Luc cassette was excised from pGL3 basic (Promega,
Madison, WI, USA) and cloned into pWPI, upstream of the IRES site. The
293T, HUMSC, MDA-MB231 cell lines were cultured in DMEM supplemented
with 10% foetal bovine serum. Recombinant lentiviruses were produced by
transient transfection of 293T cells according to standard protocols. Briefly,
subconfluent 293T cells were cotransfected with 10 �g of a plasmid vector,
7.5 �g of psPAX2 and 2.5 �g of pMD2.G by calcium phosphate precipitation.
After 16 hrs, the medium was changed, and recombinant lentiviral vector was
harvested 24 hrs later. For transduction, HUMSCs or MDA-MB231 cells were
placed on 6-well plate (1 � 105 cells/well), and after 16 hrs, medium contain-
ing lentivirus was added with 8 �g/ml of polybrene. The cells were harvested
5 days later and sorted by fluorescence-activated cell sorting.

Selection of ‘active’ HUMSCs

6-wells mothod: HUMSCs, labelled with CellTracker™  Red CMTPX 5 �M
(Molecular Probes, Eugene, OR, USA), were cultured in each of 6 wells.
Each 1.5 � 104 MDA-MB231-LG, labelled with CellTracker™  Green CMFDA
5 �M, was cultured in another 6-well plate for 12 hrs and then co-cultured
with 3.0 � 104 HUMSCs from each of the 6 wells.

12-wells method: HUMSCs, labelled with CellTracker™  Red CMTPX 
5 �M (Molecular Probes), were cultured in each of 12 wells. Each 1.0 �
104 MDA-MB231-LG, labelled with CellTracker™  Green CMFDA 5 �M, 
was cultured in another 12-well plate for 12 hrs and then co-cultured with
2.0 � 104 HUMSCs from each of the 12 wells.

After co-culture, the number of MDA-MB231-LG was counted every 
3 hrs using the Cellomics ArrayScan VTI high-content screening system
(Thermo Scientific, Pittsburg, PA, USA). Under examination by Cellomics
ArrayScan, the HUMSCs in certain wells that significantly suppress MDA-
MB231-LG cell growth were therefore selected for further experiments.

Co-culture of MDA-MB231 with selected HUMSC

Labelled with CellTracker™  Green CMFDA 5 �M, MDA-MB231-LG cells
were cultured in 6-well plate for 12 hrs and then co-cultured with equiv-
alent amount of selected HUMSCs, labelled with CellTracker™  Red
CMTPX 5 �M. Images from time-lapse analysis under live cell
microscopy (the Leica DMIRE2 inverted fluorescence microscope; Leica
Microsystem GmbH, Wetzlar, Germany) were acquired every 3 hrs for 18
times after co-culture. Images from confocal microscopy were taken 3
days after co-culture.

TUNEL staining

TUNEL staining, represented by DAB, using a DeadEnd™ Colorimetric TUNEL
System kit (Promega) was performed after co-culture of MDA-MB231-LG
with selected HUMSC, HS68 and WI38, respectively, for 3 days. The number
of TUNEL positive cell was counted in 10 pictures taken randomly under 20�

microscopy in each group. The percentage of TUNEL positive cells was calcu-
lated by number of TUNEL positive cell/total cell count of co-culture.
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Binding rate

MDA-MB231-LG cells were labelled with CellTracker™  Green CMFDA 
5 �M, while the selected HUMSCs, HS68 and WI38 cells were labelled with
CellTracker™ Red CMTPX 5 �M. Co-culture of MDA-MB231-LG with equiv-
alent amount of selected HUMSC, HS68 cells and WI38, respectively, were
performed in 4-wells chamber slide (Lab-Tek™   II Chamber Slide™   System,
Nunc) for 3 days. The number of cells with single (red/green) or dual
(red�green) fluorescence after co-culture was measured by flow cytome-
try in each of the four groups. The binding rate of each single cell popula-
tion was calculated by number of cell with dual fluorescence/number of cell
with one of each fluorescence.

Attenuation of MDA-MB231 cell growth by
selected HUMSCs through transwell

Each 6-well plate was seeded with 2.0 � 104 MDA-MB231-LG, followed by
adding four groups of transwell inserts (0.4 �m pore size, Corning) with
culture medium alone, 3.0 � 104 selected HUMSC, 1.5 � 104 selected
HUMSC plus 1.5 � 104 MDA-MB231-LG and 3.0 � 104 selected HUMSC
plus 3.0 � 104 MDA-MB231-LG inside, respectively. MTT assay for MDA-
MB231-LG in the wells was performed 3 days after the culture.

Inhibit the formation of cell-in-cell structure

MDA-MB231-LG cells were labelled with CellTracker™  Green CMFDA 
5 �M, while the selected HUMSCs were labelled with CellTracker™  Red
CMTPX 5 �M. Co-culture of MDA-MB231-LG was performed in four
groups, with equivalent amount of selected HUMSC without pre-treatment,
with selected HUMSC pre-treated by Y27632, blebbistatin and latrunculin
B, respectively, for 2 hrs. Images on confocal microscopy were taken after
co-culture for 6, 12 and 24 hrs. The number of cell-in-cell structure was
counted in each of 10 pictures taken randomly under confocal microscopy
in each group at different time points. The percentage of cell-in-cell 
structures was calculated by number of cell-in-cell structure/number of
selected HUMSC.

