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Summary

The epithelial-to-mesenchymal transition (EMT) is an embryonic process that becomes latent in
most normal adult tissues. Recently, we have shown that induction of EMT endows breast
epithelial cells with stem cell traits. In this report, we have further characterized the EMT-derived
cells and shown that these cells are similar to mesenchymal stem cells (MSCs) with the capacity to
differentiate into multiple tissue lineages. For this purpose, we induced EMT by ectopic
expression of Twist, Snail or TGF-β in immortalized human mammary epithelial cells (HMECs).
We found that the EMT-derived cells and MSCs share many properties including the antigenic
profile typical of MSCs, i.e. CD44+, CD24− and CD45−. Conversely, MSCs express EMT-
associated genes, such as Twist, Snail and FOXC2. Interestingly, CD140b (PDGFR-β), a marker
for naive MSCs, is exclusively expressed in EMT-derived cells and not in their epithelial
counterparts. Moreover, functional analyses revealed that EMT-derived cells but not the control
cells can differentiate into Alizarin Red S-positive mature osteoblasts, Oil Red O-positive
adipocytes and Alcian Blue-positive chondrocytes similar to MSCs. We also observed that EMT-
derived cells but not the control cells invade and migrate towards MDA-MB-231 breast cancer
cells similar to MSCs. In vivo wound homing assays in nude mice revealed that the EMT-derived
cells home to wound sites similar to MSCs. In conclusion, we have demonstrated that the EMT-
derived cells are similar to MSCs in gene expression, multi-lineage differentiation, and ability to
migrate towards tumor cells and wound sites.
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Introduction

Epithelial-to-mesenchymal transition (EMT) is a latent embryonic process that causes
epithelial cells to lose their epithelial traits and acquire properties of mesenchymal cells.
During EMT, epithelial cells lose cell polarity by downregulating the expression of
cytokeratins and cell-cell adhesion molecules such as E-cadherin [1, 2]. The decrease in
epithelial gene expression is accompanied by increased expression of mesenchymal genes,
including vimentin and fibronectin. Following passage through EMT, epithelial cells also
acquire a mesenchymal morphology in adherent culture and increased motility and
invasiveness [1, 3, 4]. The EMT program plays an important role during the morphogenesis
of multicellular organisms. For example, during gastrulation, epithelial cells located in the
primitive streak undergo EMT followed by ingression and migration to a new location
where they form endodermal and mesodermal embryonic tissues. In the absence of the EMT
process, gastrulation does not occur and embryonic development does not progress past the
blastula stage [5]. Similarly, during neural crest development, epithelial-looking cells within
the neural plate shed their epithelial traits and gain a mesenchymal phenotype via EMT [6].

EMT can be induced by several cytokines and chemokines, including transforming growth
factor-β (TGF-β), or by the expression of several developmentally-important transcription
factors, including Twist and Snail [7, 8]. We recently demonstrated that induction of EMT
by TGF-β1, Snail or Twist in immortalized human mammary epithelial cells results in the
acquisition of stem cell characteristics [9]. These characteristics include the ability to form
spheres in non-adherent culture [10] and a shift from the more differentiated mammary
epithelial cell surface marker profile (CD44lowCD24high) to the antigenic phenotype
associated with mammary stem cells (CD44highCD24low) [9, 11]. However, these studies
only began to delineate the molecular similarities between EMT-derived cells and stem cell
populations and did not address the full lineage differentiation potential acquired by EMT-
derived cells.

Mesenchymal stem cells (MSCs) are a small population of cells within the mesenchymal
stromal cell compartment that have the capacity to self-renew and differentiate into multiple
cell lineages including three major mesodermal lineages: osteoblasts, adipocytes and
chondrocytes [12–14]. MSCs have been identified and propagated from various adult and
fetal tissues including the bone marrow, adipose tissue, umbilical cord, human term placenta
and endometrium [15–19]. MSCs express a panel of cell surface antigens, including CD105
(Endoglin), CD73 (Ecto-5'-nucleotidase), CD44 (Hyaluronic acid receptor), CD140b
(PDGFR-β), CD90 (Thy-1), and are negative for markers of the hematopoietic lineage e.g.
CD45 [20–23]. In addition, MSCs have been shown to engraft into wounds and damaged
tissues [24, 25].

