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Background: Mesenchymal stem cells (MSCs) have been considered to hold great potential
as ideal carriers for the delivery of anticancer agents since the discovery of their tumor tropism.
This study was performed to demonstrate the effects of phosphatase and tensin homolog (PTEN)
engineering on MSCs’ capacity for cancer cell-oriented migration.

Methods: MSCs were engineered with a PTEN-bearing plasmid and the expression was con-
firmed with Western blotting. A human glioma cell line (DBTRG) was used as the target cell;
DBTRG cell-oriented migration of MSCs was monitored with a micro speed photographic
system.

Results: The expression of transfected PTEN in MSCs was identified by immunoblotting
analysis and confirmed with cell viability assessment of target cells. The DBTRG cell-oriented
migration of PTEN-engineered MSCs was demonstrated by a real-time dynamic monitoring
system, and a phagocytosis-like action of MSCs was also observed.

Conclusion: MSCs maintained their capacity for cancer cell-directed migration after they
were engineered with anticancer genes. This study provides the first direct evidence of MSCs’
tropism post-anticancer gene engineering.

Keywords: gene therapy, mesenchymal stem cells, phosphatase and tensin homolog, cancer

Introduction

Cancer is one of the most common life-threatening diseases, accounting for an esti-
mated one in four human deaths.! Despite improved treatment models, many tumors
remain unresponsive to conventional cancer therapies. The major obstacle limiting the
effectiveness of conventional therapies for cancer is their tumor specificity. An ideal
therapeutic strategy would directly target tumors, in both primary and metastatic sites,
and possess the ability to act locally over a sustained period of time.

Mesenchymal stem cells (MSCs) were first identified in the stromal compart-
ment of bone marrow by Friedenstein et al in the 1960s.2* MSCs have generated
considerable biomedical interest since their multilineage potential was first identified
in 1999.* Owing to their easy acquisition, fast ex vivo expansion, and the feasibility
of autologous transplantation, MSCs have become the first type of stem cells to be
utilized in clinical applications. Recent findings on specific tumor-oriented migration
and incorporation of MSCs demonstrate the great potential for MSCs to be used as an
ideal carrier for anticancer gene delivery.””’ Tumor-directed migration and incorpora-
tion of MSCs have been demonstrated by a number of preclinical studies using both
transwell migration assays (in vitro) and animal tumor models (in vivo). The homing
capacity of MSCs has been demonstrated with almost all tested human cancer cell
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lines, including lung cancer,® malignant glioma,’ breast can-
cer,'” colon carcinoma,'! pancreatic cancer,'>!* melanoma,'
and ovarian cancer.!° The high frequency of MSC migration
and incorporation was observed during in vitro coculture and
in vivo xenograft tumors, respectively; these findings were
found to be consistent, and were independent of tumor type,
immunocompetence, and delivery route of MSCs.

In order to utilize MSCs as the therapeutic vehicles for
cancer treatment, it is critical to maintain the tumor-tropic
capacity of these cells. However, whether such a homing
property is altered by the engineering process of adding
anticancer genes to the MSCs remains largely unknown. In
our recent pancreatic cancer study, the cancer cell-oriented
migration of MSCs was demonstrated using a real-time cell
analyzer system (xCELLigence; Roche Diagnostics, India-
napolis, IN, USA)." In the present study, imaging techniques
were utilized to directly verify the cancer cell-oriented migra-
tion of MSCs which were engineered with an anticancer gene,
phosphatase and tensin homolog (PTEN), which functions
as the central negative regulator of the PI3K-AKT-mTOR
(phosphoinositide 3-kinase — protein kinase B —mammalian
target of rapamycin) pathway in controlling apoptosis.