Transmission electron microscopy (TEM) analysis

The cells, including HUMSC, selected HUMSC, MDA-MB231-LG and the
selected HUMSC after co-culture with MDA-MB231-LG for 18 hrs, were
fixed with 4% paraformaldehyde and 2.5% glutaraldehyde, and then the
samples were embedded in epoxy resin (Spurr; EMS). Ultra-thin sections
were cut in an ultramicrotome, stained with 2% uranyl acetate for 15 min
and 3% lead citrate for 3 min. Then the sections were observed under a
transmission electron microscope.

Genome-wide gene expression analysis 
by high-density oligonucleotide microarray

Total RNA corresponding to primary cultures of HUMSC and selected
HUMSC was extracted using the Ribo pure kit (Ambion, Huntingdon, UK),
following the manufacturers’ recommendations. Once isolated, RNA con-

centration and quality were determined by using Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Then, total cDNA was synthe-
sized with a T7-polyT primer and a reverse transcriptase (Superscript II, Life
Technologies, Inc., Carlsbad, CA, USA). In vitro transcription was carried
out using biotinylated UTP and CTP (Enzo Diagnostics, Farmingdale, NY,
USA). Afterward, labelled nucleic acid target was hybridized (37�C for 16 hrs)
to Affymetrix Human Genome U133 plus 2.0 oligonucleotide arrays. Finally,
after automated washing and staining, absolute values of expression were
calculated and normalized from the scanned array by using Affymetrix soft-
ware (Santa Clara, CA, USA). In this work, three samples corresponding to
two different individuals were analysed for each cell type. The percentage of
increase gene expression in selected HUMSCs compared with the other
HUMSCs was determined by Gene Spring software version 11 (Silicon
Genetics, Redwood City, CA, USA).

Animals

The nonobese diabetic/severe combined immunodeficient (NOD/SCID, NOD-
CB17-Prkdcscid/J) mice, purchased from Jackson Laboratory (Bar Harbor,
ME, USA), were raised in a pathogen-free environment in filtered cages.
Filtered, sterilizing water and irradiated foods ad libitum were given to mini-
mize infection. The female NOD/SCID mice at the age of 8 weeks were used
for experiments. All animal experiments were evaluated and approved by the
Institutional Animal Care and Use Committee of Academia Sinica.

Bioluminescence imaging

In vivo bioluminescence imaging was performed with an IVIS Imaging
System (Xenogen, Alameda, CA, USA). Images and measurements of bio-
luminescence signals were acquired and analysed using Living Image soft-
ware (Xenogen). Ten minutes prior to in vivo imaging, animals received the
substrate D-luciferin (Biosynth, Staad, Switzerland) at 150 mg/kg in PBS
by intraperitoneal injection and were anaesthetized using 2.5% isoflurane
(Abbott Laboratories, North Chicago, IL, USA). Animals received continu-
ous exposure to 2% isoflurane to sustain sedation during imaging.
Imaging times ranged from 1 sec. to 5 min., depending on the biolumines-
cence of the tumours or metastatic lesions and two to five mice were
imaged at a time. Regions of interest (ROI) from displayed images were
drawn around the tumour sites and quantified as photons/second using 
the Living Image software (Xenogen).

Survival of HUMSCs in animal model

The NOD/SCID mice were injected with 5.0 � 105 HUMSC-LG (n � 5) and
5.0 � 105 selected HUMSC-LG (n � 5), respectively, into the fat pad on
the right. In vivo bioluminescence images were taken with mice prone
7 days and 21 days post-HUMSC injection.

Homing of selected HUMSCs

In the model of tumour established for seven days, the NOD/SCID mice
were injected with 2.5 � 105 MDA-MB231 to the fat pad on the right for
tumour establishment. Both tumour-bearing mice (n � 5) and normal con-
trol mice (n � 5) were injected with 5.0 � 105 selected HUMSC-LG via
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tail vein seven days later. In vivo bioluminescence images were taken with
the mice supine two days and four days post-HUMSC injection.

In the model of tumour established for 6 weeks, the NOD/SCID mice
were injected with 2.5 � 105 MDA-MB231 to the fat pad on the right for
tumour establishment. Both tumour-bearing mice (n � 5) and normal con-
trol mice (n � 5) were injected with 5.0 � 105 selected HUMSC-LG via tail
vein 6 weeks later. In vivo bioluminescence images were taken with the
mice prone 4 days and 6 days post-HUMSC injection.

Local HUMSC treatment for breast cancer 
in animal model

The NOD/SCID mice were injected with 2.5 � 105 MDA-MB231-LG to the
fat pad on the right for tumour establishment and then divided randomly
into HUMSC treatment group (n � 20), WI38 treatment group (n � 8) and
breast cancer control group (n � 8). In HUMSC treatment group, 5.0 � 105

selected HUMSCs were injected locally into fat pad while 5.0 � 105 WI38
cells were injected locally into fat pad in WI38 treatment group 7 days post-
tumour establishment. In vivo bioluminescence images were acquired with
the mice prone 7 days and 14 days post-tumour establishment.