Herein, we report that EMT-derived cells have a functional resemblance to MSCs derived
from human bone marrow, including a similar antigenic phenotype, the ability to
differentiate into multiple cell lineages, and the potential to home to tumor cells in vitro and
wounds in vivo.
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Methods

Isolation and culture of primary MSCs

MSCs were isolated from the bone marrow of healthy donors who were undergoing bone
marrow harvest for use in allogeneic bone marrow transplantation. All bone marrow donors
provided written informed consent, and this study was conducted according to institutional
guidelines under an approved protocol. Bone marrow was subjected to centrifugation
(700×g for 15 minutes at 4 °C) over a Ficoll–Hypaque gradient (Sigma, St. Louis, MO) to
separate mononuclear cells. After centrifugation, the buffy coat layer was carefully extracted
and resuspended in alpha-minimal essential medium containing 20% fetal bovine serum
(Gibco BRL, Rockville, MD), L-glutamine, and penicillin–streptomycin (Flow Laboratories,
Rockville, MD) and plated at an initial density of 1 × 106 cells/cm2. After three days, the
cultures were washed with phosphate-buffered saline (PBS), and the remaining adherent
cells were cultured until ~80% confluence. The cells were then subcultured at densities of
5000–6000 cells/cm2. The third or fourth passage was used for the experiments.

Human mammary epithelial cell (HMECs) culture and generation of EMT-derived cells

The HMECs were transduced and maintained as previously described [9, 26]. In brief,
HMECs obtained from Clonetics® were immortalized with the catalytic subunit of human
telomerase and SV40 Large T antigen. These cells were then transduced with either pBabe-
puro retroviral vector or pBabe-puro vectors expressing Twist, Snail, or TGF-β1. Bright
field photographs were taken with a Nikon Coolpix 950 camera attached to a Nikon TMS
light microscope (Nikon Instruments Inc., Melville, NY). Isolation, culturing and infection
of primary human mammary epithelial cells are described in Ayyanan et al. 2006 [27].

RT-PCR analysis

Total RNA extraction and real-time RT-PCR were performed as previously reported [9]
using ABI7900 real-time PCR machine. The primer sets used for detection of EMT-
associated genes were previously described [9]. The primers used in the differentiation
studies are listed in Supplementary Table 1.

Flow-cytometry

HMECs stably expressing Twist, Snail, TGF-B1 or empty vector or MSCs were trypsinized,
washed once with PBS, once with PBS containing 4% FBS (FACS buffer), and then
incubated in FACS buffer for 15 min on ice. Live cells (5×105) were then incubated with 1
µg of fluorochrome-conjugated antibodies in 100 µl reaction volume for 15 min. The
following antibody conjugates were used: CD44-APC, CD90-PE, CD105-PE (eBiosciences
San Diego, CA) and CD10-PE, CD11c-PE, CD14-PE, CD-24-FITC, CD45-FITC, CD73-
PE, CD106-PE, CD140b-PE, CD166-PE (BD Bioscience San Jose, CA). After incubation,
the cells were washed with FACS buffer containing 0.5µg/ml DAPI and analyzed on a LSR-
II Flow Cytometer (BD Biosciences). Ten thousand events were acquired for each sample.
The flow-cytometric data analysis was performed using FCS Express software (Denovo
software, Los Angeles, CA).

Multilineage Differentiation

Osteoblast Differentiation—Ten thousand HMECs expressing the empty vector, Twist
or Snail as well as MSCs were cultured in NH OsteoDiff® (Miltenyi Biotec, Auburn, CA)
media for 21 days. The medium was replaced every 3 days. After 21 days, the cells were
washed twice with PBS and fixed with 4% paraformaldehyde (PFA). To determine alkaline
phosphatase activity, cells were incubated with FAST™ BCIP/NBT substrate (Sigma-
Aldrich) for 20 min at room temperature. Calcium deposition was analyzed by staining with
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1% Alizarin Red S (Spectrum®, Gardena, CA) for 5 min at room temperature. Mineral
deposition was determined by Von-Kossa staining, which was performed by incubating
fixed cells with 1% silver nitrate (Sigma-Aldrich) under bright light at room temperature for
30 min. For the gene expression analysis during osteoblast differentiation, total mRNA was
collected from cells which were grown in osteoblast differentiation medium for either 0, 5,
or 10 days during the course of differentiation. Real-time RT-PCR was performed on these
samples as described above for alkaline phosphatase and osteocalcin using the primers
described in Supplementary Table-1.