Materials and methods

Cells and culture conditions

MSCs were isolated from human pancreas and expanded
ex vivo as previously described.'*!> Based on the mini-
mal criteria for defining human MSCs established by the
International Society of Cellular Therapy, theses MSCs were
verified by both membrane biomarker determination and
functional differentiation. They fulfilled the characteristics
of human MSCs, exhibiting positive expression of cluster
of differentiation (CD) 44*, CD73*, CD95*, and CD105%,
and negative expression of CD34". The results of adipogenic
and osteogenic differentiation also met the standards. MSCs
were cultured in Minimum Essential Medium (MEM) with
10% fetal calf serum, 2 mM L-glutamine, and 1% penicillin-
streptomycin solution (all from Life Technologies, Carlsbad,
CA, USA) and incubated at 37°C in a humidified, 5% CO,
atmosphere. A human glioma cell line (DBTRG) was pur-
chased from American Type Culture Collection (ATCC,
Manassas, VA, USA) and used as target cells in the present
study. DBTRG cells were maintained as suggested by ATCC
and their culture condition was kept consistent with MSCs.

Construction of PTEN-bearing

expression vector
Mammalian expression plasmid pDsRed1-N1 was used as
the backbone structure. An 18 amino acid leading sequence

(MKFPSQLLLLLLFGIPGM) and an eleven amino
acid transacting activator of transcription (TAT, YGRK-
KRRQRRR) were inserted at the multiple cloning site fol-
lowed by human PTEN (403 amino acids). The fusion protein
was designated as TAT-PTEN-red fuorescent protein (RFP)
with the predicted molecular weight of 74 kDa.

Plasmid transfection of MSCs

PTEN-bearing expression plasmid was transfected into MSCs
with an electroporation method. MSCs were collected and
washed with Opti-MEM (Life Technologies, Carlsbad, CA,
USA) three times, then resuspended with Opti-MEM at a
density of 1x107cells/mL. MSCs suspension (90 uL) was
placed into each cuvette and 10 ug plasmid (1 pg/uL) was
added. The electroporation was performed according to the
manufacturer’s instruction (NEPA21; Nepa Gene Co, Ltd.,
Chiba, Japan). After a series of trials on this particular cell
type, the most optimized transfection conditions were defined
as a voltage of 150 V and a 5 millisecond pulse length. The
PTEN-engineered MSCs were designated as MSCFEY, Two
days after transfection, the culture media were collected as
conditioned media for coculture studies.

Immunoblotting and enzyme-linked

immunosorbent assay (ELISA) analysis
Immunoblotting analysis was used to detect the cellular expres-
sion of PTEN in the MSCs. The MSCs transfected with PTEN
or mock infected were harvested in lysis solution. Whole-cell
lysates (50 LLg) were separated through 12% denaturing sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane. The membrane was
incubated overnight with mouse anti-PTEN antibody (1:1000;
R&D Systems Inc., Minneapolis, MN, USA). A separate
membrane was prepared and incubated overnight with mouse
anti-red fluorescent protein (RFP) antibody (1:1000; Abcam
PLC, Cambridge, England). This was followed by a 1 hour
incubation with goat-anti-mouse immunoglobulin (Ig)G con-
jugated to horseradish peroxidase (HRP) (1:2500). The blots
were developed using enhanced chemiluminescence detection
(Amersham Bioscience, Baie D’Urfe, QC, Canada).

The soluble PTEN in the culture supernatants was mea-
sured using ELISA as per the manufacturer’s instruction
(Santa Cruz Biotechnology Inc., Dallas, TX, USA). Con-
ditioned media collected from the corresponding cultures
were equally concentrated using 10,000 molecular weight cut
off MWCO) (cat # 42406; EMD Millipore, Billerica, MA,
USA) and protein concentrations were determined using a
Lowry based method (DC assay; Bio-Rad Laboratories Inc.,
Hercules, CA, USA). All samples were studied together
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in duplicate. The protein samples (4.8 ug each in distilled
H,0) were added into 384-well ELISA plates; the covered
plates were incubated for 5 hours at 37°C. The wells were
then blocked with 5% milk in Tris-buffered saline (TBS:
10 mM Tris-HCI, 140 mM NacCl, pH 7.4) for 1 hour at
room temperature. After washing with wash buffer (0.05%
Tween 20 in TBS), 20 uL mouse anti-PTEN antibody (1:100,
R&D Systems Inc.) was added to each well. After overnight
incubation at 4°C, the wells were washed five times with
wash buffer. Secondary antibody (20 UL goat-anti-mouse
IgG-HRP, 1:1000; Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA) was added and incubated for
1 hour at room temperature. After washing five times, 20 uL
ABTS (2,2’-azino-bis[3-ethylbenzothiazoline-6-sulphonic
acid]) was added into each well and incubated for 30 minutes
at room temperature. Absorbance was measured at 405 nm
using an ELISA reader. A qualitative comparison was made
with corresponding controls.