Prolonged observation was performed in another three groups, includ-
ing HUMSC treatment group (n � 5), WI38 treatment group (n � 5) and
breast cancer control group (n � 5). In HUMSC treatment group, 5.0 � 105

selected HUMSCs were injected locally into fat pad twice, seven days and
14 days post-tumour establishment, while, in WI38 treatment group, 5.0 �
105 WI38 cells were injected locally into fat pad twice, seven days and 14 days
post-tumour establishment. In vivo bioluminescence images were acquired
with the mice prone seven days, 14 days, 21 days, 28 days, 38 days and 
58 days post-tumour establishment. The differences in ROI between three
groups at different time points were analysed by Kruskal–Wallis test, and a
P value less than 0.05 was considered to be statistically significant.

Systemic HUMSC treatment for breast 
cancer in animal model

The NOD/SCID mice of in situ model were injected with 2.5 � 105 MDA-
MB231-LG to the fat pad on the right for tumour establishment and then
divided randomly into HUMSC treatment group (n � 5) and breast cancer
control group (n � 5). The NOD/SCID mice of metastasis model were
intravenously injected with 2.5 � 105 MDA-MB231-LG via tail vein for
tumour establishment and then divided randomly into HUMSC treatment
group (n � 5) and breast cancer control group (n � 5). In HUMSC treat-
ment group of both models, 5.0 � 105 selected HUMSCs were injected via
tail vein seven days post-tumour establishment. In vivo bioluminescence
images were acquired with the mice prone seven days and 14 days post-
tumour establishment.

Suppression of breast cancer tumourigenesis 
by HBMSCs in animal model

The NOD/SCID mice were injected with 2.5 � 105 MDA-MB231-LG to the
fat pad on the right for tumour establishment and then divided randomly
into HBMSC treatment group (n � 5) and breast cancer control group 
(n � 5). In HBMSC treatment group, 5.0 � 105 HBMSCs were injected
locally into fat pad seven days post-tumour establishment. In vivo biolu-
minescence images were acquired with the mice prone seven days and 
14 days post-tumour establishment.

Suppression of breast cancer tumourigenesis 
by selected HUMSCs after freezing and thawing 
in animal model

The NOD/SCID mice were injected with 2.5 � 105 MDA-MB231-LG to the
fat pad on the right for tumour establishment and then divided randomly
into HUMSC treatment group (n � 6) and breast cancer control group 
(n � 6). The selected HUMSCs being preserved in the liquid nitrogen were
thawed. In HUMSC treatment group, 5.0 � 105 thawed, selected HUMSCs
were injected locally into fat pad seven days post-tumour establishment. 
In vivo bioluminescence images were acquired with the mice prone 7 days
and 14 days post-tumour establishment.

Suppression of hepatocellular carcinoma (HCC)
tumourigenesis by selected HUMSCs in animal
model

The NOD/SCID mice were injected with 2.5 � 105 SK-Hep1 into the liver
parenchyma for tumour establishment and then divided randomly into
HUMSC treatment group (n � 4) and HCC control group (n � 4). In
HUMSC treatment group, 5.0 � 105 selected HUMSCs were injected
through tail vein 7 days post-tumour establishment. In vivo biolumines-
cence images were acquired with the mice supine 7 days and 14 days post-
tumour establishment.

Histopathologic examination

Six weeks post-tumour establishment with local fat pad injection of 2.5 �
105 MDA-MB231-LG into NOD/SCID mice, these tumour-bearing mice
were divided randomly into breast cancer control group (n � 7) and the
HUMSC treatment group (n � 7) which underwent local fat pad injection
of 5.0 � 105 selected HUMSCs. Both groups of mice were sacrificed 3
days later, the tumour nodules were removed for serial sections followed
by haematoxylin and eosin staining, immunohistochemical staining for KI-
67 and cleaved-caspase-3. The positive rate of KI-67 staining was calcu-
lated by number of positive-stained cells/total cell counts under high power
field of the tumour nodule. The positive rate of cleaved-caspase-3 was cal-
culated by number of positive-stained cells/total cell counts under high
power field of the tumour nodule.