Adipocyte Differentiation—To test differentiation into adipocytes, the respective cells
types were cultured in NH AdipoDiff® medium (Miltenyi Biotec). In brief, 2 × 104 of
HMECs expressing the empty vector, Twist or Snail as well as MSCs were cultured in NH
AdipoDiff® medium in a 12-well cell culture dish. The medium was replaced every 3 days.
After 28 days of culture, the formation of adipocytes was evaluated fixing cells with 4%
PFA and staining with Oil Red O dye (Sigma-Aldrich) for 15 min at RT. Alternatively, oil
droplets were also stained using LipidTox®, a fluorescent lipid dye from Invitrogen.
Photographs were taken either by using a Nikon Coolpix 950 camera attached to Nikon
TMS light microscope (Nikon Instruments Inc.) or by Hamamatsu-C4742-95 camera
(Hamamtsu, Bridgewater, NJ, USA) attached to Olympus IX-51 inverted fluorescent
microscope (Olympus America Inc, Center Valley, PA). For the gene expression analysis
during adipocyte differentiation, total mRNA was collected from cells which were grown in
adipocyte differentiation medium for either 0, 5, or 10 days during the course of
differentiation. Real-time RT-PCR was performed on these samples as described above for
PPAR-gamma and lipoprotein lipase (LPL) using the primers described in Supplementary
Table-1.

Chondrogenic differentiation—To induce differentiation into the chondrocyte lineage,
the cells were incubated in ChondroDiff® medium (Miltenyi Biotec). Briefly, 4 × 105 of
HMECs expressing the empty vector, Twist or Snail as well as MSCs were washed once
with PBS and the cell pellets were cultured in 1 ml of ChodroDiff® medium in 15 ml falcon
tubes for 21 days at 37°C. The medium was replaced every 3 days. After incubation, the
resulting cell pellets were fixed with 3.7% formalin, embedded in paraffin, and cut into 5 µm
thick sections. Following deparaffinization and hydratation, the sections were incubated
with Alcian Blue 8GX solution (Sigma-Aldrich) for 30 min at room temperature. The slides
were then washed in 3% acetic acid and then in distilled water. After washing, the slides
were counter stained with nuclear fast Red (Sigma) for 5 minutes and then washed with
distilled water. Photographs were taken using Hamamatsu-C4742-95 camera (Hamamatsu)
attached to Olympus BX41 microscope (Olympus America Inc).

Alternatively, the sections were immune-stained with collagen-I or collagen-II antibody
(Abcam, Cambridge, MA) as described earlier using paraffin-embedded tissue sections [28].
Briefly, after blocking with specific blocking buffer (Dako, Carpinteria, CA), the sections
were then incubated with rabbit anti-human collagen-I or collagen-II polyclonal antibody
(Abcam) overnight at 4°C. The sections were washed three times with PBST and then
incubated with biotinylated secondary antibody and HRP-conjugated streptavidin complex,
as described in the manufacturer’s instructions (Dako). After washing the sections with wash
buffer, the staining was visualized using 3,3'-diaminobenzidine (DAB). The pictures were
taken with Olympus DP-70 camera attached to Olympus BX-41 microscope (Olympus
America Inc.)
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Wound homing assay

Luciferase labeling using adenoviral vector transduction—A recombinant
adenoviral (Ad) vector expressing firefly luciferase (ffLuc) and possessing an RGD-
modified fiber (AdLuc-F/RGD) was prepared, purified, and tittered as previously described
[29]. HMECs expressing the empty vector, Twist or Snail as well as MSCs were incubated
for 4 hours, in serum-free medium with 2,000 AdLuc-F/RGD viral particles per cell. The
transduced cells were assessed for luciferase expression by plating 5 × 104 cells into 24 well
plates and adding 40 µg of D-Luciferin (Caliper Life Sciences, Hopkinton, MA) into 2 ml
culture medium. After 30 s, the cells were placed into the imager for detection. Using this
multiplicity of infection (MOI) protocol, we routinely detected >500 copies of Ad-delivered
ffLuc transcript/cell by qRT-PCR, and bioluminescence could be detected for up to 30 days
(data not shown).

In vivo wound homing model in nude mice—Nude mice (NU/J, The Jackson
laboratory, Bar Harbor, Maine, USA) were housed according to institutional standards and
treated with approved protocols. To generate the wounding model, mice were first
anesthetized and then 4 mm diameter punch biopsies were made on the dorsal side of the
animals using Biopsy Punch (4.0 mm, HealthLink, http://healthlinkinc.net/). To analyze the
wound homing ability, 3 × 105 luciferase-labeled cells were transplanted through the tail
vain on the day of wounding. The mice were imaged after 3 days as described below. All
mouse work was performed following institutional-approved protocols.