Fluorescence microscopy

The cell viability was detected using a LIVE/DEAD
Viability/Cytotoxicity Assay Kit (Life Technologies) as per
the manufacturer’s instruction with a slight modification.
Briefly, a total of 1x10° DBTRG cells were plated onto
24-well plates in 500 uL of MEM medium on day 0. The
media were replaced with 50% or 100% conditioned media
on day 1. On day 4, the cultures were washed twice with
phosphate-buffered saline. Freshly prepared working solu-
tion (250 UL per well on 24-well plates, containing 1 uM
acetomethoxy derivate of calcein and 2 uM ethidium

A

50 um

Figure | PTEN expression and identification on PTEN-engineered MSCs.

homodimer-1) was then added directly to the cultures and
incubated at room temperature for 10 minutes in the dark.
The images were taken using a fluorescence microscope
(IX71; Olympus Corporation, Tokyo, Japan) and the related
analysis was performed through ImageJ (provided online by
the National Institute of Health).

Direct monitoring of MSC migration

A micro speed photographic system (LEICA DMIRE2;
Leica Microsystems, Wetzlar, Germany) was used to monitor
MSC migration.

Statistical analysis

Numerical data were expressed as mean + standard error.
Statistical differences between the means for the different
groups were evaluated with Prism 4.0 (GraphPad Software,
Inc., La Jolla, CA, USA) using the Student’s #-test with the
level of significance at P<<0.05.

Results
PTEN expression in engineered MSCs

Figure 1 provides images of cells at 24 hours after elec-
trotransfection. More than 60% of MSCs transfected with
the plasmid control (pDsRed1-N1) were detected with red
fluorescence (Figure 1A1 and A2). Under the same imaging
condition, there was no visible positive cell on PTEN-RFP-
transfected MSCs (Figure 1A3 and A4). The unexpected
lack of red fluorescence in PTEN-RFP-engineered MSCs
might be due to the interference of PTEN insert on the fusion
protein. However, the immunoblotting results with anti-PTEN
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Notes: (A) The images of MSCs 24 hours after mock transfection of control plasmid (pDsRed|-N1) (Al and A2) or the same plasmid inserted with PTEN (A3 and A4).
The left panel presents brightfield images and the right panel shows red fluorescence images. (B) The immunoblotting results with anti-PTEN antibody (BI) and anti-RFP
antibody (B2). Cells were harvested 2 days after electrotransfection with control plasmid or PTEN-bearing plasmid. The protein size markers are shown on the left.
Abbreviations: PTEN, phosphatase and tensin homolog; MSCs, mesenchymal stem cells; RFP, red fluorescent protein.
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antibody showed an additional strong signal (~74 kDa) in the
cell lysate from PTEN-RFP-engineered MSCs (Figure 1B1),
in addition to the endogenous PTEN expression (~52 kDa).
The immunoblotting results with anti-RFP antibody were con-
sistent with the results of anti-PTEN antibody (Figure 1B2).
ELISA analysis confirmed the presence of soluble PTEN in
the culture supernatants (Figure 2). The PTEN content in the
supernatants from MSCFE was significantly higher than that
from the MSC control (P<<0.05).

MSCPEN_mediated DBTRG cell death

in indirect cocultures

As shown in Figure 3, DBTRG cell death was proportionally
related to the conditioned media from MSC””#¥, The dose-
dependent cell death indicates that MSC?™*N-derived PTEN
is an important mediator responsible for DBTRG cell death
during this indirect coculture. Marked cell death was not
detected with conditioned media from native MSCs under
the same experiment condition. It is worth noting that LIVE/
DEAD assay only applies to the cells which remain on the
culture surface during the staining. The detached cells, most
of which are dead cells, are not included in the assessment.