Results

Apoptosis of MDA-MB231 breast cancer cells
after co-culture with HUMSCs

As a first step, we used Cellomics ArrayScan to observe how
MDA-MB231 responds to HUMSC. In most of the co-cultured
wells, the number of MDA-MB231 decreased slightly, whereas in
some wells, the number of MDA-MB231 decreased dramatically.
The frequency of the more ‘active’ HUMSCs versus the total num-
ber of sample tested was 1/6 (16.67%) (Fig. 1A). The HUMSCs
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Fig. 1 Effect and mechanism of selected HUMSC to suppress MDA-MB231. (A) Using Cellomics ArrayScan, the number of MDA-MB231 decreased slightly
in five of the six co-cultured wells (HUMSC), whereas in one of the six wells (S-HUMSC), the number of MDA-MB231 dramatically decreased. The some-
how more ‘active’ HUMSCs with better ability to suppress tumourigenesis were selected for further experiments. Data of HUMSC are means 	 SEM 
(n � 5). (B) Fluoroscopic images from time-lapse analysis after co-culture showed the selected HUMSC (red) and MDA-MB231 (green) adhered on con-
tact, and then the HUMSC infused some of its substance into MDA-MB231. (C) Fluoroscopic images from time-lapse analysis after co-culture showed
the selected HUMSC (red) contacted with MDA-MB231 (green) and then internalized into MDA-MB231 to form a cell-in-cell structure. The MDA-MB231
shrank following their subsequent separation. (D) On confocal microscopy, simultaneous presentation of MDA-MB231 (green) and HUMSC (red) at the
same site at a plane manifested the cell-in-cell structure of selected HUMSC internalized within MDA-MB231. Scale bars: 15 �m. (E) After co-culture of
MDA-MB231 (green) with selected HUMSC (red), cells with dual fluorescence (red � green) were isolated and cultured for three more days. Only the red
 fluorescence was still visible on fluoroscopy. Scale bars: 100 �m.
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were found to have the ability to suppress MDA-MB231 cell
growth to different degrees, so the somehow more ‘active’
HUMSCs with better ability to suppress tumourigenesis were
selected for further experiments.

To investigate further into the interaction between MDA-MB231
and selected HUMSC, we performed a time-lapse analysis under
fluoroscopy. It was found during co-culture that the MDA-MB231
and HUMSC may adhere on contact at a variable ratio, from 1:1 to
9:1 (Fig. S1A), and all the MDA-MB231 cells shrank following
 contact with HUMSC. More specifically, there were two different
interactions. Firstly, the MDA-MB231 may shrink immediately
upon adhesion and infusion of some substance from HUMSC into
MDA-MB231 (Fig. 1B). Secondly, the HUMSC may internalize into
MDA-MB231 to form a cell-in-cell structure (Fig. 1C), where then
later the two cells separated after a short period. The separated
MDA-MB231 shrank, while the separated HUMSC may go on to
contact with other MDA-MB231 cells and bring them to shrinkage
(Fig. S1B). Since infusion of substance from HUMSC to MDA-
MB231 was noted during the cell–cell contact, to distinguish from
simple ‘adhesion’, the word ‘binding’ is used here to describe the
unique interaction.

The cell-in-cell structure of selected HUMSC internalized within
MDA MB-23l was manifested on confocal microscopy (Fig. 1D),
with substance from HUMSC intermixed within MDA-MB231 noted
(Fig. 2A). Although less dominant, it was also found that in a few
cases, some substance from MDA-MB231 had been intermixed
within HUMSC (Fig. S2A), implying that infusion of substance from
MDA-MB231 into HUMSC also occurred during their interaction.

After co-culture of MDA-MB231 with selected HUMSC for 3
days, cells with dual fluorescence (of red and green) were isolated
by flow cytometry sorting. These cells, considered to be mostly
the cell-in-cell structures and a few from the cells after binding,
were cultured for 3 more days for consequence inspection. On flu-
oroscopy, we found that only the red fluorescence, from the
HUMSC, was still visible after the culture (Fig. 1E), which means,
after binding or forming of the cell-in-cell structure with HUMSC,
all the MDA-MB231 cells died while the selected HUMSC was the
only cell population left alive.

To verify whether apoptosis of MDA-MB231 occurred, we per-
formed TUNEL staining after co-culture for 3 days. It was noted
that those MDA-MB231 which had been binding or had formed a
cell-in-cell structure with HUMSC were all TUNEL-positive cells
(17.66 	 0.58%); and within the cell-in-cell structure, it was
MDA-MB231 to be TUNEL-positive. Although almost all WI38 (a
human embryonic lung fibroblast cell line) cells had been binding
or had formed a cell-in-cell structure with MDA-MB231 after 
co-culture, very few TUNEL-positive cells were found (0.61 	

0.31%). As for HS68 (a human foreskin fibroblast cell line), very
few cells had been binding with MDA-MB231, and no TUNEL-
positive cells were observed (0 	 0%) after co-culture (Fig. 2A
and B). To determine the binding rate (mainly the forming rate of
cell-in-cell structure) of each cell population, measured by flow
cytometry, we calculated the percentage of cells with single and
dual fluorescence separately (Fig. 2C and D). These results indi-
cate that, during co-culture of MDA-MB231 with selected HUMSC,

the MDA-MB231 and HUMSC tended to bind with each other and
form a cell-in-cell structure which then leads to MDA-MB231
apoptosis. In addition, we noted that it was the selected HUMSC
to internalize into WI38 during co-culture of these two cells 
(Fig. S2C), but no cell death was observed following forming of
the cell-in-cell structure (Fig. S2D).

Moreover, the results that Y27632 (inhibitor of ROCK protein),
blebbistatin (myosin II inhibitor) and latrunculin B (inhibitor of
actin polymerization), respectively, inhibited the formation of cell-
in-cell structure during co-culture (Fig. S2A and S2B) implicate
the role of myosin II, actin polymerization and Rho-ROCK-
actin/myosin pathway in the internalization of selected HUMSC.