Bioluminescent in-vivo imaging—In vivo optical imaging was performed with a
Xenogen IVIS bioluminescence/fluorescence optical imaging system (Caliper Life Sciences
[Xenogen], Hopkinton, MA). Five minutes prior to imaging, each mouse was given an
intraperitoneal injection of D-luciferin (at a dose of 125 mg/kg or a 100 Rl injection of 40
mg/ml coelenterazine) as described previously. General anesthesia was given (5% isoflurane
[IsoSol, Medeva Pharmaceutical PA, Inc.]), and the mice were placed in the light-tight
heated chamber. Anterior and posterior luminescent images were acquired with 1- to 3-
minute exposure times. Optical images were displayed and analyzed with IVIS Living
Image (Caliper Life Sciences [Xenogen], Hopkinton, MA) software packages.

In vitro Matrigel invasion assay

An in vitro Matrigel invasion assay was performed using 24-well Biocoat Matrigel Invasion
Chambers containing BD Falcon™ Cell Culture Inserts with 8 micron diameter pore size
PET membrane that has been treated with Matirgel Matrix (BD Biosciences). The MSCs
were serum-starved for 24hr before the assay to avoid any receptor blocking factors from
serum. There was no such treatment for HMEC cells, as they are cultured in serum free
medium. In addition, 5 × 104 MDA-MB-231 cells were plated into 24-well cell culture
dishes. To perform the assay, at first the inserts containing Matrigel were hydrated using 500
µl of warm culture medium without serum at 37°C for 2h. After hydration, the medium was
removed from the chambers and the inserts were placed on top of each well of the MDA-
MB-231 cell containing culture dish. In case of PDGF-bb mediated invasion assays, medium
in the bottom chamber was replaced with fresh medium with/without 10ng/ml PDGF-bb
ligand (Peprotech, Rocky Hill, NJ, USA). Cell suspensions of vector, Twist or Snail over-
expressing HMEC or MSCs were adjusted to a concentration of 15×104 cells/ml and, and
200µl of the adjusted cell suspension (3×104 cells/insert) was immediately placed in the
Matrigel-coated upper chamber. After incubation at 37°C for 36h in a 5% CO2 incubator,
the residual cells on the upper surface of the filter were completely removed with cotton
swabs. The membranes were then stained with HEMA-3® hematoxylin solution (Fisher
scientific company L.L.C., Kalamazoo, MI), and the invasive potential of the cells was
determined by counting the number of cells that had invaded to the lower surface of the
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filter in 10 different areas under a inverted light microscope (Olympus BX41). Each assay
was performed in triplicate in 3 separate experiments.

Gene chip data Analysis and Statistical Methods

Gene chip analysis was performed in triplicate to compare the gene expression changes
between the HMECs expressing the control vector, or Snail, with that of MSCs. Prior to
statistical analysis of gene expression probe sets were matched between the two generations
of Affymetrix chips, HT_HG_U133A and HG_U133_Plus_2. The former chip is a subset of
the latter chip and, therefore, the analysis of differential expression was restricted to the
probe sets on the HT_HG_U133A chip. Probe sets between the HT_HG_U133A chip and
the HG_U133_Plus_2 chip were matched using the function read.affybatch.hybrid from the
CustomCDF R package [30]. A total of 22,268 probesets representing 13,294 genes were
matched and analyzed.

The statistical analysis of the Affymetrix CEL data was performed using the Bioconductor
[31] statistical software environment. To assess differential expression, the intensity values
in the CEL files were transformed to RMA (Robust Multichip Average) expression
measures [32]. The RMA measure is given in a log base 2 scale. Using the Limma R
package, we fit linear models with the lmFit function to simultaneously assess pair wise
differential expression among the three RNA sources.

Results

Comparison of EMT-derived cells with MSCs

Given that MSCs have mesenchymal features, including morphology (Figure 1A), and
exhibit stem cell characteristics [14], we sought to determine whether epithelial cells that
have undergone EMT share molecular and functional properties with MSCs. We first
determined whether HMECs stably expressing Twist, Snail or TGF-β1 exhibited properties
of MSCs by analyzing the expression of several cell surface markers associated with MSCs
in EMT-derived HMECs using flow cytometry. We found that EMT-derived cells expressed
several MSCs-associated cell surface markers including, CD10, CD44, CD73, CD90,
CD105, CD106 and CD166 (Table 1). Interestingly, CD140b (Platelet Derived Growth
Factor Receptor β [PDGFR-β]), a prospective marker for isolation of MSCs from human
bone-marrow [21], was highly expressed on the surface of EMT-derived HMECs but not on
the vector control HMECs (Figure 1D). Importantly, both the EMT-derived HMECs and
MSCs were negative for CD45, CD11c and CD14, which are hematopoietic lineage markers
(Figure 1D, Table 1). These findings suggested that mesenchymal-like cells generated from
HMECs by EMT and MSCs express a similar set of cell surface antigens.