MSCF™N migration toward DBTRG cells

Figure 4 demonstrates the process of MSCP2Y migration
toward DBTRG cells. A typical cell migration is highlighted

25

P<0.05

PTEN expression (OD)

Mock
transfection

Control PTEN-RFP

Figure 2 ELISA analysis of PTEN in MSC culture media.

Notes: Conditioned media from control MSCs, MSCs with mock transfection, and
MSCs with PTEN-RFP transfection were collected 2 days after transfection. Mean +
SEM for four independent experiments.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; PTEN, phosphatase
and tensin homolog; MSCs, mesenchymal stem cells; RFP, red fluorescent protein;
SEM, standard error of the mean; OD, optical density.

in the red boxes. An MSC formed pseudopodium near a
DBTRG cell. It took about 10 hours for MSCs to reach their
targets (Figure 4A and B). Interestingly, a phagocytic phe-
nomenon was observed in the real-time video. As indicated
in the blue boxes, a phagocytosis-like action was clearly
displayed. The real-time dynamic process can be viewed at
Supplementary video.

Discussion

An MSC-mediated therapeutic strategy holds great potential
to become a practically meaningful personalized treatment for
cancer.>® There are several benefits to using an MSC-mediated
therapy: 1) cancer targets can be specifically identified through
multiple mechanisms; 2) the sensitivity of anticancer agents
can be predetermined for a given cancer patient; 3) autologous
MSC:s eliminate ethical concerns surrounding heterologous
stem cells; and 4) cell delivery route and administration fre-
quency are flexible and can be customized according to the
individual situation. The presence of MSCs in the tumor sites
is critical to the success of the proposed strategy. As previously
described, the capacity of MSCs for tumor-directed migration
and incorporation has been widely demonstrated by both in
vitro and in vivo studies. The present study was designed to
prove the same properties of MSCs at the cellular level after
they are engineered with anticancer genes.

PTEN functions as the central negative regulator of the
PI3K-AKT-mTOR pathway in controlling apoptosis. The
PI3K-AKT signaling pathway is the most frequently acti-
vated pathway in human cancers. It promotes cell growth,
survival, and proliferation. It contributes to the evasion of
apoptosis, loss of cell cycle control, and genomic instabil-
ity during tumorigenesis through numerous mechanisms.'¢
PTEN dephosphorylates phosphatidylinositol (3,4,5)-tris-
phosphate (PIP3) to phosphatidylinositol 4,5-bisphosphate
(PIP2), thereby directly opposing the activity of PI3K. In
addition, PTEN plays a critical role in regulating the apop-
totic threshold to multiple stimuli, including death ligands
and chemotherapeutic agents.!” The loss of PTEN expres-
sion in a wide range of cancer cells reflects its importance
in the maintenance of cancer cell survival.'® The frequency
of its loss of expression in human glioblastoma is extremely
high (over 50%).'® PTEN function restoration would inhibit
cancer cell growth and might induce cell death under certain
circumstances. In the present study, DBTRG cells were used
as the target cells. This cell line originated from a female
patient with glioblastoma. The majority of DBTRG cells
lack chromosome 10 where the PTEN gene is located. Pre-
sumably, PTEN-engineered MSCs and DBTRG cells are an
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Figure 3 DBTRG cell viability of indirect cocultures.

Notes: DBTRG cells were plated into 24-well plates (I1x10*well) on day 0. The culture media were replaced with conditioned media from native MSC and MSC"™ on day .
Cell viability assessment was performed on day 3 with a LIVE/DEAD Viability/ Cytotoxicity Assay Kit (Life Technologies, Carlsbad, CA, USA). (A) The images under different
culture conditions. Medium type and percentage are indicated on the left of the graph. Bar size, 30 um. (B) The summary of cell viability of the indirect cocultures. Mean £

SEM for three independent experiments. *P<<0.05 and **P<<0.01 versus control.