Attenuation of MDA-MB231 breast cancer cell
growth by HUMSC through transwell

To clarify whether selected HUMSC secreted cytokines that caused
MDA-MB231 death in addition to direct contact, we observed the
influence of selected HUMSC on MDA-MB231 cell growth using a
transwell co-culture system. It was found that MDA-MB231 cell
growth was attenuated mildly by selected HUMSCs within the
transwell insert and greatly by selected HUMSCs co-cultured with
MDA-MB231 within the transwell insert (Fig. 3A). These results
suggest that there should be some cytokines secreted by selected
HUMSC and, predominantly, by selected HUMSC co-cultured with
MDA-MB231 which worked to suppress MDA-MB231 cell growth
through the microporous membrane without direct contact.

Distinct features of selected HUMSCs

Under TEM, the selected ‘active’ HUMSCs showed distinct fea-
tures as compared with ‘inactive’ HUMSCs and after co-culture
with MDA-MB231. Also, typical apoptotic bodies of MDA-MB231
were observed (Fig. 3B). Moreover, within a total of 44,757 genes
tested by DNA microarray [The raw data have been deposited in
the GEO database under the accession number GSE27820
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token�

lzahxamisegckpq&acc�GSE27820)], 7454 genes in selected
‘active’ HUMSC were up-regulated more than 2-fold of ‘inactive’
HUMSC (data not shown), and 33 genes were up-regulated more
than 3-fold of ‘inactive’ HUMSC (Table S1). Furthermore, in vivo
bioluminescence imaging showed persistence of bioluminescence
signals of selected ‘active’ HUMSCs (n � 5) 21 days post-
injection, whereas no more bioluminescence signals of ‘inactive’
HUMSCs were visible (n � 5) on the same day (Fig. 4A).

HUMSC treatment for breast cancer in animal
models

To investigate the homing ability of HUMSCs, we intravenously
injected selected HUMSCs into NOD/SCID mice. In vivo
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Fig. 2 MDA-MB231 apoptosis following binding or formation of cell-in-cell structure with selected HUMSC. (A) Confocal microscopy demonstrated the
cell-in-cell structure of selected HUMSC (red) internalized within MDA-MB231 (green) after co-culture. Simultaneous presentation of strong red fluores-
cence came from HUMSC within the region of green fluorescence delineated by MDA-MB231 suggested that some substance from HUMSC had been
intermixed within MDA-MB231, and the MDA-MB231 was stained positively by TUNEL (top panels). Binding of HS68 (red) with MDA-MB231 (green) was
rare, and no cells were TUNEL-positive (middle panels). The cell-in-cell structure of WI38 (red) internalized within MDA-MB231 (green) was stained neg-
atively by TUNEL (bottom panels). Scale bars: 10 �m. (B) The percentage of TUNEL-positive cells after co-culture for 3 days was 17.66 	 0.58% of co-
cultured MDA-MB231 with selected HUMSC, but only 0.61 	 0.31% of co-cultured MDA-MB231 with WI38 and 0 	 0% of co-cultured MDA-MB231 with
HS68 was TUNEL-positive. Data are means 	 SEM. (C) Using flow cytometry, the number of cells with simply red (Q1), simply green (Q4) and dual (red
� green) fluorescence (Q2) was measured. The percentage of cells with dual fluorescence was 49.2%, 9.9% and 79.2% after co-culture of MDA-MB231
with selected HUMSC, HS68 and WI38, respectively. (D) The binding rate of each cell population.
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Fig. 3 Attenuation of MDA-MB231 cell growth by selected HUMSCs through transwell; TEM analysis. (A) Compared with the group of only culture medium
in the upper compartment, using MTT assay, the group of 3.0 � 104 selected HUMSCs showed little decline in the relative number of MDA-MB231, while
the group of 1.5 � 104 selected HUMSCs plus 1.5 � 104 MDA-MB231 cells showed significant decline, and the group of 3.0 � 104 selected HUMSCs
plus 3.0 � 104 MDA-MB231 cells showed the most decline in the relative number of MDA-MB231 in the lower compartment. Data are means 	 SEM.
(B) On TEM analysis, some dense bodies were noted in selected ‘active’ HUMSCs, but they were rare in ‘inactive’ HUMSCs. The dense bodies in selected
HUMSCs became even more abundant after co-culture with MDA-MB231. On TEM images showing contact of selected HUMSC with MDA-MB231, there
was excretion of some granules from HUMSC surface blebs in intercellular areas. Images of the cell-in-cell structure showed selected HUMSC, with promi-
nent dense bodies, being internalized within MDA-MB231. Fragments of MDA-MB231 with some organelles inside and intact membranes manifested the
typical apoptotic bodies. Scale bars: 3 �m.
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bioluminescence images showed eventual localization of HUMSCs
in the fat pad where MDA-MB231 cells were injected in both the
model of tumour established for 7 days (n � 5), with the tumours
not palpable yet, and the model of tumour established for 6 weeks 

(n � 5), with the tumours about 0.5 cm in size (Fig. 4B). Since the
homing ability of HUMSCS was confirmed, we then performed
local and systemic treatment with HUMSCs in NOD/SCID mice fol-
lowing tumour establishment.