Since EMT-derived HMECs exhibited a similar antigenic profile to MSCs, we determined
whether MSCs obtained from human bone marrow express the mRNAs encoding markers
associated with the mesenchymal-like state generated by EMT. During EMT, epithelial cells
lose expression of E-cadherin and gain expression of mesenchymal-associated genes, such
as N-cadherin, fibronectin and vimentin [33]. Most importantly, we found that the MSCs
also expressed lower levels of E-cadherin and higher levels of vimentin, fibronectin, and N-
cadherin compared to control epithelial cells (Figure 1B) [9]. Strikingly, the MSCs
expressed high levels of embryonic transcription factors known to regulate EMT (i.e. Snail,
Twist, Mesenchyme Forkhead 1 [FOXC2], Zeb1) (Figure 1C). Compared to HMECs, the
MSCs also expressed high levels of CD44 and low levels of CD24 at the cell surface, which
was similar to the EMT-derived stem-like cells (Figure 1D).

Global gene expression analysis, using Affymetirx microarrays, revealed that the sets of
genes differentially expressed between vector-control HMECs and either MSCs or Snail-
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induced EMT-derived HMECs were ~70% similar. On the other hand, 15% of the genes
analyzed were differentially expressed between MSCs and Snail-induced EMT-derived
HMECs. For example, several cytokeratins are more highly expressed in EMT-derived cells
compared to MSCs (Supplementary Figure 1B, Supplemental File 1 & 2), which indicated
that MSCs and EMT-derived cells have highly similar gene expression compared to the
epithelial control cells but that the Snail-induced HMECs still maintain some characteristics
of their epithelial origin.

Differentiation of EMT-derived cells into mesodermal lineages

Since the EMT-derived HMECs and MSCs had similar cell surface marker profiles,
morphologies, and gene expression profiles, we next investigated whether EMT-derived
HMECs have MSCs-like multipotency including the ability to differentiate into osteoblasts,
adipocytes and chondrocytes. To test this, we first subjected the EMT-derived HMECs
(Twist-/Snail-induced), along with vector-infected control epithelial cells, to an osteoblast
differentiation assay. After 21 days, the cells were stained with FASTÔ BCIP/NBT substrate
to analyze for alkaline phosphatase activity. Strikingly, the epithelial cells that had
undergone EMT stained positive for alkaline phosphatase, a marker of osteoblasts (Figure
2A, left panel), similar to MSCs isolated from human bone marrow (Figure 2A, right panel).
Furthermore, both Snail and Twist-induced, EMT-derived cells displayed a gradual increase
alkaline phosphatase activity, in a time dependent manner, from week 1 to 3 of osteoblast
differentiation culture (Supplementary Figure 2).

To further test if the EMT-derived cells could differentiate into functional osteoblasts
capable of producing mineral deposits, cells were grown in osteoblast differentiation media
and then stained with either 1% Alizarin Red S or 2% silver nitrate (von Kossa staining),
which stains calcium deposits. The EMT-derived cells stained positive for Alizarin Red S
and von Kossa reagent in a fashion comparable to bone marrow-derived MSCs (Figure 2 B
& C). These findings showed that the EMT-derived cells produce calcium in response to
differentiation conditions similar to MSCs. However, both the vector-control cells that were
subjected to differentiation condition (Figure 2 B & C) and the EMT-derived cells that were
not subjected to osteogenic differentiation were not capable of producing calcium
(Supplemental Figure 3A). In addition, subjecting EMT-derived cells to an osteoblast
differentiation assay increased the levels of mRNAs encoding osteoblast related genes,
osteocalcin (OC) (Fold Change: Snail, 3.69; Twist, 11.11) and alkaline phosphatase (AP)
(Fold Change: Snail, 9.39; Twist, 1.03) after 5 days in the differentiation condition (Figure
2D). These gene expression changes were maintained from day 5 to day 10. Under the
identical conditions, there were no significant changes in the expression of these genes in
vector-control cells. Together, these findings indicated that mesenchymal-like cells
generated by EMT have the potential to differentiate into mature osteoblasts similar to
MSCs.