Abbreviations: DBTRG, human glioma cell line; PTEN, phosphatase and tensin homolog; MSC, mesenchymal stem cell; SEM, standard error of the mean.

ideal model to reveal the practicability of MSC-mediated
therapeutic strategy. The intracellular targets of PTEN include
PIP,, mTOR, extracellular signal-regulated Kinase (ERK),
and AKT. The intracellular sites of PTEN action involve all
parts of the cell, including the sub-membrane, cytoplasm, and
nucleus. The detailed mechanisms by which PTEN functions
have been described by Chalhoub and Baker."

In consideration of potential clinical applications,
a secreting form of PTEN was integrated with a regular
plasmid. Encouraging clinical trials were recently reported by
Breitbach et al* and Porter et al.?! In their studies, oncolytic

30 um

30 um

Figure 4 Imaging demonstration of MSC’s migration toward DBTRG cells.

Notes: DBTRG cells were plated into 6-well plates (5x10* cells/well) on day 0. The
MSCs which were preengineered with PTEN by electroporation were seeded into
the DBTRG culture on day |. The round cells are DBTRG and the spindle cells are
MSCs. The real-time imaging capture commenced on day | with a LEICA DMIRE2
microscope (Leica Microsystems, Wetzlar, Germany) under the same culture
conditions, ie, 37°C and 5% CO, atmosphere. The capturing frequency was three
pictures per hour. Both (A and B) are static pictures which were intercepted at the
beginning and the end of the third hour, respectively, from the video record. The
red boxes show the migration of a mesenchymal stem cell toward DBTRG cells and
the blue boxes display the phagocytosis-like action of a mesenchymal stem cell.
Abbreviations: DBTRG, human glioma cell line; PTEN, phosphatase and tensin
homolog; MSCs, mesenchymal stem cells.

poxvirus and lentiviral vector were successfully used to treat
cancer patients. Our proposed strategy uses regular plasmids
as vectors, thereby avoiding virus-related concerns. The
upregulated PTEN expression was confirmed by immuno-
blotting and ELISA analysis (Figures 1 and 2) and functional
experiments (Figure 3). Using the same expression vector,
the shuffling of PTEN between MSCs and cancer cells
was verified and reported at the 2012 World Congress on
Engineering and Technology (Beijing, People’s Republic of
China). According to the type of cancer, a series of antican-
cer genes can be transfected for specific sensitivity tests,
including TNF-related apoptosis-inducing ligand, interferon
(TFN)-0., IFN-B, IFN-y, interleukin (IL)-2, and IL-12. Inter-
ested parties should refer to our recent review article.® In
order to make this MSC-mediated strategy therapeutically
meaningful, it is critical to prove the homing capability of
MSC:s after they are engineered with anticancer genes, since
the presence of engineered MSCs in the tumor microenviron-
ment is the foundation for them to exert anticancer actions
directly and/or indirectly.” Figure 4 demonstrates the dynamic
process of MSC migration toward DBTRG cells. The results
provide direct evidence showing MSC*""’s cancer cell-
directed migration under the culture conditions.

Although tumor-directed migration and integration of
MSCs have been well recognized, their anticancer effects
have not been precisely documented. The relationship
between MSCs and cancer is complicated and sometimes
contradictory; it is not an overstatement to describe MSCs
as a “double-edged sword” in this regard.® Nevertheless, we
have demonstrated here that the combination of anticancer
engineering and the homing capability of MSCs is able to
improve cancer-killing effectiveness by releasing soluble
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anticancer agents directly to the target. The direct effects of
MSCs on cancer cells through cell-to-cell interaction have
not been investigated. The phagocytosis-like phenomenon
which was observed in the present study needs to be further
studied; MSCs are able to enhance the phagocytic activ-
ity of some types of cells, such as monocytes,” microglia
cells,” and macrophages.* A further investigation of MSCs’
phagocytosis activity may be beneficial to our understanding
of these particular type of cells.

Conclusion

The expression of transfected PTEN in MSCs was identi-
fied by ELISA and immunoblotting analysis and confirmed
with cell viability assessment of target cells. The cancer
cell-oriented migration of PTEN-engineered MSCs was
demonstrated by a real-time dynamic monitoring system.
This study provides the first direct evidence of MSCs’ tropism
post-anticancer gene engineering.
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