Fig.  4 Suppression of breast cancer
tumourigenesis by selected HUMSCs in
animal models. (A) In vivo bioluminescence
imaging seven days post-injection showed
persistence of both ‘inactive’ HUMSCs (n �

5) and selected ‘active’ HUMSCs (n � 5)
locally at the site of injection. However, no
more bioluminescence signals of ‘inactive’
HUMSCs were visible (n � 5) 21 days post-
injection whereas bioluminescence signals
of selected ‘active’ HUMSCs were
decreased but still visible (n � 5) on the
same day. (B) In vivo bioluminescence
images of tumour-bearing mice showed
localization of selected HUMSCs in the fat
pad where MDA-MB231 cells were injected
in both the models of tumour established
for seven days (n � 5) and for six weeks 
(n � 5), while the signals of HUMSCs
almost disappeared in normal control mice
(n � 5) of both models. (C) In local
HUMSC treatment group (n � 5), biolumi-
nescence signals of MDA-MB231 were
completely invisible from seven days to 51
days post first HUMSC injection, but the
signals kept increasing through the same
period in breast cancer control group 
(n � 5) and WI38 treatment group (n � 5).
(D) Survival rate of NOD/ SCID mice. (E)
Relative photon count level obtained at the
end of the experiment was 0.27 in local
HUMSC treatment group, 112.67 in breast
cancer control group and 65.77 in WI38
treatment group. Data are means 	 SEM.
*P 
 0.05, **P 
 0.01 comparing HUMSC
treatment with cancer control. §P 
 0.05
comparing HUMSC treatment with WI38.
(F) In systemic HUMSC treatment group,
bioluminescence signals of MDA-MB231
were completely invisible in in situ model
(n � 5) and nearly invisible in metastasis
model (n � 5) seven days post-HUMSC
injection, but the signals were increased in
breast cancer control group (n � 5) of both
models.
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In WI38 treatment group (n � 8), in vivo bioluminescence sig-
nals of MDA-MB231 were all increased (n � 8) 7 days post-WI38
injection (Fig. S3A). In contrast, in local HUMSC treatment group
(n � 20), bioluminescence signals of MDA-MB231 were either
completely invisible (n � 15) or nearly invisible (n � 4) 7 days
post-HUMSC injection, with no significant change of biolumines-
cence signals in a single case (n � 1) (data not shown). Here, the
in vivo breast cancer tumourigenesis was proved to be effica-
ciously suppressed by local treatment with selected HUMSCs, and
the amelioration rate was 95% 7 days post-HUMSC injection. In
addition, the selected HUMSCs after freezing and thawing were as
well proved to suppress in vivo breast cancer tumourigenesis 
(Fig. S3B), while HBMSCs, comparatively, did not suppress breast
cancer tumourigenesis at all (Fig. S3A).

To investigate the cancer-free stage after initial successful treat-
ment with local HUMSC injection, we performed another  prolonged
observation. In local HUMSC treatment group (n � 5), in vivo bio-
luminescence signals of MDA-MB231 were all completely invisible
(n � 5) from 7 days to 51 days post first injection, and the tumour
masses were not palpable anymore from that time on (Fig. 4C). In
contrast, in WI38 treatment group (n � 5), bioluminescence sig-
nals of MDA-MB231 were all gradually increasing (n � 5) through
the same period, and death of two cases occurred 33 days post
first injection (Fig. 4D), which lowered the photon count level of the
ROI (Fig. 4E). This prolonged observation under bioluminescence
imaging revealed a cancer-free stage of at least 50 days after local
HUMSC treatment, and the relative photon count level of ROI
obtained at the end of the experiment was only 0.27 as compared
with that right before HUMSC treatment started (Fig. 4E).

In systemic HUMSC treatment group, in vivo bioluminescence
signals of MDA-MB231 were all completely invisible in in situ
model (with local injection of MDA-MB231-LG into the fat pad) 
(n � 5) and all nearly invisible in metastasis model (with intra-
venous injection of MDA-MB231-LG via tail vein) (n � 5) 7 days
post-HUMSC injection (Fig. 4F). Thus, the in vivo breast cancer
tumourigenesis of both in situ and metastasis models was proved
to be efficaciously suppressed by systemic therapy with selected
HUMSCs. Furthermore, a cancer-free stage of at least 35 days
after systemic HUMSC treatment was revealed in the prolonged
observation of in situ model (Fig. S3C).