Since MSCs are capable of differentiating into adipocytes [34], we next tested whether the
mesenchymal-like cells generated by EMT could be differentiated into adipocytes. For this,
we cultured EMT-derived cells in adipocyte differentiation media for 28 days and then
stained the cultures for the presence of lipid droplets, a characteristic of mature adipocytes,
using either Oil Red O dye (Figure 3A top panel) or the fluorescent LipidTox® dye (Figure
3A bottom panel). Indeed, the mesenchymal-like cells generated by EMT were capable of
differentiating into adipocytes (Figure 3A) similar to MSCs isolated from human bone
marrow (Figure 3A right panel). In contrast, the vector-transduced epithelial control cells
did not differentiate into adipocytes under the same conditions (Figure 3A left panel). The
EMT-derived cells subjected to adipocyte differentiation expressed higher levels of PPARγ
(up to 10 fold, Figure 3B) upon differentiation relative to the undifferentiated cells. In
addition, after 5 days in differentiation culture, lipoprotein lipase (LPL), a gene that is

Battula et al. Page 7

Stem Cells. Author manuscript; available in PMC 2012 December 17.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



involved in differentiation of adipocytes, was upregulated 9.74- and 16.88-fold in Twist- and
Snail-induced cells, respectively, and this was further increased to 25.41- and 27.68-fold,
respectively, after 10 days (Figure 3C). We observed a slight increase in LPL expression in
the vector control cells at day 10 but to a lesser extent than EMT-derived cells and MSCs.
Importantly, the parental EMT-derived cells did not stain positive for adipocytes
differentiation markers prior to adipocyte differentiation culture (Supplementary Figure 3B).
This evidence suggested that EMT-derived mesenchymal-like cells have the potential to
differentiate into adipocytes.

Another well-known property of MSCs is the ability to differentiate into chondrocytes,
which are the specialized cells in cartilage tissues that produce and maintain the collagen
and proteoglycan [35]. To test whether EMT-derived cells can differentiate into
chondrocytes, we cultured the cells that had undergone EMT due to ectopic expression of
Twist or Snail in chondrocyte differentiation medium. After 21 days in suspension culture,
the EMT-derived HMECs formed chondrocyte nodules similar to MSCs. In contrast, the
vector-control cells did not form any chondrocyte nodules under identical culture conditions.
To further confirm chondrocyte differentiation, we fixed, sectioned, and stained the
chondrocyte nodules with Alcian Blue reagent in order to detect acid mucous substances and
acetic mucins. We found that these nodules stained positive for alcian blue (Figure 3D, top
panel), which revealed that the EMT-derived HMECs can differentiate into chondrocytes.
Furthermore, the chondrocytes derived from EMT-derived cells and MSCs were positive for
collagen I (Figure 3D, middle panel), and weakly positive for collagen II (Figure 3D, bottom
panel). Together, these findings indicate that the mesenchymal-like cells generated by EMT
are multipotent and have the potential to differentiate into the three major mesodermal
lineages.

Invasion of EMT-derived cells towards PDGF-bb

Both MSCs and EMT-derived cells express PDGFR-β (Figure 1D), and studies have found
that MSCs invade towards PDGF-bb [36]. In addition, we have reported that inducing EMT
enhances the invasion potential of the transformed cells [8]. Therefore, we determined the
ability of EMT-derived cells to invade towards PDGF-bb ligand. For this, we performed a
chemotaxis assay by placing either EMT-derived cells or MSCs in the upper chamber and
PDGF-bb in the bottom chamber (Figure 4A). We found that the EMT-derived HMECs
(Twist-/Snail-induced) invaded towards PDGF-bb in comparison to the untreated cells. The
level of invasion was similar to that observed by MSCs (Figure 4B and Supplementary
Figure 4A). In contrast, vector control cells did not invade towards PDGF-bb.

Invasion of EMT-derived cells towards tumor cells

Bone marrow-derived MSCs have been shown home to tumor sites [37–39]. Since EMT-
derived cells behaved similar to MSCs in respect to their multipotency, we tested whether
EMT-derived cells also invaded towards tumor cells in vitro. For this, we performed a
matrigel invasion assay by placing the EMT-derived HMECs (Twist-/Snail-induced) or
MSCs in the upper chamber and MDA-MB-231 breast cancer cells in the bottom chamber
(Figure 4A). Interestingly, we found that the EMT-derived HMECs invaded towards MDA-
MB-231 6-fold more than did the control cells (Figure 4C and Supplementary Figure 4B).

Homing of EMT-derived cells into wounds in vivo

MSCs are shown to possess an intrinsic ability to home to damaged tissues and tumor sites
[38, 40]. Since we found that the MSCs and EMT-derived cells migrate efficiently towards
PDGF, we also examined their ability to home to wounded tissues in vivo. For this purpose,
we injected luciferase-labeled EMT-derived cells, control cells and MSCs into the tail vein
of nude mice bearing dorsal wounds. After three days, the animals were analyzed using
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bioluminescent whole-animal imaging. Interestingly, the luciferase-labeled EMT-derived
cells and the bone marrow-derived MSCs were detected specifically in the region of the
wound (Figure 5A). In contrast, only a few vector control cells were detected in the
wounded area (Figure 5A). Quantification of the photon counts at the wound site revealed a
6–7 fold increase in photons at the wound site by both EMT-derived cell populations (Twist
7+/−SD, Snail 6+/− SD) and MSCs (6+/− SD) as compared to vector control cells, (Figure
5B). These results indicate that the EMT-derived cells home to wounds similar to MSCs.

Discussion

The evidence presented here shows for the first time that EMT-derived cells have MSC-like
multipotency. However, the current evidence is not sufficient to conclude the full spectrum
of differentiation potential conferred by EMT. Therefore, further work is necessary to
determine if EMT-derived cells can also differentiate into ectodermal, endodermal and other
mesodermal lineages, including astrocytes, oligodendrocytes and cardiomyocytes, as
previously demonstrated for MSCs [41–43].

Currently, there is a strong need for adult stem cells to be used in regenerative medicine,
which is further extended due to concerns with embryonic stem cells. This is especially true
for diseases such as osteoporosis and osteoarthritis. In these diseases, there is a hope that
stem cell-based therapies can replace the vanished bone or cartilage. Here, we provided
evidence that EMT-derived cells are multi-potent and can be differentiated into mature
osteoblasts and chondrocytes. This suggests that future studies may consider using this
cellular process, i.e. EMT, in the development of therapeutics aimed at the regeneration of
damaged tissues. Possibly, epithelium from patients could be collected, induced to undergo
EMT and then transplanted into the injured site of the same patient. This could possibly
eliminate the influence of HLA-mismatch on graft rejection.

As epithelial tissues are highly abundant and more easily accessible than the bone marrow, it
is possible that the laborious process of bone marrow collection could be avoided. In
addition, isolating homogenous populations of MSCs is not easy. First, MSCs are a very
small portion of the total human bone marrow according to the colony forming (CFU-f)
assays (only 0.01%) [15]. Second, a perfect combination of cell surface markers is not
available to isolate a completely homogenous population of MSCs. Currently, MSCs are
isolated using either single or combination of cell surface markers, including STRO-1,
CD271, MSCA-1, CD73, CD105, CD140b, and GD2. The alternative method of isolating
MSCs by culturing the un-fractionated bone marrow samples in vitro and collecting the
adherent populations after a few passages also does not provide a homogenous population.
Our data suggest that, after extensive analysis and continued careful research, it may be
possible to obtain more homogenous population of MSC-like cells for clinical use by
inducing homogenous population of epithelial cells to undergo transient EMT.

In the context of tumor pathogenesis, EMT can promote cancer progression [44, 45]. Our
findings suggest that EMT-derived cells may promote the metastasis of other tumor cells in
a fashion similar to that suggested for MSCs [46]. Our findings also suggest that EMT-
derived cells may be more capable of adapting to the environment encountered at the site of
dissemination via (1) generation of a pre-survival/pro-expansion niche and/or (2) themselves
adapting directly. In addition, the ability of EMT-derived cells to home to wounds in a
manner similar to MSCs suggests that EMT generates cells with both the motility to
disseminate and the plasticity [47] needed to adapt to a foreign environment. Moreover,
through the EMT process, normal or cancerous cells may acquire multipotency, migrate to
wounded tissues, and depending on the nature of the cell, either repair damaged tissues or
seed a tumor. Even though, we observed varying degrees of differentiation into osteoblasts,
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adipocytes and chondrocytes by Twist or Snail expressing HMECs, they both differentiated
into all three lineages. For example, we observed Snail-expressing HMECs differentiate
better into adipocyte than the twist-expressing HMECs. Although, there is an increase in the
number of osteoblasts generated in the Twist expressing HMECs compared to Snail
expressing HMECs in Supplementary figure 2, it is because of differences in cells
proliferation but not because of Twist expressing cells produces more differentiated cells
than Snail expressing cells. Twist expressing HMECs proliferate twice as fast as Snail
expressing HMECs (data not shown).

The homing capacity of MSCs to wounds and tumors [24, 25, 40] has led to studies
exploring the utility of MSCs as anti-tumor cellular delivery vehicles [38, 39]. Our previous
findings suggest that intravenous delivery of MSCs may be a less invasive option for stem
cell-based therapeutic techniques [38, 39]. Since EMT-derived cells and MSCs share a
similar intrinsic ability to home to wounds, EMT-derived cells may also be useful in stem
cell-based drug delivery.