Histopathologic evidence

Compared with breast cancer control group (n � 7), tumour cells
in HUMSC treatment group (n � 7) were sparse and loose, with
condensation of nuclei noted on haematoxylin and eosin staining.
Very few cells with positive KI-67 (a cellular marker for prolifera-
tion) staining but lots of cells with positive cleaved-caspase-3
staining were found within the tumour nodule in HUMSC treat-
ment group (Fig. 5A). In breast cancer control group, the KI-67
positive staining rate was 51.21 	 1.72%, and the cleaved-cas-
pase-3 positive staining rate was 0 	 0% under high power field
of the tumour nodule. However, in HUMSC treatment group, the

KI-67 positive staining rate was 10.47 	 1.61%, while the
cleaved-caspase-3 positive staining rate was 75.04 	 4.65%
under high power field of the tumour nodule (Fig. 5B). These find-
ings demonstrate that the tumour cells were no longer largely
 proliferating and growing, and most of them went into apoptosis
following HUMSC treatment.

Discussion

The interactions we have observed between selected HUMSC and
MDA-MB231, which caused MDA-MB231 breast cancer cell death,
include (1) binding mechanism: breast cancer cell apoptosis from
direct cell–cell contact with HUMSC, at a various adhesion ratio
from 1:1 to 9:1, and infusion of some substance into cancer cell
by HUMSC; (2) cell-in-cell mechanism: breast cancer cell apopto-
sis from internalization of HUMSC; (3) indirect (cytokine) mecha-
nism: attenuation of breast cancer cell growth from one or more
cytokines secreted, predominantly, by co-cultured HUMSC and
MDA-MB231 or by HUMSC alone, without direct contact with can-
cer cells. Though infusion of some substance from MDA-MB231
into HUMSC was also noticed in a few cases, substance transfer
from HUMSC to MDA-MB231 was strikingly more dominant and
may be the key factor to initiate MDA-MB231 apoptosis. The phe-
nomenon we discovered here of a cell-in-cell structure of HUMSC
internalized within MDA-MB231 resulting in MDA-MB231 apopto-
sis is different from phagocytosis, cell cannibalism and a recently
depicted non-apoptotic cell death mechanism named entosis [16],
and it has not yet been discussed in the literature. It is known that
the substance or the cell being engulfed would be the one to
degrade during phagocytosis, cell cannibalism and entosis. In the
phenomenon we discovered here, after internalization of HUMSC,
it was MDA-MB231 that died. Similar to that during entosis, for-
mation of this previously unrecognized cell-in-cell structure
involved Rho-ROCK-actin/myosin pathway. However, the host cell
took an apoptosis path to death in this cell-in-cell structure,
whereas death of the internalized cell was suggested to have a
lysosomal involvement during entosis. Additionally, we found that
selected HUMSCs inclined to internalize during co-culture with
WI38, yet forming of cell-in-cell structure with WI38 did not cause
any cell death, suggesting that the utility of HUMSC to initiate
apoptosis was specifically aimed at breast cancer cells, but not at
normal cells.

In our experiment, some HUMSCs were found to be more
‘active’ as they had better ability to suppress breast cancer cell
growth. The features of ‘active’ and ‘inactive’ HUMSCs were
 different under TEM, and in vivo survival of these ‘active’ HUMSCs
appeared longer. Furthermore, the markedly different gene expres-
sions during microarray analysis manifested distinct phenotypes
of the ‘active’ and ‘inactive’ HUMSCs. For example, among the 33
genes in the ‘active’ HUMSC being up-regulated more than 3-fold
of the ‘inactive’ HUMSC, some have been documented to be
 associated with migration (e.g. CTNNA1, MALAT1, SEMA3C,
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WASF2, CCDC88A, IQGAP1), filopodia formation (e.g. MyO10,
SH3PXD2A), apoptosis (e.g. IL6ST), tumour cell death (e.g.
TCF25), immune response (e.g. NFAT5) and vesicle secretion (e.g.
SCAMP1, MYO6), which seemed quite consistent with the unique
characteristics that we have observed on the ‘active’ HUMSC. In
addition, these 33 up-regulated genes differ from those which are
highly expressed in HBMSC, adipose and umbilical cord blood

MSCs during differentiation, and from those in HUMSC during
transdifferentiation to endothelial cell [17], indicating that the
‘active’ HUMSC should be an active form of HUMSC rather than a
product from HUMSC differentiation.

In the literature, the function of HUMSC to attenuate breast
cancer cell growth has been reported once [18]. Different from
their report, in our study, the ‘active’ HUMSCs were selected, the

Fig. 5 Histopathologic evidence of the sup-
pression of breast cancer tumourigenesis
by selected HUMSCs. (A) On haematoxylin
and eosin staining, the tumour cells in
breast cancer control group (n � 7) were
dense and tight, but the tumour cells in
HUMSC treatment group (n � 7) were
sparse and loose, and condensation of
nuclei was observed. On immunohisto-
chemical staining of KI-67, lots of positive
cells were noted within the tumour nodule
in breast cancer control group (n � 7), but
very few positive cells were found in
HUMSC treatment group (n � 7). On
immunohistochemical staining of cleaved-
caspase-3, very few positive cells were
found in breast cancer control group (n �

7), but lots of positive cells were noted
within the tumour nodule in HUMSC treat-
ment group (n � 7). Scale bars: 20 �m
(right) or 100 �m (all others). (B) The KI-
67 positive staining rate under high power
field of the tumour nodule was 51.21 	

1.72% in breast cancer control group but
was only 10.47 	 1.61% in HUMSC treat-
ment group. The cleaved-caspase-3 posi-
tive staining rate under high power field of
the tumour nodule was 0 	 0% in breast
cancer control group but was 75.04 	

4.65% in HUMSC treatment group.
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mechanisms of HUMSCs suppressing MDA-MB231 were dis-
closed, and apoptosis of MDA-MB231 following HUMSC treat-
ment was corroborated both in vitro and in vivo. In addition, our
study revealed that the medium of co-cultured HUMSC with MDA-
MB231 delivered a much better result in attenuating breast cancer
cell growth than the medium of HUMSC alone.