Finally, our findings of induction of PDGFR during EMT and invasion of EMT-derived
cells towards PDGF-bb similar to MSCs suggest that PDGF mediated signaling might be
important for the migration of EMT-derived cells in vivo. In addition, previous reports [48,
49] also support this idea by showing that treating wounds with recombinant PDGF
enhances wound healing in healthy individuals. Our findings suggest this effect may be
mediated by the recruitment of both MSCs and EMT-derived cells from the near proximity
via PDGF-mediated signaling.

Conclusion

Collectively, these findings indicate that EMT-derived cells not only express markers that
are relevant to MSCs but also exhibit functional similarities to MSCs. These EMT-derived
cells are capable of differentiating into mature osteoblasts, adipocytes and chondrocytes
similar to MSCs obtained from human bone marrow. Interestingly, EMT derived cells
migrate towards wounds in vivo and to tumor cells in vitro similar to MSCs. In this report,
we show, for the first time, that EMT-derived cells behaved functionally and phenotypically
similar to MSCs, a subpopulation of adult stem cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Morphology and expression pattern of genes in EMT-derived HMECs and bone marrow
MSCs. A. Light microscopic images (10X) of HMECs ectopically expressing Twist, Snail,
TGF-β1 or the empty vector as well as bone marrow-derived MSCs. B&C. Quantitative RT-
PCR analysis of EMT associated genes including E-cadherin, vimentin, fibronectin and N-
cadherin (B) and EMT-regulating transcription factors, including FOXC2, Twist, Snail, and
Zeb-1 in MSCs (C). D. The expression of cell surface markers associated with MSCs in
EMT-derived HMECs expressing Twist, Snail, TGF-β or the control vector. Quantitative
RT-PCR was performed in triplicate (mean +/− SD).
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Figure 2.
Osteoblastic differentiation of EMT-derived mesenchyme-like HMECs and MSCs. A.
Following culture in osteoblastic differentiation media, HMECs expressing Twist or Snail
and MSCs were positive for alkaline phosphatase activity while the vector control cells were
not. B&C. Staining for calcium deposition in EMT-derived HMECs and MSCs after
osteoblastic differentiation using 1% Alizarin Red S (B) or 1% silver nitrate (von Kossa
staining) (C). D. Quantitative RT-PCR analysis for the expression of osteoblast markers
osteocalcin (left panel) and alkaline phosphatase (right panel) in EMT-derived HMECs,
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control HMECs and MSCs subjected to osteoblast differentiation for different lengths of
time (0, 5 and 10 days).
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Figure 3.
Adipogenic and chondrogenic differentiation of EMT-derived HMECs and MSCs. A.
Following adipogenic differentiation, the EMT-derived HMECs and MSCs stained positive
with Oil Red O dye (top) and fluorescent LipidTox®, which stains oil droplets (bottom).
Conversely, vector control HMECs did not stain using similar treatment (right panel). B.
Quantitative RT-PCR analysis for the expression of the adipocyte marker PPARγ after 21
days in adipocyte differentiation condition. C. Quantitative RT-PCR analysis for the
expression of LPL at different time points as indicated in the figure in EMT-derived
HMECs, control HMECs and MSCs subjected to adipocyte differentiation. Quantitative RT-
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PCR was performed in triplicate (mean +/− SD). D. Chondrocytic nodules formed by EMT-
derived HMECs or MSCs stained positive with Alcian Blue 8GX (top panel). These sections
were counter stained with nuclear fast red solution. Immunohistochemistry was performed
on chondrocyte sections using collagen-I antibody (middle panel) and collagen-II (bottom
panel). The vector-infected HMECs did not form any chondrocytes nodules under identical
conditions.
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Figure 4.
Matrigel invasion assay to demonstrate migration of EMT-derived cells towards MDA-
MB-231 breast cancer cells. (A) Three ×104 of Twist or Snail or vector alone expressing
HMECs or MSCs were incubated in the upper well of the invasion chamber in the presence
or absence of PDGF-bb ligand (10ng/ml) (B) or MDA-MB-231 cells (C) in the bottom well.
After 36 hr of incubation, cells that had migrated to the bottom side of the 8 µm membrane
were stained and counted as described in methods.
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Figure 5.
In vivo wound homing by EMT-derived HMECs and MSCs. (A) Bioluminescent imaging of
nude mice harboring wounds and injected with 3 × 105 adenoviral firefly luciferase labeled
EMT-derived HMECs or MSCs via the tail vein. These experiments were performed in
triplicate and repeated three times. (B) Quantitative measurement of the relative fold change
of bioluminescence. Wound regions were manually drawn and the signal intensity was
expressed as photon flux or photons/s/cm2 (p/s/cm2) compared to vector control HMECs.
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