In this present study, the selected HUMSCs showed their
homing ability to breast cancer, either 6 weeks or only 7 days
post-tumour establishment. The ability of selected HUMSC to
suppress breast cancer tumourigenesis was proved both in vitro
and in vivo. Treatment with selected HUMSCs was fairly effica-
cious in both in situ and metastatic breast cancers without con-
siderations of HLA mismatch, and the cancer-free stage could last
for 50 days. Also, the result of selected HUMSC after freezing and
thawing in suppressing breast cancer tumourigenesis is uplifting.
In addition to breast cancer, treatment with selected HUMSCs
was proved to be efficacious in HCC (Fig. S3D). It is our expecta-
tion that this newly established HUMSCs treatment model can
serve as a viable therapy for breast cancer or other tumours in the
near future.
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Fig. S1. Mechanism of selected HUMSCs to suppress MDA-
MB231 cell growth. (A) After co-culture, adhesion of nine MDA-
MB231 cells (green) to one selected HUMSC (red) was noted. (B)
Fluoroscopic images from time-lapse analysis were acquired
every 3 hrs after co-culture of MDA-MB231 (green) with selected
HUMSC (red). The HUMSC contacted with MDA-MB231 and then
internalized into MDA-MB231 to form a cell-in-cell structure. The
MDA-MB231 shrank following their subsequent separation, while
the separated HUMSC went on to contact with the other MDA-
MB231.

Fig. S2. Formation of cell-in-cell structure. (A) On confocal
microscopy, moderate amount of cell-in-cell structure was found
during co-culture of MDA-MB231 with selected HUMSC without
pre-treatment (control). Simultaneous presentation of some weak
green fluorescence came from MDA-MB231 within the region of
red fluorescence delineated by HUMSC (arrow) suggested that
some substance from MDA-MB231 had been intermixed within
HUMSC. In contrast, internalization of selected HUMSC pre-treated
by Y27632, blebbistatin and latrunculin B, respectively, was rare
during co-culture with MDA-MB231. (B) Formation of cell-in-cell
structure reached a peak at about 12 hrs after co-culture of MDA-
MB231 with selected HUMSC without pre-treatment (control), with
a percentage (number of cell-in-cell structures/ number of selected
HUMSCs) about 33.51%. In contrast, the percentage of cell-in-cell
structures was no more than 4.46% at the same time after co-cul-
ture of MDA-MB231 with selected HUMSC pre-treated by Y27632,
blebbistatin and latrunculin B, respectively. Data are presented as
means 	 SEM. (C) Confocal microscopy demonstrated the cell-in-
cell structures of selected HUMSC (red) internalized within WI38
(green) after co-culture. (D) Confocal microscopy demonstrated
the cell-in-cell structure of selected HUMSC (red) internalized
within WI38 (green) after co-culture. The cell-in-cell structure was
stained negatively by TUNEL. Scale bars: 10 �m.

Fig. S3. Suppression of breast cancer and hepatocellular carci-
noma (HCC) tumourigenesis in animal models. (A) In HBMSC
treatment group, in vivo bioluminescence signals of MDA-MB231
were increased (n � 5) 7 days post-HBMSC injection. In WI38
treatment group, bioluminescence signals of MDA-MB231 were
increased (n � 8) 7 days post-WI38 injection. (B) To explore the
tumour suppression effect of selected HUMSCs after preservation,
treatment was performed with selected HUMSCs after freezing
and thawing. In the group of treatment with thawed HUMSC, in
vivo bioluminescence signals of MDA-MB231 were nearly invisible
in 2/3 (n � 4) and were completely invisible in 1/3 (n � 2) 7 days
post-HUMSC injection. In contrast, in breast cancer control group,
bioluminescence signals of MDA-MB231 were increased (n � 6)
on the same day. (C) In systemic HUMSC treatment group, in vivo
bioluminescence signals of MDA-MB231 were completely invisi-
ble from 7 days to 42 days post first HUMSC injection. In contrast,
bioluminescence signals of MDA-MB231 kept gradually increasing
in breast cancer control group through the same period. (D) In
HUMSC treatment group, in vivo bioluminescence signals of SK-
Hep1 were nearly invisible (n � 4) 7 days post-HUMSC injection.
In contrast, bioluminescence signals of SK-Hep1 were increased
in HCC control group (n � 4) on the same day. Selected HUMSCs
were proved to suppress in vivo HCC tumourigenesis as well.

Table S1 Genes in ‘active’ HUMSC up-regulated more than 3-fold
of ‘inactive’ HUMSC.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.
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